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A compact plasmonic nanosensor has been described, which consists of a metal-insulator—met-
al (MIM) waveguide and two symmetric rectangular stubs coupled with a gammadion resonance
cavity (GRC) with chiral properties. The transmission characteristics and magnetic field distribu-
tion of the MIM waveguide structure are simulated by employing the finite element method (FEM).
Results revealed that a Fano resonance is excited in the designed whole waveguide system. The Fano
resonance can be tuned by the structural parameters of the waveguide system. The MIM waveguide
structure with optimized parameters can be applied in identify different concentrations of glucose
solution. The sensitivity achieves up to 945 nm/RIU. This proposed structure has potential appli-
cations in the biosensors and optical communications.
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1. Introduction

Surface plasmons (SPs), which are formed by the interaction between the incident
photons and freely oscillating electrons on the surface of the metal, are the electro-
magnetic waves propagating along the metal surface [1,2]. SPs include surface plasmon
polaritons (SPPs) and localized surface plasmons (LSP), which can break the diffrac-
tion limit and excite high intensity near-fields [3,4]. Among all waveguide structures,
the metal-insulator—metal (MIM) waveguide structures have advantages including low
band loss, low fabrication cost, easiness to integrate, and stronger restraint of SPs [5-8].
Therefore, large amounts of optical devices based on MIM waveguide structure have
been proposed, such as biosensors, switches, filters, and couplers [9-12].

Peculiar optical properties have been found in the MIM waveguide system. Fano
resonance is a resonance phenomenon that produces a sharp and asymmetric spectral
narrow line-shape, owing to which, the transmission spectrum of the Fano structure
exhibits a relatively narrow full width at half maximum (FWHM) [13, 14]. It originates
from the mutual coupling between broad continuum state and narrow discrete state of
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EM modes [15,16]. Fano resonance forming in MIM waveguide system is extremely
sensitive to the refractive index of medium environment and structural parameters,
which is usually designed as nanosensors [17]. At present, large numbers of nano-
sensors based on the Fano resonance of MIM waveguide system have been reported
in nanophotonics. ZHU et al. presented a plasmon waveguide structure consisting of
a MIM waveguide and a semicircular resonant cavity coupled with a key-shaped res-
onant cavity, which can attain a sensitivity of 1261.67 nm/RIU [9]. Q1a0 et al. proposed
a plasmonic nanosensor composed of a baffle and an M-type cavity with a sensitivity
of 780 nm/RIU [18]. ZHAO et al. introduced a nanosensor based on MIM waveguide
structure, that consisted of two silver baffles coupled with a ring cavity. The sensitivity
of this nanosensor reached 718 nm/RIU [19]. In these studies, these structures are too
complex to integrate, and the sensitivity is relatively low. Moreover, chiral nanostructure
have become a growing interest in SPs optics owing to its marvellous optical properties
such as circular dichroism, negative refractive index, and optical rotation [20-22].
However, to date, there are few studies paying attention to the sensing characteristics
and Fano resonance of MIM waveguide with chiral structure. Therefore, it is crucial
to develop acompact MIM waveguide system with chiral structure and remarkable sen-
sitivity in sensing.

In this paper, we propose a compact MIM waveguide structure, which consists of
a MIM waveguide and two symmetric rectangular stubs coupled with a gammadion
resonance cavity (GRC) with chiral properties. The transmission spectrum and mag-
netic field distribution of the MIM waveguide structure are simulated by employing
the finite element method (FEM). Then, the Fano resonance is obtained in the designed
whole waveguide system. The effect of structural parameters of the waveguide system
such as the height and length of rectangular arms, the height and width of two sym-
metric rectangular stubs, and the coupling distances of GRC and two symmetric rec-
tangular stubs on Fano resonance are analyzed. Finally, the sensing characteristics of
the MIM waveguide structure with optimized parameters is investigated. This study
mainly focus on the theoretical exploration of the Fano resonance of MIM waveguide
structure with chiral gammadion resonance cavity, with subsequent application of the
optimized structural in the field of nanosensor.

