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Abstract. This work presents an approach to lower the silver consumption of screen printed 
TOPCon (Tunnel Oxide Passivated Contact) solar cells by reducing and partially replacing the 
silver by low cost copper metallization paste. On the solar cells front side an adapted process 
sequence enables the use of a pure Ag paste, which compared to the industrially established 
AgAl paste offers a better conductivity and respectively requires less laydown to enable simi-
larly low grid resistance. On the solar cells rear side the conductivity of the metal grid is ac-
complished by a copper paste which is realized within a print-on-print step on top of the Ag 
contact layer with minimized laydown. A reduction in Ag paste consumption by 40% to less 
than 9 mg/ Wp without sacrificing conversion efficiency seems achievable and can enable a 
significant cost reduction for TOPCon solar cells. 
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1. Introduction

Besides the silicon for the wafer itself, silver (Ag) used for the metal contacts is already the 
most expensive material of state-of-the-art industrial silicon solar cells. A growing demand by 
an increase of production volume is likely to lead to even higher prices. According to recently 
published market data [1], Ag-consumption of photovoltaic industry increased from 2022 to 
2023 by 64% and accounted already for 16.2% of total global Ag demand in 2023. Various 
studies rightly pointed out that the Ag consumption of PERC solar cells of >10 mg/Wp would 
already be incompatible with a growth of the industry to an annual production capacity of sev-
eral terawatts, as required to mitigate the climate crisis, as more Ag would be needed than can 
be mined annually worldwide [2], [3], [4], [5]. The ongoing rapid shift of the market to TOPCon 
and HJT solar cells further aggravates the situation, as both cell types feature higher consump-
tion with Ag grids on front and rear side. A solution with leaner Ag consumption is needed.  

For IBC solar cells, were contacts of both polarities are located on the rear side, met-
allization schemes using mainly copper (Cu) as conduction material have been common since 
the industrialization of Sunpower’s first IBC cells, using a metallization approach based on 
PVD deposition and Cu plating [6], but the total costs for this metallization scheme are as-
sumed to be rather high. D. Rudolph et al. [7] showed that the bus bars of screen printed IBC 
cells can be made from low temperature Cu paste without sacrificing efficiency and demon-
strated good stability. N. Chen et al. [8] replaced also most part of the fingers by screen printed 
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Cu-paste keeping only a small contact layer from Ag-paste as electrical contact to the silicon 
and blocking layer against Cu-Diffusion.  

For solar cells with double sided contacts, metallization schemes based on Cu plating 
have also been investigated since long. The companies BP Solar and later Suntech launched 
corresponding products on the market, but both were eventually outperformed by main stream 
products relying on Ag printing. For TOPCon cells, which are expected to be the dominant cell 
type for the next years, a metallization based on Cu-plating has been demonstrated, and 
showed a positive impact on efficiency [9], [10], but a wider adoption into industry could not 
been observed yet. A hindrance might be severe water contamination by existing industries 
using plating processes, which makes authorities reluctant permit plating in further industries. 
D. Ourinson et al. [11] followed for TOPCon a similar approach as N. Chen et al. for IBC and 
used a combination of high temperature Ag-paste for contacting and low temperature Cu-Paste 
for conduction. They presented TOPCon cells with a full area printed Cu-layer on the rear side 
featuring same efficiency as reference cells with Ag grid. Furthermore, repeated measure-
ments over 124 days have shown that no Cu contamination of the silicon bulk could be de-
tected during this time span. For the rear side, we follow the same idea and print a stack 
consisting of an Ag contact layer, and Cu layer for conduction. Other than Ourinson et al., we 
apply the Cu paste as H-grid rather than a full area print, in order to reduce Cu consumption 
and to achieve a bifacial device.  

