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Scalable photonic-phonoinc integrated
circuitry for reconfigurable signal processing

Liang Zhang1,2, Chaohan Cui 2, Yongzhou Xue2, Paokang Chen1,2 &
Linran Fan 1

The interaction between photons and phonons plays a crucial role in broad
areas ranging from optical sources and modulators to quantum transduction
and metrology. The performance can be further improved using integrated
photonic-phononic devices, promising enhanced interaction strength and
large-scale integration. While the enhanced interaction has been widely
demonstrated, it is challenging to realize large-scale integrated photonic-
phononic circuits due to material limitations. Here, we resolve this critical
issue by using gallium nitride on sapphire for scalable photonic-phononic
integrated circuits. Both optical and acoustic fields are confined in sub-
wavelength scales without suspended structures. This enables us to achieve
the efficient launching, flexible routing, and reconfigruable processing of
optical and acoustic fields simultaneously. With the controlled photonic-
phononic interaction and strong piezoelectric effect, we further demonstrate
the reconfigurable conversion between frequency-multiplexed RF and optical
signals mediated by acoustics. This work provides an ideal platform for
achieving ultimate performance of photonic-phononic hybrid systems with
high efficiency, multiple functions, and large scalability.

Engineering hybrid systems, combining complementary features from
different domains, have the potential to achieve performance sig-
nificantly surpassing individual systems. One iconic example is hybrid
electronic–photonic systems, which are widely used in communica-
tion systems and show great promise to improve the speed and effi-
ciency of machine learning tasks1–3. Besides electronics and photonics,
acoustics (phononics) also plays a critical role in modern information
systems, widely used for RF signal processing4, navigation5, and
sensing6. Recently, significant efforts have been devoted to the
development of hybrid photonic–phononic systems, combining the
quantum-limiteddetection and largebandwidthbenefits of opticswith
high sensitivity and strong RF interaction advantages of acoustics7,8.
This has led to novel functions and improved performance in critical
applications such as quantum transduction9,10, inertia sensing11, and
optical modulation12,13. However, the development of hybrid
photonic–phononic systems is still in infancy compared with hybrid
electronic-photonic systems. Large-scale electronic-photonic

integrated circuits have been widely demonstrated for advanced
information processing tasks1–3,14–16. In contrast, hybrid
photonic–phononic systems are mostly restricted to single devices
with basic functions.

The simultaneous confinement of optical and acoustic fields is
required to realize large-scale photonic–phononic integrated circuits.
The confinement of optical fields can be easily achieved because
waveguide materials typically have lower speed of light than cladding
materials. Similarly, the confinement of acoustic fields requires that
waveguide materials also have smaller acoustic velocities17,18, which
most integrated platforms do not satisfy19. Consequently, suspended
structures are typically used to achieve the simultaneous confinement
of optical and acoustic fields20,21. This inevitably causes critical issues in
device robustness and layout flexibility. Thus, the demonstration of
large-scale photonic–phononic integrated circuit remains elusive.
Besides the simultaneous confinement of optical and acoustic fields, it
is also beneficial to use piezoelectric materials, which can couple
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strongly with RF fields for the efficient excitation of acoustic fields.
Moreover, it is highly preferred that the material platform is compa-
tible with standard wafer-scale semiconductor fabrication processing.

In thiswork,wedevelop a scalable platform for photonic–phonoinc
integrated circuits basedongalliumnitride (GaN) on sapphire. GaNhas a
significantly higher optical refractive index than sapphire. Notably, the
velocities of both transverse and longitudinal acoustic fields in GaN are
remarkably lower than sapphire19. Therefore, the simultaneous con-
finement of both optical and acoustic fields can be realized in GaN
waveguides on sapphire substrates without using suspended structures.
To demonstrate the scalability of this platform,we fabricate a large-scale
photonic–phononic integrated circuit consisted of diverse functional
blocks including signal launching, routing, combining, de/multiplexing,
in both optical and acoustic domains. As both optical and acoustic fields
are confined in sub-wavelength scales, the photonic–phononic interac-
tion strength is also enhanced. Further leveraging the piezoelectric
effect of GaN, we realize the reconfigurable signal conversion between
different RF frequency channels and optical wavelength channels
mediated by acoustic fields.

