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In the current study, we have developed a mathematical model describing the frequency response of a
sensor or energy harvester based on a cantilever made of a ferroelectric bidomain single-crystal plate with
metal electrodes deposited on opposite faces. The structure is subjected to vibrational excitations. The
model allows to predict the dependence of the voltage between the electrodes vs. the vibration frequency
and amplitude as well as resonance frequency of the sensor fabricated in form of a rectangular plate, nor-
mally with a seismic mass on its free end. The device is placed on a vibration table, whose vibration pa-
rameters are set. The relevant differential equation was composed, and an analytic solution describing the
required dependencies was obtained. To validate the proposed model, we created a single-crystal bimorph
by annealing a lithium niobate (LiNbOs) wafer in air to promote Li out-diffusion and formation of a
bidomain ferroelectric structure, i.e. two oppositely polarized domains within the plate (the so called “head-
to-head” structure). Such a crystal demonstrates a bimorph-like behavior but does not comprise any inter-
face except for an interdomain wall. Thus, our bimorph is not a commonly used structure, typically consist-
ing of two bonded piezoelectric plates (generally made of PZT piezoceramics), but a homogeneous continu-
ous medium. Being made of a lithium niobate (or lithium tantalate) ferroelectric single crystal, the cantile-
ver sensor or energy harvester demonstrates a strong dependence of the voltage between the electrodes on
the bending deformations, with almost totally absent hysteresis and ageing in a wide temperature range.
The comparison made between the results of the modeling and the experiment shows that the proposed
model is in good agreement with the experiment. We have demonstrated that the vibration sensors based
on bidomain single-crystal plates possess an exceptionally high sensitivity. The proposed model can be
used to estimate and predict the parameters of vibration sensors, accelerometers and waste energy har-
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vesters based on bidomain ferroelectric crystals.
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1. INTRODUCTION

In the past 10-15 years there is an increased inter-
est to converting the mechanical energy of vibrations
and random pulses into electrical energy. A large num-
ber of such converters [1] have been proposed, most of
them based on the use of cantilevered piezoelectric
beams [2, 3]. The cantilevers proposed by all the au-
thors have nearly the same structure [4, 5]: they consist
of a substrate, mostly metallic, to one surface of which,
along the full length of it or partially, a thin pie-
zoceramic plate with a top electrode is attached (glued).
As the cantilever vibrates, electrical voltage is generat-
ed between the top electrode and the substrate. Occa-
sionally, a bimorph scheme is used, where piezoelectric
plates are attached to both sides of the metallic sub-
strate (so-called parallel bimorph), whereby the voltage
is measured between electrodes applied to piezoelectric
plates, and the substrate [3].

Multiple mathematical models, describing vibrating
cantilevers under external excitations, based on the
Euler-Bernoulli beam equation, have been proposed.
The most complete description of such an approach was
given in the monograph [6]. More recent works essen-
tially reproduce and develop conceptual issues proposed
by these authors using multiple constructions and con-
figurations of energy harvesters.

* malinkovich@yandex.ru

2077-6772/2019/11(2)02033(8)

02033-1

PACS numbers: 77.65.—j, 02.30.Hq

Although many different types of cantilevers having
different shapes and arrangements of piezoelectric and
passive layers were offered, only few materials were
tested. Indeed, in almost all studies the same piezoelec-
tric material PZT (lead zirconate-titanate) was used.
Even though single-crystal piezoelectric materials (such
as quartz, langasite, yttrium oxyborate, lithium niobate
or lithium tantalate) exhibit a higher thermal stability
and less internal damping than PZT [7], their main
disadvantage — low values of piezoelectric coefficients —
is the reason why PZT is still used in most cases.

Previously [8] we have established a methodology
for creating a bidomain structure in plates of lithium
niobate and lithium tantalate single-crystal ferroelec-
trics and studied their electromechanical characteris-
tics [9]. Such “bidomain” crystals demonstrate a bi-
morph-like behavior but do not comprise any interface
except for an interdomain wall. Bending deformation of
this single-crystal bimorph causes the expansion of one
domain and contraction of its counterpart. The voltages
induced in the domains by the direct piezoelectric effect
are added up; they are proportional to the bending
magnitude at a fixed frequency.

