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Abstract We investigate theoretically and numerically the
resonant transmission through side-coupled metallic grooves.
In the framework of coupled mode theory (CMT), a single
metallic groove can be considered as a lossy optical resonator
and two metallic grooves coupled via tunneling effect can be
treated as a second-order cascade resonator. The relationship
between the transmission lineshape of the coupled grooves
and the cross-coupling between the grooves is analyzed by
CMT. It is found that a flat-on-top lineshape can be obtained
when the cross-coupling is equal to the total decay rate of the
groove mode. Predictions based on the CMT analysis are in
good agreement with the simulation results based on the
finite-difference time-domain technique.
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Introduction

Subwavelength metallic grooves play an important role in
the study of surface plasmon polaritons (SPPs). For in-
stance, they have been used to excite SPPs in groove—slit
structures [1, 2], to realize unidirectional SPP propagation
along metal surface [3], to guide channel SPPs in a low-loss
and well-confined manner [4], etc. Besides, metallic grooves
have been employed in many SPP-assisted processes, such as
the enhancement of light absorption in solar cells and the
optical elements of switching and filtering where strong local-
ization of wave energy is required [5—7]. Actually, the strongly
localized energy comes from the localized SPP modes formed
by multireflection or scattering of the guiding SPPs in
grooves. It has been well known that the resonant tunneling
of these localized modes can lead to large transmission
through metal gratings [8—12]. People consider it as the major
mechanism of extraordinary transmission through metallic
films with an array of holes, in the sense that a subwavelength
hole can only support evanescent waves [8, 9, 13]. Therefore,
the study of the resonant tunneling of localized SPP modes is
very important from the viewpoints of both fundamental
research and device application. Obviously, the investigation
of the tunneling between two grooves rather than two gratings
is of more fundamental. To the best of our knowledge,
however, this issue remains unresolved. In this article, we
introduce a parameter (cross coupling) to characterize the
tunneling effect between two metallic grooves and derive the
formula for the transmission. Since a single groove can be
considered as a lossy optical resonator, two metallic grooves
coupled via tunneling effect can be treated as a second-order
cascade resonator. Thus, the transmission behavior of coupled
grooves can be analyzed by using coupled mode theory
(CMT) [14]. With the advance and development of plasmonic
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devices, SPP tunneling is found to be an important physical
mechanism for optical filters based on subwavelength metallic
structures. Similar to traditional optical filters, optical filters
relying on SPP tunneling with flat tops and sharp edges are
highly desirable especially in the system of wavelength divi-
sion multiplexing because the cross-talk between adjacent
channels can be significantly reduced while the optical signal
can be effectively transferred with negligible distortion. Such
characteristics can be achieved by modifying the cross-
coupling of coupled metallic grooves. We compare the CMT
predictions with the simulation results based on the finite-
difference time-domain (FDTD) technique and find a good
agreement between them. Therefore, the investigation of me-
tallic grooves based on CMT analysis and FDTD simulation
would be helpful for the design of optical filters relying on
SPP tunneling.

An Isolated Metallic Groove

Before discussing coupled groove structures, it is necessary
to understand the resonant modes of an isolated groove. The
physical model for the isolated groove is schematically
shown in Fig. 1. A thin silver layer (represented by orange
color) with a U-shaped groove is embedded in silica (repre-
sented by green color). The width of the groove is designed
to be much smaller than the wavelength of the incident wave
so that only the fundamental mode can be excited in it.
When an electromagnetic wave with transverse magnetic
polarization is launched normally on the groove from the
left side, it will be reflected at both the mouth and the
bottom of the groove. Thus, the groove acts as a Fabry—
Pérot resonator.

Suppose a is the amplitude of the localized groove mode
whose resonant frequency is @, Yr is the decay rate of a
into the reflected wave, 7, is the total decay rate of a into
other channels that include scattering, excitation of SPPs,

Fig. 1 Schematic of a U-shaped groove made in a thin silver layer
(orange color) embedded in silica (green color). The arrows indicate
the possible decay channels of the incident wave, including reflection,
excitation of SPPs, and absorption
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and absorption, i.e., ¥y = Y2 + ¥spp + Yap> then the follow-
ing relationship can be established based on CMT

{ % = (ia)o = Vreef — }/O)a + V 2yrefsin (1)
Stef = —S8in T 2V 1er@ ’

where s;, and s,.rare the normalized amplitudes of the incident
and reflected waves, respectively. Thus, |s;,|* and |s,ed” repre-
sent the incident and reflected powers. Consequently, the
reflectance, defined as R=\sre#sin|2, and the localized energy
in the groove, expressed as |a|*, can be derived as

R = (@=00)*+(7r=70)*
(©=00)"+ (7t +70)” (2)
2 _ 27 et 12
|al 7 |sin|
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Apparently, the reflectance is smaller than one due to the
loss of energy in the groove indicated by 7,. Under the
resonant condition, i.e., ®=wy, R gets the minimum value
and the groove acts as a novel type of resonator in which
only one SPP mode is excited. This case corresponds to the
strongest localization of energy, as can be seen by the
expression of |a|>. In other words, we can determine the
resonant frequency of the groove by comparing the locali-
zation of energy at different frequencies.

