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1. Introduction

Semiconductor nanosize devices on the base nanowires (NWs) and nanotubes (NTs)
have been the subjects of comprehensive research in recent years due to their unique and
specific electro-physical, optical, magnetic and mechanical properties. NWs and NTs are
promising candidates for application in a variety of fields, such as engineering, electronics,
optoelectronics, biophysics, biomedicine [1 —5]. Recently a large progress has been made in
fabrication, device physics, modeling and simulation of electrical properties of NW and NT
field-effect transistors (FETs) [6, 7]. Among other electronic devices silicon nanosized FETSs play
a principal role in modern electronics due to their compatibility to CMOS process. The small
NW cross-section offers a significant gate control over the drain current, therefore NW FETs
represent ultimate building blocks for nanoelectronics. However, for development of
ultrasensitive devices, such as bio-chemical and gas sensors, deep understanding of the transport
mechanisms in FET structures is of crucial importance. Currently the unified charge control
model is generally accepted for metal-oxide—semiconductor FETs [8 — 10]. Gate voltage can be
applied both: as usual metal electrode and through the reference electrode using electrolyte
medium. Liquid-gated FETs widely used in bio-chemical sensors (see Ref. [11] and citations). In
case of liquid-gated NW FETs there are still a lot of open questions. For example, nowadays,
two main concepts are considered for optimization sensitivity and selectivity of Si NW sensors:
using the sub-threshold mode or above-threshold mode [12, 13].

The distribution of the mobile charge carriers determines the static and dynamic electro-
physical and optical behavior of the transistor. Indeed, the distribution of the carriers in the
NW FETs channel may differ from its classical counterpart due to quantum confinement in
space charge region the channel cross-section. It may lead to overestimation of different kinds
of FET parameters during fitting. Quantization may result in the shift of maximum location of
the mobile carrier’s density from the front gate interface. This can be considered to be
equivalent to increasing of the effective tunneling distance to the trap(s) located in the front
oxide layer. Note that usually, in case of very small channel cross sections (~ 1071° —
10~*2cm?), the only single trap may determine the channel current behavior.

The impact of charge carrier distribution quantization on the current transport
mechanisms into the nanosize channel of liquid-gated FETs has not yet been reported.

In this paper, we have studied current carrier’s distribution and conditioned by them
unique properties of liquid-gated NW FETs. We show the importance of considering the
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Distribution of the current carriers in the inversion channel of nanowire based FETs.

electron quantization effect in the inversion layer. The schematic picture of the investigated
structure presented in Figure 1. Here RE is the reference electrode, V is the applied gate voltage,
Isq is the source-drain current, t, W and L are sizes of the NW, by FOX signify front oxide layer,
and by BOX — buried oxide layer.

Ve -
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th l <+ L >
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Figure 1. Schematic of the p-Si NW channel between
FOX and BOX layers, source (S) and drain (D).

2. Distribution of the charge carriers in the inversion channel
2.1. General considerations

The statistical and dynamical behavior of the source-drain current unambiguously is
defined by the distribution of the mobile charge carrier’s concentration over the conducting
channel. We consider the case of inversion n-channel liquid-gated FET. Therefore majority of
processes in the structure is determined by the electrons. Obviously, concentration of mobile
carriers in the channel depends on the coordinate x (see Fig. 1) and applied gate voltage. At the
same time FOX-NW surface concentration is only gate voltage dependent. Hence overall
concentration can be presented as follows:

n(x,V,) = ns(V,) x £(x, V). (1)
Here ns(l{q) is the electron surface concentration per unit area at the FOX interface and
f(x, I{q) in cm™ is the some characteristic function, which describes the charge carrier
distribution in the x — z plane of the channel (see Figure 1).

The surface concentration can be described using the unified charge control model. For
the investigated structure it can be defined from the following expression [13]:

Vg = Vin = Cfej (ns - ns,t) + Vi In (%) 2)
Here V4, is the threshold voltage, e is the electron charge, Cr,, is the capacitance of FOX layer,

ns: is the surface density of electrons per unit area at the threshold voltage (ng, = ng at the
V; = Vin), and 7 is the factor of the transistor non-ideality

_ Cq - egpesiNg __ kT
M=t S M 2oz, T
fox PTlfox

C,4 is the capacitance of silicon depletion layer; ¢, and &g; are the dielectric permittivities of free

space and silicon, correspondingly; N, is the doping acceptor concentration in both Si-substrate
and Si-NW; @7 is the thermal voltage.
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It should be noted that influence of electrolyte is included into V,;, value, which depend
on potentials of the semiconductor, BOX, FOX, NW layers and electrolyte and can be presented
as following [11, 14 - 18]:

Vin = Vep + 2¢r + ¢4, 3)

_ Pg;_ P Qfox Qbox,
Vg = Egef — s + Py ——— c c o
fox box

- ~ 0- — ~ ). _ Ng, _ [4egoEsiNaorT,
Erer = Pvuikso = 05 Psi = Gpuiksi = 0; @p = 2¢71n 0 ¢a = 1’ Chox
l

& Nsol eN¢ rox eN¢pox
=2 (_W$); = ENefox, _ eNtbox
(.bdl Pt & KZK"‘H; ¢fox Cfox ¢box Chox
Here Vip is the flat-band voltage, ¢ is the Fermi potential; ¢, 501 and Ppy1 s; are the electric

potentials of the bulk solution and bulk silicon substrate; ¢y is the surface potential of the NW-

FOX interface; n; is the intrinsic carrier concentration in bulk silicon; Cp,, is the capacitance of
BOX layer; ®g; and &, are the work functions of the silicon and oxide layer, correspondingly;
&y and &, are the dielectric permittivities of water and electrolyte, correspondingly; K is the
molar concentration of cations in the electrolyte, HJ is molar concentration of hydrogen ions at
oxide surface; Ny, is the solution molar concentration; N ro, and Ny ., are the trap surface
concentration per unit area in the FOX-NW and BOX-NW interfaces, correspondingly; Qo
and Qp,, are the charges of front and buried oxide layers, correspondingly.

Concentration ng, can be expressed as:

_ NCrox®PT

== (4)
For the further calculations it is necessary to define surface potential of the NW-FOX

Ng ¢

interface ¢s. It can be calculated using Eq. (3) and density of minority carriers per unit area:
¢s = @rln (M) + @rIn {ln [1 + %exp (M)]} (5)

etn? ner
Note that Eq. (2) has no analytical solution for ng in terms of the ;. The following

approximate solution is suitable for strong inversion and sub-threshold regimes [17]:

g = g n 1+ Sep (H222)] ©

After determining ng (Vg), we calculate f (x, l/;]) according to classical and quantum-
mechanical approaches in order to evaluate the influence of peculiarities in carrier distribution
for both cases on the physical processes taking place in the channel.

2.2. Classical approach

In order to find function f(x,V,;) for the case of classical approach we use following
classical dependence of n(x) [18]:

n(x) = N.exp [— %} = N.exp [— w{#] = npexp [%] ()

Here N, is the density of states in the conduction band of a semiconductor, ¢(x) is the contact
potential at the FOX-NW interface. To determine the ¢(x) we have to solve the Poisson
equation:

?ox) _  pkx)
dx?2  goegi’ 8)
where p(x) is the space charge density for the fully ionized acceptor (boron in Si) centers:
= —o(N- 41 —1) = — _ _P\ @
p(x) = —e(Ny +n—p) = —ep, [1 exp ( W) + 5, EXP (<pr)]' 9)

Here n, p and ny, py are the carrier’s non-equilibrium and equilibrium concentrations,
respectively. We can use following boundary conditions for solving the Eq. (8) (see Figure 1):
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x—>0=>¢->0, x>0=>0¢ > ¢s. (10)
Using Egs. (9) and (10) one can obtain following solution of Eq. (8):
— eno |1 _ _Xx _x
0 = (s + [t —exp (=) |err (=), ay
where:

l. = Lp Lo = E0ESiPT
s 1+n9/po’ b epo

Lp is the Debye’s screening length.
Then using expression for ¢ from Eq. (5) finally we have:

f(xVg) =
_ o NPTCroxNa 1 Vg—Vin et?n? X
= X exp {lln (T) +In lln <1 +Sexp ( —— ))l + £0£Si(pTNAl exp ( ls)}' (12)

4

2.3. Quantum-mechanical approach

The quantum-mechanical (QM) distribution of mobile carriers within the inversion
layer in the NW FET can be obtained by solving self-consistently the Schrédinger’s equation
and Poisson equation. QM calculation gives the following result for the characteristic f(x, Vg)
function [19, 20]:

£ v,) = 16,12 x |ai l(x -2 (Z";Zes)gl . (x20), (13)
where
nE 1
1Ci? = fooo lAi {(x - %) (anllzes)s}l dx] (14)
and
3
E = - s, (15)
(2m*)3

Ai(x) is the Airy function, m* is the effective electronic mass, € is the electric field in the NW
channel, E; is the quantized energy levels for electrons of the inversion channel in a triangular

potential well [21], s; is the i-th solution of the equation Ai(s) = 0.
2x10"

1.5x10" N\

RN

3V \
5x10%° m

1x10™

\
\\
-—-—_—-‘-_—‘———\.

Concentration of electrons in the channel, n(x), cm™

2 \___‘_ \-\E
— T——

25x10% 1V
0 10 20 30 40 50

Coordinate of x direction in the channel from FOX surface, nm

Figure 2. The carrier concentration n(x, I{g) calculated
for the several values of gate voltages at 300 K.
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Figure 2 show classical dependencies of n(x, Vg) , calculated using Eq.(12) and
parameters, described below. For numerical computation we use following values, which
correspond to sample geometry and typical parameters of materials for investigated structure:
@r =0.026eV (T =300K), Ny =10®cm™3, N, = 0.015 mol/L, K} = 0.001 mol /L,
t =50nm, W =100 nm, L =200 nm, dfy,, =9 nm, dp,x = 500 nm, &5 = 11.6, &,, = 3.9,
&, ~ 80, ¢ ~ 78,5 =8.85x 10" F/cm, m* = 0.26m,.

GN

/

LN
N\

1x10"* \
1V
0

1 2 3 4 5
Coordinate of x direction in the channel from FOX surface. nm

5x10"

4x10"

3x10"

Concentration of electrons in the channel, m(x), cm™

Figure 3. Dependencies of carrier concentration n(x, Vg) calculated
using Eq. (1), (6), (13) for several values of gate voltages at 7'= 300 K.

According to Ref. [21] the surface electric fields are typically ~ (10* — 10%)V/cm,
energy levels E; = (0.03 + 0.06) eV and typical value of s; for silicon FETs is equal to 2.338.

Using Egs. (1), (13) and (14), and above listed parameters for investigated structure we
have computed dependencies of f(x,V,) and n(x, V,) for different gate voltages. Figure 3 shows
the obtained results. As we can see the concentration of the mobile charge carriers in the QM
approach differs considerably from the classical case (Figure?2). The curves have well
pronounced peaks near the interface. Such a behavior is caused by the energy quantization of
the electrons in the triangular potential well near the FOX-NW interface (see Eq. (15)).
Increasing of the gate voltage results in increasing of the maximal concentration value and shift
of the maximums towards the FOX-NW interface. Majority of the electrons are located near the
FOX layer and occupy the region of 1 -2 nm depth in the channel. More than 90 % of the
channel thickness does not contribute into the dynamical processes and is in passive state. In
QM case a conception of the uniform inversion layer approximation becomes inappropriate. It
should be emphasized that in the QM case the maximal values of concentration are one order of
magnitude higher than in the classical distribution case. After defining charge carrier
distribution for classical and quantum cases we can evaluate the drain current of the Si NW
transistor for both cases.

3. Conclusion

It is shown, that in the inversion channel of the nanosize FET are significant difference
between charge carrier distributions forms in classical and QM approaches. This difference can
have strong influence on the carrier transport through several nanosize field-effect structures.

9
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In classical approach the charge carrier distribution has maximum at the interface FOX-NW,
whereas in the QM approach the maximum displaces away from the interface. The value of the
electron concentration increases with increasing of the gate voltage as well as its maximum
relocates closer to the FOX-NW interface. Majority of the electrons concentrates near the FOX
surface and occupies the region from 1 to 2 nm. This fact should be taken into account for
designing submicron devices. Those results can be useful both: for deep insight and for accurate
qualitative and quantitative description of the physical processes taking place not only in the
electrolyte-gated Si NW FETs but also can be applied for the several nanosize FETs. Classical
and QM models of electron charge distribution can be applied to find appropriate description of
physical phenomena, which takes place.
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Introduction

Martensitic transformations are first order lattice-distorting phase transformations and
occur as twinned martensite with the cooperative movement of atoms by means of lattice
invariant shears in the materials on cooling from high temperature parent austenite phase
region. The twinned martensites turn into reoriented martensite by the deformation in
martensitic condition. Shape memory effect is based on martensitic transformation, and
microstructural mechanisms are responsible for shape memory behavior. In particular, the
detwinning is essential as well as martensitic transformation in reversible shape memory effect
[1,2].

Shape memory alloys can be deformed plastically in low temperature martensitic
condition, and recover the original shape on heating over the austenite finish temperature. The
material cycles between the deformed and original shapes on cooling and heating. By applying
external stress, the martensitic variants are forced to reorient into a single variant leading
inelastic strains, and deformation of shape memory alloys in martensitic state proceeds through
a martensite variant reorientation or detwinning of twins. The twinning occurs with internal
stresses, while detwinning occurs with the external stresses. The basic mechanism of shape
memory effect is schematically illustrated in Figure 1. The deformed material recovers the
original shape on heating over the austenite finish temperature, and returns to the multivariant
martensite structures in irreversible shape memory effect on cooling below the martensite
finish temperature; in contrast, the material returns to the detwinned martensite structure in
reversible shape memory case. The detwinning process has great importance for the occurrence
of reversible shape memory effect.

cool deform

K4 >
@) (b) ©

Figure 1. Schematic illustration of the mechanism of the shape-memory effect: (a) atomic
configuration on {110}-type planes of parent austenite phase, (b) twinned martensite phase
occurring thermally on cooling, (c) detwinned martensite occurring with deformation.
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Phase transitions and multi-layered nature of martensite structures in shape memory alloys.

Martensitic transformations occur in a few steps. One is Bain distortion [3], and second
one is lattice invariant shear which is effective in the formation of self-accommodated
martensite structures. Bain distortion consists of expansion of 26% parallel to the <001>-type
axes, called Bain axes, and compression of 11% parallel to the <110> and <1 10>-type directions,
perpendicular to Bain axes. The <001>-type axes have the following axes; [100], [010] and [001],
and the bcc- cubic unit cells turn into tetragonal cells by means of Bain distortions in different
orientations. This process is schematically illustrated in Figure 2.

Figure 2. A cubic unit cell and three orthorhombic unit cells at
different orientations in basic coordinate axes caused by Bain distortion.

The lattice invariant shears occurs, in two opposite directions, <110>-type directions on
the {110}-type basal planes and this kind of shear can be called as {110} <110 >-type mode and
has 24 variants in self-accommodating manner. The basic characteristic of shape memory alloys
is the occurrence of different variants in the low temperature martensitic phase. When a shape
memory alloy undergoes martensitic transformation, it transforms from the parent phase to one
or more of the different variants of the martensitic phase [4, 5]. The basal plane of 9R (18R)-
type martensite in copper-based shape memory alloys is derived from a {110}-type planes
which have the following six planes; {110}-plane group has the following private planes; <110>,
<1105, <1015, <101>, <001>, <001>, and lattice invariant shears occur on these planes. There
are two possible shear directions for each plane and 12 possible combinations of stacking planes
and shear directions. Each combination leads to two possible crystallographicaly equivalent
habit planes; therefore, 24 variants of the 9R (18R) martensite can result in a single crystal of
the parent beta-phase.

The shape memory alloys possess two unique abilities: the capacity to recover large
strains and to generate internal forces during their activation. The basis of this phenomenon is
the martensitic transitions, which govern the remarkable changes in internal crystalline
structure of materials [1 — 4].

The basic characteristic of shape memory alloys is the occurrence of different variants in
the low temperature martensitic phase. The martensitic transformation is a shear-dominant
solid-state phase transformation, and, shape memory materials transform from the parent phase
to one or more of the different variants of the martensitic phase in thermal induced manner
[1, 4]. The variants of the martensite usually arrange themselves in a self-accommodating
manner through twinning [1, 4].

The shape memory effect is based on martensitic transformation, and shape memory
properties are intimately related to the microstructures of the material, especially orientation
relationship between the various martensite variants. Twinning and detwinning processes can
be considered as elementary processes activated during the transformation. These processes are
responsible for shape memory effect, as well as martensitic transformation.
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Copper based alloys exhibit this property in metastable f-phase region, which has B2 or
DOs-type ordered lattice at high temperature, and these structures martensitically turn into
layered complex structures with lattice twinning process, on cooling from high temperature
austenitic phase region. The twinning occurs with lattice invariant shears on {110}-type planes
of parent matrix. Lattice invariant shears occur in two opposite directions, <110>-type
directions on the {110}-type plane of austenite matrix. This kind of shear can be called as {110}
<110>-type mode and gives rise to the formation of layered structures, like 3R, 9R or 18R
depending on the stacking sequences on the close-packed planes of the ordered parent phase
lattice. The periodicity and therefore the unit cell are completed through 18 layers in direction
zin 18R case [3 —5].

Experiment

In the present contribution, two copper based ternary alloys were selected for
investigation: Cu-26.1%7Zn-4% Al and Cu-11%Al-6% Mn (in atomic). Powder
specimens for X-ray examination were prepared by filling the alloys, these specimens were
heated in evacuated quartz tubes in the -phase field (15 minutes at 830 °C for CuZnAl and 20
minutes at 700 °C for CuAlMn) for homogenization and quenched in iced-brine. These
specimens were also given different post-quench heat treatments and aged at room temperature.
X-ray diffraction studies carried out on these specimens, and X-ray diffraction profiles were
taken from the quenched specimens using Cu — K,, radiation with wavelength 1.5418 A.

Results and discussions

An X-ray powder diffractogram taken from the quenched and long term aged CuAlMn
alloy sample is shown in Figure 3. This diffractogram has been indexed on the monoclinic
M18R basis. The peak indexes are as follow — 1:(122), 2:(202), 3:(0018), 4:(128)—(208) overlapped,
5:(1210), 6:(2010), 7:(040), 8:(320).
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Figure 3. An X-ray diffractogram taken from
the long term aged CuAlMn alloy sample.

On the other hand, electron diffraction pattern were also taken from the samples these
alloys, the details were given elsewhere [3, 6]. X-ray diffractograms and electron diffraction
patterns reveal that this alloy has an ordered structure in martensitic condition, and exhibit
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superlattice reflections. X-ray powder diffractograms and electron diffraction patterns were
taken from both CuZnAl and CuAIMn alloy samples in a large time interval and compared with
each other. It has been observed that electron diffraction patterns exhibit similar characteristics,
but some changes occur at the peak locations and intensities on the X-ray diffractograms with
aging duration. These changes occur as rearrangement or redistribution of atoms in the material,
and attribute to new transitions in diffusive manner [3, 6, 7].

The ordered structure or super lattice structure is essential for the shape memory quality
of the material. In the shape memory alloys, homogenization and releasing the external effect is
obtained by ageing at B-phase field for adequate duration. Crystallization is essential for shape
memory quality, and crystallization and formation of the ordered structure is obtained by the
quenching process in the suitable media. Martensitic transformation obtained on cooling is
called thermally induced phase transformation, and martensite consists of up to 24 variants,
which are regions of the same structure but with different crystallographic orientations [7 — 9].

Metastable -phases of copper-based shape memory alloys are very sensitive to the
ageing effects, and any heat treatment can change the relative stability of both martensite and
parent phases. The martensitic transformation obtained on cooling is called thermally induced
phase transformation. The obtained martensite consists of up to 24 variants, which are regions
of the same structure but with different crystallographic orientations [2, 3, 8].

Martensitic transformations occur by two or more lattice invariant shears on a {110}-
type plane of austenite matrix which is basal plane or stacking plane for martensite, as a first
step, and the transformed region consists of parallel bands containing alternately two different
variants. All of these martensite phases are long-period stacking ordered structures that is the
underlying lattice is formed by stacks of close-packed planes. Lattice invariant shears occur
with cooperative movement of atoms less than interatomic distances on {110}-type close packet
plans of austenite matrix. The lattice invariant shears occurs, in two opposite directions, <110>-
type directions on the {110}-type basal planes and this kind of shear can be called as {110}
<110>-type mode and has 24 variants in self-accommodating manner. These lattice invariant
shears give rise to the formation of unusual complex layered structures called long period
layered structures such as 3R, 9R or 18R depending on the stacking sequences on the close-
packed planes of the ordered lattice. The periodicity and therefore the unit cell are completed
through 18 layers in direction zin 18R case. The {110}-plane family has 6 special planes: (110),
(110), (101), (101), (011) and (011). Lattice invariant shears occur in both sides of these planes;
therefore martensite occurs as 24 variants in self-accommodating manner. Microstructural
mechanisms are responsible for shape memory behavior. Occasionally, martensite variants are
called twinned martensites, which turn into reoriented martensite by the deformation in
martensitic condition. In particular, the detwinning is essential as well as martensitic
transformation in reversible shape memory effect. The twinning occurs with internal stresses,
while detwinning occurs with the external stresses.

Copper-based shape memory alloys exhibit a tendency to martensitic thermal
stabilization. During the stabilization process, the pinning of martensitic variants can take place
only in thermally induced martensite, while the atom rearrangement can take place in both
thermal and stress-induced martensite [3]. Martensite stabilization is closely related to the
disordering in martensitic state, and atom locations in the lattice sites in the crystal unit cell are
very important for the analysis and process of transformation.
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Shape memory alloys have the important ability to remember their original shape on
heating after deformation in low temperature martensitic state, and they are used as shape
memory elements in devices due to this property. These alloys cycle between two particular
shapes with changing temperature. In the cycling processes; the martensite normally returns to
a self-accommodated structure after cooling in the irreversible shape memory case, whereas the
reversible shape memory effect causes the martensite to adopt a detwinned -single variant
configuration (2, 3, 8].

On the other hand, the basal plane of martensite turns into a hexagon by means of Bain
distortion. The {110}s-type basal planes of parent phase have a rectangular shape in parent
phase and subjected to hexagonal distortion and undergoes a hexagon by means of Bain
distortion. This process is schematically illustrated in Figure 4.
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Figure 4. Atomic configuration of the (110) plane of DOs-type ordered -matrix (a) before
and (b) after hexagonal distortion, (c) principal basal plane axes of the 18R structure.

X-ray diffractograms taken from the specimens aged at room temperature in a long term
interval reveal that some changes have been observed in peak locations and intensities on the
diffractograms with aging duration. These changes are attributed to new transitions which have
diffusive character. In particular, some of the neighbour peak pairs come close each other. It is
interesting that miller indices of these plane pairs provide a special relation:
(W’ —h2)/3=(kZ —k/)/n where n=4 for 18R martensite. These plane pairs can be listed as
follow; (122)—(202), (128)—(208), (1210)—(2010), (040)—(320). This result can be attributed to a
relation between interplane distances of these plane pairs and rearrangement of atoms on the
basal plane. In these changes, atom sizes play important role. The different sizes of atomic sites
lead to a distortion of the close-packed plane from an exact hexagon and thus a more close-
packed layered structure may be expected. In the disordered case, atom sizes can be taken
nearly equal, and martensite basal plane becomes an ideal hexagon. Although martensitic
transformations are displacive, the post-martensitic transitions have the diffusive character
because this transition requires a structural change and this also gives rise to a change in the
configurational order.

Metastable PB-phases of copper-based shape memory alloys are very sensitive to the
ageing effects, and ageing treatment gives rise to the rearrangement of atoms in diffusive
manner [8,9]. Structural ordering is one of the important factors for the formation of

martensite, while atom sizes have important effect on the formation of ordered structures
[9. 10, 11].
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Conclusions

Martensitic transformation in copper based shape memory alloys occur as martensite
variant with cooperative movements of atoms in self-accommodating manner through twinning.
It can be concluded from the above results that the copper-based shape memory alloys are very
sensitive to the ageing treatments, and heat treatments can change the relative stability and the
configurational order of atoms in the material. This result attributes to rearrangement of atoms
in diffusive manner. In the cycling processes; the parent phase normally returns to a self-
accommodated structure after cooling in the irreversible shape memory case, whereas the
reversible shape memory effect causes the martensite to adopt a detwinned -single variant
configuration. The changes in the diffracted peak angles with ageing changes lead to the
martensite stabilization in the redistribution or disordering manner, and stabilization proceeds
by a diffusion-controlled process. The changes in the diffraction angles of the selected plane
pairs can be a measure of the ordering degree in martensite.
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1. Beegenue

Kaxk usBectso [1], B kpucrannax n-Si noz Bo3#eiCTBUEM PagUaliiIOHHOTO O0TyYeHUs

obpasyrorcs paguanuonusie nedexts: (P/I), xoropsie mo momnoro orxura (T, =600 °C)

ann
BJIMAIOT Ha pu3nyeckue CBOMCTBA KPUCTAILIA.

O6pasoBanue u nepecrpoiika P/l mpomcxoiuT He TOJBKO HENOCPEICTBEHHO B
mpolecce OOJIydeHHs, HO M IPH CTapeHWH OOpa3loB, paHee IIOABEPIHYTHIX CUIBHOMY
BO3ZIeJICTBYIO U3TydeHUs (HallpuMep, IPOTOHOB C 3Heprueii 25 MaB) [2].

B pa6ore [3], mpoananusnpoBaHa KMHETHKA pocTa KoHIeHTpanuii gedexktoB Ci—Oi B
3aBUCHMOCTH OT TEXHOJOTMM MH3TOTOBIEHHA CTPyKTyp p—n'—n‘. Ilpu mnosroprHOM
ob6yyeHNH o-dacTuUnamMu c sHeprueil 5.5 MsB oOnapyxkena mepectpoitka mpu 300 K
nebeKToB, 00pa30BaBUIMXCA B pe3ynbraTe oOTkura nepsuuHslx PJI.  Berasreno
BO3HUKHOBEHME «CKPBITHIX» HCTOYHUKOB MeXXy3eabHOro yriepoga Ci, He HabomaeMoro
merogom DLTS. Ilpu sTOoM mua ero BBICBOOOXKAEHHA U ydacTus B (HOPMHUPOBAHUU
xomIutekcoB Ci—Oi Tpebyercs Gosblias sHeprus (peskuil poCcT KOHLIEHTPALMH KOMILJIEKCOB
Ci—Oi mabmogaercs npu T,,,= 250 °C).

llexo maHHO# pPaGOTHI SABISAETCS, BBIABIEHUE «CKPBITBIX» HCTOYHHKOB IOHOPHOI
IIPEMeECH B KPUCTAJUIaX N-Si C IOMOIIBIO PAUAMIOHHOTO OTXKUTA UCCIelyeMbIX 0OpasIioB.
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2. DKCIlepuMeHTaIbHbIE 06Pa3Ibl ¥ METOAMKA DKCIIEPUMEHTA

HccnemoBannch MOHOKPHUCTAJLIBL Si N-THUIIA IPOBOAUMOCTH, BBIILIABJIEHHBIE METOZOM
IJIaBaIOIIe 30HbI, ¢ KOHIleHTparueil 31eKTpoHoB 5 - 1013 cm3. CogmepkaHue Kuciopoja B
HUX ObUIO ycraHOBIeHO w3 wu3MepeHuit VK mornomenus um mpuMepHO cocCTaBisia
6 - 10'° cM3; HIOTHOCTH POCTOBBIX AWCIOKALIMil, M3MepeHHas II0 sSMKaM TpaBJIeHUS He
mpeBprmasa 102 -10% cm2. OOpasupl GbuTH BBIpe3aHbl B ¢dopMe OpPyCKOB C pa3MepaMu
1 x 3 x 10 MM ¢ Haubosnpurei rparsio (111). Kpucrannsr mogsepranxucy 061y4eHNIO IPOTO-
HaMmu c dHeprueii 25 MaB B unrepsaze mo3 1.8 - 10 — 8.1 - 10'? cm? mpu KOMHATHOM TeMITe-
paType, IepHeHJUKYJIIPHO K HauOOJbIIell TIpaHW; WHTEHCHUBHOCTH IIOTOKAa IIPOTOHOB
paBHstack 6 - 101 cm2 - ¢l

ITocme kaxkzoro nukiaa OOJydeHUS IIPU OIpefieIeHHOM [03e MeTOZOM XOJlIa
M3MepsaIach KOHIeHTpalnusa 371eKTpoHOoB N B TemmeparypHoMm uHTepBane 1 =77 —300 K.
OmMmuueckue KOHTAKTBHI, HeOOXOZMIMBIE [JA IOZOOHBIX H3MEpPEHUH CO34aBaIUCh IIyTeM
BBITUPAHUA aJTIOMUHUA Ha NIIH(OBAIBHYIO IOBEPXHOCTD MCCIelyeMoro oopasua. Tunuyxas
omun6ka nsmepenus N He mpessimana 10 %.

3. PesypTaTs! uccaeoBaHuii U UX 06CyXeHue

Ha pucynxke 1 nokasaHo n3MeHeHNe KOHIIEHTPAIIUH 5JIeKTPOHOB mpoBoguMoctu N B
KpucTajlax n-Si, 00sy4eHHBIX IIpoTOHaMu c sHeprueir 25 MbsB B mHTepBane Temmeparyp
77 — 300 K. Kak BUZHO U3 5TOrO pUCYHKA C IOBBINIEHHEeM H03bI oOiryderus or 1.8 - 10 mo
9.0- 10" cm2 N Bospacraer ot 5.0 10" mo 1.2 - 10 cm® (xpussie 1, 2, 3 u 4). Kpusas 1
COOTBETCTBYeT UCTOLEHUIO JOHOPHOH npuMecH, atoMoB docdopa P. [Tpu nosrrmennii 10351
o6rydenus kpusas saBucumoctu N = f(10°/T) cmemaercs BBepx mapasuiebHO KpUBOH 1,
YTO CBU/IETEIBCTBYET O pOCTe KOHIleHTpauuu docdopa.

[To-BugumoMy, B Ipolecce 30HHOM IUIABKM B CJIMTKe OOPa3ylOTCA T.H. «ZedeKTs
pocta». Ilpu obOirydyeHMM TaKuMX KPUCTAIJIOB IPOTOHaMu C dHeprueit 25 MasB B ob6pasmy
IIOMUMO pasynopsazodeHHbIx ob6macreii (PO) oOpasyiorcs mnepsBuunbsie PJI, koTtopsie
B3aMMOJENCTBYIOT €  KPYIHBIMH, DJIeKTPUYECKUH  HEAKTUBHBIMH  Ae(eKTHBIMU
KOMILTIEKCaMH (3TO, CKOpee BCero, AedeKThl pocTa BaKaHCHOHHOTO IIPOUCXOXAEHU), UTO
IPUBOJUT K Paclafy WIN IIepecTpoyKe INOCJIeJHUX, T.e. IPOUCXOJUT T.H. PafUallMOHHBIN
omxur [4]. B pe3synprare sTOro Impomecca BbICBOOOXAAIOTCA aToMsbl (ocdopa P, xotopsre
ObLIM 3aXBayeHBI STUMHU HEHUTPaIbHBIMU CKOIUIEHUAMH. BbICBOOOXmeHHBIe aTOMBI pocdopa
3aHMMAIOT CBOE MECTO B y3JIaX KPUCTAINYECKON PelIeTKH, YTO IPUBOSUT K HAOII0ZaeMoMy
yBenudyeHuio N.

Kaxk usBectno [4], PO u pocroBsie medexTs! SBasIiOTCS 3PGEKTUBHBIMU CTOKAMU JJIS
nepsuuHbix PJl. IIpu maneix mosax oGiydenHus oHu (nmepBuunsie PJI) mMOYTH IOTHOCTBIO
pacxoxmyiorca Ha o6pasoBanue PO wmam peKOMOMHUPYIOT C POCTOBBIMU JedeKTaMu.
CooTBeTCTBEHHO, IIPM MaJIbIX M03aX OOJIydYeHHS BBICOKODHEPTeTHMYHBIMU IIPOTOHAMU
sa¢ddexTUBHOCTU BBefleHUsA BropuuHbIx P/l HeBenuka.
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Pucynox 1. TemneparypHas 3aBUCHMOCTS KOHI[EHTPALUY 3JIEKTPOHOB B 06pasiax

n-Si, 06;1yYeHHBIX TpoTOHaMH ¢ 9Hepruei 25 MaB. /lo3a o6srydenus: 1 — no ob6rydyenus,
2-18-10",3-45-10",4-9.0-10",5-1.8-10%,6-2.7 - 102, u7-8.1 - 102 cm2.

C yBenmyeHueM m03bI 00mydeHHUsA mojd nepBuuHbIX PJl, KoTOphle pacxozmyercs Ha
o6paszoBarue PO niu pekoMGuHUpYyeT ¢ POCTOBBIMU ZedeKTaMu, yMeHblIaeTca. Haunnas ¢
1.8 - 102 cM2 KOIMYECTBO 2JIEKTPOHOB, 3axBaueHHBIX BTOpuuHBIMH P/l (A-, u E-mentpsI,
OVBAKAaHCUM ¥ Jp.) CTAHOBUTCA OoOJbllle, YeM KOJWYECTBO BBICBOOOAUBIIMXCA IIPU
pafualliOHHOM OTXuTe aToMOB ¢docdopa P 1 cooTBeTCTBEHHO KOHIIEHTpAIUA 3JIeKTPOHOB
N nocrenenHo ymensuiaercsi (kpuBble 5 m 6 Ha pucyHke). IIpu gosze 8.1-10'2 cm
yZAeNIbHOE COIPOTHBJIEHMEe 00paslia HACTOJBKO YBEIWYMBAETCH, YTO B OOJIACTH HU3KUX
TEMIIEPaTyp IIPOBeieHUe JIeKTPUIECKUX U3MEPEHNH 3aTPYAHEHO (KpuBas 7).
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4. 3akioyeHue

Takum o6Gpazom B ucciemyeMbIx oOpasimax Si N-Tuma MPOBOSUMOCTH, ITOTYIeHHBIX
METOZOM ILTaBalolleil 30HBI, CYIIEeCTBYIOT HeHTpanbHble ZedeKTHl POCTa, BHYTPU KOTOPBIX
IIO-BUJUMOMY 3a0J0KMpOBaHbl aroMsl ¢docdopa. B mpoiecce obryueHHs 3THX 0OPas3IOB
HeGOMBIINMHY [[03aMU IIPOTOHOB, IIPOUCXOAUT PafUAI[MOHHBIM OTXKUT NedeKTOB POCTa, YTO
IPUBOZUT K BBICBOOOXAEHUIO aToMoB ¢ochopa u HAOIIOZAEMOMY YBEIUYEHUIO
KOHI[EHTPAIUii 3IeKTPOHOB ITPOBOJUMOCTH.
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1. Introduction

Boron is an element which has a wide area of use [1]. With highest concentration and
value, Turkey has the largest Boron rezerves. Boron and its compounds can be used in many
areas like machining, metallurgy, energy, medical, agriculture, etc. [2]. Depositing thin films is
a widely used method for developing surface properties of materials. BN thin films provides
wide mechanical, optical and thermal features for many materials [3].

