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Abstract: The distinctive ability of nanometallic structures to manipulate
light at the nanoscale has recently promoted their use for a spectacular set of
applications in a wide range of areas of research including artificial optical
materials, nano-imaging, biosensing, and nonlinear optics. Here we transfer
this concept to the terahertz spectral region, demonstrating a metal
nanostructure in shape of a dipole nanoantenna, which can efficiently
resonate at terahertz frequencies, showing an effective cross section >100
times larger than its geometrical area, and a field enhancement factor of
~280, confined on a lateral section of ~A/1,000. These results lead to
immediate applications in terahertz artificial materials exhibiting giant
dichroism, suggest the use of dipole nanoantennas in nanostructure-based
terahertz metamaterials, and pave the way for nanoantenna-enhanced
terahertz few-molecule spectroscopy and localized terahertz nonlinear
optics.
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1. Introduction

Metallic nanostructures have found striking applications both on the macroscale, as building
blocks for the so-called metamaterials [1], such as in negative-index materials [2], and optical
cloaks [3], as well as on the nanoscale, where nanoantennas [4] and plasmonic
nanoconcentrators [5] have become key elements for single-molecule spectroscopy, nano-
imaging, and extreme nonlinear optics [6—8]. However, most of these achievements have been
so far limited to the visible and infrared regions of the electromagnetic spectrum. On the other
hand, terahertz waves, with a frequency ranging from 0.1 to 10 THz, carry the promise of a
great impact in fields like label-free detection [9,10], chemical identification [11], medical
diagnosis [12], non-destructive imaging and security screening [13]. Indeed, THz radiation (i)
can penetrate inside most dielectric materials that may be opaque to visible light, (ii) has low
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photon energies that do not cause photoionization in biological tissue, and (iii) exhibits strong
dispersion and absorption for numerous molecules. Notwithstanding this, the large
wavelength associated with this kind of radiation severely affects the spatial resolution of
terahertz spectroscopy, the diffraction limit being roughly half a wavelength (150 pm at 1
THz). In this work, we propose the use of THz resonant nanoantennas to overcome this
fundamental limitation and open the route towards the implementation of antenna-enhanced
THz spectroscopy at the nanoscale.

An optical antenna can be defined as a device able to convert free-propagating optical
radiation to localized energy, and vice versa [14]. The simplest design of an optical antenna is
a metallic rod, whose length can be chosen to be half of the effective wavelength [15] of the
incoming radiation, realizing a resonant half-wavelength dipole that efficiently captures the
incoming free-space wave. When the lateral dimension of the rod is of the order of a few
hundred nanometers or less, the electric field localizes into two nanoscale-sized hot spots at
the resonator ends, and the device takes the name of “nanoantenna.” Resonant nanoantennas
have been successfully fabricated and tested in the visible as well as in the infrared frequency
range [15-19].

In the terahertz region, nanoslot antennas, which are nanorectangular apertures on a thin
layer of gold, have been proposed [20-24]. These structures represent the complementary
counterpart of a rod nanoantenna and exhibit very high field enhancement, but present only a
1D localization of the electric field on the plane of the apertures, since they do not confine the
radiation along the length of the slot. In addition, the layer of gold, onto which the slots are
engraved, compromises the overall transparency of the host medium. Very recently, linear
wire [25,26] and bowtie [27] dipole antennas at THz frequencies have been proposed.
However, their very large lateral dimension, of the order of tens of microns, have limited the
antenna field enhancement factor to 2.6 [25], and the antenna extinction efficiency to ~5 [27].
The half-wavelength THz nanoantennas proposed in this work show instead local field
enhancement factors and extinction efficiencies of the order of hundreds.

2. Experimental

An array of aligned planar gold nanoantennas was manufactured by high-resolution electron
beam lithography, making use of the following procedure (see Fig. 1(a)): a 120 nm thick
PMMA layer was spin-coated on a 500 pm thick, high-resistivity (>10 kQ-cm), (100)-Si
substrate. High-resistivity silicon was selected as a substrate since it is transparent to terahertz
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Fig. 1. a, Fabrication details of THz nanoantennas. b, SEM image of the array. The period of
the 2D array (20 um) has been randomized by adding to it a random number with a mean value
of 0 pm and a standard deviation of 3 pum. ¢, SEM high-resolution image of a single
nanoantenna (the inset shows a magnification of the nanoantenna end).
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radiation, and has a constant refractive index in the region of interest. To prevent charging
effects during the electron exposure, a 10 nm thick Al layer was thermally evaporated on the
PMMA surface. Electron beam direct-writing of the nanoantenna patterns was carried out
using a high resolution Raith150-Two e-beam writer at 20 keV beam energy and 20 pA beam
current. After the Al removal in a KOH solution, the exposed resist was developed in a
conventional solution of MIBK:IPA (1:3) for 30 s. Then, a 5 nm adhesion layer of Ti and a 60
nm Au film were thermally evaporated in a 10~ mbar vacuum chamber. Finally, the
unexposed resist was removed with acetone and rinsed out in IPA.

