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Abstract: We computationally study periodic impedance-matchedmetal-dielectric metamaterials
and the advantage of imprinting moth-eye surfaces on them. Impedance-matched metamaterials
are known to act as strong, polarization-independent, broadband absorbers. However, in the
infrared region far from the metal’s plasma frequency, the reflection from metal layers dominates
over the absorption. Using anti-reflective moth-eye surfaces we show that it is possible to obtain
absorption independent of polarization or incidence angle, over an exceptionally broad frequency
range from 400 nm to 6 µm.
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1. Introduction

Research in electromagnetic absorbers has a long history, dating back to the Salisbury absorber
in 1952 [1]. The development of negative refractive index metamaterials was a breakthrough in
this technology. Negative index materials were first conceived by Vesalago in 1968 [2], but it
was not until the year 2000 that an experimental demonstration was obtained [3]. Subwavelength
structures to produce a desired electromagnetic response in materials and devices continues to
be a subject of considerable interest. Along with many possible exotic electromagnetic effects,
metamaterials can be optimized for perfect absorption. The first such metamaterial absorber was
developed in 2008 [4], experimentally achieving 88% absorptance at microwave frequencies.
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Similar absorbers in the terahertz (THz) [5], infrared (IR) [6] and visible [7] regions followed
soon thereafter. The applications of these materials are widespread and include solar light
harvesting [8], thermophotovoltaic cells [9], selective thermal emitters [10], optoelectronic
devices [11], plasmonic sensors [12], and stealth applications [13]. The first generation of
metamaterial absorbers was based on split ring resonance or electric ring resonance mechanisms,
but this approach is difficult to implement in practice as the wavelength becomes shorter. More
recently, based on a better understanding of photonic crystals and nano-scale fabrication, new and
improved metamaterials to obtain specialized absorption spectra across a wider frequency range
have been studied. Polarization-independent, ultra-broadband absorption, which is the focus
of this study, has been achieved in the gigahertz (GHz) [14] and terahertz (THz) [15] regime
using metamaterials. However, producing similar effects in the visible and near-IR regions using
efficient and cost effective means is still a challenge. This paper describes a realistic approach to
meet this challenge.

Recent studies into stratified metal-dielectric metamaterials have uncovered an efficient means
of absorbing light at ultraviolet to near-infrared wavelengths [16,17]. Consider a periodic sequence
of elementary cells comprised of a thin metal layer sandwiched between two identical dielectric
layers. Such a stratified, symmetric elementary cell acts as an equivalent bulk material with a
single effective characteristic impedance and Bloch wave-vector [18]. If the impedance of these
metamaterials is matched to that of free space (incidence medium), all incident radiation will enter
the material. The metal layers then absorb the radiation through ohmic loss [17]. Any number
of the elementary cells may be stacked on top of each other depending on the thickness and
performance requirements, as shown in Fig. 1(a). The fabrication of these metamaterials can be
achieved using simple, low cost techniques like thermal evaporation or standard sputtering [19].

Impedance-matched metamaterials are inherently non-resonant absorbers, active over a broad
bandwidth; however, the reflectivity of the metal layers dominates over the absorption as we
venture deeper into the infrared region. In such a case, it seems reasonable to hypothesize that an
effective anti-reflection coating would further improve the bandwidth and peak absorptance. The
introduction of some amount of air to improve impedance-matching in flat surfaces has proven to
be an effective strategy for designing extremely dark materials [20] and chemical sensors [21].
Another way to achieving impedance-matching is by imprinting “moth-eye” structures, shown in
Fig. 1(b), through the top few elementary cells.

In the 1960s [22], it was discovered that corneal nipple patterns in the eyes of insects, and more
specifically nocturnal moths, help them see clearly in the dark while also avoiding predation [23].
Later, with the advent of better fabrication technology, biomimetic structures based on this
design were found to be effective in reducing Fresnel reflections at the interface [24]. Similar
designs can be used to obtain layers of very high transmissivity [25] and for the suppression
of thin-film interference [26]. These moth-eye surfaces have recently also been demonstrated
to reduce coupling losses at the end faces of optical fibers [27] as well as the reflection glare
for modern electronic displays [28]. They can be imprinted on an existing material using laser
writing [29] or nanoimprint lithography [25,30] and directly imprinted on flat impedance-matched
metamaterials.
In this study, we approximate these structures as truncated cones shown in Fig. 1(a), which

