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Abstract—This article explores an inline plating metallization
technique aimed at reducing silver usage in the production of tunnel
oxide passivated contact (TOPCon) silicon solar cells. Utilizing
ultrashort-pulse UV laser patterning combined with electrochem-
ical deposition of Ni, Cu, and Ag, this approach has successfully
achieved efficiencies up to 24 % with silver consumption reduced to
1.1 mg/Wp. The process has been applied using pilot line equip-
ment developed by RENA Technologies GmbH. This work not
only demonstrates the potential of inline plating for cost-effective
solar cell manufacturing but also addresses industrially feasible
mitigation strategies for challenges such as contact adhesion and
process stability. These include strategies to avoid insufficient Ni
nucleation and uneven plating current injection, which are critical
for achieving low contact resistivity and high fill factors (FF). As a
result, FF of (82.1 & 0.3)% were demonstrated for a batch of 186
TOPCon solar cells (M10 wafer size). In addition, reliability tests
on fabricated mini modules demonstrate promising resistance to
degradation. This research advances TOPCon solar cell technology
by providing deeper insights into the piloting of inline plating tech-
nology for cost-effective and silver-lean metallization of TOPCon
solar cells.

Index Terms—Copper, c-Si, laser ablation, metallization,
plating, silver reduction, solar cell, tunnel oxide passivated contact
(TOPCon).

1. INTRODUCTION

HE ongoing demand for higher efficiency and lower

production costs in silicon photovoltaics has driven the
widespread adoption of advanced passivating contact technolo-
gies such as tunnel oxide passivated contact (TOPCon) solar
cells [1]. TOPCon technology enables excellent surface passiva-
tion and high open-circuit voltages, establishing itself as a lead-
ing architecture for next-generation industrial silicon solar cells.
However, one of the key challenges for large-scale TOPCon
commercialization remains the high material costs and supply

Received 21 November 2025; revised 13 January 2026; accepted 1 February
2026. This work was supported in part by the European Union’s Horizon Europe
research and innovation program under Grant 101172902 (Shine PV) and in part
by the German Federal Ministry for Economic Affairs and Energy (BMWE)
under Grant 03EE1211B (EURO). (Jonas Eckert and Sven Kluska contributed
equally to this work.) (Corresponding author: Jonas Eckert.)

Jonas Eckert, Sven Kluska, René Haberstroh, Christian Schmiga, Sebastian
Mack, Jan Nekarda, and Florian Clement are with the Fraunhofer Institute
for Solar Energy System, 79110 Freiburg im Breisgau, Germany (e-mail:
jonas.eckert@ise.fraunhofer.de).

Mathias Kamp and Damian Brunner are with the RENA Technologies GmbH,
79108 Freiburg im Breisgau, Germany.

Digital Object Identifier 10.1109/JPHOTOV.2026.3663685

chain vulnerabilities associated with silver-based screen-printed
metallization.

To address this issue, alternative metallization strategies
that significantly reduce silver consumption while maintain-
ing high electrical performance are being explored. Among
these, electroplated nickel/copper/silver (Ni/Cu/Ag) contacts
deposited through inline plating processes have emerged as
a promising solution [2]. Inline plating offers the potential
for both substantial silver savings and compatibility with
industrial-scale, high-throughput manufacturing. In particular,
the use of laser contact opening (LCO) to locally remove
dielectric layers enables precise definition of contact areas,
paving the way for reliable, low-resistivity metal-semiconductor
interfaces.

Recent research has demonstrated that, with proper process
optimization, inline-plated Ni/Cu/Ag contacts can achieve high
fill factors (FF), low contact resistivity, and excellent adhesion,
even when applied to large-area TOPCon cells [3], [4]. More-
over, the integration of inline plating with pilot line equipment
and industrial cell designs has yielded cell efficiencies exceed-
ing 24% while reducing silver consumption to as little as 1.1
mg/Wp [5]. In addition, initial module-level studies indicate
that plated contacts are compatible with established intercon-
nection technologies and can meet reliability standards under
accelerated aging conditions [4].

Despite these advances, several technological and industrial
challenges remain. Ensuring robust contact adhesion, achiev-
ing homogeneous plating current injection, and controlling
process-induced recombination are critical for reliable and effi-
cient cell fabrication. Furthermore, the transition from screen-
printed to plated metallization requires careful consideration
of process integration, cost implications, and supply chain
factors.

