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Abstract: Mid-infrared evanescent field directional couplers operating at ~8 µm are 
demonstrated by ultrafast laser inscription of waveguides in Ge33As12Se55 (IG2) chalcogenide 
glass. Through-port coupling ratios from > 99:1 to < 1:99 were observed, and comparison of 
the measured devices to analytic and numeric models verifies device performance against 
theory. Insertion loss of the couplers is estimated to be 0.9 dB, in addition to approximately 1 
dB/cm propagation loss. These couplers are developed to enable more complex mid-infrared, 
and particularly the long wave infrared, ultrafast laser-inscribed photonics components, such 
as integrated Mach-Zehnder interferometers and photonic lanterns, to be realized in future. 

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. 
Further distribution of this work must maintain attribution to the author(s) and the published article’s title, 
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1. Introduction 

Integrated optics (IO) in the infrared (IR) portion of the electromagnetic spectrum has 
received much attention over recent years, owing to the success of silica-based IO 
components for telecommunications [1] and refractive index sensing devices [2] in the near-
IR spectral region. Part of the success of these components is due to the mature IO ‘toolbox’ 
available in this material, which includes passive components such as integrated waveguides 
and beam combiners [3]; these functions are combined on a single chip to create complex 
photonics devices. 

The mid-IR portion of the spectrum (2–20 µm) is advantageous for applications such as 
integrated sensing [4], molecular spectroscopy [5], and astrophotonics [6], due to the presence 
of strong fundamental ro-vibrational transitions in this region. In addition, atmospheric water 
opacity, and therefore interference, is reduced in the 3–5 and 8–12 μm windows (respectively 
also referred as mid wave infrared – MWIR – and long wave infrared – LWIR); this proves 
advantageous for ground-based astronomy and remote atmospheric sounding in particular [7]. 

Whilst mid-IR spectrometers, interferometers, and sensing systems currently rely on open 
space optics, development of low cost mass-producible IO components would be 
transformative to enable full exploitation of the benefits of this spectral region. Silicon 
photonics has thus far provided the basis for mid-IR IO, taking advantage of mature micro-
electronics foundry mask-etch processes for wafer-scale, high-quantity fabrication [8]. These 
techniques are costly and therefore high-risk for prototype device study, and are highly 
transmissive only in the MWIR water window. Suitable alternative materials for transmission 
over the full mid-IR window, including MWIR and LWIR, are chalcogenides, which 
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demonstrate low-losses (< 1 dB/cm) when processed via mask-etch techniques to produce 
planar waveguides [9]. 

Ultrafast laser inscription (ULI) has been demonstrated to produce low-loss (< 1 dB/cm) 
single-mode waveguides in chalcogenide glasses in the mid-IR [10], with the additional 
advantage of allowing out-of-plane three-dimensional (3D) inscription [11]. Recently, we 
demonstrated waveguides fabricated by ULI in Ge33As12Se55 chalcogenide glass (also known 
by its commercial name IG2) [12] at 7.85 μm [13] in the LWIR with excellent refractive 
index contrast. In this work, we demonstrate and study IG2 evanescent field directional 
couplers operating in the LWIR for tailored beam splitting or combining; these simple 
structures provide the basis for future 3D mid-IR IO devices such as photonic lanterns, or 
sensing and spectroscopy devices that rely on interferometry and/or sample/reference channel 
comparison. 

2. Device fabrication 

Evanescent field couplers were fabricated in IG2 following an extensive waveguide test and 
characterization exercise, described in detail elsewhere [13]. The ULI fabrication parameter 
space was investigated such that the parameters required to fabricate single-mode straight 
waveguides, operating at 7.85 μm with known refractive index modification, were identified. 
The fabrication parameters are summarized in Table 1. 

