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We have demonstrated, for the first time to our knowledge, self-injection locking of a distributed feedback (DFB)
diode laser to a multimode 4H-silicon carbide (4H-SiC) microring resonator, which is also used for the observation of
resonant opto-mechanical oscillation in the cavity modes. While the fundamental transverse-electric mode family of
the silicon carbide microring was optically pumped, Stokes light was generated in the adjacent fundamental transverse-
magnetic resonant mode. The threshold of the process did not exceed 5 mW of light entering the cavity characterized
with a loaded optical quality factor of 2 x 10°. These results mark a significant milestone in unlocking the potential of
4H-SiC through turnkey soliton microcomb generation and empowering future advancements in areas such as cavity
optomechanics using this versatile and quantum-friendly material platform. ©2024. All rights reserved.

I. INTRODUCTION

Lasers based on resonant opto-mechanical oscillations, in-
cluding Stimulated Brillouin Scattering (SBS), have attracted
a lot of attention owing to their outstanding spectral charac-
teristics and versatility!. Nowadays, such lasers find ap-
plications including spectroscopy*, quantum optics>®, and
optical clock operation’. Because of their high spectral
purity®!!, they can operate over long distances, which is
beneficial for telecommunications as well as local and dis-
tributed sensing!>!3. Furthermore, they can be integrated into
lightweight and compact systems, which is ideal for modern
technological applications where weight and space pose con-
straints.

The host material of the resonator is critical for the op-
eration of an opto-mechanical oscillator. For example, the
quality of the emitted light depends on factors such as the
mechanical and optical quality factors of the resonator, as
well as its thermal characteristics. In this sense, 4H-silicon
carbide (4H-SiC) is a unique choice as it supports low-loss
mechanical oscillations and a speed of sound approaching
12 km/s in bulk!#. The comparably large frequency offset of
the Stokes light generated in crystalline 4H-SiC simplifies op-
tical pump filtering and monochromatic, low-noise Brillouin
lasing. 4H-SiC is also a promising platform for scalable, chip-
scale, microresonator-based optical frequency comb (micro-
comb) generation!>!® offering wide bandgap, high thermal
conductivity, strong optical Kerr nonlinearity, dispersion en-
gineering by waveguide geometry design, and CMOS com-
patible microfabrication'’2%. Banking on its optically active
defect centers and long room-temperature coherence times,
4H-SiC furthermore poses as a desirable material for quan-

tum sensing and hybrid quantum systems?!.
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A key enabler of fieldable practical applications of inte-
grated systems in any material platform is turnkey generation
and simplified stabilization. Notably, self-injection locking
(SIL)??%3 of the frequency of a low-cost, off-the-shelf diode
laser to an optical mode of a high-Q (quality factor) microres-
onator creates a compact optical source, simultaneously ad-
dressing complexity, size, power consumption, stability, and
the reduction of the pump phase noise. We demonstrate here,
for the first time to our knowledge, SIL and resonant opto-
mechanical oscillation (OMO) in photonic integrated 4H-SiC
microring resonators. The ability to achieve OMO with a
low threshold of under 5 mW in 4H-SiC microrings with a
loaded Q of 2 x 10° highlights the material’s potential for ef-
ficient nonlinear interactions, hence opening the door to fu-
ture advancements in integrated quantum photonics and cav-
ity optomechanics. Importantly, the observed OMO frequency
offset is nearly three times smaller compared with the offset
value in bulk silicon carbide. The scattering is observed in
the forward direction, unlike the backward direction scatter-
ing corresponding to SBS. This difference underscores the im-
portance of the geometry of the microphotonic structure and
is attributed to both optical and acoustic confinement effects
which modify the OMO phase matching conditions>*27. We
notice that the process becomes possible when two orthogo-
nally polarized cavity modes are separated by the desired fre-
quency, a configuration that was also explored in other on-chip
Brillouin laser demonstrations2®. There are major differences,
though. First, the operation of the SBS laser in the SIL regime
in this work is essential for the OMO demonstration, given
that the SIL effect not only reduces the noise of the DFB laser
but also leads to the laser tracking of the resonator mode in-
duced by the thermo-optic effect. In addition, the SIL mech-
anism simplifies achieving the optimal frequency detuning of
the pump relative to the cavity mode via the controllable phase
delay between the laser chip and the microring. This is advan-
tageous compared to the existing approaches.



