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Introduction
The PV industry passed a milestone in recent years, 
in migrating from multicrystalline aluminium 
back-surface field (Al-BSF) technology to the mono 
passivated emitter and rear cell (PERC) design. This 
technology shift was made possible by continual 
wafer, cell and module technology improvements 
and significant reductions in production cost for 
PERC technology. Furthermore, the Al-BSF design 
has reached its solar cell efficiency limitations, in 
contrast to the still steeply rising cell-efficiency 
learning curve for industrial PERC technology; the 
range of the efficiency potential of PERC solar cells 
is estimated to be 24% [1]. Passivated-contact solar 
cells – such as tunnel oxide passivated-contact 
(TOPCon) [2] and silicon heterojunction (SHJ) 
cells – are promising candidates for enabling solar 
cell efficiencies to be achieved in mass production 

beyond the efficiency limit of PERC. Various 
research institutes and solar cell manufacturers 
have in fact already demonstrated solar cell 
efficiencies beyond 24%. This technology transition 
will most likely occur with a migration from p-type 
to n-type mono wafers. 

Passivated-contact solar cells are already 
achieving high cell efficiencies, and have been well 
established for many years in mass production 
at various solar cell manufacturers (SunPower, 
Panasonic, Sunpreme, …). However, a major task 
in passivated-contact solar cell development 
is to further decrease production costs. Back-
end processes are a significant cost driver for 
TOPCon and SHJ solar cells. Screen printing is the 
conventional and well-understood metallization 
technology employed for PERC solar cells, and is 
also typically used for metallizing TOPCon and 
SHJ solar cells. The bifacial grid design, which is 
common for these solar cell types, significantly 
increases the material costs, now that silver (Ag) or 
silver–aluminium (AgAl) pastes must be printed on 
the front and rear sides of the solar cell in order to 
also achieve low grid resistances on the rear side. 
If increasing PV growth is forecast to a TW market 
scale, the silver consumption turns out to be a 
massive cost driver for solar cell production (1TW 
would use 100% of today’s annual worldwide Ag 
production [3]). 

Replacing Ag with copper (Cu) would enable 
raw material costs to be reduced by a factor of 100. 
The plating of Cu or stacks of Ni/Cu/Ag is a well-
known technology in the PV industry. This paper 
shows in the following sections that Cu-plated 
contacts align well with all back-end technology 
requirements of TOPCon and SHJ solar cells. Plating 
technology holds the potential to significantly 
reduce production costs for passivated-contact solar 
cells. The main advantages of Cu-plated contacts for 
these solar cell designs are:

• Low cost of ownership (COO)
 o Low material costs
 o  Synergetic cost reductions, such as TOPCon 

thickness reduction
• Compatibility with existing mass-production 

back-end tool equipment
• Potential for efficiency gains
 o Narrow contact width
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Plating for passivated-contact  
solar cells

“A major task in passivated-contact solar cell 
development is to further decrease production 
costs.”



Plated metallization | Cell Processing

o  Highly conductive finger at low process 
temperatures

 o  Low contact resistance and contact 
recombination

Plating metallization for TOPCon solar 
cells
Bifacially plated Ni/Cu/Ag metal contacts can help 
to further reduce manufacturing costs and increase 
the cell efficiency of industrial TOPCon (i-TOPCon) 

solar cells. The replacement of Ag with low-cost Cu 
as the main conducting material enables a reduction 
in the back-end production COO for bifacial solar 
cells with metal grid patterns on both sides.

A robust process sequence for plated contacts on 
PERC solar cells has been developed over the last 
few years [4,5]. The combination of laser contact 
opening (LCO) and inline plated Ni/Cu/Ag has 
allowed high-quality contact properties with low 
COO for PERC solar cells using existing mass-
production tools. The implementation of plated Ni/
Cu/Ag contacts for bifacial TOPCon solar cells is 
based on these developments. The technological 
benefits of LCOs and plated Ni/Cu/Ag are:

• Low contact resistivities on n-type TOPCon layers 
and lightly boron-doped emitter

