CHAL

UNIVERSITY OF TECHNOLOGY

Suspended Z-cut lithium niobate waveguides for stimulated Brillouin
scattering

Downloaded from: https://research.chalmers.se, 2025-10-30 15:33 UTC

Citation for the original published paper (version of record):

Haerteis, L., Gao, Y., Dubey, A. et al (2025). Suspended Z-cut lithium niobate waveguides for
stimulated Brillouin scattering. APL Photonics, 10(9). http://dx.doi.org/10.1063/5.0274854

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



RESEARCH ARTICLE | SEPTEMBER 22 2025
Suspended Z-cut lithium niobate waveguides for stimulated
Brillouin scattering

Lisa-Sophie Haerteis & © ; Yan Gao © ; Aditya Dubey © ; Mikotaj K. Schmidt @ ; Peter Thurgood © ;
Guanghui Ren @ ; Jochen Schréder © ; David Marpaung © ; Arnan Mitchell © ; Michael J. Steel © ;
Andreas Boes ©

‘ll Check for uﬂdates

APL Photonics 10, 096112 (2025)
https://doi.org/10.1063/5.0274854

@ B

View Export
Online  Citation

N
2
O
el
O
L=
o
—l
o
<

Articles You May Be Interested In

On-chip stimulated Brillouin scattering via surface acoustic waves

APL Photonics (October 2024)

High-performance dual-polarization mode-order converter in thin-film lithium niobate
APL Photonics (September 2025)

Efficiency and bandwidth improvement of integrated acousto-optic modulators using dielectric acoustic
reflectors

APL Photonics (May 2025)

AMERICAN

American Elements
Opens a World of Possibilities

THE MATERIALS SCIENCE MANUFACTURER ®

Now Invent.

...Now Invent!

www.americanelements.com

AIP
Z‘_ Publishing

€0:02:2} 5202 489010 10


https://pubs.aip.org/aip/app/article/10/9/096112/3364275/Suspended-Z-cut-lithium-niobate-waveguides-for
https://pubs.aip.org/aip/app/article/10/9/096112/3364275/Suspended-Z-cut-lithium-niobate-waveguides-for?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-6418-3633
javascript:;
https://orcid.org/0000-0001-5072-6537
javascript:;
https://orcid.org/0000-0003-4240-0478
javascript:;
https://orcid.org/0000-0001-9874-0899
javascript:;
https://orcid.org/0000-0002-4465-1281
javascript:;
https://orcid.org/0000-0002-9867-8279
javascript:;
https://orcid.org/0000-0002-1016-8152
javascript:;
https://orcid.org/0000-0002-5434-7195
javascript:;
https://orcid.org/0000-0002-2463-2956
javascript:;
https://orcid.org/0000-0003-3541-6439
javascript:;
https://orcid.org/0000-0001-8443-3396
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0274854&domain=pdf&date_stamp=2025-09-22
https://doi.org/10.1063/5.0274854
https://pubs.aip.org/aip/app/article/9/10/106114/3317577/On-chip-stimulated-Brillouin-scattering-via
https://pubs.aip.org/aip/app/article/10/9/096113/3364286/High-performance-dual-polarization-mode-order
https://pubs.aip.org/aip/app/article/10/5/056107/3346312/Efficiency-and-bandwidth-improvement-of-integrated
https://e-11492.adzerk.net/r?e=&s=9xtF8GEzjIfMcMJ9Fh-towdPyeo

Suspended Z-cut lithium niobate waveguides
for stimulated Brillouin scattering

Cite as: APL Photon. 10, 096112 (2025); doi: 10.1063/5.0274854
Submitted: 9 April 2025 « Accepted: 2 September 2025 -

Published Online: 22 September 2025

Lisa-Sophie Haerteis,'”® '/ Yan Gao,’

Guanghui Ren,”* "/ Jochen Schroder,’
and Andreas Boes'”

Aditya Dubey,”*
David Marpaung,’

Mikotaj K. Schmidt,’
Arnan Mitchell,**

Peter Thurgood,”*
Michael J. Steel,’

AFFILIATIONS

TInstitute of Photonics and Advanced Sensing (IPAS), School of Electrical and Mechanical Engineering, University of Adelaide,

