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We investigate the conditions for perfect transmission of terahertz radiation in periodic
two-dimensional plasmonic system of square holes. Changing the period in the direction
perpendicular to the incident light polarization reveals the optimum areal coverage for perfect
transmission at a specific period. The simulated near-zone energy flow distributions show that all
incident light is accumulated on the apertures, under the condition that the period is shorter than the
resonant wavelength, acting as static local capacitors restricted to a wavelength-confined region.
Our finding can be exploited for designing cost-effective terahertz filters and may be applicable to
terahertz spectroscopy requiring strong local field enhancement. © 2010 American Institute of

Physics. [doi:10.1063/1.3533658]

Focusing and manipulating electromagnetic fields to
achieve high transparency through perforated metal films
have attracted increasing attention in recent years due to
promising applications in a variety of electronic, photonic,
and biotechnology applications.l’3 Exploiting the field en-
hancement of electromagnetic waves caused by resonant ex-
citation of surface plasmons (SPs) at metal-dielectric inter-
faces is the best way to realize high transparency. In this
case, all incident light is totally transmitted through the ap-
ertures, usually at specific frequencies. Such enhanced opti-
cal transmission has been studied in the optical frequency
range4_6 as well as extended to include microwave and tera-
hertz frequencies by means of new concept such as designer
Sps.” 2 Particularly in the terahertz regime, near perfect
transmission was experimentally realized in various types of
plasmonic structures since most metals become hi§hly con-
ductive and consequently the Ohmic loss is small."*'® How-
ever, the rational design of efficient and feasible plasmonic
structures still remains a major challenge.

In this letter, we investigate the conditions for perfect
transmission through periodic two-dimensional arrays of
square holes with different periods along the x- and y-axes.
We propose a practical design for plasmonic structures with
high transmission efficiency. Our experimental results show
that the change of periodicity along the x-axis (the polariza-
tion axis of the incident wave) does not lead to a rapid de-
crease of the resonant transmission. Thus, structures exhibit
near-unity transmission peaks over a rather wide range of
array periods, in spite of the fact that spectral widths vary
considerably. In contrast, when the array period along the
y-axis is larger than the resonant wavelength, the peak am-
plitude of the transmitted terahertz waves decreases rapidly.
These results strongly suggest that, for a given period, we
can specify an optimum areal coverage, defined as the small-
est fraction between the area of the apertures and the area of
the metal film which maintains near-unity transmittance over
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an extended wavelength regime. This can be understood
from a local capacitor model in which each aperture acts as a
static local capacitor restricted to a wavelength-confined
region.17 Simulations showing the near-zone energy flow dis-
tributions reveal that, in those cases, all impinging light is
perfectly funneled through the apertures.

In order to realize plasmonic structures that can be sim-
ply understood, we fabricate two-dimensional arrays of
square holes with different periods. These are drilled into a
17-pum-thick aluminum film using a laser machining method
based on amplified Ti:sapphire laser pulses. The square hole
width is selected to be a=200 um. The period of the hole
arrays is fixed at 400 um along one direction and is varied
from 300 to 600 wm with the step size of 50 um along the
other direction. Figure 1(a) shows examples of scanning
electron microscopy (SEM) images of several samples per-
forated with different array periods. The transmission spectra
of the samples were measured using a terahertz time-domain
spectroscopy system, covering the spectral range from 0.05
to 2.5 THz (wavelength range from 120 um to 6 mm)."*™
The details of our experimental setup have been described in
our previous work."”

Figure 1 shows the normalized transmission spectra
measured at normal incidence for samples with different pe-
riods, Ax [Figs. 1(b) and 1(c)] and Ay [Figs. 1(d) and 1(e)],
along the x- and y-axes, respectively. In the case of changing
Ax, as the period becomes larger, the spectral peak positions
of the resonant transmission shift to longer wavelength. In
addition, the spectral peaks become sharper and narrower as
the hole spacing increases due to the variation of the cou-
pling between the localized SP modes of the apertures and
the excitation of surface waves on the periodic structure. The
normalized amplitude spectra [Fig. 1(b)] show a slight de-
crease due to the limit of spectral resolution related to finite
sample size, sample inhomogeneity, and finite spectral reso-
lution. Nonetheless, the near-unity transmission peaks re-
main over a quite wide period. Theoretical calculations [Fig.
1(c)], assuming a perfectly conducting metal film, support
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FIG. 1. (a) SEM images of the plasmonic structures perforated with differ-
ent periods: 300, 400, 500, and 600 um from left to right. Measured and
calculated transmission spectra at normal incidence for four samples with
different periods, 300, 400, 500, and 600 um along x [(b) and (c)] and y
[(d) and (e)] directions, respectively.

the fact that the incident light can be perfectly transmitted
through the structures.”’ In the case of changing Ay, the
resonant transmission spectra remain the same peak position
shown in Figs. 1(d) and 1(e). Note that the peak values of the
measured and calculated transmission amplitude spectra ex-
hibit rapid decreases at around Ay=400 and 500 um, re-
spectively.

