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The IR light absorption oscillations in 2D macropas silicon structures with microporous silicon,
SiO, nanocoatings, and ZnO nanocrystals have beenesluatiroom temperature. Oscillations with giant
amplitude are observed in the spectral ranges sbafttion by surface levels on "silicon — nanocogitin
boundary. The electro-optical effect has been amred within the strong electric field approximatio
due to resonance electron scattering on the surfageurity states with the difference between two
resonance energies equal to the Wannier-Stark ladRiesonant electron scattering gives rise to the-reso
nances of the permittivity and a corresponding g®am the absorption. In this case, the WannieriSta
effect is realized as a result of large-time elentscattering as compared with the period of itsiles
lations in the strong electric field of illuminatésilicon — nanocoating" boundary.

INTRODUCTION

One of the promising materials for the develop-
ment of 2D photonic structures is macroporous
silicon that can be obtained using the photoanodic
etching. It is connected with formation of the
structures of necessary geometry and high ratio
between the cylindrical macropore depth and dia-
meter [1, 2]. Presence of periodically located
cylindrical pores divided by silicon columns pro-
vides large effective surface area of the samples.
This determines optical and photo-physical charac-
teristics of macroporous silicon structures [3-5].
For wavelengths below the optical period of
structures, a reduction of light absorption is ob-
served owing to the guided and radiation optical
modes formed by macroporous silicon as a short
waveguide. According to [6], the absolute absorp-
tion maxima are determined by the guided optical
mode position. The results obtained were ex-
plained by specificity of a macroporous silicon
surface. The existence of an intrinsic electritdfie
Fs= (5:9)0° V/cm is confirmed in [7] by an
electroreflectance study of macroporous silicon
surfaces. In view of the potential barrier on a
macropore surface, one should take into account

The near-IR optical absorption in 2D photonic
macroporous silicon structures was investigated
in [8] with allowance made for the linear electro-
optical effect. The spectral dependence of optical
absorption of macroporous silicon structures in
the near-IR spectral part has an oscillating struc-
ture and varies under the "3/2" law at long wave-
lengths. This correlates with frequency depend-
ence of the imaginary part of permittivity for op-
tical transitions between impurity levels and the
allowed bands of a crystal in an electric fielde(th
impurity Franz-Keldysh effect). The electric field
of the reflected electromagnetic wave at the graz-
ing angle of light incidence onto macropore sur-
face changes effectively the local electric fietd o
the macropore surface. The experimental absorp-
tion spectra of macroporous silicon agree well
with the corresponding spectral dependences of
the electro-optical energy and the imaginary part
of permittivity in the weak electric field approxi-
mation, thus confirming realization of the linear
impurity Franz-Keldysh effect.

In this paper, the near-IR light absorption
oscillations of 2D macroporous silicon structures
with microporous silicon, Si©Onanocoatings, and
ZnO nanocrystals were investigated at room tem-

recharging of the local surface centres at energies perature taking into account the electro-optical

below that of the indirect interband transition.
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effect within the strong electric field approxima-



L.A.Karachevtseva, S.Ya.Kuchmii, K.P.Konin et al.

tion. An analysis of the experimental absorption
spectra is carried out within the model of the
resonant electron scattering on impurity states in
strong electric field with difference between two
resonant energies equal to the step of the Wan-
nier-Stark ladder. An additional growth of electric

field intensity at illuminated "silicon —
nanocoating” boundary was considered.
METHODOLOGY

The samples to be studied were made of sili-
con wafers characterized by the <100> orienta-
tion andn-type of conductivity (the electron con-
centrationn, = 10" cmi®). We used the technique
of electrochemical etching at illumination of the
back side of a silicon substrate (thickness
H = 520um) [6]. Macropores with the depth
hp = 80:100pm, diameterD, = 2+5um and pe-
riod a, = 4+7 um were formed. The square-lattice
periodic structures, as well as those with arbytrar
distribution of macropores, were fabricated. The
initial specimens are combined micropore-
macropore silicon structures consisting of 100 nm
micropore layers on macropore walls. Addition
anisotropy etching in 10% solution of KOH was
used to remove the microporous layers from
macropore walls.

