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Efficient generation, guiding, and detection of phonons, or mechanical vibrations, are of interest in
various fields, including radio-frequency communication, sensing, and quantum information. Diamond
is a useful platform for phononics because of the presence of strain-sensitive spin qubits, and its high
Young’s modulus, which allows for low-loss gigahertz devices. We demonstrate a diamond phononic
waveguide platform for generating, guiding, and detecting gigahertz-frequency surface acoustic wave
(SAW) phonons. We generate SAWSs using interdigital transducers integrated on AIN/diamond and observe
SAW transmission at 45 GHz through both ridge and suspended waveguides, with wavelength-scale
cross sections (approximately 1 m?) to maximize spin-phonon interaction. This work is a crucial step
for developing acoustic components for quantum phononic circuits with strain-sensitive color centers in

diamond.
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I. INTRODUCTION

Acoustic devices at microwave frequencies have been
studied intensively because of the advantages they offer
over their electromagnetic counterparts: smaller wave-
lengths, and hence reduced sizes, lower crosstalk, and
lower losses [1-3]. These properties also make them good
candidates for applications in quantum science and tech-
nology since they can provide efficient interfaces between
microwave signals and qubits. As a result, quantum
phononics, or quantum acoustodynamics (QAD), which
relies on phonons as information carriers, has emerged
as an active field of study [4—11]. One promising QAD
approach uses surface acoustic waves (SAWSs) to control
and read out qubit states. SAW-based quantum interfaces
have been demonstrated for various qubits, including color
centers in diamond [12,13] and silicon carbide [14,15],
quantum dots [16], and superconducting qubits [17,18].

Among these, the electron spin qubit associated with
the negatively charged silicon-vacancy (SiV) color cen-
ter in diamond has drawn a lot of interest. Diamond, with
its high Young’s modulus (>1000 GPa), is an ideal plat-
form for gigahertz-frequency phononics; SiV itself is a
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promising quantum memory [19,20] that can be efficiently
interfaced with phonons owing to its high strain suscep-
tibility of approximately 100 THz [21,22] while giving
access to long-lived nuclear spin-based quantum regis-
ters [23]. It has been shown that SAW generated with
integrated IDTs can control a single Si) electron spin with
a high Rabi rate approximately 30 MHz, as well as a
nuclear spin in diamond, using power orders of magnitude
lower than for standard microwave control [12]. However,
these works are performed in bulk diamond without any
waveguiding of the SAW and poor optical collection effi-
ciency, thereby limiting the scalability of this approach
and its integrability with other devices. To develop an
integrated platform comprising multiple spin qubits with
enhanced spin-phonon interaction and to more efficiently
guide and detect SAWs, integrating IDTs with micro- and
nanostructures such as phononic waveguides or cavities
is a necessary step. This furthermore allows for leverag-
ing recent progress with diamond photonic structures for
both on-chip spin-phonon and long-distance spin-photon
networking of multiple spins.

Here, we experimentally demonstrate integrated
phononic waveguides with a ridge as well as suspended
structures in single-crystal diamond, which can support
phonon modes at high frequencies over 4 GHz. The ridge
waveguides, fabricated into AIN-on-diamond, are advan-
tageous for structural stability and strong thermal contact

© 2024 American Physical Society
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with the diamond substrate. We further develop these
structures and fabricate ridge crossing waveguides and
observe a large suppression of the crosstalk between the
two intersecting waveguides. To realize better confinement
of both phonons and photons in waveguides, we demon-
strate suspended AIN/diamond nanobeam waveguides and
observe SAW transmission. Our results using integrated
phononic waveguides pave the way not only for efficient
generation, guiding, and detection of SAW on diamond,
but also for manipulating spin qubits using SAW with low
loss and low-power consumption combined with future
photonic integration.

