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Stimulated Brillouin scattering (SBS) is revolutionizing low-noise lasers and microwave photonics. However, a scal-
able and efficient integrated platform for Brillouin photonics has remained elusive. Here, we leverage the well-
established thin-film lithium niobate (TFLN) platform to address these long-standing limitations. We report two 
distinct SBS processes on this platform, driven by surface acoustic wave (SAW) with 20-megahertz linewidth or 
bulk acoustic waves with a linewidth 200 times broader. Exploiting the strong SAW SBS gain, we demonstrate a 
narrowband internal net gain amplifier overcoming propagation losses. In addition, we achieve a stimulated Bril-
louin laser in TFLN, featuring a tuning range exceeding 20 nanometers and enabling high-purity radio frequency 
signal generation with an intrinsic linewidth of 9 hertz. Furthermore, we develop a programmable, multifunc-
tional integrated Brillouin microwave photonic processor capable of notch filtering, bandpass filtering, or true 
time delay. This work bridges SBS with advanced TFLN technologies such as high-speed modulators and wide-
band optical frequency combs, unlocking new paradigms for integrated Brillouin photonics.

INTRODUCTION
Stimulated Brillouin scattering (SBS), arising from the coherent opto-
mechanical interaction between photons and phonons, is transform-
ing integrated photonics (1). With its narrowband gain window, SBS 
is essential for high-selectivity filters (2–4) and amplifiers (5) in the 
next-generation optical and radio communications systems (6). Its 
unique acoustic dissipation mechanism enables subhertz linewidth 
integrated lasers (7, 8) and high-purity radio frequency (RF) signal 
generators (9–11). Furthermore, manipulating its phase matching 
condition gives rise to on-chip nonreciprocal devices (12, 13).

Nevertheless, finding a versatile and scalable photonics platform 
that supports SBS remains a significant challenge. Achieving strong 
on-chip SBS gain requires large photoelastic coefficients, simultaneous 
guidance of both the optical and acoustic waves, and low propagation 
loss. While proof-of-concept applications have been demonstrated 
across various material platforms—including chalcogenide (14–16), 
silicon (5, 17–20), silicon nitride (7, 21–24), and aluminum nitride 
(25)—these platforms face critical challenges that hinder scalability 
and practical deployment. For instance, chalcogenide (As2S3) wave-
guides suffer from photosensitivity and thermal instability at high 
power (26), limiting their long-term reliability. Silicon nitride wave-
guides, despite their low propagation loss, exhibit an SBS gain more 
than two orders of magnitude lower than chalcogenide, making them 
insufficient for most microwave photonic (MWP) applications (21). 
Meanwhile, Brillouin-active suspended silicon waveguides present 
significant fabrication challenges and structural instability (5, 18), re-
stricting their viability for large-scale integration.

Harnessing SBS in the thin-film lithium niobate (TFLN) platform 
can elevate the SBS technology to a new level of readiness. Renowned 

for its exceptional scalability, low optical losses, and significant 
electro-optic (EO) coefficients (27, 28), TFLN has unlocked a variety 
of novel applications with exceptional performances, including on-
chip EO modulators (29), optical frequency combs (30, 31), MWP 
processors (32), and integrated lasers (33, 34). Expanding the capa-
bilities of TFLN to include SBS not only enables Brillouin-based ap-
plications on a more scalable platform, but also creates a synergistic 
interplay with its existing functionalities. While optomechanical ef-
fects in TFLN have been explored using electric interdigital transduc-
ers (35–39), the investigation of SBS in this platform remains in its 
infancy (40–42), with no Brillouin-based applications yet reported.

Here, we observe and utilize SBS process in the TFLN platform 
for system-level applications. Two distinct SBS processes are identi-
fied: one driven by surface acoustic wave (SAW) with 20-MHz line-
width and the other by bulk acoustic waves with a broader linewidth 
exceeding 4 GHz in a circular spiral geometry. The high SAW SBS 
gain unlocks a versatile Brillouin photonics engine with multiple 
functionalities in TFLN. First, we demonstrate an internal net gain 
amplifier that surpasses intrinsic propagation losses within a 10-cm 
spiral waveguide. Second, by incorporating SBS gain into a high-
quality racetrack resonator, we generate a stimulated Brillouin laser 
(SBL) in TFLN, achieving a tuning range greater than 20 nm and 
supporting high-purity RF signal generation with an intrinsic line-
width of 9 Hz. Last, we develop a versatile Brillouin-based MWP 
processor supporting programmable functionalities including notch 
filtering, bandpass filtering, and true time delay, with SBS spirals, 
on-chip modulators, and cascaded tunable rings all implemented on 
a single platform.

