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Abstract: A plasmonic filter and sensor is designed based on an end-coupled ring-groove composited resonator
(RGCR). According to the magnetic field distributions of the resonance modes, a horizontal or vertical groove is
added to the perfect ring resonator, and the transmission peaks for the 1% and the 2" modes can be linearly
changed by the length of the groove. In this case, the proposed structure can act as an on-chip optical filter with
flexible wavelength manipulation. When the groove is rotated with an angle of n/4, Fano resonance arises due to the
mode interference. Dual asymmetric sharp transmission peaks are achieved around the wavelength of the former 2
resonance mode. High figure of merit and high sensitivity are obtained for the structure, and it is believed that the
device can find widely applications in the biochemistry sensing area. The corresponding spectra and the propagation
characteristics are numerically investigated by using the finite-difference time-domain method.
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1 Introduction

Recently, high integrated photonic circuits have been
widely developed by taking advantages of surface plas-
mon polaritons (SPPs) ), which are considered as one of
most promising ways to overcome the diffraction limit of
lightwave. In particular, various plasmonic metal-insu-
lator-metal (MIM) waveguide structures *%, which show
great potentials in the optical communication due to the
advantages of easy fabrication and strong light confine-
ment, have been proposed and demonstrated, such as

MZI-based device”), Y-shaped combiners ], couplers P-1%,

and optical waveguides "2, As the important unit in the
optical signal processing module >4, MIM-based opti-
cal filter has also received considerable interest. For ex-
ample, plasmonic band-stopped filters were achieved in
the MIM structures that were constructed by periodic
insulators or grooves 2%, Side-coupled or end-coupled
slot cavities, which acted as Fabry-Pérot (FP) resonators,
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were also proposed to obtain multiple filtering channels
(25271 For those traditional optical filters, one may mainly
concern on the manipulations of the center wavelength
and the spectral line shape. Usually, the resonance wave-
length has a linearly relationship with the length of the
resonator, while symmetric spectrum with narrow line
width is preferred for the filter. However, Fano resonance,
which is attributed to the modes interactions, possesses
asymmetric sharp transmission peaks . Distinguished
from the traditional filtering characteristics, the struc-
tures with Fano resonance will be appropriate for the
sensing due to the high figure of merits (FOM) and the
high sensitivity. Asymmetric spectral line shapes were
achieved by using the MIM structures with two parallel
grooves or two side-coupled slot cavities . Fano reso-
nance was also investigated by employing the T-shaped
resonators *1-32,

In this paper, an optical filter based on a subwavelength
end-coupled ring-groove composited resonator (RGCR)
is firstly proposed and investigated. The position of the
groove is the key factor to manipulate the 1* or 2™ reso-
nance mode, and the wavelength of the expected mode
can be linearly changed by the length of the groove. In
this case, the proposed structure can act as an on-chip
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optical filter. When the groove is rotated n/4, Fano res-
onance arises due to the interference between the dark
mode and the bright mode. Dual asymmetric-sharp
transmission peaks are achieved with high FOM and high
sensitivity.  Finite-difference time-domain (FDTD)
method with perfectly matched layer (PML) boundary
conditions is used to investigate the performance of the
MIM RGCR structure.

2 Theories and analyses

Fig. 1 shows the schematic diagram of the proposed MIM
structure, and the metal and insulator are assumed as
silver and air, respectively. The RGCR is placed between
the input and output MIM waveguides with coupling
distances of s; and s,, respectively. The angle ¢ between
the normal line and the groove is used to identify the
position of the groove. It is well known that the perfect
ring (PR) structure can be regarded as a FP resonator,
and the resonance phase condition is given as:

kRe(n g )L =2mn, m=1,2,3,--, (1)
where L. =m(R+7r) isthe equivalent resonant length,

rand R are the inner radius and the outer radius, respec-
tively, m 1is an integer that stands for the resonance
mode, k=2m/A is the wave-vector in free space, and
Re(n,;) is the real part of the effective refractive index
n. which can be calculated from the dispersion equa-

tion in the waveguide given by (3

&k, + &k, tanh(=jk, W /2)=0, (2)
where k, =/, k’— " is the transverse propagation

constants in air and silver, respectively, Wis the width of

the waveguide, [ =k, is the propagation constant,
and &, and ¢ are the permittivity of air and silver,

respectively.