After extensive electromagnetic simulations performed using a finite-integration-
technique based commercial software [28], the nanoantenna length has been chosen to be 40
um, in order to show a resonance within the bandwidth of the available THz source. The
nanoantennas cover a large area of 5x5 mm” and their spacing in the two-dimensional array is
20 pm in average in both directions on the plane, and has been randomized (see Fig. 1(b)) to
average out the dipolar coupling between neighboring nanoantennas and minimize diffraction
effects in the extinction measurements [27,29]. Each nanoantenna is 200 nm wide (thus
presenting a very high aspect ratio of 200, see Fig. 1(c)), and 60 nm high.

The fabricated sample was characterized using far field extinction spectroscopy [30]. We
employed a standard zinc telluride source [31] producing quasi single-cycle terahertz pulses
centered at 1 THz. The terahertz beam was generated by optical rectification in a 500 pm
thick, (110)-ZnTe crystal using 800 nm pulses (130 fs time duration, 1.6 mJ energy) delivered
by a commercial Ti:sapphire source (Spitfire Pro, Spectra-Physics). A black polyethylene
pellicle, transparent to terahertz radiation, was employed to block the remaining 800 nm light
transmitted through the ZnTe crystal. The nanoantenna array was illuminated by a collimated
terahertz beam with a beam diameter of 7 mm. For detection, we relied on coherent electro-
optical sampling [32], focusing the transmitted terahertz pulse on another 500 pm thick (110)-
ZnTe crystal. Since terahertz radiation is strongly absorbed by water molecules, all the
measurements were carried out in a nitrogen-purged environment.

3. Results and discussion

Figure 2(a) shows the temporal waveforms of the THz pulses transmitted through the sample
(normal incidence), for the two cases of polarization parallel (i.e. set along the long axis) and
perpendicular (along the short axis) to the nanoantennas. By Fourier transforming these
waveforms, the power spectra of the transmitted pulses can be obtained (inset of Fig. 2(a)).
When the polarization was set along the short axis of the nanoantennas (blue lines in Fig.
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Fig. 2. a, Terahertz temporal waveforms transmitted through the sample, for polarization set
parallel (red curve) or perpendicular (blue curve) to the long axis of the nanoantennas. (Inset:
correspondent power spectra). b, Relative transmission 7, as a function of frequency,
calculated as the ratio of the transmitted spectrum in the case of long axis excitation over the
transmitted spectrum for short axis excitation.
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2(a)), the transmission of the sample was measured to be substantially identical to that one of
a reference silicon substrate with no nanoantennas. This happened because the nanoantennas
covering factor (ratio of the area covered by the nanoantennas divided by the overall
illuminated area) is only 0.4%. When instead the polarization was set along the long axis of
the nanoantennas (red lines in Fig. 2(a)), the transmitted power showed a strong decrease.
This is evident from the relative transmittance T, calculated as the ratio of the two power
spectra of Fig. 2(a), and depicted in Fig. 2(b). A fundamental antenna resonance is revealed,
centered around 1.4 THz, in correspondence with a reduction of the transmitted power of
~50%. Incidentally, we want to mention that this transmission change is basically a function
of the materials involved and of their shapes. Ideally, a better conductor with sharper edges
would exhibit an even stronger transmission reduction [33].

The giant dichroism revealed by Fig. 2(b) can be directly related with the extinction
efficiency Q,,, an important physical parameter characterizing the far field properties of a
single nanoantenna. In fact Q,,,, defined as the ratio of the extinction cross section g,,, of the
nanoantenna to its geometric cross section g,,,, can be written as

o, A(l-T,)
= ext — re , 1
Qe o NLD )

geo

where A is the illuminated area, and N the number of illuminated nanoantennas, whose length
and width are denoted by L and D respectively. Figure 3(a) (open circles) shows the
experimentally determined extinction efficiency as a function of frequency. As one can see,
Q.. presents a peak with a value of around 110. This means that, under resonance conditions,
the dipole nanoantenna increases its effective cross section by 110 times. Such a drastic
increase is found to be significantly larger than the one shown by isolated nanoantennas at
higher frequencies (Q.,, of 20 or lower; see, for example [18], and [19]). On the other hand, at
lower frequencies (e.g. in the radio-wave region) the perfect electric conductor approximation
holds, and the cross section of a single dipole antenna can be enhanced by a factor even
greater than a 1,000 [33].