Table 1. ULI Parameters for Evanescent Field Couplers 

Parameter Value  Parameter Value 
Pulse energy 12.58 nJ  Inscription speed 10 mm/s 
Inscription wavelength 1030 nm  Horizontal width 19.8 μm (66 scans) 
Pulse duration 355 fs  Vertical width ≈15 μm 
Repetition rate 500 kHz  Multi-scan separation 0.3 μm 
Inscription lens 0.55 NA    
Bulk refractive index 
(at 7.85 μm) [14] 

2.5032  Estimated modified 
refractive index [13] 

≈2.5145 

Use of these fabrication parameters led to waveguides with single-mode propagation 
characteristics, propagation losses of ≈1 dB/cm at 7.85 μm, and estimated modified refractive 
index of 2.5145 [13]. Following the methodology of the test reported in [13], a further test 
IG2 chip containing waveguide bends was fabricated, using the above ULI parameters, to 
identify the optimum bend length LB and bend width A for single-mode output, low-loss 
waveguide bends. LB and A define the sine-squared form of the waveguide bend [15], 
described in Eq. (1) and Fig. 1. A was varied from 40 to 130 μm, and LB from 2 to 9 mm, 
based on numerical modeling using FIMMPROP optical propagation modeling software. The 
results were inconclusive, as the bend introduced relatively small additional losses compared 
with the manufacturing repeatability achieved for these waveguides [16]. As the choice of 
parameters were found not critical, bends in the center of this parameter space, with LB = 4 
mm and A = 100 μm, were chosen for demonstration of couplers. 
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The form of the fabricated couplers is shown in Fig. 1, which also defines the x and z 
directions. Sine-squared bends of the form described in Eq. (1) link the input ports P1 and P2 
to the interaction region. The interaction length LI was varied; the full length of each coupler 
was 20 mm, and the center of LI kept at the center of the chip, with the length of straight 
waveguide sections at the input and output ports varied to ensure the waveguides reached the 
edges of the chip. In this instance, the waveguide core-to-core separation d was kept constant 
at 19.8 μm; this means the two waveguides are immediately adjacent to one another in the 
interaction region. 
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Fig. 1. Schematic of fabricated couplers (not to scale). Light input at port P1 was measured at 
output ports P3 and P4. Bend length LB and bend width A were kept constant. Interaction length 
LI was varied, and the lengths of the straight input arms at either end of the waveguide changed 
to compensate. The mid-point of LI was kept in the center of the waveguide chip. Waveguide 
separation d was kept constant. 

Figure 2 shows microscope images of fabricated couplers. The facet profile in Fig. 2(a) 
shows that the waveguides are rectangular in form, with vertical cross-section approx. 15 μm; 
this is defined by the laser inscription parameters (depth of focus), and is not actively 
controlled during the fabrication process. Figure 2(b) shows the input bend (left) and 
interaction regions (right) of a coupler from the top surface of the waveguide chip. The 
waveguides meet on the right-hand edge of the figure as expected. These images were taken 
using a Leitz Ergolux microscope and a standard DSLR camera with the IR filter removed. 

 

Fig. 2. Microscope images of fabricated couplers. (a) Facet image, showing two coupled 
waveguide ports. (b) Top image of coupler, showing bend (left) into interaction region (right). 

3. Coupler experimental characterization 

Waveguides were characterized using the setup outlined in Fig. 3. The laser was an Alpes 
Lasers S.A. quantum cascade laser (QCL) with output at 7.85 μm, operated using a Cascade 
Technologies Ltd. LM-01 air-cooled housing. The laser was coupled to the waveguide using a 
microscope objective (MSC1), which created an approx. 10 μm beam waist at the waveguide 
facet. The output of the coupler was imaged onto an Electrophysics PV320 camera, at 
position ‘A’, and background-normalized images of the coupler throughput were taken. All 
data presented were taken with light polarized in the same plane as the coupler bends; by 
virtue of the geometry, this ‘TE’ polarization state will be most affected by the horizontal 
bend and coupler structure. 

Figure 4 shows measured output profiles for a range of fabricated couplers. In all cases, 
light was input at port P1, and the through-port P3 output is on the left of each image. The 
interaction length LI varies between 1.4 mm and 2.4 mm, and the coupling ratio is observed to 
change as LI changes. The full range of > 99% coupling into the through-port P3, and > 99% 
coupling into the coupled-port P4 was observed. 
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Fig. 3. Schematic of characterization setup. The laser output is incident on beam-steering 
mirrors M1–M4, and lenses L1 and L2 ensure the beam incident on MSC1 has 1.5 mm beam 
waist radius. MSC1 couples the resulting beam into the waveguide, and MSC2 is used to collect 
the output image onto a camera or power meter at position ‘A’. Position ‘B’ is the position of 
the power meter for throughput power observation. 