Depositing thin BN films with a PVD process can result in a coating containing
different BN allotropes. Beside most common BN microstructures, c-BN and h-BN, there are
many other allotropes like w-BN, t-BN, e-BN, r-BN and a-BN. These different allotropes offer a
wide range of mechanical properties. Investigations about their features are carried out by
several researchers. Observing more than one phase has a positive effect on friction coefficent
and adhesion of coating [4].

Some of the common properties of Boron-Nitride are high thermal and chemical
stability, high corrosion resistance, high melting point, no solubility in water and most common
acids. Especially, h-BN, r-BN are very soft and posses lubricating abilities similar to graphite
[5, 6]. Cubic phase of Boron Nitride has a very high hardness, low friction coefficient and high
wear resistance. Compounds which contain both c-BN and h-BN allotropes are observed to
provide good lubrication properties for surfaces of bearings. When hardness values are
considered, w-BN is very close to c-BN, but w-BN allotrope has lower thermodynamic stability
and probabilty to transform to stable h-BN phase [6].

Physical vapor deposition is a coating method which runs under high vacuum. In the
process, material evaporates in the vacuum chamber and condenses onto the substrate surface.
The most common PVD tecniques are thermal vaporization, sputtering, arc vapor deposition
and ion plating [7].

In this study a Radio Frequency (RF) magnetron sputtering technique is used to achieve
BN coatings. After coating different substrates, their crystal structures and mechanical
properties are analyzed. For allotropes that are investigated, hardness, thickness, friction
coefficient, wear and adhesion of coatings are presented.
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2. Experimental

Magnetron sputtering method - a physical vapor deposition (PVD) process — for BN
coating, is preffered since it requires a lower coating temperature, provides the possibility to
deposit thinner coatings and enables to deposit sharp edges and complex forms. Using lower
temperatures is important for enviroment because of saving more energy and also for preserving
the hardness of the substrate. System used for BN coating is designed and manufactured locally
in Ankara.

PVD System

Components;

Vacuum Chamber

Control Panel

Gases

Chiller

Heater

Before coating, holders are designed for each sample to hold them in the vacuum
chamber. During the design of the holders, shape of specimens and probability of homogenous
coating is considered.

Samples to be coated are ground and polished to obtain a smooth surface. Surfaces of the

samples are cleaned by sand blasting, ultrasonic cleaning and chemical cleaning before the
coating process. To get a good film, it is important to have a clean surface. In some cases,
holders are pre-coated.

Before coating, the system is cleaned in detail and general maintenance is carried out.
Then holders with samples are inserted on substrate holders that are connected to the spindle
which is biased by a RF power supply. This mechanism allows the samples to make planetary
motion. Turning speed is approximately 25 — 30 rev / min. Depending on desired properties of
coating, experiments also can be carried out with a stationary spindle mechanism with no
motion.

Figure 1. BN coating system.
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Figure 1 shows the coating system that is designed and manufactured in Turkey. It
consists of a vacuum chamber, a control panel, different gasses, a computer and a chiller.

The coating is achieved by using sputtering technique under a high vacuum. A
rectangular-shaped, single-crystal h-BN target with dimensions of 100 x 250 mm is employed as
a cathode. After fixing the holders with samples on the spindle mechanism, a mechanical
vacuum pump reduces the pressure of vacuum chamber to lower than 102 Torr. At same time,
the system is heated by hot water that is circulated around the vacuum chamber for the
evaporation of water molecules on the surface. When the pressure in the vacuum chamber is
about 3 -102Torr, a turbomolecular pump is started. At this time, heaters that are in the
vacuum chamber are set at 300°C and system is heated up. System temperature is measured by a
thermocouple. After the vacuum chamber reaches a pressure of 2 - 10 Torr, Ar gas is allowed
into the system and plasma cleaning is started. Plasma cleaning is performed with 250 W RF
power for about 15 minutes. After plasma cleaning, system is filled with N2 gas and ratio of
Ar /N2 gasses set to be 5 to 1. The flow rate of the working gases is adjusted by controllers
installed on the system panel.

During the deposition, magnetron power applied to the target plate is increased up to
900 W RF gradually and maintained at that value till the end of deposition. Experiments are
performed with 0 to 250 V substrate RF voltage. Throughout the experiment, cooling water
passes through the system. Closed-loop chiller provides cold water for the system minimizing
the use of water. Whole experimental procedure continues for 3-6 hours depending on the
thickness requirements for the coating. Figure 2 shows some of the coated samples.

Figure 2. Coated samples.

Before and after coating, the analyses and evaluations are made by the following devices:
CaloTest®,

Filmetrics F20 Thin-Film Analyzer Device®,
Step Profilometer,

Scratch Tester,

Tribometer Tester,

Nanoindentation Tester,

FTIR,

AFM,

Profilometer,

Confocal Microscope.
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3. Analysis and evaluations
3.1. Thickness measurements

Thickness measurements are performed by a calotest device, step profilometer and
Filmetrics®. Thickness of coating is depending on parameters of coating experiments. Thickness
range of coatings is observed from nanometer scale to several microns. Figure 3 shows the
image from calottes.

Figure 3. View of calotest measurement
result BN coated D2 steel.

Samples that are coated by using a lower RF substrate voltage are thicker than samples
that are supplied higher RF substrate voltage. The highest coating thickness is observed by
experiments with 0V bias. The thickness of the coating films are also measured by Step
Profilometer and F20 thin film analyzer. Figure 4 illustrates that R15 run has the highest
thickness.
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Figure 4. A thickness measurement comparison
between Step Profilometer and F20.
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3.2. Adhesion measurements

To determine the quality of adhesion of BN coatings, measurements are performed by
micro / macro scratch devices. Force applied on the sample is started from 0.5 N and
progressively increased to 150 N. Rockwell diamond indenter type with a radius of 200 pm is
used. 3 mm scratch is formed while indenter is moving at a speed of 6 mm / min. Loading rate is
299 N / min. Figure 5 shows a scratch test.

Applied Load

Tangential Force

Indenter

Displacementv

Figure 5. Scratch test.

It is observed that adhesion of coating depends on parameters of coating experiments
like; supplied substrate RF voltage, operation time and supplied magnetron voltage. Scratch test
results show that BN coating has good surface adhesion on materials like steel, titanium, glass,
copper and aluminum. Figure 6 shows the image of the scratch for BN coating indicating good
adhesion.

Figure 6. Scratch test result on BN
Coated sample for surface adhesion.

3.3. Friction coefficient measurements

Friction coefficient of coatings are measured by a tribometer device. Analyses are
implemented without lubrication in air environment at room temperature. A pin that is
attached on the tribometer device is an alumina ball having diameter of 6 mm. Tests are
performed under conditions of normal load of 1 N, linear speed of 50 mm /s for 50 m distance.
Radius of circle that is caused by alumina ball is 10 mm or 12.5 mm. Tribometer tests results
showed that coatings have produced lower friction coefficients than parent materials that are
tested. Tribometer test results of coated samples are shown in Figure 7.
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Figure 7. Tribometer tests for coated samples.
3.4. Surface measurements
One of the surface properties is the hardness of the thin film. Hardness measurement of
coating is performed by a nanohardness testing device. Hardness of sample is measured before

and after the coating operation and results are compared. Depending on experiment coating
parameters, hardness of coating changes significantly.
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Figure 8. Nano hardness impression on sample(left). Nano hardness measurement (right)

Figure 8 shows a nano hardness impression on sample and a Pd—Fn graph (Penetration
Depth—Applied Force) as a measurement result.

Before and after coating, characteristic of surface of sample is examined by AFM,
Confocal microscope and profilometer. Resulting from these tests, 3D images of coatings,
surface roughness and topography can be measured. Surface of sample becomes more uniform
and smooth after coating as can be seen in Figure 9.

2. F

Figure 9. Images before and after coating operation obtained by a confocal microscope.

To identify crystal structure of BN coating, Fourier Transform Infra-Red (FTIR) device is
used. Many allotropes (polymorphs) of BN which have different properties can be obtained
with different coating parameters. Allotropes that are observed are: c-BN, h-BN, e-BN, w-BN,
t-BN r-BN, and a-BN. In Figure 10 there is a FTIR result that shows different BN phases like
c-BN, e-BN and h-BN.
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Figure 10. FTIR measurement.
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4. Summary

The results of the studies show that more than one BN allotropes (polymorphs) are
obtained. c-BN, w-BN, e-BN and h-BN are the most observed allotropes (polymorphs).
Obtaining more than one phase can help the coating to have, e.g. a good adhesion and low
friction.

Hardness values of coatings are observed in a very wide range (from 3 — 4 to 18 —20 GPa).
With increasing substrate RF voltage, hardness of coating is increases.

BN coating techniques aims at improving the surface qualities of cutting tools and dies
so that they use less energy, generate less pollution to the environment by using less cutting
fluid and aim at higher performance in shaping and cutting materials.
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1. Introduction

Physical limits of remagnetization speed are one of fundamental problems of magnetism
physics, which has a crucial significance for creation of magnetic high-speed recording and
readout systems of information. Growth of attention to this problem is related to modern
achievements of nanotechnologies, by possibilities of production of new magnetic
nanostructures with predetermined physical properties, and development of the short-time
pulsed laser radiation. The prospect of the solution of this problem is related to the use of the
impact of short-time laser impulses on the ferrimagnetic multilayered nanostructures,
specifically, tunnel magnetic junctions [1], that can lead to magnetic state variations and the
remagnetization effect.

The key role belongs to the effects connected with the laser-controlled spin
manipulation including the spin-polarized electron transport in magnetic nanostructures that
constitute the subject of the modern magnetism physics, spintronics and microelectronics. The
laser-induced magnetic transitions in magnetic nanostructures are determined both by their
spin and electron structure and by physical characteristics of laser radiation. Corresponding
magnetic materials must possess by high enough values of magnetic anisotropy, magneto-optical
susceptibility and the spin polarization of conduction electrons. The laser radiation should be
characterized by the high enough polarization, intensity and a pulse duration corresponding to
exchange interactions in magnetics.

The fast-speed directed laser magnetic impacts is realized via the laser-induced thermal
demagnetization with subsequent bias by effective internal magnetic fields of different nature
subject to the magnetic structure of materials and laser radiation characteristics. The effective
internal magnetic bias fields can be related to the inverse magneto-optical Faraday effect (see
[1,2]) and to the effects of the transient ferromagnetic-like state in combination with the
relaxation of the exchange antiferromagnetic interaction under the pulsed laser-induced
thermal demagnetization [3, 4]. In the first case, the bias magnetic field (H. ) arises only under

circularly polarized laser irradiation. In the second case, the bias field (H;) is the internal

transient field caused only by the different speeds of the laser-induced thermal demagnetization
and it is independent on the radiation polarization.
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The indirect laser-induced magnetic impact can be realized via the laser-induced spin-
polarized electron current, caused by the laser-induced kinetic effect of a spin-polarized
electron current associated to momentum-selective excitations and a photon pressure [5]. In so
doing, the laser magnetic control is realized via the exchange interaction between the spin-
polarized electron current and localized magnetic moments of a magnetic nanostructure [6].

The features and mechanisms of the laser-induced magnetization and remagnetization
are considered below in ferri- and ferromagnetic-based single layers and multilayered
nanostructures. The role of laser-induced spin-polarized currents in processes of the laser-
induced remagnetization has investigated in tunnel magnetic junctions. The laser control of the
spin-polarized current in tunnel ferrimagnetic nanostructures via the pulsed laser-induced
remagnetization is considered in the case TbFeCo-based compounds.

2. Dynamics of magnetization switching

The influence of femtosecond pulses of circularly polarized laser radiation on magnetic
states and the conductance of the spin-polarized electron current was studied for the
ferrimagnetic TbCoFe-based and the ferromagnetic CoFe-based nanostructures. Features of the
laser-induced magnetization reversal were studied for magnetic nanostructures Al2O3/Tb2sCos
Fer/Al:O3, Al2O3/Tb2nCosFezs/Al2O3, AloO3/TbisCosFers/Al203 and Al2Q3/CozoFern/Al20s with a
single magnetic nanolayer. The laser-induced magnetization reversal together with the laser-
induced tunnel magneto-resistance (TMR) effect we studied for magnetic junctions
Al203/Tb22CosFers/PreO11/Tbi9CosFers/ AlLOs and Al203/CosoFe2/PrsO11/CosoFer/Al203 with the
PrO-based isolating barrier nanolayer. The TbCoFe-based and CoFe-based layers are
characterized by uniaxial out-plane and in-plane magnetic anisotropy, respectively. The
magnetization pinning of nanolayers Tb2:CosFe7s and CosoFex considerably larger than the
nanolayers Tbi9CosFe7s and CosoFer. The laser-induced magnetization dynamics was studied
with the help of the magneto-optical pump-probe method, based on the magneto-optical Kerr
and Faraday effects. The Nd-YAG and He-Ne lasers generated the pumping pulses (with a
duration 7, 130 fs) and corresponding probe pulses, respectively.

The direct laser impact on the magnetization occurs via the interaction of the circularly
polarized photons with spin-polarized electrons of a magnetic medium. The Raman-like photon
excitation of the electrons together with a spin-orbital interaction are accompanied by the spin-
flip and the remagnetization (see [2]) providing the inverse magneto-optical Faraday effect with
the effective internal bias field ( H; ). The pulsed laser irradiation causes heating and

demagnetization that in combination with the laser-induced effective magnetic field can lead to
variation of magnetic states and the remagnetization. The direct femtosecond laser-induced
impacts can results in the internal effective bias magnetic field H,;, connected with the

transient ferromagnetic-like state, caused by different demagnetization rates of ferrimagnetic
sublattices together with the exchange interaction relaxation [3, 4]. However, in the considered
case of TbCoFe-based ferrimagnetics this bias field H;; can play role of amplification of the
effective bias field of the inverse magneto-optical Faraday effect (see [4]).

The indirect laser impact on magnetic states in nonuniform multilayered magnetic
nanostructures occurs via the laser-induced spin-polarized electron current between magnetic
nanolayers. In this case, the remagnetization of the magnetic junction can be caused by the
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exchange s-d interaction of the laser-injected spin-polarized current with the localized lattice
magnetic moments (see [6]). The effective internal magnetic field H of that interaction

constitutes from two components, Hy = Hg +H,; . The first component H is related to the s-d-

interaction of the transverse component (with respect to the magnetic moment of the injected
layer) of the magnetic moment of the spin-polarized current. The second component H;; is

related to the s-d interaction of the laser-injected longitudinal spin component (with respect to
the magnetic moment of the injected layer) which is characterized by a nonequilibrium
distribution [6]. The mentioned effective internal magnetic fields together with laser-induced
thermal demagnetization result in the remagnetization, which is accompanied by a tunneling
magnetoresistance (TMR) effect. The results of the magneto-optical measurements are
represented in Figure 1.
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Figure 1. The time dynamics of the laser-induced remagnetization under the high-power
polarized laser pulses. (I) Probe laser pulses pass through the nanolayers Al203/TbisCosFes
/AL20Os (1) and Al20s/Tb2sCosFero/Al20s (2) irradiated by circularly polarized pulses.

(IT) The probe laser pulses are reflected from the nanolayer TbisCosFe7s of the
magnetic junction Al2O3/Tb22CosFenT/PrsOn/TbisCosFersd/Al:0s irradiated from the
side of nanolayer Tb2:CosFe7s by circularly (1) and linearly (2) polarized pulses.

(IIT) Probe pulses are reflected from the nanolayer CosoFeo of the the tunnel magnetic junction
AL:Os/CosoFexT/PreO11/d CosoFer/Al20s irradiated from the side of the nanolayer CosoFex by
circularly polarized laser pulses. Arrows denote magnetization directions in adjacent nanolayers.

As it can be seen from the temporal behavior of curves I (Figure 1), the dynamics of the
laser-induced magnetization for the infrared laser radiation is different for nanolayers
Tb1sCosFers (the curve 1) and Tb2sCosFern (the curve 2). The dominant interaction of light with
the iron magnetic sublattice results in that the nanolayers TbisCosFers more rapid changes its
magnetization sign than the nanolayer Tb2CosFe7 during the laser-induced remagnetization.
For the ultraviolet laser radiation, when the interaction between light and rare-earth. Tb
sublattice is dominant; the magnetization is defined by the Tb atom content. Then the
remagnetization of nanolayer TbzCosFen will change itself sign rapid than the nanolayer
Tb1sCosFers [4].

As it is follows from curves II (Figure 1), the laser-induced magnetization reversal of the
TbCoFe-based ferrimagnetic junction under laser pulses occurs faster at the circular (the curve
1) than linear (the curve 2) polarization of laser radiation. Such a rate difference is caused by
the grater total effective bias field in the case of the circular polarization (H, =H +H + H.z)

and the less total effective bias field in the case of the linear polarization (H, = H + Hy ).
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The laser-induced remagnetization of the CoFe-based tunnel ferromagnetic junction (the
curve III in Figure 1) is related to the dominant effective bias field H, of the s-d exchange

interaction between the laser-induced spin-polarized current and localized magnetic moments.

The above-mentioned laser-induced remagnetization in the TbCoFe-based ferrimagnetic
and CoFe-based ferromagnetic junctions is accompanied by the tunnel magnetoresistance, i.e.
by the dependence of the spin-polarized current through a magnetic junction on the
magnetization configuration of its nanolayers.

3. Passing of spin-polarized current through the tunnel magnetic junctions

The PrO barrier layer represents a large-gap semiconductor similarly to the known
[7 - 9] case of the MgO-based barrier in the magnetic junction Fe/MgO/Fe. The PrO-based
tunnel barrier as well as the MgO-based tunnel barrier is characterized by a large enough
tunnel transparency and, consequently, a large TMR affect under external magnetic field.
Corresponding graphic data [10] are represented in the Figure 2.
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Figure 2. (Upper panel) Tunnel resistance K and (lower panel) TMR
effect of the SiO2/Tbi19CosFe7s/PrsO11/Tb22CosFers/SiO2 magnetic
nanostructure versus the thickness of the PrsOu barrier layer.

The pulsed laser-induced remagnetization of magnetic nanolayers results in the pulsed
change of the spin-polarized electron current through a tunnel magnetic junction. The laser-
induced remagnetization of magnetic nanolayers results in the pulse change of the spin-
polarized current through the tunnel magnetic junctions.

This change is related to the dependence of the density of states of the spin-polarized
electrons on the magnetic moment of the nanolayesr. The tunnel current through considered
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magnetic nanostructures in the most general form is expressed via the tunneling probability (T )
of the Bloch electrons from one magnetic nanolayer through the tunnel barrier nanolayer into
an adjacent magnetic nanolayer.

The current density of the spin-polarized electrons from the magnetic nanolayer with
the chemical potential (4 ) into the magnetic nanolayer with the chemical potential (,) is

described by the expression [8]

o = 2 )3jd kv (k)f(,ul)ZT(k k'), 1)

where € is an electron charge, v, (k) is the velocity of electrons with the wave vector kK along

the axis z, perpendicular to the plane of the barrier nanolayer, f(z,) is the Fermi-Dirac
distribution function, T(k,k") is the tunneling probability of electrons with the change of the
electron wave vector from K on K'. Performing the integral over k, yields

e 1 1 0¢
Dion = Gy 2ga | e i TZT K, @

where ¢ = g(k') is electron band spectrum.

Taking into account (2) the net tunnel current, which includes opposed tunnel currents
between magnetic nanolayers, can be expressed as

:—J.ngT(k”,j) 3)

ki
where j is the number of the Bloch state for a given value of the transverse component k; of

the electron wave vector. This results in the Landauer formula

ZT (k. 1) (4)

kHJ
which describes the conductance of the magnetic tunnel nanostructures subject to features of
the electron transmission through the tunnel nanolayer.

Calculation of the tunneling probability assumes allowing for the quantum state
structure of spin-polarized electrons in the magnetic nanolayers, the structure of decaying
evanescent electron states in the tunnel barrier nanolayer PrO and near interfaces. In the
considered tunnel magnetic junctions the barrier nanolayer is wide-band semiconductor, in
which similarly to the case of the tunnel magnetic nanostructure Fe[Mg|Fe, the tunneling
conductance is realized via the two tunneling channels corresponding majority and minority
spin polarized along and oppositely to the magnetic field.

The existence of the electron Bloch states with the relatively high spin polarization in
the magnetic nanolayers and their overlap with slowly decaying quantum states in the barrier
cause the high enough tunneling conductance in the majority channel. In the minority channel,
the relatively large tunneling conductance related to interfacial resonance states caused by
quantum interference between the decaying states in the barrier layer that provides efficient
tunneling the Bloch electrons through the barrier. The mentioned large electron spin
polarization together with the effective tunneling leads to the relatively large TMR effect owing
to the corresponding change of an electron density state at the current transition between
nanolayers with opposite magnetizations.

The explicit dependence of the spin-polarized current through the tunnel magnetic
junction on the density of electron states, dependent on magnetic moments of the layers,
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follows from the formula (1). At given magnetizations of adjacent magnetic nanolayers of the
magnetic junction, in the approximation of the mean tunneling probability T , the components
of spin-polarized electron current are described by the expression

der?

omm' h

TTglyg(g—eV,Zf‘)gZ’G(g,ZrZ“')[ f(e—eV)—f(g)]de, o=(T1), (5)

where g, (¢,Z]") (i=12) is the electron state function in the i-th magnetic nanolayer with

the magnetization X", where the index m takes the values 1 and 2 if the electron spin is
parallel and antiparallel to this magnetization, respectively. In addition, the function f(g) is
the Fermi—Dirac distribution. The influence of the magnetization X" adds up to the energy shift

of the density of states function on the magnitude of the exchange interaction between the spin
magnetic moments and the localized magnetic moment in nanolayers. As the density state
function depends on a magnetization direction (as it is visible from (5)), the spin-polarized
electron current is dependent on the magnetization configuration of the magnetic nanolayer.

At weak bias field and voltages (V ), less than the width of energy band spectrum of the
Bloch electrons, the expression for the tunneling spin-polarized current can be represented in
the form

4’ ¢ m m Of (&
Io—;m,m' =V h T .[ gl,o(gizl )g2,a (8'22 ) ( )

de. (6)
&

Hence, at low temperatures, where the distribution function f (&) takes on the form of
the Heaviside step function, the following formula can be obtained for the tunneling
conductance in majority and minority channels,

_ 4e*r?

Ga;m,m' h gl,a,E{“ 92,0,2'2"" (7)

Here density-of-states functions are taken at the Fermi energy &;,ie. 0, _..=0;,:(&,2"). Due

to (7) at low temperatures and voltages, the components of the tunneling conductance are
determined by density state functions of spin-polarized electrons at the Fermi energy in the
magnetic layers.

At the parallel magnetization orientation of the adjacent magnetic nanolayers

GP = GT1,1 + Gm o g1T,1,1ng,11 + gl¢,11g2$,11' (8)
At the antiparallel magnetization orientation (%, || Z,)
G = GT,1,2 +G¢,1,2 €019, 195,90, )

Due to equations (8) and (9), the tunnel magneto-resistance effect (TMR), i.e. the relative
change of the tunneling conductance under switching the magnetization configuration of the
magnetic junction between parallel and antiparallel states, is described by the expression

G 1-RPR, Gira

where it is allowed for the relations g,,, =0, , and g, , =0;,,. As it is visible from (10), TMR

effect is connected by the direct dependence with spin polarizations P, of magnetic nanolayers.

Thus, the laser-induced change of conductivity of the tunnel magnetic junctions are
caused by changes of density of states of spin-polarized electrons near a Fermi level because of
the transition between parallel and antiparallel magnetization configuration of the junctions.
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Measured results of the conductivity dynamics of the tunnel magnetic junctions are
represented in Figure 3.
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Figure 3. The laser-induced conductivity dynamics of the tunnel magnetic junctions
Tb22CosFersT/PrsOu/d TbisCosFers (LIII) and CosoFe2T/PrsO11/TCozoFero (ILIV) under
circularly polarized femtosecond laser pulses from the side of nanolayers Tb2:CosFe7s (L1I)
and CosoFex (ILIII), respectively, at 7'= 300 K (I,II) and 80 K (IILIV).

In the case of the TbCoFe-based tunnel ferrimagnetic junction (curves I, III), the laser-
induced remagnetization occurs via the laser-induced internal effective bias field,
H, =H; +H +H;; with the dominant contribution of the first term corresponding to the
effective magnetic field of the inverse magneto-optic Faraday effect. The rest terms play a
reinforcing role. For the CoFe-based tunnel ferromagnetic junction (curves II, IV) with in-plane
magnetic anisotropy, the conductance switching is caused by the effective bias field, H, =H,.

Therefore, the laser induced TMR effect is less than in the case of the mentioned
TbCoFe-based junction. The relatively high amount of the TMR effect in both considered cases
is provided by the relatively high tunnel conductivity of the PrO-based tunnel barrier that is
caused of the observable overlap between wave states of electrons outside and inside of the
wide-gap semiconducting tunnel barrier.

4. The description of the laser-induced magnetic dynamics

The laser-induced magnetization dynamics of the explored tunnel magnetic junction,
including the temperature dependence of the magnetization magnitude, in the approximation
of effective magnetic moments of nanolayers can be described by the macroscopic Landau-—
Lifshitz—Bloch (LLB) equation [11 — 13]

omi _ i 1,7 i & i

7——]/[miXHeﬂ;:|+¥ ml Heﬂ; +C_1| mI—F miX miX Heﬂ; +gJ_ , (11)

| |
which was obtained in a mean-field approximation from the classical Fokker—Planck equation

for individual spins interacting with a heat bath. In (11) 7/:7/(1+ﬂ,2) , where y is the
gyromagnetic ratio and A is a microscopic parameter that characterizes the coupling of the
individual atomistic spins with the heat bath. It is visible from (11), that a spin polarization m,

has no constant length and is temperature dependent. The coefficients ) and o are
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dimensionless longitudinal and transverse damping parameters. Thermal fluctuations are
included as an additional noise terms gll (t) with 1 =(L,]|) and

2k T

where i, j denote lattice sites and 77,  denote the Cartesian components. Here, A%is the

volume of the micromagnetic cell and Mg is the value of the spontaneous magnetization at
zero temperature. The damping parameters below and above the magnetic phase transition

temperature T,, are described by the expressions ) = 2T/ (3TM ), « = ﬂ,(l—T / TV ) and a |
=0 = 2AT [ (3Ty, ) » respectively.

The effective magnetic field can be written as H!. =H,_ , +H! Here the first

= " =in a—ex °

ingredient H, ,, is caused by the laser-induced electron excitations which includes both the
effective internal magnetic field of the inverse magneto-optical Faraday effect (H.) and the
internal magnetic field (H_, ), generated by the s—d exchange interaction of laser-injected spin-
polarized currents with localized spins of magnetic lattice in the spatially inhomogeneous

magnetic junction. The second ingredient Ha—ex =H+ HI +Hg ! x 1s given by

i 1 m’ 1 37,m;

e 2§II { mequ ) 2§|| (T T ) M
where the susceptibility & I om, / oH, . The anisotropy and exchange fields are given by

[ i

a SL

and
Hog =g T (mjm),
m@ MJA“ jeneigh (i)

respectively.

Within the context of the LLB equation, field components parallel to the local magnetic
moment can change the length of the magnetization vector. In the limit, T -0 the
longitudinal damping parameter o vanishes and with |m|= Megq (0) the LLB, equation goes over

to the usual Landau-Lifshitz-Gilbert (LLG) equation [8]. The temperature dependent
parameters in (11), i.e. longitudinal, transverse susceptibilities, and the temperature variation of
the magnetization, ;(”(I' ), x, () and m(T) are determined using an Langevin dynamics

combined with the LLG equation for each spin, i.e., by its stochastic modification

S;=- W[S|XH|+2.S|XS|+(S|XH|)] (14)

where the internal field Hj=0H/0Sj+&(T) . Thermal fluctuation of the mentioned parameters

are include as an additional noise term in the internal field with <(t)>= 0 and

<2 ;('J (1) >= 26,8 AKgT tis 1 7.

40



M. M. Krupa & A. M. Korostil. Nano Studies, 2014, 10, 33-52.

The system of (11) and (414) has solution for the magnetization m(t), which at the
temperatures close to the magnetic phase transition temperature T,, tends to zero (that means a

demagnetization process). Then at cooling, one tends to the magnitude with the sign opposite to
initial value (that means the magnetic switching). The system of (4.1) and (4.4) determines the
conditions for parameters providing the magnetic switching. It turns out that the magnetic
switching only occurs within a narrow range of parameters for the laser pulse. The realization
of the magnetic switching assumes the suitable combinations of laser pulse duration and
intensity.

The component H_, of the effective magnetic field H, in (11) expresses via the s-d-

exchange interaction U between the spin-polarized current and the lattice magnetization m as

H o (xt)=— Ysa _,_ 0 Ij'olx'm (', )m(x",1) (15)
sd ™ sm(x,t) smx,t)g e’ e

where Mg (x,t)is the magnetization of the laser-induced spin-polarized current and L is thick

of a magnetic nanolayer of the tunnel magnetic junction. Since the magnetization m = m(x ,t)
is connected with the magnetization flux density J by the continuity equation [6]
om m,, —mel
el O [ } el
+—+ya|m_, xm |+ =0 16
a ox AL : (1o

(where Mg is an averaged magnetization, 7 is a relaxation time with respect to a local
equilibrium state), then the effective magnetic field H, =H_(J), i.e., it depends on the

magnitude of the laser-induced current and the intensity of laser pulses.

The continuity condition of the magnetization flux near to the interface between
continuity adjacent magnetic layers determines the boundary conditions for (16) that allows
describing the magnetization dynamics under the laser-induced spin-polarized electron current.
The continuity condition for the traverse components of the magnetization flux near to
interface between adjacent magnetic layers result in a transfer of torque moment from labile
electrons to lattice moments. The corresponding transverse component ( H, ) of internal

magnetic field H  can result in magnetic switching in a small region near to the interface at

excess of threshold intensity of laser pulses [5]. Such the spin torque effect assumes spin
dissipation.
At the same time, the continuity condition for the longitudinal components of the

magnetization flux through the interface in (11) result in the longitudinal component H, I of

the magnetic field H, caused by the nonequilibrium spin polarization of spin-polarized

electrons of laser-injected through the interface into an adjacent magnetic layer. The magnetic
field H,, , (independent on the spin dissipation) results in the magnetization switching in bulk

of the magnetic layer at a threshold magnitude of the laser intensity.
Thus, due to (11) the change of the effective magnetic field H, can result in the

magnetization reorientation and switching. For the single magnetic nanolayer the effective

magnetic field is caused only by the effective field H related to the optic-magnetic

i—ind
excitations. For the tunneling magnetic junction the laser-induced effective magnetic field

Hi iy also includes magnetic field H_, related to the laser-induced spin-polarized flux, playing

the essential role in magnetization and switching processes. The last field is the sum

i—in
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Hy =Hg, +Hg, » where the first and second terms are related to the transverse and

longitudinal components of the spin flux, respectively.
The effective field H, , related to the exchange s-d interaction between the lattice

magnetization and the transverse component of the laser-induced spin magnetic flux damping
near the magnetic interface. The effective field corresponds to the scattering of spin-polarized
electrons on localized magnetic ions accompanying by the action of the torque T on the
magnetic lattice. Spin magnetic momentums of the spin-polarized current and the lattice are
aligned on the distance |, i.e., the transverse component of the total magnetic flux is completely
damped. This torque (corresponding to the continuity condition of the total magnetic flux) is
determined via the spin electron polarization vector p,, and magnetization vector m by the

vector product

T =cl[mxmxp,1/|m]|, (17)
where o is the constant depended on the efficiency of the scattering processes in the thin
nanolayer, | is pro-proportional to the density of the laser-induced current of spin-polarized
electrons. The increase of the laser-induced current density of spin-polarized electrons to some
critical value (on the order 107 A/cm?) causes the large enough torque for the magnetic
switching near the junction interface.

The effective field H,, is related to the longitudinal component of the total magnetic

flux, consisting of laser-induced spin-polarized current and lattice magnetic components, which
passes in the low-coercive layer on the spin diffusive depth (on the order 10 nm). This field
generates by the exchange s-d-interaction between the non-equilibrium spin polarization and
the lattice magnetization (that causes by the nonequilibrium distribution of the laser-induced
electrons between spin subbands in the low-coercive magnetic layer) with the lattice
magnetization.

The field H, characterizes by the direct dependence on the density of the laser-

induced spin-polarized electron current. It is always parallel in the magnetization of the
strongly coercive magnetic layer. Therefore, the increasing of the current density to some
critical value accompanies by the increasing of H., and magnetic switching if the

magnetization directions of adjacent magnetic nanolayers are antiparallel.
4.1. The magnetic memory based on tunnel magnetic junctions

The nanolayer remagnetization in the tunnel magnetic junctions under the spin-
polarized current and the change of last subject to the magnetization direction correspond to
processes of magnetic recording and reading of an information byte, respectively. Association of
these two processes is realized in the combination of the two tunnel magnetic junctions in a
single magnetic nanostructure, which represents the magnetic memory element (Figure 4). The
last contains the one driven magnetic nanolayer with a weak magnetization pinning 3
sandwiched, via barrier nanolayers 2, by magnetic nanolayers with the strong magnetization
pinning 1, 4. Two possible directions of the nanolayer magnetization 3 contain the information
byte.
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Figure 4. Scheme of the element I and body II of magnetic memory.
1, 3, 4 are magnetic and 2 are barrier layers. Recording and reading-
out are based on correlation between the spin-polarized
current and a magnetization configuration of the system.

Coercive forces of magnetic nanolayers (H,, i =1,3,4) satisfy to relations H, > H, > H,.

Antiparallelism of magnetic moments of strongly coercive nanolayers 4 and 1 provides
controllability by the magnetic moment orientation of the intermediate weakly coercive
nanolayer 3 via the change of a feed path of the spin-polarized current from the side of the
strongly coercive nanolayers 4 and 1. Recording a data bit is realized by magnetizing 3 in one of
two directions by spin-polarized current. Reading-out of a data bit is based on the dependence
of the spin-polarized current on the magnetization direction of the nanolayer 3, i.e. tunnel
magnetoresistance effect.

