
C
O
M

M
U
N
IC

A
T
IO

N

www.advmat.de

4680
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Much work has recently been devoted to the design and
fabrication of artificial materials (dielectric photonic crystals,[1–4]

as well as metallic metamaterials[5–8]) aiming at achieving much
larger optical activity and/or circular dichroism than observed in
natural substances, such as milk or a sugar solution. This work
has led to extremely large effects and even to negative-phase
velocities[5,6] but the vast majority of these structures were
uniaxial. This low symmetry introduces a pronounced directional
dependence of the optical properties which can be undesired for
certain applications. A notable exception is a 3D arrangement of
pieces of metal spirals with random orientation in three
dimensions that has been demonstrated at microwave frequen-
cies.[9] The random orientation, however, leads to some degree of
inherent scattering which can be avoided in periodic structures
(‘‘crystals’’).

We aim at boosting chiral effects in tailored man-made
crystalline materials, while avoiding uniaxial structures and
maintaining isotropy as far as possible. The architectures that we
propose and realize in this work are inspired by so-called
blue-phase cholesteric liquid crystals,[10–12] which come fairly
close to our aim. They consist of left- or right-handed circular
dielectric spirals that are arranged along the three orthogonal
spatial axes of a cubic lattice with left- or right-handed so-called
corners. Because of the two types of chirality, we refer to
these structures as being ‘‘bi-chiral’’. Out of altogether four
possible bi-chiral structures, nature only provides those with
opposite handedness, that is, left-handed motifs on right-handed
corners and vice versa.[13]

Here, we propose and experimentally realize a bi-chiral
dielectric photonic crystal for the first time. Our structures, unlike
blue-phase liquid crystals, can in principle be tuned to any desired
operation wavelength. More importantly, our artificial structures
give access to all four bi-chiral combinations, whereas only two
are realized in nature. Moreover, we show that the ones missing
in nature are the ones exhibiting the strongest effects.

The construction principle of our blueprint is illustrated in
Figure 1. How have we arrived there? We have started from a 2D
square array of left- or right-handed circular dielectric spirals
(strictly speaking helices), the optical properties of which have
been discussed previously:[1,4] a very large resonant enhancement
of the chiral properties occurs if the dielectric spiral pitchmatches
the pitch of the light spiral, that is, the effective wavelength.[4] As a
result, light with the same handedness as the dielectric spirals is
reflected for frequencies around the resonance, whereas light
with the opposite handedness is transmitted (a ‘‘polarization stop
band’’).[4] An obvious first extension of such a uniaxial structure is
to arrange three sets of spirals along the three orthogonal
directions in space (Fig. 1a). In general, however, this will not lead
to mechanically connected structures, rendering the result
essentially useless. By displacing the axes of the spirals by their
radius as shown on the right-hand side of Figure 1a, a connection
point of the three spirals in the center of each cubic cell can be
enforced. After displacing two of the three axes, one is left with
two non-equivalent options for positioning the third axis. This
choice introduces a second type of chirality to the overall structure
that is distinct from the chirality of the spirals. It is clear from this
construction that the chiral optical properties will be identical for
propagation of light along the three cubic axes—in sharp contrast
to a uniaxial structure.

To test our concept of bi-chiral photonic crystals, we fabricated
corresponding structures by means of standard 3D direct laser
writing (DLW),[14] which can be viewed as the 3D analogue of
planar electron-beam lithography. We show a selection of electron
microscopy images of fabricated structures in Figure 2 (further
images are shown in the Supporting Information). Figure 2a
depicts top-view images of all four bi-chiral combinations;
Figure 2b shows an oblique view of a structure with right-handed
corner and left-handed spirals (‘‘right/left’’). Note that the quality
of these submicrometer structures is very high.

Next, we characterized these structures by normal-incidence
optical transmittance spectroscopy using a Fourier-transform
microscope–spectrometer (see Experimental).

