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1 Introduction 

In this chapter the motivation for the presented work and a brief outline of the thesis 

will be given. 

1.1 Motivation 

The global energy consumption is steadily increasing since the beginning of the industrial 

revolution in the 18th century. Production and use of energy account in the present time for 

two-thirds of the world’s greenhouse-gas emissions [1]. With the Kyoto protocol that entered 

into force in February 2005 the first international agreement was made to commit its parties 

by setting internationally binding emission reduction targets. The United Nations 

Framework Convention on Climate Change, which is linked to that protocol, took again 

place in December 2015. The contributing parties agreed that the increase in the global 

average temperature shall be kept well below 2°C above pre-industrial levels and efforts 

shall be pursuit to limit the temperature increase even to 1.5°C above pre-industrial levels 

[2]. This goal can only be reached by a worldwide transition to renewable energy systems, 

where solar energy plays an important role. In the International Technology Roadmap for 

Photovoltaic (ITRPV) global PV module production capacity in 2014 is estimated to have 

been between 45 and 55 GWp and the market share of crystalline silicon (c-Si) is still 

assumed to be around 90%. [3]. Silicon wafers alone account for approximately 51% of the 

cell price. Therefore, reduction of wafer costs is still a main goal in today’s research.  

 

Figure 1.1 Predicted trend for minimum as-cut wafer thickness for solar cell mass production [3]. 

This cost reduction could be achieved by reducing the thickness of silicon wafers while 

keeping the kerf-loss to a minimum. Figure 1.1 shows the predicted trend for minimum as-

cut c-Si wafer thickness for mass production. Wafer thicknesses are predicted to approach a 
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minimum value of 150 µm for multi-crystalline c-Si wafers within the next seven years and 

120 µm for monocrystalline c-Si wafers within the next 10 years [3]. These values will still 

be higher than the estimated limit of cell thickness in future module technology. This shows 

that reducing c-Si wafer thickness with standard wiring technologies is challenging. 

Furthermore, the main disadvantage of kerf-loss remains. In the course of squaring, wire-

sawing and removing of the wafer saw-damage approximately 50% of the starting silicon is 

removed [4].  

Kerf-less wafering technologies could overcome these material losses. The technology 

investigated in this work uses a sacrificial detachment layer on top of a thin seed layer made 

of porous silicon for a follow-on epitaxial silicon growth. With this approach so-called 

EpiWafers can be produced, and kerf losses can be avoided. An additional advantage of this 

EpiWafer production process is that the thickness of the wafers can be deliberately chosen 

according to requirements. A schematic of the process flow is shown in Figure 1.2. In the 

first step a low porosity layer on top of a high porosity layer is etched into a highly doped 

silicon substrate. After a high temperature anneal the high porosity layer reorganizes to a 

detachment layer with large voids. The low porosity layer forms smaller voids beneath a 

pore-free closed template layer. Directly after the annealing process a silicon layer is grown 

epitaxially on top of the template layer. The finished EpiWafer can be detached from the 

parent substrate, which is then reintroduced into the same process chain.  

 

Figure 1.2. Schematic of the process flow using porous silicon and epitaxial growth for wafer 

manufacturing. 

In the ITRPV 2015 report [3] it is already predicted that considerable volumes of silicon 

material produced by technologies such as kerf-less wafering will appear after 2020 (see 

Figure 1.3). Depending on the quality and price of this material this value might increase 

further. To be able to compete against the established sawing technologies high-throughput 

reactors enabling high quality epitaxial growth at a low price are necessary. 
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Figure 1.3 World market share of different wafer types [3].  

The focus of this work was therefore to develop a kerf-less wafering process for high 

quality EpiWafers using a commercially available porous silicon layer stack and the 

atmospheric pressure chemical vapour deposition reactor RTCVD160, which was developed 

and built at Fraunhofer ISE [5]. Based on this lab-type reactor the industrial production 

prototype ProConCVD [6] was constructed, which is an in-line tool with a capacity of 

1000 wafers/h. Processes developed in the lab-type RTCVD160 can be transferred to the high-

throughput reactor and serve therefore as a proof-of-concept for the industrial feasibility of the 

process. 

1.2 Recent achievements found in literature 

During the time of this thesis several other institutes and companies, following the same 

approach, published their achievements. In this subsection an overview of the published 

results will be given. The information given in some publications is incomplete, i.e. missing 

out on the specifications of the porous silicon layer stack, the exact description of the 

annealing and epitaxy process or the description of their used reactor setup.  

Experiments using porous silicon and epitaxial thickening for solar cell processing were 

pursuit by the “Institut für Solarenergieforschung” (ISFH) in Hamelin. In 2011, they 

published the first results on a 19.1% efficient, only 43 µm thick free-standing solar cell 

made of an epitaxial wafer [7]. All processed solar cells featured an area of 3.98 cm2, which 

enabled processing of such thin wafers with a very low breakage rate. It is not certain what 

kind of chemical vapour deposition reactor is used for epitaxial layer growth at ISFH. 

Excessive work and detailed descriptions on the optimization of the porous silicon stack 

was done by the Interuniversity Microelectronics Centre (IMEC) [8]. Their use of a 

microelectronic reactor limits the thickness of the deposited layers to 50 µm, but areas up to 
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9x9 cm² are detachable. Such low thicknesses hinders free-standing solar cell processing on 

larger areas but still very good electrical qualities with mean effective carrier lifetimes of 

>350 µs for 40 µm thin epitaxial n-type foils were measured [8].  

The U.S. company Crystal Solar showed a 23% efficient heterojunction solar cell using 

an n-type epitaxial wafer processed by their Direct Gas to WaferTM technology [9]. Effective 

carrier lifetimes exceeding 3 ms were determined on their epitaxial wafers [10].  

Recent results from the Massachusetts Institute of Technology (MIT) presented very good 

effective carrier lifetimes of >300 µs on gettered p-type and >800 µs on gettered n-type 

epitaxial wafers [11].  

All these results are summarized in Table 1.1 for p-type material and in Table 1.2 for n-

type material. It is important to note, that differences in wafer thickness, resistivity and the 

used passivation layer make it difficult to directly compare the varying effective carrier 

lifetimes.  

Table 1.1 Details on an epitaxially grown freestanding p-type wafer found in literature. 

Company 

/Institute 

W 

[µm] 



cm] 

passivation 

layer

effµs] 

at Δn = 1015 cm-3 

 

[%] 

ISFH [7] 43 0.5 0 - 19.1 

MIT [11] 100 1.8 20 nm Al2O3 >300 (after gettering) - 

 

Table 1.2 Details on epitaxially grown freestanding n-type wafers, including effective carrier 

lifetimes and cell efficiencies found in the respective literature. 

Company 

/Institute 

W 

[µm] 



cm] 

passivation 

layer

effµs] 

at Δn = 1015 cm-3 

 

[%] 

IMEC [8] 40 0.5 a-Si >350 - 

Crystal Solar [12] 150 2 a-Si 2000 22.3 

Crystal Solar [9] 150 2 a-Si - 23 

Crystal Solar [10] 130 2 a-Si 3500 22.5 

MIT [11] 100 0.4 20 nm Al2O3 >800 (after gettering) - 

1.3 Outline 

In this work the reorganization of porous silicon and the fabrication of kerfless epitaxial 

wafers are investigated. 

In chapter 2 the theory of porous silicon fabrication during electrochemical etching and 

reorganization at elevated temperatures under hydrogen atmosphere will be explained. 

Examples for porous silicon layer stacks needed for kerfless wafering will be introduced and 

the requirements for high quality epitaxial growth and detachability will be summarized. 
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In the following chapter 3 an overview of different chemical vapour deposition techniques 

will be given and a simplified model of silicon deposition using a gas mixture of chlorosilane 

and hydrogen is explained. The incorporation of dopants is also explained by theory and 

validated with experimental data. The RTCVD160 reactor and the detachment tool used in 

this work are described and the modifications made during this work are pointed out. 

The purchased porous silicon templates used in this work are investigated in detail in 

chapter 4 to optimize the reorganization process for high quality epitaxial growth in 

combination with good detachability. Reorganization temperatures and duration are varied 

and values for surface roughness and strain of the porous silicon templates after 

reorganization are compared to known literature values. 

In chapter 5 the material properties of boron and phosphorus doped EpiWafers are 

investigated. In the first part defect densities and effective carrier lifetimes of boron doped 

wafers will be shown and analysed. Then, a detailed investigation on the impurities in the 

RTCVD160 reactor is performed. For phosphorus doped EpiWafers a variation of the doping 

density is conducted and from the measured effective carrier lifetimes a minimum value for 

the recombination lifetime is deduced. 

Simulation results are presented in chapter 6 for the used solar cell process in this work. 

An estimation for the achievable conversion efficiency for different recombination lifetimes 

and varying doping concentration is given. Also a thickness variation is conducted for 

different recombination lifetimes. 

The solar cell batch processed during this work is described in chapter 7. Details on the 

sample processing and the difficulties for solar cell fabrication using the processed 

EpiWafers are given. The solar cell results are summarized and a detailed loss analysis is 

given at the end of the chapter.  

In the last chapter a summary of the presented work will be given. The main results of 

this thesis along with a conclusion will be presented. The chapter will close with an outlook 

for future experiments and applications. 





 

2 Porous silicon formation and reorganization 

In this chapter a description of the porosification process by electrochemical etching 

is given. The reorganization process is explained by the theory of sintering. 

Furthermore, the requirements for a good template are discussed and an overview 

of porous silicon templates for kerfless wafering developed in other research groups 

is presented. 

2.1 Electrochemical etching of porous silicon 

The formation of porous silicon in hydrofluoric acid (HF) containing solutions during 

electrochemical anodization was first described by Uhlir [13] and Turner [14]. Under a 

critical current density porous silicon is formed and above this current density 

electropolishing takes place. The mechanisms that lead to the formation of a porous silicon 

structure are explained by Lehmann and Gösele in [15] and will be described in the 

following. When a silicon wafer is placed in an HF containing solution the surface is at the 

beginning saturated by hydrogen [16]. If a hole (h+) from the bulk of the electrode reaches 

the surface, a nucleophilic substitution of a hydrogen atom by a fluorine atom can occur (step 

1 in Figure 2.1). Another fluoride ion can attack and bond to the silicon by forming a 

hydrogen molecule and injection of an electron into the electrode (step 2 in Figure 2.1). The 

remaining Si-Si bonds are weakened and can be further attacked by HF in a way that the 

surface remains saturated by hydrogen (step 4 and 5 in Figure 2.1). Then, the silicon 

hexafluoride ion 𝑆𝑖𝐹6
2− is formed, which is a stable dianion that is highly soluble in water 

[17]. Hence, the total chemical reaction can be written as:  

𝑆𝑖 + 4 𝐻𝐹2
− + ℎ+ → 𝑆𝑖𝐹6

2− + 2𝐻𝐹 + 𝐻2 + 𝑒− 2.1 

In the chemical reaction above the limiting factor is the supply of holes from the silicon 

bulk to the silicon surface. Most models explain the formation of porous silicon to an 

increased supply of holes at the bottom of an already generated pore. The walls of the 

remaining silicon pillars, however, are depleted of holes. This so-called passivation of the 

pore walls is in literature explained by either a quantum confinement effect or by the 

formation of a space charge region. This passivation effect can explain why the pillars are 

protected from further etching and the etching mostly occurs at the bottom of an already 

etched pore. Detailed descriptions of the proposed models for porous silicon etching can be 

found in literature [18-23] and are not further discussed in this work. 
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Figure 2.1 Dissolution mechanism of silicon electrodes in hydrofluoric acid (HF) associated with 

porous silicon formation as proposed in [15]. 

The etching rate and the achieved porosity depend on the etching current density, the 

substrate doping level and HF concentration in the electrolyte [23-25]. By increasing the HF 

concentration the etching rate can be increased while the porosity is reduced [25]. Figure 2.2 

shows scanning electron micrographs of etched porous silicon layers for a varied current 

density and substrate doping concentration. The porous silicon structures can vary in size 

and are defined as microporous for pores < 2 nm, mesoporous for a pore size between 2-

50 nm and macroporous for a porous structure >50 nm. It can be seen in Figure 2.2 that for 

an increased current density a higher porosity is achieved for a much shorter etching time. If 

the critical current is reached, electropolishing will take place. By using silicon substrates 

with a higher doping concentration an increased porosity can be achieved for the same 

current density.  
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Figure 2.2 Scanning electron micrographs of the interface between the (100) silicon substrate and 

the etched porous silicon layer for different current densities and doping concentrations, from [23].  

With the knowledge of the influence of these factors, layers with specific porosities and 

thicknesses can be etched. Also porous silicon layer stacks with varying porosities and 

thicknesses in depth, which are needed for the realization of free-standing EpiWafers, can 

be realized by varying the current density during etching.  

2.2 Reorganization of porous silicon layers 

Silicon is thermodynamically unstable in air, and it reacts spontaneously to form an oxide 

layer on the surface. For porous silicon the surface-area-to-volume ratio is much higher than 

for a plane silicon wafer. Before any restructuring of the porous structure can occur, the 

oxide has to be removed, i.e. during high temperature annealing under hydrogen atmosphere. 

The restructuring of porous silicon during this high temperature annealing can be well 

described by the theory of sintering and takes place in two subsequent phases [26, 27]. In 

the first phase isolated pores form from the initial channels in the as-etched state (see Figure 

2.3 (a) and (b)). The distribution of these pores depends strongly on the structure of the as-

etched porous silicon state.  
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Figure 2.3 Schematic of porous silicon in the as-etched state (a), in the first phase of reorganization 

(b) and in the second phase of reorganization at 1100°C (c) and 1200°C (d). From [27]. 

Afterwards, the reorganization of porous silicon occurs through vacancy diffusion 

processes. They are evoked through a vacancy gradient Δ between the pore and its 

surrounding lattice. Voids can therefore grow or shrink depending on the direction of this 

vacancy gradient [28] (see Figure 2.3 (c) and (d)). The vacancy gradient Δ can be calculated 

by the difference between the vacancy concentration at the rim of the pore R and the vacancy 

concentration of the lattice (from )

Δ(𝑅) = R(𝑅) −   + Gr(𝑝). 2.2 

Gr is an additional vacancy supersaturation depending on the external pressure p during 

sintering. The vacancy concentration at the rim of a pore R and therefore also the vacancy 

gradient Δ decrease with increasing radius R: 

R(𝑅1) > R(𝑅2)  for  𝑅1 < 𝑅2. 2.3 

Now a critical pore radius RC exists for which the vacancy gradient changes the sign:  

Δ(𝑅𝐶) = 0. 2.4 

All pores with a pore radius bigger than that critical radius will grow in size and pores 

with a smaller radius will shrink and dissolve. This critical radius is inversely proportional 

to the vacancy supersaturation in the lattice Δ = where  is the equilibrium vacancy 

concentration. Because the vacancy supersaturation decreases during sintering, the critical 

radius increases. This means, that during high temperature reorganization of porous silicon 



2.3 Porous silicon layers for kerfless wafering 17 

 

layers the median pore size will increase and the total surface area as well as the surface 

energy of the system will be reduced . This process will be enhanced by higher 

temperatures (as also indicated in Figure 2.3 (c) and (d)). At the surface of the porous silicon 

layer a pore free layer will form. This can be explained by a reduced vacancy supersaturation 

Δ down to zero near the surface, because the surface acts as a sink for vacancies. Therefore, 

the critical radius will become infinity and all pores close to the surface dissolve. 

Müller et al. showed with simulations and experiments that surface diffusion, instead of 

gas phase diffusion or solid state diffusion, is the dominant mechanism for porous silicon 

reorganization [30] (see Figure 2.4). Furthermore, they showed that with the minimization 

of surface energy preferentially {111} and {100} facets are formed, which are low surface 

energy facets in silicon [31]. 

 

Figure 2.4 Diffusion mechanisms that can occur during sintering of monocrystalline materials, from 

[32]. 

The effect of pore growth and shrinkage during high temperature annealing can be used 

specifically for the purpose of kerfless wafering. The required temperatures for 

reorganization are close to the process temperatures needed for epitaxial silicon growth. The 

annealing time depends on the process temperature, the porous structure before annealing 

and of course the desired post-annealing structure. The needed porous silicon layer structures 

for kerfless wafering and the already known properties of those layers after reorganization 

are presented in the following subchapter.  

2.3 Porous silicon layers for kerfless wafering 

The idea of using porous silicon and epitaxial thickening for the fabrication of thin silicon 

devices originates from the microelectronic industry [33-35] and has already been 

successfully transferred to photovoltaic (PV) applications [36, 37]. For this approach, a stack 

including a low porosity top layer (20-30% porosity) and a high porosity bottom layer (50-

60% porosity) has to be electrochemically etched onto a silicon substrate. The etching 

process was described in detail in section 2.1. The properties that can negatively influence 

the epitaxial wafer quality are residual pores at the growth interface, high roughness values 
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and strain in the porous silicon crystal lattice. All these parameters would lead to a higher 

defect growth in the epitaxial silicon wafers and therefore to a worse electrical quality [8]. 

An example for such a porous silicon double layer is shown in Figure 2.5 left. During 

high temperatures above 800°C the porous silicon layers reorganize as described in 

subchapter 2.2. Because of the above described vacancy gradient the bigger pores in the high 

porosity layer will grow in size, while pores in the low porosity layer close to the interface 

will shrink or dissolve. At the surface of the porous silicon stack a pore-free layer will form, 

because the surface acts as a sink for vacancies which was first reported by Labunov et al. 

[27]. This means that by adjusting the porous silicon layer stack, a high porosity detachment 

layer can be formed during reorganization together with a low porosity template layer for 

epitaxial growth (see Figure 2.5 right). 

 

Figure 2.5 Double porous silicon layer stack for kerfless wafering before (left) and after 

reorganization (right), from [8]. 

Most research on enhancing the detached silicon wafer quality for solar cell application 

has been performed by the Interuniversity Microelectronics Centre (IMEC) and focused on 

adapting the porous silicon etching process. The aim was to minimize the surface roughness 

and strain in the porous silicon template after annealing by adjusting the porous silicon layer 

thicknesses and porosities [28, 38, 39].  

In the case of two-layer porous silicon stacks, a trade-off between the layer roughness and 

strain has to be made [39]. For a thick low porosity layer (1300 nm) the root mean square 

(RMS) roughness increases for longer annealing times, whereas the out-of-plane strain is 

reduced. With a thinner low porosity layer stack (750 nm) the increase in roughness is 

reduced for longer annealing times, but the high porosity layer is not sufficiently supplied 

by vacancies from the thin low porosity layer to enable detachability after annealing. 

Radhakrishnan et al. state that this trade-off between strain and roughness with layer 

thickness and annealing time can only be avoided using a new triple layer stack, which 

features two low porosity layers on top of one high porosity layer [40]. The first thin (approx. 

100 nm) low porosity layer located at the growth interface is needed to achieve a good 

template with a planar surface and the second low porosity layer is needed to ensure that the 

high porosity layer is “supplied” with enough pore volume and therefore allows for easy 

detachment. The main disadvantage of this new layer stack is an increase in the required 
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etching time by approximately 25% - 40%. Unfortunately, no publications are available that 

show surface roughness and strain values for this new triple layer stack.  

In this work it was not possible to develop and adjust an individual porous silicon stack, 

because no etching tool was available at Fraunhofer ISE. Therefore, a porous silicon layer 

stack developed at IMS (Institut für Mikroelektronik Stuttgart1) was purchased and only the 

reorganization process for this template was optimized. The layer stack is described in detail 

in chapter 4.1. The important difference to the triple layer stack proposed by Radhakrishnan 

et al. is that it consists only of one low porosity layer on top of two high porosity layers. The 

additional etching of the second high porosity layer increases the etching time only slightly. 

It was the aim in this work to find out whether this purchased layer stack is suitable for good 

epitaxial growth of high quality epitaxial wafers after an optimized reorganization.  

Besides a good template quality by means of roughness and strain, another important 

property of a suitable layer stack for kerfless wafering is the detachability of that layer. 

Simulations have been performed by Radhakrishnan et al. to investigate the maximum stress 

in the first unbroken pillar at the detachment front of the high porosity layer [40]. The higher 

the stress, the more likely the pillar will break and this breakage will propagate to the next 

pillar until the wafer is detached from the parent substrate. The stress depends thereby on 

the pillar width and the pillar spacing which is illustrated in Figure 2.6. The pillars have to 

feature a minimum distance of 2 µm from each other and the pillar width should not exceed 

150 nm. For this case Radhakrishnan et al. simulated stress values above 5000 MPa which 

seem necessary for easy detachment. It has to be kept in mind that those simulations have 

been performed for the case of identically shaped cylindrical pillars without considering any 

low porosity layer. Figure 2.6 can therefore only give a rough indication for the pillar spacing 

and width needed for easy detachment. 

                                                 
1 Institut für Mikroelektronik Stuttgart 

  Allmandring 30a 

  70569 Stuttgart 
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Figure 2.6 Modelled values of the maximum stress in the first unbroken pillar for different pillar 

width and different pillar spacing. From [40] 

2.4 Summary 

In this chapter the theory of porous silicon formation by electrochemical etching in an HF 

containing solution was presented and the influence of the different process parameters was 

described. The reorganization of porous silicon at high temperatures above 800°C in 

hydrogen atmosphere was explained by the theory of sintering. Both of these steps are 

required to realize porous silicon layer stacks needed for the kerfless wafering process 

investigated in this work. A stack of a low porosity layer on top of a high porosity layer 

restructures during a high temperature anneal in hydrogen atmosphere to a degree that high 

quality epitaxial growth and detachment are possible. It was shown in literature that for a 

two layer stack a trade-off between the layer roughness and strain has to be made. Both have, 

however, to be low to enable high quality epitaxial growth. Therefore, multiple layer stacks 

have been introduced in literature and lead to an improvement in epitaxial layer quality. 

Not only the template quality, but also the detachability of the grown EpiWafer, which 

depends on the bottom high porous silicon layer, is important. Properties of the high porosity 

layer from literature are given which should enable an easy detachment. The simulations 

yielded a minimum needed distance of the pillars in the high porosity layer of 2 µm and a 

maximum pillar width of 150 nm. Because those values were determined by simulations that 

simplify a realistic structure of a porous silicon layer, they only give rough indication for the 

desired pillar spacing and width.  



 

3 Chemical vapour deposition (CVD) of silicon 

A detailed description of chemical vapour deposition processes is presented in this 

chapter. The theories on growth rate and doping incorporation are discussed and 

experimental data are given. The lab-type RTCVD160 reactor and the process flow 

for reorganization and epitaxial growth are described. Process flow adaptions and 

changes in reactor setup, which were implemented during this work, are 

summarized.  

3.1 Deposition techniques 

There are a lot of different deposition techniques available at the present time [41]. In the 

following especially the deposition of silicon by various techniques is described. The 

different processes can thereby be classified according to the silicon source. Physical vapour 

deposition (PVD) is using thermal or e-beam evaporation to transfer solid silicon into the 

gas phase and this gaseous silicon is then deposited on a substrate. If a high vacuum is 

additionally applied the method is called molecular beam epitaxy (MBE). The method using 

a silicon-saturated metal solvent is referred to as liquid phase epitaxy (LPE).  

Another very common technique is the chemical vapour deposition (CVD) where a film 

is deposited directly from a gaseous phase onto a substrate. The first chemical vapour 

processes were conducted in 1852 with the deposition of iron (III) oxide (Fe2O3). The 

processes were developed by R. W. Bunsen and used ferric chloride (FeCl3) and water 

vapour [42]. Nowadays, various different materials can be deposited by CVD such as silicon 

and silicon compounds [43]. For the decomposition of the used vapour to the reaction educts 

a certain amount of energy is required. This energy can be introduced in different ways, 

which further classifies the technique. Plasma enhanced CVD (PECVD) works at lower 

process temperatures, because a plasma of the reacting gases is formed and therefore the 

activation energy for the dissociation of the precursor gas is lowered. Hot wire CVD 

(HWCVD) is using a hot catalyst, often a tungsten or tantalum wire, to decompose a silicon 

source. During rapid thermal CVD (RTCVD) processes the gas is dissociated by heating up 

the substrate or the precursor gas itself. Those thermal CVD processes are additionally 

divided by the operating pressure: 

 APCVD (atmospheric pressure CVD) operates at atmospheric pressure (105 Pa). 

