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This is the first paper of two, devoted to iron oxide and hydroxide minerals.
It shows the main principles of the formation of nanosized minerals in the
iron—carbon-water—oxygen systems. The next will be on receiving of
Iron—oxygen seed-structures on steel surface and usage iron oxide and
hydroxide minerals and composites in studying medical biological systems.
Editor
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1. Introduction

The processes of forming ultradisperse (nanosized) iron oxide and hydroxide minerals of
different crystallographic modifications on iron or steel surface are realized, for example, by
creating permeable reactive barriers (PRB-technologies) [1]. On the steel surface the structures
of Fe(II)-Fe(III) layered double hydroxides (Green Rust) are formed by anoxic condition. These
structures are strong oxidants and they can reduce the rows of species (Cr(VI), U(VI), Tc(IV),
As(V), As(Ill) and heavy metals) to less mobile and less active forms. The other aspect of
forming iron-oxygen structures on the steel surface is corrosion processes under oxidation and
anoxic conditions [2]. Simultaneously the interest grows in new more simple and far more
reliable methods of the preparation of nanosized iron oxide and hydroxide with determinate
physicochemical, colloidal-chemical, biological properties that can be used as a starting material
for production of the rows of functional materials for industrial [3] and biomedical [4]
application.

Ferromagnetic nanoparticles are used in biology and medicine as a special carrier for
vector medications delivery into magnetic field [4], for creating controlled hyperthermia areas
[5], for diagnostics of oncological diseases and target therapy [6-8], for development of
biosensors [9] and separation of biological objects [10]. From the whole spectrum of iron-
oxygen structures the nanosized iron oxides — magnetite FeFe2Os [11] and maghemite y-Fe203
[12] or some spinel ferrites, particularly, cobalt spinel ferrite [13] are most often used. The
structure of ferrihydrite which corresponds to biogenic minerals and inter alia includes the core
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of ferritin attracts a particular interest [14]. At the same time, the structures of core&shell with
a ferromagnetic core and a precious metal shell are of big interest for biology and medicine
[12, 15, 16].

The nanosized iron oxides and hydroxides are produced by a great number of different
methods [17], but the most immediate analog of the St3—Fe®-O2>-H:0 system is the process of an
electrochemical phase formation. Two varieties of electrochemical synthesis are used for
creating iron-oxide structures of different crystallographic modifications: there are systems with
iron (steel) electrode contacting with water solutions [18] and systems with inert (gold,
platinum) electrodes contacting with ferric or ferrous containing electrolytes [19]. In both cases
the process of the phase formation is carried out by the supply of potential. In our system the
formation of phases is carried out without supplying potential, and here the corrosion process
occurs. The specificity of using such system stands in connection of the physicochemical
parameters of the process with the phase composition.

The most important factors influencing the process flow of the iron oxide and hydroxide
mineral formation are:

— the contact duration of steel or galvanic pair with dispersion medium;

— the pH values of dispersion medium;

— the temperature of the process carrying out;

— the entrance of oxidant into the system;

— the availability of ferric or ferrous iron in the dispersion medium;

— the availability of other cations;

— the anion composition of the dispersion medium.

So, the importance of this problem is connected with the search of new methods for
production of nanosized particles with ferri- and paramagnetic properties and possibility for
using iron (steel) carbon — oxygen — water systems for receiving the structures of different
crystallographic modification with different properties. The purpose of the review is to describe
the specificity of the processes of forming ultradisperse (nanosized) iron oxide and hydroxide
minerals in the St3-Fe’-0:-H20 systems and receiving the rows of structures in such systems
for practical application.

2. The description of the St3-Fe®~O>-H20 systems and investigation methods

The processes of forming iron oxide and iron hydroxide minerals were carried out in the
systems of two types. The first is galvanocoagulator (Figure 1a) — a drum-camera filled with the
compound of iron scrap and carbon (coke) by mass ratio 4:1 rotating with velocity
2 turns / min and functioning in running mode. The other is the system of a rotating steel disk-
shaped electrode contacting with air oxygen and water dispersion medium (Figure 1b).

As the source of ferric and ferrous iron we choose the finished steel (St3), which
chemical composition contains, %: C 0.14 —0.22, 5i 0.05 - 0.15, Mn 0.40 — 0.65, Cr 0.30, Ni 0.30,
P 0.04, S 0.05, and N 0.01. By its phase composition, St3 is an iron — carbon alloy containing the
phases of ferrite FeFe:Os, graphite C and cementite (Fe, Ni, Co)sC. The presence of three
components produces a large number of micro galvanic couplings such as ferrite — graphite and
ferrite — cementite. The ferrite particles play the role of anodes; graphite and cementite particles,
correspondingly, are cathodes. The differences in the value of standard electrode potentials of
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semielements lead to electrochemical red-ox reactions in the system. As it is shown in our
investigation [20, 21], the doped elements of steel such as Si, Mn, Cr, Ni, Cu, S, and P do not
participate in the processes of the phase formation: their concentration in the dispersion
medium is very low. No other structures, except for iron oxides and hydroxides, are formed on
the surface of a steel electrode.

2
.
' I I /
o /—-\‘\.\__/ .
T T~ ]
,/_\'\\__,/
\ 3

a b
Figure 1. The St3-Fe®-O2>-H2O systems of a — galvanocoagulator, b — disk electrode:
1 — steel electrode, 2 — geared engine, 3 — cell with water solution.

The process of the iron oxide particle formation on the surface of a steel electrode is
based on a space-devised reaction of anodic dissolution of the iron component (ferrite-phase)
with the addition of ferrous iron into the dispersion medium and depolarization of oxygen on
cathode semielements (graphite or cementite phases).

In general, the electrode reaction is the following [22]:

Fe® + O2 + 2H20 + 2é = Fe* + 40H- (1)

Depending on the pH value of the dispersion medium the cathode process can take place
either with binding protons from the aqueous dispersion medium at the range of pH 2 - 6:

O2 + 4H* + 4é=2H.0 (2)
or with the formation of hydroxyl at the range of pH 6 — 10:
O2 + 2H20 + 4e=40H-. (3)

The corrosion potential for Fe®/Fe* system amounts to —0.44 V; addition of carbon
semielement into the system leads to shifting the compromise potential of galvanic coupling to
-0.24 V [22].

The rotation of the drum-camera and disk electrode leads to entering oxidant (air) on
electrode surfaces and oxidizing ferrous iron to ferric iron. Receiving hydroxyl on cathodes
results in hydrolysis and formation of hydroxide phases. Thereby, the species of ferric and
ferrous iron, their aqueous hydroxocomplexes, hydroxyl, oxygen and water are simultaneously
present in the reaction area. Their interaction leads to the formation of nanosized initial iron-
oxygen structures such as Fe(II)-Fe(III) LDH (protolepidocrocite, Green Rust) or ferrihydrite.

As dispersion media we used distilled water and water solutions of salts of different
metals such as Fe(III), Fe(Il), Zn(II), Ni(II), Co(II), Cu(Il), Mn(VII), Ag(I), Au(Ill), Pt(IV), and
Pd(II) with concentrations from 0.5 to 1000.0 for ferric and ferrous, zinc, nickel, and cuprum
and with concentrations from 0.5 to 10 mg/dm? for argentums, aurum, platinum, and
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palladium solutions. The range of the pH values for all solution was chosen from 1.5 to 11.5.
The temperature of the phase formation was chosen in the range from 3 to 70 °C.

The reproducibility of results was provided by our method of steel semielements
processing and their activation with the further flushing out of the system [23, 24].

As the main methods of investigating the X-ray diffraction including in situ, thermo-
gravimetric analysis (TGA), energy dispersive X-ray fluorescence spectroscopy, transmission
(TEM) and scanning (SEM) electron microscopy, chemical analysis of solutions were chosen.

3. The prehistory of investigating the formation of iron—oxygen
structures in the iron—carbon galvanic coupling system

The galvanocoagulation was developed [25] and proposed for deactivation of waste
liquids in electroplating industry. The majority of the articles published during 20-25 years
were engineering treatment for solving ecological problems of certain enterprises [26, 27]. The
principle of the galvanocoagulation process consists of the formation of sorption active iron —
oxygen species in galvanic coupling system that are able to bond soluble compounds into
slightly soluble iron-containing structures. But many aspects of the process, for example, the
mechanisms of bonding the species and phase formation, the role of galvanic coupling in the
galvanocoagulation process were not shown.

At an early stage of our investigation the main attention was given to modelling of the
galvanocoagulation process for bonding heavy metal cations to partially soluble structures of
iron oxides and zinc, nickel, and cuprum containing spinel ferrites. The influence of some
parameters such as chemical composition and pH values of the dispersion medium, the presence
of oxidant, the contact duration of the modelling solutions with galvanic coupling on the
effectiveness of cleaning-up the dispersion medium was described. But the role of nanosized
initial particles was not understood. Their influence on the phase formation was indicated only
indirectly.

12+

10l - -1
, -2
8,
T
6,
4
2,
0, |
2 4 6 8 10 12
pH

Figure 2. The effect of neutralization water solutions when they contact with galvanic
coupling system: 1 — pH values of initial solution, 2 — pH values after treatment.

During the investigation the unique ability of the steel — carbon system to changing the
pH value in a wide initial range from 2.5 to 11.5 was found. In the finishing solution the pH
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values are usually in the narrow range from 6.5 to 8.0 (Figure 2) and this is connected with
electrochemical reactions that take place on cathode semielements (reactions (2) and (3))
[23, 28]. The phase composition and type of structures depend on the contact duration of
galvanic coupling Fe—C system with water medium or the velocity of the liquid flow through
the rotating drum-type chamber of the galvanocoagulator. So, the low velocity of the flow leads
to the formation of preferably the condensation-crystallization structures such as magnetite
FeFe2Os, maghemite y-Fe20O4 or spinel-type ferrite. In contrast, the high rate of the flow assists
the formation of the structures of the mainly coagulation type, particularly X-ray amorphous
iron hydroxides and oxyhydroxides such as lepidocrocite y-FeOOH, goethite a-FeOOH. As a
rule, galvanocoagulation products are polyphasic systems containing the mixture of different
iron — oxygen structures of different polymorphic modifications [23, 28]. After the preliminary
stage of processing the system, the phase composition is stable under specified conditions.

The addition of the 3d-metal salts into the dispersion medium increases the composition
of the iron — oxide structures. We used zinc, nickel, and cuprum salts of a different anionic
composition for investigating the specific character of their removal from the water dispersion
medium. The results show the formation of the respective spinel-type ferrites: ZnFe:O4,
NiFe20s, CuFe20s, and their oxides [29] together with iron oxides and hydroxides. Such
structures are slightly soluble products and can effectively bond the metal-ions. This property
of the system is used in the practice of cleaning water electrolyte solutions [30].

Some important questions appear while using the galvanocoagulation system, firstly, the
determinative parameters of carrying out the process, secondly, the mechanisms of the phase
formation, thirdly, the possibility of running and controlling the process. To answer this
question we proposed to use the model systems.

<71

\;000 nm

Figure 3. TEM images of the phase transforming lepidocrocite to spinel ferrite:
a — lepidicricite, b — coagulation of lepidocrecite, ¢ — formation of spinel ferrite particles.

The model system with zinc solution was studied in the most detail. In our investigation
we obtain the functional connections of the phase composition with concentration of zinc ions
in the dispersion medium, pH values of the solutions and the flow velocity of the solution
through the galvanic coupling system [30-32]. The result shows the main mechanism of
bonding zinc ions into the spinel ferrite phase through the interaction of iron oxyhydroxide
with zinc-cathions and forming the zinc spinel ferrite phase through the polycondensation
reaction

2y-FeOOH + Zn?* + 20H" = ZnFe:04 + 2H:0. (4)
Figure 3 shows the TEM images of polycondensation process of transforming lepidocrocite to
spinel ferrite.
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Table 1. The results of the galvanocoagulation treatment of the modeling solutions.

Chemical Metal-

compo- Extraction Corrosive Ability Iron-oxygen | contain-ing Phases- Phase-
sition of Ability Pprocesses of anion phase phase inclusions | collectors
dispersion of cations extraction composition compo-

medium sition

ZnCl At Cza < 100 mg / dm? The activation | At Cznap = 100 goethite ZnFe20s, B-ZnCl, magnetite
zinc ions are fully bond from | of the anodic mg / dm? the content o-FeOOH, ZnO, Y-ZnCl, FeFe204
the dispersion medium; At dissolution of of CI"=1mg/dm? At | lepido- v-Zn(OH)z, FeCls,

Cznany = 200 mg / dm® the iron Cl-=325.4mg/dm3its | crocite ZnCl- FeCls
efficiency of the process component concentration v-FeOOH, -4Zn(OH)2 -nH20
decreases and at the Cznan = | with the decreases by 4 times akaganeite
300 mg / dm3 the system simultaneous B-FeOOH,
ceases to bond Zn(II) in the passivation of hematite
spinel ferrite the cathode a-Fe20s,
process maghemite
v-Fe20s3,
magnetite
FeFe204

Zn(NOs)2 | Atthe Cznap < 100 mg/dm® | Corrosive The NOs™ extraction at | o-FeOOH, ZnFe204 Zn(NOa) a-FeOOH
zinc ions are remove from processes are the Cznan = 100 B-FeOOH, -kH20
the dispersion medium; At usually mg / dm3 takes place by | a-Fe20s, (k=4,6,8).

Cznar) = 200 mg / dm® the observed at the | 50 —80 % and CI, v-Fe203, In the
efficiency of the process Czay > 100 which enter the system | FeFe2Os; absence of
decreases by 60 % and at the | mg/dm?3and by addition of the HCl | The Cl-takes
Cza@ = 300 mg / dm? the the pH value3 | for getting of pH3 -6, | peculiarity place:
system loses its efficiency are not extracted at all; | of this Zn(NOs)OH:
The particular ion system is the -2H:0
competition is absence of and
indicated; The content the lepido- Zn(NOs)2-
of NOs~ decreases by 10 | crocite -2Zn(OH)2
times under all v-FeOOH
conditions in the phase
systems in which the
pH correction is made
by the HNOs solution

ZnSO4 At Czaan = 100 mg / dm? the | In acidic The extraction of the a-FeOOH, ZnFe20s, 6Zn(OH)2- | were not
Zn(II) extraction takes place | solutions the SO+~ occurs worst of B-FeOOH, ZnO, -ZnSOs- estab-
on 40 % and at Cznay > 100 corrosive all in acidic medium; v-FeOOH, v-Zn(OH)2, -4H20 lished
mg /dm3 results show the processes In the rest cases the o-Fe20s, ZnCl2-
losses in the system activate ability to extract SOs* | y-Fe20s, -4Zn(OH)2
efficiency; In the absence of | leading to the makes up 80 — 90 %; FeFe204
the CI” the extraction of accumulation The CI- extraction
Zn(II) does not occur up to 43.5 happens completely

mg / dm? of that gives the ground

ferrousironin | to consider it primary

the final one; In the absence of

solutions CI, the SO+* content
with the initial pH 6
practically is not
changed and at the
initial pH 3 it decreases
by 30 %

NiCl2 At the Cniap = 100 mg / dm? The activation The final chlorine ion o-FeOOH, NiOOH, NiCl, y-FeOOH,
the final concentrations are of the corrosive | concentration does not | B-FeOOH, Ni(OH)z2, FeCla, o-FeOOH,
within the limits of 7 — 10 processes does | exceed 0.3 mg/ dm? v-FeOOH, NiO, FeCls, 0-Fe20s,
mg / dm3 (excluding the not take place o-Fe20s, NiFe204 FeCls NiFe204
samples received at the and the iron v-Fe20s, -kH20
initial values of pH 3 when ion final FeFe204 (k=2,6),
the final Cnian reach 12 concentration 2FeCl3
mg / dm3); The efficiency of | does not yH20
the galvanocoagulator exceed 0.3 (r=5,7),
noticeably decreases and the | mg/dm? FeCl2-
system looses its efficiency xH20
with the growth of Cniay = (x=2,4)

200 mg / dm?

10
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NiSO4 The ability of the nickel ion | The presence The extraction of SO+* | o-FeOOH, NiOOH, NiSOs- were not
extraction is on the same of the nickel depends on the B-FeOOH, (FeNi)OOH, | -mH20 deter-
level and reaches 14 —-19 sulfate anion galvanocoagulation v-FeOOH, Ni(OH)2, (1=1,2,4,7), mined
mg / dm? in the final promotes conditions: the most o-Fe20s, NisO2(0H)s, | FeSOs-
solutions at the initial nickel | active favorable conditions v-Fe20s3, NiO, 7H20,
ion concentration 100 dissolution of are determined at the FeFe204 NiFe204 Fe2(SO4)s-
mg/dm? iron and its initial pH 6; Chlorine -10H20,

accumulation ions are bonded before Fe4(SO4)e:

in the final trace concentrations -15H20;

solutions up to | under all conditions 2Fe(OH)SOx,

56 mg/ dm? and only at the flow 2Fe(OH)SOx
velocity 250 ml/ min 'H.IHZO’
their concentration is N%CI(OH)Z’
within the limits of NiCI(OH)s
40-44mg/dm?

