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Abstract: Metasurfaces, composed of subwavelength-scale artificial nanostructures, can realize the versatile
modulation of multiple attributes of light such as amplitude, phase and polarization, providing an excellent
platform for nanophotonic devices. As a new type of layered material, 2D materials manifest peculiar optical
and electrical properties compared to 3D bulk materials. The combination of 2D materials with metasurfaces
offers new possibilities for the development of nanoscale planar optical devices. This paper reviews the de-
velopment of metasurfaces based on 2D materials with atomic thicknesses, introduces the mechanism of light
field modulation of various 2D material metasurfaces. An outlook on the challenges and potential applica-

tions for the development of atomic layer thickness metasurfaces are provided finally.
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Fig. 1

(a) The in-plane and out-of-plane dielectric constants of WS,. (b) Simulated scattering cross sections of multilayer WS,

at & = 200 nm as a function of disk radius and wavelengths. (c) Simulated scattering cross sections of multilayer WS,

nanodisk at 2 =200 nm and R = 150 nm in vacuum. (d) False color side-view Scanning Electron Microscope (SEM)

image of the prepared multilayer WS, all-dielectric nanodisk"®
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Fig. 2 (a) Schematic diagram of multi-layer vdW all-dielectric nanopillar arrays. The color maps show RCWA providing the

change in the (b) amplitude and (c) phase of a wavefront after passing through the array when varying the dimensions

of the nanopillars. (d) From left to right: correspondence of nanopillar diameter to the amplitude (black) and phase (red)

of the transmitted wavefront when the thickness of the nanopillar is fixed at 300, 400 and 500 nm, respectively. These

simulated curves are extracted from Figures (c) and (d), (), Axial focal field intensity distribution of multi-layer h-BN

all-dielectric metalens integrated on PDMS flexible substrate. (f) Strain induced tunable focusing effect. Measured

(round symbols) and analytically predicted (solid line) focal lengths under different strain values®”
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(b) Reflectance of PtSe,-Si0,-Si multilayers as a function of the PtSe, thickness and the incident wavelength. (c) Spec-

tra of reflection phase for over- and under-coupling cases!™!
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Fig. 4 Demonstration of atomically thin meta-holograms and Fresnel zone plate (FZP) lenses. (a) Experimental configuration

PFEaWg ZHFT . R iR R

for reconstructing holographic images. (b) Optical microscope image of scribed meta-optics pixel arrays by Direct
Laser Writing (DLW). The optical image (c) of the square marked area and the Raman image (d). (e-h) Holographic
images captured at illumination wavelengths of 473, 561, 590, and 671 nm, respectively. (i) Comparison of measured
diffraction efficiencies for the samples with and without the 290-nm thick silica substrate. (j) Minimum reflection tra-
jectories and dispersion of PtSe, films in (n-k) figures at different incident angles (0°, 5°, 10°, 15°, 20°, 25°, 30°).
(k) Measured diffraction efficiencies (red scatters) and calculated phase difference (blue curve) as a function of the in-
cident angle. SEM (1) and corresponding optical images (m) of Fresnel zone plate plane metalens. (n) Cross section of

the simulated and experimental intensity distribution of the focal spot at the wavelength of 561, 590, 671 nm®!
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Fig. 5 (a) Schematic illustration of the reflected phase shift between MoS, sheets and silicon substrates. (b) Relation between

Heaviside phase modulation and dielectric layer thickness () and refractive index (n) under the condition of critical

coupling based on the competition between absorption losses and radiation losses. (c) Planar supercritical lens with

atomic layer thickness and its wide-spectrum sub-diftraction limited focusing characteristics!
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Fig. 6 (a) Schematic illustration of tightly focused laser beams for exfoliating multilayer MoS, with atomic thickness preci-

sions. (b) The calculated reflectance spectra of the MoS, thin films on the Au substrate with different numbers of lay-

ers. (c) Experimentally obtained reflection color palettes and color coordinate diagram through laser exfoliating at vari-

ant powers. (d) The AFM image of laser thinned regions obtained at different laser doses. (¢) The height change corres-

ponding to the red dotted line. (f) Extracted thickness variation calculated by Raman spectrum under different

powers™
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ages obtained from different angles for the left and right eyes respectively®
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Fig. 10 (a) Schematic diagram of a Fresnel zone plate tunable WS, lens based on exciton resonance.Active modulation of fo-
cusing efficiency is achieved by quenching exciton resonance through time-varying ion-liquid gate voltage.
(b) Schematic diagram of working principle of ion-liquid gating. (c) Comparison between the designed WS, planar
lens (left) and optical microscope image (right) of the fabricated planar lens. (d) Focused beam (A = 620 nm) intensity
distribution in the x z plane. (e) Scattering field intensity distribution of Fresnel zone plate lens with a diameter of
20 pm (A=620 nm), focal length /= 10 pm!®!
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