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ABSTRACT

Single-mode integrated optics is an increasingly employed technology in interferometric instruments to reach
high-accuracy visibility and closure phases measurements. Here, we address the progress achieved in the area of
mid-infrared integrated optics beam combiners beyond 2.5 µm fabricated in MIR chalcogenide glasses by ultrafast
laser inscription. Thanks to the synergistic cooperation between the Universities of Cologne and Macquarie, we
fabricated optimized asymmetric and multimode interference beam combiners and tested them around 4 µm. In
contrast to our earlier works, we also focused on the high-contrast capabilities of these devices and measured
levels of null depth. This may become relevant for future projects such as Hi5/VLTI or the space mission LIFE.
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1. INTRODUCTION

Future interferometric instruments targeting high-dynamic range such as Hi-5 or LIFE may take advantage of
integrated optics solutions that are currently being developed for the mid-infrared range. Recently, GRAVITY
and PIONIER at the VLTI have reached the technical maturity to enable high-contrast characterization of faint
sub-stellar/planetary companions and circumstellar dust. Besides advances in data processing and wavefront
stabilization techniques, the implementation of new technologies like single-mode integrated optics (IO) beam
combination played an important role in this success. In this improved technology context, the community
manifested interest in new high-contrast interferometric projects operating at mid-infrared wavelengths. Since
the bulk of the science for such projects resides in the characterization of extrasolar planets at MIR wavelengths,
the foreseen technology should comply with this requirement in terms of spectral coverage.
The requirements for an instrument like Hi-51 are relatively stringent. The wavelength range of operation should
cover the L band between 3.3 and 4.0µm. The interferometric beam combiner should allow the simultaneous
combination of four telescopes in different schemes (e.g. the Angel and Woolf scheme2). An instrumental null
better than 10−3 is required with a total throughput of the component of at least 50%. The instrument should
operate ideally in combined polarization, although a split mode may also be required. The option of simultaneous
photometry should be offered and the operation at cooled temperature, typically 100 K should be considered.
In this context, we have undertaken a technology-driven initiative to develop mid-IR integrated optics beam
combiners for the 3-5 µm range. We concentrated on the experimental derivation of performance metrics directly
relevant for nulling interferometry using asymmetric couplers (AC) and multimode interference (MMI) IO beam
combiners manufactured in GLS glasses by ultrafast laser inscription. The main goal has been to measure the
functional properties of these beam combiners (e.g. spectral splitting ratio, polarization behavior) to understand
their impact on the achievable instrumental depth, which has also been measured.
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Figure 1. Example of on-chip beam combination scheme. Left: 2-telescope directional coupler: This coupler produces two
outputs in phase quadrature and its splitting ratio is chromatic. The asymmetric coupler version delivers a flatter spectal
response in terms of beam splitting. Right: 2-telescope MMI structure from3 with theoretically improved achromaticity
over a large bandwidth.

2. ON-CHIP BEAM COMBINATION TECHNIQUES

We investigate different integrated optics on-chip co-axial beam combination techniques, for example, the asym-
metric 2x2 coupler, and the multimode interference combiner (MMI). A simple representative sketch of the two
concepts is shown in Fig. 1.

2.1. 2x2 asymmetric coupler

The 2x2 (two inputs/two outputs) combiner is based on a co-axial chromatic beam combination technique which
exploits evanescent mode coupling. For a two-telescope beam combiner, two waveguides couple for a certain
interaction length z. The two outputs are π phase-shifted due to the conservation of energy. The interaction
length is chosen depending on the desired splitting ratio at a given wavelength. Chromaticity can be compensated
by writing asymmetric combiners. In this case, one implements two waveguides with slightly different propagation
constants due to non-identical cores, which damps the power transfer from 100% in the symmetric case to 50%
in the asymmetric case∗ . Due to a flatter curve of power transfer in the areas of a 50% splitting, it is possible
to increase the spectral range where almost 50/50 splitting becomes possible.

