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“Things are only impossible until they are not.” 

Jean-Luc Picard 



 

I 

Inhaltsangabe und Motivation  
 

Die Verbesserung der Solarzelleneffizienz und die Reduzierung der Kosten in der 

gesamten Produktionskette im Verlauf der letzten Jahre führte weltweit im Jahr 2012 zu einer 

installierten Gesamtleistung von 32 GWp und einer Reduzierung des Preises auf 0.69$/Wp 

[1]. Durch den enormen Kostendruck werden die Limitierungen und Nachteile der wafer-

basierten Solarzellentechnologie wie Waferdicke, Wafergröße, Sägeverluste und hoher 

Materialverbrauch deutlich. Diese Probleme können nur begrenzt durch die typische 

Evolution der Technologien behoben werden und müssen daher durch neue revolutionäre 

Technologien gelöst werden. 

Eine alternative Methode zur Fertigung von Solarzellen ist die Gasphasenabscheidung von 

kristallinen Siliciumschichten. Diese Technologie erlaubt die Herstellung von großflächigen 

Dünnschichtsolarzellen basierend auf einer aktiven kristallinen Siliciumschicht von nur      

20-50 µm. In Kombination mit epitaktisch aufgewachsenen Emittern und neuartigen Lift-off 

Konzepten bietet diese Fertigungstechnologie eine Verbindung zwischen den Vorteilen der 

Dünnschichttechnologie und der etablierten Produktionstechnik für Wafersolarzellen. 

Zusätzlich bietet die Abscheidung von kristallinen Siliciumschichten die Möglichkeit, neue 

kosteneffiziente, integriert verschaltete Solarzellenkonzepte auf Folien oder Platten ohne die 

Größenlimitierung von Wafern zu verwirklichen. 

Die aktuelle Rekordeffizienz im Bereich der kristallinen Silizium-Dünnschicht-Solarzellen 

liegt bei 20.6 % [2] und zeigt die Realisierbarkeit dieser Technologie. Die Verwendung von 

aufgewachsenen Emittern in Verbindung mit der wafer-basierten Solarzellentechnologie 

erreicht derzeit eine Effizienz von 22.3 % [3] und ist damit konkurrenzfähig im Vergleich zur 

Emitterdiffusion, dem jetzigen Stand der Technik. 

Die größte Herausforderung dieser Technologie ist neben der Prozessentwicklung die 

Umstellung von durchsatzlimitierten Vakuumprozessen zur Hochdurchsatzfertigung. Die 

Gasphasenabscheidung bei Atomsphärendruck bietet diese Möglichkeit und wird derzeit 

durch die Verwendung der RTCVD Reaktoren [4] realisiert. Die Entwicklung von Anlagen 

wie der ProConCVD [5] mit einer Beschichtungsfläche von 5 m² und einer Kapazität von 

1000 Wafer/h zeigt, dass diese Technologie auch im industriellen Maßstab umsetzbar ist.  

Die Schwerpunkte dieser Arbeit liegen im Bereich der Entwicklung und der Verbesserung 

von bestehenden und neuartigen Abscheideprozessen, sowie der Materialcharakterisierung 

und der Fertigung von Silicium-Dünnschicht-Solarzellen. Im Rahmen dieser Arbeit werden 

die Abscheidung von kristallinen und mikrokristallinen Siliciumschichten unter 1100 °C und 

die Entwicklung zur Herstellung von Emittern mittels Gasphasenabscheidung behandelt. Die 

durchgeführte Materialcharakterisierung umfasst die kristallographische und elektrische 

Untersuchung unter Verwendung von neuartigen und verbesserten Messmethoden.  
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Gliederung der Arbeit 

 

Diese Arbeit beschreibt die Entwicklung der Siliciumabscheidung mittels chemischer 

Gasphasenabscheidung und die Charakterisierung dieser Schichten am Fraunhofer ISE in den 

letzten Jahren. Zu diesem Zweck werden im Rahmen dieser Arbeit die bisherigen Verfahren 

der Herstellung und Charakterisierung von kristallinen Siliciumschichten analysiert und 

weiterentwickelt. 

Im zweiten Kapitel wird ein kurzer Überblick über die verschiedenen Anwendungsmöglich-

keiten der chemischen Gasphasenabscheidung gegeben. Ein allgemeines und ein 

vereinfachtes Modell zur Darstellung des Abscheideprozesses werden vorgestellt. Dies 

beinhaltet eine Analyse der kritischen Prozessparameter, eine Beschreibung des Mechanismus 

zum Einbau von Dotieratomen und die Abscheidung von epitaktischen Emittern. Ein weiterer 

Schwerpunkt dieser Arbeit, die Prozessentwicklung für die Silicium Abscheidung bei 

Temperaturen zwischen 1100 °C und 850 °C, wird im dritten Kapitel thematisiert. Das 

unterschiedliche Wachstumsverhalten von Silicium, welches in Abhängigkeit von der 

Prozesstemperatur epitaktisch beziehungsweise mikrokristallin aufwachsen kann, wird 

detailliert untersucht. 

Im vierten Kapitel werden die Grundlagen des kristallinen Wachstums und die Entstehung 

von Kristalldefekten genutzt, um das epitaktische Wachstum von Siliciumschichten zu ver-

bessern. Die Untersuchung dieser Kristalldefekte basiert auf Messungen mittels 

Röntgenbeugung (XRD), Elektronenstrahl Rückstreuung (EBSD), Raman Spektroskopie 

sowie Photolumineszenz. Diese Methoden ermöglichen nicht nur die Bestimmung der 

Materialqualität, sondern ebenfalls die Charakterisierung des Wachstumsinterface in 

Verbindung mit den Prozesseparametern. 

Die elektrische Charakterisierung dieser Schichten ist Gegenstand des fünften Kapitels. Im 

Rahmen dieser Experimente wird die Lebensdauer der Minoritätsladungsträger von ver-

schiedenen Siliciumschichten und Siliciumwafern präsentiert und diskutiert. Als Messmetho-

den werden hauptsächlich der Mikrowellen-Photoleitfähigkeitsabfall (MWPCD) und die 

Quasi-Statische-Photoleitfähigkeit QSSPC) verwendet. 

Nach der Prozessentwicklung und der Materialcharakterisierung werden im sechsten Kapitel 

die Herstellung und die Analyse von Solarzellen mit abgeschiedenen Siliciumschichten prä-

sentiert. Die kritischen Eigenschaften und die Optimierung der verwendeten p-Typ Solarzel-

lenkonzepte, sowie die Realisierung eines n-typ Konzeptes werden beschrieben.  

Im siebten Kapitel wird die Verwendung von epitaktischen Siliciumschichten als Emitter 

einer waferbasierten Solarzelle gezeigt. Die Analyse beinhaltet einen Vergleich zwischen 

epitaktischen und diffundierten Emittern, die Simulation von verschiedenen epitaktischen 

Emittern und die Herstellung von selektiven Emitterstrukturen. Solarzellenergebnisse werden 

diskutiert und das Potential und die Limitierung dieser Technologie werden bewertet. Eine 

abschließende Zusammenfassung und ein Ausblick komplettieren diese Arbeit. 
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7 

1 Introduction 
 

The future is now - the evolution of modern societies was and always will be connected 

to the extensive use of energy. The consumption of thermal and lately electrical energy was 

the cornerstone for the industrial, electrical and digital revolution. The current energy 

revolution in combination with modern technologies offers solutions to the water shortage, 

hunger crisis and austerity of resources. The dream of unlimited, affordable, clean energy is 

about to become reality by the breakthrough of renewable and especially photovoltaic energy 

conversion. 

In Europe, a cumulative capacity of 70 GW [6] of photovoltaic energy has been installed by 

the end of 2012. The recent increase in solar cell efficiency and the cost reduction throughout 

the entire supply chain along with mass production led to photovoltaic installations of 

32 GWp around the world in 2012 and to a significant prize reduction to 0.69$/Wp [1]. 

Still, the optimisation and the evolution of established technologies have their boundaries as 

described in the ITRPV roadmap 2013 [1]. The current wafer based solar cell fabrication 

exhibits limitations in minimum wafer thickness and maximum wafer size as well as 

disadvantages like kerf loss, material consumption and contact technique. These limitations 

could be solved by a revolution in solar cell production.  

An alternative fabrication technology is the deposition of crystalline silicon thin films by 

chemical vapour deposition. This technology allows the formation of large area thin film solar 

cells with epitaxial absorber of about 20-50 µm and an in-situ epitaxial emitter. Concepts like 

EpiWE [7], RexWE [8] and various lift off concepts represent a technological link, which 

uses the advantages of the established wafer based solar cell production in combination with 

thin film advantages. Furthermore, the deposition of silicon also allows the development of 

new concepts like the integrated interconnection of sheet based solar cells [9]. 

Current record efficiency of 20.6 % [2] for crystalline silicon thin film solar cells shows the 

feasibility of this technological approach. The use of epitaxial emitter in a wafer based cell 

process shows an efficiency of 22.3 % [3], which is similar to the state of the art diffusion 

based emitter formation. The major challenge for this technology, apart from the process 

development is the transfer from batch type, low throughput reactors to an inline, high 

throughput fabrication. The atmospheric pressure chemical vapour deposition using an 

RTCVD reactor [4] introduces a possible mass production of crystalline silicon thin film solar 

cells. The industrial production prototype ProConCVD [5] with a deposition area of 5 m² and 

a capacity of 1000 wafer/h proves the scalability and feasibility of this technology. 

The main objectives of this thesis are the improvement of the deposition process, the 

development of new applications and the material characterisation of crystalline silicon thin 

films. Therefore, an investigation of the deposition process below 1100 °C, the deposition of 

crystalline and microcrystalline silicon thin films and the deposition of epitaxial emitters are 

being presented. The material characterisation includes the crystallographic and electrical 

characterisation utilising the recent advancements of measurement methods. 
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Outline of the work 

 

The presented thesis will discuss the recent development in the deposition of silicon by 

atmospheric pressure chemical vapour deposition (APCVD) and the characterisation of these 

crystalline silicon thin films at Fraunhofer ISE.  

In the second Chapter a short overview of the process technologies for chemical vapour 

deposition (CVD) will be given. A general and a simplified model for the silicon deposition 

will be discussed. Furthermore, the rapid thermal deposition tool and the standard deposition 

process will be described. This includes the influence of critical process parameters, the 

mechanism of doping incorporation and the deposition of epitaxial emitters.  

One main objective of this thesis, the silicon deposition at a temperature from 1100 °C to 

850 °C by APCVD, will be described in Chapter 3. The different properties of epitaxial and 

microcrystalline growth will be identified. A description of the process optimisation and a 

detailed process characterisation will be given. 

In the 4th chapter the fundamentals of crystal growth, the formation of crystal defects and the 

characterisation of these defects, will be used to improve the silicon deposition by APCVD. 

The focus will be on the crystallographic characterisation by X-ray diffraction, electron 

backscatter diffraction, Raman spectroscopy and photo luminescence. Using these 

characterisation methods the material quality depending on process parameters and the growth 

interface of crystalline silicon thin films will be investigated.  

The electrical characterisation of these layers will be the main subject in Chapter 5. More 

specific, the determination of the effective minority carrier lifetimes of silicon thin films and 

silicon wafers after the deposition process will be presented and discussed. The 

characterisation is primarily based on microwave photo conductance decay and quasi steady 

state photo conductance measurements. 

After the process development and the material characterisation, the fabrication and analysis 

of solar cells with silicon thin films will be presented in Chapter 6. The critical properties and 

the optimisation of the p-type solar cell concepts as well as the introduction of a n-type solar 

cell will be evaluated. The presented solar cell results, with silicon thin films deposited at 

deposition temperatures below 1050 °C, will also help to determine the critical parameters for 

further improvements. 

In Chapter 7 another main objective the application of silicon epitaxy for the emitter 

formation is presented. The analysis includes a comparison between epitaxial and diffused 

emitters, a simulation of different emitter profiles and the formation of selective epitaxial 

emitters. Furthermore, solar cell results will be discussed to evaluate the limitations and the 

potential of epitaxial emitters. 

In the last chapter the presented work will be summarised. Additionally, the experimental 

findings and main results will be presented. The final conclusion and an outlook for further 

experiments will complete the thesis. 
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2 Crystalline Silicon Deposition by APCVD 
 

In this chapter a summary of the state of the art process technologies for chemical vapour 

deposition (CVD) will be given. These basic principles are very well documented and 

additional information beyond this compendium can be found in specialist literature [10-13], 

The silicon deposition by CVD as an industrially feasible process for photovoltaic application 

has been investigated at Fraunhofer ISE and other research facilities [4, 14-16]. 

 

 Introduction 2.1

 

After a brief classification of the different deposition techniques, a chemical model for 

the silicon deposition using chlorosilane as precursor will be discussed. Subsequently, the 

atmospheric pressure chemical vapour deposition (APCVD) and more specifically the rapid 

thermal chemical vapour deposition (RTCVD) developed further at Fraunhofer ISE will be 

described. 

 

 Fundamentals of Chemical Vapour Deposition 2.2

 

The development of the chemical vapour deposition started in 1852 with the deposition of 

iron (III) oxide (Fe2O3) using ferric chloride (FeCl3) and water vapour by R. W. Bunsen [17]. 

Nowadays, a vast number of materials like silicon and silicon compounds, metals and metal 

organics as well as diamonds can be deposited by CVD [18]. In modern material science as 

well as electronic and photovoltaic industries different CVD technologies are being used 

depending on the chemical reactants. A classification can be done by differentiation of 

operating pressure or the properties of the chemical vapour [10, 15]. 

 

Properties of the chemical vapour:  

 PECVD (plasma enhanced CVD) - plasma enhances the chemical reaction which allows 

lower process temperatures  

 ALCVD (atomic layer CVD) - deposition of different substances to produce layered films 

 CCVD (combustion CVD) - technique utilising a flame for depositing thin films  

 Hot wire CVD (HWCVD) - a hot wire is used to chemically decompose the source gases  

 MOCVD (metal organic CVD) - technologies based on metal organic precursors 

 RTCVD (rapid thermal CVD) - fast process which is heating the substrate rather than the 

source gases to reduce unwanted parasitic particle formation 

Operating pressure:  

 APCVD (atmospheric pressure CVD) - process at atmospheric pressure 

 LPCVD (low pressure CVD) - reduced pressures tend to reduce unwanted chemical 

reactions and improve homogeneity across the wafer 

 UHVCVD (ultra-high vacuum CVD) - process at a vacuum below 10
−6

 Pa 

http://en.wikipedia.org/wiki/Particle_%28ecology%29
http://en.wikipedia.org/wiki/Pascal_%28unit%29
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Despite the different characteristics of the chemical vapour, the deposition process itself is 

similar. In this subchapter the fundamental principles of the deposition process will be 

explained on the basis of the deposition of silicon by CVD, using chlorosilanes as precursors.  

In the case of a diffusion limited system, it can be assumed that surface reactions are fast 

enough to reach the state of thermal equilibrium [13]. In this case the equilibrium constant 

and therefore the partial pressure of the different species can be determined. In [19] and [20] a 

set of dominant reactions has been identified and the system has been solved by using the 

standard enthalpy of formation, concentration of the different species, temperature and 

pressure. However, these calculations cannot be used to determine the actual deposition rate 

for specific deposition parameters. A complete deposition model for the Si-H-Cl system can 

only be established if the reaction kinetics has been determined. The kinetic reaction constant 

k is defined by the Arrhenius equation 2-1 and therefore depends on the Arrhenius constant 

Af, activation energy Ea, universal gas constant R and temperature T [21]. 

 

      
     ( 

  
   

) 
  

2-1 

 

In case of the silicon deposition process the chemical reactions can be divided into gas phase 

and surface reactions. The gas phase reactions for the deposition of Si are defined by the 

decomposition of SiH2Cl2, SiHCl3 or SiCl4. A list of the gas phase reactions can be found in 

Table 1. 

 

Table 1: The gas phase reactions using chlorosilane precursors [21]. 

 Reaction Log10Af α Ea [kJ/mol] 

G1 SiHCl3 ↔ SiCl2 + HCl 14.69 0 308.5 

G2 SiH2Cl2 ↔ SiCl2 + H2 13.92 0 324.0 

G3 SiH2Cl2 ↔ HSiCl + HCl 14.84 0 317.3 

G4 SiCl4 ↔ Cl + SiCl3 15.68 0 465.4 

G5 SiHCl3+H ↔ SiCl3 + H2 6.39 0 10.6 

G6 HCl ↔ H + Cl 13.64 0 342.2 

G7 SiCl4 + H2 ↔ 2HCl + SiCl2 11.875 -0.873 96.2 

 

The actual deposition process at the silicon surface can be described by a number of models 

[13, 22-24]. Depending on the deposition properties, different reactions become dominant and 

can be used to simplify the Si-H-Cl model. However, under certain conditions the minor 

reactions can become the limiting factor. For example the activation energy of about 

170 kJ/mol, experimentally determined by [13] for the growth of silicon from chlorosilanes in 

the kinetically limited regime, is close to the activation energy of 197 kJ/mol for the 

desorption of hydrogen from the silicon surface. This suggests that the hydrogen on the 

surface is blocking the adsorption sites and does not react with the desorbing chloride present 

at the silicon surface. A list of the surface reactions can be found in Table 2. The chemical 

species labelled with a * are absorbed at the silicon surface. However, this absorption is only 

possible in combination with a free site at the surface σ.  
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Table 2: Surface reaction for the silicon deposition using chlorosilane precursors [21]. 

 Reaction Log10A α Ea [kJ/mol] 

S1 SiHCl3 + 4σ → SiCl* + H* + 2Cl* 2.05 0.5 -15.9 

S2 SiH2Cl2 + 4σ → SiCl* + 2H* + Cl* 2.58 0.5 -15.9 

S3 SiCl4 + 4σ → SiCl* + 3Cl* 3.84 0.5 -2.8 

S4 H2 + 2σ → 2H* 5.36 0.5 72.2 

S5 HCl + 2σ → SiCl2 + H2 4.73 0.5 0 

S6 SiCl2 + 2σ → H + SiCl* +Cl* 4.51 0 0 

S7 SiCl* + Cl* → H + SiCl2 + 2σ 20.20 0 280.5 

S8 2Cl* + Sib → SiCl2 + 2σ 20.20 0 280.5 

S9 2H* → H2 + 2σ  18.15 0 180.0 

S10 H* +Cl* → HCl + 2σ 21.85 0 298.5 

S11 H* + SiCl* → HCl + 2σ + Sib 21.85 0 298.5 

 

In Figure 2-1 (left) a visualisation of the silicon deposition process is shown. Here, the 

different reactions of the Si-H-Cl model have been divided into four different phases [15]: 

 

A-B Diffusion and Gas Phase Reaction 

Reaction rate and layer homogeneity can be limited by the transport of reactants in the gas 

flow. The diffusion of the reactants to the substrate surface through a laminar or turbulent 

boundary layer is described by fluid dynamics. Therefore the velocity of the gas flow, the 

viscosity and the density can change the diffusion of reactants to the surface. Depending on 

the temperature and pressure of the deposition process, a decomposition of the precursor 

can take place starting with (G1) and (G5) if SiHCl3 is used as precursor. 

 

C-D Chemisorption on the Substrate Surface 

The chemisorption is defined as the absorption which involves a dissociative chemical 

reaction, where new chemical bonds are formed between the reactants and the substrate 

surface (see Figure 2-1 (left)). The adsorption rate of SiCl2 and SiHCl3 can be calculated 

from the collision probability and sticking coefficient, which is about unity for SiCl2 and 

1.7x10
-3

 at 1000°C for SiHCl3 [21]. These values show that in case of the silicon deposition 

using trichlorosilane mainly SiCl2 molecules are being absorbed (S6) and the adsorption of 

SiHCl3 can be neglected (S1). 

 

 
 

 

Figure 2-1: CVD Process for the deposition of crystalline silicon (left) [25] and 

a model of the silicon surface with adatoms on the surface, on steps and on kink 

sites (right) [26]. 
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E-F Deposition of Silicon 

Prior to the deposition, the SiCl2 molecules on the surface decompose (S6) into hydrogen, 

chloride and SiCl*. In (S11) the adsorbed SiCl* reacts with hydrogen to form absorbed Si 

atoms. The mobility of the adsorbed atoms depends on the substrate material as well as 

temperature, pressure and adsorption density. The incorporation into the crystalline 

structure and the formation of nucleation clusters is an energetically stable condition for 

the Si atoms.  

The energetically favourable sites on the silicon surface during the deposition process are 

single step kink sides (see Figure 2-1 (right)). The actual incorporation into the lattice also 

depends on the residence time, the mean free path of the adsorbed atoms and the setp 

diffusion. Furthermore, the number of impurities on the surface, the number of steps and 

the number of kink sites influence the silicon growth [10].  

 

G-H Desorption and Etching 

The back reaction of the deposition process is the desorption of Si atoms (S8) by the 

formation of SiCl2. This etching of silicon can be used to structure and clean the surface 

[10, 19]. The control of process parameters (temperature and pressures) and the change in 

concentration of relevant species (the ratio of Si, H and Cl) can not only limit the reaction 

velocity but change the direction of the reaction.  

A reaction based on etching in combination with a high HCl concentration can also be used 

to remove metal impurities from the silicon material. This process prior to the silicon 

deposition in known as HCl gettering [27, 28]. 
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 Atmospheric Pressure Chemical Vapour Deposition  2.3

 

The deposition of crystalline silicon can be classified into epitaxial and non-epitaxial 

growth. The epitaxial deposition is the continuous growth using the crystal characteristic of 

the substrates. The non-epitaxial deposition of amorphous or nanocrystalline silicon takes 

place by random nucleation and random growth of adsorbed silicon atoms. The epitaxial 

growth itself is subdivided into homoepitaxy and heteroepitaxy. The growth of silicon on 

silicon with the same lattice constant is an example for homoepitaxy and the growth of silicon 

on sapphire substrate is classified as heteroepitaxy. 

The epitaxial deposition of silicon can be done by liquid phase epitaxy [29] and physical 

vapour deposition for example the molecular beam epitaxy [30]. Since these methods are 

limited in throughput and in case of the latter by an ultra-high vacuum, an alternative 

technology is required for the production scale of the photovoltaic industry. The atmospheric 

pressure chemical vapour deposition (APCVD) technology offers a solution to some of the 

limitation. Thus, the deposition process has been adapted to the photovoltaic needs and the 

deposition reactors have been developed at Fraunhofer ISE over the last years [15, 31, 32]. 

The chemical equations (M1-M3) of a simplified SiHCl3-H2 model by [13, 33] to describe the 

APCVD process between 1000 °C and 1400 °C are listed in Table 3. These reactions are also 

assigned to the process steps in Figure 2-1. These simplifications assume that because of its 

thermodynamic stability SiHCl3 is the most abundant species in the gas phase. Therefore it is 

likely that trichlorosilane SiHCl3 (TCS) is a principle contributor to the silicon growth (M1). 

An additional supposition by [13] is that SiCl2* is the only surface species on the silicon 

surface during the deposition process (M2). Although recent studies show that these 

assumptions are not valid, the results of this simplified chemical reaction are in good 

agreement with the actual deposition rate [21]. 

 

Table 3: Simplified chemical reaction that occurs during the silicon deposition using 

TCS as precursor and hydrogen as carrier gas [13]. 

  Chemical reaction 
Depicted in 

Figure 2-1 as 

M1 Chemisorption of SiHCl3       
             
→        

       B, C 

M2 Decomposition of SiCl2
*
      

    
             
→            D, F 

M3 Desorption 
     

     
             
→           

     
 
             
→          

G 

 

The simplified chemical reactions for the silicon deposition by APCVD can be limited by the 

low concentration of the reactant due to insufficient transport, or by the reaction constant at 

the sample surface. The transport of reactants inside the reaction chamber can be described by 

fluid dynamics [34] and shows a strong dependence to the gas flow velocity and process 

temperature. In Figure 2-2 (left) the dependence of the deposition rate on the deposition 

temperature is shown. At low and high temperatures, depending on the reactor, the deposition 

is limited by the surface reaction. The region in between is limited by transport [19]. 
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Figure 2-2: Deposition rate depending on process temperature. The chemical 

reaction is limited by the transport mechanisms and by the reaction on the surface 

(left), modified from [35] and the dependence of the growth rate on the Cl/H ration 

and the process temperature (right) [15]. 

 

The chemical reaction constants are also depending on the ratio of the reactants. In [10] it is 

shown how the Cl/H ratio (see equation 2-2) and Si/Cl ratio influence the growth rate. In 

Figure 2-2 (right) the change in growth rate depending on Cl/H ratio is shown for 1000 °C, 

1050 °C, 1100 °C and 1150 °C. All temperatures show a similar dependence with a more 

pronounced maximum for higher temperatures. A significant drop in the deposition rate of 

more than 50 % is shown below a Cl/H ration of 0.005. This reduction can be explained by 

the low concentration of trichlorosilane and therefore low concentration of silicon atoms. 

 

  
 ⁄  

 [      ]

[      ]   [  ]
 

 
2-2 

 

The evaluation of the molar deposition rate Vr [36] of the simplified deposition model is 

shown in equation 2-3. This derivation uses the molar absorption rate Vad, the number of 

occupied bonding sites and the molar concentration of hydrogen [H2].



        [  ]  2-3 

 

Since Vad see equation 2-4) is depending on the number of free bonding sites (1-the 

additional condition of Vad –Vr = 0 [15] in the thermal equilibrium is used to determine the 

number of occupied bonding sitesFurthermore the adsorption constant kad and the molar 

concentration of TCS [SiHCl3] are necessary to determine Vad. 

 

       (   )  [      ]  2-4 

 

In equation 2-5 the number of occupied bonding sites is being determined. 
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The desorption kr and adsorption constants kad have been determined experimentally [36]. 
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Using the equations from 2-4 to 2-7 the molar deposition rate can be calculated by the 

following equation [15]. 

 

   
       [      ]  [  ]

    [      ]    [  ]
  

2-8 

 

This analytical approach of the simplified reaction model allows the determination of the 

molar deposition rate. The calculated deposition rate can be used to optimise the deposition 

parameters, increase process efficiency and decrease material consumption. However, the 

suppositions made are only valid for a certain set of deposition parameters. The change in 

deposition temperature below 1100 °C or the addition of high concentration of HCl can cause 

drastic changes in the Cl/H and Si/Cl ratios. As a result, the actual Si-H-Cl model and the 

growth rate can deviate from the simplified model. 

 

 RTCVD Reactor Setup and Process Sequence 2.3.1

 

The requirements of high throughput [37] and good epitaxial quality can be achieved by 

using the RTCVD process at atmospheric pressure. This technology is based on thermal 

heating of the substrates to reach the temperature required for the decomposition of the 

precursor. The heating can be realised in a few minutes and the deposition is done at 

atmospheric pressure which makes inline processing at industrial scale possible. The 

deposition tools used for the experiments presented in this work are the RTCVD160 [15] and 

the RTCVD100 reactors. These reactors are lab-type reactors (see Figure 2-3 (right)) 

developed by Fraunhofer ISE. The major difference between the two reactors is the Cl/H 

ratio, the maximum doping concentration and the n-type doping using PH3 at the RTCVD160. 

A detailed description of the RTCVD100 tool can be found in [7, 14]. The temperature 

difference between measured thermocouple temperature and the actual temperature of the 

substrate surface has to be taken into account. Therefore detailed measurements for both 

reactors in the temperature range between 400-1120 °C have been conducted.  
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Figure 2-3: Schematic of the RTCVD160 reaction chamber (left) and picture of the 

reactor with casing and supply unit during a deposition process (right) [15]. 

 

In case of the RTCVD160 tool the temperature difference is -16 °C ± 5 °C and for the 

RTCVD100 tool it is +113 °C ± 17 °C. In the following chapters only thermocouple 

temperatures will be given if not stated otherwise. 

The RTCVD160 reactor with a chamber diameter of 160 mm is a quasi-inline tool and an 

optimisation of the RTCVD100. The precursor, doping gases and purge gases are controlled 

by mass flow controllers (MFC). The doping of the deposited silicon is realised by adding 

phosphine (PH3) for n-type and diborane (B2H6) for p-type doping to the precursor gas 

mixture. A detailed schematic of the gas system is shown in Figure 2-4. Three different MFC 

can be used for the doping gases, which offer a combined range from 2 sccm up to 

7000 sccm. Since the doping gases are diluted in hydrogen the actual concentration has to be 

calculated and the deposition process has to be calibrated. Taking the dilution and complete 

gas mixture into account the gas flows of 2 sccm and 7000 sccm correspond to a doping gas 

concentration of approximately 1.5 ppm respectively 780 ppm.  

 

 

Figure 2-4: The user interface MODVIS includes 32 valves, 8 MFC and temperature 

as well as pressure sensors for process controlling and monitoring. 
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Figure 2-5: The quartz carrier with gas inlet which is placed inside the camber (left) 

and the substrate frames with silicon wafers inside the quartz carrier (right). 

 

The precursor used in both reactors is trichlorosilane (TCS) which is liquid at room 

temperature and has to be bubbled by hydrogen. By measuring the thermal conductivity a 

special MFC determines the TCS concentration in the precursor gas mixture. The purge gas 

during the heating and cooling process steps is hydrogen as well. The thermal heating in the 

reactor is realised by 30 halogen lamps to achieve a uniform temperature distribution. 

The sample size of 100x150 mm² is limited by the substrate frames. These frames shown in 

Figure 2-5 (right) are place inside a quartz-carrier which is then placed inside the camber. 

Since, the quartz frames can move through the carrier, quasi-inline processing is possible. The 

combination of a quartz carrier with halogen lamps reduces the parasitic deposition since the 

emitted light by the lamps is mainly absorbed by the silicon substrates. The RTCVD100 

reactor is a parallel reactor and the samples are positioned horizontal within walls of silicon 

where the gas flows on top and below them.  

The different process steps, including process parameters like gas mixture and temperature, 

are controlled and monitored by programmable logic controller (PLC) connected to a 

computer. As a result the entire deposition process is programmed and controlled by the user 

interface MODVIS. The deposition process itself can be divided into three different phases, 

the purge and heating (A), the stabilisation and deposition (B) as well as the cooling with or 

without doping gases in the gas mixture (C) [14, 15]. In Figure 2-6 a representative deposition 

process including the different steps (A,B,C) as well as the three sequences for the back 

surface field (red square), absorber (green square) and emitter (blue square) deposition are 

shown. 

 

A Purge and Heating 

Despite a constant nitrogen flow during standby and during the loading of the substrate 

frames, ambient air can penetrate the reaction camber. Therefore prior to the process 

nitrogen is used to purge the reaction chamber for at least 20 minutes. This also prevents a 

reaction between the oxygen background and hydrogen at the beginning of the process. 

After an additional purge step with hydrogen for 6 min the heating ramp with a maximum 

rate of 150 K/min is initiated.  
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Figure 2-6: The schematic of the deposition process shows the gas composition and 

the temperature of the three different sequences of the deposition process.  

 

B Stabilisation and Deposition 

The stabilisation step starts when the process temperature is reached. During this step the 

cleaning unit for the reactant gases is activated. This step with pure hydrogen in the camber 

is also used as prebake to etch the native oxide on the silicon wafers. The deposition 

process itself can be separated into the formation of a back surface field (see Figure 2-6 red 

square), absorber (green square) and emitter (blue square). The gas mixture is set by the 

different MFC and stabilised for each deposition sequence. 

 

C Cooling  

The cooling step in general is very simple, but for the emitter formation this step is crucial. 

The cooling can be done with and without doping gases in the gas mixture to prevent or to 

enable the diffusion of dopants into and out of the epitaxially growth silicon films. The 

process will be described in more detail in Chapter 3.3 and simulated in Chapter 7.3. The 

cooling ramp is limited by the cooling of the substrates. A reasonable rate depending on 

the substrate and deposition process is between 20-150 K/min. 
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 Epitaxial Deposition at Temperatures above 1100 ºC 2.4

 

The silicon deposition by RTCVD as an industrial feasible process has been investigated 

at Fraunhofer ISE for many years. The fundamental understanding includes the basics of 

silicon deposition by RTCVD by Faller and Bau [4, 14] as well as the doping incorporation 

and basic formation of epitaxial emitters by Schmich [15] and Reber [38]. It also includes 

process development of HCl gettering by Hampel [39] or the epitaxial lateral overgrowth by 

Drießen [19]. The process optimisation to increase the material quality led to a high 

temperature process at about 1150°C. If not stated otherwise this process will be referred to as 

the standard process. In this chapter the standard process will be described and additional 

experiments for a better fundamental understanding will be presented. 

 

 Standard Deposition Parameters of Epitaxial Growth 2.4.1

 

The silicon deposition in the two lab-type reactors RTCVD100 and RTCVD160 is a 

similar process. Both reactors use the same precursor, a temperature regime above 1100°C 

and diborane as dopant gas for p-type silicon deposition. As stated before the temperature 

difference between measured thermocouple temperature and the actual temperature of the 

substrate surface has to be taken into account, if the two reactors and the deposition 

parameters are compared.  

The standard epitaxial deposition at the RTCVD160 has been monitored by frequent 

depositions for solar cell fabrication using the EpiWE concept (see Chapter 6) and material 

characterisation. The following paragraphs will be used to summarise and analyse the results 

of these process control (PC) batches. The epitaxial deposition for the PC batches is always 

done on similar substrates to have a better reproducibility and because the growth rate is also 

depending on crystal orientation. As substrate 0.005-0.05 cm, p-type, CZ silicon wafers 

with 250 µm thickness and (100) orientation are being used. The pre-conditioning of the 

reactor includes an HCl etching of the parasitic deposition and a pre-deposition of the reactor. 

 

The standard deposition parameters at the RTCVD160 are listed below: 

 100 K/min heating and cooling ramp 

 Deposition at 1150°C with 5.5 g/min TCS and 13.1 slm H2 

 Deposition rate of 2.0 ± 0.2 µm/min  

 BSF layer thickness of 2 µm at 2-4x10
18

 boron atoms/cm³  

 Absorber layer thickness of 20 µm at 6-8x10
16

 boron atoms /cm³  

 

In addition to solar cell processing, the material characterisation consists of an etch pit density 

(EPD), effective lifetime (eff) and layer homogeneity measurements. The solar cell process 

and characterisation methods will be described in more detail in the following chapters. The 

results of these process control batches to guarantee process stability and reproducibility are 

listed in Table 4. If not stated otherwise the measurements have been done internally with an 

average measurement error of ISC ± 2.5 %, VOC and FF ± 2.5 % as well as  ± 2.5 % [40]. 
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Table 4: Results of EpiWE solar cells with standard epitaxial deposition at RTCVD160.

Cell Batch  

(cell area) 

Jsc 

[mA] 

Voc 

[mV] 

FF 

[%] 

[%] 

EPD 

[1/cm²] 
eff 

[µs]

PC Batch 11/2011 

(25 mm
2
) 

29.8 

± 0.8 

645 

± 2.2 

74.0 

± 4.2 

14.2 

± 0.9 

7.2x10
3
 

± 5.3x10
2
 

- 

PC Batch 04/2012 

(4 mm
2
) 

29.2 

± 0.6 

639 

± 2.1 

79.6 

± 0.9 

14.8 

± 0.4 

5.3x10
3
 

± 2.7x10
3
 

7.8 

± 1.8 

PC Batch 04/2013 

(4 mm
2
) 

29.9 

± 0.7 

638 

± 2.1 

79.8 

± 0.6 

15.2 

± 0.4 

8.4x10
3
 

± 2.2x10
3
 

6.9 

± 3.1 

 

The cell batches consist of at least 12 solar cells and the solar cell parameters show an overall 

good reproducibility. The open circuit voltage is changing between 638 and 645 mV, which 

could indicate a change in material quality. The short circuit current JSC is limited to values 

below 30 mA/cm
2 

due to the lack of texture or back reflector [19]. The etch pit density values 

below 8.4x10
3
 1/cm

2
 and the effective lifetime values above 5 µs are in agreement with 

diffusion length measurements (see Chapter 5.2.2). In the following chapters, these results 

will serve as reference values for the presented process development. 

 

 Mechanism of Doping Incorporation using PH3 and B2H6 2.4.2

 

The investigation of the doping incorporation during the epitaxial growth is very well 

documented by [11, 41-43] and at Fraunhofer ISE by [14, 15]. This brief subchapter will 

therefore, summarise the presented findings and concentrate only on some of the 

fundamentals. Additionally, experiments to investigate the doping incorporation and the 

compensation of the phosphorous doping concentration by the addition of B2H6 using the 

RTCVD160 tool will be shown. 

The doping mechanism in general is very similar to the deposition process. The doping gases 

phosphine PH3 for n-type and diborane B2H6 for p-type are being added to the precursor gas 

mixture and decompose at high temperatures. Supposing a dilute solution and the absence of 

any limiting kinetic factors the incorporation process can be described by Henry`s law (see 

equation 2-9) [42]. 

 

     
     2-9 

 

The incorporation of dopants from the gas phase into the solid silicon is therefore depending 

on the activity of the solute aM which is defined as the ratio of fugacities of the solute in the 

solution to that of the pure solute component. NM is the concentration of dissolved dopant M 

and k’ is the proportionality constant. The decomposition process however, is different for 

diborane and phosphine.  

In the case of B2H6 the dominant species during the gas phase decomposition is BH3 due to 

the low vapour pressure of other boron compounds. The resulting process for the 

incorporation of boron is shown in equation 2-10. 
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B2H6 (g) → 2BH3 (g) → 2B (s)+ 3H2 (g)  2-10 

 

The gas phase decomposition of PH3 can result in PH2 as well as in monoatomic species like 

P2 and P4. The chemical reaction for the decomposition is depending on the temperature and 

partial pressure of PH3. In equation 2-11 the chemical reaction of PH3 at low partial pressure 

and in equation 2-12 at high partial pressure is shown [15]. 

 

2PH3 (g) → 2P (g) + 3H2 (g) → 2P (s) + 3H2 (g)  2-11 

2PH3 (g) → 2PH2 (g) + H2 (g) → 2P (s)+ 3H2 (g)  2-12 

 

The different boron and phosphorus species are adsorbed at the surface and incorporated into 

the crystal structure [42]. In Figure 2-7 the minimum and maximum boron doping 

concentration in the RTCVD160 and the possible doping concentration for an epitaxial base, 

emitter, back surface field (BSF) or front surface field (FSF) layers are shown. The lower 

limit of 1x10
15

 1/cm
3
 is defined by the background doping in the reaction chamber and the 

purity of the precursor gases. The maximum doping concentration of 2x10
20

 1/cm
3
 is 

restricted by the solubility of doping atoms at a given temperature in silicon [11]. The 

concentration of any dopant NM can be described by equation 2-13 using the effective 

segregation coefficient Keff, the deposition rate V, the temperature T, the partial pressure of the 

dopant gas     
 and the partial pressure of the precursors    

 [15]. 

 

       
       (   )

    
 

   
  for          2-13 

 

Comparable to the deposition rate the doping concentration can also be limited by transport 

Keff = 1. This is the case for depositions with a high deposition rate when all the adsorbed 

doping atoms at the surface are incorporated into the crystal. The system is in thermal 

equilibrium if the process is limited by the growth rate and by the chemical decomposition 

reaction. The region of Keff < 1 shows a stable ratio for low deposition rates [15].  

 

 

Figure 2-7: Range of boron doping concentrations at the 

RTCVD160 for cSiTF deposition by adding B2H6 to the precursor. 

