IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 12, 2020, accepted July 1, 2020, date of publication July 6, 2020, date of current version July 17, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3007162

3D Layout of Interdigital Transducers for High
Frequency Surface Acoustic Wave Devices

JUNYAO SHEN "1, JINGTING LUO?, SULEI FU'!, RONGXUAN SU', WEIBIAO WANG?,
FEI ZENG ', CHENG SONG!, (Member, IEEE), AND FENG PAN""

!Key Laboratory of Advanced Materials (MOE), School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China
2Shenzhen Key Laboratory of Advanced Thin Films and Applications, College of Physics and Optoelectronic Engineering, Shenzhen University,

Shenzhen 518060, China
3SHOULDER Electronics Limited, Wuxi 214124, China

Corresponding author: Feng Pan (panf @mail.tsinghua.edu.cn)

This work was supported by the National Key Research and Development Program of China under Grant 2016 YFB0402700.

ABSTRACT The development of mobile communication sets higher demands on high frequency surface
acoustic wave (SAW) devices. The layout of interdigital transducers (IDT) in SAW devices is in plane and
the traditional methods of improving frequency for SAW devices are the increase of acoustic velocity and
the reduction of wavelength. However, these methods have a limit due to the limited acoustic velocity and
the photolithography limit. This work proposes a new way for the development of high frequency SAW
devices by redesigning the layout of IDT in three dimensions (3D). The set of IDTs is split into two layers,
i.e. the ground electrodes on one layer and the signal electrodes on the other layer. This 3D layout of IDTs
dramatically narrows the horizontal gap between two adjacent electrodes, which can significantly increase
the frequency. The frequency and the electromechanical coupling factor (K?) of the four structures of SAW
devices with the 3D layout of IDTs were studied by the finite element method (FEM). The results show
that the frequency can be doubled under the same critical resolution of lithography due to the shortening
of wavelength, and the 3D layout of IDTs is available for SAW devices based on piezoelectric thin film or
piezoelectric single crystal. This work develops a new alternative to increase the working frequency of SAW
devices.

INDEX TERMS High frequency, interdigital transducer, surface acoustic wave, three-dimensional layout.

I. INTRODUCTION

Surface acoustic wave (SAW) devices have been widely
used in the field of communication system, microfluidic and
sensor. [1]-[7] With the rapid development of mobile com-
munication technology, especially the emergency of the Sth
generation (5G) wireless system has promoted the frequency
range into Sub-6 and even millimeter Wave, which demands a
large number of high frequency filters and duplexers. Hence,
many researchers have devoted into a serial of innovative
devices with high frequency and good performance. [8], [9]
Bulk acoustic wave (BAW) devices whose frequency is
dependent on the thickness of the piezoelectric layer can
be utilized in high-frequency applications. [10]-[15] But in
order to achieve a high quality (Q) factor, the piezoelectric
layer cannot be too thin and the fabrication techniques are
elaborate, resulting in the limited frequency and high cost.
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Lamb wave devices which combine the strengths of SAW
devices and BAW devices have been the hot area of research
in recent years [16]-[21], but the process flow of fabrication
is even more complicated than that of BAW devices. Aiming
at lowering the cost, many researchers are committed to the
study of high frequency SAW devices.

Generally, using wafers with high acoustic propagating
velocities and shrinking the period of interdigital transduc-
ers (IDT) are two ways to improve the frequency of SAW
devices. Recently, AIN thin film has got much attention
because it has higher phase velocity (over 5000 m/s) com-
pared to other piezoelectric thin films. [22]-[29] Moreover,
it can be deposited on substrates with high phase veloc-
ity, such as diamond and SiC, resulting a great candidate
for high frequency SAW devices. [30]-[32] The frequency
of the device based on AIN/diamond structure reached
5 GHz [33], while a Sezawa wave filter based on ZnO/SiC
structure with the center frequency of 6.8 GHz was prepared
successfully in our previous work [34]. Longitudinal leaky
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surface acoustic wave (LLSAW) is also an option for high
frequency devices. [35], [36]

