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A chiral meta-foil consisting of a self-supported square array of interconnected conjugated rosettes
is demonstrated at terahertz frequencies. It exhibits strong optical activity and circular dichroism.
Negative refractive index with a figure-of-merit as high as 4.2 is achieved, attributed to its freestanding nature. Experimental results are in good agreement with numerical simulation. Freestanding chiral meta-foils provide a unique approach to create a completely all-metal chiral
metamaterial, which can be flexibly integrated into optical setups while eliminating dielectric
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823594]
insertion losses. V
Chiral metamaterials (CMMs) were proposed as an alternative route to achieve negative refraction by Tretyakov
et al.1 and Pendry,2 since a strong chiral response can push
the effective refractive index of metamaterials below zero.
Meanwhile, CMMs possess a rich variety of electromagnetic
(EM) properties, such as optical activity, circular dichroism,
and negative refraction, making them as ideal candidates for
elements in optical setups.1–20 Due to the lack of any mirror
symmetry of CMMs, the magnetic and electric moments can
be excited by the external electric and magnetic field components of incident EM waves, which is the basis of these special EM properties. In order to realize these EM properties,
many chiral structures, such as twisted rosettes,3–5 U-shaped
split-ring resonators,6–8 twisted cross-wires,9,10 complementary designs,11,12 and a conjugated gammadion,13 have been
reported. Most of these CMMs were fabricated in the GHz or
near infrared frequency regimes using dielectric materials
for various support functions, such as spacers between metal
layers, matrices for embedding metallic resonator structures,
or as substrates. Recently, metamaterial structures fabricated
on ultrathin silicon nitride substrates have been demonstrated
to possess significantly better performance than those fabricated on bulk silicon substrates.21 Furthermore, THz lefthanded meta-foils were first proposed to be all-metal lefthanded metamaterials which can be used over a wide spectral range without unwanted substrate or matrix influences.22
Hence, the performance of CMMs can be further improved
by eliminating losses due to dielectric inclusions. Terahertz
(1–10 THz) is a unique frequency range with many important
applications such as security detection and gas phase molecule sensing.23 However, it is the least explored frequency
regime in the EM spectrum due to the lack of strong sources
a)

Author to whom correspondence should be addressed. Electronic mail:
a0051205@nus.edu.sg.

0003-6951/2013/103(14)/141106/4/$30.00

and sensitive detectors.24 Metamaterials help to fill the technological gap, allowing the development of optical elements
with unusual optical properties. Recently, some CMM
designs have been investigated to achieve the unusual optical
functionalities at terahertz frequencies.16–20
In this paper, we first propose an all-metal, self-supported, free-standing chiral metamaterial, called a chiral
meta-foil (CMF), at THz frequencies. We investigate both
experimentally and numerically THz CMF properties, such
as strong optical activity, circular dichroism, and negative refractive index with a high figure-of-merit. Flexible CMF
opens up the possibility of extending metamaterials to real
three-dimensional form or bulk metamaterials, allowing
more potential designs and applications than metamaterials
on rigid substrates.
A CMF was constructed by a square array of conjugated
rosettes interconnected with metallic wires and pillars
between rosettes as shown in Fig. 1. Metallic pillars were
placed between the conjugated rosettes on the top and bottom layers to make the whole structure self-supported and
free-standing, whose position was shown by the black dotted
lines in Fig. 1(b). The CMF could be viewed as a composite
chiral metamaterial. Conjugated rosettes were arranged to
break the mirror symmetry along the direction perpendicular
to the metamaterial plane. The lack of mirror symmetry is an
inherent property of our design, allowing that the crosscoupling between the electric and magnetic fields creates a
strong chiral response around the resonance frequencies.
Furthermore, we selected a conjugated structure because it
has a relatively large chirality and at the same time a relatively weak electric resonance.14
Three-level photolithography with precise alignment
and three repeated gold electroplating steps with accurate
thickness control were employed to fabricate the CMF.
Three optical masks, each carrying the design patterns of
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the individual layers and alignment marks, were used in
the photolithography process. A 500 lm thick silicon
wafer was first cleaned and covered with thin layers of
Cr/Au (100 nm/50 nm) as an adhesion and plating base,
respectively. A 5 lm thick AZ9260 resist was deposited
by spin coating and then exposed by UV light. After
resist development, the remaining resist mold was used
for gold electroplating to build up a 5 lm thick gold
structure. Another 50 nm Au layer was sputtered on the
sample as a new plating base for the fabrication of the
second and third layers of the three-dimensional structure.
Next, the AZ9260 resist and Au plating bases were
removed step by step using acetone and gold etchant.
Finally, the whole structure was released from the silicon
substrate by Cr etching to form all-metal free-standing
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chiral metamaterials. Figures 1(a) and 1(b) show 3D schematics of CMF and its geometry parameters. Figure 1(c)
shows a photograph of the CMF, in which the useful window is 10 mm ! 10 mm ! 0.015 mm (L ! W ! H). Figures
1(d) and 1(e) show scanning electron microscope (SEM)
images of the fabricated CMF.
The fabricated CMF was characterized by terahertztime-domain spectroscopy (THz-TDS) in a nitrogen purged
chamber with a relative humidity less than 5%. Timedomain spectra of the co- and cross-polarization states of the
CMF were measured in transmission mode by employing
polyethylene polarizers (TYDEX) before and after the CMF.
Transmission coefficients of the circularly polarized waves
were then obtained from the linear polarization measurements using the following equation:

ðTxx þ Tyy Þ þ iðTxy # Tyx Þ
ðTxx # Tyy Þ þ iðTxy þ Tyx Þ

where the first and second subscripts refer to the incident and
transmitted waves, þ and – refer to the right-handed (RCP)
and left-handed circularly polarized (LCP) waves, and x and
y refer to the two linearly polarized waves with the electric
field polarized along two orthogonal directions.25
Simulations of the CMF properties were performed
using the frequency domain solver of CST Microwave
Studio, which implements a finite element method to determine reflection and transmission properties. In the simulation, the unit cell boundary condition was applied and the
circularly polarized eigenwaves were directly used. Gold in

FIG. 1. (a) and (b) 3D schematics of the conjugated rosette CMF, and the
geometry parameters are given by R ¼ 40 lm, r ¼ 24 lm, w ¼ 22 lm,
t ¼ 5 lm, and the unit cell size u ¼ 200 lm. The black dotted lines mark the
position of pillar. (c) Photograph of the CMF. (d) and (e) SEM images of the
fabricated CMF. The scale bar is 500 lm in (d) and 50 lm in (e).

"
ðTxx # Tyy Þ # iðTxy þ Tyx Þ
;
ðTxx þ Tyy Þ # iðTxy # Tyx Þ

(1)

the CMF was described as a lossy metal with conductivity
r ¼ 4.09 ! 107 Sm#1.
Figures 2(a) and 2(b) show the simulated and measured
transmission coefficients as functions of frequency. In simulation, the transmission of the LCP wave is higher than the RCP
wave around a frequency of 1.21 THz, while the transmission
of the LCP wave is much lower than the RCP wave around