RESULTS
TFLN Brillouin photonics engine
Figure 1A illustrates an envisioned monolithic TFLN Brillouin pho-
tonic circuit. The cladded region incorporates high performance 
building blocks traditionally demonstrated in TFLN, including an ef-
ficient on-chip EO modulator for high-speed microwave-to-optical 
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wave conversion and low-loss tunable ring resonators for program-
mable signal processing. Meanwhile, monolithic integration with the 
uncladded region unlocks new SBS functions in this platform, in-
cluding narrow-bandwidth RF signal processing, high-purity RF sig-
nal generation via the Brillouin laser, and highly selective optical 
amplification.

Our TFLN circuits are fabricated with a wafer-scale ultraviolet 
(UV) stepper lithography system (see Materials and Methods). The 
waveguides are half-etched with a width of 1.5 μm (Fig. 1B, i and ii), 
optimized to achieve a balance between tight optical mode confine-
ment and low propagation loss. This standard waveguide structure 
supports the monolithic integration of high-speed TFLN modula-
tors, centimeter-long SBS-active spirals, and high–quality factor 
resonators on a single chip (Fig. 1B, iii). Furthermore, the uncladded 
structure enables strong overlap of SAW with the optical mode, 
leading to significant SBS gain in this platform (Fig. 1C).

Angle-dependent strong SBS in TFLN
We achieve strong SBS gain in both z-cut and x-cut uncladded 
TFLN waveguides by leveraging the intrinsic anisotropy of lithium 
niobate (40). The Brillouin gain coefficient, a critical parameter 
quantifying the SBS strength, is determined by the photoelastic co-
efficients and the optoacoustic overlap that requires acoustic wave 

confinement. Both parameters can be significantly tailored through 
varying the rotational angle of the waveguides with respect to the 
crystalline orientation of the wafer (43).

In particular, we obtained large optoacoustic overlap with SAW 
that is confined in the TFLN waveguide at specific rotational angles. 
At these angles, SAW propagates slower than acoustic waves in the 
silica undercladding, preventing acoustic leakages that plagued the 
propagation of bulk acoustic waves in these waveguides.

We validated the significant Brillouin gain coefficients and the 
angle-dependent SBS responses in TFLN using z-cut waveguides 
with varying rotational angles (Fig. 2A). The Brillouin gain coeffi-
cient reaches 84.9 m−1 W−1 in the 20° waveguide (see the Supple-
mentary Materials for experimental details), representing a more 
than 200-fold enhancement compared to the standard low-loss sili-
con nitride platforms (7, 21, 22). This gain coefficient decreases to 
25.6 m−1 W−1 in the 40° waveguide and further drops to 9.4 m−1 
W−1 in the 0° one. Meanwhile, the Brillouin frequency shift changes 
from 8.36 GHz in the 0° waveguide to 8.14 GHz in the 20° waveguide 
and 7.92 GHz in the 40° waveguide (Fig. 2B). A comprehensive com-
parison with other state-of-the-art Brillouin active integrated plat-
forms is provided in the Supplementary Materials.

Equally strong SBS gain can also be observed in x-cut TFLN 
waveguides, of which most high-speed, low-Vπ, on-chip modulators 

Fig. 1. Monolithic TFLN Brillouin photonics engine. (A) Illustration of a TFLN circuit that contains high-speed electro-optic modulators, tunable rings, and SBS-active 
devices, enabling net gain amplifier, stimulated Brillouin laser, and Brillouin-based microwave photonics processor. (B) (i) Scanning electron microscope (SEM) image of 
the cross section of the half-etched TFLN waveguide; (ii) SEM image of the TFLN waveguide sidewall, showing small roughness; and (iii) microscope image of a TFLN 
sample that integrates modulators, spirals, and resonators together. (C) Simulated SBS responses of an x-cut 0° TFLN waveguide, with the electric field, displacement field, 
and the gain coefficient profile shown in (i) to (iii), respectively.
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are made. Harnessing SBS in the x-cut TFLN platform enables full 
compatibility between SBS and on-chip modulators for Brillouin 
MWP applications. We achieve internal net gain amplification from 
a 10-cm-long x-cut 0° spiral waveguide with a Brillouin gain coeffi-
cient of 29.3 m−1 W−1. The SBS gain reaches 3 dB at a pump power of 
500 mW, overcoming the 2.2-dB intrinsic propagation loss (Fig. 2C). 
Currently, the measured SBS gain is limited by the high coupling loss, 
the instability of the lensed fiber at high pump power, and the power-
handling constraints of the fiber components in the setup. Neverthe-
less, off-chip net gain is achievable with optimized coupler design 
(44), which could reduce the coupling loss from current 7 dB per 
facet to 1 dB per facet. Increasing the spiral length and reducing 
waveguide propagation loss could further enhance the net SBS gain, 
positioning it as a unique narrowband amplifier for optical and radio 
communications.