• Low contact recombination on 
 o  TOPCon: allows further reductions in TOPCon 

thickness, because of shallow laser-damage 
depth

o boron emitter: enables Voc improvements

• Narrow contact width (<25µm) with low line 
resistivity
The concept of the n-type TOPCon solar cell 

was introduced by Feldmann et al. in 2013 [6]; it 
features a boron-doped front-side emitter and a 

Figure 1. Schematic of a TOPCon solar cell with bifacially plated Ni/Cu/Ag contacts.
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passivated contact on the rear side. Since the first 
introduction of this technology, the definition of 
industrially feasible process sequences was the 
main focus for technology developments, starting 
from PECVD, LPCVD and sputter developments 
for TOPCon deposition, and then moving on 
to metallization processes that enable high cell 
efficiency and low COO. 

The metallization of i-TOPCon solar cells poses 
new challenges compared with Ag or Al screen-
printing processes in the well-understood PERC 
process sequence. Low contact recombination 
(preferably using thin TOPCon layers), low 
contact resistivities (on boron-doped emitters 
and TOPCon layers), narrow finger width and low 

COO are desired. In particular, the combination 
of low contact resistivities and the avoidance of 
spiking through the TOPCon layer turns out to be 
a major topic for screen-printing metallization [7]. 
The combination of laser structuring and plated 
Ni/Cu/Ag is a viable alternative in the ongoing 
developments of screen-printed i-TOPCon solar 
cells [8,9]. 

Process sequence and back-end solutions
Plated contacts for passivated-contact solar cells 
were introduced in recent years by companies 
such as SunPower and Tetrasun [10]. The first 
introduction of plated contacts in TOPCon solar 
cells at Fraunhofer ISE were aimed at contacting 
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Figure 2. (a) Back-end process flow for bifacially plated TOPCon solar cells. (b) Composite microscope image of the contact finger after LCO, Ni (1µm), 
Cu (10µm) and Ag (0.5µm) plating.

Bifacial 
plating

Laser tool (2x)
SiNx patterning

1‐3% patterning area
UV‐ultra‐short pulsed laser

Fast firing oven (FFO)
TOPCon annealing

Single side plating tool (2x) 
or

Bifacial plating tool (1x)
(HF pre‐clean, Ni, Cu, Ag)

Contact annnealing furnace
(optional)

Peak temperature < 300°C

‐

Hybrid 1
Front: Ni/Cu/Ag

Rear: Ag screen printing

Laser tool (1x)
SiNx patterning

1‐3% patterning area
UV‐ultra‐short pulsed laser

Screen printer (1x)
Ag screen printing rear

Fast firing oven (FFO)
TOPCon annealing

Single side plating tool (1x) 

(HF pre‐clean, Ni, Cu, Ag)

Contact annnealing furnace
(optional)

Peak temperature < 300°C

Hybrid 2
Front: AgAl screen printing

Rear: Ni/Cu/Ag

Laser tool (1x)
SiNx patterning

1‐3% patterning area
UV‐ultra‐short pulsed laser

Screen printer (1x)
AgAl screen printing front

Fast firing oven (FFO)
TOPCon annealing

Single side plating tool (1x) 

(HF pre‐clean, Ni, Cu, Ag)

Contact annnealing furnace
(optional)

Peak temperature < 300°C

Screen 
printing

Screen printer (2x)
AgAl screen printing front
Ag screen printing rear

Fast firing oven (FFO)
TOPCon annealing & 

paste firing

‐

‐

‐

Cu plating Ag printing

Figure 3. Overview of back-end solutions for i-TOPCon solar cells with plated Ni/Cu/Ag contacts.
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the boron-doped emitter to enable cell efficiencies 
of up to 23.4% [11]. These attempts were followed by 
the introduction of laser-defined plated Ni/Cu/Ag 
contacts on both sides for bifacial i-TOPCon solar 
cells [12]. Fig. 1 illustrates the design of an i-TOPCon 
solar cell with bifacially plated Ni/Cu/Ag contacts.

