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uasicrystals'™ are a class of lattices characterized by a lack
of translational symmetry. Nevertheless, the points of the
lattice are deterministically arranged, obeying rotational
symmetry. Thus, we expect properties that are different
from both crystals and glasses. Indeed, naturally occurring
electronic quasicrystals (for example, AIPdAMn metal alloys)
show peculiar electronic, vibrational and physico-chemical
properties. Regarding artificial quasicrystals for electromagnetic
waves, three-dimensional (3D) structures have recently been
realized at GHz frequencies’ and 2D structures have been
reported for the near-infrared region®®. Here, we report on the
first fabrication and characterization of 3D quasicrystals for
infrared frequencies. Using direct laser writing'®"" combined
with a silicon inversion procedure'?, we achieve high-quality
silicon inverse icosahedral structures. Both polymeric and silicon
quasicrystals are characterized by means of electron microscopy
and visible-light Laue diffraction. The diffraction patterns of
structures with alocal five-fold real-space symmetry axis reveal a
ten-fold symmetry as required by theory for 3D structures.
Quasicrystals are different from both crystals and glasses:
crystals have long-range translational symmetry, whereas glasses
show only short-range order. Quasicrystals show long-range order
but not in a repeating fashion yielding periodicity’™: although
the local arrangements of atoms are fixed in a regular pattern,
each atom has a different atom configuration surrounding it.
The Laue diffraction pattern of quasicrystals can, for example,
show peaks with a five- or ten-fold symmetry axis, whereas
crystals can reveal only two-, three-, four- or six-fold symmetries.
Quasicrystals can be viewed as a projection of a six-dimensional
(6D) crystal to three dimensions®. Although nature provides
us with 3D quasicrystals for electrons', corresponding structures
for light need to be fabricated artificially. Here, the projection
procedure is not just a Gedanken experiment, but can rather be
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Figure 1 Electron micrographs of fabricated 3D icosahedral quasicrystal
structures. a, Normal view of a sample with /=2 um, N=15and d =48 um.
The ‘central atom’ is in the centre of the structure. b, The same as a, but the
‘central atom’ is outside the structure. ¢, Oblique-incidence overview of a.

d, A focused-ion-beam cut of a structure corresponding to a, but oriented along a
local two-fold symmetry axis, revealing an 3D structure.

used for the actual fabrication. This was first realized in 2005
at microwave frequencies’. The subtle but important difference
between real atoms in quasicrystals and the dielectric building
blocks, ‘photonic atoms, in photonic quasicrystals is that real
atoms can ‘float’ in vacuum via their binding potential. The
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Figure 2 Laue diffraction patterns of polymeric quasicrystals. a,e,i, Close-up electron micrographs of icosahedral structures with /=2 um, d= 100 um and local
five-fold (N = 15) (a), three-fold (N = 21) (e) and two-fold (N = 13) (i) real-space symmetry. The green spots in columns two and three are the measured Laue diffraction
patterns of 3D quasicrystal templates using a 532 nm laser. b,f, j, Icosahedral structures with 4 um thickness. ¢,g,k, Corresponding Laue diagrams for samples with 8 um
thickness. d,h,l, The green spots are the calculated Laue diffraction patterns. The sizes and the brightnesses of the spots are a measure of the diffraction peak intensity.

‘photonic atoms’ need to be mechanically connected—unless they
are held by some external force, for example, by holographic optical
tweezers'. For a self-sustained permanent structure made out of
a photoresist, the air voids also need to be connected, as the
unexposed resist needs to be washed out during the development.
Such doubly connected 3D quasicrystal structures have not been
achieved at infrared frequencies so far, whereas corresponding 2D
structures have revealed interesting optical properties®®. Similarly,
experiments such as anomalous diffusion of light or lasing action
could conveniently be carried out on 3D quasicrystals at infrared
or visible frequencies. Furthermore, doubly connected polymeric
quasicrystals can be inverted or replicated by a silicon double-
inversion procedure, which was introduced recently’?, or an
enhanced silicon single-inversion (SSI) approach, which is new
(M.H., AL, G.A.O., M.W. and G.v.E,, manuscript in preparation).
The silicon replica increases the interaction of light with the
structure owing to the higher index contrast, and might facilitate
the observation of the above-mentioned effects.

The samples in our experiments are made by direct laser
writing and subsequent SSI. The direct-laser-writing method
essentially allows for the fabrication of almost arbitrarily shaped 3D
photoresist structures'®'!. For example, waveguides and 3D/2D/3D
photonic-crystal heterostructures can also be realized". Details of
our process based on the commercial thick-film resist SU-8 can be
found in ref. 11. All structures for optical diffraction experiments
are surrounded by a thick solid wall, which reduces the effects of
strain due to photoresist shrinkage during development. Here, we
use a circular (rather than a rectangular'') wall in order not to
break the symmetry of the structure. Furthermore, diffraction of
light from the rectangular wall itself would lead to a contribution
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with fourfold symmetry in the Laue diffraction patterns regardless
of the quasicrystal symmetry. The quasicrystal structures inside the
wall are generated by the following algorithm*’: we start with a 6D
simple-cubic lattice of fictitious lattice points, connected to all of
their nearest neighbours by fictitious straight lines. To achieve an
icosahedral quasicrystal structure, this 6D simple-cubic crystal is
rotated around the point (0, 0, 0, 0, 0, 0) by the 6 x 6 matrix”> M
given by

