
 

 
 

 

Laser Welding of Silicon Foils for 

Thin-Film Solar Cell 

Manufacturing 
 

 

Laserschweißen von Siliziumfolien zur Herstellung von Dünnschicht-Solarzellen 

 

 

 

 

 

Der Technischen Fakultät 

der Friedrich-Alexander-Universität  

Erlangen-Nürnberg 

zur 

 Erlangung des Doktorgrades Dr.-Ing. 

 

vorgelegt von 

 

Thomas Maik Heßmann 

aus Zschopau 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Als Dissertation genehmigt  

von der Technischen Fakultät 

der Friedrich-Alexander-Universität Erlangen-Nürnberg 

Tag der mündlichen Prüfung: 30.09.2014 

 

Vorsitzende des Promotionsorgangs:  Prof. Dr.-Ing. habil. Marion Merklein 

Gutachter:  Prof. Dr. techn. Christoph J. Brabec 

  Prof. Dr.-Ing. Rolf Brendel 



 

 
I 

 

Abstract 

 

Thin-film solar module manufacturing is one of the most promising recent developments in 

photovoltaic research and has the potential to reduce production costs. As the necessity for 

competitive prices on the world market increases and manufacturers endeavor to bring down 

the cost of solar modules, thin-film technology is becoming more and more attractive. In this 

work a special technique was investigated which makes solar cell manufacturing more 

compatible with an industrial roll-to-roll process. This technique allows the creation of the 

first monocrystalline band substrate by welding several monocrystalline silicon wafers 

together, so that the size restriction of float-zone grown wafers can be overcome. Currently 

the size is 8 inches in diameter. Float-zone grown material is well suited as feedstock for high 

efficiency solar cells and it has also been very intensively studied in the past. This makes it 

the perfect feedstock material for thin-film solar modules. Unfortunately this material is quite 

expensive and therefore it should only serve as feedstock to generate the band substrate. After 

this step the necessary silicon layers to produce solar cells are grown epitaxially on top of the 

band substrate using chemical vapor deposition. To produce solar cells a silicon layer is 

separated from the band substrate using a layer transfer process. Subsequently the band 

substrate can be repeatedly reused to produce an infinite amount of silicon layers without 

requiring any silicon ingot feedstock. 

The linchpin for this technique is the welding step from single wafers to a band substrate. 

Thus, this work focuses on the investigation of the welding process. Welded samples were 

analyzed using micro-Raman and electron backscatter diffraction (EBSD). Moreover, the 

achievement of solar cells on top of 50 µm thick silicon foils and welded silicon foils are 

reported.



 

 
II 

 

Kurzzusammenfassung 

 

Die Produktion von Dünnschicht-Solarmodulen ist eine der vielversprechendsten 

Entwicklungen in der Photovoltaik in der näheren Vergangenheit, weil diese Technik geringe 

Produktionskosten verspricht. Wegen der Notwendigkeit von wettbewerbsfähigen Preisen an 

den Weltmärkten und dem Bemühen der Hersteller die Produktionskosten zu senken gerät die 

Dünnschicht-Technik immer mehr in den Fokus. In dieser Arbeit wird eine spezielle Technik 

untersucht, die die Herstellung von Solarzellen weiter an ein industrielles Rolle-zu–Rolle-

Verfahren annähern soll. Diese Technik erlaubt es, monokristalline Siliziumwafer miteinander 

zu dem ersten monokristallinen Bandsubstrat zu verschweißen. Dadurch kann die 

Größenrestriktion der Produktion von im Zonenschmelzverfahren hergestellten einkristallinen 

Silizium-Ingots überwunden werden, die momentan einen Durchmesser von 8 Zoll haben. Da 

im Zonenschmelzverfahren gewonnenes Silizium als Ausgangsmaterial für 

Hochleistungssolarzellen ideal ist und auch schon intensiv untersucht wurde, ist es der 

perfekte Ausgangspunkt für Dünnschicht-Solarmodule. Allerdings ist der hohe Preis für 

dieses Material ein Problem. Darum soll das hochwertige und teure Silizium nur für die 

Herstellung des Ausgangsbandsubstrates verwendet werden. Danach soll mittels chemischer 

Gasphasenabscheidung eine Epitaxie-Schicht auf dem Band gewachsen werden und diese 

gewachsene Schicht mittels Transferprozess vom Ausgangsband getrennt werden, um damit 

Solarzellen herzustellen. Das Bandsubstrat wird wiederverwendet um eine endlose Anzahl 

von Siliziumschichten zu produzieren ohne die Notwendigkeit von Silizium-Ingots als 

Ausgangmaterial. 

Für dieses Verfahren ist das Schweißverfahren der Dreh- und Angelpunkt, daher wurde in 

dieser Arbeit der Fokus auf das Charakterisieren der Verschweißung gelegt. Diese wurden mit 

Hilfe von Mikro-Raman und Electron backscatter diffraction (EBSD) untersucht. Außerdem 

wurden erfolgreich Solarzellen auf 50 µm dünnen Siliziumfolien sowie Solarzellen auf 

verschweißten Siliziumfolien hergestellt. 
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1. Introduction 

 

In recent decades, solar modules have constituted a promising and, as a result owing to 

improvements in the field, an increasingly interesting method of producing electricity. 

Modules have been installed for domestic use (on the roof tops of single family houses) or for 

some small-scale commercial use (for example on big barns as well as fields). Since the 

seventies, solar cells have been increasing in efficiency as depicted in Fig. 1 there is now 

quite a range of solar modules available on the market. Crystalline silicon modules are most 

commonly used and are installed all over the world. However, other module types are 

available and include glass-glass modules, thin-film modules (for example: CdTe, CIGS, 

GaAs, amorphous-Si, organic) and concentrator modules. The efficiency of commercially 

available solar modules varies considerably, but top values of up to 21.5 % are achieved for a 

monocrystalline silicon module [1]. Higher values may be reached depending on material, 

solar cell structure and module layout [2]. The theoretical limit of the efficiency of one p-n 

junction silicon solar cell is approx. 29 % [3]. Efficiencies of up to 25.6 % have already been 

reached on laboratory sized silicon solar cells [4]–[6]. Modules for space applications and 

concentrator modules have higher efficiencies [4]. 

Most of the concepts for solar modules or solar cells which are currently being researched 

focus on one goal: reducing the production costs of solar modules by simultaneously 

increasing efficiency, or at least maintaining a steady performance with respect to the price-

efficiency ratio. 

In the last few decades, thin-film technologies for solar devices have been a niche product, but 

due to increasing competition and the resulting pressure to cheaper solar modules, this 

technology is attracting more and more interest. Indeed, crystalline thin-film devices have a 

low consumption of feedstock silicon and the potential to achieve high efficiencies. 

Laboratory sized solar cells with record efficiency values of up to 21.5 % [7] on chemically 

thinned wafer have been published. 20.1 % was achieved on a 156 mm × 156 mm industrial 

sized solar cell after using the porous silicon (PSI) layer transfer process [8]–[10]. By 

producing crystalline silicon thin-film solar cells or modules a significant cost reduction can 

be attained using scalable deposition processes like chemical vapor deposition (CVD)  
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Fig. 1: Efficiency development of research solar cells starting in the 1970s until 2013 [4]. 
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combined with layer transfer techniques such as PSI, instead of using standard silicon ingot 

material as feedstock. Silicon material which is produced in this way does not suffer from 

material losses due to sawing. 

At ZAE Bayern researchers developed a concept for producing the first monocrystalline band 

substrate called extended monocrystalline silicon base foil with a thickness of approx. 50 µm, 

see Fig. 2. This method combines the concepts for high performance float-zone solar cells on 

standard ingot material with the thin-film technology. Furthermore, it enables the size 

restriction of silicon ingot crystals to be overcome using a laser to weld several individual 

silicon wafers to a band substrate. By realizing this concept it would be possible to transfer 

thin-film crystalline silicon technology to an industrial roll-to-roll process. 

In this thesis the linchpin of this concept was investigated which is the laser welding of 

several silicon wafers to a band substrate. In order to realize the concept three different ways 

of welding were analyzed: a) laser spot welding with a low constant feed speed at room 

temperature b) laser line welding at room temperature and on preheated samples c) keyhole 

welding at preheated samples of 1015 °C. For the characterization of the influences of laser 

welding within the silicon material Electron backscatter diffraction (EBSD) and micro-Raman 

analysis were applied. Furthermore, first solar cells were built on welded silicon foils. The 

cells were characterized by sun simulator and quantum efficiency measurements. 

30-50 µm

0.1...1.0 m

0.1...1.0 m

Roll

Welding Seam

Single Si Floatzone Wafer

 

Fig. 2: Extended monocrystalline silicon base foil: This foil is made from individual silicon 

float-zone grown wafers, which are welded together using a laser process [11], [12]. 
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2. Current Status of Crystalline Thin-Film Solar Cell Technology 

 

The manufacturing of conventional silicon solar cells starts with multicrystalline or 

monocrystalline silicon wafers. These wafers are produced from quartz sand by applying 

several production steps as depicted in Fig. 3. Metallurgical grade silicon, also called raw 

silicon, is gained from quartz sand by reduction with carbon in an arc furnace. This 

metallurgical silicon is then exposed to gaseous hydrogen chloride in a sorption reactor at 

temperatures of 300 °C to 350 °C. In the resulting exothermal reaction, liquid trichlorosilane 

and hydrogen are generated. Repeated distillation processes purify the trichlorosilane. Within 

the Siemens-process the gaseous trichlorosilane and hydrogen stream by a thin silicon rod 

which is heated up to approx. 1350 °C. At the moment the trichlorosilane hits the heated 

silicon rod the silicon within the trichlorosilane precipitate onto the rod as high purity 

multicrystalline silicon. With this method silicon rods of 2 m in length and 30 cm in diameter 

can be accomplished [13]. Afterwards the silicon is cut and used as feedstock for crystal 

growth in a furnace by applying the Czochralski or float-zone process in order to produce 

monocrystalline ingots, for further details see [13]. The float-zone process achieves a higher 

purity, but it is more expensive than the Czochralski process. Therefore, most monocrystalline 

silicon solar cells are produced from Czochralski material. In the next step the ingots must be 

cut in order to produce wafer material for the solar cell processing.  

Highest efficiency values
1
 of conventionally built silicon solar modules are 22.4 % for 

monocrystalline silicon produced by SunPower [2]. This is the only company to build 

interdigitated back-contacted (IBC) solar cells on n-type silicon on a large scale. IBC cells 

have a marked share of approx. 7 % [14]. For further information of the IBC cell structure see 

[14], [15]. The biggest solar power plant projected with Sunpower solar modules is located 

near Rosamond in California USA (Solar Star Projects formerly Antelope Valley Solar 

Projects) with 579 MW, the constructing started in the early 2013 and is still going on [16], 

[17]. 

For conventionally built multicrystalline silicon solar modules Q-Cells holds the record with 

an efficiency of 18.5 % [2]. The solar cells are based on the Q.ANTUM technology of  

                                                 
1
 Given values in the following are record values and not values of consumer solar modules or cells. 
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Fig. 3: Production chain of monocrystalline silicon wafers for solar cell manufacturing 

starting from the raw product. 

Q-Cells using a p-type multicrystalline silicon wafer with a thickness of 180 to 200 µm 

thickness, fur further details of the cell structure see [18]. In 2011 a solar plant with 91 MW 
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of Q-Cells solar modules was built in Briest Germany. At that time it was one of the biggest 

solar plants worldwide [19]. 

Besides crystalline silicon amorphous silicon exist as feedstock for solar cells. Amorphous 

silicon (a-Si) has a higher band gap of approx. 1.70 eV (Depending on the hydrogen content 

this value differs between a certain range [20].) in comparison to the 1.12 eV of crystalline 

silicon. Due to its disordered structure it has a 40 times higher rate of light absorptivity 

compared to monocrystalline silicon [21]. Therefore, only a fraction of a-Si is necessary to 

build a solar cell compared to crystalline silicon, for further details of the cell structure see 

[20]. Thus, amorphous modules are significantly cheaper than crystalline modules, but the 

conversion efficiency is lower [22]. The highest efficiency for a-Si solar cells is 10.1 % 

produced by Oerlikon Solar Lab [2]. A drawback of this technology is the degradation of the 

solar cells as soon as they are exposed to light, this mechanism is called the Staebler–Wronski 

effect [20], [23]. By combining a-Si with nanocrystalline (nc) or microcrystalline (µc) silicon 

the efficiencies can be increased. The material behaves similar as crystalline silicon and has a 

band gap of 1.12 eV [13]. The record module is manufactured by TEL Solar with a-Si/nc-Si 

tandem junction solar cells with an efficiency of 11.6 % [2]. One of the biggest projects 

equipped with a-Si modules of the company Uni-Solar is located in South Carolina USA on 

the roof of the production hall of the Boeing 787 Dreamliner with 2.6 MW [24]. 

Furthermore, a combination of crystalline and amorphous silicon exists. Those solar cells are 

called heterojunction with intrinsic thin-layer (HIT). At the moment this type of solar cells has 

the highest efficiency of silicon solar cells with 25.6 % produced by Panasonic HIT [2]. For 

this cell an n-type crystalline silicon is used combined with the heterojunction cell technology 

of the company. A thin p-type a-Si layer serves as solar cell emitter and a similar n-type layer 

as rear contact, for further details see [13]. 

Besides using amorphous silicon as base material, other thin-film approaches are also used for 

solar cell manufacturing. The three most promising materials for solar modules are gallium 

arsenide (GaAs), cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS). 

GaAs is an III-V compound semiconductor, which has a band gap of 1.42 eV. Furthermore, 

GaAs is a direct semiconductor and therefore absorbs up to 90 % of sunlight in a thin-film of 

2 µm [20]. The company Alta Devices owns both world records for thin-film modules with an 

efficiency of 24.1 % and solar cells of 28.8 % [2]. The device for solar cell producing is 
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grown on a single-crystal GaAs handle substrate by metal-organic chemical vapor deposition 

(MOCVD). Afterwards it is lifted off by using an epitaxial lift-off (ELO) process to create 

thin-film solar cells on flexible plastic substrates. For further information about the 

manufacturing process see [25], [26]. The efficiency of GaAs solar cells and the band gap of 

GaAs can be increased by alloying with materials such as aluminum (Al), indium (In), 

phosphorus (P) or antimony (Sb). This property is used for the manufacturing of multi-

junction solar cells [21]. Due to the high heat resistance and much lower sensitivity to cosmic 

radiation than silicon solar cells of GaAs solar cells they are used for concentrator solar cells 

as well as space applications.  

Cadmium telluride is an II-VI-compound semiconductor and has a band gap of 1.45 eV. Like 

GaAs is CdTe a direct semiconductor with similar properties. The company First Solar holds 

the record of the highest module efficiency of 17.5 % [2]. A big advantage of this type of 

material is that it can be evaporated in various ways in a very good quality. The common way 

is using close-space-sublimation (CSS), fur further details see [13]. One of the biggest solar 

plants equipped with CdTe solar modules of the company First Solar is located San Luis 

Obispo County California USA (Topaz Solar Farm) with 550 MW [27]. The estimated start of 

the operation of the solar power plant is in 2014. 

Copper indium gallium diselenide is one of the rare semiconductor compounds that are 

suitable for solar cell production. Depending on the ratio between gallium and indium the 

band gap can be tuned between 1.4 eV to 1.7 eV. The value of 1.7 eV is reached when indium 

is completely replaced by gallium [13], [20]. The p-n junction is similar to the CdTe solar 

cells established by a absorber layer and a thin cadmium sulfide (CdS) layer, for further 

details see [13], [20]. For a long time researcher are tried to replace the Cd within the CIGS 

solar cells, but until now it is only possible by a loss in conversion efficiency. However, 

Miasole holds the record of the highest module efficiency of 15.7 % [2]. 

Currently all these approaches have a low percentage of the market. In contrast, crystalline 

silicon modules are most commonly installed in the world, with a market share of approx. 

80 % [28]. Should production values for the non-silicon thin-film approaches become 

comparable to those of silicon modules, the limited availability of rare materials such as 

indium and tellurium would cause a difficulty [29]. Also the usage of cadmium in building 

solar devices is somewhat controversial due to its high toxicity. 
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Fig. 4: Production chain of an epitaxial silicon layer for solar cell manufacturing starting from 

the raw product. 

The production steps of conventional solar cells are very costly and high kerf loss occurs, but 

this can be eliminated by using thin silicon layers as templates as depicted in Fig. 4. The 

silicon layer for the solar cell production is made by epitaxial growth initiated by the direct 

use of trichlorosilane gas and is detached from the template using a layer transfer process. 

Thus, the wafering process and the appendant material losses (silicon kerf loss, consumables 

like slurry and saw wire) are removed from the solar cell production chain. This combination 

offers the possibility of producing kerfless thin crystalline silicon solar cells, which reduce 

silicon consumption significantly in comparison to wafer based material. Moreover, the layers 

are much thinner than conventional wafers for solar cell production. Solar cells produced in 

this way by the company Solexel have a thickness of 43 µm, while industrial solar cells have 

a thickness of 200 µm ± 30 µm [9], [10], [30]. In fact, the actual value which needs to be 

taken into the account is twice as high as the thickness of an industrial solar cell because of 

the cutting step [31]. Therefore, this new method of manufacturing saves around 90% of 
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silicon material, if trichlorosilane gas losses within the epitaxial process are not taken into 

account. Hence, energy no longer needs to be expended to produce monocrystalline silicon 

material and multicrystalline ingots. 