 RPCVD (reduced pressure CVD) operates at pressures between 103-104 Pa. 

 LPCVD (low pressure CVD) operates at about 10-100 Pa. 

 UHVCVD (ultra-high vacuum CVD) operates at a vacuum below 10−6 Pa. 

The required process temperature is lower for a reduced operating pressure. However, the 

technical equipment is expensive and the deposition rates are low (i.e. for UHVCVD 

<0.01 µm/min [44]). The technique of choice in this work is therefore APCVD which 
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requires temperatures above 1000°C [45] but also allows for high deposition rates 

(2 µm/min) and simplifies the process because no vacuum is needed. Another advantage is 

that APCVD reactors are commonly used in microelectronics, which means the chemistry 

of the process is already well understood and gas-handling and waste-gas treatment are state-

of-the-art [46]. In the following subchapters a detailed description of APCVD processes is 

given and the reactor used for this work is described.  

3.2 Atmospheric pressure chemical vapour deposition (APCVD) 

The hydrogen reduction of (chloro-) silane is for most CVD processes the starting point 

for silicon deposition. In this thesis trichlorosilane (TCS) was used as precursor gas but also 

silicontetrachloride (STC) was studied and utilized in other dissertations at Fraunhofer ISE 

[46]. The reaction kinetics of those two precursors is described in the following. A simplified 

model of the silicon deposition using TCS and STC is given by Habuka [47] and Narusawa 

[48]. The individual process steps that take place during silicon deposition are schematically 

shown in Figure 3.1 and the corresponding chemical reactions are summarized in Table 3.1. 

The reactions can be thereby divided into the following phases [49]:  

 Mass transport of main gas flow into deposition zone (A) 

Fluid dynamics through a laminar or turbulent boundary layer can describe the diffusion 

of the reactants to the substrate surface. The velocity of the main gas flow, the viscosity 

and the density can change the diffusion of reactants to the surface. This can influence the 

reaction rate and layer homogeneity. 

 Gas phase reactions (B) 

At temperatures above 1100°C and for any Cl/H ratio, SiCl2 is the dominating silicon 

species in the gas phase for TCS and STC alike [50-52]. The STC and TCS quantities 

in the gas phase decrease with increasing temperature. At this point the reactions 3.1 

and 3.5 take place. 

 Mass transport of the precursors to the growth surface (C) 

At this point reactions 3.1 and 3.5 can also occur, which is referred to as chemisorption. 

This means SiHCl3 is chemisorbed and *SiCl2 is adsorbed. This adsorbed *SiCl2 is 

denoted with an asterisk in the chemical formula.  

 Adsorption of the precursor to the growth surface (D)  

*SiCl2 is decomposed by hydrogen at the growth surface according to equation 3.2. 

 Surface diffusion to the growth sites (E) 

The remaining adsorbed silicon atom diffuses to a site where incorporation is 

favourable. On a plateau region the silicon atoms can only form two bonds to the 

crystal so they diffuse further along the ledge to a kink site, where an energetically 

lower binding occurs [53]. 
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 Incorporation of silicon into the growing film (F) 

The decomposition of *SiCl2 (equation 3.2) can of course directly take place at this 

point without the need of further diffusion (i.e. skipping phase E). 

 Desorption of the byproducts of the surface reaction (G) and mass transport of 

byproducts into the main gas flow (H) 

Not only desorption of HCl as the byproduct can occur, but as shown in equation 3.9 

also desorption of *SiCl2. To achieve a high yield the desorption rate of *SiCl2 should 

be much smaller than the rate of chemisorption. 

 

Figure 3.1 Schematic of the processes during chemical vapour deposition [49]. 

One important reaction that is also in competition with the decomposition of silicon is the 

etching of silicon, as shown in equation 3.7. This reaction can also reduce the yield and the 

etching rate has therefore (like the desorption rate of *SiCl2) to be kept small compared to 

the rate of chemisorption. An etching of the silicon template could be especially critical for 

the thin porous silicon template layers of a few nanometres in thickness described in chapter 

2.3. It could also be critical if impurity atoms were present on the surface, because they may 

react with gaseous species (especially HCl, which is a byproduct during chemisorption and 

decomposition), removing the impurity locally and resulting in a pit. Impurities on the 

surface can also react with chlorosilanes, which would result in an increased growth and a 

hillock would form on the surface [54].  

The total chemical reactions for TCS and STC are given with equations 3.4 and 3.6, 

respectively. STC is after the first reaction (chemisorption) following the same reactions as 

TCS (another chemisorption, decomposition and desorption).  
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Table 3.1 Reaction kinetics of silicon deposition with TCS, STC and silicon etching. Taken 

from [46]. 

 Process Reaction 
 Point in 

Figure 3.1 

Deposition 

with TCS 

Gas-phase reaction / 

Chemisorption of SiHCl3 

 HClSiClSiHCl 2

*

3  3.1 B, C 

Decomposition of *SiCl2  HCl2SiHSiCl 22
*

 3.2 D, F 

Desorption 




22
*

32
*

SiClSiCl

SiHClHClSiCl
 3.3 G 

Total reaction  HCl3SiHSiHCl 23  3.4  

Deposition 

with STC 

Gas-phase reaction / 

Chemisorption of SiCl4 
 HClSiHClHSiCl 324  3.5 B, D 

Chemisorption, Decomposition and Desorption analogue to TCS D, F, G 

Total reaction  HCl4SiH2SiCl 24  3.6  

Etching   22n HSiClnHCl  Si
n

 3.7  

 

3.3 Growth rate 

The growth rate during APCVD depends mainly on the process temperature. In Figure 

3.2 left the qualitative course of the growth rate against the inverse temperature is shown. 

For low temperatures the growth rate is limited by the chemical reactions on the surface. 

This regime is therefore called reaction limited. The growth rate can be described by an 

Arrhenius equation and shows a high dependence on the temperature. For increased 

temperatures >927°C [55] or >1100°C [56] the growth rate is limited by the transport of the 

reactants to the sample surface. In this so-called diffusion limited regime the growth rate can 

also be described by an Arrhenius equation, however, with a smaller activation energy than 

for the reaction limited regime. For much higher temperatures the growth rate can decrease 

again due to an increase of the desorption reactions or due to depletion effects on the surface 

[57]. 
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Figure 3.2 Growth rate plotted against inverse process temperature (left), modified from [56] and the 

dependence of the growth rate on the Cl/H ratio for different process temperatures (right) [51]. 

Another parameter that influences the growth rate is the Cl/H ratio (see equation 3.8), 

with the molar concentrations of TCS [SiHCl3] and hydrogen [H2]. The dependence is 

plotted in Figure 3.2 right for different temperatures. The trend is similar for increasing 

temperatures. For decreasing Cl/H ratios below 0.005 the growth rate drops because of an 

insufficient amount of TCS and therefore a lack of silicon atoms for crystal growth. 

Increasing the Cl/H ratio, i.e. increasing the amount of TCS leads to a higher growth rate 

because the reaction is limited by the chemisorption process (equation 3.1). However, if the 

Cl/H ratio is further increased the growth rate drops again due to a lack of hydrogen and, 

therefore, a limitation through the decomposition process (equation 3.2). 

𝐶𝑙
𝐻⁄ =

3[𝑆𝑖𝐻𝐶𝑙3]

[𝑆𝑖𝐻𝐶𝑙3] + 2[𝐻2]
. 3.8 

The in Figure 3.2 right shown dependence of the growth rate on the Cl/H ratio can be 

derived from the adsorption rate 𝑉𝑎𝑑 and the mole growth rate 𝑉𝑟. The latter depends 

according to equation 3.2 on the molar concentration of hydrogen [H2] on the surface, the 

number of occupied bonding sites  and the decomposition constant kr [50]: 

𝑉𝑟 = 𝑘𝑟 ∙ Θ ∙ [𝐻2]. 3.9 

Vad depends according to the chemical reaction 3.1 on the number of free bonding sites 

(1 ˗  the adsorption constant kad and the molar concentration of TCS [SiHCl3]:  

𝑉𝑎𝑑 = 𝑘𝑎𝑑 ∙ (1 − Θ) ∙ [𝑆𝑖𝐻𝐶𝑙3]. 3.10 

In steady state the relation Vad –Vr = 0 is used to determine the number of occupied 

bonding sites using equation 3.10 and 3.9 

𝛩 =
𝑘𝑎𝑑 ∙ [𝑆𝑖𝐻𝐶𝑙3]

𝑘𝑎𝑑 ∙ [𝑆𝑖𝐻𝐶𝑙3] + 𝑘𝑟[𝐻2]
. 3.11 

The decomposition kr and adsorption constants kad have been determined experimentally 

[50] (with R = gas constant in J mol-1 K-1 and T = temperature in K): 
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𝑘𝑎𝑑 = 2.72 ∙ 106 ∙ 𝑒𝑥𝑝 (−
1.07 ∙ 1024 𝑒𝑉

𝑚𝑜𝑙
𝑅 ∙ 𝑇

), 3.12 

 𝑘𝑟 = 5.63 ∙ 103 ∙ 𝑒𝑥𝑝 (−
1.12 ∙ 1024 𝑒𝑉

𝑚𝑜𝑙
𝑅 ∙ 𝑇

). 3.13 

Using the equations from 3.10 to 3.13 the molar deposition rate can be calculated using 

the following equation: 

𝑉𝑟 =
𝑘𝑟 ∙ 𝑘𝑎𝑑 ∙ [𝑆𝑖𝐻𝐶𝑙3] ∙ [𝐻2]

𝑘𝑎𝑑 ∙ [𝑆𝑖𝐻𝐶𝑙3] + 𝑘𝑟[𝐻2]
. 

3.14 

The presented model was validated by Habuka in a temperature range of 800-1120°C 

using gas-compositions of 0.14 – 6.73% TCS in H2. This covers the operation regimes 

typically used for industrial APCVD processes [51].  

3.4 Doping incorporation 

For this thesis both boron and phosphorus doped wafers were fabricated and 

characterized. The processes for doping incorporation during epitaxial growth are well 

described in literature [58-61]. The doping incorporation follows thereby similar processes 

as the ones described for silicon in the previous subchapters. Thermal transport and reaction 

kinetics are the limiting factors for the dopant incorporation and the process proceeds 

analogue to the schematic in Figure 3.1. In the following the dependence of doping 

incorporation on temperature and gas flow is described. Experiments have been performed 

in previous works with the same reactor as used in this work [46]. The separately added 

values determined during this work are labelled accordingly.  

The dopant concentration in the silicon layer Cdopant can be modelled by the following 

equation: 

1K0for     
p

p
rate)growth (T,K105C eff

Si

dopant

eff

22

dopant 0

0

 , 3.15 

Keff is thereby the effective segregation coefficient from the gas phase to solid silicon and 

p0
dopant and p0

Si are the partial pressures of the dopant containing gas and silicon precursor, 

respectively. Keff equals 1 if a complete incorporation of the dopant atoms reaching the 

surface is given. 

3.4.1 Boron doping 

The dopant source used in this work to deposit p-type wafers is diborane (B2H6). It is a 

common and therefore well studied gas for APCVD processes for silicon growth. The 

presence of monoatomic boron in the gas phase is negligible and mainly gaseous subhydrides 

such as BH3 exist at high temperatures [59]. This results already in a good boron 
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incorporation for low diborane gas flows. The following equation describes the reaction 

kinetics at the silicon surface: 

2362 H3B2BH2HB  . 3.16 

The reactions for the incorporation of boron and for silicon growth compete against each 

other, so that doping concentration reduces for an increased growth rate of silicon at a 

constant temperature [61]. For an increasing temperature the incorporation of boron 

increases, because the above mentioned segregation coefficient Keff is temperature 

dependent [46]. The carrier density in a silicon layer deposited with different diborane gas 

flows was experimentally determined in previous works for different precursor gases and 

temperatures (see Figure 3.3). The inserted value determined during this work is a bit lower 

than the values determined in the same reactor by Schmich in [46], which is due to the 20°C 

lower process temperature. The values determined by Habuka and Rai-Choudhury are, 

however, both higher, although the temperature for the processes of Habuka was much 

lower. This will be explained in the following. 
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Figure 3.3 Doping concentration depending on the actual diborane gas flow [46, 59, 61]. The 

doping concentration for a deposition at 1150°C in the RTCVD160 (red star) was added from this 

work. 

Following conclusions can be drawn by comparing the values measured in the 

RTCVD160 reactor to the literature values [46]: 

 Due to a higher oxygen background in the reactor at Fraunhofer ISE (6 ppm) 

compared to commercial reactors used for the presented literature values (0.5-

1 ppm) the boron incorporation is reduced due to the following reaction: 

BH3  +  2H2O ↔  BHO2 +  3H2. 3.17 
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 The Cl/H ratio in the gas mixture also influences the incorporation of boron. For 

a higher ratio a reduction in carrier concentration can be expected due to the 

formation of boron trichloride:  

BH3  +  3HCl ↔  BCl3 +  3H2. 3.18 

For the experiments performed by Habuka and Rai-Choudhury it is assumed that 

Cl/H ratios of 0.01-0.05 were used, whereas the RTCVD160 reactor works with 

a Cl/H ratio of 0.1. 

3.4.2 Phosphorus doping 

For phosphorus incorporation the results are similar to the previously presented results of 

boron doping. Solely the temperature dependence is stronger for phosphine than for boron 

incorporation. Phosphine is better incorporated at lower temperatures because it tends to out-

diffuse [62]. For the dependence of phosphine incorporation on the gas flow (see Figure 3.4) 

three different regimes can be identified. For the explanation taken from [63] it is assumed 

that only monoatomic phosphorus is involved in the incorporation process. The segregation 

of phosphorus is determined by the vapour pressure of monoatomic phosphorus. For the total 

partial pressure of phosphine the following relation is given: 

pPH3

0 = pP + pPH + pPH2
+ pPH3

+ 2pP2
+ 4pP4

. 3.19 

At low partial pressures mainly PH2 and PH3 are present in the gas phase, leading to the 

following reactions. 

.HPPH and HPPH 22

3

322   3.20 

The equilibrium constants for these reactions are as following: 

K1 =  
pP∙pH2

pPH2

  and  K2 =  
pP∙pH2

3
2⁄

pPH3

 . 3.21 

This means that the phosphine concentration is directly correlated with the incorporated 

phosphorus resulting in a slope of one in the double logarithmic plot (see regime 1 in Figure 

3.4). 

For high partial pressures of PH3 mainly diphosphorus is present and the incorporation of 

phosphorus on the surface is following the reaction. 

P2P2  , 3.22 

with the equilibrium constant: 

K3 =  
𝑝𝑝

2

pP2

 . 3.23 

According to this equation 3.23 the partial pressure of diphosphorus is proportional to the 

squared value of the partial pressure of monoatomic phosphorus. With equation 3.19 this 

proportionality also applies for phosphine.  

pPH3

0 =  const × pP2
= const × 𝑝𝑝

2. 3.24 
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Therefore, a slope of ½ is present in this regime in the double logarithmic plot (see 

regime 2 in Figure 3.4).  

For this explanation it is assumed that a constant fraction of the incorporated phosphorus 

is ionized at growth temperature. This is, however, only true for moderate doping 

concentrations. For temperatures above 1130°C the intrinsic concentrations of electrons and 

holes in silicon are in the order of 1019 to 1020 cm-3. As long as the phosphorus concentration 

stays below that value the electron concentration is determined by the intrinsic concentration. 

This leads to a proportionality of the ionized phosphorus concentration to the phosphine 

partial pressure. As soon as the phosphorus concentration is exceeding the intrinsic 

concentration, the number of electrons is given by the number of ionized phosphorus atoms. 

The concentration of ionized phosphorus is then proportional to the square root of the 

phosphorus partial pressure. 

[𝑃+]𝑆𝑖 ∝  𝑝𝑃

1
2⁄

. 3.25 

Keeping in mind that for this regime also equation 3.24 applies the above shown relation 

results in: 

[𝑃+]𝑆𝑖 ∝  (𝑝𝑃𝐻3

0 )
1

4⁄ . 3.26 

It finally leads to a slope of ¼ in the double logarithmic plot (see regime 3 in Figure 3.4).  
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Figure 3.4 Phosphorus doping concentration plotted against the actual gas flow concentration 

modified from [46, 64]. 

For the values taken from literature and determined on samples processed in the 

RTCVD160 reactor the measurements follow nicely the trend of those three regimes. The 

doping densities aimed for and added during this work are intentionally lower than the values 

determined during previous experiments in the same reactor. The reason for this is, that for 

previous works higher doping concentrations were required for the investigated concepts, 

such as epitaxial wafer equivalent [46] and epitaxial emitters [65]. For freestanding silicon 
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wafer manufacturing resistivities in the range of 1-10 cm (~5x1015 to 4x1014 cm-3) are 

required. To be able to achieve such low doping concentrations the background in the reactor 

plays a major role. During the first experiments with n-type doping in this work, a boron 

background concentration of about 2x1016 cm-3 was determined and was removed in the 

course of this work. Therefore, a new background as low as 3x1013 cm-3 could be reached 

and controlled doping concentrations down to 2x1015 cm-3 could be achieved in the 

RTCVD160 reactor. Details on the boron background removal and on the n-type doping 

concentrations investigated in this work will be given in chapter 5.1.5 and chapter 5.2. 

3.5 Defects in epitaxially grown layers 

In this section an overview of the main defects that can occur in epitaxially grown silicon 

is given. Furthermore, the reasons for defect growth that can be found in literature, also for 

the case of epitaxial growth on porous silicon, are discussed. 

3.5.1 Dislocations 

A dislocation is an area where atoms are out of position in the crystal structure. There are 

two types, edge dislocation and screw dislocation. In silicon, with a diamond (fcc) structure, 

dislocations glide on the close packed {111} planes [66]. Their most stable position is when 

they are oriented in <110> direction. For higher temperatures, however, dislocations will 

take an arbitrary direction for gliding on the {111} planes. Dislocations that are already 

present in the growth substrate propagate into the epitaxial layer during silicon deposition 

[67]. 

3.5.2 Stacking faults 

Stacking faults are two-dimensional defects that appear, in case of a silicon crystal, 

mainly in {111} planes [68]. In <111> direction every third plane is congruent 

(“ABCABC…”). An intrinsic stacking fault denotes a missing plane (“ABCACABC…”) 

and an extrinsic stacking fault denotes an additional plane (“ACBCABC…”) [69]. 

The term stacking fault (or “growth stacking fault” [67]) is, however, also used for three-

dimensional defects in epitaxial layers. This defect is formed by two-dimensional stacking 

faults in {111} planes. On a (100) oriented substrate inverted square-based pyramids form 

in the epitaxial layer. The tip of the pyramid is mostly located at the growth interface. Such 

defects can form because of gaseous contaminants such as carbon or they can appear due to 

surface contaminations (like oxygen or metal impurities) and damage [67]. Other reasons 

can be the presence of SiO2 and SiC in the bulk silicon close to the surface and also other 

crystal defects can induce stacking fault growth in the epitaxial layer [67].  

For layers grown on porous silicon stacking fault densities are much higher compared to 

layers grown on polished and cleaned reference wafers. Sato et al. [70] assume that a residual 
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oxide layer at the inner walls of the pores hinders the pore to close properly and stacking 

fault growth hence occurs at the location of the oxide layer (see Figure 3.5). 

 

Figure 3.5 Stacking faults formation on a porous silicon layer proposed by [70]. The thin dark grey 

layers on the pore walls are representing oxide layers, which can hinder a pore closing and provoke 

stacking fault growth.  

3.5.3 Spikes 

Spikes are growing comparable to stacking faults but they feature polycrystalline 

inclusions in the centre of the stacking fault. In [71] the origin for this growth of 

polycrystalline stacking faults is correlated with silicon particles on the substrate surface. 

The growth of these defective areas is faster compared to the surrounding epitaxially 

growing layer. Therefore, spikes show usually a hump on the epitaxial surface. These 

polycrystalline defects are the most detrimental defects for epitaxial layers [72]. Usually, 

standard wafer cleaning (RCA cleaning with wet chemicals) prior to epitaxial deposition can 

be used to avoid the growth of such defects. However, in case of porous silicon substrates, 

extensive wet chemical etching would destroy the needed low porosity structure and can 

therefore not be used for the processes performed in this work.  

3.6 RTCVD160 reactors 

The reactor used in this work was developed at Fraunhofer ISE [5]. Figure 3.6 shows a 

schematic of the RTCVD160 reactor chamber, which has a diameter of 160 mm. The idea is 

to inject the gas between the porous silicon substrates, which form themselves the walls of 

the reaction chamber. The quartz carrier used in this work (see Figure 3.7) seals the bottom 

and the top of the reaction chamber. The whole carrier is then placed in a quartz tube that is 

purged with hydrogen during the deposition. Therefore, silicon is merely deposited on the 

silicon samples and only negligible parasitic deposition occurs at the quartz tube wall. The 

heating of the substrates is realized with two rows of halogen lamps on each side. The 

samples are vertically upstanding and can be moved horizontally through the deposition zone 

during a deposition process.  
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Figure 3.6 Schematic of the RTCVD160 reactor chamber. 

The temperature is controlled by a thermocouple positioned in the reactor chamber and 

the actual temperature of the substrate surface is not identical in the RTCVD160 reactor. 

Therefore, measurements of the real substrate temperature in the temperature range between 

400-1120°C have been conducted by Rachow [73]. The temperature difference on the 

substrates compared to the measured value is 16°C ± 5°C. In this work only thermocouple 

temperatures are given. The standard growth temperature in this reactor of 1150°C was used 

for this work [46] which results with a Cl/H ratio of 0.1 in a growth rate of approximately 

2 µm/min for the RTCVD160. 

 

Figure 3.7 Picture of the quartz carrier used for this work. The gas inlet can be seen on the left side 

and the exhaust is located on the right side. Silicon deposition can take place in the marked area. 

A schematic of the standard process flow developed within this work for porous silicon 

reorganization followed by epitaxial growth of an EpiWafer can be seen in Figure 3.8. After 

loading the samples in the reactor the chamber has to be purged with nitrogen for at least 

20 minutes prior to processing (1). This is required to avoid a high oxygen background 

during processing. Then the reactor is purged with hydrogen to remove the nitrogen. After 

6 minutes (2) the heating up follows with a ramp of 100 °C/min (3). Any holding step at 

temperatures below the growth temperature can be implemented (not shown here). After 

reaching the growth temperature of 1150°C an additional reorganization step can be included 

(4-5). Prior to epitaxial growth a stabilization step of the process gases is required (5), which 

is approximately 1 min and has to be added to the total reorganization time of the porous 

silicon substrate. After growth of the EpiWafer (6), the reactor is cooled down with a rate of 
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150 °C/min (7). At a temperature around 300°C the process can be stopped and the reactor 

is purged with nitrogen again. 
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Figure 3.8 Schematic of the standard process flow for porous silicon reorganization and epitaxial 

growth of an EpiWafer. The process steps 1 to 9 below the graph are described in the text. 

3.6.1 Deposition modes 

In this work, EpiWafers with thicknesses ranging from 40 µm to above 150 µm were 

fabricated. For all processes the reorganization step was performed stationary in the middle 

of the reactor chamber. For silicon deposition, however, a depletion of the silicon precursor 

gas in the gas flow direction leads to a locally inhomogeneous thickness distribution [46]. 

After reorganization the samples were either deposited in stationary mode or they were 

pulled out of the deposition zone during the stabilization step and then pushed with a constant 

velocity through the whole deposition zone. This so-called continuous mode results in a 

more homogeneous thickness distribution in gas flow direction. However, it also doubles the 

silicon deposition time of the process. For a standard process at 1150°C the hydrogen purge, 

the heating ramp and the cooling ramp add up to a total time of approximately 35 min. Figure 

3.9 (left) shows a thickness (= W) mapping of a 25 µm thin deposited layer in continuous 

mode. This layer was deposited on a Cz reference without the need for a reorganization step. 

The process time was therefore one hour with a silicon deposition time of 25 min. Figure 3.9 

(right) shows for comparison a detached EpiWafer after stationary deposition. The mean 

thickness is 150 µm, but locally over 200 µm were deposited. The process for this EpiWafer 

took, including the reorganization time of 30 minutes and a deposition time of 75 minutes, 

already over 2 hours (140 min). A continuous deposition of such thick EpiWafers would 

exceed the process time to 3 hours. The RTCVD160 is, as a lab-type reactor, however, not 

built for such long process times. During such long processes parasitic deposition on the 

quartz sample holders make it difficult to push the samples through the reactor chamber.  
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Figure 3.9 Thickness mapping of a sample processed in continuous mode (left) and in stationary 

mode (right). 

