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Summary. The work is aimed at the study of surface processes on the dynamically deformed adsorbed
surface of semiconductors, which will be used as a sensitive substrate in radiometric temperature sensors. The
choice of semiconductors with a zinc blende structure is explained by the sensitivity of such electronic subsystem
to the deformation of the crystal lattice, which can be caused by the self-consistent redistribution of defects,
inconsistency of the parameters of the crystal lattice, or external factors, for example, the influence of mechanical
or electric fields. Based on established regularities of the influence of the concentration and type of adsorbed
atoms on the spectrum of surface electronic states and the distribution of electron density on the dynamically
deformed adsorbed surface of a single crystal, the development of a new class of intelligent sensors with increased
accuracy of measuring the concentration of adsorbed atoms and temperature on surface acoustic waves is
proposed. Such a new approach is based on the self-consistent effect of the deformation of the crystal lattice on
the dispersion law and the spectral width of the phonon mode, the electric charge density, and the energy
displacement of the edges of the allowed zones. It is calculated the temperature-concentration coefficient of the
resonance frequency of the surface acoustic wave and the regularities of its change depending on the concentration
of adsorbed atoms are established. The relevance of this research is determined both by the needs of fundamental
research and by applied aspects of development, optimization and cost reduction of the process of designing and
creating devices, the functioning of which is carried out on surface acoustic waves.

Key words: intelligent sensors, surface acoustic wave, semiconductor, adsorbed atoms, measurement,
temperature-concentration coefficient.
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Statement of the problem. Intelligent systems belong to new scientific and technical
achievements that have the prospect of application in almost all areas of human activity and are
capable of radically changing the organization and structure of various types of production,
testing of biologically and chemically active substances, analysis and control in health care and
environmental monitoring systems [1]. Effective operation of intelligent systems is possible
only if they are provided with high-quality primary information. This requires the creation of
fundamentally new microelectronic sensors based on modern functional materials using the
latest physical, chemical, biochemical and biophysical effects, the use of sensor arrays and
highly sensitive, accurate and stable measurement channels, the widespread introduction of
information networks and high technologies [2]. In this regard, increased requirements are put
forward for operational characteristics, such as radiation resistance, fire and explosion safety,
an extended range of operating temperatures, long-term stability of characteristics and
reliability, etc. It should be noted that the cardinal principles in the creation of sensors of a new
generation — intelligent sensors — are connected with the use of new principles of their
construction and modern functional materials, including nanostructured ones. At the same time,
the development of microelectronics and promising nanoelectronics, methods of automated
design, as well as the significantly increased modern capabilities of microprocessor technology
and the peculiarities of its use in highly efficient information (intelligent) systems require the
implementation of new approaches to the creation of sensors. Therefore, solving such a problem
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requires a comprehensive approach, which consists in the use of new functional materials,
structures, ideas, competitive methods and principles of sensor construction.

Intelligent sensors on surface acoustic waves (SAW) are sensor devices used to measure
various physical quantities, such as pressure, temperature, humidity, gas concentration, etc.
SAW sensors use the surface acoustic waves that are transmitted through a plate of piezoelectric
material. When the physical value that needs to be measured changes, the parameter of the
piezoelectric material changes, which affects the frequency of the acoustic wave. This change
in frequency can be measured and interpreted as a change in physical quantity. Surface wave
acoustic sensors focus their energy on the surface, making them typically more sensitive
sensors. Intelligent SAW sensors have built-in data processing algorithms and can analyze the
data received from them in real time. This allows for quick and accurate monitoring of various
environmental parameters online. Surface wave acoustic sensors have a wide range of
applications, for example, in medicine, science, industry, transport and other fields. They can
be used to measure pressure and temperature in medical devices, to monitor the concentration
of gases in industrial processes, to control air quality in transport and buildings, etc. The latest
researches in this field are aimed at the development of new materials and methods to improve
their sensitivity and efficiency, as well as to expand their capabilities for increased accuracy of
measurements of various parameters, such as vapor saturation, gas concentrations, and others.

