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Abstract: We design and numerically investigate a perfect narrow band
absorber based on a metal-metal-dielectric-metal structure which consists of
periodic metallic nanoribbon arrays. The absorber presents an ultra narrow
absorption band of 1.11 nm with a nearly perfect absorption of over 99.9%
in the infrared region. For oblique incidence, the absorber shows an
absorption more than 95% for a wide range of incident angles from 0 to 50°.
Structure parameters to the influence of the performance are investigated.
The structure shows high sensing performance with a high sensitivity of
1170 nm/RIU and a large figure of merit of 1054. The proposed structure
has great potential as a biosensor.
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1. Introduction

Surface plasmon polaritons(SPPs) are surface electromagnetic wave propagating along a
metal-dielectric interface and have great potential applications in the realization of highly
integrated optical circuits due to their capability to overcome the diffraction limit of light [1,
2]. In recent years, extraordinary optical properties in metallic nanostructures have attracted
much attention due to their promising applications [3—8]. However, the intrinsic losses are
inevitable in these structures which often limit their performance. For a metamaterial
absorber, however, the intrinsic losses can be enhanced remarkly and achieve perfect
absorption by proper design of the resonance structure. Perfect metamaterial absorbers have
been rapidly developed due to their applications such as energy harvesting [9, 10], thermal
emitting [11, 12], and biosensing [13, 14]. The first perfect metamaterial absorber was
demonstrated by Landy et al. Since then many different kinds of perfect absorbers have been
proposed from terahertz region to visible region [15-19]. Tao et al presented a terahertz
absorber based on an array of 200-nm-thick Au electrically resonant split ring resonators
which operated over a wide range of angles of incidence for both transverse electric and
transverse magnetic radiation [20]. Liu et al designed a gold disk array structure and
presented the absorption of 99% in the infrared region [21]. Hedayati ef al designed a perfect
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absorber in the visible region by a combination of a metal film with suitable metal/dielectric
nanocomposites [22].

In practical applications perfect absorbers can be generally categorized into broadband
absorbers and narrowband absorbers in terms of their absorption bandwidths [23-27]. For a
biosensor, narrower band will improve the performance. In sensing applications, bulk
sensitivity (S) and figure of merit (FOM) are usually used to evaluate the sensing
performance. S and FOM are defined as S = AA/An, FOM = S/FWHM respectively, where

An is the refractive index change, A/ is the resonance wavelength change owing to the
refractive index change, FWHM is the full width at half maximum of the spectrum [28]. In
order to improve the sensing performance, many structures have been designed including
nanorings [29], nanodisks [21, 30], nanorods [31], and so on. Shen et al designed a gold
mushroom arrays structure with a narrow FWHM of 10 nm and a high FOM of 108 [32]. Liu
et al designed a cross-shape patch array structure with FWHM of 12 nm and S of 538 nm/RIU
(refractive index unit) [33]. Lu ef al proposed a nanoslit microcavity based structure and
demonstrated a narrower FWHM of 8 nm [34].

In this work, we demonstrate a perfect narrow band absorber based on a metal-metal-
dielectric-metal (MMDM) structure working at the infrared region. In this structure, a nearly
perfect absorption of over 99.9% is realized with FWHM of only 1.11 nm. The structure can
keep absorption performance over a wide range of incident angle. We investigate the
influence of the structure parameters on the optical properties and check the properties of the
structure as a sensor. The proposed structure can be used in biomedical applications.

2. Structure and numerical simulations
2.1 Structure

The schematic geometry of the proposed MMDM structure is shown in Fig. 1(a). Periodic
metallic nanoribbon arrays which consist of a top layer nanoribbon array and a down layer
nanoribbon array are deposited on a SiO, dielectric layer supported by a metallic film. Figure
1(b) shows the cross section of the MMDM structure. The structure has dimensional
parameters as follows: top layer nanoribbon width wy, w,, down layer nanoribbon width d
which is also the distance between two top layer nanoribbons, top layer nanoribbon thickness
t;, down layer nanoribbon thickness #,, dielectric layer thickness 4 and structure period P.
Here, we choose gold as the material of the metallic nanoribbon array and the permittivity of
gold is taken from [35]. The refractive index of the dielectric layer SiO; is taken from [36]. To
compare with the MMDM structure, the metallic grating structure without the SiO, dielectric
layer shown in Fig. 1(c) is also investigated.