 



22 2 Crystalline Silicon Deposition by APCVD 

 

 

1100 1150 1200 1250 1300
10

17

10
18

 B
2
H

6
 RTCVD100

 B
2
H

6
 from [39]

b
o

ro
n
 c

o
n

c
e
n

tr
a
ti
o

n
 [

c
m

-3
]

temperature [°C]

 

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
14

10
15

10
16

10
17

10
18

10
19

10
20

b
o

ro
n
 c

o
n

c
e
n

tr
a
ti
o

n
 [

c
m

-3
]  Rai-Choudhury [STC, 1230°C]

 Habuka [TCS, 950°C]

 RTCVD160 (TCS, 1170°C)

 RTCVD100 (TCS, 1220°C)

 RTCVD100 (STC, 1200°C)

diboran [ppm]

 

Figure 2-8: Incorporated boron concentration in correlation with the process 

temperature (left) [15, 44] and the doping concentration depending on the actual 

diborane gas flow (right) [11, 15, 41]. 

 

In Figure 2-8 the resulting temperature dependence (left) and concentration dependence 

(right) for the incorporation of boron into the silicon crystal is shown. The increase in boron 

incorporation at higher temperatures is attributed to the increase in concentration of adsorbed 

atoms at the surface and by the increase of the segregation coefficient Keff [15]. 

The dependence on the process temperature and on the concentration of PH3 in the gas 

mixture for the incorporation of phosphorus is shown in Figure 2-9. Although the principle 

incorporation mechanism is the same the phosphorus concentration is decreasing with 

increasing temperatures. This effect can be explained by the increasing out diffusion of 

phosphorus which becomes relevant at high temperatures [15]. In Figure 2-9 (right) the 

different doping regimes for phosphorus depending on the dominant species in the gas phase 

can be found. The different slopes can be correlated to the partial pressure of PH3. 
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Figure 2-9: Phosphorus doping concentration depending on process temperature (left) 

[11] and phosphorus doping concentration depending on the actual gas flow 

concentration (right) modified from [15].  
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Figure 2-10: Incorporation of phosphorus depending on growth rate limited by 

transport and surface reaction for 1070 °C, 1150 °C and 1230 °C [10], modified. 

 

The results are in agreement with results by [10] which are shown in Figure 2-10. Here, the 

phosphorus concentrations depending on the growth rate for three different temperatures are 

shown. The decrease for deposition rates above 2 µm/min has not been investigated using the 

RTCVD160 tool. 

The doping concentrations for the standard deposition process in the RTCVD160 and in the 

RTCVD100 are determined by spreading resistance profiling (SRP) [45, 46]. An example for 

the doping concentration of boron and phosphorus between 1x10
18

 1/cm
3
 and 1x10

20
 1/cm

3
 is 

shown in Figure 2-11 (right)). The SRP characterisation method is based on the measurement 

of conductance and therefore measures only the actively incorporated doping atoms. Since the 

solubility limit is not reached for the maximum dopant gas flow of 7000 sccm it has been 

postulated that during the standard epitaxial deposition all incorporated atoms are electrically 

active. This has been proven by [47] and also by Secondary Ion Mass Spectrometry (SIMS) 

measurements [46] of samples epitaxially grown using the RTCVD160. The maximum SRP 

measurement error of about 20 % consists of the systematic setup error, calibration offset and 

statistical errors. The results in Figure 2-11 (right) also depict the difference in doping 

incorporation depending on the dopant source.  

 

  
Figure 2-11: The compensation and the change in majority carrier type depending on 

precursor gas flow mixture (left) and the boron and phosphorous concentration using 

standard deposition parameters at 1150 °C in the RTCVD160 (right). 
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The different behaviour in doping incorporation makes the investigation of phosphorus cross 

contamination necessary. The investigation of this effect is done by intentionally introducing 

different phosphorus concentrations to the deposition process of boron layers. In Figure 2-11 

(left) the results of the doping compensation experiment are shown. On the right side the 

measurements of the substrate (≈ 0.014 cm, p-type, CZ wafer) can be seen (S). The gas flow 

mixtures of the following layers are listed in Table 5. The dominant behaviour of phosphorus 

results in an n-type layer with 6.0x10
16

 1/cm
3
 carrier density despite a much higher 

concentration of boron in the gas mixture. The last layer on the left is p-type compensated by 

phosphorus resulting in a carrier density of 4x10
18

 1/cm
3
 instead of 1.4x10

19
 1/cm

3
, the carrier 

density without additional PH3. These recent experiments underline the importance of reactor 

pre-conditioning by HCl etching and the predeposition of undoped silicon. 

 

Table 5: Doping gas composition with corresponding doping concentration and resistance 

for the compensation of the phosphorus doping concentration by adding B2H6. 

Layer No° PH3[sccm] B2H6 [sccm] N [1/cm³] Type of dopant [cm] 

(S) - - 4.5x10
18

 p-type 0.014 

(1) 50 100 6.0x10
16

 n-type 0.12 

(2) 90 100 4.5x10
18

 n-type  0.009 

(3) 90 200 5.0x10
17

 n-type 0.031 

(4) 90 500 4.0x10
18

 p-type 0.015 

 

In conclusion the incorporation of dopants is a complex and critical parameter for the 

deposition of silicon and depends on the deposition rate, temperature and gas composition. 

There is still a discussion about the specific incorporation mechanisms and the interpretation 

of the certain results [41, 43]. Nevertheless, there are some general conclusions that can be 

drawn listed in Table 6. 

 

Table 6: General correlation for the doping incorporation of boron and phosphorus during 

the epitaxial growth by CVD.  

Correlation to P concentration  Ref. B concentration Ref. 

Temperature ↑ decrease [42] increase  [42] 

Growth gate ↑ increase/decrease [11] no influence/decrease [11] 

Partial pressure     
  ↑ increase  [48] increase [41] 

Gas flow velocity ↑ no influence  [42] decrease negligible [42] 

 

 Challenges for Silicon Thin Film Deposion by APCVD  2.4.3

 

In the last subchapter, some aspects of the previous process optimisation by [14, 15, 47] 

will be presented. These results show the challenges using APCVD for the deposition of 

crystalline silicon thin films adapted for different applications. These challenges and the 

development of additional applications are motivating some of the following experiments 

presented in this thesis. 
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The development of epitaxial absorber layers and epitaxial emitters by APCVD as well as the 

overall improvement in material quality has been done as part of the EpiWE [14] and RexWE 

[8] concept. These concepts are based on the deposition of an active cell on top of silicon 

substrates or recrystallised silicon seed layers. The active cell consists of a back surface field, 

the absorber layer and an in situ emitter deposited in consecutive reaction chambers or by 

following process steps with a different process gas compositions. One of the challenges is the 

high deposition temperature and the resulting requirements for substrates and the deposition 

tool itself. A deposition process below 1100 °C would change these restrictions.  

 

 
 

Figure 2-12: SIMS measurement of epitaxial emitters cooled with or without PH3 (left) 

and IQE measurements of solar cells with different epitaxial emitters (right) [15]. 

 

In case of the epitaxial emitter, the deposition of a two-step epitaxial emitter was reported in 

[15]. The first step is the emitter bulk and the second step is the contact peak to reduce the 

contact resistance of epitaxial emitters. The intended doping concentration of the second step 

depends mainly on the metallisation scheme but also on the grid structure and passivation. A 

single step and a two-step emitter to reduce the Auger recombination and therefore improve 

the blue response are shown in Figure 2-12 (left). 

The internal quantum efficiency (IQE) measurements in Figure 2-12 present some of the 

challenges the epitaxial emitter deposition process is facing. The emitter thickness and emitter 

doping have to be optimised to decrease the surface recombination velocity (Sfront) and to 

reduce the emitter saturation current (J0e). The deposition process including the cooling 

process with dopants gases and the gas composition of the process show significant potential 

for optimisation.  

In Figure 2-13 (right) a sheet resistance mapping by four point measurements of an epitaxial 

emitter deposited with the old reactor setup is shown. These results show the possible 

homogeneity limitation which has to be taken into account. Furthermore the standard 

deposition rate of 2 µm/min has to be reduced to deposit shallow two step emitter profiles of 

only 500-750 nm. These challenges in combination with a deposition process below 1100 °C 

will be addressed in the 3rd Chapter.  
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Figure 2-13: Calculated VOC values depending on the interface recombination intensity 

for different emitter bulk lifetimes (left) [15] and sheet resistance mapping of an 

epitaxial emitter with PH3 diffusion during cooling (right) [15]. 

 

The importance of the interface recombination for crystalline silicon thin films in general and 

for epitaxial emitters has already been simulated [15]. Figure 2-13 (left) shows the loss in 

open circuit voltage (Voc) over the interface recombination velocity (Sint) for epitaxial emitters 

with three different emitter bulk lifetimes (emitter). It can be seen that for emitter bulk 

lifetimes below 10 ns the Voc drops to 620 mV. The second critical limitation can be seen for 

Sint above 1x10
4 

cm/s. In this case the Voc drops to 620 mV even for emitter with 100 ns emitter 

bulk lifetime.  

The standard deposition temperature of 1150°C and the cooling rate of 150 K/min have to be 

evaluated as well. Preliminary lifetime measurements of wafers with epitaxial emitters show a 

significant degradation [15, 49]. Effective lifetime measurements of 1 cm, p-type, FZ wafer 

after different temper processes between 950°C and 1150°C and after the deposition process 

at 1150°C with thermal oxide passivation have been presented in [47]. In this experiment the 

lifetime was reduced from about 200 µs to values below 90 µs for temper processes at 950 °C, 

about 40 µs at 1050 °C and below 20 µs at 1150 °C. In case of an epitaxial deposition at 

1150 °C the effective minority carrier life time was even reduce to approximately 5-8 µs. 

These effects and the resulting optimisation will be thoroughly investigated in Chapter 4 and 

Chapter 5.  
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 Summary 2.5

 

In this chapter the basic principles of the atmospheric pressure chemical vapour 

deposition have been discussed. The advantages of the APCVD process, the fundamentals of 

the reaction kinetics using TCS as precursor and the reactor setup of the RTCVD160 show the 

feasibility of this technology as an industrial, inline application. A general model for the 

deposition process and a simplified model have been discussed. Additionally, the assumptions 

of the simplified model that SiHCl3 is the most abundant species in the gas phase and that 

SiCl2* is the only surface species on the silicon surface during the deposition process have 

been examined.  

The state of the art epitaxial process by APCVD at high temperatures at Fraunhofer ISE has 

been described. The process parameters, the setup properties and the difference between 

measured thermocouple temperature and the actual temperature of the substrate surface have 

been shown. In case of the RTCVD160 the temperature difference is -16 °C ± 5 °C and for 

the RTCVD100 it is +113 °C ± 17 °C. The basic mechanism for the doping incorporation, the 

dependence of doping concentration on temperature and deposition rate was well as the 

doping range from 1x10
15 

1/cm³ to 2x10
20 

1/cm³ for boron and from 1x10
17

 1/cm³ to 

3x10
20 

1/cm³ for phosphorous have been described.  

In the last paragraph the challenges and the previous development of crystalline silicon thin 

films by APCVD have been discussed. Since the formation of epitaxial emitters will be one of 

the main topics, the formation of a two-step emitter, the importance of the emitter wafer 

interface and the limitations of the lab-type reactor have been analysed. 

The optimisation based on the fundamental work presented in this chapter and further 

development including extensive characterisation of the deposition processes will be subject 

of the next chapters. 
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3 Silicon deposition by APCVD below 1100 ºC 
 

In this chapter the improvement in silicon deposition at temperatures from 1100 °C to 

850 °C by APCVD will be described. The different regimes of epitaxial growth with a 

minimum temperature of 950 °C and microcrystalline silicon growth below 950 °C using the 

RTCVD160 will be specified. In addition, the influence of HCl on the deposition process will 

be investigated. A detailed description of the process optimisation and process 

characterisation including homogeneity, crystal quality and doping incorporation will be 

given. The fundamental work this chapter is based on has been done by [10, 19, 50, 51] and 

various other research groups.  

 

 Introduction 3.1

 

The three main reasons for the silicon deposition at low temperatures is the use of 

substrates with reduced thermal stability, the reduction of the thermal degradation of the 

substrates and the reduction of production costs. The deposition reactor and the deposition 

parameters are defined and limited by the properties of the different precursor. The precursor 

costs, the handling but especially the decomposition temperature have to be taken into 

account [5, 37]. A list of the precursor used for silicon depositions is shown in Table 7. 

 

Table 7: Chemical characteristics of different precursor gases [52, 53]. 

Type of precursor 

molar 

mass 

[g/mol] 

boiling 

point 

[K] 

density 

[g/cm³] 

vapour 

pressure at 

293.15 K [kPa] 

std. enthalpy of 

formation at 

298.15 K [kJ/mol] 

silane  

SiH4 
32.12 161 0.0013 - 34 

dichlorosilane 

SiH2Cl2 
101.00 281 1.22 167.2 - 321 

trichlorosilane 

SiHCl3 
135.45 305.95 1.34 67.2 - 496 

silicon tetrachloride 

SiCl4 
169.90 330.8 1.48 25.9 - 687 

 

 Epitaxial growth from 950 ºC to 1100 ºC 3.2

 

In this work trichlorosilane SiHCl3 (TCS) with a standard enthalpy of formation of           

-496 KJ/mol is used as precursor. For the silicon deposition by APCVD, with industrial 

feasible deposition rates, the lower temperature limit at approximately 850 °C is defined by 

the difference in standard enthalpy of formation between silicon dichloride SiCl2 and SiHCl3. 

Therefore the decomposition temperature increases from SiH2Cl2 to SiCl4. Apart from the 

decomposition temperature no epitaxial nucleation and epitaxial growth is possible at the 

RTCVD160 reactor below 950 °C using SiHCl3 as precursor. 
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 Epitaxial growth of the TCS-H2-HCl System 3.2.1

 

The changes in the Cl/H and Si/Cl ratio have a major impact on the deposition rate and 

the material quality at the same time [54]. Consequently, the simplified deposition model 

described in Chapter 2.2 is changing. Detailed calculations of the concentration of relevant 

species in the thermal equilibrium for the TCS-H2-HCl system have been done by [55] and 

[19]. However, these simulations depending on temperature and gas composition cannot 

represent the change in deposition kinetics which affect the deposition as well. The impact on 

the deposition at the RTCVD160 reactor was investigated by increasing the Cl/H ratio from 

0.101 to 0.164. This change is accomplished by changing the HCl flow in the total gas 

mixture. The same change causes the Si/Cl ratio to decrease from 0.33 to 0.19. An overview 

of the deposition rate depending on temperature and Cl/H ratio is listed in Table 8. 

 

Table 8: Deposition rates depending on Cl/H ratio and deposition temperature. Values 
determined by SRP, ECV, SEM and weight using RTCVD160. 

 Deposition rate [µm/min] at different deposition temperatures 

Cl/H ratio 950 °C 975 °C 1000 °C 1050 °C C

0.101 µc growth 1.1 ± 0.4 1.5 ± 0.5 2.4 ± 0.4 2.0 ± 0.2 

0.110 0.4 ± 0.2 0.5 ± 0.2 1.1 ± 0.4 1.4 ± 0.3 1.8 ± 0.5 

0.120 0.3 ± 0.2 0.4 ± 0.1 0.8 ± 0.2 1.0 ± 0.3 1.5 ± 0.5 

0.129 not determined 0.1 ± 0.2 0.5 ± 0.2 0.8 ± 0.2 1.0 ± 0.3 

0.139 etching etching ≈ 0 0.6 ± 0.2 0.5 ± 0.4 

0.148 etching etching etching etching 0.1 ± 0.3 

 

The standard deposition rate of 2.0 µm/min at 1150 °C decreases to 1.0 µm/min with 0.9 slm 

HCl and further down to 0.1 µm/min with 1.5 slm HCl. Similar experiments have been done 

for the epitaxial growth between 950 °C and 1050 °C. The results acquired by weight, 

spreading resistance profiling (SRP), electrochemical capacitance voltage (ECV) [56] and 

scanning electron microscope (SEM) measurements show a maximum deposition rate at 

1050 °C with no additional HCl. For lower and higher temperatures and by increasing the HCl 

concentration it is possible to reduce the deposition rate. By increasing the HCl even further it 

is possible to reverse the chemical reaction from deposition into etching of silicon. The 

reduction in deposition rate by increasing the temperature above 1050 °C can be explained by 

chemical reactions in the gaseous phase in competition to the reactions at the silicon surface 

[57].The deposition processes at 950 °C reveals a very interesting effect. Previously, it was 

stated that the epitaxial growth using the RTCVD160 is limited to 975 °C [47]. This limitation 

is influenced by the ratio between the mobility of adsorbed atoms at the surface and the 

growth rate [26]. This observation is shown in this experiment as well. However, by adding 

small amounts of HCl and therefore reducing the deposition rate, it was possible to grow 

epitaxial layers at 950 °C. This effect suggests that by reducing the deposition rate the 

material quality can be increased. 
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 Process Optimisation at Low Temperatures 3.2.2

 

The first experiments at low temperatures show an increase in defect density and 

consequently a decrease in material quality. Especially the increase of stacking faults and 

facetted growth was apparent (see Chapter 4). The increased formation of defects [58, 59] at 

lower temperatures in general can be explained by the change in step velocity and growth 

velocity, the decrease in mobility of adsorbed atoms, the increased residence time and the 

start of random nucleation opposed to the pure epitaxial nucleation [10]. 

A typical defect density measurement for the standard deposition at 1150 °C is shown in 

Figure 3-1 (left). It can be seen that the average defect density of 7.0x10
3
 cm

-2
 with a standard 

deviation of 4.9x10
3
 cm

-2
 is quite homogeneous over the 5x5 cm

2
 sample. For the optimised 

deposition at 1050 °C with 0.6 slm of HCl an average defect density of 9.7x10
3
 cm

-2
 has been 

determined (see Figure 3-1 (right)). Despite, similar EPD values the average SFD of 

3.9x10
3
 cm

-2
 for the deposition at 1050 °C is two orders of magnitude higher compared to the 

standard deposition at 1150 °C. As a consequence, not only the defect density, but the 

separated analysis of stacking fault density (SFD) and etch pit density (EPD) was established. 

 

  

Figure 3-1: Defect density mappings of a 5x5 cm
2
 sample deposited at 1150 °C (left) 

and deposited at 1050 °C (right). 

 

The dependence of material quality on the process gas composition was further investigated 

for a deposition temperate of 1050 °C and 1000 °C. Additional samples were processed on 

highly doped CZ wafers with and without HCl. The layer thickness of the crystalline silicon 

thin films were at least 20 µm and the material quality was quantified by defect density 

measurements. 

In Table 9 the EPD and SFD measurements of optimised deposition processes at various 

temperatures are shown. The reference EPD values of 7.3x10
3 

1/cm
2
 at the RTCVD160 and 

2.0x10
4 

1/cm
2
 at the RTCVD100 are set by the process control batches. The increases in EPD 

from 7.3x10
3
 1/cm² for the depositions at 1150 °C to 1.5x10

4
 1/cm

2
 at 975 °C with HCl are 

below one order of magnitude. The good EPD values for the deposition below 1100 °C 

indicate a good material quality and can be attributed to process optimisation. 
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Table 9: Summary of EPD measurements for various processes at different temperatures.  

 Temperatures variation process control 
ELO 

[19] 

RexWE 

(SiOx)[60] 

RexWE 

(SiCx)  

[61] 

T [°C] 975 1050 1150 1150 1120 various 1120 1120 

RTCVD 

reactor 
160 160 160 160 100 100 100/160 100 

EPD 

[1/cm²] 
1.5x10

4
 9.7x10

3
 7.3x10

3
 6.2x10

3
 2.0x10

4
 1-5x10

6
 1-2x10

6
 

4x10
5
-

10
6
 

SFD 

[1/cm²] 
3.6x10

3
 3.9x10

3
 9.1 - - - -  

 

However, the simultaneous increase in stacking faults from 9 to 3600 1/cm² is detrimental. 

The stacking faults occurring at lower temperatures also show facets which could result in 

higher recombination intensity. In [4] a direct correlation between etch pit density and 

material lifetime is shown. This correlation and corresponding lifetime measurements will be 

discussed in Chapter 4 and 5. 

The difference in EPD between depositions with and without HCl has been investigated at a 

process temperature of 1000 °C and 1150 °C using the RTCVD160. In case of the standard 

deposition process at 1150 °C only a small improvement in EPD of 18 % has been determined 

which is below the measurement error of about 15-35 %. In case of the low temperature 

process the stacking fault measurements have been evaluated and the process with HCl shows 

a reduction of 47 %. Unfortunately, due to the significant measurement error and a limited 

number of samples because of a very time consuming sample preparation as well as 

measurement routine it is not possible to draw a conclusion at this point. However, the data 

suggests that the addition of HCl to the gas flow and the resulting reduction in deposition rate 

has a beneficial effect on the material quality. Taking these results into account means that an 

optimised cost effective and stable deposition process has to find the balance between 

deposition rate, material consumption and material quality. 

 

 Dependence of Dopant Incorporation 3.2.3

 

The incorporation of dopants into the crystal structure is dominated not only by the actual 

concentration of dopants in the gas phase, but mainly by the deposition temperature [13, 15] 

and deposition rate [10]. Thus, the use of HCl in the gas flow and the resulting change in 

deposition rate influences the incorporation of the dopant as well. The investigation of this 

effect was done by the deposition of additional calibration samples using phosphine PH3 and 

diborane B2H6 as dopant gasses. The change in Cl/H and Si/Cl ratio has been realised by 

adding up to 2 slm/min HCl to the gas mixture.  
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Figure 3-2: SRP measurements of epitaxial layers deposited during a temperature ramp 

of 50 K/min for 5 and 50 sccm (left) and increase of the phosphorus incorporation for 

10 sccm by increasing the HCl flow at 1050°C and 1150°C (right). 

 

The influence of the Cl/H and Si/Cl ratio on the standard deposition process at 1150 °C and at 

1050 °C are shown in Figure 3-2 (right). The depositions were carried out using the 

RTCVD160 with 10 sccm of PH3. At 1150 °C the phosphorous doping concentration of 

1x10
18

 1/cm
3
 with no additional HCl was increased to 1.7x10

18
 1/cm

3
 by the addition of 

0.6 slm HCl and to 4.5x10
18

 1/cm³ by the addition of 1.2 slm HCl. As expected, the deposition 

at 1050 °C with no HCl results in a higher doping concentration of 2.8x10
18

 1/cm
3
 and shows 

a similar correlation. The results are in agreement with [15] and the difference to the 

correlation in [13] can be explained by the different reactor setup and different Cl/H ratios of 

the process. An additional experiment to further investigate the temperature dependence of 

boron doping can be seen in Figure 3-2 (left). For this experiment two depositions with 

5 sccm and 50 sccm of B2H6 have been done at the RTCVD100. Apart from the temperature 

which is changing with a rate of 50 K/min from 1170 °C to 1020 °C standard deposition 

parameters have been used. The doping concentration for boron of 6.5x10
17

 1/cm
3
 using 

50 sccm at 1170°C is decreasing by almost 40 % down to 4.1x10
17

 1/cm
3
 at 1020 °C. The 

doping concentrations for the process with 5 sccm of B2H6 shows a similar correlation shifted 

down by one order of magnitude. The presented examples highlight the complexity of the 

doping incorporation depending on the Cl/H and Si/Cl ratio as well as on temperature. The 

presented correlations in combination with additional calibration measurements can be used to 

calculate the doping concentrations for specific process parameters. 

 

 Homogeneity and Process Stability 3.2.4

 

In this paragraph the homogeneity of the deposited layers for the different processes will 

be analysed and compared to the standard deposition. In the past the homogeneity 

measurements by stacking fault measurements or by manual analysis of cross section have 

been very time consuming [4, 14]. The use of white light interferometry allows the 

measurement of complete homogeneity mappings with a height resolution of up to 5 nm and a 

spatial resolution of 50 nm. For the measurement presented in this work a CT250T by Cyber 

Technologies was used [62]. 
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Figure 3-3: Deposition thickness measurements by stacking fault (left column) and 

white light interferometry (right column) of a 100x100 mm² sample processed in the 

RTCVD160 under standard deposition conditions in stationary (top row) and inline 

mode (bottom row).  

 

In Figure 3-3 a comparison of deposition thickness measurements between the stacking fault 

method (left column) with an systematic measurement error of 5-8 % and the white light 

interferometry (right column) of two 100x100 mm² samples, processed with standard 

conditions at the RTCVD160, are shown. Furthermore the difference in deposition 

homogeneity between stationary (top row) and inline mode (bottom row) is presented. The 

reduction in deposition thickness in the top can be explained by the separation and depletion 

of the gas mixture. The deposition profile is also influenced by the fluid dynamic and the 

thermodynamic properties of this lab-type reactor. A similar experiment was conducted to 

characterise the deposition profile of the standard deposition process at 1120 °C using the 

RTCVD100 reactor. In Figure 3-4 a thickness mapping of the entire reaction chamber is 

shown. Here the influence of the gas inlet and gas outlet on the fluid dynamics can be seen. 

Furthermore, the influence of the boundary layers by the chamber walls has to be taken into 

account as well. The change in deposition parameters can cause a variation in the gas flow 

velocity and consequently in the boundary layer thickness.  
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Figure 3-4: The deposition thickness of an epitaxial layer deposited in the 

RTCVD100 reactor using standard conditions. 

 

The additional temperature gradients inside the chamber are also critical for the deposition 

process. In Figure 3-5 the change in deposition profile due to the change in gas mixture is 

shown. The addition of 0.5 slm HCl to the precursor gas mixture changes the local 

concentrations of SiHCl3, SiCl2, HCl and H2 as well as the depletion process or in this case an 

accumulation process. These changes result in a lower deposition rate of 1.9 ± 0.1 µm/min 

compared to 3.3 ± 0.2 µm/min for the standard deposition process. The deposition process 

with HCl (see Figure 3-5 (left)) also shows a different layer thickness mapping with a reduced 

deposition rate in the centre of the reaction chamber after the gas inlet. 

Comparable experiments have been done for the deposition of microcrystalline silicon thin 

film and the epitaxial deposition at temperatures below 1100 °C. As a result, adjustments to 

the deposition process and the sample placement have been made and the substrate quartz 

carrier has been redesigned. Consequently, it was possible to improve the homogeneity of the 

deposited layers and to get a better understanding of the direct deposition of microcrystalline 

silicon films by APCVD.  

In general it can be stated, that the homogeneity is sufficient for the experiments at hand, but 

limited by boundary effects due to gas dynamics, temperature gradient and diminishing gas 

mixture concentration. As mentioned before these problems are caused by the laboratory 

reactor setup and represent a compromise which allows the change in sample setups and the 

use of various substrates. 

 

 
Figure 3-5: The deposition thickness mapping of an epitaxial deposition process 

with HCl (left) in comparison to the standard deposition process in the RTCVD100 

(right). 
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Deposition Homogeneity on Multicrystalline Silicon Substrates 

 

The investigation of the growth rate depending on crystal orientation is very important for 

the epitaxial deposition on mc material. Therefore the standard deposition process was applied 

on silicon wafer with defined orientations. All samples have been cut by wire saw and 

subsequently have been mechanically and chemically polished. In Figure 3-6 (left) the 

difference in growth rate of (100), (110), (111) and various off orientation between (100) and 

(110) are shown. The off orientations at 11.8°, 22.5° and 33.8° have been manufactured by 

cutting a CZ rod at these specific angles. 

 

  

Figure 3-6: The average deposition rate depending on crystal orientation of the 

substrates (left) and literature values by [63] (right). 

 

The use of silicon substrates with (100) orientation results a deposition rate of 

3.8 ± 0.1 µm/min which is 6 % higher compared to the 3.6 ± 0.3 µm/min of (110) wafers and 

11 % compared to the 3.2 ± 0.2 µm/min of wafers with (111) orientation. The outcome 

correlates very well with literature vales which are shown in Figure 3-6 (right) [63]. The 

deposition rates of the wafers with off orientations with values of 3.6 ± 0.2 µm/min for 11.8°, 

3.7 ± 0.2 µm/min for 22.5°, and 3.3 ± 0.1 µm/min for 33.8° show no correlation, but the 

deposition rates are below the (100) orientation as expected. 
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 Deposition of Epitaxial Emitters below 1100 ºC 3.3
 

The concept of the epitaxial emitters has already been proven on wafer cells by [47, 64, 

65] and as part of crystalline silicon thin film (cSiTF) solar cells with voltages of 621 mV and 

efficiencies of 16.9 % by [15, 66]. The work presented in this subchapter describes the 

transfer and the optimisation of epitaxial emitters for wafer based solar cell concepts. 

Additionally, the improvement of the deposition process and the formation of different emitter 

profiles for existing high efficiency concepts will be discussed.  

 

 Process Parameter Optimisation for Epitaxial Emitters 3.3.1

 

The basic deposition process for epitaxial emitters is similar to the deposition of cSiTF. 

In Figure 3-7 the different process steps of a typical emitter deposition can be seen. The 

heating ramp (A) is generally set to 100 K/min but in case of mc material 150 K/min has been 

used as well. The purging and stabilising sequence (B) have been combined and their duration 

was reduced to decrease the thermal budget. The deposition step (C) is defined by the 

deposition rate and the doping concentration of the deposited layers. The cooling ramp is 

separated into 3 different regions (D1-3). The first part (D1) features a high cooling rate of 

150 K/min but a low concentration of dopant gases. The low concentration about 2-8 ppm of 

B2H6 or PH3 is adjusted to avoid out-diffusion. In the second part (D2) from 950 °C to 750 °C 

the actual formation of the contact layer by diffusion is done. The concentration of dopants 

500 ppm respectively 700 ppm of B2H6 or PH3 is limited by the formation of parasitic 

deposition in the reaction camber. The last step (D3) from 750 °C to 500 °C is implemented to 

avoid the out diffusion of dopants in the surface near region. 

 

 

Figure 3-7: The gas flow mixture and the temperature of the different process steps 

of a typical emitter deposition (1-3) shows the different regions of the cooling ramp 

(3A-C). 
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Compared to the single step cooling ramp prior to this work with a contact layer thickness of 

approximately 400 nm, the separation into (D1-3) allows the formation of contact layers with 

a thickness below 50 nm which results in a significant reduction in Auger recombination. 

The APCVD process with TCS previously used for epitaxial emitters was a high temperature 

process at 1150 °C. Unfortunately, this process with a deposition rate of up to 2 µm/min only 

allowed a reproducible emitter thickness above 1.5 µm. Therefore, the reduction of the 

deposition rate for a better control of the emitter profile without reducing the homogeneity 

was necessary. This objective is in agreement with the reduction of deposition temperature 

and can be achieved by adding HCl to the precursor gas mixture. The reduction in deposition 

rate to 0.5 µm/min or even 0.25 µm/min makes it possible to deposit epitaxial emitters with 

an emitter thickness below 0.75 µm with sufficient material quality and emitter profile control 

(see Figure 3-8 (left)). The process parameter optimisation also includes the reduction of 

parasitic auto doping. This auto doping due to the limitations of the RTCVD160 gas system 

could be reduced by pre-deposition and by changing the stabilising sequence.  

The SunsVoc measurements of solar cells underline the influence of the deposition 

temperature on VOC values and the corresponding effective lifetime for solar cells with 

epitaxial emitters. For this experiment the epitaxial emitters were deposited on 1 cm p-type 

FZ material at 950 °C, 1000 °C and 1050 °C. The best VOC values of 625 ± 3 mV were 

measured for an epitaxial emitter deposited at 1000 °C. At 1050 °C a reduction by 1.3 % to 

617 ± 2 mV is cause by decreasing material quality due to the thermal budget. However, the 

lower layer quality due to increasing EPD and SFD at 950 °C also cause the VOC to decrease 

by 2.1 % to 612 ± 2 mV. Additional lifetime measurements presented in Chapter 5.3 support 

these findings. 

Based on these experiments the emitter profiles and the contact layers have been adjusted for 

different thicknesses and doping concentrations. The corresponding PC1D [67, 68] 

simulations and the solar cells results as well as further process optimisations to find specific 

deposition temperatures and process conditions for different bulk materials will be presented 

and discussed in Chapter 7. 

 

  

Figure 3-8: The comparison between an epitaxial and a diffused emitter profile 

measured by ECV visualises the emitter properties and potential for optimisation (left) 

and the impact on the contact layer by the following passivation process for example 

SiNx, 10nm SiO2 and 105nm SiO2 for an n-type emitter (right). 
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 Formation of a Contact Layer by Diffusion and Deposition 3.3.2

 

The presented optimisation of the deposition process led to reduced deposition rates and 

diffusion coefficients by reducing the temperature. Therefore, it is possible to deposit sharp 

emitter profiles with defined thin contact layers in the range of 40-80 nm. However, when 

complex emitter profiles with an optimised contact layer are deposited, the subsequent high 

temperature steps during solar cell fabrication have to be taken into account as well.  

In Figure 3-8 (right) the impact on the contact layer by the following formation of a SiNx, 

10 nm SiO2 and 105 nm SiO2 is shown. The doping concentration of the emitter profiles 

presented in this thesis have been determined by ECV measurements [56]. The systematic 

measurement error is reduced by calibration experiments but increases with decreasing doping 

concentration from about 3 % at 1x10
19

 1/cm
3
 to 16 % at 1x10

16
 1/cm

3
. In the contact layer 

experiments (see Figure 3-8 (right)) an n-type emitter deposited at 1150 °C with a doping 

concentration of 1.5x10
18

 1/cm
3
, a peak concentration of 1x10

20
 1/cm

3
 and a contact layer 

thickness of 150 nm was used. It is apparent that depending on the thermal budget the contact 

peak profile is changing. In case of the 10 nm thermal SiO2, processed at 840 °C with a 

duration of 60 min not including heating and cooling, the surface doping concentration is 

reduced from 1x10
20

 1/cm
3
 to 1.5x10

19
 1/cm

3
. Besides the typical change in profile, due to a 

drive-in oxidation, there is a significant out diffusion in the near surface region. In case of the 

105 nm SiOx the doping concentration is dropping from 1.5x10
19

 1/cm
3 

to
 
6x10

18
 1/cm

3 
within 

the first 50 nm measured from the surface. Due to the critical behaviour of the optimised 

contact peak at high temperature, it is favourable to use a SiNx PECVD passivation to 

preserve the emitter profile as intended.  

Although a high temperature process like an oxidation is not as relevant for p-type emitters, 

because the passivation is realised by atomic layer deposition (ALD) of Al2O3 [69, 70], a 

similar experiment has been done. In this case the resulting reduction in surface doping 

concentration due to out diffusion from 8x10
19

 1/cm
3
 to values below 6x10

18
 1/cm

3
 is not 

limited to the near surface but a reduction of the contact peak itself. Four-point-measurements 

show a corresponding increase in sheet resistance from 74 /sq. to 90 /sq. after the thermal 

oxidation of 10 nm SiO2. This difference in contact peak profiles due to the out diffusion 

between boron and phosphorus can be explained by different diffusion coefficients in silicon, 

SiO2 and at the silicon surface [72]. 

These results stress the fact that the contact layers of epitaxial emitters have to be adjusted to 

meet the requirements of the following passivation and metallisation process. In case of seed 

layer evaporation of Ti/Pd/Ag in combination electroplating the peak doping was set to 

5x10
19

 1/cm
3
. However, the essential optimisation can only be done efficiently by calculating 

and simulating the diffusion of dopants from the gaseous phase into the silicon and inside of 

the silicon material. 
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Diffusion into and inside the Epitaxially Grown Layer 

 

The diffusivity or diffusion coefficient D(C) depending on the concentration C within the 

wafer can be described by Fick’s second law [71, 72] (see equation 3-1). Using specific 

boundary conditions e.g. concentration at the surface and a one dimensional problem, 

equation 3-1 can be solved analytically. 

 

  

  
 
 

  
[ ( )

  

  
] 

 
3-1 

A detailed determination of the effective diffusivity for the contact peak formation during the 

cooling ramp after the APCVD deposition can be determined by the Boltzmann-Matano 

analysis [73].  

This analysis introduces the Boltzmann variable   which transforms Fick’s law into an 

ordinary differential equation. In case of the phosphorus diffusion this analysis describes the 

diffusivity     
   , by an integrated diffusion model taking the effective diffusivity by 

interstitials     
   

, by selfinterstitials   
   

 and by vacancies  
   
   

 into account. A detailed 

description of the Boltzmann-Matano analysis can be found in Appendix A.  

In case of the cooling ramp after the APCVD process the temperature dependence of the 

diffusivity has to be taken into account. In equation 3-2 the diffusivity is calculated by using 

the diffusion constant at ‘infinite’ temperature     
   , the Boltzmann constant kB, the diffusion 

temperature T and the activation energy Ea. 

 

  
   ( )      
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A typical example for the diffusion from an unlimited doping source is the emitter diffusion 

process using a diffusion furnace [74, 75]. This technology uses phosphorus oxychloride 

(POCl3) or boron tribromide (BBr3) which, in combination with oxygen, forms phosphorous 

silicate glass (PSG) respectively borosilicate glass (BSG). This diffusion based process to 

form a pn-junction is the state of the art technology in the production of silicon based wafer 

solar cells.  

In case of the epitaxial emitter deposition, the diffusion during the different cooling ramps can 

be described as diffusion from an unlimited source as well. Therefore, the same set of 

boundary condition can be used to solve the differential equation 3-1: 
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The expression inside the bracket of equation 3-3 is known as complementary error function 

and is abbreviated as erfc (see equation 3-4).  
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According to this function, the diffusion during the APCVD cooling process with an 

unlimited doping source (C(x=0) = ∞) only depends on the time t and the diffusivity D
eff 

and 

results in an error function profile. The diffusion profile of an unlimited source at three 

different times is shown in Figure 3-9 (left).  

 

 

Figure 3-9: The diffusion profile of an unlimited source (left) and the profile of a 

limited source (right) at three different times [74]. 

 

If no doping gases are provided during certain parts of the cooling ramp or during the 

following high temperature processes the process has to be described as diffusion from a 

limited source (C(x=0) = C0). In this case the solution of the differential equation (see 

equation 3-5) for a limited doping source, defined as a concentration Q [cm
-
²], leads to a 

diffusion profile described as a Gaussian function which is shown in Figure 3-9 (right): 
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In Chapter 7 the diffusion simulations of the contact peak for n- and p-type emitters 

depending on the specific cooling ramps will be discussed. In addition there will be 

simulations of the following high temperature processes as well as an investigation of an 

effective source for the diffusion into silicon from a gaseous source.  
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 Deposition on Textured and Planar Wafers 3.3.3

 

The deposition of epitaxial emitters on textured wafers is necessary for the integration 

into high efficiency and industrial concepts. Preliminary investigations on textured substrates 

with the standard epitaxial process at Fraunhofer ISE have been done in 1999 [4]. The mono 

crystalline wafers used in the following experiments have been textured using 2 % KOH in 

H2O at 80 °C with an average etching rate of approximately 0.075 µm/min. The same 

texturisation process resulting in a similar etching rate was applied on crystalline silicon thin 

films with a doping concentration of 5x10
16

 1/cm³ and a thickness of 37 µm.  

The subsequent deposition of an epitaxial emitter has been successful on wafer material as 

well as on epitaxially deposited absorber layers. The random pyramids without and with the 

deposition of an epitaxial emitter with a layer thickness of 1.5 µm as well as a 6 µm epitaxial 

layer are shown in Figure 3-10. The SEM picture in Figure 3-10 (middle) proves that the 

epitaxial growth continues along the surface structure and that the reflective properties remain 

intact. In Figure 3-10 (right) it can be seen that the structure degrades in a sense that the valley 

and tops seam to erode if the deposition time increases. This can be explained by the 

difference in deposition rate due to a local change of the Cl/H ratio. The change in Cl/H ratio 

is caused by the gas flow dynamics on the surface depending on the process conditions [10]. 

