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ABSTRACT

Nonlinear metasurfaces have recently emerged as promising candidates to enable nanoscale/flat nonlinear optics. Here, we
discuss our latest work to develop more efficient nonlinear metamaterials by using high-Q-factor collective lattice
excitations known as surface lattice resonances (SLRs). We also demonstrate how conversion efficiencies of metasurfaces
can be further improved by embedding nonlinear metasurfaces into multipass cells. Superlinear dependence of second-
harmonic generation (SHG) on the number of passes through the metasurface has been measured, confirming successful
phase matching during the proof-of-principle experiment.
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1. INTRODUCTION

Nonlinear metasurfaces represent a rapidly advancing frontier in nanoscale optics, enabling unprecedented control over
light-matter interactions. Recent advancements have shown that surface lattice resonances (SLRs) in periodic nanoparticle
arrays can significantly enhance nonlinear optical processes. Among the key challenges in the field are improving
conversion efficiencies and achieving phase matching in 3D or multipass platforms. This review highlights our recent
contributions to the field, focusing on engineering high-Q-factor resonances and embedding metasurfaces into multipass
cells to achieve superior performance.

2. SLR-ENHANCED NONLINEAR METASURFACES

Surface Lattice Resonances for Nonlinear Optics

SLRs arise from the coupling of localized plasmon resonances in nanoparticles with diffracted orders of the lattice. These
collective excitations offer enhanced quality factors (Q-factors) and strong field confinement, crucial for efficient nonlinear
processes. SLRs can be utilized to enhance nonlinear optical interactions such as sum-frequency, difference-frequency,
and third-harmonic generation processes [1]. The conversion efficiencies of these processes, however, remain modest due
to the short interaction lengths in plasmonic metasurfaces. [2]

Conversion efficiencies can be directly improved by utilizing high-Q metasurfaces. We achieved a record-high Q-factor
of 2340 in metasurface with a rectangular array of gold nanoparticles in telecommunication C band (Fig. 1a) [3]. Crucial
components for high-Q operation include keeping the diffractive order spectrally far away from plasmonic resonances,
increasing device size and light source spatial coherence, and retaining homogeneity in the vicinity of the particles. While
increasing light-matter interaction, high Q-factors require narrow-bandwidth operation, reducing the conversion efficiency
with pulsed-laser operation. This restriction can be evaded by changing the in-plane momentum of different spectral
components to match with band diagram of the metasurface [4].

A key advantage of SLR-exhibiting metasurfaces is their modifiability. The resonances can be tailored for a wide range of
wavelengths in the visible and infrared regions. Furthermore, multiple resonances can be achieved in a single metasurface
as demonstrated with Fourier-engineered lattices [5]. This can be utilized to increase the nonlinear conversion efficiency
by tailoring resonances both at the pump and signal wavelengths [6].
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Multipass Cells for Enhanced Nonlinearities

Plasmonic metasurfaces for nonlinear applications suffer from the short interaction length between the metasurface and
incident light. Embedding metasurfaces into multipass cells represents a novel approach to enhance the efficiency of
nonlinear structures by increasing the interaction length. We achieved super-linear scaling of SHG conversion by passing
light multiple times through a metasurface embedded in a multipass cell (Fig. 1c) [7]. This configuration leverages
constructive interference between successive passes, achieving enhanced conversion efficiency and phase matching over
multiple interactions. Alternatively, phase-matched SHG from plasmonic structures can be achieved in stacked
metasurfaces (Fig. 1d), which further validate the concept of enhancing nonlinear responses through multipass designs [8].
These proof-of-principle experiments establish a new paradigm for metasurface-enhanced nonlinear optics. The integration
of multipass cells with SLR-based metasurfaces offers a pathway toward scalable and efficient nonlinear devices.

Further Advancements and Challenges

Since plasmonic metasurfaces have naturally high losses at optical frequencies, thermal management of the structures
become important at high incident powers. We demonstrated the impact of temperature on SLR stability and performance,
leading to active tuning of the Q-factor in a high-Q SLR metasurface [9]. Furthermore, we have showed how slow light
can be used to enhance the Q-factor in Bragg-waveguide-coupled SLRs (Fig. 1e), paving the way for integrated nonlinear
photonic devices by reducing device dimensions [10]. Finally, nonlinear nonlocal metasurfaces [11] were explored to
achieve spatially tunable nonlinear responses, broadening the functionalities of metasurfaces.

Moreover, the demonstration of broadband frequency conversion using high-Q resonators [4] and cross-polarized SLRs
[12] highlights the adaptability of our designs across different spectral regimes. Together, these advancements reflect the
breadth of possibilities enabled by nonlinear metasurfaces.

Looking ahead, integrating metasurfaces with other photonic platforms, such as waveguides and microcavities, presents
exciting opportunities for compact and efficient nonlinear devices. These advancements could revolutionize applications
in quantum optics, imaging, and telecommunications.
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Fig. 1: (a) Microscopic image of the ultra-high-Q metasurface, and measured transmission spectrum (black dots) and fits to semi-
analytic calculations (LSA, red line). Zoomed plot of the highlighted region. (b) SLR modes propagating along different directions
of the metasurface and the related parameters. (¢) Embedded metasurface inside the multipass cell and the measured SHG signal
for different number of passes N. (d) Scanning electron micrograph of one fabricated device and the stacked structure after
successive etching with the focused ion beam. (e) Schematic of a plasmonic nanoparticle array in Bragg reflection waveguide.



3. CONCLUSION

This work demonstrates the potential of nonlinear metasurfaces enhanced by surface lattice resonances to significantly
advance the field of nanoscale nonlinear optics. By leveraging high-Q-factor resonances in carefully designed metasurfaces
and embedding these structures into multipass cells, we achieved notable improvements in nonlinear conversion
efficiencies. The ability to modify SLRs for specific spectral ranges and integrate them with multipass architectures
provides a pathway toward scalable and tunable nonlinear devices.

We also addressed critical challenges such as phase matching, thermal stability, and interaction length, presenting solutions
through innovative designs like stacked metasurfaces and Bragg-waveguide-coupled arrays. Furthermore, advances in
multi-resonant metasurface designs and efficient broadband frequency conversion highlight the versatility of these systems
for various applications, including quantum optics, imaging, and telecommunications.

Future efforts will focus on integrating nonlinear metasurfaces with photonic platforms, such as waveguides and
microcavities, to enable compact and efficient devices. These advancements hold great promise for pioneering applications
that demand precise control over light-matter interactions.
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