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Versatile tuning of Kerr soliton microcombs
in crystalline microresonators
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Microresonator-based optical frequency combs emitted from high-quality-factor micro-
resonators, also known as microcombs, have opened up new horizons to areas of optical
frequency comb technology including frequency metrology, precision sensing, and optical
communication. To extend the capability of microcombs for such applications, large and
reliable tunability is of critical importance. Here, we show broad spectral tuning of Kerr
soliton microcombs in a thermally controlled crystalline microresonator with pump-detuning
stabilization. The fundamental elements composing frequency combs, namely the center
frequency, repetition frequency, and carrier-envelope offset frequency, are spectrally tuned
by up to —48.8 GHz, —5.85 MHz, and —386 MHz, respectively, leveraging thermal effects in
ultrahigh-Q crystalline magnesium fluoride resonators. We further demonstrate a 3.4-fold
enhancement of soliton comb power resulting from thermal expansion with a temperature
change of only 28 K by employing quantitative analyses of the fiber-to-resonator coupling
efficiency.
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igh-repetition rate microresonator-based frequency
H combs offer powerful and compact optical frequency

comb (OFC) sources that are of great importance to
various applications including a phase-coherent link for the
optical to microwave domain'2, optical communication®4,
spectroscopy>®,  and  low-noise  photonic  microwave
generation’~10. In particular, the soliton mode-locked states of
microresonator frequency combs provide high-coherence and
smooth spectral profiles'!, thereby making them highly desirable
for most applications!~>1213, One significant difference between
the microcombs and conventional OFC sources is their resonator
configuration!41>, Most mode-locked lasers are based on com-
posite systems with a gain medium, bulky free-space optics, active
and passive optical fibers!®; moreover, laser-cavity actuators such
as temperature control systems, piezoelectric transducer devices,
or high bandwidth modulators can be easily combined to fully
exploit the performance of lasers!®. As a result, oscillation fre-
quencies and repetition rates are controlled by using such
actuator elements or by regulating the cavity length by moving
end mirrors or cutting/fusion-splicing optical fibers. In contrast,
optical microresonators are usually made of a single dielectric
material so that their waveguides can strongly confine light in a
tiny mode spacel”. In return, this ultimately elemental config-
uration makes it a challenge to freely tune the OFC properties.

Mechanical!®1° and electrical tuning?%2! can allow for dyna-
mically control and stabilize the microcombs, and they can
readily act as fast actuators for the comb frequencies in return for
the limited spectral tuning bandwidth. Similarly, resonance con-
trol via thermal effects has also been implemented with an aux-
iliary laser coupled to a different resonance mode?>23, pump
power control using an intensity modulator?®24, or a Peltier
element installed in a cavity-packaged module?°. Although these
techniques are suitable for narrow range of resonance tuning and
compensation for environmental perturbation, i.e., soliton
initiation2324 or long-term stabilization®3-2, these studies have
paid little attention to the capability of the spectral tuning
bandwidth. In this regard, temperature control of the entire
resonator system using integrated microheaters has been adopted
as the most effective and useful method of frequency tuning and
resonance control for on-chip resonators operating mainly with a
comb mode spacing exceeding 200 GHz26-31, Despite the rapid
progress made on larger mode spacing combs, broadband tun-
ability and flexibility of soliton microcomb sources with a repe-
tition rate in the microwave X- and K-bands (8-27 GHz) have not
been demonstrated. These frequency bands are important because
they constitute the mainstream method for ultralow-noise pho-
tonic microwave generation with a direct optical-to-electric
conversion process, and the microwave synthesis of the lowest-
level phase noise signals has been achieved in millimeter-scale
whispering-gallery-mode (WGM) microresonators>”-%10. Thus,
widely tunable microcombs yielding the microwaves at these
bands require a better understanding of the dynamics of soliton
combs generated in WGM microresonators under thermal acti-
vation over a wide dynamic range.

Here, we demonstrate and extend the spectral flexibility of a
soliton microcomb with a 23 GHz repetition rate by exploiting
temperature control and a detuning stabilization system. The
center frequency, repetition frequency, and offset frequency of a
soliton comb with a radio-frequency (rf) repetition rate are
simultaneously tuned by thermal effects and stabilized by a
feedback loop. We further show that the output power of a soliton
comb is distinctly enhanced via thermally-induced coupling
variation owing to the thermal expansion of a resonator coupled
to a tapered fiber that ensures coupling flexibility. A qualitative
analysis allows us to explain this interesting result. Moreover, we
address the complex dynamics underlying soliton tuning arising

from birefringence of crystalline magnesium fluoride (MgF,)
resonators that gives rise to the difference in the thermal sensi-
tivity of optical resonances belonging to different polarization
modes. This feature leads to polarization-dependent tunability
and has a unique effect on the soliton self-frequency shift via
mode-coupling-induced dispersive wave (DW) emission.

