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A review of recent theoretical studies of the effects of a surface
state and the screening on the nucleation and growth of artificial
nanodomains in ferroelectrics-semiconductors. The obtained
results prove that the formation of nanodomains caused by the
inhomogeneous electric field of a biased force microscope probe
is a first-order phase transition, since the domains with finite
radii appear at the critical voltage applied to the probe. The
critical voltage depends on the probe geometry, films thickness,
surface state, and screening effects. The activation barrier height
and domain nucleus critical sizes strongly depend on the surface
charge state: a value and the distribution of charge density that
screen the spontaneous polarization outside the sample.

1. Introduction

Domains with almost homogeneous polarization and thin
enough domain walls can be formed in ferroelectrics
and ferroelectrics-semiconductors by a local external
excitation caused by inhomogeneous electric fields with
definite polarity.

Recently, one- and two-dimensional arrays of
stable submicro- and nanodomains have been tailored
in such ferroelectric materials as LiNbOgs, LiTaOsg,
Pb(Zr,Ti)O3, BaTiOs, and BiFeOs with the help
of the inhomogeneous electric field produced by
the probe of an atomic force microscope (AFM)

or piezoelectric force microscope (PFM) [1-10].
The experimental and theoretical investigations of
“artificial” domain structure tailoring are of high
interest owing to their prospective applications in
modern nanotechnology, design of nanoelectronic and
electromechanic device elements, nonlinear optics, and
memory cells.

From the fundamental point of view, the polarization
reversal in nanoregions of polar-active materials by using
AFM and PFM is a prospective field for in situ studies
of the size and surface effects of the domain structure
and the switching kinetics. The adequate model of
local polarization switching is desirable for the further
progress.

The totality of published experimental data
corroborates the fact that defects and local mechanical
stresses, size and surface effects, conductivity and
thickness of samples, and properties of substrates and
electrodes essentially affect the polarization reversal
in nanoregions. However, the united notions about
the defect influence on the mechanisms of domain
nucleation, growth, and reversal are still absent. As
a sequence, there are no explanation of the essential
difference between calculated and measured coercive
fields, quantitative description of a decrease of the

IThe results of the work were reported at the 3-rd Ukrainian Scientific Conference on Semiconductor Physics (17-22 June 2007,

Odessa, Ukraine).
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switchable charge under the switching cycling, and
consideration of the realistic finite domain wall width.

While the macroscopic polarization switching has
been studied in details, the kinetics of polarization
reversal in nanodomain structures requires a
complex experimental and theoretical investigation.
In accordance with modern scientific conceptions,
local methods of probe microscopy are ideal for the
experimental study of the nanodomain formation;
they not only accomplish optics methods but also
have several specific advantages. Experimental and
theoretical investigations of the polarization switching
kinetics and the domain wall motion mechanism
in typical ferroelectric materials like Pb(Zr, Ti)Os,
PbsGesOq1, LiTaOs3, LiNbOgs, and relaxor ceramics
were reported in works [11-17]. The regimes of the
fast and ultrafast motion of domain walls and the self-
organization possibilities were demonstrated for the
first time; the leading role of the depolarization field
screening retardation was established. It was shown
that the surface dielectric layer characteristics and the
electrode type essentially influence the domain formation
kinetics and a shape of separate domains.

A number of phenomenological models of domain
formation in ferroelectric single crystals and thin
films [18-22] is based on the classical thermodynamic
approach formulated in [23], where the domain
nucleation was studied in ferroelectrics-dielectrics under
a homogeneous electric field. The model predicted
extremely high activation barriers for the homogeneous
domain nucleation, suggesting the role of defects in
the polarization switching (the Landauer paradox).
The surface bound charges on the domain face
close to the electrode are compensated by the free
charges on plain metallic electrodes, so that only the
infinitely thin charged domain wall contributes to the
depolarization field energy. In the majority of theoretical
papers considering the artificial domain formation,
semiconductor properties of ferroelectrics are neglected;
the screening and the compensation of bound charges are
not considered. These limitations make a lot of models
self-contradictory. For instance, surface bound charges
are regarded screened during the polarization reversal,
while the interaction energy of a nucleated domain with
an external electric field is calculated under the absence
of screening charges. However, since the probe causes a
strong inhomogeneous electric field near the ferroelectric
surface, the recharging of surface levels is quite probable
in the majority of experiments.

