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Since the advent of the laser, acousto-optic modulators have been an important tool for controlling light. Recent
advances in on-chip lithium niobate waveguide technology present new opportunities for these devices. We demon-
strate a collinear acousto-optic modulator in a suspended film of lithium niobate employing a high-confinement,
wavelength-scale waveguide. By strongly confining the optical and mechanical waves, this modulator improves a figure-
of-merit that accounts for both acousto-optic and electro-mechanical efficiency by orders of magnitude. Our device

demonstration marks a significant technological advance in acousto-optics that promises a novel class of compact and
low-power frequency shifters, tunable filters, non-magnetic isolators, and beam deflectors. © 2021 Optical Society of
America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Lithium niobate (LN) has played a central role in the development
of acousto-optic (AO) devices. In the decades following the initial
demonstration of the AO tunable filter [1], the electrical power
consumption of these devices improved from watts to milliwatts
through the development of Ti-indiffused and proton-exchanged
LN optical and surface acoustic wave (SAW) waveguides and
through the development of efficient SAW transducers [2-6].
These waveguides only weakly confine the optical and mechanical
fields. The potential for greater confinement and, thereby, larger
interaction strengths is an opportunity to again dramatically
improve the efficiency and reduce the size of these devices.

In recent years, a new LN waveguide technology has emerged
that can vastly improve electro-optic, AO, and nonlinear optical
devices. Advances in etch techniques have resulted in low-loss,
wavelength-scale optical waveguides [7] in high-quality, single-
crystal films of LN [8]. Owing to their high confinement, these
waveguides have powered the development of an array of compact,
highly efficient nonlinear devices [9-11] and modulators [12-14]
for classical and quantum applications. In tandem, LN films have
been used to realize low-loss, strongly coupled piezoelectric devices
[15-20]. We have recently demonstrated that high-confinement
waveguides in this platform can be efficiently piezoelectrically
transduced [21] and that these transducers can vastly improve the
AO efficiency of nanoscale optomechanical resonators [22]. For
many applications, efficient non-resonant AO transduction is
desired.

Here, we demonstrate a collinear AO mode converter using
high-confinement, wavelength-scale waveguides in suspended,
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X-cut films of LN. After reviewing the physics of these modulators,
including methods for calculating the optomechanical coupling
coefficient g (Section 2), we discuss how the optical and mechani-
cal modes can be addressed with AO multiplexers (Section 3). We
use these multiplexers to realize a frequency-shifting, four-port
optical switch near 1550 nm and 440 MHz. We describe the
behavior of this device in Section 4. The efficiency of the modula-
tor is characterized in Section 5 and used to back out an interaction
strength ¢/+/hQ of 0.38 mm™'uW~/2, which quantifies the
required interaction length and mechanical drive power for full
conversion. Owing to thislarge ¢, this modulator exhibits a record-
low power consumption for its length, as seen in Table 2. These
modulators are inherently nonreciprocal, as demonstrated in
Section 5, where we discuss prospects for using them to make non-
magnetic isolators. The results reported here mark a significant
advance in guided acousto-optics that could enable a new class of
low-power, integrated components.

2. OPTOMECHANICS IN A WAVEGUIDE

The interactions between light and sound have been studied for a
long time [29]. Here, we review these interactions for the modes
of a waveguide [30-33], specifically in the case where sound scat-
ters light between two optical modes. In the context of Brillouin
scattering, this is often called inter-modal [34] or inter-polarization
[35] scattering. In contrast to stimulated Brillouin scattering, here
we study how light moves in the presence of a strong mechanical
drive, where the light does notaffect the dynamics of the sound.
We direct our attention to Fig. 1, which shows the optical and
mechanical modes of a LN waveguide. The waveguide supports
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Fig. 1.  Optical and mechanical band structure of a wavelength-scale

waveguide. (a) The LN waveguide investigated supports a TE, (green)
and TE,; (orange) mode. The x component of the electric field is plotted
showing the TE; node on the reflection-symmetry plane. At 193 THz,
their wavevectors differ by K =27 x 0.2 um™" shown with the purple
arrow. (b) The fundamental SHy mode with this X is plotted alongside
the mechanical bands (SH in purple). The mode profiles plotted are used
to computeg/m =1mm~' pW1/2,

