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ABSTRACT

Metamaterials have emerged as the basis of a novel optoelectronic platform operating in the terahertz (THz)
range, due to their versatility and strong light-matter interaction. The necessary design of efficient modulators
and detectors requires a detailed investigation of metamaterial resonances and their interplay with an active
medium, e.g. graphene. An aperture-SNOM (a-SNOM) system based on picosecond THz pulses was used to
investigate the spectral characteristics of a set of lithographically tuned metamaterial coupled resonators. This
approach allowed the mapping of the supported E-field of each resonator a few microns from the device plane,
yielding bonding and antibonding modes reminiscent of electromagnetic induced transparency.
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1. INTRODUCTION

Metamaterials provide a method of manipulating terahertz (THz) radiation that is not achievable with natu-
rally occurring materials. Metamaterials are formed of sub-wavelength resonators forming artificial atoms. It
is possible using metamaterials to design the dispersive response of the material paving the way for a multi-
tude of THz components, such as amplitude/phase modulators, as well as chiral and beam steering devices or
spatial light modulators.1–3 These elements could enable essential functionalities such as OOK (on-off key) or
QAM (quadrature amplitude modulation) and polarisation shift keying for communications,4 spectroscopy for
pharmaceuticals and microscopy for semiconductor device analysis.

The investigation of the terahertz optical response of metamaterial resonant devices normally requires the
engineering of arrays composed of identical unit cells, to increase light coupling. However, now with the growing
field of THz near-field microscopy, it is possible to optically address a single resonator without the need of
fabricating large arrays. Scattering-SNOM could be used to explore individual resonators, as has been done
in Ref. 5. Another such technique is aperture- scanning near-field optical microscopy (a-SNOM) and this is
the technique used here. This combines THz time-domain spectroscopy (TDS) with a sub-wavelength aperture
integrated with a photoconductive antenna detector, placed in close proximity to the sample surface. The setup
is described in more detail in Ref. 6 and has been used to explore metamaterials in Ref. 7. The coupled resonators
imaged here are lithographic variations of the device reported in Ref. 8,9 which consists of an array of identical
metamaterial unit cells exhibiting optical features reminiscent of the electromagnetic induced transparency in
atomic physics.
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Figure 1. (a) Schematic of coupled resonators, the current indicated is for the bonding mode, (b) is an xy field map
taken with the a-SNOM at a fixed time after the THz pulse and (c) inset is a SEM image of the resonators.

Parameter Value (μm)
A 20
B 12
C 2–7
D 10
E 3
F 14–21
G 1

Table 1. table of the geometric parameter values for the resonators.

2. FABRICATION

The sample was fabricated using standard cleanroom lithographic techniques. A p-doped silicon substrate with
300 nm of silicon dioxide was used as a substrate, to allow all-electrical tuning of the resonances via back-gating.
Electron beam lithography was used to define the individual resonators, which were formed of 10/70 nm of
Ti/Au which was deposited via thermal evaporation. A schematic of the resonators is shown in figure 1a and a
scanning electron microscopy (SEM) image of an array of individual distinct coupled resonators is shown in figure
1c. Moving down the sample, ‘F’ decreases, this changes the resonant frequency of the dark resonator. Moving
across the sample decreases ‘C’, this separates the resonators and reduces the coupling between the bright and
dark resonator, giving rise to sharper features for the bonding resonance. The parameters used to define the
dimensions of the resonators and the ranges of them are shown in table 1. There is a 60 μm pitch in both x
and y between the resonators which is large enough to prevent adjacent elements from interacting strongly with
each other and affecting their resonant frequencies, although they will likely still be some scattered field from
adjacent resonators present.

3. SIMULATIONS

The metamaterial resonators were simulated using finite element modelling (FEM), COMSOL Multiphysics 5.5,
RF package, and the Drude model was used to describe the complex conductivity of the gold. The array was
simulated using a single unit cell with periodic Floquet boundary conditions. A port was used to simulate
the incoming radiation, while the S11 and S21 parameters were recorded to calculate the reflection and the
transmission of the device, respectively.
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Figure 2. Comsol simulations showing the far-field S21 parameter for an array of identical coupled resonators as a
function of (a) ’F’ with C fixed at 4 μm, and (b) ’C’ with F fixed at 14 μm.