The established method for contacting the boron doped front side of TOPCon solar 
cells is screen printing of Al-containing Ag pastes. The recent introduction of LECO technology 
in TOPCon [12] opened a path for using Al-free Ag pastes, with reduced recombination and 
better line conductivity. Another possibility had been revealed much earlier by H. Chu et al. 
[13]. When only finger lines are printed, and kept electrically separated during fast firing, Al-
free Ag-pastes can establish a low-ohmic contact to a boron emitter. The effect was explained 
by the suppression of charge carrier losses through earlier formed contacts, leaving more 
charge carriers for reduction of silver in the chemical reactions creating the contact between 
cell and Ag paste.  

2. Approach  

The aim is to reduce the metallization costs of TOPCon solar cells, without compromising the 
conversion efficiency. For reducing Ag on the front side we use an Al-free Ag paste, which is 
fired in bus bar less configuration for formation of good contacts to boron. Bus bars are printed 
afterwards using a low temperature paste, which in the final realization shall be Cu paste. On 
the rear side, only a minimized contact layer is printed with Ag paste, just enough to establish 
good contact to the silicon, while the major part of the finger and the bus bars are printed from 
Cu paste. We use a nano particle copper paste from the company Copprint, which contains a 
blend of Cu particles ranging from <100 nm to a few µm and a sintering agent which sup-
presses oxidation. Full conductivity is reached in a snap curing process at approx. 300°C. In 
the final realization both approaches should be combined on the same cell, as displayed in 
Fig. 1. However for simplicity in this work both approaches are tested only separately. The 
printing sequences for both experiments we realized are displayed schematically in Fig. 2. 

 

Figure 1. Cross section of the Cu-TOPCon cell with Ag-reduction on front and rear side. Bus bars are 
displayed as a continuous layer, please note that that they have perpendicular to the picture plane a 

short dimension of only 50 – 200 µm.  
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Figure 2. Printing sequences for the two experiments compared to the reference process for TOPCon  

3. Experimental details and results of front side experiment 

The first experiment on Ag-reduction on the front side is conducted on TOPCon precursors in 
G1 format from an industrial production line, they feature a homogeneous boron emitter with 
sheet resistance of approx. 165 Ohm/sq. We compare the use of a special Al-free Ag paste 
with an industry standard AgAl reference paste. The actual silver content of both pastes is 
similar according to information by the supplier, as only comparatively few Al particle are 
added. Both pastes are printed through a knotless screen with mesh 440-013, EOM 12µm and 
opening width of 18 µm in a M2-Layout with 135 fingers. As the wafers are full area G1 format, 
but the print layout has only M2 format, the corners of the cells remain unprinted. Laydown is 
40 mg for Al-free Ag paste and 67 mg for the AgAl reference paste. Rear side metallization is 
printed from n+ poly contacting Ag paste. After fast firing in a belt firing furnace, the bus bars 
on front and rear side are printed from a low temperature Ag paste which is cured at the tem-
perature of 185°C. Please note that in the final concept Cu paste shall be used for the bus 
bars.  

The IV parameters in Fig. 3 show a loss in short circuit current (Jsc) for the Al-free Ag 
paste on the front side, while Voc and FF are increased. Laser scanning microscopy images 
displayed in Fig. 4, show that the fingers printed from the AgAl reference paste are much finer 
and higher, while the Al-free Ag pastes leads to wider finger of reduced height, which explains 
the loss in Jsc. Notable on the other hand is the increase in Voc although the contact area is 
wider, indicating a lower J0met. At the same time, also FF is increased although the paste 
laydown is much lower. This increase in FF is already reflected in a comparably higher pseudo-
FF of the cells. It can be assumed to be also correlated to lower metal-induced recombination, 
with no Al particles spiking into the emitter region.  
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Figure 3. IV parameters of TOPCon solar cells printed with two different front side pastes: the refer-

ence AgAl paste and a novel Al-free Ag paste 

 

    
Figure 4. Laser scanning microscope images of fingers printed from the two front side pastes. Image 
(a) shows the light microscope image of a finger printed from the AgAl reference paste and image (b) 
the corresponding height profile as heat map. Images (c) and (d) the light image and the height profile 
of a finger printed from the novel Al-free Ag paste. The latter features has much strong mesh marks, 

visible as significant variations of the finger height and a reduced average height. 

