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Motivation
Silver: a Scarce Material

Silver Consumption:

Á2024 ~ 32% of globally industrially used Ag for PV1

ÁReduction of specific silver consumption mAg
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Photos from:
Ag:  www.tradestation.com  
Cu: www.degussa-goldhandel.de

2

2mg/W

TW era

https://silverinstitute.org/silver-supply-demand/#silver_demand
https://doi.org/10.1039/D1EE01814K
https://doi.org/10.1002/pip.3799
https://doi.org/10.1016/j.solmat.2025.113593


©Fraunhofer ISE
public

Motivation
Silver: a Scarce Material

Silver Consumption:

Á2024 ~ 32% of globally industrially used Ag for PV1

ÁReduction of specific silver consumption mAg

ÁSHJ: transition from Ag to AgCu, next step Cu (?)

How much can we reduce the Ag consumption 

without compromising the ɖ of SHJ?
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Motivation
Silver: a Scarce Material

Silver Consumption:

Á2024 ~ 32% of globally industrially used Ag for PV1

ÁReduction of specific silver consumption mAg

ÁSHJ: transition from Ag to AgCu, next step Cu (?)

ÁAg content Ē in the AgCu paste, trend < 30%

5 O. Mhirsi et al.: contribution to EUPVSEC 2025

AgCu/Ag 70/30 mass ratio paste made at ISE 5
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Á2024 ~ 32% of globally industrially used Ag for PV1

ÁReduction of specific silver consumption mAg

ÁSHJ: transition from Ag to AgCu, next step Cu (?)

ÁAg content Ē in the AgCu paste, trend < 30%

AgCu/Ag 70/30 mass ratio paste made at ISE 5

5 O. Mhirsi et al.: contribution to EUPVSEC 2025
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Motivation
Silver: a Scarce Material

Silver Consumption:

Á2024 ~ 32% of globally industrially used Ag for PV1

ÁReduction of specific silver consumption mAg

ÁSHJ: transition from Ag to AgCu, next step Cu (?)

ÁAg content Ē in the AgCu paste, trend < 30%

Loss mechanisms in SHJ cells due to metallization: 

ÁDominated by shading JSC  (grid finger width w F)

ÁMeeting both targets: high ɖand low Ag consumption

Ą fine line printing of low Ag content pastes

AgCu/Ag 70/30 mass ratio paste made at ISE 5

5 O. Mhirsi et al.: contribution to EUPVSEC 20256 1 https://silverinstitute.org/silver-supply-demand/#silver_demand
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1. Test Form Investigation
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Test Form
Variation: Nominal Screen Opening wN

1

2

3

4

Segment:                  Test Form with variation of nominal opening w N

13 µm

16 µm

19 µm

22 µm

25 µm

28 µm

RLINEFinger
geometry 

Test Form: 
ÁwN variation from 13 to 28 µm on wafer side

8
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mesh ®; w N­ 13 µm 16 µm 19 µm 22 µm 25 µm 28 µm

520x11x22.5°

640x9x22.5°

640x9x0°

Test Form Incoming Inspection
Variation: Nominal Screen Opening wN and Mesh

9

Test Form: 
ÁwN variation from 13 to 28 µm on wafer side
ÁMesh variation: 520x11x22.5°, 640x9x22.5° & 0°

New mesh type from 

ASADA MESH Co., LTD.
640 mesh count

9 µm wire diameter

200 µm
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Test Form Process Sequence
Variation: Paste, Nominal Screen Opening wN and Mesh

10

SHJ M2 industrial precursor

SP FS, Testform w N = 13-28 µm, Laydown Ą M | Drying

#
 W

a
fe

r

640x9x0°640x9x22.5°520x11x22.5°

AgCu LTPAg LTP

SP 5BB FS | Curing 220°C, 1.5 Min

1

10x

2

10x

3

10x

4

10x

5

10x

6

10x

SP RS Reference Layout | Drying 200°C, 1.0 Min

AgCu LTPAg LTP AgCu LTPAg LTP

Test Form: 
ÁwN variation from 13 to 28 µm on wafer side
ÁMesh variation: 520x11x22.5°, 640x9x22.5° & 0°