Adelaide SA 5005, Australia

2ARC Centre of Excellence in Optical Microcombs for Breakthrough Science (COMBS), Melbourne, Australia

*Department of Microtechnology and Nanoscience, Chalmers University of Technology, Géteborg, Sweden

“Integrated Photonics and Applications Centre (INnPAC), School of Engineering, RMIT University, Melbourne VIC 3001, Australia
5School of Mathematical and Physical Sciences, Macquarie University, Sydney NSW 2109, Australia

®Nonlinear Nanophotonics Group, MESA+ Institute of Nanotechnology, University of Twente, Enschede, The Netherlands

2 Author to whom correspondence should be addressed: lisa.haerteis@adelaide.edu.au

ABSTRACT

On-chip stimulated Brillouin scattering (SBS) has recently been demonstrated in thin-film lithium niobate (TFLN), an emerging material
platform for integrated photonics offering large electro-optic and nonlinear properties. While previous works on SBS in TFLN have focused
on surface SBS, in this contribution we experimentally demonstrate, for the first time, backward intra-modal SBS generation in suspended
Z-cut TFLN waveguides. Our results show trapping of multiple acoustic modes in this structure, featuring a multi-peak Brillouin gain spec-
trum due to the excitation of higher-order acoustic modes. The findings expand the TFLN waveguide platform exploration for SBS interactions
and provide a crucial step toward realizing advanced optical processors for sensors or microwave signals integrated on TFLN.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274854

I. INTRODUCTION

Stimulated Brillouin scattering (SBS) is an inelastic scattering
process that arises from the coherent nonlinear interaction between
optical fields and GHz acoustic waves.' ” SBS in photonic integrated
circuits has made remarkable progress over the past decade;’ "’
however, an ongoing challenge for many photonic integrated cir-
cuit platforms is ensuring the simultaneous confinement of optical
and acoustic waves since the guidance of both fields by total internal
reflection is frequently not possible. Nevertheless, efficient on-chip
SBS has been demonstrated in various waveguide material platforms,
such as chalcogenide,” silicon nitride,”'” and silicon.””'* Thin-film
lithium niobate (TFLN) has recently gained attention as a platform
that supports on-chip SBS, as simultaneously demonstrated by Ye
et al.,'” Rodrigues et al.,'”"” and Yang et al.'® Realizing efficient SBS

APL Photon. 10, 096112 (2025); doi: 10.1063/5.0274854
© Author(s) 2025

in TFLN waveguides is attractive as electro-optic modulation and
SBS light manipulation could be accommodated on a single chip
to form a compact and efficient microwave photonic processor,”” "
suitable for applications in quantum photonics, sensing, and optical
communications.

While the demonstrated SBS in TFLN is promising, pre-
vious work has mainly focused on surface SBS, with a surface
acoustic wave (SAW) confined at the surface of the TFLN ridge
waveguide.'”"” This is the case as for the most commonly used
TFLN configuration, the LN thin film is placed on top of a SiO,
buffer layer. In that configuration, the SAW is the only acous-
tic mode that is efficiently confined, as other acoustic modes leak
into the underlying SiO; layer due to the lower acoustic velocity of
SiO, compared to LN. Acoustic leakage, therefore, remains a prob-
lem in TFLN on SiO; structures,"*”*" hindering the exploration of
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higher-order acoustic modes with various displacement fields, which
occur at other frequencies, and the diverse Brillouin gain spectrum
that TFLN could offer.

The investigation of confinable acoustic modes in TFLN has
the potential to contribute to a more comprehensive understand-
ing of the range of Brillouin frequency shifts that LN offers and its
suitability for SBS sensing. With regard to sensing applications, a
subject of research is the generation of multi-peak Brillouin gain
spectra to use the fundamental and higher-order acoustic modes
for multi-parameter sensing as each acoustic mode exhibits its own
sensitivity toward, e.g., temperature and strain. Using these acous-
tic modes simultaneously is then crucial to separate between those
two parameters. Currently, this approach uses complex fiber struc-
tures to generate such multi-peak Brillouin spectra.”””’ Investigating
multi-peak SBS in TFLN waveguides might then allow replacing
these complex fiber profiles with a simple and compact waveguide,
making TFLN an attractive material for sensing applications.