2.2. Multimode interference combiner (MMI)

In the MMI architecture, the interaction between photons injected into two separated inputs does not happen
by evanescent coupling, but by multi-mode interferences taking place in a box-shaped cavity also called MMI
slab. The main geometrical parameters are the length and the width of the multimode section. The propagation
constants β0ν of the modes supported by a multimode waveguide (MMI section) with slab effective index of
refraction NI and width WMMI show a nearly quadratic dependence with the lateral mode number ν following4

β0ν ' k0NI −
π2(ν + 1)2

2k0NIW 2
MMI

(1)

The parameter k0 the wavenumber. Defining the beat length

zb =
π

β00 − β01
(2)

the propagation constants of the modes in the MMI section become

β0ν ' k0NI −
π(ν + 1)2

3zb
(3)

Consequently a 50:50 (3 dB) splitting ratio follows for a slab length z=(2q + 0.5)3zb. The MMI is expected to
have a relatively large bandwidth.

∗In reality the asymmetric coupler can still couple >80%. There is complex interplay between the chromaticity of the
bend induced phase, coupling constant and dephasing that results in the achromatic response.
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2.3. Requirements for Integrated Optics chips

The transparency range of the substrate material is the first requirement to consider when operating at mid-
infrared wavelengths. Common materials like silica are not transparent beyond the near-infrared range, after
2.5µm. Alternative materials such as lithium niobate (LiNbO3) or GLS can be employed to cover the 3-5µm
range (cf. Fig. 2). Fluoride glasses such as ZBLAN can also be processed to fabricate mid-infrared waveguides5 .

Figure 2. Transmission of different infrared materials as a function of wavelength. Grey shaded areas correspond to
usual near- and mid-infrared astronomical bands.

Different losses contributions occur which have to be minimized. These are for example input/output coupling
efficiency C, the Fresnel reflection losses F per input/output facet, the propagation losses P, and bending losses
B. The coupling efficiency never goes beyond ∼80% when coupling a diffraction-limited PSF to a single-mode
waveguide but in practice can be much lower, in the order of 20 to 30%. Propagation losses are primarily result-
ing from the presence of impurities and scattering losses along the light path. Bend losses strongly depend on
the level of field confinement in the case of non-straight light propagation, with bending losses increasing with
low refractive index contrast. Hence P and B directly depend on the purity of the fabrication process as well as
on the adopted geometry for the beam combiner. The Fresnel losses are particularly important to mitigate when
using high-index glasses with refractive indices of ∼2.5. Fresnel losses are typically mitigated with anti-reflection
coatings.

Other key requirements are the splitting ratio across the band of interest, the differential birefringence as well
as the chromatic differential dispersion, which all affect the achievable extinction rate (or instrumental null) in
polychromatic and unpolarized conditions. These aspects are discussed in details in earlier publications6, 7 .

3. DEVICE FABRICATION AND KEY PARAMETERS

3.1. Principle of Ultrafast Laser Inscription

We specifically focused on using the ULI technique as a manufacturing platform to develop mid-infrared IO
devices in GLS substrates suitable for interferometric applications. In a nutshell, the ultrafast laser inscription
technique allows localized and permanent change of the refractive index in a dielectric substrate by tightly
focusing femtosecond pulses from a pulsed laser. Under high irradiance conditions, the range of non-linearity of
the refractive index has to be considered, inducing multi-photon absorption of the pulses. By translating the
laser beam in three dimensions in the substrate, 3D guiding structures can be obtained. The size and shape of the
modified area depend on parameters such as pulse length, repetition rate, laser fluence, etc. Detailed literature
is available on the topic8, 9 . Laser-writing has been demonstrated in planar substrates using CW laser10, 11 but
this approach lacks the 3D versatility of the ULI platform.
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3.2. Manufactured devices

In this work, we focused on the characterization of a 2x2 asymmetric coupler and a 2x2 MMI device. All the
devices have been fabricated in GLS glass using the ultrafast laser writing platform. Table. 1 summarizes the
main performance criteria.

Table 1. Setup for the manufactured components and measured quantities. BBS stays for Blackbody source (or thermal
source), SCS stays for SuperContinuum Source (i.e. broadband laser source).

