Chemistry, Physics and Technology of Surface. 2020. V. 11. N 4. P. 445-455

UDC 538.935 doi: 10.15407/hftp11.04.445

L.A. Karachevtseva, O.0. Lytvynenko, V.F. Onyshchenko, V.V. Strelchuk, V.A. Boyko

EXCITON-POLARITONS IN 2D MACROPOROUS SILICON
STRUCTURES WITH NANO-COATINGS

V. Lashkaryov Institute of Semiconductor Physics of National Academy of Sciences of Ukraine
41 Nauki Ave., Kyiv, 03028, Ukraine, E-mail: lakar@isp.kiev.ua

In this paper, we investigated high-resolution IR absorption and reflection spectra in one-sided periodical
2D macroporous silicon structures with nano-coatings of SiO, and CdS, ZnO nanoparticles, as well as two-sided
structures of macroporous silicon without nano-coatings. After changing the resolution of spectra measurements from
2 to 1 cm™, the oscillation period of Wannier-Stark electro-optical effect decreases by 3 times, and absorption
increases by 60—100 times,; and for two-sided structures the oscillation period decreases by 1.5 times and absorption
increases by 25-30 %. In addition, giant absorption oscillations with positive and negative amplitudes of 107 arb. un.
were evaluated in spectral regions of Si—Si—bonds and Py centers. Similar oscillations in the reflection spectra have
much less amplitudes up to 4-10? arb. un. In the spectral area of the transverse phonon wro (Si—Si—bonds) absorption
spectra of 2D macroporous silicon structures consistent fully with data for phonon polaritons in microresonators as a
result of resonance interaction of dipole-active vibrations with the frequency of wro in thin films with the surface modes
of microresonator. In addition, microresonators interact both with each other in one-sided macroporous silicon
structures and in the system of two-sided macroporous silicon. The giant absorption oscillations testify the strong
interaction of surface polaritons with photons. The coherence of oscillations and large-scale spatial correlation are a
result of exciton-polariton condensation on macropores as microresonators. In 2D macroporous silicon structures
with nano-coatings band bending on the surface of the macropores are significant. Therefore, the generated
photoelectrons link with holes, forming electron-hole pairs named as exciton-polaritons according to phenomenon of
Bose-Einstein condensation.

Keywords: one-sided and two-sided macroporous silicon structures, nano-coatings of nanocrystals, exciton-
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INTRODUCTION structures for the normal fall of light, the
measured IR absorption is by two orders of
magnitude higher than the absorption of the
silicon single crystal; the formation of steps was
also found [8]. The change in optical absorption
by the 3/2 law correlates with the frequency
dependence of the dielectric permeability
between the surface levels and the forbidden
zones in the crystal under the influence of an
electric field, which is characteristic of the
impurity effect of Franz-Keldysh. In 2D
structures of macroporous silicon with layers of
microporous silicon and surface nanocrystals,
oscillations of IR absorption with the maximum
amplitude in the region of absorption by surface
states were detected [9]. The dependence of the
oscillation maxima on its number is linear with a
constant period. The analysis of IR absorption
oscillations was performed within the model of
resonant scattering of electrons on surface states
in a strong electric field with a difference between
two resonant energies equal to the Wannier-Stark
step AE = Fa (F is the electric field strength, and

One of the promising materials for the
development of 2D photonic structures is
macroporous silicon prepared by photoanodic
etching. It is connected with formation of
structures with necessary geometry and high ratio
between the cylindrical macropore depth and
diameter [1, 2]. Presence of periodically located
cylindrical pores divided by silicon columns
provides large effective surface of samples and
enhanced optical and photo-physical
characteristics of macroporous silicon structures
[3-5]. For wavelengths below the optical period
of structures, the reduction of light absorption was
observed owing to the guided and radiation
optical modes formed by macroporous silicon as
a short waveguide [6]. In the electroreflectance
spectra of macroporous silicon structures in the
area of the direct band-to-band transition, the
Franz-Keldysh oscillations were measured as a
result of the local electric field on the surface of
macropores [7]. In the wavelengths, compared
with the optical period of the macroporous silicon
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a 1is silicon lattice constant) [10]. IR light
absorption oscillations in 2D macroporous silicon
with surface nano-coatings were compared in
[11], the shift and deviations of oscillation peaks,
the broadening parameter I of the Wannier—
Stark ladders and the influence of “quantum
superiority” on coherence of Wannier levels were
analysed. In addition, we proposed the high
coherent optical quantum computer based on a
silicon matrix with macropores and a layer of
nanocrystals on the surface of macropores for the
implementation of the Wannier-Stark quantum
electro-optical effect [12].