Within the modified Preisach approach, the
difference between local coercive fields for the single-
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Fig. 1. Nanodomain formation stages caused by the electric field of
a charged FM probe apex: (a) initial state, (b) nucleation, growth
(¢), reversal (d). U is electric voltage applied to the probe; AR
is the distance between the probe apex and the sample surface,
Rp is the probe apex curvature, r is the semiellipsoidal domain
radius, [ is its length,h is the film thickness, Pg is the spontaneous
polarization, and og is the density of surface screening charges
determined by the polarization bound charge abrupt at the surface

domain nucleation and a step on the domain wall
appeared during the domain growth is taken into
consideration. This allows one to model the domain
kinetics in ferroelectrics with inhomogeneous spatial
distributions of coercive fields and to distinguish the
main stages of domain structure growth [24-26]. Special
attention is paid to the retardation of depolarization
field screening effects. Within the modified Preisach
approach, it is possible to calculate the influence of a
surface dielectric gap on the screening efficiency.

2. Problem

Following original papers [27-33], let us consider the
thermodynamic formation of nanodomains caused by
the biased probe inhomogeneous electric field allowing
for semiconductor properties, surface and bulk screening
charge layers, and size effects in thin ferroelectric films.

The sample is regarded as a transversely isotropic
ferroelectric with spontaneous polarization vector Pg
and different values of dielectric permittivity along and
across a polar axis, €33 and €11, respectively. The polar
axis z is directed across the surface inside the sample,
so that the spontaneous polarization is +Pg inside and
—Pg outside the domain (see Fig. 1). Within the rigid
ferroelectric model, we suppose that the dependence of
the susceptibility on an external field E is small enough,
so the displacement vector is D = ege3sE + Pg (g¢ is
the universal dielectric constant).

For typical experiments performed in ambient (e.g.,
in air without special drying), the hydrophilic surface of
oxide materials is covered with a thin water layer. When
the charged microscope probe approaches the surface,
polar water molecules are attracted by the strong electric
field; in this case, the hydrophilic or hydrophobic probe
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apex material and the water absorption and dissociation
play an important role. Thus, we assume further that
the ambient medium has dielectric permittivity e., and
1<e. <81

Before the domain formation, surface bound charges
with charge density Pg are fully compensated by
ambient screening charges with charge density 0% =
—Pg. The appearance of the screening charge layer can
be related with a slow redistribution of surface free
charges captured by deep surface layers, as well as the
free charge segregation from ambient related to the
absorption of water molecules.

Various models of screening charge layers appeared
at a semiellipsoidal domain face (denoted as og) and
around the moving domain wall (denoted as o}) have
been considered in [27-33|. Most acceptable is the model
where a screening charge o3, captured by the domain wall
allowing for the band bending and the strong electric
depolarization field is concentrated near the domain
apex and thus screens the spontaneous polarization
+Ps. The effect of the capture of screening charges by
the moving domain wall is corroborated by numerous
experimental facts proving that the neighboring domains
in a dense array do not cross-talk during their formation,
reorientation, and storage. Depending on the domain
shape, o, and og are different on the domain surface:
op — — (Ps + 0g) near an oblate domain apex allowing
for the initial screening charge conservation 0% = —Psg,
while o, — —2Pg near the spike-like domain apex (see
Fig. 1). In the general case, og depends on the surface
state and the electric field distribution near the surface
(i.e. on the probe-sample surface geometry) and vary
within the range —Ps < 0g < Ps.

In the ferroelectric-semiconductor bulk, the
charge density py(r) satisfies the equation ps(r) =
—eg ke (1) / R? in the linear approximation, where R,
is the Debye screening radius and x = ,/g11€33 is the
effective dielectric constant. The potential distribution
o(r) is determined by the Poisson equation with the
boundary conditions for the potential and normal
displacement components, D,,_, — Dy, = op(z) on
the domain sidewall ¥, and D - D = 0g on the
sample surface z = 0.

The electric field induced by a biased probe, E =
—Vo(r) was calculated using the appropriate model
for a probe tip. For the domain nucleation and initial
growth stages, we use the local point charge model
that adequately describes the probe electric field in the
immediate vicinity of the tip-surface junction. For the
later growth stages, one could use the more rigorous
but complex sphere-plane model, when the conductive
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probe apex is considered as a metallic sphere of radius Ry
under voltage U. The results obtained in the capacitance
approximation (a point charge at distance Ry from the
surface) were analyzed for comparison.

3. Nanodomain Nucleation in
Ferroelectrics-Semiconductors

The next step is to determine the electrostatic energy
AP, = A [dv(D-E—Pg-E)/2¢ of the domain and
the domain wall energy ®g (r,1), as described below.