I1. ACOUSTIC RIDGE WAVEGUIDE: DESIGN AND
FABRICATION

An optical micrograph of the fabricated ridge-
waveguide device is shown in Fig. 1(a). Interdigitated
transducers (IDTs), patterned on AIN, are used for bidi-
rectional conversion between SAWs and microwaves and
are used to generate and detect acoustic waves. We pat-
tern the AIN film to form an acoustic waveguide between
the two IDTs: since diamond has a higher speed of sound
(1218 km/s) than AIN (610 km/s) [24,25], the traveling
wave is bound to the interface between AIN and diamond.
Thus, as the width of the AIN region is reduced, the SAW
becomes more confined in both AIN and in the diamond
beneath.

Diamond

Shearing

Rayleigh

FIG. 1.

Coupler

To design our waveguides, acoustic wave mode simula-
tions have been performed using the finite-element method
(FEM) in coMSOL Multiphysics. Figure 1(b) shows the
cross section of fundamental shearing and fundamental
Rayleigh modes, along with their normalized displace-
ment in the coupler region. Figure 1(c) shows the two
modes at the ridge waveguide. In Fig. 1(b), the acous-
tic wavelength is 2.4 pm, which corresponds to shearing
and Rayleigh mode frequencies of 3.1, 3.3, and 4.4 GHz,
respectively.

Fabrication of the device begins by sputtering 700 nm of
AIN on a single-crystal diamond substrate. The AIN thick-
ness is chosen to maximize the electromechanical coupling
efficiency, k%, for a AIN/diamond interface (Appendix).
To pattern the 2-um-wide waveguide, we first define an
etch mask in HSQ using electron-beam lithography (EBL).
Then the AIN layer is etched down using reactive-ion
etching (RIE) with argon and chlorine gases. Finally, the
IDTs and the contact pads are written by EBL using
PMMA resist, and created by a liftoff process after deposit-
ing a 100-nm-thick Al layer using electron-beam (EB)
evaporation.

III. ACOUSTIC RIDGE WAVEGUIDE:
CHARACTERIZATION

The device is characterized in the frequency and time
domains using the setup shown in the inset of Fig. 2(b).

- ™

stvcl=24 i height =.7 um

Al electrodes AIN waveguide
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Shearing Rayleigh

A surface acoustic ridge-waveguide device using AIN-on-diamond. (a) Images of the device. The microscope image on the

left shows a top-down view of the entire device. The enlarged pictures illustrate the detail of the electrodes (microscope image) and
the side profile of the waveguide (SEM image, taken at 60° tilt). (b) The cross section of the fundamental SAW modes, shearing and
two Rayleigh modes, in the coupler region. An “x” indicates the propagation direction of the wave. (¢) The SAW modes propagate in

the waveguide section. The fundamental Rayleigh mode is shown.
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The measurement reveals three transmission peaks, around
3.2,4.4, and 7.1 GHz [Fig. 2(a)]. The first two peaks cor-
respond to fundamental shearing and Rayleigh modes and
are in good agreement with numerical modeling shown
in Fig. 1(b). The shearing mode is suppressed intention-
ally by selecting a wavelength with respect to the AIN
thickness, to achieve its low k> (Appendix), but in general
can be excited at other wavelengths. The third peak with
the highest frequency is a higher-order Rayleigh mode.
The Rayleigh 2 mode, shown in Fig. 2(b), has the largest
transmission because it has the highest k> among the
modes (Appendix). The 3-dB bandwidth of the Rayleigh
2 mode is 10 MHz, which is smaller than the predicted
IDT bandwidth. This measured bandwidth is loss limited
and associated with the presence of the taper and waveg-
uide. The maximum transmission (|S,1]) of the Rayleigh
mode is measured to be —22.4 dB at 4.45 GHz, which
is comparable to previous ridge phononic waveguides in
low-loss thin-film platforms [26-28]. This gives a speed
of sound of 10.7 km/s, which matches the simulated value
of 2.4 um x 4.35 GHz=10.4 km/s.

