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Using photonic crystal microrings to mitigate
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Abstract—In nonlinear microresonators with strong stimulated
Raman scattering effect, it is difficult if not impossible to generate
Kerr soliton microcombs with a small free spectral range (FSR) (<
100 GHz) due to the competition between the Raman and Kerr
effects. In this paper, we overcome this limitation by using odd-
period photonic crystal microrings (PCMs). Numerical
simulations on the silicon-on-insulator (SOI) PCM show that a
small frequency shift (5 GHz) induced by the photonic crystal
structure can moderately suppress the Raman effect, such that
chaotic microcombs with a small FSR can be generated. With a
larger frequency shift (e.g. > 10 GHz), the Raman effect is
significantly suppressed, and the soliton microcombs can be
generated. For comparison, without the frequency shift, only
Raman lasing can be achieved in conventional microrings. To
investigate the applicability of the proposed method in other
material platforms, we carried out simulations for the aluminium
nitride (AIN) PCM. The results are comparable to those obtained
on the SOI PCM. Our method opens a new approach for the
generation of small FSR Kerr soliton microcombs in
microresonators with strong Raman effect, which is important for
expanding the available nonlinear platforms and applications such
as  telecommunications, radio-frequency photonics, and
astronomical spectrographs.

Index Terms—Microcombs, Raman effect, free spectral range
(FSR), photonic crystal microring (PCM).

I. INTRODUCTION

UE to the advantages of miniature footprint, broad
bandwidth, low pump power threshold, and high
coherence, Kerr soliton microcombs have attracted
considerable attention in the fields of astronomy, metrology,
spectroscopy, communications, etc [1]-[8]. However, some
excellent Kerr nonlinear material platforms also possess strong
stimulated Raman scattering effect, e.g. silicon, diamond,
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lithium niobate, and aluminium nitride (AIN) [9]-[14]. The
strong Raman effect competes with the Kerr effect, making it
difficult if not impossible to generate Kerr soliton microcombs
[10]. Two methods have been used to overcome this problem.
The first one is to select an appropriate free spectral range
(FSR) for the microresonator such that the Raman gain peak is
located in the middle of two resonances, which are sufficiently
far away from the Raman gain peak [10], [12]. As a result, there
is a lower limit on the FSR to ensure that the Raman gain at the
two nearby resonances is sufficiently small to avoid
competition with the Kerr effect. This FSR lower limit is
typically >100 GHz or even terahertz, which is incompatible
with the electronic bandwidth. The FSR threshold limits the
applications of soliton microcombs in telecommunications
[15], [16], radio-frequency photonics [17], and calibration of
astronomical spectrographs [18], where a small FSR
compatible with the electronic bandwidth is required. Another
method is to move the pump to a longer wavelength, such as the
mid-infrared, since the Raman gain decreases with increasing
pump wavelength [19]. However, expensive or even scarce
lasers and amplifiers make this difficult and costly to
implement. In addition, a longer pump wavelength also affects
the spectral range generated.

Recently, photonic crystal microrings (PCMs) have attracted
considerable attention [20]-[26]. By periodically modulating
the waveguide width with an even period, a specific resonance
can be split into two. The mode number of the splitting
resonance and the splitting frequency can be controlled by the
period number and modulation amplitude, respectively [20]-
[22]. It is also possible to split multiple resonances [21]. The
most important features of the PCMs are that the quality factor
of the splitting resonances can be maintained and the splitting
frequency can be flexibly controlled [21], which is essential for
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nonlinear photonics. By compensating for the Kerr mismatch
between the pulse state and its pump mode through the PCM,
spontaneous and deterministic generation of Kerr solitons has
been achieved [22]. In [23], the dark-to-bright pulse continuum
was accessed and explored by phase-matching with the PCM,
which mediates the competition between nonlinearity and
normal group velocity dispersion (GVD). With the PCM, the
group velocity of the modes near the dielectric band edge can
be slowed down by a factor of 10 compared to conventional
microring modes while supporting high QO values. In addition,
by using the photonic crystal defect modes, the mode volume
can be reduced by more than 10 times compared to conventional
microrings [24].