 

 

Figure 3-10: Cross section SEM pictures of Si wafers without epitaxial emitter (left), 

with a 1.5 µm epitaxial emitter (middle) and with a 6 µm epitaxial emitter (right).  

 

Because of the increase in surface area due to the texturisation, the determination of the 

deposition thickness by weight has to be corrected. In case of the random pyramids by KOH 

texture on monocrystalline wafers, an increase in surface area of 39 % has been determined. 

This calculation includes a systematic error due to the change in deposition rates depending 

on the crystal orientation. 

Due to the fact, that the texturisation of multicrystalline wafers results in an even smaller 

surface structures, which could be critical for the deposition of epitaxial emitters, additional 

experiments have been carried out. These experiments include multicrystalline wafers , which 

have been textured by the anisotropic KOH [76], by an isotropic alkaline texture [77] and an 

isotropic acid texture [78]. The isotropic acidic and alkaline textures were carried out using an 

industrial tool by Schmid. In Figure 3-11 the differences in the surface structure depending on 

the etch solution can be seen.  
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Figure 3-11: SEM pictures show the wafer surface of multi crystalline wafers with an 

isotropic acidic texture (left), anisotropic KOH texture (middle) in both cases with a 

1.5 µm epitaxial n-type emitter and an alkaline isotropic texture before the epitaxial 

deposition (right). 

 

The SEM picture in Figure 3-11 (middle) shows very distinct dependence of grain orientation 

after KOH texturisation, whereas in Figure 3-11 (left) the texture proves to be more isotropic 

using an isotropic acidic texture. In both cases the SEM pictures are taken of the wafer surface 

after the deposition of an epitaxial emitter with a 1.5 µm thickness. In Figure 3-11 (right) the 

wafer surface after an isotropic alkaline texture before the deposition is shown. 

The verification, that the surface structure is still intact after the deposition process, has been 

done by various reflection measurements, before and after the deposition process. These 

measurements have been done using a Cary500i with a measurement error of about 0.5 % 

[40]. The epitaxial deposition on the multicrystalline texture is more critical due the smaller 

size of the structural features. The reflection measurements of differently textured multi 

crystalline wafers before the deposition are shown in Figure 3-12 (left). The measurements 

have been done on as cut, polished and textured wafers without antireflection coating or 

passivation layer. The different textured wafers show a reflection below 35 % for wavelength 

between 500 and 1050 nm. The good results of the acidic texture in comparison to the alkaline 

texture are in agreement with results from literature [78, 79]. The reflection measurements of 

untextured as well as a KOH textured finished solar cells on FZ wafers with diffused or with 

an epitaxial emitter with a layer thickness of 1.5 µm are shown in Figure 3-12 (right).  

 

  

Figure 3-12: Reflection measurements of differently textured multi crystalline wafers 

(left) and of an untextured wafer as well as KOH textured wafer with diffused or with 

an epitaxial emitter (right). 
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These results show the feasibility of epitaxial emitters on textured mono- and multicrystalline 

silicon wafers. Apart from additional reflection measurements of solar cells on multi- and 

monocrystalline wafer presented in Chapter 7.5 a corresponding white light confocal 

microscope measurement of a KOH textured monocrystalline wafer with an epitaxial emitter 

of 1.5 µm thickness is shown in Figure 3-13 (left). This measurement and the reflection 

measurements of finished solar cells show sufficient reflective properties for solar cells 

deposited at 1150 °C using the standard deposition parameters. In these cases it can be stated 

that the reflective structure is preserved by the deposition process (see Figure 3-13 (right A)). 

 

 

However, solar cells with epitaxial emitter deposited at temperatures below 1150 °C show a 

smoothing of the surface structure during the deposition due to changes of the deposition 

process [80, 81]. In this case the epitaxial growth regime is dominated by the concentration 

gradients due to transport limitations [10]. These limitations change the reaction rate for the 

deposition and etching of silicon and can provide a grown regime which is smoothing the 

surface and closes groves (see Figure 3-13 (right B)) or on the other hand amplifies the 

surface structure (see Figure 3-13 (right C)). Further experiments on mono crystalline wafers 

to preserve the textured surface at low temperatures are ongoing. 

 

 

  

 
 

Figure 3-13: A µSurf measurements of a 1.5 µm epitaxial emitter on random pyramids 

(left) and a schematic of the different growth regimes (right) including the preservation 

of the surface structure (A) the smoothing of the surface (B) and the increased growth 

at the edges of the trench (C), modified from [10]. 
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 Deposition of Microcrystalline Silicon by APCVD 3.4

 

The deposition of microcrystalline silicon thin films (µcSiTF) in general has many 

applications and can be done by PECVD and APCVD. These films are used in micromorph 

tandem solar cells [82], for microcrystalline thin film solar cells [51] or as seed layer for 

various recrystallisation methods [60]. The major advantage of APCVD compared to PECVD 

is the high deposition rate of approximately 800 nm/min at 950 °C. The disadvantage of 

APCVD is the minimum temperature of 850 °C using TCS. The classification of the 

crystalline structure is done according to [15] and can be seen in Figure 3-14. 

 

 
 

Figure 3-14: The classification by [15] defines the crystallinity of the deposited 

layers.  

 

During the deposition of µcSiTF it was apparent that the homogeneity was changing 

depending on the intermediate layer (IL). Furthermore for thin seed layers below 2 µm the 

samples using thermally grown SiO2 as IL show areas with no seeding at all. The different 

nucleation behaviour depending on the IL is one explanation for this observation and will be 

discussed in the next paragraph. 

 

 Nucleation on Various Intermediate Layers from 750°C to 950°C 3.4.1

 

The microcrystalline silicon thin films are deposited on various dielectric layers 

depending on their application. In some cases these intermediate layers have antireflection 

and passivation properties. They can also be optimised to improve internal reflection and 

function as diffusion barrier [16]. Since the epitaxial deposition is not possible on these ILs 

the random nucleation of silicon atoms on different ILs will be investigated. The homogeneity 

and the interface between the IL and the microcrystalline silicon thin films are influenced by 

the nucleation as well. However, once the IL is covered by the first atomic layers of silicon 

the growth process is similar to the deposition on silicon substrates. The nucleation 

experiments of silicon atoms on SiOx and SiNx as intermediate layers are based on the 

experiments from 1980 by [50]. In this case the nucleation has been investigated for a 

temperature range of 750 °C to 950 °C. The TCS flow of 2 g/min and an H2 flow of 3 slm at 

the RTCVD100 remained constant if not stated otherwise. An example of the nucleation 

results for the deposition using TCS in an APCVD reactor on thermal SiO2 are shown in 

Figure 3-15.  
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Figure 3-15: Microscopic pictures (magnification of 100x) show the nucleation 

cluster on thermal SiO2 without H2 prebake after 20 sec deposition for deposition 

temperatures of 750 °C (left), 850 °C (middle), and 950 °C (right). 

 

The assumption that the nucleation density depends on the temperature with a similar 

behaviour like the deposition rate [50] seems to be true, as the nucleation density increases 

from 750 °C to 900 °C with a significant increase between 800 °C and 850 °C. However, the 

nucleation experiments show a significant drop in the nucleation density between 900 °C and 

950 °C (see Figure 3-16 (right)). A more detailed evaluation of the nucleation density for all 

ILs and for all temperatures has been done by counting 5 areas of 20 µm x 20 µm and 

averaging these values. In some case the whole picture has been used to determine the 

nucleation density. The results for thermal SiO2, PECVD SiOx and SiNx are depicted in 

Figure 3-16 (right). The experiments show three regions with different nucleation properties. 

The first region from 750 °C to 800 °C shows nucleation densities below 50 counts/mm². In 

this case the nucleation is limited by the decomposition of the TCS. In the second region from 

800°C to 900 °C, nucleation increases to a maximum of 270 ± 18 counts/mm². This 

exponential increase shows the typical Arrhenius dependence of the reaction rate or in this 

case the nucleation density on the process temperatures. The third region above 900 °C is the 

one used for depositions on SiNx because of a higher deposition rate. 

 

  

Figure 3-16: Etching rate of SiO2 (thermal) and SiNx (PECVD) for different 

temperatures at the RTCVD100 reactor (left) and the comparison between the 

nucleation density on various intermediate layers depending on temperature (right). 



3.4 Deposition of Microcrystalline Silicon by APCVD 47 

 

 

However, the nucleation experiments show a significant drop in the nucleation density above 

875 °C for SiOx by PECVD and above 925 °C for thermal SiO2. These results can explain the 

inhomogeneity and in specific cases the areas with no nucleation. One explanation for the 

drop in nucleation density could be the etching of SiO2 under H2 atmosphere at temperatures 

above 850 °C [10]. The etching could change the surface structure to enhance or inhibit the 

nucleation of silicon atoms. For future investigation additional substrates with thermally 

grown SiO2 as intermediate layer after a hydrogen prebake process (2:30 min at 1120 °C) 

have been used for the second nucleation experiment.  

The results shown in Figure 3-16 (right) confirm the assumption that the SiO2 is changing 

during the H2 prebake. Additional experiments to determine the etching rate of SiO2 and SiNx 

at various temperatures have been carried out (see Figure 3-16 (left)). The etching rate of SiNx 

of 11.4 ± 0.5 nm/min at 1150 °C can be explained by the agglomeration of SiNx and the out 

diffusion of atomic hydrogen since no etching of SiNx in hydrogen atmosphere has been 

reported. However, the etching rate for thermal SiO2 of 5.4 ± 0.02 nm/min at 1150 °C and the 

change in surface structure, which has also been investigated by scanning electron 

microscopy, has a significant influence on the nucleation process. Based on these results the 

deposition of µcSiTF has been adjusted for further experiments and the formation of seed 

layers for recrystallisation in the RTCVD and ConCVD reactor have been improved. 

 

 Direct Deposition on Borosilicate Glass 3.4.2

 

The direct deposition of microcrystalline silicon thin films on borosilicate glass (BSG) 

and other substrates presented in this paragraph were processed in the RTCVD100 reactor. 

The deposition of µcSiTF is motivated by the presentations of cell concept by CSG Solar AG, 

Oerlikon and LG over the last years. CSG presented a PECVD based minimodule on BSG 

featuring µcSiTF with an efficiency of 10.4 % [83]. Oerlikon and LG used µcSiTF for tandem 

solar cell concept with stabilised total area efficiencies of 11.9 % [82] and 13.5% [84].  

Based on the standard epitaxial deposition process and based on the nucleation experiments, 

the deposition process for µcSiTF has been optimised. The microcrystalline layers were 

deposited using different process parameters (850-1150 °C, 2.5-5.5 g/min SiHCl3 in H2) on 

various intermediate layers like SiNx, SiCx and SiOx by PECVD to serve as passivation or 

optical confinement depending on the cell concept. In some cases the PECVD films received 

an annealing step to enhance the layer quality and stability. All intermediate layers were 

deposited on top of CZ silicon wafers and BSG material. The main focus due to its low 

critical temperature and its application for µcSiTF solar cells was BSG. The films on CZ will 

be used as reference samples for the characterisation presented in Chapter 4.  

The microcrystalline growth, the use of BSG as substrates and the different temperature 

regimes result in different growth rates and doping incorporations compared to the standard 

epitaxial process [85]. Consequently, it is necessary to adjust and characterise the deposition 

process at temperatures between 800 °C and 1050 °C.  
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Figure 3-17: Doping concentration depending on the deposition temperatures for 

µcSiTF deposited at 950 °C and 1050 °C compared to the epitaxial process at 1200 °C 

(left) and deposition rate depending on temperature and TCS flow (right). 

 

Since the electrochemical capacitance voltage (ECV) measurements are not very reliable 

because of the microcrystalline nature of the layers, SRP measurements have been done to 

investigate the incorporation of boron and phosphorus into the microcrystalline layers.  

In Figure 3-17 (left) a comparison between the epitaxial deposition process and the deposition 

of microcrystalline layers at 1050 °C and 950 °C is shown. Despite the same boron gas flow 

of 10 sccm the boron concentration in the microcrystalline layers at 1050 °C of 1x10
16

 1/cm
3
 

is more than one order of magnitude lower compared to the standard epitaxial deposition with 

1.2x10
17

 1/cm
3
. The difference compared to the epitaxial growth could be explained by the 

incorporation of inactive boron into the layer. Since only the active dopants are measured by 

SRP an additional processing step was performed. The microcrystalline layers have been 

recrystallised by ZMR [60] and therefore melted and solidified. The SRP measurement 

afterward displays a boron concentration of 1.0x10
17

 1/cm
3 

which is within the range of the 

epitaxial deposition process at 1120°C taking the measurement error of 25 % into account. 

These results show that inactive boron atoms are incorporated into the microcrystalline layers. 

This means that regarding the active doping concentration all mid and high temperature post 

processes have to be taken into account for future cell processing. 

Depending on the substrates used and especially in case of substrates with a low thermal 

stability like BSG, the deposition temperature is limited [83]. In case of BSG material as 

substrates in combination with a deposition temperature above 950 °C, the process resulted in 

the deformation of the substrates and in microcrystalline silicon thin films with cracks and 

grooves. The formation of these cracks and grooves as well as the deformation of the 

substrates has been reduced to a tolerable amount by reducing the deposition temperature 

50 K and by small adjustments to the sample setup. However, this temperature reduction also 

resulted in a decreasing deposition rate. The subsequent experiments show that the deposition 

rate of µcSiTF with the standard process parameters in limited to 0.2 ± 0.02 µm/min at 

850 °C, 1.0 ± 0.2 µm/min at 950 °C and 1.4 ± 0.1 µm/min at 1050 °C. 
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Similar to the epitaxial growth which has been described in in Chapter 3.2 the deposition rates 

of µcSiTF can be further increased by changing the Cl/H and Si/Cl ratio (see Figure 3-17 

(left)). In case of a deposition at 850 °C the rate can be increased from 0.2 ± 0.02 µm/min to 

0.8 ± 0.2 µm/min by increasing the TCS amount in the precursor gas mixture from 2 g/min to 

16 g/min. 

Apart from the dependence on the deposition temperature, the properties of the 

microcrystalline layers are also changing depending on the layer thickness. Therefore, the 

microcrystalline layers by APCVD were characterised by scanning electron microscope 

(SEM) measurements using a Hitachi SU70 with a cold trap (see Figure 3-18). 

 

 

Figure 3-18: SEM pictures with SiNx + µcSiTF on reference samples a) cross section 

and b) top view tilted by 15° of a 25 µm layer deposited at 1000 °C c) cross section of a 

µcSiTF with a thickness of approx. 8 µm deposited at 950 °C and with gray scale 

analysis to analyse the grain size d) top view tilted by 45°of a µcSiTF deposited at 

950 °C with a layer thickness of approx. 45 µm. 

 

The layer thickness measured on cross sections by SEM (see Figure 3-18 a) and c)) validates 

the presented deposition rates, indicate a preferential growth of specific grain orientations and 

show an average grain size of 2-5 µm. The SEM pictures in Figure 3-18 (b) and (d) also show 

a correlation between the surface structure and layer thickness. The mean roughness of 

0.9 ± 0.2 µm for a µcSiTF with a film thickness of 8 µm has been determined by confocal 

white light microscopy. The pyramid like surface structure underlines the hypothesis of 

preferential growth during the deposition of µcSiTF. A detailed crystallographic 

characterisation of the microcrystalline layers as well as corresponding electrical 

characterisation will be the topic of the following Chapters 4 and 5. 
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 Summary 3.5

 

The presented results in this chapter illustrate the process development and the process 

optimisation for the epitaxial deposition below 1100 °C. The determination of the growth rate 

depending on process temperature from 2.4 ± 0.4 µm/min at 1050 °C to 1.1 ± 0.4 µm/min at 

975 °C and process gas composition is essential for further developments. The increase in 

phosphorus doping incorporation by almost one order of magnitude depending on the Cl/H 

ratio complements the previous work of [15] on this topic. The investigation of the deposition 

homogeneity at the RTCVD100 and the RTCVD160 for different deposition processes are 

crucial for the material characterisation and solar cell fabrication. Based on the presented 

results on deposition rate and material quality, it is possible to define a cost effective and 

reliable deposition process below 1100 °C. 

The process development of the epitaxial emitter deposition includes the adjustment of the 

process sequence as well as an optimisation of the deposition temperature and deposition rate. 

The resulting process at 1050 °C with a Cl/H ratio of 0.12 (deposition rate of 1 µm/min) 

allows the formation of high efficiency epitaxial emitters with a thickness from 500 nm to 

3.5 µm. Furthermore, the formation of the contact peak doping concentration by epitaxy or 

diffusion during the cooling process was optimised depending on the metallisation. In case of 

seed layer evaporation of Ti/Pd/Ag in combination with electroplating for n-type emitters a 

peak doping of 5x10
19

 1/cm
3 

is necessary. The emitter saturation current due to Auger 

recombination was decreased contact peak by reducing contact peak the thickness from 

500 nm to 25-50 nm. The influence of the following process step on the emitter profile as well 

as the formation of epitaxial emitters on textured samples shows that the deposition process 

has to be adjusted depending on the solar cell concept. The subsequent discussion about the 

diffusion process into and inside the silicon material is the basis for the simulations presented 

in Chapter 7.3.  

In the last subchapter the deposition of microcrystalline silicon layers with an average grain 

size of 2-5 µm on different intermediate layers at temperatures between 800 °C and 1050 °C 

is presented. The random nucleation density of silicon on SiNx and SiOx by PECVD is 

increasing with process temperature and results in a homogeneous seed layer. However, the 

etching of thermal SiO2 in hydrogen atmosphere at temperatures above 900 °C reduces the 

nucleation density on this type of intermediate layer from approximately 

274 to 42 counts/mm
2
. Additionally, the successful direct deposition of microcrystalline 

silicon layers on temperature sensitive material like borosilicate glass has been presented. 

These results on microcrystalline silicon thin film deposition have already been used to 

improve the formation of seed layers for recrystallisation in the RTCVD and ConCVD 

reactor.  
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4 Crystallographic Characterisation  
 

The basics of crystal growth and the crystallographic properties of silicon are relevant 

for the block cast crystallisation process [86] as well as the epitaxial process [12] for the 

semiconductor and photovoltaic industry. In this chapter, fundamentals of crystal growth [87, 

88], the formation of crystallographic defects [89, 90] and their characterisation will be 

transferred to the epitaxial silicon deposition to explain and improve the silicon growth by 

atmospheric pressure chemical vapour deposition (APCVD). 

 

 Introduction 4.1

 

The epitaxial deposition of crystalline silicon thin films by APCVD is based on the 

adsorption of Si atoms which results in forming atomic layers. This deposition process, at 

temperatures below 1100 °C, can result in a crystalline silicon material including various 

types of crystal defects. The different types of defects and the principle formation process are 

described in [14, 19]. The classification and formation of crystal defects as well as the 

determination of the material quality of epitaxial grown thin films will be subject of the next 

paragraphs. 

 

 Characterisation and Formation of crystal defects 4.2

 

The formation of crystal defects in a monocrystalline material grown by epitaxy is caused 

by mechanical and thermal stress, an overcritical deposition regime [26] as well as by 

impurities. Various defect classes and the Miller indices to describe the crystallographic 

planes and surfaces can be seen in Figure 4-1. Although metal impurities are more critical for 

photovoltaic application, the oxygen and carbon impurities inside the reaction chamber can  

 

  

Figure 4-1: Classification of various crystal defect (left) [91] and the notation system 

for planes in the crystal lattice by the Miller indices (right) [91] . 
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Figure 4-2: Surface structure of epitaxially grown silicon by APCVD on <111> 

(left), <100> (middle) and <110> (left) oriented silicon substrates.  

 

also cause various types of crystal defects during the epitaxial growth. Another similarity to 

the block crystallisation is the influence of growth rate on the material properties. In the case 

of the epitaxial growth, the reduction of temperature below 1100 °C causes a decrease in 

mobility of the adsorbed atoms. If the ratio of mobility and growth rate is reduced below a 

critical value the deposition will result in microcrystalline and nanocrystalline silicon layers. 

The surface structure of epitaxially grown silicon using the RTCVD100 reactor on <100>, 

<110> and <111> oriented silicon substrates are shown in Figure 4-2. The surface of the  

<111> orientations exhibits pyramidal structures with flanks in [110] direction due to the 

orientation dependant growth rates. The pyramidal and scale like growth of the <110> 

orientation results in additional defects which reduce the material quality. 

 

 Defect density and stacking fault formation  4.2.1

 

The defect or dislocation density can be measured by optical microscope after Secco 

etching [92] the samples. Since the Secco solution rather etches silicon defects with lower 

binding energy and dangling silicon atoms, the defects become small etch pits or grooves. The 

consequential difference in contrast under an optical microscope offers the possibility to 

automatically count defects [39]. If necessary, the samples have to be polished beforehand to 

obtain a proper contrast. As part of this work the differentiation between etch pit densities 

(EPD) and stacking fault densities (SFD) was necessary to describe and compare the different 

deposition conditions. 
 

  

Figure 4-3: EPD mapping (left) and SFD measurements (right) on cSiTF by APCVD 

deposited at 1050 °C.  
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Furthermore, the different types of defects with different recombination intensities are 

weighted according to their recombination relevance and stacking faults are included into the 

average dislocation density. In Figure 4-3 the EPD and SFD measurements on cSiTF by 

APCVD at 1050 °C are shown. After optimisation of the deposition process the defect density 

is similar to the process at 1150°C, but the SFD was increased by two orders of magnitude. 

 

 
Figure 4-4: Characteristic etch pits and stacking faults using standard deposition 

parameters (a) faceted and decorated stacking faults (b), clustered and decorated etch 

pits (c) and decorated v-shaped defects (d) as examples for different crystal defects at 

deposition temperatures below 1100 °C. 

 

Typical defects for different deposition parameters are depicted in Figure 4-4. In (a) the 

surface structure including a stacking fault and a few etch pits deposited at 1150 °C are 

shown. Figure 4-4 (b) and (c) show clusters of nanocrystalline growth which decorate the 

stacking faults and etch pits after a deposition process below 1100 °C. This picture also shows 

that the stacking faults form facets under these conditions. In Figure 4-4 (d) decorated           

v-shaped defects on (110) oriented sample deposited at 1000 °C are shown. 

 

 Material Quality of Silicon Thin Films 4.2.2

 

The evaluation of the material quality plays a significant role in choosing and optimising 

the solar cell concept. Depending on diffusion length an adjusted cSiTF thickness and the 

additional gain by back side passivation can be calculated. In previous publications the model 

from Donolato [93] was used to determine the bulk diffusion length Lb from etch pit density 

measurements. The model assumes that dislocations are perpendicular to a semi-infinite 

surface with a pn-junction and a uniform free carrier distribution. The inaccuracy caused by 

the wavelength dependence of the absorption coefficient can be neglected [60]. The equation 

4-1 to calculate the diffusion length of the deposited material 

 

uses the diffusion length of a perfect silicon crystal without dislocations Lb,0, a circular profile 

of a dislocation, the recombination intensity Γd , the Euler-Mascheroni constant CEM and the 

defect density ρd. In [19] and [94] this formula was used to evaluate the diffusion length of 

epitaxially grown material (Lb,0 = 150 µm, Γd = 0.016) at Fraunhofer ISE. 
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Table 10: VOC by IV curve measurements and Lb depending on ρEPD from cSiTF 

deposited at 975 °C, 1050 °C and 1150 °C.  

Deposition temperatures ρEPD [1/cm²] ρSFD [1/cm²] Lb [µm] VOC [mV]
975°C 1.5x10

4
 3.6x10

3
 ≈ 145 443 

1050°C 9.7x10
3
 3.8x10

3
 ≈ 148 518 

1150°C 7.3x10
3
 9.1 ≈ 149 640 

 

Table 10 shows the results under standard deposition conditions at 1150 °C as well as thin 

films deposited below 1100 °C. Furthermore, the VOC values from fabricated EpiWE solar 

cells (see Chapter 6) are shown to compare and evaluate the results. Despite similar defect 

densities and therefore Lb of about 150 µm, the solar cells show a significant drop in VOC of 

almost 200 mV for depositions below 1150 °C. The critical parameter which explains the 

difference is the recombination intensity Γd. The conducted experiments show that the 

recombination intensity is increasing by reducing the deposition temperature. A possible 

explanation for the change in recombination intensity is the decoration of dislocations with 

nanocrystalline clusters and the facetted growth. Similar to grain boundaries metal impurities 

can diffuse along these defects and find lower binding energies at dislocations compared to 

the defect-free crystalline silicon. 

The electroluminescence measurements (EL) [95, 96] which require finished solar cells 

qualitatively show the loss in current due to recombination by poor material quality, shunts, 

grain boundaries and metal impurities. In addition to a Si camera, an InGaAs camera is used 

in the setup as a detector to investigate the defect bands at wavelengths above 1200 nm.  

In Figure 4-5 a monocrystalline and a multicrystalline cSiTF solar cell featuring overall good 

material qualities are shown. However, in Figure 4-5 (left) despite an overall high signal 

intensity different defect cluster are visible. A comparison with EPD measurements shows 

that some of the crystal defects become active recombination centres but most of the defects 

are not relevant for the current loss analysis by EL. One of the disadvantages of this method is 

that without calibration measurements only a qualitative comparison is possible between 

different solar cells.  

 

 

Figure 4-5: EL measurements of cSiTF solar cells to investigate the material quality 

of epitaxial grown layers on monocrystalline substrates (left) and multicrystalline 

substrates (right).  
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Furthermore, the material quality of the cSiTF can only be compared if the solar cell process 

is identical and reproducible because problems with metallisation, the emitter diffusion and 

the contact sintering can cause current losses which are also shown in an EL image. 

In Figure 4-5 (right) a multicrystalline cSiTF solar cell featuring different qualities in 

neighbouring grains and recombination active grain boundaries are shown. For the high 

temperature deposition process > 1000 °C not only the number of defects is relevant but also 

the type of defects. For example the precipitates located at grain boundaries can dissolved and 

diffuse into the grains, causing a significant deterioration of the material quality [97, 98]. 

Besides the diffusion of impurities into the epitaxially grown silicon thin film, this 

degradation is even more relevant if the multicrystalline material is not used as substrates but 

as active absorber layer. Depending on the initial material quality of the multicrystalline 

substrates and the process duration the EL measurements show a significant decrease in 

material quality with increased deposition temperature.  

A complementary measurement technique based on the radiative recombination to determine 

the layer homogeneity and material quality is photoluminescence (PL) [99, 100]. This method 

does not require front and backside metallisation and can be applied as quality control before 

and after the deposition. The measurement time for a complete mapping is below 10 seconds 

and the measurements can be calibrated by QSSPC, MWPCD or QSSPL lifetime 

measurements. The uncalibrated PL measurements of four quasimono 1 cm wafers are 

shown in Figure 4-6. These measurements are part of the quality control before the deposition 

and in this case they show the defect distribution development of a quasimono ingot [101]. 

The presented microscopic EPD analysis and the exemplary EL and PL measurement 

highlight the need for additional crystallographic characterisation methods to investigate the 

deposited cSiTF. The corresponding electrical characterisation by MWPCD, LBIC and 

QSSPC lifetime measurements of silicon wafers as well as the cSiTF will be discussed in 

Chapter 5. Additional crystallographic characterisation by XRD, EBSD, µRaman and µPL 

will be discussed in the following subchapter. 

 

 
Figure 4-6: PL measurements of quasimono p-type material (156x156 mm²) to 

determine the material quality before the solar cell processing.  
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 Crystallographic Properties of cSiTF  4.3

 

In this subchapter various characterisation methods to determine the grain size, grain 

distribution, grain orientation, stress of the crystal lattice, crystallinity and material quality 

will be used to examine the crystalline and microcrystalline silicon thin films (µcSiTF) 

deposited by APCVD at temperatures below 1000 °C. Since these layers will be used as 

active absorber layers in silicon thin film solar cells, these measurements are necessary to 

determine the material quality and to evaluate their properties depending on the deposition 

process. 

 

 XRD and EBSD Measurements of Microcrystalline Silicon Films 4.3.1

 

For the characterisation by Electron Backscatter Diffraction (EBSD) and for Grazing 

Incidence X-ray Diffraction (GIXRD) measurements three sets of samples have been 

processed. The first set for EBSD measurements features 8 µm and 30 µm thick 

microcrystalline silicon layers on BSG glass and on Si substrates with SiNx and SiOx as 

intermediate layers. The second set consists of samples using BSG and silicon as substrates 

with a varying film thickness between 2 µm and 20 µm as well as different intermediate 

layers for XRD experiments. The third set of samples comprises of multicrystalline wafers to 

evaluate and calibrate the EBSD setup and will also serve as reference samples. 

In general, the XRD measurement offers the possibility to determine the quality of a 

crystalline lattice, the lattice mismatch in case of hetero epitaxy, the grain orientation and the 

grain size [102-104]. In this case the characterisation method will be used to determine the 

grain size and to evaluate the crystalline structure of microcrystalline silicon layers depending 

on the deposition temperature as well as the type of intermediate layer [105]. Additionally, the 

microcrystalline silicon films on BSG will be compared to the reference layers on silicon 

wafers and to the microcrystalline silicon layers provided and used by the company CSG 

Solar AG. These amorphous silicon films are deposited by PECVD and crystallised by solid 

phase crystallisation (SPC). 

The GIXRD tool used is a Philips X’Pert MRD with a CuKα X-ray (λ=0.154 nm) source. The 

incidence angle, depending on layer thickness, is fixed at 0.5° and 2θ is varied between 10° 

and 90°. In Figure 4-7 a comparison between the microcrystalline silicon films deposited at 

different temperatures, a reference PECVD layer after SPC by CSG and a measurement of the 

plain substrate is shown. Since in this experiment the deposition time remained constant at 

8 min the layer thickness is increasing from approximately 1.5 µm to 12 µm due to the change 

in deposition rate by increasing the temperature. This increase in layer thickness can be 

observed as a decrease in the influence of the BSG substrate to the measurement signal. 

Nevertheless an incident angle of just 0.5° is necessary to limit the measurement cone to the 

volume inside the microcrystalline silicon films and to reduce the broad peak at 2 < 25°. The 

Si (022) and Si (113) orientations exhibit higher intensity in APCVD samples compared to the 

Si (111) orientation, but the SPC layers by CSG show the opposite trend. 
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Figure 4-7: X-ray diffraction patters of XRD measurements of microcrystalline silicon 

films, on BSG substrates with SiNx as intermediate layer, deposited at different 

temperatures compared to CSG reference show different preferential orientation. 

 

In addition, the Si (111) reflex of APCVD samples feature a broad shoulder. The subsequent 

XRD measurements of microcrystalline silicon thin films on CZ with different intermediate 

layers, deposited at 850 °C, illustrates the broad shoulder or an additional reflex close to the 

Si (111) reflex in more detail (see Figure 4-8). Generally, this effect can be explained by 

defects, dislocations, amorphous silicon and tensions in the lattice plane [106, 107]. Since the 

deposition takes place above 800 °C no amorphous phase can be present to cause this 

shoulder. However, the main motivation for this set of samples was the evaluation of the 

different intermediate layers. Although the nucleation experiments show a major difference 

between PECVD SiOx and SiNx the XRD reflections are very similar. This leads to the 

conclusion that if the nucleation is not inhibited by process parameters the resulting layers 

have the same crystallographic properties. The assessment of these XRD measurements have 

also proven that the µcSiTF on CZ substrates and on BSG, deposited at 850 °C show similar 

reflexes. Therefore the microcrystalline silicon films on CZ substrates with intermediate layer 

can be used for additional characterisation and solar cell fabrication. 

 

 

Figure 4-8: XRD measurements of microcrystalline silicon films on CZ with different 

intermediate layers deposited at 850 °C illustrate an additional Si (111) reflex. 
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The grain size can be determined using the Scherrer equation 4-3 [108] which uses the 

dimensionless shape factor K, the x-ray wavelength , the reflex line broadening  at FWHM 

and the Bragg angle 

 

 

However, for the µcSiTF the calculations showed that the Scherrer equation cannot be 

applied, because the determined grain size is above 0.2 µm [109] which is the maximum grain 

size for this method. Since the effect of the broad shoulder of the Si (111) reflex could not be 

explained in more detail and the analysis of the crystal quality as well as the grain size 

calculation were inconclusive additional experiments using EBSD, µRaman and µPL were 

necessary. 

 

Electron Backscatter Diffraction (EBSD) 

 

EBSD measurements are a dependable characterisation technique to determine the grain 

orientation, grain size and grain distribution of µcSiTF and polycrystalline silicon films [110-

112]. These measurements have been done mainly at Fraunhofer ISE using a Hitachi SU70 

SEM with an additional setup by EDAX for EBSD measurements. Further measurements and 

the complex sample preparation have been done in collaboration with HZB Berlin.  

 

  
 

  

Figure 4-9: Kikuchi pattern after insufficient sample preparation and setup calibration 

(a), signal only with proper sample preparation (b), systematic signal noise (c) and with 

proper preparation and calibration including the systematic signal noise (d). 

 

The importance and difference in sample preparation [113] can be seen in Figure 4-9. In 

picture (a) and (b) the difference in signal intensity by polishing the surface can be seen. This 

significant change can be explained by the surface roughness of the microcrystalline silicon 

samples which causes unintentional scattering and reflections at the surface in contrast to the 

measurement signal which is the scattering of the secondary electrons on the crystal lattice.  

In Figure 4-9 (c) the systematic signal noise by the setup is shown. In the last picture (d) the 

combination of adequate sample preparation and setup calibration results in a typical image of 

the Kikuchi pattern after the Hough-Transformation [114]. The data analysis of the 

measurements signal by the phosphorus detector and the transformation into the Kikuchi 

pattern is very critical. Consequently, unclear maxima after the Hough-Transformation cause 

 
  

  

     
 4-3 

b) c) d) a) 
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weak Kikuchi patterns and ultimately appear like grain boundaries or possibly false 

nanocrystalline clusters [115]. Additional information about the measurement technique, the 

measurement setting and the data analysis can be found in Appendix B. 

For the measurements shown in the following paragraph the samples have been polished with 

a 100 nm diamond-lapping film and ion milling. Afterwards a graphite layer of a few nm 

thicknesses has been deposited. This extensive preparation is necessary to achieve high signal 

intensities for fitting the Kikuchi pattern on a cross sections of µcSiTF. In Figure 4-10 two 

EBSD cross section measurements of microcrystalline silicon layers grown on BSG (left) and 

on mono crystalline silicon (right), both with SiNx as intermediate layer, are shown. The 

substrates are in both cases on the left side and the deposited layers have an average grain size 

of about 2-3 µm.  

The columnar growth and the epitaxial growth of preferential grain orientations influence the 

growth and the quality of microcrystalline layers by APCVD. Starting as a nanocrystalline 

film the grain size can increase to 5-10 µm depending on layer thickness. This improvement 

in layer quality with increasing film thickness deposited at 900 °C can be observed on both 

substrates and has to be taken into account when developing the solar cell concept. The 

measurements also show areas which appear as nanocrystalline clusters (red circle Figure 

4-10 (right)). However, due to low signal intensity and based on the fitting and analysis 

examples shown in Appendix B, it can be concluded that these areas are measurement 

artefacts.  

 
Figure 4-10: EBSD cross section measurements of microcrystalline silicon layers 

grown on BSG (left) and on mono crystalline silicon (right) in both cases with SiNx as 

intermediate layer.  

 

These results for µcSiTF by APCVD can be compared to the layers by SPC with an average 

grain size < 2 µm [116], aluminium induced crystallisation (AIC) with a grain size of 5-20 µm 

[117] and electron beam crystallisation (EBC) with grain lengths of several 100 µm but with a 

large number of small angle grain boundaries and twins [118]. However, the EBSD 

measurements show one of the main advantages of APCVD compared to EBC and AIC. As a 

result of the columnar growth by APCVD, the microcrystalline silicon layers have a large 

vertical grain size and therefore relatively a higher diffusion length as described in [119]. 
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 µRaman on Microcrystalline Silicon Films 4.3.2

 

The analysis of the Raman spectra can be used to investigate the grain size, grain 

distribution, stress and defect density [120-123]. In this case, the microcrystalline silicon 

layers on silicon substrates and on BSG substrates, both with SiNx as intermediate layers (IL), 

will be examined. Various measurement setups and sample preparation methods have been 

used since preliminary results showed problems with spatial resolution. The samples have 

been deposited at different temperatures and with a minimum thickness of 10 µm. This layer 

thickness is recommended due to the excitation cone of the µRaman laser [121]. 

Subsequently, a number of samples received a rapid thermal anneal (RTA) or a zone melting 

recrystallisation [60] as post treatment. The detailed sample preparation can differ because 

these samples were used for surface measurements and cross sections as well. Furthermore 

these samples were also used for conductive atomic force microscopy measurements. 

 

  

Figure 4-11: Raman spectra of a µcSiTF with a thickness of 10 µm on a Si substrate 

with SiNx. (left) and the peak width intensity at the 495 cm
-1 

band
 
(right) for different 

deposition parameters and post deposition treatments [124]. 

 

The majority of the samples in this paragraph have been measured on an optimised µRaman 

setup at the FZU in Prague and additional characterisation has been done at Fraunhofer ISE. 

The spectra are measured by using a 100x objective, 1 s accumulation time, a laser intensity 

of about 10 mW on the sample and a laser spot diameter of roughly 400 nm. The typical c-Si 

Raman spectrum consists of a narrow (approx. 5 cm
-1

) band at 520.5 cm
-1

. The spectra of 

µcSiTF in Figure 4-12 (left) show an additional band around 495 cm
-1

. In addition to defects, 

dislocations and stress in the lattice this band at 495 cm
-1

 can also be interpreted as a wurtzite 

c-Si structure [125, 126]. However, in our case its intensity is also well correlated with the 

width of the LO-TO band and therefore with defects in the layer. 

The correlations between defect density and the 3
rd

 band intensity as well as the analysis of 

the crystalline peak at 520.5 cm
-1

 have been used to investigate the influence of the deposition 

temperature and RTA or ZMR treatment on stress and defect density. In Figure 4-11 (right) 

the relative peak intensity between the 495 cm
-1

 and 520.5 cm
-1

 peak for all samples is shown. 
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Figure 4-12: The shift of the Raman spectra represents the tensile and compressive 

stress inside µcSiTF (left) and relative peak intensity at the 495 cm
-1 

band
 
(right) for 

different deposition parameters and post deposition treatments [124]. 

 

The deposition at 850 °C shows the highest defect density, whereas the deposition at 1100 °C 

shows the lowest. A close analysis of the deposition at 1100 °C also reveals a difference in the 

peak width of the 520.5 cm
-1

 band (see Figure 4-12 (right)) and the relative peak intensity for 

defect analysis. Although the relative peak intensity is zero (there is no 495 cm
-1

 band) for 

depositions at 1100 °C, which is similar to the c-Si without defects, the peak width for these 

samples is well above 5 cm
-1

. The peak width analysis, which can be correlated to the carrier 

lifetime, apparently includes types of defects which are not included in the analysis of the 

relative peak intensity. This effect could be used to distinguish between different types of 

defects [127], which are more sensitive to annealing. The samples that have been processed 

by ZMR support these findings because there is no Raman band at 495 cm
-1

 and therefore 

only the “standard” defects centres are visible in the Raman spectra. The stress distribution in 

these layers (see Figure 4-12 (left)) shows a similar pattern compared to the defect results. 

The stress in the as-deposited layer (shift from the 520.5 cm
-1

 to the free c-Si position) is 

decreasing with increasing temperature. After the annealing step, the stress is negligible 

(below the resolution of Raman experiment). 