In this work, high-resolution optical
absorption spectra of 2D macroporous silicon
structures with nano-coatings and two-sided
structures of macroporous silicon without nano-
coatings are investigated. The mechanisms of
interaction of surface polaritons with photons and
formation of exciton-polaritons are revealed. A
comparative analysis of the results on electro-
optical effects in macroporous silicon and the
phenomenon of condensation of exciton-
polaritons on macroporesis performed.

PROCEDURE

The samples to be studied were made of silicon
wafers with thickness H = 520 pm, resistivity of
4.5 Q-cm, characterized by the [100] orientation and
n-type of conductivity (the electron concentration
ng = 10" cm?®). We used the technique of
electrochemical etching at the backside illumination
of a silicon substrate (thickness H = 520 um) [13].
Macropores were etched in the form of a square
lattice of parallel air cylinders with diameter
D, =240.2 pm, period 4 um, depth /4, =50+100 pm,

and concentration N, = 6.25-10° cm™ (Fig. 1 a).
Addition anisotropy etching in 10 % solution of
KOH permits one to remove microporous layers
from the macropore surface.

Si0;nano-coatings were formed in the diffusion
stove after treatment of macroporous silicon
substrates in the nitrogen atmosphere [10]. The
oxide layers (thickness of 10 and 20 nm) were
obtained on macroporous silicon samples in dry
oxygen during 40+60 min at the temperature of
1050 °C. The oxide thickness was measured using
ellipsometry.

The method of synthesis in aqueous and
ethanol solutions of polyethyleneimine of ultra-
small cadmium sulfide nanoparticles (1.8-2 nm)
was worked out under condition of saturation of
the Cd cations with amino groups [14, 15].
Methods of synthesis of ZnO nanoparticles in
isopropanol and from solution of zinc compound
Zn(CH3COO); in ethanol have been developed in
[14]. The average sizes of ZnO nanoparticles
4+0.4 nm were determined based on absorption
spectra and atomic force microscopy. CdS or ZnO
nanoparticles were deposited on the surface of
macropores from the colloidal solutions in
polyethyleneimine at the following ratio:
nanocrystals 10+2 %; polyethyleneimine 18+2;
water - the rest.

Two-sided structures of macroporous silicon
with arbitrary macropore distribution were formed
by photoelectrochemical etching of one side of
silicon substrate and after that etching of other side
of silicon substrate. Table 1 shows the parameters of
the one-sided 2D macroporous silicon structures
with nano-coatings and two-sided macroporous
silicon structures without coatings.

Table 1. The parameters of the one-sided 2D macroporous silicon structures with nano-coatings and two-sided
macroporous silicon structures without coatings (PEI — polyethyleneimine)

No. of Structure Macropore SiO2 Thickness of polymer- Diameter
sample type depth, pm layer thickness, nm nanocrystal layer of nanocrystal,
nm
1 One-sided 7042 10 16 nm”PEI-ncCdS” 1.8-2
2 One-sided 7042 20 16 nm”PEI-ncCdS” 1.8-2
3 One-sided 70+2 20 28 nm”PEI-ncCdS” 1.8-2
4 One-sided 70+2 20 28 nm”PEI-ncZnO” 34
5 Two-sided 15045 Natural No -
on both sides oxide
6 Two-sided 15045 Natural No -
on both sides oxide
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Optical absorption spectra were measured in
the 300+7800 cm™' spectral range using an IR
Fourier spectrometer “Perkin Elmer” (Spectrum
BXII) with a resolution of 2 cm™'. High-resolution
optical absorption spectra were measured in the
200+-8500 cm ™' spectral rangeon a triple Horiba
Jobin-Yvon T64000 spectrometer with a
resolution of 1 cm™'. The optical absorption
spectra were obtained at normal incidence of IR

radiation on a sample (along the cylindrical
macropores, Fig. 1 a, insertion) in the air at room
temperature.

EXPERIMENTAL RESULTS

Comparative spectra of structure #1 (Table 1)
are given in Fig. 1 b and Figs. 2-3 with a
resolution of 2 cm™ (curves 1) and with a
resolution of 1 cm™ (curves 2).
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Fig. 1.  a —macroporous silicon structures with macropore diameter D, = 2 pm and period 4 pm; insertion: normal

incidence of IR radiation on a sample (along the pores); b — the optical absorption by 2D structures of
macroporous silicon with nano-coatings for sample #1 from Table 1 measured with a resolution of 2 cm™

(curve 1) and with a resolution of 1 cm™ (curve 2)

