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The transmission characteristics of the double-layer metal hole array are investigated in the terahertzsTHzd
region. We measured the transmission spectra with varying the layer spacing and the lateral displacement
between the two layers, and observed the unexpected transmission characteristics in the range of the layer
spacing below the wavelengthsl,1 mmd of the THz wave. When the second layer is shifted laterally by a
half of the lattice constant with respect to the first layer, the transmittance is enhanced by 3 times compared
with that without shift. The finite difference time domain simulation is used to understand this anomalous
transmission phenomenon, and it is attributed to the near-field coupling of the surface waves excited on the
metal surfaces of both layers.
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The optical property of the surface plasmon-polaritons
sSPP’sd has invoked a great deal of interest for many re-
searchers because of their importance in physics and poten-
tial applications to engineering. The SPP’s are localized at
the metal-dielectric boundary, and the electric field of light is
enhanced extremely. Recently, Ebbesenet al. demonstrated
the extraordinary optical transmission through subwave-
length metal hole arrays,1 the diameters of which were much
smaller than the wavelength of light. In their experiment, the
metal hole array has bandpass transmission characteristics
and the peak transmittance is about 2–3 times higher than the
porosity of the hole. Up to now, such a bandpass transmis-
sion property has been investigated with many theoretical
and experimental approaches and is attributed to the resonant
coupling between the incident light and the SPP’s excited on
the metal-dielectric boundary through the periodic
structure.2–4 Although the frequency of the incident light is
below the cutoff frequency of the metal hole, the reflectance
is reduced by the resonant SPP excitation, and consequently,
the transmittance of the metal hole array is enhanced. The
above experiments are done with the samples for which the
first-order diffraction frequencyndiff determined by the lat-
tice constant is lower than the cutoff frequencyncutoff of the
single metal holesndiff ,ncutoffd. In the THz region, it has
been known that the transmission spectra of the metal hole
arrays show bandpass characteristics and the peak transmit-
tance is 2–3 times higher than the porosity for the case
ndiff .ncutoff sRef. 5d. This enhanced transmission has also
been interpreted by the SPP resonance.6 However, in the THz
region, metals are regarded as almost perfect conductors and
most energy of the SPP’s is owing to the electromagnetic
wave localized at the air side. Thus, we call them surface
wavessSW’sd in this paper.

When the SPP’s are excited on the two metal surfaces
which are stacked with a separation closer than the attenua-
tion length of the SPP’s, the coupled states of the SPP’s are
constituted through the interaction between these SPP’s.7

Such a SPP coupling leads to new optical properties. By
stacking some layers of the metal hole array, it is expected
that the bandpass characteristic of the metal hole array due to

the SPP excitation can be changed. In this paper, we inves-
tigate the transmission property of the double-layer metal
hole arrays in the THz region and find the anomalous optical
transmission property which is attributed to the near-field
coupling between the SW’s on the metal surfaces.

Figure 1sad shows the schematic diagram of the double-
layer metal hole array. Aluminum slabs were perforated with
a triangular hole array. The transmission spectrum is charac-
terized by three geometrical parameters such as a hole diam-
etersd=0.60 mmd, lattice constantss=1.13 mmd, and thick-
ness of the metal slabst=0.25 mmd. For this sample, the
diffraction frequency isndiff =0.31 THz and the cutoff fre-
quency isncutoff=0.29 THz. In our experiment, the transmis-
sion characteristics were measured by using THz time-
domain spectroscopy with varying the spacingh between the
layers and the lateral displacementp which is along one of
the principal axes of the triangular lattice. The details of the
experimental setup are described in a previous paper.8 The
layer spacingh and the lateral displacementp were varied by
a stepping motor-driven stage in the range between 0 and
2.0 mm.