In summary, it can be stated that the RTA and ZMR treatment is most effective for 

depositions between 850 °C up to 950 °C. These findings can be explained by different types 

of defects which are sensitive or insensitive to annealing treatments. For depositions above 

1000 °C the results shows almost a reverse effect. In this case, the additional annealing only 

allows impurities to diffuse from the grain boundaries into the grain. The correlation between 

stress and defect density offers additional information and suggests that the thermal and 

mechanical stress during the deposition process could be the origin of some of these defects. 

Further crystallographic investigation has been done on cross sections of these samples. The 

objective of these experiments was to validate the previous findings about crystal structure, 

material quality and growth mechanisms. The evaluation of these measurements is shown in 

Figure 4-13. The area of the Lorentz fit of the peak centre (487-505 cm
-1

) in picture (a) 

reveals regions with defects, dislocations and grain boundaries as discussed above. It is 

apparent that the first almost 2 µm of the layer are areas with high defect densities. 
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Figure 4-13: Analysis of a) 3
rd

 band intensity, b) width of c-Si band, c) c-Si band 

intensity and d) c-Si band shift of a 30 µm microcrystalline silicon layer on SiNx as IL. 

 

This agrees with EBSD measurements, showing the highly defective nanocrystalline Si 

structure close to the intermediate layers (see Figure 4-13 c) due to the random nucleation 

[50]. Consequently, depending on the layer thickness only larger grains with increased 

material quality remain due to columnar growth and preferential orientations. Unfortunately 

there are areas with a similar defect density which are elongated in the vertical growth 

direction. This suggests that despite increasing grain size some of the grains have good crystal 

quality (see Figure 4-13 b) and some of the larger grains exhibit a high defect density. A 

possible explanation for this effect is the compressive or tensile stress in this microcrystalline 

structure. The stress in the layer can be determined by the shift of the c-Si band at 520.5 cm
-1

 

(see Figure 4-13 d). Similar in all Raman measurements is the transition from compressive 

stress (bright area in the Raman shift analysis) close to the interface into tensile stress (dark 

areas) towards the surface of the layer. 

In conclusion it can be stated that the µRaman measurements support the EBSD findings and 

offer the possibility to determine the influence of the deposition temperature and the post 

treatments on the material quality of µcSiTF. 

 

 µRaman, µPL, µLBIC on Monocrystalline Silicon Films 4.3.3

 

The characterisation of the epitaxial layer and the growth interface of cSiTF for the 

EpiWE concept and wafer cells is challenging. The stringent requirements on spatial 

resolution possibly below 1 µm are very challenging and the typical investigation of the pn-

junction by EBIC is time consuming. EBIC also required finished solar cells with 

metallisation on the front and on the backside. The crystallographic characterisation by 

µRaman in combination with µPL [128] and µLBIC [129] offers the possibility to determine 

not only the crystallinity and the stress of cSiTF, but also to investigate the growth interface 

as well as the pn-junction of an epitaxial emitter. 

519.5                521

[cm-1] ~ stress
10                       100

(max. 2800 count/s)
4.4                      7.8

[cm-1]

10                    100

(max. 79000 count/s)

SiNx on 

c-Si Substrate 

Sample edge

a) b) c) d)

495 cm-1 band

area

520.5 cm-1 c-Si 

band width
520.5 cm-1 c-Si

band area

520.5 cm-1

c-Si band shift



4.3 Crystallographic Properties of cSiTF 63 

 

 

  

Figure 4-14: The gamma measurement by µRaman for doping density above and 

below 2x10
18

 1/cm
3
 (left) and the calibration of µRaman by SRP measurement (right). 

 

In addition, it is possible to examine the doping density due to the characterisation of different 

calibration samples using µRaman and µPL in combination with one dimensional spreading 

resistance profiling (see Figure 4-14 (right)). Although the measurement sensitivity, the 

systematic error and the spatial resolution of ECV and SRP cannot be achieved this analysis 

method offers additional information. In case of the µPL measurements the band gap energy 

can be measured and based on this parameter the residual stress and doping density can be 

extracted [121]. The doping density using µRaman was measured evaluating the Fano 

resonance between the Raman active optical phonons and the free holes at low injection [130] 

or the line width gamma as shown in Figure 4-14. This method is limited to p-type layers and 

highly doped n-type layers above 5·10
19

 cm
-3

. At high injection densities exceeding the 

doping density the Fano resonance is not only an effect depending on the doping density but 

also on the injected holes. In this case it is possible to measure the Shockley-Read-Hall (SRH) 

lifetime [131]. As a result it is possible to determine the material quality and the doping 

density of n- and p-type emitters with a resolution of approximately 1 µm. 

The following measurements are the result of a close cooperation with the characterisation 

group of the SEC division at Fraunhofer ISE. In the first experiment several p- and n-type 

wafers with epitaxial emitter by APCVD have been studied. In Figure 4-15 the doping 

density, the stress and the SRH-lifetime of a two layer emitter with an average thickness of 

2.5 µm on a planar (left row) and on a textured sample (right row) measured with µPL and 

µRaman are shown. The doping density measurements in Figure 4-15 a) and b) have been 

compared to emitter profiles by ECV and are in good agreement. In case of the textured 

sample it is still unclear if the measurements are influenced by artefacts due the pyramidal 

shape of the surface and by the sample preparation of the thin epitaxial layer. Another subject 

of these measurements was the question, if the epitaxial deposition on textures surfaces causes 

changes to the interface and to the recombination properties of the interface region (Sint).  

The stress measurement in Figure 4-15 c), d) shows increased values in the epitaxial layer and 

in case of the textured sample an additional increase at the interface between the emitter and 

the substrate.  
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Figure 4-15: Doping density (a), stress (c) and SRH-lifetime e) of an epitaxial emitter 

on a planar surface (left row) as well as doping density (a), stress (d) and defect 

luminescence (f) on textured surface (right row).  

 

The difference in stress compared to the bulk material is not only due to the stress by the 

epitaxial deposition process but also due to the change in doping concentration from the base 

to the emitter (5x10
18

 cm
-3

). In agreement with this conclusion is the fact that the highest 

compressive stress is in the highly doped contact layer (5-8x10
19

 cm
-3

) of the two layer 

emitter (see Figure 4-15 c)) and at the growth interface due to cross doping from the previous 

process. The SRH-lifetime analysis in Figure 4-15 e) indicates degradation in material quality 

into the substrate beyond the growth interface. This can be explained by the diffusion of 

impurities into the bulk material during the high temperature process. However, the defect 

luminescence in Figure 4-15 f) does not show a similar degradation of the bulk material. On 

the contrary the defect luminescence image indicates enhanced dislocation densities mainly at 

the interface and the tops of the pyramids. Stress due to different growth rates on differently 

oriented surfaces could be a plausible explanation for this finding. 

A subsequent experiment has been done to further investigate the growth interface depending 

on surface properties and the actual impact of the doping concentration. Therefore a highly 

doped epitaxial layer with a boron concentration of 5x10
18

 cm
-3

 and a lowly doped layer of 

1x10
16

 cm
-3

 have been deposited. A layer thickness of 20 µm was chosen to avoid the 

influence on the measurements due to layer thickness and sample preparation and to 

investigate how the structural surface properties are changing. These measurements have been 

done on textured (in Figure 4-16 a, c) as well as planar samples (Figure 4-16 b). The doping 

concentration is high in the case of Figure 4-16 (b, c) and low for the sample in Figure 4-16 a. 

These variations are necessary to determine the impact of either variation on the material 

properties and the measurements. In all cases the surface structure has been smoothed out 

after the deposition. The dark area in the epitaxial layer in Figure 4-16  (b) and (c) is a drop in 

doping concentration at 5 µm to visualise the impact of the doping concentration and the 

change in surface structure. The peak shift measurement corresponding to the stress in Figure 

4-16 (left row) shows no significantly increased values at the interface between emitter and 

substrate. The contrast which can be seen in the peak shift is due to the change in doping 

concentration. 

a) b) 

c) d) 

e) 

f) 
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Figure 4-16: Peak shift (left row) and peak width analysis (right row) as well as SEM 

pictures (middle row) of µRaman measurements of a 20 µm epitaxial layer with high 

(b, c) and low doping concentration (a) on a substrate with and without texture. (lines 

are guide to the eye) 

 

The peak width analysis, which corresponds to the material quality, shows a similar behaviour 

and suggests that the emitter-bulk-interface is not a limiting factor for cSiTF solar cells and 

solar cells with epitaxial emitters.  

The last experiment in this chapter shows µLBIC measurements [129] of a sample with 

epitaxial emitter at low injection (see Figure 4-17 (middle)) at high injection (right) and a 

corresponding µRaman measurement (left). At low injection only the generated electrons and 

holes close to the pn-junction contribute to the local current [129]. Therefore the homogeneity 

and the width of the pn-junction can be analysed. In case of the epitaxial emitter it is unclear 

if the change in width of the pn-junction is caused by smearing of the dopants, different 

epitaxial nucleation or problems with homogeneity of the process itself. In combination of the 

high and low injection measurements it is possible to determine the location of the pn-

junction and to transfer this results to the µRaman measurements (see Figure 4-17 (left)). 

 

a) 

b) 

c) 
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Figure 4-17: µRaman peak width (left) µLBIC at low injection (middle) and at high 

injection (right) of a sample with 2.5 µm epitaxial n-type emitter.  

 

Despite the ongoing development and the improvement in resolution it is not yet possible to 

differentiate between the grown interface and the pn-junction which is shifted into the bulk 

due to the high doping concentration of the epitaxial emitter. 

 

 Summary 4.4

 

In this chapter different direct and indirect measurement methods to characterise the 

crystallographic properties of cSiTF have been presented. The formation of various defects 

such as etch pits, stacking faults and spikes during the epitaxial growth depending on the 

deposition temperature as well as substrate orientation have been discussed. Although the etch 

pit density only shows a minor increase from 7.3x10
3
 to 1.5x10

4
 1/cm

2
 by decreasing the 

deposition temperature from 1150 °C to 975 °C, the number of stacking faults is increasing by 

more than two orders of magnitude. More important, the change in recombination intensity of 

those defects can result in a loss in VOC of approximately 200 mV.  

The µcSiTF layers by direct deposition have been characterised with EBSD, XRD and 

µRaman measurements. The crystallographic properties of these layers including an average 

grain size of 2-3 µm, increased stress at the interface and the columnar growth have been 

determined. Various measurements to determine the material quality of µcSiTF depending on 

deposition and post treatment parameters have been done. These experiments lead to the 

conclusion that the RTA treatment is beneficial for a deposition temperature below 1000 °C 

because the stress and temperature sensitive defects can be reduced.  

In the last subchapter the limitations of established techniques and the benefit of approaches 

like the calibrated µRaman, µPL and µLBIC measurements have been shown. Based on a set 

of calibration samples it is possible to determine the doping concentration above 6x10
16

 1/cm
3
 

by analysing the Fano resonance. Furthermore the overall material quality and layer 

homogeneity of epitaxial films on textures and planar samples have been studied to improve 

epitaxial emitters. The investigation of the growth interface between epitaxial films and the 

silicon substrates shows no increase in stress or recombination activity. 
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5 Lifetime Measurements of cSiTF and c-Si 
 

After the optimisation of the APCVD process and the crystallographic characterisation in 

the previous chapters the electrical characterisation will be the main subject of this chapter. 

More specifically the determination of the minority carrier lifetimes of cSiTF [132-134] and 

wafer cells will be presented and discussed. The characterisation is primarily based on 

microwave photo conductance decay (MWPCD) and quasi steady state photo conductance 

(QSSPC) measurements. Additional microwave detected photo conductivity (MDP) 

measurements and light beam induced current (LBIC) measurements have been done to 

validate the results. The presented experiments will continue the work of [135] and [136] and 

include results of a bachelor thesis [137] supervised in the frame of this PhD thesis. 

 

 Introduction 5.1

 

The effective minority carrier lifetime eff and the corresponding effective diffusion length 

Leff represent the electrical material quality and are critical factors for the layer thickness, 

layer doping and passivation of the chosen solar cell concepts. The detailed characterisation 

and analysis of the radiative      [138], Auger         [139], Shockley-Read-Hall      [140] 

and surface    [141] recombination mechanism (see equation 5-1) [142] contribute to the 

material and process optimisation.  

 

 

    
 

 

    
 

 

      
 

 

    
 
 

  
 

 

 

5-1 

 

The following results will underline the advantages and the disadvantages of MWPCD 

lifetime measurements on cSiTF and the progress made over the last years. A detailed 

comparison with lifetime measurements on cSiTF by MDP and LBIC will be shown. 

Furthermore the effective lifetime and the determination of the emitter saturation current of 

wafer cells featuring epitaxial emitters by QSSPC will be presented. As a result of these 

measurements there will be a thorough investigation about the material degradation by the 

high temperature APCVD process. 

 

 Lifetime Measurements of cSiTF 5.2

 

The characterisation and the improvement of the material quality cannot be done by 

crystallographic characterisation alone. Although a correlation between the defect density and 

the diffusion length [4] was used in the previous chapter an alternative measurement 

technique is needed to determine the minority carrier lifetime for cSiTF. Recent progress in 

this area quantifies the influence of crystal defects, stacking faults, grain boundaries and 

impurities on the effective minority carrier lifetime [142, 143]. However, the layer structure, 
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the thickness and the lifetime regime of cSiTF present some unresolved difficulties. Different 

solar cell concepts include electronically active substrates and dielectric intermediate layers 

(DIL) which can influence the lifetime measurements (see Figure 5-1 (right)). Therefore the 

QSSPC measurement technique cannot be used unless the influence of the DIL and the 

substrates is known. Furthermore, the thin silicon absorber layer from 2 to 35 µm can lead to 

low and noisy measurement signals. Depending on fabrication technology the cSiTFs show 

lifetimes below 5 µs which is beneath the limit of today’s QSSPL measurement setups [144, 

145]. Because the MWPCD method [133, 146, 147] meets most of these stringent 

requirements, we focused on this technique to characterise cSiTF.  

 

The Upgraded MWPCD Setup at Fraunhofer ISE 

 

The basic concept of MWPCD measurements is based on the small modification of the 

reflected microwave intensity due to change of photo conductivity caused by the 

recombination of excess carriers as described by [133]. Hence, an excitation light is used to 

generate free carriers n which in turn changes the conductivity  and consequently the 

reflectivity of the wafer for the incident microwaves. The measured decay profile visualises 

the intensity of the reflected microwave P( after the excitation light is turned off and 

enables the determination of eff of these carriers. The MWPCD method presents significant 

advantages for eff measurements of cSiTF: 

 Damage free measurements and mappings 

 Measurement of lifetimes below 1 µs  

 Excitation adjustable to a specific layer thickness  

 Injection independent by the use of bias light 

 

The disadvantage of MWPCD measurements is that the accurate carrier density cannot be 

determined without additional calibration. Since the different recombination mechanisms 

strongly depend on the excess carrier density n regime (see Figure 5-1 (left)) a close 

investigation and an estimation of the carrier density for the MWPCD setup will be presented. 

 

  
 

Figure 5-1: Dependence of the excess carrier density on the recombination 

mechanisms (left) and model of absorption and generation of free carriers in a three 

layer system by using a laser pulse for excitation (right). 
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Figure 5-2: Dependence of the decay transient (fraction of the carrier density over 

time) for a cSiTF of 10 µm (left) and 50 µm (right) on a 250 µm substrate with 

different lifetimes for the cSiTF and the silicon substrates. 

 

The influence of the different substrates can cause an overestimation or underestimation of the 

epitaxial layer lifetime epi depending on the doping and the lifetime of the substrates. In 

Figure 5-2 calculations using Wolfram Mathematica 7 of MWPCD measurements on cSiTF 

and a silicon substrates which consist of two monoexponential decay transients are shown. In 

both graphs is the substrate lifetime set to be 1 µs and epi is varied from 0.1 µs up to 100 µs. 

Despite a reduction in epi by one order of magnitude from 1.0 µs to 0.1 µs only a decent 

change in the decay transients can be seen which can lead to an overestimation. In case of 

high epi of 10 µs and 100 µs, two separate monoexponential decay transients can be seen 

which could cause misinterpretation. A comparison between Figure 5-2 (left) and (right) 

shows the influence of the epitaxial layer thickness and the possible underestimation of epi. 

The green and yellow decay transients change significantly towards higher lifetimes simply 

by increasing the layer thickness. These simulations show the importance of taking the 

substrate into account, choosing the optimum excitation wavelength and carefully analysing 

the measurement data. In Figure 5-3 a typical MWPCD transient with monoexponential 

decay, a good signal intensity and good surface passivation is shown.  

 

 
Figure 5-3: Typical MWPCD transient in normal scale (right) and logarithmic scale (left). 
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The logarithmic scale shows that below a microwave signal intensity of 5 mV the signal to 

noise ratio decreases towards a level where no reliable analysis of the data is possible. This 

limit of 5 mV can be challenging for a layer thickness below 8 µm [142]. Apart from the 

setup limitation, the calibration is another critical part of the measurement routine. The 

dependence of the measurement signal intensity on the measuring head height and microwave 

frequency as well as the dependence of effective lifetime on the injection dependence without 

bias light is shown in Figure 5-4. In case of the measurement head height example there is an 

increase in the measurements signal from < 20 mV in contact mode to more than 50 mV at 

1 mm head height. Unfortunately, the calibration has to be done for every sample separately 

because the measurement parameters depend on the properties of the sample including 

thickness, layers structure, doping concentration and passivation.   

 

   
 

Figure 5-4: Correlation between measurement head height and signal amplitude 

(left), microwave frequency (middle) and the injection dependent lifetime 

measurement (right) on a degraded monocrystalline reference sample. 

 

The basic MWPCD setup used by [136, 142] is using a 904 nm excitation laser which means 

that only 2 % of the light is absorbed within the first 2 µm. Since the detector sensitivity, the 

measurement speed and the sampling time of 40 ns did not meet the requirements of cSiTF, 

the measurement setup was upgraded. The improved setup features a 532 nm laser (75 % of 

the excitation light is absorbed within the first approximately 1.6 µm) and faster electronics 

with only 2 ns sampling time. The sensitivity of the new microwave detector which measures 

the reflected microwave intensity was also enhanced by measuring in contact mode. The 

difference in amplitude of approximately 2 mV with the original setup compared more than 

35 mV with the upgraded setup shows the improvement by the new setup. Additionally, the 

implementation of the new microwave detector and measurement electronics resulted in an 

increased decay transient quality and a reduction of measurement artefacts after the initial 

laser pulse. Although the systematic error of lifetime measurements below 1 µs is decreased 

by the faster sampling time and the new setup allows the measurements of cSiTF with a layer 

thickness of only 2 µm, it has to be kept in mind that a small change n, one of the major 

constraints of the MWPCD measurements, is not met in this case [146]. 
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Figure 5-5: Fitting of the carrier injection density by QSSPC measurements (left) and 

comparison of the carrier injection density between 532 nm and 904 nm excitation 

wavelength (right). 

 

The determination of the accurate carrier injection density is crucial for the comparison of the 

effective lifetime measurements (see Figure 5-1 left and Figure 5-4 right). Due to an 

excitation laser with an illuminated spot size of approximately 1.5 mm² the use of a 

calibration cell, similar to the QSSPL and QSSPC measurements, is difficult. However, recent 

publications by Semilab [148] suggest the calibration of the photon flux prior to the 

measurement. 
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Since the carrier density described by equation 5-2 [149] cannot be calculated from the photon 

flux without the generation rate G (depending on the reflection, the absorption coefficient 

and the generation probability), the carrier diffusion D and carrier recombination U, a fitting of 

carrier density by QSSPC has been done. In Figure 5-5 (left) this calibration by fitting of the 

effective lifetime from MWPCD and QSSPC measurements is shown. However, the derived 

function can only be used for a specific silicon material and a specific passivation layer. In 

case of 1 cm p-type wafers with SiNx passivation the calibration shows that the injection 

level is approximately “one sun” (n = 1x10
16

 1/cm
3
) for the maximum 532 nm excitation 

intensity with a photon flux of 1.5x10
13

 photon/pulse. The difference in lifetime measurements 

between the green excitation laser (which has no bias light) and of the red excitation laser 

(with a bias light) depending on photon flux  and therefore n can be seen in Figure 5-5 

(right). This comparison also shows that the maximum injection density for the 904 nm 

excitation laser is lower which can decrease the lifetimes by 45 % compared to the 532 nm 

excitation. This uncertainty of n and the impact on the effective lifetime have to be 

considered when comparing these and other measurement results. 
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Passivation and relevance of surface recombination velocity 

 

Different types of passivation and the necessity of passivation for samples with high or 

low lifetimes have been investigated as well. A set of reference samples with lifetimes 

between 1 ms and 2 µs were measured with thermal SiO2, SiNx by PECVD and without 

passivation. The declaration from sample 1 to sample 3 stands for a different high temperature 

processes with increasing thermal budget and hence with a different lifetime. Table 11 shows 

that for p-type, 1 cm material the SiNx passivation exhibits the best passivation quality 

[150]. It can also be stated that for a lifetime < 1 µs a passivation is not needed, because the 

difference is equal to the maximum systematic measurements error of approximately 50 %. It 

is interesting to note that the difference between the SiO2 passivation with a eff of 65 µs and 

SiNx with 967 µs is more than one order of magnitude in case of sample 1. Furthermore, is the 

difference between the red and the green excitation laser changing depending on the lifetime 

regime. Nevertheless, if not stated otherwise, all sample surfaces have been passivated using 

60 nm SiNx deposited by PECVD.  

 

Table 11: MWPCD lifetime measurements depending on passivation. 

Type of 

passivation 

excitation 

wavelength 

eff  [µs] 

sample 3 

eff  [µs] 

sample 2 

eff  [µs] 

sample 1 

unpassivated
 532 nm 1.9   0.1 19.1   0.3 11.9   0.3 

thermal SiO2  532 nm 0.8   0.1 59.4   2.2 64.7   3.5 

SiNx by PECVD 532 nm 2.0   0.4 231   10 967   76 

unpassivated
 904 nm 0.43   0.01 9.2   0.2 9.6   0.2 

thermal SiO2  904 nm 0.66   0.03 25.2   0.7 46.0   2.6 

SiNx by PECVD 904 nm 0.93   0.06 169   12 931   83 

 

The difference due to the importance of surface passivation in combination with the excitation 

wavelength is shown in Figure 5-6. In this case a p-type, 1 cm mc wafer with an epitaxial n-

type emitter was measured using three different excitation lasers with 904 nm, 532 nm and 

349 nm. The measured lifetimes of 33 µs (Leff > 300µm), 29 µs and 15 µm show the 

dependence on the excitation depth in combination with carrier injection density and the 

resulting relevance of the surface passivation. 

 

Figure 5-6: Difference in lifetime mappings depending on the excitation wavelength 

for the lifetime range below 50 µs measured in corporation with Semilab. 
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Trapping model by Hornbeck and Haynes 

 

The first measurements of degraded reference samples with lifetimes below 10 µs 

using the standard analysis algorithm showed significant deviation from calibration 

measurements by QSSPC. In recent work by [151, 152] the influence of trapping states on 

decay transients was reported. Therefore the influence on the decay transients and 

consequently on the lifetime fitting becomes relevant for high impurity concentrations. A 

measurement analysis of a degraded sample without the consideration of traps (see Figure 

5-7 (right)) results in eff  of 17.9 µs and the analysis including the trapping model by [153, 

154] results in eff  of 6.6 µs (see Figure 5-7 (left)). 

  
 

Figure 5-7: Lifetime fitting of MWPCD decay transients with (left) and without the 

new analysis algorithm considering traps (right).  

 

The trapping model by Hornbeck and Haynes [153, 154] used in the analysis algorithm can be 

described by a set of differential equations 5-3 and 5-4 including the generation rate G, the 

occupation number nt, residence time in the band or emission time e and residence time in a 

trap t as well as the bulk material lifetime bulk. The effect of trapping densities Nt on the 

decay transients was calculated using appropriate starting values and a numerical solver.  
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The impact on the variation of the trapping densities Nt on the dynamics of decay transient 

(see Figure 5-8 (right)) and the resulting effective lifetime depending on variation of 

impurities concentration (left) underline the impact of metal impurities [152]. Based on these 

calculation it is possible to achieve an effective lifetime eff of 684 µs (n = 1x10
16

 1/cm
3
) in 

cSiTF despite a metal impurities concentration of Nt = 1x10
12

 1/cm
3
.  



74 5 Lifetime Measurements of cSiTF and c-Si 

 

 

  
 

Figure 5-8: Calculated effective lifetime for various metal impurity concentrations 

(left) and the dynamics of decay transients for different trapping densities Nt according 

the model by Hornbeck and Haynes (right). 

 

However at Nt = 1x10
15

 1/cm
3
 only a eff of 0.72 µs at n = 1x10

16
 1/cm

3
 can be achieved. In 

case of the cSiTF solar cells an impurity concentration above Nt = 5x10
14

 1/cm
3 

resulting in a 

eff of 2.5 µs and a corresponding diffusion length Leff  of 75 µm (p-type, 0.3 cm) cannot be 

tolerated. In Figure 5-9 the calculated decay transients for different residence times in the 

band t (left) and in a trap e (right) are shown. The variation of t and e emphasises the 

influence on the decay transient for t < bulk in combination with a short residence time in the 

conduction band. The distinction between shallow and deep traps [155] with the help of the 

residency of carriers in a trap can be seen in the different regions of the decay transient. These 

calculations show that without consideration of this effect, the measured lifetimes are 

overestimating the actual effective lifetime. Furthermore a correlation between trap density 

and impurity density can assist in optimising the fabrication process. The consideration of 

these effects led to a modified analysis algorithm implemented into the measurement routine. 

 

  
 

Figure 5-9: Calculated decay transients for different residence time in the band e (left) 

and residence time in a trap t (right) based on equation 5-4 by Hornbeck and Haynes.  
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 MWPCD Measurements on cSiTF 5.2.1

 

The cSiTF samples measured in the following subchapter were fabricated following 

various processing routes which led to different sample structures and absorber material 

qualities. All experiments have been measured using the upgraded MWPCD setup, have been 

evaluated with the modified analysis algorithm and are passivated with 60 nm of SiNx if not 

stated otherwise. Please note that no bulk defect passivation by remote plasma hydrogenation 

or similar post processing has been applied to improve the layer quality. 

The first set of samples consists of recrystallised silicon layers [60] with a thickness of        

15-20 µm. The corresponding measurements show reliable decay transients with mono 

exponential decay and good signal intensity of about 150 mV. An effective lifetime of 

2.4 ± 0.7 µs for cSiTF on SiO2 [156] as intermediate layers and eff of 2.3 ± 0.1 µs on SiC [61] 

have been measured on a 2x2 cm² area. The lifetime mappings in Figure 5-10 of cSiTF on SiC 

(left) and on SiO2 (right) can also be correlated to the crystal features on the sample. Some 

regions of the cSiTF show an increased density of stacking faults and high etch pit densities. 

These regions of reduced lifetime are also visible in the MWPCD mapping. Furthermore, it 

can be seen that long crystals show higher lifetimes than smaller crystals which are 

converging and are therefore affected by compressive stress. 

 

 

Figure 5-10: Lifetime mapping of recrystallised cSiTF and picture of corresponding 

sample with SiC as intermediate layer (left) and with SiO2 as intermediate layer (right).  

 

As indicated in the introduction of this chapter, the influence of the substrate on the 

measurement heavily depends on the material which is used. In the case of ceramics or glass 

no impact can be observed. If silicon substrates are used the doping concentration of the 

substrates is relevant. Silicon substrates with low resistivity below 5 mcm are limited by 

Auger recombination and do not contribute to the effective lifetime of the mono exponential 

fitting of the decay transient [142]. 

In Figure 5-11 (right) the influence of the degraded substrate can be seen. In this experiment 

we used a KOH resistant intermediate layer and etched away the silicon substrates below the 

active cSiTF in a window-like geometry (see Figure 5-11 (left)). 
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Figure 5-11: Schematic of the window-like structure after KOH etching (left) and 

lifetime mapping from the backside of freestanding recrystallised Si films (right). 

 

The etched windows make it possible to perform MWPCD measurements of a free standing, 

recrystallised cSiTF of 20 µm thickness. For these lifetime measurements the former 

MWPCD setup (904 nm excitation laser) was used to pronounce the influence of the 

underlying substrate. The freestanding cSiTF are passivated on both sides with SiNx and 

feature effective lifetimes up to 4.8 µs whereas the combination of the substrate and the same 

cSiTF results in lifetimes below 1 µs. In Figure 5-12 a decay transient with two different 

monoexponential decays due to the influence of the substrate can be seen. In Figure 5-12 

(left) the lifetime of the substrate 1.0 µs has been determined and in the (right) the lifetime of 

the cSiTF 2.1 µs has been analysed. Measurements from the front side with and without 

substrate with the upgraded setup (532 nm excitation laser) can be seen in Figure 5-13. In this 

case the difference between the two measurements of 2.6 µs without (left) and 2.4 µs with the 

substrate (right) is within the systematic measurement error of the MWPCD system [157]. 

However, there is also a difference in shape and signal amplitude from 12.8 mV without 

substrate to 673 mV with the substrate. These results highlight the importance of excitation 

wavelength depending on cSiTF structure.  

The experiments presented in this subchapter show the improvement of lifetime 

measurements below 5 µs by the upgraded MWPCD setup. The influence of trapping states 

has been discussed and implemented into the analysis algorithm for these lifetime regime. The 

signal intensities of approximately 250 mV obtained on samples with thin layers is sufficient 

for further analysis and the results on various cSiTF demonstrate the potential of MWPCD. 

 

 
Figure 5-12: MWPCD decay transients in logarithmic scale measured with the 
532 nm setup from the front side with substrate (left) and without substrate (right). 
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Figure 5-13: Lifetime measurements with the 532 nm excitation laser from the front 

side with and without substrate 

 

However, the systematic measurement error of the MWPCD system becomes relevant for 

lifetimes below 1 µs due to insufficient signal intensity. Therefore minor changes in the 

deposition parameters, the recrystallisation process and the layer thickness can only be 

investigated if a sufficient number of samples is characterised. 

 

 Comparison of MWPCD, MDP and LBIC Measurements  5.2.2

 

The validation of the MWPCD results on cSiTF and the new implemented analysis 

algorithm was done by the comparison with MDP and LBIC measurements. The MDP 

method [158] is also based on microwave reflection but measures the decay from steady state 

condition and uses a resonance cavity to measure the microwave intensity. The measurements 

have been done in cooperation with Freiberg Instruments
1
 on a set of cSiTF samples. The 

sample properties and the measurement results are listed in Table 12 and show a good 

agreement of effective lifetimes between MWPCD and MDP. The differences can partially be 

explained by the unknown n and the limitations of the MDP setup for lifetimes below 5 µs. 

These limitations are not necessarily caused by the measurement method but by the 

measurement routine which is not optimised for these lifetime regimes.  

 

Table 12: cSiTF samples for MDP measurements to validate the MWPCD results.

Substrate 

thickness 
   [    ] 

cSiTF 

thickness 

        

[    ] 

eff  

MDP 

eff  

MWPCD  

250 ≈ 7x10
18

   8.0 6.2 ± 0.2 

450 ≈ 7x10
18

 40 ≈ 5x10
16
 1.2 2.3 ± 0.1 

1000 Graphite 20 ≈ 5x10
16
 0.7 1.0 ± 0.1 

500 ≈ 7x10
18

 25 ≈ 5x10
16
 1.0 1.7 ± 0.2 

                                                 
1
 Freiberg Instruments, is a specialist for fast contactless, electrical semiconductor characterization and 

   manufacturer of the MDP setup http://www.freiberginstruments.com 
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Figure 5-14: Decay transient by the upgraded MWPCD setup (left) and by the MDP 

setup used at Freiberg Instruments (right). 

 

A comparison of the decay transients can be seen in Figure 5-14. In case of the MDP 

measurements the transients only consist of 10 data points which could cause higher 

measurement errors. One of the advantages of the MDP measurements is that a quasi-steady 

state regime and therefore a homogeneous carrier distribution can be reached prior to the 

actual measurement. Thus the effect of carrier diffusion on the decay transient can be limited. 

A uniform carrier distribution for lifetime measurements is also one of the constrains for the 

determination of the actual effective minority carrier lifetime.  

The resulting mapping of the MDP, the MWPCD measurements and an actual picture of the 

sample can be seen in Figure 5-15. The MDP mapping (left) and the MWPCD mapping 

(right) are in fair agreement taking into account that in both cases the excess carrier density is 

unknown. The difference in resolution is caused by the measurement settings and is no 

comparison of the maximum measurement resolution. However, the different settings explain 

the dissimilarity between the two mappings and the picture of the multicrystalline sample in 

Figure 5-15 (right). 

 

 
Figure 5-15: Difference between MDP (left) and MWPCD mappings (middle) in 

comparison with a picture of the degraded multicrystalline sample (right). 
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Light beam induced current (LBIC) measurements on cSiTF  

 

The determination of the effective diffusion length by LBIC measurements [159, 160] is 

similar to the internal quantum efficiency (IQE) fitting of the spectral response measurements 

(see equation 5-5) if the wavelength region corresponds to the absorber layer (         

          ). 

 

 

However, the LBIC mappings use a laser pulse to generate the local photo current at specific 

wavelengths to determine the quantum efficiency. A major disadvantage is that the 

measurements have to be done on the finalised solar cells. The comparison with the effective 

lifetime measurements by MWPCD can be done using the equation 5-6 with a diffusion 

coefficient Dp ≈ 8.8 cm²/s and Dn ≈ 18.5 cm²/s as well as corresponding mobility of 

µp ≈ 340 cm²/Vs and µn ≈ 716 cm²/Vs for c-Si material ( ≈ 0.25 cm) [149]. 

 

     √
   

 
        5-6 

 

 

The measurement tool (LOANA by pv-tools) used for these measurements includes six 

excitation wavelengths of 405 nm with 
-1 
≈ 0.12 µm, 532 nm (

-1 
≈ 1.3 µm), 670 nm          

(
-1 
≈ 4.2 µm), 780 nm (

-1 
≈ 9.9 µm), 925 nm (

-1 
≈ 44.6 µm) and 1064 nm (

-1 
≈ 963 µm) 

for intrinsic silicon at 300 K. Depending on solar cell thickness, the irrelevant wavelength has 

been excluded from the fitting as shown in Figure 5-16. In this case a 25 µm cSiTF solar cell 

on a multicrystalline wafer with a 120 /sq. diffused POCl3 emitter is used. Therefore the 

signal at 405 nm and 532 nm which are dominated by the diffused emitter can be excluded 

from the analysis. The same applies for 925 nm and 1064 nm because the highly doped 

substrates and the Al-BSF influence the measurement at these wavelengths. 

 

 
 

Figure 5-16: Quantum efficiency mappings at three different wavelength (left) and the 

resulting diffusion length map based on the relevant wavelength for a 25 µm cSiTF 

solar cell (20x20 mm²) on highly doped mc material (right). 
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Table 13: Set of cSiTF solar cells for LBIC  measurements  to validate MWPCD results

Substrate 

thickness 
   [    ] 

cSiTF 

thickness 

        

[    ] 

Leff  

LBIC 

Leff  

MWPCD  

250 ≈ 1x10
16

 - - 125.4 ± 2.3 375.4 ± 0.5 

400 ≈ 7x10
18

 23 ≈ 5x10
16

 34.9 ± 1.2 56.2 ± 0.2 

400 ≈ 7x10
18

 24 ≈ 5x10
16

 30.5 ± 1.4 35.0 ± 0.1 

250 ≈ 1x10
19

 50 ≈ 5x10
16

 48.2 ± 1.5 47.8 ± 0.2 

 

In Table 13 the comparison of one wafer cell with epitaxial emitter and three different cSiTF 

solar cells with 120 /sq. POCl3 emitter are shown. The same solar cell process including a 

10 nm SiOx passivation, ARC coating and an Al-BSF on the backside was applied to all the 

samples. The measurements of the thin film solar cells by LBIC are in agreement with the 

MWPCD values and show the potential of layer thickness optimisation.  

The difference in the results of the wafer based solar cell can partially be explained by the 

problems of the MWPCD measurements on finished solar cells. Since the absorption depth of 

the green excitation laser is only 1.6 µm the influence of the emitter and the metallisation is 

dominant. The use of the 904 nm excitation laser reduces this effect (see Figure 5-17 (left)) 

and allows the measurement of these solar cells. Even though there is an agreement of the 

crystalline structure of the sample, the resolution of the LBIC measurements on finished solar 

cells in Figure 5-17 (right) is far superior. 

In conclusion, it can be stated that the diffusion length measurements by LBIC validate the 

lifetime measurements by MWPCD. Nevertheless the non-uniform carrier distribution and the 

unknown carrier density of the MWPCD measurements have to be taken into account 

depending on the samples at hand. The differences in lifetime measurements between the 

green excitation laser (with high n) compared to the red laser (low n in combination with 

the bias light) have to be included into the analysis as well. One explanation for the difference 

is the influence of the relevant order of microwave reflection modes in silicon material which 

depends on the generated carriers n and the excitation wavelength . 
 

 

Figure 5-17: Calculated diffusion length of a MWPCD lifetime mapping (left) and the 

LBIC diffusion length measurements (right) of a cSiTF solar cell with an absorber 

thickness of 24 μm on a 0.3 Ωcm substrate. 

 



5.2 Lifetime Measurements of cSiTF 81 

 

 

 LBIC and IQE results of cSiTF and wafer based solar cells 5.2.3

 

Despite the progress made in the MWPCD measurements of cSiTF, the confirmation by 

LBIC and IQE measurements was necessary in some cases. The wafer based solar cells with 

epitaxial emitter have been measured by LBIC as well to investigate the quantum efficiency at 

different wavelengths.  

Figure 5-18 shows the diffusion length determination by LBIC  measurements of solar cells 

on mc n-type material with epitaxial emitter (left) as well as µcSiTF solar cells (middle) and a 

recrystallised cSiTF solar cell (right). These mappings allow the investigation of grain 

boundaries and dislocation centres (see Figure 5-18 (left)) as well as layer homogeneity and 

thickness variations on the cell area due to epitaxial deposition in the lab-type reactor (see 

Figure 5-18 (middle)). Furthermore, the evaluation of twin-, sub- and conventional grain 

boundaries [61] is possible as shown in Figure 5-18 (right). If the sole measurement objective 

is the determination of the diffusion length, the fitting of the IQE measurements has a major 

advantage because the complete relevant spectrum is evaluated. 

 

 

Figure 5-18: Diffusion length determination by fitting the inverse IQE of a wafer cell 

with epitaxial emitter (left), of a µcSiTF solar cells (middle) and a recrystallised cSiTF 

(right). 

 

In Table 14 different cSiTF solar cells and wafer based solar cells with epitaxial emitters are 

listed. The highest determined diffusion length for epitaxial emitters at 1150 °C on p-type, 

1cm, FZ was Leff = 250 µm. Under optimised process conditions with a deposition 

temperature of 1050 °C a maximum Leff of 560 µm on p-type, 1 cm, FZ and Leff > 900 µm 

on n-type, 1cm, FZ which corresponds to an effective minority carrier lifetime of 

eff  = 720 µs was measured. On mc, 1 cm, n-type wafers processed at 1025 °C a Leff from 

90-120 µm has been determined.  

cSiTF solar cells using the EpiWE concept on highly doped p-type substrates resulted in 

Leff from 90-120 µm on CZ and 70-90 µm on mc material. The resulting diffusion length of 

only 10-20 µm for solar cells with µcSiTF underline the importance of adjusting the layer 

thickness to the measured diffusion length. Using the mobility published by [161] the 

diffusion length measurements indicate lifetimes of approximately 150 ns for µcSiTF. 
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Table 14: Diffusion length of cSiTF and wafer based solar cells by  LBIC and IQE 

measurements.

