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ABSTRACT
Nonlinear optical effects including stimulated Brillouin scattering (SBS) and four-wave mixing (FWM) play an important role in microwave
photonics, optical frequency combs, and quantum photonics. Harnessing SBS and FWM in a low-loss and versatile integrated platform
would open the path to build large-scale Brillouin/Kerr-based photonic integrated circuits. In this letter, we investigate the Brillouin and Kerr
properties of a low-index (n = 1.513 @ 1550 nm) silicon oxynitride (SiON) platform. We observed, for the first time, backward Brillouin
scattering in SiON waveguides with a Brillouin gain coefficient of 0.3 m−1 W−1, which can potentially be increased to 0.95 m−1 W−1 by
just tailoring the waveguide cross section. We also performed FWM experiments in SiON rings and obtained the nonlinear parameter γ of
0.02 m−1 W−1. Our results point to a low-loss and low-index photonic integrated platform that is both Brillouin and Kerr active.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144854

I. INTRODUCTION

Stimulated Brillouin scattering (SBS), which is an interaction
between optical and acoustic waves, is currently revolutionizing
photonic integrated circuit designs.1–8 Featuring a narrow-band
(tens of MHz) gain resonance shifted around tens of GHz away from
the pump light, the on-chip SBS plays a significant role in microwave
photonics,9–11 narrow-linewidth integrated lasers,7,12,13 and on-chip
nonreciprocal light propagation.3,14

An efficient on-chip SBS process requires simultaneous guid-
ing of both the optical and gigahertz acoustic waves in a waveguide,
making it challenging to realize on most integrated platforms. Sev-
eral encouraging results have been demonstrated recently on various
platforms, including chalcogenide,2 silicon,5 doped silica,15 alu-
minum gallium arsenide,16 and aluminum nitride.17 In addition,
SBS has also been observed in silicon nitride-based waveguides,7,8,18

opening the pathway to intersect Brillouin scattering with Kerr
nonlinearities in low-loss and mature platforms.

Silicon oxynitride (SiON) is another highly-developed inte-
grated platform that has appealing properties, including low prop-
agation loss, a wide transparency window, the absence of multi-
photon absorption effects, and stress-free fabrication.19,20

The optical and mechanical properties of SiON could be tuned
continuously between those of SiO2 and Si3N4 at different nitro-
gen/oxygen (N/O) ratios.21,22 For example, a variety of SiON known
as Hydex (n = 1.7 @ 1550 nm) has been widely used for Kerr-based
nonlinear optic applications including optical frequency comb,23

optical neural network,24 and quantum photonics.25 A slightly
higher index of SiON (n = 1.83 @ 1550 nm) was also proposed
in Refs. 20 and 26 for Kerr-based applications. In both cases, the
SiON platforms have a refractive index close to that of silicon
nitride (n = 1.98 @ 1550 nm) instead of silicon oxide (n = 1.45
@ 1550 nm). The relatively high refractive index induces a high
nonlinear index, making it useful for Kerr-based nonlinear optic
applications.

However, from the Brillouin perspective, a high refractive index
SiON is less attractive due to the high content of nitrogen, which
leads to a meager photoelastic coefficient p12 because of the weak p12
of the Si3N4.18 Moreover, high-index SiON also has similar mechan-
ical properties to Si3N4, such as high acoustic velocity that prevents
acoustic confinement when cladded with SiO2.7,8,18

In this paper, we investigate the Brillouin and Kerr properties
of a SiON integrated platform with a relatively lower refractive index
(n = 1.513 @ 1550 nm). Contrasting to the SiON platforms

APL Photon. 8, 051302 (2023); doi: 10.1063/5.0144854 8, 051302-1

© Author(s) 2023

 11 July 2023 10:55:40

https://scitation.org/journal/app
https://doi.org/10.1063/5.0144854
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0144854
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0144854&domain=pdf&date_stamp=2023-May-15
https://doi.org/10.1063/5.0144854
https://orcid.org/0000-0002-8871-140X
https://orcid.org/0000-0002-5112-3575
https://orcid.org/0000-0002-3500-9289
https://orcid.org/0000-0003-4943-8196
https://orcid.org/0000-0002-6399-0406
https://orcid.org/0000-0002-5858-2811
https://orcid.org/0000-0002-6015-3290
https://orcid.org/0000-0002-5434-7195
mailto:david.marpaung@utwente.nl
https://doi.org/10.1063/5.0144854


APL Photonics LETTER scitation.org/journal/app

mentioned earlier, the SiON platform investigated here has a larger
photoelastic coefficient p12, a lower acoustic velocity, and a larger
cross section, all of which lead to an enhanced SBS effect. We
experimentally observed, for the first time to our knowledge, back-
ward Brillouin scattering in SiON waveguides. We also characterized
the Brillouin gain coefficient gb of the SiON waveguides with dif-
ferent widths. We found out that the gb of this SiON waveguide
can potentially be increased to 0.9 m−1 W−1 by simply tailoring
the waveguide cross section. This sufficiently large Brillouin gain
coefficient, together with the low propagation loss, makes it pos-
sible to generate decent SBS gain for a plethora of Brillouin-based
applications on this SiON platform.

