nature communications

Article

Electrically interfaced Brillouin-active
waveguide for microwave photonic
measurements

https://doi.org/10.1038/s41467-024-51010-8

Yishu Zhou®"' /, Freek Ruesink’, Margaret Pavlovich®", Ryan Behunin?,
Haotian Cheng ®", Shai Gertler ®', Andrew L. Starbuck?®, Andrew J. Leenheer ®3,
Andrew T. Pomerene®, Douglas C. Trotter®, Katherine M. Musick®,

Michael Gehl ® 3, Ashok Kodigala®, Matt Eichenfield ®#, Anthony L. Lentine®,
Nils Otterstrom® & Peter Rakich'

Received: 10 July 2023

Accepted: 23 July 2024

Published online: 09 August 2024

M Check for updates

New strategies for converting signals between optical and microwave domains
could play a pivotal role in advancing both classical and quantum technolo-
gies. Traditional approaches to optical-to-microwave transduction typically
perturb or destroy the information encoded on intensity of the light field,
eliminating the possibility for further processing or distribution of these sig-
nals. In this paper, we introduce an optical-to-microwave conversion method
that allows for both detection and spectral analysis of microwave photonic
signals without degradation of their information content. This functionality is
demonstrated using an optomechanical waveguide integrated with a piezo-
electric transducer. Efficient electromechanical and optomechanical coupling
within this system permits bidirectional optical-to-microwave conversion with
a quantum efficiency of up to —54.16 dB. Leveraging the preservation of the
optical field envelope in intramodal Brillouin scattering, we demonstrate a
multi-channel microwave photonic filter by transmitting an optical signal
through a series of electro-optomechanical waveguide segments, each with
distinct resonance frequencies. Such electro-optomechanical systems could
offer flexible strategies for remote sensing, channelization, and spectrum
analysis in microwave photonics.

The ability to exchange information between optical and microwave
domains is crucial for classical and quantum signal processing, com-
puting, communication, and networking. Optical-to-microwave con-
version is conventionally performed with the use of a photodiode to
convert intensity-modulated optical signals into rapidly oscillating
photocurrents. However, this process leads to the complete absorp-
tion of optical photons, causing the irreversible loss of encoded
information in the light field. As an alternative to photodetection,
bidirectional transduction of signals between optical and microwave

domains has recently been demonstrated using electro-optic'?,
magneto-optic’>, and acousto-optic* interactions. Since these trans-
duction mechanisms do not destroy the incident optical photons, they
could offer the potential to enable microwave photonic measurements
without information degradation, which could permit further proces-
sing or distribution of optical signals following the detection process.

Among the different approaches to encode and decode radio-
frequency (RF) signals imprinted on light, acousto-optical coupling is
appealing since GHz frequency elastic waves and optical waves can be
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confined in the same micro-scale structure to produce efficient cou-
pling. For example, engineerable Brillouin scattering processes have
been used to convert signals between optical and acoustic domains,
enabling new chip-based microwave photonic functionalities such as
microwave measurement’, synthesis®’, high-resolution filtering® ™", and
signal processing'>”. In principle, once these optical signals are con-
verted to the acoustic domain, they can be directly read out through
electromechanical coupling in piezoelectric materials to achieve
electro-optomechanical optical-to-microwave conversion. To date,
studies of electro-optomechanical conversion have exploited cavity-
optomechanical systems, which use optical cavities'* ' to enhance the
bidirectional microwave-to-optical conversion efficiency. However,
such cavity-based systems can only accept optical signals over a nar-
row optical bandwidth, and they typically alter the information enco-
ded within the intensity envelope of the incident light, limiting the
signal processing architectures one can consider.

