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Long-wavelength optical transmission of extremely narrow slits via hybrid
surface-plasmon and Fabry—Pérot modes
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We have verified that extraordinary transmission of long-wavelength light through extremely narrow
slits in a thick metal film can be achieved by hybrid surface-plasmon and Fabry—Pérot modes.
Transmittance of these ultranarrow slits, which have width and thickness of 0.56 um and 100 wm,
respectively, for a terahertz light with wavelength of 225 um can be 2.1 X 108 times higher than that
predicted by using classic theory. Furthermore, the corresponding ratio between transmission
wavelength and slit width can be up to 400, which is over 60 times larger than that the conventional
grating-based surface-plasmon modes can provide. © 2010 American Institute of Physics.

[doi:10.1063/1.3457841]

I. INTRODUCTION

Extraordinary optical transmission (EOT) through sub-
wavelength aperture has attracted tremendous attention since
the first study reported by Ebbesen et al." a decade ago. It is
widely believed that the EOT is mainly attributed to the ex-
citation of surface plasmons (SPs) on a periodically perfo-
rated metal surface.”* On the other hand, there was evidence
explaining that the contribution of strong light transmission
might be related to Wood—Rayleigh anomalies.”® Neverthe-
less, the allowed longest value of the resonant wavelength
for EOT, which is mainly based on grating-defined SPs, was
observed only slightly larger than the grating period.7 Hence,
in order to maintain the amount of transmittance, the ratio
between transmission wavelength and aperture size has to be
limited to a small value (i.e., the aperture cannot be too nar-
row and the transmission wavelength cannot be too long).

In the previous studies of EOT phenomenon, longitudi-
nal Fabry-Pérot (FP) modes can be formed inside the peri-
odic metal slits if the metal thickness is large enough so that
strong transmission of light can be achieved.”™*° However,
little attention has been paid to the transmission capability of
these cavity modes, which transmittance can be even higher
than that of the SPs.> Most importantly, the wavelengths of
these modes are mainly dependent on the longitudinal reso-
nant conditions and are independent of the grating pe:riod.5
This indicates that ultranarrow slits can allow light with a
very long wavelength to travel through.

The aim of this paper is to study the mechanism of EOT
in periodic deep-subwavelength slits via the excitation of
longitudinal FP modes. The underlying physics of this type
of modes is revealed by using finite-difference time-domain
(FDTD) technique and rigorous coupled-wave model
(RCWM).'" It is found that the EOT in long wavelengths
is originated from the combined effect of longitudinal SPs
(LSPs) and FP modes under transverse-magnetic (TM) inci-
dence. It is noted that 20% transmittance for a terahertz light
at wavelength of 225 um can be obtained through narrow
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slits with width and thickness of 0.56 um and 100 wm,
respectively. The transmittance is 2.1 X 10® times higher than
the prediction of Bethe’s theory.M’15 Moreover, the corre-
sponding wavelength-aperture ratio is over 60 times larger
than that the metallic grating defined SPs can realize.

Il. DEVICE STRUCTURE AND DRUDE MODEL

Schematic of a one-dimensional metallic grating used
for this study of the longitudinal FP modal transmission is
displayed in Fig. 1, where d is the thickness of the Au film
surrounded by vacuum, w is the slit width, 6 is the incident
angle, and the grating period A is fixed at 3.5 wum. Only
normal incidence (i.e., #=0°) is considered in the analysis
because dispersion characteristics of the longitudinal FP
modes are almost independent on 6. This large-index-
contrast metallic grating can be modeled by using RCWM
with which a large number of spatially harmonic components
can be taken into consideration.'” Full-vectorial FDTD cal-
culation will also be performed for a comprehensive investi-
gation of EOT." In the calculation, the permittivity of Au is
modeled by the modified Drude formula'®
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FIG. 1. (Color online) Schematic of the structure under consideration for
long-wavelength EOT using periodic deep-subwavelength slits.

© 2010 American Institute of Physics
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FIG. 2. (Color online) Transmission spectra of a thick Au film (d
=20 wm) with periodic slits (A=3.5 pum,w=0.5 um) and a stand-alone
slit (w=0.5 wm). The xz images of field intensities of FP modes with m
=1-4 are inserted, where only one period of the grating is displayed. The
enlarged reflection spectrum at N~ X, is also inserted.