Concept, Temperature Substrate  
   

[    ] 

Thickness 

[µm] 

        

[    ] 

Leff  

[µm] 

EpiEm, 1150 °C 250, p-type, FZ  1x10
16

 0.5-1.5  2x10
18

 < 250 

EpiEm, 1050 °C 250, p-type, FZ  1x10
16

 0.5-1.5  2x10
18

  < 560 

EpiEm, 1050 °C 200, n-type, FZ  5x10
15

 0.5-1.5  2x10
18

 > 900 

EpiEm, 1025 °C 200, n-type, mc  5x10
15

 0.5-1.0  5x10
18

 ≈ 320 

EpiEm, 1025 °C 200, p-type, mc  1x10
16

 0.5-1.0  5x10
18

 ≈ 180 

EpiWE, 1150 °C 250, p-type, CZ  7x10
18

 23 5-8x10
16

 90-120 

EpiWE, 1150 °C 250, p-type, mc  5x10
18

 24 5-8x10
16

 70-90 

RexWE, 1150 °C 400, p-type, mc  5x10
18

 50 5-8x10
16

 50-80 

µcSiTF < 1000 °C 250, p-type, CZ  7x10
18

 10  1x10
17

 10-20 

 

These results are in good agreement with presented MWPCD respectively QSSPC 

measurements and published values [8, 19, 61]. For future investigations, LBIC 

measurements can support monitoring the homogeneity of the deposited layers after cell 

processing and the bulk material degradation after the deposition of an epitaxial emitter. 
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 Lifetime and Saturation Current of Solar Cells with Epitaxial 5.3

Emitters  

 

According to the results of [47] and the LBIC, MDP and MWPCD measurements shown 

in the previous subchapter the material degradation during the deposition process at 1150 °C 

is critical. To reduce this degradation effect on the substrate wafers, the deposition process 

has been optimised to a process temperature below 1100 °C. QSSPC measurements were 

performed in order to determine the effective lifetime eff  and the emitter saturation current J0e 

of wafer cells with epitaxial emitter. Complementary QSSPC experiments with and without 

epitaxial deposition including 1075 °C and 975 °C to determine the origin of the degradation 

effect will be presented. Furthermore the cooling ramp, the influence of impurities and the 

possible formation of the boron-oxygen complex have been investigated. 

 

 Saturation Current of Unsymmetrical Lifetime Samples 5.3.1

 

It has been reported that QSSPC measurements on samples with epitaxially grown layers 

show uncharacteristic deviations from theory. In [142] it was stated that for most of the 

presented measurements it was not possible to determine reasonable values for the emitter 

saturation current J0e. However, in theory by using the method of Kane and Swanson [162] it 

is possible to fit a value for J0e according to 
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The bulk saturation current J0b can be neglected if FZ wafers with a resistivity above 10 cm 

serve as substrate material [163]. Therefore the emitter deposition has been done on wafers 

with a resistivity of about 10 cm to determine J0e and on wafers with a resistivity of about 

1 cm to determine the effective minority carrier lifetime of the material used for solar cell 

processing. Subsequently, the n-type emitters were passivated with SiNx and the p-type 

emitters with Al2O3 if not stated otherwise. 

Prior to the process optimisation the effective lifetime of a 10 cm p-type wafer with 

epitaxial emitter was below 5 µs  and a reliable fitting of the J0e was not possible, because the 

assumption that J0b can be neglected for 10 cm FZ wafers is not valid for effective lifetimes 

< 100 µs due to the degradation of the bulk material.  

After the reduction of the deposition temperature QSSPC measurements show an increase in 

eff by almost two orders of magnitude. For 10 cm p-type wafers eff exceeded 200 µs and for 

10 cm n-type wafers values above 250 µs have been determined. A reasonable J0e fit of 

boron doped emitters on n-type substrates at a specified mean carrier density of 5·10
15

 cm
-3

, 

leading to results of J0e < 35 fA/cm
2
 can be seen in Figure 5-19 (right). This figure 

exemplifies a plot of      ⁄         ⁄  in dependence of   .  
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Figure 5-19: J0e fit of a 10 cm, n-type, FZ wafers with 1 µm p-type 

epitaxial emitter shows a linear dependence of      ⁄         ⁄  on n. 

 

In this case a good linear dependence allows a fit for the emitter saturation current according 

to equation 5-7. For p-type material, a J0e value < 50 fA/cm
2
 has been determined. These 

results prove the successful determination of the J0e for epitaxial emitter and places emphasise 

on the potential of this formation process. 

 

 Degradation of Silicon Material at High Temperatures 5.3.2

 

The degradation of silicon wafers by metal impurities [164], by light and thermal induced 

degradation [165] and by various crystal defects [166] is well known. The gettering process 

for mc Si material, the deactivation of the boron oxygen complex in oxygen rich CZ material 

by rapid thermal processing [167] or the annealing of defects after ion implantation in FZ 

material [168] are only three examples for additional processes to improve the overall 

material quality. In combination with an improved fabrication process, the material quality of 

mc and CZ material could be significantly improved. In Figure 5-20 a simplified overview of 

the material properties and different degradation mechanism are shown to highlight the areas 

for process optimisation to avoid material degradation and improve overall material quality. 

The impact of the thermally induced degradation and the cause behind this mechanism is still 

being discussed [165, 169-171]. 

 

 

Figure 5-20: Simplified overview of the material properties and different 

degradation mechanism.  
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Besides major and minor differences in the fabrication techniques, a few general conclusions 

can be drawn from various experiments and solar cell results presented by the photovoltaic 

community over the last years: 

 The lifetime values of mc wafers are in the range from < 1 µs (metallurgical grade 

feedstock) to > 300 µs (high quality feedstock in combination with advanced growth 

process)  which can compete with CZ wafers 

 Since n-type material features a smaller capture cross section it is not as susceptible to 

metal impurities in the mid band gap 

 The oxygen content in FZ is below the critical limit to cause light induced degradation 

by the boron-oxygen complex 

 The FZ wafers show the highest lifetimes primarily limited by the surface because of 

the number of crystal defects and the concentration of metal impurities is far below the 

values from CZ material. 

 

Since the degradation of the substrate wafers during the silicon deposition by APCVD was 

reported by [47] and [15] a close investigation of the degradation will be presented in this 

subchapter. A first experiment was designated to separate the high temperature process from 

the actual deposition. Therefore, high temperature annealing processes at 1050°C and 1150°C 

under hydrogen atmosphere with similar heating and cooling ramps were carried out. The 

results for 10 cm n- and p-type materials after SiNx passivation measured by QSSPC and 

MWPCD are shown in Figure 5-21. A comparison of the two measurement techniques 

exposes an increasing underestimation of eff above 50 µs and an overestimation of eff 

below 20 µs towards lower lifetimes for MWPCD measurements. A correction for the carrier 

diffusion at high lifetimes for MWPCD has been presented by [172]. In the following 

paragraphs the QSSPC measurements will be used for all experiments and the process times 

are not including the heating and cooling ramp. The annealing processes were carried out at 

the RTCVD160 and RTCVD100 reactor. Both reactors use a quartz carrier made of Heraeus 

HSQ 300 micro electronical grade material, which is similar to the quartz carriers used in a 

commercial Centrotherm tube furnace. 

 

 
 

Figure 5-21: Effective minority carrier lifetimes for 10 cm n-type FZ (left) and for 

10 cm p-type FZ (right) processed at two different temperatures for two durations. The 

values are averaged over a batch of processed wafers. 
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The significant lifetime degradation (see Figure 5-21) of more than 2 orders of magnitude 

from 4489 µs to 39 µs for n- and from 3422 µs to 3.3 µs for p-type wafers after a 7 min 

annealing process at 1150 °C cannot be explained by a single degradation mechanism. The 

increase in process time to 35 min at 1150 °C showed a further decrease in lifetime from 

39 µs to 18 µs for n-type wafers and from 3.3 µs to 2.2 µs for p-type wafers. A reduction of 

the annealing temperature to 1050 °C showed an increase of almost one order of magnitude 

for p- and n-type. Unfortunately this only proves a correlation between the thermal load 

applied and the minority carrier lifetime, but not if the degradation is caused by the diffusion 

of impurities or by the generation of thermal crystal defect. It is also unclear where the 

impurities originate from and what kind of crystal defect can be induced into the crystal 

lattice.  

However, for most thin film solar cell concepts the lifetime of the conductive inactive 

substrates or the parent wafer in case of a lift-off approach are not important. However, for 

the development of a wafer based concept with epitaxial emitters the bulk lifetime becomes a 

critical factor.  

 

Formation of crystal defects  

 

In the following experiment the formation of crystal defects and the influence of the 

cooling ramp after the deposition process have been investigated. The formation of crystal 

defects is also influenced by the process temperature and duration as well as by the heating 

and cooling ramp [167]. In Figure 5-22 the investigation of three different cooling ramps from 

1120 °C to 750 °C processed at the RTCVD100 with and without diffusion barrier against 

metal impurities is shown. Although there is a difference in lifetime (see Figure 5-22 (left)) 

the overall decrease from > 500 µs for 10 cm p-type FZ to values below 30 µs is still 

present. The reduction in lifetime from 200 K/min to 10 K/min and 1 K/min can be linked to 

the change in thermal load, because the duration of the cooling process increases from 5 to 

370 min. 

 

  

Figure 5-22: Lifetime degradation depending on cooling ramp 200K/min, 10K/min and 

1K/min (left) and corresponding EPD measurements (right) of silicon samples processed at 

RTCVD100. 
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Since the temperature ramps are always associated with the thermal load a complete 

separation is difficult. In theory a temperature gradient above 10 K/min at high temperatures 

above 800 °C can cause the formation of crystal defects [167, 169, 180]. In this case the 

silicon atoms in the lattice are not given enough time at a certain temperature providing 

specific activation energy to take a position with the lowest binding energy. The results would 

be point defects, dislocations and stress in the crystalline silicon wafer. The diffusion barrier 

applied in this experiment consists of a 275 nm SiOx layer which is thermally grown in a 

diffusion furnace. Despite an increase from 10 µs to 22 µs for the standard cooling ramp of 

200 K/min the significant degradation could not be prevented. This can be explained by the 

high thermal load and the insufficient quality of the SiOx as diffusion barrier [16]. The 

possible defect formation at high temperatures has also been evaluated by µRaman and EPD 

measurements. 

In Figure 5-22 (right) the EPD measurements show an increase in defect density of 18-12 % 

by increasing the cooling ramp from 10 K/min to 200 K/min. The direct comparison at 

200 K/min with SiOx 1.8x10
4
 1/cm² and without SiOx 2.2x10

4
 1/cm²  shows the influence of 

the diffusion barrier which also prevents the silicon etching during the H2 anneal [11]. 

Supplementary EPD measurements of the samples without diffusion barrier show similar etch 

pit densities after an additional etching of 10 µm by chemical polishing. This proves that the 

difference in etch pit density caused by the Si etching in hydrogen atmosphere at high 

temperatures is very small and can be neglected as one of the reasons for the material 

degradation. Since no significant effect of the cooling ramp can be found, the standard 

process using 150 K/min was kept in further experiments. 

Additional EPD measurements on FZ wafer annealed at 1150 °C and 1050 °C in comparison 

with reference samples without treatment were performed. It is necessary to point out that 

only 3 samples have been measured and that additional experiments are required to get 

enough statistics for a substantial analysis. Unlike expected, these preliminary results show a 

decrease in EPD by 39 % from 8.9x10³ 1/cm² to 5.4x10³ 1/cm² for 1 cm n-type material and 

by 28 % from 4.5x10³ 1/cm² to 3.2x10³ 1/cm² for 1 cm p-type material with increasing 

temperature. The overall increase in crystal defects compared to the reference sample in both 

experiments is below 60 % which contributes to the material degradation but is not the 

dominating factor. XRD, FTIR and µRaman measurements do not show a significant increase 

in crystal defect density as well because neither an additional defect peak nor an increasing in 

FWHM of the Si peak respectively reflection could be determined. 

 

Diffusion of metal impurities into and in silicon material 

 

The diffusion of metal impurities and the difference in lifetime depending on silicon 

material has been investigated by an additional experiment. Furthermore, this experiment 

consists of an additional annealing temperature at 1000 °C for 7 min to prove an expected 

exponential correlation between the temperature and the lifetime degradation. In Figure 5-23 

(left) the results of all annealing temperatures for six different silicon wafers including CZ  



88 5 Lifetime Measurements of cSiTF and c-Si 

 

 

  

Figure 5-23: Effective lifetimes for six different silicon wafers processed for 7 min 

respectively 35 min at three different temperatures (left) and effective lifetime for 

1 cm p-type samples with and without diffusion barrier (right). 

 

and FZ, n- and p-type as well as 1 cm and 10 cm processed at RTCVD100 are 

summarised. In this experiment all samples n-type as well as p-type are passivated with SiNx. 

Despite an additional increase in lifetime by further reducing the temperature to 1000 °C 

(1 cm, n-type FZ eff > 150 µs), it is apparent that the n-type wafers follow a different slope. 

This can be correlated to the smaller capture cross section which makes it not as susceptible to 

metal impurities in the mid band gap [192].  

The assumption that the diffusion of impurities is one of the main reasons for the degradation 

is also supported by the exponential correlation to the temperature which is shown in Figure 

5-23 (left). The diffusion coefficient of impurities in silicon Dimp,Si (see equation 5-8) can also 

be described by Fick`s second law, is well approximated by the Arrhenius equation and 

depends on the distance between atoms   , the number of vacant lattice sites N and the jump 

frequency   which can be described as pre-exponential factor. Additionally, Dimp,Si depends 

on the energy barrier EB , the Boltzmann constant kB and the temperature T [173, 174]. 
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The significance of metal impurity diffusion in general and the increase in diffusion 

coefficient [175, 176] by changing the temperature from 1050 °C to 1150°C can be seen in 

Table 15. Here the diffusion coefficients for relevant metal impurities in crystalline Si 

material are listed. The calculated diffusion length for Fe atoms at 1000 °C after 7 min is 

about 300 µm and at 1150 °C approximately 465 µm.  

These values highlight how critical impurities at high temperatures are. In Figure 5-23 (right) 

the differences in effective lifetime for 1 cm p-type samples passivated by Al2O3 without 

and with diffusion barrier are shown. Due to the possible breakdown of the 275 nm SiOx as 

diffusion barrier a thermal SiOx in combination with an ONO layer stack (2 µm SiOx, 100 nm 

SiNx, 2 µm SiOx) by PECVD was used. At 1100 °C an improvement of four times from 19 µs 

to 83 µs and at 950 °C an increase by almost 100 % from 121 µs to 219 µs can be achieved by 

applying a diffusion barrier against metal impurities.  
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Table 15: Diffusion coefficient by [175, 176] and calculated diffusion length of specific 

metal impurities in c-Si material at 1000 °C and 1000 °C. 

temperature DFe [m²s
-1

] LFe [µm] DTi [m²s
-1

] LTi [µm] DNi [m²s
-1

] LNi [µm] 

1000 °C 2.23 x10
-6

 306 2.07 x10
-11

 2.02 2.76 x10
-5

 1350 

1150 °C 5.14 x10
-6

 465 9.75 x10
-11

 0.98 4.33 x10
-5

 1080 

 

However, this does not explain where the metal impurities come from and more importantly 

how they reach the silicon surface. There is no apparent reason since the same quartz material 

is used in a commercial tube diffusion furnace (producer specifications validated by INAA 

measurements at the University of Mainz) and the gases used have a certified quality of 6N 

with an additional purification process of hydrogen by a palladium cell.  

The major difference between the diffusion furnace and the APCVD reactor is the process 

temperature of 1150 °C. In comparison, the diffusion takes place at about 850 °C and some 

oxidations as well as defect annealing process take place at 1050 °C. The duration is similar 

because the defect annealing as post processing after ion implantation can take up to 60 min. 

In Figure 5-24 (left) the lifetime measurement of similar silicon wafers after different 

oxidation and annealing processes in the diffusion furnace are shown. After the different 

oxidations of 105 nm and 275 nm and in the last case an emitter drive-in combined with an 

oxidation of 105 nm the wafers show similar effective lifetimes. The additional drive in 

process only results in a minor degradation of 14 % from 83 µs to 72 µs.  

However, in this case the material is not limited by the degraded bulk material but by the 

different surface recombination velocities. This can be proven if the SiOx on all samples is 

etched away using HF 50 % and the same 60 nm SiNx passivation by PECVD which was used 

before is applied. The results of this experiment show that the processed samples recover to 

high effective lifetimes above 3 ms (see Figure 5-24 (right)). 

 

  

Figure 5-24: Effective minority carrier lifetimes for three different oxidation processes 

in a tube furnace (left) and a comparison between the same samples with 60 nm SiNx 

and 105 nm SiO2 as passivation layer (right).  
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The determination of absolute concentration of impurities inside the silicon material by SIMS 

or GDMS has proven to be difficult, because the concentrations are below the detection limit 

which is, depending on the measurement setup, approximately at NFe = 5x10
15

 cm
-3

. However, 

the impurity concentration can be evaluated by the change in lifetime due to the formation of 

interstitial Fei from FeB complexes (see Table 16). This indirect estimation by PL and QSSPC 

measurements of a 1 cm p-type FZ reference wafer with no treatment showed a 

concentration of 1.0x10
8
 cm

-3
. The annealed wafers at 1100 °C and 1000 °C for 4 min exhibit 

an NFe above 2x10
11

 cm
-3

 or about 0.01 ppb which corresponds to a decrease in SRH lifetime 

by 1.5 orders of magnitude (see Figure 5-8). However, these values are far below the Fe 

concentration in the quartz carrier of 28.65 ppb measured by INAA. The difference is due to 

the solubility of Fe in silicon and quartz as well as the limited diffusion due to a lower 

temperature in the quartz carrier. 

 

Table 16: Impurity concentration in silicon wafers after annealing process  

Type of sample/Temperature  no process 950 °C 1000 °C 1050 °C 1100 °C 

NFe [1/cm³] with ONO  2.1x10
10

 1.4x10
11

 2.2x10
11

 3.3x10
11

 2.8x10
11

 

NFe [1/cm³] without ONO  1.0x10
8
 1.1x10

11
 2.8x10

11
 2.7x10

11
 4.1x10

11
 

 

Another difference between the tube diffusion furnace and the RTCVD160 is the ambient 

gases which are used. In the case of the diffusion furnace only the application of N2 and Ar is 

allowed. For the standard silicon deposition, using TCS as precursor, H2 is used for the 

duration of the deposition and also during the heating and the cooling ramp. In Figure 5-25 

(right) the annealing process at 1000 °C and 1120 °C in the RTCVD100 with N2, Ar and  

H2 as ambient gases is shown. The dependence of the degradation effect on the ambient gas is 

apparent. The difference in lifetime between Ar, N2 and H2 suggests an increased diffusion 

coefficient inside the silicon or at the silicon surface depending on the ambient gas which has 

been reported in literature before [167]. 

 

  

Figure 5-25: Effective minority carrier lifetimes by calibrated PL measurements show 

the LID of 10 cm CZ material after RTA in the RTCVD100 (left) and effective 

lifetimes of two different annealing processes at 1000°C and 1120°C with different 

ambient gasses (right). 
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These results also suggest an increased transport of impurities from the quartz carrier or the 

ambient gas flow into the silicon material. The light induced degradation (LID) of CZ 

material after a rapid thermal annealing is complementary to the investigation of the general 

degradation effect of silicon material. Therefore, the LID degradation was studied using the  

RTCVD100 reactor. The results in Figure 5-25 (left) show that the annealing process is not 

suitable to bring the BO complex from the activated mid band gap position into the sub band 

gap position as described in [177]. These findings denote that the LID has to be taken into 

account, if the oxygen and boron concentrations inside the deposited silicon films are above 

the critical limit.  

In summary it can be stated that the degradation in material quality during an APCVD process 

is dominated by the diffusion of metal impurities. The formation of crystal defects measurable 

with etch pit density experiments (does not include point defects) due to the high temperature 

regime and the cooling ramp also contributes to the decrease in effective lifetime but is no 

dominating factor. However, the decrease in lifetime cannot be attributed to metal impurities 

alone, which suggest an additional possibly crystallographic degradation mechanism.  

In numerous publications various effects and mechanisms are being discussed. In [169] it is 

suggested that dangling silicon bonds at the silicon surface could result in vacancies which 

propagate into the silicon bulk at high temperatures. However, if the dangling bonds are 

saturated by the deposition of a dielectric passivation layer the thermal degradation by 1 D 

crystallographic dislocation can be reduced [169]. This hypothesis is supported by various 

groups reporting on the degradation of p-type and n-type wafers during the defect annealing 

[178, 179] and rapid thermal processing [180] in a commercial tube furnace. In [165] a 

discrepancy between deep level transient spectroscopy (DLTS) measurements and measured 

lifetime is shown. Although a different conclusion is drawn, these findings could also suggest 

an additional degradation mechanism. In case of [178] the impurity diffusion into n-type 

material during the defect annealing after ion implantation in a diffusion furnace was ruled 

out as degradation mechanism due to the fact that the sub band gap energy level 

corresponding to the SRH lifetime measurements did not change. 

The presented results in this thesis and the investigations described by literature underline the 

complexity and the difficulties in characterisation of the silicon lifetime degradation due to 

high temperature processing. However, these findings have been used to adjust and change 

the silicon deposition process at Fraunhofer ISE. 
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 Summary 5.4

 

In this chapter the challenges presented for reliable minority carrier lifetime 

measurements on various cSiTF have been discussed. Based on the presented improvements 

in the MWPCD measurements (upgraded setup, improved measurement routine) the signal 

intensity has been increased from approximately 4 mV to values above 35 mV.  

In combination with a new analysis algorithm, which incorporates the effect of carrier 

trapping on the decay transient, it is possible to determine reliable effective minority carrier 

lifetimes below 1 µs of various cSiTF. Additional experiments to determine the influence of 

the excitation laser wavelength, the excess carrier density, the substrates and the passivation 

have been evaluated. In summary in can be stated that cSiTF deposited in the RTCVD160 

show an effective diffusion length of about 90-120 µm and epitaxial cSiTF on recrystallised 

templates of 50-80 µm. Additional MDP, LBIC and IQE measurements of cSiTF solar cells 

validate the results by MWPCD.  

Furthermore, QSSPC measurements of wafers with epitaxial emitters and experiments to 

investigate the material degradation at high temperatures were shown. The effective lifetime 

and emitter saturation current measurements underline the successful optimisation of the 

epitaxial emitter deposition. At 1050 °C the effective minority carrier lifetimes of 200 µs for 

p-type and 250 µs for n-type showed an increase of more than one order of magnitude 

compared to the standard epitaxial process at 1150 °C. The emitter saturation current of J0e 

< 50 fA/cm
2
 for p-type and J0e < 35 fA/cm

2
 for n-type FZ wafers show the potential for an 

application into industrial and high efficiency solar cell concepts.  

In the last paragraph the lifetime degradation of silicon substrates by crystal defects and metal 

impurities during the standard deposition process above 1100 °C has been analysed. The 

increase in crystal defect density to values of 10
3
-10

4
 1/cm

2
 caused by the high peak 

temperature and the cooling ramp can be ruled out as the dominating degradation mechanism. 

Thus, the diffusion of impurities depending on duration, ambient gas and temperature in the 

reactor has been identified as the dominating effect. In case of iron an increase in 

concentration NFe from 1.0x10
8
 cm

-3 
to values above 4x10

11
 cm

-3 
after a 4 min annealing 

process at 1100 °C shows the significance of this degradation effect. Additional experiments 

to identify the source of these metal impurities and to prevent the degradation are ongoing. 
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6 Crystalline Silicon Thin Film Solar Cells 
 

The process development towards deposition temperatures below 1050 °C of Chapter 3 

and the presented crystallographic and electrical characterisation methods of Chapter 4 and 

5 lead to a better understanding of crystalline silicon thin films (cSiTF) by atmospheric 

pressure chemical vapour deposition (APCVD) [4]. Based on these results the deposition 

process has been improved and n- and p-type cSiTF solar cells have been processed. The 

development of new concepts and the comparison with previous solar cell results on porous 

silicon 19.1% [181], thin film silicon solar cells prepared by zone-melting recrystallisation 

16.5% [182] and thin silicon films with interdigitated contacts 19.2% [183] will show the 

advantages and disadvantages of recent developments. The fundamentals of silicon solar cells 

will not be discussed but can be found in [74, 75, 149]. 

 

 Introduction 6.1

 

The potential of cSiTF solar cells to reduce material cost and to reach competitive 

efficiencies has been proven by the development of various concepts (see Figure 6-1) like the 

epitaxial wafer equivalent (EpiWE) with efficiencies up to 17.6 % [4], cSiTF roll off [184] 

and lift of concepts with= 20.6% [2] or cell concepts based on recrystallised silicon films 

IntegRex [9] and RexWE with = 16.5 % [182].  

These concepts combine the process technology and stability of wafer cells with the 

advantages and technologies of thin film approaches. The key feature these cSiTF concepts 

have in common is the use of an epitaxially grown absorber layer of 25-50 µm. Therefore, the 

development of a cost efficient, high throughput, high quality, industrially feasible deposition 

process in combination with solar cell processing is one of the the primary objectives. 

 

 
Figure 6-1: Solar cell schematic (not in scale) of the EpiWE concept [4] with silicon 

substrate (left), the integrated interconnected IntegRex concept [9, 182] (middle) and 

thin film lift off concepts [2] (right), modified from [185]. 
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The development of the EpiWE [4, 14] and the RexWE [8, 16, 60, 61] concepts have been 

done at Fraunhofer ISE for more than 10 years. The pn-junction can be deposited by epitaxial 

deposition (see Chapter 7) or by the state of the art POCl3 and BBr3 diffusion process. Solar 

cell simulations for the concept optimisation [15] in combination with experiments to 

characterise the material quality [142] have been carried out. The critical parameters of this 

concept (see Figure 6-2) are the absorber doping concentration, the absorber thickness, the 

absorber lifetime, the BSF thickness and BSF doping concentration. The BSF thickness and 

doping remain the same for the following experiments if not stated otherwise. 

 

 
Figure 6-2: The p-type EpiWE solar cell concept using a highly doped silicon substrate, 

an Al metallisation at the backside, a diffused POCl3 or epitaxial emitter and oxide 

passivation on the front side. 

 

 Potential of Improvement of Standard EpiWE 6.1.1

 

The deposition process and the material quality depend on various factors including the 

previous processes, the sample cleaning, the sample surface, the state of the reaction chamber, 

the quality of the used precursor, substrates and doping gases as well as changes in 

temperature and pressure. The reduction of these systematic errors has been achieved by 

applying the same RCA cleaning to all samples and by monitoring the process parameters as 

well as the state of the reaction chamber.  

The stability of the experimental conditions and the limitation of the laboratory reactors in 

terms of reproducibility are shown by the reference batches. These batches of monocrystalline 

EpiWE solar cells are used to monitor the standard deposition process and the material 

quality. This simplified concept uses a 120 /sq. diffused emitter and includes no 

texturisation or dielectric layer for back side passivation. The characterisation of the reference 

batches includes etch pit density (EPD), effective lifetime, homogeneity and spreading 

resistance profile (SRP) measurements. The resulting IV characteristic of the last three 

batches is shown in Table 17. These batches will also provide the data to validate simulations 

and to compare all following changes to the deposition process. The best open circuit voltage 

for the reference cell process that has been achieved was 643 mV in the RTCVD160. 
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Table 17: IV measurements of reference batches at RTCVD160 and RTCVD 100

Material (20x20mm², CZ;  

0.425-0.575 cm, p-type) 

Voc  

[mV] 

Jsc      

[mA/cm²] 

FF      

[%] 



[%]

EpiWE  

RTCVD100 at 1120 °C 
1*)  

 

630     

± 4 

29.6       

± 0.6 

76.1       

± 3 

14.2       

± 0.7 

Best cell 635 30.7 76.5 14.9 

EpiWE  

RTCVD160 at 1150 °C 
2*)

 

638      

± 4 

29.4       

± 0.6 

79.8       

± 1 

14.9       

± 0.3 

Best cell 636 30.3 80.6 15.5 
1*)

 Average of 13 solar cells          
2*)

 Average of 48 solar cells 

 

BSF formation by epitaxial deposition or by in-situ diffusion  

 

The benefit of the formation of an epitaxial BSF compared to the industrial produced      

l-BSF is limited and strongly depends on the solar cell concept. Depending on the substrate 

material, the substrate quality and the substrate doping the BSF can serve as backside 

passivation and lateral conductive layer.  

For the EpiWE concept the PC1D simulation and experimental results show only minor 

improvements of about 1.3 mV due to lower interface recombination of Sint = 1000 cm/s. In 

case of the integrated interconnected IntegREX concept or the lift off concepts the formation 

of a BSF can be more beneficial or even necessary for sufficient lateral conductivity. Apart 

from characterisation and optimisation of the epitaxial BSF an alternative approach has been 

developed. This approach is based on the diffusion from the gaseous phase into the silicon 

using B2H6 during the heating ramp of the typical epitaxial process. The resulting BSF 

thickness and doping concentration compared to the standard epitaxial BSF can be seen in 

Figure 6-3 (left). 

 

  

Figure 6-3: SRP measurements (left) and corresponding EPD measurements (right) of the 

epitaxial and the in-situ diffused BSF processed at the RTCVD160. 
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The duration of the optimised diffusion process takes 10 min at 1150 °C with a B2H6 gas flow 

of 7000 sccm. The resulting BSF profile with a thickness of 2-3 µm can be described by a 

typical diffusion profile from an unlimited source with a specific concentration in 

combination with an out diffusion during the actual deposition process. The BSF deposition is 

done in 2 min at 1150 °C with 1000 sccm of B2H6. A comparison between the diffused and 

the epitaxial BSF shows that the peak concentration NA,BSF is similar at about 2x10
19

 cm
-3

 

despite the difference in process parameters. In comparison a diffusion using 7000 sccm at the 

end of the high temperature process leads to a peak boron concentration of 8x10
19

 cm
-3

. The 

difference of these results can be explained by out diffusion for the duration of the deposition 

process which is approximately 35 min at 1150 °C.  

An additional topic which has been investigated was the impact of the in-situ diffused surface 

properties on the epitaxial interface and the material quality. A comparison between the EPD 

of the epitaxial BSF 9.6x10
3
 1/cm² and the diffused BSF 1.3x10

4
 1/cm² is shown in Figure 6-3 

(right). The results point out that in average there is no significant change in material quality 

of the epitaxially grown absorber layer, but a larger mean variation for the diffused samples. 

There is also a small difference between the highly doped material 7.3x10
3 

1/cm² and 

1.5x10
4 

1/cm² for the 1 cm materials due to the stress induced into the lattice by high doping 

concentrations. 

 

Layer thickness optimisation  

 

The balance between cost effective processing and the increase in efficiency of cSiTF 

concepts based on epitaxial deposition is always correlated with the layer thickness, the layer 

quality and the optical confinement. 

In the following experiments the layer thickness as one of the critical parameters will be 

varied. The substrate used is highly doped (> 1x10
18

 cm
-3

) mc material which is similar to the 

material used in a possible large scale production. The thickness variation from 8.5 µm to 

50.5 µm changes the normalised generation rate g (see Equation 6-1) which is depending on 

the absorption coefficient α and the layer thickness z [186].  

 

 (   )   ( )   ( )   6-1 

 

In combination with the probability of generation φ (see Equation 6-2) depending on the 

absorber thickness dabsorber, the diffusion length in the absorber La, the diffusivity in the 

absorber Da and the interface recombination velocity Sin it is possible to calculate the IQE.  
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Based on the equation 6-1 and 6-2 the IQE can be determined by the integration over the 

layer thickness depending on generation rate g and the probability of generation φ according 

the equation 6-3 [186]. 

 

   ( )  ∫  (   )
  

  

 ( )   
 

6-3 

 

The actual short circuit current can now be calculated using Equation 6-4 [19]. Here the 

reflection properties Rges of an untextured mc solar cell with a double layer anti reflection 

coating (DARC), a 120 /sq. diffused emitter and a 10 nm oxide passivation as well as the 

calculated internal quantum efficiency IQE, the wavelength , the elementary charge q and 

the photon energy EAM 1.5 are needed. 

 

 

The experimental results which are shown in Figure 6-4 are in good agreement with the 

simulation by [187, 15] and the calculations. The increase in JSC of 13% from 26.7 mA/cm² 

for an absorber thickness of 8.5 µm to 30.3 mA/cm² for a 39.2 µm absorber follows the 

correlation to the absorption coefficient. Therefore a further increase in thickness from 

39.2 µm to 50.5 µm only results in a JSC of 0.5 mA/cm² which is an increase of 1.7%. A 

further increase is also inhibited by the lifetime of the layer and the corresponding diffusion 

length of 70-90 µm (measured by LBIC). Furthermore, the conducted simulations predict a 

slight decrease of open circuit voltage VOC by increasing the layer thickness due to the change 

in built in potential [188, 75] which is shown by this experiment as well. The increase in bulk 

lifetime by increasing layer thickness reported by [142] which would lead to an increase in 

VOC cannot be validated by this experiment. The record efficiency of 13.8% for the EpiWE 

concept on mc material shows the potential for a cSiTF solar cell without backside reflector 

and front side texturisation as depicted in Figure 6-4 (right). 

     ∫    ( ) (      )
 

  
        ( )    
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Figure 6-4: IV characteristic measurement at one sun of EpiWE solar cell with an 

active layer thickness from 8.5 to 50.5 µm (left) and the solar cell concept used in this 

experiment (right). 
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Plasma texture for epitaxial silicon thin film 

 

Since the cSiTF concepts with an absorber thickness of approximately 25 µm are limited 

by diffusion length and current, the application of a surface texture is necessary. Apart from 

the reduced reflection, the amount of scattered light with an increased path length is crucial 

especially for cSiTF concepts. The main advantage of the plasmas texture compared to the 

wet chemical texturisation process is that it is a single step process, without prior masking or 

wet chemical pre-treatment and with an abrasion loss of only 1-3 µm. The development and 

the incorporation into the EpiWE cell concept at Fraunhofer ISE has been done by [189], 

further details and additional optimisation can be found in the corresponding literature [190, 

191]. A recent solar cell batch shows the good antireflection properties with an increase in JSC 

of 6.8 mA/cm² and a similar VOC of 629.8 mV prior to the deposition of a DARC. 

Unfortunately, this advantage is significantly reduced after the deposition of TiOx and MgFx 

as DARC and an additional sintering process. In this case the solar cells with plasma 

texturisation show JSC of -1.1 mA/cm² and VOC of -8.3 mV compared to the standard 

EpiWE possibly due to higher surface recombination velocity. 

 

Backside reflector by epitaxial lateral overgrowth  

 

The highest potential for improvement of cSiTF is the implementation of an effective 

light trapping concept [19]. The front side texture itself can only reduce the reflection and 

increase the path length by scattering. The addition of a backside reflector by epitaxial lateral 

overgrowth (ELO) or a porous Si layer (PSL) is necessary to increase the backside reflection 

and to allow the light at high wavelength to pass the absorber layer multiple times and 

therefore significantly increase the path length. The ELO concept includes a dielectric layer as 

backside reflector which is structured and opened prior to the deposition process [83]. These 

openings of the dielectric layer allow the epitaxial overgrowth during the deposition process. 

A thorough analysis of this concept and the process optimisation using SiOx as back reflector 

has been done by [19]. 

 

 EpiWE with n-type absorber and KOH texture 6.1.2

 

Another concept to improve the efficiency is the deposition of an n-type absorber in 

combination with the optimised epitaxial p-type emitter. This concept (see Figure 6-5) uses 

the advantages of the material quality and material properties of n-type silicon [192, 193]. It 

also benefits from the recent progress made in n-type material crystallisation as well as the 

advancements in passivation of boron emitters [194]. This n-type EpiWE batch serves as a 

proof of concept and was processed in the RTCVD160. The batch consisted of solar cells with 

a front side texturisation by KOH and with an epitaxial p-type emitter. The texture by random 

pyramids has been etched by 2% KOH and IPA at 81°C. Due to the lack of highly doped 

monocrystalline n-type silicon > 1x10
18

 1/cm³ (below 0.02 cm) standard 1 cm FZ material 

was used in this batch. 
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Furthermore, the resistivity of the epitaxially deposited absorber of 25 µm (before 

texturisation) was limited to 0.085 cm which corresponds to a doping concentration of 

1x10
17

 1/cm³. This limitation was caused by the different incorporation mechanism, the 

parasitic boron doping background in the reactor and the MFC used at the RTCVD160. These 

problems can be solved but their influence on the cell performance has to be taken into 

account. The solar cell results in Table 18 prove the feasibility of this concept, but also 

indicate some of the problems with the adhesion of the front side metallisation and            

anti-reflection coating (ARC) in combination with the epitaxial boron emitter. These 

problems will be discussed in more detail in the next Chapter. 

 

Table 18: IV measurements of monocrystalline n-type EpiWE solar cells

Material (20x20mm², FZ;  

2.5-3.5 cm, n-type) 

Voc  

[mV] 

Jsc      

[mA/cm²] 

FF      

[%] 



[%]

EpiWE  

RTCVD160 at 1150 °C  

650     

± 5 

26.6       

± 0.6 

78.2        

± 4 

13.0         

± 0.7 

Best cell 654.7 26.0 81.6 13.9 

Simulated best cell with proper ARC 658 29.9 81.6 16.0 

 

The good VOC of 655 mV compared to 636 mV for the p-type concept shows some of the 

advantages and the good passivation quality using Al2O3. The poor JSC values of 

26.6 mA/cm², which include a possible contribution by the substrate despite the deposition of 

a BSF (3-5x10
18

 1/cm³), can be explained by the insufficient quality of the random pyramids 

and the ARC of this solar cell batch. Despite poor adhesion the FF of about 81.6 % is a good 

result. Thus, the resulting total area efficiency of 13.9 % (simulated 16.0 % with proper ARC) 

is a good starting point for further optimisation. 

 

 

  

 
Figure 6-5: The EpiWE n-type solar cell concept with texturisation as well as epitaxial 

emitter. 



100 6 Crystalline Silicon Thin Film Solar Cells 

 

 

 EpiWE Concept using cSiTF deposited below 1100 ºC 6.2

 

The deposition below 1100 °C can be separated into two applications for cSiTF solar 

cells which will be discussed in the following subchapters. The first application is the 

epitaxial deposition with reduced thermal budget, reduced operational cost and unique growth 

regimes for the EpiWE, RexWE, ELO and the IntegRex concept. Secondly, the direct 

deposition of µcSiTF which can be used as an active absorber layer, a seed layer for 

recrystallisation and conductive intermediate layer for different solar cell concepts.  

 

 Epitaxial deposition below 1100 °C for cSiTF solar cells 6.2.1

 

In the following experiments the deposition temperature which is the most significant 

deposition parameter will be changed. The substrates used are highly doped (< 0.25 cm) mc 

wafers similar to the material used before. The depositions have been made at the RTCVD100 

in a temperature range from 970 °C to 1120 °C. Due to process variations and the change in 

deposition rate an unintended layer thickness variation from 22.8 µm to 18.4 µm has to be 

taken into account. In Figure 6-6 (left) a steady reduction in VOC from 1120 °C to 1020 °C 

caused by a decreasing material quality can be seen. The solar cell results also display a 

significant drop in VOC of 44 % to 398 mV between 1020 °C and 970 °C. Since the FF shows 

a similar behaviour the efficiency is dropping from 11.8 % to 6.9 % despite a similar JSC of 

approximately 29.2 mA/cm². The IQE measurements of these solar cells for three 

temperatures are shown in Figure 6-6 (right). These measurements show the losses above 

600 nm for the solar cells deposited at 970 °C due to the insufficient material quality. The 

IQE difference between mc and CZ material deposited at 1120 °C above 800 nm and the 

losses of 3-4 % over the whole spectrum are caused by the limited diffusion length. This 

limitation is due to grain boundaries and the possible dissolution of impurities from the grain 

boundaries at high temperatures. Although there could be a small increase in VOC by the 

addition of HCl to the gas mixture, an epitaxial deposition below 1045 °C using TCS as 

precursor with high material quality is difficult to achieve. 

