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Piezoelectricity of YbAIN films has recently been shown to be almost as high as that of ScAIN films. YbAIN film surface acoustic wave (SAW)
resonators are expected to have a high coupling factor. We theoretically investigated the propagation characteristics of first-mode Rayleigh SAWs
(RSAWSs) on Ybg 33Alp 67N film/high-velocity Si, sapphire, AIN, SiC, BN, and diamond substrates. The first-mode RSAWSs on the YbAIN layered
structures had high coupling factors, higher than those on ScAIN layered structures. An enhancement of the effective coupling factor of the first-
mode RSAWSs was observed in polarity inverted YbAIN film/BN or diamond substrate structures. © 2022 The Japan Society of Applied Physics

Surface acoustic wave (SAW) resonators for frequency filters
in future mobile communications and high-sensitivity sensors
require a high coupling factor, high Q factor, high-frequency
operation, and good temperature stability. It has recently been
experimentally and theoretically demonstrated that leaky
SAW, longitudinal leaky SAW, and high order mode
Rayleigh-SAW (RSAW) resonators consisting of interdigital
transducers (IDTs)/thin piezoelectric layers/high-velocity
substrates' ™ make it possible to achieve higher coupling
factors than those for standard SAW resonators with IDTs/
piezoelectric substrates. LiNbO3; and LiTaO; thin plates,
which have high piezoelectricity, are often used as the
piezoelectric layers in these layered structure SAW resona-
tors. A pure AIN piezoelectric film, which has a low
mechanical loss, good temperature stability, high thermal
conductivity, and high chemical stability, and thus enables
operation in harsh environments, is also a good candidate for
these piezoelectric layers. However, the coupling factors for
AIN film SAW resonators are low because of the relatively
small piezoelectric constants of the film.”

It has been reported that the piezoelectricity of AIN films is
enhanced by Sc¢,”™® Yb,”'” Cr,""' and MgZr'? doping. In
particular, the thickness extensional mode electromechanical
coupling coefficient k> for AIN films is significantly im-
proved by heavy Sc doing.” Layered structure SAW
resonators with ScAIN films have a higher coupling factor
than that for SAW resonators with AIN films."*"'” The
coupling factor for first-mode (Sezawa mode) RSAWs on the
IDTs/c-axis oriented Scg4AlggN film/diamond substrate is
approximately four times higher than that for first-mode
RSAWs on the IDTs/c-axis oriented pure AIN film/diamond
substrate."® Yanagitani et al. experimentally demonstrated
that the k2 values for c-axis oriented YbAIN films were
similar to those for c-axis oriented ScAIN films.” In addition,
the elastic and piezoelectric constant tensors calculated using
density functional theory for Ybg 33Al067N'? are almost the
same as those for Scy4Aly N 1% We thus expect that RSAW
resonators with YbAIN piezoelectric layers/high-velocity
substrates will have high coupling factors, as is the case for
ScAIN films. We demonstrated that the K> for the first-mode
RSAWs on YbAIN film/high-velocity substrate were sig-
nificantly higher than those of zeroth- and second-mode
RSAWs on the YbAIN layered structures.'”

In this study, the propagation characteristics of first-mode
RSAWSs on YbAIN film/high-velocity Si, sapphire, wurtzite
AIN (wAIN), 6H-SiC, wurtzite BN (wBN), and diamond
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substrates were theoretically investigated in more detail. By
comparing their characteristics with those of the SCAIN films,
we discuss the advantage of YbAIN film RSAW resonators.
The frequency characteristics for the first-mode RSAWs on
IDTs/polarity inverted YbAIN films/substrates were simu-
lated using a finite element method (FEM) analysis to
estimate the effective coupling factor K. for the RSAW
resonators. In addition, the origins of the enhancement of the
K. for the polarity inverted structure were explored by
observing the first-mode RSAW particle displacements in the
polarity inverted YbAIN film RSAW resonators.

