
PHYSICAL REVIEW A 103, 023515 (2021)

Numerical investigation of turnkey soliton generation in an organically coated microresonator
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Kerr soliton frequency-comb generation in microresonators has attracted extensive interest since soliton
microcombs offer the potential for integration and can be widely used in many fields, such as spectroscopy,
communications, precision metrology, sensing, etc. Here, the mechanism of turnkey soliton generation in a
microresonator with an organic material coating is illustrated and investigated in both analytical and numerical
ways. In particular, based on the thermal curve under a stable state and soliton power from analytical analysis,
the turnkey soliton generation regime is calculated and proved by coupled equations with the split-step Fourier
method. In addition, the physical parameters of the hybrid modes in the coated resonators are studied, and
a suitable design is given in this paper. This research will be helpful for increasing the accessibility of Kerr
solitons and make them easier to integrate.

DOI: 10.1103/PhysRevA.103.023515

I. INTRODUCTION

Soliton microcombs are mode-locked pulse trains gener-
ated by continuously pumping a microresonator with Kerr
nonlinearity [1]. Promising chip-scale modules [2,3], soliton
microcombs have found a remarkable broad range of ap-
plications, including time keeping [4,5], spectroscopy [6,7],
ranging [8,9], frequency synthesizer [10], and astronomical
calibrations [11,12]. To combine the advantage of material op-
tical properties, photonic integration, and compatibility with
complementary metal-oxide semiconductor circuits, optical
microresonators made from different materials and structures
have been intensively studied for soliton microcomb genera-
tion [13–20]. However, it is challenging to access the soliton
regime due to the thermal effects of the material, which man-
ifest as resonant frequency shifting caused by the temperature
increment at a high pump power [21]. As isolated localized
structures generated on the red-detuned side of a cavity res-
onance [22], the thermo-optic effect destabilizes the direct
soliton generation process, and a high-power chaotic state is
experienced before the soliton-generated [13,22]. Tempera-
ture drift induced by the thermo-optic effect pulls the input
laser out of the soliton regime, which makes it hard to further
capture and stabilize the soliton. This phenomenon is illus-
trated in Fig. 1. Many techniques have been demonstrated
to overcome this issue, for example, power modulation [23],
auxiliary lasers [24], fast single-sideband scanning [25], and
cryogenic operation [26,27]. Despite the recent development
of an injection-locked turnkey soliton microcomb module
[3,28], accessing the soliton regime with a regular continuous-
wave (cw) laser is still challenging.

Organically coated microresonators have been demon-
strated with high quality factors [29,30] and with applications
in temperature sensing [31], efficient harmonic generation
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[32], and Raman lasers [33]. Featuring a negative thermo-
optic coefficient (TOC; ∂n/∂T < 0), organic materials like
polydimethylsiloxane (PDMS) and polymethyl methacrylate
(PMMA) have been demonstrated to be a reliable coating
for the compensation of the general positive TOC [29,34].
In this work, based on the Lugiato-Lefever equation (LLE)
[35] coupled with a simplified one-dimensional (1D) thermal
diffusion equation, an analytical turnkey soliton microcomb
generation regime is investigated with organically coated mi-
croresonators. Numerical simulations validate the analytical
analysis and demonstrate a turnkey success rate as great as
90%. The design of resonator parameters to access the regime
is also investigated with the finite-element method (FEM)
for silica wedge [36] and silicon nitride (SiN) ring [15] res-
onators.

II. METHODS AND RESULTS

A. Dynamics of soliton microcombs in
an organically coated microresonator

For an organically coated microresonator, the dynamics of
a dissipative Kerr soliton in a microresonator is described by
the LLE [37],