  

Figure 6-6: IV characteristic of EpiWE solar cell with a variation in deposition 

temperature at the RTCVD100 from 970 °C to 1120 °C (left) and corresponding IQE 

measurements of these solar cells  (right).  
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The increase in material quality by adding HCl to the gas mixture has been indicated by EPD 

measurements (see Chapter 3.2 or [195]) and was investigated by a solar cell batch using 

monocrystalline, p-type FZ material with a resistivity of 0.4-0.6cm. The deposition has 

been done at the minimum temperature for the epitaxial depositions at the RTCVD160. For 

the deposition without HCl the temperature is at 1000 °C and with HCl at 975 °C. Below this 

temperature the deposition process becomes critical [26]. This means that despite the 

deceleration of the decomposition process and a faster etching reaction due to the increase in 

HCl concentration (change in Cl/H ratio from 0.7 to 1.3) the deposition rate is still relatively 

high (100-300 nm/min). These effects in combination with the temperature dependent 

reduction of the mobility of absorbed atoms at the silicon surface results in the critical growth 

of silicon. This means that an adsorbed Si atom cannot reach a suitable kick side in the crystal 

lattice with a minimum binding energy. An alternative explanation for critical growth at high 

temperatures in combination with high deposition rates is based on the formation of Si 

clusters at the surface and in the boundary layer [26]. Under these conditions the epitaxial 

growth turns into µcSiTF deposition. These layers as shown in Chapter 4 can be limited by 

high defect concentrations and induced internal stress. In Table 19 the solar cell results of this 

batch are shown. 

 

Table 19: IV measurements of EpiWE solar cells on FZ wafers at temperatures < 1100 °C.

Material (20x20mm², FZ;  

0.425-0.575 cm, p-type) 

Voc  

[mV] 

Jsc  

[mA/cm²] 

FF  

[%] 


[%]

EpiWE at 1000 °C without HCl 423 ± 8 31.1 ± 0.2 62.3± 0.5 8.2± 0.2 

Best cell 432 31.3 61.9 8.4 

EpiWE at 975 °C with HCl 437 ± 8 32.7 ± 0.1 61.4± 0.6 8.7± 0.2 

Best cell 443 32.6 61.9 8.9 

Average of only 3 cells     

 

Despite a further reduction of 25 °C the VOC at 975 °C with 442.7 mV is approximately 10 

mV higher compared to the deposition at 1000 °C. This proves that the addition of HCl moves 

the minimum deposition temperature for epitaxial growth and also improves the material 

quality. The improvement in material quality is not only correlated to the decrease in 

deposition rate in this critical regime but also to a possible increase in gettering efficiency 

[39]. Nevertheless, the promising EPD results (9.7x10
3
 1/cm² at 1000 °C with HCl compared 

to 7.3x10
3
 1/cm² at 1150 °C without HCl) lead to the false conclusion that based on the 

correlation between EPD and bulk lifetime the material quality at 1000 °C could be similar to 

the silicon layers deposited at 1150 °C (as discussed in Chapter 3.2). The difference in 

material quality has also been investigated by lifetime and Raman measurements on these 

cSiTF. The explanation is connected to the recombination intensity Γd which has been 

determined by a calibration based on the standard deposition parameters at 1150 °C. 

Therefore the correlation to determine the diffusion length Leff  based on EPD measurements 

which has been used by [4, 60] can either be applied for the standard deposition parameters 

only or if the recombination intensity Γd has been determined for the specific process. 
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In summary the reduction of deposition temperature (between 1150 °C and 1000 °C at the 

RTCVD160) is always correlated with a decrease in VOC. The compensation of this effect by 

the addition of HCl is limited because despite a decrease in EPD the recombination intensity 

Γd of these crystal defects increases significantly. 

 

 Solar cells with microcrystalline absorption layer 6.2.2

 

The motivation to deposit µcSiTF at temperatures below 1000 °C was driven by two 

incentives. First the temperature decrease reduces operational cost and reduces the thermal 

load on the deposition tool and on temperature sensitive substrates. The second motivation is 

the increasing industrial interest for high throughput deposition of µcSiTF for 

microcrystalline solar cells, tandem cells, as seed layer, conductive encapsulation or as 

diffusion barrier. In the following subchapter solar cells with a µc absorber deposited below 

1000 °C will be shown. Subsequent, solar cells with microcrystalline absorber and cell 

concepts using µcSiTF as seed layer (see Figure 6-7) will be discussed. 

 

 
Figure 6-7: Solar cell concepts based on µcSiTF as seed layer from UNSW (left) [196] 

and HZB (right) [118]. 

 

The first fabrication of μc-Si:H using PECVD was performed in 1979 [197]. The best solar 

cell on glass superstrates using a µcSiTF results in efficiencies above 12 % [198]. Increased 

efficiencies up to 15.0 % are reached [199] when using a micromorph tandem structure and an 

efficient light trapping. Recently, United solar presented a module with an aperture efficiency 

of 12.4 % [200]. 

The direct deposition by APCVD of microcrystalline silicon (µc-Si) films at temperatures 

between 850 °C and 950 °C introduces the possibility to combine thin-film solar cell 

advantages with a mid-temperature, high throughput deposition process for various cell 

concepts. Without additional processes like SPC or rapid thermal annealing (RTA) after the 

PECVD deposition it is possible to achieve similar and even better crystal quality and grain 

size (see Chapter 4). As mentioned before it is possible to deposit a µc-Si n- and p-type front 

surface field, emitter, base and back surface field in one process with a deposition rate of   

0.2-1.4 µm/min using standard process conditions. Therefore, it is possible to form a defined 

pn-junction not based on overcompensation by diffusion and with less diffusion at grain 

boundaries and therefore higher shunt resistance. 
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Simulation and concepts of solar cells with µcSiTF 

 

Solar cell parameters of different microcrystalline and polycrystalline layers by SPC, 

laser crystallisation and electron beam crystallisation have already been simulated [201], 

[202]. Based on these simulations and preliminary experiments the cell concept with µcSiTF 

on conductive substrates with front and backside metallisation using PC1D (see Figure 6-9) 

have been simulated. The minority carrier lifetime of µcSiTF is a critical factor for these 

simulations. Measurements with an updated MWPCD tool at Fraunhofer ISE showed 

effective minority carrier lifetimes of 150-300 ns. However, it is not possible to calculate 

reliable effective diffusion lengths Leff and the matching optimal layer thickness, because the 

mobility of µcSiTF is still under investigation. The literature reports a mobility of 

>260 cm²/Vs [202] which is close the mobility of c-Si. However, a publication by [203] 

presents a mobility for µcSiTF below 2 cm²/Vs determined by Hall measurements. Due to the 

fact that the crystalline structure and properties of µcSiTF strongly depends on the fabrication 

process and the post treatment the mobility used for simulation has to be assessed carefully.  

In Figure 6-8 (left) conservative simulations of the solar cell efficiencies depending on base 

layer thickness for lifetimes between 3 µs and 1 ns (using µp of 60 cm²/Vs) are shown. The 

limitation of solar cell efficiencies below 9 % due to insufficient diffusion length for lifetimes 

below 10 ns underlines the importance of optimising the absorber thickness to the material 

quality. In Figure 6-8 (right) the base doping concentration and the absorber thickness have 

been changed to determine the maximum cell efficiency. Based on the measured lifetime of 

approximately 200 ns an optimum base doping concentration of 5x10
16

 cm
-3

 has been 

determined. In conclusion, the simulations have shown microcrystalline silicon solar cells 

with an optimised base thickness of 6 µm. This layer thickness led to efficiencies of 11.2% 

with an open circuit voltage VOC of 550.5 mV and short circuit current ISC of 29.5 mA.  

 

  

Figure 6-8: Simulations of efficiencies depending on base doping concentration and layer 

thickness (left) and efficiencies with base doping of 5x10
16 

1/cm³ depending on lifetime and 

base layer thickness (right) for cell concepts with  µcSiTF by APCVD. 
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In Figure 6-9 the two concepts for solar cells with µcSiTF are shown. The major difference 

between the concepts is the contact formation. However, in both concepts the µcSiTF are 

directly grown by APCVD on substrates with SiOx or SiNx as intermediate layers. The 

deposition process from 850 °C up to 1150 °C is based on the optimisation in Chapter 3.4. 

The solar cell structure features an approx. 2 µm thick BSF and a 10 µm absorber. The BSF is 

relatively thick because it acts not only as field effect passivation but also as a buffer layer 

because the first 2 µm of directly deposited µcSiTF show very high levels of stress and small 

grain sizes.  

In case of the concept with single side contact formation (see Figure 6-9 (left)) the substrates 

do not have to be conductive. As a result, a single side metallisation process with mesa 

structuring was applied. This batch also evaluates two different emitters, a µcSiTF emitter 

(750 nm) by APCVD and an amorphous silicon (a-Si) heteroemitter by PECVD. Additionally, 

samples with and without rapid thermal anneal (RTA) or remote plasma hydrogen passivation 

(RPHP) treatment have been processed for this experiment. The experiments investigating the 

concept with single side contact formation have been done as part of the PolySiMode
2
 project 

and are the result of a corporation with Imec
3
. 

 

 

The second concept, including a front and back side contact formation is connected with the 

conductive substrates by laser fired access (LFA) after the BSF deposition (see Figure 6-9 

(right)). The pitch has been optimised using Pitchmaster Version 2.1, a simulation tool 

developed by ISE. Furthermore, experiments to test the etching of the mesa structures using 

8 % KOH at 85 °C with 0.9 ± 0.1 µm/min, 40% KOH at 85 °C with 0.8 ± 0.1 µm/min and 

plasma etching with 1.7 ± 0.2 µm/min have been done. 

                                                 
2
 PolySiMode, is a European project funded under the seventh framework programme (contract no. 240826) 

with the objective to improved polycrystalline-silicon modules on glass substrates  

3
 Imec, formerly the Interuniversity Microelectronics Centre, is a micro- and nanoelectronics research centre 

with over 2080 people headquartered in Leuven, Belgium. 

 
Figure 6-9: Solar cell concepts (not in scale) with  µcSiTF deposited by APCVD on 

nonconductive substrates with single-side contacts (left) and with front and backside 

metallisation on conductive substrates (right).   

http://en.wikipedia.org/wiki/Microelectronics
http://en.wikipedia.org/wiki/Nanoelectronics
http://en.wikipedia.org/wiki/Leuven
http://en.wikipedia.org/wiki/Belgium
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Solar cell results and characterisation 

 

After the solar cell simulations based on the characterisation in Chapter 4.3 and the 

development of two suitable solar cell concepts the solar cells have been processed and 

characterised. Apart from the proof of concept the goal of the first batch was the comparison 

of a µc-Si emitter and an a-Si emitter. Therefore the single-side contact scheme has been 

adjusted to the low temperature processes of a-Si emitter. The results (see Table 20) show that 

VOC up to 466 mV have been reached using a 10 µm µc-Si/a-Si layer stack. However, due to 

the lack of light trapping and proper texturing a JSC of only 9 mA/cm² using a non-optimised 

10 µm µc-Si absorber in combination with a µc-Si emitter has been achieved.  

The energy conversion efficiency is also limited by the fill factor of 60% and reaches a 

maximum of 2.8%. A comparison with and without RTA has only been done for the   µc-Si/a-

Si solar cells. In agreement with the µRaman analysis (deposited at 950 °C) the RTA 

treatment features an increase in voltage of 16 mV. In case of the second concept a diffused 

POCl3 emitter has been used in combination with a 10 µm absorber deposited at 950 °C. The 

voltages of 226 mV without and 274 mV with RTA are significantly lower compared to the 

first batch. 

 

 

This can partially be explained by the passivation quality of a-Si emitters, but compared to the 

µc-Si emitter it is still a significant loss in voltage. However, the short circuit current of 

14.7 mA/cm² is a reasonable result for a 10 µm absorber without light trapping and texturing. 

Although similar µc-Si absorber layers have been used in both cases, the different cell 

concepts show different results. The critical process steps like passivation, hydrogenation, 

mesa structuring, and contact formation have to be further investigated and optimised. 

Further characterisation of solar cells with µcSiTF has been done to improve and optimise the 

presented cell concepts. In Figure 6-10 (left) the IQE, EQE and reflection of a solar cell with 

front and backside metallisation (second batch) with diffused POCl3 emitter is shown. The 

reflection of approx. 9 % is typical for µcSiTF solar cells with antireflection coating and a 

rough silicon surface with an intermediate layer. 

Table 20: IV-Characteristics of solar cells comparing µcSiTF with µc-Si emitter and a-Si 

emitter in a concept featuring a single side contact scheme.

Material (20x20mm², FZ;  

0.425-0.575 cm, p-type) 

Voc [mV] Jsc [mA/cm²] FF [%] [%]

µc-Si/a-Si  429 ± 31 8.5 ± 0.3 58 ± 7 2.1 ± 0.4 

Best cell 466 8.4 68 2.7 

µc-Si/a-Si + RTA 445 ± 16 8.5 ± 0.5 62 ±7 2.4 ± 0.4 

Best cell 457 8.8 69 2.8 

µc-Si/µc-Si + RTA 399 ± 31 8.5 ± 0.3 58 ± 7 2.1 ± 0.4 

Best cell 408 9.0 70 2.6 

Average of at least 6 cells 
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Figure 6-10: EQE, IQE, and reflection of a solar cell with front and backside 

metallisation (second batch) with diffused POCl3 emitter and fitting of the contact 

resistance by TLM (right). 

 

The steep decrease of IQE and EQE values above 550 nm is expected for µc-Si material 

featuring lifetimes below 1 µs. The low IQE and EQE from 400 nm up to 500 nm show that 

the diffused emitter on µcSiTF is limited by the high defect densities. TLM measurements 

have been done on simplified test structures and on finished solar cells that have been cut into 

stripes. In Figure 6-10 (right) a TLM measurement of µc-Si solar cells is shown. The 

determination of the contact resistance, series resistance, and the transfer length LT can be 

used to evaluate material properties and to adjust the solar cell design as well as the 

metallisation. However, since the measurements show significant measurement error it is not 

possible to draw a final conclusion. The measurement results of a POCl3 emitter on µc-Si with 

c ≈ 3.4 mcm² and of a µc-Si emitter with c ≈ 7.3 mcm² (c < 6 mcm² no significant 

influence on series resistance [16]) are shown in Table 21.  

The determination of series resistance Rs by fitting the dark IV-curves has not been possible 

because reliable fitting parameters could not be determined. Therefore, SunsVoc 

measurements have been correlated with illuminated IV-curves to determine a Rs of 

0.83 cm² (Rs of 0.6 cm² is only a 2 mV loss in voltage at 0.9 suns [16]). 

 

Despite a low FF the TLM measurements show that the front contact formation itself is no 

limiting factor for concepts featuring µc-Si emitters. Additionally to the presented results 

there have been solar cells with µc-Si seed layer for e-beam crystallisation [118] on 

borosilicate glass as part of a collaboration with HZB. The cell concept used is similar to the 

concept shown in Figure 6-7. The best voltages of VOC = 539 mV have been achieved after 

hydrogen passivation. A record efficiency of 5% with a JSC of 14.3 mA/cm², a VOC of 504 mV 

and FF of 68.8 have been reached without hydrogen passivation. 

Table 21: TLM results of solar cells with evaporated TiPdAg seed layer and plated Ag. 

Emitter type c [mcm²] Rc [] Rsheet [/sq.] LT [µm] 

POCl3 3.4 ± 4.5 2.0 ± 2.5 53 ± 4.2 35 ± 51 

µc-Si 7.3 ± 7.7 2.1 ± 2.9 81 ± 3.5 128 ± 134 
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 Summary 6.3

 

In this Chapter the properties and possible adjustments to the EpiWE concept have been 

investigated. An alternative formation of the BSF by diffusion from a gaseous source with 

similar absorber material quality EPD < 2x10
4
 1/cm² and the integration of a plasma texture 

have been carried out. An optimisation in absorber thickness of approx. 30 µm and the 

evaluation of the deposition at temperatures below 1100 °C have been presented.  

Furthermore the development and a proof of concept including the solar cell process for the n-

type cSiTF with p-type epitaxial emitter by APCVD with a record VOC of 655 mV and an 

efficiency of 13.9 % have been realised. These results will be used to increase the efficiency 

and the overall understanding of the EpiWE, RexWE, Lift Off and IntegRex concepts. 

Additional experiments were conducted to investigate the different applications for the 

µcSiTF by direct deposition using APCVD below 1000 °C. The presented experiments 

evaluate the solar cell properties of µcSiTF by APCVD including the parameters c, eff, Rs. 

The solar cell batches proof the feasibility of these concepts and show a VOC of 466 mV and a 

current of 14 mA/cm² without light trapping and texturing for a 10 µm thick absorber. 

Additional results lead to the conclusion that the absorber layer has to be reduced to a 

thickness of 6 µm. Using µcSiTF as seed layer on glass in combination with e-beam 

crystallisation voltages of 539 mV have been achieved. A more industrial feasible approach is 

the crystallisation by ZMR resulting in voltages of 614 mV [8]. 
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7 High Efficiency Concepts with Epitaxial Emitters 
 

Improvements in passivation and metallisation lead to several high efficiency solar cell 

concepts. Although PERL (Passivated Emitter Rear Locally diffused) solar cells with an 

efficiency above 23 % [204] have been achieved, the diffusion processes with POCl3 [75, 205] 

and BBr3 [206] have emerged as one of the limiting factors to achieve higher efficiencies. The 

formation of high efficiency emitters by APCVD [38, 207] has several advantages compared 

to the state of the art diffusion and can lift some of the limitations. The efficiency potential of 

epitaxial emitters > 22 % has already been proven [3] using a single wafer, low pressure, 

chemical vapour deposition tool. The purpose of this work is to show the potential of epitaxial 

grown emitters by APCVD compared to diffused emitter. 

 

 Introduction 7.1

 

In case of the epitaxial emitter, the profile and the thickness can be independently 

optimised from emitter bulk doping- and surface doping concentration. Therefore it can be 

adapted to match the passivation and metallisation of high efficiency concepts as well as 

industrial approaches like nickel copper plating. The emitter profiles using the RTCVD160 

can be designed in the range from 1x10
17

 cm
-3 

up to 2x10
20

 cm
-3 

for p- and n-type emitters. 

Simulations presented in this thesis continued the work of [38, 208] and show the potential of 

epitaxial emitters by featuring low contact resistance in combination with high shunt 

resistance, a good blue response and a low emitter saturation current. Apart from the material 

optimisation in the previous chapters, two epitaxial selective emitter processes have been 

developed and the deposition process itself has been improved to adjust the emitter profiles to 

the solar cell concepts. Furthermore, the metallisation and the passivation for p- and n-type 

emitters have been investigated and several solar cell batches have been processed. 

 

 Potential and Limitations of Epitaxial Emitters 7.2

 

The standard emitter is produced by diffusion of phosphorus with POCl3 or boron using 

BBr3 as precursor. The diffusion process takes about 45 and 60 minutes respectively and 

requires additional annealing to realise deep emitter profiles. Epitaxial emitters by APCVD 

can lift some of those challenging limitations and offer additional advantages: 

 The emitter deposition (0.25-2.0 µm/min) by APCVD takes only a few minutes  

 The doping profile can be adjusted to match high efficiency concepts 

 No wet chemical etching of PSG or BSG after the deposition is required  

 Shunt formation due to firing can be solved by increasing the emitter depth  

 The contact resistance can be optimised depending on metallisation and passivation 

Apart from the growth of cost effective, high efficiency emitters it is also possible to deposit 

an epitaxial BSF (Back Surface Field) for industrial applications. 



110 7 High Efficiency Concepts with Epitaxial Emitters 

 

 

The preliminary comparison between diffused and epitaxial n-type emitter has been done by 

calculating the emitter- and bulk saturation current (see equation 7-1) [75]. The VOC and JSC 

values have been determined by PC1D simulations using representative emitter profiles. The 

different emitter profiles have been determined by ECV measurements and are shown in 

Figure 7-1 (left). The front surface recombination velocities in dependence on doping 

concentration [209] has been calculated for the diffused and the epitaxial emitter. 

 

 

Figure 7-1: Profiles of the diffused and the epitaxial emitter (left) and the input data of 

an optimised epitaxial emitter (right) for the PC1D simulation. 
 

An actual comparison of the emitter properties is provided by using the same bulk material 

and the same solar cell concept. The input data which is shown in Figure 7-1 (right) has been 

complemented by reflection measurements and lifetime measurements of a reference solar 

cell batch to determine the back surface recombination velocity (Sback) and the bulk lifetime 

(bulk). It is important to stress the fact that these values have been determined for a specific 

cell concept and will be utilised for both emitter types.  
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In Table 22 the simulation results are summarised. The lowest saturation current of 

109.5 fA/cm² has been determined for the 1 µm epitaxial emitter, which is a significant 

reduction compared to 165.6 fA/cm² for the 120 /sq. diffused emitter. The reduction can 

primarily be explained by the reduction in Auger recombination and the improvement in 

surface passivation due to lower surface concentration. 

The increase in emitter thickness from 1 µm to 3 µm leads to a reduction of VOC = -5.3 mV 

and JSC = -0.8 mA/cm². This decrease in performance has to be considered if the emitter 

thickness is increased to meet the requirements of the metallisation process. 
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However, this comparison assumes ideal conditions and does not include the possible 

limitations of the silicon material due to the high temperature APCVD process. 

 

Table 22: PC1D Simulation to compare the potential of epitaxial emitters.  
 

Cell type (FZ; 1 cm, p-type) VOC [mV] JSC  [mA/cm²] J0b+J0e  [fA/cm²] 

1 µm epitaxial n-type emitter 688.1 38.8 109.5 

3 µm epitaxial n-type emitter 682.8 38.0 131.7 

120 Ohm/sq diffused POCl3 677.4 38.8 165.6 

90 Ohm/sq diffused POCl3 675.8 38.8 176.2 

 

 

 Simulation and Optimisation of Epitaxial Emitters 7.3

 

Simulations prior to this work by [38] and [47] have been concentrating on the 

development of an epitaxial n-type emitter for the EpiWE concept. In this work and as part of 

a diploma thesis [80] supervised in the frame of this dissertation these simulations have been 

continued and extended to include wafer based solar cells with epitaxial n- and p-type 

emitters. Based on these simulations, the optimised epitaxial emitter profiles for high 

efficiency concepts have been identified. 

Additional simulations of the in-situ diffusion to form the contact peak by Sentaurus Process 

[210] have been carried out to determine an effective diffusions source. This effective source 

describes the transport of dopants from the gaseous phase to the surface and into the solid 

phase. These simulations in combination with additional experiments have been used to 

optimise the contact peak formation for various deposition temperatures and cooling ramps. 

 

 PC1D Simulations 7.3.1

 

Extensive solar cell simulations using PC1D [67, 68] have been done to analyse the 

influence of four different emitter properties on epitaxial emitters (see Figure 7-2 (left)) 

including contact peak doping (NA,peak), depth factor (DF), thickness (demitter) and emitter 

doping (NA,emitter). Prior to the analysis and optimisation of the epitaxial emitter, the PC1D 

model was validated by experimental results [47, 80].  

The cell concept used for the validation includes a 10 nm SiO2 passivation, a double anti 

reflection coating (MgF/TiOx), evaporated contacts on the front side, a BSF and a full metal 

contact on the back side. The device structure consists of an epitaxial emitter (region 1) and a 

250 µm thick, 1 Ωcm p-type absorber (region 2). The bulk lifetime was set to 20 µs based on 

the lifetime measurement for the deposition without optimisation shown in Chapter 5.3. The 

emitter lifetime (emitter = 5 µs) is defined by Auger recombination at NA,emitter = 2x10
18

 cm
-3

 

and the quality of the epitaxial silicon.  
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Figure 7-2: The optimised doping profile of an epitaxial emitter and the defining 

properties (left) and a comparison of simulated and measured EQE as well as a 

reflection measurements to validate the PC1D simulation (right).  
 

The surface recombination at the front side (Sfront = 100 cm/s), at the back side (Sback = 6000 

cm/s) and at the interface (Sint = 1000 cm/s) have been taken from literature [15, 47]. The 

sheet resistance (Rsheet) was calculated for the specific doping profile of the epitaxial emitter in 

order to get the overall series resistance [80]. The reflectance and transmittance from 250 to 

2000 nm have been measured by using a Varian Cary500i photo spectrometer with an 

integrating sphere. These measurements of the solar cells textured by random pyramids have 

been integrated into the model as well. 

A comparison between the experimental data and the simulation can be achieved by analysing 

the IV curve measurements and the EQE data. The simulated and measured EQE values in 

Figure 7-2 (right) are in good agreement. The difference in the EQE values below 400 nm can 

be explained by a difference in surface passivation as well as emitter and pn-junction quality. 

The deviation between 900 nm and 1150 nm is caused by the fitting of the IQE curve under 

consideration of the escape peak. 

After the simulations have been validated by experimental results, a sensitivity analysis and 

the optimisation of certain emitter parameters was carried out. The sensitivity analysis was 

done to determine the input values which are correlated to the four emitter properties in 

question. Additionally, the Sfront for SiO2 passivated surfaces of n-type emitter was adapted to 

each front surface peak using the model of Cuevas et al. [209]. For the p-type emitter with 

Al2O3 passivation the model of Benick [163] was used. In Figure 7-3 (left) the calculation of 

the Rsheet for a constant NA,peak of 1x10
19

 cm
-3

 and a depth factor of 0.06 is shown. The 

difference in Rsheet (NA,emitter = 1x10
18

 cm
-3

) can change between 270 /sq. for 0.1 µm emitter 

thickness and 10 /sq. for 10 µm. In Figure 7-3 (right) the equation to determine Rsheet from 

an emitter profile is shown [47]. Since the following simulations with four changing 

parameters have been very extensive only the correlation between demitter and NA,emitter for      

n-type emitters will be shown in this chapter. The additional results as well as additional input 

data for these PC1D simulations will be presented in Appendix D.  
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In Figure 7-4 the simulated IV characteristics VOC, JSC, FF and  of n-type emitters are shown. 

According to these simulations the emitter profile has to meet the following specifications: 

 

 demitter above 4 µm in combination with an NA,emitter above 1x10
18

 cm
-3

 leads to 

significant losses in JSC 

 VOC increases with NA,emitter above 4x10
17

 cm
-3

 

 Maximum
 
VOC can be achieved for demitter below 2 µm and  NA,emitter above 3x10

18
 cm

-3
 

 FF shows an increase in combination with higher demitter and higher NA,emitter  

 The maximum efficiency can be achieved for an emitter thickness of 1 µm and 

NA,emitter of 7x10
18

 cm
-3

. 

 

Based on these results the epitaxial n- and p-type emitters can be optimised depending on the 

specifications of the solar cell concept. These simulations also show a maximum efficiency of 

17.8% for a solar cell concept with n-type epitaxial emitter but without texture or back surface 

passivation. Finally the PC1D model was used to identify the reasons for the loss in solar cell 

efficiency of the epitaxial emitter. 

Consequently, process optimisation towards lower temperatures in order to preserve the 

effective lifetime of the substrate material was determined to be the most important factor. If 

the base lifetime could be preserved at a level of 500 to 800 µs cell efficiencies above 20 % 

would be achievable by applying industrial solar cell concepts like PERC (passivated emitter 

rear contact) [211] and PERT (passivated emitter, rear totally diffused) [212]. 
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Figure 7-3: Sheet resistance of epitaxial emitters depending on emitter doping 

concentration and on emitter thickness for a peak doping of 1x10
19

 cm
-3

 and a depth 

factor of 0.06 (left) and the equation to determine the sheet resistance (right). 
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Figure 7-4: The total area (top left), JSC (top right), VOC (bottom right) and 

corresponding fill factor (bottom left) for a solar cell with epitaxial n-type emitter 

(NA,peak of 1x10
19

 cm
-3

 and  DF of 0.06) for a wafer thickness of 250 µm and bulk  of 

only 20 µs. 

 
 

 Simulation of the Dopant Diffusion by Sentaurus Process 7.3.2

 

Various experiments and simulation of the phosphorus and boron diffusion process 

during the typical POCl3 or BBr3 diffusion have been carried out [213, 214]. Based on these 

simulations the diffusion from a gaseous source into the silicon during the cooling ramp as 

well as the diffusion of dopants during the following high temperature process has been 

investigated by using Sentaurus Process [210].  

Besides the growth of the PSG or BSG layer and the segregation inside the silicate glass the 

actual diffusion in the Si material can be described by the same equations as described in 

Chapter 3.3.2. The relevant input parameter dopant concentration in the gas mixture CGM, 

temperature T, duration td and the resulting effective source CS,eff for the diffusion simulation 

are shown in Table 23. 
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Table 23: Input parameter and the results of the diffusion simulation by Sentaurus Process. 

Cooling process CGM [ppm] T [°C] td [min] Cs,eff [1/cm³] 

Variation A 6 1150-1050 1:00 4x10
18

 

PH3 925 1050-750 5:00 2x10
20

 

Variation B 605 1000-750 4:00 1x10
20

 

B2H6 78 750-650 2:00 4x10
18

 

Variation C 605 1150-950 5:00 1x10
20

 

B2H6 - 950-650 4:30 - 

Variation D 151 950-750 2:30 5x10
19

 

B2H6 78 750-650 2:00 4x10
18

 

   

 

Fitting of the diffusion simulation to the experimental data (see Figure 7-5) allows the 

determination of the specific diffusion coefficient which includes transition into the solid and 

movement inside the solid. The maximum concentration of 925 ppm of PH3 during the 

cooling ramp (1050 °C to 750 °C) leads to a maximum surface concentration of 

approximately 2x10
20

 1/cm³. The actual concentration of the simulated unlimited source in the 

gaseous phase and the effective concentration in the surface region of a sample are different 

due to the concentration of adsorbed phosphorous atoms at the surface at high temperatures 

[10]. The phosphorous concentration after the cooling ramp is in agreement with the 

experimental results and with values from the literature under comparable conditions [214]. 

However, in case of the phosphorous diffusion the simulated profile shows some variations. 

These derivations are caused by unstable cooling ramps K/min, the complex three step 

cooling process, the concentration of active and inactive phosphorous which is not measured 

by ECV and a measurement error of up to 16 % for ECV measurements. 

Additional simulations have been conducted to investigate the change in contact peak profile 

depending on following high temperature processes (see Figure 7-5 (right)) as describe in 

Chapter 3.3.2. In this experiment samples with the same contact peak after an additional 

10 nm thermal oxidation at 840 °C for 60 min or a 105 nm oxidation at 1000 °C for 55 min 

have been characterised and simulated. Similar to the “drive in” oxidation processes of 

diffused emitters [73, 163], the phosphorous profile of the contact peak increases in thickness 

from 100 nm to roughly 400 nm and decreases in concentration from 9.5x10
19

 1/cm³  to 

1.7x10
19

 1/cm³ after the 105 nm oxidation. It is important to note that the simulations of the 

phosphorous profile do not show the out diffusion and the resulting reduction of surface 

concentration from 1.7x10
19

 to 7x10
18

 1/cm³ in the top surface region of 25 nm. In case of 

boron this out diffusion can be explained by the higher solubility in SiO2 compared to Si (see 

Figure 7-5 (left)) [163] but in case of phosphorous no significant out diffusion was expected. 
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Figure 7-5: ECV profiles of different cooling ramps for boron as deposited (left) and 

emitter profiles after different oxidations for phosphorus (right) including the 

corresponding diffusion simulation by Sentaurus Process.  

 

Similar experiments and simulations have been done for the boron diffusion during the 

cooling ramp and during a following high temperature process. The chosen example in  

Figure 7-5 (left) shows three different cooling ramps with B2H6 to form the p-type contact 

peak. The peak thickness changes from 400 nm to 200 nm and eventually to 75 nm as part of 

the optimisation process. The differences in temperature, duration and dopant concentration 

are listed in Table 23. The importance of the absolute temperature and the lower temperature 

limit can be seen in Variation C. In this case the dopant concentration was too high resulting 

in a thickness of 400 nm and the lower temperature limit was too high as well which results in 

out diffusion at the surface from 1x10
20

 1/cm³  to 4.8x10
19

 1/cm³. The optimised profile with 

an adjusted peak concentration of 6x10
19

 1/cm³ and a thickness of 75 nm has been achieved 

with the Variation D. 

After the determination of the relevant boundary conditions and input information the 

validation of the Sentaurus simulations has been done by the presented experiments. Further 

time consuming optimisation of the cooling ramp by changing the temperature gradient and 

dopant concentration in the gas mixture can now be simulated. 
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 High Efficiency Concepts using Epitaxial Emitters 7.4

 

The recent developments in front and backside passivation as well as in the metallisation 

process have been evaluated and incorporated into the solar cell concepts featuring epitaxial 

emitters. The development of the solar cell concept is based on the work of [204, 215] and has 

been done in collaboration with the division of solar cell – development and characterisation 

(SEC) at Fraunhofer ISE as part of the EpiEm project
4
. 

 

 Passivation and Metallisation of Epitaxial Emitters 7.4.1

 

In the case of the p-type solar cells with an n-type epitaxial emitter, an established 

fabrication process using either thin thermal SiO2 or ARC SiNx as front side passivation has 

been used [216, 217]. The major difference in surface recombination velocity Sfront and in 

growth rate of the SiO2 is due to the different doping concentration of the contact peak 

between 1x10
19

 1/cm³ and 1x10
20

 1/cm³. In reference to the epitaxial emitter with lower 

surface concentration the duration of the thermally grown 10 nm SiO2 at 840 °C increases 

from 40 to 60 min. The surface recombination and therefore the passivation quality has also 

been investigated by [209, 218]. Alternative passivation layers and stacks for p-Type solar 

cells have been investigated using the diffused reference emitter with a sheet resistance of 

120 /sq. The results shown in Figure 7-6 (right) include ARC SiNx, 10 nm SiO2 + DARC, 

10 nm SiO2 + ARC SiNx, PasSiN (SiNx for passivation) and PasSiN + ARC SiNx as 

passivation and antireflection coating (ARC). The best effective lifetime of > 1.1 ms and 

corresponding J0e values < 85 fA/cm² have been achieved using a combination of PasSiN and 

ARC SiNx followed by a single layer of PasSiN. 

 

                                                 
4
 EpiEm, is a german federal project funded by the Ministry for the Environment, Nature Conservation and 

Nuclear Safety (FKZ 0325199A) with the objective to develop high efficiency epitaxial emitters. 

  

Figure 7-6: The optimisation of the distance between the fingers of an electroplated 

contact grid by GridSim 4.2 (left) and the characterisation of various passivation 

layers for n-type emitters. (right). 
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These measurements have been done on symmetrical samples as described in Chapter 5.3 

using 10 cm, p-type, 200 µm, FZ wafers. Besides the passivation quality, the absorption of 

the passivation layer is a critical factor. Therefore solar cells using 0.5 cm, p-type, FZ 

wafers have been processed with the same passivation layers. The 10 nm SiO2 + DARC layers 

show the best JSC of 35.8 mA/cm² on planar samples (see Figure 7-6 (right)). The PasSiN 

layer with a refractive index n of approximately 2.7-2.9 has the lowest JSC of 34.4 mA/cm². 

Apart from the increase in passivation quality, by adding an additional ARC SiNx layer to the 

PasSiN layer the results are in good agreement with literature results [209]. 

The deposition process has to be adjusted to the metallisation process as well which defines 

the lower limit in surface concentration. The metallisation grid for 20x20 mm
2
 solar cells has 

been optimised using GridSim 4.2 simulations. For the p-type concepts a Ti/Pd/Ag 

(50/50/100 nm) seed layer and a two-step silver plating process is utilised. Depending on 

sheet resistance as well as generated current the electrical and optical losses of the front side 

metallisation have been minimised. The optimised parameter with a distance between fingers 

of about 1.3 mm (see Figure 7-6 (left)), a finger height of 17.5 µm and matched busbar height 

of 25 µm have been used to design a new shadow masks for the seed layer deposition as well 

as a masks for the formation of a selective emitter. 

 

Epitaxial p-Type Emitters 

 

The n-type concepts with p-type emitter have been passivated using Al2O3 by ALD. The 

applied layer thickness of 10 nm and the process parameters (ALD Reactor OpAL by Oxford 

Instruments) are based on the work of [194, 219]. A comparison of front side passivation 

quality for boron emitters with SiO2 and Al2O3 depending on surface doping concentration 

can be seen in Figure 7-7 (left). The surface recombination velocity for the optimised epitaxial 

p-type emitter ND,peak = 5x10
19

 1/cm³ is around 800 cm/s. The metallisation has proven to be 

more difficult, because these n-type solar cell batches using Al/Ti/Pd/Ag showed a poor FF 

below 76% and problems with delamination of the finger contacts. 

  
Figure 7-7: Comparison of Sfront for SiO2 (thermal) and Al2O3 (ALD) depending on 

surface concentration (left) [163] and the contact resistance of Ti and Al metallisation 

(right) for boron emitters. 
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In [220] a reduction in FF for sintering temperatures below 400 °C has been shown. A 

recovery of samples sintered at 350 °C by an additional sintering step has not been successful, 

contrary to the samples at 150 °C. The insufficient adhesion and the loss in FF are caused by 

the formation of partially oxidised, brittle Al seed layers during the sintering process. A close 

investigation by the SEC showed that with optimised sintering condition the typical Ti/Pd/Ag 

metallisation can be used for p-type emitter was well. The unpublished results of these 

experiments can be seen in Figure 7-7 (right). Despite the poor contact resistance for Ti to    

p-type silicon that can be found in literature [220] a c of only 3.7x10
-6

 cm
2
 has been 

achieved using a sintering temperature of 425 °C and a duration of 10 min. This proves that 

even though the work function results in a high contact barrier, the metallisation of n-type 

concepts with Ti/Pd/Ag as seed layers is a viable option in combination with a suitable 

sintering process. 

 

 Formation of Selective Epitaxial Emitters and BSF 7.4.2

 

The epitaxial emitters offer unique advantages for the implementation of a selective 

emitter in combination with texturing. The optimisation of a back side passivation as well as 

the back side contact formation can be improved by using an epitaxial, diffused or PassDop 

[221, 222] back surface field. The formation of a selective emitter with an efficiency potential 

of 0.5-0.6 %abs can be achieved using various technologies. An overview including 

advantages and disadvantages is given by [223]. A standard selective etch back process using 

40% KOH at 85 °C has been optimised for epitaxial emitters. The process features etch rates 

of 0.9-1.3 µm/min and results in emitters with selective contact layer. The change in slope of 

sheet resistance Rsh (see Figure 7-8 (right)) depending on etching time can be explained by the 

two layer emitter structure (contact layer and emitter bulk layer). The difference in slope after 

20 seconds is caused by emitter thicknesses. In case of a 2.3 µm emitter (see Figure 7-8 

(right) black points) compared to a 1.2 µm emitter (green points) the slope does not change. 

The plasma texture has certain advantages [189] over the wet chemical texture by KOH [224] 

and offers interesting possibilities in combination with epitaxial emitters. The difference in 

reflection for solar cells using epitaxial emitters with and without plasma texture can be seen 

in Figure 7-8 (left) and (middle). 

