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Control of plasmonic wave propagating in nanocavity
with tooth-shaped configuration®
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Characteristics of plasmonic wave propagating in nanocavity formed by two silver films are studied numerically.

The groove etched inside wall of the top film makes it possible to control the propagation when light goes through the

top film along a nanoslit into the cavity. It is found that the transmission wave through the channel of groove etched

side can be filtered linearly with the groove of a certain depth; while the other side is still open for this wave and its

intensity can be enhanced periodically with the variable groove position in both films, which are explained well based

on the interference of plasmonic waves in the system.

Keywords: plasmonic wave, optical devices, FDTD

PACS: 52.35.—g, 42.79.—¢, 02.60.x

1. Introduction

Surface plasmon polaritons (SPPs) are light waves
coupled to free electron oscillations in metal/dielectric
interface. Both theoretical and experimental studies
have proved that the dispersion of SPPs can be im-
proved for special demands!™?! by modifying the in-
terface. With the merits of such an improvement, one
can concentrate the light beams beyond the diffrac-
tion limit or guide the light through a subwavelength
aperture efficiently. Since the first observation of
extraordinary optical transmission through a metal-
lic film with nanohole arrays,® light propagating on
the tiny scale has greatly aroused people’s interest!4!
and developed in many branches, such as miniatur-
ized devices of waveguides,® filters,”] combiners,®!
couplers!® and splitters,[*% all of which are based on
the control of SPP propagation and intensity.

With regard to the control of SPPs, several groups
have proposed many constructive methods. By adding
different nano-structures to both sides of the nanoslit,
a device capable of controlling SPPs propagation in
opposite directions has been proposed by Gan et al.['"]
and they have also investigated the bidirectional sub-
wavelength splitters for SPPs in THz and near infrared
domain with the similar structures.'213] Metal grat-
ing with a subwavelength aperture used for handle
SPP direction and splitting are mentioned in Refs. [14]
and [15]. In addition to the researches of SPP trans-
mission in single nanoslit, the cases in slit array are
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also concerned. Verslegers et al.l'fl have confirmed
that the direction control of SPPs is feasible by chang-
ing metallic nanoslit array width and period. In gen-
eral, such a control can be classified into two factors:
one is the phase control based on the modified struc-
ture and the other is the intensity. Controlling SPP
phase and amplitude has been studied by subwave-
length dielectric slits or the cavities embedded in a
metal slab,1718 and the authors have also demon-
strated that the Fabry—Perot (F-P) resonance plays
an important role in the process. In accordance with
the same resonance, a device for the controlling and
splitting of SPPs is reported by Wang et al.' In ad-
dition, the SPPs can also be modulated by the inci-
dent wave intensity.[2 All these studies have greatly
promoted the applications of SPPs in practice and at-
tracted the researchers for further study in such fields.

In this paper, a special device capable of control-
ling SPP propagation and intensity in nanocavity is
proposed by etching a groove in the top film (film 1).
Numerical simulations show that such a manipulation
is possible when the groove shape and position are
changed. The control by etching the groove in film
below (film 2) is also considered and its function is
found to be similar to that in film 1, in a sense, which
makes the design to be more practical as film 2 is
moved together with the groove. In this way, the SPP

sources and intensity can be tuned efficiently.
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2. Model and method

Structure of the system is depicted in Fig. 1,
which consists of two metallic films with different val-
ues of thickness t; for film 1 and ¢, for film 2. The
tooth-like groove with depth h, width W is etched
only on one side of film 1. Parameters of ¢t; = 390 nm,
t, = 300 nm, W, = 1750 nm and W, = 25 nm
are similar to those in Ref. [19]. For exciting SPPs
at the metal/air interface efficiently, a p-polarized
plane wave impinges normally onto the structure. The
SPPs confined in the interface propagate along it, go
through film 1 along the nanoslit into a horizontal
channel splitting into two parts.

incident

Fig. 1. Schematic diagram of control system.

In channel exits, the SPP intensity is related to
groove position L and shape. Lines 1 and 2 denote
the central axes of films 1 and 2 respectively. Po-
sition of film 2 is kept right beneath film 1 with a
distance d for D = 0 nm, thus the channel can be
regarded as two metal-insulator-metal (MIM) waveg-
uides. Points A and B are set in the centre of exits to
monitor the variation of z-component magnetic field
H,. Both films 1 and 2 are of sliver with a permit-
tivity of €, = —48.8 +13.16 at Ao = 1000 nm. The
frequency-dependent permittivity of sliver is charac-

terized by the Drude model and the parameters are
given in Ref. [19].

