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Ton migration in zinc-oxide semiconductor crystallites at long pe-
riods of the current flow has been simulated, and its influence on
the current-voltage characteristics (CVCs) of varistor structures
has been analyzed. The conditions and the parameters suitable
for monitoring the process of varistor-structure irreversible degra-
dation have been determined.

A component of the intergrain potential barrier generated by the
space charge region in a crystallite, which turns out reverse-biased
at the degradation current flow, was found to be the most prone to
changes (the accumulation of near-surface donors, and a reduction
of the barrier height and thickness). During the degradation, the
varistor section in the direct (with respect to the degradation cur-
rent) CVC branches becomes more shifted toward lower voltages,
whereas the leakage current is more growing in the weakly linear
section of the reverse CVC branch.

An agreement was obtained between the change tendencies pre-
dicted by a developed model for main varistor parameters (a re-
duction of the classification voltage, a reduction of the nonlinearity
factor, and an increase of the leakage current) and the available
experimental data. A possibility to estimate the diffusion coeffi-
cient of charged donors and to use this parameter to monitor the
functionability of devices based on zinc oxide varistor structures
with tunnel current-voltage characteristics has been demonstrated.

1. Introduction

The problem of degradation of varistors and other elec-
tronic elements developed on the basis of nonlinear zinc
oxide ceramics in the course of their exploitation arose
practically simultaneously with the beginning of their
wide application. Hitherto, this problem remains one
of the least studied ones, although being a subject of a
considerable number of researches [1-7].
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Recently, the following reasons giving rise to a drift of
zinc-oxide ceramics electric parameters have been estab-
lished: polarization processes associated with the motion
of free electrons and their capture by energy traps [7-9],
adsorption-desorption of oxygen in the course of heating
[10, 11], and migration of ions in an electric field (as a
rule, also at elevated temperatures) [2,3,12,13]. The first
two mechanisms of degradation are classed as invertible
ones, and they are most studied. In particular, quanti-
tative theoretical models are developed for them [14,15],
as well as technological methods for restoring the non-
linear current-voltage characteristic (CVC) of varistor
structures (heating up the varistors with short-circuited
electrodes and holding them in an oxygen-containing en-
vironment) [11].

The third mechanism is irreversible. According to
the modern conceptions, the degradation, which is gov-
erned by this mechanism, arises as a result of the field-
stimulated diffusion of interstitial zinc [2, 16] or some
other ions of technological additives, which can occupy
interstitial sites—in particular, these are Co ions in the
near-boundary depleted layer of ZnO crystallite,~which
is accompanied by the chemical interaction with defects
of the crystallite-boundary type. Just this process gives
rise to a reduction of the barrier height and an increase
of the leakage current. The origin of interstitial zinc
is associated with the nonstoichiometric nature of ZnO.
The latter, when being heated even in an oxidizing envi-
ronment, can form excess zinc donors at interstitial sites,
which become “frozen”, when being cooled down to room
temperature [2].

The degradation associated with the ionic migration
is less studied, which is evidently related to mathemat-
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ical difficulties arising when considering a deviation of
the shape of intergrain potential barriers in the varistor
structure from the Schottky one. The available mod-
els describing the evolution of this degradation either
have an empirical character [3, 17] or are based on an
approximate solution obtained for the heat conductivity
equation in the absence of an electric field [16]. There-
fore, despite that a definite technological progress was
achieved — in particular, a certain decrease in the rate of
irreversible degradation was obtained by varying metal
oxide additives to the ceramic content (e.g., an insertion
of boron oxide [18,19]), — the absence of a consistent the-
oretical model, which would describe electron-molecular
processes in ceramics, does not allow one to understand
this kind of degradation in the examined inhomogeneous
structure and to predict a distortion of CVCs for varistor
products on its basis.

In this work, we report the results of simulation of the
ion migration in zinc oxide semiconductor crystallites
in an electric field and, using the terminology of work
[20], its influence on CVCs of varistor structures with
the tunnel mechanism of electrical conductivity. We also
determined the conditions and the electric parameters,
which are suitable for monitoring the process of varistor
structure degradation. The following main characteris-
tics were analyzed: the distribution of a charged donor
impurity, the shape of the potential barrier, and the qua-
sistatic (i.e. corresponding to conditions, when the tem-
perature varies slightly) CVCs of the barrier.

