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Harnessing the properties of phonons on a chip, phononic integrated circuits are playing an increas-
ingly important role in optoelectronic integration. To date, most of such phononic waveguides are realized
by etching a piezoelectric layer and forming a wire, which not only involves complicated fabrication
processes but also limits integration with electronic and photonic elements on the same chip. To over-
come these difficulties, here we propose and demonstrate a type of overlay slot phononic waveguide
obtained by patterning a thin silicon cladding layer on an unetched gallium-nitride-on-sapphire substrate.
We experimentally demonstrate the guiding and power splitting of gigahertz surface acoustic waves in
such waveguides, with a measured propagation loss of about 1.80 dB/mm for the Rayleigh mode. We
also theoretically predict that the Love mode in such waveguides can turn into a phononic bound state in
the continuum under special conditions. Such waveguides introduce an alternative paradigm for phononic
integrated circuitry and will enable applications in information processing, environmental monitoring, and
noninvasive manipulation of biomolecules on a chip.
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I. INTRODUCTION

With the development of nanofabrication techniques,
nanomechanical devices and systems have attracted wide
attention in the past decades [1–3]. They are exploited
not only for investigating the fundamental properties
of phonons [4,5] but also for studying the interaction
between phonons and other degrees of freedom in the
classical and quantum regimes, such as environmental
monitoring [6–8], quantum state control [9], and quan-
tum communications [10]. However, most nanomechan-
ical systems take the form of suspended structures, and
thus suffer from complicated fabrication processes and
device fragility. On the other hand, nanomechanical sys-
tems based on surface acoustic waves in piezoelectric
materials are employed in many applications, such as sig-
nal processing [11,12], biomaterial sensing [13], quantum
and topological effects [14–16], chemical analysis [17],
and noninvasive manipulation of biomolecules [18,19]. In
these systems, the nanomechanical structures do not need
to be suspended, and thus have improved structural stabil-
ity [20]. To date, individual phononic components, such as
acoustic resonators [21] and lenses [22], have been demon-
strated. However, phononic waveguides, which guide and
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route acoustic waves between individual components in a
phononic integrated circuit, remain less explored.

The concept of acoustic waveguides (i.e., phononic
waveguides in the low-frequency regime) was theoret-
ically proposed and experimentally demonstrated about
half a century ago [23,24], including the types of over-
lay strips, topographic ribs, and overlay slot waveguides.
Figures 1(b)–1(d) illustrate their cross sections, where the
acoustic waves tend to be confined laterally to a material
with a lower acoustic velocity v. The immature fabrica-
tion techniques and lack of required materials at that time
limited their further development. Later, phononic waveg-
uides based on phononic band-gap effects were proposed
[25,26], but they required complicated designs to achieve
tight confinement of acoustic waves. More recently, the
development of nanofabrication techniques enabled sus-
pended phononic waveguides [Fig. 1(a)] that led to sus-
pended coupled resonator arrays [27–29] and suspended
wires [30,31]. These waveguides can guide high-frequency
acoustic waves with simple designs, but they suffer from
fabrication complexity and device fragility due to their sus-
pended nanomechanical structures. To solve these issues, a
nonsuspended scheme based on overlay strip waveguides
[Fig. 1(b)] was developed on a gallium-nitride-on-sapphire
platform, where the phononic waveguides were formed
by patterning and etching the gallium nitride (GaN) layer
[32–34]. This method requires deep etching of GaN, which
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FIG. 1. Cross-sectional illustrations of suspended (a) and nonsuspended (b)–(d) phononic waveguides. Nonsuspended scheme
includes overlay strip (b), topographic rib (c), and overlay slot (d) waveguides.

sets a limitation for the phononic circuits to be integrated
with electronic and photonic circuits on the same chip.

