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ABSTRACT: Piezo-optomechanics presents a promising route to convert microwave signals to the
optical domain, implementing processing tasks that are challenging using conventional electronics.
The surge of integrated photonics facilitates the exploitation of localized light—sound interactions

toward new technological paradigms. However, efficient acousto-optic interaction has yet to be fully JEESSEEY

exploited in silicon due to the absence of piezoelectricity, despite its maturity in photonic integrated
circuits. Here, we introduce a distinctive acousto-optic scheme to supplement silicon photonic devices

platform

Surface
acoustic wave

through heterogeneous integration with lithium niobate (LN). Utilizing LN as an efficient acoustic

pump to harness the inherently exceptional photoelasticity in silicon, we demonstrate efficient microwave-to-acoustic transduction,
ultimately achieving a modulation figure-of-merit of V,L ~ 0.496 V-cm. This efficient modulation scheme is further extended to
implement non-reciprocal intermodal modulation. The proposed hybrid integration route opens new possibilities for tailoring
photon—phonon interactions in silicon, consolidating acousto-optic technology in multifunctional integrated photonics.

KEYWORDS: acousto-optic modulator, piezo-optomechanics, silicon photonics, lithium niobate, transfer printing, mid-infrared

he generation, transmission, and manipulation of high-
speed radiofrequency (RF) signals using optical means,
widely known as microwave photonics (MWP), have become
an area of utmost interest recently.’ MWP has unlocked a new
paradigm for signal processing with unprecedented bandwidth
afforded by the frequency upconversion of microwaves to the
optical domain.” In particular, piezo-optomechanics provides
an eflicient interface between light and microwave-driven
acoustic waves on piezoelectric media, facilitating signal
conversion among different degrees of freedom.”™>
Building on decades of legacy in discrete components, the
rejuvenation of the acousto-optic technology is paralleled by
the surge of integrated photonics, in which localized optical
and mechanical modes can be strongly coupled within
wavelength-scale.””® Recent advances in photonic integrated
circuits (PICs) have propelled acousto-optic technologies to
new heights with landmark demonstrations ranging from
traditional uses in microwave tunable filters,”'" frequency
shifters,"' and modulators,'* to emerging fields such as
gyroscope,” beam deflection in light detection and ranging
(LiDAR) systems,'* frequency-domain optical computing,"’
and quantum information science.'® Emerging technologies on
non-reciprocity due to photon—phonon interactions promise
new capabilities of MWP systems to achieve directional routing
and blocking, or to mitigate multipath interference in
communication.”™"® Advances in the bandwidth, loss, and
isolation metrics of the proof-of-principle investigation reveal
the highly competitive potential of acousto-optic technology
for practical optical isolators, provided that microwave-to-
acoustic conversion efficiency can reach a satisfactory
level~**
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The implementation of efficient microwave-to-optical trans-
duction, preferably in silicon—the predominant material in
PICs—is deemed indispensable for information processing and
manipulation in an ultracompact footprint, especially given
silicon’s inherently prominent photoelastic coefficient. How-
ever, acousto-optic devices have been considerably less
exploited in silicon due to the absence of piezoelectricity.
The past decade has witnessed significant efforts to enable the
excitation of acoustic waves in silicon, relying on strategies
such as stimulated Brillouin scattering”’ and laser-triggered
thermoelastic expansion.”* The relatively inefficient scattering
in these devices limits their practical utility. Particularly, on the
single-material (monolithic) platform, realizing the most
efficient electrically driven acousto-optic modulation neces-
sitates the simultaneously optimized piezoelectric and
optomechanical coupling, which is limited strictly to the
inherent material properties. The exploration of chip-level
integration using multi-material (heterogeneous or hybrid)
opens a new avenue through strategic combinations of
materials, specifically leveraging one for enhanced piezoelectric
coupling and another for optimized optomechanical cou-
pling.”> To fundamentally unveil the compelling photo-
elasticity in silicon, inducing powerful acoustic pumps via
external piezoelectric materials is deemed effective and
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Figure 1. Application and principle of integrated acousto-optic modulator built on silicon photonic devices. (a) A radiofrequency (RF) wireless
network scenario relying on an integrated microwave photonics system. RF signals acquired from an antenna can be converted coherently to the
optical domain through an on-chip acousto-optic modulator, thereby upconverting the spectrum to optical frequencies. The optical signal can then
be seamlessly processed using an integrated optical signal processor, ultimately transported over an RF-over-fiber link. (b) The proposed
heterogeneously integrated acousto-optic configuration, leveraging the LN substrate as an acoustic pump for enhanced piezoelectric coupling and
the overlaid silicon waveguide with a larger refractive index for optimized optomechanical coupling. TFLN, thin-film lithium niobate. p°%, effective
photoelastic coefficient. (c) The basic principle of the acousto-optic phase modulation. An on-chip interdigital transducer (IDT) is driven by an
external RF source at frequency €, inducing optical energy transfer to frequency-detuned optical sidebands at w, + Q. (d) Numerical finite-
element simulation of the acoustic-optic interaction: dominant electric field E, of the fundamental quasi-transverse-electric (TE) mode (left),