In order to deeply understand the localized modes of the
groove, we have carried out FDTD simulation on the groove
shown in Fig. 1. In the numerical simulations, the refractive
index of silica was set as 1.45 and a Drude—Lorentz function
was used to describe the dielectric constant of silver [15].
The thickness of the silver layer and the depth and width of
the groove were made to be 750, 500, and 50 nm, respec-
tively. The grid sizes in the x- and z-directions were chosen
to be 2.5 and 5 nm and a perfectly matched layer boundary
condition was employed in the numerical simulations.

The energy intensity distribution along the groove axis as
a function of wavelength/frequency calculated by FDTD
simulation is shown in Fig. 2. The positions of 0.0 and
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Fig. 2 Energy intensity distribution along the groove axis as a function
of wavelength/frequency calculated by FDTD simulation. The positions
0f 0.0 and 0.5 pum correspond to the mouth and bottom of the groove
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0.5 um correspond to the mouth and bottom of the groove,
respectively. It is noticed that strong localization of energy
in the groove occurs at three wavelength regions. According
to the analysis based on Eq. 2, the central wavelengths of
these regions give the resonant wavelengths of the localized
modes in the groove. They are determined to be 0.67, 0.90,
and 1.52 pum (in vacuum), respectively. The corresponding
frequencies are calculated to be 1.49 (27t¢/um), 1.11
(27tc¢/um), and 0.66 (27tc/um), where ¢ is the speed of
light in vacuum. In the following, we will focus on the
groove mode located at 0.90 um. Based on FDTD
simulation, the total decay rate, which is defined as
Y=Yt Ve, 18 derived to be w/27 while the decay rate
of groove mode into the reflected wave ~,.r is found to
be 0.77.

Two Side-Coupled Metallic Grooves

In the last section, we have analyzed theoretically by CMT
and calculated numerically by FDTD simulation the local-
ized modes of an isolated groove. Now we move on to the
two identical grooves created on the two sides of the silver
layer, as schematically shown in Fig. 3. If the two grooves
are brought close, side coupling between them through
evanescent wave tunneling is expected. As a result, a trans-
mitted wave can be detected at the mouth of the right groove
if an incident wave is launched normally on the left groove.
In this case, the transmittance of the coupled grooves
depends not only on the wavelength (or frequency) of the
incident wave but also on the separation between the two
grooves (denoted as d in Fig. 3). Here, the two grooves are
designed to be side-coupled rather than butt-coupled (bot-
tom to bottom) so that the coupling strength between them
can be adjusted and especially enhanced by increasing the
coupling length, which is indicated by /. in Fig. 3. One of
the advantages of this design is that the separation between

Fig. 3 Schematic of two side-coupled grooves created on the two sides
of a silver layer. Here, d and [, represent the coupling lengths between
the grooves in the transverse and longitudinal directions, respectively

the grooves is not necessary to be small which is difficult to
realize in practice. Similar to directional couplers, we intro-
duce two parameters, k1, and K,1, to characterize the cross
couplings between the grooves.

Assuming again that the incident wave is launched nor-
mally on the left groove, the amplitudes of the localized
modes in the two grooves, denoted as a; and a,, satisfy the
following equation according to CMT

d .
G = (@0 = Yeer — Yor)a1 + k1282 + /27 regSin
day _

i = (j00 = Van — Y02)a2 + k2101 ; (3)
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where sqy 1S the normalized amplitude of the transmitted
wave and |sou/” represent the output power from the right
groove, Vier (Viran) denotes the decay rate of a; (ay) into the
reflected (transmitted) waves, and o1 (70>) denotes the total
decay rate of a; (a,) into other channels including scattering,
excitation of SPPs, and absorption. Based on Eq. 3, the
transmittance 7" =|s0ut/sin|2, which reflects the transmission
lineshape of the coupled grooves (i.e., T(w)), can be written
as

2

2 V VrefVtranK 21

Y172 — Kizka1 — (@ — @0)” +j(yy + 72) (@ — o) | |
(4)

where v1="et+Y01> Y2="tant Y02 can be considered as the
total decay rates of a; and a,, respectively. Since the two
grooves are identical and we only discuss the coupling of the
same localized modes, 1.€., Yot = Yan = Ve Y01 = Y02 = Yo0»
Y1 =7, =7, and k12 = k21 = jk, Eq. 4 can be rewritten as

