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Abstract: Terahertz transmission filters have been manufactured by 
perforating metal films with various geometric shapes using femtosecond 
laser machining. Two dimensional arrays of square, circular, rectangular, c-
shaped, and epsilon-shaped holes all support over 99% transmission at 
specific frequencies determined by geometric shape, symmetry, 
polarization, and lattice constant. Our results show that plasmonic structures 
with different geometric shaped holes are extremely versatile, dependable, 
easy to control and easy to make terahertz filters.  
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1. Introduction 

Surface plasmon exists in the metal-dielectric interface. Perforating metal films with arrays of 
holes or slits, or periodically arranging metal nano-particles [1-5] result in the surface 
plasmonic crystals or plasmonic waveguides, potential applications of which are expected in 
such diverse areas as subwavelength light localization, negative index materials and perfect 
lensing, bio-sensing, surface energy transfer and waveguiding [3-8]. Recently the concept of 
surface plasmons have been extended to include perfect metals [9-13], thereby encompassing 
any phenomena involving strong surface electric field in microwave and terahertz frequency 
range [14, 15]. Strong surface field and its scattering into the far field can result in strong 
transmission, as has been predicted by many theoretical groups [16-23]. In this paper, we 
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demonstrate shape resonance terahertz filters with near-unity transmission through various 
plasmonic structures with diverse hole shapes where we can easily control the transparent 
frequencies through hole shapes [24-28], incident angle [29], and polarization direction [30]. 

2. Experiments and theory 

The terahertz transmission filters have been manufactured by perforating metal films, 
commercial aluminum foil with a 17μm thickness, with various geometric shapes using 
femtosecond laser machining. The period is set at 400 μm and the sample size is 2 cm by 2 
cm.  Figure 1(a) shows images of the plasmonic structures perforated with various shapes: 
square, circular, rectangular, c-shaped, and epsilon-shaped holes. Terahertz time domain 
spectroscopy [Fig. 1(b)] is performed to obtain transmittance in the frequency range of 50 
GHz to 2 THz, from comparing time traces of pulses before and after passing through the 
sample.  

 

 
Fig. 1. (a) SEM images of the plamonic structures perforated with various shapes. (b) The 
experimental setup. (c) Transmission spectra measured after passing through a circular hole 
sample (blue) and after another nearly identical one (red). The insets show time traces for the 
two cases.  

In the inset, Fig. 1(c), time traces for the incident beam, the transmitted beam after a 
circular hole sample, and the beam after another nearly identical sample is shown. From the 
single cycle incident pulse, quasi-monochromatic waves are generated after passing through 
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the sample, and become even more monochromatic after passing through the second sample.  
Transmittance is plotted in Fig. 1(c), where the peak transmittance is near unity for both cases 
although the line width is narrower after passing through two samples. The peak position of 
0.54 THz is determined by combined effects of both the periodicity and the circle diameter, 
which makes precise prediction of the transmission frequency, which has important 
technological implications, rather difficult. In the following, we show cases where one can 
easily predict perfect transmission position.  

 

 
Fig. 2. (a) Transmission spectra for samples with rectangular arrays of holes with varying 
length b. (b) Spectral peak positions (circles) plotted versus the half wavelength cutoff 
frequency. The blue line represents the first Rayleigh minimum. (c) Theoretical calculations by 
using the perfect conductor model. (d) Polarization dependence for the rectangle hole sample 
with the width to length ratio of 2 to 3. Two resonance frequencies of 0.560 and 0.734 THz 

appear at the perpendicular polarization angles of 0 and 90° respectively. 

Samples with rectangular arrays of holes with varying length b  are investigated, with 
polarization of the incident light along the width a  [Fig. 2(a)]. We first note that in all 

spectra, a transmission minimum exists near the frequency 75.0==
d

c
fR

 THz, which 

corresponds to the first Rayleigh minimum for normal incidence: in transmission grating at an 
incidence angle θ, first order diffracted waves graze at the sample surface at 

frequencies
)sin1(

)(
θ

θ
±

=
d

c
fR

, taking away energies from the 0th order transmitted wave. 

With increasing b , the peak position shifts toward smaller frequency while maintaining 
transmittance of near unity. Interesting case is seen at the slit sample (b = infinity), where the 
transmittance keeps increasing with decreasing frequency, until at the low frequency limit of 
our detection method (50 GHz), over 90% transmittance is seen. Our results suggest that the 
first shape resonance (the half wavelength mode along the length) is where the transmittance 
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of unity occurs. Plotting spectral peaks versus the half wavelength mode cut-off frequency 

bc 2  shows that it is indeed close to a straight line of slope one [Fig. 2(b), dotted line], 

although it bows toward lower frequency as the peak position approaches Rf  much like an 

anti-crossing. This is expected, because at frequency Rf  or higher, first diffraction inevitably 
takes energy away from the 0th order transmitted beam. 