Type of Combiner Asymmetric 2x2 Coupler MMI 2x2 Device

Light Source BBS and SCS SCS

Wavelength Filter 4 µm with BBS 3.745 µm or 4.136 µm with SCS

3.745 µm or 4.136 µm with SCS

Measured Parameters Spectral Splitting Ratio Spectral Splitting Ratio

Broadband Extinction Ratio Broadband Extinction Ratio

Throughput Throughput

In the asymmetric 2x2 combiner chip are in total 3x11 combiners with interaction lengths between z = 5.5mm
to z = 6.5mm in steps of 0.1mm. Every combiner has two inputs and two outputs. Two outputs of a combiner
are separated by 125µm (measured from the center of the waveguides). Furthermore, the combiners are written
at a depth of 180 µm from the top surface and each block was written with a different propagation constant in
the right arm of the combiner.

The MMI chip contains a total of 42 combiners with increasing interaction lengths between Z = 6.8 mm for
combiner 1 up to z = 9.4 mm for combiner 42 in steps of 100 microns for the first 6 and last 5 combiners and
of 50 microns for the others. Two outputs of a combiner are separated by about 47.25 microns. The writing
depth is also 180 µm. For the basic mode field characterization, a magnification of about 10x has been used to
unambiguously distinguish the two outputs on the infrared camera.

Figure 3. Left: schematic of the chip geometry containing 2x2 asymmetric couplers. Right: view of the two outputs of
a coupler imaged on the ImageIR 5300 camera. A magnification of about 10x was used. The pixel size is 30 microns.

4. CHARACTERIZATION AND LABORATORY TESTS

In the laboratory characterization, we have concentrated in two directions. On one hand, we have established the
interferometric performance of new mid-infrared devices based on metrics relevant to astronomical usage. On
the other hand, we have explored in greater quantitative details the high-contrast performance of the two classes
of components investigated in this proceeding, namely the asymmetric coupler and the multi-mode interference
device.
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Figure 4. Layout of the characterization bench.

4.1. Laboratory test bench

The setup can choose between a supercontinuum laser source (SCS) and a blackbody thermal source (BBS) at the
input. The infrared light is fed to the optical setup using a single-mode infrared fiber (Thorlabs P1-32F-FC-1)
with a core diameter of 9µm. Two cascaded Michelson interferometers produce four independent light spots that
can be coupled to a 2-telescope or 4-telescope beam combiner. Three delay-lines allow controlling the relative
optical path difference between each beam. The delay line is driven either by a fast-scan stepper motor or piezo
actuator depending on the required accuracy of the positioning. The detector is a passively cooled InSb camera
for the 2-5µm range with 30×30µm pixel size and recording up to 250 Hz.
Finally, the test bench can be operated as a Fourier Transform Spectrometer. For that purpose, the broadband
source can be mixed with an external HeNe laser at 3.39µm that operates as a metrology laser for the wavelength
calibration. The layout of the bench is shown in Fig. 4.

4.2. Wavelength coverage for the experiment

Two different sources (SCS, BBS) were used in combination with different wavelength filters. The three combi-
nations that were used are the BBS with the 4.0 µm filter, and the SCS source with either the 4.136 µm or 3.745
µm filter. The corresponding spectra are presented in Fig. 5.

Figure 5. Spectral profile used in this work. Blue curve: spectrum of the source + filter; green curve: spectrum of the
source + filter + GLS glass transparency. The green curve has been upscaled to ease comparison.
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5. RESULTS

Here we summarise the results of the measurements around 3.8 and 4 microns for the asymmetric 2×2 combiner
and the MMI sample. Each chip contained several combiners with slightly different writing parameters. We
selected a sub-sample of devices to be tested, in particular, based on the approximate total throughput and
spectrally integrated splitting ratio. We report in this proceeding only the results for a selected pair of asymmetric
and MMI combiners.

5.1. Wavelength-dependent splitting ratio

For this measurement, two injection spots from the Michelson hub are coupled to the same one input of the
combiner to be characterized. We measure the intensity splitting ratio between the two outputs as a function of
the wavelength. The resolving power was chosen between R ∼36 and R ∼180, depending on the scanning length
in the FTS setup. The plots of Fig. 6 show that for both designs an achromatic nearly 50/50 splitting ratio can
be obtained over a relatively large spectral range. For the MMI the spectral coverage is more limited, but the
result is still conclusive.