Here, we introduce a microwave photonic measurement method
that preserves information integrity, using a traveling wave electro-
optomechanical system. This system is realized through an electrically
interfaced Brillouin-active waveguide in silicon photonics, allowing for
wideband optical operation and unique mode dynamics among opti-
cal, acoustical, and microwave waves. Enhancement of the electro-
optomechanical coupling is produced only using acoustic resonance,
yielding bidirectional optical-to-microwave conversion with a quan-
tum efficiency of up to —54.16 dB. In contrast to previous systems that
utilized interband scattering®*, our approach leverages intramodal
scattering to maintain the intensity envelope of the incident optical
field during the optical-to-microwave transduction process. Since
information encoded within the intensity envelope remains unchan-
ged during the measurement, this approach enables further proces-
sing and distribution of optical signals for applications including
channelization and advanced remote sensing. As a proof of concept,
we demonstrate a multi-channel microwave photonic signal analyzer
by cascading several Brillouin-active waveguide segments with distinct
resonance frequencies.
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Fig. 1| Layout and operation of the electrically interfaced Brillouin-active
waveguide. a A 3D rendering of the device. The photons travel along the single-
mode silicon ridge waveguide located in the center of the suspended membrane,
while the phonons are confined laterally within the membrane by the phononic
crystal structure on either side. Flanking the optical ridge waveguide is a pair of
compact interdigitated transducers (IDTs), which enable the device to interface
with microwave signals through piezoelectric transduction. b, ¢ The bi-
directionality of electrically interfaced Brillouin scattering process. The phonons

Results

Device design

The system under study is composed of a suspended AIN-on-silicon
membrane with a silicon ridge waveguide at its center, as illustrated in
Fig. 1a. The suspended membrane is enclosed by a phononic crystal,
facilitating the confinement for a high-Q phonon mode at frequency
Qo/(2m) - 3.64 GHz. Simultaneously, the ridge waveguide provides
optical confinement for a low-loss TE-like optical mode in telecom
wavelengths. A pair of compact IDTs symmetrically flank the optical
ridge waveguide, enabling the piezoelectric coupling to acoustic
phonons. The dimensions of the structure (See “Methods”) are tailored
to ensure large acousto-optic and electromechanical mode overlaps,
thus yielding substantial acousto-optic scattering and electro-
mechanical transduction. The entire system is fabricated using the
CMOS foundry process reported in ref. 24.

The bidirectional operation schemes of the electrically interfaced
Brillouin scattering are shown in Fig. 1b and c. In Fig. 1b, a microwave
drive at frequency Qg excites elastic waves towards the optical wave-
guide, with an acoustic wavevector ¢=0 in the z-direction. These
phonons then interact with the light traveling in the optical waveguide
via photoelastic scattering. In the presence of a strong phonon drive,
incident light of frequency w scatters into several optical sidebands at
frequencies w, = wo + NQo with n being an integer. This creates a comb-
like optical spectrum. Conversely, as depicted in Fig. 1c, acoustic
phonons can be generated by the optical force exerted through an
intensity-modulated light field via photoelasticity, a process known as
stimulated Brillouin scattering. These phonons then propagate
through the membrane, resulting in the generation of a microwave
signal output through the IDT transduction. Both processes induce a
phase modulation on the incident light field through variations in the
refractive index resulting from phonon-induced density and pressure
fluctuations®*. Consequently, this system effectively maintains the
amplitude of the incident optical field, ensuring the preservation of
any information encoded within the light’s intensity envelope. This
amplitude-preserving characteristic has significant potential for

can either be electrically driven to produce an acousto-optical comb-like light
spectrum (b), or optically excited to transduce the optical signal into a microwave
signal via the IDTs (c). Both processes facilitate a phase modulation on the inci-
dent light, therefore preserving the optical intensity envelope. d The dispersion
relations of the forward Brillouin scattering process. e-g Optical micrographs of
the actual device, which was fabricated using a CMOS foundry process on an AIN-
on-SOI platform.
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Fig. 2 | Electro-optomechanical phase modulation. a The experimental setup for
electrical characterization. VNA: vector network analyzer. b A heterodyne setup to
characterize electro-optomechanical phase modulation. SG: signal generator,
AOM: acousto-optic modulator, RFSA: RF spectrum analyzer. Microwave reflection
|Sul (€) and transmission |Sy| (d) of the IDTs, obtained from experimental mea-
surements (blue) and finite-element simulations (grey). These traces reveal two
distinct electromechanical resonances corresponding to modes A and B, with
detailed mode profiles shown as insets in (d). e The first optical sideband mea-
surement by sweeping the driving RF frequency obtained using the setup shown in

Frequency (GHz)

