micromachines

Communication

Energy-Trapp

ing Characteristics of Lateral Field Excited

GdCOB Crystal Bulk Acoustic Wave Devices Based on
Stepped Electrodes

Bowei Wu "1, Pengfei Kang 1, Tingfeng Ma 1'*, Yuming Yao 2, Ning Gan 3, Peng Li , Zhenghua Qian *©,

Iren Kuznetsova °

check for
updates

Citation: Wu, B.; Kang, P; Ma, T.;
Yao, Y.; Gan, N.; Li, P; Qian, Z.;
Kuznetsova, I.; Nedospasov, I.; Hu,
W. Energy-Trapping Characteristics
of Lateral Field Excited GACOB
Crystal Bulk Acoustic Wave Devices
Based on Stepped Electrodes.
Micromachines 2023, 14, 2162.
https:/ /doi.org/10.3390/
mil4122162

Academic Editor: Aiqun Liu

Received: 7 November 2023
Revised: 23 November 2023
Accepted: 24 November 2023
Published: 27 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ilya Nedospasov ° and Wenhui Hu 2

School of Mechanical Engineering and Mechanics, Ningbo University, Ningbo 315211, China;

2211090034@nbu.edu.cn (B.W.); 2211090019@nbu.edu.cn (P.K.)

2 Keli Sensing Technology (Ningbo) Co., Ltd., Ningbo 315033, China; keliyym@kelichina.com (Y.Y.);

15957859248@163.com (W.H.)

School of Material Science and Chemical Engineering, Ningbo University, Ningbo 315211, China;

ganning@nbu.edu.cn

The State Key Laboratory of Mechanics and Control of Mechanical Structures, College of Aerospace

Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;

lipeng_mech@nuaa.edu.cn (P.L.); gianzh@nuaa.edu.cn (Z.Q.)

5 Kotelnikov Institute of Radio Engineering and Electronics of RAS, 125009 Moscow, Russia;
kuziren@yandex.ru (1.K.); ianedospasov@mail.ru (L.N.)

*  Correspondence: matingfeng@nbu.edu.cn

These authors contributed equally to this work.

Abstract: In this work, high-frequency forced vibrations of lateral field excitation (LFE) devices with
stepped electrodes based on monoclinic crystals GACOB are modeled, and the influence laws of the
device parameters (the step number, size, and thickness of the stepped electrodes) on the energy-
trapping effects of the device are revealed. The results show that the step number has a significant
effect on the energy-trapping effect of the device: with the increase in the step number, the stronger
energy-trapping effect of the device can be obtained; with the increase in the thickness difference of
two layers of electrodes, the energy-trapping effect of the device becomes stronger; with the increase
in the difference of the electrode radius, the energy-trapping effect of the device is enhanced gradually.
The results of this work can provide an important theoretical basis for the design of stepped-electrode
LFE resonators and sensors with high-quality factors based on monoclinic crystals.

Keywords: lateral field excitation; stepped electrodes; monoclinic crystals; energy trapping

1. Introduction

Piezoelectric bulk acoustic wave devices are widely used in gas-phase and liquid-
phase sensing due to their high accuracy, stability, and consistency [1-8]. Conventional
piezoelectric bulk acoustic wave devices rely on a thickness-field-excitation (TFE) mode,
in which electrodes are plated on the top and bottom surfaces of a crystal plate, and the
resulting effective electric field is in the direction of the thickness of the crystal plate [9-12].
Previous research on piezoelectric devices operating in has shown some problems: (1) it
is not easy to package the device after it is fabricated; (2) when used in a liquid phase
or other corrosive environments, the electrodes of the device are exposed to the outer
environment, which accelerates the corrosion of the electrodes and shortens the service life
of the device [13]. The lateral field excitation (LFE) mode has been proposed in recent years,
for which two electrodes are located on the surface of a crystal plate; thus, the direction
of the generated effective electric field is parallel to the surface of the crystal plate [14-17].
The LFE devices not only solve the problems of packaging and the short service life of TFE
devices but also bring some advantages, such as the following: (1) The resonance damping
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of the device under the lateral field is smaller, so that the energy-trapping effect of the
device is better and the corresponding sensing sensitivity is higher. (2) By changing the
angle of the lateral electric field, the electromechanical coupling coefficient of the LFE device
can be improved, and the frequency stability of the device can be obviously enhanced.

