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ABSTRACT

The profiles of an acoustic field and electric potential of the forward and backward shear-horizontal (SH)
acoustic waves of a higher order propagating in X-Y potassium niobate plate have been theoretically
investigated. It has been shown that by changing electrical boundary conditions on a surface of piezoelec-
tric plates, it is possible to change the distributions of an acoustic field and electric potential of the for-
ward and backward acoustic waves. The dependencies of the distribution of a mechanical displacement
and electrical potential over the plate thickness for electrically open and electrically shorted plates have
been plotted. The influence of a layer with arbitrary conductivity placed on a one or on the both plate
surfaces on the profiles under study, phase and group velocities of the forward and backward acoustic
waves in X-Y potassium niobate has been also investigated. The obtained results can be useful for devel-
opment of the method for control of a particle or electrical charge movement inside the piezoelectric

Electrical boundary conditions
Phase and group velocity
Arbitrary conductive layer

plates, as well a sensor for definition of the thin film conductivity.

© 2018 Published by Elsevier B.V.

1. Introduction

It is known that the forward and backward acoustic waves can
propagate in piezoelectric plates [1-5]. In contrast to the forward
acoustic waves the backward ones exhibit oppositely directed
phase and group velocities. These waves possesses unique proper-
ties and there are many paper devoted to their study [6-8]. It has
been previously shown that not only Lamb waves, but also shear-
horizontal acoustic waves can be backward in piezoelectric plates
under certain conditions [4,9]. However, the SH backward waves
disappear if piezoelectricity is ignored in the crystal [9]. The study
of the conditions of propagation of the backward acoustic waves in
piezoelectric plates has been continued in Ref. [4]. Here the depen-
dencies of mechanical displacement components for forward and
backward waves over the depth of X-Y +30 KNbO; plate were
obtained and analyzed. The results of examination of the peculiar-
ities of propagation and hybridization of the backward Lamb
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modes in lithium niobate and potassium niobate plates are pre-
sented in Refs. [4,10]. In the paper [11] the mechanisms of an
appearance and existence of the pure shear backward waves and
waves with zero group velocity in the plates of X- and Y-cuts of
a rhombic potassium niobate crystal showing an extremely strong
piezoeffect were considered [12,13].

It is known that the acoustic waves are characterized not only
phase and group velocities and attenuation but also so-called a
wave structure or displacement profile [14-18]. The information
about relation between the mechanical displacement components
on the waveguide surface is very important for the choosing type
of an operating wave at the development of various sensors. For
example, for the development of liquid sensors it is necessary to
use the waves with the minimum mechanical displacement per-
pendicular to a plate surface [19-21]. Such waves propagate prac-
tically without attenuation in the presence of liquid [14,22]. The
information about the value of an electric potential on the plate
surface is valuable, for example, for the development of the non-
contact methods for determination of thin film conductance and
permittivity [23], for analysis of the heterostructures and conduc-
tivity mechanisms [24,25]. In these cases the influence of the elec-
tric boundary conditions on the properties of the acoustic waves in
the piezoelectric waveguides is used. It is necessary to note that
there are a lot of the papers devoted to the investigation of the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultras.2018.01.010&domain=pdf
https://doi.org/10.1016/j.ultras.2018.01.010
mailto:kuziren@yandex.ru
mailto:qianzh@nuaa.edu.cn
https://doi.org/10.1016/j.ultras.2018.01.010
http://www.sciencedirect.com/science/journal/0041624X
http://www.elsevier.com/locate/ultras

LE. Kuznetsova et al./Ultrasonics 86 (2018) 6-13 7

influence of different electrical boundary conditions (metallization
of a surface, placement of a layer with arbitrary conductivity or
conductive liquid on the surface, the approaching metal layer to
surface, etc.) on the velocity and attenuation of various types of
acoustic waves [26-33]. In Ref. [27] the effect of the metallization
of one or both plate sides on the distribution of the mechanical dis-
placements of the quasi-longitudinal QL waves over the 128Y-X +
90 LiNbOs plate thickness has been theoretically and experimen-
tally investigated. In Ref. [32] the influence of the distance between
ideally conductive plane and Y-X + 15 KNbOs crystal surface on the
relation of the mechanical displacement components has been
considered. In Ref. [33] it has been theoretically shown that differ-
ent electrical boundary conditions have an influence on the
second-harmonic generation effect of ultrasonic guided wave
propagation in piezoelectric plates.