Results and discussion

System overview. The frequency tuning of cavity resonances in
optical microresonators can be driven by two thermal effects,
namely the thermo-optic and thermal expansion effects. The
former originates from the change in refractive index and the
latter corresponds to the volume change of the material in
response to temperature variation, thus altering the optical length
of the resonator. In general, both effects alter the resonance fre-
quencies following a simple relation, dff/dT = —(«,, + «)f, where
a,, = (1/n)(dn/dT) and a;= (1/1)(dl/dT) are the thermo-refractive
and thermal expansion coefficients, respectively. The thermal
coefficients in most resonator materials including crystalline
MgF, are positive, whereas some of the fluoride crystals (e.g.,
calcium fluoride, barium fluoride) or polydimethylsiloxane pos-
sess negative thermo-refractive coefficients. Although recent
studies have demonstrated a potential advantage of the negative
thermo-optic effect for microcomb generation32-33, it often results
in resonance instability induced by thermo-optical oscillations34.
As aresult, a crystalline MgF, resonator is widely used to obtain a
stable soliton state in thermal equilibrium?46.7:11,

For uniaxial crystals such as MgF,, optical anisotropy should
be considered3>3%. The use of a resonator made from z-cut MgF,
crystal results in slightly different refractive indices for the
transverse-electric (TE) mode (extraordinary polarized, n,=
1.382) and the transverse-magnetic (TM) mode (ordinary
polarized, #n,=1371), and similarly the thermal
coefficients exhibit anisotropy. In this work, we adopted the
following values: a,,=0.23x 107°K~!, a, ,=0.64x 1070 K],
and o;=8.9x107°K~1 at room temperature3>. We also note
that the thermal expansion can mainly be attributed to the
ordinary direction a;,, which corresponds to the expansion of the
radial direction of the resonator3’. Strictly speaking, thermal
expansion coefficients are given as a function of temperature, but
the impact is considered negligibly small in this study.

Figure la, b shows the experimental setup and concept of
thermal resonance tuning in an MgF, microresonator. While the
tuning efficiency of resonance frequencies is independent of the
resonator diameter, that of the mode-spacing, i.e., the free-spectral
range (FSR), depends on the native mode spacing: dfpsp/dT = —
(o, + o)/ (2mngR), where c is the speed of light in a vacuum, n, is
the group index, and R is the effective radius of a resonator. Thus,
the tuning efficiency of the FSR corresponds —213.2 kHz/K for the
TE mode and —222.8 kHz/K for the TM mode for the 23.35 GHz-
FSR resonator that we used for soliton generation as described in
the following section. The tuning efficiency of the resonant
frequencies corresponds to —1.765 GHz/K for the TE mode and
—1.845 GHz/K for the TM mode in the 1550 nm band. Figure 1c, d
shows the transmission spectra and resonance shifts with the
resonator temperature increasing from 300 K (AT =0 K) to 325 K
(AT=25 K), respectively. The fitted slopes yield an average
efficiency of —1.77 GHz/K, which indicates that these modes belong
to the TE mode families. We also clearly observe the polarization
dependence of the resonance tuning efficiency as shown in Fig. le, f.
By offsetting the frequency shift of one of the TE modes, we can
recognize the mode families exhibiting different tuning efficiencies
as the TM modes, and the difference is Afry—1g = 80 MHz/K. It is
sometimes difficult to assign the polarization for WGM resonators;
however, a simple measurement of the amount of thermal shift

2 COMMUNICATIONS PHYSICS | (2023)6:1] https://doi.org/10.1038/s42005-022-01118-4 | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01118-4

ARTICLE

25.00 | TEC

o
13 TS

o

T T T T T

Temperature AT (K) & Transmittance ©

20 b
10 b
TE modes
-1.77 GHz/K
0 i 1 1 1 1 1 ]
-60 -40 -20 0 20
Resonance shift (GHz)

I3,

b

¢

dFSR <0

df
Temperature T a1 < 0 rd

Hot resonance Cold resonance

TE mode

TM mode Frequency f

‘dfTE‘ < |dfTM‘ ‘dFSRTEl < ‘dFigTM

dar darT dT
e AT=0.8K, 1.9K, 3.0 K, 3.8K, 5.0 K
[0] T T T T T
o e
c - D T o
FUR S e et I .
e[ ]
)
2
Sr TM mode families _iTE mode families 7
'_ 1 1 1 1
-0.6 -0.4 -0.2 0 0.2
f Relative frequency (GHz)
~N T T T T L
T TE mode families
&D_, 0 e o ® ° °
g 0.2
-.; - Hybridized modes
= - M’no .
5 0.4 de Familias
[0) 1 1 1 1 1 1
= 0 1 2 3 4 5

Temperature AT (K)

Fig. 1 Resonant frequency tuning efficiency for orthogonally polarized modes in a crystalline MgF, microresonator. a Schematic experimental setup.
Transmission spectra are recorded using a photodetector (PD) and an oscilloscope (OSC). The polarization of a continuous-wave (CW) laser is controlled
by using a fiber polarization controller (FPC). The frequency axis of the transmission spectrum is calibrated with the reference signal of a Mach-Zehnder
interferometer (MZI). AWG arbitrary waveform generator, TEC thermoelectric cooler. b Orthogonally polarized modes exhibit a different tuning efficiency
with a temperature increase. Mode families belonging to the transverse-magnetic (TM) modes show greater efficiency than transverse-electric (TE)
modes due to the difference in the thermo-optic coefficient. € Transmission spectra at AT = 0K (blue) and AT = 25K (red). d Extracted resonance shifts
for ten different modes in TE-polarization, which yields an average efficiency of —1.77 GHz/K. e The relative frequency shifts of TM mode families to the TE
mode when the temperature is increasing by 5.0 K. f Extracted relative resonance shifts to one of the TE modes.

readily distinguishes between the polarizations in MgF, resonators.
Interestingly, a few measured resonances show intermediate
efficiency between the TE and TM modes due to the degeneracy
of the effective indices, which forms a hybridized mode between
orthogonal polarization modes3.