Sample production:
ÁScreen Printing (SP) of low temperature paste (LTP)
ÁSilver based Ag-LTP
ÁSilver-coated copper particle based AgCu-LTP

4 S. Pingel et al., 2025,https://doi.org/10.1016/j.solmat.2025.113593
6 K. Gensowski et al. https://doi.org/10.1016/j.solmat.2022.111871
7 T. Fellmeth, https://doi.org/10.1109/JPHOTOV.2013.2281105

Grp

https://doi.org/10.1016/j.solmat.2025.113593
https://doi.org/10.1109/JPHOTOV.2013.2281105


©Fraunhofer ISE
public

Test Form Process Sequence
Variation: Paste, Nominal Screen Opening wN and Mesh

11

SHJ M2 industrial precursor

SP FS, Testform w N = 13-28 µm, Laydown Ą M | Drying

#
 W

a
fe

r

640x9x0°640x9x22.5°520x11x22.5°

AgCu LTPAg LTP

SP 5BB FS | Curing 220°C, 1.5 Min

Finger geometry 3D-CLSM (Olympus Lext) Ą w F , AF

IV: GridResĄ RLINE

1

10x

2

10x

3

10x

4

10x

5

10x

6

10x

SP RS Reference Layout | Drying 200°C, 1.0 Min

AgCu LTPAg LTP AgCu LTPAg LTP

Test Form: 
ÁwN variation from 13 to 28 µm on wafer side
ÁMesh variation: 520x11x22.5°, 640x9x22.5° & 0°

Sample production:
ÁScreen Printing (SP) of low temperature paste (LTP)
ÁSilver based Ag-LTP
ÁSilver-coated copper particle based AgCu-LTP

Analysis:
ÁEffective Silver Utilization lESU

4,6

Simulation:
ÁGrid optimization with GridMaster 7

CalculationlESU

GridMaster simulation

Grp

4 S. Pingel et al., 2025,https://doi.org/10.1016/j.solmat.2025.113593
6 K. Gensowski et al. https://doi.org/10.1016/j.solmat.2022.111871
7 T. Fellmeth, https://doi.org/10.1109/JPHOTOV.2013.2281105

https://doi.org/10.1016/j.solmat.2025.113593
https://doi.org/10.1109/JPHOTOV.2013.2281105
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Results Test Forms
Laydown

12

~ 19 mg Ag

ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag

wet M and Ag MAg
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Results Test Forms
Laydown

13

~ 12 mg Ag

~ 19 mg Ag

ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

wet M and Ag MAg
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Results Test Forms
Finger Geometry

14

ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

Á520x11 Ą 640x9 mesh improved uniformity 8

Ag LTP 520x11x22.5° wN = 16 µm

Ag LTP 640x9x22.5° wN = 16 µm

8 S. Pingel et al., to be published
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Results Test Forms
Finger Geometry

15

ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

Á520x11 Ą 640x9 mesh improved uniformity 8

ÁAg LTP paste for wN = 13 µm: w F ~ 20 µm achieved
ÁAg LTP / AgCu LTP, w N < 19 µm
ĄSuper small AF < 100 µm² achieved

Ag LTP 520x11x22.5° wN = 16 µm

Ag LTP 640x9x22.5° wN = 16 µm

Ag LTP 640x9x0° wN = 13 µm

8 S. Pingel et al., to be published
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Results Test Forms
Finger Geometry

16

ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

Á520x11 Ą 640x9 mesh improved uniformity 8

ÁAg LTP paste for wN = 13 µm: w F ~ 20 µm achieved
ÁAg LTP / AgCu LTP, w N < 19 µm
ĄSuper small AF < 100 µm² achieved

ÁWeighting of MAg with AF Ą mAg in mgAg / cm
ÁMedian of RLINE measurement

Effective Silver Utilization lESU
4,6 :

