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Abstract. Mid-infrared integrated photonics offers a promising route toward compact spectroscopy and
sensing, yet system-level implementation remains limited by the lack of a platform-consistent set of broadband
and tunable photonic devices. We address this challenge on a silicon-on-sapphire platform using sub-
wavelength-grating engineering. We develop and connect the key functions required by a spectroscopy-driven
sensing architecture, including broadband optical splitting/recombination, thermo-optic phase control, reso-
nant wavelength-selective interaction, and interferometric spectral reconstruction. A subwavelength-grating
1 x 2 3-dB multimode-interference splitter is designed for 2.5 to 4.5 um operation with simulated per-output
excess loss below 0.15 dB, whereas a subwavelength-grating 2 x 2 3-dB multimode-interference coupler is
designed for 2.75 to 3.55 pm with simulated per-output excess loss below 0.25 dB and low output imbalance.
Experimentally, their operation is verified within the accessible source-limited windows of 3.1 to 3.2 pm and
3.68 to 3.78 pm, rather than across the full simulated design bands. We further demonstrate thermo-optic
modulation based on a Mach-Zehnder interferometer and resonance tuning based on uniform strip-waveguide
and subwavelength-grating (SWG) micro-ring resonators. Finally, we apply a thermo-optic/dispersion-
corrected Mach-Zehnder interferometer Fourier-transform spectrometer framework and numerically validate
spectral reconstruction. These results show that subwavelength-grating-engineered silicon-on-sapphire
photonics can provide the broadband routing, active interferometric control, and resonant interaction functions
required for future on-chip mid-infrared spectroscopy and sensing systems.
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1 Introduction

The 3 to 5 pm mid-infrared (mid-IR) spectral window is highly
attractive for chemical sensing and spectroscopy because many
molecules exhibit strong vibrational absorption fingerprints in
this range.'” Although compact and field-deployable mid-IR
sensing instruments have emerged, many spectroscopy-based
implementations still rely on hybrid assemblies of sources, inter-
action cells, detectors, and optical/readout components. Photonic
integration therefore offers a path toward further reducing foot-
print, improving robustness, and enabling more highly integrated
sensing architectures.

From a system perspective, an integrated mid-IR sensing cir-
cuit typically requires broadband routing components to distrib-
ute optical signals, optional resonant or wavelength-selective
elements to enhance light-matter interaction or perform channel
selection. In addition, on-chip spectrometers are required to
map spectral information into a measurable domain that can
subsequently be reconstructed through digital processing.
Substantial progress has been made in mid-IR integrated photon-
ics, including low-loss passive waveguides and components,”*
optical modulators and phase shifters,'*™'® on-chip sources,'*™'
detectors,””” and spectrometers.”>' Recent micro-electro-
mechanical system (MEMS)-enabled computational spectrome-
ters have further demonstrated chip-scale mid-IR spectral
reconstruction for gas analysis,™ highlighting the potential of in-
tegrated spectrometers for sensing-oriented applications. Toward
more highly integrated sensing circuits, spectral readout should
be developed together with compatible routing and interaction
components on the same photonic platform. In particular, broad-
band and well-balanced integrated interferometric components
remain challenging in high-index-contrast mid-IR platforms, es-
pecially when low excess loss, low output imbalance, and com-
pact footprint must be maintained simultaneously. Although
several integrated mid-IR multimode-interference (MMI) cou-
plers have been reported,”*® their bandwidth, footprint, and plat-
form compatibility remain strongly dependent on the specific
material system and device geometry. These issues become even
more critical for mid-IR interferometric spectrometers, where
usable spectral bandwidth may be constrained not only by
the spectrometer architecture itself but also by narrowband sub-
components within the optical circuit.

Structured photonic media based on engineered spatial or
temporal refractive-index modulations—which have been
widely explored across fiber photonics,”** metasurface-based
free-space optics,*** and integrated photonics®**’—offer an ef-
fective route to address this challenge. As a representative class
of structured photonic media in integrated photonics, subwave-
length-grating (SWG) structures have become an important
design tool, enabling functions such as broadband beam
routing,>™* grating,” Bragg filtering/resonance,'"*' polariza-
tion handling** and evanescent-field sensing.*** Depending on
the device function, the relevant performance metrics include
operating bandwidth, excess loss, output imbalance, footprint,
and modal-overlap enhancement. When the grating period is
sufficiently below the Bragg condition, SWG waveguides can
be treated as effective anisotropic media whose refractive index
and dispersion can be tailored through geometry.”**® For MMI
devices in particular, this additional degree of freedom is
especially attractive, as their self-imaging behavior is strongly
governed by wavelength-dependent modal propagation. By
modifying the dispersion characteristics of the multimode
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region, SWG design offers a natural means to broaden operat-
ing bandwidth and reduce device length. Beyond broadband
routing, SWG structures can also enhance sensing-related per-
formance by modifying modal overlap with the surrounding
environment and strengthening light-matter interaction. Practical
mid-IR implementation of SWG-enabled devices, therefore,
requires a material platform with an appropriate transparency
window and sufficient refractive-index contrast for compact
mode confinement and effective-index engineering.