When the electrostatic potential ¢(r) is determined,
and the domain free energy is calculated, the nucleation
conditions and the growth stages of equilibrium domains
can be determined within the thermodynamic approach.
The free energy excess of the semiellipsoidal domain with
radius r and length [ formed below the tip under the
action of a bias U acquires the form [28-33]:

o (U,r,l) =y (Ur,1)+ Ps (r,) + Pp(r,i). (1)

a) @y (r,l) is the interaction energy of the domain
polarization with the tip-induced inhomogeneous electric
field; its Pade approximation has the form

RdUCt/&) %
(k4 ¢€e) Rq+ 2k4/d? + 12
y ((US —Ps) r2 n (2P5—|—ab)r2 ) .

VP +@Z+d PP+ P +d+ (1))

The distance d is the effective charge - surface
separation describing the probe tip electric field
(typically, d = 1 — 100 nm) and is proportional to the
tip curvature Ry and the tip apex-sample separation
AR. The quantities e, and x = ,/g33e1; are the
ambient and ferroelectric dielectric permittivities, C; is
the probe tip effective capacity, and v = +/e33/e11
is the dielectric anisotropy factor. Under the typical
conditions Ry > AR and R; > R,, the distance
d = e.Ryp/k and capacity C; ~ 27meq (¢, + k) d within
the local point charge model. Within the total point
charge model for a spherical tip apex of radius R,

cetr
(52).
d~2e.Roln((e. + k)/2ec)/(Kk — €c). In the capacitance
approximation, d = Ry + AR = R, and C} is the same
as that for the total point charge model.
b) The domain wall surface energy ®g (r,1) is

arcsin /1 — r2 /12
1T /7/
1—7"2/l2
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Fig. 2. Free energy contour maps ® (r,l) of a semiellipsoidal
domain for different voltages U applied to the probe: U =
5, 85; 10 V (a-d). Material parameters: Ps ~ 0.6 C/m?2,
s ~ 100 mJ/m?, e, = 10, 11 = £33 = 70 corresponds to BiFeOs;
og = —Ps, AR <1 nm, Rp = 50nm, d = 7 nm, Ry > 500 nm
(Uer ~ 8.64 V)

Here, we assume that the domain wall thickness
is negligibly small in comparison with domain sizes,
and the domain wall surface energy g is a constant
independent of the wall orientation. In accordance with
the recent data, the thickness of domain wall is of
the order of several lattice constants in perovskite
ferroelectrics. However, the value of g discrepancy
encountered in the literature is very high, e.g., 1-10
mJ/m? for BaTiO3 and 40-400 mJ/m? for LiTaOs.
Thus, ¥g can be considered as a fitting parameter.
¢) It has been shown [29-33] that the depolarization field
energy is created by the bulk (Landauer contribution)
and the surface charges. For the considered case of
tip-induced nucleation, the Pade approximation of
depolarization field energy ®p(r,!) is

4 7‘3 Rdl (O’S - Ps)2
eo (1 (37Ry (K + €¢) + 16K7) + 8y KRyr)”

Op(rl) ~

The thermodynamics of the switching process can be
analyzed from the bias dependence of the free energy,
Egs. (1)—(4). The dependence of ® (r,l) on the domain
radius 7 and the length [ can be represented as a free
energy surface for each value of U (see Fig. 2).

ISSN 0503-1265. Ukr. J. Phys. 2008. V. 53, N 7

Eq(eV)
Uwr (V)

Eq(eV)

Uq (V)

-1 -0.5 0. 0.5 1

os IPs o5 /Ps

Fig. 3. Domain nucleus activation energy E, at voltage U = Ucr
(a, ¢) and critical voltage Uer (b, d) via the relative surface charge
density og (in spontaneous polarization Pg units) for op # 0
(a, b) and o, = 0 (¢, d). The solid curve is calculated for the
effective point charge tip model, the dotted curve is calculated
for the sphere-plane tip model, and the dashed curve represents
the capacity approximation. Material parameters are the same as
in Fig. 2

For small biases, U < Ug, the free energy is a
positive definite monotonic function of domain sizes
corresponding to the absence of a stable switched
domain. At U = Ug, the saddle point appears.
For biases Us < U < U, the local minimum
Din > 0 corresponding to a metastable domain of
size [, r arises. For U = U, the absolute minimum
®in = 0 corresponding to a thermodynamically stable
domain of size ., 7 is achieved. The threshold
corresponds to the first-order phase transition. For U >
U, the stable domain of sizes [, r is formed. The
metastable or stable minimum point and the coordinate
origin are separated by the saddle point {rg,ls}. The
corresponding energy ® (rg,ls) = F, is the activation
barrier for the domain nucleation, while the domain
parameters {rg,ls} represent the critical nucleus size.