The back-end process sequence for TOPCon 
solar cells with metal-plated contacts developed 
at Fraunhofer ISE is shown in Fig. 2(a). The plated 
contacts are defined by local laser ablation of SiNx 
anti-reflection coatings (ARC) using ultrashort 
pulse laser systems. The combination of UV-ps laser 
systems and textured surfaces guarantees reliable 
contact adhesion because of the laser-induced 
nano-roughness on the pyramid sides [13,14]. 
TOPCon layer activation can be performed by fast-
firing oven (FFO) annealing after laser ablation. 
The FFO activation can also be exploited as laser-
damage annealing in order to further reduce contact 
recombination [15]. HF pre-cleaning before plating 
removes the process-induced and native oxide layer 
to ensure clean silicon–nickel contact interfaces. 

Various plating tool designs (inline plating, batch 
plating) are applicable to bifacially plated TOPCon 
solar cells. The solar cells presented in this work 
are plated using an inline plating process of a thin 
Ni interface layer (<1µm), a Cu (1–10µm) layer, and 
an Ag surface finish (<0.5µm). Only electroplating 
processes – such as light-induced [16], forward bias 

[17] or direct contact plating [18] – were used to 
deposit the metal layers. Fig. 2(b) shows a composite 
microscope image of the contact finger cross 
section after each process step.

The process sequence shown in Fig. 2 is an 
industrially feasible approach for integrating plated 
Ni/Cu/Ag metal contacts in i-TOPCon solar cells. 
The contact metallization can be either a bifacially 
plated contact design or a combination of plated 
and screen-printed contacts. Fig. 3 shows three 
back-end sequences with metal-plated contacts 
on the boron-doped emitter, on the TOPCon, or on 
both sides. The Hybrid 1 and Hybrid 2 designs refer to 
combinations of screen-printed and plated contacts 
on either side of the solar cell.

Solar cell integration and contact 
characteristics
Industrially manufactured i-TOPCon precursors 
without metallization were used to demonstrate 
plated i-TOPCon solar cells employing the four 
back-end processing options shown in Fig. 3. The 
precursors were taken out of the regular mass-
production line and optimized for screen-printed 
metallization. There were no specific changes in 
design or in processing for all the precursors before 
metallization. The reference group with bifacially 
screen-printed metal contacts was fully processed at 
the manufacturer’s site; for the hybrid approaches, 

  Voc [mV] Jsc [mA/cm2] η [%] FF [%] pFF [%]

Screen printing Best 690 39.9 22.7 82.3 83.5 
 Average 686 39.9 22.4 81.8 83.4

Hybrid 1 Best 692 40.3 22.7 81.6 83.4 
 Average 688 40.3 22.7 81.8 83.4

Hybrid 2 Best 689 39.8 22.4 81.8 83.0 
 Average 688 39.8 22.3 81.4 83.3

Bifacial plating Best 690 40.4 22.7 81.4 83.5 
 Average 687 40.3 22.4 80.7 83.1 

Table 1. Measured I–V parameters for i-TOPCon solar cells (masked measurement area 145×145mm2, total cell area 158.75×158.75mm2).

 (a)  (b) (c) (d)

Figure 4. Schematics of i-TOPCon solar cells: (a) with bifacially plated Ni/Cu/Ag contacts; (b, c) hybrid designs (Hybrid 1 and Hybrid 2) with plated 
and screen-printed contacts; (d) with screen-printed contacts.
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the screen printing and firing/TOPCon activation 
was also covered by the manufacturer.

The plating metallization for all process groups 
with metal-plated contacts was realized at 
Fraunhofer ISE, as was the TOPCon activation of the 
bifacial plating precursors. Since the FFO/TOPCon 
activation process at Fraunhofer ISE was not 
optimized for these precursors, the implied Voc (the 
cell Voc potential before metallization) was about 
5–10mV below that of the optimized FFO/TOPCon 
activation process at the manufacturer’s site. 

Table 1 shows the measured I–V parameters of 
the fabricated i-TOPCon solar cells (see Fig. 4). The 
measurements were performed using a 145×145mm2

shadow mask because of edge artefacts due to 
shipping and manual handling. All the processed 
groups yield mean cell efficiencies between 22.3 and 
22.7%. The best screen-printing reference achieves 
a solar cell efficiency of 22.7%, while the best back-
end groups Hybrid 1 and 2, with combinations of 
screen printing and plating, yield cell efficiencies 
of 22.4% and 22.7%, respectively. The more detailed 
analysis in the following sections reveals that, 

Figure 6. Measured contact resistance mapping of cut i-TOPCon precursors (158.75×158.75mm2 cut into 10 strips) with boron-doped emitter or TOPCon 
layers and either screen-printed or metal-plated contacts. The black dots represent the positions of the TLM measurements. Note the difference in 
mean contact width of 40µm for screen printing and 25µm (LCO width: 18µm) for plating. 

