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Transmission of terahertz (THz) electromagnetic waves through a series of nanoresonator arrays
punctured in a thin metallic film is investigated. Over 30% of normalized transmitted amplitude is
observed with only 0.18% of aperture-coverage, implying an electric field enhancement of 170.
Increasing the coverage to 0.6% results in a 90% normalized amplitude, with a broader line width.
Inspired by log-periodic antenna, we put ten nanoresonators with four different lengths per unit cell,
succeeding in an ultrabroadband THz filter with one decade width between 0.2 and 2.0 THz. © 2010
American Institute of Physics. [doi:10.1063/1.3368690]

Shape resonance phenomena in metallic rectangular hole
structures in microwave, terahertz (THz), and optical regions
have long been a topic of interest both from fundamental
aspect as well as for their application potentials.l_9 Reso-
nance behavior has been investigated at feature sizes smaller
than the wavelength but far greater than the skin-depth. In
this region, it has been shown, theoretically and experimen-
tally, that the field enhancement inside holes increases as the
width decreases.'™"! Recently, it was reported that one-
dimensional nanoslits enhances electric field in the THz fre-
quency range by orders of magnitudes with resonance-less
1/f frequency dependence.12 One prominent question is then
whether hundreds of micron long rectangular holes with
nanosized widths, called THz nanoresonators, also allow a
large enhancement of the electric field particularly at reso-
nance, thereby resulting in much enhanced transmission.

In this paper, we show that nanorectangular apertures
with width w=200 nm and length /=100 pm funnels THz
electromagnetic waves through, accompanied by a large
field enhancement unavailable for micron-scale aperture
widths.'""* With the aperture size several times larger than
the skin-depth, theory based on the perfect conductor ap-
proximation still gives good agreement. With close-packing
of different-length antennas per unit cell, namely ten
nanoslot antennas with four different /, we achieve essen-
tially flat, ultrabroadband transmission spectrum spanning
over one decade.

We first consider an array of rectangular holes in a me-
tallic film with 100 nm thickness on a dielectric substrate of
450 um thick undoped silicon. These THz nanoresonators in
dimensions of 100 um X200 nm (I*w), acting as slot an-
tennas, enhance transmittance at the resonance frequency of
0.6 THz, which is ~c¢/(2n.l) where ng; is the effective re-
fractive index of the substrate'* [Fig. 1(a)]. We pattern these
nanoresonators by electron beam lithography using a nega-
tive photoresist and the single-layer lift-off process [Fig.
1(b)]. This fabrication method allows access to an extreme
ratio rectangular hole with a submicron sized width preserv-
ing a hundred micron-sized length.
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To obtain a normalized transmitted amplitude through
THz nanoresonators, we perform THz time domain
spectroscopyls’16 in a frequency range from 0.2 to 2.0 THz
with a single-cycle THz source generated from a 2 kV/cm
biased semi-insulating GaAs emitter illuminated by a femto-
second Ti:sapphire laser pulse train of a center-wavelength
780 nm, a 76 MHz repetition rate and a 130 fs pulse width
[Fig. 1(c)]. By Fourier-transforming the time domain data,
transmitted amplitude spectra for our sample, E, (), are
obtained with phase information intact. For normalization of
the measured spectrum, we use a reference signal, E, (),
for the bare substrate after passing through a 1 mm by 1 mm
metal aperture. We define the normalized (transmitted) am-
plitude [T(w)] against the aperture field as the ratio between
two measured amplitudes,

T(w) = |Esample(w)/Eref(w)| :
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FIG. 1. (a) Schematic of an array of rectangular holes with the length /, the
width w, d,, and d, the periods in x and y directions, respectively, i the
thickness of metal film deposited on Si substrate. (b) THz nanoresonators
are fabricated by electron beam lithography using negative type of photore-
sist patterning. (c) Our experimental setup: THz time domain spectroscopy.
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FIG. 2. (a) Normalized transmitted amplitude spectra measured through an
array of nanoresonators with a length /=100 wm, a width w=200 nm, and
periods d,=100 um and d,=110 um (b) The same as (a) except d,
=30 um. SEM images of the samples are shown in the insets. (c) A modal
expansion based theoretical calculations with the period d,=100 um, and
(d) d,=30 pm.

THz nanoresonators with varying period d, are investi-
gated with polarization of the normally incident light along
the width direction. Scanning electron microscope (SEM)
images of these samples are shown in the insets of Figs. 2(a)
and 2(b). Experimental results, shown in Figs. 2(a) and 2(b),
are the normalized amplitude spectra for the period of
100 um (coverage ratio of 0.18%) and 30 wm (coverage
ratio of 0.6%), with fixed length /=100 um and width
w=200 nm. For the 30 wm period case, the normalized am-
plitude increases to over 90% at the resonance frequency
despite the still tiny coverage of only 0.6%. This is in stark
contrast with micropatterned samples, where it was found
that to retain over 90% normalized amplitude, aperture cov-
erage of over 12% was needed.” While the field enhancement
for the micropatterned sample was only 8,7!! that for the
0.6% nanoresonator is over 150. This nanopattern superiority
over micropattern results from the antenna cross section be-
ing relatively insensitive to the decreasing width. In addition,
decreasing period pushes the Rayleigh minima out of the
measurement range, again contributing to the enhanced
transmission.'” Note also that the line width increases with
higher coverage sample [Fig. 2(b)] relative to the low cover-
age sample [Fig. 2(a)]. We attribute this to higher scattering
rate with larger number of apertures.