It has been experimentally demonstrated that the
bending strain dependence on the voltage applied to
electrodes of a bidomain plate is marked by high linear-
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ity, and the coupling factor is comparable to the values
specific for piezoceramic materials. In particular, this
enabled a successful application of lithium niobate
plates with a bidomain structure in an X-ray focusing
system. Additionally, owing to a weak piezoelectric
coefficient dependence on the temperature, along with
high Curie temperatures, bimorphs based on such ma-
terials in some cases (e.g. as vibration sensors or ener-
gy harvesters) can be more effective and have a broader
application than those based on piezoceramics. In our
recent works we have reported the results of applying
piezoelectric cantilevers made of lithium niobate single-
crystal bidomain plates as highly sensitive vibration
sensors. We have demonstrated that in several aspects
including sensitivity they considerably exceed the sen-
sors on the basis of piezoceramics. Moreover, due to
symmetry of piezoelectric effect the same crystals can
be used not only in vibrational sensors but also in ener-
gy harvesters, including beta-voltaic generators [10],
and in magnetic field sensors based on composite mul-
tiferroics [11].

In the current work we propose a model of a sensor
for monitoring vibrations excited by an external source
on the basis of lithium niobate and/or lithium tantalate
bidomain single crystals and provide a comparison of
estimated frequency-voltage characteristics and Q-
factor with experimental data. The main difference
from earlier models consists in the consideration of the
piezoelectric material not as a part of some composite
structure but as an entire cantilevered energy harvest-
er or vibration sensor. This model also incorporates a
possible presence of the interdomain region between
the domains [8] and is applicable to any other ferroelec-
tric materials with a bidomain structure.

2. PHENOMENOLOGICAL DESCRIPTION OF
BIDOMAIN PIEZOELECTRIC CANTILEVER

2.1 Problem Statement and Basic Equations

We consider the rectangular bidomain beam shown
in Fig. 1, which is simply a cantilever fixed at one of its
ends. There is a seismic mass fastened onto the tip of
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the bimorph. The dimensions of the cantilever are
LxW xH and those of the seismic mass m* are | xwxh.

Oscillations of the cantilever occur due to the peri-
odic displacements of the base. The balance of the tor-
ques is represented by the equation:

M, +M,+M; =1¢, (1)

where M, is the bending moment, M, is the moment
of the elastic force, M; is the moment of friction, | is

the moment of inertia of the cantilever, ¢ is the angu-

lar acceleration. The bending moment is the sum of the
moment of the cantilever weight which is applied to its
center (in the case of a uniform beam), and the moment
associated with a seismic mass or an external force (e.g.
electrostatic) which is applied to the point located at a
distance of /2 from the free end of the cantilever.
Therefore, the bending moment can be expressed as:

_mgL _<
M| == +FL[1 2], @

where m is the mass of the cantilever, g is the accelera-
tion of the crystal which is a sum of the gravity acceler-
ation go and acceleration of the base, F is the seismic
mass weight or another external force, and ¢ =1/L.

The moment of the elastic force can be represented as:
[M,| = Lkz, 3

where % is the stiffness of the beam, and z represents
the deflection of the tip of the cantilever.
Moment of friction can be expressed as:

M¢|=Ls, @

where y is the constant describing speed-proportional
damping in the system.

Moment of inertia of the cantilever fixed at one end
relatively to the line of attachment is calculated as
follows:

3 3

3

_ 3 * 3 * 2 2
|I|:Lj|p\NHx2dx+ T(p\NH+p*wh)x2dx:pWHL+pWhL L £ (L3—3L2I+3LI2—I3)=%[m+m*(§2—3§+3)]= megL , (5)
0 L

where we considered a rectangular seismic mass hav-
ing a height of A, width of w = W and density of p* and

introduced the effective mass my; =|m+ m*(§ 2-3£+3).