This work is aimed at the study of surface processes on the dynamically deformed
adsorbed surface of a semiconductor, which will be used as a sensitive substrate in temperature
sensors. An important role here will be played by the interaction of the surface acoustic wave
with atoms adsorbed on the surface of the substrate. The application of surface acoustic waves
in electronic devices is presented in many modern works [3-8]. Currently, there are
temperature, pressure, humidity SAW sensors, and sensors that can detect any change in the
electric field on the surface [5]. However, these studies did not take into account the influence
of the mechanism of interaction of adatoms with SAW on the patterns of changes in its
characteristics depending on the concentration of adatoms. Also, the mentioned theories do not
take into account the peculiarities of the change in the dispersion and width of the acoustic
mode of quasi-Rayleigh and electron waves on the adsorbed surface of a solid. In [9] it is stated
that the surface acoustic wave can be one of the sources of long-range effects that encourage
the formation of nanoclusters outside the laser irradiation zone of the crystal surface. Therefore,
the development of the theory of dispersion within the relationship between the quasi-Rayleigh
wave and adatoms is relevant and will have practical application in modern opto- and
nanoelectronics, in particular, in the development of radiometric SAW sensors for the adatoms
concentration and temperature.

Analysis of the available investigations. The operating principles of SAW devices are
described in [6], where the relationship between sound velocities and temperature frequency
coefficients is considered. In the work [7] it was described the procedure for designing and
manufacturing of SAW sensors for temperature, pressure and resistance. Using the dependence
of the phase velocity of SAW on the thickness of the ZnO film, the authors of [8] considered
the dispersion equation of the film SAW waveguide and determined the parameters of the
waveguide structures. In work [4], a review of the main researches of Rayleigh wave sensors
for the sensing of chemicals in the gaseous phase was carried out. The authors emphasize that
the use of new piezoelectric substrates, taking into account the acoustoelectronic effect, is a
potential direction of research into chemical SAW sensors. So, all acoustic wave devices are
sensors in that they are sensitive to perturbations of many different physical parameters.

However, the above theories describe the processes on the surface of a solid body
without taking into account the interaction of adsorbed atoms with SAW and also do not
consider the influence of the concentration of adatoms on the surface characteristics.
Adsorption on the material surface was considered in works [10-11]. In particular, in [11], the
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behavior of adsorbed gas molecules was studied and their influence on the electronic properties
of the material of gas sensors was investigated. According to theoretical estimates, chemical
sensors were developed in experiments, which demonstrate good sensitivity not only to gases,
but also to metal ions and humidity.

According to a new global temperature sensor market research report [12], it is predicted
that chemical sensors will occupy the largest share of the temperature sensor industry during
the forecast period, so the proposed new class of radiometric sensors will be a relevant
introduction in modern domestic and global nanoelectronics. Also, gallium arsenide (GaAs) is
expected to receive the highest demand in the market during the period 2020-2025 [13].

The growth of the SAW sensor industry in the world is due to the increase in their
distribution in modern portable medical equipment, in acoustolocation when determining the
topology and morphology of an unknown object, in the field of non-destructive testing, in the
automotive sector and home automation systems. Therefore, the proposed new class of
intelligent SAW sensors of adatoms concentration and temperature will be a new and relevant
introduction to modern domestic and global nano- and acoustoelectronics, medicine and
military equipment. The research data can be used in global SAW technologies for the
manufacture of wireless, passive and hybrid multifunctional SAW sensors.

The Objective of the work is is the development of a new class of intelligent SAW
sensors to increase the accuracy of measuring the concentration of adsorbed atoms and
temperature based on the model of self-consistent coupling between the quasi-Rayleigh wave
and adsorbed atoms on the surface of a GaAs (CdTe) semiconductor matrix. The object of
research is the physical processes that occur on the surface of the dynamically deformed
adsorbed semiconductor substrate of the SAW-sensors with increased accuracy of measuring
the temperature and concentration of adsorbed atoms. The subject of research is the method of
building an intelligent sensor of the concentration of adsorbed atoms and temperature on surface
acoustic waves.