Oscillations of absorption were measured for
both spectra from Fig. 1 . Growth of resolution
increases absorption by more than 60 times in the
spectral region up to 5000 cm ™. In addition, giant
oscillations of the positive and negative
amplitudes of the absorption (almost 7 orders of
magnitude exceed the amplitude of the
oscillations for absorption according to Fig. 1
(curve 1) appear in the spectrum of curve 2 at
Si-Si-bonds [13] and in the 5500-7500 cm'
spectral region of Py (0.75 meV) and Py
(0.85 meV) absorption centers [17]. Fragments of
the absorption spectra of the structure #1 from
Fig. 1 a for the resolution of measurements 2 cm '
(curve 1) and with a resolution of lcm™ (curve 2)
are showed in Fig. 2 a—c in three spectral ranges.
As can be seen from Fig. 2 a—c, after changing
measurement resolution from 2 cm™ (curve 1) to
the resolution 1 cm™' (curve 2), period of
oscillations in optical absorption spectra
decreases by 3 times: from 1012 cm ™' (curves 1)
to 3.5-4 cm' (curves 2), and the optical
absorption increases by 60—100 times.
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Si—Si-bonds. Si—Si-bonds represent the
transverse fluctuations of silicon atoms on the
surface of the macropores, i.e., transverse
phonons. Optical properties of crystals are
determined by interaction of an external
electromagnetic field with dipole-active states of
the crystal volume and with defects of crystal
structure. This interaction leads to the formation
of a bound state of the oscillative movement of
charged  particles  (dipole)  with  the
electromagnetic field, named polaritons [18, 19].
Fig. 3 a—c show fragments of the absorption
spectra of 2D macroporous silicon structures with
nano-coatings (Table 1) in the region of
Si-Si-bonds: a — spectrum includes one
absorbance minimum for sample #1, two minima
for sample #2 (Fig. 3 ) and three ones for
sample #3 (Fig. 3 ¢).

Samples #1 and #2 differ in the thickness of
the SiO; layer on the macropore surface (Table 1).
At thickness 10 nm of the SiO; layer, the surface
polaritons are formed (Fig. 3 a) at the frequency
ws, equal to the frequency of transverse phonon
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wto. When the SiO, thickness is 20 nm on the
boundary “SiO,-macropore surface”, the splitting
of mode is formed (Fig. 3 b). For sample #3, the
thickness of “PEI-ncCdS” layer increases to
28 nm (Table 1), thus additional modes and
additional surface polaritons are formed [20] as a
result of resonance interaction of dipole-active

oscillations with the frequency of wro in a thin
film with thickness d with surface polaritons. This
resonance leads to the splitting of surface
polariton and to the appearance of the slit at a
frequency of wo in its spectrum with width
proportional to (d/A)"? [20].
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Fig. 2. Fragments of the absorption spectra of the structure #1 from Fig. 1 for the resolution of measurements 2 cm™
(curve 1) and resolution 1 cm™ (curve 2): a — in the 590-630 cm'spectral range; b — in the 3420-3460 cm™
spectral range; ¢ — in the 61206140 cm ! spectral range
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Fig. 3. Fragments of the absorption spectra of 2D macroporous silicon structures with nano-coatings from Table 1 in
area of Si—Si—bonds: a — structure #1, b — structure #2, ¢ — structure #3

Reflection. In the reflection spectra when
changing the resolution of spectral measurements
of 2D macroporous silicon structures with nano-
coatings from 2 cm™' to resolution of 1 cm™,
oscillations with negative amplitude also appear
at low light frequencies 200-500 cm™ (Fig. 4 a)
and at frequencies of Si-Si-bonds 600-620 cm™
(Fig. 4 b).