'y
dominant S,, component of the acoustic strain field (middle), and the resulting photoelastic interaction representing optical refractive index change

(right), visualized by multiplying E, and S,,. Color scale bars are normalized individually.

preferable.”*™*° Given its remarkable piezoelectric and
photoelastic properties as well as minimal mechanical and
optical losses, lithium niobate (LN) has been considered as an
ideal active material for both the generation and propagation of
acoustic waves in planar PICs.**~** Combining mature silicon
photonics with prominent piezoelectric LN transducers thus
emerges as an attractive approach.34

In this work, we heterogeneously combine silicon and LN
via a reliable, flexible transfer printing technique to construct
integrated acousto-optic devices, fully leveraging the intrinsi-
cally prominent photoelasticity of silicon and the superior
piezoelectricity of LN. While high-quality LN wafers are used
as a representative demonstration for unparalleled acoustic
excitation, this transfer printing scheme is nonmaterial-
selective, enabling micro- and nanomaterials with distinctive
functions to be assembled on various platforms in a massively
parallel manner, including well-established thin-film-lithium-
niobate (TFLN) technology. The hybrid acousto-optic
configuration provides a more robust and compatible
fabrication method that eliminates the necessity for etchin
foreign piezoelectric materials and suspended structures,>>?
allowing effortless access to numerous “silicon-on-anything”
platforms. We extend the operating wavelength to the mid-
infrared (MIR) spectral range around 4 pm, a regime that

significantly lags behind in the development of integrated
acousto-optic components, despite rich applications in spec-
troscopy, selective sensing, and free-space communica-
tion.”” " The modulation metric of V,L ~ 0.496 V-cm
outperforms most existing on-chip electro-optic technologies
and is already comparable to state-of-the-art acousto-optic
modulators at near-infrared wavelengths, especially considering
that this metric scales with the operating wavelength.*' We
thereafter exploit the effective interaction to form electrically
driven non-reciprocal devices via intermodal transition, with
isolation contrast up to 12 dB observed. We envisage that all
these demonstrated features in the Si/LN hybrid platform will
collectively supplement the standard silicon photonic devices,
with the prospect of bridging future RF wireless networks and
the canonical integrated MWP systems (Figure la).

B DESIGN CONCEPT

Despite LN featuring a relatively considerable photoelastic
coefficient (p;; = 0.179), the overall magnitude of the
acoustically induced refractive index An, proportional to 1’
(see Supplementary Note 1), is diminished by its low refractive
index (n ~ 2.1). In contrast, silicon (n ~ 3.4, p;; = —0.094),
serving as an excellent waveguide-guiding layer, enables
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Figure 2. Heterogenous integration of a Si-on-LN platform based on transfer printing. (a) Generic form of transfer printing, relying on kinetically
controlled adhesion of an elastomeric PDMS stamp. (b) Prefabrication of the structured silicon components with tethers for connection and arrays
of holes for facilitating wet etching of the sacrificial oxide layer underneath. (c) Retrieval of the free-standing silicon thin film using an elastomeric
stamp by breaking the tethers. (d) Delivery of the silicon layer onto the target LN substrate through direct adhesive bonding. (e) False-colored
microscope image of the as-fabricated Si-on-LN platform. (f) False-colored scanning electron microscope image of its cross-section (blue: LN;
pink: Si). (g) Propagation loss of Si-on-LN hybrid waveguides. (h) Representative linear fitting of cut-back measurement results at 3.874 ym.