NiNOs3 The extraction of Ni(II) less The The extraction of o-FeOOH, NiOOH, Ni(NOs)2- were not
depends on the concentration nitrate ions does not B-FeOOH, (FeNi)OOH, | £H20 deter-
galvanocoagulation run of ferrous iron depend on the v-FeOOH, Ni(OH)z, (k=4,6), mined
conditions; The final in the final galvanocoagulation run | o-Fe20s, NizO2(0OH)s, | Ni2(NOs)2
concentrations were solutions was conditions; The final v-Fe20s, NiO, (OH)2-H:20,
determined at all flow noted only for | NOs concentrations FeFe204 NiFe204 Ni(NOs)2
velocities and pH values in the flow are in the 21 - 89 (OH)4
the 5— 17 mg/ dm? interval | velocity 250 mg / dm3range

ml / min at the
initial value of
pH3

CuCl2 The final copper ion Corrosive The extraction of a-FeOOH, CuFe204, were not were not
concentration does not processes are chlorine ions occurs B-FeOOH, CuFeOy, deter- deter-
exceed 0.5 mg / dm? activated and best of all at the initial | y-FeOOH, CuO, mined mined
excluding the samples the final iron values of pH 6 and on o-Fe20s, Cu20
received at the flow velocity | ion increasing the initial v-Fe20s,

250 ml / min and the initial concentrations | pH value up to 8 the FeFe204
value of pH 3 reach 46 final chlorine ion
mg / dm3 concentration grows at
low flow velocities

Cu(NQOs)2 | The final concentrations of The activation The extraction of a-FeOOH, CuFe20s, were not were not
the copper ions grow under of the corrosive | nitrate ions occurs B-FeOOH, CuFeOy, deter- deter-
the conditions of 250 processes does | before the v-FeOOH, CuO, mined mined
ml / min flow velocity while | not take place concentration 70 o-Fe20s, Cu20
increasing the pH values mg / dm®and the Y-Fe20s3,
from 3 to 8 within the range extraction of chlorine FeFe204
at 1.2 - 20 mg / dm3; At the ions takes place before
flow velocity lower than 80 the concentration 4
ml / min the final Ccuq are mg/dm3
within the maximum
permissible concentration
limit

NiSO4 The extraction of copper The decrease in | The extraction of o-FeOOH, CuFe204, CuSOq; were not
ions occurs before the the pH values chlorine anions occurs | B-FeOOH, CuFeOy, CuSO« deter-
concentrations 0.01 — 0.7 up to 3 results completely; The v-FeOOH, CuO, -zH20 mined
mg/dm? in the extraction of SO+~ o-Fe20s, Cu20, (z=3,5);

corrosive occurs worse than in v-Fe20s, CuO-Cu20 CuSOs4

process nickel-contained FeFe204 (OH)s.

activation and system. Cus(SO4)

asa result the (OH)4,

iron ions Cus(SO4)2

accumulate up (OH)2

to 15 mg / dm? “4H20,

in the final CusSO4

solutions (OH)s
2H20;
Fe2(SO4)3
‘10H20,
Fe(OH)
(SO4)-yH20
(r=2.5)

11
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As another important parameter for bonding zinc-ions from the solution to zinc spinel
ferrite, the anion composition of the dispersion medium was shown [33, 34]. The phase bonding
of anions being soluble compounds cannot exist independently in aqueous medium that results
in the supposition about their formation as phase inclusions. The mechanisms of forming such
inclusions in iron — oxygen structures are associated with the solution occlusion in the cavity of
newly formed iron oxyhydroxides (0-FeOOH and y-FeOOH) and in the reaction of
polycondensation which leads to iron chlorides, sulfates, and nitrates and heavy metals
precipitation inside the closed cavities of iron oxide and zinc ferrite phases (Figure 4).

4

r

Figure 4. The cavity was formed in the iron—oxide structure.

So, chlorine ions promote the iron ionization and, thus, the iron oxide and hydroxide
production in the system. The nitrate and sulfate ions, vice verse, counteract the iron
dissolution forming low-soluble phases of zinc and iron on the iron surface. The optimal mode
for carrying out the process of galvanocoagulation was found. The result of the investigation of
the phase formation process in galvanocoagulator with the capacity of the drum camera
12.5 dm?® by extraction of zinc-ions from solutions (Cznm =10 —300 mg/dm?) is shown in
Table 1.

The process specificity of forming iron—-oxygen structures in presence of nickel and
cuprum ions was shown in Table [35, 36]. The main difference lies in the possibility to partial
reduction of cupper on steel surface and formation of the numerous phases of complicated salts,
oxides and hydroxides in the solution. There was shown the role of anion compounds on the
phase composition and the quantity of disperse structures was shown in [37].

The theory of the galvanocoagulation processes was generalized in [20, 38, 39]. The
principle of the formation of ultradisperse iron oxides and oxyhydroxides by galvanocoagulation
was described in [20]. The principles of forming the ultradispersed iron-oxygen structures when
iron—carbon galvanic coupling contacts with the water disperse medium were investigated. The
action mechanism of iron—carbon galvanic coupling, the conditions of a stationary state of
galvanocoagulation system, the influence of chemical composition and pH meaning of the
disperse medium on the phase structure of oxyhydroxides and ferric oxides were shown. The
availability of the iron-oxygen structures of the given crystallographic modifications in the
systems on basic iron and carbon was considered. The influence of the chemical composition of
the dispersion medium and physicochemical parameters for currying out the process on the
phase composition was shown in [38]. The analysis of colloid-chemical mechanisms of the
phase formation and thermodynamics of forming low-temperature spinel ferrites depending on
the metal species condition in the solution was conducted in [39]. The analysis of Gibbs free
energy of the reactions of the formation spinel ferrites in water dispersion medium shows the
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most probable species as lepidocrocite y-FeOOH, hydroxocomplexes FeOH*, ZnOH* and
complicated oxyhydroxides NiIOOH and CuOOH which are involved in the process of the phase
formation. Existence of these species in quite narrow range of pH 6.5 — 8.0 shows the area of the
formation spinel ferrites is near electrode space:

2FeOOH + ZnOH* = ZnFe204 + H20 + H* AG29s =— 50.27 kcal / mol-grad, (5)
NiOOH + 2FeOH* — é= NiFe204 + 3H* AGase =— 33.68 kcal / mol-grad, (6)
2NiOOH + 2FeOH* = NiFe204 + Ni(OH)2 + 2H*  AG29s° =— 21.75 kcal / mol-grad, (7)

2CuOOH + 2FeOOH = CuFe204 + CuO2 + 2H20  AG 298 = — 305.63 kcal / mol-grad. (8)

The efficiency of galvanocoagulation for industrial solutions such as worked-out pickling
solutions and electrolytes was studied [40-42]. The technological schemes for waste processing
of chemical nickelling [43] and treatment of cooper containing in jewelry production waste [44]
were created and introduced. The technology includes electrochemical reducing the main metal
(nickel or copper), cementation process for getting precipitated copper, treatment the solution
for galvanocoagulation and drying the precipitates.

2 5 mkm “
_ i f
b
a m !&

Figure 5. The particles were separated from galvanocoagulation precipitates in riser flow:
a — the products from the second camera; b — the products from the third camera.

The mixtures of iron oxides and hydroxides were separated by the method based on the
traditional production separating method which is used for iron oxide minerals, such as
separation in riser flow or magnetic separation [45]. Figure 5 shows the products of separation.
Such precipitates can be used as starting material for industrial production [46, 47].

4. The investigation of forming ultradisperse (nanosized) iron—
oxygen structures in St3—C-H20-0O: and St3—-H20-O2 systems
depending on physicochemical parameters of the process

The first investigation of the processes of phase forming iron—oxygen structures were
presented in [48, 49]. There was shown the layered structure of iron oxides and hydroxides
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formed on steel surface and the difference of phase composition in every layer was explained.
As it was discovered, structures of condensation-crystallization type (FeO, FeFe:Os) are
dominant in the surface layer, structures of coagulation type (a-FeOOH, y-FeOOH) are present
on outer layer contacting water solution and structures of the mixed type (y-FeOOH, y-Fe20s,
o-Fe203) compose the intermediate layer. The role of galvanic coupling lies in the activation of
cathode process with increasing hydroxyl quantity in the near electrode area. Its interaction
with ferrous and ferric iron leads to forming predominately iron—-oxygen structures of the
coagulation type. In such condition iron oxides, oxyhydroxides and spinel ferrites can be simply
removed from electrode surface and produce continuity of the phase formation in the
galvanocoagulation system. In contrast, the absence of carbon semielement leads to forming
mostly condensation-crystallization type structures on steel surface which remain on the
surface and immunize anodic reaction.

Figure 6. The structures were formed in the St3-Fe’~H>0-O: systems:
a — ferrihydrite 5Fe203-9H:0, b — goethite a-FeOOH, ¢ — hematite a-Fe20s3,
d — magnetite FeFe204, e — Fe(II)-Fe(IlI) LDH, f - lepidocrocite y-FeOOH,
g — maghemite y-Fe203, h — cuprum spinel ferrite.

For studying the mechanisms of nucleation and developing the iron—oxygen structures
in St3-Fe®-H20-O: systems the rotating disk electrode (Figure 1b) was used. The first
investigation permitted to separate out three areas of the phase formation: straight on the steel
surface, in the near electrode layer (diffusion area) and in the solution [50]. The difference
resides in oxidizing condition. So, on the steel surface the fast oxidation of ferrous iron takes
place and the structures particularly ferrihydrite are formed. In contrast, the low oxidation in
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the near electrode space brings to forming Fe(II)-Fe(III) LDH. These structures are spring
developing iron oxyhydroxides of - and y-morphological rows, respectively. As usual the
further phase transformation goes in corresponding rows: ferrihydrite 5Fe203-9H20, goethite
o-FeOOH, hematite o-Fe:03 or magnetite FeFe:Os and Fe(II)-Fe(III) LDH, lepidocrocite
y-FeOOH, maghemite y-Fe203 or magnetite [51]. Figure 6 shows the morphological rows of the
structures which were formed in the steel electrode system. The difference of the initial iron-
oxygen structures was shown in [52].

Processes of aggregation and sedimentation of particles connect with their electrokinetic
potential and chemical composition of the dispersion medium. To investigate the electrokinetic
properties [28, 51] of the a-FeOOH particles obtained in the electrolyte solutions of a different
composition the measurement of their electrokinetic potential depending on the solution
chemical composition and concentration and time of the particle contact with electrolyte
solution was carried out. The electrophoretic mobility was determined by the electrophoresis
method. The calculation of the electrokinetic potential was performed without the polarization
account using Smoloukhovsky formula [53]. It was determined that the initial particles obtained
on the surface of the iron semielement in distilled water had {-potential = — 12 mV. After
24 hours their charge value decreased up to —7 mV, further it remained constant. Such
C-potential change is associated with the transformation of the particle itself and its
transformation in more stable structures (y-FeOOH or y-Fe:0s3). The goethite o-FeOOH
particles were received in the electrolyte solutions bearing the Zn?*, Cu*, Ni** then they
recharge and as a result they acquired the positive charge. In chrome-bearing solutions the
particle recharge did not take place and the particle {-potential decreased to — 26 mV. For zinc-
bearing systems, the direct correlation dependence between the particle positive charge value
and the final electrolyte concentration or the particle contact duration with the solution was
traced. For cuprum-containing system, such dependence was also traced. So, at the Ccuy =
50 mg / dm?® particles have {-potential +5 mV and at Ccuy = 250 mg/ dm? have {-potential
+7 mV. The investigation of the electrokinetic potential versus the duration of the contact with
the solution was not fulfilled that is connected with rapid copper ion removal from electrolyte.

The influence of the pH value on the phase composition of iron—-oxygen structures
formed in the steel electrode system was studied in [54]. Five ranges of pH value with different
ferrous and ferric species were shown. At pH~15 in the system exists 50 % of
hydroxocomplexes FeOH?* and Fe(OH):* exist; at pH > 2.5 in water solution polymerization of
ferric complexes with forming dimmers Fex(OH):* and Fe2(OH)>* and further formation of
complicated poly-nuclear complexes take place; at pH > 4.1 ferric iron melts to Fe(OH)s.
Hydrolysis ferrous iron starts at pH value > 6.5 with mononuclear complex FeOH* formation
and finishes at pH > 9.7 with Fe(OH): precipitating. So, in the article [54] the phase composition
in every condition was shown.

The next parameter of the phase formation was the temperature of the process carrying
out. The main interest was attracted to thermodynamics of forming Fe(II)-Fe(IlI) LDH
(protolepidocrocites) from different “green complexes” [55]. The presence Fe(II)-Fe(III) LDH
and lepidocrocite of only at 10 °C, lepidocrocite and goethite at the range of 20 —40 °C and
magnetite at the range of 50 — 70 °C were shown in the system as initial structures [55].

The influence of iron oxidation level in the dispersion medium on the process of arising
and forming nano- and micro-sized iron—oxygen structures in St3-H20-O: and St3—-C-H20-0:
systems was investigated in [56,57]. It was shown, that the process of ferrihydrite and
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protolepidocrocite arising on the steel surface was caused by contact of the surface with the
dispersion medium containing any form of iron. The mechanisms of the reaction forming the
iron—oxygen structures which belong to o- and y-morphological rows are depend on a chemical
composition of the dispersion medium were found. The influence of ferrous and ferric iron on
the phase composition of the precipitates in the galvanocoagulation process [58] and when they
are formed in the system of steel electrodes [59, 60] was studied. In the main case, addition of
ferric iron into the system leads to forming the structures of morphological a-row — goethite
0-FeOOH, hematite 0-Fe2O3 and magnetite FeFe2Os; with the presence of ferrous iron the
structures of y-row — lepidocrocite y-FeOOH, maghemite y-Fe203 or magnetite FeFe2Os develop
in the system.

The investigation of the influence of cation composition in the dispersion medium on
the phase composition of ultradisperse precipitates took place in [29]. The mechanism of
bonding heavy metal cations depends on their values and the electrode potentials as to iron.
Zinc was chosen as the metal being more electronegative in the voltage row as compared with
iron. The process of the ultradisperse iron-oxygen structures creation begins from the
formation of lepidocrocite semiamorphous phase on the steel surface. Further, the build-up of
the iron oxide and hydroxide layers and the formation of the zinc spinel ferrite that bears the
main load on this cation bonding occur on the steel surface.

Nickel and copper were chosen as metals being more electropositive in the voltage row
as compared with iron. In such systems the metal reduction on the steel surface and ion
entering the solution become the dominant processes. Thus, about 80 % of nickel and coprum
cations are separated from the solution and, further, the formation of the iron—oxygen
structures and ferrite phase layers of the corresponding metals takes place. It is noted that the
anion role is insignificant and the metal bonding for the systems containing chloride, nitrate,
and sulfate ions runs approximately on the same level. Thus, the cation nature determines the
run of the galvanocoagulation phase-forming process during the separation of heavy metal ions:
for electronegative as to iron metals the dominant process is the ferrite formation and for
electropositive metals the red-ox reaction is in the base of cation bonding with the ion
separation in the form of metallic phase. The difference of the extracting mechanisms of
cuprum from water solution in galvanocoagulator by limited oxidation, in steel electrode
system by free oxidation and in reactor column by lack of oxidant was shown in [61].
Depending on oxidant quantity cuprum bonding take place through spinel ferrite formation,
copper reduction or through two stages — cooper reduction on an electrode surface and then —
formation of iron oxides and spinel ferrite on the layer of reduced cooper and its oxidation to
cuprum oxides. The example of the other behavior of the steel electrode system was shown in
[62]. An independent formation of iron-oxygen structures and manganese oxides and
hydroxides take place when steel surface contacts with KMnO: solution. Any mix species
containing iron and manganese was not found under such condition.

5. Conclusion

1. The principle of forming iron—oxygen structures in the system of iron (steel) — carbon
(coke) galvanic coupling is based on a space-devised reaction of anodic dissolution of iron
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component (ferrite-phase) with the addition of ferrous iron in dispersion medium and
depolarization of oxygen on cathode semielements (graphite or cementite phases).

2. Depending on the pH value of dispersion medium, contacting with the surface of steel
electrode, the processes of hydrolysis, formation of ferric or ferrous hydroxide complexes occur
in the system. These species are able to interact with each other, dissolved oxygen and protons.
As a result the ultra disperse iron oxide minerals of different crystallographic modifications
such as: ferrihydrite 5Fe203-9H20, goethite o-FeOOH, hematite a-Fe203, Fe(II)-Fe(III) LDH,
lepidocrocite y-FeOOH, maghemite y-Fe2O3 and magnetite FeFe2Os appear and develop on the
steel surface.

3. The most important parameters of the phase formation in the St3 — Fe® — H.O - O
systems are the chemical composition and pH value of dispersion medium, presence of oxidant
and temperature of the process carrying out.

4. The mechanism of cations bonding from solutions depends on values of their electrode
potentials as to iron. Presence of 3d-metal cations in dispersion medium leads to formation of
assorted spine ferrites as in case of zinc, or redaction cooper on the electrode surface and then —
formation of iron oxides and spinel ferrite on the layer of reduced copper or formation of the
independent rows of iron—oxygen structures and manganese oxides and hydroxides.
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1. Introduction

In the first part of the review [1] the main principles of the formation of ultradisperse
iron-oxide and iron hydroxide minerals in the iron—carbon—water—oxygen systems were shown.
As the most important parameters of the phase formation there were pointed out the chemical
composition and pH values of dispersion medium, the oxidizing conditions, and temperatures of
the iron—oxygen seeds structures origin, their growing and transformation. Depending on the
physicochemical condition the type of the seed structures could be both Fe(II)-Fe(III) LDH
(Green Rust) and ferrihydrite that usually develop in both ironoxygen mineral structural rows
“gamma” or “alpha”. In such systems different modifications of the ironoxides and hydroxides
were formed vis. goethite o-FeOOH, lepidocricite y-FeOOH, hematite a-Fe20s, maghemite
v-Fe:03, magnetite FeFe:O4 (FesOs) [2]. The addition of zinc, nickel or cupper cations into
dispersion medium leads to formation of the respective spinel ferrites [3]. This property of the
Fe-C-H>0-0O: systems was used to deactivate waste liquids in electroplating industry, but now
it has prospects for creating nanosized particles of the synthetic analogs of natural iron oxide
and hydroxide minerals.

The investigation of the phase formation mechanisms in the iron—water-oxygen systems
gives opportunity to separate out three areas of the process: the steel surface (steely—water
interface), the near electrode layer (diffusion area) and the solution [4]. The difference in
oxidizing condition defines the type of seed-structures: forced oxidation of ferrous iron leads to
formation of ferrihydrite phase and, on the contrary, limited oxidation results in the Fe(II)-
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Fe(III) LDH formation [5]. In this case the iron (steel) surface, as the most interesting area for
phase formation, was found. The studying of the specific conditions that take place in interface
area, i.e. steel surface — water medium — air oxygen, can be very important for direct synthesis
of iron oxide and iron hydroxide mineral monophases. The addition of different ions such as
heavy metals (Fe(II), Fe(Ill), Zn(II), Ni(II), Cu(I), Cu(Il) etal.) and precious (noble) metals
(Ag(I), Au(Ill), Pt(IV), Pd(II)) in the water dispersion medium will diversify the phase
composition of nanosized structures by spinel ferrites and core&shell composites. The varieties
of structures containing iron and oxygen compounds are prospective for medical biological
application and they have been used as precursors for creating new biological materials.

In this part of investigation the formation of iron—oxygen seed-structures on steel
surface depending on chemical composition and pH value of dispersion medium, temperature
and oxidizing conditions is shown as well as the ability of receiving nanosized iron oxide and
hydroxide minerals and composites on steel surface and the experience of their usage in
studying medical biological systems.