In addition to reducing both costs and materials, thin-film solar cell approaches have further 

advantages. Naturally thin-film modules are much lighter and more flexible than 

conventionally designed modules. This enables new market segments for solar modules, for 

example applications for bent modules. Moreover, recent measurements have shown that the 

normal operating cell temperature (NOCT) of thin-film crystalline silicon modules are 

approx. 5 °C to 7 °C lower than for conventional solar modules so that a gain of approx. 0.4 to 

0.5 % in absolute efficiency is expected [10], [32]. Furthermore, the open-circuit voltage (Voc) 

of solar cells increases for thin solar cells in comparison to thick solar cells. While the 

theoretical limit of Voc is 750 mV for 300 µm thick solar cells, the limit increases up to 

800 mV for 20 µm thick solar cells because of lager diffusion length/thickness ratio. However, 

at the same time there is a decrease in the short-circuit density (Jsc) [33]. In these cases the 

gain in Voc is more important than the loss in Jsc and an additional gain in absolute efficiency 

is expected for thin-film solar cells.  

As previously mentioned, thin-film solar cells reduce the length of the production chain. In 

order to do this, two techniques are essential: epitaxial growth and layer transfer. A variety of 

layer transfer processes have been introduced to the scientific community over the past 

decades for multicrystalline and monocrystalline silicon. An overview of eight different layer 

transfer processes is given by Brendel [34], [35]. The processes fall into four categories. 

1. Ion implantation [36]–[38], where hydrogen ions are implanted for surface conditioning. 

Subsequent heating causes the expansion of the implanted hydrogen ions and splits off a thin 

silicon layer. 

2. Oxide layer [39], this starts with a oxidized monocrystalline silicon wafer, which serves as 

a substrate for a multicrystalline silicon film fabricated by CVD and zone-melting 

recrystallization (ZMR). Afterwards this layer is thickened by CVD processes. The 

detachment of this layer from the monocrystalline substrate is achieved using wet chemical 

etching. 
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3. Metallic layer bonding [40], where a metallic layer is screen printed onto the surface of a 

silicon wafer followed by a high temperature process in a furnace to forge a mechanical bond 

between both materials. Afterwards the bonded materials are cooled down and the metal 

coated with a thin silicon layer is separated from the silicon wafer as a result of the difference 

in the thermal coefficient of expansion. 

4. Electrochemical etching [8], [14], [41]–[44], where a porous silicon layer is created by 

using electrochemical etching in an electrolyte. This is used as a predetermined breaking layer 

and separates the thin silicon layer from the bulk material. 

Here we focus on approaches using electrochemical etching, as they have recently 

demonstrated very high efficiency values at thicknesses between 40 µm and 50 µm. Solar 

cells produced by the quasi monocrystalline silicon (QMS) process have reached an efficiency 

of 17.0 % as reported by Reuter et al. in 2009 [43]. This record was exceeded by Petermann et 

al. with a 43 µm thick solar cell produced by the PSI process in 2012 [44]. Recent results of 

the company Solexel have shown confirmed efficiency values (NREL) of 20.1 % on a 

156 mm × 156 mm industrial sized and 43 µm thick solar cell [9]. A full area in-house 

measurement of Solexel has even revealed an efficiency of 20.6 %. Modules of this company 

are currently unavailable, but they are announced for 2014. Such values are very promising. 

The company also claim that they have achieved over 50 reuse cycles and aim at over 100 

cycles in terms of cost amortization [32]. As such, it appears the PSI approach is the most 

successful in the field layer transfer processes. 

The basic principle of the PSI process is based on an anodic etching step in an electrolyte 

consisting of hydrofluoric (HF), water and ethanol at room temperature [45]. Si-H bonds 

change to Si-F bonds at the interface between the silicon surface and the HF based electrolyte. 

This reaction results in the creation of H2 gas and H2SiF6 [46], [47]. Therewith silicon atoms 

are dissolved from the surface and micro pores are formed. By applying a low current density, 

a layer 1 to 2 µm thick with a porosity of approx. 20 % is created at the surface. Underneath, a 

layer 300 nm to 800 nm thick with a porosity of approx. 50 % forms a sacrificial layer. 

Afterwards an annealing process is applied in a hydrogen atmosphere at approx. 1100 °C. 

This causes the low porosity surface to close up and voids form in the bulk of this layer. 

When this is followed by an epitaxial process, a high quality silicon layer can be achieved. 

The high porosity layer underneath serves as a predetermined breaking layer, as during the 
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high temperature process the voids in this layer connect to each other and therefore a few 

connections remain between the high porosity layer and the substrate. 

The PSI approach minimizes the silicon usage for solar cell production and consequently also 

decreases the cost of production. However, in order to reduce costs still further during 

processing, a band substrate is desirable. Unfortunately such a band substrate does not yet 

exist. 

To date, there are no methods available to create monocrystalline silicon band substrates. 

However, methods to create multicrystalline silicon band substrates do exist and are already 

on the market. Two of these methods, string ribbon and edge defined film-fed growth (EFG) 

are already used in mass production [31]. These constitute the most well-known approaches 

for solar cell manufacturing made from silicon band materials. In the case of string ribbon, 

two high temperature resisting strings are pulled through molten silicon to form a silicon band 

substrate for solar cell production. This band has an average thickness of 190 µm and 

therefore only one additional sawing step is necessary to create wafer material for the 

production chain. No kerf losses appear as they do for conventional methods of production 

[48]. The thickness of the silicon band substrate varies. Therefore, sometimes further 

treatments are necessary before the solar cell devices can be produced. This technique has 

been commercialized by the company Evergreen Solar. Laboratory scaled string ribbon solar 

cells introduced by Kim et al. achieve up to 17.8 % efficiency [49]. Commercial string ribbon 

modules have lower efficiency values than conventional multicrystalline silicon solar modules. 

Nevertheless, big solar power plants have been built, for example the 5 MW plant in San Vito 

dei Normanni (Italy) [50]–[54]. However, in 2011 Evergreen Solar was forced to apply for 

insolvency. 

In comparison to the string ribbon approach, the EFG process differs in the geometry of the 

gained silicon [31]. Octagon tubes, 6 m to 7 m long are pulled directly out of molten silicon. 

The thickness of the octagon tube walls are around 280 µm. Afterwards the tubes are cut with 

a laser to produce wafer material for solar cell manufacturing. Wafers developed using this 

approach have a tendency to be somewhat wavy, which can be troublesome for the further 

production chain. However, kerf losses do not occur and consumables for the cutting process 

are not needed, resulting in decreased production costs [55]. On a laboratory scale, efficiency 

values of up to 18.2 % are obtained [56]. The EFG process was commercialized by the 

company Schott Solar for mass production. However, in 2009 the production was stopped, 
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because Schott Solar developed this process alone and could not keep pace with other 

multicrystalline approaches in terms of efficiency. 

At ZAE Bayern we wanted to combine thin-film solar cells with high efficiency values, thus 

simultaneously reducing manufacturing costs. In order to do this, we applied the techniques 

used for high efficiency solar cells from float-zone grown silicon material to a thin-film 

concept. Due to the high price of float-zone grown silicon, we intend to use a layer transfer 

process. Combining this with an epitaxial process only a minimal amount of silicon would be 

necessary to manufacture the solar cell. By annealing the surface after the process, the initial 

wafer could be reused several times, as in the PSI process. In addition, we wished to 

overcome the size restriction of float-zone grown material, which we achieved using a lateral 

bonding process to create a monocrystalline band substrate with a thickness of approx. 50 µm. 

This band substrate is called extended monocrystalline silicon base foil and is depicted in 

Fig. 2. This approach was adopted in order to enable an industrial roll-to-roll process and a 

further cost reduction.  

Stacked bonding processes are well known for silicon-silicon and silicon-glass bonding and 

will be introduced in chapter 5.1. Only one concept exists for lateral bonding to close the gap 

between two silicon layers by lateral epitaxy. Werner et al. introduced the concept of this 

process in 2001, but as yet no results have been published [57]. To date, no other approaches 

are known. The ZAE Bayern wanted to tackle this challenge using a laser welding process, 

which enables us to create an extended monocrystalline silicon base foil by laser welding 

several individual silicon wafers together, each one approx. 50 µm thick. Using this band 

substrate in an industrial roll-to-roll process has a major advantage: in a large part of the 

production chain no handling of single wafers are necessary. This saves time and increases the 

throughput during manufacturing. 
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3. Solar Cell Basics 

 

Detailed descriptions of solar cell device physics and loss mechanism can be found in 

textbooks such as [13], [20], [35], [58]–[60]. In the following the basic principles of solar 

cells will be briefly introduced. 

3.1 Absorption of Light in Silicon 

 

If a semiconductor like silicon is exposed to light, the light will be absorbed within the 

absorption length depending on the wavelength of the light. The emitted light of the sun is 

either partially absorbed or scattered by the earth atmosphere. Hence, the sunlight is 

attenuated by at least 30 % when passing through the atmosphere [58]. The light arriving at 

the surface of the earth is described by the AM1.5G spectrum for areas such as Europe. For 

further details see [61]. 

However, silicon is an indirect semiconductor with a band gap of 1.12 eV at 300 K. Therefore, 

a photon and a phonon are needed for to excite an electron from the valance band (VB) up 

into the conduction band (CB) in order to generate an electron-hole pair. Photons with higher 

energies above approx. 3.18 eV can excite an electron directly into the conduction band 

without a phonon [45], [58]. For photon energies above 1.12 eV and up to approx. 3.18 eV at 

least one phonon is required. For photon energies less than 1.12 eV mostly more phonons are 

required to receive the necessary momentum and energy to excite an electron into the 

conduction band. For this reason the absorption probability decreases and the absorption 

length increases with each additional phonon needed to achieve an electron-hole pair. After 

this generation process, the electron and the hole will thermalize to reach the thermal 

equilibrium. 

3.2 Recombination of Electron-Hole Pairs 

 

The electron-hole pairs created by the exposure to light will recombine in a semiconductor 

like silicon if the light is switched off. Essentially the recombination is the reverse of the 

absorption process in terms of radiative recombination. Therefore, the recombination rate R is  
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given by 

   
  

  
   

  

  
 

(1) 

 

where Δe and Δh are the excess concentration of electrons and holes, and τe and τh are the 

carrier lifetime of electrons and holes. For silicon as an indirect semiconductor, radiative 

recombination is negligible because a two-step process involving a phonon is required. In the 

following the three main recombination processes for silicon will be introduced. These three 

mechanisms can occur simultaneously and therefore the effective recombination rate is the 

sum of the single processes. 

                            (2) 

  

3.2.1 Shockley-Read-Hall Recombination 

 

The most important recombination process in silicon is the Shockley-Read-Hall (SRH) 

process, which is a recombination via trapping levels as illustrated in Fig. 5 a). For further 

details see [62]–[64]. Energy levels within the otherwise forbidden gap are allowed due to 

impurities and defects in the silicon. It is a two-step process: firstly electrons relax from the 

conduction band to the permitted trapping level within the forbidden gap and then the 

electrons relax to the valance band and recombine with a hole. If the trapping level lies in the 

middle of the forbidden gap, this recombination process will be very effective. Therefore, 

impurities and defects which create energy levels in the middle of the forbidden gap become 

very efficient recombination centers. In the case of welded thin-film silicon solar cells this 

recombination process will be the dominating one. 

3.2.2 Auger Recombination 

 

The Auger recombination process includes three charge carriers. An electron recombines with 

a hole, but instead of emitting the excess energy as a photon, the excess energy is given to a 

second electron. This can occur in the conduction- or the valance band as illustrated in Fig. 5 

b) and c). The second electron then relaxes back to the original energy level by emitting light. 
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Fig. 5: a) SRH recombination process via a trapping level within the forbidden gap. b) Auger 

recombination in the conduction band and c) in the valance band. 

For further details see [65]–[67]. This method of recombination increases in proportion to the 

doping level as well as the injection level. It becomes dominant for impurity values above 

10
17

 cm³ for good silicon [58]. This can be found in the emitter and the back surface field 

(BSF) of a solar cell. Therefore, this recombination process is dominating in these regions. 

This process also becomes dominant for concentrator solar cells where high injections level 

can be found. 

3.2.3 Recombination at the Surface 

 

The surface of silicon is a severe defect in the crystal structure. Therefore, a high value of 

trapping levels within the forbidden gap between the valance- and conduction band occur. For 

this reason the SRH recombination (introduced in chapter 3.2.1) can take place very 

efficiently. For further details see [45], [58], [68]. Thus, impurities or defects which create 

trapping levels in the middle of the forbidden gap become highly efficient recombination 

centers. This recombination process can be reduced by applying a passivation layer on the 

surface, such as silicon dioxide or silicon nitride, both of which are used for commercial solar 

cells. This decreases the number of dangling bonds at the surface. 
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3.3 Basic Equations for Solar Cells 

 

To describe the physics of a semiconductor device a set of equations is necessary. In order to 

understand the charge carrier transport within a semiconductor or solar cell, the required 

formulas will be stated in one dimensional form. 

3.3.1 Poisson Equation 

 

The p-n junction within a solar cell builds up an electric field by separating electrons and 

holes. Charge carriers are generated in the whole solar cell by exposure to light, but only 

those closes enough to the p-n junction which do not previously recombine are of use for the 

solar cell current. The Poisson equation is differentiated from Gauss´s law and relates the 

divergence of the electric field E to the space charge density ρ [58] 

  

  
 

 

 
 

 

 
(      

    
 ) 

(3) 

 

where ε is the material´s permittivity, q is the electronic charge, p and n are the densities of 

holes and electrons, and   
  and   

  are the densities of ionized donors and acceptors. 

Furthermore, because most donors and acceptors are ionized under normal conditions the 

following assumption is valid:   
     and   

    , where    and    are the total 

densities of donors and acceptors. 

3.3.2 Current-Density Equations 

 

Drift and diffusion processes contribute to the current flow in a semiconductor such as silicon. 

Thus, the total current densities for electrons and holes are a sum of both processes  

            

  

  
 

 

            

  

  
 

 

 

(4) 

 



3. Solar Cell Basics 

 
17 

 

where µe and µh are the carrier mobilities of electrons and holes, and De and Dh are the 

diffusion constants of electrons and holes. Both are connected via the Einstein relationship 

     

  

 
 

 

     

  

 
 

 

 

(5) 

 

where k is the Boltzmann´s constant and T is the temperature. 

3.3.3 Continuity Equations 

 

The continuity equation relates the current density with the value of the generation rate G of 

electron-hole pairs and the recombination rate R of electron-hole pairs.  

 

 

 

   
  

     

 

 

 

   
  

     

 

 

(6) 

 

These equations keep track of the number of electrons and holes in the system and ensure that 

none of them leave the system. 

3.3.4 Diffusion Length 

 

Electron-hole pairs are generated over the entire solar cell by exposure to light. If these 

electrons and holes can contribute to the solar cell, the current depends on the distance to the 

p-n junction. The average travel distance of electrons or holes within the semiconductor 

before they recombine is given by the diffusion length for electrons Le and holes Lh, which 

can be derived from the equations above [58],  
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Fig. 6: Characteristic of a illuminated solar cell. The fill factor FF is determined from the 

ratio of both shown areas VMPP × JMPP and Voc × Jsc. 

 

   √     

 

   √     

 

 

 

(7) 

where De and Dh are the diffusion constants of electrons and holes, and τe and τh are the carrier 

lifetimes of electrons and holes. Therefore, only charge carriers with a higher diffusion length 

than the distance to the p-n junction contribute to the solar cell current. 

3.4 Characteristics of Solar Cells 

 

Important data relating to solar cells can be determined by using a sun simulator. Parallel 

resistance Rp is derived from the gradient of the dark J-V characteristic at Jsc. The value of the 

series resistance Rs can be determined by measuring at two different irradiation intensities or 

bias from the J-V characteristic of solar cells. For further details see [69]. 

The characteristics of an illuminated solar cell as depicted in Fig. 6 show Voc, the maximum 

power point (MPP) voltage VMPP, Jsc and the MPP current density JMPP. The span area of 
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VMPP × JMPP represents the maximum output power of a solar cell. The ratio between the span 

area of VMPP × JMPP and the span area of Voc × Jsc determines the fill factor FF. 

 

   
         

       
 

(8) 

 

The fill factor is a quality index of solar cells. Typically values of silicon solar cells are 0.75 – 

0.85 and for thin-film solar cells 0.60 – 0.75 [13]. 

By knowing the optical input power flux Pin of a solar cell, which is the illumination of the 

sun simulator and the maximum output power of a solar cell, the efficiency η can be 

determined. 

  
    

   
 

         

   
   

       
   

 
(9) 

 

This conversion efficiency is an index for how much light can be converted into current by a 

solar cell.  

3.5 Quantum Efficiency 

 

Even if the absorption of a solar cell was close to 100 %, not all created electron-hole pairs 

would contribute to the solar cell current. The quantum efficiency relates the incident light 

with the created current in a solar cell. The external quantum efficiency (EQE) gives the ratio 

between the collected charge carriers of the solar cell to the incident photons. 

 

    
                   ⁄

                ⁄           
 

(10) 

 

Furthermore, several photons are reflected on the front surface of the solar cell and will not 

contribute to the solar cell current. In order to obtain an electrical characterization only from 
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the solar cell, the reflection losses must be excluded. This is stated by the internal quantum 

efficiency (IQE). 

    
   

            
 

(11) 

 

If every absorbed photon contributes an electron to the Jsc then the IQE is equal one. An ideal 

quantum efficiency characteristic has a square shape over the spectrum of wavelength, but the 

value of quantum efficiency is decreased due to recombination processes. 
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4. Solar Cell Manufacturing Concept 

 

As described in the introduction, a novel process for producing thin-film solar cells enables 

the advantages of high performance float-zone grown silicon solar cells to be combined with 

the cost reduction of thin-film technology. Moreover, size restrictions of float-zone grown 

silicon ingots are no longer a drawback. Float-zone ingots up to 8 inches in diameter can be 

produced. However, by welding several wafers together into one band substrate this size 

restriction can be overcome. The individual steps for this concept are explicitly described in 

the following and all sub-steps are illustrated in Fig. 7. 