To overcome all these challenges, here we propose
and experimentally demonstrate an overlay slot phononic
waveguide [Fig. 1(d)] by patterning a thin crystalline
silicon cladding layer on an unetched GaN-on-sapphire
substrate. This structure can laterally confine and longitu-
dinally guide gigahertz acoustic waves with a measured
propagation loss of about 1.80 dB/mm for the Rayleigh
mode. This propagation loss is comparable to those of fully
etched and/or suspended wire waveguides at similar fre-
quencies [31,35]. We further experimentally demonstrate
a multimode waveguide for use in power splitting with
different splitting ratios. Additionally, we theoretically pre-
dict that the Love mode in such waveguides can turn into a
phononic bound state in the continuum under special con-
ditions. With simple fabrication processes and enhanced
device robustness, such waveguides introduce an alterna-
tive paradigm for functional phononic integrated circuitry
on a chip.

II. RESULTS

Figure 2(a) illustrates the proposed overlay slot
phononic waveguides for gigahertz phononic integrated
circuits. A silicon cladding layer (Young’s modulus
E = 165 GPa, mass density ρ = 2330 kg/m3, and Poisson’s
ratio ν = 0.22) is patterned on a GaN layer (E = 233 GPa,
ρ = 6110 kg/m3, and ν = 0.198) on a sapphire substrate
(E = 345 GPa, ρ = 3980 kg/m3, and ν = 0.29). Figure
2(b) shows the cross section of the phononic waveg-
uide and the corresponding cross-sectional distribution of
effective velocity of the supported acoustic waves prop-
agating in the longitudinal (y) direction. The thicknesses
of the silicon cladding and GaN layers are hclad and hGaN,
respectively. This waveguide can support multiple acoustic
modes, which are transversely confined and longitudinally
guided in the central uncladded region with a width of w,
due to the existence of a potential well in the distribution
of effective acoustic velocity. There are two types of acous-
tic modes, namely, the Rayleigh mode [Fig. 2(c)] and the

Love mode [Fig. 2(d)]. The Rayleigh mode vibrates mainly
in the vertical (z) direction, while the Love mode vibrates
mainly in the horizontal (x) direction. Note that the sur-
face acoustic waves adopted in most applications are the
Rayleigh mode [31].

We use a finite-element method in COMSOL to sim-
ulate the supported acoustic modes at a wavelength of
2.5 μm (see the Supplemental Material [36]). Figure 2(e)
plots the propagation loss of the two acoustic modes in
a straight phononic waveguide with hclad= 700 nm and
hGaN= 1.4 μm as a function of the waveguide width w.
The propagation loss of the Rayleigh mode remains low,
irrespective of the variation of waveguide width, while
that of the Love mode depends strongly on the waveg-
uide width and reaches zero periodically. Note that the
simulated propagation loss here is induced only by the per-
fectly matched layer at the simulation boundaries, without
considering fabrication imperfections, electrical conduc-
tivities, and scattering by thermal phonons. It indicates the
confinement capability of the slot waveguide and is usually
an underestimate compared with the experimental results
[40]. Figure 2(f) plots the simulated frequency of the two
acoustic modes as a function of the GaN layer thickness
hGaN, with a fixed waveguide width of w = 9.2 μm. For the
Rayleigh mode, the frequency first decreases and then lev-
els off as hGaN increases. This is because, as shown in the
displacement field profiles of the two acoustic modes in the
insets of Fig. 2(f), the Rayleigh mode has its displacement
field distributed mostly near the GaN layer’s upper surface,
and the sapphire substrate plays a negligible role in modal
confinement at a large GaN layer thickness. Figure 2(g)
plots the simulated propagation loss of the two acoustic
modes as a function of the GaN layer thickness hGaN, with a
fixed waveguide width of w = 9.2 μm. The Rayleigh mode
maintains a low propagation loss, irrespective of the varia-
tion of hGaN. By contrast, the Love mode starts with a high
propagation loss, which as hGaN increases first decreases to
zero and then increases. Its high propagation loss at hGaN
far away from 1.5 μm is attributed to its weak modal con-
finement and energy leakage to the substrate continuum.
Due to the consistently low propagation loss, the Rayleigh
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FIG. 2. (a) Conceptual illustration of the proposed overlay slot phononic waveguides for gigahertz phononic integrated circuits.
(b) Cross section of the phononic waveguide structure and distribution of effective velocity of the supported acoustic waves. (c),(d)
Displacement profiles of the Rayleigh mode (c) and Love mode (d) of the phononic waveguide. (e) Propagation loss as a function of
the waveguide width w for the Rayleigh mode and Love mode. (f) Frequency of the propagating acoustic wave as a function of the
GaN layer thickness for the Rayleigh mode and Love mode. Insets plot the modal profiles of the Rayleigh mode and Love mode with
hGaN= 5.5 μm. (g) Propagation loss as a function of the GaN layer thickness for the Rayleigh mode and Love mode. In (b),(f),(g), the
waveguide width is w = 9.2 μm.