This article presents a comprehensive study of inline plat-
ing for Ni/Cu/Ag metallization in industrial TOPCon silicon
solar cells. We detail the process development on pilot line
equipment, evaluate the electrical and reliability performance of
both bifacially plated and hybrid-metallized (front side: screen-
printed Ag contact, rear side: plated Ni/Cu/Ag contact) cells,
and discuss key challenges and mitigation strategies relevant
to large-scale adoption. By advancing understanding of inline
plating technology, this work supports the pathway toward cost-
effective, silver-lean, and high-efficiency TOPCon solar cell
manufacturing.

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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II. MATERIAL AND METHODS

A. Plating Approach, Tools, and Solar Cells Design

The plating approach in this work, based on Griibel et al. [2],
forms Ni/Cu/Ag contacts by first patterning the dielectric mask-
ing layers (antireflection/passivation layers) using LCO. This is
followed by single-side inline plating of a nickel seed layer (<1
pm), a copper conductive layer (3—10 pm), and a silver capping
layer (<0.5 pm). Fig. 1 shows two variants of the inline plating
approach used in this work to metallize TOPCon solar cells:
a hybrid approach (with screen-printed front-side contacts and
plated rear-side contacts), and a bifacial plating approach (with
plated contacts on both the front and rear sides).

The single-side plating approach in this work deposits the
nickel seed layer directly on the Si semiconductor interface. This
requires a homogeneous plating current injection and low-stress
plating electrolytes. The plating current injection is triggered by
an electrical contact at the dry top side of the solar cell as shown
for the case of bifacially laser patterned TOPCon solar cells in
Fig. 2. In the case of TOPCon solar cells with plated contacts on
both sides the application of a temporary metal contact (TMC)
improves the current distribution and the contact resistance to
the LCO. The TMC is manually placed on the solar cell top side
during inline plating and is removed afterward.

The inline plating tool (RENA InCellPlate) used in this work is
apilot line tool, the basic concept is scalable to mass production.
It features four parallel lines for inline plating with possible
wafer sizes ranging from M6-G12 or any rectangular format
within these limits.

B. Tape Test for Contact Adhesion Characterization

Contact adhesion reliability is tested in this work using tape
test characterization (depicted in Fig. 3). Four stripes of adhesive
tape are placed on a TOPCon solar cell with M 10 wafer size. The
analysis of the adhesion results after removing an adhesive tape
in a 90° angle was conducted by counting the remaining fingers
on the solar cell. Therefore, the solar cell is scanned in high
quality and image processing techniques are applied. Fingers
are detected and counted automatically. If there is a small region
of the finger which has peeled off the whole finger is marked
as failed. The four stripes are summarized and the percentual
finger adhesion is measured. This method has proven to be
efficient in terms of characterization time while still providing a
semi-quantitative measure of overall contact adhesion reliability.
Adhesion failure occurred exclusively at the Si-Ni interface. Fur-
ther, the interface of peeled off fingers was analyzed using SEM
characterization to evaluate possible reasons for adhesion loss.

III. RESULTS
A. Solar Cell and Module Results

1) Bifacially Plated Solar Cells: Bifacially plated solar cells
refer, in this work, to TOPCon solar cells with plated contact on
the front and rear side, which are metallized with the process
sequence shown in Fig. 1(c). At Fraunhofer ISE TOPCon solar
cells (M10 wafer format) were fabricated using n-type Si Cz

IEEE JOURNAL OF PHOTOVOLTAICS

wENIAL.

-

p-Emitter

N

Si
Sin, >

Poly-

’ VW NG VW

P R N A s N A s~
(4) (5)

(6) . .
N NN NN
E==1
Oxide Removal
Layer

®
(1) (2)
M, VAW AAAWYRAY A

=0 5t Firing Anneal

A NN N RN
(3) (4) (5) '
. Nickel Seed
D
(6) (7) (8)

N N NN

(©)

Fig. 1. (a) Single-side inline plating tool (RENA InCellPlate) installed at
Fraunhofer ISE and schematic design of a bifacially plated TOPCon solar cell
with SEM cross-section of a plated Ni/Cu/Ag contact. (b) Metallization sequence
of plated TOPCon solar cell in hybrid approach with screen printed front side
and plated rear side contacts. (c) Metallization sequence of plated TOPCon solar
cell with bifacial plated contacts in two consecutive single-side inline plating
processes. (a) Tool & Contact Design. (b) Process sequence hybrid approach (FS:
screen printing, RS: plating). (c) Process sequence double side plated contacts.

