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With the rapid development of the fifth-generation (5G) wireless system, the explosive growth of transmitted data
raises higher requirements for high-performance surface acoustic wave (SAW) devices as filters and duplexers.
(100) AIN/(100) ZnO/diamond layered structures are theoretically simulated by finite element method (FEM) to inves-
tigate the Rayleigh SAW propagation properties, including phase velocity, electromechanical coupling coefficient K2,
and temperature coefficient of frequency (7CF). Three types of layered structures with different interdigital transduc-
ers (IDTs) arrangements, which are IDTs/(100) AIN/(100) ZnO/diamond, (100) AIN/IDTs/(100) ZnO/diamond, and
(100) AIN/(100) ZnO/IDTs/diamond structures, are considered in the simulations. The results show that the Sezawa
mode exhibits larger K* than the other modes. We found that the (100) AIN/IDTs/(100) ZnO/diamond structure exhib-

ited better SAW properties, including high K> and appropriate phase velocity.
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Surface acoustic wave (SAW) devices have been widely
used in the field of wireless communication due to their
small size, low cost, and stable performance. They are
the key components of mobile communication systems
and dominate the fourth-generation (4G) wireless appli-
cation market. With the rapid popularization of the
fifth-generation (5G) mobile communication systems,
mobile data has grown explosively, which puts forward
higher requirements for the performance of SAW de-
vices, such as higher frequencies, wider bandwidth,
smaller losses, smaller dimensions, and better tempera-
ture stability! . The performances of SAW devices are
determined by the sound velocity, electromechanical
coupling coefficient, and frequency temperature coeffi-
cient of the substrate material. Traditional SAW devices
based on piezoelectric single crystals are no longer able
to meet these requirements. SAW devices with
multi-layered structures containing ultra-high sound ve-
locity substrates (such as diamond and SiC) have re-
ceived increasing attention”””. For example, LI et al™
reported a high performance SAW resonator based on
LiTaO3/Si0,/SiC multilayer structure. SHEN et all¥
simulated and fabricated a high performance SAW filter
based on LiNbO;/SiO,/SiC multilayer structure. Among

all materials, diamond has the highest sound velocity, but
diamond is not a piezoelectric material and needs to be
combined with piezoelectric materials. ZnO and AIN
films are the common used piezoelectric films in layered
structures'”. ZnO possesses relatively large piezoelectric
coefficients and therefore can exhibit a high electrome-
chanical coupling coefficient (K*). However, the acoustic
phase velocity of ZnO is low!'”. On the other hand, AIN
exhibits a low K* but a relatively high velocity. Given the
advantages of ZnO and AIN, ZnO/AlIN/diamond,
AIN/ZnO/diamond and (AIN/ZnO)y/diamond structures
were proposed to balance the velocity and K212,

The excitation and propagation properties of SAW for
layered structures are greatly influenced by the crystal
orientations of piezoelectric films!'’!. Rayleigh SAW
with a mechanical displacement component perpendicu-
lar to the substrate surface is the first studied and widely
used SAW. Both (002) and (100) oriented ZnO (or AIN)
films can excite the Rayleigh SAW on different sub-
strates!'*'”. It is reported that Rayleigh SAW in
(100) ZnO/diamond structure possesses the larger cou-
pling coefficients than those in the (002) ZnO/diamond
one and the similar regularity was also found to
(100) AIN/diamond and (002) AIN/diamond structures. The
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maxima K* value of Rayleigh SAW for interdigital
transducers (IDT)/(002) ZnO/diamond structure is 2.69%
while for IDT/(100) ZnO/diamond structure is 4.28%!"*.
The optimal K value for IDT/(002) AIN/diamond struc-
ture is 1.24% while for IDT/(100) ZnO/diamond struc-
ture is 2.31%'"Y, The Rayleigh SAW in (100) ZnO/IDT/
(100) AIN/diamond structure was also investigated and
found that a high K of 6.05% associated with a phase
velocity of 6234 m/s can be obtained!’). The SAW
properties are closely related to the arrangement order of
the piezoelectric films and IDTs in layered structure!'®.
To the best of our knowledge, the SAW properties in
(100) AIN/(100) ZnO/diamond structure has not been
study systematically. With the development of film
preparation technology, (100) AIN and (100) ZnO films
have been successfully, confirming the feasibility of this
structure!' 2,

In this work, the SAW propagation properties are
simulated by finite element method (FEM) based on
(100) AIN/(100) ZnO/diamond ~ layered  structures®®),
Three types of IDTs arrangements, as shown in Fig.1, are
considered in the calculation. The effects of the thickness
ratios of AIN film to ZnO film (R;) in the three structures
are also discussed.