Il. RESULTS
A. 4H-SiC microresonators

The SiC devices were fabricated on a 700-nm-thick 4H-
SiC-on-insulator wafer (NGK Insulators)?*3°. The pattern,
consisting of microrings with both single waveguide and add-
drop structures, was first defined by e-beam lithography (FOx-
16 as the e-beam resist) and then transferred to the SiC layer
using an optimized CHF3/O, dry etching process'’. In this
work, the etch depth was controlled to be near 570 nm, leav-
ing an unetched SiC layer (pedestal) with a thickness of 130
nm. After cleaning, another 2-um-thick PECVD oxide layer
was deposited to encapsulate the SiC devices. In addition, in-
verse tapers were implemented near the facet of the SiC by
tapering down the SiC waveguide width to approximately 250
nm, which has shown a peak coupling efficiency near 50% (3
dB) to lensed fibers with a mode diameter of 2.5 um?’.

As shown in Fig. 1(a), the microring resonator employed
in this work has a radius of 169 um, corresponding to a
free spectral range (FSR) near 100 GHz**. The ring width
was chosen to be 3 um to ensure low propagation loss in-
side the microring. To selectively couple to the fundamental
transverse-electric mode (TEqg), we adopted a pulley coupling
scheme consisting of an access waveguide width of 1.45 um
and a coupling length of 30 um (see Fig. 1(a)). The lin-
ear transmission provided in Fig. 1(b) confirms that the TEg
mode family is efficiently excited for a coupling gap of 250
nm. As seen in Fig. 1(c), the TEq resonance of this single-
side-coupled microring possesses a loaded Q-factor of 3.5
million (resonance bandwidth of ~55 MHz) and an intrinsic
Q factor near 4.6 million. To observe resonant SBS, discussed
in Section II D, the presence of another mode separated from
the pumped mode of the resonator by the OMO shift is neces-
sary. It turns out that our pulley coupling scheme can also ef-
fectively excite the fundamental transverse-magnetic (TMyy).
One such example is shown in Fig. 1(d), where the TMy res-
onant mode was located at a red-detuned frequency of 14.5
GHz, which can also be slightly adjusted by varying the tem-
perature. Note that the observed shallow dip of the TMyj res-
onance was only because of the input polarization was chosen
to be TE. In fact, once we adjust the input polarization to TM,
the same TMg resonance is fully excited, showing close to
critical coupling with a loaded quality factor near 3.2 million
(see the inset of Fig. 1(d)).

To better understand the properties of the observed TEq
and TMyo modes, finite-element method (FEM) numerical
simulation using COMSOL was carried out. Given that 4H-
SiC is a birefringent material, the refractive index along the
¢ axis (normal to the surface of the chip) is 2.61 at 1550 nm
and its value in the plane is 2.56. In addition, our ring waveg-
uide has a dimension of 3 um width, 0.7 um height, 80 degree
sidewall angle, and 130 nm pedestal (unetched SiC layer). Af-
ter considering these factors, the effective indices of the TEqgg
and TM resonant modes are found to be 2.3961 and 2.3755,
respectively (see Fig. 2(a)). In addition, a plot of their respec-
tive resonance frequencies in the 1550 nm band is provided in
Fig. 2(b), showing that their relative spectral distance can be

fine-tuned by 5.5 GHz per azimuthal order. This is because
the TEgy and TMgp modes have slightly different free spec-
tral ranges, hence offering variable mode spacing as we vary
the azimuthal orders. This feature uniquely benefits the SBS
process, as it is relatively straightforward to find mode com-
binations such as the one shown in Fig. 1(d) for the desired
OMO shift.

