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Optical spectrometers are indispensable tools across various fields, from che-
mical and biological sensing to astronomical observations and quantum tech-
nologies. However, the integration of spectrometers onto photonic chips has
been hindered by the low spectral resolution or large device footprint with
complex multiple channel operations. Here, we introduce a chip-integrated
spectrometer by leveraging the acoustically-stimulated Brillouin scattering in a
hybrid photonic-phononic chip. The Brillouin interaction provides a dynamic
reflection grating with a high reflectivity up to 50% and a fast switching time on
the microsecond scale, achieving a spectral resolution of 0.56 nm over a 110 nm
bandwidth using just a single 1 mm-long straight waveguide. This performance
approaches the fundamental limit of resolution for a given device size, vali-
dating the potential of the hybrid photonic-phononic device for efficient and
dynamically-reconfigurable spectral analysis, and thus opens up the avenues

for advanced optical signal processing and sensing applications.

Photonic integrated circuits (PICs) have emerged as a powerful
platform'™®, which has the potential to revolutionize the way we
generate, process, and manipulate light. By integrating various
optical components onto a single chip, PICs enable the realization of
sophisticated optical systems that offer unparalleled scalability, low
power consumption, high stability, and enhanced light-matter
interaction. In recent years, significant progress has been made in
the development of PIC technologies, leading to notable achieve-
ments in various fields, such as ultra-high data transmission rates in
optical communications’, ultra-sensitive biosensors®, and quantum
photonic devices for secure communication and computation’. To
further unlock the capability of PIC in spectroscopic analysis for
astronomy measurements'®", medical diagnostics”, environmental
monitoring”, and chemical analysis'*”, high-performance optical
spectrometers are indispensable’®™®,

However, the full integration of spectrometers onto photonic
chips faces a fundamental trade-off between spectral resolving cap-
ability and device footprint'®. Conventional spectrometers mostly rely
on static dispersive elements, which could be directly extended to
PICs"”"?, For example, the grating shown in Fig. 1a separates light of
different colors into distinct channels. While the grating offers a wide
detection wavelength range, achieving high spectral resolution
necessitates a large device length and a dense array of collection
channels. The spectral resolution of a grating-based spectrometer is
approximately given by A,l=/12/neﬂcL(sin 0, + sin6,), where L is the
grating length, negis the effective refractive index of the guided optical
mode, 1is the light wavelength, and 6;(,, is the angle between the input
(output) optical beam and the grating. An alternative approach is to
employ dynamically tunable dispersive devices, such as Mach-Zehnder
interferometers®*** shown in Fig. 1b. These devices offer potential
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Fig. 1| Schematic of on-chip spectrometer. a-b Conventional on-chip spectro-
meters based on linear processes. a A static planar grating enables dispersive optics
to separate light with different wavelengths. b Wavelength of the input light can be
derived through a Fourier-transform approach by dynamically tuning a microring
resonator or a Mach-Zehnder interferometer. ¢ The proposed spectrometer is
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based on nonlinear process that employs the phase-matching condition of
acoustically-stimulated Brillouin scattering to achieve wavelength-dependent
optical reflection. The input laser (w;) and phonon drive (Q) propagate in opposite
directions, and the reflected light (w,) satisfies both momentum and energy
conservations.

advantages including higher optical throughput, reduced device
footprint, and requirement of fewer detection channels. Nonetheless,
the resolution of this approach is limited by the device’s tuning cap-
ability. The spectral resolution of a tunable interferometer-based
spectrometer is given by A; = A*/neAL with AL is the tuning path dif-
ference of the interferometer. The requirement for a large tuning
length énAL > A, where 6n is the variation of the material refractive
index. This requirement imposes a practical limitation of the spec-
trometer size L, limiting it to the order of centimeters, even with the
enhancement provided by microrings®”. Consequently, there is a
pressing need for an approach that combines the advantages of both
static and dynamic dispersive elements, enabling the realization of
compact, single-channel on-chip spectrometers.

Here, we introduce a fundamentally different approach to inte-
grated spectroscopy that leverages acoustically-stimulated backward
Brillouin scattering, a nonlinear optical interaction between photons
and acoustic phonons in a medium (Fig. 1c). By harnessing the strong
interaction between guided optical and acoustic modes in a carefully
engineered lithium niobate (LN) waveguide, we demonstrate a high-
resolution, compact, and fully integrated spectrometer with an
intrinsic spectral resolution of 0.56 nm over a wavelength range
exceeding 110 nm, while maintaining a compact footprint of just 1 mm
in length. Our approach provides a coherent interface between the
optical spectrometer and radio frequency (RF) control, allowing fast
spectral sweeping, with a typical sweep duration of 0.1 seconds and
could potentially be even faster. Furthermore, our demonstration of a
hybrid photonic-phononic circuit can be extended to incorporate
other photonic, electronic, and phononic devices on a single chip,
paving the way for fully integrated and multi-functional spectroscopic
systems and also for a wide range of photonic-phononic hybrid
devices.

