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Abstract In this paper, a novel optical nanoantenna based on two-dimensional plasmonic
nano-ring antenna array is proposed, investigated numerically and compared with a nano-
disk antenna array. The results show that the nano-ring structure has resonances similar to the
resonances of nano-disk structure but in higher wavelengths. These resonances are tunable by
varying the structural parameters of the ring. The optical properties of the proposed structure
are investigated in the context of designing a plasmonic refractive index sensor. The nano-ring
antenna array sensor has large sensitivity in comparison to the conventional nano-disk antenna
arrays. The special feature of the presented structure and the device concepts introduced in
this work are applicable in realization of various integrated components and could play an
important role in development of plasmonic sensors.
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1 Introduction

Surface plasmon polaritons (SPPs) have been considered as energy carriers to significantly
overcome the classical diffraction limit for their ability of confining and propagating the
electromagnetic energy in a subwavelength regime (Raether 1988; Barnes et al. 2003).

Among the plasmonic structures, surface plasmon resonance-based nano-scale sensors
are very interesting and being used for various applications such as chemical and biological
sensing (Haes and Duyne 2002; Alivisatos 2004; Larsson et al. 2007b; Dmitriev et al. 2008),
field-enhancement spectroscopies (Aizpurua et al. 2005; Le et al. 2008; Banaee and Crozier
2010; Tripathy et al. 2011), reading DNA bases (Tan et al. 2010), detecting protein-protein
interactions (Larsson et al. 2007a; Bukasov et al. 2010), surface membrane binding events
(Galush et al. 2009) and antigen-antibody recognition events (Kim et al. 2011).
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The conventional surface plasmon resonance (SPR) sensor has drawbacks in applications
due to its bulky system and low spectral resolution (Lee et al. 2009; Svedendahl et al. 2009).
On the other hand, localized SPR (LSPR), a coupling between electromagnetic field and spa-
tially confined free-electrons, has a potential for resolving these issues in an attempt to detect
nano-scale biological interactions. LSPR sensing structures are normally comprise noble
metal nanostructures which are coated on a dielectric substrate. The properties of metallic
nanostructures include the optical excitation of LSPRs, enhancement of electric fields, strong
localization of the energy at the nanometer scale, and resonance wavelength tunability (Maier
2007, Pelton et al. 2008; Giannini et al. 2010). Since the electron motions determine the reso-
nance condition of LSPR, optical properties of this sensing mechanism are extremely reliant
on the geometry of metallic nanostructures. The main issues of the existing LSPR sensor
research comprise understanding LSPR characteristics in certain nanostructures, enhancing
the design of nanostructures, and improving sensitivity and detection limits.

Nanometer sized rings or ring-like structures have gained significant interest for their
favorable properties. Noble metal nano-ring structures were proposed to be used for negative
index of refraction (Linden et al. 2004; Zou 2008), wave guiding (Wang and Wang 2006;
Bozhevolnyi et al. 2006; Jung et al. 2007), miniature plasmonic wave plates (Drezet et al.
2008), focusing of surface plasmons (Steele et al. 2006; Seo et al. 2007), surface enhanced
raman scattering (SERS) (Laurent et al. 2006; Wang et al. 2007; Hao et al. 2007; Clark et
al. 2008; Liu et al. 2005; Lu et al. 2005), nanoantennas (Grosjean et al. 2008; Suarez et al.
2007). An on-chip nanosensor has been reported based on the localized surface plasmon
resonance property of gold nanorings (Huang et al. 2012; Lodewijks et al. 2012). Such an
on-chip nanoring-based biosensor showed a refractive index sensitivity of 350 nm /RIU with
a figure of merit of 3.1 and was utilized to detect DNA in a real-time and label-free manner
(Huang et al. 2012). Moreover, the plasmonic properties of gold nanorings in close proximity
to a gold film have been investigated experimentally to boost near-infrared surface enhanced
Raman scattering (SERS) effects. A SERS enhancement factor as large as 1.4 x 107 has been
achieved by tuning the separation between the gold nanorings and the gold film (Ye et al.
2010).

In this paper, we propose and demonstrate a plasmonic refractive index senor based on
the nano-ring structure. The finite difference time domain (FDTD) method is employed to
simulate and to research its properties. The spectrum and near field distributions for 2D
plasmonic nano-ring array have been calculated and compared with conventional nano-disk
antenna array. The extremely intense and confined electromagnetic fields induced by the
LSPR can realize a highly sensitive sensor to detect small changes in the refractive index
of the environment around the nanostructures. Compared with other sensors, the proposed
structure has inherent advantages to achieve high integration, high sensitivity, high capability
of optimizing the sensing performance, and flexibility in applications.