Because the density of the electrode material is usually much greater than that of the
crystal material, the thickness-shear vibration energy in the partially electrode piezoelectric
crystal plate is limited to the area covered by the electrodes, and the phenomenon of
exponentially attenuating the vibration amplitude with the increase in distance from the
electrode is called energy trapping [18-22]. The energy-trapping effect directly determines
the resonance quality factor of piezoelectric bulk acoustic wave devices, which is closely
related to the stability of the devices and is particularly important for bulk acoustic wave
sensing. The methods to obtain good energy trapping mainly include optimizing electrode
shape, but the improvement in the energy-trapping effect is very limited [23]. In recent
years, stepped electrodes have been proposed to improve the energy-trapping effect of
devices, and the crystal plate with stepped electrodes excited by TFE has been proven to
have a better energy-trapping effect [24]. However, the existing studies on bulk acoustic
wave devices with stepped electrodes mainly focus on the TFE mode, and for the LFE
mode, due to the complex electric field and displacement distribution, the influences of the
stepped electrode on the energy-trapping effect are not clear, and the corresponding design
criteria are lacking.

In this work, using the Mindlin plate theory, we established a theoretical model of
high-frequency vibrations of LFE piezoelectric bulk acoustic wave devices with stepped
electrodes based on monoclinic GACOB crystals, which have more stable electromechanical
properties over the temperature range of 20 to 1000 °C, low dielectric loss [25], and analyzed
the influences of stepped electrodes on the energy-trapping characteristics of LFE bulk
acoustic wave devices.

2. Governing Equation

The schematic diagram of the LFE device with a two-layer stepped electrode based on
GdCOB crystals is shown in Figure 1. The thickness of the crystal plate is 2k, the length
is 2L, and the density is p. The thickness of the upper and lower layers of electrodes is
2hg and 2hy, respectively, and the density is p’. The normal direction of the crystal plate is
along the x; axis, where x3 axis is determined from x; and x; axes by the right-hand rule,
the crystal plate is symmetric about x; = 0, and unbounded in the x3 orientation.
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Figure 1. The GACOB crystal plate with stepped electrodes under lateral field excitation.

The a < |x1| < b, ¢ < |x1| < d regions are covered with single-layer electrodes, the
b < |x1| < c region is covered by double-layer electrodes, and the device electrodes exert
an alternating voltage of £V exp(iwt), which generates an electric field of E1(xy,t) in the
|x1| < a region.
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According to the Mindlin plate theory, the following assumptions are made for the
displacements and potentials in the non-electrode region of the plate [26,27]:

Uz = xzugl)(xl,t), Uy = uéo)(xl,t), P = (p(l)(xl,t), u = x2u§1)(x1,t), @)

where ugl) (x1, t) is the thickness shear strain, uél) (x1, t) is the thickness-twist strain, ugo) (x1,t)
is the bending strain, and ¢(1) is the electric potential. Considering only the wave prop-
agation in the x-direction, the partial derivative of x3 in the equation of motion is set
to 0.

For LFE bulk acoustic wave devices based on monoclinic crystals, the motion equations
for the non-electrode region are as follows [28]:

(0
kikaCeatts) + I3 Cos (133y + ul})) +kreasg) = piy”,

Csruiiy + Cosuiih +ersp'ty — BIECu1S" + kikaCas (g + i) + kaeaspV] = piiy”,

Cruph + Cisulth +enelly — AlkiksConns!) +3Ces(ug)] + i) + kreaspV] = pii”,

6111181)1 + 811(]),(111) + 615145}1)1 — %[—822(]7(1) + k3€24u£1) + k1€26(u£(,)1) + ugl))] =0,

2

where k] = %k:; = %, Csy = (sz + Cyq — \/(C22 - C44)2 + 4-C242)/2.

For the electrode region, since the stiffness of the electrode has a negligible effect on
the device when the device operating frequency is below 100 MHz, the electrodes on the
crystal plate can be assumed to be rigidly adhered, and the electrode mass is the only
influencing factor [29]. Thus, the concept of mass ratio is introduced:

11,/

_ Pt
R = o << 1 3)

In Equation (3), i and I’ correspond to half of the crystal and electrode thicknesses,
respectively, and the value of the mass ratio R is much less than 1. The governing equations
for the electrode region are as follows:

k1k3C64M:()31) + k%C66(”g)1>1 + Mgl)) + El@Zé(Pl(ll) = p(l + R)ﬁgo),

Csrui + Casullly — IECau" + kikaCas ()] +ul)) +Kaeasp V] = p(1+ 3R)iif",

_ . 4)
Cll“&)l + C15u§1)1 — i [kiksCoquel” + k%c%(”g,)l) +ul)) + Kreasp V] = p(1 +3R)itl,

ellu&)l - 81147,(111) + 61514;?1)1 — 3 [—eppW) + kzepqusy)) +E1626(u§?1) +ul)] =0,

where E% =K1+ R),Eg =k3(1+R).

