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With the rapid development of the Internet of Things and big data, integrated optical switches are gaining promi-
nence for applications in on-chip optical computing, optical memories, and optical communications. Here, we

propose a novel approach for on-chip optical switches by utilizing the nonlinear optical Kerr effect induced
spontaneous symmetry breaking (SSB), which leads to two distinct states of counterpropagating light in ring
resonators. This technique is based on our first experimental observation of on-chip symmetry breaking in a
high-Q (9.4 x 10°) silicon nitride resonator with a measured SSB threshold power of approximately 3.9 mW.
We further explore the influence of varying pump powers and frequency detunings on the performance
of SSB-induced optical switches. Our work provides insights into the development of new types of photonic

data processing devices and provides an innovative approach for the future implementation of on-chip optical

memories. © 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.542111

1. INTRODUCTION

With the fast development and rapid adoption of all-optical
data processing, integrated optical switches are expected to have
an important impact on enhancing the speed, reducing power
consumption, and minimizing the size of telecommunication
systems and optical computing devices [1-3]. Integrated optical
switches usually rely on mechanisms such as the thermo-optic
effect or carrier dispersion effect to alter the refractive index of
materials, allowing for switching between two discrete states.
The Mach-Zehnder interferometer (MZI) [4], the microring
resonator (MRR) [5], and the hybrid MRR and MZI [6]
are the commonly employed structures. Over the last decades,
considerable efforts have been made to improve the perfor-
mance of integrated optical switches in terms of speed, power
efficiency, bandwidth, compactness, and so on. Recently, phase
change materials (PCMs) integrated with silicon devices have
shown great potential as optical switches for further improving
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the speed performance. These materials can rapidly switch
between two stable states and maintain them [7-9].

In the field of optical physics, it is known that spontaneous
symmetry breaking (SSB) caused by the nonlinear Kerr effect
can exhibit two different states from slight changes as optical
switches, which have been revealed across numerous non-
linear optical systems, including nanolasers [10], nanophotonic
Bose—Hubbard dimer [11], metamaterials [12], and microreso-
nators [13—17]. In a single optical microresonator, SSB can be
observed from the Kerr-interaction between two counterpropa-
gating light waves [13,14,18,19] or polarization states [20-22].
In the context of bi-directionally pumped microresonators,
SSB is caused by instability of the intracavity power. Beyond
the threshold pump power, a small deviation between the coun-
terpropagating light powers results in a large resonance fre-
quency difference of the initially equal resonator modes
in clockwise (CW) and counterclockwise (CCW) directions.


https://orcid.org/0000-0002-2663-0188
https://orcid.org/0000-0002-2663-0188
https://orcid.org/0000-0002-2663-0188
https://orcid.org/0000-0001-5670-6115
https://orcid.org/0000-0001-5670-6115
https://orcid.org/0000-0001-5670-6115
https://orcid.org/0000-0001-7497-480X
https://orcid.org/0000-0001-7497-480X
https://orcid.org/0000-0001-7497-480X
mailto:pascal.delhaye@mpl.mpg.de
mailto:pascal.delhaye@mpl.mpg.de
mailto:pascal.delhaye@mpl.mpg.de
mailto:pascal.delhaye@mpl.mpg.de
https://doi.org/10.1364/PRJ.542111
https://crossmark.crossref.org/dialog/?doi=10.1364/PRJ.542111&amp;domain=pdf&amp;date_stamp=2025-01-15

Research Article

This leads to a strong optical nonreciprocity in a symmetry bro-
ken resonator. The chirality with unbalanced CW and CCW
modes has various applications that have been proposed for op-
tical switches [23], gyroscopes [24], isolators [25-27], and sin-
gle-particle detection [28-30]. However, until now, SSB-
induced switches have not been reported on chips.