Statement of the task. To achieve this purpose, the following main research objectives
are identified: improvement of the method of calculating the dispersion relation for the surface
acoustic (quasi-Rayleigh) wave and the spectral width of the surface elastic acoustic mode
depending on the concentration and type of adatoms, taking into account the non-local elastic
interaction of the adsorbed atom with the matrix atoms on the dynamically deformed adsorbed
surface of semiconductors with a zinc blende structure; development of a method for calculating
the temperature-concentration coefficient of the resonant frequency of a surface acoustic wave
based on the developed theory of quasi-Rayleigh wave dispersion on the adsorbed surface of
single crystals with a zinc blende structure; determination of the fields of application of PAH
sensors with increased accuracy of data processing for measuring the concentration of adsorbed
atoms and temperature using the GaAs (CdTe) semiconductor matrix.

Research methods and materials. During the propagation of a surface acoustic wave,
electrons on the surface are scattered on its deformation potential inside the volume, as well as
on the irregularities created both by the PAH and by the inhomogeneous distribution of
adsorbed atoms. By technologically changing the concentration of adatoms, it is possible to
change the frequency of the surface acoustic wave and the electronic structure of the near-
surface layer of the semiconductor.

When considering a substrate without adsorbed atoms, the temperature SAW sensors
are based on the change the quasi-Rayleigh wave frequency depending on the temperature of
the substrate. In the case when there are adatoms on the monocrystal surface, the change in
resonance frequency occurs not only due to a change in temperature, but also due to the presence
of adsorbed atoms. The operation of intelligent sensors of the adsorbed atoms concentration
and temperature is based on the measurement of the change in the resonance frequency of the
SAW depending on the concentration of adatoms and temperature at a known value of the
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concentration-temperature coefficient of the resonance frequency of the SAW. The presence of
adsorbed atoms and dynamic deformation created by a surface acoustic wave, leads to the
renormalization of the spectrum of surface acoustic waves, a change in the spectral width of the
phonon mode, and the emergence of localized electronic states near irregularities on the solid
surface. The relevance of the construction of such a theory is determined both by the needs of
fundamental research and by the applied aspects of the development, optimization and cost
reduction of the process of designing and creating devices, the functioning of which is carried
out on surface acoustic waves (sensors of temperature and concentration of adatoms, pressure,
gas sensors, biosensors, filters, signal processing units, automated executive mechanisms). The
choice of semiconductors with a zinc blende structure (GaAs, CdTe) is explained by the
sensitivity of such an electronic subsystem to the deformation of the crystal lattice (due to the
large values of the deformation potential constants), which can be caused by the self-consistent
redistribution of defects, the mismatch of the parameters of the crystal lattice, or external
factors, for example, the influence of mechanical or electrical fields. Therefore, the role of the
mechanism of interaction of the dynamically deformed adsorbed surface with the electronic
subsystem on the formation of electronic states on the surface of semiconductors with a zinc
blende structure, depending on the concentration and type of adatoms, is significant and
requires a separate study, which makes it possible to develop a new class of intelligent SAW
sensors for the concentration of adsorbed atoms and temperature.

The established regularities of the influence of substrate temperature, concentration, and
type of adatoms on the formation of surface electronic states will be fundamentally new (since
there is no information on the influence of concentration and type of adatoms within the
framework of the theory of self-consistent interaction of SAW with adatoms on the formation
of surface electronic states in the world literature).

Surface acoustic wave radiometric sensors (SAW radiometers) are a type of SAW
sensor used for non-contact measurement of temperature and other physical quantities.
They are based on a change in the resonant frequency of the SAW device under the influence
of a change in temperature or another parameter. Radiometric SAW sensors are used in
various fields such as industry, medicine, science and defense. For example, they can be
used for temperature control in reactors, temperature monitoring in gas turbines and other
important industrial processes. One of the advantages of radiometric SAW sensors is their
non-contact nature, which allows them to be used in difficult environments, such as high
temperature, radiation or chemically active areas. They also have high sensitivity and
measurement accuracy, which allows them to be used to measure even very small changes
in parameters.