B. Experimental setup

In the experiment, we used mainly single-side-coupled mi-
crorings such as the one shown in Fig. 1 for the character-
ization of the intrinsic and coupling quality factors. Their
low transmission when on resonance, however, causes isses
for experiments such as self-injection locking. To overcome
this problem, we implemented add-drop structures as illus-
trated in Fig. 3(a), where the transmission is highest on res-
onance. For self-injection locking, the output light of a dis-
tributed feedback (DFB) laser in transistor outline packaging
(TO can) at a wavelength of approximately 1546 nm is cou-
pled to the microresonator via a ball lens. A maximum cou-
pling efficiency of 80% is achieved using a ball lens with a di-
ameter of 300 um. The emission frequency of the DFB laser
is controlled by changing its current via a laser driver. Utiliz-
ing a high-power-tolerant DFB TO can, increasing the current
to 100 mA and achieving an output optical power of 20-30
mW was possible. The add-drop microring employed in the
SIL experiment has the same parameters as the one shown in
Fig. 1(a), with the major difference being that another drop
port was added to the microring to filter out the useful modes
in the transmission measurement. Because of this additional
coupling, the linewidth of the TEqy resonance has increased
to 100 MHz, corresponding to a loaded Q near 2.0 million. In
addition, we observe a similar TMop mode family appearing
the spectrum (see Fig. 3(c)), which benefits the SBS opera-
tion.

C. Self-injection locking

Self-injection locking (SIL) relies on the reflection of the
light from the resonator to the laser. It can be facilitated by
the Rayleigh back-scattering of light from the optical mode of
the microresonator into the laser cavity. It also can be sup-
ported by the reflection from the drop coupler through the
resonator mode. Laser linewidth after SIL, Swsy, can be
reduced compared to its free-running value, 8 Wgee When the
light reflected from a high-Q microresonator is efficiently col-
lected. The linewidth reduction 6 Wfee /O @sir, is proportional
with sz / lec, the square of the ratio of the quality factors of
the microresonator mode and the laser cavity, and with Ry,
the relative power reflection from the microresonator mode3!.
As a result, the higher the Q of the microresonator and the
higher the Rayleigh back-scattering, the better. Achieving SIL
in integrated microresonators is particularly challenging be-
cause Qy, is smaller compared with whispering gallery mode
resonators, and also because of the competition between the
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FIG. 1. (a) Scanning electron micrograph of a single-side-coupled 169-um-radius SiC microring with width of 3 um. (b) Linear transmission
of the TE-polarized light in the 1550 nm band. The highlighted resonance near the wavelength of 1547 nm is employed for the self-injection
locking experiment. (c) A close-up view of the TE(y resonance showing a loaded and intrinsic quality factor around 3.6 million and 4.6
million, respectively, and (d) examination of the optical spectrum reveals an adjacent TM( resonance near the pump mode with a red-shifted
frequency around 14.5 GHz, which is excited due to residual TM polarization when the input laser is dominated by the TE polarization. The
TMpo becomes obvious once we change the polarization to TM, which shows a loaded and intrinsic quality factor around 2.0 and 3.2 million,

respectively.
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FIG. 2. (a) Simulated electric fields of the TEgg and TMgg modes in the 169-pum-radius SiC microresonator and (b) their spectral distance

corresponding to different azimuthal orders.

free running frequency of the DFB laser reflected from the
chip facet and the Rayleigh back-reflection from the microres-
onator mode, Fig. 4(a). While it is possible to reduced the chip
facet reflection by adding an anti-reflection coating on the side
of the chip or by an angled facet, we have demonstrated SIL in
4H-SiC microring resonators without taking such measures.

