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Background and Motivation
Rapid growth of the PV IndustrypRisk and Challenges

FIGURE 4 WORLD ANNUAL SOLAR PV MARKET SCENARIOS 2024-2028
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Background and Motivation
Rapid growth of the PV IndustrypRisk and Challenges 2025 (TRPv)around 30% of global Ag supplyis usesby PV
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Background and Motivation
Rapid growth of the PV IndustrypRisk and Challenges

Trend: Ag consumption @ 1.5 TW in 2034:
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Background and Motivation
Rapid growth of the PV IndustrypRisk and Challenges
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Background and Motivation

Rapid growth of the PV IndustrypRisk and Challenges

Rapid growth of PV:
Alnstalled capacity 2024599 GW,, [

Risk and Challenge:

ARising demand for scarce materialAg, Bi , I

AMost critical resource: Silver usage in metallization

A2023/24: 5 mg/W (PERCP17 mg/W (SHJ) Ag is use
Update SHJ 2025: ~5 mg/W with AgCu pastes
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Background and Motivation
Rapid growth of the PV IndustrypRisk and Challenges
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Technology Roadmap
How can we reduce / replace Silver?

fotofromwww.tradestation.com

fotofromwww.degussayoldhandel.de
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Benefits:
A Resistivity comparable to Ag Resistivity
A Substantial cost reduction Price [$/Kg]"]
A More sustainable production Carbon footprint [Kg CG,
AReduction of economic risks and ~ Equivalentsper Kg]

material dependency Abundancein e a r ftrbst[®%] P!
10 [7] https://lwww.dailymetalprice.corfMar 07, 2025]

[8]LCA data MED & Printers (epa.goyaccessed Junes], 2024)

©Fraunhofer ISE

Public [9] Pandey, B. Statenf-the-Art Report on Technology for Producing Rare Metals in India (2012).

Copper
0.018 pWm
10.49
1.71

0.0055

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

Risk and Challenge:

A Cu particularly critical for hightemperature ntype solar cell ,7[ p-type Si _
[ .~ T~ T n-type Si
concepts €.9g.TOPCoi [
Diffusion of Cu into Silicon, i.e. ntype Si, and formation ¢ :
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Risk and Challenge: Natural corrosion: patina and verdigris
due to reactions with air or vinegatr.

ACu particularly critical for hightemperature ntype solar cell Bild: hitps:/iwww.11880-gebast R
concepts €.9g.TOPCoi

/A Diffusion of Cu into Silicon and formation of
recombination-active precipitates (deegevel traps)

/ Oxidation of contacts (loss of conductivity)

ALongterm stability of copper contacts
C effects on module reliability
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Perspectives for Solar Cell Metallization with Copper
Advantages and Challenges of Copper Metallization

Risk and Challenge: Natural corrosion: patina and verdigris
due to reactions with air or vinegatr.

A Cu particularly critical for hightemperature ntype solar cell
concepts €.9g.TOPCoi

/A Diffusion of Cu into Silicon and formation of
recombinationactive precipitates (deegdevel traps)i!

Bild: https://www.11880-gebaeudereinigung.com/

/ Oxidation of contacts (loss of conductivity)

ALongterm stability of copper contacts
C effects on module reliability

U How can we replace silver with copper AN .
without performance losses? Soor R R R R
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Technology Roadmap
How can we reduce / replace Silver?

Ag reduction /
replacement Z .

AFine line printing

A Screenprinting
AAg(/Cu) pastes
A100% Cu pastes

A Cu plating

fotofromwww.tradestation.com

fotofromwww.degussayoldhandel.de
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Technology Roadmap
How can we reduce / replace Silver?

Ag reduction /
replacement Z .

AFineline printing
A Screen printing
AAg(/ Cu) pastes

A100% Cu pastes i ey FroUnhofer ISE
A Cu plating
fotofromwww.tradestation.co}n
fotofromwww.degussayoldhandel.de
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Technology Roadmap
How can we reduce / replace Silver?

Ag reduction /
replacement Z .

AFineline printing

A Screenprinting
AAg(/Cu) pastes
A100% Cu pastes

ACu plating

fotofromwww.tradestation.com
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

A State-of-the-art: flatbed screen printing

\
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence
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A State-of-the-art: flatbed screen printing g 100 * # Stencil Printing (Pub.) i
A Finger width reduction by factor 8 since 201011 5 0% ]
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Evolution of screqgirinted finger width based on published results

Evolution of scregirinted finger width illustrated by selected SEM _
from 2008 to 2004. Updated version, based on [11]

images of screen printed contacts. Source: Fraunhofer ISE
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Screen Printed Metallization for Si Solar Cells

2013:
Towards Minimizing Silver Dependence 23BBEC T 5 BB
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

A State-of-the-art: flatbed screen printing 2024
A Finger width reduction by factor 8 since 20102

ABLearning rateb increase
technological leap from 2 or 3 to 5 or more busbars

A Further Increase with current technological leap to
half cells and multtbusbar technology?

