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Background and Motivation
Rapid growth of the PV Industry ƉRisk and Challenges

Rapid growth of PV:

ÁInstalled capacity 2024: 599 GWp
[1]

(2025 forecast: 650-700 GWp )

Public

2 [1] https://taiyangnews.info/markets/taiyangnews-solar-market-2024-review-2025-outlook-conference-summary
[2] https://api.solarpowereurope.org/uploads/Global_Market_Outlook_for_Solar_Power_2024_a083b6dcd5.pdf

Forecast of the globally installed PV capacity until 2028. Source: [2]  
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Background and Motivation
Rapid growth of the PV Industry ƉRisk and Challenges

Rapid growth of PV:

ÁInstalled capacity 2024: 599 GWp
[1]

Risk and Challenge:

ÁRising demand for scarce material (Ag , Bi, InŻ)

Á2020: PV needs ~10% of global Ag supply

Public

3 [1] https://taiyangnews.info/markets/taiyangnews-solar-market-2024-review-2025-outlook-conference-summary
[3] Verlinden PJ. J Renew Sustain Energy. 2020;12(5)     [4] Hallam B et al., Prog Photovolt: Res Appl. 2022;31(6)  [5] Chang et al., Prog 
Photovolt: Res Appl. 2024; 1-12  [6] J. Bartsch et al., PV International 48, 2021

Development of global silver consumption until 2030 with a projected 
yearly increase of 1 or 3 TW/year. Source: [6]  

?

2025 (ITRPV): Around 30% of global Ag supply is uses by PV
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Background and Motivation
Rapid growth of the PV Industry ƉRisk and Challenges

Rapid growth of PV:

ÁInstalled capacity 2024: 599 GWp
[1]

Risk and Challenge:

ÁRising demand for scarce material (Ag , Bi, InŻ)

üUpdate 2025: PV needs ~30% of global Ag supply 
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4 [1] https://taiyangnews.info/markets/taiyangnews-solar-market-2024-review-2025-outlook-conference-summary
[3] Verlinden PJ. J Renew Sustain Energy. 2020;12(5)     [4] Hallam B et al., Prog Photovolt: Res Appl. 2022;31(6)  [5] Chang et al., Prog 
Photovolt: Res Appl. 2024; 1-12  [6] J. Bartsch et al., PV International 48, 2021

Development of global silver consumption until 2035
Source: ITRPV, talk by M Fischer PV Celltech 2025 March 11th 



©Fraunhofer ISE

Background and Motivation
Rapid growth of the PV Industry ƉRisk and Challenges

Rapid growth of PV:

ÁInstalled capacity 2024: 599 GWp
[1]

Risk and Challenge:

ÁRising demand for scarce material (Ag, Bi, InŻ)

ÁMost critical resource: Silver usage in metallization 

Á2023/24: 5 mg/W (PERC) Ɖ17 mg/W (SHJ) Ag is used

Public

5

Calculated silver consumption as a function of printed width of ag fingers in 
industrial screen-printed PERC, TOPConand SHJ solar cells. Solid lines 
show the total silver consumption in the finger, busbar and soldering tab 
regions, and dash lines show finger silver consumption only;Source: [5]  

[1] https://taiyangnews.info/markets/taiyangnews-solar-market-2024-review-2025-outlook-conference-summary
[3] Verlinden PJ. J Renew Sustain Energy. 2020;12(5)     [4] Hallam B et al., Prog Photovolt: Res Appl. 2022;31(6)  [5] Chang et al., Prog 
Photovolt: Res Appl. 2024; 1-12  [6] J. Bartsch et al., PV International 48, 2021
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Background and Motivation
Rapid growth of the PV Industry ƉRisk and Challenges

Rapid growth of PV:

ÁInstalled capacity 2024: 599 GWp
[1]

Risk and Challenge:

ÁRising demand for scarce material (Ag, Bi, InŻ)

ÁMost critical resource: Silver usage in metallization 

Á2023/24: 5 mg/W (PERC) Ɖ17 mg/W (SHJ) Ag is used

üUpdate SHJ 2025: ~5 mg/W with AgCu pastes 
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1ADN=J ;GFKMEHLAGF Ʉ<=N=DGHE=FLɅ >GJ 1&( KGD9J ;=DDK AF L@= D9KL Q=9JKȺ
Source: [5a]  

[1] https://taiyangnews.info/markets/taiyangnews-solar-market-2024-review-2025-outlook-conference-summary
[3] Verlinden PJ. J Renew Sustain Energy. 2020;12(5)     [4] Hallam B et al., Prog Photovolt: Res Appl. 2022;31(6)  [5a] among others: 
Taiyang News 2024, ASIACHEM: 11th Cell Paste and Metallization Forum 2025 [6] J. Bartsch et al., PV International 48, 2021