 (a)  (b)

Figure 5. PL measurements for characterizing the contact recombination of samples with lasered test fields of LCO variations: (a) on the boron-doped 
emitter; (b) on TOPCon. Note that the same LCO parameter variation was performed on both images, but only parameters with high laser powers are 
visible in the case of TOPCon.

“The application of LCO patterning and Ni/Cu/
Ag plating enables the creation of ultrafine-line 
contacts for i-TOPCon solar cells.”
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even for the hybrid groups, the reduced contact 
recombination and narrower contact width seem to 
enable improvements in Voc and Jsc. However, these 
improvements are statistically not significant in this 
experiment because of the small sample/group size 
and the wide spread of the results in each group.

The bifacially plated group demonstrates a best 
cell efficiency of 22.7%. The decreased shading 
fraction due to the narrow contact width of 25µm 
leads to increased Jsc compared with the process 
groups with screen-printed front-side contacts.

Reducing contact recombination/enabling 
thinner TOPCon layer
Since the precursor design for the fabricated solar 
cells is already optimized for the application of 
screen-printed contacts, the TOPCon layer thickness 
is sufficient to prevent metal spiking for screen-
printed contacts in the reference group. 

Photoluminescence (PL) imaging, shown in Fig. 
5, was carried out on the same precursor material 
to further analyse the contact recombination due 
to laser-induced damage by the LCO process. A 
large laser parameter variation was performed with 
increasing laser power, starting from the threshold 
power, to properly ablate the SiNx capping layer. 
The recombination due to laser damage is observed 
in the PL image by the darkening of the LCO test 
fields. The darkened areas are visible on the boron 
emitter side, independently of the applied laser 
power. In contrast to that, only a few test fields 

with large laser powers are darkened on the sample, 
where LCO was performed on the TOPCon side. 
This demonstrates that only large laser powers 
well above the ablation threshold induce contact 
recombination on this industrially optimized 
TOPCon layer thickness. Consequently, even lower 
TOPCon thicknesses would be possible without 
increasing contact recombination. Similar findings 
of Haase et al. [19] identified a reduction of the 
poly-Si thickness down to 75nm to be sufficient 
for damage-free laser contact openings with 
UV-ps laser systems. The boron-doped emitter 
contact recombination increases, as expected, 
when passivation layers are removed from diffused 
crystalline silicon surfaces. 

Reducing contact resistance 
Earlier publications have already demonstrated 
contact resistivities below 1mΩcm² for plated  
Ni/Cu/Ag contacts on lightly boron-doped emitters 
(with surface doping concentration less than  
1019cm-3, Rsheet = 140Ω/sq) [20] and n-type TOPCon 
layers [12]. Random samples of the fabricated 
i-TOPCon solar cells were further characterized 
in order to determine the contact resistance. The 
samples were cut into strips of 1cm, and measured 
using transmission line measurements (TLMs); the 
strips were mapped over all the fingers on each strip.

The summarized contact resistance 
measurements are shown in Fig. 6. The plated 
contacts feature decreased finger widths down to 

 (a)  (b)

Figure 7. COO calculations for the four back-end process sequences given in Fig. 3. 
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25µm compared with 40µm for screen printing. For 
plated contacts, the contact resistance is limited by 
the Ni–Si interface area, which is defined by the 
LCO width (18µm). Although the plated fingers have 
only half the contact/interface width, the measured 
contact resistance in Fig. 6 is below the values 
for screen printing for both surface types (boron 
emitter/TOPCon).

Reducing shading losses by means of highly 
conductive ultrafine-line contacts
The application of LCO patterning and Ni/Cu/
Ag plating enables the creation of ultrafine-line 
contacts for i-TOPCon solar cells. State-of-the-art 
mass-production LCO tools allow contact opening 
widths of 12–18µm, while lab-type tools allow even 
lower LCO widths, which are below 5µm and limited 
by the pyramid texture size.