2 Design

The structures, shown in Fig. 1, comprise a two-dimensional array of gold rings and a two-
dimensional array of gold disks of height %,, placed on top of a BK7 glass film with refractive
index ny = 1.52. Simulations are performed using the implementation of the finite-difference
time-domain (FDTD) method. Figure 1c shows schematic of the computation domain. In all
our simulations transmission and reflection spectra were computed for the normal angle of
incidence. The dielectric function for gold is approximated using the Drude—Lorentz formula
(Shi et al. 2009):
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Fig. 1 a Single unit cell of a plasmonic nano-ring antenna array. b Single unit cell of a plasmonic nano-disk
antenna array. ¢ General schematic of computational domain
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where the dielectric constant at the infinite angular frequency is eoo = 5.9673, the bulk
plasma frequency wp = 27 x 2.1136 x 10'3 rad/s, the damping coefficient yp = 27 x
1.592 x 10'3 rad/s, the oscillator strength ; = 27 x 6.5007 x 10'*rad/s, the spectral
width of the Lorentz oscillators I'; = 27 x 1.0486 x 10'% rad/s, and the weighting factor
Ae = 1.09. w is the angular frequency of the incident electromagnetic radiation.

In the following, the characteristics of the nano-ring antenna array structure are explained
by comparing it with the nano-disk antenna array. The single unit cells of the computational
domain are shown in Fig. 1a, b, for both structures. For meaningful comparison, the outer
dimensions of the both structures are chosen to be the same. The structural parameters of the
nano-ring and the nano-disk antenna structures are set as: 4, = 50nm, Ly = Ly = 500 nm
(lattice period). The values of the ring inner and outer radius are 75 and 100 nm, respectively.
The value of the disk radius is 100nm which is equal to the ring outer radius.

At the faces of a unit cell which are perpendicular to the z direction we impose the convo-
lutional perfectly matched layer (CPML) absorbing boundary conditions. At the remaining
four faces (in the x and y directions), we impose periodic boundary conditions. The structure
is excited by a modulated Gaussian pulse source (in time) centered around a frequency of
interest having a spatial distribution in the form of a plane wave. Incoming plane wave prop-
agates in the air region along -z direction. The electric field of a source is polarized along x
direction. The elementary FDTD grid size is 5 nm x 5 nm x 5 nm in space, and the time step is
0.0094 fs to guarantee numerical stability of simulations. Extent of a unit cell in z direction is
1.5 wm. Extent of a unit cell in the x and y directions are lattice period L, and L. The mon-
itor plane for reflection is located Zr = 400 nm away from the interface between the gold
nano-ring or nano-disk and the glass substrate. Source plane is located Zg = 600 nm from
the same interface. The monitor surface in the substrate is located Z7 = 400 nm away from
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the above mentioned interface to calculate the transmission spectrum. In all our simulations
the pulse propagated completely through the unit cell after 566 fs.

3 Results and discussion

The transmission and reflection spectra of these structures are calculated and shown in Fig. 2.
As shown, the transmission (reflection) spectra of nano-ring and nano-disk antenna array
structures have a qualitative similarity: both of them have a transmission minimum (maxi-
mum). The transmission minimum of the nano-ring structure has a 3-dB bandwidth of 162 nm
centered at the drop-transmission wavelength of A = 1147 nm. By comparison, the nano-
disk structure has a 3-dB bandwidth of 93 nm centered at drop-transmission wavelength of
A = 808 nm. Clearly, the 3-dB bandwidth of the transmission drop of the nano-ring antenna
array is slightly wider than that of the nano-disk antenna array structure. Moreover, a red-
shift of about 339 nm is observed in transmission spectrum of the nano-ring structure with
respect to the nano-disk structure. Therefore, the proposed nano-ring structure has all the
features of the nano-disk array but in higher wavelengths. As a result, the nano-ring structure
can be used as an efficient element in high-integrated optical circuits for miniaturization
purpose.