Here, we propose to utilize the SSB in a Si3Ny resonator for
novel on-chip optical switches. With bi-directional pumping
involving two counterpropagating light waves, we observe the
emergence of the SSB at a threshold power of 3.9 mW. Every
time we cross the nonlinear threshold power, we observe a
switching selection of either the CW or CCW state being dom-
inant. The SizNy resonator has an intrinsic quality (Q) factor
of 9.4 x 10°. Finally, a hysteresis loop in the two directions
is experimentally investigated at different pump powers and
frequency detunings, indicated for optical switches.

2. RESULTS AND ANALYSIS

A. Principle of Symmetry Breaking

Symmetry breaking in a bi-directionally pumped Kerr resona-
tor originates from the difference of Kerr resonance shift in-
duced by the self-phase modulation for copropagating photons
and the cross-phase modulation affecting counterpropagating
photons [31]. If two counterpropagating light waves have iden-
tical frequencies but different intra-cavity powers inside a res-
onator, they will see different detunings with respect to the
resonance frequency. Theoretically, for a resonator structure
in Fig. 1(a), two light fields are injected with the same fre-
quency and power from the left and right sides of the bus wave-
guide, i.e., P; and Pp. The two light fields circulate in CW and
CCW directions within the resonator and can interact with
each other. As indicated in Fig. 1(b), when the powers of the
two intra-cavity light fields are below the nonlinear threshold,
the measured transmission spectra are identical in both direc-
tions with the resonance frequency of both directions being
degenerated. However, if we increase the input powers, the
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different nonlinear refractive index changes for the two direc-
tions will lead to different resonance frequencies for the coun-
terpropagating modes. Practically, the laser power and laser
frequency unavoidably have small fluctuations, which can in-
troduce slight differences in power and frequency between the
two counterpropagation light waves. If a resonator has a high Q
factor, the power difference will be strongly built up within the
resonator through the Kerr symmetry breaking. Above the
threshold power, the two counterpropagating resonator modes
have different resonance frequencies. The resonator mode with
higher power will see a smaller frequency shift and will be closer
to the pump laser frequency, while the weaker resonator mode
has a strong shift induced by cross-phase modulation and will
be pushed away from the pump laser frequency [14]. This res-
onance frequency difference increases with increasing pump
power. When the power fluctuations of the pump laser are ran-
dom, the two light waves will randomly choose one of the two
states, enabling the switching between the two light states
which follows the hysteresis loop in the right panel of Fig. 1(b).

The optical field amplitudes propagating in the CW (£)
and CCW (£_) directions in a resonator can be written

as [32,33]

oE K.
5= Ve~ |5+ 6 - GlELl - 26 B ) | Ex,

or
(1)

where £}, , and E, _ are the amplitudes of the input beams in
CW and CCW directions, and ¢ is the frequency detuning be-
tween the input pump frequency and the resonance frequency.
The total loss in the resonator is k = k., + ko, where k., is the

coupling loss and k; is the internal loss. The Kerr nonlinear
hwémz

coefficient is g, = , where 7 is the Planck constant,

2
Vet
wy is the frequency of the pump mode, ¢ is the speed of light,
Ve = 2xRA4 is the mode volume of a resonator with radius

R and effective mode area A, 7 is the linear refractive index,
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Fig. 1. Symmetry breaking of counterpropagating light in a high-Q Si3Ny resonator. (a) Schematic of the Kerr-nonlinearity-induced interaction
of light in the SizNy resonator. Two counterpropagating light waves with the same frequency and power are injected from the left and right sides of
the bus waveguide, which can support both TE; and TM, modes. (b) For bi-directional pumping, at low pump power, the two counterpropagat-
ing waves generate standing waves and the resonant transmission spectra of the two light waves are identical (left panel). At high power, the resonator
enters a state with clockwise or counterclockwise circulating light. In this symmetry-breaking state, the optical modes in different directions have
different resonance frequencies (middle panels). Increasing the optical power in the non-dominant direction enables switching between the counter-
propagating light states. This switching behavior follows a hysteresis (right panel). (c) Microscope image of the SizNy resonator.
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and 7, is the nonlinear refractive index. The circulating powers
in the CW and the CCW directions (Pcy and Pccy) are pro-
portional to the square of the fields, i.e., Pey o |E4|? and

