n

Check for
updates

Research Article Vol. 33, No. 19/22 Sep 2025/ Optics Express 39715 |

Optics EXPRESS N

Compact silicon-germanium microresonators
for long-wave infrared frequencies
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Abstract: We report on the fabrication and investigation of compact microresonators (100
um radius) operating in the long-wave infrared range, exploiting silicon-germanium graded
waveguides. Two designs are considered and demonstrate intrinsic quality factors above 4 x 10*
at 7.5 um wavelength and 2 x 10* at 8 um wavelength. The resonances measured in these systems
attain a 0 dB extinction ratio. These properties could be leveraged for Kerr-comb generation,
on-chip optical filtering or multiplexing systems in the long-wave infrared range.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The development of quantum cascade lasers (QCLs) [1—4] in the last thirty years has sparked
great interest in the scientific community owing to potential applications of mid-infrared (MIR)
frequencies which where previously only accessible with help of bulky and fixed-frequency
sources such as carbon dioxide lasers. This had led to the development of a full ecosystem of high
performance MIR optoelectronic devices [5—8] enabling the emergence of new opportunities
which can provide advantages over their near-infrared counterpart, including high-speed free-
space telecommunications [9,10], spectroscopy and gas analysis [11]. While III-V materials are
a common choice for developing MIR devices, a silicon-based solution would allow integration
with already developed near-infrared and electronic systems. In fact, silicon-based photonic
platforms are highly mature and affordable, but silicon absorbs MIR light above 8 um wavelength.
This limitation has been successfully circumvented by associating germanium to the silicon
platform in different ways [12—14], as germanium is transparent up to 14 um wavelength and
compatible with industrial silicon foundries. In the case of the silicon-germanium (SiGe) graded
buffer platform, the linear gradient accommodate for the 4% lattice mismatch between both
material. Both active and passive MIR functionalities including modulators and detectors have
been developed on this platform [15,16]. In addition to MIR compatibility, germanium-rich
SiGe alloys greatly enhances the nonlinearities of the silicon platform [17] and have proven
useful in the generation of long-wave infrared (LWIR) supercontinuum on the SiGe graded buffer
platform using a high-peak power femtosecond source [13,18]. The development of integrated
microresonators are required for a myriad of LWIR photonic applications ranging from on-chip
LWIR Kerr-comb generation to optical filtering and multiplexing. LWIR on-chip SiGe microrings
[19,20] and Ge microdisks [21] featuring large radii (>200 um) have been reported with intrinsic
quality factors over 1.5 x 10°. For more flexibility some applications may need devices with
larger free-spectral ranges and thus smaller resonators. Smaller resonators on the SiGe graded
platform have been investigated using conventional racetrack designs, with measured Q factors up
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to 3,200 [22]. In this work, we propose two compact LWIR microring designs offering Q factors
above 40,000, with over 10 dB of extinction ratio and full-width at half-maximum (FWHM) as
low as 170 pm at 7.5 pm wavelength.

2. Euler bend-based microresonators

Figure 1(a) presents the main characteristics of the platform and waveguides dimensions. The
material used in this paper is a 6 um thick graded SiGe platform, with a germanium concentration
that increases linearly from O to 100%. An additional 100 nm thick pure germanium layer is
present on top of the material. The material has been grown by low-energy plasma-enhanced
chemical vapor deposition (LEPECVD). This growth thickness allows for the processing of
photonic devices suited for mid-infrared wavelengths on a silicon platform thanks to the high
concentration of Ge in the region where the optical mode is confined, as well as a low density of
growth-related defects like dislocations. The microresonator waveguides are 4 um wide and 5
um deep.

The fabrication process is detailed in Fig. 2. Devices are fabricated on a cleaved 2cm x 2cm
piece of wafer following a standard process, spin-coated with 1.4 um of a positive electronic
resist (CSARG62) before a first lithography step (100 keV) for defining metallic thermal phase
shifters. After Ti/Au deposition and lift-off, the sample goes through a second lithography step,
with the same preparation as the first one, for the definition of the waveguides and the resonators.
The sample is etched after development using deep ICP-RIE dry-etching to achieve a 5 um depth
and the remaining resist removed. The final chip is obtained after dicing to control the waveguide
facet properties, mainly roughness and input taper angle with respect to the normal incidence.
The input waveguide facet features an angle of 10° to reduce the internal reflections responsible
for the parasitic Fabry-Perot created by both air-semiconductor interfaces which complicate the
resonance analysis.

