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ABSTRACT It has been developed and approbated prototypes of thin-film capacitor transducers based on Al/ITO/polyimide/Al20s
heterosystem for capacitive acoustic control in metal objects in the modes of simultaneous acoustic signal reception and generation
by capacitive transducers and in certain modes of acoustic signal generating or receiving that can realize objects monitoring with
sensitivity at the level of piezoelectric transducers. The developed prototype of thin film capacitive transducer for monitoring
pipelines by longwave capacitive method allows increasing the maximum distance between the capacitive transducers up to 10
meters. At a substrate temperature of 300 °C and a specific power of the magnetron of 0.31 W/em? on Upilex polyimide films were
obtained layers of capacitive transducers with a thickness of 0.2-0.3 um with a surface resistance of 8 Ohm/U), while the
concentration of charge carriers was 8,3:10°" cm™ and mobility - 44 cm?/(V-s). It has been engineered the thin film capacitive
transducers which by using the polyamide film with 15 microns thickness of and alumina film with 1 micron thickness allow to
increase the sensitivity of such method in 7-8 times, and the additional use of thin crystalline Al>Os films deposited on a substrate of
polyimide, allows to increase the value of the dielectric constant of the layer of the capacitive transduser from 3-4 relative units to
8.5-11.5 relative units. Experimental studies of the crystal structure of the developed transducers by X - ray diffractometry and
research of their dielectric properties were carried out. The device was tested and the possibility of its use was shown along with the
generally accepted methods of defectoscopy. It is shown that using the magnetron sputtering technology, which provides high
adhesion to polyimide substrate layers, made possible produce the capacitive transducers for objects with various shape. Proposed
and patented: capacitor method for receiving acoustic signals in non-destructive control and transducer of ultrasonic acoustic
wave'’s excitation and receiving.
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AHOTALIA Po3pobneno ma anpobo6ano 00CHiOHI 3pa3Ku MOHKONIIBKOBUX EMHICHUX NEPemEopro6ayié Ha OCHOBL 2emepoCUcmemu
AUVITO/noniimio/A1203 01 npoeedeHHs. €EMHICHO20 aKYCMUYHO20 KOHMPOTIO Y Memanesux eupodax y peicumax OOHOUACHO20
nputiomy i eenepayii aKyCmuyHO20 CUSHATY EMHICHUMU NEPemeoplosayam ma 6 OKPeMUX pexcumax cenepayii abo npuiiomy
AKyCmMu4Ho20 CUSHANLY, AKI 0ar0mb MOXCIUBICb peanizyéamu KOHMpPOdb 00 '€Kmié 3 Yymaugicmio Ha PiGHi 1 '€30e1eKMmpUiHUX
nepemeopiosayie. Po3pobneno 0ocnionuii 3pazox MOHKONNIEKOB020 EMHICHO20 Nepemeopiosaya 0N NpOGeoeHHs KOHMPOTIO
mpybonpoeooie 00820X8UNLOGUM EMHICHUM MeMOOOM, WO 0d€ 3M02y 30LIbWUUMU MAKCUMATIbHY BI0CMAHbL MIdC E€MHICHUMU
nepemeopiosadamu npu koumpoai oo 10 mempis. IIpu memnepamypi nioxiaoxu 300 °C ma numomiii nomysucHocmi MazHempoHy
0,31 Bm/cm? na noniimionux nniexax gipmu Upilex 6ynu ompumani wapu emmicnux nepemeopiosauie saemoswiu 0,2-0,3 mxm 3
noeepxuesum enexmpoonopom 8 Om/] npu yvomy xonyenmpayis nociie sapsdy cmanosuna 8,3-10°0 e, pyxaueicmo - 44 cm?/(B-c).
CmeopeHi MOHKONNIEKOGI EMHICHI nepemeopiosayi, Ki 0alombs 3M02y 3d PAXYHOK GUKOPUCMAHHS NOJIIMIOHOT NIGKU MOBUSUHOIO
15 mxm ma nnieku oKcuoy amominito moswunoio 1 Mkm 30inewuumu uymaugicme memody y 7-8 pasis, a 0ooamxoee UKOPUCHAHHSL
mounkux Kpucmaniunux nnieoxk Al203, ocaddcenux Ha niOKAaoky 3 nONiimMioy, 00360NAE NIOBUWUMU BETUYUHY OleNeKMPUUHOT
NPOHUKHOCTI NPOWLAPKY EMHICHO20 hepemaopiosaya 8i0 3-4 6i0H.o00., XxapakmepHux 01 noaiimioy, 0o 8,5-11,5 6iou. 0o. Ilpogedeno
eKCnepuUMeHmanbii 00CAIONCeHHA KPUCTIANIYHOI CIPYKmMYpU po3poOIeHux nepemeopiogayié Memooom penmeeHOuGpaxmomempii
ma oocniodcenns ix Oierexmpuunux enacmugocmei. Ilposedeno anpobayito npurady ma HNOKA3AHO MONCIUBICIL 11020
BUKOPUCTAHHA  NOPSIO 13 3a2anbHONpUtiHAMuUMU  Memooamu  Oedpexmockonii. Ilokazano, wo GuKopucmauus mexHonozii
MA2HEeMPOHHO20 PO3NUNEHHS, KOMPA 3a6e3neuye UCOKY ao2e3ilo wapie 00 nOiMIOHOT NIOKIAOKU, OA€ 3M02Y 00ePIUCY8AMU EMHICHT
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nepemeopiosayi 0usl 6upodie pisHoManimnoi opmu. 3anpononoeani i 3anamenmo8ani: KOHOEHCAMOPHUU CHOCiO npuilomy
aKyCMuuHUX CUSHANI6 NPU HepYUHIGHOMY KOHMPOII ma nepemeopiogay 30y02iceHHs i nPULioOMY YIbImpazeyKoGUX aKyCMUUHUX X6Ullb.
Kniouosi cnosa: monxi nuiexu, noniimio; ITO; nepemsopiosau; emMHichuil Memoo, 0egheKmocKonis Memani; dleNeKmpuyna cmaia

