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ABSTRACT
Interfacing integrated on-chip waveguides with spectroscopic approaches represents one research direction within current photonics aiming
at reducing geometric footprints and increasing device densities. Particularly relevant is to connect chip-integrated waveguides with estab-
lished fiber-based circuitry, opening up the possibility for a new class of devices within the field of integrated photonics. Here, one attractive
waveguide is the on-chip light cage, confining and guiding light in a low-index core through the anti-resonance effect. This waveguide, imple-
mented via 3D nanoprinting and reaching nearly 100% overlap of mode and material of interest, uniquely provides side-wise access to the
core region through the open spaces between the cage strands, drastically reducing gas diffusion times. Here, we extend the capabilities of
the light cage concept by interfacing light cages and optical fibers, reaching a fully fiber-integrated on-chip waveguide arrangement with its
spectroscopic capabilities demonstrated here on the example of tunable diode laser absorption spectroscopy of ammonia. Controlling and
optimizing the fiber circuitry integration have been achieved via automatic alignment in etched v-grooves on silicon chips. This successful
device integration via 3D nanoprinting highlights the fiber-interfaced light cage to be an attractive waveguide platform for a multitude of
spectroscopy-related fields, including bio-analytics, lab-on-chip photonic sensing, chemistry, and quantum metrology.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0048501

I. INTRODUCTION

Sensing of gases is important for many areas of science
and technology, such as pollution monitoring in environmental
research1 or breath analysis in life science.2 In general, gases can be
detected by using sensors based on different techniques, examples
of which include semiconducting metal oxide sensors,3–5 catalytic
sensors,6 and optical sensors.7

One highly relevant approach is tunable diode laser absorp-
tion spectroscopy (TDLAS), a widely used optical sensing technique
that can achieve fast, selective, and reliable sensing of trace gases via

spectroscopic detection of molecular fingerprints.8–10 The sensitiv-
ity of TDLAS can be enhanced by integrated waveguides, provid-
ing significantly longer light–matter interaction lengths compared
to free-space configurations.

From the perspective of fiber optics, microstructured optical
fibers (MOFs) and post-processed fibers have been employed for gas
sensing in chemical and biological applications,11–14 while recently
hollow-core-type MOFs have gained substantial attraction due to
simplified fabrication.15,16 Gas sensing applications have success-
fully been demonstrated in hollow-core MOFs, such as Kagomé-type
fibers17 and photonic bandgap fibers,18–20 with near 100% spatial
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overlap between light and gas, allowing for the direct use of the
Lambert–Beer law without the knowledge of the modal fields. The
majority of planar waveguides employed for gas sensing rely on
interaction of the gas with evanescent fields, examples of which
include silicon-on-insulator (SOI) waveguides,21 slot waveguides,22

ring resonators,23,24 silicon–nitride waveguides,25 and plasmonic
Mach–Zehnder interferometers.26 Recently, hollow-core antireso-
nant reflecting optical waveguides (ARROWs) have also been used
for sensing atomic vapor.27

Although being successfully employed, fibers and, in partic-
ular, planar waveguides can show limitations with respect to gas
sensing: the complexity in MOF drawing and electron-beam lithog-
raphy makes them not straightforward for cost-efficient proto-
typing. Moreover, SOI and slot waveguides show limited overlap
between electromagnetic fields and the ensemble of gas molecules
due to the use of evanescent fields, while efficient interfacing of
such waveguides to fiber circuitry remains a challenging research
task. In the case of hollow-core-type structures, MOFs and pla-
nar waveguides are laterally sealed along the light guiding axis, i.e.,

encapsulating a central core region, thus relying on the openings
at the waveguide’s ends for gas filling. This can lead to exceedingly
long filling times, particularly in situations relying on diffusion. For
instance, the filling of low-pressure alkali vapor into a centimeters-
long hollow-core fiber can take months to reach sufficient molecule
concentrations.28

To address these limitations, the light guidance mecha-
nism of hollow-core fibers has been merged with chip-based
technology by establishing a new type of 3D nano-printed
hollow-core waveguide—the light cage [shown in Figs. 1(d) and
1(e)]29,30—guiding the light in the central hollow section across cen-
timeter distances via the anti-resonance effect.29,31 The structure
consists of a sparse hexagonal array of micrometers-diameter cylin-
drical strands surrounding a central hollow core. The maximum
length of the light cage achieved so far is 3 cm, yielding single-strand
aspect ratios as high as 8300.37 Specific features of the light cage
concept relevant within the context of absorption spectroscopy are
(i) close-to-unity overlap of the electromagnetic field with the core
material, (ii) diffraction-less guidance over centimeter distances,

