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Systematic studies of terahertz metamaterials

fabricated on thin Mylar film
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We present a systematic study of freestanding terahertz (THz) metamaterials fabricated on Mylar film by
self-aligned photolithography. THz time-domain spectroscopy (THz-TDS) transmission measurements and
numerical simulations reveal the negative index of refraction in the frequency range of 0.66–0.90 THz under
normal wave incidence. The observed resonance behaviors can be explained by a theoretical circuit model.
The electromagnetic properties of such close-ring metamaterials are also explored in terms of geometrical
parameters of the unit cell, thickness of the dielectric film, and conductivity of the close ring. This flexible
metamaterial can pave the way for three-dimensional THz metamaterial fabrication and applications.
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Negative index metamaterials (NIMs) have attracted
enormous interest in recent years owing to their unique
responses to electromagnetic radiation that are mostly
lacking in natural materials[1]. Such metamaterials have
become excellent platforms for demonstrating unusual
electromagnetic properties, leading to unique applica-
tions, such as superlens, cloaking, antenna, and sub-
wavelength photolithography[2−10].

The original proposal and subsequent implementa-
tion of a practical NIM composed of conventional
metallic wires, split-ring resonators (SRRs), and their
variations[11] have been undertaken. SRR-wire compos-
ite has been proven to be simultaneously negative in both
permittivity and permeability, with overlapping electric
and magnetic resonances[12]. In recent years, to im-
prove the performance of metamaterials and to broaden
their potential applications, numerous new structures
have been proposed and investigated either for in-plane
or normal incidence[13−20], such as fishnet[13,14], rod
pairs[15], crosses[16], and “dog bones”[17−19]. In addi-
tion to these structures, close-ring resonator has recently
attracted the attention of researchers for being an inter-
esting candidate of metamaterial unit cell. In particular,
the negative index has been demonstrated at far infrared
in a single-ring metamaterial for in-plane incidence[21].
Compared with SRRs, close rings have two-dimensional
(2D) symmetric characters and less complicated fabri-
cation processes. However, the structure only showed
a negative index at in-plane incidence[21]. Thus, it is
important to exploit its resonance properties at normal
incidence, which is essential for three-dimensional (3D)
metamaterial and device applications.

In this letter, we present a freestanding metamate-
rial consisting of pairs of close rings resonating under
normal wave incidence. The samples are fabricated by
self-aligned photolithography on flexible dielectric poly-
mer. With terahertz (THz) transmission measurements,

comprehensive model calculation, and full-wave simu-
lation, we demonstrate that close-ring pair (CRP) ge-
ometry exhibits a negative index of refraction at THz
frequencies. Furthermore, we show that the electromag-
netic response properties of the CRP structures can be
controlled efficiently by varying their geometrical and
material parameters.

Figure 1(a) illustrates the schematic of a CRP unit
cell. An h = 25 µm thick isotropic Mylar film was sand-
wiched between an aligned pair of square close rings with
a thickness of 200 nm. Under electromagnetic radiation,
the opposing ring pair, as well as the adjacent rings
in the same plane, formed a composite LC-resonance
circuit[22]. The samples were fabricated by modified self-
aligned lithography process[4]. Commercially available
Mylar films were used as spacers because they possessed
the quality of being transparent in both THz and visible
regime. This allowed the usage of unique self-aligned
photolithography fabrication. Samples with 25-µm thick
Mylar spacers were freestanding and flexible; these may
be useful in some applications.

Fig. 1. (a) Schematic of a CRP unit cell with typical dimen-
sions of l=60 µm, w=5 µm, and h=25 µm. The arrows in
the rings represent surface current induced at resonance fre-
quency. (b) Effective circuit model of the unit cell. (c) Mea-
sured (solid curve) and simulated (dotted curve) single-layer
CRP metamaterial. The dashed curve illustrates the mea-
sured transmission of corresponding Al rings patterned only
on one side of the Mylar.
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Transmission response of CRP metamaterials was char-
acterized under normal incidence using a photoconduc-
tive antenna-based THz time-domain spectroscopy (THz-
TDS) system[23,24]. The solid curve in Fig. 1(c) shows
the frequency-dependent amplitude transmission of a
CRP metamaterial with d=4 µm between two adjacent
rings. Compared with the ring array (dashed curve) pat-
terned only on one side of the Mylar, CRP metamaterial
revealed a new resonance peak at 0.69 THz, whereas the
stop-band valley near 1.0 THz became broader. Such
resonant properties were very well reproduced by nu-
merical simulation (dotted curve). The anti-symmetric
current in the ring pair, which was induced by the inci-
dent magnetic field in the dielectric spacer, together with
the displacement current between them, formed a loop
and resulted in negative permeability at the resonance
frequency (see Fig. 1(a)). Thus, the combination of
negative permittivity, indicated by the wideband valley
in the transmission response of a single layer of rings
(dashed curve) in Fig. 1(c), and the negative permeabil-
ity may lead to a negative index of refraction near the
resonance peak.