5 mg/W [ Risen 2025]

ƄDevelopmentƁ of 

the Silver 

consumption for 

SHJ solar cells 

based on 

Production data
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Background and Motivation
Rapid growth of the PV Industry ƉRisk and Challenges

Rapid growth of PV:

ÁInstalled capacity 2024: 599 GWp
[1]

Risk and Challenge:

ÁRising demand for scarce material (Ag, Bi, InŻ)

ÁMost critical resource: Silver usage in metallization

Á2025: 5 mg/W Ɖ10 mg/W Ag is used*

ÁSustainable TW production: 

reducing Ag usage to 2 mg/W or below [3-5]

ČSilver has to be reduced (!) or replaced (?)

ČThis talk: Copper as alternative

*CPIA: same level, ITRPV: ~50% higher values
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7 [1] https://taiyangnews.info/markets/taiyangnews-solar-market-2024-review-2025-outlook-conference-summary
[3] Verlinden PJ. J Renew Sustain Energy. 2020;12(5)     [4] Hallam B et al., Prog Photovolt: Res Appl. 2022;31(6)  [5] Chang et al., Prog 
Photovolt: Res Appl. 2024; 1-12  [6] J. Bartsch et al., PV International 48, 2021

Calculated silver consumption as a function of printed width of ag fingers in 
industrial screen-printed PERC, TOPConand SHJ solar cells. Solid lines 
show the total silver consumption in the finger, busbar and soldering tab 
regions, and dash lines show finger silver consumption only;Source: [5]  
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Technology Roadmap
How can we reduce / replace Silver?

Public
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    Silver (Ag) Copper (Cu)

foto from www.tradestation.com  

foto from www.degussa-goldhandel.de

?
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Copper as Alternative for 

Silver for Solar Cell 

Metallization?
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Benefits:

ÁResistivity comparable to Ag

ÁSubstantial cost reduction

ÁMore sustainable production

ÁReduction of economic risks and

material dependency

Public

10 [7] https://www.dailymetalprice.com [Mar 07, 2025]
[8] LCA data MFD & Printers (epa.gov)[accessed June 1st, 2024)
[9] Pandey, B. State-of-the-Art Report on Technology for Producing Rare Metals in India (2012). 

Copper Silver

Resistivity 0.018 µWm 0.016 µWm

Price [$/Kg] [7] 10.49 1151.09

Carbon footprint  [Kg CO2 
Equivalents per Kg] [8]

1.71 98.1

Abundance in earthſs crust [%] [9] 0.0055 7 x 10-6

https://www.dailymetalprice.com/
https://www.epa.gov/sites/default/files/2018-02/documents/lca_mfd_printer.pdf
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Risk and Challenge:

ÁCu particularly critical for high-temperature n-type solar cell

concepts (e.g.TOPCon)

ÁDiffusion of Cu into Silicon, i.e. n-type Si, and formation 

of recombination-active precipitates (deep-level traps)   

Public

11 [10] A. Richter et al. MRS Meeting 2022. 
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Risk and Challenge:

ÁCu particularly critical for high-temperature n-type solar cell

concepts (e.g.TOPCon)

ÁDiffusion of Cu into Silicon and formation of 

recombination-active precipitates (deep-level traps)  

ÁOxidation of contacts (loss of conductivity)

ÁLong-term stability of copper contacts 

Č effects on module reliability

Public
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Natural corrosion: patina and verdigris 

due to reactions with air or vinegar.

Bild: https://www.11880-gebaeudereinigung.com/
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Risk and Challenge:

ÁCu particularly critical for high-temperature n-type solar cell

concepts (e.g.TOPCon)

ÁDiffusion of Cu into Silicon and formation of 

recombination-active precipitates (deep-level traps) [1]

ÁOxidation of contacts (loss of conductivity)

ÁLong-term stability of copper contacts 

Č effects on module reliability

üHow  can we  replace silver  with  copper  

without  performance  losses?
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Natural corrosion: patina and verdigris 

due to reactions with air or vinegar.

Bild: https://www.11880-gebaeudereinigung.com/
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Technology Roadmap
How can we reduce / replace Silver?
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Silver (Ag)

foto from www.tradestation.com  

foto from www.degussa-goldhandel.de

Ag reduction  / 

replacement  Ż..

ÁFine line  printing

ÁScreen printing

ÁAg(/Cu) pastes

Á100% Cu pastes

ÁCu plating
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How can we reduce / replace Silver?
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Silver (Ag)

foto from www.tradestation.com  

foto from www.degussa-goldhandel.de

Ag reduction  / 

replacement  Ż..