Results

Figure 1 illustrates the conceptual schematics of conventional inte-
grated spectrometers and the principle of the proposed approach
based on Brillouin scattering®?*%°. Traditional on-chip spectrometers
typically rely on linear optical processes, such as dispersive elements in
Fig. 1a or Fourier-transform techniques in Fig. 1b. In contrast, our
spectrometer exploits the nonlinear Brillouin interaction between
guided photonic and phononic modes in a compact waveguide plat-
form (Fig. 1c)*°. At the heart of our device is a straight waveguide that
supports both optical and acoustic modes, which are coupled pri-
marily through the photoelastic effect. The waveguide is integrated
with a compact interdigital transducer (IDT) for RF-to-acoustic wave
conversion and with grating couplers that enable efficient excitation
and detection of the optical response. When operating the spectro-
meter, an input optical signal (@) is coupled into the waveguide and
interacts with a counter-propagating acoustic wave () generated by
the IDT.

The Brillouin scattering process manifests as a coherent three-
wave mixing (TWM) interaction, leading to a wavelength-dependent
coupling between forward and backward optical signals stimulated by
acoustic wave fields. This coherent TWM results in a frequency-shifted
output signal (w;) that satisfies both the energy and momentum con-
servation conditions: w, = w; + Q and k;, = k; + B, where ki) and S are
the wavevectors of the input (output) optical signal and acoustic wave,
respectively. In a simpler picture, the acoustic wave modulates the
refractive index along the waveguide through the photoelastic effect,
and thus the waveguide can be understood as a dynamic optical
grating. Therefore, our spectrometer resembles a linear grating spec-
trometer (Fig. 1a) with the corresponding input and output angles
6, = 6, = n/2, allowing us to achieve a spectral resolution approaching
the theoretical upper bound of 1%/2n.gl for a given interaction length
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Fig. 2| Characterization of the on-chip spectrometer. a-b Experimental setup for
characterizing the spectrometer. The phononic mode in the waveguide is driven by
a vector network analyzer (VNA) through an interdigital transducer (IDT, c). The
optical input signal is reflected through the Brillouin process when the phase-
matching condition is fulfilled. The reflected light is measured by the VNA through
a heterodyne detection or directly detected by the photodiode (PD) under high
signal-to-noise ratio conditions. The Brillouin interaction region is around 1 mm.
EDFA erbium-doped fiber amplifier, PC polarization controller. d and

g Displacement and electrical field distributions at the waveguide cross-section for
the quasi-Rayleigh phononic mode and the fundamental transverse electric pho-
tonic mode, respectively. All these simulations were performed using the finite
element method (COMSOL Multiphysics). ¢, € Scanning electron microscope pic-
tures of the IDT and phononic-photonic mode multiplexing device. f S11 parameter
of IDT which exhibits a resonance frequency of 8.5 GHz. h Measured reflected
optical signal against the input RF frequency, with the input optical wavelength
fixed at 1576 nm.

L. Moreover, our single-channel device can resolve a wide spectral
range through dynamically reconfigurable 8 by simply sweeping the
external RF drive frequency.

To experimentally validate our ultra-compact spectrometer, we
fabricate the hybrid phononic and photonic circuits using thin-film LN
on a sapphire substrate. The combination single-crystal LN and sap-
phire allows for low-loss photonic and phononic waveguides, while
LN’s strong piezoelectric and photoelastic properties facilitate effi-
cient interfacing among the RF, acoustic, and optical signals, making it
an ideal material platform for our spectrometer. The device, shown in
Fig. 2b, features a straight waveguide with a width of 1.2 pm, a thick-
ness of 400 nm, and a wedge step of 180 nm. This carefully designed
geometry supports both optical modes at telecom wavelengths and
acoustic modes around 8.5GHz, with a phase-matched phonon
wavelength of 400 nm. The corresponding mode profiles of the pho-
tonic and phononic modes are shown in Fig. 2d and g. To excite and
focus the acoustic wave into the waveguide, we employ a fan-shaped
IDT (Fig. 2c) driven by a RF signal from a vector network analyzer
(VNA). The RF S11 parameter of the transducer, as shown in Fig. 2f,
exhibits a resonance frequency of 8.5 GHz, indicating the efficient
generation of high-frequency guided phonons into the waveguide.

