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Fig. 1. The Kelvin probe force microscopy images of titanium oxynitride films deposited at nitrogen gas flows of (a) 8 sccm,
(b) 10 sccm, and (c) 12 sccm; (d)—(f) the secondary electron cutoff edges from the corresponding UPS spectra; (g)-(i) the refined
valence band spectra.
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Fig. 2. 1-V curves of contact resistivity for (a) 2 nm and (b) 6 nm thicknesses, and (c) schematic diagram.
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Fig. 3. Energy-dispersive X-ray spectroscopy (EDS) mappings of 2, 4, 6 nm TiON, films on pyramid-shaped velvet structures:
(a)-(c) Ti Ka,, (d)-(f) N Ka; and Ka,, with corresponding scanning electron microscopy (SEM) images (g)-(i).
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Fig. 4. (a) The surface XPS spectra and (b) the etching XPS spectra of the Ti 2p for titanium oxynitride films prepared using nitro-
gen gas flows of 8 sccm, 10 sccm, and 12 sccm; (c)-(e) the N 1s XPS spectra of films prepared with nitrogen gas flow rates of
8 sccm, 10 sccm, and 12 sccm, respectively.
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Fig. 5. (a) Statistical results of sheet resistance for depos-
ited films at different nitrogen gas flows, and (b) peel force
of TiON, films prepared at different nitrogen gas flow rates
with Cu electroplating; (c) contact resistivity of TiO,N,
(prepared under different nitrogen gas flow rates) and
c-Si/a-Si:H(i), insert image shows the typical I-V curves of
TiO,N, (prepared under a nitrogen flow of 10 sccm) and
a-Si:H(i) contacts.
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Fig. 6. Fabrication process of the solar cells with TiOxN, electron-selective contact and Cu electroplated grid electrodes.
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Fig. 7. (a) Reflection, absorption, and transmittance (RAT) curves of the OPAL 2 simulated, and refractive index & extinction
coefficient of (b) 6 nm TiO,N, and (c) 118 nm MgF, films; (d) transmittance curves of single-layer MgF, films and MgF,/TiOxN,
film structures; (e) calculated optical bandgap from TiO,N, film absorption, and (f) schematic diagram of contact energy bands.
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Fig. 8. (a) Schematic diagram of the cell structure; (b) J-V curve of the cell along with the corresponding (c) external quantum effi-
ciency curve; (d) statistics of contact resistivity at different flows; (e) statistics of implied open-circuit voltage and (f) statistics of
cell performance parameters at different nitrogen gas flow rates.
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Abstract

The front surface design of crystalline silicon solar cells imposes numerous requirements on the electrical
and optical properties of its materials. Dopant-free materials with wide-bandgaps represent a promising
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approach to reduce parasitic absorption and enhance photocurrent extraction. However, the application of
dopant-free carrier selective contact layers necessitates systematic physical mechanism analysis of their upper
and lower interfaces (passivation layer, metallization electrode, and anti-reflective coating), along with process-
coordinated optical and electrical optimization. Additionally, copper-plated metallization grids are regarded as
the mainstream technological approach for achieving cost reduction and efficiency enhancement in solar cells.
However, wide-bandgap dopant-free materials, primarily oxides and fluorides, exhibit poor solution resistance or
conductivity, rendering them incompatible with copper plating processes. This work employs electron beam
evaporated TiO,N, films as a dopant-free electron-selective contact layer, featuring a wide bandgap (3.59 eV),
low work function (4.27 eV), and low resistivity (1.3 W-cm). Due to TiON,’s low resistivity, copper plating
metallization can be directly applied in a one-step onto the TiO,N, layer. The optimal contact resistance
reached 17.9 mW-cm?, yielding cell performance with a conversion efficiency of 23.01%, open-circuit voltage of
712.9 mV, current density of 39.36 mA/cm?, and fill factor of 82.02%. Systematic characterization and physical
mechanism analysis demonstrate that the enhanced device efficiency stems from: 1) Replacing n-type
hydrogenated amorphous silicon with a dopant-free, electron-selective contact material effectively reduces
parasitic absorption; 2) Optimizing the copper plating process significantly improves copper grid line contact to
enhance contact resistivity. This provides a novel “silver-free, indium-free” solution for low-cost, high-efficiency
heterojunction crystalline silicon solar cells that combines dopant-free materials with copper plating.
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