(b). The scattering efficiency, defined as the conversion efficiency of the 1st side-
band |a,[%/|aol? is proportional to the mode overlaps between the acoustic ((d)
inset) and optical ((e) inset) modes. As a result, mode A exhibits significantly
stronger modulation efficiency compared to mode B. f RF power sweep of scat-
tering efficiency of first three sidebands at mode A, which closely follows the the-
oretical predictions of Bessel functions. We obtaina V,,=8.13Vand V,L =0.13V cm.
g Scattering of the first sideband shows minimal variation over a wavelength range
of 100 nm. The measurement is taken under the RF drive of 8.92 dBm.

diverse applications in microwave photonic technologies, aspects of
which will be further explored in this paper.

The phase-matching diagram in Fig. 1d suggests that to achieve
maximum efficiency in Brillouin scattering, we need a wavevector of
q' =k; — ko =Qp/vs. Although there is a small wavevector mismatch,
Ag, between this ideal wavevector and the electrically driven phonon
wavevector g =0, the short interaction length of our device provides a
negligible phase-mismatch AgL < 1. Figure le-g depicts micrographs of
a fabricated device, which consists of an acousto-optic interaction
region that is 160 pum in length, along with two 2-IDT-units probed in a
GSG (Ground/Signal/Ground) configuration. Figure 1g offers a magni-
fied view of the phononic crystal region, characterized by a cubic lattice
of air holes. In this study, we will demonstrate that our device is capable
of efficient acousto-optical phase modulation and enables bidirectional
conversion of signals between microwave and optical domains.

Electro-optomechanical phase modulation

Before delving into the microwave photonic measurements, it is
essential to first understand this device’s behavior. We begin by char-
acterizing its operation under an electrical drive, where electrically
induced acoustic waves lead to phase modulation of the incident light.
Our characterization consists of two primary analyses: 1) Microwave
Characterization (Fig. 2a), using a calibrated vector network analyzer
(VNA) with two RF probes to measure all four S parameters of a pair of
IDTs; and 2) Optical Scattering Characterization (Fig. 2b), where we
examine the scattered optical sidebands of a monochromatic optical
field through heterodyne measurement while electrically driving IDT 2.
The measurement results for a 7-tooth IDT device, named Device 1, are
presented in Fig. 2, with detailed parameters available in Table 1,
“Methods”.

The frequency-dependent microwave reflection of IDT 1 (|Sy])
and microwave transmission from IDT 1 to IDT 2 (|S,,|) are shown
in blue in Fig. 2c and d, aligning well with the simulated frequency-
domain response obtained from COMSOL finite element analysis,
shown in gray. Our measurements reveal two distinct electro-
mechanical resonances in both the |S;;| and |S,;| measurements,
namely mode A (3.64 GHz) and mode B (3.53 GHz), with the strain
profiles shown in the insets of Fig. 2d. Despite a large impedance
mismatch to the driving circuit caused by the compact IDT design,
the IDT demonstrates appreciable electro-acoustic transduction
efficiency, which is improved -4x relative to a reference IDT
without external acoustic resonances (Supplementary Informa-
tion Sec. 3).

The acousto-optic coupling rate g, proportional to the mode
overlap integral between the optical and acoustic modes, is pri-
marily determined by the x-direction component, where the TEO-
like optical mode features dominant displacement. Therefore, it is
important to match the symmetry of the strain profile e,x (shown
in the insets of Fig. 2d) with the optical mode profile £, (shown in
the inset of Fig. 2e). Here, mode A exhibits a symmetric strain
component that is consistent with the symmetric optical mode,
leading to much stronger acousto-optic scattering compared to
the anti-symmetric strain profile observed in mode B. The quan-
tified simulations of the acousto-optic scattering coefficient g of
the driven acoustic modes can be referred to in Sec. 2.B of
the Supplementary Materials.