 

1. Welding of single silicon wafers 

In order to ensure the feasibility of a roll-to-roll process, the flexibility of the silicon feedstock 

wafers have to increase. Therefore, the starting wafers are cut into square pieces using a laser 

and are chemically etched in potassium hydroxide (KOH) until a thickness of approx. 50 µm 

is attained. 
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Fig. 7: Manufacturing concept for solar cells based on extended monocrystalline silicon base 

foil [11].  
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2. Silicon foil 

To form the extended monocrystalline silicon base foil for the roll-to-roll process, the thinned 

silicon wafers are welded together using a laser procedure. 

3. Porous layer formation 

A layer transfer process such as PSI is implemented into the production process in order to 

reduce material usage to a minimum. This creates a low porosity layer (approx. 1-2 µm thick) 

directly on the surface of the silicon wafer and underneath a layer with high porosity 

(approx. 300 nm to 800 nm thick) is created using electrochemical etching in HF acid 

combined with electrolytes. For further details see Brendel et al. or Tanaka et al. [8], [34], 

[44], [47]. 

4. Annealing and Epitaxy 

For the epitaxial process it is crucial that the surface is annealed under a hydrogen atmosphere, 

so that the porosities of the lower porous layer close and a further embrittlement of the highly 

porous layer can take place. This finalizes the creation of a predetermined breaking layer 

underneath a porous-monocrystalline layer. The porous-monocrystalline layer becomes the 

seed layer for the epitaxial process. In order to initiate large scale epitaxy, a technique like the 

convection-assisted chemical vapor deposition (CoCVD) has to be applied [70]–[72]. 

5. Separation 

After generating the epitaxial layer, the thickness of the layer above the predetermined 

breaking layer is solid enough to separate it from the extended monocrystalline silicon base 

foil. To achieve a clean separation between these two layers, several techniques are available, 

including mechanical stress or ultrasonic treatment. Any residuals remaining on the extended 

monocrystalline silicon base foil after separation need to be removed. This can be done using 

HF electro polishing, for example described by Kraiem et al. [73]. After the residuals have 

been removed, the extended monocrystalline silicon base foil is ready for the next process. 

6. Emitter 

After the detachment of both layers, the emitter is formed on the epitaxially grown layer in a 

roll-to-roll process. 
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7. Cutting, Bonding and Structuring 

To allow module assembly and series interconnection the substrate with emitter is cut into 

pieces. Furthermore, to stabilize the thin substrate it is bonded onto glass [8], [74]. 

8. Metallization and Anti-Reflective Coating 

Front contacts are established using screen printing and firing. Moreover, this step also 

generates the integrated series connection. In addition, an anti-reflection coating such as 

silicon nitride is applied to decrease the reflection on the surface of the solar cells. 

9. Encapsulation 

In the final step, the solar module will be encapsulated and electrically connected.  
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5. Welding of Silicon 

 

Owing to the material properties of silicon, the behavior of the silicon material during the 

welding process is very different to metal behavior. Basic welding experiments on thick 

silicon were published by Kaufmann [75] in 2002. This work is the basis for solar cells on the 

extended monocrystalline silicon base foil. The welding is the most ambitious technology step 

in the manufacturing concept for solar modules made of extended monocrystalline silicon 

base foil, whereas other steps have already been intensively studied. 

5.1 State of the Art 

 

Results for lateral bonding or welding of silicon, especially for large self-supporting silicon 

bands, are not yet known. There are several alternatives for stacked bonding of silicon, 

typically silicon-silicon or silicon-glass bonding is used. These techniques have been 

intensively studied in the field of microsystems technology as optical, electro-optical and 

micromechanics compounds are based on silicon substrates. Consequently, this industry 

branch is highly interested in silicon bonding techniques [76], [77]. Examples are actuator- 

and sensor systems such as acceleration sensors and optical sending- and reception devices for 

optical data transmission. 

For the production of both optical hybrids from silicon base material and actuators, silicon 

substrates have to be bonded with other components or chassis consisting of silicon or glass, 

such as borosilicate glass or fused silica. The trend of miniaturization of produced devices has 

led to multilayer silicon wafers.  

The requirements of the bonding area differ according to the application area. Particularly 

important are the mechanical stability and compressive resistance, as well as impermeability 

and the absence of thermal induced stress. 

In the following, some of the most important bonding techniques will be introduced. 
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5.1.1 Bonding and Laser Beam Bonding 

 

Bonding of silicon-silicon or silicon-glass can be achieved by wafer bonding processes such 

as silicon fusion bonding, silicon direct bonding or anodic bonding. Polished silicon surfaces 

are brought in direct contact with each other and a temperature process creates covalent 

oxygen-bonds. A very low roughness of the surfaces, a defined wetting behavior and the 

absence of foreign particles are crucial for the quality of the bonding [78], [79]. 

Laser beam bonding is similar to the bonding process above, but the laser allows selective 

bonding rather than full area bonding. This style of bonding has been intensively studied by 

Sari et al. [80]. When laser irradiation is used to bond materials together, adhesion and ionic 

bonding constitute the bonding, similarly to conventional bonding processes. It is feasible to 

locate temperature sensitive components close to the bonding area. As a result of the selective 

laser irradiation, these components are not subjected to stress. Furthermore, very flexible and 

arbitrarily shaped bonding geometries can be achieved. It should be noted that the cleaning of 

the surfaces of the bonding partners is crucial for the quality of the bonding. Typically this 

laser bonding is applied for silicon-glass bonding. By choosing the right glasses, it is possible 

to achieve very similar mechanical- and thermal properties for the bonding partner [76]. 

5.1.2 Laser Beam Brazing of Silicon 

 

There are two kinds of laser beam brazing: hard-soldering and soft-soldering. Both types 

require an additional material for the bonding process. 

Aluminum is used as additional material for hard-soldering of silicon, also called eutectic 

bonding. A layer with a thickness of several micrometers of a binary aluminum-silicon alloy 

is evaporated on one silicon substrate. Afterwards the bonding partners are pressed together 

and put in a vacuum furnace at 650 °C for the alloying process. An example of this is the 

COMBO process for building solar cells developed at the ZAE Bayern [81]. This process can 

also be accomplished by laser irradiation because the eutectic temperature is 577 °C. However, 

the drawback of this method is the resultant very high induced thermal stress. As a result it is 

rarely applied [82]. 

Low melting alloys are used for soft-soldering, for example gold-tin for optoelectronic 

applications. The requirements for the bonding are the metallization of the bonding areas of 
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the bonding partners. This metallization consists of a layer system of adhesion promoter, 

metallization- and passivation layer and tends to be very costly and time consuming.  

5.1.3 Laser Beam Welding of Silicon 

 

Welding of silicon does not require any additional materials or metalized areas because the 

welding process is achieved by a substance-to-substance bond [83]. Therefore, high 

temperature processes can be applied after the welding step. 

Using a laser beam for welding has many advantages, including a high level of focus, which 

enables welding seams to be kept very small. The laser is contact-free, which makes a power-

free processing and flexible beam geometry possible. Also the laser beam can be applied 

selectively [84]–[86]. The feasibility of silicon-silicon bonding using a welding process has 

been demonstrated in several studies [75]. However, these works concentrate only spot 

welding and small hollow welds, as used for encapsulation of micro-electro-mechanical 

systems in microsystems technology. The authors investigate linear and non-linear beam 

absorption mechanisms to form a melting bath in order to establish a substance-to-substance 

bonding. For linear absorption processes, lasers with wavelengths close to the infrared, such 

as diode lasers or Nd:YAG, are usually used. In contrast, ultrashort-pulse lasers such as 

femto-second lasers are used to create non-linear effects. 

The basic feasibility of welding of silicon substrates was shown by Becker et al. and in their 

work they used single hollow welding points for bonding [87]. They performed first 

investigations of the feasibility of laser beam bonding of optoelectronic micro-components 

and demonstrated that it is possible to bond a GaAs-chip onto a silicon substrate using laser 

beam welding. Furthermore, the possibility of fixation of fiberglass at silicon V-nuts and U-

nuts using selective fusing backing material has been investigated [87]–[89]. The utilization 

of the dynamic processes during fusing and solidification of the backing material enables the 

enclosing of the boundary area of the fiberglass. After the solidification of the melt, a fixation 

of the fiberglass in the V-nut was established.  

Welding silicon onto borosilicate glass was achieved by Tamaki et al. using a Er-YAG femto-

second laser with a wavelength of 1558 nm [90]. This was accomplished by using a non-

linear absorption mechanism such as multi-photon-absorption and tunnel-ionization. This 

enabled the welding of the materials using a laser wavelength which is usually transparent or 
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opaque for these kinds of materials. Normally the absorption would be low. However, owing 

to the high pulse peak performance of the ultrashort laser pulse, non-linear effects can be 

induced and a melt formation can be created. 

5.2 Fundamentals and Challenges 

 

Silicon is a semiconductor material, which has been intensively studied and is well suited for 

solar cell devices. An overview of its material properties is provided in Table 1. The welding 

requirements for a good extended monocrystalline silicon base foil are a high thermal stability 

of the welding seam, no bulging formation, no deformation, low internal stress values and the 

join patch must be suitable for thin-film applications. Furthermore, the material needs to be 

flexible for the roll-to-roll process; therefore, the silicon is chemically etched. 

One of the biggest challenges in lateral welding thin silicon foils is the density anomaly, 

which is similar to water. During the transition of silicon from the solid to the liquid state, a 

jump of 8.4 % in volume is determined. In the opposite direction a slightly higher value of 

9.1 % is observed [75]. This means that the irradiated silicon suddenly contracts at the phase 

transition from the solid state to the liquid state and expands at the transition to the solid state. 

This generates stress in the silicon material and could potentially result in the formation of 

cracks. This effect is observed in blind welding experiments after the laser irradiation bulging 

appears, as can be seen in Fig. 8. This effect can be explained by surface energy and volume 

changes: during the laser irradiation the volume of the molten material is reduced and appears 

to be bowl shaped. After the laser beam stops, the silicon solidifies from the outside to the 

Melting temperature Tm  = 1414 °C [91] 

Evaporating temperature Te  = 3231 °C [92] 

Density (T = 27°C) ρ  = 2.34 gcm
-3

 [92] 

Density (T = 1412 °C, solid state) ρsol  = 2.30 gcm
-3

 [91] 

Density (T = 1412 °C, liquid state) ρliq  = 2.51 gcm
-3

 [91] 

Thermal expansion (T = 27°C) αth = 2.6 × 10
-6

K
-1

 [92] 

Thermal conductivity (T = 27°C) λth = 150 Wm
-1

K
-1

 [92] 

Specific heat capacity (T = 27°C) c = 0.713 J g
-1

K
-1

 [92] 

Table 1: Material properties of silicon. 
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Fig. 8: Blind welding point on a silicon surface, laser parameters are PPuls = 540 W, t = 2 ms 

and λ = 1064 nm. a) REM image of the surface b) Microscope image of the cross section, this 

sample was chemically etched to reveal the dislocations (dark areas within the picture) [93]. 

inside in a ring shape. The volume increases, the material needs more space, expands and 

bulging occurs. This effect must be controlled during the welding process in order to obtain a 

flat extended monocrystalline silicon base foil. 

The second challenge is obtaining a flat geometry of the extended monocrystalline silicon 

base foil in order to achieve suitable material for a roll-to-roll process. Three different types 

of geometry are chosen: a) butt joint b) lap joint and c) lap joint, using three foils to weld 

silicon foils together, see Fig. 9. The butt joint geometry for welding initially appears to be 

ideal for producing a flat extended monocrystalline silicon base foil. However, an obstacle to 

overcome when welding silicon together lies in the texture and condition of the edges for each 

foil. These edges depend on the kind of laser which has been used to separate the foils from 

the source silicon wafer and the chemical treatment during the thinning step. After both steps 

have been carried out, the foil edges may have suffered and therefore no longer be in ideal 

shape for welding. Furthermore, during the welding the silicon will lose volume during the 

transition from solid to liquid state. This also means that the silicon material at the foil edges 

moves towards the solid silicon material during laser beam irradiation. As a result of these 

two reasons we therefore require the use of a different welding geometry.

 

Fig. 9: Welding joint types used for fabrication of the extended monocrystalline silicon base 

foil: a) butt joint b) lap joint c) lap joint using three foils. Laser irradiated areas are marked in 

red. 

a) b) 
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The lap joint geometry seems to be very promising. The volume losses during the transition 

from solid to liquid state are negligible due to the fact that the welding partners are on top of 

each other and edge effects are minor. However, the drawback of this geometry is the step 

formed between the welding partners, which must be neutralized by additional processing 

steps. 

To increase the stability of the welding seam between the two welding partners and to benefit 

from the advantages of the lap joint geometry, a third geometry needs to be investigated. By 

using three silicon foil pieces, placing two together as for the butt joint geometry and one in 

the middle of the back side of the other two, the welded area can be doubled and a more stable 

weld can be achieved. Furthermore, this ensures a flat front side for the extended 

monocrystalline silicon base foil for solar cell production. Steps on the back side will remain 

and must later be treated so that they do not affect the roll-to-roll fabrication. 

5.3 Sample Preparation and Validation of thin Silicon Wafers 

 

As a start it was necessary to find the right feedstock silicon wafers for the welding procedure. 

It was very difficult to find wafers with a thickness of approx. 50 µm on the market and 

although it was possible to find some mechanically grinded wafers, typical properties as 

defined by standard solar wafers such as surface polishing were not common for these thin 

wafers. However, the second possibility to obtain approx. 50 µm thin wafers was to etch 

standard wafers using a chemical treatment. Float-zone grown silicon wafers with an 

orientation of (100), p-type, boron doped, a resistivity of 0.45-0.55 Ωcm and 5 inch in 

diameter served as feedstock. The thickness of the standard wafers of approx. 280 µm was 

decreased by etching in potassium hydroxide (KOH) to approx. 50 µm. The concentration of 

KOH was 22 % and the solution was heated to a constant temperature of 85 °C. Afterwards 

all samples were cleaned using a standard RCA procedure.  

In order to generate an extended monocrystalline silicon base foil, the samples needed to be 

cut in the essential form. This was done using a laser procedure. As the thinning and the laser 

process decrease the stability of the silicon foil, it was necessary to find the right order of the 

process and the best laser to maximize the stability of the foil. Therefore, breaking tests were 

performed on 25 mm × 25 mm samples and wafers were prepared in the same way as the 

wafers for welding experiments. The setup for the breaking tests was a three point test as 



5. Welding of Silicon 

 
30 

 

 

Fig. 10: Setup for three point breaking tests. The lower pins are 20 mm apart and the upper 

pin was lowered by a feed speed of approx. 0.51 mm/s until the sample was broken. 

depicted in Fig. 10. This test determined the maximum breakage value in the middle of the 

sample.  

The test is very sensitive to edge properties, because micro cracks at the edges of the samples 

will reduce the maximum breakage value. The motorized upper pin was equipped with a load 

cell of type K-25 produced by the company Lorenz Messtechnik GmbH with a measuring 

range of 500 N. An ALMEMO 2590-4S served as gauge device. Samples were placed in the 

center on top of the two pins and the pin above was then lowered with a feed speed of 

approx. 0.51 mm/s until the sample was broken. 

For the first experiments three different kinds of prepared silicon samples were tested: 

1. Laser cutting → Etching 

2. Etching → Laser cutting 

3. Mechanically grinded → Laser cutting 

All results are displayed in Table 2. In this case, etching means the KOH etching step to 

reduce the thickness of the samples. The material of method 1 was separated by a laser into 

25 mm × 25 mm pieces and afterwards etched in KOH. The material of method 2 was laser 

cut out of a 5 inch in diameter wafer to a quarter, then etched to approx. 50 µm with KOH and 
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Method Process Sigma (MPa) Standard deviation 

1 Laser cutting → Etching 178.30 45.92 

2 Quarter-etching → Laser cutting 39.41 21.03 

3 Mechanical grinded → Laser cutting 26.46 7.33 

4 ns Laser cutting → Etching 166.48 49.62 

5 ps Laser cutting → Etching 222.53 37.71 

6 Fiber Laser cutting → Etching 190.34 53.04 

Table 2: Results of three point breaking test of silicon samples with the dimension of 

25 mm × 25 mm. 

finally laser cut to 25 mm × 25 mm. The material of method 3 was obtained from 

mechanically grinded 4 inch in diameter wafers with an orientation of (100), p-type, boron 

doped with a resistivity of 2-3 Ωcm and polished on both sides. All laser steps in the above 

were performed by a Rofin Power Line E 20 laser with a wavelength of 1064 nm and 

Nd:YVO4 as active medium, which is situated at the ZAE Bayern in Erlangen. The settings 

for the laser cutting step were as follows: f = 10 kHz, pulse width = 50 ns, v = 80 mm/s, 

I = 30 A, pulsed mode. This was repeated 4 times for thick wafers and 3 times for thin wafers. 

The breaking tests clearly show that the order of the process is essential. Samples prepared by 

method 1 were far more stable (178.30 MPa) than material produced by method 2 

(39.41 MPa). This can be explained by the chemical treatment. If the wafer is first cut by laser 

and then chemically etched, the laser damage including micro cracks on the edges of the 

samples will disappear, increasing the stability of the edges. Mechanically grinded wafers 

were too fragile (26.46 MPa) for the production of the extended monocrystalline silicon base 

foil due to the mechanical procedure used to decrease the thickness and the laser cutting step 

without subsequent chemical treatment. For comparison, silicon breakage values of thick 

samples of 350 MPa can be found in the literature [94]. However, only samples produced by 

method 1 were investigated further. 