Ag LTP 520x11x22.5° wN = 16 µm

Ag LTP 640x9x22.5° wN = 16 µm

Ag LTP 640x9x0° wN = 13 µm

ⱦ╔╢╤ ╡╛╘╝╔ □═▌

4 S. Pingel et al. ,https://doi.org/10.1016/j.solmat.2025.113593
6 K. Gensowski et al. https://doi.org/10.1016/j.solmat.2022.111871
8 S. Pingel et al., to be published

https://doi.org/10.1016/j.solmat.2025.113593
https://doi.org/10.1016/j.solmat.2022.111871
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Results Test Forms
Effective Silver Utilization lESU
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ⱦ╔╢╤ ╡╛╘╝╔ □═▌
ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

Á520x11 Ą 640x9 mesh improved uniformity 8

ÁAg LTP paste for wN = 13 µm: w F ~ 20 µm achieved
ÁAg LTP / AgCu LTP, w N < 19 µm
ĄSuper small AF < 100 µm² achieved

Effective Silver Utilization lESU
4,6 :

ÁAgCu vs Ag lESU Đ factor ~ 2

4 S. Pingel et al. ,https://doi.org/10.1016/j.solmat.2025.113593
6 K. Gensowski et al. https://doi.org/10.1016/j.solmat.2022.111871
8 S. Pingel et al., to be published
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Results Test Forms
Effective Silver Utilization lESU

18

ⱦ╔╢╤ ╡╛╘╝╔ □═▌
ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

Á520x11 Ą 640x9 mesh improved uniformity 8

ÁAg LTP paste for wN = 13 µm: w F ~ 20 µm achieved
ÁAg LTP / AgCu LTP, w N < 19 µm
ĄSuper small AF < 100 µm² achieved

Effective Silver Utilization lESU
4,6 :

ÁAgCu vs Ag lESU Đ factor ~ 2
ÁAg wN = 16 µm: lESUĐ640er Đ0°

4 S. Pingel et al. ,https://doi.org/10.1016/j.solmat.2025.113593
6 K. Gensowski et al. https://doi.org/10.1016/j.solmat.2022.111871
8 S. Pingel et al., to be published
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Results Test Forms
Effective Silver Utilization lESU

19

ⱦ╔╢╤ ╡╛╘╝╔ □═▌
ÁLaydown wet: M and Ag: MAg

ÁAg LTP: 92% wt Ag
ÁAgCu LTP: 47%wt Ag

Á520x11 Ą 640x9 mesh improved uniformity 8

ÁAg LTP paste for wN = 13 µm: w F ~ 20 µm achieved
ÁAg LTP / AgCu LTP, w N < 19 µm
ĄSuper small AF < 100 µm² achieved

Effective Silver Utilization lESU
4,6 :

ÁAgCu vs Ag lESU Đ factor ~ 2
ÁAg wN = 16 µm: lESUĐ640er Đ0°
ÁAgCu wN = 16 µm : lESUĐ640x9x0°

Enabling fine line + low Ag 

4 S. Pingel et al. ,https://doi.org/10.1016/j.solmat.2025.113593
6 K. Gensowski et al. https://doi.org/10.1016/j.solmat.2022.111871
8 S. Pingel et al., to be published

https://doi.org/10.1016/j.solmat.2025.113593
https://doi.org/10.1016/j.solmat.2022.111871
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2. Grid Simulation
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Results
GridMaster Simulation

ÁM10 SHJ precursor with 25.5 % ɖ-potential, 16 wires
ÁBifacial simulation FS: 900 / RS: 100 W/m²
ÁVariation of pF (1/3 fingers FS and 2/3 RS) 

Reference: Ag 520x11x22.5° w N = 25 µm 

21

Finger pitch pFĒ
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Results
GridMaster Simulation

ÁM10 SHJ precursor with 25.5 % ɖ-potential, 16 wires
ÁBifacial simulation FS: 900 / RS: 100 W/m²
ÁVariation of pF (1/3 fingers FS and 2/3 RS) 

Reference: Ag 520x11x22.5° w N = 25 µm 
ÁMajor loss channel: JSC,FS~2.0%, others ƭ 0.5%rel.