In order to improve lateral homogeneity but also keep the process time to a minimum a 

semi-continuous process was developed during this work. This process was used for 

EpiWafer fabrication with aimed thicknesses of 150 µm. Therefore, the substrate was left in 

the middle position of the deposition zone after reorganization. After a stationary silicon 

deposition for 40 min, the wafer was only pushed out of the deposition zone in one 

centimetre steps. The sample was left at each position for 4 min the first 4 steps, then for 5 

min the last 6 steps. With this procedure a deposition time of 86 min was needed, which is 

only 16 min more compared to a stationary process. The resulting thickness distribution of 

a detached EpiWafer processed with this semi-continuous procedure can be seen in Figure 

3.10 (note that the upper left edge of the sample broke off during detachment). The 

homogeneity is considerably increased compared to the stationary deposited sample shown 

in Figure 3.9 (right). This process was developed at the end of this thesis and was therefore 

not used for the thick samples processed during this work.  

For each processed sample described in this work the used deposition mode will be given 

in the sample preparation subchapters.  
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Figure 3.10 Thickness mapping of an EpiWafer deposited in semi-continuous mode. 
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3.6.2 Doping gas system  

The flow of most gases needed for the process is controlled by mass flow controllers 

(MFC). The doping of the deposited silicon layers is realised by adding dopant gases to the 

precursor gas mixture. In the RTCVD160 reactor phosphine (PH3) is used for n-type doping 

and diborane (B2H6) for p-type doping.  

At the beginning of this thesis three different MFC (20 sccm, 100 sccm and 7000 sccm) 

could be used for the doping gases. For this work only the 20 sccm MFC with a lower limit 

of 0.4 sccm was useful. Taking the dilution and complete gas mixture into account a gas 

flow of 0.4 sccm corresponds to a doping gas concentration of 0.07 ppm for phosphine and 

diborane. Such a concentration limits the lower value of the doping concentration to above 

1x1016 cm-3 for both dopants (see chapter 3.4). 

Therefore, only by deposition without any dopant gas (depending on the background 

doping concentration) wafers with lower doping concentrations could be fabricated. For 

free-standing EpiWafers suitable for solar cell processing doping concentrations in the range 

of 1x1015 cm-3 - 1x1016 cm-3 are preferable. As the dopant gases used are delivered in gas 

bottles with a certain degree of dilution in hydrogen, one possibility to reduce the doping 

concentration is to use a different gas mixture with a lower phosphine or diborane 

concentration. However, due to other processes at Fraunhofer ISE in need for high doping 

concentration this was not an option during this work. Another way to reduce the doping 

concentration in the gas mixture before introducing it into the reactor chamber is to dilute it 

further with hydrogen. Therefore, the gas system was converted in the way that dopant gas 

and hydrogen are mixed with adjustable flows to dilute the dopant gas. Another mass flow 

controller following this mixture system regulates how much gas from this mixture is 

introduced in the reactor. A sketch of this new gas system is shown in Figure 3.11. This new 

gas-mixture setup allows for controlled doping gas concentrations down to 0.002 ppm. 

 

Figure 3.11 Schematic of the gas mixture system installed to dilute the dopant gas and enable 

doping gas concentrations down to 0.002 ppm. 
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3.7 Detachment tool 

For this work a vacuum tool was needed to enable detachment of the deposited EpiWafers 

from the parent substrate. The here presented self-built tool basically provides homogeneous 

soaking through a porous membrane material over defined sample areas of up to 

200 x 200 mm2. The tool was developed by a group of technicians of the department. In 

course of this work different porous membranes for the vacuum suction were tested on a 

small area tool (50 x 50 mm²). The best performing material was then used in the upscaled 

tool. Both tools are depicted in Figure 3.12. The samples have to be placed on the porous 

membrane with the epitaxial layer facing down. A connected vacuum pump is then switched 

on and the parent wafer has to be lifted on one edge by using a tweezer or a scalpel. If the 

reorganization of the porous silicon layer was successful (see chapter 2.3) an easy separation 

of the parent substrate from the soaked epitaxial wafer is possible. 

 

Figure 3.12 Detachment tool for 50 x 50 mm² samples (right) and up to 200 x 200 mm² samples 

(left).  

3.8 Summary 

In this chapter the principles of chemical vapour deposition were given. The influence of 

Cl/H ratio and temperature on the deposition rate was discussed and a theoretical model for 

the calculation of the growth rate was introduced. Furthermore, the incorporation of dopants 

into the epitaxial layer during atmospheric vapour deposition was described for both boron 

and phosphorus. Data from literature and from experiments performed in this work showed 

the doping concentration in dependence of the actual dopant gas flow. Differences could be 

explained by the different reactor setups used in literature and in this work. The results follow 

nicely the expected trends from theory.  
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Defects that can grow in epitaxial layers were introduced and the different origins for 

their growth that are described in literature are specified. Especially growth stacking faults 

are present in the layers deposited in this work. The reasons for an increased stacking fault 

growth on porous silicon substrates are attributed in literature to residual oxide layers on the 

inner walls of the pores.  

The RTCVD160 reactor used in this work was described and the modifications made 

during this work were summarized. A typical process flow used in this work was presented 

and the three different deposition modes used in this work were described. The resulting 

thickness distribution for each deposition mode was also shown.  

Finally, the detachment tool developed in course of this work was presented. Varying 

porous membranes have been tested and the most promising one was implemented in the 

upscaled tool for a defined detachment of areas up to 200 x 200 mm². 

 





 

4 Investigation on the porous silicon template quality  

The crystal quality of the epitaxial silicon film strongly depends on the porous silicon 

template. The quality of the template can be adapted through the reorganization 

process prior to epitaxy, which was described in chapter 2.2. This process is 

influenced by the temperature, the duration of the reorganization process and the 

gaseous atmosphere. In this chapter, the influence of reorganization on the structure 

of etched porous silicon layers is investigated by varying the temperatures and 

process durations for the reorganization step. The influence of the storage time of 

the samples on the reorganization result is studied to see if any pre-treatment for the 

porous silicon samples is needed to guarantee reproducibility.  

4.1 Description of the porous silicon substrates 

The porosified wafers used in this work are 6 inch p-type Cz substrates with a specified 

resistivity of 10-20 m*cm. Figure 4.1 left shows one of the samples used in this work. The 

etched porous silicon can be seen as the coloured area on the wafer. Due to wafer holding 

during etching an approximately 1 cm wide silver shiny rim without porous silicon is 

present. The samples were purchased from IMS (Institut für Mikroelektronik Stuttgart). 

Their porous layer stack consists of a 1 to 1.5 µm thick low porosity layer (20% - 30% 

porosity) on top of two high porosity layers (50% - 60% porosity) with differing porosities 

and approximately 500 nm each in thickness (see Figure 4.1 right). This three-layer-stack is 

based on a double layer stack optimized for ultra-thin chip fabrication. The detachable areas 

for a silicon chip are only 5 x 5 mm² small and therefore no pillars are required in high 

porosity layer as the epitaxial layer is supported by the pore-free rim of the chip. For large 

area detachment the third high porosity layer was introduced by IMS to avoid a collapse of 

the porous layer after reorganization. Details of the layer stacking and the etching process 

are found in [33, 34]. The advantage compared to the triple layer introduced by 

Radhakrishnan et al. (see chapter 2.3) is that the process time increases only slightly as a 

result of etching the second high porosity layer. Additionally, purchasing samples from a 

microelectronic institute assured cleanliness of the samples and therefore no contamination 

in the clean room equipment and RTCVD tools.  
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Figure 4.1 Left: Picture of a porous silicon sample supplied by IMS. Right: SEM image showing a 

tilted cross-section of the investigated porous silicon structure as-etched. 

4.2 Porous silicon aging and reconditioning 

The porous silicon templates needed for this work were etched at IMS in Stuttgart, then 

packed and shipped to Fraunhofer ISE. One batch consists of 25 samples which are etched 

in a row each on the same day. The time scale from etching to receipt can take up to 3 days, 

depending on the mail service. After receipt, the processing of 25 samples takes more than 

two weeks, because only two to four samples (depending on the process) can be processed 

a day in the lab-type RTCVD160 reactor. Therefore it needs to be investigated whether a 

long storage of the samples changes the reorganization result. 

4.2.1 Sample preparation 

For this experiment samples were processed right after receipt and compared to samples 

that have been stored over 300 days in clean room atmosphere. A batch of the aged samples 

was processed directly out of the box and another one received an HF-dip prior to processing. 

All samples were annealed for 30 min at 1150°C in hydrogen atmosphere followed by 

epitaxial growth of a 40 µm thick epitaxial layer at the same process temperature. 

4.2.2 Results 

Porous silicon samples were directly processed upon receipt and compared to samples 

processed after aging for 300 days in clean room atmosphere. The cross-section in Figure 

4.2 left shows a non-aged porous silicon sample after reorganization at 1150°C for 30 min. 

Most of the pores in the low porosity layer show a facetted structure. The second high 

porosity layer consists of cavities that are varying in size from approximately 100 to 500 nm 

and remaining pillars with a width of around 100 nm. Radhakrishnan et al. states that with 

such a high porosity layer only defective detachment, i.e. cracking of the EpiWafer, should 

be possible [40] (see chapter 2.3). All aged samples that have been processed directly out of 

the box showed less reorganization in the low porosity layer and high porosity layers (see 
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Figure 4.2 right). The pores in the low porosity layer are still elongated and none show a 

facetted structure. The cavities in the high porosity layers are partly even below 100 nm. 

These layers were not detachable after epitaxial thickening, as also predicted in [40]. This 

investigation shows that after storage of the porous silicon samples the properties of the 

material change and a good reorganization cannot be assured. Even the samples that were 

processed directly upon receipt, meaning 3 days after porosification, show a non-sufficient 

reorganization. It has to be investigated whether this is due to the etching process or due to 

the storage time. 

  

Figure 4.2 Cross-sections of a porous silicon sample after reorganization at 1150°C for 30 min 

right after receipt (left) and after storage for 300 days in clean room atmosphere (right). 

One issue could be that an oxidation of the porosified samples occurs to an extent that the 

oxide cannot be removed sufficiently in hydrogen atmosphere for proper reorganization. To 

guarantee reproducible and comparable results all porous silicon samples should, however, 

be in a similar state prior to processing. If oxidation is truly the cause a possible way of 

reconditioning the samples is an HF-dip prior to processing. Figure 4.3 shows an aged porous 

silicon sample that received an HF-dip before it was annealed at 1150°C for 30 min. The 

low porosity layer shows facetted pores and the high porosity layers both show large cavities 

and pillars with a width of about 200 nm. In the second high porosity layer the pillar spacing 

is even higher than 1 µm, which should allow for easy and defect-free detachment (see 

chapter 2.3). These results support the assumption that an oxide hinders the desired 

reorganization of our porous silicon samples. Comparing the structure of the layer that was 

directly reorganized after arrival without HF-dip (Figure 4.2 left) it is obvious that even the 

samples that have been processed directly upon receipt already exhibited a certain degree of 

oxidation. Therefore, for all further processes an HF-dip was performed on the porous silicon 

samples right before loading them into the reactor chamber. The reactor is then purged with 

nitrogen until the process starts, which should prevent additional oxidation of the samples.  
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Figure 4.3 Cross-section of an aged porous silicon sample after reorganization at 1150°C for 

30 min. The sample received an HF-dip prior to processing. 

4.3 Porous silicon structure and surface roughness 

In this subchapter the structure of the layers after processing is discussed and the surface 

roughness is determined using scanning electron microscopy (SEM) and atomic force 

microscopy (AFM), respectively. The aim was to determine the optimum temperature 

regime to achieve excellent reorganization results for a closed and detachable template for 

epitaxial growth. This reorganization process should require 1 to 30 min to keep the overall 

process time to a minimum. It should also be transferable to industrial in-line CVD reactors. 

Karim et al. showed RMS roughness values as low as 2 nm for a double porous silicon layer 

with a low porosity layer thickness of 1300 nm and an annealing time of 1 min. Higher 

annealing times of 30 min led to an increased RMS roughness of 12 nm [39]. 

4.3.1 Sample preparation 

For these experiments all samples were etched in 1% HF(aq). To investigate the pore 

evolution in the porous silicon layer and in more detail the surface, which acts as a template 

for epitaxial growth, the samples received a reorganization step in a hydrogen atmosphere 

without any additional epitaxial growth of a silicon layer. The samples were reorganized at 

different temperatures for 30 min and for different time durations at a fixed temperature of 

1150°C, respectively (see Table 4.1). The heating ramp was set at 100 °C/min for all 

processes.  

The aim of this study was to find the required temperature regime that would enable an 

optimized reorganization of the porous structures in our RTCVD160 reactor. In [29], the 

authors describe that reorganization starts at 880°C for a porous silicon monolayer. The 

standard temperature for epitaxial growth in our RTCVD160 reactor is 1150°C. Therefore, 

temperature variations in the range from 800°C to 1150°C are examined in this work to 

resolve the different stages from an as–etched to a closed surface during the reorganization 

process. Additionally, the annealing duration for a fixed temperature of 1150°C was varied 

to investigate whether a longer reorganization time leads to an increase in roughness of the 

template layer, as expected from [39]. 
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Table 4.1. Overview of the different reorganization parameters varied in this work. 

Process 

process 

temperature 

[°C] 

reorganization 

time 

[min] 

A 800 30 

B 950 30 

C 1000 30 

D 1150 30 

E 1150 10 

F 1150 5 

 

The reorganized porous structures were observed using a scanning electron microscope 

(SEM). The cross-sections were prepared by manually scribing and breaking the samples. 

The surface roughness was determined using an atomic force microscope (AFM) using a 

Tap300DLC probe in tapping mode. 

4.3.2 Dependence on temperature   

This investigation was conducted to find the starting temperature for reorganization in 

our porous silicon layers. Additionally the evolution with increasing temperature is 

investigated. The aim was besides a better understanding of the reorganization process to 

see whether a holding step at lower temperatures, prior to epitaxy at 1150°C, would lead to 

a smoother template for epitaxy. Therefore we are going to focus on the low porosity layer 

and the surface of the reorganized porous silicon layer, which would act as the template for 

epitaxy. 

4.3.2.1 SEM investigation 

For Process A it was not possible to get a good SEM image of the surface, because the 

structures with a few nanometres were too small. Figure 4.4 shows a cross-section of a 

porous silicon sample after annealing at 800°C for 30 min. This process caused a change in 

the structure compared to the as-etched sample presented in Figure 4.1 right. It shows that 

reorganization really starts at 800°C. The long pore tubes separate and become small closed 

pores with a diameter in the range of a few nanometres. The high porosity layers can now 

be better distinguished from the low porosity layer. The growth of larger pores and the 

shrinking of smaller pores during annealing are well explained by the theory of sintering, 

which was described in chapter 2.2. It states that the reorganization of porous silicon occurs 

through vacancy diffusion processes. They are evoked through a vacancy concentration 

gradient between the pore and its surrounding lattice. Voids can therefore grow or shrink 

depending on the direction of this vacancy gradient [28]. Ott et al. [29] state that increasing 

the annealing time for a constant temperature leads to a similar evolution in the pore 

structure, as an increase of the annealing temperature. Any further increases of the annealing 
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time may therefore lead to a detachable and closed template. However, this would take too 

much time and was therefore not further investigated.  

 

Figure 4.4 Cross-section of the investigated porous silicon structure after annealing at 800°C for 

30 min. 

For the next processes we are focusing on the surface of the porous silicon layer. For 

Process B the increase of annealing temperature to 950°C caused some of the pores in the 

low porosity layer to enlarge. However, others shrank and disappeared. Those pore structures 

can now be captured by SEM, as shown in Figure 4.5 left. We find that a few nanometres 

under the surface, which acts as a sink for vacancies, most of the pores disappear after 

treatment at 950°C. However, there are still open pores at the surface, which would require 

more time to dissolve into the gas phase. This temperature regime is therefore not ideal for 

porous silicon restructuring over the investigated time range. For a reorganization 

temperature of 1000°C, the upper layer closed still not entirely (see Figure 4.5 right). This 

leads to the conclusion that temperatures above 1000°C are required, if the reorganization 

time is to be kept below 30 min. 

   

Figure 4.5 SEM image of a tilted porous silicon sample showing the sample surface (top) and 

cross-section (bottom) after annealing at 950°C (left) and 1000°C (right) for 30 min. 

No open pores were observed at the surface after 30 min reorganization for 1150°C, 

which was the highest temperature investigated (Figure 4.6). Most pores immediately close 
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to the surface were approximately 100 nm in size and exhibited a spherical shape with facets 

corresponding to crystal planes with a low free surface energy. The closed pore-free layer 

that acts as the actual template for epitaxy has a thickness of at least 10 nm.  

 

Figure 4.6 SEM image of a tilted porous silicon sample showing the sample surface and cross-

section after annealing at 1150°C for 30 min. 

4.3.2.2 AFM investigation 

The surfaces of the processed samples that were investigated with SEM were in the 

following measured with atomic force microscopy (AFM). The tip radius of the AFM of 

< 10 nm is limiting the resolution of the measurement. Therefore, the smaller structures of 

the as-etched sample were not measureable (Figure 4.7 left). The AFM measurement did not 

resolve the real structure of the open pores at the surface of the as-etched sample because 

the structures are too small for the used AFM tip. After reorganization at 800°C, the 

structures grew to a size for which reasonable measurement with the AFM tip is possible. 

The measurements shown in Figure 4.7 right illustrate that for the lowest temperature of 

800°C, reorganization at the surface took place compared to the as-etched sample (left 

picture). However, the top layer was found to have not closed yet. The pores at the surface 

grew compared to the as-etched sample. The open pores at the surface are in the range of 

10 nm. 
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Figure 4.7 AFM measurements of the surface from an as-etched porous silicon sample (left) 

compared to a sample annealed at 800°C (right). 

After annealing the sample at 950°C for 30 min, the surface exhibits still open pores, 

which did not dissolve into the gas phase (Figure 4.8 left). Some of these pores grew to a 

diameter of approximately 100 nm. In between these pores, there are still others with ~10 nm 

in diameter. An increase of the temperature to 1000°C results in the disappearance of the 

small pores and, therefore, a smoothening of the surface, leaving only some pores that vary 

from a few nanometres to over 10 nm in depth and about several hundred nanometres in 

width (see Figure 4.8 right; note the scaling is different between the images). The few 

remaining pores at the surface exhibit a facetted structure due to a favoured minimization of 

the surface energy. Even a few holes in the surface would still result in enhanced defect 

growth and therefore a reduced quality of the epitaxial layer [28]. In conclusion, 

temperatures up to 1000°C are still too low for ideal epitaxial growth templates after 30 min 

of reorganization.  

 

Figure 4.8 AFM measurements of the surface from a sample annealed at 950°C (left) and 1000°C 

(right). 

Annealing the samples at 1150°C for 30 min leads to a smooth surface (see Figure 4.9 

left). The RMS roughness value is approximately 0.4 nm, which is considered to be very 

good for an epitaxy template as the specifications for mirror polished Fz or Cz references 

state a RMS roughness < 1 nm. The AFM measurement in Figure 4.9 left also shows that 
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there is waviness on the surface, with the structures being only several nanometres deep and 

at least a micrometre wide (again, note the different scaling used in Figure 4.9). For better 

visualization of the “pore” structures on the different surfaces, line scans from the last three 

AFM measurements are shown in Figure 4.9 right. Areas with the highest height difference 

were chosen and the same scaling was used for all three line scans. The decrease in roughness 

is clearly visible for the sample annealed at 1000°C compared to the sample annealed at 

950°C. After reorganization at 1150°C only a flat waviness is left on the surface.  

 

Figure 4.9 AFM measurements of the surface from a sample annealed at 1150°C for 30 min (left) 

and three line scans on samples annealed at different temperatures (right). 

From the results of this sub-chapter it can be concluded that an annealing of the porous 

silicon template for 30 min at lower temperatures than the epitaxial growth temperature of 

1150°C is not beneficial for a smoother surface. Only reorganization at 1150°C for 30 min 

led to a closed and smooth template. As 30 min are at the upper time limit for an industrial 

application it has to be investigated whether a reduction of the reorganization time for a 

constant temperature of 1150°C leads to comparable results. 

4.3.3 Dependence on time 

The results in chapter 4.3.2 already showed that annealing at 1150°C for 30 min leads to 

a smooth epitaxy template with a low RMS roughness value of ~0.4 nm. In this subchapter 

we investigate reorganization durations ranging from 5 to 30 min for a constant annealing 

temperature of 1150°C. In the region immediately under the surface, a difference in pore 

shape was distinguished by examining the SEM images (see Figure 4.10). For 5 and 10 min 

of reorganization, the bigger part of pores close to the surface still appears elongated and not 

yet facetted. After 30 min of annealing, most of the pores appear facetted. However, AFM 

measurements of the surface do not show any difference between all samples annealed at 
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1150°C. The RMS roughness for all samples is lower than 0.5 nm, meaning that possible 

deviations would be dominated by the resolution of the characterization method. By 

comparing only the AFM and SEM measurements it is not possible to determine whether a 

reorganization time of longer than 30 min would lead to epitaxial layers with less defects 

compared to shorter reorganization times. However, the difference in pore shape 

immediately near the growth interface may lead to a change in the strain in the porous silicon 

layer and, hence, either to an improvement or a worsening of the epitaxial growth template 

quality. 

 

Figure 4.10 SEM images of the porous silicon template after reorganization at 1150°C for 5 min 

(Process F), 10 min (Process E) and 30 min (Process D). 

Therefore, further effort was put in the determination of the strain in the porous silicon 

template layer which will be presented in the following. 

4.4 Strain  

In this subchapter, the strain in the annealed porous silicon layers is analysed. In literature 

the out-of-plane compressive strain for a double porous silicon layer with a low porosity 

layer thickness of 1300 nm after an annealing time of 1 min is 1,6 x 10-4. For an annealing 

time of 30 min, the strain can be reduced to 1,2 x 10-4 [39]. No strain values for the optimized 

triple layer stack from IMEC [40] could be found in literature. Therefore, the determined 

values in this subchapter are only compared to the values of the double porous silicon layer 

given in literature. 

4.4.1 Measurement principle 

X-ray diffraction (XRD) measurements on the same layers were conducted using a Philips 

X’Pert MRD system equipped with a CuKα X-ray (λ = 0.154 nm) source. To extract the 

strain in the porous layer from the XRD measurements, the silicon and porous silicon peaks 
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were both fitted to Gaussian functions to determine the corresponding scattering angle 𝜃𝐵. 

Using Bragg’s law of diffraction, which is defined as: 

2 ∙ 𝑑 ∙ sin 𝜃𝐵 = 𝑛 ∙ . 4.1 

The lattice parameter 𝑑 of the porous silicon layer and the silicon substrate can be 

calculated using for λ the known wavelength of the CuKα X-ray source. The relative 

deformation 𝜀𝑠 of the porous silicon layer (PS) on the silicon substrate (Si), also known as 

the out-of-plain strain, can then be calculated via the mismatch between the two lattice 

parameters: 

𝑑𝑃𝑆−𝑑𝑆𝑖

𝑑𝑆𝑖
= 𝜀𝑠. 4.2 

4.4.2 Dependence on temperature 

In the previous subchapter it was already argued that a reorganization temperature of 

1150°C is needed for a closed and smooth surface. However, the strain in the porous silicon 

layer is also an important value that needs to be kept to a minimum to avoid defect growth. 