2
w
_p_+8x1+8x2, (1)

EYy=Ex— N
(1)2+l’y(1)

where &, is the permittivity under high-frequency limit, w, is
the bulk plasma frequency, 7 is the electron decaying rate,
and &, and &,, are the contributions of interband transitions.
The parameters used in this model are taken from Ref. 16.

lll. TRANSMISSION SPECTRUM

In order to realize long-wavelength EOT, the thickness
of the Au film, d, is set to 20 um for the excitations of
long-wavelength FP modes. Figure 2 plots the transmission
spectrum of the periodic slits with w=0.5 um, where the
incident electric field is assumed linearly polarized along the
x direction (i.e., TM incidence). The solid and dashed lines
represent the calculation of EOT of the periodic slits via
RCWM (which has taken over 100 diffraction waves into
calculation)'* and FDTD techniques. It is observed that both
techniques give similar results except that there are slightly
different in the magnitude of peak transmittances, T,. As
shown in Fig. 2, a series of resonant peaks at wavelength
)\pm, where m=1,2,...,% is the order of longitudinal FP
modes, is excited from the periodic slits. 7, of the four
lowest-order FP modes at wavelength of 43.11 um,
2141 pm, 1424 pm, and 10.69 um are found to be
28.73%, 27.91%, 26.84%, and 25.82% respectively. The FP
wavelengths can be estimated according to the cavity reso-
nant condition k Re(n.¢)d+Ad=m1r, where n. is the effec-
tive refractive index of the corresponding metal-dielectric-
metal (MDM) cavity, and Ad is the phase change due to the
reflection of the FP facet. The electric field profiles of the
four lowest-order FP modes calculated by FDTD method are
also shown in the insets of Fig. 2.

Nevertheless, a peak value of T}, at wavelength \ equals
to 3.64 um (i.e., see the inset of Fig. 2) corresponds to a SP
mode defined by the grating along the transverse direction
(i.e., x direction). We therefore define this type of modes as
the transverse SP (TSP) mode in the following paragraphs of
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wavelength A,,. TSP mode can be excited under the trans-
verse phase-matching condition (PMC):’

2
Re(By, 7) =k sin 6 = nxw, (2)

where S, r=ky&)y/(1+¢&)) is the propagation constant of
the TSP mode confined by the metal-dielectric (MD) inter-
face, k=2m/N\, and n=1,2, ..., is the diffraction order. It is
found that the value of A, obtained from both RCWM and
FDTD calculations is slightly red-shifted from that predicted
by Eq. (2)."° It is noted that the value of T, at \,p is just
13.1%, which is less than 50% to that of the FP modes can
obtain. Moreover, the value of A, is over tens of times less
than that of \,;. These revealed that the transmission perfor-
mance of the FP modes excited from the thick metal film for
both values of 7, and A can be significantly larger than that
of the conventional TSP modes.™

Figure 2 also plots the variation of 7, versus \ of a
stand-alone slit (dotted line).'”'® Although the transmission
is less efficient than that of the periodic system due to the
lack of interactions between the light from different slits, the
transmittance observed from the single slit is still larger than
that the normal FP modes (i.e., without SP feature) in sub-
wavelength slits can provide. This implies that that the lon-
gitudinal resonance of FP modes is not the only mechanism
contributing to the EOT through the deep-subwavelength
slits at long wavelength. Using FDTD technique, we recal-
culated the transmission spectrum of the single slit under a
transverse-electric incidence. In this case, SPs will not be
excited and T,, was found to be extremely low (in order of
107'2) at all wavelengths. It is therefore postulated that the
LSPs excited inside the metal slit (i.e., LSP modes) should be
responsible for the EOT in conjunction with the FP modes.
We thus define this type of modes as the hybrid LSP-FP
modes, which can be excited when the longitudinal PMC is
fulfilled

2
Re(B,, 1) =k cos 6 = m;ﬂ-, (3)

where B, ; is the propagation constant of the LSPs sup-
ported by a MDM waveguide. The value of B, ; can be
estimated by using transfer-matrix method." It is obvious
that the resonant conditions of these hybrid modes are
mainly dependent on the value of d. It is also noted in Fig. 2
that the values of A ,,, are identical for the cases with periodic
and stand-alone slit so that Eq. (3) should be independent of
A.