 

 
Figure 7-8: Solar cells (20x20 mm²) on FZ 1 cm in grayscale without (left) and with a 

selective emitter and plasma texture (middle) as well as sheet resistance measurements of 

different epitaxial emitters after the KOH etch (right). The lines are guides to the eye only.  
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An etch rate of 0.2 ± 0.07 µm/min and weighted reflection of approximately 12 % for plasma 

textured solar cells have been determined. In Figure 7-9 the high efficiency front side process 

using plasma texturing [189] in combination with a simultaneous formation of a selective 

emitter (SelTex) is shown. After the deposition of SiNx by PECVD the designed shadow 

mask for selective emitters is used to structure the SiNx by photolithography. In the following 

plasma texturing process using sulfurhexafluoride (SF6) about 3-4 µm of the emitter including 

the complete contact layer is removed. In this case simply by masking the front side of the 

epitaxial emitter the plasma texturing includes the formation of a selective emitter.  

 

 

Figure 7-9: SelTex process sequence a) masking of the front side and chemical opening 

of the etch mask b) plasma texturing and selective removal of the highly doped FSF c) 

front side passivation and contact opening using laser ablation d) contact formation by 

seed layer and electroplating.  

 

In Figure 7-10 SEM pictures of the SelTex structure after the metallisation are shown. In 

the left picture the abrasion of approximately 3 µm can be seen. The reduction of the 

abrasion to 1 µm has already been shown by [225] which should be beneficial for this 

concept. In Figure 7-9 (right) the untextured contact openings (width approx. 25 µm) and 

the region covered with the Ti/Pd/Ag seed layers on top of the openings is shown.  

The solar cells shown an increase in JSC of 2.85 mA/cm² but also a significant reduction in 

voltage (VOC = - 18.7 mV). This reduction in voltage is due to higher surface 

recombination velocity and the simultaneous increase in surface area. Further 

improvements for the epitaxial emitter have been achieved by implementing a local BSF 

by diffusion, by epitaxial growth or by using doped passivation layer stacks like PassDop. 

 

  

Figure 7-10: Cross section SEM pictures of a finished solar cell with the SelTex process to 

form the selective Emitter and the texturisation. 
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 Solar Cells using Epitaxial Emitters 7.5

 

Since the emitter profile depends on the solar cell concept the optimisation of epitaxial 

emitters for wafer cells in comparison to the cSiTF concept can be different. In Table 3 

industrial concepts for p-type material and for n-type material are shown. In addition to the 

industrial concepts, two high efficiency concepts have been developed to prove the potential 

of the epitaxial emitter. If not stated otherwise the IV curve parameters in the chapter have 

also been measured internally with an average measurement error of ISC ± 2.5 %, VOC and FF 

+/ 2.5 % as well as  ± 2.5 % [40]. 

 

Table 24: Comparison of four different concepts featuring epitaxial emitters by APCVD. 

 Industrial         

p-type concept 

Industrial                                            

n-type concept 

High efficiency                            

n-type concept 

High efficiency                 

p-type concept 

metallisation FS NiCu plating NiCu plating 

(425 °C) 

Ti/Pd/Ag Ti/Pd/Ag 

opening FS  laser ablation 

(picosecond) 

laser ablation photolithography photolithography 

metallisation BS Al/Laser 

ablation  + 

NiCu/LCP 

NiCu/Stack Al Al + LFC 

passivation BS SiNx + firing Al2O3 + SiNx Al2O3 + SiNx 10 nm SiOx + 

DARC / SiNx + 

firing 

passivation BS -/SiNx/Sirion 

/PassDop/Al2O3 

+ SiOx 

PassDop PassDop Al2O3/ Al2O3 

+SiOx 

texturing KOH 

(preepitaxial) 

KOH 

(preepitaxial) 

KOH 

(preepitaxial) 

/plasma etching 

(postepitaxial) 

KOH 

(preepitaxial) 

/plasma etching 

(postepitaxial) 

type of emitter  n-Type 1,5 µm 

+ 0,15 µm  FSF 

p-Type 1,5µm + 

0,15 µm FSF 

p-Type 0,75 µm 

+ 0,05 µm FSF 

n-Type 0,75 µm 

+ 0,1 µm  FSF 

     

 

One of the differences between the industrial and high efficiency concept is the use of laser 

ablation technology instead of photolithography. Furthermore, PECVD Al2O3 [226] is used 

instead of Al2O3 deposited ALD and the industrial concept applies NiCu plating compared to 

the physical vapour deposition (PVD) of Ti/Pd/Ag. The specific front side and a possible back 

side passivation can differ depending on cost, efficiency and throughput.  

The emitter bulk thickness and the contact peak thickness also depend on the solar cell 

concept. In the case of NiCu metallisation, a firing stable emitter with high shunt resistance is 

used to allow the formation of nickel silicide [227] with sufficient adhesive force. Preliminary 

experiments have been conducted to investigate the NiCu plating, the laser ablation and the 

plasma texture in combination with epitaxial emitters.  

 



122 7 High Efficiency Concepts with Epitaxial Emitters 

 

 

 Optimisation of p-Type Solar Cells on Monocrystalline and 7.5.1

Multicrystalline Wafers 

 

In this paragraph the p-type solar cell concepts using an epitaxial n-type emitter are 

described in more detail. The concept used (see Figure 7-11) is based on two solar cell 

batches to optimise the passivation and metallisation process.  

The epitaxial n-type emitter is deposited between 975 °C and 1050 °C depending on the wafer 

material. SunsVoc measurements on one of the first batches (20x20 mm² cells, FZ; 1 cm) 

show an average VOC of 626 mV at a deposition temperature of 1000 °C. At 950 °C and 

1050 °C a reduction to 612 mV respectively 617 mV has been observed. Although the emitter 

profile and the emitter surface passivation were not optimised, it can be seen that the balance 

between the thermal budget and crystal quality of the deposited emitter has to be considered. 

Based on these measurements and the lifetime measurements presented in Chapter 5.3 the 

optimal deposition temperature was set to 1025 °C. The emitter thickness has been adjusted 

depending on the metallisation process of the respective cell concept. In case of the Ti/Pd/Ag 

as seed layer in combination with Ag electroplating the emitter thickness varies between 

500 nm and 1 µm. 

 

  

Figure 7-11: Process scheme (left) and optimised solar cell concept (right) for the 

n-type epitaxial emitter. 

 

A critical aspect for high efficiency concepts is the improvement and adjustment of the 

epitaxial contact peak. A contact layer < 10 nm could result in processing problems during 

passivation and metallisation. Above 80 nm the solar cells deteriorate because of Auger 

recombination [8]. The optimal contact layer thickness of about 25 nm can only be realised in 

combination with SiNx by PECVD due to the profile change of the epitaxial emitter by a 

possible high temperature oxidation process. Therefore a 110 nm firing stable ARC SiNx was 

used as front side passivation. One of the advantages is that the deposition was done using a 

high throughput, cost effective, industrial production tool (Roth & Rau SiNA). However, it 

has to be kept in mind that the gain in VOC by an optimised field effect passivation and low 

contact resistance is reduced by the higher surface recombination velocity of 4x10
3
 cm/s 

compared to 2x10
3
 cm/s for SiOx in combination with a DARC at a surface dopant 

concentration of 3x10
19

 1/cm³ [209, 218]. For the backside passivation the PassDop approach 

by [228] is used with B2H6 as dopant source. 
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Table 25: IV measurements of solar cells with diffused and epitaxial n-type emitter. 

0.5 cm, p-type FZ Cell type Voc [mV] Jsc [mA/cm
2
] FF [%] η [%] 

Diffused emitter 

(POCl3) 

planar 659.0 ± 0.8 35.3 ± 0.2 69.5 ± 2.1 16.2 ± 0.4 

textured 654.8 ± 1.4 38.4 ± 0.2 79.8 ± 2.6 20.1 ± 0.6 

Epitaxial n-type 

emitter 

planar 643.4 ± 5.2 33.2 ± 1.0 80.3 ± 0.8 17.2 ± 0.3 

textured 652.0 ± 1.3 35.0 ± 0.4 79.0 ± 2.3 18.0 ± 0.5 

(best cell)  653.1 34.7 81.1 18.4 

 

The backside metallisation is realised by the evaporation of 2 µm Al in combination with 

laser fired contacts (LFC). The results of the solar cell batch using polished, (100) oriented, 

0.5 cm, p-type FZ wafers are listed in Table 25. The diffused reference emitter is processed 

at 790 °C with a 30 min POCl3 inlet and a 30 min drive in step using a diffusion furnace. 

Afterwards the deposited PSG layer had to be removed using SiOetch
5
. The formation process 

of the diffused high efficiency 120 /sq. emitter is completed with an additional “drive in” by 

thermal oxidation and an annealing process under Ar atmosphere. Prior to the diffusion and 

the deposition of the epitaxial emitter, the batch was split to investigate the differences on 

textured and planar wafers. The texture by random pyramids has been etched by 2 % KOH, 

IPA at 81 °C for approximately 65 min. Seven solar cells (25x25 mm²) are processed on each 

wafer with a diameter of 4 inches and a thickness of 250 µm. The separation of the seven cells 

is accomplished by etching the emitter. This structuring process is done by SiNx masking and 

an additional KOH etching (8%, 80 °C, 5 min) of the diffused and the epitaxial emitter. The 

poor results for the diffused emitter on planar surfaces with a fill factor of only 69.5 % and a 

lower VOC compared to the textured cells can be linked to problems with the solar cell process 

and the emitter structuring by chemical etching. 

Though, the reference cells on textured wafers have a VOC of 655 mV, JSC of 38.4 mA/cm² and 

a FF of 79.8 % which is resulting in a total area efficiency of 20.1 %. Despite a similar VOC 

and FF the solar cells with epitaxial emitter only show an efficiency of 18.0 %. The reason for 

this difference is a low JSC which can be explained by the deterioration in the reflective 

properties of the random pyramids after the epitaxial deposition. This problem can be solved 

by adjusting the deposition parameters to reproduce not only the crystal structure of the wafer 

but also the surface structure (see Chapter 3 or [10]). Nevertheless the VOC of 652 mV in 

combination with SiNx ARC as passivation is a very promising result and shows that the 

overall material quality is very good for a p-type solar cell concept. The results also underline 

the successful reduction of material degradation by decreasing the deposition temperature. 

The best solar cell with an epitaxial n-type emitter by APCVD shows an efficiency of 18.4 % 

which is an increase of 2%abs compared to previous results [15, 207] and a new record for solar 

cells with epitaxial n-type emitter.  

                                                 
5
 SiOetch: Chemical solution of NH4F approx..25%, HF approx. 6% by BASF to etch SiO2 in a large scale 

production for microelectronic applications 
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In Figure 7-12 (left) a comparison of the dark IV curve for epitaxial and diffused emitters 

with and without random pyramids is shown. The epitaxial emitter shows higher parallel 

resistance Rp and lower saturation current I01 when compared to the diffused emitter. It can 

also be seen that the planar references have a lower Rp than the textured cells. This could be a 

reason for the reduction in cell performance due to shunt formation as well. The series 

resistance RS is very similar for all solar cells at approximately 0.3 cm². This proves that the 

epitaxial emitter is equally suitable for the metallisation.  

Due to the steady improvements of the solar cell processes, but also due to the development of 

the ingot crystallisation process the mc p-type material still holds a dominating 60 % market 

share in the PV industry [1]. Due to the increased sensitivity to the thermal budget of mc 

material the reduction of the deposition temperature below 1150 °C was even more critical. 

The epitaxial deposition on the multicrystalline wafers, which have been textured by HF, 

HNO3, H2O solution, is also more critical due the smaller size of the structural features [229].  

Table 26 shows the solar cell (25x25 mm²) results of n-type epitaxial emitter on 1 cm, mc 

wafer for various deposition temperatures between 1000 °C and 1150 °C. In contrast, the 

concept on monocrystalline wafers this batch features a 10 nm SiOx passivation and an Al 

BSF on the backside. The solar cells with epitaxial emitter have a VOC of 602 mV, JSC of 

32.0 mA/cm² and a FF of 80 % and therefore a total area efficiency of 15.4 % on textured 

wafers. The reference cell with a 120 /sq. diffused POCl3 emitter shows VOC = +7 mV and 

JSC = +3 mA/cm² resulting in 16.8%. The best solar cell with epitaxial emitter reaches an 

efficiency of 16.1 % which is a good result for the temperature critical mc material and an 

improvement of more than 5 %abs compare to the deposition at 1150 °C. In Figure 7-12 (right) 

a comparison of the spectral response measurements for epitaxial and diffused emitter on mc 

material with texturisation is shown. The presented measurements show differences in emitter 

passivation quality, the overall emitter quality and the difference in reflection. These are the 

areas for further optimisation of mc p-type material. 

  

Figure 7-12:  Dark IV curve for epitaxial and diffused emitter with and without 

random pyramids on 1 cm FZ material (left) and spectral response measurements 

of diffused and epitaxial emitters on mc 1 cm p-type material (right).   
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Table 26: The solar cell results of diffused and epitaxial n-type emitter on mc material.  

 temperature Voc [mV] Jsc [mA/cm
2
] FF [%] η [%] 

Diffused emitter  609 ± 2 34.9 ± 0.5 79.2 ± 0.5 16.8 ± 0.4 

Epitaxial emitter 

1000 602 ± 8 32.0 ± 1.0 80.0 ± 0.6 15.4 ± 0.7 

1050 598 ± 9 32.5 ± 1.2 78.7 ± 1.3 15.3 ± 0.7 

1100 598 ± 8 24.7 ± 1.6 79.0 ± 0.7 11.7 ± 0.5 

1150 585 ± 8 23.9 ± 1.7 78.1 ± 0.5 10.9 ± 0.8 

(best cell) 1000 608.2 33.1 80.0 16.1 

 

 Development of n-Type Solar Cells on Monocrystalline and 7.5.2

Multicrystalline Wafers 

 

The next paragraph will present and discuss the solar cell results on n-type material with 

an epitaxial p-type emitter deposited using B2H6 as dopant gas. In Figure 7-13 the basic n-type 

concept as well as the process sequence is depicted. This concept is based on the optimisation 

in metallisation and passivation for boron emitters presented in the paragraph 7.4.1. 

The front side is passivated with 10 nm Al2O3 and 75 nm SiNx based on the work of [219]. 

The back side is also passivated by the PassDop concept but with phosphorus as dopant 

source for the LFC process. The texturisation and the emitter etch back process are similar to 

the process already described for the p-type concept. This batch consists of textured and 

untextured wafers with epitaxial emitter. As a result of the poor adhesion as well as the FF 

problems and according to the promising results presented in 7.4.1, the Ti/Pd/Ag seed layers 

in combination with Ag plating were applied. 

 

  

Figure 7-13: Process sequence (left) and solar cell concept (right) for the n-type 

concept with epitaxial boron emitter.  
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In Table 27 the solar cell results of the diffused BBr3 and epitaxial B2H6 emitter on 1 cm, 

200 µm, n-type FZ wafers are summarised. Although this high efficiency concept has the 

potential to reach efficiencies above 23 % [204], the reference cell on textured wafers displays 

an average efficiency of 19.0 %. The solar cells with epitaxial emitter on textured wafers 

show an average efficiency of 17.0 % and the best solar cells has an efficiency of 17.7 %. 

 

Table 27: The solar cell results of diffused and epitaxial boron emitters.  

1 cm, n-type, FZ 
Cell 

type 
Voc [mV] 

Jsc 

[mA/cm
2
] 

FF [%] η [%] 

Diffused emitter 

(BBr3) 

planar 653 ± 3 34.8 ± 0.5 76.5 ± 1.8 17.4 ± 0.7 

textured 650 ± 7 38.0 ± 0.5 76.8 ± 2.3 19.0 ± 0.6 

Epitaxial p-type 

emitter 

planar 638 ± 2 34.8 ± 0.3 76.3 ± 2.8 16.9 ± 0.5 

textured 631 ± 4 35.8 ± 0.6 75.3 ± 1.8 17.0 ± 0.8 

(best cell)  634.3 36.3 76.9 17.7 

 

The difference between epitaxial and diffused emitter can be explained by the loss in JSC and a 

small deficiency in material quality resulting in VOC of 17 mV. The IV measurements show 

that this batch is suffering from low FF due to problems with the solar cell process. Since the 

Dark IV measurements did not show an increase in RS,dark the fill factor losses could be caused 

by decreasing RP and increasing I02.  

Despite additional sintering, the FF for the complete batch is below 77 %. Furthermore, the 

low VOC of 649.5 mV for the textured and 653.2 mV for the planar diffused emitter shows that 

the passivation is not working properly. The n-type PERL structure with the same diffused 

emitter already reached VOC of 696.9 mV and a Sfront of 84 cm/s with the same passivation 

[204] also processed at Fraunhofer ISE. Unfortunately due to the problems in the solar cell 

process it is not possible to analyse the full potential of the epitaxial emitter. 

The spectral response measurements visualise the difference between the solar cells with and 

without random pyramids. Furthermore the difference in reflection due to the epitaxial growth 

which then corresponds with the external quantum efficiency (EQE) can be seen as well (see 

Figure 7-14 c) and d)). In case of the planar solar cell it is interesting to note that the internal 

quantum efficiencies (IQE) are quite similar with a better performance above 500 nm and 

some efficiency losses from 400 nm to 500 nm for the epitaxial emitter (see Figure 7-14 a) 

and b)). The losses in IQE from 300 nm to 550 nm which relate to an absorption depth of 

1.6 µm are an example for an epitaxial emitter with poor material quality. Due the problems 

with the passivation and emitter etch back process further adjustments to the solar cell process 

were necessary. 
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Figure 7-14: Spectral response measurements of n-type solar cells with diffused (left 

column) and epitaxial emitter (right column) on planar (top row) and textured wafers 

(bottom row). 

 

The next batch that will be described is on n-type mc material with an epitaxial emitter. There 

are only a few solar cell results on n-type mc published in literature [206, 230], which makes 

this experiment very interesting. A comparison of the material quality of p- and n-type mc by 

[231] suggested that the typical advantages of n-type material are extenuated by the high 

temperature boron diffusion process in combination with the multicrystalline properties of the 

material. The presences of grain boundaries and an average defect density of about 10
5
cm

-2
 

with localised clusters of defects where the defect density can exceed 10
7
cm

-2 
[232] are 

critical for the solar cell performance. The difficulties of the n-type block crystallisation 

process have been solved by additional feeding of doped feedstock [233]. The material used 

in this batch is approximately 1 cm and has a wafer thickness of 250 µm. 

The solar cell results summarised in Table 28 show a maximum efficiency of 18.6 % with 

653.2 mV, 35.9 mA/cm² and a fill factor of 79.4 % on a planar wafer with a diffused 90 /sq. 

emitter. Due to the susceptibility of thermal degradation caused by the epitaxial process on mc 

material the difference to the epitaxial emitter is -2.2 %. The IV curve measurement of 

the best cell with an epitaxial emitter shows 620 mV, 33.4 mA/cm² and a FF of 79.0 % 

resulting in a total area efficiency of 16.4 %. This result on n-type is +0.3 % better than 

an p-type mc material mainly due to a VOC = +12 mV. 
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Table 28: The solar cell results of diffused and epitaxial p-type emitter on mc material.  

 Cell type Voc [mV] Jsc [mA/cm
2
] FF [%] η [%] 

Diffused 

emitter(BBr3) 
planar 633 ± 12 34.4 ± 0.9 79.2 ± 1.5 17.2 ± 0.9 

(best cell) (25x25 mm ) 
653.2 35.9 79.4 18.6 

Epitaxial p-type 

emitter 
planar 622 ± 5 33.1 ± 0.7 75.7 ± 1.9 15.6 ± 0.5 

(best cell) (25x25 mm ) 620.0 33.4 79.0 16.4 

 

In Figure 7-15 left the IV curve measurements of diffused BBr3 and epitaxial B2H6 boron 

emitters on planar FZ and mc wafers are compared. Apart from losses in JSC and VOC for the 

n-type mc wafers with epitaxial emitters, one of the differences is a minor dent in the IV 

curve of solar cells with epitaxial emitter on FZ material. Because the epitaxial emitters show 

similar or better I02 and Rp values the difference is possibly caused by an increase in series 

resistance. The comparison of these IV curves also show that in this case on planar surfaces 

and insufficient passivation the JSC values of the n-type mc wafer with diffused emitter are 

close to the results on FZ material. 

The last batch presented in this Chapter consists of an epitaxial emitter that has been 

deposited using a microelectronic APCVD reactor at IMS in Stuttgart [234]. The deposition 

process has been developed in close cooperation and the process characterisation has been 

done at Fraunhofer ISE. The process parameters like temperature ramps, ambient gases, 

precursor and doing gases of this barrel reactor at IMS are very similar to the lab type reactor 

RTCVD160. The developed deposition process has been separated into three process steps: 

1. Process step: 180s @1100°C emitter bulk formation  

2. Process step: 42s @1100°C contact layer deposition 

3. Cooling ramp (without flow of doping gasses) 

Besides the actual emitter deposition process the solar cell processing including texturisation, 

passivation and metallisation is the same as presented and discussed for the previous batches. 

 

 
 

Figure 7-15: IV curve measurements of diffused BBr3 and epitaxial B2H6 boron 

emitters on FZ and mc wafers (left) and 4 inch wafers with 7 solar cells (right).   
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Table 29 shows the IV curve measurements of diffused and epitaxial p-type emitter deposited 

by the barrel reactor on 1 cm n-type FZ material. The best solar cell of this batch achieves a 

maximum efficiency of 20.0 % with 657.9 mV, 37.7 mA/cm² and a fill factor of 80.4 % on a 

textured wafer with an epitaxial emitter. In this case the epitaxial emitter has a better 

efficiency by 1.1 % and also in short circuit current JSC1.0 mA/cm². LBIC 

measurements of these solar cells show Leff  > 1500 µm and the weighted reflection which is 

similar to the diffused emitter. These results prove the high material quality of the epitaxial 

emitter, the high quality of the silicon wafers as well as good reflective properties after the 

deposition at 1100 °C.  

 

Table 29: IV measurements of diffused and epitaxial p-type emitter deposited at IMS. 

Type of 

emitter 

Cell type 

1 cm, FZ 
Voc [mV] Jsc [mA/cm

2
] FF [%] η [%] 

Diffused 

(BBr3) 
textured 650 ± 2 36.5 ± 0.3 78.5 ± 1.2 18.6 ± 0.2 

Epitaxial 

(B2H6) 
planar 656 ± 3 35.2 ± 0.1 81.2 ± 0.2 18.8 ± 0.1 

 textured 654 ± 2 37.5 ± 0.1 80.2 ± 0.2 19.7 ± 0.2 

(best cell)  657.9 37.7 80.4 20.0 

Average of at least 7 solar cells 

 

In Figure 4-10 (left) the dark IV curve measurements of diffused and epitaxial emitters with 

random pyramids (RP) show that the epitaxial emitter achieves a lower RS of 0.3 compared to 

0.6 cm
2 

for the diffused emitter. This and the low RP of 2x10
4
 cm

2
 for the diffused emitter 

indicate some problems with the metallisation or the emitter etch back process. The solar cells 

with epitaxial emitter prove the potential of the epitaxial fabrication process with high RP of 

2x10
7
 cm

2 
in combination with a low I01 of 5.7x10

-5 
A/cm² and a low I02 of 2.7x10

-13
 A/cm². 

The IQE measurements (see Figure 4-10 (right)) show the good performance of the epitaxial 

emitter from 300 nm to 500 nm due to high material quality of the deposited layer and good 

front surface passivation. Above a wavelength of 1050 nm the IQE of the epitaxial emitter 

displays the difference between a solar cell with and without surface texture.  

  

Figure 7-16: Dark IV curve measurements (left) and IQE measurements of diffused 

and epitaxial emitters with and without texturisation by random pyramids (right).  
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 Summary 7.6

 

This chapter has shown the development of n- and p-type wafer based solar cell concepts 

with epitaxial emitters. Solar cell simulations by PC1D have been conducted to determine the 

potential and limitations of epitaxial emitters by APCVD. Furthermore, a simulation model of 

the contact peak formation by Sentaurus Process has been established. Based on these 

simulations and the process optimisation in Chapter 3 and Chapter 5, record efficiencies of 

 = 16.4 % for n-type solar cells and  = 16.1 % for p-type cells on mc wafers were achieved. 

The optimisation presented in this Chapter also includes the transfer from development 

concept to the high efficiency concepts with epitaxial emitter. The adjustments in 

metallisation from Al/Ti/Pd/Ag to Ti/Pd/Ag not only for p-type but also for n-type solar cells 

as well as the incorporation of backside passivation by PassDop lead to optimised concepts 

and new solar cell processes for epitaxial emitters and for cSiTF concepts as well. 

 

Status of solar cells with epitaxial emitter deposited by APCVD: 

 Improved process for deposition temperatures from 975 °C to 1200 °C  

 Epitaxial n-type emitter with Leff  > 1500 µm, J0e < 45 fA/cm
2
 on p-type, FZ 10 cm 

 Epitaxial p-type emitter with Leff  > 560 µm, J0e < 30 fA/cm² on n-type, FZ 10 cm 

 Optimised process for mc wafers at 1000 °C and for monocrystalline wafers at 

1025 °C  

 

The improvement and the application of the epitaxial emitter in high efficiency concepts 

includes the process development of the plasma texture with in-situ selective emitter 

formation (JSC = + 2.85 mA/cm²) and an epitaxial BSF. 

The record solar cells with a conversion efficiency of = 20.0 % on n-type, FZ and 

= 18.4 % on p-type, FZ proves that epitaxial emitters are able to compete with the state of 

the art diffusion process. The diffusion length Leff > 1500 µm and the similar voltages 

compared to the diffused emitter of 658 mV for n-type solar cells also underlines their 

potential for high efficiency and industrial application.  
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In this thesis, crystalline silicon thin films by atmospheric pressure chemical vapour 

deposition have been studied. These silicon films can be deposited on silicon wafers or 

transferred to various substrates for photovoltaic applications. One of the main advantages is 

the flexibility in thickness and doping concentration which allows the application of the 

silicon thin films in various solar cell concepts. The combination of these films with an 

industrial solar cell fabrication process has a high efficiency potential and offers a cost 

reduction as well as reduced material consumption. The key aspects of this publication were 

the deposition process, the characterisation of silicon thin films and the implementation of 

these layers into different solar cell concepts. In the following subchapters the main findings 

will be summarised and suggestions for further investigation will be given.  

 

Silicon Deposition by APCVD at Temperatures from 1150 °C to 850 °C 

 

The silicon deposition by atmospheric pressure chemical vapour deposition (APCVD) 

using chlorosilanes is described by a set of gas phase and surface reactions. A general and a 

simplified model of these chemical reactions for the decomposition and the deposition process 

using TCS as precursor have been discussed. The identified assumptions and limitations of 

the simplified model underline the importance of process characterisation.  

Since the deposition process also depends on the reactor setup, a general description of the 

lab-type deposition tool RTCVD100 and RTCVD160 was given. The presented 

characterisation of the deposition homogeneity is crucial for the material characterisation as 

well as solar cell fabrication and shows the limitations and the influence of the deposition 

properties. Based on the deposition of cSiTF at 1150 °C an additional process at 1050 °C has 

been developed. 

The correlations between precursor composition, deposition temperature, deposition rate 

substrates orientation and doping incorporation show the complexity of crystalline silicon thin 

film (cSiTF) deposition. Therefore, detailed investigations of the deposition process at 

temperatures between 1150 °C and 850 °C with different gas mixtures have been carried out. 

The change in deposition rate from 0.5 ± 0.2 µm/min to 2.4 ±0.4 µm/min increases the 

throughput or allows the reproducible formation of silicon films with a thickness below 

500 nm. The basic mechanism for the doping incorporation and the resulting doping range of 

1x10
15 

1/cm³ to 2x10
20 

1/cm³ for boron and 1x10
17

 1/cm³ to 3x10
20 

1/cm³ for phosphorous 

have been explained. Additionally, the increase in doping incorporation by almost one order 

of magnitude depending on the Cl/H ratio has been investigated. 

Subsequently, the process development has been used to further optimise the deposition of the 

epitaxial emitters. The deposition of advanced emitter profiles with a thickness from 500 nm 

to 3.5 µm and the deposition on textured as well as planar wafers has been analysed. 

Furthermore, the reduction of contact peak thickness from 500 nm to 25-50 nm by diffusion 

or epitaxial deposition and the influence of the following process step have been discussed. 
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Apart from the epitaxial deposition on silicon substrates at a deposition temperature from 

1150 °C to 950 °C the direct deposition of microcrystalline silicon thin film (µcSiTF) on 

substrates with intermediate layers between 1050 °C and 850 °C has been realised using 

APCVD. In addition, the successful deposition of µcSiTF on temperature sensitive substrates 

like borosilicate glass has been presented. These µcSiTF can be applied as single junction thin 

film solar cell, as active layer in a tandem solar cell, as diffusion barrier or contact layer and 

as seed layer for recrystallisation. The basic understanding of this deposition process has been 

complemented by an investigation about the nucleation process. The experimental results 

show that the random nucleation density of silicon on SiNx and SiOx by PECVD is increasing 

with temperature and results in a homogeneous seed layer. However, the etching of thermal 

SiO2 in hydrogen atmosphere at temperatures above 900 °C reduces the nucleation density on 

this type of intermediate layer from approximately 270 to 40 counts/mm
2
. 

The presented experimental results and the identified correlations are essential for the 

optimisation and further development of the deposition processes by APCVD. 

 

Crystallographic Characterisation of Silicon Thin Films 

 

Different measurement methods to characterise the crystallographic properties of cSiTF 

have been presented. The formation of various defects like etch pits, stacking faults and 

spikes in the epitaxial layer depending on the deposition temperature, precursor composition 

as well as substrate orientation have been shown. The increasing number of stacking faults 

and the change in recombination intensity of those defects at temperatures below 1100 °C can 

result in a VOC loss of approximately 200 mV.  

The microcrystalline silicon films by direct deposition have been characterised with EBSD, 

XRD and µRaman measurements. The crystallographic properties of these layers including a 

grain size of 2-3 µm and the columnar growth have been determined. Various measurements 

to determine the electrical material quality of microcrystalline silicon films depending on 

deposition and post treatment parameters have also been done. These experiments lead to the 

conclusion that the RTA and RPHP treatments are necessary for a deposition temperature 

below 1000 °C because the stress and temperature sensitive defects can be reduced.  

The limitations of established measurement techniques for the characterisation of cSiTF and 

the benefit of approaches like the calibrated µRaman, µPL and µLBIC measurements have 

been shown. Based on a set of calibration samples it is possible to determine the doping 

concentration above 6x10
16

 1/cm
3
 by analysing the Fano resonance. The presented 

measurements of epitaxial silicon films have been used to investigate the overall material 

quality and the stress distribution in these layers. Furthermore, the investigation of the growth 

interface between epitaxial films and the silicon substrates shows no increased stress or 

recombination activity. However, the influence of the growth regime of epitaxial films on the 

reflection properties of textures samples has been identified as crucial parameter. 

These experiments have been necessary to explain and improve the material quality of cSiTF 

in general. Furthermore, these measurements prove the applicability of epitaxial emitters for 

wafer based solar cells. 
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Lifetime measurements of cSiTF and wafer based solar cells  

 

The challenges and solutions for reliable effective minority carrier lifetime measurements 

on various cSiTF have been discussed. Based on the upgraded setup and an improved 

measurement routine the MWPCD signal intensity has been increased from approximately 

4 mV to values above 35 mV. In combination with a new analysis algorithm, which 

incorporates the effect of carrier trapping on the decay transient, it is possible to determine 

reliable lifetimes below 1 µs of various cSiTF. Additional experiments to determine the 

influence of the excitation laser wavelength, the excess carrier density, the substrates and the 

passivation have been evaluated. The measurements of cSiTF deposited in the RTCVD160 

show an effective diffusion length of about 90-120 µm and epitaxial cSiTF on recrystallised 

templates of 50-80 µm. Subsequently, MDP, LBIC and IQE measurements of cSiTF solar 

cells have been conducted to validate the MWPCD results and to determine the material 

quality of cSiTF. 

Furthermore, QSSPC measurements of silicon wafers with epitaxial emitters and experiments 

to investigate the material degradation at high temperatures have been presented. The 

effective lifetime and emitter saturation current measurements underline the successful 

optimisation of the epitaxial emitter deposition. At 1050 °C the effective minority carrier 

lifetimes of 200 µs for p-type and 250 µs for n-type show an increase of more than one order 

of magnitude compared to the standard epitaxial process at 1150 °C. The emitter saturation 

current of J0e < 45 fA/cm
2
 for p-type and J0e < 30 fA/cm

2
 for n-type FZ wafers show the 

potential for an application of epitaxial emitters into industrial and high efficiency solar cell 

concepts.  

In addition, the lifetime degradation of silicon substrates during the standard deposition 

process above 1100 °C has been analysed. The experiments show a minor lifetime 

degradation due to the formation of thermal defects by the high thermal budget and the 

cooling ramp. However, the diffusion of impurities depending on duration, ambient gas and 

temperature in the reactor has been identified as the dominating effect. Iron concentrations 

measurements on reference wafers of 1x10
8
 1/cm

3
 increases to values of 4x10

11
 1/cm

3
 after a 

4 min annealing process at 1100 °C. Alternative effects like the formation of mono vacancies 

and the migration of defects from the silicon surface have also been discussed. 

 

Solar cells using cSiTF and µcSiTF  

 

The properties and possible adjustments to cSiTF solar cells have been investigated using 

the epitaxial wafer equivalent (EpiWE) concept. An alternative formation of the BSF by 

diffusion from a gaseous source with similar absorber material quality EPD < 2x10
4
 1/cm² 

and the integration of a plasma texture have been carried out. An optimisation in absorber 

thickness to 30 µm and the decrease of open circuit voltages at deposition temperatures below 

1100 °C has been presented. Furthermore, the development and a proof of concept of a solar 

cell process for the n-type cSiTF with p-type epitaxial emitter by APCVD with a record VOC 

of 655 mV and an efficiency of 13.9 % have been realised. 
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Additional experiments have been conducted to investigate the different applications for the 

microcrystalline silicon layers by direct deposition using APCVD below 1000 °C. The 

presented experiments evaluate the solar cell properties of these layers including the 

parameters contact resistance, series resistance and material lifetime. The solar cell batches 

proof the feasibility of these concepts and show a VOC of 466 mV and a current of 14 mA 

without light trapping and texturing for a 10 µm thick absorber. Additional results and 

simulation by PC1D lead to the conclusion that the absorber layer has to be reduced to a 

thickness of 6 µm. Using microcrystalline silicon layers as seed layer on glass in combination 

with e-beam crystallisation shows voltages of 539 mV. A more industrial feasible approach is 

the crystallisation by ZMR resulting in voltages of 614 mV [8]. 

These results and the characterisation of cSiTF solar cells will be used to increase the 

efficiency and the overall understanding of various cSiTF concepts. 

 

Wafer based solar cells with epitaxial emitter 

 

In the last Chapter the development of n- and p-type solar cell concepts with epitaxial 

emitters has been presented. Solar cell simulations by PC1D and process simulations by 

Sentaurus Process have been conducted to determine the potential and limitations of epitaxial 

emitters by APCVD and to optimise the fabrication process. Based on these simulations and 

the improvement in material quality, the solar cell batches show record efficiencies of 

 = 16.4 % for n-type solar cells and  = 16.1 % for p-type cells on mc wafers. Optimised 

deposition process for mc wafers at 1000 °C and for mono crystalline wafers at 1025 °C have 

been established.  

The adjustments in metallisation and passivation lead to optimised concepts and new solar 

cell processes for epitaxial emitters and for cSiTF concepts as well. The record solar cells 

with a conversion efficiency of = 20.0 % on n-type, FZ and = 18.4 % on p-type, FZ 

proves that epitaxial emitters are able to compete with the state of the art diffusion process. 

These results are an increase in efficiency of over 2 % absolute over the last 3 years und show 

the successful process optimisation. The diffusion length Leff > 1500 µm and the similar open 

circuit voltages compared to the diffused emitter of 658 mV for n-type solar cells also 

underline their potential for high efficiency and industrial application.  

The improvement and the transfer of the epitaxial emitter from a simplified development 

concept to the high efficiency concepts includes the development of the plasma texture with 

in-situ selective emitter formation (JSC = + 2.85 mA/cm²) and an epitaxial BSF.  

In summary it can be stated that the advancements in process development presented in this 

thesis have already been used to optimise the current deposition process of cSiTF and will 

contribute to the ongoing development. Furthermore, the thorough characterisation and the 

application of alternative characterisation methods will contribute to a better understanding of 

cSiTF.  
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9 Deutsche Zusammenfassung  
 

Im Rahmen dieser Arbeit wurden dünne, kristalline Siliciumschichten durch chemische 

Gasphasenabscheidung bei Atmosphärendruck hergestellt und untersucht. Diese Schichten 

werden auf Siliciumwafer abgeschieden oder für photovoltaische Anwendungen auf andere 

Substrate transferiert. Einer der Vorteile dieser Schichten ist die Flexibilität des 

Herstellungsprozesses, welcher es erlaubt, die Schichtdicke und die Dotierkonzentration an 

diverse Solarzellenkonzepte anzupassen. Die Kombination dieser dünnen, kristallinen 

Siliciumschichten mit etablierten, industriellen Herstellungsprozessen von Solarzellen hat ein 

hohes Wirkungsgradpotential. Die Schwerpunkte dieser Arbeit liegen in der Optimierung der 

Gasphasenabscheidung, der Charakterisierung und der Implementierung dieser 

Siliciumschichten in verschiedene Solarzellenkonzepte. In den folgenden Unterkapiteln 

werden die Ergebnisse zusammengefasst und weiterführende Experimente diskutiert. 

 

Silicium Abscheidungen mittels APCVD bei Temperaturen von 1150°C bis 850°C 

 

Die Abscheidung von Silicium mittels Gasphasenabscheidung bei Atmosphärendruck 

(APCVD) unter der Verwendung von Chlorosilanen kann durch einen Satz an Gasphasen- 

und Oberflächenreaktionen beschrieben werden. Ein allgemeines und ein vereinfachtes 

Modell dieser chemischen Reaktionen wurden vorgestellt. Die notwendigen Annahmen und 

die Limitierungen des vereinfachten Modells wurden herausgearbeitet und unterstreichen die 

Bedeutung einer ausführlichen Prozesscharakterisierung. 