3. Forced Vibrations of Finite Crystal Plates

Since the plate is symmetric at about x; = 0 and an antisymmetric voltage is applied to
the electrode plate, the electromechanical coupling field is also symmetric or antisymmetric
at about x; = 0. Therefore, only half of the crystal plate is considered in this work.



Micromachines 2023, 14, 2162

40f17

3.1. Central Non-Electrode Area (0 < x1 < a)

According to the standing wave assumption of the finite plate, the displacement and
potential of the crystal plate under forced vibrations are given as

(0) = Ajpsin(éx; —

4

wt)
Uy’ = Apcos(ixy — wt),
1 ®)
Uy’ = Azcos(ix; — wt),
¢(1) = Ay cos(&x; — wt)

where A; — Ay are constants to be determined. Substituting Equation (5) into Equation (2)
yields a fourth-order linear equation on A; — A4. The determinant of the coefficient matrix
must be zero for nontrivial solutions, which yields a fourth-order polynomial in terms of &2.

Solving this polynomial yields four roots, which can be expressed as (&™) )2, where m = 1-4.
Therefore, the corresponding solution of the linear equation with respect to the non-zero
solution £(m) is ,Bg,m) , where m = 1-3. ,B;m) is determined by the ratio of the amplitudes
A1 — Ay4. The following symmetric solutions can be built:

uéo) gm) sin (&M x;)
w {5t con ) B cos(@™) | (6)
A B §") cos(gm )
otV 0" cos(g"x)

where C(1) — C(4) are unknown constants.

3.2. Area Covered by a Single-Layer Electrode (a < x1 < b,c < x1 < d)

In the area covered by a single-layer electrode layer, the corresponding displacement
and electrical-potential assumptions need to be added by a specific solution:

uéo) _ Aleiﬁxleiwt’
ugl) _ Azei§1x1eiwt+ugl),

T @)
ugl) _ A361§1X1ezwt+ugl),

(P(l) _ A4€i31xleiwt _i_q;zl/)

Substituting Equation (7) into Equation (4) yields a fourth-order linear equation about
A1 — A4. A1 — Ay has a non-zero solution, namely the coefficient matrix determinant is

zero, which yields a quadratic equation of Efl Four pairs of non-zero solutions can be
obtained by solving the equation, denoted as & (") (m = 1-8). With respect to the non-zero
solution, the corresponding solution of the linear equation is B;m), where m = 1-4. ﬁi,m)

is determined by the ratio of the amplitudes A; — A4. Then, the following solutions can
be built:

_ =—(m)
u%?; . ﬁl( m) 151( x1 0
W & ) B, m)eza W |, ) B
FI BT LA S o
4)(1) ‘B m)ez{fl Bs
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where a(l) — G(S) are unknown constants, and the By, B and Bj satisfy the following equations:

—12:(k)*C Tk Freo-
[ (7.[12) 66 +C66QZ'(1 +3R1)}B] _ 12k]7’_2C64 B2 — 12 k;[;L% V,

[ 2 —
(712~k71_[<2k3.C64)B1 4 {712(1;32) Cas +cge0?- (14 3R,)] By = 12~k:(-2ei4~V, )
B3 =V/L.

3.3. Area Covered by the Double-Layer Electrodes (b < x1 < c)
For the area covered by the double-layer electrodes, the fourth-order linear equation
of A; — A4 can be obtained. Four pairs of non-zero solutions can be obtained by solving the

equation, denoted as (&™) )2 (m = 1-8); Now, the following general symmetric solutions
can be built:

(0)

uz ﬁl(m)eléi le 0
O 3, ()i ™), 3
u3 — C(m) IBZ e R + Al 10
ug z, pamet () Ba [ "
oV By (mei¢™x B3
where C(V-C(®) are unknown constants, and By, B, and Bj satisfy the following equations:

— 2 — — —
—12:(kp)%C 2 p_ 12KCo . _ 12K1esV
(120G 4 egp02 (14 3Ry)] By — 2KCu ) = 2hiael,

(11)

_ — 2 _
12K Ky Couy ., [—12(Ks)°C 5 FaensV
(P2 gy (20 G g 0002 (14 3Ry)]By = ZhagaV

By =V/L.