Fig.1 is the illustration of (100) AIN/(100) ZnO/diamond
structures with three types of IDTs arrangements under
global Cartesian coordinate system (x, y, z). The direc-
tion of z axis is perpendicular to the substrate surface and
also is the normal direction of (100) crystal planes of the
ZnO and AIN. The SAW propagates along the x direc-
tion, which is also the (001) crystal planes of the ZnO
and AIN. The finger width is 1.0 um, and the wavelength
A is 4 um. The thickness of the IDTs is 40 nm. The
thickness of the ZnO film is denoted by /7,0 and that of
AIN film by AanN. Rj, represents the ratio of /s to Azno
and H is the total thickness of ZnO and AIN films. The
coupled wave equations satisfied by SAW are shown as

£ ou, e oD ou,

M ovox W oxox L or
J J (1)
Fu, 5 0D

ey ————¢ =0
ikl axl 8)@ ik axk axl

where u; is the displacement, @ is the electrical potential
V), c,fk, is the elastic tensor (N/m?), e, is the piezoelec-

tric tensor (C/m?), g, is the dielectric tensor (F/m), and p

is the mass density (kg/m’). A commercial FEM software
of COMSOL Mutiphysics was used to simulated the
SAW characteristics in the layered structure. The mate-
rial parameters of diamond, (100) ZnO, (100) AIN, and
Al are listed in Tab.1.

The input admittance is calculated by applying a sinu-
soidal voltage signal to the IDTs. The resonance fre-
quency (f;) and the anti-resonance frequency (f,;) are de-
termined from the input admittance. The phase velocity
of SAW is calculated using the following equation®®!

v=Af;. 2)
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Fig.1 |lllustration of (100) AIN/(100) ZnO/diamond
structures with three types of IDTs arrangements
considered in the calculation: (a) IDTs/(100) AIN/(100)
ZnO/diamond; (b) (100) AIN/IDTs/(100) ZnO/diamond;
(c) (100) AIN/(100) ZnO/IDTs/diamond (Coordinate sys-
tem and crystal axes are also given)

Tab.1 Material constants and temperature coefficients
used in the calculation

Symbol Diamond  (100) ZnO  (100) AIN Al
cn 11.531 2.106 3.95 1.11
Elastic cn 0.864 1.046 1.2 0.59
constants  ¢3 0.864 1.046 1.2 0.59
(10" N/m?) ¢33 11.531 2.096 3.45 111
Ca4 5.333 0.445 5 1.1 0.26
Tempera- T, -0.14 -1.23 -0.65 5.9
ture coef-
ficients of lel3 -0.57 -1.61 -0.018 —0.8
elastic
Tes -0.14 -1.21 -0.37 =59
constants
(10*/°C) Toas -0.125 -0.48 -0.57 =52
. el -— 1.321 1.55
Piezo-
. e - -0.573 -0.58
electric
e - -0.573 —0.58
constants
) e - -0.48 -0.48
(C/m°)
e3s - -0.48 -0.48
Relative  &11/gy 5.67 10.2 10.73 1
dielectric
833/8() 5.67 8.55 9.04 1
constants
Mass
density P 3.512 5.665 3.26 2.7
(10° kg/m)
Tempera-
ture coef-
ficients of
T, -3.6 -10.1 -14.69 -165
mass
density

(10°/°C)

The electromechanical coupling coefficient K> is an
important performance index that can evaluate the con-
version efficiency of acoustic-electric transformation,
which can be estimated from the following equation!®”

2 f_f
K =25 3
7 3)



* 0734 -

The temperature coefficient of frequency (7CF) is an-
other important performance parameter to evaluate the
temperature stability of the SAW devices. A TCF close
to 0 is expected for many SAW device applications, such
as wireless communications and sensor. 7CF' is obtained
as follows!**!

TCF = 19 ,
f.oT
where 7 is the temperature.
Fig.2 shows the admittance curves for the three types
of layered structures considered in the calculation as a
function of driving frequency. The normalized thickness
of H (H/Z) is fixed at 0.5 and the R, is 1, which are the
same for the three structures. Excite modes of SAW can
be easily identified from the peaks in the admittance
curves. The three peaks correspond to the first three
modes, the fundamental mode (MO) and its higher modes
(M1 and M2), of which the MO with the lowest reso-
nance frequency is called Rayleigh mode, while the M1
is called Sezawa mode.

