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Abstract: Metamaterials/metasurfaces have enabled unprecedented manipulation of electromagnetic waves. Here we
present a new design of metasurface structure functioning as antireflection coatings. The structure consists of a
subwavelength metallic mesh capped with a thin dielectric layer on top of a substrate. By tailoring the geometric
parameters of the metallic mesh and the refractive index and thickness of the capping dielectric film, reflection from
the substrate can be completely eliminated at a specific frequency. Compared to traditional methods such as coatings
with single- or multi-layer dielectric films, the metasurface antireflection coatings are much thinner and the
requirement of index matching is largely lifted. This approach is particularly suitable for antireflection coatings in
the technically challenging terahertz frequency range and is also applicable in other frequency regimes.
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1. Introduction

Low absorption dielectric and semiconducting materials are very often used in terahertz (THz)
photonic systems. For instance, high-resistivity silicon [1] is an excellent material widely used in
THz applications, such as window, beam splitter, substrate of metamaterials, and lens for
photoconductive transceiver. The large refractive index of silicon, however, results in
approximately 32% Fresnel reflection loss under normal incidence at an air-silicon interface. The
fringes caused by the Fabry-Pé&ot interference are also undesirable since they lower the spectral
resolution and reduce the dynamic range of a THz spectroscopy system. Other typical crystalline
materials for THz applications also have rather high refractive index values. Thus, antireflection
coating becomes critical for performance improvement. In principle, antireflection coatings in the
THz frequency range can be accomplished following the same approaches adopted in the optical
regime, such as quarter-wave antireflection for narrow-band operation using a single-layer
dielectric film with refractive index matched with the substrate, or broadband antireflection using
multi-layer dielectric films with carefully arranged refractive indices and thicknesses [2].
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However, in the THz frequency range, it is difficult to find low-loss dielectric materials with
particular refractive index values and, at the same time, suitable for coating with tens of
micrometer thickness [3, 4]. Ultrathin metallic films have been applied for THz antireflection, but
suffered from undesirable high losses [5, 6]. Deep-subwavelength metal gratings were also
exploited as THz antireflection coatings [7], by taking advantage of the diluted plasmonic
response mimicking metal thin films, although it did not increase the transmission either.
Bio-inspired subwavelength surface relief structures [8] with gradient-index have been applied to
enable broadband antireflection in the THz frequency range [9-13], but they may be only
applicable to certain materials or encounter challenging fabrications, and the structured surfaces
may further pose difficulties in device integration.

New opportunities have arisen from the development of metamaterials [14, 15], which are a
new class of artificially structured effective media exhibiting exotic properties and enabling
emergent phenomena. One excellent example is metamaterial perfect absorbers where
metamaterial structures are tailored to match the impedance of free space [16-18]. Following
the similar strategy, metamaterial antireflection coatings have been successfully demonstrated a
few years ago in the THz frequency range using a metal-dielectric-metal metamaterial structure
[19, 20]. The most significant advantages of the metamaterial antireflection coatings include the
ultra-thin thickness and no requirement of index matching for the dielectric spacer. This
metamaterial antireflection approach was further simplified by removing one layer of
metasurface structure, leaving only an array of metal resonators (metasurface) on top of a
dielectric spacer deposited on a substrate [21]. Here we show another simplified metasurface
structure consisting of a subwavelength metal mesh patterned on top of a substrate to be coated,
with an additional layer of dielectric capping. Although subwavelength metallic mesh and the
complementary structure were previously developed as interference filters in the far infrared [22,
23], we demonstrate that by appropriately tuning the geometric parameters and the thickness of
the capping dielectric film, excellent antireflection function can be accomplished over a narrow
bandwidth. The new design remains the same advantages as in the previous metamaterial
structures while is much easier in fabrication.

2. Theoretical analysis

When an ultrathin subwavelength metallic structure is patterned at the boundary of two
different dielectric media, it can be considered as a metasurface that modifies the reflection and
transmission as well as their complex dispersion at the interface, which would be otherwise given
by Fresnel equations. The reflection and transmission coefficients of the metasurface,
schematically shown in Fig. 1(a), can be easily obtained through full-wave numerical simulations
using commercially available packages such as CST Microwave Studio. In the case of multiple
metasurfaces that are separated by thin dielectric spacers, multi-reflection occurs among the
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metasurfaces, and the overall response is the superposition of the multiple reflections and
transmissions, assuming near-field interactions between the neighboring metasurfaces are
negligible. This is particularly true when the spacer thickness is larger than the metasurface
near-field confinement, as verified by our previous works in metamaterial antireflection coatings
and perfect absorbers [19, 24], where the weak near-field interactions can be considered as the
first order perturbation [25].