mode is usually adopted in surface-acoustic-wave-based
device applications. Next we focus our experiments on
demonstrating guiding and routing of the Rayleigh mode
by the proposed phononic waveguides.

We fabricate multiple types of devices on a GaN-on-
sapphire wafer with hGaN= 5.2 μm. Fabrication starts with
growth of an epitaxial GaN film on a c-plane sapphire
wafer by using metal-organic chemical vapor deposition.
Then, we transfer a 700-nm-thick silicon layer from a
silicon-on-insulator wafer to the GaN-on-sapphire wafer.
Next, we spin coat a layer of electron-beam resist on
the silicon-on-GaN-on-sapphire wafer. The pattern of the
waveguides is defined by high-resolution electron-beam
lithography, and then transferred to the silicon layer by
inductively coupled plasma reactive-ion etching. After
that, we perform a second step of electron-beam lithogra-
phy to define the pattern of interdigital transducers (IDTs)
with 2.5-μm pitch and 50% duty cycle. The IDTs are fab-
ricated by a lift-off process after depositing stacked layers
of titanium (5 nm thick) and gold (40 nm thick) on the
patterned electron-beam resist. Here, the waveguide width
is chosen to be 7.0 μm such that only the fundamental
Rayleigh mode can have good confinement. Figures 3(a)
and 3(b) show the fabricated 90°-bend and S-bend devices
based on the proposed phononic waveguides, respectively.

Figure 3(c) presents the magnified images showing the
details of an IDT.

We first measure a fabricated 90°-bend device as shown
in Fig. 3(a). We deliver a sinusoidal rf signal from a vec-
tor network analyzer (Keysight E5071C) to the input IDT
via a microwave electrical probe (GGB industries), collect
the transmitted signal from the output IDT, and send the
signal back to the vector network analyzer. The working
principle of the IDTs for conversion between rf signals
and acoustic waves can be found in the Supplemental
Material [36]. The solid line in Fig. 3(d) plots the mea-
sured |S21| transmission spectrum in the frequency range
of 1.42–1.52 GHz. The observed fringes are attributed to a
combined effect of direct electromagnetic radiation (EMR)
between the electrical probes and the propagation of acous-
tic waves. Figure 3(d) inset plots the impulse response in
the time domain, where two signals separated by a time
delay of 0.288 μs are clearly visible. The first signal is
caused by EMR and the second one by the acoustic waves.
After a time-gating process and subsequent Fourier trans-
form [41], we obtain the processed |S21| spectrum for the
part of the contribution by the acoustic waves, as shown
by the dotted line in Fig. 3(d). These experimental results
provide clear evidence of guiding and routing of acoustic
waves by the phononic waveguide in the 90°-bend device.
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FIG. 3. (a) Optical microscope image of a fabricated 90°-bend device. (b) Scanning electron microscope image of a fabricated S-
bend device. (c) Magnified scanning electron microscope images showing details of an interdigital transducer. (d) Originally measured
and processed |S21| transmission spectra for a 90°-bend device with a bend radius of 500 μm. Inset plots the measured response in
the time domain. (e) Measured |S21| transmission spectra for S-bend devices with bend radii of 150, 175, and 300 μm. Inset plots
the measured |S21| transmission at an acoustic frequency of 1.47 GHz. (f) Measured |S21| transmission spectra for straight-waveguide
devices with waveguide lengths L = 0.2, 0.4, 0.6, and 1.0 mm. (g) Measured and fitted |S21| transmission as a function of the waveguide
length L at an acoustic frequency of 1.47 GHz.