ÁFine line printing

ÁScreen printing

ÁAg(/ Cu) pastes

Á100% Cu pastes

ÁCu plating
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Technology Roadmap
How can we reduce / replace Silver?
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Silver (Ag)

foto from www.tradestation.com  

Ag reduction  / 

replacement  Ż..

ÁFine line printing

ÁScreen printing

ÁAg(/Cu) pastes

Á100% Cu pastes

ÁCu plating
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The ƄOld BullƁ: Silver Based 

Screen Printing ƉStatus and 

Outlook

17
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

ÁState-of-the-art: flatbed screen printing

Public

18
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

ÁState-of-the-art: flatbed screen printing 

ÁFinger width reduction by factor 8 since 2010 [11]

Public

19
[11] Tepner S. & Lorenz, A.. Progress in Photovoltaics: Research and Applications 31 (2023) 557ӛ590.

Evolution of screen-printed finger width based on published results 
from 2008 to 2004. Updated version, based on [11]

Evolution of screen-printed finger width illustrated by selected SEM 
images of screen printed contacts. Source: Fraunhofer ISE
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

ÁState-of-the-art: flatbed screen printing 

ÁFinger width reduction by factor 8 since 2010 [2]

ÁƁLearning rateƂ increases in 2013 due to  

technological leap from 2 or 3 to 5 or more busbars

ÁFurther Increase with current technological leap to 

half cells and multi-busbar technology? 
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Evolution of screen-printed finger width based on published results 
from 2008 to 2004. Updated version, based on [11]

2013: 

2,3 BB Č Ʈ 5 BB

?

2013 - 2023

2008 - 2012

[11] Tepner S. & Lorenz, A.. Progress in Photovoltaics: Research and Applications 31 (2023) 557ӛ590.
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

ÁState-of-the-art: flatbed screen printing 

ÁFinger width reduction by factor 8 since 2010 [2]

ÁƁLearning rateƂ increases in 2013 due to  

technological leap from 2 or 3 to 5 or more busbars

ÁFurther Increase with current technological leap to 

half cells and multi-busbar technology? 

ÁRecent result:

ÁPERC front side metallization w f = 14 µm [12,13]

Public

21
[12] Source: Fraunhofer ISE, Lohmüller et al. [submitted for publication on EUPVSEC 2024]
[13] https://www.pv-magazine.com/2024/05/01/fraunhofer-ise-develops-23-4-efficient-perc-solar-cells-
with-limited-silver-amount/
.

2024

[1]
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

ÁState-of-the-art: flatbed screen printing 

ÁFinger width reduction by factor 8 since 2010 [2]

ÁƁLearning rateƂ increases in 2013 due to  

technological leap from 2 or 3 to 5 or more busbars

ÁFurther Increase with current technological leap to 

half cells and multi-busbar technology? 

ÁRecent result:

ÁPERC front side metallization w f = 14 µm [3,4]

ÁSHJ front side metallization w f = 17 µm [14]

Public

22 [14] S. Pingel et al., Metallization Workshop 2024 (to be published)

Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells 
without busbars / pads for smart wire (SWCT) module integration

Wf,core = 17 µm  ± 1 µm 

20202024

SHJ solar cells
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Upcoming Ultra fine-line 

priting technologies

Public
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ÁParallel Dispensing Technology

Áallows more homogenous finger geometry 

Č about 20% less silver consumption demonstrated

ÁIndustrial printheads available 

Č HighLineTechnology (Fraunhofer ISE Spin-off)

Č More Details: See the next talk by Francesca

Public

24 [15] Pospischil et al.  (Met WS 2019)
[16] www.highline-technology.de

SEM image of a dispensed contact finger [15]

In-line Intermitted 
Parallel Dispensing 
printhead [16] 

Ultra Fine -Line Printing
Upcoming Technologies
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Ultra Fine -Line Printing
Upcoming Technologies

ÁParallel Dispensing Technology

ÁFlexTrail  Printing  Technology [17,18] 

ÁFinger width down to 10 µm 

ÁSignificant silver saving potential

ÁTechnology upscaling is ongoing

[17] J. Schube et al., Energy Technology (2022  

[18] M. Jahn, EP 3 736 050 (2022).. 

25

Public
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Ultra Fine -Line Printing
Upcoming Technologies

ÁParallel dispensing technology

ÁFlextrail printing technology 

ÁFurther high potential ultra fine-line printing 

technologies:

ÁGlass stencil printing [19]

[19] T. Schweigstill this conference (1BO.3.6) [20] https://www.lumet.com/..  