3.4. External Non-Electrode Area (d < x1 < e)

For the external non-electrode area, the displacement and electrical potential are
assumed as follows:

u§0) _ Alezfxl it
Mgl) _ Azeiéxleiwt
ugl) _ ABEz‘Exleiwt (12)
¢(1) _ A4ei§x1 it

Substituting Equation (12) into Equation (4) yields a fourth-order linear equation of
Aq — Ay. For a non-zero solution, the cgvefficient matrix determinant is zero, which yields a
polynomial equation of degree four of ¢2. A fourth-order polynomial about ¢ is obtained.

Solving this polynomial yields eight roots, which can be expressed as (¢’ )m (m = 1-8). With
respect to the non-zero solution (& )m, the corresponding solution of the linear equation is

,Bg,m). [3,(0"0 is determined by the ratio of the amplitudes of A; — Aj4. Then, the following
general symmetric solutions can be built:

o B sin( s,
Gt i g B cos(E™x1) | (13)
ne m=1 Eg@ Cos(g(m)xl)
ol By cos(§"x)

where C(1) — C®) is the unknown constant, and ,Ez(lm) =1
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3.5. Boundary and Continuity Conditions

For the right half of the plate shown in Figure 1, the boundary and continuous condi-

tions are shown below.

At x1 = a, the continuity conditions are

—~
(=)

”21)(x1 =a") = ”21)(x1 = a+)
u§ )(Xl =a")= “é )(xl =a")
ugl)(xl =a7)= ugl)(xl =a")
T(SO) (x1=a")= T6(0)(x1 =a")
W — =y —pW 4
T/ (xp=a")=T; ' (xg =a")
TD (= g7) = TW gy = g+
11)(3(1 a) = 1(1)(9(1 =a")
D§ (xy=a")=D;’(x; =a")
oW (xy =a7) = ¢pW(x; = a")

—~
(=)

At x1 = d, the continuity conditions are

At x1 = e, the continuity conditions are:

The unknown constants C(1)

u%li(xl =b")= u%li(xl =0b")
Uy (x1=b")=uy (xy =b")
ul (xy = b7) = ull (r = %)
T (xy = b) = TV (x; = b)
TV (xy = b7) = TV (3 = b)
T (xy =) = TV (x; = b)
Dy (1 = b7) = D} (31 = b")
¢ =b7) =W (1 =b")
uéo)(xl =d7) = uéo)(xl =dT)
uél)(aq =d7) = ugl)(xl =dr)
(= d) = ull(xry = at)
T (xy = d~) = T (x = dt)
TV (xy = d=) = TV (x = dt)
T (xy = d~) = TV (x, = d)
Dy (x1 = d7) = DV (xy = a*)
9V =d7) =W (x; =d")
Téo)(xl =e)=0
Tél)(xl =e )=0
Tl(l)(xl =e )=0
Dgl)(xl =e¢)=0

_c® ¢, _,®)

¢ — ¢®), and CM

(14)

(15)

(16)

(17)

— C®) can be

obtained by substituting Equations (6), (8), (10), and (13) into Equations (14)—(17), and the
corresponding displacement solutions and electric potential solutions can be achieved. The
charge Q. and dynamic capacitance C can be obtained as follows:

Qe = —D( )( =a)2w,C = g—f,
Co = 4811hw
2c 7

(18)



Micromachines 2023, 14, 2162

7 of 17

where Cj is the static capacitance.

4. Mode Coupling Analysis

In this section, parameters of the resonators are set as 2 = 0.06138 mm, a9 = 0.3069 mm,
a; = 0.5831mm, ap = 1.1969 mm , a3 = 1.4731 mm, L = 2.6516 mm, w = 2.1483 mm,
R1 = 0.008, R, = 0.018. The material parameters of GACOB with the cut of (zxw) — 30° [19]
have been obtained. For GACOB crystals, Q = 10° is utilized in the performed computations
considering damping from material, air, and mounting.