enhanced light—sound interactions through integration with
LN substrates (Figure 1b). The basic operation scheme for
linear acousto-optic modulation through traveling-wave
optomechanical coupling is depicted in Figure 1c, which can
be straightforwardly conceptualized as strain-induced phase
shift of the incident optical carrier with zero acoustic
momentum along the waveguide axis. A high-quality Z-cut
LN crystal was selected to harness high electromechanical
coupling, as well as for its isotropic in-plane refractive indices,
which allow for unrestricted layouts of optical waveguides
upon bending. The Rayleigh surface acoustic wave (SAW)
mode on piezoelectric media is a low-loss elastic wave capable
of inducing a perturbation to the refractive index, typically
through a combination of the moving boundary effect and the
primary photoelastic effect (also known as the elasto-optic
effect) ubiquitous in all dielectric media, along with the
secondary electro-optic effect in noncentrosymmetric materials
(see Supplementary Note 2). Finite element analysis based on
the device geometry and the crystal orientation is indicated in
Figure 1d. The quasi-transverse-electric (TE) mode was
employed to confine the optical field predominantly in silicon
(left), simultaneously benefiting large photoelasticity and
tightly confined optical fields. Notably, the strain is effectively
transferred to the silicon waveguide (middle), while the
acoustic traveling wave remains well preserved after the
interaction, owing to the high-velocity contrast between silicon
and LN. The coupling strength of the acousto-optic interaction
is quantitatively evaluated through spatial overlap factor I, by

12966

integrating the products of the optical field E(y, z) and acoustic
strain components S; against their respective coupling
coefficients (pij tensorsj following:

e //ZngjIE(y, z)Pdydz
JEG, 2)Pdydz )

The distribution of the dominant photoelastic perturbation is
depicted in the right column of Figure. 1d.

Bl DEVICE FABRICATION

Transfer printing has attracted considerable interest as one of
the representative heterogeneous integration techniques for
integrated photonics, facilitating the deterministic assembly of
lasers, am4p1iﬁers, modulators, and detectors into a single
device.”””*® Based on this idea, we developed a simple yet
robust integration route, specifically transferring silicon onto
LN, ultimately forming a hybrid photonic platform. In general,
the process involves the preparation, retrieval (pick-up), and
delivery (printing) steps, illustrated in Figure 2a (for details see
Methods). The process started with a standard silicon-on-
insulator (SOI) wafer, with buried oxide (BOX) and device
layer thickness of 2 and 0.5 um, respectively. During the
prefabrication, the structured components including tethers
(for connections) and an array of holes (for facilitating wet
etching) were defined on the source chip (Figure 2b). The
underlying SiO, layer served as a sacrificial layer, which can be
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Figure 3. Characterization of microwave-to-acoustic transduction. (a) The top subpanel shows the measured electrical reflection Sy, spectra of the
IDTs. The corresponding resonance frequencies f, of the fundamental modes for each transducer are summarized in the lower panel. The gray-
shaded area denotes the bandwidth of the photodetector employed in the subsequent experiment, above which the acousto-optic response will
decrease significantly. (b) Measured reflection S;; and transmission S,; spectra of an IDT pair with 8 ym pitch. A minimum reflection of —46.66 dB
indicates a near-unity conversion efficiency. Inset: optical microscope image of the surface acoustic wave (SAW) transmitter and receiver. (c)
Displacement profiles at two eigen-frequencies, referred to as symmetric and antisymmetric SAW modes depending on the symmetry of the out-of-
plane displacement with respect to the centerline. (d) Transmission spectra of IDTs with different numbers of electrode finger pairs.