Negative oscillations amplitudes up to
-4-10° arb.un. were measured in reflection spectra
at low oscillation frequencies 200-500 cm
(Fig. 4 a) for all measured samples (samples #1-4,
Table 1), and at frequencies of Si-Si-bonds for the
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sample #2 only (Fig. 4 b) with a small negative
amplitude of the oscillations up to -0.5 arb.un.
Two-sided structures. The giant negative
oscillation amplitudes were measured at the
resolution of 1 cm™ in spectra of two-sided
macroporous silicon structures without nano-
coatings (Fig. 5 a). The maximum negative
oscillation amplitudes up to -1.5-10° arb.un. were
measured in the spectral area of surface
oscillations 550—-650 cm™' on the border “silicon-
silicon oxide” (Si—Si, Si—O bonds, Fig. 5 b) and
up to -10” arb. un. in the spectral area of P, centers
5500-7500 cm ™' (Fig. 5 ¢). It is also evident from
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Fig. 5 that for two-sided structures of
macroporous silicon without nano-coatings
absorption (positive and negative) significantly
increases in the area of rotational oscillations
Si-O (465 cm™'), TO phonons (Si-Si-bonds at
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600-620 cm™'), TO phonons of surface natural
SiO; layer (1056 cm™), and also in the spectral
region of absorption by P, centers (more than
5500 cm™).
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Fig. 4. The reflection spectra (with the resolution of 1 cm™!) measurements of 2D macroporous silicon structure with
nano-coatings CdS (curve 1 —sample #2, curve 2 — sample #4 from Table 1): a — at low oscillation frequencies
200-500 cm'; b — at frequencies of Si-Si-bonds
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Fig. 5. Optical absorption of two-sided structures of macroporous silicon without nano-coatings (sample #5 from
Table 1): a — for a resolution of measurements 2 cm™' (curve 1) and 1 cm™ (curve 2); b — for frequencies
550-650 cm™ of Si-Si~bonds and surface vibrations and ¢ — in the field of P, centers 5500-7500 cm™
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Fig. 6. Fragments absorption spectra of two-sided (sample #5 from Table 1) for measurement resolution of 2 cm™!
(curve 1) and resolution of 1 cm™ (curve 2): a — in the spectral range 590-630 cm™'; b — in the spectral range
3420-3460 cm™'; ¢ — in the spectral range 6120-6140 cm™!
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As can be seen from Fig. 6 a—c, when
changing the resolution of measurements of
optical absorption spectra from 2 cm™' (curve 1)
at a resolution of 1 cm™! (curve 2), the oscillations
period of two-sided macroporous silicon is
reduced by 1.5 times: from 4-5 cm™ (curves 1) to
2.5-3.5 cm' (curves 2); and the absorption is
increased by 25-30 % (excluding the giant
amplitudes of the oscillations).

DISCUSSION OF RESULTS

Oscillations were measured in optical spectra
from Figs. 1-6. For one-sided structures of
macroporous silicon after changing the resolution
of spectra measurements from 2 cm™' (curves 1)
to 1 cm' (curves 2), the oscillation period
decreases by 3 times: from 10-12 cm™ (curves 1)
to 3.5-4 cm ™' (curves 2), and absorption increases
by 60-100 times (Fig. 5 a—c). For two-sided
macroporous silicon structures the oscillation
period decreases by 1.5 times from 4-5 cm
(curves 1) to 2, 5-3, 5 cm’! (curves 2); and
absorption increased by 25-30 % (Fig. 6 a—c). In
addition, giant oscillations with positive and
negative amplitudes of 7-order value were
measured in spectral regions of Si—Si—bonds [13]
at 600—-620 cm ' and of P, center absorption [17]
at 5500-7500 cm™ (Fig. 7 a, b). Similar
oscillations in the reflection spectra have much
less amplitudes up to 4-10*arb. un.

In the area of the transverse phonon wro
(Si-Si-bonds), the absorption spectra of 2D
macroporous silicon structures with nano-

ncCdS-SiO;

a

coatings include from one to three negative
absorption minima (Fig. 3 a—c) dependent on
thickness and nature of nano-coatings (Table 1).
Really, the samples #1 and #2 differ in the
thickness of the SiO, layer on the macropore
surface. For the thickness of the SiO, layer 10 nm
(sample #1), the surface polariton is formed
(Fig. 3 a) at the frequency ws - equaled to the
frequency of transverse phonon wro, the mode
splitting is formed (Fig. 3 b) when the SiO; layer
thickness on the “SiO,-macropore surface”
boundary is 20 nm (sample #2). Additional modes
and additional surface polaritons are formed
(Fig. 3 b) for sample #3 from Table 1 when the
thickness of the “PEI-ncCdS” layer increases
from 16 to 28 nm. The results obtained are fully
consistent with data for phonon polaritons in
microresonators [20] formed due to the resonance
interaction of dipole-active oscillations with the
frequency of wro in thin films with the surface
modes of microresonator.

Oscillations with positive and with negative
amplitudes also appear at low frequency of
200-500 cm' and on Si-Si-bonds in the
reflection spectra of 2D macroporous silicon
structures with nano-coatings (Fig. 4). In addition,
giant absorption oscillations were measured on
the two-sided macroporous silicon structures
without nano-coatings (Figs. 5-6) in the spectral
area of rotational Si—O oscillations and
Si—Si—bonds, TO phonon of the surface natural
layer of SiO,, as well as in the spectral region Py
centers (more than 5000 cm™).