Introduction

The need to simplify the control technology of
metal products macrodefects in terms of industrial
production has led to the further development of widely
used acoustic methods [1]. They are based on
piezoelectric devices that implement the acoustic method
using special fluids to ensure the necessary acoustic
contact. Considerable experience in the practical use of
this method has identified areas in which it isn’t effective
[2,3]. So it is impossible to use liquid for acoustic control
of the products with the polluted surface struck by
corrosion, or with coverings (paint, polymeric films and
other insulating coverings), hot and cold products. Thus,
for the needs of practical defectoscopy it is necessary to
create devices that will allow to conduct liquid-free
acoustic control [4,5].

Formulation of a problem

Promising among the devices of liquid-free
acoustic control can be means created on the basis of
capacitive method of generation and reception of acoustic
signals, which has a fundamentally different physical
mechanism of acoustic signal generation in the control
object, its surface is one of the plates of the capacitive
composition and itself generates a signal without the need
to use liquid to ensure acoustic contact. However, the
existing capacitive compositions don’t allow to obtain the
necessary sensitivity of the method and the task is to find,
create and study the latest capacitive transducers based on
thin film layers, among which are very promising layers
of polyimide, ITO [6,7] (Indium Tin Oxide, mixed indium
oxide and tin (In203)0,9-(SnO2)o,1) and Al,O3 alumina.

Methods of obtaining samples

The following key requirements for increasing the
sensitivity and efficiency of capacitive transducers follow
from the practice of using classical capacitive transducers
for defectoscopy by the capacitive method, which are as
follows:

- reducing the dielectric layer thickness;
- increasing the dielectric constant value of the layer.

From the view point of the requirements
fulfillment, the possibility of using a polyamide film with
a thickness of 15 to 125 um as a dielectric layer and a
base for capacitive transducers, which is 10 times less
than the thickness of classical dielectric layers, is quite
relevant. When creating a capacitive converter with the
Al/ITO/polyimide/Al,O3 structure, a polyimide of the
Upilex-S brand with a thickness of 15 um was used, the
surface of which was previously cleaned. On one of the
polyimide sides by the method of non-reactive magnetron
sputtering on direct current on VUP-5M vacuum plant in
the following technological conditions the ITO layer was
obtained: the discharge gap length - 70 mm; deposition

time - 30 minutes; the initial residual pressure in the
vacuum chamber was 31077 Pa and the working pressure
in the process of target spraying - 1.5:10* Pa; ITO target
consisted of 90 Wt % In,O3 and 10 Wt % SnO, and
pressed under a pressure of approximately 12 kg/cm?; the
substrate temperature was 300 °C, the magnetron specific
power was 0.28 W/cm?. Current-conducting tracks made
of aluminum on the ITO layer surface was created by the
method of thermal resistive spraying on a VUP-4 vacuum
unit in the following technological conditions: spraying
was carried out through a suitable mask at a vacuum of
2-10”° Pa, the substrate was heated to 110 °C, spraying
time with tungsten evaporators was 120 s. On the other
side of the polyimide film in similar technological
conditions to the ITO layer was obtained a AlO;3 layer
[8]. A schematic cross-sectional view of such a device is
shown in Figure 1, a. According to the above technology,
a prototype of a thin-film capacitive transducer for
acoustic control of metal products was created, the
physical configuration of which is shown in Figure 1, b.