Among the available mid-IR material platforms, silicon-
on-sapphire (SOS) is especially attractive because it combines
high refractive-index contrast (~1.7), compatibility with com-
plementary metal-oxide-semiconductor process, and broad
transparency window. In contrast to silicon-on-insulator (SOI)
platforms where silicon waveguide is supported by a buried
Si0; layer, SOS uses sapphire as the substrate, thereby avoiding
the mid-IR absorption associated with the oxide layer. In addi-
tion, as demonstrated in prior SOS mid-IR waveguide studies,"™
the relatively low refractive index and broad transparency
window of sapphire contribute to alleviating substrate-leakage
constraints in parts of the mid-IR band, making SOS attractive
for mid-IR photonic circuits. Free-carrier-related optical loss can
also be reduced by using high-resistivity silicon.”” Nevertheless,
the usable wavelength range of SOS devices is ultimately
limited by the wavelength-dependent absorption of the sapphire
substrate, especially toward the longer-wavelength side of the
mid-IR. These characteristics make SOS a suitable platform for
developing mutually compatible mid-IR passive and tunable
building blocks, while SWG engineering provides an additional
geometrical degree of freedom for tailoring effective index,
modal dispersion, and device footprint.

In this work, we investigate SWG-engineered SOS building
blocks for broadband interferometric mid-IR spectroscopy and
sensing. Specifically, we design SWG MMI splitters/combiners
for broadband optical routing and recombination. Their wide
operating bands are supported by numerical simulations,
whereas experiments verify their performance within the acces-
sible source-limited wavelength windows. We further demon-
strate a thermo-optic (TO) Mach—Zehnder interferometer (MZI)
for active phase control, together with uniform strip-waveguide,
SWG, and thermo-optically tunable micro-ring resonators
(MRRs) for wavelength-selective and resonance-enhanced in-
teraction. Finally, we apply an MZI-based Fourier-transform
spectrometer (MZI-FTS) framework to the SOS implementation
and numerically verify spectral reconstruction using the de-
signed SOS waveguide parameters and SWG-MMI responses.
As illustrated in Fig. 1, these experimentally characterized
building blocks and the numerically verified spectrometer
concept are mapped onto a conceptual workflow for future co-
integrated mid-IR sensing and spectrometry. The full cascaded
system and analyte-sensing experiments are beyond the scope
of this work.

2 Design of SWG Structures

In the broadband sensing workflow of Fig. 1, broadband inter-
ferometric routing, recombination, and phase-control compo-
nents are required. On the high-index-contrast SOS platform,
however, strong waveguide modal dispersion can make the
phase response and modal-interference condition strongly wave-
length dependent, thereby limiting the operating bandwidth of
conventional interferometric devices. We therefore introduce
SWG engineering as a geometrical approach to tailor the modal

Nov/Dec 2026 e Vol. 5(6)



Ju et al.: Subwavelength-engineered silicon-on-sapphire photonics for broadband interferometric...

olnput light

Broadband spectrum Resonant/interaction building blocks

Cross-section view

@ Splitter/combiner ) Optional interaction modu
SWGsMMlLrouting

Full chain: conceptual

Fig. 1 Conceptual workflow and role map of the SOS building blocks investigated in this work for
future mid-IR spectroscopy-enabled sensing. Broadband input light can be routed by MMI splitter/
combiner devices, optionally pass through resonant or wavelength-selective interaction modules,
and then be processed by an MZl-based spectrometer concept followed by computational
reconstruction. Inset: representative cross-section of an SOS waveguide with silicon thickness
d =600 nm and W, is device-dependent and specified in the corresponding device sections.

effective index and dispersion. This provides an effective route
toward broadband components for the targeted mid-IR spectros-
copy and sensing workflow.

An SWG waveguide consists of periodically arranged silicon
segments with period A and duty cycle DC, as schematically
illustrated in Fig. 2(a). A representative scanning electron mi-
croscope (SEM) image of the fabricated SWG waveguide is also
included in Fig. 2(a), confirming the periodic structure on the
SOS platform. The effective index of an SWG waveguide can be
tuned flexibly by adjusting A and DC, thereby providing addi-
tional design freedom for optimizing MMI performance. To
realize broadband subwavelength photonic circuits with low op-
tical loss, the SWG parameters must be chosen such that the
structure remains in the subwavelength-guided regime across
the operational bandwidth, whereas diffraction, slow light,
and Bragg reflection effects are suppressed. Considering fabri-
cation constraints, we fix DC = 0.5 to simplify fabrication and
improve process robustness. The grating period A, therefore,
needs to be optimized and kept sufficiently small, particularly
for the wider waveguides used in the MMI sections. Consistent
with the simulations in Fig. S1 in the Supplementary Material
(Sec. 1 of the Supplementary Material), smaller A generally en-
larges the subwavelength operating window for a given width
Wye. By contrast, wider SWG waveguides require smaller A to
avoid band-edge slow-light behavior and Bragg reflection
within the same spectral range. Based on these considerations,
the period is chosen as A = 400 nm for all SWG device designs
in this work.

To verify the subwavelength operating regime, we simulate
the dispersion characteristics of an SWG waveguide with width
Wy = 2.5 pm using the finite-difference time-domain (FDTD)
solver in Lumerical. The calculated band structure is shown
in Fig. 2(b), indicating a guided transverse electric (TE) funda-
mental mode over an angular-frequency range of ~420 to
750 rad/ps, corresponding to a wavelength range of 1~2.5
to 4.5 pm. The absence of pronounced band flattening in this
range indicates that the structure does not approach a strong
band-edge slow-light regime or Bragg-reflection condition.
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Figure 2(c) compares the simulated normalized electric-field
intensity profiles |E|*> of the SWG waveguide and a uniform
strip waveguide at 1 = 3.5 pm. Both waveguides have the
same nominal width W, = 2.5 pm and silicon thickness d =
600 nm, and both cross-sectional and top-view field profiles are
shown using the same color scale. Compared with the uniform
strip waveguide, whose optical field is mainly confined within
the continuous silicon core, the SWG waveguide redistributes
part of the optical field into the low-index gaps and surrounding
region. This modal redistribution is relevant for sensing-oriented
interaction sections while maintaining guided-mode confine-
ment. The corresponding effective index n.; and group index
ng in Fig. 2(d) further show that the SWG geometry substan-
tially reduces and tailors the modal index compared with the
uniform strip waveguide. Therefore, the selected SWG geom-
etry operates in the subwavelength-guided regime over the tar-
get band and provides a suitable dispersion-engineered basis
for broadband interferometric routing functions on the SOS
platform.

