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1. Introduction

Compact optical frequency combs that are based on microcav-
ities have attracted attention due to their potential applications
in coherent communications, frequency metrology, photonic
frequency synthesis, and quantum optics' ). The Kerr combs
emerge as a result of cascaded four-wave mixing (FWM) in opti-
cal microcavities. Such nonlinear FWM-based Kerr combs can
transform into a low-noise state when the pump is tuned into the
red-detuning regime of the pumped resonance mode to obtain
dissipative Kerr solitons (DKSs). The DKSs circulating in the
optical microcavities rely on the double balance between the
Kerr nonlinear phase shift and the cavity dispersion, as well
as between the Kerr parametric gain and the cavity decay!™®,
However, the energy conversion efficiency (ECE) of DKS
microcombs is quite low, which casts doubt over their practical
utilization” ), There are many reasons for such low ECE. First,
when the Kerr comb is operating at a soliton state, the pump
field is fixed at the red-detuning regime of the cavity mode,
which is noticeably away from the resonance center. That is
to say, most of the pump power is directly transferred to the out-
put port of the bus waveguide and does not circulate in the
microcavity to support DKS generation. Second, in the time
domain, the DKS has an ultra-short optical pulse that is much
shorter than the cavity roundtrip time, meaning that the overlap
between the DKS pulse and the continuous-wave (CW) pump
field is quite small. This hinders the nonlinear interaction and
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The nonlinear physics dynamics of temporal dissipative solitons in a microcavity hinder them from attaining high power
from pump lasers with a typical nonlinear energy conversion efficiency of less than 1%. Here, we experimentally demon-
strate a straightforward method for improving the output power of soliton combs using a silica microrod cavity with high
coupling strength, large mode volume, and high-Qfactor, resulting in a low-repetition-rate dissipative soliton (~21GHz) with
an energy conversion efficiency exceeding 20%. Furthermore, by generating an ~105GHz 5 x FSR (free spectral range)
soliton crystal comb in the microcavity, the energy conversion efficiency can be further increased up to 56%.

Keywords: optical microcavity; nonlinear optics; temporal soliton.

the energy transfer between the pump field and the DKS pulse.
Especially for low-repetition-rate DKS combs, the large size of
the microcavity has a much larger roundtrip time, which causes
much lower ECE. Third, for the microcavity design, there is a
trade-off between the Q-factor and the coupling coefficient.
The coupling gap between the bus waveguide and the resonator
is usually maximized to guarantee that the microcavity has a
high Q-factor, which has to sacrifice the energy coupling effi-
ciency from the bus waveguide into microcavity. Such a design
rule will block the flow of pump energy into the microcavity,
resulting in low ECE. An overview of the ECE of the DKS combs
generated in different material microcavities is summarized in
Fig. 1. Here, the ECE is characterized by the power difference
between the CW pump and the DKS comb spectrum envelope.
The ECE is quite low in all different material platforms if there
are no energy-enhancing strategies being applied in the experi-
ments. The typical power difference is larger than 20 dB, as
shown in Fig. 1. To date, several schemes have been proposed
to address the above challenges, such as inducing an extra phase

shift to the pump mode!'”), using a coupled fiber ring!""), gen-
erating a dark soliton'"?), forming soliton crystal combs!'*), and
using a synchronously pulsed pumping technique!').

Nevertheless, these prior schemes either require complex device
structures or sacrifice the performance of the Kerr combs.

In this work, we numerically and experimentally investigate
the ECE of DKS combs. First, based on analytical formulas,
we shed light on the characterization of the ECE of the DKS
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Fig. 1. Overview of the nonlinear energy conversion efficiency of the DKS
combs generated in the different nonlinear material platforms. The referen-
ces for the comparison include MgF,!™, silica™!, SisN,'™, LiNb05'®, and AINU®!.

and find that the ECE is dominated by the input pump power,
the bus-resonator coupling coefficient, and the nonlinear coef-
ficient. Then, we conduct numerical simulations based on the
Lugiato-Lefever equation (LLE) to verify our analytical results.
Finally, we fabricate a whispering-gallery-mode (WGM) SiO,
microrod cavity with a high-Q factor and a large mode volume.
Using such a WGM microrod cavity, we experimentally demon-
strate a straightforward method for improving the output power
of the DKS comb by simply adjusting the bus-resonator cou-
pling coefficient. The ECE of the DKS comb with a 21 GHz rep-
etition rate is achieved at as high as 20%. Furthermore, by
generating an ~105GHz 5 X FSR (free spectral range) soliton
crystal comb, the ECE is further increased up to 56%.

