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We investigate the transition of the dominant resonant transmission mechanism from localized resonance to
excitation of surface waves and vice versa in metal hole arrays. The transition occurs continuously with a
change in the length of the rectangular holes. We also study the effect of the incident-beam diameter and
surface condition on the transmission spectrum. Our experimental results show the important differences
between the two mechanisms. They also confirm the theoretical prediction of Bravo-Abad et al. 关Phys. Rev. B
76, 241102共R兲 共2007兲兴.
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In the last few decades, several studies have investigated
resonant transmission properties of electromagnetic waves in
metal hole arrays 共MHAs兲. In 1967, Ulrich1 reported the
band-pass transmission characteristics of MHAs and attributed them to the excitation of surface waves 共ESWs兲, known
as Zenneck waves, in the radio-frequency region; these
waves are analogous to surface-plasmon polaritons 共SPPs兲 in
the visible region.2 Later, Ebbesen et al.3 conducted a study
similar to that of Ulrich and demonstrated that subwavelength MHAs exhibit extraordinary transmission characteristics in the visible region. Since then, many studies have been
conducted to investigate the mechanism of resonant transmission in MHAs.
It is widely believed that the main mechanism responsible
for resonant transmission is ESWs that is based on the interference of multiple electromagnetic waves scattered by periodically arranged holes.4–6 Klien and co-workers7–17 have
experimentally found that the hole shape also has a strong
effect on the transmission characteristics of MHAs; this effect is known as localized resonance, and it has been investigated extensively. Ruan et al.9 have calculated the transmission spectra of periodically arranged and randomly
distributed rectangular holes and found a transmission peak
whose frequency is almost independent of the period. Very
recently, some studies have investigated the effects of hole
size and aspect ratio on transmission characteristics.10 In particular, Lee et al.11 have experimentally demonstrated the
effect of the length of randomly arranged rectangular holes
on transmission spectra and showed that the resonant peak
clearly depends on the hole length; this result is consistent
with the theory of half-wavelength resonance. They have
also found that the periodic structure enhances the transmission peak of localized resonance. Molen et al.14 have reported that the dispersion relation of the peak frequency depends on the aspect ratio of rectangular metal holes.
In this Brief Report, we describe a study conducted to
better understand the effect of localized resonance in an
MHA. We investigate the transition of the dominant resonant
transmission mechanism from localized resonance to ESWs
by examining the changes in the transmission spectra that
occur when we change the length of the rectangular holes.
The measured transmission peak of the MHA shows a redshift as the hole length increases; the incident polarization is
perpendicular to the fixed axis of the holes. When the hole
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length is more than the half-period, the peak frequency is
equal to the expected frequency of the half-wavelength resonance of the metal hole. In contrast, when the hole length is
less than the half-period, the peak frequency gradually increases to the frequency of ESWs. These results indicate that
as the hole length decreases, the dominant resonant transmission mechanism changes from localized resonance to ESWs.
The coupling of the two mechanisms occurs when their frequencies are close to each other. Furthermore, the transmission spectra indicate that the surface effect in the case of
localized resonance is different from that in the case of
ESWs. This result clearly shows that the two mechanisms are
different. Our results not only establish the physical significance of the transmission characteristics of MHAs but also
provide important information for the development of highsensitivity surface wave sensors using MHAs.18,19
We fabricated metal hole arrays in a square lattice on a
stainless-steel slab with a thickness of 50 m, as shown in
the inset of Fig. 1共a兲. The lattice constant of each MHA was
s = 50 m. The holes had the same width w = 150 m, but
different lengths l = 190, 210, 260, 310, and 450 m. We
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FIG. 1. 共Color online兲 共a兲 Measured and 共b兲 simulated transmission spectra of metal hole arrays with different hole lengths l. The
hole width was constant at w = 150 m. The inset shows the geometrical parameters of the arrays.
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used a terahertz time-domain spectroscopy system 共THzTDS兲 to measure the transmission spectra of these samples;
it allowed us to directly measure the waveform of the terahertz wave in the time domain. We calculated the transmission and phase spectra by Fourier transform of the timedomain waveforms. Details of the THz-TDS system are
described in our previous paper.20
Figure 1共a兲 shows the transmission spectra of the MHAs
at normal incidence; these spectra were measured by using
different values of l. Each spectrum exhibits a characteristic
transmission peak. The spectrum measured at l = 190 m
shows a small transmission peak at around 0.59 THz. However, the spectrum measured at l = 450 m shows the same
peak at 0.35 THz. This observation shows that the peak shifts
to lower frequencies as l increases, and it is consistent with
the observations of Lee et al.11 The transmission intensity T
at the peak frequency drastically increases as l increases
from 190 m 共T = 5%兲, and it exceeds 80% when l exceeds
310 m. The bandwidth of the transmission peak also increases gradually with increasing l. By using the finitedifference time-domain 共FDTD兲 method, we performed a
computational simulation of samples whose geometrical parameters were the same as those in the experiment. The
simulation results are shown in Fig. 1共b兲, and they are in
good agreement with the experimental results, except for the
peak transmission intensities and spectral shapes above the
diffraction frequency f dif = 0.6 THz. The discrepancies above
0.6 THz were attributed to the periodic boundary condition
used in our FDTD calculations. The simulated transmission
spectra show the effects of higher-order diffracted waves. In
contrast, the experimental spectra show the effects of zeroorder electromagnetic waves, because only these waves were
measured in the experiment. Hence, because higher-order
diffracted waves were detected during the simulation, the
artifact appears above the diffraction frequency in the simulated transmission spectra.
In order to better understand the dominant resonant transmission mechanism at each value of l, we plot the peak frequency of the transmission spectra as a function of 1 / l, as
shown in Fig. 2. The solid line indicates the expected frequency of localized resonance 共loc兲 calculated from the
theory of half-wavelength resonance 共loc = c / 2l, where c is
the speed of light in vacuum兲. Here, only half-wavelength
resonance is taken into account as a mechanism of localized
resonance. By considering that the metal thickness t used in
our experiment is 50 m, we can disregard waveguide
resonance,21,22 which is caused by Fabry-Pérot resonance between the front and back sides of the metal holes, as a
mechanism of localized resonance. The peak frequencies of
the measured transmission spectra are indicated by open
circles. When l is greater than the half-period 共s / 2
= 250 m兲, the measured peak frequency is found to be in
good agreement with the theoretical frequency of localized
resonance. When l is less than s / 2, the measured peak frequency deviates from the theoretical frequency of localized
resonance and approaches the frequency of ESWs 共dotted
line兲, which was calculated from the lattice period c / s and
found to be independent of l. This result clearly shows that
as l decreases, the dominant resonant transmission mechanism changes from localized resonance to ESWs. An inter-

