arXiv:2202.06770v1 [physics.app-ph] 14 Feb 2022

Adiabatic conversion between gigahertz quasi-Rayleigh and quasi-Love modes for
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Unsuspended phononic integrated circuits have been proposed for on-chip acoustic information
processing. Limited by the operation mechanism of a conventional interdigital transducer, the exci-
tation of the quasi-Love mode in GaN-on-Sapphire is inefficient and thus a high-efficiency Rayleigh-
to-Love mode converter is of great significance for future integrated phononic devices. Here, we
propose a high-efficiency and robust phononic mode converter based on an adiabatic conversion
mechanism. Utilizing the anisotropic elastic property of the substrate, the adiabatic mode con-
verter is realized by a simple tapered phononic waveguide. A conversion efficiency exceeds 98% with
a 3dB bandwidth of 1.7 GHz can be realized for phononic waveguides working at GHz frequency
band, and excellent tolerance to the fabrication errors is also numerically validated. The device that
we proposed can be useful in both classical and quantum phononic information processing, and the
adiabatic mechanism could be generalized to other phononic device designs.

I. INTRODUCTION

In the past decades, phononic devices have played an
important role in RF signal processing, and found ap-
plications in various fields include radars [1], communi-
cations [2], and sensing [3, 4]. Recently, phononic mi-
crostructures have also been used for the studies of quan-
tum mechanics [5], for the controlling of photons, elec-
trons [6, 7], quantum dots [8, 9], NV centers [10, 11],
and superconducting qubits [12-15]. In contrast to the
conventional acoustic devices that utilize surface acous-
tic waves or bulk acoustic waves without lateral confine-
ment of phonon, an unsuspended phononic integrated
circuit (PnIC) platform has been proposed to guide
and manipulate phonons with a strong lateral confine-
ment [16, 17]. In such a PnlIC, phonons are confined
by the high-acoustic-index-contrast between the waveg-
uide and the substrate material, and various compact
integrated phononic devices have been developed [16-
19]. Compared with the conventional acoustic devices,
PnlCs have the advantages of good extensibility, stabil-
ity, and field restriction capability. Besides, by integrat-
ing phononic and superconducting devices together, a
powerful hybrid integrated chip can be constructed for
both classical and quantum information processing.

In a PnlC, the efficient excitation and manipulation
of the phononic waveguide modes are essential. How-
ever, due to the anisotropy of the piezoelectric mate-
rial, some phononic modes are piezoelectrically inactive.
For instance, due to the limitation of the piezoelectric
activity of the material and the fabrication capability,
only the guiding mode with out-of-plane displacement

(quasi-Rayleigh mode) could be efficiently excited by an
interdigital transducer (IDT) fabricated on the GaN-on-
Sapphire (GNOS) chip [16]. Hence, the quasi-Rayleigh
mode has received more research attention and has been
widely used in phononic devices. In fact, the quasi-Love
mode that is dominated by in-plane displacements has
different properties that are complementary to the quasi-
Rayleigh mode, and thus has huge potential in future
phononic applications. For example, the in-plane dis-
placement of the quasi-Love mode makes the phonons
have minimal damping in the air and liquid environment,
which is favorable for high-quality integrated phononic
devices. However, this mode is piezoelectrically inactive
and is generally difficult to be directly excited by an IDT.
Therefore, a robust and high-efficiency phononic mode
converter between the quasi-Rayleigh and the quasi-Love
modes is critical for a multi-functional PnIC.

Here, a high-efficiency mode conversion between the
quasi-Rayleigh and the quasi-Love modes is investigated
theoretically. The mode analysis of the GNOS waveguide
structure is conducted to study the anisotropic-substrate-
induced mode coupling of phononic modes. The acoustic
wave propagation in the waveguide is analogous to the
temporal state evolution in a quantum system, and a
nearly perfect mode conversion can be realized by adi-
abatically changing the wave number along the waveg-
uide, i.e. in a tapered phononic waveguide by adiabati-
cally changing the waveguide width. As confirmed by 3D
simulations, the proposed adiabatic converter has a large
working bandwidth and is robust against geometry pa-
rameter uncertainties. We expect the devices that take
advantage of the adiabatic evolution mechanisms would
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FIG. 1. (a) Schematic of the strip GaN waveguide on a c-plane
sapphire substrate along the [1120] direction. w and h repre-
sent the width and thickness of the waveguide, respectively.
(b)-(c) The displacement fields of the quasi-Rayleigh and the
quasi-Love eigenmodes at the cross-section of the phononic
waveguide, respectively.

play a significant role in future studies of PnICs.