a TE( mode with the electric field ey exp(i 8oz — iwot) + c.c.
and a TE; mode with the field 21e; exp(i81z — iw1£) + c.c.. It
also supports the fundamental horizontal shear (SHy) mechanical
mode with displacement & u exp(i Kz — iQt) + c.c., which scat-
ters light between the TE( and TE; modes. The mode profiles e;
and u are complex vector fields on the xy plane. They are normal-
ized such that |;|* and ||? are the photon and phonon number
fux with units of hertz (Hz).

When the scattering process is phase-matched, e.g., w; + Q =
wo and By + K = By, as shown in Fig. 1(a), the coefficients
a(z, 2) = (ao(t, 2), a1 (¢, 2)) " obey

(v718t+3z)a=—z'gboxa, (1)

as shown in Supplement 1, Section 1. Here, v is a diagonal matrix
containing the optical group velocities, g is the optomechanical
coupling coefficient, and o, is the Pauli-X matrix. In Eq. (1), we
assume that 4 is real.

In the absence of coupling ¢ — 0, light in the two modes propa-
gate independently according to a telegrapher equation. When we
turn on the coupling, light oscillates between the modes (see Fig. 1
and Table 1):

a=exp(—ighzo,)ay= ( cos¢ —i sin§‘> ay, 2

—isin¢ cos{

where ¢ = gbz, and ay is the vector of the initial coefficients at
z=0. These steady-state solutions assume that 4 is uniform along
the waveguide, but we consider a more general case with loss and
detuning in Supplement 1, Section 2. Like a bulk AO modulator
(AOM), a waveguide-based modulator is a frequency-shifting
switch. When ¢ = /2, light initially in mode 0 is converted to
mode 1 before being converted back to mode 0 at = 7.

Table 1.
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Simulated Effective and Group Indices for

the Optics at 1550 nm and the Wavelength and Group
Velocity for the Mechanics that Phase-Matches These

Optical Modes

Mode Aeff g
TE, 1.464 2.147
TE, 1.159 2.288
Mode 2z /K v
SH, 5.081 um 3623 m/s

Confining light and sound to a wavelength-scale waveguide
enhances the interaction strength ¢, enabling smaller, more effi-
cient devices. This can be seen in the expression for the coupling
coefficient from mode 1 into mode 0:

wy [ dA €}d,¢ - ue;

S RNV oRyj o)

Here, P; is the optical power in mode 7 when |#;]* = 1, Py, is the
mechanical power when |4|*> = 1, and 8, - u encodes the permit-
tivity shift from the deformation u, as described in Supplement 1,
Section 1. First, we note how this expression relates to g in Eq. (1).

3)

By choosing a flux-normalized basis where P; = hw;, the coupling
takes a Hermitian form g;; = ¢7:. This can be made real and sym-
metric by the choice of the phase of the mode profiles, giving us the
g used in Eq. (1) [30].

Next, we consider how g scales with the area of a waveguide.
In the limit of high confinement, small changes to a waveguide’s
geometry change its dispersion and the shape of its modes. For
fixed w, g has a complicated dependence on waveguide geometry.
When the waves are weakly confined, the numerator in Eq. (3),
Py, and Py, are approximately proportional to the area of the wave-
guide A. In this regime, the factors of A from the numerator and
Py cancel, leaving only A~'/? from P,,. Intuitively, it takes more
power Py, to deform a larger waveguide by u, which comes at the
expense of ¢ and, ultimately, a device’s efficiency. Other three-wave
processes like electro-optic and x® interactions scale similarly.
This motivates the pursuit of high-confinement waveguides for
nonlinear and parametric processes like acousto-optics, underlying
recentactivity in thin-film LN.