FIG. 2. 共Color online兲 Transmission peak frequency 共circles and
triangles兲 as a function of 1 / l. Resonant frequencies calculated from
the theories of half-wavelength resonance 共solid red line兲 and ESWs
共black dotted line兲 are also shown for reference. The dashed line is
the trajectory of the peak frequency; it serves as a guide to the eyes.

esting anticrossing behavior is observed when the frequencies of the two mechanisms are equal; this result indicates
that critical coupling occurs between the two mechanisms.
Generally, if such a coupling occurs between two mechanisms, the coupled modes split into two branches, namely, an
upper branch and a lower branch. The dashed line shown in
Fig. 2 corresponds to the lower branch. The upper branch,
however, cannot be observed clearly. This might be due to
the diffraction of the electromagnetic wave into higher-order
diffraction modes. It should be noted that a small transmission peak is observed at 0.59 THz for l = 450 m 关see Fig.
1共a兲兴; it appears as a shoulder of the strong peak at 0.35 THz.
The small peak can be observed more clearly in the simulated transmission spectrum 关Fig. 1共b兲兴, and it is plotted in
Fig. 2 共triangle兲. It mainly originated from ESWs and corresponds to a part of the upper branch.
In order to investigate the transition of the two mechanisms in more detail, we study the finite effect of the
incident-beam diameter on the transmission spectrum. We
need a large illuminated area for achieving strong ESWs,23
because it is caused by coherent interference of electromagnetic waves scattered by many holes. In contrast, such a large
area is not required to produce localized resonance, because
it is expected to be independent of the size of the illuminated
area. Figures 3共a兲–3共c兲 show the transmission spectra of
three MHAs measured at l = 210, 260, and 410 m, respectively. The values of the incident-beam diameter d are 10
mm 共solid line兲 and 1 mm 共open circles兲. Since the size of all
the samples is more than 10⫻ 10 mm2, we can directly compare the transmittances obtained at the two values of d. Figure 3共a兲 shows that when l = 210 m, the transmittance
strongly depends on d. The transmittance at the peak frequency for d = 1 mm is significantly less than that for d
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FIG. 3. 共Color online兲 Transmission spectra of metal hole arrays
measured at incident-beam diameters of 10 mm 共solid line兲 and 1
mm 共circle兲 and l values of 共a兲 210, 共b兲 260, and 共c兲 410 m.

