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Motivation

kerf less = no material waste + very thin wafers 

= long-term future technology

kerf loss ~ 30-50% high purity silicon (108 kg/year) [1,2] 

= huge saving potential for manufacturing costs

[f] 
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[b] 
[c] 
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[e] 

[1] P. Keller et al., in Proceedings of EU PVSEC, Amsterdam, pp. 603-607, 2014 
[2] A. Jäger-Waldau, JRC's 2014 PV Status Report,, Report EUR 26990 EN
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2a-Si thin film

high rate
EB-PVD
[Heinß et al., 2015]

* * * * * * * 

Motivation
- kerfless wafering Technologie am Fraunhofer FEP -

crystalline  substrate

in s itu dry 
clean process
[Bodenstein et al., 2015]
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[Metzner et al., 2015]
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Methods and Numerical Model

 using a-Si coated Si-Wafers

 electron beam line scribing with different line scanning speed

𝑣𝑦,1 𝑣𝑦,7… …

EB 
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Methods and Numerical Model

 For temperature field - solving 3D heat equation 

 For stress field – considering thermal and initial stress

𝑐𝑝 𝑇 𝜌 𝑇
𝜕𝑇  𝑟, 𝑡

𝜕𝑡
− 𝛻 𝜆 𝑇 ⋅ 𝛻𝑇  𝑟, 𝑡

= 𝑝𝐴  𝑟, 𝑡 − 𝜌(𝑇)
𝜕ℎfus

𝜕𝑡

𝑝𝐴  𝑟, 𝑡 = 𝜂𝑡ℎ𝑈𝐵 ⋅ 𝑗𝐵 𝑥, 𝑦, 𝑡
𝑓𝐴 𝑧

𝑅𝑒

𝑇  𝑟, 𝑡 = 0 = 𝑇𝑖𝑛𝑖 ∀ 𝑟 ∈ 𝒦

−𝜆 𝑇 ⋅ 𝑛 ⋅ 𝛻𝑇  𝑟, 𝑡 = 𝜀 𝑇 ⋅ 𝜎𝑆𝐵 𝑇𝑈
4 − 𝑇4 ,    ∀ 𝑟 ∈ 𝜕𝒦
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0𝑥 = 0 m
symmetry plane 

 𝜎 =  𝜎𝑖𝑛𝑖 +  𝐶:  𝜖𝜎

 𝜖𝜎 =  𝜖 −  𝜖0 −  𝜖th

 𝜖th =  𝛼 𝑇 ⋅ 𝑇  𝑟 − 𝑇ref

𝓌𝜎 =
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2
⋅  
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𝑑
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electron beam
current density

electron beam
diameter

𝑒𝐴(𝑥, 𝑦) =
1

𝑅𝑒
 𝑝𝐴  𝑟, 𝑡 d𝑡 d𝑧
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Experimental Results
- line scribing on a-Si coated Si-Wafer by electron beam-
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𝟎𝟏𝟏

 layer delamination at certain areas
for  𝑣𝑦 ≥ 50 m/s and 𝑒𝐴≤ 7 kJ/cm3, resp.

 still attached layer regions are 
still amorphous

 detached layer regions shows a fine 
grained structure with long crystallites
and with random crystal orientation
 explosive solid phase crystallization

inverse pole 
figure color key
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Numerical Results

- simulation of the temperature field -

𝟏𝟎𝟎𝟎 𝐊

8𝟎𝟎 𝐊

𝟏𝟒𝟎𝟎 𝐊

𝟏𝟐𝟎𝟎 𝐊

6𝟎𝟎 𝐊

𝟒𝟎𝟎 𝐊

𝒅𝑭 = (𝟎, 𝟔 ± 𝟎, 𝟔𝟔) 𝐦𝐦

 𝑇max < 𝑇𝑎−𝑙 ≈ 1420 K (crystallization temperature)

 No crystallization phenomena would be expected
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Numerical Results

- simulation of the thermal stress field -

𝝈
𝒚

𝒚
𝐌

𝐏
𝐚

−𝟐𝟎𝟎

+𝟐𝟎𝟎

−𝟒𝟎𝟎

−𝟔𝟎𝟎

𝟎

𝒅𝑭 = (𝟎, 𝟔 ± 𝟎, 𝟔𝟔) 𝐦𝐦

(deformation is displayed 100x expanded)

 Initial tensile layer stress 𝜎𝑖𝑛𝑖 will be 
compensated by compressive thermal stress

 maximum stress value of the 𝜎𝑦𝑦-component 

shows little variation in the a-Si layer

 Delamination phenomena can not be explained
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Numerical Results

- simulation of the thermal stress field -

 energetic consideration of stress conditions -

 Rising elastic strain energy desisty 𝓌𝜎 with 
increasing absorbed electron beam energy 𝑒𝐴

 Layer delamination will be expected if the 
stored mechanical energy exceeds the interface 
energy. 
This is the case for
𝑣𝑦 ≥ 50 m/s and 𝑒𝐴≤ 7 kJ/cm3, respectively  

plausibel reason for layer delamination 
phenomena

𝓌𝜎 =
1

2
⋅  

0

𝑑

 𝜎:  𝜖𝜎 d𝑧

areal elastic strain energy density
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Experimental Results
- additional crystallization tests with

extended scanning pattern -
 Slowly heating up the whole sample to the 

maximum of 𝑇max ≈ 1500 K

 No layer delamination observed !

 layer crystalizes with the same (001) crystal 
orientation from Si-substrate 

 epitaxial solid phase crystallization

glowing sample during 
electron beam processing

c-Si-Substrat

a-Si-Schicht

applied scanning pattern 
with high repletion rate at 

lower EB power
line pitch ≪ 𝑑𝐹
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Conclusion and Outlook

 electron beam treatment on a-Si coated Si-substrates 

 epitaxial regrowth to (001) crystal orientation from Si-substrate 

 Increasing EB power density for enhancing throughput  layer delamination
Reason???

 COMSOL® simulation  accumulation of strain energy up to interface energy
 simulation results agree very well with experiment

 with FEM simulations  an efficient process optimization is possible
 undetectable process states can be find out
 unexplainable processes phenomena can be understood

 Further working tasks  further process optimization 
 determine process limits for enhancing throughput

mission  enhancing of competences for the simulation of thermal and 
mechanical processes

 looking for project partners for extending
further systematical studies 
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