Figure 2 shows the calculated curve of the capacitance ratio vs. normalization fre-
quency. Resonance capacitance C is normalized by Cy = 4¢11hp/(2c), namely capacitance
ratio C, is obtained. wy represents the main frequency of the thickness-twist mode of
an un-electrode plate and is utilized as a normalizing frequency, which is calculated by
wo = (11/2h)\/ce6/p. Three main resonance frequencies Modes 1-3 in Figure 2 can be
observed, namely 0.9862 wy, 1.0085 wy, and 1.0339 wy, respectively. In order to find the
mode with the best energy-trapping characteristics, it is necessary to plot the strain distribu-
tions of the thickness-twist mode ugl) (x1) and bending mode ug()) (x1) for three frequency
points. The vibration characteristics for each frequency value are then analyzed. Figure 3a
shows the thickness-twist mode (IT;) strain diagram, in which the TT; strain amplitude
corresponding to Mode 1 is large and concentrated in the electrode area, the vibration in
the area uncovered by the electrode decays rapidly, and the vibration at the boundary of
the resonator tends to be 0, which is a good energy-trapping effect. While the TT; strain
amplitude of Mode 2 and Mode 3 is small, and there is a node for the vibrations in the
electrode area, which is not good for the energy-trapping effect. From the strain distribution
plots of the bending modes (F;) shown in Figure 3b, it can be found that the vibration
amplitude of the F; mode corresponding to Mode 1 is very weak, thus the influence of
flexure vibrations on thickness-twist vibration is negligible. While the vibration amplitudes
of bending modes corresponding to Mode 2 and Mode 3 are larger. Therefore, Mode 1 is
ideal for device applications.

T T T T T T T T T T

T

5000

io Cr

4500

1tance rat

4000 - 1
Mode1 Mode?2

Capac

3500 Mode3 J .

1 1 1 1 1 1 1

098 099 1 101 102 103 104 105 1.06 1.07
Normalized frequency Q

Figure 2. Capacitance ratio versus driving frequency. The three red dots (Modes 1-3) indicate the
three resonance frequency points selected, namely 0.9862 w, 1.0085 wy, and 1.0339 wy.
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Figure 3. Strain distribution curves of the right half of the crystal plate on three modes. (a) Thickness-
twist strain distribution. (b) Bending strain distribution.

5. The Influences of Stepped Electrodes on the Energy-Trapping Effect of GACOB
LFE Devices

The effects of single- and triple-step electrodes on the energy-trapping effect of GACOB
LFE piezoelectric devices are considered and compared with those of the double-step
electrodes. The device with double-step electrodes is shown in Figure 1, and those with
single-step and triple-step electrodes are shown in Figure 4a,b, respectively.

X, A
Electrodes
zm——_i
I:LI‘I IIIIIII-IIII.EIIIIIIIEIII : :
i i@ i L v x,
i —n R
. g GdCOB crystal
(a)
%
Electrodes
o
h A,

X

§ —— GdCOB crystal
3 i R - >
(b)

Figure 4. (a) GACOB LFE device with single-step electrodes. (b) GACOB LFE device with triple-
step electrodes.
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Here, only the region of x; > 0 is considered, and the crystal plate has a thickness of 2h
and a length of 2L. The densities of the piezoelectric substrate material and the electrodes
are p and p’, respectively. Since the results in Section 4 show that for Mode 1 of GACOB
with the cut of (zxw) — 30°, the coupling between the TT; mode and F; mode is very weak,
in the two-dimensional equations, we only consider the pure TT; mode [24].

The governing equation is reduced to

C55“§1)1 —pwkul) = p(1+3R)ity), (19)
where 5 )
2 _ T piy = 20

Weo = 4h2 p R(x) = oh (20)

For simple harmonic motion with frequency w, the governing equation becomes
Cssuts )y — pl(1+3R)w? — wlJul) = 0. (21)

5.1. Single-Step Electrodes

For the device with single-step electrodes, as shown in Figure 4a, the electrode thick-
ness is satisfied

0, 0<x1 <ag
2h(x) =< 2hy, ap<x1 <m (22)
0, M <x <l

For the region of x; > 0, the corresponding governing equations and boundary
conditions are as follows:

(1)

1
u3,11+ci55(a)2—w§0)u§) =0, (0<x1 <ap,m <x1 <),

i + (14 3R)(@? — s =0, (1 <31 <), )
u§)(0) =0, (1) =0,
ul(ay) = ul (@), ull(ag) = i (af), 24)
u(ay) = (@), ull(ay) = ull)(a),
where o e
P 29)
Wy = 73Ry < Weo

when w is in the range of (wy, we ), the vibrations of the device will be concentrated in the
electrode region. Here, we consider the case for wp < w < we. The corresponding motion
governing equations are as follows:
ugll)l + ,Bzugl) =0, (0 < x1 < ag,a3 < x1 <ay),
(;) (1) (26)
Uz — Bguz =0, (a1 <x1 < a2),

where

(27)
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The expression for the symmetric displacements can be written as follows:

uél) = cos(ﬁxl), 0<x <ag,
ugl) =C exp[—ﬂo(xl — ao)], ag < xq < aq, (28)

u§") = Cycos[—(x; — a2)] + Chsin[—B(x; —a2)] a1 < x1 < 2.