The time-domain measurement is performed using the
setup in the inset of Fig. 2(c). We excited our waveg-
uide with a 5- and a 20-ns pulse at 4.45 GHz, which

correspond to a pulse width of 200 and 50 MHz in fre-
quency, respectively. The measured transmission shown in
Fig. 2(c) has several key features. The first pulse (light
blue) observed in the time domain corresponds to direct
crosstalk between microwave cables used to connect two
IDTs, since microwave signals in free space propagate
faster than acoustic waves. This pulse has the profile of the
input microwave pulse with vestigial noise. The pulse that
is delayed by approximately 15 ns from the crosstalk (dark
blue, pulse 1) is the SAW transmission. The delay time
corresponds to the distance between the IDTs divided by
the acoustic velocity, which is 200 um/(11 km/s) ~ 18 ns.
The SAW transmission is broadened compared to the input
pulse due to dispersion imparted by the waveguide. The
second pulse (dark blue, pulse 2) is attributed to the
SAW reflected by IDTs and is delayed by approximately
45=3 x 15 ns, which corresponds to the time it takes
for the SAW to travel the distance between the IDTs for
3 times. The reflection can be mitigated by an asymmet-
ric design, or can be enhanced through phononic structures
to make high-quality factor SAW cavities [14,29]. This
time-domain measurement confirms the acoustic nature
of the signal that can be used to drive Sil/ spin qubits
mechanically.

Rayleigh 2

Rayleigh 1

Transmission (dB)

Higher-order
mode

JWV\M__
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Frequency (GHz)
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FIG. 2. Characterization of an AIN-on-diamond acoustic waveguide. (a) Frequency-domain measurement of the waveguide. The
scan shows three transmission peaks. The Rayleigh mode has the highest transmission. (b) Frequency-domain measurement of the
Rayleigh mode. The peak frequency is 4.45 GHz and the 3-dB bandwidth is 10 MHz. The inset depicts the measurement setup. VNA:
vector network analyzer. (c¢) Time-domain measurement setup and response for the Rayleigh mode in arbitrary units. The light blue
pulse that arrives first is the microwave crosstalk, pulse 1 is the transmitted SAW, and pulse 2 is the reflected SAW. The end of the
crosstalk and the onset of the transmitted SAW signals have some overlap. AWG, arbitrary waveform generator; LNA, low noise

amplifier.
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Acoustic waveguide crossing and crosstalk measurement. (a) Optical microscope image of the cross-waveguide device

used to evaluate crosstalk. There is an IDT placed at the end of each waveguide for excitation and collection of SAWs. The inset
shows the enlargement into the cross. (b) Simulation of the acoustic Rayleigh mode propagating through the waveguide crossing.
(c) Transmission spectra of SAWs of the through and one of the deflected ports of the cross, indicating a maximum crosstalk of
—16.3 dB. The transmission data is gated to suppress the microwave crosstalk background.

Based on the realized ridge waveguides, we also demon-
strate low-crosstalk waveguide crossings for efficient
routing of acoustic waves. The crossing functions as a
phononic circuit component to cross gigzhertz signals on
one plane without significant crosstalk for compact design
and routing, as analogous to crossings in photonic circuits.
Figure 3(a) shows the structure of the waveguide crossings
consisting of two perpendicular waveguides with IDTs at
their ends. We first simulate the transmission property in
the waveguide crossings by exciting one of the ports with
the Rayleigh waveguide mode [Fig. 3(b)] while monitor-
ing SAW transmission into the remaining three waveguide
ports. By comparing the energy transmitted into through
and cross ports, we estimate crosstalk to be —15.8 dB. We
also experimentally characterize fabricated devices and
measure a maximum transmission of —30.6 and —46.9 dB
into through and cross ports, respectively, resulting in a
crosstalk of —16.3 dB [Fig. 3(c)]. This is in good agree-
ment with the simulations. The crosstalk can be further
reduced by employing designs inspired by photonic com-
ponents such as multimode interference (MMI) crossings
and subwavelength gratings (SWGs), along with inverse
design methods or other design techniques. The transmis-
sion into the through port is lower than that in a simple
waveguide geometry shown in Fig. 2, because of deflection
and scattering loss at the crossing points.

