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Abstract: In the present study, piezoelectric resonators under lateral field excitation (LFE) based on a
LiTaOj3 single crystal are modeled and analyzed. An electrically forced vibration study is employed
to acquire the motional capacitance curve and vibration mode shapes. A finite element approach is
utilized to investigate the influences of some basic parameters, such as the electrode/plate mass ratio,
electrode gap, and electrode width on resonance characteristics. In addition, the design criteria for
the gap and width of the electrode of the LiTaO3 LFE resonators are obtained by analyzing the effects
of those parameters on vibration strain distributions. The obtained results are essential for designing
LFE piezoelectric resonators by using a LiTaOj single crystal.
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1. Introduction

Piezoelectric crystal resonators have been extensively employed for frequency production and
control, telecommunication, and sensing [1-7]. Lateral field excitation (LFE)-based piezoelectric
crystal resonators, adopting two electrodes on a surface of the piezoelectric substrate, are known
as useful sensing tools with a number of advantages. Higher quality factor (Q-factor), superior
frequency stability, and high durability have made LFE devices more suitable for sensing compared
with conventional thickness field excitation (TFE) devices [8-12]. In addition, more effective data about
analytes obtained by LFE sensors provide a valuable tool for sensing and the evaluation of reaction
procedures in biochemical systems [13,14].

For the conventional resonators based on AT-cut quartz crystals, the small value of the piezoelectric
coupling coefficient makes the quality factor (Q-factor) under large damps low, resulting in the frequency
stability not being enough [15]. The bulk acoustic wave devices with strong piezoelectric couplings can
obtain a high Q-factor under a large damping [16]. The 3 m point group single crystal LiTaO3 has high
piezoelectric constants [17]; thus, the LFE devices based on a LiTaOj3 single crystal are appropriate for
sensing applications, with significant damping. In addition, the LFE devices employing a LiTaOj3 single
crystal can also obtain a higher sensitivity to electrical properties because of the higher piezoelectric
coupling coefficients.

The theoretical model of traditional quartz crystal LFE devices was built by Yang [18]. The studies
performed in [18] were mainly for demonstrating the concept. A pair of non-realistic side electrodes at
the edges of thin crystal plates were employed in [18] to generate the lateral electric field. Usually,
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in actual devices, a pair of electrodes at the top (or bottom) of the plate’s surface are utilized to generate
the lateral electric field [19,20]. Presently, the vibration analysis model of the LFE device using a 3 m
point group single crystal operating in air is scarce, and the vibration strain distributions of the devices
are more complex, due to the lateral electrical fields generated by surface electrodes and the stronger
piezoelectric coupling. In addition, the influences of size factors of the crystal plate and the electrodes
on the vibration characteristics are unclear, which hinders the optimal design of the LFE resonators
using a LiTaOj single crystal.

In this paper, the theoretical model of LiTaO3 resonators stimulated by lateral electric fields is
built using the Mindlin plate theory. The electrically forced vibrations of the resonators are studied.
The impact of various structural factors on the resonators is revealed. The finite element analysis is
utilized to verify the theoretical results. Based on the analyses, the design criteria for the gap and
width of the electrodes are obtained.

2. Governing Equation

A rectangular (yxl) 90° LiTaOj3 crystal plate is considered (see Figure 1). The cut orientation (yxl)
90° can be used for LiTaOj3 resonators working on pure-LFE mode with a high piezoelectric coupling
factor (44.52%) [21], thus the (yxl) 90° crystal cut is selected. A plate with a 2k thickness and a mass
density of p is considered. For the crystal plate with a (yx1) 90° cut orientation, the crystallographic z-axis
is parallel to the x; axis, the crystallographic x-axis is parallel to the x; axis, and the crystallographic
y-axis is parallel to the x3 axis.