We can use Eq. (3) to calculate the coupling for the rectangular
waveguide studied here. Our waveguide is patterned into X-cut
LN with the extraordinary axis perpendicular to the waveguide
(parallel to the x axis in the figures). This orientation is chosen
to efficiently excite the SH mode. The waveguide is suspended
by etching the silicon substrate. It is 1.25 pm wide and 250 nm
thick. We define the waveguide in a hydrogen silsesquioxane mask
and transfer it to the LN film with an argon ion mill. This pro-
duces a 10° sidewall angle that is included in the simulations. The
mode profiles plotted in Fig. 1 are used to compute the coupling
coefficient

£ _jo0—1 4)

With this coupling, approximately 40 W in the SHy mode would
completely transfer light from the TE; to the TE; mode (or vice
versa) over just 250 m in the waveguide.
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Table 2. Low- and High-Confinement Collinear AOMs’

Q/2n g/ (L) Py,
Work Year A (nm) (MHz) L(mm) P,/ (mW) y (dB/mm) |4,|*(dB) (mm™* wW-1/2) (MW) Nimax (%)
Harris [1] 1970  632.8 54 35 3.64 x 103 — -7.5 0.057 1.1 x 10* 95
Ohmachi [2] 1977 1150 245.5 4.5 550 — -20 4.7 8.42 70
Binh [3] 1980 632.8 550 9 225 — —-25 6.54 45.5 99
Heffner [23] 1988 1523 175 25 500 — —7.0 0.20 135 97
Hinkov [24] 1988 633 191.62 17 400 —0.1 —25 2.6 289 90
Frangen [25] 1989 1520 178 9 90 —0.05 —10 1.9 3.16 99
Hinkov [26] 1991 800 355.5 20 19.8 —0.04 -3 0.825 12.4 93
Hinkov [5] 1994 800 365 25 0.5 —0.04" -3’ 4.2 0.488 100
Duchet [6] 1995 1556 170 30 6 — -3 0.96 2.23 100
Liu [27] 2019 1510 16,400 0.5 42 x10° — —15 0.041 46.4 2.5%x 1074
Kittlaus [28]6 2020 1600 3110 0.240 4.69 x 103 — —12 5.7 0.105 1
Kittlaus [28]6 2020 1525.4 3110 0.960 1.48 x 10° — —12 4.5 0.587 13.5
This work 2020 1550 440 0.25 60 —11.7 —21.9 377 1.6 x 1073 18

“We extend the table compiled by Smith ez al. [4] to include estimates for #,, and ¢ and recent work on high-confinement waveguide devices. 7,,, is the maximum

conversion efficiency demonstrated. The values for g are inferred from 2, /,. We account for mechanical propagation loss where reported. High-confinement modula-

tors dramatically improve the figure-of-merit (L /1)* P, .
"Value copied from Ref. [26].

“The two rows are for the straight (top) and serpentine (bottom) modulators reported. These devices are side-coupled, not collinear.

3. ADDRESSING THE OPTICAL AND ACOUSTIC
MODES OF A WAVEGUIDE

In order to use these interactions to build devices, we need to
efficiently address each of the optical and mechanical modes in
our waveguide. To this end, we engineer the AO multiplexer [37]
shown in Fig. 2. This device separates the TE optical, TE; optical,
and SH acoustic waves into three ports and couples them off-chip.

Light and sound behave very differently at the boundary of a
waveguide. Mechanical energy is only transferred between two
bodies if they touch. On the other hand, light can tunnel across a

(a)

(b)

n:ff

0.2 0.4 0.6 0.8 1 12 1.4
Width of Coupling Waveguide (um)

Fig.2. Addressing the modes with an AO multiplexer. (a) Light can be
injected into the TEq and TE; modes of the waveguide through the green
and orange optical ports, respectively. The SHy mechanical mode of the
waveguide is excited by the purple piezoelectric transducer. (b) The opti-
cal mode injectors (TE; shown) adiabatically transfer the mode from the
waveguide into the TEg mode of the coupler by tapering the width of the
coupling waveguide.

gap between adjacent dielectrics. We can use this fundamental dif-
ference when designing a multiplexer to evanescently transfer light
between adjacent waveguides without disturbing the mechanics.