IV. FREE-STANDING ACOUSTIC WAVEGUIDES

One of the loss channels of the ridge waveguide
approach is scattering into the substrate, which does not
exist for a suspended phononic waveguide. Furthermore,
these AIN-on-diamond devices do not support confined
optical modes (optical waveguides or cavities) that could
be used to, e.g., efficiently collect photons emitted by
SiV [20]. For more general acousto-optical applications,
we also would like to explore tighter confinement of
both optical and acoustic modes [30,31]. To address
these points, we consider suspended acoustic waveguides
(Fig. 4).

Our device consists of an IDT that is used to excite a
SAW, followed by a linear taper used to focus the acoustic
energy into the free-standing region and excite its acoustic
modes. The dispersion diagram for the modes supported
by the suspended waveguide are shown in Fig. 4(b). The
two fundamental modes are shown in blue and red, corre-
sponding to flexural versions of the shearing and Rayleigh
SAW modes in the ridge waveguide, respectively. Acous-
tic energy transmitted through the free-standing section is
then collected using another tapered section and finally
detected using an IDT. The coupler region is designed in
a similar fashion as in the case of Figs. 2 and 3.

Device fabrication starts with the deposition of AIN.
Next, the electrodes are defined by electron-beam
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FIG. 4. Suspended acoustic AIN-on-diamond waveguide device and measurement. (a) SEM images (taken at 60° tilt) of a suspended
acoustic waveguide. The waveguide is excited using IDTs defined on nonsuspended regions. The enlarged figure shows the details of
the taper and the composition of the waveguide: 700 nm of AIN on 200 nm of diamond. The lighter top region is an AIN chamfer from
mask erosion. The bottom darker sleeve is AIN and diamond. (b) Dispersion diagram for acoustic modes supported by the suspended
waveguide. The red and blue lines correspond to the flexural versions of shearing and Rayleigh modes, respectively, of the ridge
waveguide. (c) Frequency-domain transmission spectra of the fundamental modes showing a maximum transmission and reflection of
—50 and —1.8 dB, respectively. The transmission data is gated to suppress the microwave crosstalk background.

lithography and liftoff using Cr/Au (100 nm). The cou-
pler and waveguide patterns are defined using EBL with
HSQ resist. Next, RIE with O, plasma is used to etch
the pattern into the diamond, followed by quasi-isotropic
etching to undercut the waveguide and release it from the
diamond substrate [32,33]. The suspended section is a 1-
um waveguide, consisting of 700 nm of AIN on 200 nm
of diamond [Fig. 4(a)]. This thickness of the diamond is
suitable for implantation and study of defects for quantum
experiments. We note that tapering between the coupling
region and the free-standing section is three dimensional:
both laterally and orthogonally from the diamond surface.

We perform scattering-parameter measurements and
observe a mode at 4.18 GHz with a 3-dB bandwidth of
7 MHz. The transmission and reflection are measured to
be —50 and —1.8 dB at the peak, respectively, compara-
ble to previous only-AIN-suspended-phononic-waveguide
works [30,34]. We found that the resonance frequency
is different from the ridge waveguide of the same IDT
pitch (4.45 GHz). This is due to the suspended waveg-
uide and the use of Cr/Au electrodes, which are heavier.
Cr/Au is chosen over Al for the suspended structure to
avoid etching by HF in the step to remove the HSQ
etch mask. The lower transmission compared to the ridge-
waveguide device is due to a smaller modal overlap of
the SAW modes in the coupler region and the suspended
waveguide mode. The roughness on the bottom of the

waveguide introduced by the quasi-isotropic etch also
results in reflection and scattering into other waveguide
modes, thus reducing the overall transmission. These chal-
lenges are associated with other suspended platforms as
well, particularly at the pm-wavelength scales, as active
research is being conducted on improving and harnessing
their unique properties [30,31,35].