A signature of SIL constitutes a sharp dip in the so-called
LI curve (DFB laser power detected by the photodiode ver-
sus the laser drive current)’2. As the current of the laser is
swept, its emission frequency (and power) change monoton-

ically. Because of its relatively large linewidth before SIL,
laser emission does not enter the microresonator efficiently.
When the laser frequency hits a mode of the resonator, some
amount of light reflects back to the laser. The laser locks to the
microring mode, the photocurrent (detected power) drops sud-
denly as a result of the increased power coupling into the mi-
croresonator and back-reflection towards the laser cavity. This
signature is observed in Fig. 4(b). This so called "LI curve"
also shows that the competition between the Rayleigh back-
scattered and the facet back-reflected light tends to soften
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FIG. 3. (a) Schematic of the experimental setup. Synth.: Synthesizer, LD: Laser driver, PD: Photodetector, OSC: Oscilloscope, OSA: Optical
spectrum analyzer, ESA: Electrical spectrum analyzer, LNA: Low-noise amplifier, FP: Fabry-Perot filter. Waveguide-resonator pulley coupling
and waveguide tapers near the chip edges are not emphasized in the schematic. (b) DFB laser coupling to the chip using a ball lens of 300 um
diameter. (c) Transmission of the drop port of the pulley-coupled 169-um-radius SiC microring, which has effective coupling to both TEqg
and TMo mode families. The linewidths of the TEyy and TMg resonances shown here are measured to be close to 100 MHz and 210 MHz,

respectively.

the wall of the sharp dip, a feature particularly visible near
150 GHz in Fig. 4(b).

The SIL process corresponds to a three-contour oscillator
locking process. The contours include the laser resonator, the
microring, and the optical delay line between the laser cavity
and the microring. In this configuration the system has several
partially overlapping operation branches and there exist two
solutions for each value of the current of the SIL laser. As are-
sult, bistability can be observed®?. We also observed the phe-
nomenon using the transmission (drop) optical port Fig. 4(c).
The power of the transmitted light through the resonator was
observed as a function of the electric current driving the laser.
The transmission was minimal when the light was not locked
to the resonator mode. The power jumped up when the laser
locked to the microring optical mode. We modulated the laser
current with a symmetric saw-tooth signal and observed dis-
similar locking ranges for the forward and backward current
scan. Such hysteretic behavior is another evidence of the SIL
of the laser™3.

Figure 5 depicts the photodetector signal as a function of
the DFB laser current after passing the optical wave leav-
ing the microresonator through an etalon (a low-finesse fiber-

based Fabry-Perot filter) with an FSR of 104 MHz. Without
SIL, when the laser emission frequency is scanned by chang-
ing its current, this frequency traverses several etalon modes
and the photocurrent is hence rapidly modulated, resulting in
the oscillatory features observed in Fig. 5(a). On the other
hand, after achieving SIL, this frequency locks to the nearby
microring mode and its tuning rate decreases as the current
is changed. As a result the laser emission frequency does
not move considerably compared to the etalon modes and the
modulation of the photodetector current is significantly re-
duced; see Fig. 5(b).

D. Observation of resonant optomechanical oscillation

In this work, we also investigated resonant OMO in 4H-SiC
microresonators. Figure 6(a) illustrates the generation of a
Stokes sideband by resonant OMO as laser light is coupled to
the microring. The spectrum of the forward propagating light
is recorded from the drop port of the microring; see Fig. 3(a).
In this process, the optical pump photons interact with acous-
tic phonons, leading to the creation of a Stokes signal at a
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frequency shifted from the original pump by approximately
14.5 GHz. The optical power entering the cavity does not
exceed 5 mW and the OMO signal is supported by a mode
belonging to a different mode family (the TM mode) than the
pumped TE mode. As noted earlier, we verified that the cav-
ity houses a mode at this detuning and can hence support the
resonant build up of the OMO sideband. The OMO frequency
shift of 14.5 GHz is defined by the geometry of the system;
see Section III. This number is also consistent with the linear
optical transmission measurement of the microring resonator,

seen in Fig. 3(d), revealing that the OMO mode should be
cross-polarized compared to the pump (i.e., TM instead of
TE).

The OMO signal in Fig. 6(a) is partially masked by the
pump due to the limited resolution of our optical spectrum
analyzer. To ensure the existence of the observed Stokes har-
monic, we demodulated the light leaving the resonator on a
fast photodiode and characterized the spectrum of the mi-
crowave signal using a radio-frequency (RF) spectrum ana-
lyzer. An example of the RF spectrum is the blue curve in



Fig. 6(b). The RF signal is well-defined, signifying good sig-
nal to noise ratio and high spectral purity.

