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Abstract Terahertz (THz) filters based on extraordinary optical
transmission from periodical hole array structures fabricated on
aluminum slab have been experimentally investigated by using
THz time-domain spectroscopy. The incident THz pulses with
frequency from 0.1 to 2.7 THz could be partly filtered, and the
central peak was at ~0.26. The high frequency signal could be
observed to decrease, especially for the frequency above
~1 THz. Moreover, the transmission peak from small-size sam-
ple with less hole arrays shifts to high frequency at ~0.53 THz
due to both the effects of boundary condition and insufficient
periodical extension. Furthermore, finite element method with
surface plasmon polariton theory is employed to analyze this
extraordinary optical transmission and filter phenomena.
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Introduction

Recently, with the development of terahertz (THz) technology,
it is necessary to manufacture THz narrow-bandpass filters for
different requirements, i.e., requiring kinds of mono-THz pulse
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for communication [1] and for bio-chemistry detection [2, 3].
However, up to now, it is still extremely difficult to realize the
THz filter with low cost and simple fabrication process. On the
other hand, the THz devices with microstructure, i.e., dichroic
filters [4, 5] also greatly interest researchers in the extraordinary
transmission of electromagnetic waves [6, 7].

In 1998, extraordinary optical transmission has been
observed by using two-dimensional (2D) arrays with sub-
wavelength holes by Ebbesen et al. [6]. Such extraordinary
optical transmission could be applied potentially for tunable
filters [8]. As shown in the experiment [6, 8], the extraordi-
nary optical transmission from sub-wavelength hole arrays
was observed in the case where no propagation mode should
be supported. Furthermore, the transmission frequency cor-
responds to the surface plasmon polariton (SPP) resonant
frequency. This result indicates that the enhanced transmis-
sion may be attributed to the interaction of incident light
with SPPs [9]. After that, Pendry et al. have shown theoret-
ically that there really exists an SPP-like mode, whose
amplitude exponentially decays with increasing the distance
from surface on perfect conductor metal surfaces perforated
with arrayed holes [10]. They claimed that enhanced trans-
mission from 2D metal hole arrays made on a perfect con-
ductor was caused by these SPP-like modes. It has also been
reported that the coupling of the SPP mode and the propa-
gation mode becomes stronger as the thickness decreases
and the hole diameter increases [11]. However, there is little
work about theoretical and experimental comparison of
transmission properties between samples with different size
and number of hole arrays in THz region, which is signifi-
cant for the fabrication of THz filters.

In this paper, we have experimentally studied the trans-
mission properties of terahertz pulses through different sizes
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of aluminum slabs perforated by periodical hole array struc-
ture in THz range by THz time-domain spectroscopy (THz-
TDS). From the experimental results, the incident THz pulses
with frequency from 0.1 to 2.7 THz could be partly filtered,
and the central peaks were at ~0.53 THz for small-size sample
and ~0.26 THz for big-size sample. For both samples, the
signals in high frequency range were observed to decrease,
especially for the frequency above ~1 THz, which were fil-
tered dramatically. The different results between small-size
sample and big-size sample are due to boundary condition
and insufficient periodical extension. Furthermore, filter and
extraordinary optical transmission phenomena can be
explained by SPP theory with the help of finite element
method (FEM) analysis. The simulation results show good
agreement with experimental results for the big-size sample.

Experiment

The samples used in this work were fabricated by micro-
mechanization processing. The structure of 2D metal hole
arrays was fabricated on a 0.25-mm-thick aluminum slab, as
shown in Fig. la. The hole diameter, d, and lattice constant,
s, were 0.6 and 1.13 mm, respectively. Figure 1b shows the
SEM image of the hole arrays. Figure 1c is the photo image
of the small-size sample with 39 holes on 6 mmx>x6 mm
aluminum slab. Figure 1d is the photo image of the big-size
sample with more than 5,000 holes on 100 mmx100 mm

Fig. 1 a Schematic of the 2D a
metal hole arrays. b SEM image
of hole arrays fabricated on
aluminum slab (hole diameter,
d=0.7 mm; lattice constant,
s=1.13 mm; slab thickness,
t=0.25 mm). ¢ Photo image of
small-size sample with 39 holes
on 6 mmx6 mm aluminum
slab. d Photo image of big-size
sample with more than 5,000
holes on 100 mmx 100 mm
aluminum slab and margin in
the edge of slab
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aluminum slab and margin in the edge of slab, whose size is
almost 278 times bigger than the small sample.