ARecent result:
APERC front side metallizatiomv; = 14 pm [12.13]

EHT = 5.00 kv WD = 5.0 mm Mag= 9.95KX Fraunhofer ISE

StageatT= -56° Detector = SE2

\

21 [12] Source: Fraunhofer ISE, Lohmitiller et al. [submitted for publication on EUPVSEC 2024]
gﬁgﬁgnhofer ISE [13] https://www.pvymagazine.com/2024/05/01/fraunhofeye-develops23-4-efficientperc-solarcells
with-limited-silveramount/
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Screen Printed Metallization for Si Solar Cells
Towards Minimizing Silver Dependence

L 2024 2020
0 ol | T .- rr{edién I

) o SHJ solacells N
A State-of-the-art: flatbed screen printing 2 - Ag-laydown/P
. : . : i =
AFinger width reduction by factor 8 since 20102 5215

. . ) z @148

ABLearning rateb 1 ncreases &g 79 1410 giss
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) g P 2510 13.0@ 150 00 | @211
A Further Increase with current technological leap to =
. 9114
half cells and multtbusbar technology? :%

. 9224
ARecent result: § 2054 ®3138
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APERC front side metallizatiom ; = 14 um B4l =

A SHJ front side metallizatiorw; = 17 pm 14 S tiei

20.0 — —— : : : :
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Ag-Laydown/P [mg/W ]

Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells
without busbars / pads for smart wire (SWCT) module integration
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Ultra Fine -Line Printing
Upcoming Technologies

A Parallel Dispensing Technology

Aallows more homogenous finger geometry
C about 20% less silver consumption demonstrated

In-linelntermitted
ParallelDispensing
printhead[16]

Alndustrial printheads available
C HighLineTechnology (Fraunhofer ISE Spirff)

C More Details: Seahe next talk by Francesca

SEMmageofadispenseaontactfinger[15]

24 [15] Pospischil et al. (Met WS 2019)
H|GH;  Fraunhofer

oFraunhoferise 116] www.highlingechnology.de
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Ultra Fine -Line Printing
Upcoming Technologies

A Parallel Dispensing Technology

AFlexTrail Printing Technology [17:18] : /%,//r///.//,//.///
Fingerwidth down to 10 um
Significantsilversavingpotential

Technologyupscalingis ongoing

25
[17] J. Schube et al., Energy Technology (2022 —
~ Fraunhofer

Bapjarorer IS8 [18] M. Jahn, EP 3 736 050 (2022).. -1



Ultra Fine -Line Printing
Upcoming Technologies

AParallel dispensing technology
A Flextrailprinting technology

AFurther high potentialultra fine-line printing
technologies

Glassstencil printing 19

26

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

[19] T. Schweigstillthis conference(1B0O.3.6)
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Ultra Fine -Line Printing
Upcoming Technologies

DR Utilight.movie

AParallel dispensing technology
A Flextrailprinting technology

AFurther high potentialultra fine-line printing
technologies

Glassstencil printing 119

Patterntransfer printing (PTPY

b L u nMetallizatonTec hn oo gy B
Z .

C More Details: Sedahe next talk by Francesca

\
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Technology Roadmap

How can we reduce / replace Silver?

Ag reduction /
replacement
(First step):
Fineline printing
allows ultra-fine
finger geometries
(below 15 pm)

fotofromwww.tradestation.com

28
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EHT = 5.00 kV WD = 5.0 mm Mag= 995KX

Stage atT= -56° Detector = SE2

Fraunhofer ISE
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Technology Roadmap
How can we reduce / replace Silver?

Ag reduction /
replacement

(first step): l
Fineline printing
allows ultra-fine
finger geometries
(below 15 pm)

&

fotofromwww.tradestation.com
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Ag reduction /
replacement
(second step):

AAg/Cu and Cu
pastes

A Cu plating
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed silvectopper (AgCu) metallization

A Low temperature approach with silveicopper LT Ag-Paste LT AgCu-Paste
paSteS 1 Mesh: 520x11x0° wy = 27 um Mesh: 440x13x22.5° wy = 30 pm
) _ ‘ ,
A Latest versions of AgCu pastes can compete “g " ]
with the best Ag pastes T %Z‘E’ =
£
il AgCu fingers allow to reduce Ag E ) & =
. @] ] a5
consumption by at least 50% for SHJ cell o 3] b o -
= w % - % 3.4 -
Ve 120 g s> p 3.0
22 24 pow v
W, [um] 27 30
ep/M|[Aa]|B|c|[p|E[c|I|Kk|[L[Ref{s|Z|[R]|Q|[V|[P]|Y]|T]X
Cushare 0% 28%[37 %|4 3%|46%|47 %52 %{57 %
Ag share 94%| 92% 64%I55%]|50%|46 %45 %4 0%(35%
paste type Ag AgCU

R nedata for Ag and AgCu pastes printed with
variedw, (27 um and 30 pum are shown).