We verify our simulation results by measuring the corresponding
scattered optical sidebands of a monochromatic incident optical field
with frequency wo and amplitude ao. The amplitude of these sidebands
can be obtained from the Bessel decomposition of the phase-
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Fig. 3 | Bidirectional conversion. a Experimental setup for characterizing the
optical-to-microwave conversion using a dual-drive configuration. LNA: low noise
amplifier. b The quantum efficiency of optical-to-microwave conversion char-
acterized at an optical pump power of 16.12 dBm (blue) and microwave-to-optical
conversion characterized at an optical pump power of 16.32 dBm (red), with the
peak transduction corresponding to mode A. ¢ The peak of the optical-to-
microwave conversion spectra at three different optical powers (left), along with an
optical pump power sweep for both the optical-to-microwave (blue) and
microwave-to-optical (red) conversions (right). The linear fitting (black) suggests a
decent value of Brillouin gain Gg. The dashed line shows the optical pump power
used in (b).

modulated optical output field as (Supplementary Information Sec. 1)

ay(L, t) = i"ay ), (—P) et @D

where the rotating frame a, (L, t) = a,(L, t)e®ot=*ol s introduced. The
modulation depth, B=2g|b|L/v,, where v is the group velocity of the
optical mode, is determined by |b|, the phonon amplitude, which is
controlled using the microwave drive. Consequently, the scattering
efficiency of the nth sideband, calculated as |a,|*/|aol* is a function of
both the microwave drive frequency and power.

In Fig. 2e, we present the scattering efficiency of the first sideband
as a function of the microwave drive frequency, at a microwave drive
power of 8.92dBm. As expected, the optical scattering efficiency
reaches its maximum of -16.32 dB at 3.64 GHz (mode A), indicating
strong electromechanical Brillouin scattering. Conversely, due to
opposing symmetries of the optical and acoustic modes, mode B

exhibits a dip in the measured spectrum, leading to a significantly
lower scattering efficiency than mode A, with a decrease of over 20 dB.
We also examine the dependence of scattering efficiency on RF power
in Fig. 2f. We observe that the scattering efficiency at mode A for the
first three sidebands aligns well with the theoretical predictions from
Bessel functions in black. Overall, our compact optically-nonresonant
system serves as a significant phase modulator with an effective half-
wave voltage V,;=813+0.48V and V,L =0.1301+ 0.0077 V-cm. Note
that the higher-order frequency tones (n>3) are also present in this
system as shown by the black curves in Fig. 2f. These tones are not
measured because they fall outside the frequency range of our fast
photodetector (Nortel PP-10G).

The absence of an optical cavity also enables wideband operation
of our acousto-optic phase modulator, which is characterized in
Fig. 2g. We characterize the first sideband scattering efficiency under
the RF drive of 8.92 dBm, which shows <1dB variation over 100 nm
wavelength range. The measured efficiency follows a dominant 1/A
trend as denoted by the black line, which is caused by the phase-
mismatch change at different optical wavelengths”.

Bidirectional conversion

In addition to electrically driven optomechanical scattering, appreci-
able electro-optomechanical coupling permits the system to operate
in reverse, allowing for optical-to-microwave conversion. This forms
the foundation of our optical envelope preserving microwave photo-
nic measurements.

The optical-to-microwave conversion process is investigated
through a dual-drive stimulated Brillouin process, as illustrated in the
setup depicted in Fig. 3a. Two drive fields, each with equal powers
(Po = P-y), are produced: one is a pump drive at frequency wo, and the
other is a Stokes drive at frequency w-;. These drives are generated
using a carrier-suppressed intensity modulator, driven at a frequency
of Qo/2. As these optical fields propagate through the optical linear
waveguide, the optical beat note between the fields generates a time-
modulated optical force. This force transduces phonons at frequencies
near the Brillouin frequency, Qo. These optically driven phonons, in
turn, facilitate energy transfer between the optical fields through a
nonlinear optical process known as stimulated Brillouin scattering. As
the phonons propagate throughout the membrane structure and
interact with the IDTs, they are piezoelectrically converted into
microwave photons.

