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Motivation

 Germanium is a critical raw material, yet it is the basis of today‘s European space solar cells

 We assume about 2 tons of Ge is sent to space in solar cells every year 

 Ge wafers have high environmental impact

 Ge sourcing from coal ashes or mining
 Ge puryfing, crystal pulling, wafering….

Low Ge Alternative Space Triple Junction Solar Cells on SiGe & Ge Recovery from Grinding Slurry of Wafer Thinning 
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Ge Recovery from Grinding Slurry

• Ge wafer serve as growth substrate and bottom junction. A certain thickness is needed for high yield during 
epitaxy and photolithography processes

• Ge is relatively heavy  - thus for weight (and thus cost) reasons, substrates are thinned by grinding at end of 
processing

 How to recyle Ge from the grinding slurry  (water with little Ge concentration) 
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Ge Recovery from Grinding Slurry
Analysis of Grinding Waste Water
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Ge Recovery from Grinding Slurry
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Ge Recovery from Grinding Slurry
Analysis of Grinding Waste Water
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Ge Recovery from Grinding Slurry
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Ge Recovery from Grinding Slurry
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Ge Recovery from Grinding Slurry
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Ge Recovery from Grinding Slurry
Osmosis followed by Evaporation
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Ge Recovery from Grinding Slurry
Osmosis followed by Evaporation

Concentration increase by factor 10 - 20
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Ge Recovery from Grinding Slurry
Ion Exchange followed by Evaporation
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Ge Recovery from Grinding Slurry
Ion Exchange followed by Evaporation



16
© Fraunhofer ISE
FHK-SK: ISE-INTERNAL 

Ge Recovery from Grinding Slurry
Ion Exchange followed by Evaporation
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Ge Recovery from Grinding Slurry
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Ge Recovery from Grinding Slurry
LCA Analysis – Production of GeCl4 from Secondary Ge

LCA analysis by A.A. Khan & S. Nold
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Ge Recovery from Grinding Slurry
LCA Analysis – Production of GeCl4 from Secondary Ge - „Ion Exchange & Evaporation“
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Ge Recovery from Grinding Slurry
LCA Analysis – Production of GeCl4 from Secondary Ge  - „Ion Exchange & Evaporation“

Global Warming Potential (GWP) – Hotspot analysis
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Ge Recovery from Grinding Slurry
LCA Analysis – Production of GeCl4 from Secondary Ge – „Ion Exchange & Evaporation“

Global Warming Potential (GWP) – Comparison
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Ge Recovery from Grinding Slurry
Summary

 > 95% recovery of germanium from grinding wastewater is relatively easy and can be done in an 
economical way. 

 30 kg CO2-Eq. is emitted per kg of ultrapure GeCl4 production from secondary germanium sourced from 
grinding wastewater. The impact is are 61 times lower compared to GeCl4 from primary germanium produced 
from coal ash without energy recovery
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Low Ge Alternative Triple Junction 
Motivation
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Low Ge Alternative Triple Junction 
Motivation
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Low Ge Alternative Triple Junction 

Based on existing 
dual–junction solar 
cells

4” „engineered substrate“ 
from US supplier with specific 
SiGe absorber design 
(according to initial 
simulations)  

2 cm x 2 cm mask used for
solar cell processing



27
© Fraunhofer ISE
FHK-SK: ISE-INTERNAL 

Low Ge Alternative Triple Junction 
SiGe Engineered Substrates

ECCIECCI analysis before III-V epitaxy

• Misfits visible on surface

• TDD: 2.7*107 cm-2

• TDD expectation:< 3*106 cm-2
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Low Ge Alternative Triple Junction 

Based on existing 
dual–junction solar 
cells

4” „engineered substrate“ 
from US supplier with specific 
SiGe absorber design 
(according to initial 
simulations)  

2 cm x 2 cm mask used for
solar cell processing
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Low Ge Alternative Triple Junction 
SEM Images of Wafer Surface after Epitaxy
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Low Ge Alternative Triple Junction 
SEM Images of Processed Devices
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Low Ge Alternative Triple Junction 
GaInP/GaAsP/SiGe Triple-Junction 

I-V under illumination of triple junction cell
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Low Ge Alternative Triple Junction 
1 MeV Electron Irradiation

I-V under illumination of single junction SiGe cell for differnent fluences of 1 MeV electron irradiation
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Low Ge Alternative Triple Junction 
1 MeV Electron Irradiation
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 due to high threading dislocation density, small effect of irradiation for current devices   

I-V under illumination of triple junction cell for 1*1015 cm2 1 MeV electron irradiation
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Low Ge Alternative Triple Junction 
Engineering Tests – Thermal Cycling

1. a dip in liquid Nitrogen (LN Dip)

2. a heat up to room temperature (RT)

3. waiting for 5 min on the sample chuck at RT

4. heating to 50°C on the chuck and waiting for 5 min

5. cool down to RT and waiting on the sample chuck

6. IV measurement at RT on the sample chuck

a) b)
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Low Ge Alternative Triple Junction 
Product Development Roadmap 

1. SiGe metamorphic buffer and SiGe epitaxy (6 yrs)

2. Triple-Junction & III-V epitaxy Development (2-4 yrs)

3. Industrialization & Space Qualifications (3-5 yrs)
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Low Ge Alternative Triple Junction 
Summary
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 Successful demonstration of first GaInP/GaAsP/SiGe triple junction cell as “low Ge alternative”
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Low Ge Alternative Triple Junction
LCA Analysis
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SiGe Engineered Wafer - LCA Analysis 
4“ SiGe on Si

This study is a cradle to gate LCA of one 4“ SiGe engineered substrate on Si. The primary Ge is obtained from lead mining 
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SiGe Engineered Wafer - LCA Analysis 
Comparison 4“ Wafers

 SiGe engineered substrate: 5 times lower GWP 
than Ge wafer

 18 times less primary Ge consumpotion

Ge 
wafer

SiGe engineered 
substrate on Si 

wafer 
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Low Ge Alternative Triple Junction 
Summary

 Successful demonstration of first GaInP/GaAsP/SiGe triple junction cell as “low Ge alternative”
 Efficiency potential similar to todays 3J on Ge  18 times lower Ge consumption
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Thank you for your Attention!
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