By comparing the measured and calculated peak values,
we can get a further understanding of the underlying mecha-
nism. Figure 2(a) shows the resonant peak values of the nor-
malized transmission amplitude spectra as a function of Ay
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FIG. 2. (Color online) (a) The measured (black circles) and calculated (red
squares) peak amplitudes at resonant frequencies. The measurements were
carried out by using the samples with the Ay varying from 300 to 600 pm
in an increment of 50 wm. The perfect conductor model was applied for
obtaining the theoretical results. (b) The area-normalized EF. (c) Simulated
E, field distribution in the xy plane of a sample with periods of Ax,Ay
=400 pm. The simulation was carried out at the resonant wavelength of
490 wm. The incident polarization is along the x-axis.
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FIG. 3. (Color online) Time-averaged Poynting vectors simulated at the
resonant wavelength of 490 um for two different Ay of 400 and 800 wm,
respectively. The polarization of the incident terahertz wave is along the
x-direction.

(direction perpendicular to the incident polarization axis).
The experimental values (black circles) of the peak ampli-
tude transmission start to rapidly decrease at around Ay
=400 um. Comparing the area-normalized enhancement
factor (EF), EF=(AxAy/a*)T,., where T, is a resonant
peak value of normalized transmission electric field ampli-
tude spectra, reveals a remarkable feature of the transmission
spectra, as shown in Fig. 2(b). We note that the enhancement
factor obtained from the experimental data is maximized at
Ay=400 wm, which can be therefore defined as optimum
Ay at which the periodic structure of holes has optimum
areal coverage. The essential feature of the measured trans-
mission spectra is reproduced by the theoretical results (red
squares), even though there is a small quantitative difference
in the critical period. This may be attributed to a number of
factors including the finite size of the structured area and
imperfect square shape of the apertures due to fabrication
ITOrS.

To understand this behavior, we performed simulations
using finite element method. Figure 2(c) shows a simulation
snapshot of the E, field distribution in the xy plane of a
sample with periods of Ax,Ay=400 wm carried out at the
resonant wavelength of 490 wm. We note that, even though
the incident wave polarization is along the x-axis, there ex-
ists a near-field confinement of the E, field at the edges lying
perpendicular to the y-axis. This leads us to expect that the
structure can induce oscillating electric current in the direc-
tion perpendicular to the incident wave polarization.

Computing the Poynting vector representing the flow of
energy is useful for understanding a strong energy funneling
associated with the strong near-field confinement. Figure 3
shows the time-averaged Poynting vectors simulated at the
resonant wavelength of 490 um for two different Ay of 400
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FIG. 4. (Color online) The comparison between the calculated optimum Ay
and the resonant wavelengths obtained in the structures with the apertures of
three different widths, 150, 200, and 250 wm, respectively.

and 800 wm. In Fig. 3(a), all the incident light is funneled
through the aperture, which will enable perfect transmission.
However, in the case that Ay is larger than the optimum Ay
[Fig. 3(b)], a part of the energy flow which does not interact
with the square holes appears on the metal surface far from
the apertures, marked “A” in Fig. 3(b). This explains why
perfect transmission cannot be observed in such structures
and the transmission spectra show a rapid decrease of the
resonant peak amplitude.

We can also understand this behavior using the concept
of a “A-zone” capacitance for plasmonic systems. The
\-zone capacitor can be defined as a static local capacitor,
which induces the surface current flow inside a confined area
of a diameter equal to one resonant wavelength of the inci-
dent electromagnetic wave, the so-called \-zone.’ Here, the
local charges at the edges of the apertures can be induced by
the surface current due to the law of charge conservation.
Since the incident electromagnetic wave usually excites an
alternating current, only the surface current oscillating in a
wavelength-confined area can contribute to charging the
electric carriers at the edges of the apertures. For that reason,
it is important to understand the relationship between the
resonant wavelength determining the A-zone area and opti-
mum Ay. As shown in Fig. 4, we compare the resonant
wavelengths and the optimum Ay on the apertures of three
different widths. The rather good agreement on these two
spectral length scales supports the validity of this simple
concept. In other words, the portion of the electromagnetic
wave incident onto each \-zone is totally funneled inside the
corresponding aperture. The peak amplitude of the transmit-
ted light starts to rapidly decrease when Ay becomes larger
than the size of the \-zone (i.e., the resonant wavelength).

In conclusion, we have studied the influence of the peri-
odicity on the resonant transmission through periodic two-
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dimensional plasmonic metal hole arrays. We have described
an approach for minimizing the areal coverage, while main-
taining perfect transmission at specific frequencies. We
found that the optimum areal coverage is obtained at the
optimum Ay which corresponds to the resonant wavelength
of the plasmonic structures. A simple and intuitive N-zone
capacitor model provides physical insight into these experi-
mental results and is supported by theoretical simulations of
energy flow distributions in the near-field region. The physi-
cal understanding provided by this result might be important
for developing terahertz plasmonic devices, satisfying the
need for improved characteristics and cost-effective manu-
facture.
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