In whole, the obtained results have shown that the electrical
boundary conditions impact on the distribution of the mechanical
displacement components in piezoelectrics. However the study of
the influence of various electrical boundary conditions on the dis-
tribution of an electric potential over the plate thickness has not
yet been carried out. It is known only from Refs. [34-37], where
the influence of electrical boundary conditions on the potential dis-
tribution of Bleustein-Gulyaev waves over the depth of piezoelec-
tric crystal was investigated. The obtained results allowed to reveal
the physical reasons of the anomalous resisto-acoustic effect and
conditions of its existence.

As for backward acoustic waves in piezoelectric plates the
papers devoted to the investigation of its acoustic field profiles
and electric potential distributions over the plate thickness are
practically absent. On this basis, the aim of this paper is to theoret-
ically study the effect of different electrical boundary conditions
for X-Y potassium niobate plate on the acoustic field profiles and
electric potential distributions of the forward and backward
shear-horizontal acoustic waves. Such electrical boundary condi-
tions include (i) metallization of one or both sides of the piezoelec-
tric plate, (ii) placement of a layer with arbitrary conductivity on
one or both sides of the piezoelectric plate.

2. Theoretical analysis

Let us consider the propagation of the SH forward and backward
acoustic waves in X-Y potassium niobate plate (Euler angles 90, 90,
0) [38]. Fig. 1 shows the problem geometry. The wave always prop-
agates along the x;- axis of a piezoelectric plate bounded by x3 = 0
and x3 = h planes. The cristallophysics material constants are recal-
culated into our coordinate system by using Euler angles [38].

Regions X3 <0 and X3 > h contain vacuum. We consider a two
dimensional problem and all mechanical and electrical variables
are assumed to be constant in the Xx,-axis direction in this case.
To solve the problem we write motion equation, Laplace equation,
and material equations for piezoelectric medium using the quasi-
electrostatic approximation E; = 9®/0x; [39]:

pd*U;/0t* = aT;;/ox;, D;/dx; =0, 1)

T,‘j = C,»jkIBUl/ﬁxk =+ ekijad)/axk, Dj

= —Sjka(p/an + eﬂkaU,/Bxk. (2)
Vacuum 1 R
0 Piezoelectric plate X1
h Vacuum 2
VX3

Fig. 1. Geometry of the task.

Here, E;, Uj, t, Tjj, xj, Dj, @, p, Cijii, €, and &, are the components of
the electric field, mechanical particle displacement, time, the com-
ponents of mechanical stress tensor, coordinates, the components
of electric displacements, electric potential, and density, as well
elastic, piezoelectric and dielectric constants of a piezoelectric,
respectively.

Outside the plate in x3 < 0 and x3 > h regions, electric displace-
ment should satisfy the Laplace equation:

D! jox; =0, 9D} /ox; =0, 3)

where D" = —gd®" /dx; and Dj? = g,d®" /dx;. Here, indexes v
and v, denotes quantities relating to vacuum in the planes x5 =0
and X3 = h, respectively, g is the dielectric constant of vacuum.

Acoustic waves propagating in the plate should satisfy, as well,
mechanical and electrical boundary conditions. At the boundary
with vacuum (X3 = 0 and x5 = h), these conditions have the follow-
ing view:
T3;=0, ®" =0, ®”=®, D' =D;, Di*=Ds. (4)

Potential becomes zero when the plate is short-circuited with
an infinitely thin metal layer from a one (x3 = h) or the two (x3 =
0 and x3 = h) sides.

In the case of presence of a thin layer with arbitrary conductiv-
ity at the boundary with vacuum (x3 = h) the corresponding electri-
cal boundary conditions have the following form [36]:

®» =d; D¥_D;=5. (5)

Here, § is the surface charge density that is related to the density of
surface current. The equation of charge conservation can be written
in the next form [39]

)T jox, = 9. (6)

Here, J" is the component of surface current density (xs = h).
Hence it follows, regarding the expression for the surface cur-
rent conductivity in the layer [39]:

"'~ G500" |01, (7)

and taking into account that all variables are proportional to exp(jo
(t — x¢/V)) one can obtain

8 =josd2wm/V2. (8)

Here, a5 is the surface conductance of the layer, j is the imaginary
unit, V is the phase velocity of the acoustic wave.