Pcew o |E_|%. The threshold power of SSBis Py, = %,

where # is the coupling efficiency, A is the pump wavelength,
and the Q; and Q; factors are the loaded and intrinsic Q factors
[14]. Aiming at low-threshold power SSB, the resonator is ex-
pected to have a small mode volume, high nonlinear refractive
index, and high Q factor. Note that a higher Q factor especially
helps to lower the threshold power because of the 1/Q?
dependence, which requires low-loss resonators.

The waveguide loss is determined by the material loss, scatter-
ing loss, and bending loss [34]. The scattering loss is related to the
mode overlap with the sidewall roughness. A wide waveguide can
reduce the mode overlap with the sidewall. Compared to the fun-
damental transverse electric (TE;) mode, the fundamental trans-
verse magnetic (TMg,) mode can have lower mode overlap,
hence reducing the scattering loss and having a higher Q factor
[34]. Here, we design the resonator with a waveguide width of
2 pm to support both TM, and TE, modes. To achieve a low
bending loss, we select a bending radius of 100 pm for the res-
onator with 400-nm Si3Ny thickness, which can have a negligible
bending loss according to our simulations. Details on the fabri-
cation of SizNy resonators can be found in Refs. [35,36]. The
fabricated SizNy resonator is shown in Fig. 1(c).

B. SSB-Induced Optical Switches in High-Q SizN,
Resonators

The experimental setup for investigating SSB in the SizNy res-
onator is shown in Fig. 2(a). Continuous-wave light from a
tunable laser serves as the pump light for both CW and CCW
modes. The pump light is amplified by an erbium-doped fiber
amplifier (EDFA) and subsequently divided into two pathways,
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directed to the left and right sides of the resonator’s bus wave-
guide. Before coupling the pump light into the bus waveguide,
two variable optical attenuators and polarization controllers
(PCs) are used to control the pump powers and adjust the
polarization state of the light. Two optical circulators are used
to separately monitor the CW and CCW transmission spectra
using two photodetectors (PDs). Both CW and CCW trans-
mission spectra are recorded by an oscilloscope (OSC). In the
measurement, we first align the light polarization into quasi-
TM polarization. We choose one TM, resonance at a wave-
length of 1603 nm with a Q; factor of 9.4 x 10° as shown in
Fig. 2(b) for the SSB measurement [37]. By applying extended
coupled-mode theory to fit the resonance transmission at the
pump mode [38,39], we find that the coupling rate between
the CW and CCW modes is around 16 MHz, which is com-
parable to the intrinsic linewidth. This leads to an asymmetric
resonance lineshape as shown in Fig. 2(b), deviating from the
typical Lorentzian profile. Despite the comparable coupling
rates between CW and CCW modes, the SSB remains happen-
ing. The calculated SSB threshold is 3.8 mW. We experimen-
tally investigate the SSB with input powers of 3.9 mW,
6.2 mW, and 15.7 mW, respectively, as shown in Figs. 2(c)—
2(e). Each figure is obtained by sweeping the laser frequency
with identical pump powers and exhibits randomly one of
the two counterpropagating light states. With increasing pump
power, the transmission spectrum exhibits a larger shift of res-
onance toward a lower frequency. More detailed dynamics of
the symmetry breaking in high-Q Si3Ny resonators can be
found in Appendix A, including theoretically calculated SSB
spectra under different pump powers.