[21] https://www.utilight.com/

26
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Inlet width

Aperture length 

Microscope image: cross section

Schematic: 
cross section

Aperture width

100 µm
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Ultra Fine -Line Printing
Upcoming Technologies

ÁParallel dispensing technology

ÁFlextrail printing technology 

ÁFurther high potential ultra fine-line printing 

technologies:

ÁGlass stencil printing [19]

ÁPattern transfer printing (PTP) [21]

ÁƄLumet Metallization TechnologyƁ [20]

ÁŻ.

Č More Details: See the next talk by Francesca

[19] T. Schweigstill this conference (1BO.3.6) [20] https://www.lumet.com/..  

[21] https://www.utilight.com/

27
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Technology Roadmap
How can we reduce / replace Silver?
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Silver (Ag)

foto from www.tradestation.com  

Ag reduction  / 

replacement

(First step): 

Fine line printing 

allows ultra-fine 

finger geometries 

(below 15 µm) 
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Technology Roadmap
How can we reduce / replace Silver?
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Silver (Ag)

foto from www.tradestation.com  

Ag reduction  / 

replacement

(first  step): 

Fine line printing 

allows ultra-fine 

finger geometries 

(below 15 µm) 

Ag reduction  / 

replacement  

(second step):

ÁAg/Cu and Cu 

pastes

ÁCu plating

?
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Screen Printed Copper 

Metallization for Solar Cells
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed silver-copper (AgCu) metallization

ÁLow temperature approach with silver-copper 

pastes

ÁLatest versions of AgCu pastes can compete 

with the best Ag pastes

üAgCu fingers allow to reduce Ag 

consumption by at least 50% for SHJ cell

Public
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RLINEdata for Ag and AgCu pastes printed with 
varied wN(27 µm and 30 µm are shown). 

LT Ag-Paste LT AgCu-Paste
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed silver-copper (AgCu) metallization

ÁLow temperature approach with silver-copper 

pastes

ÁLatest versions of AgCu pastes can compete 

with the best Ag pastes

ÁAgCu fingers allow to reduce Ag 

consumption by at least 50% for SHJ cell

üAg consumption below 8 mg/W achievable

üSignificant step towards the 5 mg/W mid-term 

goal for sustainable SHJ production

Č Risen already presented 5 mg/W

Public
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Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells 
without busbars / pads for smart wire (SWCT) module integration

AgCu / AgCu

Cell

7 mg/W
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed silver-copper (AgCu) metallization

ÁLow temperature approach with silver-copper 

pastes

ÁLatest versions of AgCu pastes can compete 

with the best Ag pastes

ÁAgCu fingers allow to reduce Ag 

consumption by at least 50% for SHJ cell

üAg consumption below 8 mg/W achievable

üSignificant step towards the 5 mg/W mid-term 

goal for sustainable SHJ production

Č Risen already presented 5 mg/W

üWill 100% Cu pastes be the next step?

Public
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Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells 
without busbars / pads for smart wire (SWCT) module integration

AgCu / AgCu

Cell

7 mg/W
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed copper metallization

ÁSHJ Solar cell results showŻ. 

ÁCu pastes allow almost same efficiency level 

with 80µm screen opening

ÁCu pastes show promising results with 25µm 

screen opening, but still need some 

improvement

Public
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Ag / Ag             Ag / Cu              Ag / Ag              Ag / Cu

-0.1%abs

-0.6%abs
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed copper metallization

ÁSHJ Solar cell results showŻ. 

ÁCu pastes allow almost same efficiency level 

with 80µm screen opening

ÁCu pastes show promising results with 25µm 

screen opening, but still need some 

improvement 

>> printing geometry >> line resistance

Public

35

Ag / Ag             Ag / Cu              Ag / Ag              Ag / Cu

-0.1%abs

-0.6%abs
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed copper metallization

ÁLow temperature approach with silver-copper 

pastes

ÁLatest versions of AgCu pastes can compete 

with the best Ag pastes

ÁAgCu fingers allow to reduce Ag consumption 

by at least 50% for SHJ cell

ü100% Cu paste on rear side allow Ag 

consumption below 5 mg/W

üSignificant step towards the 2 mg/W long-

term goal for sustainable SHJ production

Public
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Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells 
without busbars / pads for smart wire (SWCT) module integration

AgCu / AgCu

Cell

7.5 mg/W

Ag /  Cu

Cell

4.4 mg/W
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed metallization > Outlook

GRIDMASTER calculation with 100% Cu paste 

as rear side metallization

üCu pastes (on rear side) allow Ag 

consumption below 2 mg/W especially in 

combination with AgCu front side

üMore details: see talk by Sebastian Pingel at 

Silicon PV 2025 

Public
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GRIDMASTER calculationbased on experimental results: more details 
see talk of Sebastian Pingel at Silicon PV 2025

Ag / Cu      AgCu / Cu      