are arranged as shown in Fig. 1(b). At wavelengths longer than the dimensions of the moth-eye
structures, these surfaces can be simply modeled and reduce reflection by producing a gradual
refractive index gradient at the interface. However, when the dimensions of these structures are
on the order of the wavelength of the incident light, full-wave computational methods must be
employed in order to model their reflection, transmission and absorption properties accurately.
For the results that follow, we have used our own implementation of the rigorous coupled-wave
algorithm (RCWA) [31–34], which is one of the fastest and most accurate methods for Fourier
analysis of Maxwell’s equations when applied to moth-eye structures [27]. We consider incident
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Fig. 1. Schematic illustrations of the metamaterial and incidence geometry. (a) Lateral
view of impedance matched metal-dielectric metamaterials with a flat surface (left) and a
moth-eye surface (right). The elementary cell has a period Λ and consists of a metal layer
of thickness dM sandwiched between dielectric layers of thickness dD. For the truncated
conical pillars that form the moth-eye surface (right), r1 and r2 are the radius at the top
and bottom respectively and h is the height of the pillars. The incidence geometry for
TE-polarized incidence is also shown. (b) Top and 3D views of the moth-eye structures that
are obtained by arranging the truncated conical pillars in a triangular lattice with periods Dx

and Dy =
√

3Dx in the x- and y-directions respectively. The polarization angle φ is shown
here for normal incidence.

light over a range of incident angles θ from 0◦ to 90◦ and polarization angles φ from 0◦ to 90◦, as
shown schematically in Fig. 1. The angle φ = 0◦ corresponds to TM waves; the angle φ = 90◦
corresponds to TE waves; intermediate angles of φ correspond to hybrid waves.

In the following section, we discuss the design of an improved metamaterial by combining the
concept of impedance matched metallo-dielectric metamaterials [17] and anti-reflective moth-eye
structures. We show the possibility of achieving broad-angle, polarization independent absorbers
over an extremely broad frequency range from 400 nm to 6 µm.

2. Results and discussion

We now show that imprinting moth-eye structures on the first few layers of impedance matched
metamaterials significantly broadens the material’s absorptance spectrum. We model two
impedance matched metal-dielectric metamaterials, one with the moth-eye surface and the other
with a flat surface. We simulate the effects of monochromatic incidence from θ = 0° to θ ≈ 90°
on these metamaterials, and we plot the absorptance spectrum, shown in Fig. 2.
The metamaterial with a flat surface is the same as sample 2 from [17]. It consists of 10

repetitions of the elementary cell made up of a 10-nm layer of copper (Cu) between 30-nm
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(a)

(b)

Fig. 2. The absorptance spectrum for the Cu-based metamaterial that we consider with (a)
TE-polarized incidence (φ = 90°) and (b) TM-polarized incidence (φ = 0°). The elementary
cell in this metamaterial has metal layers with thickness dM = 10 nm and SiO2 layers with
thickness dD = 30 nm. The moth-eye surface has a height h = 280 nm, periods Dx = 300
nm and Dy = 520 nm, and radii r1 = 50 nm and r2 = 145 nm.

layers of SiO2 (Λ = 70 nm) on a quartz substrate with an index of refraction n = 1.52. The
dispersion of quartz is negligible over the bandwidth of interest. The moth-eye metamaterial
has its first 4 repetitions of the elementary cell imprinted into truncated pillars and arranged on
a triangular lattice to form the moth-eye surface. The lattice periods are chosen as Dx = 300
nm and Dy = 520 nm, while the radii at the top and bottom are taken as 50 nm and 145 nm,
respectively.
We chose our geometrical parameters using a standard design for moth-eye structures [27].

The base of the truncated cones is nearly touching their closest neighbors and the radii at the top
is much smaller than the radii at the bottom which produces smoother impedance-matching than
a flat surface. We found that the absorptance spectrum of impedance-matched metamaterials is
not significantly altered by changing the design of the pillars as long as the thickness increases by
more than a factor of 1.5 from top to bottom.

Along with Cu, we also consider metamaterials with tungsten (W) as the metal. The absorptance
spectrum for these metamaterials is shown in Fig. 3. The elementary cell based on W is made of
a 5 nm layer of the metal surrounded by 75 nm layers of Ta2O5. Since the flat metamaterial based
on W is known to have a longer central wavelength and broader spectrum than the Cu-based
metamaterial, the lattice periods are chosen to be Dx = 834 nm and Dy = 1444 nm. The radii are
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(a)

(b)

