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Abstract: Development of mid-infrared photonics is gaining attention, driven by a multitude of
sensing applications requiring increasingly compact and cost-effective photonics systems. To
this end, low-loss operation of um-scale silicon-on-insulator photonic integration elements is
demonstrated for the 2.6-2.7 um wavelength region. The platform utilizes the 3 um thick silicon
core layer technology enabling demonstration of low-loss and low birefringence waveguides.
Measurements of record low single mode waveguide propagation losses of 0.56 + 0.09 dB/cm
and bend losses <0.08 dB for various miniaturized bend geometries are presented and validated
by simulation. Furthermore, a wavelength filter based on echelle grating that allows to select
several operating channels within the 2.64-2.7 um band, with a linewidth of ~1.56 nm for each
channel is presented.
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1. Introduction

Silicon photonic integrated circuits (PIC) enable the development of compact, reliable, and low-
cost photonics-based systems for numerous applications. For example, integrated optical sensing
solutions would find a wide variety of applications among biological, medical, environmental and
industrial applications requiring lab-on-chip testing or advanced industrial process control [1].
Silicon photonics platforms have been widely developed for traditional telecommunication
bands around 1.3 and 1.55 pym wavelengths but the mid infrared (MIR) range beyond 2 um
wavelength is less established yet has gained momentum [2,3]. For the conventional sub-micron
silicon photonics, the wavelength range beyond 2.5 pym becomes challenging because in thin
waveguides part of the field propagates in SiO; cladding that has an absorption peak at 2.6-2.9
um [4,5]. Absorption is linked to H,O band of vibrational transitions at 2.5-2.8 um range. This
has been shown to lead to high losses in the scale of 10-100 dB/cm [6]. Different approaches have
been taken to mitigate this problem. Cheng et al. [7] used suspended membrane waveguides on
SOI and demonstrated 3.0 dB/cm losses at 2.75 um. Miller et al. [8] predicted using simulations
that large core waveguides minimize the mode propagation in oxide cladding. There is also
development outside SOI platform. Luke et al. [9] reported SizNy4 strip waveguides at 2.6 um
with 0.16 dB/cm losses. This Si3Ny4-platform uses SiO; cladding while Ge-on-Si allows SiO;
free claddings and rib waveguides with approx. 3 dB/cm loss at 2.6-3.2 um [10]. More recently,
at 3.6-4.5 um, Della Torre et al. [11] reported losses as low as 1.2-1.35 dB/cm for Ge-on-Si ridge
waveguide. David et al. [12] on the other report Ge plasmonic waveguides at 5.6-11.2 um with
losses under 15 dB/mm. Recent research on Ge has concentrated on wavelengths above 3 um

#497645 https://doi.org/10.1364/0OE.497645
Journal © 2023 Received 16 Jun 2023; revised 29 Sep 2023; accepted 10 Oct 2023; published 2 Nov 2023


https://orcid.org/0000-0002-1020-8652
https://orcid.org/0000-0002-6233-4466
https://orcid.org/0000-0002-5409-5645
https://orcid.org/0000-0002-9317-8187
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.497645&amp;domain=pdf&amp;date_stamp=2023-11-02

Research Article Vol. 31, No. 23/6 Nov 2023/ Optics Express 39040 |

Optics EXPRESS

where two atmospheric windows [11] lie and also the two-photon absorption can be avoided
[1,13].

In this paper we experimentally study um-scale waveguide structures around 2.65 um wave-
length, which have been already demonstrated to exhibit very low losses at 1.3 um [14] and 1.55
um [15] bands. We demonstrate low losses down to 0.56 dB/cm. Moreover, we predict that the
platform can maintain low losses up to 4 um. Besides low losses, the large core waveguide allows
low polarization dependency, good mode matching to III-V waveguides and single mode optical
fibers and low power density that prevents undesired non-linear effects [15]. The use of large
core waveguides combined with utilization of Euler bend design for small bending radius allows
dense packaging [16]. Here we demonstrate extremely low bend losses below 0.08 dB achieved
at around 2.65 um. Besides addressing loss of waveguides, we demonstrate an echelle grating
design that allows 1.56 nm spectral resolution around this wavelength band.

