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Abstract: In this study, a novel perfect absorber (PA) array based on four-headed arrow nanoparticles for biosensing applications in mid-
infrared regime is presented. Proposed PA array has a dual-band spectral response, and the locations of resonances can be adjusted by
varying the geometrical dimensions of the structure. Nearly unity absorbance is obtained from the PA array for both resonances.
Different dielectric spacers (MgF,, SiO,, and Al,O3) are used to investigate the effects of dielectric spacer on the absorbance
characteristics of proposed PA array. Absorbance characteristics of PA array are analyzed by using finite difference time domain (FDTD)
method. High field enhancement is achieved by the interaction of the sharp corners of arrow nanoparticles. Linear correlation between
the resonance frequencies and the refractive index of cladding mediums is determined. Due to the high refractive index sensitivity and
near-field enhancement, and nearly unity absorbance, the proposed dual-band PA array with adjustable spectral responses can be useful
for biosensing applications in mid-infrared regime.
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1. Introduction

A new research area of plasmonic structure is getting attention,
known as plasmonic perfect absorbers (PAs) [1-6]. The concept
of metamaterial PAs came from microwave regime, due to the
advancement in the nanotechnology; it can be scaled down to the
terahertz regime [7, 8]. The possibility of perfect absorption is
revealed by appropriately engineering the electric and magnetic
response of the incident field in gigahertz regime [7, 8]. The PAs
are composed of periodically arranged resonant metallic
nanoparticles and thin metal layer separated by a dielectric spacer
[2, 5, 9]. There are many advantages of this kind of structures
which include high absorptivity, small thickness, and low density
[10]. With this type of device configuration, wide-angle, wide-
band, and polarization-insensitive high absorption near unity can
be achieved by matching the impedance of metamaterial
absorbers to free space or with microcavity, hole arrays, and
metallic surfaces [5, 9-11]. PAs operating in the infrared and
visible regions have been used for biomedical sensing, surface-
enhanced spectroscopy, and near-field scanning optical
microscopy applications [1-15].

In this study, a four-headed arrow nanoparticle shaped PA array
for biosensing applications in mid-infrared regime is presented.
The optical properties of plasmonic PA array are investigated by
using the finite difference time domain (FDTD) method [16]. In
order to understand the physical origin of the resonant behavior
and determine the field enhancement of the nanostructure, near
field distributions at the resonant frequencies are obtained. Due to
dual band spectral response and enhanced near field distribution,
the proposed PA array can be useful for biosensing applications
in mid-infrared regime.
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2. Numerical analysis

Schematic view of proposed PA is illustrated in the
Fig. 1(a). It consists of a dielectric spacer layer between
nanoparticle-based top layer and gold (Au) film on a dielectric
substrate (Si). Dielectric substrate thickness is 500 nm, gold film
thickness is 200 nm, dielectric spacer layer thickness is 125 nm
and four-headed arrow shaped gold nanoparticle thickness is 50
nm. In Fig.1 (a), L and d indicate the length and width of
rectangular nanorods, respectively. h; indicates the heights of left
and right triangular nanoparticles and h, indicates the heights of
top and bottom triangular nanoparticles. w; indicates the base-
widths of left and right triangular nanoparticles and w;, indicates
the base-widths of top and bottom triangular nanoparticles.
Periodicities, Px and Py, of the array are 2000 nm. During the
simulations, the analyses are performed under y-polarization
illumination source and geometrical dimensions are chosen as L =
1000 nm, w; = 750 nm, w, = 700 nm, h; = 400 nm, h, = 350 nm,
and d = 350 nm. Periodic boundary conditions are chosen as x-
and y-axes, and perfectly matched layers are used along the z-axis.
The dielectric constants of the materials are taken from Ref. [17].
Different dielectric spacers (MgF,, SiO,, and Al,O3) are used to
investigate the effects of dielectric spacer on the absorbance
characteristics of proposed PA array. The absorbance (A) spectra
of the structure for different dielectric spacer (MgF,, SiO,, and
Al,O3) are given in Fig. 1(b). It can be seen from Fig. 1(b), all
structures exhibit dual-resonant behaviors in mid-IR regime. Also
for all dielectric spacers, the absorption rates are nearly unity.
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Fig. 1 (a) Schematic view of four-headed arrow shaped PA
(b) Absorption spectra of four-headed arrow shaped PA for different
spacer layers.