Ą Finer, metallization on FS (and RS) needed

22

Finger pitch pFĒ
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm 

23

ɖ mAg

24.52%   10.9 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm

Ag 520x11x22.5° w N = 16 µm 
Áɖ Ē  due to RLINE Đ

24

ɖ mAg

24.35%   8.0 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm

Ag 640x9x22.5° w N = 16 µm 
Áɖ Č, mAgĒ

25

ɖ mAg

24.55%   6.7 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm

Ag 640x9x0° w N = 16 µm 
Áɖ Đ, mAgĒ

26

ɖ mAg

24.61%   6.4 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm 

AgCu 520x11x22.5° w N = 25 µm 
Áɖ Ē due to JSC Ē, mAg Ē

27

ɖ mAg

24.43%   6.5 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm 

AgCu 520x11x22.5° w N = 16 µm 
Áɖ Ē, mAg Ē

28

ɖ mAg

24.44%   4.0 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm 

AgCu 640x9x22.5° w N = 16 µm 
Áɖ Ē, mAg Ē

29

ɖ mAg

24.45%   3.2 mg/W
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Results
GridMaster Simulation

Reference: Ag 520x11x22.5° w N = 25 µm 

AgCu 640x9x0° w N = 16 µm 
Áɖ Č, mAg Ē

30

ɖ mAg

24.49%   3.4 mg/W
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Results
GridMaster simulation

Reference: Ag 520x11x22.5° w N = 25 µm 
Ą 640x9x0° w N = 16 µm

Simulation indicate: with the right screen and paste 
low mAg and high ɖis possible 

31

TW era
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Results
GridMaster simulation

Reference: Ag 520x11x22.5° w N = 25 µm 
Ą 640x9x0° w N = 16 µm

Simulation indicate: with the right screen and paste 
low mAg and high ɖis possible 

32

TW era

Ag: 
ɖ: +0.09%Đ
mAg: -40% Ē

AgCu:
ɖ: -0.03% Č

mAg: -70% Ē



©Fraunhofer ISE
public

3. Cell Results
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Cell results
Efficiency

34

Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag
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Cell results
Efficiency
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Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag
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Cell results
Efficiency

36

Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

20 µm Ą 17 µm

Dɖ +0.6% rel.

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag
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Cell results
Efficiency

37

Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

20 µm Ą 17 µm

Dɖ +0.6% rel.

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag
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Cell results
Efficiency

38

Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

20 µm Ą 17 µm

Dɖ +0.6% rel.

20 µm Ą 17 µm

Dɖ +1.0% rel.

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag
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Cell results
Efficiency

39

Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

20 µm Ą 17 µm

Dɖ +0.6% rel.

20 µm Ą 17 µm

Dɖ +1.0% rel.

FS #120 Ą #90

Dɖ -0.6% rel.

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag
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Cell results
Efficiency

40

Variation of:
ÁPastes Ag, AgCu, Cu
ÁScreen / Opening
ÁFinger pitch

Cell characteristic:
Á0BB cells
ÁIV:16 bars FS+RS*

** 480x11x0       ** 500x7x0        *** 400x18x22.5       **** 430x13x0
*Front + Rear: 16BB, busbar resistance neglecting, black chuck calibration 
front: 16BB, brn; rear: 16BB, loc, brn, nrc according to 9M. Rauer et al. : https://doi.org/10.1002/solr.202300873

20 µm Ą 17 µm

Dɖ +0.6% rel.

20 µm Ą 17 µm

Dɖ +1.0% rel.

FS #120 Ą #90

Dɖ -0.6% rel.

RS AgCu 17 µm  Ą RS Cu 80 µm 

Dɖ +0.5% rel.

****

*******

*******

* *

**

** **

~ 40% Ag

~ 30% Ag