In this case, to overcome the challenges associated with
injecting SAWs from the wide section into the suspended
narrow waveguide, we consider the structure shown in
Fig. 5 as a prospective device. Here, IDTs are defined
directly on the free-standing waveguide and can be used
to excite the Rayleigh-like mode of the suspended region
[Fig. 5(a)], and can be eventually coupled to a phononic
crystal for enhanced spin-phonon interaction [Fig. 5(b)].
We expect more efficient coupling because of the elimina-
tion of the taper (Appendix), but the challenge associated
with this design is impedance matching of narrow IDTs,
which is fundamentally limited by k?>. An example fabri-
cated device is shown in Fig. 5(c). The device is measured
but does not show a resonance transmission feature above
the noise floor likely due to the large impedance matching.

To enable such a geometry, we can use materials with
higher electromechanical coupling (e.g., lithium niobate
and Sc-AIN) as the piezoelectric layer, or implement an
external impedance matching circuits for better impedance
matching [36]. Additionally, we can fabricate the entire

014034-5
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FIG. 5. Fully suspended acoustic AIN-on-diamond waveguide device. (a) Simulation of the mode excited by the IDTs. The fre-
quency of the mode is 6.15 GHz, and the wavelength is 1 pm. (b) A rendered image of the suspended IDT coupled to a mechanical
resonator. (c) An SEM image (taken at 60° tilt) of suspended IDT couplers and a suspended waveguide. The enlarged figure shows the
metal fingers after the liftoff before the etch.

device on a suspended diamond thin film to reduce loss  toan SiV implanted 50100 nm below the diamond surface
in tapering and allow for larger capacitance [37]. underneath the waveguide.

The spin-phonon coupling rate is given by g = X dj; €5,

where 7,j are indices for the coordinate axes, € is the

V. SPIN-PHONON COUPLING BETWEEN AN SiV’ strain experienced by the SiV produced by a single

AND THE ACOUSTIC WAVEGUIDE phonon, d is the spin level strain susceptibility. The strain

The mode frequencies above are designed to match an ~ Profile is o.bt.a@ned from the waveguidg simu!ation and
SiV spin-qubit splitting of about 5 GHz [Fig 6(a)], that the susceptlblh'ty has been megsured in previous yvork
can be readily accessed with an applied magnetic fieldand ~ [21]- For the ridge case, the §1ngle-phonon strain 18 on
is typically used for qubit control [20,38]. Based on the  the order of 1.0_10 - 19_125 with €; = 5.0 x 1071°. The
simulated waveguide modes and transmission measure- susceptibility 18 appr0X1rpately 100 THz/strain for the spin
ments, we can calculate the spin-phonon coupling rate  1€vels of the iV, depending on the symmetry of the strain
between the fabricated waveguide and an SiV. The acoustic ~ and also the spin 1?Vel splitting, which can be tuned 'by
mode is evanescently coupled through the generated strain @t external magnetic field [21]. For the ridged waveguide

(a) (b) AIN 10
Siv | e —— €
—— -
Excited state 5 | 255 GHz . N
Ly —  Silcon Diamond sl BN
’ oo % :
ZPL,406THz ; .
c7370m) ® (c) Shearing Rayleigh 10
: Carbon
Groudstatey | 46 GHz I [ .
ix.' 2um (—é
Diamond — x

Applied 8 field

FIG. 6. SiV and the strain profile of the ridge and suspended waveguide mode. (a) Si/ energy level diagram and its atomic structure.
The spacings between the levels are not drawn to scale. The spin level of interest is tunable by an applied magnetic field, usually around
3—10 GHz. ZPL, zero phonon line. (b) The cross-section profile of the ZZ strain in the ridge waveguide for shearing and Rayleigh
modes. ZZ strain often contributes the most to the coupling with the given orientations of the Si/ spin in diamond. The values are
normalized to the maximum ZZ strain for visualization. The displacement of the mode is shown by the exaggerated deformation. In
both cases, the SAW is guided by the waveguide, propagating in the x direction. In the Rayleigh case, strain can be more effectively
delivered to the Sil near the surface. (c¢) The cross-section profile of the ZZ strain in the suspended waveguide region for shearing and
Rayleigh mode.
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[Fig. 6(b)], the calculated value for a single-phonon Rabi
rate is 12—15 kHz for the Rayleigh mode; for the suspended
waveguide [Fig. 6(c)], the rate is 1520 kHz.