Si0;

b

Fig. 7. Schemes of band bending on the surface of macropores between macroporous silicon c-Si matrix with Fermi
level Er, where: a — layers ncCdS+SiO,, b — layer SiO, (circles — electrons and holes, lines — impurity states)
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The giant oscillation measurements, both
with positive and negative amplitude, testify the
strong interaction of surface polaritons with
photons. Indeed, in 2D the macroporous silicon
structures with nano-coatings band bending on
the surfaces of the macropores are significant for
one-sided macroporous silicon  structures
(Fig. 7 a) and in the system of two-sided
macroporous silicon (Fig. 7 b). In addition,
macropores in 2D macroporous silicon structures
are microresonators. In these conditions, the
surface polaritons strongly interact with the
photons [20, 21] due to the resonance interaction
of dipole-active vibrations with surface modes in
the microresonators (macropores). Therefore, the
generated photoelectrons linked with the holes in
the potential pits heavily, thus forming an
excitonpolariton and its Bose condensation
[21,22].

The phenomenon of Bose condensation of
exciton-polaritons, as well as composite bosons
were found for the microresonators on the basis of
quasi-2D semiconductor heterojunctions in 2006
[21, 22]. If the quantum well (or several quantum
wells) is in the resonator of constant
electromagnetic wave, and the energy of the 2D
exciton coincides with the energy of the photon
microcavity at K = 0, then the states of the exciton
and photon interact with each other. As a result,
quantum-mechanical mixing of photon and
exciton is performed [21]. A narrow line grows in
a threshold dipolar excitons corresponding to
exciton condensate.

Table 2 shows the measured parameters of
oscillations from Figs. 2—6 for samples of 2D
macroporous silicon structures (oscillation
period, half-width of oscillation minima, Rabi
frequency).

Table 2. The parameters of oscillations of the samples of 2D macroporous silicon structures from Table 1

Oscillation period

Half-width of

No of Structure (cm™) oscillation Rabi
sample Type minima frequency
Curve 1 Curve 2 0 (ecm™)
(em™)
1 One-sided 10 33 0.4 1.0
2 One-sided 10.7 4.4 0.6 1.0
3 One-sided 9.1 33 0.5 1.0
4 One-sided 10.5 43 0.45 1.0
5 Two-sided 4.5 3 0.7 0.9-1.0
6 Two-sided 4.5 4.2 1.0 1.0
In accordance with the most important For our case (Table 2), the oscillation period
features and properties of the Bose-Einstein reduced by 3 times for one-sided samples #1—4
condensates [23], we measured narrow giant and by 1.5 times for two-sided samples #5—6. The
oscillations with positive and negative amplitudes oscillation half-width both with positive and
and with half-width of oscillation minima negative amplitude is very small and equal to
0.4-1.0 cm ™' (Table 2). It confirms the coherence 0.4-1 cm’', the splitting of the Rabi equals to
of oscillations and large-scale spatial correlation. 0.9-1.0 cm™'. Our results allow comparing the
Thus, we measured the negative absorption phenomenon of exciton-polariton condensation
amplitudes indicated the implementation of on macropores with earlier results on electro-
stimulated radiation, when filling of exciton optical effects in macroporous silicon [9, 10]. In
polaritons is higher than the condensation our case, at the increase of the resolution of
threshold [22]. The coherence of oscillations and optical spectra measurements IR absorption
large-scale spatial correlation is also a result of increases by 100 times, and the oscillations period
condensation exciton-polaritons on macropores, decreases by 3 times. Oscillations associated with
as in the microresonators. In this case, the realization of Wannier-Stark electrooptical
microresonators interact both with each other effect with the period of Wannier-Stark steps Fa
(one-sided macroporous silicon structures) and in (F — the electrical field intensity on the “silicon
the system of two-sided macroporous silicon. matrix-nano-coating” boundary, a — parameter of
the silicon lattice). Reducing the width of steps is
ISSN 2079-1704. CPTS 2020. V. 11. N 4 451
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determined by reducing the electric field intensity
F. This result is associated with the change in the
filling of silicon conductivity band by electrons.
We directly measured the filling of silicon
conductivity band by electrons in spectra of
electro-optical reflection by the structures of
macroporous silicon with nano-coatings [24].

The increase of the silicon conduction band
filling by electrons leads to an increase in the total
charge of electrons and stimulates the
corresponding increase of holes charge in the
valence band (Fig. 7). That reduces the electric
field intensity at the boundary of “silicon matrix-
nano-coating” by 3 times for one-sided
macroporous silicon structures and by 1.5 times
for two-sided macroporous silicon structures. For
the same amount of photons in these processes,
one macropore in two-sided samples of
macroporous silicon drops two times less
photons. It reduces the filling of silicon
conduction band by electrons and the electric field
intensity at the “silicon matrix-nano-coating”
border by only 1.5 times compared to those in
one-sided structures.

