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Frequency engineering of whispering-gallery resonances is essential in microcavity nonlinear optics. The key is to
control the frequencies of the cavity modes involved in the underlying nonlinear optical process to satisfy its
energy conservation criterion. Compared to the conventional method that tailors dispersion by cross-sectional
geometry, thereby impacting all cavity mode frequencies, grating-assisted microring cavities, often termed as pho-
tonic crystal microrings, provide more enabling capabilities through mode-selective frequency control. For ex-
ample, a simple single period grating added to a microring has been used for single frequency engineering in Kerr
optical parametric oscillation (OPO) and frequency combs. Recently, this approach has been extended to multi-
frequency engineering by using multi-period grating functions, but at the cost of increasingly complex grating
profiles that require challenging fabrication. Here, we demonstrate a simple approach, which we term as shifted
grating multiple mode splitting (SGMMS), where spatial displacement of a single period grating imprinted on the
inner boundary of the microring creates a rotational asymmetry that frequency splits multiple adjacent cavity
modes. This approach is easy to implement and presents no additional fabrication challenges compared to an un-
shifted grating, and yet is very powerful in providing multi-frequency engineering functionality for nonlinear
optics. We showcase an example where SGMMS enables OPO across a wide range of pump wavelengths in a
normal-dispersion device that otherwise would not support OPO. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.500375

1. INTRODUCTION

Nanophotonic platforms have enabled a wide variety of appli-
cations in optical systems engineering. One major advantage of
these platforms is their capability to achieve complex function-
ality by photonic integrated circuits [1,2], which is often en-
abled by the precise control over the effective refractive
index of the waveguides. Particularly in nonlinear optics, nano-
photonic devices can enable phase matching of many nonlinear
optical interactions that are challenging in bulk materials [3] or
fiber [4]. Generally, this is done by superimposing geometrical
dispersion on the nanophotonic waveguide to compensate for
material dispersion [5]. In this regard, the whispering-gallery-
mode (WGM) resonator has been the workhorse geometry
among all optical microcavities [6] for a wide variety of optical
processes, including nonlinear optical interactions, optical sens-
ing, and gain media for lasing [7–9]. These cavities provide
tight confinement of light with high quality factors, resulting

in an enhanced spatial and temporal enhancement for the in-
tensity of the light field, which drives the efficiency of nonlinear
optical processes [3]; however, they impose strict constraints on
frequency and phase matching by requiring the interacting
modes to have specific azimuthal mode orders and resonance
frequencies to satisfy angular momentum and energy conserva-
tion, respectively. Such criteria have been satisfied, for example,
in the application of chip-integrated WGM resonators to a
wide variety of χ�2� and χ�3� nonlinear processes such as optical
parametric oscillation (OPO) [10–15] and frequency comb
generation [16,17]. In these cavities, dispersion can be engi-
neered by tuning the geometrical parameters, i.e., the thickness,
width, or radius of the ring. This technique, however, can con-
trol dispersion only globally, with the resonance frequency of
every mode of the ring being impacted.

Another dispersion-engineering technique uses sinusoidal
modulation of the WGM resonator width to create backscat-
tering for a targeted mode [18]. This technique, referred to here
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as selective mode splitting (SMS), can create sharp changes to
dispersion at very specific wavelengths, where the resonator
modes traveling clockwise (CW) and counterclockwise (CCW)
have the correct momentum to be coupled by such coherent
scattering induced by the grating modulation. The coupling
strength is manifested in the splitting of the mode frequencies,
as illustrated in Fig. 1(a). Here, the backscattering can induce a
mode-selective change to dispersion by causing the resonance
to split into a doublet, shifting its frequency. This can be used
to phase-match nonlinear interactions that otherwise would be
mismatched in frequency [19–22], where the width-modulated
WGM resonator is also referred to as a photonic crystal ring.
The SMS approach can be extended to multiple modes by a
simple sum of different modulation frequencies, each of which
targets a specific mode, termed multiple SMS [23], as illus-
trated in Fig. 1(b). This approach has recently been extended
through Fourier synthesis to generate spatial domain modula-
tion functions that target a large number of modes for broader-
band applications [24], as illustrated in Fig. 1(c). Alternatively,
one can also consider inverse design [25,26] to scatter specific

momentum modes by a desired amount. These techniques
[24–26], though meticulous in their analysis, can produce spa-
tial modulation functions that may be complex to implement,
posing challenges in device design, fabrication, and the optical
quality of the resonances.