2. Materials and methods of investigation

The process of forming iron—oxygen nanosized particles in the interface area, i.e. steel
surface — water medium — air oxygen, was carried out on the surface of the disk electrode of
finished steel (St3), which composition contained, %: C — 0.14 -0.22, Si — 0.05-0.15, Mn —
0.4-0.65, Cr - 0.3, Ni — 03, P - 0.04, S — 0.05, N — 0.01. As the dispersion medium the
following was chosen: the distilled water and water solutions of different salts vis. chlorides,
sulphates, nitrates of ferric and ferrous iron, cobalt, zinc, nickel, cupper, in pH range from 1.5 to
11.0 prepared by adding of definite quantities of hydrochloric acid or sodium hydroxide
solutions into the dispersion medium with Cmeais from 10 to 1-10°mg/dm3. The precious
metal species were used in lower concentrations: from 0.5 to 10.0 mg/dm3: 0.5-10.0 for
argentums; 1.0 for aurum and palladium; 10.0 mg / dm3 for platinum.

The temperature conditions were provided by application of TS-1/80-SPU thermostat.
The process of the phase formation was carried out at the following temperatures: 3, 10, 25, 35,
50 and 70°C. X-ray diffraction (XRD) in situ was chosen as the main method of investigation.
The measurement was taken on computer-aided equipment (DRON 3) with filtered emission of
iron anode in discrete conditions of plotting, with pitch of 0.1 degree and time of piling in every
point 4 sec [6]. The additional module was used for recording this process in situ. The rotation
of the steel disk supplied the variable contact of their surface with air and dispersion medium.
As additional visualization techniques of the derived samples the scanning electron microscopy
(SEM); transmission electron microscopy (TEM), Mossbauer spectroscopy (MS), X-ray
fluorescence analysis and other were suggested.

3. The XRD investigation of forming nanosized iron oxides and hydroxides in the
interface area: steel surface — water dispersion medium — air oxygen, depending
on chemical composition and pH values of dispersion medium and temperature

The presence of Fe(II)-Fe(III) layered double hydroxides (Green Rust) on iron and steel
surfaces when they contact with air oxygen and water medium under corrosion process was
shown in [7, 8]. Depending on anion composition Fe(II)-Fe(III) LDHs form the first or the

22



O. M. Lavrynenko. Nano Studies, 2011, v. 4, pp. 21-40.

second structure types which differ from each other by anion coordination in interlayer space.
The space group of GRI belongs to R3m with hexagonal lattice and space group of GRII
belongs to P3ml with trigonal lattice [9].

The presence of OH-, COs*, Cl- anions leads to their plane coordination and formation
of Green RustI but in the presence of SO the LDHs are coordinated in three dimension
structure with formation of Green RustIl [10-12]. Different anion content in Fe(OH):
suspensions results in forming Green Rust consistent structures (GR(CI-), GR(SO4*), GR(COs*))
and in simultaneous presence of two or more anions in dispersion medium they compete with
each other in the lattice of Green Rust [13]. The influence of different anions on kinetic
regularities of the Fe(II) oxidation was shown in [14]. For the modeling of the corrosion process
in water medium by oxidation of Fe(OH): suspension H2O: was used as oxidant that was
stronger than oxygen [15]. The other way of modeling corrosion by electrochemical processes
was shown in [7, 8, 16]. The chemical and electrochemical (corrosion) formation of Fe(II)-
Fe(III) LDG, the role of microorganisms in their synthesis and characteristics of Green Rust
structures were shown in the first part of the review [17]. The formation of Fe(II)-Fe(III) LDHs
in natural condition, their phase transformation and interaction with environment components
were described in the second part of the review [18].

During the experimental studying of the iron-oxygen seeds formation on steel surface
we carried out several series of XRD-analysis in situ and received kinetic regularities of phase
compositions of surface structures which were formed by contact of steel with water dispersion
medium and air oxygen.
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Figure 1. Hydroxysulphate Green Rust II (GR(SO4*), formed on the steel surface
by its contact with water dispersion medium and air oxygen: a — SEM image,

b — XRD pattern. The numbers correspond to the phases: 1 — hydroxysulphate
Green Rust GR(SO4*), 2 — magnetite FeFe:0O4; 3 — steel surface (Fe?).
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The aim of the work [6] was to study the kinetic correspondences of origin and
transformation of the Fe(II)-Fe(III) LDHs on the steel surface contacting with FeSOs and
Fe2(SO4)s water solution with free access of the air oxygen into the system. In the presence of
SO+* in water dispersion medium during 10 —20 min on the steel surface the hydroxysulfate
Green Rust II (GR(SO4*) seeds with general composition Fe'sFe'"s(OH)12SO4- ~8H20 [19] were
formed; spatial group of this structure was trigonal — P3ml ; parameters of elementary lattice
were a=0.55241nm, c¢=1.10113nm, V=0.29097 nm?® and Z=1/2. The formation of the
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GR(SO4%) seeds on the steel surface was noticed in pH range from 3.0 to 11.0 at C¥ = 102 - 103
mg/dm? The quantity of Green Rust phase was growing during 3—-5h and later ferric
oxyhydroxides phases: lepidocrocite y-FeOOH with admixture of goethite o-FeOOH as
products of phase transformation of GR(SO4?") appeared in the phase composition. The quantity
of oxyhydroxides within the surface structures increased and came up to the maximum after
72 h. Magnetite particles were formed on steel surface after several h of the process carrying out
and their relative quantity came up to its maximum in 24 h and then it decreased. At the pH
value > 10 the formations of GR(SO+*) structure took place only in the surface defects (in
pittings). By lowering the initial C¥ to 10 mg/dm3 the presence of GR(SO+*) on steel surface
was not shown by XRD, but it was shown only in SEM images (Figure 1). Comparing the
behavior of the systems where the process of phase formation is carried out in the presence of
ferric or ferrous iron in dispersion medium it became obvious that GR(SO4+*) growth on steel
surface was twice faster in the presence of ferrous iron than in the presence of ferric iron.

According to the literature sources [20], the phase transformation of Green Rust into
lepidocrocite y-FeOOH could take place with formation of other oxyhydroxide — goethite
0-FeOOH during oxidation of Fe(II)-Fe(III) LDH by oxygen dissolved in dispersion medium. In
our case the forced oxidation of ferrous iron is provided by rotation of a steel electrode and
saturation of the steel — water interface by air oxygen. Another typical process of the
transformation: Green Rust — lepidocrocite y-FeOOH was shown in [21]. In both cases the
mechanism of phase transformation consisted of two stages which included partial destruction
of Green Rust structure and secondary precipitation of well-ordered oxyhydroxides:
lepidocrocite y-FeOOH and goethite a-FeOOH [22]. The formation of magnetite FeFe204 was
possible by oxidation ~ 33 % of ferrous iron in the Fe(II)-Fe(III) LDH lattice and by substitution
of the structural elements in Green Rust for FeO. The following oxidation of ferrous iron led to
destruction of magnetite FeFe:O4 and Green Rust and formation of well-crystallized needle-
shaped particles of lepidocrocite y-FeOOH [23].

In general, the transformation of the GR(SO+*") structure into ferric oxyhydroxides or
magnetite could undergo according to the following reactions [6]:

2Fe!4Fel™;(OH)12S04 + 1.502 — 10FeOOH + 2FeSOs + 7H20, (1)
2FeOOH + Fe* + 20H- — FeFe204 + 2H20 (AG29s = — 24.4 kcal / mol), (2)
FesFe™>(OH)12SO4 + 0.502 — 2FeFe204 + HaSO4 +5H20. (3)
Under oxidation conditions magnetite was transformed into iron oxyhydroxide

according to the following reaction:

2FeFe204 + 0.50:2 + 3H.0 — 6FeOOH (AG298° = — 49.7 kcal / mol). (4)

Further investigation of the phase formation process was presented in [24]. In this work
we paid attention to the influence of the pH value and cation composition of dispersion
medium (the presence of electronegative and electropositive metals, such as cobalt (II) and
silver (I)) on the process of phase formation in the interface area, i.e. steel-water —air.

The role of the pH value in the formation of iron-oxygen structures on steel surface was
studied within a wide range of pH value: from 1.5 to 11.0. In our early work [25] five
characteristic ranges of pH were determined where different kind of ferric and ferrous species
existed and they formed iron oxide and oxyhydroxide minerals of different crystallographic
modifications on steel surface. At the same time, on the basis of experimental data [26] and
according to the analysis of the thermodynamic functions of the reactions of phase formation
[27], for the system Fe’(steel)-H20-O: it was found that the electrochemical process allowed to
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change the pH values into the wide range of initial pH to neutral value [1, 28]. Direct testing of
the pH using specified indicators (nitrasin yellow and phenolic red) showed the stable pH value
within the range 7.0 — 9.0 in the interface area, i.e. steel — water dispersion medium — air [24].

XRD-data showed the formation and growing iron—oxygen structures mainly within
structural y-row (Green Rust, lepidocrocite and magnetite) and as additional phase in all
experimental condition was found goethite.

At the pH value of 1.5 in aqueous dispersion medium mononuclear ferric
hydroxocomplexes — Fe(OH)* and Fe(OH)2* could be present. Under such condition after 2 h of
carrying out the process on steel surface lepidocrocite y-FeOOH (020) and (120) was formed and
it remained as the single phase up to the stationary state of the system (72 h). At the higher pH
value (4.0) in dispersion medium ferric iron formed the separate phase of amorphous ferric
hydroxide Fe(OH)s and ferrous iron was still in the form of hydrated cations. The y-FeOOH
seeds appeared on steel surface after 1 h of steel contact with water medium. Magnetite FeFe20Ox4
was reflected on XRD-pattern after 5 h and its intensity increased more than three times to the
stationary state of the system (48 h). Hydrolysis of the ferrous iron and the formation of the
FeOH* complexes took place at pH value of 6.5. After 2 h on steel surface appeared y-FeOOH
seeds and after 5 ones, FeFe:O4 was formed. Under such condition (during 48 h) the growing
bulk of FeFe:04 on steel surface was faster than the accumulation of y-FeOOH. At the pH =11.0
ferric and ferrous hydroxides formed the amorphous precipitate in the system. According to
XRD-data, the surface structures were weakly crystallized and diffraction patterns showed only
some reflexes of Green Rust I (Figure 2) and low intensity peaks of y-FeOOH and a-FeOOH.
After 24 h of the phase formation, two peaks of FeFe20s (311) and (220) appeared on the steel
surface.
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Figure 2. Hydroxycarbonate Green Rust I (FesFe'™>(OH)12CO3-3H20), formed on the
steel surface by its contact with water dispersion medium and air oxygen: a — SEM image;
b — XRD-pattern. The numbers correspond to the phases: 1 — hydroxycarbonate Green
Rust GR(CO3?), 2 — lepidocrokite y-FeOOH; 3 — goethite a-FeOOH, 4 — steel surface (Fe?).

The probable reactions for direct formation of the iron oxyhydroxides — lepidocrocite
v-FeOOH and goethite o-FeOOH could be:

2Fe(OH)2 + 0.502 — 2FeOOH + H20, (5)
Fe(OH)* + OH- — Fe(OH)2* — FeOOH + H*, (6)
Fe(OH)2* + 2Fe(OH)2 + 0.502 — 3FeOOH + H20 + H*. (7)
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The absence of the clear reflexes of Green Rust I on the XRD-patterns could be related to
interaction of this phase in the formation of oxyhydroxides of magnetite without Green Rust
accumulation on steel surface. Probably, at pH = 6.5 the development of y-FeOOH or FeFe:0s4
could run either independently from each other but at pH = 4.0 they were linked into the phase
transformation: lepidocrocite-magnetite.

In the presence of cobalt ions in the dispersion medium on steel surface as an additional
phase the cobaltiron spinel ferrite could form [29]. Hydrolysis of cobalt ions undergoes within
the range of pH 6.6 —9.2 (by Ccoay = 1 mol / dm?) and at the pH range from 9.2 to 14.1 cobalt
remains as hydroxide in the system [30]. So, in the presence of cobalt ions on steel surface,
spinel ferrite (311) was formed during one hour and its intensity picks increased during 24 h.
The lepidocrocite appeared only after 24 h from the beginning of the phase formation process.
During next 24 h the intensity of spinel ferrite reflexes slowly decreased and that of
lepidicrocite reflexes increased. The appearing lepidocrocite on XRD pattern showed the
beginning of oxidation ferrous iron into lattice of cobalt-iron spinel ferrite (Co"Fe™)FelIl3O4
and developing this process in time. In the presence of cobalt hydroxide, on steel surface the
weakly crystallized iron oxyhydroxides — lepidocrocite and goethite were formed. The spinel
ferrite peaks were identified on XRD pattern only after 24 h of phase formation.

It should be noted that under experimental conditions the structure of spinel ferrite
could contain ferrous iron as well as cobalt cations. But the identity of interplanar spacing of
magnetite and cobalt spinel ferrite lattice made it impossible to use X-ray diffraction to divide
these structures. Therefore to define the ratio Fe : Co on the surface of spinel ferrite the X-ray
fluorescence analysis was used. The influence of the cobalt concentration in the water solution
contacting steel on the chemical composition of spinel ferrite was studied within a wide range
of Ccomn (from 1 to 1-10% mg/dm3). The results showed that at Ccoun = 1 —50 mg/ dm? cobalt
cations were not present in the spinel ferrite structure but at Ccoqy = 1-102-1 - 10®* mg/ dm?
cobalt to iron ratio on the spinel ferrite surface grew correspondingly from 7 : 93 to 13 : 87 %.
So, by varying cobalt concentration in neutral dispersion medium, it is impossible to form
nanosized spinel ferrite particles containing different amounts of ferrous iron and cobalt. At pH
range from 2.5 to 6.5 and Ccomy = 100 mg / dm? spinel ferrites contain from 4.2 to 8.0 % of cobalt
into lattice and at pH > 7.0 cobalt forms separate phases such as oxides and hydroxides.

The formation of the iron—oxygen structures on steel surface due to its contact with
aqueous solution of silver nitrate could lead to reducing silver on the surface of iron oxides [31].
Thehydrolysis of silver is characterized by formation of silver oxide Ag:O and occurs at pH
values of 6.2 (Cag=1mol/dm3) and 8.2-11.2 (Cag=0.01 mol/dm?) [30]. The partial
solubility of silver oxide inaqueous solution results in existence of other forms of silver: Ag-,
AgOH and Ag(OH):- [32]. As XRD-data showed, in the presence of silver ions on steel surface
the phases of lepidocrocite and magnetite after 1 h of contact were formed. The intensity of the
magnetite reflexes grew faster than that of lepidocrocite but at the stationary state of the system
it got down. Due to the interaction of the aqueous solution of silver hydroxide with steel
surface, XRD-pattern showed the reflexes of lepidocrocite, goethite, and GR(COs?) [33]. After
24 h of conducting the process on the steel surface, the phase of magnetite was identified with
intensity reaching a maximum at stationary state of the system (70 h).

The mechanism of formation of iron—oxygen structures on steel surface, probably, lies in
the formation of ferrous hydroxide and its transformation in to the Fe(II)-Fe(III) layered double
hydroxides and then into phase of lepidocrocite and magnetite [24]:
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6Fe(OH)2 + 0.502 + CO2 + 2H20 — Fe"4Fe"i2(OH)12COs - 2H20, (8)
FelsFe>(OH)12COs - 2H20 + O2 — 6y-FeOOH + H2COs + 4H20, 9)
FesFe™>(OH)12COs - 2H20 + 0.502 — 2FeFe204 + H2COs + 7H20, (10)
2y-FeOOH + Fe(OH)2 <> FeFe204 + 2H20. (11)

In [34] the influence of the temperature on the process of phase formation, on the
composition of surface structures and kinetic regularities of their development in the interface
area, i.e. steel — water medium — air, was studied. Analysis of XRD-data showed that in the
temperature range from 3 to 70 °C the developing of iron—oxygen structures went in the iron—
oxygen structural y-row as it was found by different pH values and chemical composition of
dispersion medium [6, 24].

So, at 3 °C lepidocrocite y-FeOOH as the only phase was present on the steel surface
during the whole experiment. The temperature increase up to 10 °C resulted in appearing
magnetite FeFe2Os as the second phase after 48 h of the process carrying out. At 25 °C after 2 h
of the process on the steel surface two phases: y-FeOOH and FeFe:04 were present. During 72 h
the reflex intensity of both phases was increasing step-by-step. At 35 °C the quantity of
y-FeOOH was increasing during 10 h, and then it did not change. The quantity of magnetite
was growing during 48 h and then it decreased after 72 h of the process. Their first reflexes
appeared after 2 h contact of the steel surface with aqueous medium. Under such conditions the
phases of Green Rust I and goethite a-FeOOH were present in the composition of the surface
structures. At 50 °C the intensity of y-FeOOH reflexes was gradually increasing and the
intensity of FeFe:Os reflexes achieved its maximum after 48 h of contact and then it
insignificantly decreased. At 70 °C y-FeOOH, FeFe204 and a small amount of a-FeOOH were
formed on the steel surface. The quantity of y-FeOOH and FeFe204 was growing during 9 h and
18 h respectively; in both cases it reached their maximum and then decreased. The biggest
o-FeOOH picks were noticed on XRD pattern after 9 h of the process; its intensity decreased
and then later it did not change. In the presence of cobalt ions, the structure of cobalt ferrous
spinel ferrite was dominant. The content of y-FeOOH and Green Rust was insignificant. It was
shown that the process of y-FeOOH formation did not depend on the temperature during initial
5h of experiment, but after 48 h the y-FeOOH content sharply decreased in the temperature
range from 35 to 70 °C. On the contrary, the FeFe2Os content depended on the temperature of
the process carrying out. So, after 5 h the differences in picks intensity of FeFe:0s depending on
the temperature were not big, but after 48 h this regularity grew to 50 °C and then went down.
The analysis of the system containing cobalt ions showed some similarity in the behavior of
FeFe:O4 and ferrous cobalt spinel ferrite. So, at 50 °C during 5 h and 48 h the intensity of spinel
ferrite pick (311) in the presence of cobalt was only a little less. Formation of hydroxycarbonate
Green Rust FellsFe™>(OH)12COs - 3H20 under experimental conditions (Figure 3a) was possible
during saturation of the system with ferrous iron, its slow oxidizing on the steel surface, and
contact of the steel surface with the air saturated with carbonate species. The above mentioned
conditions were described in [35].

