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One of the promising materials for the development of 2D photonic structures is macroporous silicon obtained
using photoanodic etching. 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. In this paper, the near-IR light absorption oscillations of 2D macroporous silicon structures with
microporous silicon layers, SiO, nanocoatings and CdTe, ZnO surface nanocrystals are studded taking into account
the Wannier—Stark electro-optical effect. An analysis of the experimental absorption spectra was carried out within
the model of the resonant electron scattering with infinite amplitude on impurity states in strong electric field, with
difference between two resonant energies equaled to the step of Wannier—Stark ladder. The constant oscillation
period specifies the realization of Wannier—Stark effect on the randomly distributed surface bonds on silicon-
nanocoating interface. We compared the IR absorption oscillations in 2D macroporous silicon with surface
nanocoatings, analyzed shifts and deviations of oscillation peaks. The coherence of the IR spectra oscillations
increases with the decrease of surface state concentration and with the optimal area of contact of nanocrystals to the
macropore surface. Thus, the shift of oscillations for ZnO nanoparticles with optimal size of nanocrystals
(3.7-4.4 nm) leads to deviations of the oscillation peaks within 0.26—0.42 meV, the oscillation coherence reaches
0.25-0.4 %. The small broadening parameter of the Wannier—Stark ladder levels I"= 0.3+0.8 cm™ equals to that for
surface phonon polaritons measured in thin films of II-VI semiconductors. Controllability and coherence of the
investigated system are determined by forming of coherent Wannier levels in a narrow triangular potential well
formed by an electric field at the silicon-nanocoating interface. In addition, we have proposed a high coherent
optical quantum computer based on the quantum Wannier-Stark electro-optical effect on a silicon matrix with
macropores and a layer of nanocrystals on the macropore surface.
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INTRODUCTION depth [7]. One should take into account
recharging of the local surface centers at
energies below that of the indirect band-to-band
transition in view of the potential barrier on a
macropore surface. The experimental IR
absorption 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 approximation, thus confirming
realization of impurity Franz—Keldysh effect [§].
In addition, we investigated the IR light
absorption oscillations in 2D macroporous
silicon with surface nanocrystals and SiO;
layers, taking into account the electro-optical
effects at strong electric fields. Thus, the
resonance electron scattering on surface bonds
and realization of the Wannier—Stark effect were
confirmed [9, 10]. In this case, the Wannier-
Stark effect is due to the large-time electron

One of the promising materials for the
development of 2D photonic structures is
macroporous silicon obtained using 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 is observed owing to the guided and
radiation optical modes formed by macroporous
silicon as a short waveguide [6].

2D macroporous silicon strucrtures show
Franz-Keldysh oscillations due to the intrinsic
electric field on macropores surface with 1.7 nm
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scattering as compared with the period of its
oscillations in the strong electric field of
illuminated “silicon-nanocoating” boundary.

In this paper, the IR light absorption
oscillations of 2D macroporous silicon structures
with  microporous silicon layers, SiO;
nanocoatings and CdTe, ZnO  surface
nanocrystals are studied taking into account the
electro-optical effect within the strong electric
field  approximation. @ The  experimental
absorption spectra were analyzed within the
model of resonant electron scattering on impurity
states in strong electric field with infinite
amplitude and with a difference between two
resonant energies equaled to steps of the
Wannier—Stark ladder. We compared the IR light
absorption oscillations in 2D macroporous
silicon with surface nanocoatings, analyzed the
shift and deviations of oscillation peaks, the
broadening parameter /" of the Wannier—Stark
ladders and the influence of “quantum
superiority” on coherence of Wannier levels. In
addition, we have proposed a high coherent
optical quantum computer based on a silicon
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Fig. 1.

nanocrystals on the surface of macropores for the
implementation of Wannier-Stark quantum
electro-optical effect.

PROCEDURE

The samples to be studied were made of
silicon wafers with thickness H =520 pum,
resistivity of 4.5 Q-cm, characterized by the
[100] orientation and n-type of conductivity (the
electron concentration 7= 10"" cm™). We used
the technique of electrochemical etching at the

backside illumination of a silicon substrate
(thickness H =520 um) [3,11]. Macropores
were etched in the form of a square lattice of
parallel  air  cylinders with  diameter
D, =2+40.2 pm, period 4 pm, depth
hy =50+100 pm, and concentration
N,=6.25-10°cm? (Fig. 1 @). The initial

specimens are complex micropore-macropore
silicon ~ structures consisting of 100 nm
micropore layers on macropore walls. Addition
anisotropy etching in 10 % solution of KOH
permits to remove microporous layers from the
macropore surface.

a — macroporous silicon structures with macropore diameter D, =2um and period 4 um; insertion: normal

incidence of IR radiation on a sample (along the pores); b — fragment of macroporous silicon structure with

CdTe nanocrystals

CdTe nanocrystals 20 nm in size were grown
on the modified installation of metal dispersion
using “a hot wall” [12, 13] molecular epitaxy on
macroporous silicon substrates. The undoped
CdTe sputtered at the substrate temperature of
475K and the source temperature of 650 K
served as element of evaporation. The thickness
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of the deposited films (200 nm) was set by time
of structure stay above the source of evaporation
[14]. Methods of synthesis of ZnO nanoparticles
in isopropanol and from solution of zinc acetate
Zn(CH3COO); in ethanol have been developed in
[15]. The sample obtained was washed with
distilled water to remove external salts. The
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average sizes of ZnO nanoparticles 4+0.4 nm
were determined based on absorption spectra and
atomic force microscopy.