2. Structure model and analytical method

To study the Fano resonance of MIM waveguide with chiral structure, the MIM wave-
guide structure comprising the MIM waveguide with the GRC coupled with two sym-
metric rectangular stubs is proposed. Figure 1 shows the schematic diagram of the
constructed waveguide structure. The white area represents air and the gray area repre-
sents metallic silver. The GRC can be seen as consisting of a cross and four rectangular
arms. The length and width of the rectangular arm of GRC are defined as L and w,,
respectively; w, and H represent the width and height of the two symmetric rectangular
stubs, respectively. The coupling distance between the GRC and the two symmetric
rectangular stubs is denoted as G.
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Fig. 1. Schematic diagram of the MIM waveguide structure with two symmetric rectangular stubs coupled
with a gammadion resonance cavity (GRC).

Finite element method (FEM) is employed to calculate the light propagation through
the MIM waveguide structure. Since the thickness of the proposed structure was sig-
nificantly longer than the light wavelength, the 2D model can be used to approximate
the 3D model for simulation calculations. The dielectric constant of metallic silver is
obtained using the Drude model [23]:

w2

e (w) =g, ———FB 1
w(@) = o= s M
where w is the angular frequency of the incident wave, ¢, = 3.7 represents dielectric
constant at infinite angular frequency, w, =9.1 eV is the plasmon frequency of the
metallic silver, y = 0.018 eV is the electron collision frequency. The transmission spec-
trum of the compact waveguide system was expressed by T'= P /P;,, where Py, ) 18
the power flux input (output) of the waveguide system.

3. Results and discussion
3.1. Transmittance characteristic analysis

To clearly understand the transmission characteristics of the MIM waveguide system
with GRC, we calculated the transmission spectrum of the designed waveguide struc-
ture, the structural parameters were set as follows: w = w; =w, = 50 nm, L = 175 nm,
H=70nm, and G = 10 nm. Figure 2 shows the transmission spectra of single GRC,
single two symmetric rectangular stubs and the entire structure. The transmission spec-
tra of single two symmetric rectangular stubs have high and stable transmittance in the
range of 900 to 1400 nm. It can be regarded as broad continuous state. Meanwhile,
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Fig. 2. Transmission spectra of the single two symmetric rectangular stubs (red line), the single GRC
(black line), and the whole system (blue line).

a transmission dip is observed for single GRC at 1006 nm, which can be considered as
a narrow discrete state. In the transmission spectra of the whole waveguide system as
shown in the blue line, a sharp and asymmetric Fano line-shape is observed as a result
of the mutual coupling between the GRC and two symmetric rectangular stubs. This
phenomenon originates from the coherent superposition between broad continuous
state and narrow discrete state [15].

To understand the internal mechanism of Fano resonance of the proposed structure
more clearly, the distribution of H, field in the whole system at the resonance peak
(A =952 nm) and the resonance dip (4= 1046 nm) are displayed in Fig. 3. From
Fig. 3(b), it can be observed that the strong H, field is confined in the GRC and the
left side of the symmetrical rectangular stub, which result in the SPPs cannot transmit
through the waveguide. In Fig. 3(a), it can be seen that the relatively strong A, field
distribution was in the GRC and the two symmetrical rectangular walls. Obviously,
due to the coupling of the A field in the GRC and two symmetric rectangular stubs,
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Fig. 3. The H, field distribution of the whole system at (a) the resonance peak (4 =952 nm), and (b) the
resonance dip (4 = 1046 nm).
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the strong H is excited in the waveguide and the SPPs can pass through the waveguide
structure.

3.2. Influence of structural parameters on Fano resonance

The gammadion-shaped structure has marvellous optical properties because of its rec-
tangular arm. We then studied the influence of geometrical parameters of the rectan-
gular arm on the Fano resonance. Figure 4(a) presents the transmission spectrum of
the waveguide structures with different rectangular arm lengths, where the rectangular
arm length L increases from 135 to 195 nm. Here other parameters are fixed at
wy =w, =50 nm, =100 nm, and G = 10 nm. Figure 4(b) illustrates the FWHM line
graphs for the peak and the dip of Fano resonance. It is seen in Fig. 4(a) that as the
length L increases, the Fano resonance exhibits a significant red shift. The transmit-
tance of the peak increases from 0.56 to 0.87, and the dip has been basically unchanged.
Obviously, the length of the rectangular arm L has great influence on the resonance
wavelength and peak value of Fano resonance. As shown in Fig. 4(b), it was found
that as the length L increases, the FWHM of peak (#,) indicates an upward trend, and
the FWHM of dip (£,) shows a general downward trend. In view of both the line
graphs, it can be observed that the average value of F,, and Fy is the lowest when
L =155 nm. Therefore, this value is considered to be the optimal value, we choose to
use a rectangular arm of 155 nm.
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Fig. 4. (a) The transmittance spectra of the GRC as the length of rectangular arm L increases from 135 to
195 nm. (b) The change curves of FWHM for the peak and the dip of Fano resonance.