It was therefore studied for all investigated temperatures. Figure 4.11 shows the evolution 

of the XRD rocking curve for different annealing conditions. For Process A (800°C), the 

porous silicon peak is located at lower diffraction angles compared to the silicon peak, which 

indicates a tensile out-of-plane strain, known to be also present within as-etched porous 

silicon samples [27]. This means simply that the porous silicon has an increased crystal 

lattice parameter in the direction normal to the sample plane. The reason for that is explained 

by a high density of adsorbed hydrogen on the pore walls for as-etched samples (or in our 

case samples reorganized at 800°C) [39]. This causes in-plane compressive stress on the 

pore side walls, which leads to out-of-plane expansion of the lattice. Annealing at 950°C 

shifts the porous silicon peak to higher diffraction angles, leading to a compressive out-of-

plane strain. This conversion from tensile to compressive strain is explained by desorption 

of hydrogen [39]. The compressive strain increases further for reorganization at 1000°C for 

30 min. For the highest investigated reorganization temperature of 1150°C, the porous layer 

“relaxes” again and the compressive strain decreases. This relaxation effect has been 

identified by others [39] and is discussed in more detail in the following subsection. 
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Figure 4.11 XRD rocking curves showing the (400) crystalline silicon peak next to a shifted porous 

silicon peak.  

4.4.3 Dependence on time 

In [39], it was shown that a shorter reorganization time can lead to higher strain values 

within the porous layer. Therefore, XRD measurements for the samples annealed at 1150°C 

for 5, 10 and 30 min were conducted. Figure 4.12 shows the results of the calculated out-of-

plane strain for the different reorganization times. We see that for longer reorganization 

times, the strain decreases, as expected from literature [39]. Karim et al. state that the reason 

for this decrease is a reduction in the connecting pillars in the high porosity layer, releasing 

the mismatched lattices and reducing the strain in the porous silicon template. This could not 

be confirmed by our SEM measurements. However, we believe that this explanation is also 

a plausible reason for the “relaxation” of the porous layer that occurs after increasing the 

temperature from 1000°C to 1150°C (see the previous subchapter).  
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Figure 4.12 Calculated strain values from the peak shift of the porous silicon to crystalline silicon 

over the (400) rocking curve peak. 
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The maximum strain values are shown in Figure 4.12 and are all lower than those found 

in literature [28, 39]. With a reorganization time of 30 min, the strain can decrease to values 

as low as -0.64 x 10-4. With these templates epitaxial growth with low defect densities and 

therefore high electrical qualities comparable to the ones presented in literature should be 

obtainable (see subchapter 1.2). 

4.5 Summary 

This chapter discussed the quality of the porous silicon samples used in this work after 

different reorganization processes. The focus was on porous layer structure, roughness and 

strain. Because the used porous silicon samples are electrochemically etched and then 

shipped by an external supplier, they cannot be processed directly after etching. Samples 

processed after a longer storage time showed a non-sufficient reorganization after 

processing, which would not allow for good detachment. The reason for this is an oxidation 

of the porous silicon structure. To guarantee reproducibility an additional HF-dip needs to 

be implemented as a standard pre-treatment for all samples. Further, we described the 

evolution of a porous silicon surface from an as-etched condition to a smooth and closed 

surface with low strain in the porous silicon layer, which is essential for good epitaxial 

growth. A temperature of approximately 1150°C is needed to achieve a good template for 

epitaxy for a processing time of less than 30 min. Annealing at temperatures below 1150°C 

showed still open pores at the surface. All samples annealed at 1150°C at different times 

exhibited high quality surfaces with roughness values of less than 0.5 nm. Increasing the 

reorganization time from 5 min to 30 min leads to a reduction in the out-of-plane strain to 

0.64 x 10-4 in the porous silicon layer without increasing the roughness. Both the determined 

roughness and strain values are lower than those for the improved porous silicon layer stacks 

found in the literature. These results show that using commercially available 

microelectronics material allows us to achieve high quality templates. For the following 

chapter only reorganization processes at temperatures of 1150°C were further investigated 





 

5 Material properties of epitaxially grown and detached wafers 

In this chapter the quality of free-standing p- and n-type silicon wafers epitaxially 

grown on the reorganized porous silicon templates is discussed. The defect densities 

and minority charge carrier lifetimes of the epitaxial p-type wafers are compared to 

layers epitaxially grown on Czochralski (Cz) and float zone (Fz) wafers, respectively. 

Additionally, impurities in the samples, such as iron and compensating dopants, are 

investigated. The influence of doping concentration and surface recombination 

velocity on the effective carrier lifetime of p- and n-type wafers is discussed 

theoretically and demonstrated with experimental data.  

5.1 P-type EpiWafers 

In this chapter results on defect densities and effective carrier lifetimes of epitaxial p-type 

wafers are presented. The homogeneity of the lifetimes on the sample area is discussed and 

a detailed investigation on iron contamination and compensation in the layers is conducted. 

5.1.1 Sample preparation 

The used porous silicon samples are the same as described in chapter 4.1. The substrates 

with an embedded porous silicon layer were quartered before processing to fit in the sample 

holders of the lab-type CVD reactor. The aging and reconditioning of the porous silicon 

samples, which was discussed in chapter 4.2, was also investigated and correlated to 

epitaxial layer quality. Therefore aged porous silicon samples with and without an HF-dip 

prior to epitaxial growth have been processed and characterized.  

Table 5.1 Parameters for the different reorganization processes. 

Process 
process temperature 

[°C] 

reorganization time 

[min] 

A 1150 5 

B 1150 30 

C 1150 90 

 

An approximately 40 µm thick epitaxial layer with an aimed boron doping concentration 

of 8·1016 cm -3 was deposited on all samples at 1150°C for 47 min in inline mode directly 

after stationary reorganization in hydrogen atmosphere. Table 5.1 summarizes the 

reorganization parameters compared. A variation of the reorganization time at a fixed 

temperature of 1150°C was conducted to investigate whether a shown reduction of strain in 

chapter 4.4.3 also leads to a reduction of stacking faults and therefore an improved effective 

carrier lifetime. The heating ramp was kept at 100°C and the cooling ramp at 150°C for all 

studied processes. 
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Samples for defect density measurements were Secco etched for 40 seconds while still 

attached to the substrate. This prevented breakage of the samples during defect etching and 

handling. As reference for epitaxial layers grown on reorganized porous silicon an epitaxial 

layer was deposited on a polished and cleaned Cz wafer.  

Another batch of samples was used to measure the lifetimes of minority charge carriers 

of free-standing silicon wafers. Therefore, the 4 x 4 cm² area for detachment was predefined 

with a Nd:YAG laser. After mechanical detachment with the tool described in chapter 3.7 

the residual porous silicon layer on the rear side was etched for at least 3 min with CP71 in 

a glass beaker. The recipes of all chemical polishing solutions used in this work can be found 

in the appendix. Directly after an HF-dip the surfaces of the epitaxial wafers were passivated 

with 20 nm Al2O3 on both sides followed by an annealing step for 25 min at 425°C on a 

hotplate. Figure 5.1 shows a 40 µm thick wafer directly after detachment (left) and after 

etching and passivation (right). For the minority carrier lifetime reference measurements 

layers with the same mean thickness and doping concentration were deposited on 4 inch Fz 

wafers with a specified resistivity of 1 cm. The only difference to the processes with the 

porous silicon substrates was that this process was conducted in stationary mode leading to 

an initially inhomogeneous thickness distribution. After processing the samples were sent to 

DISCO HI-TEC EUROPE GmbH to grind an inner area with a diameter of 7.5 cm down to 

a homogeneous thickness of 35 µm. After grinding the wafers were shipped back to 

Fraunhofer ISE. They received the same CP-etching as EpiWafers, followed by an HF-dip 

prior to Al2O3 passivation and annealing. 

     

Figure 5.1 Left: A 4 x 4 cm² detached silicon wafer next to the corresponding substrate (the blue 

line marks the area without porous layer); Right: A freestanding etched and passivated 4 x 4 cm² 

silicon wafer. 

5.1.2 Defect densities 

The quality of an epitaxially grown silicon wafer can be determined by defect density 

measurements. Defects, like stacking faults and etch pits are expected to affect the minority 

                                                 


Secco-etch: HF + K2Cr2O7 + H2O in a ratio of HF : H2O = 2 : 1 with 44 g K2Cr2O7 dissolved in 

1 l of H2O. It etches defects on all surfaces. 
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carrier lifetime negatively [67, 74] and also increase the breakage rate of the wafers. Defect 

densities were measured on samples with epitaxial layers after different reorganization 

processes (see Table 5.2). The results show that samples with an aged porous silicon 

intermediate layer have a much higher stacking fault density (SFD) compared to reference 

layers on polished and cleaned CZ wafers. For processes with longer reorganization times a 

reduction of the SFD can be observed. This indicates an improvement of the template with 

increasing reorganization time which strongly affects epitaxial growth. In chapter 4.4.3 we 

already showed a reduction of strain and a change to more facetted pores close to the growth 

interface for longer reorganization times. This might explain the increased crystal quality. 

After 90 min of reorganization, SFD of epitaxial layers grown on porous layers reach almost 

reference values which suggests that even 30 min is still not the optimum time regime for 

the investigated porous silicon template. However, a reorganization time of 90 min is 

increasing drastically the process time and was therefore not favourable in our opinion. In 

the following chapters it is investigated whether a reorganization time of up to 30 min is 

sufficient for high effective carrier lifetimes and good cell performances. 

The exact etch pit densities (EPD) of those samples could not be determined because EPs 

located in and on a SF cannot be accounted for during the automated measurement. 

Therefore only the EPD value of process C can be trusted which is in the range of the 

reference values.  

Process B was also conducted with a porous silicon sample that received an HF-dip prior 

to reorganization and epitaxy. All SEM, AFM and XRD investigations on the template 

quality were conducted only on samples with an HF-dip prior to processing. However, it is 

still not clear whether an HF-dip degrades the porous silicon structure in the low porosity 

region close to the growth interface. Defect densities of epitaxial layers grown on substrates 

with and without this pre-treatment showed comparable values (see Table 5.2), which means 

that no decreased quality of the low porosity layer after HF-dipping is to be expected.  

Table 5.2 Defect densities on epitaxial wafers with different pre-treatments (see Table 5.1). 

Process 
Reorganization time 

[min] 

etch pit density 

[1/cm²] 

stacking fault density 

[1/cm²] 

A (without HF-dip) 5 (7±3)·102 (4±2)·104 

B (without HF-dip) 30 (2±1)·103 (5±1)·103 

B (with HF-dip) 30 (6±5)·103 (6±2)·103 

C (without HF-dip) 90 (7±3)·103 (2±1) 102 

Reference - (5±7)·103 < 10 

 

Concluding from these preliminary results a reorganization time of 30 min or higher at a 

temperature of 1150°C is required to achieve low defect densities which are close to the 

reference values. In the following subchapter the influence of those different reorganization 

times on the effective carrier lifetime is studied. 
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5.1.3 Carrier lifetimes for p-type EpiWafers 

The theoretical maximum effective carrier lifetime for a wafer with a given doping 

density was estimated by the following equation from [75].  

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑏𝑢𝑙𝑘
+

2 ∙ 𝑆𝑒𝑓𝑓

𝑊
. 5.1 

This equation is accurate within 4% for Seff*W/D < 0.25, for symmetrical samples with 

the same passivation quality on front and rear side and with D being the diffusion constant 

of the excess carriers. The term for the recombination in the bulk is a combination of 

radiative recombination, Auger recombination and recombination through defects 

(Shockley-Read-Hall recombination) [76]: 

1

𝜏𝑏𝑢𝑙𝑘
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1
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+
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+

1

𝜏𝑆𝑅𝐻
. 5.2 

So, an upper limit for the bulk lifetime 𝜏𝑏𝑢𝑙𝑘 can be estimated if we assume that bulk 

recombination is exclusively dominated by Auger and radiative recombination. With the 

parameterization of Richter et al. [77] the maximum possible intrinsic bulk lifetime 

(radiative + Auger) can be determined for a given doping concentration (see Appedix C). 

Because radiative recombination can be neglected for indirect semiconductors like silicon, 

this calculated lifetime will only be referred to as τauger in the following. 

For a given wafer thickness W and an assumed surface recombination velocity (SRV, Seff) 

a theoretical effective carrier lifetime eff can be then calculated with equation 5.1. 

For a p-type wafer with a doping density of 8x1016 cm-3 the calculated bulk lifetime is 

limited to about 250 µs. With a known thickness of 40 µm and an assumed SRV of 

Seff = 5 cm/s (taken from [78] for an Al2O3 passivated surface) this results in an estimated 

maximum value for the effective carrier lifetime of 154 µs.  

First the reference wafers processed according to chapter 5.1.1 are described. The 

microwave photoconductance decay (MWPCD) mapping in Figure 5.2 shows the best 

reference sample. The inhomogeneity of the lifetime originates from the inhomogeneous epi 

layer thickness from stationary processing (see chapter 3.6.1). The deposition rate reduces 

in gas flow direction due to the separation and depletion of the gas mixture as presented in 

[73]. Therefore, the homogeneously 35 µm grinded area features zones with residual Fz 

substrate on the back side and therefore a reduced effective carrier lifetime comparable to 

the rim of the sample. It is important to keep in mind, that the measured effective carrier 

lifetime is affected by both surface and bulk recombination. The best area with an effective 

carrier lifetime of up to 50 µs is, therefore, representative for an Epi-layer with a grinded 

and etched surface with unknown surface recombination. If still a value of Seff = 5 cm/s is 

assumed, an increased Shockley-Read-Hall (SRH) recombination is responsible for a 

decreased effective carrier lifetime of only 50 µs compared to the estimated value of 154 µs. 
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A theoretical SRH lifetime is calculated for all measured samples and summarized in Table 

5.3. 

 

Figure 5.2 MWPCD mapping of a 4 inch sample with a down to 35 µm grinded inner circle 

representing the epitaxial layer. 

For all detached EpiWafers MWPCD measurements were performed and a minimum of 

25 measurement points were averaged. The effective carrier lifetimes for the different 

processes are summarized in Table 5.3. Increasing the reorganization time from 5 min to 

30 min leads to a noticeable improvement in the effective carrier lifetime of the deposited 

epitaxial layer both with and without HF-dip. This is in agreement with the reduction of 

stacking faults shown in the previous subchapter. Process C, however, shows no 

improvement for the effective carrier lifetime compared to process B, although lower defect 

densities were measured for the latter. Process C was only performed with aged samples, 

which leads to an insufficient reorganization of the high porosity layer. This can also affect 

the quality of the wafers by inducing cracks and stress during mechanical detachment. The 

calculated SRH lifetime values show that at this stage of the presented work the epitaxially 

grown wafers still suffer from high recombination due to crystal defects (if we assume that 

the surface recombination is similar for all samples).  

A reorganization time of 30 min led to an average effective carrier lifetime of 22 µs on 

an HF-dipped sample. Locally values of 40 µs could be measured showing that epitaxial 

layers with even higher quality can be processed. Those values are already close to the 

reference value determined on Fz wafers. For this reason all following processes feature a 

reorganization time of 30 min. A shorter reorganization time would lead to an increased 

stacking fault density as discussed in the previous subchapter and therefore a decreased bulk 

lifetime. A longer reorganization time might still increase the epitaxial layer quality on the 

porous silicon templates, but would also extend the process time to over 3 hours. Such long 
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process times are unviable with the used APCVD reactor and were therefore not further 

pursued. 

Table 5.3 Effective carrier lifetimes of EpiWafers for different reorganization processes with and 

without HF-dip prior to processing. Theoretical SRH lifetimes are calculated and shown in the last 

column. 

Process 
Reorganization time 

[min] 

τeff 

[µs] 

τSRH
* 

[µs] 

A (without HF-dip) 5 9±2 10 

A (with HF-dip) 5 7±2 7 

B (without HF-dip) 30 16±7 18 

B (with HF-dip) 30 22±5 25 

C (without HF-dip) 90 11±6 12 

Reference - 50 80 

These presented lifetime values confirm that a reorganization step of at least 30 min for 

the porous silicon templates is needed to achieve good layer qualities. The implemented HF-

dip leads to an improved detachability and therefore to fewer or no cracks in the detached 

wafers. This can also result in higher effective carrier lifetimes, if the right reorganization 

process is chosen. The errors of the measured values in Table 5.3 underline, however, that 

the process is still to be optimized to achieve a more homogeneous lifetime distribution on 

the samples.  

5.1.4 Optimization of handling and etching procedure 

The results from the previous subchapter showed even on the best wafers a big 

inhomogeneity in the effective lifetime distribution. Extensive work has been done to 

investigate this inhomogeneity and to find ways to avoid locally decreased effective carrier 

lifetimes. It was determined that increased recombination occurs either due to cracks and 

stacking faults in the epitaxial layers or due to an increased surface recombination after 

porous silicon removal. This could be avoided by optimizing the handling and etching 

procedures necessary for EpiWafer manufacturing and characterization.  

In the following, the homogeneity of the effective carrier lifetime on two samples will be 

presented and discussed in more detail. The first one suffers from an increased 

recombination due to stacking faults and cracks (see Figure 5.3) and the second one from a 

worsened surface recombination (see Figure 5.5).  
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Figure 5.3 PL imaging of a 4 x 4 cm² sample that was processed with process B. 

The porous silicon template for the sample presented in Figure 5.3 was reorganized with 

process B (30 min at 1150°C) and received an HF-dip before processing. The upper circle 

in the photoluminescence (PL) image of that sample marks a line-shaped conglomeration of 

stacking faults which has a negative effect on the otherwise good effective carrier lifetime 

in this region (darker areas represent lower effective carrier lifetimes). This area was 

analysed with an optical microscope where the stacking faults are clearly visible (see Figure 

5.4 left). The lower circle marks a crack on the surface, also shown in the optical microscope 

picture in Figure 5.4 right. This leads also to a decrease in the effective carrier lifetime. 

Sample handling before and after processing is more critical for porous silicon samples than 

for monocrystalline polished and cleaned wafers. Scratches on the fragile porous silicon 

surface can occur more likely during manual handling, HF-dipping and loading of the 

samples, and lead therefore to an increased stacking fault growth. For all future processes 

handling of the porous silicon substrates was therefore limited to the porous-free rim and 

any contact with the porous silicon layer was reduced as much as possible. However, this 

was not possible for all processes, i.e. for laser scribing of the porous silicon templates prior 

to processing the wafers had to be put with the porous side facing down on a vacuum chuck. 

This could still lead to scratches on the templates and has to be monitored accurately. 

 

Figure 5.4 Microscopic pictures of the stacking faults (left) and the scratch (right) leading to a 

locally decreased effective carrier lifetime on the sample shown in Figure 5.3. 

 

500 µm 500 µm 
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For the sample with an increased surface recombination a MWPCD mapping next to a 

PL image can be seen in Figure 5.5. The reorganization time of the HF-dipped template was 

also 30 min at 1150°C. The detached silicon wafer was etched in a triangular etch-carrier 

with the bottom left corner facing downwards. After etching, the sample was rinsed in glass 

beakers and dried under the flowbox. Areas of lower effective carrier lifetimes are clearly 

visible. These structures can also be found with the bare eye. Because of only 40 µm 

thickness, rinsing was done manually in glass beakers and not in the automated rinsing 

bench. Furthermore, for drying the sample was only kept under the flow box without an 

active blow dry. This shows how critical removal of the porous silicon layer can be to 

guarantee a homogeneous removal and a good surface passivation. For future processes the 

rinsing was still conducted manually, but the rinsing bench was used with a constant DI 

water flow and a display for the conductivity (assuring a sufficient rinsing time). An active 

blow dry was carefully conducted on all future samples after etching and rinsing. 
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Figure 5.5 MWPCD mapping (left) and PL imaging (right) of a 3 x 3 cm² sample that was 

processed with sequence B avoiding the highly doped silicon layer on the back side. 

For the next sample that was processed with reorganization process B (with HF-dip), 

those previously presented adjustments were applied. The corresponding MWPCD 

measurement is shown in Figure 5.6. The sample has a mean effective carrier lifetime of 

55 µs and local peak values of up to 70 µs. This is even higher than the achieved lifetime 

value on the reference wafer. The reason is most probably an increased surface 

recombination for the grinded and etched reference Epi layer and shows how critical surface 

conditioning of such thin wafers can be. For thinner wafers the SRV has a higher impact on 

the measured effective carrier lifetime. This measured lifetime is already a high share of the 

theoretical limit of 154 µs that we determined in the previous subchapter, but still 

recombination through defects is reducing the bulk lifetime. With equation 5.1 and 5.2 a 

lower limit for this increased recombination is estimated to be τSRH = 100 µs (W = 40 µm, 

Seff = 1 cm/s, τauger = 250 µs). For this calculation a perfectly passivated surface was 

assumed. 
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Figure 5.6 MWPCD mapping of the best 4 x 4 cm² sample that was processed with sequence B. 

Although those results with epitaxial p-type wafers are promising, we don’t fully 

understand up until now the effects that limit the effective carrier lifetime in our Epi-

material. There are still some critical questions to be answered: 

 Do we have impurities (other than the high doping concentration) in the EpiWafers 

that limit the effective carrier lifetime? 

 Can we reduce the recombination through defects and achieve higher effective carrier 

lifetimes by reducing the doping density in our EpiWafers? 

The first question is discussed in the following subchapter and the second is the topic of 

chapter 5.2.  
  

5.1.5 Impurities in epitaxial silicon wafers 

The electrical quality of a silicon crystal depends on the amount of impurities and defects 

in the crystal lattice. In this subchapter we are therefore first discussing a possible metal 

contamination of our material and in the following approach the task to reduce the doping 

concentration in EpiWafers. In [73] it has been reported that a metal contamination occurs 

during processing in the RTCVD160 depending on temperature and duration. Interstitial iron 

concentrations above 4x1011 cm-3 were measured for wafers after 4 min annealing in the 

RTCVD160 at 1100°C. This value should be higher for our wafers as temperature and 

process times are higher. Mainly transition metals, such as Fe, Cr, Cu, Mo and Co, lead to a 

significant decrease in carrier lifetime because they form deep levels in the band-gap of 

silicon, which lead to an increased recombination [79-81]. In Figure 5.7 the SRH point defect 

lifetimes at an injection level of 1x1015 cm-3 were calculated for varying p-type and n-type 

doping concentrations and for four different iron concentrations. The equation used for the 

calculations can be found in appendix C. An iron contamination of more than 5x1010 cm-3 

could explain a decreased SRH lifetime of below 200 µs for a p-type sample with a doping 

concentration of 8x1016 cm-3. For an n-type sample an iron contamination is not that critical 
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(see Figure 5.7 right) and SRH lifetimes above several milliseconds can still be reached. If 

another metal impurity is assumed, i.e. chromium, the SRH lifetime for n-type silicon 

changes also stronger with doping concentration. This depends mainly on the capture cross 

section of the metal impurity, which is in case of interstitial iron much lower for holes than 

for electrons. A summary of capture cross sections for interstitial iron and other transition 

metal impurities can be for example found in [81]. 
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Figure 5.7 SRH point defect lifetimes at a fixed injection level for different doping concentrations 

of boron and phosphorus. Four different iron concentrations were modelled. 

Impurities can form precipitates in the crystal or they can occur at interstitial and 

substitutional sites, respectively. Because the unintentional iron contamination level in 

wafers is usually higher than that of other metal impurities (see [82]) the iron concentration 

is a good indicator for the overall metal contamination in a silicon wafer. In p-type wafers 

the interstitial iron concentration can be determined by measuring the lifetime before and 

after the dissociation of FeB pairs [83]. For the previous subchapter epitaxial p-type wafers 

have been processed with different reorganization steps prior to epitaxial growth. Those p-

type samples have been used for interstitial iron imaging using photoluminescence according 

to [84]. All samples showed interstitial iron concentrations between 1x1010 cm-3 and 

5x1010 cm-3 which is close to the detection limit of this method. Such iron concentrations 

could lead, however, for a highly doped p-type wafer to a reduced SRH lifetime in the range 

of 200 µs – 1000 µs (see Figure 5.7). To be sure, that no other contaminations degrade the 

bulk lifetime in our EpiWafers we are going to investigate the influence of a phosphorus 

gettering step on the effective carrier lifetime in the next subchapter.  

In contrast to the results from [73] that were presented at the beginning of this paragraph, 

an interstitial iron concentration of 1x1010 cm-3 in detached EpiWafers is one order of 

magnitude lower than expected. A possible explanation for that could be the proven gettering 

effect of porous silicon [85]. To confirm this, the interstitial iron concentration of the grinded 

reference wafers was also measured. The grinded area showed a mean interstitial iron 

concentration of 5x1010 cm-3, which means that all epitaxially grown layers processed in this 

work show a similar amount of interstitial iron. It is not clear what the contamination source 
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in [73] has been and how this contamination could be reduced for the samples processed in 

this work. But these findings underline that the state of the reactor changes constantly and 

that reactor cleanliness and maintenance is of huge importance.  