The method of synthesis in aqueous and
ethanol solutions of polyethyleneimine of
ultrasmall cadmium sulfide nanoparticles was
worked out under condition of saturation of the
Cd cations with amino groups [16]. The average
sizes of CdS nanocrystals (1.8-2nm) were
determined based on atomic force microscopy.
X-ray diffraction spectra of CdS nanocrystals in
polyethyleneimine confirmed the crystalline
structure of nanoparticles [17]. ZnO or CdS
nanoparticles were deposited on the surface of
macropores from the colloidal solutions in
polyethyleneimine at the following ratio:
nanocrystals — 1042 %; polyethyleneimine —
18+2 %; water — the rest.

SiO, nanocoatings were formed in the
diffusion stove after treatment of macroporous
silicon substrates in the nitrogen atmosphere
[10]. The oxide layers (thickness of 5+50 nm)
were formed on macroporous silicon samples in
dry oxygen during 4060 min at the temperature
of 1050 °C. Silicon oxide layers of 100 and
200 nm thickness were made for 50 min at
1100 °C in wet oxygen atmosphere using steam
from deionized water. The oxide thickness was
measured using ellipsometry.

We performed optical investigations in the
spectral range 300+7800 cm™ using an IR
Fourier spectrometer “Perkin Elmer” (Spectrum
BXII). The optical absorption spectra were
measured at normal incidence of IR radiation on
a sample (along the cylindrical macropores,
(Fig. 1 @, insertion) in the air at room
temperature. The spectral measurement error was
about 2 cm .

EXPERIMENTAL

IR oscillations. For macroporous silicon
structures  with  nanocoatings of surface
nanocrystals and microporous silicon layers, the
light absorption increases, and an oscillating
structure occurs with amplitudes of the same
order (Fig.2 a, b). The absorption spectra of
macroporous silicon structures with CdTe
surface nanocrystals (Fig.2a, curve 1) and
without nanocoatings (Fig. 2 a, curve 2) have
similar shapes. The absorption spectra of
macroporous silicon structures with ZnO surface
nanocrystals (Fig. 2 b, curve 1) and with the
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initial microporous layer (Fig. 2 b, curve 2) have
similar shapes at photon energies over 200 meV.

The amplitude of oscillations is maximal at
spectral ranges of surface levels (organic species,
Si-H, C-H and O-H bonds [9-10]) in the

absorption spectra of macroporous silicon
structures with CdTe and ZnO surface
nanocrystals.

Si-O-Si, Si-Si, Si-H, Si-O, SiCH;, C=0O
bonds were observed only in absorption spectra
of macroporous silicon structures without
nanocoatings (Fig.2a, curve2 and Fig.2 b,
curve 3) or with the microporous silicon layer
(Fig. 2 b, curve2). The form of oscillations
(Fig. 2¢, curves 1,3) indicates its resonant
character.

The spectral positions of oscillation maxima
of macroporous silicon structures with
microporous layers and surface nanocrystals vs.
oscillation number (Fig.3 a, curves 1-3) are
straight lines. The oscillations of small
amplitudes (Fig. 3 a, curve 4) were studied in
macroporous  silicon  structures  without
nanocoatings [8]. The experimental absorption
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
approximation, thus confirming realization of the
impurity Franz—Keldysh effect. The oscillation
period is almost constant (Fig.35). The
oscillation energies AE of macroporous silicon
structures with microporous layers lie within
0.7-2 meV.

Comparison of IR spectra. Fig. 4 a shows
the experimental dependences of the IR
absorption of structures of macroporous silicon
with SiO, layer of 50nm thick (/) and
microporous layer of 100 nm thick (2) in the
spectral range 500—1500 cm ™.

For macroporous silicon structures with SiO»
and microporous silicon layers the light
absorption increases, and an oscillating structure
with giant amplitudes occurs (Fig. 4 a).

Fig. 4 b shows the experimental dependences
of the IR absorption of macroporous silicon
structures with surface nanocrystals CdTe (/),
ZnO (2), CdS (3) in the spectral range
500-1500 cm " too.

The small coherence of oscillations is
evaluated for macroporous silicon with SiO;
nanocoatings (Fig.4a, curvel) and with
microporous silicon layer (Fig. 4 a, curve 2) due
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to high concentrations of surface states [10].
Better oscillation coherence was obtained for
CdTe and ZnO nanocrystals (Fig. 4 b, curves 1
and 2). However, for structures of macroporous
silicon with CdTe nanocrystals (Fig.4 b,
curve 1) of a size 20 nm, the coherence of the
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oscillations is less than that for structures with
ZnO nanocrystals with size 4+0.4 nm (Fig. 4 b,
curve 2 and Fig. 4 ¢). Structures of macroporous
silicon with CdS nanocrystals of 1.8-2 nm in
size (Fig.4 b, curve 3) are also significantly
inferior to those for ZnO nanocrystals.
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a — absorption spectra of macroporous silicon structures with CdTe surface nanocrystals (/) and without

coatings (2); b — absorption spectra of macroporous silicon structures with ZnO surface nanocrystals (/) and
with (2) and without (3) microporous layers; ¢ — fragments of absorption spectra of macroporous silicon
structures with CdTe surface nanocrystals (/), without coatings (2), with ZnO surface nanocrystals (3) and
with microporous layers (4) in the vicinity of Si-H bonds
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a — the spectral position of oscillation maxima of macroporous silicon structures with microporous layers