Further experiments were performed in order to find the best laser for the cutting procedure 

and to minimize the damage introduced into the silicon. These experiments were realized at 

the Bavarian Laser Center (BLZ) in Erlangen. Three different kinds of lasers were selected, a 

nanosecond (ns), picosecond (ps) and a fiber laser. All samples were cut by laser, then etched 

with KOH and finally cleaned using a RCA. Samples were cut into pieces using a nanosecond 

laser according to method 4. The laser was a Spectra-Physics Navigator II YHP40 diode 

pumped solid state laser system with the following settings: λ = 355 nm, f = 30 kHz, pulse 

width = 40 ns, v = 400 mm/s, P = 3 W and 300 repetitions. For method 5 a picosecond laser 
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model named Fuego built by the company Time-Bandwidth was used with the following 

settings: λ = 1064 nm, f = 200 kHz, pulse width = 10 ps, v = 1 m/s and P = 20 W. For method 

6 a fiber laser YLR-200-SM built by the company IPG Photonics was used with following 

settings: λ = 1070 nm, f = 2.5 kHz, pulse width = 200 µs, v = 4 mm/s, P = 130 W, cutting gas: 

nitrogen with a pressure of 10 bar, die diameter = 0.3 mm and a distance between die and 

sample of 0.2 mm.  

The sigma value determined for samples produced after method 4 using a ns laser was 

166.48 MPa, for samples produced after method 5 using a ps laser 222.53 MPa and for 

samples produced after method 6 using a fiber laser 190.34 MPa. This result clearly illustrates 

that the ps laser would be the best choice. However, the ps laser cutting process is a very time 

consuming procedure due to the low abrasion. Therefore, many repetitions are necessary to 

cut through the silicon. Hence, the fiber laser was selected for further experiments, because 

the cutting process can be achieved in a short time and the sigma value is close to the value of 

the ps laser. 

5.4 Process of Silicon Welding 

 

All the following welding experiments were performed at the Bavarian Laser Center (BLZ) in 

Erlangen, this was the cooperation partner within the German Research Foundation (DFG) 

project ExSilon which supported this work. All results are summarized in the final report for 

the DFG and partially published elsewhere, for details see [11], [93], [95]–[101]. 

Three different methods of welding were experimentally investigated, as depicted in Fig. 11. 

Laser spot welding with low constant feed speed, laser line welding and keyhole welding 

were applied to the silicon foils to weld an extended monocrystalline silicon base foil. In the 

following, these three methods are described in detail. 

5.4.1 Laser Spot Welding with a low Constant Feed Speed 

 

The light source for laser spot welding was an ytterbium fiber laser model YLR-200-SM built 

by the company IPG Photonics. It is a single mode laser with a wavelength of 1070 nm with a 

very high beam quality (M² < 1.1) and a maximum power of approx. 200 W. The two silicon 

samples, each 19 mm × 17 mm, were mounted in lap joint geometry onto a fastening device,  
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Fig. 11: Principle for welding the extended monocrystalline silicon base foil: a) Laser spot 

welding with a low constant feed speed b) Laser line welding c) Keyhole welding. Laser 

beams are illustrated in red and areas which are influenced by the laser beam are colored in 

yellow [95]. 

see Fig. 12. This device was equipped with a motorized 4-axis system, which considered of 

three linear stages and one rotary. During the welding process the laser was set to a power of 

30 W, a duty cycle of 50 % with a frequency of 2.5 kHz and the fastening device was moved 

with a relative feed speed of 1 mm/s to the stationary laser beam [93], [96]. This resulted in a 

laser spot diameter of 300 µm on the silicon surface. All experiments involving laser spot  

 

Fig. 12: Fastening device for laser spot welding with a low constant feed speed and laser line 

welding experiments [96]. 
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Fig. 13: Photograph of the upper side of two silicon foils (approx. 50 µm thick) welded 

together using laser spot welding with a low constant feed speed at room temperature. 

welding with a low constant feed speed were performed at room temperature.  

A successful welded silicon foil is depicted in Fig. 13. The welding direction was from right 

to left and the silicon foils were irradiated from the bottom by the laser beam. In the middle of 

the image the step between the welding partners is visible. 

5.4.2 Laser Line Welding 

 

For the laser line welding experiments the same laser source was used as for laser spot 

welding with low constant feed speed. In addition, a homogenizer-like setup was established 

by inserting a micro-lens array and a cylindrical lens into the laser beam, so that the nearly 

Gaussian intensity distribution of the laser was transformed into a laser line [102]. At the 

focus level the laser line had a dimension of approx. 25 mm in lengths and approx. 700 µm in 

widths. For these welding experiments two samples, each 19 mm × 17 mm were placed, onto 

the fastening device (Fig. 12) in lap joint geometry. During the welding process, the laser 

power was increased linearly from 0 W to 141 W within 5 s, the value of 141 W was kept for 

1 s and then decreased linearly to 0 W within 1 s. This time progression of the welding 

process is depicted in Fig. 14 for a blind welding trial, which was recorded by a CMOS 

camera (model: USB uEye LE of company IDS). Due to the size of the laser line, no 

movements of the fastening device and the laser beam were necessary. Experiments with laser 

line welding were accomplished with both preheated samples and samples at room 

temperature. 
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Fig. 14: Time progression of a laser line welding process (blind welding) of a 

19 mm × 17 mm silicon sample recorded by a CMOS camera, from [101]. 

5.4.3 Keyhole Welding 

 

For keyhole welding experiments the samples temperature was increased to 1015 °C to reduce 

the internal stress based on the results gained by simulations of von Mises comparison stress 

[99]. The simulations of cooled samples after laser point irradiation showed that the internal 

stress of preheated samples was far below the internal stress of samples welded at room 

temperature, as depicted in Fig. 15. Therefore, a welding environment in a crucible furnace 

was established, see Fig. 16. The laser beam was introduced through a fused quartz window in 

the furnace. In addition, the fastening device of the samples had to be newly designed in order 

to allow it to withstand the high temperatures. A specimen holder made of fused quartz glass 

was built as shown in Fig. 17. 

The laser source was an ytterbium single mode fiber laser model YLR-1000-SM made by the 

company IPG Photonics. This laser is a continuous wave laser with a wavelength of 1075 nm, 

a very high beam quality (M² < 1.1) and a maximum power of approx. 1000 W. To focus and 

deflect the laser beam onto the sample surface, a galvanometer scanner system with an 

objective focal length of 370 mm was used. With these properties the resulting laser beam on 

the sample surface had a spot diameter of 80 µm [99]. Three silicon samples, each 
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Fig. 15: Simulation results of von Mises comparison stress of cooled substrates after laser 

point irradiation: a) P = 34 W, v = 1 mm/s and b) P = 2 W, v = 1 mm/s on a preheated sample 

to 1050 °C [99]. 

24 mm × 24 mm, were placed onto the specimen holder, two samples in butt joint geometry 

and the third one in the middle of the back side of the other two as depicted in Fig. 9 c). 

Before the welding process began, the samples were inserted into the crucible furnace and 

heated up to 1015 °C in a nitrogen atmosphere. During the welding process the laser power 

was set to 260 W and the feed speed of the galvanometer scanner system to 550 mm/s. All 

keyhole welding experiments were performed with preheated samples. 

Keyhole welding was successfully demonstrated as depicted in Fig. 18. Influences of the laser 

 

Fig. 16: Schematic sketch of the crucible furnace with opening for the laser beam for keyhole 

welding [99]. 
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Fig. 17: Schematic sketch of the specimen holder for keyhole welding made of fused quartz 

glass [99]. 

beam can be observed with the naked eye in the form of lines on both the front and the back 

side. Approximately 20 lines with several keyhole welding spots were twice applied to 

increase the chances of welding through both silicon foils. The appearance of the lines on the 

back side is more pronounced because of the irradiation from that side. The lines on the left 

and right of both photographs were due to the chemical thinning during sample preparation. 

5.5 Results of Blind Welding Experiments 

 

In order to evaluate the influences of the laser irradiation on the silicon, thin and thick silicon 

samples were irradiated to determine potential structural changes within the material. For 

blind welding experiments only one sample was irradiated and no connection between two 

samples was established. The optical microscope images in Fig. 19 display a cross section for 

both cases. The samples were SIRTL etched [103]. The acid consists of CrO3, HF and H2O. 

This method enables to visualize defects and dislocations in a short time by a low surface 

wrinkling. 

 

Fig. 18: Photograph of three silicon foils welded together using keyhole welding. a) Side for 

the epitaxial layer, b) Irradiated back side 
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Fig. 19: Optical microscope cross section images of blind welded silicon after SIRTL etching 

[103]. a) 370 µm thick silicon wafer, dislocations and slip planes were observed b) 50 µm 

thick silicon wafer, newly formed grains were detected. This is in contrast to the behavior for 

irradiation of thick silicon [11]. 

Fig. 19 a) shows an approx. 370 µm thick silicon wafer. The laser spot on the surface had a 

diameter of approx. 25 µm. The laser was a YLR-200-SM built by the company IPG 

Photonics, used with the following settings: λ = 1070 nm, f = 2.5 kHz, duty cycle = 50 %, 

v = 1mm/s, P = 40 W and I = 2.5 A. Two areas of increased dislocation densities were 

observed, both hemispherically shaped and situated directly underneath the irradiated zone. 

The upper area had a low dislocation density and the lower area a high dislocation density. 

The upper area reaches from the surface up to 48.05 µm into the silicon. The lower area starts 

underneath and reaches up to 103.52 µm into the silicon. Thus, it exceeds the upper area by 

7.42 µm and exhibits additional slip planes. These results are independent of laser parameter 

changes. This behavior can be explained as follows: the hemispherical area with low 

dislocation density was completely molten during the laser irradiation, while the area with 

high dislocation density was only indirectly affected due to heat propagation from the molten 

area. Dislocations caused by high temperatures and an inhomogeneous temperature 

distribution resulted in thermal stress in the silicon material. Silicon reduces the internal stress 

through plastic deformation, and in our case this resulted in an induced crack [75]. 

For the thin wafer case, illustrated in Fig. 19 b), an approx. 50 µm thick silicon wafer was 

irradiated by a 200 µm spot laser beam with the same laser and settings as for the thin sample. 

After SIRTL etching, grain boundaries and dislocations were observed in a 450 µm wide area 

underneath the laser irradiated area. Grain boundaries differ in size and crystal orientations. 

The reason for this was the recrystallization during the cooling procedure of the irradiated 

area. During the laser irradiation the whole irradiated area was completely molten, only areas 

to the left and right of this irradiated area consisted of silicon in the solid state. The solid 

silicon served as a seed layer for the molten silicon during the recrystallization process, but 

areas in the middle cooled faster from the top and the bottom so that the silicon recrystallized 
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without information about the orientation. Therefore, multiple grains appeared after the 

cooling procedure and the biggest grains were observed at the outer areas of the former 

molten zone. 

These first tests clearly show that it is possible to melt through approx. 50 µm thick silicon 

foils with a laser. In order to obtain a good welding seam with the minimal amount of defects 

and newly formed grains, the laser technique for welding must be adjusted. 
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6. Material Characterization of Welded Silicon Foils 

 

6.1 Cross Section Preparation 

 

For micro-Raman and EBSD characterization of welded samples it was necessary to prepare 

cross sections in a manner so gentle that potential stress induced by laser welding was not 

falsified during the sample preparation. The cross sections were prepared as follows: entire 

samples were embedded into a casting resin (“Technovit 2000 LC”, manufactured by the 

company Heraeus Kulzer) in an embedding form, which was processed by a separating agent 

from the company Buehler. After finishing the hardening process, the samples were removed 

from the embedding form. Afterwards the samples were polished using SiC abrasive paper of 

company Struers in the following steps by 300 rpm on a plate sander as depicted in Fig. 20. 

Afterwards samples were smoothened on a polishing machine built by the company Struers 

under small stress for 20-30 min, using 3 µm diamond slurry and another 20-30 min using 

1 µm diamond slurry. The final polishing step was achieved with a vibration polishing 

machine (Vibromet 2) and a 0.05 µm oxide polishing agent (MasterMet 2) from company 

Buehler. The duration of this process for one sample was between 4 and 20 hours. 

 

Fig. 20: Process flow diagram for polishing the embedded samples with SiC abrasive paper of 

company Struers. 

Grit 180 until the wanted depth was reached 

Grit   320 approx. 1 min 

Grit   500 approx. 1 min 

Grit   800 approx. 1 min 

Grit   1200 approx. 1 min 

Grit   2400 approx. 1 min 

Grit   4000 approx. 1 min 
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6.2 Characterization Setups 

 

6.2.1 Micro-Raman Setup 

 

For micro-Raman characterization an Alpha500 AR microscope built by the company WITec 

GmbH from Ulm in Germany was used, as shown in Fig. 21. The setup has a motorized 

sample stage (150 mm × 100 mm) and a piezo-driven stage (100 µm × 100 µm × 20 µm) for 

fine measurements. The system was equipped with two excitation lasers: 1. A Nd:YAG laser 

(continuous wave) with a wavelength of 532 nm and a maximum power of approx. 50 mW 

and 2. A diode laser (continuous wave) with a wavelength of 785 nm and a maximum power 

of approx. 180 mW. Measurements on cross sections were performed at an output power of 

approx. 10 mW with the 532 nm laser, measured before the microscope, due to the fact that 

higher power values destroyed the embedding material by irradiation. The spectrometers were 

equipped with different gratings (600, 1200 and 1800 lines/mm) and Peltier-cooled CCD 

detectors. An 1800 lines/mm grating was used to make the measurements. Objectives with 

10×, 20×, 50× and 100× magnifications were installed. The 50× objective with a numerical 

aperture of 0.75 was used for the measurements. By using the 532 nm laser and the 50× 

objective, a penetration depth in silicon of approx. 0.5 μm and a spot size of 433 nm was 

achieved. All measurements were performed at room temperature and in backscattering 

geometry. The recorded data were evaluated with the software WITec Project. Measured 

spectral data were Lorentz fitted in order to determine all peak parameters [104]. For the 

stress analysis the stress σ caused by the laser processing was derived from the mappings of 

the Raman frequency shift. In addition, the following approximation was applied, which was 

derived from silicon (100) under biaxial stress [105], 

 

 (   )        (     )                       ⁄   (12) 

 

where ωr is the peak position at the relaxed state and ωs with stress. The determined 

maximum values, which are stated in the following chapters of tensile stress and compressive 

stress, were with respect to the 5 % and 95 % threshold of the frequency distribution of ωs. 
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Fig. 21: Photographs a) and b) are images of the Micro-Raman setup situated at the Bavarian 

Center for Applied Energy Research (ZAE Bayern) in Erlangen c) Illustration of the 

functional principle of the Raman setup [106]. All stated components are linked to the 

photographs in a) and b). 

 

 

c) 
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6.2.2 Electron Backscatter Diffraction Setup 

 

All EBSD measurements were performed at the Institute of Photonic Technology (IPHT) in 

Jena, in cooperation with the group of PD Dr. Silke Christiansen and the Bavarian Center for 

Applied Energy Research (ZAE Bayern) in Erlangen. 

The EBSD measurements were carried out with a scanning electron microscope (SEM) 

system as depicted in Fig. 22. It was a LYRA XMU model, built by TESCAN from Brno in 

the Czech Republic. This was an SEM system with a tungsten heated cathode. The XYZΦ 

manipulator was able to move 327 mm in the X, Y and Z-direction and samples could be 

tilted around Φ by 360 °. Moreover, the system was equipped with a secondary electron (SE) 

detector to observe secondary electrons up to energies of 50 eV as well as a back scattered 

electron (BSE) detector to detect scattered electrons with nearly the same energy as the 

initiated electrons. It was also equipped with a focused ion beam (FIB) unit from the company 

Canion with a resolution < 5 nm at 30 keV at the SEM-FIB coincidence point. This enabled 

the removal of atomic layers from the sample for further characterization of the layer 

underneath. The system was equipped with an electron-beam-induced current (EBIC) detector, 

with a current range of 0 nA to 200 nA and bias range of -5 V to 5 V. This detector enabled 

 

a) 
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Fig. 22: a) and b) are Photographs of the LYRA XMU setup situated at the Institute of 

Photonic Technology (IPHT) in Jena were all EBSD measurements were carried out. c) Image 

of the vacuum chamber with detectors. 
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the observation of defects or buried junctions in semiconductors. Finally, an OIM XM4 unit 

from the company EDAX/TSL was installed for EBSD measurements to reveal the crystal 

orientation and grain boundaries within the material. Embedded cross sections of silicon foils 

were sliced to an appropriate dimension and coated with a 10 nm to 20 nm carbon layer using 

sputtering to increase the electrical contact. Samples in the vacuum chamber were tilted by 

70 ° during the EBSD measurements. Electron beam properties were set to 5 nA to 12 nA 

beam current and 30 keV electron beam energy. In this way, a spot size of approx. 400 nm to 

670 nm was reached on the sample surface. For EBSD measurements, an integration time of 

25 ms to 80 ms, 4 × 4 pixel binning and a 3 µm step size was used. The software EDAX/TSL 

Data Analysis 5.31 was used to evaluate the recorded data. Differences down to 1° in crystal 

orientation can be detected with this EBSD measurement. 

6.3 Blind Welding 

 

Influences of the laser beam on irradiated material can be revealed using micro-Raman 

analysis. The Lorentz peak area mapping is sensitive to the crystal orientation and visualizes 

grain boundaries [104]. Additionally the Raman frequency shift mapping visualizes the 

internal stress. In the following it is therefore called internal stress mapping.  

The blind welded sample depicted in Fig. 23 illustrates the Raman analysis of the sample 

shown in chapter 5.5 (Fig. 19 a)). The two hemispherical areas were observed in the Lorentz 

peak area mapping depicted in Fig. 23 a). Grain boundaries were not detected within the thick 

silicon sample, but the increased dislocation density in the lower hemispherical area was 

observed.  