The plating width is scalable by the amount of 
metal plating. Assuming isotropic growth, the width 
can be approximated by the LCO width plus twice 
the plating height. After contact annealing [21], the 
conductivity of plated Ni/Cu/Ag layers is similar 
to the conductivity of bulk Cu. Measurements 
performed on plated Ni/Cu/Ag layers at Fraunhofer 
ISE show line resistivities of 17.3mΩmm2/m 
(compared with the value 17.21mΩmm2/m for 
Cu in the literature [22]). Depending on the 
interconnection design (number of busbars), these 
low line resistivities allow finger widths down to 
25µm and finger heights of 5µm, without significant 
limitation by the grid resistance. 

Cost calculations
Bifacial grid designs enable further cell efficiency 
gains for i-TOPCon solar cells. Besides the benefits 
of bifacial grid designs, however, there are also 
increased requirements concerning the line 
conductivity of the rear-side metallization. For 
both-side screen-printed solar cells, this leads to the 
need for high Ag lay-down on the front and rear 
sides. The introduction of plated Ni/Cu/Ag contacts 
in a bifacial grid design therefore allows material 
costs to be drastically reduced. In combination 
with the potential for efficiency gain discussed 
above, bifacially plated Ni/Cu/Ag metallization for 
i-TOPCon solar cells may be the most promising 
approach for metallization. 

To evaluate the COO of the back-end processes 
described in Fig. 3, advanced cost calculations using 
the SCost modelling approach [23] were performed; 
these calculations assume TOPCon solar cells with 
a bifacial grid design. A paste lay-down of 90mg 
per wafer side (180mg/wafer paste lay-down) is 
assumed for the screen-printing reference. The front 
side (boron-doped emitter) and rear side (TOPCon) 
are metallized with fire-through AgAl and Ag 
pastes, with assumed Ag content of 88% and 92%, 
respectively. The paste costs are dominated by the 
Ag raw material cost, and so other contributions to 
costs are not significant. 

The assumptions for the plating equipment 
are fairly conservative. The lead gained in screen-
printing tool development compared with plating 
is taken into account by the increased investment 
costs, reduced throughput and higher labour 
costs for plating. The equipment throughputs are 
assumed to be 7,200 wafer/h and 5,000 wafer/h for 
screen printing and plating, respectively. The lower 
throughput of plating is not based on technological 
restrictions but on the lack of scaling effects 
compared with the tool developments in screen 
printing over the last decade.

Fig. 7 shows the COO ratios for each of the 
back-end sequences. The COO for bifacial plating 
indicates a benefit of more than 40% compared with 
the screen-printing reference. The major cost driver 
for the screen-printing reference process sequence 
is the process consumables (yellow) – i.e. the Ag and 
AgAl pastes. Introducing plating can dramatically 
decrease the raw material costs. Because of scaling 
effects over the last decade, the equipment costs 
for screen printing are significantly lower than 
those for young technologies, such as plating. With 
increasing market penetration, however, similar 
scaling effects are expected for plating.

The hybrid concepts demonstrate a cost benefit 
of more than 16% compared with the screen-
printing reference process. The difference between 
the two hybrid designs is due to the different 

Figure 8. Normalized COO of the PECVD TOPCon process with decreasing TOPCon layer 
thickness.

“Decreasing the TOPCon layer thickness from 
200nm to 50nm can reduce the COO of the TOPCon 
process by 43%.”
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paste costs in each: Hybrid 1 requires Ag pastes for 
contacting the TOPCon layer, compared with 
AgAl pastes for Hybrid 2. Overall, all the back-end 
sequences involving plating, whether it be hybrid 
or bifacial, allow drastic cost improvements as a 
result of lower consumable costs. In the case of an 
increasing market penetration of plated contacts 
for TOPCon solar cells, the scaling effects and 
improvements in throughput will lead to further 
reductions in equipment costs. 