Results
The photonic–phononic integrated circuit is depicted schematically in
Fig. 1a. RF signals with multiple carrier frequencies (violet) are con-
verted into acoustic fields (blue) using integrated interdigital trans-
ducers (IDTs) via the piezoelectric effect19,22. Subsequently, acoustic
fields are focused into the waveguide with a sub-wavelength cross-
section. An array of acoustic ring resonators are evanescently coupled
to the waveguide to separate different RF frequency channels in
the acoustic domain. Optical fields (red) are launched into the wave-
guide through edge coupling. An array of optical ring resonators are
used to separate different wavelengths. We use the add-drop config-
uration for both acoustic and optical ring resonators, and the
output waveguides are shared by acoustic and optical fields for
photonic–phononic interactions. Thermo-optic heaters are integrated

to control resonantwavelengthsofoptical ring resonators. By applying
different electric currents in thermo-optic heaters, we can reconfigure
the interaction between optical and acoustic fields, thus realize the
arbitrary mapping from RF frequency channels to optical wavelength
channels (Fig. 1b).

The photonic–phononic interaction is implemented based on the
Brillouin scattering process, with the coupling coefficient (g) deter-
mined by optical and acoustic mode profiles23,24. We choose the fun-
damental Rayleigh-like mode for the acoustic field25, because the
dominant displacement is out-of-plane, thus can be excited most
efficiently using the largest d33 piezoelectric coefficient (Fig. 1e)22.
Considering the anti-symmetric out-of-plane displacement of the
fundamental Rayleigh-like acoustic mode, we choose the fundamental
and first-order transverse-electric (TE0 and TE1) modes as the optical
input and output respectively (Fig. 1c, d)13. Due to the strong sub-
wavelength confinement of both optical and acoustic fields, the Bril-
louin scattering process shows significant geometric dispersion
(Fig. 1f). For GaN waveguides with height 0.95 μm and width 1 μm, the
largest acousto-optic coupling coefficient g � 120 ðmmW1=2Þ�1

is
achieved, enabling the strongphotonic–phononic interactionbetween
the acoustic frequencyΩ/2π ≈ 0.98 GHz and optical input wavelength
1550 nm. Our Brillouin coupling strength g is on par with the reported
best result from suspended lithium niobate (LiNbO3) platform (377
(mmW1/2)−1)26.

The device is fabricated with the c-plane 0.95-μm thick GaN tem-
plate on sapphire grown byMOCVD (Supplementary Section 1). We first
characterize the optical performance of the photonic–phononic inte-
grated circuit (Fig. 2a). Three optical ring resonators with nominal width
of 2 μm and radii of 65 μm, 66 μm and 67 μm are evanescently coupled
to the same waveguide. Three groups of resonances are clearly
observed in the transmission spectrum (marked by different colors in
Fig. 2b). The corresponding free spectral ranges are 2.34 nm, 2.38 nm,
and 2.42 nm, respectively, matching the simulation result of TE0 optical
modes (Supplementary Section 2). The average linewidth of optical
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Fig. 1 | Photonic–phononic integrated circuits. a Schematic of the hybrid
photonic–photonic integrated circuit for multiplexed signal conversion between
RF and optical fields mediated by acoustic fields. RF, optical, and acoustic fields
are labeled in purple, red, and blue respectively. Different optical wavelength
channels (λ1, λ2, λ3) are selected by tunable optical ring resonators. Different RF
frequency channels (Ω1, Ω2, Ω3) are selected by acoustic ring resonators.

b Reconfiguration diagram between different RF frequency and optical wave-
length channels. c Field profile of the optical input TE0 mode with electric field
direction arrows. d Field profile of the optical output TE1 mode with electric field
direction arrows. e The displacement profile of the acoustic fundamental
Rayleigh-like mode. f Photonic–phononic coupling strength as a function of the
waveguide width and acoustic frequency.
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resonances is 3 GHz, which is sufficient for dense wavelength-division
multiplexing in the optical domain. Assuming under-coupled condi-
tions, the coupling between optical resonances and the bus waveguide
can be estimated as 0.53 GHz. Optical ring resonators can be tuned by
thermo-optic heaters with minimized crosstalks (Supplementary Sec-
tion 2). The tuning efficiency is measured around 4 pm/mW (Fig. 2c). In
this work, three wavelength channels at 1553.7 nm (λ1), 1554.0 nm (λ2),
and 1554.3 nm (λ3) are selected (Fig. 2d).