2. Model Equation

Our calculations of parameters for varistor structures
were based on a one-dimensional model of intergrain po-
tential barrier (IPB), represented as two space charge re-
gions (SCRs) in adjacent zinc oxide semiconductor crys-
tallites connected oppositely to each other and separated
by a thin (of a few nanometers) dielectric layer of the in-
tergrain dielectric phase (IDP) [1,2].

To determine the variation of the spatial distribution
(the profile) of the donor concentration NT(x,t) in the
boundary regions of zinc oxide crystallites (zinc oxide is
an impurity semiconductor of the n-type) as a function of
the degradation time ¢, we used the expression presented
in work [21],

N+($,ti +A) =

— N+(xati)
1- D3 Le (a2 —2DVAt — ) — At

, (1)
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where ¢;(¢ = 0,1,2,...,7) are the initial time moments
for every following step At of the degradation time, DT
is the diffusion coefficient for charged donors, x is the
coordinate reckoned normally to the crystallite surface,
e is the elementary charge, L = , /% is the Debye
screening length (for ZnO crystallites, L ~ 1075 c¢m),
Lo =~ L\/Y} is the thickness of SCR in a semiconductor
crystallite (Lo ~ 107° c¢m), and Yy is the dimensionless
energy band bending in the semiconductor near its sur-
face at the beginning of the degradation. Expression (1)
was derived in the following manner:

— the Poisson equation was integrated taking into ac-
count that the influence of the free electron concentra-
tion n(z,t) in near-surface SCRs, where Y < 0, can be
neglected (dY/drx = Nt (Lo — 2)/(Ny L?), where Ny is
the initial value of N*(z,t) at t = to);

— the result obtained was substituted into the continu-
ity equation for migrating donor centers N (x,t), tak-
ing into account that the distribution N*(x) changes
smoothly enough in time ¢, if the time intervals of the
degradation At are small, i.e. 8 [ Nt (a/,t)da’ /Ot ~
xONT(z,t)/0t; then, the analytical solution of the re-
sulting continuity equation was obtained.

The potential distribution in the IPB — namely, the
voltage drop across the reverse-biased, Vi, and direct-
biased, V5, SCRs in semiconductor layers and across the
dielectric layer, V3 — was determined from the conditions
of potential and electric induction continuity at the in-
terfaces “semiconductor layer of crystallite — insulating
layer of the intergrain phase” [22]. The solution was ob-
tained making the assumption that the current through
the IPB is not so large that it could affect the distribu-
tion of charge carriers.

It should be noted that, at the degradation, it is nec-
essary to consider a deviation of the IPB relief from
the Schottky shape, for which NT(z,¢) = const, in the
near-surface SCRs. This change takes place owing to
a variation of the donor concentration distribution in
the semiconductor according to Eq. (1). The coordi-
nate dependence of the energy band bending Y can be
found by numerically integrating the Poisson equation
for SCR. This equation can be written down in the form
of a boundary-value problem [21],

&’y e%a? ~. .
di? ~ eac kTL? [N (@) _”(x)}’ )
Y(Oat) =Y, Y(LO/Lvt) =0,
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where Z = z/L, i(z) = n(x) /Ny, N*(z) = N*(x)/N{,
n(z) = Nt(z)exp(Y(z)), and 2a is the linear size of a
crystallite.

Using the finite difference method, we obtain a system
of equations. The table of Y'(x;)-values is the solution
of this system of equations,

2 ~
Yo =2V + Y - RSN (L —ep(Y) =0 (3)

i=1,2,...n—1,

where Y,, = 0, Y; = Y (%), N;” = N*(&,), h = Lo/(Ln),
and Z; = th. In Egs. (2) and (3), the quantity ¢ = const.
Therefore, to make the record simpler, the dependence
on this parameter was not included explicitly.

Quantitative calculations of CVCs for the IPB were
carried out following the general scheme [22]. The latter
was developed in the framework of the diode theory ideas
concerning the penetration of charge carriers through
potential barriers and making allowance for a complex
of electrotransfer mechanisms, which are considered to
be the most adequate to modern conceptions for oxide
varistors [2, 20, 23]. In particular, these are the overbar-
rier (thermionic) emission with regard for the tunneling
through a SCR, the field emission from the valence band
of one crystallite into the conductance band of another
one, and transitions with engaging the surface electron
states at the contact.

