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Numerical Investigation of Surface Plasmons Associated Subwavelength Optical
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Surface plasmons (SPs) associated optical single-pass effect has been investigated in novel subwavelength metallic

structures, including single slit and grating structures.

With influence of SPs, these metallic structures can

enhance transmission in incident direction and suppress it in the opposite direction, exhibiting a single-pass
effect. The finite difference time domain method is employed to study the influences of structure parameters

on far-field transmission, near-field electric field distribution and extinction ratio of the single-pass transmission

effect. A maximal extinction ratio of 47.83 dB is achieved in the grating structure.

PACS: 71.36.+c, 73.20. Mf, 78.66. Bz, 42. 25. Fx

Since Ebbesen et al.l!] first reported the extraordi-
nary optical transmission through a two-dimensional
hole array perforated on a metallic film, there has been
an explosion of interest in the interaction between
light and subwavelength metallic structures.[>?! Ar-
rays of nanoholes or slits perforated in metallic films,
as well as single nano-apertures or dressed by shallow
corrugation, are currently investigated from visible to
microwave frequencies.*~7 The excitation of surface
plasmons (SPs) has been promoted as the primary
vector responsible for the interaction between light
and nano-objects.2=1 The enhancement of SPs to
optical transmission has attracted considerable inter-
est and produced many related applications.[” ! How-
ever, recent experimental and theoretical studies!*%:11]
have revealed that SPs can also suppress the trans-
mission in some simple structures, such as groove-slit
and hole-slit structures, which may contribute to new
applications.

In this Letter, we try to realize the fundamen-
tals of the interaction between light and nano-objects,
study new phenomena and develop new applications.
Several novel subwavelength metallic structures are
specifically investigated, including single slit and grat-
ing structures, in which SPs can be excited in suitable
wavelengths. With influence of SPs, the transmission
in these structures can be enhanced in incident di-
rection and suppressed in opposite direction, exhibit-
ing a single-pass transmission phenomenon. The phe-
nomenon has great potential applications for designing
nano-optical devices in signal transmission and isola-
tion, etc.

Two-dimensional finite difference time domain
(FDTD) method!*?! is used in our work with the cell
5nm X 5nm. The second-order Lorentz dispersion
modell’* is used to simulate the metallic film. The

periodic boundary conditions (PBC)!'?l and perfectly
matched layer (PML)['6] are used in boundaries of the
simulated area.
dent TM-polarized plane wave illuminates the metal-
lic structures vertically with wavelength A = 850 nm.
The metal used here is Ag and the permittivity takes
the values from Ref. [12].
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Fig.1l. Schematically single slit structure with grooves
on both upper and under surfaces. The parameters are
taken as the thickness of Ag film h = 200 nm, the width
of both slit and groove w = 100 nm and the groove depth
d = 100nm. The TM-polarized plane wave illuminates
the structure vertically with wavelength A = 850 nm.

We investigate the SPs associated optical single-
pass effect in a single slit structure. The schemat-
ically single slit structure is shown in Fig.1, which
is comprised of a subwavelength slit in the Ag film
and some grooves on both the upper and lower sur-
faces. The grooves on upper surface are used to ex-
cite SPs and to enhance the transmission from top to
bottom (denoted as Ty in Fig.1). The positions of
grooves in the z direction on the upper surface (de-
noted as L_,,,--+,L_o,L_y, L1,Lo,--+, L, in Fig. 1)
are chosen as L, = L1 + (n — 1)A;p and L_,, =
—L,,. Subscript n denotes the number of grooves
on one side of slit. L; = 500nm is the position of
the first groove obtained from the first transmission

peak of the groove-slit structure in Ref.[11]. Here
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Asp = 840nm is the wavelength of SPs on a plane
silver surface with incident light A = 850 nm. Accord-
ing to Ref.[11], the grooves on the upper surface all
distribute in the just positions to enhance the trans-
mission T; through the slit. Contrarily, the grooves
on the lower surface all distribute in the positions
to suppress the transmission through slit in reverse
direction (denoted as T5 in Fig.1).
positions of grooves on the lower surface (denoted as