Figure 1sbd shows the zero-order transmission spectrum
for a single-layer metal hole array at normal incidence. The
transmission peak is observed at 0.28 THz with a transmit-
tance of 0.6, which is 2.3 times higher than the porosity of
the circular holess0.25d. Such transmission peak is attributed
to the resonant coupling of the incident THz wave to the
SW’s excited on the metal-air interface.6

The transmission spectra measured with varying the layer
spacing at normal incidence are shown in Figs. 2sad and 2sbd
for p=0 and 0.57 mm, respectively. The schematics of con-
figuration for the two layers are also shown in the insets of
these figures. In both figures, stripe patterns are observed in
the rangeh.0.75 mm and these patterns are similar for the
two figures. Such stripe patterns are due to the Fabry-Perot
effect between the two metal layers.9 In the range of the layer
spacingh,0.75 mm, the transmission spectra of the two
configurations are quite different with each other. The trans-
mission spectra ath=0.35 mm for two lateral displacements
are shown in Fig. 2scd. The two spectra are quite different at
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h=0.35 mm while they are similar ath=1.25 mm fFig.
2sddg. Very interestingly, in Fig. 2scd, the peak transmittances
at 0.26 and 0.28 THz forp=0.57 mmssolid lined are about 3
times higher than that at 0.27 and 0.29 THz forp=0 mm
sdashed lined. This result is unexpected from the geometrical
configuration shown by the insets in Figs. 2sad and 2sbd.
Since the conventional Fabry-Perot effect depends only on
the layer spacing and is independent of the lateral displace-
ment, the difference of the transmission spectra in Fig. 2scd
cannot be attributed to the Fabry-Perot effect between the
two layers.

In order to investigate more details about the above re-
sults, we measured the dependence of the transmission spec-
tra on the lateral displacement with the fixed layer spacing
h=0.35 mmsFig. 3d. It is observed that the transmittance at
the peak frequency increases with increasing the lateral dis-
placementp from 0 to 0.57 mm. In addition, the transmis-
sion peak splits into a doublet and the splitting width be-
comes maximum at aroundp=0.57 mm. The transmittance
at the peak frequency decreases with further increasing the

lateral displacement and becomes minimum again atp
=1.13 mm. There exists some asymmetry between both sides
of the p=0.57 mm displacement, which is considered to be
due to the misalignment of the sample setup.

Now we discuss the mechanism of such an anomalous
transmission property for the double-layer metal hole array.
In the visible region, the SPP is localized close to the metal
surface and attenuated exponentially with going away from
the metal surface. When the two layers of the metal hole
array are placed closely, the SPP’s excited on these layers
couple with each other, and consequently, a change of the
transmission spectrum is expected. To investigate the validity
of this physical picture in the THz region, we simulated the
electric field distribution for the single-layer metal hole array
using the finite-difference time-domainsFDTDd method at
first. The schematic diagram of the model used for the simu-
lation is shown in Fig. 4sad. The simulation was done in a
three-dimensional space with the periodic boundary condi-
tion alongx andy directions, and the geometrical parameters
of the single-layer metal hole array were the same with those

FIG. 1. sad Schematic diagram
of the double-layer metal hole ar-
ray. sbd Measured transmission
spectrum for the single-layer
metal hole array.