A vpath toward addressing diverse Brillouin shifts in
TFLN waveguides is the realization of suspended waveguides
to improve acoustic confinement in such waveguides, similar to
previous demonstrations in silicon'*”*** and most recently in X-cut
TFLN.”® Accordingly, in this contribution, we investigate backward
intra-modal SBS in suspended Z-cut TFLN waveguides fabricated
by removing the underlying silica layer via underetching. Both
numerical and experimental studies suggest the support of multiple,
higher-order acoustic modes in the structure as Brillouin shifts
between 8 and 10 GHz can be observed. The results demonstrate
that LN offers a variety of Brillouin frequency shifts that may
be suitable for exploration in future microwave photonic and
multi-peak sensing applications.

Il. NUMERICAL MODELING

The confinement of optical and acoustic waves in waveguides
plays an important role in on-chip SBS. Optical confinement can be
achieved using a high-refractive-index waveguide material to create
a large index contrast between the waveguide core and the sub-
strate/cladding. LN has an ordinary refractive index of ~2.237, while
SiO;, a commonly used material underneath the waveguide (buffer
layer), has a refractive index of 1.444 at a wavelength of 1.55 ym. This
provides a sufficiently strong refractive index contrast for tight con-
finement of the optical field. In contrast, confining acoustic waves
in a waveguide core is more challenging due to the need to confine
both longitudinal and shear acoustic waves within the core. In gen-
eral, shear waves travel significantly slower than longitudinal waves.
In Z-cut LN, the slowest longitudinal wave has a phase velocity of
6546 ms~', while the slowest shear wave propagates at 3575 ms~},
requiring a large difference in velocity between core and cladding
materials for effective confinement of acoustic waves.””' To visual-
ize this issue, we plot the slowness (inverse velocity) curves of both
Z-cut LN and SiO; for longitudinal and shear waves shown in Fig. 1.
It is worth noting that the acoustic velocities (along with the pho-
toelastic coefficients) depend on the crystalline orientation and the
waveguide orientation angle of LN.'”*” Conventional acoustic guid-
ance would require that all gray curves (SiO;) lie inside all blue
curves (LN), so that the core wave speed in LN is slower than all
acoustic waves in SiO,.%' Since this is not the case in Fig. 1, acoustic
leakage should be expected for the standard TFLN/silica platform.

APL Photon. 10, 096112 (2025); doi: 10.1063/5.0274854
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FIG. 1. Slowness curves (inverse velocity) of different acoustic modes in bulk
Z-cut LN (blue) and bulk silica (SiO,, gray). The solid lines represent acoustic
shear modes, while the dashed lines represent the longitudinal modes. Only two
curves are visible for silica, as the two shear modes are degenerate.

Despite this, recent work'>'*'” successfully demonstrated SBS in Z-
and X-cut TFLN waveguides on a SiO; layer by harnessing surface
acoustic waves (SAW) that maintain confinement despite the pres-
ence of the SiO; layer. However, the SAW is the only acoustic mode
confined in the TFLN-on-SiO; platform, with higher velocity acous-
tic resonances leaking into the SiO; layer and not contributing to
SBS interactions.

To avoid this leakage channel, we consider a suspended Z-cut
TFLN ridge waveguide structure shown in Figs. 2(a) and 2(b). The
large side holes are to facilitate the underetch procedure. To numeri-
cally calculate the Brillouin gain spectrum of the waveguide, we used
the open-source finite element software NumBAT.”*’ The inves-
tigated LN ridge waveguide structure has a top width of w = 1300
nm, a height of & = 520 nm, and a slab (or membrane) thickness of
hgab = 300 nm. The ridge waveguide has a sidewall angle of 20° due
to the argon ion milling fabrication.’” The waveguide is modeled as
a floating structure with the surrounding material being vacuum to

a)

Membrane

FIG. 2. (a) Schematic cross section of the suspended waveguide design;
(b) schematic top view of the waveguide.
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mimic a suspended waveguide. The stiffness tensor components of
LN are taken from Ref. 15, and a quality factor of 90 is assumed
for the simulations to match the experimental results that indicate
Brillouin linewidths of ~100 MHz.