Versatile tuning of soliton microcombs. We perform the spec-
tral tuning of a soliton microcomb using a temperature-
controlled MgF, microresonator with an FSR of 23.35 GHz. A
thermoelectric cooler element is used to control the resonator
temperature with 0.01 K accuracy with the appropriate feedback
control, which enables active thermal tuning. First, we generate a
soliton comb at 25°C (AT =0 K) and measure the soliton beat
note, which directly yields the soliton repetition rate. Here, the
pump detuning is flexibly controlled by applying a modulation
frequency to a phase modulator. We obtain temperature-
dependent optical and electrical spectra as shown in Fig. 2,
while pump detuning dependence is presented in Fig. 3 (see
Methods and Supplementary Note 1 for the details of our
experimental setup). The pump detuning is an essential para-
meter for determining both the fundamental properties of a
soliton comb such as the soliton pulse width and the soliton noise
limit, which involves the soliton spectral recoil induced by DWs
and the Raman effect®3%:40,

Figure 2a shows the measured optical spectra of single-soliton
states when the temperature is increased up to 53 °C with a fixed
detuning of 10.5 MHz. The frequencies of each comb line are
defined by the well-known relation, f,, = feeo + 1 X frep, Where f,,
is the frequency of each comb mode and the index m is an

integer. Since the repetition rate f, is directly obtained as the
beat frequency as shown in Fig. 2b, , it is easily possible to extract
the carrier-envelope offset frequency f.., by subtracting the pump
frequency from an integer multiple of f,.,, (m = 6365). Figure 2d-f
shows the variation in the pump (center) frequency f,, frep» and
feeor where the fitting slope (solid line) yields the tuning efficiency,
—1.74 GHz/K, —208 kHz/K, and —14.1 MHZz/K, respectively. The
total tuning ranges of f,, frp and fe, reach —48.8 GHz,
—5.85 MHz, and —386 MHz, respectively, with 28 K temperature
change. The measured tuning efficiencies agree well with the
theoretical predictions discussed in the previous section, and the
results confirm that the pump mode belongs to the TE modes. It
should also be noted that the total tuning range of the pump
frequency exceeds 2-FSRs owing to the narrow mode spacing of
our millimeter-scale resonator. This feature makes it possible to
search for a desired resonance mode by using a thermal heating
method instead of broadband laser frequency control, whose
tuning range depends on the performance of the pump laser and
may be insufficient to access all resonance modes within 1-FSR.

To investigate the effect of thermal tuning on soliton properties
in detail, we then plot the recoil frequency and average soliton
power as a function of temperature (Fig. 2g, h). We draw
attention to the fact that temperature change leads to a variation
in the soliton recoil frequencies even with the same detuning
values (Figs. 2g and 3b). Since the Raman effect can be neglected
in MgF, crystals because of the very narrow gain bandwidth, DW
emission, which results from higher-order dispersion and mode
couplings, must critically affect the degree of soliton recoil®31:40,
Even though the spectral positions of the DWs are inherent
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Fig. 2 Active thermal tuning of a soliton frequency comb. a A sequence of optical spectra of a single-soliton state as a function of temperature with a fixed
detuning of 10.5 MHz. The fitted envelope (blue line) indicates that the spectral center is shifted to the pump frequency (soliton recoil). b, ¢ Radio-
frequency beat-note spectrum yielding a soliton repetition frequency at 311.8 K (AT =13.7 K) and temperature-dependent beat signals. d-f Results of
soliton tuning for the pump frequency, repetition frequency, and extracted carrier-envelope offset frequency, which yield the efficiency of each comb
property. The solid red lines correspond to the results of linear regression. g Dependence of the soliton recoil frequency on temperature change.

h Measured average soliton power (blue dots) and calculated coupling efficiency 5 (green symbols) versus temperature change.

features in a single microresonator with fixed detuning, we find
that the intensity and positions of strong peaks vary irregularly
with temperature, and this indicates that changes in resonator
temperature have a strong influence on resonator mode structure,
i.e., thermally-induced resonance shift. Specifically, birefringent
properties, which affect the tuning efficiency for orthogonal
polarization, induce considerable mode hybridization rather than
linear frequency shifts of all the resonant modes via strong cross-
polarization mode coupling3®. The design and prediction of the
spectral position of the DW's are still challenges*!; nevertheless,
we believe that thermal activation could be utilized for the active
tuning of the DWs in a WGM resonator supporting many
different transverse modes.

