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Abstract: Photonic technologies will be at the heart of future terrestrial
planet hunting interferometers. In particular the mid-infrared spectral region
between 3.5 —4.2 um is the ideal window for hunting for young extra-solar
planets, since the planet is still hot from its formation and thus offers a
favorable contrast with respect to the parent star compared to other spectral
regions. This paper demonstrates two basic photonic building blocks of such
an instrument, namely single-mode waveguides with propagation losses as
low as 0.294+0.03 dB/cm at a wavelength of 4 um as well as directional
couplers with a constant splitting ratio across a broad wavelength band of
500 nm. The devices are based on depressed cladding waveguides inscribed
into ZBLAN glass using the femtosecond laser direct-write technique. This
demonstration is the first stepping stone towards the realization of a high
transmission mid-infrared nulling interferometer.
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1. Introduction

The mid-infrared (MIR) spectral region between 3.5 —4.2 um, known as the astronomical L’
band, is the ideal window to hunt for young extra-solar planets. This is because young planets
still warm from the formation process have a peak in their black-body curve in this region while
their host stars brightness dims as you move to longer wavelengths, decreasing the relative
contrast between the two by orders of magnitude. In addition, although the contrast continues
to decrease up to 10 pm, thermal noise swamps the signal making ground-based observations
at such long wavelengths challenging. Finally, there is a transmission window in the Earth’s
atmosphere in the L’-band and the angular resolution of the telescope is higher than compared
to 10 um operation.

The ideal tool to directly image young exoplanets at small angular separation (< 1 arcsec-
ond) from their host stars is a stellar interferometer. Stellar interferometry relies on combining
beams of light from a single target collected by multiple apertures (or 2 parts of the same
aperture). By exploiting powerful observables such as the closure phase [1], it is possible to
mitigate phase noise due to the atmosphere and the instrument and to calibrate wavefront errors
to achieve sub-diffraction limited resolution images. The interferometric technique of aper-
ture masking was recently used in the L-band to image the youngest substellar companion to
date [2].

Photonic technologies can and have been applied to stellar interferometry [3,4]. They of-
fer numerous advantages such as spatial filtering, whereby the corrugated wavefronts of the
starlight can be flattened out by propagating the light in the fundamental mode of a single-
mode guide which only supports a plane wavefront and thus results in more stable fringes. In
particular nulling interferometry can benefit from photonics due to integration and miniaturiza-
tion, the inherent thermal and mechanical stability as well as reduced degrees of freedom [5].
Nulling interferometry is based on adjusting the phase in one arm of an interferometer such
that the star is completely canceled out [6]. As the nearby planet is incoherent with the star’s
light, it will be seen in the null from the star. In this way the contrast between the bright star
and faint companion can be further reduced making the planet visible when using long integra-
tion times. Photonic components such as splitters, couplers, X and Y junctions can be used to
construct a monolithic beam combining circuit [7], greatly reducing the size and complexity of
bulk optic analogs [8]. For the use of photonic elements in astronomical instrumentation their
properties must be optimized as follows: losses should be minimized which includes, coupling,
Fresnel, propagation, bend and function losses, birefringence should be eliminated, polarization
dependent loss minimized and the single-mode region of the guides should be maximized.