In Fig. 3(a), we plot the calculated Brillouin gain spectrum for
backward intra-modal SBS with the fundamental optical quasi-TE
mode at 1.55 ym [see the top image in Fig. 3(c)]. A zoomed-in
plot in Fig. 3(b) shows two features, centered at 8.49 and 9.50 GHz,
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FIG. 3. Numerical calculations of (a) backward intra-modal Brillouin gain spectrum
for the quasi-TE optical mode shown in the top part of panel (c), the solid lines
visualize individual acoustic modes [shown in the lower parts of panel (c) as dis-
placement field |di|?], mediating the SBS process. The dashed line represents the
sum of all the individual contributions; (b) the zoom-in of the spectrum in panel (a);
(c) the optical mode profile as electric field |E|2 for quasi-TE mode and mechanical
mode profiles with acoustic displacement field |i[2.
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represented by the orange, dashed line. Since the NumBAT solver
calculates gain mediated by each acoustic mode (with contribu-
tions marked with solid, purple lines), we can readily identify
that the lower frequency feature is due to two modes at 8.48 and
8.55 GHz. To further analyze the numerical Brillouin gain spec-
trum, Fig. 3(c) illustrates the respective electric field |E|* of the
optical mode (quasi-TE mode) and the displacement fields |ii]* of
the acoustic modes, showing the two acoustic modes at Brillouin
shifts of 8.48 and 8.55 GHz as well as the higher frequency one
at 9.50 GHz. The acoustic modes are mostly localized on the top
and bottom of the waveguide and are predominantly shear polar-
ized, with transverse fractions ranging between 0.89 and 0.96 (the
transverse polarization fraction is defined in Appendix A 3). The
model predicts the highest gain coefficient for the acoustic mode
around 9.50 GHz with a slightly higher amplitude than the other two
resonances.

To conclude, our numerical calculations indicate that sus-
pended TFLN can support richer SBS gain profiles compared to the
SAW-only Brillouin spectra experimentally reported for TFLN so

12,15,16
far. !

lll. EXPERIMENTAL METHODOLOGY
A. Waveguide design and fabrication

The initial waveguide is fabricated on a 520 nm thick Z-cut
TFLN wafer (NANOLN). The fabrication process™ starts by prepar-
ing the sample via solvent and standard cleaning, followed by a MaN
2405 resist spin-coating on the sample. The waveguide pattern is
then defined on the resist via 100-kV e-beam exposure (Raith EBPG
5200), using multipass exposure to reduce the waveguide sidewall
roughness. The sample is then dry-etched using a reactive ion beam
etching tool (RIE tool, Oxford Ionfab 300 Plus) with Ar plasma. Sub-
sequent solvent and SC1 cleaning steps effectively remove the resist.
SC1 cleaning after etching serves a dual purpose: it removes by-
products generated during ion beam etching and may also slightly
etch the LN waveguide sidewalls, potentially improving their surface
roughness.”

Next, we prepare the sample for underetching by etching
periodic holes on either side of the ridge waveguide using pho-
ton lithography (MLA150, Heidelberg Instruments) with bilayer
resists LOR3A/S1805, followed then by another dry etching step as
described above. The resulting structure is illustrated in Figs. 2(b)
and 4(b). The distance between holes and waveguide (edge to edge)
is 3 ym while the distance between holes is 6 ym, a design tailored
to create a stable membrane withholding the underetching proce-
dure. The holes are fully etched (through the TFLN). Subsequently,
the waveguide is suspended using a wet etching method, immers-
ing the chip in a 49% HF solution for 5 min. The 49% HF solution
removes the underlying silica through the fully etched holes, cre-
ating a suspended waveguide held by the membrane surrounding
the TFLN waveguides. The length of the suspended waveguide is
1.1 cm. We estimate the propagation loss comparing them with non-
suspended waveguides and based on previously published work®’
to below 1 dB/cm. Top-down views from optical microscopy and
SEM are shown in Figs. 4(a) and 4(b). Figure 4(a) conveniently illus-
trates the removal of silica where the different colors indicate the
different thicknesses of the buffer layer. A FIB SEM image of the

10, 096112-3
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TFLN

Residue from FIB SEM

Air

FIG. 4. (a) Bright-field microscope image of the suspended waveguide; (b) SEM
image of the waveguide’s top view; (c) cross section FIB SEM image of the sus-
pended waveguide. The cut for the FIB SEM is indicated in panel (b); and (d) zoom
into the cross section of the suspended waveguide, indicating the different material
layers.

suspended waveguide is given in Fig. 4(c) with a zoom into the
cross section in Fig. 4(d), confirming the successful suspension of the
waveguide.