5. The electric field-induced magnetization via the Rashba spin—orbit interaction

The field-induced remagnetization in heterogeneous metal magnetic nanostructures can
be realized both via laser-induced effective internal bias fields and via the electric field-induced
effective surface bias fields of the Rashba spin—orbit interaction. The electric field-induced
processional magnetization switching, based on the interfacial voltage-controlled magnetic
anisotropy, modify the free layer perpendicular anisotropy field [14,15]. A bistable
magnetization switching with sub-nanosecond switching time is realized by applying a unipolar
voltage pulse in the FeCo/Mg/Fe magnetic tunnel junction (see [16]). Its realization in
CoFeB/Mg materials system [16, 17] is of most technological importance for the capability of
high-density integration with conventional semiconductor industry.

Such the electric field-induced magnetization occurs in the two-dimensional electron
systems with broken spatial inverse symmetry and the large enough spin—orbit interaction
when the Rashba effective magnetic field causes the spin polarization and spin splitting in
energy bands of conduction electrons [18]. The magnetization occurs via effective magnetic
field of the s-d exchange interaction of spin-polarized conduction electrons with localized
magnetic moments of a nanolayer (see [19, 20]).

The internal effective bias fields of the spin-orbit and exchange interactions can provide
the high-speed remagnetization of magnetic nanostructures with reduced energy consumptions
at room temperature. Therefore, the remagnetization opens new opportunities to integrate
magnetic functionalities into electronic circuits and can be implicated in elements of magnetic
data recording and read-out.
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5.1. Features of the influence of spin—orbit interaction on surface states

For infinite crystals, the electronic band structure is related to the motion of an electron
in an effective periodic potential. For finite crystals, the boundary conditions caused by the
crystal surfaces, result in the occurrence of discrete surfaces states. In the framework of the
density functional theory, with an effective one-particle potential, the complex values of wave
vector K correspond to the surface quantum states (real values of k correspond to infinite
crystals). The energies of the surface states lie inside the region for real k . Their wave functions
damp in the direction of the vacuum and damp in an oscillatory way inside the crystal.

The spin—orbit interaction, that is the coupling of the orbital angular momentum and the
electron spin, manifests itself via the electronic structure of solids in various ways including the
magneto-crystalline anisotropy in magnetics. The last makes the origin of the Rashba effects in
the two-dimensional systems with broken inversion symmetry. In two-dimensional condensed
matter systems (heterostructures and surface states), the combination of atomic spin-orbit
coupling and asymmetry of the one-particle potential in the direction perpendicular to the two-
dimensional plane causes the Rashba momentum-dependent spin splitting of energy bands. This
effect can drive a wide variety of novel physical phenomena even when it is a small correction
to the band structure of the two-dimensional metallic states. One is probed by angle-resolved
photoelectron spectroscopy (see [21]).

The characteristic features of the Rashba spin-orbit effect, which can show up both in
nonmagnetic and in magnetic heterostructures and surface states, are described in the standard
model of an isotropic two-dimensional electron gas (2 DEG). In this model, the effective
magnetic Rashba field of the spin-orbit interaction arises in the rest frame of the moving
electron and results in a Zeeman spin splitting. This field results in a unique spin topology of
the electronic states both at interfaces of heterostructures and metal surfaces of at nonmagnetic
and magnetic metal surfaces. The potential gradients for heterostructures and metal surfaces are
determined via a band banding and an image-potential barrier, respectively.

The relativistic spin-orbit interaction and corresponding features of quantum states, the
energy band structure and the spin polarization of electrons in an periodic electric field are

naturally described by the Dirac equation for the four-component vector function (V')
oY

with the Hamiltonian
H, =a-pc+pAmc+V . (19)
Here a= ||(1 _j)G” (i,j=@2), where o 1is the Pauli vector-matrix; P is a momentum

); m is the electron

operator; C is a light speed; the second order matrix £ = H(—l)i Sl H (1= H&,J‘

mass; V is the operator of the electron-field interaction. Stationary states are described by the
wave function of the form W = (¢, y)"exp(-i &t / ), where ¢ and y are two-component vector-

functions.
Then stationary solving for (18) is reduced to solving the matrix equation
E'-V —Co
D 1?0, (20)
cop E+2mc -V )\ ¥
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where
E'=g—mc® . (21)
Hence, in the second order approximation in V/C (V is a particle speed) it follows that
E'-V ) op
=|1- — 0, 22
d ( 2mc2j2mc¢ (22)

Then, eliminating the function y from (20) together with a normalization condition for ¢ give
the stationary equation E 'go = H¢g with the Hamiltonian

H :§—m+V(r) e [(gradV)xp] [E-V(r__# SVA(r), (23)

2mc? 8mc
where the third term represents the operator the spin-momentum interaction (Hg,) for the

electron in the nonuniform electric potential A, =V /e (e is the electron charge).

. . rov. .. . .
For the centro-symmetrical electric field, when gradV = T this interaction take the
ror

form of the spin-orbit interaction, Hy, =y, (SL) with the parameter yy, = > h2 > Ed\;(r) ,
m=c r r
where S:ga and L are spin and orbital moments, respectively. Taking into account the

expression M= ;S for the spin magnetic moment, where s =eh/(2mc) is the Born

magneton, the spin-orbit operator H., can be rewritten in the form

1
Hso:(ﬂ‘Bso) > Bso:m_C[EXp] (24)

corresponding to the interaction between the spin magnetic moment m and the effective
magnetic field By, . This magnetic field, arising in the particle’s frame, effectively couples the

spin to the particle momentum, exciting the spin alignment along the field B, . The spin-orbit

interaction can cause a spin polarization and the spin splitting in energy.
In the two-dimensional electron system of condensed matter with the broken symmetry,
the spin-orbit interaction of the one-particle potential causes the effective magnetic field ( B;)

(known as the Rashba effect) inducing the electron spin polarization and the momentum
dependent splitting in the electron band spectra. In general, the spin-orbit interaction
parameter « in this case depends on physical properties of the system. It usually, exceeds the

mentioned parameter o, in few orders.
In the two-dimensional free-electron condensed model, the electric potential A, in

z -direction confines electrons to the surface. Then, from the general expression (19) the

Hamiltonian of the system takes the form
hz 2 2
H _Zm(a +0 )+aR( ,—0,0,) (25)

where the first term is the operator of a free electron motion in the plane Xy, the second term,
(denoted as Hyy, ) is the Rashba spin-orbit interaction operator in the plane Xy with the
parameter o gradV =E . Then, two-component wave functions of the stationary wave
function ¥ =(¢,,p,)" expi(wt+kx+k y) (k, and k, are components of the planar wave

vector K, obeys the matrix equation
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_E -k
[‘_Sk % J[QJ:O’ k, =k, *ik, . (26)
lagk, & -E )\, -

Since here, the existence of nonzero solutions assumes the zero value of the determinant
of the equation matrix then from it is follows the expression

h? me, )Y med h’k?
E.K)=¢ tagk=—|kt—R | ——2=, ¢ =
(K=& Zm( 7 j on2 ' %" om

describing the splitting two-dimensional electron band spectrum. The last is consisted of the

+

, (27)

two branches, caused by spin splitting under the effective Rashba field B, = i[EZ X p”] of
mc

the spin—orbit interaction.

It is returned out, that spin polarizations of electrons with energies belonging to the
different branches have opposite orientations. Indeed, the normalized spinor functions
(¢, @,)" at the eigenvalues E (k) and E,(k) is transformed to the spinor functions

@ ik, /k)"/ J2 and (ik, 1k, )"/ J2, respectively. At K, [|0x these two spinor function taking
the form (1, i)T/\/E and (i,l)T/\/E are eigenfunctions of the spin operator o, with the

eigenvalues 1 and -1, respectively. That implies that spin moments of each from two band
branches for considered nonmagnetic system are opposite and lie in the plane Xy as is depicted

in Figure 5 [19].

£

|~

Figure 5. The two Fermi sheets of non-magnetic metal surface corresponding
two spin polarizations (denoted by arrows) of conduction electrons under the
Rashba spin-orbit splitting. Here ¢ is an energy, K, is a splitting parameter; E is

the spin—orbit energy. The sheets emerge from a “Dirac point" near the band bottom.

The above-mentioned nearly free electron (NFE) model is able to describe the nature of
the splitting but it cannot give a correct quantitative result. The experimental splitting (e.g. in
Au(111) [21]) is much larger than what is estimated by a NFE model. This small splitting is
related to neglecting of the large gradient potential near of ionic cores. A large atomic spin-orbit
interaction and a large gradient of the surface potential result in a large splitting of the surface
state dispersion. Since the electric field probed by the electron is strongest near the ion cores, a
realistic description of the phenomenon should include atomic aspects.

It is taken into account in a tight-binding model, where the spin—orbit splitting depends
on the product of the surface-potential gradient times the atomic spin-orbit parameter [22]. For
clean metal surfaces, the splitting depends not only on the atomic number Z , but also on the
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orbital character of the surface-state wave function, e.g., on the relative sizes of the p and s
components in an SP surface state.

In the tight-binding model, the electrons that form the two-dimensional electron gas
originate in all atomic S and p orbitals. The ingredients resulting in Rashba splitting are
atomic spin-orbit interaction Hyy =AL® 0o, and an asymmetry potential in the direction
perpendicular to the 2D surface (V = E;z). The main effect of the symmetry breaking potential
is to open band gap A, between the isotropic p, and p,p, bands. In the tight-binding

approximation the hopping element from a p, state at site i with spin o to p, or p, state at

site j with spin o' is given by the expression t} .=E;<p,,i;o|z|p,,,j;c'>. In the
absence of a symmetry breaking, i.e. V =0, the hopping element vanishes due to symmetry. If
V #0 then the hopping element is finite. The Rashba effect is the nonlinear effect, which is
obtained in a second order perturbation theory with the spin-flip quantum transition between

<p,,i;T and < p,, ;4| states via the transitional quantum state < P, Jio|. It results in the

Rashba parameters oy =A,/A,, that in two orders of magnitude large then in the free-

g b
electron model.

5.2. An electric-induced magnetization via spin—orbit interaction

The possibility of controlling the magnetic anisotropy of thin ferromagnetic films using
an electric field E is of great interest since it can potentially lead to magnetic random access
memory (MRAM) devices which require less energy than spin-torque-transfer random access
memory STT-MRAM [23]. Thin magnetic films with a perpendicular magnetic anisotropy
(PMA) are important for applications. This interfacial internal electric field might be used to
engineer such a PMA is also of great interest. Experiment [24] has indeed shown that such a
PMA might be modified by an externally applied electric field. One can be caused both by the
indirect electric-induced change of magnetic anisotropy via changes of the electronic
contribution to magnetic anisotropy [19, 20] and by the direct electric-induced changes of
magnetic anisotropy via the Rashba effective interaction in combination with the exchange
interaction.

The indirect electric-induced magnetization, in the terms of band theory, is related to
the matrix elements of the spin-orbit interaction between empty states (see [24]), large
contributions to which come from regions with different d-bands (almost) cross. The strong
doping dependence of these matrix elements corresponding to d-band transverse in vicinity the
Fermi surface influences via the Rashba spin—orbit interaction on the magnetic anisotropy [25].
The direct electric-induced magnetization in the framework of the Rashba spin-orbit
interaction [26] and the band Stoner magnetism is characterized by a very large magnetic
anisotropy arising from the internal electric fields E,, which exist at, e.g., ferromagnetic /
metal and ferromagnetic / oxide insulator interfaces but modified by the addition of an applied

electric field E_, . In this case the Rashba splitting There is a Rashba spin splitting of the band

2
ext 2

structure leading to a quadratic, E_,”, contribution to the magnetic anisotropy, contrasting with

alinear in E_, doping effect.

ext
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The magnetic states in the two-dimensional model with the direct electric-induced
magnetization, based on the Rashba interaction and the band Stoner magnetization, is described
by Hamiltonian [19]

H =p—2—(J S)m-a+%(a p,—0o,p,) (28)

2m 0 h x My yFx )?
where p is the electron momentum operator, mM=S/S (S is the localized spin operator), o
is the Pauli matrices and oy =en,E is the Rashba parameter proportional to 7, , which
characterizes the spin-orbit coupling, and the magnitude E of the electric field E=Ez , taken
to be perpendicular to the plane of the system; m is perpendicular to X and makes an angle ¢
to the z-direction, as in Figure 6 [19].

'm_ z

it

Figure 6. The electric field E = E z is perpendicular to the ferromagnet surface while

the magnetic order vector direction m, is defined by the angle 6 relative to z. Whatever
the direction of k , the Rashba magnetic field B, of direction kx E lies in the x-y plane.

For the non-magnetic two-dimensional electron system, corresponding to the surface
metal nanolayer, e.g., the surface of Au, due to (18), the Rashba magnetic field B; results in the
spin-split band energy (Figure 5)

h2
:ﬁ—(k-ako)z—ER, (29)
where the values of o “+” and “~” correspond to minority and majority electrons, respectively;

the momentum shift k, = ma, / #°, and

ma?  1(eny )
E, =M% :——(ij mE?. (30)

&y

o

o 20 h
For the surface state of Au, E; =3.5 meV, exemplifying the energy scale. In the non-
magnetic case (J,=0), the Rashba magnetic field as defined as g;Bg =2a,(—k x+K,Y),
where g is the g-factor corresponding to the spin state |S> and g is the Born magneton.
There are two concentric Fermi surfaces. The energy splitting 2a;k = A(k/Kk.), where A is the
value for kg = (k. +k_ )/2, with k_;  the Fermi wave number for the majority / minority
band. For the surface state Au, A ~110 meV while E. =420 meV giving E, 3.5 meV.

In the magnetic case, the magnetic order vector m =cos@z+sindy. The total Rashba
field B, defining the axis of quantization,

044:Bey = 2[(JOS +agk, sin@)+ag (—k, x + k cosd (mx x)] , (31)

due to (28), results in the non-symmetrical spin-split energy band

2
£ = Zh_'m[(kx — ok, sin® 0)° +k? | - Eqsin0— o[ (3,8)° + i (K} cos® 0+ kj)]ﬂz. (42)
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The direction of the momentum shift depends upon o =%1, i.e., the majority/minority
character of the band. These shifts also change sign with 72— 7n for a given o . It is assumed,
that gzB; <J,S, i.e. the Rashba magnetic field B, is smaller than the exchange splitting. The

second order in gugB;, 0443Bpy =2(JIS+agk,sindm'), where JS = [(JOS)2 +a?(k? cos® 6+
+k§)]ll2 /J,S and where m' differs from m by a small angle § where tand ~ o (k7 cos® 6+
ki)/3,S.

The contributions to the magnetic anisotropy are highlighted by contrasting the

perpendicular and parallel orientations of magnetic order vector m to the plane. With m
perpendicular to the plane, i.e., m||z (6 =0), the exchange and Rashba fields are orthogonal

and hence the net energy for a single electron (32) is
W 12
o = oK =0 (38) + (kN ] (33)

The axis of quantization is tilted by 5(k) =tan*(axk)/(J,S) away from the z -axis as
shown in Figure 6a. The majority (minority) electrons gain (loss) an energy that is even in E.
This arises from the competition of the Rashba field, perpendicular to m, with the exchange
field. Such a competition generates a second order in E contribution to the magnetic
anisotropy and is identified with the Dzyaloshinskii-Moriya (DM) mechanism.

For m parallel to the y-axis, i.e. m||y (@ =x/2). The y-component of B, is parallel to
the exchange field and is combined with the kinetic energy. The Fermi surface is shifted along
the x -axis and lowered by E;, as shown in Figure 7a [19]. This energy gain corresponds to a

pseudo-dipolar (PD) contribution to anisotropy energy, which favours an in-plane
magnetization.

Figure 7. Two Fermi sheets of conduction electrons created by
the Rashba spin—orbit splitting in magnetic metals with different
directions of the magnetization m: (a) m||z, (b) m||y.

On the other hand, the x-component of B;, which is perpendicular to J,Sm, gives rise
to a correction to the effective exchange field. The direction of the moment tilts away from the
y-axis in the direction perpendicular to the wave vector by d(k )= tan " (a, k,)/(J,S). The

single particle energy, (32), is now,
n’ 12
&, = ﬂ[(kx —ok)? +K; |- Eq —o [ (3,8)° +(aek,)’ |~ (34)

Here the shift k, is the same as in (29) but only along the x-axis.
The effective exchange field in (34) is smaller than that in (32) due to the absence of a k’

term. This indicates that the overall DM contribution favours a perpendicular *m while the PD
term favours an in-plane m. This exchange field changes sign for the majority/minority spins,
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i.e., with o. Assuming (J,S)* > (Ochy)2 and retaining the #-dependent terms up to the order
of E? in (5.14), we obtained

E..=E, 1- 2 lcos?o (35)
JoS
for the magnetic anisotropy energy, with
hZ
T:%(<kx2 >, —<k; >¢), (36)

where ( ) denotes an average over the Fermi surface. The Rashba spin-orbit interaction

produces an uniaxial anisotropy energy, which, as in the Dzyaloshinskii-Moriya theory,
comprises a direct second order in E easy plane pseudo-dipolar interaction and indirect
contribution proportional to E*/J,S. Clearly an E’ dependent PMA results if T >J,S/2,
which is the case for real 3d ferromagnets.

The resulting anisotropy energy can be very large. The value of the scaling pre-factor E,

in (35) for the surface state of Au is ~ 3.5 meV or about 35 T in magnetic field units and very
much larger than the typical ~1T demagnetising field [27]. If the Au film is polarized by
contact with an ultra-thin ferromagnet the second factor, 2T /J,S, in (34) for the field inside a

Au surface layer can be quite large ~ 5 leading to a PMA and indeed ultra-thin Fe on Au does
have such a PMA.

Figure 8. (a) There is an electric field E in the surface region of a ferromagnet, however
for a given wave vector K, the Rashba field By, proportional to [k X E] , has an opposite

sign at the two surfaces and the average field is zero. (b) With a finite external field
this symmetry is broken and there is a net Rashba field acting upon the electrons.

Schematically shown in Figure 8a [20] is the potential seen by electrons in a freestanding
ultra-thin ferromagnetic film. At the surface, the potential reaches the vacuum level within a
few atomic spacings. This results in a finite large electric field £ ~ 10 V / nm at each surface but
in opposite senses. Assuming an appreciable spin-orbit coupling in the interface region, this
results, in turn, in a Rashba field B, which also changes sign between the two surfaces for a

given momentum. Thus for a perfectly symmetric film, the ferromagnetically polarized
electrons see no average field B, . This symmetry can be broken by the application of an
external electric field as shown in Figure 8b [20].

The electric field is increased at one surface and is decreased at the other doubling the
net effect. In contrast, for this same symmetric situation, the surface charges are opposite and
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doping effects must cancel. Clearly the intrinsic Rashba field B, is modified when the material

adjacent to the ferromagnets (F), say Fe, are different. In many experiments an insulator I, often
MgO, lies to one side and a normal metal (N), and e.g., Au, Pt or Pd, completes a tri-layer
system.

Thus, the Rashba effective magnetic field due to the internal electric field in the surface
region of nanolayered ferromagnetics can make an important contribution to the perpendicular
magnetic anisotropy. The Rashba spin-orbit interaction in combination with the exchange
interaction between spin-polarized electrons and the localized lattice magnetization allow the
electric field magnetization control in in magnetic nanostructures including multilayered
magnetic nanostructures.
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The modern state of development of the science allows creating the potent medications
to fight severe diseases. Such preparations are able to destroy the diseased cells, but
unfortunately, in a living organism they also destroy health cells before reaching the ill target
cells. Nanomedicine (intersection of biotechnology and nanotechnology) needs a principally
new method of a point delivery of drugs with the drug interacting only with the diseased target
cells. This goal can be reached by packaging the drug in “nanocontainers”. A nanocontainer
loaded with the drug will penetrate the diseased cell and will unload its content there.
Unloading a nanocotainer is done either by itself, or by special external stimulation. Such a
delivery of the medication boosts its efficiency, while undesirable toxicity and side effects are
reduced. So, among other problems, the major problem arising when delivering the drug to a
living organism is associated with the medication delivery to the point where it has to act what
is hampered by poor penetration of a cell, or target cell barrier (e.g. hematoencephalic barrier).

In the 1980s, they started to place the medications, proteins and DNA in the organism-
compatible hybrid polymer micelles, the liposomes. In 1989, a work [1] considering the
possibility to place a medical preparation in a hybrid amphiphilic polymer micelle was
published. In the process of mycelization, the hydrophobic medication got into the heart of a
micelle and was protected with a polymeric shell. The size of micelles was 20-30 nm. The
authors named it “micelle micro-container”. Today, the same “device” in the scientific sources is
called a “micelle nanocontainer”. The topicality of the problem is evidenced by the fact of
establishing a “medication nanodelivery center” at Nebraska University in 2004 with the tens of
millions dollars financing annually. The scientists of different specialties (physicians, chemists,
biologists, doctors) work at the center. The center studies the prospects of treatment of various
diseases by using the micelle nanocontainers. Particularly topical are the works associated with
Parkinson’s disease, Alzheimer disease and brain traumas of the American soldiers wounded in
Afghanistan [2].

Today, there are scientific centers of drug nanodelivery operating in many countries of
the world, including Russia.

Different types of nanoparticles, such as dendrimers, semiconducting nanocrystals,
super-magnetic nanoparticles, lipid vesicles, fullerenes, hybrid polymer and spiropyran micelles,
etc. are used as modern nanocontainers for the drug target transportation across a living

53



Spiropyran containing liquid crystal systems to create a new type of micellar nanocontainers.

organism. Out of the listed particles, the nanocontainers designed on the basis of spiropyran
micelles have special features [3, 4] called forth by the unique properties of this compound.

Spiropyrans belong to the group of photochromic bistable compounds with the ability to
exist as two thermodynamically stable isomers. Transition from one isomeric form into another
under external impact (light, electrical and magnetic fields, mechanical stress, etc.) is followed
by reversible changes of physical properties. Such compounds are used to create three-
dimensional optical storage memory and processing systems, non-linear optical materials,
regulated filters with optical density, optical switches, different sensors; it is also possible to
deliver the medical preparations to the target points by using such compounds [5]. Form A
(Figure 1) of a spiropyran colorless molecule of a volumetric structure with a small dipole
moment (3 Debye) under the influence of UV light, as a result of disruption of C—-O bond, shifts
into a coplanar, colored merocyanine form B with high dipole moment (18 Debye).

sSP l [ 1] v
R = CHz> CsHy7,C14 Ha29, C1eHa; R;= NO2 .Rs = H

R =CHs CgH17.C14 Hzs »C1sHa7 Rs = Rs =NO2
Y vi VII VIII

Figure 1. Photoisomerization of a spiropyran molecule.
A — closed spiropyran form (SP), B — open merocyanine form (MC).
I. 6-nitro-2H-chromene—-2-spiro—2'-N-methyl-3'3'-dimethylindoline
II. 6-nitro—2H-chromene-2-spiro—2'-N-octyl-3'3'-dimethylindoline
III. 6-nitro—2H—chromene—-2-spiro—2'-N—tetradecyl-3'3'-dimethylindoline
IV. 6-nitro-2H-chromene-2-spiro—2'-N-octadecyl-3'3'-dimethylindoline
V. 6-8-dinitro-2H-chromene-2-spiro—2'-N-methyl-3'3'-dimethylindoline
VI. 6-8-dinitro—2H-chromene-2-spiro—2'-N—-octyl-3'3'-dimethylindoline
VII. 6-8-dinitro—2H—chromene—2-spiro-2'-N-tetradecyl-3'3'-dimethylindoline
VIII. 6-8-dinitro—2H—chromene—2-spiro—2'-N—-octadecyl-3'3'-dimethylindoline

The simple preparation and wide structural variations of spiropyrans allow gaining the
compounds with desirable thermodynamic, kinetic, spectral and photo-chemical properties.
Photo-induced isomerization of spiropyrans is characterized by high quantum yield of direct
and reverse reactions and record high coefficients of two-photon absorption for the two isomers
of all known photochromes. This resulted in the creation of the first three-dimensional re-
writable molecular memory prototype based on spiropyrans, with the capacity of the
information recorded by UV light amounted to 10! bit / cm? [6]. The advantages of the light
control of the process of photoisomerization of spiropyrans compared to other triggers are as
follows: ecological purity of light, possibilities of simple regulation of the wavelength and wave
intensity, swift response (at the level of femtosecond), simple focusing and remote control.

Our team, under the leadership of now deceased Academician Kokhta Japaridze, has a
many-year-long experience in synthesizing and studying the different types of spiropyrans.
Over 200 representatives of this class are synthesized and studied [7 —9]. Some of the gained
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interesting results are immediately associated with the presented project. We have observed
interesting phenomena with the combination of modified spiropyran molecules and liquid
crystal (LC). By doping the liquid crystal matrix with spiropyran molecules, a system self-
organization took place under certain conditions. Origination of nanoparticles increased such
important parameter of a spiropyran, as efficient photo-sensitivity [10, 11]. We also identified
the phenomenon of light-controlled nanostructuring of cholesterol liquid crystal composition
doped with spiropyran. This phenomenon was observed by the anomalies of Bragg selective
reflection band in the visible area of an optical spectrum and allowed reading the information
recorded in the composition without losses [12, 13].

A spiropyran molecule, which contains a long alkyl radical at a nitrogen atom, by UV
light photoinduction, serving as a trigger, is transformed to the merocyanine amphiphilic
molecule with a zwitterion head and non-polar tail (Figure 2).

Polar head

AAAAAA
VWVVVWWy

Non-polar tail

Figure 2. Merocyanine amphiphilic molecule.

Such surfactant molecules under certain conditions (temperature, critical concentration
of micellization, balance between the lyophilic (hydrophilic) and lyophobic (hydrophobic)
fragments of a molecule) self-organize as nanoparticles, the micelles. A micelle is a stable
complex of molecules linked to one another by lyophobic force. The lyophobic tails contact to
one another is more beneficial that with the liquid. A lyophobic part is in the heart of a micelle,
while the lyophilic part is on the surface of a micelle and is in contact with the liquid. If a
poorly soluble substance gets in the liquid, it will travel into the micelle, to its heart, near the
lyophobic part.

6-nitro-derivative spiropyran micelles

Nanostructuring-micellization in the cholesterol liquid crystal compositions doped with
R=CsH17—CisHs7 radical-containing spiropyrans (Figure 1) takes place as a result of the
interaction between the lyophobic tails. The process of mycellization is evidenced by the
increased solubility of a spiropyran compared to its short-radical analogs (the solubility for
some derivatives of a long-radical spiropyran reaches 20 %, we will consider one of them
below) and sharp increase in the efficient photo-sensitivity of the composition. In case of UV
light photo-induced transfer to the merocyanine form, compact and spherical micelles with
their size twice as less than that of a loose micelle of a spiropyran are obtained [4]. The loose
micelles of a spiropyran formed prior to photo-induction are able to involve a poorly soluble
substance in a polar solution in the heart of the micelle with the action of lyophobic forces.
After each spiropyran molecule with a small dipole moment under the influence of UV
radiation transforms to the merocyanine form with high dipole moment, the micelle shrinks
under the influence of lyophilic forces and is emptied from its content. These properties of
spiropyran micelles of a) getting a hydrophobic medication in the heart and b) with their size
and process of emptying being remotely controlled with light, are of a particular importance.

It should be noted that UV radiation damages some body organs (e.g. eyes, ears). By
considering the fact that a spiropyran has a high section of two-photon absorption, instead of
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UV radiation, a near infrared radiation with a laser may be used (A=720nm), by using a two-
photon technology.

The selection of the cholesterol liquid crystal matrix as the environment of mycellization
of amphiphilic spiropyrans with a long alkyl radical at a nitrogen atom by the authors of the
project was called forth by the following factors: 1) high degree of mycellization, 2) the liquid
crystal, like a spiropyran, is compatible with a human body [14, 15] and 3) under certain
conditions, such spiropyrans form a lyotropic liquid crystal themselves.

6-8-dinitro-derivative spiropyran micellas

In some cases, deep penetration of a nanocontainer loaded with a medication in a tissue
needs the nanoparticles with their size less than that of the spiropyran loose micelles. This
problem can be solved by using a new type of nanocontainers, whose major element is long-
radical 6-8-dinitro-derivative spiropyrans synthesized and studied by us. The constant of the
thermodynamic equilibrium of spiropyrans of this type is more in polar solvents than in the
photo-chemical one (Kr > Ken) (as per our measurements, Kr = 2.3; Ken = 0.12 for V substance in
ethanol, Figure 1). Therefore, in the polar solvent, like as cholesterol liquid crystal, dinitro-
derivative spiropyran in the equilibrium state is in a colored merocyanine form. Therefore, this
thermally reversible photochromic system does not need the irradiation of UV light for its
photochromism which may cause degradation of the compound.

The merocyanine isomers of the VI, VII and VIII compounds (Figure 1) are clear
amphiphilic molecules. Therefore, as it was expected, the process of micellization in the
cholesterol liquid crystal solvent was active. This fact is evidenced by high solubility of
6-8-dinitro-derivative spiropyran with a long radical (VII) compared to its short-radical analog
(20 and 2 %, respectively) [16, 17].

The high solubility of 6-8-dinitro-derivative spiropyran with long alcil radical at N atom
(VII) in LC allowed us to observe trans—cis and trans—trans isomers of molecule in the process of
equilibrium restoration. To observe these two forms in other environment is connected with
difficulties [18].

As already mentioned, B form micelle of a long-radical spiropyran is twice as small as the
relevant A form micelle. At the equilibrium state B form micelles of a dinitro-derivative
spiropyran with a long alkyl radical are shrinked even without UV radiation. Therefore, the
penetration ability of the nanocontainers in a body tissue designed by using them will be better
than in case of A form micelles. The reduced loading capacity of a medication caused by the
reduced volume of nanocontainers will be compensated by the higher micellization ability of
the substance. Instead of one large nanocontainer relevant to form A, several relevant
nanocontainers with a better penetration ability of form B will transport the same amount of
medication.

Unloading of a container after it penetrates a target cell, unlike the case considered
above with UV radiation, can be done with the visible light. Under the influence of the visible
light, a spiropyran micelle of form B will transform to a loose micelle of form A and will
presumably be emptied from the medical preparation. Full emptying of a nanocontainer may
need a repeated procedure. Unlike UV, the visible light deeply penetrates a tissue and most
importantly, it is harmless for a body.

A nanocontainer designed on the basis of a 6-8-dinitro-derivative spiropyran may be
useful in cases when it is necessary to prolong the drug delivery time. For this purpose, a
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nanocontainer on the basis of spiropyrans must be designed during the daylight to disturb the
equilibrium of the system in benefit of the loose colorless micelles of form A. After getting in
the body, as the thermodynamic equilibrium is restored, as a result of a B-A relaxation, a loose
micelle will be shrinked and emptied from its content (Figure 3).

Absorbance

nn

Figure 3. The relaxation process of 6-8-dinitro-derivative
spiropyran (VII) doped LC film after irradiation with
visible light. Short wave pick belongs to trans—cis (C)

isomer and long wave to trans—trans (T) isomer.
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In all cases described above, the nanocontainer emptied from its content will leave the
living body in a natural way.

Nanoparticles allow working at the level of a nanometer, i.e. major biological structures:
cell, DNA or protein sizes. The particles of nano-sizes, such as micelles can be used as a major
element of the nanocontainers for a target transportation of the medication to a living organism.

The delivery of a medication to the target location is no less important than the
invention of the medication. In some cases, poor solubility of a medication in water with good
solubility in organic solvents is a major problem. On the other hand, the medications solved
well in water lose their therapeutic efficiency because of their poor penetration in the cell
membrane. Consequently, for getting the medication with poor solubility in water in the heart
of the micelle, storing and transporting, it is topical to have a nanocontainer able to protect the
medication it carries against: 1) aggressive influence of the biological environment (e.g.
ferments) and 2) sedimentation and crystallization. The sizes of a container also matter, as the
container has to penetrate the tissue or cell through capillary walls. Besides, a nanocontainer
must be “smart”, i.e. it must have “an antenna” to respond to a signal from outside (like light,
magnetic field or ultrasound) and be emptied from its content in doses at a desired time and
location. The nanocontainer must be made with the materials available and admitted in
medicine [14,15]. The experiments on animals evidence that the efficiency of a medication
delivered to the diseased body areas with nanocontainers exceeds that of the injected
medication by 1 to 2 orders. This is because the theoretically calculated amount of the injected
preparation needed for treating is disseminated in the whole body only with some portion of it
delivered to the destination. In addition to the harmful effect on the healthy body parts, certain
financial concerns are also worthwhile, as the expensive preparations are used unreasonably.
Particularly large are the expenses of chemotherapy.

The project proposes a new liquid crystal system doped with a spiropyran to be used as
the basis for designing improved micelle-type nanocontainers. The basis of the project is the
phenomenon of nanostructuring as micelles of a merocyanine form by UV photo-induction in
the cholesterol liquid crystal composition doped with a spiropyran with a long alkyl radical at a
nitrogen atom identified and studied by the authors of the project [8, 11].

The project is important and topical, as it will give a nanostructured cholesterol liquid
crystal system doped with nitro- and dinitro-derivative spiropyrans, which can be used to
design a drug-carrying micelle nanocontainer with the following advantages as compared to the
nanocontainers known to date:

1) Based on the cholesterol liquid crystals doped with such a compound, the relevant B-
form micelles of a spiropyran are formed right in the process of solution preparation,
without a trigger. This is evidenced by anomalistic 20% solubility of the dopant.

2) The formed micelles are of a small size (40 nm) right from the beginning what increases
their penetration ability in a living organism tissue.

3) The cholesterol liquid crystal, in which micelle is formed, is compatible with a human
body.

4) Fluorescence of a merocyanine form, without system modification and with a compound
with emission allows monitoring the location of a nanocontainer.

5) Emptying of a nanocontainer without UV radiation, which is harmful for a human body,

is done with visible light, which is harmless for a living organism and has high
penetration ability.
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In our opinion, the novelty of the project is as follows: 1) selection of the cholesterol
liquid crystal as the environment of the spiropyran nanostructuring-micellization, which is
compatible with a human body; 2) doping a cholesterol liquid crystal with 6-8-dinitro-
derivative spiropyran, with its micelle being of a small size without a trigger (UV) resulting in a
deep penetration ability of the relevant nanocontainer. The project offers the possibility to
create nanocontainers based on the micelles formed as a result of nanostructuring of the
compositions gained through the combination of long-radical 6-nitro- and 6-8-dinitro-
derivative spiropyrans synthesized by us and cholesterol liquid crystals. Unlike the
nanocontainers known in the literary sources, we offer the following novelty: use of a long-
radical 6-8-dinitro-derivative spiropyran as the basis for the nanocontainer. The compound is
interesting in that in the equilibrium state it is in a colored, merocyanine form, and relevant
micelles are of a small size without UV radiation and can be remotely controlled with visible
light.
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1. Introduction

Nowadays, the advance of technology requires magnetic materials with new properties.
This is why intensive experimental and theoretical researches of magnetic substances are taking
place worldwide with a view to creating cutting-edge materials. In this area the exploration of
the mutual influence of microstructure and structural content on magnetic, magneto-optical
and optical properties of nanoheterostructures has become the focus of intensive research. It is
known that the qualities of already explored materials change in the process of their
transformation into nanocrystals. Therefore, methods of magneto-optical researches are
relevant to study, as they allow the study of their electronic structures, and of their magnetic
interactions. Optical and magneto-optical research methods are one of the simplest, the most
effective and informative way of studying of nanostructures and modern materials.