The respective

L, L o, L', L}, L, -+ L in Fig. 1) are chosen
as L), = L1 +(n—1)\,p and L', = —L!,. The position
of the first groove, L{ = 900 nm, is obtained from the
first minimal transmission of the groove-slit structure
in Ref. [11]. Therefore light is allowed to transmit from
top to bottom but prohibited in the reverse direction,
which exhibits a single-pass effect. The extinction ra-
tio is used here to scale the single-pass effect, which is

defined as 10[log(71/T>)] in units of dB.
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Fig. 2. Normalized transmission (a) 71 /Ty and (b) T>/Tp versus the number n of grooves in the single slit structure. (c)
Extinction ratio versus the number n of grooves in the single slit structure. (d) Extinction ratio versus the wavelength of

incident light for n = 5.

Then we consider the influence of the grooves on
far-field transmission in single slit structure. We first
focus on the influence of the number n of grooves.
Fig. 2(a) shows the normalized transmission 77 /T} as
a function of the number of grooves n. Ty denotes
the transmission through a common single slit with-
out grooves. It can be observed that the transmis-
sion is enhanced greatly by SPs as n increases, and
the enhancement saturates at about n = 5, when T}
is enhanced by a factor of 6.27. This is similar to
the experimental result reported in Ref.[5]. The sit-
uation of normalized transmission T3 /7, is shown in
Fig.2(b), which presents the strong suppressed trans-
mission caused by SPs as n increases. The suppres-
sion also saturates at about n = 5, when T is sup-
pressed by a factor of 0.0267. As a result of the effec-
tive enhancement and suppression of SPs to transmis-
sion, the extinction ratios of the isolator are obtained

as shown in Fig.2(c). The maximal extinction ratio
reaches 23.71dB at n = 5. Figure 2(d) shows the ex-
tinction ratio at n = 5 as a function of the wavelength
of incident light. In Fig. 2(d), the range of wavelength
is more than 50 nm with the extinction ratio beyond
20dB, which is quite wide.

The single slit structure can be applied in some
subwavelength optical instruments. However, even en-
hanced by SPs, the transmission power through the
single slit is not strong enough. In order to obtain both
high extinction ratio and strong transmission power
together, we consider the periodic slit structure (grat-
ing structure) in the following text.

Figure 3 shows the grating configuration designed,
which is comprised of a silver grating with grooves.
There are two grooves on upper surface and one groove
on under surface between two slits. The same as the
single slit structure, the grooves on upper surface can
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enhance the transmission through slits from top to
bottom (denoted as T7), and the groove on under sur-
face is used to suppress the transmission in opposite
direction (denoted as T5). The groove on under sur-
face locates at the centre between two slits, hence the
period of grating p = 2L5.

The values L1 = 500nm and L, = 900nm are
chosen from the single slit structure above. However,
they are not the best values in the grating structure,
because the interaction between slits also plays an im-
portant role here. Thus the values of L; and Ly are
changed to study their effect to far-field transmission.
Figure 4(a) shows the transmission T5 as a function
of L. It can be observed that the transmission is re-
markably suppressed at about Ly = 835 nm with the
minimum 7% 452 x 107°. When L, = 835nm,
the grating period p = 2Ly = 2A,p,, which is simi-
lar to the result of two-slit structure as slit separa-
tion equal to 4),,/2 in Ref. [10]. They all present the
suppressed effect by interaction of SPs between slits.
Then we choose the grating period p = 2Ly = 1670 nm
constant, and change the slit-groove distance L; to
study the enhancement of T;. Figure 4(b) shows the