More surprisingly, the soliton power is significantly increased
with the temperature change even though a tapered fiber is in
contact with the resonator and the position is not adjusted during
the series of measurements. This result is not intuitively
anticipated because the changes in the pump frequency and
repetition frequency have little impact on the average soliton

power given by P, = %,/—2114:[325(‘)4’40’42, where 7 is the
coupling efficiency, A.g is the effective mode area, n is the
refractive index, n, is the nonlinear index, and Q is the total
Q-factor. Although the pump detuning 6w = (wo — w,) and

resonator group-velocity dispersion f3, contribute to the soliton
power, we can decouple them because the measured pulse widths
7 = +/—cf,/2ndw are almost constant (7~ 178 fs) under a fixed
detuning of 10.5 MHz, which is direct evidence that the overall
dispersion is unchanged. In fact, the pulse widths follow the
theoretical prediction even for different temperatures at the same
detuning value (Fig. 3c). When we neglect the changes in the
mode area, refractive index and nonlinear refractive index for a
temperature increase of 28 K, another possibility is that the
significant change in the soliton power is caused by the variation

in the coupling rate 1/Q (= n,Py,/2A.+/—2ncf,0w). The green
symbol in Fig. 2h represents the extracted coupling efficiency
7 = Kext/ (Kint + Kexe) as a function of temperature change at a
constant intrinsic cavity decay rate (ki,/2m = 0.43 MHz). This
result indicates that the coupling strength, namely «../27, is
eventually increased 3.4 times (0.38-1.3 MHz) by heating the
resonator despite the fact that neither the position nor the
diameter of the fiber, which could alter the coupling strength, is
adjusted during the measurement. It should be noted that the
accessible soliton step varies due to the change in the fiber-to-
resonator coupling condition as the cavity temperature increases.
We emphasize that the coupling strength is known to be
determined by the mode overlap integral and phase mismatch
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Fig. 3 Observed soliton properties with different effective detuning and
temperature. a Optical spectra of a single-soliton state with different
detuning at 34 °C (AT =9.0K). The effective detuning is scanned from

8 MHz (blue) to 20.5 MHz (red) in 2.5 MHz steps. b, € Measured recoil
frequency and soliton pulse full-width at half-maximum (FWHM) derived
from a sech2-fit versus the effective detuning. The positive (negative) value
of the recoil frequency corresponds to the blue (red) shift with regard to
the pump frequency. A dashed black line for the pulse width represents a
theoretical curve.

between a resonant mode and a fiber mode. In this respect, we
theoretically detail the mechanism of the thermally-induced
coupling variation.

Analysis of dynamic change in coupling strength. In light of the
experimental results, we numerically analyze the effect of the
thermal activation on the coupling strength between a WGM
resonator and a silica tapered fiber coupler (The calculations are
detailed in Methods and Supplementary Note 2-4). Figure 4a
shows a schematic model of our simulation for the coupling
strength in a millimeter-scale MgF, resonator. On the assumption
of a weak coupling approximation (i.e., the coupling coefficient is
sufficiently small compared with the propagation constant), the

coupling coefficient can be expressed as®3:

L ) 2
K—T(f’lr — nO)NfNr

TV

where Eg,y corresponds to the complex electric field amplitudes of
the fiber (resonator), Ng) is the normalization constant for the
fiber (resonator), and 7, and n, are the refractive indices of the
resonator and air. The difference between the propagation con-
stants AB = ¢ — f, contributes to the phase mismatch between
the fiber and resonator modes. The integration is performed over
a volume of the resonator in a three-dimensional Cartesian
coordinate system, where the z-axis represents the length direc-
tion of a tapered fiber. The coupling strength is then obtained
from the relation «,,, & |%|*(c/27n,R), which accordingly corre-
sponds t0 w/Qey. Importantly, Eq. (1) indicates that both the
overlap integral between the fiber and resonator modes and the
phase-matching condition are central to the coupling strength. As
a hypothesis, the thermal expansion effect can modify the cou-
pling strength as a result of the variation in the mode overlap,
which is determined by the degree of contact between the fiber
and resonator, and the thermo-optic effect changes the effective
refractive indices, thus altering the phase-matching condition.

To investigate the dynamics of coupling variation, we first
begin with numerical simulation of the coupling strength with
respect to fiber diameter for different transverse modes when the
fiber and resonator are placed in contact at one point. Figure 4b, ¢
presents the mode field distribution for featured five transverse
modes and the calculation results. As mentioned earlier, MgF,
resonators exhibit different refractive indices for orthogonal
polarized modes, and therefore the fiber diameter which
minimizes the phase mismatch also differs for the TE and TM
mode families. In addition, higher-order polar and radial modes
exhibit different coupling strengths due to the difference of the
propagation constant and mode profiles. The two modes (2nd
and 4th) of the five WG modes are not shown in Fig. 4c because
the coupling strengths are several orders of magnitude smaller,
and coupling does not occur. This is because the fiber is
positioned at y =0 in this simulation, thus significantly reducing
the mode overlap. The coupling strength for varying the fiber
position, defined as polar angle ¢, is presented in Fig. 4d, where
the fiber position is moved along a resonator curvature. This
result confirms that higher-order WG modes can also be
efficiently excited by changing the contact position of the fiber.
Indeed, the coupling strength can be controlled by carefully
adjusting the contact position, fiber thickness, and effective
coupling length, namely the degree of contact with a resonator, in
practical experiments.

