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Metamaterial concepts have opened the door to high-optical anisotropy beyond levels of naturally
occurring materials but usually with limited spectral bandwidth. Here, we report on the design, realization,
and experimental and numerical characterization of broadband chiral metafoils exhibiting at the same time
exceptionally high-contrast circular polarization in the THz range. We demonstrate that the observed
chirality is achieved by a simple modification of the structure of well-established metafoils, namely,
through a shift of interconnecting lines by half a unit cell length between each row. The bandwidth of the
observed circular-polarization-selective response is demonstrated to be up to about one octave at a center
frequency of 2.4 THz and the ratio of the transmission of oppositely circularly polarized radiation is shown
to reach about 700%, with the maximum transmittance being approximately 70%. Although implemented
here at THz frequencies, broadband chiral metafoils may be extended to higher infrared and optical
frequencies by hot embossing or nanoimprinting. They may be used as circular polarizers and beam stops
in THz optical and infrared systems.
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I. INTRODUCTION

Circular optical dichroism, the differential absorption of
right- and left-handed circularly polarized light, is a
characteristic attribute of light and an important means
of using light to study the structure and properties of chiral
molecules [1]. While generally, 2D or 3D objects are called
chiral if their mirror image at a line or a plane, respectively,
cannot be transformed into the original by translations and/
or rotations, many biologically relevant molecules such as
naturally existing amino acids, enzymes, and sugars are
chiral and chiral molecules are also of great importance in
chemistry, biology, and pharmaceuticals. However, in
naturally chiral molecules the chirality is relatively low.
Not surprisingly, artificial chiral “molecules,” such as
helical coils, are thus studied with an aim to achieving
augmented chiral effects [2,3]. Combining chirality with
metamaterials, chiral metamaterials have recently attracted
considerable attention due to their exotic properties, such as
giant optical activity as well as their potential to realize
materials with negative refraction [4–17]. In chiral

metamaterials, strong magnetoelectric coupling gives rise
to an appreciably different optical response of left-handed
circularly polarized (LCP) and right-handed circularly
polarized (RCP) light. On the basis of this concept, chiral
metamaterials have opened a new route to building circular
polarizers with octave-wide frequency ranges of operation.
For conventional circular polarizers, two methods have

commonly been used to generate circularly polarized light:
(1) Bragg reflection using a cholesteric liquid-crystal film
and (2) a linear polarizer laminated with a quarter-
wave film [18]. However, their narrow-band response at
an a priori designed frequency seriously limits their
integration into many devices and systems.
Recently, a gold-helix photonic metamaterial [19,20]

was introduced and investigated as a compact and broad-
band circular polarizer. For light propagating along the
helix axis, the structure was demonstrated to block circular
polarization with the same handedness as the helices but to
transmit the other, for a frequency range exceeding one
octave. At the same time, three-dimensional bichiral
plasmonic crystals [21,22], tapered helices [23], and multi-
helical structures [24,25] have also been conceived and
shown to further improve the performance of circular
polarizers. However, the complex structure design and*o.hess@imperial.ac.uk
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metallization make them challenging to be realized at
arbitrary frequencies, for example, in the terahertz (THz)
region. Although direct-laser two-photon absorption writ-
ing [19–23] and electroless plating [26] can provide an
effective method, there are still restrictions in meeting
requirements of practical applications such as the manu-
facturing of large areas or the need of a substrate, which
may limit the useful spectral range.
Twisted metamaterials [27,28] are proposed based on

stacked planar metasurfaces featuring parallel metallic rods
realized with conventional lithographic techniques, suitably
rotated from one layer to the next, to achieve the broadband
circular-polarization selectivity. They are much closer to
practical applications and allow for much larger sample
footprints due to an inherently simpler fabrication process.
However, although very elegant in their design, such twisted
stacked metasurfaces so far still cannot quite match the
performance of helix-based metamaterials, as their extinc-
tion ratio is not yet high enough in four-layer structures.
Although higher extinction ratios can be achieved by means
of seven or more layers of twisted structures, as shown in
simulation, the fabrication becomes increasingly complex.
Lately, a miniature chiral beam splitter based on gyroid-