“
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Fig.2 Input admittances of three types of layered
structures considered in the calculation with R,=1
and H/A=0.5

The dispersion behaviors of phase velocity and K>
were calculated for the three structures with different
IDTs arrangements. Fig.3 shows the dispersion curves
for the first three modes as a function of H/A. The Ry, is
fixed to 1 for the three structures. The Sezawa mode can
be observed when the H/A exceeds 0.13 and the M2 is
found at the H/A higher than 0.2. In Figs.3(a—c), a
higher phase velocity can be obtained for the higher or-
der mode at the same H/A. The positions of the IDTs
have little influence on the phase velocity for all the
three modes. However, the K values are greatly influ-
enced by the positions of the IDTs, as shown in
Figs.3(d—f). For the IDTs/(100) AIN/(100) ZnO/dia-
mond structure, the K? values of M0 and M2 are both
relatively low while those of the Sezawa mode (M1) are
relatively large when the range of H/4 value is from 0.15
to 0.40. In the case of the (100) AIN/IDTs/(100) ZnO/
diamond structure, the Sezawa mode has a much larger
value of K than the other modes in our research range of
H/.. As for the (100) AIN/(100) ZnO/IDTs/diamond

Optoelectron. Lett. Vol.19 No.12

structure, the Sezawa mode has a relatively large value of
K?* at H/J lower than 0.25 and the M1 has a relatively
large K* at H/J. larger than 0.25.
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Fig.3 (a—c) Phase velocity and (d—f) K* curves of the
first three Rayleigh modes as a function of the nor-
malized piezoelectric films total thickness H/A for the
three structures with different IDTs positions: (a, d)
IDTs/(100) AIN/(100) ZnO/diamond; (b, e) (100) AIN/IDTs/
(100) ZnO/diamond; (c, f) (100) AIN/(100) ZnO/IDTs/dia-
mond (The ratio R, of han to hzno is 1 for the three
structures)

Consider that Sezawa mode of SAW shows relatively
large K? in the three considered structures. The velocity, K2,
and TCF of the Sezawa mode are investigated in detail as a
function of H/Z at different R,. Fig.4 displays the phase ve-
locity, K%, and TCF curves for the Sezawa SAW in the
IDTs/(100) AIN/(100) ZnO/diamond structure. IDTs/(100)
ZnO/diamond and IDTs/(100) AIN/diamond structures are
two extreme cases for the IDTs/(100) AIN/(100) ZnO/
dia-mond structure when the R, ratio equal to 0 and infinity,
respectively. For comparison, the phase velocity, K%, and
TCF curves of the IDTs/(100) ZnO/diamond structure and
the IDTs/(100) AIN/diamond structure are also presented in
Fig.4. From Fig.4(a), the phase velocity of IDTs/(100) AIN/
(100) ZnO/diamond structure is between those of IDTs/
(100) ZnO/diamond and IDTs/(100) AIN/diamond struc-
tures, and the phase velocity decreases with increasing H/4
but increases as the R, increases. Moreover, the phase ve-
locity curves exhibit a higher dispersion when the H// is
smaller than 0.2 but a lower dispersion when the H/Z is lar-
ger than 0.2. The similar variations were also observed in
(002) AIN/(002) ZnO/diamond structure!®’. The K? values of
the Sezawa mode in the IDTs/(100) AIN/(100) ZnO/

Optoelectron. Lett. Vol.19 No.12 + 0735 »

