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1. Introduction 

Solar cell attracts more and more attentions recently since it transfers and storages energy 
directly from the sun light without consuming natural resources on the earth and polluting 
environment. In 2002, the solar industry delivered more than 500 MW per year of 
photovoltaic generators. More than 85% of the current production involved crystalline 
silicon technologies. These technologies still have a high cost reduction potential, but this 
will be limited by the silicon feedstock (Diehl et al., 2005; Lee et al., 2004). On the other hand 
the so-called second generation thin film solar cells based on a-Si, μc-Si, Cu(In,Ga)(Se,S)2, 
rare earth or CdTe have been explored(Shah et al.,2005; Li et al.,2004). Crystalline silicon on 
glass (CSG) solar cell technology was recently developed by depositing silicon film on a 
glass substrate with an interlayer. It can addresses the difficulty that silicon wafer-based 
technology has in reaching the very low costs required for large-scale photovoltaic 
applications as well as the perceived fundamental difficulties with other thin-film 
technologies (M. A. Green et al., 2004). This technology combines the advantages of 
standard silicon wafer-based technology, namely ruggedness, durability, good electronic 
properties and environmental soundness with the advantages of thin-films, specifically low 
material use, large monolithic construction and a desirable glass substrate configuration. 
This Chapter will descript research about the polycrystalline silicon thin film absorber based 
on CSG technology with high efficiency. Line shaped electron beam recrystallized 
polycrystalline silicon films of a 20μm thickness deposited on the low cost borosilicate glass-
substrate, which are the base for a solar cell absorber with high efficiency and throughput. It 
is known that the morphology of polycrystalline silicon film and grain boundaries have 
strong impact on the photoelectric transformation efficiency in the later cell system. Thus, 
this study concentrates on the influence of recrystallization on the silicon-contact interface 
and the surface morphology.  

2. Experiment methods 

Fig. 1 shows the schematic illustration of the silicon solar cell used in this work. The 
substrate of polycrystalline silicon thin film is Borosilicate glass, which is 10×10×0.07cm3 in 
size. A pure tungsten layer of 1.2µm was sputtered on the glass substrate at DC of 500W in 
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an argon atmosphere, which has almost the same thermal expansion coefficient of 4.5×10-6K-

1 as that of the silicon film (Linke et al., 2004; Goesmann et al., 1995). This tungsten interlayer 
was used as a thermal and mechanical supporting layer for deposition of the silicon film. 
Nanocrystalline silicon films were then deposited on the tungsten interlayer by the plasma 
enhanced chemical vapour deposition process (PECVD) within SiHCl3 and H2 atmosphere. 
Details of the process were described in References (Rostalsky et al., 2001; Gromball et al., 
2004, 2005). The power density used was 2.5W/cm2. The gap in the PECVD parallel plate 
reactor was 10mm and the substrate temperature was 550℃. The flow rate H2/SiHCl3 is 0.25 
to reduce the hydrogen and chlorine content in the film. Boron trichloride (BCl3) was added 
in the gas for an in-situ p-doping. The process pressure was chosen to 350 Pa for the 
minimized stress. At the above conditions, the deposition rate up to 200nm/min was 
obtained. After a silicon film of 15-20μm thickness was deposited, a SiO2 layer of 400nm 
thickness was deposited on the top of the silicon from SiHCl3 and N2O within 5 min to 
prevent balling up. 
 

 

Fig. 1. Structure of thin film silicon solar cell 

 

 

Fig. 2. Schematic of the linear electron beam recrystallization system (Gromball et al., 2005) 
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The P-doped polycrystalline silicon absorber of 10cm² was melted and recrystallized by a 
controlled line shaped electron beam (size in 1×100mm2) as described in Fig.2. The 
appearance of the sample after recrystallization was shown in Fig.3. The samples are 
preheated from the backside to 500°C within 2 min by halogen lamps. The electron beam 
energy density applies to the films is a function of the emission current density, the 
accelerating voltage and the scan speed. The scan speed is chosen to 8mm/s and the applied 
energy density changes between 0.34J/mm2 and 0.4J/mm2. To obtain the required grain 
size, the silicon should be melted and re-crystallized. Therefore, temperature in the electron 
beam radiation region should be was over the melting point of silicon of 1414°C. The surface 
morphology of the film, as well as distribution of WSi2 phase under different energy 
densities has been investigated by means of a LEO-32 Scanning Electron Microscopy. 
 