In general, dipolar excitons occur only in
spatial conditions, when excitons are in the lateral
traps [23]. In this case, excitons are not “running
away” because of dipole-dipole repulsion. The
length of coherence in the plane of structure
equals to 4 microns and is close to the perimeter
of the ring trap, which far exceeds the thermal
wavelength of de Broglie under the same

conditions  (0.17 microns). Thus, room
temperature  polaritonic  nanolasers  were
demonstrated [25] by designing wide-gap

semiconductor nanocavities to produce thermally
stable excitons coupled with photons in
nanocavity. In our case, the half-width of
oscillation minima is 0.4—1 cm', which means
high localization of the exciton-polariton on
macropores, and decreases the condensation
threshold at room temperature.

CONCLUSIONS
Macroporous  silicon  structures  with
periodical macropore distribution were made by
photoelectrochemical  etching; SiO, nano-

coatings were obtained in the diffusion stove after
treatment of macroporous silicon substrates in the
nitrogen atmosphere. CdS or ZnO nanoparticles
were deposited on oxidized surface of macropores
from the colloidal solutions in polyethyleneimine.
Two-sided structures of macroporous silicon with
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arbitrary macropore distribution were formed by
photoelectrochemical etching of one side of
silicon substrate and after that etching of an other
side of silicon substrate.

Optical absorption spectra were measured in
the 200+8500 cm ' spectral range with a
resolution of 2 cm™' and with high-resolution of
1 cm™' at normal incidence of IR radiation on a
sample in the air at room temperature. For one-
sided structures of macroporous silicon with
nanocoatings after changing the resolution of
spectra measurements from 2 to 1 cm', the
oscillation period decreases by 3 times, and
absorption increases by 60—100 times. For two-
sided macroporous silicon structures without
nano-coatings, the oscillation period decreases by
1.5 times and absorption increases by 25-30 %. In
addition, giant oscillations with positive and
negative amplitudes of 10’ arb. un. were
evaluated in spectral regions of Si—Si—bonds and
Py, centers. Similar oscillations in the reflection
spectra have much less amplitudes — up to
4-10* arb. un. Giant absorption oscillations were
measured on the two-sided macroporous silicon
structures  without nano-coatings too at
frequencies of rotational Si—O oscillations,
Si—Si—bonds, TO-phonon of the surface natural
layer of the SiO,, as well as Py, centers.

In the spectral area of the transverse phonon
wto (Si—-Si-bonds), absorption spectra of 2D
macroporous silicon structures with nano-
coatings include from one to three negative
absorption minima, dependent on thickness and
nature of nano-coatings. It is fully consistent with
the data for phonon polaritons in microresonators
as the resonance interaction of dipole-active
vibrations with the frequency of wro in thin films
with the microresonator surface modes. The giant
oscillations with positive and negative amplitudes
testify the strong interaction of surface polaritons
with photons. Indeed, in 2D the macroporous
silicon structures with nano-coatings band
bendings on the surface of the macropores are
significant. Therefore, the generated
photoelectrons link with holes and form electron-
hole pairs named as exciton polaritons with
narrowing of the polariton distributions; detection
of large-scale spatial correlation.  This
phenomenon of exciton-polariton Bose-Einstein
condensation was measured in 2006 on the
microresonators of quasi-2D semiconductor
heterojunctions. In  accordance to the
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phenomenon of Bose-Einstein condensation, we condensation threshold. The coherence of
measured narrow giant oscillations too with oscillations and large-scale spatial correlation are
positive and negative amplitudes and with half- also the result of exciton-polariton condensation
width of oscillation minima 0.4-1.0 cm™; this in macropores, as in the microresonators. In this
confirms the coherence of oscillations and large- case, microresonators interact both with each
scale spatial correlation. Thus, we measured the other (one-sided macroporous silicon structures)
negative absorption amplitudes indicating the and in the system of two-sided macroporous
implementation of stimulated radiation, when silicon.

filling by exciton-polaritons is higher than the

Excuton-noysipuronn B 2D cTpyKTypax MaKpONOPUCTOr0 KPEeMHiI0 3 HAHOOKPUTTSAMHU
JI.A. KapaueBueBa, O.0. JlurBuHenko, B.®. Ouumenko.B.B. Ctpensuyk, B.A. Boiiko

Inemumym ¢hizuxu nanienposionuxie im. B.€. Jlawkapvosa Hayionanonoi Akademii Hayx Ykpainu
np. Hayku, 41, Kuis, 03028, Ykpaina, lakar@isp.kiev.ua