T t 0 —1 0 1
0O 0 1 = 1 =

_ 1 1 -1—-t 0 7 0

S 2t+4| T -t 1 0 -1 0 [
—-1-10 —7 0 1

0 0 = -1 7t -1

where 7 = (5'2+1)/2 is the golden mean. The second three
coordinates of the resulting 6D vector determine whether or not
a lattice point is projected. If positive, the first three coordinates
represent the real-space position of this point. The projection of
the 6D Wigner—Seitz cell onto 3D is shown in Supplementary
Information, Fig. S1. A more detailed description of this so-called
‘cut-and-project method’ can be found in ref. 4.

Pairs of connected lattice points in 6D remain connected in
3D. These fictitious connections in 3D are built up by laser-written
voxels''. The ‘interatomic spacing’ [ (that is, the length of the
connections) determines the order of magnitude of the photonic
stop-band centre wavelength. Here, we use / =2 um (unless stated
otherwise), corresponding to infrared wavelengths. To expedite the
direct-laser-writing process, each rod is written in the fast-scan
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Figure 3 Silicon inverse quasicrystal. a, Electron micrograph showing the inverse
of the template depicted in Fig. 2a. b, Corresponding Laue diagram (compare
with Fig. 2b).

mode, that is, the piezoelectric translation stage is scanned from
one end of the rod to the other end at high speed (40 ums™") while
many laser pulses expose the resist. In this fashion, typical writing
times for the quasicrystal structures shown below are of the order
of 1.5h.

A gallery of electron micrographs of fabricated quasicrystal
structures is depicted in Fig. 1. Figure la shows a normal view
of a d =48um diameter structure with the above-mentioned
surrounding stabilizing wall. Here, the central atom (the atom at
coordinate (0, 0, 0)) with five-fold local symmetry lies in the centre
of the structure. The number of lattice planes is N = 15. In Fig. 1b,
the central atom lies outside the structure, and 1c gives an oblique-
incidence overview of 1a. Finally, Fig. 1d shows a focused-ion-beam
cut of a structure similar to that in 1a, but oriented along a local
two-fold axis (also see Fig. 2i), giving evidence that we have actually
fabricated a 3D porous polymer structure.

The three rows of Fig.2 all correspond to icosahedral
quasicrystals with identical values of I and d but with different
orientations with respect to the substrate. The first column
shows electron micrographs. Figure 2a corresponds to the sample
orientation of Fig. la, that is, to a local five-fold symmetry and
N =15, 2e to a local three-fold (N = 21) and 2i to a two-fold
(N =13) symmetry axis (see Supplementary Information, Fig. S1).

The second and third columns in Fig. 2 summarize measured
Laue diffraction patterns (4 and 8 um sample thickness for the
second and third columns, respectively). In these experiments, we
have focused a solid-state laser at 532 nm wavelength onto the
samples by means of a 5-cm-focal-length lens. The Laue diffraction
pattern is scattered off a white sheet of paper and photographed
(the overwhelming zeroth-order diffracted peak is blocked in order
not to overload the camera). For clarity, the contrast is enhanced
using image processing.
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Figure 4 Diffusive light scattering of polymeric quasicrystals. Time-resolved
light intensity emerging from the sample on a logarithmic scale (solid curve). The
sample is a 18.7-um-thick version of the sample shown in Fig. 2e. The dashed
curve is the autocorrelation of the set-up and reveals the time resolution. From the
time constant of 126 fs determined from an exponential fit (red straight line) to the
data, we infer a scattering mean free path of 3.4 um.

The fourth column of Fig. 2 shows corresponding calculated
Laue diffraction patterns. Following ref. 4, we first compute the
usual diffraction pattern of the constituting 6D simple-cubic
translational lattice. This diffraction pattern is projected onto the
first three coordinates. This procedure leads to a dense set of
diffraction peaks. The intensity of each peak is proportional to
sinc’(a), where a = mAk, with A being the extension of the
projected Wigner—Seitz cell and the modulus k of the 3D vector
formed by the lower three components of the 6D reciprocal vector.
The resulting intensity of a peak is visualized in terms of both the
diameter and the brightness of the corresponding green spot in
Fig. 2d,h,1. Spots below a certain intensity are not shown for clarity.

Obviously, the agreement between experiment and theory
is good. In particular, we obtain a ten-fold symmetry of the
diffraction pattern for the five-fold axis in real space—even if
the central atom lies outside the fabricated quasicrystal structure
(not shown). This observation, together with the focused-ion-beam
cuts discussed above, gives us confidence that we have actually
succeeded in fabricating a high-quality 3D photonic quasicrystal.
With increasing number of lattice planes, the diffraction peaks in
Fig. 2 become sharper, as expected, at the expense of increased
diffusive scattering (compare columns two and three in Fig. 2).