Next, we investigate the SSB behavior of TE, resonance.
We fabricate another resonator with a slightly wider waveguide
width (3.45 pm) to reduce the TEy mode overlap with the
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Fig.2. Measurements of symmetry breaking at different powers for the TM resonance. (a) Experimental setup. The continuous-wave light from
a tunable laser is amplified by an EDFA first and then split into two branches and coupled into the two sides of the bus waveguide. EDFA, erbium-
doped fiber amplifier; VOA, variable optical attenuator; PC, polarization controller; C1, C2, circulators; PD1, PD2, photodetectors; OSC, oscillo-
scope. (b) Transmission spectrum of the TM, mode at a wavelength of 1603 nm. Measured transmission spectra in CW and CCW directions at

input pump powers of (c) 3.9 mW, (d) 6.2 mW, and (e) 15.7 mW, respectively.
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Fig. 3. Measurement of symmetry breaking for the TE resonance. (a) Transmission spectrum of the TE(;, mode at a wavelength of 1572.6 nm.
Measured transmission spectrum in CW and CCW directions at input pump powers of (b) 16.8 mW and (c) 21.4 mW, respectively.

sidewall roughness to further increase the Q factor of the
TEy, mode. Figure 3(a) shows a transmission spectrum of
a TEyy mode at a wavelength of 1572.6 nm with a Q; factor
of 4.5x10° This leads to the SSB threshold power of
14.8 mW. Experimentally, we start to observe the spontaneous
symmetry broken CW and CCW states when the pump
power increases to ~15 mW. Two examples of the SSB spectra
at pump powers of 16.8 mW and 21.4 mW are shown in
Figs. 3(b) and 3(c). Compared to the TMyy mode based SSB
spectra in Fig. 2, the SSB spectrum of the TEqy mode is much
broader. We attribute this to the lower Q factor and increased
heating of the resonator due to optical losses. The full width at
half maximum (FWHM) of the TE, mode is about two times
larger than that of the TMy, mode. Theoretically, unequal
power distribution between the CW and CCW modes will re-
sult in one dominant state, which is suitable for optical isolation
[25,26]. However, during the measurement, the presence of
noise in the laser causes small fluctuations in the optical power.
Thus, SSB can still occur with slight input power differences
between CW and CCW modes.

An important feature of the Kerr-nonlinearity-induced sym-
metry breaking is the hysteresis property when changing the

power ratio between Py and Pccyy, used as optical switches.
Experimentally, employing the same experimental setup as in
Fig. 2(a), we fixed the power of the CCW input and varied the
power in the other direction up and down in steps of 0.05 dB.
The hysteresis loop of the output powers is observed in the two
directions at different power ratios of the input power, as shown
in Fig. 4(a). In addition, we numerically investigate the SSB-
based optical switching by increasing the average input power
and frequency detuning as shown in Figs. 4(b)—4(e). Higher
average input power and larger frequency detuning yield a
broader stability range before the switching takes place, as sum-
marized in Fig. 4(f).

For the spectra in Fig. 4, more optical power couples into
the direction that has access to higher input power initially
(CCW direction). This causes more shifts in the resonance in
the other direction due to cross-phase modulation. Therefore,
less optical power couples into the other direction (CW
direction). Gradually increasing the input power in the CW
direction only causes a slight increase in the coupled power
as the resonance is shifted away from the cold resonance posi-
tion. This continues even after the point when the input
powers in the two directions become equal. However, after
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Fig. 4. Optical switching between CW and CCW light states. (a) Hysteresis measurement of the output powers in the two directions at different
power ratios of the input power. (b), (c) Numerically simulated output power hysteresis with increasing input power. (d), (¢) Simulated output power
hysteresis with increased frequency detuning. (f) Hysteresis widths for different combinations of normalized average input power and detuning.
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crossing the threshold power, the coupled optical power in the
CW direction increases swiftly and eventually becomes equal to
the coupled power in the opposite direction. Just a tiny incre-
ment of the input power in the CW direction after this point
shifts the CCW resonance by a great amount, causing a sudden
jump of the coupled powers and inversion of the dominant
light state. When reversing the direction of the input power
scan, the jump will occur far beyond the point of equal input
powers. This causes a hysteresis in the coupled powers in the
two directions and can be used for optical memories [23].