ZnO nanocrystals 5-6 nm in size were syn-
thesized in a colloidal solution of Zn(GEIOO),
in ethanol [9]. A colloidal solution of ZnO
nanocrystals was deposited onto a layer of micro-
porous silicon on the surface of macropores, and
the sample was kept until complete evaporation
of the solvent. The sample obtained was washed
with distilled water to remove residual electro-
lytes. The SiQ nanocoatings (thickness of
70-200 nm) have been formed on macroporous
silicon samples in dry oxygen during=8D minutes
at the temperature of 1050200T). The 800 nm
oxide layer was formed for 50 minutes at the
temperature of 1100° in wet oxygen using a
steam generator with deionized water. The oxide
layer thickness was measured using ellipsometry.

We performed optical investigations in the
1.3+25um spectral range using "Perkin Elmer"
Spectrum BXIl IR Fourier spectrometer. The op-
tical absorption spectra were recorded at normal
incidence of IR radiation on the sample (along the
main axis of cylindrical macropores). The ex-
periments were carried out in air at room tem-
perature. The spectral measurement error was
about 2cm™.
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EXPERIMENTAL

Surface nanocrystalsFor macroporous sili-
con structures with microporous layers and sur-
face nanocrystals, the light absorption increases,
and an oscillating structure appears (Fig. 1).
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Fig. 1. Absorption spectraaj and their fragments in
the vicinity of Si—-H bondsh) of macroporous
silicon structures with microporous layefs,(
ZnO surface nanocrystal2)( and without
coatings 8) in the vicinity of Si—-H bonds
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The absorption spectra of macroporous sili-
con structures with ZnO surface nanocrystals
(Fig. 1a, curvel) and those with initial micropo-
rous layers (Fig.d, curve2) have similar shapes
at photon energies over 200 meV.

The amplitude of oscillations is maximum at
spectral ranges of surface levels (organic species,
Si—H, C-H, and O-H bond vibrations [10, 11]) in
the absorption spectra of macroporous silicon
structures with ZnO surface nanocrystals. And
Si—O-Si, Si-Si, Si-K Si—O, SICH, C=0 bonds
were observed only in absorption spectra of
macroporous silicon structures with the micropo-
rous silicon layer (Fig.d, curvel) or without
nanocoatings (Fig.al curve3d). The form of oscil-
lations (Fig. b) indicates their resonant character.

X®OTIM2011. T. 2. Ne 2
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The spectral positions of oscillation maxima of Si—-O, Si-H, O—-H bonds and organic com-
of macroporous silicon structures with surface pounds. The amplitude of oscillations is maximal
nanocrystals and microporous layess oscilla- in the spectral ranges of surface level absorption
tion number curves (Fig. 2) are straight lines, and (Fig. 4b).
the oscillation period is almost constant (Fig. 3).
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Fig. 2. The spectral position of oscillation maxima of
macroporous silicon structures with micropor-
ous layers 1), ZnO @) and without coatings
(3) as function of oscillation number
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The oscillation energieAE of macroporous
silicon structures with microporous layers lie be-
tween 0.7-2 meV. The oscillations of small )
amplitude (Fig. 2, curv8) have been investigated 1000
in [8] for macroporous silicon structures without
nanocoatings. The experimental absorption spec-