To compare the rates to previous SAW works [12,23],
we can calculate the Rabi frequency while the SiV'is driven
in the waveguide, using the measured values for transmis-
sion. For 1-mW input power, with empirical external losses
taken into consideration (10 dB per port), the projected
Rabi frequency is 5.5 GHz for the ridge structure, which
is more than 2 orders of magnitude higher than previous
works [12,23]. In practice, this means we can drive the SilV/
efficiently at even lower powers. The calculation details are
in the Appendix.

VI. CONCLUSION AND OUTLOOK

We present the fabrication and measurements of a GHz-
phononic circuit on diamond for applications in quantum
acoustic dynamics (QAD). To improve upon the current
bulk diamond platform, we demonstrate the fabrication of
both ridge and suspended phononic waveguides, for effec-
tive guiding and detection of coherent phonons, as well as
for enhanced spin-phonon coupling, 2 orders of magnitude
higher than previous works.

This demonstration allows for the injection and col-
lection of phonons from other diamond structures with
state-of-the-art phononic properties, such as diamond can-
tilevers and optomechanical crystals [39,40]. With the plat-
form improvements and the prospect of combining such
devices with SiVs, we hope to open up opportunities for
exploration of the physics of spin-phonon coupling and its
applications.
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APPENDIX A: IDT DESIGN

In order to achieve an efficient acoustic spin interface, it
is helpful to optimize the geometry of the IDTs used. For
example, a large IDT bandwidth (BW) is needed to allow
for fast control of SiV spins. This in turn limits the num-
ber of IDT pairs (N), that can be used, since BW ~ f,/N,
where f; is the operating frequency. However, larger N is
needed to match the impedance (Z) of the IDT to the stan-
dard 50 €2, thus minimizing the reflection of microwave
signals used to excite SAWSs. In our design, we chose
N = 30, which aims at BW ~ 150 MHz and Z ~ 170 Q.
Notice, because of the symmetric nature of the device, the
theoretical maximum transmission would be —6 dB, since
each set of the IDTs has a loss of 3 dB. With insertion
losses from the tapering and other sources, the measured
value is always lower.

The impedance of an IDT is theoretically determined by
the real part of its inverse admittance G, which is given
by G = 8k*c,wfyN?, where k* is the electromechanical
coupling coefficient, ¢, is the capacitance per length, w
is the IDT width, fy is the SAW central frequency, and
N is the number of fingers of the IDT. We experimen-
tally determined that N = 30 yields the highest microwave
transmission in our device geometry. In practice, the best N
is usually less than that given by the impedance matching
condition because of loss related to the SAW generation.
This geometry yields an impedance of around 170 Q with
the above expression, which gives a reflection signal of
—5.2 dB. In our case, because of the low &> of thin-film
AIN, combined with the need to taper into a narrow waveg-
uide (which limits the width and thus the geometry and
total area of the IDT), an exact 50- €2 impedance matching
is challenging to achieve.

APPENDIX B: k> SIMULATION

The electromechanical coupling coefficient is calcu-
lated from the phase velocity difference between the cases
where the boundary condition at the IDT coupler surface is
electrically free or shorted:

K= 2(Vfree — VUshorted) / Vtree-

A large k* means higher conversion efficiency between
electrical and acoustic energy in a piezoelectric material.
The following phase velocity and k* simulations are per-
formed using COMSOL. Modes 1, 2, and 3 correspond to the
shearing and Rayleigh modes presented in the main text,
and Rayleigh has the highest transmission because it has
the highest &2 at the given A/ (Fig. 7).