3 Interferometric Devices

3.1 Broadband MMI Design and Characterization

For the sensing workflow in Fig. 1, the first functional require-
ment is a broadband and well-balanced beam splitter/recombiner.
MMI couplers are attractive candidates because they offer com-
pact footprints and relaxed fabrication tolerance. Their operation
relies on the self-imaging principle,” in which replicas of the in-
put field are formed at specific propagation distances inside a
multimode section. In high-index-contrast silicon waveguides,
the self-imaging distance drifts rapidly with wavelength due to
strong modal dispersion, thereby limiting the operating band-
width. To mitigate this limitation, we introduce SWG engineering
to tailor the wavelength dependence of the modal propagation
constants in the multimode region. As detailed in Sec. 2 of
the Supplementary Material, the SWG multimode region reduces
the wavelength dependence of the beat length, making the
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Fig. 2 Design and verification of the SWG waveguide. (a) Three-dimensional schematic of the
SWG waveguide and representative SEM image of the fabricated structure on the SOS platform.
The SWG period, duty cycle, waveguide width, and silicon thickness are denoted by A, DC, Wag,
and d, respectively. (b) Simulated band diagram of the SWG waveguide with W, = 2.5 pm,
A =400 nm, and DC = 0.5. The vertical axis is the angular frequency », and the horizontal axis
is the propagation constant g = 2znqs/A. The light line corresponds to propagation in vacuum with
nei = 1. (c) Simulated normalized electric-field intensity profiles |E|? at 1 = 3.5 pm for the SWG
waveguide and a uniform strip waveguide with the same nominal width W,,y = 2.5 ypm and silicon
thickness d = 600 nm. For each structure, the cross-sectional view is shown on the left and the
top view is shown on the right, and the dashed white line in the top view indicates the cross-
sectional position. (d) Simulated effective index ng; and group index ngy of the SWG waveguide

and the uniform strip waveguide.

self-imaging position more stable over wavelength than in a uni-
form strip multimode waveguide. This dispersion control enables
MMI devices that are simultaneously shorter and broader-band
while maintaining low insertion loss and low imbalance.

3.1.1 1 x 2 MMI design and characterization

Figure 3(a) shows an SEM image of the fabricated 1 x 2 3-dB
SWG MMI splitter designed for fundamental TEj-mode input,
comprising one input and two symmetric outputs. To balance
footprint and imaging quality, we select a multimode width
of W, = 10 pm. Linear tapers are introduced at the input and
output interfaces to reduce mode-mismatch loss (L, = 16 pm,
W, =35 pm), and the two output tapers are separated by
S, = W./2. To further suppress loss and enhance bandwidth,
an apodized entrance section is incorporated at the beginning
of the multimode region. The apodization length and multimode
length are optimized via 3D FDTD simulations (Lumerical) to
L,=24pm and L. = 11.2 pm, respectively. The simulated
per-output transmission spectra of the two outputs are plotted
as dashed lines in Fig. 3(b). Across the full simulated band
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of 2.5 to 4.5 pm, both transmissions maintain better than
—3.15 dB, indicating near-balanced splitting with low excess
loss (0.15 dB). The inset shows the simulated field intensity
distribution |E|? at 3.1 pm.

Experimental characterization was carried out using two
source-detection configurations, with light coupled into and
out of the chip through vertical grating couplers. For the 3.1
to 3.2 pm measurement window, an in-house supercontinuum
source was used, and the output spectra were recorded using
an optical spectrum analyzer (OSA, YOKOGAWA AQ6377)
with a wavelength resolution of 5 nm. For the 3.68 to 3.78 pm
window, a tunable quantum cascade laser (QCL) was used, and
the output power was recorded using a thermal power sensor
(MKS Ophir, 3A-FS). Before chip coupling, input polarization
control was applied to preferentially excite the TE;, mode and
suppress residual non-TE components. TE and TM polarizations
have different modal indices and self-imaging lengths in the
MMI region. Therefore, residual non-TE components are not
optimally imaged by the TE-designed MMI and can contribute
to additional loss, output imbalance, or reduced interferometric
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Fig. 3 MMI performance: SWG versus conventional designs on SOS. Experimental data are
plotted in the accessible 3.1 to 3.2 pm and 3.68 to 3.78 pm windows, and simulations are shown
over the broader wavelength range. (a), (b) SEM image and normalized transmission spectra of
the 1 x 2 SWG MMI. (c), (d) SEM image and normalized transmission spectra of the conventional
1x2 MMIL. (e), (ff SEM image, normalized transmission spectra, and output difference ATrans of
the 2 x 2 SWG MMI. (g), (h) SEM image, normalized transmission spectra, and output difference
ATrans of the conventional 2 x 2 MMI. Insets: simulated field intensity |E|? at 3.1 pm.

visibility in cascaded circuits. Additional details on the
optical delivery paths, detection equipment, and fabrication
process are provided in Sec. 6 of the Supplementary Material.
As shown in Fig. 3(b), the measured per-output transmissions of
the SWG 1 x 2 MMI are ~—3.25 dB in both the 3.1 to 3.2 pm
and 3.68 to 3.78 pm measurement windows, corresponding to a
per-output excess loss of ~0.25 dB. The measured traces exhibit
fluctuations of £0.4 dB, mainly associated with time-dependent
source-power variations during the measurements.

