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Consumer demand for next-generation telecommunication devices with increasing performance
and miniaturization imposes strong constraints on radio-frequency (RF) surface-acoustic-wave (SAW)
devices, such as low cost, low insertion loss, and a small footprint. We use COMSOL MULTIPHYSICS to
investigate the properties of realistic RF SAW devices with a thin film located along the delay line between
the source and detector interdigitated transducers on a 128° Y-cut lithium niobate (LN) substrate. In these
simulations, a chalcogenide phase-change material, germanium antimony telluride, is chosen for the thin
film material that could be converted to desired superlattices (SLs) constituted of crystalline and amor-
phous segments. Two types of SL configuration, with crystalline to amorphous segment ratios of 1:1 and
1:2, are investigated, and corresponding frequency responses are discussed. The primary outcome of this
work is the demonstration of a SL. RF duplexer and a topological acoustic narrow-band resonator in a SAW
device that otherwise acts as a broadband filter. This work shows that a SL with thickness amounting to
one tenth of the wavelength of the SAW can drastically affect the transmission of the composite device

through mode hybridization between Bloch waves in the SL and the SAW in the LN substrate.

DOI: 10.1103/p8q7-r6¢ck

I. INTRODUCTION

Surface-acoustic-wave (SAW) devices have been com-
monly used in telecommunication systems as filters [1-4],
resonators [5—10], sensors [11-15], and delay lines [16],
and have proved their technological dominance over other
technologies [17] in many scientific applications [14].
These miniaturized devices exploit the acoustic waves at
much smaller wavelengths than electromagnetic waves
in the telecommunication frequency bands. The work-
ing principle of SAW devices is based on the propaga-
tion of elastic waves along the surface of a piezoelec-
tric substrate [e.g., lithium niobate (LN)] produced by
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an interdigitated transducer (IDT) fabricated on the sur-
face of the substrate [16,18-20]. Among several design
configurations of SAW devices, structures such as grat-
ings and/or trenches inserted between input and output
IDTs are used to manipulate the propagation of the SAW
to improve performance and/or functionality [14,21-24].
SAW devices, however, despite their widespread applica-
tions in signal processing, sensing [11—13], and wireless
communications [25], exhibit insertion loss [26], and have
inherent limitations associated with their single functional-
ity and lack of reconfigurability. SAW devices, which are
massively used in consumer products, also require high-
throughput fabrication [27]. Overcoming these limitations
is crucial for the advancement of SAW-based technologies
for next-generation communication such as low-cost, loss-
less, multifunctional, and reconfigurable radio-frequency
(RF) systems [28].

Phononic crystals (PnC) exhibiting bandgaps [29,30]
are the acoustic counterparts of photonic crystals [31,32].
After their fundamental studies, the research community

Published by the American Physical Society
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witnessed the exploitation of periodic structures that
can give rise to forbidden acoustic bands and local-
ized/hybridized acoustic resonances [33,34] due to vari-
ations in the mechanical and geometric properties of the
acoustic metamaterials [34,35]. Benchabane et al. [36-39]
have investigated and explained how pillared PCs can be
used as stop-band and passband filters for SAWs depend-
ing on the periodicity of the structure. Ash et al. [40] have
demonstrated a concept of finite-depth annular holes to
act as a SAW PC to achieve a low-frequency bandgap in
contrast to pillared configurations. A comprehensive intro-
duction to and integration of PCs in SAW devices can be
found in recently published review articles [41,42].

Recently, topological acoustic waves have received
much attention for their extraordinary properties [42—45].
Of particular relevance is the occurrence of one-way prop-
agating waves due to structural or temporal symmetry
breaking. Modes at the edge of media with unconventional
topology or modes at the interface of topologically differ-
ent media may arise in two-dimensional (2D) phononic
structures with broken inversion or parity symmetry [42,
46]. Breaking time-reversal symmetry can lead to bulk
one-way propagating waves [47]. However, this typi-
cally requires active devices to enable time modulation or
mechanical motion [48]. For instance, to break time rever-
sal symmetry, rotational fluid mechanisms to mimic the
magnetic field for phonons have been reported to develop
the acoustic counterpart of Zeeman splitting [49], which
may be exploited to enable topological effects in acous-
tics [35,50]. A passive approach for realizing one-way
propagating bulk acoustic waves has been shown to result
from resonance-induced translational symmetry-breaking
in one-dimensional (1D) superlattices (SLs) [42].

SLs support Bloch waves due to their translational
periodicity. The band structure of acoustic SLs exhibits
alternating passing bands and bandgaps. Moreover, some
of these passing bands support waves with nonconven-
tional topology, i.e., with a Berry phase taking the value
of w [51-53]. Passing bands with nonconventional topol-
ogy arise from the coexistence of modes of vibrations with
zero amplitude for some wave number and nonzero ampli-
tude for the opposite wave number [53]. These modes,
called “DRAK modes” [46], result from Fabry-Perot (FP)
resonances that break the translational symmetry of Bloch
waves in these periodic media [53]. Because of their one-
way propagation features, DRAK modes may have the
potential of increasing transmissivity of acoustic wave
devices [52] such as RF SAW devices.

Producing structures with complex periodicity in elas-
tic properties can be challenging. In that respect, phase-
change materials (PCMs) such as germanium antimony
telluride (GST) are known to exhibit strong contrast in
physical properties between their crystalline and amor-
phous phases. Combined with their fast-switching capabil-
ity, PCMs have been integral to nonvolatile data storage

TABLE I. Mechanical properties of the GST material in amor-
phous and crystalline phases.

Property Amorphous Crystalline
Density (kg/m?) [58] 5860 6270
Young’s modulus (GPa) [58] 18.9 38.2
Poisson’s ratio [59] 0.3 0.26

technologies such as rewritable digital video discs (DVDs)
or personal computer random access memory (RAM). The
large contrast in physical properties between the amor-
phous and crystalline phases of PCMs has been broadly
exploited to encode binary information in semipermanent
(nonvolatile) form. In data storage DVDs, the contrast in
the reflectivity between the two phases of the PCM is
exploited, while in personal computer RAM, the contrast
in resistivity is exploited [54—57]. In addition to optical and
electrical contrasts, GST materials exhibit significant dif-
ferences in mechanical properties, including density, Pois-
son’s ratio, and Young’s modulus, between the crystalline
and amorphous phases (see Table I). To the best of our
knowledge, the contrast in mechanical attributes of PCMs
and their reconfigurability have never been exploited to
produce acoustic devices, but they should be an ideal
candidate to realize multifunctional SL RF SAW devices.
In this work, we explore the integration of a SL on the
surface of a standard RF SAW device as an approach to
enhance its performance and functionality. Moreover, we
use a SL. composed of a PCM that would be compatible
with high-throughput fabrication of SL RF SAW devices
and also would endow the devices with the possibility of
becoming reconfigurable. The proposed composite PCM-
based SL RF SAW device geometry is illustrated in Fig. 1.