Figure 3 shows the morphology, size and shape of the iron-oxides structures formed on
the steel surface at different temperatures. At low temperatures y-FeOOH particles were
needle-shaped (Figure 3b). At a higher temperature of the phase formation, the needles of
y-FeOOH were more deformed (Figures 3c—f). The magnetite particles were of spherical form
and their size was ~ 50 — 80 nm (Figures 3g-k). The cobalt ferrous spinel particles were shown
in Figure 31
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Figure 3. SEM images of iron—oxygen structures formed on steel surface in
temperature range from 10 to 70 °C: GR(COs?") at 35 (a); y-FeOOH lepidocrocite
at 10 (b), 20 (c), 35 (d), 50 (e), 70 (f); magnetite FeFe204 at 10 (g); 20 (h);

35 (i); 50 (j); 70 (k); cobalt ferrous spinel ferrite (CoFe)Fe204 at 25 °C (1).

The analysis of the mechanisms of the phase formation on steel surface showed a few
ways possible under experimental conditions. The most probable way related to the formation
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of ferrous hydroxide Fe(OH)2 or Fe(II)-Fe(III) LDH and their transformation to lepidocrocite

or magnetite (Figure 4).
o~ Fe{OH),

Feo‘Fez\ i P i
GR(CO ) — FeFeO

Figure 4. The scheme of the phase transformation of surface
iron—oxygen structures possible under full and limited oxidation.

The factors which determine the initial species and chemical reactions in the system
were oxidizing conditions and presence of ferrous iron in dispersion medium. So, the oxidizing
way was marked by a dashed line. The way of the phase formation in the presence of ferrous
iron when the oxidant was limited was marked by a firm line.

The mechanisms of phase formation under oxidation conditions
The formation of ferrous hydroxide from ferrous iron in alkaline and in neutral medium:

Fe?+ 20~ — Fe(OH)., (12)

Fe* + 2H.O — Fe(OH)2 + 2H". (13)
The formation of hydroxycarbonate Green Rust Fe'4sFel;(OH)12COs - 3H.O from ferrous
hydroxide:

8Fe(OH)2 + O2 + HCO3™ + 2H20 — FellsFel>2(OH)12COs - 3H20 + 2FeOOH + OH-, (14)

8Fe(OH)2 + O2 + COs? + 3H20 — FellsFel2(OH)12COs - 3H20 + 2FeOOH + 20H. (15)
The oxidation of ferrous hydroxide into lepidocrocite y-FeOOH:

2Fe(OH):2 + 0.502 — 2y-FeOOH + H20. (16)
The oxidation of GR(COs*):

FellyFe'>s(OH)12COs - 3H20 + O2 — 6y-FeOOH + H2COs + 5H20. (17)
The oxidation of magnetite FeFe:O4:

2FeFe204 + 0.502 + 3H20 — 6y-FeOOH. (18)

The mechanisms of phase formation under low oxidation conditions
Direct transformation of Green Rust to magnetite FeFe:O4:

FesFe™>(OH)12COs - 3H20 + 0.502 — 2FeFe204 + H2COs + 8H20. (19)
The formation of magnetite FeFe20Os in the presence of ferrous iron:
2y-FeOOH + Fe?* — FeFe:04 + 2H". (20)
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Figure 5. Mossbauer spectra of lepidoctrocite y-FeOOH (a) and magnetite
FeFe:04 (b) formed on the interface >’Fe — water dispersion medium — air oxygen.
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To compare the phase composition of surface structures for the experiment the electrode
from 57Fe’ materials was chosen instead of steel electrode [36]. Data of Mossbauer spectroscopy
showed the origin of iron—-oxygen seeds depending on pH of dispersion medium. The first
reflexes appeared after 4 h at pH values 2.0 and 12.0 (isomer shift § — 0.3 and quadrupole
splitting A — 0.61 — 0.68 mm / s); after 24 h at pH = 9.2; after 70 h at pH = 4.5, but at pH = 6.0 the
origin of seed structures started after 600 h of contact of iron surface with water medium. As
initial oxyhydroxide phase lepidocrocite y-FeOOH could be found (Figure 5a). Figure 5b shows
Mossbauer spectrum of magnetite FeFe:0s (81 — 0.39, A1 — 0.1 mm / s, Hest — 505 kOe; 02 — 0.65,
A2 — 0 mm /s, Het — 475 kOe) formed on >’Fe’ surface at pH =9.2.

Other surface structure which could be formed on steel surface by oxidant accessing was
ferrihydrite 5Fe:03 - 9H20 (FesO3(OH)9) [5, 37]. In our system processes of phase transformation
into iron — oxygen structural o- and y-rows were related to reactions of dehydratation and
polycondensation [28]. So it was more likely that the structural o-row looked as: ferrihydrite
FesO3(OH)s — goethite a-FeOOH — hematite o-Fe2Os or magnetite FeFe2Os, and by phase
transformation the dewater from the lattice took place as well as coagulation structure
transformation into condensation—crystallization. Figure 6 shows TEM images of products of
phase transformation in o-row: ferrihydrite seeds particles (Figure 6a), its structural ordering
during 2 weeks (Figure 6b) and magnetite particles which were formed after 4 weeks from
ferrihydrite (Figure 6c).

Figure 6. SEM images of the products of phase developing in the structural
iron—oxygen o-row: a — ferrihydrite seeds (24 hours), b — arrangement of
ferrihydrite structure during 2 weeks, ¢ - magnetite was formed during 4 weeks.

The following reaction describes the phase transformation of ferrihydrite into magnetite
in interface area, i.e. steel — water medium — air oxygen:

FesO3(OH)s + 10Fe?* + 602 + 19€ — 5Fe304 + 4H20 + H*. (21)

The specific characters of ferrihydrite synthesis in laboratory conditions, characteristics
of crystallography structure and phase transformation were summarized in the review [38].
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4. The formation of nanosized iron oxides, iron hydroxides, spinel ferrites
and composites containing ferromagnetic cores and precious metal shells
on steel surface contacting with water dispersion medium and air oxygen

The interest in new simple methods of the ferromagnetic nanoparticle synthesis caused
the investigation of the phase formation process in the interface area, i.e. steel — water medium
— air oxygen in the presence of different ions in dispersion medium contacting with steel
surface. In the presence of electronegative cations such as cobalt, zinc, nickel besides the iron
oxides and hydroxides the phase of spine ferrites could be formed on steel surface. Such
structures can be interesting for practical application in biology and medicine on condition that
they will be homogenous, uniform and stable in the environment. Our investigation allowed us
to find physicochemical conditions for the formation of the single spinel ferrite phases.

In such systems, the concentration of Co(II) and Zn(II) in the solution played an
important role for the phase composition. So, at relatively high concentrations of those ions
(100 — 500 mg / dm?) the phase of spinel ferrites was dominant, whereas at low concentrations
(1 -10mg/dm?) the most developed phase was magnetite. The peculiarity of the particles
formed at low concentrations of cobalt and zinc was their colloidal stability in aqueous medium.
Obviously, the aggregative and sedimentative stability was related to changes of electrokinetic
potential which depended on electrolyte concentration — aqueous cobalt or zinc solution.

The analysis of colloid-chemical mechanisms of the phase formation on steel surface
contacting cobalt chloride aqueous solution showed that the development of structures took
place in row Green Rust — iron oxyhydroxides and magnetite or cobalt-ferrous spinel ferrite.
The calculation of values of the thermodynamic function for the reactions of phase formation
allowed us to suggest the most probable way of the ferrite phase formation [27]. The formation
of only such structures took place at the pH value 6.5 — 8.0 with the participation of ferrous
mononuclear hydroxide complex Fe(OH)* or its hydroxide Fe(OH)2, oxygen and either cation or
hydroxide of other metal containing in the structure of spinel ferrites:

2Fe(OH)* + Me? + 0.502 + H:O — MeFe204 + 4H*, (22)
2Fe(OH)* + Me(OH)2 + 0.502 — MeFe204 + H20 + 2H+, (23)
2Fe(OH)2 + Me(OH)2 + 0.502 — MeFe204 + 3H20. (24)

Under the formation of spinel ferrites according to the reaction (22) the value of Gibbs
free energy AG29s-, in kcal / mol, for magnetite was (— 36.8), for cobalt ferrite it was (- 49.5); for
the reaction (23) the formation of magnetite was impossible but for cobalt ferrite (—47.6),
whereas for the reaction (24) for magnetite (— 37.3), and for cobalt ferrite (— 48.4). On the other
hand, the formation of ferrites may take place at coprecipitation of the iron oxyhydroxides —
lepidocrocite y-FeOOH or goethite a-FeOOH with divalent cations:

2y-FeOOH + Me? + 0.50:2 = MeFe204 + H20. (25)

The formation of zinc spinel ferrite went most likely by interaction between iron
oxyhydroxide and mononucleare complex ZnOH*:

2FeOOH + ZnOH* = ZnFe204 + H.0 + H*. (AG298° = —50.27 kcal / mol). (26)

In the presence of nickel ions in dispersion medium, not only nickel ferrite but also
nickel oxide and hydroxide were formed on the steel surface. The cause for such difference was
related to the values of standard electrode potential, £°, of metals, consisting: Zn* / Zn = —0.76,
Fe?*/ Fe =—0.44, Co* / Co =—-0.28, Ni** / Ni = — 0.25 V with respect to compromise potential of
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galvanic couple iron — carbon ~ (- 0.24 V) which is located on the steel surface [28]. So, in case
of interaction of the steel surface with electronegative cations the formation of spinel ferrites,
such as ZnFe20s, CoFe204 or more complicated structures as (CoFe)Fe20s took place in the
system. But in the presence of the species, such as nickel, with potentials equal to electrode
materials (steel), the formation of spinel ferrites was complicated.

According to the experimental data, under formation of the individual ferrite
nanoparticles there were difficulties in stopping the process of phase transformation after the
formation of ferrite layer on the steel surface, removing the particles from the steel surface,
their treatment and placing in organic or inorganic medium, forming and stabilizing sols. The
most important tools under the formation of individual iron oxides and ferrite phases of
3d-metals were the control of oxidation of the steel surface, formation of the layer of Fe(II)-
Fe(III) LDH seeds, as well as the addition of small quantities of divalent cations by limited

access of oxidant.
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Figure 7. XRD-data of the phases formed on the steel surface:

a — maghemite y-Fe203, b — magnetite FesOs; ¢ — cobalt spinel
ferrite CoFe20s4; d — zinc spinel ferrite ZnFe2Os. The numbers
correspond to the phases: 1 —lepidocrokite y-FeOOH, 2 — maghemite
v-Fe20s; 3 — goethite oi-FeOOH, 4 — magnetite FesOs; 5 — cobalt
spinel ferrite CoFe20s, 6 — zinc spinel ferrite ZnFe2Os4.

XRD-data of ultra disperse iron—oxygen structures: maghemite y-Fe2Os, magnetite FesOs,
cobalt ferrite CoFe204 and zinc ferrite ZnFe2O4 are shown in Figure 7. The presence of peaks
related to lepidocrocite y-FeOOH or goethite o-FeOOH in the diffraction patterns indicates the
oxidation process of ferrous iron in the spinel ferrite lattices. Figure 8 shows TEM images of
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nanoparticles formed on steel surface by its contact with aqueous solution containing ferrous
iron, cobalt and zinc chlorides. The peculiarity of the interaction between electropositive ions
and steel surface was revealed as the classical exchange reaction between ferrous iron from the
lattice of structural iron containing elements of steel and the components of the dispersion
medium. This process depended on the pH value and concentration of electropositive metals. As
our experimental data showed, at relatively high contents of cuprum-ions (> 10 mg/dm?) on
the steel surface the metallic cuprum was reduced, whereas at smaller concentrations iron

oxyhydroxide and oxide were formed.
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Figure 8. TEM images of the phases formed on the steel surface: a — maghemite y-Fe20s,
b — magnetite Fe3O4; c — cobalt spinel ferrite CoFe204; d — zinc spinel ferrite ZnFe:0a.
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by its contact with aqueous solutions of: a — CuClz at C'cuay = 1 mg / dm3 and pH = 6.5;
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According to the data of chemical analysis the presence of precious metals in dispersion
medium activated the anodic solution of the iron with agglomeration of ferric and ferrous ions
in the dispersion medium [39]. When platinum was added the final concentration of total ferric
and ferrous iron became 40 mg/dm?® and concentration of ferric iron — 1 mg/dm? when
argentum was added the concentrations were 28.5 and 0.17 mg/dm?® accordingly; when
palladium was added — 55.0 and 3.36 mg/dm?, and in the presence of aurum — 70.0 and
5.2 mg/ dm?, respectively. The concentration of platinum was decreasing drastically from 10 to
2 mg/dm? during 15 min and then it gradually decreased to the final concentration slightly
above 0.08 mg / dm?. In contrast, the palladium content (1 mg / dm?®) did not change during 24 h
and only after 70h it decreased to 0.06 mg/dm3. The initial concentration of aurum
(1 mg / dm3) was decreasing during several hours to 0.4 mg/ dm?, and then it slowly decreased
to 0.07 mg / dm?3 at the end of the phase formation. The argentum content was decreasing from
10 to 0.01 mg/ dm? during 15 min. The initial value of pH = 2.5 in the systems with platinum,
palladium and aurum increased during the process of the phase formation on average to
pH =5.3 and in the systems with argentum it increased from 5.0 to 9.4.

The choice of proper physicochemical conditions to perform the process of the phase
formation on steel surface, such as chemical composition and the pH value of the dispersion
medium, the presence orabsence of oxidant, temperature, etc, allowed one to obtain
homogeneous ultradisperse iron—oxide minerals or core&shell composites with specific,
particularly ferromagnetic, properties. Figure 9 shows the diffraction patterns of ultradisperse
structures formed on the steel surface and in the adjacent layers by the contact of steel with
aqueous solution containing electropositive metals in the amounts varying from 1 to
10 mg / dm3. As the obtained data show, the process of the phase formation in such system
consists of several stages: nucleation of the phase of Fe(II)-Fe(IlI) layered double hydroxides
(Green Rust) on steel surface with its further transformation to the phase of magnetite Fe3Os
after addition of iron oxyhydroxides.

Figure 10 shows the typical surface structures formed on the steel surface by its contact
with aqueous solution containing electropositive metals.

100 nm

a b

Figure 10. The TEM images of iron oxide particles on the steel
surface formed in the presence of electropositive metals in the dispersion
medium: a — argentum, b — aurum, ¢ — platinum, d — palladium.
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The mechanism of core&shell structure formation in the interface area, i.e.: steel — water
medium — air, is connected with formation of the Fe(II)-Fe(III) LDH seeds on steel surface. Due
to the presence of ferrous iron the structure of Green Rust possesses a high reducing activity
with respect to the components of the dispersion medium, especially precious metals.

As the literature and our own experimental data show, the interaction between iron
oxide structures and the metals from the solution could go differently. For example, the
experimental study [40] showed that the addition of the solution containing cuprum, argentum,
aurum or mercury into the aqueous suspension of Green Rust results in a space partitioned
reaction of oxidation of Green Rust with the formation of iron oxide minerals such as
lepidicrocite, goethite or magnetite and the reduction of metals from the dispersion medium
with the formation of cuprum, silver and gold particles.

The distinction of our system is in the fact that the red-ox reaction went as a single
process and not as two separate processes, as described above [40]. As it was shown in our
investigation [31], the addition of argentum nitrate solution, when the Green Rust structures
have been formed on the steel surface, leads to formation of composites including the
maghemite or magnetite cores and silver shells. The initial mechanism of such interaction was
the sorption of ions.

At the same time, the sorption interaction of hygroxy complexes of cuprum and precious
metals with iron oxide phases can be observed on the stage of formation of oxyhydroxides
either without phase transformations [41, 42] or with the following phase transformation to the
phase of corresponding spinel ferrite or magnetite and incorporation of the cations from the
dispersion medium to the lattice of iron oxides minerals. The process of sorption can take place
on the iron oxide surface [42, 43]. In this case the interaction between the adsorbed cations and
ferrous iron in the lattice of magnetite was more probable and the formation of
nonstoichiometric complicated oxides or solid solutions was possible.

Having analyzed the kinetics of chemical composition of dispersion medium, XRD-data
and TEM images it was possible to assume that, in the system of steel electrode contacting with
aqueous solutions of cuprum and precious metals, the process of binding metal ions by iron
oxides can be realized according to a mechanism consisting of two consecutive processes.

In the first process cuprum, aurum, argentum, platinum, palladium reduction occurred
in the structure of Green Rust with its further transformation to the phase of magnetite
partially including the ions into the structure of the iron oxide. That assumption was confirmed
by the course of the kinetic curves, where some extremes were observed, which depended on
the sudden decrease of the cation concentrations and the content of the surface structures
among which the phase of magnetite dominated [39]. In the second process the decrease of the
cation concentrations slowed down after the formation of magnetite. Obviously, the subsequent
reduction of the remaining metals from the dispersion medium occurred on the surface of
magnetite with its partial oxidation to lepidocrocite. This was confirmed by XRD-data. The
curves showed the reflexes of oxyhydroxides and the weak reflexes of the reduced metals,
simultaneously. Low intensity of the peaks of aurum, platinum, palladium and argentum was
explained by their small (at the limits of sensitivity, ~ 5 %) concentrations.

The features of the formation process, structures, properties and prospects of using
core&shell structures contained ferromagnetic core (iron oxides) and precious metal (Au, Ag)
shell in biology and medicine were summarized in the review [44].
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The modification of the surface of iron oxide particles by a layer of precious metal
provides them with colloidal stability, which was shown in our recent study [45] by the
example of composites maghemite—argentum and maghemite—platinum. This offers one the
opportunity of their practical use in investigations of biological systems.

5. Medical-biological application of iron—oxygen structures formed
in the steel — water dispersion medium — air oxygen systems

The structures formed in the interface area: steel surface — water medium — air oxygen,
are bioactive and have been used in medical biological investigations.

In [46] the suggestion is made about the ability of nanosized iron-oxygen structures to
change the activity of metal-containing enzymes: it may occur by the participation of nano-
sized iron-oxygen structures in the redox processes of the antioxidant enzymes and low
molecular weight antioxidants. Uncontrolled freeradical processes lead to the oxidative stress
which comprises harmful biological and physiological phenomena associated or caused by
oxidation events. Oxidatively-modified biomolecules have been identified in numerous diseases
and pathological conditions, including cardiovascular injury, diabetes,cancer, atherosclerosis
and others.