For comparison, a conventional (non-SWG) 1 x2 MMI
is designed and characterized on the same SOS platform. The
multimode section width is kept identical (W. = 10 pm) to
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ensure a fair comparison, whereas the multimode length is opti-
mized to L. = 46 pm. Other parameters are given in Table S1 in
Sec. 2 of the Supplementary Material. Figure 3(d) shows the
simulated and measured per-output spectra. The simulated
—3.15 dB per-output bandwidth is 2.95 to 3.33 pm, correspond-
ing to a bandwidth of 0.38 pm. In the 3.1 to 3.2 pm measure-
ment window, which overlaps with the optimized operating
band, the measured per-output transmissions are —3.2 dB, cor-
responding to a per-output excess loss of ~0.2 dB. In the 3.68 to
3.78 pm measurement window, which lies outside the opti-
mized band of the conventional design, the per-output transmis-
sion decreases to ~—4.18 dB in simulation and ~—4.27 dB in
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measurement, corresponding to an increased excess loss of
~1.27 dB per output. This wavelength-dependent degradation
is consistent with the simulated bandwidth limitation of the
conventional MMI. By contrast, the SWG 1 x 2 MMI maintains
~—3.25 dB per output in both measurement windows.
Compared with the conventional design, the SWG 1 x2
MMI reduces the multimode length from 46 to 11.2 pm and
extends the —3.15 dB per-output bandwidth by more than
1.5 pm, confirming its advantage for compact broadband
power splitting.

3.1.2 2 x 2 MMI design and characterization

The 2 x 2 coupler addresses the complementary requirement of
broadband routing and interferometric signal processing in sens-
ing systems. Figure 3(e) shows an SEM image of the fabricated
2 x2 SWG MMI, which adopts a paired-interference configu-
ration and is designed for fundamental TE,-mode input. The
device is optimized for low loss and low imbalance over the
target band, with multimode width and length of W, = 21 pm
and L. = 73.6 pm, respectively. Figure 3(f) shows the simu-
lated per-output transmission spectra (dashed lines) together
with the output difference (ATrans = Trans; — Trans,) between
the two output ports. The simulation predicts per-output trans-
mission better than —3.25 dB (corresponding to excess loss of
0.25 dB) from 2.75 to 3.55 pm, while keeping output imbalance
|ATrans| below 0.1 dB across the same range. The inset shows
the simulated field intensity distribution |E|? at 3.1 pm. Within
the accessible measurement windows (3.1 to 3.2 pm and 3.68
to 3.78 pm), the two outputs exhibit per-output transmissions
of ~—3.37 and —3.39 dB (corresponding to excess loss of
0.37 and 0.39 dB), respectively, consistent with the simulated
trend. The modest additional loss is mainly attributed to fabri-
cation-induced scattering.

A conventional 2 x 2 MMI with the same multimode-section
width (W, = 21 pm) is designed and characterized. Figures 3(g)
and 3(h) show the SEM image and the corresponding spectra.
The conventional design achieves per-output transmission better
than —3.25 dB over 3.01 to 3.17 pm (0.16 pm bandwidth), with
|ATrans| < 0.12 dB in the same band. In the 3.1 to 3.2 pm mea-
surement window, which overlaps with this optimized operating
band, the measured per-output transmissions are —3.31 and
—3.34 dB, corresponding to excess losses of ~0.31 and 0.34 dB,
respectively. These results confirm near-balanced operation of
the conventional 2 x 2 MMI within its designed wavelength
range. In the 3.68 to 3.78 pm measurement window, which lies
outside the optimized operating band, the conventional 2 x 2
MMI exhibits clear degradation in both excess loss and output
imbalance. One output port shows a measured transmission of
~—3.98 dB, whereas the other output decreases to ~—9.83 dB
near the center of the measurement window. The measured spec-
tra follow the simulated degradation trend, in which one output
remains moderately transmissive, whereas the other output rap-
idly decreases with increasing wavelength. This behavior is
consistent with the wavelength dependence of the self-imaging
condition in the conventional MMI. By contrast, the SWG 2 x 2
MMI maintains near-balanced output transmissions in the same
accessible measurement window.

Compared with the conventional 2 x 2 MMI, the SWG de-
sign shortens the multimode-section length from 268 to 73.6 pm
and broadens the low-loss operating band by 0.64 pm while
maintaining similarly low imbalance. Together with the 1 x 2
result, this confirms that SWG-engineered MMIs can provide
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the broadband routing and recombination functions needed
for SOS interferometric sensing circuits.

In addition, supplementary tolerance simulations were per-
formed to assess the influence of representative SWG fabrica-
tion variations on the MMI response. As detailed in Sec. 7 of the
Supplementary Material, duty-cycle variation has a more pro-
nounced impact than moderate multimode-region-width varia-
tion, whereas changing W, by £100 nm produces only a
weak influence on the simulated spectra and imbalance.

3.2 TO-MZI Design and Characterization

The TO-MZI on SOS serves as the thermo-optically tunable in-
terferometric core of the spectrometer in the targeted sensing
architecture. A schematic cross-section of the TO-MZI is shown
in Fig. 4(a), and an optical microscope image of the fabricated
device is shown in Fig. 4(b). The MZI is formed by two SWG
1 x 2 MMI couplers and two unequal-length waveguide arms.
The use of SWG MMI splitters/combiners broadens the acces-
sible spectral window of the MZI because the splitter/combiner
bandwidth is no longer the dominant limitation.