APPENDIX C: CALCULATING SINGLE
SPIN-PHONON COUPLING AND RABI RATE

The simulation produces the strain at a selected loca-
tion and the total amount of energy in the simulation
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FIG. 7. (a) The three fundamental modes and their frequencies for A =2.4 pm. (b) The phase velocity of the AIN/diamond SAW

(free) as a function of AIN thickness and wavelength ratio. (c) The k? of the AIN/diamond SAW as a function of AIN thickness and
wavelength ratio. Mode 1 is Rayleigh and has the highest k%, where & &~ 0.55A and k? ~ 1.2%.

domain. We can obtain the single-phonon Rabi rate: g =
strain x d/+/n, where d is the strain susceptibility of the
spin, normalized by the number of phonons: n = Eiy1/Af ,
with frequency f = 4.5 GHz in the ridge case. The suscep-
tibility is approximately 100 THz/strain for the spin levels
of the SiV, depending on the symmetry of the strain [21]
and also the spin level splitting, which can be tuned by an
external magnetic field [21]. We calculate the coupling rate
fora [111] Si¥ 100 nm below the diamond surface, where
the SiV is in the middle of the waveguide Rayleigh mode,
as shown in Fig. 6(b). The single-phonon Rabi is calculated
tobe g = 12 — 15 kHz. Similarly for the suspended mode,
the single-phonon coupling rate to the spin is g = 15-20
kHz for the Rayleigh mode. This coupling is larger because
the mode is more confined than for the ridge waveguide.

(d)

Waveguide
transmission

(e)_____ (b)

Waveguide
transmission

FIG. 8.

50, »*i??%‘*\%*\iz

To ridge waveguide

To suspended waveguide

To compare to previous SAW works [12,23], the figure
of merit is how large the Rabi rate can be while the
SiV is driven with a small input power. Assume an input
power of 1| mW and a tranmission of —20 dB for the
ridge waveguide, as measured. We add another —10 dB
per port insertion loss from wire bonding and other con-
nection losses for a realistic setup. The power of a single
phonon is pg = hf /t, = 5.96 x 10717 W, where #,, the
duration of the phonon, is 50 ns, as calculated from the
measured 1020 MHz bandwidth in a typical ridge device,
and f = 4.5 GHz. Assume 1% (k%) of the power deliv-
ered to the waveguide is converted to the phonons, so
the number of phonons in the waveguide is n = 1.68 x
10'!, and the corresponding Rabi rate is /ng = 5.5 GHz,
which is more than 2 orders of magnitude faster than the

SR
DR

3
B

Inject Rayleigh mode

10

Normalized
Displacement
=
w

Simulation of the tapering loss in the ridge and suspended devices. (a) Ridge-waveguide SAW transmission simulation

domain. Normalized displacement is plotted. (b) Suspended waveguide SAW transmission simulation domain. (¢) Rayleigh mode that
is injected from the taper side. (d) An enlarged view of the ridge-waveguide side where the transmission is measured. (¢) An enlarged

view of the suspended waveguide side.
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experimentally measured values in previous SAW works
with the same power. The Rabi rate scales with the square
root of the input power. Therefore, in practice, driving the
SiV in this waveguide geometry requires much less power
than 1 mW.

APPENDIX D: SIMULATING TAPERING LOSS

The taper is simulated to provide an estimate for the cou-
pling efficiency in both the ridge and suspended device,
as shown in Fig 8. The Rayleigh mode is injected into
the coupling region, and the transmitted energy is mea-
sured at the waveguide cross section. The coupling effi-
ciency for the ridge waveguide is 34.6%, which converts
to a —4.61 x 2=-9.22 dB in transmission. The coupling
efficiency for the suspended waveguide is 9.57%, which
converts to a —10.2 x 2 =—20.4 dB in transmission.

The theoretical max transmission is —6 dB since the
IDT is bidirectional. The impedance is approximately
170 €2, which contributes —1.6 dB. Therefore, for the ridge
device, the theoretical transmission is —16.8 dB, which
is close to the measured —22.4 dB. The rest comes extra
IDT loss and propagation loss. For the suspended devices,
the theoretical transmission is —28.0 dB. Compared to the
ridge case, the extra loss is likely due to the fabrication
imperfection introduced by undercutting.
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