Figure 6. Left: results of wavelength-dependent splitting ratio for the asymmetric 2x2 coupler. The spectrum of the
BBS in combination with the 4 µm filter, measured at the output of the observed combiner, is shown in dashed lines.
The error bars were calculated as the standard deviation from repeated measurements. Right: results for MMI combiner.
The spectrum of the SCS in combination with the 4.136 µm filter is shown in dashed line.

Besides depending on the wavelength, the splitting ratio may also depend on the polarization state of the
input beams. We explored the polarization dependence of the integrated splitting ratio and found that the MMI
combiner is almost insensitive to the input polarization state. On the other hand, the asymmetric 2x2 combiner
exhibits a variation of 50/50 up to, at maximum, 45/55 for the input polarization varying from 0 to 180 degrees.

5.2. Extinction ratio

In the context of high-contrast/nulling interferometry, an important performance parameter is the extinction
ratio that is attainable when close to the optimal 180 degrees phase shift between the two inputs. We report
here the extinction ratio measured for both the asymmetric coupler and the MMI component.
Two approaches were considered for this measurement12 . The dynamic method (DM) foresees scanning the
fringe packet around the zero-OPD position by means of the stepper motor or the piezoelectric actuator. In the
static method (SM) approach, the delay line is successively positioned as precisely as possible around a minimum
and a maximum position of the interferometric signal. The static approach allows also to monitor the stability of
the destructive interference state in laboratory conditions. For the DM case, the residual photometric unbalance
is compensated by recording separately the photometric channels, whereas in the SM case, the photometric
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unbalance is minimized by carefully adjusting the coupling of the beams to the inputs of the beam combiner.
We measured the extinction ratio for the two different bandpasses described in the previous sections.
A difficulty we faced in our characterization – which is recurrent to most experiments involving integrated optics
– is the presence of a straylight halo resulting from excitation of radiating modes at the input of the components
or along the waveguide bends. Such straylight may also interfere with the identified outputs and because of
the interferometric amplification, this weak background could distort considerably stronger guided signals and
prevent the measurement of a deep null. We attempt to estimate the impact of the straylight in our measurement,
however technical solutions in terms of chip design could help to minimize the impact of straylight13 . Fig. 7 and
Fig. 8 is illustrates the scenario of the high-contrast measurement in the static and dynamic mode.

Figure 7. Illustration of the static extinction ratio measurement for the 2-telescope MMI the filter setup 2. Left:
Optimized case in the region close to the zero-OPD. The areas R1 and R2 locate the position of the two in-phase-
opposition outputs. A relatively extended and only partially uniform halo is visible in the field of view that corresponds
to the straylight contribution. The straylight is a direct reflection of the losses due to coupling between the multimode
interference region and the input and output waveguides. We see that at the position R2 some flux contribution is present
as opposed to the darker background, but it is not possible to distinguish between stray light contribution or residual
of the flux extinction. Right: Recorded signal profiles for a duration of 40 seconds. We plot the constructive signal
(Hf-corrected max), the destructive signal (Hf-corrected min), the photometric channels, and the estimated stray light
contribution.

The measurement of the extinction ratio is made under the following conditions:

• broadband measurement with the filter setup 2 (λc=4.14µm, ∆λ∼155 nm) and with the filter setup 3
(λc=3.75µm, ∆λ∼70 nm)

• application of a lowpass filter in post-processing of the interferometric and photometric signals. This allows
to remove the high-frequency noise and spikes due to the camera and allows to smooth the fringe profile.
This may result in a small degradation of the interferometric contrast (and therefore of the extinction ratio)
but allows to derive more precisely the error bars

• the measurement of the reported extinction ratio is conducted without splitting of the polarization. The
impact of differential polarization mismatches on the performance will be further investigated in the future.

• we compare the results on the extinction ratio obtained for the case where the contribution of straylight is
removed (subscript ”SL corrected”) and for the case where the straylight contribution is ignored.