B pobomi docnioiceni 6ucokopo30inbHi cnekmpu OnmMuyHO20 NOSIUHAHHA Mma 6i00ueants 8 2D 00HoCmopoHHIX
nepioOUYHUX CIMPYKIMYPAX MAKPONOPUCIO20 KpeMmHito 3 Hanonokpummsamu SiOz ma nanowacmunxamu CdS, ZnO ma
V 080CMOPOHHIX CIPYKMYPAX MAKPONOPUCMO20 KpeMHito 6e3 nanonokpummie. Ilicia 3minu po30ineHoi 30amuocmi
sumipiosans 3 2 na 1 cm™ nepioo ocyunayii erexkmpoonmuunozo egpexmy Banve-LLImapka smenwyemoca y 3 pasu,
noenunanHa 30ineuiyemoca y 60-100 pazie; 011 080CMOPOHHIX CMPYKMYD MAKPONOPUCINO20 KPeMHilo nepioo
ocyunayii smenuwyemocsa y 1.5 pasu, nocnunanus 36ineuyemocsa na 25-30 %. Ha 0odoamox, 011 0OHOCMOPOHHIX
CIMPYKMYP MAKPONOPUCINO20 KPEMHII0 BUMIDAHI 21eAHMCbKI NO3UMUGHI MA He2amueHi OCYuayii No2nuHaHHA
senuuunoro 107 ion.00. ma nanisuupunoio 0.4—1.0 cm™ 6 cnexmpanvuiti obnacmi noznunanms Si-Si—36 ’si3xamu ma
Py, yenmpamu. Ilodibui ocyunayii' y cnexmpax i0busanus maoms Habazamo menuty amnaimyoy — 0o 4-10% giou. oo.
B cnexmpanvriii o6nracmi nonepeunozo gponona wro (Si—Si—36 ’s3Ku) cnekmpu noeruHaKHs NOGHICMIO 8ION08IOAOMb
EeKCNePUMEHMATbHUM OAHUM NO (DOHOHHUM NOJAPUMOHAM 6 MOHKUX NJIBKAX 6 YMOBAX PE30HAHCHOI 83aeMOOIl
OINONbHO-AKMUBHUX KOAUBAHL 3 YACMOMON W70 3 NOBEPXHESUMU MOOAMU MIKpope3oHamopa. Y ybomy 6unaoky
MIKpOPe30Hamopu 83aEMO0IOMb K MidC cOO0I0 8 0OHOCMOPOHHIX CIMPYKMYpAx, max i 8 cucmemi 080CMOPOHHIX
CIMPYKMYp MAKpOnopucmozo Kpemuito. Iicanmceki ocyunayii ceiouame NpoO CUTBHY 63AEMOOII0 NOBEPXHEBUX
noasapumonie 3 gomonamu. Koeepenmuicme ocyunayiti ma 8eiuxomacuimabOHi MAaKpoKoperayii € pe3yivmamom
KOHOeHcayii eKCUMOHHUX NOJAPUMOHIE HA MAKPONOPAX AK Mikpope3oHamopax. ¥ 2D cmpykmypax Makponopucmozo
KPEeMHIIO 3 HAHO-NOKPUMMSIMU GUSUHU 30H HA NOBEPXHI MAKpOonop € 3uaunumu. Tomy, ceneposani gpomoenekmponu
38’A3yI0mMbCA 3 OipKamu 8 NOMEHYIANbHUX AMAX, YMEOopIooUU eleKmpoH-0ipKosi napu, AKi HA3UBAIOMbCA
EKCUMOHHUMU NOTAPUIMOHAMU BIONO0GIOHO 00 sisuwa Kondencayii boze-Erninwmerina.

Knwowuosi cnosa: 00Hocmoponni ma 080CMOPOHHI CIMPYKMYpPU MAKPOROPUCIO20 KPEMHIIO, HAHONOKPUMMISL
HAHOKPUCMATIB, eKCUMOHHI NOJAPUmMoHU, Konoencayis bosze-Etnwmerina

IKCHUTOH-NIOJSIPUTOHBI B 2D CTPyKTypax MaKpONMOPUCTOro KPeMHHUSI ¢ HAHONOKPBITHAMH
JI.A. KapaueBueBa, O.0. JlutBunenko, B.®. Onumenko, B.B. Ctpessuyk, B.A. Boiiko

Huemumym ¢pusuxu nonynposoonuxos umenu B.E. Jlawkapeea Hayuonanvrot Akademuu Hayx Yrkpaurol
np. Hayku, 41, Kues, 03028, Yxpauna, lakar@isp.kiev.ua