The experimental results are shown in the left-hand column of
Figure 3. For an ideal structure, we expect that, for instance, the
transmittance of a right/right-handed structure for left-handed
circular polarized incident light (LCP) is identical to that of a left/
left-handed structure and right-handed circular polarized light
(RCP). Our experimental results closely follow that expectation,
indicating excellent reproducibility as well as sample quality.
More importantly, it becomes evident that the differences
between LCP and RCP are much more pronounced for the
right/right and the left/left-handed photonic-crystal structures as
compared to the mixed cases, that is, the right/left and the left/
right-handed structures. The gray areas in Figure 3 highlight this
aspect. As pointed out in the introduction, only the mixed cases
are thermodynamically stable for the blue-phase cholesteric
liquid crystals found in nature. Thus, our work on artificial
materials allows us to access interesting and relevant structures
that are simply not available in nature.
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Figure 1. Our ‘‘bi-chiral’’ structures simultaneously exhibit two distinct types of chirality. The first type stems from the handedness of the circular spirals
that are arranged on a simple cubic 3D lattice. a) Displacing the central spiral axes by half the spiral diameter enforces amechanical connection point of the
three spirals in the center of the unit cell. The orientation of these three fictitious spiral axes (the ‘‘corner’’) introduces a second type of chirality.
b) Combined with the chirality of the spirals, four distinct types of bi-chiral photonic crystals result, namely, left/left, right/right, left/right, and right/
left-handed structures. c) Complete structure. The color coding is the same as in (a) and (b) and serves as a guide to the eye.
To further support our claims, we calculate the optical
properties using a scattering-matrix approach,[15,16] assuming a
plane wave impinging under normal incidence. The refractive
index of the polymer is taken as n¼ 1.57, that of the glass
substrate as 1.52. The structure follows our above blueprint and
the ellipticity of the ‘‘voxels’’ (a voxel is the smallest polymerized
volume element and corresponds to the ellipsoidal laser focus)
Figure 2. Electron microscopy images of fabricated bi-chiral photonic cryst
photonic crystals. b) Oblique view on a right/left-handed polymer structure m
a¼ 4mm, their footprint is 60mm times 60mm, and they contain seven lattice c
L¼ 0.9a.

Adv. Mater. 2009, 21, 4680–4682 � 2009 WILEY-VCH Verlag G
in DLW is explicitly accounted for (aspect ratio of 2.7). The
volume-filling fraction is 27.6%. The theoretical results shown in
the right-hand column of Figure 3 agree well with the
experimental values (Fig. 3, left-hand side). In particular, much
more pronounced effects are found for the two cases where motif
and corner have the same handedness as compared to the two
mixed cases. The remaining small quantitative discrepancies
als. a) Top views on left/left, right/left, left/right, and right/right-handed
ade by direct laser writing. The cubic lattice constant of all structures is

onstants normal to the glass substrate plane. The diameter of every spiral is
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Figure 3. Transmittance spectra of the samples shown in Figure 2 taken/
calculated under normal incidence for circular polarization of the incident
light. Left-handed circular polarization (black) and right-handed circular
polarization of the incident light (red) are shown for all four different
bi-chiral structures. a) Right-handed corner/right-handed spirals (right/
right), b) left/left, c) left/right, and d) right/left. Note that much larger
circular dichroism is observed (see highlighted gray areas) for the right/
right and the left/left-handed structures compared to the mixed cases left/
right and right/left.

4682
between experiment and theory are likely due to the finite
opening angle of light in the optical measurements and/or due to
small structural imperfections.

In conclusion, we have introduced, fabricated, and character-
ized bi-chiral dielectric photonic crystals. In these structures, one
type of handedness stems from the motif (the spirals in our case)
and the other one from the corner, that is, from the fictitious
skeleton onto which the motif is arranged. We find much more
pronounced chiral effects if motif and corner have the same
handedness as compared to the mixed cases. Our concept of
bi-chiral dielectric photonic crystals with cubic symmetry avoids
the strong directional dependence of previous uniaxial structures
while maintaining strong circular dichroism via pronounced
polarization stop bands.
� 2009 WILEY-VCH Verlag Gmb
Experimental

Direct laser writing was carried out using a commercially available
negative-tone photoresist SU-8 (MicroChem Corp.) and a commercial
DLW system (Nanoscribe GmbH, see www.nanoscribe.de).

Optical spectra were taken on a Fourier-transform microscope–
spectrometer (Bruker Tensor 27 with Hyperion 1000 microscope).
Importantly, we custom modified this commercial instrument by
constructing polarization optics that could be inserted and that allow
broadband transmittance spectroscopy to be carried out with incident
circular polarization of the light. The heart of this add-on was a
super-achromatic quarter-wave plate (Bernhard Halle Nachfl.), with a
retardation of l/4� 14% in the spectral regime of 2.5–7.0mm wavelength.
Furthermore, we modified the reflective Cassegrain optics by introducing a
diaphragm such that the full opening angle of the incident light was
reduced to around 58. Normalization of all spectra was carried out with
respect to the transmittance of the bare-glass substrate.
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