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Abstract: A dry-etched pedestal chalcogenide waveguide platform, designed for use in long-wave IR
spectrometer applications, is demonstrated, fabricated and optically characterized. The optical layers
were deposited on pre-patterned dry-etched silicon pedestals. An exceptionally low waveguide
propagation loss was measured, at around 0.1 dB/cm at A = 10 um. The modal thermo-optic coefficient
of the waveguide was experimentally estimated to be approximately 1.1 x 10~# C~! at A = 1.63 um,
which is comparable to that of Si and GaAs. Waveguide spiral interferometers were fabricated,
proving the potential for realization of more complex, chalcogenide-based, integrated photonic
circuits. The combination of low propagation losses and a strong thermo-optic coefficient makes
this platform an ideal candidate for utilization in on-chip tunable spectrometers in the long-wave IR
wavelength band.
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1. Introduction

Mid-infrared (mid-IR) on-chip spectrometers have been the cynosure of integrated
photonics research for the past few decades, with important advances reported in the
literature. The most notable examples of such devices are based on silicon-on-insulator
(SOI) [1-3], LiNbO3 [4,5] and Ge/Si [6,7] platforms.

Spectrometers operating in the mid-IR spectral region, and more specifically in the
long-wave IR region (LWIR-A = 8-14 um), are attracting huge interest as their use is essential
in many applications such as biomedical and environmental sensing [8]. By using long-
wave IR light, it is possible to utilize the unique and wavelength-specific vibration states of
molecules, namely the fingerprint absorptions. By analyzing these absorptions, one can
extract extremely useful information about a specimen. In addition to long-wave IR being
implemented in sensing-related applications, it also finds use in military and non-linear
photonic applications [9,10].

The main design challenges of mid-IR on-chip spectrometers are usually related to
the limitations introduced by the inherent physical properties of the materials used for the
waveguide platform. Most importantly, the materials involved should be transparent in the
fingerprint region. As mentioned above, the most commonly used waveguide platforms are
based on SOI, LiNbO3 and Ge/Si. Other platforms such as SizsNy [11] have been used for
on-chip spectroscopy; however, they all seem to suffer from inherent absorptions, limiting
their use to mostly mid-wave IR wavelengths.

Several types of on-chip spectrometers can be found in the literature such as Fourier
transform (FT) [1], digital FT [12] and spatial heterodyne [3,7]. The operation of such devices
relies on some form of optical tuning. One of the most common spectrometer configurations
is based on the use of an electrically tunable interferometer [1,4]. By applying an external
electrical stimulus across one arm of the interferometer, one can tune the effective index
(neff) of the propagating mode such that a phase difference is introduced between the light
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waves travelling through interferometer arms. The resulting interference created when the
two beams recombine can be used for the extraction of the spectrum [4].

Depending on the material platform, there are two main effects that are utilized,
namely the electro-optic [4,5] and the thermo-optic effect [1,7]. In such spectrometer
designs, it is essential that the waveguide platform used is not only transparent but also
has a low optical loss and is efficiently tunable in the spectral region of interest.

In previous work [13], we have demonstrated the use of a novel chalcogenide combi-
nation of optical layers consisting of a GeAsSeTe (IG3) core and GeAsSe (IG2) claddings for
the realization of a waveguide platform that can guide light of wavelengths up to at least
11.5 um with low propagation losses. When working with chalcogenide layers, it is vital
to avoid as much post-deposition processing as possible, as it is known that such layers
are prone to chemically induced degradation. Common etchants, as well as the developers
used during photolithography, are examples of chemicals that can cause significant damage
to the deposited chalcogenide layers [14]. To avoid this, Si micromachining was used,
through which Si pedestals were realized and used as the base for the subsequent optical
layer deposition. The wet-etching-based fabrication method used in [13] is repeatable
and cost-effective but can only produce straight waveguides. Thus, it poses a limit on
applications, as it cannot be used to produce non-straight waveguide geometries. This
is due to the nature of the silicon crystal planes, which inherently etch faster or slower
depending on their direction.

This paper explores the optical properties of a dry-etched pedestal chalcogenide
waveguide platform which utilizes the same layer structure as in our previous work [13].
The methods used to fabricate the platform presented here can effectively produce waveg-
uides of any geometry as opposed to the wet etch method that was presented before [13].
This, along with the good refractive index tunability, proves that this platform is a potential
candidate for use in tunable spectroscopy applications. The propagation loss and the modal
thermo-optic coefficient (TOC) of the platform are presented here, along with details on
fabrication and characterization methods.