According to equation (1) for those FP filters, it can be
concluded that the center wavelengths for the resonance
modes are mainly determined by the effective length of
the resonator. We only consider the 1* and the 2™ reso-
nance modes for better analysis on the mechanism of
wavelength manipulation by adding the groove. In the
following simulations, the width of the MIM waveguide is

B ] e
Fig. 1 Schematic diagram of the proposed plasmonic
RGCR structure.
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W=50 nm, the inner and outer radii are =170 nm and
R=220 nm, respectively, the coupling distances are §=5
nm and £=10 nm, and the optical constants of silver are
referred to the experimental data in Ref. [34]. In this case,
the transmission spectrum of the PR resonator based on
FDTD method is shown in Fig. 2(a). Obviously, two
transmission peaks with high transmittance are obtained
at the wavelengths of 890.6 nm and 1784.4 nm, respec-
tively, and thus this kind of structure can be used as an
optical filter. The center wavelengths for the two modes
agree well with that analyzed in equation (1), i.e., the ra-
tio of the wavelengths for the 1* and 2™ modes are 2: 1.
According to equation (1), it can be also estimated that
the wavelengths for all the modes can be changed pro-
portionately by the length of the resonator. Therefore, it is
interested to explore the method to only manipulate the
expected mode.

The magnetic field intensities for both modes are also
shown in Fig. 2(a), based on that we can design the posi-
tion of the groove. Specifically, when the groove locates at
the anti-node of magnetic field, SPPs are captured into
the groove, and then the resonance wavelengths are
changed by the groove. On the contrary, when the groove
locates at the node, the corresponding SPP mode is not
affected by the groove. Therefore, the groove is firstly
placed at the top of the PR (i.e. ¢=0°), where is the an-
ti-node and the node for the 2™ and the 1* modes, re-
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Fig. 2 Transmission spectra of (a) PR resonator, and (b)~(f)
RGCR structures with ¢=0°, and L=40, 60, 80, 100, and 120
nm, respectively.
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spectively. Therefore, the wavelength for the 2™ mode can
be manipulated by the groove, while the 1* mode keeps
no change. By defining the width of the groove as D=30
nm firstly, the analysis results are further confirmed by
the FDTD simulations. In the case of =40, 60, 80, 100,
and 120 nm, the wavelength for the 2™ mode is investi-
gated to have a linear-proportional relationship with the
length of the groove, and the corresponding wavelengths
are 915.0, 937.2, 969.3, 1013.1 and 1066.8 nm in Figs.
2(b)~2(f), respectively, but the 1** mode always stays at
the former wavelength of 1784.4 nm. The satisfactory
filtering characteristics are also not affected in the RGCR
structure. For example, high transmittance of ~0.5 and
~0.4 is always available for the 1* and the 2™ peaks. The
quality factor Q factor is also used to evaluate the per-
formance of the structure, and is expressed as:
0=—"—,
WFWHM
where Wiy is the full width at half maximum at the
center resonance wavelength. The Q factors for the 2™
and the 1% resonance peaks are 14.2 and 21.5 in Fig. 2(a),
15.3 and 20.7 in Fig. 2(b), 16.9 and 20.7 in Fig. 2(c), 19.5
and 20.7 in Fig. 2(d), 24.4 and 20.7 in Fig. 2(e), and 32.3
and 20.7 in Fig. 2(f), respectively.

In addition, the groove is placed in the horizontal po-
sition, i.e., »=90°, where the anti-nodes for both SPPs
modes emerge, as shown in Fig. 2. According to the anal-
ysis above, it can be predicted that the center wavelengths
for both modes are affected by the groove. The transmis-
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Fig. 3 Transmission spectra of (a) perfect ring resonator,
(b)~(f) PR structure with »=90°, and L=40, 60, 80, and 100
nm, respectively.
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sion spectra based on FDTD simulations are shown in
Fig. 3. Compared to the spectrum of the PR resonator in
Fig. 3(a), both transmission peaks have redshifts by add-
ing a horizontal groove, whose lengths are 40, 60, 80, and
100 nm in Figs. 3(b)~3(e), respectively. The correspond-
ing wavelengths and Q factors for the 1% and the 2
modes are listed in Table 1. The Q factors for both trans-
mission peaks are improved by increasing the length of
the groove.

Furthermore, the groove is considered to be moved to
the position with ¢=45°, where is the anti-node for the 1*
mode and the node for the 2" mode, as illustrated in Fig.
2(a). The other parameters are the same as above during
the simulations. Obviously, the transmission peak for the
1** mode of the RGCR structure has a relative redshift to
the one of the PR resonator. Meanwhile, the peak wave-
length for the 2" mode in the RGCR structure is in ac-
cordance with that in the PR. Therefore, the band-pass
filtering performance is not affected by the groove, since
two channels are always obtained. However, one can
flexibly manipulate the wavelengths of the expected
modes through adjusting the position and the length of
the groove. This proposed structure can provide more
freedom to design the plasmoic filters.