(1), CdTe (2), ZnO (3) surface nanocrystals and without coatings (4) as function of oscillation number;
b — spectral dependences of the oscillation period of macroporous silicon structures with microporous layers

(1), CdTe (2), ZnO (3) surface nanocrystals
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a — experimental dependences of the IR absorption of structures of macroporous silicon with SiO, layer of 50 nm

thick (/) and microporous layer of 100 nm thick (2) in the spectral range 500-1500 cmi!; b — experimental
dependences of the IR absorption of macroporous silicon structures with surface nanocrystals CdTe (), ZnO (2),
CdS (3) in the spectral range 500-1500 cm™; ¢ — experimental dependences of the IR absorption of macroporous
silicon structures with surface ZnO nanocrystals: / — in the spectral range 500-1500 cm™!; 2 — the same spectrum

of IR absorption, moved for 2 periods

Thus, the coherence of oscillations increases
with the decrease of the concentration of surface
states and with the optimal area of contact of
nanocrystals to the surface of the macropores
due to optimal size of nanocrystals (4+0.4 nm).
For ZnO nanoparticles, the distance between
resonant oscillations is 4.4+0.28 meV, and the
shift of oscillations by 1 and 2 periods (Fig. 4 ¢)
leads to deviations of the oscillation peaks within
0.26-0.42 meV, 1i.e. the oscillation coherence
reaches 0.25-0.4 %.

DISCUSSION

We observed the oscillating structure in the
absorption spectra of macroporous silicon
structures with surface nanocrystals. The
amplitude of oscillations is maximal at the
spectral ranges of organic species, Si-H, C-H and
O-H bonds. The results obtained indicate strong
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effect of impurity states on the surface of
macroporous silicon structures with nano-
coatings. This may result from scattering of both
electromagnetic radiation and electrons on the
impurity states. The form of oscillations
(Fig.4¢) and constant oscillation period
(Fig. 3 b) indicate the resonant character of
scattering.

The oscillations of small amplitude in
macroporous  silicon  structures  without
nanocoatings [8] correspond to the weak electric
field approximation. The macroporous silicon
structures with surface nanocrystals investigated
in this paper have higher surface potential of
nanocoatings with surface bonds. Therefore, the
onset of oscillations with giant amplitude can be
explaned by the electro-optical processes in
strong electric field. Moreover, the constant
oscillation period (Fig.3 b) may specify the
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realization of the Wannier—Stark effect on
randomly  distributed surface bonds on
nanocrystals [9].

A method of experimental observation of
Wannier—Stark ladder was proposed in papers
[18,19]. It was shown that the scattering
amplitude has resonant behavior in the case of
electron scattering on impurities. If the electric
field is directed along the x-axis of the crystal,
then electron scattering occurs in the plane (y, z),
and the difference between two resonant energies
is approximately equal to the step of Wannier—
Stark ladder. In our case, an electric field of
“silicon-nanocoating” heterojunctions on the
macropore surface is directed perpendicularly to
the surface too (Fig. 5), and surface states that
scatter electrons are concentrated
perpendicularly to the x-direction in the plane
(y, z) that is the plane of resonant scattering.

Let us consider a semiconductor with the
dispersion law E(x) = Eyp— A (cosk,a + cosk.a),
where £ is a quasi-momentum with components
ky, k-, Ep the energy corresponding to the midgap,
A the energy equal to 1/6 of the band gap, a the
lattice parameter. The wave function in the
Wannier representation was written as in [19]:

. (|G (E)o)r,{0®,)
<]|1//E>—<]|®E>+ 1—%<0|GO(E)|O> . (1)

Fig. 5. A fragment of system considered

Here the first (second) term describes the
incident wave (scattered waves); j numbers the

lattice site, G,(E) is the Green operator, V; is the

impurity potential. The complex energies for
which the denominator of the second term (1)
becomes zero correspond to the resonances in
electron scattering

1/¥, =(0|G,(E)|0) )

at E=¢—il([>0). The difference of two
neighbouring resonance energies is
approximately equal to the value of the step in
the Wannier—Stark ladder.

The Wanier-Stark steps can exist when the
scattering time 7 of the carriers is large enough
to realize at least one cycle of complete Bloch
oscillation of the field-accelerated carriers. In
our case, the electric field is at the boundary of
the “silicon matrix-nanocoating”, and the vector
of the electric field is in the plane (100) of
silicon (Fig. 5). After illumination, electrons are
accelerated in the electric field of the enriched
electric potential (Fig. 6), oscillate and scatter by
surface states in the radial direction x relative to
the macropore, in the plane (y, z) (Fig. 5), which
is the plane of resonance scattering with infinity
amplitude [19]. The resonant electron scattering
results in the infinity growth of dielectric
constants and corresponding changes in IR
absorption at room temperature.