The high doping concentrations of 8x1016 cm-3 limits the overall bulk lifetime in our 

samples not only because of SRH lifetime but also because of Auger recombination. This 

value was chosen at the beginning of this work because several processes with high doping 

concentrations, both with phosphorus and boron, changed the background in the RTCVD160 

continuously. Because of this background a minimum doping concentration was mandated 

and comparable values are only guaranteed for doping concentrations that are above that 

background doping. For determination of the background doping an epitaxial layer was 

grown on a silicon sample without adding of any dopant gas. The incorporated doping 

concentration was then determined using spreading resistance profiling (SRP) measurements 

and resulted in a quite high boron background of 2x1016 cm-3.  

This high background doping originates from the numerous different processes performed 

in our lab-type RTCVD160 reactor. Especially epitaxial emitter depositions need doping 

concentrations above 1x1020 cm-3 [86]. This memory effect was already discussed in 

previous works [46, 51], but the source of the background doping was not clear. It was 

proposed to deposit a thin undoped layer prior to each process to avoid cross-doping from 

the dummy wafers and the reactor walls, respectively. This was tested but was unfortunately 

not sufficient to lower the background. The lowest measured background concentration of 

1x1014 cm-3 in a similar RTCVD reactor was reported by Bau [27]. This value was achieved 

in a quartz carrier after wet chemically cleaning and baking under hydrogen prior to 

processing. In the course of this work a new quartz carrier was introduced for the sole 

purpose of depositing lowly doped layers. The first measurement of the background showed 

a doping concentration of only 3x1013 cm-3 which is to our knowledge lower than all 

previously published values for similar reactors. The background doping can therefore be 

clearly attributed to the quartz carrier in our lab-type reactor. The shown memory effect 

requires to focus on either n-type or p-type deposition in one quartz carrier to avoid 

compensation. Compensating dopants can lower the desired doping concentration and make 

a comparability of the achieved results difficult. Additionally, compensated silicon suffers 

from lower carrier mobilities and therefore reduced minority carrier diffusion lengths [87]. 

However, measurements on compensated EpiWafers will show in the following chapter that 

it can also lead to higher lifetimes depending on the compensation level as stated in [88].  

Because the old quartz carrier showed mainly a boron background and n-type material is 

more tolerant to metal contamination, it was decided that the new quartz carrier will be used 

for n-type wafers only. Even after seven processes with a phosphine doping of 3x1016 cm-3 

the background was stable at 3x1013 cm-3. 

The results on p-type EpiWafers presented in this subchapter show that the bulk lifetime 

in epitaxially grown material could be limited by metal impurities, but mainly because of 
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the high doping concentration. The high background doping in the RTCVD160 reactor could 

be eliminated to enable EpiWafer growth with doping concentrations as low as 3x1013 cm-3. 

Wafers with different n-type doping concentrations are therefore processed in the following 

subchapter and have to reveal if the SRH recombination in epitaxially grown wafers can be 

lowered by reducing the doping concentration.  

5.2 N-type EpiWafers 

In the following paragraph the sample preparation and electrical characterization of n-

type epitaxial wafers is discussed. The effective carrier lifetimes of EpiWafers with different 

doping concentrations are measured. From those values the lower limit for the SRH lifetimes 

are calculated. The relation between doping density, surface recombination velocity and 

effective carrier lifetime is explained and compared to measurements.  

5.2.1 Sample preparation 

The samples prepared for this chapter feature all different n-type doping concentrations. 

One batch of samples was still processed in the old quartz carrier with a boron background 

concentration of 2x1016 cm-3 (discussed in the previous subchapter 5.1.5). The following 

processes were conducted in the new quartz carrier with an n-type background of 3x1013 cm-

3. All processes together with the used phosphine (PH3) flows are summarized in Table 5.4. 

Please note, that for process IV the gas flows for the mixture system are denoted, which was 

installed during this work and introduced in chapter 3.6.2. 

Table 5.4 Processes for n-type EpiWafers with different PH3-flows and therefore different doping 

concentrations. 

Process 

PH3-

concentration 

[ppm] 

Quartz carrier 

background 

[cm-3] 

Measured 

doping concentration 

[cm-3] 

I 0.123 2x1016 (boron) 1x1016 

II 0.082 3x1013 (phosphorus) 3x1016 

III 0 3x1013 (phosphorus) 3x1013 

IV 0.002 3x1013 (phosphorus) 2x1015 

 

For all processes in this subchapter the 6 inch wafers (see chapter 4.1) were reduced in 

height to 10 cm in order to fit in the sample holder. This limits the detachable area to 

9 x 10 cm² pseudo square (see Figure 5.8). Based on the presented results of the previous 

chapter 4 and 5.1 the porous silicon substrates received all an HF-dip prior to reorganization 

at 1150°C for 30 min in hydrogen atmosphere. An epitaxial layer with a thickness of 150 µm 

was then deposited in stationary mode. Thicker layers were grown compared to the p-type 
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experiments to enable easier handling of the EpiWafers and to reduce the influence of surface 

recombination on effective carrier lifetime. The areas for detachment were predefined with 

a Nd:YAG laser and the wafers were then mechanically detached. The thickness of the 

samples was checked with either a confocal white light microscope or a simple thickness 

gauge after detachment. The porous silicon layer was removed with a 1-2 min etching in 

CP51 (described in appendix A). The etching solution was changed compared to the previous 

experiments because this enabled the use of the wet bench in the chemical lab which 

facilitates etching and automated rinsing of the samples. Some EpiWafers received after 

porous silicon removal a phosphorus gettering step to investigate the lifetime degradation of 

the material through metal impurities. This gettering process was performed in an industrial-

type tube furnace using POCl3 gas at 900°C for one hour. Subsequently, the formed 

phosphosilicate glass layer and the diffused emitter had to be wet-chemically removed. All 

samples received then an HF-dip before depositing a 20 nm thick aluminium-oxide layer on 

both sides followed by an annealing at 425°C for 25 min on a hotplate.  

It is important to note that for the comparison of samples with and without gettering the 

used EpiWafers are grown in the same process and on the same substrate. For this 

investigation several 25 x 25 mm² samples have been detached from one substrate to 

guarantee comparability.  

To investigate the homogeneity of the passivation and to be able to estimate a value for 

the surface recombination velocity, a 4 inch n-type Fz wafer, with a thickness of 200 µm and 

a specified resistivity of 1 cm, was quartered and the pieces were etched for 1 min in the 

same etching solution as the EpiWafers. The samples were afterwards passivated with 20 nm 

Al2O3 and annealed at 425°C on a hotplate. 

 

Figure 5.8 Schematic of the maximum detachable area from the processed porous silicon substrate. 

5.2.2 Silicon removal using CP51 

In subchapter 5.1.4 it was already discussed that the removal of porous silicon can lead 

to residual structures on the surface which also affect the effective carrier lifetime 

measurements on the EpiWafers. To increase reproducibility all following samples were 
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therefore etched in the wet bench in CP51. In a first experiment we etched a sample for 1 min 

and mapped the thickness of this sample before and after porous silicon removal. In Figure 

5.9 the locally resolved etching rate on a 5 x 5 cm² sample is shown. The black and white 

areas at the rim of the sample originate from the sample holder during measurement and the 

white pixels in the mapping are measurement artefacts and do not represent real values. The 

surface looked shiny after porous silicon removal, so the approximately 2 µm thin porous 

silicon layer was most probably removed. In the middle of the sample approximately 2 µm 

have been removed from each side of the sample. At the bottom of the sample up to 20 µm 

have been etched, i.e. 10 µm per side. This higher etching rate at the rim has to be kept in 

mind for the latter discussion about the lifetime distribution.  
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Figure 5.9 Mapping of the removed silicon on a 5 x 5 cm² sample after etching in CP51 for 1 min. 

5.2.3 Estimation of the surface recombination velocity  

In this subchapter a lower limit for the surface recombination velocity of an aluminium 

oxide passivated surface after etching in CP51 will be estimated using Fz reference samples.  

For a Fz wafer no SRH recombination is expected and by knowing the Auger lifetime for 

a given resistivity the lower limit for the SRV can be calculated using equation 5.1. The 

effective carrier lifetime was measured using QSSPC and MWPCD. For high lifetime values 

the MWPCD measurement underestimates the effective carrier lifetime [73]. Therefore the 

QSSPC values (at an injection level of 1x1015 cm-3) were used to calculate the lower limit 

for the SRV and the MWPCD mapping was used to control the homogeneity of the 

passivation quality on the sample. Table 5.5 summarizes the results of the QSSPC 

measurements. The SRV has to be at least 2 cm/s if only Auger recombination is assumed. 
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Table 5.5 Measured effective carrier lifetime, Auger lifetime and calculated SRV of 1 cm Fz 

wafers etched in CP51 and passivated with 20 nm Al2O3.  

Material 

mean eff 

(QSSPC) 

[89] 

auger 

(ΔN = 1x1015 cm-3) 

[89] 

Seff 

[cm/s] 

1 cm Fz 

wafer 
3 ± 0.3 7.2 ≥2 

 

To investigate the homogeneity of the passivation layer, MWPCD mappings were 

performed. One representative measurement is shown in Figure 5.10. The effective carrier 

lifetime is clearly decreased to the rim of the sample. But also areas in the middle of the 

sample with lower values are present. This is most probably due to a decreased surface 

passivation quality and has to be kept in mind for the analysis of the EpiWafers in the 

following subchapter. 
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Figure 5.10 MWPCD mapping of a quartered 4 inch Fz reference sample after etching and 

passivation.  

5.2.4 Carrier lifetimes of n-type EpiWafers 

In this chapter the carrier lifetimes for EpiWafers with differing doping concentration will 

be presented. All samples were measured using QSSPC to determine the mean effective 

carrier lifetime at an injection level of 1x1015 cm-3. MWPCD mappings were conducted to 

investigate the homogeneity of the lifetime on each sample.  

5.2.4.1 Process I 

The first n-type samples feature a compensated doping concentration of 1x1016 cm-3. This 

doping concentration allows for bulk lifetimes of up to 2110 µs [77]. This high value reduces 
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to 1350 µs effective carrier lifetime using equation 5.1 for W = 150 µm and Seff = 2 cm/s. 

QSSPC measurements of such samples led to a mean effective carrier lifetime value of 

204 µs. The lifetime distribution shown in Figure 5.11 is still inhomogeneous. Maximum 

local effective carrier lifetimes of 600 µs were measured. At the rim of the samples the 

effective carrier lifetime is further reduced compared to the rest of the sample. This was also 

observed for the lifetime mapping of the reference sample in Figure 5.10 and can be partly 

attributed to the lower thickness at the rim after porous silicon removal (see subchapter 

5.2.2). However, the cloudy structure in the middle of the sample cannot be attributed to a 

varying thickness. For the EpiWafers this lifetime variation can originate either from a 

varying bulk lifetime or from variation in the surface recombination velocity (see again 

equation 5.1).  
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Figure 5.11 MWPCD mappings of two n-type EpiWafers with a doping concentration of 

1x1016 cm-3. 

To investigate whether metal impurities are responsible for the lifetime inhomogeneity, 

two samples were measured after phosphorus gettering. In Figure 5.12 only the right sample 

shows a better effective carrier lifetime with peak values up to 800 µs. However, the left 

sample is in the same range as the samples without gettering and the cloudy lifetime 

distribution is still present for both samples. One possibility for the increased effective 

carrier lifetime could be that the second etching step after gettering improved the surface 

passivation quality of that sample. Without knowing the surface recombination velocity it is 

therefore not possible to extract an exact value for the bulk and SRH lifetime.  

For a perfectly passivated surface (Seff = 1 cm/s) and a given thickness of W = 150 µm the 

SRH lifetime has to be at least 1500 µs to achieve effective carrier lifetimes above 800 µs 

for the given doping concentration. Comparing this value with the determined SRH lifetime 

of only 100 µs for the highly doped p-type wafers (see chapter 5.1.4) this is already a huge 

improvement. It also agrees with the calculations for the SRH lifetime presented in Figure 

5.7 right. We can therefore conclude that the recombination through defects can be lowered 



5.2 N-type EpiWafers 69 

 

by switching to n-type doping in EpiWafers. In the following it has to be shown whether a 

reduction of the doping concentration can also improve the quality and to which extend.  
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Figure 5.12 MWPCD mappings of two gettered n-type EpiWafers with a doping concentration of 

1x1016 cm-3. 

At this point it is important to note, that the samples showed such high lifetimes although 

they were compensated with boron. Even higher lifetimes are therefore to be expected for 

non-compensated material with the same net doping concentration [90].  

5.2.4.2 Process II 

After introducing the new quartz carrier and therefore eliminating the boron background 

in the RTCVD160 reactor (see subchapter 5.1.5) new samples were processed. At this time 

the lowest controlled phosphorus concentration with addition of phosphine into the reactor 

was 3x1016 cm-3, which is limiting the Auger lifetime to a value of 360 µs. The measured 

mean effective carrier lifetime of these samples is 80 µs and the maximum local value is 

200 µs. This means a reduced SRH lifetime of 500 µs for the locally best values 

(W = 150 µm, Seff = 1 cm/s). Those results lead to the conclusion that a SRH recombination 

inducing defect with a high capture cross section for holes has to be present in our samples. 

This defect could not be efficiently gettered in the previous subchapter. One possibility could 

be precipitates in the stacking faults of our samples. These defects show a doping 

concentration dependence and are therefore critical for high doping concentrations (see 

Figure 5.7 left). It has to be shown in the following what the lower limit for the SRH lifetime 

is for lower doping concentrations. 

5.2.4.3 Process III 

The next samples were processed without addition of phosphine resulting in a phosphorus 

doping concentration of 3x1013 cm-3. Such practically intrinsic wafers should not be limited 

by Auger recombination but only by SRH and surface recombination. Additionally, 

depending on the capture cross sections of the defect the SRH lifetime should reach its 

maximum for low doping concentrations (see Figure 5.7). A lower limit for the SRH lifetime 
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in EpiWafers can therefore be estimated by measuring the effective carrier lifetime of such 

samples. The MWPCD mapping of the best sample is illustrated in Figure 5.13. This 

EpiWafer reaches a mean effective carrier lifetime of 1.4 ms and locally up to 1.8 ms. For a 

perfectly passivated surface a lower limit for the SRH lifetime of τSRH = 2.3 ms can be 

estimated.  
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Figure 5.13 MWPCD mapping of an n-type EpiWafer with a doping concentration of 3x1013 cm-3. 

5.2.4.4 Process IV 

For Process IV the new gas mixture system was installed allowing for lower controlled 

doping concentrations down to 2x1015 cm-3 (see chapter 3.6.2). The first samples processed 

with a doping concentration of 2x1015 cm-3 show all lower effective carrier lifetimes than 

samples with a higher doping concentration (see Figure 5.14 left). Due to the modifications 

made in the gas system an increased incorporation of metal impurities is suspected. 

Therefore, the aluminium oxide passivation layer was removed, the samples were gettered 

according to the process described in subchapter 5.2.1 and the samples were again passivated 

and measured. The effective carrier lifetime of the sample shown in Figure 5.14 improved 

from a mean effective carrier lifetime (QSSPC) of 20 µs to 1600 µs. This proves the 

suspected incorporation of additional metal impurities in the EpiWafers after introducing the 

mixture system. Future work has to be done to increase the cleanliness of the reactor so that 

samples with lifetimes exceeding 1 ms can be processed without gettering. This is important, 

because metal impurities can form precipitates or they can decorate defects (i.e. stacking 

faults) in the silicon material. Phosphorus gettering is known to be less efficient for wafers 

with higher defect concentrations [91]. Nevertheless, it was proven that EpiWafers featuring 

a doping density of 2x1015 cm-3 can achieve effective carrier lifetimes above 1.5 ms.  
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Figure 5.14 MWPCD mapping of a passivated EpiWafer with a doping concentration of  

2x1015 cm-3 before (left) and after (right) phosphorus gettering. 

Figure 5.15 shows all injection dependent lifetimes for the here presented EpiWafers 

measured with QSSPC. For higher injection levels the effective carrier lifetime decreases 

due to Auger recombination. No unusual injection dependence for low injection is observed. 

The trend for increasing effective carrier lifetime for a reduction of the doping concentration 

is clearly visible. However, the effective carrier lifetime for EpiWafers with a doping 

concentration of 2x1015 cm-3 and 3x1013 cm-3 presented in this work reach similar values and 

no further increase for the lower doping concentration is visible. This can be either due to 

SRH recombination or due to surface recombination, which will be further discussed in the 

following subchapter.  
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Figure 5.15 Injection dependent lifetime measurement of the effective carrier lifetime for 

EpiWafers with different doping concentrations. 

Table 5.6 summarizes the results of the presented lifetime measurements and the 

calculated lower limit for the SRH lifetime in the EpiWafers with differing doping 
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concentrations. For the mean values a variation of surface passivation quality is certain and 

therefore the SRV determined from the reference sample in subchapter 5.2.3 was chosen for 

the calculation of the SRH lifetime. For the best values a perfectly passivated surface was 

assumed. Hence, the SRH lifetime was calculated for the maximum measured values with 

an assumed Seff of 1 cm/s and for the mean values with an assumed Seff of 2 cm/s.  

For doping concentrations below 2x1015 cm-3 the SRH lifetime in EpiWafers could be 

increased to values above 2 ms. Such values allow for high effective carrier lifetimes 

assuming a good passivation quality as will be discussed in the following subchapter. 

Table 5.6 Summary of the measured effective carrier lifetimes and the calculated lower limit for the 

SRH lifetimes for an assumed Seff. 

Process 

doping 

concentration 

[cm-3] 

mean eff 

(QSSPC) 

[µs] 

SRH 

(Seff = 2 cm/s) 

[µs] 

max. eff 

(MWPCD) 

[µs] 

SRH  

(Seff = 1 cm/s) 

[µs] 

II 3x1016 80 100 200 500 

I 1x1016 204 240 800 1500 

IV (after gettering) 2x1015 1600 3200 1900 2900 

III 3x1013 1400 2200 1800 2300 

 

5.2.5 Effect of SRV on effective carrier lifetime  

Figure 5.16 compares the measured effective carrier lifetimes to calculated theoretical 

lifetime values without SRH recombination. For the calculated values the SRV was set to 

2 cm/s and 3 cm/s, respectively. The measured mean and maximum lifetime values of the 

EpiWafers show clearly a huge variation both correlated to epi-layer quality and surface 

recombination velocity. It has to be kept in mind that those two factors are difficult to 

separate in the case of EpiWafers. The assumed SRV for the calculations in the previous 

subchapter were calculated from a Fz reference sample in subchapter 5.2.3. It is, however, 

not clear, whether the surface passivation performs equally on EpiWafers. The calculations 

in Figure 5.16 point out how strong the effective carrier lifetime would be decreased for a 

slightly higher SRV of 3 cm/s. In this case the measured lifetimes would be much closer to 

the theoretical values, meaning that the SRH recombination would be lower in the EpiWafers 

than estimated in the previous subchapter.  

The question whether surface or bulk recombination is more limiting in case of our 

EpiWafers has to be investigated in more detail. This information is needed in order to know 

how to improve the quality of EpiWafers more efficient. If the surface recombination is 

limiting the effective carrier lifetime the removal step of the porous silicon layer by chemical 

polish needs to be investigated and an improved surface cleaning step might be necessary. It 

has to be kept in mind that this investigation focused on lifetime samples for a symmetrical 
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passivation of Al2O3. Wafers used in a solar cell process receive different surface treatments, 

i.e. for texturing, cleaning, etc. Depending on the solar cell process, different surface 

qualities are required and have therefore to be investigated separately.  
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Figure 5.16 Comparison of the measured effective carrier lifetimes to calculated theoretical values 

for different surface recombination velocities. 

5.3 Summary 

In this chapter the quality of epitaxial wafers grown on porous silicon in the RTCVD160 

reactor was discussed. First, a variation of the reorganization time was conducted to 

investigate the effect on defect density and effective carrier lifetime. For EpiWafers grown 

on porous silicon the dominating defects are stacking faults. The amount of those defects 

decrease for increasing reorganization time. Still, stacking fault densities on EpiWafers 

grown on porous silicon are at least one order of magnitude higher than those on reference 

epitaxial layers grown on polished and cleaned Cz wafers. The lowest stacking fault density 

of (2±1)x102 cm-3 was reached on a porous silicon template after 90 min of reorganization. 

Microwave photoconductance decay measurements were performed on all detached, cleaned 

and passivated EpiWafers. For a p-type EpiWafer with a doping concentration of 8x1016 cm-

3 the best mean effective carrier lifetime of 55 µs was measured. This p-type wafer was 

grown on a porous silicon template after 30 min of reorganization. Locally values up to 70 µs 

were reached. The homogeneity of the lifetime was investigated using photo luminescence. 

Agglomerations of stacking faults, scratches and cracks can lead to a decrease in carrier 

lifetime. The surface treatment with chemical polish, which was used to remove the residual 

porous silicon layer on the backside, can also lead to a worsened surface passivation quality 

and therefore a reduced effective carrier lifetime. Metal impurities are suspected to lower 

the lifetime further. The interstitial iron concentration in the processed p-type EpiWafers is 
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measured to be between 1x1010 cm-3 and 5x1010 cm-3 which can for a highly doped p-type 

wafer reduce the SRH lifetime to below 200 µs. 

For n-type EpiWafers a variation of the doping density was conducted. The Shockley-

Read-Hall recombination could be drastically reduced by lowering the doping density. For 

an EpiWafer with a doping concentration of 3x1016 cm-3 the SRH lifetime would be at least 

100 µs. However, EpiWafers with a doping concentration as low as 3x1013 cm-3 show a 

lower limit for the SRH lifetime of 2 ms. The best effective carrier lifetime of 1.6 ms is 

reached for a gettered EpiWafer with an n-type doping concentration of 2x1015 cm-3, which 

corresponds to an estimated SRH lifetime of 3 ms.  

Further investigations have to reveal whether surface or bulk recombination is to a higher 

extend limiting the effective carrier lifetime of EpiWafers. This information is needed to 

further improve the quality of epitaxially grown wafers. 



 

6 Conversion efficiency potential for high efficiency solar cell 

concepts  

Solar cell simulations have been performed to investigate the potential of the 

EpiWafer material. The simulated cell structure is the one used in the following 

chapter. The influence of varying bulk lifetime on the cell performance is investigated 

for three different doping densities (1 cm, 0.2 cm and 2 cm). With these 

simulations the effect of an increased recombination through defects on the cell 

performance is studied, which helps to understand and interpret the solar cell results 

described in the following chapter. Furthermore, the potential for EpiWafer material 

with a reduced doping concentration is simulated. Finally, a variation of wafer 

thickness was investigated showing the theoretical influence of thinner wafers on the 

cell parameters for the studied cell structure.  

6.1 Quokka model 

In this work solar cell simulations were performed using Quokka [92]. The TopCon cell 

structure that was used for solar cell processing was modelled. Details on the cell structure 

can be found in chapter 7. Input parameters for the emitter saturation current density 

(J0, emitter = 70 fA/cm²) and the base saturation current density (J0, base = 20 fA/cm²) were 

taken from reference lifetime samples. The remaining needed input parameters (i.e. 

dimensions for the grid, reflexion, etc.) and the simulation setting file were provided by 

Bernd Steinhauser from Fraunhofer ISE. The data sheet with all used parameters can be 

found in the Appendix D. The simulation with a variation of wafer thickness, resistivity and 

bulk lifetime was conducted and evaluated within the scope of this work. The EpiWafer 

material used for the solar cell batch was higher doped than the reference material. Therefore, 

simulations have been conducted for the reference material doping (1 cm) and the 

EpiWafer doping (0.2 cm). In the previous chapter lower doped EpiWafers with a higher 

electrical quality have been demonstrated (eff = 1.6 ms, SRH ≥ 2 ms). For that reason, 

simulations with 2 cm were also conducted. The effect of a decreased SRH lifetime was 

modelled to investigate the potential of EpiWafer material compared to Fz material. The 

latter is assumed to have no recombination through defects. Finally a thickness variation was 

considered to study the potential of the used solar cell concept for thinner wafers.  