The through-port coupling ratio was calculated by fitting a 2D-Gaussian profile to each 
individual waveguide output in the plots obtained in Fig. 4, and calculating the volume 
contained under the fitted curve. This allowed the normalized intensity at the output of each 
coupler arm to be observed. The through-port coupling ratio was then calculated using the 
relation P3 / (P3 + P4). For couplers where no output was observed at one of the ports, e.g., 
Figs. 4(a) and 4(e), the coupling ratio was normalized to one or zero, for 100% through-port 
(P3) or 100% coupled-port (P4), respectively. These data are shown in Fig. 5, as blue points. 
The LI cycle length was 2.277 mm, calculated via the sine-squared fit to the data. 

 

Fig. 4. Normalized output profiles from the evanescent field couplers, with interaction lengths: 
(a) 1.4 mm; (b) 1.8 mm; (c) 2.0 mm; (d) 2.2 mm; and (e) 2.4 mm. Length scales are 
normalized via the magnification of the characterization setup such that image dimensions are 
scaled to the chip facet dimensions. 

Error bars in Fig. 5 are dominated by the manufacturing repeatability, and were obtained 
by duplicating a subset of couplers with identical manufacturing conditions on the same 
waveguide chip. Each coupler was characterized, and the through-port coupling ratios for 
duplicates compared; the average of these values was taken as an estimate of the 
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manufacturing repeatability, which was ± 0.049. It should be noted that these values contain 
not only manufacturing repeatability variation, but also small contributions from 
measurement repeatability and Gaussian fitting errors; detailed description of these errors is 
presented elsewhere [13], and manufacturing repeatability was found to dominate 
significantly. 

In addition to repeatability errors, reciprocity of the couplers was investigated. This is the 
comparison of the through-port coupling ratio measured when input is into port P1 (P3 output) 
or P2 (P4 output). The reciprocity was found to be within ± 0.029 across the couplers 
measured. The reciprocity is a direct result of manufacturing repeatability error, as any 
difference in the propagation constants of the input waveguides P1 and P2 will introduce 
changes to the coupling ratio observed at the waveguide output. The proximity of the coupler 
arms in and surrounding LI during fabrication may cause an enhanced refractive index 
modification in one waveguide compared to the other, contributing to this mismatch in 
propagation constants. 

 

Fig. 5. Through-port coupling ratio (blue points) for changing LI, for d = 19.8 μm center-to-
center waveguide separation. The analytic model (green lines) and numeric model (red lines) 
are also shown, alongside the sine-squared fit to the measured data (black line). 

In addition to the couplers, an array of straight waveguides was fabricated on chip, for 
initial alignment and to determine loss characteristics. The propagation loss of the straight 
waveguides was found to be ≈1 dB/cm; the method of measurement and calculation is 
described in more detail elsewhere [13]. Due to the large-area power meter used (Ophir 3A, 
9.5 mm aperture), a direct measurement of the power at each output port of the coupler was 
not possible without implementing a micro-metrically controlled beam stop. Instead, the 
relative output power of a straight waveguide and combined output power of the couplers was 
inferred from the intensity measurements made using the camera, which is more precise a 
measurement. 

Under identical conditions of illumination and fabrication, the transmitted power 
reference from a straight waveguide was measured. The chip position was then re-adjusted to 
couple and measure successively 14 coupler outputs. The total power output at the end of a 
coupler was, on average, 82% of that of a straight waveguide. This implies that the total loss 
of the device consists of ≈1 dB/cm propagation loss, and 0.9 dB insertion loss. The insertion 
loss comprises all additional losses caused by the coupler compared to a straight waveguide, 
including bend and radiation losses. This loss does not include input and output coupling 
losses or Fresnel reflections. 

                                                                                                            Vol. 1, No. 1 | 15 Sep 2018 | OSA CONTINUUM 225 



4. Coupler modelling 

Verification of the performance of these couplers was done by comparison to analytic and 
numeric models of the structure. The analytic model is described in detail in the literature 
[17], and applies to the general case of coupled co-directional waveguides along the straight 
interaction length LI only, with the waveguides assumed to be identical (identical propagation 
constants). In short, for the case where 100% of the input light is coupled to one input port of 
the coupler, the power in that through-arm for a specific interaction length is governed by 
Eq. (2). The power in the coupled-arm is the complementary. 