FIG. 2. Simulation (left) and experimental (right) results of the CMF.
(a) and (b) The transmissions of the LCP and RCP waves. (c) and (d) The
polarization azimuth rotation angle h. (e) and (f) The ellipticity g of the
transmitted wave.
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1.41 THz. As shown in Fig. 2(b), the experimentally observed
resonances at 1.21 THz and 1.38 THz are in good agreement
with simulations. The circular dichroism, i.e., the difference
between RCP and LCP transmission, reaches about 62% at
1.38 THz in the measured results. Note that small discrepancies exist between experiment and simulation, we conjecture
that they are mainly due to the tolerance in the fabrication and
characterization. Using the standard definition of the polarization azimuth rotation h ¼ ½argðTþþ Þ # argðT## Þ(=2, and the
ellipticity g ¼ arctan½ðjTþþ j # jT## jÞ=ðjTþþ j þ jT## jÞ(,11,26
we calculate the polarization changes in a linearly polarized
wave incident on the chiral meta-foils shown in Figs.
2(c)–2(f). At the resonant frequencies of 1.21 THz and
1.41 THz, the azimuth rotation and ellipticity reach their maximum values, (h ¼ #12) , g ¼ #24) ) and (h ¼ #104) , g ¼ 20) ),
respectively. Meanwhile, it is clearly observed that, in the middle of the two resonant frequencies, the ellipticity g ¼ 0, which
corresponds to the pure optical activity effect. That is, for a linearly polarized incident wave, the transmitted wave is still linearly polarized with a polarization rotated by an angle h. For the
CMF, we observe a polarization rotation of 10) with g ¼ 0.
The origin of the chiral response of the conjugated structures
has been discussed by a procedure of transmutation from the
simple X-particle chiral element to the conjugated chiral metamaterials.13,14 Magnetic or electric moments are induced by
the electric or magnetic fields, respectively, of the incident
electromagnetic wave in the antiparallel or parallel direction.
The conjugated arrangement breaks the mirror symmetry in
the direction perpendicular to the plane of the metamaterial,
and thereby induces strong chirality around the resonance
frequencies.
Using the simulated transmission and reflection data, we
calculate the effective constitutive parameters of the CMF.15
The effective impedance z and refractive index n6 are given
as
sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 þ RÞ2 # Tþ T#
z¼6
;
(2)
ð1 # RÞ2 # Tþ T#
n6 ¼
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The sign of the square root in Eq. (2) and the multi-branches
in Eq. (3) need to be chosen carefully according to the
energy conservation principle, i.e., ReðzÞ * 0; ImðnÞ * 0.
Once z and n6 are calculated, the other parameters can be
identified subsequently, j ¼ ðnþ # n# Þ=2, n ¼ ðnþ þ n# Þ=2,
l ¼ nz, e ¼ nz, where j is the chirality parameter, n is the refractive index, e and l are the permittivity and permeability,
respectively. The strong chirality can easily push the refractive index of the RCP/LCP eigenwaves, n6 ¼ n6j, to be
negative at the two resonances, especially at the higher resonance, seen in the shaded regions of Fig. 3 from 1.23 to
1.31 THz for nþ and from 1.42 to 1.49 THz for n# . The amplitude of the chirality j at off-resonance frequencies around
1.3 THz is about 0.3, which is enormous compared to natural
materials such as sugar and quartz, where j is around 10#5.
The efficiency of the negative refractive index is usually
characterized by the figure of merit (FOM), which is defined

FIG. 3. Retrieved effective parameters of the CMF based on the simulation
data. (a) Real parts of the refractive index n and chirality j. (b) Real parts of
the refractive indices for the LCP and RCP waves.

as FOM ¼ -Re(n)/Im(n). For RCP light, the negative refractive index region around 1.21 THz has a maximum
FOM ¼ 2.8, while for LCP light, the negative refractive
index region around 1.41 THz has a maximum FOM ¼ 4.2.
These values are much higher than those reported earlier.3–13
Most chiral structures were fabricated on substrates such as
flame-resistant grade 4 board or other photopolymers which
have an associated large loss to decrease the FOM value.
However, the CMF is an all-metal self-supported freestanding chiral metamaterial structure which properties are
solely determined by the geometric structure and the metal
properties. Since it is free from limitations imposed by the
substrates, the CMF can be optimized to achieve a much
higher FOM value to become a more suitable chiral design
with a negative index.
In conclusion, we experimentally and numerically demonstrate a conjugated rosette, chiral meta-foil that exhibits
strong optical activity, circular dichroism, and negative refractive index with a high figure-of-merit. Free-standing chiral meta-foils provide a unique approach to create a
completely all-metal chiral metamaterial, which can be flexibly integrated with other terahertz functional materials and
devices. Furthermore, all-metal bulk CMMs are possible to
be realized by via layer-by-layer method.
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