Adatoms
Input IDT Sensitive  Output IDT
Piezoelectric layer

substrate £

Surface acoustic wave

Figure 1. The investigated sensor surface based on SAW with increased accuracy of measuring the
concentration of adsorbed atoms and temperature
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To build a new class of radiometric sensors of temperature and concentration of
adsorbed atoms based on SAW (Figure 1), we will use the theory of dispersion of the quasi-
Rayleigh wave and the width of the surface elastic acoustic mode within the self-consistent
coupling of the quasi-Rayleigh wave with adsorbed atoms [14]. Virtually all acoustic wave
devices and sensors use a piezoelectric material to generate the acoustic wave.

Let consider the near-surface layer of a cubic crystal (GaAs, CdTe (100)) in the process
of molecular beam epitaxy or implantation when a stream of atoms with an Nog4 average
concentration acts on it (Figure 2). The defect-enriched layer with adsorbed atoms will be
considered as a «filmy of thickness d with density p and Young's modulus E, rigidly bound to
the substrate — the rest of the single crystal.

A surface acoustic wave propagating in the direction of the x axis with g N,,)

frequency, creates dynamic deformation and interacts with adsorbed atoms. The shape of the
deformed surface along the x-coordinate depending on time is described by the following
function:

Z,(X,t) =S (WNVyy) cos(gx — (g, Nyy)it), (1)

where @A Nog) = @'(a, Noy) +10"(9, Nog) s 3 renormalized by adatoms dispersion
law of quasi-Rayleigh wave; 9= 2m iy L, — period of roughness (length of SAW) along
the x axis (the period of such irregularities at a frequency of 10 GHz is 540 nm).

ATOMS FLOW IN THE MBE PROCESS ATOMS FLOW IN THE MBE PROCESS
B .
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INTERNODE ADATOMS REPLACEMENT ADATOMS

BULK PART OF
MONOCRYSTAL
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MONOCRYSTAL

zV

Figure 2. A model of an uneven surface deformed by a surface acoustic wave and adsorbed atoms
a — adatoms are collected in the regions of maximum tensile strain; b — adatoms are collected in the regions of
maximum compression deformation

The dispersion equation for a surface acoustic wave that interacts with adsorbed atoms
has the form [14]:
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Substituting into equation (2) = c,q& , We obtain:

g 2£%0,N
2-g g i-Ger o 28 Ylla
(2- &% -4 R

2
2 1-2v 6, . 3)

Dya(DyA—-———7—Ny)q +icQq)

3K@L-v)a kT 2 (1_|§q2)[q - ?\IF +(2_§z)§_dj_
D -2 222 Oy ] gt i M )
T 3K@-v)akT Nao t

The presence of the g multiplier in the numerator (3) allows solving this equation by
iterations in the long-wavelength domain ga << 1.

The real »'(q,N,,) =Re(w) and imaginary o"(q,N,,)=Im(®) parts of the expression
(g, N,,) ultimately determine the correction to the dispersion law of the quasi-Rayleigh

wave and its damping, and are determined by relations (4) and (5). We take into account the
nonlocal elastic interaction between the implanted impurity and the matrix atoms and the mirror
image forces [15].

2 1-20 67
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where K is the modulus of elasticity; |; is the average of the square of a characteristic distance

of the interaction between the adatom and the matrix atoms; o is the Poisson coefficient; 6, is
the surface deformation potential; D, is the diffusion coefficient of the adatom; T is the

temperature of a substrate; K is the Boltzmann constant; &, is the solution of equation

f (&,) = 0, which depends on the ratio between longitudinal ¢, and transversal C; speeds of
2

sound; g —_tz; N
|

In SAW-based temperature measurement system where the interdigital transducers play

an important role, the change of piezoelectric temperature affects on the velocity of the surface

acoustic wave propagation. This effect is described by the temperature coefficient of resonance

frequency (TCF), which is defined as the relative change in resonance frequency with

temperature [6]:

14 s the amplitude of periodic disturbance (N,, << N, ) [15].
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where f; is the resonance SAW frequency; Vv is the velocity propagation of SAW; A is the

SAW length; T is the temperature of SAW device.

