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1. Introduction

The photovoltaic (PV) industry is undergoing a rapid transition from p-type Passivated Emitter and
Rear Cell (PERC) to n-type Tunnel Oxide Passivated Contact (TOPCon) technologies [1]. While
TOPCon offers superior efficiency potential, a major drawback is the need for screen-printed silver
contacts on both sides, resulting in 40-60% higher silver usage compared to traditional PERC
technology [2]. This introduces significant challenges to the PV industry given the anticipated
terawatt manufacturing scale, particularly concerning short-term supply constraints and long-term
material availability of silver [3]. Furthermore, such high silver consumption imposes substantial
burden on the manufacturing costs of TOPCon, with more than 50% of the wafer-to-cell conversion
cost of TOPCon cells attributed to silver paste [4]. To maintain a sustainable consumption of silver
and achieve further reductions in manufacturing costs, reducing the silver consumption in TOPCon
has become a priority for the PV industry. This abstract presents our latest results recently published
in Sol. Energy Mater. Experimentation with our partners is ongoing and we expect to be able to
present updated results at the conference.

2. Novel screen-printing silver dash metallisation design

Conventional approach to reduce Ag consumptions is to print narrower fingers through innovations
in screen designs and corresponding metallisation paste optimisations. However, as the finger width
approaches a remarkably low level of 20 um, further reductions in finger width will become
increasingly challenging using conventional screen-printing technology due to its inherent physical
limitations. Although finger width below 20 um has already been demonstrated with several fine-line
techniques, the technological readiness and maturity for mass production still need to be significantly
improved to be considered viable alternatives to conventional screen-printing approach.

Another highly anticipated approach involves replacing silver with cheaper and more abundant paste
materials, such as high-temperature aluminium pastes to form contacts with poly-Si layers [5], high-
temperature fire-through nickel (Ni) paste to contact Si [6], or high temperature copper paste used

16 Ag finger Ag dash 256 08 Ag finger Ag dash 25.4
TOPCon front side: TOPCon rear side:

141 [ Contact Recombination 1254 [ Contact Recombination 52
& | Contact Resistance 1 8 & [ | Contact Resistance 1 £
Eqaf ; 529 €06 - <
sl [ ] Lateral Resistance & 5o [ Lateral Resistance s
= o o 250 2 = 1250
€10 o—T 92 96 o c £ S
= 24.90 24.96 24.96 249?\ losg @ = e o
2 0s 5 2, 24.90 . a7 o)
30 24.73 = g04r 2487~ 1248 &
7 246 [0 2 o ]
SQoeb e kel S 2181 o
rul 244 L 5 4246 %
g o4 [I— 242 gozf | s J 1 . B g
o 02 5 5] o 24.45 1 124.4

' -_-_-_— L R
0.0 238 0.0 242
2% 1.5% 1% 075%  05%  0.25% 3.5% 1.5% 1% 0.75%  05%  0.25%
Metal/Si Interface Area Metal/Si Interface Area

Figure 1 Simulated efficiencies and power losses from contact recombination, contact resistance
and lateral resistance in TOPCon solar cells with standard Ag fingers and Ag dashes, on front side
(left) and rear side (right), respectively.
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on PERC cell [7]. Although the conductivity of these pastes nearly as good as that of Ag paste, the
major challenges are still around high contact resistance, or high contact recombination.

This work aims to address the challenges of above two approaches by decoupling the functions of
metal-Si contact formation and finger conductivity, meaning printing silver seed layer for Ag-Si
contact formation and printing floating fingers on top using non-silver pastes. The Ag-Si contact was
formed by printing isolated silver dashes, and both high temperature aluminium paste and low
temperature copper-based pastes have been experimentally tested.

Numerical simulations using Quokka 3 have been carried out to evaluate the impact of the dash
design on cell performance with results show in Figure 1. The smaller metal/Si interface area of the
dash design can substantially suppress contact recombination losses but inevitably increase contact
resistance. A dash coverage area of 0.75-1% was a optimium range well balancing these two
parameters. Current crowding effects were also considered and simulation results showed that with
a carefully designed dash pattern and spacing with dash converage area of 1%, it is not expected to
have significant impact on cell efficiency (£0.04% compared to the reference).

3. Experimental method

The Ag dash design with both high temperature (high-T) non-fire-through Al paste and low
temperature (low-T) Ag-coated Cu paste and pure Cu paste have been tested. Processing flows for
the fabrication of TOPCon cells with both high-T and low-T routes is shown in Figure 2. All cells were
fabricated using non-metallised industrial TOPCon cell precursors sourced from a leading cell
manufacturer.
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Figure 2 Processing flows for the fabrication of TOPCon solar cells (182 mmx 182 mm) with silver-
lean metallisation design in this work.