The role of SAW in enhancing SBS gain is experimentally verified 
by comparing waveguides with and without a top silica cladding. Spe-
cifically, the Brillouin gain coefficient in the x-cut 0° uncladded wave-
guide is four times higher than the 7.0 m−1 W−1 observed in the 

cladded waveguide, where SAW is suppressed. Simulated displacement 
fields shown in Fig. 2D further illustrate the improved acoustic con-
finement enabled by the SAW.

Spectral control of SBS response holds immense potential in 
realizing tunable optical and microwave filters (45). Traditional-
ly, this has been achieved through multipump (45, 46) or strain 
tailoring (47, 48). Here, we show shaping of ultrabroadband SBS 
response through interaction with bulk acoustic waves in a circu-
lar spiral waveguide and enable 200 times broader linewidth (up 
to 4 GHz, Fig. 2E) than that of the SAW SBS process on the same 
platform (see the Supplementary Materials for more details). The 
coexistence of two SBS processes with distinct linewidths set it 
apart from other SAW SBS platforms (15, 23, 49). By selectively 
interacting with surface or bulk acoustic waves and leveraging 
the anisotropic SBS response, the TFLN platform enables a litho-
graphically controlled approach to tailoring the SBS linewidth 
for specific Brillouin-based applications, including switchable 
Brillouin sources for photon/phonon linewidth narrowing and 
flat-top filters with sharp roll-offs at the transition bands.

Fig. 2. Angle-dependent strong SBS responses in the TFLN platform. (A) Microscope image of a z-cut TFLN sample that contains waveguides with a rotational angle 
of 0°, 20°, and 40°. (B) SBS responses of z-cut TFLN waveguides measured with a lock-in amplifier based setup. The prominent peaks at 8.3 GHz in all three panels corre-
spond to the 0° waveguide, while additional peaks in (ii) and (iii) arise from waveguides at 20° and 40°, respectively, as labeled in (A). (C) Measured SBS gain as a function 
of on-chip pump power. Net internal gain amplification is achieved when the pump power exceeds 400 mW. Inset: SBS response from a 10-cm-long x-cut 0° TFLN wave-
guide, showing SBS gain exceeding 3 dB, which overcomes intrinsic propagation losses. (D) Comparison of SBS responses in uncladded and cladded x-cut TFLN wave-
guides. The stronger SBS response in the uncladded sample validates the role of SAW in enhancing the SBS responses in TFLN. Insets: Simulated displacement fields of the 
acoustic waves, illustrating better confinement in the air-cladded structure. (E) Measured SBS response from an 8-cm-long circular spiral, demonstrating a bandwidth 
exceeding 4 GHz. Insets: (i) Simulated displacement field of the bulk acoustic wave driving this SBS process. (ii) Microscope image of the 8-cm-long circular spiral.
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Stimulated Brillouin lasers
Incorporating SBS gain within a high-quality factor resonator enables 
SBL generation in the TFLN platform. The SBL is generated in a 0° x-
cut TFLN racetrack resonator, with the setup illustrated in Fig. 3A. The 
resonator features a high intrinsic quality factor of 1.78 million (Fig. 
3B) and a free spectral range (FSR) of 8.57 GHz that aligns well with the 
Brillouin frequency shift of the 0° x-cut TFLN waveguide. By tuning 

pump laser into the resonance of the racetrack resonator, we observed 
counterpropagating SBL signal with a frequency down-shifted by one 
FSR (Fig. 3C). Under different pump-to-resonance detuning frequen-
cies (see the Supplementary Materials for more experimental details), 
we also observed four-wave mixing (FWM) of the light (Fig. 3D) and 
the coexistence of the FWM and SBL signals (Fig. 3E). The variations 
in the nonlinear dynamics observed in Fig. 3 (C to E) arise from the 