To consider the effect of the effective coupling length Al instead
of single point coupling at z =0, we modified Eq. (1) by including
an additional coupling term x,; supposing that the mode overlap
is maximized at z= 0 and remains constant in the finite coupling
regime Al Then, the additional coupling term is given by
ka1 = K,_o sin(ABAI/2)/(AB/2)**. Such an approach is referred to
as a pulley-style configuration and widely employed with
integrated resonators to precisely engineer the coupling
strength*4-46. The significant difference is that the tapered fiber
used in our system provides a considerable degree of coupling
flexibility in contrast to integrated resonators with a fixed
waveguide as mentioned earlier. The dependence of the coupling
strength on effective coupling length and fiber diameter is shown
in Fig. 4e as a contour map. The coupling strength exhibits a
periodic dependence on the effective coupling length, which
originates from a relative phase shift between the fiber and
resonator modes as seen in a directional coupler’. When the
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Fig. 4 Analysis of the coupling strength in a crystalline MgF, microresonator coupled to a silica tapered fiber. a Schematics of the fiber-resonator
coupling model in x-y-z coordinates, where R and r correspond to a resonator radius and curvature, respectively. The fiber position along the curvature is
given by the polar angle ¢. b Mode profiles of several whispering-gallery (WG) modes. The fundamental mode is designated as 1st and the higher-order
modes are named sequentially. The color bar shows the electric field intensity. € Simulated coupling strength versus fiber radius for three WG modes. The
fiber radius showing the maximum coupling strength modes is shifted literally due to the difference between refractive indices of the transverse-electric
(TE) and transverse-magnetic (TM) modes. d Coupling strength as a function of fiber position ¢ for the TE modes. e Contour map of coupling strength
showing the dependence on fiber radius and effective coupling length Al for the TE 1st mode. The color bar shows the coupling strength keyt/27 in units of
MHz. Coupling strength as a function of temperature for the 1st, 3rd, and 5th TE modes at different fiber radii, f for riuper =1pm and g for rizper = 1.65 pm.
The temperature-dependent refractive index change modifies the phase-matching condition, resulting in increased or reduced coupling strength.

fiber diameter is 3.3 um (typical diameter of a tapered fiber is
2-4um in our experiments), the coupling strength for the
fundamental (1st) TE mode is gradually increased from &/
2w =0.56 to 2.7 MHz with ~ 10 um coupling length change. The
results in the fundamental TM mode are also presented in
Supplementary Note 5.

Our interest here is whether or not the thermal effects indeed
modify the coupling strength. Since the temperature-dependent
resonator expansion is given by AR(AT) = oRAT, the radius of
the resonator (R = 1400 um) is increased by ~0.5 um with 30 K
heating. It should be noted that the change in the effective
coupling length is a difficult parameter to assess experimentally
because it relies on the tensile strength of the tapered fiber and the
actual tapered length. Nevertheless, we emphasize that the
effective coupling length is likely to increase by several microns
or several tens of microns in practical experiments (See
Supplementary Note 3), and therefore, the thermal expansion
effect (i.e., the change in the effective coupling length) could cause
a dynamic, wide-range coupling enhancement as seen in our
experimental results in Fig. 2. We further mention that the
thermo-optic effect also contributes to the coupling strength via
the phase-mismatch condition AS due to the considerable
difference in the thermo-optic coefficients of silica and MgF,
crystal. In thermal equilibrium, the temperature of a silica tapered
fiber is considered to be the comparable to that of the resonator in
the region where the fiber is in contact with the resonator.
However, we find that the phase-mismatch induced by the
thermo-optic effect only alters the coupling strength of up to

~20% with a 50 K temperature change (Fig. 4f, g) and is thus less
effective than the expansion effect.

Conclusions
In summary, we have experimentally demonstrated the versatile
tuning of rf repetition-rate soliton combs in a crystalline MgF,
microresonator. The main properties of frequency combs,
namely, the center frequency, repetition frequency, and carrier-
envelope offset frequency are tuned by —48.8 GHz, —5.85 MHz,
and —386 MHz, respectively, by using the temperature control of
a fiber-coupled resonator system. Additionally, we show the
possibility of spectrally tuning the DWs accompanied by soliton
recoil via the dynamic modification of cavity mode structures due
to the birefringence of crystalline microresonators. Thermally-
induced coupling variation that leads to pronounced soliton
power enhancement has also been demonstrated and studied
theoretically to validate this effect. So far, optimization of a
coupling position and a fiber thickness has been performed based
on practical experiences and patient adjustment rather than a
theoretical method. The quantitative analyses also provide helpful
guideline for the rational optimization of this “rule of thumb”
fiber-resonator coupling to multi-mode WGM resonators.
Previous studies have not reported such a significant coupling
change induced by thermal effects#26:29-31 In our case, the
flexibility of the tapered fiber coupler and the relatively large
thermal expansion coefficient of the crystalline material (e.g.,
MgF,: 89x107°K~!, fused SiOy 0.6x107°K~l, Si
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2.6 x 1076 K~13%) allow modification of the coupling strength,
and resulting in the enhancement of the soliton comb power.
Although the implementation of thermally-induced dynamic
coupling control in integrated resonators is a challenge, it would
be possible if the resonator and the waveguide have very different
thermo-optic coefficients. For future practical applications, broad
and reliable soliton tuning could be employed in microcomb
systems. In particular, photonic rf oscillators exploit the intrinsic
low phase-noise properties of soliton combs in ultrahigh-Q
crystalline resonators?, whereas the thermal drift of optical
resonances leads to the degradation of the phase-noise perfor-
mance in the low Fourier frequency regime. Thus, temperature
control and subsequent high-level stabilization*®4° are essential
for mitigating the thermal drift and pursuing the fundamental
noise limit of soliton microcombs>?. This study provides a greater
understanding regarding wide-range tunability of the comb fre-
quency and output power toward the implementation of both a
high-purity photonic oscillator and a high-coherence laser source
for optical communications and dual-comb spectroscopy that
requires precise control of the difference between repetition
frequencies.