photonic crystals was demonstrated to discriminate RCP
and LCP light in a narrow band around 1.5-μm wavelength
with a transmission of almost 50% [29].
As an alternative route to realizing high-contrast and

broadband circular-dichroic properties, we propose a chiral
metafoil that builds on the well-known metafoil concept
[30–33]. It combines the upright S-string architecture [34]
with the distinctive feature of metallic transverse intercon-
nects to form a self-supported, locally stiff, globally
flexible space grid. As spacings of both interconnecting
lines and S strings can be varied, we distinguish between
pSX metafoils where p ¼ 1; 2; 3;… and X ¼ E or P stand
for the number of S periods between subsequent inter-
connecting lines and for equidistant (E) or pairwise (P)
grouped S strings [31,32], respectively. A variety of
metafoils exhibiting 1 ≤ p ≤ 4 and X either E or P show
a strong left-handed magnetic resonance peak between 3
and 4.5 THz that gives rise to a high transmission of
electromagnetic waves [31,32]. The platform of the meta-
foil is further extended to yield functional multiband
metafoils that are experimentally and numerically demon-
strated to achieve simultaneously negative permittivity and
negative permeability responses at multiple frequencies
[35] as well as crossed metafoils that are polarization-
independent left-handed metamaterials [36]. The chiral
metafoil as introduced here is an all-metal, self-supported,
free-standing chiral metamaterial assembled from simple
half-loop structures that feature the same handedness. It can
be derived from a conventional 1SE metafoil by simply
shifting interconnecting lines by half a unit cell length from
row to row. Because of the direct coupling among these
connected structures, the chiral metafoil can effectively

operate as a three-dimensional structure with a broadband
optical response. Its global flexibility lends it a further
degree of freedom for shaping optical surfaces, most
readily, with cylindrical contours of circular, elliptic, para-
bolic, and hyperbolic shape. This feature could be useful in
relation to cylindrical-source geometries as they occur, e.g.,
when light is scattered from a particle beam and its
detection needs to be discriminated according to its circular
polarization. Furthermore, it may play a role when circular
polarizers need to conform to curved surfaces, the design of
which is dictated from other considerations.
In this paper, we demonstrate experimentally and numeri-

cally that high-contrast broadband circular-polarization
selectivity can be achieved by a chiral metafoil in the
THz region. The bandwidth of the dichroic response is
about one octave at a center frequency of 2.4 THz, the ratio
between LCP and RCP light is about 700% with the
maximum transmittance being approximately 70%. Chiral
metafoils may be manufactured by imprinting and hot
embossing in any frequency range, enabling cost-effective
mass manufacture, and may so be extended to the higher
infrared and optical frequencies as well, thus enabling their
direct integration into current devices and systems.

II. METHODS

A. Sample fabrication

For the initial UV photomask, a soda-lime blank
(Nanofilm,Wetlake Village, Califormia) with 100-nm-thick
chromium and a 530-nm-thick layer of AZ1518 photoresist
is patterned by a direct-write laser system (Heidelberg
Instruments uPG 101). Three optical masks, each carrying
the design patterns of the individual layers and alignment
marks, are used in the photolithography process. A
500-μm-thick silicon wafer is cleaned and covered with
thin layers of Cr/Au (100 nm=50 nm) as an adhesion and
plating base, respectively. A 17-μm-thick AZ9260 resist is
deposited by spin coating and then exposed by UV light in a
Mask & Bond Aligner (Karl Suss, MA8/BA6). After resist
development, the remaining resist mold is used for gold
electroplating to build up a 17-μm-thick gold structure.
Then, another 50-nm gold layer is sputtered on the sample
as a new plating base. The same process sequence is
repeated to obtain the second and third layers of the
three-dimensional structure. Precise alignment of photo-
masks with respect to the already-processed structure on the
substrate is critical during this process. Next, the AZ9260
resist and Au plating bases are removed step by step using
acetone and gold etchant. Finally, the whole structure is
released from the silicon substrate by Cr etching to form all-
metal, free-standing, chiral metamaterials.

