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MODIFICATION AND PRACTICAL APPLICATION
OF PIEZOELECTRIC TRANSDUCERS WITH SEPARATED ELECTRODES

The paper presents the results of improving the technology of forming current-conducting elec-
trodes of piezoelectric elements and the development of devices from piezoelectric ceramics with sepa-
rated electrodes by a method based on the technology of combined electron-beam modification.
The prospect of using the method of thermal vacuum deposition for obtaining electrode coatings
on products made of piezoelectric ceramics of the PZT grade is shown. It has been found that silver
coatings formed by the proposed technology on piezoelectric elements are more uniform and homoge-
neous in comparison with the coatings obtained by the traditional (industrial) method. As a practical
result of the implementation of the technology proposed in the article, designs of piezoelectronic de-
vices based on elements made of piezoelectric ceramics with separated electrodes formed on their
surface, in particular, a multisectional piezoelectric transducer, have been developed. Changing
the size of the electrodes, their relative position allows to influence the parameters of the output sig-
nals and opens wide opportunities for the design of piezoelectric transducers of computer systems
for critical applications. The main advantage of using transducers made from piezoceramic materials
in computer systems is due to their special structure, which allows to implement fundamentally differ-

ent schemes in one such element.

Keywords: piezoelectric transducer, piezoelectric ceramics, conductive electrode, separated
electrodes, combined electron-beam modification technology.

Introduction. Currently, the leading man-
ufacturers of radio-electronic components serially
produce a fairly large list of elements that include
various microelectromechanical structures. The
main advantage of using elements made of piezo-
ceramic materials in measuring devices is due to
their special structure, which makes it possible to
implement fundamentally different schemes in
one such element, for example, for simultaneous
measurement of temperature, pressure and hu-
midity. The main indicators of the quality of
a piezoelectric product that affect the smooth
operation and reliability of their operation is the
observance of the required level of microrough-
ness of the surfaces of piezoelectric elements and
the absence of microdefects on them [1].

For elements made of piezoelectric ceram-
ics of the PZT grade, there are also questions of
increasing the mechanical strength of silver (less
often — nickel) electrodes, which, according to
traditional technology, are chemically applied to
the ceramic surface and have insignificant wear
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resistance and adhesive strength (no more than
8 MPa) [2].

Technological features of the manufacture
of piezoceramics are described in sufficient detail
in the monograph [3]. It should be noted that
the technology for the manufacture of piezoelec-
tric ceramics is quite complex and can be applied
only at enterprises that have specialized equip-
ment for the production and processing of pie-
zoelectric ceramics (today, according to the re-
view, there are no such enterprises in Ukraine).
However, the technology of forming conductive
electrodes and further polarization of the samples
is subject to improvement in this work.

Promising and relevant in this direction
of research is the improvement of the technology
of forming current conductive electrodes of ele-
ments from piezoelectric ceramics, which will
increase their wear resistance and adhesive
strength without reducing the value of surface
microroughness and the period of reliable opera-
tion of samples of these ceramics.
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Therefore, the purpose of this work is to
improve the technology of forming current con-
ductive electrodes of piezoelectric elements and
to develop devices with piezoelectric ceramics
with separated electrodes.

Methods and materials. In [2], [4] it was
shown that thermal deposition in vacuum can
produce high-quality uniform coatings on the
surfaces of piezoceramic elements.

With the participation of the authors,
a combined method of deposition of metal
coatings on the surface of diclectric materials
with its subsequent low-energy electron-beam
modification has been developed. The essence
of this method is thermal (resistive or electron-
beam) deposition of the coating material (for
example, Ag) in vacuum (5-6)x107 Pa on
a specially prepared piezoceramic surface [5]
and subsequent action by electron flow of fixed
power onto the surface of a piezoelectric mate-
rial in one technological cycle. This action
leads to heating and compaction of the coating
material with a simultaneous increase in the
depth of its diffusion penetration into the mate-
rial of the piezoelectric element [6].

A feature of this combined method is its
implementation in one technological cycle
"thermal vacuum deposition — electron-beam
modification of the coating" under constant
conditions of the working environment (vac-
uum p=(5-7)107 Pa), which excludes the
formation of chemical compounds of the de-
posited coating with elements of the environ-
ment at the intermediate stage of the formation
of the nanostructure [7].