The aim of this research was to create biochemical models for complex studying and
screening of nano-sized structures by its biological properties. Particularly, the effect of iron-
oxygen structures on enzymatic and non-enzymatic free-radical processes in vitro has been
investigated. Biochemical model system in vitro proposed in this work [46] has been
successfully used for investigation of the biological activity of ferrihydrite FesO3(OH)s nano-
sized structures as well as its product of phase transformation of goethite a-FeOOH. The
ferrihydrite FesO3(OH)s nano-sized structures initiates hydrogen peroxide decomposition in
vitro as shown. Ferrihydrite FesO3(OH)s as well as goethite a-FeOOH nano-sized structures
decreases the activity of such antioxidant enzymes as superoxide dismutase as well as catalase in
vitro in time dependent manner and only in the presence of vitamin C. Experimental data
obtained in this research describe the relationship between oxidation events and biological
activity of the nano-sized structures it will contribute to better understanding of the adverse
effects and mechanisms of oxidative stress and may lead to practical application of nano-sized
structures in biology as well as in medicine.

The investigation [47] was devoted to creation of adequate biochemical methods for
detection of biological activity of nanosized iron-oxygen structures such as ferrihydrite
FesO3(OH)s and goethite a-FeOOH. Effect of ferrihydrite and goethite particles on proteins and
lipids lay in decreasing of the enzymeproteins activity and increasing of the lipid oxidation in
the blood serum in the presence of indicated minerals. The obtained experimental data
confirmed that ferrihydrite FesO3(OH)s and goethite a-FeOOH nanoparticles were able to
activate oxidative stress (lipids and proteins oxidation) under certain conditions. The study [48]
examined the effects of nanosized ferrihydrite FesO3(OH)s and goethite a-FeOOH particles in
an effort to evaluate the fundamental mechanisms that contribute to their biological activity.
Health effect of nanosized ferrihydrite FesO3(OH)s particles was assessed in the biological liquid
such as mice bronchoalveolar lavage lung fluid (BALF) and blood serum by determining lipid
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peroxidation in vitro. The increase of the lipid peroxidation in the mice BALF and the mice
blood serum in the presence of nanosized iron-oxygen structures and the vitamin C was
observed. This test was performed for determination of the nano-sized structures (ferrihydrite
FesO3(OH)o) health effect before transferring of the nano-based technology and nano-materials
into the industrial application as well as for the final manufactured products testing.

As the objects of other medical biological investigation both cuprum and cobalt iron
spinel ferrites were chosen [49]. The catalytic properties of nanosized spinel ferrites CuFe20s4
and CoFe20s4, which had been formed on the steel surfaces upon galvanostatic conditions, were
studied. Their ability to initiate and keep free radical oxidation in model phosphorus lipid
system was shown that it could be applicable for novel diagnostics and target therapy agents
developing, anticancer drugs in particular. Cobalt spinel ferrite showed higher catalytic activity
in respect of the final products of lipids peroxidation than cuprum spinel ferrite. On the
contrary, cuprum spinel ferrite kept flowing of the free radical reaction more efficiently. The
possibility of re-activation of the free radical processes with the participation of the tested
spinel ferrites was found. Nanoparticles with precious-metal shell and iron core have unique
catalytic, optical and magnetic properties, which can be utilized for simultaneous detection and
treatment strategies. Several nanocomposites of this type have been synthesized and shown to
mediate a variety of potential applications in biomedicine, including cancer molecular optical
and magnetic resonance imaging, controlled drug delivery, and photo thermal ablation therapy
[50]. The objective of our study [51] was to correlate physicochemical properties of
Ag’@FeFe204 nanoparticles with their influence upon a lipid peroxidation process that is a
crucial factor in oxidative stress development. The two kinds of nanoparticles obtained (0.5 and
5.0 mg / dm?) have revealed different concentration dependence of their catalytic activity upon
lipid peroxidation process in the lecithincontaining model system. The data obtained allow
regarding Ag’&FeFe:O4+ nanoparticles as promising therapeutic agent for target delivery in
various morbid conditions accompanied with tissue and cellular oxidative damage.

6. Conclusion

1. As the most important area of the nanosized iron oxide and hydroxide mineral
formation the interface, i.e. steel surface — water medium - air, was found. In such conditions
the development of iron-oxygen structures was carried out in the structural y-row: Fe(II)-
Fe(III) LDH, lepidocrocite, magnetite, as additional phase of goethite was present in the phase
composition. The physicochemical parameters influencing the phase formation were chemical
composition and pH value of dispersion medium, as well as temperature and oxidizing regime.
Under forced oxidation the ferrihydrite structure could be formed on steel surface.

2. Addition of chemical species of different nature such as heavy metals (Fe(II), Fe(III),
Zn(II), Ni(II), Cu(I), Cu(Il) et al.) and precious (noble) metals (Ag(I), Au(Ill), Pt(IV), Pd(II)) in
the water dispersion medium diversified the phase composition of nanosized structures by
spinel ferrites and core&shells structures containing the ferromagnetic core and precious metal
shell. Depending on the electro negative or electro positive cations the mechanisms of phase
formation were changed.
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3. The nanosized iron-oxygen structures formed in interface area, i.e. steel surface —

water medium - air, such as ferrihydrite FesO3(OH)s, goethite a-FeOOH, spinel ferrites
CuFe:04 and CoFe:0s, core&shell particles Ag’&FeFe:Os are used in medical biological
investigation due to their biological properties (catalytically activity, possibility to influence

free radical processes and other).

4. The future investigation will be pointed at the formation of the different iron-oxygen

nanostructures with desirable properties and their organic and inorganic sols.
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1. Introduction

It is well known that, Magnetic Resonance Imaging (MRI) is one of the most popular
and effective diagnostic methods in the modern medicine. In the everyday practice in MRI all
possible kinds of magnetic fields are utilized, namely sick, ordinary and strong, although,
mostly the sick fields are considered. In spite of some advantages, that possess the sick magnetic
fields in MRI, there may arise some problems being untypical for the ordinary and strong
magnetic fields in MRI (0.1 — 10 T). The main differences appear in inhomogeneous magnetic
fields due to the presence of attendant gradients being transverse relative to the main field B, .
These transverse components (B,) of the attendant field are created by that gradient coils,
which generate themselves the gradients of the needed B, pattern. The signed gradients usually

are used in MRI during the space coding.
In presented paper the mathematical formulation of the relation between the performed
object and the data received by MRI methods is considered.

2. Pattern gradients

Magnetic field gradients are widely used in MRI for different purposes: performance of
the shear, phase and frequency coding, etc. Let us consider the attendant magnetic field and the
increment in the gradient.

3. The attendant magnetic field (Maxwell’s equations)

Any arbitrary magnetic field (B(¥)) in free space satisfies Maxwell’s equations

div B(F)=0

rot B(F) = 0} '

As it is seen from (1), the inhomogeneous magnetic field has no one component differing
from zero. In general, along the needed z axis the inhomogeneous magnetic field

B.=Gx+G,y+G_z )
is received for the gradient coil, when the magnetic field of a magnetic-resonance scanner

includes as well the attendant inhomogeneous components B, and B, :

B=B¢é +Bgé +(B,+B)é, (3)

(1

where
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B =—aGx+Gz } @

B, =(a-1)G.y+G,z
where, in turn, ¢,, ¢, and ¢, are the vectors pointing the transverse (x,y) and the longitudinal

(z) directions (they are considered relative to the direction of the main magnetic field B,). As

for o parameter, it depends on the design (structure) of any definite, specific gradient coil, for
example, for the cylindrical coil ¢ =1/2.

4. The gradient growth effect

If the period T, characterizing the growth or decrement of the magnetic field gradient

exceeds the Larmol’s frequency yB,T, >>1, then the nuclear spins appear to be in the adiabatic
regime. In the alternating case, when BT, <<1, the growth or decrement of the magnetic field

gradient may not be the adiabatic process. Thus, the orientation of the spin remains unchanged
in the process (period) of the gradient growth. After the period of the gradient growth the spins
immediately begin precessing around their own magnetic field given by the expression (3).

As an example, for the pattern in the magnetic field of 1 uT the period of the gradient
growth approximately equals 25 ps or a little bit more. It is rather sufficient for satisfaction of
the adiabatic process regime. Although, for very sick magnetic fields (of few pT), the quick
(non-adiabatic) switching regime may easily be reached, but with undesirable results.

For both cases (adiabatic and non-adiabatic) Larmol’s circular frequency @ for the
gradient magnetic field given by (3) may be written down as follows:

w=y,|Bl + B> +(B,+B,)", )

where the longitudinal and transverse components of the gradient created by the magnetic field
are given by the expressions (2) and (4).

In the adiabatic regime, when the initial orientation of the nuclear magnetization points
in the direction of B, (along it), during the period of the gradient growth the spins circuit

becomes oriented along the direction of the basic magnetic field. Consequently, closer to the
end of the growth period the nuclear magnetizations will be arranged along the new direction
of the local magnetic field B (given by (3)).

During the period 7, of the gradient growth the spins will gather within additional space

t

discontinuities with the phase given as follows:
av=["axr)dr, (6)

where the time dependence of the local frequency is given by the expression (5).
Note that, the relaxation processes of a tissue may sufficiently affect on the phenomena

described above, if the period 7, of the gradient growth equals or exceeds the tissue relaxation

times 7, T,or T, .
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1. Introduction

At present strict approaches to the nonequilibrium statistical mechanics problems,
particularly, to kinetics of dynamic subsystem interacting with boson field (heat bath) exist.
Fundamental approach is developed in works [1, 2] where the exact equation of evolution for the
density matrix of subsystem (electron) interacting with bosons (phonons) is obtained and operators
of thermostat (bosons) are excluded from this equation. The method of correlation functions and
Green functions approach [3] are of considerable importance for investigation of relaxation
processes.

Recently, the method of projection operator [4, 5] became widely used.

In the given paper new exact closed equations for two-time equilibrium correlation
functions and statistical operator of subsystem interacting with a heat bath are obtained by
projection operator technique without using the random phase approximation. The generalized
equations of evolution with excluded thermostat operators follow from exact obtained equations in
case of weak subsystem—thermostat interaction.

As an application of this approach the uniform theory of Froehlich polaron mobility and
conductivity in the wide frequency range of weak external electrical field is developed.

It reproduces the generalized Osaka result [6,7] at small frequencies and generalized
Feynman-Hellwarth-Iddings—Platzman (FHIP) result [8] at high frequencies. Such uniform theory
was not developed until now [9].

2. Correlation function approach

Let us consider the dynamic subsystem S interacting with thermostat X. Hamiltonian of the
whole system (S+X) is taken as

H=Hs+Hy+H: (1)
where Hs, Hy and Hi are Hamiltonians of the subsystem, thermostat and the interaction between
them, respectively. For example for electron—phonon system we may take

Hs=T(p), Hy =3 ho (k) bi, by, Hi= X{Cr(S)bg + i), )
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where T(p) is kinetic energy of electron with momentum p, haw(K) is the energy quantum of boson
(phonon) field, b2, by are Bose operators of creation and annihilation of phonon in state K, Cx(S)
are the operators attributed to subsystem S (electron).

The equilibrium two-time correlation function for subsystem operators is determined by
the relation

<As(t)Bs(0)> = Z'Trsy Bs(0) ePleiltA(0), (3)
where Z = Trs.ze P, B-1=KsT, Z = Trs:y is the trace over the states of the whole system (S+X) and L
is the Lowville superoperator acting on arbitrary operator D as

LD = ‘g [H,D], ellD = eb'De 1t = D(v), L = Ls+Ly+Li. (4)

It is evident from (3) that the dynamics of correlation function can be considered with the help of

operators
F(t) = Z-le-PHeiltAs(0), F(t) =F(t)+ 8(¢), F(t) = PF(t), g(t) = QF(t),
where P is the projection operator, which realizes average over the heat bath states
P=psTrsx(...), pp=Zs e Pl Zy=Tree Pt P2-P, Q=1-P. (5)

It is easy to obtain exact equations for operators F(t) and g(t):

% F(t)=iPLPF(t)+iPLQe"®2 & (0) — fot dTPLQe ‘LrQLPF(t-1),

§(t)=e"Bg(0)+if dre"@x QLPF(t-), (6)
where the second equation (6) represents the integral form of differential equation for operator g(t)
with the initial condition

g(0) = Z'Qe*1As(0).

First equation (6) is exact, inhomogeneous, non-Markovian equation for operator F(t) which
defines the equation for correlation function (3):

2 < Ag(H)Bs(0) > Tr3+z{BS(O)%F(t)}. 7)

Inhomogeneous term in this equation describes the evolution of initial (precollision)
correlations in time which are caused by interaction between subsystem S and heat bath X in the
initial time moment t = 0. If the memory about initial correlations disappears in time, then the
effect of collisions asymptotically dominates in evolution. It turns out, however, that in fact,
accounting of initial correlations does not contribute to velocity relaxation time of electron
interacting with bosons (phonons), but contributes to kinetic coefficient (conductivity).

It is much better to deal with exact homogeneous equation of evolution in which
precollision correlations are contained in non-explicit form. To do that, we can use the known
integral operator identity

e#i= efHo _[P g\ e Mo\ He o1, (8)
where Ho= Hs+Hs.

Then, it is easy to obtain the system of connected equations for operators g(t) and §(0)
consisting of the second equation (6) and equation

8(0) = - La(t,B)F(t) - La(tp) &(1),
which follows from (8) and initial condition for g(t). Here integral superoperator Lq(t,f) is
introduced as follows
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La(tp) = dAQe Mo HieM e ilt,

Finding from these equations §(0) and substituting it into first equation (6) we obtain the
desired exact homogeneous closed equation for operator F(t):

%F‘(t)ﬂPLPF‘(t) — iPLPMaq(t)[1 + La(t,)Ma(t) ' La(t,B)PF(t) +

+ Ot dtPLQMa(t)[1 + La(t,B)Ma(t)]" La(t,)Ma(t)QLPF(t-7) -

- dTPLQMo(1)QLPF(t-1). 9)
Here the “mass” superoperator Mq(t) = exp (IQLQt) is introduced.

At weak interaction of subsystem S with the heat bath ¥ superoperators in equation (9) can
be expanded in series on Li (Hi) and corresponding terms in (9) and (7) can be calculated with the
desired accuracy. It is easy to see that at such an expansion on interaction when Hy and Hi have,
for example, the form (2), in equation (7) only averages <...> containing the equal numbers of
phonon creation and annihilation operators are different from zero and proportional to the
products of average occupation numbers for phonons. So, boson (phonon) operators are entirely
excluded from equation (7) for correlation function.

Considering weak coupling case when time hierarchy t ~ Tr1 >> max(ts,ty) takes place (Tre is
the characteristic time for subsystem relaxation; tsis the characteristic time for subsystem S, ts~ hf
for nondegenerate electron gas, ty is the characteristic time for correlation of heat bath
fluctuations), we obtain from (9) in the second order of perturbation theory Markovian kinetic
equation for F(t). Using then this equation, Hamiltonians (2) and relations

PLP=PLsP, PLQ=PLQ, QLP=QL:P,
we can write down the equation (7) for correlation function in following final form

2 <As(t)Bs(0)> = 1 <As()[Bs(0),Hs]> -

~ L ftdER, {e—iw@)ENﬁ < As(®) [[Bs(0), CE O], D)|_ ©> eio®E(1 4 N)

< AsO[[Bs O, GO GD] >} -
— = Jg g {e e MEMING < AG(0)[Bs(0), G (S)]Cr(S, t + ihN) > +el(EHM (1 4 Ny -

- < As(®)[Bs(0), Cx(S) |CE (S, t + i)}, (10)
where

Np = (efheo(®)_1), Co(SZ) = e's2C(S),

[E, DI ;= ED - eTPhe(ODE, CI(S,Z) = es2Ci(S)

and E, D are arbitrary operators. In equation (10) the phonon operators are excluded.

3. Density matrix approach

Let us consider now the situation when at t < to the whole system (S + X) described by
Hamiltonian (1) is in equilibrium state. Then at the time moment to the external electrical field E(t)

acting on subsystem S is switched on, i.e.,
H=Hs+ Hs+ Hi t < to,
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Hs.s(t) = H + HE*Y(t) t > to. (11)
Here HE*(t) is the Hamiltonian of external perturbation.
In such a case we will investigate the evolution phenomena with the help of Lowville

equation for the statistical operator p(t,to) of the whole system

% +iLsis(t)p(t,to) = 0, (12)

where Lowville super operator Ls.y(t), corresponding now to Hamiltonian (11) depends on time
and acts on arbitrary operator according the rule (4).
Formal solution of equation (12) has the form

p(t,to) = U(t,to)peq t > to,
p(t,t0) = Peq t < to,
Peq = Zfle_ﬁH,
where U(t,to) is the superoperator of evolution
.
U(tt) = Teof = i [ dE Lses(® J. (13)

T is the operator of chronological ordering.

The evolution (kinetics) of average value of subsystem (S) operator As may be described by
means of reduced statistical operator ps(t,to) for subsystem S:

<As(t,to)> = Trs(ps(t,to)As),

ps(t,to) = Try(p(t,to)). (14)

Introducing as before projection operators P and Q (see (5)) and acting by P on equation
(12), it is easy to obtain the following master equations

2 ps(t,t0) = — iTryLssx (Dpxps(tto) — iTry Lsa(t)Ma(t,t0) Qpes—

- ftz dtTrsLs+x(t)Q Ma(t,T)QLs+x(T)psps(T,to), (15)

Qp(t,to) = QMa(t,t0) Qpeq — i ftto drQMa(t, 7)QLs:(1)pzps(T,to),
where “mass” superoperator is introduced as

Ma(tto) = Texp {—i f;, d€QLsz(E)Q}
By making use the operator identity (8) we again obtain the closed system of equations for Q p(t,to)
(second equation (15)) and Qpeq,

Qpeq = — La(t,to,f)[prps(t, to)+Q p(t, w)],
where La(t,to,) = foﬁ dAQeMoH; eMU* (t,t0) and U*(t,to) is the superoperator Hermitian conjugated
to superoperator (13).