Fig. 3. The absorptance spectrum for the W-based metamaterial that we consider with (a)
TE-polarized incidence (φ = 90°) and (b) TM-polarized incidence (φ = 0°). Structure
parameters are: dM = 5 nm, dD = 75 nm, h = 620 nm, Dx = 834 nm, Dy = 1444 nm,
r1 = 236 nm, and r2 = 383 nm.

similarly adjusted with r1 = 236 nm and r2 = 383 nm. No substrate is present, and the output
medium is air with an index of refraction n = 1.
We use the data of Palik [35] and Ordal et al. [36] to obtain the dispersion of Cu and W

respectively. Since the thickness of the metal layers is on the order of the electron mean free path,
the Fuchs-Sondheimer theory [37] should be used for the Drude model calculations. Hence, the
data for the bulk metals has been adjusted for thin metal films using the methodology elaborated
in [17]. We also note that the sharp discontinuity in spectrum that we find at 1.25 µm in Fig. 2
arises from a discontinuity in Palik’s data for the permittivity of Cu [35]. This discontinuity is
due to Palik’s use of two different sources for the data. The refractive index for SiO2 comes from
the Sellmeier equation [38] and for Ta2O5 from [39]. The plots for the metamaterials with a
flat surface closely match the results shown in [17, Figs. 9–10], and the absorptance spectrum
with the moth-eye surfaces is greatly broadened as anticipated. The TE and TM absorptance
spectra are similar, although differences at high incidence angles are visible. From the similarity
of these spectra, we conclude that the absorptance spectrum does not depend significantly on the
polarization angle except at high incidence angles. In Fig. 4, to further support this conclusion,
we show the absorptance spectra for several polarization angles.

To better understand the impact of impedance matching and anti-reflection, we also show the
absorptance spectrum for all metal films, as well as metal moth-eye structures that are imprinted
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Fig. 4. Polarization dependence of the absorptance spectrum for the (a) and (b) Cu-based
metamaterial, and for the (c) and (d) W-based metamaterial.

on a substrate of the same metal as the transmission medium in Fig. 5. The dimensions of these
materials, like the thickness of the film, radii and periods of the moth-eyes are equivalent to their
corresponding metal-dielectric structures. We find a much weaker absorptance profile for the
metal films and no significant broadening with the metal moth-eye surfaces. We conclude that the
ultra-broadband absorption that is shown in Figs. 2 and 3 is not just due to the metal or moth-eye
surface, but due to a combination of impedance-matched metal-dielectric metamaterials and the
moth-eye surface. A clearer picture on how that happens can be obtained by examining the field
distribution inside the metamaterials.
In Figs. 6 and 7, we show the intensity of the electric field and the ohmic loss [Im(ε) |E|2]

distribution within the metamaterials. We focus on two incident wavelengths each for the Cu-based
and W-based metamaterials. These wavelengths are chosen such that the shorter wavelength
lies within the absorptance spectrum of the flat as well as moth-eye metamaterial. The other
wavelength is absorbed only by the moth-eye metamaterial. We chose wavelengths of 0.5 µm,
and 1.2 µm for the Cu-based metamaterials, and we choose 2.5 µm, and 5 µm for the W-based
metamaterial.

We find that the field intensity drops to zero before themetamaterial region ends. Thismeans that
no transmission of light occurs and all unabsorbed radiation is reflected. In the flat metamaterial,
the maximum attenuation always occurs in the first metal layer and successively decreases with
each layer. Moreover, the peak absorptance in the first metal layer is not significantly reduced
even at the longer wavelength. However, the penetration is hampered because the first layer has
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(a) (b)

(c) (d)

Fig. 5. The absorptance spectrum for the non-impedance-matched all-metal films and
moth-eye structures. (a) Moth-eye surfaces made entirely of Cu with TM-polarized incidence.
(b) Moth-eye surfaces made entirely from W with TE-polarized incidence. (c) 700-nm
thick Cu-film with TM polarized incidence. (d) 1550-nm thick W-film with TE-polarized
incidence. The dimensions for the moth-eye surfaces are outlined in Fig. 2(a) for (a) and
Fig. 3(a) for (b) with a transmission region that consists of the same metal. Transmission
region for (c) and (d) is air.
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(a) (b)

(c) (d)

Fig. 6. Electric field intensity and ohmic loss distribution for Cu-based metamaterials. (a)
λ = 0.5 µm. Absorptance > 99%. (b) λ = 0.5 µm. Absorptance ≈ 95%. (c) λ = 1.2 µm.
Absorptance ≈ 99%. (d) λ = 1.2 µm. Absorptance ≈ 20%.

now reflected much of the light, and the energy carried by it never reaches the other metal layers,
which are shown by the broken lines in Figs. 6 and 7. Hence, the total absorption is reduced.

