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Fig. 1. Simulation model and structural parameters: (a) Schematic diagram of a perovskite solar cell based on metal patterns;

(b) shapes and characteristic parameters of different metal patterns; (c¢) schematic diagram of the resonance interaction between

metal patterns and light waves.
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Fig. 2. Dependence of absorption, scattering and extinction spectra of metal annulus on its characteristic parameters.
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tinction of a metal annulus varies with its thickness at
A =800 nm .
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Fig. 4. SPR response characteristics of metal annulus: (a) Relative absorption, scattering, and extinction curves; (b) angular distri-

bution of light scattered by the silver annulus; (c), (d) the spatial distribution of the electric field viewed from (c¢) a profile perspect-

ive and (d) a top-down perspective.
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Table 1.  Optimal structural parameters and corresponding SPR response characteristics of different metallic patterns.
T/nm P/nm D/nm d/nm Amax /0m Qabs Qsca Qext
Square 18 900 350 — 760 0.53 1.34 1.87
Annulus 18 850 360 100 772 0.54 1.39 1.93
Triangle 20 700 480 — 778 0.31 0.82 1.13
Circle 12 780 350 — 714 0.61 1.20 1.81
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Fig. 5. Photoelectric response characteristics of perovskite solar cells incorporating different shapes of metal patterns.
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Abstract

The integration of metallic nanoparticles (MNPs) with plasmonic effects is an alternative approach to

managing photons and charge carriers, and is considered as a promising method of advancing solar cell

technologies. Plasmonic-enhanced solar energy harvesting involves three mechanisms: hot-electron injection,

light trapping, and modulation of energy flow direction through dipole-dipole coupling. It has been observed

that these phenomena significantly improve the performance of silicon, gallium arsenide, dye-sensitized, and

organic solar cells. However, for emerging perovskite solar cells, the light trapping effect, specifically, through
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the far-field scattering of MNPs, has been seldom reported. The anomalous phenomenon is primarily attributed
to the size constraints imposed on MNP by the thickness of the functional layers in cell devices. According to
the theory of localized surface plasmon resonance (SPR), the characteristic size of the MNP needs to be larger
than 90 nm to achieve optimal photon scattering. Conversely, the charge transport layers such as NiO, and
SnO, in perovskite solar cells are usually very thin, with thickness ranging from a few nanometers to several
tens of nanometers. Therefore, the community of perovskite solar cells still faces a great challenge in harvesting
light through plasmonic scattering.

Comparing with MNPs, none of the shape, size, periodicity, and other characteristic parameters of two-
dimensional metal patterns within the horizontal plane are not limited by the thickness of the device’s
functional layer, thus making it more flexible to regulate the SPR response band, vibration intensity, and
becoming a method of dissipating plasmonic energy. In this work, based on the finite-difference time-domain
(FDTD) method and rigorous coupled-wave analysis (RCWA), we systematically investigate the SPR spectra of
different metal patterns. The results demonstrate that by optimizing characteristic parameters such as pattern
shape, thickness, and periodicity, a significant SPR phenomenon can be observed in the near-infrared region,
with scattering dominating extinction. For the optimal metal ring pattern, the SPR peak corresponds to a

wavelength of 772 nm, with the cross-section of relative

absorption, scattering, and extinction being 0.54, 1.39, “
and 1.93, respectively. The weighted average absorption 20 F - —
of the perovskite response layer in a range of 700-850 & 6l ’gg 16l f\i?:iﬁfﬁisﬂi
nm increases from 53.61% to 65.36%. Correspondingly, j) Té 033 1.2 / 'n"5| /\f
the photocurrent density of the device increases from \i, 12 §§ g'i )@w
20.39 to 22.72 mA/cm? and the photoelectric E ‘ . . .
Z 8f 400 600 800 1000 1200
conversion efficiency is relatively improved by 11.45%. 3 Wavelength /nm
This research provides a novel path for designing light 4t AnmJe/(mAem?) Voo/V FF/% PCE/%
trapping in perovskite solar cells in the near-infrared Amuine 775 272 2 s a0
region, and serves as a “spectrum-based” reference for 0 02 04 0.6 08 1.0 1.2

SPR regulation in other similar devices. Voltage/V

Keywords: metal nanopatterning, plasmon resonance, perovskite solar cells, conversion efficiency

PACS: 88.30.gg, 88.40.H, 88.40.J-, 88.40.jj DOI: 10.7498/aps.73.20240607
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