In this paper, we use the odd-period PCM to mitigate the
Raman-Kerr effect competition for the generation of soliton
microcombs with small FSR (<100 GHz). In Section II, we
illustrate the principle of even-period and odd-period PCMs and
how the Raman gain is suppressed in the odd-period PCMs. In
Sections III and IV, we investigate the feasibility of the
proposed method by carrying out simulations using the Ikeda
map equations and coupled Ikeda map equations on the silicon-
on-insulator (SOI) and AIN PCMs, respectively.  The
simulation results on the SOI and AIN platforms show that the
Raman effect can be strongly suppressed and the Kerr soliton

microcombs can be generated at small FSR in odd-period PCMs.

Section V concludes the paper.

II. PRINCIPLE

A. PCMs with even and odd periods
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Fig. 1. (a) Microring (blue) and its resonances (red). (b) Even-
period PCM (blue) and its resonances (red). (c) Odd-period
PCM (blue) and its resonances (red). The red dashed curves
represent the resonances of the microring without width
modulation.

A microring, as shown in Fig. 1(a), has many resonances. The
mode number m of the resonances is defined by neffl. = mA,
where neff is the effective refractive index of the transverse
mode, L is the cavity length of the microring, and 1 is the
wavelength. A PCM is formed by periodically modulating the
waveguide width of the microring as w = wo + wicos(ng) [21],
where, wy is the initial waveguide width, w is the waveguide
width after modulation, w; is the modulation amplitude, ¢ and
n are the azimuthal angle and the modulation period
corresponding to a single round trip.

If n is even (e.g. n = 2m), the photonic crystal structure will
generate a band gap centered on the resonance with mode
number m, which degenerates this resonance and splits it into
two resonances [21], [22], [24], [25]. Furthermore, the band gap
pushes the splitting resonances away from each other with a
splitting frequency [21], as shown in Fig. 1(b). The magnitude
of the splitting frequency is determined by the modulation
amplitude w; (a larger wi would induce a larger splitting
frequency). If n is odd (e.g. n = 2m—1), the photonic crystal
structure will generate a band gap in the middle of the
resonances with mode numbers m—1 and m. The generated band
gap would push these two resonances away from each other
with a frequency shift, as shown in Fig. 1(c). The magnitude of
the frequency shift is also determined by wi. A larger
modulation amplitude wi would induce a larger frequency shift.
We therefore focus our study on odd-period PCM, as its effect
of pushing the two resonances away from each other can be
better exploited to suppress the Raman effect.

B. Suppression of the Raman gain using odd-period PCM

Figure 2 shows the relative position of the resonances (red)
and the Raman gain spectrum (blue). To suppress the Raman
effect at a given pump wavelength, we can choose an
appropriate FSR to locate the Raman gain peak in the middle of
two resonances and make these two resonances sufficiently far
from the Raman gain peak [10]. However, to ensure that the
Kerr effect is dominant, the FSR of the microring should be
sufficiently large. In this case, the Raman gain at the two
resonances near the Raman gain peak would be sufficiently
small to ensure the generation of Kerr soliton microcombs.
Therefore, microrings with small FSRs will find it difficult if
not impossible to generate Kerr soliton microcombs due to the
significant overlap between Raman gain and resonances.