Fig. 6. Scheme of potential well and band bending
on the surface of macropores between
silicon c¢-Si matrix c-Si with Fermi level Er
and layer ZnO nanocrystals (circles—
electrons, stokes—impurity states)
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Table 1. Structure parameters and the electric field intensity

Nanocrystal Oscillation Lattice Band  Nanocrystals El‘e ctric ﬁ eld El.e ctric ‘ﬁeld
material period, meV parameter, gap, eV size, d, nm intensity intensity
’ a, A K > F=AE/a, Viem F=AE/d, V/cm
Si 1.4£0.6 5.43 1.1 2+3 (1.5+4)-10% (3+9)-10°
CdTe 3.940.5 6.48 1.6 20 (6+8)-10* (2+3)-10°
ZnO 4.2+1.0 32 34 5+6 (1+1.3)-10° (6+8)-103
5.6 (6+7.4)-10*

The big scattering time is needed to make
possible generation of well-separated oscillations
[20]. If the scattering time is much bigger than
the lifetime of the most stable state, then the
oscillation has some minima (Fig. 7) that are due
to crossings with the higher excited Wannier—
Stark ladder [9]. The oscillation periods AE for
macroporous silicon structures with surface
nanocrystals and microporous layers depend
mainly on the band gap of the nanocrystal
material (see Fig. 2 ¢ and Table 1). The electric
field intensity F is equal to 10*+10° V/cm for
F=AE/a, and (3+8)-10° V/cm for F = AE/d (see
Table 1). The Ilatter value of electric field
intensity is too small, the Bloch time is bigger
than the relaxation time, and therefore neither
Bloch oscillations nor Wannier—Stark ladders
have been observed yet. This proves the validity
of the model of electron oscillation in the atomic
lattice.

The fact is that the levels of the Wannier—
Stark ladder have a certain width I, while its
detection requires that this width be less than the
difference of energies of adjacent levels, /"< Fd.
The contributions to the width /" come from the
interband interaction, electron-phonon
interaction, and interaction with impurity atoms.
The interband interaction has been studied and
demonstrated that it does not break the
Wannier—Stark ladder [18]. The electron-phonon
interaction was considered in [21]. According to
[18], the phonon damping effect leads to an
additional shift towards the phase behavior.
Paper [20] deals with the influence of
impurities on the Wannier—Stark ladder and
calculation of the width of the Wannier—Stark
ladder levels AE due to scattering from
impurities. The Wannier—Stark ladder is not
broken by impurities if the intervals between the
transitions due to scattering from impurity atoms
with lifetime 7 are bigger than the period of
electron oscillations in external field. In [20], the
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following estimate of the probability W for an
electron to leave the state per unit time due to
scattering from an impurity atom at lattice
site was obtained: W < 2VyNi/(Nh), where V) is
the impurity potential, N; the impurity
concentration and N =~ (a?)'the density of
states. As a result, the inequality 7/73 > 1 passes
to N; < AE/(4na*Vp). Using the last inequality, we
find a numerical estimate of impurity
concentration. The surface state concentration in
macroporous silicon structures varies from 10'
to 10" ecm™ [21] and N™* > 10" cm? for the
considered spectral range. In this case, the
Wannier—Stark ladder is preserved in the whole
spectral range for macroporous silicon structures
with microporous layers, CdTe, and ZnO surface
nanocrystals (Fig. 7). The Bloch oscillation time
is equal to Ts =~ (4+8)-10'? s for macroporous
silicon structures with surface nanocrystals, and
Ts~(1+4)-10"" s for macroporous silicon
structures with microporous layers. The lifetime
relation is 7/Tg > 1 in the whole spectral region
studied for macroporous silicon structures with
CdTe and ZnO surface nanocrystals.

We  obtained the surface impurity
concentration in macroporous silicon structures
by the method of the photoconductivity

dependence on the distance between macropores
[21] and the temperature dependences of the
photocarrier lifetime in macroporous silicon.
From the experimental temperature dependences
of the photocarrier lifetime in 2D macroporous
silicon structures the dimensionless surface
potential y,is about 12 at room temperature what
corresponds to the equilibrium surface band
bending of about 0.31 eV and to the surface
impurity concentration N;=5-10""cm™ for the
electron  concentration  mp=10"cm”  of
investigated macroporous silicon samples.
Relatively long electron scattering time in 2D
macroporous silicon structures is due to the
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small surface impurity concentration on
macropore surface (V; < 5-10'%cm ™).
Wannier-Stark  quantum  electro-optical
effect includes an effective mechanism for the
implementation of strong, coherent interactions
are the resonance oscillations in IR absorption
spectra [9]. The basis for the development of this
direction is the interaction of the quantum
system of oscillating electrons with the quantum
system of the Wannier levels. The Wanier-Stark
steps can exist when the scattering time 75 of the
carriers is large enough to realize at least one
cycle of complete Bloch oscillation of the field-
accelerated carriers. In our case, the electric field

100 |

The lifetime relation ©/Tg, arb.un.

is at the boundary of the “silicon matrix-
nanocoating”, and the vector of the electric field
is in the plane (100) of silicon (Fig.S5). After
illumination, electrons are accelerated in the
electric field of the enriched electric potential
(Fig. 6), oscillate and scatter by surface states in
the radial direction x relative to the macropore,
in the plane (y, z) (Fig. 5), which is the plane of
resonance scattering with infinity amplitude [11].
The resonant electron scattering results in the
infinity growth of dielectric constants and
corresponding changes in IR absorption at room
temperature.