transmission 77 as a function of L;. The maximum
T: = 0.49 is obtained at L; = 570nm. Hence at the
peak of Fig.4(b), nearly 50% energy can be trans-
mitted through the grating structure, which is rather
stronger than the single slit structure.
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Fig. 3. Schematically gratMg structure with grooves on
both upper and under surfaces. The lateral scale is two
periods of grating. The parameters are chosen as the thick-
ness of the grating h = 200 nm, the width of both slit and
groove w = 100nm, the groove depth d = 100nm, the
slit-groove distance L; = 500nm on upper surface and
Lo = 900 nm on lower surface.
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(a) Transmission Ty versus slit-groove distance Lz on the lower surface. (b) Transmission T} versus slit-groove

distance L on the upper surface with Ly = 835nm. (c) Extinction ratio of grating structure as a function of L; with
Ly = 835nm. (d) Extinction ratio as a function of the wavelength of incident light with L1 = 530 nm and Lo = 835nm.
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On account of more effective enhancement and
suppression caused by SPs, the extinction ratio of
grating structure is greater than the single slit struc-
ture. Figure 4(c) shows the extinction ratio as func-
tion of L; under the same conditions as Fig.4(b).
The maximal extinction ratio 39.07 dB is obtained at
about Ly = 530nm. However, the peak in Fig. 4(c)
is so flat, which proves that the influence of L; is
less important for extinction ratio than Ls. In other
words, the present suppression is the primary vector
to greater extinction ratio. Figure 4(d) shows the ex-
tinction ratio as a function of the incident wavelength
at Ly = 530nm and L>,=835nm. The maximal ex-
tinction ratio is 47.83dB at A = 852nm, and the peak
in Fig.4(d) is quite higher and sharper, which may
be applied in filter, etc. In the grating structure, the
interaction of SPs between slits is much strong, hence
more transmission power and extinction ratio are ob-
tained than those in the single slit structure.

To check the single-pass effect caused by SPs in
detail, the time-average distribution of near-field elec-
tric field intensity | E|? is simulated, as shown in Fig. 5.
Figure 5(a) shows the distribution of |E|? depending
on the enhancement of SPs to transmission T;. It is
clearly observed that electric field of high intensity dis-
tributes on both surfaces of grating, which just proves
that energy has effectively transmitted through slits.
The opposite situation of transmission 75 is shown in
Fig.5(b). The electric field only localizes on the lower
surface of grating. No electric field can be observed
in the slits or on the upper surface, which proves that
scarcely any energy can transmit through slits in that
direction. Hence the transmission T3 is strongly in-
hibited and result in the single-pass effect.
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Fig. 5. The near-field electric field time-average distribu-
tion of |E|2, i.e. transmissions (a) T} and (b) Ty at the
maximal extinction ratio of 47.83dB. The incident light
illumines the grating from top to bottom in (a) and from
bottom to top in (b). The lateral scale is two periods
of grating. The parameters are chosen as L; = 530 nm,
Lo = 835nm, p = 2Ly = 1670 nm and incident wavelength
A = 852nm.

In the grating structure, for simplicity of calcula-
tion, we only add two and one grooves on upper and
under surfaces respectively between two slits. We be-
lieve that more extinction ratio can be obtained by
optimizing structure parameters further. Although
incident wavelength about A = 850 nm is used in our
work, this structure can be applied in any wavelength
by changing related parameters, including the wave-
length about A = 1550 nm for communication.

In conclusion, we have investigated the opti-
cal single-pass effect in novel subwavelength metal-
lic structures caused by SPs. Two main structures,
single slit and grating structure with grooves on sur-
faces, have been discussed in detail. Influences of pa-
rameters of the structures on far-field transmission,
near-field electric field distribution and extinction ra-
tio are numerical studied by the FDTD method. Com-
pared with the single slit structure, more transmission
power and greater extinction ratio have been obtained
with the grating structure, owing to the stronger in-
teraction of SPs between slits and grooves. As a re-
sult, a maximal extinction ratio of 47.83 dB has been
achieved in the grating structure. It is expected that
our works are helpful for designing new optical instru-
ments and contribute to more applications.
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