To efficiently couple phonons and photons into the same wave-
guide for Brillouin interaction, while protecting the electrodes from
potential damage caused by direct interaction between the input laser
and the IDT, we have designed a hybrid phononic-photonic multi-
plexing device, as shown in Fig. 2e. This device exploits the tighter
confinement of the phononic mode, allowing it to propagate through
the waveguide with minimal coupling to adjacent waveguide due to
the weak evanescent acoustic field. In contrast, the photonic mode can
be efficiently transferred between the two waveguides when passing
through the coupling region. Optical input and output couplings are
achieved using grating couplers for high signal-to-noise ratio or using
side couplings to avoid the sensitivity of coupling efficiency to wave-
length and achieve a large wavelength bandwidth couple (A more
detailed discussion provided in the Supplementary Information II.)

The experimental setup for characterizing the Brillouin scattering
is depicted in Fig. 2a. A tunable laser, amplified by an erbium-doped
fiber amplifier (EDFA) and with its polarization controlled, is coupled
into the waveguide. The reflected optical signal at the selected wave-
length, which satisfies the phase-matching condition of Brillouin
scattering in the spectrometer, is collected and directed to a photo-
detector. To investigate the spectrometer’s performance, we fixed the
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Fig. 3 | Broadband spectrum characterization. a Separate spectral line response
with different pump wavelengths, with an RF drive power is 20 mW. Inset: the
relationship between the reflected optical power and the input power; Dispersion
relationship between the beat frequency of the output light and the input optical
wavelength. The slope is 6.03 MHz/nm. b Top: RF response spectrum with two
pump lasers at 1550.5 nm and 1550 nm. The red line represents a double-Lorentz
fitting for the measured data, which is the sum of two Lorentz distributions
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displayed in yellow. Bottom: Reconstructed optical spectrum. ¢ We use a standard
commercial dense wavelength division multiplexing (DWDM) as a filter to generate
the spectrum by tuning the spontaneous radiation of our EDFA without any laser
input. The blue line represents the reflection power from our device via sweeping
microwave frequency and detected by a PD directly, and the orange line comes
from a commercial spectrometer.

input optical wavelength at 1576 nm and scanned the input RF signal
supplied by the VNA, measuring the reflected light intensity with an
interaction length L =1 mm. The result, shown in Fig. 2h, demonstrates
the remarkably reflection of the acoustically-induced dynamic grating.
The spectrum exhibits a narrow linewidth, with a full width at half
maximum (FWHM) of just 3.4 MHz, validating the highly selective
spectral response and also sub-us switching time for high-resolution
on-chip spectral analysis. Moreover, with an RF drive power of only
20 mW, as shown in Fig. 3a, the grating achieves a peak reflectivity of
50%, which highlights the efficient Brillouin interaction enabled by the
carefully engineered hybrid photonic-phononic waveguide.

Figure 3 demonstrates the broadband performance of our spec-
trometer. In Fig. 3a, the responses for monochromatic optical input
signals are measured for different wavelengths ranging from 1514 to
1624 nm, with an experimental wavelength of 110 nm limited by the
spectral range of our testing optical source. The linear dependence
between the input and reflected optical powers, as shown in the left inset
of Fig. 3a, verifies the coherent TWM process of acoustically-stimulated
Brillouin scattering. The right inset of Fig. 3a depicts the linear dispersion
relationship between the frequency shift of the output light and the

input optical wavelength, with a slope of 6.03 MHz/nm. Combined with
the narrow bandwidth of the RF response [Fig. 2h], we derive an optical
intrinsic spectral resolution of 0.56 nm. The envelope of the varying
peak values represents the frequency-dependent RF-phonon conversion
efficiency, which is determined by the bandwidth of the IDT. It is worth
noting that the observed fluctuations on this envelope reflect the com-
plete, wavelength-dependent system transfer function, which includes
not only the IDT response but also factors such as the intrinsic acousto-
optic coupling strength and on-chip polarization effects. This entire
repeatable response is captured in the calibration matrix used for
spectral reconstruction. Although the experimental data is acquired
over a 110 nm range, our analysis (Supplementary Information) indicates
that the spectrometer can operate over a significantly broader wave-
length range. Based on the characteristics of the current IDT design, we
estimate that the dynamic range of the spectrometer exceeds 150 nm.
Furthermore, by employing advanced broadband IDT designs or cas-
caded IDTs on a single waveguide, the operating range can potentially be
extended to 300 nm or more.