IV. HYBRID FEATURES OF THE TRANSMITTED
MODES

The hybrid feature can be observed from Fig. 3, which
plots the electric field profiles of the fundamental and
second-order LSP-FP modes along the x and z directions,
respectively. The slit with MDM structure along x direction
is responsible for the formation of symmetric SP modes,’
while the formation of standing cavity wave under the fre-
quency selectivity in z direction determines the transmission
wavelength. Furthermore, the peak intensities appear at the

L¥:6%:80 G20z Atenuer 90



013302-3 X.F. Liand S. F. Yu

Metal Air

Metal Air Grating region Air
I

MDM confinement (a)|FP standing waves (b)

025 0.25 10 10
X (um) Z (um)

Normalized field profiles

FIG. 3. (Color online) Modal profiles along x (only one period is displayed)
and z directions of LSP-FP modes with m=1 (solid) and m=2 (dotted),
calculated using FDTD technique.

dielectric—metal interfaces along the x and z directions.
These verified that the total field transmitted through the
metal slit is consisted of SP and FP components along the x
and z directions, respectively.

Figure 4(a) and 4(b) show the profile of electric fields at
A=\, (i.e., the TSP mode in Fig. 2) and N, (i.e., the fun-
damental LSP-FP mode in Fig. 2), respectively, inside the
periodic slits with a perfectly-matched layer (PML) applied
to the top surface of the structure in order to avoid optical
feedback.”’ Tt is observed that the intensity of the modes at
both wavelengths is weakened due to the lack of optical
feedback. However, the TSP mode can still be excited at \
=N,p, While no FP feature is established at A=A\,;. This
shows that the formation of FP properties of the LSP-FP
modes is due to the optical feedback at the top and bottom
surfaces of the slits. However, there is no physical facet pre-
sented at the top and bottom surfaces providing optical feed-
back. In fact, optical feedback may be attributed to the
unique confining capability of SPs. Light confined within the
metal part may experience a very large discontinuity in re-
fractive index at the top and bottom surfaces of the metal
region so that strong optical feedback can be achieved.

V. STRONG SELF-FEEDBACK OF MDM STRUCTURE

To further examine the resonant characteristics of the

LSP-FP hybrid modes, the transmission characteristics of a
modified nonuniform periodic configuration are investigated,
see Fig. 5(a) for one period of the metal-slit schematic. Fig-
ure 5(b) plots T, versus \ of the nonuniform periodic metal-
slit (solid line). The transmission spectrum of the uniform
periodic metal-slit with film thickness of 20 um (i.e., dot
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line, the same to that considered in Fig. 2) is also shown in
the figure for comparison. It is observed that although the
introduced MD section slightly perturbs the transmission
spectrum through the optical feedback from the upper inter-
face, the FP resonance is mainly determined by the MDM
section. In addition, the MD section has minimum influence
on the FP resonant condition of the metal slits. The corre-
sponding field profile of the fundamental LSP-FP mode
shown in Fig. 5(a) also verified that the MDM section domi-
nates the FP resonant characteristics of the nonuniformly
configured periodic slits. This is because light confined in-
side the MDM section is stronger than that in MD structure’
so that more light is resided in the metal regions of MDM
section and therefore contributes stronger optical feedback.

VI. DEVICE OPTIMIZATION

It is interesting to design the dimensions of the ultrana-
rrow metal slits with the optimized value of T|,. This is re-
quired to maximize the values of wavelength-aperture ratio
(i.e., N,/ w) and T, for a given d simultaneously. This can be
done by searching for the largest value of Tj \,,,,/w. Figure
6(a) depicts the dependences of T, and Tj \,,/w on w with
d set to 20 um. The lowest four order LSP-FP modes are
discussed in this study [also in Fig. 6(b)]. It is observed that
there is an optimal value of w (i.e., ~0.56 um) for the larg-
est Ty N,/ w. Using this value, we then focus on the design
of d in Fig. 6(b). It is shown that a maximal 7, can be
achieved at d ~1.4 um; however, the value of Ty N,/ w is
too small. The value of T A,,,/w can be improved by in-
creasing the value of d but the increase in d also degrades the
value of Tj. Therefore, the proper design should also subject
to a desired transmittance. As shown in Fig. 6(b), if using an
Au film with thickness of 50 wm (100 wm), T; for the light
at 109 um (225 wm) can be 28.4% (18.6%) for the first-
order LSP-FP mode.

