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Effect of hole diameter on terahertz surface-wave excitation in metal-hole arrays
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The effect of the hole diameter on the surface wave (SW) excited on the metal surface perforated periodi-
cally with circular holes has been investigated in the terahertz (THz) region. We find that the SW is localized
more strongly on the metal surface with increasing the hole diameter. These results provide the evidence for the
existence of the SW-like mode, having properties similar to the surface plasmon polariton in the visible region,
even in the THz or lower frequency regions, where metals are regarded as the nearly perfect conductor.
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The resonant light transmission phenomenon for metal-
hole arrays is attracting much attention with regard to under-
lying physics'> and the development of potential
applications.®® The transmittance of the metal-hole array is
several times higher than that expected from the hole aper-
ture fraction. The mechanism of such an anomalous trans-
mission characteristic is nowadays widely understood in
terms of the excitation of the surface waves (SWs)?>~ on the
periodically structured metal surface and Fano-like interfer-
ence between the SW and directly transmitted electromag-
netic wave.* Here, we should empasize that in the 1960s
similar resonant transmission characteristics of metal meshes
were reported in the millimeter wave or far infrared
regimes, %12 and the contribution of SWs, called Zenneck
waves, was discussed in Ref. 10.

The intensity of the SW is attenuated exponentially with
distance from the metal-dielectric interface. The attenuation
lengths both into the dielectric and metal sides are compa-
rable to or shorter than the wavelength of light in the visible
or near infrared regions. In the terahertz (THz) or lower fre-
quency regions, on the other hand, the attenuation length of
the SW into the dielectric side is several orders of magnitude
longer than the wavelength for a flat metal surface, while the
attenuation length into the metal side is several orders of
magnitude shorter than the wavelength. In this case, one can-
not recognize such a delocalized electromagnetic wave as the
SW. Owing to the existence of the perforated structure, how-
ever, the attenuation length of the SW is possibly reduced to
the order of the wavelength!3!# and thus the resonant trans-
mission phenomenon can be observed even in the THz and
lower frequency regions.'> Such SWs (called spoof surface
plasmon polariton) have a possibility to cause a variety of
optical characteristics of metal-hole arrays. In our previous
study, for example, we observed the interesting transmission
characteristics of double-layer metal-hole arrays based on the
near-field coupling between the SWs excited on the two
metal surfaces.!

The surface localization property and lifetime of the SW
on the metal-hole arrays depend on some geometrical param-
eters, such as the hole diameter, slab thickness, lattice con-
stant, and permittivity of metals and are important for de-
signing the optical devices made of metal-hole arrays. In this
paper, we measured the hole diameter dependence of the
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surface-wave characteristics on the perforated metal surface
in the THz region. By using the THz time domain spectros-
copy (THz-TDS), we can measure the wave form of the THz
wave transmitted through the metal-hole array and hence can
obtain the lifetime of the SW directly, which is strongly in-
fluenced by the periodic structure of metal surfaces. More-
over, by measuring the dependence of the transmission spec-
trum on the thickness of the dielectric film attached on the
metal surface, the attenuation length of the SW in the direc-
tion perpendicular to the surface can be obtained.

The metal-hole arrays used in this study were Al plates
(the thickness =0.25 mm) perforated periodically with cir-
cular holes in the triangular lattice structure. All samples
investigated had the same spacing between holes
s=1.13 mm and the hole diameter was varied from
d=0.50 to 0.80 mm. The permittivity of Al is about
g=¢g'+ie"=-44900+i511000 at around 1 THz. The attenu-
ation length of the electromagnetic wave into the metal is
estimated to be about several hundred nanometers, which is
three orders of magnitude shorter than the wavelength. The
transmission characteristics were measured by using the
THz-TDS system,!” which allowed the direct measurement
of the wave form of the THz wave transmitted through the
sample. The collimated THz wave, which was radiated from
the emitter of a photoconductive antenna illuminated by a
100-fs optical pump pulse, was impinged on the sample at
normal incidence. The transmitted THz wave was detected
by a similar photoconductive antenna detector gated by an
optical probe pulse which is divided from the pump pulse.
By changing the time delay 7 between the pump and probe
pulses, the wave form of the electric field of the transmitted
THz wave could be measured. The incident THz wave was
polarized linearly parallel to one of the principal axes of the
triangular structure. A 10-mm-diameter aperture was located
in front of the sample. If the number of holes is finite, the
coupling efficiency between the incident THz wave and the
SW on the metal surface increases with increasing the num-
ber of the holes, and the transmittance at the resonant fre-
quency reaches the saturated value when the number of holes
is larger than about 20.°> The number of the illuminated cir-
cular holes was about 70 in this experiment, being enough to
avoid the finite size effect of the transmission characteristics
for the metal-hole array. The transmission spectrum was ob-
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tained by comparing the Fourier-transformed spectra of the
time-domain wave forms with and without the sample inser-
tion. The total time range of the measured wave form was
136 ps, giving a spectral resolution of about 7 GHz in this
experiment.