To directly demonstrate the sub-nanometer resolution of our
spectrometer, we perform a spectral measurement using a source
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Fig. 4 | Spectrometer intrinsic resolution. a A plot comparing the resolution,
detection channel, and footprint scale for selected device demonstrations in the
literature. The footprint scale includes the elements in the device that are active in
resolving and detecting light, excluding the accessory components. Reference
numbers are indicated within square brackets. b Simulation results of the device
resolution performance improved by the interaction length (L). The red line
represents the result based on the current material and fabrication level with a
phonon Q -3000. The blue line shows the resolution with an improvement of

phonon Q -20000 in future experiments. The dots represent the simulation
results with the impact from the phase-matching diffusion and the shadow part
represents the standard deviation of the resolution. The standard deviation of the
random diffusion value added in simulation is about 1500 rad/m, which represents
the standard derivation of waveguide width (4w) around 4 nm and film thickness
(4t) around 0.5 nm. ¢ The heatmap represents the relationship between mis-
matching value Af and variation error on Aw and At. The cyan line corresponds to
the diffusion value in b.

consisting of two laser tones as input, with a wavelength interval of
only 0.5 nm. By scanning the RF drive frequency, we obtain the spectral
information shown in Fig. 3b. The raw data clearly shows two distinctly
resolved peaks. We fit the data using a double-Lorentzian function,
which is the sum of two Lorentzian distributions displayed in red.
Furthermore, by using the spectral response for monochromatic light
in Fig. 3a, we reconstruct the input spectrum with respect to the
optical wavelength. The retrieved wavelength data are consistent with
our input laser wavelengths, proving that the projected resolution of
our spectrometer can be much better than 0.5 nm.

To further demonstrate the fluorescence measurement capability of
our spectrometer and its potential in telecom applications, we use an
EDFA to generate a broadband spectrum and utilize a dense wavelength
division multiplexing (DWDM) filter to synthesize a broadband light
source. The DWDM filter allows us to selectively switch on and off specific
bandpass channels (e.g., C23-C26) to create controlled spectral features.
As shown in Fig. 3c, the spectrum is first measured using a commercial
spectrometer as a reference and delivered to our device. In contrast to
the heterodyne detection scheme mentioned in Fig. 2a, the output signal
from our device is directly detected by a PD. The response spectrum in
Fig. 3c (blue line) reveals a frequency-independent background noise
floor, which we attribute to reflections of the input signal in our system,
primarily due to the backward scattering from the coupler. By mapping
the RF response to the optical domain, we derive the optical spectrum,
which exhibits excellent agreement with the reference spectrum mea-
sured by a commercial spectrometer (orange line). This measurement
result demonstrates that our spectrometer possesses the capability to
resolve fluorescence spectra and is well-suited for DWDM, which is widely
used in the telecom technology.

In Fig. 4a, we compare the performance of our device with state-
of-the-art demonstrations reported in the literature®>***, focusing
on the intrinsic spectral resolution of the devices. The intrinsic spectral
resolution is governed by the dispersive path of the device, which is
determined by its inherent optical response bandwidth, regardless of
the input signal strength, detection noises, and the reconstruction
algorithms®*™*°, Our device exhibits high performance in terms of
resolution and footprint. According to the coherent mode conversion
in an ideal uniform waveguide, the intrinsic resolution is determined
by the phase-matching condition in the coupled mode equations*
(Supplementary Information). For a fixed RF frequency, the reflected
light has a bandwidth corresponding to the FWHM of the wavevector
Ag = 5.56/L, which implies a fundamental trade-off relation between
resolution and footprint. Considering the dispersion relation of the
photonic mode as 9f/0A = 1.2 x 10*rad/(m - nm), the fundamental
limitation of resolution is given by

0B 460 um am

AA:A‘B/a— I (1)