FIG. 1. Top: Composite SAW device with a thin PCM film
of amorphous GST material located on a LN delay line. The
dimensions of the GST amorphous film are 400, 2, and 115 pm
along the x, y, and z directions, respectively. Bottom: Same but
with a GST SL thin film composed of alternating crystalline and
amorphous phases.
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The proposed geometry consists of a thin layer of GST
material (2 pm thick) located on the LN substrate in the
delay line of the SAW device, with overall in-plane dimen-
sions of 115 um in width and 400 pm along the delay line.
The GST layer is patterned as a SL composed of alter-
nating crystalline and amorphous strips, with micron-scale
strip widths (5 pum or greater). Because GST crystallization
kinetics are nucleation-dominated, its metastable cubic
crystalline phase is typically polycrystalline with grain
sizes on the order of tens of nanometers [60,61]. Since
this length scale is at least an order of magnitude smaller
than the minimum feature size of the crystalline regions in
the present design, we treat crystalline GST as effectively
isotropic and use the corresponding elastic properties (e.g.,
Young’s modulus and Poisson’s ratio) and mass density
listed in Table I.

The GST SL RF SAW device in Fig. 1 is simulated with
the finite-element analysis (FEA) package COMSOL MULTI-
PHYSICS. FEA has proved to produce realistic simulations
of such devices for optimized design [62—64]. To reduce
computational overhead in FEA, we exploit the mirror
symmetry across the x-y plane to reduce the simulation to
a 2D analysis. A 2D model of the SAW device is shown in
Fig. 2.

The aperture length of the Electrodes (i.e., IDT fingers)
is not included in the 2D analysis. The 2D simulation
gives physically realistic results as far as the resonance
frequency, transmittance (i.e., potential at the output IDT),
and displacement fields in the SL and LN substrate are con-
cerned for the propagation of SAWs in the x direction. The
period of the SL unit cell (UC) is defined as d = d,. + d,,
where d. is the width of the crystalline region and d,, is
the width of the amorphous region. Two representative
SL configurations are analyzed: (1) a SL with d. =5 pum
and d, =5 pm (UC size, d=10 pm) and (2) a SL with
d.=5 pm and d, =10 pum (UC size, d =15 um). These
SLs are subsequently referred to as 5/5 and 5/10 SLs.

L =830 ym
600 pm

Output IDT
(Gold Electrodes)

400 pm
Superlattice

Input IDT
(Gold Electrodes)

LiNbO; Substrate

Perfectly matched layer

o

FIG. 2. 2D cross section of the three-dimensional device
shown in Fig. 1 exploiting the mirror symmetry to perform
FEA. PMLs have been applied to absorb the transmitted acous-
tic waves to prevent back-reflection from the boundaries of the
device. Each IDT has 12 fingers of gold designed for the desired
frequency.

II. METHOD

A 2D frequency-domain analysis, in the range from
150 to 250 MHz, is performed to investigate the prop-
agation of acoustic waves in SAW devices. The SAW
device is designed for a 200 MHz resonance frequency in
which two gold IDTs, having 12 fingers each, have been
deposited on the top of the LN substrate. The IDT fin-
gers are 0.2 um (200 nm) thick and 5 pm wide, with 5 um
spacing between them (periodicity 20 pm). The distance
between the input IDT and the output IDT is 600 um. In
the case of composite SL SAW devices, a 2-um-thick and
400-pm-long thin film of PCM is centered on the delay
line. Perfectly matched layers (PMLs) are applied at the
domain boundaries for wave absorption to prevent reflec-
tions from the device boundaries. Appropriate boundary
conditions were set to simulate SAW excitation and prop-
agation. The geometry was meshed with both triangular
(substrate and film/SLs) and structural/rectangular (PMLs)
meshing elements to balance computational efficiency and
solution accuracy [65]. LN substrate with 128° Y-cut is
used for simulations due to its high electromechanical cou-
pling coefficient that generates an efficient SAW signal
for strong propagation. A rotated coordinate system with
Euler angles (0°, 38°, 0°) [66] is assigned to the substrate
to align the crystal orientation with the global coordinate
system of the device. An electrical potential (Vj,) of 1 V
is applied at the input IDT, and a potential probe is intro-
duced at the output IDT to monitor the floating potential
(Vout) produced by the propagated SAW. The frequency
increment (the step size) is kept at 0.5 MHz, and results
in convergence with reasonable accuracy. A comparison
of the frequency response with a smaller step size (i.e.,
0.1 MHz) is shown in Fig. 23 in Appendix F, validating
the convergence of the solution.

II1. RESULTS

FEA of the device with a free surface was performed,
and the frequency response of the device was calcu-
lated, as shown in Fig. 3. A strong broadband signal
(Af =32 MHz) of the SAW propagates through the delay
line. Subsequently, FEAs of devices with three differ-
ent configurations—namely, homogeneous GST thin film
(crystalline or amorphous), 5/5 SL, and 5/10 SL—were
performed. The corresponding results are discussed below.

A. SAW device with a homogeneous amorphous GST
thin film in the delay line

A SAW device with a homogeneous amorphous GST
thin film introduced between the input and output IDTs
was simulated and compared with a SAW device with a
free surface, as shown in Fig. 4. The SAW device with an
amorphous film is meant to serve as a reference to char-
acterize the performance of the device with SLs. It was
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FIG. 3. Frequency response (transmission coefficient Sy;) for
the SAW device with a free surface. The absolute output potential
is measured at the output IDT.

previously verified by FEA simulation that a thin film of
2 pm thickness provides a satisfactory balance between
transmissivity and coupling with the LN SAW (see Fig. 16
in Appendix A). Indeed, a submicron film does not inter-
act significantly with the SAW, while thicker films scatter
the SAW and reduce significantly the output potential mea-
sured at the output IDT. In the case of the device with a
2-um-thick layer, a small fraction of the SAW energy is
scattered at the edge of the film on the input side. The
output potential/transmission level is reduced by approx-
imately —12 dB. The frequency response (transmission
coefficient S;) for the SAW device with a free surface is
shown in Fig. 3.