B. Experimental characterization

For Brillouin gain characterization of the suspended wave-
guide, we use a double intensity-modulated pump-probe lock-in
amplifier measurement technique,'’ as schematically depicted in
Fig. 5(a). The pump signal is delivered by a DFB laser diode (Thor-
labs DFB1550P) at 1552 nm and a tunable laser source (Toptica DLC
pro with CTL) operating around 1552 nm is used as the probe signal.
Both pump and probe are CW signals and are intensity-modulated
with Mach-Zehnder modulators (MZM, JDSU 10G Mod) fed by
10 and 10.075 MHz sinusoidal signals, respectively. The pump sig-
nal is amplified to 2 W, while the probe signal is amplified to
144 mW using erbium-doped fiber amplifiers (EDFA, Amonics
AEDFA-33-B-FA and AEDFA-PA-35-B-FA, respectively). Polariza-
tion controllers are used to ensure TE mode excitation as lensed
PM fibers, rotated accordingly, are used to couple into the waveguide
from opposite directions. The probe is swept during the measure-
ment for a pump-probe detuning between 0 and 12 GHz as we
expect the Brillouin shifts of the waveguides to lie between 7 and
10 GHz. The transmitted probe is measured with a photo detector

w5 T T T T
g Simulation
c = Experiment
=47 -
[
0
[¢]
£ 3
[
[}
(&]
£2
©
(@)}
c
5 1
o
E
m 0 1 1 1
8 8.5 9 9.5 10

Pump-probe frequency shift (GHz)

FIG. 5. (a) Double intensity-modulated pump-probe measurement technique for
Brillouin gain response characterization. PM: power meter, LIA: lock-in ampli-
fier, RF: radio frequency signal, and MZM: Mach-Zehnder. (b) Numerical and
experimental Brillouin gain spectrum of the suspended waveguide.

(PD, Optilab PD-23-C-AC) and then processed by a lock-in ampli-
fier (LIA, Stanford Research Systems SRS830 DSP), referenced at
75 kHz.

C. Experimental results and discussion

The SBS measurement was conducted with a pump power
of 1.6 W and, taking into account facet losses of 6 dB per facet,
this resulted in an on-chip pump power of ~400 mW. The mea-
sured backward intra-modal Brillouin gain spectrum is shown in
Fig. 5(b), where the Brillouin gain coefficient is extracted by com-
paring the amplitude of a resonance to the fiber SBS resonance
measured simultaneously with the on-chip SBS.!’ The Brillouin gain
characterization reveals that the waveguide yields two resonances at
8.88 and 9.92 GHz, as depicted in Fig. 5(b). A Lorentzian fit was
used to predict the linewidth of the Brillouin peaks. The linewidth
of the resonance at 8.88 GHz is 114 MHz, while the second reso-
nance exhibits a linewidth of 62 MHz. Furthermore, the resonance
at 8.88 GHz exhibits a higher gain coefficient than the second
resonarice.

In comparison with the modeling, the experimental resonances
exhibit an upward frequency shift of about 0.4 GHz, while the sepa-
ration between the resonances is 1.04 GHz, close to the calculated
value of 1.1 GHz. We also observe that the first peak exhibits a
linewidth larger than that of the second peak for both the modeling
and the experimental results. This can be explained by the reso-
nance at lower frequencies being mediated by two narrowly spaced
acoustic modes as predicted by the model. It is also notable that the
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second resonance at 9.92 GHz is much lower in efficiency accord-
ing to the experimental data, when compared to the modeling.
While overall the model and experiment agree well, the mismatch
of about 5% in Brillouin frequencies from model and experiment
may result from discrepancies in the geometrical parameters and
simulation assumptions. Appendix B explores the dependence of
the Brillouin shift on several waveguide dimensions and reveals that
the frequency shift and separation is a quite sensitive function of
the rib thickness, and to a lesser extent, of the membrane thick-
ness. A variation of the geometrical parameters and shape of the
waveguide from our modeled structure may occur due to fabri-
cation tolerances. For example, the TFLN may be slightly etched
during the wet etching process since the -Z-face of LN is facing
downward, ultimately being exposed to the etching solution as soon
as the silica is removed underneath.” In addition, a slight sagging
of the waveguide structure due to the suspension and consequent
internal strains might affect the experimental Brillouin frequencies
and shift them to higher frequencies. This can be avoided in future
designs by carefully choosing the membrane thickness and optimiz-
ing the underetching procedure to reduce the overall suspension
area surrounding the waveguide. Another explanation might involve
consideration of lithium niobate’s piezoelectric effect in the simula-
tion as it might slightly shift the (modeled) Brillouin shifts toward
higher frequencies."”’