The phononic waveguide does not introduce additional fre-
quency features in the transmission spectrum. Compared
with the |S21| transmission spectra measured from con-
trol samples, where two IDTs are fabricated directly on
the GaN surface without any waveguide structures (see the
Supplemental Material [36]), the |S21| transmission of the
90°-bend devices drops evenly, due to the modal mismatch
between the IDT-excited acoustic mode and the waveguide
mode.

Next, we measure the acoustic transmission spectra for
structures with different bend radii and lengths. Figure 3(b)
shows a fabricated S-bend device, which consists of a pair
of noncollinear IDTs connected by an S-bend waveguide.
Figure 3(e) plots the measured |S21| transmission spec-
tra for devices with bend radii of 150, 175, and 300 μm.
The two IDTs in an S-bend device are separated by a dis-
tance dx of 190 μm in the x direction and by a distance
dy of 885 μm in the y direction. The accumulated bend
angle is 2arccos(1 − dx/2r), with r being the bend radius.
Clearly, the transmission spectra for the devices with bend
radii of 175 and 300 μm are similar, while the device
with a bend radius of 150 μm has a much lower transmis-
sion. Figure 3(e) inset plots the measured |S21| values as
a function of the bend radius at an acoustic frequency of

1.47 GHz, which confirms the effect of the bend radius
on the propagation loss. We also measure the |S21| spec-
tra for straight waveguide devices with waveguide lengths
of 0.2, 0.4, 0.6, and 1.0 mm and a waveguide width of
7.0 μm; the results are shown in Fig. 3(f) (see the Sup-
plemental Material [36]). Figure 3(g) plots the measured
|S21| values at an acoustic frequency of 1.47 GHz for dif-
ferent lengths. The measured |S21| values are linearly fitted
as −1.80L − 53.66, with a goodness of fit of R2 = 0.9684.
Therefore, the measured propagation loss of a straight
waveguide is (1.80 ± 0.28) dB/mm, and the additional loss
due to electrical impedance mismatch and modal mismatch
is about 53.66 dB. With these measured data, we further
obtain an intrinsic quality factor (Qi) of 6064 and an fQi
product of 8.9 × 1012 Hz. The measured value of propa-
gation loss is larger than its simulated value, due to the
additional loss mechanisms, such as air damping, thermal
phonon scattering, crystalline defects, and finite electri-
cal conductivities. Nonetheless, our measured propagation
loss is comparable to those of suspended phononic waveg-
uides [31] and lithium-niobate-on-sapphire wire waveg-
uides [35]. Based on these experimental results, one can
construct a phononic integrated circuit with bends of arbi-
trary degrees in a more complicated configuration.
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FIG. 4. (a) Cross-sectional illustration of the topographic rib waveguide structure. (b) Rayleigh mode’s propagation loss as a function
of the GaN layer thickness hGaN for the slot waveguide and rib waveguide with a bend radius of 300 μm. Insets plot the modal profiles
of the Rayleigh mode in the two types of phononic waveguides. (c) Measured |S21| transmission spectra for slot-waveguide devices
where two IDTs are connected with an S bend or a straight waveguide. (d) Measured |S21| transmission spectra for rib-waveguide
devices where two IDTs are connected with an S bend or a straight waveguide.

To demonstrate the advantages of our proposed waveg-
uides in guiding acoustic waves, we compare the perfor-
mance of our overlay slot waveguide [Fig. 1(d)] and of
a rib waveguide [Fig. 1(c)]. As illustrated in Fig. 4(a), a
rib waveguide is formed by shallowly etching the GaN
layer with an etch depth of hetch, which can also later-
ally confine and longitudinally guide acoustic waves with
compatibility for electronic and photonic integration. By
using the finite-element method, we calculate the propa-
gation loss of the two types of waveguides with a bend
radius of 300 μm as a function of hGaN under the con-
ditions of hetch = hclad= 700 nm; the results are plotted in
Fig. 4(b). For the rib waveguide structure, the propaga-
tion loss increases as hGaN increases, which is attributed
to enhanced dissipation in a thicker GaN ridge layer. For
the slot waveguide structure, the propagation loss remains
low, irrespective of the variation in hGaN. Therefore, the
slot waveguide has advantages over the rib waveguide
for substrates with a thick GaN layer. Experimentally,
we fabricate on a substrate with hGaN= 5.2 μm a straight
waveguide with a length of 640 μm and an S bend with
a bend radius of 300 μm and accumulated bend angle of

