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Introduction!

Mul>crystalline'silicon'grown'by'
direc>onal'solidifica>on'is'the'
mainstream'in'PV'industry'due'
to'low'cost'of'ownership'and'
high'throughput.'

Ingot' Bricks' Wafers'

MicrowaveLdetected'photoconduc>vity'

Minority'carrier'life>me'(μs)'



Dislocation issues in mc Si!
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Dislocations and solar-cell efficiency!

Normalized(disloca.on(density((

Ingot height 
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Etched wafer surface!

Typical'defect'distribu>on'



Change of defect distribution in the ingot!
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Evolution of dislocations!

•  Disloca>on'clusters'mainly'generated'at'grain'boundaries'

•  Atomis>c'source'of'the'spontaneous'disloca>on'genera>on'
not'known'

 G
ro

w
th

 d
ire

ct
io

n 
   

a 

d 

a b 

c d 



Grain orientation effect!
Light(clusters((L)( Dense(clusters((D)(
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Slip planes in relation to growth direction!

(i)'

•  Angle'ω between'growth'direc>on'and'slip'plane'normal''
important'for'cluster'forma>on'

•  (N)'High'ω for'all'slip'planes'or'moderate'ω for'one'plane:''
'no'clusters,'e.%g.'⟨100⟩,'⟨511⟩'grains'

(D)'Low'ω for'several'slip'planes:''
'dense'clusters,'e.%g.'⟨110⟩,'⟨331⟩,'⟨531⟩'grains'

(L)'Moderate'ω for'several'slip'planes'or'low'ω for'one'plane:''
'light'clusters,'e.%g.'⟨111⟩,'⟨211⟩,'⟨311⟩'grains'
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Dislocation arrangements!

EPD ~ 1×105 cm-2 

EPD 2×105 cm-2 

Too'low'for'disloca>on'
pileLups/subgrain'
boundaries'
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TEM of subgrain boundaries!

•  Disloca>on'distance'h'='5'…'900'nm'

•  A'preferred'alignment'disloca>on'arrangements'exist,'
but'not'in'rela>on'to'the'orienta>on'of'the'grains.''



White beam X-ray topography (WB-XRT)!

λmin … λmax '

mc Si 

High resolution  
film Diffracted beam 

Primary beam Laue'pa@ern'of'the'grain'



Interpretation of WB-XRT contrasts!

Subgrain A 

Subgrain'B'

Splitting of the reflection 
due to subgrain boundary 

Regular'reflec>on;'
size'of'primary'beam'



Splitting of reflections!

Growth direction 

WBLXRT'Laue'pa@erns'

BandLband'photoluminescence'
distribu>on'

D Oriwol et al: Acta Mater 61 (2013) 6903 



Tilt of subgrains!

Growth direction y!

Simula>on'with'LauePT ' '''''''Simula>on,'rotated'by'3°'about'y!

Subgrains'are'>lted'about'an'axis'parallel'to'the'growth'direc>on'



Relation of tilt and subgrain boundaries!

•  Tilt'='0.07°'(d6)'…'0.3°'(d4)'�'disloca>on'distance'h'='800'…'30'nm'

•  The'increase'in'disloca>on'density'in'growth'direc>on'leads'to'a'
con>nuous'genera>on'of'new'subgrain'boundaries.'''

WB-XRT EBIC 

g444!

Growth direction 



EBIC and X-ray topography!

EBIC'at'RT' EBIC'at'77'K' WBLXRT'
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Dark lock-in thermography (DLIT)!
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EPD Texture picture 0.6 V DLIT, T (mK) 

Jdiff (mA cm-2) Normalized η Uoc (V) 



Correlation analysis!
EPD((cm:2)( Norm.(η( Uoc (V)(

Uoc (V) vs(EPD((cm:2)(Norm. η vs Uoc (V) 
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Conclusions!

Evolu.on(of(disloca.on(paFern''

•  Ini>al'genera>on,'mostly'at'grain'boundaries'

•  Inhomogeneous'disloca>on'distribu>on'on'different'scales,'(N)'�'(L)'

•  Mul>plica>on,'pileLup'and'restructuring'to'subgrain'boundaries,'(D)'

•  Dense'disloca>on'clusters'with'dominant'influence'on'solar'cell'efficiency'
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Źěkujom se wutšobnje.
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