II. ANISOTROPIC-SUBSTRATE-INDUCED
MODE COUPLING

In this work, we consider a PnlC platform based on the
GNOS [16]. The schematic diagram of the model, which
consists of a tapered GaN waveguide on c-plane sapphire
substrate, is shown in Fig. 1(a). The x, y, and z axes are
consistent with the three orthogonal crystal directions
of the sapphire substrate: [1120], [1100], and [0001], re-
spectively. In the following analyses, the thickness of the
GaN waveguide is set as h = 0.7 um. Figures 1(b) and (c)
show the typical mode field distributions of the funda-
mental quasi-Rayleigh (Ry) and quasi-Love (Lg) modes
of the phononic waveguide that are simulated by a finite-
element method (COMSOL Multiphysics ver5.2). The
quasi-Rayleigh and the quasi-Love modes are dominated
by the out-plane and in-plane deformations, respectively.
The exponential decay of the evanescent field in the sub-
strate is similar to that of an optical waveguide [20], and
the evanescent acoustic field enables the directional cou-
plers for the coupling between phononic waveguides and
resonators [17]. The material parameters of GaN and
sapphire are given in Ref. [21].

The propagation properties of the acoustic wave in the
phononic waveguide are closely related not only to the di-
mension and the elastic properties of the waveguide, but
also to the elastic properties of the substrate. Because
of its hexagonal crystal structure, GaN exhibits isotropic
mechanical properties in the c-plane and has five inde-
pendent elastic constants. However, the sapphire with a
trigonal crystal structure has six independent elastic con-
stants and shows anisotropic elastic properties. To see
the influence of the anisotropy sapphire substrate on the
phononic modes in the GaN waveguide, we perform nu-
merical simulations and analyze the geometry-dependent
mode wave vector, as shown in Fig.2. At a given fre-
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FIG. 2. The calculated wave numbers as a function of w. (a)
the waveguide along the [1120] direction with f = 1.2 GHz.
The insets show the deformation mode shapes at the specific
widths. (b) the waveguide along the [1100] direction with
f = 1.2GHz. (c) the waveguide along the [1120] direction
with f = 5GHz. (d) the waveguide on an isotropic substrate
with f = 1.2 GHz.

quency of 1.2 GHz, the confined phononic modes in the
waveguide are studied with the waveguide width ranging
from 0.5 ym to 6 pm.

Figure 2(a) investigates the dependence of the eigen-
mode wave vector on the waveguide width for the waveg-
uide along the [1120] direction. The inset plots the mode
profiles of Ry and Ly modes. The black and red curves
do not cross each other and form an avoid-crossing line-
shape in the figure. However, for the modes in the
avoid-crossing regions, the eigenmodes show hybridiza-
tion of horizontal and vertical vibrations and correspond
to the coupling between Ry and Ly modes. For a uniform
waveguide, considering that Ry mode is excited in the
avoid-crossing region, it can be decomposed as a super-
position of two hybrid modes. Because of the difference
in the propagation speeds of the two hybrid modes, the
output acoustic field can be either Ry or Ly depending
on the length of the waveguide, which means the mode
coupling between Ry and Ly is realized. Unlike the sit-
uation along the [1120] direction, the eigenmodes show
distinct properties against w for the waveguide in the
[1100] direction, as shown in Fig.2(b). In this direction,
the black and red curves for Ry and Ly modes could cross
each other, which means that the coupling between the
two modes is negligible.

To further demonstrate that the mode coupling is
mainly caused by the anisotropic substrate, the phononic
mode with a higher frequency of 5 GHz along the [1120]
direction is also calculated in Fig.2(c). Because the
higher frequency the acoustic wave has the shorter wave-



FIG. 3. The simulated 3D displacement field distributions of the acoustic wave propagating in the taper waveguide along the
[1120] direction and the y and » components of the output displacement fields when the input field is mode Ro. (a) l; = 0 um.
(b) I; =50 pm. (c) Iy = 150 pm. (d) The eigenmodes of the tapered waveguide at the output port along the [1120] direction.

length, the acoustic energy of the phononic mode is
mainly concentrated in the GaN layer so the influence
of the substrate anisotropy on the phonon propagation
becomes weak. As depicted in the curves, the gap be-
tween the black and red curves is reduced compared to
that in Fig.2(a), indicating the coupling strength be-
tween Ry and Lo modes in the avoid-crossing region is
smaller. Furthermore, by changing the substrate as an
isotropic material, the phononic modes feature no cou-
pling, as illustrated in Fig. 2(d). These results imply pos-
sible approaches to suppress the anisotropic effect of the
substrate by either changing the waveguide geometry to
avoid the mode hybridization or suppressing the evanes-
cent field in the substrate.