The procedure for conducting a techno-
logical experiment is performed in the following
sequence [7]:

— cleaning the glass surface from possible organic
and inorganic contamination;

— preparation of the electron beam equipment
for operation;

—resistive deposition of an electrode material on
a sample surface in a vacuum;

— electron beam modification (EBM) of the ob-
tained coating;

— finishing operations [8].

The technology for obtaining modified
electrodes on piezoceramic elements is based on
a combined process of thermal vacuum deposi-
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tion of a thin (80 ... 120 pm thick) silver coating
on the piezoelectric ceramics of the PZT grade.
An industrial vacuum installation YBH-
71113 was used as the base for the experimental
electron-beam installation (EBI), which was ex-
panded with additional equipment, namely:
— under-cap technological equipment;
— Pierce electron gun with a wire tungsten
cathode;
— thermal
In vacuum;
— mechanism for fastening and moving products
to the processing area.
General view and diagram of the EBI are
shown in Fig. 1.

furnace for preheating material
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1 — cap of the vacuum installation; 2 — control post;
3 — backing vacuum pump of the vacuum system;
4 — control unit rack; 5 — electron beam evaporator;
6 — fastening device

Figure 1 — Structural diagram of a vacuum
installation YBH-71113

The production of silver coatings for
the electrodes of the elements of piezoelectric
ceramics by the method of combined EBM in
one technological cycle with the polarization
of these elements (Fig. 2) made it possible to
propose a qualitatively new technology for the
manufacture of elements from piezoelectric
ceramics.

It should also be taken into account that
long-term operation of such piezoelements,
which had a high number of microdefects be-
fore electron-beam recovery, simultaneously
leads to a sharp decrease in the resonance peak
from 580 mV to 220 mV (2.6 times) in the
amplitude-frequency characteristics of these
elements (Fig. 3) [9].
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Preparation of samples
and processing equipment

v

Determination of admissible modes
of deposition of thin silver coatings
on witness samples

v

Deposition of thin silver coatings
on samples made of piezoelectric
ceramics followed by their EBM

v

Polarization of piezoelectric
samples in a vacuum chamber

v

Quality control (relief, adhesive
properties and porosity)
of the applied silver film

Establishment of rational
of the operating mode:
— heater current;
— deposition time;
— specific power of the electronic flow;
— time of electronic action

parameters

Rational parameters of the operating mode:
— heater current;
— deposition time;
— specific power of the electronic flow;
— time of electronic action;
— coating material

Mode parameters:
— polarization voltage;
— the direction of the vector of the electric field
strength;
— polarization time;
— working temperature

Research methods:
— scanning electron microscopy;
— atomic force microscopy

Figure 2 — The sequence of obtaining a silver coating by a combined electron-beam method
on piezoelectric ceramics of PZT in one technological cycle

Compared to traditional (industrial) meth-
ods of manufacturing such elements, the com-
bined EPM method has 1.5-2.3 times higher ad-
hesive strength, 1.2-1.8 times higher wear resis-
tance, 3.5-4.2 times less surface microroughness
and less than 1.3-1.5 times porosity. This leads to
an increase in the time of reliable operation of
these elements by 1.6-2.0 times, the quality fac-
tor — by 3.5-5 times, the electromechanical coef-
ficient — by 2.2-2.6 times [6].

Until recently, the scientific and technical
basis for the design and improvement of piezoce-
ramic transducers was mainly limited only by
changing the shape, size and material of the pie-
zoelectric element, as well as the type of excited
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vibrations. Existing approaches to increasing
the efficiency of piezoelectric transducers, in
particular, expanding the operating range, in-
creasing the sensitivity and level of the output
signal of piezoelectric transducers, require an
inevitable compromise with the requirements for
miniaturization of these transducers, the provi-
sion of which is especially important for critical
applications [9, 10].

The main advantage of using transducers
from piezoceramic materials with separated elec-
trodes in computer systems (a method for modi-
fying the formation of conductive electrodes) is
due to their special structure. This makes it pos-
sible to implement fundamentally different cir-
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cuits in one such element, while the degree of
integration is determined by the number of func-

tional elements combined in one unit [11].
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Figure 3 — Amplitude-frequency (a, c), pulse (b, d)
characteristics of piezoelectric transducer (PZT,
diameter 10 mm, thickness 0.3 mm)
at the beginning and after 12 years of operation,
respectively
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The analysis of a significant number
of possible connection schemes for disk piezo-
electric transformers shows that they can all be
reduced to four main types (Fig. 4) [12].
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Figure 4 — Piezoelectric transformer designs

1. Traditional connection diagram. In this
case, the angle a between the polarization vector
P and the electric field vector of the excitation
voltage E;, (generator voltage) is equal to zero.
Similarly, the angle B between the polarization
vector P and the vector of the electric field of the
output voltage E,, is equal to zero.