We investigate the dependence of the lifetime of the SW
on the hole diameter. The wave forms transmitted through
the metal-hole arrays with several hole diameters are shown
in Figs. 1(b)—1(e). The incident THz wave, which is an al-
most one cycle pulse, is shown in Fig. 1(a) as a reference.
For the metal-hole array of d=0.5 mm in Fig. 1(b), the sharp
peak is observed at around 7=0 ps. This sharp peak corre-
sponds to the THz wave transmitted directly through the
holes without the resonant coupling with the SW. Following
this peak, we can observe the component which oscillates for
relatively long time. In order to evaluate the frequency of
such oscillation components, we calculate the Fourier spec-
trum of the wave form in the range after 7=4 ps, where the
oscillation component is observed. The result is shown in
Fig. 1(f), where the transmission peak is observed at
0.28 THz. The resonant frequency of the SW fg is ex-
pressed in the form'3

C
fSW= |kin + G|;T{(8m + 8d)/‘?msd}l/z’ (1)

where k;, is the in-plane wave vector of the incident THz
wave, G is the reciprocal lattice vector, and ¢,, and g, are the
dielectric constants of the metal and the attached dielectric,
respectively. From Eq. (1), the resonant frequency of the SW
is estimated to be 0.30 THz for metal-hole arrays used in this
experiment, which almost agrees with the transmission peak
frequency observed in Fig. 1(f). Thus, this oscillation com-
ponent can be assigned to the THz wave reemitted from the
SW, which is excited in the vicinity of the metal surface by
the incident THz wave. The transmission peak frequency is
slightly lower than the resonant frequency of the SW ex-
pected from Eq. (1). In Eq. (1), we assume that the size of
the hole diameter is extremely small, corresponding to the
weak perturbation of the permittivity of a metal surface from
the unperturbed surface. In the present system, however, the
hole diameter has a finite size and the dispersion curve of the
SW in Eq. (1) is modified to some extent, leading to the
low-frequency shift of the transmission peak frequency of
the metal-hole arrays as observed in our experiment.

In order to fit the oscillation component of the measured
wave form E,. (1), we utilized a damped harmonic oscillator
function

E, () = A exp(— yt)cos(2mvt + ¢) + const. (2)

Here A and 7y are the amplitude and relaxation time, and v
and ¢, are the frequency and phase of the oscillation com-
ponent, respectively. From this fitting, we can estimate the
lifetime of the SW. The lifetime of the SW can also be esti-
mated from the spectral width of the transmission peak in the
frequency domain. However, owing to the Fano-like interfer-
ence effect the line shape of the transmission peak deviates
from the symmetric Lorentz function,* making it difficult to
estimate the accurate lifetime of the SW. The Fano-like in-
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FIG. 1. (a) The incident THz wave form and (b)—(e) THz wave
forms (solid lines) transmitted through the metal-hole arrays with
several hole diameters d. Circles are numerical fittings with the
damped harmonic oscillator model for the oscillation components.
(f) The Fourier-transformed intensity of the THz wave forms of (b)
in the time range after 4 ps.

terference effect is the result from the interference between
the electromagnetic wave transmitted directly through metal
holes and that reemitted resonantly from the SW. In Figs.
1(b)-1(e), the former wave is corresponding to the sharp
pulse observed at around 7=0 ps, while the latter wave is
corresponding to the oscillation component. Thus, by fitting
only the oscillation component in time domain, we can ob-
tain the value of the SW’s lifetime more accurately than that
estimated from the transmission spectrum. The excellent nu-
merical fittings (dotted lines) are obtained for all wave
forms. From this fitting, the lifetimes of the SWs are esti-
mated to be 16.7, 14.1, 6.0, and 4.2 ps for the hole diameters
d=0.50 mm, 0.60 mm, 0.70 mm, and 0.80 mm, respectively.
The obtained SW lifetimes are shown as a function of the
hole diameters in Fig. 2. The SW lifetime decreases with
increasing the hole diameter. This result agrees well qualita-
tively with that reported in the visible and near-infrared
regions.”!? In Ref. 20, it is reported that the lifetime of the
SW is mainly determined by the radiation loss due to scat-
tering by the holes and, on the other hand, the ohmic loss at
the metal surface plays a minor role when the conductivity of
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FIG. 2. The SW lifetime as a function of the hole diameter.

metals is relatively high. Since the scattering cross section
due to the holes becomes larger with increasing the hole
diameter, the SW lifetime is expected to become shorter with
the hole diameter, as observed in Fig. 2.

