Optically thin terahertz metamaterials
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Abstract: Resonant properties of optically thin metamaterials are studied
by terahertz time-domain spectroscopy. Both the lower energy inductorcapacitor (LC) and the higher energy dipole resonances of the planar double
split-ring resonators (SRRs) exhibit characteristic evolution with various
sub-skin-depth thicknesses of the constituent Pb film. The signature of the
LC resonance begins to emerge at a critical thickness near 0.15 skin depth.
The resonances reveal a characteristic enhancement; they are strengthened
remarkably with increasing SRR thicknesses at sub-skin-depth level and
then gradually saturate beyond the skin depth.
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1. Introduction
Controlling the electromagnetic response of materials through structural tailoring on the
subwavelength scale has recently attracted much attention, and plenty of research has been
focused on exploring the resulting extraordinary electromagnetic phenomena. These
deliberately designed structures have electromagnetic responses that give rise to fascinating
effects such as artificial magnetism and negative refraction, and are known as metamaterials
[1-4]. Electromagnetic metamaterials are composite structures having inclusions smaller than
the wavelength of incident electromagnetic waves so that the waves encounter an effectively
homogeneous medium. It has been shown that artificial magnetic materials can be made
available at terahertz frequencies from non-magnetic materials such as metallic split-ring
resonators (SRRs) [5, 6]. It has also been found that an SRR exhibits a strong electric
resonance at normal wave incidence at the same frequency as the magnetic resonance [7-15].
Recently, several techniques have been demonstrated with the capability of modifying the
electromagnetic response of metamaterials. The modification is either in the form of
resonance frequency shifting or resonance amplitude modulation [9-13]. In the terahertz
regime, the resonance strength of planar metamaterials can be actively controlled by either
photoexciting the free carriers in the substrate at the capacitor gap or supplying external
voltage to a hybrid structure consisting of Schottky diodes integrated into a planar
metamaterial [9,10]. So far, metamaterials in a broad spectral range have employed metallic
structures of above-skin-depth thickness and can be referred to as optically thick
metamaterials. It is interesting to explore the resonance behavior of metamaterials with subskin-depth thickness. In this article, we present optically thin metamaterials that have the
capability to respond to freely propagating terahertz pulses by use of planar double SRRs
made from Pb films with thicknesses below the skin depth, δ. Terahertz time-domain
spectroscopy (THz-TDS) measurements indicate that a 0.1δ (34 nm) thick SRR array is nearly
transparent to the normally incident terahertz pulses, whereas the 0.15δ (50 nm) thick SRRs
attenuate the amplitude by 35%, reshape the transmitted terahertz pulses, and begin to reveal
signatures of the inductor-capacitor (LC) and dipole resonances at 0.5 and 1.6 THz,
respectively. The enhancement in the LC resonance shows a characteristic behavior with SRR
thicknesses on the sub-skin-depth scale and saturates beyond one skin depth.
Skin depth is defined as the penetration depth of electromagnetic waves in a conductor at
which the field amplitude decreases, normally to the surface, to 1/e of its value at the surface.
The skin depth for metals is calculated using δ = 1

πfμ 0σ dc [16], where f is the frequency
at which the skin depth is defined, μ 0 is the vacuum permeability, and σ dc is the d.c.
conductivity of metal. The calculated skin depths for Pb, Al, and Ag at the LC resonance
frequency 0.5 THz are δ = 336, 116, and 84 nm, respectively [17,18]. Here, Pb is chosen as
the constituent metal for optically thin SRRs because of its large value of skin depth. This
allows for a remarkable dynamic range in characterizing the resonance evolution with various
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sub-skin-depth thicknesses. In addition, Pb behaves as a good conductor at terahertz
frequencies with a high complex conductivity σ = 4.5 × 10 6 + i 4.9 × 10 4 Ω −1m -1 at 0.5 THz
[17,18], which facilitates establishing the well-defined LC and dipole resonances in the SRR
metamaterials.
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Fig. 1. (a). Transmitted terahertz pulses through the reference and Pb SRR metamaterials of
different thicknesses. For clarity, the curves are shifted by 1.5 ps in time and 0.6 nA in average
current. (b) Corresponding Fourier transformed spectra that illustrate the evolution of the
resonances. The E-field of the terahertz pulses is perpendicular to the SRR gaps. The reference
is shifted up by 0.05 for clarity. Inset: schematic diagram of the double SRRs.

2. Experiments
A set of Pb SRR arrays of various thicknesses, ranging from 0.1δ to 1.7δ (571 nm) is
fabricated by conventional photolithography processing on a silicon substrate (0.64-mm-thick,
p-type resistivity 20 Ω cm). The inset of Fig. 1 shows a diagram of the double SRR with a
minimum feature d = 2 μm in the splits of the rings and other dimensions of w = 3 μm, t = 6
μm, l = 36 μm, and a lattice constant P = 50 μm. Each SRR array has a 20 mm × 20 mm clear
aperture. The SRR metamaterials are characterized by THz-TDS in a broadband,
photoconductive switch based system that consists of four parabolic mirrors in an 8-F
confocal geometry [8,19]. The orientation of SRRs is such that the terahertz electric field is
perpendicular to the splits in the rings, as shown in the inset of Fig. 1. The SRR array is
placed at the waist of the 3.5-mm-diameter, frequency-independent focused beam, and the
terahertz radiation penetrates the SRRs at normal incidence.