To understand the physics of the plasmon mode in the proposed structures, in Fig. 3 we
present the x-component of electric field intensity distribution | E,|? in the vicinity of the
metal nano-ring and nano-disk at the wavelength of a plasmonic resonance 1,147 nm for
the ring structure and 808 nm for the disk structure. In particular, four field distributions are
presented: in the xy plane 5 nm above the upper surface of the gold disk/ring (Fig. 3a, e), in the
xy plane 5 nm below the lower surface of the gold disk/ring (Fig. 3b, f), in the xz plane (Fig. 3c,
g) and in the yz (Fig. 3d, g) plane cut through the center of the gold ring or disk. To ease
interpretation of the presented field distributions we note that the structures are illuminated
by a plane wave which is polarized in such a way as to contain only the E, component of the
electric field. From Fig. 3, one can see how the plasmons can exhibit the properties of both

Normalized Transmittance/Reflectance
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Fig. 2 Comparison of the transmission/reflection spectra of a two-dimensional nano-disk antenna array (red
curves) and a two-dimensional nano-ring antenna array (blue curves). (Color figure online)
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Fig. 3 Distribution of the electric field intensity |Ex |2 in the vicinity of a metal disk/ring at the wavelengths
of a plasmon resonance 808 nm for the nano-disk and 1,147 nm for the nano-ring antenna array a, e xy plane
located 5 nm above the upper surface of the gold disk/ring (inside the air). b, f xy plane located 5 nm below
the lower surface of the gold disk/ring (inside the substrate). ¢, g xz plane cut through the center of the gold
disk/ring. d, h yz plane cut through the center of the gold disk/ring

long-range and localized plasmons. As can be seen, most of the plasmon energy is strongly
localized at the edges of a metallic disk/ring. We can also understand why the width of a
plasmon peak in the ring structure is larger than that of the disk structure. Particularly, as the
plasmon fields are strongly localized at the ring inner and outer edges, in this respect, the
overall plasmon mode of a ring array can be considered as made of the localized plasmons
strongly interacting with each other through the field overlap across the boundaries of the
adjacent unit cells. However, in the disk structure, the interacting of the plasmon fields of the
adjacent disks is weaker than that of the ring structure. As it is well known from the theory
of coupled resonator arrays, a narrow eigenstate of a single resonator will be broadened
in the resonator array, and such broadening increases with increased interaction between
the individual resonators (Shi et al. 2009). Consequently, weaker interaction between the
plasmons localized at the individual disks will lead to the narrower resonant states of a disk
array.

Successively, we study the effect of the ring inner radius on plasmon resonance. Figure 4a
shows the plasmon resonance versus different values of the ring inner radius. In these simula-
tions, we take R, = 100 nm (outer radius of the ring), Ly = L, = 500 nm, and /,, = 50 nm.
As can be seen, by increasing the value of the ring inner radius from R; = 0 (which is equal
to the disk structure) to R; = 80 nm, a red-shift of about 422 nm in plasmon resonance can
be observed. From Fig. 4a we note that positions of the plasmon peaks are strongly sensitive
to the variation in the ring inner radius size.

In addition, the normalized transmission and reflection of the ring structure versus the
value of the ring inner radius are illustrated in Fig. 4b. It is obvious that by increasing the
value of the ring inner radius, the transmittance would increase.

Moreover, peak width increases substantially when the inner radius of the ring is increased
as shown in Fig. 5. Broadening of the resonance peaks in the case of larger inner radius
(lattice constant is fixed) can be rationalized by the stronger inter-cell interaction between
the individual plasmons localized at the ring inner edge. This is due to the geometrical fact
that more plasmons are localized at the ring edges, when the ring inner radius increases.
Consequently, this leads to stronger interaction between the localized plasmons and, hence,
spectral broadening of the eigenstates of a ring array.
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Fig. 4 a The plasmon resonance versus different values of the ring inner radius. b Normalized transmis-
sion/reflection of the nano-ring structure versus the value of the ring inner radius
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Fig. 5 The plasmonic resonance peak width versus different values of the ring inner radius

According to the simulations and analysis above, it is seen that the proposed nano-ring
structure can be easily tuned by changing the ring structural parameters.

One of the important applications of metallic nano-disk and nano-ring antenna arrays is
sensing of the refractive index changes in liquid or gaseous analytes. Having fixed the values
of the various parameters of the nano-ring array structure, the performance of the proposed
devices as plasmonic sensors can now be evaluated. As the main approach to sensing with the
proposed structures, we consider spectral detection method. First, one acquires a re?ection
(or transmission) spectrum for a certain known analyte with a known refractive index. At the
same time, one also records spectral positions of the resonant peaks. One then repeats the
procedure for a test analyte, extracts positions of the new resonant peaks, and compares them
to the positions of the same resonant peaks for a known analyte. Given individual spectral
sensitivities of the resonant peaks used in detection, one can then infer the unknown value
of test analyte refractive index. Spectral sensitivities of the individual peaks are typically
inferred from the calibration measurements, where the refractive index of a known analyte is
varied controllably and resonant peak positions are recorded (Shi et al. 2009). Theoretically,
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spectral sensitivities of the individual peaks can be evaluated by computing reflection spectra
for different values of the analyte refractive index, and then by dividing the value of change
in the spectral position of a peak by the value of change in the refractive index of analyte.

