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Ring Light Cages implemented by Direct Laser Writing
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Efficient waveguiding inside low refractive index me-
dia is of key importance for a great variety of appli-
cations that demand strong light/matter interaction on
small geometric footprints. Here we demonstrate ef-
ficient light guidance in single-defect dual-ring light
cages over millimeter distances that are integrated on
silicon chips via direct laser writing. The cages con-
sist of two rings of high aspect-ratio polymer strands
(Iength 5mm, aspect ratio >1000) hexagonally arranged
around a hollow core. Clear core mode formation via
the photonic band gap effect is observed, with the
experiments showing pronounced transmission bands
with fringe and polarization contrasts of >20dB and
>15dB, respectively. Numerical simulations confirm
our experiments and reveal the dual-ring arrangement
to be the optimal geometry within the light cage con-
cept. Particularly, the side-wise access to the core re-
gions and the chip-integration makes the light cage con-
cept attractive for a great number of fields such as bio-
analytics or quantum technology. © 2019 Optical Society of
America
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Strong light-matter interaction inside an optical waveguide is of
essential importance for many fields and can be realized by guid-
ing the light directly inside the medium of interest. Such direct
guidance is particularly difficult to achieve in case of materials
that have a refractive index (RI) that is so low that total internal
reflection is suppressed. However, investigating light/matter
interaction of such materials in a waveguide environment is
relevant for a great number of applications such as bioanalytics
[1], nonlinear light generation [2] and atomic spectroscopy [3].

Particularly within fiber optics, the mentioned applications
have triggered substantial interest in developing novel concepts
for hollow-core fibers in order to confine the electromagnetic
energy close to 100 % inside the low index core region via nano-
or microstructured claddings. Beside photonic band gap (PBG)
[4], Omniguide [5], metamaterial-based [6] or Kagome fibers

[7], fibers that guide via the anti-resonant effect have gained
substantial interest due to a simplified fabrication scheme and
ultralow loss [8]. All mentioned fibers include a cladding encap-
sulating the core region from the environment, thus allowing
materials to be introduced only via the fiber ends, which can
limit applications that demands to quickly exchange the core
material (e.g., alkali gasses in low vapor pressure [9]).

Within planar waveguide technology the access of the spatial
domain perpendicular to the substrate plane is considerably
more challenging than for its in-plane counterparts, making the
implementation of hollow core waveguides using planar tech-
nology difficult as out-of-plane confinement is hard to achieve.
Here, the most widely used approach relies on a hollow core that
is surrounding by a dielectric multilayer, leading to antiresonant-
reflecting-optical-waveguides (ARROWS) [10]. Even though
being successfully employed in quantum technology [11] and
bioanalytics [12], difficult fabrication, encapsulating geometry
and modal incompatibility with fiber optics have prevented the
widespread use of ARROWsS.

A planar implementation technology able to straightfor-
wardly address the third dimension is direct laser writing (DLW)
[13]. This technology has recently attracted substantial attention
since it has allowed to access 3D photonic band-gap materials
[14], orbital-angular-momentum maintaining waveguide [15]
and chip-to-chip bonding wires [16], which all are difficult or
impossible to be realized by other planar waveguide technology.
Using DLW, we have recently introduced a novel type of on-chip
hollow core waveguide with unique properties — the light cage
[17]. This structure consists of a single ring of micrometer dielec-
tric strands arranged in a hexagonal geometry, providing light
guidance in the central hollow core and owns unique properties
such a diffraction-less guidance in over centimeter distances,
sidewise access to the core region, extraordinary high fraction of
field inside the core and compatibility with fiber circuitry.

Here we demonstrate efficient guidance of light in a single-
defect dual-ring light cage over millimeter distances. The struc-
ture implemented by two-photon-polymerization (2PP) DLW
is composed of two rings of high aspect-ratio polymer strands
hexagonally arranged around a central hollow core and shows
clear core mode formation via the PBG effect. Specifically, we
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Fig. 1. The single-defect dual-ring light cage. (a) Schematic of the structure (green: dielectric strands). The colored beams refer
to the light configuration at different locations in the cage (left: input beam, middle: caged mode, right: output mode). (b) Cross-
section of the refractive index distribution with the relevant parameters (inter-stand distance (pitch) A, strand diameter d, core
diameter D). (c) Measured mode field distribution at the output of the light cage (d = 3.6 ym, A =7 pm) in case white light is
launched into the core. (d) Corresponding simulated mode pattern (wavelength 894 nm). (e)-(h) Various scanning electron mi-
crographs (SEMs) images of implemented dual-ring light cages ((e): front view, (f)-(g) angled views, (h) top view).

found a series of pronounced transmission bands in the visible
and near-infrared spectral domains, with simulations confirming
the observations.