The influence of surface screening on the activation
barrier of the domain nucleus formation and the
corresponding critical voltage is illustrated in Fig. 3
for the case o, # 0 (a, b) and o, = 0 (¢, d).
The activation barrier and the critical voltage are
minimal for 0g = —Pg (less than 0.1 at o0, — —2Pg
and 10 eV at 0, = 0). The barrier drastically increases
(up to 10° eV) at g — +Ps and o, = 0. Such a
behavior is related to the assumption about the absence
of the carrier capture by the domain wall near the
domain apex and the absence of a gap between the bound
and screening charges on the domain face. Thus, the
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screening charge increase (i.e. og > —Pgs) leads to a
decrease of the electrostatic forces induced by a charged
probe. In the case of complete screening (og — Pg), the
electrostatic forces are absent, and the domain formation
does not appear.

We note that the realistic barrier (less than 1
eV) calculated for prolate nuclei in the inhomogeneous
electric field of a probe at o0 < 0.5Ps and o, —
—2Pg, is about 3—7 orders less than that in the case
of a homogeneous electric field considered by Landauer.
The barrier height rapidly decreases with increase in
the voltage U. The activation energy and the critical
voltage calculated within the capacitance model of
probe (about 200 eV for U, ~ 10 V) are much more
higher than the values calculated within the spherical
and effective point charge models. Thermal domain
nucleation is impossible for such high barriers, making
the capacitance approximation widely used for the
late growth stages to be inapplicable to calculations
of the nucleation threshold. Analyzing the obtained
results concerning the nucleation of a domain and its
initial growth and calculated within different models
of the electric field of a probe, we conclude that the
effective point charge model is rather adequate and most
simple.

The activation barrier height F,, critical voltage U,
and nucleus sizes rg and [g depend on the screening
charge density. In ferroelectrics-semiconductors, the
screening mechanism of spontaneous polarization is
essentially different for the +7 and —Z polar cuts. For
instance, the carriers of different types (i.e. electrons
and holes) have different mobilities and electrochemical
potentials which determine the work function [since
different ions (Li-O or Nb-O) are located at the +Z
and —Z cuts, respectively|. This leads to the different
values of U, for the +Z and —Z cuts. That is
why the experimentally obtained critical voltage and
minimal domain sizes at different polar cuts of LiNbOj3
and LiTaOg differ by several times under the other
conditions being the same [34].

Additional calculations have shown that the Debye
screening leads to the approximately identical decrease
in both the electric field of a probe inside the sample
and the depolarization field. The growth of the domain
radius almost stops at r > Ry, and the increase in the
length stops at I > Ry. To the best of our knowledge,
stable domains of submicron and micron sizes can be
formed in stoichiometric LiNbO3z and LiTaOj single
crystals in dry atmosphere (argon) after a special surface
treatment. The domain radius is not more than 100-
200 nm in ferroelectrics-semiconductors such as doped
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Pb(Zr,Ti)O3, BaTiO3, or BiFeO3 in agreement with
estimations Ry = 50 + 500 nm.

At Rg > [, the approximate analytical expressions
for the critical voltage U, and sizes re;, lcr, equilibrium
domain sizes {req;leq} in terma of the applied voltage
U are given in [32,33]. The expression for the effective
piezoelectric response d5i measured at the center of a
rather prolate (r < 1) or cylindrical domain with radius
Teq Was derived in [35]. The piezoelectric response of thin
films was analyzed in [36, 37]. Expressions which provide
the self-consistent analysis of the effective piezoelectric
response d§ as a function of the applied voltage U have
the form

3z 2
A (reg) ~ — =23 (1 -
33 (Tea) ( 1 T+ 7df8reg ) "
dis 2
bt O e
g ( 1+37rd/8req>> ’

2 (U

3Tcr UCr ’
2d (U

leqU) =l [ 14+ 24— -1 .

q( ) ( + Ter <Ucr ))

Here, dj5 = ds3 + (1/3 + 4v/3) d31, d;; is the strain
piezoelectric tensor, v = 0.35 is the Poisson’s ratio, and
the dielectric anisotropy is small, i.e. v & 1.