The phase velocities for first-mode RSAWs on (0°, 0°, 0°)
Ybg33Alp 67N films/(0°, 0°, 0°) substrates were analyzed
using Farnell and Adler SAW propagation analysis
method.”” The coupling factor K* was determined as

K? = 2%y — v) /vy, (1

where v and v,,, are the phase velocities on an electrically free
surface and a metallized surface, respectively. The Yb
content of the YbAIN film in this analysis was set to 33%
because the piezoelectric constants (e33, €31, and e;5) were
highest for Ybgy-04Al;_ N 10 The elastic constants, piezo-
electric constants, and density for Ybg33Alg 47N calculated
using density function theory'® were used. Si (v¢=4900 m
s~ 1,?D sapphire (v=75550 m s~ "),** WAIN (vy=5700 m
s71,? 6H-SiC (vy=6800 m s '),*” wBN (v;=9600 m
sfl),zs) and diamond (v¢= 11 000 m 571)2(’) were selected as
substrates because they have a higher RSAW phase velocity
than that for Ybg 33Alp 67N (v;=3300 m s '). As shown in
Fig. 1(a), the phase velocities for the first-mode RSAWs on
the YbAIN films/substrates decreased with increasing nor-
malized YbAIN film thickness #/A. As shown in Fig. 1(b),
the K* values for first-mode RSAWs had a maximum of
6.3%-7.3% around h/A=0.2-0.6. We analyzed the first-
mode RSAWSs characteristics on the Scg4AlggN film/dia-
mond substrate (dash line in Fig. 1) by using the same SAW
analysis method as those for the YbAIN film/substrate
structures. The K> values for first-mode RSAWs on the
Yby 33Al5 67N film/substrate structure were higher than those
for first-mode RSAWs on the Scy4AlyeN film/diamond
structure. There were no significant differences in the elastic
constants and the piezoelectric constants of Ybg 33Alp 67N 10)
and  ScosAlpgN'™®  (Ybgi3Alge/N: ¢ =255 GPa,
Cip = 139 GPa, Ci3 = 119 GPa, C33 = 192 GPa,
Cyq = 85 GPa, €33 = —0.21, ez = —0.68 and €15 = 2.17,
SCO'4A10'6N: 11 = 282 GPa, Cip = 137 GPa, C13 = 125 GPa,

© 2022 The Japan Society of Applied Physics
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Fig. 1. (Color online) (a) Phase velocities and (b) K? values for first-mode
SAWs on (0°, 0°, 0°) Ybg 33Alp.¢7N films/Si, sapphire, wAIN, 6H-SiC, wBN,
and diamond substrates as a function of normalized YbAIN film thickness
h/\." The blue dashed lines indicate the phase velocity and K> on
Scp4AlyeN film/diamond substrate.

C33 = 169 GPa, Caq = 98 GPa, €33 = —029, e3] = —0.52 and
e15=2.72). However, the density of 5935 kg m > for
Ybo33Alp67/N'? is approximately 1.7 times higher than that
of 3601 kg m > for ScouAlgeN,”” which causes the lower
RSAW phase velocity of approximately 3300 m s~ ' on
Ybg33Alp 67N than that of approximately 4700 m s ! on
Scp4AlpeN. We surmise that the large phase velocity
difference between the piezoelectric Ybg33Algg/N layer
and the substrate induced a strong SAW particle concentra-
tion at the piezoelectric layer, which led to the high K>
values, in the YbAIN film/high-velocity substrate structures.

Polarity inverted structures enhance the coupling factors
for first-mode RSAWs on ScAIN or AIN films/diamond
substrates.”® This enhancement is also expected for YbAIN
film/high-velocity substrate structures. We simulated the
admittance frequency characteristics of the first-mode
RSAWs on Al IDTs/(0°, 0°, 0°) YbAIN layers/(0°, 180°,
0°) YDAIN layers/substrates using FEM analysis (Femtet,
Murata Software). Figure 2(a) shows the FEM analysis
model for the layered structure SAW resonators. A perfect
matching layer was assumed for the substrate bottom to
remove the effect of reflected bulk waves from the substrate
bottom. A periodic boundary was applied to both sides of the
models. When the period of the infinite periodic Al IDTs was
A =8 um, the substrate thickness and the film thickness for
the Al IDTs were adjusted to be approximately 10\ and
0.01\, respectively. The mechanical loss and dielectric loss
(tand) for the YbAIN films and substrates were not taken into
consideration. The total normalized YbAIN film thicknesses
(h1sd A+ hopg/ ) for the first-layer and second-layer thick-
nesses were fixed at 0.36, 0.31, 0.28, 0.26, 0.58 and 0.58 on
Si, sapphire, wAIN, 6H-SiC, wBN, and diamond substrates,
respectively. These h /A + hyna/ A values led to the highest
K? value for the first-mode RSAWs on the monolayer YbAIN
film/substrate, as shown in Fig. 1(b). The A4/ and hp,a/A
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Fig. 2. (Color online) (a) FEM model of Al IDTs/polarity inverted YbAIN