wafers, a homogeneous front side boron emitter diffusion (no
selective emitter) and a full area n-type TOPCon (no selective
TOPCon) rear side. The processing sequence is similar to that
used in Mack et al. [6]. Two types of metallization approaches
were evaluated in this experiment. First, the plating approach
depicted in Fig. 1(c), resulting in plated Ni/Cu/Ag contacts on
the front and rear side. Second, an industrial type of screen
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Fig. 2. Schematic design to ensure homogeneous current injection into the
bifacial TOPCon solar cell during Plating and the implementation inside the
InCellPlate Tool.
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Fig.3. Schematic of tape test approach for contact adhesion reliability testing.
(a)/ (b) Adhesive tape is placed perpendicular to the plated contact fingers along
the full wafer length. The adhesive tape is removed in a 90° angle under constant
force The cell is scanned and the total amount of fingers is counted. (c) In the
case of contact failure the Ni-interface of the peeled of contacts is analyzed in
the SEM in terms of surface morphology and Ni coverage.

TABLE I
Measured Champion IV Data of Internal M10 TOPCon Solar Cells With Either
Plated Ni/Cu/Ag Metallization or Screen-Printed AgAl/Ag Metallization

M10 TOPCon solar cell n Ve Jse FF
(0 BB grid design) [%] [mV] [mA/cm?] [%]
Plated Ni/Cu/Ag 24.0 708 41.0 82.7
Screen-printed Ag 24.0 713 41.0 82.0

printing process described in Mack et al. [6], which features
AgAl paste for contacting the emitter front side and pure Ag
paste for contacting the TOPCon rear side.

The IV data of the fabricated TOPCon solar cells are sum-
marized in Table 1. Both metallization approaches achieved a
maximum solar cell efficiency of 24.0% and a maximum FF of
82% and above.

By optimizing the process sequence for LCO formation and
inline plating—particularly the contacting approach for plating
current injection FF —we demonstrated that a narrow FF dis-
tribution can be achieved for bifacially plated TOPCon solar
cells (see Fig. 4) with an average FF of 82.1%. The key factor
for achieving a stable FF distribution was homogeneous plating
current injection as described in Eckert et al. [7].

The main benefits of applying plated contacts on the rear and
front side for TOPCon solar cells is the significant reduction
in Ag consumption for plated Ni/Cu/Ag contacts compared
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Fig. 4. Measured FF distribution of 186 bifacially plated TOPCon solar cells
(M10 wafer format).

to screen-printed Ag or AgAl contacts. The plated solar cells
in Table I had an Ag consumption of only 1 mg/Wp, which
corresponds to an Ag reduction of 93% compared to the screen-
printed solar cells. This enables significantly lower OPEX costs
in industrial production and less dependency on volatile Ag
prices. In addition, the global supply chain for plating elec-
trolytes is geographically more diversified than that for silver
pastes, which reduces the risk of supply chain dependencies due
to geopolitical disruptions.

The main challenges regarding costs and tool design arise
from increased CAPEX compared to screen printing, primarily
due to the low maturity of plating technology in photovoltaics
and by the resulting lack of scaling effects. Other technologi-
cal challenges of bifacially plated TOPCon solar cells include
increased contact recombination compared to screen-printed
LECO contacts and challenging contact adhesion on the non-
textured TOPCon rear side. Both technological challenges will
be discussed in more detail in Section III-B.

2) Plated TOPCon Solar Cells in a Hybrid Design: The
hybrid design refers, in this work, to a TOPCon solar cell with
screen-printed front side contacts and plated rear side contacts
shown in Fig. 1(b). This allows mitigation of some challenges
in terms of front side contact recombination and still provides
a significant silver reduction by substituting the silver rear side
contacts with plated copper.

TOPCon solar cells using industrial precursors (M10 wafer
format, processed up to front and rear side passivation “blue
wafer”’) were fabricated with a hybrid metallization approach
and compared to the bifacial plating approach. The IV data of
these solar cells are shown in Table II.