Within the internal stress mapping Fig. 23 b), a compressive stress of -65.5 MPa and a tensile 

stress of 73.8 MPa were determined. Clearly the compressive stress was centered at the 

surface of the silicon and at the outer edges of the hemispherical areas. The highest tensile 

stress values were detected in the same area in which the high dislocation density was found 

in the SIRTL etched microscope image (Fig. 19 a)). 

The Lorentz peak area mapping of the thin silicon sample (Fig. 24a)) after laser beam 

irradiation verified the observation of the SIRTL etched microscope image of Fig. 19 b). It 

shows multiple grains after laser beam irradiation. The grains differ in size and orientation in  
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Fig. 23: Micro-Raman cross section pictures of a blind welded thick silicon sample. 

a) Lorentz peak area mapping in arbitrary units. b) Internal stress mapping: The analysis 

determined compressive stress of -65.5 MPa and tensile stress of 73.8 MPa. The laser beam 

was irradiating from the top. 

an area of approx. 450 µm. The biggest grains were observed at the outer areas of the former 

molten zone. Within the inner area the grains were smaller in dimension. 

In the internal stress mapping depicted in Fig. 24 b) values of compressive stress of  

-27.5 MPa and a tensile stress of 62.0 MPa were determined. While the tensile stress was 

comparable with the thick silicon sample, the value of the compressive stress differed by 

38.0 MPa. Nevertheless, the stress values were lower than the values for the thick silicon 

sample.  
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Fig. 24: Micro-Raman cross section pictures of a blind welded thin silicon sample. a) Lorentz 

peak area mapping in arbitrary units. b) Internal stress mapping: The analysis determined 

compressive stress of -27.5 MPa and tensile stress of 62.0 MPa. The laser beam was 

irradiating from the top. 

6.4 Laser Spot Welding with a low Constant Feed Speed 

 

In the following, three different cases of laser spot welding with a low constant feed speed are 

presented in detail. All three were welded with the same laser parameters as previously 

mentioned in chapter 5.4.1. 

Similar effects as those discussed for blind welding experiments were observed in the welding 

of two silicon pieces using spot welding with a low constant feed speed. The Lorentz peak 

area mapping depicted in Fig. 25 a) shows three bright yellow lines, which were cracks going 

through the silicon layer. The area in the middle clearly illustrates the success of the welding 

process. The shaded area in the image around the welding area of both bonding partners was 

due to newly formed grains. The dimension of the area where new grains were detected was 

comparable to the 300 µm spot size of the laser, which was introduced from the bottom. A 

thickening around the welding area was also noticeable. Silicon foils expanded by up to 

20.7 % around the welding seam beyond their original thickness. 

The internal stress mapping shown in Fig. 25 b) depicts the stress distribution around the 

welding seam. Increased stress values were apparent in the region where the peak area 

mapping showed the newly formed grains. The largest values of tensile and compressive  
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Fig. 25: Micro-Raman cross section pictures of two silicon foils manufactured by spot 

welding with a low constant feed speed. a) Mapping of the Lorentz peak area in arbitrary units. 

b) Internal stress mapping: The analysis determined compressive stress of -90.5 MPa and 

tensile stress of 19.2 MPa. The laser beam was irradiating from the bottom. 

stress were found along the junction of both welding partners. The analysis determined 

maximum values of compressive stress of -90.5 MPa and tensile stress of 19.2 MPa.  

Fig. 26 shows the EBSD mapping for the first case of laser spot welding with a low constant 

feed speed. The parameters for the EBSD measurement are displayed in Table 3. Seven 

different new grains were found in this enlargement around the welding area. A crack was 

observed on the right between number 1 and 2. Both areas belong to silicon foil 2, and 

therefore the difference in orientation was due to a measurement error. Newly formed grains 

differ in size and crystal orientation. As can be seen from the cubes in the image, the indicated 

crystal orientation seemed to be parallel to the original orientation. Imagining a z-axis of a 

coordinate system perpendicular to the image, the cubes were tilted around this z-axis, but 

there was very little rotation around the x- and y-axis. Most of the newly formed grains are  

 Value Unit Comment 

SEM magnification 200.00   

Work distance 14.00 mm  

Sample current 12.00 nA  

Spot Size 670.00 nm calculated focus diameter by SEM 

Scan Size 250 × 670 µm
2
  

Integration time 25.00 ms exposure time for each measuring point 

IQ threshold 1300.00   

Image processing 
Background Subtraction + Dynamic Background Subtraction + 

Normalize Intensity Histogram + Median Smoothing Filter 

Table 3: EBSD measurement parameters and image processing details of Fig. 26. 
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Position Crystal orientation 

cross section normal  

1 (1,9,9)[27,-2,-1] 
2 (1,7,7)[14,-1,-1] 
3 (3,19,20)[13,-1,-1] 
4 (1,13,16)[6,-14,11] 
5 (12,2,15)[-13,18,8] 
6 (1,19,16)[5,9,-11] 
7 (1,9,8)[16,8,-11] 
8 (1,18,22)[2,-5,4] 
9 (2,19,17)[23,11,-15] 

 

Fig. 26: EBSD mapping of a cross section of two welded silicon foils manufactured by laser 

spot welding with a low constant feed speed. Colored with respect to the wafer surface, grain 

boundaries are colored as follows: Σ3 in blue, Σ9 in green and angles between 15.0° to 62.8° 

in black. Definitions for the crystal orientation are plotted as cubes within the mapping with 

respect to the cross section normal and in the color map on the right. The precise crystal 

orientations are illustrated in the table, the Miller indices (h, k, l) represent a plane orthogonal 

to a direction in the basis of the reciprocal lattice vectors and [u, v, w] a direction in the basis 

of the direct lattice vectors. 

color-coded blue and purple in the image, so that the orientation of these grains was close to 

(111). Mostly high symmetry grain boundaries Σ3 and Σ9 were observed. At the physical 

junctions between both silicon foils a low symmetry grain boundary was observed, indicated 

in black. In comparison to the whole welding area, the new grains cover only a small area. 

These results confirm and underline the results of the Lorentz area mapping in Fig. 25 a). 

The second sample welded by laser spot welding with a low constant feed speed is shown in 

Fig. 27. The measurement was performed by a 20× objective with a numerical aperture of 

0.40 to generate a wider mapping. Two cracks through the silicon were visible. The Lorentz 

peak area mapping in Fig. 27 a) reveals newly formed grains after the laser beam irradiation. 
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Fig. 27: Micro-Raman cross section pictures of two silicon foils manufactured by spot 

welding with a low constant feed speed. a) Mapping of the Lorentz peak area in arbitrary units. 

b) Internal stress mapping: The analysis determined a compressive stress of -96.3 MPa and a 

tensile stress of 3.3 MPa. The laser beam was irradiating from the bottom. 

This time the appearance of the structural changes was different. The geometry of the newly 

formed grains had a different orientation in comparison to the original wafer and appeared in 

a herringbone pattern. Also the thickening of the silicon foils shortly in front of the welding 

area was not observed in this case. 

The internal stress mapping also reveals a very different pattern of stress distribution in 

comparison to the mapping shown in Fig. 25 b). The distribution no longer appeared as a 

compact area but rather as three small areas with increased compressive stress values. 

Maximum values of compressive stress of -96.3 MPa and tensile stress of 3.3 MPa were 

determined. Whilst the compressive stress value was in the same range as the value of the 

sample previously shown, the tensile stress value was just a fraction of the previous sample 

value. Indeed for this sample, the value of the tensile stress appeared to be negligible. 

The EBSD measurement details for the second case of laser spot welding with a low constant 

feed speed are illustrated in Table 4 and the finished EBSD mapping is depicted in Fig. 28. 

 Value Unit Comment 

SEM magnification 200.00   

Work distance 14.00 mm  

Sample current 5.00 nA  

Spot Size 420.00 nm calculated focus diameter by SEM 

Scan Size 300 × 550 µm
2
  

Integration time 50.00 ms exposure time for each measuring point 

IQ threshold 1300.00   

Image processing 
Background Subtraction + Dynamic Background Subtraction + 

Normalize Intensity Histogram + Median Smoothing Filter 

Table 4: EBSD measurement parameters and image processing details of Fig. 28. 
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Position Crystal orientation 

cross section normal 

1 (0,13,14)[-1,-14,13] 
2 (0,19,21)[-1,-21,19] 
3 (0,1,1)[-1,-18,18] 
4 (0,1,1)[-13,-3,3] 
5 (1,21,19)[16,11,-13] 
6 (0,1,1)[-13,-3,3] 
7 (0,1,1)[27,-8,8] 
8 (1,11,12)[26,-10,7] 
9 (0,1,1)[-25,-6,6] 
10 (0,13,14)[0,-14,13] 

 

Fig. 28: EBSD mapping of a cross section of two welded silicon foils produced by laser spot 

welding with a low constant feed speed. Colored with respect to the wafer surface, grain 

boundaries are colored as follows: Σ3 in blue, Σ9 in green, low angles between 1.0° to 15.0° 

in grey and angles between 15.0° to 62.8° in black. Definitions for the crystal orientation are 

plotted as cubes within the mapping with respect to the cross section normal and in the color 

map on the right. The precise crystal orientations are illustrated in the table, the Miller indices 

(h, k, l) represent a plane orthogonal to a direction in the basis of the reciprocal lattice vectors 

and [u, v, w] a direction in the basis of the direct lattice vectors. 

The same crystal orientation was observed for both silicon foils. In the welding area several 

newly formed grains were observed. The herringbone pattern as observed in the Lorentz area 

mapping in Fig. 27 a) was not of the same intensity within the EBSD mapping. Nevertheless, 

angular new grains were detected. In total, ten different crystal orientations were observed 

within the mapping. The orientations of the new grains were mostly between (101) and (111) 

direction. This confirms the observed change in direction observed in the first case of laser 

spot welding with a low constant feed speed. The occupied area of the newly formed grains 
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Fig. 29: Micro-Raman cross section pictures of two silicon foils produced by spot welding 

with a low constant feed speed. a) Mapping of the Lorentz peak area in arbitrary units. 

b) Internal stress mapping: The analysis determined compressive stress of -40.0 MPa and 

tensile stress of 58.0 MPa. The laser beam was irradiating from the bottom. 

was small in comparison to the whole welding area. However, the most detected grain 

boundaries were Σ3 high symmetry boundaries. 

The third case of spot welding with a low constant feed speed (Fig. 29) revealed a welding 

area which was separated because the mechanical bond between the silicon foil 1 and 2 was 

not strong enough. On the right of silicon foil 1 and 2 in Fig. 29 a) an area with newly formed 

grains was detected. At this point the bonding was accomplished before the separation. The 

formation of the new grains was again in a compact arrangement. No herringbone pattern was 

observed in this case. 

Stress measurements shown in Fig. 29 b) determined a compressive stress value of -40.0 MPa 

and a tensile stress value of 58.0 MPa. This time the stress values were measured in a rather 

compact area on each silicon foil. These values were in a range between one third or half of 

the values which were typically observed in the other two cases, excluding the tensile stress 
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 Value Unit Comment 

SEM magnification 200.00   

Work distance 17.00 mm  

Sample current 5.00 nA  

Spot Size 470.00 nm calculated focus diameter by SEM 

Scan Size 400 × 600 µm
2
  

Integration time 50.00 ms exposure time for each measuring point 

IQ threshold 1300.00   

Image processing 
Background Subtraction + Dynamic Background Subtraction + 

Normalize Intensity Histogram + Median Smoothing Filter 

Table 5: EBSD measurement parameters and image processing details of Fig. 30. 

 

 

Position 
Crystal orientation 

cross section normal 

1 (1,18,20)[20,0,-1] 

2 (1,12,14)[14,0,-1] 

3 (1,19,22)[25,1,-2] 

4 (2,22,21)[13,37,-40] 

5 (3,20,22)[2,3,-3] 

6 (1,10,10)[10,15,-16] 

7 (1,15,16)[1,1,-1] 

8 (1,19,17)[-11,14,-15] 

 

Fig. 30: EBSD mapping of a cross section of two welded silicon foils produced by laser spot 

welding with a low constant feed speed. Colored with respect to the wafer surface, grain 

boundaries are colored as follows: Σ3 in blue, Σ9 in green, low angles between 1.0° to 15.0° 

in grey and angles between 15.0° to 62.8° in black. Definitions for the crystal orientation are 

plotted as cubes within the mapping with respect to the cross section normal and in the color 

map on the right. The precise crystal orientation is illustrated in the table, the Miller indices  

(h, k, l) represent a plane orthogonal to a direction in the basis of the reciprocal lattice vectors 

and [u, v, w] a direction in the basis of the direct lattice vectors. 
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value in the second case. This may be due to the break in the mechanical bond which would 

lead to a decrease in all values.  

However, the EBSD mapping of the third case of laser spot welding with a low constant feed 

speed is depicted in Fig. 30 and the measuring details for the EBSD scan are illustrated in 

Table 5. A variation of newly formed grains was observed at the front right of silicon foil 1. 

The change in silicon foil 2 was not fully displayed, due to the scan size of the EBSD 

mapping. In total eight different crystal orientations were detected, in which silicon foil 1 and 

2 show the same orientation. The newly formed grains were only tilted around the z-axis, but 

in this case orientations vary from (100) over (101) to (111). In this case grain boundaries 

were not always high symmetry Σ3 and Σ9 boundaries. Grain boundaries with low angles 

between 1.0° to 15.0° and angles between 15.0° to 62.8° could also be found in large numbers. 

6.5 Laser Line Welding 

 

In the following, two different cases of laser line welding are presented. The welding 

parameters were the same as mentioned in chapter 5.4.2 with the exception of the widths of 

the laser line. Instead of a laser spot moving over the silicon foils during the welding, the foils 

were irradiated by a stationary laser line over the whole area. 

By adapting the welding method to weld thin silicon foils, the pattern around the welding 

seam was considerably altered. The result of laser line welding in lap joint geometry is 

depicted in Fig. 31. No newly formed grains were observed in the Lorentz area mapping 

(Fig. 31 a)) around the welding region. This was remarkable because the laser irradiated area 

was much bigger in width (660 µm) than the one manufactured by laser spot welding with a 

low constant feed speed (approx. 300 µm). Of note for the laser line welding was the 

thickening of both welding partners around the welding area. The thickness around the 

welding area exceeded the original thickness of the samples by a factor of three, reaching 

values of approx. 160 µm. This was a tremendous increase which occurred predominantly in 

silicon foil 2. A line was visible between silicon foil 1 and silicon foil 2 in the area between 

both silicon foils. It appeared as though the welding partners were not merged, but rather two 

separate areas pressed together. Further SEM measurements disproved this observation. A 

substance-to-substance bond was realized by laser line welding. 
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Fig. 31: Micro-Raman cross section pictures of two silicon foils produced by laser line 

welding. a) Mapping of the Lorentz peak area in arbitrary units. b) Internal stress mapping, 

compressive stress of -21.5 MPa and tensile stress of 13.0 MPa were determined. The laser 

beam was irradiating from the top. 

The internal stress mapping depicted in Fig. 31 b) shows a very homogenous mapping. 

Maximum tensile stress values of 13.0 MPa and compressive stress of -21.5 MPa were 

determined within the laser irradiated area. These values were significantly lower in 

comparison to the laser spot welding with a low constant feed speed. The inserted stress 

appeared to be in a range where mechanical issues after the welding process caused no issues. 

An EBSD mapping of the first case of laser line welding is shown in Fig. 32 and the 

measurement details are summarized in Table 6. In contrast to the laser spot welding with a 

low constant feed speed, no newly formed grains were observed. Silicon foil 1 and 2 appeared 

in slightly different colors according to their crystal orientation, but both crystal orientations 

were close to (100). One grain boundary between both welding partners was observed. 
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 Value Unit Comment 

SEM magnification 200.00   

Work distance 17.00 mm  

Sample current 5.00 nA  

Spot Size 470.00 nm calculated focus diameter by SEM 

Scan Size 320 × 550 µm
2
  

Integration time 80.00 ms exposure time for each measuring point 

IQ threshold 1500.00   

Image processing 
Background Subtraction + Dynamic Background Subtraction + 

Normalize Intensity Histogram + Median Smoothing Filter 

Table 6: EBSD measurement parameters and image processing details of Fig. 32. 

For the second case with an 800 µm width laser line, the Lorentz area mapping (Fig. 33 a)) 

again shows the formation of new grains in both silicon foils after the laser beam irradiation. 

This time large grains appeared, in contrast to laser spot welding with a low constant feed 

speed. Again at the points where the two silicon foils merge, they resemble two separated 

silicon foils pressed together rather than one merged foil as seen in the spot welding process  

 

Position Crystal orientation 

cross section normal 

1 (19,1,22)[-1,-25,2] 
2 (0,1,1)[17,-1,1] 
3 (0,17,18)[1,0,0] 
4 (0,13,14)[1,0,0] 

 

Fig. 32: EBSD mapping of a cross section of two welded silicon foils produced by laser line 

welding. Colors are with respect to the wafer surface, grain boundaries are colored as follows: 

low angles between 1.0° to 15.0° in grey and angles between 15.0° to 62.8° in black. 

Definitions for the crystal orientation are plotted as cubes within the mapping with respect to 

the cross section normal and in the color map on the right. The precise crystal orientations are 

illustrated in the table, the Miller indices (h, k, l) represent a plane orthogonal to a direction in 

the basis of the reciprocal lattice vectors and [u, v, w] a direction in the basis of the direct 

lattice vectors. 
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Fig. 33: Micro-Raman cross section pictures of two silicon foils produced by laser line 

welding. a) Mapping of the Lorentz peak area in arbitrary units. b) Internal stress mapping, 

compressive stress of -11.3 MPa and tensile stress of 91.8 MPa were determined. The laser 

beam was irradiating from the top. 

with a low feed speed, but SEM measurements disprove this fact. Furthermore the thickening 

of the silicon on the welding side was again observed. This time both silicon foils exceeded 

their original thickness by a factor of two to three at the welding seam. 