diamond structure depend not only on the /. but also on
the R, as shown in Fig.4(b). The K* values first increase to
the maximum and then decrease as H/A increasing for dif-
ferent R, rations. The larger K? can be obtained for lower R,
due to the better piezoelectricity of ZnO than that of AIN. It
is worth mentioning that for the H/4 value less than 0.2, the
K? for the IDTs/(100) AIN/(100) ZnO/diamond structure are
larger than those of IDTs/(100) ZnO/diamond structure. The
TCF of the Sezawa mode is improved with R, increasing, as
shown in Fig.4(c), because AIN, comparing with ZnO, has
the lower TCF absolute value. Noticing that the TCF abso-
lute value in IDTs/(100) AIN/(100) ZnO/diamond structure
can be lower than those in the IDTs/(100) AIN/diamond
sturcture.
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Fig.4 Calculated (a) phase velocity, (b) K%, and (c) TCF
for the Sezawa mode of SAW as a function of the H/A
in the IDTs/(100) AIN/(100) ZnO/diamond structure
with different ratios of han to hzno
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The phase velocity, K>, and TCF curves of the Sezawa
mode SAW in the (100) AIN/IDTs/(100) ZnO/diamond
structure is shown in Fig.5 as a function of A/ at diffe-
rent R, Two extreme cases for the (100) AIN/IDTs/(100)
ZnO/diamond structure when the R), ratio equal to 0 and
infinity respectively are IDTs/(100) ZnO/diamond and
(100) AIN/IDTs/diamond structures. The corresponding
data of IDTs/(100) ZnO/diamond and (100) AIN/IDTs/
diamond structures are also added in Fig.5 for compari-
son. The phase velocity curves of (100) AIN/IDTs/(100) ZnO/
diamond structure, as shown in Fig.5(a), are similar to
those of IDTs/(100) AIN/(100) ZnO/diamond structure in
Fig.4(a). The TCF curves of (100) AIN/IDTs/(100) ZnO/
diamond structure in Fig.5(c) are slightly improved,
comparing with those of IDTs/(100) AIN/(100) ZnO/diamond
structure in Fig.4(c). For instance, the 7CF is
—20.1 ppm/°C for IDTs/(100) AIN/(100) ZnO/diamond
structure and 18.5 ppm/°C for (100) AIN/IDTs/(100) ZnO/
diamond structure when the H/A is 0.45 and R, is 5.0.
The K* values of (100) AIN/IDTs/(100) ZnO/diamond
structure show high values at wide range of H/A, as
shown in Fig.5(b), which are higher than those of
IDTs/(100) AIN/(100) ZnO/diamond and IDTs/(100) ZnO/
diamond structures. The maximum K> of 5.2% is ob-
tained at H/2=0.35 and R;=0.2, the associated phase ve-
locity and TCF are 6 334 m/s and —33.3 ppm/°C, respec-
tively.

Fig.6 shows the phase velocity, K*, and TCF curves of
the Sezawa mode SAW in the (100) AIN/(100) ZnO/IDTs/
diamond structure as a function of H/A at different R,
(100) ZnO/DTs/diamond and (100) AIN/IDTs/diamond
structures are two extreme cases for the
(100) AIN/(100) ZnO/IDTs/diamond structure when the
R, ratio equal to 0 and infinity, respectively. The phase
velocity and TCF curves of (100) AIN/IDTs/(100) ZnO/
diamond structure (in Fig.6(a) and (c)) are similar to
those of the other two structures. The K> value is lower
than those in the other structures and serious dispersion
occurs when large K* values are obtained, as shown in
Fig.6(b). Large dispersion requires an exact control of
the piezoelectric film thickness in order to ensure a high
K? value, which causes difficult for the fabrication of the
SAW devices.
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Fig.6 Calculated (a) phase velocity, (b) K% and (c) TCF
for the Sezawa mode of SAW as a function of the H/A
in the (100) AIN/(100) ZnO/IDTs/diamond structure
with different ratios of han to hzno

The Rayleigh SAW propagation properties in
(100) AIN/(100) ZnO/diamond layered structures are
simulated by FEM. Three types of layered structures
with  different [IDTs arrangements, which are
IDTs/(100) AIN/(100) ZnO/diamond, (100) AIN/IDTs/(100) ZnO/
diamond, and (100) AIN/(100) ZnO/IDTs/diamond struc-
tures, are considered. The phase velocity, K2, and TCF of
the first three SAW modes (M0, M1, and M2) are calcu-
lated and discussed. The results show that the Sezawa
mode (M1) exhibits the largest K* of the first three SAW
modes. The position of IDTs has slight influence on the
phase velocity and TCF but great influence on the K.
The (100) AIN/IDTs/(100) ZnO/diamond structure ex-
hibits better SAW properties including high phase velo-
city and K? in the three structures. Furthermore, for the
(100) AIN/IDTs/(100) ZnO/diamond  structure, the ex-
posed surface is AIN film, which possesses well chemi-
cal and thermal stability and can provide protection for
the IDTs in the practical application. The simulated re-
sults show the high SAW performances of
(100) AIN/(100) ZnO/diamond layered structure, and this
structure possesses great potential in 5G wireless system.
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