 

Table 1. Paste laydown, extracted resistance values and effective bulk resistivity 

Paste  width 
(µm) 

 height 
(µm) 

ρc  
(mΩcm2) 

laydown  
(mg) 

R_line  
(Ω/cm) 

ρbulk_eff  
(µΩcm) 

Reference AgAl paste 24 17 1.8 67 1.66 5.09 

Al-free Ag paste 28 9 1.3 40 2.24 4.05 

Table 1 lists average width and height, specific contact resistances extracted from TLM, 
wet paste laydown and line resistance extracted from BB-to-BB measurements. The Al-free 
Ag paste not only has a lower contact resistivity, but regardless its much lower laydown also 

Jsc (mA/cm²)

 TOPCon Ag TOPCon39.7

39.8

39.9

40.0

40.1

40.2

Voc (V)

 TOPCon Ag TOPCon

0.707

0.708

0.709

FF (%)

 TOPCon Ag TOPCon81.0

81.1

81.2

81.3

81.4

81.5

81.6

Eta (%)

 TOPCon Ag TOPCon22.90

22.95

23.00

23.05

23.10

23.15

23.20
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still features a relatively low line resistance. We calculated an effective bulk resistivity based 
on wet laydown and the line resistance, which should only be seen as a broad approximation. 
The determined effective bulk resistivity of the Al-free Ag paste is much lower most likely due 
to the absence of aluminum particles in this paste. The silver hence is used more effectively. 
If fine line printability of this paste can be improved, an increase in efficiency at reduced Ag 
laydown can be expected. 

4. Experimental details and results of rear side experiment 

The experiment for Ag reduction on the rear side was conducted on TOPCon precursors in M6 
format manufactured in our laboratory at ISC Konstanz. We used the Toucan-PECVD se-
quence, consisting of: SDE etching, texturing, cleaning, boron diffusion, single side etching in 
cluster process, PECVD n+ poly deposition, annealing, single-side etching of poly wrap 
around, PECVD AlOx passivation and SiNx capping, and screen printing of contacts. The ref-
erence group features AgAl fingers on the front and Ag-fingers on the rear as well as Ag bus 
bars (BB) on both sides and were fired after concluding all printing steps. In the Cu-TOPCon 
group AgAl fingers were printed on the front side, and a contact layer of Ag paste was printed 
on the rear side before firing the cells with same settings as the reference cells. Afterwards Cu 
fingers and bus bars were printed on the rear side as well as Cu bus bars on the front side, 
and cured at approx. 300°C, compare Fig. 2. Table 2 lists the wet paste laydown of the different 
printing steps. The screens in this experiment were not optimized for low laydown, leading to 
much higher laydown in all printing steps, as it would be used in an industrial production. Alt-
hough not yet optimized, a strong reduction of Ag consumption can be seen for Cu-TOPCon 
group as the rear fingers are printed with much lower Ag laydown and the both bus bar prints 
are done by Cu paste.     

The IV parameters of the solar cells are displayed Fig. 5. The Cu-TOPCon cells in mean 
have a slightly lower Jsc and a slightly higher Voc. The first we attribute to a different internal 
reflection, the second to reduced recombination on the rear side with reduced contact area, 
although the contact is formed to the TOPCon passivation side. The cells from both groups 
have similar FF and efficiency, demonstrating that replacing the Ag paste metallization partly 
by Cu paste does not lead to a sacrifice in cell efficiency. 