FIG. 2. Measured transmission
spectra for the double-layer metal
hole array as a function of the
layer spacing ranging from
0 to 2.0 mm atsad p=0 and sbd
p=0.57 mm. Transmission spectra
at the fixed layer spacing ofscd h
=0.35 mm andsdd h=1.25 mm;
solid and dashed lines are forp
=0.57 andp=0 mm, respectively.
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of the sample used in our experiment. The metal part was
assumed to be the perfect conductor. Since, for the THz
wave, the reals«1d and imaginarys«2d parts of the dielectric
constant of aluminum is of the order of«1,−50 000 and
«2,500 000, to consider the metal as the perfect conductor
will be a good approximation. The incident THz wave was a
plane wave with the linear polarization along thex axis,
which is parallel to one of the principal axes of the triangular
lattice structure. Figure 4sbd shows the calculated distribu-
tion of thez componentEz of the electric field amplitude at
the resonant frequency of the SW. The electric field is con-
centrated around the edge of the circular hole and decays
exponentially with going away from the metal surface, im-
plying that the SW is excited. It should be noticed that on the
flat surface of the metal, the attenuation length of the SPP in
the air side becomes very large when the real part of the
dielectric constant of the metal goes negative infinite, mean-
ing the perfect conductor.10 In this case, the SPPsor SWd
does not exist. In the result of our simulation shown in Fig.
4sbd, however, the strong localization of the electromagnetic
wave is recognized and the attenuation length is on the order
of the wavelength of incident electromagnetic waves even
though the perfect conductor is used. Such an electromag-
netic field distribution of the SW on the hole array of perfect
conductors has also been reported by some groups.11,12 Very
recently, Pendryet al. reported the theoretical investigation
about this issue.13 In their theory, even for the perfect con-
ductors the SWsor SW-like moded exists when some kinds
of structures such as hole arrays are fabricated. Such theo-
retical results support our simulated results of
electromagnetic-wave localization at the metal surface. Fig-
ure 4scd shows the amplitude ofEz sdotted lined along the
dashed line in Fig. 4sbd. The attenuation length into the air
space, at which the field amplitude falls to 1/e, is estimated
to be 0.37 mm by fitting the calculated data to the exponen-
tial decay functionssolid lined. From this value, it is ex-
pected that the near-field coupling between the two SW’s
occurs in the range ofh,0.74 mm. In Figs. 2sad and 2sbd,
the anomalous transmission characteristics, which cannot be
interpreted in terms of the Fabry-Perot effect, are observed

only in the range of the layer spacingh,0.75 mm, which
agree well with the above prediction. This result suggests
that the anomalous transmission characteristics are attributed
to the near-field coupling between the two SW’s excited on
the two layers. This near-field coupling leads to the splitting
of the transmission peak as observed in Fig. 3. Recently, the
tunability of the bandpass frequency by using the SPP cou-
pling in the visible and near-infrared regions was reported by
Wang.14 He used the two metal-coated glass prisms which
are separated by a narrow air gap. The transmission peak
frequency was tuned in the range from 0.4 to 1.6mm by
changing the thickness of the air gap. In his case, SPP’s were
excited at the metal-air boundary using prism couplers and
the coupled state between the two SW’s depends on the spac-
ing between two metal surfaces and is independent of the
lateral displacement. In our experiment, however, the
coupled state of the SPP’s depends not only on the layer
spacing but also on the lateral displacement owing to the
periodic structure of the metal surface.

Figures 5sad and 5sbd show the calculated distributions of
the z component of the electric field amplitude atp=0 and
p=s/2, respectively. The layer spacing is fixed in both fig-
ures ath=0.35 mm. The frequencies of the incident THz
wave are 0.27 THz in Fig. 5sad and 0.26 THz in Fig. 5sbd,
which are corresponding to the lower peak frequency ob-
served in Fig. 2scd. In Fig. 5sad, the SW is excited on the
surface of the first layer. At the output surface of the second
layer, however, the SW is not excited, and the transmittance
of the THz wave through the second layer holes becomes
very low. In Fig. 5sbd, on the other hand, it is observed that
the SW’s are excited on the surfaces of both first and second
layers, and consequently, a higher transmittance is expected
for p=s/2 in comparison with forp=0.