86° for each of the two types of waveguides and measure
their |S21| spectra; the results are shown in Figs. 4(c) and
4(d). For structures based on the slot waveguide, the S bend
has a similar transmission spectrum to that of the straight
waveguide. By contrast, for structures based on the rib
waveguide, the S bend has a significantly lower transmis-
sion than that of the straight waveguide. It should be noted
that the higher transmission measured from the straight rib
waveguide is attributed to lower impedance mismatching
and modal mismatching during excitation of the acous-
tic mode in this waveguide. These experimental results
clearly show the advantages of slot waveguides over rib
waveguides in guiding and transmitting acoustic waves on
a chip.

To demonstrate the practicality of the proposed
phononic waveguide, we fabricate power splitters which
are a commonly used functional component in a phononic
integrated circuit. As shown in Fig. 5(a), the power splitter
is based on a multimode directional coupler, with its input
and output ports connected to IDTs. Figure 5(b) shows the
displacement profiles of the fundamental and first-order
Rayleigh modes of the multimode phononic waveguide.
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The fundamental and first-order Rayleigh modes propa-
gate at different velocities, and thus the acoustic field in the
multimode phononic waveguide varies periodically with
the propagation length [42]. In the fabricated device, the
acoustic wave excited by IDT 1 first propagates in waveg-
uide 1 with a waveguide width of 7.0 μm, and then enters
the multimode waveguide with a waveguide width of
14.7 μm. After propagation through the multimode waveg-
uide, part of the acoustic wave enters waveguide 2 (right
branch) and is detected by IDT 2, while the rest enters
waveguide 3 (left branch) and is detected by IDT 3. The
period for the same acoustic field pattern appearing in the
multimode waveguide can be derived from the frequency
difference (2�f ) between the fundamental and first-order
Rayleigh modes at a wavelength of 2.5 μm. For the waveg-
uide with a waveguide width of 14.7 μm, the frequencies
of the fundamental and first-order modes are 1.4576 and
1.4704 GHz, respectively. The spatial frequency (g) for
the varying acoustic pattern can be calculated as 1756 m−1

[42]. The acoustic transmittance from waveguide 1 to
waveguide 3 varies with the multimode waveguide length
L as sin2(2πgL), and that from waveguide 1 to waveguide
2 varies as 1 − sin2(2πgL). Figures 5(c)–5(e) plot the mea-
sured rf transmission spectra T12 (from IDT 1 to IDT 2)
and T13 (from IDT 1 to IDT 3) of the power-splitter devices
with L = 100, 300, and 500 μm. For devices with L = 100
and 500 μm, the transmission spectra T12 and T13 are quite
similar, but for the device with L = 300 μm, transmission

T12 is much higher than T13. Figure 5(f) plots the simu-
lated and measured ratios of acoustic intensities between
T13 and T12+ T13 at a frequency of 1.47 GHz for devices
with different L. The theoretical and experimental results
agree well with each other.

Finally, we numerically analyze the Love mode of the
overlay slot waveguides, which is usually employed for
biosensing applications [13]. Figure 6(b) plots the prop-
agation loss of the Love mode propagating in a straight
waveguide [Fig. 6(a)] as a function of the waveguide width
w and wavelength λ. Clearly, the propagation loss van-
ishes for certain combinations of w and λ. This is because,
under these conditions, the Love mode is decoupled from
the high-order Rayleigh modes due to perfect destruc-
tive interference between the dissipation channels at the
two waveguide edges, exhibiting a phononic analog of the
bound state in the continuum (BIC) in a waveguide [43].
Note that such phononic BICs while perfectly confined
transversely are still propagating along the longitudinal
direction. As shown in Fig. 6(c), the tolerance of the
waveguide width for maintaining a propagation loss below
1 dB/cm is 1.0 μm around the desired waveguide width of
9.0 μm. Under the same mechanism, waveguides with a
larger width, such as 13.7 and 18.4 μm, can also support
the Love mode with a low propagation loss. The tolerance
of the waveguide width for maintaining a low propagation
loss is even higher, because of enhanced confinement of
the acoustic waves in wider waveguides. Figure 6(e) plots

