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Layer-by-layer three-dimensional
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We fabricate and characterize polymeric three-dimensional layer-by-layer chiral photonic crystals. The ob-
tained circular dichroism from polarization stop bands is comparable with that of recently demonstrated
circular–spiral photonic crystals. Moreover, telecommunication wavelengths are easily accessible with the
layer-by-layer approach; even visible wavelengths are in reach. © 2007 Optical Society of America
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Periodic chiral dielectric [1–3] or metallic [4–8] nano-
structures have recently attracted considerable at-
tention because of the possibility of obtaining giant
circular dichroism [1–3,7] or giant gyrotropy [5,6,8]
in the optical regime. At present, chiral dielectric
structures outperform chiral metallic structures by a
large margin regarding losses. Interesting dielectric
candidates are the recently introduced circular–
spiral designs [1,3], three-dimensional nanostruc-
tures of considerable complexity. While it is conceiv-
able that high-quality circular–spiral structures
might be fabricated on large areas at low cost via ho-
lographic lithography [9], it would be highly desir-
able to have blueprints at hand that are accessible by
a variety of different approaches suitable for large-
area low-cost mass fabrication. Regarding a distinct
class of periodic structures, namely, photonic-
bandgap materials, layer-by-layer approaches such
as the famous woodpile structure [10] have proven to
be accessible by a large variety of different tech-
niques. Thus, chiral layer-by-layer structures appear
to be attractive as well.

A recent theoretical paper [11] has indeed dis-
cussed chiral dielectric layer-by-layer structures. It is
the aim of this Letter to provide corresponding ex-
periments for what we believe to be the first time and
to highlight that excellent performance can even be
obtained with low refractive index contrast from
polymeric structures.

The underlying idea [11] is quite simple and re-
sembles models for cholesteric liquid crystals [12]: a
first layer (in air) consists of a periodic arrangement
of parallel dielectric rods or bars with refractive in-
dex n separated by the spacing a. A second identical
layer is rotated by an angle of 360° /N and placed on
top of the first layer. After an integer N number of
layers, the structure obviously repeats itself, leading
to the lattice constant c. In a loose sense, the result-
ing three-dimensional photonic crystal can be viewed
as a “twisted woodpile.” It should be immediately
clear that the integers N=1, 2, and 4 do not lead to

chiral structures, whereas the choices N=3, 5, 6, 7,
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etc. do. Depending on whether the stacking process is
performed clockwise or counterclockwise with respect
to the substrate, one can either obtain left-handed or
right-handed chiral structures.

Such chiral structures can lead to polarization stop
bands: in this spectral range and for one propagation
direction, transmission of light is suppressed for one
of the two circular polarizations. We have previously
introduced the intuitive reasoning that a chiral reso-
nance occurs if the pitch of the dielectric chiral struc-
ture matches the pitch of the circularly polarized
light, i.e., if the lattice constant c matches the mate-
rial wavelength of light [3]. This means that, for a

Fig. 1. Scheme of the chiral layer-by-layer photonic crys-
tal structure for N=3. (a) Top view, (b) side view. The geo-
metrical parameters are: a=1.2 �m, c=1.32 �m, 2rx

=300 nm, and 15 layers (five lattice constants).
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fixed operation wavelength, the fabrication requires
finer features with increasing N. Thus, small values
of N are highly desirable. Furthermore, it is impor-
tant to know what refractive index n is necessary for
good performance. Reference [11] discussed a high-
index-contrast material with refractive index n
=2.98.

Our numerical calculations show that comparable
performance can be achieved with low refractive in-
dices. For the calculation of transmittance spectra of
finite-size structures we employ the established
scattering-matrix approach [13,14] and choose n
=1.57 and N=3. We then search for optimum perfor-
mance regarding circular dichroism by varying the
c /a ratio and the volume filling fraction, f, of the di-
electric. We find that rods with circular cross section
(rather than elliptical) are best. The choice shown in
Fig. 1 corresponds to the smallest ellipticity (approxi-
mately a 1.7 aspect ratio) that we are presently able
to achieve experimentally by means of direct-laser
writing [15,16] (see below) and to the parameters
c /a=1.1 and f=23.1%.