The Brillouin gain coefficients extracted from our experiments
estimate up to 3.14 m~' W' in a multi-peak Brillouin spectrum.
This novel multi-peak Brillouin gain spectrum with three involved
acoustic modes demonstrates previously unobserved characteristics,
which can be particularly useful for advanced spectral engineering
and respective applications in sensing and microwave photonics.
This paper presents a proof-of-concept demonstration, and the Bril-
louin gain coefficient and net Brillouin gain can be enhanced by
reducing the optical and acoustic losses through fabrication pro-
cess optimization and waveguide engineering, including waveguide
rotation to exploit lithium niobate’s anisotropy. As shown in the
supplementary data in Appendix B, higher gain coefficients can
be expected through carefully adjusting the waveguide dimensions
and increasing the mechanical Q-factor, which could be achieved
through improving the acoustic isolation by enhancing the under-
etching procedure. The net Brillouin gain can be increased by
reducing the fiber-to-chip coupling loss and waveguide propagation
losses, as well as increasing the length of the suspended waveguide
by fabricating meander-shaped waveguides.

IV. CONCLUSION

This work presents the first experimental demonstration of
stimulated Brillouin scattering in suspended Z-cut TFLN wave-
guides. The waveguide structure was designed to explore the
acoustic confinement of multiple modes in TFLN-based wave-
guides for efficient SBS interaction. This behavior was confirmed
with an experimental demonstration of backward intra-modal SBS
in the suspended waveguides using a double intensity-modulated
pump-probe technique. Two resonances were found in the exper-
imental data with Brillouin shifts of 8.88 and 9.92 GHz, separated by
1.04 GHz. The highest experimentally demonstrated Brillouin gain
coefficient in our measurements was 3.14 m™" W' mediated by
the acoustic mode with frequency of 8.88 GHz. The gain coefficient

APL Photon. 10, 096112 (2025); doi: 10.1063/5.0274854
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can be further enhanced through optimization of the waveguide
geometry and fabrication procedure.

These findings expand our understanding of the acoustic prop-
erties of the material and show that TFLN supports a rich variety of
acoustic modes mediating SBS. This multi-peak Brillouin character-
istics in TFLN are particularly attractive for the on-chip integration
of sensing applications as recently demonstrated in complex fiber
structures.”””’ The exact Brillouin frequencies and their separa-
tion can be tailored with careful waveguide design, as shown in
Appendix B.
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FIG. 6. Parametric study. The graphs illustrate the impact of waveguide thickness, width, membrane thickness, and sidewall angle variations. Simulations for Q = 900 are
shown on the left, and Q = 90 on the right: (a) and (b) Brillouin shift evolution as a function of waveguide thickness with Q = 900 and Q = 90. The waveguide width and
membrane thickness are set to 1300 and 300 nm, respectively, with a sidewall angle of 70°; (c) and (d) Brillouin shift evolution as a function of membrane thickness with
Q =900 and Q = 90. The waveguide width and thickness are set to 1300 and 520 nm, respectively, with a sidewall angle of 70°; (e) and (f) Brillouin shift evolution as a
function of waveguide width with Q = 900 and Q = 90. The waveguide and membrane thickness are set to 520 and 300 nm, respectively, with a sidewall angle of 70°; (g)
and (h) Brillouin shift evolution as a function of sidewall angle with Q = 900 and Q = 90. The waveguide and membrane thickness and waveguide width are set to 520, 300,
and 1300 nm, respectively.
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APPENDIX A: SIMULATION DETAILS

1. Material properties

We model the waveguide with the trapezoidal_rib structure
provided in NumBAT. The values for the photo-elastic and stiffness
tensors are taken from published work'® and are summarized in the
material file LiINbO3_2023_Rodrigues.json, which can be found at
https://github.com/michaeljsteel/ NumBAT/tree/master/backend/m
aterial_data. The material was rotated to “z-cut” crystal orientation.
The suspended waveguide is modeled as being entirely surrounded
by vacuum.

