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Abstract
The work in this paper aims to investigate the potential of screen-printed Cu as a potential replacement for conventional Ag contacts in silicon passivated contact solar cells. A curing-type novel Cu paste formulation was synthesized via wet-chemical reduction. The pastes comprise of Cu nanoparticles with average diameters of 400 nm ± 100 nm with a thin (~5 nm) encapsulating layer of polyvinylpyrrolidone to prevent Cu oxidation during annealing. The Cu pastes were then screen-printed and cured under vacuum conditions (< 300 ppm O2) at temperatures between 200 °C to 400 °C for 30 min. The screen-printed Cu fingers were investigated based on their printability, line and contact resistance to Indium-Tin oxide, a common transparent conductive layer for passivated contact solar cells. Scanning electron microscopy was used to analyse the morphology of the cured Cu fingers and the nanoparticles at the contacting interface. Consistent finger widths between 53 - 60 μm and finger heights above 20 μm were achieved. The average specific contact resistivity of the Cu-ITO contact for the best-performing paste formulation under optimal curing conditions was 0.4 m.cm2. The resistivity of printed Cu lines after curing at 400 °C for 30 min was 27 μΩ.cm. Subsequent work involves further paste development, improving screen printed finger aspect ratios, and optimising curing conditions.
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High efficiency passivated contact silicon wafer solar cells can achieve high open-circuit voltages (> 735 mV) due to excellent surface passivation achieved with the insertion of thin hydrogenated amorphous silicon layers. High photoconversion efficiencies above 24% have been obtained [1-4], with a record reported efficiency of 26.7% achieved with an interdigitated back-contact structure (IBC-HJ) [1]. Although HJ cells have evolved from R&D to industry, the manufacturing cost must be reduced in order to increase the feasibility of production. Conventional Ag contacts account for over 20% of the total cost for in HJ cells [5], and there is a need to explore alternative cost-effective metal contacts. 

Screen printing of Cu contacts is a potentially low-cost solution for HJ cell metallization because Cu not only exhibits similar electrical resistivity to Ag (resistivity of pure Ag, ρAg = 1.6 μΩ.cm; resistivity of pure Cu ρCu = 1.7 μΩ.cm), but it is also a hundred times cheaper (Ag costs USD 500/kg and Cu costs USD 5/kg as of Feb 2019) in raw cost [6, 7]. Screen printing is also the dominant metallization technology in the PV industry as it is cost-effective and has high-throughput. Screen printing for HJ cells in R&D and industry has been established for low-temperature Ag-based polymer pastes [8-12]. Therefore, if suitable Cu pastes are developed, Cu paste screen printing can be easily integrated into existing industrial HJ cell production lines. Therefore, this study investigates the development and application of Cu pastes. 

Copper nanoparticles were synthesized via wet-chemical reduction. Copper hydroxide and polyvinylpyrrolidone (PVP) were dissolved in ethylene glycol solution and stirred until complete dissolution in a flask. An ascorbic acid polyol solution was added to the flask and stirred. A color change from blue to brown indicates the formation of Cu nanoparticles. The final dispersion was washed with ethanol at 5000 rpm for five minutes using centrifugation. Ethyl cellulose (EC) powder was dissolved in anhydrous ethanol to form 10 wt% EC, which is added to the flask containing Cu nanoparticles, anhydrous terpineol and dilute anhydrous ethanol. The solution was then sonicated using an ultrasonic horn (Qsonica Q700 Sonicator) and stirred with a hand-mixer (Ultraturrax, IKA). The Cu pastes were screen-printed on full-area textured mono-crystalline Czochralski (Cz) wafers with 80 nm front ITO using a commercially available screen-printing line. A standard screen specification of 4 busbars with 0.9 mm busbar opening and 120 fingers with 55 μm finger opening, mesh count 400 (wires/inch) and wire diameter of 18 μm was used. The Cu pastes were screen printed with optimized print speed (100 mm/s) and pressure (12 kg). A vacuum oven with < 300 ppm O2 was used to cure the screen-printed samples.

The specific contact resistivity, ρc between the screen-printed Cu fingers and the textured ITO interface was determined via the Transmission Line Model (TLM) method [13]. All samples were cured in vacuum oven conditions for 30 min. Cu fingers cured at 300 °C obtained ρc average of 0.9 m.cm2.  As curing temperature increases from 350 °C to 400 °C, ρc improves from 0.5 m.cm2 to 0.4 m.cm2. Fig. 1 shows TLM specific contact resistivity for fingers screen-printed with Cu paste cured between 300°C and 400 °C under vacuum conditions for 30 min. 
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Fig. 1: (Left) Boxplot of specific contact resistivity, ρc [mΩ.cm2] for Paste LA1SR1 with varying curing temperatures, cured in a vacuum oven (< 300ppm O2) for 30 min and (Right) boxplot of finger resistance [Ω/cm] for Paste LA1SR1 with varying curing temperatures, cured in a vacuum oven (< 300ppm O2) for 30 min.

The contact resistance values obtained by fingers screen-printed with Cu pastes are comparable, if not marginally better than the contact resistance between the Ag reference paste (a state-of-the-art commercially-available paste for HJ cells) and the ITO interface. The contact resistances obtained by the Cu screen printed fingers are excellent and can potentially contribute to high-efficiency HJ cell structures. However, it is also important to note that curing temperatures above 350° may likely degrade a-Si:H layers in HJ cells. Further work is needed to improve annealing processes at lower temperatures while maintaining the integrity of a-Si:H layers in the HJ cell. 
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Fig. 2: Scanning electron microscope (SEM) image of fully cured Cu nanoparticles sintered and in contact with the ITO surface.

Busbar-to-busbar resistance measurements were used to determine the average finger resistances of Cu paste screen-printed finger samples cured at different temperatures for 30 min. Samples cured between 250 °C to 300 °C exhibit finger resistances between 90 Ω/cm to 110 Ω/cm. The improved finger resistances are attributed to the increased contact between Cu nanoparticles. The Cu paste screen-printed samples cured between 350 °C to 400 °C obtained the best finger resistances down to 25 Ω/cm, a large improvement in resistance and moving closer towards Ag reference finger resistance values of 1.7 Ω/cm. Importantly, curing at this temperature range results in improved sintering of the Cu paste.

[bookmark: _GoBack]The Cu pastes developed in this work exhibit great potential in replacing Ag metal contacts in passivated contact solar cells. Subsequent work in the pipeline involves further paste development, improving screen printed finger aspect ratios, and optimising curing conditions. To improve contact resistance, Cu nanoparticle size can be reduced to reduce void formation at the ITO-metal interface. Optimising paste viscosity, printing speed and pressure and employing dual-printing techniques to improve Cu finger aspect ratios will reduce optical shading loss and increase the short circuit current density in the passivated contact solar cell. In order to maintain the minority carrier lifetime of the amorphous Si layers in passivated contact solar cells, curing at lower temperatures below the temperature range investigated and increasing curing durations must be explored. 
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