4 um

<>

(a)

Silicon substrate

0

Fig. 1. (a) Description of the silicon-germanium graded buffer platform and waveguide
geometry. (b) SEM image of an Euler-based resonator with its thermal phase shifter.

Thermal phase shifters surrounding the rings are used to heat up the resonator and provoke
an effective index change. These heaters are needed in our study to circumvent the insufficient
wavelength resolution of the tunable lasers which is 1 nm at best. To analyze a resonance the
continuous laser is set to a fixed wavelength as close as possible to the peak to analyze, while the
temperature change induced by the heater modifies the effective index of the mode, varying the
optical path in the resonator and ultimately shifting the resonance wavelength through the laser
line [19].

The first type of resonator design under study is based on a modified racetrack geometry
pictured in Fig. 1(b) referred to as Euler bend-based microresonators. Conventional racetrack
features a straight evanescent coupler surrounded by two halves of a circle. However in curved
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Fig. 2. Diagram of the fabrication process

bends the optical mode is shifted towards the outer edge of the curved waveguide. As a result
the steep transition between straight and bent sections produces a spatial mode mismatch which
leads to an extra power loss as it occurs four times in racetrack geometry, once for every section
transition. Euler bends make use of clothoid easements to provide smooth transitions between
straight and circular parts by means of a linear change in the bend curvature. These curves
have been shown to be interesting candidates for reducing the footprint of photonic devices
by allowing sharper bends while suppressing the coupling with higher order optical modes
[23]. Euler resonators can be designed with different effective radii R.4 and ratios p of clothoid
easements length over the full bending length, following [24]. A value of p = 0 corresponds to a
conventional racetrack when p = 1 means pure clothoid bend. R, corresponds to the radius
of the racetrack at p = 0. The higher p, the smaller the minimum radius along the curve and
the longer the round-trip length. In the case of small effective radius and high values of p, the
radius along the path may decrease below the minimum radius at which light radiates out of
the waveguide, generating additional losses. In this work we have chosen p = 0, p = 0.15 and
p = 0.3 with an effective radius R,y = 100 um and an evanescent coupling gap g = 0.8 um.

In this study, only the quasi-TM fundamental mode is considered. The performance of the
devices is assessed with the setup depicted in Fig. 3. A MIR beam emitted by a QCL is focused
on the waveguide tilted input facet by means of a ZnSe ashperic lens. Two tabletop tunable QCLs
are available depending on the property under investigation. The first laser is a pulsed 4-chip
QCL covering a large spectral range from 5 pm to 11 wm wavelength, with a 5% duty cycle
and a repetition rate of 100 kHz used for free spectral range (FSR) characterization and rough
resonance localization. The second one is a continuous wave (CW) QCL (MIRcat-QT) tunable
from 7.4 to 9.6 um wavelength and chopped with a mechanical chopper at 460 Hz used together
with the thermal shifters to scan finely the resonances. The CW laser maximum linewidth is 100
MHz (20 pm at A = 8 um), theoretically allowing for quality factor measurements as high as
400,000 at 8 um wavelength. The light coming out of the waveguide is collected by another lens
identical to the input one and sent to a nitrogen-cooled HgCdTe (MCT) detector. The detected
signal is analyzed with a lock-in amplifier synchronized with the frequency reference of the
source used for the study, either the pulsed laser or the chopper. A MIR camera is used to ensure
the signal under study comes from the fundamental mode of the waveguide at its output. Note
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that, due to the CW laser high output power (over 200 mW at 8 um wavelength) the incoming
signal is attenuated by two optical densities to reduce as much as possible the thermal effects due
to light absorption in the resonator.
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Frequency references
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Fig. 3. Experimental setup used for resonator characterization. The pulsed laser is used to
measure the resonator free spectral range and localizing the resonances before the CW laser
allows for a precise estimation of the resonance depths and linewidths.