The Brillouin gain coefficient, Gg, can be used to succinctly
describe the efficiency of this conversion process. The generated
phonons scatter the pump field into the Stokes field, increasing the
Stokes power as dP_;/dz= GgPoP-;, with Gg being the Brillouin gain
coefficient. Since the production of each phonon coincides with the
production of a Stokes photon, we can identify the phonon generation
rate as Ry, =GpPoP-1L/(fiwo). Hence, the quantum efficiency of con-
verting the incoming flux of guided signal photons into microwave
photons is calculated as

1
n= i’]emGBPOL- (@)

Here, nem is the external electromechanical coupling factor that
describes the efficiency with which a phonon in the membrane is
converted to a microwave photon exiting the microwave probe. We
also show that this same equation for quantum efficiency, n, is
obtained when analyzing the efficiency of microwave-to-optical
conversion (Supplementary Information Sec. 1). Hence, n describes
the efficiency of bidirectional conversion within this system. Interest-
ingly, this conversion efficiency is reminiscent of traditional
cavity electro-optomechanical systems, 7= "1emfom %, in the limit
when Com = GgPol /4 < 1%, Here, nom describes the extérnal coupling
factor of the optomechanical system and is equal to 1, as all the
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envelope, ensuring that the RF information encoded in the optical signal remains
unaltered. b The cross-section of the Brillouin-active waveguide, illustrating the
membrane width W and the number of IDT teeth N. ¢ Tunability of the microwave
filter center frequency using the membrane width (W) of W;=14.70 pm,

W, =15.43 pm, and W3 =16.15 um. d Tunability of the microwave filter bandwidth
using the number of IDT teeth.

photons can directly transit through our optical linear waveguide with
negligible losses. Moreover, the factor of 1 in Eq. (2) arises from the
presence of two IDTs: microwave energy is emitted by each IDT into
two microwave output ports, and we only detect the microwave
energy from one of these ports.

Figure 3 b (Supplementary Data 1) shows the frequency-
dependent measurement of the conversion efficiency of another
5-tooth IDT device, named Device 2 (for device parameters, see
“Methods”). The measured microwave-to-optical conversion efficiency
(EO) at an RF power of 8.92 dBm and an optical pump power of 16.32
dBm are shown in red, while the optical-to-microwave conversion
efficiency (OE) measured with an optical pump power and an optical
signal power both set at 16.12dBm are shown in blue. Both curves
exhibit similar peak conversion efficiencies of approximately —59 dB at
3.64 GHz, corresponding to acoustic mode A as shown in Fig. 2d. We
note that the OE measurement shows a significant cancellation dip at
mode B, which corresponds well to the nullified acousto-optic cou-
pling rate as discussed in the electro-optomechanical phase modula-
tion section.

To further understand the system properties, we performed an
optical pump power sweep as shown in Fig. 3c. The left panel displays
the zoomed-in frequency sweeps of the optical-to-microwave effi-
ciency at different optical power levels, namely 1.16 mW, 10.87 mW,
and 48.92 mW. The negligible change in the Lorentzian shape of the
spectra suggests that the system experiences minimal thermo-optic
heating, demonstrating the advantage of employing a linear wave-
guide system. This capability for handling large optical power enable
high dynamic range applications in sensing and communication. The
right panel exhibits the well-aligned quantum efficiency of both the
optical-to-microwave (blue) and microwave-to-optical (red) conver-
sions as a function of optical pump power. By increasing the optical
pump power, we measured the maximum EO efficiency to be
-54.16 + 0.24 dB, highlighting the efficient operation of our device.

Note that these efficiencies are calculated for extrinsic conversion
between the off-chip RF power and the on-chip optical power,
including the IDT impedance mismatch loss but excluding the fiber-
chip coupling loss. The exclusion of the fiber-chip coupling loss,
approximately -6.5dB per facet, is due to the device’s design for
integration with other on-chip optical components, which will be dis-
cussed in the section of microwave photonic channelization. Calcu-
lating the microwave photons converted inside the IDTs, the maximum
on-chip EO quantum efficiency can reach up to -31.56+0.24 dB.
Considering the measured electromechanical coupling factor of
Nem=5.49 107, we determine a Brillouin gain of Gg=66.84 +3.63
W1-m™ through linear fitting (black line). Notably, it should be
acknowledged that this value is approximately four times smaller than
our COMSOL simulations. This discrepancy may arise from fabrication
imperfections, suboptimal acousto-optical overlaps, and reduced
photoelastic constants of strained silicon, which indicates significant
room for improvement in our device (Supplementary Informa-
tion Sec. 2.B).