One question still remains for the transmission character-
istic of the double-layer metal hole array. Why is the higher
transmittance obtained forp=s/2 compared with forp=0?
For the subwavelength metal aperture which is surrounded
by circular periodic grooves, the high directivity of the emit-
ted light from the output side of the metal film was observed
recently.15,16 The outgoing light at the resonant frequency of

FIG. 3. Measured transmission
spectra for the double-layer metal
hole array as a function of the lat-
eral displacement between the two
layers at the fixed layer spacing
h=0.35 mm.
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the SW at normal incidence is emitted to the zero-order di-
rection which is perpendicular to the metal surface. Such a
beaming effect of the transmitted light is also expected for
the metal hole array studied in this paper. Thus, for the
double-layer metal hole array, it is expected that most of the
THz wave transmitted through the holes of the first layer
would be blocked by the metal wall of the second layer for
p=s/2. However, the results of our experimentfFig. 2scdg
and the FDTD simulationsFig. 5d are against such an expec-
tation. To understand the origin of this phenomenon, we cal-
culated the Poynting vector distribution for the single-layer
metal hole array. Figure 6 shows the distribution of the Poyn-
ting vector simulated by the FDTD method for a single-layer

metal hole array in thex-z plane. The simulation parameters
are the same with those of Fig. 4sbd. In Fig. 6, the THz wave
enters from the bottom of the figure. The direction and length
of arrows indicate the direction and intensity of the Poynting
vector, respectively. The gray scale image indicates the in-
tensity of thex component of the Poynting vectorSx and
white and black colors mean positive and negative direc-
tions, respectively. It is observed thatSx is directed to the
hole center at the input side, and on the other hand, it is
directed away from the hole center at the output side. Such a
Poynting vector distribution, which is caused by the SW, was
reported by García-Vidal and Martin-Moreno for a metal slit
array.17 For the double-layer metal hole array, when the layer
spacing is larger than the attenuation length of the SW’s, the
SW excited on each layers behaves independently and SW
coupling does not occur. On the other hand, when the layer
spacing is shorter than the attenuation length, the two SW’s
interact with each other and, as a result, new coupled states

FIG. 4. sad Schematic diagram of the model used in this simu-
lation. sbd Simulatedz componentEz of the electric field amplitude
for the single-layer metal hole array. The cross section is taken
along the one of the principal axes of the triangular lattice through
the center of the hole.scd The amplitude ofEz sdotted lined along
the dashed line in Fig. 4sbd and the exponential fittingssolid lined.

FIG. 5. Simulatedz componentEz of the electric field amplitude
for the double-layer metal hole array atsad p=0 andsbd p=s/2 with
the fixed layer spacingh=0.35 mm. The cross section is taken
along the one of the principal axes of the triangular lattice through
the center of the hole.
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of the SW’s are generated. In the case ofp=0, where holes
of the first and second layers are placed coaxially, destructive
coupling of the two SW’s is expected since the directions of
Sx at the output side of the first layer and the input side of the
second layer are opposite with each other. On the other hand,
in the case of Fig. 5sbd sp=s/2d, the direction ofSx at the

output side of the first layer matches with that at the input
side of the second layer. From this, it is concluded that the
anomalous transmission characteristic for the double-layer
metal hole array is attributed to the constructive coupling of
the SW’s forp=s/2 and destructive coupling forp=0.

In conclusion, we investigated the transmission character-
istics of the double-layer metal hole array by varying the
layer spacing and lateral displacement between the two lay-
ers. With increasing the layer spacingh, a typical change of
the transmission spectrum corresponding to the Fabry-Perot
effect is observed. In addition, an anomalous transmission
characteristic is observed in the range ofh,0.75 mm
around the resonant frequency of the SW. The transmittance
for lateral displacement of half the lattice constant is much
higher than that without the displacement. From the result of
the FDTD simulation, this anomalous transmission charac-
teristic is attributed to the near-field coupling of the SW’s
which are excited on the output surface of the first layer and
the input surface of the second layer. This phenomenon
might make it possible to design a tunable filter or other
optical devices not only in the THz region but also in the
visible region. Further theoretical analysis would be needed
for understanding the details of this phenomenon.
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hole array in thex-z plane sarrowsd. Gray scale image shows the
intensity of thex componentSx of the Poynting vector. The cross
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