The measurement of the resonator free-spectral range (FSR) and thermal heater efficiency are
performed using the pulsed laser. First, the laser wavelength is swept on a large wavelength range
from 7.5 um to 8.5 um by steps of 1 nm to scan the device resonance spectrum and localize
roughly the resonances. Then the ring is heated up with the metallic heater to modify its optical
path and make the resonance position shift. The laser wavelength is swept again for different
fixed electrical currents, corresponding to different fixed injected power (from 0 to 300 mW), to
measure the resonance displacement with respect to the injected electrical power. Curves for an
Euler bend-based resonator with parameters R,y = 100 um, L = 60 um, p = 0.15 and g = 0.8
um obtained following this process are shown in Fig. 4(a) for wavelengths between 8.0 um and
8.2 um wavelength. The position of the resonances is stressed by vertical dashed lines. Due to
the sharpness of the resonances compared to the pulsed laser linewidth of a few nanometers, the
resonances in Fig. 4(a) do not appear to be deep as much of the laser spectral power is out of the
resonance linewidth. Following their linear displacement with the injected power and performing
a linear fit of the experimental curves (Fig. 4(b)), the FSR and conversion coefficient can be
measured. In this device, resonances are separated by FSR = 20.4 +1.1 nm and redshifted while
the thermal power increases with a 22.2 +1.7 nm/W conversion coefficient.

Once the thermal shifter has been measured, the source is changed for the CW laser to do a fine
scanning of the microresonator resonance properties at fixed wavelength using a current sweep
in the heater. The power sweep is then remapped to a wavelength sweep and results in a curve
such as the one presented in Fig. 4(c). Note that the resonance depth is close to 10 dB, with a
full-width at half-maximum of 170 pm which corresponds to a loaded quality factor Q;, ~ 44,000.
As the resonator dimensions have been initially chosen so that it is undercoupled for wavelengths
below at 8 um (Fig. 5), the intrinsic quality factor can be deduced for the measurement following:

_ 201
1+NT

where 7 is the transmission at the minimum of the peak, which amounts to Q; ~ 62,000. The
evolution of this intrinsic quality factor with the wavelength is presented in Fig. 4(d). The
estimated quality factors for both the p = 0.15 (orange curve) and p = 0.3 (green curve) feature
higher values than the conventional racetrack owing to reduced transitions losses, especially at
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Fig. 4. (a) Transmission of the quasi-TM fundamental mode in an Euler-based resonator
device (Rgy = 100 um, p = 0.15, g = 0.8 um, L = 60 um) using the pulsed laser when
wavelength is swept from 8.0 um to 8.2 um wavelength range for different injected electrical
powers. Microring resonances in the spectrum are highlighted by vertical dashed lines. (b)
Measure and linear fit for some of the resonances displacement with the injected electrical
power in the heater of the same device. (c) Resonance scanned by thermal heater current
sweeping while keeping the CW laser wavelength fixed at A = 7.5 pum. (d) Intrinsic quality
factor estimation for Euler band-based resonators sharing the same radius, gap and length as
panel (a) for p = 0 (blue curve), p = 0.15 (orange curve) and p = 0.3 (green curve)

lower wavelengths, and decreases with ascending wavelength. This behaviour has already been
observed in [19] and is partly due to the evolution of the losses in the waveguide as the effective
mode area gets larger and travels through more absorptive, richer silicon content regions, as well
as free-carrier absorption. At higher wavelengths, the performances of the devices tend to get
closer to each other, which can be explained by actual higher losses than expected during the
design stage. Critical coupling has not been observed on the studied wavelength range, thus the
resonators are assumed to remain a posteriori in the undercoupled regime due to loss increment.
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Fig. 5. Simulated coupling regime as a function of the wavelength and coupler gaps for two
resonators and linear losses of 1 dB/cm: (a) Euler bend-based design with p = 0.15, L = 60
um and (b) Wrapped design with L = 20 um.

3. Wrapped microresonators

Euler bend-based resonators enable a first step in the reduction of the resonator size but they still
have few design flaws such as their length increase with p and their long coupling sections which
adds up to the total resonator length.