Qr
e »
FSR frequency shift Pump
 a—— > }
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Fig. 2. The relative position of the resonances (red) and the
Raman gain spectrum (blue). The red dashed curves represent
the resonances of the microring without width modulation. I'r
is the Raman gain linewidth and Qg is the Raman frequency
shift.
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To reduce the FSR limitation caused by the competition
between the Raman and Kerr effects, we propose to use odd-
period PCMs to generate Kerr soliton microcombs. By
modulating the waveguide width of the microring with a
selected odd period, we can shift the two resonances close to
the Raman gain peak away from each other, as shown in Fig. 2.
Since the frequency shift can be controlled by the modulation
amplitude w;, the Raman gain at the two resonances near the
Raman gain peak can be controlled and reduced. This reduces
the FSR constraint caused by the Raman effect on the
microcombs, thus making it possible to generate Kerr soliton
microcombs at small FSRs.

III. SIMULATIONS AND ANALYSES ON THE SOI PCM

We first carried out simulations and analyses on the SOI
PCM to show that the proposed PCM configuration can
mitigate the Raman-Kerr effect competition for the generation
of Kerr soliton microcombs. The SOI platform has the
advantages of high index contrast, high nonlinear coefficient,
compact footprint, and compatibility with complementary
metal oxide semiconductor (CMOS) fabrication [27]-[29]. The
pump wavelength is set at 3100 nm such that the multiphoton
absorption and free carrier absorption in silicon can be
neglected. The nonlinear refractive index of the silicon is n, =
3x107"® m%*w at 3100 nm. The Raman gain spectrum of silicon
can be approximated as a Lorentz function with Raman
frequency shift Qr = 15.6 THz and Raman gain linewidth 'z =
105 GHz. The Raman gain peak of silicon is gr = 3.05 cm/GW
at 3100 nm [10]. Fig. 2(a) shows the cross-section of the SOI
microring with silicon dioxide (SiO,) cladding. The waveguide
parameters are set at wg; = 1500 nm and /s = 400 nm to ensure
a small and flat anomalous dispersion near the pump
wavelength, as shown in Fig. 2(b). The transmission loss of the
waveguide is chosen to be 0.7 dB/cm according to the recent
experimental results [10], [29]. The FSR of the microring is
chosen as 77.8 GHz to ensure that the Raman gain peak is
located in the middle of two resonances (15.6 THz/77.8 GHz =
200.5). At this FSR, the Raman gain at the two resonances
close to the Raman gain peak is more than twice the Kerr gain.

A. Simulations on the microring without width modulation

For comparison, we first performed simulations on a
conventional microring without width modulation. The
simulations are based on the Ikeda map equations [10], [30],
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where A is the slowly varying envelope of the field normalized
by the photon number and 4 is the Fourier transform of 4. j is
the imaginary number, z is the distance on the microring, and ¢
is the fast time corresponding to the time domain. a; is the linear
transmission loss and 7r = 1/FSR is the round-trip time. u is the
azimuthal mode number referenced to the pumped mode. Dix is

the integrated dispersion of the microring and is defined as Dy
= wres—(wotD1), where wres is the angular frequency of the
resonances, my is the angular frequency of the pump, and D; is
defined as Di/2n = FSR. y = (mawo)/(cAesr) is the nonlinear
parameter, where c is the speed of light in vacuum and A is
the effective mode area. # is the reduced Planck constant and
o is the angular frequency of the pump. R(¢) = (1-fr)5(t) +
frhr(t) is the response function, where fr is the Raman
contribution and /Ag(t) is the Raman response function. fr and
hr(t) can be calculated from the Raman gain spectrum [31]—
[33]. The symbol “®” represents the convolution calculation.
k is the round-trip number, 8 is the power coupling ratio, and
Ain is the pump field normalized by the photon number. ¢ is the
linear phase accumulated by the intracavity field with respect
to the pump field in a round trip.
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Fig. 3. (a) Cross section of the SOI microring. (b) GVD of the
SOI microring with ws; = 1500 nm and /4 = 400 nm. Simulated
(¢c) temporal and (d) spectral evolution profiles of the
intracavity field in a conventional microring without width
modulation. The pump power is set at 30 mW. Instantaneous
(e) temporal and (f) spectral profiles of (c) and (d) at the final
roundtrip.