The cross section of the investigated structure (Figs. 1a and b)
is formed by two rings of dielectric strands (strand diameter d =
3.6 pm, center-to-center inter-strand distance (pitch) A =7 pm)
hexagonally arranged around a single-defect hollow core (core
diameter D = 10.4 pm). The periodic arrangement of polymer
strands leads to formation of a PBG structure, determining the
optical properties of the dual-ring light cage. To reveal the
modal properties, we have calculated the density of states (DOS)
using finite-element modeling (Comsol Multiphyics) assuming
a triangular lattice unit cell with periodic boundary conditions
and constant refractive indices (simulations details can be found
[18], RI strands 75 = 1.552, RI background Npg = 1)

The DOS map shown in Fig. 2 was calculated exemplarily
for normalized frequencies range 58 < koA < 77, corresponding
to a wavelength range from 758 nm to 571 nm (A =7 pm). The
map reveals several important features which allows to clas-
sify the different regions into bands (non-zero DOS, colored
regions) and PBGs (zero-DOS, white regions). Inside the PBGs
no photonic states are allowed in the polymer strand lattice,
providing the confinement that is required for core mode for-
mation inside the central defect region. The photonic bands can
be divided into two groups. Firstly, a series of low and mod-
erately dispersive bands are formed below the light line (1f
= npg), which strongly interact with each other and with the
defect core mode. These bands correspond to mode groups with
low azimuthal mode orders (e.g. LPy,,, LP,,), exhibiting a large
coupling coefficient with the LPy;-like hollow-core mode. As a
result, energy of the core mode can tunnel through the strand
lattice resonantly at the phase-matching points (equal effective
indices n,ff), substantially modifying its dispersion near these
points and increasing its loss. Secondly, the DOS map shows a
high number of highly dispersive bands across the entire inves-
tigated spectral domain, corresponding to strand modes of high
radial and azimuthal mode orders (a discussion of these modes

and an approximate model can be found in [19]). These modes
show virtually no interaction with the core mode which is well
known from revolver-type hollow-core antiresonant fibers and
is due to a negligible coupling coefficient between the core mode
and strand modes with a high azimuthal mode orders [8].

To investigate the impact of the number of strand rings N,
the spectral distribution of the modal attenuation of the funda-
mental core mode within one selected transmission band was
calculated for single, dual and triple ring light cages (Fig. 3a),
revealing a significant loss reduction in case additional rings
are included. To quantify this behavior, the corresponding min-
imal losses 7,,;; have been plotted vs. N, and fitted by the
linear function 10g19(Ymin /(dB/mm)) = a+ b - N, (Fig. 3b,
a = 13748, b = —2.16957), yielding a reduction of modal atten-
uation per additional ring by a factor f, = ¥(N; +1)/7(N;) =
10° ~ 6.8-1073 or —21.7 dB/ring. Note that the obtained b-value
is high compared to other types of PBG fibers which typically
have small b-values (e.g., water core PBG fiber: b = —0.2451[20],
air-core PBG-fiber: b = —0.4871 [21]).

The presented loss value should be placed in context to char-
acteristic sample lengths. A suitable measure is the propagation
length Ly at which the transmission reduces by a particular frac-
tion X, givenby Lx(A) = —1/9(A) - 10 - log1p(1 — X). Here we
determine the propagation length at three characteristic wave-
lengths (A; = Ay, (cyan circles in Fig. 3c), Ay3 = Ay £ 15 nm
(red squares, yellow triangles in Fig. 3c)) as function of N for
X =5 %. The results indicate that a dual-ring light cage yields
propagation length that are within the order of 10 cm (dotted
horizontal line in Fig. 3c) which is larger than the typical sample
lengths achievable by DLW range (mms to cms). Adding a third
ring can in principle increase propagation lengths to hundreds
of meters, while, however, these lengths are beyond to what
can be achieved by DLW. Therefore, the dual-ring light cage
represents the ideal compromise between fabrication effort and
modal attenuation witin the context of DLW.