Figure 4 shows that the devices with thin films exhibit
ripples in the transmission spectrum, which can be
assigned to partial reflection of SAWs from the film edges.
The displacement field inside the device at the resonance
frequency of 198.5 MHz, shown in Fig. 5 (top), indicates

Transmission Coefficient S,, (dB)

150 160 170 180

190 200 210 220 230 240 250
Frequency (MHz)

—Free Surface ----- Amorphous GST Film -+ Crystalline GST Film

FIG. 4. Comparison of the frequency response of the SAW
device between the FEA simulation results among the free sur-
face (continuous black line), amorphous GST thin film (dashed
red line), and crystalline GST thin film (dotted blue line).

that the SAW hybridizes with a propagative mode of the
film (see Fig. 5, bottom). The propagating hybridized wave
takes on a mixed character between a pure SAW and a pure
guided thin film mode. The device acts as a passband filter
in the range from about 180 MHz to about 210 MHz, with
fluctuations in the passband that may be due to the local-
ized trapping of the acoustic energy in the thin film. The
amorphous GST film was then replaced with crystalline
GST thin film and analyzed. The propagation of the SAW
through the crystalline GST thin film is weaker than the
propagation through the amorphous thin film due to leak-
age of film-propagative waves in LN resulting from the
impedance match between crystalline GST film and the
LN substrate. In the case of amorphous GST, the stronger
mismatch stops the energy in the film from leaking in LN
during the hybridized wave propagation.

UVAWUY VAU VWA VAU A U UV VAU VAU AV |
ATistttestttiagttisst teantttinttreggtttamtitontti

-200 0 200 pm
Width of Substrate (im)

e x 10> MM
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200 X107 : - , i
198.5 MHz
- 10.0 ‘ i ‘ ‘ 20 —~
T e LY e
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FIG. 5. Top: Total displacement field in the amorphous GST

thin film at the resonance frequency (i.e., 198.5 MHz). Bottom:
Magnitude of the x component of displacement at the top of the
film (black line) and 1 pm inside the LN substrate (red line) as a
function of the position along the thin film. The y components
of the displacement in the thin film and the LN substrate are
always in phase, indicating that they form a hybridized wave that
propagates through the composite system.
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FIG. 6. Frequency response of the SAW device with a thin
homogeneous film of amorphous GST (dotted red line) and with
the 5/5 SL (continuous black line). The shaded region shows the
bandgap. Three regions (I-II) have been segregated to discuss
the evolution of the waves in the 5/5 SL.

B. SAW device with a 5/5 SLL

We now consider a SL with crystalline and amorphous
regions of 5 um width each with 40 UCs. Figure 6 shows a
comparison of the frequency response curves of the SAW
device with the reference homogeneous amorphous GST
film and of the SAW device with the 5/5 SL. We observe a
strong drop in transmissivity at about 198.5 MHz. The 5/5
SL configuration has created a bandgap in the region where
there previously was strong transmission in the GST thin
film. This region is shown in grey in Fig. 6 and is referred
to as “region II” for further discussion.

—_

Figure 7 shows the displacement field in the SL/LN,
and the displacement magnitude along the top of the 5/5
SL and inside the LN substrate for selected frequencies
in the three regions shown in Fig. 6. Outside the trans-
mission gap, the displacements inside the SL and the LN
substrate are essentially in phase along the entire film, sug-
gesting that the device supports propagating waves that are
hybrids of SAWs in the LN and Bloch waves in the SL
at frequencies of 192.5 MHz in region I and 205 MHz in
region I1I. At frequencies inside the stop band, the localiza-
tion of waves on the input side of the SL with exponentially
decaying amplitude is characteristic of evanescent waves
(198.5 MHz in region II). The evanescent waves in the SL
are essentially in phase with the SAW in the LN beyond
the first third of the film. These observations suggest that
the observed transmission gap arises from hybridization
between the SAW band and a folded SL band.

To illustrate the notion qualitatively, we used a simple
mass-spring model composed of a (1D) Su-Schrieffer-
Heeger (SSH) chain, representing the SL coupled elasti-
cally to a 1D single-mass harmonic chain representing the
SAW-supporting LN substrate [Fig. 8(a)]. The choice of a
discrete chain model is deliberate and made to obtain ana-
lytical solutions that can provide physical insight into the
behavior of the SL/LN composite systems studied here.

In the model, we take intermass spacing equal to
1, and all masses are the same. The dynamical matrix
for this system is shown in Eq. (Bl) in Appendix
B, and the band structure is shown in Fig. 8(b). In
Appendix C, the analytical solutions of the discrete model
of the SSH/monoatomic chain show that a SL pos-
sessing nonconventional topological characteristics (SSH

) 50.0
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-200

200
Width of Substrate (um)

L — D ¢ 10_5 um

5 10 15

FIG. 7.
1 um below the interface in the LN substate (red line) at the three
(c),(d) 198.5 MHz in region II, and (e),(f) 205 MHz in region III.
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FIG. 8. (a). Schematic illustration of a SSH chain represent-
ing the 5/5 SL elastically coupled to a 1D single-mass harmonic
chain representing the SAW-supporting LN substrate. K, K>,
and K3 represent the square of the velocities of elastic waves
in the crystalline, amorphous and LN substrate, respectively. o
and «, represent the square of the group velocities of elastic
waves in the case of coupled crystalline/LN and amorphous/LN
interfaces. (b) Calculated band structure. The black arrow indi-
cates hybridization between a SAW LN band and the folded
SL band. The band structures have been drawn with the use
of relative velocities such that all velocities are a ratio with
respect to oy = 1.6%. K| = (2.7/1.6)%, K, = (2.0/1.6)%, K3 =
(4.0/1.6), oy = (2.2/1.6)%, ay = 1, and L = 2a, where a is the
distance between two masses.

system) can endow a topologically conventional sub-
strate (monatomic chain) with nonconventional topologi-
cal character when elastically coupled.