Solving this system of equations with respect to Q peq and substituting it into first equation
(15) we obtain the exact and completely closed equation for the subsystem statistical operator
ps(t,to) of the form

2 ps(tto) = - iTryLsx(Dpx ps(tto) +

+iTryLsi(t)QMa(t,to)[ 1 + La(t,to,)Ma(t,to) | 'La(t,to,) prps(t,to) +

+TrsLs:x(t) QMa(t,to)[ 1 + La(t,to,p)Ma(t,to) ] . tz dtLa(t,to,)Ma(t,T)QLs+x(T)pxps(T,to) —

- ftto drTrsLs.x(t)QMa(t,T)QLs:x(t)prps(T,to). (16)
The initial correlations describes by peq are contained in equation (16) in non-explicit form.
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4. Froehlich polaron

We will specify now the introduced above Hamiltonians as follows
PZ

Hs=— HE(t) = - eE()7,  E(t) = e *tEo cos(wt) (t > to, £ — 0+)
ikt + * —ikp . ho(K) [4ma 1/2
K(S) = Vge™, Ci(S) =Cge™, V= —1|1;|U—1/2(7) :

~\1/2 2
_ [2moe(k) _1/1 1) e°U
U= ( h ) ’ *=3 (sm 80) ho(k)’

where T, e, m are the radius-vector, electric charge and effective mass of electron in crystal,
respectively; Eo and o are amplitude and frequency of external electrical field, o is the
dimensionless constant of electron—phonon interaction, V is the volume of the system. We will
also consider the interaction of electron only with optical frequency mode, i.e., co(E) = @o.

Our aim is to develop the complete theory of conductivity (electron mobility) in linear
approximation on Eo (Eo is considered to be small) for the considered Froehlich model. We imply
that this theory should be valid in a wide frequency range of applied electric field (w is arbitrary).

To do that we expand the equation (16) up to the second order of perturbation theory on Hi
(linear approximation on «) and take into account the mixed term in collision integral of the order
Eoat accounting the influence of varying electric field at high frequencies during the collisions of
electron with phonons.

Then we use ps(t,to) in considered approximation and relation (14) to determine the
evolution equation for average value of electron current and distribution function. Solving this
equation in linear approximation on electric field amplitude we obtain the general expression for
electro-conductivity o(w).

For simplicity we will write down here o(w) in random phase approximation (at t < to
correlations are absent).

It has the form

07(@) == [" dtel®t [ dP Weq(P)Pzexp[—T7(t, P)] [‘fn—e P, + TS(t, ﬁ)] (a<). (17)

Here the following definitions are introduced
—. _ [3 3/2 BPZ
Weo(®) = () 0|~}
(6 F) = - % 5. Kz |V { (14 No) 1-cos[ta* (KP)] 1-cos[m-@$)]}

Pz @B (&R
r9(6F) =2 [ e zE"ZLLﬁ'{u + No)sin[EA* (K )] + Nosin[ea~ (& B[R, o),
A+C P)_—+ + ®o,

ie - _15“—1
[ )

where €k is the unit vector dlrected along applied electric field.

At small frequencies ® <K w, expression (17) is reduced to generalized Osaka result. If we
omit the terms accounting influence of external field on collisions (17) takes the following form at
temperatures ho < KgT « hwg:
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or(w) = —12D__ (a<1) (18)
mewo (5—0) +T5(y)
y = Bha, Tz(y) =5 No(y),  No(y)=(e¥ = D%,

The result (18) follows also from the equation (10) for correlation function.
In order to obtain from (17) the result of FHIP type it is necessary to consider the frequency

range o > Trel(P) (Trel(P) =lim . == is the relaxation time for electron momentum).

r (t B)
At such a condition after some transformations of expression (17) we obtain the following

result:
2 _ie? | e?h2wo%a § JRIEY: iot [1+No ()]0t +N (y)e 1ot
w*07(®) = —w+ i f dt(1 —e'*") (2 +3 e_imt_l)lm{ YOE }
2 .
D(t) =2t_nl[3_;h_n: (CX<]., Q)Trel>>1).

So, we hope that the proclaimed aim of developing the theory of linear conductivity for
polaron in a wide frequency range is achieved.
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M3-3a cBoeil BBICOKOH TBEPAOCTH IIOKPBITMA HUTPHUJAA THTAaHA HANDIM IIUPOKOE
IIpUMeHeHVe IIPU W3TOTOBJIEHUU PEeXYIIMX HHCTPYMEHTOB M M3HOCOCTOMKHUX IIOKPBITHM.
OcCHOBHOII MeTOJ, CHHTe3a TaKMX IIOKPBITUH HAa CETONHAIIHWI [JeHb 3TO BaKyyMHO-ZYTOBOE
ocaxxgenwue [1].

B mnpombiuieHHBIX U J1a0OpaTOPHBIX YCTAaHOBKAaX BaKyyMHO-ZyTOBOe HaHeCEHUe
IIOKPBITUH IIPOMCXOJUT HA IIOJJIOKKH, YCTAHOBJIEHHbIEe HAa BpAUAIOUEMCH IIMIWHIPUIECKOM
nepxarerne. OHUM ¢ oOIpeJeleHHOH CKOPOCTBIO BpallleHHA IIOC/IENOBATEJIBHO II€PECEKAIOT
OCAXJAeMBIi IUIa3MEHHBIH IIOTOK, TeHEepUPYeMBIil BaKyyMHO-ZYTOBBIM HCIApUTEJIEM.
Ilognmoxka HpH 5TOM HAXOAUTCA IIOZ, IIOCTOSHHBIM IIOTEHIIMAJIOM CMeLleHUsd, a CHUHTe3
MIOKPBITUH ABIAETCA CYIIepIIO3UIIHell IBYX OCHOBHBIX OZHOBpEMEeHHO ITPOTeKAIOM X IIPOIeCCOB:
OCaXJeHHe TIOKPHITMS U pacnbUleHus (GpoHTa ocaxaeHud. llokpeiTme HauuHaeT
bopMHUpPOBaTECA IPHU IMOCTOSHHOM OTPHIIATEIBHOM IoTeHIuane cMmeumeHus Hike 600 B, n yem
HIDKe BeJIMYMHA IIOTEHIIVaJa CMeIleHWs, TeM BhIIle CKOPOCTh pocTa HMOKpsITHA. IIpm Takmx
YCJIOBUAX  CHHTE3UPYeTCI  IIOKpBITHE  KyOW4YecKOro  HUTpPHZA  THUTAHA  CUJIBHO
HecTexuoMeTpuueckoro cocraBa TiNy ¢ GonbmuM medHUIUTOM aTOMOB a30Ta. JTO SIBIEHUE
CBS3aHO C paclblIeHueM Oosiee JIeTKHMX aTOMOB a30Ta M3 IIOBEPXHOCTHOTO CJIOA ITOKPBITHSA,
GPOHT oOCaxJeHUs KOTOPOrO IIOJBEpraeTcs HeIPephIBHON HHTEHCHBHOI OOMOapAHpOBKe
MOHAMH THUTaHA. DTO OOCTOATENBCTBO YKa3blBaeT HA BAXHYIO POJIb KOHIEHTPAIIMU a30Ta U
CTPYKTYPHBIX BaKaHCHI B CHJIBHO HECTEXHOMETPUYECKOM KyOmdyecKoM Hutpuze TutaHa TiNy
IIpU CHHTe3e TBepABIX HMOKphITHMH. Ha mmarpammax cocTosfHus 3Ty ¢asy ¢ geduimuroMm asora
MoryT o6o3HauaTh no-pazHomy: TiN, §-TiN, TiNx, TiN;. Bce stu 0603HaUeHUA TOXIeCTBeHHEL. B
IAHHOHM paboTe HECTEXMOMETPUYECKUN KyOMYeCKUH HUTpHUZ, TUTaHa OyzeM obo3Hauarh TiNy
cormacHo [2]. ODTa 0COGEHHOCTh CHHTe3a CHJIBHO HecTexuomerpuyeckoro TiNy ¢
60MGapAUpPOBKO (HPOHTA OCAKIEHUS XapaKTepHa [JIs TpagurnoHHOU TexHosoruu [1]. ®asa
TiNy npeacrasiger co6oit I'TIK kprcra/imyeckyio pelneTKy IOJTHOCTBIO 3aII0THEHHYIO aTOMaM U
TUTaHAa. ATOMBI a30Ta BXOJAT B OKTadgpudeckwe Iycrorsl. Jledumur aromMoB asora
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KOMIIEHCHPYeTCsI BBOZOM CTPYKTYpPHBIX BakaHCUi. CTpPyKTypHble BaKaHCHUU B IIOKPBITHIX
HECTeXMOMeTPUYeCKOT0 KyOWdYecKOro HHUTPHZA THUTaHA, IIOIyYaeMBIX BaKyyMHO-ZYTOBBIM
CIIOCOOOM PpacIpeziesleHbl XaOTHYeCKU (CTaTUCTU4YecKHu). IIOKpBITHA HeCTeXHOMeTPHYeCKOTO
KyOMYeCKOT0 HUTpHUJA THUTaHA MMEIOT TBEPJOCTh He BhINIE TBEPAOCTH MAaCCHUBHOTO
(MOHOJIUTHOTO) HUTPHUAA TUTAHA.

OpHaxo, CO37aB OIpe/ieleHHbIe YCIOBHS, MOXKHO IIOJIYYUTh CBEPXTBEpAblE ITOKPBITUA
HECTeXMOMeTPUYeCKOr0 KyOM4ecKoro HUTpuza TuraHa [3]. Peanmsamus TexHomoruu cuHTe3a
CBEpPXTBEPAbIX MMOKPHITHH CTaa BO3MOXXHOM ITOCJIE TOTO, KaK II0SBUJIACh BO3MOXKHOCTH I'OKOTO
yIpaBleHUs OTPHUIATEJIBHBIM IIOTEHIIMAJIOM CMeIleHUs, IPUIOXKEHHOro K mopioxke. Jlma
pellleHUs TaKOil 3a7ayy OblIa MOJEPHU3MpOBaHa cepuilHas ycraHoBka bymar—6 [4]. CyTs
MOJIepHU3AIlUK COCTOAJIA B OCHAIlEHUY YCTaHOBKU I€HEPAaTOPOM BBICOKOBOJIBTHBIX MMITYJIBCOB
oTpuuaTeJbHOro HampsokeHua. OH  BbIJaeT O4YeHb BBICOKYI0 MIHOBEHHYIO MOIIHOCTS,
obecrreyuBaeT KOPOTKME BpeMeHa HApacTaHWs U CHAJaHUA HANpsHKeHUT B IIpeZesiax
MHUKPOCEKyHZABI. B Takoil ycTaHOBKe BO3MOXHO ocaxzeHue TiN-TIOKpBHITHI KaK MeTOZOM
TPaAMIIIOHHOTO BaKyyMHO-ZYIOBOIO OCRXJEHHUsA, TaK M MeTOZOM IUIa3MeHHOH MOHHOM
MMIUIAHTAllUM ¥ OCAXJIEHUA, T.e. OCAKJEHUe B MMITYJIbCHOI ILIasMe. B Meroze miasMeHHOM
MOHHOM MMIUIaHTAI[UU U OCAXKAEHUA 00pabaThIBaeMblii 0OBEKT IOTpy»KaeTcs B IIasMy. B atom
clly4ae TpeXMepHBIH OOBeKT — MOJJIOKKOZepXareJb C 00pasllaMu  BKJIIOYAETCA
HEIIOCPE/ICTBEHHO B CXeMy YCKOpPEHHUsS HOHOB BMECTO OOBIYHOM SKCTPAKIUU BBIJET€HHOTO
JIy4eBOTO IIyYKa HMOHOB M3 CTAaHZAPTHOTO HuMILIaHTepa. Ha Hero mozaercs MMITYJIbCHBII
OTpULIATEeNbHBI ITOTeHI[Man. B aToM ciaydyae oGpabaThiBaeMoe H3Zenue CTAaHOBUTCA KaK Obl
YacThI0 HEKOero MCTOYHMKA HOHOB B 0Oojee oOIeM CMbICIe. 37eCh YCKOpPeHHe HOHOB
IPOUCXOJUT B JAWHAMUYECKOM CaMOOPTaHU3YyIOUIEMCHA IIOIPAaHUYHOM CJIO€, KOTOPBIi
dopMupyeTcss BOKPYT IIOBEPXHOCTH O0OpaOaThIBaeMOrO U3ZeJUs II0J, HUMITYJIbCHBIM
OTPULIATEIBHBIM IIOTEHI[UATIOM.

<

Mhazma

@ - @

MNocTosHHbIA WMnyAbCHbI#
noTeHuMan noTeHumuan

=

Pucynoxk 1. DiexTpuyeckas cxema BKJIIOYeHUA IOCTOSHHOTO
OTpHUIAaTEIFHOTO MOTEHIMANIA ¥ OJHOIOIAPHOTO OTPULIATEIHHOTO
HMMITYJIbCHOTO ITOTEHIIYAjIa C U3MEHAEMOM 9aCTOTON U aMILIMTY JOM.

Mertoz, mi1a3MeHHOH MOHHOM MMILIAHTAllUM U OCAXKIEHU peajnsyeTcs IpHU ciaefylolei
TUTIMYHOM 3JIEKTPUYECKOH cxeMe IIPWIOXKEHHS K IIOJJIOKKe IIOCTOSHHOTO OTPUIAaTEeJIbHOTO
IIOTeHIIMaja U OJHOIOJIAPHOTO OTPUIATENBHOTO HMITYyJIbCHOTO IIOTEHIMAaja C M3MeHAeMOM
yactorol M aMmmauTyzoi (pucyHok 1). Ha pucyHke 2 mokasaHa THUNIMYHAsA BpeMeHHas
3aBHCHMOCTh KOMOWHHMPOBAaHHOTO IOTeHIHana. lloTeHmuman oGpabarsiBaeMoro o6wekTa Us

50



V. M. Shulayev et al. Nano Studies, 2011, v. 4, pp. 49-54.

ABJIAETCA CYIEPIO3UINell IIOCTOAHHOTO OTPUIATEIBHOTO IOTeHIWana Uz U OJHOMOJIAPHOTO
UMITyJIbCHOTO HanpskeHUs Up, T.e. Us= Uz + Up.
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Pucynok 2. Tunuynsle BpeMeHHbIe 3aBUCHMOCTH
CYIIePIIO3HUIIUH IIOCTOSHHOIO ¥ MMITYJIbCHOTO IIOT€HIIMAJIOB.

Hossrit cmmoco® cuHTe3a HMOKPBHITUH IIONY4YWJI HasBaHUE MeTO, IUIa3MEHHONH HOHHOM
WMIUTaHTauuu 1 ocaxzenus (plasma-based ion implantation and deposition — PBII&D) [5].

B mpormecce pocTa HOKpHITHA Yepe3 OIpefejeHHble IIPOMEXYTKM BpeMeHH HAa TOHKUM
cioii  obpasylomjeiici HOBOH (haspl JeHCTByeT WHTEHCHBHBIM TelIoBoii wummyiasc. Ha
CeTONHAIIHUM /IeHb TeXHOJOTHA CHHTe3a CBEepXTBEPJAbIX IIOKPBITHI OIlepeXkaeT HayYHOe
IIOHMMaHUe B HUX IPHUPOZBI CBEPXTBEpZOro cocrogHudA. [loaToMy, nsydeHne geraneil TOHKOH
CTPYKTYPBl OTHX IIOKPBITUM fBJAETCA OCHOBOH [JI1 CO3JaHMA HOBBIX TEOPETHYECKHUX
IIpe/iCTaBIeHHI 0 GU3NIECKON IPUPOJE UX CBEPXTBEPHOCTH.

11 cuHTe3a CBEPXTBEPABIX IOKPHITHH HECTEXHMOMETPUUYECKOTO KyOMdYeCKOTro HUTPHUAA
TUTAaHA MCIIOJIb30BaIach MOJEePHU3NPOBAHHAA yCTaHOBKA byiaT — 6. IlokpeITHA CHHTe3HpOBaIN
B YCJIOBUAX OJHOHAIIPAaBIEHHOTO POCTAa II0 MeXaHU3MY ILIa3Ma—TBepJioe TeJIO B CTAI[MOHAPHOM
pexxume. IlofIOXXKM —3aKpeIUIANNCh HEMOJABIKHO IIPOTUB OJHOTO BaKyyMHO-ZYTOBOTO
HCIIapHUTeIA.

Wcnapsewmsrit marepuan — turad Mapku BT1-0. Tox myru cocrasiran 85 A. JlaBienue
asoTa B KaMmepe BapbupoBasnoch B guamazoHe 10— 102 Topp. Paccrosnue or mcmapurens mo
moaymoxkku — 250 Mmm. Matepuan momIoXKu — 3aKajeHHas OblcTpopexymas craas P6M5. B
Impolecce CHHTe3a IIOKPBITMH Ha IOJJIOXKKY IIOJaBalXd OJHOIOJAPHEIE OTpPUIATeTbHBIE
WMITYJIbCHI HANpsDKeHUs C ammauryaoi 2 kB, mmurensHocthio 10 Mkc, m wacroroit 2 kI c
OJHOBPeMEHHO IIPWIOKEHHBIM K IIOJIOKKE IIOCTOSHHBIM OTPHIATEIbHBIM IIOTEHI[MATIOM
cvemenus 230 B. TonmuHa mokpsITHil cOCTaBIsgna 7 MKM.

[na wucciremoBaHMII MeTOJAMU IIPOCBEYMBAIOMIEH  3JIEKTPOHHOH  MUKPOCKOIUU
M3TOTaBIMBAINCH IIOTIEpeYHBIe CPe3bl OOPA3L0B C MIOMOIIBI0 (POKYCHPOBAHHBIX HOHHBIX ITyIKOB.
Croco6sl NpUTOTOBIEHUA OOpPa3lOB M METOAWKA HMX MCCIeJOBAaHUA B IIPOCBEYMBAIOIIEM
asekTpoHHOM MuKpockore Tecnai G230ST TEM/STEM nozapo6Ho onucana [6].