In this paper, the THz-TDS was used for the measure-
ment of transmission properties of terahertz pulses through
2D metal hole arrays. A mode-locked Ti/sapphire laser was
applied to pump and detect THz wave, with the central
wavelength at 800 nm, the full width at half maximum of
spectral bandwidth at ~11 nm, pulse duration around 80 fs,
repeat frequency at 76 MHz, and output power at 1.1 W. The
laser was split into pump and probe beam by beam splitter.
Pump beam modulated by optical chopper was focused on
Gallium Arsenide (GaAs) m-i-n diode. At such condition,
electrons were created near the bottom of the conduction
band, as well as holes were created near the top of the
valence band in intrinsic GaAs layer. The electrons were
accelerated by the applied electrical field, and then, THz
wave was emitted out [12, 13] from GaAs m-i-n diode and
focused on sample by two off-axis parabolic mirrors. The
waist radius of THz beam is about 3 mm whose size is
similar to the small plate. After passing through the sample,
the THz wave with the information of the samples and probe
beam was focused on zinc telluride electro-optic crystal
(ZnTe EO crystal) by another two off-axis parabolic mirrors.
The free space EO sampling technique was used to record
temporal waveforms of THz electric fields emitted from the
samples [14, 15]. The EO detector used in this experiment
was a 700-pum-thick<110>-oriented ZnTe crystal. The high
frequency cutoff (~3 THz) was determined by the thickness

500 um
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of the EO crystal together with the pulse duration of the
femtosecond laser [16, 17]. To avoid the strong absorption
of water vapor, nitrogen gas was infused into a covered box
which covered the main part of THz paths. The humidity of
the covered box was kept as less than 8 %, and temperature
was in the range from 23.5 to 24.5 °C.

Experiment Results

The reference THz pulses (without samples) and transmitted
THz pulses, together with their corresponding spectra, are
illustrated in Fig. 2.

Figure 2a, ¢ shows the reference THz signals (red curves)
and the THz waveforms transmit through the samples (blue
curves) in time domain. It should be noted in Fig. 2 that the
position of =0 was carefully determined by the maximum
entropy method [18, 19], the detail of which will be reported
elsewhere. The estimated time error is less than +30 fs.
Then, from these signals, we can clearly observe that there
is no time delay between the reference signal and the THz
signals through the samples, which means that the THz
pulses can transmit the metal slab.

Furthermore, the amplitude of sample signal decreases as
comparing with the reference signal. Also, the main peak of
sample signal is broadened, which can be found by

observing the first dip in Fig. 2a. The spectra of reference
signal (red curve) and the transmitted signal through the
small sample (blue curve) are obtained by using Fourier
transform, as shown in Fig. 2b. The amplitude of signal in
high frequency range decreases, especially for the frequency
above ~1 THz. The filtering effect is clearly observed. By
comparing with the amplitude of E1y,(w) for both the ref-
erence signal and the signal from the sample at ~0.53 THz,
we can find that the transmission efficiency of THz filter
with small-size sample (less periodical hole arrays) can
reach almost 90 %.

Figure 2¢ shows the reference THz signal (red curve) and
the THz waveform transmit through the big-size sample (blue
curve) in time domain. Similar with the small-size sample
case, the amplitude of THz signal through the big-size sample
decreases. It is also obvious that five damped oscillations
occur after the main peak, whose period is about 3.75 ps.
The spectra of reference signal and the transmitted signal from
the big-size sample are shown in Fig. 2d. The filtering effect is
also clearly observed. The amplitude of signal in high fre-
quency range decreases, especially for the frequency above
~1 THz, which is the same as the small-size sample. By
comparing with the amplitude of Etyy,(®) for both the refer-
ence signal and the signal from the big-size sample at
0.26 THz, we can find that the transmission efficiency of
big-size sample (more hole arrays) is about 95 %.

Fig. 2 a The reference a
waveform (red) and the ¥ ¥ ¥ X % 4 4 T 'Re ren;nce .
transmitted THz wave from Reference
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small-size sample (blue) in time
domain. b The spectra of
reference signal (red) and the
transmitted signal through
small-size sample (blue).

¢ The reference waveform (red)
and the transmitted THz wave
from big-size sample (blue) in
time domain. d The spectra of
reference signal (red) and the
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Fig. 3 The illustration of the dispersion curve of light and SPs. The
dotted line corresponds to the dispersion curve of light. The hatched
sector corresponding the dispersion curve of propagating waves does not
overlap with the evanescent sector, which contains the SPs mode, below
the dispersion curve of light marked as dash line. ki, is the transverse
component of incident wave vector, and G corresponds to the momentum
needed for coupling to SP mode in the evanescent sector

Theoretical Analysis

For theoretical analysis, the Drude model is employed to
analyze the surface plasmons (SPs) occurring at the inter-
face with a dielectric layer (permittivity, £4) and a metal
layer (permittivity, €,,,). Such a model is characterized by a
wave vector of SPs which can be described by the following
equation [19]

o [ €sEm
kg = — 4 | ——— 1
P c\eitem (1)

Here, w is the angle frequency of electromagnetic field,
and c is the velocity of light in vacuum. The red curve in
Fig. 3 shows the dispersion curve of SPs on the interface
between metal layer and dielectric layer.