For an interaction length L = 1mm in our device, the resolution
limit for an ideal lossless waveguide is 0.46 nm, indicating that our
experimental result of 0.56 nm approaches this fundamental limit with
a small discrepancy attributed to the losses. Also, we find that the
practical resolution of our spectrometer does not improve with further
increases in L, revealing the constraints imposed by the propagation
loss of the phononic mode in the waveguide. As shown by the red lines
in Fig. 4b, the resolution considering the phonon attenuation is cal-
culated for given equivalent phononic quality factors (Q), and a
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Q = 3000 explains our observations of the saturated resolution for
L > 1mm. Furthermore, the potential imperfections of non-uniform
waveguide cross-section can introduce variations in the mode wave-
vectors, which can be treated as a phase-matching diffusion process in
the mode conversion and reduce the resolution. The dependence of
the phase mismatching 48 on the variation of the waveguide width
(Aw) and film thickness (A¢) is shown in Fig. 4c, demonstrating that the
two geometry parameters independently contribute to the mis-
matching. By assuming a random walk of 48 and the accumulated
mismatch in the interaction region following a normal distribution, we
numerically simulate the influence of the phase-matching diffusion
with a standard deviation ¢ = 1500 rad/m for different phonon Q
(Supplementary Information). The results are plotted in Fig. 4b as dots,
with the shaded area representing the standard deviation. These
results show that the impact of phase-matching diffusion becomes
more pronounced for higher Q. Therefore, a resolution of 0.1 nm with
an interaction length under 6 mm is feasible by improving phonon Q
by one order of magnitude® and suppressing the variation of A8
through compensating for film thickness variations via specially
designed modulations in the waveguide width*’.

Discussion

Our demonstration of the acoustically-stimulated Brillouin scattering
introduces a paradigm for on-chip spectroscopy by leveraging the
unique properties of hybrid photonic-phononic circuits. The spectro-
meter presented in this work holds great promise for its simplicity,
robustness, and ease of fabrication, as well as its potential for large-
scale integration with other photonic and electronic components**,
The absence of moving parts or suspended structures makes our
device inherently stable and reliable, offering a compact, stable, and
cost-effective solution for spectral analysis without the need for any
free-space optical components. The performance of our spectrometer,
particularly in terms of resolution and bandwidth, can be further
enhanced by optimizing the device design and fabrication.

Our work validates a hybrid photonic-phononic platform, which
not only provides a approach for dispersion manipulation on a chip but
also serves as the foundation for a chip architecture. We term this
platform as “Zhengfu" hybrid chip architecture, and it can be extended
to other material platforms, such as scandium aluminum nitride (ScAIN)
on sapphire® and lithium tantalate (LiTaO3) on sapphire*®, offering
flexibility in material choice for specific applications. This architecture
enables an efficient interface between RF and optical signals, opening up
the possibilities for optoelectronic devices, and offering a com-
plementary paradigm to electro-optic modulation for optical informa-
tion processing. For instance, dynamically reconfigurable lasing on a
chip can be realized by simply controlling the RF drive amplitude and
frequency. This can enable fast frequency sweeping or multiple laser
emission, paving the way for advanced on-chip laser sources with
enhanced functionality and versatility. Moreover, the Zhengfu archi-
tecture is compatible with superconducting quantum devices, such as
SNSPD, superconducting resonators, and qubits, thereby presenting
exciting opportunities for future quantum information processing,.

Methods

Device fabrication process

We fabricate the hybrid phononic and photonic circuits using LN-on-
sapphire structure. In this work, we use x-cut LN-on-sapphire wafer
featuring 400 nm LN layer on a 400 um thick sapphire substrate. The
fabrication process of the LN-on-sapphire chip involves two main
steps. First, we define the optical waveguides using hydrogen silses-
quioxane (HSQ) as the resist using electron beam lithography (EBL).
The structures are then etched using argon etching. The optical wedge
waveguides are formed by partially etching the LN layer by 220 nm,
leaving a 180 nm-thick slab layer. Second, an interdigital transducer
(IDT) structure are defined in another EBL step using polymethyl

methacrylate (PMMA) resist. A layer of 20 nm Aluminum is then
deposited on the top of LN using an electron beam evaporator, fol-
lowed by a liftoff process.

Spectrometer characterizing

In our experiment, we designed different optical coupling structures
and testing setups for various application scenarios. Regarding optical
coupling, we utilized different coupling methods. We employed both
grating coupling and side coupling to achieve efficient input-output
relationships. Meanwhile, we implemented two distinct testing meth-
ods: one is the heterodyne detection method mentioned in Fig. 2(a),
and the other directly measures the intensity of the reflected signal via
a photodiode shown in Fig. 3c. Side coupling is typically combined
with heterodyne detection due to its advantage in enabling broadband
signal measurement without the coupling efficiency being affected by
wavelength. However, side coupling tends to introduce significant
background reflection noise, which can lower the signal-to-noise ratio
(SNR) when directly reading the reflected signal power. To address
this, heterodyne detection is employed to enhance the SNR, as
demonstrated by the data in Fig. 3a.

Data availability

All data generated or analysed during this study are available within the
paper and its Supplementary Information. Further source data will be
made available on request.

Code availability
The code used to solve the equations presented in the Supplementary
Information will be made available on request.
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