The TOPCon solar cells with hybrid design achieved maxi-
mum solar cell efficiencies of up to 24.0% and 24.3% depending
on the choice of silver paste. The bifacial plated TOPCon solar
cells achieved a solar cell efficiency of up to 22.7%. The bifacial
plated solar cells in Table II featured an LCO width of (~12 pm)
compared to the solar cell in Table I (LCO width ~5 zm), which
resulted in a drop in open circuit voltage (V) due to larger front
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TABLE II
MEASURED CHAMPION IV DATA OF INDUSTRIAL M 10 TOPCON SOLAR CELLS
WITH EITHER A HYBRID METALLIZATION SCREEN-PRINTED FRONT AND
PLATED REAR SIDE CONTACTS OR BIFACIALLY PLATED CONTACTS

M10 . Ag Ag
TOPCon n Ve Jse ¥F layd. cons.
solar cell %] mV] | [mAem’] | (%] | [mg] | [mgWp]

Hybrid 1 240 | 718 | 413 | 81.1 | 627 79
Hybrid 2 243 721 415 | 813 | 64.8 8.1
Bifacial 22.7 700 | 410 | 793 | 145 1.9
Plating

Printed front side contacts also split in two cases: Hybrid 1 featuring pure Ag paste
and Hybrid 2 featuring an AgAl paste. All solar cells were treated with a LECO
post-treatment process.

side contact recombination losses. This further highlights the
advantage of state-of-the-art screen-printed contacts in terms of
V,/front side contact recombination compared to plated front
side contacts. The reason for this is the difference in the ratio
of contacted area to passivated area underneath the front side
metal contact. Plated contacts feature a complete removal of
the passivation layer within the LCO, which means that the
whole LCO width has a nonpassivated surface with a surface
recombination velocity close to the thermal velocity limit of 107
cm/s. Screen-printed contacts—especially LECO post-treated
contacts—feature only a very local contact formation of the
printed contact to the silicon surface, which results in a sig-
nificant area fraction still passivated under the contact. This has
enabled the impressive V. of up to 730 mV and beyond in the
recent years for screen-printed TOPCon solar cells [8].

The quantification of Ag consumption in the solar cells is
based on weight measurements. For screen-printed contacts,
the reported Ag mass refers to the “wet” Ag paste applied
before drying. The application of the hybrid concept already
enables Ag consumption below 10 mg/Wp for both hybrid 1
and hybrid 2, compared to literature values of approximately 12
mg/Wp in industry (ITPV, [9] and 17 mg/Wp for double-sided
printed TOPCon solar cells with similar grid designs and screens
produced at ISE [5]. Bifacial plated solar cells further reduce Ag
consumption to below 2 mg/Wp, with the potential to become
completely Ag-free by substituting the Ag capping layer with Sn.

3) Plated TOPCon Solar Modules: Recent publications have
demonstrated that bifacially plated TOPCon modules are com-
patible with state-of-the-art interconnection technology (IR sol-
dering) and allow superior performance in damp heat and
thermal cycling tests [4]. These findings were reproduced at
Fraunhofer ISE. A full area module (see Fig. 5) was fabricated
from the bifacial plated TOPCon solar cells from Fig. 4 using
conventional IR soldering interconnection technology.

For reliability investigations, mini modules (2 half cells) of
TOPCon solar cells (M10) with plated Ni/Cu/Ag metallization
were fabricated using state-of-the-art soldering interconnection
technology. The champion module (see Fig. 6) with plated
metallization demonstrated maximum power point degradations
of less than 1% rel. after pressure cooker test (140 h, PC140), less
than 2.3% rel. after damp heat (2000 h, DH2000) and less than
2% rel. after temperature cycle (400 h, TC400). The key aspect
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Fig. 5. TOPCon solar module featuring bifacially plated TOPCon solar cells
fabricated at Fraunhofer ISE. The solar cells feature M10 half cells with 108
half cells in a butterfly design.

Fig. 6. EL image of half cell with plated metallization in minimodule after
DH 2000 test.

for passing the reliability tests—especially the TC tests—was
reliable contact adhesion of the plated contacts.

B. Technological Challenges and Mitigation Strategies

1) Contact Adhesion and Nickel Nucleation: Reliable con-
tact adhesion is a key aspect for industrial implementation
of plated contacts in TOPCon solar cells. There are typically
three approaches to achieve reliable contact adhesion of plated
contacts on silicon surfaces. First, the use of seed layers, which
already provide reliable contact adhesion to silicon. Typical
choices for seed layers in PV are PVD metal layers such as
Ti, Pd, Ag, Ni, Cu, etc. [10], [11] or screen-printed seeds such
as Ag pastes [12], [13]. Second, silicidation of the Ni-Si inter-
face has also been shown to result in reliable contact adhesion
of plated contacts on silicon surfaces [14]. Third, introducing
nanoroughness at the Si interface can mechanically interlock
the plated contacts at the surface [15].