Magneto-optical methods are also sensitive to the inhomogeneity of magnetics, to the
alteration of a shape and the sizes of a particle, and to the creation of a new magnetic phase.
Therefore, the study of magneto-optical properties of nanoheterostructures, thin films,
implanted surfaces, magnetic fluids and other structures in relation to their structural content
and technological production is necessary to explain general laws of the formation of their
physical properties [1].

Heterogeneous magnetic structures could be formed in the surface layer of the solid by
the different kind of outer impact, for instance, by the ion implantation. Implantation affects
the physical-chemical properties, phase composition and surface structure of the solid. As a
result, different radiation defects may cause the heterogeneity of the local magnetic properties.

There are considerable scientific and practical interests regarding investigation of the
characteristic properties of magneto-optical behavior of the ion-implanted garnet films [2, 3].

In the present work we give the results of magneto-optical and optical investigations of
the properties of the surface regions of the ion-implanted (YBiCaSm)3(FeGeSi)sO12 garnet films.

The magneto-optical method of investigation of the surface of the solid [4], in which use
is made of the fact that the light reflected from a magnetized medium penetrates into a sample
to a small depth and the magneto-optical reflection effects are proportional to the
magnetization of the surface layer, has already been widespread.
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This investigative method lets us take over changes in the structure of an elementary cell
of the solid, examine superficial magnetic transformation and discover heterogeneous magnetic
structures.

2. Experimental details

In our experiments we used (YBiCaSm)3(FeGeSi)sO12 garnet films of 1.3 pm thickness
prepared by means of liquid phase epitaxy on GdsGasO:w2 substrates with the (111)
crystallographic orientation. The thickness of the substrates was 450 um.

The implantation process was carried out at the room temperature by Ne* ions with
energy of 100 KeV and with various doses (0.5—2.5)-10ion/cm? During this process,
permeation depth of the implanted ions covered 0.1 pm, maximum quantity of the implanted
ions went to the depth 0.07 pm. For the magneto-optical investigation of a garnet surface we
have chosen the odd-magnetization equatorial Kerr effect (EKE). The EKE consists in a change
in the intensity of linearly polarized light reflected from the sample in the case of reversal of
magnetization of the sample. It can be written as

5:|H_IH:0, (1)

IH:O
where |, and |,,_; are, respectively, the intensities of light reflected from the magnetized and
demagnetized sample.

As for the tensor of dielectric permittivity for bulk ferromagnetic materials, it can be
represented as

P ie 0
e=|—-ie ¢ 0|, (2)
0 0 g

where ¢ =¢, —ig,; g,=¢,—lg, and & =g —ig,.
The EKE is related to the tensor components of the dielectric permittivity as follows:
2Sin2¢(Ag, +Be,)
Y (3)
A" +B
where A=g,(26Cos°¢—1), B=(&;—&’)Cos’p+¢e,—Sin“p and ¢ is the angle of light

o=

incidence on the sample.
The optical constants were determined using the every method [5].

3. Results and discussion

The research of the spectral dependences of the EKE for unimplanted and ion-implanted
with various dose (YBiCaSm)3(FeGe)sO12 ferrite-garnet films has shown that the ion
implantation significantly influences on the magneto-optical properties of the ferrite-garnet
films.

For example, Figure 1 presents the dependences of the EKE on the quantum energy of
incident light 7w for the (YBiCaSm)s(FeGeSi)sO1w films before and after the implantation
process with various doses. The angle of light incidence on the sample ¢ =70".
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Equatorial Kerr effect x1000
Q

Quantum energy of incident light, (eV)
Figure 1. Dependences of the EKE on the quantum energy of incident light 7@ (¢ =70) for

the (YBiCaSm)3(FeGeSi)sO12 films before (curve 1) and after the process of implantation with
doses: 0.5-10' (curve 2), 1.5-10™ (curve 3), 2.0-10™ (curve 4) and 2.5-10"“ion/cm? (curve 5).

According to the Figure 1 the magneto-optical spectrum of unimplanted garnet surface
has the magneto-optical maxima in the region of light quantum energies 7w =2.6, 3.4 and
4.5 eV. Most garnet films are characterized by the similar peaks [6]. For the implantation with
the minor doses the spectrum character of the EKE is practically the same. But it significantly
changes when doses are (1.5 —2.5) - 10 ion / cm?. Specifically, an increase of the implantation
dose causes a decrease of the magneto-optical maxima in the region of light quantum energies
hw =3.4 and 4.5 eV, which may be connected with the split of FeOs and FeOs molecular
complexes, where intensive electron transition takes place with energy more than 3 eV. But
the increase of the implantation dose causes reduction of the negative magneto-optical
maximum in the region of light quantum energy Z® = 2.6 eV with the effect which gets in the
end a new positive meaning.

The similar change of sign of the effect in the region of light quantum energy
hw =2.6eV has been observed for the (YBiCa)3(FeGe)sO12 garnet films after specific
implantation dose (1.5-2.5)-10%ion/cm? with increasing external magnetic field. For
example, Figure 2 presents the dependences of the EKE on the quantum energy of incident light
heo for the films after the process of implantation with doses: (2.0-2.5)-10™ion/cm? at
H, =0.2 and 2.5 kOe.

44 |1

Equatorial Kerr effect x 1000

o 1 2 3 4 5
Quantum energy of incident light
(eV)
Figure 2. Dependences of the EKE on the quantum energy of incident light 7@
(¢ =70") for (YBiCaSm)3(FeGeSi)sO12 garnet film after the process of implantation

with dose: 2.0 - 10 ion / cm? at H, =0.2 (curve 1) and 2.5 kOe (curve 2).
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Besides, the investigation of the dependences of the EKE on the angle in the region

2.6 eV (Figure 3) has shown that specific implantation dose (1.5 —2.5) - 10'*ion / cm? makes the

change of a sign of the effect but it hardly have any influence on the position of Brewster angle.

This result has also been born out by the optical measurement which only proves the week
relationship between the optical constants n and k and the implantation dose.
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Figure 3. Dependences of the EKE on the angle of light incidence (7w =2eV) for the
(YBiCa)s(FeGe)s012 films before (curve 1) and after the process of implantation with
doses: 0.5-10' (curve 2), 1.5-10 (curve 3), 2.0-10™ (curve 4) and 2.5-10'* ion/cm? (curve 5).

The research of magnetization processes of implanted films showed the breach of linear
dependences between magnetization and equatorial Kerr effect in the region of light quantum
energy hw=2.6eV.

For example, Figure 4 presents the dependences of the EKE on the magnitude of the
external alternating magnetic field H, for the (YBiCaSm)3(FeGeSi)s)i2 garnet films before and

after the process of implantation.
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Figure 4. Dependences of the EKE on the magnitude of the external alternating magnetic
field H, (hw=2.6eV) for the (YBiCaSm)s(FeGeSi)sO12 garnet films before (curve 1) and

after the process of implantation with doses: 2.0-10' (curve 2) and 2.5-10'* ion/cm? (curve 3).
In the proceeding, we have also researched the magneto-optical properties of ion-

implanted (YBiCa)s(FeGe)sO12 garnet films after annealed at 270 °C for 2 h. This kind of the
experiment is particularly interesting in the matter of annealing process as it reduces the
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implantation defects and restores crystalline structure of ferrite-garnet [7]. After annealing
process in the region 7w =2.6 eV, the sign of the effect remains same like unimplanted garnet
films and the value of effect increases in ultra-violet region of spectrum.

From measurements of the EKE at two angles of light incidence of ¢ =70"and 80° and of
the optical constants using the every method, we determined the spectral dependences of the
components of the tensor of dielectric permittivity for the surface of the above-mentioned
ferrite-garnet films before and after implantation process. These calculations let us evaluate the
influence of the implantation on an electronic energy structure of the surface layer for the
sample.

For examples, Figures 5 and 6 give spectral dependences of the diagonal & and ¢, and

nondiagonal & and &, components of the tensor of dielectric permittivity for the

(YBiCaSm)3(FeGeSi)sO12 garnet films before and after the implantation with various doses.

& £

4 2
a) b)
31 2
2 1 1 1 1
3
l -
Quantum energy of incident light, (eV) 1 Quantum energy of incident light, (eV)
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Figure 5. Dependences of the diagonal ¢, (a) and &, (b) components of the

tensor of dielectric permittivity on the quantum energy of incident light 7w for
the (YBiCaSm)3(FeGeSi)sO12 garnet films before (curve 1) and after the process
of implantation with doses: 0.5-10' (curve 2), and 2.5-10' ion/cm? (curve 3).
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Figure 6. Dependences of the nondiagonal 81' (a) and 8'2 (b) components of the tensor of
dielectric permittivity on quantum energy of incident light Z for (YBiCaSm)3(FeGeSi)sOrn

garnet films before (curve 1) and after the process of implantation with various doses:
0.5-10™ (curve 2), 1.5-10" (curve 3), 2.0-10'* (curve 4) and 2.5-10 ion/cm? (curve 5).

It could be seen from the figures that for the films the spectral dependences of the
diagonal components of the tensor of dielectric permittivity before and after implantation
coincide (Figure5), whereas the character of the spectral dependences of the nondiagonal
components of the tensor of dielectric permittivity essentially varies (Figure 6).
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On the spectral dependences of the imaginary part of the nondiagonal components of
the tensor of  dielectric permittivity, proportional density of electronic conditions,
transformation of the character of dependences in the region of light quantum energy Zw=2.6
eV has distinctly been observed.

Present results in the region 2.6 eV might be explained by weakening antiferromagnetic
ties between two iron sublattice and by turning over the magnetic moments of the iron ions
which are responsible for the electronic transition in the external magnetic field.

4. Conclusion

In the present work we have shown the efficiency of complex investigation of the ion
implanted garnet surface region by magneto-optical and optical methods.

The research of magnetization processes of implanted films showed the breach of linear
dependences between magnetization and equatorial Kerr effect in the region of light quantum
energy hw =2.6eV.

From the analysis of the frequency dependences of the tensor of dielectric permittivity
components received before and after implantation, we can conclude that implantation process
destroys magnetic structure of garnet surface and essentially transforms electronic energy
structure of implanted layer.
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1. Introduction

One of the carbon forms is diamond like carbon (DLC) film, which consists mainly of sp3
and sp? hybridized bonded atoms of carbon and hydrogen. Depending on ratios of carbon
phases sp3/sp?, the DLC thin film structure changes, and hence, its physical characteristics also
change. The electrical, optical, mechanical and structural parameters of the DLC film are its
important physical characteristics. It is known that conductive DLC films can be obtained by
doping them with various atoms (N, P, Pt, Cu, Ti, etc.) [1 —7] during the film growth. For
instance, doping with nitrogen [1 — 3] or phosphorus [4] atoms results in a DLC film with n-
type conductivity, whereas doping with boron [5] leads to p-type conductivity. Conductive
DLC films can also be synthesized by creating uniformly distributed nano-size metal oxides or
nitrides on the substrate [8]. Physical characteristics of a DLC film can be controlled by
changing the plasma parameters [1, 9, 10], temperature and substrate material [11, 12]. From
practical point of view, apart from high hardness, chemical inertness, heat dissipation
(applicable in microelectronics), high interest is attracted to synthesis of transparent and at the
same time conductive DLC films (for optoelectronics, photonics, nano-electronics).

This work presents the technology of obtaining conductive films transparent in the
visible region of light and the studies of their optical, structural and electro-physical
characteristics.

2. Technology
The method chosen for obtaining conductive (p < 102 Q - cm) DLC films was based on
principle of creating uniformly distributed conductive nanostructures in the dielectric matrix. It

is known that conductive carbon nanostructures (nanotubes, fullerenes, endofullerenes and
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clusters) are formed on substrate surface in case of applying special initiators of growth for a
given structure [13]. An arranged surface brings structuring influence on the nanoparticle
growing on it (replication effect). The first two layers of atoms directly adjacent to the substrate
surface often repeat its structure. Hence, during modernization of the technological equipment
for obtaining conductive DLC films on silicon substrate, a Ta20s metal oxide islet structure was
created by reactive magnetron sputtering in order to serve as an initiator (Figure 1).

Ar

L

11

Figure 1. Diagram of equipment for synthesis of conductive and dielectric diamond-like

carbon films. 1 — vacuum unit, 2 — ion source, 3 — electrode system, 4 and 5 — magnetron,
6 — plasma flow 7 — rotation system of substrates, 8 — substrate, 9 — automatic gas supply,
10 — electronic control system of the gas, 11 — spectrometer. 12 — computer for analysis.

Both conductive and high resistance diamond-like films were deposited by plasma flow
from an ion source, which consisted of a mixture obtained from decomposition of toluene
vapors, argon and nitrogen. Toluene decomposes into ionized atoms and molecules of carbon
and hydrogen (Cz, C, H2, H, etc.), as well as decomposition fragments (radicals — C2H2, C2H, CHs,
CH, etc.). Increasing the ion source power, toluene and gas mixture feed rate alters the toluene
decomposition extent.

The directed multicomponent plasma flow consisting of ionized and neutral particles
adsorbs on silicon surface, where Ta2Os metal oxide initiator was deposited beforehand. DLC
was grown on the initiator surface and without interrupting the process the vapor/gas stream
was used to also deposit a DLC film with dielectric properties.

The power of ion source, energy of ionized particles and content of the plasma flow were
selected as the main control parameters for the technological process. The plasma flow
composition and kinetic energy of the particles in plasma were modified by adjusting the
pressure of gas mixture, power of ion source and offset voltage on substrate. The plasma flow
composition was controlled by comparing the plasma emission spectra.

Altering the above mentioned technological parameters helped to determine that at mid-
range powers of the ion source (W= 80— 120 W) the relative concentration of ions, atoms and
radicals is increased. In such case the share of hydrogen per every carbon atom drops down and
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the formed film has optical transmittance of more than 80 %. With low power of the ion source
(W=40-60 W), the toluene decomposition degree is low and high-molecular radicals prevail
in the plasma flow, which results in forming a polymer-like film. Some technology parameters
and characteristics of dielectric DLC films and conductive ones grown with Ta:0Os initiator are
shown in Table 1.

Table 1. Optical and electrical parameters of DLC films deposited on n-Si crystal .

. . . Specific
DLC Ion source Gas mixture Opt.1cal Optlc.a ! electrical
film WW content, % transmittance refraction ot
Hmtype  power W, C7Hs:N2:Ar 7. % index, n resistance o,
Q- cm
Dielectric 120 10:5:85 85 2.10 > 10°
Conductive 90 10:10: 80 80 2.54 46-10*

The evaluations indicated that increased concentrations of C*, CH and CH* components
in the plasma flow result in film structure with prevalence of diamond phase sp® compared to

the graphite phase sp2. The high kinetic energy of particles (80 —120 eV) in plasma also
contributes to forming of diamond phase.

3. Measurement results and their discussion
3.1. Optical studies

Optical transmittance of dielectric DLC films on glass and sapphire surfaces had values
over 95 % in the visible and near UV range and specific resistance of greater than 102 Q - cm

[14]. Dielectric films deposited on conductive DLC films had specific resistance of maximum 10°
Q-cm.
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Figure 2. Dependence of transmittance and reflection coefficients of DLC
films grown on glass surface: curves 1 and 3 — dielectric film deposited without
an initiator; curves 2 and 4 — conductive film grown using Ta20s initiator.
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Figure 2 shows the spectral dependencies of optical transmittance (curves 1 and 2) and
reflection (curves 3 and 4) for 150 nm thick DLC films that during this study were deposited on
glass using ion source power of 100 W. Curves 1 and 3 represent the films with dielectric
properties, while curves 2 and 4 are for those obtained using Ta:0s and had high conductivity.
Spectral dependencies of dielectric and conductive films in this case differ insignificantly and
optical transmittances in the visible light and near-IR range for both types of films are close to
80 — 90 %.

3.2. Morphological Studies

The morphology of various DLC films was studied by atomic force (Solver Nano NT-
MDT) and scanning electron (SEM, TS 5130MM) microscopies. The structural properties of
DLC films with nanostructures embedded in matrix deposited on Si using Ta:0s growth
initiators were analyzed through comparison of pictures taken by atomic force microscope (see

Figure 3).

45 43
Figure 3. Atomic force microscope images of DLC films
obtained under ion source powers of: (a) 80; (b) 120; (c) 150 W.

As seen, depending on choice of the ion source power and gas mixture content, three
characteristic patterns of film surface are observed with certain distribution of nanostructures
in the matrix. With ion source power lower than 80 W and constant concentrations of toluene
(10 — 15 %) and nitrogen = 25 % in gas mixture content, a structure with separate large clusters
sized at about 200 nm is synthesized in DLC matrix on silicon surface (see Figure 3a). The
specific resistance of such structures varies in the range of (10 -102) Q-cm, and optical
transmittance is over 85 %. Increasing ion source power to 120 W with the same component
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proportions in the gas mixture content leads to forming a structure with nano-sized clusters
linked with each other in a form of conductive chain in the DLC matrix (Figure 3b). The
specific resistance in this case decreases to 4 - 10 Q - cm, while the optical transmittance is
80 %. This percolation mechanism of nano-sized clusters that leads to reduction of DLC specific
resistance is discussed in detail in [15]. Further increase of ion source power to 150 W, under
gas mixture content of toluene (10-159%) and nitrogen (10-15%) results in intense
bombardment of structure with high-energy ions and destruction of conductive chains in the
DLC matrix (Figure 3c). The specific resistance of these structures varied in the range of 6 - 10
to 3-102Q - cm, while the optical transmittance comprised 80 -85 % in the visible light
spectrum.

S .
- -

. . . » . - . - »
SEM MAG: 10.00 kx DET: SE Detector | S S IS |
HY: 14.0 kv DATE: 05/25/10 5 um Yega ©@Tescan
VAC: Hivac Device: TS5130MM IPR, Armenia

Figure 4. SEM image of two DLC films synthesized with gas mixture content
C7Hs : N2 = 20 : 10 and various powers of ion source: (a) 120; (b) 80 W.

The surfaces of DLC structures grown on n-Si substrates were also studied by a scanning
electron microscope. The SEM images with x 10* magnification for two DLC samples
synthesized under the same technological modes with ion source powers of 80 and 120 W are
presented in Figure 4. Their study and comparison confirmed the assumption that increasing
only the ion source power results in forming of fine grained structure. The average grain size in
such case is under 100 nm (see Figures 4a and b). These clusters (Figure 4a) have good electrical
conductivity and when linked with each other, they create a conductive chain, thus ensuring
the conductivity of the film structure.

3.3. Electro-physical studies

Nitrogen doped conductive DLC films (with growth initiator Ta20s) have a two-layer
structure, and therefore it can be expected that electro-physical parameters of such structure
would be different when measured across its surface and through-thickness. Conductive DLC
coatings were grown after ion cleansing of substrate surfaces made of glass or monocrystalline
n- and p- type silicon with crystal-lattice orientation (100) and specific resistance of about
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20 Q - cm. The electrical contacts of samples were formed by indium and vacuum deposition of
copper (for electrical measurements). Specific resistance of the obtained films was measured by
four-point probe method, while the Hall Effect DC measurements helped to determine the type,
mobility and concentration of charge carriers. Depending on type of Si material the electrical

parameters of films synthesized in identical technological modes had different values (see
Table 2).

Table 2. Electrical parameters of conductive films grown on various substrate

materials ( p,. is the specific resistance of the film across its surface).

Parameters of DLC film

= Carrier e .
Substrate Pac> QO oncentration Molznhty Carrier
 cm pmcm?/V.s  type
n-Si(20Q-cm) 1.5-103 1.7 -10® 2400 n
p-Si (20 Q - cm) 25 4.0-10% 620 n
Glass K8 6.6 - 1073 5.6 - 10" 17 n

As seen, films with electron conductivity are formed regardless of the substrate material
type. Specific resistance depends significantly on substrate material type and strongly varies for
n-Si and p-Si. It has to be noted that in case of n-Si the shunting effect of substrate on the film
conductivity is insignificant, because the substrate resistance is higher than that of the film by
almost an order of magnitude. Also, substantial differences in charge carrier mobility are
observed for all used substrates. In case of glass or p-Si substrate, the mobility of carriers is
significantly lower compared to that of a film deposited on n-Si. When conductive DLCs are
deposited on n-Si substrate, a substantially higher value of 2400 cm?/ V - s for carrier mobility is
observed, which is 1.5 times greater than the electron mobility in the original n-type Si
substrate. Such large increase of charge carrier mobility in these structures is likely to be caused
by decreased concentration of centers of charge carrier scattering, which could be the charged
surface states localized at boundaries of Si—TaxOs—DLC divisions, as well as various surface

phonons.
Generator
1000 Hz- 1MHz
R R
6‘0”
1 Lock-in @ R
Cu Amplifier
DLC L : G‘O”
Si R "/ C Lock-in i
: cal o Amplifier C

Figure 5. Diagram of the device for measuring electro-physical characteristics
of Si-DLC—Cu structures: K =1 kQ — real resistance, C'ca = 20 — 1000 pF -
variable calibrated capacity, R = 30 k{2 — non-inductive calibrated
alternating resistance, DA — differential amplifier, “0”— null indicator.
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Dielectric parameters of conductive DLC samples in perpendicular direction of the film
were measured by Wheatstone bridge. A measuring device was developed, which works in sine
wave frequencies range from 1 kHz to 1 MHz (Figure 5). The peculiarity of the device is that it
allows measuring dielectric parameters of objects with high values of dielectric loss tangent
angle (tano >10) in a wide range of electric field frequencies. The thickness of films is
~ 150 nm, and metallic electrode area =~ 0.5 — 1.0 mm?. The measurements were carried out in
room temperature. Measurement accuracy for capacitance is 0.5 pF, for real component it is 1 €,
and the amplitude of alternating sine voltage on the sample is 50 mV.

I— V characteristics of Si-DLC—Cu conductive structures grown on n- and p-type silicon
are presented in Figure 6. It can be seen that in case of the structure’s n-Si substrate almost a
linear dependence is observed, which is typical for ohmic contact between two materials (Si
and DLC). In case of p-Si substrate a characteristic typical to p-n junction is observed, which
once again confirms that the film has n-type conductivity. The specific resistance obtained for

€L
n-Si structure by these curves is p,. = 1.4 - 10° Q - cm, which is nine orders of magnitude greater

than that measured across the film surface; /=)dc =15-102Q - cm. Thus, a strong anisotropy of

conductivity is observed for conductive DLC film synthesized on n-Si substrate.

1200 1 NE
n-Si-DLC-Cu E p-Si-DLC-Cu 50 =
=
80 3 . =AU
-5 1 1 2 3 4 5
400 50 umMv
. -100
3 2 1 ( 1 2 3 150 -
-400 - U v]
-200
800 - 950 ]
-300

-1200 -

Figure 6. /— V characteristic of Si-DLC—Cu structure deposited on n-Si and p-Si.
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Figure 7. Dependence of dielectric permittivity on applied voltage
on Si-DLC—Cu structure deposited on n- and p-type silicon.
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Measurements of capacitance (C— V') and real part of conductance (G- V') of DLC
coating in relation to applied offset voltage allowed determining dielectric parameters
e=¢g'-lg" of Si—-DLC—Cu structure at various frequencies of electric field (Figure 7).

It can be seen that &'(V) characteristics for structures made based on n- and p-types of

Si differ significantly. In case when DLC structure is deposited on n-Si, symmetric wide
maximums of dielectric permittivity &' are observed relative to the zero value of the offset
voltage. The height of these maximums increases with decreasing frequencies of the measuring
signal £ It has to be noted that dielectric permittivity of high-ohm film is =2, which is
substantially lower compared to that of the conductive film. For the conductive DLC film
synthesized on p-Si, capacitance-voltage profiles have totally different dependencies. At
negative offset voltage values with increase of applied electric field a large increase of ¢' is
observed, whereas at positive values of electric field ¢' remains constant. Also, substantial
frequency dependence of ¢'( ) is observed; with electric field frequency drop the dielectric

permittivity increases. Such frequency dependence &'(V) of DLCs deposited on n- and p-types

of silicon is related to recharging of surface states localized at the boundaries of the Si-Ta:0s—
DLC joints.

_ —— 1 MHz —+—1MHz
n-Si-DLC-Cu 104 % -Si-DLC- 3 -
|§ o 300kHz p-SFDLC-Cu S —o—300 kHz
—— 100 kHz 8 —a— 100 kHz

—— 30 kHz

\p 00 0go—0—0
SUBUE o
n
I 1 I T T T T U T T 1
3 2 1 0 1 2 3 5 4 3 2 1 0 1 2 3
U[V] UVv]

Figure 8. Dependence of dielectric loss tangent angle on the offset
voltage applied on Si-DLC—-Cu structure deposited on n-Si and p-Si.

Studies of dielectric loss tangent angle (tand =¢"/e'=C/2x TR, &"- dielectric loss) for
DLC films grown on n-Si or p-Si substrates showed that the tan&(V ) curves for both substrates

differ substantially (Figure 8). Here, also a significant frequency dependence is observed for
tan5( f), which again is related to recharging of surface states at the boundaries of the Si-

Ta205-DLC joints.
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4. Conclusion

A technology for creating conductive DLC films with high (p < 103 Q - cm) conductivity
and transparent in visible range of light has been developed to deposit those on silicon
substrates, where the initiator of conductive clusters’ growth in dielectric matrix was
established by Ta:0s metal oxide structure created by magnetron sputtering. Regardless of
conductivity type of the Si substrate this technology allows forming films with electron
conductivity, but with varying physical properties. In the visible region of light the
transmission coefficient of conductive DLC film constituted about 80 %, while the studies
showed that the film is comprised of nano-sized conductive clusters and their enlargement and
linkage between them results in creation of conductive channels.

The synthesized conductive DLC coatings on Si surface can be represented as a two-layer
structure — Ta20s initiator + DLC, and thus the electro-physical parameters of such system
measured across its surface and through-thickness differ strongly; the film conductance in these
two directions diverge by nine orders of magnitude. In conductive DLCs a tenfold increase of
dielectric parameters £ =&'—ig" is observed in comparison with poorly conductive ones, and
also a substantial frequency dependence of these parameters for is present in the frequency
range from 30kHz to 1MHz. It is assumed that such behavior of dielectric parameters is related
to recharging of surface states localized at the boundaries of the Si—Ta20s—DLC joints.
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Introduction

Pulsed photon annealing widely used in the technologies of modern electronics, finds
ever-widening application in nanotechnology.

Great interest in the methods of photostimulated annealing is due to the possibility of
using this highly effective method in the processes of restoring the structure of thin
semiconductor layers and photoinduced impurity doping.

With the aid of photon exposure a controlled change of the crystal structure of the
semiconductor as well as its optical and electrical properties is possible.

Study of the selective light absorption defects allows one to determine characteristics of
their structure and in some cases even to perform their identification. Using light exposure, it
becomes possible to make a controlled re-arrangement of defects.

Samples and experiment

In this paper, the influence of pulsed photon exposure on physical properties of Si thin
films deposited onto a sapphire substrate is studied.

Silicon films were deposited onto sapphire substrates by using Thermal Evaporation
System. Pure silicon (99.999 %) was placed in a BN (boron nitride) crucible, heated and
evaporated. Rotary and turbo pump combination was used to get the desired vacuum. The base
pressure of the system was less than 10> mbar. The distance between the target and substrates
was kept at 25 cm and the substrate temperature was kept at 200 °C. The Si film thickness was
50 - 350 nm.
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Pulsed photon irradiation of Si films was performed on the original equipment

(Figures 1 —4).

Figure 3. | Figure 4.

The equipment allows exposure within a wide spectral range under the control of
exposure time, exposure rate and temperature. The exposure of both surfaces of the sample
simultaneously or separately is also possible. The pulsed photon exposure system consists of
three units: two control units and an exposure unit. The exposure unit contains 6 halogen
incandescent lamps and above it there is a superhigh pressure mercury ultraviolet lamp LMP—
400D (Figures5 and 6). One can vary continuously the halogen lamp power density up to
375 W / cm?, while the pulse duration — from 0.1 to 1000 s in 0.1 s increments. The ultraviolet
lamp operates in a non-stop regime with a power density of 93 W / cm?. The reflector is made
of II-shaped ceramics characterized by stable optical properties. The temperature control and
recording in dynamics is performed by a fast K-type thermocouple (0.1 mm in diameter)
connected with the computer through a digital multimeter with AX188 AUTO USB interface.
Depending on physical and technical tasks, the sample temperature can be adjusted by selection
of the support position, removal of heated air, or by a liquid nitrogen vapor jet.
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Figure 6. Radiation spectra of superhigh-
pressure mercury ultraviolet lamp.

The optical transmissionspectra of the sampleswere takenover a wide wavelength range
(1000 — 185 nm) on a monochromator MDR-2 and spectrophotometer SF-26. In the studied
spectral region, sapphire substrates are optically transparent. Structural properties of the grown
films were investigated by X-ray analysis on the system DRON—4.

To avoid a possible effect of the physical properties of the substrate on the studied
process, sapphire substrates, along with the Si-sapphire structures, were also subject to photon

exposure.
In the process of photostimulated crystallization, to establish the contribution of the

temperature factor, besides photon annealing, thermal annealing in the inert gas medium was
performed.

Experimental results and discussion
The curves of the optical transmission spectra given in this paper were obtained by

subtracting the spectra of the substrate (Al2O0s) from the curves of the corresponding
transmission spectra of the substrate-film structure.
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In Figure 7, the transmission spectra of the quartz / Si structures (the Si film thicknes —
50 nm) before and after photon exposure are given.

190 110x100% L

BO .

-
BO . . 1

40

o

J,nm

200 300 400

Figure 7. Transmission spectra of the quartz / Si structures before (curve 1)
and after (curve 2) photon treatment with radiation power density 375 W / cm?.

The samples were irradiated by photons in the following regimes:

Power density 375 W / cm?;

Pulse duration 20s;

Pulse count 2;

Maximum sample temperature in the pulse mode 1010 °C.

As is clear from Figure 7, the photon treatment of the sapphire / Si structures (at the
phonon radiation power density) results in a shift of the absorption edge of the silicon film

towards smaller wavelengths.

Since the quartz substrate in the study region is transparent and, according to the
experimental data, the photon treatment does not cause any changes in the transmission
spectrum of the quartz substrate, the shift of the absorption edge of the quartz / Si structure
towards the short-wave region is due to the changes in the silicon film. The observed shift of
the absorption edge in the spectra of the study samples is in good agreement with the data of [1].

X-ray structure analysis of films confirmed the presense of the amorphous-to -
polycrystalline transition. (220) and (331) grain directions are more pronounced.

For comparison, thermal annealing of the similar samples in the furnace in the argon
medium at 1200 °C for 30 s was performed.

As shown by the experiments, the thermal annealing did not cause any pronounced
changes in the studied optical properties of the samples, which also indicates a non-thermal
nature of photostimulated crystallization.

Proceeding from the above, we believe that the obtained experimental results can be
explained using the athermic model proposed in [2, 3] which describes the phase transition of a
semiconductor from the amorphous- to polycrystalline or crystalline state under phonon
radiation.
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Theoretical model of photostimulated crystallization [4, 5]

As is seen, the results of the pulsed photon annealing experiment cannot be explained
only by thermal heating. Probably, in the process of pulsed photon annealing a number of non-
thermal factors are also very important.

Let us discuss the obtained results from the viewpoint of an electron melting mechanism.
It should be noted that electrons in the conduction band and holes in the valence band are anti-
bonding particles that “soften” bonds and contribute to “low-temperature melting” of the
crystal. Earlier [6] we have obtained aestimated formula for so-called critical concentration 7
of anti-bonding quasi-particles above which “low-temperature melting” begins. The idea of
derivation of an« formula is as follows: an anti-bonding quasi-particle weakens the bond not
locally at any lattice point, but over the whole area of its delocalization, i.e. in the area of the
order of de-Broglie wavelength A; =h/p=h/v3mkT (m is the effective mass of the quasi-
particle conductivity, T is the crystal temperature). If we denote the volume of the sphere of
diameter A, by V,, the condition nV, =1 corresponds to such quasi-particle concentration
when in the volume V, there are i quasi-particles. With this concentration anti-bonding quasi-
particles weaken bonds between all atoms of the crystal. The crystal looks like one gigantic
molecule where bonds between all the atoms are weakened. However, for “electron mechanism
melting” to take place, the degree of weakening and bond is otropization must reach a certain
critical value. Here we introduce a hypothesis: proceeding from the experimental fact of
thermal melting at the melting temperature (T,,) and from the fact that this is “softening” of

bonds between all the atoms of the substance, we suggest that such anti-bonding quasi-particle
concentration n, is critical when

Vo (T,) =i, Vo(T,) =%z%(rm>, i>1. (1)

Thus, the electron mechanism melting takes place at such anti-bonding quasi-particle
concentration when in the spherical volume of the crystal with diameter equal to the de-
Broglie wavelength corresponding to the crystal melting temperature there is at least one quasi-
particle. It should be emphasized that A,(T,) and V,(T,) are fixed as a formally chosen length
and volume not connected with the real crystal temperature during “electron mechanism
melting”. From (1) for n; the following expression is obtained:

(n.)cy =0.3iN¢,,, Ne, ~4.82-10°(m., T,)*?cm?, 2)
where m. and m, are the effective electron and hole conductivity masses in free electron mass
units. With the simultaneous presence of the both types of carriers, in assumption of equality of
their concentrations, we obtain for n_:

NC NV
Ne +Ny

Formula (3) for crystalline silicon gives n,~10" cm (for diamond-like crystals with four

n, ~0.3 3)

bonds per atom optimal seems to be i =2, which was selected for estimation) which is in good
agreement with the results of laser annealing experiments.

Thus, in conclusion, pulse-photon annealing allows the effective cristalisation at
significantly lower temperatures. Here, a major factor is the change in the quantum state of an
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electronic subsystem of a crystal due to the achievement of a certain critical concentration of
antibonding electron—hole pairs, and to the presence of selective absorption of photons due to
the crystal defects.
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1. Introduction

Nanotechnology which defined as the manipulation of matter with at least one
dimension sized from 1 to 100 nanometers is one of the most active and promising fields of
technology. In Figure 1 is presented estimates of the nanotechnology market — by 2010 — 2015,
and materials research and electronic technology is shown as the main directions of nanotech
industry. Although micro and nanoelectronic are based on the semiconductor devises, advanced
processes which are taking place below 100nm, traditionally semiconductors aren’t classed as
nanotechnology, because nanotechnology is demonstrated in electronic industry as
semiconductor devices themselves.