2. The input section of the piezoelectric
transformer is built according to the traditional
scheme (o = 0), and for the output section
the angle § <90 °.

3. The input section of the piezoelectric
transformer is constructed in such a way that
0 <a<90° and the output section is built ac-
cording to the traditional scheme 3 = 0.
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4. Connection diagram at which the angles
between the polarization vector and the electric
field vectors are 0 <0 <90° and 0 <3 < 90°.

Experiments. Let’s consider further
a multisectional piezoelectric transducer [12].
As is known, a piezoelectric transformer is
a converter of electrical voltage of one level into
electrical voltage of another level. The piezo-
electric transducer is made of PZT-4 piezoce-
ramics with a diameter of 30 and a thickness
of 0.8 mm. The transducer has five electrodes
located on the end surfaces of the piezoelectric
element, and the top electrodes are projections
of the bottom ones [13].

For a piezoceramic transducer, one should
take into account not only the location of the
electric field vector of the output signal, but also
the electric field vector of the input signal (gen-
erator) [14, 15].

In this case, if piezoelectric elements
of small thickness are used, the angle between
the vectors of the electric field E and polarization
P can be close to 90°. The piezoelectric trans-
ducer switching circuit is shown in Fig. 5, and
oscillograms of signals at the inputs and outputs
of the transducer are shown in Fig. 6.
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2 5 » Output 3
1
3 31 |R
Output 2
Input 2 4
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Figure S — Wiring diagram for electrodes
of a multisectional transducer

As seen from Fig. 6, depending on the
connection diagram of the electrodes (that is, on
the relative position of the vectors F, E;, and
Equt), it is possible to obtain a signal correspond-
ing to the oscillatory (Fig. 6, b), differentiating
(Fig. 6, c¢) and integrating chains (Fig. 6, d).

© K. B. Basino, B. B. XuiBnuii, 0. 10. Bonnapenko, 2020
DOI: 10.24025/2306-4412.4.2020.216483

d)

a) input signal (square wave);
b) output 1; ¢) output 2; d) output 3

Figure 6 — Oscillograms of signals
from a piezoelectric transducer

However, the most interesting in this case
is that a piezoelectric element — an elastic mono-
lithic solid — can have these properties simultane-
ously [13] due to the technological capabilities of
the thermal vacuum deposition. This allows to
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create multifunctional piezoelectric transducers
on a single basis with a high degree of integration
(3-4 times more than the base element).

Results and discussions. The described
version of the piezoelectric transducer, which
allows processing the input signal, is, of course,
not the only one. Changing the size of the elec-
trodes, their relative position allows to influence
the parameters of the output signals and opens up
wide opportunities for the design of piezoelectric
transducers for computer systems of critical ap-
plication.

For example, based on bimorph piezoelec-
tric elements with separated electrodes, sound
pressure sensors can be built [12]. One of the
possible sensor designs is shown in Fig. 7.
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Figure 7 — Pressure sensor design

The sensor consists of a piezoelectric ele-
ment 30 mm in diameter and 0.8 mm thick.
The piezoelectric element is glued to a metal
plate (brass) 0.3 mm thick. The sensor has 3 elec-
trode systems — 1-1', 2-2" and 3-3'. Electrodes 1'
and 2' are connected to each other through
a metal plate.

The sensor was installed in a vibroacoustic
chamber (Fig.8), where it was exposed to
asound pressure of 10Pa (114 dB) at a fre-
quency of 200 Hz.
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Figure 8 — Experimental stand
with vibroacoustic chamber

The results of measuring the output voltage
of a pressure sensor based on a piezoelectric ele-
ment with separated electrodes are given in Ta-
ble 1.

Table 1 — The value of the output voltage
of the pressure sensor based on a piezoelectric
element with separated electrodes

Electrodes | 1-1' | 2-2' | 3-3" | 3-1' | 1-3' | 2-3'

Voltage
sensitivity,
mV /Pa

2,6 | 2,7 | 20 | 1,3 | 4,0 | 42

Capacitance
between
electrodes,
nF

4,08 | 3,93 | 1,36 | 0,34 | 0,31 | 0,32

As can be seen from Table 1, depending on
the connection scheme of the electrodes to the
measuring instrument, the sensitivity of the sen-
sor can vary almost three times. Moreover, an
increase in sensitivity is achieved for the case
when the angle between the electric field vector
of the output signal and the polarization vector is
close to 90°. At the same time, in this case,
the capacitance between these electrodes de-
creases [12].