Furthermore, we also measured the nonlinear parameter γ and
nonlinear index n2 of this SiON platform through four wave mixing
(FWM) experiments in a ring resonator. While the measured γ is
an order of magnitude lower when compared to that of high-index
SiON, we expect that with lower losses and higher pump power,
the unique interplay between the SBS and Kerr effect, such as a
Brillouin-assisted Kerr frequency comb,27,28 could be observed in
this integrated platform.

II. RESULTS
We performed the backward Brillouin scattering and four-wave

mixing experiments in 5 cm straight waveguides and microring res-
onators, respectively, as shown in Fig. 1(a). The cross section of this
platform is shown in Fig. 1(b).29,30 The 2.2 m-thick SiON layer has a
refractive index n of 1.513 at 1550 nm [nitrogen content N/(N + O)
is 0.14]. The refractive index contrast Δn between the core and the

FIG. 1. (a) Artistic representation of the SiON waveguides, showing the four wave
mixing process in an all-pass microring resonator and the backward stimulated
Brillouin scattering (SBS) in a spiral waveguide. (b) The cross section of the SiON
platform in our work. (c) The chip photograph of the SiON microring resonators with
an FSR of 50 GHz. (d) The chip photograph of the 5 cm SiON straight waveguide.

cladding is 4.4%, enabling a bending radius of 600 m with negligible
radiation losses.

The SiON film is deposited by Plasma Enhanced Chemical
Vapor Deposition (PECVD) on a 15-m-thick silicon dioxide film
thermally grown on a silicon substrate. After the SiON PECVD
process, an annealing treatment for 4 h at 1175 ○C in the N2
and O2 atmospheres is conducted to reduce both material losses
induced by residual N–H bonds and stresses. The waveguides are
then patterned by contact photolithography, followed by a reactive
ion etching step on the SiON film. A 7-m-thick layer of borophos-
phosilicate glass (BPSG) is employed as the upper-cladding material.
This low viscosity glass permits covering the waveguides completely
without any voids that would generate scattering and additional
losses.

Figure 1(c) shows a photograph of the microring resonators
in this platform with a free spectral range (FSR) of 50 GHz and
coupling coefficients varying from 0.05 to 0.8. Figure 1(d) shows
a photograph of several groups of 5 cm straight waveguides with
different widths. The measured propagation loss of those straight
waveguides is 0.25 dB/cm with a coupling loss to lensed-tip fibers of
∼3 dB/facet.

A. Backward Brillouin scattering in SiON waveguides
We developed a finite element model8 in COMSOL to esti-

mate the SBS response of the SiON waveguides. We take the bot-
tom and upper cladding as the same material in our model since
the BPSG glass and the SiO2 have similar optical and mechanical
properties.31,32 The simulated optical field and the corresponding
acoustic response of the 2.2 m-wide SiON waveguide are shown in
Figs. 2(a) and 2(b), respectively. The optical field is well confined
around the SiON core area because of the total internal reflection
(TIR). However, the TIR condition does not hold for the acoustic
response because the acoustic velocity of the SiON (∼6.2 km/s) is
higher than that of the SiO2 (∼5.9 km/s). As a result, part of the
acoustic field would leak into the cladding, as shown in Fig. 2(b).
Nevertheless, most of the acoustic field still remains inside the SiON
core because of the relatively large cross section area.33 This results in
a large overlap between the optical and acoustic fields, which leads to
an improved Brillouin gain coefficient. Material properties applied
in our model and extensive simulation results are included in the
supplementary material.

To verify the simulation results, we characterized the back-
ward Brillouin scattering responses of the SiON waveguides with a
pump-probe experimental apparatus.8,18 The pump and probe light
are intensity-modulated and coupled into the opposite facets of the
waveguide. We keep the pump frequency fixed at 1561 nm while
sweeping the probe at frequencies down-shifted from the pump.
When the frequency difference between the pump and the probe
is close to the Brillouin frequency shift of the SiON waveguide, the
probe will experience the SBS gain, and a peak will be detected at the
lock-in amplifier (see the supplementary material for more details
about the Brillouin characterizations).