2. Simulation Results

In an optical microcavity, the nonlinear energy conversion effi-
ciency of the DKS microcomb can be expressed as!'”!

P 0
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where P;, denotes the incident pump power and P, denotes the
generated soliton power. @ is the coupling rate of the microcav-
ity, and a = (@; + 6)/2 and ; denote the total and intrinsic cav-
ity loss, respectively. f, denotes the group-velocity dispersion
(GVD), y is the nonlinear coefficient, and D; is the free spectral
range (FSR) of the microcavity.

It is seen from Eq. (1) that the ECE of the DKS comb in the
microcavity is related to the input pump power, the bus-resona-
tor coupling coefficient, and the nonlinear coefficient. To
achieve higher ECE, we should resort to using the highest pos-
sible Q-factor microcavity (smaller intrinsic loss) with strong
coupling strength between the bus and resonator and using
the lowest possible incident laser power.

Moreover, to further verify the above findings, we carry out
numerical simulations of DKS comb generation in a high-Q
WGM microcavity with parameters similar to SiO, microcavity
used in the experiment. The simulations are based on the

Lugiato-Lefever equation and are numerically integrated with
the split-step Fourier method!?"’.

Initially, we study the impact of the nonlinear coefficient (y)
on the ECE. In the simulations, we set the input pump power as
10 mW and a microcavity with critical coupling (both loss «
and coupling coefficient € are 0.000025, corresponding to
Q=6x10%). Following Eq. (1), the DKS comb power is
inversely proportional to the nonlinear coefficient y of the
microcavity. As shown in Fig. 2(a), our simulation results con-
firm such a conclusion. It is seen that the ECE decreases from
4.5% to 3% when the nonlinear coefficient increases from
0.0006 to 0.0018. Subsequently, we vary the coupling strength
of the microcavity in the simulation to study the dependence
of the bus-resonator coupling coefficient on the ECE.
Importantly, in the simulation, we leave the other parameters
of the microcavity constant. Figure 2(b) shows that the ECE
can be dramatically enhanced from 0.4% to 12.5% by increasing
the coupling strength. We attribute such positive results to the
larger coupling strength results in the higher pump energy flow-
ing into the microcavity, which then will enhance the nonlinear
interaction. Following Eq. (1), we also numerically simulate the
variation trends of the ECE with different input pump powers.
In this simulation, both the cavity loss and the coupling coeffi-
cient are equal to 0.00025, corresponding to critical coupling.
The nonlinear coefficient is 0.0015, and the free spectral range
is 21 GHz. As illustrated in Fig. 2(c), an increase in input pump
power from 2 mW to 10 mW causes the conversion efficiency to
decrease from 17.3% to 10.6%.

Thus, to increase the ECE of the DKS comb, we should opti-
mize the parameters of a microcavity. We can reduce the non-
linear coefficient y or increase the coupling coefficient 6.
However, we note that, since these two parameters are closely
related to the nonlinear interaction process in the microcavity
and the intensity buildup in a microcavity is proportional to
Q/VEY, operating with low nonlinear coefficient y (i.e., a large
cavity volume V) and large coupling coefficient 6 requires
microcavities that have a large Q-factor. Otherwise, such
power-enhancing strategies will sacrifice the optical parametric
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Fig. 2. Nonlinear energy conversion efficiency versus (a) the nonlinear coef-
ficient y and (b) the power coupling coefficient 6. (c) The input pump power
for a silica WGM microcavity with FSR = 21 GHz, 8 = —150 x 10~ s?/m, and
a; = 0.000025. (d)-(f) Optical spectra for different cavity parameters.
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oscillation (OPO) threshold power*?). So, at the microcavity ~ studied. The challenge in experimentally realizing a high ECE
design stage, there should be a reasonable trade-off between = DKS comb is how to fabricate a microcavity with high Q, low