T(w) =
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Based on Eq. 5, we can easily calculated the transmission
lineshape of the two side-coupled grooves and the evolution
of the lineshape with the structure parameter of x/y is shown
in Fig. 4. In the calculations, (7./7) and (wy/7) are chosen to be
0.7 and 27 which have been determined by FDTD simulation
for the groove mode located at 0.90 um. For strong cross-
coupling cases in which (k/y) >1, two transmission peaks are
found to appear at frequencies w1, = @y + (k> — g2)"/%. The
larger cross-coupling, the wider is the separation between the
two peaks, as can be seen in Fig. 4. In Eq. 5, there are two kinds
of power function, (w-wo)* and (w—w,)*, in the denominator of
T. Tt is interesting to note, however, that only (w-w)* survives
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Fig. 4 Dependence of the transmittance lineshape on the cross cou-
pling between two side-coupled grooves obtained by using Eq. 5. Here,
Y.y and wy/y are chosen to be 0.7 and 27, respectively

and the lineshape of 7 becomes flat-on-top when (x/y)=1. The
lineshape like this is quite useful for optical filters. In the
regime of weak cross-coupling, we have (k/y)<l and only
one peak is observed at @, with a transmittance smaller than
(7e/7)*. The smaller cross-coupling, the lower is the transmis-
sion peak. Therefore, Eq. 5 serves as an effective tool to
analyze and understand the tunneling behavior of localized
SPPs. It can be used to interpret the results shown in Fig. 2 of
reference [8], though the coupling of two gratings rather than
two grooves was investigated there. Furthermore, if we ignore
the energy loss, i.e., we let 7.=7, Eq. 5 will become the formula
(34) in reference [9] where strict derivations was employed for
analyzing coupled gratings. It indicates that CMT can be uti-
lized to describe the coupling of localized SPP modes.

In order to confirm the validity of the theoretical analysis
based on CMT, we have performed FDTD simulations on
the structure shown in Fig. 3. The structure parameters of
the silver layer, the silica, and the grooves were chosen to be
the same as those used for the isolated groove. The simula-
tion parameters, including the grid size and the boundary
condition, remained unchanged. For each frequency, a con-
tinuous wave was launched normally on the left groove at
100 nm in front of the groove mouth. The incident wave
possesses a rectangular intensity distribution with a width of
100 nm. The power of the transmitted wave was measured by
placing a 100-nm-wide monitor 20 nm away from the mouth
of'the right groove. The transmittance is defined as the ratio of
the incident power to the transmitted power. We fixed the
coupling length /.=250 nm and adjusted the cross-coupling
by changing the separation between the two grooves d. In this
way, we obtain the evolution of the transmission spectrum
with the change of the groove separation, as shown in Fig. 5.
When d=35 nm, a single peak with a low transmittance of
~0.35 is observed due to weak cross coupling. As d is reduced
to 30 nm, the lineshape of the transmission peak remains
unchanged but a transmission enhancement is observed. A
flat-on-top peak with a transmittance of ~0.40 is obtained
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Fig. 5 Dependence of the transmittance lineshape on the separation
between the two grooves obtained by FDTD simulations. The coupling
length is fixed at /,=250 nm

when d is reduced to 25 nm. When d is further reduced to
20 nm, the cross coupling between the two grooves becomes
strong and two peaks begin to appear in the lineshape. The
separation between the two peaks becomes wider with de-
creasing d. For d=10 nm, we observe two widely separated
peaks with a transmittance close to 0.50. Therefore, the theo-
retical prediction based on CMT is confirmed by numerical
simulation based on the FDTD technique. However, the shapes
of some transmission peaks look different, especially for the
case of d=15 nm. This difference originates mainly from the
influence of the adjacent groove modes, such as the modes
located at 0.66 and 1.50 um. When d is small, the coupling
between neighboring groove modes cannot be neglected and it
may affect the groove mode we studied, leading to the distor-
tion of the lineshape which is not considered in the theoretical
analysis. The asymmetric lineshape observed in Fig. 5 may be
caused by the influences from the neighboring groove modes
located at low and high frequencies.

Based on theoretical analysis and numerical simulation,
we have known that the achievement of a flat-on-top trans-
mission lineshape relies on the accurate control of the sep-
aration between the two grooves if the coupling length is
fixed. Such a design can be implemented for other groove
modes. Of course, the resonant frequency or wavelength of
the groove mode can be modified by changing the structure
parameters, mainly the depth of the grooves.

Conclusion

In summary, we have analyzed the localized modes of an
isolated metallic groove and derived the transmission line-
shape of two side-coupled metallic grooves in the frame-
work of CMT. It is found that a single metallic groove acts a
lossy optical resonator and the two side-coupled grooves
function as an optical filter whose transmission lineshape
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can be tailored by controlling the cross coupling between
the two grooves. Particularly, optical filters with flat-on-top
transmission lineshapes can be realized by making the cross
coupling equal to the total decay rate of the groove mode.
Theoretical analysis based on CMT is supported by numerical
simulation based on the FDTD technique.
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