2. Waveguide Fabrication

As previously discussed, the main process for the fabrication of the waveguides is
based on the patterning of Si wafers to produce pedestals using common microfabrication
methods. For this dry etching approach, Si (100) wafers with a thermally grown oxide layer
were used. The oxide layer was used as a hard mask during the Si etching process. Similar
to the process followed in [13], S1813-based photolithography was utilized. Etching of both
the oxide mask and silicon was performed on a deep reactive ion etching (PlasmaTherm
Versaline ICP) system. The oxide mask was patterned using C4Fg gas and the exposed Si
was etched using a standard Bosch process based on a SFs/C4Fg gas cycle. The optical
layers were thermally evaporated on top of the Si pedestal in a similar manner to that
described in [13].

Figure 1 shows optical microscope images of (a) a cross section of a waveguide and
(b) the top surface of a spiral Mach Zehnder interferometer (MZI). It is evident from the
cleaved facet of the waveguide in (a) that the optical layers are of high quality, as there
are no signs of a large grain structure or cracks. An interesting observation in Figure 1a
is the deposition masking effect, seen as a reduced material deposition on either side of
the waveguide. This inherent property of the platform can help reduce the required Si
etch depth, since the layers deposited in the etched trenches do not come into contact with
either the pedestal or more importantly, the waveguide. A reduction in the required etch
depth makes the process much more efficient. The picture of the spiral MZI presented
in Figure 1b confirms the capability of the process to realize more complex waveguide
structures with high-quality surfaces and without discontinuities.
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Figure 1. Pedestal waveguides fabricated using the Bosch etch process. (a) Cross-section and
(b) spiral MZI.

3. Optical Loss

The waveguiding and propagation loss estimation of the waveguides was performed
using a mid-IR quantum cascade laser (QCL). The light from the laser was end-fire coupled
to the cleaved facet of the waveguide using a ZnSe objective lens. The scattered light
from the top surface, as well as the light scattering at the input and output facets of the
waveguide, was viewed using an infrared camera. The propagation loss was estimated by
fitting the scattered light streak collected by the infrared camera, as also described in [13].
Figure 2c shows the streak of the scattered light that emanates from the top surface of the
waveguide. This waveguide was used for the estimation of the propagation loss. Its layer
structure is shown in Figure 1a. The linear fit of the decaying scattered light is presented
in Figure 2a,b. Using the linear fit slope of the decaying scattering data, the propagation
loss is estimated to be 0.08 &£ 0.02 dB/cm and 0.1 4 0.02 dB/cm for TE and TM modes at
A =10 pm, respectively. Measurements on similar waveguides fabricated using the same
process provided very similar loss figures of 0.2 & 0.1 dB. The slightly higher loss for TM
polarization could either bea result of higher radiation of the mode into the Si substrate
due to the nature of the TM mode E-field distribution or a variation from error in the data.
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Figure 2. Scattering intensity vs. distance. The slope of the linear fit was used for the estimation of the
propagation loss of the (a) TE mode and (b) TM mode. (c) Streak of light along the waveguide surface.
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The propagation losses of these chalcogenide waveguides are amongst the lowest
reported [15] in the long-wave IR to the best of the knowledge of the authors. A large part
of the loss in these waveguides originates from light scattering off large, discrete scattering
centers which are distributed along the length of the waveguides. These defects most likely
originated from material splashing during deposition as a result of the different material
vapor pressures present in the quaternary alloy. Although a baffled deposition source box
was used in order to prevent such effects, fluctuations in the deposition rate suggested that
it remained an issue. A better and more stable layer deposition could potentially reduce
the density of such defects and make these waveguides present an even lower loss, which
is ideal in applications that utilize long waveguides. This could potentially be achieved by
using another thermal evaporator or by optimizing the process even more extensively.

4. Thermo-Optic Measurements

In order to estimate the thermo-optic coefficient of the waveguides, a simple apparatus
which consisted of a tunable laser source, a heated stage and a detector was used. The
measurements were performed at A = 1620-1640 nm instead of the mid-IR region due to the
availability of a high-resolution distributed feedback laser in that wavelength range. The
light was coupled in and out of the waveguide using silica fibers which were butt-coupled
to the facets of the waveguide. To heat the sample, a Peltier module was used. The sample
itself was placed on an aluminum block, which was placed on the Peltier module, as
seen in Figure 3. A hole was drilled in the middle of the aluminum block, into which the
thermocouple was placed. The Peltier module was powered by a benchtop DC power
supply. The waveguide chips were always shorter than the width of the aluminum so
that the whole waveguide length would be heated up adequately to reduce the possibility
of underestimation of the TOC. To ensure that the waveguide chip reached the target
temperature, which was normally monitored in the middle of the aluminum block, each
data acquisition was performed after around one minute from each temperature change, to
allow the temperature at the waveguide level to come to a steady state. The tests that were
performed prior to measurements in which the temperature in the middle of the aluminum
block and at the top of the waveguide chip was monitored using two different probes,
showed that it only takes a few seconds to reach a steady state.