Next, wecharacterize the performance of acoustic ring resonators
(Fig. 3a). Acoustic fields are launched through focused IDTs (Supple-
mentary Section 3), and detected with optical fields after
photonic–phononic interaction13. The acoustic ring resonators have a
waveguide width of 4 μm and radii of 700 μm, 800 μm, and 900 μm
respectively. The free spectral ranges are measured as 0.7 MHz, 0.79
MHz, and 0.9 MHz (Fig. 3b), corresponding to acoustic group velo-
cities of 3958m/s, 3970m/s, and 3958m/s, respectively. These results
match with the simulated value of 3981 m/s for the fundamental
Rayleigh-like mode. The slight deviation between simulated and
measured values could be attributed to the use of 2D simulation
(Supplementary section 4) or the uncertainty during device fabrica-
tion. This result confirms that the acoustic fields maintain in the fun-
damental Rayleigh-like mode after coupling from the waveguide
into the ring resonators. Noteworthy, there exists other peaks,
indicating the excitation of other acoustic modes. They could be
excited directly by IDT or transferred from fundamental Rayleigh-like
fields due to mode hybridization in the taper regime between IDT and
acoustic waveguides. The fundamental Rayleigh-like fields in wave-
guides could also excite high-order modes in acoustic rings. The
quality factors of the acoustic ring resonators range from 5 × 103 to
12 × 103 (Fig. 3c), corresponding to acoustic propagation loss between
1.3 dB/mm and 0.56 dB/mm (Supplementary section 4). The average
coupling strength between the acoustic ring and input waveguide is
estimated around 1.47MHzwith numerical simulation (Supplementary
section 5).

After confirming the performance of optical and acoustic circuits
separately, we implement the reconfigurable signal conversion
between different RF frequency channels and optical wavelength
channelsmediatedby acousticfields (Fig. 4a). RF signals at frequencies
0.985 GHz (Ω1), 0.980GHz (Ω2), and 0.978 GHz (Ω3) are generated and
launched into the acoustic waveguide through the IDT. The RF power
isfixed at 20dBm.These frequencies are chosen tomatch the resonant
frequencies of the three acoustic ring resonators. At the same time,
three optical pumps at 1553.7 nm (λ1), 1554.0 nm (λ2), and 1554.3 nm
(λ3) are generated by tunable lasers, and coupled to the optical input
port. The optical pump power is 5 mW. By tuning the on-chip thermo-
optic heaters, we can control which optical ring resonators optical
pumps can couple into. Therefore, optical pumps can be reconfigured
to interact with acoustic fields at different frequencies (Fig. 1b). Arbi-
trary combination between acoustic fields and optical pumps can be
realized. Output optical signals are detected by a 1 GHzphotodetector,
followed by an electronic spectrum analyzer and data acquisition card
for frequency- and time-domain measurement, respectively. From the
frequency-domain measurement, we can clearly see that the crosstalk
among different frequency channels is minimum (Fig. 4b). A signal-to-
noise ratio (SNR) above 30 dB can be achieved. This value is limited by
the bandwidth of the spectrum analyzer which sets the noise floor,
instead of the intrinsic performance of the photonic–phononic inte-
grated circuit (Supplementary section 6). SNR over 55 dB has been
reported in Brillouin active systems with piezoelectric excitation20,27.
We further test the signal conversion in the time domain. We use non-
return-to-zero on-off keying to encode binary sequence into RF signals
using arbitrary waveform generators and switches28. Each RF fre-
quency channel has completely independent data sets. Two different
mapping configurations betweenRF frequency andoptical wavelength
channels, (Ω1Ω2Ω3) → (λ1 λ2 λ3) and (Ω1Ω2Ω3) → (λ3 λ1 λ2), are tested
(Fig. 4c, d). For both configurations, the high-fidelity signal readout
from the optical field is realized with signal-to-noise ratio above 35 dB
(Fig. 4e, f).