To further confirm the origin of the transmission gap as
a hybridization gap in the output potential, we simulated
devices with variable periods but constant ratios of the
crystalline and amorphous segment widths (i.e., d. =d,).
Increasing the period decreases the edge of the Brillouin
zone of the SL toward lower values, as shown in Fig. 9,
subsequently decreasing the frequency at which the SAW
band intersects a folded SL band, which is where the
hybridization gap may occur.

C. SAW device with a 5/10 SL

Next we investigate a SL with 5-pum-wide crystalline
segments and 10-pm-wide amorphous segments. The

4.8/4.8 SL 4.9/4.9 SL

nsmission Coefficient Sy (dB)
i Coefficient Sy (dB)

-4 202 MHz g —40 I

£ 50 g 50 201 MHz

150 160 170 180 190 200 210 220 230 240 250 150 160 170 180 190 200 210 220 230 240 250
Frequency (MHz) Frequency (MHz)

5.1/5.1 SL

5.2/5.2SL
-10

20 2
g - & -
g _a0 T £ - I
] 196 MHz ] 195 MHz

£ 50 g —s0

Cocfficient Sy (dB)

g &
150 160 170 180 190 200 210 220 230 240 250
Frequency (MHz)

150 160 170 180 190 200 210 220 230 240 250
Frequency (MHz)

FIG. 9. Effect of the period of the GST SL for a UC with con-
stant filling fraction of crystalline and amorphous regions. Trans-
mission spectra for four SLs, 4.8/4.8 SL, 4.9/4.9 SL, 5.1/5.1 SL,
and 5.2/5.2 SL, with a constant ratio of the UC size d./d, = 1 : 1.
An increase in the SL period decreases the bandgap frequency
(arrow) in accordance with the band folding.

period is d = 15 pm, and the film is composed of 26 UCs.
The frequency response curve of the composite SL SAW
device is reported in Fig. 10, where it is compared with
the frequency response curve of the reference device with
a homogeneous GST amorphous thin film.

The frequency response of the device with the 5/10 SL
exhibits three characteristic regions. First, passing bands
below 200 MHz and above 208 MHz are associated with
propagative hybrid SAW Bloch waves. Second, a very low
signal between 202 and 208 MHz is associated with a
stop band and evanescent waves. Third and most impor-
tantly, there is a very narrow transmission peak centered
on the frequency of 200 MHz. The Q factor of this narrow
transmission peak is approximately 222. The transmission
level approaches that of the device with a homogeneous
amorphous film in the delay line. A similar asymmetric
transmission was observed in theoretical studies of DRAK

0|\|\I\|\||\|\l\rv\l\|v1|r|\|\|\||\|\|\|\r!\\\|
] 200MHz - GST Thin Film

— 5/10 SL

Transmission Coefficient S,, (dB)

—60-....||..||||||||.1:..|.||||||||||||||||||||.|.:.|_
150 160 170 180 190 200 210 220 230 240 250
Frequency (MHz)

FIG. 10. Frequency response of the device with an amorphous
GST film (dotted red line) and a 5/10 SL (continuous black line).
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FIG. 11. Effect of the variation of the width of the crys-

talline/amorphous regions of the SL at constant period (UC size
d=15 pum) on the frequency response of the SL SAW device.
The solid line corresponds to the 5/10 SL. The dotted line is for
a 4/11 SL with d. =4 pm and d, =11 um. The location of the
bandgap (shaded region) shows no variation, while the DRAK
peak moves to a lower frequency (red arrow).

modes in finite superlattices [52]. Both systems reported
in Fig. 10 possess film edges that may lead to partial
reflection. However, the very large contrast in the trans-
mission of the 5/10 SL system compared with the homoge-
neous amorphous GST film shows unambiguously another
effect in addition to partial reflection, which we attribute

(a)

—_
)
=

—-200 (0]
Width of Substrate (um)

200

x107° MM

5 10 15

to the DRAK mode. Topologically unconventional pass-
ing bands in a finite SL show asymmetric shapes as a
function of frequency. A passing band with nonconven-
tional topology supports regions corresponding to Bloch
wave propagation, and regions with very strong transmis-
sion associated with a DRAK mode. The FP resonance that
breaks the translational symmetry of Bloch waves in peri-
odic media, a condition for the existence of a DRAK mode
within a passing band, is sin k,d, = 0. The wave number
in the amorphous region, 4,, is defined by the relation k, =
w/c,, with ¢, being the speed of the wave in the amorphous
region. This condition can be reformulated as k,d, = mm,
where m is an integer. The frequencies at which DRAK
modes may occur are therefore given by w = mmc,/d,.
This latter condition indicates that the frequency of the
resonance yielding a DRAK mode decreases inversely pro-
portionally to the length of the amorphous segment in the
SL at fixed period d. This condition is confirmed in Fig.
11 from comparison of the frequency response of the SAW
device with a 5/10 SL and a 4/11 SL (i.e., with d, = 4 pm
and d, = 11 pm). The sharp transmission peak shifts to
a lower frequency (red arrow in Fig. 11) as the length
d, of the amorphous region increases. Note that the fre-
quency at which the bandgap occurs is not affected since
the total period remains constant (i.e., d = 15 wm). Further
evidence for a hybridization between a resonance in the
SL and the SAW giving rise to the narrow transmission
is shown in Fig. 12, which shows the displacement field

x107°
_ 200 - - - : 30 —
B 199 MHz H
= 100 - b . 1 1 d15 2
§ ]
E 00 v I“‘MAM\M’ 00 E
o o
2 100 - g ! : . H-15 2
2 %
2 200 L L L 30 8

Displacement (pum)
Displacement (pm)

T
205 MHz
T -11.5

isplacement (xm)

| | 1 |
50 100 150 200 250 300 350 400
Width of the 5/10 SL (um)

)

@

°
Di

Displacement (pm)
°
°
e T

Top of SL —— Inside Substrate

FIG. 12. Total displacement field in the LN/SL and 5/10 SL at the three frequencies chosen. (a) The displacement field in the device
at 199 MHz and the displacement magnitude measured at the top of the 5/10 SL (black line) and 1 pm below the interface in the LN
substate (red line). (c),(d) and (e),(f) Displacement field in the SL/LN and displacement magnitude at the top of the SL at 200 and
205 MHz, respectively. A large amplitude in the 5/L SL at 200 MHz is indicative of a resonance, whereas the weak transmission at