We analytically calculate transmittance through periodic arrays of rectangle holes with 

width a along the x-direction and length b along the y-direction, with periods xd  and yd  

respectively. With the assumption that the metal is a perfect conductor, an excellent 
approximation in the terahertz range, we obtain an exact solution. Boundary matching 
between cavity mode expansion inside the holes and Rayleigh expansion outside the holes 
[31] result in the following zeroth order transmittance for the x-polarization: 
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where k  is the wave vector of the incident light and μ is the waveguide vector, 

( )222 bk πμ −= . W  is a self-illumination term [10] describing coupling of the hole-
eigenmodes with the incident wave:  
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where 
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The theoretical figure shown in Fig. 2(c), contour-plotting transmission spectra versus b  
is in excellent agreement with experimental results, including the bowing behavior near Rf . 
In addition, electric field profile inside the rectangular hole indeed is close to that of the half 
wavelength mode (not shown). Since the lowest shape resonance frequency is determined by 
the rectangular dimension in the direction perpendicular to the polarization, we expect that 
when we rotate the sample by 90 degrees, the shape resonance frequency switches from 

bc 2  to ac 2 . Figure 2(d) displays contour plot of rotational angle dependent transmission 

for a sample with 203=a  μm and 301=b  μm, and indeed, the transmission frequency 
switches as we rotate the sample. 

Transmission spectra shown in Figs. 1 and 2 have been taken at normal incidence. In many 
applications, an incident-angle independent filter would be much desired. Our shape 
resonance filter with rectangular hole shape has exactly this property. Shown in Fig. 3(a) is a 
contour plot of angle dependent transmission spectra, for an array of strongly rectangular 
shaped holes with width to length ratio of 1 to 8. The transmission peak is completely 
independent of incident angle and lies very close in frequency to the half wavelength mode. 

This angle independence is essentially because the half wavelength mode cut-off bc 2 =0.24 
THz and the first Rayleigh minima are far from each other in the range of angles investigated, 
so that only the length b, not the period d  is important in determining the transmission 
maximum. As the length becomes shorter all the way to square shape holes, shape resonance 
and Rayleigh minima interact with each other to generate surface plasmon-like, angle-
dependent transmission peaks, which lies below the Rayleigh minima line much like in the 
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visible range [Fig. 3(b)]. We now show that a dual or multiple frequency filter can be made 
simply by choosing an asymmetric hole shape.  

 

 
Fig. 3. (a) A contour plot of the incident angle (θ) dependent transmission for the rectangle 
hole sample with width to length ratio of 1 to 8. (b) Angle dependent transmission for the 
square hole sample. (c) Normal incidence transmission spectra at the horizontal (blue line) and 
vertical (red line) polarizations for the c-shaped sample. (d), (e) Angle dependent transmissions 
for the c- and epsilon-shaped samples. (f) Transmission spectrum for the sample consisted of 
rectangular holes with three different lengths, 390, 650 and 1500 μm, at normal incidence. 

 

Readily available multiple frequency filters may find applications in selecting signature 
frequencies, while rejecting the background. In symmetrical shapes such as circles, rectangles, 
and squares, it seems clear that the fundamental, lowest frequency resonance determines the 
dominant transparency frequency, together with a smaller effect of the period d . For more 
complex c- and epsilon-shaped structures, more than one frequencies support strong 
transmission. Figure 3(c) shows dual resonance, one near unity at 0.28 THz and the other over 
80% at 0.70 THz at horizontal polarization (Blue line), in contrast for vertical polarization 
(Red line), which shows a predominant peak at 0.62 THz. The near-unity transmission at 0.28 
THz for horizontal polarization can be thought of as corresponding to the ‘half-wavelength’ 
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mode of the entire length l along the c-shape, and is consistent with the result on a rectangle 

sample with the same length, l =590 μm. The second peak at 0.70 THz, slightly below Rf , is 
due to the combined effects of another, higher frequency shape resonance and the periodicity, 
as is clear from the angle dependence shown in Fig. 3(d): while the lower frequency 
transmission peak position is completely angle-independent, the higher transmission peak sees 
the period. It is clear that l along the shape is an important parameter in determining the shape 
resonance positions and therefore the peak positions. We now investigate an epsilon shaped 
hole sample, which has a longer l=703 μm and therefore smaller shape resonance frequencies.   

The transmission Fig. 3(e) shows that even the higher frequency peak is essentially angle-
independent, making this an angle independent dual frequency filter. This is because the 
longer l makes both transmission peaks at 0.58 THz and 0.26 THz to be sufficiently removed 

from Rf . Transmission properties of such asymmetric shapes offer us the possibility of multi-
resonances which can be designed by proper combination of shape resonances and the 
crossings of Rayleigh lines. Asymmetric structure consisted of rectangular holes with three 
different lengths shows four dominant resonances [Fig. 3(f)]. The crossings of Rayleigh lines 
appear as transmission minima at 0.78 and 0.25 THz, where the former is caused by the period 
of 390 and the latter the super-period, 1170. These two minima, particularly the first Rayleigh 
minimum interfere with three fundamental shape resonances for each rectangle, apparently 
resulting in four transmission peaks. This interference of Rayleigh minima with shape 
resonances gives yet another means of tailoring transmission spectra for the desired multiple 
frequency peaks.  

3. Conclusion 

We have demonstrated that near-unity transmittance is obtained at desired terahertz 
frequencies in plasmonic metamaterials through the shape resonance. Strong transmission 
peaks, single, dual, and multiple, result by designing various shape holes, combined with the 
Rayleigh minima. Our results also show that plasmonic metamaterials with different 
geometric shaped holes are extremely versatile, dependable, easy to control and easy to make 
terahertz filters. In particular, angle dependent transmission spectra for square, rectangle, c- 
and epsilon-shaped holes show an omni-directional property when the fundamental shape 
resonance is far away from the Rayleigh minima. We believe that our work could be 
particularly useful as multiple-color filters to select incommensurate signature frequencies in 
terahertz and infrared regime where coating is impractical and, in contrast to Fabry-Perot 
filters where integer-multiple frequencies always transmit even when undesired.  
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