In this device, the waveguide width is set to Wy, = 1 pm.
Thermo-optic tuning is realized by placing a platinum (Pt)
microheater adjacent to one arm of the MZI. The heater has a
width W), = 1.5 pm and thickness d;, = 50 nm and is separated
from the heated arm by an air gap of s = 0.8 pm. This spacing
is chosen as a compromise between optical loss induced by the
metal heater and thermal coupling efficiency (the simulated
heater-induced optical loss is summarized in Sec. 3 of the
Supplementary Material). The Pt heater is connected to larger gold
pads to facilitate electrical probing. The simulated temperature dis-
tribution, calculated using the HEAT solver in Lumerical under an
applied heating power of 2 mW /um, is shown in Fig. 4(a).

For static characterization, different steady-state electrical
voltages are applied to the 200 pm-long heater using a source
meter, and the corresponding interference spectra are recorded
with an OSA. As shown in Fig. 4(c), increasing the applied
electrical power induces a red shift of the interference fringes,
consistent with the positive thermo-optic coefficient of silicon.
An extinction ratio of ~10 dB is obtained, mainly limited by
imperfect input polarization purity, propagation-loss mismatch,
measurement spectral resolution, fabrication-induced phase and
amplitude errors, nonideal splitting/recombination, and local
perturbations introduced by the adjacent heater. From the rela-
tionship between electrical power and the phase shift extracted
from the spectral shift in Fig. 4(d), the tuning efficiency is
determined to be # = 0.095 nm/mW. Here, P, is defined as
the electrical power required to shift one interference dip by
half of the MZI free spectral range (FSR), corresponding to a
n-phase change, yielding P, = 168 mW.

For dynamic characterization, a square-wave signal gener-
ated by an arbitrary waveform generator is applied to the heater.
A single-wavelength input is modulated by the MZI and
detected by a photodetector (Thorlabs, PDAVJ10). As shown
in Fig. 4(e), the device exhibits a 10% to 90% rise time of
23 ps and a 90% to 10% fall time of 24 ps at 3157 nm. The
displayed trace is a representative dynamic response, and its
signal-to-noise ratio is mainly limited by the available output
optical power and the noise of the mid-IR photodetection/
electrical readout chain. The relatively high P, is primarily
attributed to the heater-to-waveguide spacing, which weakens
thermal coupling. Heat dissipation into the high-thermal-
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Fig. 4 Design and characterization of the MZI-based thermo-optic modulator. (a) Simulated tem-
perature distribution of the TO-MZI cross-section under heating. (b) Optical microscope image of
the fabricated TO-MZI. (c) Measured transmission spectra of the TO-MZI under different applied
voltages. (d) Extracted phase shifts as a function of applied electrical power, from which the tuning
efficiency 5 and z-shift power consumption P,, are obtained. (e) Dynamic response of the TO-MZI

under square-wave electrical excitation.

conductivity sapphire substrate also contributes to the increased
tuning power. Therefore, this value reflects the current low-loss
heater layout rather than a fundamental platform limit.

In addition, a second TO-MZI with a wider arm waveguide
(Wyg = 2.5 pm) is presented in Fig. S4 in the Supplementary
Material, and it exhibits a lower tuning efficiency and a higher
P, consistent with the reduced overlap between the heated re-
gion and the optical mode. Further optimization of the thermo-
optic phase-control section could reduce the required tuning
power by decreasing the heater-waveguide spacing, optimizing
the heater geometry, introducing localized Al,O;-assisted
top-heater integration, or adding thermal isolation trenches to
suppress heat leakage and thermal crosstalk. These strategies
should be applied primarily to nonsensing phase-control
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sections, whereas sensing-oriented interaction regions should
remain sufficiently exposed to the surrounding medium.
Nevertheless, the present result already demonstrates the key
active interferometric function required for spectral encoding
on SOS, namely, controllable thermo-optic phase modulation
within a broadband interferometric circuit.

4 Resonant Devices: Design and
Characterization

Wavelength-selective and resonance-enhanced optical functions
are also essential in integrated mid-IR sensing systems, as they
enable filtering, channel selection, and enhanced light-matter
interaction. We therefore implement SWG and uniform strip-
waveguide MRRs together with thermo-optically tunable MRRs,
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to assess how resonant interaction modules can be incorporated
into the workflow of Fig. 1.

4.1 MRR Design and Characterization

The implementations of SWG and conventional uniform strip-
waveguide all-pass MRRs operating near 3.1 pm are shown in
Figs. 5(a)-5(d). The MRR transmission spectra were recorded
using the supercontinuum-source/OSA configuration with a
wavelength resolution of 0.2 nm. Compared with a uniform
strip-waveguide MRR, the SWG MRR offers an additional geo-
metrical degree of freedom for tailoring the modal distribution
and the group index.

As shown in Fig. 5(a), the fabricated SWG MRR consists of a
straight SWG bus waveguide with a width of 2 pm and an SWG
ring with a radius of 50 pm. The bus-ring air gap is 100 nm and
is chosen to approach near-critical coupling around the operat-
ing wavelength. Figure 5(b) shows the measured transmission
spectrum of the SWG MRR (dotted line) together with the
Lorentzian fit (solid line). The resonance exhibits an extinction
ratio (ER) of ~9.2 dB. From the fitted resonance, the full width
at half-maximum (FWHM) is about 0.60 nm and the FSR is
~9.93 nm, corresponding to a loaded quality factor Q, of
5166 and an intrinsic quality factor Q; of 10,332. Following
the standard MRR loss analysis,’' the FSR-derived group index
and fitted intrinsic quality factor give a ring-derived propaga-
tion-loss estimate of ~26 dB/cm.