The optical mode multiplexer comprises two adiabatic tapers.
The first on the left of Fig. 2(a) and closer to the AO waveguide
couples to the TE; mode and the second to the TEy mode. This
design is similar to the cascaded mode injector developed by Chang
et al. to use multi-moded waveguides for compact, low-drive
power phase shifters [38]. In our coupler, the 1.25-pum-wide AO
waveguide supports a TEq and TE; mode. The TE; mode is close
to cutoff and has long evanescent tails. Starting from the left, a
200-nm-wide coupling waveguide is brought in to a distance
200 nm from the AO waveguide. As the width is increased, the TE,
mode of the coupling waveguide hybridizes with the TE; mode of
the AO waveguide, leading to the anti-crossing in Fig. 2(b) near
600 nm. The coupling waveguide is tapered up to 1 pm in width
over 25 um, and the AO waveguide’s TE; mode is adiabatically
transferred into the coupler’s TEy. The coupler waveguide is then
bent away from the AO waveguide and sent to the top grating
coupler in Fig. 2(a). After coupling out TE;, the AO waveguide is
narrowed to 575 nm such that TE; exhibits long evanescent tails,
and the process is repeated for the TEy mode, this time tapering the
couplerfrom400nmto1 pwm.

We measure the optical transmission through the device in
Fig. 3. Our best device exhibited —5 dB insertion loss, excluding
the grating couplers and —10 dB crosstalk, i.e., unintended scat-
ter from the TE( (or TE;) input port to the TE; (TE) output
port. This crosstalk causes the carrier to leak into ports where, in
an ideal device, only an up- or down-shifted sideband would be
transmitted. It can be further reduced by optimizing the device or
by actively compensating for crosstalk with an electrically tunable
feed network [39].

The silicon substrate is etched away, releasing the LN wave-
guides such that they support optical and mechanical waves.
Releasing the device causes the AO and coupling waveguides to
deviate from the plane of the chip by different amounts, separating
and decoupling the waveguides. To prevent this, we add 150-nm-
wide tethers at the ends of each coupling waveguide. These tethers
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Fig. 3.

Integrated AOM. (a) The full modulator comprises two multiplexers described in Section 3 and a waveguide where the interactions happen,

labeled “active region.” It constitutes a four-optical-port, frequency-shifting switch. (b) When no phonons are in the waveguide, light propagates along
cross-shaped paths. (c) When the left transducer is driven, photons that emit/absorb a phonon travel along the top/bottom bar-shaped path. (d) If we
change the direction of the phonons, the emission/absorption paths are switched. (¢) We tabulate the four AO processes that govern the device when driven
from the left (c), including the resulting heterodyne signal, as described in Section 5.

can scatter mechanical waves in the AO waveguide, counter to the
design strategy.

Mechanical waves in the waveguide are coupled out with a
piezoelectric transducer after the optical couplers. We adapt the
transducer design presented in Ref. [21] for the frequency range
of interest. The rescaled design excites the fundamental SH mode
with K =27 /5.08 um™! that can phasematch the TEy and TE;
optical modes at 1550 nm. The interdigital transducer (IDT) is
patterned by lift-off into 200 nm of evaporated aluminum. It has
35 finger pairs with a pitch of 7 um and width of 13.2 um.

We measure the S matrix of this two-port microwave system
on a calibrated probe station and extract the mechanical propa-
gation loss y = 11.7 dB/mm and the efficiency of the transducer
|| = —21.9dB. #,, is the amplitude transmission coefficient
from a 50 2 transmission line into the SHy mode of the AO wave-
guide [21]. The peak conductance of these transducers is 2.3 mS,
and, as a result, 4.3 dB of the insertion loss comes from imped-
ance mismatch. The rest is likely from material damping in the
transducer [21].

A more detailed characterization of the multiplexer, including
its frequency response, is presented in Supplement 1, Section 3.

4. WAVEGUIDE AO MODULATOR

The multiplexers described in the previous section give us
access to the optical and mechanical modes of the modulator
in Fig. 3. All four phase-matched processes—co- and counter-
propagating, Stokes and anti-Stokes—are at play in this four-port,
frequency-shifting switch.