StageatT= 0.0 Detector = SE2

31 o

©Fraunhofer ISE m Z | FraunhOfer

Public ISE

N\



Screen Printing of Copper Contacts

SHJsolar cells with screen printed silvectopper (AaCu) metallization
— 22.0 . .

® mediann
specific my,

A Low temperature approach with silveicopper

pastes 21.5
) . @48
ALatest versions of AgQCu pastes can compete 9 ., .0 o5
with the best Ag pastes o®

13.0@ 150 06 | @211

AAgCu fingers allow to reduce Ag

i~ O
nmodu!e, masked in %
e
o

consumption by at least 50% for SHJ cell o1
.. . . 9224
U Ag consumption below 8 mg/W achievable 005 3138
U Significant step towards the 5 mg/W midterm
goal for sustainable SHJ production
C Risen already presented 5 mg/W 20.0 | . | | | | |
0 5 10 15 20 25 30 35

specific m,, [mg/W,]
Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells
without busbars / pads for smart wire (SWCT) module integration
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed silvectopper (AaCu) metallization

. 22.0 : ———
® mediann

) S specific my,
ALow temperature approach with silveircopper

pastes , 21s
) _ S @148
ALatest versions of AgQCu pastes can compete £ 9 ., .0 o155

with the best Ag pastes 3 o |
’ . gp 2910 13.0@ 150 0° | @211
A AgCu fingers allow to reduce Ag =

consumption by at least 50% for SHJ cell 3 o1
y : : S 0224
U Ag consumption below 8 mg/W achievable & 005 3138
U Significant step towards the 5 mg/W midterm

goal for sustainable SHJ production

C Risen already presented 5 mg/W 20.0 | . | | | | |

0 5 10 15 20 25 30 35

specific m,, [mg/W,]

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

U Will 100% Cu pastes be the next step?
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed copper metallization

ASHJ Solar cell results sho\ /949 L Ag/Ag |,A91/FC“,I
.. 23.0
Cu pastes allowalmost same efficiency level | | ' '
with 80pum screen opening 028 — 1
o . ' -0.1% 6
Cu pastes showpromising results with 25um | = ~~ .
screen opening, but still need some 22.6 1 - \
. - : o
improvement 2 994 . 0.6% aps
=
= N \
22.2 * ;
22.0 B
21.8 ; !
Paste Ag Cu Ag Cu
wy [um] 80 25
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed copper metallization

ASHJ Solar cell results

Cu pastes allow almost same efficiency level
with 80pum screen opening

Cu pastes show promising results with 25um
screen opening, but still need some
improvement

>> printing geometry >> line resistance

21.8

Paste Ag Cu Ag Cu
wy [um] 80 25

35
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed copper metallization

— 22.0 —————
® mediann

) S specific my,
ALow temperature approach with silveircopper

pastes , 21s
A : o~ @148
ALatest versions of AgQCu pastes can compete E@ O 099 ., .@ o155

with the best Ag pastes g Ag / Cu 200 2 %66 @21
. ) ) ] 21.0 . 5.0
A AgCu fingers allow to reduce Ag consumption = el

by at least 50% for SHJ cell 3 |eemowend

é 0224
20 5 3138

U 100% Cu paste on rear side allow Ag

consumption below 5 mg/W
U Significant step towards the 2 mg/W long 20.0 : : : : : : .

term goal for sustainable SHJ production 0 > o200 25 30 3

specific m,, [mg/W,]

Reduction of silver consumption @Fraunhofer ISE of SHJ solar cells
without busbars / pads for smart wire (SWCT) module integration
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Screen Printing of Copper Contacts
SHJsolar cells with screen printed metallization Xutlook

— AAANAAAA
Ag/Cu AgCu/Cu
GRIDMASTER calculation with 100% Cu paste | | M
as rear side metallization | I Ag/iCu | S
B AoCu/Cu
U Cu pastes (on rear side) allow Ag e, h'""“'\.,__h_ | ]
consumption below 2 mg/W especially in \'\..,_ A
combination with  AgCu front side N

(i More details: see talk by Sebastian Pingel at /
Silicon PV 2025 )

y 1 | 2 3 4 5
specfic Ag laydown [mg/W]
GRIDMASTER calculatimsed on experimental results: more details

see talk of Sebastian Pingel at Silicon PV 2025
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