Fig. 1 — Schematic representation of the bidomain crystal with

a seismic mass at the tip fastened in a clamp
When the oscillation amplitude of the cantilever is
small (z<<L), then the angle ¢~ z/L, and the angular

acceleration is @~ Z/L. Thus, equation (1) takes the

form (considering the signs):
m. L2 5
moL L rf1-S oo = e 2
2 2 3 L

or even easier:

mg & . Mg
—+F1-2|-ki—-yp=—-17. 6
9 F{1-2 )t T ©®

In case of the external vibrational source producing
harmonic excitations with a displacement of
d =d,sin(@t)and considering the presence of the seis-
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mic mass m* we obtain F=m"g = m*(g0 + d'), and equa-
tion (6) takes the form:
742 i+ iz = f—5sin(at). (7

Here we used the next substitutions:

Bt

mdyo _s
m ki
Mess _,
3
z(t)=d0£- ! e”"”‘]tsir(a)ot,ll—;(zj—do
D \1- 42

where we denoted 6 =tan™ [2 o,/ (cog -’ )] .

The damping parameter y can be experimentally
determined from the quality factor @ of the system.
Indeed, when the damping is relatively small (4,7 <1),

the @-factor can be approximately taken to be:
Qr—. ©)

The fist bending resonance frequency of the vibrat-
ing cantilever with the seismic mass can be calculated
using the equation:

35,1, 4L*+3(1—'—]m7*
k m+ 2L)m+m

L " } 10)
sE=rET

where the area moment of inertia is I. = (WH?3)/12, and
Ey is Young’s modulus which is determined by the
material of the cantilever and its crystal cut.

2.2 Voltage Across the Bidomain Plate

Oscillations of the base with the fastened cantilever
under the influence of an external vibration source will
cause a periodic deformation of the bidomain crystal
and generation of voltage at the electrodes deposited
onto the opposite faces of the beam. When the oscillat-
ing cantilever is bent, e.g., downwards, as it is shown in
Fig. 2a, then the electric fields E1 and E2 are induced in
each of the domains. If the bidomain crystal plate pos-
sess an interdomain region with multidomain ferroelec-
tric structure or uneven domain boundary, then the
strain-induced electric fields in the interdomain region
are zero on an average. The voltage magnitude depends
on the “quality” of the bidomain structure, i.e. on the
symmetry of the domains relatively to the middle sec-
tion of the plate and their volumes. In order to calcu-
late the voltage induced by bending the beam, we in-
troduce the y axis that is perpendicular to the neutral
plane of the plate in each cross section of the cantilever
(Fig. 2b).

3113

2
w 1
=
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Solving equation (7) with regard to the substitutions,
we find the dependence of deflection of the cantilever
free end on the beam parameters and on the frequency
and amplitude of the external vibrational excitation:

. 1
sin(wt—0)+ go = =, ®
a)o 0)2 2 , 0)2 m C()o
23 23
,,IZ
a
y
interdomain

region

Fig. 2 — Bending of the cantilever under the vibrational exci-
tation (a) and electric fields induced by the deformation of the
bidomain crystal having an interdomain region (b)

The voltage U at the electrodes of the bidomain
plate can be calculated as follows:

H

Ah, >
E)dy=| [E)dy+ TEmdy|, A

Ah,

'—-N‘I

U=-

N[ T

2

where E = E1+ E2 is a resulting electric field, Ah1 and
Ahz are the distances from the neutral plane of the
plate to the lower and upper domains, respectively (the
sum Ahi1+Ahz is the width of the interdomain region).

Absolute values of the electric field in the domains
depend on the distance y from the neutral plane of the
bidomain plate, as:

P(y) _ dijTi; () _ di;EyS(y)
& & & '

E(y)= 12)

02033-3



M.D. MALINKOVICH, I.V. KuBAsov, A.M. KISLYUK, ET AL.

where P(y) is the magnitude of the electric polarization
vector, ¢ and dj are the dielectric permittivity and ma-
trix of piezoelectric coefficients of the cantilever mate-
rial, respectively, o = 8.854 pF/m is the permittivity of
the free space, Tii(y) and S(y) are the dependencies of
the mechanical stress and strain in the direction of the
plate length on the y coordinate, respectively.