Reducing TOPCon thickness to under 100nm
The implementation of plated Ni/Cu/Ag for 
contacting TOPCon surfaces has the potential 
to enable the TOPCon thickness to be decreased 
without increasing contact recombination. Fig. 
8 summarizes the cost calculations for bifacially 
plated TOPCon solar cells with different TOPCon 
layer thicknesses in terms of the normalized COO 
reduction; the figure shows the normalized COO 
of the TOPCon process for decreasing TOPCon 
layer thickness. It can be seen that decreasing the 
TOPCon layer thickness from 200nm to 50nm can 
reduce the COO of the TOPCon process by 43%. 

NOBLE – plated Cu metallization for 
Si heterojunction solar cells (SHJ)
Plating has always been considered a highly 
interesting option for metallizing SHJ solar cells. 
The plating processes fit in very well with the 
strict constraints of low-temperature processing, 
as well as offering the possibility of realizing 
highly conductive Cu grid lines at low material 

cost. Many research groups (e.g. FhG-ISE, CSEM, 
ASU, UNSW) and companies (e.g. GS Solar, 
Sunpreme, Kaneka, Silevo) are carrying out work 
on plating, while today’s largest SHJ solar cell 
manufacturer, GS Solar, already uses plating in 
production.

The reason why plating is so interesting 
for SHJ solar cells is that these cells cannot 
withstand temperatures above ~250°C. Hence, 
printing Ag pastes that are cured at a low 
temperature and with fairly low conductivity 
need to be used, which results in a high amount 
of silver being required per cell, especially in a 
bifacial cell design. The situation becomes even 
worse when the interconnection of the cells for 
module fabrication is considered: experience has 
shown that even greater amounts of silver need 
to be used to allow soldered interconnection 
technology. Alternative interconnection 
technologies, such as SmartWire Connection 
Technology (SWCT) or the use of electrically 
conductive adhesives (ECAs), enable the amount 
of printed silver to be reduced, but incur 
additional costs in module assembly, as these 
alternative interconnection technologies are more 
expensive.

A review of state-of-the-art plating processes for 
SHJ solar cells was published by Lachowicz et al. in 
2018 [24]. The formation of locally plated contacts 
on transparent conductive oxide (TCO) surfaces 
requires masking of the non-grid areas; otherwise 
the entire TCO surface would be plated. Physical 
vapour deposition (PVD) of metal seed layers 
feature excellent adhesion on indium tin oxide 
(ITO) and help to uniformly distribute the plating 
current, allowing fast simultaneous bifacial plating. 
Therefore, the most common plating approach, 
shown schematically in Fig. 9, is:

Resin or
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PVD deposition
ITO + metal seed

layer

Mask deposition
Inkjet or screen

printing

Plating
Cu plating

Etching
Etching of PVD stack

e.g. Cu

SHJ precursor with TCO

Figure 9. Back-end process sequence for plated SHJ solar cells using organic masking processes.

“The NOBLE sequence includes PVD metal seed 
layers for reliable contact adhesion on TCO, and 
homogeneous plating current distributions.”
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•  Deposit a full-area PVD metal seed layer on ITO
• Deposit a structured organic masking layer (e.g. 

resin or wax)
• Plate the contact grid
• Strip the masking layer
• Etch back the PVD seed layer

This approach is well established in printed 
circuit board (PCB) manufacturing, where 
photolithography with dry-film resists is typically 
used for masking. For solar cell applications, 
however, inkjet printing is often considered for 
depositing the mask. The fact that most of the 
area needs to be covered by the mask (~97%) leads 
to high consumable costs and lengthy processing 
times. To reduce consumable costs, a double-print 
process with a thin masking layer over most of 
the area, which is thicker close to the openings 
in the layer, has been introduced [25] and further 
developed [26]. This masking approach is still found 
in industrial production, but the treatment of waste 
water polluted with the organic masking material 
leads to high costs.

NOBLE process sequence and back-end 
solutions
At Fraunhofer ISE, the intention is to tackle the 
cost issues with an organic mask by means of the 
so-called NOBLE process (native oxide barrier layer 
for selective electroplating) [27,28]. The NOBLE 
sequence includes PVD metal seed layers for reliable 
contact adhesion on TCO, and homogeneous plating 
current distributions.