 

Fig. 3. Appearance of polycrystalline silicon absorber after recrystallization 

3. Results and discussion 

3.1 Microstructure of the capping layer  
The applied recrystallization energy density strongly influences the surface morphology and 

microstructure of the recrystallized silicon film. With the energy increasing, the capping 

layer becomes smooth and continuous and less and small pinholes form in the silicon film. 

Excess of recrystallization energy density leads to larger voids in the capping layer, more 

WSi2/Si eutectic crystallites, a thinner tungsten layer and a thicker tungstendisilicide layer.  

Fig.4 gives the top view of the polycrystalline silicon film after the recrystallization. The EB 

surface treatment leads to recrystallization to obtain poly-Si films with grain sizes in the 

order of several 10µm in width and 100µm in the scanning direction as shown in Fig.5. The 

polycrystalline silicon films in Fig.4 are EB remelting with four different EB energy 

densities. Area A was treated with an energy density of 0.34J/mm2 (the lowest of the four 

areas) while area D was treated with an energy density of 0.4J/mm2 (highest of the four 

areas) on the same nanocrystalline silicon layer.  

 

 

A B C D

 

Fig. 4. Top view of the recrystallized silicon film, with increase of applied energy density 
from the left to the right 

 Without recrystallization 

Recrystallized area 
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Fig. 5. Grain microstructure of Ploy-Silicon absorber after recrystallization 

 

 

(a) є=0.34J/mm2 ; (b) є=0.36J/mm2 ; (c) є=0.38J/mm2; (d) є=0.4J/mm2 

Fig. 6. Surface morphology of the recrystallized silicon layer under different energy density 
є (Fu et al., 2007) 
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Fig.6 and Fig.7 show the morphology and microstructure of the EB treated layers. The 
nanocrystalline silicon is zone melted and recrystallized (ZMR) completely under all the 
energy chosen in this experiment. It can be seen that after the EB surface treatment, micro-
sized silicon grains were formed in all the samples treated under different electron beam 
energy density є.  
The outmost surface was silicon dioxides with some voids and pinholes (bright spots), as 
shown in Fig.6. Large areas with a rough surface were where the silicon dioxide capping 
layer (SiO2) existed. The voids (the dark area in Fig.6) in the silicon dioxide capping layer 
penetrated into the silicon layer with smooth edges. The bright areas were the bottom of the 
pinholes in which the WSi2 remained.  
Influences of the EB energy density on the morphology of deposited films are summarized 
in Table 1. The energy density influences the surface morphology of the film system 
strongly. The capping layer exhibited more voids when a lower EB energy density was used, 
as shown in Fig.6a. The SiO2 capping layer is rougher and appeared as discontinuous 
droplet morphology in this condition. In addition, large tungstendisilicide pinholes formed 
due to the lower fluidity and less reaction between the silicon melt and the tungsten 
interlayer. When the EB energy density was increased, the capping layer becomes smoother 
and the size of voids was reduced. The number and size of pinholes also became smaller. 
However, when excess EB energy was applied, the solidification process became unstable 
and the amount of pinholes increased again. The silicon dioxide capping layer became 
discontinuous in this case, as shown in Fig. 6d. 
 

 

(a) є=0.34J/mm2 ; (b) є=0.4J/mm2 

Fig. 7. Microstructure of the capping layer and silicon grain under different energy density є 
(Fu et al., 2007) 

It was suggested that the voids are caused by the volume change of the capping layer and 
the silicon melt during the recrystallization process. Early work [6] suggested that the silicon 
dioxide in the capping layer could be considered as a fluid with a relatively high viscosity at 
the EB treatment temperature. For the same amount of silicon, the volume of the solid VS is 
about 1.1 times of that of the liquid VL. Therefore, during solidification process of the silicon 
melt, the volume increases will produce a curved melt surface. This will generates a tensile 
stress in the capping layer because of he interface enlargement between the viscous capping 
layer and the molten silicon. Once the critical strain of the capping layer is surpassed, voids 
will form in the capping layer. Due to the surface tension of the capping layer and its 
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adhesion to the silicon melt the capping layer also arches upwards and widens the voids. 
This effect is enhanced by thermal stress and outgassing during the solidification process 
[5]. As the size, area and viscosity of the SiO2 layer is affected by the EB energy density, the 
size and the number of the voids in the capping layer are dependant on the EB energy 
density as well. 
 