For small deformations the strain S(y) can be repre-
sented as:

_ AL(Yy) _ (r+y)o-ro :y_9

S(y) 3 L 1

(13)

where AL(y) is the elongation of the plate at the coordi-
nate y, r is the radius of curvature of the bended plate,
6 is the angle between the radii drawn to the fixed and
free end of the plate. The deflection z at the tip of the
cantilever can be represented through the radius of
curvature r of the plate and the angle 8 (see Fig. 2):

2 »
S(y):L—Zz, 14)
2 9
S(y):—LXz, (147)

respectively.
Substituting (14’) and (14”) into (12), and then into

o l?| 2

U(w,t) = 9y [H—Z—(Ahf +Ah22)}><

L 0] 1

) Do J1- 4?

x go%-iz+d0—-—_e”“"“‘sin(wotwfl—;gzj—do AL !

As it follows from equation (16), the open-circuit
voltage generated by the vibrating bidomain cantilever
contains:

(1) constant part associated with a static deflection
of the beam under its own weight and weight of the
seismic mass;

(i1) rapidly attenuating part associated with the set-
tling of the oscillations during the starting periods of
the vibrational excitation;

(i11) harmonic part with the frequency of the vibra-
tional excitation @ and the phase shift 6.

The origin of the part (i) is the fact that we did not

2
U(f't)=m'@(LJ -[HTZ—(Ahfmh%)] =

gl m |

The final formula for the frequency response of the
bidomain cantilever can be obtained simply taking the
magnitude of the sine function in the right part of
equation (17):
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(11), one can determine the voltage on the electrodes of
the bidomain plate depending on the deviation of the
free end of the plate:

d.E, [H?
_ iy {HT—(Ahf+Ah22)}z. (15)

&2

Another way to consider the imperfection of the
bidomain crystal is utilizing the so-called “k-factor”
which describes the effective value of the piezoelectric
coefficient d;j that can be calculated from the deflection
of the tip when a constant voltage is applied. The de-
tailed description of this approach can be found in [10].

Obviously, if a bidomain crystal does not possess an
interdomain region, or this region is very narrow, the
terms Ah1 and Ah2 are equal to zero, and equation (15)
simply transforms into:

_GiE (HY ,

2eg, \ L
Combining equations (8) and (15) and considering
that z is a function of time for an oscillating cantilever,

one can obtain the final equation for the calculation of
the voltage:

(15)

(16)

sin(wt — 6)

- 2 12

[ ws] T
consider the finite resistance of the bidomain crystal,
therefore in the case of a real crystal the voltage in-
duced by a static bending is compensated by internal
and external free charges, and the part (i) is equal to
zero. The part (i1) in equation (16) decreases rapidly
even if the @-factor is relatively large, therefore it can
be neglected in measurements of steady-state vibra-

tions. It is also convenient to operate not with the an-
gular frequency w, but with the frequency f =w/2rx.

Considering the above-mentioned simplifications and
equation (9), we can rewrite (16) in the next form:

sin(2ft—0). 17
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£V [H?
— | == (Ahf + Ahzz)
B d;E,dg m, fo 2

i\ 2 2
nen
f0 Qz fO
As it follows from equation (18), the problem of the
vibration sensor modeling is reduced to the determina-
tion of the cantilever domain structure and the time

dependence of its free end movement on the frequency
and amplitude of the external excitation.

(18)

3. EXPERIMENTAL VALIDATION

In this section we provide an experimental valida-
tion of the proposed analytical relationships. The exper-
imentally measured voltage response to vibrations of
the base with the fastened single-crystal bimorph is
compared with the data predicted by equation (18).

The bimorph for the study was produced of a
LiNbOs single-crystal wafer (ELAN Company Ltd,
Russia) having the y + 128° crystallographic orienta-
tion. Two oppositely polarized ferroelectric domains (so-
called “head-to-head” bidomain structure) were formed
in the plate with dimensions of 75 X 5 X 0.5 mm3 by the
diffusion annealing technique, detailly described else-
where [10,12-14]. The long side of the bidomain plate
was perpendicular to the non-polar a-axis (x1 in crystal
physics notation) of the LiNbOs crystal, thus the piezo-
electric constant related to the bending deformation

’ J, ! ’
was (dj, )yﬂzao , Young’s modulus was (Eja, )yﬂzso =1/l ,

dielectric permittivity was (géTz )y e (@ssuming the

notation a,x — x1; y — X2 ¢, 2 — x3). After the heat
treatment we deposited tantalum electrodes onto the
opposite faces of the bidomain lithium niobate crystal
by DC magnetron sputtering.

