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Motivation
Improvement of SHJ solar cells & metallization

[2]

Local Ag-paste printing + curing ≈ 200°C

◼ Screen-printed low-temperature Ag-paste

◼ Widely used in industry

◼ „Limited“ performances (ρc, ρL, adhesion…)

◼ Higher Ag consumption for bifacial SHJ

➔ by 2030, PV would consumes 100% of the global 
Ag world supply [3-5]
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[1] T. Hatt, Albert-Ludwigs-University Freiburg, 2021.
[2] J. Schube, Albert-Ludwigs-University Freiburg, 2020.
[3] N. Haegel et al., Science, 2019.
[4] P. Verlínden, J, Renewable Sust. Energy, 2020.

[5] E. Gervais et al., Renewable Sust. Energy, 2021.
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[1] T. Hatt, Albert-Ludwigs-University Freiburg, 2021.
[6] A. Lachowicz et al., 37th EUPVSEC, 2020.
[7] T. Hatt et al., 47th IEEE-PVSC, 2020.

Thin sacrificial full area seed-layer

◼ Electroplating & organic resist masking

◼ Simultaneous bifacial electroplating

◼ High performances (ρc, ρL, adhesion…) [6-7]

◼ Organic resist on 95% wafer area
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Inkjet

„NOBLE“ metallization
Electrode properties

NaOHaq ink

Wet chemical
etching

Electroplating

Metal-seed layer**

Al

TCO

**(e.g. TiW/Cu, Ag, TiW/Ag…)

[7] T. Hatt et al., 47th IEEE-PVSC, 2020.
[10] D. Erath et al., AIP Conf. Proceedings, 2021.

Metallization
Width 

[µm]

ρL 

[µΩ·cm]

ρc 

[mΩ·cm²]
Peel-force

[N/mm]

Plated Cu (NOBLE) [7] 25 – 30 ≈ 2 0.1 - 1 ≥ 2

Screen-printed Ag [10] 30 - 40 ≥ 5 ≥ 2 ≤ 0.5

TCO + Metal

PVD tool

Al patterning

Inkjet-printing

Sel. Plating + Etching

Wet chemical baths
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„NOBLE“ metallization
Agenda

Wet chemical
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[7] T. Hatt et al., 47th IEEE-PVSC, 2020.
[10] D. Erath et al., AIP Conf. Proceedings, 2021.
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◼ Stabilized metallization on large area SHJ solar cells [1]

◼ Simultaneous bifacial Cu-electroplating

◼ Low-cost – no resist, only grid-area to be patterned

„NOBLE“ metallization
I-V of SHJ solar cells

→On same industrial SHJ precursors: best Ag screen-printed cell → η 22.9%

[1] T. Hatt, Albert-Ludwigs-University Freiburg, 2021.
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Ongoing
Patterning of Al masking layer

◼ Higher throughput for Al patterning

◼ Printing of NaOHaq
[11]

◼ Laser ablation

➔ Lab set-up limited (throughput, printheads…)

[11] T. Hatt et al., ACS Appl. Mater. Interfaces, 2021.

Inkjet [11]

NaOHaq inkAl

PVD metal-seed**

ITO

20 µm

Al

CuPVD

Inkjet patterning
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Ongoing
Patterning of Al masking layer

◼ Higher throughput for Al patterning

◼ Printing of NaOHaq

◼ Laser ablation

[2] J. Schube, Albert-Ludwigs-University Freiburg, 2020.
[13] J. Schube et al., Phys. Status Solidi RRL, 2019.

FlexTrail-printing [2, 13]

Typically Ink/paste
with Ag particles

NaOHaq inkAl

PVD metal-seed**

ITO

FlexTrail
14 µm

Al

Cu
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Ongoing
Patterning of Al masking layer

◼ Higher throughput for Al patterning

◼ Printing of NaOHaq

◼ Laser ablation

➔ Optimization to avoid damaging SHJ cell passivation

[12] T. Hatt et al., 38th EUPVSEC, 2021.

Laser [12]

Al

PVD metal-seed**

ITO

13 µm

Al
Cu

PL imaging @ 1 sun on SHJ solar cell
after laser patterning
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Ongoing
Patterning of Al masking layer

◼ Higher throughput for Al patterning

◼ Printing of NaOHaq

◼ Laser ablation

◼ After complete processing

[12] T. Hatt et al., 38th EUPVSEC, 2021.

26 µm

6 µm
20 µm

9 µm

Inkjet patterning FlexTrail patterning

16 µm

6 µm

Laser patterning

Patterning
Eta
[%]

Voc

[mV]
jsc

[mA/cm²]
FF

[%]
pFF
[%]

Laser 21.4 726.8 38.6 76.3 83.4

Inkjet 22.7 735.7 38.3 80.5 84.4

➔ 1st large area SHJ solar cells [12]
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„NOBLE“ metallization
Agenda
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[7] T. Hatt et al., 47th IEEE-PVSC, 2020.
[10] D. Erath et al., AIP Conf. Proceedings, 2021.
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Ongoing
Cu electroplating

◼ Key of selective Cu electroplating on metal-seed layer

◼ Selectivity

➔ Stability of native AlOx mask in acidic milieu [9-10] 

➔ Optimized Forward/Reverse pulse plating

[9] T. Hatt et al., AIP Conf. Proc., 1999, 040009, 2018.
[10] M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions: National 
Association of Corrosion Engineers, 1974.

Commercial Lab
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Ongoing
Cu electroplating

◼ Key of selective Cu electroplating on metal-seed layer

◼ Selectivity

◼ Cu growth in lab electrolyte (pH 3.3)

➔ Homogeneous „isotropic“ growth

After 10s

5 µm
After 10 min

Isotropic
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Ongoing
Cu electroplating

◼ Key of selective Cu electroplating on metal-seed layer

◼ Selectivity

◼ Cu growth in lab electrolyte (pH 3.3) ◼ Ramp-up for stable industrial copper
electrolyte

➔ Optimized morphology, mechanical stress…

10 µm 2 µm

Lab electrolyte

10 µm 2 µm

Industrial electrolyte
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Summary & Outlook

◼ Contact metallization ➔ Ag should be reduced/replaced by Cu [1-4]

◼ Resist-free Cu plating approach („NOBLE“ met.) 

◼ Stabilized on large area SHJ solar cells

◼ Patterning of Al masking layer by Laser or Inkjet/FlexTrail-printing

◼ Developed mild acidic industrial copper electrolyte with ICB GmbH

◼ Adequate tuning of Cu contacts shape

◼ Spin-off PV2plus from Fraunhofer ISE to transfer the „NOBLE met.“ to
solar cell manufacturers

➔ www.linkedin.com/company/pv2plus/

Native Oxide Barrier Layer for selective Electroplating

[1] N. Haegel et al., Science, 2019.
[2] P. Verlínden, J, Renewable Sust. Energy, 2020.
[3] E. Gervais et al., Renewable Sust. Energy, 2021.
[4] Y. Zhang et al., Energy Environ. Sci., 2021. 

http://www.linkedin.com/company/pv2plus/
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