Let’s consider two metasurfaces that are separated by a thin dielectric spacer (refractive index
n2) on top of a substrate (refractive index ns3), as schematically shown in Fig. 1(b). For simplicity
we assume normal incidence and lossless dielectric spacer and substrate. The total reflection and

Fig. 1 Schematic of metamaterial antireflection coating structures. (a) Reflection and transmission at individual
metasurfaces. (b) Multi-reflection between metasurfaces. (¢) Metamaterial structure used in this work for
antireflection coatings, consisting of a metal mesh on top of the substrate and capped by a thin dielectric
film.

transmission coefficients are [19]:
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where B = —n,k,d is the propagation phase from one interface to the other, k, is the free
space wave number, and d is the spacer thickness. Here we have used the convention of e/®t
for the incident fields, consistent with the convention used in CST Microwave Studio. The first
term in the right side of equation (1) is the direct reflection from the first interface, and the
second term is the superposition of the multi-reflection.

The use of metasurface enables us to tune the desirable dispersion (both amplitude and phase)
of the reflection and transmission coefficients through tailoring the metasurface structure. It
becomes possible that the two terms in the right side of equation (1) destructively interfere and
completely cancel out, resulting in the antireflection functionality. The transmission is
consequently enhanced as compared to a bare substrate, as we demonstrated in our previous work
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[19]. However, recent work has also shown that not both metasurfaces are required [21]; we can
remove one metasurface as long as the refractive indices of the materials forming the interface
have sufficiently large contrast. In the metamaterial antireflection coating structure used in this
work, as shown in Fig. 1(c), we remove the metasurface at the air-spacer boundary, resulting in
constant reflection and transmission coefficients. Then in equations (1) and (2), only ,5; and
t,; are dispersive, together with the frequency dependent propagation phase S. Through
tailoring the mesh structure and spacer thickness, we show that the multi-reflection can be
cancelled out and narrowband ideal antireflection can be accomplished.

3. Results and discussions

Using the metamaterial structure shown in Fig. 1(c), we first assume a fixed gold mesh
structure with a period p = 62 zm and a line width w = 4 zm. Gold is simulated using the Drude
model, where the plasma frequency w, = 2m X 2181 THz and the collision frequency v, =
6.5 THz. Both the substrate and the spacer have a refractive index n; = n3 = 3.42, which is for
silicon and close to values in other typical semiconductors (e.g., gallium arsenide) and dielectrics
(e.g., sapphire and magnesium oxide) in the THz frequency range. The reflection and
transmission coefficients at the air-spacer interface are then

- n; —n; - n, —ny
Tip = = —0.548; 7,; = = 0.548
ny, +n, n, +ny
. 2n, . 2ny
tp, = = 1.548; ¢t,, = = 0.452
n, +n, n, +ny

where ni = 1 is for air. The complex reflection and transmission coefficients at the
spacer-mesh-substrate interface are obtained from full-wave numerical simulations:

Ty3 = Spp; T3 = S33

Ez3 =+ N3/N3S83; = S32; 532 =4 Ny/N3S23 = So3

where the ports are named “2” and “3” at the spacer and substrate sides, respectively.