∂

∂t
A = −

[
κ

2
+ i(ω0 − ωp) + ig|A|2 + i

D2

2

∂2

∂φ2

]
A + √

ηκsin,

(1)
where t is time and φ is the azimuthal angle inside the
microresonator. Detuning between cold resonance and pump
laser frequency is defined as �ω = ω0 − ωp. A denotes the
optical field, and it is normalized by photon number; therefore,
the energy of the field can be expressed as w = h̄ω0|A|2.
Similarly, Pin = h̄ωp|sin|2 is the input cw pump power.
η = κext/κ is the coupling efficiency determined by the ra-
tio of the cavity-waveguide coupling loss κext to the total
resonator loss κ . The nonlinear coupling coefficient g is
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FIG. 1. Influence of the thermo-optic effect on soliton gener-
ation. The three panels demonstrate the intracavity energy when
the input laser is scanned towards a longer wavelength of silica
wedge resonators with a wedge angle of 8◦ and different coating
thicknesses. The design of the silica wedge resonators is given in
Sec. II C. The input power is 0.7 W, and the scanning speed is
about 1.5 THz/s in all panels. The results are calculated under
critical coupling, and the thermal process is amplified 100 times.
(a) The PDMS layer thickness is 1200 nm, and the TOC is almost
zero. This plot shows the process of soliton generation without the
thermo-optic effect. Different states of the process are shaded in
different colors (gray scales). The purple dashed line and red dot-
ted line demonstrate the directions of the process move with and
without coating compensation, respectively. (b) This silica wedge
resonator does not have a PDMS coating, and its TOC is pos-
itive. The red dashed line shows the resonance frequency drift
caused by the thermo-optic effect. When it comes into the soliton
regime, the plunge of the intracavity energy (temperature) causes
a positive thermal drift which pulls the input laser out of the soli-
ton regime, and this makes the soliton step become very short.
(c) The PDMS layer thickness is 1210 nm, and it suffers a negative
thermo-optic effect. The soliton step is slightly extended by the
negative thermo-optic effect.

defined as [38]

g = h̄ω2
0cn2

n2Veff
, (2)

where n and n2 are the refractive and nonlinear refractive
indexes and c is the speed of light in a vacuum. Veff denotes
the effective volume of the pumped mode. The frequency of
the μth soliton comb line can be approximated with the Taylor
expansion.

ωμ = ω0 + D1μ + 1

2
D2μ

2 +
∑
j>2

1

j!
Djμ

j, (3)

where D1 represents the free spectral range and D2 char-
acterizes the group-velocity dispersion (GVD). The relation
between D2 and the GVD (β2) can be expressed as β2 =
−nD2/(cD2

1). A 1D thermal diffusion equation is utilized to
describe thermal diffusion process in microresonators, which
can be expressed as [39,40]

d�Tt

dt
= −κt�Tt + γtwe, (4)

where �Tt and κt are the effective-mode temperature variation
and heat dissipation rate, respectively. A detailed definition
of �Tt is given in Sec. II C. γt characterizes the heat source
from the optical field, and we denotes the average light energy
inside the cavity. The two equations can be normalized as
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For analytical analysis, a soliton ansatz of the LLE is used
[41],

ψ (θ ) = ψ0 + eiϕ
N∑

i=1

Bsech

[
(θ − θi )

τθ

]
, (7)

where ψ0 is a background corresponding to the cw solution
of Eq. (5), B is the amplitude of the pulse, θi is the central
position of the soliton, τθ is the pulse width, and ϕ is a phase
factor. The overall normalized average intracavity energy is
calculated as

wn = 1

2π

∫
|ψ |2dθ

= |ψ0|2 + Bτθ√
κ/2D2

Re[ψ0e−iϕ] + B2τθ

π
√

κ/2D2
. (8)

κt and �t in Eq. (6) are calculated by FEM in the frequency
domain. In the FEM simulations, the optical field is set as
the heat source to get the temperature distribution; then it is
combined with the mode energy distribution to obtain �Tt . In
the frequency domain, Eq. (6) can be transformed to

�Tt (ω) =
∣∣∣∣ �twn

iω + κt

∣∣∣∣. (9)

This equation illustrates that �Tt exhibits a Lorentzian spec-
tral response shape. Figure 2 gives the result of the simulation
data and fitting curve from Eq. (9). κt and �t derived from
these data are about 1019 Hz and 22422 K/s, respectively.
The R2 of the fitting curve is about 0.9997, which means the
simulation data highly coincide with the theoretical model.