FIG. 4. 共Color online兲 Transmission spectra of metal hole arrays
with 共circles兲 and without 共solid line兲 the paper. These spectra were
measured at l values of 共a兲 260, 共b兲 310, and 共c兲 410 m.

= 10 mm; this result indicates that ESWs are dominant in the
sample produced at l = 210 m. The dependence of transmittance on d decreases with increasing l. At l = 410 m, the
difference between the transmission peaks for d = 10 and 1
mm is very small 关Fig. 3共c兲兴. This implies that localized resonance is the dominant mechanism in MHAs whose l values
are greater than the half-period. These results are in good
agreement with those predicted from Fig. 2, as discussed in
the previous paragraph.
The relatively high transmission peak appears in the spectra, regardless of which mechanism is dominant, and the
peak frequency shifts continuously as the dominant mechanism changes from ESWs to localized resonance. This is a
very interesting result because the difference between the
two mechanisms cannot be determined only from the transmission spectra. It appears that the mechanism underlying
resonant transmission depends on l. Therefore, the characteristics of the two mechanisms should be different, and they
should exhibit different dependences on some physical parameters. The dependence of transmittance on d, as shown in
Fig. 3, is one of the indicators of the difference between two
mechanisms.
We also investigate the dependence of transmittance on
the surface condition of the MHAs. When ESWs is the dominant mechanism, the electromagnetic field is strongly localized in the vicinity of the metal surface. In this case, the peak
frequency depends on the permittivity of the dielectric attached to the metal surface. If the thickness of the dielectric
is assumed to be infinite, the frequency of ESWs can be
expressed as2

d are the dielectric constants of the metal and dielectric,
respectively. However, when localized resonance is dominant, the peak frequency is expected to be almost independent of the surface condition of the MHAs. We measured
transmission spectra of MHAs whose surfaces were covered
with paper with a thickness of 100 m 共paper = 2.2 at 0.5
THz兲. The paper was used to change the permittivity above
the metal surface. Figures 4共a兲–4共c兲 show the transmission
spectra of the samples 共circles兲 covered with the paper; the
hole lengths of these samples were l = 260, 310, and
450 m, respectively. The transmission spectra of samples
without paper are also shown in each figure for reference
共solid line兲. In Fig. 4共a兲, the peak frequency of the spectra of
samples covered with the paper shows a redshift of ⌬f
= 0.05 THz in comparison with the peak frequency of
samples without paper. This result is in qualitative agreement
with that expected from Eq. 共1兲. The value of ⌬f decreases
as l increases 关see Fig. 4共b兲兴. Furthermore, when localized
resonance is the dominant resonant mechanism 关Fig. 4共c兲兴,
the transmission peaks of the two samples with and without
paper almost coincide with each other. This shows that resonant transmission is independent of the surface condition of
the metal.
The discrepancy in the transmission properties that depend on the surface condition is due to different spatial distributions of the electromagnetic field for the two mechanisms. Bravo-Abad et al.12 investigated the hole size
dependence of the transmission properties of square hole arrays and found that electric field distributions in the vicinity
of the metal surface strongly depend on the hole size. When
the hole length is less than the half-period of the square
lattice structure, the electric field is concentrated on the metal
surface. However, when the hole length is greater than the
half-period, the electric field is concentrated inside the holes.
Thus, as the hole length increases, the dependence of the

f SW = 兩kin + G兩
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where kin is the in-plane wave vector of the incident electromagnetic wave, G is the reciprocal-lattice vector, and m and
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transmission properties on the surface condition tends to decrease. Consequently, the peak frequency becomes independent of any change in the surface condition, as indicated by
our results 关Fig. 4共c兲兴.
In summary, we have investigated the transition of the
dominant resonant transmission mechanism in metal hole arrays by varying the length of the rectangular holes. As the
hole length increases, the dominant mechanism changes continuously from ESWs to localized resonance. We have also
demonstrated that the surface effect in resonant transmission
strongly depends on the dominant mechanism. This depen-
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