Energy level SiO2 capping/ voids pinholes 
Wremaining/ 
WSi2 ratio

WSi2 /Si 
eutectic 

Low 
(0.34J/mm2) 

rough, droplet 
morphology 

High density, biggest 
(>200µm) 

21.7% fine 

Middle 
(0.36-0.38J/mm2)

smooth, continuous
sporadic, small size 

(<50µm) 
13.3% coarse 

High 
(0.4J/mm2) 

smooth, 
discontinuous 

Low density, 
bigger(<100µm) 

10.5% 
coarser and 

widely spread 

Table 1. Influence of the recrystallization energy on the surface morphology of the silicon 
film system 

3.2 Formation of eutectic (WSi2/Si) 
This Chapter gives the details about the formation of Tungstendisilicide (WSi2). The film 

system consists of a 20μm thick silicon layer on a 1.2μm thick tungsten film. 

Tungstendisilicide (WSi2) is formed at the interface tungsten/silicon but also at the grain 

boundaries of the silicon. Because of the fast melting and cooling of the silicon film, the 

solidification process of the silicon film is a nonequilibrium solidification process.  

It was claimed that tungstendisilicides were formed in their tetragonal (Hansen, 1958; 

Döscher et al., 1994) by the solid/solid state reaction and the solid/liquid state reaction 

between tungsten and silicon according to equation (1) and (2). 

 700 1390
( ) ( ) 2( )2 C C
s s sSi W WSi                                      (1) 

 1390
( ) ( ) 2( )2 C
l s sSi W WSi                                          (2) 

Formation of the eutectics can be explained using the phase diagram of the Si-W alloy 
system, as shown in Fig.8. The reactions should start at temperatures above 700°C. The 
eutectic crystallites (WSi2/Si) are precipitated from the silicon melt at a eutectic 
concentration of 0.8 at% W at the eutectic temperature 1390°C in thermal equilibrium. With 
the temperature increased to above the eutectic temperature (1390°C) for tungsten enriched 
silicon melt, the WSi2 layer mainly formed through a solid-liquid reaction and the thickness 
of the silicide layer increased rapidly. Because 100ms (the FWHM of the electron beam 
related to the scan speed) were sufficient to generate the tungstendisilicide layer. However, 
in this experiment, the solidification process of the nanocrystalline silicon was completed 
within 12.5 seconds for a sample of 10cm2 area. Therefore, the solidification process was 
completed in a nonequilibrium state and the liquid-solid transformation line will divert 
from equilibrium line shown in Fig.8. At the beginning of the silicon solidification, the 
formation of tungstendisilicide crystallites will be suppressed by the rapid freezing and 
followed by the formation of solid silicon. These crystallites start to form just below the 
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liquid-solid transformation temperature, and their growth will be not immediately 
accompanied by the tungstendisilicide crystallite formation. Therefore, the silicon phase 
forms dendrites, which grow over a range of temperature like ordinary primary crystallites. 
Below the eutectic reaction temperature, the remaining melt solidifies eutectically as soon as 
the melt is undercooled to a critical temperature to allow silicon crystallite growth. 
 

 

Fig. 8. Phase diagram of the Si-W alloy system in equilibrium (Hansen, 1958) 

3.3 Microstructure and distribution of the eutectic crystallites (WSi2/Si) under 
different recrystallization energy 
Tungstendisilicide (WSi2) was formed at the tungsten/silicon interface but also at the grain 

boundaries of the silicon throughout all the EB energy density range. A top view scanning 

electron spectroscopy (SEM) and EDX analysis of the surface region showed that eutectic 

structure (tungstendisilicide precipitates / silicon) were mainly localized at the 

recrystallized silicon grain boundaries, as is shown in Fig.9. A typical hypoeutectic structure 

was found in the exposed silicon layer, which consisted of cored primary silicon dendrites 

(dendritic characteristic was not very evident) surrounded by the eutectic of the silicon and 

the tungstendisilicide precipitates. In this eutectic, tungstendisilicide (white areas in the 

lamellar shape) grew until the surrounding silicon melt had fully crystallized. The eutectic 

statistically distributed at the primary silicon grain boundaries. The formation and 

distribution of the eutectic depended on the crystallization and the growth dynamic of the 

tungsten enriched silicon melt. This is a nonequilibrium solidification process. 