In this paper, we introduce a simplified design approach to
control dispersion of multiple modes using just a single modu-
lation frequency. We will refer to this method as the shifted
grating multiple mode splitting (SGMMS). This approach is
illustrated in Fig. 1(c), where we create an offset in the center
of the spatial modulation of the ring width. In this technique,
the modulation frequency targets a specific mode, as earlier, but
the magnitude of the radial offset can control the number of
modes that are split in frequency (when the offset is zero, only
the targeted mode is split). Therefore, a larger offset can induce
mode splitting of multiple modes without use of a complex
multi-frequency modulation function. We demonstrate the
capability of this technique by simulating and experimentally
demonstrating an optical parametric oscillator (OPO) in a sil-
icon nitride ring resonator whose output colors are tuned by

Fig. 1. Illustration of past techniques using grating-assisted microrings for frequency engineering and the current approach of shifted grating
multiple mode splitting (SGMMS). (a) In the single frequency engineering case, a simple sinusoidal modulation of the inner boundary of the ring
causes one mode, whose number of modulation periods is twice the m number, to have its resonance frequency split into two. Other modes that are
not matched can remain in their clockwise (CW) and counterclockwise (CCW) traveling-wave propagation, and have no splitting in general. This
process is termed selective mode splitting [18], as illustrated in the right panel of (a). Fourier analysis of the grating spatial frequency produces a delta
function at the selected mode, and the microring cavity transmission displays that only the targeted mode is split. (b) Selective mode splitting can be
extended to multi-frequency engineering by a simple sum of different spatial frequencies, termed as multiple selective mode splitting (MSMS) [23],
with the corresponding Fourier components and device transmission shown on the right. (c) An apodized or chirped grating, with more detailed
Fourier analysis [24] or inverse design [26], can yield a continuous modulation of grating spatial frequencies, with the splitting amplitudes typically
varying in a continuous function versus mode frequencies. The shape of the grating profiles can be nontrivial to design and fabricate. We propose to
circumvent these issues by using a simple single frequency sinusoidal grating with an offset shifted from the ring center. The SGMMS technique can
introduce controlled mode splitting in multiple modes by an intuitive design. We note that the displayed triangular function for the spectral profile
of the mode splitting is for illustration purpose only, and generally speaking, one can have various line shapes depending on the specific grating
parameters in use.

Research Article Vol. 11, No. 11 / November 2023 / Photonics Research A73



adjusting which of the SGMMS modes is pumped. We show
how several different pump modes from the same device, with a
normal dispersion around the pump, can simultaneously phase-
and frequency-match the OPO interaction. In total, we find
that the SGMMS technique offers a simplified design approach
for dispersion control over multiple modes that is robust to
fabrication constraints and maintains high optical quality
factors. We anticipate that it can be applied to phase- and
frequency-match any cavity-enhanced parametric nonlinear
optical processes.

2. PRINCIPAL IDEA

Grating technology, including not only uniform structures but
also apodized and chirped geometries, has existed for decades,
and specific implementations, such as fiber Bragg gratings, have
been widely used in sensing, filtering, and lasing [27]. The
topic discussed here, a grating inscribed in a microring, has also
been studied in many contexts. Some studies have focused on
optical filtering, including for laser applications [28–30], while
others have examined ejection into free-space orbital angular
momentum (OAM) states [31], for example, in frequency
comb applications [32,33], where spectral control across multi-
ple modes is also relevant [24,25]. As the grating modula-
tion strength increases, concepts from photonic crystals are
increasingly involved, and indeed, photonic crystal microrings
(PhCRs) exhibiting slow light and defect-mode localization
[34,35] have been demonstrated. Here, we focus our study
of SGMMS for multi-frequency engineering in a regime where
a perturbative single-frequency grating is imprinted upon a mi-
croring with a large and slow variation of its ring width.