First, we consider what happens without the mechanical drives.
We send light at @ into the bottom-left grating (orange), which gets
injected into the TE; mode of the waveguide. With no phonons
in the waveguide, the light passes through the device and gets
removed by the TE; injector, leaving the chip from the top-right
grating (orange). The optical paths through an undriven device are
shown in Fig. 3(b).

Now, consider the co-propagating anti-Stokes process [Fig. 3
(e. IIT)]. Again sending light into the bottom-left, we drive the left

transducer with an RF tone at Q. This sends phonons down the
waveguide to the right. Photons in the TE; mode of the waveguide
absorb co-propagating phonons and scatter into the TEy mode.
After absorption, their frequency increases to w + €2, and their
wavevector increases from Bi(w) to Bo(w+ Q) = B1(w) + K
(also shown in Fig. 1). The TE, injector removes these up-shifted
photons from the waveguide, and they are scattered off-chip by the
grating in the bottom-right (green).

If we instead send light into TEg from the top-left (green),
the co-propagating phonons stimulate emission—instead of
absorption—and the incident light scatters into the TE; mode at
® — Q. The down-shifted light leaves the chip through the top-
right grating (orange). This is the co-propagating Stokes process
diagrammed in Fig. 3(e. I).

In addition to the two co-propagating processes described
above, there are counter-propagating processes that we probe
by sending the optical field from right to left [Fig. 3(e. II,
IV)]. The four processes are summarized in Fig. 3(c). The co-
propagating and counter-propagating Stokes processes—e. I and
e. II, respectively—form the top red-shifted path. The co- and
counter-propagating anti-Stokes processes—III and IV—form
the bottom blue-shifted path. When Leg>> Q7' (v;! + vy )71,
the co- and counter-propagating processes are not simultaneously
phase-matched.

Driving the mechanics from the right, i.e., flipping the direction
of the phonon, also switches absorption and emission. This gives us
Fig. 3(d), which, because of the symmetry of our device, is equiva-
lent to Fig. 3(c) undera 180° rotation.

We can think of the device as a frequency-shifting optical
switch. No matter which direction the phonons are coming from,
the mechanical drive switches the device from the “cross” state
[Fig. 3(b)] to the “bar” state [Figs. 3(c) and 3(d)]. The direction of
the mechanical wave determines which path red shifts and which

path blue shifts the light.
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5. CHARACTERIZING THE MODULATION

In addition to the mechanical efficiency and attenuation reported
in Section 3, ¢ is a key figure that determines the modulator’s
efficiency. We determine ¢ by measuring the scattered power and
pump depletion using the heterodyne setup in Fig. 4(a). Light in
the telecom C band is generated with a Santec TSL-550 laser. It
is split with half of the light sent to the device and the other half
up-shifted by A =27 x 200 MHz using an AOM. The paths are
recombined with a 99:1 splitter and sent to an Optilab PD-40-M
detector. The photocurrent spectrum Sy[w] is measured with a
Rhode & Schwartz FSW spectrum analyzer.

A photocurrent spectrum of the co-propagating anti-Stokes
process [Fig. 3(e. III)] for a device with L =250 pm is shown in
Fig. 4(b) for a drive frequency of 2 =27 x 440 MHz. There are
three important tones in the spectrum: one at A and the other two
at £ A. If the light travels through the device without being
scattered by the acoustic wave, its frequency stays the same, leading
to the RF tone at 200 MHz. If the light absorbs/emits a phonon
from the acoustic field, its frequency is shifted by +440 MHz,
generating the tone at 240/640 MHz. We denote the power in
these tones Pj(w'), where i7 specifies the optical path TE; — TE,,