Figure 2(a) shows the absorbance (A), reflectance (R) and
transmittance (T) spectra of the PA array with MgF, dielectric
spacer. The absorbance spectra are calculated by A=1-R-T
[13]. Proposed PA has dual resonances and both of them rate as
9%99.9 at the first (f, = 57 THz) and at the second (f, = 136 THz)
resonances. Electric field distributions are given in Figs. 2(b) and
2(c) at first (f;) and second (f,) resonances, respectively. The near
field enhancements are greater than 2000 times are concentrated
on the sharp corners of the structure. Molecules in these corners
may undergo a much stronger interaction with the
electromagnetic field than those that lie well away from metallic
particles. This means that the dielectric environment of the near
surface region of the proposed PA array can strongly influence
the resonant frequencies. This phenomenon is the basis of the
mid-infrared biosensing capabilities of proposed PA array.
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Fig. 2 (a)Spectral response of the PA with MgF,
(b, ¢) Electric field distributions |E|%/|Ein* at (b) f; and (c) f, resonances
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Figure 3(a) illustrates the A, R, and T spectra of the structure with
SiO, dielectric spacer L = 1000nm, w; = 750 nm, w, = 700 nm,
h; = 400 nm, h, =350 nm and d = 350 nm). Proposed PA has dual
resonances and both of them rate as %99.8 at the first resonance

(f; = 58 THz) and %99.9 at the second resonance (f, = 132.5
THz). Electric field distributions are given in Figs. 3(b) and 3(c) at
first (f,) and second (f,) resonances, respectively. The near field
enhancements are greater than 1500 times are concentrated on the
sharp corners of the structure.
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Fig. 3 (a) Spectral response of the PA with SiO,
(b, c) Electric field distributions |E[/|Ei.’ at (b) f, and (c) f, resonances.

In Fig. 4(a), the A, R, and T spectra of the structure with Al,O3 as
dielectric spacer layer is given. Proposed PA has dual resonances
and both of them rate as %98.4 at the first resonance (f; = 51
THz) and %99.8 at the second resonance (f, = 118 THz). Electric
field distributions are given in Figs. 4(b) and 4(c) at first (f,) and
second (f,) resonances, respectively. The near field enhancements
are greater than 1500 times are concentrated on the sharp corners
of the structure.
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Fig. 4 (a) Spectral response of the PA with Al,O,
(b, c) Electric field distributions |E[/|Ein’ at (b) f, and (c) f, resonances.

Figure 5 demonstrates the changes in the spectral response for
different d, L, hy, h,, wy, w,, and P parameter values. When the d
(width of rectangular nanorods) increases, both of the resonance
frequencies increase (Fig. 5a). Absorption spectra for L (length of
rectangular nanorods) variation is given in Fig. 5b, which shows
that both resonance frequencies of the structure decrease with the
increasing length of rectangular nanorods, both of the resonance
frequencies decrease. As the h; (heights of left and right
triangular nanoparticles) increases, only second resonance
frequency decreases slightly (Fig. 5¢). When the h, (heights of
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top and bottom triangular nanoparticles) increases, only first
resonance frequency decreases (Fig. 5d). When the w; (base-
widths of left and right triangular nanoparticles) increases, only
second resonance frequency decreases (Fig. 5e) however only
first resonance frequency decreases (Fig. 5f) with increasing w,
(base-widths of the top and bottom triangular nanoparticles). The
dependence of absorption spectra on the periodicity (P) is shown

in Fig. 59, which shows that only second resonance frequency is
affected by the periodicity (P) variation. The optical
characteristics of the proposed PA arrays are dependent on
geometrical parameters (Fig. 5). The resonance frequencies of the
proposed PA arrays can be tuned by changing the geometrical
dimensions of PA arrays.
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Fig. 5 Spectral response of proposed PAs (a) d variation and (b) L variation (c) h, variation (d) h, variation (e) w, variation (f) w, variation
(9) P variation

In order to control the refractive index sensitivity of proposed PA
array, the top of the structure is covered with cladding layers with
different refractive indices (Fig. 6a). The cladding layer
thicknesses are 100 nm. Linear correlation between the resonance
frequencies and the refractive index of cladding mediums are
determined. As the refractive index of the cladding medium
increases, both of the resonance frequencies decrease (Fig. 6b).

3. Conclusion

In conclusion, a novel plasmonic PA array based on four-headed
arrow nanoparticles for biosensing applications in mid-infrared
regime is presented. The spectral response and near field

distributions of the proposed PA array are obtained by using the
FDTD method. The effects of the dielectric spacer on the spectral
responses of the proposed PA array are determined. The highest
absorption rates and near field enhancements are obtained PA
array for MgF, dielectric spacer. Due to the dual-band spectral
response and enhanced near-field distributions, the proposed
dual-band four-headed arrow based PA array with adjustable
spectral responses can be used for mid-infrared biosensing
applications.
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Fig. 6 (a) Schematic view of the proposed PA with cladding medium
(b) Linear dependence between resonance frequencies and refractive
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