It is worth noting that the experimentally observed
saturation law for PFM response hysteresis loops
corresponding to the domain formation and the reversal
differs from expressions (5) obtained in the absence
of the domain wall pinning for constant piezoelectric
coefficients d;;. To describe the realistic piezoelectric
response loops, both the pinning phenomena and the
voltage dependence of d;; should be taken into account,
because, by definition, d;; ~ &;;(U)Ps(U), where
the dielectric permittivity skj(U ) and the polarization
Ps(U) depend on the applied voltage U in agreement
with the dielectric and ferroelectric hystereses.

Teq(U) = Tor (1 + 2

(5b)

4. Thermodynamics of Nanodomain
Formation in Thin Films of
Ferroelectrics-Semiconductors

For the miniaturization of devices, the nanodomain
formation in ferroelectric films of thickness less than
100-200 nm is much more expedient, than the usage of
samples with micron thickness. As was shown in [22, 28],
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Fig. 4. Domain radius r versus the applied voltage U for a BiFeOs
film with the thickness h = 240 nm obtained by the deconvolution
of a piezoresponse hysteresis loop at maximal voltages U = 10,
15 and 20 V (points). The thermodynamic dependence of the
domain radius on the applied voltage is shown by the dashed curve.
Experimental data are taken from [38]|. For the deconvolution,
Eq. (12) was used at di; = di5 = 54 pm/V and d = 7nm.
The calculated effective point charge-surface separation d = 7 nm
corresponds to the tip apex curvature Rgp = 50 nm and the
ambient medium susceptibility e = 10. The parameters for the
thermodynamic dependence r(U) corresponding to the activation
barrier E, < 1 €V are listed in the capture of Fig. 5. The inset
shows the geometry taken in the piezoelectric response calculations

at the center of a cylindrical domain

the domain formation caused by the inhomogeneous
electric field of a charged probe demonstrates four
successive stages with increase in the applied voltage:
(a) the nucleation of a new domain under the action
of voltages more than U,,, which depends on the tip
geometry, film thickness, screening, and a state of the
surface; (b) the growth of a semiellipsoidal domain; (¢)
the instability region when the domain wall approaches
the bottom electrode; and (d) a cylindrical domain runs
through the film from the free surface to the bottom
electrode and the further growth occurs in the lateral
direction only.

Analytical and numerical calculations have shown
that domains usually transpierce films of thickness
h <<I€R0.

For the stage of lateral domain growth, the free
energy of a cylindrical domain transpierced the film has
the form similar to Eq. (1), i.e. ® (r) = @5 (r)+ Py (r)+
®p (7). Under the condition AR << Ry typical of the
majority of experiments on the domain formation, the
following expressions are valid [28]:

ISSN 0503-1265. Ukr. J. Phys. 2008. V. 53, N 7

|

/>\;
K Nucleus size
% r<1A
St
()
=
(0]
=
2
: -~
b5 (a)
<
20
10° ~10F ]
£ il
£ 10 o100t Y
SN’ .5 I
g z 0
R7 =) 1
72} 1 S 10 14
= 1
£ £ | ©
Q
E 0.1 A 1 :
0{],,3 0 15 20 0,5 10 15 20
U (V) U

Fig. 5. Activation energy (a), critical nucleus sizes (b) and
equilibrium domain sizes (c) versus the applied voltage Ufor a
240-nm-thick BiFeOs film calculated within the effective point
charge model of the electric field of a probe tip. The jump on the
dependence r(U) indicates the penetration of the domain through

the film. The parameters are listed in Fig. 2; 0g = —0.25Pg
a) Domain wall energy:
®g (r) = 2msr h; (6)

b) Pade approximation for the energy of interaction
of the domain polarization with the tip-induced
inhomogeneous electric field calculated within the
sphere-plane model of the electric field of a probe tip:

Dy (r) = fotee ln(ﬁ—i_ge) X

K — €e 2¢,

dne, (05 — Ps) RohRy (\/Rg T2 RO)
X
(k +ec) hRq + K(Rq + 2h)\/ R% + r?

¢) the energy of the depolarization field created by
surface bound charges:

U; (7)

1 47 (o5 — Ps)* 13h Ry
g0 (16xr + 37 (k +ec) Ra) h + 8kRar’

(8)

@Ds(r) ~

If the difference (Ps — og) is positive and does not
tend to zero, the equilibrium domain radius r overcomes
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the probe apex radius Ry and can be described by the
following voltage dependence:

Q(Psfds)seln K+ €e y
Ysh (k —&e) 2e,

- Rgh (I<L + Ee)
- (Rqg+2h) kK

1/2
XRO(RO(RdJrQh)HJr1> 1. (9)

Rah (k +¢e.)