Absorbance, ar

tra of macroporous silicon agree well with the %0 3% 400 M0 420 430 40 450 460 470
. Photon energy, meV
corresponding spectral dependences of the elec- b
tro-optical energy and the imaginary part of per- rig 4 aAbsorption spectraa) and their fragments the
m|tt|V|ty n the weak eIeCtnC f|e|d apprOXImatlon, Vicinity of O-H bonds |® of macroporous sitior
thus confirming realization of the impurity Franz- structures with Si@ nanocoatings 70 nm1)
Keldysh effect. and 800 nm2) thick and without coatinggj
The spectral positions of oscillation maxima
%é in the macroporous silicon structures with SiO
W nanocoatings and without coating are rather dif-
3 ferent (Fig. 2, curv8 and Fig. 5).
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Fig. 3. Spectral dependences of the oscillation period 200
of macroporous silicon structures with micro-
porous layersl), ZnO nanocrystal2} s
. . . 0 50 100 150 200 250 300 350 400 450
SiO, nanocoatings For macroporous silicon Oscillation number, m
structures with Si@nanocoatings, the light ab- iy 5 The sgctral position of oscillation maxima
sorption increases and an oscillating structure the macroporous silicon structures with $iO
occurs (Fig. 4, curvesl and 2). We observed nanocoatings of 70 nm1), 200 nm 2) anc
the essential absorption growth in spectral area 800 nm B) thickness
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The dependence of oscillation maxima of Wannier-Stark effect on randomly distributed
macroporous silicon structures with Si@ano- surface bonds on nanocrystals.
coating on oscillation number reveals spectral A method of experimental observation of
features at the energies of 0.25 eV, 0.4 eV, and Wannier-Stark ladder was proposed in [12]. It
0.7 eV. In addition, the oscillation period fluctu- was shown that the scattering amplitude had
ates around a constant value at low spectral resonant character in the case of electron scatter-
energies and becomes quadratic in photon en-ing on impurities. If the electric field is directe
ergy depending on SiOnanocoating thickness along thex-axis of the crystal, then electron
(Fig. 6). scattering occurs in the plang ¢), and the dif-

[ ference between two resonant energies is ap-
proximately equal to the Wannier-Stark ladder.
In our case, an electric field of "silicon—
nanocoating" heterojunctions on the macropore
surface is also directed normally to the surface
too (Fig. 7), and the surface states that scatter
electrons are concentrated perpendicularly to the
x-direction in the planey( 2 what is the plane of
resonant scattering.

Oscillation energy, meV

1 1
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g. 6. Spectral dependencies of the oscillation er
in the macroporous silicon structures with IO
nanocoatings of 200 nml) and 800 nm 2)
thickness

Fi

DISCUSSION

Resonant electron scatteringVe observed
the oscillating structure in the absorption spectra
of macroporous silicon structures with micropo-
rous silicon, SiQ nanocoatings, and ZnO
nanocrystals at room temperature. The amplitude
of oscillations is maximum at spectral ranges of
organic species, Si-H, C—H and O-H bonds. The
results obtained indicate strong effect of impurity

states on the surface of macroporous silicon struc- the energy clorrei;/)gnﬂlngb todthe mr:ngApI_he
tures with nanocoatings. This may result from €Nergy equal to 1/6 the band gapthe lattice

scattering of both electromagnetic radiation and parameter. The wave functlog in the Wannier rep-
electrons on the impurity states. The form of os- '€Sentation was written as [12]

Fig. 7. A fragment of system considered

Let us consider a semiconductor with the dis-
persion lawE(k) = Eo—A (coka+ cok.a) where
kis a quasi-momentum with componekisk;, £,

cillations (Fig. b) indicates resonant character of _ _ jé (E) OV, (0| ®
scattering. <J\¢’E>:<J ‘¢E>+< 1—0v <ocz; (E<E)O>E> . (D)
The oscillations of small amplitude in macro- ChN

porous silicon structures without nanocoatings [8] Here the first (second) term describes the

correspond to the weak electric field approxima- incident wave (scattered waveg)numbers the
tion. The macroporous silicon structures with sur- lattice site, G,(E) is the Green operatol, is
] 0 (]

face nanocrystals described in this paper have . . . .
the impurity potential. The complex energies for

higher surface potential of the "silicon— hich the d . fth d b
nanocoating” boundary. Therefore, the onset of which the enomlnato(; 0 Le second term Ie-
oscillations with giant amplitude can be attributed comes zero correspond to the resonances in elec-

to the electro-optical processes in strong electric tron scattering1/V, =(0|G, (E)|0) at E=e—il’
field. Moreover, the constant oscillation period (7'>0). The difference of two neighbouring
(Fig. 3) may specify the realization of the resonance energies is approximately equal to
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the value of the step in the Wannier-Stark lad- librium surface band bending of about 0.31 eV
der. Resonant electron scattering gives rise to and to the surface impurity concentration
the resonances of the permittivity at room N,=5010'" cm? for the electron concentration

temperature and a corresponding change in the n,=10"® cm® of

absorption.

