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ABSTRACT: High-throughput production lines for silicon solar cells are installed with an overall capacity of app. 
200MW/a worldwide last year [1]. Throughput rates of up to 2.500cells/hr per installed production line are reached 
already. These production lines have to be capable of handling thin wafers, with wafer thickness in industrial 
production already reaching a thickness of 230µm and below. At the same time silicon feedstock and wafer material 
with decreasing quality is penetrating the global market, due to shortcut in low-cost and solar-grade silicon. 
Additionally final average efficiency in the range of 15,0 up to 16,0 % on mc-Si material (wafer size: 156 x 156mm2) 
can be achieved by some of the existing production lines. All these boundary conditions lead to a significant 
importance of in-line characterization. Inline quality control mechanisms are and have to be developed either for 
silicon wafer material and cells. This work was focused on a more comprehensive inspection of wafer material, 
regarding µ-cracks. It could be shown that µ-crack detection has to be carried out at different steps of a production 
line due to processes, which advantaging crack formation. The work gives the basis for an inspection tool to be used 
as in-line characterization of wafer material and finished solar cells. 
. 
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1 INTRODUCTION 
 
 Reduction of wafer thickness directly leads to lower 
stability and higher risk of breakage. This has been 
shown in several previous studies [1,2]. Important for the 
breakage risk is the minimum force to be applied before 
breakage occurs. The main factor to increase this 
minimum force is the existence of cracks or µ-cracks. 
Detection of cracks is therefore a effective method to sort 
out “weak” wafers. 
 Solar cell production lines have to fulfil three simple 
rules, in order to be competitive: (1) high throughput, (2) 
high yield and (3) high efficiency. The first two 
objectives are directly linked to the breakage rate in a 
production line.  
 Achieving a high throughput and yield is only 
possible by characterisation of stability and detection of 
cracks. The latter opens the chance to define the source 
of crack formation. Several techniques have been 
evaluated in order to achieve the needs of industry: e.g. 
detection by thermography (either with excitation by 
light or be ultrasonic checking), sound detection in 
combination with ultrasonic excitation, optical detection 
with cameras. Only some techniques are used so far in 
industry: manual inspection (optical and sound detection 
by twisting the wafer), camera systems (standard 
backlight setup) and twist testing. 
 The following experiments show two characterisation 
techniques with the industrial capability to detect cracks 
and sort wafers and cells by mechanical stability. An 
advanced optical method “light-through” detection in 
combination with a fast twist testing.  
 
 
2 EXPERIMENTAL SETUPS  
 
 The detection of µ-cracks and cracks and the 
influence on the stability of silicon wafers was the goal 
of our experiments. Figures 1&2 show the used technique 

for detection of cracks. The wafer will be placed above a 
very intense flash-light app. 1.000 suns at wafer surface 
with a broad light spectrum.  
 Several different techniques using light of different 
wavelengths were proposed already. None of these 
techniques could show the potential of μ-crack detection 
down to a range of < 10μm together with a processing 
time < 2 sec.  
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Figure 1: Schematic drawing of measurement setup. 
 
 New high-resolution CCD cameras can be used to 
improve the minimal crack width to be detected. At the 
same time light sensitivity has to be high in order to 
detect very small light intensities. The goal is only 
detection of cracks without determination of crack width. 
 Figure 1 shows the setup of such inspection system. 
The camera detects the IR-light coming through the 
silicon wafer. For selectively detecting open cracks > 
1µm a blue filter can be used to suppress IR light and 
only detect white light coming through a crack (Fig. 1).  
 The high flash intensity leads to a high detection 
sensitivity and allows registration of even μ- cracks with 
multiple reflections within the crack edges (Fig. 2). The 
crack therefore doesn’t need to be perpendicular to the 
wafer surface. This method is as well not limited to the 
middle area. With a special design of the wafer 
mounting, all wafer area even edges can be checked. 
First prototype setups are finished to test this method 



with a large number of wafers and cells in industrial 
conditions. 
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Figure 2: Schematic drawing of detection µ-crack 
methods. “Open crack” detection by light penetrating 
through the wafer crack (left hand side). “Closed crack” 
detection by visual inspection of transmitted IR-light and 
total reflection at µ-crack flanks (right hand side). 
 As an additional method the well-known twist-testing 
method has been used for determination of wafer 
stability. Setup has been described in previous 
publications already [3, 4]. 
 