Figures 2(a) and (b) show the retrieved real and imagi-
nary parts of the index of refraction n and the impedance
z of the CRP metamaterial, respectively[16,25]. S11 and
S21 parameters were obtained by the simulation of a sin-
gle layer of CRP sample with 25-µm air spacers both in
front of and behind it. At 0.69 and 0.76 THz, the indices
of refraction approached –2.8 and –1.0, respectively.

To systematically explore the resonant behaviors of the
CRP structure, we fabricated a set of CRP metamate-
rials with various geometrical parameters. Modification
in their geometrical dimensions resulted in extensive fre-
quency shift and amplitude modulation at the resonance
(see Figs. 3(a), (c), and (e)).

According to the surface current and electromagnetic
field distribution, the resonance is largely determined by
two factors: magnetic response between the two sides of
the CRP and the near field coupling between adjacent
rings on the same side. In Fig. 1(b), we illustrate an
effective circuit model of the CRP unit cell to further
investigate the influence of geometrical parameters[22].
In the current study, the magnetic response was mod-
eled by a microstrip loop across the two sides of the
CRPs in the propagation direction. A coplanar line
loop was used to represent the coupling between the
adjacent rings at the same surface. The inductance
and capacitance in the microstrips responsible for the
magnetic response were denoted as Lm and Cm respec-
tively, whereas the capacitance Ce referred to the near

Fig. 2. Retrieved parameters of a single-layer CRP. The real
and imaginary parts of the parameters are represented by the
red and blue curves, respectively.

Fig. 3. (Color online) Dependence of CRP resonance on geo-
metrical dimensions. Measured (solid curves) and simulated
(dotted curves) transmissions with (a) l=40 (black), 60 (red),
and 80 (blue) µm; (c) w=5 (black), 10 (red), and 20 (blue)
µm; (e) d=4 (black), 20 (red), and 40 (blue) µm, respectively.
(b), (d), and (f): predicted (solid curves, by the circuit model)
and simulated (squares) resonance frequencies.

field coupling coefficient between the adjacent rings
on the same surface. The magnetic resonance fre-

quency can be calculated as: ωm = [Lm (Ce + Cm)]
−1/2

,
with Lm = µhl/2ω, Cm = εωC1l/h, Ce =

c2l (ε + ε0)K
(

1 − k2
)1/2

/[2K (k)], where ε and µ are the
permittivity and permeability of the dielectric, respec-
tively (in our case, ε = 2.89ε0 and µ = µ0); K is the first
completed elliptical integration and k = d/(d + 2w)[26];
c1 and c2 are two numerical factors with values between
0 and 1 representing the effective length and width of the
ring arms that really take part in the resonance, respec-
tively. The best fit for the measurements are c1 = 0.31
and c2 = 0.11. We compared the simulated resonance
position with that predicted by the circuit model, from
which we observed a reasonably good agreement (see
Figs. 3(b), (d), and (f)).

Aside from the geometry of the rings, the influence
of the thickness of the Mylar film and the conductivity
of the metal was also investigated in the simulation. In
the CST environment, we set the thickness of the Mylar
film as 12.5, 25, 50, and 75 µm (see Fig. 4(a)). As the
thickness increased, the transmission peak red shifted.
This is the direct result of the increase on Lm and Cm.
Figure 4(b) shows the conductivity dependence of the
CRP metamaterial. In the simulation, CRP metama-
terials fabricated by silver (6.17×107 S/m), aluminum
(3.72×107 S/m), brass (1.57×107 S/m), tin (8.7×106

S/m), tantalum (6.45×106 S/m), and lead (5×106 S/m)
were investigated. The difference of the amplitude at
the peak shown in Fig. 4(b) is quite small, with a value
of only 0.06. This means that the main loss of CRP
metamaterial comes from the loss in Mylar film.
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Fig. 4. (a) Influence of the thickness of the Mylar film and
(b) the conductivity dependence of the CRP metamaterial.

In conclusion, we demonstrate a freestanding NIM res-
onating at THz frequencies, which has been fabricated us-
ing self-aligned photolithography. Experimental results
have been generated using a THz-TDs, which confirmed
the numerical simulations. Particular attention has been
given to the impact of geometrical parameters of the pro-
posed unit cell, the thickness of the Mylar film and the
conductivity of the closed ring, on the resonant behaviors.
The flexible texture, straightforward fabrication process,
and interesting resonant properties of the CRP geome-
tries are promising attributes that can help in develop-
ing 3D THz metamaterials and metamaterial-based THz
components.
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