Py, and the nonlinear coefficient or the coupling coefficient. ~ nonlinear coefficient, and high coupling strength. First, as we
Otherwise, a high OPO threshold power will result in a large  all know, the nonlinear coefficient is determined by both the
input pump power and reduce the ECE. nonlinear refractive index of the material and the mode area
For the nonlinear coefficient, Py, is linearly inversely propor-  of the microcavity. To obtain a low nonlinear coefficient, the
tional to the nonlinear coefficient y. Reducing the nonlinear =~ nonlinear refractive index of the material used to fabricate the
coefficient will cause a higher OPO threshold power in Py.  microcavity should be as small as possible. Meanwhile, the mode
For example, if we set the maximum pump power as 10 mW,  area of the microcavity should be as large as possible.
the nonlinear coefficient can be minimized to 2.3 X 1077 to Table 1 summarizes the different nonlinear material plat-
ensure enough pump energy for the OPO operation. On the  forms for Kerr frequency comb generation. The silica platform
other hand, the coupling coefficient @ and Q-factor are not in-  has the lowest nonlinear refractive index among all the materi-

dependent since the parameter & matters for the total loss of the als. Another key advantage offered by the silica platform is that
microcavity. Thus, we will further discuss in more detail what  the microrod resonator fabricated using this kind of material can
happens when changing the coupling coefficient 6. The evolu-  achieve the largest mode area as compared with other material
tion of the ECE of the DKS comb with the sweeping 6 and cor-  platforms. Such a large mode area can further reduce the propa-
responding microcavity per round trip loss a is recorded as  gation loss of the optical field caused by resonator surface rough-
shown in Fig. 3. The solid red line denotes the critical coupling ness and thereby boost its Q factor to larger than 1 billion. As
state of the microcavity. DKSs generated in the over coupling discussed above, such ultra-high-Q microcavities can suffer
region can obtain a higher energy conversion efficiency than  from larger coupling strength and provide more possibility

those generated under the critical coupling regions, as the  for enhancing the ECE of the DKS combs. Compared with hav-
microcavity with the over coupling state has a larger coupling

strength. However, over coupling state will cause a lower quality
factor. The quality factors for Q = 10%,5 X 10%,and 2 x 108 are
also marked in Fig. 3 using solid lines with different colors. We
can see that the extra costs to gain more energy for the DKS
comb are low. Such extra coupling loss can be easily compen-
sated by reducing the intrinsic loss of microcavity during the
fabrication process. Meanwhile, the OPO threshold of Py, =
2mW is marked with a solid yellow line in Fig. 3, showing that
the OPO threshold can be maintained in low-level conditions at
a strong coupling state. That is to say that the microcavity with
the ultra-high Q can offer more redundancy for improving the
coupling strength. Thus, a high-Q microcavity can have both
low OPO threshold and large coupling coefficient, which is best
suited for high energy efficiency soliton microcomb generation.

ing other DKS comb platforms, the microrod resonator can en-
able both a low nonlinear coefficient and an ultra-high-Q factor,
providing an ideal solution for generating high energy efficiency
DKS combs. Moreover, the coupling rate of the WGM resonator
can be easily controlled by setting the gap between the fused
microrod resonator and a tapered fiber.

Next, we investigate the ECE of the microrod resonator to
illustrate the advantage of simultaneously combining a low non-
linear coefficient, an ultra-high-Q factor, and a high bus-resona-
tor coupling strength in this silica resonator platform. The
WGM cavity used in our experiment is fabricated by CO, laser
beam machining on a rotating silica rod*?. The diameter of the
fabricated microrod cavity is about 3 mm, corresponding to an
FSR of about 22 GHz. The photograph of the microcavity is
shown in Fig. 4(a). Note that the profile of the side wall plays
a key role in deciding the mode area and distribution of the res-
onance modes. So, in the fabricating process, we adjust the dis-
tance between the two cutting processes to optimize the profile
To confirm the above theoretical prediction, a high energy effi-  of the WGM cavity side wall to match our experimental
ciency DKS comb generated in a microcavity was experimentally ~ demands. The photograph of the microcavity side wall used
in our experiment is also shown in Fig. 4(b). The incident light