We consider that the structure is infinite in the
y-axis, so the system can be simplified into a two-
dimensional system. The complex propagation con-
stant 4 in the MIM waveguide is given by

X coth(—imwslitﬂ) =0,

B = Re(neg)ko. (1)

Herein, symbols kg, em, €4, Wslit, and neg are de-
fined respectively as the wave vector of incident light
in vacuum, the metal permittivity, the permittiv-
ity of medium filled in the waveguide, the width of
waveguide, and the refractive index of SPP. A finite-
difference time-domain (FDTD) method?! is adopted
to calculate the field distribution of H,. The mesh size
is 2.5 nmx 2.5 nm, which is smaller than the fine fea-
ture of the model to ensure the accuracy of results. A
perfectly matched layer (PML) at the computational
boundaries is used to absorb the outgoing electromag-

netic waves.

3. Results and discussion

A vertical MIM waveguide of finite length is
formed by a nanoslit milling in film 1, and the F-P
resonance occurs in the narrow region according to the
effective wavelength in such a waveguide.??) The light
transmission through the slit is maximal due to con-
structive interference for a length phase of even inte-
gral multiple of 7/2 and minimal for a length phase of
odd integral multiple of w/2. Therefore the thickness
of film 1 should be selected carefully for concentrating
more energy into the horizontal channel. Parameters,

not mentioned previously, are w = 25 nm, h = 130 nm
and d = 45 nm.

13.0

16.5

Fig. 2. |H,|?for different L : (a) 195 nm, (b) 260 nm, (c) 295 nm and (d) 335 nm.
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Figures 2(a)-2(d) show the time-averaged field in-
tensity distributions of |H,|? for different values of L.
There are two cases that should be noticed from the
results. (i) The groove in channel A can work as a lock
to block the SPP transmission through it, while chan-
nel B is still open; (ii) the SPP intensity in port B
can be changed with L. A maximal value is obtained
for L = 195 nm in Fig. 2(a) and a minimal value for
L = 335 nm in Fig. 2(d).

Figures 3(a) and 3(b) represent |H,|? at points A
and B, each as a function of the groove depth for L
ranging from 25 nm to 335 nm. It can be seen from
Fig. 3(a), the depth for the minimal |H,|? is invari-
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able, irrespective of L, which becomes active only if
the L is too small to enable SPP to penetrate through
the slit wall into the groove, then the SPPs interaction
between them occurs, resulting in the depth less than
130 nm. Comparing Fig. 3(a) with Fig. 3(b), one can
find that the SPP intensity in port A is suppressed,
while that in port B can be enhanced by changing L.
For L = 195 nm, the intensity in port B is 80 times
larger than that in port A and 2.53 times larger than
that in the case of no groove. For L = 335 nm, the
ports are both locked. Based on the interference of
plasmonic waves in such waveguides, such phenomena
are explained as follows.
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Fig. 3. |H.|? at points A (a) and B (b) with the variation of groove depth for different values of L.

SPPs transmit in the horizontal channel, split two
branches propagating along the opposite directions.
When the left branch is blocked by the groove, it re-
flects to couple with the right one flowing into channel
B. The phase difference between them can be written
as

© =2mnsg - 2L/ Ao + Ay, (2)

where négy is the refractive index of SPP in the hor-
izontal channel, which is determined by Eq. (1), and
Ay represents the phase shift aroused by the reflected
SPP at the metal/air segments of groove and slit in
film 1. By taking channel B as an F-P cavity, the in-
tensity in port B can be calculated from the following
formula:

5 AgT T2
1 — RIR? 4+ 4\/RIRZsin?(¢/2)|’

where parameters T, T2, R}, and R? are respectively

(3)

the transmittances and reflectances at both ends of
channel B whose length is Wy, (¢ = 4mnleWihe/Ao);

A denotes the coupled intensity of the two branches
mentioned above in threshold of channel B, which is
related to, owing to the interference of them. Chang-
ing L or h, Ay is affected, thereby S varies. The period
of S in Fig. 4(a) for changing L is found to be similar
to that for moving film 2 in Fig. 4(b). The period
calculated by FDTD accords well with the theoreti-
cal predication of 344.8 nm for nl; = 1.42 from the
item sin®(¢/2), then Eq. (3) can be rewritten in the
following form:

S = |(L+I;+2v/ LI cos(p))
TIT?
X — .
1 — RIR2 + 4,\/RIR2sin*(¢/2)

Parameters I} and I, are the SPP intensities reflected

(4)

by groove and transmitted directly into channel B re-
spectively. Supposing that I, I, T}, T2, Rl, and
R? are constants, the same periods of S for varying
L and Wy, can be proved by Eq. (4).
to the case in Fig. 4(a), moving film 2 in Fig. 4(b)

In contract
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has no contribution to the enhancement of SPPs and
also does not filter the transmission wave completely
in both channels A and B. For the minimal intensity,
its value is still larger than 0.5. However, taking the
groove into consideration, it is another story. When L
meets the condition of ¢ = (2m + )7, m =0,1,2.. .,
the minimal S is obtained and becomes zero given
| — I;| — 0 in Fig. 4(a); for ¢ = 2mm, S is enhanced
maximally. In addition, it can be found from the figure
that the difference between the two curves of groove
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in films 1 and 2 is too faint to be distinguishable for
L > 60 nm, thus, the device of groove in film 2 be-
comes more practical as it is moved. In the way, given
the groove etched right beneath the slit exit of film 1,
tunable SPP sources in ports A and B can be realized
by moving film 2. Moreover, the intensity can be fur-
ther enhanced by optimizing the length of film 2 for
the F—P resonance produced in both channels A and
B.
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Fig. 4. (a) |H,|? versus L in port B, (b) |H;|? in ports A and B versus D, where D is the relative position

between the top and bottom films.

Controlling SPP propagation and intensity by
changing groove position and depth has been stud-
ied, from which we know that the transmission wave
in channel A can be filtered with the groove of cer-
tain depth. Furthermore, the depth-dependent fil-
tered wavelength with the variable groove width and
the distance between films 1 and 2 is also concerned.
The discrete points in Fig. 5 represent the calculated
results by FDTD, and the straight lines refer to the
fitting curves.
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Fig. 5. Filtered wavelengths versus groove depth in port A.

Curves encircled by the dash dot—dot line repre-
sent the groove with the same width of w = 50 nm and
different distances: d = 20 nm and 45 nm; while the
opposite cases of w = 25 nm, 50 nm and d = 45 nm are
encircled by the dash lines. Each of them shows a lin-
ear response. The deeper the groove is, the longer can
the filtered wavelength be. The filtered wavelength
is a function of the groove depth, width and the dis-
tance between the films, which can be interpreted well
by Eq. (6).

Some parts of the transmission SPP in channel A
which reaches the position of groove etched, go around
the groove, while the others propagate directly. When
they meet again, the phase shift is described as

pg(N) =2 - (ng - 2h + d) /A + Apg, (5)

where Ag, is an additional phase shift for SPP re-
flected at the groove ends, nf; is the refractive in-
dex of SPP in the groove. When the phase satisfies
vg = 2m+ )7, m = 0,1,2..., the minimal inten-
sity in port A is observed, that is, the corresponding
transmission wave in channel A is filtered. The filtered
wavelength is

A =2-(nSs - 2h+d)/((2m+1) — Apg/m).  (6)
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Assuming that Ay, is fixed, At varies linearly
with groove depth h. Changing d has no effect on
ngg, namely, the ratio of AX;/Ah is fixed, so curves
encircled by the dashdot—dot line are parallel and oth-
ers encircled by the dash line are unparallel due to the
influence of groove width on nfg.

4. Conclusion

A unidirectional control of SPP propagation and
intensity in the nanocavity has been demonstrated by
etching a groove in film 1. It is found that the filtered
transmission wave in the cavity is tightly related to

the groove shape, while its intensity can be modu-
lated by changing the groove position. The control
based on the interference of plasmonic waves is re-
vealed. The groove etched in film 2 works similarly as
that in film 1, which makes the design more practical
as a device capable of controlling SPP source and in-
tensity with the moveable film 2, and more detailed
information about these discussions will be presented
in our further work. The present paper provides a
clear guideline for harnessing SPPs in the nanocavity
and a reference for designing the miniaturized optical

devices of filter, splitter, amplifier, etc.
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