Several 5 cm-long SiON straight waveguides are characterized
to investigate the influence of waveguide width on the Brillouin gain
spectra. The measured Brillouin gain spectra of the 2.0, 2.2, 2.3,
2.4, 2.6, and 3.5 m-wide waveguides are shown in Figs. 2(c)–2(h),
respectively. All waveguides show a clear Brillouin gain peak well
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FIG. 2. (a) Simulated optical mode of the SiON waveguide. (b) Simulated acoustic
response of the SiON waveguide. (c)–(h) Measured Brillouin gain spectra of the
2.0, 2.2, 2.3, 2.4, 2.6, and 3.5 m-wide SiON waveguides, respectively. (i) Brillouin
gain coefficients and linewidth of the SiON waveguides with different widths.

above the noise floor with the Brillouin frequency shift increasing
from 14.22 GHz for the 2.0 m-wide waveguide to 14.48 GHz for
the 3.5 m-wide waveguide. The discrepancy between the experi-
ment and simulation in Brillouin frequency shift is mainly caused
by a lack of knowledge about the exact mechanical properties of
the SiON. Figure 2(i) plots the measured Brillouin gain coefficient
gb and the linewidth of the SiON waveguides with different widths

(see the supplementary material for more details about the Bril-
louin gain coefficient calculation). The Brillouin gain coefficient gb
increases from 0.1 to 0.32 m−1 W−1 when the waveguide width
increases from 2.0 to 3.5 m. In the meantime, the linewidth of the
peak decreases from 358 to 105 MHz. The increasing Brillouin gain
coefficient and the narrowing of the linewidth indicate improved
acoustic confinement when the SiON waveguides become wider.

The Brillouin gain coefficient can be further increased by opti-
mizing the cross-section of the waveguide (maintaining the core as
a rectangular shape) through a genetic algorithm.8 Figures 3(a) and
3(b) show the simulated optical mode and the acoustic response of
the optimized SiON waveguide for SBS. The dimension of such a
waveguide is 3.6 × 3.0 m2 with a top cladding of 6 m and a bottom
cladding of 12 m. The optimized cross-section is a trade-off between
the optical mode area and the overlap between the optical and dis-
placement fields. Compared to waveguides measured in this work,
less acoustic field is scattered into the cladding, while the optical field
is still well confined and relatively small in the optimized waveguide
structure. The Brillouin gain spectrum of the optimized waveguide
structure is shown in Fig. 3(c). The simulated peak Brillouin gain
coefficient of this waveguide is 0.9 m−1 W−1, which is 3× higher
than the waveguide structure measured in this work. Furthermore,
the propagation loss on this SiON platform can also be significantly
lowered by reducing sidewall roughness and improving the thermal
annealing process,30 allowing for a longer effective waveguide length
for the SBS process. Figure 3(d) estimates the SBS gain of both the
measured and the optimized SiON waveguides with different prop-
agation losses. The optimized Brillouin gain coefficient, along with
the improved propagation loss, can enhance the SBS gain from less
than 0.5 dB to nearly 1.5 dB for a 60 cm waveguide. The actual SBS
gain from the optimized waveguide might be lower than our esti-
mations, as indicated by the discrepancy between the measurement
and simulation results; nevertheless, it would still be sufficient for
applications like SBS-based narrow-bandwidth microwave photonic
notch filters.8,10

FIG. 3. (a) Simulated optical mode, (b) simulated acoustic response, (c) simulated
Brillouin gain spectrum of the optimized SiON waveguide. (d) Estimated SBS gain
from the optimized and current SiON waveguides.
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FIG. 4. (a) Measured resonance response of the SiON ring resonator. (b) Mea-
sured four-wave mixing response of the SiON ring resonator. (c) Conversion
efficiency of the four wave mixing at different pump powers. (d) The estimated
nonlinear parameter γ of the SiON waveguides with different widths.

B. Four-wave mixing in SiON waveguides
We further investigate the Kerr nonlinearities of this SiON plat-

form. Hig-index SiON platforms are widely used for Kerr-based
nonlinear optics applications because of the relatively large non-
linear parameter γ.19 However, the nonlinear parameter γ is highly
dependent on the refractive index and the geometry of the wave-
guide. The SiON waveguide in this work has a relatively lower
refractive index and a larger cross section compared with other
SiON platforms,19,20 and the nonlinear index n2 and nonlinear para-
meter γ of the SiON waveguide in this platform have never been
characterized before.