Methods

Experimental setup. An MgF, microresonator is fabricated from a z-cut crystalline
disk by shaping and hand polishing with diamond slurry. The FSR of 23.35 GHz
corresponds to a major radius of 1.49 mm and typical loaded Q-factors are 108-10°
in the 1550 nm band. The curvature radius is ~50 pm. The group-velocity dispersion
of the pumped mode in our work is 8, = d?f/dw? = — 6.3ps?/km, yielding anom-
alous dispersion. The group-velocity dispersion is defined as the derivative of the
inverse group velocity with respect to the angular frequency®!. The crystalline
resonator is fixed with adhesive to a metal rod a few centimeters long, so that the
temperature of the resonator is controlled through the metal parts with a tem-
perature transducer. For soliton generation, a continuous-wave fiber laser (line-
width < 0.1 kHz) is amplified by an erbium-doped fiber amplifier, and an optical
power of ~400 mW is coupled via a silica tapered fiber. The length of the tapered
region is ~40 mm, and the diameter of the tapered fiber and the contact position with
the resonator is optimized to make it possible to observe distinct soliton steps.
Typically, we employed fiber diameters of 2-4 um, and brought the fiber into contact
with the resonator to realize stable light coupling. A single-soliton is generated via a
forward laser frequency sweep with an adequate scan speed (0.1-10 MHz/ms), and
then the soliton is captured by activating a servo controller to lock the effective
detuning via a phase-modulation technique*%>2. The feedback control of the pump
laser frequency enables us to stabilize the soliton state against the thermal drift of the
cavity resonance and the long-term frequency fluctuation of the pump laser>2. The
absolute frequency of the pump laser is monitored by using a wavelength meter,
whose spectral resolution (0.1 pm) limits the absolute accuracy of f, and fee,.

Numerical analysis of resonator and fiber modes. Mode profiles of the WGM
resonator and tapered fiber are calculated by conducting a finite element simula-
tion and a theoretical analysis, respectively. We perform a finite element method
(FEM) simulation by using FEM software (COMSOL Multiphysics) to calculate the
resonator modes. For the simulation, we model an axisymmetric WGM resonator
with a resonator radius of 1400 um and a curvature of 25 pum, respectively, with a
calculation area of 55 um by 55 pm. The refractive indices of MgF, for the TE and
TM modes are set independently for the simulation.

To calculate the mode overlap integral between the fiber and resonator modes,
the three-dimensional electrical components are mapped on Cartesian-coordinate
grids and then normalized by a factor, given as:

1 feg [
1= EN%(') M—O//nf(r)(x,y)lEl?(r)dxdyA 2)
0/ -

The y- and x-axes correspond to the dominant directions of the electrical field of
the TE, and TM modes, respectively. The mode field of a tapered fiber can be
analytically obtained by solving the wave equation in the cylindrical coordinates,
where the propagation direction is taken to be the z-direction and the center of the
contact position is defined as z=0. A detailed derivation is presented in
Supplementary Note 2. The equation gives several fiber modes with different
propagation constants, whereas we only focus on the fundamental fiber mode, i.e.,
HE,; mode, which is linearly polarized single-maximum mode for the simulation.
The refractive indices for a fiber and surrounding air are set at ny=1.444 and

1 = 1.000 at 25 °C.

Calculation of coupling coefficient. The coupling coefficient is obtained by per-
forming a three-dimensional integration of Eq. (1). The integration for the x-y

plane, which is transverse to the propagation direction, is performed over the cross-
sectional area of an MgF, microresonator at each z-point. Because of the resonator
curvature 1, the overlap integral gradually decreases in accordance with the light
propagation in the z-direction. Then, the overlap integral is further integrated
along the z-axis to take the phase-matching condition into account. A sufficiently
large integral interval is chosen so that the coupling coefficient converges to a
constant value. When we calculate the additional coupling introduced by the
effective coupling length, the section is considered to be a straight waveguide for
simplicity, which can be justified because the resonator radius (R = 1400 pm) is
much larger than the diameter of a tapered fiber (~2—4 pm). The effective refractive
index for a resonator mode is calculated from the electric field distribution and
temperature-dependent refractive indices for extraordinary and ordinary rays (see
Supplementary Note 3 for details).

Data availability
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available from the corresponding author upon reasonable request.

Code availability
The codes used for this study are available from the corresponding author upon
reasonable request.

Received: 10 June 2022; Accepted: 13 December 2022;
Published online: 10 January 2023

References

1. Spencer, D. T. et al. An optical-frequency synthesizer using integrated
photonics. Nature 557, 81-85 (2018).

2. Lucas, E. et al. Ultralow-noise photonic microwave synthesis using a soliton
microcomb-based transfer oscillator. Nat. Commun. 11, 374 (2020).

