
© Fraunhofer ISE

Some results from our Research on FZ Silicon

Unleashing the Actual Potential of FZ Si and its 
Application for Defect Studies

Tim Niewelt

Fraunhofer Institute for Solar Energy Systems, 
ISE

University of Freiburg 
/ Department of Sustainable Systems 
Engineering, INATECH
/ Freiburg Materials Research Center, FMF

University of New South Wales
Sydney, Australia
November 21st 2018



© Fraunhofer ISE

2

AGENDA

◼ Fraunhofer ISE and the University of Freiburg

◼ Studies on Float Zone Silicon

◼ Limitation-free Reference Material?

◼ Improvement of FZ Silicon

◼ Surface Passivation Layers

◼ Defect Investigation: LeTID
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Float-Zone Silicon
Limitation-free Reference Material?

◼ FZ is a great reference

◼ High purity

◼ Stable quality

➢ High bulk lifetime

➢ No process interactions

➢ Characteristic pattern

➢ Defects not present after high T step

[1]

[2]

[1]: N.E. Grant et al., pss RRL 10 (2016)
[2]: N.E. Grant et al., pss A 213 (2016)

#1

#2

#3

#4

Experiment 1
Experiment 2

◼ FZ is often not a great reference
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Float-Zone Silicon
Improvement of FZ Silicon

[1]: Richter et al., IEEE JPV 3 (2013)
[2]: Kho et al., SolMat (online 2018)
[3]: Grant et al., IEEE JPV 7 (2017)

etch-back to bare Si

ONO[2]Al2O3
[1]

POCl3 diffusion
900°C, 60min, etched back

oxidation
1050°C, 60min

10 Ωcm n-type FZ Silicon, 4“

superacid passivation treatment[3]

τeff + PL-

In cooperation with: 

ONO[2]
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Float-Zone Silicon
Improvement of FZ Silicon

Findings on bulk improvement:

◼ Defects can be present in as-grown wafers

◼ Typical processing affects the defects

◼ Defects can be deactivated with pre-treatment

◼ Only stabilised FZ wafers are good references

60min oxidation @1050°C

60min POCl3 diffusion @900°C

etch-back diffused region

etch-back oxide

any oxidation >1000°C

etch-back oxide

recommended

short route

FZ wafers experimentpre-treatment
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Float-Zone Silicon
Surface Passivation

Demonstration study (see paper for details[1])

◼ Commercial p- & n-type FZ materials

◼ 3x p-type: 0.5, 1, 100 Ωcm

◼ 5x n-type: 1, 1.5, 5, 10, 100 Ωcm

◼ Stabilisation pre-treatment 

◼ 3 state-of-the-art passivation schemes

◼ ALD Al2O3 layers[2]

◼ ONO stack[3] + Corona charging

◼ TOPCon passivation[4]

◼ QSSPC & PL-Imaging

ONO stack

process [3]

ALD-Al2O3

process [2]

recommended

pre-treatment

six materials

2nd corona [5]

four materials

TOPCon

process [4]

τeff + PLI τeff + PLI τeff + PLI

short

pre-treatment

[1]: Niewelt et al., SolMat 185 (2018)
[2]: Richter et al., IEEE JPV 3 (2013)
[3]: Kho et al., SolMat (online 2018)

τeff + PLI

In cooperation with: 

[4]: Steinhauser et al., solarRRL 142 (2018)
[5]: Bonilla et al., J.Appl.Phys. 121 (2017)
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Float-Zone Silicon
Surface Passivation

In cooperation with: 

[1]: data from Niewelt et al., SolMat 185 (2018) 252-259

[1]
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Float-Zone Silicon
Surface Passivation

◼ Excellent effective lifetimes achieved after pre-treatment

◼ τintr,Richter exceeded significantly on typical resistivities for solar cells[1]

➢ Determination of Seff or J0 values not meaningful

[1]: Niewelt et al., SolMat 185 (2018) 252-259

[1]
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Float-Zone Silicon
Surface Passivation

In cooperation with: 

[1]: Niewelt et al., SolMat 185 (2018) 252-259

[1]
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Float-Zone Silicon
Defect Investigations: LeTID

◼ Severe performance loss in the field on 
PERC modules processed from 
multicrystalline silicon

◼ Adapted processes help*

◼ Followed by recovery

◼ PERC process: 
etched clean Wafer 
 Diffusion  Dielectric Layers 
Metalisation Contact Firing

◼ SiNx layers are important

◼ Tpeak is crucial

[1]

[1]: Kersten et al., SiliconPV 2017
[2]: Kersten et al., SolMat 142 (2015), 83-86

[2]
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Float-Zone Silicon
Defect Investigations: LeTID

[1]: UNSW, e.g. Chen et al., SolMat 173 (2017) 293-300
[2]: data from Niewelt et al., JAP 121 (2017) 185702

Impact of Bulk Wafer

◼ Associated with mc Si

➢ most studies on mc

◼ LeTID observed in Cz [1]

➢ dark annealing to avoid BO

◼ LeTID observed in FZ

➢ Same characteristics

occurs in all material types

bulk defect caused by the PERC 
process

data from [2][2]
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Float-Zone Silicon
Defect Investigations: LeTID