The internal stress mapping depicted in Fig. 33 b) showed values of tensile stress of 91.8 MPa 

and compressive stress of -11.3 MPa. These values were high in comparison to the first 

sample welded with a laser line. Particularly the value of tensile stress was seven times higher 

than in the previous sample. 
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 Value Unit Comment 

SEM magnification 200.00   

Work distance 17.00 mm  

Sample current 5.00 nA  

Spot Size 470.00 nm calculated focus diameter by SEM 

Scan Size 330 × 600 µm
2
  

Integration time 80.00 ms exposure time for each measuring point 

IQ threshold 1500.00   

Image processing 
Background Subtraction + Dynamic Background Subtraction + 

Normalize Intensity Histogram + Median Smoothing Filter 

Table 7: EBSD measurement parameters and image processing details of Fig. 34.  

The EBSD mapping is depicted in Fig. 34 and the measurement details are summarized in 

Table 7. As previously mentioned, this case differed from the first in that multiple new grains 

were detected after laser beam irradiation. A big grain was observed towards the middle of the 

welding area. Nine different crystal orientations were detected, including the original 

orientation of silicon foil 1 and 2. In this case the crystal orientation of most of the new grains 

was between (101) and (111), in a small area the orientation was between (100) and (101). 

Furthermore, it was observed that the cubes were tilted around the z-axis and slightly around 

the x-axis. In this case the observed grain boundaries were mostly high symmetry Σ3 

boundaries, other boundary types play only a minor role here. 
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Position Crystal orientation 

cross section normal 

1 (1,19,20)[-2,-22,21] 
2 (2,15,16)[-1,-18,17] 
3 (0,5,6)[-22,-6,5] 
4 (2,15,16)[-1,-18,17] 
5 (0,7,6)[26,6,-7] 
6 (9,7,25)[16,-17,-1] 
7 (3,17,18)[-1,-21,20] 
8 (1,23,19)[11,2,-3] 
9 (1,8,8)[0,-1,1] 

 

Fig. 34: EBSD mapping of a cross section of two welded silicon foils produced by laser line 

welding. Colored with respect to the wafer surface, grain boundaries are colored as follows: 

Σ3 in blue, Σ9 in green, low angles between 1.0° to 15.0° in grey and angles between 15.0° to 

62.8° in black. Definitions for the crystal orientation are plotted as cubes within the mapping 

with respect to the cross section normal and in the color map on the right. The precise crystal 

orientations are illustrated in the table, the Miller indices (h, k, l) represent a plane orthogonal 

to a direction in the basis of the reciprocal lattice vectors and [u, v, w] a direction in the basis 

of the direct lattice vectors. 

6.6 Keyhole Welding 

 

6.6.1 Keyhole Welding of Samples Polished on One Side 

 

Both stated cases of keyhole welding were prepared with the same set of laser parameters as 

mentioned in chapter 5.4.3. 
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Fig. 35: Micro-Raman cross section pictures of two silicon foils produced by keyhole welding. 

Laser beams are illustrated in red. a) Mapping of the Lorentz peak area in arbitrary units. 

b) Internal stress mapping, compressive stress of -50.0 MPa and tensile stress of 27.5 MPa 

were determined. c) Mapping of the Lorentz widths (FWHM) in arbitrary units. The laser 

beam was irradiating from the top. 

Three bonding areas are shown in Fig. 35, all of which were created by the keyhole welding 

process. Again the welding area appeared to be different than in the other two welding 

processes. Areas between silicon foil 1 and 2 right next to the welding areas exhibited gaps 

due to the non-continuous laser process characteristics of keyhole welding. The laser beam 

was introduced from the top. The thickness of silicon foil 2 increased because an 

approx. 20 µm thick epitaxial layer was applied by a CoCVD process. The difference between 

the bulk silicon and the epitaxial layer was observed in the Lorentz width mapping by plotting 

the full width at half maximum (FWHM) depicted in Fig. 35 c). Bulk and epitaxial silicon 

differed in doping concentration so that both layers appeared in a different color, because the 

width of the Raman peak is correlated to the doping concentration (for further details see 

[107]). The Lorentz area mapping depicted in Fig. 35 a) showed no evidence of newly formed 

grains within the welding area. At the welding sides from silicon foil 1, local formations of 

valleys and mountains with a dimension of 130 µm in width were observed. These were 

induced by the very high laser power of keyhole welding on a very small area. Nevertheless, 

even at this high laser power the crystal orientation of the silicon material remained the same.  
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 Value Unit Comment 

SEM magnification 120.00   

Work distance 21.00 mm  

Sample current 5.00 nA  

Spot Size 550.00 nm calculated focus diameter by SEM 

Scan Size 1000 × 260 µm
2
  

Integration time 50.00 ms exposure time for each measuring point 

IQ threshold 400.00   

Image processing 
Dynamic Background Subtraction + Normalize Intensity Histogram 

+ Median Smoothing Filter 

Table 8: EBSD measurement parameters and image processing details of Fig. 36. 

The highlighted area at the surface of the front of silicon foil 1 was created due to sample 

alignment. No thickening around the welding sides were observed, in contrast to what was 

observed during the laser line welding process and laser spot welding with a low constant feed 

speed. 

The internal stress mapping was very homogenous as depicted in Fig. 35 c). The noticeable 

four bright angular lines through the mapping were due to cross section preparation. Only tiny 

areas of increased stress were observed. Values of compressive stress of -50.0 MPa and 

tensile stress of 27.5 MPa were determined. These values were higher than the stress values of 

laser line welding, but generally lower than laser spot welding with a low constant feed speed. 

 

 

Position Crystal orientation 

cross section normal 

1 (0,1,1)[-1,0,0] 
 

Fig. 36: EBSD mapping of a cross section of two welded silicon foils produced by keyhole 

welding. Colors are with respect to the wafer surface. Definition for the crystal orientation is 

plotted as cube within the mapping with respect to the cross section normal and in the color 

map on the right. The precise crystal orientation is illustrated in the table, the Miller indices  

(h, k, l) represent a plane orthogonal to a direction in the basis of the reciprocal lattice vectors 

and [u, v, w] a direction in the basis of the direct lattice vectors. 
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The EBSD mapping of the first case of this welding procedure is shown in Fig. 36. All 

important parameters for the EBSD measurement are illustrated in Table 8. This method of 

welding did not result in the development of new grains after laser beam irradiation. Within 

the scan size only one crystal orientation was detected and this is the same as that of the 

original silicon foils. Therefore, the image was colored red all over according to the crystal 

orientation of (100). Moreover, no grain boundaries appeared between silicon foil 1 and 2. 

Even on the directly laser irradiated areas of the surface of silicon foil 1, next to the 

mountains and valleys in the layer formation, no signs of grain developing were discovered. 

This also underlines the results gained by micro-Raman analysis in Fig. 35. 

The second case of keyhole welding is depicted in Fig. 37. The Lorentz area mapping 

(Fig. 37 a)) shows three welding spots, only two of which were achieved. Furthermore, no 

evidence of the formation of new grains was found after laser irradiation. This time only 

mountains could be observed on the back side of silicon foil 1 and these elevations had a 

width of up to approx. 180 µm. Again the highlighted area on the surface of the front side of 

silicon foil 1 was created by sample alignment during measurement. 

The internal stress mapping depicted in Fig. 37 b) displays a homogenous mapping with high 

peaks of tensile stress at all three welding areas. Maximum values of compressive stress of 

-18.8 MPa and tensile stress of 86.5 MPa were determined. These values differed in 

 

Fig. 37: Micro-Raman cross section pictures of two silicon foils produced by keyhole welding. 

Laser beams are illustrated in red. a) Mapping of the Lorentz peak area in arbitrary units.  

b) Internal stress mapping, compressive stress of -18.8 MPa and tensile stress of 86.5 MPa 

were determined. The laser beam was irradiating from the top. 
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 Value Unit Comment 

SEM magnification 100.00   

Work distance 14.00 mm  

Sample current 5.00 nA  

Spot Size 400.00 nm calculated focus diameter by SEM 

Scan Size 1000 × 270 µm
2
  

Integration time 50.00 ms exposure time for each measuring point 

IQ threshold 400.00   

Image processing 
Dynamic Background Subtraction + Normalize Intensity Histogram 

+ Median Smoothing Filter 

Table 9: EBSD measurement parameters and image processing details of Fig. 38. 

comparison to the first keyhole welded sample. In this case the compressive stress value was 

lower and the tensile stress much higher than previously. 

The EBSD mapping of the second case of keyhole welding is shown in Fig. 38 and all 

relevant parameters are summarized in Table 9. Two out of the three keyhole welding 

attempts were successful. No newly formed grains were observed. The crystal orientation of 

the whole welded sample was the same and the original orientation remained. Moreover, no 

grain boundaries were observed. Notably, when using such a high laser power applied to a 

very small area, no new grains appeared. Even at the surface of silicon foil 1 where mountains 

formed after laser beam irradiation, no signs of such a development were observed. 

 

 

 

Position Crystal orientation 

cross section normal 

1 (0,1,1)[-1,0,0] 
 

Fig. 38: EBSD mapping of a cross section of two welded silicon foils produced by keyhole 

welding. Colors are with respect to the wafer surface. Definition for the crystal orientation is 

plotted as cube within the mapping with respect to the cross section normal and in the color 

map on the right. The precise crystal orientation is illustrated in the table, the Miller indices  

(h, k, l) represent a plane orthogonal to a direction in the basis of the reciprocal lattice vectors 

and [u, v, w] a direction in the basis of the direct lattice vectors. 
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6.6.2 Keyhole Welding of Samples Polished on Both Sides 

 

To improve the keyhole welding process further, the silicon sample properties were altered. 

During the welding experiments, a drawback relating to samples which were only polished on 

one side was discovered. Due to the laser beam coupling properties, it was necessary to 

irradiate a polished side. Moreover, for solar cell production a polished side was necessary too, 

so that the samples were stacked with the unpolished back side on top of each other. The 

roughness of approx. 3300 Å (measured by a Chapmann profiler from the producer Siltronic) 

of the back sides makes it difficult to weld through both silicon foils because they need to be 

physically in touch with each other to enable good thermal conduction. Therefore, it was 

expected that silicon foils which were polished on both sides would allow a closer stacking of 

the samples due to the decreased roughness on the back sides. Furthermore, an increase in 

contact area and a further decrease in the induced stress by laser irradiation were expected. 

This change was therefore intended to lead to a mechanical strength improvement, which is 

very important in terms of a roll-to-roll manufacturing process.  

Therefore, float-zone grown silicon wafers with an orientation of (100), p-type, boron doped, 

with a resistivity of 1-2 Ωcm, 4 inch in diameter and both side processed served as feedstock. 

This wafers had a surface roughness of approx. 30 Å on both sides (measured by a Chapmann 

profiler at a filter length of 250 µm from the producer Siltronic). The wafers were prepared as 

described in chapter 5.3. 

The stated case was keyhole welded with the parameters mentioned in the chapter 5.4.3, 

however the power was decreased to 220 W. The characterization by micro-Raman analysis 

showed a homogenous Lorentz area mapping of one welding area depicted in Fig. 39 a). As 

expected, the gaps between silicon foil 1 and 2 decreased to approx. 3 µm by using both side 

polished silicon wafers instead of wafers polished on one side only. The depicted close-ups 

show no thickening or newly formed grains. The bright line on the bottom of silicon foil 2 

was due to microscope alignment. After irradiation a mountain was formed at the welding 

area due to the density anomaly of the silicon material at the transition between the solid and 

liquid state. 

Stress values are depicted in the internal stress mapping Fig. 39 b). The mapping showed a 

very homogenous distribution. Only high peaks of tensile stress at the surface of the mountain 

of the welding area were observed. Maximum values of compressive stress of -6.0 MPa and  
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Fig. 39: Micro-Raman cross section pictures of two both side polished silicon foils merged by 

keyhole welding. a) Mapping of the Lorentz peak area in arbitrary units. b) Internal stress 

mapping, compressive stress of -6.0 MPa and tensile stress of 48.3 MPa were determined. The 

laser beam was irradiating from the top. 
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tensile stress of 48.3 MPa were determined. The compressive stress value was 8.3 to 3 times 

lower than before and the tensile stress value only half of the second case, but approx. 20 MPa 

higher than the first keyhole welding case. Overall the expectations of an increase in 

mechanical stability were fulfilled. 

6.7 Discussion 

 

Laser spot welding with a low constant feed speed at room temperature suffered from newly 

formed grains after laser irradiation. Newly formed grains appeared in various patterns and 

quantity. Variations of grain boundaries from low symmetry to high symmetry were observed. 

The original wafers had a (100) orientation, so that the ideal EBSD result would show exactly 

the edge of the cube (with respect to the cross section normal) without any tilting. Slight 

variations of this picture were due to the accuracy of the measurement of the EBSD setup. 

Remarkable was the appearance of the huge amount of high symmetry Σ3 and Σ9 grain 

boundaries. This limits the variation of crystal orientation of the newly formed grains. As 

observed in the first case of laser spot welding with a low constant feed speed, the new grains 

number 5, 7 and 9 formed a group, and all of these grains had nearly the same crystal 

orientation. In the second case grains number 4, 6 and 9 as well as 7, 8 formed a group. In the 

third case, grains number 5 and 6 formed a group with nearly the same crystal orientation.  

Furthermore, the Miller indices of the new grains indicate that all the detected planes were 

parallel to grinding areas and they only differed in direction, so that they were in all likelihood 

parallel to the travel direction of the laser. This may point to a pursuing crystallization front 

which prefers the direction [011]. This would also explain why the grains did not have a 

random orientation. Even at a high symmetry grain boundary, a variety of crystal orientations 

exist, but in the shown cases the new grains prefer only a single direction as visible by 

imagining a z-axis of a coordinate system perpendicular to the images, the cubes in the EBSD 

mappings were tilted around this z-axis, but there was very little rotation around the x- and y-

axis.  

However, for the development of new grains two scenarios were feasible. 1. An inevitable 

misalignment of the silicon foils was expected when mounting the silicon foils onto the 

sample holder. This led to at least one grain boundary between the two silicon foils after 

welding. 2. Furthermore, for the cooling procedure after the welding process, the transition 
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between the liquid state and solid state of silicon played a dominant role in the development 

of new grains. The welded area was completely molten during the welding process and had a 

size of approx. 300 µm. The phase boundaries on the left and right of the molten area were 

very small in comparison to the molten area. It seemed that these phase boundaries may have 

served as a seed layer during the fast cooling process. The cooling on the top and bottom side 

of the silicon foil occurred much faster than it did on the phase boundaries, resulting in 

secondary seeding. Consequently newly formed grains appeared over the 300 µm wide 

welding area. The newly formed grains after laser welding within the silicon lead to 

recombination centers at the grain boundaries in a solar cell device. This is not a criterion for 

the exclusion of this welding process because it can be neutralized by a suitable laser isolation 

process.  

However an additional thickening of the welding partners around the welding region was 

observed. This was probably due to a combination of surface tension issues and the silicon 

density anomaly. According to the rule of Eötvös [24], [25], the surface tension of a fluid 

decreases as the temperature increases. Thus, the surface tension at areas in the middle of the 

irradiated area was lower than it was at outer regions. If the silicon is molten long enough so 

that the difference in surface tension can occur, the molten silicon material could rip at the 

area with the lowest surface tension towards higher surface tension and accumulate at the 

solid silicon. This thickening around the welding seam by using a laser spot welding with a 

low constant feed speed is an issue in order to fabricate a flat extended monocrystalline 

silicon base foil for a roll-to-roll process. 

Furthermore, laser spot welding with a low constant feed speed suffered additionally from a 

low yield. Although great care was taken, the welding often led to broken or bent samples and 

the reproducibility was very low. Each sample was different after welding with this process. 

Moreover, the induced internal stress varied enormously. The fact that the process results in 

high stress values, mostly compressive stress, also leads to a mechanical issue. For a roll-to-

roll process the extended monocrystalline silicon base foil should be mechanically stable. 

High stress values, which reach for some samples half of the breakage value of silicon (for 

further information see chapter 5.3). Therefore, laser spot welding with a low constant feed 

speed did not seem to constitute the ideal way to produce an extended monocrystalline silicon 

base foil. For mass production the band substrate needs to be mechanically very stable and 

this kind of welding creates a band substrate which is more fragile than stable. 
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Fig. 40: Photograph of seven laser line welding trails of two preheated (1015 °C) silicon foils 

in lap joint geometry. Welding parameters: laser power of 250 W and irradiation length of 

10 s [99]. 

Laser line welding of 50 µm thin silicon foils suffered from thickening at the welding seam by 

applying this welding process as demonstrated previously in chapter 6.5. Experiments at room 

temperature and with preheated samples were performed. The results of laser line welding on 

both temperatures remain the same, both showed thickening at the welding seam. This seemed 

to be caused by differences in surface tension and wetting problems and can be explained by 

the rule of Eötvös as mentioned above [108], [109].  

The EBSD mapping of the first case of laser line welding showed a very homogenous 

mapping with no newly formed grains, while the second case showed newly formed grains 

after laser irradiation.  

However, in the first case the difference in orientation of silicon foil 1 and silicon foil 2 was 

due to measurement or cross section preparation failures. Both silicon foils were fabricated 

from the same wafer material, so that the crystal orientation was the same for both. One grain 

boundary was observed at the contact point between both foils as expected through an 

inevitable misalignment by mounting the foils onto the sample holder.  

For the second case of laser line welding, the observed crystal orientation of both silicon foils 

supposed to be the same. The difference here was also due to measurement or cross section 

preparation failures. New grains number 3, 5 and 8 formed a group with nearly the same 

crystal orientation. Most detected grain orientations were parallel to the grinding area. 

