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Abstract We design and numerically investigate an optical ab-
sorber consisting of the sub-wavelength dielectric grating cov-
ered by continuous thin aluminum film. In this absorber, the
aluminum film act as an efficient absorbing material because of
the enhanced electric field in the air nano-grooves, and the ab-
sorption spect+rum can be manipulated by Fabry-Perot cavity
mode resonance. According to the spectrum manipulation mech-
anism, the wavelength of absorption peak can be tuned by chang-
ing the heights and widths of the air nano-grooves. More impor-
tantly, the high absorption is very robust to the incident angle
around the designed wavelength. From the nanofabrication point
of view, the light absorber can be fabricated more easily without
the need for ion or electrochemical etching of metal and it is easy
to be integrated into complex photonic devices.
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Introduction

Light absorbers have attracted much attention because of
their potential applications in photodetectors, solar cells,
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bolometers, thermal emitters, and plasmonic sensors
[1-4]. Perfect absorber with near 100 % absorption in the
terahertz region was first reported by Landy et al. in 2008
[5]. Since then, various kinds of structures have been
employed to achieve high absorption for a broad range
of incident angles, such as multilayer structures [6],
metamaterial-based surfaces incorporating metallic nano-
structures [5, 7-15]. Using multilayer structures to con-
struct perfect absorbers is a simple method [6]. However,
the absorption response is found sensitive to the incident
angle. Metamaterial absorbers have been investigated the-
oretically and experimentally because they can achieve
perfect absorption with robust angle-independence over a
certain bandwidth [7-10]. The majority of them involve
building elaborate metallic patterns on a dielectric spacer
film which is attached to a thick metal layer. For these
different metallic pattern designs, such as fishnet structure,
and cut-wire array, e-beam lithography was the first choice
for sample fabrication, which set manufacturing obstacles
for the practical applications. In recent years, metallic
nanostructures (such as perforated metallic film, strip me-
tallic grating) appear as an inescapable solution for the
design and realization of optical nano-antennas able to
couple the selective incident optical power with high effi-
ciency [11-15]. Jing Zhang et al. investigated the omnidi-
rectional absorption enhancement in the hybrid system
consisting of a gold nanowire array embedded in a slab
waveguide [14]. Wenchao Zhou et al. have proposed a
nearly perfect polarization-independent and omnidirection-
al absorber with a metal grating embedded in a lossless
dielectric layer atop the metal substrate [15]. However, it
is fussy to fabricate discrete metallic nanostructures.

In this paper, we realize a wide-angle near-perfect ab-
sorber based on the sub-wavelength dielectric grating cov-
ered by continuous thin aluminum (Al) film. The high
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Fig.2 The simulated absorption, transmission, and reflection spectra for
TM polarized light

absorption results from Fabry-Perot cavity modes localized
in the air nano-grooves. According to this spectrum ma-
nipulation mechanism, the resonance wavelength of ab-
sorption can be tuned by changing the height and width
of the air nano-grooves. Unlike the absorber incorporating
the discrete metallic gratings, our proposed configuration
is not composed entirely of aluminum but it consists of
Si0, grating covered by a thin layer of aluminum. So the
proposed absorber can be fabricated more easily without
the need for ion or electrochemical etching of metal, and it
is easy to be integrated into complex photonic devices,
which is an outstanding candidate as high efficiency ab-
sorber from the nanofabrication point of view.
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Simulation and Discussion

Figure 1 shows the schematic of the absorber, which con-
sists of the dielectric grating covered by continuous Al
film. The air nano-grooves were formed between neigh-
boring metal walls. The heights of the air nano-grooves
are the same as those of the dielectric grating (4;). The
thickness of the Al layer is /4, The pitch and the ridge
width of the dielectric grating are p and w, respectively.
The width of the air nano-groove is d, where d = p-w-2 h,.
The dielectric constants of Al are described by the Drude-
Lorentz model, and the refractive index of the dielectric
grating is set to 1.5 with a negligibly small optical loss
[16, 17]. The transverse magnetic (TM) polarized light is
obliquely incident from the top at an angle of 6 upon the
absorber. The absorption is calculated using the rigorous
coupled analysis (RCWA) method [18].

Figure 2 presented the simulated absorption, transmission,
and reflection spectra at normal incidence (6 = 0°) of the TM
polarized light, where p =180 nm, 4, =220 nm, and d=
30 nm. We can observe an absorption peak at 450 nm wave-
length with absorption rate large than 99 %. And at the reso-
nance wavelength (A =450 nm), the transmission and the re-
flection through the structure are almost zero. Therefore, an
absorber with near-perfect absorption can be realized with the
structure in Fig. 1.

In order to reveal the physical origin of the near-perfect
absorption in Fig. 2, we investigated the normalized electro-
magnetic field distributions at the absorption peak of 450 nm.
For TM polarized light, the only three non-zero field compo-
nents are Ex, Hy, and Ez with a coordinate system O,,,, ori-
ented as in Fig. 1. A standing wave pattern in the z-direction is
clearly visible in the contour-plots of Ex and Hy. These com-
ponents are essentially confined in the air nano-grooves. On
the contrary, the Ez component is strongly localized around
the metallic corners. From Fig. 3b, we can see the magnetic
field intensity greatly enhanced in the air nano-grooves. So the
air nano-grooves can be regarded as an efficient absorbing
material.