The context of SGMMS follows that of SMS [18]. For
instance, the ring width shown in Fig. 1(a) is modulated with
20 periods per circumference targeting the optical mode with
an azimuthal mode number of 10. This modulation results in
coupling between the CW and CCW modes, breaking their
frequency degeneracy. Consequently, two new standing-wave
modes emerge at up-shifted and down-shifted frequencies, as
illustrated by two mode profiles labeled ω�

10 and ω−
10 in

Fig. 1(a). The magnitude of the mode splitting 2β10, represent-
ing the frequency difference between the two modes, depends
on the amplitude of the geometric modulation applied at the
corresponding angular frequency (A20). By precisely adjusting
the modulation amplitude, the cavity frequencies can be accu-
rately controlled. Additionally, when m ≠ 10, where the modu-
lation is out of phase with the optical mode, the optical mode
remains unperturbed. For example, the ω9 and ω11 modes are
unperturbed by SMS and effectively see only the average mi-
croring. This orthonormal property forms the basis of grating-
assisted frequency engineering [18,23,24,26], and can be
understood through perturbation theory of optical modes with
shifted boundaries [36], with

βm � ωm

2

R
dS · A��ϵc − 1�jE jjj2 � �1 − 1∕ϵc�jD⊥j2�R

dV ϵ�jE jjj2 � jE⊥j2�
, (1)

where E jj (Djj) and E⊥ (D⊥) are the electric field components
(displacement field components) of the unperturbed optical
mode polarizations that are parallel (jj) and perpendicular
(⊥) to the modulation boundary dS, respectively. ϵ represents

the dielectric function of the material, including the silicon
nitride core (ϵ � ϵc), silicon dioxide substrate, and air cladding
(ϵ � 1).

When considering either transverse electric (TE)-field-like
modes or transverse magnetic (TM)-field-like modes, the pre-
vious equation can be simplified even further. This simplifica-
tion arises due to the dominance of the term involving either
D⊥ or E jj in the numerator’s integral. Consider TE-like modes
as an example, where the modulation of the ring width for
SGMMS is given by

W �ϕ� � W 0 � A1 cos�ϕ� � A2m cos�2mϕ�: (2)

This SGMMS microring is illustrated by the third schematic in
Fig. 1(c). The azimuthal angle ϕ is illustrated in Fig. 2(a).

When A1 is perturbative, it has no effect on βm. The
standing-wave mode with a larger frequency has a dominant
displacement field D�r,ϕ, z� � D�r, z� cos�mϕ�, and Eqs. (1)
and (2) lead to

βm � A2mωm

2

R
dS�1 − 1∕ϵc�jD�r, z�j2 cos2�mϕ� cos�2mϕ�R
dV ϵ�jEz j2 � jEϕj2 � jEr j2�cos2�mϕ�

:

Here the azimuthal part can be integrated separately:

βm � gmA2m∕2, (3)

where gm is defined as

gm ≡
ωm

2

R
dS�1 − 1∕ϵc�jD�r, z�j2R

dV ϵ�jEz j2 � jEϕj2 � jEr j2�
: (4)

This linear dependence of mode splitting on modulation
amplitude holds only in the perturbative regime. A counterin-
tuitive observation is that the mode splitting can vanish to zero
when the modulation amplitude increases to a critical value
[24,25], and this effect can occur regardless of the grating shape
(sinusoidal, square, etc.) or photonic layer structure (cladding
type, cladding symmetry, etc.) [37]. Such “bandgap closing”
introduces additional complication when designing apodized
gratings in microrings [24]. In this work, we restrict our analy-
sis to the perturbative regime, where the mode splitting
(bandgap) has a monotonic and linear dependence on modu-
lation amplitude, to avoid this complication.