III. ADIABATIC MODE CONVERSION

Compared to the mode coupling with a constant cou-
pling strength, where a proper waveguide length should
be selected to realize the highest mode conversion effi-
ciency because of the periodic form of energy distribution
along the propagation direction, adiabatic mode conver-
sion is another widely used theory in quantum system
and integrated photonic circuits. As a quantum control
technique, the quantum adiabatic evolution has been ex-
tensively studied in coherent control of quantum states
and quantum computation [22-24]. In an integrated op-
tical waveguide, inspired by the similarity between the
evolution of the state in quantum mechanics and electro-
magnetic wave propagation in optics, robust and broad-
band mode conversion with high-efficiency has been re-
alized by using the adiabatic theory on an integrated

photonic chip [25-28]. The optical mode evolution in
waveguide is determined by the parameters of the waveg-
uide. By changing the parameters adiabatically in some
situations, the adiabatic mode conversion can be real-
ized. For a tapered waveguide with a varying waveguide
width rate dw/dz, according to the Landau-Zener tunnel-
ing theory [25], the achievable mode conversion efficiency
is

n=1- 6_2”92/|"‘%|, (1)

where ¢ is the mode coupling coefficient in the avoid-
crossing regions and x = d(8, — 5;)/dw with 8, and
05, being the wave numbers of the quasi-Rayleigh and
the quasi-Love modes, respectively. Therefore, when the
waveguide width changes adiabatically, i.e. dw/dx is
small enough, a robust, broadband, and high-efficiency
mode converter can be realized.

Following the pink dash curve with arrows in Fig. 2(a),
the adiabatic mode conversion is numerically investigated
by simulating the propagation of the acoustic wave in a
tapered phononic waveguide along the [1120] direction,
as shown in Fig.3. By fixing the input port waveg-
uide width w; = 5 pum and the output port waveguide
width w, = 2pm, and varying the length of the ta-
pered waveguide [y, the evolution of the displacement
field and the corresponding y and z components of the
output field profile for l;= 0, 50 and 150 ym are illus-
trated in Figs. 3(a)-(c), respectively. Here, the frequency
of the excited Ry mode at the input port is 1.2 GHz.
Fig. 3(d) shows the y and z components of the displace-
ment field of two eigenmodes (Ry and Lg) of the output
port along the [1120] direction. It can be found that the
output fields, when I; = 150 ym as shown in Fig. 3(c), are



FIG. 4. The simulated 3D displacement field distributions of the acoustic wave propagating in the taper waveguides along the
[1100] direction and the x and 2z components of the output displacement fields when the input field is mode Ro. (a) lx = 0 pm.
(b) Iy = 50 pm. (c) I; = 150 pm. (d) The eigenmodes of the tapered waveguide at the output port along the [1100] direction.

very similar to those of the quasi-Love eigenmode of the
output port, which indicates a nearly-perfect conversion
from the quasi-Rayleigh mode to the quasi-Love mode.
As expected, the converter becomes less adiabatic since
dw/dx x 1/l increases with the reduced taper length so
that the conversion efficiency decreases when I; = 0 um
and 50 pm.

To verify the effect of the anisotropic substrate, we
also simulate the mode evolution in the tapered waveg-
uide along the [1100] direction, and the results are sum-
marized in Fig.4. Compared with the results in Fig. 3,
all the results for the [1100] direction show that the
output mode is the quasi-Rayleigh mode with z com-
ponent dominated displacement field, which indicates
the mode conversion almost does not occur. This be-
havior of the tapered waveguides is consistent with our
theoretical prediction, since the substrate-induced cou-
pling g ~ 0 for the waveguide along the [1100] direc-

tion, and 29 /| E ] ~ 1 regardless of how adiabatic
the waveguide width varies. Comparing Figs.4(a), (b)
and (c), there are still minor differences in the displace-
ment field profile at the output port. We attribute these
l;-dependent effects to the varying waveguide geometry-
induced coupling between the guided Ry mode to other
high-order Rayleigh modes and diffused Rayleigh modes
of the substrate.