205 MHz shows a bandgap.
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(b)

w(qL) (rad s

0 nl4 72 3nl4 T

qlL

FIG. 13. (a) Schematic illustration of a SL chain representing
the 5/10 SL elastically coupled to a 1D single-mass harmonic
chain representing the SAW-supporting LN substrate. (b) Cal-
culated band structure. The blue arrow indicates hybridization
between a SAW LN band and the folded SL band. The black
arrow marks the location of the DRAK mode on the first folded
band (second band) of the SL chain. The band structures have
been drawn with the use of relative velocities as given in the
caption for Fig. 8(b). L = 3a, where a is the distance between
two masses.

in the SL/LN and the displacement magnitude at the top of
the SL (black curves) and 1 um inside the LN substrate (red
curves) for three frequencies. At a frequency of 200 MHz,
the magnitude of the displacement field inside the SL is
large, and the waves in both the SL and the LN substrate
are in phase, as shown in Fig. 12(d). The displacement field
as a function of position along the SL shows a small, nearly
linear decrease, which is attributed to leakage of energy
into the LN substrate as the resonant wave propagates.

Further qualitative insight into these observations is
obtained by considering another composite mass-spring
model constituted of a 1D SL chain where the UC is now
composed of three springs, two of which are identical
(amorphous segment) and one of them is different (crys-
talline segment), elastically coupled to the 1D single-mass
harmonic chain representing the SAW-supporting LN sub-
strate, as shown in Fig. 13(a). The dynamical matrix for
this system is shown in Eq. (B2) in Appendix B, and the
band structure is shown in Fig. 13(b).

This model indicates qualitatively that the observed
transmission gap may arise from hybridization between

Fabry-Perot Resonance (MHz)
)
(93]
1

10.0 10.5 11.0

1/d, (pm™)

9.0 9.5

FIG. 14. Resonance frequency as a function of the recipro-
cal of the width of the amorphous segment with the crystalline
segment kept constant (diamonds). The dashed line is the linear
fitting of the data representing a linear relation between the FP
resonance and the width of the amorphous segment in the SL,
where the term mmc,/2m represents the slope of the curve.

the SAW band and the first folded SL band. The close
proximity of the DRAK mode to the hybridization gap
also suggests that the FP resonance may hybridize sig-
nificantly with the SAW. To further confirm the DRAK
mode origin of the narrow transmission peak in the 5/10
SL device, we note that the FP resonance condition implies
that w = 2nf = mmc,/d,, with f being a linear function
of the inverse of the width d, of the amorphous segment,
as shown in Fig. 14. The detailed analysis of the occur-
rence of DRAK modes in the coupled system is discussed
in Appendix D.

It is noteworthy, and well supported in the established
literature, that periodic gratings made of metal strips or
grooves reflect SAWs through Bragg scattering [67,68].
This is also the case for our 5/5 SL, which exhibits a
bandgap resulting from periodicity. However, in the case
of our 5/10 SL, the transmission is affected by a physical
phenomenon (DRAK mode), which, as far as we know, has
not been reported to date in periodic gratings.

D. Topology of composite systems

In Sec. III B we showed that a 5/5 SL possessing non-
conventional topological characteristics (SSH system) can
endow a topologically conventional substrate with noncon-
ventional topological character when elastically coupled.
In Appendix D, we address the topology of a 5/10 SL
coupled with a homogeneous LN substate. For this, we
consider the model in Fig. 13(a) and explore the exis-
tence of DRAK modes in the coupled system. Appendix D
discusses the mathematical formulation and detailed anal-
ysis of the composite system. We show the existence of
DRAK modes in the coupled system with zero ampli-
tudes on the negative side of Block wave vectors and
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FIG. 15. Frequency response of a SAW device with a 5/10
SL...d./d,/d./d,... (solid black line) and a SL ...d,/d./d,/d.. ..
(dotted red line) with d, = 10 pum and d. = 5 pm. Overlapping
of the response indicates reciprocity.

nonzero amplitudes on the positive side. These DRAK
modes demonstrate the possibility of one-way propagation
of the hybridized Block waves in the SL/LN composite
system. It is known that DRAK modes are associated with
bands with nonconventional topology in one-dimensional
SLs [51-53,69]. A DRAK mode can add a contribution of
7 to the Berry phase of its supporting band. The model
in Appendix D suggests the same possibility for a SL/LN
composite system. It is therefore possible for a thin binary
SL of GST material deposited on a LN substrate supporting
a localized SAW to lead to topologically nontrivial waves
through mode hybridization.

E. Reciprocity

Reciprocity in acoustic SLs ensures that the transmis-
sion characteristics remain invariant when the direction of
wave propagation is reversed in the system. Previous theo-
retical studies of DRAK modes have shown that they obey
reciprocity, since time reversal symmetry is not broken. To
validate the reciprocity of the DRAK mode in the compos-
ite SL RF SAW device, we swap the input IDT and the
output IDT. Numerically, the IDTs are kept the same, but
the SL is redesigned such that on the input side it starts with
an amorphous segment of 10 um and then a crystalline seg-
ment of 5 um. The SL is then constituted of 26 such UCs.
Figure 15 validates the reciprocal behavior of the DRAK
mode.

IV. DISCUSSION AND OUTLOOK

FEA simulations of composite SAW devices supporting
structured thin films of GST in their delay line demon-
strate the possibility of controlling the frequency response
of the device with acceptable reduction in transmissiv-
ity. The SAW device with a 5/5 SL exhibits a hybridized
bandgap separating two passing bands. This system offers

a possible approach to designing SAW duplexers with-
out increasing the device footprint, as current duplexers
require two sets of input IDTs [70,71]. The SAW device
with a 5/10 SL is an example of how FP resonance can
enhance the performance of RF SAW filters/resonators.
Indeed, FP resonances that break the translational symme-
try of Bloch waves in periodic media may lead to one-way
propagating DRAK modes, having the potential of increas-
ing transmissivity of acoustic wave devices. By exploiting
the nonconventional properties of resonant DRAK modes,
one can narrow the passing band and increase the quality
factor Q by nearly 2 orders of magnitude without increas-
ing the device footprint or sacrificing the transmissivity
significantly. Conventionally, to achieve narrow band-
width without structuring the delay line of the device, one
needs to increase the number of IDT fingers, subsequently
increasing the device footprint and further hindering the
scalability/miniaturization of SAW devices [72] (see Fig.
22 in Appendix E). The topological SAW filter designed in
the present work is the first of its kind to narrow the passing
band through a SL FP resonance, thus increasing signifi-
cantly the device Q factor without increasing its footprint,
while retaining high acoustic energy propagation. To quan-
tify these benefits, we introduce the dimensionless figure of
merit (FOM) M = Q X (Vout/Vin) X A/L, where A is the
wavelength and L is the linear footprint measured from
IDTs from end to end. The dimensionless FOM enables
comparison of our devices with devices designed for dif-
ferent ranges of frequencies. For instance, structuring the
delay line with tapered trenches has been shown to lead to a
device with an extremely high Q factor [73]. However, the
increase in @ is achieved at the cost of a very small acous-
tic energy propagation in the range from —40 to —50 dB
[73]. The FOM of the composite SL RF SAW device with
the 5/10 SL is 1.58. Using available data from Ref. [73],
we estimate the FOM of the reported PC-based gigahertz
device to be 0.61. The FOM of the SL RF SAW device is
2.6 times greater than that of the PC-based SAW resonator.