B. A turnkey soliton generation regime

In this section, a turnkey soliton generation regime is an-
alyzed analytically and simulated numerically. The turnkey
process is achieved with the following three stages automat-
ically, as shown in Fig. 3(a). First, the laser is turned on,
and intracavity power rises above the parametric oscillation
threshold. Second, parametric sidebands are generated, and
the temperature rises to push the cavity resonant frequency
larger as a result of the negative thermo-optic effect. Overall
detuning ζ sweeps from the blue side to the red side. Third,
as overall detuning enters the soliton regime, solitons are gen-
erated, and the system stabilizes to a steady soliton solution.
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FIG. 2. Simulated frequency response of the thermo-optic effect.
This result is acquired by a SiN microresonator with a waveguide
width of 0.6 μm and a PMMA coating thickness of 280 nm. The
design of the SiN ring resonators is given in Sec. II C.

The process takes place automatically after the laser is turned
on, and it features the timescale of the thermal relaxation.

With analytic soliton power, the turnkey soliton generation
regime is evaluated. There are two requirements to realize
the soliton regime. First, after the laser is tuned on, intra-
cavity power must reach the parametric threshold to allow
the parametric process. Second, the intersection of the soliton
power curve and the thermo-optic curve must be in the soliton
regime, so that the final detuning should satisfy [22]

ζ <
π2 f 2

8
. (10)

The calculated pump power f 2 with starting laser detuning
ζ (relative to the cold cavity resonance) for turnkey soliton
generation is plotted in Fig. 3(c).

To verify the analytical soliton generation regime, simula-
tions based on the split-step Fourier method are utilized. The
pump power is fixed at 15, and different starting detunings
are chosen. For each detuning, simulations are run 50 times.
As the difference in timescale between the LLE (<1 ps) and
thermal diffusion equation (∼1 ms) is very large, the thermal
process is accelerated 3000 times to reduce computation costs.
Namely, �t and κt are amplified 3000 times. In this way, we
need to calculate only 1/3000 the time of the real thermal
process equilibrium. Representative switching-on soliton re-
sults from 10 consecutive runs are shown in Fig. 3(b). As
the nonlinear response due to the Kerr effect is almost in-
stantaneous [40,42], here, the turn-off time is about 2.5 μs,
which is selected by the demand of resetting the thermal
effect. It is apparent from the bottom panel in Fig. 3(b) that
different soliton numbers acquire their stable state at different
detunings, in other words, different thermal drifts. This result
is also demonstrated in Fig. 3(a), as the intersections between
larger soliton numbers and the thermal curve have larger ζ .
Figure 3(d) gives the success rates of the simulated turnkey
solitons, and the counts of stabilizing to different soliton num-
bers according to Fig. 3(d) are plotted in Fig. 3(e).

When f 2 = 15, the pump detuning range set by the para-
metric threshold is −2.74 < ζ < 4.74. In Figs. 3(d) and 3(e),
the calculated detuning is from −3 to 5 with an interval of
0.5. As the breather solitons are not stable [43], they are
not regarded as successful turnkey solitons and are expelled
from success rates as well as the counts of soliton num-
bers in Fig. 3(e). The results show good coherence with the
calculated turnkey soliton generation regime. When ζ = 5,
detuning is larger than the upper limit, and the success rate
is zero. As ζ decreases, which means the thermo-optic curve
shifts to the right, the smaller soliton numbers (small N)
first reach their thermal equilibrium in the breather soliton
regime, which causes small soliton numbers to disappear. The
soliton numbers N = 1, 2, 3 transform to breather solitons
at ζ = 3, 0.5,−1.5, respectively. This phenomenon is also
obvious in Fig. 3(e); while ζ decreases, the counts of small
soliton numbers disappear as they become breather solitons,
and larger soliton numbers start to appear because they begin
to intersect with the thermal curve. The highest success rate
(90%) appears at ζ = 1, as this detuning can support three dif-
ferent soliton numbers, which is similar to the detuning range
from 3.5 to 4.5 and ζ = 1.5. However, under this parameter
setting, it seems that soliton numbers 3 and 4 have higher gen-
eration rates than those of 1 and 2, and this phenomenon pulls
the success rate of ζ = 1 to the highest one. The difference
in success rates between ζ = 1 and ζ = 1.5 should be from
statistical problems. When ζ = −3, it exceeds the lower limit
of the threshold power, and the success rate reduces to zero.