Photonic technologies demonstrated at wavelengths longer than 5 um have been nicely sum-
marized by Labadie et al. [9], so we focus our discussion on technologies investigated for the
L’-band. Titanium-indiffused waveguides in LiNbO3 are amongst the best performing devices
to date. Propagation losses are < 0.1 dB/cm and on-chip delay lines can be fabricated exploit-
ing the electro-optic effect to scan through the fringe pattern and find the null [10]. However,
due to the low numerical apertures (NA) of the guides bend losses are high (0.64 dB/cm and
2 dB/cm for TE and TM polarizations at 22 cm bend radius), the guides exhibit strong un-
wanted birefringence and the Fresnel reflection losses are substantial due to the high refractive
index of LiNbO3. Lithographically fabricated silicon-on-sapphire nanowires have shown losses
of 2 dB/cm at 5 um [11] despite the fact that the waveguides were not optimized for longer
wavelength guidance and had a non-ideal silica overcladding layer which was not transparent
at the longer wavelength. In contrast, silicon pedestal waveguides with air cladding showed
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losses of 2.7 dB/cm at a wavelenght of 3.7 um. Lower propagation losses were achieved in
silicon germanium graded-index waveguides exhibiting 1 dB/cm at 4.5 um [12]. Besides semi-
conductors also glass waveguides are promising platforms for the mid-infrared, in particular
chalcogenide glass. Tsay et al. have demonstrated the fabrication of raised strip waveguides
in chalcogenide glass (AsyS3) by solution-processing and molding techniques, with propaga-
tion losses of ~ 4.5 dB/cm at 4.8 um [13, 14]. The same group also demonstrated improved
propagation losses as low as 0.33 dB/cm for As,;S3 chalcogenide glass guides by using pho-
tolithography and dry-etching techniques [15]. Bend losses for these guides were reported as
< 3 dB/cm for bend radii of 250 um and coupling efficiencies of 81% were theoretically pre-
dicted. By using multilayer thin film deposition, channel waveguides in chalcogenide glass
have been shown to have propagation losses as low as 0.5 dB/cm and 1.1 dB/cm for the TE and
TM polarizations at the slightly longer wavelength of 8.4 um [16]. Finally, chalcogenide glass
has also been successfully used in conjunction with femtosecond laser direct-writing to create
MIR single-mode waveguides. Rodenas et al. demonstrated a 3-dimensional three beam com-
biner in gallium lanthanum sulfide glass (GLS) which was single-mode from 3 — 11 um [17].
However, no propagation losses were reported. In a different chalcogenide glass with the com-
position of Ge5As5S7¢ propagation losses of ~1 dB/cm at 3.39 um where achieved in large
mode-area multicore waveguides [18]. Arriola et al. fabricated straight waveguides and split-
ters for 3.39 um with propagation losses as low as 0.8 dB/cm in GLS glass [19]. However,
the Fresnel loss at the end-faces alone is large since the refractive index of chalcogenide, just
like LiNbO3 and silicon is relatively high (> 2) adding the complication of multi-layer anti-
reflection coatings. Furthermore, fast injection optics are required for planar chalcogenide and
silicon waveguides due to their high index contrast.

Until recently flourozirconate glasses such as ZBLAN (ZrF4-BaF,-LaF3-AlF;-NaF) have
been overlooked due to their tendency to crystallize and their relative fragility and environ-
mental instability when drawn into fibers. However, ZBLAN is an ideal material for the above
application as it is highly transparent from 200 nm to above 5 um [20], and unlike other mate-
rials used in the MIR applications, its refractive index is ~ 1.5 which greatly reduces Fresnel
reflection losses. Recently, a suite of devices including waveguide lasers and waveguide Bragg
gratings have been demonstrated [21-24] around the 2 tm wavelength region in ZBLAN glass.
The devices were fabricated by the femtosecond laser direct-write technique. As only negative
index contrast tracks were realized, waveguides were constructed by stitching multiple tracks
together to form a depressed cladding. This approach allows for waveguides of arbitrary core
size and cladding thickness by simply adding more tracks making it amenable to longer wave-
length operation and allowing full control over the span of the single-mode region. Furthermore,
since the central region where the majority of the light is confined to is unperturbed by the laser,
most of the native properties of the glass such as high transparency and low birefringence re-
main. Finally, by using the direct-write technique as opposed to lithographic techniques for
instance, it is possible to fabricate 3D structures [25,26]. For these reasons it would be interest-
ing to investigate ZBLAN as a platform for MIR applications, such as the one outlined here as
well as for MIR waveguide lasers for chemical sensing applications.

In this body of work we present the performance of ZBLAN waveguides optimized for 4 um
operation fabricated via femtosecond laser direct-writing. In section 2 we outline the fabrication
and characterization of the straight waveguides. In section 3 we report the results from the
straight guides and discuss losses in detail. Section 4 summarizes the results for the prototype
directional coupler followed by some concluding remarks.
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Fig. 1. Sketch of the setup used to characterize the waveguide samples based on thermal
radiation emitted by a soldering iron, that is reimaged onto the waveguides using several
plano-convex (pcx) CaF; lenses. The inset in the top left shows the a photo of the optical
setup in the MIR, whereas the inset in the top right is the black-body curve for an object
with 475 °C surface temperature. The shaded area corresponds to the transmission band of
the used bandpass filter.