Impact of Dielectric Layers

◼ Stacks including SiNx

degrade and recover
(same for only SiNx

[2])

◼ Al2O3 alone shows
no strong degradation

FZ Si p-type
[1]

[1]: Niewelt et al., JAP 121 (2017) 185702
[2]: Sperber et al., IEEE JPV 7 (2017) 463-470
[2]: See also Kersten et al., SiliconPV 2016



© Fraunhofer ISE

19

Float-Zone Silicon
Defect Investigations: LeTID

Impact of Firing Step

◼ LeTID depends on Tpeak, 
sets in at ~600°C [1]

◼ Fast firing necessary on mc[2]

◼ no LeTID for RTP profile

◼ LeTID for both profile types on FZ

◼ Extent similar
(still correlates with Tpeak)

[1]: Chan et al., JPV 6 (2016) 
[2]: Eberle et al., pssRRL 10 (2016)

data from [2]
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Float-Zone Silicon
Defect Investigations: LeTID

Gathered criteria:

◼ Can be present in all material types

◼ FZ more defined than mc & FZ

◼ Introduced during firing

◼ Fast diffusor (denuded zones, activated by electrons)

◼ SiNx-layers necessary

◼ Firing profile important (less so in FZ)

Would all agree with suggested involvement of H [1,2]

Involvement of C or O? [3]
→ less likely

[1]: Niewelt et al., Prog. Photovolt. Res. Appl. 26 (2017)
[2]: UNSW, e.g. Ciesla et al. WCPEC 2018, Hawaii
[3]: Vaqueiro‐Contreras et al., J.Appl.Phys. 123 (2018)
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Conclusion

◼ FZ material often limited by grown-in defects

◼ Affected by typical process steps τbulk change

Wafers must undergo pre-treatment

◼ Record lifetimes achieved

225ms on 200µm 100Ωcm n-type wafer

◼ τintr,Richter can be overcome

New parameterisation necessary

◼ FZ is a good model system for process-induced defects

LeTID could well be caused by H-related defects

Or by H+ intrinsic defects / omnipresent contaminants?

FZ wafers

experiment

pre-treatment
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Proof of the FZ Bulk Improvement
Experimental details

Demonstration study (see paper for details [1])

◼ Commercial p- & n-type FZ materials

◼ 3x n-type: 0.5, 1, 100 Ωcm

◼ 5x n-type: 1, 1.5, 5, 10, 100 Ωcm

◼ Stabilisation pre-treatment 

◼ 3 state-of-the-art passivation schemes

◼ ALD Al2O3 layers

◼ ONO stack + Corona charging

◼ TOPCon passivation

◼ QSSPC & PL-Imaging
ONO stack

process [3]

Al2O3

process [2]

recommended

pre-treatment

therm. ox.ALD Al2O3

thermal oxidation

six materials

POCl3 diffusion

FGA PECVD SiNx

PECVD SiOx

FGA

corona

FGA

2nd corona [5]

four materials

thermal oxidation

TOPCon

process [4]

interfacial oxide

PECVD a-SiCx(n)

Al2O3

FGA

H-plasma 

anneal

etch-back to bare Si etch-back to bare Si

re
p

e
a

te
d

τeff + PLI

τeff + PLI

τeff + PLI

inert anneal

short

pre-treatment

[1]: Niewelt et al., SolMat 185 (2018)
[2]: Richter et al., IEEE JPV 3 (2013)
[3]: Kho et al., SolMat (online 2018)

[4]: Steinhauser et al., solarRRL 142 (2018)
[5]: Bonilla et al., J.Appl.Phys. 121 (2017)
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Float-Zone Silicon
Defect Investigations: LeTID

Multicrystalline Silicon

◼ Denuded zones with lower LeTID
defect density

◼ Determined zone width: 
200-400 µm

Indication for diffusivity of LeTID
precursor component

fast diffusers
→ Ni, Co, Cu, H, …

10

30

25

20

15

0.12

0.16

0.06

0.14

0.1

0.04

0.08

Nt
*tbulk, degraded (µs) (µs-1)

mc Si lifetime sample, fired at 900°C

*

[1]: Niewelt et al., Prog. Photovolt. Res. Appl. 26 (2017)

[1]
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Float-Zone Silicon
Defect Investigations: LeTID

Multicrystalline Silicon

◼ Stacks including SiNx degrade
and recover

◼ Al2O3 alone shows
no strong degradation

0
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s]

[µ
s]

Al2O3+SiNx Al2O3

initial

degraded

mc Si lifetime sample, fired at 900°C

*
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Float-Zone Silicon
Defect Investigations: LeTID

◼ Influence of illumination intensity 
on degradation rate observed [1]

◼ Linear dependence of Rdeg on ∆n

◼ mc: from current injection[2]

◼ Cz: from dark annealing[3]

Rate-limiting step of degradation involves an electron

One involved species is recharged to allow defect activation

mc silicon [2]

Cz silicon [3]

[1]: e.g. Bredemeier et al., SolMat 173 (2017), 80-84
[2]: Kwapil et al., SolMat 173 (2017), 80-84
[3]: Chen et al., SolMat 172 (2017) 293


