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Abstract: We experimentally demonstrate a polarization-independent
terahertz Fano resonance with extraordinary transmission when light passes
through two concentric subwavelength ring apertures in the metal film. The
Fano resonance is enabled by the coupling between a high-Q dark mode
and a low-Q bright mode. We find the Q factor of the dark mode ranges
from 23 to 40, which is 3~6 times higher than Q of bright mode. We show
the Fano resonance can be tuned by varying the geometry and dimension of
the structures. We also demonstrate a polarization dependent Fano
resonance in a modified structure of concentric ring apertures.
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1. Introduction
Terahertz (THz) on-chip planar metamaterials have emerged as an important active and
passive device with different functionalities, such as sensing [1–3], extraordinary
transmission [4–7], and asymmetric transmission [8]. In order to enhance light-matter
interactions at a very fundamental level, many of the applications require metamaterials that
support sharp resonances with high quality factor (Q) associated with high field enhancement.
However, it is difficult to reach high Q in planar metamaterials, either in the THz or optical
frequency regions. In addition to damping due to the finite conductivity of metals and surface
roughness, these structures are usually strongly coupled to free space which causes high
radiation losses [9]. Therefore, most THz on-chip resonators suffer from low Q factors, which
limits their applications in spectroscopy, biosensing, communications and nonlinear optics.
However, the problem of low Q factors in terahertz metamaterials can be tackled if the
metamaterial structural design is engineered in such a way that it could support Fano
resonances [9,10].
Recent studies have reported Fano resonances in plasmonic nanostructure complexes
[9,11–18]. Fano resonances originate from the coupling between a broad bright mode and a
narrow dark mode supported in these systems. Fano resonances in metamaterials are realized
through symmetry breaking and thus most of them are polarization dependent
[9,15,16,19,20]. However, several studies also have reported polarization insensitive Fano
resonances in subwavelength concentric metallic rings in radio frequency region [21–23], in
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optical and near-infrared spectral ranges [24], and theoretically in THz region [25], or
concentric ring apertures in the metal film in mid-infrared (MIR) range [26].
In this paper, we theoretically and experimentally demonstrate a polarization independent
Fano resonance in concentric two-ring aperture arrays in a metallic film in the THz spectral
range. As we have demonstrated in [26], when two concentric metallic ring apertures are
placed close to each other, the near-field coupling between them gives rise to two hybridized
modes: a broadband bright mode and a narrowband dark mode [27]. For the bright mode, the
E-fields in the two apertures are in-phase, and for the dark mode, the E-fields have opposite
phase. Due to the local asymmetry (different radii) between the two ring apertures, the two
hybridized modes are not exactly orthogonal to each other. The coupling between the two
hybridized modes results in the characteristic Fano line shape in the transmission spectra.
Given the symmetry of the structures, the Fano resonance is independent of the polarization
of the incident light. For THz concentric 2-ring apertures, the measured Q of the dark mode
ranges from 23 to 40, which is much higher than that in MIR concentric two-ring aperture
structures [28]. The THz Fano resonance can be tuned by varying geometry and dimension of
the structures. We also show that in a modified structure, the Fano resonance can be switched
on and off by changing the polarization of incident THz beam, which reveals the different
nature of current flow patterns between the bright and dark modes.
2. Fabrication

Fig. 1. SEM pictures of fabricated concentric two-ring apertures in the gold film. (a) and (b): r1
= 60 µm, r2 = 56 µm, w = 2 µm, g = 2 µm. (c) and (d): r1 = 50 µm, r2 = 44 µm, w = 2 µm, g =
4 µm.

Periodic arrays of concentric two-ring apertures in a gold film were fabricated by photolithography. The concentric ring patterns were first defined on a 3-μm-thick photoresist AZ
4330 on a 3-mm-thick high resistivity silicon substrate. Then a 500-nm-thick gold film was
evaporated with a 20-nm-thick adhesion layer of titanium between the gold film and the
silicon substrate, followed by a lift-off process. Figure 1 shows the SEM images of the
fabricated devices. The samples consist of arrays of concentric ring apertures fabricated with
different radii and gaps, but all with the same aperture width of w = 2 µm and same period of
p = 150 µm. The outer radii r1 of the 2-ring apertures varies from 40 µm to 60 µm, and edge-
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to-edge gap g between the two apertures varies from 2 µm to 8 µm. The total size of each
array is 2 cm × 2 cm, in order to exceed the size of the incident THz beam.
3. Results

Fig. 2. Measured (solid lines) and simulated (dashed lines) transmission spectra of concentric
2-ring apertures in gold film. Same color stands for same structure for experiment and
simulation. The spectra are normalized to the transmission of air. Arrows at the top of the
spectra marks the frequency locations of Fano dips. (a) Concentric 2-ring apertures with
different radii. (b) Concentric 2-ring apertures with different gaps. Red dotted line in (a) shows
simulated absorption spectra of concentric 2-ring apertures with r1 = 50 µm, g = 2 µm.