The Wannier-Stark effect realizationThe
fact is that the levels of the Wannier-Stark
ladder have a certain width while its detec-
tion requires this width to be lower than the
difference between the energies of adjacent
levels, /< Fd. The contributions to the width
I' come from the interband interaction, elec-
tron-phonon interaction, and interaction with
impurity atoms.

The interband interaction was studied in
[13], the electron-phonon interaction was con-
sidered in [14]. It has been demonstrated that
it does not break the Wannier-Stark ladder.
The paper [15] deals with the influence of im-
purities on the Wannier-Stark ladder and with
calculation of the width of the Wannier-Stark
ladder levelsAE due to scattering on impuri-
ties. The Wannier-Stark ladder is not broken
by impurities if the intervals between the tran-
sitions due to scattering from impurity atoms
with lifetime r are greater than the period of
electron oscillations in external field,
Tg(7/Tg>1) whereTg= 2mh/AE, 7 is equal to
1/W (W is the probability for an electron to
leave the state per time unit due to scattering
from an impurity atom at lattice site). In [19],
the following estimate of the probability for
an electron to leave the state per time unit due
to scattering from an impurity atom at lattice
site was obtainedW< 2VyNi/(Nh) where V,
is the impurity potentialN; the impurity con-
centration and\ =(a?)™ the density of states.
As a result, the inequality/Tg>1 passes to
N; < AE/(41@°V,). Using the later inequality,
we find a numerical estimation of impurity
concentration.

We obtained the surface impurity concen-
tration in macroporous silicon structures by
the method of the photoconductivity depend-
ence on the distance between macropores [16]

and the temperature dependences of the photo-

carrier lifetime in macroporous silicon [17].
From the experimental temperature depend-
ences of the photocarrier lifetime in 2D
macroporous silicon structures the dimen-
sionless surface potenttal is about 12 at
room temperature corresponding to the equi-
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investigated macroporous
silicon samples.

The Bloch oscillation time is equal to
Ts=(4+8)10"?s for macroporous silicon struc-
tures with ZnO nanocrystals afig= (1+4)10" s
for macroporous silicon structures with micro-
porous layers. The lifetime relation i$Tz>1 in
the whole spectral region studied for macropo-
rous silicon structures with surface nanocrystals
(Fig. 8). Relatively long electron scattering time
in 2D macroporous silicon structures is due to the
small surface impurity concentration on macro-
pore surfaceN < 510" cri®) [16].
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Fig. 8. Spectral dependence of the lifetime tiela
7/Tg for macroporous silicon structures v

microporous layers1j and ZnO 2) surfac
nanocrystals

The inequalityr/Tg > 1 for the lifetime ra-
tio is satisfied (Fig. 8) in the whole investi-
gated spectral region for macroporous silicon
structures with Si@ nanocoatings taking into
account that the surface impurity concentra-
tion for macroporous silicon structurel;, is
lower than 186" cm®. Thus, the Wannier-Stark
ladder is preserved in the whole spectral range
for macroporous silicon structures with micro-
porous silicon, Si@ nanocoatings, and ZnO
nanocrystals.

Electric field intensity on "silicon —
nanocoating” boundary. Usually, the basic
sources of external electric field at a semicon-
ductor surface are the charge of the electron
levels and the built-in charge in the semicon-
ductor surface oxide [7]. The oscillation pe-
riod and electric field intensity of macropo-
rous silicon structures with Sphanocoatings
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fluctuate about a constant value at low spectral
light energies and become quadratic in the
photon energy depending on the geometrical
parameters of silicon matrix and Si@ano-
coatings (see Fi®b and Table). The electric
field intensity growth corresponds to the
guasi-guided mode formation [19] in the sili-
con matrix (minimum distance between
macropores) with 2= a,— (D, + dsio,) and