Instead of an organic mask, an Al layer is 
deposited, which allows the use of the natively 
grown AlOx surface in the subsequent plating 
processes as a non-conductive masking layer. 
Sandwiched between TCO and Al is a second thin 
metal layer, which can be freely chosen to optimize 
the seed layer contact interface properties (contact 
resistance, contact adhesion). Possible choices for 
this metal layer include Cu, Ag or Ni. The metal 
layers can be deposited by PVD in the same tool 
used for the TCO layers, but with the tool equipped 
with additional targets. The thickness of the metal 
layers is in the range 10–100nm. 

The Al layer is structured by inkjet printing of 
alkaline ink [28], laser ablation, or laser-induced 
forward transfer (LIFT) [29]. The structuring step 
only requires patterning of the grid area, which 
is typically about 3% of the wafer surface. The 
subsequent plating process requires optimized 
plating electrolytes and reverse pulse plating in 
order to avoid parasitic plating on the oxidized 
aluminium surface [30,31]. Both these requirements 
are compatible, however, with state-of-the-art mass-
production inline plating tools. In the final step, 
the PVD metal layers are chemically etched. The 
NOBLE process sequence is shown schematically in 
Fig. 10; all the required tools are available for mass 
production. 

Solar cell integration and contact 
characteristics 
One of the origins of NOBLE lies in the success of 
solar cells metallized by plating on PVD metal seed 
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Figure 10. NOBLE process sequence for SHJ solar cells with bifacially plated Cu metallization. 
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layers masked with an organic resist. Impressive 
results by CSEM [24] demonstrated solar cell 
efficiencies η of up to 24.7% with reliable module 

interconnection using soldering or SmartWire 
interconnection. There is no reason to believe that 
with the NOBLE sequence, efficiencies similar to 
those with an organic mask could not be reached.

The contact resistance is defined by the PVD 
seed layer and proper interface conditioning before 
plating. The conductive full-area PVD seed layer 
allows homogeneous plating current distribution, 
which in turn enables homogeneous plating height 

Figure 11. COO calculations for various metallization technologies used for bifacial SHJ solar cells (SP = screen printing). The contributions to the total 
COO (bold) include consumables and depreciation associated with the metallization processes. 

“The integration of Cu-plated contacts can further 
decrease the production costs of passivated-contact 
solar cells.”
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distribution over the entire wafer. The contact 
geometry for NOBLE is defined by the mask 
patterning width and isotropic growth around the 
mask opening. 

The first demonstration of selective Cu plating for 
SHJ metallization was published in 2017 [29]. At that 
time, the selectivity was achieved by a thin ALD-
AlOx layer and LIFT seed layer patterning. The first 
monofacial SHJ solar cells created using this process 
achieved a solar cell efficiency of 22.2%, in comparison 
to 21.7% for the screen-printed reference solar cell.

In subsequent developments, the focus was on 
the implementation of a native AlOx layer as a 
masking layer, along with inkjet-based patterning 
processes. The first SHJ solar cells metallized with 
the printed NOBLE sequence shown in Fig. 10 
were published by Hatt et al. in 2019 on small-area 
[28] and large-area [32] solar cells, achieving cell 
efficiencies of 20.2% and 20.0%, respectively. More 
recently, large-area cells with solar cell efficiencies 
of up to 21.2% were fabricated with the NOBLE 
back-end sequence. The recent developments were 
limited by non-optimized mask patterning and PVD 
seed layer processes. Current process developments 
are now centring on optimizing these process steps 
in order to develop the full potential of the NOBLE 
process for plated SHJ solar cells.

Cost calculations
The COOs for the different back-end approaches are 
shown in Fig. 11. The COO calculations assume a SHJ 
solar cell with bifacial grid design, having 120 and 
200 fingers on the front and rear sides, respectively. 
For solder interconnection, five busbars per wafer 
side are assumed, each with a width of 500µm. 
The other interconnection scenarios are ECA 
interconnection and SWCT, both of which do not 
require any printed metal busbars, which therefore 
saves on silver. In the case of SWCT, the small wire 
pitch allows a higher finger resistance with even 
lower paste lay-down.