selectively etched with dilute hydrofluoric (HF) acid, thereby
making the silicon layer free-standing.”” The structure was
then subjected to critical point drying to prevent liquid-to-
vapor transitions that could otherwise lead to collapse
(Supplementary Note 3). Next, an elastomeric polydimethylsi-
loxane (PDMS) stamp was used to retract the monocrystalline
silicon from the source chip by breaking tethers in a controlled
manner (Figure 2c). This silicon layer was subsequently
printed onto the receiver LN through direct adhesive bonding,
primarily governed by the van der Waals force (Figure 2d).
The as-fabricated silicon-on-lithium-niobate (Si-on-LN) plat-
form allows for standard processes such as lithography, etching,
and metallization. The false-colored microscope image in
Figure 2e shows the printed silicon thin film (in pink) on the
LN substrate (in blue), showcasing its uniform surface, with
the cross-section depicted in Figure 2f. As a measure of
fundamental optical performance, propagation loss was
characterized using the conventional cut-back method with
waveguides of varying lengths. An average propagation loss of
3.895 + 0.662 dB-cm™" across the depicted wavelengths was
observed (Figure 2g), primarily attributed to scattering related
to the waveguide sidewall roughness and potentially improv-
able, with the representative linear fitting of data demonstrat-
ing an optimal 2.748 dB-cm™" (Figure 2h).

B MICROWAVE-TO-ACOUSTIC TRANSDUCTION

The acoustic pump is excited through an interdigital
transducer (IDT) fabricated on piezoelectric LN substrates,
enabling transduction between alternative electric fields and
acoustic waves. To characterize the microwave-to-acoustic
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transduction, the spatial periods of the IDT electrodes, defined
as transducer pitch A, were fabricated in the range of 2—12 ym
without loss of generality. The electrical reflection spectra Sy,
of these transducers, near their fundamental Rayleigh modes,
were individually measured using a vector network analyzer
(VNA) and presented in the upper panel of Figure 3a.
Extremely narrowband dips indicate efficient transduction of
acoustic waves when the frequencies of the probing microwave
match those of propagating SAWs. The frequencies corre-
sponding to the fundamental modes for each transducer are
recorded in the lower panel. The SAW frequency reaches 1.584
GHz for A = 2 pm while maintaining a minimum reflection of
—52.76 dB. The excitation approach is generic and can be, in
principle, extended to higher frequencies by further scaling
transducer pitches. In practice, the characterizations for
acousto-optic interaction at MIR wavelength were limited by
the bandwidth of the commercially available photodetector
(VIGO Photonics PVI-4TE-4, 3 dB-bandwidth ~0.45 GHz),
making direct observation of preserved modulation perform-
ance unattainable. Therefore, a pitch of 8 ym was used for the
subsequent acousto-optic modulation characterization, result-
ing in a peak coupling efficiency of the fundamental mode
occurring around 0.46 GHz. The y-propagating SAW was
selected for the optimal combination of electromechanical
coupling efficiency and acoustic loss (see Supplementary Note
4).

A representative characterization for a SAW delay line,
consisting of a pair of identical 8 ym-pitch IDT's separated by a
distance of 20 pitches, is shown in Figure 3b. The results
indicate that the highest transmission of S,; = —9.879 dB was
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Figure 4. Characterization of the acousto-optic modulation. (a) False-colored scanning electron microscope image of an acousto-optic Mach—
Zehnder interferometer (MZI) which is unbalanced to allow optical phase control. (b) A magnified, tilted view of the central part of the MZI with
the IDT adjacent to the waveguide. (c) Optical transmission of the acousto-optic MZIL. (d) Simplified experimental schematic for obtaining
frequency response. DUT, device under test; VNA, vector network analyzer; PD, photodetector. (e) Experimental acoustic S;; and acousto-optic
S,1 spectra. (f) A characteristic fringing pattern measured from the transducer with a broader bandwidth (composed of 30 pairs of fingers). The
dashed line illustrates the background noise level, measured when the laser is inactive. (g) Simplified experimental schematic for measuring
temporal microwave-to-photonic response. OSC, oscilloscope; RFSA, RF spectrum analyzer. (h) Optical response under modulation with varying
microwave power. (i) Power density spectrum of the optical readout with an applied microwave power of 20 dBm. The spurious sidebands spaced
from the first harmonic of ~144 MHz may be attributed to noise from the setup.