A specific problem we had to address is the need for developing waveguide testing solutions at
mid-IR wavelengths. In this wavelength region, light sources, detectors, or single mode fibers
each exhibit their own challenges in testing. In our testing approach we utilize wide spectral
coverage supercontinuum lasers or narrow linewidth lasers.

2. Measurement setup

The setup used for broad-band transmission characterization is shown in Fig. 1. Depending on
the specific band, addressed as a light source, it incorporated either supercontinuum (SC) laser
sources or distributed feedback lasers (DFB-LD). In fact, we used two different SC sources (SC 1
and SC 2), both from Leukos, France, to produce a broadband emission. The specifications for
all three sources are displayed in Table 1 including the estimations for the power coupled into
arib waveguide. Due to broadband emission from the SC-laser, the detection schemes in this
case required wavelength discriminant detection sweeping over the spectrum. This was achieved
either with a monochromator filtering the transmitted light before it reached a detector or with
narrow band pass filters. High resolution, narrow bandwidth measurements, were carried out
using two tunable DFB-LDs (DFB 1 and DFB 2). The key features of all light sources are listed
in Table 1.

For supercontinuum configuration
9 8 7 6 5 4 3 21

7 Butt coupling
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Fiber rotator

1 Asphericlens 6 ND filter OD0.3 11 Polarizer

2 High pass filter 7 ND filter OD1.0 12 Lens 5.95 mm
3 Llens100mm 8 NDfilter OD2.0 13 PMF

4 Llens20mm 9 Mirror 14 PIC

5 BP filter 10 Chopper 15 SMF

Fig. 1. Measurement setup configuration with the supercontinuum light source.
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Table 1. Light source specifications

SC1 SC2 DFB 1 DFB 2
Manufacturer Leukos Leukos Nanoplus Norcada
Total average output power 870 mW 350 mW 6.7mW > 6.0mW
Wavelength bandwidth 1-3.5um 1-3.5um 1.4 nm at 2646 nm 4.4nm at 2681 nm
Repetition rate 0.2MHz 2MHz Cw CwW
Pulse width 1.3 us 200 ns Cw CwW
Power density in RIB 0.7 yW/nm 0.3 uyW/nm 24 uw/nm -
Peak power density in RIB 5.4 uW/nm 1.4 uyW/nm - -
Peak power in RIB 32mW 0.8 mW 0.03 mW -

Components 1-5 in Fig. | were fixed in a lens tube that was connected to the SC output fiber.
Lenses 3 and 4 act as a beam reducer to improve the coupling efficiency into fiber (13). To
avoid destructive feedback to the source a tilted (7°) long pass filter (2) at 1.65 um was used to
remove the supercontinuum pump peak and the short wavelength tail of the SC-emission. A
bandpass filter (5) at 2.4-3.0 um was used to select the band of interest for the measurements.
Neutral density filters OD 0.3-2.0 (6-8) were used to attenuate the optical power for various
alignment and measurement purposes. For the DFB laser configuration, components 1-8 were
not used. Instead, the light was collimated using a 5.95 mm diffraction limited aspheric lens.
The mirror (9) with differential adjusters was used to align the beam. A chopper (10) enabled the
use of a lock-in-amplifier to reduce the detection shot-noise by pulse excitation at 200 Hz. The
2 MHz pulse train from SC-laser is too high for the lock-in-amplifier used to reduce the high
noise of the photodetector (PD) even when the detector (VIGO PVI-3 TE-3.4) with preamplifier
(PIP-DC-20M-F-M4) was cooled down to 210 K. A high-power nanoparticle linear film polarizer
(11) was used for selecting TE-polarization from unpolarized supercontinuum light and to
enhance the extinction ratio of the TE-polarized DFB laser.