B. Optical characterization

The fabricated chiral metafoil is characterized by
terahertz time-domain spectroscopy (THz TDS) in a
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nitrogen-purged chamber with a relative humidity less than
5%. Time-domain spectra of the co- and cross-polarization
states of the chiral metafoil are measured in transmission
mode by employing polyethylene polarizers (TYDEX) in

front of and behind the chiral metafoil. Transmission
coefficients of the circularly polarized waves are then
obtained from linear measurements using the following
equation:

�
Tþþ Tþ−
T−þ T−−

�
¼ 1

2

� ðTxx þ TyyÞ þ iðTxy − TyxÞ ðTxx − TyyÞ − iðTxy þ TyxÞ
ðTxx − TyyÞ þ iðTxy þ TyxÞ ðTxx þ TyyÞ − iðTxy − TyxÞ

�
;

where the first and second subscripts refer to the incident
and transmitted wave, þ and − refer to the right-handed
and left-handed circularly polarized waves, and x and y
refer to the two linearly polarized waves with the electric
field polarized along two orthogonal directions.

III. RESULTS

A. Configuration of chiral metafoils

The construction principle of our chiral metafoil is
illustrated in Fig. 1. A simple rod, with a length of
l ¼ 90 μm, width of w ¼ 30 μm, and thickness of t ¼
17 μm can produce a strong, resonant anisotropy within the
plane while being strictly nonchiral. The LCP and RCP
transmissions are expected to be identical for normal
incidence at all frequencies. Fractional-screw-like struc-
tures are made by stacking and connecting three of such
planar nonchiral rods with a rotation angle of 90° between
them, thus forming the basic building blocks of chiral
metafoils. Based on the direction of rotation from top to

bottom, we define the right-turn structure and left-turn
structure, respectively. By this specific rotation between
adjacent layers, 3D chirality is achieved in these fractional-
screw-like structures.
Stacking a large number of rods with sequential

rotation is one way to achieve the broad operation bands
and high-extinction ratios [27]. In contrast, the chiral
metafoil we propose uses a different route: handed
structures with the same handedness are assembled in
the form of a closely coupled array to realize the desired
high-contrast and broadband properties. Thereby, a right-
handed chiral metafoil’s molecule is assembled by
combining two right-turn structures as illustrated in
Fig. 1(a). Many right-handed chiral metafoil’s molecules
are then joined together to form the right-handed chiral
metafoil. The same construction principle applies to left-
handed chiral metafoils as shown altogether in Fig. 1(b)
where, in chemical terminology, line (b) represents the
enantiomer version of the structures of line (a) [37].
Topologically, the unit cell corresponds to two split rings

(a)

(b)

(d)(c)

l

w
t

x, k y, H  

-z, E 

FIG. 1. The configuration of right-handed (a) and left-handed (b) chiral metafoils. Actual values of parameters w, l, t are l ¼ 90 μm,
w ¼ 30 μm, and t ¼ 17 μm. A wire frame schematic (c) and a topological schematic (d) of chiral metafoil’s unit cell.
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cross coupled to a common capacitor as schematically
illustrated in Figs. 1(c) and 1(d) depicting the corre-
sponding wire frame and topological diagrams of the unit
cell, respectively. In simplest terms, the structure of a
chiral metafoil results from a shift of the interconnecting
lines of a conventional 1SE metafoil by half a unit cell
length from row to row.

B. Numerical simulations

Simulations of chiral metafoils are performed by using
the frequency domain solver of the commercial CST
Microwave Studio software, which implements a finite
element method to determine reflection and transmission
properties. In the simulations, the unit cell boundary
condition is applied and the circularly polarized eigen-
waves are directly used. Gold is modeled as a lossy metal
with conductivity σ ¼ 4.09 × 107 Sm−1.
Figures 2(a) and 2(c) show schematic 3D diagrams of

the right-handed and left-handed chiral metafoils, and
Figs. 2(b) and 2(d) show the corresponding simulated
transmission spectra of the LCP and RCP waves, respec-
tively. For right-handed chiral metafoils, the RCP waves
are preferentially transmitted within the bandwidth of
operation from about 1.5 to 3.4 THz, whereas the LCP
waves are almost blocked. The associated (numerically
simulated) circular dichroism, which reflects the difference
between the transmission spectra of two circular polar-
izations (the maximum difference divided by the

maximum transmission), can reach about 95% in the
chiral metafoil. This value clearly exceeds the previously
reported performance of the seven-layer rotated metasur-
faces [27]. As expected from symmetry, the left-handed
chiral metafoils show the same transmission spectra,
except that the spectra for the LCP and RCP waves are
exchanged.