obtained. Here, the transmission loss is primarily attributed to
an intrinsic —6 dB reflection in the symmetric IDT design due
to bidirectional SAW actuation (3 dB for each IDT), along
with load-dependent reflectivity and electrode resistivity. A
minimum reflection of —46.66 dB corresponds to the optimal
microwave-to-acoustic conversion efficiency (otherwise termed
mismatch eﬂiciency,36 calculated as 1 - S;;) greater than
99.99%. Remarkably, two nearly coincident acoustic modes are
observed, consistent with the eigenmodes calculated from the
simulations (symmetric mode I and antisymmetric mode II in
Figure 3c). The electromechanical coupling coefficient K,
which represents the fraction of the mechanical power in the
acoustic mode transduced from the input microwave power,” is
obtained as 4.82% for the fundamental Rayleigh mode (see the
derivation in Supplementary Note ). This value is comparable
to the k* coefficients observed in other crystal orientations.*”
Considering strong reflection comes at the expense of reduced
microwave-to-acoustic transduction bandwidth, we designed
S0 pairs of IDT fingers sufficiently large to ensure efficient
energy conversion, thereby yielding a high-quality-factor
acoustic resonance (Figure 3d).

B ACOUSTO-OPTIC MODULATION

We experimentally characterized the proposed acousto-optic
configuration using a typical unbalanced Mach—Zehnder

interferometer (MZI) with an optical path difference of 2AL,
which translates the acousto-optic phase modulation to an
amplitude response (Figure 4a). A magnified, tilted view of the
MZI arm with an adjacent IDT is shown in Figure 4b, where
elastic waves with frequency Q are incident perpendicularly
with respect to the optical propagation axis. The waveguide
width w is 1.8 ym in these devices and the nominal aperture of
IDT is 1 mm. Without reflection boundaries in the
unpatterned LN layer, traveling acoustic waves can interact
with optical waves in both arms with minimal acoustic loss,
effectively inducing strain in a distributed manner. As the
induced index changes cancel out when both arms experience
the same tensile/compressive strain, AL is set as an odd
multiple of the acoustic wavelength A (as illustrated schemati-
cally in blue/red in Figure 4a). To evaluate the acousto-optic
modulation characteristics, the probing wavelength of the laser
was chosen to correspond to a 7/2 phase difference between
the two optical paths (as indicated by the dashed line in Figure
4c). The schematic of experimental setups is shown in Figure
4d, where the driving port (port 1) of the VNA was connected
to the IDT and the receiving port (port 2) was connected to
the photodetector. In the acquired acousto-optic S,; spectrum,
peaks corresponding to acoustic modes are observed at
frequencies that align well with sharp dips in the acoustic Sy,
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indicating an odd acoustic pump profile is essential to obtain the nonzero overlap integral. (c) w-k diagram describing the origin of non-reciprocity.
For forward propagation, intermodal scattering is phase-matched around frequency @,, while in the backward direction, a wavevector mismatch
Agq,, inhibits modulation at the same frequency. (d) Microscope image of an intermodal modulator with integrated mode (de)multiplexers
composed of adiabatic tapers and asymmetric directional couplers. The acoustic wave was excited at an angle @ with respect to the normal optical
axis. (e) Relative power ratio of mode conversion in forward and backward propagation, demonstrating non-reciprocal modulation.