Da der Abscheidungsprozess von der Reaktorgeometrie abhängig ist, wurden die 

Laboranlagen RTCVD100 und RTCVD160 kurz vorgestellt. Außerdem wurde die 

Abhängigkeit und der Einfluss der Abscheideparameter auf die Abscheidehomogenität und 

die Materialqualität diskutiert. Basierend auf der Abscheidung von dünnen, kristallinen 

Siliciumschichten (cSiTF) bei 1150 °C Prozesstemperatur wurden zusätzliche Prozesse 

< 1050 °C entwickelt. Der Zusammenhang zwischen Prozessgasgemisch, Temperatur, 

Abscheiderate, Substratorientierung und der Dotierung zeigt die Komplexität der 

Abscheidung von cSiTF. Aus diesem Grund wurde eine detaillierte Untersuchung der 

Abscheidungen zwischen 1150 °C und 850 °C  mit verschiedenen Gasflusszusammen-

setzungen durchgeführt. Die Anpassung der Abscheiderate von 0.5 ± 0.2 µm/min bis 

2.4 ±0.4 µm/min erhöht den Durchsatz oder ermöglicht die reproduzierbare Abscheidung von 

cSiTF mit einer Schichtdicke < 500 nm. Der prinzipielle Mechanismus des Dotierstoffeinbaus 

während der Abscheidung und der resultierende Dotierbereich von 1x10
16 

1/cm³ bis 

1x10
20 

1/cm³ für Bor und von 1x10
17

 1/cm³ bis 2x10
20 

1/cm³ für Phosphor wurden ebenfalls 

bestimmt. Zusätzlich wurde der Einfluss des Cl/H Verhältnis und die Kompensation der 

Dotierstoffe experimentell untersucht. Die beschriebene Prozessoptimierung ermöglichte 

anschließend die Abscheidung von angepassten, epitaktischen Emittern auf texturierten und 

planen Oberflächen mit einer Schichtdicke von 500 nm bis 3.5 µm. Außerdem konnte die 

Schichtdicke der Kontaktschicht und die damit verbundene Auger-Rekombination von 
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500 nm auf 25-50 nm reduziert werden. Neben der Abscheidung von epitaktischen Schichten 

zwischen 1150-950 °C wurde zusätzlich ein APCVD Prozess für mikrokristalline 

Siliciumschichten (µcSiTF) auf Substraten mit Zwischenschichten für Prozesstemperauren 

von 1050 °C bis 850 °C realisiert. Zusätzlich wurde die erfolgreiche Abscheidung auf 

temperaturempfindlichem Borsilikatglas präsentiert. Diese µcSiTF können als aktive Schicht 

in Solarzellen, als Diffusionsbarriere, Kontaktschicht oder als Saatschicht für die 

Rekristallisierung verwendet werden. Ein fundamentales Verständnis des Abscheideprozesses 

wurde mit ausführlichen Untersuchungen zur Nukleation auf SiOx und SiNx 

Zwischenschichten ergänzt. Die experimentellen Ergebnisse zeigen, dass die 

Nukleationsdichte und die Schichthomogenität von Silicium auf PECVD SiNx und SiOx mit 

steigender Temperatur ansteigen. Des Weiteren wurde gezeigt, dass das Ätzen von 

thermischen SiO2 in Wasserstoffatmosphäre ab einer Prozesstemperatur von 900 °C zu einer 

signifikanten Reduzierung der Nukleationsdichte von ungefähr 270 auf 40 1/mm
2 
führt. 

Die in dieser Arbeit präsentierten experimentellen Ergebnisse und die identifizierten 

Zusammenhänge können für die Optimierung und die weitere Entwicklung der Abscheidung 

von Silicium mittels APCVD verwendet werden.  

 

Kristallographische Charakterisierung von dünnen Siliciumschichten  

 

Im Rahmen dieser Arbeit wurden verschiedene Messungen wie EBSD, XRD und 

µRaman zur Charakterisierung der kristallographischen Eigenschaften von cSiTF 

durchgeführt. Die Bildung von diversen Kristalldefekten wie Ätzgruben und Stapelfehler in 

epitaktischen Schichten in Abhängigkeit von Temperatur, Gasflusszusammensetzung und 

Substratorientierung wurden diskutiert. Die steigende Anzahl von Stapelfehlern und die 

erhöhte Rekombinationsaktivität dieser Defekte für Prozesstemperaturen < 1100 °C, sowie 

die resultierenden VOC Verluste von bis zu 200 mV wurden präsentiert.  

Die µcSiTF wurden durch Messmethoden wie EBSD, XRD und µRaman untersucht. Die 

kristallographischen Eigenschaften dieser Schichten wie die Korngröße von 2-3 µm und das 

säulenförmige Wachstum wurden analysiert. Ergänzende Experimente zur Untersuchung der 

elektrischen Eigenschaften zeigten, dass zusätzliche Prozesse wie RTA und RPHP für 

Abscheidungen mit einer Prozesstemperatur < 1000 °C notwendig sind, um Spannungen und 

die Anzahl der Kristalldefekte zu reduzieren.  

Die Limitierungen von etablierten Messmethoden zur Charakterisierung von cSiTF und die 

Vorteile von alternativen Methoden wie µRaman, µPL und µLBIC wurden gezeigt. Basierend 

auf den durchgeführten Experimenten ist es möglich, die Dotierkonzentration > 6x10
16

 1/cm
3 

durch die Analyse der Fano Resonanz von µRaman Messungen zu bestimmen. Die 

präsentierten µRaman und µPL Messungen von epitaktischen Schichten wurden verwendet, 

um die allgemeinen Materialeigenschaften zu untersuchen. Es konnte gezeigt werden, dass es 

möglich ist, ein defektfreies und spannungsarmes Wachstumsinterface mit geringer 

Rekombinationsaktivität herzustellen. Außerdem wurde gezeigt, dass die verschiedenen 

Abscheideparameter die Art des epitaktischen Wachstums beeinflussen. Die durchgeführten 

Experimente sind unabdingbar, um die Einflüsse auf die Materialqualität von cSiTF zu 

verstehen und zu verbessern. 



9 Deutsche Zusammenfassung 137 

 

 

 

Lebensdauermessungen von cSiTF und waferbasierten Solarzellen 

 

Die zuverlässige Messung der effektiven Minoritätsladungsträgerlebensdauer an 

verschiedenen cSiTF war ein weiterer Schwerpunkt dieser Arbeit. Durch eine Erweiterung für 

den Messaufbau der MWPVD und durch die Etablierung einer verbesserten Messroutine 

konnte die Signalintensität von ungefähr 4 mV auf 35 mV erhöht werden. In Kombination mit 

einer neuen Auswertung der Messdaten, welche den Einfluss von gefangenen Ladungsträgern 

berücksichtigt, ist es nun möglich cSiTF mit Lebensdauern von < 1 µs zuverlässig zu 

bestimmen. Der Einfluss der Wellenlänge des Anregungslasers, der verschiedenen Substrate 

und der Passivierung wurden in weiterführenden Experimenten bestimmt und bewertet. Die 

Messungen von cSiTF, hergestellt an der RTCVCD160, zeigen eine effektive Diffusionslänge 

von 90-120 µm, während die Diffusionslänge von epitaktischen Schichten auf 

rekristallisierten Substraten im Bereich von 50-80 µm bestimmt wurde. Im Anschluss wurden 

MDP, LBIC und IQE Messungen von cSiTF durchgeführt, um die Materialqualität der cSiTF 

zu ermitteln und um die Ergebnisse der MWPCD Messungen zu validieren.  

Des Weiteren wurden QSSPC Messungen an Solarzellen mit epitaktischen Emittern 

durchgeführt. Die effektive Lebensdauer und die Emittersättigungsstromdichte unterstreichen 

die erfolgreiche Optimierung der Abscheidung von epitaktischen Emittern. Für 

Abscheidungen bei 1050 °C wurden Lebensdauern von 200 µs auf p-Typ und 250 µs auf n-

Typ Material gemessen, was einer deutlichen Verbesserung um eine Größenordnung im 

Vergleich zum Standardprozess bei 1150 °C entspricht. Der Emittersättigungsstrom von J0e 

< 45 fA/cm
2
 auf p-Typ und von J0e< 30 fA/cm

2
 auf n-Typ 10 cm FZ Wafern zeigt das 

Potential, welches für eine industrielle Umsetzung der epitaktischen Emitter notwendig ist. 

Außerdem wurde die Lebensdauerdegradation von Siliciumwafern für eine 

Standardabscheidetemperatur > 1100 °C analysiert. Diese Untersuchungen zeigen einen 

geringen Einfluss durch die Bildung von thermischen Effekten, aber einen dominierenden 

Effekt durch die Eindiffusion von Verunreinigungen in Abhängigkeit von Temperatur, 

Prozessdauer und Gasflusszusammensetzung. Die gemessene Eisenkonzentration in 

Referenzwafern von 1x10
8
 1/cm

3 
erhöhte sich durch einen 4 min Temperprozess bei 1100 °C 

auf 4x10
11

 1/cm
3
. Zusätzliche Effekte durch die Bildung von Fehlstellen und die Eindiffusion 

von Kristalldefekten an der Substratoberfläche konnten nicht nachgewiesen werden. 

 

Solarzellen mit cSiTF oder µcSiTF  

 

Die Eigenschaften und die mögliche Anpassung der cSiTF an verschiedene 

Solarzellenkonzepte wurden am Beispiel des epitaktischen Waferäquivalents (EpiWE) 

untersucht. Eine alternative Herstellungsmethode zum epitaktischen BSF mittels in-situ 

Diffusion aus der Gasphase direkt vor der epitaktischen Abscheidung lieferte ein ähnliches 

BSF und eine vergleichbare Schichtqualität des Absorber mit einer EPD < 2x10
4
 1/cm². 

Außerdem wurde die Integration der Plasmatextur für EpiWE mit und ohne epitaktischen 

Emitter etabliert. Die Optimierung der Absorberdicke auf 30 µm und die Verringerung der 

VOC für Abscheidetemperaturen < 1100 °C wurden anhand von Solarzellenergebnissen 
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diskutiert. Außerdem wurde ein n-Typ cSiTF Konzept mit epitaktischen p-Typ Emittern 

entwickelt. Die prozessierte Solarzellencharge hat einen VOC von 655 mV und einen 

Wirkungsgrad von 13.9 %. Zusätzliche Experimente für verschiedene Anwendungen von 

µcSiTF mit einer Abscheidetemperatur < 1000 °C wurden durchgeführt. Die Versuche 

zeigten, dass ein geeigneter Kontaktwiderstand und Serienwiderstand für µcSiTF Konzepte 

erreicht wurde. Die Solarzellenchargen mit VOC von 466 mV und einen ISC von 14 mA zeigen 

die erfolgreiche Umsetzung mit einer Absorberdicke von nur 10 µm ohne die optische 

Optimierung der Strukturen. Die durchgeführten PC1D Simulationen in Verbindung mit der 

Materialcharakterisierung zeigten, dass der Wirkungsgrad durch die Reduzierung der 

Absorberdicke auf 6 µm deutlich gesteigert werden kann. Die Verwendung der µcSiTF als 

Saatschicht für die Rekristallisierung mittels Elektronenstrahl zeigt ein VOC von 539 mV. In 

Verbindung mit dem ZMR Prozess konnten bereits Spannungen von 614 mV erreicht 

werden [8]. Die vorgestellten Solarzellenergebnisse und die Charakterisierung der Solarzellen 

tragen zu einem besseren Verständnis der cSiTF bei und werden in Zukunft dafür verwendet, 

die verschiedenen cSiTF Konzepte zu verbessern. 

 

Waferbasierte Solarzellen mit epitaktischen Emitter  

 

Abschließend wurde die Entwicklung von n- und p-Typ Solarzellenkonzepten mit 

epitaktischen Emittern präsentiert. Solarzellen Simulationen mit PC1D und 

Prozesssimulationen mit Sentaurus Prozess wurden durchgeführt, um das Potential und die 

Limitierungen der epitaktischen Emitter zu untersuchen. Die optimierte Prozesstemperatur für 

mc Wafer wurde bei 1000 °C und für monokristalline Wafer bei 1025 °C festgelegt. Einige 

der entwickelten Konzepte beinhalten auch die selektive, in-situ Plasmatextur SelTex 

(JSC = + 2.85 mA/cm²) und die Verwendung eines epitaktischen BSF. Die Anpassungen an 

die Metallisierungs- und Passivierungsprozesse führten zu verbesserten Konzepten für 

Solarzellen mit epitaktischen Emittern. 

Im Anschluss an diese Simulationen und die präsentierte Optimierung der Materialqualität 

wurden verschiedene Solarzellenchargen mit Rekordwirkungsgraden im Bereich der 

kristallinen Silicium-Dünnschicht prozessiert. Ein Wirkungsgrad von  = 16.4 % für 

Solarzellen auf mc n-Typ Wafern konnte gezeigt werden. Weitere Rekordwirkungsgrade von 

= 20.0 % auf n-Typ FZ und = 18.4 % auf p-Typ FZ unterstreichen, dass der epitaktische 

Emitter im Vergleich zum etablierten, diffundierten Emitter konkurrenzfähig ist. Diese 

Ergebnisse stellen eine Verbesserung um mehr als 2 % absolut in den letzten drei Jahren dar 

und zeigen die erfolgreiche Prozessoptimierung. Die erreichten Diffusionslängen von 

Leff > 1500 µm und die vergleichbare VOC von 658 mV der epitaktischen Emitter auf n-Typ 

Wafern zeigen das Potential für hocheffiziente Solarzellen und industrielle Anwendungen. 

Zusammenfassend kann festgestellt werden, dass die Fortschritte in der Prozessentwicklung 

dieser Arbeit bereits verwendet werden, um die aktuellen Prozesse zu verbessern. Die 

präsentierte detaillierte Charakterisierung und die Etablierung von alternativen Messmethoden 

hat und wird dazu beitragen, die Grundlagen der cSiTF besser zu verstehen. 
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Appendix A Boltzmann-Mantano Analysis  
 

This analysis introduces the Boltzmann variable   (see equation 9-1) which transforms Fick’s 

law into an ordinary differential equation by accounting for t the diffusion time and XM the 

Matano interface. Under the assumption that the surface concentration is given and can be 

described as an unlimited source and with an XM = 0 the diffusion from the gaseous phase 

during the cooling ramp using PH3 can be analysed. 

 

  
    

 √ 
 

 
9-1 

 

After the  olt mann variable is introduced into the Fick’s law (see equation 3-1) the diffusion 

coefficient depending on concentration can be determined for a given SIMS profile using 

equation 9-2. However, the boundary conditions have to meet the restrictions described by 

[235] including an independence in position and diffusion duration in a certain range and at a 

given temperature. 
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9-2 

 

In Figure 9-1 the diffusion coefficient for a SIMS profile determined by the Boltzmann-

Matano analysis is shown. In this case the diffusion from a spray on source at 890 °C for 

20 min using mc-wafers has been investigated [73]. 

 
Figure 9-1: Boltzmann-Matano analysis including a simulated diffusivity by an 

integrated diffusion model (solid line) and by high concentration diffusivity (thick 

dashed line). The thinner dashed lines represent the contribution from the individual 

terms in the diffusion model (left) [73]. 
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The phosphorous diffusivity D(C) extracted by the Boltzmann-Matano analysis is showing 

three distinct regions separated by two maxima at 1x10
19 

1/cm³ and 8x10
20 

1/cm³ and a 

minima at 1.5x10
20

 1/cm³. These regions are dominated by the three different diffusion 

mechanisms which strongly depend on the concentration. In equation 9-3 an integrated 

diffusion model [236] to determine the effective diffusivity is shown. The effective diffusivity 

by interstitials     
   

, by selfinterstitials   
   

 and by vacancies  
   
   

 can be correlated to the 

local electron concentration n, the intrinsic electron concentration ni and the electric field 

factor h [73]. 

 

  
   

 
    
   
  
   

    
   
   

   
  

   
   

 
 

9-3 

 

In Figure 9-1 the simulated diffusivity by the integrated diffusion model (solid line), and 

simulated high concentration diffusivity also accounting for clustering (thick dashed line) are 

shown. The contribution of the individual terms in the diffusion model     
   ,   

    and     
    are 

represented by the thinner dashed lines.  

The Boltzmann-Matano method can be concluded by analysing the temperature dependence 

and the resulting correlation to the activation energy. The Arrhenius approximation of the 

diffusivity according to the integrated diffusion model are shown in Figure 9-2. Based on 

these experimental results the activation energies and the preexponential factors can be 

deduced [174].  

 

 
Figure 9-2:The Arrhenius plot of the apparent diffusivities for the diffusion 

mechanisms according to the integrated diffusion model (right) [73]. 
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Appendix B EBSD Measurements  
 

The EBSD measurements [110-112, 114] are a dependable characterisation technique to 

determine the grain orientation, grain size and grain distribution of microcrystalline and 

polycrystalline silicon films. Additional to the sample preparation and the measurement 

procedure presented in Chapter 4.3.1 the measurement setup and the Hough transformation 

will be describe in more detail in this Appendix. Furthermore, the data analysis including the 

orientation imaging will be addressed. 

 

Measurement setup and Hough Transformation 

 

In principle the EBSD measurements are based on detection of diffraction patterns from 

samples with crystalline structure in a scanning electron microscope [111]. The breakthrough 

of this technique was the use of a low light camera for diffraction pattern acquisition and a 

pattern analysis algorithm by [237]. After this, the development of commercially available 

system like the EBSD detector from EADX in combination with the Hitachi SEM SU-70 

which is the setup available at Fraunhofer ISE started. A schematic diagram of a typical 

EBSD measurement setup including a phosphorous screen to visualise the diffraction pattern 

and a CCD camera to record the pattern is shown in  

Figure 9-3 (left). 

 

   
 

Figure 9-3: Schematic diagram of a typical EBSD measurement tool (left) [111], 

EBSD measurement of misorientation and grain boundaries (middle) and EBSD 

measurement of grain orientation and grain size (right).   

 

Apart from the measurements setup, the calibrated parameters for the measurement of the 

diffraction patterns and the following Hough transformation are crucial. The development of 

rapid automated analysis of the Kikuchi pattern [110] and the indexing of those patterns for 

various material and crystal orientations allows the detailed crystallographic characterisation 

by EBSD. Besides grain orientation, grain size and grain distribution (see  

Figure 9-3 (right)) is possible to investigate misorientation angles, grain boundaries and 

sample composition as shown in  
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Figure 9-3 (middle). 

  
Figure 9-4:  Pattern in the Hough room from the detected Kikuchi band (left) and 

detected line patters after the Hough transformation (right). 

 

The actual graphical analysis of the diffraction patterns uses the transformation into the 

Hough room (see Figure 9-4 (left) to determine the characteristic line structure of the Kikuchi 

patters which is shown in Figure 9-4 (right). Since Hough chose a slope intercept parametric 

representation the resulting parameter room for the Kikuchi patters is two dimensional [110]. 

In this Hough room the maxima represent the diffraction lines and by matching these indexed 

Kikuchi patterns the crystallographic characterisation is made possible. 

In Figure 9-5 a comparison of four different sets of parameters for the measurement and the 

Hough-transformation are shown. The first example in Figure 9-5 (a)  shows the mapping of a 

multicrystalline reference sample using the standard setting. Since it was imperative to 

determine the crystalline structure of a µcSiTF and to determine the influence of 

nanocrystalline clusters a further improvement was necessary. In Figure 9-5 (b) and (c) the 

increase in signal intensity, despite low exposure and the increase in binning, lead to an 

overall decrease in measurement quality. The black points in Figure 9-5 (c) are points where 

no grain orientation could be determined. The last example Figure 9-5 (d) shows the best set 

of parameters for this specific multicrystalline sample. However, a careful calibration of these 

parameters in necessary for every single measurement because these parameters depend on 

the material properties and the sample preparation. 

 

 

 

 

 

 

 

 

 

 

 

 

1.  

Figure 9-5: Parameter variation of the Hough-Transformation to improve the 

determination of the grain orientation. 

Standard 

Setting 

High Gain Low 

Exposure 

Large Binning 

3 Maxima 

Normal Binning  

9 Maxima 

a) b) c) d) 
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Orientation Imaging Microscopy and Data Analysis 

 

At Fraunhofer ISE the EBSD measurements and the following analysis is done by using the 

software OIM 6.0
6
. The influence of the data analysis algorithms on the measurement data is 

shown in Figure 9-6. In this case the same sample measured with high gain and low exposure 

is chosen because the analysis parameters are not optimised. In Figure 9-6 (a) the 

measurement after the Kikuchi band detection, the indexing and the resulting determination of 

the orientation without post data analysis is shown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-6: Influence of data analysis algorithms included in the measurement 

software for the reduction of noise-induced error in the raw data. 

 

In the following examples a fitting of the grain orientation in Figure 9-6 (b) changes 300 data 

points and the fitting of phase correlation (c) changes 700 data points of the original 

measurement results. If the minimum grain size is limited to 3 measurement points and a 

minimum difference in orientation of 5° is set 1100 data points are changed (see Figure 9-6 

(d)). The last picture (see Figure 9-6 (e)) shows the additional analysis of grain boundaries 

and misorientation angle using the OIM Analysis software. The different measurement results 

underline the critical role of post processing and the importance to document the analysis 

algorithm for each sample.  

 

 

 

 

 

 

 

                                                 
6
 OIM 6.0 Software: This Software package consist of two separated programs the OIM Data Collection and the 

OIM Analysis. The Software is developed by EDAX advanced microanalysis solutions, www.edax.com. 
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Appendix C Lifetime Degradation at RTCVD160 
 

Apart from the experiments already presented in Chapter 5.3.2, an additional set of samples to 

investigate the diffusion of metal impurities has been processed in the RTCVD160. In Figure 

9-7 a direct comparison between four different wafers with and without diffusion barrier 

processed at the RTCVD160 is shown. In general these results validate the experiments using 

the RTCVD100 but in this case the difference is more apparent between the samples with and 

without diffusion barrier. The diffusion barrier of 275 nm SiOx is similar to the first 

experiment at the RTCVD100 and in this case SiNx passivated n- and p-type, 1 cm as well 

as 10 cm FZ wafer have been used. 

 

  

Figure 9-7: Effective minority carrier lifetimes for diverse silicon wafers processed at two 

respectively three different temperatures without diffusion barrier (left) and with 275 nm SiOx 

which acts as diffusion barrier (right). 

 

In Figure 9-7 (left) the high temperature degradation is more dominant for p-type than for n-

type wafers at 1050 °C and 1150 °C without diffusion barrier. The fact that n-type material is 

not as susceptive to metal impurities [192] supports the assumption that the dominating 

degradation is caused by impurities.  

In case of p-type material the effective minority carrier lifetime is decreasing from 1516 µs to 

1.6 µs after 7 min the hydrogen annealing at 1150 °C. The fact that the initial values of n-type 

10 cm FZ is lower that the p-type 10 cm FZ can be explained by the SiNx passivation.  

Figure 9-7 (right) shows silicon samples with the diffusion barrier, processed in the same run. 

Here, the degradation is limited to 87.6 % from 1883 µs to 234 µs for 1 cm p-type and to 

78 % from 2184 µs to 478 µs for 1 cm n-type wafers which is a significant improvement. 

The impact of the diffusion barrier is an additional result which supports the hypothesis that 

the diffusion of impurities is a limiting degradation effect.  
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Appendix D Simulation of IV Parameters  
 

Apart from the solar cell simulations presented in Chapter 7.3.1, additional PC1D simulations 

have been done to analyse the influence of three different emitter properties including contact 

peak doping (NA,peak), thickness (demitter) and emitter doping (NA,emitter). To evaluate the 

influence of these emitter properties the IV parameters VOC, JSC, FF and  of finished solar 

cells will be compared.  The complementary n-type simulations to optimise the NA,peak and 

NA,emitter with fixed emitter thickness demitter and the influence of the effective minority carrier 

lifetime will be discussed. Furthermore the complete set of simulations for p-type emitters 

will be shown in this paragraph.  

 

Additional simulation for n-type emitters 

 

The results of the n-type simulations to optimise the NA,peak and NA,emitter  with fixed demitter 

of 1 µm are shown in Figure 9-8. As stated before, the cell concept used for the simulations 

includes a 10 nm SiO2 passivation, a double anti reflection coating (MgF/TiOx), evaporated 

Ti/Pd/Ag contacts on the front side, a BSF and a full metal contact on the back side. The 

PC1D model consists of an epitaxial emitter and a 250 µm thick, 1 Ωcm p-type absorber. 

 

  

  

Figure 9-8: The total area (top left), JSC (top right), VOC (bottom right) and 

corresponding fill factor (bottom left) for a solar cell with 1 µm epitaxial n-type emitter 

for a wafer thickness of 250 µm and bulk  of only 20 µs depending on contact peak 

doping and emitter doping concentration. 
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The depth factor (DF) of 0.06 µm respectively the contact peak thickness which has been 

optimised in Chapter 3.3.2 has not been changed in these simulations. The bulk lifetime was 

set to 20 µs based on the lifetime measurement for the deposition without optimisation shown 

in Chapter 5.3. The emitter lifetime of 5 µs is defined by the Auger recombination at 

NA,emitter = 2x10
18

 cm
-3

 and the quality of the epitaxial silicon material. The surface 

recombination velocities, the sheet resistance (Rsheet), reflectance and transmittance of 

reference solar cells have been determined as described in Chapter 7.3.1 and integrated into 

the model. For an NA,emitter  above NA,peak the IV parameter have not been determined. 

The increase in VOC of 35 mV and the loss in JSC of approximately 2 mA/cm
2
 by increasing the 

NA,emitter from 1x10
17

 cm
-3

 to 1x10
19

 cm
-3

 shown in Figure 9-8 underline the importance to 

optimised the emitter properties. The simulations of the FF in Figure 9-8 (bottom left) show 

that for the metallisation by evaporation a NA,peak above 1x10
19

 cm
-3

 is necessary to prevent 

significant losses. The FF also depends on the NA,emitter due to changes in lateral conductivity. 

The increase of  NA,emitter from 1x10
17

 cm
-3

 to 1x10
19

 cm
-3 

at
 
NA,peak 2x10

19
 cm

-3
 results in a FF 

improvement of about 3 %. The maximum effective conversion efficiency (see Figure 9-8 

(bottom left)) above 17.5 % with the chosen cells concept and demitter of 1 µm can be achieved 

with a NA,emitter of 4.5x10
18

 cm
-3

 and a NA,peak above 1.2x10
19

 cm
-3

.      

In Figure 9-9 the difference in solar cell efficiency depending on emitter thickness and emitter 

doping concentration for two different bulk lifetimes is shown. The change in bulk from 20 µs 

to 200 µs results in an increase in efficiency of 2 %abs and a higher tolerance towards emitter 

thickness. 

 

  

Figure 9-9: Solar cell efficiency depending on emitter thickness and emitter doping 

concentration for a bulk lifetime of 20 µs (left) and for 200 µs (right). 

 

Based on these results the epitaxial n-type emitters can be optimised depending on the 

specifications of the solar cell concept. These simulations also show a maximum efficiency of 

> 17.5% for a solar cell concept (bulk = 20 µs) with an n-type epitaxial emitter but without 

texture and back surface passivation. A sensitivity analysis showed that the limiting property 

is the lifetime degradation of the silicon wafer during the deposition and not the epitaxial 

emitter itself. An increase in bulk to 200 µs resulted in an increase in VOC of 15 mV and an 

efficiency > 20 % with the same solar cell concept.  
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Summary of p-type emitter simulations 

 

In case of n-type concept with epitaxial p-type emitter the solar cell simulations includes 

an Al2O3 passivation, SiNx as anti-reflection coating and similar to the p-type concept, 

evaporated Ti/Pd/Ag contacts on the front side, a BSF and a full metal contact on the back 

side. The surface recombination velocity for the Al2O3 passivation has been determined 

according to the model [163]. The sheet resistance calculations and reflectance measurements 

on reference cells have been done for these simulations as well. One of the differences, 

despite the same bulk resistivity of 1 cm and wafer thickness of 250 µm is the effective bulk 

lifetime of 40 µs for the n-type material. 

The simulation of the VOC and JSC depending on NA,emitter and NA,peak are shown in Figure 9-10 

(left row). Please note that for an NA,emitter  above NA,peak the IV parameter have not been 

determined (white area in Figure 9-10 left row). In Figure 9-10 (right row) the influence of the 

demitter in combination with NA,emitter is shown. Compared to the p-type simulations the 

maximum VOC is about 25 mV higher due to the material properties, lower sensitivity to the 

high temperature process and superior front surface passivation. In Figure 9-11 the 

corresponding results for the FF and  also depending on NA,emitter and NA,peak (left row) and 

on demitter and NA,emitter (right row) are shown. 

 

  

  
Figure 9-10: Simulation of VOC and JSC for a solar cell with 1 µm epitaxial p-type emitter 

(wafer thickness 250 µm; bulk  of 40 µs) depending on contact peak doping and emitter 

doping concentration (left row) and emitter thickness and emitter doping (right row). 
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Figure 9-11: Simulation of FF and  for a solar cell with 1 µm epitaxial p-type emitter 

depending on contact peak doping and emitter doping concentration (left row) and emitter 

thickness and emitter peak doping concentration with NA,peak of 1x10
19

 cm
-3

 (right row). 

 

Based on the simulations presented in Figure 9-10 and Figure 9-11 the p-type emitter profile 

has to meet the following specifications: 

 demitter below 1 µm in combination with an NA,emitter above 3x10
18

 cm
-3

 and below 

1x10
19

 cm
-3

 shows a maximum in VOC 

 JSC increases with demitter below 7 µm NA,emitter below 3x10
18

 cm
-3

 

 Maximum
 
VOC can be achieved with demitter < 0.2 µm, NA,emitter above 3x10

18
 cm

-3
 and 

NA,peak of  8x10
18

 cm
-3

 

 FF shows a significant decrease for demitter below 2 µm and NA,peak below 1x10
19

 cm
-3

 

 The maximum efficiency > 19.5 % can be achived with an emitter thickness > 1.5 µm 

and < 3 µm as well as NA,emitter from 5x10
18

 cm
-3

 to
 
8x10

18
 cm

-3
. 

 

In case of p-type epitaxial emitters the simulations show that the efficiency potential is above 

19 % for a bulk of 40 µs. The difference in FF compared to the n-type emitter can be 

explained by the higher contact resistance using Ti/Pd/Ag for n-type solar cells as well. In 

case of VOC the n-type solar cells with Al2O3 passivation shows values of almost 660 mV. A 

part from the comparison and the advantages and disadvantages of n- type solar cells, these 

results have been used to optimised the epitaxial deposition of epitaxial p-type emitters. 
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Nomenclatures List 

Acronyms 

AIC Aluminium Induced Crystallisation 

ALCVD Atomic Layer Chemical Vapour Deposition 

ALD Atomic Layer Deposition 

AM1.5g Air Mass 1.5 global spectrum 

APCVD Atmospheric Pressure Chemical Vapour Deposition 

ARC Antireflection Coating 

a-Si Amorphous Silicon 

BSF Back Surface Field 

BSG Borosilicate Glass 

CCVD Combustion Chemical Vapour Deposition 

ConCVD Continuous Chemical Vapour Deposition 

CP Chemical Polishing 

c-Si Crystalline Silicon 

cSiTF Crystalline Silicon Thin-Film 

CVD Chemical Vapour Deposition 

Cz Czochralski 

DARC Double antireflection coating 

DIL Dielectric Intermediate Layers 

DLTS Deep level transient spectroscopy 

EBC Electron Beam Crystallisation 

EBIC Electron Beam Induced Current 

EBSD Electron Backscatter Diffraction 

ECV Electrochemical Capacitance Voltage 

EL Electroluminescence 

ELO Epitaxial Lateral Overgrowth 

EpiWE Epitaxial Wafer-Equivalent 

EQE External Quantum Efficiency 

FSF Front Surface Field 

FWHM Full Width Half Maximum 

FZ Float Zone Silicon Material 

GDMS Glow Discharge Mass Spectrometry 

GIXRD Grazing Incidence X-ray Diffraction 

HWCVD Hot Wire Chemical Vapour Deposition 
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IL Intermediate Layer 

INAA Instrumental Neutron Activation Analysis 

IPA Iso-Propyl-Alcohol 

IQE Internal Quantum Efficiency 

ITRPV International Technology Roadmap for Photovoltaic 

LBIC Light-Beam Induced Current 

LFA Laser-Fired rear Access 

LFC Laser-Fired Contacts 

LID Light induced degradation 

LO Longitudinal Optic band 

LPCVD Low Pressure Chemical Vapour Deposition 

mc Multicrystalline Silicon 

MDP Microwave Detected Photo Conductivity 

MFC Mass Flow Controllers 

MOCVD Metal Organic Chemical Vapour Deposition 

MODVIS 
 

MWPCD Microwave Photo Conductance Decay (method) 

PassDop layer stack for Passivation and laser Doping 

PasSiN Passivating Silicon Nitride 

PC Process Control 

PC1D Personal Computer 1 Dimension (simulation programme) 

PECVD Plasma Enhanced Chemical Vapour Deposition 

PERC Passivated Emitter Rear Contact 

PERL Passivated Emitter, Rear Locally diffused (cell structure) 

PERT Passivated Emitter, Rear Totally diffused 

PL Photoluminescence 

PLC Programmable Logic Controller 

ProConCVD Production Continuous Chemical Vapor Deposition Reactor 

PSG Phosphorous Silicate Glass 

PSL Porous Silicon Layer 

PV Photovoltaic 

PVD Physical Vapour Deposition 

QSSPC Quasi-Steady State Photoconductance 

QSSPL Quasi-Steady State Photoluminescence 

RCA Radio Corporation of America (standard cleaning) 

RexWE Recrystallised Wafer-Equivalent 

RPHP Remote Plasma Hydrogen Passivation 
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RTA Rapid Thermal Annealing 

RTCVD Rapid Thermal Chemical Vapour Deposition 

SEC Solar Cells Development and Characterisation 

SelTex Selective Texturing 

SEM Scanning Electron Microscopy 

SIMS Secondary Ion Mass Spectrometry 

SPC Solid Phase Crystallisation 

SRH Shockley-Read-Hall (recombination) 

SRP Spreading Resistance Profiling 

STC Silicon Tetra Chlorine (SiCl4) 

TCS Tri Chloro Silane (SiHCl3) 

TEM Transmission Electron Microscopy 

TLM Transfer Length Model 

TO Transverse Optic band 

UHVCVD Ultra-high Vacuum Chemical Vapour Deposition 

XRD X-Ray Diffraction 

ZMR Zone-Melting Recrystallisation 

µc-Si Microcrystalline Silicon 

µcSiTF Micro Crystalline Silicon Thin-Film 

µPL Photoluminescence with  mirco meter resolution 

µRaman Raman spectroscopy with micro meter resolution 

 

Chemical species 

Al2O3 Aluminum oxide 

Ar  Argon (gas) 

AsH3 Arsine (gas) 

B2H6 Diborane (gas) 

BBr3 Boron tribromide  

BCl3 Boron trichloride (gas) 

Cl Chloride 

Fe Iron 

Fe2O3 Ferric oxide 

FeCl3 Ferric chloride 

H2 Hydrogen (gas) 

H2O Dihydrogenoxide, water 

H2O2 Hydrogen peroxide 

HCl  Hydrogen chlorine acid (gas) 
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HF Hydrogen fluoride 

HNO3 Nitric acid 

HSiCl 
 

InGaAs Indium Gallium Arsenide 

KOH Potassium hydroxide 

MgFx Magnesium fluoride 

N2 Nitrogen (gas) 

Ni  Nickel 

O2 Oxygen (gas) 

P Phosphorus 

P2 Diphosphorus 

PH2 Diphosphine (gas) 

PH3 Phosphine or phosphorus hydride (gas) 

POCl3 Phosphoroxychlorid 

SF6 Sulfur hexafluoride 

SiCl Silicon chloride 

SiCl2 Silicon dichloride (gas) 

SiCl3H Trichlorosilane (gas) 

SiCl4 Silicon tetrachloride (gas) 

SiCx Silicon carbide 

SiH2Cl2 Dichlorosilane 

SiNx Silicon nitride 

SiO2 Thermal silicon oxide 

SiOx Silicon oxide by PECVD 

Ti  Titanium  

TiOx Titanium oxide 

 

Symbols 

Symbol Description  Unit 

 

Af Arrhenius constant  [-] 

A Active area of a cell  cm
2
 

 Absorption coefficient cm
-1

 

aM activity of the solute 
 

C Concentration of chemical species [mol] 
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Cdopant Dopant concentration cm
-3

 

CEM  Euler-Mascheroni constant  [-] 

CGM Dopant concentration in the gas mixture  ppm 

CS,eff  effective source in the surface region cm
-3

 

D Carrier diffusion  cm
2
/s 

D0 Diffusion coefficient cm
2
/s 

D0,eff Effective diffusion constant at ‘infinite’ temperature cm
2
/s 

dabsorber Absorber thickness µm 

Deff Effective diffusivity cm
2
/s 

Deff, i Effective diffusivity by interstitials  cm
2
/s 

Deff, I Effective diffusivity by selfinterstitials  cm
2
/s 

Deff, v' Effective diffusivity by vacancies cm
2
/s 

demitter Emitter thickness µm 

DF depth factor  [-] 

Dn Diffusion coefficient of electrons cm
2
/s 

Dp Diffusion coefficient of holes cm
2
/s 

 Circular profile of a dislocation 
 

Ea Activation energy J/mol 

EB Energy barrier  J/mol 

EPD Etch Pit Density  cm
-2

 

FF Fill Factor [-] 

G Generation rate   cm
-2

s
-1

 

J0 Dark saturation current density A/cm
2
 

J0b Bulk saturation current density A/cm
2
 

J0e Emitter saturation current density A/cm
2
 

JSC Short circuit current density mA/cm² 

k kinetic reaction constant [-] 

K Shape factor  [-] 

k’   proportionality constant [-] 

kad  Adsorption constant  [-] 

Keff Effective segregation coefficient [-] 

kr  Deposition constant [-] 

 Wavelength  nm 

Lb  Bulk diffusion length  µm 

Lb,0 Intrinsic bulk diffusion length  µm 

Leff Effective minority carrier diffusion length µm 
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LT Transfer length   µm 

N Vacant lattice sites  [-] 

NA Concentration of acceptor atoms cm
-3

 

NA,emitter n-type emitter doping concentration cm
-3

 

NA,peak n-type contact peak doping concentration cm
-3

 

ND Concentration of donor atoms cm
-3

 

Nd,epi Concentration of donor atoms in epitaxial layer cm
-3

 

NM Concentration of dissolved dopant M  cm
-3

 

nt Occupation number  [-] 

Nt Trapping densities  cm
-3

 

P Intensity of the reflected microwave  W/cm
2
 

pM Partial pressure of species M mbar 

Q Doping source concentration   cm
-2

 

 Occupied bonding sites  [-] 

R Universal gas constant  J/mol K 

 electrical resistivity cm 

c Specific contact resistance mcm² 

Rc Contact resistance  

RS Normalised series resistance  cm
2


RSheet Sheet resistance /sq. 

Si Silicon density g/cm
3
 

S Surface recombination velocity cm/s 

Sback Back surface recombination velocity cm/s 

Seff Effective surface recombination velocity cm/s 

SFD Stacking Fault Density cm
-2

 

Sfront Front surface recombination velocity cm/s 

Sint Interface recombination velocity cm/s 

T Temperature °C or K 

t Time s 

U Carrier recombination  cm/s 

V Deposition rate  µm/min 

Vad Molar absorption rate  
 

VOC Open circuit voltage mV 

Vr  Molar deposition rate  
 

 Boltzmann variable   
 

XM Mantano interface µm 

z Layer thickness µm 

Γd  recombination intensity  
 

Δn Excess carrier concentration cm
-3
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η Efficiency % 

   Reflex line broadening 
 

 α0 distance between atoms  Å 

 ρd Defect density cm
-3

 

 ω  Jump frequency   Hz 

 Bragg angle ° 

 t  Residence time in the band µs 

[M] Concentration of species M mol 

µn mobility of holes  cm²/Vs  

µp mobility of electrons  cm²/Vs  

2 Reflection angle  ° 

τAuger Minority carrier lifetime limited by Auger recombination μs 

τbulk Minority carrier lifetime in the bulk μs 

τeff Effective minority carrier lifetime μs 

τemitter Minority carrier lifetime in the emitter μs 

τepi Epitaxial layer lifetime  µs 

τrad  Minority carrier lifetime limited by radiative recombination  µs 

τS Minority carrier lifetime limited by surface recombination μs 

τSRH 
Minority carrier lifetime limited by Shockley-Read-Hall 

recombination 
μs 

 Photon flux  cm
-2

 

e  Residence time in a trap  µs 

   

 

Constants 

Constants Description Value 

      kB  olt mann’s constant  1.3806 x 10
-23

 J/K 

      q Elementary charge 1.602 x 10
-19

 C 

      ni  Intrinsic carrier density  1.00 x 10
10

 cm
-3 

      R Gas constant 8.314472 J/Kmol
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