Other Chemical Aerospace

9% manufactu 6%
ring...

Materials Ph:
31% armace
_ uticals
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28%

Figure 1. Estimates of the nanotechnology
market — by 2010 — 2015.

From literature review it is clear, that in the nanotech world there are three areas that
will create opportunities for commercial applications: the first is the development or discovery
of nanotech materials for commercial applications; the second will be the development of
measurement tools that will be able to measure and characterize the materials and the
applications in which the materials are being used; the third will be the development
manufacturing technologies that will implement the nanomaterials into commercial
applications [1 — 4].

It is now well recognized that semiconductor nanotechnology will be significant tool for
future progress in information and energy technologies. Possibility and applicability of light
interaction with semiconductor nanostructures is one of the advances of nanotechnology for
light emitted devices. One of the important features of semiconductor nanostructures is the
structure dimension / band gap dependence [1], namely, semiconductor nanostructure’s
(quantum wire, quantum dots) bund gap is much larger, then the same material in bulk.
Different sizes quantum wires of the GaP and quantum dots of CdSe in suspension having
different band gaps and so emitting different colors is shown in Figure 2.
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(b) ‘ }

als
Figure 2. Quantum wires of the GaP (a) and quantum dots of CdSe (b) of different
sizes in suspension have different band gaps and so emit different color.

It can be seen from review of literature, that III-V semiconductor quantum dots were
responsible for high-efficient light emitting devises and wavelength converters that change
emitted light to the desired spectrum, and they also have good prospects for a new class of
fluorescent materials for biosensor, and as key elements for the new generation solar cells.
There was reported about ability to manipulate single spins in nanowire quantum bits [1 —5].

Electronic and photonic information technology and renewable energy alternatives,
such as solar energy, fuel cells and batteries, have now reached an advanced stage in their
development. Lower cost and greater energy conversion efficiency compared with thin film
solar cells have led to a high level of activity in semiconductor nanostructures research related
to photovoltaic applications [6 — 8]. This question was briefly reviewed for us in [9].

—_—

IR Irrrr
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Figure 3. Spin polarized field-effect transistor.

The second direction of application III-V nanostructure is semiconductor spintronics for
information technology. It is clear that for future information technology and for quantum
computing it needs novel devices based on novel materials and novel processing principles.
Progress in nanotechnology makes possible practical realization of spintronic devices — next
generation of semiconductor electronics [10], in which the integration of magnetic materials
and nanoelectronic devices enables the use of the electron spin, as well as its charge, for
developing logic and memory. The injection of spin polarized electrons from a ferromagnetic
electrode into a semiconductor, transport of spin polarized electrons through the semiconductor
and the detection of spin polarized electrons at another contact are main processes in spin
polarized field-effect transistor, which consists of a field effect transistor with a ferromagnetic
source and a ferromagnetic drain electrode [11]. A schematic diagram showing the operation of
this device is presented in Figure 3. In this case, the device can operate like a regular MOSFET.
However this device provides an additional control knob in the form of the source and drain
magnetization. When the source and drain electrodes are polarized in the same direction
(parallel configuration), a large current flows through the device. When polarized in opposite
directions (anti-parallel configuration), a much lower current flows through the device. The
additional magnetization control can help achieve much lower of state leakage currents,
reconfigurable logic as well as having a memory device integrated into a transistor.
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Current research we present electrochemical deposition of thin ferromagnetic metalice
film on the GaAs surface. Contact metal / semiconductor is one of the fundamental structures
in semiconductor devices. Formation of Schottky barrier, as well as metallic interconnects on
semiconductor based electronics, are strongly influenced by the structure and disorder of the
ferromagnetic metal-semiconductor interface. In order for spin dependent scattering to be a
significant part of the total resistance, the layers must be thinner than the mean free path of
electrons in the bulk material. For many ferromagnetic the mean free path is tens of
nanometers, so the layers themselves must be each typically less than 10 nm (100 A) [12].

2. Contact Fe / GaAs

Contact ferromagnetic films on semiconductors can be used in the fabrication of
magnetic sensors, memories, and novel devices based on spin-dependent transport phenomena.
GaAs Schottky diodes have been fabricated and studied by many authors, using various
techniques of metalization of semiconductor’s surface. Amongst them, electrodeposition offers
some advantages with respect to ultra-high vacuum (UHV) techniques for the growth of these
structures, such as the low temperature processing, which can limit the interdiffusion between
the film and substrate, thus creating well defined interfaces. Interdiffusion with the formation
of interfacial ternary (FesGax-xAsx) solution instead of an abrupt Fe / GaAs interface has been
observed at higher temperatures. Possible magnetically dead layer at the Fe / GaAs interface has
been discussed as an obstacle for spin injection [13].

Significant efforts have been made to understand the physical and magnetic behavior of
iron films on gallium arsenide. The appeal of this system is the very small lattice mismatch
between body-centered cubic (bcc) iron (a=2.866 A) and GaAs (a/2=2.827 A). Having only a
1.4 % mismatch should facilitate the growth of bcc-like Fe films on the GaAs substrate, making
this system ideal for testing new thin-film structures for magnetoelectronic applications. There
has been reports of epitaxial Fe grown on (001) and (011) using iron sulphate (FeSOs4) or iron
chloride (FeCl2) solutions. These films showed a small density of disoriented grains [14].

It is necessary M-S contact without intermediate films for many applications, namely,
for efficient injection of spin-polarized electrons into a semiconductor. The innovation of our
electrodepositing method is that semiconductor’s surface etching and metal deposition carries
out in unified technological process, in the electrolyte which contains semiconductor’s
electrochemically etching material, besides of deposited metal ions. At first steep the
semiconductor wafer was used as the anode and cleaning of semiconductor’s surface was done
during a few min, then the potential was immediately changed to opposite direction and
deposition of metal was done on the semiconductor’s freshly cleaned surface in the same
solution in the same technological process. The method gives possibility ferromagnetic metal
electrodepositing on semiconductor’s freshly etched surface, and by this way fabricating abrupt
metal/semiconductor contacts without significant intermediate oxygen or other damaged thin
films. The method and regimes of electrodepositing of different metals on the III-V
semiconductor surface used for us was described in our earlier works [15 — 17].

Here in our experiment undoped n-type GaAs wafers of (100) orientation and 200 pm
thickness were used. The carrier concentration obtained from Hall measurement was
2.10%/ cm3. The wafers were mechanically polished to a mirror like surface and ached with
1% bromine methanol. Ohmic contacts were made to the one side of wafer using preformed
indium annealed in an inert atmosphere at 500 °C for 5 min. Then the sample with ohmic
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contact and wire for connecting to the voltage was covered with chemical stable polystyrene
solution except the area where the metal will be deposited. The wafers were then ached
chemically in solution H2SOs:H>02:H20O (3:1:1), rinsed in distilled water and were
transferred immediately into electrolyte for metal depositing. Simple equipment used for this
process with a source of power, resistance, ammeter and switch is shown in Figure 4.
Electrolyte was poured into quartz glass; the semiconductors wafer was used as the one
electrode and a platinum wire as other. The distance between electrodes have being of the order
of 1 cm. An aqueous solution of iron chloride (FeCl2) 30 — 32 g/ 1 was used as an electrolyte for
deposition of Fe on GaAs. The acidity (pH = 1.5) of solutions was regulated by adding of NaOH
and HCI. It is known, that III-V semiconductor surface electrochemical etching material is
NaOCl, which perhaps formulated in solution during current flow process. Deposition of Fe was
done at room temperature.

e I. 2

Figure 4. Equipment for electrodepositing: 1 — power source, 2 — amperemeter, 3 — resistivity,
4 — electrolyte, 5 — semiconducting wafer, 6 — platinum cathode, 7 — quartz glass.

At first semiconductor wafer was used as the anode and cleaning of semiconductors
surface was done during 3 —5 min, then the potential was immediately changed to opposite
direction and deposition of metal on freshly cleaned surface was done in the same solution in
the same technological process in a few stages: at first stage the applied current density was
small, about ~ 0.5 mA / cm?, to formation metallic germ on semiconductors surface and than the
current density was increased on one rung up to 5 mA / cm? for increasing the velocity of metal
plating up. Thickness of deposited metallic film was regulated by the current density and
depositing time, and was measured by the electron microscope. By this method were obtained
thin films with thickness in range 25 — 60 nm.

After the process of metallization the samples were washed in distilled water. The
polystyrene film was removed mechanically and boiling in acetone. Then samples were cut into
pieces of area 1 -3 mm?. For measurement of electric and photoelectric characteristics were
used presser contacts.

Current—voltage characteristic of Fe / GaAs was measured in forward bias over a current
density range of 2- 107 to 1 - 10 A cm™, and dependence V —In| for a little forward bias is a
good straight line for observed sample and it may be analyzed in term of the thermo ionic
emission model [10]:

I =1,exp(eV /nkT)(L—exp(eV /KkT)) A cm?2, (1)
where, | is the measured current at a given value of V , e is the electron charge; k is the
Boltzman’s constant; T is the measured temperature; N is an “ideality factor” (n <1.08 is ideal);
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and |, is defined as the saturation current density. This equation (1) was used to find |, and n

experimentally. The barrier contact ideality factor was calculated with the help of expression
ne 9 AV )
kKT Aln
and, for observed structure experimentally determined ideality factor n=1.04=1.06 in the
current region 10— 102 A, thus observed Schottky contact Fe / GaAs is near ideal, and so that,
thermo ionic emission theory can be used for calculating barrier height. Saturation current I,
was experimentally obtained via the interpolation of relation V —Inl, when V —0. In another
side according to thermo ionic emission model
I, = AT exp(—e(ps ' —Ap)/KT), 3)
where A" is the effective Richardson’s constant, ¢y ' is the Schottky barrier height from
current-voltage ( |-V ) characteristicc and A¢@ is the image force correction. A" =
8.16 A cm2K2and Ag=0.04 eV observed for samples. And the Schottky barrier height ¢} is

extracted from |, by the formula

., KT, SAT?
¢év=?ln — (4)

S
where S is the contact area. There was obtained ¢ ' = 0.8 eV.

For comparison the barrier heights obtained by different method was studied
capacitance—voltage characteristic too. Junction capacitance was measured at a frequency of
1 -10 MHz as a function of applied reverse voltage using automatic capacitance bridge model
and L2-28. The C -V data were analyzed according to the C vs. V for an ideal contact

1/C? =2(eeNy) ™ (V, =V, —KT/€) F-2 cm?, (5)
where the intercept V, on the voltage axis is related to the diffusion potential V, by
V, =V, —kT/e and N, is the bulk donor concentration. The C —V measured barrier height is

oS =V.+5+kTle, (6)

where ¢ is the Fermi Energy in the bulk with respect to the conduction band. For the material

used, ¢y ' =(V, +0.08) eV = 0.81 eV. The measurement accuracy of ¢ and ¢S " for the tick

contacts is estimated to be < 0.01 eV. So, it was shown, that the values of Fe / GaAs contact’s
Shottky barrier height obtained from current-voltage @i’ and capacitance-voltage ¢ "
characteristics are in a good agreements, suggested, that prepared contact Fe / GaAs is abrupt,
without sufficient disorder film in interface between metal and semiconductor, and current
flow mechanism can describe in terms theoretical model of thermo ionic emission.

3. Conclusion

The electrodepositing method elaborated for deposition of metal on III-V semiconductor
gives possibility obtaining Fe / GaAs “ideal” Schottky contact without intermediate oxygen film.
This method has advantages for simplicity and gives possibility of cleaning semiconductors
surface just before deposition of metal. It is sufficient for fabricating M-S contacts without
intermediate oxygen or other damaged thin films, what is necessary for many applications.
Namely, this method gives possibility fabricating ferromagnetic metal / semiconductor’s abrupt
interface, suitable for efficient injection of spin-polarized electrons from metal into a
semiconductor.
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Also, fabricating of “ideal” Schottky barrier is necessary for comparison of the
experimental results obtained from real Schottky barrier measurements with theory. The results
investigation Fe /GaAs Shottky diode’s electrical properties is analized and shown good
agreement Fe / GaAs sample’s current flow mechanism with thermoionic emission theory.
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Introduction

Rapid, sensitive and selective detection of pathogenic microorganisms, including viruses
is main goal to implementing an effective response to viral infection through medication. Well
known fact is, that the smallest forms of life, bacteria, cells and the active components of living
cells have sizes in the nanometer range (see Figurel [1]). Nanotechnology research and
development is based on unusual phenomena and properties of nanomaterials revealing as a
result of molecular structure, small dimensions and size. Fabrication of new nanodevices and
nanosystems for a broad range of application, especially for healthcare and environment
monitoring purpose is priority and main goal of nanobiotechnology, bionanoscience and
nanomedicine. A great deal of scientific works and reviews are dedicated to the problems of
advanced nanosciences. A brief overview of principles and phenomena based nanosensors is an
attempt to understand detection and identification processes of bio-molecules as well as
pathogens.
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Figure 1. Relative size of nanoparticles compared with familiar items [2].
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Problem and discussion

Nanodevices and nanobiosensory systems based on phenomena occurring at nanoscale
are widely applicable in biotechnology, microbiology and nanomedicine, in advanced
investigations in vivo and in vitro. By definition, nanomaterials are divided into main classes
[3]: zero-dimensional (0D) nanomaterials or nanoparticles - such as atom clusters with particle
diameters below 100 nm, metallic nanoparticles, buckyball, etc.; one-dimensional (1D)
nanomaterials - such as nanowires, nanotubes, and nanocables having a width less than 100 nm;
two-dimensional (2D) nanomaterials like nanofilms and superlattices with layer thickness in
the nano-range. The field of nanoparticles and nanomaterials application has branched out in
many directions, e.g. gold nanoparticles are used as biosensor labels, polymer nanoparticles are
used as medicine carriers to target cancerous cells, magnetic nanoparticles serve as the new
generation of nuclear magnetic resonance (NMR) contrast agents, etc.

Nanosensors can be broadly classified into two groups, namely, those that have
nanoscale dimensions and those that perform nanoscale measurements but do not necessarily
have nanoscale dimensions. It is important that properties of materials in bulk state differ from
those at nanoscales, when the size of the structure is decreased, surface to volume ratio
increases considerably and the surface phenomena predominate over the chemistry and physics
in the bulk [1].

Nanosensors physical, biological or chemical are used to collect and convey information
about nanoparticles from the real world to the macroscopic world. Sensor is known as a device
that converts a stimulus (see Table 1 [3]) into an electrical signal, measured or recorded by an
instrument or an observer.

Table 1. Conversion phenomena of sensors [3].

Stimuli Phenomena

Thermoelectric, photoelectric, photomagnetic, magnetoelectric,
Physical electromagnetic, thermoelastic, elastoelectric, thermomagnetic,
thermo-optic, photoelastic

Chemical transformation, physical transformation,

Chemical .
electrochemical process, spectroscopy

_ _ Biological transformation, physical transformation, effects on
Biological

test organisms, Spectroscopy

Nanosensores collect and measure data regarding some property of a phenomenon,
object, or material. A sensor differs from a transducer. Transducer converts one form of energy
into other form whereas a sensor converts the received signal into electrical form only.
Nanosensors advantages are: high sensitivity, smallness, low response time, low cost,
multifunctionality, easy to use, low power consumption. Properties and application area of
nanosensors may be determined by analyzing the stimuli and measurands given in the
Table 2 [3].
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Table 2. Stimuli and measurands [3].

Stimulus Properties
. Position, acceleration, stress, strain, force, pressure, mass,
Mechanical ) . .
density, viscosity, momentum, torque

Acoustic Wave amplitude, phase, polarization, velocity

. Absorbance, reflectance, fluorescence, luminescence,

Optical . . :
refractive index, light scattering

Thermal Temperature, flux, thermal conductivity, specific heat
Electrical | Charge, current, potential, dielectric constant, conductivity
Magnetic Magnetic field, flux, permeability
Chemical Components (identities, concentrations, states)
Biological Biomass (identities, concentrations, states)

The object of interest of our work are nanodevices used in nanomedicine applications,
mainly for detecting biomolecules and microorganisms. Nanomaterials and biomolecules have
identical dimensions, therefore the combination of nanometer materials and biomolecules is of
considerable importance in the fields of biotechnology.

Biosensor is a significant device for the detection of an analyte. It combines a biological
component with a physicochemical detector and the biosensor reader device. Biological
recognition elements or bioreceptors (Figure 2 [3]) of a biosensor mostly are of biological origin
such as enzyme, an antigen, an antibody, a tissue, a cell, DNA (desoxyribonucleic acid). The
artificially produced elements (such as polymers) may be accepted and included as components
of biosensors. The recognition element is the component used to fasten the target molecule, and
must therefore be highly specific, stable under storage conditions, and immobilized [2].
Nanosensors deliver real-time information about the antibodies to antigens, cell receptors to
their glands, and DNA and RNA to nucleic acid with a complimentary sequence.

Analite Output signal
* + i::} _— Elect;ochemical response-
+ ’ CNT/Au nanoparticle/QD
\ {mtlb(}dy modified electrode
+ -+— (’e:]l pH change-5i nanowire :>
~<\’}L—' % [/ Mmrol Mass change,
{ﬁ( + organism

nanomechanical re sponse-

+ * + cantilever

Figure 2. The analyte binds selectively to the bioreceptor

yielding a measurable response signal after processing [3].

The physicochemical detector — transducer acts as interface, measuring the physical
change that occurs with the reaction at the bioreceptor, and then transforming that energy into
quantifiable electrical output. Finally, the signals from the transducer are fed to a
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microprocessor where they are amplified and analyzed; the digitally dissected data is converted
to concentration units and transferred to a display or /and data storage device [3].
Various electrochemical techniques are used for sensing of biomolecules. Some common
techniques are: voltammetry, potentiometry, impedometry and conductometry.
Chemo-physical properties, structure of nanomaterials and target biomolecules define
the methods of detection and identification as well as types applied sensors and sensory systems.
One of the simplest medical nanomaterials is a surface perforated with holes, or
nanopores. Desai et al. [4] created devices, using bulk micromachining to fabricate tiny
chambers within single crystalline silicon wafers in which biologic cells can be placed. In these
devises uniform nanopores, as small as 20 nm in diameter, must be large enough to allow small
molecules such as oxygen, glucose, and insulin to pass but must be small enough to impede the
passage of much larger immune system molecules such as immunoglobulins and graft-borne
virus particles. The flow of materials through nanopores can also be externally regulated [5].
Nowadays, well-known nanosensors for bio-medical applications are: carbon nanotube -
based nanosensors, nanoscaled thin film sensors microcantilever and nanocantilever, nanoshells,
nanofibers, nanobelts, nanoprobes, quantum dots (QD), nanowire pH sensors detecting proteins
and DNA, field-effect sensors, cantilever sensors measuring surface stress changes, magnetic
nanosensors detecting DNA, optical nanosensors, etc. [1]. Schematic structure of a carbon
nanotube (CNT)-field effect transistor (FET) for detecting the proteins is presented in Figure 3
[1]. The electronic structures of target molecules near the semiconducting nanotubes cause
measurable changes to the nanotubes’ electrical conductivity.

CNT or net of CNTs

Si Gate

sio,

Figure 3. Detection of proteins. Schematic
structure of a carbon nanotube-FET [1].
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Figure 4. (A) Scheme of a biotin-modified Si nanowire and subsequent binding of streptavidin
to the modified surface. (B) biotin-modified Si nanowire, region 1 corresponds to the buffer
solution, region 2 corresponds to the addition of streptavidin, region 3 corresponds to pure

buffer solution. (C) unmodified Si nanowire, regions 1 and 2 are the same as in (B) [1].
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Specific surface area and high surface free energy of nanomaterials and biomolecules
make a growing interest in the study of electron-transfer (ET) between proteins and electrods
modified with nanomaterials. For example, the CNT-based electrochemical biosensors are used
to their high electronic conductivity for the electron - transfer reactions. The scheme - binding
of streptavidin to the modified surface (A), and plots of conductance versus time for an
unmodified (C) and biotin-modified Si nanowire (B) are shown in Figure 4 [1].

Physical phenomena, in particular bending processes and bio-molecular interactions on
surface layer determines the cantilevers properties (see Figure 5 [1]). When an additional mass
of molecules is attached to the oscillating cantilever, it’s resonance frequency changes and
cantilevers behave like a harmonic oscillator (at first approximation). The resonance frequency
of a micro-cantilever varies sensitively with (in kHz to MHz) molecular adsorption.

a ® L
(€] ® 9
o]

TAh: deflection by surface stress change

Figure 5. Cantilever based on the bending [1].
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Figure 6. Nanowire-based detection of single viruses [6]. Left — Schematic
show two nanowire devices, 1 and 2, where the nanowires are modified
with different antibody receptors. Specific binding of a single virus to the
receptors on nanowire 2 produces a conductance change; Right — characteristic
of the surface charge of the virus only in nanowire 2. When the virus unbinds
from the surface the conductance returns to the baseline value [6].
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Deflection at the end of a cantilever (Ah) can be expressed by formula [1]:
3L-r)L?
Ed®
where Ao — surface stress change, L —length and d — thickness of the cantilever, E — Young’s
modulus, r - Poisson’s ratio of the cantilever material. Accuracy of measurements strongly

Ah = Ao,

depends on properties of well-preselected nanomaterials.

Nanosensors sensitivity can be increased due to better conduction properties, the limits
of detection can be lower, very small quantities of samples can be analyzed. Direct detection of
target biomolecules is possible without using labels, and some reagents can be eliminated.
Lieber’s group [5, 6] has reported direct, real-time electrical detection of single virus particles
with high selectivity using silicon nanowire field-effect transistors (FETs) to measure discrete
conductance changes characteristic of binding and unbinding on nanowire arrays modified with
viral antibodies (see Figure 6 [6]). For a p-type nanowire, the conductance should decrease
(increase) when the surface charge of the virus is positive (negative).

Using nanowire arrays, having receptors specific to influenza A, paramyxovirus, and
adenovirus was found that the detectors could differentiate among the 3 viruses and as noted,
the possibility of large-scale integration of these nanowire devices suggests potential for
simultaneous detection of a large number of distinct viral threats at the single virus level [5, 6].
Modification of different nanowires within the array with receptors specific for different
viruses provides the means for simultaneous detection of multiple viruses [5].

Nanowires modified with specific receptors can be assembled into integrated nano-
biosensors for parallel detection and diagnosis of trace amount of dangerous viruses and other
threats Figure 7 [7].

Figure 7. Parallel detection and diagnosis of
viruses using integrated nanowire sensors [7].

Also it has to be noted, that for viruses not growing in lab hosts established methods for
viral analysis include plaque assays, immunological assays, transmission electron microscopy,
PCR-based (DNA viruses) or RT-PCR-based (RNA viruses) testing of viral nucleic acids or
detect directly by in-vitro amplification of their nucleic acids. Direct nucleic acid analysis alone
does not assure detection of infectious viruses, only the presence of functional surface epitopes
for binding to cell receptors is evidence of virus infectivity. Use of antibodies to provide
selectivity also has limitations common to immunoanalysis and PCR analysis methods in the
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detection of rapidly mutating, engineered and/or new viruses. Nevertheless, in many cases,
nanobiosensory systems application makes possible more successful analysis and efficiency of
techniques for direct detection of pathogens.

Conclusion

Established techniques for detecting and quantifying microbes in environment include:
plaque assays, immunological assays, transmission electron microscopy, PCR-based testing of
viral nucleic acids. These techniques have not achieved rapid detection at a single virus level
and often require a relatively high level of sample manipulation, which means getting
representative samples, recovering the microbes from the samples, analyzing for the recovered
microbes, that is inconvenient for infectious materials. Different nanoscale architectures, wide
spectra of nanosensors - nanowires, nanotubes, nanofibers, nanomembranes, nanopores-based,
field-effect transistors (FETs), quantum dots (QD) and etc. have unique advantages and
limitations, ability to detect disease-associated biomolecules, like nucleic acids, proteins,
pathogens, viruses, tumor cells. In the nanoscale range, the sensitivity of signal detection is
drastically improved due to nanoscale-specific physical properties. Relatively weak optical
signals such as surface plasmon resonance and surface-enhanced Raman scattering can be
applied as highly sensitive and specific biosensors in conjunction with various
nanoarchitectures. Multiplexing in large nanowire arrays by including nanowires modified with
general viral cell-surface receptors and antibody libraries could enable rapid identification of
viral families and provide an indication of mutations in samples. Development of advanced
label-free detection techniques of biomolecules and pathogens for rapid and selective sensing
will be based on real-time nanosystems and relevant multiplexing approach in nanotechnology
research will take a more active part in future health care and environment monitoring systems.
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The use of super-low doses of such medications in homeopathy not gained by means of
potentiation will yield no result. Therefore, not with standing the fact that we are not yet aware of the
essence of the process of potentiation, the specific technology to prepare homeopathic drugs must be
strictly observed. Otherwise, the super-low doses of the medications gained through one-moment
dilution will not have any biological activity. It is not surprising that the chemical methods are useless to
identify the active source among homeopathic potencies, but this surely does not mean that such source
does not exist [1].

Based on the results of the studies carried out at a Ukrainian laboratory, Chekman found that
potentiation (agitation) changes the physical-chemical and quantum-mechanical properties of a
substance [2]. In 1989, based on the scientific studies in the field of homeopathy and experience of
theorists and observers in classical medicine, N. K. Simeonova offered a new theory of homeopathy.

The source of action of homeopathic preparations is unknown. In view of academic science, the
fact of the ultralow doses of homeopathic preparations having a biological action on a human body is not
truthful despite the fact that the idea of ultralow doses and weak stimuli (Arndt—Schultz law) had been
used for many times to explain the mechanism of action of homeopathic preparations. Perhaps, during
the potentiation, a curative substance from its molecular state is transformed in some another, more
active state hard to determine with modern terms [1].

As it seems, when preparing a homeopathic medication, in the process of successive dilutions,
potentiation and squeezing, the curative properties, or code of the therapeutic substance are transferred
to the environment, to the indifferent substance. Later, the environment, even in the absence of the
therapeutic substance, acquires the biological activity.

We can assume that there originates an information field of a certain strength in the
environment [3], which gets stronger with every next dilution. As the therapeutic substance degrades,
the energy and information used by the nature to create the substance from the beginning may be
liberated. If considering the force and information components of the active source of the homeopathic
drug, it may be defined as an information-energetic field able to move from one carrier to another
without losing therapeutic properties and having biological activity even in the absence of the
therapeutic substance. As the volume is no more significant for the ready homeopathic drug and any
part of the drug has the same therapeutic properties, we can assume that the new form of the therapeutic
substance behaves in the same way as a hologram [1].

Holography is the most spectacular part of physics. The word holography comes from the Greek
words holos— “whole” and graphos— “writing” or “drawing” [4]. Holography is the set of technologies to
accurately record, reproduce and re-form wave fields. The method of holography was offered by Denis
Gabor in 1947. It was him to introduce the term Aologram and was granted a Nobel Prize in 1971 “For
inventing and developing the holographic principle” [5]. Holography may be said to be a new
technology developed quite successfully in our country and having penetrated our lives. It offers a new
and unusual method to fix an image.

In 1947 — 1951, the works by Gabor laid a foundation to the development of this field of science
and opened a way to new discoveries. Discovery of holography was associated with the works
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accomplished to improve an electronic microscope. It was during these works when holography was
discovered and it was patented later. At first, holography developed only as a theory, but in 1960, after
the invention of a laser, unique holograms became possible to produce.

Later, the scientists working in the field of quantum mechanics improved laser technology
leading to the wide use of holography. At present, a hologram can be made even by using the laser in a
DVD-player on one’s personal computer. Russian scientist Yuri Denisiuk was the first to fix a 3D image
on a hologram in 1962. This is the photo of Denisiuk holding his self-portrait in his hand fixed on a
hologram. The first high-quality holograms were produced by English physicist Nicholas John Phillips —
he wears a holographic tie in the photo.

The idea of a hologram is to fix the image with the ability to reproduce it in the future, like a
recorded voice with the difference that in the latter case, the subject of reproduction is voice.
Photography means taking a picture, which will be subject to the action of the lenses of the objective,
while holography is the technology to create a certain system, a hologram, which is not a picture and
allows reproducing the fixed image [4].

By considering the idea of the homeopathic drugs having a relatively more active source, there is
a view suggesting that there is a “contact” point for them in a human body. It seems that such a “contact”
point is a similar information-energetic field and can be defined as a human’s biohologram. In case there
is a resonance between the drug and the human body, the physiological systems producing the
mechanisms of adaptation with a wide spectrum of further therapeutic effect activate and take place as a
chain reaction. From the beginning, the nervous, endocrine and immune systems get engage in these
reactions. Thus, the positive effect of homeopathy is the result of the adaptive action of the body.

If no resonance develops in case of incorrect selection of the drug (code), no action will occur.
By using this fact, N.K.Semionova developed the information-energetic holographic theory of
homeopathy, which is based on the idea of the homeopathic drug and human body, as hologram and
resonance between them. The scientific views of the information-energetic field of a human are not
thoroughly developed; however, such concepts are necessary to introduce to explain many phenomena,
including homeopathy.

The information-energetic holographic theory of homeopathy proposed by N.K. Semionova
substantially changes the trends of the further scientific studies. In particular, instead of trying to find
the remains of the therapeutic substance in a homeopathic drug, it is necessary to identify the
information-energetic field of the drug. If viewing the events in the light of fields, we will find the
substantiation of not only homeotherapy, but many other phenomena; the rhythm of administering the
homeopathic preparations (chronopharmacology) will become clear [1]. Some symptoms in homeopathy
have certain peculiarities called modalities described in the light of chronopharmacology [6, 7].
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Ha ceropuamuwii neHb MoaudyHKIMOHAIbHbIEe HAHOCTPYKTYPHBIE IUIEHKU M ITOKPBITUS
HUTpUJA THUTaHA IPOJAOJKAIOT OCTABaThCA II€PBBIMM Cpelu MCIIONb3YyeMBIX Ha IIPAKTHUKe
YIPOYHAIOWINX, 3JPO3MOHHO- U KOPPO3MOHHOCTOMKMX, [MJeKOPaTUBHBIX M JPYIMX BHJOB
HOKPHITUH. DTO Hanboylee KOMMepIINaTH3NPOBaHHbIE HAHOCTPYKTYPHBIE IUIEHKH U IOKPHBITHA.
OHu Tpom3BOAATCA COTHAMU KOMIIAHMH M (QUPM IIOZ, ZecATKaMU TOPTOBBIX MAapoOK BO BCeX
Pa3BUTBIX CTpPaHAX MHpa. TexHomOrMM U O00OpyZOBaHHEe HX CHHTE3a XOPOIIO OCBOEHBI
IIpOMBIIIIeHHOCTRIO. IIpollecchl cuHTe3a HAHOCTPYKTYPHBIX IOKPBITMII HUTpUJA THUTaHA
SKOJIOTUYeCKM YHCTHIL. [IOKPBITMA XMMWYeCKHM WHEPTHBI II0 OTHOUIEHWIO K (pakTopam
OKpy:karoleii cpeasl. HanmpumMep, ux nmpuMeHeHUe B KaueCTBe YIIPOUHAIOIIUX U JeKOPaTUBHBIX
IOKPBITUH  9KOHOMHYecKH o6ocHOBaHO. CdopMupoBasuCch Ilejble  HAmpaBIeHUA B
IIPOMBIIIEHHOCTY Ha OCHOBE INPAaKTUYeCKOTO HCIIOJIb30BaHMUA IOKPBITUHM HUTPHUAA TUTAaHA, a
TaK)XKe HOBbIe Hay4YHbIe HaIIPaBJIeHUA IO (PU3MKO-TeXHOJIOTMIECKUM HCCIeJOBAHUAM.

Hurpuz Tutana — 6MHapHOE XMMHYEeCKOe COeJMHeHHe THTaHa ¢ a3oToM cocraBa TiNy Vi-y
(rme y — copmepxanue asora, y=038-1.00 nmpu 7>1080°C, 1-y — KOHIEHTpauus
CTPYKTYPHBIX BaKaHCHI B IoOjpelmeTKe a3ora) [1]. DTo coesuHeHHMe IpejCcTaBiIgeT COOOI
tyromiaBkyio ¢asy BHeapenus (T®B) c mwupokoit obracrteio romorennoctu. Crenuduxa
HUTPHUJA TUTaHAa, Kak u Apyrux TPB Ha ocHOBe ABOWMHBIX M TPOMHBIX HUTPUZOB M KapOHUIOB
nepexoJHEIX MeTa/utoB IV A u V A moarpynn mepuozamdeckoii TabIHIIBI 3JIeMEHTOB, COCTOHT B
TOM, YTO 00JIACTh TOMOTE€HHOCTH He COBIIAZIdeT CO CTeXHOMETPHYeCKHM cocTaBoM [2]. [lpyras
0coGeHHOCTh Bcex Kpucramaundeckux T®B cBsa3aHa ¢ TeM, YTO TOYHBIA CTEXUOMETPHYECKUN
COCTaB ABIAETCA CKOpee HCKIOYEeHHeM, 4deM IpaBuiaoM. IIpu cuHTe3e HAHOCTPYKTYPHOTO
HUTPUJA THUTAHA JIOOBIM H3BECTHBIM CIIOCOOOM HAGIIOZAIOTCS 3HAYUTEIbHBIE OTKJIOHEHHSI OT
crexuomerpuu [1,3-5]. Takum o0Opa3oM, IIMPOKO UCIIOJIB3yeMbBINi Ha IPAaKTHUKe
KPUCTAIMYECKUH HUTPHUJ, TUTaHa [6, 7] BO BCeX COCTOAHUAX (IIOPOIIKOOOPA3HOM, IIEHOYHOM,
B BUJIe TIOKPBITUH, MOHOJIMTHOM) BJIAETCS IIPAaKTUIECKH BCET/]a HeCTeXHOMEeTPHIeCKHM.

Haunbonpimyio mNOMyJIApHOCTh TOJYYMJAM HAHOCTPYKTYpPHBIE TIIOKDBITHUSA U ILIEHKH
HUTPHUZA TUTaHA C o0s3aTenbHBIM geduinuroM mo asory [8]. Ilo msyueHuio ocobGeHHOCTeM
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CHHTEe3a U CBOMCTB, IOKPHITHS HUTPHUJA THUTAHA SABJIAIOTCA MUPOBBIM JIHAEPOM IO YHCIY
ny6nukanuii cpenu Bcex T®B. CambpiM IIpHuBIeKaTeJIbHBIM CBOMCTBOM HAaHOCTPYKTYPHOTO
HUTPHJA TUTAHA ABJIAETCS €T0 BEICOKAA TBEPOCTb.