40 60 80 100

400 600 800 1000

Photon energy, meV

Fig. 7. Spectral dependence of the lifetime relation #/7s for macroporous silicon structures with microporous layers

(1) and CdTe (2), ZnO (3) surface nanocrystals

Controllability and coherence of the system
are determined by forming of coherent Wannier
levels in a narrow triangular potential well
formed by an electric field at the silicon-
nanocoating boundary (Fig. 6). The
presence/absence of resonance scattering of an
oscillating electron in an electric field at the
potential of an impurity surface state with
quantum Wannier levels is controlled and
measured at room temperature by the resonant
maxima of the IR absorption. The resonant
maxima are stored for 20 seconds after switching
off the illumination. This is 200 times longer that

of macroporous silicon structures without
nanocoatings [20].
Electron-phonon interaction. We

investigated the contribution of the electron-
phonon interaction to the broadening parameter
I of the Wannier—Stark ladders in oxidized
macroporous silicon structures [21]. The effect
of broadening on the amplitude of the
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oscillations in IR absorption spectra (AA4) is
calculated in the form of convolution of the
“nonbroadened” oscillation amplitude (A4o) with
Lorentz distribution:

do > =arctan(Aw/T)/ 7 -

3
(0'-w)* +T ©)

AA/AA():%j

In (3) we used Aw = w'-w as the energy of
the Wannier—Stark step Fa.

For experimental data on IR absorption by
macroporous silicon structures with oxide
thicknesses 10200 nm in the spectral region of
Si-O surface states and A4o/A4 = 3+20 (Fig. 8),
that confirmed low values 77Fa<<l, where
I'=0.3+08cm™' equals to that for surface
phonon polaritons measured in thin films of
II-VI semiconductors [22]. The obtained
parameter /I of the Wannier—Stark ladder is
much less of the adjacent level energy due to the
giant amplitude of oscillations after resonance
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electron scattering on the surface states with the
infinity amplitude of scattering.

Quantum superiority. To achieve a high
degree of coherence of the quantum system at
room temperature, it is necessary to achieve
“quantum superiority” due to the hundreds of
coupled acts of the electron scattering operating
steadily and with a small number of errors, high
accuracy and speed of measurements. The

100 \

oscillating motion of an electron together with its
spin enhances the circulating flow of energy in
the field of its wave. Resonant scattering rotates
electrons on 90 ° and converts the superposition
of the states of the microscopic system into the
superposition of the states of the macroscopic
system. The gain mechanism of a mixed state
involves also the interaction of the quantum
macropore system with other macropores.

N

AA JAA

L1 1

0.1 L

TR
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Fig. 8.

01
I'/Fa

The results of calculation (curve) of the A4y/A4 dependence on /7Fa by Eq.(2). The symbols are

experimental data on IR absorption by macroporous silicon structures with oxide thicknesses of 10+200 nm

in the spectral region of Si-O-Si surface states

From other side, the potential of impurities
in the electric field of the deep well (Fig. 6)
between the macropore surface and the
nanocoating is sufficient. Thus, the influence of
“quantum  superiority” on coherence is
significant for the formation of Wannier levels.
Moreover, oscillating motion of an electron
together with its spin enhances the circulating
flow of energy in the field of its wave. Resonant
scattering rotates the electron flow on 90 ° and
converts the superposition of the states of the
microscopic system into the superposition of the
states of the macroscopic system. This
mechanism includes also the interaction of the
macropore  quantum system with  other
macropores, which causes quantum correlation
and forms a superposition of the states of the
macroscopic system. The effective formation of
quantum states and the strengthening of quantum
systems on the surface of periodically located
macropores are resulted in the low value of the
broadening parameter 7(10°°) of Wannier-Stark
steps; and the oscillation coherence reaches
0.25-0.4 %.

The results obtained are perspective for the
optical quantum computer development [23-26].
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A quantum computer is a computing device that
uses the phenomena of quantum mechanics
(quantum superposition, quantum entanglement)
to transmit and process data. A quantum
computer operates not with bits with values of
either 0 or 1, but with qubits having values of
both 0 and 1 [23]. As a result, it is possible to
process all possible states simultaneously and to
obtain a huge advantage over other computers in
a number of algorithms [24-26]. A logical qubit
in our case is the presence/absence of the
resonance scattering of oscillated electron on
Wannier levels in the electric field at the
boundary of the “silicon matrix-nanocoating”.
Cubit is electron with quantum state of 10 > and
1> in the plane of the infinite resonance
scattering controlled by IR illumination and the
resonant maximum of IR absorption. The
number of oscillations in one IR spectrum is
more than 100, thus, we have the multi-cubit
system.