The polarization control in the setup is realized using a ZrF, polarization maintaining fiber
(PMF) from Le Verre Fluoré. Due to the fragile nature and large bending radius of fibers made
of ZrF,, polarization control using stress-induced birefringence, typically employed at shorter
wavelengths with more robust silica fibers, was not possible. In turn this leads to some specific
design requirements for the set-up. We used a PMF (13) with a FC connector rotated, to match
the TE-polarized beam arriving at the focusing lens (12) (5.95 mm diffraction limited aspheric).
For the butt coupling into waveguide, the output of the PMF was stripped bare to reach visual
access to the alignment between the fiber and the PIC channel to help with the initial alignment.
The stripping itself was more complicated than normal due to the necessary use of hazardous
chemicals. To control the polarization at the output end where light is launched into the PIC,
we used a fiber rotator to control the alignment of fiber polarization axes. This arrangement is
displayed in Fig. 1 (14). The fiber rotation was calibrated using a polarizer. The rotation causes
some additional stress to the fiber, thus affecting the TE-mode confinement through changes in
the refractive index. Because of this, the extinction ratio can be affected if the rotation to the
fiber becomes too large. For these measurements the achieved extinction ratio was in the range of
13-19dB. In addition, due to the fragility of the fiber large rotations were avoided.

The light was butt coupled into a waveguide from an as-cleaved fiber. The core of the PMF
was 8.5 um. The distance between the fiber and the PIC facet was on the scale of few microns
estimated visually with a microscope. The output of the PIC channel was coupled similarly
into an as-cleaved ZrF, single mode fiber (SMF) with a 9 um core diameter. The fiber ends
were initially visually positioned using a 3-axis nano-positioning piezo-controlled stages and
the location trimmed by maximizing the coupled signal. The variation in the distance between
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the fiber and the facet causes some variation in the measurement results, but the effect of this
variation was assessed by repeated measurements with re-aligned fiber. The alignment error was
estimated to cause a 0.3 dB variance in the output signal.

While the PIC waveguides used for the bend loss and echelle grating measurements were
antireflection coated (ARC) to minimize possible feedback (the spiral waveguides for propagation
loss measurement did not have an ARC), it was not possible to coat the cleaved fibers, thus
resulting in a possible source of additional resonance caused by the reflections formed by
sub-cavities like the reflecting fiber-ends. This introduced one additional source of uncertainty to
the measurement, the effect of which was taken into account by observing the system through
repeated measurements. It was observed that the minimized distance between the fiber and
the PIC facet was prone to causing strong variations in the signal, assumed to be caused by a
resonance between the fiber and the PIC facets. The effect was avoided by slightly increasing
the distance between the fiber and the PIC which slightly reduced the coupling efficiency but
allowed for more stable and repeatable signal level.

3. Characterization
3.1. Simulations

For 3 um thick SOI waveguides, under study in this work, the optical field is more confined in
the core than in the case of typical sub-micron scale waveguides. Figure 2(b) and (d) display the
mode field confinement at 2650 nm for both standard 220 nm x 480 nm and the 3 pm x 1.875 pm
strip waveguides to illustrate the improvement in mode confinement respect to the sub-micron
structure. For comparison, similar schematics are provided in Fig. 2(a) and (c) for the 1550 nm
wavelength to highlight the importance of good mode confinement in mid-IR region. The 3 pm
strip waveguide profile corresponds to a multimode waveguide and the simulations in Fig. 2 only
display the fundamental TE mode. In practice, the 3 um strip waveguides are used together with
single-mode 3 pm rib waveguides. By combining the strip geometry with the Euler bend design,
the excitation of the higher order modes can be suppressed or minimized. The simulations were
made using FIMMWAVE [17] software with the real finite-difference method (FDM) solver and
boundary conditions set to electric/magnetic as they are suited for calculations of guided modes
in structures without bends or optical leakage.