For the moth-eye surface we look at the fields in a plane dividing the pillars in two vertical
halves. The solid line traces the projection of the truncated pillars on this plane. In this case,
the moth-eye surface act like a lens, focusing the incident energy at just a few spots inside the
structure. Hence, a greater amount of energy passes through the metal, which produces higher
loss that is also heavily concentrated in a few layers.

3. Conclusion

We have proposed and computationally analyzed a novel approach to achieve absorption over
a wide spectrum by combining two independent mechanisms: (a) metal-dielectric impedance-
matched metamaterials and (b) anti-reflective moth-eye structures. The analysis was done using
the RCWAmethod, which was developed in-house and validated by comparison with experimental
results. Our implementation was then applied to the proposed designs.

By testing the hypothesis on structures that were designed using the metals Cu andW, we found
that moth-eye surfaces imprinted on impedance-matched metal-dielectric metamaterials can
greatly broaden the absorption bandwidth of the corresponding flat metamaterial. By simulating
the absorptance spectrum of metal films and moth-eye structures, we also confirmed that neither
the metal nor the moth-eye structures alone are the cause of the broadening. Finally, by generating
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(a) (b)

(c) (d)

Fig. 7. Electric field intensity and ohmic loss distribution for W-based metamaterials. (a)
λ = 2.5 µm. Absorptance ≈ 90%. (b) λ = 2.5 µm. Absorptance ≈ 90%. (c) λ = 5 µm.
Absorptance > 99%. (d) λ = 5 µm. Absorptance ≈ 15%.

a visual representation of the electric field distribution inside the metamaterials, we provided an
understanding of the loss mechanism behind this phenomenon.
We have computationally demonstrated a practical and cost efficient approach to obtain

polarization-independent, non-resonant, broadband absorption. Similar to flat impedance-matched
metamaterials, the absorption of the moth-eye metamaterial is also independent of the substrate
and can be used as a thin film to cover other materials. The fabrication of planar multilayer
materials can be achieved through standard sputtering or thermal evaporation techniques [19],
and fabrication of moth-eye structures based on nanopillars with dimensions on the order of a few
hundreds of nm is well within the reach of current nanolithography techniques. Moreover, while
here we have used metals, the same concepts and designs can be exploited using semiconductor
materials in their absorption band. In this case, instead of being dissipated through ohmic losses
in the metal, the light can be harvested to create electron-hole pairs in the semiconductor material
for efficient infrared detectors, night vision cameras, or solar cell applications.

Appendix

The rigorous coupled-wave algorithm (RCWA) is a semi-analytical Fourier space method that
can be used to find exact solutions for electromagnetic waves diffracted through a dielectric
grating. In this appendix we aim to summarize the key aspects of this approach [31–34].
We first consider the propagation of light through a thin layer whose permittivity ε = ε(x, y)

is independent of z. We will later show how to combine multiple such layers to determine the
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entire propagation. The single permittivity layer divides the space into 3 parts. The incident light
is assumed to be a unit amplitude, monochromatic electromagnetic plane wave with free space
wavelength λ0. This wave, travelling from the half space z < 0 (region 1) at an arbitrary angle
with respect to the z-direction is incident on this thin permittivity distribution of finite thickness
h along the (x, y) plane. The incident electric field from such a plane wave at any point with
z < 0 can be written as,

Einc(r) = exp(− jkinc · r) û ∀ r | z < 0 , (1)

where û is the polarization vector and kinc is the incident wave vector, kinc = kx0 x̂+ky0 ŷ+k1,z00 ẑ.
The reflected and transmitted fields are expressed in term of amplitude coefficients Rmn, and
Tmn of the mnth Fourier series component.

ER(r) =
∑
m,n

Rmn exp( jk1,mn · r) , (2a)

ET(r) =
∑
m,n

Tmn exp( jk3,mn · r) , (2b)

Here m and n are integers from −Nx to Nx , and −Ny to Ny respectively, and the number of
diffracted modes to be included in the computations are Nx and Ny in the x- and y-directions
respectively. The wavevector corresponding to the mnth component for the homogeneous regions
ρ = 1, 3 is kρ,mn = kxmn x̂ + kymn ŷ − kρ,zmn ẑ where the x- and y-components are expanded as

kxmn = kx0 + 2πm/Dx , (3a)
kymn = ky0 + 2πn/Dy , (3b)

The z-component follows from orthonormality, while Dx and Dy is the periodicity of the
permittivity distribution in the x- and y-direction respectively. The magnetic field can be
expressed using a normalized form of Maxwell’s curl equation k0H = ∇ × E. The matrices
R = [Rmn] and T = [Tmn] of size (2Nx+1)×(2Ny+1) can be reshaped to a (2Nx+1)(2Ny+1)×1
column vector so that the x- and y-components of the field magnitudes can be arranged as a
column vector E =

[
Ex Ey

]T. The relationship between the electric and magnetic field can now
be expressed concisely as

H = VρE , (4)

where Vρ is the matrix form of the curl operator and is dependent on the permittivity of the
region ρ.