Note that compared to the single-defect light cages reported
in our previous work [17] roughly one order of magnitude longer
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Fig. 2. Calculated density of states for a triangular lattice of
dielectric rods (d = 3.6 uym, A = 7.0 pm) in air. White regions
represent PBGs (zero DOS), while colored regions refer to a
finite DOS (red: low DOS, yellow: high DOS). The blue curve
is the dispersion of the fundamental core mode in the central
lattice defect.

propagation lengths have been achieved by the addition of the
second ring (780 um vs. 5 mm) while the strong confinement
provided by small core region (defined by the core area Ac)
is maintained in contrast to the reported twelve strand struc-
ture (twelve strand light cage A, = 339.6 pmz, dual-ring light
cage Aco = 36.3 pum?). Therefore the dual-ring light cage repre-
sents a promising candidate for applications that demand strong
intensities maintained over millimeter distances.

The fabrication of the light cages utilizes a commercial two-
photon-polymerization (TPP)-DLW system (Photonic Profes-
sional GT, Nanoscribe GmbH) with a liquid negative-tone resin
(IP-DIP, Nanoscribe GmbH). Based on the fabrication strategy
of the single-ring light cage geometry reported in [17] multiple
dual ring light cage consisting of 18 strands hexagonally sur-
rounding a single strand defect core have been implemented on
silicon chips (Figs. 1(e)-(h), d = 3.6 pm, A =7 pm). The length
of the samples used here is 5 mm, yielding an aspect ratio of a
single dielectric strand of ~ 1000 overall defining a waveguide
geometry with significantly higher aspect ratios compared to
resonant structures [22, 23]. The cages are raised by solid poly-
mer blocks to a height of 35 pm. Structural collapsing of the cage
during the drying stage has been prevented by the integration
of reinforcement rings every 45 um (Fig. 1(f)-(h)). Preliminary
experiments have revealed that these elements have negligible
impact on the optical properties of the core mode [17].

The setup used for the optical characterization consists of
a white light source, the respective sample and equipment for
characterization. Light from a supercontinuum source (model
NKT micro) was coupled via a 20x microscope objective into the
light cage. The transmitted light after propagating through the
cage was collected by another 10x objective and transferred to an
optical spectrum analyzer (AQ-6315A, Ando) via a multimode
fiber (FGO50LGA, core size 50 um, NA = 0.22). The output
mode was visualized by a CCD camera and spectral narrow
band filters. The setup was optimized for maximum throughput,
i.e., for the situations the fundamental core mode is brightest.
The transmission was normalized using by another spectrum
measured without light cage.

The far-field images of the light transmitted through the dual-
ring light cage shows a clear tightly confined core mode that
resembles the six-fold symmetry of the core section (images in
Fig. 4 and Fig. 1(c)). The measured spectral distribution of
the transmission (Fig. 4) shows alternating regions of high and
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Fig. 3. (a) Simulated spectral distribution of the modal at-
tenuation of the fundamental core mode inside light cages
with different numbers of rings (indicated by the numbers)

in one selected transmission band (dark green: single-ring,
dark cyan: dual-ring, blue: triple-ring, n = 1.552,d = 3.6 pm,
A =7.0 um). The circles indicate the points of minimal loss
(AminsYmin), while the squares and triangles refer to the points
that are located + 15 nm from A,,;;,,. (b) Minimum modal atten-
uation (circles in (a)) as a function of N, (dashed curve: linear
fit (in logarithmic scale)). (c) Propagation length as function
of N;. The circles refer to the points of minimal loss, while the
squares (triangles) are related to the losses at A,,;;;, — 15 nm
(Amin + 15 nm) for a transmission reduction of X =5 %. The
horizontal gray dotted line indicates a length of 10 cm.