220 nm x 480 nm strip 3 pm x 1.875 pm strip
500 nm
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Fig. 2. Mode field confinement for strip waveguides: a) submicron waveguide at 1550 nm,
b) submicron waveguide at 2650 nm, ¢) 3 um waveguide at 1550 nm and d) 3 um waveguide
at 2650 nm. e) Simulation for propagation losses in 3 ym x 1.875 um strip waveguide
including both scattering and absorption losses with material loss data from Ref. [18].

This better confinement translates into an ultra-wide wavelength range of operation for thick
SOI waveguides, from 1.2 um up to 4 um, and possibly beyond, if the geometry is optimized
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and the SiO; cladding is removed. The total propagation losses (@;y;) in the near-infrared and
short-wavelength infrared are dominated by radiation losses (@,44) due to the coupling of the
guided mode into radiation modes. This is caused by the effective index (n.4) variations induced
by the sidewall roughness, which basically introduce a waveguide width variation. However, in
the mid-infrared, the cladding absorption (@) begins to be quite detrimental for wavelengths
greater than 3.5 um [18]. Thus, the total losses in the supported wavelength range are given by

Uroral = Xrad + Uabs.
The radiative losses are defined by the Lacey-Payne model as [19]:

3
2 (WY, 2 2 ko 5
Qrad=¢ (E) (ncnre - nclad)m f(J)-L R([?)I’lcludk()COSG)de, M

where ¢(w/2) is the mode field at the waveguide surface, which depends only on the waveguide
geometry and material composition, w is the waveguide width, n.,,. and n.,, are the refractive
index of the core and cladding respectively and ko = 271/4 is the wavenumber in free space. The
spectral density function of the sidewall roughness, R(£), is a function of the roughness spatial
frequencies Q = S — ncgkocosh, with S as the propagation constant of the mode and 6 as
the scattering angle in respect to the waveguide axis. This function is related to the autocorrelation
function of surface roughness, which typically follows exponential statistics for waveguides such
as the ones considered here and depends on the correlation length L. and the standard deviation
o of the roughness. This model was originally formulated for slab waveguides but was later
extended to 2D waveguides by employing the effective index method [20]. To obtain the 1D
waveguide corresponding to our 3 um thick and 1.875 um wide strip, we calculated the effective
index of a 3 um thick Si slab waveguide with top and bottom SiO, claddings using FIMMWAVE
[17]. Thus, we obtained the refractive index of the core of a 1.875 pm wide equivalent waveguide.
Finally, we assumed that the roughness was characterized by o =2 nm and L, = 50 nm, which
are typical values for waveguides that have gone through roughness smoothing using thermal
oxidation [21], like it is in our case.

The loss induced by the cladding absorption is given by s =  4zIm(neg)/A. We calculated
the effective index of the strip waveguide using the complex finite-difference method (FDM)
solver from FIMMWAVE [17], specifying the wavelength dependent material attenuation in
1/cm, obtained from the data provided in [18]. In reality, the optical properties of SiO; are highly
dependent on the precursor and deposition method (tetraethyl orthosilicate (TEOS) with Low
Pressure Vapor Deposition (LPCVD) for our waveguides), but there is no available data for the
wavelength range under consideration.

The estimated total loss is shown in Fig. 2(e). The results show that the contribution from
scattering losses decreases with increasing wavelength, which is hinted by the ko> factor in
Eq. (1), and there is good agreement with the measured losses around 1550 nm (~0.15 dB/cm)
[15]. For wavelengths below ~2.6 pm the losses are dominated by radiation losses, whereas for
longer wavelengths the contribution from the cladding absorption begins to be significant, as
predicted before. It is important to highlight the absorption band stretching from 2.63 um to
3.45 um due to the presence of the OH groups in the SiO; structure [22]. This band covers the
wavelength of interest and can be detrimental for the performance of devices operating in this
range.