Figures 3(c) and 3(d) show the simulated temporal and
spectral evolution profiles in a conventional microring without
width modulation, where the pump power is set at 30 mW. After
~2.5x10° roundtrips, the temporal profile becomes rapidly
oscillating. At the same time, the spectral profile shows
multiple Raman lasing, which manifests as multiple discrete
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resonant frequencies with frequency intervals equal to the
Raman frequency shift. This means that the Raman effect
dominates over the Kerr effect due to the large Raman gain
caused by the small FSR. The first-order Raman peak is located
at u~—200 (about 15.6 THz away from the pump). The second-
order Raman peak located at ¢ = —400 also appears due to the
strong first-order Raman peak. In addition, the generated first-
and second-order Raman peaks can interact with the pump to
generate two new frequencies located at u ~ 200 and 400 due to
four-wave mixing (FWM). Figs. 3(e) and 3(f) show the
instantaneous temporal and spectral profiles, respectively, at the
final roundtrip, where fast oscillations in the temporal profile
and multiple discrete resonant frequencies in the spectral profile
are observed.

B. Simulations on the odd-period PCM

We then performed simulations on the odd-period PCM with
the same FSR (77.8 GHz). Due to the reflection induced by the
photonic crystal structure, optical fields exist in both directions
inside the PCM and there are both linear and nonlinear
couplings between them. Therefore, the simulations were
performed based on the coupled Ikeda map equations [10], [26],
[30],
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Here, 4, and 4| are the slowly varying envelopes of the
counter-clockwise (CCW) field (in the same direction as the
pump) and clockwise (CW) field (in the opposite direction to
the pump), respectively, normalized by the photon number. ;4:
and ZI are the Fourier transform of 4, and 4, respectively.
The linear coupling induced by the photonic crystal structure
and the nonlinear coupling induced by the cross-phase
modulation (XPM) between the fields in two directions have
been included, corresponding to the third and fourth terms on
the right hand sides of Eqgs. (3) and (4), respectively. J is the
linear coupling parameter and is determined by the frequency
shift [26].
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Fig. 4. Simulated (a) temporal and (b) spectral evolution
profiles of the CCW field in an odd-period PCM. The pump
power and the frequency shift are set at 70 mW and 5 GHz,
respectively. Instantaneous (c) temporal and (d) spectral
profiles of the CCW field before leaving the soliton existence
region. (e) Simulated normalized intracavity energy evolution
profile of the CCW field corresponding to (a) and (b). The inset
is the zoom-in view of the oscillation region.

The frequency shift was first set at 5 GHz. Figs. 4(a) and 4(b)
show the simulated temporal and spectral evolution profiles of
the CCW field in an odd-period PCM, respectively, with the
pump power set at 70 mW. Compared to Figs. 3(a) and 3(b), the
modulation instability (MI) and chaotic states can be reached at
the same FSR due to the moderate suppression of the Raman
effect. However, the Raman effect is still sufficiently strong so
that the soliton states remain difficult to reach. Figs. 4(c) and
4(d) show the instantaneous temporal and spectral profiles of
the CCW field before leaving the soliton region (the round-trip
number is about 3.9x10%). We find that both the temporal and

spectral profiles are chaotic. We also see that the Raman peak
at u = =200 is still very strong, preventing the generation of
soliton states. Fig. 4(e) shows the normalized intracavity energy
evolution profile of the CCW field corresponding to Figs. 4(a)
and 4(b), where no soliton steps exist. The inset in Fig. 4(e) is
the zoom-in view of the oscillation region, showing the
competition between the Raman and Kerr effects.