3. Marin-Palomo, P. et al. Microresonator-based solitons for massively parallel
coherent optical communications. Nature 546, 274-279 (2017).

4. Fujii, S. et al. Dissipative Kerr soliton microcombs for FEC-free optical
communications over 100 channels. Opt. Express 30, 1351-1364 (2022).

5. Suh, M.-G,, Yang, Q.-F,, Yang, K. Y., Yi, X. & Vahala, K. J. Microresonator
soliton dual-comb spectroscopy. Science 354, 600-603 (2016).

6. Lucas, E. et al. Spatial multiplexing of soliton microcombs. Nat. Photonics 12,
699-705 (2018).

7. Liang, W. et al. High spectral purity Kerr frequency comb radio frequency
photonic oscillator. Nat. Commun. 6, 7957 (2015).

8. Weng, W. et al. Spectral purification of microwave signals with disciplined
dissipative kerr solitons. Phys. Rev. Lett. 122, 013902 (2019).

9.  Yang, Q.-F. et al. Dispersive-wave induced noise limits in miniature soliton
microwave sources. Nat. Commun. 12, 1442 (2021).

10. Kwon, D,, Jeong, D., Jeon, L, Lee, H. & Kim, J. Ultrastable microwave and
soliton-pulse generation from fibre-photonic-stabilized microcombs. Nat.
Commun. 13, 381 (2022).

11. Herr, T. et al. Temporal solitons in optical microresonators. Nat. Photonics 8,
145-152 (2014).

12. Suh, M.-G. & Vahala, K. J. Soliton microcomb range measurement. Science
359, 884-887 (2018).

13. Trocha, P. et al. Ultrafast optical ranging using microresonator soliton
frequency combs. Science 359, 887-891 (2018).

14. Fortier, T. & Baumann, E. 20 years of developments in optical frequency comb
technology and applications. Commun. Phys. 2, 153 (2019).

15. Diddams, S. A., Vahala, K. & Udem, T. Optical frequency combs: coherently
uniting the electromagnetic spectrum. Science 369, eaay3676 (2020).

16. Droste, S., Ycas, G., Washburn, B. R., Coddington, I. & Newbury, N. R.
Optical frequency comb generation based on erbium fiber lasers.
Nanophotonics 5, 196-213 (2016).

17. Kippenberg, T. J., Holzwarth, R. & Diddams, S. A. Microresonator-based
optical frequency combs. Science 332, 555-559 (2011).

18. Papp, S. B., Del'Haye, P. & Diddams, S. A. Mechanical control of a microrod-
resonator optical frequency comb. Phys. Rev. X 3, 031003 (2013).

19. Liu, J. et al. Monolithic piezoelectric control of soliton microcombs. Nature
583, 385-390 (2020).

20. Jung, H., Fong, K. Y., Xiong, C. & Tang, H. X. Electrical tuning and switching
of an optical frequency comb generated in aluminum nitride microring
resonators. Opt. Lett. 39, 84-87 (2014).

21. Yao, B. et al. Gate-tunable frequency combs in graphene-nitride
microresonators. Nature 558, 410-414 (2018).

COMMUNICATIONS PHYSICS| (2023)6:1| https://doi.org/10.1038/s42005-022-01118-4 | www.nature.com/commsphys 7


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01118-4

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jost, J. D. et al. All-optical stabilization of a soliton frequency comb in a
crystalline microresonator. Opt. Lett. 40, 4723-4726 (2015).

Zhang, S. et al. Sub-milliwatt-level microresonator solitons with extended
access range using an auxiliary laser. Optica 6, 206-212 (2019).

Yi, X,, Yang, Q.-F., Yang, K. Y. & Vahala, K. Active capture and stabilization
of temporal solitons in microresonators. Opt. Lett. 41, 2037-2040 (2016).
Suh, M.-G., Wang, C. Y., Johnson, C. & Vahala, K. J. Directly pumped 10 GHz
microcomb modules from low-power diode lasers. Opt. Lett. 44, 1841-1843
(2019).

Miller, S. A. et al. Tunable frequency combs based on dual microring
resonators. Opt. Express 23, 21527-21540 (2015).

Xue, X. et al. Mode-locked dark pulse Kerr combs in normal-dispersion
microresonators. Nat. Photonics 9, 594-600 (2015).

Joshi, C. et al. Thermally controlled comb generation and soliton modelocking
in microresonators. Opt. Lett. 41, 2565-2568 (2016).

Xue, X. et al. Thermal tuning of Kerr frequency combs in silicon nitride
microring resonators. Opt. Express 24, 687-698 (2016).

Kuse, N., Tetsumoto, T., Navickaite, G., Geiselmann, M. & Fermann, M. E.
Continuous scanning of a dissipative Kerr-microresonator soliton comb for
broadband, high-resolution spectroscopy. Opt. Lett. 45, 927-930 (2020).
Okawachi, Y. et al. Active tuning of dispersive waves in Kerr soliton combs.
Opt. Lett. 47, 2234-2237 (2022).

Lobanov, V. E.,, Kondratiev, N. M. & Bilenko, I. A. Thermally induced
generation of platicons in optical microresonators. Opt. Lett. 46, 2380-2383
(2021).

Zhang, X. et al. Numerical investigation of turnkey soliton generation in an
organically coated microresonator. Phys. Rev. A 103, 023515 (2021).