In the SGMMS case, when the slow-variation term
A1 � S∕2 is small (where S is the shift relative to the center
of the microring outside boundary), the splitting observed is
expected to be close to the SMS case, with only a small amount
of decreased mode splitting. When A1 is large, for example, the
narrowest and widest parts of rings correspond to resonance
frequencies over multiple free-spectral ranges, and other adja-
cent modes will also exhibit mode splittings. Instead of an in-
tegration with ϕ from 0 to 2π, only a subset of this integration
range close to the targeted frequency would be relevant:

βn ≈
Δϕn

2π

gmA2m

2
, (5)

where 2m is the number of modulation periods within the ring
circumference, and n is the mode under consideration. We no-
tice from Eq. (5) that the shifted-grating microring resembles a
chirped-grating microring [27], as illustrated in Fig. 1(c). The
range of modes with splittings, that is, the range of n with
considerable β, is decided by the narrowest and widest ring
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widths, which is straightforward to determine in simulation.
The value of Δϕ is not as easy to calculate accurately, though
intuitively easy to connect to Fig. 1(c). We will measure the
splittings experimentally in the next section.

3. EXPERIMENTAL VERIFICATION

We validate the SGMMS design using a high-intrinsic-quality-
factor (Q) Si3N4∕SiO2 microring resonator platform from a
standard fabrication process [38]. We implemented a grating
modulation amplitude (A) on the inner side of the microring,

with a shift (S) relative to the center of the outside boundary,
as illustrated in Fig. 2(a). The fabricated device, shown in
Figs. 2(b)–2(d), has a nominal outside ring radius, average ring
width (RW), and Si3N4 thickness of 25 μm, 1500 nm, and
600 nm, respectively. This device has nominal A � 12 nm
and S � 256 nm. This S can be confirmed by half of the
differences between the narrowest and the widest ring widths,
as shown in Fig. 2(d).

We compare the SMS and SGMMS devices in Figs. 2(e)–
2(g), and more closely examine the details of multi-frequency
engineering of SGMMS in Fig. 2(h). We first examine the

Fig. 2. Experimental demonstration of SGMMS. (a) Illustration of the SGMMS device with upward-shifted grating. The red and black circles
indicate the centers of the inside boundary (i.e., the shifted grating) and the outside boundary of the microring, respectively. (b) Scanning electron
microscope (SEM) image of an SGMMSmicroring, false colored in red, with coupling waveguides on the left and right sides. In this paper, only the
right waveguide is used in experiments. The grating has a nominal shift S � 256 nm. The nominal average ring width is RW � 1.5 μm. Zoom-in
images of three parts of the microrings, highlighted by the dashed boxes, are shown in (c) and (d). (c) An SEM image of the microring shows a
sinusoidal modulation with a nominal amplitude of A � 12 nm. (d) The narrowest and widest RWs are measured to be �1.1� 0.1� μm and
�1.6� 0.1� μm, respectively, where the quoted uncertainty is the one standard deviation from multiple estimates from the SEM image.
(e) Normalized transmission spectra for the SMS device (top panel) with A � 8 nm and S � 0 nm and the SGMMS device (bottom panel) with
the same A but S � 256 nm. Labels (m, S) represent the azimuthal mode number and the shift in nanometers, respectively. (f ) Scaled transmission
spectra from (e) with annotations of the fitted Q values. In the top panel, the SMS device shows a mode splitting of approximately 100 pm only at
m � 165 and negligible mode splittings at nearby modes. In the bottom panel, the SGMMSmodulation introduces mode splittings across multiple
modes. The mode splittings for m � 168, 165, and 162 are approximately 52, 32, and 16 pm, respectively. All these modes show high optical
quality, with intrinsicQ around 106. (g) Summary of the measured mode splittings (2β) across all modes in (e). (h) Evolution of mode splittings from
S � 0 nm to S � 256 nm, with a fixed A � 12 nm. Above S � 50 nm, adjacent modes increasingly start to show appreciable mode splittings. The
uncertainties in mode splitting values in (g) and (h) are smaller than the data point size.
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mode splitting behavior for the SMS device, that is, the control
device for SGMMS (no shift). Here, we target the fundamental
TE mode with m � 165, which has a resonance around
1592 nm. This device has A � 8 nm and S � 0 nm. The
transmission spectrum of this device is shown in the top panel
of Fig. 2(e). The mode splittings of this device at all modes are
summarized in the top panel of Fig. 2(g), and it shows the typ-
ical behavior of an SMS device. There is only one notable mode
splitting of approximately 100 pm at the targeted mode
m � 165, and the mode splittings at nearby modes are all less
than 10 pm and comparatively negligible, in agreement with
previous reports [23].