spectrum at /27 ~ 0.46 GHz. One can further extrapolate
the half-wave Voltage V, theoretically from S, following:” 36
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in which Ry, is the responsivity of the photodetector and P,

is the direct current (DC) component of the optical readout at
the selected wavelength. With a peak acousto-optic modulation
amplitude of —14.85 dB occurring at 0.469 GHz (Figure 4e),
the voltage-length metric V,L can be then calculated as 0.496
V-cm (for derivation see Supplementary Note 6). Notably, the
performance of our acousto-optic device is fundamentally not
limited by frequency and is expected to improve, provided that
the operating frequency is not restricted by the deployed
photodetector. More generally, the local phase modulation
contributes to the overall output modulation efficiency
depending on whether the acoustically induced optical phase
delay between the two modulated segments contributes
constructively or destructively. It leads to a characteristic
frequency-domain interference pattern in the passband, which
can be utilized to enhance acousto-optic modulation at specific
frequencies. To better visualize the fringing pattern in the
passband, an IDT with a broader bandwidth was placed
adjacent to the same device. The acoustic velocity can be
determined through the frequency difference Af between the
peaks of the passband ripples in Figure 4f, yielding a group
velocity v = AL X Af = 3782 m/s. To assess signal conversion
fidelity, the microwave signal generated using the RF generator
was fed into the IDT, and the optical readout was recorded
using the oscilloscope and RF spectrum analyzer, respectively
(Figure 4g). The distortion-free time-resolved dynamic
responses in Figure 4h demonstrate the feasibility of the
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microwave-photonic conversion/modulation link for RF signal
manipulation. By further increasing the microwave power to
compensate for the degraded photodetection responsivity
above gigahertz frequencies, the emergence of up to fourth-
order modulation harmonics can be observed through the
spectrum analyzer (Figure 4i). This result is consistent with
the expected phase modulation nature of the acousto-optic
interaction (see Supplementary Note 6).

Bl NON-RECIPROCAL INTERMODAL MODULATION

In contrast to intramodal phase modulation, non-reciprocal
modulation in acoustic means relies on intermediate mode
conversion as an auxiliary degree of freedom for phase-
matching (Figure 5a).*” Given that optical frequencies are
much higher than acoustic frequencies, the time-varying
refractive-index perturbation induced by sound can be
considered as a simple inhomogeneous medium. An electrically
driven elastic wave, with frequency Q incident at an angle 0
with respect to the optical path, produces a nonzero axial
wavevector q along the waveguide axis that satisfies
momentum conservation (or equivalently, phase-matching
condition). The intermodal optomechanical coupling coef-
ficient is proportional to the spatial integral of the optical mode
within the cross-section, which can be essentially described by
the coupled mode theory as™

c [[EGEC)(V-ur))dn o

where E;(r,) and E,(r,) are the cross-sectional electric fields
of the TE;, and TE, modes, respectively, and u is the
displacement associated with acoustic strain. As illustrated in
Figure 5b, the electric fields of the TE, and TE; modes exhibit
odd (symmetric) and even (antisymmetric) shapes in the
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transverse direction, respectively. The underlying concept of
non-reciprocal scattering can be intuitively understood through
the w-k diagram in Figure Sc, which depicts the indirect
intermodal transitions for both the forward- and backward-
propagating optical signals. The transition is only supported in
one direction due to the distinct dispersion of the TE; and TE,
mode families, resulting in a non-reciprocal wavevector
mismatch Ag,. The representative architecture for realizing
intermodal modulation is shown in Figure Sd, in which
(de)multiplexers are incorporated. We designed the bus
waveguide as 3.4 pym wide to accommodate both TE; and
TE, modes. To ensure nonzero overlap among a pair of
copropagating modes, the acoustic displacement distribution
must be asymmetric with respect to the center of the
waveguide. To achieve an optimal intermodal interaction, the
transverse acoustic wavelength A; was hence set equal to the
waveguide width w. The IDT pitch A is determined by
Acos(8) with tan(0) = (A,/27)q. We hereby fabricated IDTs
oriented with € = 9.325° and A = 3.68 ym (for further details
see Supplementary Note 7 and ref 20). To experimentally
characterize the non-reciprocal behavior of the devices, the RF
driving frequency was fixed at Q/27 = 1.038 GHz with a power
of 22.60 dBm, while injecting the probe light in either the
forward or backward direction of a single device. An isolation
ratio exceeding 12 dB in the relative power ratio of mode
conversion (with and without SAW excitation) has been
achieved (Figure Se). Further gains in the isolation ratio are of
importance and well within reach. By adopting a compact
multisegment serpentine structure, longer interaction lengths
leading to Iar%er non-reciprocal mismatch Ag, L allow further
improvement. 0