FIG. 1. Fiber-connected light cage on chip as a gas sensing platform. (a) Schematic of the fiber-connected light cage, which consists of in-/out-coupling optical fibers fixed
on a v-groove and 3D printed light cage. The molecules are not to scale. (b) Cross-sectional diagram of the light cage, d is the diameter of polymer strands, and Λ is the
pitch, center-to-center distance between the strands. (c) Scanning electron microscopic (SEM) image of the light cage. (d) Zoomed-in angle view of the schematic showing
the edge coupling configuration of the optical fiber and light cage. (e) Angle view of the SEM image showing the cage structure. (f) Dispersion of fs, the fraction of power in
the strands that does not contribute to the interaction with gas. Scale bars are 10 μm.
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and (iii) side-wise access to the core region, which was used for,
e.g., absorption spectroscopic experiments in an aqueous environ-
ment.32 Note that the employment of direct laser writing (DLW)
via two-photon polymerization enables fast prototyping (∼1 cm light
cage per hour), which is essential for the optimization of waveguide
designs in contrast to fiber-drawing that typically demands much
longer time for implementation. Moreover, DLW allows for the real-
ization of complex geometries that are neither possible with planar
technology nor using fiber-drawing to efficiently interface light cages
to this circuitry.

The latter point represents a long standing challenge of pla-
nar waveguide technology, which is to realize efficient fiber-to-chip
and chip-to-chip configurations. For most photonic chip devices,
either grating coupling or edge coupling is used for launching light
into and collecting it from photonic circuitry.33 However, grating
couplers require optical fibers to be placed outside of the chip at a
certain angle usually demanding special mounting. Edge coupling
of planar waveguides requires particular technical conditions, such
as near sub-micrometer precision alignment for optimal coupling34

and high quality polishing of planar waveguide end faces.35 In this
Letter, we demonstrate the successful interfacing of light cages with
fiber circuitry and in-line ammonia gas sensing using TDLAS at the
near infrared (NIR) wavelength [Figs. 1(a) and 1(d)]. In contrast to
free-space coupling with bulk optics, the optical coupling between
light cage and in/output fibers on a single chip makes the device
portable and highly relevant, particularly from the perspective of
applications within, for instance, the lab-on-chip photonic sensing
community.

The light cage geometry used in this work is composed of twelve
cylindrical strands [diameter d = 3.6 μm in Fig. 1(b) and inter-strand
center-to-center spacing (pitch) Λ = 7 μm], forming a hexagonal air
core in a triangular lattice. In analogy to hollow-core fibers, guid-
ance inside light cages is provided by means of anti-resonance and
inhibited coupling effects,36 leading to the formation of leaky modes
inside the core section.29 This interference effect imposes a charac-
teristic spectral evolution of transmission. The transmission spec-
trum consists of regions of broad high-transmission bands and nar-
row lossy resonances with strong modal attenuation. As shown in
Refs. 29 and 37, light cages show losses of the order of 0.1, . . .,
1 dB/mm in the visible spectral domain, suggesting a similar loss
level at telecommunication wavelengths. Recently, we have revealed
that via the current implementation strategy, the maximum feasible
light cage length is 3 cm as demonstrated experimentally.37 Partic-
ularly important within the context of absorption spectroscopy and
device including one or more absorptive materials (e.g., plasmonics
in fibers38) is the fraction of the field interacting with the material of
interest. For light cages, this is correlated with the fraction of power
in the strands,32 fs, which has been calculated here by the multipole
expansion method,39,40 followed by analytic mode normalization for
leaky modes.41–43 The refractive index of the polymer is described
in Ref. 30, and the background material was set as air (nair = 1).
As shown in Fig. 1(f), fs is below < 10−3 outside the narrow spec-
tral regions that correspond to the resonance domains. This fact
suggests that almost all the electromagnetic power is available for
spectroscopy, allowing the direct application of the Beer–Lambert
law in its unmodified form44

A = log10(P0/P) = εcl. (1)

Here, A is the (decadic) absorbance, P0 is the incident power, P
is the transmitted power, ε is the molecular absorption coefficient,
c is the concentration, and l is the absorption path length. The
direct use of Eq. (1)—an issue that was also observed for light
cages immersed in water32—represents an essential difference to
evanescent-field-based sensing schemes.45,46 The evanescent field
yields non-negligible fs-values (0.2 < fs < 0.5) requiring the inclusion
of fs to the Beer–Lambert law and, therefore, demanding additional
mode calculations. The small values of fs in the case of the light cage
are remarkable, given the fact that the cage is side-wise open and the
strands cover only 4% of the entire light cage area.