The extinction ratio is calculated as e=Imin/Imax, i.e. the ratio between the transmitted flux in the destructive
and constructive state.
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Figure 8. Figure 5.18: Extinction ratio calculation for MMI combiner 21 with SCS and 3.745 µm filter. Left: Recorded
interferogram and photometries. The inset shows the two outputs of the coupler, where each output is focused on one
30µm-pixel; Right: Zoomed interferogram around 0-OPD position

.

The extinction ratio was measured with two spectral profiles of the source and the results are summarised
in the following tables for the 2x2 asymmetric and MMI devices.

Table 2. Extinction ratio measured for the asymmetric 2x2 coupler with the dynamic method around zero-OPD for two
different filter setups.

Filter Setup 2 Filter Setup 3

e (raw) 0.0188±0.0005 0.0104±0.0005

e (hf-corrected) 0.0196±0.0006 0.0108±0.0006

e (hf- and sl- corrected) 0.0121±0.0004 0.0070±0.0008

Table 3. Extinction ratio measured for the asymmetric 2x2 coupler with the static method at zero-OPD for two different
filter setups.

Filter Setup 2 Filter Setup 3

e (raw) 0.0158±0.0018 0.0077±0.0004

e (hf-corrected) 0.0160±0.0019 0.0079±0.0004

e (hf- and sl- corrected) 0.0133±0.0012 0.0075±0.0005

The analysis of data shows that, as expected, a narrower bandwidth results in a deeper extinction of less than
10−2 as opposed to the larger bandwidth. In the current architecture of the MMI device where no mitigation of
the stray light has been implemented, this unwanted contribution is much more present in the case of the MMI
device than in the case of the 2x2 coupler. The correct removal of the straylight contribution is difficult for the
MMI and results in most cases in an extinction ratio, which is consistent with zero. However, this positive result
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Table 4. Extinction ratio measured for the 2x2 MMI with the dynamic method for two different filter setups.

Filter Setup 2 Filter Setup 3

e (raw) 0.0324±0.0016 0.0065±0.0006

e (hf-corrected) 0.0358±0.0019 0.0072±0.0007

e (hf- and sl- corrected) -0.0045±0.0036 -0.0009±0.0001

should be looked at in the light of the still inefficient removal of the SL. For the 2x2 coupler, the best extinction
ratio is measured to be 7×10−3.

5.3. Throughput

A rough estimate of the total throughput was measured by comparing the total transmitted flux through a given
component to the transmitted flux when the device is removed from the optical path. For the 2x2 asymmetric
coupler, a throughput of ∼22% was measured whereas for the MMI combiner this value was around 20%. A
breakdown of the different loss contributors is out of the scope of this paper. However, some preliminary
conclusions can be drawn. The measured values are 10% to 20% lower than what is estimated in an earlier
work14 , who found a total throughput of about 25%, but if we considered uncertainties in the measurement in
particular due to the source temporal fluctuations, we can consider to be in the same range of values. Earlier
works3 also revealed that propagation losses as low as 5% per centimeter can be expected from laser written
channel waveguide in GLS. It is likely that in our case a strong contributor to the losses comes from the quality
of the coupling into the waveguide (overlap between input field and fundamental mode field) and from the high
Fresnel losses, which both can be improved. To reach the requirement of 50% for the total throughput, the
deposition of an anti-reflection coating would already bring up the throughput to about 35%.

6. CONCLUSION

We have started the analysis of the high-contrast capabilities of laser-written GLS integrated optics beam com-
biners to be used for the instrument SCIFY, or in the future for the LIFE mission. The preliminary tests show
that we can obtain an extinction ratio of about 7×10−3 over a 70 nm bandwidth. The MMI solution offers im-
proved achromaticity with respect to the 2x2 asymmetric coupler, but also results in a higher level of straylight
that is difficult to mitigate. Achieved extinction is not yet at the level of the 10−3 requirement, but several
options can be investigated to improve the case. The total throughput of the component seems to be comparable
in both cases, with a small advantage for the asymmetric coupler.
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