3.2. Propagation losses

For propagation loss measurements we used a spiral with 1.875 pm wide waveguides of four
different lengths: 1.7, 8.30, 14.90 and 21.50 cm. The use of different length allowed to extrapolate
the propagation loss independent on the coupling losses. Light from DFB 1 LD at 2646 nm
was butt coupled in and out of waveguides and measured using the photodiode. There was no
antireflection coating on the facet at the measurement wavelength, causing Fabry-Perot resonance
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for the signal passing the waveguide cavity. As the cavity of the spiral is quite long, the resonance
has a small period leading to the noise-like appearance of the measured curve. Measurements
with shorter cavities (5 mm) showed tidy, even Fabry-Perot oscillation, confirming the source of
the effect. Other sources, such as the presence of the higher order modes (HOM) causing the
oscillation is unlikely as the Euler bends used in the spiral have a high HOM extinction ratio.
Thus, the entire current tuning range of the DFB laser was scanned and the voltage - current
(V-] characteristics of a single measurement were fitted with the average slopes (Fig. 3(a)) and
then compared with the reference channel for each waveguide length to circumvent the signal
oscillation. The results are displayed in Fig. 3(b). After a linear fit of the resulting values, we
reached the propagation loss of 0.56 + 0.09 dB/cm. While no extensive repeat measurements were
made in this case the fact, that the normalized loss values in Fig. 3(b) are well compatible with
the linear fit giving confidence on the viability of the method. The error estimate of 0.09 dB/cm
was made by analyzing the possible variations in the linear fits of the I-V characteristics. The dip
in the measured curves around 120 mA is caused by the H,O absorption and is also visible in the
signal measured directly from the DFB laser.

10 } 0
(a) FE 170 cm Propagation loss  (b) &
08} -0.56 + 0.09 dB/cm =
= s
(3} D o
906 | 8.30cm {58
= °
g [114.90 cm e
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Fig. 3. Waveguide propagation loss measurement using different lengths of spiral waveguides.
a) Drive current - output power curves for each spiral waveguide. The effect of the Fabry-Perot
resonance is circumvented through an averaged linear fit. b) The slope of each linear fit was
used to calculate the respective data points for the propagation loss.

3.3. Bend losses

Six different bend geometries displayed Fig. 4(a) and their losses were characterized. The bends
were measured using the SC 2 source. To estimate the loss value per bend, multiple bends were
serialized to increase the total loss. For reference, to remove the fiber to waveguide coupling loss,
a transmission from a 3 pm wide rib waveguide was measured and the transmission from each
bend waveguide referenced to this. The waveguide specifications and measured losses per bend
are listed in Table 2.

3.4. Echelle grating

The echelle grating filter design is illustrated in Fig. 4(c). The filter is based on a concept where
the input signal is directed to a circular grating that simultaneously diffracts the light and focuses
each band in their respective output channels. The input and output channels and the grating
are placed on the circumference of the so-called Rowland circle while the grating arc radius
is twice the radius of the Rowland circle (R) [23]. The input and output channel locations are
calculated from the target absorption wavelengths and the selected grating period. The following
specifications were used for the filter: grating period 8.0 pm, grating order 19, R =2600 pm,
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Fig. 4. Microscope images of the SOI platform. a) Bend waveguides with tapers at in and
output. b) Echelle grating filter with four output channels. c) Echelle grating filter concept

figure.
Table 2. Bend waveguide characteristics

Waveguide type Number of bends Width (um) Minimum bending radius Loss / bend (dB)
Rib S-bend 3 3 Smm 0.06£0.12

Strip S-bend 34 1.875 72.75 um 0.021 +0.008
Strip L-bend 174 1.5 12.5 um 0.08 £0.08

Strip L-bend 120 1.875 18.0 um 0.015+0.003
Strip L-bend 72 1.875 29.0 um 0.013 +0.005
Strip L-bend 52 1.875 41.5um 0.014 +0.009

input/output waveguide angles 140°/130°, and waveguide width 3.0 um. The designed echelle
filter was simulated using EPIPPROP software v 1.3 from Photon Design; the calculated spectrum
is shown in Fig. 5(a). The reflector was fabricated by etching the grating pattern through the SOIL.
A layer of oxide followed by an aluminum coating were then deposited on the SOI sidewall. The
fabricated device is shown in Fig. 4(b).