We experimentally study the Fano resonance in the concentric two-ring aperture arrays using
a time domain terahertz spectrometer. The samples are illuminated at normal incidence in a
transmission geometry [29]. The solid lines in Fig. 2(a) and Fig. 2(b) show the measured
transmission spectra of two-ring aperture arrays with different radii and gaps. All the spectra
are normalized to the transmission of air. Transmission peaks, arising from the extraordinary
optical transmission (EOT) effect, occur when the optically bright dipole mode in the
structure is coupled to the linearly polarized incident THz wave [7,26]. The peak transmission
is limited by the large difference in refractive index between air and silicon on the two sides
of the structures, as well as the residual absorption of the substrate. The small features on the
spectra at around 0.59 THz are due to the grating effect determined by the periodicity of the
array. In addition, some small features are observed due to residual water vapor in the beam
path. More prominently, Fano resonance dips can be clearly identified at frequency locations
indicated by arrows at the top of the spectra in Fig. 2. From Fig. 2(a) we can see the center
frequency of the Fano dip scales inversely to the radius of the ring aperture, and from Fig.
2(b) we can see the Fano dip becomes wider and deeper as the gap between two ring
apertures increases.
The simulated transmission spectra (dashed lines in Fig. 2) match well with the
experiment. We performed a series of 3D finite-difference-time-domain (FDTD) simulations
of a normally-incident broadband THz wave passing through the two-ring aperture in a gold
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film on an intrinsic silicon substrate. In the simulations, we set the dimensions and geometry
of the structures to be the same as in the experiments. We described the gold film by a Drude
model with the plasma and the collision frequencies taken as fp = 2164 THz and fc = 11 THz,
respectively [28,30]. The simulated transmission spectra follow the same Fano lineshape as in
the measurements. The slightly higher transmission peak amplitude in the simulations as
compared to the experiment could be due to residual absorption in the substrate, or scattering
due to roughness or imperfections in the (relatively thick) lithographically deposited metal
film. The red dotted curve in Fig. 2(a) shows the simulated absorption spectra of an array of
concentric two-ring apertures with r1 = 50 µm and g = 2 µm. We notice the absorption peaks
at the Fano dip location in the corresponding transmission spectrum, due to energy
transferring from the bright mode to the dark mode, which confirms the excitation of the dark
mode in the structures.

Fig. 3. (a) Measured transmission spectrum (black dotted lines) of the concentric two-ring
apertures with r1 = 50 µm, g = 4 µm can be well fitted by the analytical model (red solid line).
The black arrow on the bottom and red arrow on the top indicate the resonant frequency
locations of the bright mode and dark mode, respectively. (b) The energy in the dark mode (the
red line) and the bright mode (the black line), which are normalized to the maximum energy in
the dark mode.

By fitting the measured transmission spectrum with the coupled optical resonator model
as described in [26], we can extract information about both the bright mode and the dark
mode, including their resonant frequencies, photon lifetimes, and Q factors, and the coupling
rate between the two modes. As an example, we show the measured transmission spectrum of
the concentric two-ring apertures with r1 = 50 µm, g = 4 µm, which can be well fitted by the
analytical model (Fig. 3(a)). Here, the black arrow on the bottom and red arrow on the top
mark the resonant frequencies of the bright mode and dark mode, respectively. We find the
bright mode resonating at a frequency of 0.47 THz with a photon lifetime of ~2.39 ps (Q
≈7.03), and the dark mode resonates at a frequency of 0.42 THz with a photon lifetime of
~11.66 ps (Q ≈30.42). The coupling lifetime between the two modes is 0.21 ps−1. The higher
Q factor of the dark mode leads to a stronger resonance and higher amplitude of energy stored
in the mode, as shown in Fig. 3(b). At the center of the dark mode resonance, the energy in
the bright mode reaches close to zero, showing that almost all the optical energy has been
transferred from the bright mode to the dark mode, even though the dark mode does not
directly couple to the incident THz waves. Using the analytical model, we find as the gap
between two ring apertures increases from 2 µm to 8 µm, the Q of the dark mode increases
from 23 to 40, while the Q of bright mode keeps the same at the value of 7. This effect can be
explained as follows. As the gap increases, it causes larger asymmetry of the local field inside
the two ring apertures, which leads to higher coupling rate between the bright and dark
modes. Higher coupling rate would increase the optical power transferred from the bright
mode to the dark mode, giving broader but wider Fano dips. On the one hand, the extinction
ratio of the dark mode resonance would be higher for higher coupling rate; on the other hand,
the dark mode resonance would also be broader due to higher coupling loss. Therefore, the
full-width half-maximum (inversely proportional to the Q factor) of the dark mode is a
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combination of these two effects, which will have a local minimum at a particular gap width
with a value greater than g = 8 µm.
4. Selectively disabling dark mode without affecting bright mode