in the silicon column with
20si=1.4[a,- (Dp+ dsio;)] (see Table). The
mode parameteQs; LKos;i is determined by
the beginning of the photon energy quadratic
growth (Fig. &, curvesl-4).
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Fig. 9. Spectral dependencies of the lifetime r
7/Tg (a) and those of the electric field inten-
sity F on macroporous silicon surfachk) (for
structures with Si@ nanocoatings of 200m
(1) and 800 nm 2) thickness; spectral de-
pendencies of the electric field intensity ¢
result of quasguided mode formation in tl
silicon matrix @, 4); spectral dependeres o
the ekctric field intensity in the macroporc
silicon structures with ZnO surfa
nanocrystalsy)
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In general, at grazing angle of light inci-
dence, the electric field of the reflected elec-
tromagnetic wave changes the local electric
field in the near-surface region of the macro-
pore walls with thicknessl =0.11 for wave-
length A [20]. Let us consider that is deter-
mined by the electric component of electro-
magnetic wave withiw and by the change of
built-in electric field AF¢(d= aal(el8F)).
Indeed, under our experimental condition of
the grazing angle of light incidence onto the
macropore surface, the electric field intensity
on macroporous silicon surface for the struc-
tures with SiQ@ nanocoatings is about
Fs+AFs with AFs=hal(0.11,) hf accord-
ing to the experiment (Fig.l). Light wave-
length is equal tol; = A/n; (n; is effective re-
fractive index of pores with SiDnanocoa-
tings or refractive index of SiOnanocoa-
tings). The electric component of electro-
magnetic wave changes frob= 7w to zero
when going from the silicon matrix to the
macropore. This corresponds to reverse bias
at the surface barrier and its band bending
growing. The effect is strong for light energy
corresponding to spectral range of the quasi-
guided (leakage) mode formation in the sili-
con matrix (see Fig.l®and Table).

Table. The sample and optical mode characteristics

ds; Dp+ ap_(Dp+
l?r?]z, Osioa dsioy)s Mode type 2psi pm
gm - pm
quasi-guided B L
modes in the 212 (D_DZ%SQ)] =
70 2.07 2.4 silicon matrix -
02" Tquasiguided -
modes in the [ (Dp_+2d25,02)] =
silicon matrix —e
quasi-guided ~ v
modes in the 212 (D—pzdlsIOZ)] =
200 2.2 297 _Silicon matrix =4.
© 77 quasi-guided -
modes in the 1'4[39_£%p“;d5902)] =
silicon column -
quasi-guided B o
modes in the 2lay (PP;ggo)] =
800 2.8 1.67 silicon matrix v
' ' quasi-guided o
modes in the 1'4[39_532%‘19@)] =

silicon column
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This result differs from that in [8] for
macroporous silicon structures without nano-
coatings where thé&F; change was observed
for all the spectral range investigated due to
the low surface barrier. On the other hand, the
electric field intensity in the macroporous sili-
con structures with microporous layer and sur-

oscillation periodAE of macroporous silicon
structures with surface nanocrystals and mi-
croporous layers depend mainly on the band
gap of the nanocrystal material. The electric
field intensity F is of 10+10°V/cm for
F=AE/a, thus indicating validity of the
model of electron oscillations in the atomic

face nanocrystals does not change in the short |attice.

wavelength spectral range (Fig. 3 and Filg. 9
curveb).

Constant oscillation period (and electric
field intensity) in macroporous silicon struc-
tures with nanocrystals may be attributed to
absence of the quasi-guided mode formation in
the silicon matrix due to strong light scattering
by nanocrystals. As a result, the local electric
field variation in the heterojunction area be-
came negligible for microporous silicon nano-
coatings and ZnO nanocrystals in comparison
with macroporous silicon structures with $iO
nanocoating. In addition, the nanocrystals
form local contact with silicon surface, thus
increasing the constant local electric field in-
tensity and decreasing surface level concentra-
tion. That is why harmonic oscillations with
low period deviations were measured in ab-
sorption spectra of the macroporous silicon
structures with the contacted nanocrystals
(Fig. 1b, curve?2).