2. Fabrication and characterization

The ZBLAN glass was fabricated by the University of Adelaide (using commercially avail-
able raw materials) in a controlled atmosphere glass melting facility to cast 50 g glass ingots.
To create the waveguide substrates the ingot was diced into 3 chips measuring 39 mm length,
12 mm width and 3 mm height by a CNC diamond saw. The top and bottom faces of each
sample were polished to allow the femtosecond laser to be focused below the surface, with
the waveguide axes set at a depth of 300 um. The waveguides were inscribed using pulses
from an ultrafast Ti:sapphire oscillator (FEMTOSOURCE XL 500 - Femtolasers GmbH, 800
nm center wavelength, <50 fs pulse duration, 5.1 MHz repetition rate), which were focused
into the chip using a 1.25 NA 100x oil immersion objective (Zeiss N-Achroplan) while the
sample was translated using a set of computer controlled XYZ air-bearing translation stages.
As the index change induced by the writing laser was negative in nature [27], then depressed
cladding guides were created by stitching partially overlapping rings of depressed index laser
tracks together. The chip described here contained 12 waveguides separated by 900 um with
core diameters ranging of 35, 40 and 45 pm, and cladding width of 30, 40, 50 and 60 um. The
smallest waveguide (35 pum core, 30 um cladding) was composed of 34 individual laser mod-
ifications arranged in 2 concentric rings, whereas the largest waveguide (45 ym core, 60 um
cladding) had 100 modifications of 20 um diameter each arranged on 4 concentric rings. To
ensure sufficient overlap between the individual 20 um modifications for creating a continuous
cladding, the radii of the concentric rings was increased using a maximum step size of 15 um.
The waveguides were written bottom up with a pulse energy of 65 nJ and a translation speed
of 1000 mm/min. After waveguide writing, two of the chips were cut up into shorter samples
which resulted in 4 samples which were 10.5, 24.9, 31.0 and 36.3 mm long post grinding and
polishing of the end-faces.

A soldering iron with a surface temperature of 475 °C and a peak in the black-body curve at
~ 4 um (see inset in Fig. 1) was used as the light source for probing the guides. Unlike high
coherence sources such as HeNe and quantum cascade lasers, the low-coherence of the thermal
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source avoids Fabry-Pérot effects within the glass waveguide caused by Fresnel reflections off
the end-faces [28] and it thus enables highly accurate cut-back loss measurements. The surface
of the soldering iron tip was reimaged onto a 250 um pinhole with the aid of a 20 mm focal
length uncoated plano-convex CaF, lens. The light from the pinhole was collimated with a
50 mm focal length uncoated plano-convex CaF, lens before passing through a beamsplitter,
an iris and a 20 mm focal length uncoated plano-convex CaF; to focus the light onto the input
facet of the sample. The iris was used to control the beam size before the last lens and thereby
the focal ratio (F-number, F/#) of the injected quasi flat-top beam. The chip was mounted
on a 3+2-axis (XYZ and 6, 6)) stage in order to precisely align it. The soldering iron was
temporarily replaced by a 400 um multimode fiber which delivered light from a green LED.
A CCD camera was used to coarsely align the green spot with each waveguide core laterally
by temporarily changing the sample’s z-axis position to put it in focus at the green wavelength.
Once aligned, the sample’s z-axis position was returned to the infrared focus, and the green
fiber was replaced with the soldering iron. The output light was recollimated by a 20 mm
focal length uncoated plano-convex CaF, lens before being focused onto a InSb camera (Flir
SC7000, 640x512 pixels) with a 50 mm camera lens. A bandpass filter centered at 4 um
(500 nm FWHM) was used to select the spectral content and it was placed right in front of
the camera to minimize stray thermal light. The encircled flux of the reimaged point-spread
function (PSF) was maximized by carefully maneuvering the guide with the translation stage.
An image of the waveguide near-field was captured in this way. The throughput for each guide
was compared to the injected beam without the chip in the way, post dark subtraction. Note
the imaging assembly was translated toward the beam by the length of the chip to image the
injected beam. A similar method was utilized for the coupler as well. The propagation losses
were determined by plotting the raw throughputs for each waveguide versus the chip length
on a semi-log scale, followed by a least-square fit where the obtained slopes correspond to the
propagation losses.