The temperature coefficient of frequency characterizes the thermal stability of
resonators. During the adsorption process on the substrate surface, it is important to investigate
the influence of the adsorbed atoms concentration on the temperature coefficient of the resonant
frequency. However, in expression (6) for the temperature coefficient of frequency there is no
component that describes the effect of the adatoms concentration on the value of this
coefficient. Taking into account this component, the dependence of the coefficient ,  on

temperature and on the concentration of adsorbed atoms will be described by the following
functional expression:

arer = fcr + Aarcr(Nog) (7)
1 A dv A dAf(Nyg)
Aarcp(Nog) = Af( Noa) — v2dT —=Af (Nog) + TM-

Taking into account the ratio w’(q, Nog) — @'(q,0) = Aw’(q, Nog) = 2wAf(q, Nog) We
will get:
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The function that determines the frequency of an acoustic oscillation vibration without
adsorbed atoms in the long-wave approximation ga « 1, has the following form:

~ a |4E_,Na
w(q)=q—,/L’
2 \m +m,
where N is the number of cells; m1, mz2 — the masses of atoms Ga and As respectively.
For adiabatic Young’s modulus E_, and the Poisson coefficient &_, we have the

following relations:

ad

E . o +ETa? /9C

E = O
“ 1-ETa’/9C, T ETo? /9C,

where « is the temperature coefficient of bulk expansion;
C ~ 127° (lT — the heat capacity at constant pressure per unit volume; 6, is the Debye

P05 *l o
temperature; y  is the number of atoms per unit volume.

D
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The length of the surface acoustic wave we define as ; _ 27V . The velocity of SAW
o(q)
is described by the following relation:

vV = Eqq . 2(1-04q4)
L 2p(1+04q) 1-20qq

The numerical calculation was performed for GaAs (100) semiconductor with the
following parameter values [15]:

I, =29A; a=5,65A; ¢, = 4400 M/S; ¢, = 2475 MIs; 5 =5318 KIIM*; 9, =10€V;

=0,1¢eV; T=100K; o =0,31; K =0,47 eV/A3; E=0,54 eV/A3;

D, =5-10%cm?s;
1d
a=17,11-10° K%, N, =4,42.107% A% §,=360 K; m=69,72 g/mol; m;=74,92 g/mol.

Research results. Figure 3 shows the graphical dependence of the concentration
component of the temperature coefficient of the resonant frequency Aa;cr Of the surface
acoustic wave on the concentration of adsorbed atoms at a substrate temperature 300 K. We see
that the functional dependence Aarcr = f(Nog) has the non-monotonous character with an
attributable maximum at value of adatoms concentration N_, = 4,7 .10 cm?. In the

concentration interval 51.10" < N,, <4,7-10" cm™ there is an increase of Aaycr(Nog).
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=

Figure 3. The dependence of the concentration component of the temperature coefficient

of the resonant frequency Aarqr of the surface acoustic wave on the concentration
of adsorbed atoms at a substrate temperature of 300 K

Figure 4 shows the results of calculating the dependence of the concentration component
Aarcp OF the temperature coefficient of the resonant frequency of the surface acoustic wave on
the temperature of the substrate at three different values of the concentration of adsorbed atoms.
The figure shows that with increasing of the concentration of adsorbed atoms the value of the
temperature coefficient of the resonant frequency increases. An increase of the substrate
temperature results to the decrease of the component Aa,¢r Of the temperature coefficient of
the resonant frequency.
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The effect of temperature on the temperature coefficient of resonant frequency arcr,
which includes two components a?.r and Aarcr(Nog), is graphically depicted in Figure 5. We
see that the absolute value of the temperature coefficient decreases with increasing of
temperature.