CONCLUSIONS

We observed well-separated oscillations in
absorption spectra of macroporous silicon
structures with surface nanocrystals and with
SiO; nanocoatings. The amplitude of oscilla-
tions is maximal in the spectral ranges of or-
ganic species, Si—-H, C—H and O-H bonds. It
results from resonant electron scattering on the
impurity states in an electric field of "silicon—
nanocoating” heterojunction on macropore
surface. Resonant electron scattering gives rise
to the resonances of the permittivity at room
temperature and to corresponding changes in
the absorption.

The constant oscillation period specifies
the realization of the Wannier-Stark effect on
the randomly distributed surface bonds. The
amplitude of scattering has resonant behavior
in the case of electron scattering on impurity
and the difference between two resonant en-
ergies is equal to Wannier-Stark ladder. The
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The Wannier-Stark ladder is not broken by
impurities, if the intervals between the transi-
tions due to scattering from impurity atoms
with lifetime r are greater than the period of
electron oscillations in external fieldg. The
lifetime relation is7/Tg>1 in all spectral re-
gions considered for macroporous silicon
structures with microporous silicon layers and
ZnO surface nanocrystals, taking into account
that the surface impurity concentration for
macroporous silicon structures is lower than
N; =500 cm®. Also, the inequalityr/Tg>1
holds for the entire spectral regions considered
for macroporous silicon structures with SiO
nanocoatings, taking into account that the sur-
face impurity concentratioMN; for macropor-
ous silicon structures is lower thafB" cm?.
Thus, the Wannier-Stark ladder is preserved in
the whole spectral range for macroporous sili-
con structures with considered nanocoatings.
The observation of coherent electronic wave-
packet oscillations in a semiconductor hetero-
structure at room temperature was also re-
ported in [21].

The oscillation period and electric field in-
tensity in the macroporous silicon structures
with SiO, nanocoatings fluctuate around a
constant value at low photon energies and be-
come guadratic in photon energy depending on
the geometrical sizes of silicon matrix and
SiO, nanocoatings. The relevant electric field
intensity growth corresponds to the quasi-
guided mode formation in the silicon matrix
(minimum distance between the macropores)
and in the silicon column. The electric field
intensity in the macroporous silicon structures
with microporous layer and surface ZnO
nanocrystals does not change due to the high
surface barrier, strong light scattering by
nanocrystals, and absence of the quasi-guided
mode formation in the silicon matrix. That is
resulted in the negligible local electric field
variation in macroporous silicon structures
with SiO, nanocoating.
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Room Temperature Wannier-Stark Effect in 2D Macroporous Silicon Structures with Nanocoatings

Edext Banbe-lllTapka npu kiMHaTHIN TeMnepartypi
B JIBOBUMIPHUX CTPYKTYPaxX MaKpPONOPHCTOr0 KPeMHII0
3 HAHONOKPHUTTSMHU

JI.A. KapaueBuena, C.51. Kyumiii, K.II1. Konin, O.0. JIutBunenko, O.JI. CTpoiok

Tnemumym ¢hizuxu nanienpogionuxie im. B.€. Jlawkapvosa Hayionanvnoi akademii nayx Yrpainu
np. Hayku 41, Kuie 03028,Vkpaina, lakar@isp.kiev.ua
Inemumym ¢izuunoi ximii im. JI.B. Iucapacescvrkoco Hayionarvnoi akademii nayk Yrpainu
np. Hayku 31, Kuie 03028, Vkpaina