Bethe’s theory can be used to roughly estimate the value
of T, of the periodic slits. Despite it is used to calculate the
transmittance from a subwavelength hole (i.e., T,
=64(kr)*/277, where k is the light wave number and r is
the hole radius),'* the calculated result should be compatible
for the slit structure. This is because the TM modes are po-
larized perpendicular to the homogenous direction (i.e., y
direction, see Fig. 1). For the metal slit with w~0.56 wm,
the calculated values of 7, for light with wavelength of 109

FIG. 4. (Color online) Field distribu-
tions of the modes at A, (a) and N,
(b) in xz plane where a PML is applied
to the upper grating interface. Here,
only one period of the grating is
displayed.
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FIG. 5. (Color online) (a) Field distri-
bution of first-order LSP-FP mode in
xz plane, where the metal thickness on
the right-side of each slit is increased
to 30 um (i.e., nonuniform periodic
MDM structure). The resonant wave-
length used in Fig. 5(a) is taken from
the corresponding transmission spec-
trum (b) calculated by FDTD method,
where the result of uniform periodic
MDM structure is also inserted (dot

Nonunif. MDM oo Unif. MDM
1 1

curve). Here, only one period of the
! N grating is displayed.
17 -07 03 1.3 10 20 30 40 50
X (um) A(um)

and 225 um are found to be 8.98 X 107! and 1.63 X 1073,
respectively. Our designed transmittances shown in Fig. 6 are
therefore 2.1 X 10% and 1.7 X 107 times higher than those ex-
pected through this classic theory. T, at TSP wavelength is
also calculated using this formula and is found to be only
~1/10 of that obtained in this simulation. Moreover, the
A,i/w ratio using LSP-FP modes for EOT can be over 60
times of that based on TSP mode (i.e., 225/3.5~64) and a
higher transmittance can be obtained (as discussed previ-
ously, T, based on TSP is only 13.1% even with a thinner
film, i.e., 20 wm). Hence, we indicated that the high trans-
mittance through such a thick metal film is also due to the
fact that the SP loss in the MDM structure is actually de-
creased with the increase in the wavelength. This can be
easily confirmed by employing transfer-matrix calculation.
It should also be pointed out that the transmission wave-
length (\,;) and the dimensions of metal slits (d,w,A) can
be “approximately” scaled up or down for the EOT applica-
tions. We said approximately because the permittivity of
Gold is not scalable with the transmission wavelength. In
Fig. 7, three transmittance spectra are plotted, where the scal-
ing ratios in (a), (b), and (c) are taken to be 0.1, 1, and 10,
respectively. This implies that the values of d, w, and A are

-
(=4
=

(a)

Transmittance To (%)
g

Transmittance To (%)

o

FIG. 6. (Color online) Effects of w (a) and d (b) on the transmission and FP
resonant characteristics of the structure, where m=1 (solid), 2 (dashed), 3
(dotted), and 4 (dashed-dotted). (a): d=20 wm, where maximal value of T},
N,/ w occurs at w=0.56 um and (b): w=0.56 wm. The results are calcu-
lated through RCWM.

obtained by multiplying the optimized configurations of the
metal slits given in Fig. 6(b) (i.e., d=50 um, w=0.56 um,
A=3.5 um) to 0.1, 1.0 and 10. It is observed that the peak
transmission wavelength and the dimension of metal slits
show rough proportion to the scaling ratio. In Figs.
7(a)-7(c), the values of N, (scaling ratio) are found to
~10.9(0.1), ~109(1.0), and ~1090 um (10), respectively.
See also the red dots in Fig. 7 where the value of transmit-
tance is maximized. Therefore, it is verified that high-
transmission of narrow metal slits can be achieved in a very
broad frequency range.

VIl. CONCLUSION

In summary, it is found that the formation of hybrid
LSP-FP modes is the origin of long-wavelength EOT
through extremely narrow slits. This type of modes, which
shows significantly improved transmission capability
through extremely narrow slits, is fundamentally different
from the conventional SPs defined by the periodic slits. For
periodic slits with width and thickness equal to 0.56 and
100 um, it is found that the transmittance can be over 2

Scaled down by 0.1

SD 1 1 1 1
g 0 2 4 6 8 10 12
=90 T T T T T
[l Scaled by 1
[
o 109 pm
E 80 B
€ d =50 pm, w=0.56 pm, A = 3.5 pm (b)
w 7':' 1 1 1 1 1
S o0 20 40 60 80 100 120
B
|_

(=]
an

Scaled up 'by 10 ' ' ' i -
1090 pm

[u's]
a
T

d =500 pm, w=5.6 pm, A =35 pm ()7

1 1
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75

FIG. 7. (Color online) Transmittance spectra after optimization. The scaling

ratio of the metal slits is set to (a) 0.1, (b) 1.0, and (c) 10. RCWM is used for
this calculation.
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X 10 times of that predicted from Bethe’s theory and the
wavelength can be as long as 225 wm (i.e., the slit width is
only 1/400 of the transmitted wavelength).
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