The electrical boundary conditions are changed in the case of
presence of a thin layers with arbitrary conductivity on both sides
of the plate with vacuum (x3 = 0 and x5 = h) and can be written as:
O =®, Dy -D3=-5 @®?=0, D;>-D;=0. (9)

The above mentioned boundary problems were solved numeri-
cally by using the iterative procedure described in [36].

In result the values of the phase and group velocities, attenua-
tion and amplitudes for all electrical and mechanical variables as
functions of coordinate x3 were obtained.

The presence of the conducting layer on the plate surface leads to
the attenuation of the acoustic waves [28,29,36]. In this case the
value of imaginary part of velocity becomes much higher than zero
and we used the next expression for phase velocity calculation [40]:

Vo = (Re(Vip)? + Im(Vpn)?) /Re (V) (10)

Here Re(Vph) and Im (V) are the real and imaginary parts of the
phase velocity, respectively.
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Fig. 2. Dependencies of phase (a) and group (b) velocities of forward (grey lines)
and backward (black lines) SH,, waves in X-Y KNbO5 plate on parameter hf: 1 -
electrically open plate, 2 - plate electrically shorted from one side, and 3 - plate
electrically shorted from two sides.

3. Results and discussion
3.1. Influence of metallization of a plate surface on the characteristics

of forward and backward SH higher order acoustic waves in X-Y
potassium niobate plate

As the result of the boundary problem solution, we have
obtained the dependencies of phase velocities for the SH,, forward

and backward acoustic waves of the n=1, 2, and 3 orders propa-
gating in X-Y potassium niobate plate on parameter hf (Fig. 2a).
Here h and f are the plate thickness and wave frequency,
respectively.

The material constants of potassium niobate were taken from
Ref. [41]. At the first step calculations were performed for the elec-
trically open plate (1), plate with one short-circuited surface (2)
and plate with both electrically shorted surfaces (3).

The group velocities of the waves under study were calculated
by using dispersion curves presented in Fig. 2a [11,38].

Vg = doo/dk.

Here k is the real part of the wave number. The obtained dispersion
curves are presented in Fig. 2b.

The analysis has shown that the point of the backward wave
occurrence is shifted into the region of lower frequencies and the
range of its existence increases under the plate metallization,
which confirms with data cited in Ref. [5]. The SH; backward wave
disappears under metallization of the two sides of the plate.

We also plotted the dependencies of electric potential value
(upper row) and maximum mechanical displacement component
U, (lower row) normalized to the value at the plate surface

Usuy = \/Ufm +U3, +U3, (x3=0) for the backward (Fig. 3) and

2q,f
forward (Fig. 4) SHy, SH», SH3 acoustic waves on the plate thickness
at hfsyy = 2 km/s, hfsy, = 4 km/s, hfsys = 6 km/s. As previously, the
curves 1, 2, and 3 correspond to electrically open plate, plate elec-
trically shorted from one and two sides, respectively.

It is seen that one would control both the magnitude of electric
field associated with the acoustic wave, and the amplitude of par-
ticle displacement over the plate thickness. For experimental check
of the theoretical results it is possible to use mesostructure based
on a piezoelectric plate with through nanoholes. The direct mea-
surement of the distribution and dynamic change of an internal
electric field of a wave in such plate can be carried out by means
of an electronic probe, for example, of an electronic microscope.
By the changing the electrical boundary conditions on a plate sur-
face it is possible to modulate this electronic stream by means of
change of the built-in electric potential over plate depth. A nano-
electronic accelerator (modulator) of electrons based on such prin-
ciple can be developed.