In conclusion, this work presents a reliable approach to
exploiting the underutilized acousto-optic properties in silicon,
specifically by integrating a silicon photonic layer with a
piezoelectric LN layer using transfer printing. Optomechanical
interactions that were once purely limited to intrinsic
properties of monolithic platforms can now be accomplished
from external piezoelectric materials with their own merits,
targeting optimal performance. Owing to the substantial
piezoelectricity in LN and the inherently outstanding photo-
elasticity in silicon, we have demonstrated a highly efficient
acousto-optic modulator featuring a V,L of ~0.496 V-cm. The
outlined integration approach can be readily extended to any
alternative substrates, allowing for more intriguing modes.’ ™%
We further demonstrated that the strong photon—phonon
coupling in silicon waveguides could be utilized to develop
non-reciprocal modulation, which is envisioned to realize the
full potential for expanding applications beyond telecom-
related technologies. A promising example could involve
waveguide-based broadband superluminescent diodes,*
where the essential antireflection facet required to prevent
optical feedback could be achieved using an integrated,
electrically driven isolator. Such driving schemes, combined
with the ease of integrating multiple components like sensors
and photodetectors, could unlock exciting opportunities,
including miniaturized MIR spectrometers and lab-on-a-chip
t(echnologies.57_60

B METHODS

Device Fabrication. The acousto-optic devices were
fabricated on standard (100)-oriented SOI wafers with a S00
nm-thick silicon device layer. During prefabrication, the
structured components were defined with electron-beam
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lithography (EBL; JEOL JBX-6300FS 100 kV) using a high-
resolution positive resist (ZEON ZEP-520A), and the pattern
was subsequently transferred to silicon using deep reactive ion
etching (DRIE, Oxford Plasmalab System 100). The residual
polymer was decomposed by deep-ultraviolet irradiation
(Digital UV Ozone System, Novascan PSD Pro Series) and
removed by acetone. After the underneath BOX layer was wet-
etched through HF, the prepared silicon thin film was transfer-
printed onto a diced 10 mm X 10 mm Z-cut optical-grade LN
crystal substrates with a thickness of 500 ym. Next, the Si-on-
LN device underwent another step of spin-coating with ZEP-
S20A as well as a water-soluble conductive polymer ESPACER
300Z to mitigate the charging issue. After the second EBL
exposure, the conductive polymer was removed by immersion
in deionized water for 20 s, and the exposed resist was
subsequently developed in amyl acetate for 90 s, followed by
full etching of silicon using DRIE. The IDTs were patterned
using the aforementioned exposure and development process
flow, followed by the deposition of a 3 nm-thick/80 nm-thick
titanium/gold stack using an electron-beam evaporator (AJA
ATC-ORION-8E) and a lift-off process with acetone.

Optical Characterization. The input light was generated
by a tunable quantum cascaded laser (Daylight Solutions,
MIRcat-1200) covering the wavelength range from 3.65 to
4.15 pm. The optical polarization was adjusted to be TE
polarized using a half-wave plate (Thorlabs, WPLQOSM-
4000), and then coupled into a single-mode ZrF, optical fiber
through a ZnSe lens. Two symmetric fiber holders were
mounted on the input and output 6-axis stages at a 10° angle
from vertical for alignment. The output light was directed into
an HgCdTe (MCT) photovoltaic detector (Vigo System, PVI-
4TE-4). During static characterization of optical transmission,
an optical chopping system (Edmund Optics) placed at the
laser output port, in combination with the lock-in amplifier
(Stanford Research System, SR830), was employed to enhance
the signal-to-noise ratio.

Mechanical Transduction and Characterization. The
transduction efficiency of the IDTs was characterized using the
standard approach with a vector network analyzer (Rohde &
Schwarz ZNB20), which was calibrated using a set of
impedance calibration standards (MPI calibration substrate
AC2-2) to remove any effect of cables and RF probes (MPI
T26A).
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