Fig. 3. SBL demonstration in a TFLN racetrack resonator. (A) Experimental setup of the SBL demonstration. EDFA, erbium-doped fiber amplifier; OSA, optical spectrum ana-
lyzer; ESA, electrical spectrum analyzer. (B) Measured optical transmission spectrum of the racetrack resonator, with an intrinsic quality factor of 1.78 million. (C) Optical spectrum 
of the observed SBL at 1553.35 nm. (D) Optical spectrum of the observed four-wave mixing (FWM) of the light from the TFLN resonator at 1556.32 nm. (E) Optical spectrum of the 
Brillouin-Kerr interaction at 1550.14 nm. Plots in (C) to (E) are with different pump to resonance detuning frequencies. (F) Widely tunable SBL from 1540 to 1567 nm, with the tun-
ing range only constrained by EDFA gain bandwidth. Dashed rectangle corresponds to the zoomed-in spectrum shown in (C). (G) Measured on-chip SBL power versus the on-chip 
pump power. The linear fitting gives a threshold power of 100 mW and a pump-to-SBL conversion efficiency of 3.4%. (H) Measured single-sideband phase noise of the generated 
RF signal from the beating of the SBL and the pump. The extracted intrinsic linewidth of this signal is 9.4 Hz. Inset: measured RF spectrum, resolution bandwidth: 51 Hz.
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interplay between SBS and Kerr nonlinearities, as well as possible ex-
ternal factors such as coupling stability, temperature fluctuations, and 
the pyroelectric effect of lithium niobate. While Brillouin-Kerr interac-
tions have been studied in silica microdisk for soliton generation (50), 
a rigorous theoretical analysis of these nonlinear interactions in TFLN, 
along with the influence of other nonlinear effects, requires more com-
prehensive modeling. When the pump power is below the SBL thresh-
old power, we also observed the Brillouin-induced transparency (12) 
(see the Supplementary Materials for details).

The ultralow dispersion of TFLN waveguides enables a wide 
wavelength tuning range of the SBL. The calculated group veloc-
ity dispersion (β2) of the resonator is as low as 223 ps2/km 
(D2 ∕2π = −13.6 kHz), ensuring that the FSR closely aligns with 
the Brillouin frequency shift across a wide wavelength range. As a 
result, the SBL can be tuned from 1540 to 1567 nm (Fig. 3F), with 
the tuning range primarily limited by the operational bandwidth 
of the applied erbium-doped fiber amplifier (EDFA).

We further characterized the threshold power and the conver-
sion efficiency of the SBL (Fig. 3G). By varying the on-chip pump 
power from 120 to 270 mW, we estimated a threshold power of 
100 mW and a conversion efficiency of 3.4%. To further reduce the 
threshold power, the coupling coefficient from the bus waveguide to 
the resonator can be increased to near-critical coupling. Moreover, a 
coupled ring molecule can be applied to reduce the mode volume, 
which also leads to a lower threshold power (24).

The SBL in the TFLN platform holds great promise for high-
purity RF signal generation. Unlike prior demonstrations in silicon 
nitride (7), chalcogenide (8), and bulk lithium niobate (51), where 
the SBS linewidth exceeds the optical cavity linewidth, the 20-MHz 
SBS linewidth in the 0° x-cut TFLN waveguide is narrower than the 
linewidth of the racetrack resonator. Rather than optical linewidth 
narrowing, this unique regime of Brillouin lasing enables phonon 
linewidth narrowing (11), leading to the generation of a pure RF 
signal from the beating note between the pump and the SBL. We 
measured the single-sideband phase noise of the RF signal and ex-
tracted an intrinsic linewidth of 9.4 Hz (Fig. 3H). This positions the 
SBL in the TFLN platform as a promising candidate for compact, 
low-noise RF oscillators (9, 10).

In the future, technical noise at lower frequencies can be mitigated 
with laser stabilization techniques, such as using an optical reference 
cavity (52), or a Pound–Drever–Hall (PDH) lock circuit (53). For ap-
plications requiring ultralow optical linewidth, the TFLN SBL can 
also be driven by the bulk acoustic wave SBS process, where the SBS 
linewidth is broader than the resonance linewidth of the resonator.