 Force

Displacem ent  
Figure 3: Schematic drawing of stability-testing set-up.  
 
 Fig 3 shows the method of testing with two points 
supporting points from below and two bending points 
from above. Stress distribution is relatively even over the 
whole wafer surface [5].  
 

  
Figure 4: Commercially available STAB-TEST system 
used for stability characterization by twist testing. 
 
 A picture of the commercially available twist testing 
setup is shown in Fig. 4. It allows testing by twist 
bending and parallel bending. A comparison of different 
twisting procedures showed only little differences. The 
classical twist testing [6] has advantages because of 
homogeneous stress distribution and non-directionality of 
stress. Almost all types of damages or cracks (center, 
edge or corner oriented) can be detected. 
 
 

3 STABILITY TESTING 
 
 Testing wafer stability by twist testing is a straight 
forward way to achieve data of the actual mechanical 
status of a wafer. Many previous experiments showed a 
clear relationship between cracks and stability of a wafer 
(see as [3] an overview). This can be concluded not only 
from as-cut wafer material, but as well for etched, 
textured, diffused wafers and finished solar cells.  
 Out of a stability test two results can be identified: 
max. force and max. bending before breakage occurs. 
The result for a typical distribution of these values is 
shown in Fig. 5.  
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Figure 5: a) Max. force and max. bow of 100 solar cells 
of a standard bin after shipping. b) Distribution of max. 
force of same measurement. 
 
 100 cells were tested under equivalent conditions 
with the STAB-TEST system. A large number of cells ≥ 
95% show a distribution well known for silicon wafers or 
crystalline solar cells. But a small number of cells show 
much less stability < 4 N. This discrepancy is a clear 
evidence of the existence of cracks or µ-cracks. Only 
wafers with such defects show a decrease of stability. 
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Figure 6: Effect of mechanical stress to as-cut wafer 
material. Wafer damaged at edges and in the centre. 
 



 In order to clarify these effect, 24 wafers were used 
and divided into 3 identical groups. First group was left 
unchanged, second group was damaged in the center and 
a third group was damaged at the edge of the wafer. Fig. 
6 shows the results of the afterwards carried out stability 
test.  
 The average stability (max. force) of the as-cut wafer 
material was 9.6N with a standard deviation of < 1.0N. 
All wafers were chemically textured before damaging 
treatment. For generation of cracks a light stick was used 
with same falling height to define app. the same damage. 
Change in stability was significant for all types of cracks.  
 This result is an indication, that reduction of stability 
is directly linked to µ-cracks even if detection of such 
cracks is not always successful so far. This was the goal 
of further experiments.  
 In Fig. 7 results of a “weak” bin are shown. The 
measured cells showed a very high rate of breakage 
during processing and were sorted out manually. The 
characterization of these cells is shown by 4 different 
methods: 1.) µ-crack camera system (as presented in Fig. 
X), 2.) accurate visual and manual inspection, 3.) manual 
detection of noise while twisting, 4.) stability and bow-
testing 
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Figure 7: Correlation of max. stability and max. bending 
with different techniques to determine cracks. 
 
 Out of the correlation between max. force and 
bending on one hand and the detection rates of the 
different techniques on the other hand it can be 
concluded, that only some of the techniques have the 
capability of use as inline methods. Even if very weak 
cells seems to be easier to detect with all methods. Some 
techniques showed non reproducible systematic as noise 
detection. Sometimes even if a noise could be clearly 
detected no influence in max. force was measured and 
vice versa.  
 
 
3 STABILITY DURING PROCESSING 
 
 As already previously shown [4] wafer and cell 
stability changes quite significant during processing. 
Except of surface etching it is mainly caused by thermal 
processing and growth of crack length. This effect could 
be shown by different pre-damaged wafers, which were 
tempered at app. 900°C for about 45min. After this 
procedures different groups were tested with the twist 
testing mechanism. The results are shown in Fig. 8. 

Group No. 1 and 2 are as-cut wafers from different 
ingots, showing almost identical characteristics. 
 Group no. 3 were not treated additionally except the 
thermal processing. The change in stability is obvious, 
but due to handling problems during processing, these 
effects will not be discussed in more details. 
 The other groups show pre-damaged wafers no. 4 and 
6 (without thermal and wet-etching process) and no 5 and 
6 (with thermal processing and wet-etching process). 
Taking not into account the very weak wafers after 
processing (marked with arrows), a clear broadening of 
the stability distribution could be observed. This effect is 
slightly stronger for µ-cracks in the center of the wafer. 
An additional known effect is the increased stability due 
to the etched surface. 
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Figure 8: Change of max. stability and max. bending 
after thermal processing for damaged and undamaged 
wafer material. 
 