FPC DUT
(a) s

(b)
o Optical power
P, (0) \ , — 0mW
absorption [ am - — 10mwW
_ Py (+Q) ot IL >, P, (+Q)
E 504 s - 0
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Fig.4. Heterodyne measurements. (a) Schematic of the optical hetero-

dyne receiver. FPC, fiber polarization controller; DUT, device under
test; EDFA, erbium-doped fiber amplifier. (b). An example photocur-
rent spectrum of the co-propagating anti-Stokes process for a 440 MHz
drive. The three tones of interest are the unscattered pump Py (0) at
200 MHz, the absorption signal Py; (+€2) at 240 MHz, and the emis-
sion signal Py (—S2) at 640 MHz, which is suppressed by over 50 dB.
ASE, amplified spontaneous emission. (c) Fitting a sinusoid to the pump
depletion P;;(0), we extrapolate the full-conversion drive power P/,
(inset bottom-left), which is used to determine g. The absorption signal
Po1 (+82) gives us a similar result. (d) At higher drive powers, the signal
deviates from a sinusoid (Supplement 1, Section 4). We observe up to
18% conversion corresponding to 30 uW in the SHy mode of the wave-
guide. The signal has been normalized by the undepleted pump [P;;(0)
with the drive off].

and w + ' is the frequency of the light generating the tone. The
power,

B/2
Po(+) = Z / do S (2 — A + 0] 5)

—B)2

for our example process, is proportional to the optical power emit-
ted from the device. Here, Z is 50 Ohms, and B is the integration
bandwidth. Each process in Fig. 3(e) is labeled with the resulting
Py(w").

By fitting the scattered power Pjo(4€2) and pump deple-
tion P;1(0), we determine ¢ in a way that is insensitive to the
calibration of the loss in the optical signal chain (Supplement 1,
Section 5). For a phase-matched process, these fits [Fig. 4(c)] give

us g 1y, Lefr/~/ hS2, where
Ler=2y ' [1 —exp (=¥ L/2)], ©)

as described in Supplement 1, Section 2. In Fig. 4(c), we extrapo-
late P/, the power it takes to fully swap TE; <> TEg, which is
related to g as

Pn/z b4
L) =2 =Z.
gl 7o => @)
After removing the cable loss (0.6 dB), we find
1
£ _0.38 ®)

VEQ mma/ u\W’

roughly a third of the simulated value. This discrepancy is similar to
what we have observed for waveguides in LN films on sapphire [14]
and resonant optomechanical systems in suspended LN films [40].

To better understand the different device architectures, we
extend the table presented by Smith ez /. [4] to include ,,,, g, and
recent work with high-confinement waveguides (Table 2). If the
conversion efficiency Py, is not directly measured, we extrapo-
late Py, from low-power measurements of the efficiency. The
transducer’s transmission #,, is not typically reported. Here, we
de-embed #,, from the two-port S parameter (Supplement 1,
Section 3.3). Without careful analysis, #,, is prone to over-
estimate. For example, Rayleigh and Bleustein-Gulyaev waves
are nearly degenerate for X-cut LN devices [5,23,25,26] and, if not
properly handled, degrade #,, without reducing |Sy;| [6]. Where
we are unable to infer #,,, we assume |#,,|* + |S11|* = 1, which
strictly over-estimates |#,,|. The optomechanical coupling coefhi-
cientis inferred from #,, and Py, taking into account mechanical
loss ¥ where reported. The figure-of-merit (L /A)? Py, is adapted
from Smith ez al. [4]. It is proportional to |g#,,| . A low-power,
compact modulator requires a low figure-of-meri, i.e., both an
efficient transducer and strong photon—phonon interactions.

AOMs are inherently nonreciprocal and can be used to make
isolators and circulators to stabilize lasers [41] and to help manage
reflections in large photonic circuits. Nonreciprocal components
usually employ the magneto-optical effect, motivating the pur-
suit of thin-film yttrium iron garnet (YIG) functional layers in
silicon photonics [42,43]. Alternatively, parametric drives like
acousto-optics give us a non-magnetic way to build nonreciprocal
components [28,41,44-51].

In these devices, nonreciprocity takes a slightly different form
than in a standard isolator. Consider the bottom path in Fig. 3(c).
Light traveling between the TE; and TE; ports absorbs a phonon
independent of the direction the light travels. This can be seen
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Fig. 5.  Nonreciprocal, direction-independent frequency shift.