6.2  Lifetime variation 

In Quokka the total bulk recombination is calculated as the sum of different 

recombination input parameters (see equation 6.1). For our case, the boron-oxygen 

recombination 𝑅𝑆𝑅𝐻,𝐵𝑂 can be neglected because we only consider n-type material. For the 
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Auger recombination term 𝑅𝐴𝑢𝑔𝑒𝑟, the model by Richter et al. [77] was used. It is in detail 

described in Appendix C. The radiative recombination coefficient 𝐵𝑟𝑎𝑑 is set to 4.73x10-

15 cm3/s (from [93]). The terms for the midgap Shockley-Read-Hall recombination 𝑅𝑆𝑅𝐻0 

and the custom defect term ∑ 𝑅𝑆𝑅𝐻,𝑐𝑢𝑠𝑡𝑜𝑚 are disabled by setting their lifetime values to 

1020 µs. For those terms the capture cross sections of the defects and the defect densities are 

needed, but are unknown in case of our epitaxial wafers. To be still able to account for a 

recombination through defects, an injection independent, minority carrier lifetime 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 is 

varied and can be used to estimate the bulk recombination loss excluding Auger and radiative 

recombination.  

𝑅 =  ∑ 𝑅𝑆𝑅𝐻,𝑐𝑢𝑠𝑡𝑜𝑚 + 𝑅𝑆𝑅𝐻0 + 𝑅𝑆𝑅𝐻,𝐵𝑂 + 𝑅𝐴𝑢𝑔𝑒𝑟 + 𝐵𝑟𝑎𝑑𝑝𝑛 +
(𝑛 − 𝑛0)

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑
. 6.1 

6.2.1 Simulations assuming 1 cm material 

To be able to compare results of this chapter to the reference solar cells presented in 

chapter 7, simulations have been conducted using the reference material properties as input 

parameter (1 Ωcm resistivity, n-type doping and 200 µm thickness). The goal of these 

simulations was to estimate the potential of the used cell structure for floatzone material 

(𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = ∞) and for material with similar properties in doping and thickness but a 

decreased electrical quality. Figure 6.1 shows the simulated cell parameters for a variation 

of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 from 0.1 ms to 10 ms. The modelled cell structure showed in the simulations a 

maximum conversion efficiency of 23.5%, a Voc of 686 mV, a Jsc of 41.5 mA and a FF of 

82.3% (for 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = ∞). That means even a high value of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 10 ms is leading to a 

decrease in the conversion efficiency of 0.1% absolute. For an additional decrease in material 

quality, losses in Voc, Jsc and FF would lead to an even more severe reduction of the 

conversion efficiency. Values for 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 above 1 ms are needed, because below this value 

the conversion efficiency is dropping rapidly (see Figure 6.1). Lifetime values exceeding 

1 ms were proven possible in chapter 5.2.4. If we assume for example a 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 value of 

1 ms the absolute loss in conversion efficiency compared to floatzone material would be 

0.5%. It is important to note, that those losses would occur for material with the same 

resistivity of 1 cm. Furthermore, the measured effective carrier lifetimes of EpiWafers 

from the previous chapter were reached on samples that haven’t received additional high 

temperature treatments, which are needed for most solar cell processes (i.e. emitter 

diffusion). Such high temperature processes can decrease the lifetime of wafers [94, 95]. 

Future solar cell batches with EpiWafer material that features the same doping concentration 

as the reference material will therefore give a good estimation of the decreased bulk lifetime 

in EpiWafer material after cell processing. 
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Figure 6.1 Simulated solar cell parameters for a variation of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 in case of 1 cm (n-type) base 

material. 

6.2.2 Simulations assuming 0.2 cm material 

Setting the resistivity to 0.2 cm and leaving the thickness at 200 µm results in a 

maximum open circuit voltage of 680 mV (see Figure 6.2). This value is 5 mV lower than 

for the 1 cm material in the preceding subchapter. For an increasing value of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 the 

maximum Voc is, however, reached faster than the maximum Voc in the previous simulation. 

This is due to the fact that the Voc can be increased by increasing the doping concentration 

in the bulk or reducing the recombination (see Appendix B). For low 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 values the 

recombination is for both simulations limited by the same value. Therefore higher Voc values 

are reached for the higher doped material up to a 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 of 1 ms. Above this value the Auger 

recombination is limiting the Voc and the benefit of higher doping is being overridden. The 

Jsc value of 41 mA/cm² is due to higher recombination reduced by 0.5 mA/cm² compared to 

the simulations that assume 1 cm material. The conversion efficiency is therefore limited 

to below 23%.  

The measured effective carrier lifetime for this highly doped epitaxial material is below 

100 µs (see section 5.2.4.2). If we assume an increased bulk recombination due to defects, 

as also discussed and estimated in chapter 5.2.4, an assumed 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 of 100 µs would result 

in a Voc of 667 mV, a Jsc of 40.0 mA and an efficiency of 21.9%. 
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Figure 6.2 Simulated solar cell parameters for a variation of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 in case of 0.2 cm (n-type) base 

material. 

Table 6.1 summarizes these simulation results comparing the ideal reference solar cell 

parameters with those for two different EpiWafer qualities. Because the calculated SRH 

lifetime of 100 µs in chapter 5.2 was a lower limit for the recombination through defects in 

higher doped EpiWafers, additionally a higher value of 200 µs was added. The sign Δ stands 

for the calculated difference between the reference parameters and the EpiWafer results. 

Table 6.1 can be used in the following chapter to compare the reference solar cell results 

with the solar cell results of the EpiWafer material. This leads to an additional way to 

estimate the SRH recombination in the EpiWafer material and can be compared to the 

calculated values from chapter 5.2. 

Table 6.1 Summarized solar cell parameters from the simulations for two different resistivities used 

in the solar cell batch. The recombination lifetime 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 of the EpiWafers is varied and the 

difference Δ to the reference parameters is calculated. 

 Reference EpiWafer 

Cell parameter 
1 cm 

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = ∞ 

0.2 cm 

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 100 µ𝑠 
Δ 

0.2 cm 

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 200 µ𝑠 
Δ 

Voc [mV] 686 667 18 673 12 

Jsc [mA/cm²] 41.5 40.0 1.5 40.4 1.1 

FF [%] 82.3 82.0 0.3 82.1 0.2 

 [%] 23.5 21.9 1.5 22.3 1.1 

 



6.2 Lifetime variation 79 

 

6.2.3 Simulations assuming 2 cm material 

In chapter 5.2 the high quality of EpiWafers with a doping concentration of less than 

2x1015 cm-3 (~2 cm) is shown. Effective carrier lifetimes of more than 1.6 ms are measured 

and from these values SRH lifetimes exceeding 2 ms can be expected in this material. Figure 

6.3 shows the simulated cell parameters which make clear that for material with a resistivity 

of 2 cm and a value for 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑  above 2 ms the loss in conversion efficiency is only around 

0.5% absolute compared to a reference Fz wafer with an infinite 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 .  
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Figure 6.3 Simulated solar cell parameters for a variation of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 in case of 2 cm base material. 

Table 6.2 compares the simulated cell parameters for a silicon wafer with a SRH lifetime 

of 2 ms with the simulated values for a 1 cm and 2 cm wafer without a recombination 

through defects. The TopCon structure is rather independent from the chosen base resistivity, 

as was also experimentally proven by Glunz et al. [96]. For a decreased SRH lifetime no 

loss in short circuit current is to be expected. A reduction in open circuit voltage of around 

4 mV is modelled. This would lead to a simulated conversion efficiency of up to 23% with 

the investigated cell concept. 
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Table 6.2 Comparison of the simulated cell parameters for Fz reference material with no SRH 

recombination and for EpiWafer material with a SRH lifetime of 2 ms. Δ denotes the difference 

between reference and EpiWafer cell parameters. 

 Reference Reference* EpiWafer 

Cell parameter 
1 cm 

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = ∞ 

2 cm 

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = ∞ 

2 cm 

𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 2 𝑚𝑠 
Δ 

Voc [mV] 686 686 682 4 

Jsc [mA/cm²] 41.5 41.5 41.5 0 

FF [%] 82.3 82.2 81.3 ~1 

 [%] 23.5 23.5 23.0 0.5 

 

6.3 Thickness variation 

In the following simulations the thickness W of the wafer was varied from 50 µm to 

250 µm (see Figure 6.4) for a fixed resistivity of 1 cm and varying material quality. The 

cell performance was modelled for two reduced lifetime values 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 (2 ms, 3 ms) and in 

one case the recombination through defects was disabled (meaning bulk lifetime is 

dominated by Auger recombination only).  

It can be seen that for the case of a defect free sample the Voc reaches a maximum for a 

thickness between 100 µm and 150 µm. If we assume an increased SRH recombination the 

optimum Voc value shifts to lower thicknesses due to a reduced bulk lifetime and therefore a 

reduced diffusion length in the solar cell. A similar trend can be observed for increased 

doping concentrations, as this would lead to an increased Auger recombination and therefore 

also to a lower bulk lifetime and diffusion length. 

The light trapping of this simulated cell structure is not optimized for thinner wafers, 

which explains the steady increase in Jsc for thicker wafers. This results in overall better 

conversion efficiencies for thicker wafers and would have to be optimized if using thinner 

wafer material. 
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Figure 6.4 Simulated solar cell parameters for a variation of the wafer thickness from 50 µm to 

250 µm. The resistivity was kept at 1 cm and the bulk lifetime is dominated by Auger 

recombination. 

6.4 Summary 

In this chapter the simulation results for material with different resistivities and a varying 

SRH lifetime were discussed. Additionally a thickness variation was conducted for material 

for different SRH lifetimes. Although, the solar cell structure is not optimized for wafer 

thicknesses below 200 µm, an optimum in Voc is reached for a thickness of 120 µm in the 

case of no SRH recombination. For material with a decreased SRH lifetime and therefore a 

decreased bulk lifetime the optimum Voc is reached for thinner wafers. This proves that lower 

thicknesses would be beneficial for wafers with a reduced bulk lifetime. But the results also 

underline the necessity for a better light trapping in the cell structure. If better light trapping 

is implemented into the cell design, conversion efficiencies of over 23% could be reached 

with wafers below 150 µm thickness using this cell structure.  

A better comparison of the cell results in the following chapter was enabled with the 

simulations using different resistivities. A certain loss in Voc of 5 mV and in Jsc of 

0.5 mA/cm² can be expected for the higher doped EpiWafers in comparison with the 1 cm 

reference wafers. If the losses are exceeding those values a reduced bulk lifetime in the 

EpiWafers due to crystal defects or impurities is responsible. This was modelled by a 

variation of the fixed, i.e. injection independent, minority carrier lifetime 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑. For an 

assumed value of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 100 µ𝑠, which was calculated as the lower limit for the SRH 
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lifetime in chapter 5.2 a difference in Voc of 18 mV and in Jsc of 1.5 mA/cm² is simulated. 

This would result in an overall difference in conversion efficiency of 1.5% absolute. 

EpiWafers with a resistivity of 2 cm could reach efficiencies that are only by up to 0.5% 

absolute reduced compared to the reference values. This requires SRH lifetimes exceeding 

2 ms which was proven possible in the chapter 5.2.4. 

  



 

7 Solar cells with epitaxially grown wafers  

In this chapter solar cell results with epitaxial wafers are presented and discussed. 

A detailed characterization of the EpiWafer cells was performed to investigate the 

influence of stacking faults on the decrease in cell performance.  

7.1 EpiWafer processing and solar cell structure 

For this solar cell batch epitaxially grown wafers have been processed in the new quartz 

carrier without boron background (see subchapter 5.1.5) with a phosphorus doping 

concentration of 3x1016 cm-3 (~ 0.2 cm). The porous silicon substrates received an HF-dip 

prior to processing and the reorganization time was 30 min at 1150°C for all samples. This 

was in chapter 4 and chapter 5 determined as the optimum process in means of process time 

and template quality for the used porous silicon samples. The processes were done in 

stationary mode to reduce the deposition time to 80 min, resulting in a mean thickness of 

150 µm. The thickness mapping from a stationary deposition mode in Figure 3.9 right shows 

the inhomogeneity of the thickness on a 10 x 10 cm² sample after such a process. To enable 

solar cell processing in the clean room together with Fz reference wafers, 4 inch areas were 

predefined with a Nd:YAG laser and the EpiWafers were then mechanically detached with 

the detachment tool described in chapter 3.7. Figure 7.1 shows a detached 4 inch EpiWafer 

with the porous silicon side facing up next to the solar cells processed in this work. In the 

background of the picture the remaining porous silicon substrate can be seen. 

 

Figure 7.1 Picture of an epitaxially grown and detached silicon wafer next to solar cells processed 

in this work. 

After detachment the residual porous silicon layer was removed by chemical polish. A 

phosphorus gettering step (diffusion of a phosphorus emitter and subsequent etching in a 

chemical polish solution) was performed on all epitaxial wafers to ensure no metal 
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contamination in the clean room equipment. The porous silicon side of the EpiWafers was 

processed as the solar cell front side. 1 cm FZ wafers with the previously mentioned 

thickness of 200 µm were processed as references.  

Figure 7.2 shows a schematical cross-section of the solar cell structure used in this work. 

The 2 x 2 cm² cells feature a front surface with random pyramids and a 90 Ω/sq. BBr3 

furnace diffused emitter which is passivated by atomic layer deposited (ALD) aluminium 

oxide and a plasma-enhanced chemical vapour deposited silicon nitride. The n-TOPCon rear 

contact features a tunnel oxide grown in a nitric acid bath and a p-doped Si layer [97]. After 

deposition of the amorphous Si layer the contact is annealed at temperatures in the range of 

800°C to 900°C and subsequently exposed to a 25 min hydrogen passivation process at 

425°C (remote plasma hydrogen passivation [98]). On the rear side Ag was thermally 

evaporated. The front side metallization was realized by evaporation of a Ti/Pd/Ag seedlayer 

and subsequent electroplating of Ag. 

 

Figure 7.2 Schematic of the solar cell structure used in this work. From [99]. 

7.2 Handling and processing issues 

The thickness inhomogeneity due to stationary processing (see Figure 3.9 right) of the 

EpiWafers led already during the first wet chemical cleaning step and oxidation step to 

sample breakage and deformation. Especially after oxidation the wafers bent in the thinner 

area to a degree that cracking occurred. Figure 7.3 shows two 4 inch EpiWafers after 

oxidation. The cracks and the bended areas are highly visible. This breakage of the 

EpiWafers could be avoided by semi-continuous deposition in the reactor, which would lead 

to a more homogeneous thickness distribution (see Figure 3.10). The material was 

nevertheless further processed into solar cells. After the thinner and bended areas broke of, 

the 2 x 2 cm² solar cell windows were placed on the intact areas without any cracks. The 

main critical factor for breakage of the EpiWafers afterwards was the manual handling with 

clean room tweezers. This could be avoided by industrial inline processing tools which can 

process wafers down to thicknesses of 100 µm with under 5% breakage in the full cell route 
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[100]. For the final solar cells, mostly an EpiWafer thickness of 200 µm remained which 

was measured for each cell.  

    

Figure 7.3 Epitaxial 4 inch wafers after the first oxidation process. Wafer bending in the thinner 

area can be seen, leading to cracking and breakage of the wafers. 

For all EpiWafer cells the standard electroplating step proved difficult, because plating 

on the broken cells with opened pn-junctions occurred more heavily than on the intended 

cells. Some plating steps had therefore to be repeated 2-3 times risking breakage of the 

samples during manual handling and longer processing (see Figure 7.4). Only for some 

samples the plating led to an acceptable finger thickness which is needed to avoid series 

resistance losses. Those samples are in the following subchapters further analysed and 

compared to the processed reference samples.  

 

Figure 7.4 EpiWafer cell that broke during 3rd electroplating step. Even after two electroplating steps 

only the broken cells showed thick metal fingers and almost no plating occurred on the intended 

cells. 
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7.3 Solar cell results 

Table 1 summarizes the cell results of the best EpiWafer cells compared to the reference 

samples. The EpiWafer cells show a Voc above 650 mV and a short circuit current of up to 

39.6 mA. For the fill factors (FF) values of up to 77% were measured. The best EpiWafer 

cells reached independently confirmed conversion efficiencies of up to 20%, which is a very 

promising result for the first high efficiency solar cell batch using EpiWafers at Fraunhofer 

ISE. 

Table 7.1 IV-measurements of n-type solar cells on float zone and epitaxial wafers. 

Material 
Voc  

[mV] 

Jsc  

[mA/cm2] 

FF  

[%] 

PFF 

[%] 

η  

[%] 

1 cm FZ (14 cells) 669 ± 2 40.9 ± 0.1 79.8 ± 0.2 83.6 ± 0.5 21.8 ± 0.1 

0.2 cm Epi-1 653* 39.0* 76.6* 78.9 19.5* 

0.2 cm Epi-2 656* 39.5* 77.2* 79.9 20.0* 

0.2 cm Epi-3 658* 39.6* 76.9* 78.6 20.0* 

*independently confirmed at Fraunhofer ISE CalLab 

7.4 Loss analysis 

Simulations have been performed in the previous chapter to determine the theoretical 

potential of the solar cell structure used in this work. For the reference FZ wafers with an 

Auger limited bulk lifetime a theoretical Voc of 685 mV would be expected, limited by the 

shallow boron-doped emitter (J0e = 40 fA/cm2). However, the reference wafers showed a 

mean open circuit voltage of only 669 mV. Reference lifetime samples for both the boron 

emitter and rear side passivation, showed no increased surface recombination velocity as 

well as no bulk degradation of the FZ base material. Therefore, the low Voc can be attributed 

to the contacted region on the front for which the recombination was under-estimated in the 

simulation. An increased value of j0, met = 8000 fA/cm² instead of the assumed 1800 fA/cm² 

can explain the lower Voc values. As the references and EpiWafers saw the same process 

sequence, this increased recombination in the contacted region is also expected to reduce the 

Voc for the EpiWafer cells. Still, even the best EpiWafer cell has an over 10 mV lower Voc 

than the reference samples. Approximately 5 mV loss can be attributed to the lower 

resistivity of the epitaxial material which was shown in the simulations from the previous 

chapter. This is, however, still not explaining the whole gap in Voc between the references 

and the EpiWafer cells. An increased bulk recombination is therefore likely to reduce the 

Voc and the Jsc for the EpiWafer cells further. Table 7.2 summarizes the difference in cell 

parameters for the EpiWafer cells compared to the reference cells. The simulated values with 

an additional recombination through defects (𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 100 µ𝑠 and 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 200 µ𝑠) 

from the subchapter 6.2.2 are also added in the table. It can be seen that the parameters for 
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the Voc and the Jsc are in the range of the simulated values. These results confirm that an 

increased bulk recombination is reducing the lifetime in the EpiWafer material. It has to be 

kept in mind that this increased recombination varies with the doping concentration in the 

EpiWafer material as discussed in subchapter 5.2.4. The difference in FF and therefore also 

the difference in efficiency are deviating from the simulation, which will be discussed in the 

following. 

Table 7.2 Difference in cell parameters from the Epi-cells compared to the reference cells. The 

expected deviation for a reduced bulk lifetime in the EpiWafers of 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 200 µ𝑠 is also added.  

Difference in cell parameters 
Voc  

[mV] 

Jsc  

[mA/cm2] 

FF  

[%] 

η  

[%] 

simulation for 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 100 µ𝑠  

Δ(EpiWafer – simulated reference) 
18 1.5 0.3 1.5 

simulation for 𝜏𝑏,𝑓𝑖𝑥𝑒𝑑 = 200 µ𝑠  

Δ(EpiWafer – simulated reference) 
12 1.1 0.2 1.1 

Δ(Epi-1 cell – reference) 16 1.9 3.2 2.3 

Δ(Epi-2 cell – reference) 13 1.4 2.6 1.8 

Δ(Epi-3 cell – reference) 11 1.3 2.9 1.8 

 

The stacking faults in the epitaxially grown material are known to reduce the bulk lifetime 

of epitaxially grown wafers and are therefore leading to an additional loss in Voc and Jsc 

which has already been reported in other publications [12]. The cell results are therefore 

going to be analysed in more detail taking a closer look on the influence of stacking faults 

on the different cell parameters.  

Figure 7.5 shows the external quantum efficiency (EQE) of the best EpiWafer cell 

compared to the best reference cell. Calculating the difference in short circuit current (Jsc) 

from the EQE curves resulted in a difference of 0.93 mA/cm², which is in good agreement 

with the light-IV measurements and reveals that the main reduction in Jsc can be attributed 

to the long wavelength range between 850 and 1200 nm. Light beam-induced current (LBIC) 

measurements were performed on the finished solar cells. We compared measurements at 

532 nm, which corresponds to an absorption depth of approximately 1 µm, with 

measurements at 1064 nm, which includes the influence of the solar cell’s bulk and rear side.  
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Figure 7.5 External quantum efficiency of one 20% Epi-cell compared to the best reference cell. 

The arrow indicates the calculated loss in short circuit current mainly due to the lower infrared 

response of the EpiWafers. 

The Epi-1 cell depicted in Figure 7.6 shows an agglomeration of stacking faults, most 

likely grown alongside a scratch on the porous silicon template. Because a stacking fault is 

growing in a pyramidal manner with the tip of the pyramid being at the growth interface (see 

Figure 7.7) the recombination active area increases from the cell front to the cell rear side, 

which can be clearly seen in the LBIC measurements. At 1 µm depth, almost no 

recombination due to stacking faults can be seen compared to a large recombination active 

area deeper in the EpiWafer. 

    

Figure 7.6 LBIC measurements at 532 nm (left) and 1064 nm (right) for the Epi-1 cell showing an 

agglomeration of stacking faults.  
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Figure 7.7 Schematic of a stacking fault grown in an epitaxial wafer. For this solar cell batch the tip 

of the pyramid was located at the emitter side. 

The Epi-2 cell, whose EQE was compared with the best reference cell in Figure 7.5, 

shows fewer stacking faults in the active cell area than the Epi-1-cell (see Figure 7.8), which 

explains the difference in Jsc for these two Epi-samples. There is no increased recombination 

active area due to stacking faults visible in the first micrometre of the Epi-cell. At the rear 

side of the cell (visible with 1064 nm wavelength), in the upper left corner, there is another 

area with reduced EQE visible that cannot be attributed to the stacking faults. This area may 

be caused by worse rear side passivation in this region. Still, also the stacking faults on the 

Epi-2 cell reduce the EQE at the rear side compared with the reference cell. Interestingly, 

not all of the stacking faults on this sample show the same recombination activity.   

    

Figure 7.8 LBIC measurements at 532 nm (left) and 1064 nm (right) for the Epi-2 cell showed a 

reduced amount of stacking faults compared to the Epi-1 cell.  

Areas with more and with less recombination-active stacking faults were therefore 

investigated using an optical microscope. Figure 7.9 (left) shows an LBIC measurement at 

940 nm (absorption depth of approx. 60 µm) of the Epi-2 cell, where in the marked area five 

points with a lower EQE appear. Two of these points are much less recombination active 

than the remaining three. In the microscope picture in Figure 7.9 (right) it is evident that the 

three more recombination-active stacking faults are the ones with polycrystalline inclusions. 

The less recombination active stacking faults are showing a monocrystalline structure in the 

centre. This could also be seen for all the other investigated SF on the Epi-2 cell. To avoid 

growth of this detrimental type of SFs, further investigations are necessary to identify the 

effects causing polycrystalline growth on reorganized porous silicon samples. In 

subchapter 3.5 those defects were introduced and the reason for polycrystalline growth is 

assumed to be correlated with silicon particles on the surface. An issue could be therefore 
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the parasitic deposition on the quartz sample holders and in the quartz carrier throughout the 

long processes. During loading of the samples small silicon parts can blister and adhere to 

the porous silicon surface. More frequent cleaning and wet chemical etching of the quartz 

parts might be therefore necessary in the lab-type reactor to reduce the amount of those 

stacking faults. 

    

Figure 7.9 LBIC measurement at 940 nm (left) with the marked area of interest and an optical 

microscope picture (right) of that area. 