Conclusions. The prospect of using
the method of thermal vacuum deposition in ob-
taining electrode coatings on products made
of piezoelectric ceramics of the PZT grade
is shown.

It has been established that the silver coat-
ings formed on piezoelectric elements by the pro-
posed technology are more uniform and homoge-
neous in comparison with the coatings obtained
by the traditional industrial method.



BicHuk YepkacbKoro aepxaBHOro TeXHOJNOrYHOro yHiBepcuteTty

4/2020

On the basis of a piezoelectric element —
an elastic monolithic solid — it is simultaneously
possible to create multifunctional piezoelectric
transducers with a high degree of integration due
to the technological capabilities of the thermal
vacuum deposition method.

Designs of piezoelectronic devices based
on piezoelectric elements with separated elec-
trodes have been developed. In particular, the use
of a structure with separated electrodes made it
possible to increase the sensitivity of the pressure
sensor by 1.5-2 times.
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npomenesa MOOUPIKayis NOKPUMMms» 3a He3MIHHUX YMO8 pOD0U020 cepedosuyd, Wo BUKTIOUAE YIMEO-
PEHHsL XIMIYHUX CHOYK 8 0CAOIICYBAHOMY NOKPUMMI HA NPOMIJICHOMY emani ¢hopmyeants HaHoCmpy-
KMYPHUX ymeopeHs. Bcmarnosneno, wjo ymeoperi 3a 3anponoHo8aHo0 MexHoN02I€0 CPiOHT NOKpumms.
HA N’€30e1eKMPUUHUX eleMeHmax € Oinbul PIGHOMIPHUMU MA OOHOPIOHUMU NOPIGHANHO 3 NOKPUMINS-
MU, OMPUMAHUMU V mMpaouyitinull (npomuciosuti) cnocio. Ax npakmuunuii pe3yromam peanizayii
3aNPONOHOBAHOL 8 CIMAMME MEXHON02IT PO3PODIeHO KOHCMPYKYIL npucmpois n’€30e1eKmpoHiKu Ha oc-
HOBI ejleMenmi6 i3 n’€30e1eKMPUtHOl Kepamiku 31 ChoOpMOBAHUMU HA IX NOBEPXHI PO3OINEHUMU eNeKm -
podamu, 30Kpema 0Oazamocexyilinozo n’e3oerekmpuunoeo nepemegoprogaya. Haubinow yixasum
Y yboMy GURAOKY € me, WO N’ €30ejieMenm (NpydcHe MoHoImHe meepoe mino) mModice 0OHOUACHO Ma-
mu pi3Hi 81ACMUBOCNI BHACTIOOK MEXHONIO02IYHUX MONCIUBOCHEU MeMO0y MEPMOBAKYYMHO20 HANU-
JIeHHs. 3Mina po3mipie enekmpoois, ix 63acMHe po3mauly8ants 0amy 3Mo2y SNIUBAMU HA napamem-
PU BUXIOHUX CUSHANIB T BIOKPUBAIOMb WUPOKI MONCIUBOCHI OJIsL CIMBOPEHHS N €30eNeKMPUYHUX Nepe-
MBOPI08aAUi6 01 KOMN TIOMEPHUX CucmeM Kpumuyroz2o 3acmocysants. OcHO8Ha nepegaza 8UKOpuc-
MAaHHA Nepemeopiosaiie 3 n’€30KepamivHux Mamepianié y KOMn 1OmepHux CUCeMax noe a3ama 3 ix
0CO0OIUBOI0 KOHCPYKYIEIO, WO 0AE MONCIUBICMb peanizyeamu HPUHYUNOBO Di3HI cxeMu 8 0OHOMY
MaxKomy eiemeHimi.

Knrouosi cnoea: n’czoenexmpuynuii nepemeoprosay, n’€30e1eKmpuyna Kepamika, cmpymonpo-
BIOHUIL eneKkmpoo, po30ileHi eNeKmpooU, MexHON02Isi KOMOIHOBAHOI eNeKMPOHHO-NPOMEHEBOT MOOU-

Qixayii.

Cmamms naoiviwna 17.11.2020
Hputinamo 14.12.2020
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