As in Ref. 9 each coupled-resonator is formed of two C-shaped resonators whose resonant frequency is close
together, within a few 100 GHz. The resonators form a bright and a dark resonator, shown in figure 1a. The
larger C-shaped resonator is directly excited by y-polarised incoming THz radiation. The resonance is centred
at 1.54 THz. Due to the capacitive coupling between the two resonators, the smaller dark C-shaped resonator
is excited. The smaller resonator is ‘dark’ as it is subradient due to the short component in the y-direction
that is parallel to the incoming terahertz radiation that leads it to only weakly interact with this field. It is
excited by the strong near-field capacitive coupling with the ‘bright’ resonator due to the long element in the
y-direction. The two resonators each support localised surface plasmons (LSP) at similar frequencies. These
C-shaped elements supporting similar resonant frequencies appear to split due to the near-field coupling into two
hybrid modes, a bonding and an anti-bonding mode. The coupled resonators can be described by an electrically
induced transparency analogue.

The simulated far-field emission from an array of identical resonators with varying ‘F’ and ‘C’ parameters
are shown in figures 2a and 2b respectively. As ‘F’ increases the frequency of the LSP decreases, this brings the
resonances of the bright and dark resonators closer together and leads to a stronger coupling. As the width of
the dark C-shaped resonator increases towards the extreme of 21 μm, the sharp dip from the anti-bonding mode
reduces as the resonances are too close. As ‘C’ increases, the coupling between the resonators reduces as the
near-field reduces rapidly with increasing distance.

Figures 3a&b show the z component of the electric field 10 nm above the metal surface of the resonators. It
shows the case when ‘C’= 4 μm and F = 16 μm. These are the dimensions for the device measurements presented
here. The bonding mode can be seen in figure 3a, the currents in both resonators are in the same direction. The
anti-bonding modes can be seen in figure 3b, where the currents are now in opposite directions.

4. RESULTS: APERTURE SNOM

An a-SNOM described in Ref. 6 was used to perform XY maps, measuring the spatial distribution of the field
at a fixed point in time after the pulse, and XT maps, measuring the time evolution of the field for each point
along a line, of individual resonators on the sample. An infrared laser and a ZnTe crystal were used to generate
the THz pulses. A 10 μm aperture was used to probe the near-field close to the surface of the resonators. The
aperture is integrated with a photoconductive antenna which was used for detection.

The sample was excited along the y-direction as in the simulations. The THz field launches surface waves
that are dependent on the resonance of the resonators. This setup allows the time evolution of the electric field
to be probed for sub-wavelength areas on the resonators. In this way a near-field map can be created in x, y and
t, allowing the response of individual resonators to the THz field to be found.
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Figure 3. The simulated Ez 10 nm above the gold resonator surface for C = 4 μm and F = 16 μm at (a) 1.48 THz and
(b) 1.94 THz.

Figure 4. XY field scan of coupled resonators, C = 4 μm and F = 16 μm, delay of 1.4 ps after the peak.

With the delay set to probe only a few picoseconds after the pulse, 1.4 ps after the peak, at 2.7 ps on the
XT scans, the sample was raster scanned in x and y to make a map, thus achieving the XY scan shown in figure
4. The bright resonator shows a much larger field than the dark resonator and above that expected from simply
a contrast between gold and silicon. This is as expected as the bright resonator will interact with the incident
THz radiation more strongly.

Time-domain scans were performed across the line shown in Figure 4, where the greatest contrast was
expected. At each spatial position, the time delay was varied to build up images showing the field evolution in
time for the line. This is shown in figure 5a. Periodic surface waves are clearly visible along the line and there is
a clear contrast between the gold and silicon. In fig. 4a, a single surface wave is seen, indicating only one excited
resonance. The spatial position matches the large metallic part of the larger C-shaped resonator parallel to the
incident field, at 10–30 μm in figure 4, this corresponds to the bright resonator. The approximate period of this
wave is 0.68 ps corresponding to a frequency of 1.46 THz, which matches the dip in figure 2a corresponding to
the bonding mode.

After doing a fast Fourier transform (FFT) at each spatial point in figure 5a, and normalising the data to the
incident waveform, figure 5c was produced. The acquisition is relatively noisy, with this effect being attributed to
the doped substrate. However, it still confirms what the XT scan shows (Fig. 5a) that there is one LSP present
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Figure 5. (a) XT scan along the line parallel to the bright resonanor bar at y = 32 μm, (b) temporal waveforms extracted
along the indicated lines. The time scans were Fourier transformed to produce (c) and line scans at the same position are
shown in (d).
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in the line scan across the line with a frequency of ∼ 1.5 THz, which agrees with the simulations, although a
better resolution is needed for greater accuracy.

Further investigations are needed to better explore the near-field coupling between the coupled resonators as
the parameters are varied to assist with device design for applications of THz metasurfaces. As with the devices
reported in Ref. 9 graphene was added to some features, not shown here, so further imaging will be undertaken
with varying back-gate voltages.
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