Inside the permittivity distribution, Maxwell’s equations are coupled. Expanding the equations
in terms of the spatial components and eliminating the z-component, we obtain

∂zEx = k0Hy + ∂x[(k0ε)−1(∂xHy − ∂yHx)] ,
∂zEy = −k0Hx + ∂y[(k0ε)−1(∂xHy − ∂yHx)] ,
∂zHx = k0εEy + ∂x[(k0)−1(∂xEy − ∂yEx)] ,
∂zHy = −k0εEx + ∂y[(k0)−1(∂xEy − ∂yEx)] ,

(5)

where ∂l denotes the partial derivative with respect to l.
Once the permittivity distribution is expanded as a two-dimensional Fourier series using the

rules outlined by Li [33], the set of partial differential equations, Eq. (5), can be rewritten in
matrix form using F and G as

∂zE = k0FH , (6a)
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∂zH = k0GE . (6b)

The mathematical form for F and G can be found in [33]. Eliminating H, we arrive at an eigenvalue
equation

∂2
z E = k2

0FGE , (7)

which is solved by diagonalizing the matrix FG = WΓ2W−1, where Γ is a diagonal matrix with the
square roots of the eigenvalues of FG in its diagonal elements. The corresponding eigenvectors
are the columns of W. As a result, Eq. (7) is simplified to

∂2
z (W−1E) = (k0Γ)2(W−1E) , (8)

and has the solution

E(z) = W
[

Φ(z) c+
XΦ(−z) c−

]
, (9)

where Φ(z) = exp(−k0Γz) and X = Φ(h).
The eigenvectors in W are the fundamental modes of the permittivity distribution ε(x, y) and

do not change shape as they travel through it. The corresponding eigenvalues in Γ give the
propagation constant and Φ(z) propagates these modes by a distance z. The column matrices c+
and c− comprise of the unknown amplitudes of these eigenmodes in the forward and backward
travelling waves respectively. A similar solution for the magnetic field is obtained from (6b) by
defining V = −GWΓ−1. Combining the fields in a single equation yields[

E(z)
H(z)

]
=

[
W W
V −V

] [
Φ(z) 0

0 XΦ(−z)

] [
c+
c−

]
. (10)

The fields in the homogeneous regions can also be expressed as a similar expression where Wρ

becomes the identity matrix and V = Vρ for region ρ. By applying the boundary conditions at
z = 0 and z = h, we can solve for c+ and c− within the permittivity distribution, and, R and T for
the reflected and transmitted waves. Thus enabling us to reconstruct the field distribution and
compute the reflection, transmission and absorption efficiency.

For multi-layered gratings such as those investigated here, the individual layers are combined to
form a scattering (S) matrix S, which defines the response of the entire structure. If the amplitude
coefficients of the eigenmodes in the incident wave are given by δ, the reflected and transmitted
coefficients, R and T can then be computed by[

T
R

]
= S

[
δ
0

]
. (11)

For a permittivity distribution made up of Nz different regions (including the incidence and
transmission region), the boundary condition at the `th interface (0 < ` < Nz) can be expressed
as [

W`X` W`

V`X` −V`

] [
c+`
c−`

]
=

[
W`+1 W`+1X`+1
V`+1 −V`+1X`+1

] [
c+`+1
c−`+1

]
. (12)

This can be rearranged in the form an S-matrix equation
[
c+`+1 c−`

]T
= s`

[
c+` c−`+1

]T, and
we obtain a single-interface S-matrix,

s` =
[
W`+1 −W`

V`+1 V`

]−1 [
W`X` −W`+1X`+1
V`X` V`+1X`+1

]
. (13)
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The advantage of this formulation is that the behavior of two stacked interfaces can be consolidated
by applying the Redheffer star product [34], usually denoted by the ? operator, between the
S-matrices of the interfaces. The complete S-matrix for a system with Nz − 1 interfaces is thus
given by

S = s1 ? s2 ? · · ·? sNz−1 . (14)
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