The plate is symmetric at about x; = 0. It is infinite in the x3 axis and does not change along with
it. In the range of a < |x1| < b, two electrodes are positioned on the top surface of the plate, where their
thickness and density are indicated by 2h’ and p’, respectively. A time-harmonic supply voltage + V
exp(iwt) is exerted to the two electrodes, which generates an electrical field with a primary component
E1(x1,t) in the middle area without any electrode. Since the LiTaOj3 crystal is particularly anisotropic,
the vibrations of the thickness-shear (TSh) mode, the face-shear (FS) mode and the flexural (F) mode
are coupled in the crystal plate. Both the TSh and F modes are excited through piezoelectric constant
e16, and the FS mode is excited by piezoelectric constant ejs.
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Figure 1. A LiTaOj3 crystal plate with lateral field excitation.

Mindlin’s plate equations for plates with or without electrodes are different. These equations are
given in the following. In the plate without the electrode, the corresponding displacements and electric
potentials of the coupled TSh, FS and F motions can be approximated as follows [9,22]:

(1)

u = x2“1 (.X], t)/uZ = ug()) (xll t>1u3 = 1/{;0) (X],t),(;b = ¢(O) (xlrt)r (1)

where the FS displacement, the F displacement, and the TSh displacement are denoted by uéo) (x1,t),

(0) (1)

uy - (x1,t), and u;”’ (x1,t), respectively. $(©) is the electric potential. The TSh mode, as the high
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frequency operation mode of the resonator, is coupled with the FS mode and the F mode by the elastic
(0)

constant cg5, Ce6, respectively. The governing equations for u, *, uéo), ugl) and ¢() are:

0) _ 5y -(0)
oo
0 .
e @)
_ 2
Tlé)_T6 =3P
D" =0
In (2), the face-traction Téo), Téo), T%l) and face-charge Dgo) are given by the following constitutive
equation:
Téo) =2h k1c65u§?1) + k%c%(ug)l) + Mgl)) + kleléqb’(f)]
Téo) =2h C551/lg)l) + k1C56(u§)1) + Mil)) + 615(]5,(10)] 3)
O 22|, 1)
1 3| V11t
Dgo) =2h 61514;(,)1) + k1€16(1/l§(’)1) + M%l)) - 8119{)’(10)]
where )
s T
Y = Lz, k% Ty 4)
511533 — 531

cpq(: c;fq), €ip and eij(: élS]) are elastic stiffness, piezoelectric constant and dielectric constant,

respectively. Inserting (3) into (2) leads to these three displacement and potential equations:

il + el + et + ) = i,
0 0 1 0 (0

0 bl + ksl + st = il
1)

1 - 0 0 0 (0 5
711”5,1)1 -3h 2[k1c65ué,l) + k%C66u§,1) +k%666u1 +k1e16qb,(1> = pug ), ®)

Cs5U ~+ kicseu

’

0 0 1 0
6151/!;1)1 + k1€16(14§,1)1 + Mg/l)) - 811({),(11) =0.
In the electroded area of the plate, the electric potential ¢(©) could be considered as a constant and
Equation (2)* can be omitted. For Equation (2)123, the influence of the electrode mass should be
considered. The equations take the following form:

1) = 2np(1+ R)iiy,

1) = 2hp(1 + R)iil, ©6)
3 1

1 2 )

where the electrode/plate mass ratio is R = p’h’ / ph << 1, the constitutive equations of the electroded

region are:
- =2
Téo) =2h k1C65M:(,)?1) +k1C66(M§?1) + ugl))],
Téo) =2h C551/l§(’)1) +%1C56(u§(’)1) + Mgl))], (7)

1 3 1
= 2l

=2
where k; = k(1 +R).
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Substitution (7) into (6) gives the following equations:

0 -2 0 -2 1 . (0
é,l)l + k1c66u§’1)1 + k1c66u5,1) = p(l + R)ué ),

Cssué?l)l + E1C56u§?1)1 + E1C56M&) =p(1+ R)iléo), (8)
Z ) -2 .
711”81)1 312 kyeesul’) + k1066”§?1) + k1066”§1)] =p(l+ 3R)M(1)

kicesu

3,1 1 -

3. Dispersion Characteristics

Examining the dispersion relations of waves in unbounded plates is useful for understanding
resonator behaviors. Let the wave frequency be w and the wave number along x; be &. For an
unelectroded plate, consider the possibility of the following wave:
uéo) = Aysin(éxy — wt), ugo) = Ay sin(éxy — wt),
ugl) = Az cos(&xy — wt), (0 = Ay sin(Exy — wt),