SPs can be resonantly excited by the coupling of incident
electromagnetic field and free surface charges from metal.
However, in real case, SP modes cannot be generated because
the wave vector of SPs, kg, is below the dispersion of light.
This implies that such mode is evanescent and, therefore,

Fig. 4 The comparison

cannot be excited directly from free-propagating light. A
given additional momentum G is needed to let the wave vector
of the incident light, &, fall into the evanescent sector for
momentum conservation, where SP modes can exist and
transmit on the surface of metal.

One simple way is to provide a momentum G for coupling
incoming light to generate SPs by a periodical array. In two
dimension case, G can be divided into G, and G, along the x
direction and y direction, respectively, which should be the
integer multiple of 27/a;, where aq is the period of artificial
structure. When incident angle of light is 6, we can obtain [20]

2
hop = kine + 1% Gy +j % Gy = kosinf+ (i +/) = (2)
ag

Periodic metallic structures can convert light into SPs by
providing the additional momentum for the coupling pro-
cess by using artificial array. When light inputs on the
surface, the transmission processes can be divided into three
steps: the light couples to SPs on the incident surface, trans-
mits through the holes to the back surface with SPs mode,
and then re-emits from the back surface. Only the selective
frequency can pass the metallic slab with hole arrays by
experiencing the processes as mentioned above.

For quantitative analysis, the filter phenomenon, as
shown in Fig. 2b, d, the time-harmonic Maxwell’s equations
from SPP theory for describing the processes of light trans-
mission and scattering are employed by using FEM. We set
transverse magnetic wave as incident light in the real case in
our experiment. Furthermore, e4=1 and £,,=—5.1069 x 104+
ix1.2061x106 are applied for the permittivity of vacuum
and aluminum slab in THz range, respectively. We also use
perfectly matched layer (PML) around the slab sample as
boundary condition by assuming that there is no reflected
light. Figure 4 shows the simulation result, marked as red
curve, which matches the experimental result of big-size
sample well.

We can clearly see the difference between the simulated
and experimental results of small sample from Fig. 4a and
good agreement between the simulated and experimental

between calculated and 1.0 : : - - : r . . .
experimental results. The blue ool - Simulation| | —x— Simulation| ]
curve is the experimental 08l —+— Experiment] | —+—Experiment, |

results, and the red curve is the
simulated results by using
FEM. a Small-size sample. b
Big-size sample
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results of big-size sample in Fig. 4b. The main peak of small-
size sample from simulation is about 0.26 THz and from
experiment is around 0.53 THz. This is probably due to the
stretching limit of periodical hole array structures and the
finite boundary. For small sample, from the central hole of
the structures, there are only three rings composed by 6, 12,
and 16 holes distribute on the surface, leading to insufficient
periodical extension with only three periodical structures.
Moreover, in small-size sample case, we manufacture the
sample whose size is similar to the waist radius of THz beam,
which causes serious problems. Our THz emitter is a dipole
source. High frequency signals are in the central area and low
frequency signals distribute dispersedly around. From our
calculation, the signals below 0.6 THz have opportunities to
go through the small sample directly from the edge of struc-
ture. Therefore, as the waist radius of THz beam is similar to
the small plate, the final signal should be the superposition of
part of original wave and filtered signal, whose central fre-
quency is submerged in ~0.53 THz. Furthermore, we also use
PML condition around the structure in our simulation, which
means we extend the structure to be infinity for preventing
wave reflecting. Then, the SPs cannot leak from the bound-
aries. This phenomenon is also difficult for the real experi-
mental case, especially for the small sample. In contrast, the
big-size sample has more hole arrays and enough margin in
the edge of sample, providing sufficient periodical extension
and nearly infinite boundary condition, which can prevent the
original wave transmitting through the sample and is similar to
the PML condition. We believe that these two problems
mainly result in the different filtered signals from small and
large plates. However, the quantity calculation is almost im-
possible using the current computer, owing to the extremely
large memory requirement and computing time

Conclusion

In conclusion, we fabricated the hole array structures on
aluminum slab and used THz-TDS to perform the transmis-
sion properties of THz waves. From the experimental re-
sults, the filter phenomenon is observed. THz pulses in
frequency range from 0.1 to 2.7 THz can be filtered, and
the central peaks are at ~0.53 THz for small-size sample and
~0.26 THz for big-size sample, respectively. The transmit-
ted signals in high frequency range could be observed to
decrease, especially for the frequency above ~1 THz. Fur-
thermore, simulation with the same structures of slab is done
by using FEM with SPP theory. Comparing with the exper-
imental results, the theoretical simulations show good fit
with experimental results for the big-size sample. The dif-
ference between the calculated and experimental results of
small-size sample mainly comes from the insufficient peri-
odical extension and boundary condition.
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