B mcropuyeckoMm acliekTe CTOUT YIIOMSAHYTH, UTO IlepBasg MHIYCTPUATbHAS TEXHOJOTHUS
CHHTe3a BBICOKOTBEPABIX IOKPHITHII HUTPUZAA THTAaHA BaKyyMHO-AYTOBBIM OCaXKIeHHEM OblIa
paspaborana B 70-x romax npounroro croyxerus B CCCP [9]. Opranusanueii ocyuiecTBUBILIeH OTY
pa3paboTky cras HamwoHambHBIN HAy4YHBIN IeHTP «XapbKOBCKHUI (U3NKO-TeXHUYECKUH
uHCTUTYT» [10].

Tpynmosas 6rorpadusa MOKpHITUN HUTPUJA TUTAHA HAYAJIACh C YIIPOYHEHM IIOBEPXHOCTH
MeTayIopexxymero uHcTpyMmeHta. OHa JXe IIOJIOXKMJIAa HAdvaJ0 HOBOM HAyYHO-TeXHHYECKOU
peBosoIMKU B 00paboTke MeTasuioB pesaHueM [11]. IloHATHe «MHCTPyMEHT C IOKpBITHEM» Y
BCeX IIPOM3BOJICTBEHHUKOB aCCOLMHUPYETCS C 30JI0TUCTBIM I[BETOM IIOKPHITHI HUTPHUA THTAHA,
OCA)X/IEHHOTO Ha IIOBEPXHOCThH PEXYILIET0 WHCTPYMEeHTa. Brevaridiomas TBepAOCTh IOKPBITUI
HUTpUJa THTaHAa Ha ypoBHe 69ITla 6pura yxe mocrurayra k koHny 80-x romos [12].
Besyzmep:xHoe 3anolHeHUe HUTPUIOM TUTAHA PhIHKA YIIPOYHAIOMIUX IIOKPHITHI Ka3aJI0Ch HUYTO
He ocraHOBUT. OZHAKO OrpaHMYMBAIONUM (HAKTOPOM A IIOJHOMACIITAOHOTO MCIIOIB30BAHUA
STHX IOKPBITUH, B KaueCTBe YIIPOUHAIONIVX, OKAa3aJach HU3KAsg CTOMKOCTH IIPOTUB OKUCJIEHUA
aTMOC(epHBIM KHUCIOPOZOM.

Oxucenue uzer Mo peakIyuu:

TiN + O2 —» TiO2 + Y2 N2 AG=-582 x/I>x / Mo
C BBIIeJIeHHeM ra3000pa3Horo asora [13].

Pexxymas kpoMka WHCTpyMeHTa B IIpollecce pe3aHUsA MeTa/Ula MOXKeT HarpeBaTbCad IO
TeMIIepaTyp, ZOCTATOYHBIX I OKUCIUTEIBHOTO M3HOCA HUTpUAA TUTaHA. [/I1a 60peOEI ¢ aTHM
ABIeHUEeM OBLIO IIPeAJIOKEHO JIeTUPOBaTh OTH INOKphiTHA amiomuHueM (PucyHok 1).
[Tomoxxurensusiit o¢pdexr O6pur  mocturHyr. [lo oToif mnpUYMHEe TOKPHITHA HUTPHUAA
tutaHamoMuansa (Ti,A)N [14] cranm mepBoii KOMMEpPIMAIU3UPOBAHHON aJbTePHATHBOM,
CTaBILINM YK€ «KJIaCCUKOI», IOKPHITHAM HUTPUAA TUTAHA.
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Pucynok 1. Cogepxanue asora (N) u xucimopoza (O) B mOKpsITHAX
TiN u (Ti,Al)N, mpourejumx OT>XKUT IIPU Pa3JIMYHBIX TeMIepaTypax.
Jannusle, coorBercTByomue 25 °C OTHOCATCA K CBEXKEOCAKIEHHBIM
IIOKPBITUAM, He IIPOLIeAUINM TepMooopaboTky [15].
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Brin Takke oOHapyXKeH IPUPOCT TBEPAOCTH U CHIDKeHHe Kod(hdUIueHTa TPeHHUS IIpU
JIETUPOBaHUM IOKpHITUA HuTpuza turaHa yriepozoMm Ti(C,N) [16]. Ilokperrus kapboHUTpHAA
TUTaHA TaKXKe KaK aJbTepHATUBHbIe HUTPULY TUTAHA CTAJIX 3aHUMATh CBOIO PHIHOYHYIO HUIILY.

3a mociefylOlye [BAafALATH IIATH JIET OBLIM CHUHTE3MPOBAaHbBI IIOKPBITUA HA OCHOBE
Ipyrux mepexofHsix Mera/utoB: Hutpug xpoma (CrN) [17], mutpuz mupkounus [18], Hutpusz
BaHazus [19], murpuz uHuobms [20] u zxp. MaccoBoe mnpuMeHeHHe TaKWX MOHOCTIOMHBIX
IIOKPBITUI BBIIEIUJIO UX B KATETOPHUIO YHUBEPCAIBbHBIX. HecMOTpsl Ha OrpaHUYeHHBIH ITlepedeHb
VICIIOJIb3yEeMBIX YHHUBEPCAIBHBIX BBICOKOTBEPABIX ITOKPBITHUH, B IIPOMBINIIEHHOCTH, B YCIOBHUAX
MacCOBOTO IIPOM3BOACTBA MHCTPYMEHTOB, IIOJOOHAsA CHUTyallds YCTpauBaja BCEX YYaCTHUKOB
pBIHKA. JleCcATKM KOMIIaHWI BO BCEM MMpe OCBaUBAIM IIPOU3BOJCTBO OJHOTHUITHOTO BaKyyMHO-
OyTOBOTO OOOpYyAOBaHUA MJiA HAHECEHWA YIPOYHAIOIMIMX IOKPBITUH HUTPHUJA THUTAHA.
Brevarifionye mapTUM pa3sIWYHBIX TUIOB HMHCTPYMEHTOB YIIPOYHAIUCH INOKPBITHAMHU Ha
MHOTHX ThHICS4YaX TAaKUX YCTAaHOBOK U BIIOJIHE VCIEIIHO PeaTH30BBIBAJINCH HA PBIHKE

(Pucynok 2).
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Pucynok 2. [lonu norpebieHnsa yHUBEPCATbHBIX YIIPOYHAIOUIVX
MoHoco#HbIX PVD-mokpeITuit Ha nHCTpy™MenTax B CIIIA [21].

Takum o6pasom, o 1990r. 6BLIO TONBKO OHO IIO-HACTOAILIEMYy KOMMeEpUYecKoe
yIpouHsIouee MOHOCIOMHOe PVD-niokperrre — Hurpusg turana. Ilo ocu abcuuce (Pucyrnok 2)
IIOKa3aHbl TOJia, B TedyeHHWe KOTOPhIX mpoMbinuteHHOCThI0 CIIIA G6GpIM OCBOEHBI TaKXKe
aJbTepHaTHBHbIe  TOKpHITHA. M3 rTpadmka BHAHO  CHIDKeHHMe  PBIHOYHOH  JOJIH
«pOIOHAYATBPHUKA» YNpOUHAOMUX HMOKpeITUil TiN M pocT cemeiicTBa THTaHO-aIIOMHHUEBBIX
HUTPUJHBIX HOKpPHITHH. Ilo ApyruM cTpaHam Takux cBeZileHuii He oOHapyxkeHo. OpHako, B
Kurae, Wupum, Poccum, crpanax EBpomeiickoro Coro3a peIHOYHAA [AOJIA YIPOYHAIOUIUX
HNOKPBITUA HUTPUJA THUTAHA, IO-BUIUMOMY, OCTaeTCA AOMHHUPYIOUIeH, eCIu CyAHUTh IIO
KOJINYECTBY (PUPM ITPOU3BOAAIINX YCTAHOBKH JJI UX CUHTE3a.

CrnoxuBmascsa CUTyallid Ha PhIHKe MHCTPyMeHTa Hadaja B KOpHE MEHATHCA B IIepBHIE
rOABl HOBOTO ThIcAdeserud. llorpeOureny, HaKONMBIIME OOJIBIION OIBIT PabOTHL C
BBICOKOTBEPABIMH IIOKPHITHMAMM OCO3HAJIH, UTO B psaAfe CIydaeB Jydlle OTKa3aThCA OT
YHUBEPCAIbHBIX IIOKPBITUN M HAYaTh MCIIOJIB30BaTh IIOKPBITHSA, CIIEIINAIBHO IIpeiHa3HaYeHHbIe
IJIS pelleHHWs KOHKPEeTHBIX 3azad. KpoMme TOro, MalIMHOCTpOEHME HA4yaJO0 OCBAMBATH IJI
CHHTe3a YIPOYHAIOMNX IOKPHITUN CII0CO6 MarHeTpOHHOro paciburenus [22]. IlosTromy Bo3HUK
HOBBIH PBIHOYHBIM CErMEHT C HCIIOJIB30BAaHUEM MEJIKO- M CPeJHEeCepUHHOT0 MHCTPYMEHTa CO
CIEeIVaJIbHBIMU YIPOYHAIOMMMY ITOKPBITUAMHU. UMCIO TaKMX IIOKPHITHI B3pPHIBOIIOJOOHO
BO3pOCJIO 3a ITOCIefHUe fecaTs et (cM. Pucynok 3) [23].
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Pucynox 3. KomruecTBo BUIOB yIIPOYHSAIONIVX IOKPBITUH, JOCTYIIHBIX
Ha MHCTPYMEHTaJIbHOM PBIHKE B TeYeHUe II0CIeJHUX TPUIATH JeT [23].

HosBsrit KJTacc MOKPHITHI — 9TO CBEPXTBepAble MHOTOKOMIIOHEHTHbIE HAHOCTPYKTYpPHEIE
IIOKPBITUA, KOTOPhle Ha CETOAHAIIHUM eHb CHHTe3UPYIOTCA Ha OCHOBe HUTPUIOB U KapOUIOB
TUTAHA, IUPKOHUSA, XpOMa, BAaHAAMA, MOIUOIeHa, aJIOMUHUS, KPEMHHUS U 1p. [24].

HoBsle OKPBITHA CTAIHM HE TOJIBKO MHOTOKOMIIOHEHTHBIMU ¥ HAHOCTPYKTYPHBIMU, HO U
MHOTOCJIOMHBIMHY, I'PaJJl€HTHBIMY, HAHOCJIOUCTBIMH, HAHOKOMIIO3UTHBIMU U Ap. [25 — 27]. Beoz,
B IIPOMBINUIEHHBIH 0O0OPOT OOJBIIOTO YKCJIAa HOBBIX BHJOB IIOKPBITHH IIOBJIEKJIO 3a €000
MHTEHCUBHBIE TeXHOJIOTHYeCKHe MCC/IeJOBAaHMUA B CHCTeMax ITOKpBITHe-MHCTpyMeHT. IloaTomy,
Ha CeTONHANIHUM JleHb He II0 BCeM BOIIPOCAaM U ABJIEHUAM JOCTUTHYTO TIOHMMAaHUe Ha JOLKHOM
HAayYHOM ypoOBHe. B mepByio oduepesip 3TO CBA3aHO C TeM, YTO IIPOLECCHI MeXaHUIeCKOM
0o6paboTku camMu IO ceGe [OCTATOYHO CJIOXKHBI. B 5TO# CBA3M HAET HAKOIUIEHUE OOJIBIIOTO
o6beMa OSOMIIMPUYECKOH WH(POpPMAUMM ITIPU CHUIBHOM OTCTaBaHWM (PYyHJAMEHTAaIbHBIX
HCCIeOBAaHUM B 9TOM obiactu [28].

Hanoctpykrypusle mnoxpeitus [27,29] MOXHO KadeCTBEHHO OXapaKTePHU30BaTh
crexytomum o6pazom. HanocTpykTypa cumraercs ofHIM U3 $a30BEIX COCTOSHUM TBEPZOTO Tea,
HapaAy C AaMOp(HBIM, KPyIHO3EPHHUCTBIM KPHUCTAUIMYECKMM ¥ MOHOKPHUCTAIMIECKHM.
HaHOCTPYKTypHLIe IIOKPBITHUA HE ABIAIOTCA IIPOCTO IIOJTHMKPUCTATINIECKUMHU ITIOKPBITUAMU C
yABTPaIUCIIEpCHBIMU pa3MepaMu 3epeH. CBOMCTBA HAaHOCTPYKTYPHBIX ITOKPBITUH OTINYAIOTCA
OT CBOHCTB MMKPOKPHUCTJINYECKUX IIOKPBITHI TaKOTO JXe COcTaBa. MexX3epeHHbIe I'DaHUIIBI
HAHOKPHUCTAJUIMYECKOH CTPYKTYpPHl SBJIAIOTCA [AByMEPHBIMHU JgedeKTaMH STOH CTPYKTYPHL
[TnotHocts rpanun wMmoxer pgocrturath 10Ycm® [30,31]. VmenHO BbICOKas TIIJIOTHOCTD
Me)X3epeHHBIX TI'PaHUI, TPAaHCHOPMHUPYyeT MHUKPOKPHUCTA/UINYECKYIO CTPYKTYPy B HOBBIM THII
CTPYKTYPBI — HAHOCTPYKTYPY. UTOOBI IOTYyYUTh HAHOCTPYKTYPHOE COCTOSHUE (CpemHuUil pa3Mep
3€peH, TOJIIMHA CJI0eB U T.Zl.) Pa3MEPHOCTb CTPYKTYPHBIX DJIEMEHTOB [OJDKHA HAaXOAUTCA B
HaHoMacimTabHoMm guanasoHe (MeHe 100 mm) [32, 33]. Vcxonms u3 reoMeTpuyecKux pasMeposB,
COTJIACHO HOBOMY OIpeZiesieHHIo, EBpokoMuccusa pekomenzayer [34] ynoTpeOsaTh NPUCTaBKY
«HAHO» IPUMEHUTEIBHO K MaTepuanaM (eCTeCTBEHHOTO M HMCKYCCTBEHHOTO IIPOUCXOXKAEHMH),
KOTOpBIE COZepPXKaT YaCTUIEI B CBOOOHOM BHJE, B BU/ie IPYIII MJIU arJioMepaToB (TO ecTs, KOTza
YaCTULBI CBA3aHBI HEKMM CTOPOHHHM MaTepuasnoM), kKak MHUHEUMYM 50 %, u3 KOTOpBIX mMeeT
OJVH U3 JIWHEHHBIX pa3mMepoB B mpegenax oT 1 7o 100 am. I'eomeTpuueckuii pasmep gacTul, He
HeceT HUKAKOM (U3NYeCKOH WJIM XUMUYECKOH Harpysku Oe3 IPUBA3KM K KOHKPETHOMY
MaTepHay.
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[Tepexon 13 MHUKPOKPHUCTA/UINYECKOTO COCTOSHUA B HAHOCTPYKTyPHOE COCTOSHUE IIOKa
He CYUTAIOT (Pa3oBBIM IlepexofioM. PasmepHble 5ddeKThl Ha BCeX CBOMCTBAX IIPOABIIAIOTCI
IIOCTEIIEHHO U IIOCTEIIeHHO HapacTaloT II0 Mepe YMeHBIIeHHS pa3Mepa 3epeH B IOKPBITHAX.
OpHaxo Bce 6e3 MCKIIOYEHUA SKCIIepUMEHTaIbHBIE MCCIIeJOBAaHUA BBIITOJHEHBI HA IIOKPBITUAX
CO 3HAYMTEIBHON [UCIHEepCHeil pa3MepoB 3epeH. BIOIHe ecTeCTBEHHO IIPeAIIONIOXHTh, YTO
IUCIEPCHUs pasMepoB 3€PeH IOJDKHA Pa3MbIBaTh (Pa3OBBIM II€peXOJi, €CIM TAaKOBOH HMeeTCH.
OKCIIEPUMEHTHI, 110 BBIABJIEHUIO Pa3MepHOro d¢ddexra CBI3aHHOTO C (a30BBIM IIEPEXOJOM B
TYTOILIaBKUX (pa3ax BHEZPEHUI, KOTOpble MOXKHO OBLIO IIPOBECTU HA NOKPBITUAX OZMHAKOBOTO
XMMUYECKOTO, HO Pa3HOTO TIPaHYJIOMETPUYECKOTO COCTaBa B OirpKallleill IIepCIIeKTHBe He
OXKHIaeTCs, M3-32 HEBO3MOXKHOCTHY MX CHHTe3a [35].

CTpYKTypHBIHl 3JIeMEHT MHOTOCJIOMHOTO MJIM HAHOCJIOHCTOTO IIOKPBITHA COCTOHT U3
YepenyIOLUXCA CJIOEB B IIpefesiaX HaHOMAacCIITAOHOM TommuHbl Kaxzaoro cnos [33]. Tommuna
CJI0eB KaKJOTO M3 ABYX MAaTE€PHAJIOB He IIPEBBIIIAET HECKOJIBKUX [eCATKOB HaHOMeTpoB. Kaxk
IIPaBUJIO, TaKWe HAHOCJIOWHBIE KOMIIO3UTHI SBIAIOTCA [ABYyX(hasHbBIMM Ha OCHOBe OWHApHBIX
HUTPHUZOB WIN KapOuoB. XOTA 3TH CUCTEMBI MOTYT OBITh I MHOTOKOMIIOHEHTHBIMH.

Hawubosbiue ycnexu JOCTUTHYTHI B 061aCTH CUHTE3a HAHOKOMIIO3UTHBIX YIIPOYHAIOMIUX
nokperTuii. OOmMpHei#l BCero UCCIeNOBaHBI CBEPXTBepAble HAHOKOMIIO3UTHI ~CHCTEMBI
nc-TiN / a-SisN4 (rme «nc» — o3HavYaeT HAHOKPUCTALIUYECKHI, «a» — PEHTITEHOCTPYKTYPHO-
aMopdHBIi). Brepsble [0 IPOMBINIIEHHOTO NPHMEHEHMSI STHU IIOKPBHITUSA [OBejla KOMIIAHUS
Hitachi Tool Engineering, Ltd [28]. Ona wucmons3oBajia Ajaf STHUX IeJled CIEIUATBHYIO
BaKyyMHO-ZYTOBYIO YCTaHOBKY C IIAHAPHBIMU KaTojaMu. Psj cBOHCTB HAHOKOMIIO3UTOB 3TOI
CHCTeMBI, B YaCTHOCTH CTOMKOCTh K OKMCJIEHHUIO, OBLIM YJIy4UIeHBI IIyTeM JIETMPOBaHUS
aMoMuHUEM. [IpOMBINIIEHHOCTHIO HAYWHAIOT OCBAUBATHCA ITOKPBITUA JIEMEHTHOTO U (a30BOTO
cocraBa cootBeTcTByIomero nc-(Ti-xAl)N / a-SisNa [28, 36].

Hponsome/:[mne HN3MEHEHUs Hd PbhIHKE YIIPpOYHIIONIHNX HOKPBITI/IfI HECKOJIBKO CY3UJIN
chepy HCIIONB30BAaHUA HUTPUJA TUTAaHA KaK CaMOCTOSATeNbHOro Marepuana. Camu
UCCIe[OBAaTeN, a TakKKe MHOTOYUCIEHHBIE OSKCIEPThI CTaayd OTHOCUTH 3TH IOKPBITUA K
KaTeTOPUHM «CTAapOMOZHBIX» [37]. B 5TOM MHEHMM eCTh IOJA HUCTHHBI, €CJIU YYUTHIBATH
PBIHOYHBIE IIePCIEKTHUBBI IOKPHITHH HUTPUIA THTAHA TOJBKO IIPUMEHHTEIBHO K PeXyIleMy
UHCTPYMEHTY.

OpHaxo mepexoj, Ha HAHOCTPYKTYPHBIH ypoBeHb opraHusanuu Marepuasuos [38, 39] man
TOJIYOK K Pa3BUTHUIO uccienoBanuil yHuBepcanbHbx MoHOCIOMHBIX (TiCN, TiAIN, AITiN, CrN u
Ip. HOKPHITHI) U y>Ke IIMPOKO PacIpOCTPAaHEHHBIX ITOKPBITUII HUTpHUAA TuTaHa [38]. B mepayto
odepesib OTMETHMM TEXHOJOTMIO HOBOTO TIIOKOJeHus paspaborannyio B HHII XOTU -
«HUTTUH»-rexHONMOTMA HA OCHOBe ITyJabCHpYyIOmei maasmsl [40]. Dra TeXHONIOTUA IO3BOJIIET
CHHTEe3UPOBaTh CBEPXTBepJble HAHOCTPYKTYpPHBIE IOKPBITUA KyOHMYeCKOrO HUTPHUJA THUTaHA
CUJIBPHO HecTexuoMerpuyeckoro cocraBa nc-TiNyVi-y (rme «nc» — HaHOKPUCTAIIMYECKOe
cocTosiHue, V — CTPyKTypHas BaKaHCHUS, y — COJEep)KaHWe as30Ta, | — )y — KOHIeHTpalusd
CTPYKTYPHBIX BaKaHCHI B mozgpeirerke asora) [41]. HaHocTpykTypHBIE cBepXTBepAbIe IOKPHITHA
HECTEeXUOMETPUYECKOTO HHUTPHUJA THUTAaHA MOXXHO YK€ PpacCMaTpUBaTh KaK IIOKPHITHA
CIIEOUAJIBPHOIO THIIA [Jd OKCILIydaTalWM IIpH TEMIIEPpATYpadX HMIXKE€ TEMIIEPATYPBI OTIIyCKa
OONBUIMHCTBA MAapOK KOHCTPYKIMOHHBIX crased. OHuM wuMeoT 06e3aylbTepHATUBHYIO
IIEePCIIeKTUBY, HAIIpUMep, I YIPOUYHEHUS MHCTPyMEHTa XOJOAHOMN IITAMIIOBKU B CHIIy CBOe
SKOHOMHUYHOCTH IIO CPaBHEHUIO C IAPYTHMMH BUIAMM IOKPBITHH. JTO CTaOMIBHAA PBIHOYHASL
HWIIA, B KOTOPOfI YIIPOUYHAIOIIME IIOKPBITUA HUTPHAA THUTAHA, COXPaHAT CBOE IIPUCYTCTBUE.
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Jlpyroe MoljHOe HampaBjleHUe — HUCIOIb30BaHNE HAaHOCTPYKTYPHOTO HUTPHJA TUTAHA B
HaHOKOMITO3UTHBIX (nc-TiN / a-SisN4) u manocnoucterx (TiN / Ti, TiN / TiAIN, TiN / CrN u gp.)
HOKPBITUAX B KaYeCTBE CTPYKTYPHBIX COCTaBJTIOMMX. TaKUM 06pa3oM, MOXXHO YTBEPXKAATH O
BO3paCTAOIel POJIU ¥ 3HAYEHUW HUTPUAA TUTAHA B HAHOCTPYKTYPHOM MaTepUaIOBeIeHUU
YIIPOYHSIIONINX CBEPXTBEPBIX TOKPBITHIA.

Kpowme BBICOKO# TBEPAOCTM HUTPUJ TUTAHA B BUJE€ MOHOCJIOMHBIX IOKPHITUN 06JamaeT
elle IeJbIM HaGOpOM 3aCHy>KMBAIOUIMX BHUMAaHHE CBOICTB, KOTOpble IIPOSIBASIOTCS B HEM
KOMOMHUpOBaHHO. [I09TOMY €ro HaHOCTPYKTYpHble ILIEHKH M IIOKPBITHS JE€MOHCTPUPYIOT
noaubyHKIMOHAIBHBIE CBOMCTBA. KOHKYPEHTOB B 3TOI HMIIE Y HAHOCTPYKTYPHOTO HUTPUIA
TUTaHA TpakTudecku Her. CJef0BaTeNbHO, PHIHOYHBIE IIEPCIEKTUBHl HAHOCTPYKTYPHBIX
HOKPBITUH ¥ IUIEHOK HUTPHUJA TUTAHA IIPEICTAB/ISIOTCS BeCbMa OITHMUCTHYECKUMH, €C/IH
HOJXOJUTH K UX OIIEHKE C YIETOM BBISBIE€HHBIX BO3MOXXHOCTE.
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6050053096 5580560l MmEGYB0BIdo  [1,2]. ©@EgoLsm3zol  FgBHO®©  9dGHWYOXIMEO0S
9GO0 B3BMbsfoms3gdols  godmygbgdoom 1533900 B03m0gMYOgIOL  MLsTOMbM®
dofimgds, M3 vyolbdmdl 803MMgwgdgb@gdol 9399msgool 3OMmEglol dalfogesls
06906030  Md0gJBHYOOL, 3039w Moado  Ly33900  I3gbsrggdol  Boge. JodoMo
993963900,  MHMIgdo3  d39bsMgMwo  MmMPsboBIgdolL  F9doygbermdsdo  9w09b,
dmbsfogmdsll g0 mdgb  bogmogMgdoms  33sdo @O godBbosm 296 339w90
d0MEWMYPONIMH0  BHMWO.  2MOES  Fvmmo  dMmbsfogmdols  93gbsgms  BOILS o
3963005690590, sAb0E0s 500 B3g30R039IMO Fo3w9bsE BMgW Mo BoDOoMEWMYOH
36m3909dbY, o0 JmMOL, BMEGHMLObMYHYY. BMm3IOMYgIghEBHIOL blbsergddo osBbosm
39GO0HBNOO 5dBH03mds. 3dodg dg@Eogdol 8993390Mds 605ogdo, MMM IMO35¢0
33e930L  LoxdgzgHgs  IEYJBOWO,  ITMI0IOIM0s  Lohgolo ol x0dgdols
09050039635y,  GMIwol  Lbgoslbbgomds  ©5393306090w0s B gmoG™mMmools
3963000560900l GO 29MEMYOMEH OLEGHMOOSLMID O FMI0IOVIE0s 30396 bIMO
39M5d36900L 3060Mm390Bg. L3ogrgbdo, gMo-ghmo JgmE3wgeo 9urgdgb@os, GMIgwos
SM(30e9d90s  939bsMgMEo  MmMsboBdgdol 3bM39wddggdolsmzol.  53sliosb,
3bmdoos, ™I L3owgbdo byl MHgmdl JwmOMBoEOl  BEHIBOWYOHMdL ©s dsb
©5H0s67d0LORD  03o3L.  fiysedo bLbso L3owrghdol  s3mBmszos dzgbs®ol  Joge
d0MO0MOEI®  296306MHMBYOM0s  IME3gIM  5@POWSL  I39bsGIOLOMZOL  sOLYdIMYO
Lobogmabam  306Hmdgdom. bossado LB3owgbdo om3zwgds LG dogMszools ddmby
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Accumulation of copper and zinc by wheat ( 7z7tium) and barley (Hordeum).
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00MMAOSLy o 89000306530 Mbsdgdm™mgg  390m33¢93900L  gPm-9Mm
900500 gdsL  HoMdmoaqbl  3mEbowo  mMsboBdgdol  Fgdspqbermdsdo  dymxzo
JodomGo  9w9gdgb@gdol  domEMmaomMemo Mol oEEYbs, MoLog byl MFymdl
d0mbygdmdo  9030m-  ©s  8530Mm9gwgdgbBgdol  dog®mszool  9gdoboBdol,  dsmo
3936M39¢9gd0Ls s J3930L Tgufoges. s0bodbmwo BodEHm®mgdol A5dm 033wgds 3MmEboswo
6560039008 899500396 Mds @5  FobommyoMo  dymdsMmgmds.  Jodoeo
9w999639d0L HMEBg 993Y39w 0L ol LoobEHIMILM BoJG0, OMI SMgMMO Bsd3Obsem
30935050 9903393L DMma0gMo dosmysbl: Al, Ag, Zn, Ni, Co, Cu, Bi, Cd, Au, Mg, Mn, Se, Sr, F,
Li, P, S, Mo [1]. gmgbsgo bobEgdgdol ghmgmo 9608369wmgsb Lobgmdols Fo®dmoyqbl
939656M9m5 Lodysm™, 3960dmM, HYoed3965699d0.

L53g3609MH™ WOo@BIM5GHMMSGo SOBYOMBL 9dmbs399900 0565890MM39
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390990 3063900l (3300 dOD 2563390 BYRO3egboll Imbgbols dglisdergdermdols
d9globgd. IOMbsdo [2] Fglfiogerow odbs GH9gddgMo@ Mol bgyezwrgbs 33900L 3OHMOYYIES©
399mboygbgdgaro §gsed3gbstggool S. platensis-obs @s S. maxima-ol BOsbg. 658396900
0965, ©™3 39939653 MMOL 4oBOEOLLL F9d30Ms 30wl 8993390 ™ds 60dmddo. dGO™Asdo
[3], bbgs Lo3zombgdmob gMms, dglfhogwrow 0dbs Bosol Gdol figserdo 369060350
2oBOo S, platensis-ob  domdsLodo 8900 3930Om- s  F03M™gwgdnbEHgdol
0993390mds: Ca, Fe, Mn, Co, Cu, K, Hg, Na, Zn, CI, Ni, Cr. 3®m3ds30 [4] d9u6H¥)c0gdw9e0s
9-bs®sl BHdoL fgoedo slg3g ¥969dM0350 FobMowo S. platensis-ol 60dMIgdol
00mgdod0M0 5bseobBo. 5806MmB5153900056 s (3b0dGdMb ghms Tgbfogerow 0dbs oligmo
Jo80m6m0o gagdgb@gdol 8993390 Mds, GMmamMoiss: Mg, Ca, Mn, Fe, Zn, Na, Se, K, Cu, Hg, Ni,
Cr, Cd, Co. «%Hd93900d0 g59mbO@oo S. platensis-ols domdsbol 5odmdgddo Fysed39bserol
Beob 3OHmEgldo dglfogwrow odbs 030YId0L s 30E930bxdOL T9d(339eMdS, S3MIMN3Y,
dolbo JodoMo 93sagbermds [5]. IOMTsdo [6] dglhogwrow 0dbs 39MEbol ombgdol
D9393wgbs S. platensis-ol d0mAsbol BOEsDY, OMEs FoglodoeMo GH9a39MoGIOS 0ym
32°C s pH=9.0. 3003500 [7] obbowrmwos S. platensis-ob bsro 9dodg Jodor®o
9099963930l s5»30L9d0Ls, MM ol godmygbgdmer  0dbgl  BsBOobsGg  Hyargdols
oLoAgbs Cu, Hg s Pb-Logob. 9Gmdsdo [8] Tgbfagerow odbs omaowm@moo
390mddeMoen S. platensis-oll domdsbol 60dwdgddo Cu, Mn, Zn, Mg s Na 9993390mdos
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WX OJOMo BOol 3OmEqldo 83390530 Zarrouk-ol go®mgdmdo Godmgbody domagby®o
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Mboto, oMo 93390 MOMm©gbmdom  BsBH30Mmm3500)  ©d  9MHDNEOOMMO
BoG306MHm30L0L. 53539 @OML, Im3wg 0dbs 2sbbowrmeo bsgzombo S. platensis-ols dog
39603boLs s MmJOML 63BMbIFMes3930L Foerdmdabolb mbstols dglobgd [9, 10].
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2.5

2.0

ddéagma damdsls, g/en

0.5+

0.0 T T T v T v T v T v T
1 2 3 4 5 6

e

Bobsbo 1. Spirulina platensis-ob d0m3sbol (33e00gds 9339003 oMgdmdo 396 3EbEol
Ub3oolb3s MoMmEbMdOm PoE30MMZ30LL LoHyolo 6 EOL As6dsgzEMdTo.

112



N. Kuchava. Nano Studies, 2014, 10, 111-116.

BoboBBbg 1 20dmbobmaros S. platensis-ob domdsLol 330w gds Jobo YYRMIOIEO
DOHOOL ©0bsdozsdo 9339053 Zarrouk go6qdmdo 39MHEbaol Lbgoolibgs Mosmwgbmdom
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1. Introduction

Kinetics of radiation defects formation is mainly determined by the irradiation dose and
temperature and the initial defect structure of the crystal. Specifying irradiation conditions one
can purposefully change radiation-induced restructuring of the crystal.

Temperature factor is crusial for formation of radiation defects at high flux densities
(10 n/cm?-s) when temperature in the crystal bulk can reach 500 °C and more due to the
irradiation heating [1]. Under these conditions concentration and type of defects are
determined by both their formation intensity and irradiation annealing, so along with point
defects and their small complexes large vacancy and interstitial formations arise such as cavities
and dislocation loops [2].

After irradiation the temperature factor can become the primary “modulator” of the
process of intentional microstructure restructuring. Formation of new structural entities and
consequently new properties during postradiation annealing of material is meant. These issues
in case of alkali halide crystals, irradiated with high neutron fluences (> 10 n/cm?), are
insufficiently studied. Hence, the aim of the presented paper is study of evolution of radiation
defect structure in LiF crystals irradiated with fluences 107 — 10 n/cm? in the process of
postradiation annealing and its effect on mechanical and optical properties.

2. Experimental technique

LiF crystal block measured 20 x 20 x 10 mm was irradiated in nuclear reactor with mixed
(n, y) irradiation. Fluences 107 and 10" n/cm? were received at flux densities (of thermal
neutrons) 2.2 - 102 n / cm? - s (temperature in the reactor channel being not more than 100 °C)
whereas fluence 10" n / cm? was gathered at higher flux densities 10 n/ cm? - s.

Samples cleaved out of the irradiated block along cleavage planes {100} for measurement
of mechanical (2 x 3 x 6 mm) and optical (5 x5 x 0.5 mm) characteristics were annealed for
three hours at temperatures differing from 250 to 830 °C and slowly cooled up to room
temperature. Temperature during annealing was sustained within accuracy of + 5 °.

Stress—strain dependence 7 (&) of virgin, irradiated and annealed samples was measured
at room temperature in the rigid deformation machine DY-22 by uniaxial compression along
[001] with constant rate 3 - 10 s,
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Dislocation pattern on the surface of chemically etched sample, as well as pores arising
in the sample bulk after annealing, were fixed with optical microscope, the image was
transferred to computer monitor.

Density of point radiation defects and their small complexes was checked by optical
absorption spectra in the interval 195 — 1100 nm.

3. Results and discussion
3.1. Defect formation during annealing of irradiated samples

Reactor irradiation in both sublattices of ionic crystal creates large amount of separated
Frenkel pairs, whose following destiny depends on temperature. In LiF crystals containing
isotope °Li, which participates in nuclear reaction (n, o), generation intensity of Frenkel pairs
increases considerably and is accompanied by injection of gas reaction products (He, T) into
lattice.