In order to fasten the bidomain crystal, we used two
gaskets and two clamps made of polycrystalline alumi-
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na and fixed the structure onto a rigid base with two
stainless-steel screws and nuts as it shown in Fig. 1.
Two strips made of aluminum foil pressed by clamps to
the tantalum electrodes were used for transferring the
generated voltage to a coaxial cable and then to the
measuring system. The length of the fastened cantile-
ver was 71 + 0.5 mm.

In order to excite vibrations with ultra-low magni-
tude and frequency (down to 0.1 nm and 1 Hz, respec-
tively) we used a home-made piezoelectric shaker based
on two similar PZT tubes (ceramic type APC 850, APC
International Ltd., USA), that were placed vertically on
a massive steel plate fixed on a pneumatically stabi-
lized optical table (Standa Ltd., Lithuania). The sensor
prototype was mounted on a light aluminum platform
fastened on top of the PZT tubes. Finally, the sensor
was shielded by a grounded copper box to reduce the
electromagnetic noise from external sources.

Mechanical vibrations were excited by applying an
AC voltage from an external signal generator to the
PZT tubes connected in parallel. In the present study
we used only pure sine excitations with low magnitudes
and frequencies (less than 10 V and 150 Hz, respective-
ly), so that the excitation of the PZT tubes was always
linear with respect to the applied AC signal.

In addition, the reference specimen with dimensions
of 10 x 10 x 0.5 mm3 was cut from the same commercial
wafer and annealed together with the sample to be
used in the cantilever in order to estimate the width of
the interdomain region into the formed bidomain ferro-
electric structure. After annealing, an angle lap of the
reference specimen was prepared and etched in a
HF : HNOs = 2 : 1(vol.) mixture for the visualization of
the domain structure according to [15]. The micrograph
of the etched angle lap is shown in Fig. 3. We estimate
the width of the interdomain region to be ca. 50 um
which is 10 % of the thickness of the plate. Due to the
location of the interdomain region in the center of the
bidomain crystal we can take both values Ah1 and Ahz
to be equal to 25 um.

Fig. 3 — A fragment of the panoramic photograph of an etched angle lap prepared in the reference specimen that was annealed in

the same run as the bidomain crystal used in the cantilever

We measured the sensor response to the external
mechanical vibrations using the lock-in detection of the
voltage amplitude by a SR-830 amplifier (Stanford
Research Systems Inc., USA). The frequency response
data measured by the amplifier was collected to a com-
puter through a 82357B GPIB interface (Keysight
Technologies, Inc. USA). The measurement system we
used is schematically in Fig. 4. All the lock-in data
were obtained with a sine sweep with a step of 0.25 Hz
and a bandwidth of the input low-pass filter of 0.23 Hz,
with an averaging of 1000 points at each frequency.
After collecting all the experimental data was recalcu-
lated considering impedances of the bidomain crystal

and measuring equipment in order to obtain open-
circuit voltage generated by the vibrating cantilever.

More detailed information for measurements and
processing of the experimental data can be found
n [10]. The parameters for the calculation are given in
Table 1.

Because we did not used any seismic mass in our
experiments, the term m;/M in equation (18) simply

equals 3/2. Young’s modulus along the direction defined
by a unit vector C=(§1;§’2;§3) in 3m symmetry class

can be calculated as follows:

02033-5



M.D. MALINKOVICH, 1.V. KuBaAsov, A.M. KISLYUK, ET AL.

