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Abstract: We report a perfect absorber utilizing the guided resonance of a hypercrystal. Because a
hypercrystal confines light to a deeply subwavelength thickness, it operates as a metasurface,
providing the required surface conductivity for unity absorption.
OCIS codes: (160.3918) Metamaterials; (350.4238) Nanophotonics and photonic crystals

1. Introduction

Ultrathin perfect absorbers are of great interest to detector, stealth, and thermal emitter technologies. Thanks to
recent progress in metamaterials and metasurfaces, many new design concepts have been introduced [1]. Here we
report a new design for a perfect absorber based on the guided resonance of a hypercrystal. We show that a
hypercrystal slab is able to confine light to a thickness much thinner than a wavelength, and therefore it can be
treated as a metasurface. By incorporating the hypercrystal with a dielectric spacer and a back reflector, our
numerical simulation demonstrates that an absorber with absorption close to unity can be realized.
Subwavelength light confinement can be achieved in a hyperbolic metamaterial (HMM) because it supports
high-k modes. A hypercrystal is a periodic structure that includes a HMM as the constituent element. It has a period
much smaller than a wavelength but much larger than the metamaterial limit, and therefore exploits the unique
dispersion of HMM as well as the band formation from the periodicity [2]. In our design, we utilize the guided
resonance of a hypercrystal slab, similar to the guided resonance of a photonic crystal [3], but the light confinement
is achieved within a much smaller thickness. As the thickness of the hypercrystal slab is much smaller than a
wavelength, it can be modeled as a metasurface, and the design rule for a metasurface perfect absorber, which looks
for the critical coupling condition [4], can be applied directly to our hypercrystal-based absorber.
Compared to other realization of metasurface perfect absorbers, our hypercrystal-based metasurface perfect
absorber does not rely on extremely localized resonances, and therefore avoids hot spots with extremely strong field.
It can be used for applications requiring higher damage or saturation thresholds.
2.

Guided resonance in the hypercrystal slab

Fig. 1. (a) The absorption spectrum of the hypercrystal-based perfect absorber. The inset shows the geometry: the thickness of the HMM
slab (light blue) is 50 nm. The dielectric grating (light grey) has a period of 590 nm and a duty cycle of 0.68. The heights of the dielectric
grating is 120 nm (top of the grating to the dielectric/HMM interface) and 10 nm (valley to the dielectric/HMM interface). The thickness of
the dielectric spacer (light grey) is 650 nm. (b-d) , and of the counter-propagating TM0 mode (| branch) in a waveguide of h-BN
slab sandwiched by amorphous silicon at the wavelength of 12.61 µm [6]. (e-f) , and of the hypercrystal-based perfect absorber
simulated using FEM at the wavelength of 12.61 µm. In (b-g)
and are plotted with a quarter cycle time delay relative to .

The geometry of the hypercrystal-based perfect absorber is shown by the inset of Fig. 1(a). The perfect absorber
consists of a hypercrystal slab that is formed by a subwavelength dielectric grating and a HMM slab, a dielectric
spacer and a metallic back reflector. In this example, we choose the dielectric to be amorphous silicon (refractive
index =3.74, lossless) for both the grating and the spacer. The HMM slab is made of hexagonal boron nitrite (h-BN),
a natural type-I HMM at wavelengths between 12.1 and13.2µm [5]. The back reflector is made of Au. The
dimensions are described in the figure caption. We use full-wave finite-element method (FEM) (COMSOL 5.1) to
simulate this absorber. The absorption spectrum under TM excitation, demonstrated by Fig. 1 (a), clearly shows an
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total absorption of 99.6 % at 12.61 µm, and at resonance almost all the absorption is achieved within the very thin
HMM slab (thickness ~ λ/252).
The physical origin of each peak can be identified. These peaks correspond to the guided resonances of the
hypercrystal, and they are associated with the waveguide modes. The absorber is designed to achieve critical
coupling for the TM0 mode. Fig. 1 (b-d) show the analytic field distribution of a counter-propagating TM0 mode of a
waveguide of h-BN slab sandwiched by amorphous silicon [6]. Fig. 1 (e-g) show the FEM simulation results of
electric and magnetic fields of the hypercrystal-based absorber at resonance. By comparing Fig. 1 (e-g) with (b-d), it
is clear that the guided resonance of the hypercrystal slab originates from TM0 waveguide mode in the HMM slab. It
can be shown that other peaks in Fig. 1 (a) are associated with higher-order waveguide modes.
3. Design of the metasurface perfect absorber

Because the hypercrystal slab, formed by the dielectric grating and the HMM slab, has a thickness much smaller
than the wavelength, it can be treated as a metasurface, and an effective surface conductivity can be defined for this
metasurface. The effective surface conductivity can be extracted by performing simulations with the back reflector
removed, and fitting the obtained reflection and transmission coefficients to the modified Fresnel equation
=
( − −
)/( + +
),
), where
= 2 /( + +
and
are the refractive indexes of air
and amorphous silicon respectively [4]. is the effective surface conductivity of the metasurface.
is the vacuum
impedance. Fig. 2 (a) shows the extracted effective surface conductivity, exhibiting a resonance behavior at 12.6µm.
The critical coupling condition for a metasurface absorber can be derived in the same way as calculating a
Fabry-Perot resonator. The reflection coefficient of the whole absorber is given by [4]
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where
is the reflection coefficient of amorphous silicon/Au interface. is the propagation constant in amorphous
silicon. is the thickness of the spacer. The critical coupling condition is satisfied when the numerator of Eq. (1)
equals to zero. This condition can guide design the hypercrystal for providing the required surface conductivity.
We can verify that treating the hypercrystal slab as a metasurface is appropriate near resonance. Fig. 2 (b) shows
the full-wave simulation of the absorption spectra for different spacer thicknesses. The absorption can also be
calculated semi-analytically using the modified Fresnel equation and Eq. (1) together with the extracted effective
surface conductivity shown in Fig. 2 (a). The semi-analytical calculation of the absorption is also plotted in Fig. 2
(b), which reproduces well the full-wave simulation. This verifies our understanding of the mechanism of the perfect
absorber, in which the hypercrystal works as a metasurface to provide the appropriate surface conductivity for
critical coupling.

Fig. 2. (a) Real and imaginary parts of
extracted from fitting the reflection and transmission coefficients obtained by FEM simulation.
(b) The absorption spectra of the hypercrystal-based absorber for different spacer thicknesses. Both the results obtained from full-wave FEM
simulation and semi-analytical calculation are plotted for comparison.
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