Multifunctional integrated Brillouin MWP processor
We combine the SBS gain with the versatile device toolbox available 
on the TFLN platform to realize a high-performance multifunc-
tional integrated Brillouin MWP processor. Specifically, high-speed 
EO modulators convert broadband microwave signals into optical 
domain. Cascaded tunable microrings fabricated on the same chip 
can be tuned to transform the intensity-modulated signal to vari-
ous modulation formats, including phase modulation, single side-
band modulation, and asymmetric dual-sideband modulation (2). 
At the same time, the SBS gain provided by the spiral waveguide 
enables ultra-narrowband selective processing of the sidebands. 
Diverse signal processing functionalities can be achieved after con-
verting the dynamically programmed signal back to the microwave 
domain (Fig. 4A).

Figure 4 (B to E) showcases various MWP functionalities achieved 
by connecting a programmable MWP circuit—comprising an inten-
sity modulator and four cascaded tunable rings (54)—to a 10-cm-long 
0° x-cut spiral waveguide. By applying the frequency response of an 
over-coupled ring to the upper sideband of the intensity-modulated 
signal and compensating the amplitude at specific frequencies with 
the SBS gain, a notch filter with a high rejection ratio is demonstrated 
(Fig. 4B). Furthermore, the intensity modulation is transformed into 
phase modulation by exploiting the phase response of the over-
coupled ring. Selective amplification of the upper sideband via the 
SBS gain results in a bandpass filter with 13 dB extinction ratio (Fig. 
4C) or a notch filter with 25 MHz bandwidth and a rejection ratio 
larger than 47 dB (Fig. 4D). The link gain of this notch filter at the 
pass band is −40 dB, which can be further improved with lower cou-
pling loss and higher optical power at the photodiode. In addition, 
placing two closely spaced critically coupled rings at the lower side-
band allows for the conversion of intensity modulation into single-
sideband modulation within a specific frequency range. Applying the 
SBS gain at the corresponding upper sideband enables the demon-
stration of RF true time delay larger than 4 ns (Fig. 4E) (see the Sup-
plementary Materials for further experimental details).

This demonstration presents a Brillouin-based MWP processor 
that integrates SBS-active waveguides, modulators, and tunable 
rings within the same platform. Future optimizations could enable 
monolithic integration of all these building blocks on a single chip, 
further enhancing link gain and improving noise performance.

DISCUSSION
In this work, we harness strong SBS in the TFLN platform by ex-
ploiting the anisotropy of the material. The significant SBS gain 
makes TFLN an ideal platform for developing a Brillouin photonics 
engine capable of diverse functionalities. As proof-of-concept dem-
onstrations, we realized net-gain Brillouin amplifiers, generated the 
SBL, and devised a multifunctional Brillouin-based MWP proces-
sor, all within the standard TFLN platform.

To further enhance performance, coupling loss between fiber and 
waveguide could potentially be reduced from 7 dB per facet to less 
than 1 dB per facet with dedicated spot-size converters (44). In addi-
tion, antiresonance waveguide structure could be applied to further 
enhance the SBS gain through improved acoustic confinement (17). 
Moreover, incorporating a coupled ring molecule design would al-
low for Brillouin laser generation with reduced threshold power, im-
proved conversion efficiency, and a smaller device footprint.

Embedding this Brillouin photonics engine in a large-scale TFLN 
circuit could open the door to novel applications with unprecedented 
performances. For instance, the narrow SBS linewidth can be ex-
ploited to demonstrate a compact, high-resolution Brillouin optical 
spectrum analyzer (55). In RF photonic systems, integrating the SBS 
spiral with high-speed TFLN modulators and tunable rings on a 
single chip could increase the link gain and lower the noise figure 
(54). Furthermore, the Brillouin-Kerr interaction in TFLN could 
lead to on-chip Brillouin-Kerr combs (50).

MATERIALS AND METHODS
The TFLN samples under test are fabricated with lithium niobate on 
insulator (LNOI) wafers from NANOLN. The lithium niobate film is 
500 nm thick in the x-cut LNOI wafer and 400 nm thick in the z-cut 
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LNOI wafer. First, SiO2 is deposited on the surface of a 4-inch (100-
mm) LNOI wafer as an etching hard mask using plasma-enhanced 
chemical vapor deposition PECVD. Waveguides are patterned with 
a UV stepper with a resolution of 500 nm. Afterward, the patterns 
are transferred to the SiO2 layer with a fluorine-based dry etching 
process and then to the lithium niobate layer with an optimized 
Ar+-based inductively coupled plasma ICP reactive-ion etching 
process. The lithium niobate is half-etched, leaving a 250-nm-thick 
slab in the x-cut wafer and 200 nm in the z-cut one. The wafer is an-
nealed after the removal of the SiO2 mask.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S16
Tables S1 to S4
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