Nevertheless, these conventional methods to improve the
frequency of SAW devices have a limit due to the limited
acoustic velocity and the photolithography limit. For exam-
ple, since the layout of IDT in SAW devices is in plane,
the period of IDT cannot be prepared into a very small level
because of the photolithography limit, the preparation cost
and the power durability. This stimulates us to explore a new
solution to increase SAW devices frequency. In this paper,
we introduce three-dimensional (3D) design into IDTs of
SAW devices and demonstrate a 3D layout of IDTs in order
to further reduce its wavelength. The IDTs are separated into
two layers, i.e. the ground electrodes on one layer and the
signal electrodes on the other layer, and thus the gap between
electrodes in either part of IDTs can be much smaller, which
narrows the wavelength significantly. The devices with this
3D layout of IDTs have much higher frequencies under the
same critical resolution of lithography.

Il. SIMULATION DETAILS

Four structures with the 3D layout of IDTs, as shown
in Fig. 1(a)-1(d), are designed. This work, for the first time,
redesigns the layout of IDTs by splitting a set of IDTs into
two layers, i.e. the ground electrodes on one layer and the
signal electrodes on the other layer. Fig. 1(e) shows the detail
of IDTs. The first layer of IDTs is embedded inside either the
Si0; layer or the piezoelectric layer, while the second layer
of IDTs is on the top of the surface. In Fig. 1, the 1% layer of
IDTs is connected as the signal input and the 2™ layer to the
ground. In fact, the electrical connection of these two layers
can be reversed. The horizontal gap between two adjacent
electrodes with different polarities is g1, while g stands for

(c) (d)
g d 8
1+ layer of IDT
G 12" layer of IDT
i N SiO, thin film
d =] d I Piezoelectric thin film (e.g. ZnO)
[ Normal substrate (e.g. Si)
S S I Piczoelectric crystal substrate
(e) (e.g. 15°Y-X LiNbO,)

FIGURE 1. Schematics showing the design of the first structure (a),
the second structure (b), the third structure (c), the fourth structure
(d) with the 3D layout of IDTs (e).
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the gap of electrodes with the same polarity. If we note the
width of each electrode as d, then there is an equation as
follows.

@ =d+2xg 1

These sizes are the key to narrow the wavelength (1) and
increase the frequency.

A=2x(d+g1) 2)

The first high frequency structure with the 3D layout
of IDTs based on piezoelectric thin film, e.g. zinc oxide,
is composed of a piezoelectric thin film, SiO, and a substrate,
as shown in Fig. 1(a). Fig. 1(b) depicts another structure
for piezoelectric thin film, where the piezoelectric thin film
is sandwiched between SiO, layer and the substrate. The
structure shown in Fig. 1(c) is formed by SiO»/ piezoelectric
crystal substrate. The 1% layer of IDTs in the first three
structures are all covered by SiO, layer because SiO; thin
film grows compactly both on and between the electrodes and
also plays a vital role in temperature compensation for SAW
devices. The design in Fig. 1(d) has the simplest structure
which directly buries the 1% layer of IDTs into the piezoelec-
tric crystal without using SiO» layer.

This work theoretically studies all the four structures by
the finite element method (FEM) via COMSOL Multiphysics
software. All the structures in COMSOL only has one period
with periodic boundaries for side faces and specific materials
are modelled for each structure. Al electrode/ c-ZnO/ SiO;
(Al electrode)/ Si(100) substrate, Al electrode/ SiO,
(Al electrode)/ c-ZnO/ Si(100) substrate, Al electrode/ SiO,
(Cu electrode)/ 15°Y-X LiNbOj3 substrate, Al electrode/
(Cu electrode) 15°Y-X LiNbOs3 substrate, respectively stand-
ing for the structures in Fig.1(a)-1(d), are systematically
simulated. 15°Y-X LiNbOj3 is chosen because SAW devices
based on 15°Y-X LiNbOj3 possess large value of the elec-
tromechanical coupling factor (K?). [37]