Inserting these values into equations (1) and (2), we semi-analytically obtain the overall
reflection and transmission, as shown in Figs. 2(a) and (b), at various thicknesses of the capping
dielectric film (i.e., varying the propagation phase ). Note that here we have defined the
reflection and transmission as the square root of the power intensity (i.e., the same definition for
S-parameters). It can be clearly seen that at all thicknesses the reflection (transmission) is
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significantly suppressed (enhanced). The frequency of the reflection dip (transmission peak)
decreases with the thickness of the capping film. Increasing the thickness starting from 15 um,
the reflection (transmission) first becomes lower (higher); when the thickness is near 25 um, the
reflection (transmission) approaches zero (unity) at around 0.6 THz; further increasing the
thickness causes higher reflection and results in reduced antireflection performance. It is worth
pointing out that around the ideal antireflection frequency (~0.6 THz) the reflection coefficient at
the spacer-mesh-substrate is equal to that at air-spacer interface, which is consistent with the
requirement pointed out in our previous metal-dielectric-metal metamaterial antireflection
coating structure [19]. In contrast, in a quarter-wave antireflection coating it is accomplished only
by index matching. The 25 pm thick capping film also provides an additional small propagation
phase to satisfy the phase requirement for destructive interference of the multi-reflection, which
has been largely provided by the reflection phase jump at both interfaces but would otherwise
need the quarter-wave thickness of the coating material.

Fig. 2 Semi-analytically calculated reflection (a) and transmission (b) based on multi-reflection interference
model, and full-wave simulated reflection (c) and transmission (d) at various thicknesses of the capping
dielectric film.

Full-wave numerical simulations are performed to further validate this design concept of
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metasurface antireflection coatings. In this case, both interfaces are present within the unit cell,
where any interactions (e.g., due to the evanescence fields) have been taken into account. The
reflection and transmission are plotted in Figs. 2(c) and (d) as functions of the thickness of the
capping dielectric film. Compared with the reflection and transmission (shown in Figs. 2(a) and
(b)) calculated through the semi-analytical approach, we observe an excellent agreement between
the results obtained using the two different approaches, demonstrating that the two interfaces can
be treated separately and the near-field interaction is negligible. It also validates that
high-performance antireflection coatings can be accomplished using a single layer metasurface
capped with a dielectric film of appropriate thickness. The near-unity transmission also manifests
that the losses caused by the gold mesh are negligible in the THz frequency range.

As pointed out, one of the advantages of metasurface antireflection coating is no requirement
of index matching for the coating materials. In order to illustrate this, we change the refractive
index of the capping dielectric film to n, = 2.45, while keeping the mesh structure the same as
before. The reflection spectra obtained through full-wave numerical simulations are shown in Fig.
3 at various thicknesses of the capping film. It is clearly shown that, ideal antireflection is again
accomplished when the thickness is correctly chosen. The antireflection frequency of 0.9 THz is,
however, different as compared with the previous case where the capping film refractive index is
n2 = 3.42. This is reasonable as the dispersion of the mesh and the propagation phase within the
capping film change with the refractive index. Note that the thickness of ~25 um for ideal
antireflection performance, nearly the same as the previous case, is only a coincidence.

Fig. 3 Reflection at various thicknesses (unit: um) obtained using full-wave numerical simulations with the
capping film refractive index n, = 2.45.

By tailoring the geometric parameters of the mesh structure, and the refractive index and
thickness of the capping dielectric film, the metasurface antireflection coating can operate at any
relevant frequency in the THz and infrared frequency regimes. The only restrictions are (i) the
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metallic losses that may limit the applications at near-infrared and visible frequencies and (ii) the
availability of low-loss dielectric materials that are suitable for coating. In the THz frequency
range, one may laminate the device layer of a silicon-on-insulator wafer as the capping dielectric
film, for instance, using a thin layer of photoresist as the adhesion. The handle layer is then
etched away with the insulator layer (silicon dioxide) as the etching stop and consequently
removed. In the infrared frequency range, one may directly deposit amorphous silicon as the
capping dielectric film. The experimental demonstration of this metasurface antireflection coating
concept will be presented in a separated publication.

4. Conclusion

We have proposed a new design of metasurface antireflection coating consisting of a
single-layer metasurface (subwavelength metallic mesh) capped with a thin dielectric film. The
antireflection coating is based on the destructive interference of the multi-reflection between the
air-dielectric interface and the dielectric-mesh-substrate interface. By tuning the geometric
parameters of the mesh and the thickness of the capping dielectric film, the reflection from the
substrate is minimized approaching zero and the transmission is enhanced to near-unity. The
metasurface antireflection coating does not require index matching of the dielectric film to the
substrate, and the simplified metasurface structure is easy to fabricate. It is numerically
demonstrated in the THz frequency range and is expected to operate in the other frequency
regimes where the metallic losses are negligible.
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