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

‘f‘ﬁ 'd’ﬁ
o3 (a) S3
2 B Z
5} 5}
22 g
= =1
= =1
o
£y £
- | o
2 :
=0 20
0 T 2z -400 -200 0 200 400
Azimuthal angle Mode number
= )
S11(e) = oHd)
> 2
‘g é -20
E E.40
- =
S = 60
= s
=]
E E 80
Sy 2
~ 0 T 2m -400 -200 0 200 400
Azimuthal angle Mode number
5 1He) _
=
)
20 .
5} soliton step
15}
2
=
[+
[*]
g
g, . { .
0 1 2 3

Round-trip number (* 104)
Fig. 5. Simulated (a) temporal and (b) spectral evolution
profiles of the CCW field in an odd-period PCM. The pump
power and the frequency shift are set at 70 mW and 10 GHz,
respectively. Instantaneous (c¢) temporal and (d) spectral
profiles of (a) and (b) at the final roundtrip. The green curve in
(d) is the instantaneous spectral profile of the CW field at the
final roundtrip. (e) Simulated normalized intracavity energy
evolution profile of the CCW field corresponding to (a) and (b).

We then chose the frequency shift as 10 GHz, where the
Raman effect is significantly suppressed compared to that of the
frequency shift of 5 GHz. Figs. 5(a) and 5(b) show the
simulated temporal and spectral evolution profiles of the CCW
field, respectively, with the pump power is set at 70 mW. For
the temporal evolution profiles, the CCW field evolves from the
continuous wave, first to the MI state, then to the multiple
soliton state, and finally to the two-soliton state. For the spectral
evolution profiles, the primary comb is first generated in the MI
state. Then the spectral profile is modulated with a smooth
envelope in the multiple soliton and two-soliton states. Figs. 5(¢)
and 5(d) show the instantaneous temporal and spectral profiles,
respectively, at the final roundtrip. The temporal profile
manifests as two solitons and the spectral profile shows a
modulated spectrum with a smooth envelope. In addition, Fig.
5(d) also shows the full instantaneous spectral profile of the CW
field (green curve) caused by the linear coupling, which has a
similar intensity to the CCW field at 4 = —200. Fig. 5(¢) shows

the normalized intracavity energy evolution profile of the CCW

field. The soliton step is clearly shown, indicating that the
soliton states are reached.

IV. SIMULATIONS AND ANALYSES ON THE ALN PCM

We now carried out simulations on the AIN PCM to show
that the proposed PCM configuration can mitigate the Raman-
Kerr effect competition for the generation of Kerr soliton
microcombs in other material platforms. The AIN material
exhibits both second and third order nonlinear effects as well as
an enormous bandgap, thus making it ideal for nonlinear optical
interactions with negligible multi-photon absorption [13], [34]-
[36]. The second order nonlinear effect of AIN is essential for
chip-based self-referencing with an f-2f interferometer, making
fully integrated self-locked microcombs feasible [13]. The
pump wavelength is set at 1550 nm, which is important for
optical communications and devices at this wavelength are
readily available. The nonlinear index coefficient of AIN is n»
=2.3x10"" m?/w at 1550 nm. The Raman gain spectrum of AIN
can be expressed as a Lorentz function with Raman frequency
shift Qr = 18.3 THz and Raman gain linewidth I'r = 138 GHz.
The Raman gain peak of AIN is gr = 0.45 cm/GW at 1550 nm
[13], [14]. Fig. 6(a) shows the cross-section of the AIN
microring. Based on the existing growth of single-crystalline
AIN films and fabrication of AIN waveguide, the AIN film sits
on the c-plane (0001) of sapphire with SiO; cladding [13], [14],
[36]. The waveguide parameters are set at waiw = 1500 nm, AN
= 830 nm, and /g, = 400 nm to ensure a small and flat
anomalous dispersion near the pump, as shown in Fig. 6(b). The
transmission loss of the waveguide is chosen at 0.1 dB/cm
according to recent experimental results [13], [36]. The FSR of
the microring is chosen as 80.8 GHz to ensure that the Raman
gain peak is located in the middle of two resonances (18.3
THz/80.8 GHz = 226.5). For this FSR, the Raman gain at the
two resonances near the Raman gain peak is more than twice
the Kerr gain.