2. Meshing details

The computational domain was discretized using triangular
mesh elements. The final elastic mesh consists of 10370 elements
in total with 21 343 nodes. Mesh refinement is applied in the wave-
guide core and slab to capture the optical mode field and acoustic
displacement fields. The mesh element size inside the waveguide is
about 20 nm with increasing element size away from the waveguide
boundaries.

In terms of the NumBAT implementation, the FEM mesh is
created with the open-source program Gmsh* and is defined by
three parameters, specifically Icyig, Icrefine,1> and Icrefine2. We set the
background mesh size to lcpkg = 0.08, resulting in 14 mesh points on
the outer boundary. The next parameter Icrefine, helps refine the mesh
at the interface between materials, where a larger value gives a finer
mesh. We set the value to Iceefine; = 30.0. To refine the mesh in the
center of the waveguide, l¢refine» can be used. We choose a relatively
high value of 20 to ensure a fine mesh.

3. Mode calculations

The transverse fraction f; of the displacement field #(x, y) of an
acoustic mode, as mentioned in Sec. 11, is defined as follows:

__ St )
A=y aya .

where the individual component values f; for i = x, y, z satisfy

fi= ff il dxdy. (A2)

APPENDIX B: PARAMETERIC STUDY

We perform dimensional sweeps for waveguide width, wave-
guide thickness, and membrane thickness to evaluate the shift of
the acoustic frequencies of the involved acoustic modes as a func-
tion of these dimension parameters. Figures 6(a) and 6(b) show the
Brillouin gain spectrum as a function of the waveguide thickness,
where we sweep the waveguide thickness between 400 and 520 nm,
with Q = 900 and Q = 90, respectively. The involved acoustic modes
around 8 GHz tend to increase in frequency with a thicker wave-
guide. The acoustic frequencies range between 7.8 and 8.7 GHz, i.e.,
an overall shift of about 10%. The higher-order acoustic mode tends
to decrease in frequency and shifts from around 10-9.5 GHz with
increasing waveguide thickness. Concluding these observations, the
acoustic frequencies of the involved acoustic modes approach each
other slightly over the course of this parametric sweep. The acous-
tic frequencies in Figs. 6(c) and 6(d) show a drift in frequency with
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increasing membrane thickness for a set waveguide width and thick-
ness, for Q = 900 and Q = 90, respectively. The overall shift for the
higher frequency acoustic mode is rather small, the Brillouin shift
ranges between about 9.3 and 9.6 GHz, a variation of less than 3%.
The lower frequency acoustic modes drift on a slightly larger scale,
however, the offset is within 600 MHz, which is, relatively speak-
ing, less than 10%. Figures 6(e) and 6(f) show the evolution of the
Brillouin shifts as a function of waveguide width where the width is
swept between 1200 and 1300 nm, with Q = 900 and Q = 90, respec-
tively. As can be seen, the acoustic frequencies shift marginally, i.e.,
a width variation due to fabrication has hardly any influence on the
Brillouin gain spectrum. Figures 6(g) and 6(h) show the Brillouin
gain spectrum as a function of the sidewall angle, where we sweep
the waveguide sidewall angle between 65° and 75°, with Q = 900 and
Q =90, respectively, to consider possible fabrication tolerances with
regard to the sidewalls. The simulated Brillouin spectrum does not
exhibit a change of Brillouin shift with sidewall angle.

According to the parametric study in this Appendix, the wave-
guide thickness exhibits the most significant impact, particularly on
the spacing between the Brillouin shifts. The spacing between the
Brillouin frequencies matches well in our prediction and experi-
ment, indicating that our estimation of the waveguide thickness is
reasonably close. To a lesser extent, the membrane thickness affects
the Brillouin frequencies and could, for some part, account for the
400 MHz mismatch between our prediction and experiment. How-
ever, additional effects occur, such as sagging of the waveguide due
to the suspension and consequent internal strains, which are not
accounted for in the modeling and will additionally influence the
Brillouin shifts. The exact result is thus difficult to predict.
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