Jlocniooiceno npu xKimnamuin memnepamypi ocyuiayii onmuunozo 14 noeiunanmus 6 080BUMIPHUX CMPYKMY-
Pax Maxkponopucmozo KpemHilo 3 HAHONOKpUMmMAMU MiKponopucmoezo kpemuiio, SiQ, ma Hanokpucmanis
ZnO. Ocyunsayii 3 8eauKoio amMnaimyoo Cnocmepieaiucsb y CReKmpaibHomMy 0iana3oni cmye ROSAUHAHHA NO-
6EPXHEBGUMU PIGHAMU HA MexCci nodiny "KpemHuiil — Hanonokpumms". B HaOnudceHHi CUlbHO20 eNeKMPUYHO20
NOJIAL PO3SAAHYMO eNeKMpPOOnmudnull eghpekm, nog' A3aHull 3 pe30HAHCHUM XAPaAKMepoM pO3CIlOBAHHS eleKm-
POHI6 NOGEPXHESUMU PIGHAMU 3 PIZHUYEIO eHepeill MIdC 080MA Pe30HAHCAMU, AKA OOPIBHIOE eHep2il CX0OUHOK
Banwe-Illmapra. Pe3onancHe po3cCilo8aHHA eleKMPOHI8 8USHAYAE Pe30HAHCU OieleKMPUYHOI NpOHUKHOCMI |
810n0GIOHY 3Miny nozaunauus. Ilpu yvomy egexm Bamnwve-ILllmapkra peanizyemvcsa 6 pesyivmami 0iibulo20
yacy po3cilo8ants e1eKmponie y NOPIGHAHHI 3 NePio0oM iX OCYUNAYIN Y CUTLHOMY eLeKMPUUHOMY NOAL 0C8im-
nenoi meoici "kKpemuit — Hanonoxkpumms'".

¢ ekt Banbe-lllTapka npu koMHATHON TemnepaType
B IBYMEPHBIX CTPYKTYpPax MaKpPOIOPUCTOI0 KPeMHHA
¢ HAHONOKPBITUAMH

JI.A. KapaueBuena, C.5I. Kyumuii, K.Il. Konun, O.A. JIntBunenko, A.JI. CTpowk

Huemumym ¢usuxu nonynposoonurkos um. B.E. Jlawkapesa Hayuonanvhou axademuu Hayk YKpaurvl
np. Hayku 41, Kues 03028,Vkpauna, lakar@isp.kiev.ua
Hnemumym gusuuecxou xumuu um. JI.B. Ilucapoiceeckoco Hayuonanvnou akademuu Hayk Yrkpaunvl
np. Hayku 31, Kuee 03028,Vkpauna

Hcenedosanvt npu xomuamuou memnepamype ocyuiisyuu onmuyecko2o UK noznowenus 6 08ymepHbix
CMPYKMYPAx MAKPONOPUCIIO20 KPEMHUSL C HAHONOKPLIMUAMU MUKponopucmozo kpemuust, SiQ, u nanokpucman-
7108 ZNnO. Ocyunrayuu ¢ 60160l AMAAUMYO0U HADIIOOAIUCH 8 CHEKMPATbHOM OUANA30He NOA0C NO2N0UJeHUS
NOBEPXHOCMHBIMU YPOSHAMU HA 2panuye "KpemMHull — HaHonokpvimue". B npubiudiceHuu CuibHo20 INeKmpuiecKo2o
NOJA PACCMOMPEH 31eKMpOORMUYeckull. d¢hgpexm, CeA3auHbll C PEe30HAHCHLIM XAPAKMEPOM PaACCesHUs
INEeKMPOHOE NOBEPXHOCHHBIMU YPOBHAMU C PAZHOCIbIO IHEP2ULL MENCOY 08YMsL PE3OHAHCAMU, PABHOU IHeP2UU
necmuuywl Banve-ILImapka. Pezonancnoe paccesnue 31eKmponoe onpeoessien pe3oHanchbl OUINeKmpuyeckoll
NPOHUYAEMOCIU U coomeemcmeaylowee usmenenue nozrowenus. Ipu smom s¢ppexm Banve-Illmapka peanu-
3yemcs 6 pesyaomame 60IbULO20 8PEMEHU PACCEAHUS DLEKMPOHOE N0 CPABHEHUIO C NePUOOOM UX OCYUUNTAYUI
6 CUILbHOM INIeKMPUYECKOM NOJIE 0C8CULCHHOU 2PaHUYbL "KpDeMHUll — HAHOROKpbimue".
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