In addition, we investigate the influence of the rectangular arm width on the Fano
resonance. Figure 5(a) shows the transmission spectra when the width of rectangular
arm of GRC, w), increases from 50 to 110 nm. The other parameters were fixed as
wy =50 nm, L = 155 nm, H =100 nm, and G = 10 nm. It can be observed from Fig. 5(a)
that as the rectangular arm width w, increases, the Fano resonance shows a clear blue
shift, and the transmission peaks decrease from 0.77 to 0.12. These indicate that the
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Fig. 5. (a) The transmittance spectra of the GRC as the width of rectangular arm w, increases from 50 to
110 nm. (b) The change curves of FWHM for the peak and the dip of Fano resonance.

intensity and resonance wavelength of Fano resonance was affected by the width of
rectangular arm of GRC. Figure 5(b) shows the FWHM of the peak and the dip with
different rectangular arm widths. Obviously, it can be seen that with the change of the
rectangular arm width, the £, is basically unchanged, whereas the F; increases sharply.
Based on the changing trend of FWHM in Fig. 5(b), we choose the rectangular arm
width w; = 50 nm as the optimal value.

The rectangular arm and two symmetric rectangular stubs exhibit strong coupling
interaction, so the influence of the width w, and height A of the two symmetric rec-
tangular stubs and the coupling distance G on Fano resonance was then examined, re-
spectively. Figure 6(a) displays the transmission spectra changes as the height H
increases from 60 to 120 nm. Here the other parameters are fixed as w; = w, = 50 nm,
L =155 nm, and G = 10 nm. As shown in Fig. 6(a), the Fano resonance exhibit a red

1.0 140
L (a) (b)
120 |
0.8 —a— Peak
< F 100 L —e— Dip
.2
Z06r = 80}
g L an)
= Z 60
504 b 60 F
= —— H=60nm
— H=80nm 40
0.2 —_— =
H =100 nm 20k
‘ - H=120 nm
00 7 D1 1 1 1 0 L 1 1 1 L 1 1
800 900 1000 1100 1200 1300 1400 60 70 80 90 100 110 120
Wavelength [nm] H [nm]

Fig. 6. (a) The transmittance spectra of the two symmetric rectangular stubs as its height H increases from
60 to 120 nm. (b) The change curves of FWHM for the peak and the dip of Fano resonance.
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shift as H increases. Moreover, the transmittance of the peak decreases significantly
from 0.92 to 0.48. These analyses indicate that the peak value of Fano resonance was
affected by the height of two symmetric rectangular stubs. And as shown in Fig. 6(b),
with the increases of height A of two symmetric rectangular stubs, the curves of F),
and F'y demonstrate a decreasing trend and an increasing trend, respectively, intersect-
ing at H =90 nm. Based on the variation characteristics of the /|, and F in Fig. 6(b),
we choose to use the symmetric rectangular stub height H of 90 nm.

Figure 7(a) shows the transmission spectra of the waveguide structures with dif-
ferent symmetric rectangular stubs width w,, where the width changes from 70 to 130 nm
with an interval of 20 nm. The other structural parameters are: w; = 50 nm, L = 155 nm,
H =90 nm, and G = 10 nm. As shown in Fig. 7(a), the wavelength of Fano resonance
is unchanged as w, increases. The transmittance of the peak decreases from 0.79 to 0.50,
and the transmittance of the dip indicates only a minimal change, increasing from
0.0103 to 0.0113. This means that the resonance wavelength of the Fano resonance is
not influenced by the width of two symmetric rectangular stubs. Figure 7(b) displays
the FWHM of the peak and dip. As w, increases, the curves of F, demonstrate a de-
creasing trend slowly, whereas the F; presents an increasing trend markedly. Based on
the change trend of FWHM in Fig. 7(b), we chose to use the w, of 70 nm to build the
prototype plasmonic nanosensor.
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Fig. 7. (a) The transmittance spectra of the two symmetric rectangular stubs as its width w, increases from
70 to 130 nm. (b) The change curves of FWHM for the peak and the dip of Fano resonance.