Unfortunately this cannot be explained as it was for laser spot welding with a low constant 

feed speed, because in this case the laser line was a stationary line. Therefore, no pursuing 
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crystallization front was expected, except for the cooling procedure after switching off the 

laser beam. A crystallization front starting at the outer irradiated areas to the inner areas was 

expected, because the outer areas were cooler than the inner areas during laser irradiation. 

The internal stress mapping showed a very homogenous sample for the first case with low 

stress values as compared to the other welding techniques, but the second case showed rather 

high stress values. A major problem was the thickening of the silicon at the welding seam by 

using a laser line. It would therefore be very difficult to fabricate a flat extended 

monocrystalline silicon base foil for a roll-to-roll process. The very low yield of this kind of 

welding was also an issue. Silicon foils were mostly destroyed at the end of the process: either 

a hole was created in the middle of the silicon foils as depicted in Fig. 40 or they were not 

welded together at all. Comparing all three welding processes, laser line welding had the 

lowest yield of approx. 12.90 %. Therefore, it is no longer under consideration for the welding 

process to create an extended monocrystalline silicon base foil. 

The third welding technique, keyhole welding was not performed at room temperature due to 

previous experience of drastic changes within the silicon by laser spot welding with a low 

constant feed speed and in laser line welding. Therefore, all silicon foils were preheated in a 

crucible furnace to decrease the internal stress by laser beam irradiation.  

In contrast to the results of the other two welding methods, no newly formed grains and no 

thickening of silicon around the welding seam were detected after welding. By applying a 

very high power at a tiny area of the silicon foil, a hole was drilled into the silicon material. 

The vapor pressure of evaporating silicon during this process is so high that a capillary stays 

open. Therefore, the laser irradiation can reach areas deep inside in the underlying silicon foil. 

Afterwards the capillary fills up with surrounded molten silicon and recrystallize in the same 

orientation as the original wafer, because the surrounding areas served as seed layers and 

define the crystal orientation during cooling. Even during a non-successful attempt of welding 

as depicted in Fig. 30, the recrystallization of the molten area was free of newly formed grains 

after laser irradiation. Overall silicon foils appeared after welding as one unit without any side 

effects. This fact distinguished keyhole welding from the other two welding processes. 

Lorentz area and internal stress mappings appeared to be very homogenous. Determined stress 

values were at a moderate level, with the exception of the value of tensile stress in the second 

case. This led to an expectation of high mechanical stability after welding, which is essential 
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for mass production. The occurring valleys and mountains on the back side of the silicon foil 

were due to a very high laser intensity irradiation on a very small area. However, this welding 

technique offered the possibility of a butt joint configuration of the samples and therefore a 

plane front side of the silicon foil. This is an essential step towards implementation into a roll-

to-roll manufacturing process of the extended monocrystalline silicon base foil. 

For the construction of solar cell devices these valleys and mountains on the back side are 

negligible. The welding seam area is not important, because an additional laser edge isolation 

process is suggested to guarantee complete insulation of the defective area at the welding 

seam. The active area for harvesting solar energy would be in between the welding zones. 

Thus, problems with charge carrier transport are not expected. 

By using wafers polished on both sides as feedstock material for keyhole welding, properties 

can be significantly improved. By minimizing the roughness of the back side of the silicon 

foils, the stacking of two silicon foils was much closer. Therefore, the possibility of welding 

through both silicon foils was significantly higher due to the essential thermal conductivity 

between both silicon foils. Furthermore, the inserted stress by laser beam irradiation could be 

improved. Values of compressive stress dropped down to very low level and the tensile stress 

value levelled out at a moderate range. 

Overall the keyhole welding process achieved the highest yield of all three welding methods. 

After the right laser settings for keyhole welding were found nearly 100 % of the welding 

trails succeeded. It was also a very reliable and repeatable process. As a result this welding 

process is the most promising for the creation of an extended monocrystalline silicon base foil. 

It was the only process in which the original material was not changed after laser beam 

irradiation. In this way, a welded silicon foil can act as a non-welded foil without any 

limitations. 
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7. Solar Cell Results 

 

Techniques to build solar cell devices from 180-300 µm thick silicon wafers are well known 

and established. These processes can be partially adopted in producing solar cell devices with 

thicknesses below 50 µm, however as the handling differs, some techniques must be adjusted 

for thin-film solar cell requirements. For example, the thin silicon foils bend during 

processing and the fragility is very high in comparison to approx. 200 µm silicon wafers. In 

the following chapter three different ways to produce solar cell devices will be introduced. 

All samples were characterized by a sun simulator developed internally at the ZAE Bayern. 

The measured J-V curves were determined under standard test conditions (STC) (AM1.5G 

illumination (1000 W/m²) produced by halogen lamps and a controlled solar cell temperature 

of 25 °C). The distance between the sample and the lamps was aligned according to the short-

circuit current of a calibration sample. Parallel resistance values were determined from the 

gradient between -0.9 V to -0.7 V of the dark J-V characteristic. Values of the series 

resistance were determined from the comparison of the dark J-V characteristic and AM1.5G 

characteristic of the solar cell at Voc. Additional quantum efficiency (QE) measurements were 

performed using a setup (LOANA, fabricated by pv tools [75]) at the physics department of 

the university of Konstanz. All data were corrected for grid shading by using the software 

Lassie 7.5 of the company pv tools. 

7.1 Solar Cells Fabricated on 50 µm Thin Silicon Foils 

 

In order to decrease production costs to a minimum, as many as possible processing steps 

usually used for thick wafers were included in the manufacture of thin solar cells. Solar cells 

with a thickness of approx. 50 µm were produced on float-zone grown 4 inch wafers as 

illustrated in Fig. 41.  

The wafers
2
 were chemically etched with KOH from 300 µm to approx. 50 µm and RCA 

cleaned using a system developed by Kufner Nassprozesstechnik GmbH. Afterwards a 20 µm  

                                                 
2
 For these experiments 4 inch silicon wafer were used with the same properties as induced in chapter 5.3. 
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Fig. 41: Process flow diagram of solar cells produced on a 4 inch wafer with an epitaxial 

layer on top.  

epitaxial layer was applied using a CoCVD process in an internally developed epitaxial 

reactor, for further details see [70], [71]. This epitaxial silicon absorber layer had a boron 

doping concentration of about 2 × 10
16

 cm
-3

. The back side metallization was achieved using 

5 µm aluminum applied with an electron beam evaporation system developed by Pfeiffer 

Vacuum (model: Classic 570). A phosphorus emitter was then created using spin-on doping 

(APT GmbH, model: Spin 150). Afterwards the sample was annealed in a nitrogen 

atmosphere at 825 °C for 120 s in a rapid thermal processing (RTP) furnace from UniTemp 

GmbH (model: UTP 1100) at which a BSF was accomplished [81], [110]–[112]. The 

phosphorus glass was removed in a 2 % HF etch step. Furthermore, a laser edge isolation 

process (Rofin-Sinar Laser GmbH, model: Power Line E20) was applied and created residuals 

removed by 2 % HF. The front contact grid was formed by electron beam evaporation of 

30 nm titanium, 30 nm palladium and 5 µm silver using a Pfeiffer Vacuum system model: 

Classic 570. Finally, using plasma-enhanced chemical vapor deposition (PECVD) an anti-  

5 µm Back side metallization (Al) 

Spin-on doping on front side of phosphorus solution 

Phosphorus diffusion & BSF creation by RTP process 

Laser edge isolation process 

Removal of residuals by HF 

Front grid metallization (shadow mask) 

Antireflective coating (SiNx) 

20 µm Epitaxial layer by CoCVD 

Chemical etching by KOH to a thickness of 50 µm 

0.5 Ωcm, 300 µm, 4 inch wafer 

RCA cleaning 

Removal of phosphorus glass by HF 
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Fig. 42: Photograph of two solar cells with an active area of 4 cm² on top of silicon foil 

50 µm thick and 4 inches in diameter with a 20 µm epitaxial layer. 

reflective coating consisting of a silicon nitride layer was deposited on the front of the foil. 

This was done using the model AK1000 from Roth & Rau GmbH. A final solar cell is 

depicted in Fig. 42. 

 

Fig. 43: In-house measured J-V curves of the best solar cells on a 4 inch wafer with a 20 µm 

epitaxial layer, details are shown in Table 10. 



7. Solar Cell Results 

 
75 

 

Nr. A [cm
2
] FF [%] Voc [mV] Jsc [mA/cm

2
] η [%] 

ALZ379-1 4.00 32.41 371.10 21.15 2.54 

ALZ382-1 4.00 31.40 375.14 26.42 3.11 

Table 10: Best solar cell results on a 4 inch wafer with epitaxial layer of 20 µm (cell area A, 

fill factor FF, open-circuit voltage Voc, short-circuit current density Jsc and efficiency η) 

determined by a sun simulator under AM1.5G illumination and 25 °C solar cell temperature. 

The best solar cell ALZ382-1 on a 4 inch wafer with an epitaxial layer of 20 µm had an 

efficiency of 3.11 % over an active area of 4 cm², more details are shown in Table 10 and 

depicted in Fig. 43. The Voc = 375.14 mV value was very low and the Jsc = 26.42 mA/cm² 

value was in a moderate range. The overall performance of the solar cells was poor due to a 

high series resistance (Rs = 23.88 Ohmcm²). We assume that the diffusion of the back contact 

was not satisfactory and therefore resulted in a high series resistance. The parallel resistance 

value Rp = 29.27 kOhmcm² was very good. Reference solar cells built on a standard float-zone 

grown Si wafer without epitaxial layer achieved a mean efficiency value of 10.66 %. 

 

Fig. 44: Internal quantum efficiency (IQE) (blue triangles) and reflectance (red circles) 

measurement of the best solar cell ALZ382-1 on a 4 inch wafer with an epitaxial layer of 

20 µm. 



7. Solar Cell Results 

 
76 

 

Additional quantum efficiency and reflectance measurements were performed as depicted in 

Fig. 44. It appeared that the best solar cell ALZ382-1 suffered from high reflection for short 

wavelengths, because no surface texturing techniques were applied on the front. Furthermore, 

a high surface recombination was determined on the front. It also became clear that a very 

high recombination rate on the back side lowered the quantum efficiency. 

7.2 Solar Cells Fabricated on Silicon Foils on Borosilicate Glass 

 

In order to improve the yield during solar cell processing, the COMBO process sequence, 

which was developed at the ZAE Bayern, was used [81], [112]–[114]. In this sequence the 

silicon foils are bonded onto borosilicate glasses to improve the handling during solar cell 

production. The process flow is depicted in detail in Fig. 45. 

The 300 µm thick wafers
3
 were cut into 25 mm × 25 mm pieces using a laser (Rofin-Sinar 

Laser GmbH, model: Power Line E20). These pieces were then processed according to the 

process flow introduced in chapter 7.1 until the spin on doping step was reached. Here a 

borosilicate glass (BOROFLOAT® 33 from SCHOTT Technical Glass Solutions GmbH) 

with a similar coefficient of thermal expansion to silicon was prepared via cleaning and HF 

etching. Afterwards an aluminum paste (Aluminum Conductor 5540 from Ferro Electronic 

Material Systems) was applied onto the glass using screen printing. In the next step the silicon 

foil and the borosilicate glass were interconnected through mechanical compression using a 

laminator fabricated by BOSS (model: VK 1300). Furthermore, the sample was dried for 

10 minutes in a RTP furnace at 350 °C and annealed for 100 seconds at 850 °C in a nitrogen 

atmosphere. In this way the bonding between the silicon and the glass was strengthened and a 

BSF accomplished as well as a phosphorus diffusion achieved in order to create a p-n junction 

at the same time [81], [110]–[112]. The phosphorus glass removal, laser edge isolation 

process, removal of residuals, front contact grid metallization and antireflective coating were 

processed in the same way as solar cells produced on a 4 inch silicon wafer, as introduced in 

chapter 7.1. Moreover, in order to improve the contact on the back side, an aluminum layer 

was deposited above the screen printed aluminum net via electron beam evaporation using a 

Pfeiffer Vacuum system model: Classic 570. A solar cell produced in this manner is depicted 

in Fig. 46. 

                                                 
3
 For these experiments 4 inch silicon wafer were used with the same properties as induced in chapter 5.3. 
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Fig. 45: Process flow diagram for 20 mm × 20 mm solar cells bonded onto borosilicate glass, 

for further details see [81], [112]–[114]. Additional steps to the process flow of solar cells 

produced on a 4 inch silicon wafer shown in chapter 7.1 are highlighted. 

 

The best solar cell ALZ407-1 fabricated on borosilicate glass of a thin silicon foil with a 

20 µm epitaxial layer achieved an efficiency of 9.60 % over an active area of 4 cm², more 

details are shown in Table 11. The J-V curves of the two best solar cells are depicted in 

Fig. 47. The determined values of Voc = 545.92 mV and Jsc = 29.22 mA/cm² of the best cell 

were increased in comparison to the best cell produced on a 4 inch silicon wafer, as shown 

above. The fill factor increased by 91.62 %, open-circuit voltage by 45.52 % and short-

circuits current density by 10.60 %. Nevertheless, this cell suffered from a high series 

5 µm Back side metallization (Al) 

Spin-on doping on front side of phosphorus solution 

Laser edge isolation process 

Removal of residuals by HF 

Front grid metallization (shadow mask) 

Antireflective coating (SiNx) 

20 µm Epitaxial layer by CoCVD 

Chemical etching by KOH to a thickness of 50 µm 

Laser cutting to 25 mm × 25 mm pieces 

0.5 Ωcm, 300 µm, 4 inch wafer 

RTP process, phosphorus diffusion, BSF creation, solidification of bonding 

Bonding of glass and sample by laminator 

Al paste on borosilicate glass by screen printing 

RCA cleaning 

Removal of phosphorus glass by HF 
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Fig. 46: Photograph of a solar cell with an active area of 4 cm² bonded onto borosilicate glass, 

fabricated according to the COMBO process [81], [112]–[114]. The silicon base material was 

50 µm thick and an additional 20 µm epitaxial layer was applied on top. 

resistance (Rs = 3.52 Ohmcm²) as can be seen in Fig. 47. This high value was attributed to a 

bad contact between the aluminum back contact of the solar cell and the aluminum paste on 

the borosilicate glass. Shunting of the solar cell was not observed and the parallel resistance 

value was Rp = 4.48 kOhmcm². Reference solar cells processed in the same way on 300 µm

 

Fig. 47: In-house measured J-V curves of the best solar cells bonded onto borosilicate glass 

with a 20 µm epitaxial layer, details are shown in Table 11. 
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Nr. A [cm
2
] FF [%] Voc [mV] Jsc [mA/cm

2
] η [%] 

ALZ407-1 4.00 60.17 545.92 29.22 9.60 

ALZ407-2 4.00 55.09 535.60 30.44 8.98 

Table 11: Best results of solar cells bonded onto borosilicate glass (cell area A, fill factor FF, 

open-circuit voltage Voc, short-circuit current density Jsc and efficiency η) determined by a sun 

simulator under AM1.5G illumination and 25 °C solar cell temperature. 

thick float-zone grown Si wafer pieces with a 20 µm epitaxial layer achieved a mean 

efficiency value of 10.11 %. This shows that the overall process requires further adjustment in 

order to achieve higher efficiency values, but it also demonstrates the promising capabilities 

of thin-film silicon solar cell approaches. 

Quantum efficiency and reflectance measurements were performed and the observed data are 

depicted in Fig. 48. The best solar cell ALZ407-1 suffered from high reflection for 

wavelengths below 600 nm. This was due to the absence of surface texturing on the front. In 

addition, a high surface recombination on the front was observed. A high surface 

 

Fig. 48: Internal quantum efficiency (IQE) (blue triangles) and reflectance (red circles) 

measurement of the best solar cell ALZ407-1 bonded onto borosilicate glass with an epitaxial 

layer of 20 µm. 
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recombination rate was also determined on the back side. The reflectance values above 

900 nm were better in comparison to the best cell produced on a 4 inch silicon wafer. 

7.3 Solar Cells Fabricated on Welded Silicon Foils 

 

The positive results of manufacturing solar cells on borosilicate glass encouraged us to 

continue with this method of processing and to apply it to welded silicon foils. However, 

welded silicon foils were very fragile as observed in chapter 6. Therefore, only keyhole 

welded silicon foils were processed further into solar cells.  

The epitaxial layer formed according to the solar cell manufacturing concept introduced in 

chapter 4 was not applied due to issues with the CoCVD machine after the laboratory moved 

from Alzenau to Erlangen. 

7.3.1 Keyhole Welded Silicon Foils Bonded onto Borosilicate Glass 

 

The process flow diagram of the solar cell production on welded silicon foils is depicted in 

Fig. 49. A silicon wafer 280 µm thick and 5 inches in diameter served as feedstock (for details 

see chapter 5.3) and the wafers were laser cut, KOH etched and RCA cleaned as described in 

chapter 7.2. Three silicon foils were then keyhole welded to one silicon foil and RCA cleaned. 

The back side of the silicon foil was electron beam evaporated with 2 µm of aluminum in 

order to create a back contact for the solar cell. The phosphorus emitter and the preparation of 

the borosilicate glass were processed in the same way as the solar cells bonded onto 

borosilicate glass in chapter 7.2. Subsequently, a 2 µm aluminum layer was applied onto the 

glass via electron beam evaporation. The silicon foil and the borosilicate glass were then 

interconnected using mechanical compression. By annealing in a RTP furnace for 

100 seconds at 850 °C in a nitrogen/oxygen atmosphere, the bonding between silicon and 

glass was strengthened and a BSF accomplished [81], [110]–[112]. Additionally the 

phosphorus diffusion was achieved in order to create a p-n junction. The phosphorus glass 

removal, laser edge isolation process, removal of residuals, front contact grid metallization 

and antireflective coating were processed in the same way as solar cells bonded onto 

borosilicate glass introduced in chapter 7.2. One of the resulting solar cells is depicted in 

Fig. 50. During processing a part of the silicon foil broke. Therefore, a solar cell was only  
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Fig. 49: Process flow diagram for solar cells on top of welded silicon foils bonded onto 

borosilicate glass. Differences to the process flow of solar cells on borosilicate glass 

introduced in chapter 7.2 have been highlighted. 

fabricated to the left of the welding seam. 