Interestingly, in addition to the two symmetric peaks,
it can be seen that Fano resonance with asymmetrical
spectral profiles is also achieved due to the interference
inside the RGCR structure. Two sharp Fano peaks (i.e.
FP1 and FP2 ) with high transmittances of 0.43 and 0.20
occur at 747.2 and 975.8 nm, respectively. For FP1, the
transmittance decreases rapidly at the left side of the
sharp transmission peak, resulting in a transmission dip
with ultra-low transmittance at 731.0 nm. Meanwhile,
there is also the other transmission dip that emerges at
986.2 nm for FP2. The phase response and the delay time
are analyzed in Fig. 4(b). Obviously, the phase has a shift
during the Fano dip or the Fano peak. Since the delay
time 7 and the phase response satisfy the condition of
2m-00/0f , it can be calculated that negative delay time
and positive delay time are achieved at the dips and the
peaks, respectively. The detailed results at the center
wavelengths are as follows: -0.43 ps at FD1, 0.16 ps at FP1,
-0.32 ps at FD2, and 0.12 ps at FP2, respectively. The dis-
persion d, is determined by the time delay ras d,=d7/d4,
and thus normal dispersion and abnormal dispersion are

Table 1 Wavelengths and Q factors with different lengths of the
groove.
1% SPP mode 2" SPP mode
L/nm
Wavelength/nm Q Wavelength/nm Q
40 1818.0 15.5 915.7 22.2
60 1839.0 17.2 934.8 22.5
80 1868.0 20.3 966.7 231
100 1898.0 23.4 1010.0 24.5
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avajlable within the Fano peaks and dips, respectively.
Therefore, on-chip slow light and fast light applications
can be developed by using this proposed structure. More
details about the SPPs propagation are investigated by
using the magnetic field distributions in Fig. 5. Most of
SPPs at the wavelengths of FD1 and FD2 are stopped by
the RGCR structure, while the ones at FP1 and FP2 can
pass through the output MIM waveguide.

To evaluate the performance of the RGCR structure
that is used as a sensor, the sensitivity Sand FOM are the
two importance factors and are expressed as **!
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where T(A1) is the transmittance at the specific wave-
length, and d7T'(A)/dn(A) is the transmittance variation
induced by a refractive index change at the fixed wave-
length. According to equation (5), we know that an ul-
tra-low transmittance and a sharp increase induced by
the index changes are preferred for obtaining a high FOM.
When the length of the groove is defined as Z=120, 140,
and 160 nm, the transmission spectra are shown in Fig.
6(a). The wavelengths of the Fano peaks and dips in-
crease linearly with the length of the groove, but the 2™
resonance mode always stay at 891 nm. It is further in-
vestigated that the Fano resonance is affected by the
groove, and the 2™ SPP mode does not. Subsequently, the
insulator inside the MIM waveguide is changed to be the
one with the refractive index of n=1.0, 1.01, 1.03 and 1.05,
respectively. By fixing Z=100 nm, the transmission spec-
tra, which are shown in Fig. 6(b), also present a redshift
when increasing the refractive index almost linearly.

(b) 6 0.2

5 0.1
4 0 2
5 3 01 @
2 =
2 2
o 2 -02 &
®
1 03 °

0 0.4

-1 -0.5

700 900 1100

Wavelength/nm

Fig. 4 (a) Transmission spectra of PR resonator and RGCR structure with ¢=90° and L=100 nm, and (b)

phase response and delay time.
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Based on equation (4), the sensitivity is derived as 728
nm/RIU and 970 nm/RIU for FP1 and FP2, respectively.
As another evaluation criterion for the sensor, the FOM*
variation with respect to the wavelength based on equa-
tion (5) is calculated in Fig. 6(c). High FOMs of 4.1x10*
and 0.5x10* are achieved at the wavelengths of two Fano
peaks, respectively. In this case, high performance of the
RGCR structure that performs as a sensor is investigated,
since high sensitivity and high FOM are obtained. One
can design the on-chip biochemistry sensor by referring
to this kind of RGCR structure.

3 Conclusions

In summary, a plasmonic RGCR filter and sensor based
on FP and Fano resonance has been proposed and inves-
tigated by using MIM waveguides. As for a filter, two
transmission peaks with high transmittance are achieved,
and the wavelengths of the expected modes could be lin-
early manipulated by changing the position and the
length of the groove, which makes the filter design more
flexible and the resonance wavelength tunable. In addi-
tion, when the groove is with the angle of 45°, Fano
resonance with dual asymmetric sharp transmission
peaks has also been achieved due to the mode interaction

2017, Vol 44, Issue 2

inside the RGCR structure. High sensitivity of 970
nm/RIU and high FOM of 4.1x10* are investigated by
using the FDTD simulation. This kind of device may be
widely applied in on-chip optical signal processing and
bio-sensing area.
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