The interaction of qubits in arrays of
individually controlled, cold neutral Ba atoms
[24] is the propagation of internal atomic
coherence to and from the direction of motion of
the centers of mass of all ions. In such a system,
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the total measurement time is 35s, which is
much less decoherence due to spontaneous
emission (45 s), so the decoherence time is 6 s
with an error of 5%. A two-qubit quantum
computer based on diamond crystal with
impurities [26] includes two logical qubits of the
spin electron and the nitrogen nucleus with
coherence 10-17 % at room temperature. For our
case, the broadening parameter 10 of the width
of the Wannier-Stark step and the coherence of
the oscillations 0.25-0.4 % at room temperature
are much less than of the coherence of cold
atoms (5 % [24, 25]) and diamond crystal with

the nitrogen nuclei (10-17%) at room
temperature [26].
The  presence/absence  of  resonance

scattering of an oscillating electron in an electric
field at the potential of an impurity surface state
with quantum Wannier levels is controlled at
room temperature by the resonant maximum of
the IR absorption, which is 200 times longer than
that of macroporous silicon structures without
nanocoatings [20]. Thus, we proposed the high
coherent optical quantum computer based on a
macroporous silicon structure with the surface
layer of nanocrystals for the implementation of
the quantum electro-optical effect of Wannier-
Stark [27].

CONCLUSIONS

CdTe nanocrystals 20 nm in size were
deposited on macroporous silicon substrates by
the “hot wall” molecular epitaxy. Methods of
synthesis of ZnO nanoparticles (3.7-4.4 nm in
size) in isopropanol and from solution of
Zn(CH3COQ); in ethanol have been developed.
Ultrasmall CdS nanoparticles (1.8-2 nm in size)
were worked at the full saturation the Cd-cations
with amino groups in aqueous and ethanol
solutions of  polyethyleneimine. Si0O,
nanocoatings (thickness of 5+280nm) were
obtained in the diffusion stove after treatment of
macroporous silicon substrates in the nitrogen
atmosphere.

We observed well-separated oscillations in
absorption spectra of macroporous silicon
structures with surface nanocrystals. The
amplitude of oscillations is maximal in the
spectral ranges of organic species, Si-H, C-H and
O-H bonds. The results obtained indicate strong
influence of impurity states on the surface of
macroporous silicon structures with
nanocoatings. It results from resonant electron
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scattering on the impurity states in an electric
field of “silicon-nanocoating” heterojunction on
macropore surface. The constant oscillation
period specifies the realization of Wannier—Stark
effect on the randomly distributed surface bonds
on nanocrystals. The amplitude of scattering has
resonant behavior in the case of electron
scattering on impurity, and the difference
between two resonant energies is equal to the
step of Wannier—Stark ladder. The oscillation
periods AE of macroporous silicon structures
with surface nanocrystals and microporous
layers depend mainly on the band gap of the
nanocrystal material. The electric field intensity
Fis 10*+10° V/em for F = AE/a, thus indicating
validity of the model of electron oscillations in
the atomic lattice.

Wannier—Stark ladders are not broken by
impurities, if the intervals between the
transitions due to scattering from impurity atoms
with lifetime 7 are bigger than the period of
electron oscillations in external field, 7. The
lifetime relation is #/7g > 1 in all spectral regions
considered for macroporous silicon structures
with CdTe, and ZnO surface nanocrystals, taking
into account that the surface impurity
concentration for macroporous silicon structures
is less than N;~5-10'"°cm™2. The oscillations
have some minima that are due to crossings with
higher excited Wannier—Stark ladder for the big
scattering lifetime.

Resonant electron scattering with infinity
amplitude gives rise to the resonances of the
permittivity at room  temperature  and
corresponding change in the absorption. The
influence of the permittivity resonances on the
optical modes in two-dimensional macroporous
silicon structures is a subject for further
researches.

We compared the MIR light absorption
oscillations in 2D macroporous silicon with
CdTe, ZnO, CdS surface nanocrystals,
microporous and SiO; layers, taking into account
the electro-optical effects at strong electric
fields. The coherence of the IR spectra
oscillations increases with the decrease in the
concentration of surface states and with the
optimal area of contact of nanocrystals to the
surface of the macropores. Thus, the shift of
oscillations for ZnO nanoparticles with optimal
size of nanocrystals (3.7-4.4nm) leads to
deviations of the oscillation peaks within
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0.26-0.42 meV, i.e. the oscillation coherence
reaches 0.25-0.4 %.

The small broadening parameter of the
Wannier—Stark ladder levels /"=0.3+0.8 cm™
equals to that for surface phonon polaritons
measured in thin films of II-VI semiconductors.
Controllability and coherence of the system are
determined by forming of coherent Wannier
levels in a narrow triangular potential well
formed by an electric field at the silicon-
nanocoating boundary. Thus, the influence of
“quantum  superiority” on coherence is
significant for the formation of Wannier levels.
In addition, oscillating motion of an electron
together with its spin enhances the circulating
flow of energy in the field of its wave. Resonant
scattering rotates electrons on 90 ° and converts

the superposition of the states of the microscopic
system into the superposition of the states of the
macroscopic system. The gain mechanism also
involves the interaction of the quantum
macropore system with other macropores,
involving them in a mixed state. As a result, the
broadening parameter 10 of the width of the
Wannier-Stark step, the coherence of the
oscillations 0.25-0.4 % at room temperature are
much less than that of cold atoms (5 %) and
diamond crystal with the nitrogen nuclei
(10-17 %) at room temperature. Thus, we
proposed the high coherent optical quantum
computer based on a macroporous silicon
structure with the surface layer of nanocrystals
for the implementation of the quantum electro-
optical effect of Wannier-Stark.