C. Experimental realization and characterization

The terahertz chiral metafoils are manufactured using
three-level photolithography with precise alignment and
three repeated gold-electroplating steps with accurate thick-
ness control. All fractional-screw-like structures are linked
together and self-supported, assuring a remarkably high
degree of robustness of our chiral metafoils. After being
released from the substrate, the chiral metafoils turn into
all-metal, self-supported, free-standing metamaterials
(see Sec. II). Figure 3(a) shows photographs of flat as
well as deliberately bent chiral metafoils. The useful
window of chiral metafoils that is available for transmission
is 10 × 10 × 0.051 mm3 (L ×W ×H). Figures 3(b)–3(d)
show scanning electron microscope (SEM) images of these
fabricated metafoils.
The high-contrast and broadband properties of chiral

metafoils are experimentally demonstrated by THz TDS
[38,39] (see Sec. II). Figures 3(e)–3(h) show SEM images
and the measured transmission spectra for the two circu-
larly polarized terahertz waves in the right-handed and left-
handed chiral metafoils, respectively. As predicted by
simulations, our terahertz chiral metafoils experimentally
support circular-polarization selectivity over a broad band-
width from about 1.5 to 3.4 THz, and circular dichroism
can experimentally reach about 85%. The measured results
in Figs. 3(f) and 3(h) are in very good agreement with the
simulated results in Figs. 2(b) and 2(d). Some small
discrepancies between experiments and simulations are
mainly due to the tolerances in the fabrication and
characterization. For comparison purposes, Figs. 3(i) and
3(j) show that a conventional equidistant 1SEmetafoil does
not exhibit any circular dichroism at all. As, in this case,
there are equal numbers of identical right-handed and left-
handed unit cells, the circular-polarization selectivity aris-
ing from them is completely canceled out mutually, making
the measured transmission spectra of RCP and LCP
identical. In chemical terminology, this equal distribution
of right-handed and left-handed unit cells corresponds to
the racemic modification [37]. In Figs. 4(a) and 4(b), we
show the influence of the capacitor in the ring and the
thickness of the conductors on the transmission spectra. We
observe that increasing the capacitance leads to a narrower
and higher broadband peak, whereas an enlargement of the
conductor thickness shifts the peak to higher frequencies.
This potential of varying parameters clearly offers an
additional degree of designing capability with respect to
tuning the frequency and spectral shape.

FIG. 2. Simulation results of broadband chiral metafoils. 3D
schematics of right-handed (a) and left-handed (c) chiral meta-
foils. The simulated transmission spectra of the LCP and RCP
waves for the right-handed (b) and left-handed (d) chiral
metafoils at normal incidence.
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IV. DISCUSSION

In a conventional metafoil, the topology of a unit cell
corresponds to two oppositely inclined split rings cross
coupled via a common capacitor. Our chiral metafoil is
structurally very similar, but for a small, yet crucial differ-
ence: the interconnecting coupling lines are shifted by half
of anS length from row to row.This difference is crucial, as it
creates the right- or left-handed structure. Indeed, looking at
the structure depicted in Figs. 1(a) or 1(b), we can see that,
starting at any point of the structure and following the path of

a propagating wave going into the metafoil, the path
describes a right-handed screw in Fig. 1(a) or a left-handed
screw in Fig. 1(b). The shape of the spectral response of a
chiral metafoil is completely different from the conventional
metafoil. Whereas the latter exhibits a magnetic negative-μ
resonance which has a relative bandwidth of about 10%, the
present chiral metafoil, in contrast, features a much broader
circular-polarization-selective passband with a spectral
width of more than one octave superposed on which
magnetic resonant peaks can be observed.