We devised a four-wave mixing (FWM) experiment for non-
linear parameter characterization. Because of the limited effective
length of the available samples, the FWM conversion efficiency of
the straight waveguide is comparable with that of the fiber pigtails,
making it difficult to accurately measure the n2 and the γ. We use the
all-pass ring resonators to enhance the FWM in the SiON waveguide

so that the contribution from fibers in the setup can be neglected.34

The ring resonator applied in our experiment is made of a 2.2 m-
wide SiON waveguide, and it has a free spectral range (FSR) of
50 GHz and a power coupling coefficient of 0.05. The pump laser
is locked close to the resonance of the ring resonator to mitigate
the thermal influence on the ring resonator. The probe laser is set
close to 2× FSR away from the pump signal and is combined with
the pump light with a 99:1 coupler. The combined pump and probe
are coupled into the all-pass ring resonator with a lensed fiber with
a spot size of 2 m. The signal is then coupled out of the chip and
sent to the optical spectrum analyzer to measure the conversion effi-
ciency from the probe to the signal (see the supplementary material
for details of the FWM experiment).

To determine the field enhancement factor of the FWM process
in the ring resonator, we first characterized the resonance response
of the ring resonator with a vector network analyzer, as shown in
Fig. 4(a) (see the supplementary material for details of the char-
acterization). The measured full-width at half-maximum (FWHM)
is 612 MHz with an extinction ratio of 8.9 dB, corresponding to a
loaded Q-factor of 330 000 and a propagation loss of 0.27 dB/cm.
Figure 4(b) shows the measured FWM response of the 50 GHz SiON
ring resonator. A clear peak is shown at 2× FSR down-shifted from
the pump frequency, which is the signal generated from the FWM
process between the pump and idler in the ring resonator.

The nonlinear index n2 and nonlinear parameter γ of the SiON
waveguide in this platform can be estimated from the conversion
efficiency between the idler and the signal (see the supplementary
material for details of the calculation). Figure 4(c) shows the
measured conversion efficiency of the FWM process at different
pump powers. Based on this measurement, the calculated γ and
n2 of the 2.2 m-wide SiON waveguide are 0.024 m−1 W−1 and
4.16 × 10−20 m2/W, respectively. We also estimated the nonlinear
parameter γ of the SiON waveguides with different widths based on
the measured value of n2, as shown in Fig. 4(d). The γ decreases from
around 0.025 to 0.020 m−1 W−1 when the waveguide width increases
from 2.0 to 3.5 m.

III. DISCUSSION
For Brillouin-Kerr interactions, the balance between the non-

linearities needs to be considered. In this work, we have listed the
Brillouin and Kerr properties of SiO2, different types of Si3N4 wave-
guides, the Hydex waveguide, and the SiON waveguide in Table I.

TABLE I. Brillouin and Kerr nonlinearities of different Si3N4 based platforms.

neff n2 (m2/W) γ (m−1 W−1) gb (m−1 W−1) Ωb (GHz) Δνb (MHz)
Propagation loss

(dB/cm)

SiO2
35 1.45 2.6 × 10−20 0.00145 0.14 10.87 20 2 ×10−6

Dilute Si3N4
7,36,37 1.48 9 × 10−20 0.285 0.1 10.9 143 0.004

Double-stripe Si3N4
8,38 1.53 1.3 × 10−19 0.23 0.4 12.93 130 0.19

Thick Si3N4
18 1.85 2.5 × 10−19 0.84 0.07 25 517 <0.1

Hydex19 1.65 1.3 × 10−19 0.24 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.07
SiON (this work) 1.48 4.16 × 10−20 0.020 0.32 14.48 105 0.25
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The thick Si3N4 waveguide18 has a large Kerr nonlinear parameter
γ but negligible gb, making it promising for Kerr-only applications.
However, in Brillouin-Kerr microcavities, it is generally preferred
to have a larger Brillouin gain, as it is easier to inhibit cascading
or other unwanted interactions via mode manipulation. The SiON
waveguides reported here have an order of magnitude larger Bril-
louin gain compared to Kerr nonlinearity. This gb/γ ratio is similar
to the previous demonstration of Brillouin-assisted Kerr frequency
combs in Refs. 27 and 28, showing the potential to realize it on an
integrated platform.

In conclusion, we have investigated the Brillouin and Kerr
properties of a SiON integrated platform with a relatively low refrac-
tive index. We observed, for the first time, the backward Brillouin
scattering response of the SiON waveguides. We also measured its
nonlinear index n2 and nonlinear parameter γ. These SiON wave-
guides can be fabricated on a versatile and low-loss integrated
platform and can potentially lead to a plethora of Brillouin and
Kerr-based applications, including narrow-bandwidth microwave
photonic filters, narrow-linewidth lasers, and optical frequency
combs.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the Brillouin and
Kerr characterizations.
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