(11)
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Fig. 3. Dependencies of the electric potential value (upper row) and maximum mechanical displacement component U, (lower row) normalized to the corresponding values
at the plate surface (x3 = 0) for backward SH; (a, d), SH; (b, e), SHs (c, f) waves on the thickness of X-Y KNbOj3 plate at hfsy; = 2 km/s, hfsy, = 4 km/s, hfsys =6 km/s: 1 -
electrically open plate, 2 - plate short-circuited from one side, and 3 - plate short-circuited from two sides.
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For measuring backward-wave motions in plates it is also pos- external impact on a plate surface. It can be a semiconductor
sible to use dynamic photoelastic technique [42]. heterostructure controlled by applied electric field [43], or material

For smooth change of electric boundary conditions it is possible whose conductivity changes under the influence of lighting (chro-
to apply a layer whose conductivity can be changed by means of an mophores, photo-semiconductor structures) [44,45].
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Fig. 4. Dependencies of the electric potential value (upper row) and maximum mechanical displacement component U, (lower row) normalized to the corresponding values
at the plate surface (x3 = 0) for forward SH; (a, d), SH, (b, e), SH3 (c, f) waves on the thickness of X-Y KNbO3 plate at hfsyq = 2 km/s, hfsy, =4 km/s, hfsys =6 km/s: 1 -
electrically open plate, 2 - plate short-circuited from one side, and 3 - plate short-circuited from two sides.
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Fig. 5. Dependences of phase (upper row), group (middle row) velocities and attenuation (lower row) for the forward SH; (a, b, ), SH> (d, e, f), and SH3 (g, h, k) acoustic waves
at hfsyy = 2 km/s, hfsy, = 4 km/s, hfsys = 6 km/s propagating in the X-Y potassium niobate plate on surface conductivity os: 1- a layer with o is in plane x5 = h, 2- layers with
O, are in planes X3 =0 and x3 = h.
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waves at hfsy; = 2 km/s, hfsy, = 4 km/s, hfsys = 6 km/s propagating in the X-Y potassium niobate plate on surface conductivity os: 1- a layer with o is in plane x5 = h, 2- layers
with oy are in planes x3 =0 and x5 = h.
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and 3 correspond to values 6= 1078 S/m, 5 x 107 S/m, and 10~ S/m of the layer placed in plane x5 = h, respectively.



LE. Kuznetsova et al./Ultrasonics 86 (2018) 6-13 11

s Forward SH; Forward SH, Forward SH3
i : Job |
g 08 ﬁ \ ﬁ \‘
s \ / \ \/ / \
Sl N\ /2 VA2
\/ / \ / \V \
. N 3 V V 3 V‘
1.2 3
) : ;
£ 08 N / A /12 A '/\ f
\ SRAVAVAY
. W |y
Y/ Y A
L NG e TN T

X3/ A

X3/ A

X3/ A

Fig. 8. Dependences of electric potential value (upper row) and maximum mechanical displacement component U, (lower row) normalized to the corresponding values at
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and 3 correspond to values ;=107 S/m, 5 x 107> S/m, and 103 S/m of the layer placed in plane x3 = h, respectively.

3.2. Influence of a layer with arbitrary conductivity on a plate surface
on the characteristics of forward and backward SH higher order
acoustic waves in X-Y potassium niobate plate

In this paragraph we consider two situations: (i) a layer with
arbitrary conductivity is placed in the plane x3 =h and (ii) above
mentioned layer is placed in the planes x3 = 0 and X3 = h. The layer
is assumed to be very thin in comparison with the acoustic wave-
length so that the effect of mechanical loading can be neglected. As
the result of the boundary problem solution described above, we
have obtained the dependencies of phase (upper row) and group
(middle row) velocities, as well attenuation (lower row) for the for-
ward (Fig. 5) and backward (Fig. 6) SHy, SH,, SH3 acoustic waves at
hfsyy = 2 km/s, hfsyy =4 km/s, hfsysz = 6 km/s propagating in X-Y

Backward SH, Backward SH3
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Fig. 9. Dependences of electric potential value (upper row) and maximum
mechanical displacement component U, (lower row) normalized to the corre-
sponding maximum values for backward SH, (a, c¢), SH3 (b, d) waves on the
thickness of XY KNbOj3 plate at hfsyq = 2 km/s, hfsy, = 4 km/s, hfsys = 6 km/s. The
curves 1, 2, and 3 correspond to values 6, =10"8S/m, 5 x 107> S/m, and 107> S/m
of the layers placed in planes x5 = 0 and X3 = h, respectively.

potassium niobate plate on surface conductivity cs. On Figs. 5
and 6 the curves 1 and 2 correspond to situations (i) and (ii),
respectively.