064076-6



GIGAHERTZ PHONONIC INTEGRATED CIRCUITS. . . PHYS. REV. APPLIED 19, 064076 (2023)

B
en

d
 r

ad
iu

s 
(m

m
)

0.5

0.8

1.1

1.4

1.7

2.0

Waveguide width w (μm)

(e)

102

101

100

10−2

Waveguide width w (μm)

(b)

W
av

el
en

g
th

 λ
 (

μ
m

)

2.40

2.44

2.48

2.52

2.56

2.60

w = 8.5 μm

w = 9.0 μm
w = 9.5 μm

(f)

Bend radius (mm)

P
ro

p
ag

at
io

n
 l

o
ss

 (
d
B

/c
m

)

6

4

2

0
1.0 2.0

λ = 2.45 μm

λ = 2.50 μm
λ = 2.55 μm

Waveguide width w (μm)

6.0 9.5 13.0 16.5 20.0

6.0 9.5 13.0 16.5 20.0

1.2 1.4 1.6 1.8

6.0 9.5 13.0 16.5 20.0

(c)

P
ro

p
ag

at
io

n
 l

o
ss

 (
d

B
/c

m
)

60

40

20

0

(d)

(a)

Radius

10−1

w

w

P
ro

p
ag

atio
n
 lo

ss (d
B

/cm
)

P
ro

p
ag

atio
n

 lo
ss (d

B
/cm

)

102

101

100

10−2

10−1

FIG. 6. Numerical results of the Love mode of the overlay slot waveguides. (a) Illustration of a straight waveguide. (b) Propagation
loss of the Love mode in the straight waveguide as a function of the waveguide width w and wavelength λ. The propagation loss
approaches zero (black regions) for certain combinations of parameters, where the BIC condition is satisfied. (c) Propagation loss as a
function of the waveguide width w at wavelengths λ= 2.45, 2.50, and 2.55 μm. (d) Illustration of a bent waveguide. (e) Propagation
loss as a function of the waveguide width w and bend radius at λ= 2.50 μm. Similar to the straight waveguide, the propagation loss
approaches zero (black regions) for certain combinations of parameters, where the BIC condition is satisfied. (f) Propagation loss as a
function of the bend radius at λ= 2.50 μm with w = 8.5, 9.0, and 9.5 μm.

the propagation loss of the Love mode propagating in a
bent waveguide [Fig. 6(d)] as a function of the waveguide
width w and bend radius. Under a similar mechanism as
that for the straight waveguide, the propagation loss of a
bent waveguide vanishes for certain combinations of w and
bend radius. For any bend radius, there are always multiple
waveguide widths to achieve the phononic BIC.

III. CONCLUSION

We propose and experimentally demonstrate a type
of overlay slot phononic waveguide working at about
1.47 GHz with a propagation loss of 1.80 dB/mm measured
in ambient air. Such waveguides have a propagation loss
comparable to that of other types of phononic waveguides
but with substantially reduced fabrication difficulty. The
Rayleigh mode vibrating mainly in the vertical direction
can be well confined and guided by these slot waveguides.
This strategy can also be adopted for other piezoelectric
materials that cannot be grown or deposited on substrates
with a high acoustic velocity. We further demonstrate a
commonly used functional component in a phononic inte-
grated circuit, power splitters with different splitting ratios,
based on multimode directional coupling. Such devices

by manipulating higher-order acoustic modes can be fur-
ther developed to enhance their information-transmission
capacity. Lastly, we point out that, under certain combi-
nations of geometric parameters, the Love mode vibrating
mainly in the horizontal direction can become a bound
state in the continuum, which adds an additional channel
for enhanced capacity of signal transmission and process-
ing. By maintaining a low propagation loss with relaxed
technical requirements, the proposed and experimentally
demonstrated phononic waveguides will enable alterna-
tive ways of information processing and manipulation
of biomolecules with phononic integrated circuits on a
chip.
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