Figure 2 reveals calculated transmittance spectra

Fig. 2. Calculated normal-incidence linear-optical trans-
mittance spectra for circular incident polarization. (a) Left-
handed structure with the parameters given in Fig. 1 but
with 24 layers (i.e., eight lattice constants); (b) right-
handed structure for LCP incident light (solid) and RCP in-
cident light (dashed).
for circularly polarized incident light impinging un-
der normal incidence for the parameters of Fig. 1 and
for 24 layers (i.e., eight lattice constants). Pro-
nounced polarization stop bands, centered at an
�1.55 �m wavelength, are clearly visible: the trans-
mittance is �91% for right-handed circular incident
polarization (RCP) impinging on a left-handed struc-
ture [Fig. 2(a)] and �2% for left-handed circular in-
cident polarization (LCP) and the same structure. As
expected for ideal structures without unintentional
linear birefringence, LCP and RCP interchange for a
right-handed structure [Fig. 2(b)].

Notably, the overall performance is comparable
with that of circular–spiral structures that we have
previously presented [3] and that are much harder to
fabricate. Also, the present twisted woodpile is me-
chanically much more robust than the laterally dis-
connected circular–spiral arrays. Moreover, for a
given resolution of the direct-laser-writing process,
shorter-wavelength polarization stop bands can be
achieved in twisted woodpiles as compared with
circular–spiral structures.

Next, we fabricate this optimized structure (Fig. 1)
by means of standard direct-laser writing in the com-
mercially available photoresist SU-8 (for details see,
e.g., [16]). We emphasize, however, that this demon-
stration should be interpreted only as a proof of prin-
ciple. Much larger-area structures could be fabri-
cated by repeated microcontact printing, by hot
embossing, or by other inexpensive mass-fabrication
approaches. Electron micrographs are depicted in
Fig. 3. The high quality and homogeneity of the
structures are obvious. The structures are stabilized

Fig. 3. Electron micrographs of fabricated structures with
the parameters given in Fig. 1 but with 24 layers. (a) Ob-
lique view of a complete structure with an open aperture of
60 �m diameter. (b) and (c) are top-view magnifications of

left-handed and right-handed structures, respectively.
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by a surrounding thick wall [16], which is intention-
ally written higher than the top of the photonic
crystal.

Corresponding optical characterization [3] is
shown in Fig. 4, which is represented as Fig. 2 to al-
low for a direct comparison with the theory of a per-
fect structure. The incident circular polarization is
accomplished by a Glan–Thompson polarizer fol-
lowed by a superachromatic quarter-wave plate [3].
Obviously, the overall qualitative agreement between
theory (Fig. 2) and experiment (Fig. 4) is very good.
Specifically, the agreement in the region of the polar-
ization stop band (gray area) is almost quantitative.
On the short-wavelength side (i.e., for the higher-
order bands), deviations arise, which are likely due to
two aspects. First, the incident light in the experi-
ment has a finite opening angle (5°), whereas the cal-
culations are for strictly normal incidence. We have
previously discussed [3] that this aspect affects the
spectral shape. Second, the imperfections of the fab-
ricated samples are expected to influence the higher-
order bands more strongly.

Fig. 4. Measured normal-incidence transmittance spectra
for circular incident polarization, represented as the corre-
sponding calculated spectra shown in Fig. 2.
In conclusion, we have presented low-index-
contrast three-dimensional layer-by-layer chiral pho-
tonic crystals that show giant circular dichroism at
telecommunication wavelengths. In the polarization
stop band, this “thin-film” structure converts unpo-
larized incident light into circularly polarized emerg-
ing light. Moreover, circularly polarized incident light
with the opposite handedness than the chiral struc-
ture is fully transmitted. After backreflection from a
mirror behind the photonic crystal, the handedness
of light is changed. Hence, the backward propagating
light is not transmitted by the photonic crystal and
does not propagate back into the light source. In this
sense, the structure can serve as a “poor-man’s” opti-
cal isolator for circular polarization [17].
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