3. Experiment Results

9 is coupled into the WGM cavity via a tapered optical fiber. The Q
2 190 < factor and coupling rate are controlled by adjusting the spatial
3 8 20 § gap between the microrod cavity and the tapered optical fiber.
% 7 15 £ Figure 4(c) shows the mode spectrum of the WGM cavity with
o 6 § a weak coupling strength, and the corresponding Q factor is
54 108§ about 1.87 x 10°.
83 : S The experimental setup for DKS comb generation is shown in
g’ 2 g Fig. 5. The auxiliary laser heating (ALH) method is adopted to
e £ overcome the thermal instability of the micro-cavity during sol-

123456 7 8 910 S

iton generation, and details of the ALH method can be found in
the previous literature!®’. Of note, in our experiment, the pump
Fig. 3. Evolution of energy conversion efficiency of the DKS comb with the and auxiliary laser are derived from the same laser module, and
sweeping @ and the corresponding microcavity per round trip loss c. their frequencies and powers are individually adjusted using

Power per round trip loss a  x10+#
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Table 1. Performances of the Various Nonlinear Materials for Microcomb Generation at A = 1.55 pm.

Refractive Nonlinear Refractive Mode Area Nonlinear Coefficient

Material Index n Index n, (m?> W) Aetr (um?) ymTw D,/2x (GHz) Q

Silica microresonator®! 145 22x 1072 ~240 37159 x 107 N4 2.0 x 10°
Silica (wedge disk)'?* 145 3x 1072 ~60 0.002 93 6.7 x 10°
Silica (microtoroid)?! 145 3Ix 1072 ~10 0.0122 1THz 12 x 108
SigN, 2! 2.0 25 %107 ~15 0.6756 200 37 %10
LiNbO3'®! 221 18x 107" ~ 0.7297 1997 22 x10°
AlGas'?” 33 26 x 107" ~028 3764120 1THz 15 x 10°
Hydex?®! 17 115 x 107" ~2 01331 200 10 x 10°
sil2e! 347 5% 107" ~2 101314 27 59 x 10°
GaP!*! 3.05 78 x 107" ~0.15 210791 500 3% 10°
AINISY 212 23 %107 ~ 0.9323 NA 93 x 10°

—
(2)
~

Voltage(100mV/div)

I | 1 | I
Time(2us/div)

Fig. 4. (a) Picture of the cavity. (b) Picture of the cavity. (c] @-factor measure-
ment of the Si0, microresonator in the time domain.

detuning stability as the blue-detuned auxiliary laser, which,
by inducing sufficiently strong self-thermal locking, can be very
high. It is estimated that, even at the red-detuning regime, the
pump laser tuning resolution (as well as the stability of §) can
be as small as 10 kHz, satisfying well the requirement for soliton
generation using low pump power and accessing high energy
conversion efficiency. For DKS comb generation, the wave-
length of the CW laser is centered at 1550 nm. The pump
and auxiliary laser fields are boosted to 50 mW and 100 mW,
respectively, using two independent EDFAs. These two laser
fields are injected into a microrod resonator via a tapered fiber
from the counter-propagating direction. Then, the auxiliary
laser field is tuned into one cavity mode (centered at

AOM 25 S .

) — (O 1550 nm) and remained in the blue detuning range at first by
Pump  § 11 5 7 adjusting the wavelength of the CW laser. Subsequently, the
2 ® f,,= 90-110MHz —~ [zé pump laser field is tuned into the cavity mode from the blue
50:50 §§ ,777 detuning range by controlling the AOM driver frequency.
® £.,= 100MHz e When the pump laser enters the red detuning range, we can

l“ i 2| | access a single DKS comb state adiabatically.
| Aux i—*—‘@ — Now, we consider varying the gap between our microrod res-
aOM EDFA onator and the tapered fiber to experimentally investigate the

Fig. 5. Experimental setup for soliton microcombs generation using the ALH
method.