Based on the above optimized parameters, the influence of the coupling distance G
between two symmetric rectangular stubs and GRC on Fano resonance was studied.

Figure 8(a) presents the transmission spectra when the coupling distance G increas-
es from 10 to 15 nm. The other structural parameters were as follows: w; = 50 nm,
w, =701nm, L = 155 nm, and H = 90 nm. As shown in Figure 8(a), when G increases,
the Fano resonance manifests a slightly blue shift. The transmittance of the peak de-
creases from 0.79 to 0.39, while the transmittance of the dip increases from 0.01 to 0.05.
Obviously, the intensity of Fano resonance is gradually weakening as G increases.
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Fig. 8. (a) The transmittance spectra of the GRC coupled to the two symmetric rectangular stubs with dif-
ferent coupling distances G. (b) The change curves of FWHM for the peak and the dip of Fano resonance.

The corresponding FWHM of the peak and dip are presented in Fig. 8(b). As the cou-
pling distance G increases, the change curves of £, and Fy present a parabola line, and
the lowest point is at G = 15 nm. Therefore, we use the coupling distance G = 15 nm
as the standard value.

3.3. Concentration of glucose solution identification

In view of the conclusions that the Fano resonance is influenced by structural parameters
of the MIM waveguide structure comprising the MIM waveguide with the GRC coupled
with two symmetric rectangular stubs, the application of the MIM waveguide structure
with optimized parameters in the field of nanosensor is explored. We simulated the
transmission spectrum in different concentrations of glucose solution. The average
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Fig. 9. (a) The transmittance spectra of the MIM waveguide structure with optimized parameters when
the glucose concentration C increases from 0 to 400 g/l. (b) The relationship between the wavelength
of peak and dip of Fano resonance and the glucose concentration C.
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refractive index of glucose solution with different concentrations of glucose is de-
scribed as [24]:

ngs =0.00011889C + 1.33230545 (2)

where Cis glucose concentration (g/1) and n is the average refractive index of glucose
solution. Figure 9(a) shows the transmittance spectra of glucose solution with the con-
centration C ranging from 0 to 400 g/1. It was found from Fig. 9(a) that as the glucose
concentration increased, the Fano resonance exhibited a clearly red shift, whereas the
transmittance of dip and peak remained basically unchanged. Specifically, the wave-
length of the peak increases from 1235 to 1278 nm and the wavelength of dip increases
from 1258 to 1303 nm. More importantly, the wavelength of peak and dip varies lin-
early with the glucose concentration C as shown in Fig. 9(b).

Generally, the crucial indicator for assessing sensors is sensitivity S. Moreover, the
sensitivity S is defined as [25]:

S=AA/An [nm/RIU] 3)

where the wavelength shift of Fano resonance is expressed by A4 and the change of
refractive index is described by An. Based on Eq. (3), the sensitivity S at the dip is
945 nm/RIU.

The sensitivity S of the proposed plasmonic nanosensor is compared with other sen-
sor structures in Table 1. Obviously, compared with previous results [18,19,26,27],
where the sensitivity S was 780, 718, 753 and 600 nm/RIU, the sensitivity S of our
work was higher. Meanwhile, compared to Fano system [9], although the sensitivity S
is higher than our work, the structure is too complex to integrate.

Table 1. Comparison of the sensitivity with references.

Reference Sensitivity [nm/RIU]
[9] 1261.67

[18] 780

[19] 718

[26] 753

[27] 600

This work 945

4. Conclusions

In summary, this study presents a compact plasmonic nanosensor, which consists of
a MIM waveguide and two symmetric rectangular stubs coupled with a GRC. The Fano
resonance is excited in the designed whole waveguide system and can be tuned by the
structural parameters of the waveguide system. Specially, the resonance wavelength
of the Fano resonance is mainly adjusted by the width and length of the rectangular
arm in the GRC. Based on the excellent sensing characteristics of Fano resonance struc-
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ture, the MIM waveguide structure with optimized parameters is applied in identify
different concentrations of glucose solution. The sensitivity achieves up to 945 nm/RIU.
Moreover, the designed waveguide system can also be applied in the sensing of other
liquids. This study provides a helpful direction for designing plasmonic nanosensor,
and expand the application of nanophotonic devices in biosensors and optical commu-
nications.
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