(@)

z
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3

Fig. 1. (a) Schematic of the MMDM structure. (b) Cross-section of the MMDM structure of an
unit cell. (c) Cross-section of the corresponding metallic grating structure without the dielectric
layer.
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To investigate the optical properties of the designed structure, we use two-dimensional
finite element methods realized in COMSOL MULTIPHYSICS for calculations. As the gold
film is thicker than the penetration depth of the infrared light, the incident light will be
blocked and the transmittance (7) of the structure is nearly zero (7 = 0) and the absorption 4 =
1 — R (reflection). A normally incident plane wave along the negative z direction polarized
along the x direction is applied.

2.2 Results and discussions

Figure 2(a) shows the reflection and absorption spectra of the MMDM structure and the
metallic grating structure. Geometric parameters of the structure are given as follows: w; = w;
=w =300 nm, d = 80 nm, ¢; = 60 nm, £, = 40 nm, 2 = 200 nm, P = 1200 nm. The red solid
line shows a nearly perfect absorption property at the resonant wavelength of 1564.5 nm with
the peak absorption over 99.9% for the MMDM structure at normal incidence. For
comparison, the magenta dash line shows the peak absorption of only 70.9% for the metallic
grating structure. The FWHM of the two structures are 1.11 nm and 1.54 nm respectively.
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Fig. 2. (a) The absorption and reflection spectra of the corresponding metallic grating structure
and the MMDM structure. (b) The magnetic field distributions at the resonant wavelength of
the MMDM structure. (c). The magnetic field distributions at the resonant wavelength of the
corresponding metallic grating structure. Parameters of the MMDM structure are set as w =
300 nm, d = 80 nm, ¢, = 60 nm, £, = 40 nm, 2 =200 nm and P = 1200 nm.
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In order to understand the underlying physics of the sharp absorption peak, the magnetic
field distributions at the resonant wavelength of the MMDM structure and the metallic grating
structure are calculated and presented in Fig. 2(b) and Fig. 2(c) respectively. Figure 2(b)
shows that most magnetic field is located between the nanoribbons and some transmits into
the dielectric layer which indicates that the coupling between the nanoribbons and the gold
film contributes to the perfect absorption. From Fig. 2(c), the magnetic field is located on the
surface and between the nanoribbons which indicates that the surface plasmons cannot pass
through the metals but propagate on the surface.

In order to analyze the resonant behavior of the MMDM structure, absorption properties at
oblique incidence are presented. Figure 3(a) shows that as the incident angle 0 increases from
0° to 80°, the absorption decreases and the resonant wavelength keeps nearly unchanged.
From Fig. 3(b), the MMDM structure is capable of absorbing 99% of the light at the resonant
wavelength for the incident angles from 0 to 30°. The absorption is more than 95% for a wide
range of incident angles from 0 to 50°. As shown in Figs. 3(c) and 3(d), the absorption is
more sensitive to the incident angle for the corresponding metallic grating structure. The
range of incident angles is about 15° for the absorption bigger than 95%.
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Fig. 3. (a) Absorption spectra of the MMDM structure as functions of the incident angle. (b)
Peak absorption of the MMDM structure as functions of the incident angle. (c) Absorption
spectra of the corresponding metallic grating structure as functions of the incident angle. (d)
Peak absorption of the corresponding metallic grating structure as functions of the incident
angle.