The best solar cell of keyhole welded silicon foils bonded onto borosilicate glass was 

KH bonded SSP 10. An efficiency of 4.64 % over an active area of 4 cm² was determined. J-V 

curves of the best solar cells on single side polished (SSP) and both sides polished (BSP) 

silicon are depicted in Fig. 51. The determined values of the best cell were Voc = 486.91 mV 

and Jsc = 21.76 mA/cm², more details are shown in Table 12. Overall the performance of this 

solar cell was low, the series resistance value was high with Rs = 3.85 Ohmcm², also it 

suffered from a low parallel resistance Rp = 76.72 Ohmcm². The low value was attributed to a  
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Fig. 50: A photograph of a keyhole welded silicon foils with a solar cell on top with an active 

area of 4 cm² bonded onto borosilicate glass. Silver points at the surface were diffused 

aluminum from the back side. 

bonding and back contact issue. The aluminum for the back contact diffused too far into the 

silicon bulk material and generated an alternative current path for the light generating current.

 

Fig. 51: In-house measured J-V curves of the best solar cells on top of keyhole welded silicon 

foils bonded onto borosilicate glass, details are shown in Table 12. 

Aluminum 
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Nr. A [cm
2
] FF [%] Voc [mV] Jsc [mA/cm

2
] η [%] 

KH bonded 

BSP 6-1 
4.00 25.66 216.26 14.42 0.80 

KH bonded 

SSP 10 
4.00 43.84 486.91 21.76 4.64 

Table 12: Best solar cell results on top of keyhole welded silicon foils bonded onto 

borosilicate glass (cell area A, fill factor FF, open-circuit voltage Voc, short-circuit current 

density Jsc and efficiency η) determined by a sun simulator under AM1.5G illumination and 

25 °C solar cell temperature. 

At some points the aluminum even appeared on the front surface of the foil, as visible in 

Fig. 50. Another drawback was that the silicon foils were slightly bent after welding, which 

made the bonding onto borosilicate glass difficult. 

SSP and BSP silicon raw material was tested in building solar cells. Due to the bonding issue 

and the associated low performance of the solar cells, no statements can be made regarding 

which raw material would be the better choice in terms of high efficiencies.

 

Fig. 52: Internal quantum efficiency (IQE) (blue triangles) and reflectance (red circles) 

measurement of the best solar cell KH bonded SSP 10 bonded onto borosilicate glass. 
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Reference solar cells were fabricated on standard 280 µm thick float-zone grown silicon 

wafers with 9 cells on top of each wafer with an active area of 4 cm². The mean efficiency 

value was 11.01 %. Thus, the solar cell processing was successful. However, the bonding step 

between borosilicate glass and silicon foils proved to be critical and this needs more research 

in order to create solar cells with higher efficiency. Moreover, the back contact was very 

important, but because of the welding design as shown in Fig. 9 c) only the underlying silicon 

foil was connected directly to the glass without a gap and served as a back contact. As a result, 

the current path from p-n junction to the back contact was longer, because it only covered 

50 % of the back side of the silicon foils lying on top. 

Quantum efficiency and reflectance measurements were also performed. Details are provided 

in Fig. 52. The overall IQE values were very low due to the shunting problem and the 

measurement spot was assumed to be close to a defective finger of the front grid. Moreover, a 

high surface recombination was observed on the front of the foils. At the back side also a high 

surface recombination rate was determined. High values of reflectance occurred below 

600 nm as well as above 900 nm. The absence of surface texturing on the front side explains 

the high values below 600 nm. High reflectance values above 900 nm are attributed to the 

reflectance on the back side of the silicon foil. 

7.3.2 Keyhole Welded Stand-Alone Silicon Foils 

 

To demonstrate the performance potential of keyhole welded silicon foils, stand-alone solar 

cells were fabricated. Stand-alone solar cells on keyhole welded silicon were essentially 

produced in the same way as those bonded onto borosilicate glass as shown in the process 

flow diagram in Fig. 49. The difference was that 5 µm aluminum instead of 2 µm were 

applied as a back contact via electron beam evaporation. No bonding onto borosilicate glass 

was included. A finished solar cell is depicted in Fig. 53. 

For these particular solar cells, a smaller front grid was chosen to fabricate a solar cell outside 

of the welded area. Each cell was measured three times by the sun simulator in order to study 

the influence of the welded area of the solar cell. The first measurement was made after the 

normal cell processing. Before the second measurement, an additional laser edge isolation line 

was applied to electrically cut off the welded area from the active area of the solar cell as 

depicted in Fig. 53. On average, the efficiency increased by a factor of 45.57 % between the  
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Fig. 53: Photograph of two solar cells fabricated on top of keyhole welded silicon foils with 

two additional laser edge isolation lines [100]. 

first and the second measurement. The active area of the device should therefore not include 

the welding area. For the last measurement solar cells were masked with an opening of 1 cm², 

which fits to the front grid geometry. 

 

Fig. 54 In-house measured J-V curves of the best solar cells on keyhole welded silicon foils, 

more details are shown in Table 13. 

Additional laser edge isolation 
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Nr. A [cm
2
] FF [%] Voc [mV] Jsc [mA/cm

2
] η [%] 

KH BSP 10-1 1.00 55.76 455.61 31.82 8.08 

KH SSP 9-1 1.00 62.35 561.67 29.74 10.41 

KH SSP 9-2 1.00 67.57 569.47 29.86 11.49 

Table 13: Best solar cell results on keyhole welded silicon foils (cell area A, fill factor FF, 

open-circuit voltage Voc, short-circuit current density Jsc and efficiency η) determined by a sun 

simulator under AM1.5G illumination and 25 °C solar cell temperature. 

The best solar cell KH SSP 9-2 fabricated on keyhole welded silicon foils achieved a world 

record efficiency of 11.49 % over an active area of 1 cm². More details are shown in Table 13. 

J-V curves of the three best solar cells are depicted in Fig. 54. Determined values of the best 

cell of Voc = 569.47 mV and Jsc = 29.86 mA/cm² increased in comparison to solar cell results 

of keyhole welded silicon foils bonded onto borosilicate glass as shown in chapter 7.3.1. The 

best cell had a low series resistance Rs = 0.61 Ohmcm² value. The high parallel resistance 

value of Rp = 8.81 kOhmcm² indicates no problems with shunting. 

 

Fig. 55: Internal quantum efficiency (IQE) and reflectance measurement as well as simulated 

IQE of the best solar cell KH SSP 9-2 on keyhole welded silicon foils, for further details see 

Table 14. 
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 Parameters Simulated Data Unit Measured Data 

 Device area 1.00 cm
2
  

 Emitter contact 0.61 Ohm  

 Thickness 50.00 µm  

 P-type background doping 3.25×10
16

 cm
-3

  

Input Sheet resistance 129.50 Ohm/square  

 1
st
 rear diffusion 4.00×10

16
 cm

-3
  

 Bulk recombination 50.00 µs  

 Front surface recombination 1.60×10
6
 cm/s  

 Rear surface recombination 1.50×10
4
 cm/s  

 Jsc 28.40 mA/cm
2
 29.86 

Output Voc 589.00 mV 569.47 

 η 12.60 % 11.49 

Table 14: Abstract of the input and output data of the PC1D simulation plus the comparison 

between simulated and measured data of solar cell KH SSP 9-2 [100].  

Fabricated reference solar cells were built on top of 280 µm thick standard float-zone grown 

silicon wafers. On each wafer 9 cells with an active area of 4 cm² each were fabricated. The 

mean efficiency value was 10.86 %. The low efficiency values were due to a simple solar cell 

process and differences may be due to scattering of processes. 

Solar cells on SSP silicon material showed a higher performance than solar cells on BSP 

material, which suffered from higher series resistance values and significantly lower parallel 

resistance values. The reason for this is not well understood and needs further investigation.  

Quantum efficiency and reflectance measurements revealed high reflectance values below 

600 nm and above 900 nm, see Fig. 55. These values below 600 nm were due to the absence 

of surface texturing on the front side. Values above 900 nm were due to the reflectance on the 

back side of the silicon foils. On the front side, a high surface recombination was observed. A 

high surface recombination rate was also observed on the back side. Using PC1D 

(Version 5.9) to simulate the best solar cell result and adjust the model to the measured IQE 

characteristics, values of front surface recombination of 1.60×10
6
 cm/s and rear surface 

recombination of 1.50×10
4
 cm/s were determined, more details of the simulation model are 

stated in Table 14. 
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The performance data of the best solar cell KH SSP 9-2 (Jsc = 28.40 mA/cm
2
, 

Voc = 589.00 mV, η = 12.60 %.) determined by the simulation model differs in comparison to 

the measured results. The short-circuit current density was lower and the open-circuit voltage 

as well as efficiency higher than the measured results. This discrepancy was addressed to the 

fact that by stacking two silicon foils on top of each other two unpassivated surfaces were in 

the middle of a solar cell. The two foils were only connected by the holes drilled through both 

by keyhole welding. This is not possible to simulate in an one dimensional model. 

Additionally maybe aluminum diffused too far into the silicon bulk material, which was 

observed by solar cells on keyhole welded silicon foils bonded onto borosilicate glass in 

chapter 7.3.1. However, the measured internal quantum efficiency data were low at high 

wavelength, which showed that the BSF of the solar cell did not work as supposed to. 

Therefore, in the simulation model the 1
st
 rear diffusion was set to a very low value 

comparable to the bulk material. Of course this value is not realistic for a BSF, but in our case 

necessary to fit the determined data by simulation onto the measured data. 

However, these results demonstrate the capabilities of silicon thin-film solar cell approaches. 

Even producing solar cells in such a simple way, efficiencies of 11.49 % can be reached. 

Therefore, higher efficiencies would be possible when applying state of the art techniques 

used in mass production and handling problems are solved. However, the results shown above 

demonstrate the concept only and this method of production still requires further investigation. 
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8. Conclusion and Outlook 

 

Since the 70s, solar cells and modules have constantly been improved. With each new 

generation of devices, new power conversion efficiencies records have been achieved. Due to 

the high pressure and competition in manufacturing cheaper solar modules on the 

international market, thin-film approaches are becoming more and more attractive to solar cell 

manufacturers. Thin-film modules are much lighter and more flexible than conventional solar 

modules. Bent applications are therefore are feasible. Also they are cheaper to fabricate due to 

less material usage. 

In this thesis a thin-film solar module manufacturing process was introduced. In this process 

solar cells are fabricated from a band substrate called extended monocrystalline silicon base 

foil, which would be the first monocrystalline band substrate. This band substrate consists of 

several individual silicon foils with a thickness of approx. 50 µm, which are welded together 

using a laser. The feedstock of the foils is float-zone grown silicon, which together with a 

layer transfer process such as PSI and an epitaxial process provides the required thin-film 

silicon layer from the gas phase for solar cell production. In order to realize that process 

techniques for the manufacture of high performance solar cells on float-zone grown ingot 

material must be transferred and adjusted for the thin-film solar cell approach to achieve high 

performance cells. Furthermore, this manufacturing process makes it possible to overcome the 

size restriction of silicon ingot material by creating the band substrate. As a result, a transfer 

into an industrial roll-to-roll process of this thin-film technology is feasible. Also the solar cell 

fabrication would be more economical than the processing of single wafers due to the re-use 

of the silicon feedstock by applying a layer transfer process such as PSI. 

In order to realize this manufacturing process, the crucial welding step of the individual 

silicon foils to a band substrate was investigated in this thesis. Several silicon materials were 

evaluated for the welding process. KOH etched silicon was chosen for further processing. 

Three different methods of laser welding were applied to tackle the welding step: 

1. Laser spot welding with a low constant feed speed at room temperature 

2. Laser line welding at room temperature and preheated foils 
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3. Keyhole welding at preheated foils of 1015 °C 

The silicon foils were analyzed using micro-Raman microscopy and EBSD to investigate 

material changes by laser irradiation.  

Welded silicon foils produced by laser spot welding with a low constant feed speed suffered 

from high values of induced stress as well as from newly formed grains. The determined 

internal stress varied enormously. Also the reproducibility and yield was very low. Moreover, 

for a roll-to-roll process the extended monocrystalline silicon base foil needs to be 

mechanically stable, and therefore this method of welding was not investigated further. 

In laser line welding the welded silicon foils suffered from a thickening at the welding seam. 

Results of welding preheated silicon foils or at room temperature remained the same. The 

thickening appeared to be caused by wetting problems as well as differences in surface 

tension and can be explained by the rule of Eötvös [108], [109]. The reproducibility for this 

method of welding was very low. EBSD results differed considerably, some silicon foils 

showed newly formed grains after welding, whilst others did not. Moreover, stress values 

induced by this method of welding also differed considerable. The achieved low yield and the 

thickening at the welding seam are major drawbacks of this kind of welding. They would 

make it very difficult to fabricate a flat extended monocrystalline silicon base foil in an 

industrial roll-to-roll process. Hence, this way of welding was not further investigated. 

In keyhole welding the silicon foils were preheated in a crucible furnace to decrease the 

induced internal stress using laser beam irradiation. Micro-Raman characterization revealed 

very homogenous mappings with moderate tensile and compressive stress values. A very high 

mechanical stability was therefore predicted. No effects such as thickening or newly formed 

grains at the welding area were observed by EBSD analysis as in the other two welding 

processes. Due to the exposure to high laser irradiation over a very small area, valleys and 

mountains were observed on the back side, but this fact is negligible in terms of solar cell 

production. A laser edge isolation process will exclude the welded area from the active area of 

the solar cell. Therefore, no negative effects should occur. Additionally the highest yield was 

achieved by keyhole welding in comparison to the other two methods of welding. It was a 

highly reproducible and very reliable process. Thus, this process is the most promising to 

create an extended monocrystalline silicon base foil. 
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In order to improve the bonding quality of keyhole welded silicon foils even further, BSP 

silicon material was used instead of SSP material. This decreased the distance between the 

welding partners and increased the laser irradiation of the underlying welding partner, as 

during welding of SSP material the unpolished back sides of the silicon foils were stacked on 

top of each other. By this a significant reduction of the induced stress by laser irradiation was 

observed by micro-Raman internal stress mappings. 

Solar cells fabricated from 50 µm thin keyhole welded silicon foils demonstrated their high 

potential. The best cell achieves a world record efficiency of 11.49 % over an active area of 

1 cm². Promising values of FF = 67.57 %, Voc = 569.47 mV and Jsc = 29.86 mA/cm² were 

determined. The cells were fabricated in a simple way without using a clean room 

environment. Also no front side texturing and surface passivation were applied. Thus, higher 

efficiencies are feasible by applying state of the art techniques already used in mass 

production, without resulting in a large cost driving impact for these solar cells. 

However, the presented thesis demonstrates the concept only. Thus, this concept of solar cell 

manufacturing still needs further investigation. Nevertheless, its advantage in reducing silicon 

consumption by approx. 90 % in comparison to a standard silicon solar cell is clear. Further 

investigations with techniques used in mass production like surface passivation and front side 

texturing must show the real potential for efficiency offered by this concept. Recently this has 

partially been done by the company Solexel. A confirmed efficiency value (NREL) of 20.1 % 

on a 156 mm × 156 mm industrial sized and 43 µm thick solar cell exists, based on the PSI 

process [9]. Nevertheless, the key aspect of an extended monocrystalline silicon base foil is 

still missing, the welded monocrystalline band substrate. The results presented in this thesis 

can only be a beginning, because the dimension of the silicon foils needs to be scaled up in 

order to create a band substrate which is feasible for an industrial roll-to-roll process. 

Otherwise this concept will not be competitive in comparison to well established processes in 

the photovoltaic market and therefore attractive to manufacturers. 

 



Abbreviations and Symbols 

 
92 

 

Abbreviations and Symbols 

 

AM1.5G  air mass 1.5 global  

AR   anti-reflective 

a-Si   amorphous silicon 

BSE   back scattered electrons 

BSF   back surface field 

BSP   both side polished 

CB   conduction band 

CdTe   cadmium telluride 

CIGS   copper indium gallium diselenide 

CoCVD  convection-assisted chemical vapor deposition 

COMBO  combined Al bonding 

CMOS   complementary metal oxide semiconductor 

CVD   chemical vapor deposition 

EBIC   electron-beam-induced current 

EBSD    electron backscatter diffraction 

EFG   edge defined film-fed growth 

EQE   external quantum efficiency 

FIB   focused ion beam 

FWHM  full widths at half maximum 

GaAs   gallium arsenide 

HCl   hydrogen chloride 

HF   hydrofluoric acid 

IBC   interdigitated back-contacted 

IQE   internal quantum efficiency 
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KH   keyhole 

KOH   potassium hydroxide 

µc    microcrystalline 

MPP   maximum power point 

nc   nanocrystalline 

NOCT   normal operating cell temperature 

NREL   National Renewable Energy Laboratory 

PECVD  plasma-enhanced chemical vapor deposition 

PSI   porous silicon  

QMS    quasi monocrystalline silicon 

RTP   rapid thermal processing 

SEM   scanning electron microscope 

Si   silicon 

SRH   Shockley-Read-Hall   

SSP   single side polished 

STC   standard test conditions 

VB   valance band 

ZAE Bayern  Bavarian Center for Applied Energy Research 

ZMR   zone-melting recrystallization
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