The fiber-connected light cage chip is shown schematically
in Fig. 1(a). Note that the strand array (a light cage length of
5 mm) is mechanically supported by reinforcement rings every
45 μm [Fig. 1(e)] in order to prevent structural collapsing dur-
ing development. Due to the small geometric footprint, multiple
light cages can be integrated on a single chip [Fig. 1(a)]. Highly
reproducible direct fiber-to-light cage coupling [Fig. 1(d)] has been
achieved by self-aligning of light cages and fibers via v-grooves
anisotropically etched into the silicon chips, thus avoiding expensive
alignment techniques requiring very high precision.33 The align-
ment precision relies on the high accuracy of the angle of v-shape,
which is determined here to a very high precision by the crystalline
structure of silicon [54.7○, between the (111) facet and the (001) sur-
face of silicon]. Here, the role of the v-grooves is to mechanically
fix the in- and output fibers in a well-defined position with respect
to each other and the light cage. Both fibers were fixed inside the
v-grooves by UV curing epoxy (Vitralit® 1605) and a glass lid, leav-
ing an empty space of ∼5 mm between them for printing light cages.
One chip typically contains three to five v-grooves, while there is no
principal limitation to increase that number further. The permanent
fixation of the fibers within the v-grooves leads to stable operation
with no variations of the output signal over time.

Fiber-connected light cages were fabricated using a Nano-
scribe direct laser writing system (Photonics Professional GT, Nano-
scribe GmbH). A silicon chip with fibers attached on v-grooves was
mounted on the sample holder with grooves aligned horizontally.
The quality of alignment between the grooves and the axis of the
Nanoscribe system was monitored on site using a 20× air objective.
The distance between the light cage and in- and out-coupling fibers,
sin [depicted in Fig. 2(a)] and sout, was used to calculate the length
and position of the light cage in the coordinate system in Nanoscribe
printing software (DeScribe, Nanoscribe GmbH). The light cages
were printed in immersion configuration with a liquid negative-tone
two-photon polymerization resin (IP-DIP, Nanoscribe GmbH) and
a 63× objective. The detailed printing strategy of light cage compo-
nents is described elsewhere.29,30 A custom-made code written in
NanoWrite (Nanoscribe GmbH) was used to control the shape of
each element of the light cage, allowing for accurately aligning them
to the fibers.

Optimization of coupling conditions has been achieved here via
adjusting the distance between the in-coupling fiber and the light
cage sin. To optimize both transmission properties and mode exci-
tation simultaneously, single-mode (SM) fibers (SM600, Fibercore,
cutoff wavelength: 550 nm) were attached only on the input side of
the chip to allow for measuring the mode pattern [see the inset of
Fig. 2(b)]. After launching white light (SuperK COMPACT, NKT
Photonics) to the delivery fiber, mode images were taken at different
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FIG. 2. Transmission experiment with
the fiber-connected light cage. (a) Micro-
graph of the light cages interfacing with
single-mode fibers (visible range) on
v-grooves, while the distance between
them (sin) is varied between grooves.
(b) Transmission spectrum of the sam-
ple shown in (a). Plotted curves repre-
sent grooves with different sin (indicated
adjacent to the curves). This sample
has fibers connected only on one side
to investigate the coupling efficiency.
The inset is a mode image at 633 nm
(sin = 160 μm), showing the hexagonal
core of the light cage. (c) Transmission
spectrum of a fiber-connected light cage
for NIR. Three curves were measured
from different grooves with constant
sin = 160 μm, showing high repro-
ducibility of the fabrication. The vertical
dashed line indicates the target wave-
length (1501 nm) of ammonia sensing.
The bottom-left inset shows a diagram of
the fiber-connected light cage. The top-
right inset shows a mode image of the
single-sided version of the NIR sample.