Microwave photonic channelization

This form of optical-to-microwave conversion is an intriguing alter-
native to fast photodetectors as a passive and non-disturbing means of
extracting the microwave signal encoded on light (See Supplementary
Information Sec. 6 for detailed discussion of photodiodes and our
system). The intramodal Brillouin scattering generates phonons that
only modulate the phase, not the intensity, of light. Therefore, infor-
mation encoded on the intensity envelope of the light field is pre-
served (Supplementary Information Sec. 1). This principle allows for
the construction of a microwave photonic channelizer by cascading
Brillouin-active waveguide segments with distinct Brillouin fre-
quencies, as illustrated in Fig. 4. Each segment transduces microwave
signals at different frequencies while preserving the encoded intensity
information.

Nature Communications | (2024)15:6796
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The operation scheme of the multi-channel device is diagrammed
in Fig. 4a. A sequence of electro-optomechanical regions is arranged
along one linear waveguide, each supporting a distinct acoustic
eigenmode with resonant frequency Q, and linewidth I,. These
properties can be adjusted through the geometric features of each
region, such as the membrane width W and the number of IDT teeth,
providing flexibility and tunability in the device design. A wideband RF
signal (Fig. 4a.i) is encoded in the optical carrier (frequency wo)
through intensity modulation, generating a light field with optical
spectrum depicted in Fig. 4a.ii. The modulated light is then injected
into the waveguide and excites localized phonons at a different fre-
quency in each section, resulting in precise narrowband microwave
readouts in each channel (Fig. 4a.iii to v). These optically driven pho-
nons will each generate a pure phase modulation on the incident
optical signal, resulting in an output field given as
Aoy =ain Xp[—i>", B, cos(Q,t)]  (Supplementary  Information
Sec.1). Here B, is the modulation depth of the nth section, determined
by the acoustic properties of the nth membrane. This implies that the
original signal, the wideband RF signal injected into the intensity
modulator, remains unchanged regardless of the presence of various
Brillouin nonlinear interactions of different strengths and frequencies.

To experimentally validate the channelization concept, we mea-
sured a multi-channel device, with each active segment measuring 160
pm in length and separated by 130 pm. The filtering function of each
channel can be individually tuned by the electrically interfaced
Brillouin-active waveguide design in each channel, such as the mem-
brane width (W) and the number of IDT teeth (N), as depicted in the
cross-section in Fig. 4b. We controlled the center frequency of each
filtering channel by adjusting the membrane width, as shown in Fig. 4c.
Specifically, the transduced RF signal is measured from three segments
with membrane widths of 16.15 pm, 15.43 pm, and 14.70 pum, corre-
sponding to center frequencies of 3.746 GHz, 3.654 GHz, and
3.631 GHz, respectively. These measurements were taken using three
3-tooth IDT devices, named Device 4 to Device 6 with the parameters
listed in “Methods”, providing similar transduction efficiency across all
channels.

In our device, the major source of acoustic loss is metal scattering,
making N, the number of IDT teeth a direct candidate for tuning the
device’s bandwidth. Fig. 4d illustrates the characterization of active
segments with 3, 5, and 7 IDT teeth, indicating a range of filtering
bandwidths from 7MHz to 13MHz and demonstrating the design
flexibility of the proposed method.

In summary, we successfully developed a microwave channelizer
featuring tunable center frequency and filtering bandwidth for each
channel. The feasibility of our proposal is grounded in the low-loss
optical waveguide and compact form factor of each active segment. In
our current setup, the optical propagation loss is negligible, making it
possible to cascade 100 channels while maintaining minimal total
propagation loss and acceptable phase-mismatch loss (Supplementary
Information Sec. 2). As we consider larger systems, it is also interesting
to note that the primary noise source, produced by spontaneous
Brillouin scattering, also only impacts the phase information encoded
on the optical wave. Hence, Brillouin scattering produced by this
intramodal scattering process does not degrade the information
encoded on the intensity of the light field.