Substituting Equation (29) into the corresponding boundary condition in Equation (24) yields

Co COS(ﬁao) = Cl,

—BCosin(Bag) = B1Cy, (29)
Crexp(—pBo(ar —ag)) = Ca,

—BoCiexp(—po(ar —ag)) = —BCS.

The determinant of the coefficient matrix should be zero for nontrivial solutions, namely

cos(Bagp) -1 0 0

—Psin(pao)  Po 0 0 |_

0 exp[—Bo(a1 — ao)] -1 0 =0 (30)
0 —Boexp[—Po(ar —ap)] 0 —B

5.2. Triple-Step Electrodes

For the device with triple-step electrodes, as shown in Figure 4b, the electrode thickness

is satisfied
0, 0<x1 <ag

2h,, apg < x1 <m
2hy, a < x1<dap
2h(x) =< 2hy, a; < x1 < as (31)
2hy, az < x1 < a4
2hy, ay < x1 < das
0, a5 < xp <1

For the region of x; > 0, the corresponding governing equations and boundary
conditions are

(1) 2 2) 1 _ 0,

”3,11+CL;5((‘J — w5, 0<x1<agas<x <)

(
ugl)l + C%S[(l + 3R2)(w2 - w%)]uél) =0, (ap<x1 <apaq<x <as)
”531)1 + CL;S[(l +3Ry) (w? — w%)]uél) =0, (m <x1<aga3<x <day) (32)
(

1 1
)+ (14 3Ro)(w? — @)l =0, (a2 < x1 < a3)

u$!(0) =0, W (1) =0

i (ay) =l (@), ul(ag) = ull) (@),

uV(ar) = ull @), u(ay) = ull) (@),

i (ay) = u§(af), uf(ay) = u}(a), (33)
iV (ay) =l (@), u)(as) = ull) (a]),

uV(ap) = ull @), uag) = ul) (@),

i (ag) = u(ad), ul)(as) = ufl (ad),
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where Ry = 20'hg > Ry = 20"l >R, = 20'hy
0= oh 1= oh 2 — oh 7 (34)
P S e JRR' NP> S WP Y.
07 (143Ry) 17 (143Ry) 27 (143Ry) oo

when w is at the range (W, W), the vibrations of the device are concentrated in the
electrode region. Here, we consider the case for wy < w < Weo.
The corresponding motion governing equations are as follows:

”5}1)1 - /3(2)”:(51) =0, (a2 < x1 < a3),
”éll)l + ﬁ%”gl) =0, (ag < x1 < 41,44 < x1 < as)
”81)1 + [B%uél) =0, (a1 < x1 < ap,a3 < x1 < ag) (35)
”Sl)l + ,32”&1) =0, (0 < xq <ap,a5 <x1 <)
where
B5 = 55 (1+3Ro)(w® — wp) >0,
BT = &5 (1+3Ry)(w? — wi) >0,
B3 = s (14 3Ra) (w? — ) > 0, (3)
B? = = (w3, — w?) > 0.

The expression for the symmetric displacements can be written as

(1

uy )= ¢ cos(Bx1), 0 < x1 <ap,

ugl) = Cy cos[Ba(x1 —ag)] + Cj sin[Ba(x1 —ag)], ap < X1 < dy,

ugl) = Cycos[B1(x1 —ay)] + Cysin[Bq(x1 —a1)], ap < X1 < dz,

u:({) =Cs eXp[—,Bo(x1 — az)], ay < x1 <d4az, (37)
ug ) =Cy cos[ﬁl(xl — 613)} + Ci Sin[ﬁl(xl - a3)}' ag < x1 < dy,

uél) = Cs5cos[Ba(x1 — ag)] + C5sin[Bo(x1 —ag)], Ay < X1 < ds,

uél) = Ceexp[—B(x1 —as)] + C; exp[—B(x1 —as)], a5 < x1 <L

Substituting Equation (37) into the corresponding boundary condition Equation (33) yields

Co cos(Bag) = C1,

—,BCO Sin(ﬁ[lo) = /32C’,

C COSLBz(Lll — Ll())] + Ci Sin[ﬂz(ﬂl — Llo)] =y,

—B2Cy sin[Ba(ar — ag)] + B2Cy cos[Ba(a1 — ap)] = 1Cy,

Cy cos[B1(az — a1)] + Cysin[By (a2 — a1)] = Gs,

—B1Casin[By (a2 — a1)] + B1C5 cos[B1(az — a1)] = —BoCs, (38)
Caexp(—Po(as —a2)) = Cy,

