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Three-dimensional chiral photonic superlattices
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We investigate three-dimensional photonic superlattices composed of polymeric helices in various spatial
checkerboard-like arrangements. Depending on the relative phase shift and handedness of the chiral build-
ing blocks, different circular-dichroism resonances appear or are suppressed. Samples corresponding to four
different configurations are fabricated by direct laser writing. The measured optical transmittance spectra
are in good agreement with numerical calculations. © 2010 Optical Society of America
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Recently, an increasing number of researchers have
been designing, fabricating, and studying artificial
chiral dielectric [1–9] or metallic [10–15] materials.
These man-made media allow for optical activity or
circular dichroism as obtained for chiral molecules,
however, with coefficients that are orders of magni-
tude larger. Furthermore, qualitatively new effects
can occur, for example, negative phase velocities
[10,11] or negative reflection [12]. Potential applica-
tions have been discussed and range from circular po-
larizers [6,7,15] to optical diodes and/or poor-man’s
optical isolators [16].

The resonances in chiral dielectric structures have
been interpreted following the lines of cholesteric liq-
uid crystals: A resonance occurs if the spiral (strictly
helix) pitch equals the effective material wavelength
[6–8]. In this simple intuitive picture, which is essen-
tially based on individual spirals, the interaction be-
tween adjacent spirals is completely neglected. In
this Letter, we aim at investigating these lateral in-
teractions. To allow for an unambiguous interpreta-
tion, we change only the relative phase of neighbor-
ing spirals or their handedness.

The geometry of our model system is illustrated in
Fig. 1. All extended unit cells are composed of four
spirals with the same structural parameters but with
a varying phase or handedness in a checkerboard-
like manner. While four spirals with the same hand-
edness are laterally arranged in case I, they are
phase shifted by 90° in case II, and by 180° in case
III. These cases are enantiopure configurations. In
case IV, the handedness alternates, resulting in a ra-
cemic mixture of chiral helices. The distance between
adjacent spirals a and the spiral diameter L=0.9a
are fixed. 2a is the in-plane lattice constant. These
extended unit cells are stacked to a three-
dimensional photonic crystal with N=7 axial lattice
constants. As an example, the resulting structure of
case II is shown in Fig. 1(b).

To fabricate such complex photonic superlattices,
we employ a commercially available direct-laser-
writing system (Nanoscribe Photonic Professional) to

expose the negative-tone photoresist SU-8 (details
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Fig. 1. (a) Four configurations of chiral photonic crystals:
Spirals with the same handedness are in phase (I), 90° out
of phase (II), and 180° out of phase (III). Configuration IV
is a racemic mixture of helices. Each spiral is situated in a
cubic unit cell with lattice constant a. (b) Oblique view on a
chiral photonic superlattice of configuration II with N=7

axial periods.
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can be found in [9]). The parameters are a=3.25 �m,
L=2.925 �m, and a volume filling fraction of 36.5%.
All fabricated structures have a footprint of 65 �m
�65 �m and have been fabricated under identical
conditions on the same glass slide. Top-view electron
micrographs of each superlattice are depicted in Fig.
2(a). The four different configurations correspond to
those shown in Fig. 1. To demonstrate the high qual-
ity and homogeneity, an oblique view of a circular-
spiral photonic crystal of case II is shown in Fig. 2(b).

The optical properties of the chiral photonic crys-
tals of case I have previously been discussed in detail
in [6,7]. The resulting polarization stop bands have
been interpreted intuitively following the above
simple picture. In this picture, the optical properties
of cases I–III should be identical. In contrast, the chi-
ral effects are expected to disappear in case IV [8].

The measured optical transmittance spectra of the
sample shown in Fig. 2 are shown in Fig. 3 (left col-
umn). All spectra are taken by using a Fourier-
transform microscope-spectrometer (Bruker Tensor
27 with Hyperion 1000 microscope). We use circular
polarization of the incident light achieved by a high-

Fig. 2. (a) Top-view electron micrographs of fabricated
circular-spiral photonic crystals in the same order as
shown in Fig. 1. (b) Oblique-view electron micrograph of a
polymer structure of configuration II fabricated by direct
laser writing. The cubic lattice constant of all structures is
a=3.25 �m, their footprint is 65 �m�65 �m, and they
contain seven lattice constants normal to the glass sub-

strate plane. Each spiral diameter is L=0.9a.
extinction wire-grid polarizer (Bruker) and a super-
achromatic quarter-wave-plate (Bernhard Halle
Nachfl.) granting access to the spectral regime of
2.5–7.0 �m wavelength [9]. The full opening angle of
the incident light impinging under nominally normal
incidence is reduced to about 5° by means of a dia-
phragm. All spectra are referenced to the bare glass
substrate.