FIG. 3. Experimental demonstration of broadband chiral metafoil. (a) Photographs of the flat and deliberately bent chiral metafoils.
(b)–(d) Scanning-electron-microscopy images of the fabricated chiral metafoils; the scale bar is 300 μm in (b) and (c), 80 μm in (d),
respectively. (e) Scanning-electron-microscopy image of the right-handed chiral metafoil; the scale bar in (e) is 80 μm. (f) The measured
transmission spectra of LCP and RCP waves for the right-handed chiral metafoil. (g) Scanning-electron-microscopy image of the left-
handed chiral metafoil; the scale bar in (g) is 80 μm. This structure is an enantiomer of (e). (h) The measured transmission spectra of
LCP and RCP waves for the left-handed chiral metafoil. (i) Scanning-electron-microscopy image of the conventional 1SE metafoil; the
scale bar in (i) is 80 μm. (j) The measured transmission spectra of LCP and RCP waves for the 1SE metafoil showing that the
conventional 1SE metafoil does not exhibit any dichroism at all as it is the racemic modification of structures (e) and (g).
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To describe the basic excitation of the broadband chiral
metafoil, let us consider a plane circularly polarized wave
incident on the chiral metafoil in the x direction. Let us
further assume the incident circularly polarized wave to be
decomposed, as usual, into two orthogonal, linearly polar-
ized waves. There is thus a phase shift of π=2 or −π=2
between the orthogonal components to produce right-
circular or left-circular light, respectively [40]. We further
assume the electric-field vector of the leading component to
be oriented in the direction of the S strings of the metafoil
(z direction). Then, the related H vector will point normal
to the loops (y direction) and excite them fully magneti-
cally. This magnetic induction leads to an LC oscillation.
The current influenced by the electric field thus flows in the
same direction. The electric-field vector of the phase-
shifted orthogonal component, the trailing wave, will then
point in a direction normal to the loops (y direction) and
the related H-field vector will be along the S strings
(z direction). In this case, the loop area projected onto a
plane perpendicular to H is comparatively small, so
magnetic induction plays a smaller role. To understand
the dichroism, we note that, depending on the material, the
electric field of the incident wave sees a right-handed or
left-handed inclined split ring. It is the interaction with this
inclined split ring that brings about the observed circular

dichroism. During the first half wave of the leading
component, the electric field excites a current along the
top rods of the structure such that the capacitor between
rods is charged. After the first quarter wave, the orthogonal
trailing component helps to direct the current further along
the split ring combined with the discharge of the capacitor,
provided the circular polarization corresponds to the
handedness of the inclined split ring. After the first half
wave, the direction of electric excitation and the direction
of the current flow are inverted, and, due to the axial
symmetry of the unit cell, the second half of the ring current
is performed such that, after one wave, one circular current
flow is completed. If the handedness of the inclined split
rings and the circular polarization do not match, the field of
the trailing wave excites a current opposite to the discharge
current of the capacitor, thus partly compensating current
flows and reducing transmission. While we have argued
that the magnetic field of the trailing component can barely
excite loops, the magnetic field of the leading component
does. However, this does not distinguish between right- or
left-circular excitation and, thus, plays no role in the
circular-polarization selectivity. In detail, during the first
quarter wave of the leading component, the electric field
and the induced electromagnetic field point to the same
direction while they are opposite in the second quarter.
Depending on the position of the spectral resonance, the
magnetically induced current can be larger or smaller, thus
leading to the waviness of the transmission spectra we
observe.
While having some similarities to helical [19] as well as

to twisted [27] metamaterials, our chiral metafoil is,
however, distinctly different from both. The chiral-metafoil
features inclined split rings that may also be called frac-
tional screws. The crucial property is that the two fractional
screws making up a unit cell are oriented such that they
alternatingly accommodate the two half waves of the
incident light as illustrated in Fig. 1, thus supporting the
propagation of a like-handed wave. In contrast, in a helix,
short circuiting currents are set up in the like-handed case
that block the incoming wave [19]. The thickness of the
layer filled with helices—or the height of a helix—is about
one-half wavelength. Owing to the geometric difference,
the response of the chiral metafoil is thus completely
different from that of the gold helix as it transmits the
wave of like handedness. Compared to twisted metamate-
rials, the chiral metafoil is similarly composed of metal rods
that have orientations differing by 90° from each other.
However, in the chiral metafoil these rods are galvanically
coupled, not only capacitively or inductively as between
insulated layers in twisted metamaterials (which are basi-
cally a stack of wire grid filters with different angular
position of each layer). Considering a single layer of a
twisted metamaterial, the E-field vector perpendicular to
the rods is transmitted. As the next layer is rotated, the
transmitted E-field vector also needs to rotate. The