J. NANO- ELECTRON. PHYS. 11, 02033 (2019)

(E433); = (1_432)2511 +§34533 + 53?(1_532X2513 + s44)+ 24’24/3(3412 _§22)514- (19)

In the crystal wafer of the y + 128° cut the unit vec-
tor corresponding to a lateral direction normal to the
non-polar axis x1 equals to §=(0;sin(a)cos(a)), where
a =128 is the angle of the rotation around the non-
polar axis x1. Thus, Young’s modulus in lateral direc-
tion normal to the non-polar axis x1 can be calculated to
be (E{(33)y+128u =175 GPa according to equation (19)

using the compliance matrix data from [16].

Bidomain crystal

_~PZT tubes-._ I
-

| p—|
GPIB T
(

KEYSIGHT 82357B

Fig. 4 — Diagram of the lock-in-based technique used for
investigations of the sensor in the study (reproduced from [10]
under Creative Commons Attribution License CC BY 4.0)

The dielectric permittivity (6?2 )y 0e- for the rotation

around the non-polar axis x1 to the angle « =128 can
be easily calculated as:

(gg )yﬂzso =g cosla) + el sin(a) = 49.92.

The @-factor can be found from the experimental
data by dividing the resonance frequency by the full
width at half maximum (FWHM) of the resonance peak
in the graph UZ2(f), that is shown in Fig. 5. According to
these measurements @ = 313.

97.12 X Voltage amplitude square
0,014 :

, Lorentz fit

0,012
0,010
0,008 o
0,006
0,004

0,002 o ‘;J

0,000 : y .
85 90 95 100 105 110

Voltage amplitude squared, V*

i
1
i
I
I
I
1
1
I
1
1
1
1
1
1
1

Frequency, Hz

Fig. 5 — Frequency response of the voltage amplitude squared
near the resonance frequency (FWHM from the Lorentz fit is
0.31 Hz)

As the resonance frequency is measur ed to be
97.12 Hz, it is possible to estimate Young’s modulus of
the cantilever by using equation (10). The calculated
value is (Ejs3). ... = 168 GPa, which is quite close to the
above mentioned value of Young’s modulus derived
from the compliance matrix (E/,;) =175 GPa ac-

cording to[16] and to the same parameter
(E§33)y+1280 =170 GPa obtained by Pendergrass [17].

meas

y+128°

The difference between these three values can be ex-
plained by a possible change in the crystal composition
during the diffusion annealing, as well as by the strong
dependence of Young’s modulus estimated using equa-

tion (10) on the length ((E}s;),. ~ L*, therefore a small
error in measuring the length leads to a significant
change of the computed value of Young’s modulus).

Table 1 — Geometric and material parameters of the bidomain
LiNDbOs single-crystal used for the calculations

Parameter Value Reference
Length, L, mm 71+0.5
Thickness, H, mm 0.5
Width, W, mm 5
Vlbra.tlonal displacement 0.1,1, 10, 100
amplitude, do, nm
Thickness of the lower
polydomain region, Ahj, 25
pm
Thickness of the upper
polydomain region, Ah;j, 25
pm
Q-factor 313
Resonance frequency, fo, 97.12
Hz
85 =5.78
S35 = 5.02
Elements of compliance c
matrix, Si? , TPa-! Saa =17.0 [16]
S5 =—1.47
S5, =—1.02
Piezoelectric coefficient,
(d£3)y+128° , pC/N 26 [9]
Dielectric permittivity
i 7 84.45 [18]
along optical axis, £33
Dielectric permittivity
perpendicularly to optical 28.85 [18]
axis, ng1

Fig. 6 displays the frequency response of the canti-
lever based on the bidomain LiNbOs crystal to the
vibration of the base in the entire investigated range.
The experimental data are in a good agreement with
the frequency response modelling (obtained from equa-
tion (18)). The difference between the graphs is lower
than 20 % in almost all points and can be minimized to
less than 1% by changing material parameters, e.g.
Young’s modulus, piezoelectric coefficient and dielectric
permittivity, which can differ from the literature data
due to the use of thermally treated out-diffused crystals
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in this study. The most important observation is that
the shape of the modelled frequency response is the
same as the shape of the experimental graphs both in
the low-frequency and after-resonance region.