The material constants cited from references [38]-[40] are
given in the global coordinate system (X, ¥, Z) in COM-
SOL. To achieve the orientation of 15°Y-X for LiNbOj3
substrate, this work defines the Euler angle of (0, 75°, 0),
according to the rule of COMSOL, while it is unneces-
sary to set the rotated coordinate systems for the structures
in Fig. 1(a) and 1(b). Two dimensional model is used for the
simulation of the structures in Fig. 1(a) and 1(b) because the
displacement in the transverse direction is negligible, while
the other two designs in Fig. 1(c) and 1(d) are built based on
the three-dimension models.

Electrically grounded boundary condition and terminal
condition are set respectively for one of the electrodes in
each model. In the simulation, the wavelength is controlled
by changing three key parameters g1, g2 and d, and the height
of each electrode is adjusted. The thickness of each thin film
layer is also an important factor which greatly influences the
performance of SAW devices. The ratio of the thickness (/)
to the wavelength (1) depicts the change of the thickness in
this work.
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The frequency (f) is defined as:
f=0+f)/2 3

where f. and f, are the resonance frequency and the
anti-resonance frequency, respectively.

The electromechanical coupling factor (K?) is calculated
from the following equation [41].

2 _ /O
tan[rf;/(2fa)]

This 3D layout of IDTs brings an electric field with per-
pendicular component which activates the bulk wave. If the
bulk wave is not controlled, it propagates inside the whole
structure and does harm to the signal because of energy dissi-
pation. An IDT-modulation method, which is to prepare two
layers of IDTs with different thicknesses and even with dif-
ferent materials, is proposed to neutralize the effect from per-
pendicular component of the electric field. Simulation results
show that the bulk wave can be suppressed when the thick-
nesses and materials of the two layers of IDTs are different
and match up with each other. Therefore, in the second, third
and fourth structures, this IDT-modulation method is adopted
to suppress the bulk wave and ensure the quality of signals.
The first structure is special. When silicon substrate is applied
as the normal substrate in Fig. 1, piezoelectric layer/ SiO»/
Si structure is similar to Incredible High-performance SAW
(LH.P.SAW) devices [42] and solidly mounted resonator
(SMR) [43] which has the ability to confine acoustic wave,
to some extent. Simulation results show that the bulk wave
can be confined and the signal is as great as conventional
SAW devices only if the thicknesses of the piezoelectric layer
and SiO, are proper. In this article, in order to show the results
of the original first structure and the confining effect from
Si0,/Si double layer, the IDTs in the first structure are not
modulated like the other three structures, but the approach
of IDTs modulation can also be used in the first structure to
ensure the quality of all the signals.

Fig. 2 shows typical admittance curves of the models
designed for the four structures in Fig. 1, respectively. The
insets in Fig. 2 display the deformation shape when the SAW
is excited. For the structures based on ZnO thin film, the sig-
nal of the Sezawa mode wave is utilized, while the structures
based on 15°Y-X LiNbOj3 are the shear-horizontal (SH) wave.
In Fig. 2(a) and 2(b), spurious signals can be observed. The
signal at about 5 GHz in Fig. 2(a) and 2(b) comes from 0"
Rayleigh wave and that at about 9.5 GHz in Fig. 2(a) comes
from 1%t Rayleigh wave. The admittance ratio (AR) [44] is
calculated and shown in Fig. 2, which is defined as:

“

AR = 20]0g10 |Y:/Yal (5

where Y; is the admittance at resonance frequency and the Y,
is the admittance at anti-resonance frequency.