©)

where A1-A4 are undetermined constants. (9) is substituted to (5), and then four linear homogeneous
equations for Aj—Ay4 are obtained. The determinant of the coefficient matrix has to vanish for nontrivial
solutions, which yields an equation that determines w versus &, namely, the dispersion relation of
the wave. Similarly, for an electroded plate with a grounded electrode, $(®) = 0. The corresponding
dispersion relations can be obtained by substituting the ugo) , go) and u&l) from (9) into (8). The following
dimensionless frequency () and dimensionless wave number X are defined:

u

w

Q=2 X=¢/2, wo = (n/2h)\Jeas /p (10)
wo 2h

where wy is the fundamental TSh frequency of an unelectroded plate and is used as a normalizing
frequency. Dispersion relations for both electroded (dotted lines) and unelectroded (solid lines) plates
are shown in Figure 2. As expected, the electroded plate has lower frequencies due to the electrode
inertia. The branch for the TSh wave has a finite intercept with the vertical or frequency (Q?) axis,
which is the cutoff frequency below which the TSh wave cannot propagate.
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Figure 2. Dispersion relationships of (yx1) 90° LiTaOj3 plates for lateral field excitation.
4. Electrically Forced Vibration of Finite Plates

Because the plate is symmetrical about x; = 0 and an anti-symmetric voltage is applied to
the electroded plate, the electromechanical coupling fields could be symmetric or anti-symmetric,
with respect to x; = 0. In the current paper, we only consider the right half. Since the plate is partly
covered by the electrode, separate solutions are required for areas with and without the electrode.
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4.1. Central Area without the Electrode with 0 < x1 <a

The following wave form is considered:

0) _ Ay sin(&xq)ett, ugo) = Ay sin(&xq)el®t,

‘) . . (11)
u;’ = Az cos(&xy)e, ) = Agsin(Exy)el®t,

where A; — Ay are undetermined constants. Inserting (11) into (5) gives four linear relations for
A1 — Ay4. The coefficient matrix determinant should be equal to zero for nontrivial solutions. This leads
to a third-order equation in terms of £. This equation has three nonzero solutions represented by
& (m)z, with m = 1-3. The nontrivial solution of the linear equation is denoted by ﬁr(,m), withp =14

corresponding to a &("). ﬁl(,m) indicates the ratios among A; — A4. Now, the general solution of the

equation could be written as:

u%@) ) sin(£0m ;) 0
0) 3 (m) o (c(m)
Uy o\ Z cm] P2 sin(£(")x1) Lew) 0L (12)
DB e () B
¢(0) z(lm) sin(é(m)xl) X1
where CV) — C® are unknown constants, and
h=2k
By = —2 e (13)
3h~ k1C66 - pw
C® is constructed from the root of &2 = 0.
4.2. Area Including the Electrode witha < x1 < b
In the area with the electrode, the applied electric potential is denoted by ¢(?). Let
0) _ i&xy yiwt ,,(0) _ iExq yiwt
Aqe'tle S Uy Apeletiet®t, (14)

Uy
ugl) — ABBiExleiwt,
where A; — A3 are undetermined constants. (14) is substituted into (8), and then three linear equations
for A; — A3 are obtained. The coefficient matrix determinant must be equal to zero for nontrivial

=2
solutions. This gives a third-order polynomial term of £ . This equation has six nonzero solutions

indicated by E(m), with m = 1-6. The nontrivial solution of the linear equation is denoted by E,(]m),

with p = 1-3 corresponding to a E(m). E}(qm) indicates the ratios among A1 — A3. Now, the following

expression could be obtained for the general solution of the equation:

u(o) . ﬁ(m)eig("' x1
ugo) =y e gy (15)
u(l) m=1 —(m) ~=(m x

1 ‘B elg 1

where E(l) - 6(6) are unknown constants.
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4.3. External Area without the Electrode withb < x1 < ¢