film/substrate. (b) Keffz values for first-mode RSAWs on polarity inverted
YDAIN films/Si, sapphire, wAIN, 6H-SiC, wBN, and diamond substrates as a
function of normalized first-layer thickness i /A2

values varied in the range of 0.00 to A1/ A + Aona/A. The Ko
values for first-mode RSAWs were obtained from the
resonance and anti-resonance frequencies of the admittance
frequency characteristics. As shown in Fig. 2(b), the K.y
values for the polarity inverted YbAIN films/Si, sapphire,
wAIN, and 6H-SiC substrates decreased with increasing
hig/\ (from O to 0.16-0.24). Above h;o/\ = 0.16-0.24, the
K. values gradually increased to the K. values at
hig/A=0.00. The K. values for the polarity inverted
YbAIN films/wBN and diamond substrates increased with
increasing h4/\ (from O to 0.22). The maximum Keffz values
(approximately 8.0%) at hys/A=0.22 were approximately
1.2 times higher than those for the monolayer YbAIN films/
wBN and diamond substrates at h;/\=0.00. Next, we
observed the SAW particle displacements for first-mode
RSAWSs on the polarity inverted YbAIN film or monolayer
YbAIN film/diamond or Si substrate. As shown in Figs. 3(a)
and 3(b), for the polarity inverted YDbAIN film
(h1s/ A = 0.22)/diamond substrate with high Ko of 8.0%,
the SAW particles of the first-mode RSAWs were strongly
concentrated at the YbAIN piezoelectric layer. In addition,
the SAW evanescence to the substrate observed around the
interface between the YbAIN film and the substrate was more
suppressed. We confirmed that the depth from the YbAIN
film surface, where the first-mode RSAW particles were
concentrated, did not change in the monolayer and polarity
inverted YbAIN films/diamond substrates. The highest Keffz
value was obtained by setting the boundary between the
polarity inverted structure at the depth where the first-mode
RSAW particles were concentrated. As shown in Figs. 3(c)
and 3(d), for the YbAIN film/Si substrate structures, most of
the first-mode RSAW particles were in the Si substrate.
Therefore, the polarity inverted structure in the YbAIN film
may adversely affect first-mode RSAW propagation and the
K.i* values for the polarity inverted YbAIN film/Si substrate.
Furthermore, in the polarity inverted YbAIN film
(h1/ A = 0.24)/Si substrate with small Keffz of 0.1%, the
strong SAW particle concentration did not appear in the
YbAIN films and the interface between IDTs and YbAIN
film, and the SAW leakage to the Si substrate were slightly
enhanced. From these observations, we conclude that the
piezoelectricity of the YbAIN film contributes little to the

© 2022 The Japan Society of Applied Physics
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Fig. 3. (Color online) Particle displacements for first-mode RSAWs in z
direction at resonance frequency on (a) polarity inverted YbAIN film/
diamond substrate, (b) monolayer YbAIN film/diamond substrate, (c)
polarity inverted YbAIN film/Si substrate, and (d) monolayer YbAIN film/Si
substrate.

SAW propagation on the polarity inverted YbAIN film/Si
substrate, which leads to the small K. value.

In conclusion, the propagation characteristics of the first-
mode RSAWs on YbAIN films/high-velocity Si, sapphire, w-
AIN, 6H-SiC, w-BN, and diamond substrates were analyzed.
We demonstrated that all YbAIN layered structures had high
K? values for first-mode RSAWSs which were higher than that
of ScAIN film/diamond substrate. Moreover, the Keffz value

SG1014-3

for the first-mode RSAWs was enhanced in the polarity
inverted YbAIN film/BN or diamond substrate.
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