The frequency of the OMO signal can be changed by the
modification of the spacing between the optical modes. To
verify this hypothesis, we recorded the radio-frequency spec-
trum and changed the temperature of the setup, which effec-
tively alters the frequency spacing between the two adjacent
TEgy and TMo resonances considering they have different
FSRs. As a result of the temperature variation, the radio-
frequency signal was observed to shift in frequency. The peak
power and position of the shifted spectra are illustrated by red
dots in Fig. 6(b). The solid line is a guide for the eye illustrat-
ing the bandwidth of the phase matching for the process.

The free-running diode laser used in the experiments ex-
hibits significant noise. This lack of coherence is evident in
Fig. 5(a), which clearly shows the noise on the fringes of an
optical etalon interrogated with this laser. Coherent behav-
ior was observed only after SIL was successfully established,
after which we were able to observe OMO.

To observe OMO, the phase relationship between the laser
and the resonator had to be precisely adjusted by modifying
the air gap separating them. This adjustment allowed us to
tune the SIL laser to match the optical mode of the resonator.
During SIL, the noise of the laser improves, simplifying the
observation of OMO. Oscillation was nonetheless observed
only under specific conditions: the pumped mode had to pos-
sess a corresponding optical mode capable of accommodating
the Stokes sideband.

It is worth emphasizing that, in this context, the slight
(~400 times) improvement in laser noise during SIL opera-
tion is not as critical as the laser’s ability to dynamically fol-
low the resonator mode. This capability is essential, as the
resonator mode undergoes frequency shifts due to thermal ef-
fects associated with optical pumping. Achieving compara-
ble performance using an external laser would require Pound-
Drever-Hall (PDH) locking along with a precise frequency-
offset locking technique optimized for OMO.

OMO power efficiency observed in this experiment was
relatively low. As a result, the characteristic steps typically
seen in the light-current (LI) curve for highly power-efficient
OMO systems were not observed in this particular case. Sim-
ilarly, the dynamic behavior commonly associated with effi-
cient OMO systems was not clearly visible.

I1l.  DISCUSSION

In nanoscale integrated structures, the backward and espe-
cially the forward OMO efficiency has been shown to increase
significantly compared to that in bulk material?®. The opto-
mechanical scattering offset frequency is defined by the phase
matching conditions. In this scattering process photons of the
optical pump with frequency @, scatter into an optical har-
monic with a smaller frequency ws and an acoustic wave with
frequency Q, where Q = @, — @s. The frequency of the scat-
tering is defined by the assumption that the sound has constant
speed and that the phase matching conditions are fulfilled

kP:kS +Kko, (1)

where k;, ks, and ko are the wave vectors of the pump,
Stokes, and the acoustic waves, respectively. The pump
and Stokes waves in opto-mechanical scattering in a resonant
structure supporting higher order modes can be either nearly
counter- or nearly co-propagating. In counter-propagating
scattering, the offset frequency approaches that in bulk, while
for co-propagating pump and Stokes waves, it can be much
smaller than the bulk value of scattering frequency.

Resonant scattering takes place when the optical cavity can
accommodate both the pump and the Stokes optical modes.
Indeed, in our experiment we have verified that there exists
a mode at the frequency offset which can accommodate the
Stokes light, Fig. 3(d). Since the frequency splitting between
the modes is significantly smaller than the SBS offset for the
material, the mode can support the opto-mechanical process
corresponding to the forward scattering. Because the pump
light is TE polarized while the Stokes light is TM polarized,
our experiments reveal that 4H-SiC could provide strong in-
trinsic cross-polarized Brillouin gain. Such relatively uncom-
mon configuration is permitted by the crystalline structure of
4H-SiC (6mm) and may result from the p3; coefficient of
the photoelastic tensor. A competing possible explanation for
the observed result might maintain that our ring waveguide
has TE/TM mode hybridization. Yet, we believe this is un-
likely to be the case considering that the frequency spacing
between the TE and TM modes (~14 GHz) is much larger
than their linewidth (~100 MHz). Additionally, avoided mode
crossing between TE and TM mode families is found to be
negligible, another piece of evidence suggesting a minimal
level of coupling between TE and TM modes. We note that
cross-polarization backward SBS was recently investigated in
lithium niobate integrated waveguides>*.