We designed and fabricated an echelle filter with four output channels initially chosen to target
absorption peaks of CHy at 2647.5 nm, H,S at 2650 nm and 2699.6 nm, and CO, at 2682 nm that
we measured using a monochromator. For this measurement the SC 1 source was used to provide
an adequately wide source spectrum. Each output channel was butt coupled into SM fiber that
was connected to the monochromator. The measured spectra with their peak wavelengths are
displayed in Fig. 5. For channels 1 and 2 (Fig. 5(b)) TE polarized and light was used. For the
channel 1 the TE peak is split in two by water absorption peak that can be seen in the reference
measurement from rib waveguide displayed in the same figure. These atmospheric spectral
fingerprints along with the DFB 1 laser were also used to calibrate the monochromator. For
the channels 3 and 4 in Fig. 5(c) only unpolarized signal could be detected due to polarizer
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Fig. 5. a) Simulated echelle filter peaks. b) Echelle filter spectrum for channels 1 and 2
using supercontinuum light source and monochromator with TE polarized light. Water
absorption peak splits the ch 1 peak. ¢) Spectrum from channels 3 and 4 with unpolarized
light. d) Channel 3 measured with DFB laser (TE polarized light) for linewidth analysis.
FWHM of the peak is 1.56 nm. The DFB 2 LD output is displayed in gray.

dampening the weak signal. Comparison with the simulated results in Fig. 5(a) show a good
agreement with the measured peak locations.

The resolution of the monochromator measurement varied across the measured spectra due to
the differences in available signal strengths. The rib measurement had the highest resolution
followed by the channels 1 and 2 and finally the channels 3 and 4 exhibiting the poorest resolution
due to the weak signal. Because of this, the peak details are not directly comparable, and the
focus of the measurement was on the location of the peaks. The signal weakness in the channels
2 and 3 is likely caused by the atmospheric absorption by the species such as H,O or CO; as in
this area the presence of these absorption spectra is strong. The increase in absorption is visible
by the comparing of the rib spectra in Fig. 5(b) and (c) where there is significant increase in
disturbance in Fig. 5(c). While the monochromator resolution was set at the highest possible
value, it is still likely not displaying the rib spectrum absorption in full detail and it is likely that
the absorption could be even stronger in this area than conveyed by the rib spectrum. Thus, it was
concluded that the poor signal from channels 3 and 4 is a result of the room air, free space test
setup. For improved measurements it would be necessary to build a climate controlled, closed
system. From the unpolarized signal an additional TM peak can be seen in the spectra. This shift
between TE and TM-polarization states, characteristic to diffraction grating filters, is caused by
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the birefringence of the echelle slab. The shift of the TM-polarization peak is approximately
2.9 nm.

The monochromator had too poor resolution to resolve the filtered peaks in detail. To estimate
the linewidth, we measured the channel. 3 using the DFB 2 LD that has a tuning range coinciding
with the peak. The spectrum is displayed in Fig. 5(d). The upper limit for the full width half
maximum (FWHM) was estimated to be 1.56 nm. The noise peak in the spectrum is caused by
the coincident H,O and CO; absorption peaks. This can be also seen from the dip in the DFB
output power.

4. Conclusions

A characterization set-up and experimental procedure use for estimating waveguide losses in
um-scale SOI technology platform for operation at 2-3 um range was introduced. The results
prove the low loss performance of waveguides; propagation losses as low as 0.56 dB/cm, bend
losses of 0.015 dB/cm per bend for 18 um minimum bending radius were demonstrated. Moreover,
we demonstrate high resolution wavelength discrimination based on an echelle grating filter
allowing resolutions down to 1.56 nm around 2.6-2.7 um wavelength. These elements constitute
key building blocks allowing migration of SOI-based integrated photonics circuits towards
mid-IR spectral region, of high interest for spectroscopic and sensing applications. Besides
understanding the performance of the building blocks reported here, the testing methods have
recently allowed us to characterize more complex circuits [24].
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