Let — ~
ugo) — Aleiéxl eiwtl uéo) — Azeicfxl eia)t’ (16)
ugl) _ Agei‘f’fleif"f,¢(0) _ A4ei£xleiwtl

where A; — A4 are undetermined constants. (16) is substituted into (5), and then four linear equations
for A; — A4 are obtained. To obtain the nontrivial solutions, the coefficient matrix determinant should

2
be zero. This leads to a fourth-order equation in terms of (’é—) . Accordingly, six nonzero roots are
obtained, which are described by 3(’"), m = 1-6. The nontrivial solution of the linear equation is

denoted by Er(,m), with p = 14 corresponding to a glm), E;m) indicates the ratios among A; — A4. Now,
the general solution of the equation could be described as:

0) 6 m) ig(m)xl 0 0
uy” o _ m) Py €” @) Y (8)
¢(0) Bﬁm) €My X1 1
where C(1) — C®) are unknown constants, and
By = -By, (18)

C(7) — C®) is constructed from the root of 32 =0.

4.4. Boundary and Continuous Conditions

The boundary and continuity conditions of the electrically forced vibration could be employed to
determine the resonator motion capacitance. At x; = a, we have continuity conditions:

u%O) (vy=a7) = ”%0) (x1 =a"),
u30) (p=a")= ugo) (x1 =at),
ug(l) (xy =a7) = ugl)(aq =at),
) () o — 19
T?o) (xy =a") T?o) (xy =a"), (19)
Ty (xp=a") =T (xp =a"),
Til)(xl =q) = Till) (x; =a™),
$0) (x1 — ) = V!
At x; = b, we have continuity conditions:
u%o) (x1=b") = u%o) (x1 =b™),
) (v = b7) =) (3 = bF),
ugl)(xl =b") = uil)(xl =b"),
Téz) (x; =b") = ng> (x; = bt), (20)
Té v =b) = Té ) =),
T =b7) = TV (1 = b),
(P](O) (x] = b+) — Velwt
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At x; = ¢, we have boundary conditions:

Téz) (xp=¢") =0,
Té )(xl =c)=0, 1)
Til)(xl =c)=0,
Dgo) (xy =¢c") =0.

Substituting (12), (15), (17) into (19), (20), (21), we obtain eighteen linear, nonhomogeneous equations

for the eighteen unknown constants of C W -c (4), E(l) — 6(6), C() —C(®). As the mentioned constants
are determined, the displacements and electric potentials of the device with 2w dimension along
x3 could be obtained. Now, the charge Q. on the electrode and the motion capacitance C could be

obtained as:

Qe =-DV(x; =a7)-2w,C = % (22)
o 4811]1’(,0
CO - 2C 7

where the static capacitance is denoted by Cy. The curve of C/C( with respect to frequency could be
employed to determine the resonance frequencies.

5. Results and Discussion

The material constants for (yxl) 90° LiTaOj3 crystals are presented in [23]. An electrically forced
vibration analysis could be employed to calculate the curve of C/Cy in terms of frequency. According
to this analysis, resonance modes and their corresponding frequencies could be obtained. To verify
the variation tendencies of the resonance frequency under different structure factors, a finite element
software COMSOL Multiphysics (Burlington, MA, USA), as a general-purpose simulation software,
is performed to obtain the resonance frequency of the TSh mode. For an analysis example, a plate
with a thickness of 2k = 0.1775 mm is taken. A = 2.22 mm, b = 2.88 mm, ¢ = 5.39 mm. R = 0.05 and the
width along x3 axis w = 5.3 mm are fixed in Figures 3-8. The same size parameters are used in the
finite element model and the analytical model. A 2 V sinusoidal voltage is exerted to the left electrode,
and a grounded voltage is exerted to the right electrode. A frequency domain analysis is performed to
determine the resonance frequencies.
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Figure 3. Normalized capacitance with respect to diving frequency showing resonance modes.
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Figure 4. Thickness-shear (TSh) strain distribution (ugl)) near resonance.
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Figure 6. Face-shear (FS) strain distribution (ué 1) near resonance.
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Figure 7. The admittance curve of the lateral field excitation (LFE) resonator from COMSOL.
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Figure 8. The vibration mode shape of the LFE resonator from COMSOL.