The plating developments for TOPCon solar cells have fo-
cused mostly on the last approach to achieve reliable contact
adhesion by laser-induced nanoroughness. This approach can
be successfully applied on textured Si surfaces as it is the case
for the TOPCon front side. The nontextured TOPCon rear side
is more challenging since it has much lower surface roughness
and less interlocking structures after LCO formation.

Our recent developments indicate that three key aspects are
crucial to achieve reliable contact adhesion with the plating
approach depicted in Fig. 1.
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Fig.7. Microscopy study of SiNx residue layer within LCO and its impact on
the plated finger structure.

1) Proper LCO formation resulting in full area ablation of

the dielectric layers on top of the silicon;

2) Proper Ni seed layer formation resulting in dense Ni

nuclei;

3) Careful evaluation of laser and rear-side interplay.

Fig. 7 illustrates a case where an LCO process led to
inhomogeneous SiNx ablation, resulting in a residual layer
(thickness~17 nm) within the LCO area. The presence of the
residual layer leads to inhomogeneous Ni nucleation within the
LCO (only Ni deposition on bare Si-interface, no deposition on
residual layer interface) but subsequently to a homogeneously
looking plated contact. Even though no Si-Ni interface is present
at sites with residual layer, the Ni layer overgrows the residual
layer and results in a homogeneously looking plated contact for
plating heights in the range of 5-10 pm in top view microscope
analysis. Inspection of the peeled-off finger reveals the insuffi-
cient Ni layer where the residual layer is present.

Further investigations were performed on the appearance of
this kind of residual layer in the center of LCO on TOPCon
solar cells. In summary, this layer appeared during UV-ps laser
ablation depending on the choice of solar cell precursor in a
reproducible manner on nontextured TOPCon rear sides with
either SiNx or AIOx-SiNx ARC layer stacks for laser pulse
energies at the ablation threshold and all tested pulse energies
above the ablation threshold (Ep,max ~ 3x Ep,abl. thresh.).
The appearance of this layer and its impact on Ni nucleation is
strongly dependent on the choice of TOPCon solar cell precursor
supplier. Fig. 8 shows the residual layer-induced differences
in Ni nucleation for three TOPCon solar cell precursors. The
general appearance of Ni nucleation was reproducible for each
precursor but varied between the type of precursors.

Sample S1 shows a ring-shaped Ni nucleation with an insu-
lating residual layer in the LCO center. Sample S2 shows an
inverted behavior with a nearly homogeneous Ni nucleation in
the LCO center but hindered Ni nucleation at the LCO edges.
S3 shows homogeneous Ni seeding across the whole LCO area.
Nonhomogeneous Ni nucleation can be avoided with large laser

Ni nucleation

nucleation

Fig. 8. Secondary electron microscopy (SEM) images of TOPCon solar cell
rear sides after LCO and Ni-nucleation to visualize the residual layer within the
LCO (nonplated area within LCO) for three different TOPCon solar cell pre-
cursors (S1-S3). The LCO processing of S1 and S2 featured two perpendicular
lines with an intersection (overlapping LCOs) in the center of the SEM image.
S3 features only a single LCO line.

-1 Precursor 1

Lt 100 % adhesion

N
Precursor 2
i o

finger adhesion [%)]

n L L

Precursor 1 Precursor 3

Fig.9. Combination of measured contact adhesion in tape test in combination
with SEM analysis of the TOPCon surface after LCO/before plating.

pulse overlap (multiple laser pulses per position, see LCO inter-
section for S1 and S2), LCO processes on textured surfaces and
harsher wet-chemical pretreatments before plating (increased
HF concentration or duration). All these mitigation strategies
require careful optimization since they can affect the rear side
contact recombination by either damaging the poly-Si layer and
the underlying tunnel oxide.