Two types of commercially available fire-through Ag pastes, intended for the front and rear sides of
TOPCon cells were used and both were optimised specifically for laser-enhanced contact
optimisation (LECO) treatment. For low-T route, Ag dashes were printed on either rear side only
(group 1&2) or both sides (group 3&4) first and followed by firing process, then Ag-coated Cu or pure
Cu fingers and busbars were printed on Ag dashes followed by low-T curing processes, respectively.
For high-T rounte (group 5), all screen-printing steps were completed prior to a co-firing process.
LECO treatments were conducted for all the groups at the end. To benchmark the performance of
the developed silver-lean metallisation design, reference cells (not depicted in 2) were fabricated
with standard Ag fingers, busbars and soldering tabs on both the front and rear sides.
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4. Results and discussion
4.1 Silver dash with Low-T Cu-based pastes
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Figure 3 |-V parameters of large-area (mm x 182 mm) TOPCon solar cells fabricated with standard
Ag fingers (Ref), Ag dashes and Ag-coated Cu fingers on the rear (Group 1), Ag dashes and Cu
fingers on the rear (Group 2), Ag dashes and Ag-coated Cu fingers on both the front and rear sides
(Group 3), and Ag dashes and Cu fingers on both the front and rear sides (Group 4).

Figure 3 shows the |-V results of TOPCon cells fabricated with the silver-lean metallisation design
and low-temperature Cu-based pastes. On the rear surface of fabricated TOPCon cells, the
implementation of the dash design has resulted in an average efficiency of 24.95% with Ag-coated
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Figure 4 (Left) A photo of the rear side of a TOPCon solar cell fabricated with the silver-lean
metallisation design. (Middle) Microscopy images and a cross-sectional scanning electron
microscopy image showing detail on Ag dashes and Cu fingers of the silver-lean metallisation
design. (Right) Silver consumption of TOPCon cells fabricated with various metallisation designs.

Cu fingers (Group 1) and 25.05% with pure Cu fingers (Group 2), both within 0.1-0.2% of the
efficiency of TOPCon cells with standard Ag fingers. As expected, the efficiency loss associated with
the dash design is primarily attributed to a 0.5-1% drop in fill factor (FF), which is mainly a result of
reduced metal/Si interface areas and increased contact resistance with the dash design on the rear
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side of the cell. With Ag dashes and Ag-coated Cu fingers applied on both the front and rear sides
(Group 3), the average efficiency is 24.3%, 0.8% lower than the efficiency of reference cells with
standard Ag fingers. Meanwhile, the use of pure Cu fingers on both sides (Group 4) has led to lower
efficiencies in the range of 21.3-22.3%. For all cells fabricated with Ag dashes on both sides, despite
a notable Voc improvement of ~4 mV, the efficiency remains to be strongly limited by considerable
reductions in Jsc and FF. The Jsc losses are closely associated with the line width of 40-45 um for
Ag-coated Cu fingers and ~60 um for pure Cu fingers, a level 2-3 times larger than the width of
standard Ag fingers at 23 um. The actual coverage area of Ag dashes printed on the front was only
0.4-0.5% of the total cell area which was well below the 1% target. Such a small metal/Si interface
area on the front inevitably caused high contact resistance, and thereby substantial losses in the FF
of the cell. Once the finger width using Ag-coate Cu and pure Cu paste canbe reduced a target value
of 23 um and increasing the dash area to 1% on the front side, the efficiency of TOPCon cells with
group 3 configuration is expected to reach nearly same level as that of the reference.

A photo of the cell fabricated with Ag dashes and pure Cu fingers on the rear side is presented in
Figure 4 along with key features of the silver-lean contact scheme. Ag dash with Cu finger approach
(group 4) applied on both sides of TOPCon cell has decreased the Ag consumption from 12.5mg/W
to 2 mg/W, realising an ~85% reduction in silver consumption for industrial TOPCon cells.

4.2 Silver dash with high-T Al pastes

Another option for the silver-lean metallisation design is to use high-temperature Al pastes in fingers
and busbars on top of Ag dashes (Group 5). Although this route offers the benefits of a simpler
processing flow, the co-firing of Ag dashes and Al fingers on the rear surface of TOPCon cells was
found to cause 25mV drop in Voc, 10% drop in the FF and substantial 3.5% efficiency loss, as shown
in Figure 5. Given the non-fire-through nature of Al fingers and busbars, the efficiency drop was most
likely a result of compromised metal/Si interfaces between Ag dashes and the poly-Si surface,
pointing towards potential Ag-Al paste mixing or reactions during the high-temperature firing.

Figure 3 (Left) I-V parameters of
TOPCon solar cells fabricated
with standard Ag fingers (Ref)
and Ag dashes with Al fingers
(Group 5) on the rear surface.
(Right-top) Cross-sectional
scanning electron microscopy
(SEM) image at the metal/Si
interface underneath Ag dashes.
(Right-bottom) Energy
dispersive X-ray spectroscopy
(EDS) spectrum measured at
different positions. Both Ag
dashes and Al fingers were
chemically removed prior to the
imaging.
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5. Conclusion

13.55

This work presents the latest results on the development of silver-lean metallisation technologies at
UNSW. The concept of silver dash with non-silver floating finger design, decouples the functions of
metal-Si contact formation and finger conductivity without sacrificing efficiency, opening more
opportunities for non-silver pastes application in PV. Pilot production results led to the fabrication of
over 25%-efficient full-sized TOPCon solar cells and separately demonstrated ultra-low-silver
metallisation down to 2 mg/W, realising over 80% silver savings using existing toolsets. These levels
are sufficient for multi-terawatt scales of annual PV deployment using only 20% of the global silver
supply compatible with existing production toolsets.
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