Next, we investigate the spatial attenuation length of the
SW in the direction normal to the metal surface into the air.
In order to obtain the attenuation length experimentally, we
measured the frequency shift of the transmission peak with
increasing the thickness 7, of the thin dielectric film attached
on the output side of the metal surface. In our previous
study,?! we observed that the transmission peak shifts to the
lower frequency side with increasing the thickness of the
film attached on the output side of the metal surface. Such a
peak shift is attributed to the shift of the resonant SW fre-
quency on the output side. Since the electric field of the SW
is attenuated exponentially in the direction perpendicular to
the surface, this frequency shift shows the tendency of satu-
ration when the film thickness becomes comparable to the
attenuation length of the SW, and thus we can estimate
roughly the attenuation length of the SW from the depen-
dence of the peak frequency on the film thickness.!> Figure
3(a) shows the transmission peak frequencies for the several
hole diameters as a function of the thickness of the attached
dielectric film. The peak frequency decreases exponentially
and shows the tendency of saturation with increasing the film
thickness. The solid lines are numerical fittings by the expo-
nential damping function approaching the constant value
with increasing film thickness. The film thickness #,, where
the frequency becomes 1/e of the initial frequency (at z;,=0),
is a measure of the SW attenuation length in the direction
normal to the surface. The attenuation lengths estimated
from this analysis are plotted as a function of hole diameter
in Fig. 3(b). The attenuation length of the SW is 250 um for
d=0.5 mm. With increasing the hole diameter, the attenua-
tion length decreases monotonically and at d=0.8 mm be-
comes shorter than 100 wm, which is about ten times shorter
than the wavelength of the THz wave (A ~ 1.0 mm).

We note that the intensity of the SW is localized within
the wavelength of the THz wave in the direction normal to
the metal surface for the metal-hole arrays used in our ex-
periment. These results confirm Pendry’s theory,!3 which in-
sists that the SW can be excited on the structured metal sur-
faces even though the metal is regarded as a perfect
conductor. For the flat surface of the perfect conductor, the
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FIG. 3. (a) Transmission peak frequencies as a function of the
dielectric film thickness attached on the output surfaces of the
metal-hole arrays for hole diameters, d=0.50 mm (circle), 0.60 mm
(triangle), 0.70 mm (square), and 0.80 mm (cross). (b) The esti-
mated attenuation length of the SW versus the hole diameter.

intensity of the electromagnetic wave extends from the metal
surface into the semi-infinite space of the air or dielectric
side, and in this case the SW cannot exist. When the surface
of the perfect conductor is periodically structured, the effec-
tive plasma frequency is reduced and thus the electric field of
the electromagnetic wave can be localized on the metal sur-
face, meaning the existence of the SW-like mode. As the
conductor area decreases, i.e., the hole diameter becomes
larger, the attenuation length becomes shorter and conse-
quently, the SW is localized more strongly at the surface.
Such an SW excited on the surface of the perfect conductor
may contribute to the resonant transmission of the metal-hole
array, as observed experimentally in the THz region."> Fi-
nally, we mention the relationship between the resonant
transmission frequency and the cutoff frequency in some de-
tail. The resonant frequencies for the samples with d=0.5,
0.6, 0.7, and 0.8 mm are 0.288, 0.276, 0.265, and 0.252 THz,
respectively. On the other hand, the cutoff frequencies of the
corresponding samples are 0.352, 0.293, 0.251, and
0.220 THz. Since the cutoff frequency corresponds to the
plasma frequency in the Pendry’s spoof surface plasmon po-
lariton (SPP), the spoof SPP theory can be applied to the
samples with d=0.5 and 0.6 mm. However, the spoof SPP
theory cannot be applied directly to the samples with
d=0.7 and 0.8 mm, since the resonant frequencies are above
the cutoff frequencies. The consideration of the coupling be-
tween the SW and standing cavity modes will be needed for
accurate analysis.!?

In conclusion, the effects of the hole diameter on the life-
time and the attenuation length normal to the surface of the
SW excited on the nearly perfect conductor surface have
been investigated in the THz region. The lifetime decreases
with increasing hole diameter.
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