Even in the case of proper laser ablation (without residual
layer) and proper Ni nucleation at the TOPCon surface morphol-
ogy can impact the resulting contact adhesion of plated contacts.
Fig. 9 illustrates three examples of different industrial TOPCon
rear side morphologies: precursor 1 (longer etching duration dur-
ing emitter etch back resulting in smooth surface morphology),
precursor 2 (medium etching duration during emitter etch back
resulting in surface morphology with remaining subum step
size) and precursor 3 (medium etching duration during emitter
etch back with subsequent short texturing resulting in surface
morphology with remaining subum step size and sporadically
pyramids). After LCO formation precursor 1 shows only minor



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6
(a
Laser 1 Laser 2 Laser 1 Laser 2
T T T T
100 - = =<
Y T
>
c
Ke]
173 80 | = ¥
% —
@
S 0 .
£ .
[
R
50
Precursor 1 I Precursor 4 Precursor 1 Precursor 4
Laser 1 Laser 2
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optical microscopy and (b) corresponding finger adhesion.

changes in surface morphology, precursor 2 shows the formation
of nanoripple features within the LCO due to self-interference at
the surface steps and precursor 3 shows increased laser-induced
surface roughness. Tape test characterization indicates increased
contact adhesion. The precursors originate from different in-
dustrial sources. When reproducing the different rear side mor-
phologies on one precursor type no such trend was visible. Finger
adhesion values ranged between 80%—-95%. This indicates that
rear-side laser ablation is a complex interplay of precursor and
laser.

To confirm this an experiment was designed where two differ-
ent laser sources were used on two precursor types. The already
known precursor 1 which forms a residual layer inhibiting
Ni-nucleation and a commercially available industrial TOPCon
precursor 4. The previously used laser tool (laser 1) operated at
343 nm and pulse duration of 3 ps and an industrial tool (laser
2) operated at 355 nm and 10 ps pulse duration. The microscope
images of nickel nucleation in Fig. 10(a) demonstrate enhanced
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Fig. 11.  Schematic of low-quality Ni nucleation due to insufficient plating
current injection and its impact on the front side contact resistance.

seeding for precursor 1 which leads to improved adhesion val-
ues in Fig. 10(b). Precursor 4 passed the tape test with LCO
performed by laser 2. Generally, increasing the Si-Ni interface
surface area by enhancing nickel seeding results in improved
adhesion for both precursor types. Up to now the authors have
not been able to develop a hypothesis that matches the experi-
mental results. Characterization of the different TOPCon solar
cell precursors did not show a correlation of ARC properties
such as (dielectric constant, layer thickness, layer stack (SiNx
versus AlOx) or reflectivity) on the appearance of the residual
layer or the Ni nucleation behavior. Further investigations on
this are ongoing. The interplay of laser and precursor is crucial
for adhesion and module integration and therefore needs to be
re-evaluated if either is altered.

2) Low Emitter Contact Resistivity by Reliable Plating Cur-
rent Injection: The inline plating approach depicted in Fig. 2
requires a homogeneous plating current injection of the tempo-
rary metal contact in the LCO structures to realize a well-defined
plating deposition on the immersed solar cell surface. The ap-
pearance of a residual layer within the LCO on the TOPCon
rear side would further hinder the plating current injection and
lead to an inhomogeneous Ni plating on the opposite side (boron
emitter front side), which has a detrimental impact on the front
side contact resistance as portrayed in Fig. 11. Fig. 7 illustrates
the impact of inhomogeneous plating current injection (e.g., due
to residual layer or nonconformal TMC contact to the LCO [16])
on the Ni deposition and the measured contact resistivity of
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the plated front side contacts. Our investigations showed that
especially the boron emitter front side is sensitive to that effect,
which can lead to local contact resistivity inhomogeneities in a
range of 1 — 20 m{2cm? over a single M 10 solar cell.

Mitigation strategies to avoid this effect include optimization
of the TMC material and contacting scheme to achieve confor-
mal contacting of the LCO (e.g., by using elastic conductive
fabrics and increased contact pressure [7]) and providing clean
LCO Si interfaces (e.g., by avoiding residual layer in the LCO
and/or precleaning of the plated and contacted side).

3) Contact Recombination: There are two origins for con-
tact recombination of laser defined plated contacts. First,
laser-induced crystal damage during LCO formation. UV-ps
lasers typically induce near-surface damage at a depth of 40—
60 nm [17] from the surface. This phenomenon becomes relevant
for shallow emitter profiles (<300 nm) but becomes less signifi-
cant for typical industrial boron emitter profiles with pn-junction
depth of 1 um and above.

Second, the LCO formation leads to removal of the passivating
dielectric/ARC layer. As discussed in Section III-A the full area
ablation of the dielectric/ARC layer leads to significantly larger
nonpassivated contact areas for plated contacts than for screen-
printed contacts with LECO post-treatment. This effect has only
minor impact on the TOPCon rear side—since the passivating
interface is at the TOPCon tunnel oxide instead of the ARC layer
interface—but major impact on the boron emitter front side.
Any damage or removal of the dielectric/ARC layer results in
increased recombination leading to lower V.. This seems to be
an intrinsic disadvantage of plated contacts, compared to screen
printing on diffused surfaces.