Figure 3 shows the curve of the resonator capacitance C versus the driving frequency. C is
normalized by Cy = 4e11hw/(2c) = 0.038pF. wy = (1/2h) Jces/p = 10MHz. Three fundamental
resonance frequencies, including Modes 1, 2, and 3 in Figure 3 could be found, denoted by 0.962, 0.987,
and 1.005 wy, respectively.

To evaluate the three fundamental resonances in the frequency domain of interest in Figure 3

51) (x1), F strain distribution ug)l) (x1) and FS

strain distribution “:—(3?1) (x1) are plotted in Figures 4-6, respectively. As shown in Figure 4, the TSh mode
distribution for Mode 1 is considerable in the central gap area between the two electrodes and under
the electrodes. Nevertheless, it reduces rapidly to zero around the plate edge. The above phenomenon
is called energy trapping. In Figures 5 and 6, it is shown that for Mode 1, the F and FS strains are both
weak. Therefore, Mode 1 meets the resonator design requirements, namely, the operating mode is
significant and the other modes coupled are weak. For Mode 2, the TSh strain has two valleys between
the electrodes and under the electrodes area, as shown in Figure 4, which will cause additional shear
strain to appear. Thus, this mode is undesirable for resonators. For Mode 3, there are four valleys

accurately, the corresponding TSh strain distribution u
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for the TSh strain in Figure 4, and the F and FS strains are quite strong in Figures 5 and 6; therefore,
this mode is also not what we need.

From the dispersion relationships shown in Figure 2, it is shown that when the wave number
increases, the resonance frequency increases more slowly. Thus, although the differences in wave
numbers of Modes 1, 2, and 3 shown in Figure 4 are large, the differences in the resonance frequencies
of Modes 1, 2, and 3 shown in Figure 3 are small. It can be seen that from the dispersion curves
(Figure 2), the wave numbers of the flexural and face-shear modes are obviously larger than that of
the thickness-shear mode when the frequencies are the same. For the strain amplitudes, the vibration
strength is closely related to the cut orientation of the crystal. The cut orientation in this paper is (yxl)
90°. In Ref [21], it was verified that the main mode of LiTaO3 plate with this cut orientation is the
thickness-shear mode. Thus, compared with the thickness-shear mode, the flexural and face-shear
modes have smaller strain distributions.

Further, a three-dimensional FEM analysis is carried out on the LiTaO3 LFE resonator operating
with Mode 1 by the frequency domain calculation. The purpose of applying the FEM is to verify the
reliability of the theoretical analysis method. Compared to the FEM calculation, the theoretical model
can be used to explain the influence mechanism of the size parameters on the vibration properties of
the device more conveniently. In addition, the calculation efficiency of the theoretical model is higher
than that of FEM.

The admittance curves and the vibration mode shapes are plotted in Figures 7 and 8, respectively.
Figure 7 shows that the resonance frequency of the device is 0.9639 wg. The theoretical frequency of
Mode 1, shown in Figure 3, is 0.962 wg. There is a 0.197% deviation between the FEM and the theoretical
results of Mode 1. The deviation mainly attributes the differences between the 3D model of COMSOL
and the 2D-approximate Mindlin plate theory. In addition, there emerge more spurious modes in the
admittance curve of the device from the 3D FEM simulation, compared with the capacitance ratio
curve obtained by the theoretical model. In Figure 8, it can be seen that the vibrations are concentrated
in the electroded area. In the area near the edge of the plate, the vibration decays rapidly to almost
zero. This means that the resonator has a good energy trapping at the resonant frequency of 0.9639 wy.