The iteration algorithm for finding IPB CVCs is as
follows:
1) the determination of surface band bendings
Y01’2(x, to)|z=0 at both sides of the semiconductor layer
at the moment ¢y (to = 0) for reverse-biased (index 1)
and direct-biased (index 2) SCRs by solving the system
of equations following from the conditions of electric in-
duction and potential continuity at the boundaries of
the semiconductor layer taking Eq. (2) into account and
for the given degradation voltage Vp in the Schottky
approximation;
2) the application of Eq. (1) with the purpose to deter-
mine the profiles of the donor concentration distribution
le 5(x,t;) in reverse- and direct-biased SCRs at the time
moment t; =t;_1 + At (i = 1,2,...) and at the voltage
Vp across the barrier;
3) the determination of equilibrium post-degradation
(Vp = 0) surface band bendings YOI’2 (z,%0)|z=0 by solv-
ing the system of equations describing the continuity
conditions of the electric induction and the potential
with regard for Eq. (2); when determining the thickness
Lo in the second boundary condition (2), the equality
Ni7y ~ (N (2, 1)) la=o0 + N ) /2 was adopted;
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4) an analogous determination of post-degradation sur-
face band bendings Y12(x,t;)|,—o in the case where the
voltage V' # 0 is applied to the IPB, and the correspond-
ing voltage drops across reverse-biased, V7, and direct-
biased, V5, SCRs, as well as across the dielectric layer,
Va3

5) the determination of profiles for the distributions of
band bendings in the near-surface region (with the thick-
ness Lg), Y12(z,t;), by minimizing the objective func-
tion composed of the squares from Egs. (3), in which
the coordinate dependence Ni o(x,t;) was taken into ac-
count;

6) the determination of the current density through the
IPB following the routine described in work [22]; the
values for dY™ /dx,, (m = 1,2) were obtained by inter-
polating the numerical dependences of the coordinate in
the band bending regions, x,,(Y™,t;);

7) the repetition of items 4 to 6 in the whole necessary
range of voltages in the calculation of CVCs;

8) the next iteration loop (items 2 to 7) till the given
degradation time is achieved.

3. Results and Their Discussion

3.1. Variations of the charged donor
distribution and the intergrain

potential barrier relief

The donor distributions and the reliefs of potential barri-
ers, which were calculated according to formulas (1)—(3)
for various voltages Vp and degradation times ¢ are de-
picted in Fig. 1.

As the quantities Vp and ¢ grow, the donors are accu-
mulated (the function N*(z) increases) in the boundary
regions of semiconductor crystallites. In the SCR which
is reverse-biased at the degradation, this effect is more
pronounced; namely, the amount of accumulated donors
is much higher, which corresponds to data obtained in
work [13].

The limiting (¢ — o0) concentration distributions
NT(z) were obtained as follows:

— the calculation of band bendings Yy and Y by solving
the system of equations, which consists of the continu-
ity conditions for the electric induction and the poten-
tial at the interfaces between the semiconductor layer
(the crystallite) and the dielectric layer of the intergrain
phase, where N;* = nyq, dY/dz = v2/LG(Y), and
G(Y) = sign(=Y)[exp(=Y) +Y —1+exp(Y) - Y — 1]/,
— the determination of the dependence N*(z) =
Ni" exp[—Y ()], where Y (z) satisfied the integral equa-

tion [y v2/Ldx = [y, G(Y)~'dY .
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Fig. 1. Donor concentration profiles in the direction perpendicular to the surface of a semiconductor crystallite and the IPB relief in
the near-surface SCRs of the semiconductor layer at a constant degradation time ¢ = tD1/L? = 3400 and various degradation voltages
Vp (panels a and ¢): initial (1, 1), 0 (2, 2/), 0.3 (3, 8’), 0.6 (4, 4'), and 1.2 V (&, 5'); and at the constant degradation voltage
Vp = 1.2 V and various ¢ (panels b and d): 0 (1, 17), 2200 (2, 2'), 3400 (3, 3’), and oo (4, 4'). Curves 2, 3, 4, 5 and 2/, 8', 4', 5’
correspond to direct- and reverse-biased, respectively, SCRs at the degradation current flow

The maximum concentrations of donors at their mi-
gration in the electric field are reached at the crystallite
boundaries (Fig. 2). The growth of the degradation volt-
age Vp is not accompanied by considerable changes in
the bulk donor concentration and the band bendings at
the surface of semiconductor crystallites for the direct-
biased SCR, with those quantities remaining practically
unchanged. For the reverse-biased SCR, we obtained
the dependence N;,(0,t) growing with Vp and the de-
pendence Yy(Vp) diminishing with increase in Vp at
t = const, the both dependences tending to the corre-
sponding constant values (Fig. 2, panels a and ¢). The
dependences of fog (7,t)|z=0 on , which correspond to
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the initial stage of degradation (at Vp = const), have a
growing character (Fig. 2,b), which agrees with experi-
mental data for varistor structures [3,13,24]. As a result,
the intergrain barrier shape deforms as the degradation
voltage and the time increase, and it becomes asymmet-
ric. The thickness and the height of the potential barrier
decrease.