The FFs of the Epi-cells with values of up to 77% are all approximately 3% lower than 

the values of the reference cells. SunsVoc measurements, which measure the FF without 

series resistance losses (the so called Pseudo Fillfactor PFF), resulted in values of up to 80% 

(see Table 7.1). A 2-3% gap from FF to PFF is common and rules out any series resistance 

problems [101]. The low values for the PFFs and FFs are therefore caused by either a reduced 

value of the shunt resistance Rsh or a non-ideal recombination current at maximum power 

point. Dark IV-measurements where performed and are presented in Figure 7.10 for the Epi-

2 cell.  
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Figure 7.10 Dark-IV curve of the Epi-2 cell. Exact fitting resulted in an ideality factor of n2 = 3. 
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Exact fitting with the two diode model was possible only with an ideality factor of n2 = 3 

(n1 = 1). For comparison, the fit with a fixed ideality factor of n2 = 2 is also included in the 

graph and shows a clear deviation from the measurement points.  

A two diode fit with an ideality factor of n2 = 3 resulted in Rsh = 6x10³ cm² and 

I02 = 1.4x106 A/cm². The fitted measurements for the other EpiWafer cells resulted in 

similar values. The series resistances are all below 0.6 cm², and the values for I01 were in 

the range of 10-13 A/cm², which are similar to the values measured for the reference solar 

cells.  

One plausible explanation for the increased value for I02 is an increased recombination in 

the space charge region. The ideality factor n2 > 2 may be the result of several factors, such 

as donor-acceptor-pair recombination via deep levels [89].  

To gain information about space-resolved saturation current densities, dark-lock-in-

thermography (DLIT) measurements have been performed on the Epi-1 cell (see Figure 

7.11) and Epi-2 cell (see Figure 7.12). A detailed description of the measurement method 

can be found in [102]. The bright spots at the contacted bus bars are attributed to a shunt that 

was generated by repeated measuring and contacting of the cells. The resolution of this 

measurement technique is in the range of 1 mm, which means that single stacking faults 

cannot be resolved. However, for the Epi-1 cell the agglomeration of stacking faults leads 

clearly to an area with increased saturation current densities. The values for I02 are lower 

than the ones determined by fitting of the dark-IV curves. This originates from the fact that 

only four measurement points are taken (at -1 V, 0.55 V, 0.57 V and 0.63 V) and those are 

then fitted by the two-diode-model assuming a fixed n2 = 2. This cannot resolve the 

previously mentioned humps and results therefore in a different value for I02. Still, the more 

interesting observation is the presence of increased values at the location of stacking faults.  

In the case of the Epi-2 cell this measurement technique cannot resolve the single stacking 

faults, but there is still an area with increased I02 in the upper and lower left corner visible. 

In the LBIC measurements in Figure 7.8 there was no increased stacking fault density visible 

in this area. Therefore, stacking faults can be excluded as the cause for this increased 

saturation current density. This means, that for the Epi-2 cell the increased value for I02 does 

not arise solely from the stacking faults in the cell area and may explain why the values for 

the saturation current densities are in the same range for the two cells, although the stacking 

fault density is lower for the Epi-2 cell. 
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Figure 7.11 DLIT measurement of the Epi-1 cell showing the space-resolved saturation currents I01 

(left) and I02 (right). 

 

Figure 7.12 DLIT measurement of the Epi-2 cell showing the space-resolved saturation currents I01 

(left) and I02 (right). 

In conclusion, SFs in the investigated epitaxial material can lower the bulk lifetime and 

therefore decrease the cell performance. Especially stacking faults with polycrystalline 

inclusions are much more recombination-active than other SFs. Although the tip of the SF 

pyramid was at the front side of the cell, which reduces the recombination-active area in the 

space charge region, we still find an increased I02 for areas with a large amount of stacking 

faults. For cells with much lower stacking fault densities, the resolution of the DLIT 

measurement may not suffice to resolve the increased recombination current at the single 

stacking faults. For the 20% efficient Epi-2 cell, an additional effect alongside the stacking 

faults is increasing the saturation current density I02. It is likely that this effect is not material-

related but originates from a cell processing issue. For the presented EpiWafers with a 

doping concentration of 3x1016 cm-3 and a defect lifetime of approximately 200 µs, 

conversion efficiencies of 20% are reached, although an increased recombination at the 

contacted area further reduced the Voc. Without this increased recombination, Voc values 

above 670 mV are expected for the EpiWafers with the same doping concentration and 

electrical quality from Quokka simulations. 

With even more careful handling of the porous silicon templates a lot of sources for 

enhanced stacking fault growth could be avoided. This would lead to a significantly reduced 

stacking fault density and therefore higher material quality. When in addition to that the 
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doping concentration of the material will be adapted to a value that can reach bulk lifetimes 

exceeding 1 ms (as shown in subchapter 5.2.4), EpiWafers can have similar potential as high 

quality monocrystalline silicon wafers.  

7.5 Summary 

Solar cells with epitaxially grown material have been presented in this chapter. The main 

breakage and bending reason during solar cell processing was the inhomogeneous EpiWafer 

thickness, which could be avoided in future processing through instationary silicon 

deposition. But also the manual handling with clean room equipment led to further breakage 

due to the thinner EpiWafers compared to standard reference material.  

The finished Epi-cells with a featured doping concentration of 3x1016 cm-3 reached an 

open circuit voltage of up to 658 mV and a short circuit current of up to 39.6 mA. The 

existing gap to the reference results was compared to simulations of the previous chapter 

which revealed a reduced SRH lifetime of 200 µs. This was also in good agreement with the 

calculated values from chapter 5. This increased recombination through defects was 

attributed to the stacking faults in the EpiWafer material and in the following a detailed 

analysis of the influence of stacking faults on each cell parameter was conducted.  

Losses in Jsc could be attributed to a recombination at the rear side which occurred at the 

stacking faults in the epitaxial wafers. Additionally, stacking faults with polycrystalline 

inclusions were identified as the more recombination active defects compared to stacking 

faults with monocrystalline inclusions. Due to a pyramidal growth of the staking faults 

almost no increased recombination at the front side of the Epi-cells could be found.  

The lower Voc compared to the reference cells could be partially attributed to the higher 

doping concentration in the epitaxial wafers. The remaining gap between reference cells and 

Epi-cells can be again explained by the stacking faults, which lead to increased saturation 

current densities. The increased value for I02 led also to a decreased fill factor and therefore 

only FF values up to 77% were reached. For the best Epi-cells conversion efficiencies of 

20% were achieved, which proves the high quality of the Epi-material processed in this 

work. Future improvements in material quality, especially by adapting the thickness 

homogeneity, reducing the stacking fault density and lowering the doping concentration, will 

result in significant improvements in the cell performance and cell results similar to cells 

made from high quality monocrystalline reference wafers can be obtained. 



 

8 Conclusion and Summary 

In this thesis a process chain for kerfless epitaxial growth of silicon wafers (EpiWafers) 

at Fraunhofer ISE was established. The advantage of the process using porous silicon and 

epitaxial thickening is that kerf-loss is avoided while the wafer thickness and doping 

concentration can be deliberately chosen according to requirements. Due to a reduction of 

material loss, solar cell manufacturing costs can be reduced. The concept is, however, only 

worthwhile, if the quality of the EpiWafer is comparable to high quality monocrystalline 

wafers.  

In the first part of this thesis the reorganization process for the porous silicon layer stack, 

which was purchased for this work, was optimized. SEM and AFM measurements revealed 

that temperatures of 1150°C are needed to achieve a closed and even surface after less than 

30 min of reorganization under hydrogen atmosphere. Additionally, measurements of the 

strain in the porous silicon layer showed a decrease in strain for a longer reorganization time. 

With the help of these investigations a standard process temperature of 1150°C for 

reorganization prior to epitaxial growth was established.  

In chapter 5 the material quality of epitaxially grown layers on reorganized porous silicon 

was investigated in terms of defect density measurements and lifetime measurements. The 

defect density decreases for an increasing reorganization time at a constant temperature of 

1150°C. The lowest values of (2±1)x102 cm-2 for the stacking fault density and 

(7±3)x103 cm2 for the etch pit density were reached for 90 min of reorganization. The 

stacking fault densities are, however, still one order of magnitude higher than values 

measured on epitaxial layers grown on monocrystalline reference wafers. 

For the lifetime investigations the samples were detached with a self-built vacuum tool 

and manually etched to remove the residual porous silicon layer on the rear side before 

surface passivation. Those processes were steadily optimized, as manual handling improved. 

The lifetime measurements revealed that the electrical quality is already sufficient for a 

reorganization time of 30 min. Effective carrier lifetimes of up to 70 µs were measured for 

a 40 µm thin EpiWafer with a high boron doping concentration of 8x1016 cm-3. Therefore, 

higher reorganization times were not further investigated. Interstitial iron measurements on 

the p-type EpiWafers resulted in values between 1x1010 cm-3 and 5x1010 cm-3, which is close 

to the detection limit of the photoluminescence imaging method. Still, for high doping 

concentrations of 8x1016 cm-3 such iron concentrations can limit the SRH lifetime to below 

200 µs. A switch to n-type doping concentration was therefore decided, as it is more tolerant 

to metal impurities. 

The reactor setup was modified to enable lower doping concentrations. The SRH 

recombination could be reduced successfully by reducing the doping concentration. High 

electrical qualities of EpiWafers with a phosphorus doping concentration of 2x1015 cm-3 
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were proven with effective carrier lifetimes exceeding 1.5 ms. This corresponds to a lower 

limit of the SRH lifetime of around 3 ms. Surface and SRH recombination are, however, 

difficult to separate. Further investigations have to be conducted to extract the surface 

recombination velocity for EpiWafers and to explore the influence of different surface 

treatments on the passivation quality. 

Solar cell simulations have been conducted to estimate the potential of the cell structure 

used for this work. A reduction of the SRH lifetime by introducing an additional injection 

independent lifetime term was modelled. For a resistivity of 1 cm this SRH lifetime has to 

be at least 1 ms to keep the total loss in conversion efficiency compared to samples without 

a recombination through defects below 0.5% absolute. Afterwards, a reduced resistivity of 

0.2 cm was assumed, which corresponds to the doping used for the fabrication of EpiWafer 

solar cells in this work. Assuming a reduced SRH lifetime of 100 µs, which was estimated 

with the lifetime measurements of the previous chapter, an absolute loss in conversion 

efficiency of 1.5% compared to defect-free 1 cm material was modelled. 

N-type solar cells with EpiWafers featuring a doping concentration of 3x1016 cm-3 

(~0.2 cm) were presented. The best cell reached an open circuit voltage of up to 658 mV 

and a short circuit current of up to 39.6 mA. With a fill factor of 77% a conversion efficiency 

of up to 20% was reached, which already proves the high potential of this material. A detailed 

loss analysis was conducted and the main cause for a decreased fill factor could be attributed 

to an increased I02 at the position of the stacking faults. The high doping concentration limits 

the bulk lifetime in terms of SRH recombination and Auger recombination. Therefore, 

lowering the doping concentration can already result in conversion efficiencies close to 

reference solar cells with Fz material. Additional improvements in material quality, by 

adapting the thickness homogeneity and further reducing the stacking fault density will lead 

to better cell performances. 

In conclusion, this thesis showed high material qualities for EpiWafers fabricated with a 

kerfless wafering process using porous silicon and epitaxial thickening in a self-built 

atmospheric pressure CVD reactor. This reactor allows a process transfer to inline high-

throughput reactors. For the porous silicon templates used in this work only the 

reorganization process could be optimized. To enable industrial application high throughput 

porosification tools are needed and the porous silicon layer together with the reorganization 

process need to be adjusted to enable high quality epitaxial growth and detachment. With 

the results of this work the necessity of low doping concentration in the range of 1-10 cm 

for EpiWafers was shown. Growth of stacking faults needs to be minimized as they act 

highly recombinative in a finished solar cell. A successful process chain for the fabrication, 

characterization and solar cell processing of EpiWafers was established in the frame of this 

thesis. 

 





 

9 Deutsche Zusammenfassung 

Im Zuge dieser Dissertation wurde eine stabile Prozesskette für die sägefreie Herstellung 

von epitaktisch gewachsenen Siliziumwafern (EpiWafern) entwickelt. Dafür wird eine 

Ablöse- und Saatschicht aus porösem Silizium in ein wiederverwendbares Silizium Substrat 

geätzt. Auf dieser Schicht wird dann ein EpiWafer beliebiger Dicke und Dotierung 

abgeschieden und nach diesem Wachstumsprozess vom Substrat getrennt. Der Vorteil dieses 

Verfahrens ist, dass wesentlich geringere Materialverlusteals bei der Waferherstellung 

mittels Drahtsägeprozessen entstehen. Dadurch werden die Materialherstellungskosten 

gesenkt und somit auch die Gesamtkosten einer Solarzelle reduziert. Dieses Konzept kann 

sich auf dem Photovoltaikmarkt jedoch nur etablieren, sofern die Materialqualität 

vergleichbar ist mit gesägten und polierten Czochralski- (CZ) oder Float-Zone (FZ) 

Siliziumwafern. 

Im ersten Teil dieser Dissertation wurde die poröse Siliziumschicht, bestehend aus einer 

niederporösen Saatschicht auf zwei hochporösen Ablöseschichten, untersucht. Das 

Schichtsystem wurde von einem Mikroelektronikinstitut hergestellt. Im Zuge dieser Arbeit 

wurde das Tempern dieses porösen Schichtsystems unter Wasserstoffatmosphäre untersucht. 

Erst bei diesem so genannten Reorganisationsprozess bilden sich eine ablösbare Schicht in 

der Tiefe und eine geschlossene Saatschicht an der Oberfläche aus. Mittels einer 

systematischen Variation der Prozesstemperatur und Prozesszeit konnten optimale 

Prozessparameter ermittelt werden. Mit Hilfe von REM und AFM Untersuchungen an den 

reorganisierten porösen Siliziumschichten wurde eine Temperatur von 1150°C als optimale 

Reorganisationstemperatur für dieses poröse Schichtsystem und für den in dieser Arbeit 

verwendeten Reaktor bestimmt. Nur bei dieser untersuchten Temperatur bildete sich eine 

geschlossene Oberfläche nach 30 min aus, welche für eine gute Wachstumsvorlage benötigt 

wird. Des Weiteren wurde die Reorganisationszeit variiert um herauszufinden, ob eine 

kürzere Reorganisation für eine gute Wachstumsvorlage ebenfalls ausreicht. Die porösen 

Schichten zeigten dabei bereits nach 5 min Reorganisation bei 1150°C eine geschlossene 

Oberfläche ohne offene Poren. Anhand von XRD Messungen wurde jedoch eine 

Reduzierung der Gitterverspannung in der porösen Schicht für längere Prozesszeiten gezeigt. 

Gitterverspannungen können ebenso wie offene Poren an der Oberfläche zu erhöhtem 

Defektwachstum in EpiWafern führen. Dies wurde nochmals näher im folgenden Kapitel 

untersucht. 

In Kapitel 5 wurde daher zunächst die Materialqualität von epitaktisch gewachsenen 

Schichten auf verschieden lang reorganisierten porösen Siliziumschichten untersucht. Die 

Schichten zeigen eine Reduzierung der Defektdichte für eine längere Reorganisationszeit 

bei einer festen Temperatur von 1150°C. Die niedrigsten Defektdichten für Stapelfehler von 

(2±1)x102 cm-2 und für Ätzgruben („etch pit“) von (7±3)x103 cm-2 wurden für eine 

Reorganisationszeit von 90 min gemessen. Diese Werte sind jedoch eine Größenordnung 
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höher als die auf Referenz-Schichten gemessenen Defektdichten, die auf einem polierten 

und gereinigten Cz Wafer gewachsen wurden. Wichtig ist daher, den Einfluss der 

Reorganisationszeit auch auf die elektrische Qualität näher zu untersuchen.  

Die elektrische Qualität der Schichten wurde anhand von Lebensdauermessungen an 

freistehenden EpiWafern bestimmt. Die gewachsenen Wafer wurden dafür zunächst mit 

einem parallel zu dieser Arbeit entwickelten Vakuumablösetool vom Substrat getrennt. Im 

Anschluss wurde das restliche poröse Silizium auf der Rückseite der EpiWafer nasschemisch 

entfernt und die Wafer danach beidseitig passiviert. Diese manuellen Prozessschritte wurden 

im Laufe dieser Arbeit kontinuierlich verbessert, was sich auch an den gemessenen 

Lebensdauern widerspiegelt. Für 40 µm dünne p-typ EpiWafer, die nach einer 

Reorganisationszeit von 30 min gewachsen wurden, wurden effektive Lebensdauern von bis 

zu 70 µs erreicht. Durch die hohe Dotierung dieser Wafer von 8x1016 cm-3 stellen solche 

Lebensdauern schon einen großen Anteil am theoretisch möglichen Maximum dar. Aus 

diesem Grund wurden längere Reorganisationszeiten, die zudem die Prozesszeiten deutlich 

verlängerten, nicht weiter untersucht. Der optimierte Reorganisationsprozess für das in 

dieser Arbeit untersuchte Schichtsystem wurde daher auf 30 min bei 1150°C unter 

Wasserstoffatmosphäre festgelegt. 

Die p-typ Proben wurden auf ihre interstitielle Eisenkonzentration untersucht und Werte 

zwischen 1x1010 cm-3 und 5x1010 cm-3 gemessen, welche nahe am Detektionslimit der 

Photolumineszenz-Imaging Methode liegen. Bei einer Dotierung von 8x1016 cm-3 können 

solche Konzentrationen die SRH-Lebensdauer jedoch auf 200 µs limitieren. Aus diesem 

Grund wurde ein Wechsel zu n-typ dotiertem Material beschlossen, welches resistenter 

gegenüber metallischen Verunreinigungen ist. 

Um zudem niedrigere Dotierkonzentrationen zu ermöglichen wurde ein neuer 

Quartzträger ohne p-typ Hintergrunddotierung eingeführt und das Gas-System der Anlage 

umgebaut um den Dotiergasfluss weiter zu verdünnen. Die SRH-Lebensdauer konnte mit 

Reduzierung der Dotierung nachweislich erhöht werden. Für EpiWafer mit einer Phosphor-

Dotierung von 2x1015 cm-3 wurden hohe effektive Lebensdauern von über 1.5 ms gemessen. 

Das entspricht einem unteren Limit für die SRH-Lebensdauer von 3 ms. Es ist jedoch 

schwierig, Oberflächenrekombination und SRH-Rekombination voneinander zu trennen. 

Weitere Untersuchungen zur Bestimmung der Oberflächenrekombinationsgeschwindigkeit 

von EpiWafern stehen daher noch aus und sollten eine Untersuchung des Einflusses 

verschiedener Oberflächen-Präparationen auf die Qualität der Passivierung beinhalten. 

In Kapitel 6 wurden Solarzellen-Simulationen durchgeführt um das Potential des 

Zellkonzepts, das in dieser Arbeit angewendet wurde, zu bestimmen. Eine verringerte SRH-

Lebensdauer wurde mithilfe eines injektions-unabhängigen Lebensdauerterms modelliert. 

Für einen Basiswiderstand von 1 cm muss diese Rekombinations-Lebensdauer mindestens 

1 ms betragen um den Verlust der Zelleffizienz, verglichen mit einem Wafer ohne SRH-

Rekombination, auf unter 0.5% absolut zu begrenzen. 



9 Deutsche Zusammenfassung 99 

 

Im Anschluss wurden Simulationen für einen Basiswiderstand von 0.2 cm (~3x1016 cm-

3) durchgeführt, welcher der Dotierung der für die Zellcharge hergestellten EpiWafer 

entspricht. Unter Annahme einer reduzierten SRH-Lebensdauer von 100 µs, die im vorigen 

Kapitel für EpiWafer mit dieser Dotierung bestimmt wurde, ist ein Verlust in der 

Zelleffizienz von 1.5% absolut verglichen mit 1 cm Fz Referenzen modelliert worden. 

In Kapitel 7 wurden Ergebnisse der während dieser Arbeit gefertigten n-typ Solarzellen-

Charge mit 0.2 cm EpiWafer Material gezeigt. Die beste Zelle erzielte eine offene 

Klemmspannung von 658 mV und einen Kurzschlussstrom von 39.6 mA. Mit einem 

Füllfaktor von 77% erreichte sie eine Effizienz von 20%, welches bereits das hohe Potential 

von EpiWafern zeigt. Eine detaillierte Verlustanalyse wurde durchgeführt und der 

Hauptgrund des reduzierten Füllfaktors konnte auf eine erhöhte 

Dunkelsättigungsstromdichte der Raumladungszone (I02) zurückgeführt werden, welche 

hauptsächlich an Stellen mit Stapelfehlern auftritt. Zudem limitiert die hohe Dotierung der 

EpiWafer die Bulk-Lebensdauer aufgrund von erhöhter SRH- und Auger-Rekombination. 

Daher kann eine Reduzierung der Dotierung bereits zu einer deutlichen Verbesserung der 

Effizienz führen. Zusätzliche Verbesserungen der Materialqualität in Bezug auf eine 

homogenere Dickenverteilung und eine weitere Reduzierung der Stapelfehlerdichte können 

zu noch besseren Zellergebnissen führen. 

Zusammenfassend wurden in dieser Dissertation EpiWafer mit hoher elektrischer 

Qualität mithilfe eines Sägeverlust-freien Herstellungsverfahren produziert. Der 

Reorganisations- und der Epitaxieprozess wurden in einem am Fraunhofer ISE entwickelten 

Atmosphärendruck-CVD Reaktor durchgeführt, welcher den Prozess-Übertrag zu 

Hochdurchsatz-Inline-Anlagen ermöglicht. Für das poröse Schichtsystem, das in dieser 

Arbeit untersucht wurde, konnte der Reorganisationsprozess optimiert werden. Um eine 

industrielle Umsetzung dieses Verfahrens zu ermöglichen, bedarf es an Hochdurchsatz-

Porosifikationsanlagen und sowohl Ätzprozess als auch Reorganisationsprozess müssen 

weiter optimiert werden. Die exzellenten Lebensdauern für niedrig dotierte EpiWafer in 

dieser Arbeit zeigen, dass die Dotierung von EpiWafern im Bereich zwischen 1-10 cm 

wünschenswert ist. Zudem wurde gezeigt, dass insbesondere die Stapelfehler in fertigen 

Solarzellen hoch rekombinationsaktiv sind, was die Dringlichkeit einer Reduzierung dieser 

Defekte untermauert. Die Herausforderung zukünftiger Experimente wird sein, EpiWafer 

mit exzellenter Qualität in hoher Stückzahl und mit großer Fläche (156 x 156 mm²) 

herzustellen. Dafür müssen die im Rahmen dieser Arbeit entwickelten Prozesse auf den am 

Fraunhofer ISE entwickelten ProConCVD Reaktor übertragen werden.  





 

APPENDIX A: CP solution used in this work 

Two different etching solutions for porous silicon removal were used in this work. In 

Table A 1 the proportions of the acids, used to mix the chemical polish solutions, are 

summarized. The approximated etching rate is also included in the table. 

Table A 1 Etching rate and proportional amounts of acids for mixing the chemical polish solutions. 

CP etch 
Etching rate 

[µm/min] 
HF 50% HNO3 70% HNO3 100% 

CH3COOH 

100% 

H3PO4 

85% 

CP 71 ~1,4 100 477 545 978 - 

CP 51 ~11,3 23 47 - 20 10 

 

APPENDIX B: Solar cell parameters 

In this work solar cell simulations and solar cell results are analysed and discussed in 

chapter 6 and chapter 7. The one- and two-diode models and the four main solar cell 

parameters will therefore be briefly described in this appendix. A detailed description and 

derivation of the equations can be found in [103-105]. 

The current-voltage (I-V) characteristics of an ideal solar cell under illumination can be 

described by the following one-diode model, with the elementary charge q, the Boltzmann’s 

constant k and the temperature T. 

𝐼(𝑉) = 𝐼0 ∙ (𝑒
𝑞𝑉

𝑘𝑇 − 1) − 𝐼𝐿. B.1 

IL denotes the light-generated current and I0 is the saturation current density, which is 

given by equation B.2. The saturation current density depends thereby on the cross-sectional 

area A of the diode, the diffusion coefficients of electrons (De) and holes (Dh), the intrinsic 

carrier density ni, the diffusion lengths of electrons (Le) and holes (Lh) and the concentration 

of donor (ND) and acceptor atoms (NA). The factors FP and FN in equation B.2 depend on the 

surface recombination of the p- or n-type side of the diode and account for the fact, that the 

diode is not infinitely large on either side of the junction. General expressions for FP and FN 

can be found in [105]. 