The SAW in every structure is excited by the horizontal
component of the electric field. In the first structure, the elec-
tric field penetrates the ZnO and SiO; layer, while the electric
field in the second structure mostly focuses on the surface
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FIGURE 2. Typical admittance curves and corresponding deformation
shapes (antisymmetric state) of (a) the first structure, (b) the second
structure, (c) the third structure, (d) the fourth structure.

of the structure. Generally, the proportion of the horizontal
component in the second structure is higher than that in the
first structure. The electric field in the third structure is in
the SiO; layer and on the surface of the LiNbOs3 substrate,
while it only focuses on the surface of the LiNbO3 substrate
in the fourth structure. More energy can be converted by the
LiNbOs3 substrate in the fourth structure, so the value of K2
is larger which can be obviously seen in Fig. 2(c) and (d).

IIl. RESULTS AND DISCUSSION

A. SIMULATION OF STRUCTURES BASED ON
PIEZOELECTRIC THIN FILM

Fig. 3 shows the calculated f and K? dispersion patterns of
the Sezawa mode wave propagating in the structure which is
depicted in Fig. 1(a). In this part of simulation, the width of
electrode d is fixed as 250 nm and the height is 60 nm, while
the gap g1 is altered to study the influence of wavelength
on the value of f and K2, Fig. 3(a) and (b), 3(c) and (d),
3(e) and (f), 3(g) and (h) respectively show the f and K 2 dis-
persion patterns of the wave in the models with g; of 150 nm,
100 nm, 50 nm, 10 nm. As mentioned in Section II, the IDTs
in this structure are not modulated, so only the structures with
h(ZnO)/X of 0.2 and h(SiO3)/A of 0.3 or 0.4 confine the bulk
wave. Under the conditions of other thicknesses, the signal
is not as good as conventional SAW devices because of
synchronous bulk wave generation. But it does not influence
the study about the characteristics of the Sezawa mode wave
and it can be solved by IDT-modulation method.

In Fig. 3(c)-(f), several points are omitted because the ZnO
and SiO; layer are so thin that the signals are weak and not
actually valuable in these cases. When the wavelength is 520
nm and 4(Si02)/A equals 0.1, the thickness of SiO5 is 52 nm
and smaller than that of IDTs. This situation does not meet
the design shown in Fig. 1(a), so Fig. 3(g) and (h) only have
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FIGURE 3. Frequency (a, ¢, e, g) and K2 (b, d, f, h) as functions of the thicknesses of ZnO and
Si0, in the first structure with the wavelength of (a, b) 800 nm, (c, d) 700 nm, (e, f) 600 nm,

(g, h) 520 nm.

four lines. The frequency increases sharply with the decrease
of g1 because smaller g1 shortens the wavelength. g; does not
have a significant effect on the K2.

The dispersion patterns of the frequency in Fig. 3(a), 3(c),
3(e) and 3(g) exhibit the same trend. The frequency decreases
monotonically with the increase of A(ZnO)/A or h(SiO7)/A
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due to the smaller phase velocities of ZnO thin film and SiO;
thin film compared to that of Si substrate. The K2 has a rela-
tively large value when the ZnO thickness is larger, as shown
in Fig. 3(b), 3(d), 3(f) and 3(h), because ZnO thin film is the
only layer with piezoelectricity in this structure. Generally,
the calculated K2 rises with decreasing normalized thickness
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FIGURE 4. Global and local admittance curves and corresponding deformation shapes
(antisymmetric state) of the first structure with h(ZnO)/x of 0.2, h(Si0,)/x of 0.3, g; of 50 nm,
d of 250 nm and (a) Ag; of 0 nm, (b) Ag, of 40 nm, (c) Ag, of 80 nm, (d) Ag; of 120 nm.

of the SiO; thin film because enlarging the thickness of SiO»
reduces the proportion of the vibration inside the ZnO layer
by the large. In the meantime, the proportion of the vibration
inside the ZnO/SiO; bilayer increases with the increase of
the SiO, thickness. So in some special cases, the proportion
of the vibration inside the ZnO layer becomes larger when
the SiO, layer is thicker, then the variation tendency of K2 is
different. Therefore, analyzed in more detail, when the value
of h(ZnO)/x is near 0.4, the value of K2 increases until the
SiO, thickness reaches 0.2X, but then decreases when the
SiO, thickness is increased further. The maximum frequency
of this structure can reach 10 GHz when #(ZnO)/A equals 0.1,
h(SiOy)/A equals 0.2, g1 equals 10 nm and d equals 250 nm.
And even the minimum value of frequency is still larger than
5 GHz. Therefore, the 3D layout of IDTs effectively improves
the frequency.