The metallization processes are: bifacial Ag screen 
printing, plating with organic mask, and NOBLE. 
The assumed Ag paste or resist lay-down for the 
metallization or mask patterning processes are 
summarized in Table 2.

In the COO calculations for the metallization 
sequences shown in Fig. 11, one of the main 
cost drivers for screen-printing metallization 
approaches is the metallization consumables. A 
price of €589/kg was assumed for the Ag printing 
paste (low-temperature Ag pastes are, however, 
more expensive). The reduced paste lay-down 
made possible by using ECA or SWCT results in 
significant reductions in silver costs.

In terms of cost, plated Cu metallization with 
or without an organic mask is clearly superior to 
screen-printed metallization with busbars. The cost 
of the organic mask, however, is of the same order as 
the cost of the silver when SWCT interconnection 
is used. It is here that the NOBLE process has a clear 
advantage, even when the cost benefit with regard 
to waste water treatment is not taken into account. 
Nevertheless, both plating approaches can still be 
attractive, since interconnection by ECA or SWCT 
may help to reduce costs for metallization, although 
typically increasing interconnection costs. The 
metallization equipment depreciation for the two 
plating approaches is relatively high as a result of 
the required add-ons to the PVD tool; however, the 
depreciation is mostly due to the high investment 
costs for inkjet printers and plating tools, compared 
with state-of-the-art screen printers. It can be 
expected that tool prices will fall, however, if 
plating is adopted in an increasing number of SHJ 
production lines. 

Conclusion
The integration of Cu-plated contacts can further 
decrease the production costs of passivated-contact 
solar cells. 

Interconnection/ Printing consumables Paste or resist lay-down Printing area (front+rear) 
Metallization

Soldering 5BB 
Ag screen printing Low-curing Ag paste 365mg/wafer 11.4%

ECA 5BB 
Ag screen printing Low-curing Ag paste 205mg/wafer 8.2%

SWCT 
Ag screen printing Low-curing Ag paste 100mg/wafer 4.1%

Soldering 5BB 
Organic mask Hotmelt ink 600mg/wafer 7.3%

Soldering 5BB 
NOBLE (inkjet) 1% NaOH 0.7µl/wafer 7.3%

SWCT 
NOBLE (inkjet) 1% NaOH 0.7µl/wafer 4.1% 

Table 2. Consumables for the printing processes (Ag screen printing and mask patterning) for different metallization and interconnection 
approaches for SHJ solar cells.
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Plating metallization for i-TOPCon solar cells
Bifacial and hybrid (plating/screen printing) 
TOPCon solar cells with laser-defined and plated 
Ni/Cu/Ag contacts demonstrate efficiencies of 
up to 22.7%, and open the way to further reducing 
the resistive, recombination and optical losses 
of i-TOPCon solar cells. Low contact resistance 
and low finger line resistivity allow finger widths 
less than 25µm, while low contact recombination 
enables a reduced TOPCon thickness to less 
than 100nm. Future work will need to focus on 
estimating the minimum TOPCon thickness that 
would allow low contact recombination for laser-
defined plated Ni/Cu/Ag contacts. 

The cost calculations show that the introduction 
of plated contacts, especially in the form of 
a bifacially plated grid, enables the back-end 
processing cost for TOPCon solar cells to be lowered. 
Further cost savings can be achieved by reducing 
the TOPCon layer thickness, because of the shallow 
laser-damage depths associated with ultrashort-
pulse laser ablation. 

NOBLE Cu-plated contacts for SHJ solar cells 
The NOBLE back-end sequence is a low-cost 
and low-temperature metallization approach 
for industrial SHJ solar cells. It offers the 
potential to realize metal grids with excellent 
electrical performance, suited to reliable module 
interconnection (e.g. busbar solder interconnection) 
and low grid resistance for creating high-efficiency 
bifacial SHJ solar cells. 

NOBLE achieves a low COO as a result of 
the dramatically reduced cost of consumables, 
independently of the interconnection technology 
used, with the prospect of further significant 
cost reductions with regard to equipment and 
labour. Compared with organic masking, the 
NOBLE approach avoids organic waste water 
while decreasing the material costs and amount of 
patterning consumables. 
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