Possible mitigation strategies are as follows:

1) Reducing the LCO area on the front side to a level com-

parable to LECO contacts;

2) Implementing a hybrid approach of front side screen print-

ing contact and rear side plated contact;

3) Implementing a selective emitter structure on the front side

either by local diffusion or local p-type TOPCon.

Reducing the LCO area on the front side seems to be possible
by reducing the laser spot size. On the lab scale LCO width down
to 3-5 um were already demonstrated. In terms of maximizing
solar cells efficiency simulation results performed at Fraunhofer
ISE suggest that the minimum LCO width is in the range of 2—-3
pm limited by the contact resistance of the front side contacts
for narrower LCO widths.

As demonstrated in Table II the hybrid approach seems to
be the easiest approach on how to implement plated contacts
in industrial production. This allows to already reduce Ag con-
sumption by up to 50% and still maintain low front side contact
recombination.

The authors expect the local p-type TOPCon selective emitter
approach to be the most promising for future implementation.
Especially, if combined with a laser-based patterning approach
for local TOPCon formation [18]. This laser-on-laser approach
would allow low alignment tolerances between local TOPCon
formation and LCO leading to low parasitic absorption of the
local TOPCon structures. First investigations already demon-
strated successful implementation of plated contacts on local

LCO

Local TOPCon
sel. emitter

Fig. 12.  Microscope image of LCO on local TOPCon structure.

TOPCon structures leading to V. up to 718 mV (see Fig. 12).
The solar cells were manufactured at ISC Konstanz and plated
at Fraunhofer ISE.

IV. CONCLUSION

This work demonstrates that inline plating of Ni/Cu/Ag con-
tacts is a viable and industrially scalable approach for met-
allizing TOPCon silicon solar cells. Using pilot line equip-
ment and optimized process sequences, we achieved high-
efficiency TOPCon cells (up to 24.3%) with silver consump-
tion reduced to as low as 1.1 mg/Wp and FF above 82%
for large batch sizes. Module integration studies confirm that
plated contacts are compatible with existing interconnection
technologies such as IR soldering, and mini-module reliabil-
ity tests show power degradation below 2.3% after acceler-
ated stress testing, provided that reliable contact adhesion is
ensured.

From an industrial perspective, the hybrid metallization
design—combining screen-printed contacts on the front and
plated contacts on the rear—currently offers the most prag-
matic pathway for integrating plating into mass production.
This approach enables significant silver savings, leverages ma-
ture screen-printing technology for the front side, and avoids
open-circuit voltage (V) losses related to increased front-side
contact recombination observed in bifacially plated cells.

Key technological challenges, such as achieving robust
contact adhesion and ensuring homogeneous plating current
injection—especially on the nontextured TOPCon rear side—
have been systematically investigated. The main mitigation
strategies include optimization of LCO processes, careful con-
trol of Ni seed layer nucleation, and engineering of surface
morphology to generate mechanical interlocking features. In
addition, minimizing front-side recombination losses remains
critical; future improvements should target the implementation
of local selective emitter or local p-type TOPCon structures,
which could enable front-side plating without V. penalties.

Our results indicate that there are no intrinsic technological
showstoppers for inline plating of TOPCon cells. However,
the current market environment, dominated by highly matured
screen-printing processes, poses challenges for large-scale adop-
tion of plating. To accelerate market entry and close remaining
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gaps, continued collaborative R&D and technology transfer
activities are required.

In summary, inline plating offers a promising route toward
cost-effective, silver-lean metallization for TOPCon solar cells.
With ongoing process optimization and strategic integration
steps—starting with hybrid approaches and advancing toward
fully plated structures—inline plating can play a key role in the
next generation of high-efficiency silicon photovoltaics.

ACKNOWLEDGMENT

The authors would like to thank Jan Hof3 and Saman Sharbaf
for the fruitful collaboration and for providing TOPCon solar
cells with local TOPCon selective emitter.

REFERENCES

[1] F. Feldmann, M. Bivour, C. Reichel, M. Hermle, and S. W. Glunz,
“Passivated rear contacts for high-efficiency N-type Si solar cells pro-
viding high interface passivation quality and excellent transport char-
acteristics,” Sol. Energy Mater. Sol. Cells, vol. 120, pp.270-274,
2014.