Our design of the 3D layout of IDTs is an ideal situation,
but the overlay exposure may not be so precise in the practical
device-making process. For example, if the purpose is to
prepare devices with g1 of 50 nm and d of 250 nm, the left side
g1 in Fig. 1(e) of the practical device may be 10 nm and the
right side g; may be 90 nm. Therefore, this work investigates
the performance of devices when there is a position offset of
IDTs.

So as to measure the value of the position offset, Agj is
defined as the difference between the left side g1 and the right
side g1. The ideal situation is the structure with #(ZnO)/A
of 0.2, h(SiO)/A of 0.3, g1 of 50 nm, d of 250 nm and Ag
of 0, whose signal, deformation shape and admittance ratio
are shown in Fig. 4(a). Fig. 4(b)-4(d) show the simulation
results of the structures which have position offsets. The
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spurious waves at about 5 GHz and 9.5 GHz are 0™ Rayleigh
wave and 1% Rayleigh wave, respectively. When the offset of
the 2" layer of IDT is 20 nm, i.e. Ag| equals 40 nm, the signal
is almost same as the ideal situation and the admittance ratio
is 92 dB which is slightly less than the ideal situation 98 dB,
as shown in Fig. 4(b). The device with Ag; of 80 nm is still
exploitable even if the peaks of the signal are not as sharp as
those in the ideal situation and the admittance ratio becomes
81 dB, as shown in Fig. 4(c). An extreme situation in which
Agi equals 120 nm is also considered. A model with left
g1 of =10 nm and right g; of 110 nm, which means that the
two layers of IDTs partially overlap in the vertical direction,
is built and studied. Fig. 4(d) shows that the Sezawa mode
wave is still excited successfully and the wave form is as good
as the former ones. The signal becomes less sharp, resulting in
a lower quality factor and a lower admittance ratio of 64 dB,
so this extreme situation should better be avoided. Therefore,
the first structure shown in Fig. 1(a) has tolerance for the
precision of the overlay exposure.

The second structure as shown in Fig. 1(b) is also based
on piezoelectric thin film. Although the 2" layer of IDT in
this structure isn’t directly attached to the piezoelectric layer,
there is still electric field that excites the acoustic wave. The
thickness of the SiOj; thin film should be larger than or equal
to that of the 1% layer of IDTs. The “equal” situation is a
particular case in which the fabrication is simpler because
the final etching step for PAD exposure is not necessary.
With these considerations in mind, this part of simulation
is based on the structure with the same thickness of SiO;
and the 1% layer of IDTs. The thicknesses of the 1% layer
and the 2" layer of IDTs are 0.1% and 0.02, respectively,
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FIGURE 5. Frequency (a, c) and K2 (b, d) in the second structure as functions of (a, b) the
thicknesses of SC-Al and ZnO, (c, d) the thickness of ZnO and the wavelength.

to neutralize the effect from perpendicular component of the
electric field. This work also investigates how adding a layer
of short-circuit aluminum metal (SC-Al) under the ZnO thin
film influences the values of f and K 2 145]