The values of attenuation (I') in dB/A were calculated by using
the next expression:

T = 4nim(V,4)/(0.23 Re(V1)) (12)

The group velocities of the corresponding waves have defined
by using previously obtained dependencies of phase velocities
(Vpn) vs surface conductivity, as well calculated analogous depen-

dencies of phase velocities (V;h) for parameter hf§,; = 2000.1 m/s,

hf g, = 4000.1 m/s, hfs,; =6000.1 m/s. Then the next expression
was used:

+132 +
Vgr o ( ph) (hf - hf) (-13)

 Vuhf = Vo hf

As it is seen on Fig. 5 for the forward waves the attenuation ini-
tially increases, reaches a maximum then falls down with increas-
ing surface conductivity of the layer. It is expected behavior
because for very low values of G the layer approximates an ideal
dielectric, and for very high values of o, it approaches an ideal con-
ductor. In both of these cases, there is no attenuation of the acous-
tic wave [28]. As for the forward wave phase velocity it decreases
with increasing o due to shorting the tangential components of
electric field associated with acoustic wave [39].

In contrast to the phase velocity, the group velocity of the for-
ward wave first increases, reaches a maximum, and only then
decreases. It can be seen (Fig. 5b, e, and h) that the maximum of
the rise corresponds to the maximum of the wave attenuation,
and its magnitude is related to the electromechanical coupling
coefficient of the waves.

The obtained results have shown the possibility to develop a
sensor for the definition of thin film conductivity.

For backward wave one can see an opposite situation on Fig. 6.
The phase velocity of this wave increases with increasing G, and
attenuation has negative values.

The negative values of attenuation are connected with the fact
that the backward waves decay along the plate in the direction
of the energy flux which is coincides with group velocity direction.
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to values o, =108 S/m, 5 x 107> S/m, and 103 S/m of the layers placed in planes x5 = 0 and xs = h, respectively.

This behavior is similar with the propagation of the leaky back-
ward acoustic Lamb waves [46].

The dependencies of electric potential value (upper row) and
maximum mechanical displacement component U, normalized to
the value at the plate surface (x3=0) for the backward (Fig. 7) and
forward (Fig. 8) SHy, SH», SH3 acoustic waves on the plate thickness
at hfsyy = 2 km/s, hfsy, = 4 km/s, hfsys = 6 km/s are presented. The
curves 1, 2, and 3 correspond to values 65=10"8S/m, 5 x 107> S/
m, and 10~ S/m of the layer placed in plane x5 = h, respectively.

The dependencies of electric potential value (upper row) and
maximum mechanical displacement component U, normalized to
the corresponding maximum value for backward and forward
SH;, SH;, SH3 acoustic waves on the plate thickness at hfgy; = 2
kmy/s, hfsy, =4 km/s, hfsys = 6 km/s are presented on Figs. 9 and
10, respectively. The curves 1, 2, and 3 correspond to values G, =
1078S/m, 5 x 107> S/m, and 10~ S/m of the layers placed in planes
x3 =0 and X3 = h, respectively.

4. Conclusion

As the result of the study, the dependencies of phase and group
velocities for the forward and backward SH acoustic waves propa-
gating in X-Y potassium niobate plate were constructed. The effect
of metallization of one or the two sides of the plate on the charac-
teristics of these waves was investigated. The plate metallization
was revealed to shift the appearance point for the backward waves
into a region of lower frequencies and to essentially increase the
range of their existence. The SH; backward wave vanishes under
metallization of two sides of the plate. It was also noted, that by
change of electrical boundary conditions it is possible to control
both the magnitude of the potential of electric field associated with
the acoustic wave, and the amplitude of particle displacement over
the plate thickness. The obtained results have shown the possibil-
ity to develop a sensor for the definition of thin film conductivity.
For experimental check of the theoretical results it is possible to
use mesostructure based on a piezoelectric plate with through
nanoholes. Direct measurement of distribution and dynamic
change of internal electric field of a wave in a plate can be carried
out by means of the electronic probe, for example, of an electronic

microscope. By change of the electric boundary conditions on a
plate surface it is possible to modulate electronic stream through
the piezoelectric plate with nanoholes by means of change of the
built-in electric potential over plate depth. A nanoelectronic accel-
erator (modulator) of electrons based on such principle can be
developed.
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