B pabome uccaedosanul svicokopaspeuwennvie UK cnexmpul noznowenus u ompasicenus 6 2D oonocmopounux

nepuooUYecKUx CMpyKmypax MAaxKponopucmoz2o kKpemuus c¢ nanonokpwvimusamu SiO> u nanowacmuy CdS, ZnO, a
makdice 6 OBYXCMOPOHHUX CMPYKIMYPAX MAKpOnopucmozo Kpemuusi 0e3 uanonoxkpuimui. I[locie yesenuuenus
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paspewaioweti cnocobrocmu onmuueckux usmepenuti ¢ 2 na 1 cm™ nepuod ocyunnayuii snexmpo-onmuueckozo
agppexma Banve-1lImapra ymenvuiaemes ¢ 3 pasa, noenowjenue ygenuyusaemcsi ¢ 60—100 pas. /s 08ycmoponnux
CMPYKmMyp MAKpOnOPUCHO20 KPEMHUS NepUo0 OCYuLIsyuil ymenvuaemces ¢ 1.5 paza, a no2nowjenue yseauyueaemcs
Ha 25-30 %. B Odononnenue, 018 0OHOCMOPOHHUX CIMPYKIMYD MAKPONOPUCHOZ0 KPEMHUS UMEPEeHbl SUSAHMCKUEe
nONOJNCUMENbHbIE U OMPUYAmenbHble ocyuaayuy noznowenus senuuunoii 107 omu. eo. u nonywupunoti 0.4—1.0 cu™ ¢
cnekmpanbHoti  obnacmu noziowjenuss Si—Si—cesizsimu u  Pyr—yenmpamu. I[looobnvie ocyunisyuu 6 cnexmpax
ompadicenus umerom 20paz00 Menbuyio amnaunyoy — 0o 4-10* ommu. ed. B cnexmpanvHoti obaacmu nonepeuroz2o
Gonona wro (Si—Si—cesa3u) cnekmpbl NO2IOWEHUS NOTHOCMbBIO CO2NACYIOMCS C IKCHEPUMEHMATbHLIMU OAHHbLIMU NO
@DOHOHHBIM NONAPUMOHAM 6 MOHKUX NIEHKAX 6 VCIOBUSAX DE30HAHCHO20 83aUMOOCUCMBUS OUNONbHO-AKMUBHBIX
KOIeOAHULl ¢ 4ACmomol W7o C NOBEPXHOCHIHLIMU MOOAMU MUKpopesonamopa. Ilpu smom Muxpope3oHamopul
63aUMOOCUCMEYIOm Opye ¢ OPYy2OM KaK 8 0OHOCIMOPOHHUX CIMPYKIMYPAX, MAK U 6 cucmeme 08YCHOPOHHUX CINPYKILYD
MAKpORoOpucmozo kpemuusi. I ueanmexue amniumyobl OCYULISYULL CGUOEMEeNbCMEYION O CUTbHOM 83aUMOOeUCmEul
HOBEPXHOCIHbIX NOJAPUMOHOE ¢ omonamu, Gopmupys dKCUmMonHble ROAAPUMOnbl. Ilpu dsmom KoeepeHmHoCmb
ocyunnayull U KPYRHOMACUWMAOHAS MAKPOKOPPEAYUs S6ISIOMCs  pe3yibmamom KOHOEHCAyuu  IKCUMOHHbIX
HONAPUMOHO8 8 MAKPONOpAx, Kaxk Mukpopesonamopax. B 2D cmpykmypax Makponopucmozo Kpemuusi ¢
HAHONOKPLIMUAMU U32UO 30H HA NOBEPXHOCMU MAKPONOP SGIsemcs: sHauumenvHviM. Tloomomy eenepupyemovie
omosniekmponvl c6a3aHbl ¢ ObIPKAMU 6 NOMEHYUATbHBIX AMAX, 00pa3sysi dNeKMpoH-ObIPOUHbIE NAPblL, KOMOpbie
HA3bI8AIOMCSL IKCUMOHHBIMU ROAPUMOHAMU 8 COOMEEMCMEUU C A6NIeHUeM KoHOencayuu bose-Diinwmerina.

Knroueevie cnoea: o0nocmoponHue u 08YCmMoOpOHHUE CIPYKMYpPbl MAKPONOPUCIO20 KPEMHUSL, HAHONOKPLIMUS
HAHOKPUCMAILILO08, IKCUMOHHbLEe NOJAPUMOHbL, KOHOeHcayus boze-Dinwmerina
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