Table 2.  Wet paste laydown in the different print steps of the second experiment  

Group Rear Ag 
Fingers 

Rear 
Ag BB 

Rear Cu 
H-Grid 

Front 
AgAl   
Fingers 

Front Ag 
BB 

Front Cu 
BB 

Total Ag 
paste 

Total Cu 
paste 

 (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) 

Refe-
rence 133 44 - 43 44 - 264 - 

Cu-        
TOPCon 30 - 351 43 - 35 73 396 
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Figure 5. IV parameters of solar cells from the second experiment on Ag reduction on the rear side 

5. Discussion  

Two strategies for reduction of Ag content in industrial TOPCon solar cells were experimentally 
tested. On the front side AgAl paste was replaced by Al-free Ag paste and BB-less firing was 
used to maintain low contact resistance. An alternative option would be to use the LECO tech-
nology, which additionally was reported to enable very low J0met values, but is protected by IP 
rights. In both cases, the higher conductivity of Ag pastes compared to AgAl paste allows for 
reduction of paste laydown. On the rear side, we demonstrated that a print-on-print finger com-
posed of a minimized Ag contact layer and a Cu-bulk layer can achieve comparable efficiency 
at strongly reduced Ag laydown. Further, it was shown that bus bars on front and rear side can 
be printed by Cu paste. In the experiment, Ag usage was reduced by more than 2/3 but this 
value is not very meaningful as laydown was unrealistic high. We estimate that for a commer-
cial TOPCon cell in M10 format the laydown on the front side can be reduce from currently 
around 60mg (for AgAl fingers and Ag bus bars) to about 45 mg (for Al-free Ag fingers), while 
on the rear side current laydown of 65 mg (for Ag fingers and bus bars) can be reduced to 28 
mg or less (for the Ag contact layer). So in total a reduction from currently 125 mg to about 73 
mg seems realistic. To replace the saved Ag paste, about 94 – 132 mg Cu-Paste would be 
needed as well as an additional process step for snap curing of the Cu paste. Assuming an 
efficiency of 24.5%, the Ag consumption TOPCon can be reduced from around 15 mg/Wp to 
around 9 mg/Wp, enabling a significant cost reduction potential. This potential might be even 
higher for rising Ag paste prices due to the higher demand of the PV industry in the coming 
years. 

Jsc (mA/cm²)

 TOPCon Cu TOPCon

Jsc

40.1

40.2

40.3

40.4

40.5

Eta (%)

 TOPCon Cu TOPCon

Eta

23.1

23.2

23.3

23.4

23.5

Voc (V)

 TOPCon Cu TOPCon

Voc

0.701

0.702

0.703

0.704

0.705

0.706

0.707
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FF (%)

 TOPCon Cu TOPCon

FF

81.0

81.5

82.0
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6



Lossen et al. | SiliconPV Conf Proc 2 (2024) "SiliconPV 2024, 14th International Conference on Crystalline Silicon 
Photovoltaics" 

Data availability statement 

Data is stored on the server of ISC, and can be supplied on request.  

Author contributions 

Jan Lossen: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writ-
ing – Original draft, Visualization, Project administration, Funding acquisition; Pirmin Preis: 
Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing – Review& 
Editing, Visualization, Project administration; Mertcan Comak: Investigation, Resources; 
Joris Libal: Formal analysis; Dominik Rudolph: Conceptualization, Methodology, Investiga-
tion, Resources; Jan Hoß: Conceptualization, Writing Review& Editing; Lejo Joseph Ko-
duvelikulathu: Writing Review& Editing, Supervision.  

Competing interests 

The authors declare that they have no competing interests. 

Funding 

This project has received funding from the German federal ministry of economic affairs and 
climate action under the project “KONTRAST” and grant agreement No. 03EE1128A.  

Acknowledgement 

We want to thank I. Rosen and O. Shochet from the company Copprint for supplying the paste 
and for fruitful discussions, and colleagues from ISC Konstanz for their support, especially the 
clean room and the printing team.   