A. Simulations on the microring without width modulation

For comparison, we first performed simulations on a
conventional microring without width modulation. The
simulations are based on Egs. (1) and (2). The simulated results
are similar to those obtained on the SOI platform. Figs. 6(c) and
6(d) show the simulated temporal and spectral evolution
profiles in a conventional microring without width modulation,
where the pump power is set at 200 mW. The temporal profile
becomes rapidly oscillating and the spectral profile shows
multiple discrete resonant frequencies after about 6.7x10°
roundtrips, indicating that the Raman effect dominates over the
Kerr effect. The first and second order Raman peaks appear at
1 =—226 and —452 due to the strong Raman effect and generate
two new frequencies located at 1 =~ 226 and 452 by interacting
with the pump through FWM. Figs. 6(e) and 6(f) show the
instantaneous temporal and spectral profiles at the final
roundtrip, showing the fast oscillation in the temporal profile
and multiple discrete resonant frequencies in the spectral
profile.
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(d) at the final roundtrip.

Azimuthal angle

B. Simulations on the odd-period PCM

We then carried out simulations on the odd-period PCM. The
simulations are also based on Egs. (3)-(6) and the frequency
shift is set at 10 GHz. Figs. 7(a) and 7(b) show the simulated
temporal and spectral evolution profiles of the CCW field in an
odd-period PCM, respectively, where the pump power is set at
600 mW. Figs. 7(c) and 7(d) show the temporal evolution
profile finally evolves to the two-soliton state and the spectral
profile modulated with a smooth envelope, respectively. Fig.
7(d) also shows the full instantaneous spectral profile of the CW
field (green curve) caused by the linear coupling, which has a a
similar intensity to the CCW field at u = —226. Fig. 7(e) shows
the normalized intracavity energy evolution profile of the CCW
field. The soliton step is clearly shown, indicating that the
soliton states are reached.

—

—

=3[ =x1 (b)

X o

5 3

22 22

=3 =

(=] =}

o o

E1 El

< <

£ =)

: g

=0 0
0 T 2n -400 -200 0 200 400

Azimuthal angle Mode number

5 )

S11() = ot

= fand

7 Z 20

g 5

= 5-40

& 860

= =

g Esof

S Z‘:’

“"0 n 2n 400 200 0 200 400

Azimuthal angle Mode number

;l © - : .

=

=

2o

Q .

5 soliton step

= -

B y

2 4

g

=

=9 . . .
0 1 2 3

Round-trip number (x 104)

Fig. 7. Simulated (a) temporal and (b) spectral evolution
profiles of the CCW field in an odd-period PCM. The pump
power and the frequency shift are set at 600 mW and 10 GHz,
respectively. Instantaneous (c) temporal and (d) spectral
profiles of (a) and (b) at the final roundtrip. The green curve in
(d) is the instantaneous spectral profile of the CW field at the
final roundtrip. (e) Simulated normalized intracavity energy
evolution profile of the CCW field corresponding to (a) and (b).

V. CONCLUSION

In conclusion, we show that by using the odd-period PCM, we
can reduce the FSR constraint on the microcomb generation
caused by the Raman effect. The PCM can shift the two
resonances near the Raman gain peak away from each other,
which reduces the Raman gain at these two resonances and
allows the Kerr effect to dominate over the Raman effect.
Simulations show that the proposed odd-period PCM approach
can be used on both the SOI and AIN platforms to generate Kerr
soliton microcombs at a small FSR (< 100 GHz). The use of
odd-period PCM can be extended to other nonlinear platforms
with strong Raman effect, such as diamond and thin-film
lithium-niobate-on-insulator (LNOI) [11], [12], which are
promising for applications such as telecommunications, radio-
frequency photonics, and calibration of astronomical
spectrographs.
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