The structures of the proposed sensor are the same as Fig. 1. The left side of the structure
(Fig. 1c) is filled with the material (liquid or gas) under sensing (MUS). Figure 6a shows
the reflection spectra of the nano-disk sensor for different refractive indices. Moreover, the
reflection spectra of the nano-ring sensor for different refractive indices, with the same
structural parameters as the nano-disk array, are also demonstrated in Fig. 6b. As can be seen
from these figures, the reflection maxima wavelength shifts toward long wavelength with the
increasing of refractive index of the analyte.

Figure 7 shows that the relationship between the plasmon resonance wavelength and the
refractive index of the MUS is a linear function with the sensitivity of dAdn = 259 nm/RIU
for the nano-disk structure and dA /dn = 512 nm/RIU for the nano-ring structure. Obviously,
one can obtain the refractive index (n,) of the MUS from detecting the plasmon resonance
wavelength. Nowadays, a high-resolution optical spectrum analyzer can achieve a wavelength
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Fig. 6 Normalized reflection spectra of a nano-disk antenna array sensor b nano-ring antenna array sensor
for different refractive indices of materials under sensing
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Fig. 7 Plasmon resonance wavelength of the nano-disk and nano-ring antenna arrays versus the analyte
refractive index
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resolution of AL = 0.01 nm. The sensing resolution of the refractive index is defined as
minimum detectable refractive index change of the analyte solution: SR = AM/(d)X/dn).
With the refractive index dispersions in Fig. 7 and the wavelength resolution, the sensing
resolution of the refractive index can be achieved to be SR = 1.9531 x 10> for the nano-
ring structure which is smaller than the corresponding value for the nano-disk structure
(SR = 3.8610 x 107). Thus, the resolution SR can be enhanced by perforating the nano-
disk structure.

An important comparative parameter of sensing devices is the figure of merit (FoM) which
takes into account the sharpness of the resonance and thus examines the ability to sensitively
measure tiny wavelength changes. We compute the figure of merit of the resonant mode for
nano-disk and nano-ring structures via:

(9Ar/0na) 5
FWHM @

The FoM of the nano-ring structure is 3.41 which exceeds that of the nano-disk structure
(2.73). As can be seen, the refractive index sensitivity and FoM of gold nano-ring structure
are larger than those of the nano-disk structure with similar structural parameters. The main
reason of the larger refractive index sensitivity of gold nano-ring structure is that a larger
fraction of the spatial region with enhanced electric fields is exposed to the material under
sensing. As shown in Fig. 3, the electric field is substantially enhanced not only at the outer
edges of the ring but also inside the ring cavity. However, for the nano-disk structure, the
electric field is enhanced only at the edges of the disk. Moreover, the sensitivity of any
plasmonic sensor largely depends on the resonant wavelength. The resonant wavelength
of the nano-ring structure is red-shifted with respect to the nano-disk structure. This can
be considered as another reason why a nano-ring in general will show a higher sensitivity
already compared to a nano-disk structure.

It is also possible to do the sensing by monitoring the variation of the reflected light
intensity (/) at a fixed wavelength. The contour maps of the reflected power as a function
of the wavelength and the refractive index of the analyte for the nano-disk and nano-ring
structures are illustrated in Fig. 8a, b, respectively.

As can be seen, for a fixed wavelength, both structures exhibit a large variation in their
reflectance with increasing refractive index of the analyte.

Our simulations demonstrate the feasibility of sensing by using a nano-ring antenna array.
Optimization of the structure geometry should lead to improved performance.
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Fig. 8 Contour map of the reflected power of the a nano-disk antenna array sensor and b nano-ring antenna
array sensor as a function of the wavelength and the refractive index of the analyte
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4 Conclusion

In this paper, we introduced the plasmonic nano-ring antenna array structure for sensing
application. Performance of the proposed structure was characterized and compared with
the conventional nano-disk antenna array by FDTD method. It was shown that adding a
hollow-core to the conventional nano-disk antenna would shift the transmission spectrum to
higher wavelengths, and a nano-ring antenna array is formed. According to the results, the
plasmon resonance wavelength in the nano-ring structure is highly tunable by varying the
value of the ring inner radius. The resonant mode of the proposed nano-ring antenna array
has a sensitivity of 512nm/RIU (two times greater than the nano-disk array sensor), and a
resolution of 1.9531 x 10~ RIU. The sensing mechanism can be made by monitoring the
shift of the resonant wavelength. The proposed structure can be effectively implemented in
integrated plasmonics-based optical chips and can be applied to high-resolution biological
sensing.
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