Compared with Ly mode, the Ry mode could be more
efficiently excited by the IDT in GNOS, so it is of great
interest to achieve the efficient conversion from mode Ry
to mode Ly. To quantify the performance of the con-
verter, conversion efficiency 7 is calculated numerically.
Since GaN is a piezoelectric material with a relatively low

piezo-coefficient and the velocity of the acoustic wave is
much smaller than the speed of light, the quasi-static ap-
proximation is applicable for our model. Therefore, only
the elastic field is considered to calculate the power flow
P in the phononic waveguide as

1 * -
P= §Re/(—V -T) - ds, (2)

where V' is the vector of velocity, T is the stress field,
the symbol “*” means complex conjugate, and s is the
cross-section of the phononic waveguide. Using the power
flow, the mode conversion efficiency can be calculated
according to the overlap integral of the displacement field
between the target eigenmode at the output port and
the output field. Here, the conversion efficiency from
the quasi-Rayleigh mode to the quasi-Love mode can be
calculated as follows

[Re‘[(vzove ’ TTapeT + V}aper : TLO’UG:| /2 ' d§)2
N Ref V}aper : TTaper -ds - Ref VZO’U(-Z . TLove . d§7

n

where the stress fields and the velocity fields are all ob-
tained numerically, the subscript “Taper” denotes the
field distribution at the output port by simulating the
evolution of the acoustic waves with a Ry mode input,
and the subscript “Love” denotes the distribution for the
Ly mode of the output port.

Figure 5 plots the results of conversion efficiency for
the tapered structure versus the geometry parameters.
As shown in Fig.5(a), for a fixed excitation frequency
at 1.2GHz, the mode conversion efficiency increases
with the taper length [;, and saturates to unity when
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FIG. 5. (a) The conversion efficiency 7 from mode Ry to mode
Lo versus taper length at frequency 1.2 GHz (b) n versus the
frequency of phonons f with the taper length Iy = 220 um.
(¢)-(d) The tolerance of the device to the variation of the
thickness h and the width w of the waveguide, respectively.

l; > 100 pm. Such a saturation effect confirms the adi-
abatic conversion mechanism as that the n ~ 1 when
the dw/dz is small enough. The robustness of the adia-
batic conversion mechanism makes the structure insensi-
tive to the working frequency and also to the variations
of the geometry parameters. With a fixed taper length
of I, = 220 pm, it is observed that n =~ 1 in a wide range
of frequencies in Fig.5(b). The results indicate a broad
working bandwidth of about 1.7 GHz for > 50% in the
frequency range of 0.9 ~ 2.6 GHz. Note that the lowest
working frequency at 0.9 GHz is limited by the cut-off
frequency of the waveguide at the output port, i.e. the
Ly mode does not exist when frequency is below 0.9 GHz.
Besides, the robustness of the adiabatic mode converter
is further investigated by adding a uniform change of
thickness or width to the tapered waveguide at each po-
sition. The results are summarized in Figs. 5(c)-(d). As
the waveguide thickness varies within 50 nm and the
width of the waveguide varies within +1 um, n is always
larger than 98% and shows great tolerance against the ge-
ometry parameter uncertainty in practical fabrications.
The presented fluctuation of the conversion is mainly at-
tributed to the numerical calculation accuracy.

IV. CONCLUSION

In conclusion, we theoretically propose and investigate
the phononic adiabatic mode converter for PnICs. In
a practical PnIC platform, the conversion between the
quasi-Rayleigh and the quasi-Love modes is enabled by
utilizing the anisotropy of the sapphire substrate. Ben-

efiting from the adiabatic mode evolution mechanism, a
compact tapered phononic waveguide allows efficient and
robust conversion. The mode conversion efficiency ex-
ceeding 98% is obtained with a waveguide length around
100 um. The device has a broad working bandwidth of
1.7 GHz and is insensitive to the practical fabrication un-
certainties of the structure. Our work reveals the impor-
tant role of the anisotropy of the crystal compared to
the isotropic materials, and appeals careful design of in-
tegrated phononic devices by considering the orientation
of the device. Furthermore, our work represents one ex-
ample that shows the analogy between the acoustic wave
propagation dynamics and the evolution of the quantum
system, and thus opens a new avenue for designing useful
phononic devices.
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