Domain radius can be determined from
experimentally obtained piezoresponse hysteresis loops
by the deconvolution method using Egs. (5a), (5b),
and/or (9). The typical dependence of the domain
radius on the applied voltage and the -calculated
thermodynamic curve are shown in Fig. 4 for a
multiferroic BiFeOs3 film.

Analyzing the difference between the thermodynamic
dependence (the dashed curve) and the deconvolution
(points), it is possible to estimate the quantitative
influence of defects on domain sizes. At small voltages
(U < 10 V), the thermodynamic curve and the
deconvolution are relatively close to each other, i.e. the
defects which are far from the nucleation region weakly
affect the local polarization switching kinetics in BiFeOs.
As the voltage increases (U > 10 V), the domain radius
increases, the electric field on its boundary decreases,
and the domain wall pinning becomes noticeable: the
thermodynamic curve corresponds to higher domain
radii than the realistic “admixture” of kinetics and
thermodynamics.

5. Conclusions

The nucleation of nanodomains in ferroelectrics-
semiconductors is the first-order phase transition. A
nucleus overcomes the activation barrier, and a domain
appears with finite radius at the definite critical voltage
applied to the probe.

The leading role of surface screening during the
domain nucleation, equilibrium growth, and reversal
induced by the electric field of a probe in ferroelectrics-
semiconductors is established. Additionally, both the
surface and bulk screenings lead to the saturation of the
domain radius and length at the later growth stages.

For the rigorous description of the local polarization
switching on the real time scale, the domain wall pinning
should be considered. The thermodynamical approach
allows the description of piezoresponse hysteresis loops
which correspond to the nanodomain nucleation, growth,
and polarization reversal.
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The obtained results allow one to clarify the physical
processes running during the nanoscale polarization
reversal in ferroelectrics-semiconductors and open a
way of the optimization of experimental conditions for
the formation of stable ferroelectric nanostructures by
scanning probe microscopy.
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BIIJINB CTAHY IIOBEPXHI I ABUIIl EKPAHYBAHH{
HA HYKJIEAIIIO I PICT IITYYHNX HAHOJIOMEHIB
Y CETHETOEJIEKTPUKAX-HAIIIBITPOBIIHNKAX

I"M. Mopososcvka, I'.C. Ceeunikxos, C.B. Kaninin,
€.JI. Pymanues, €.1. Huwxin, A.I. Jlobos, B.4. Illyp

Peszowme

IIpencraBiieHo aBTOPCHKUIL OIVIsIZ] OCTAHHIX TEOPETHYIHUX JOCIiI-
JKeHb BIUIMBY CTaHy IIOBEDXHI Ta SBUII €KpPaHyBaHHS Ha HYyK-
Jleallifo Ta PICT IITYYHUX HAHOJAOMEHIB Y CErHETOEJIEKTPUKAX-
HaniBrnposinaukax. OiepKani pe3yIbTaTi BKa3yOTh HA Te, 110 BU-
HUKHEHHSI JIOMEHIB IIiJ] /1i€l0 HEOJHOPITHOTO €JIeKTPHUYIHOrO IIOJIS
30H/Ia CHJIOBOT'O MIKPOCKOIa € (pa30BUM IIEPEXOJIOM IIEPIIIOrO POIY
— JOMEHHU CKIHYEHHOIO paJiiyca yTBOPIOIOTHCS, SIKIINO €JIEKTPUY-
Ha HaIpyra, NPHUKJIaJeHa 10 30HZA, BHUINA 33 KPUTUYHE 3HAYEH-
Hsl, iK€ 3aJIE2KUTh BiJl reoMeTpil IOJIKW, TOBIIUHU ILIIBKH, SBUIIL
eKpaHyBaHHs Ta CTaHy IoBepxHi. Bucora enmepreruunoro 6ap’epa i
KPUTHUYHI PO3MiIpHU 3apojKa B 3HAYHIN Mipi BUBHAYAIOTHCS CTAHOM
IIOBEPXHi 3pa3Ky: BEJIMYMHOIO I PO3MIOAIIIOM T'yCTHHH 3apsy, IO
€KPaHy€ CIOHTaHHY IOJISIPU3AIIO 30BHI 3pa3Ka.
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