We transform an SMS device into an SGMMS device by
introducing the shift S. The bottom panel of Fig. 2(e) shows
the transmission spectrum of a fabricated SGMMS device with
the same A � 8 nm as the control SMS device and S �
256 nm. As the shift is increased from 0 to 256 nm, the
mode splittings are spread from the central mode at m � 165
onto eight modes with varying mode splittings of approxi-
mately {30, 52, 27, 41, 32, 28, 20, 16} pm at m � f169, 168,
167, 166, 165, 164, 163, 162g, respectively, as shown in
Fig. 2(g). One may also wonder if there is any negative effect
on the optical quality factors with such large shift S. Previous
works [18,34] have shown that a grating with large modula-
tions does not degrade the optical quality factors. In this work,
we show that adding a large shift to this grating also maintains
the Q . The intrinsic Q maintain values over 1 million even
with a shift S � 256 nm as shown in Fig. 2(f ). We also inves-
tigate the behavior of the mode splitting with various S for
another series of SGMMS devices with a fixed A � 12 nm.
In general, the number of modes with appreciable splitting
(e.g., >10 pm) increases with S, while the maximum splitting
amplitude for any mode occurs at S � 0, where the entire
effect of the grating is concentrated on one m. For example,
the appreciable mode splittings are spread from the central
mode to two additional modes when S � 64 nm, four
additional modes when S � 128 nm, and eventually seven
additional modes (eight modes in total) when S � 256 nm
as shown in Fig. 2(h). Thus, the SGMMS approach introduces
multiple frequency engineering capabilities with intuitive
design and fabrication while maintaining high optical quality
factors, all simply by adding a linear shift to an SMS device.

4. OPO APPLICATION

After validating the concept of SGMMS in the previous sec-
tion, we now apply this technique directly to frequency engi-
neering problems in nonlinear nanophotonics applications.
One important application is OPO, which converts an input
laser from one color (i.e., the pump) to two different output
colors (i.e., the signal and idler). OPO with the pump in either
the normal or anomalous dispersion regime is possible; we fo-
cus on the former, where the signal–idler separation can be par-
ticularly broad and devoid of extraneous spectral tones [10]. To
realize such OPO, a close-to-zero but positive frequency mis-
match Δν � νs � νi − 2νp is required, where νp,s,i are the
pump, signal, and idler modes, respectively, as a result of the
interplay between self- and cross-phase modulation of these
three modes. The requisite frequency matching in a microring

is typically realized through accurate cross-sectional geometric
control, but this comes with two main disadvantages: (1) the
device is very sensitive to the geometric dispersion, which puts
stringent requirements in design and fabrication; and (2) the
close-to-zero dispersion requires a device layer thickness that is
much larger than that typically offered within fabrication facili-
ties for passive silicon nitride photonic circuits. Such thicker
films typically require some level of additional fabrication
(e.g., stress mitigation or damascene processing) to mitigate
stress [39], which in turn complicates integration of OPO into
more complex systems.

The SMS approach has been applied to address the above
challenges in previous works on OPO and frequency combs
[19–22]. However, this prior approach enables OPO at the cost
of constraining the pump laser to be at a specific wavelength
(mode) defined by the SMS. Here, we employ the SGMMS
approach to extend the number of available modes for the
pump to enable OPO across the S� C� L bands (specifically
from 1460 to 1625 nm).