(a)

(b)

a

c
b

FIG. 4. The influence of capacitance and conductor thickness.
(a) a changes from 0 to 15 μm. (b) Unit length u ¼ 2bþ 2c ¼
120 μm keeps constant while b changes from 10 to 50 μm.
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handedness of the rod rotation and the E-field-vector
rotation, then, is identical. Therefore, they pass like-handed
polarization. In chiral metafoils, however, the selectivity
between right- and left-handed circular polarizations is
significantly larger than in twisted metamaterials.
Moreover, both helical and twisted metamaterials need
substrates and/or embedding matrices. This may restrict the
useful spectral range. In the case of the twisted metama-
terial, the optimum distance between layers is L ¼ 120 nm
for a useful spectral range of 600–1400 nm, leading to a
total thickness of about one wavelength. It thus does not
seem immediately obvious that and how this concept may
be extended to larger wavelengths into the THz range.
Compared with the gyroid-photonics crystal [29], the

chiral metafoil is fundamentally different in at least two
aspects, namely, the bandwidth and the thickness.
Regarding the former, the chiral metafoil features a
bandwidth of about one octave, whereas the gyroid-
photonics crystal is reported to have a relative bandwidth
of about 1=60. So, the relative bandwidth of the chiral
metafoil is larger by a factor of 120. As for the thickness,
the chiral metafoil is 51 μm thick and the shortest wave-
length in the bandpass is 88 μm, so it is less than one
wavelength thick in the propagation direction, whereas the
gyroid-photonics crystal prism is about 32 wavelengths
thick at the point of incidence. As a corollary, we note here
that due to their small thickness, the chiral metafoils should
be regarded in the spirit of an effective metasurface rather
than a bulk metamaterial for which one would be able to
identify an effective chiral parameter κ.
While the chiral metafoils studied in this paper were

produced by means of three-level photolithography, an
important aspect is that they may also be manufactured by
plastic molding. Two parts of either a mold insert for
injection molding or two parts of a hot embossing die yield
the plastic metafoil structure. Note that such plastic
structures can be metallized by sputter deposition of the
desired metal. Although here implemented at terahertz
frequencies, the techniques of imprinting or hot embossing
suggest that the chiral-metafoil concept can be extended to
higher infrared and optical frequencies, with cost-effective
mass manufacture.

V. CONCLUSION

We have designed, manufactured, and demonstrated
broadband chiral metafoils that exhibit a high-contrast
circular-polarization selectivity over a bandwidth of about
one octave (1.7–3.4 THz). This performance is achieved by
a simple design variation of the well-known metafoil,
namely, replacing straight interconnecting lines by alter-
nating ones. In chemical terminology, we may regard the
“molecules” in LCP and RCP chiral metafoils as enan-
tiomers and, consequently, the conventional metafoil as a
corresponding racemic modification. All of metafoil struc-
tures can be fabricated by means of the well-established

three-level photolithography and gold-electroplating tech-
nique. As the geometric structure of metafoils is amenable
to hot embossing or nanoimprinting, the results achieved
hold promise to enable extension of the frequency range up
to the visible red with gold by reducing geometric param-
eters suitably. Owing to the all-metal structure of metafoils,
there are no dielectrics of substrates or embedding matrices
that could lead to a redshift of the frequencies. Hence, full
use can be made of the accessible spectral range that
extends up to about 450 THz (667 nm) before limiting
plasmonic effects are expected to set in [41]. An additional
benefit of hot embossing and nanoimprint processes is a
ready access to cost-effective mass manufacture. In this
way, broadband circular-polarization filters may be realized
over a spectral range spanning almost 3 orders of magni-
tude from THz to the visible red, covering, in particular, the
important infrared “fingerprint” range (12–120 THz) that is
routinely used for infrared molecular spectroscopy includ-
ing related methods such as vibrational circular dichroism.
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