References 

[1] World Silver Survey 2024, 34th annual edition produced for The Silver Institute, produced 
Metals Focus team, ISSN: 978-1-7394228-3-7  

[2] Verlinden P. J., Future challenges for photovoltaic manufacturing at the terawatt level, J. 
Renewable Sustainable Energy 12, 053505 (2020); https://doi.org/10.1063/5.0020380 

[3] Moonyong Kim, et al.; Towards sustainable silicon PV manufacturing at the terawatt level. 
AIP Conf. Proc. 2487. https://doi.org/10.1063/5.0090424 

[4] Goldschmidt JC, et al., Technological learning for resource efficient terawatt scale photo-
voltaics. EnergEnviron Sci. 2021;14(10):5147-5160. https://doi.org/10.1039/D1EE02497C 

[5] B. Hallam, M. Kim, Y. Zhang, L. Wang, A. Lennon, P. Verlinden, P.P. Altermatt, P. 
R. Dias, The silver learning curve for photovoltaics and projected silver demand for net-
zero emissions by 2050, Progress in Photovoltaics (2022), https://doi.org/10.1002/pip.3661 

[6] P. J. Cousins et al., Generation 3: Improved performance at lower cost, 2010, 35th IEEE 
PVSC, Honolulu, HI, USA, 2010, pp. 000275-000278, 
https://doi.org/10.1109/PVSC.2010.5615850 

[7] D. Rudolph, T. Messmer, T. Timofte, N. Chen, J. Libal, F. Buchholz, I. Rosen, Improvement 
of solder interconnections applied on back contact solar cells with low-temperature copper 
paste busbars, Solar Energy Materials and Solar Cells, Volume 264, 2024, 112603, 
https://doi.org/10.1016/j.solmat.2023.112603 

[8] N. Chen, D. Rudolph, C. Peter, M. Zeman, O. Isabella, Y. Rosen, M. Grouchko, O. Shochet, 
V.D. Mihailetchi, Thermal stable high-efficiency copper screen printed back contact solar 
cells, Sol. RRL (2022), 2200874, https://doi.org/10.1002/solr.202200874 

7



Lossen et al. | SiliconPV Conf Proc 2 (2024) "SiliconPV 2024, 14th International Conference on Crystalline Silicon 
Photovoltaics" 

[9] B. Grübel, G. Cimiotti, C. Schmiga, et al. Progress of plated metallization for industrial bifa-
cial TOPCon silicon solar cells. Prog Photovolt Res Appl. 2022; 30(6): 615-621. 
https://doi.org/10.1002/pip.3528 

[10] S. Kluska, R. Haberstoh, B. Grübel, G. Cimiotti, C. Schmiga, A.A. Brand, A. Nagele, B. 
Steinhauser, M. Kamp, M. Passig, M. Sieber, D. Brunner, S. Fox, Enabling savings in silver 
consumption and poly-Si thickness by integration of plated Ni/Cu/Ag contacts for bifacial 
TOPCon solar cells, Sol. Energy Mater. Sol. Cell. 246 (2022),111889, 
https://doi.org/10.1016/j.solmat.2022.111889.  

[11] D. Ourinson, A. Brand, A. Lorenz, M. Dhamrin, S. Tepner, M. Linse, N. Göttlicher, R.  
Haberstroh, K. Tsuji, J. D. Huyeng, F. Clement, Paste-based silver reduction for iTOPCon 
rear side metallization, Solar Energy Materials and Solar Cells, Volume 266, 2024, 112646, 
https://doi.org/10.1016/j.solmat.2023.112646 

[12] Fellmeth T, Höffler H, Mack S, et al. Laser-enhanced contact optimization on iTOP-
Con solar cells. Prog Photovolt Res Appl. 2022; 30(12): 1393-1399. doi:10.1002/pip.3598  

[13] H. Chu et al., Impact of the Presence of Busbars During the Fast Firing Process on 
Contact Resistances,  IEEE JPV, vol. 8, no. 4, pp. 923-929, July 2018, 
https://doi.org/10.1109/JPHOTOV.2018.2828824 

 

8


	1. Introduction
	2. Approach
	3. Experimental details and results of front side experiment
	4. Experimental details and results of rear side experiment
	5. Discussion
	Data availability statement
	Author contributions
	Competing interests
	Funding
	Acknowledgement
	References