The surface band bending for direct-biased SCR
changes at the degradation less than that for the SCR bi-
ased by the degradation current in the opposite direction
(Fig. 2,d). In addition, this SCR becomes less narrowed
(curves 1 to 3 in Fig. 1,d). The IPB reliefs are exhibited
under equilibrium conditions and after the degradation.
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Dependences of the donor concentration and the band bending at the semiconductor surface on the voltage Vp at various £

(panels a and c): 2200 (1, 1'), 3000 (2, 2'), 3400 (8, 8'), and the initial value (4); and on the degradation time f at various Vp (panels
b and d): 0.6 (1, 1’) and 1.2 V (2, 2’). Curves 1, 2, 3 and 1’, 2/, 3’ correspond to direct- and reverse-biased, respectively, SCRs at

the degradation current flow

It should be noted that this tendency was also observed
in work [3], when the degradation duration exceeded the
variations of the indicated parameters (the IPB height
and the bulk donor concentration) owing to the polar-
ization and thermodesorption degradation mechanisms

[7,13].

The asymmetric character of the surface band bending
at the boundaries of the intergrain phase manifests itself
to a less extent (Figs. 1,¢ and d). This occurs due to the
action that the field of charges accumulated at the sur-
face electron states of one crystallite exerts in the region
of another crystallite through the nano-sized interlayer.

As the duration and the voltage of the degradation
increase, the deformation of IPB grows and results in
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the almost total disappearance of the latter (curves 4
and 4’ in Fig. 1,d).

3.2. Distortion of voltage-current
characteristics of the intergrain potential
barrier

The results of calculations of CVCs for a certain IPB are
depicted in Fig. 3. The CVC branches in the first quad-
rant (straight lines) correspond to the positive voltage
V and the current density j, which coincide by direc-
tion with the voltage, Vp, and the current, jp, of the
degradation. The CVC branches in the third quadrant
(the reverse ones) correspond to the negative voltage V
and the current density j, the direction of which is op-
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Fig. 3. CVCs of a separate IPB at the constant degradation time = tD*/L? = 2200 and various degradation voltages Vp (panel a):
initial (1, 17), 0 (2, 2/), 0.6 (3, 3'), and 1.2 V (4, 4’); and at the constant degradation voltage Vp = 1.2 V and various degradation

times £: 0 (1, 17), 2200 (2, 2'), and 3400 (3, 8’)

posite to that of Vp and jp. According to the data
presented in Fig. 3, the electromigration processes lead
to a shift of both CVC branches toward higher currents
at a fixed voltage, V = const, or toward lower voltages
at j = const, and to their asymmetry, which corresponds
to experimental data [24].

A physical interpretation of those results can be given
on the basis of conceptions concerning the formation of
CVC for the IPB [1, 2] and the data on the features
of its distortion presented above. The current density
through the potential barrier at the contact is known to
be governed by the magnitude of band bending in the
direct-biased SCR [22, 25]. According to those ideas, a
reduction of the IPB thickness and height owing to the
accumulation of donors that migrate in the electric field
gives rise, first of all, to an increase of such current com-
ponents through the barrier as the thermionic emission
and the electrotransfer with the participation of surface
electron states. In particular, a larger reduction of the
height and the thickness of reverse-biased SCR at the
degradation brings about a larger leakage current in the
weakly nonlinear section of the reverse CVC branch for
the varistor structure.
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On the other hand, a reduction of the IPB thick-
ness results in that the current increases at the tunnel
electrotransfer from the valence band of one crystallite
into the conduction band of the other, i.e. the highly
nonlinear section of the CVC shifts toward lower volt-
ages (see Fig. 3). At the field emission, the charge car-
rier overcomes a distance equal to a sum of the thick-
nesses of the interlayer and the reverse-biased SCR in
the other crystallite. Since the thickness of SCR, which
is reverse-biased at the degradation, becomes narrower,
the shift of the direct CVC branch toward low voltages
is larger.