wavelengths using a bandpass filter. The coupling efficiency between
the delivery fiber and the light cage was determined by measuring the
output power in the presence and absence of a single-side interfaced
light cage (for details, see the supplementary material). Assuming
a propagation loss of 1 dB/mm as reported in previous works,29,37

the coupling efficiency was determined to be 0.87. This value agrees
with those obtained by integrating the mode overlap of the light cage
and the diffractive output beam of the fiber at different distances
sin. Here, for the two SMFs (single-mode fibers) [SM600 (Fibercore)
and SMF28 (Thorlabs)] used in this work, 50 < sin < 170 μm yields
efficiency higher than 80%, while the optimal distance is close to
100 μm. Note that the delivery fibers are chosen as such to support
only a single mode in the spectral interval of interest, preventing
the emergence of modal beat patterns in the transmission spectra.
Figure 2(b) shows the transmission spectra of three v-grooves for
different sin (100, 130, and 160 μm). Whereas the two small distances
(sin = 100, 130 μm) show a comparably low transmission and small
fringe (extinction contrast), the curve referring to sin = 160 μm [the
black curve in Fig. 2(a)] shows better coupling and a clearer finger-
print of anti-resonance guidance, i.e., a distinct alternating sequence
of regions of high and low transmission. The low efficiency at shorter
sin might be explained by the shadowing effect from the fiber during
writing, partially blocking the writing beam path and thus affecting
the polymerization process, or from misalignment of the light cage
and fiber (note that controlling implementation along the vertical
directions is challenging). Therefore, the experimentally determined
value of sin = 160 μm was chosen for this work. Note that the mode
image [see the inset of Fig. 2(b)] measured at λ = 633 nm clearly
resembles the hexagonal shape of the light cage, thus confirming the
efficient excitation of the fundamental core mode.

To reach a completely fiber-connected chip design that can be
used for TDLAS at NIR wavelengths, v-groove chips containing SMF
(SMF28, Thorlabs) for in-coupling and MMF (multi-mode fiber)
(FG050LGA, Thorlabs) for out-coupling have been prepared. For
the MMF, we chose a fiber with a large core (50 μm) and, according
to the argumentation above, kept the distance between the light cage
and MMF as sout = 160 μm. The measured transmission spectra for
three identically prepared light cages at the NIR wavelength on the
same chip [Fig. 2(b)] show clear features of anti-resonance guidance
similar to the visible spectral domain [Fig. 2(a)]. Note that the over-
lap of the three curves clearly highlights the high reproducibility of
both light cages and fiber coupling configuration and suggests that
the combination of fiber fixation via gluing and 3D nanoprinting
represents a highly reproducible implementation scheme.

To demonstrate the capabilities of the fiber-coupled light cage
with respect to TDLAS, we used the sample discussed in Fig. 2(c)
for sensing ammonia. The target wavelength was chosen around
1501 nm [indicated by the vertical dashed line in Fig. 2(c)], match-
ing the single-mode region of the SMF and lying in one high-
transmission window of the device. Experimentally, the fiber-
connected light cage was placed in a sealed gas flow cell that consists
of in/out gas tubing connectors and two slits for the fibers [Fig. 3(a)].
To perform concentration sensitive measurements, defined compo-
sitions of ammonia and nitrogen were prepared in a gas mixer. The
relative concentration of ammonia in nitrogen was fixed by using
computer-controlled mass-flow meters. For the TDLAS measure-
ments, a tunable external cavity diode laser (TUNICS 1550, Photo-
netics) was connected to a Y-fiber coupler through the use of FC/PC
connectors, yielding highly reproducible coupling conditions. One
arm was directed to a photodiode (S122C, Thorlabs) to monitor the
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FIG. 3. Demonstration of ammonia
absorption spectroscopy. (a) Diagram of
the gas sensing setup. Tunable laser
is connected to a Y-coupler, one leg
to a reference photodiode and one
connected to the in-coupling fiber of
the light cage by using a fiber con-
nector. The chip is placed in a gas
chamber with the outlets connected to
the gas mixer and exhaustion, respec-
tively. The out-coupling fiber is con-
nected to a photodiode (PD) (b) broad
range ammonia absorption measure-
ment. The blue curve represents the
measured output power showing dips
that match absorption lines from the
HITRAN database47 (plotted as pur-
ple bars). (c) Transmission at differ-
ent concentrations of ammonia [values
indicated in legend; circles: absorption
lines of ammonia (HITRAN database)].
(d) Absorbance plotted and linearly fit-
ted at the absorption line 1501.75 nm
(wavenumber: 6658.9 cm−1).