C. Design of microresonator parameters to access this regime

Numeric modeling requires detailed information about the
microresonator parameters. In this section, the parameters are
taken from the literature or derived from theory. The mode en-
ergy distribution of the organically coated microresonators is
calculated by FEM. In the coated microresonators, light prop-
agates in both the resonator materials and organic coatings
as the relatively small contrast in refractive indexes between
them. The effective refractive index of the hybrid whispering-
gallery mode (WGM) can be expressed as

neff ≈
∑

i

ηini (i = 1, 2, 3, . . . ), (11)

where ηi represents the fractions of light energy traveling in
the different materials and the sum of ηi is 1. ni denotes the
refractive index of the medium. Similarly, the effective TOC
of the hybrid WGM appears as [29]

dneff

dT
≈

∑
i

ηi
dni

dT
(i = 1, 2, 3, . . . ). (12)

In addition to the effective refractive index and effective TOC,
the effective-mode temperature variation �Tt is also relative
to the mode energy distribution. In microcavities, the heat
is from the material absorption of the optical energy, and it
transfers from the mode volume to the entire wafer. Partic-
ularly, it is the temperature of the mode volume that mainly
determines the influence of the thermo-optic effect. Hence,
�Tt is defined as the temperature difference between the wafer
temperature and the quasiequilibrium one weighted by the
intensity distribution of the mode. The expression of �Tt is

023515-3



XIAOBAO ZHANG et al. PHYSICAL REVIEW A 103, 023515 (2021)

FIG. 3. Turnkey soliton generation. The turnkey solitons are generated in a SiN ring resonator which is designed in Sec. II C. The width
of the SiN is 0.6 μm, and the PMMA coating thickness is 275 nm. (a) Process of an automatically generated soliton. The inset illustrates the
mechanism of the transition to the soliton state, and the blue (light gray) line demonstrates the bistability caused by the Kerr nonlinearity. The
black line is acquired from the numerical calculation of the LLE, and it shows the real path of the self-start soliton generation in the simulation.
The red (dark gray) line is the thermo-optic curve which is derived from Eq. (6) when it reaches the steady state. Intersections of the red (dark
gray) line and soliton steps (dashed lines) mean these soliton numbers can reach the thermal equilibrium. (b) Representative switching-on
soliton results from 10 consecutive runs. The bottom panel shows the corresponding thermal drift according to the top panel. Detuning ζ is
2.5. The ones which are failed to generate solitons do not have intersections with the thermo-optic curve. Their soliton power is too high,
and the thermal drift pulls them out of the soliton regime. The breather soliton means the intersections are in the breather soliton regime.
Namely, the soliton number N is too small. (c) Calculated turnkey soliton generation regime. The black dashed lines are set by the different
soliton numbers. The parametric threshold has upper and lower detuning limits for a determined input power as there are two detunings for
one determined intracavity power. (d) Success rates of different pump detunings when f 2 = 15. Every detuning is calculated 50 times. (e) The
counts of stabilizing to different soliton numbers in (d).

given by

�Tt =
∑

i εi
∫∫∫

v
|�T ||E |2dv∑

i εi
∫∫∫

v
|E |2dv

, (13)

where εi, �T , and E are the permittivity, temperature
variation, and electric-field intensity, respectively. Different
from the effective refractive index and effective TOC, the
effective nonlinear refractive index n2,eff of a hybrid mode
is determined by the biquadrate of the electric-field intensity

inside the materials. Therefore, the effective nonlinear
refractive index appears [44]:

n2,eff ≈
∑

i

ηi
′n2,i (i = 1, 2, 3, . . . ), (14)

ηi
′ = εi

∫∫
si

|E |4ds∑
i εi

∫∫
si

|E |4ds
. (15)

In addition, the coatings also have a large influence on the
quality factors Q of WGMs as the light absorption coefficient
of different materials varies. The intrinsic Q (Qint) of a WGM
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TABLE I. Parameters of different materials used in the simulation.