Fig. 5(a) and 5(b) show the calculated f and K2 dispersion
patterns as functions of A(ZnO)/A and A(SC-Al)/A in the
structure with g; of 50 nm and d of 250 nm. With sepa-
rately increasing thickness of ZnO and SC-Al, the frequency
decreases monotonically, as shown in Fig. 5(a). Fig. 5(b)
shows that the value of K2 increases with the increase of ZnO
thickness from 0.1A to 0.3A and decreases afterwards. The
excitation mechanism of Sezawa mode wave brings this ten-
dency. Similar trend was shown in Reference [34]. Therefore,
the optimized thickness of ZnO to achieve a maximum K?
is suggested to be approximately 0.3A. Fig. 5(d) shows the
more accurate result which is 0.25A. The short-circuit thin
film dramatically improves the value of K2 and it exhibits
a larger dispersion in the structure with thinner ZnO layer.
For example, the K 2 of the structure with h(ZnO)/Xx of 0.1 is
increased from about 0.3% to 1.0%, while the short-circuit
thin film is almost useless if /(ZnO)/A is 0.5. The K? of
this structure reaches 1.8% when A(ZnO)/A equals 0.3 and
h(SC-Al)/x equals 0.01.

The calculated f and K2 as functions of the wavelength and
the ZnO thickness are plotted in Fig. 5(c) and 5(d). The curves
of A of 600 nm, 720 nm, 840 nm are the simulation results for
the structures with g1 of 50 nm and d of 250 nm, g; of 60 nm
and d of 300 nm, g; of 70 nm and d of 350 nm, respectively.
The value of K2 doesn’t depend on the wavelength, but
devices with smaller wavelengths have higher frequencies.
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B. SIMULATION OF STRUCTURES BASED ON
PIEZOELECTRIC SINGLE CRYSTAL

The third structure is based on piezoelectric single crystal.
As mentioned in Section II, in order to ensure the quality of
the signal, IDTs need to be modulated properly. In this part
of simulation, the 1% layer of IDT is made by Cu and the
2" Jayer is made by Al. The corresponding thicknesses are
list in Table 1. Only the Al electrode/ SiO; (Cu electrode)/
15°Y-X LiNbOj3 substrate structure with the same thickness
of the SiO; thin film and the 1% layer of IDTs is studied.

Fig. 6(a) and 6(b) show the simulation results of the third
structure. When the IDT thickness is increased, the mass load
of IDT is larger and the SiO layer is thicker, resulting in
the decrease of the values of f and K2. If the SiO, thickness
is larger, the distance between the 2"¢ layer of IDT and the
piezoelectric crystal is greater, and the electric field energy
inside the piezoelectric layer is reduced. So the value of
K? which is a factor to measure the transform efficiency of
energy decreases. The wavelength influences the frequency
but not the K2. The frequency of this structure with the Cu
thickness of 0.05X is larger than 6.5 GHz and the K? is
about 4.7%.

The last structure shown in Fig. 1(d) is designed for SAW
devices with large bandwidth. The 1% layer of IDTs is embed-
ded into the piezoelectric single crystal and the 2" layer
of IDTs is deposited on the crystal. Without the barrier of
the SiO, thin film, all the electric field energy is inside
the piezoelectric layer and the value of K2 is much larger,
as shown in Fig. 6(d). The two layers of IDTs still need to be
designed properly. The materials of IDTs are same as those
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structure, (c, d) the fourth structure.

TABLE 1. The thicknesses of two layers of IDTs in the third and the fourth
structures.

Structure No. h(Cu)/A h(Al)/A

3 0.05 0.085
3 0.06 0.092
3 0.07 0.098
3 0.08 0.103
3 0.09 0.107
3 0.10 0.11

4 0.06 0.075
4 0.07 0.083
4 0.08 0.09

of the third structure and the thicknesses are listed in Table 1.
The simulation results are plotted in Fig. 6(c) and 6(d). The
variation trend and the values of f shown in Fig. 6(c) are
similar to those in Fig. 6(a). The values of K Zin Fig. 6(d) are
almost not influenced by the wavelength and the thicknesses
of IDTs, and they are much larger than those in Fig. 6(b).
The frequency of over 6 GHz and the K? over 21% can be
achieved by this structure with the wavelength of 600 nm.

C. DISCUSSION
In this paper, a 3D layout of IDTs for high frequency SAW
devices is proposed and four structures with the 3D layout
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of IDTs are designed. The first two structures are based on
piezoelectric thin film and the others are based on piezoelec-
tric single crystal.

