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Abstract: We introduce a Mie-resonant membrane metasurface for THz frequency. The 2π phase 
coverage and high efficiency of membrane metasurface provide a novel opportunities for efficient 
wavefront control. The silicon membrane also supports the multifunctional metasurface.   © 2019 
The Author(s)
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1. Introduction
Metasurfaces with planar subwavelength resonators have been established as a highly flexible route to manipulate 
electromagnetic waves, including phase, amplitude, polarization and momentum. Dielectric metasurfaces supporting 
Mie-like resonances offer a significant advantage due to their low intrinsic material loss, promising various high-
efficiency devices for flat optics. Magnetic and electric Mie-resonant multipoles play a crucial role in controlling the 
interference and scattering of light. Especially, with spectrally overlapped magnetic and electric multipoles, Huygens’ 
metasurfaces allow light-wave manipulation with close to 100% transmission efficiency and a complete 2π phase 
coverage [1]. By tuning the interference of electric and magnetic multipole scatterings, dielectric metasurfaces enable 
almost arbitrary complex wave-front shaping and polarization manipulation.

For the typical dielectric metasurface made of high-index dielectric resonators placed on a low-index 
substrate, the overall efficiency of such resonators is affected by the contrast of refractive indices of the resonator and 
substrate materials. To eliminate the limitation of the substrate, by inverting the standard design of Mie resonators, 
we introduce and realize experimentally a free-standing membrane metasurface consisting of arrays of holes made in 
a thin silicon membrane at terahertz frequency [2]. It resembles a photonic-crystal slab, except that the periodicity is 
deeply subwavelength and Mie-type resonances define its functionalities [3]. As we demonstrated, the membrane 
metasurface can exhibit high transmission and 2π phase coverage. We compare the response of the membrane 
metasurface to that of the conventional Huygens’ metasurface created by individual dielectric resonators, and we 
reveal their close correspondence. By inverting the structure from disks to holes, we interchange the mutual positions 
of the electric and magnetic resonances, and this resembles the Babinet principle for perfect conducting screens. Our 
further demonstration of wavefront control establishes a flexible and efficient platform for efficient photonic devices.

Fig. 1. Mode analysis and transmission performance of membrane metasurface. (a) The field distribution of magnetic dipole (MD, red arrows) and 
electric dipole (ED, blue arrows) of membrane metasurface. The thickness is h = 50 μm and the period is P = 158 μm. (b) The transmission spectrum 
of the silicon membrane versus the diameter of holes. The red and blue triangles represent the MD and ED frequencies, respectively. Here, ω0 and 
λ0 represent the target frequency and wavelength. Enlarged image is the total multipole contributions of ED, MD resonances, and sum of high order 
multipoles (HOM). (c) Measured transmission and phase profile of the membrane metasurfaces.



2. Results and Discussions
In Fig. 1(a), we extract the transmission spectra and field profiles of the Mie resonances from the finite-element 
numerical analysis, and calculate the electric and magnetic dipole contributions to the total scattering cross-section 
for silicon membrane, by applying the multipole decomposition. Two ED and MD modes of the membrane 
metasurface are positioned in-between the holes, which are denoted by the blue and red arrows, respectively. We find 
that in both cases the optical response is dominated by the electric and magnetic Mie-type dipole resonances with 
smaller contributions from higher-order multipole modes [Fig. 1(b)]. Two transmission minima match well with the 
position of the ED and MD resonances. When increasing the diameter, we identify ED and MD resonances overlapping 
at a specific critical diameter and separated for either larger or smaller diameters. For the silicon membrane, the dipole 
resonances can be brought into a spectral overlap (at D = 132 μm), see Fig. 1(b). Next, we study the membrane 
metasurfaces experimentally. A standard photolithography defines the pattern, and a deep reactive ion etching is used 
to perforate the wafer. The measured transmission and phase profiles agree well with the theoretical and simulation 
results, see Fig. 1(c). In our experiments, the transmission of the metasurfaces reached 84.7%.

To demonstrate the wavefront control of membrane metasurface, we design a metalens with a hyperbolic 
phase profile, and the design focal length is 12 mm [see Fig. 2(a)]. We observe an excellent agreement between 
the numerically simulated results and experimentally measured data [see Figs. 2(b, c)], which clearly illustrates 
the beam focusing.

Furthermore, we realize a multifunctional membrane metasurface that can switch its functionality from 
a magnetic mirror to a Huygens’ surface by altering the incident polarization. The inset of Fig. 2(d) shows the 
SEM image of the fabricated metasurface. Here, the short and long axes of the elliptical holes are set to D1 = 118 
and D2 = 132 μm, respectively. In Fig. 2(d), we identify two transmission minima close to zero for TE polarization. 
For TM, the transmission amplitudes will increase to 0.83 and 0.90, respectively.

Fig. 2. Demonstration of membrane metasurface for wavefront control. (a) Optical image of designed metalens based on a silicon membrane. (b, 
c) Numerically simulated and experimentally measured electric filed distribution of the membrane metalens. The units are mm. (d) Simulated 
(solid) and measured (dash) transmission amplitude of multifunctional metasurface under TE and TM incidence. The inset is the SEM image of the 
fabricated sample.

3. Conclusions 

We suggested a novel approach for efficient all-dielectric membrane Huygens’ metasurfaces. We identified the 
condition for overlapping the electric and magnetic resonances in the membrane metasurface for achieving highly 
efficient transmission and 2π phase coverage. The demonstration of wavefront control and multifunctional 
metasurface proves the potential for flat-optic devices.
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