There is a plethora of different methods that can be used to estimate the TOC, with
the most common ones relying on the use of a resonant optical cavity [16,17]. In order to
estimate the TOC using an optical cavity, one can detect the change in the refractive index
of a material, or in the case of a waveguide, a change in the ng, by tracking the resonance
wavelength shifts as a function of a change in temperature.

[ ]
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Figure 3. Diagram of the apparatus used for the measurement of the waveguide’s effective TOC.
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The measurements for the estimation of the IG2/1G3 waveguide modal TOC, which
is the thermal dependance of the effective index of the waveguide, were performed on a
straight waveguide with cleaved facets. The quality of the cleave was good enough to pro-
vide clear Fabry—Perot (FP) resonances. Although only the effective TOC can be extracted
through these measurements since it represents the change in the modal refractive index,
it is an accurate representation of expected thermo-optic tunability of these waveguides.
Estimating the TOC for each layer individually is not possible in this case as it would
require knowing the TOC of at least one of the layers. The TOC coefficient can be estimated
using the FP data and the equations listed below.

A2
_Dg oA
TOC = 2= 2)

where L is the round-trip length, ng is the estimated group index and dA/dT is the
temperature-induced shift in the FP resonances.

The waveguide used for the thermo-optic measurements was fabricated in a similar
manner to those described earlier; however, since the waveguides for TOC estimation are
measured in the near-IR, the etch depth and thicknesses of the optical layers were adjusted
accordingly.

The total effective waveguide length was approximately 0.79 cm; thus, the round
trip/cavity length was ~1.58 cm. The spectrum retrieved from the waveguide is given in
Figure 4a. It is evident that a very strong type of interference is present in the measurement
with an approximate period of 1.8 nm. The ne¢ and ng of the fundamental TE waveguide
mode were numerically estimated to be around 2.762 and 2.926 at A = 1630 nm, respectively.
Using this ng value in Equation (1), a much smaller FSR of around 57.5 pm is obtained for a
waveguide length of around 0.79 cm. It was thus concluded that this interference was not
an effect of the FP cavity and most likely originated from mode beating.

A zoomed-in version of the measured signal, showing these resonances, is given in
Figure 4b. The obtained FSR was 60 pm, which was very similar to the value obtained
using the numerically estimated group index (i.e., 57.5 pm). This confirmed that these
Lorentzian-shaped resonances indeed originated from the FP cavity formed between
the waveguide end facets. The slight difference between the measured and numerically
estimated FSR values was most likely due to differences between the waveguide-modelled
and real geometry.

In order to estimate the wavelength shift of the FP resonances with increasing tem-
perature, the measurement data taken at 1 °C increments were filtered using fast Fourier
transform (FFT) bandpass filters to remove all the signal components except for the FP-
related resonances. By doing this, it was possible to estimate the effective TOC of the
waveguide platform. The resonance shift against temperature is given in Figure 4c. The
derivative of the resonance shift and temperature was found to be 65.1 pm/°C. Using
Equation (2), the TOC was estimated to be ~1.1 x 10~* °C~!. Based on the IG2/1G3
material specifications, and the fact that the measurements presented in this work were
performed far from the band edge of the material system, it is expected that the TOC will
not present strong dispersion and thus maintain its amplitude even in the LWIR range.
Compared to other commonly used thermo-optic waveguides such as Si and GaAs [18],
which both have a TOC of around 2 x 10~4, the IG2/1G3 platform shows a comparable
TOC value, making it a strong candidate for use in on-chip tunable spectrometers.
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Figure 4. A 1 pm resolution wavelength scan taken at room temperature. (a) Full spectral scan
between 1.62 and 1.64 pm wavelength—the FSR is approximately 1.8 nm. (b) Zoomed-in version of
(a) for better FP signal viewing. (c) Linear fit of AA measured data.

5. Conclusions

A simple Bosch etching process was followed for the fabrication of complex IG3/1G2
pedestal waveguides. These waveguides were designed for use in a tunable interferometer
which will be utilized as an on-chip spectrometer in the LWIR. The proof-of-principle
spectrometer design contains long, tunable waveguide spirals. It was thus essential that
the waveguide platform had low propagation losses as well as strong tunability. The
propagation loss estimation yielded one of the lowest reported loss figures for chalcogenide
waveguides in the mid-IR of less than 0.1 dB/cm at A = 10 pm. In addition, the thermo-
optic experiments conducted on straight pedestal waveguide cavities showed strong FP
resonances, which shifted greatly with temperature increases. The estimated modal TOC
was ~1.1 x 107* °C~! at A = 1.63 um. This value is comparable to that of Si and GaAs,
which are two of the most used waveguide materials in thermo-optic applications. The
ease of fabrication, low propagation losses and relatively strong TOC compared to other
thermo-optic waveguide platforms, prove that such a platform can be ultimately used in
many applications in the LWIR region and particularly in mid-IR tunable spectroscopy.
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