SiO2 Si3N4 PDMS PMMA

n 1.4440 1.9744 1.4039 1.4809
n2 (m2/W) 3×10−20 2.5×10−19 2.8×10−18 1.1×10−18

dn/dt (K−1) 1.19×10−5 2.45×10−5 −1.00×10−4 −1.04×10−4

α (m−1) 0.0156 0.243 2.30 20.3
β2 (fs2/mm) −27.947 8.374 17.122 −25.918

is mainly determined by absorption Q (Qabs) and scattering Q
(Qsca):

1

Qint
= 1

Qabs
+ 1

Qsca
. (16)

In the calculations, we assume the coatings change only Qabs,
and it can be written as

Qabs = ω
Trt∑

i ηi(1 − e−αiL )
, (17)

where ω, αi, Trt , and L denote the laser frequency, linear
absorption coefficient, round-trip time, and round-trip length,
respectively. To generate soliton Kerr frequency combs, the
GVD of the modes must be controlled in the anomalous
dispersion regime [45]. Namely, D2 must be kept positive.
Numerical modeling of the WGM’s GVD is also realized
by the FEM. The geometry and GVD of the materials both
impact the WGM’s GVD. In the design, because materials
we used are definite, the dispersion engineering is mainly
determined by the geometric parameters. Another important
parameter is the parametric threshold power. It should be at a
reasonable level to ensure the soliton combs can be generated
in practical experiments. The input threshold power Pth of
hybrid modes is given by [14,45,46]

Pth = πneffω0Aeff

4ηn2,eff

1

D1Q2
tot

, (18)

where Aeff is the effective-mode area and it is calculated by
FEM. Qtot represents the Q factor which includes both intrin-
sic and coupling loss. In this paper, critical coupling is used
in all calculations, which means η = 1/2 and Qtot = Qint/2.

Table I gives the parameters around 1550 nm used in
the design. The absorption coefficient of SiN is obtained by
calculating the effective-mode temperature variation by FEM
combined with the thermal drift of the resonance measured
from experiments. The other parameters are obtained from
Refs. [47–52].

Simulation results show that using PDMS as the coating
material improves the performance of silica wedge resonators,
which possess the advantage of a high Q factor. Compared to
PMMA, PDMS has a smaller absorption coefficient, which in-
duces less influence on its Q factor. In addition, the refractive
index of PDMS is smaller than that of silica, which can ensure
less mode energy is distributed in the thin PDMS coatings. For
geometry, D2 decreases with the increase of the PDMS coat-
ing thickness and the decrease of the wedge angle. However,
larger wedge angles need thicker coatings to compensate for
the thermal effect. In order to balance thermal compensation
and D2, in the simulations, it is found that only small wedge
angles can both compensate for the thermal effect and have a
positive D2. The diameter of the resonators mainly influences

D1 and D2; however, it works as a multiplier to magnify or
minify D2 at different diameters and can hardly invert the sign
of D2. The thickness of the silica disk has a tiny influence
on D2 and the energy distribution of the modes compared
with wedge angles. Therefore, the wedge angle is regarded
as a variable for the design. Figure 4 shows the results of
the designed PDMS-coated wedge resonators with different
wedge angles. The diameter of the designed resonators is
3 mm with a silica disk thickness of 8 μm according to general
silica wedge resonators [36].

Different from silica resonators, PMMA is used to coat the
SiN ring resonators. The refractive index difference between
SiN and PDMS is larger than that between SiN and PMMA,
which means that thicker coatings are required to compensate
for the positive thermo-optic effect when PDMS instead of
PMMA is employed as the coating material. Moreover, the
GVD of PMMA is negative; both of the refractive index
difference and GVD of the material PMMA coatings much
easier to balance the thermal compensation and dispersion.
Actually, in the simulations, we did not find suitable parame-
ters for a PDMS-coated SiN ring resonator. For a general SiN
ring resonator, SiN is inlaid in a silica-based material [48].