This 3D layout of IDTs is totally different from
conventional layout of IDTs such as the four configurations
in Reference [45]. Conventional one layer of IDTs is split
into two layers in this work. These two layers of IDTs
together form the 3D layout of IDTs. Given certain materials,
we have to decrease the sizes of IDT fingers in conventional
IDT layout to pursue higher resonant frequency. Eventually
the miniature of the pattern would reach the photolithog-
raphy limit and challenge the current techniques, which is
highly unlikely to be addressed within short term. However,
by adopting IDTs with a two-layer structure, the distance
between adjacent fingers of each layer becomes larger than
that in conventional one-layer layout which achieves the same
resonant frequency. In other words, we managed to decrease
the distance without challenging the current level of pho-
tolithography techniques, which means that we are able to
further decrease the wavelength and improve the frequency.

When the wavelength of the first two structures (with d
of 250 nm and g1 of 50 nm) is 600 nm, the frequency reaches
about 9 GHz. If we take 250 nm as photolithography limit,
the minimum wavelength of devices with conventional layout
of IDTs can only reach about 1000 nm because the width
of each electrode and the gap between adjacent electrodes
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both need to be larger than or equal to 250 nm. Compared
with the frequency of about 5 GHz which can be achieved
by the devices based on Al electrode/ ZnO/ Si substrate with
conventional layout of IDTs and wavelength of 1000 nm,
this 3D layout of IDTs increases the frequency by about
80%. A challenge to fabricate this 3D layout of IDTs is
the overlay accuracy. Taking account of the similar issue
on the operation of transverse modes suppression [46]-[48],
we believe the fabrication of this 3D layout is still accessible.
Compared with the second structure, the first structure has
better tolerance for the precision of the overlay exposure
because two layers of IDTs can even partially overlap in the
vertical direction. As for the second structure, the fabrication
techniques are simpler.

Conventional devices based on Cu electrode/ 15°Y-X
LiNbO3 and wavelength of 1000 nm have the frequency of
about 3 GHz, while the frequency of the latter two structures
in this paper with wavelength of 600 nm is higher than 6 GHz.
The third structure can exhibit more stable performance under
different temperatures in comparison with the fourth structure
whose value of K2 is much larger.

IV. CONCLUSION

In conclusion, a 3D layout of IDTs for the development
of high frequency SAW devices is presented by splitting
a set of IDTs into two layers, i.e. the ground electrodes
on one layer and the signal electrodes on the other layer.
This new method dramatically narrows the gap between two
adjacent electrodes, which can significantly increase the fre-
quency. Four structures, the first two of which are based on
piezoelectric thin film and the last two of which are based
on piezoelectric single crystal, are designed to identify the
application range of the 3D layout of IDTs. For each struc-
ture, one example is chosen to simulate. The four different
layered structure, Al electrode/ c-ZnO/ SiO> (Al electrode)/
Si(100) substrate, Al electrode/ SiO, (Al electrode)/ c-ZnO/
Si(100) substrate, Al electrode/ SiO,(Cu electrode)/ 15°Y-X
LiNbOj3 substrate, Al electrode/ (Cu electrode) 15°Y-X
LiNbOs3 substrate are modeled, calculated and compared,
respectively. By IDT-modulation method, the problem of
synchronous bulk wave generation is solved and the signals
are as great as conventional SAW devices. The simulation
proves that the frequency can be doubled using this 3D layout
of IDTs under the same fabrication techniques. All the four
structures are possible to be fabricated under the present
available technological conditions and their features can be
utilized in different applications. This paper proposes a new
idea to apply the SAW devices into the field of high frequency
and the application of this 3D layout of IDTs is possible
and practical. In the future, different structures with the 3D
layout of IDTs can be designed for various requirements of
devices, and practical devices based on this type of IDTs can
be fabricated and tested to show actual properties. This design
may enable the high-frequency application of SAW devices
and might be an effective cost-cutting approach for the high
frequency devices after more researches and efforts.
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