Case I reveals the previously discussed polariza-
tion stop band for circular polarization centered on
4.3 �m. The details are different because the adja-
cent spirals slightly overlap in this Letter, whereas
they have been well separated previously [7]. We
have chosen overlapping spirals in this Letter in or-
der to ensure mechanical stability without the need
for additional stabilization (grids and wall in [7]). In
contrast to case I, the optical properties of cases II
and III considerably differ from the expectations
from the simple picture. In particular, in both cases,
a second additional set of longer-wavelength reso-
nances appears. Again, the stop band depends on the
circular polarization leading to circular dichroism.
Furthermore, in case III, the original polarization
stop band has been strongly suppressed, whereas it is

Fig. 3. (Color online) Transmittance spectra of the
samples shown in Fig. 2 taken/calculated under normal in-
cidence for circular polarization of the incident light. Left-
handed (black curves) and right-handed [gray (red online)
curves] circular polarizations of the incident light are
shown for all four different configurations (I–IV). The gray
areas highlight stop bands for circular polarization or
polarization-independent stop band.
still visible in case II. Alas, the above simple picture
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taken from cholesteric liquid crystals is not sufficient
to describe the observed behavior, especially the ad-
ditional longer-wavelength resonance. Interestingly,
this additional stop band occurs at a wavelength that
is about a factor of �2 larger than that of the original
polarization stop band. This factor correlates with
the in-plane distance between adjacent equivalent
spirals which is a in case I and �2a in cases II and
III. Finally, the racemic mixture (case IV) hardly
shows any chiral response. Nevertheless, the longer-
wavelength stop band also seen in cases II and III is
still present.

To further investigate the optical properties and to
rule out experimental artifacts, we perform numeri-
cal calculations based on the well-established
scattering-matrix approach [17,18]. This approach is
capable of calculating the transmittance spectra of
finite-size structures. We choose normally incident
circular polarization of light [black for left-circular
and gray (red online) for right-circular], a polymer re-
fractive index of n=1.57, a refractive index of the
semi-infinite glass substrate of n=1.518, and the geo-
metrical structure parameters of the fabricated
structures shown in Fig. 2. In particular, we also ac-
count for the elongated point-spread function of the
direct laser writing (aspect ratio of 2.7). The lateral
and axial discretization of each unit cell is set to
a /128=25.4 nm. We use g=7 orders corresponding to
�2g+1�2=225 reciprocal lattice vectors. The normal-
incidence intensity transmittance refers to the (0,0)
diffraction order. The transmittance differences be-
tween g=7 and 8 are within the linewidth of the
shown curves (smaller than 0.015), indicating that
the numerical results converge. The results are
shown in the right column of Fig. 3, allowing for a di-
rect comparison with experiment in the other col-
umn.

The overall qualitative agreement between theory
and experiment is good. Specifically, the spectral po-
sitions of the stop bands and the depth of the trans-
mittance minima are reproduced rather well. Re-
maining quantitative deviations likely arise from (i)
slight imperfections of the fabricated structures
and/or (ii) from the finite opening angle of the mea-
surement apparatus. Regarding aspect (i), we have
already noted above that all four samples have been
fabricated on one glass substrate under identical con-
ditions allowing for a fair comparison of the four dif-
ferent fabricated samples. Typically, further slight
improvements can be achieved when optimizing the
samples individually. The importance of aspect (ii)
has been emphasized previously [7] by comparison of
calculated spectra for strictly normal incidence and
spectra averaged over a certain opening angle (5°, see
above). The angle averaging tends to smear out sharp
spectral features. In this Letter, we show normal-
incidence data to reveal the intrinsic optical re-
sponse.

In conclusion, we have presented three-
dimensional chiral photonic superlattices composed
of different checkerboard-like arrangements of poly-
mer spirals. We have found that the chiral optical
properties strongly depend on the in-plane arrange-
ment of the spirals rather than solely on the spiral
parameters. This opens what we believe to be new
design options for tailoring the optical properties of
these artificial chiral structures. Furthermore, this
observation highlights the differences in the physics
of cholesteric liquid crystals and helical photonic
crystals.
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