FIG. 4. Results of designed PDMS-coated silica wedge res-
onators. (a) Geometry and mode energy distribution of the designed
silica resonators. The energy distribution in the air is neglected since
it is too small. In the simulations, the PDMS coatings are assumed
to cover the silica evenly on all surfaces. The diameter and the
thickness are included only for silica. (b) Threshold power of the
designed silica resonators with different wedge angles. The inset
shows the absorption Q, and the scattering Q is set as 100 million
in the calculations. (c) TOC of the designed silica resonators with
different wedge angles. (d) D2/2π of the designed silica resonators
with different wedge angles.
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FIG. 5. Results of designed PMMA-coated SiN ring resonators.
(a) Geometry and mode energy distribution of the designed SiN
resonators. (b) Threshold power of the designed SiN resonators with
different widths. The inset shows the absorption Q, and the scattering
Q is set as 1 million in the calculations. (c) TOC of the designed
SiN resonators with different widths. (d) D2/2π of the designed SiN
resonators with different widths.

In our design, the top and side of the SiN is coated with a
PMMA layer of the same thickness, while silica is used as the
substance to adhere to the SiN. The width and the height of the
SiN have interchangeability in the design; therefore, the width
is chosen as the variable for demonstration. The results for
PMMA-coated SiN ring resonators with different widths are
shown in Fig. 5. The diameter of the designed ring resonators
is 88 μm, and the height of the SiN is 1 μm.

III. DISCUSSION

Thermal noise is ubiquitous in microresonator systems of
Kerr solitons. Previous studies revealed how thermal fluctua-
tions lead to the phase noise in soliton microcombs [24,25].
A distribution of measurement results for frep, which denotes
the repetition frequency of a soliton circulating in a microres-
onator, can be used to characterize the phase noise. The tuning
of frep with temperature T is given by [24]

dfrep

dT
= frep

n

(
∂n

∂T
+ ∂n

∂ωs

∂ωs

∂�ω

∂�ω

∂T

)
, (19)

where ωs is the soliton carrier frequency. This equation
illustrates that the phase noise caused by thermal fluctua-
tions is affected by the TOC (∂n/∂T ), dispersion (∂n/∂ωs),

soliton-frequency-shift tuning (∂ωs/∂�ω), and thermal tun-
ing (∂�ω/∂T ). Here, the PMMA-coated SiN resonator
demonstrated for the turnkey soliton generation has a disper-
sion similar to that of the general SiN resonators for soliton
generation. The soliton-frequency-shift tuning is mainly de-
termined by the Raman effect and interactions between modes
which are not considered in this paper [53]. However, the
absolute value of the TOC of the hybrid mode (−1.15×10−6)
is an order of magnitude lower than that of SiN, which leads
to smaller absolute values of ∂n/∂T and ∂�ω/∂T in Eq. (19).
Therefore, the thermal decoherence in soliton microcombs
may be alleviated by this coating design.

The method developed in this paper can be applied in
soliton-comb generation of any hybrid modes with different
materials considering the thermal effect. It is believed the suc-
cess rate could be higher when changing the different pump
powers or the thickness of the coating. However, as there is
not an analytical method to get the breather soliton regime
and the suitable generation regime is a balance of dispersion,
Q, the TOC, and thermal parameters, which require a huge
amount of computation, accurate suitable coating thickness
ranges for turnkey soliton generation are unknown [43]. Here,
based on the coating thickness we have tried, the suitable
coating thickness ranges for silica wedge resonators with a
wedge angle of 8◦ and SiN ring resonators with a width of
0.6 μm are at least 100 and 20 nm, respectively.

IV. CONCLUSION

In summary, we have numerically investigated turnkey
soliton generation in a PMMA-coated SiN ring resonator.
The calculations show that the designed coated resonator can
generate turnkey solitons at a high success rate of 90% when
the normalized pump power is 15. The model we developed
for calculating the turnkey soliton generation regime meets the
results obtained from numerical methods based on the LLE
combined with the thermal diffusion equation. In addition,
the FEM simulation we set for calculating thermal param-
eters highly coincides with the theoretical model. Finally,
we investigated the physical parameters of hybrid modes in
coated microresonators, and a model for organically coated
microresonator parameter design was established. It illustrates
PDMS-coated silica wedge resonators and PMMA-coated
SiN ring resonators can realize the turnkey soliton generation
automatically without scanning the pump laser, which can
greatly increase the accessibility of soliton combs and makes
them easier to integrate.
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