10' { Displacement amplitude
L 100 nm
10 nm

10° 3 1 nm

¢ 04

0.1 nm

107 A

107 4

107 4

Voltage Amplitude (V)

10° T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Frequency (Hz)

Fig. 6 — Frequency responses of the cantilever made of a bi-
domain LiNbOs single-crystal (gray dots) and results of model-
ling using equation (18) (black solid lines) being subject to sine
vibrational excitations with different displacement amplitudes

4. CONCLUSIONS

In the study we suggested a model suitable for vi-
bration sensors of energy harvesters based on ferroelec-
tric bidomain single-crystal plates fastened as a canti-
lever. We considered a harmonic movement of the base
with the cantilever in the direction perpendicular to
the plate excited by some external vibrational source.
We calculated the vertical displacement of the cantile-
ver’s tip depending on the frequency and magnitude of
the vibration. The voltage between the electrodes of the
cantilever was determined as the integral of the work
done by the electrostatic force transferring a single
charge in a solid which contains two ferroelectric do-
mains with oppositely directed spontaneous polariza-
tion vectors, as well as a polydomain region between
the domains. The obtained analytical equation was
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used to model the frequency response of the device. The
result was compared with the experimental data col-
lected using a lock-in and a home-made shaker tool.
The material parameters such as Young’s modulus,
piezoelectric coefficients and dielectric permittivity
were obtained from the literature considering the
y + 128°-cut of the lithium niobate bidomain plate. We
showed a high coherence of the modelled and experi-
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while, this coherence holds in a wide range of excita-
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ferroelectric structure may be accompanied by a signif-

icant change of the piezoelectric coefficient (dgg)y+128° ,

dielectric permittivity (eg )yﬂzse and Young’s modulus
(Eja )y+128° relatively to the literature data [19].

The modelling results predicts a very high sensitivity
of the vibration sensors based on lithium niobate
bidomain crystals. Moreover, the high Curie temperature,
absence of hysteresis and creep between deformation and
generated voltage, as well as a high @-factor make the
bidomain crystals promising for the usage in high tem-
perature sensors and energy harvesters [20].
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O®OPMJIEHUE PYKOIIMCEN CTATEN C UCIIOJIB30BAHUEM IITABJIOHA. .. JK. HAHO- EJIERKTPOH. @13. 11, 02033 (2019)
MogenoBanusa cencopa BiOpaiiii Ha ocHOBi 6iMOop¢HOI CTPYKTY pH

M.J. Manuukosuu!, I.B. Ky6acos!, A M. Kucawoxk!, A.B. Typyriu!, A.C. Buxos!, JI.A. Kucennos?,
A.A. Temipos!, P.H. Hyxos!, H.A. Co6oses-2, B.M.S. Teixeira2, I0.H. ITapxomenxo!

1 Kagbeopa mamepiasiosHascmasa Hanienpodionukia i dienexkmpukxie, Hauionanvruil 0ocniOHuULbKULL yHigepcumem
«MICiCr, 119049 Mockea, Pocis
2 Department of Physics and ISN, Yrieepcumem Asetipy, 3810-193 Aseiipy, I[lopmyzanisn