low transmission in the spectral range 450 nm < A < 900 nm,
which is a characteristic feature of PBG fibers that consists of
high RI cylindrical strands, examples of which include hybrid
chalcogenide/silica hybrid fibers [24], SF6/LLF1 fibers [25] and
tellurite/silica fibers [26]. Note that both single- and dual-ring
light cages show comparable spectral features despite the for-
mer being not periodic along the transverse direction. Since the
photonic bands originate from coupled resonances of the poly-
mer strands, forming supermodes (bands) and gaps between
them, a distinction between anti-resonant and PBG guidance is
at least in the present case questionable. The fringe contrast de-
fined as the ratio of dip and peak transmission of one resonance
shows values up to 20 dB, reaching contrasts being comparable
to those observed in 5 mm long hybrid As,S3/SiO, PBG fibers
[24] emphasizing the high quality of the fabricated light cages.
Note that the implemented light cage represent a hollow core
waveguide with extraordinary high RI contrast Cg; of Cgr; =
(ns — nbg)/(ns F ”bg) =0.21 (ns = 1.552, Npe = 1), reaching val-
ues that are close to that of the mentioned chalcogenide/silica
PBG fiber (Cgy = 0.24) [24]. The transmission drop towards
longer wavelengths results from a combination of the reduc-
ing reflectivity — an effect known from other kinds of hollow
core fibers [27] — and from an increased impact of absorption,
particular since the overlap between defect mode and strands
increases. For a direct comparison between experiment and sim-
ulations, the dispersion of 7,57 of the fundamental mode (Fig.
1(d)) across the entire spectrum of experimental result including
the material dispersion of the polymer has been calculated (d =
3.64 um, Fig. 4(a)). An analytic function of the polymer disper-
sion has been obtained by fitting the RI at selected wavelengths
provided by Nanoscribe by a one-term Sellmeier equation, yield-
ing n, = (1+ Ay - A2/ (A? — A2))1/2 with A; = 1.3424689 and
A1 = 0.128436 pm (A is given in um). This comparison shows
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Fig. 4. (a) Spectral distribution of the real part of the effective
index of the fundamental core mode (shown in Fig. 1(d)) in-
cluding the material dispersion of the polymer. (b) Measured
spectral distribution of the transmission of the core mode sup-
ported by the light cage shown in Fig. 1 (sample length: 5 mm,
d =3.6 ym, A =7 pm). The maximum fringe contrast is > 20
dB. The images on the right show measured mode profiles at
selected wavelengths (indicated by the numbers (in nm)).

that the spectral locations of the anti-crossings (i.e., avoided
crossings between core mode and cladding supermodes, Fig.
4(a)) match the wavelengths of the measured transmission dips
(matches indicated by the vertical dashed gray lines), revealing
the excellent quality of the structure and emphasizes the degree
of control on the optical properties of the light cage using DLW.

We also examined the polarization properties of the dual-ring
light cage structure by measuring the transmission polarization-
resolved by placing a polarizer and analyzer before and after
the sample. The transmission in the crossed-polarized state is
strongly suppressed by < 15 dB, while due to lack of dynamic
range of the measurement setup transmission was below noise
limit in the crossed polarized state, which does not allow us to
precisely state the polarization extinction ratio.

Here we demonstrated efficient guidance of light in a single-
defect dual-ring light cage over millimeter distances that is in-
tegrated on a silicon chip via DLW. The structure consists of
two rings of high aspect-ratio (>1000) polymer strands hexag-
onally arranged around a central hollow core, exhibiting light
guidance via the PBG effect. Experimentally we found a series
of pronounced transmission bands with fringe and polariza-
tion contrasts of > 20 dB and > 15 dB, respectively, within the
visible and near-infrared with the core mode resembling the
symmetry of the cladding. Numerical simulations confirm the
experimental observations and reveal that the dual-ring arrange-
ment represents the optimal compromise between confinement,
modal attenuation and implementation effort within the light
cage context.

The three dimensional nature of the light cage and in partic-
ular the side-wise access to the core region makes this hollow-
core waveguide an attractive candidate for a great variety of
applications, including chip-integrated gas- or liquid based spec-
troscopy in bioanalytics, environmental science, atomic spec-
troscopy or sophisticated applications in quantum technology
such as magnetometry or quantum memory.
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