 ( )2( ) 1 sin .t IP z L= − +κ φ   (2) 

κ is the mode coupling coefficient of the coupler, for the fundamental TE mode of the 
input waveguide. As our couplers consist not only of the straight interaction length LI, but 
also evanescently-coupled bend regions, we introduce an additional dimensionless phase term 
φ = κ × leff to account for the effective additional coupling length leff in the coupler geometry. 
κ is dependent on the refractive index modification, physical dimensions of the coupler, and 
operating wavelength, and can be obtained numerically as presented in Eq. (3). 
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Δ is the dimensionless refractive index modification produced by ULI, a is the waveguide 
half-width, ν is the normalized frequency, and kx and γx are transversal wavenumbers, 
obtained following Marcatili’s method [17]. In our case, d = 2a, so the exponential term 
disappears. 

Table 2. Comparison of Measured and Modelled Couplers 

Parameter  Measured  Analytic model  Numeric model 
κ  1.380 ± 0.027 mm−1  1.423 mm−1  1.323 mm−1

cycle length = π/κ  2.277 mm  2.208 mm  2.375 mm 
leff  -  0.812 mm  0.203 mm 

Figure 5 shows the best-fit to the measured data (black) and analytically calculated (solid 
green) curves governed by the parameters presented in Table 2. There is good agreement 
between the measured and calculated data, with calculated κ only 3% higher than measured, 
and only 69 μm difference between the predicted and measured cycle length. The model does 
require an additional effective length leff of 0.812 mm to achieve agreement with the measured 
data (model without φ is shown in dashed green). The uncertainties on the calculated κ from 
waveguide parameters come mostly from the ULI-modified refractive index (0.001) and the 
inscription length uncertainties (0.2 μm). These propagate as respectively 0.035 and 0.046 
mm−1, giving a sum of square uncertainty of 0.058 mm−1. Besides the over-simplistic 
collinear straight waveguides, the model assumes |Ex| >> |Ey| for the fundamental TE mode, 
which simplifies the calculation such that the vertical extent of the waveguide is omitted from 
the calculation. While true in the general square waveguide case, it is likely that the 
rectangular waveguide form observed in Fig. 2(a) will cause some change to the mode 
coupling coefficient compared to that of a square waveguide, which will therefore contribute 
to the error in cycle length observed. With these caveats, the measurements do agree well 
with the analytical expectations. 
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Fig. 6. Field intensity modelled by FIMMPROP in the IG2 coupler under the condition of LI = 
2.117 mm, for 50:50 coupling. 

In addition, a numeric model based on the real coupler geometry was developed in 
FIMMPROP, using the same waveguide parameters as input to the analytic model. κ was 
found to be 1.323 mm−1, which is 4.1% lower than derived from the data. The numerical 
model is shown in Fig. 5 (solid red line), and the simulated field propagation in Fig. 6. The 
sine-squared fit describing the numeric model output requires leff = 0.203 mm offset for the 
least-squared difference best-fit to the data. As expected for this numeric model, which does 
take into account the bend regions of the coupler, the model requires much smaller correction 
leff than the analytic model to achieve agreement with the measured data. However, the fact a 
small correction is still required further demonstrates the effect of fabrication uncertainties on 
the coupler output. Both numeric and analytic models agree well with the measurement, 
within these bounds. 

5. Conclusion 

In conclusion, we have presented the first demonstration of evanescent field LWIR couplers 
in IG2 chalcogenide glass, with demonstrated coupling ratios between 0 and 100% into the 
coupled-port output at 7.85 μm. Additional insertion loss of the device compared to straight 
waveguides was estimated to be around 0.9 dB, in addition to ≈1 dB/cm waveguide 
propagation loss. Comparison of the measured couplers to both simplified analytic and full 
geometry numeric models resulted in good agreement between the mode coupling coefficient 
and cycle length, considering the known fabrication uncertainties. The ULI IG2 evanescent 
field coupler provides a significant step toward mid- and long-wave IR photonic devices, 
including 3-D beam combiners such as photonic lanterns, and evanescent sensing devices 
based on Mach-Zehnder interferometers. 
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