The resonance frequencies of the resonators for varied electrode/plate mass ratio R, electrode gap
a and the electrode width b are obtained. Figure 9a shows that the resonance frequency decreases
approximately linearly as the electrode/plate mass ratio R varies from 0.005 to 0.07, while all other
parameters are kept the same as those for Figures 3-8. In Figure 9b, it is shown that the resonance
frequency increases by 6.9 kHz as the electrode gap a varies from h to 4h, while keeping all other size
factors the same as those for Figures 3-8. As the electrode gap a increases, the two electrodes get farther
apart, which leads to the mass effect being reduced and the resonance frequency increasing. In Figure 9c,
for an increasing electrode width b, the corresponding resonance frequency decreases. This is because,
as the electrode width b increases, the mass effect becomes more obvious. The theoretical trend is
consistent with the FEM trend.

In addition, in order to reveal the influences of different size parameters on the vibration intensity
and energy trapping of the resonator, the TSh strain distribution (uﬁl)) for different gap values and
electrode width values, obtained by using the theoretical model, is shown in Figure 10a,b, respectively.
In Figure 10a, 2h = 0.1775 mm, b = 2.88 mm, ¢ = 5.39 mm, R = 0.05, and w = 5.3 mm are fixed.
In Figure 10b, 2k = 0.1775 mm, a = 2.22 mm, ¢ = 5.39 mm, R = 0.05, and w = 5.3 mm are fixed.
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Figure 10. Effects of the size parameters on the TSh strain distribution u

(b) electrode width b.

%1076

12

o 10 20 30

x,/h

40 50 60

——b=20h
===b=22h
..... b=25h
=+= b=28h
~——b=30h

b=32h
=== b=35h

40 50 60

(
1

Y, (a) electrode gap a;



Crystals 2020, 10, 525 12 of 13

It is shown in Figure 10a that, when the electrode gap a decreases, the vibration intensity of the
device in the central area obviously increases, which can lead to a higher Q-factor and resonance
stability. If the gap value a is small enough, the vibration strain in the area between the two electrodes
will become too large and, thus, the energy trapping characteristic will become poor, which will
decrease the frequency stability. Usually, to avoid a poor energy trapping, the vibration strain in
the area between the two electrodes should be lower than one fifth of that of the peak. Therefore,
on the premise of the above energy trapping requirement, it should reduce the gap value as far as
possible to obtain a high Q-factor when selecting the electrode gap. In Figure 10b, as the electrode
width b increases, the vibration intensity of the resonator increases, which can lead to a higher Q-factor.
However, if the electrode width b is too large, the vibration strain around the plate edge will be obvious.
The area around the plate edge is the mounting area, which is usually one tenth of the plate width.
For the mounting area, the vibration strain needs to be close to zero, to reduce the impact of the
mounting on the vibration properties of the device. Therefore, the selection criteria for the electrode
width b of the resonator should be balanced between the Q-factor and the requisite mounting area
with no vibration. Namely, on the premise of satisfying the mounting condition, it should increase the
electrode width as far as possible to obtain a high Q-factor.

6. Conclusions

In this paper, the piezoelectric resonator based on a LiTaOj3 single crystal stimulated via the
lateral electric field is modeled and analyzed. The capacitance-frequency curve shows that there are
several resonances around the main TSh frequency. The resonances are related to the TSh, FS and
F modes. The TSh vibrations could be trapped in the area with the electrode. The influences of
structural parameters such as the electrode/plate mass ratio, electrode gap and electrode width on the
resonance frequency are studied by theoretical and FEM calculations. Both theoretical and FEM results
show that the resonance frequency of the resonator increases with an increase in the electrode gap
value or a decrease in the electrode width value. Additionally, the design criteria for the electrode
gap and electrode width are given though analyzing the effects of those parameters on vibration
strain distribution. Namely, when selecting the electrode gap, on the premise of the energy trapping
requirement, it should reduce the gap value as far as possible to obtain a high Q-factor or good
resonance stability. When selecting the electrode width, based on satisfying the mounting condition,
it should increase the electrode width as far as possible to improve the resonance stability.
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