To push the footprint reduction one step further, the fully circular resonators with a pulley-like
waveguide coupler depicted in Fig. 6(a) are interesting candidates as they enable long coupling
sections without geometrical modification of the ring [25]. They will be referred to as "wrapped"
resonators. This design requires some attention though: efficient energy transfer cannot be
achieved when the bus and the resonator have the same width, as the bending creates a difference of
modal refractive index and diminishes the coupler efficiency compared to its straight counterpart.
In fact similar modes in the waveguides are not degenerate and thus do not give rise of the usual
symmetric and antisymmetric eigenmodes spanning on both waveguides. For this reason, the
width of the bus in the coupler region has to be reduced compared to the ring waveguide width
[26], as shown in Fig. 6(b). In this paper 100 wm radius wrapped microresonators have been
investigated with a bus width of 2.4 um in the coupler region. This value was chosen to match
the wavefront velocities in both waveguides and generate symmetric- and antisymmetric-like
quasi-TM modes around 7.8 um wavelength. It is worth noting that, due to the small ring radius
and the narrow bus width, both fundamental coupler modes are partly radiative which induces
losses in the coupling sections.

Figure 7(a) presents the transmission spectrum measured using the pulsed laser of a 100 um
radius wrapped resonator with a coupling length L = 20 um and a bus-resonator gap of g = 800
nm. This spectrum spans the 7.5-8.5 um wavelength range, demonstrating the large operating
range of the device. Measurements of the loaded quality factor and estimations of its intrinsic
counterpart for several wavelengths in this range, performed by means of the CW laser and the
thermal shifter, are reported in Fig. 7(b). The device features an FSR = 26.3 +1.0 nm and a
conversion coefficient of 20.2 +2.1 nm/W. As in the previous section, the device was designed
to feature undercoupling below A4 = 8 um (Fig. 5(b)), but it finally remains in this regime on
the whole measurement range due to losses, with the additional contribution from the coupler.
Values of Oy in excess of 40,000 have been measured at 7.5 pm wavelength decreasing down to
12,000 at around 8.3 um wavelength. These values are in line with the measurements performed
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Fig. 6. (a) SEM image of a 100 um radius wrapped resonator with its thermal phase shifter.
(b) Detail of the asymmetric evanescent coupler used in the wrapped design. The outer
waveguide (bus) is thinner than the inner one (ring) to match the wavefront velocities in both
of them.

on the R,z = 100 um Euler resonators, with slightly lower values. This can be accounted for
by considering the lossy behaviour of the wrapped coupler pointed out earlier, increasing the
effective linear losses above 3 dB/cm. Wrapped resonators feature resonances with linewidth as
low as 250 pm with 10 dB of extinction ratio around 7.5 um wavelength as the one highlighted in
Fig. 7(c) for g = 0.9 pm.
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Fig. 7. (a) Full measured transmission spectra of a 100 um wrapped resonators with
coupling length L = 20 um and gap g = 0.8 um. (b) Measured loaded and estimated intrinsic
quality factors for 100 um wrapped resonators with coupling lengths L = 20 pm and L = 35
um, gaps g = 0.8 um and g = 0.9 um respectively. (c) Resonance around A = 7.54 um
scanned with the thermal heater for a 100 um wrapped resonators with coupling length
L =35 um and gap g = 0.9 um.
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4. Conclusion

In conclusion, two solutions to develop compact microresonators have been explored and
measured. Euler ring resonators keep racetrack straight evanescent couplers but features clothoid
easements to avoid straight-to-bend transition losses, while wrapped resonators suppress the extra
length due to the clothoids and straight coupler but requires an asymmetric bent coupler which
introduces extra losses. Also, the former perform better in terms of linewidth and losses, but are
longer than wrapped rings which allow larger free spectral ranges. These two designs for 100 um
radius rings exhibit intrinsic quality factors in excess of 40,000 at 7.5 um wavelength, resonance
linewidths of 170 pm and 250 pm for the Euler bend-based and wrapped designs respectively and
extinction ratios as high as 10 dB. In addition, recent work have demonstrated losses as low as 0.5
dB/cm on a SiGe graded platform with close design [27]. Considering multiphonon absorption
of Ge, the minimum losses of the 6 um graded SiGe platform can be estimated to be 0.6 dB/cm,
which would allow for optical bistability and cavity soliton generation with 174 mW and 270
mW input power respectively. These results pave the way for the use of compact microresonators
at long-wave infrared wavelength for a plenty of applications including optical filtering, and is
promising for future nonlinear studies once loss is further reduced.
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