Study of the crystal structure of thin-film capacitive
transducers

To achieve the maximum quality of such structures
it is necessary to control the parameters of the ITO layer:
its crystal structure, which determines most of its
properties, including mechanical, and its dependence on
deposition conditions, as well as its electrical resistance,
the values of which determine the possibility of using
such a structure as a plate of a capacitive transducer.
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Fig. 1 - A schematic cross-sectional view (a) and the
physical configuration (b) the proposed thin-film
capacitive transducer: 1 — aluminum current-conducting
tracks; 2 - ITO layer with a thickness of 0.2 — 0.3 um;
3 - polyimide film with a thickness of 15 um;

4 - Al;Os layer with a thickness of 1 um
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Studies of the film layers crystal structure were
carried out by the traditional X-ray diffraction method [9]
on DRON-4 X-ray machine with automatic recording of
the diffraction spectrum using a computer with
continuous 20-scanning in the range of angles 26 = 20 —
75 with Bragg-Brentano focusing (8-20) in cobalt anode
radiation. The surfaces of ITO and Al,Os layers were also
studied using a REM-100U scanning electron microscope.
The obtained X-ray diffraction patterns and surface
micrographs are shown in Fig. 2 and 3, for the ITO layer
and the AL,Os layer, respectively.
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Fig. 2 - X-ray diffractogram and micrograph of the ITO
layer surface deposited on the polyimide film
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Fig. 3 - X-ray diffractogram and micrograph of the Al;O3
layer surface deposited on the polyimide film

Analysis of X-ray diffractograms of ITO layers
obtained by the nonreactive magnetron sputtering method
(Fig. 2) showed that all layers have a crystal structure of
In,0sstable cubic modification. The latter is unequivocally
evidenced by the presence of reflections from the planes
(221), (222), (400), (411), (332), (431), (440), (611),
(622). The results of the total integral intensity ratio
calculations of all peaks observed on the diffraction
pattern to the thickness of the ITO layer indicate the
presence of a X-ray amorphous phase small amount in the
samples. It was also experimentally found that at a
substrate temperature of 300 °C, the film growth occurs
with a predominant orientation in the direction <I111>.

The structure analysis of the Al,O3 layer showed
that all layers have a crystal structure of a stable

rhombohedral modification of a-Al,Os; with Ilattice
parameters a = 4.759 A, ¢ = 12.993 A. This is clearly
evidenced by the presence of reflections from the planes
(012), (104), (110), (113), (024) and (116) [10]. The X-
ray diffractogram analysis shows that the Al,Os layer has
a stable crystal structure, and as a consequence, has stable
electrical parameters that correspond to the structure.

Study of the crystal structure of thin-film capacitive
transducers

As already mentioned, for the manufacture of thin-
film  capacitive converters based on  the
ITO/polyimide/Al,O3 structure along with the layers
crystal structure, it is also necessary to control the surface
electrical resistance of the conductive layer, the values of
which determine the possibility of using such a structure
as a plate of the capacitive transducer without
considerable losses of a useful signal, and the dielectric
constant of the dielectric layer, which significantly affects
the useful signal magnitude.

To control the surface electrical resistance of the
ITO layer, the four-probe method was used [11], and the
surface electrical resistance (R;) of the ITO layers
determined by this method is equal to 8-15 Q/m. E.m.f.
Hall studies indicate that the obtained resistivity value is
due to the main charge carriers concentration from about
8.3:10%° ¢m™ and the main charge carriers mobility at the
level of 44 cm?/(V-s).