3. CONCLUSION

In summary, we report a novel approach for on-chip optical
switches based on the first, to the best of our knowledge, ex-
perimental demonstration of on-chip spontanecous symmetry
breaking of both TE and TM polarizations in high-Q single
Si3Ny resonators. The Q-factors of the TM, modes and TEy,
modes are 9.4 x 10° and 4.5 x 10°. Taking advantage of the
high Q factor of the TMy, mode, the threshold power is mea-
sured as low as 3.9 mW. By further increasing the pump power
to 6.2 mW, and 15.7 mW, we observe significant broadening
of the laser detuning range that supports symmetry breaking.
A hysteresis loop is also observed in high-Q Si3Ny resonators,
used for optical switches. The influence of different pump
powers and frequency detunings on the optical switches is in-
vestigated. Spontaneous symmetry breaking of the TEy, mode
is observed at slightly higher pump powers of 15 mW. Based on
the demonstrated symmetry breaking effect, the add—drop res-
onators in Fig. 2 can also be used for optical isolators [25-27].
In future research, the memory could be heterogeneously in-
tegrated with a semiconductor laser for optical computing [26].
Our demonstrated on-chip spontaneous symmetry breaking
can also be applied to optical gyroscopes [24], random number
generation [40,41], and optical neural networks [42,43].

APPENDIX A: SYMMETRY BREAKING DYNAMICS
IN HIGH-Q SizN, RESONATORS

The normalized Lugiato—Lefever equation takes the form

(32,33]

with the following substitutions:

26

2 K
= /ngi, -
K 2

o==—, E -7,

— / 8Kexng £

(A2)

Ein,:l:

In steady state, Eq. (Al) takes the form
Eny -Ey +i(6Ey - |[ELPEy - 2[EZ|"EL)] = 0.

From Eq. (A2), we can get

BV - B P) % \ /B PIELP - E1

E = ;
2E,|

(A3a)

1+ @G- |EP-20E.AEP = |E, . (A3b)

Using the condition |Ey,_|* = |Ejni|* or P, =
Py, = Py, in Eq. (A3), we can obtain the analytical solutions
of transmitted powers in the CW and CCW directions. The
analytical solutions are depicted by the dashed lines in Fig. 5.
The numerical scan of Eq. (A1) for increasing detuning yields
the result that will be observed typically in an experiment.
During the scanning process, each detuned value in Eq. (A1)
is evolved for a long enough time to bring the system to a steady
state. To replicate the detuning scans as in experiments, the
initial values of the fields for each detuning value are set to
the steady state of the previous detuning value.

For each case in Fig. 5, at lower detuning (magnitude) the
two fields remain symmetric. After a certain threshold, a pitch-
fork bifurcation occurs between the circulating intensities and
thus the transmitted powers in the two directions, originating
in the spontaneous symmetry breaking (SSB) region. The ana-
lytical solution shows a horn-like shape of the SSB bubble;
i.e., the bubble folds on itself creating an optical bistability.
In the SSB region, the simulated circulating field intensities
follow the horn shape (one along the top branch and one along
the bottom branch); however, at the sharp corner they jump to
the symmetric topmost solution line. The large gap between
the horn edge and the lower branch of the optical bistability
within the SSB bubble hinders the system from accessing
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Fig.5. Calculated spectra of symmetry breaking under different powers for TMy-mode resonance. Simulated transmission spectra from CW and
CCW directions under input pump powers of (a) 3.9 mW, (b) 6.2 mW, and (c) 15.7 mW, respectively, shown by the solid lines. Corresponding

analytical solutions are depicted by the dashed lines.
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the following variables: 2P, ., = |Eyn_|* + |Einy|? 6P =
|Ein_|* = |Einy |, where the normalized average input power

(Pina) is related to the unnormalized average input
power (P, ,,) by the formula P ,, = Skey p.
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