The results of these studies can be used to create a new class of radiometric sensors on
surface acoustic waves (Figure 2) to measure the temperature and concentration of adsorbed
atoms on the substrate surface. These studies allow to construct the architecture of these
radiometric sensors.

Alpep
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Figure 4. The dependence of the concentration component Aarqg of the temperature coefficient of the resonant
frequency of the surface acoustic wave on the piezoelectric temperature
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Figure 5. The dependence of the temperature coefficient of the resonant frequency o+~

on the substrate temperature

The operation of intelligent sensors of the concentration of adsorbed atoms and
temperature will be based on the measurement of the change in the resonance frequency of the
SAW depending on the concentration of adatoms and temperature at a known value of the
concentration-temperature coefficient of the resonance frequency of the SAW.
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So, intelligent temperature and concentration sensors are sensor devices that
are able to read the temperature and concentration of substances in the environment
using various technologies, such as thermocouples, thermistors, thermistors, ionization
sensors, gas sensors, etc. Intelligent sensors can be connected to the Internet in real
time, which allows you to receive data on temperature and concentration of substances
online. Such sensors usually have a built-in system of data analysis and transmission,
which allows monitoring the state of the environment in which they are used. Intelligent
temperature and concentration sensors will have a wide range of applications, for
example, in industry, medicine, science, ecology, construction, transport, etc. They can
be used to monitor temperature and chemical parameters in production processes, to
control air quality in buildings and transport, as well as to monitor the state of the
environment.

The proposed method will allow to increase the accuracy of measuring the
temperature and concentration of adsorbed atoms, which will allow to expand the
working capabilities of the device. Studies of acoustic wave attenuation processes
on the defective surface of a single crystal substrate are important for the development
of optimal technological modes of nanostructure formation during nanosecond
laser irradiation of the single crystal surface, as well as for the construction of devices
for reading optical holograms in photorefractive crystals. The proposed new class of
intelligent SAW sensors of adatom concentration and temperature will be a relevant
introduction in modern domestic and global nano- and acoustoelectronics. The results
of studies of the conditions for the formation of surface electronic states can be used
for the development of optimal technological regimes for the formation of nanostructures
by the methods of molecular beam epitaxy, ion implantation, and nanosecond
laser irradiation. The relationship of the concentration of adatoms with the SAW frequency
and with the electronic structure of the surface layer can be used in practice to change
the reflection coefficients of electromagnetic waves from the separation boundary of
media, to change the dispersion law of plasma oscillations, and to diagnose dynamic
conductivity, mobility, and concentration of charge carriers on the surface of
semiconductors.

Conclusions. The development of a new class of intelligent sensors for the
concentration of adsorbed atoms and temperature on surface acoustic waves is described.
For the first time, it was used the relationship between the concentration and type of
adsorbed atoms with the frequency of the quasi-Rayleigh wave and the influence of this
relationship on the spectrum of surface electronic states on the dynamically deformed
adsorbed surface of semiconductors with a Zinc blende structure.

The method of calculating the dispersion relation for the surface acoustic
(quasi-Rayleigh) wave and the spectral width of the surface elastic acoustic mode
depending on the concentration and type of adatoms has been improved, taking into
account the non-local elastic interaction of the adsorbed atom with the matrix atoms
on the dynamically deformed adsorbed surface of semiconductors with a Zinc blende
structure.

A method for calculating the temperature-concentration coefficient of the resonance
frequency of a surface acoustic wave has been developed based on the developed theory of
quasi-Rayleigh wave dispersion on the adsorbed surface of single crystals with a Zinc
blende structure.