—BoCsexp(—PBo(az —az)) = B1Cy,

Cycos[Bi(as — a3)] + Cysin[B1(ag — a3)] = Cs,
—P1Cysin[By(as — a3)] + B1Cj cos[B1(as — a3)] = B2Cs,

Cs cos[Ba(as — as)] + Cssin[Ba(as — a1)] = Ce,

—B2Cs sin[Ba(as — as)] + B2C5 cos[Ba(as — as)] = —BCs — BCq,

The determinant of the coefficient matrix should be zero for nontrivial solutions, namely
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cos(Bap) -1 0 0

—Psin(pag) 0 —p2 0

0 cos[Ba (a1 — ap)] sin[Ba (a1 — ag)] -1 0

0 —B2sin[B2(a1 —ag)]  P2cos[pa(a; —ag)] 0 —p 0

0 0 0 cos[B1(ay — a1)] sin[B2 (a1 — ao)) -1

0 0 0 —Pisin[i(az —a1)]  —Pusin[Bi(az —a1)]  Po

0 0 0 0 0 exp|—pBo(as — a2)]
0 0 0 0 0 Bo exp[—Po(as — az)]
0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0 (39)
0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 00| _,

-1 0 0 0 0 0

0 B 0 0 0 0

cos[B1(as — a3)] sin[p1(as — a3)] -1 0 0 0

—Bisin[B1(as —as)]  Bicos[Bi(as—az)] O —B2 0 0

0 0 cos[Ba(as — ay)] sin[Ba (a5 — ay)] -1 0

0 0 —Bosin[Ba(as —as)]  Pacos[fa(as —as)] B B

Auis selected as the electrode material of the device, and the parameters of the GACOB
LFE bulk acoustic wave device are set as follows:

p = 3819 kg/m3, cyy = 55.87 x 10° N/m?, a9 = 0.3069 mm, a; = 0.5831 mm,

ay = 1.1969 mm, a3 = 1.4731 mm, L = 2.6516 mm, p’ = 19300 kg/m3,h = 0.0614 mm (40)

To evaluate the energy-trapping effect, strain distributions in the x; direction are
calculated by Equations (37)-(39), and a comparison of the energy-trapping effect is shown
in Figure 5, from which it can be seen that for triple-step electrodes, more strain energy is
more centralized compared with those of the other two types; thus, its energy-trapping
effect is better than others.

¢ x10°
—Single-step electrodes
5+ —Double-step electrodes
A —Triple-step electrodes
::m 3+ ]
2+ 4
1r i
0 1 1 1 | il 1
0 10 20 30 40 50 60 70 80
x ]/h

Figure 5. Influences of the electrode type on the energy trapping of the GACOB LFE device. Strain
distribution of the three-layer stepped electrode indicated by the blue line in the figure is more
centralized compared with those of the other two types.
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In order to check the influences of electrode parameters on the energy trapping of
the device, the changes of a single electrode parameter (electrode radius difference and
electrode thickness difference) are introduced, and the vibration distributions of the main
mode are plotted. The results are shown in Figure 6 (electrode radius difference) and
Figure 7 (electrode thickness).

For the case of double-step electrodes, only the radius of the upper electrode is changed,
and the radius of the lower electrode is kept for 24 h. The Arl — 0 represents the radius
difference between the lower and upper electrodes. From Figure 6a, it is shown that when
the radius difference increases, a better energy-trapping effect can be obtained. For the
case of triple-step electrodes, firstly, the radius of the middle and bottom electrodes is kept
for 18 h and 24 h, respectively. Only the radius of the upper electrode is changed, and the
Arl — 0 represents the radius difference between the middle and upper electrodes. The
results are shown in Figure 6b, from which it is shown that when Arl — 0 is smaller, the
energy-trapping effect is better. Secondly, the radius of the upper and bottom electrodes is
kept for 8 h and 24 h, respectively. Only the radius of the middle electrode is changed, and
the Ar2 — 1 represents the radius difference between the bottom and middle electrodes. The
results are shown in Figure 6¢, from which it is also shown that a larger radius difference
leads to a better energy-trapping effect.