The forward SBS in bulk material is phase matched for zero
frequency offset only. The condition changes for a microcav-
ity. Projecting Eq. (1) along the propagation path of the light
and sound, we arrive at the equation for the sound wavevector

ko = kjp —kjis 2)

where k|, and k|5 are the projections of the optical wave
numbers. The difference of the wave vectors of two co-
propagating optical modes belonging to two different mode
families depends on the resonator geometry and can be rela-
tively large®. It means that the scattering process can have a
large frequency offset.

The absolute value of the wave vector of the sound wave is
given by

2 _ Qj _ 12 2 _ g2 _ 2
‘k9| - Vé - cutoff+kHQ - kcutoff+ (ka kHS) ’ (3)

where keyoff 1s defined by the geometry of the system, Q is the
sound wave frequency, and vg is the speed of sound. When the
waveguide cross section is comparable with the wavelength
of sound, sound velocity will be small and [ko| > ko can be
achieved. In this case, the scattering frequency is influenced
by the cut-off frequency of the sound wave. We believe that
this effect impacts our observations.

The geometrical confinement also simplifies reaching the
threshold of the opto-mechanical oscillation. Indeed, the
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threshold power of the process can be estimated as

nznpns \%4

P gomo0p0s ApAs’ X
where n,, (ns), Op (Qs), and A, (Ag) are the refractive index,
quality factor, and wavelength of the pump (Stokes) mode,
respectively; gomo is the optomechanical gain defined by the
material properties, and V is the mode volume. For the sake of
simplicity, we assume that the modes nearly overlap in space.
The equation shows that increase of the confinement of the
light as well as increase of the quality factors of the modes
result in the threshold reduction. Silicon carbide microrings
have great potential for increase of their Q-factors, resulting
in the reduction of the oscillation threshold. For example, the
current intrinsic Q around 4.6 million is mostly limited by
the scattering loss and surface absorption loss, both of which
can be improved by optimizing the nanofabrication process.
Simultaneously, by optimizing the geometry and modifying
the fabrication process through undercutting the structure, the
efficiency of the mechanical oscillation can be enhanced.

No change was observed in the mechanical mode when per-
forming thermal tuning. Temperature change shifted the gain
resonance as well as the relative frequencies of the TE and TM
modes. At the same time, the OMO frequency is significantly
impacted by the frequencies of the pump and Stokes optical
modes. Figure 6 demonstrates that the Stokes frequency off-
set from the carrier shifted by nearly 0.5 GHz during thermal
tuning. This is more than 3.5% with respect to the mechanical
carrier frequency. The frequency sensitivity of the mechani-
cal mode cannot explain this shift. The shift is attributed to the
low Q-factor of the mechanical mode and the tuning appears
as a result of the thermal modification of the frequency sepa-
ration of the TE and TM modes hosting the pump and Stoke
waves.

It should be noted that the acoustic mode does not form as
the phonon lifetime in the material is usually shorter than the

round-trip time of sound waves within the microcavity®. The
acoustic wave is therefore delocalized, making the calculation
of gain and overlap integrals quite challenging. An alterna-
tively approach for estimating the threshold power would in-
volve bulk SBS gain. This gain is, however, unknown and its
measurement will be the focus of a future study.

IV. CONCLUSION

We have demonstrated high-frequency opto-mechanical os-
cillations in a 4H-SiC microring cavity integrated on a chip.
The cavity was pumped with a semiconductor laser self-
injection locked to a 4H-SiC microresonator mode. No op-
tical amplifier was involved. The observation paves the way
towards the realization of silicon carbide turnkey microcomb
sources and oscillators on a chip.
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