These high-quality SU-8 quasicrystals serve as the template in
a subsequent transformation into a silicon inverse structure using
SSI. We shall publish the details of the SSI process, which is a
modification of the recently introduced silicon double inversion'?,
elsewhere (M.H., AL, G.A.O,, M\W. and G.v.E, manuscript in
preparation). In brief, we coat the polymeric structures with a
thin film of SiO, in a room-temperature atomic-layer deposition
process. Next, we infiltrate this SU-8/SiO, composite with Si, using
a chemical vapour deposition process. Finally, we etch out the
SiO, using hydrofluoric acid and remove the SU-8 via calcination.
Figure 3a shows a close-up electron micrograph corresponding
to the inverse of the structure in Fig.2a, and Fig. 3b shows a
corresponding measured Laue diffraction pattern, again revealing
the expected ten-fold symmetry. Owing to the increased effective
refractive index, the diffraction spots appear at larger angles.
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Apart from the sharp diffraction peaks, the Laue diagrams
in Figs 2 and 3 also show a diffusive scattering background due
to sample imperfections. To further quantify disorder, we have
studied the propagation of femtosecond optical pulses through
the samples (see the Methods section). The essence of this well-
established method is that light scattered few (many) times within
the sample will lead to a short (long) temporal decay. Thus, the
temporal decay of the transmitted pulse is a measure of the number
of scattering events. The latter is inversely proportional to the
diffusion coefficient. A typical example is shown in Fig.4 for a
18.7-um-thick SU-8 quasicrystal and a laser centre wavelength of
1.47 um. The measured decay time constant of 7 = 126 fs results
in a diffusion coefficient of D =2.6 x 10°m’s™" and a mean free
path of [, = 3.4 um. Repeating this measurement over the full series
of samples and wavelengths between 1.4 and 1.6 um, we obtain
for I values in the range from 3.3 to 4.3 um. These values can
be compared with state-of-the-art 3D photonic crystals, which
recently showed I, = 5-30 um (ref. 16).

Finally, we have independently measured infrared reflectance
spectra in the range between 1 and 5pum wavelength (see the
Methods section) for three different rod lengths I. We find
pronounced peaks (see Supplementary Information, Fig. S2),
indicating stop bands, the position of which is roughly given by
twice the rod length I. This spectral position is consistent with
down-scaling the results of ref. 5 and can also be naively expected
from Bragg’s law.

In conclusion, we have realized the first 3D quasicrystals
for infrared frequencies. Electron microscopy, Laue diffraction,
normal-incidence reflectance and light-diffusion experiments on
the polymer structures reveal high sample quality. Furthermore, we
have demonstrated the first conversion into a high-quality silicon
inverse quasicrystal. This work paves the way for future work on
low- or high-index-contrast photonic quasicrystals, for example, on
anomalous diffusion of light or nonlinear optical properties, which
would be difficult at microwave frequencies.

METHODS

For the time-resolved experiments, we use 150 fs pulses tuneable in the
wavelength range of 1.4-1.6 um, which we derive from an optical parametric
oscillator, which we pump by an 82-MHz-repetition-rate Ti:sapphire laser
oscillator. We focus these pulses onto the samples. We mix the light emerging
from the sample with a reference pulse in a 1-mm-thick beta-barium-borate
crystal. We record the resulting sum-frequency signal as a function of the time
delay. We detect the component orthogonal to the incident linear polarization.
This technique is particularly sensitive to the diffusively scattered component
and is commonly applied to measure the diffusion coefficient of light transport
in disordered systems. From diffusion theory we have D = (1/3)v.l;, with the
energy velocity v, which we can approximate by the phase velocity

Cp = Co/Mefr = Co/1.3. ¢o is the vacuum speed of light and 7.4 the effective
refractive index of the structure. To check for consistency, the diffusion length
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obtained in this manner can be compared with a simple estimate on the basis of
transmittance and reflectance spectra: the coherent part of the transmittance
(and similarly reflectance) can be derived from the maximum of the signal
versus time delay. The coherent transmittance, averaged from 1.4 to 1.6 um
wavelength, is 3%, the coherent reflectance 2%. Thus, the worst case is that
95% of the incident light is scattered diffusively. Using Beer’s law, this translates
into a scattering mean free path of [y = 5.2 um, which is comparable to
I, =3.3-4.3 um obtained from the temporal decay (see the main text).
Independently, we measure infrared reflectance spectra with a
Fourier-transform spectrometer (Bruker Equinox 55, near-infrared halogen
source) combined with an infrared microscope (Bruker Hyperion 2000, x36
Cassegrain objectives, numerical aperture NA = 0.5, liquid- N,-cooled InSb
detector). We align the samples with their surfaces perpendicular to the optical
axis. We define a circular area with 80 um diameter by an aperture in the light
path of the microscope. We normalize the reflectance spectra to a silver mirror.
We show three examples in Supplementary Information, Fig. S2.
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