Furthermore, the choice of GST, a widely used PCM in
optical storage and phase-change memory technologies, is
motivated by its reversible switching between amorphous
and crystalline phases and the strong contrast in mechani-
cal properties between these phases (Table I). Importantly,
prior work has demonstrated reliable formation of micron-
scale crystalline/amorphous domains in GST thin film by
both laser irradiation [74] and electrically driven, localized
Joule heating [75,76]. Its switching capability suggests
the possibility of manufacturing reconfigurable GST-based
SL RF SAW devices. However, electrically driven recon-
figurability would require electrodes that may impact the
wave propagation, while laser irradiation would provide a
noncontact method for reconfiguration. This work presents
a realistic numerical demonstration of an acoustic device
leveraging the unique characteristics of PCMs and uncon-
ventional acoustics waves in a SL coupled with SAWs,
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opening a new frontier for their technological applica-
tions.
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APPENDIX A: EFFECT OF THICKNESS OF THIN
FILM

Figure 16 shows the effective thickness of the thin film
that interacts significantly with the SAW propagating in
LN.

Metal gratings are commonly used to control the prop-
agation of waves in SAW devices. In this case the metal
strip thickness can be a few hundredths of the wavelength
owing to the large contrast in elastic properties of the sub-
strate, metal, and air. Here the relatively small difference in
elastic properties of the LN and amorphous and crystalline
GST requires thicker films to impact the propagation of the
SAW.

APPENDIX B: DYNAMICAL MATRICES OF THE
MASS-SPRING SYSTEM REPRESENTING 5/5 SL
AND 5/10 SL COMPOSITE SYSTEMS

The dynamical matrices for composite systems [Figs.
8(a) and 13(a)] composed of mass-spring models consti-
tuted of a 1D SL coupled elastically to a 1D single-mass
harmonic chain representing the composite 5/5 SL and
5/10 SL SAW-supporting LN substrate are found analyt-
ically and are shown in Egs. (B1) and (B2), respectively:

M
—mw* + K, + K, +a1  —K; — Ky exp(—igL) — 0 A
—K, —Kyexp(igl)  —mow* +K +K, +ay 0 —a B | _ 0
—] 0 —ma)2 + 2K3 + o —K3 — K3 exp(—iqL) C -
0 —a —K3 — Kzexp(igl) —mw? + 2K3 + ay D
(BI)
—ma? + K1+ Ky + oy —K; —K; exp(—iqL) —a] 0 0
—K; —maw? + K+ Ky + oy —K> 0 —a) 0
—K; exp(igL) -K —maw?* +2K> + o 0 0 —a
—a; 0 0 —mw? + 2K3 + a1 —K;3 —K3 exp(—igL)
0 —a) 0 —K3 —mw? + 2K3 + ap —K3
0 0 —a —K3 exp(igL) —K3 —mw? +2K3 + o
A
B
c | =0 (B2)
D

APPENDIX C: TOPOLOGY OF THE 5/5 SL
COMPOSITE SYSTEM CONSTITUTED OF
NONTRIVIAL AND TRIVIAL PARTS

For mathematical simplicity, we investigate the compos-
ite system shown in Fig. 8(a) and solve it analytically to
determine the eigenvectors for the subsequent calculation
of the Berry phase to investigate the topological features
of the waves through the composite system. We make the
following substitutions in Eq. (B1) for all the calculations

[
[a unity mass (m = 1) is considered]:
o] = =,
y=-mw’ + K +K +a,
V) = —mw® +2K; + a,
6 = K1 + K, exp(igl),
8 = K3 + Kz exp(iglL).
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This results in

M

Yy =8 —«a 0 A

-3 0 —a B |

o 0 " 5 c |= 0. (C1)
0 — -6 Y2 D

To obtain a tractable insightful analytical solution, we
consider a special case,

K2=ﬂ_87
Ky=p+¢,
K4=IB_8/3

such that y; =y, = y.

With this, the dispersion relation (C2) is calculated by
determinationdet(M) = 0 of Eq. (C1) and the dispersion
plot is drawn in Fig. 17:

Ki=p+e,
812 4 181 4 202 (P — 1812 + 40215 + 82
y = [£] 3 . (C2)
[
The normalized eigenvectors are found analytically as  with
follows:
_ / z Z
A= y2—85* <[i]7’v S -5zt 8*\/ & — s*+3’*> ’
B = [£]47,
4 C=[+£],/8" - %
1 [+]4* ©3) =] o
= — _ sk
V2(AA* ¥ CCY) C ’ D = [£]C7,
[£]C* (C4)
where
’ 2
g 88 — 33*(;)\/(|3|2 — 181" + 4a2|8 + &)
5 2 :
% 4.0
o
@] 3.5 Fourth Band L
g =)
% 30 m
g " 1.6) ]
s 3 Second Band
260 e 32 4.6 I
150 160 170 180 190 200 210 220 230 240 250 1.5 L
Frequency (MHz) i FirstBand
Free Surface ----- 02um ==-=05pum - lym ——2um )
0.5 F
FIG. 16. Effect of the thickness of the amorphous GST thin oo o : . T
film (the width of film along the delay line is 400 pum) on qL
the SAW propagation in LN. There is no significant coupling
between the film and the LN substrate for thicknesses less than FIG. 17. Band structure of the coupled mass-spring sys-

or equal to 1 pm. Subsequently, a thickness of 2 pm of the
amorphous GST thin film and both SLs is considered for all
simulations reported in this paper in order to achieve significant
coupling with the SAW.

tem shown in the Fig. 8(a) plotted for ¢ = £0.1, exhibiting
hybridized bandgaps at x, = gL = +2.46301. The symbols in
the brackets and parentheses are from the dispersion relation for
y,i.e., Eq. (C2).
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FIG. 18. Phase angles for eigenvectors A and C for ¢ = 0.1, ¢’ = —0.2, and o = 2.5: (a) first band; (b) second band.