The size and the amount of the tungstendisilicide/silicon eutectic depended on the course of 
the process: when the higher the energy was used in the recrystallization process of the 
silicon layer, more and large tungstendisilicide crystals grew in the silicon melt. In addition, 
the WSi2/Si eutectic became coarser at the primary silicon grain boundaries and spread 
more widely. This was due to the prolonged solidification period for the tungsten enriched 
silicon melt in the remaining liquid, primarily at the grain boundary. At these sites, the 
tungstendisilicide crystallites precipitated in the final solidification areas at lower 
temperature than in case of equilibrium, due to the high tungsten concentration in the 
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(a) є=0.34J/mm2; (b) є=0.36J/mm2; (c) є=0.38J/mm2; (d) є=0.4J/mm2 

Fig. 9. SEM results of the eutectic structure under different recrystallization energy density є 
(Fu et al., 2007) 

 
 

 

(a) є=0.34J/mm2 ; (b) є=0.40J/mm2 

Fig. 10. Cross section of typical silicon film system under different energy density є (Fu et 
al., 2007) 
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volume. For high EB energy density there was more time for the precipitation and growth of 
tungstendisilicide and thus more tungstendisilicide crystallites were precipitated at the 
silicon grain boundaries. The strong tendency of formation of tungstendisilicide at the 
primary grain boundaries would reduce the efficiency of the solar absorber. Thus a high 
energy density is not favorable for the recrystallization process. 
Fig.10 shows the cross section of a typical resolidified silicon film remelted with different EB 
energy densities. Tungstendisilicides (WSi2) were formed in the region between the tungsten 
layer and the silicon layer without relationship to the EB energy density range applied in 
this research. A thick tungstendisilicide of 2.0-2.86μm exhibited in this experiment. The 
higher the applied EB energy density, the thicker the tungstendisilicide layer between the 
tungsten and the silicon layer, the thinner the remaining tungsten layer will be.  
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Fig. 11. SEM top view of the recrystallized silicon film in the pinhole area and its EDX line 
profile mapping results 
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3.4 Impurities in the recrystallized silicon film 
The relatively high chlorine and hydrogen concentrations in the order of 0.5at% lead to 

outgassing during the recrystallization in completely melting regimes. This effect makes the 

capping layer arch upwards and widens the voids. Isolated pinholes in the silicon film can 

be observed. A weak hydrogen chloride peak is detected by mass spectrometry in the base 

gas atmosphere of the recrystallization chamber. Fig.11 shows an area surrounding a 

pinhole taken with SEM and the relative element concentrations measured by energy 

dispersive x-ray analysis (EDX) along the black line. There are no chlorine and hydrogen in 

the area surrounding a pinhole in the recrystallized film. 

4. Summary 

This Chapter descried the influence of the applied EB energy density used for the 

recrystallization process on the surface morphology of the ploy-silicon film system. At a low 

EB energy density, the voids were formed in the capping layer and the SiO2 capping layer 

exhibited a rougher and droplet morphology. With the increase of EB energy density, the 

capping layer became smooth and the size of the voids decreased. The size and amount of 

pinholes increased again if the EB energy density was too high. This also led to the 

formation of larger voids in the capping layer as well as coarser and wider spreading of a 

WSi2/Si eutectic crystallite at the grain boundaries.  

This Chapter also gave the details about the formation of Tungstendisilicide (WSi2). The 

tungstendisilicide precipitates/silicon eutectic structures were mainly localized in at the 

tungsten/silicon interface but also at the grain boundaries of the silicon throughout all the 

EB energy density range, as well as the relationship between energy density and 

microstructure of WSi2/W areas. Tungstendisilicide forms in its tetragonal by the reaction of 

tungsten with silicon. WSi2 improves the wetting and adhesion of the silicon melt but the 

tungsten layer may degrade the electrical properties of the solar absorber. The formation 

and distribution of the eutectic depended on the crystallization and the growth dynamic of 

the tungsten enriched silicon melt. This is a nonequilibrium solidification process.  

A tungstendisilicide layer was formed between the tungsten layer and the silicon layer for 

all EB energy densities used. The higher the applied EB energy density, the thicker the 

tungstendisilicide layer grows and the thinner the tungsten layer left. It is important to 

perform the recrystallization process at a moderate energy density to suppress the formation 

of both WSi2/Si eutectic and pinholes. In addition, there are no chlorine and hydrogen in the 

area surrounding a pinhole after recrystallization because of outgassing during the 

solidification.  
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