Under irradiation temperatures implemented in our experiments interstitial atoms (ions)
have sufficiently high mobility, whereas vacancies can be considered practically immobile.
When definite degree of supersaturation is achieved, condensation of interstitial atoms with
formation of prismatic dislocation loops begins (loops, incipient under irradiation, are small and
cannot be revealed by chemical etching). Thus, in neutron irradiated LiF crystal there is high
density of vacancy centers and their small complexes (curve 1, Figure 1), as well as of interstitial
dislocation loops of small dimensions.
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Figure 2. Dependence of optical
absorption coefficient on annealing
temperature for irradiated LiF crystals
(10'n/cm?): 1 — F-centers, 2 — F2-centers.

Figure 1. Optical absorption spectra of LiF
crystals, irradiated with fluences 10'7 (1 and 2)
and 10 n / cm? (3 and 4); 1 and 3 — after
irradiation, 2 and 4 — after annealing at 400 °C.

Postradiation annealing up to 400 — 450 °C intensively decreases density of vacancy
centers and their small complexes, which is corroborated by optical absorption decrease in
corresponding areas of spectrum (Figure 2).

Under further elevation of annealing temperature (> 450 °C) equilibrium concentrations
of point defects increase which results in decrease of supersaturation and accordingly in
increase of dislocation loops critical size; loops assembly gets into coalescence regime and they
enlarge so much that their traces can be seen in microscope as coupled etching pits located
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along (100) and (110) (Figure 3a). Dislocation loops, whose interstitial nature was shown in [3],
dissolve near 550 °C and corresponding twin etching pits are not observed.

(b)
Figure 3. Microphotography of LiF irradiated crystals (10" n / cm?):
(a) dislocation loops (annealing at 450 °C); (b) vacancy pores (annealing at 830 °C).

Beginning from 600 °C in crystal there appear vacancy clusters as rectangular cavities,
bounded by planes {100} and giving clear interference pattern (Figure 3b). With annealing
temperature rise pores concentration decreases and their average volume increases; total
fraction of pore containing crystal increases with irradiation dose and for fluence 10'® n / cm?
makes up to approximately 10-3.

Nuclear reactions (n, «) proceeding in LiF crystal under fluence 10" n / cm? (flux density
10" n / cm? - s) are characterized by considerable energy output, and temperature in the bulk of
the crystal can reach 500 °C and more [1]. Under these temperatures intensive annealing of
radiation induced defects takes place in the process of irradiation; the external view of these
samples (they are considerably lighter than those irradiated by smaller fluences) testifies to the
fact as well as their optical absorption spectra do (Fig.ure 1, curve 3). Annealed samples remain
turbid (Figure 1, curve 4) which indicates the presence of strongly scattering defects (e.g. such
as colloidal metal).

(a) (b)
Figure 4. Microphotography of LiF irradiated crystals
(10 n / cm?) before (a) and after annealing at 830 °C (b).

Vacancy pores that at smaller fluences are observed only as a result of high temperature
annealing (Figure 2b), in these crystals appear during the process of irradiation (Figure 4a). It is
evident that formation of large vacancy clusters at high flux densities is stimulated both by high
temperature and radiation-promoted diffusion; high-temperature postradiation annealing leads
to increase of their dimensions (Figure 4b).
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3.2. Effect of annealing temperature on mechanical properties of irradiated LiF crystals

Radiation hardening of alkali halide crystals indicates that some electron- and hole-color
centers, as well as divacancies and interstitial ions are stoppers for dislocations, which
determine crystal plasticity [4, 5].

Measurement results of 7(s) dependence for irradiated and annealed crystals are given in
Table 1. It can be seen that high density of vacancy centers and their small complexes,
registered by optical measurements, results in strong hardening of the sample (more than
30-times) and its complete embrittlement. During the process of high-temperature annealing
(~ 830 °C) complete recovery of yield stress 7y and maximal plastic deformation &= up to level of
unirradiated (virgin) sample does not occur as it happens in case of lower fluences.

Table 1. Yield stress 7, and maximal plastic deformation ¢ for LiF crystals
irradiated with different neutron fluences before and after annealing.

Fluence, n / cm? Unannealed Annealed at 830 °C, 3 h Annealed at 400 °C for 3 h
Ty, MPa | &m, % Ty, MPa &m, % Ty, MPa &m, %
0 (virgin) 6.0 17.6 5.1 18.0 5.6 18.0
10V 192.0 2.1 7.5 15.0 30.0 24.0
1018 230.0 0.8 7.9 13.2 39.0 20.0
10%° 56.0 8.0 10.0 12.0 13.5 14.0

Post-irradiation annealing was performed at different lower temperatures in search for
optimal conditions of mechanical characteristics recovery.
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Figure 5. Stress-strain dependence for
LiF crystals: 1 — virgin unirradiated sample;
2 —irradiated sample (fluence 10" n / cm?);

3 and 4 - irradiated and annealed sample
at 400 and 830 °C, respectively.

Figure 6. Dependence of maximal
plastic deformation ¢= and yield
stress 7y on postradiation annealing
temperature ¢ (fluence 107 n / cm?).

Values of yield stressz, and maximal plastic deformation &= were obtained from stress-

strain diagrams (Figure 5), then dependence of these parameters on annealing temperature ¢
was plotted (Figure 6). Typical curves for LiF crystals irradiated with fluence 10" n/cm? and
then annealed (similar curves were plotted for fluence 10® n / cm?) are given in Figures 2 and 3.

Abrupt recovery of mechanical properties (Figure 6) in the process of postrariation
annealing corresponds to intensive density decrease of vacancy centers and their small
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complexes; particularly at 450 °C most of registered after irradiation color centers, F and Fa-
centers including, are completely annealed (Figure 2). Along with this, some share of hardening
(7y=30 MPa) is retained in the crystal, and plasticity not only recovers but exceeds the initial
level (Figure 5, Table 1). This experimental fact, to our mind, deserves special attention. Further
increase of annealing temperature deteriorates crystal plasticity and does not recover yield limit
to the initial level (Table 1).

70
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Figure 7. Stress-strain dependence for LiF crystals: 1 — virgin
sample; 2 —irradiated sample (fluence 10" n / cm?); 3 and 4

—irradiated and annealed at 400 and 830 °C, respectively.

As to crystals irradiated at 10" n / cm?, they are notable for smaller degree of hardening
and comparatively high plasticity (Figure 7, curve 2) as a result of annealing of point radiation
defects during irradiation; postradiation annealing up to the melting point of the sample does
not restore its mechanical characteristics to their initial values (Figure 7, curves 3 and 4).

3.3. Plastification of irradiated LiF crystals (10'7-10'®n/cm?)
at relatively low  annealing temperatures

Under uniaxial compression of LiF sample with non-square cross-section in [001]
direction deformation goes along two equiloaded orthogonal plane systems (011) and (011).
Due to occasional reasons average starting stress of slip bands formation in these systems could
differ from each other insignificantly. As experience shows, under ordinary conditions this
initial asymmetry does not influence deformation character — slipping goes along two systems,
one system acting as dislocation forest with increasing average density for the other; in this
situation yield plateau is usually absent, and coefficient of strain hardening k& (k=d7/dt)
gradually increases.

However, in case of radiation-hardened crystals (when in all systems relative hardening
is evidently the same), the initial asymmetry of slip systems increases and manifests itself at the
early stage of deformation: in one system dislocation density increases faster which causes
blocking of the other system i.e. spontaneous assignation of preferential slip system takes place
that promotes plasticity conservation of the crystal. This phenomenon was studied in details in
[6] at comparatively small neutron flux fluences (102 — 10> n / cm?).

Proceeding from the above-said, one seems to conclude that at greater fluences this
phenomenon should promote crystal plastification. However, during further radiation
hardening difference between yield stress and ultimate stress quickly decreases, which reduces
plasticity of the crystal (even with considerable decrease of hardening coefficient & given).
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Hence, it follows that to plastificate irradiated crystal it is necessary to create conditions
when radiation hardening is kept at the level providing, on the one hand, the initial asymmetry
of slip systems (as necessary condition of assignation of preferential slip system), and, on the
other hand, considerable difference of yield stress and ultimate stress. Postradiation annealing
at different temperatures made it possible to find the optimal regime, providing these
conditions. The above-said is illustrated by curve 3 in Figure 5, which corresponds to annealing
at 400 °C — considerably high yield stress (20 —30 MPa), long yield plateau (&= =8 %, and
sometimes higher) and crystal plastification exceeding the initial value. Such load profile is
characteristic for unisystem slip [7]: after sharp yield point at load equal to yield limit 7,
macroplastic flow of crystal takes place (long yield plateau), then hardening occurs with strain
in the crystal increasing practically linearly. Dislocation structure on the yield plateau also
shows one system of slip planes.

Data obtained for fluences 10 and 10 n / cm? made it possible to reveal most effective
conditions of thermal treatment of irradiated sample in order to plastificate it: maxima on
curves £m(t) (similar to curves in Figure 6) are located in the temperature range 350 — 400 °C,
moving to higher temperatures with fluence growth. With temperature elevation (> 500 °C)
both deformation curve and corresponding etching pattern of the sample undergo change: there
is no yield plateau on the curves, coefficient of strain hardening rises (Figure 5, curve 4), and
etching exhibits traces of two crossing slip planes on the narrow face of the crystal. All these
cause plasticity decrease, which is observed in this temperature range. Appearance of
dislocation loops and later macrocavities, which are the potential sources of destruction,
accounts for plasticity drop during irradiated samples annealing at higher temperatures up to
pre-melting ones.

5. Conclusion

Experimental results obtained in this work show that in LiF crystals, irradiated with
high neutron fluences (107 —-10'¥ n/cm?), postradiation annealing at comparatively low
temperatures (300 — 400 °C) not only recovers the initial plasticity level but exceeds it at the
same time retaining considerable share of radiation hardening. Crystal plastification occurs due
to promotion of dislocation one-system slip under condition of intensive decrease of density of
vacancy centers and their small complexes, retarding dislocation. The main factor determining
mechanical and optical properties of samples irradiated with fluence 10" n/cm? is radiation
induced irreversible defect structure (colloid metal, large-scale pores), which is retained in the
whole temperature range of postradiation annealing up to the melting point of sample.
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1. Introduction

Georgia is rich in natural thermal waters and has long history and traditions in their
exploitation. This is evident from names of towns and other settlements (name of municipality
“Tskaltbila” comes from the word “water pump”, “warm water”, “Abano” — “bath”, etc.). The
legend on establishment of Thilisi city is also linked to hot waters. Until now, these waters have
been used locally for balneological and bathing (wellness) purposes only.

250 natural springs and artificial boreholes, with temperatures of 30— 180 °C, were
recorded countrywide by 1993. Their total flow rate was ca. 160 000 m?/ day [1, 2]. Nowadays
the reported exploitable amounts are unrealistic as increasing exploitation caused decrease of
pressure and flow rates of boreholes and (in some cases) natural thermal springs to dry out. Due
to the abovementioned, it became necessary to study the circulation paths of thermal water
resources and reassess their amounts.

Within the framework of the Project funded by USAID, it was decided to assess the
present situation of geothermal deposits in West Georgia, with the aim of their rational
exploitation. This should enable transfer from the traditional ways of heat supply to geothermal
applications in the region.

2. Digital modeling of the geothermal horizon of West Georgia
To re-assess exploitable geothermal water resources in West Georgia, a digital model was

developed. The digital model was developed by help of the computer program Feflow and it
includes the following components:

° Geological structure of the aquifers, study of heat and hydrogeological settings;

° Determining the boundary conditions of the thermal deposits and processing a
conceptual model; and,

° Resuling vector field of geothermal groundwater flow direction obtained by digital
modelling.
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2.1. Geological structure of Lower Cretaceous
carbonate aquifer complex of West Georgia

The recharge area of the Lower Cretaceous water aquifer of West Georgia is situated on
relatively high hypsometric levels (1200 — 2200 m above sea level) of the southern slope of the
Great Caucasus Mountainous Range. On the top, nearly the whole area of the complex is
covered by Aptian—Cenomanian relatively waterproof (aquitard) sediments [2].

To the southwest from the recharge area, the aquifer is gradually dipping under younger
sediments, and reaches 4 — 6 km depth in the area of the Black Sea coastal line. Such a great
difference between the recharge and discharge areas (hydraulic head up to 1200 m), intensive
cracks and karstification of the rock masses, high permeability of the complex (transmissivity
coefficient of 350 m?/ day), and also high totals of atmospheric precipitation (1700 — 2000 mm
per annum) stipulate high volumes of of water in the Neocomian aquifer complex with high
piezometric pressures.

The aquifer complex mainly consists of layers of cryptocrystal, pelitomorphic limestone
and dolomitized limestone that are changed with massive and thickly layered organogenic
limestone in the upper part. Above they are followed by sequence of marl and pelitomorphic
limestone. The limestone here is mainly white and whitish grey and is characterized by strong
cracking and karstification.

The Neocomian complex is opened by numerous boreholes at different depths (550 —
3700 m), and sources of different flow rates (700 —7000 m®/day) and temperatures (25—
108 °C) with usual total dissolved solids (T.D.S.) content of 0.35 —2.53 g/ L (sources of Besleti,
Dranda, Kindghi, Okhurei, Khobi, Kvaloni, Zugdidi, Tsaishi, Menji, Nakalakevi, Samtredia,
Vani, Tskaltubo and Simoneti).

The analysis of pressure changes in the boreholes indicates that the main discharge of
the Neocomian complex waters must occur in the Black Sea. The coefficient of transmissivity
varies significantly (10 — 350 m?/ day). The highest values of transmissivity (200 — 350 m? / day)
are observed in the area of the syncline of Samegrelo region, and the lowest values (10 m? / day)
in the western, mostly sunk part of the Rioni lowland.

The general mean of the heat conductivity of the Neocomian limestone is
(4.38 £ 0.54) - 103 K/ cm, and average geothermal gradient is (23.48 + 2.800) °C / 1000 m.

The main recharge area of the thermal aquifer complex is represented by a bare and
extensive area (698 km?2) of the outcropped Lower Cretaceous rocks, intensively fractured and
karstified limestones on the southern slopes of the Great Caucasus Mountain Range.

The recharge of the aquifer complex by atmospheric precipitation and the underground
runoff were calculated. It is supposed that the amount of 25 570 L/ s of water drains into the
area. The average module of the groundwater runoff is about 14 m3/s, that is 55 % of the
infiltrated atmospheric precipitation.

2.2. Rehabilitation of borehole heads and determination of hydrodynamical
and hydrochemical regime by organization of multiparameterical monitoring

In order to create the hydrodynamic model, hydrodynamic parameters (discharge,
temperature, static and dynamic pressures, conductivity, porosity, etc.) of the main geothermal
aquifer (of Lower Cretaceous age) had to be determined by hydraulical testing performed on the
boreholes (pumping and injection).
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Prior to the testing (conducted at selected boreholes of Zugdidi, Chvishi, Senaki and
Simoneti), regime devices were installed and monitoring of hydrodynamic and hydrochemical
parameters was carried out. It enabled determination of the background values. The monitoring
was carried out by a special data-logger XR5-SE-M and water and atmosphere pressure sensors
manufactured in the USA. The monitored parameters were water level and temperature,
atmospheric pressure and air-temperature in the time intervals of 15 or 30 minutes. The data
obtained were processed havig in mind the multi-disciplinary approach.

Monitoring was followed by testing of the boreholes. The lock-release test method was
chosen [3, 4] from the possible set of the testing methods (pumping, injection and other).

After locking, the curves show increase in pressure and decrease in water temperature,
which is caused by cooling of the water mass in the protective pipe of the borehole. However,
the pressures were stabilized after the release. The conductivity of the Lower Cretaceous
thermal aquifer complex was calculated based on the results of the abovementioned tests, and
its values are given in Table 1.

Table 1. Hydraulic conductivity values.

Hydrauli ductivity,
Monitoring point yaraulic conductivity
m / day
Feeding area — Simoneti 1.5
Central area — Zugdidi 0.1

2.3. Determination of the study area boundary
conditions and creating its conceptual model

The following conceptual model was prepared for the hydrothermal basin, based on the
analysis of the existing geological and hydrogeological data (Figure 1). According to the model,
the main part of the hydrothermal basin is aquitard, including the piezometric level of upper
aquitard part of the lower Cretaceous, which forms pressing conditions for aquifers. This is
more clearly seen in the thermal zone of West Georgia where recharge areas are 730 — 1500 m
high. This is much higher than the water roof-aquitard layer and therefore majority of the
boreholes have natural flows.

Figure 1. Block-scheme of the conceptual
model of hydrothermal area of West Georgia.
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In the syncline structures near the seacoast, the lower Cretaceous horizon is dipping to
the depth of 4000 — 6000 m. Consequently, the groundwater temperature and its T.D.S. content
increase relatively equally in the direction of its movement.

In the model, the aquifer boundaries are determined as they are shown on Figure 2
(contoured territory of Figure 1) where the northern boundaries coincides with the recharge
area of the aquifer, the side (eastern and western) boundaries follow the above mentioned water
impermeable lines. The western boundary was established artificially along the seaside.

Figure 2. Distribution of hydraulic head
in the horizon of geothermal aquifer.

The hydraulic head maps of the basin, its T.D.S. content and thermal profiles refer to the
regional direction of the groundwater flow from NE to SW, i.e. from the low T.D.S. content and
temperature near the recharge area situated in mountainous regions to the deepest areas of the
submerged horizons in the western part where much higher temperatures and T.D.S. content of
underground water are observed.

According to hydrogeologic properties, the model is divided into three parts. The
hydraulic gradients in the North Eastern thermal field are more contrasting and higher than
those in the central area. This indicates on the high permeability notwithstanding that
thickness of the aquifer is nearly equal everywhere. The low values of water discharge must be
caused by the very deep location of the aquifer layer in the western zone as the high lithostatic
pressure of the above-situated rocks causes some decrease in the total fracture volume and low
permeability. Consequently, decrease of strain on the rocks of the central area probably causes
opening of the crack system and high values of permeability [5].

T.D.S. content of the individual zones is also different. In the western zone the T.D.S.
content reaches 4.4 g/ L and in the North Eastern zone the maximum value of T.D.S. content is
1.0 g/ L. For the Western zone, the distance and time of groundwater movement from the
recharge area to the zone are longer. Consequently, the period of water contact with the very
hot rocks situated in the depth is longer. This causes high values of T.D.S. content comparing to
the central zone, which is closer to the recharge area.

2.4. Geothermal groundwater flow obtained by digital modelling

The model enables to determine any kind of simulation-balance of a thermal area, reveal
prospecting areas and forecast deposit exploitation.
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First, the current balance of the whole Lower Cretaceous geothermal aquifer was
determined (Figure 3).

Figure 3. The present balance (after 35 years
from starting the exploitation of the boreholes).

.
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Figure 4. Chart of pressure decrease for the Zugdidi and Kvaloni
boreholes after 30 years from starting their exploitation.

After 30 years from starting its exploitation, the thermal water balance was calculated
for a borehole in Zugdidi and a borehole in Kvaloni, in the existing exploitation conditions. As
the Figure 4 shows, effects of pressure decrease are observed at the thermal boreholes of
Zugdidi and Kvaloni.

3. Results

In order to determine the thermo-hydrodynamic parameters of the main aquifer,
hydrogeological field testing was developed and implemented in several stages (hydrodynamic
testing and micro temperature observations).

Thermal properties of the rocks were studied in the field and laboratory conditions, and
vertical and horizontal zonation of the heat flow was defined.
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Based on the existing and newly obtained geological, hydrogeological and geophysical
data, a digital 3D model of West Georgia’s thermal area was created. The model was prepared
by taking into account the complexity of the region, its segmentation into separate zones by
faults, and their different hydrodynamic zonation.

Digital modelling software (Feflow 5.3, AquiferTestPro, etc.) enabled us to determine
the hydrothermal resources and assess hydraulic parameters of the aquifer.

Modelling enabled us to elaborate a 10 years forecast for the geothermal resources of
West Georgia, in the present conditions of their exploitation. The tendency for pressure
decrease of the aquifer is obvious in the whole region. For example, in the Zugdidi zone, when
maintaining the todays average annual discharge (1 -10°m3/day), the pressures drop by
0.05 MPa and value of the released heat energy decreases from 5.5 -10% to 1.578 - 10" ]. In
order to avoid this in the future, it is recommend to built the geothermal re-injection systems
and to implement them in the selected areas. This will ensure reasonable and ecological
exploitation of geothermal water resources in the area.
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1. Introduction

Recently we have proposed to use the strained layers of PbSe grown on KCl substrates
with a great lattice constant for designing the high-sensitivity high-temperature IR
photodetectors [1]. This objective can be achieved through the realization of effective “negative”
pressure in PbSe layers when the forbidden gap width increases in them, and, when, doped
with impurities Cr, In and Yb having variable valency, the levels of impurities shift into the
depth of the forbidden gap. In this case, the impurities can significantly compensate electrically
active nonstoichiometric defects. So the concentration of current carriers in the PbSe layers can
be decreased by a factor of 4 or 5 [2]. The optimal thickness of epitaxial PbSe layers for
sufficient absorption of IR radiation, on the one hand, and for the shift of the levels of the
impurities in the forbidden gap, on the other hand, is estimated as 50 — 80 nm [3].

Hence, it is important to establish the process conditions for fabrication of epitaxial PbSe
layers for realization in them the maximum residual deformation at the layer thickness of 50 —
80 nm.

2. Variations of experimental conditions and the methods used

For fabrication of epitaxial PbSe layers by molecular epitaxy with a “hot-wall”, the
source of epitaxy, polycrystalline PbSe, was placed at the bottom of a quartz ampoule. Colliding
with the hot wall, the evaporated molecules reached the KCl (100) substrate placed on a
stainless mask at the open end of the quartz ampoule practically without losses. Optimal process
conditions were established by varying the following conditions: growth temperature
(temperature of the KCI substrate), and the growth rate and duration, and analyzing the
obtained parameters: layer thickness, tangential lattice constant, deformation and X-ray
diffraction line halfwidth. The growth rate, the rate of bringing the evaporated molecules to the
substrate, was varied by varying the source temperature and the distance between the mask
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with the substrate and the open end of the quartz ampoule. Three cases were studied: 1) the
distance between the substrate and the end of the ampoule was 12 mm at the epitaxy source
temperature 470 °C; 2) the distance between the substrate and the end of the ampoule was
2.5 mm at the epitaxy source temperature of 470 °C; 3) the distance between the substrate and
the end of the ampoule was 1.0 mm at the epitaxy source temperature of 510 °C.

The tangential lattice constant of the layer was determined by a symmetrical circuit and
by diffraction patterns of &—26 scanning at the reflection from plane (400). Co K« radiation
(A1=1789 A) was used in investigations. Deformation & was determined as £= (a1— apbse) / apbse
in respect to a nonstrained PbSe layer (monocrystal). The halfwidth of the X-ray diffraction line
was also determined by diffraction patterns at reflection from plane (400). Diffractograms of the
layers with different thickness at reflection from planes (200), (400) and (600) were studied on
the whole.

3. Results and discussion

In the Table1 are listed the data on the layers selected for illustration of the
abovementioned cases. The layers thickness was measured by the X-ray method by measuring
the radiation from two reflecting planes — from the clean substrate and the substrate with the
deposited layer.

Table 1. Data on the conditions of growth, tangential lattice
constants and deformation of epitaxial PbSe layers on KClI substrates.
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=3 g = |© © G b g 8

<
1 | SL-537 | 470 | 280 90 159 1.8 5.0 6.142(1) | 0.27 21
2 | SL-541 | 470 | 300 80 95 1.2 43 6.162(0) | 0.59 19
3 | SL-555 | 470 | 300 75 73 1.0 49 6.177(4) | 0,83 20
4 | SL-562 | 470 | 300 67 56 0.8 6.0 6.188(5) | 1.00 20
5 | SL-577 | 470 | 240 30 182 6.0 7,8 6.149(9) | 0.37 22
6 | SL-581 | 470 | 240 10 35 3.5 125 | 6.210(1) | 1.38 26
7 | SL-602 | 510 | 240 12 226 19 226 | 6.139(2) | 0.20 31
8 | SL-605 | 510 | 240 20 440 22 23,9 | 6.132(6) | 0.10 36

In all cases the “delay” of epitaxy was observed: this was the first stage of formation and
merging of islands, proceeding at low rate. The thickness of layers was close to the sensitivity of
its detection by the X-ray method and made up 5—-10 nm. At the second stage, the two-
dimensional growth continued at a higher rate. The “delay” in the first case made up 60 s, in the
second case — 8 s, and in the third case — 2 s [4].

In Figure 1 is shown the relationship among the thickness, the growth rate and the
tangential lattice constant of layers.
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Figure 1. Relationship between the thickness, growth rate and tangential lattice

constant for epitaxial PbSe layers: ® — thickness of the layers, x — growth rate.

Based on the data given in the Table 1 and Figure 1, we can draw the first general
conclusions. The tangential lattice constant of the layers increases with decreasing thickness.
The lattice constant range from 6.140 to 6.190 A was achieved at the growth rate 4— 11 nm /s
(the region between dotted lines in Figure 1) and the corresponding layers thickness from 55 to
180 nm.

The lattice constant range from 6.126 to 6.140 A was realized at the layers thickness
from 200 to 450 nm and more at the growth rate of 20 — 25 nm / s. The lattice constant 6.210 A
was realized at the layers thickness of 35 nm and the growth rate 12.5 nm/s.

According to works [5, 6], in addition to these data, the sizes of subgrains in the layers,
their number and the disorientation among them, and also the critical thickness at which the
number of dislocations grew and they were accelerated were assessed.

For the layers thickness 55 — 180 nm, the size of subgrains made up 50 — 70 nm, their
average disorientation was (1.2-103)', their number was equal to 2-10% and the
corresponding critical thickness was ~ 70 nm. For the layers thickness from 200 to 450 nm, the
size of subgrains was > 100 nm, their average disorientation was (3.6 - 10) ', the corresponding
critical thickness being ~ 15 nm. For the layer 35 nm thick, the critical thickness was 80 nm at
the average disorientation of subgrains (8 - 10#) ' — their number making up 3 - 10%. The value of
deformation € of the layer 35 nm thick was equal to 1.38 - 10-2.

By concrete examples, it is seen how the growth duration of layers affects their
parameters (Figure 2). First of all, this effect was revealed in the row of layers 1 —4 (Table 1)
when the lattice constant increased from 6.142 to 6.188 A after the growth duration at the
second stage decreased from 30 to 7 s and at close growth rates of 1 —2 nm /s at the first stage.
The obtained lattice constants can be explained by that, at the epitaxy temperature of 300 °C,
nonstoichiometric defects managed to migrate with the growth process and, the shorter the
growth duration, more efficiently they accommodated, or more precisely being annihilated, in
dislocation nuclei, they impeded the energy transfer of elastic energy of the layers to
deformations.
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Figure 2. Dependence of the tangential lattice constant of epitaxial
PbSe layers on the growth duration at the second stage: a) /= 2.5 mm,
Te=470°C;b) /=12 mm, T.=470°C;c) /=1.0 mm, 7.=510 °C.

The growth duration determines the level of parameters of the layers in the case of
different growth rates as well. Despite higher growth rates both the overall and at the second
stage, the lattice constant of layer SL-577 was higher than that of layer SL-537. In this case, the
growth duration at the second stage for the former layer made up 22 s, while for the latter it
was longer — 30 s.

At the growth rate higher than that of layer SL-577, the lattice constant of 6.210 A was
achieved for layer SL-581 at short growth duration — 2s. This means that, despite low
temperature of epitaxy (240 °C), for layers SL-577 and SL-581, high lattice constants were
achieved at short growth duration. Despite that, for layers SL-602 and SL-605, at the second
stage the growth duration made up 10 and 18 s, respectively, at the growth rate > 20 nm / s and
the thickness of layers 220 and 440 nm, respectively larger subgrains > 100 nm with higher
disorientation (3 -10*)' were formed. At critical thickness ~ 15 nm, relaxation of strain at
subgrain boundaries increased, and hence the lattice constants were not high. As is seen from
the Table 1, in this case, the halfwidth of the X-ray diffraction line was equal to 31 and 36/,
respectively, which exceeded those for SL-577 and SL-562 (26 and 20", respectively).

Thus, the high growth rate causes additional relaxation of strain, which is due to an
increase in the elastic energy of layers at high values of thickness as well.

On the other hand, in layers SL-541 and SL-577, at close growth duration at the second
stage, 20 and 22 s, respectively, and comparable X-ray diffraction line halfwidth of 19 and 22',
respectively, the lattice constant of layer SL-541 (6.162 A) was higher than that of layer SL-577
(6.149 A). This can be explained by lower growth temperature of layer SL-577 and by close
critical thickness of these layers ~ 70 nm, i.e. by low tendency to relaxation of strain at subgrain
boundaries.
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Figure 3. Diffractograms of &— 26 scanning of two PbSe layers
with thickness more (SL-577) and less (SL-562) than 100 nm.

In Figure 3 are shown the different diffraction patterns of ¢— 26 scanning at reflection
from different planes for layers SL-577 and SL-762. It is seen that, at the thickness of layers
< 100 nm, an additional peak of less intensity appeared next to the basic X-ray diffraction line.
This peak vanished at larger angles-reflection plane (600). The peak at the left can be referred to
a relatively low number of PbSe cells subjected to spatial disorientation under increased
deformation. However, the reflection from the basic peak shifted to smaller angles with
decreasing thickness of the layers, i.e. the lattice constant and hence the deformation increased.
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Figure 4. Dependence of the deformation &= ((a1— apvse) / arsse) - 10?
of epitaxial PbSe layers on their thickness.

In Figure 4 is shown the dependence of deformation in PbSe layers on their thickness. In
the thickness range from 55 to 80 nm, the deformation made up 0.7 - 10-2—-1 - 102

Under such deformation in the layers, the forbidden gap width increased by 0.15 eV as
compared to the unstrained layer [7, 8]. The epitaxial PbSe layers 50 — 80 nm thick with the
lattice constant 6.170 —6.190 A and the deformation of the level up to 1 - 102 can serve as the
basis for designing of IR photodetectors and lasers.
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4. Conclusion

If we follow the character of relaxation of strain with decreasing lattice constant as a
whole, we will see that, in the case of layer with the lattice constant 6.210 A, critical thickness
>100 nm and significantly finer subgrains (30 nm), relaxation of strain takes place on the
substrate — layer interface . For layers 1 —5 (Table 1) with the lattice constant 6.140 —6.190 A,
the size of subgrains 40 —70 nm and critical thickness 50 —70 nm, only minor part of the
relaxation of strain takes place at subgrain boundaries, and it generally occurs at the substrate —
layer interface. For the layers with lattice constants 6.126 —6.140 A, the size of subgrains
> 100 nm and the critical thickness ~ 15 nm, substantial part of the relaxation of strain occurs at
the subgrain boundaries.

Solid solutions PbSnSe have considerable reserves for realization of the dielectric state
when the levels of impurities shift deeply into the forbidden gap and the concentration of
current carriers can be decreased by at least a factor of 7. Without a doubt, this opens up new
possibilities for designing high — sensitivity and high —temperature IR photodetectors.
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TTOJIAPU3AITMOHHO-PASHECEHHBI METO/I, JIJIA
XAPAKTEPUCTHUKHU ®A30BOI'O COCTOAHUA B OBJIAKAX

K. I'. IIxakas, P. P. Kukusupse

I'pysuHCKUIt TeXHUYeCKUIT yHUBEPCUTET
Townucu, I'pysus

ITpunsara 17 noa6pa 2014 roga

C momompio pasMOIOKALIMOHHON CTAaHIWH, HM3IyYaouledl ¥ IPUHUMAIOMEH Ha OHY
AaHTeHHY JMHEHHO IIOJAPH30BAaHHYIO BOJHY, MOXKHO IIOJYyYHTHh CBeZEeHUA O MHKPOCTPYKType
MeTeoOoOBeKTa B IIPEAIIONIOXKEHUN, YTO pacceiBalollyie YacTHUIBI ABIAIOTCA chepamu. Mexzmy
TEM, M3BECTHO, YTO MHOTHE YaCTHUIBI OOJAKOB M OCAafKOB (JIefsHHBIE KPUCTAJUIBI, KPYyIIHBIE
KaIlJIB, Tpaj) He uUMeloT cepudeckyio ¢opmy. Ilostomy, mHpopManus o TaKUX YaCTHULAX,
IoJIyyaeMasi IIpY UCIIOIb30BaHUY JIMHEHHOM IOISPU3aIY, OKa3bIBAETCS JaeKO He ITOTHOM.

OddeKkTUBHAA IIOBEPXHOCTh HecpepHIeCKMX 4YacCTHI, OIpeseNdeTcsi He TOJIBKO HX
00BEMOM ¥ [UDJIEKTPUYECKON IPOHUIIAEMOCTBIO, HO ¥ (OpMOH M OpHeHTanueid YacTHI]
OTHOCHTEJIBHO IIOCKOCTH ITOJIAPU3AIIMH U3Tydarolero moisd. Bompocsl, cBA3aHHbIe C TUHEHHON
noJIApU3aliiei U aHTEHHOM CUCTeMO#, CITOCOOHOM IPUHATD AENOIIPU3ALNOHHYI0 KOMIIOHEHTY,
paccMaTpuBaINCh B paborax [1, 2].

PaccmaTpuBaroTcs BO3MOXKHOCTHM — HCIIOIB30BaHHA (AaKTOpa [JeNOIIpU3alUU  IIPHU
pasHECEHHOM IIpreMe [Jif XapaKTepUCTUKW W U3MeHeHUs (a30BOrO COCTOSHUSI B OOJaKax.
Hecdepuueckme wactumper u uactunsl Mmu, pacceiiBad majjaiollee Ha HUX H3JIydYeHHe,
BBI3BIBAIOT BMeCTe C TeM U H3MeHeHUe IOJIIpU3aIUM pacCeHAHHON BOJHEI II0 OTHOIIEHUIO K
magaromes [1, 2].

CBOICTBO YacTHI, ZEIONAPU30BATh IAZaollee H3TydeHHe MOXKeT OBITh MCIIOJIB30BaHO
IJI cCenoBaHMA (Pa30BbIX IIepex0/ioB BoAbl B atMocdepe. [IpakTudecku s 3TOH IeIu MOTYT
OBITH WCIIOTB30BAHBI [Be AHTEHHBI, OJHA M3 KOTOPBIX W3JIy4aeT M IPHHUMAeT SHEPTHUIO,
IIOJIAPU30BAHHYIO TOJIBKO B OIIpefie/IeHHOH IIOCKOCTH, pyras ke MOXeT IIPUHUMATh SHePIUuio
IOJIAPU30BAHHYIO TOJIBKO B INIOCKOCTH, IEPIeHAUKYJIIPHOHU IIOCKOCTH NOJIApU3ALUYU IIepBOi
[1, 2]. Eciu IIPUHATD, YCWINTh U 3aT€M CPaBHUTh CUI'HAJIbI, BOCIPUHATHIE 3TUMU aHTEHHAMM,
MOXXHO PaCCYMUTATh TaK Ha3bIBaeMBIH (AaKTOp Jemosdpuszaunuu Ap, KOTOPHIH OIpejesfeTrcsa
I'OPI/IBOHTaJIBHaH n BePTHKaJILHOfI MOIIHOCTAMHK HPI/I OTpa)KeHI/II/I CHT'HaJIa.