For comparison, a uniform strip-waveguide all-pass MRR
was also fabricated on the same platform, as shown in Fig. 5(c).
In this design, the waveguide width is 1 pm and the ring radius
is again 50 pm. The measured transmission spectrum at a near-
critical coupling gap of 50 nm, along with its Lorentzian fit, is
shown in Fig. 5(d), yielding an ER of ~5.7 dB. From the fitted
linewidth (FWHM = 0.28 nm), the loaded quality factor is
extracted as Q; = 11,046. Under the near-critical-coupling
assumption, the corresponding intrinsic quality factor is esti-
mated to be on the order of 2.2 x 10%, but this value is resolu-
tion-limited because the measured linewidth is close to the OSA
resolution of 0.2 nm. The corresponding FSR is ~7.22 nm, giv-
ing a ring-derived propagation-loss estimate of ~17 dB/cm
using the same method. This ring-derived loss is higher than
the optimized SOS ridge-waveguide loss reported by Baehr-
Jones et al. at 4.5 pm.*” However, the comparison is not strictly
one-to-one because that work used 1.8 pm x 0.6 pm wave-
guides and length-dependent transmission measurements,
whereas the present value is inferred from microring resonances
of 1.0 pm x 0.6 pm strip waveguides near 3.1 pm. The ex-
tracted group indices are ~n, = 3.08 for the SWG MRR and
ng,=4.24 for the uniform strip-waveguide MRR. Because
the two rings have the same radius, the lower n, of the
SWG MRR corresponds to its larger measured FSR and is con-
sistent with the expected dispersion-engineering effect of the
SWG structure. The extracted n, of the SWG MRR is slightly
larger than the simulated value of the straight SWG waveguide
in Fig. 2(d), which may be attributed to the fabricated SWG duty
cycle being slightly larger than the nominal value. The measured
ER is governed by the coupling condition of the all-pass ring
and is also affected by the finite spectral resolution of the
OSA. In particular, the 0.2 nm OSA resolution spectrally aver-
ages the resonance response. For narrow resonances such as the
conventional MRR with a fitted FWHM of ~0.28 nm, this aver-
aging can raise the measured resonance minimum and therefore
underestimate the measured ER.
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These results show that the present SWG MRR operates in a
modest-Q regime and exhibits higher ring-derived propagation
loss than the uniform strip-waveguide MRR. This additional
loss is mainly attributed to the segmented SWG geometry,
which introduces a larger etched sidewall area, repeated silicon/
air interfaces, and accumulated scattering from the periodic
silicon segments. Consequently, the SWG waveguide is more
sensitive to sidewall roughness, etched-interface imperfections,
duty-cycle deviations, and local dimensional nonuniformity.
Further optimization of lithography, dry etching, sidewall/
interface roughness, duty-cycle control, and postfabrication
cleaning or smoothing is expected to reduce both the baseline
strip-waveguide loss and the additional SWG-induced loss.

Nevertheless, the SWG geometry provides stronger inter-
action with the surrounding medium. As detailed in Sec. 4
of the Supplementary Material, the calculated modal-overlap
factor with the surrounding air/cladding increases from 15.2%
for the uniform strip waveguide to 56.4% for the SWG wave-
guide. Cladding-index sensitivity simulations (detailed in
Sec. 4 of the Supplementary Material) further show that, under
simulated Q values close to the experimental values, the SWG
MRR still exhibits a higher sensitivity of ~1148 nm/RIU,
compared with ~97.7 nm/RIU for the uniform strip-wave-
guide MRR. Although the lower Q of the SWG MRR broadens
the resonance linewidth, its larger sensitivity gives a higher
sensitivity-to-linewidth figure of merit of ~1.9 x 10> RIU~!,
compared with ~3.2 x 10> RIU™! for the uniform strip-wave-
guide MRR. Therefore, even with the current moderate Q,
the SWG MRR can provide appreciable sensing response.
Further optimization of the SWG fabrication process, includ-
ing improved lithography and reduced interface roughness,
is expected to reduce propagation loss, improve the resonator
0O, and further enhance the sensing performance of SWG
MRRs.

4.2 TO-MRR Design and Characterization

For sensing-oriented resonant modules, static spectral selectivity
alone is often not sufficient. Practical systems typically require
reconfigurability, enabling controlled resonance positioning for
drift compensation and channel alignment. We therefore imple-
ment a thermo-optically tunable SWG MRR. An optical micro-
scope image of the fabricated SWG MRR-based TO modulator
is shown in Fig. 5(e). A 200 pm-long Pt heater with the same
width and thickness as in the TO-MZI is placed adjacent to
the ring, with a heater-to-waveguide spacing of s = 1 pm. The
SWG ring waveguide width is 2.0 pm.

Static and dynamic characterizations are carried out using the
same measurement setup described above. Figures 5(f) and 5(g)
show the resonance shift as the applied electrical power in-
creases. A clear red shift of the resonance dip is observed, with
an extinction ratio of ~14 dB. From the measured shift in res-
onance wavelength versus electrical power [Fig. 5(g)], the spec-
tral tuning efficiency is extracted as # = 0.016 nm/mW. For
consistency with the MZI analysis, P, is defined here as the
electrical power required to shift one resonance dip by half of
the ring FSR, and the resulting value is P, = 297 mW. The
dynamic characterization result is shown in Fig. 5(h), indicating
a rise time of 18 ps and a fall time of 20 ps at 3177 nm.