For a better understanding of the contribution of the stand-
ing wave in the air nano-groove to the near-perfect absorption,
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Fig. 3 The calculated Hz field intensity distribution at the resonant peak of 450 nm
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Fig. 4 Dependence of
absorbance on air nano-groove
heights /4, for normally incident
TM polarized light. The insets
show the Hy field intensity distri-
bution for incident wavelength
450 nm at point B1 and B3 with
grating heights 57 and 380 nm,
respectively

we consider a Fabry-Perot (FP) cavity which has two mirrors
of finite reflectivity at both ends of the nano-groove [19, 20].
The resonance wavelength at normal incidence is determined
by

m7\—|—%)\:neffh1, m=0, +1, £2, ..., =N (1)
where /4, is the height of the air nano-groove, m is posi-
tive integer, and n.y is the effective refractive index of the
metal-insulator-metal waveguide modes. According to the
metal-insulator-metal (MIM) waveguide equation
2_

/€4 — ne?kod = nm + 2arctan <%”’Zf_n;';), Ny can be
attained. The integer m counts the number of field maxi-
mum of the standing wave pattern of Hy. In Fig. 3, these
components are plotted for the first excited resonance m =
1, under normal incidence (# = 0°).

From Eq. 1, we can see that the resonance wavelength can
be tuned by changing the height (4;) and the width (d) of the
air nano-grooves. In order to verify the absorption character-
istics originated from the FP cavity mode, the absorption spec-
tra for different air nano-grooves heights and widths are
shown in Figs. 4 and 5, respectively. Figure 4 shows the effect
of the air nano-grooves’ heights on the absorption behavior by
changing /1, while fixing p and d, where p =180 nm and d =
30 nm. As shown in Fig. 4, five bright absorption bands can be
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Fig. 5 Absorption versus wavelength and air nano-groove widths for
normally incident TM polarized light
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observed, and the positions and bandwidths of absorption
peaks change with the increase of /;. The Hy field intensity
distributions for the absorption peak at wavelength 450 nm
corresponding to point B; and B3 with different grating
heights (%) 57 and 380 nm are shown in the insets of Fig. 4,
respectively. The Hy field intensity distributions of point B,
with grating height 220 nm have been shown in Fig. 3b. It is
clear that standing waves are excited in the air nano-grooves,
which confirms the characteristics of the FP cavity mode. As
the height (4;) increases, cavity mode inside the air nano-
grooves with different order is excited. The thicker the air
nano-grooves’ height is, the higher order the cavity mode
have. Moreover, the light energy is wholly confined in the
air nano-grooves, which leads to the nearly perfect absorption.
It is obvious that the absorptive peaks can be designed to
appear at particular wavelength by controlling the FP cavity
mode resonances in the air nano-grooves. The dependence of
absorbance on the widths of the air nano-grooves is shown in
Fig. 5. From FP resonance condition (Eq. 1) and MIM wave-
guide equation, the effective refractive index increases as d
decreases, leading to the longer wavelength of the FP reso-
nance. The simulated results in Figs. 4 and 5 demonstrate that
the resonance wavelength of absorption can be tuned by
changing the heights and widths of the air nano-grooves.

3-.

00 400 500 600 700
Wavelength (nm)

Fig. 6 Absorption spectra as a function of incident angle for the TM
polarized light, where p = 180 nm, /; =220 nm, and d=30 nm
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Fig.7 Schematic of the proposed a £ b 1
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For practical application, the absorber should work over a
wide range of incident angle. Figure 6 shows the absorption
spectra at various angles of incidence for TM polarization.
The bright bands, at which the absorption is maximal, indicate
resonance behavior. The absorption approaches nearly 100 %
at normal incidence. It is obvious that the peak position does
not change, even though the absorptive efficiency gradually
decreases from unit to about 91 % with respect to the incident
angle 0 increasing from 0° to 60°. Not only that, the absorp-
tivity can even maintain 81 % at 70°. The angle-insensitive
property of this structure is attributed to the nature of cavity
modes [20].

In the actual production process, the metal grating layer
can’t be rectangular borders, but more rounded corners of
the aluminum layer (shown in the Fig. 7a) if the sample is
fabricated by direct deposition of aluminum onto a pre-
patterned surface. So we discuss the effect of the rounding
of the borders of the aluminum layer in Fig. 7b. It is
shown that the geometry of the aluminum layer can also
determine the resonance wavelength and the absorption
efficiency.

Conclusion

In this paper, an optical absorber consisting of the sub-
wavelength dielectric grating covered by continuous thin
aluminum film for the TM polarized light was analyzed. It
can achieve perfect absorption and a good angular toler-
ance up to 60°. It was demonstrated that the near-perfect
absorption can be obtained when the energy related to the
FP cavity mode is wholly confined in the air nano-
grooves. Well-defined choices of the geometry of the alu-
minum layer, the heights, and the widths of air nano-
grooves allow us to control the resonance performance.
From both the structural geometry and the nanofabrication
point of view, the optical absorber has a very simple geo-
metrical structure and it is easy to be integrated into com-
plex photonic devices.
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