It was shown that the functional dependence «<,..= f(N,;) Of the concentration
component of the temperature coefficient of resonant frequency has the non-monotonous
character with a maximum corresponding to the adatoms concentration of N,, =4,7.10 cm?,

which corresponds to the highest sensitivity of the radiometric sensor.
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CEHCOPHA HA TOBEPXHEBUX AKYCTUYHUX XBUJIAX 1A
IHTEJIEKTYAJIBHUX CUCTEM

Map’sana Cenera

Hayionanvnuii ynisepcumem «JIv6iecoka nonimextikay,
JIveis, YVrpaina

Peztome. Poboma cnpsmosana Ha O00CHiOdNCEHHS NOBEPXHEBUX Npoyecié HaA  OUHAMIYHO
Odepopmosaniti adcopb08amill NOGEPXHI HANIBNPOBIOHUKIG, W0 OyOe BUKOPUCIMOBYSAMUCS 8 AKOCMI YWymAueol
RIOKAAOKU 8 padioMemPUYHUX CeHcopax memnepamypu. Bubip HanienpogioHukie i3 cmpykmypow yuHKogol
0OMAHKU NOSCHIEMbCA YYMAUGICMIO MAKOI elekmponHOl nidcucmemu 00 Oe@opmayii KpucmariuHoi
Ipamku, sKa Mmodxce Oymu 3YMOGIEHA CAMOY3200HCEHUM Nepepo3nodiiom Oedhekmis, HesION08IOHICIIO
napamempié Kpucmaniunoi rpamku abo 306HIWHIMU (DaKmMOpamu, HANPUKIAOD GNAUGOM MEXAHIYHUX YU
erekmpuynux nonie. Ha ocnogi ecmanoeienux 3aKOHOMIpHOCMEl 6HAUGY KOHYeHmpayii ma muny
aocopbo6anux amomie Ha CHeKMp NOGEPXHEGUX eNleKMpPOHHUX CMAHIE i pO3N00IL e1eKMPOHHOI 2YCIMUHU HA
OUHAMIYHO OeopMOBaHill a0copOOBaHill NOBEPXHI MOHOKPUCALY 3aNpPONOHOBAHO DPO3PODIEHHI HOB020
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Sensors on the surface acoustic waves for intelligent systems

KIacy IHMeNeKmyalbHUX CeHCOpi6 3 NIOGUUEHOI0 MOYHICIIO GUMIDIOBAHHS KOHYeHmpayii adcopboeanux
amomie i memnepamypu Ha NnoepxHesux akycmuunux xeunsax. Taxuii Ho8ull nioxio IPyHmMyemvcsa Ha
Ccamoy32002cenomy enaugi oegpopmayii KpUCmManiyHoi IPAMKU HA 3AKOH OUCnepcii il CHeKMPAaIbHy WUPUHY
@ononunoi mMoou, 2ycmuny eneKmpuyHo2o 3apsaoy ma eHepemuuHe 3MIiWeHHs Kpaig 00380NeHUX 30H.
Pospaxosano memnepamypuo-konyenmpayiiinuii  Koegbiyienm  pe3oHaHcHOi wacmomu  Nno8epxHesol
aKyCmu4Hoi Xeuni 1l 6CMAHOBIEHO 3AKOHOMIPDHOCMI 11020 3MIHU 3AeHCHO 8i0 KOHYeHmpayii adcopbo8anux
amomis. AkmyanvHicmes no6y008u maxoi meopii 3ymosneHa Ak nompedamu QyHOameHmanrbHux 00Cio HeHv,
Max i NPUKIAOHUMU ACHEKMAaMU pO3POOAeHHS, onmumizayii ma 30eulesieHts npoyecy NpoeKmyS8anHs U
CcMEopenHs npunadis, GYHKYioHy8anus AKUX 30ICHIOEMbCA HA NOBEPXHEBUX AKYCMUYHUX XEUTAX.

Knwwuogi cnosea: inmenexmyanvhi cencopu, noeepxnesa axKyCMUYHA X6UNA, HANIBNPOGIOHUK,
aocopbosani amomu, GUMIPIOBAHHS, MEMNEPAMYPHO-KOHYEHMPayiliHutl Koe@iyicHm.
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