For comparison, we also implement a conventional MRR-
based TO device (Sec. 3 in the Supplementary Material). The
conventional device exhibits a higher tuning efficiency of
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Fig. 5 Performance of resonance devices. (a) SEM image of the fabricated SWG MRR, showing
the coupling region. (b) Measured output-power spectrum of the SWG MRR (dotted) and the
corresponding Lorentzian fit (solid). (c) SEM image of the fabricated conventional MRR, showing
the coupling region. (d) Measured output-power spectrum of the conventional MRR (dotted) and
the corresponding Lorentzian fit (solid). (e) Optical microscope image of the fabricated SWG
TO-MRR. (f) Measured output-power spectra under different applied voltages, showing the ther-
mally induced resonance shift. (g) Extracted phase shifts as a function of applied electrical power,
from which the tuning efficiency and z-shift power consumption are extracted. (h) Dynamic re-
sponse of the TO-MRR under square-wave electrical excitation.

0.027 nm/mW and a lower P, of 150 mW. This trend is mainly
attributed to geometry-dependent thermo-optic phase accumu-
lation: under the same heater configuration, the conventional
ring provides a longer continuous silicon path overlapping
the heated region, whereas the SWG ring contains air gaps with
negligible thermo-optic contribution.

5 TO-MZI-Based Spectrometer: Theory
and Numerical Verification
A broadband spectrometer sub-system is an essential require-

ment of the sensing architecture, as it enables spectral readout
and reconstruction after the optional interaction stage. Here,
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following the thermo-optic nonlinearity and dispersion-correc-
tion framework previously reported for SOI MZI Fourier-trans-
form spectrometers, we numerically apply this reconstruction
approach to an SOS-based thermo-optically tunable MZI imple-
mentation. The ultra-broadband SWG 1 x 2 MMI developed
above is incorporated to extend the operational spectral range,
whereas a 2.5 pm-wide and 30-mm-long waveguide arm design
is adopted for practical low-loss operation with reduced sensi-
tivity to fabrication-induced effective-index perturbations.
Time-dependent heating applied to one interferometer arm in-
troduces a controllable optical path difference, thereby generat-
ing an interferogram for spectral reconstruction. The spectrum is
then reconstructed using this thermo-optic/dispersion-corrected
Fourier-transform framework, which accounts for the dominant
effects of thermo-optic nonlinearity, modal dispersion, and ther-
mal expansion within the target operating window.

Figure 6(a) summarizes the spectral-reconstruction workflow
of the TO-MZI-based spectrometer. For a TO-MZI-based FTS,
the interferometric output I(A¢) is obtained by integrating the
PSD(v) weighted by the Ty(v) and the phase factor [Ap(v)]
over frequency (v):

1(Ag) = / T (0)PSD@)e s, b

where PSD(v) is the input power spectral density, T;;(v) is the
transfer function of the interferometer (in our implementation,
T (v) = 1 after normalization), and Ag(v) is the phase differ-
ence between the two arms. The phase difference Ag(v) is
determined by the thermo-optically induced change in modal
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effective index and dispersion, together with the thermally in-
duced length variation. These nonlinear contributions become
non-negligible when the temperature excursion is large and
the operating bandwidth is broad.

To quantify the influence of higher-order terms on the phase
delay, the TE;, mode effective index ne (v, T) of the arm wave-
guide is extracted using the FDE solver in Lumerical MODE
(Fig. S6 in the Supplementary Material) with Sellmeier dis-
persion models for sapphire™ and silicon, and the resulting
data are fitted to obtain the dispersion and thermo-optic coeffi-
cients listed in Table S2 in the Supplementary Material. By
evaluating the higher-order contribution to the phase delay
(Fig. S8 in the Supplementary Material) within the specified
frequency and temperature window [v = 83.28 to 99.93 THz
(corresponding to 4 = 3-3.6 pm) and 7 = 300 to 400 K], the
relationship between the interferogram and input PSD can be
simplified to the following form:

{ I(1) = FIPSD(u)e'] 2)

PSD(u) = [FHI(I)]|

where u and I' are the modified frequency and modified time
delay terms parameterized by the coefficients y, y, and ¢y,
and ¢(u) is a frequency-dependent but time-delay-independent
phase contribution term (definitions and derivations are in Sec. 5
of the Supplementary Material). Using Eq. (2), the input PSD
can be retrieved via Fourier-transform-based inversion and the
frequency-coordinate transformation once the coefficients are
identified.
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Fig. 6 Numerical verification of spectral reconstruction. (a) Workflow of the TO-MZI-based spec-
trometer model. The effective-index-based nonlinear calibration model is first established over
a defined delay and frequency window (blue path), then calibrated with multiple narrowband
laser sources (red path), and finally used to reconstruct an unknown input spectrum (black path).
(b) Interferogram corresponding to the test spectrum. (c) Ground-truth and reconstructed spectra
obtained with the nonlinear-corrected TO-MZI FT spectrometer. Insets show zoomed-in peaks
and the residual error (Av) between the input and recovered spectra.
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Next, a TO-MZI interferogram matrix is generated in
Lumerical INTERCONNECT for each frequency and temper-
ature point using the extracted nqg (v, T) and S-parameters of
the ultra-broadband MMI described above. The simulated inter-
ferograms exhibit a chirped cosine form with an almost constant
envelope (a typical interferogram at v, = 91.603 THz is shown
in Fig. S10 in the Supplementary Material). The coefficients
are then calibrated using multiple single-frequency inputs.
Although three nondegenerate frequency points are the theoreti-
cal minimum required to identify the three coefficients, 21 fre-
quency points are used in this work to improve fitting robustness
and reduce sensitivity to numerical or measurement noise.
By fitting the interferogram for each single-frequency input
according to Eq. (2), the modified frequency and time delay are
extracted as u ~90.61 + 1.10645 Av and I'" = 0.01797 AT +
1.53247 x 107 AT? (details are provided in Sec. 5 of the
Supplementary Material).