TBepmocts (/) TOKpHITHII Ompefensnach IO IIyOWHe IPOHWKHOBEHHSI WHAEHTOPA B
MaTepuasn IOKPBHITUA. ABTOMaTH4YeCKOe MUKPOMHIEHTHPOBAaHNE IIPOBOAUIU C TIOMOIIBIO
ungenropa Muxkpon-l'amma ¢ mnupamuzoit bepkoBuua. Harpyska B mpegemax 20r c
aBTOMAaTHYeCKH BBINOJHIEMBIM HarpyXXeHHWeM U pasrpyxeHueM Ha npotrsxeHuu 30 ¢, a Taxke
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3aIIMCHIO JMAarpaMM HAarpyXeHus U pasrpy’KeHHsS B KoopAuHaTtax F'— A, rae F' — Harpyska Ha
WHJEHTOP, /1 — rryOuHa IPOHUKHOBEHU A UHIEHTOPA B MaTepuaJl MOKPHITUL [7].

TBepZOCTh TOKPBITHH, TOTYYEHHBIX TPAAUIIMOHHBIM BaKyyMHO-IyTOBBIM METOZOM IIPH
IIOCTOAHHOM NoTeHnuane nogyioxku 230 B, mpexcrasiena kpusoii 1 (pucyHok 3). Mimeer mecto

IOsIBJIeHUe ByX CIa0bIX MUKOB mpupocTa TBepzocTtu (okoso 40 I'Tla) mpu maBrenuax 1.5 - 1073
u 6102 Topp.

H,Ma !
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30T

| " n " " PR | "
- y 4 t ; —
10° 2 3 4 5 678910° 2 3 4 5 6789107 2 P,Topp

20

Pucynox 3. Tsepmocts TiN-ITOKpBITHIA, TOTyYeHHBIX IPU PA3TUIHBIX
TaBIeHUAX a30Ta: 1 — BAKyyMHO-ZyTOBOe OCaXAeHHe C IOCTOSHHBIM
notennuanom 230 B, mpuioxeHHBIM K ITOAJIOXKKe; 2 — BAKyyMHO-TyTOBOe
OCaX/leHHe NP IoJade Ha MO/JIOXKKY BBICOKOBOJIBTHBIX MMITYJIBCOB.

3aBUCHMOCTb M3MeHeHUA TBepAOCTH TiN-IIOKPHITHII OT AaBjlIeHUs a30Ta IIpU Iojade Ha
IIOJJTOXKKY BBICOKOBOJIBTHBIX KMITYJIbCOB HAIIpsOKEHMsA ITOKasaHa KpuBOii2 (pucyHok 3). Bce
IIOKPBITHA 00JIaAlOT CBEPXBBICOKON TBEPAOCTBIO, KOTOpasd M3MEHAEeTCS B AHAalla30He BeTHMYUH
40 - 69 I'Tla. Vimeer MecTO Takke IOSABIEHHE ABYX CHJIBHBIX IIMKOB IIPUPOCTAa TBEPAOCTH IIPU
nmanenusax 7-10° u 2-102Topp. IlosBreHne IHUKOB cMeleHO B 00sacTe Oojiee HU3KUX
IaBJIeHU a30Ta, YeM B IIepPBOM CJIydae.

CuHTe3 TOKPHITHII B YCJIOBHAX OJHOHAIIPAaBIEHHOTO POCTa IPUBOAUT K CIHJIBHON
AQHU30TPOIIMU  MHUKPOCTPYKTYpPhl. IIOKpBITHS Ha MUKPOCTPYKTYPHOM YPOBHE HMEIOT
«KOJIOHHOOOpa3Hoe» cTpoeHue (pUCyHOK 4). OnuH JTUHENHHBIH pa3Mep «KOJOHH» IIPaKTUYEeCKH
COBIAZ@eT C TONIUHOM NOKpbITUA. JIuHeiiHble pasMepsl B IIOIEPEYHOM CEYEeHUU
COOTBETCTBYIOT CYOMHKDOHHOMY ¥ MHMKPOHHOMY zuana3oHy. KosoHHOOOpasHas d¢opma
5JIEMEHTOB MUKPOCTPYKTYPBI TIOKPBITUH OOHAPY>KHUBAETCS IIPAaKTUYECKH Y BCEX HCCIefoBaTe el
BaKyyMHO-ZYTOBBIX IIOKPBITUH HECTEXHMOMETPUYECKOTO KyOMYeCKOro HUTpHIA THTaHA [l].
ITosromy, addeKTsI, CBI3aHHBIE C CHJIBHBIM IIPUPOCTOM TBEPAOCTH, IIO-BUJUMOMY, MOTYT OBITH
CBSI3aHBI TOJIBKO C BOSHUKHOBEHHEM H3MEHEHUI B HAHOCTPYKTYpe ITOKPBITHIL, T0JIy9aeMBbIX IIPH
HAJIOXKEHUH K ITO/JIOXKKE OZHOIIOIAPHOTO UMITYIbCHOTO IIOTEHIHAIa CMEleHUA.
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Pucynoxk 4. CBeTyI01I0TBHOE 37IeKTPOHHOMUKPOCOKIINIEeCKOe M300paKeHre MUKPOCTPYKTYPBI
mmorepevHOTro cpe3a TiNy IIOKpBITHSA, KOTOpOe OBUIO YTOHEHO (OKYCHPOBAHHBIM MOHHBIM
my9KoM. MUKpOCTPyKTypa «KOJIOHHOOOpa3Hast». «KoIOHHBI» IpOpacTaoT Ha BCIO TOIIIUHY
OT IIO/JIOXKKH JIO TIOBEPXHOCTH ITOKPHITUA. CTpesnKo# yKa3aHO HallpaBJIeHHUe POCTa IOKPBITHA.

Pucynoxk 5. CBeTy1010IHOE 37I€KTPOHHO-MHUKPOCKOIIIeCKOe H300pakeHHe 06pasia
HeCTeXHOMEeTPHYeCKOro KyOmdeckoro HUTpuza turana. CTpeIkoit BeIzeIeHa
0061aCTh YIIOPALOYeHHOM CyOHUTPUIHOM (a3sl B peskuMe IIPSMOTO pa3pelleHus.
ITpusesens! MukposudpaKkIMOHHAsA KAPTUHA OT UCCIelyeMOro y4acTKa U
ceyeHUe OOpPATHOI pelleTKH, COOTBETCTCTBYIOIINEe MUKPOAU(PPAKIIMOHHOM KapTHHE.
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VimeHHO mpm aHanau3e HAHOCTPYKTYPHl OOHApPYKWJINCH, CYLIECTBEHHBIE OTIUYUS B
MTOKPBITUAX, IIOJy4aeMbIX IIPU Pa3HBIX YCIOBUAX CHUHTe3a. B MOKPHITUAX, IIOTy4aeMbIX METOZOM
TPaJUIIMOHHONM TeXHOJIOTMM, MaTpHIla IIOKPBITHI COCTOS7a M3 HECTeXHOMeTPHUYeCKOTO
KyOMYeCKOT0 HHUTPHZAA TUTAHA, C «KOJOHHOOOPA3HOI» MHKPOCTPYKTYPOH M CTaTHCTUYECKUM
pacIpejiesleHHeM CTPYKTYpHBIX BaKaHCHUH B HeMeTa/IMYeCKOH IofpeleTke (PHUCYHOK 5). B
MaTpulle HECTeXHMOMETPUYeCKOro KyOMdYecKOTro HUTpHAa ThraHa 1iNy, CHHTe3upyeMoro mpu
BO3/IeCTBUU Ha (GPOHT OCAKAEHUS OZHOIOJIIPHBIX MUMITYIbCOB HAIPSKEHUS OBLIM BBIABIEHBI
yHOpsALOYeHHbIe OOJACTH HAHOPA3MEpPHOTO [UAla30HA. lakWe YIOpAZOdYeHHBIe 00JacTH
BO3SHUKAIOT IIPU OIIpeJleIeHHOM COOTHOUIEHMM a30Ta M CTPYKTyPHBIX BakaHcuM. B Hamem
crydae OOHApy>KeHbI IBa ITMKA TBEPJOCTH, KOTOpPble COOTBETCTBYIOT, IIO-BHAMMOMY, ABYM
YIOPAZOYEeHHBIM CyOHUTPUIHBIM (a3aM.

ITon Bo3meilicTBMEM NEPHOSUYECKUX TEIUIOBBIX MMITYJIbCOB Ha GPOHT OCAXKAEHUI
IIOKPBHITUA B MAaTpHUIle HECTEXWOMETPUYECKOTO KyOMYeCKOrO HUTpPHJA THUTAHA, HMEIOIIEero
KOJIOHHOOOPa3HYI0 MHKPOCTPYKTYPY, BO3HHKAIOT Oe3JMCIOKAI[MOHHbIE MOHOKPHUCTAJIIBI
HAHOPa3MEePHOTO /MAaIla30Ha B pe3yibTaTe (Pa3oBOro Iepexofa «6ecIopamoK-IOpAZOK» 3a CYeT
IepepacipesieleHUs CTPYKTYPHBIX BaKaHCHII B HeMeTa/UIM4ecKoii mogpemerke. Kimenno
dbopMHpOBaHME  TAaKOrO  HAHOCTPYKTYPHOTO  COCTOSHHA  obeclieYuBaeT  JOCTIDKEHHE
CBEPXBBICOKOH TBepZOCTH. TaKoil Ipolecc CTPYKTypooOpa3oBaHUS B CBEPXTBEPABIX IOKPHITHAX
HeCTeXNOMETPUYECKOTO KyOMIeCKOTO HUTPUA TUTAaHA OOHAPY>KEH BIIEPBEIE.
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Omnrryeckre MeTOABI MCCAENOBAaHUA (U3MYECKUX CBOMCTB IIOJYIPOBOZHUKOBBIX
MaTepuasoB, HapsALy C [JPYTMMH, BCerZa Wrpaayd 3HAYUTENTBHYIO pOJIb B paspaboTKax
TEXHOJIOTUH MUKpOaIeKTpoHuKH. OJHAaKO, C TOABIEHUWEM MaTepHaJoB HAHO3JIEKTPOHUKHU
HauboJjiee COBepIIEHHON U IeHCTBEHHOI OKa3ajach ONTHKA C ee CIIOCOOHOCTHIO Ge3 CHIBHOTO
BO3/IeICTBUA Ha BEI[eCTBO, Oe3 pa3pyIIeHUs ero CTPOeHNUs, II0IyIaTh HafleXKHbIe CBeJIEHUS O eTO
3JIEKTPUYECKOM CTPYKTYype.

VimeHnHO, p/1 HaHOMAaTepHaJOB HEMaJIOBOXEH TOT (akKT, YTO B OTJIWYHUE OT
9JIEKTPUYECKUX METOZOB, ONITUYECKYe METOIbI ABJIIIOTCI Haubosee AuddepeHIINPOBAaHHBIMY U
IIpU 5TOM, He HACTOJBKO YYBCTBUTEIBHBIMM, YTOOBI KapTHHA OCJOXHSJIACH MeEIIAOIUM
IeHCTBUEM JPYTUX — IOOOYHBIX IIPOIIECCOB, IPOTEKAOMMNX B KPUCTAJLIIAX.

[TosToMy, Ha CeTOAHAIIHWE JeHb, ONTHYECKHe MeTOABl H3MepeHUH 5(PQeKTUBHO
paspabaThIBAIOTCA U NPUMEHSAIOTCA IS HCCIefOBaHUS (U3UMYECKUX CBOMCTB MaTepHalIOB U
CTPYKTYP HaHODJIEKTPOHUKHU.

PaccMoTpuM HECKOTBKO TIPUMEPOB INPUMEHEHUSA ONTUYECKHX METONOB W3MepeHUS
¢br3nIecKuX CBOHMCTB MaTepHajIOB IOJyIIPOBOJHUKOBOM 2IEKTPOHUKHU:

° Cepe3sHoii Tpo6IeMOIi, COIIYTCTBYIOMEH (POPMUPOBAHUIO IIOTYIIPOBOGHUKOBEIX CTPYKTYP,
HCIIOJIB3YEMBIX B DJIEKTPOHUKE, ABJIAIOTCI MeXaHWYeCKue HampsokeHus. Pa3paboTka MeTOmOB
OLIEHKM XapaKTepa ¥ BeJIMYMH OTUX HANPsDKEHUM SBISETCS OJHOM U3 BaXKHBIX 33734
9/IeKTpoHUKH. B pabote [1] mpexyoxeH ONTHYECKWUI METOZ, OLIEHKM XapaKTepa U BeJIHYUH
BHYTPEHHBIX  MEXaHHMYEeCKUX HAIpsDKeHWH B TOHKHMX MHKPO- M HaHOIUIEHKax
ITOJIyIIPOBOJHUKOBOTO MaTepraja, BBIPALEHHOTO HA OITHYECKH IPO3PAYHBIX IOJJIOXKKAX.
HccnemoBaHueM  ONTHYECKMX  CIEKTPOB  Kpad (yHIAMEHTAIbHOTO  IOIJIONMIEHWS B
SIUTAKCUAIBHBIX IUIEHKAX CTPYKTYp «KpeMHUH Ha camdupe» ObUIO IIOKAa3aHO, YTO OTHU
HaIpsDKeHUA UMeIOT XapaKTep CKaTUA U UX BeauuuHa coctasiser ~ 107 Ia.

. B pabore [2] mpeznioXeH OPUTHMHAIBHBIN MeTOJ, IO3BOJSIONNM HANWTU KOHIEHTPAI[UIO
JIeTUpYIOlLIell IpUMeCH II0 BeJIMYMHE CMeIeHUs Kpas OITHYecKoro moryouieHus. Ha mpumepe
ZnSe, nerupoBarnHoM Ni, onpesenAeTcsa KOHIEHTPAIUA HUKeI.

. Oco0eHHO aKTyaJIbHBIMHU ABIAIOTCS HCCIENOBAHUS JIOMUHECIEHIIUY HaHOIIOPUCTOTO Si
B CBA3M C BO3MOXHOCTBIO CO3JaHUA HA €ro OCHOBE CBETOM3IYYalOMINX IIPUOOPOB
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ONTOIIEKTPOHUKU. VIMEHHO U3ydYeHHWe CIEKTPaJbHOTO COCTaBa M  HHTEHCHUBHOCTH
GbOTOMIOMUHECIIEHIIUHY, A TAKXKe CTAOMIBPHOCTH OITUYECKUX XapaKTEPUCTHK, AT BO3MOXXHOCTH
HCCIeZIoBaTe M CYAUTh O KauyeCTBe CJI0eB HaHomopucToro Si [3].

. OpHolf M3 BaXHeMIIMX 3374 COBPEMEHHOH OINTO3JIEKTPOHUKHU SABISAETCA CO3TAHUE
HAaHOCTPYKTYPHPOBaHHOTO Si, B KOTOPOM paCCTOSHUE MeXAY IeHTpaMH H3JIydaTelbHOH
pexoMOuHanuu cocrasisier ~ 10 HM u MeHee. AHanu3 CIEKTPOB (OTOTIOMUHECIEHIUH,
3aBHCHMOCTh HHTEHCHUBHOCTM M IIOJIOXKEHMS IIMKAa (DOTONTIOMUHECIEHIIUN OT IIOTHOCTH
HAKaYyK{, II03BOJIMJI aBTOpaM paboTel [4] mOKaszaTh, 4TO KpUCTAIIHYecKHe AedeKThl MOTYT
CO3ZaBaTh TaKylO BBICOKYIO KOHIIEHTPALIMIO II€HTPOB U3JTy4daTeJIbHOH pPeKOMOMHAIU C
IJIyOOKMMM YPOBHSMHM B 3aIIpellleHHOH 30He, IpU KOTOPOM NPOUCXOIUT IePEeHOC HOCUTeNIeH
3apAJa MeX/y STUMHU LeHTPaMHu.

J C wmomeHTa OTKpBITHA 3G(PeKTUBHON (POTOMIOMUHECHEHIIUN IIOPUCTOTO Si  IIpH
KOMHATHOM TeMIlepaType HAdaJloCh WHTEHCUBHOE HCCIeJOBAHME €r0 JIIOMHUHECIEHTHBIX
CBOMCTB C IIeJIbIO BBIABIEHUsS MeXaHM3Ma u3lydeHus. Ha ocHOBe aHajnm3a TeMIlepaTypHBIX
3aBUCHUMOCTEHl  CIIEKTPOB JIIOMUHECHEHIWM OBUIO  yCTaHOBIeHO [5], dYTo mosoca
JTIOMUHECHEHIIUY 00pa3LoB IMOPUCTOTO Si, ITOJyYeHHBIX XMMHYECKUM TPaBJI€HUEM, SBIIAETCS
cyneprnosunueii asyx monoc. OzHa u3 HUX O0OyCIOBJIeHa peKOMOMHAalueill 3KCUTOHOB B
aMOpdHBIX KpeMHHEBBIX HAHOKJACTepax pa3MepaMK MeHbIIe 3 MKM, a Jpyrag -—
peKoMOUHanMel HocuTelel 3apsaa yepe3 gedeKTsl B OKUCIIE.

J B macrosiee BpeMs, IOTYIPOBOSHUKOBBIE CTPYKTYPSI C GOTOHHOM 3aNpeleHHOH 30HOH,
T.H. (OTOHHBIE KPHCTAJUIbI, IIPUBJIEKAIOT K cebe OOJBIIOE BHUMaHME C TOYKH 3PEHUS HX
IIPaKTUYECKOTO IIPHMEHEHHUS B HOBOM IIOKOJIEHUM II€PCIIEKTUBHBIX OIITO3JIEKTPOHHBIX
mpubopoB. OHMM U3 TaKUX MaTepUalIOB ABJIAETCA [ABYMEPHBINA IIOJYyIPOBOZHHKOBBII
(GOTOHHBINI KPUCTAI C TeKCAarOHAIBHOH peImeTKONl CyOMUKPOMETPOBBIX OTBEPCTHUIH,
WU3TOTOBJIEHHBI ITyTeM TpaBieHus IUIAHApHOW cTpyKTypsl GaAs/ AlGaAs, cozepxameit
kBaHTOBBIe TOYKH InAs/InGaAs B BOTHOBOZHOM cjioe. AHAJIW30M CIIEKTPOB OTPKEHHS IIPU
Pa3IUYHBIX yIJaX MaZieHus W HOJNIPH3ALUM CBeTa MOXHO OIIPeJeIUTh CTPYKTYPY (OTOHHBIX
30H [6]. B oaToif paboTe 30HHAA CTPYKTypa pafMAUMOHHBIX MOJ, YyTeYKH HCCIelOBaHA
IIOCPeICTBOM M3MepeHUs yTI0BOM 3aBUCUMOCTU HHTEHCUBHOCTU (POTOTIOMUHECIIEHIUH.