Figure 1(a) shows an evolution of the terahertz pulses transmitted through a reference and
the SRR arrays of various thicknesses, and the corresponding Fourier transformed amplitude
spectra are illustrated in Fig. 1(b). The reference is a blank silicon slab identical to the SRR
substrate. The transmitted terahertz pulses as well as the spectrum for the 0.1δ thick SRRs
appear nearly identical to the reference, showing that such a thin SRR is almost transparent to
the incident terahertz pulses. However, when the SRR thickness is increased to 0.15δ, a 35%
peak-to-peak attenuation and a reshaping of the pulse in the time domain is clearly observed.
A further 25% peak-to-peak attenuation also occurs by increasing the thickness to 0.2δ. Also,
an adjoining feature along with the main pulse is revealed, which becomes most distinguished
for the 0.2δ thick SRRs and then gradually disappears with thicker Pb films. In the frequency
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domain, three distinct resonances are developed as transmission dips with increasing SRR
thickness. They are the LC resonance, ω LC at 0.5 THz, the electric dipole resonance, ω0 at
1.6 THz, and a weaker electric quadrupole resonance near 2.0 THz. The LC resonance is due
to inductive currents circulating around the ring perimeter in conjunction with capacitive
charge accumulation at the ring gaps. In contrast, the dipole and higher resonances are due to
antenna-like couplings between the SRR conductors parallel to the E-field. The signature of
the LC resonance begins to show up with the 0.15δ thick SRRs, while it sharpens to a greater
extent with the 0.2δ thick SRRs. Thus, a critical thickness exists near 0.15δ that is required to
excite the LC resonance for the Pb film. A further reshaping of the terahertz pulses and the
corresponding strengthening of resonances in the spectra occur with higher SRR thicknesses.
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Fig. 2. (a). Frequency dependent amplitude transmission of the SRR metamaterials with
various thicknesses of Pb film. (b) Corresponding simulation result by CST Microwave Studio.

Figure 2(a) shows the frequency dependent amplitude transmission of the SRRs with
various thicknesses. The transmission is extracted from the ratio of the Fourier-transformed
amplitude spectra of the samples to the reference [8]. With an increasing metal thickness from
0.1 to 1.0δ, the LC resonance exhibits extensive evolution, and then it is nearly stabilized
when the SRR thickness is beyond 1.0δ. The transmission minimum at the LC resonance is
shown in Fig. 3(a) as a function of metal thickness in terms of skin depth. The resonance
minimum is strengthened from ~1.0 to 0.43 with increasing sub-skin-depth metal thickness,
while it tends to saturate when the SRRs are thicker than a skin depth.
3. Discussion
3.1 Analysis of experimental results
The behavior of the main Lorentzian resonance in SRRs is well-known and follows the form
of a series RLC circuit. The inductance, L, in the circuit results from current circulating
around the SRR perimeter, while the capacitance, C, is due to charge accumulation at the
gaps. For double SRRs there is an additional capacitive contribution between the two rings. A
higher circulating current should result in a stronger resonance. The resistance of the metallic
SRRs is directly correlated to the circulating current, and plays a very important role in
making these subwavelength structures highly resonant [3, 10, 20]. The decrease in effective
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resistance R of the SRRs is mainly responsible for the enhanced LC resonance with increasing
sub-skin-depth thickness. The effective resistance of the SRRs can be estimated by the
equivalent ring model for current distribution [20]. For the square double SRRs, the effective
resistance is approximately given as R = 4l ′ (thσ ) with h < 2δ and R = 2l ′ (tδσ ) for
h ≥ 2δ , where l ′ = 21 µm is the average side length of the SRRs, t is the width of the metal
lines, and h and σ being the thickness and conductivity of the SRR film, respectively. The
calculated thickness dependent effective resistance of the Pb SRR is shown in Fig. 3(b).
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Fig. 3. (a). Transmission minimum at the LC resonance as a function of the SRR thickness in
skin depth. (b) Calculated effective resistance of the Pb SRR metamaterials as a function of the
metal thickness by use of the equivalent ring model (Squares) and the Quality factor of the Pb
metamaterials extracted from the measured transmission spectra as a function of thickness in
skin depth (circles). The dotted curves are guides to the eye.