To take advantage of the full scanning range of our measure-
ment laser (from 1450 to 1650 nm), the SGMMS device
characterized in Fig. 2 (A � 12 nm and S � 256 nm) is sub-
sequently etched from 600 nm to 500 nm thickness, to shift the
SGMMS central wavelength from 1592 nm to 1552 nm, per
NIST requirements on units. Figure 3(a) shows the transmis-
sion spectrum of the etched device, with the corresponding
mode splitting values summarized in Fig. 3(b). The SGMMS
device shows a similar behavior as in Figs. 2(g) and 2(h), and
there are 10 modes (from m � 171 to m � 162) showing
notable mode splitting values after etching. Though this device
has normal dispersion across the telecom, all the redshifted split
modes can be pumped to generate OPO [19]. Figure 3(c)
shows the experimental results of the OPO spectra as we pump
six of these split modes. When pumped at the redshifted mode
for m � 165 (the top panel), we get a wide signal–idler span of
134 nm, in agreement with the frequency mismatch diagram
in the top panel of Fig. 3(d). This scheme is similar to prior
SMS-OPO works, where the mode splitting was implemented
for only one mode, either the pump [19,20] or the signal [21].

Next, we leverage the multi-mode character of the SGMMS
technique, where we pump the split modes at different m num-
bers and observe OPO for all modes. Figure 3(c) shows the
other five OPO spectra obtained when pumped at different
modes accessible within our available amplifier range. For
m � 162 (middle panel) and m � 159 (bottom panel), when
pumped on the redshifted resonances, two signal–idler pairs
are observed at the red-shifted resonances for m � 162 and
at the blue-shifted resonances for m � 159. The data are in
good agreement with the simulation and the measured fre-
quency mismatch (Δν∕2) as shown in the middle and bottom
panels of Fig. 3(d), where the frequency dashed red line indi-
cates the mode combinations that satisfy the OPO frequency
matching condition. These two examples showcase the flexibil-
ity of the SGMMS approach in multi-frequency engineering.
Such capability can advance the functionalities of other related
nonlinear processes, including entangled photon-pair genera-
tion [38,40], quantum frequency conversion via four-wave-
mixing Bragg scattering [41], and frequency comb generation.
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In photon-pair generation [24,26,42], this method eases the
task of creating mode splitting of the pump mode while main-
taining a high optical quality factor [38], which leads to CW
and CCW path entanglement of signal and idler photon pairs
[40]. In four-wave-mixing Bragg scattering, usage of the split
mode for the pump laser can create the dispersion property re-
quired for quantum frequency conversion while also eliminat-
ing unwanted conversion channels [41]. In frequency comb
generation, our method simplifies the design of photonic crys-
tal rings for both dispersion engineering [24,26] and injection
locking purposes [42].

5. DISCUSSION

In summary, we demonstrate a nanophotonic frequency engi-
neering approach that we term as SGMMS, with controllable
mode splittings across multiple resonator modes through a

shifted, single frequency grating. SGMMS offers another level
of simplicity in design and fabrication over existing approaches
[23,24,26]. We further apply SGMMS-based frequency engi-
neering to OPO across multiple pump modes in one microring
device, with the generated signal and idler output frequencies
dependent on the pumped mode. Such results cannot be
achieved using the previously demonstrated single mode split-
ting devices [19,20] or through combinations of different (un-
split) transverse mode families [43,44]. While well-engineered
OPO devices without the introduction of mode splittings can
also support OPO on multiple pump modes, they have a more
stringent tolerance of only a few nanometers in cross-sectional
geometry [10,13], a result of the requirement to balance nor-
mal dispersion near the pump with higher-order dispersion
for frequency matching. More generally, we anticipate that
the introduction of a shift in the grating position shown in this
work can be combined with previous multiple-mode splitting
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techniques [23,24] and other dispersion engineering ap-
proaches to extend microcavity frequency engineering capabil-
ities for nonlinear optical processes.
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