[2] B.Grubeletal., “Directcontact electroplating sequence withoutinitial seed
layer for bifacial TOPCon solar cell metallization,” IEEE J. Photovolt., vol.
11, no. 3, pp. 584-590, May 2021.

[3] B. Griibel et al., “Progress of plated metallization for industrial bifacial
TOPCon silicon solar cells,” Prog. Photovolt., vol. 30, no. 6, pp. 615-621,
2022.

[4] Z. Wang et al., “Study on excellent contact performance of double-sided
copper-plated metallization,” J. Mater. Sci.: Mater. Electron., vol. 36, no.
4, 2025, Art. no. 272.

[5] A.Lorenzetal., “Breaking the barrier: Unveiling the potential of copper for
solar cell metallization,” in Proc. IEEE 52nd Photovolt. Specialist Conf.,
2024, pp. 161-166.

[6] S.Mack et al., “Approaches for reducing metallization-induced losses in
industrial TOPCon solar cells,” EPJ Photovolt., vol. 16, 2025, Art. no. 5.

(71

(8]

(91

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

IEEE JOURNAL OF PHOTOVOLTAICS

J. Eckert et al., “Understanding direct contact plating for industry level bi-
facial TOPCon solar cells,” Metallization and Interconnection Workshop,
2024. Accessed: Jul. 11, 2025. [Online]. Available: https://miworkshop.
info/wp-content/uploads/2024/10/S2-01_Eckert_ MIW?2024.pdf

A. Mette et al., “QANTUM NEO with LECO exceeding 25.5% cell
efficiency,” EuroSun2004, vol. 277, 2024, Art. no. 113110.

ITRPV consortium, “International technology roadmap for photovoltaic
(ITRPV): 2024, 16th edition,” 2025. [Online]. Available: https://vdma.eu/
en/viewer/-/v2article/render/ 143159365

T. Hatt, S. Kluska, M. Yamin, J. Bartsch, and M. Glatthaar, “Native
oxide barrier layer for selective electroplated metallization of silicon
heterojunction solar cells,” Sol. RRL, vol. 41, 2019, Art. no. 1900006.

L. Tous et al., “Large area copper plated silicon solar cell exceeding 19.5%
efficiency,” Energy Procedia, vol. 21, pp. 58-65, 2012.

Y.-C. Chang et al., “Silver-lean metallization and hybrid contacts via
plating on screen-printed metal for silicon solar cells manufacturing,”
Prog. Photovolt., vol. 33, no. 1, pp. 158-169, 2025.

A. Kraft, “Plated copper front side metallization on printed seed-layers
for silicon solar cells,” Ph.D. dissertation, Fakultit fiir Angewandte Wis-
senschaften, Albert-Ludwigs-Universitit Freiburg, Freiburg im Breisgau,
Germany, 2015.

A. Mondon, “Nickel silicide from plated nickel for high adhesion of fully
plated silicon solar cell metallization,” Inaugural dissertation, Fraunhofer
ISE, Albert-Ludwigs-Universitéit Freiburg, Freiburg im Breisgau, Ger-
many, 2015.

A. Biichler, “Interface study on laser-structured plated contacts for silicon
solar cells,” Ph.D. dissertation, Fraunhofer Verlag; Fraunhofer IRB-Verlag;
Fraunhofer ISE, Freiburg/Brsg, Stuttgart, Germany, 2019.

B. Griibel, “Development of plating process sequences for high effi-
ciency bifacial C-Si solar cells,” Ph.D. dissertation, Fraunhofer ISE,
Freiburg/Brsg, Stuttgart, Germany, 2022.

P.-C. Hsiao et al., “266-nm ps laser ablation for copper-plated p-type
selective emitter PERC silicon solar cells,” IEEE J. Photovolt., vol. 8,
no. 4, pp. 952-959, Jul. 2018.

J. HoB et al., “Advanced TOPCon solar cells with patterned p-type poly-
Si fingers on the front side and vanishing metal induced recombination
losses,” EPJ Photovolt., vol. 15, 2024, Art. no. 43.


https://miworkshop.info/wp-content/uploads/2024/10/S2-01_Eckert_MIW2024.pdf
https://miworkshop.info/wp-content/uploads/2024/10/S2-01_Eckert_MIW2024.pdf
https://vdma.eu/en/viewer/-/v2article/render/143159365
https://vdma.eu/en/viewer/-/v2article/render/143159365


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