𝐼0 = 𝐴 ∙ (
𝑞𝐷𝑒𝑛𝑖

2

𝐿𝑒𝑁𝐴
∙ 𝐹𝑃 +

𝑞𝐷ℎ𝑛𝑖
2

𝐿ℎ𝑁𝐷
∙ 𝐹𝑁). B.2 

From the one-diode model in equation B.1 the ideal short-circuit current and the ideal 

open-circuit voltage can be derived.  

𝐼𝑆𝐶 = − 𝐼𝐿, B.3 

𝑉𝑂𝐶 =
𝑘𝑇

𝑞
∙ ln (

𝐼𝐿

𝐼0
+ 1) .   B.4 

In equation B.4 it can be seen that the open-circuit voltage can be increased by decreasing 

the saturation current I0. This can be achieved by either increasing the doping concentration 
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or by increasing the diffusion length (see equation B.2). The diffusion length depends on the 

carrier lifetime and is therefore increasing for a reduced recombination. 

The fill factor of a solar cell is a measure of how “square” the output characteristics are 

and should for good solar cells reach values of over 0.8 [105].  

𝐹𝐹 =
𝑃𝑚𝑝𝑝

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶
=

𝑉𝑚𝑝𝑝 ∙ 𝐼𝑚𝑝𝑝

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶
. B.5 

The energy-conversion efficiency can be calculated by the ratio of the maximum power 

Pmax to the incident power Pin.  

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐹𝐹 ∙ 𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶

𝑃𝑖𝑛
. B.6 

A more accurate solar cell description, including recombination in the space charge 

region, is given by the two-diode model. A second diode is therefore added in parallel with 

the first, resulting in following equation:  

𝐼(𝑈) = 𝐼01 ∙ (𝑒
𝑈−𝐼∙𝑅𝑠
𝑛1∙𝑈𝑇 − 1) + 𝐼02 ∙ (𝑒

𝑈−𝐼∙𝑅𝑠
𝑛2∙𝑈𝑇 − 1) +

𝑈 − 𝐼 ∙ 𝑅𝑠

𝑅𝑃
− 𝐼𝐿 , B.7 

with the series resistance RS, the parallel resistance RP and the saturation current densities 

I01 and I02 for recombination in the bulk and in the space charge region, respectively. The 

ideality factor n1 equals one and n2 should equal two. However, in some cases n2 can also 

differ from that [89]. 

APPENDIX C: Recombination channels in silicon 

In chapter 5.1.3 the following equation for the effective carrier lifetime was already 

introduced: 

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑏𝑢𝑙𝑘
+

2 ∙ 𝑆𝑒𝑓𝑓

𝑊
, 9.1 

which is accurate within 4% for Seff*W/D < 0.25, for symmetrical samples with the same 

passivation quality on front and rear side and with D being the diffusion constant of the 

excess carriers [75]. 

For the bulk lifetime the sum of radiative recombination, Auger recombination and SRH 

recombination has to be taken into account: 

1

𝜏𝑏𝑢𝑙𝑘
=

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝑎𝑢𝑔𝑒𝑟
+

1

𝜏𝑆𝑅𝐻
. C.1 

The model by Richter et al. [77] gives an advanced parametrization of the complete 

intrinsic recombination and was used in this work to calculate the bulk recombination, 

excluding the recombination through defects, for all investigated samples in this work: 



Appendix 103 

 

τintr, adv = 
∆n

(np-ni,eff
2 )(2.5×10-31g

eeh
n0+8.5×10-32g

ehh 
p

0
+3.0×10-29∆n

0.92
+BrelBlow)

 C.2 

with the enhancement factors: 

g
eeh

(n0)=1+13 {1- tanh [(
n0

N0,eeh
)

0.66

]} and g
ehh

(p
0
)=1+7.5 {1- tanh [(

p0

N0,ehh
)

0.63

]}, 

with N0,eeh=3.3×10
17

 cm-3 and N0,ehh=7.0×10
17

 cm-3.  

All other parameters are specified in Table C.1. 

The in chapter 5.1.5 shown SRH lifetimes were calculated using following equation: 

with the definitions for the electron and hole capture time constants 𝜏𝑝0 and 𝜏𝑛0: 

And the so-called SRH densities n1 and p1: 

The parameters needed for the calculation are described in Table C.1. 

Table C.1 Parameters needed for the calculation of the intrinsic and SRH lifetimes. 

Param. Unit Description 

n cm-3 electron density 

p cm-3 hole density 

n0 cm-3 equilibrium electron density 

p
0 cm-3 equilibrium hole density 

∆n cm-3 excess carrier density 

ni  cm-3 
intrinsic carrier concentration for lowly-doped and lowly-injected 

silicon, 9.7×10
9
 cm-3 at 300 K [29] 

ni,eff cm-3 

effective intrinsic carrier concentration ni,eff = ni 𝑒𝛽∆Eg 2⁄  with the 

energy band gap narrowing ∆Eg, and β = 1/kBT, with the Boltzmann 

constant kB and the absolute temperature T 

Brel cm-3s-1 
radiative recombination coefficient for lowly-doped and lowly 

injected silicon, 4.73×10–15 cm3 s–1 at 300 K 

Blow - relative radiative recombination coefficient, according to  

Nt cm-3 concentration of traps 

𝜏𝑆𝑅𝐻 =  
𝜏𝑛0(𝑝0 + 𝑝1 + Δ𝑛) + 𝜏𝑝0(𝑛 + 𝑛1 + Δ𝑛)

𝑝0 + 𝑛0 + Δ𝑛
, C.3 

𝜏𝑝0 = (𝑁𝑡𝜎𝑝𝑣𝑡ℎ,𝑝)
−1

  ,        𝜏𝑛0 = (𝑁𝑡𝜎𝑛𝑣𝑡ℎ,𝑛)
−1

, C.4 

𝑛1 = 𝑁𝐶𝑒
(

𝐸𝑡−𝐸𝐶
𝑘𝐵𝑇

)
   ,       𝑝1 = 𝑁𝑉𝑒

(
𝐸𝑉−𝐸𝑡

𝑘𝐵𝑇
)
. C.5 
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NC cm-3 effective density of states of the conduction band 

NV cm-3 effective density of states of the valence band 

𝜎𝑝 cm² hole capture cross section 

𝜎𝑛 cm² electron capture cross section 

𝑣𝑡ℎ cm/s electron and hole thermal velocity 

Et eV energy level of the trapping state 

 

APPENDIX D: Quokka Simulation sheet 

The simulation sheet used for this work is shown in the box below. The parameters 

marked in green were changed or adapted for this work. The blue parameters were left and 

were provided by Bernd Steinhauser at Fraunhofer ISE. The sweep function was used for 

this work, which is therefore marked yellow. 

%% Typical Cell Parameters: 

PitchFS=800; % µm 

ContactFS=6; % µm 

ContactFractionFSFinger=0.5; % % 

ContactFractionFSBB=0.5; % % 

NumberBB=1; 

ShadingFS=2.27; % % 

 

J0ePass=70; % fA/cm2 

J0eMet=1800; % fA/cm2 

J02e=0.001; % nA/cm2 

J0bPass=20; % fA/cm2 

J02b=0.001; % nA/cm2 

 

ResFS=0.2; % mOhmcm2 

ResRS=10; % mOhmcm2 

GridResFS=0.2; % Ohmcm2 

GridResRS=0; % Ohmcm2 

 

Waferthickness=200; %µm 

Resistivity=1; % Ohmcm 

tBulk=1e20; % us 

 

%%%% unit cell geometry 

geom.dimensions=2; % set to 1, 2 or 3 
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geom.Wz=Waferthickness; % cell thickness [um] (including thickness of doped surface layers) 

%% Note: Half pitch on the front side 

geom.Wxfront=PitchFS/2; % front unit cell size in x-direction [um] 

%% Note: Half pitch on the rear side 

geom.Wxrear=PitchFS/2; % rear unit cell size in x-direction [um] 

% set above values equal to simulate a "standard" unit cell 

% set to different values to let Quokka find the actual bigger unit cell 

% note that the lowest common multiplier defines the actual unit cell size which may become very large and 

slow down the simulation 

%% Note: Leave as-is for normal front contacts 

geom.frontcont.shape='line'; % shape of front contact: 'circle', 'rectangle', 'line' or 'full' 

geom.frontcont.wx=ContactFS/2; % contact half width in x-direction for 'rectangle', half width for 'line' or 

radius for 'circle' 

geom.rearcont.shape='full'; % shape of rear contact: 'circle', 'rectangle', 'line' or 'full' 

geom.meshquality=1; % determines solution accuracy and computation time, 1: coarse, 2: medium or 3: 

fine (or 'user' for expert settings) 

                          

%%%% bulk material properties 

bulk.type='n-type'; % doping type, 'p-type' or 'n-type' 

bulk.rho=Resistivity; % resistivity [Ohm.cm] 

%% Note: Can be used to simulate material influences, but might be better to use SRH below 

bulk.taubfixed=tBulk; % fixed lifetime [us] contribution to bulk recombination, set to very high value to 

disable 

bulk.SRH.midgap.taup0=1e20; % taup (holes) for midgap SRH [us] (Et-Ei=0), set to very high value to 

disable 

bulk.SRH.midgap.taun0=1e20; % taun (electrons) for midgap SRH [us] (Et-Ei=0), set to very high value to 

disable 

 

%% Note: Best to leave these settings as they are 

bulk.T=300; % temperature [K], leave at 300 K unless you are confident about what you are doing 

bulk.Auger='Richter2012'; % Auger model: 'Richter2012' (default), 'Altermatt2011', 'Kerr2002', 

'Sinton1987' or 'off' 

bulk.mobility='Klaassen'; % mobility model, 'Klaassen' (default) or 'Arora' (PC1D) 

bulk.nieff='default'; % 'default' (uses ni(300K)=9.65e9cm-3 and Schenk's doping dependent BGN) or 'fixed' 

bulk.nieffvalue=9.65e9; % value for nieff for 'fixed' [cm-3] 

bulk.Brad=4.73e-15; % radiative recombination coefficent [cm3/s], default: 4.73e-15 (Trupke et al. 2003) 

bulk.SRH.BO.Nt=0; % Oxygen concentration for BO complex SRH recombination in p-type [cm-3] 

bulk.SRH.BO.m=2; % processing dependent parameter between 2 and 4 

% define multiple SRH defects by cell indexing, example for Fe: 

bulk.SRH.custom{1}.Nt=0; % defect density [cm-3], set to zero to disable defect 
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%% Fe_i 

%bulk.SRH.custom{1}.Et_Ei=-0.182; % defect level [eV], relative to intrinsic energy (Et-Ei) 

%bulk.SRH.custom{1}.sigman=4e-14; % electron capture cross section [cm2] 

%bulk.SRH.custom{1}.sigmap=6.8e-17; % hole capture cross section [cm2] 

%% FeB 

bulk.SRH.custom{1}.Et_Ei=0.3; % defect level [eV], relative to intrinsic energy (Et-Ei) 

bulk.SRH.custom{1}.sigman=5e-15; % electron capture cross section [cm2] 

bulk.SRH.custom{1}.sigmap=3e-15; % hole capture cross section [cm2] 

 

%% Front emitter (no selective emitter): 

bound.conduct{1}.location='front'; 

bound.conduct{1}.shape='full'; 

bound.conduct{1}.colleff=1; 

%% Note: Set the Sheet resistance here 

bound.conduct{1}.Rsheet=90; % Ohm/sq 

%% Note: Set this to the junction depth of the emitter, shouldn't matter if colleff is set to 1 

bound.conduct{1}.jctdepth=0.4; % um 

bound.conduct{1}.cont.rec='J0'; 

%% Note: J0 for the contacted area emitter 

%%       Use an effective value to take the BB into account 

%%       J0eMet,Calc = J0eMet * (1+fBB/fFinger) 

%%       J0eMet = 700 fA/cm2 -> J0eMet,Calc =  970 fA/cm2 

J0eMetEff=J0eMet * (1+NumberBB*ContactFractionFSBB/ContactFractionFSFinger); 

bound.conduct{1}.cont.J0=J0eMetEff*1E-15; % A/cm2 

%% Note: Contact resistivity in the contacted area 

bound.conduct{1}.cont.rc=ResFS*1E-3; % mOhm cm2 

bound.conduct{1}.noncont.rec='J0'; 

%% Note: J0 for the passivated area of the emitter 

bound.conduct{1}.noncont.J0=J0ePass*1E-15; % A/cm2 

bound.conduct{1}.noncont.J02=J02e*1E-9; % A/cm2 

 

%% TOPCon 

bound.conduct{2}.location='rear'; 

%% Note: Set as the same as the contact geometry above 

bound.conduct{2}.shape='full'; 

%% Note: Sheet resistance of the LBSF 

bound.conduct{2}.Rsheet=300; % Ohm/sq 

%% Note: Junction depth of the LBSF 

bound.conduct{2}.jctdepth=0.2; % um 
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bound.conduct{2}.colleff=1; 

bound.conduct{2}.cont.rec='J0'; 

%% Note: J0 for the contacted area 

bound.conduct{2}.cont.J0=J0bPass*1E-15; % A/cm2 

%% Note: Contact resistivity for the rear side contacts 

bound.conduct{2}.cont.rc=ResRS*1E-3; % mOhm cm2 

 

%%%% generation settings 

generation.type='1D_model'; % how generation is defined:  '1D_model', 'Jgen_surface', 'Jgen_uniform', 

'ext_file', 'customdata' or 'off' 

generation.intensity=100; % incident light intensity [mW/cm2] (default: 100), not applicable for 1D_model, 

does NOT influence the actual generation 

generation.suns=1; % scales the generation 

generation.illum_side='front'; % illuminated side, 'front' or 'rear' 

%% Note: wx_eff = (f_finger + f_bb) * pitch/2 

generation.shading_width=PitchFS*ShadingFS/200; % half width in x-direction [um] for shading of 

fingers, set to zero for no shading 

% below settings are for '1D_model' 

% calculates the current generation within the junction depth like PC1D 

% models the first path through the cell properly, generation from all subsequent passes is uniformly re-

distributed 

generation.transmission='ext_file'; % how front surface transmission is defined: 'fixed', 'ext_file' or 'custom' 

(set generation.transmission_custom=[lambda1 lambda2 ... lambdan; T1 T2 ... Tn] with lambda [nm] and 

transmission T []) 

generation.transmission_filename='NRP138-T.xlsx'; % front transmission file ; first column wavelength 

[nm], second column T [0..1] 

generation.Z='ext_file'; % optical pathlength enhancement: value, 'fixed', 'ext_file' or 'custom' 

generation.Z_filename='Z-TopCon.xlsx'; % Z file; first column wavelength [nm] second column Z 

generation.spectrum='AM1.5g'; % incident spectrum, 'AM1.5g', 'monochromatic' or 'custom' (set 

generation.spectrum_custom=[lambda1 lambda2 ... lambdan; I1 I2 ... In] with lambda [nm] and I 

[W/m2/nm]) 

generation.facet_angle=54.7; % [degrees] should be the same as assumed when calculating Z and RAT 

values, set to 0 for planar surface 

 

%%%% external circuit settings 

%% Note: The external series resistance can be used to take the grid resistance on the front side (and possible 

on the rear side) into account 

%%       For the plated PassDop cell, we calculated 0.28 Ohm cm2 

circuit.Rseries=GridResFS+GridResRS; % external series resistance [Ohm.cm2] 

circuit.Rshunt=1e6; % external shunt resistance [Ohm.cm2] 
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% 'Vuc', 'Vterm', 'Jterm', 'OC', 'MPP', 'Jsc' (not short circuit!), 'light_IV_auto', 'IV_curve', 'QE_curve', 

'sunsVoc_curve' or 'Rs_curve' 

circuit.terminal='light_IV_auto'; 

circuit.Vuc.value=0.5; % unit vell voltage [V] for 'Vuc' 

circuit.Vterm.value=0.5; % terminal voltage [V] for 'Vterm' 

circuit.Jterm.value=-30; % terminal current density [mA/cm2] for 'Jterm' 

circuit.IV.V_values=[0.1:0.05:0.75]; % vector of voltage values [V] for 'IV_curve' 

circuit.IV.mode='Vterm'; % 'Vuc' (faster) or 'Vterm' defines the meaning of the voltage values for 'IV_curve' 

circuit.QE.wavelength_values=[300:20:1200]; % vector of wavelength values [nm] for 'QE_curve' 

circuit.sunsVoc.suns_values=10.^[-3:.5:1]; 

 

%%%% sweep 

% sweep of one or two independent parameters 

% additional parameters can be swept dependently: 

% e.g. sweep_1{1}='size_x', sweep_1{2}='size_y' and values_1{1}= ... 

sweep.enable=0; % 0 or 1 to disable / enable 

sweep.param_1{1}='geom.Wxfront'; 

sweep.values_1{1}=[500 525 555 590 625 667 715]; 

 

%%%% luminescence settings 

% external files must cover the wavelength range from 800nm - 1400nm the first column and respective 

data in the next column(s) 

lumi.enable=1; % 0 or 1 to disable / enable 

lumi.scale=2.33e-8; % scales simulated luminiscence signal [photons/cm2/s] to match experimental 

measurement units, e.g. [counts/s] 

lumi.filter='none'; %'PL_SP1025nm.xls'; % 'none' for no filter or 'ext_file' 

lumi.filter_filename='filename.xls'; % filter transmission file; first columns wavelength [nm], second 

column transmission [0..1] 

lumi.sensor_EQE='unity'; % external quantum efficiency of sensor: 'silicon' (thickness is used for 

calculation of EQE), 'unity' (EQE=1) or 'ext_file' 

lumi.sensor_EQE_filename='filename.xls'; % sensor EQE file; first column wavelength [nm], second 

column EQE [0..1] 

lumi.sensor_thickness=55.7; % thickness of CCD sensor [um], for silicon sensor only 

lumi.detection_side='illuminated'; % Side which is treated as the front for luminescence modeling, relative 

to illuminated side: 'illuminated' or 'opposite' 

lumi.normalise_signal=0; % Normalise signal to peak intensity, 0 or 1 to disable / enable 

lumi.emission_function = 4; 

lumi.internal_refl='default'; % internal reflectivity (not applicable for Rudiger model): 'default' for Si - air 

interface or 'ext_file'  

lumi.internal_refl_filename='filename.xls'; % internal reflectivity file; first columns wavelength [nm], 

second column front reflectivity [0..1], third column rear reflectivity [0..1] 
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lumi.general.facet_angle = 54.7; % Facet angle based on front surface texture geometry. [Degrees] 

lumi.general.lambertian_factor = 0.5; % Lambertian factor of the rear surface, between 0 and 1, 0: fully 

specular, 1: fully diffuse 

lumi.general.refRear = 0.60; % rear reflectivity [], default 0.60 

lumi.general.refFrontS = 0.62; % first front reflectivity [], default 0.62 

lumi.general.refFrontN = 0.93; % n-th front reflectivity [], default 0.93 

% input for Padilla model (4): 

lumi.geometrical.number_reflections=0; % number of internal reflection to model 

% optional input for modelled wavelength range 

lumi.wavelength_start=900; % [nm] 

lumi.wavelength_end=1200; % [nm] 





 

Nomenclature 
Abbreviation Description 

AFM Atomic Force Microscopy 

ALD Atomic Layer Deposition 

AM1.5g Air Mass 1.5 global spectrum 

APCVD Atmospheric Pressure Chemical Vapour Deposition 

a-Si Amorphous Silicon 

CP Chemical Polishing 

c-Si Crystalline Silicon 

CVD Chemical Vapour Deposition 

Cz Czochralski 

EQE External Quantum Efficiency 

FZ Float Zone Silicon Material 

HWCVD Hot Wire Chemical Vapour Deposition 

IMEC Interuniversity Microelectronics Centre 

ISFH Institute for solar energy research in Hamelin 

ITRPV International Technology Roadmap for Photovoltaic 

LBIC Light-Beam Induced Current 

LPCVD Low Pressure Chemical Vapour Deposition 

LPE Liquid Phase Epitaxy 

mc-Si Multicrystalline Silicon 

MBE Molecular Beam Epitaxy 

MFC Mass Flow Controllers 

MWPCD Microwave Photo Conductance Decay (method) 

PECVD Plasma Enhanced Chemical Vapour Deposition 

PL Photoluminescence 

PV Photovoltaic 

PVD Physical Vapour Deposition 

QSSPC Quasi-Steady State Photoconductance 

RCA Radio Corporation of America (standard cleaning) 

RPHP Remote Plasma Hydrogen Passivation 

RPCVD Reduced Pressure Chemical Vapour Deposition 

RTCVD Rapid Thermal Chemical Vapour Deposition 
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SEM Scanning Electron Microscopy 

SRH Shockley-Read-Hall (recombination) 

SRP Spreading Resistance Profiling 

SRV Surface Recombination Velocity 

STC Silicon Tetra Chlorine (SiCl4) 

TCS Tri Chloro Silane (SiHCl3) 

UHVCVD Ultra-high Vacuum Chemical Vapour Deposition 

XRD X-Ray Diffraction 

 

Chemical species 

Abbreviation Description 

Ag Silver 

Al2O3 Aluminum oxide 

B2H6 Diborane (gas) 

BBr3 Boron tribromide  

BCl3 Boron trichloride (gas) 

CH3COOH Acetic acid 

Cl Chloride 

Fe Iron 

Fe2O3 Ferric oxide 

FeCl3 Ferric chloride 

H2 Hydrogen (gas) 

H2O Dihydrogenoxide, water 

HCl  Hydrogen chlorine acid (gas) 

HF Hydrogen fluoride 

HNO3 Nitric acid 

H3PO4 Phosphoric acid 

N2 Nitrogen (gas) 

O2 Oxygen (gas) 

P Phosphorus 

P2 Diphosphorus 

Pd Palladium 

PH2 Diphosphine (gas) 

PH3 Phosphine or phosphorus hydride (gas) 

POCl3 Phosphoroxychlorid 

SiCl Silicon chloride 
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SiCl2 Silicon dichloride (gas) 

SiCl4 Silicon tetrachloride (gas) 

SiHCl3 Trichlorosilane (gas) 

SiH2Cl2 Dichlorosilane 

SiNx Silicon nitride 

Ti  Titanium  

 

Symbols 

Symbol Description Unit 

C Concentration of chemical species [mol] 

Cdopant Dopant concentration cm-3 

d Lattice parameter nm 

D Carrier diffusion  cm2/s 

Δ Vacancy gradient  

R Vacancy gradient at the rim of a pore  

S Out-of-plain strain  

EPD Etch Pit Density  cm-2 

FF Fill Factor [-] 

J0 Dark saturation current density A/cm2 

JSC Short circuit current density mA/cm² 

k kinetic reaction constant [-] 

kad  Adsorption constant  [-] 

Keff Effective segregation coefficient [-] 

kr  Deposition constant [-] 

 Wavelength  nm 

L  Diffusion length  µm 

NA Concentration of acceptor atoms 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 

pM Partial pressure of species M mbar 

 Occupied bonding sites  [-] 

R Universal gas constant  J/mol K 

R Pore radius  

RC Critical pore radius  



114 Nomenclature 

 

 electrical resistivity cm 

RS Series resistance  cm2

RP Parallel resistance /sq. 

S Surface recombination velocity cm/s 

SFD Stacking Fault Density cm-2 

T Temperature °C or K 

t Time s 

V Deposition rate  µm/min 

Vad Molar absorption rate   

VOC Open circuit voltage mV 

Vr  Molar growth rate   

W Wafer thickness µm 

Γd  recombination intensity   

Δn Excess carrier concentration cm-3 

η Efficiency % 

 Bragg angle ° 

[M] Concentration of species M mol 

µn mobility of holes  cm²/Vs  

µp mobility of electrons  cm²/Vs  

τAuger Minority carrier lifetime limited by Auger recombination μs 

τbulk Minority carrier lifetime in the bulk μs 

τSRH 
Minority carrier lifetime limited by Shockley-Read-Hall 

recombination 
μs 

τeff Effective minority carrier lifetime μs 

τrad Minority carrier lifetime limited by radiative recombination  µs 

 

Constants 

Constants Description Value 

      kB Boltzmann’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 1010 cm-3 

      R Gas constant 8.314472 J/Kmol 
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