Fig. 4. (a) Scheme of charge motions for the bright mode (a), the dark mode without (b) and
with the cut (c) between the apertures. (d) A SEM picture of fabricated concentric two-ring
apertures with a cut between the apertures. (e) Measured transmission spectra of concentric
two-ring apertures with a cut in the metal between the two apertures, as shown in (d), with
different polarization of incident light. The transmission is normalized to the transmission of
air. Insets of (a) and (b) show simulated charge distributions of bright mode and dark mode for
concentric ring apertures with much smaller dimension.

The Fano resonance in the concentric 2-ring apertures is independent of the polarization of
the incident THz beam due to the structural symmetry. With a slight modification of the
concentric 2-ring aperture structure as shown in Fig. 4, however, we experimentally
demonstrate a polarization dependent Fano resonance, which confirms the different patterns
of charge motion (current flow) for the two modes. In the bright mode, the charges in the
metal between the two apertures oscillate along the radial direction, as shown in Fig. 4(a). In
the dark mode, the charges move along the azimuthal direction as shown in Fig. 4(b), and the
current flow is the strongest at the minimum E-field positions (top and bottom portion of the
rings). Therefore, if the metal between two ring apertures is cut at the minimum E-field
positions as shown in Fig. 4(c), the azimuthal current flow of the dark mode is stopped and
the dark mode is suppressed. These cuts have little effect on the bright mode whose radial
current flow is not interrupted. As a result, the Fano resonance dip disappears due to the
absence of the dark mode while a resonance peak from the bright mode remains (red curve in
Fig. 4(e)). When the polarization of the incident wave is rotated 90°, the cuts are now at the
maximum E-field location where the azimuthal current flow of the dark mode is zero.
Therefore the dark mode is not affected by the cuts and the Fano resonance reappears (black
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curve). With this structure, one can selectively turn on and off the Fano resonance and create
dramatically different spectra features by changing the polarization of the incident light.
The simulated charge distributions of bright mode and dark mode for concentric ring
apertures with a smaller dimension are illustrated as insets in Fig. 4(a) and 4(b), respectively.
Typically, we use COMSOL (based on the finite element method in frequency domain) to
simulate the charge distribution at a particular frequency. But in the THz frequency range,
due to very large difference between the large wavelength and the small scale of the structure,
we cannot obtain a meshing in COMSOL that is fine enough to create accurate results and
smooth plot. So in order to show the typical charge distribution of different modes, we
simulate the same type of concentric ring aperture structure with a smaller dimension than our
actual THz structure and thus higher resonant frequency in the mid-infrared range. The
simulated structure has same dimension as demonstrated in [26], with radii of r1 = 950 nm
and r2 = 700 nm, widths of w = 100 nm and an edge-to-edge gap between them of d = 150
nm. The charge distributions for the bright mode (resonating at the center frequency of 982
cm−1) and dark mode (resonating at the center frequency of 827 cm−1) are shown as insets in
Fig. 4(a) and 4(b), respectively. We can see the sign of the charge distributions agree with our
cartoons in Fig. 4(a) and 4(b).
5. Conclusions
We demonstrate and characterize a THz Fano resonance in subwavelength concentric tworing apertures in metallic films. This resonance arises from the coupling between a dark mode
and a bright mode enabled by the intrinsic asymmetry between the two concentric rings. The
measured Q of the dark mode ranges from 23 to 40, with a comparison of Q of bright mode
staying same at 7. This indicates a stronger field enhancement for the dark mode as compared
to the bright mode, which could be important for application in sensing, spectroscopy, and
nonlinear optics. The extraordinary transmission of the two-ring apertures is independent of
the polarization of the incident light. In a modified structure, however, we show that the dark
mode can be selectively disabled without affecting the bright mode by varying the
polarization of the incident light.
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