KorepenTHi ocuuisuii B [Y-cmekTpax 2D ¢cTPYKTYp MAKPONOPUCTOr0 KPEMHIl0 3
NMOBEPXHEBUMH HAHONMOKPUTTAMH

JI.A. KapayeBueBa

Tuemumym ¢hizuxu nanisnposionuxie im B.€. Jlawxapvosa Hayionanvhoi akademii Hayk ykpainu
Ip. Hayxu, 41, Kuis, 03028, Yxpaina, lakar@isp.kiev.ua

OOHUM 3 nepcneKmMusHUX mamepianie 01s po3pooKuU O0BOBUMIDHUX (POMOHHUX CIPYKMYP € MAKPONOPUCmull
KpEeMHill, OMpUMAaHuil 3a O00NOMO20I0 POomoanoono2o0 mpasienns. Haasnicmo nepioOuuHo pPo3mMawlo8anux
YUNIHOPUYHUX NOP, PO30INEHUX KPEMHIEGUMU KONOHHAMU, 3a0e3neuye Genuxy epeKxmueHy NO8epXHIO CMPYKMYPp,
HOKpawye onmuyHi ma Gomopizuyni Xapaxmepucmuky MaKponopucmozo Kpemuir. Y 0auiti pobomi 00cuiodceHi
ocyunayii 19-noznunanmia 080GUMIDHUMU CMPYKMYPAMU MAKPOROPUCIO20 KPEMHIO 3 MIKPONOPUCIUMYU Wapamu
kpemnito, SiO; nanonoxpummsamu ma CdTe, ZnO nogepxnesumu HAHOKPUCMANAMU 3 6PAXYBAHHIM €LeKMpO-
onmuunoeo egexmy Banve-Llmapka. Ananiz exchepumenmanbHux CHnekmpie NOIUHAHHA 30ilCHEHO 6 PAMKAX
MOOeNi pe30HAHCHO20 PO3CIIO8AHHS eIeKMPOHI8 3 HECKIHYEHHOI AMNUAIMYO0I0 HA NOBEXHEeBUX CHIAHAX VY CUTbHOMY
eeKMPUYHOMY NOJ, 3 PIZHUYEI0 MIdNC 080MA PE30HAHCHUMU eHepziamu, wo 0opisHioe cxoounyi Banve—IlImapka.
Hocmiinicms nepiody ocyunayiu exazye ua peanizayito egexmy Bawnve—[lImapka Ha 008inbHO po3noOdineHuUx
NOBEPXHEBUX CIMAHAX HA MeJICi NOOINY «KpemHiu-Hanonokpummsny. Ilposedeno nopienanus 14 noenunanus ceimia 6
2D cmpykmypax Maxkponopucmoz20 KpemHilo 3 NOBEPXHeGUMU HAHONOKPUMMAMY, NPOAHANIZ08AHI 3DYUEHHS i
sioxunenHs gepuiur Koauganv. Koeepenmmuicmo ocyunayin 19-cnexmpie nioguwiyemocsa 8 pe3yiomami 3MeHUleHH s
KOHYeHmpayii nogepxHesux CMawie ma ONMuUMANbHOI NAOWI KOHMAKMY HAHOKPUCMALIE 00 NOGEPXHI MAKPONOp.
Taxum uunom, 3cy8 ocyunayitl 01 HanouacmuHok ZnO 3 onmumMaibHUM po3mipom HaHokpucmanie (3.7—4.4 wm)
npu3600ums 00 GioxuneHb koausans y medxcax 0.26—0.42 meB, mobmo y3e00cenicmov koarusans oocaeae 0.25-0.4 %.
Manuii napamemp ywupenna cxoounox Banve-Ilmapxa I'= 0.3+0.8 cm™ Oopisnioc yvomy napamempy ons
NoBepXHesUxX MOHKUX NAiBoK Hanienposionuxie II-VI. Konmponvosanicms i kocepeHmmuicmv 00CHiOHceHoi cucmemu
BUBHAYAEMBCSL (POPMYBAHHAM KO2ePeHMHUX PIGHI68 Banve y 8y3vKill mMpuKkymHiti ROMeHYianbHil sSimi, cpopmosanill 8
eNIeKMPUYHOMY NOAI  HA Mexci Noodiny —«KpeMHuiti-Hanonokpumsay. B pesynemami 6yno  3anpononoeano
BUCOKOKO2EPEeHMHULl ONMUYHUL KEAHMOGUI KOMN'Iomep HA OCHOGI peanizayii K6aHMOB020 eNeKmpOo-OnmuyHO20
egpexmy Banve-LlImapka na kpemHiesiu mampuyi 3 MAKPONOpamu i wiapom HAHOKPUCMAIE HA NOGEPXHI MAKPONOP.