3.3. Degradation-induced changes in varistor
parameters

The electromigration degradation brings about a CVC
distortion for the intergrain potential barrier, which, in
turn, results in a worsening of functional parameters of
metal oxide varistor structures. In particular, the growth
of the degradation voltage and duration is responsible for
the following phenomena:
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Fig. 4. Dependences of the classification voltage deflection AV on
the duration of a constant degradation electric current jp. Curves
represent the results of theoretical calculations for a single IPB at
various degradation voltages Vp = 0.3 (1, 1’) and 1.2 V (2, 2/).
Curves 1 and 2 correspond to measurements in the degradation
current direction, and curves 1’ and 2’ to the measurements in
the opposite direction. Points denote the experimental results for
a varistor structure [24] obtained at the jp-polarity, for which the
deflection AV is maximal

— a reduction of the classification voltage V¢ (it is the
voltage that corresponds to the start of the varistor
section in the CVC; Vo = V at jo = 107* A/em?),
which is determined by the deflection parameter AVy =
[Ve(tp) — Ve(0)]/Ve(0) x 100% at j ~ 0.15¢ [24];

— a reduction of the CVC nonlinearity factor § in the
varistor section, 8 = In(ja2/j1)/In(Va/V71), where it is
adopted that j» = jo, j1 =0.1jc, Vo =Vg,and V1 =V
at j = Jj1;

— an increase of the leakage current density jO in the
slightly nonlinear CVC section, which corresponds to the
voltage V' = 0.8V [24].

The dependences of CVC parameters on the degra-
dation voltage and time are given in Figs. 4 and 5.
These figures also present the results of experimental
researches concerning the influence of the long-term pas-
sage of a constant electric current with a density of about
107% A/cm? [1, 2, 24], which corresponds to a mode of
standard industrial tests, on the stability of varistor zinc
oxide structures. The values of voltage Vp applied at
the degradation across a separate IPB, provided that
the current density jp was equal to that used under test
conditions (at a temperature of 358 K), corresponded to
the interval from 0.5 to 1.5 V. The transition from the di-
mensionless degradation time, £, used in theoretical cal-
culations to the real one, ¢, was carried out by selecting
the diffusion coefficient for donor ions, DT, so that the
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Fig. 5. Dependences of the CVC nonlinearity factor 8 (a) and the
leakage current (b) on the time of a constant degradation electric
current flow, ¢t. Curves represent the results of theoretical calcu-
lations for a single IPB at various degradation voltages Vp = 0.3
(1, 1) and 1.2 V (2, 2’). Curves 1 and 2 correspond to mea-
surements in the degradation current direction, and curves 1’ and
2’ to the measurements in the opposite direction. Points denote
experimental results for a varistor structure [18, 24| obtained at
the jp-polarity, for which the deflection AV is maximal

best coincidence with the initial sections of the consid-
ered dependences should be provided. This was achieved
by moving the curves along the logarithmic time scale.
The obtained estimates for D+ ranged from 1 x 10715 to
5x 10715 ¢cm? /s for data reported in works [18,24], which
agrees with the data known for polycrystalline zinc oxide
[26].

By analyzing the time dependence of a deflection of
the classification voltage, AV (t), we may state a satis-
factory correspondence between experimental data and
the results provided by the considered model for short
time intervals of the degradation electric current flow.
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However, with the growth of ¢, the experimental depen-
dence testifies to a slower increase of the parameter un-
der consideration. The most probable reason for this dis-
crepancy is the inhomogeneity of the ceramic structure
and the percolation character of its electrical conductiv-
ity [27]. In the course of degradation, the resistance of
critical barriers (in terms of work [28]) decreases owing
to their distortion. This can lead to the equalizing of
resistances in the circuits of the critical sublattice.

Hence, in the course of degradation, owing to a reduc-
tion of critical IPB resistances, a redistribution of the
voltage can take place in the varistor structure. As a
result, the period of the critical sublattice can decrease,
and the voltage applied across such a separate IPB also
decreases, which manifests itself in a reduction of the
deflection, AV, sensitivity to the voltage applied to the
structure.

It should be noted that, by analogous reasons, we ob-
served a slower increase of other experimental CVC pa-
rameters (8 and jo) as well.

To summarize, it should be noted that the procedure
of determination of the electrodiffusion coefficient of ion-
ized donors D, which was considered here, allows con-
clusions on the stability and the service lifetime of a
varistor structure to be drawn.