3. Waveguide numerical aperture and propagation losses

The numerical aperture (NA) of the waveguides was determined by measuring the waveguide
transmission at different focal ratios (F/#) of the injected beam. The F/# was adjusted by open-
ing or closing the iris in front of the injection lens. A plot of the transmission against F/# for 3
waveguides with different dimensions is illustrated in Fig. 2(a). The scatter of the data points
is a result of the data processing for determining the integrated intensities from the measured
near-field profiles. This process is background sensitive, in particular to a non-uniform back-
ground resulting from scattered light, which is caused by the poor mode-matching between the
waveguide and quasi flat-top injection spot since the injection spot is multi-mode with a high
number of modes for low F/#s.

For small F/# (high injection numerical aperture) the waveguides exhibit a low transmission
because light is injected beyond the waveguides acceptance angle. With increasing F/# the
transmission increases until it reaches a plateau where the NA of the injected beam is smaller
than the acceptance NA of the waveguides. The plateau in transmission can be related to the
fact that the injected spot size was constant throughout the experiment (as it was the image of a
pinhole) and thus this experiment reveals the nature of coupling to the guide only as a function
of NA. In contrast, when injecting a spot that changes its size with NA (by changing focusing
lenses for example), the transmission would exhibit a clear maximum where the injected beam
best matches the waveguide mode, and decreased transmission for NA higher and lower than
the optimum.

All three tested waveguides with different geometrical parameters show identical cut-offs
of F/# = 12+ 1, which is expected since the NA only depends on the index contrast and
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Fig. 2. Waveguide transmission as a function of the injected focal ratio and the correspond-
ing numerical aperture for 3 different waveguides. All waveguides show identical focal
ratios of F/# = 12 £ 1 or the equivalent numerical apertures of NA = 0.042 +0.004. The
blue bar indicates the numerical aperture NA = 0.046 £ 0.007 of the waveguides as deter-
mined by comparing the experimentally measured to the computed mode-field diameters
using a step-index profile.

not the geometrical waveguide parameters. This F/# corresponds to a numerical aperture of
NA = 0.042 £0.004 (NA =~ 1/(2 F/#) ). For sufficiently wide claddings, the waveguides
can be approximated by a standard step-index waveguide. Therefore the numerical aperture

and the index contrast of the waveguide are related by NA = /n2 — nf,, where n., and n
are the core and cladding refractive indices, respectively. This results in an index contrast of
An= —(6+1) x 1074, When computing the guided mode using RSoft BeamPROP for various
index contrasts and comparing the computed to the measured near-field profile, an index con-
trast of An = —(742) x 10~% (NA = 0.046 +0.007) was found in close agreement with the fo-
cal ratio approach. For comparison, in multicomponent silicate glass as well as in chalcogenide
glass laser induced index changes in the order of +10~2 have been reported [17,26]. Further-
more in ZBLAN at 635 nm wavelength, index contrasts in the order of —1 to —1.5 x 1073 were
measured using a refracted near-field profiler [21, 29]. This indicates that there is a differential
chromatic dispersion between the modified and bulk material which leads to a difference in
index contrast as a function of wavelength.

The measured propagation losses, as shown in Fig. 3(a), follow the general trend predicted
by simulations as illustrated in Fig. 3(b). Larger cores and wider claddings result in reduced
propagation losses due to less leakage through the finite cladding. This loss is characteristic for
depressed cladding waveguides since they only support a continuum of radiation modes that
closely resemble the shape of a truly guided mode [30]. This results in an exponential decay
of the light as it propagates in the waveguide. The confinement losses increase for decreas-
ing depressed cladding width as well as decreasing index contrast. These intrinsic confinement
losses at a wavelength of 4 um were computed using RSoft BeamPROP for an ideal step-index
depressed ring with varying core and cladding size for an index contrast of An = —9 x 1074,
The index contrast is an upper limit for the experimentally determined index contrast of the
inscribed waveguides via their mode-field diameters and therefore the computed confinement
losses can be seen as a lower bound. The confinement losses of an ideal depressed cladding
waveguide are shown in Fig. 3(b) (note the different scale). The lowest measured loss was
0.2940.03 dB/cm for a waveguide with a measured core diameter of 47 um and a 59 ym wide
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Fig. 3. (a) Measured propagation losses as function of the waveguide core diameter and
width of the surrounding cladding. (b) Computed intrinsic confinement losses of the de-
pressed cladding geometry due to leakage through the finite cladding. The losses are plotted
as a function of core diameter and cladding width for an index contrast of An = —9 x 1074,
which is the upper limit for the experimentally determined index contrast. (c) Transmis-
sion of the lowest loss waveguide (47 um core diameter and 59 um cladding width) as
a function of the sample length. The linear fit corresponds to a propagation loss (PL) of
0.29+£0.03 dB/cm. The inset shows the corresponding near-field profile of the waveguide.