For the case of double-step electrodes, only the thickness of the upper electrode is
changed, and the radius of the lower electrode is kept for 0.008 /. The Ahl — O represents
the thickness difference between the lower and upper electrodes. From Figure 7a, it is
shown that when the thickness difference increases, a better energy-trapping effect can be
obtained. In the case of triple-step electrodes, Firstly, the radius of the middle and bottom
electrodes is kept for 0.0015 k and 0.0008 h, respectively. Only the radius of the upper
electrode is changed, and the Ahl — 0 represents the radius difference between the middle
and upper electrodes. The results are shown in Figure 7b, from which it is also shown that
a larger radius difference leads to a better energy-trapping effect. The radius of the upper
and middle electrodes is kept for 0.0026 & and 0.0015 h, respectively. Only the radius of the
bottom electrode is changed, and the Ar2 — 1 represents the radius difference between the
bottom and middle electrodes. The results are shown in Figure 6¢, and it can be seen that
the thicker the electrodes are, the better the energy-trapping effect is; however, the effect
is relatively weaker compared to Figure 7b. Therefore, for the step-electrode LFE device,
changing the radius difference and thickness difference can lead to a better energy-trapping
effect of the device.

6 10® : ' ) ' _
—Double slcpArI o0 h

51 Double stepAr, =14 h|

4 —Double slcpArI_“:IS hi

0 10 20 30 40 5 60 70 80

Figure 6. Cont.
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—Triple stepArl P h
—Triple stepArI _0=8 h
—Triple stcpArl o 12h

—Triple stepAr,,_l =4 h
ST —Triple stepAr, =8 h
4r —Triple slcpAr,‘_l =12 h
3t
2 }
l =
oL L ) ) ! M :
0 10 20 30 40 50 60 70 80
x /h
1
(c)

Figure 6. Influences of electrode radius difference on TT; strain distribution uél). (a) Double-step
electrodes: only the radius of the upper electrode is changed, and the radius of the lower electrode is
kept for 24 h. (b) Three-layer stepped electrodes: the radius of the middle and bottom electrodes is
kept for 18 r and 24 h, respectively. Only the radius of the upper electrode is changed. (c) Three-layer
stepped electrodes: the radius of the upper and bottom electrodes is kept for 8 h and 24 h, respectively.
Only the radius of the middle electrode is changed.

Ex 10°® 1 7 ‘ , ' -
_Doublc-stcpAhI ] 0=0.0007 h
ST —Double-stepAh, =0.0013 h|
4+ _Double-stcpAhI o-0-0018 A
Sen3 —Double-stepAh,  =0.0022 h
B 1-0
2 L
1 +
01 ! ! L ~ L 1 L
0 10 20 30 40 50 60 70 80
xllh
(a)

Figure 7. Cont.
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6r><10'8 ,

| _Triple-stepAh,_=0.0018 |
i —Triple-stepAh, =0.0031 h
_Triplc-slcpAhl_0=0.0044 h

0 10 20 30 40 50 60 70 80
xl/h
(b)

| _Triple-stepAh, ;=0.0008 |

o _Triplc—slcpAhq_():0.0012 h|
4r —Triple-stepAh, =0.0020 A’
3

0 10 20 30 40 5 60 70 80
xllh
(c)

Figure 7. Influences of electrode thickness difference on TT; strain distribution uél). (a) Double-step
electrodes: only the thickness of the upper electrode is changed, and the radius of the lower electrode
is kept for 0.008 /. (b) Three-layer stepped electrodes: the thickness of the middle and bottom
electrodes is kept for 0.0015 / and 0.0008 k, respectively, and only the thickness of the upper electrode
is changed. (c) Three-layer stepped electrodes: the thickness of the upper and middle electrodes is
kept for 0.0026 1 and 0.0015 £, respectively, and only the thickness of the bottom electrode is changed.

6. Conclusions

In this paper, high-frequency forced vibrations of the LFE device with stepped elec-
trodes based on monoclinic GACOB crystals are investigated. The dynamic capacitance
ratio is calculated, and the influences of the number, size, and thickness of stepped elec-
trodes on the energy-trapping effect of the device are analyzed. The results show that the
number of electrode layers has an obvious influence on the energy-trapping effect of the
device; namely, with an increase in the number of electrode layers, the energy-trapping
effect of the device becomes stronger. With the increase in electrode thickness difference,
the corresponding device energy-trapping effect becomes stronger. With the increase in the
electrode radius difference, the energy-trapping effect of the device is gradually enhanced.
The results of this paper can provide a reliable theoretical basis for the parameter design of
LFE devices with stepped electrodes for good energy-trapping effects.
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