4. Conclusions

An electromigration model describing a variation of the
nonlinear electric properties of non-uniform structures
with intergrain potential barriers during the long-term
passage of an electric current has been developed. The
model allows the irreversible degradation of those struc-
tures to be interpreted properly. The electric current
through the intergrain potential barrier in a structure
composed of semiconductor crystallites separated by a
thin (of about 20 A) dielectric layer gives rise to a
growth of the donor concentration near the crystallite
surface owing to the donor motion in the electric field,
as well as to a distortion of the barrier and the current-
voltage characteristics of the structure. The SCR, which
is reverse-biased at the degradation current flow, is more
prone to a distortion (the accumulation of near-surface
donor concentration, a reduction of the height and the
thickness of the intergrain barrier). In the course of
degradation, the varistor section in the direct (with re-
spect to the degradation current) CVC branch turns
out more shifted toward lower voltages, and the leak-
age current grows more rapidly in the weakly nonlin-
ear section of the reverse CVC branch. A correlation
between the tendencies for main varistor parameters to
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change (a reduction of the classification voltage, a re-
duction of the nonlinearity factor, and an increase of the
leakage current) has been established by analyzing the
developed model and the known experimental data. We
have demonstrated that the data obtained can be applied
to the estimation of the diffusion coefficient of charged
donors. This parameter can be used for the estimation
of the stability and the service lifetime of products on
the basis of varistor zinc oxide structures with tunnel
current-voltage characteristics.
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EJIEKTPOMIT'PAIIIIHA MOJIEJIb JETPATAIIIL
METAJIOKCUJHNX BAPUCTOPHIUX CTPYKTYP

O.B. Isanuenxo, O.C. Tonxowxyp
PeszowMme

Hageneno pesynbraru MozeaioBaHHs BILIUBY Mirparnii ionisB y na-
MiBIPOBIIHUKOBUX KPHUCTAJIITaX OKCUY IUHKY IIPU TPUBAJIOMY
nporikaHHi po6OYOTO eJIEKTPUIHOrO CTPYMY Ha BOJIBT-aMIIEPHi Xa-
PaKTEPUCTUKN BAPUCTOPHUX CTPYKTYD 1 BUSHAYEHHsI yMOB Ta I1a-
paMeTpiB, IPUJATHUX /I KOHTPOJIIO MIPOIeCy TXHBOI HE3BOPOTHOL
Jerpaiartii.

Bcranosiieno, mo 6i/1bIn CXUIbHA [0 3MiH (HAKONMYEHHS [IPHUIIO-
BEPXHEBOI KOHIEHTPAI] JOHODIB, 3MEHIIIEHHs BUCOTH i TOBILIMHN)
CKJIaZ0Ba MI>KKPHUCTAJIITHOTO IIOTEHI[AJILHOrO 6ap’epa, sika yTBO-
PIOETHCsT 00JIACTIO IIPOCTOPOBOrO 3apsi/ly KPUCTAJITa, € 3BOPOTHO
3MIMIEHOIO IIi/] Yac MPOTIKAHHS JEerPaJalliftHOro cCTpyMy. Y Ipolie-
¢l merpajanil BapuCTOpHA JJISTHKA OPAMOI (CTOCOBHO CTPyMy Jie-
rpajanii) rinku BosbT-amnepHol xapakrepuctuku (BAX) 6Giibie
3MilyeTbcsi B 00JIaCTh MEHIIUX HAIPYT, a CTPYM BHUTOKY OijibIie
3pocTae st ciaboHeIHIRHOT JJISHKY 3BOpOoTHOI rinku BAX.

TTokazano BiAHOBiAHICTH TEHIEHIIi 3MIHM OCHOBHUX BapUCTOP-
HUX IapaMeTpiB (3HMKeHHs KiacudikaniiHol HAIPYTH, 3MEHIIe-
HHs KoedinieHTa HEIIHIRHOCTI Ta 36LIBIIEHHS CTPYMYy BUTOKY),
KOTPi OJieprKaHi 3 aHaJIi3y PO3BUHYTOI MO/JIEJ, BiZJOMUM €KCIepu-
MEHTAJbHUM JAHUM i MOXKJIUBICTBH OIIHKHU Koedirienra maudysil
3apsKEHUX JOHOPIB Ta BUKOPUCTAHHSI IILOI'O IapaMeTpa y KOH-
TPOJIi Mpale3 aTHOCTI BUPOOIB HA OCHOBI BapUCTOPHUX OKCH/THO-
IMHKOBUX CTPYKTYDP 3 TYHEJBHOIO BOJIBT-aMIIEDHOIO XapaKTepu-
CTHUKOIO.

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 3