separate acoustic optical modulators (AOMs) and erbium-
doped optical fiber amplifiers (EDFAs). The purpose of using
the same laser module for the auxiliary and pump laser is to
enhance their mutual frequency stability and to accurately
access the shrunken soliton existence range when the pump
power becomes low!**), which is crucially important for probing
the limit of 77 at small P;,. Specifically, as the pump and auxiliary
lasers are from the same laser device and their mutual frequency
interval is fixed, the red-detuned pump laser has the same

dependence of the ECE on the coupling strength. To study
the ECE as a function of the coupling coefficient, this parameter
must be measured and tuned in a controlled way. In our experi-
ment, the coupling coefficient is varied by changing the gap dis-
tance between our microrod resonator and a tapered fiber. This
gap is controlled through a piezo motor and the step size is about
30 nm. In the measurement duration, the coupling state is
probed by recording the transmission spectrum of the cavity.
For different gap values, the pump laser power remains constant
and is set at 5 dBm. Then we measured the transmission of the
cavity at different gap values from the over-coupling to the
under-coupling state and witnessed an increase in the cavity-
loaded Q from about 1.3x10° to 4.0 X 10°, as shown in
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Fig. 6. (a) Nonlinear conversion efficiency versus the input power coupling
coefficient. (b) The measured cavity transmission at different coupling rates.
(c) The measured optical spectra with different coupling rates.

Fig. 6(b). Figure 6(c) gives the corresponding optical spectra of
a single DKS comb. Importantly, it is seen that decreasing
the resonator-fiber gap from over coupling to under coupling
(i.e., decreasing the coupling coefficient ), the generated aver-
age comb power decreases by more than 7 dB (+3 nm around the
pump), and the width of the comb spectral envelop shrinks by
1.4 times. Figure 6(a) shows more detailed measurement results
about the ECE with different coupling strengths. The ECE
increases from 1.4% to 13% as the input coupling efficiency
increases from 0.1 MHz to 0.3 MHz. The results in Fig. 6(a)
unambiguously confirm that a larger coupling from a cavity
to a bus resonator (and vice-versa) can help to increase the out-
put power of DKS combs.

On the other hand, since the input pump power plays another
critical role that impacts the ECE of the DKS comb as discussed
above, we next optimize the input pump power to further
enhance the conversion efficiency with the over coupling state.
In the experiment, we keep the bus-resonator at an over-
coupling state using the piezo motor and vary the input pump
power by controlling the EDFA output value. Figure 7(a) sum-
marizes the nonlinear conversion efficiency of the DKS comb
with different input pump powers. The conversion efficiency
increases from 6.7% to 20% as the input pump power P;,
decreases from 10.5 dBm to 1.67 dBm, approximately consistent
with the P;.%5 trend described in Eq. (1). Figure 7(b) illustrates
the generated soliton microcomb optical spectra when the input
pump power equals 1.67 dBm. The difference between the DKS
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Fig.7. (a) Nonlinear conversion efficiency in the microcavity with a large cou-
pling strength versus the input power P,,. (b) The measured optical spectrum
with Py, = 1.67 dBm.
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Fig. 8. Measured optical spectrum of the soliton crystal comb characterized
with high energy conversion efficiency.

spectrum envelope and the pump comb line is just about 11 dB
thanks to the high nonlinear energy conversion efficiency.

In addition to a low nonlinear coefficient, an ultra-high-Q fac-
tor, and a high bus-resonator coupling strength, generating sol-
iton crystal combs by maintaining multiple solitons in the
microcavity can also significantly enhance nonlinear energy
conversion efficiency. Figure 8 shows the optical spectrum of
the 5 X FSR soliton crystal comb corresponding to a repetition
rate of 110 GHz. As calculated from the comb spectrum, the
nonlinear conversion efficiency is up to 56%.

4. Conclusion

In summary, we have demonstrated experimentally that the
microcavity characterizing the advantage of simultaneously
combining a low nonlinear coefficient, an ultra-high Q-factor,
and a high bus-resonator coupling strength can obtain a high
nonlinear conversion efficiency for DKS combs. Using a high-
Q silica microrod resonator, we achieve a low-repetition-rate
dissipative soliton (~21 GHz) with an energy conversion effi-
ciency exceeding 20%. Furthermore, by generating a 5 X FSR
(~105 GHz) soliton crystal comb in the microcavity, the energy
conversion efficiency can be further increased up to 56%. The
results of this work provide a straightforward, low-complexity,
highly robust solution for improving the output power of soli-
ton combs.
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