Continuing the treatment of the SRR as an equivalent RLC circuit the resonance
enhancement is seen to result from the increase in circulating current due to a decrease in the
effective SRR resistance R. Physically, this correlates to the SRR film getting thicker. For the
0.1δ-thick SRRs, the effective resistance of a double SRR unit is 91.5 Ω and there is not
sufficient current excited in the SRR to support the LC resonance. However, with a decreased
resistance to 62.2 Ω, the 0.15δ-thick SRRs begin to exhibit resonance features. Thus, 0.15δ
becomes the critical thickness of the Pb SRRs required to facilitate the emergence of the LC
resonance. Finally, for thicker SRRs the resonance strengthens and then gradually saturates as
the SRR effective resistance reaches its minimum constant value at 2.0δ thickness.
The effective resistance follows a 1/h functional form that is similar to the behavior of the
resonance transmission minimum, shown in Fig. 3(a). In using RLC circuits to model wave
propagation through metamaterials the functional dependence of the transmission is
dependent on the overall surface impedance [21], which incorporates several effects in
addition to ring resistance R, such as substrate permittivity, ring density, and other factors.
Therefore, the evolution of the transmission minimum is not expected to exactly follow a 1/h
form. Also, the aforementioned formula used for calculating R assumes that the metal
conductivity is thickness independent, which is not necessarily true [22-24]. Nevertheless, the
data indicate that the sub-skin-depth metals are basically acting as distributed resistors
impeding current flow but causing few other changes in the resonant behavior of the ring. The
slight resonance shifts that develop with increasing metal thickness do not necessarily indicate
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an evolution in the capacitance or inductance of the SRRs, but rather may be the result of
coupling between resonant modes of the individual rings. As current flow increases in the
SRRs, this coupling strengthens along with the individual resonances, causing some reshaping
and frequency shifting.
Another related effect observed in the data is the thickness dependent behavior of the
quality (Q) factor of the LC resonance. The Q is a measure of the sharpness of a resonance as
defined by the central resonance frequency divided by the measured 3dB power bandwidth,
f 0 Δf 3dB . As shown in Fig. 3(b), the measured Q of the SRR LC resonance is improved with
increasing metal thickness.
It is worth noting, although from the data we observe that the dipole mode at 1.6 THz
begins to develop just as it did at 0.5 THz, the 0.15 skin depth criterion for the LC resonance
is not necessarily applicable across the spectrum. This is because the higher-order modes do
not share the same current profiles as the LC mode. In fact, dipole currents are largely
restricted to the side arms parallel to the terahertz electric field, whereas LC currents oscillate
around the entirety of the ring. In other words, one cannot assume a constant current
distribution throughout the ring for anything but the LC resonance [20]. Thus the resistance
formula may not be valid for higher-order resonances. For this reason we need not expect
damping behavior to be the same for LC and higher resonances.
3.2 Simulation
Simulations using CST Microwave Studio were carried out to model the sub-skin-depth
resonators [25]. Modeling the Pb films as lossy metals did not produce results that agreed with
the experiments. This is because Microwave Studio does not solve Maxwell’s equations inside
metallic geometries, instead setting up Leontovich boundary conditions on the metal surface.
As a result, metallic inclusions of any thickness appear thicker than a skin depth. Therefore,
the software was forced to treat the Pb layers as dielectrics having very high permittivity and
conductivity (σ = 4.5 × 106 Ω-1m-1, ε = –1800). As shown in Fig. 2(b), this resulted in
reasonably good agreement with the experimental data capturing most of the measured
behavior, including the slight frequency shifting of the resonance with increasing metal
thickness. The simulations not only elucidate the nature of many of the features in the data,
such as the onset of various higher-order modes (1.8 THz, 2.54 THz), but also reveal
additional information. For example, the simulated transmission minimums follow a very
uniform decrease with increasing metal thickness, more so than in the measurements. This
reveals a possible experimental variation in the Pb conductivity with thickness or a tolerance
in the deposited thickness. Such variations are not altogether unexpected in sub skin-depth
layers of metals due to non-uniform or non-crystalline growth. In addition, we notice some
discrepancies between the data and simulation, particularly in the transmission of the 0.1δthick SRRs. This is due partly to the experimental variations discussed above but also the
limited resolution and computational accuracy of Microwave Studio in the simulation of very
thin metal resonators. Further studies are also being pursued to discover the nature of unique
features such as the one at 0.6 THz in which the thickness of the metal seems to have no effect
on transmission.
4. Summary
We have experimentally demonstrated optically thin metamaterials resonating in the terahertz
regime. The thickness dependent resonance evolution characterized by THz-TDS has shown
that remarkable electromagnetic resonances can be developed in planar metamaterials of subskin-depth thicknesses. In particular, nearly 70% of the maximum resonance amplitude was
achieved in the half-skin-depth thick Pb SRR array. Similar resonance behavior was also
observed in optically thin metamaterials made from Ag and Al. The sub-skin-depth approach
enables the control and modification of resonance magnitude of a fixed metamaterial design
and will benefit applications in integrated subwavelength terahertz components.
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