The contribution of the continuous phase angle of the  of the discontinuities to the BC. For this let us consider a
eigenvectors to the Berry connection (BC) is calculated to ~ discontinuity at x, = ¢L.

be We can rewrite the S-vector as
A(gL) = iST*i =0. (C5)
9(qL) exp(i6, (x,))
S()C ) — l [:I:] exp(_iea(xo))
However, the eigenvectors exhibit discontinuities within ¢ 2 exp(if.(x,))
the Brillouin zone. We need to account for the contribution [£]exp(—ib.(x,))
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TABLE II.

Determination of phase contributions to the Berry phase due to discontinuities in the first and second bands.

First band [+] (+)

Second band [+] (—)

Atx, =qL = +m

cos Antr, = +m) = £ (eos [T — (- 5) ] eos[2 — (-2)))

cos An(x,) = %(cos[n] + cos[])

An(x,) =

Atx =qL==+m
Anx, =xm) =0

Atx,=qL =0

costntis =0 =3 ([5 = (-3)] +eos[5 - (-3)))

cos An(x,) = %(cos[n] + cos[m])
An(xo) =7

The S-vector near the discontinuity to within a small
variation u takes the form

CXp(iGa (x() + /’L))
L [Elexp(—iba(x, £ p))
Sx, £ ) = 5 exp(ib.(x, £ 1))
[+] exp(—ibe(x, & 1))

We can calculate the product,

1
ST (X — W)y + 1) = 5 (€010 + 1) = Oalo — )]
+ COS[@C(XO + IL) - ec(xo - M)])

If we define the change in geometric phase An(x,) as

S™ (%o — W)S(xo + 1)
= expiAn(x,) = cos An(x,) + isin An(x,),

we will have a solution if An = 0, £, 27, ..., ie.,

TABLE III. Berry Phase calculations for different combina-
tions of model parameters.
Berry phase

Band (analytical
Values Condition no. solution)
B=1 &'+e<0 4[-1(+) T
e=0.1 3[-1(—) 0
&'=-02 2[+](—) 0
a=05 1[+](+) T
B=1 a>2p 4[-1(+) T
e=0.1 3[-1(—) b4
g'=-02 2[4+]1(—) T
a=25 L[+] () i
B=1 &' 4e< VDR (g 0
e=0.1 3[-1(—) b4
g=02 2[+]1(—) T
a=0.5 L[+](+) 0

cos An(x,) = %(COS[@a(xg +u) — Oa(xo — )l

+ COS[GC(XO + /’L) - ec(xo - /'L)]) (C6)
For instance, the Berry phase has been calculated for
the eigenvector corresponding to the first and second
bands in the case of ¢ =0.1, ¢ = —0.2, and ¢ = 2.5.
Figures 18(a) and 18(b) shows the phases for 6,(x = gL)
and 6.(x = gL) for first and second bands, respectively.
These phases exhibit several discontinuities within x =
gL = +£m. The contributions to the Berry phase by these
discontinuities are given in Table II.

The Berry phase contribution due to discontinuities in
all bands for different values of ¢, ¢/, and « is given in
Table 111, where the parametric study reveals the topologi-
cally trivial and nontrivial bands.

APPENDIX D: TOPOLOGY OF THE 5/10 SL
COMPOSITE SYSTEM CONSTITUTED OF
NONTRIVIAL AND TRIVIAL PARTS

To explain the existence of topological features in the
5/10 SL composite system, we develop a coupled mass-
spring system, where the UC of the upper chain comprises
the sequence of stiffnesses K, K,, K;, denoted the “K1-
K2-K2 subsystem” and the corresponding UC in the lower
chain with stiffnesses K3, K4, K4, called the “K3-K4-K4

Nth Unit Cell

1 Interfaces ||

FIG. 19. Mass-spring system of the K1-K2-K2 chain coupled
with the K3-K4-K4 chain through «. This system is repre-
sentative of a composite system of 5/10 SL deposited on LN
substrate.
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FIG. 20. Amplitudes of the real and imaginary parts of 4, and
A_ plotted for K;=2 and K,=1. The plot clearly shows zero
amplitudes on the negative side of gL and nonzero amplitudes on
the positive side, which is associated with the FP resonance due
to the condition sinkyd, = 0 and reflects the nonconventional
topology of band 2.

subsystem,” as shown in Fig. 19. The period of the sys-
tem is given as L = d| + d, = 3a, where d; = a and
d» = 2a, with a the intermass spacing. The masses in
the two subsystems are coupled via springs of stiffness «.
This coupled mass-spring model is used as a representation
of the composite system of 5/10 SL deposited on the LN

dug,
. N N N N
= K — ) — Kolutyy — ),
d*u.
C,m N N N N
ar K3 (uemyr — tem) — Kslug,, — ucm ),
duly,
D, N N
n Ky(upy —up) — K4(”ﬁ1 - ”g,z—1)~ (DD

We seek solutions of the above equations in the form
of superpositions of forward-propagating and backward-
propagating plane waves in the four homogeneous chains
with stiffnesses K, K», K3, and K4, where 4, B,, Cy,
and D, represent the amplitude in the forward direction,
and 4_, B_, C_, and D_ represent the amplitudes of the
backward-propagating waves.