cladding as illustrated in Fig. 3(c). Based on the simulations, such a waveguide has confinement
losses of 0.18 dB/cm indicating the presence of scattering and bulk absorption losses. However,
the confinement losses still make up a considerable portion of the propagation losses. Therefore,
a further improvement in propagation losses should be achievable by increasing the cladding
width and/or the core diameter. For narrow claddings and small cores where the waveguides
are only weakly guiding, the computed confinement losses exceed the measured propagation
losses. This is likely a result of stress within the waveguides, which slightly raises the refractive
index of the waveguide core with respect to the bulk glass which was not accounted for in the
simulations. In fact, stress fractures can appear during inscription at the outer edges of the de-
pressed claddings [21], however, without any detrimental effect on the waveguide performance.
In fact, the induced stress by the laser inscribed modifications is intrinsic to the refractive in-
dex change, which is based on a physical expansion of the glass network [29]. The occurrence
of stress fractures can be mitigated by placing the waveguides deeper within the glass. In the
present work the depth was limited by the working distance of the microscope objective.
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The inset in Fig. 3(c) shows the corresponding near-field profile for the lowest loss waveg-
uide. The 1/¢* mode-field diameter obtained by fitting a Gaussian function is 62 um. A circular
mode is important for the efficient injection of light from an astronomical telescope since sim-
ple circular microlenses can be used in contrast to high index contrast ridge waveguides that
usually exhibit non-circular mode-profiles. It should be noted, that the raw throughput of only
~ 30% in Fig. 3(c) is a result of the coupling losses because the waveguides were illuminated
with a quasi top-hat intensity distribution of ~ 100 um diameter as well as 7% Fresnel reflec-
tion losses.

4. Depressed cladding directional coupler

Key elements of an astronomical nulling interferometer are directional couplers. Therefore the
feasibility of creating a low loss directional coupler based on the presented depressed cladding
geometry was investigated. The device was inscribed using waveguides with 60 um cladding
and a slightly larger core of 50 um diameter to further reduce the confinement and hence
propagation losses. Despite the larger core, the waveguides were still single-mode at the short
wavelength edge of the bandpass filter (3.75 wm) with a V number of V ~ 1.8. The waveguides,
spaced by 150 um at the input and output of the device, were brought into close proximity
using raised-sine bends with a length of 16 mm to reach a core-to-core spacing of 40 yum in
the interaction region of the coupler. The total device length was 33.6 mm. These parameters
resulted in minimum bend radii of 313 mm in order to reduce bend losses arising from the low
index contrast of the waveguides. When approximating the waveguides by a step-index with an
index contrast of An =7 x 10~ the predicted transmission per raised-sine bend is ~ 80% using
the analytical solution for a step-index waveguide [31]. As a result of the gradual raised-sine
bends, simulations based on the experimentally determined index contrast predicted close to
3 dB splitting for 0 mm interaction length, i.e. without a straight waveguide section between
the two raised-sine bend. The small core spacing of 40 um meant that the two 50 um cores
were merged in the interaction region avoiding laser modified glass in between. Such a zero-
gap directional coupler is based on two-mode interference in the interaction region [32]. In
principal, nearly arbitrary spacing can be achieved without perturbing the waveguide cladding
geometry, except for spacings where there is still a gap between the two cores that is less