The total number of wafers was to small for a definition 
of the rate of µ-crack effect. It can only be assumed, that 
two effects are affecting the stability: 1.) new cracks will 
be produced due to the processing 2.) existing µ-cracks 
start to grow during heating and cooling. 
 
 
4 µ-CRACK DETECTION 
 
 The above described technique was used to detect 
and characterize previous created µ-cracks. As fig. 9 
shows, can these cracks detected either by light 
penetrating through the crack or by detecting the shadow 
effect of the crack.  

 
Figure 9: µ-crack in as-cut mc-Si wafer material 
detected by µ-crack vision system.  
 
 Fig. 9 shows the effect of damaging the wafer. 
Around the point of contact several unopened µ-cracks 
could be detected (dark rectangle). On the upper left hand 
side the crack has been opened (by thermal processing). 
The open crack is app. 5 – 10µm thick compared to a 
thickness < 1 for the “closed” µ-crack. 



 
 

 
Figure 10: µ-crack in Cz mono-Si, after artificial 
damaging. Detected with µ-crack system. 
 
 The same effect can be shown for µ-cracks in mc-Si 
wafers. Fig. 11 shows to different cracks with artificial µ-
cracks produced by a falling stick. On the left a very 
small µ-crack close to the edge could be found. 
 

25mm
  

Figure 11: µ-cracks in multi-Si, after iso-textured 
etching and artificial damaging. Detected with µ-crack 
system. 
 
On the right a µ-crack with more than 50mm was 
detected after thermal processing. 
 These experiments show a very high detection rate 
for all types of cracks on mono- and textured mc-Si. On 
as-cut material there are still problems due to the high 
contrast of the grain boundaries. Additional experiments 
will be carried out in order to further improve the rate of 
detection. 
 
 
5 TECHNOLOGY TRANSFER 
 
 The shown techniques will be integrated into a 
modern solar cell production line (Fig. 12). As a result of 
the shown experiments, both STAB-TEST and the µ-
crack vision system can be used as inline tools.  

 
 
Figure 12: Schematic drawing of a solar cell production 
line incl. STAB-TEST inline and µ-crack vision system. 

 
 The stability testing unit will be used as an inline tool 
for incoming inspection of wafer stability and cell 
stability testing before sorting. The µ-crack vision system 
can be used for crack detection and characterization of 
cracks as incoming inspection (as-cut) or after 
texturisation and thermal processing. The results for 
finished cells were much less significant due to the 
aluminum layer.  
 
 
6 CONCLUSION 
 
 With the presented experiments, the following 
conclusions can be drawn: 
• the developed µ-crack vision system allows detection 

of all types of µ-cracks (without Al-paste coverage) 
silicon wafers 

• Detection of „crackling sound“ is not reliably 
connected with a low stability of cells 

• Testing of stability is one reliable way to detect µ-
cracks in wafers and cells 

• Sorting out wafers by min. stability lead to a decrease 
of breakage in the production line 

• Sorting out of cells by min. stability lead to a 
decrease of breakage during tabbing of cells 

• Detection of µ-cracks with crack dimensions < 1µm 
makes retracing of originator of crack possible 

• Proposal for integration: optical µ-crack system for 
wafers and additional or separate stability 
characterisation at end of line 
 
 

7 ACKNOWLEDGEMENTS 
 
This work has partly been carried out in the 

framework of the CrystalClear Integrated Project. The 
EC is gratefully acknowledged for financial support 
under contract number SES6-CT_2003-502583. 

We would like to thank the Q-Cells team for fruitful 
discussions.  

 
 

8 REFERENCES 
 

[1] Photon International, May 2005, p. 104 
[2] E. Rueland et al. Proc. Of 19th EU PVSEC, 

2CV.1.51, Paris, 2004 
[3] PHD theses Andreas Schneider, University of 

Konstanz, 2004 
[4] A. Schneider et al. Proc. of the PV in Europe from 

PV Technology to Energy Solutions, 2002, 347 
[5] H. Behnken et al. Proc. of 3rd WCPEC 3, 2003, 

4PB443 
[6] C. Chen et al., Proc. 17th IEEE PVSC, 1984 ,1384 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