N igNL ikyma —ikymay iwt
Uy, =T (A ™™ + 4 e 1) e,
ull;fl — ethL (B+etk21a + B,e_lkzla)elwt,
’ (D2)
N igNL ikyma —ikymay iwt
Uc,, = e (Cy ™™ + C_e™ ™" e,

u]l\)l’l — einL (D+eik21a 4 D,e_ikzla)eiwt,

where ki, k», k3, and k; are the wave vectors of the
acoustic waves propagating through the infinite harmonic
chains; their values can be found from the dispersion

substrate if K3 = Kj and is shown in Fig. 19. relations
The bulk equations of motion of the system described
above can be written as follows: . oa\? 2. w
o = 4K; (sink 5 ) =k = sin”! , (D3)
2 a 2. /K;
dul
Am N N N N
dr =K (uA,m+l - uA,m) - K (uA,m - uA,mfl)’ Wherej =1—-—4.
©,,
(a) 0.5
6 § 0.0
- -0.5
5 g 1 T
< -1.0
za /\ : -15
5 o A S I NN R S . -20
g3 x —3xlb —xl2 —xld O Ald 2 34 x —3nlb —xl2 —xld O x4 xl2 3xd =
s aL aL
3 2¢ (d) [—Reta) Im(A,) Re(d) ——-im(a)| (@) [—re(B,) im(8,) Re(B_) —Im(B_)
1 15 1.0
1.0 05
* ,'5*‘\5‘ A /“\b‘ AR L '5“\& « §0A5 § 1 l
qL = £ 00
£ £ \>
—05 08
—1.0 . . -1.0
x =3nl4 —nl2 —nld O a4 w2 3nld  x n =3xl4 -7l2 -xld O Al 2 34 =«
qL qL
‘_Reqc.) m(C,) Re(C ) - Im(Ci)‘ I—R*-‘(DJ Im(D,) Re(D ) —'M(D‘)]
FIG. 21. (a) Band structure of the coupled system with K; = (2.7/1.6)%, K, = (2.0/1.6)?, K3 = K4 = (4.0/1.6)%, and @ = o] =

o = (2.2/1.6)%. The black arrows show the zeros in amplitudes. (b)—(e). Amplitudes of the masses for the second band of the coupled
system, which is representative of the 5/10 SL deposited on the LN substrate.
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To determine the amplitudes, the conditions of continuity of force and continuity of displacement at interfaces I and 11
are applied. After algebraic manipulation, we obtain eight equations that can be written in the following matrix form:

o —Kidl o« —Kidl KoeT"ard2  Kofpe 5]

K10(15l K1,318}r o —K283 o _K28~2F
o1 ,31 —1 —1
1 1 —ePa, —e9l B,
0 0 0 0
0 0 0 0
—a —a 0 0
0 0 —a —a
Ay
A_
By
B_
c. |=9%
C_
Dy
D_
where a; = % = o — ghdi g, — é = ¢iha2a — gikady

and(Si) =1 —etilia,

It may be noted that by our making o = 0, the above
matrix becomes a system of two uncoupled mass-spring
chains, (namely, K1-K2-K2 and K3-K4-K4). In the case
of the K1-K2-K2 mass-spring chain, the system of the four
equations was solved numerically by the singular value
decomposition method. To reveal the unconventional topo-
logical behavior of the K1-K2-K2 subsystem, we applied
a gauge transformation by rescaling all numerical compo-
nents, A, A—, B+, B_. In Fig. 20 we plot the real and
imaginary amplitudes of 4, and A_ in the second band

—a0] fN

-501

Transmission Coefficient S, (dB)

—-60 4+
150

170 180 190 200 210 220 230 240 250
Frequency (MHz)
—— 12 IDT Fingers - - -16 IDT Fingers

160
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FIG. 22. Effect of increasing the number of IDT fingers on
the bandwidth and transmission level of the SAW propagating
through the delay line with a free surface. Increasing the num-
ber of IDT fingers decreases the bandwidth and increases the
transmission level of the propagated signal.
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oy B —1 -1
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(D4)

(

of the band structure. The behavior matches the known
analytical solutions for this subsystem [51-53,69]. Figure
20 clearly shows a DRAK mode in the second band. This
mode has zero amplitudes 4, 4_, B., B_ on the left side
of the Brillouin zone and nonzero amplitudes on the right
side. This feature is associated with a Berry phase of =
for that band and therefore reflects the nonconventional
topology of that band. The DRAK mode emerges due to
FP resonance in the second segment of the UC when the
condition sin krd, = 0 is satisfied.

We now consider the case o # 0—that is, the coupled
system. We solve Eq. (D4) in the same way as in the case
of the uncoupled system. We apply the same gauge trans-
formation as in that case. The amplitudes of the masses are

----- Step Size: 0.1 MHz |

L
(=] (=
L

Step Size: 0.5 MHz |

Transmission Coefficient S,, (dB)

—-60 +———r
150 160 170 180 190 200 210 220 230 240 250
Frequency (MHz)
FIG. 23. Convergence of the FEA solution for the frequency

increment. A step size of 0.5 MHz results in convergence of the
FEA solution.
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FIG. 24. Transmission spectra of SAW devices with and without consideration of the dielectric properties of the amorphous and
crystalline GST materials. The arrows in the 5/5 SL and 5/10 SL plots indicate the stop band and the DRAK mode, respectively.

plotted for the second band of the coupled system in Figs.
21(b)21(e). The graphs reveal striking asymmetry in the
amplitudes across the Brillouin zone that is reminiscent of
the K1-K2-K2 system. The zero amplitudes [black arrows
in the band structure shown in Fig. 21(a)] in the negative
region of gL show the existence of the FP resonance, which
is associated with DRAK modes, providing evidence for
the nonconventional topology of the second band.

APPENDIX E: EFFECT OF THE NUMBER OF IDT
FINGERS ON THE FREQUENCY RESPONSE

A numerical study was performed to investigate the
effect of the number of fingers in the IDTs, and revealed
that increasing the number of fingers decreases the band-
width and increases the intensity of the propagating SAW,
as shown in Fig. 22.

APPENDIX F: CONVERGENCE OF THE
SOLUTION FOR FREQUENCY STEP SIZE

The convergence test plays a crucial role in assessment
of the accuracy of results and for the optimization of com-
putational resources in numerical studies. The result of the
convergence study is shown in Fig. 23.

APPENDIX G: TRANSMISSION SPECTRUM
AFTER CONSIDERATION OF THE DIELECTRIC
PROPERTIES IN FILMS AND SUPERLATTICES

We conducted a series of calculations to account for
the effect of the dielectric properties of the crystalline
and amorphous materials on the transmission response of
SAW devices with homogeneous crystalline and amor-
phous films as well as 5/5 and 5/10 SLs; the corresponding
responses are shown in Fig. 24. The results show that while
the dielectric properties quantitatively affect the transmis-
sion, the overall qualitative behavior of the bandgap and
the DRAK mode observed in the case of the 5/5 and 5/10
SLs is retained.
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