PazpaboranHas pasuoIOKaLMOHHAA ammapaTypa ¥ MeTOAMKAa HaOIIOZeHU ITO3BOJIIIOT
OlIpeNe/IUTh BeJIMYUHY HeIOAPU3AIUN dXO-CUTHAJA, IOJyYeHHOTO OT MeTe0OOBeKTOB (2, 3].
Henongpusanusa 5XO-CHUTHajJa OT MaibIX ChepUYecKuX 4YacTUll OTCYTCTByeT, a II0O Mepe
yBeJIUYeHU UX DJIIMITUYHOCTU — BO3pacTaer.
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PeanpHsble seffHble KPUCTA/LIBI U CHEXUHKU OOBIYHO MMEIOT (OpPMY IIECTUTPAHHBIX
IPU3M WJIHM 3Be37l0YeK; II03TOMY OHM MOTYT PAacCMAaTPHBATHCA KaK OSJUIHIICOMUIBI BpAlleHUS.
Heo6xomumo OBLIO 9KCIIEpUMEHTATIBHO OIpeAeIUTh 3aBUCHMOCTb CTEIIeHM [AeNOIAPU3ALNHI
9XO-CHUTHAJa OT Xapakrepa pacceiiBaomux dvactul., C 2TO# Ienpio OBLIN INpeAIPUHSATHI
cIellMaJbHble IIapajijieIbHble CaMOJIeTHbIe U PaJUOIOKAIlMOHHbIe U3MEePeHHUs, B X0/le KOTOPBIX
OJJHOBpEMEHHO U3MEepsINCh CTeIleHb JeloIIpU3alliy 5X0-CUTHa/Ia Ha3eMHBIM PaZli0JI0KaTOPOM
u dopMa M pasMep UYACTHUI, — C CaMoJIeTa. BBUIO yCTaHOB/IIEHO, YTO [eIMOJIAPU3ALUA BOJHEI
BeCbMa 3HAYHUTEJIbHA JJI1 JIEAAHBIX YACTUL, UMEIOUINX BBITAHYTYIO (GOpMYy (UIJI U CTOJIOUKOB).
dakTop memoigpusanuy B 3TOM ciaydae MoxeT ObiTh Bcero 5 — 10 dB. Jemonspusauus ot
KaIleJIbHBIX 00JIaKOB 1 00JI0XKHBIX moXaei Bechma Mmaia (15 —20 dB).

IIpu s3Havenmsax <-9dB pacupemeneHuMs UHTEHCHMBHOCTH HAYMHAIOT 3aMETHO
OTINYaThCA OT PejeeBCKOM AuarpaMMbl pacCesHM, IIPUYeM HX 3HA4eHUs CyIIeCTBEHHO
BO3paCTalOT IIPH MaJbIX yriaax pacces-HuA. VIHBIMM coBaMHU, paccesHHe BIepef, HAaUYMHAeT
nIpeo6JazaTh Hafl paccessHUMEM Hasaj, 4ero He HaOmozanock B PeneeBckoit Teopuu [4]. Kpome
TOTO, YCTaHOBJIEHO, YTO IIPX OTPHUIATEeIFHBIX TeMIIePATypaX OTPAKEHU YCUIUBAIOTCS.

Pucynox 1. DMnupuyeckas Homorpamma,

OTPa)KaIOHLaH CBA3b Me>1<,zgy CTEeII€eHbIO ,Z[EHOJISIPI/ISHLH/II/I
9XO-CHUTHAJId U BepOHTHOCTLIO TOT'O UJIN
MHOTO (pa30BOr0 COCTOSHUS 00IaKOB U OCAIKOB.
————— JemaHoe 06JIaKo

+++++ CMeIIeHHOe 0061aK0

IRRRRRR KarmeJIpHOoe 06J1aKo
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Ha ocHoBannu SKCIepHMeHTaTbHBIX HAGMIOeHUN Obla IIOCTPOEHA IMIUpPUYECcKas
HOMOTpaMMa (PHUCYHOK 1), oTpakaiolas CBA3b MeXAY CTEIIEeHBIO JeNOIAPU3aL UK 9X0-CUTHAIA U
BEPOATHOCTBIO TOTO MM MHOTO (ha30BOTO COCTOSHUSA 00JIAKOB U OCafKoB. JlaHHasd HOMOrpaMMma
IIOKa3bIBaeT, 4To IpHu < —9 dB mox mambiM yriom paccesHus (Buepen) B pOPMHPOBAHHHU 3XO-
CHTHala OCHOBHYIO POJb HIpaeT KPHUCTAIMYecKas CTPyKTypa dacTul,. Takum o6pasoM, Ipu
YMEHBIIEHUH JUIJIeeKTPUIECKON TPOHUIIAeMOCTH YaCTHUI, MaKCUMyM (GaKTopa AemoIspru3aun
CIBUTAETCS BIIlepef, IIOJ, MajabIM YTIJIOM pacCesHHsI; KpPOMe TOro, 4eM Oosblie pa3Mep
pacceiBalOIUX YACTHUII, TeM OOJIbIIe NeIOIIpU3alii CUTHAIA. I3 HOMOrpaMMbI BUZHO,9TO IIPU
>—15 dB axo-curnan ¢opmuposaucs chepudecKUMU YacTULAMU. [Ipy 9TOM, HMOJSHBIE KAILTH
IAI0T MaKCUMaJbHYIO [Aemoyspusaunuio B obmactu paccesHus Hasaz (180°) u uem Gosbire
pasMep pacceHBaOUIUX YACTHUIL, TeM Ooiblne GaKkTOp AeNoaIpusaluu. A B MHTepBasie oT —9 1o
< —15 dB axo-curnaz, nepositHee Bcero, GpopMupyeTCs KaK KaIlIIMH, TaK U KPUCTA/UIaMU, T.e.
IJIsL CMELIaHHOTO 06saka (paKTop Aernosspu3aluy IPUHIMaeT MaKCUMaIbHOe 3HaYeHue MeXAY
yriaamu paccessus ot 80 mo 140 °.

OpuHouyHas KpyIHas IpafiiHa OTPakaeT B PAAHOJIOKATOP rOpaszfo GOJIBUIYIO MOIIHOCTS,
yeM OTZeJIbHAas TOTO >Ke pasMepa Kamid [oxAag. HaGmiofaemble CHUIBHBIE OTpaXKeHU,
COOTBETCTBEHHO OOJIbIIAsA JEMONAPU3ALMI, OT KPYIHBIX IPafUH, IPOUCXOZUT U3- 33 TOTO, UTO
Cyxoii yieZ, c;1abo MOTIONAeT 3IeKTPOMAarHUTHEIE BOJIHBL U IPaiMHa BeZleT ce0sl 0 00HO JTHH3e.
[Tapjaromas Ha Hee MOITHOCTh (POKyCHpyeTCs Ha IIPOTHBOIIOJIOXKHON CTOpOHe cdepsl, a 3aTeM
OOpaTHO OTpaKaeTcCsl 110 HAIPABIEHUIO K PAZMOIOKATOPY IIOZ MajabIMU YIJIAaMM PaCCesHU.
Korpa sen HauuHaeT TaATh, yCIOBUS OTPAKEHUA PE3KO MEHSIOTCH.

Bopa morsomaeT 3JeKTpPOMarHUTHYIO SHEPTHUIO TOpas3o CUIbHee, YeM yef. B pesybrare,
3HAUWUTENbHAA YacCTh Iafaioueil sHepruu OyzeT INOTJIOIIEHA ellle L0 TOTO, KaK IIPOU30HeT
boKycHpoBaHye U paccesHUe SHEPIHH OT BBIIYKJIOrO IepenHero Kpas chepsr. O4eBUIHO,9TO
BCIeACTBHE 3HAYHUTEJIPHOTO IIOIJIOLIEHMSI OHEPIruunu IJIEHKOH BOAbI BeJINMYKMHA O6paTHO
paccestHOM MOIMHOCTH s OOBOLHEHHO# cdepsl OyzeT MeHbIne, YeM JJIsi YHUCTO JIeSHOM
TAKOTO JXe pa3Mepa ¥ IIPYU STOM pacCesHHAsS DHEPrus, COOTBETCTBEHHO MaKCHMyM (axropa
IeTOIpU3aliiY, CABUTAEeTCS IO HalpaBieHuIo Hasaz, (mox yriaom 140 — 180°).

Taxum 06pasoM, ¢ yBeTH4eHHEM IIOKa3aTe Id IPeIOMJIEHHS N0 U3IydeHus Ha3az, (Iof,
yriom paccesaus 180°) Bospacraer. Kpome Toro, yem Goiblne pasMep pacCemBAIONUIVIX YACTHIL
(Mu), Ttem Oonbuie axkTop Jenondpusanuu. V3 BBIIECKa3aHHOTO CJIEAyeT, YTO
HOJIIPU3aLMIOHHO-PA3HECEHHbII MeTOZ 4eTKO Gukcupyer ¢GasoBble IIepexofsl BOIBL B

aTMocdepe.
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1. Introduction

Nanowires have unique electronic and optical properties that make them promising
building blocks for advanced nanoelectronic devices [1]. Like zero dimensional quantum dots
the 1D nanowires (NWs) also exhibit excellent properties caused by their low dimensionality,
quantum confinement effects and increased value of surface to volume atomic ratio. However,
the inability to reliably control their growth process, morphology and structure is a major
technological challenge. Different methods have been developed for the growth of NWs. These
methods include the vapor-liquid—solid (VLS), oxide-assisted, self-catalytic, fluid—solid-liquid,
solid-liquid—solid and other methods. Among these growth technologies the VLS mechanism,
originally developed by Wagner & Ellis [2] is the most popular and the most widely used owing
to its simplicity and versatility when applied in many semiconductor systems [3 —9]. The
method is accomplished through the molten catalyst tip that absorbs molecules from the vapor,
gets oversaturated and precipitates excess molecules, thus providing the growth of a solid
nanowire. The VLS method has greatly lowered reaction energy compared to normal vapor—
solid growth.

Tapering is frequently observed in VLS grown NWs. The reasons for tapering are well
established [10 —14]. They are attributed to catalyst related and side-wall processes. Any
deviations in catalyst tip size during the growth cause immediate changes in nanowire diameter.
The side wall effects may also contribute to the tapering by means of two mechanisms. One of
them involves the direct syntheses of material at the side walls. The second mechanism implies
the tip-directed diffusion of species, which reach the catalyst and dissolve in it, causing the
increase of catalyst size and subsequent tapering of growing nanowire. Tapered nanowires
possess axially dependent electronic and optical properties [15]. Together with NWs with
uniform diameters, the tapered NWs may also exhibit unique properties and may find different
applications [16 — 18].

Recently we have developed the new, simple, hydrazine-based pyrolytic technology for
the growth of 1D nanostructures [19, 20]. Using this method the nitride, oxide and phosphide
nanowires were produced. Germanium nitride nanowires attracted our attention because their
growth mechanism, morphology and even composition varied in accordance with the growth
temperature. The purpose of this work was to analyze the growth mechanisms and tapering of
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germanium nitride nanowires, produced on Ge source and Si substrate after annealing in
hydrazine vapor in the temperature range of 500 — 560 °C.

2. Experimental

Germanium nitride nanowires were grown on the surface of a disc-shaped single-
crystal Ge source placed on the bottom of the quartz reactor and on the polished Si
substrate (Figure 1a). The reactor was first evacuated and then filled with NoHs (hydrazine)
vapor, which contained 3 mol. % H20. The mass transfer was accomplished by volatile GeO
species produced after reaction between Ge and H:0. The nitride was synthesized by means of
active species (NH2, NH, NHs) formed after pyrolytic decomposition of N2Hs. Hydrogen served
as a reducing agent and it was also produced after decomposition of hydrazine. The source and
substrate were heated by an external furnace. The temperature of Si substrate was by 30 °C
lower as compared to the Ge source, because it was located at 2 —3 mm above the source.
The details of technology can be found elsewhere [19 —21].
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Figure 1. Schematic of the experimental setup for the growth of NWs (a);
dependence of Ge source temperature on the applied power (b); time dependence
of Ge source mass change during the annealing in hydrazine at 530 °C (c).

The morphology and structure of NWs were studied using FEI Quanta FEG 600
Scanning Electron Microscope (SEM) and Philips CM200 FEG Transmission Electron
Microscope (TEM). The vacuum microbalance with tubular furnace was used for the separate
measurement of changes in the Ge source mass during hydrazine vapor annealing. TEM and
SEM images were analyzed using the software Image].
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3. Results and discussion

Figure 1b presents the dependence of Ge source temperature on the power, applied to
the external furnace. The source temperature was gradually increased and then stabilized
reaching the saturation value. Accordingly, the growth of nanowires on Ge source proceeded in
two stages. The first was carried out at rising temperature, and the second - at stabilized
temperature. The same growth stages hold true for NWs grown on Si substrate, however the Si
temperatures were by 30 °C lower as compared to Ge source temperatures. Figure 1c shows the
changes in the Ge source mass per unit area during annealing in hydrazine at 530 °C. The initial
increase in mass is attributed to the adsorption from N:H4 + H20 vapor (curve A-B), followed
by mass decrease related with Ge etching with H:O molecules (curve B-C) [21]. At
temperatures exceeding 400 °C the mass of Ge source increases due to formation of GeOx
clusters that are produced after interaction of Ge with H20, followed by the growth of GesNu
NWs (curve C-D). The downward directed last segment of the curve (D-E) indicates that the
growth of NWs is ceased, while the evaporation from the source surface still takes place. The
nature of the curve in Figure 1c indicates that the annealing of Ge source in hydrazine vapor is
a complicated process which proceeds through the sequential etching, evaporation and growth.
Molecules, evaporated from the source were condensed on the Si substrate forming different
nanostructures. In this study we will investigate the growth of nanomaterials produced on Ge

source and Si substrate during thermal annealing at three fixed temperatures: 500, 530 and
560 °C.

Figure 2. The “mat” of GesN4+ NWs grown on Ge source at 500 °C (a); TEM
(b) and HRTEM images of VLS grown GesNs nanowires produced on Ge source
(c, d), inset in (d) presents the selected area electron diffraction pattern.
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Figure 2 shows nanowires grown on Ge source after 1 h annealing in N2Hs + H20 vapor
at 500 °C. Several micrometer thick nanowire “mat” is formed on Ge source, as it is evidenced
be SEM image in Figure 2a. More detailed analysis using TEM reveal that nanowires have Ge
catalyst droplets at the tip as it was also observed in our previous study [21]. This confirms the
VLS growth of nanowires. XRD analysis (the results are not shown) and selected area electron
diffraction pattern in the inset of Figure 2d also proved the formation of «o-GesNs nanowires
that were growing in the direction perpendicular to (01-1) plain. The sizes of nanowires vary
in a wide range. The maximum lengths of nanowires were in the range of tens of micrometers
and the minimum diameter was found to be 8 nm.

HRTEM image of catalyst droplet (Figure 2c) clearly shows its hemispherical shape. The
droplet has a dark core consisting mostly of Ge and a light shell of GeOx layer. The contrast in
HRTEM image of catalyst is caused by a large difference in average atomic numbers between Ge
and GeOx (Z-contrast). The interface (growth front) between catalyst and crystalline nanowire
is quite straight and very sharp, proving that GesNs was formed directly at the interface without
formation of any intermediate compound. The perfect match of nanowire diameter with the
catalyst core size is observed at the interface, indicating, that the catalyst shell is formed after
cooling and solidification of a molten catalyst droplet. It should be noted that the nanowire
walls in Figures 1c and d are in fact free of amorphous oxide layer (or the thickness of oxide is
less than 1 nm), proving once again the high resistance of GesNs against oxidation.

Tapering was observed almost in all nanowires and the typical tapered NW is shown in
Figure 2b. The NW diameter is gradually decreasing in the direction of catalyst tip. The
instabilities in catalyst shape during the growth may cause the tapering, because stresses at
interface may exceed the surface tension and affect the solid-liquid interface area [6, 12].
However the ordered interface and hemispherical shape of the droplet in Figure 2c suggests that
during the growth of GesNs nanowire the stable catalyst was formed at the NW tip.

The side-wall deposition may also cause the tapering of observed type. Taking into
account that the side-walls of grown NWs consist of pure GesNs, one should suggest that the
tapering is caused by direct synthesis of GesNs on the side-walls using gaseous precursors.
However, earlier it was established that in hydrazine vapor the direct synthesis of germanium
nitride may be accomplished only at temperatures higher than 520 °C [21]. At 500 °C GesN4 can
be produced only by VLS mechanism because the molten catalyst mediated growth proceeds at
significantly lower temperatures. It means that the decrease of catalyst size during the growth is
the only reason for the tapering of GesNs:s NWs produced at 500 °C. In our experiments the
growth is performed at a constant vapor pressure (~ 10 Torr) and the supply of nitrogen and
oxygen precursors, and hence the amount of gaseous precursors impinging molten catalyst, has
a permanent value. However, the rate of formation and the flux of volatile GeO molecules
strongly depend on the temperature. We assume that at the initial stage of VLS growth, the Ge
nanocatalyst droplets are formed at the Ge source surface. They are produced after hydrogen
reduction of GeO molecules. The subsequent growth needs the permanent supply of GeO
molecules to the molten catalyst.

At relatively low temperatures (until curves in Figure 1b reach the saturation values) a
part of sublimated GeO molecules is feeding the catalyst droplet, while another part is directed
to Si substrate located in the “cold” zone of the reactor. The gradual rise of temperature shifts
this flux towards Si substrate. The supply of GeO molecules to catalyst droplet decreases, while
the amount of nitrogen precursors impinging the catalyst remains the same causing
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oversaturation. As a result the catalyst is forced to consume a part of its own Ge atoms for
producing GesNs which precipitates at the liquid-solid interface. This causes the gradual
decrease of catalyst volume and diameter, resulting in the growth of tapered nanowires. The
described reorientation of GeO molecule fluxes at elevated temperatures restricts the growth of
NWs at the Ge source and sets limits for the temperature and NW growth time. Depending on
the power applied to the furnace, the growth of NWs almost stops after 20 — 30 minutes from
the starting point. This is reflected by the formation of a kink on the mass reduction curve
(Figure 1c, point D).

Zone axis [111]

Figure 3. TEM image of tapered VLS grown GesNs« NW presented in false colors
to emphasize the changes of diameter along the growth axe (a); electron diffraction
pattern of the same NW. The table presents data on inter-planar spacing (b).

As the thermal inertia is higher at lower temperatures, we expect that the tapering
parameter (defined as the ratio of radial to axial growth rates o= Ar/ A/ nm / pm) will be lower
at the initial stage and it will increase at higher temperatures. Figure 3a presents the TEM image
of 1.84 uym long nanowire reflecting in false colors the decrease of the diameter along the
growth axe. As it was expected, for the first part of NW with the length of 0.8 um the tapering
parameter is 6.3 nm / pm, while for the remaining 1.04 ym it increases by ~ 4 times reaching
the value of 23.8 nm / ym. Figure 3b shows the electron diffraction pattern of the NW. The
calculated inter-planar spacing presented in this figure again confirms the formation of a single
crystalline a-GesNa.

>ermanium

Nitrogen

MAG: 2000 x  HV:10.0 kV'_ WD: 11.0.mm

Figure 4. SEM image of material produced on the Si substrate surface after
annealing at 470 °C (a) and elemental mapping of the same material (b — d).
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As it was mentioned previously, at Ge source temperature of 500 °C the temperature of
Si substrate above the Ge is by 30 °C lower and riches 470 °C. This temperature is insufficient
even for the VLS growth of GesNs NWs [21]. One would expect that after condensation of GeO
molecules on the “cold” Si substrate a thin film of GeO or GeOxwill be produced. Figure 4
shows the SEM image and the elemental mapping of Si substrate surface after annealing at
470 °C. Unexpectedly, the chain-like microstructures and micro particles were found instead of
a thin film. Elemental mapping shows that all particles are containing germanium and no
nitrogen or oxygen is found in them. We assume, that at first the Ge nanoparticles are formed
on the surface of Si substrate due to the reduction of GeO by hydrogen (the Gibbs free energy
for this reaction at 470 °C is —104 kJ / mole). Ge nanoparticles thus produced underwent
Ostwald ripening and were growing up to micrometer sizes. However, their tendency to form
one dimensional chain-like structure and the driving forces for this processes are still not clear.
It is worth noting that even if the GeOx film was produced on the Si surface at an early stage of
growth when the substrate was cold, it was completely reduced to Ge, and after surface
migration they formed the Ge clusters, leaving no traces of a film.

Figure 5. Tapered GesNs NWs and Ge chains produced on Si substrate
annealed in hydrazine at 500 °C (a); Ge catalyst tip of nanowire (b).

Our next experiments were performed at 530°C. The corresponding temperature of Si
substrate was 500 °C. According to [21] this temperature is sufficient for direct synthesis of
GesNs from precursors through the Vapor-Solid mechanism. As a result the nanobelts were
formed on the Ge source with minimum thickness of several nanometers and maximum length
of several tens of micrometers. The Si substrate has enough temperature to form GesNs
nanowires through the VLS method and NWs do appear at the Si surface, as it is shown in
Figure 5a and b. However, their sizes are very large and the tapering has an inverse direction in
comparison with the previous case. The large sizes of NWs make impossible their analysis be
TEM method. The nanowire diameters near the catalyst and the diameters of catalysts are in the
range of micrometers, while the diameters of NWs at the opposite ends are in the range of tens
of nanometers. The average tapering parameter is 17 nm / um. The tapered walls of NWs are
smooth and the catalyst has a spherical shape. All these indicate that the growth proceeds at
steady process parameters and the catalyst itself is quite stabile during the VLS growth. The
side-wall deposition would cause the tapering inverse to that, which we observe in Figure 5 and
this mechanism should be excluded. The migration of Ge atoms from Si surface along the 15 um
side-wall and the increase of catalyst size through this mechanism also seem quite unrealistic. It
is clear that the tapering is caused by the increase of catalyst diameter with time. This
phenomenon is in compliance with the time dependent increase of GeO molecule flux at
elevated temperatures, which was considered previously.
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Besides tapered nanowires some other microstructures were also formed on Si substrate
(Figures 5a and b). The elemental mapping shed light on their composition. As it is shown in
Figures 6a — c, these microstructures comprise pure Ge formed after reduction of GeO, just as it
was observed in Figure 4. Note, that the catalyst droplets appear only in the germanium related
image (Figure 6b). The absence of catalysts in the nitrogen and oxygen distribution maps
(Figures 6¢ and d) confirms that the catalyst consists of pure Ge.

f

<& Ge chains

Ge catalyst tips

H\\\\\\/ »

rmanium

Nitrogen

Map data
MAG: 2000 x _HV:10.0kV_ WD: 11.0 mm

Figure 6. SEM image of GesNs NWs and Ge microstructures
Formed on Si substrate after annealing in hydrazine at 500 °C
(a) and elemental mapping of the same material (b — d).

The simultaneous presence of pure Ge microstructures together with Ge nitride NWs
raises reasonable doubts concerning the sufficiency of nitrogen precursors during the growth.
In case of an excess supply of GeO molecules the insufficient amount of nitrogen precursors
may cause the formation of GesNsand Ge phases. The results of our next experiments which are

presented below explained this issue.

L. ‘ N 7N @
EHT = 5.00 kV Signal A =InLens Date :4 Feb 2010
WD = 45mm Photo No. =139 Time :10:11:27

2um
Mag= 1000KX | }
I

Figure 7. SEM image of GesN: crystalline blocks produced
on Ge source annealed in hydrazine vapor at 560 °C
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Nitrogen
ase

MAG: 2000 x _HV: 10.0 KV WD: 11.

Figure 8. SEM image of crystalline GesN4 formed on Si substrate after annealing
in hydrazine at 530 °C (a) and elemental mapping of the same material (b —d).

As it was established previously the annealing of Ge source in hydrazine vapor at
temperatures exceeding 530 °C cause intense formation of GesNs crystals through the vapor-
solid growth mechanism [21]. Figure 7 presents the large, faceted single crystal blocks of GesN4
formed at Ge source surface after hydrazine annealing at 560 °C. Their lengths reach tens of
micrometers. The high density of elongated crystalline blocks and their appearance clearly
show that the crystallization process has a very intense nature. The material with the same
crystalline structure and morphology was formed also on the surface of Si substrate (Figure 8a).
These microstructures were scratched off the Si surface and analyzed using XRD method. The
results confirmed the formation of a-GesNs crystals (XRD patterns are not presented). The
elemental mapping revealed that all microstructures shown on the corresponding SEM image
(Figure 8a) consisted of Ge and nitrogen. No pure germanium chains or any other Ge
microstructures were observed at the Si substrate at this annealing temperature. These results
clearly show that in spite of increased GeO molecule flux at elevated temperatures, the amount
of nitrogen precursors in the vapor is fully sufficient for the complete nitration of GeO
molecules and exclusive growth of germanium nitride crystals. Keeping in mind these results
and taking into account the constant value of hydrazine vapor pressure in all our experiments,
we can conclude that the formation of un-nitrided Ge in Figure 6b is caused by the relatively
low annealing temperature. So the temperature is the main rate limiting factor for the synthesis
of GesN4 in hydrazine vapor. The nitride formation and hydrogen reduction are competitive
processes that take place during the synthesis of materials on the Si substrate surface at 500 °C.

4. Conclusions

The crystalline Ge source and polished Si substrate located at 3 mm above the source
were annealed in the vapor of hydrazine containing 3 mol. % H20. The source temperature
varied in the range of 500 — 560 °C. The temperature of Si was by 30 °C lower than the Ge
source temperature. The mass transfer and the growth of NWs were accomplished by the
formation of volatile GeO molecules, produced after interaction of Ge source with water
molecules. The nitrogen precursors were formed due to pyrolytic decomposition of hydrazine.
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The common feature of all annealing processes was the gradual rise of the source and Si
substrate temperature during the first 15 — 20 min (depending on the power applied to furnace).
In the beginning of annealing at 500 °C the flux of GeO molecules was directed to the NWs
growing through the VLS mechanism on Ge source. However, as the temperature was
increasing the flux was redirected towards Si substrate causing the decrease of catalyst sizes and
tapering of NWs grown on Ge source. During this process the temperature of Si was insufficient
for the VLS growth of nanowires. GeO molecules were reduced by hydrogen forming chain-
like Ge structures.

Annealing of Ge source at 530 °C resulted in the vapor-solid growth of GesNs nanobelts
on the Ge source and formation of Ge chains and VLS grown tapered GesNsnanowires on the Si
substrate surface. The tapering of these NWs was opposite to that observed at 500 °C on Ge
source and the diameters of NWs were decreasing towards catalyst droplet. After annealing at
560 °C the large crystalline blocks of GesNs were formed both on Ge source and Si substrate.

It was established that in the selected temperature range and hydrazine pressure the
supply of Ge, oxygen and nitrogen precursors was quite sufficient and the substrate temperature
was the main rate limiting factor for the growth of germanium nitride nano- and
microstructures.
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Table 1 lists some of such terms in English, German, and Russian taken from dictionaries
and scientific periodic chemical publications [1 — 13] and the corresponding terms in Georgian
with appropriate definitions. Synonyms are designated separate line.

Table 1. English, German, Russian, and Georgian
terms used in nanochemistry and nanotechnology.

Terms
in English in German in Russian in Georgian

Boron buckyball Bor “Buckyball” m Bopwsrit 6axubon dMM0bL 053009HPO
/Fullerene B /Fulleren Bso n (pynepen)

/Hohle Bor-Kugel f
/borospherene /Borospherene m Bopocdepen
Boron buckyballs Bor “Buckyballs” pl Bopusle 6akub0161 0MOOL d530099MHMJOO

/Borkugeln pl (dyrepemnsr) Beaols 40 ahmdosbio
/Fullerenes Bu4o 3@.«5156)35)0150305 300gdwos
/Borospherenes /Bopocdeperst st oo Ao

OMEOOL 853009900 — dMMOL 40-5FMI0sbo el geo,
OMIgo3 §oMIMoqbl 0MH0sb dmeng3mesls
https://news.brown.edu/articles/2014/07/buckyball
http://www.nature.com/nchem/journal/v6/n8/full/nchem.1999.html
http://tehnowar.ru/10278-borosferen-novyy-vid-materiala-
vhodyaschego-v-semyu-bakibollov.html

InEg3nws, Hedgeog 3po3L
BwgO6L (Ce); Brierg®9630
560 6sbdoMdoOL 5- o 6-
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5 06 Jgbds30LO, 7- s 6-
33960056 G, 5oL o0
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5¢™ddo 9ergd@OHmbmaro
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93069 B0dob MHosbo
993 9d0 — dMOOL
05300v9MH0YOO FJOAYdS
3990996900 oyml
$95cd50L MLsBOHMbM
69D9M9565©.
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Borophene ‘ Borophene f ‘ Bopoden

ommHMxy9b0

3O0LGSMOHO dmMOol
SEMGHOM30. 8900900 dmMob 36
33™I0560 3EsbBHgMologsb
LGBy doMEbbog)
890003500 9OMO 5GHMIoL
Lobgob m gs6%mdowrgdosbo
369900L5g96 (LrmGosmnbg
0otrx3603) 943LbFobbogs
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Sheng Wang, 2014 §.). ob

6(‘)6)(‘)(8360 3M053960L 5bsgrm00, 500l
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http://science.spb.ru/allnews/item/1006-borophene Go0fGogh La6fabee.
Diamondoid Diamantoid m Anmasoup, 5edsbmOEO
Diamondoids Diamantoide pl Anmazouser 5e0dslmogdo

/Diamantartige pl

/Diamondoid

hydrocarbons

999b03oL Y4930 50Ol LsdIEMIO IZMMZOMO SETSLMOEO
M. Schoell and R. M. K. Carlson. Nature 399, 15-16 (6 May 1999).
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@B 39939M0¢Es
1800°C-%y 5 0byol
dmmero 1050 g3s 993 os,
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05050 W OMdOl
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300bGHSMO LEHOWIEHMOL.
350 EH039L0 5¢dsbMOOS
50059563560 (d9?db. adamas,
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5Qdsbm0gdol LEGHOWJGMOS:
553563560, 053563560, BHE05856¢) 560

http://www.nano.sfedu.ru/research_5.html

28R @

1 2 3

5¢0d5LMm0Yd0: 1 — 505356960 CioHis; 2 — 005356EH 960 CiaHoo;
3 — H©05856@560 CisHos ; 4 — 0BME9BH©59563 960 CaHos
en.wikipedia.org
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Petrov et al., 1974; Wingert,
1992; Dahl et al., 1999, 2003);
099935 36MBOO 5655 IO
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dsboo.
Ferromagnetic Ferromagnetisches | ®eppomaruuTHsIi 3396H™Isabo@wmeo
nanomaterial Nanomaterial n HaHOMAaTepHas BobmBoloems
Ferromagnetic Ferromagnetische deppoMarHuUTHBIE 39OMIsboE Mo
nanomaterials Nanomaterialien pl | HaHOMaTepraIbI Bobmdsboergdo
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Joaodao6gon 390569 Lobegdols 2olomdMIS.
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Princeton researchers discovered a new quantum effect
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i
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Nanoforums held in 2014 and to be held in 2015.
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1b360mMM0 9@ G0, 30033MDBOEHNIOHO FoLorgd0, 3930 IBIGBIMNBO, FgEINYdS”,
Gdgwos 909dma3bs dgwsmlol 393609690500 9MHM3bMWo 5350900l OMLYdOI6
85-90olmogls. ¥9ws®mlols dglsdsdolbo 3MHMBOEOL 33w93000 (39636 ghms© 53
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2014 r.). 2014, Munck: benapyckas HaByka, 478 c. — Jo®®39¢0 533H™O900L LGHoEGH00m
(33. 58-61):
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0L3OMYMToLYs¢93560. L3mblmEgdo.
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36MyM53530 BsOMME0 0ym 58 b03gMLOEGYEHOL MmMHo X330l Imbligbgdgdo:
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30b619LoLgdMO B6MIs3m)gdol BEOL Jglfogens.
J . 93599, X. 350LESTY, @. 39EHM05d300, 3. BYOM00IZ0w0. BMEHMIOMIMEO
0bH9350300LGHIWHO 30 YMv0 BbMBsbogrgdo.
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Nanoforums held in 2014 and to be held in 2015.

9RO, YMm39w MmO fgwofodo gohmbgw, ¢3MH50bol  dgi36096Mgdsmo
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@S 9MLYPPdMYWo  Fgdbmermyoqdo; ©s (H) GHgdbmermyool gowoggds  Lsbmysmgdol
060350960 2563000560930L 35ESX0DIGHMO0S.

dombgogs 0dols, Mmd  3Mgdmwwo  ®5dgbodg SLgme  m9HBoLL  dmoial,
3Mb6339696300L 3mE9bzowe dmbsfogms 39maMsR0s sOEMYY BoMmm ogm — olobo e 8
9399565L (53GHE05, dgEsrIMlo, gMdsbos, MMlgmo, LogMsbygmo, LsdoMmzgwm, bmdbgmo
@5 93605065) oMo 96wbgb.

30b639M96300L  BomMasbobsgom 3mdo@g@ol §936M900 Lods®rmzgwm©sb 0y3zb9b
230MOP0 053599 (F. 053590l FgEOMGA00LS s FoLBOsMI3MEbYMdOL 0bLEGHOGWEOL
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56553560900 L5M30L.
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Q03Mml, 2014 Fgarls bogoOmzgermdo Bo@ocgdw bsdg3609MHM RMEOHWYI9OL GOl
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0535353060909 0 Hoob 450705L; 393609MME0 33193900L 3MbLMEOEOMYISL. Sbg MH™I,
9019595350 3OO YGOME0 BogOHMSTMMOLM bollosmols, bsogwos, gl 3mbxgemgbios
M306M5GHJLOQO  9POEMO0Z0  3OMOMGIGOOL  25oFM5BY  0dbgds  mE0gbEH0MgdMEo.
09939905 3mbx396M96305%Bg Homdm®gbowo dmblinbgdgdol BEsE0gdol Losboo 39d03s30s
30505 96 06yl JgMdowsl MBogxMLoG GOl 39MHomEe 4sdm39dsdo Sci. J.
Univ. Kerbala.

:’.&’, 2™ Edition Nanotech Dubai 2015 International Conference & Exhibition
\

NANOTECH DUBAI 2015
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All about Nanotechnology
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Nanotechnology for a better world
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M0l 350w g0E0byME F9MHBsgddo, MHMYMEOOES, Bogowoms, Int. J. Nano Technol.
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