Discussion

We use an electrically interfaced Brillouin-active waveguide to
demonstrate an intriguing microwave photonic measurement method
that maintains the information encoded in the optical intensity
envelope. Leveraging the unique intensity envelope preserving
dynamics of intramodal Brillouin scattering, we develop a microwave
photonic channelizer in a tapped signal processing architecture
through the cascading integration of these waveguide-based trans-
ducers. While further work is required to reach the high transduction

efficiencies (7~ 0.1) and small half-wave voltages (V;;~19 mV) demon-
strated using resonator-based systems®, the target applications for
these approaches are likely to be very different. For example, the high
optical power-handling capability (>100 mW) and broad bandwidths
of optical transduction (-100 nm) produced by this waveguide system
open the door to new schemes for high dynamic range microwave
photonic signal processing. Furthermore, the system’s entirely passive
operation, combined with its tapped architecture and signal proces-
sing capabilities, significantly simplifies complex setups. This is
achieved by reducing reliance on biased photodiodes and power-
hungry amplifiers, and by minimizing the need for additional RF filters.
Such simplification makes the system particularly suitable for potential
applications in remote sensing, where access to these components is
often limited. Additionally, the small device footprint and CMOS
compatibility of this fabrication process bode well for future scalability
of such technologies.

To further enhance the electromechanical transduction efficiency
Nem Of this system we can greatly improve electromechanical coupling
to the Brillouin-active phonon mode. The microwave extinction
Ne=1—5,(Q)]* of the electromechanical transducer, which char-
acterizes the efficiency with which microwaves are converted to pho-
nons, is currently ~2% due to the large impedance mismatch between
the compact IDT design and the standard 50 Q input impedance.
Increasing the system’s impedance or changing to a stronger piezo-
electric material such as LiNbO5;*** or AIScN could enhance the effi-
ciency of this conversion up to 50x. Additionally, we must increase the
conversion efficiency of the microwave energy into the target acoustic
mode, given by 7nm=nRem/Ne~0.27-0.41. Optimizing the IDT and
acoustic membrane design can improve this efficiency at least 3x
(Supplementary Information Sec. 2).

Extending the device length is another way to improve the per-
formance of our system since the transduction efficiency 7 is pro-
portional to L. Even with the phase-mismatch loss, the optical
propagation loss, and the changes in IDT impedance mismatch, the
transduction efficiency n could still be improved by ~10 dB by simply
elongating the interaction length (for a detailed discussion, see SI
Sec. 2.C). Moreover, the current measured Brillouin gain Gg is lower
than 1/4 of the simulated values, indicating significant potential for
design improvement. Specifically, our simulations indicate that align-
ing the electromechanical resonance more closely with an acoustic
mode exhibiting substantial acousto-optical coupling could sig-
nificantly improve performance (Fig. S3 in Sec. 2.B of the SI). Com-
bining these improvements paves the way for a device with > -16 dB.

These performance enhancements position our device as the
basis for a scalable and versatile platform for optical-to-microwave
conversion, one that preserves information encoded in the intensity of
the light field. This advancement opens the door to a wide array of
applications, including quantum and classical transduction and com-
munication, microwave photonic spectral analysis, and advanced
remote sensing.

Methods

Device design

All the devices under study share the same basic structure, as illu-
strated in Fig. 5, where the 200 nm-thick aluminum IDT electrodes sit
on a piezoelectric 480 nm-thick AIN film supported by a silicon
membrane structure. To ensure both vertical and lateral acoustic
confinement, the AIN/Si membrane is suspended and bordered lat-
erally by a phononic crystal structure composed of circular holes with
a diameter (pitch) of 616 (800) nm to ensure lateral acoustic confine-
ment. The IDT pitch, A =2.9 um, is carefully designed to optimize the
electromechanical transduction of the target phonon at the frequency
Qo. The silicon optical waveguide has a width of 1.5 pum. The AIN film is
discontinued on top of the silicon optical waveguide in the center of
the device by 3.7 um to minimize the optical loss. The membrane width
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Table 1| The device parameters

Device parameters Device 1 Device 2 Device 3 Device 4 Device 5 Device 6
The number of IDT teeth® 7 5] 3 3 3 3
Membrane width W (um)? 28.48 22.68 16.88 16.15 15.43 14.70
d (umy 1.84 1.84 1.84 1.48 m 0.75
Qo/(2m) (GHz)? 3.644 3.642 3.655 3.746 3.654 3.631
o/(2m) (MHZ)P 12.65 10.24 7.39 / / /
Acoustic Q-factor® 288.01 355.66 494.59 / / /
Nea=1-1Sn(Qo)?® 2.92% 1.25% 0.78% / / /
Ne2=1-1S22(Qo)? 3.38% 2.12% 1.28% / / /

