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Introduction

Silicon heterojunction (SHJ) solar cells have attracted increasing attention due to their high efficiency
and strong potential for large-scale manufacturing [1,2]. However, the substantial use of silver (Ag)
in the contacts and indium (In) in transparent conductive oxide (TCO) layers, such as indium tin
oxide (ITO), has raised concerns regarding both cost and resource sustainability [3,4]. Numerous
studies have explored ways to reduce Ag and In consumption, for instance, through Ag-coated
copper (Cu) pastes [5] or alternative TCO designs [6]. Nevertheless, limited work has simultaneously
addressed both strategies or quantitatively assessed the trade-offs between material savings and
performance loss. In this study, Ag-coated Cu pastes are combined with indium-lean TCO structures
in SHJ cells. The effects on device performance, material utilisation, and overall cost-effectiveness
are systematically analysed to provide a practical pathway towards more resource-efficient SHJ solar
cells.

Methodology

Four sets of HJT solar cells were fabricated to compare the baseline and material-efficient designs.
Figure 1 presents the schematic structures of a conventional HJT solar cell and the optimised
structures proposed in this work. The baseline device employed conventional Ag paste and 110-nm-
thick ITO layers on both front and rear sides (see Figure 1(a)). From Figure 1(b)-(d), Ag-coated Cu
paste (30 wt% Ag) was used to reduce silver consumption, while a bilayer TCO consisting of 55 nm
tin oxide (SnOx) and 55 nm ITO on the front and rear sides was introduced to lower indium usage.
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Figure 1. Schematic diagram of (a) Typical rear-emitter HJT solar cells, and optimised design
with (b) Ag paste is replaced with Cu@Ag paste, (c) bilayer TCO structure (SnOx/ITO) instead
of a single ITO layer, (d) the SnOx/ITO bilayer TCO with Cu@Ag paste electrodes.

For metallization, screen printing was used to deposit either Ag paste or Ag-coated Cu paste on the
front and rear side TCO layers (ITO or SnOx/ITO). After printing, samples were dried at 160 °C for 3
min, followed by curing at 200 °C for 10 min. For characterisation, cell current-voltage (I-V)
measurements were conducted using the Sinton Instruments FCT650 |V tester (Xe flash). A PVTools
transfer length method (TLM) scanner was used to extract contact resistance. A LA-150/LA-200 dark
probe station was employed to examine volume resistance.

Results

Figure 2 shows the |-V results of HJT cells fabricated with four configurations: Ag fingers with ITO
layers, Ag-coated Cu fingers with ITO layers, Ag fingers with ITO/SnOy layers and Ag-coated Cu
fingers with ITO/SnOy layers. Compared with the baseline Ag/ITO design (25.85%), the efficiencies
of CuU@Ag/ITO, Ag/ITO-SnOx, and Cu@Ag/ITO-SnOx were 25.5% (-0.35%), 25.74% (-0.11%), and
25.48% (-0.37%), respectively. The overall trend follows the variation in fill factor (FF). Both open-
circuit voltage (Voc) and short-circuit current density (Jsc) showed slight changes, but these variations
were relatively minor, suggesting that FF remains the dominant factor responsible for the efficiency
differences.
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Figure 2. |-V parameters of HJT solar cells fabricated with Ag fingers on ITO layers, Ag-coated
Cu fingers on ITO layers, Ag fingers on ITO/SnOx layers and Ag-coated Cu fingers on
ITO/SnOy layers.

To investigate the origin of the FF losses, the contact resistivity between the metal electrodes and
the TCO layers, as well as the bulk resistivity of the metal electrodes, was extracted. As shown in
Figure 3(a), Ag/ITO exhibits the lowest contact resistivity. The value slightly increases for
Cu@Ag/ITO, while Ag/SnOx is higher, leading to the highest contact resistivity in the Cu@Ag/SnOx
combination. The differences in contact resistivity among the TCOs can be attributed to the work
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function mismatch: the difference between Ag and ITO is smaller than that between Ag and SnOx,
resulting in better contact with ITO. For the same TCO material, both Ag and Cu@Ag interfaces
involve Ag—TCO contact, so the work function alignment remains the same. However, as shown in
Figure 3(b), Cu@Ag exhibits slightly higher bulk resistivity than pure Ag, which explains part of the
contact loss due to the 70% reduction in Ag content.
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Figure 3. (a) Measured contact resistivity of HJT solar cells fabricated with Ag/ITO,
Cu@Ag/ITO, Ag/ITO-SnOx and Cu@Ag/ITO-SnOy, (b) Measured volume resistivity of Ag and
Cu@Ag electrodes.

To evaluate the material cost impact of the proposed Ag-coated Cu and In-lean strategies, a
simplified cost analysis was performed, focusing on the consumption of Ag in screen-printed contacts
and In in ITO layers. The baseline Ag/ITO design was taken as a reference, with a cell area of 210
x 105 mm (220.5 cm?) and an efficiency of 25.85%. and this baseline configuration, Ag consumption
was assumed to be 75 mg per cell. In contrast, the In consumption, corresponding to double-sided
ITO layers of ~110 nm each, was calculated as 28.36 mg per cell. Market prices of Ag and In were
taken as 1.41 $/g [7] and 0.803 $/g [8], respectively. Given the volatility of commodity prices, the
values used in the simulation were referenced from reports published in 2024 and 2025. Based on
these values, the per-watt material cost of Ag and In was calculated as:

Costper W = M
Pcell
where Cag and C, are the material costs per cell, and Pce is the output power of the cell.
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Figure 4. Cost-efficiency analysis of HJT solar cells fabricated with Ag/ITO, Cu@Ag/ITO,
Ag/ITO-SnOx and Cu@Ag/ITO-SnOx structures.

The calculated results are summarised in Figure 4. There is a significant cost reduction when pure
Ag is replaced with Ag-coated Cu paste (~57%). Furthermore, the SnO«/ITO bilayer represents a
relatively smaller contribution to the cost reduction (~8.4%). However, from the perspective of large-
scale PV manufacturing, it still provides additional cost savings. In total, the Ag-coated Cu/ITO-SnOx
configuration is estimated to lower material costs by over 65% compared with the baseline design,
while resulting in only a modest efficiency reduction.

Conclusions

This work demonstrates that reducing the Ag consumption through Ag-coated Cu metallisation, in
combination with lowering In usage via In-lean TCO structures, provides a clear cost advantage for
HJT cells. While a slight efficiency loss is observed, the overall benefit in material savings and cost
reduction is significantly greater. These findings indicate that careful structural optimisation,
supported by further simulation studies, will be essential for achieving an optimal balance between
performance and cost in the future development of HJT solar cells.
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