We further evaluate the high-speed signal conversion perfor-
mance by measuring the eye diagram at different data rates. The
measurement setup is presented in Fig. 5a. Instead of using DAQ to
directly record data, output signals are first demodulated with the
carrier frequency to the baseband and recorded with an oscilloscope.
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Fig. 2 | Optical performance characterization. a False-color scanning electron
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Different segments of the data stream are overlay on the oscilloscope
by setting the trigger voltage to themiddle of the on and off states.We
use the second acoustic ring resonator with radius 800 μm. We focus
on the acoustic resonance at 0.98 GHz with a quality factor of 6 × 103.
The optical pump wavelength is 1554 nm, and the input optical pump
power is fixed at 10mW. The resonant frequency of the second optical
ring resonator is tuned to 1554 nm to match the input optical wave-
length. Psuedo-random data in the non-return-zero on-off-keying is
generated by the arbitrary wave generator. With a low data rate (125
kbps), the measured bit error rate is below 1 × 10−6 (Fig. 5b). As we
increase the data rate, the opening of the eye diagram decreases,
leading to higher bit error rates (Fig. 5c and d). With a data rate of 1
Mbps, the eye diagram is completely closed. In our hybrid
photonic–phononinc integrated systems, acoustic resonances have
much narrower linewidths than optical resonances and the phase-
matching window of the Brillouin interaction. Therefore, the max-
imum data rate is limited by the phonon lifetime of the acoustic ring
resonance. From the acoustic resonance quality factor, we can esti-
mate the phonon lifetime around 6 μs, which matches the achievable
data rate.

Discussion
There is still significant space to improve the efficiency of the pro-
posed hybrid photoninc-phononic integrated circuits. The bandwidth
and efficiency of IDT can be significantly improved by adopting
advanced IDT designs, such as unidirectional and chirped IDT
structures29,30. Additionally, employing integrated material platforms
with stronger piezoelectricity can also lead to improvements in IDT
efficiency and bandwidth. For example, LiNbO3 on sapphire has an
effective electroacoustic coupling factor of 0.1531, which can lead to
over 7 times and 50 times improvements for IDT bandwidth and effi-
ciency, respectively25. The tuning of optical ring resonators can also be

implemented with electro-optical effect instead of thermal-optical
effect, leading to lower power consumption, highermodulation speed,
and smaller crosstalk. While it is sufficient to reconfigure only optical
ring resonators in this work, it is noteworthy that acoustic ring reso-
nators can also be tuned using thermal-elastic and electro-elastic
effects32,33. The propagation loss of the photonic circuit can be further
improved by using GaN wafers with lower free-carrier density34,35.
These improvements can considerably enhance the device perfor-
mance and extend the scalability of our system. Additionally,
improvements in power efficiency can enable the operation of the
hybrid photonic–phononic integrated circuits at cryogenic tempera-
tures, which can further reduce the acoustic loss. The cryogenic
operation will also allow the integration between hybrid
photonic–phononic circuits and superconducting devices, leading to
potential applications in quantum transduction9 and quantum
phononics31,36–38.

In conclusion, we developed a scalable platform for hybrid
photonic–phononic integrated circuits with gallium nitride on sap-
phire. Simultaneous confinement of acoustic and optical fields in the
sub-wavelength regime can be realized without using suspended
structures. This enables the flexible layout of complex hybrid circuits
with advanced functions. We fabricated large-scale hybrid
photonic–phononic hybrid circuits to implement the signal conver-
sion between RF and optical fields. Different function blocks including
signal launching, routing, combining, de/multiplexing, in both optical
and acoustic domains are integrated on the same chip. The capability
to reconfigure the signal conversion is also demonstrated. Further-
more, the GaN-on-sapphire platform has been widely used in power
electronics39, RF electronics40, and optoelectronic devices41–43. The
well-established wafer-scale growth and fabrication process also pro-
vides important benefits in the development of large-scale hybrid
photonic–phononic integrated circuits.
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Methods
Device fabrication
The device fabrication process is detailed in Supplementary Section 1.
Briefly, we pattern the 0.95-μm-GaN wafer using electron-beam litho-
graphy and plasma dry etching. IDTs are fabricated through electron-
beam lithography with PMMA resist, followed by the deposition of
5-nm titanium and 100-nm aluminum layers, and finalized by acetone
lift-off. The heaters, consisting of 5-nm titanium and 100-nm gold
layers, are fabricated using a similar method with IDT.

Measurement methods
Optical ring filters are characterized through transmission measurement
using a tunable laser operating in the telecommunication C-band. For
acoustic ring filters, we implement a hybrid measurement scheme. RF
signals from VNA is sent to IDT to drive acoustic fields. At the same time,
a continuous-wave probe laser is launched into the acousto-optic wave-
guides and modulated by acoustic fields. Then modulated optical fields
are detected by the photodetector whose output is sent back to VNA.

Data availability
The Source Data underlying the figures of this study are available with
thepaper. All rawdata generatedduring the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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