(a) Light traveling along the bottom path of Fig. 3(c) incurs a +£2 blue
shift independent of the direction it travels. This is a signature of non-
reciprocity. Here, modulation efficiency is the scattered power over the
undepleted pump, e.g., Po; (+2) over Py;(0) for III. (b) The resulting
round-trip frequency-shift can be used to build a frequency-shifting
isolator. A ring filter can be added before the AOM to drop reflections.

directly in the path-independent blue shift measured in Fig. 5(a). If
light takes a round-trip through the device, it absorbs two phonons
and returns to a different state.

This round-trip frequency shift is nonreciprocal. It can be used
to build the frequency-shifting isolator in Fig. 5(b) [44]. Light
back-scattered from, e.g., an imperfect component, is shifted by
+2€2 and, as a result, can be dropped by a filter to isolate the input
port from reflections. When L. >> v /2€2, the backwards process
is not phase-matched, and the reflections are dropped even without
afilter [28]. Finally, this device can be cascaded with another AOM
to make a fixed-frequency isolator [45].

6. OUTLOOK

Building off of our recent work on waveguide transduction
[21], we demonstrate a compact AOM in a suspended film of
X-cut LN. The modulator comprises a frequency-shifting, four-
port optical switch at 440 MHz and 1550 nm. By employing
high-confinement optical and mechanical modes with strong
photon—phonon interactions (g/+/h2 = 0.38 mm~'LWW~1/2),
it exhibits a record-setting figure-of-merit. This device is opti-
cally broadband with a 3 dB bandwidth of 40 nm (Supplement 1,
Section 2.2) and, as demonstrated, is inherently nonreciprocal. We
discuss how it can be integrated with an optical filter to implement
afixed-frequency, non-magnetic isolator.

High-confinement waveguides mark a significant advance
in the figure-of-merit of collinear AOMs. The device reported
here offers a two order-of-magnitude increase in ¢ and a 1,000
improvement in the figure-of-merit over Ti-indiffused and proton-
exchanged waveguides. While high-confinement AOMs have yet
to achieve full conversion or a record Py/;, both are within reach.
There is room to improve the transducer. Piezoelectric waveguide
transducers similar to the ones used here but centered at 2 GHz
[21] are nearly 10 dB more efficient. Recovering that 10 dB—for
example, through design improvements—would yield full conver-
sion. With a modest length increase (e.g., L = 1 mm), P/, would
drop below a milliwatt.

Reducing the loss in these high-confinement mechanical
waveguides could dramatically lower the necessary drive power.
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The mechanical loss measured here, y =11.7 dB/mm, lim-
its L to 742 pm. At similar frequencies, low-confinement
devices exhibit a y as small as 0.04 dB/mm [26] and, therefore,
L as long as 22 cm. Recently, high-confinement mechanical
waveguides in GaN-on-sapphire have been demonstrated with
y =0.05 dB/mmat 192 MHz [52]. Increasing L from 250 pm
to 1 cm/10 cm decreases Py, by —32 dB/ — 52 dB with another
—22 dB available from improvements to #,,. Without increasing
£, Pr/2 could be aslow as a nanowatt.

A long effective length not only improves efficiency, it is neces-
sary for narrow bandwidth optical filtering. A typical commercial
AO rtunable filter offers nanometer-scale bandwidth. The 3 cm
length of the AO tunable filter in Ref. [26] enabled a bandwidth of
0.32 nm. For high-confinement waveguides to realize compelling
filter functions, we need either better mechanical waveguides or to
distribute the mechanical transduction along the waveguide (e.g.,
multiple side-coupled transducers in the architecture in Ref. [28]).

Lastly, switching to an unsuspended platform presents oppor-
tunities to integrate AO components into larger, more complex
circuits and systems, which draw from the growing toolbox of
piezoelectric, electro-optic, nonlinear, and even quantum com-
ponents in thin-film LN. Such a switch could also improve the
power handling and robustness of the devices. One candidate is
LN-on-sapphire, which exhibits good AO and piezoelectric prop-
erties [14], and in which efficient waveguide transducers have been
recently demonstrated [20].

The AOM presented here marks an advance of a rapidly
developing waveguide technology and material platform. AO
devices like this could soon play a role as compact, low-power
frequency-shifters, non-magnetic isolators, tunable filters, and
beam deflectors in complex circuits and systems.
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