We compare our experiments with an analytical calcula-
tion based on modal expansion assuming perfect conductor
and infinite array.18 With the single mode approximation
counting only the half-wavelength mode for each rectangle,
we obtain, for the zeroth order normalized transmitted am-
plitude (7,) at normal incidence,

4ip
n+1)\ 2wl k
TO: 2 R >
2n Jmdd,| , (2p . in
: W7+ | — | |sin uh+4-—W cos uh
k k

where d,, d, are periods along the x and y directions, respec-
tively, n the refractive index of substrate, k the wave vector
of the incident light, 4 the thickness of metal, u the wave-
guide vector, w’=k’>—(m/I)?, and finally W the self-
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FIG. 3. (a) Schematic of log-periodic THz nanoresonators with four differ-
ent lengths (,=200 pm, =100 um, [3=67 wum, and /,=50 um), three
different spacings (s;, s,, and s3), and the same width (w=250 nm). (b)
SEM images of the two samples with different periods: d,=110 um (s,
=40 pm, 5,=20 wm, and s3=10 wm) (top) and d,=40 wm (s;=15 wm,
s,=7 pm, and s;=4 um) (bottom). Solid line boxes denote a unit cell in
each structure. (c) Normalized amplitude spectra measured through the two
samples with different periods of 110 wum (dashed line) and 40 um (solid
line) in the range between 0.2 and 2.0 THz.

illumination term describing coulpling of the hole-
eigenmodes with the incident wave 5120

Normalized amplitude curves obtained by the theoretical
calculations, shown in Figs. 2(c) and 2(d), are in good quali-
tative agreement with experimental results, indicating that
perfect conductor approximation still captures the essential
physics including the increasing line width and blueshift of
the peak position with decreasing period. However, for the
100 wm period case, the normalized amplitude value shows
noticeable disagreement between the experimental result and
theoretical model, most likely due to the small number of
nanoresonators in each direction: only nine.”"** For certain
applications, ultrabroadband performance is needed while
single resonance per unit cell may not give enough
bandwidth.** Multiple antennas per unit cell with different
lengths could, in principle, provide the bandwidth encom-
passing all fundamental resonances corresponding to each
length.

We now present an elegant way to achieve the ultra-
broadband performance using a multi-antennas-per-unit cell
idea, in the broad range from 0.2 to 2.0 THz. The unit cell
structure borrows the concept of log-periodic antennas intro-
duced by DuHamel and Isbell.”** In our unit cell, ten THz
nanoresonators with four different lengths are contained, as
shown in Fig. 3(a). The design rule is that: ;=200 um, I,
=0,/2=100 pm, [3=1[,/3=67 pm, and [,=[;/4=50 pm,
with all antennas having the same width of 250 nm. To main-
tain the same coverage for each antenna length, we have four
antennas in column with /,=50 um, three antennas with /5
=67 um, and two antennas with /,=100 um. The spacing
between the adjacent two antennas is arranged such that s;
=2s5,=4s5. We consider two structures with different periods:
d,=110 pm; s;=40 pum and d,=40 um; s;=15 um, with
the unit cells denoted by solid lines in Fig. 3(b). In Fig. 3(c),
the normalized amplitudes for the samples show ultrabroad-
band spectra of over three octaves spanning from 0.2 to 2.0
THz. In the case of the period d,=40 um, the period pushes
the Rayleigh minima out of our spectral range of the four
fundamental resonances (0.35, 0.7, 1.1, and 1.5 THz) for
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each length of nanoresonator, resulting in about 70% of nor-
malized amplitude over the whole spectral range. With the
recent introduction of active THz metamaterials controlled
by an external stimulus, %%’ log-periodic THz nanoresona-
tors can provide further progress toward ultrabroadband ac-
tive metamaterials.

To conclude this paper, we have experimentally demon-
strated that an ultrabroadband performance with an average
normalized amplitude of 70% can be realized through log-
periodic THz nanoresonators with a striking aspect ratio of a
rectangular hole, 400:1, and large field enhancement in the
THz region. It should be noted that nanoresonators have the
decisive advantage over microns wide structures in that the
lateral distances between two adjacent resonators can be very
small, to be less than 5 um. This ability to close-packing
many antennas within small area, still maintaining a small
coverage, is crucial in achieving the broad spectrum and high
transmittance without sacrificing large field enhancement.
The relatively broad spectrum of a single resonance structure
with a period less than the half resonant wavelength is well-
explained by our theoretical calculation, which helps explain
the one-decade wide transmittance spectra of our multireso-
nance structure. THz nanoresonators with large transmittance
maintaining small coverage open a strong possibility of po-
tential applications, such as broadband field enhancement
and nonlinear devices, filters, detectors, and active switching
devices.
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