As shown in Fig. 4, the influence of structure parameters on the reflectivity of the
resonance dip and the FWHM of the MMDM are investigated. According to Fig. 4(a), when
the top layer nanoribbon thickness #, changes from 30 nm to 110 nm, FWHM become
narrower and changes from 1.13 nm to 0.54 nm while the reflectivity of the resonance dip
decreases first and then increases. Figure 4(b) shows decrease of FWHM and increase of the
reflectivity as the distance between two top layer nanoribbons d changes from 40 nm to
180nm. Figure 4(c) shows that when the top layer nanoribbon width w incerases from 180 nm
to 420 nm, FWHM decerases while the reflectivity decreases first and the increases slightly.

For a biosensor, lower reflectivity of the resonance dip and narrower FWHM of the
resonance spectrum are essential. From Figs. 4(a)-(c), reflectivity and FWHM can’t be
optimized simultaneously. For structure design, robustness is important. In our design, when
the structure parameters change, FWHM changes slightly and the reflectivity keeps low in a
wide range which is beneficial to structure design.
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Fig. 4. (a)-(c) Reflectivity of the resonance dip and FWHM as functions of top layer
nanoribbon thickness ¢, the distance between two top layer nanoribbons d and top layer
nanoribbon width w respectively.
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2.3 Sensing behaviors

The sensing behaviors of the proposed MMDM structure are shown in Fig. 5. When the
environmental refractive index (RI) increases from 1.31 to 1.35, a clear red-shift is seen and
the resonant wavelength shifts from 1541.1 nm to 1587.8 nm. As shown in Fig. 5(a), both
high modulation depth and narrow FWHM keep in the RI range and these are two crucial
factors for high sensing performance.The sensitivity S = 1170 nm/RIU from Fig. 5(b). FWHM
of the MMDM structure is 1.11 nm, therefore the figure of merit FOM = 1054.
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Fig. 5. (a) Reflection spectra of the MMDM structure with various refractive indices of the
environment. (b) Resonant wavelength shift against refractive indices. Parameters are set as w
=300 nm, d =80 nm, ¢, = 60 nm, £, = 40 nm, 42 = 200 nm, P = 1200 nm.
In practical applications, the light intensity change at a fixed wavelength is detected and
the corresponding figure of merit can be defined as FOM* = max|(AI /An)/ 1

, where [ is

the intensity at the special wavelength and Al/An is the relative intensity change at a fixed
wavelength due to the refractive index change [21]. According to Fig. 6(a), when #; changes
from 30 nm to 110 nm, FOM increases slightly while FOM* changes strongly. The structure
shows good sensing performance for the range of #; from 50 nm to 100 nm. Figure 6(b) shows
increase of FOM and a maximum of FOM* as d increases. Figure 6(c) also shows increase of
FOM and a maximum of FOM* as w increases. These characteristics give us enough guide to
design a high performance sensor.
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Fig. 6. (a)-(c) FOM and FOM* as functions of top layer nanoribbon thickness #, the distance
between two top layer nanoribbons d and top layer nanoribbon width w respectively.

3. Conclusion

In summary, we have numerically investigated a perfect narrow band absorber based on the
MMDM structure. We obtain a nearly perfect absorption of over 99.9% with an ultra narrow
band of 1.11 nm. The absorber can work over a wide range of incident angle with a high
absorption. In addition, the structure shows good sensing performance with S of 1170 nm/RIU
and FOM of 1054 which has great potential as a biosensor.

#256039
© 2016 OSA

Received 22 Dec 2015; revised 23 Mar 2016; accepted 18 Apr 2016; published 20 Apr 2016
2 May 2016 | Vol. 24, No. 9 | DOI:10.1364/0E.24.009288 | OPTICS EXPRESS 9293



Acknowledgments

This work is supported by the National Projects of Key Scientific Instruments No.
2012YQ16000702 in China.

#256039 Received 22 Dec 2015; revised 23 Mar 2016; accepted 18 Apr 2016; published 20 Apr 2016
© 2016 OSA 2 May 2016 | Vol. 24, No. 9 | DOI:10.1364/0E.24.009288 | OPTICS EXPRESS 9294