Nem = [S12(Qo)l° 0.0132 5.49x107 2.69x107 / / /
Nm®, © 0.419 0.337 0.270 / / /
9(Q0) (Hz-/m)° 1269.06 1972.31 1939.06 / / /

Vg (m/s)? 8.33x10’ 8.33x10’ 8.33x10’ / / /
Simulated Gg (W™-m™)? 91.14 271.95 364.24 / / /
Measured Gg (W™-m™)* 27.45+1.60 66.84 +3.63 50.64 £1.47 / / /
Maximum measured nog (dB)> f -59.79+0.25 -59.24+0.24 -63.49+0.13 / / /
Maximum measured neo (dB)® ¢ / -54.16+0.24 / / / /

Notice that the source of the parameters is indicated in the footnote. Additionally, the columns with slashes are either not measured or not discussed in this work.
“Device designs.

PExperimental measurements.

°Obtained as N, =Nem / /Moo 2-

dCOMSOL simulations.

°Derived from the dual-drive optical-to-microwave transduction measurement.

The maximum measured value of quantum efficiency for optical-to-microwave conversion. Measured at an optical pump power of 16.12 dBm.

9The maximum measured value of quantum efficiency for microwave-to-optical conversion. Measured at an optical pump power of 20.61dBm.

w
0.5 pm 1.5 um /\ 2.9 um
Al *)’—l‘lr— " H ‘ 200 nm
J ‘ 1 AlN 280 nm
e PnC T PnC pe=— 150 nm
SiO2 80 nm } 3um

Silicon substrate

3.7 um 1.35 um d

Fig. 5 | The basic device structure. Device 1 to Device 6 share similar structures but feature different parameters such as edge width (d) and number of teeth (V).

W, determined by the number of IDT teeth and the IDT to phononic 3. Zhu, N. et al. Waveguide cavity optomagnonics for microwave-to-

crystal distance d, is used to adjust the acoustic resonance. In this optics conversion. Optica. 7, 1291-1297 (2020).

paper, we studied one 7-tooth device (Device 1), one 5-tooth device 4. McKenna, T. P. et al. Cryogenic microwave-to-optical conversion

(Device 2), and four 3-tooth devices (Device 3 to Device 6). using a triply resonant lithium-niobate-on-sapphire transducer.
Optica. 7, 1737-1745 (2020).

Device parameters 5. lJiang, H. et al. Wide-range, high-precision multiple microwave fre-

In the main text, we present measurements from six devices: Device 1 guency measurement using a chip-based photonic brillouin filter.

for the characterization of electromechanical Brillouin scattering and Optica. 3, 30-34 (2016).

optical phase modulation (Figs. 2, 3), Device 2 for bidirectional optical- 6. Li, J., Lee, H. & Vahala, K. J. Microwave synthesizer using an on-chip

to-microwave transduction (Fig. 4), and Device 3 - 6 for the microwave Brillouin oscillator. Nat. Commun. 4, 2097 (2013).

channelization (Device 4, 5, 6 were measured in Fig. 5c and Device 1,2, 7. PreuBler, S. et al. Generation of ultra-narrow, stable and tunable

3 were measured in Fig. 5d). We present the device designs, as well as millimeter-and terahertz-waves with very low phase noise. Opt.

their corresponding simulation and measurement results, in Table 1. Express 21, 23950-23962 (2013).

Detailed analysis of these parameters is provided in Sec. 2 of the SI. 8. Stern, Y. et al. Tunable sharp and highly selective microwave-
photonic band-pass filters based on stimulated Brillouin scattering.

Data availability Photonics Res. 2, B18-B25 (2014).

Data sets generated during the current study are available from the 9. Marpaung, D. et al. Low-power, chip-based stimulated Brillouin

corresponding author on request. scattering microwave photonic filter with ultrahigh selectivity.
Optica. 2, 76-83 (2015).
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