Finally, we numerically verify the spectral-reconstruction
performance of the designed SOS TO-MZI-based spectrometer.
The interferogram [Fig. 6(b)] is generated by multiplying the
interference matrix at each frequency and temperature point by
a test input spectrum consisting of three Gaussian features with
different amplitudes and linewidths [black line in Fig. 6(c)].
Specifically, the two reciprocal thermo-optic scans are repre-
sented by phase-difference terms +Ag and —Ag in the interfer-
ence matrix. The spectrum is then reconstructed according to
Eqg. (2) together with the interferogram and the calibrated coef-
ficients, and converted back from the modified frequency coor-
dinate to the original optical frequency. The reconstructed PSD
[red line in Fig. 6(c)] agrees well with the ground truth, confirm-
ing that the nonlinear corrections enable accurate broadband
reconstruction on the SOS platform. The slight drift at the peak
and the oscillation at the bottom can be attributed to small
contributions from higher-order terms and to apodization of the
time delay. In the present simulated configuration, the achiev-
able spectral resolution is governed by the maximum accessible
modified delay AI' = 3.9 ps, corresponding to a resolution of
~0.23 THz, or ~8.2 nm around A = 3.27 pm.

Although this verification is numerical, it shows that the
broadband routing and thermo-optic interferometric functions
demonstrated above can support the spectral-processing func-
tion required by future on-chip mid-IR spectroscopy and
sensing systems. Channelized spectrometer architectures,
such as arrayed-waveguide-grating demultiplexers™'® and
MRR-assisted®' filter-bank spectrometers, can provide high
spectral selectivity and potentially higher resolution within
designed wavelength channels. By contrast, the TO-MZI
Fourier-transform approach considered here operates through
broadband interferometric encoding and computational
reconstruction, with its spectral resolution determined by
the maximum tunable optical delay. This operating principle
makes it suitable for continuous broadband spectral readout
within the SWG-MMI-based interferometric architecture de-
veloped in this work.

In practical implementations, the SOS TO-MZI-FTS can
be realized by adding an Al,O; over-cladding after silicon-
waveguide formation, followed by heater electrodes and metal
contact pads fabricated on top of the cladding for thermo-optic
tuning. The over-cladding provides electrical isolation and
allows top-heater integration with reduced optical absorption
and enhanced heating efficiency, whereas local windows can be
opened above sensing-oriented interaction regions to preserve
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access to the surrounding analyte. Thermal isolation trenches
can also be introduced around the heated sections to reduce heat
spreading and thermal cross-talk. For the TO-MZI-FTS itself, the
interferometer arms can be implemented as spiral waveguides to
increase the effective optical delay within a compact footprint,
as demonstrated in prior integrated Si-FTS implementations.’>*
Wider MZI arm waveguides can be used to reduce propagation
loss and suppress fabrication-induced effective-index perturba-
tions, and spiral heaters placed above the spiral arms can pro-
vide a more uniform thermal field along the delay path. These
design strategies are expected to improve heating efficiency,
reduce thermal power consumption, suppress thermal cross-talk,
increase the accessible optical delay, and improve long-term
phase stability.

In this architecture, the achievable spectral resolution is lim-
ited by the maximum calibrated delay, whose relationship with
the arm length and heating temperature is derived in Eq. (S22) in
the Supplementary Material. The accessible delay is determined
by the thermo-optic tuning efficiency, heater power budget,
allowable temperature rise, and thermal diffusion. Increasing
the delay through a longer interferometer arm or/and a larger
heating-temperature excursion can improve the spectral resolu-
tion, but this must be balanced against propagation loss, chip
footprint, thermal power consumption, thermal cross-talk, and
the resulting signal-to-noise ratio. Therefore, improving practi-
cal performance will require co-optimization of waveguide loss,
heater efficiency, thermal isolation, delay-line length, and opti-
cal power budget. In addition, polarization drift and unintended
higher-order-mode excitation can reduce interferometric visibil-
ity and should be controlled through polarization-selective
coupling and mode filtering. Furthermore, reference-wave-
length-based calibration, similar to that used in bench-top
Fourier-transform spectrometers, will be needed to track tem-
perature-dependent dispersion drift and maintain long-term
reconstruction accuracy.

6 Conclusion

This work addresses a central requirement for future on-chip
mid-infrared spectroscopy and sensing: the realization of a
broadband, tunable, and mutually compatible interferometric
photonic front-end on silicon-on-sapphire. We show that SWG-
engineered SOS photonics can provide key component-level
functions required by such a sensing workflow, including broad-
band optical routing and power splitting, active thermo-optic
phase control, resonance-based wavelength selectivity, and in-
terferometric spectral reconstruction. The SWG MMIs provide a
simulated broadband routing foundation for wideband interfero-
metric operation, and their operation is experimentally verified
within the accessible source-constrained wavelength windows.
The thermo-optic MZI demonstrates controllable phase modu-
lation compatible with spectral encoding, and conventional as
well as SWG MRRs provide candidate interaction modules
for filtering and enhanced light-matter interaction. Building
on these component-level results, we further apply a thermo-
optic/dispersion-corrected MZI Fourier-transform spectrometer
framework to the SOS platform and numerically verify spectral
reconstruction using the designed SWG-MMI-based interfero-
metric architecture. Taken together, these results establish a
platform-consistent set of experimentally demonstrated SOS
building blocks, together with a numerically verified spectrom-
eter concept, for future integrated mid-infrared spectroscopy
and sensing systems. At the same time, full system-level
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integration will require further reduction of waveguide and res- 12.

onator losses, improved fabrication uniformity, and optimized

optical power budgets to ensure sufficient signal-to-noise ratio

and optical power per spectral channel. s
14.
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