Studies of the polyamide film dielectric constant
and the polyimide/Al,O; structure were performed for the
excitation signals frequencies in the range of 10 - 107 Hz,
which were generated by a GSS-20 signal generator type.
The capacitance of the capacitor structure was measured
using an RLC-meter type E318, and the data are shown in
Fig. 4.
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10t 10°  fHz 107
Fig. 4 - Dependence of polyimide film dielectric
constant (1) and polyimide/Al;O3 structure of (2)

on frequency of excitation signal

The study results show an increase in the dielectric
constant of the polyimide/Al,O3 structure, which is 8.5 —
11.5 rel. unit, relative to the polyimide film (3 — 3.5 rel.
unit) approximately 3 times at frequencies of the
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excitation signal in the range of 10 Hz — 10 MHz [12].
This circumstance confirms the assumption about the
possibility of increasing the layer dielectric constant by
applying a Al,Os thin layer on the polyimide film. A 3-
fold increase in the dielectric constant will lead to an
additional 3-fold increase in the sensitivity of the
capacitive transducer based on such a layer.

Approbation of the device

To confirm the possibility of method sensitivity
increasing due to the use of a capacitive transducer based
on the Al/ITO/polyimide/Al,Os3 structure in comparison
with classical transducers, a series of samples from
aluminum was studied at an oscillation frequency of 2.5
MHz The received signals obtained oscillograms the for
transducers both types with the same magnitude of the
excitation signal are shown in Fig. 5.

As can be seen from Fig. 5, the received signal
value in the case of using a thin-film transducer increases
by 7.6 times compared to the classical transducer, which
correlates well with the dielectric constant dielectric
layers measurements and taking into account thickness
reduction of the dielectric layer. Thus, the increase in the
capacitive method sensitivity in the case of the thin-film
capacitive  transducers  use based on  the
Al/ITO/polyimide/Al,O3 structure is experimentally
confirmed.
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Fig. 5 - Normalized oscillograms of the received signals
from the classical capacitive transducer (1) and the
proposed thin-film based on the AI/ITO/polyimide/Al,O3
structure (2) in comparison with the same excitation
signal (3)

Conclusions

It is proposed to use as a dielectric layer in
defectoscopy of metal products by capacitive method a
thin polyimide film, the thickness of which is two orders
of magnitude less than the thickness of classical dielectric
layers, and is 15 um, and the dielectric constant is 3-4 rel.
units, which allows, respectively, to increase the
sensitivity of the capacitive method by about 100 times.
ITO layers with a thickness of 0.2 — 0.3 um (surface

resistance was 8—15Q/m, the charge carriers
concentration was 8.3-10% cm3, mobility was
44 ¢m?/(V's)) were obtained on polyimide films from
Upilex at a substrate temperature of 300 °C and a
magnetron specific power of 0.31 W/cm?. It was found
that the additional use of AlO; thin crystalline films
deposited on a polyimide substrate, allows to increase the
dielectric constant of the capacitive transducer layer from
3-4 rel. unit characteristic of polyimide, up to 8.5 —
11.5 rel. unit. The obtained growth in the dielectric
constant value allows to increase the capacitive method
sensitivity by at least 3 times. A prototype of a thin-film
capacitive transducer for acoustic control of metal
products based on the Al/ITO/polyimide/Al,O3 structure
was created. An experimental study of the prototype was
performed and it was found that the use of a thin-film
capacitive transducer based on the
Al/ITO/polyimide/Al,O3  structure  increases  the
sensitivity of the capacitive method by 7.6 times.
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Byow nacka, nocunaiimecs na yio cmammio HACMYRHUM YUHOM:

Zaiiuea JI. B., Bogopiz O. C. 3aiiue P. B. €MuicHuil mneperBopioBad Ha OCHOBI TOHKOILUTIBKOBOI CTPYKTYpH
ITO/moniimin/AL203. Bicnux Hayionanenozo mexuiunozo ynisepcumemy «XIIly. Cepis: Hogi piwenns 6 cyyacnux mexmonozisax. —
XapkiB: HTY «XIII». 2020. Ne 4 (6). C. 144-149. doi:10.20998/2413-4295.2020.04.21.

Hoowcanyiicma, ccolnatimecs Ha 9my CMamvio Ce0VIoWuUM 00pazom:

3aiiuesa JI. B., Bogopes O. C., 3aiineB P. B. EMKkocTHOl npeoOpa3oBaresib Ha OCHOBE TOHKOIUIEHOUHO# cTpyKTyphl ITO/
nomuuMu/AlOs. Becmuux Hayuonanvnozo mexuuueckozo ynusepcumema «XIIHy. Cepus: Hosvle peuienusi 6 cospemenHbx
mexnonocusix. — XapbkoB: HTY «XIT». 2020. Ne 4 (6). C. 144-149. do0i:10.20998/2413-4295.2020.04.21.
AHHOTALIUA Paspabomanst u anpobupogansvl onvimusie o0pasybl MOHKONJIEHOYHbIX eMKOCHHbIX npeobpazosamenell Ha OCHOge
ecemepocucmemvl Al/ITO/moruumud/Al,0z 0na nposedenus emMKOCMHO20 AKYCIMUYECKO20 KOHMPOAS 8 MemALIUdecKux uz0enusx
PedNcumMax 0OHOBPEMEHHO20 Npuemd U 2eHepayuu aKyCmuyecko20 CUSHANA eMKOCMHbIMU NpeopazosamensiMu U 8 OmOeIbHbIX
pedcumax eemepayuu UL npuema aKyCmuuecko20 CUSHALd, KOmOpble NO360JAIM  Pednru308amb KOHMPOlb 00beKmos ¢
YYECMBUMENLHOCMbIO HA YPOBHE Nbe302NeKmpuveckux npeobpasosamenetl. Paspaboman onvimubvli o6pasey mMOHKONIEHOUHO20
eMKOCIHO020 npeobpazosamens Ol NPoGedeHus. KOHMPOIs MpPYyOonposooos ONUHHOBOIHOBBIM EMKOCHHbIM MeMOOOM, YMO
NO03605em YBeNuyUums MaKCUMAIbHOE PACCMOSHUE MeXHCOY eMKOCHHbIMU npeobpasoeamenimu npu konmpone 00 10 mempos. Ilpu
memnepanmype noonodicku 300 °C u yoenvroti mownocmu maznempona 0,31 Bm/cm? na nomuumuonou nienxe Upilex 6oiu nonyyuenst
ciou emxocmuvix npeobpazogameneii moawunou 0,2-0,3 Mkm ¢ nosepxHOCmMHuIM 31ekmpoconpomugieruem 8 Om/Z, npu smom
Konyenmpayus Hocumeneti 3apada cocmaesaa 8,3-10°° cm3, noosuscrocmo - 44 cm?/(B-c). Cosz0anvl moHKkonieHouHble eMKOCMHbLE
npeobpazoeamenu, KOmMopvle NO38OJAON 30 CUenm UCNONb308AHUSL NOIUUMUOHOU NIEHKU MONWUHOU 15 MKM U WieHKU OKCuoa
ANIOMUHUSA MONWUHOU | MKM Yy6enuyums 4yecmeumenvHoCmy memooa 6 7-8 pas, a OOnonIHumenbHoe UCHOAb306AHUE MOHKUX
Kkpucmannuueckux nienoxk Al,Os; ocaxicOeHHvIX HA NOONONCKY U3 NOIUUMUOA, NO3E0IAEM NOGLICUMb SETUYUHY OUIIEKMPULECKOU
NPOHUYAEMOCIU NPOCIOUKU eMKOCIHO20 npeobpazosamens om 3-4 omu. ed., xapakxmepuvix 0 noauumuoa, 0o 8,5-11,5 omn. eo.
IIposedenvl sKcnepuMeHmanbHbvle UCCIe008aHUA KPUCMATIUYECKON CMPYKMYpbl paspabomantvlx npeobpasosameneti Memooom
PEHM2eHOUPPaAKmomempuy U UCCIe008aHbl UX Oudlekmpuueckue ceolicmea. Illpogedena anpobayus npubopa u MNOKA3AHA
603MONCHOCHIL €20 UCNONL30BAHUA HAPAOY € 00wenpuHamovimu memodamu Oedexmockonuu. Iloxkazano, 4mo uUcnonb3oganue
MEXHON02UU MACHEMPOHHO20 PACHBLIEHUS, KOMOPAs 06eCheyusaent 8biCOKYI a02e3ur0 Coeg K NOTUUMUOHOU NOONONCKe, NO360AeN
noyuams eMKOCHHble npeobpazoeament O1s U30eauti paziuyHou gopmul. IIpednodicenvl u 3anameHmo6ansl. KOHOEHCAMOPHbL
CHOCOO npuema aKyCmu4eckux CueHaio8 Npu Hepaspyuwlaoujemy KOHmpONo u npeodpazosamens 6030ViCOeHUs U npuema
VIbMPA38YKOGbIX AKYCMUUECKUX 60JIH.
Knwuesvie cnosa: mownxue nnenxu, noauumuo; ITO; npeobpazosamenv;, eMKOCMHOU Memoo;, O0e@eKmoCKOnus Memaios;
OUINEKMPUUECKAL NOCIMOAHHAA
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