Diallo, S., Lin, G. & Chembo, Y. K. Giant thermo-optical relaxation
oscillations in millimeter-size whispering gallery mode disk resonators. Opt.
Lett. 40, 3834-3837 (2015).

Ghosh, G. Handbook of Optical Constants of Solids: Handbook of Thermo-
optic Coefficients of Optical Materials With Applications (Academic Press,
1998).

Fujii, S. et al. All-precision-machining fabrication of ultrahigh-Q crystalline
optical microresonators. Optica 7, 694-701 (2020).

Lim, J. et al. Probing 10 uK stability and residual drifts in the cross-polarized
dual-mode stabilization of single-crystal ultrahigh-Q optical resonators. Light.
Sci. Appl. 8, 1 (2019).

Ramelow, S. et al. Strong polarization mode coupling in microresonators. Opt.
Lett. 39, 5134-5137 (2014).

Yi, X. et al. Single-mode dispersive waves and soliton microcomb dynamics.
Nat. Commun. 8, 14869 (2017).

Lucas, E., Guo, H,, Jost, J. D., Karpov, M. & Kippenberg, T. J. Detuning-
dependent properties and dispersion-induced instabilities of temporal
dissipative Kerr solitons in optical microresonators. Phys. Rev. A 95, 043822
(2017).

Bao, C. et al. Spatial mode-interaction induced single soliton generation in
microresonators. Optica 4, 1011-1015 (2017).

Yi, X, Yang, Q.-F., Yang, K. Y, Suh, M.-G. & Vahala, K. J. Soliton frequency
comb at microwave rates in a high-Q silica microresonator. Optica 2,
1078-1085 (2015).

Humphrey, M. ], Dale, E., Rosenberger, A. & Bandy, D. Calculation of
optimal fiber radius and whispering-gallery mode spectra for a fiber-coupled
microsphere. Opt. Commun. 271, 124-131 (2007).

Hosseini, E. S., Yegnanarayanan, S., Atabaki, A. H., Soltani, M. & Adibi, A.
Systematic design and fabrication of high-Q single-mode pulley-coupled
planar silicon nitride microdisk resonators at visible wavelengths. Opt. Express
18, 2127-2136 (2010).

Pfeiffer, M. H. P., Liu, J., Geiselmann, M. & Kippenberg, T. J. Coupling ideality
of integrated planar high-Q microresonators. Phys. Rev. Appl. 7, 024026 (2017).
Lu, X. et al. Efficient telecom-to-visible spectral translation through ultralow
power nonlinear nanophotonics. Nat. Photonics 13, 593-601 (2019).
Pennings, E. C. M. et al. Ultracompact, low-loss directional couplers on InP
based on self-imaging by multimode interference. Appl. Phys. Lett. 59,
1926-1928 (1991).

48. Savchenkov, A. A., Matsko, A. B., Ilchenko, V. S., Yu, N. & Maleki, L.
Whispering-gallery-mode resonators as frequency references. II. Stabilization.
J. Optical Soc. Am. B 24, 2988-2997 (2007).

49. Lim, J. et al. Chasing the thermodynamical noise limit in whispering-gallery-
mode resonators for ultrastable laser frequency stabilization. Nat. Commun. 8,
8 (2017).

50. Drake, T. E,, Stone, J. R, Briles, T. C. & Papp, S. B. Thermal decoherence and
laser cooling of Kerr microresonator solitons. Nat. Photonics 14, 480-485
(2020).

51. Fujii, S. & Tanabe, T. Dispersion engineering and measurement of whispering
gallery mode microresonator for Kerr frequency comb generation.
Nanophotonics 9, 1087-1104 (2020).

52. Stone, J. R. et al. Thermal and nonlinear dissipative-soliton dynamics in
Kerr-microresonator frequency combs. Phys. Rev. Lett. 121, 063902
(2018).

Acknowledgements

This work is supported in part by JSPS KAKENHI (JP19H00873, JP22K14625). S.F.
acknowledges support from RIKEN Special Postdoctoral Researcher Program. The
authors thank Dr. W. Yoshiki for supporting numerical simulation.

Author contributions

S.F. and K.W. performed the experimental measurements. S.F. and R.S. conducted the
numerical simulations. K.W. fabricated the crystalline microresonators, and S.F., KW.,
H.K. and S.K. developed the experimental setups. S.F. and K.W. analyzed the data. S.F.
wrote the manuscript with input from Y.K.K. and T.T. All authors had constructive
discussions. S.F. and T.T. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42005-022-01118-4.

Correspondence and requests for materials should be addressed to Shun Fujii or
Takasumi Tanabe.

Peer review information Communications Physics thanks Xiaoxiao Xue, Jonathan Silver
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS PHYSICS | (2023)6:1] https://doi.org/10.1038/s42005-022-01118-4 | www.nature.com/commsphys


https://doi.org/10.1038/s42005-022-01118-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys

	Versatile tuning of Kerr soliton microcombs in�crystalline microresonators
	Results and discussion
	System overview
	Versatile tuning of soliton microcombs
	Analysis of dynamic change in coupling strength

	Conclusions
	Methods
	Experimental setup
	Numerical analysis of resonator and fiber modes
	Calculation of coupling coefficient

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