stability of the laser, while the other arm was butt-coupled to the
SMF of the sample. The light transmitted through the light cage
and collected by the MMF was fed to a photodiode power sensor
(S155C, Thorlabs), with the transmitted power level being continu-
ously recorded. During the TDLAS measurement, the wavelength of
the laser was swept in 1 pm steps in the spectral region of interest.
The total power throughput efficiency—the output power measured
by the photodiode divided by the power that propagates inside the
delivery fiber before coupled to the light cage—was ∼5% (for details,
see the supplementary material).

To verify the presence of ammonia, a broadband scan of ∼4 nm
wide was performed showing multiple strong absorption lines after
flushing the gas chamber with ammonia. As shown in Fig. 3(b), the
absorption spectrum (light blue curve) shows a good match with
theoretical ammonia (15NH3) absorption data from the HITRAN
database47 (vertical purple bars). Note that the variations in trans-
mitted power mainly result from fluctuations of the laser source
(details can be found in the supplementary material). Figure 3(c)
shows the result of the TDLAS measurement for various ammo-
nia concentrations for a selected absorption line (ν1 + ν3) with
λ = 1501.75 nm (wavenumber: 6658.9 cm−1).47 The concentration
was changed every 5 min after measuring the spectrum twice at each
concentration. Each measurement took ∼2 min. Note that the time

scale is determined by the speed of the tunable laser and gas mixer,
not the filling time of the device. The output power was normal-
ized to the individual measurement baseline outside the resonance
that linearly connects the transmission values at the boundary of
the spectral interval considered (6658 and 6660 cm−1). As expected,
higher concentrations lead to lower transmission values at the main
absorption wavenumber. Note that through analyzing the absorp-
tion lines in the vicinity of the main line [dark circles in Fig. 3(c)],
we found that the variations of the line shape at the highest ammo-
nia concentrations (90% and 100%) on the high frequency side of the
transmission dip can be attributed to additional absorption features
that contribute in case the ammonia concentration exceeds a certain
value. To quantify the concentration/absorption dependence and to
obtain the limit of detection (LoD), the corresponding absorbance at
the main absorption wavelength is plotted against ammonia concen-
tration [Fig. 3(d)], showing a linear dependence (A = 0.000 333 ⋅ c
+ 0.004 867, where c is the concentration) defining the calibration
curve in accordance with Eq. (1).

According to the widely used concept of limit of detection
(LoD) based on the 3-σ criterion (LoD = 3 ⋅ σA/εl), the smallest rel-
ative concentration that the current system can detect is around
3.37% (volume concentration). Since the slope of the calibration
curve is inversely proportional to the interaction length, further
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improvement of the sensitivity can be achieved by increasing the
length of the light cage. For instance, if this length is increased to
3 cm (current fabrication limit), the LoD can be reduced to less than
1%. Using longer samples would also strongly improve the signal-
to-noise ratio of the absorption lines shown in Fig. 3(b) (see the
supplementary material for details).

II. CONCLUSION
Here, we introduced the concept of the fiber-interfaced light

cages that combines the advantages of hollow-core light cages with
commonly used optical fibers within a single device. Specifically, we
demonstrated the integration of light cage sensing structures into a
conventional fiber-based probing setup based on conventional opti-
cal fibers. Controlling and optimizing were achieved by automatic
alignment inside v-grooves etched into silicon chips. The capabilities
of this fiber-integrated system with respect to spectroscopic applica-
tions were demonstrated by integrated tunable diode laser absorp-
tion spectroscopy on the example of ammonia. Our concept consti-
tutes the first demonstration of reliable on-chip usage of light cages,
which should be of significant interest for the lab-on-chip photonic
sensing community. By this successful device integration through
3D nanoprinting, we believe that the portability and flexibility of this
approach and its potential for further integration with chip devices
make fiber-connected light cages an attractive concept for applica-
tions in a multitude of fields, including bio-analytics, chemistry, and
quantum metrology, all of which demand to confine an accessible
and propagating optical mode within a waveguide architecture with
small geometric footprint.

SUPPLEMENTARY MATERIAL

See the supplementary material for more details on transmis-
sion efficiencies, characterization of the scanning laser source, and
contrast of absorption lines.
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