VY nocrmimpkeHH] po3pobieHa MaTeMaTHIHA MOJeNb, 0 OIUCYe aMILIITYIHO-YaCTOTHHHN BIAIYK ceHcopa
260 MPUCTPOI0 300pY CKUIHOI eHeprii, BATOTOBJIEHOIO 3 CErHETOeIeKTPUYHOI 0iJ0OMEHHOT MOHOKPHUCTAIYHOL
IJIACTUHY, TI0 BIJHOIIEHHIO JI0 BEJIMYUHU BiOpaIiiiHoro 30ymkeHHsa. MareMaTudHa MOJeJb JO3BOJISIE TIPO-
THO3YBaTH 3aJIEJKHICTh HAIPYTH HA eJIEKTPOJAX BIJ[ YACTOTH 1 aMILIITYAM BiOpaIifiHoro 30y[I:KeHHs, a Ta-
KOK PE30HAHCHOI YaCTOTH CEHCOopa, IO IIPeICTaBJIsAe COO00 MPAMOKYTHY ILJIACTUHY, B 3araJbHOMY BUIIAIKY
3 CeMCMIYHOI MAacol Ha BIJIBHOMY KIHIII, SIKMU BCTAHOBJIIOETHCS HA BIOPAIIMHOMY CTOJIUKY, IIApaMeTPH KO-
JIMBAHb SIKOTO 3a7anThess. CKiaIeHo BiAmoBigHe nudepeHIriine pIBHAHHS, 10 OIKUCY€E IIYKAHI 3aJIeKHOCTI,
1 oTpuMaHo #oro aHasiTuyHe pinreHHs. J[s mepeBipKU 3ampomoOHOBAHOI MOjeJi OYB CTBOPEHUN MOHOKPUC-
TasivyEui 6iMopd 3a Joromororo Bimmasty migksganku 3 Hiobary Jsitio (LiNbOs) ma moBiTpi ass obepHEHOI
nudpyail JiTio 1 popMyBaHHA GIIOMEHHOT CTPYKTYPH, IO IIPEJICTABJISAE COO0I0 ABA 3yCTPIUHO MOJITPU30OBAHUX
JIOMEHU B OJHIN IuIacTuHi (Tak 3BaHA CTPYKTYpa «roJI0Ba-I0-TOJIOBIY). Taruil KpucTasa aHajIoriyHui 6imMop-
dy, mpoTe Ha BiIMIHY BiJl HHOTO He MICTUTD OyIb-IKUX MIK(MAZHAX MeX, 38 BUHATKOM MiXI0MeHHOI. Takum
YHHOM, BUTOTOBJICHUM 0IMOP( sIBJIsie cO00I0 He MOIIUpPeHy 30ipHY KOHCTPYKITIO, IO CKJIAIAEThCA HANIACTI-
1IIe 3 MeTaJseBol MiIKJIaJIKA, 10 AKOI IPUKPIILIeH] II'€30€JIeKTPUYHI IIJIACTUHH, SIK IPABUJIO, 3 II'€30KepaMiKy,
a ogHOpiTHe GesmepepBHE cepenosuiie. [lepesara Takoro 6iMmopdy mossArae y Tomy, 1o, OyIy4u BUTOTOBJIE-
HUM 3 CerHeTOeJIEKTPUYHOT0 MOHOKpHCTaja Hiobary (abo TaHTasiaTa) JITiIO, ceHCOp abo HmpHUCTpiii 360py
CKHUIHOI eHeprii Mae BeJIUKHM KOeIIlieHT MepeTBOPEeHH AedopMaliil sSTHHAHHSA B €JICKTPUUHY JedopMaIlrio,
a OTKe, BUCOKY UyTJIMBICTDh, 4 TAKOK IMUPOKUM TeMIepaTypHUH J1ala3oH 3aCTOCYBAHHS TA IPAKTUYHO ITOB-
Hy BifcyTHICTb ricrepesucy i crapinus. [IpoBegeHo HOPIBHSIHHS Pe3yJIbTATIB MOJEJIIOBAHHS 3 €KCIIepUMEeH-
TAJIBHUMY JAHWMH, 3 SIKOTO BUILJIMBAE, 10 3AMIPOIIOHOBAHA MOJeJb J00pe BIAIOBiZae pe3ysibTaTraM eKcIie-
pumenty. [lokasamno, 110 CeHCOPM KOJIMBAHBL HA 01IOMEHHUX MOHOKPHUCTAJIIYHUX ILUIACTMHAX MAITh BUKJIIO-
YHO BHUCOKY UyTJIMBICTh. 3aIIpOIIOHOBAHA MOJIeJIb [03BOJISE OIIHIOBATH 1 IIPOTHO3YBATH IIapAMETPH CEHCOPIB
Bibparrii, akcesepoMerpiB 1 IPUCTPOIB 300py CKUAHOI eHeprii Ha OCHOBI 0I[OMEHHUX CErHETOEJEKTPUIHUX
KPHCTAJIIB.

Knrouosi ciosa: Bimopd, Binomenunit kpucras, Cercop Bibparrii, 36ip ckuaHol emeprii, MogeoBaHHs.