Numerical simulations were performed, considering nanoantennas with a rectangular
lateral section (200x60 nm?®), capped with hemicylindrical ends of radius R = 100 nm,
resulting in a total length of 40 pm. The nanoantenna sharp edges are blended with a
curvature radius of 20 nm, to more accurately resemble the fabricated structure. The dielectric
constant of gold is taken from [34], and the nanoantennas are assumed to be embedded

completely in an effective medium with dielectric constant ¢, = (1 +n ) / 2, where n; = 3.42

is the refractive index of the silicon substrate [35]. Periodic boundary conditions are used to
simulate the response of an array of nanoantennas, with a spacing of 20 um in both directions
on the plane. The simulations presented hereon were all performed under plane wave
illumination at normal incidence, with polarization set along the long axis of the
nanoantennas.

Figure 3(b) shows a three dimensional plot of the so-called “radar cross section” [33] of
the nanoantenna, close to its resonance. The scattering pattern takes the shape of a flattened
torus, as it is the case of a standard half-wavelength dipole antenna for radio waves [33]. The
extinction efficiency Q. can be derived from the simulations, using the calculated total
absorption cross section g, and total scattering cross section gy, through the simple relation:

Q,.,=0,, / O o =(0'a,n +0,., )/ O, The results of this procedure are plotted in Fig. 3(a)

(green curve), for a direct comparison with the experimental data. We note a good agreement
between measured and calculated Q,,,, both in terms of absolute values and trend. The slight
shift that can be observed may be attributed to the uncertainty in the effective dielectric
constants of the materials involved, as well as to the effects of the position randomization of
the fabricated nanoantennas. The antenna resonance frequency can be even evaluated
analytically, under the assumption of perfect electric conductor, through a Fabry-Perot-like
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equation estimating the half-wavelength resonance condition: f = / (ZneﬁL), where f is the

resonance frequency, ¢ the speed of light in vacuum, and n, =1/geﬁ is the background

effective index. This procedure predicts a resonance frequency at 1.49 THz, in fair agreement
with both experimental and simulated values.
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Fig. 3. a, Extinction efficiency Q.. as a function of frequency. Open circles: experimental
values obtained using Eq. (1); green curve: numerical simulation. b, Normalized three
dimensional representation of the nanoantenna radar cross section, for a frequency of 1.5 THz.

Numerical simulations also give full access to the near field properties of the nanoantenna.
Figure 4(a) shows the absolute value of the electric field around the nanoantenna, on a plane
that is perpendicular to the direction of the illuminating wave and cuts the nanoantenna
exactly at its half height. As expected, the field strongly concentrates at the nanoantenna ends.
The full width at half maximum of the field distribution 1 nm away from the nanoantenna end
is found to be 180 nm (inset of Fig. 4(b)). This means that the structure successfully
concentrate the radiation on a lateral size smaller than A/1,000. Finally, Fig. 4(b) shows the
field enhancement factor F (defined as the ratio of the local electric field to the illuminating
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Fig. 4. a, Contour plot of the normalized absolute value of the electric field around the
nanoantenna, under resonance conditions (upper part: full view; lower part: magnification of
the nanoantenna end). The color ramp has been adapted to allow the visualization of the
electric field around all the nanoantenna. b, Field enhancement factor F at the nanoantenna end
as a function of frequency. (Inset: normalized electric field profile in proximity of the
nanoantenna end. Data are taken 1 nm away from the nanoantenna end in the X direction, and
are represented along the Y direction. For X and Y orientation, see a.)
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free-space field) at the nanoantenna ends, as a function of frequency. Even in the near field, a
broad resonance behavior can be observed, with a peak value of the enhancement of around
280. One can notice that the near field peak broadens toward the low frequency side of the
spectrum and is red-shifted, when compared to the far field resonance represented in Fig. 3(a).
This kind of behavior has been already observed in nanoantennas at optical frequencies and
has been attributed to plasmon damping [36,37]. The high value of the field enhancement
reported above holds great promise for applications in THz few-molecule spectroscopy,
extending the concept of nanoantenna-enhanced sensing, recently proposed in the visible
spectral region [38]. In fact, the effective absorption cross section of a molecule in close

proximity of a nanoantenna scales with |F |2 and thus would be enhanced by almost 5 orders

of magnitude in our case. In a similar manner, nonlinear interaction at THz frequencies, which
are usually very hard to be observed due to the low intensity of the available THz sources, can
be strongly enhanced by resonant nanoantennas.

4. Conclusion

We have successfully designed, fabricated and tested dipole nanoantennas that resonate at
terahertz frequencies. The far field characterization of these metallic nanostructures has
revealed a significant effective dichroism associated with a giant extinction cross section at
resonance, more than 100 times larger than the antenna geometric cross section. Besides
applications in nanostructure-based terahertz metamaterials, this unique property of terahertz
nanoantennas can be used for tomographic labeling of bulk materials such as plastics, fabrics,
cardboards, and ceramics, preserving their terahertz transparency when the polarization is set
along the short axis of the nanoantennas.

In addition to their significant far field properties, terahertz dipole nanoantennas have
shown a field enhancement factor of few hundreds in the near field, opening the route towards
the practical implementation of terahertz few-molecule spectroscopy at the nanoscale and of
localized terahertz nonlinear experiments.
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