Kniouosi cnoea: 2D cmpykmypu Maxponopucmoz20 KpemHilo, nogepxuegi Hanonokpumms, 14 cnexmpu,
Ko2cepeHmHi ocyunayii
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Korepentnbie ocuniasinnu B UK-ciekrpax 2D cTpyKTYp MaKpOnopucTOro KpeMHUs ¢
NOBEPXHOCTHBIMM HAHONMOKPBITHAMH

JI.A. KapaueBueBa

Tnemumym ¢husuku nonynposoonuxos um. B.E. Jlawkapeea HayuonanvHot akademuu HAyK YKPAuHbl
Ip. Hayxu, 41, Kues, 03028, Yxpauna, lakar@isp.kiev.ua

OOHuM U3 nepcneKmusHuIX mamepuanos ons  paspabomku 2D gomonnvix cmpykmyp — a6naemcs
MaKpONOPUCmblll KPeMHULl, U320MOBNEHHbI C NOMOWbI0 Pomoanoono2o mpaenenus. Hanuyue nepuoouuecku
PACNONOJICEHHbIX  YUNUHOPUYECKUX NOp, PA30eNeHHbIX KPeMHUEBLIMU KONOHHAMU, obecneuusaem OONbULVIO
Iphexmusnyio nosepxHocmv 006pA3Y08 U YIVYUIEHHble OnmuvecKue U @homouauvecKue Xapaxmepucmuxu
MAKpONOPUCIbIX  KpeMHUesblx cmpykmyp. B oanmoii pabome uccrnedosanvt ocyumnayuu HK-nocnowenus
08YMEPHBIMU CINPYKIMYPAMU MAKPOROPUCTHO20 KPEMHUS C HAHONOKPBIMUAMU MUKPOnopucmozo kpemuus u SiO;, ¢
CdTe, ZnO wuanoxkpucmaniamu ¢ yuemom 21eKmpo-onmuyeckozo d@gexma Banve-Lllmapra. Ananus
9KCnepumeHmanvHulx cnekmpos MK noenowenus Ovii npogedeH 6 pamkax MOOenu pe3oHAHCHO20 PACCEesHUs.
91EKMPOHO8 ¢ OECKOHeUHOU AMNAUMYOOU HA NOBEPXHOCHBIX COCMOAHUAX 6 CUTbHOM NEKMpUHecKoM none, ¢
DASHOCMBIO MeHCOY O08YMsA  PE3OHAHCHLIMU DHEPIUAMY, pPAsHOU cmyneHnvke necmuuybl Bauve-IlImapxa. Ha
peanuzayuro epexma Banve—LlImapka yxasvieaem NoCMOAHHOCMb NEPUOOA OCYULIAYULL HA HNOBEPXHOCTHBIX
COCMOAHUAX 8 0bAACMU 2paHUYbl «KpeMHUli-Hanonokpvimuey. IIposedeno cpasnenue ocyunnayuii UK noznowenus
ceema 6 2D Maxkponopucmom KpemHuu ¢ NOBEPXHOCHHLIMU HAHONOKPLIMUAMY, HPOAHATUSUPOBAHLL COBUS U
omKnoHeHuss nukog Konebanutl. Koeepenmnocmv ocyuniayui  HMK-cnexmpos nosviuaemcs 6 pesyivbmame
VMEHbULeHUS KOHYEHMPAYUU NOBEPXHOCMHBIX COCMOSAHUL U ONMMUMATLHOU NIOWAOU KOHMAKMA HAHOKPUCIMANILO08 K
nogepxuocmu maxponop. Taxum obpasom, cogue ocyunnayuii 0na Hanowacmuy ZnO ¢ ONMUMATLHBIM PA3MEPOM
Hanokpucmannog (3.7—4.4 Hm) npueooum Kk oOmxiOHeHuUAM Konebanuu 6 npedenax 0.26—0.42 mdaB, mo ecmo
coenacosannocmo koaebanuti docmueaem 0.25-0.4 %. Manwiii napamemp ywupenus cmynenex Bamve-LlImapxa
I'=0.3-0.8cm™ pasen smomy napamempy O3 NOEEPXHOCMMbIX MOHKUX NAEHOK NOAYNPOEOOHUK06 II-VI.
Koumponupyemocmos u xocepeHmHocms Uccie008anHOU CUCTNEMbl ONpeOersiemcsa QopMUposanuem Ko2epeHmHuix
yposHeli Banve 6 21eKmMpuueckoM none Y3KOou MpeyeoNbHOU NOMEHYUATbHOU AMbl HA 2panuye «KpemMHuli-
Hanonokpvimuey. B pesyivmame Ovbin npeodnodcen BUCOKOKO2EPEHMHbI ONMUYECKULl K8AHMOBbIL KOMNbIOMep Ha
OCHOGe peanu3ayul K8aHmMoso2o 31eKmpo-onmuueckozo s¢gexma Bauve-IlImapra na xpemuuegoi mampuye c
MaKponopamu u cioem HaHOKPUCMAIO8 HA NOBEPXHOCIU MAKPONOP.

Knrouegwie cnoea: 2D cmpykmypvl MaKkponopucmozo KpemHus, nosepxHocmuvie Hanonokpvimus, UK cnexmpuoi,
KO2epeHmHuble OCYULAYUU
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