Fig. 4. Sketch of the depressed cladding directional coupler with transmission differential
interference contrast microscope images taken at different positions of the device. The scale
bar in the images corresponds to 50 um. The red dashed circles marks defects created by
hard on/off switching of the laser. On the right-hand side an image of the coupler’s end-
face is shown. Stress-fractures are apparent at the edges of the cladding, however without
affecting the waveguide performance. The inscription laser was incident from the top.
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than the diameter of an individual modification (20 pm in this case). In other words, in that
case smaller modifications would be required in order to exactly fill the gap between the two
cores. The entire directional coupler was inscribed bottom up like the straight waveguides, i.e.
alternating between modifications of the left and right waveguide, respectively. To create the
coupling region, the laser was switched off once a modification would cross the middle plane
of the device. Figure 4 shows a sketch of the coupler including microscope images taken at
different sections of the device showing the transition from two individual waveguide cores to
a single wide core in the interaction region. Due to hard switching the laser on and off small
defects occur at the ends of individual modifications as highlighted by the red dashed circle in
Fig. 4. These defects can be a source of additional loss but should be avoidable by smoothly
turning the laser power down and up, i.e. tapering, rather than hard switching.

The splitting ratio of the device was measured using the setup in Fig. 1. However, the 250 um
pinhole was replaced for a 200 um pinhole resulting in a 80 um as opposed to a 100 um
spot on the chip end-face to ensure that light is exclusively injected into a single waveguide.
Furthermore, a CaF, prism with an apex angle of 69.9° was added between the collimating
lens and camera lens in order to spectrally disperse the output resulting in a resolving power
R=A/AA = 35. Figure 5 shows the splitting ratio as a function of wavelength. Identical split-
ting ratios and transmission values within the accuracy of measurement were observed when
either injecting into the first or second waveguide. The depressed cladding coupler shows a
splitting ratio of 75:25 at the centre wavelength with a variation of only +6% across the 500 nm
wavelength band. This broad operation band makes it ideal for astronomical interferometry. A
further improvement of the operational bandwidth can be achieved by optimizing the wave-
length dependent bend induced phase and/or by introducing asymmetry by the means of cores
of different size and/or index contrast [33]. Unlike in conventional laser written positive index
contrast waveguides, the depressed cladding approach permits straight forward independent
control over the index contrast and waveguide core size. The insertion loss of the coupler when
injecting a F/# = 14 beam is 4.4 dB. For comparison, a straight waveguide of equal length with
a 45 um core and 50 pm cladding (propagation loss of 0.344-0.06 dB/cm) has insertion losses
of 5.2 dB under identical injection conditions and a 40 um core and 60 um cladding waveguide
(propagation loss of 0.31£0.02 dB/cm) exhibits insertion losses of 4.8 dB. It should be noted
that the coupling efficiency into the directional coupler is higher due to the larger core. Nev-
ertheless, it shows that no significant losses are introduced neither by the bends nor the laser
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Fig. 5. Splitting ratio of the depressed cladding directional coupler prototype across a wave-
length band from 3.75 to 4.25 um.
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induced defects.

In order to further improve the transmission the index contrast has to be increased, thereby
enabling the use of shorter raised-sine bends. This can be achieved by either overpassing the
individual modifications multiple times or by inscribing the cladding using kHz instead of MHz
repetition rate laser pulses [27]. Low repetition rate, athermal fabrication results in an up to 3-
fold increase of the refractive index contrast at the expense of a greatly increased fabrication
time.

5. Conclusion

The femtosecond laser inscription of mid-infrared single-mode waveguides into ZBLAN glass
was successfully demonstrated. The waveguides are based on a depressed cladding due to the
laser induced reduction of the refractive index with respect to the bulk glass. ZBLAN’s high
transparency in the mid-infrared in combination with the depressed cladding architecture has
enabled propagation losses as low as 0.29+0.03 dB/cm at a wavelength of 4 um. Furthermore,
the geometric flexibility of the depressed cladding architecture enabled circular mode-profiles,
ideal for the low loss injection of stellar light from an astronomical telescope. In addition, a
depressed cladding directional coupler with a low splitting ratio variation across a wavelength
band of 500 nm centred at 4 um was demonstrated. Despite the waveguide’s low index contrast
of < 1 x 1073, the splitter features insertion losses comparable to a straight waveguide. These
waveguides and directional couplers hold great potential for future integrated pupil remappers
and nulling interferometers for the detection of exoplanets.
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