J WHTepec K HCCIeOBAaHHUIO ONTUYECKUX CBOMCTB KBaHTOBBIX ToueK (KT) ob6ycroien
APKO BBIPOXEHHOW IPAaKTHYeCKOI HAIPaBJI€HHOCTBIO U PAZOM IIPEUMYILIECTB TaKUX OOBEKTOB
II0 CPaBHEHHUIO C JBYMEpPHBIMU KBaHTOBbIMU gonuHamu [7]. Ocobennoctsio KT saBusercs: Bo-
IIEePBBIX, BO3MOXKHOCTh VIIPaBIEHMs CIIEKTPAJIbHOM  IOJIOCOH  (OTOOTKIMKA IIyTEM
IIpe;BAPUTEILHOTO 3aCeIeHUs JUCKPETHBIX COCTOSHUI ¢ TpeGyeMoii sHeprueil IepexoioB; BO-
BTOPBIX, HaJW4YUe JIaTePaJIbHOTO KBAaHTOBAHWUA B HYJBMEPHBIX CHCTEMaxX CHHMMAaeT 3allpeT Ha
ONTHUYEeCKHe Ilepexonsl, IIOJAIPU30BaHHBIE B IUIOCKOCTH (OTONPUEMHMKA, a 3HAYMT,
IIPeJOCTaBIIAET BO3MOXHOCTH OCYILIECTBIEHUA IOIJIONIEHHUA CBeTa IIPY HOPMAJIbHOM IafeHUHU
doronoB; B-Tperhux, B KT oxupaercs cuibHOe yBelWdYeHHWe BpeMEHU JKU3HU
(bOTOBO30YKAEHHBIX HOCUTEIEH BCIeICTBUE T.H. «d¢deKTa Y3Koro GOHOHHOTO TOPIa».

J [ns uccremoBaHus (PU3MYECKUX CBOMCTB MHOTOCIOWHBIX rerepocTpykryp Ge/Si c
camoopranmsytomumucs KT wucmonssyrorcs Takue OITHYeCKHe MeETOAbI, KaK H3MepeHue:
(a) mornomenus ¢oToHOB HH(ppakpacHoro puamasoHa [8,9]; (6) doTouHAyIIPOBaHHOTO
IOTJIONeHUA IIOJAPU30BAHHOTO CcBeTa — AuA co3gaHusa Ge/Si mereKkTopoB MHGPaKpacHOTO
nuanasoHa [9]; (B) cmektpoB ¢otoToxa — gy cosmanus Ge/Si dorompmemuuka c¢ KT,
IIepecTpanBaeMoro IO/ OIVDKHUN U cpefHUI nHbpakpacHble auana3ons! [10-14]; (r) ciexTpos
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GbOTONMIOMUHECIIEHIIY — JJIA KOHTPOJA (GOpPMHpPOBaHHA cioeB camoopranusytomuxcsa KT,
ITO3BOJIAIOIIUX OIIpe/Ie/IUTh DHEPTUH OCHOBHOTO U BO30yxkAeHHbIX cocrosuuil B KT [9, 12-23].
J Oco6s1it uHTEepec K CTPyKTypaM c camodopmupyiouumucs HaHoocTpoBkamu Ge (Si),
BO3HMK IIO IBYM IPHYMHAM, 3TO: (a) IpUMeHEeHHe TaKUX CTPYKTYpP B IIOJyIPOBOJZHHKOBBIX
mpubopax (HabiiozaemMbple OT HHX, BIUIOTH JO KOMHATHOM TeMIIepaTyphl, CHUTHAJIBI
JIOMUHECIeHINY B 001acTy AyivH BOMH 1.3 — 1.7 MKM MCIONIB3YIOTCA [ Iepefadyy JAaHHBIX B
OIITOBOJIOKOHHBIX JIMHUAX CBA3U); (6) BO3MOXXHOCTH M3y4eHMI (PyHIAMeTaTbHBIX (HU3MIECKUX
ABJIEHUH, TPOABIAIONUXCA B HAHOPAa3MEPHBIX CHUCHTeMaX (B YaCTHOCTH, MCCJIeZOBAaHUS
ONTUYECKUX CBOMCTB OCTpoBKOB Ge (Si) mO3BOMMIM BBISBUTH OCOOEHHOCTH H3TydYaTelbHOM
peKOMOWHAUMM HOCHTeJeil 3apAfa B HAHOCTPYKTypaX Ha OCHOBe HEIPIMO30OHHBIX
IIOJIyIIPOBOSHUKOB [24]).
J OynpameHTanpHBIE  HCCIAEJOBAHMA  CIIEKTPOB  ONTHYECKOTO  OTPOXKEHUs U
OeCKOHTAaKTHOTO 3JIEKTpoOoTpaxeHUs OT cioeB AlGaAs ¢ mepumomuyecKu pPacHOIOKeHHBIMU
KBaHTOBBIMU AMaMu GaAs pa3sIWYHON WIMPUHBI, IO3BOMMUIX [25] pa3paboTaTh OPUTHHATBHYIO
METOZIUKY, II03BOJIIONIYIO OIIPeieTUTh TapaMeTpPhl SKCUTOHHBIX COCTOSHUI B KBAHTOBBIX IMaX.
MoxHO mIpHBeCTH elle MHOTO IIPUMEpPOB HCIIOJIB30BAHHUA ONTHYECKUX METOJIOB B
HCCIeIOBAHUAX CBOMCTB MaTepHaJOB HAHOJIEKTPOHUKH, OJHAKO BhbINIEIIPUBEIeHHBIX
IIPUMEPOB BIIOJIHE JOCTaTOYHO, YTOOBI yOeAWTHCA, YTO OHM HIPAIOT PELIAIONIYI0 POJIb B
HCCIIeIOBAHUAX (PU3MIECKUX CBOMCTB HAHOMATEPHAJIOB IOIYIIPOBPOAHIUKOBOH JI€KTPOHUKHU.
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ITpunsara 31 mas 2011 rozma

B HacTosmee BpeMs HapacTaeT MHTepeC K IMPAKTHYECKOMY IPUMEHEHUIO HMITYJIbCHOTO
(GOTOHHOTO OTXXMTa B TEXHOJOTHMAX MMKPO- M HAHOIIEKTPOHUKU. B MHKpO3IEKTpOHHUKE
IpUMeHeHHe WMITyJIbCHOTO (OTOHHOTO OTXHTIa yXKe pellaeT WCKIIOYUTENPHO BaXKHBIE
TeXHOJIOTHYeCKHe IIPpOoOIeMbl OMyYeHUA: Pe3KUX I'paHul, pasgena Auddy3noHHBIX Ipodutei,
BBICOKOKAUeCTBEHHBIX OMUYECKHUX KOHTaKTOB, CBEPXTOHKHX JIeTHPOBAHHBIX
IIOJIyTIIPOBOJHUKOBBIX CJIOEB U P—N II€PEXOZOB, COBEPUIEHHBIX MOHOKPUCTAUIMYECKUX ILIEHOK
Ha aMOpOHBIX [IUITEKTPUYECKUX IOJJIOXKKAX, KPUCTAUIMYECKUX CJIO€B C KOHIeHTpalueil
IIpUMeCH, ITIpeBHIIAoNlell Ha IOPAAKU BEJIUYMHBI TEPMOJUHAMHYECKH PAaBHOBECHBIH IIpefes
pacTBOopuMOCTH. Bce mepedncieHHBIe IIPOIECCHI UTPAIOT PEIIAIONIYIO POJIb IIPU IIepexofie OT
MUKPO- K HaHO3JIeKTPOHHUKE.

PacmpocTpaneHo MHeHMe, YTO HMIIYJIBCHBIH (OTOHHBIM OTXKHI He 4YTO HHOe, KaK
MMITyJICHBIH TepMHUYECKHH HarpeB M IIO9TOMY BBIIIyCKaeMble IIPOMBIIIIEHHOCTHIO
YCTAaHOBKM ABJIAIOTCA IPUOOpaMM, IIpefHAa3sHAYeHHBIMM [JJi OBICTPOrO, HO BCe-TaKH
TepMUYECKOr0 HarpeBa. [losToMy B HHX IIpefyCMOTpPEHO IpOBeZeHHEe IPOIeCCOB B
BaKyyMe MWJIM WMHepPTHOH ras3oBoii cpeze. Ilpum sTomM cumTaercd, YTO OHU ABJIAIOTCA
CpeACTBOM OBICTPOM IlepefadyHl TeIUIOBOM JHEPTHH, U IIOJHOCTBIO HTHOPHUPYIOTCA
BIUAHUE KAaKUX-THU6O0 APyrux GaKTOpOB, COIIPOBOXJAIOUIMX TaKHe IIPOIecChl, HalpuMep,
onTudeckoe mornomeHue ceera. OgHaKo, B HAy4YHOH JuTepaType, NOCBAIMeHHON JaHHOH
TeMaTuKe, pe3yJabTaTsl psjfa dKcuepuMeHTOB [1,2] o6pamaioT BHUMaHUe Ha
HeMaJIOBOXXHYIO POJIb B IIPOILECCAaX OTXKUIa TeHEPUPOBAHHBIX CBETOM (B TOM YMCIJIE IIyTeM
CeJeKTUBHOTO IIOTJIOIeHUs KBAaHTOB CBeTa HAa pa3JIH4YHBIe CTPYKTypHbIe JAedeKTh)
HepaBHOBECHBIX HOCHTeJeH 3apAfa, 3HAYUTEIBHO CIOCOOCTBYIOIIUX IIPOBELEHUIO
aKTUBAIIMOHHBIX AU PY3NOHHEIX IPOIECCOB B IIOJYIIPOBOJHUKOBBIX CTPYKTypaxX. Y4UeT U
IleJleHANIpaBJieHHOe yCHUJIeHMe BIHAHUA OTUX (PAKTOPOB CO3JaeT BO3MOXKHOCTH
IpOBeJleHUs IIPOILeCCOB OTXKMra IPH 3HAYUTEIbHO HU3KHMX TeMIleparypax Ge3s
HeoOXOZUMOCTH CO3JaHUS CIEIUaJTbHBIX YCIOBUY (BaKyyM MM WHepPTHas ra3oBas cpeza).
BeiepcTBue M3JI0KEHHOTO, BO3HMKAaeT HEOOXOAMMOCTh yd4eTa HMHTEHCUBHOCTEH U
CIIeKTPaJIbHOTO paclpefieleHUs CBeTa «HAaTrPeBaTEeNbHEIX 3JE€MeHTOB» TAaKHX YCTAaHOBOK.
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Tax xak B  OOJBIIMHCTBE  BBIIYCKAEMBIX  IIPOMBINIIEHHOCTHIO  yCTAHOBKAaxX
«HarpeBaTeJbHBIMU  DJE€MEHTAMH» SABJIAIOTCS JIAMIOBl C  BOJXB(OPaMOBOW  HUTHIO
HaKaJWBaHWA, a U3MepeHue OHepruu (MOIIHOCTH) U3JIYYEeHUS OCYILIeCTBISIETCS
peryJIupoBaHMeM II0ZABA€MOrO HA JIAMIBl HANPSIKEHWSI, BO3HUKIA HeOOGXOLUMOCTH
CO3ZAaHUS AJTOPUTMAa pacyera MOTOKAa (HOTOHOB ysaMi HakanuBaHwus. [l1s 3TOr0 HEO6GXOZMMO
3HATh KOJMYECTBO KBAaHTOB, ITAaJAlOINX HAa €JUHUIY IUIOIAAK oOpaslia 32 eSUHHIY BPeMeHU.
Takas oleHka, IpyU KCIIOJB30BAaHUU JIa3epPOB B KaueCTBe MCTOYHHUKA (OTOHOB, NPUBEZEHA B
paborax [3, 4]. TpynHee 0OCTOUT Zesio IPU UCIIOIB30BAHUY HEKOT€PEHTHBIX ICTOYHUKOB, B TOM
YHCIIe, JTaMI ¢ BOJbPaMOBOIl HUTHIO HAKaja, IIOCKOJIBKY B JAHHOM CIy4ae [JIs TaKOM OLEeHKHU
HeOOXOLUMO 3HATh YKUCIO (POTOHOB PA3TMYHON ODHEPTUU, W3MYdYaeMbIX JIAMIIOH B PasHBIX
pe’kuMax pabGoThL.

MsI mpezyraraeM IIPOCTOM aJrOPUTM pacdyeTa IIOTOKa (DOTOHOB JIaMI HaKaJTHUBAHUI,
JaCTO UCIIOJIb3YEeMbIX, KAK UCTOYHUKH, B (OTO-CTUMYINPOBAHHBIX IIPOLIECCaX.

Yucno GpoTOHOB, U3TyIaeMbIX C e ZUHUIIBI TOBepXHOCTH (1 cM?) abCOIIOTHO YePHOTO Tela
3a ceKyHZy Ipu Temieparype T B mHTepBate fuuH BoaH (4, A+ dA) Beipakaercs hopmyoi
27c dA (1)

A ( 27he j )
exp -1
ktA

Ecan AJAUHY BOJIHBI BBIPA3UTh B MUKPOHAX B BBECTH 0003HaAYeHUA

dn (A,T) =

kT

xzzn'hcﬂ’ " [ ﬁlJ ] §

X" exp

X

x= 0.209(Lj/1 , A= 4.79(300()) (3)

3000 T

tTorzga ¢opmya (1) sanumercs B Buze
T 4

dn,(A,T)=3.57-10"| — | ® (x)dA. 4
n,(4,T) (300()) (%) (4)

3mecs k — mocrosHHas boimblMaHa, c- CKOPOCTH CBeTa B BaKyyMe, /i — mocTosaHHasa Ilranka.

Hwxuuit nHAeKc r ykassiBaeT, YTO GOPMYJIBI OTHOCATCA K aOCOTIOTHO YepPHOMY Tey.
)=4.777 1upu

x=x,, =0255, 1.e. PyHKuus pacupeseneHus IOTOKa (OTOHOB IO AauHe BOJHBI (1)

Oyukuua P, (x) wumeer MakcumanapHOe 3HadeHue P

rmax ('xmax

MaKCHMajbHa [IPY JJWHE BOJIHBL A=/4_ , yZOBIeTBOpsOeH yCIoOBre
he
TA .. =0. 2557 =3673 MKM - rpaz. (5)
(4) mpezcTaBiAeT aHAIOT 3aKOHA cMeleHus BuHa 111 QpyHKIMY pacnpezeieHns T0ToKa GOTOHOB.
[TorrOE YHMCIO GOTOHOB, M3TTyYaeMoOe aOCOTIOTHO YePHBIM TeJIOM C 1 cM? 32 CeKYHAY, PaBHO:

o 4
= [dn,(2,7)dA=357 102°(Lj A (T), 6)
0 3000
A (T)= j (AT)dA=4. 79(300()} [@,(x)ax=4. 79(30T00Jr(x)§(x). (7)
0
3mecs I'(x) - bynkuua dDitnepa, &(x) - bynxuuga Pumana; r(3)=2, £(3)=1.202.
CremoBaTeabHO,
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3000

T 3
AN(T)=11.52 - ——, “(T)=411-10"] — ¢l 8
1) . i (r) (500 e ®

BepxHuiT WHJEKC oo ITOKA3bIBAeT, YTO Pe3yJIbTaT OTHOCUTCS K MHTEpBaIy JJIUH BOIH OT A=0
o A=oc,

I'padpux Pynknuum P (x) npuseseH Ha pHUCYHKe 1. YueT cBA3M MexAy AJIMHON
BOoMHBI A ¥ mapamerpoM x mo (3) mosBosser, coriacHo (4), ompegenuts dn,(A,T) mis

TIPOU3BOJIBHOM TeMIlepaTypsl 1 .

Brlx)
45
40 -
35 -

30 9
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Pucynoxk 1.

PaccmoTpuM Temeph jlaMIy HaKaJIuMBaHUA C BOJIb(MPAMOBON HHTBIO («cepoe» Teo).

Otnuune oT aGCOMIOTHO YEPHOTO TeJIa YYUTHIBAETCA BBeJeHHEM HEeKOTOPOH (QyHKIUW IJIMHBI
BOsIHBL U Temmeparypsl £(A,T) (crexTpaabHbIi K03hUIHEeHT U3TydeHNs BoIb(ppama), KOTopas

OIIpefie IeTCs SKCIIepUMEHTAIBHO U OOBIYHO 3a7jaeTcs B By e Tabmumpl 1 [5].

Tabmumna 1.

A 1200 K 1500 K 1800 K 2000 K 2200 K 2500 K 2600 K
0.300 | 7.28-10'2 | 8.32-10° | 794-107 | 7.31-10% | 433-10° | 3.47-10* | 6.15-10*
0.380 1.18-10% | 253-10¢| 7.89-105 | 4.16-10* | 1.59-103 | 7.19-103 | 1.09 - 102
0.467 1.73-10% | 1.14-10* | 1.64-103 | 5.84-103 | 1.59-102 | 5.02-102 | 6.85-102
0.665 | 7.80-10* | 1.13-102|584-102| 1.25-10"' | 2.25-10" | 430-10 | 5.09 - 10!
0.800 | 7.23-10° | 6.00-102|199-101!| 3.49-10' | 5.31-10" | 834-10" | 9.34-10!
1.000 | 5.29-102 | 2.32-10"' | 5.42-10"' | 7.83-10! 1.02 1.32 1.40
1.500 | 3.90-10"' | 7.97 - 10" 1.13 1.27 1.36 1.41 1.41
1.800 | 4.55-10" | 7.58-10" | 9.60 - 10! 1.03 1.06 1.06 1.05
2000 | 4.84-101' | 7.27-10" | 860-101| 890-10" | 9.04-10" | 881-10" | 8.66-10!
2500 | 5.63-101' | 692-10" | 7.14-10'| 6.90-10" | 6.59-10" | 6.03-10"! | 5.83-10!
2000 | 554-10' | 585-10" | 554-10'|5.11-10"' | 470-10" | 4.14-10"' | 3.95-10!
4000 | 422-101' | 3.77-10" | 3.14-101' | 2.77-10" | 2.46-10" | 2.03-10' | 1.92-10!

i 2.70 1.60 1.53 1.50 1.45 1.3 1.25

i 5.68 - 10 8.55-10 1.15 1.27 1.38 1.5 1.53
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A 2700 K 2800 K 2900 K 3000 K 3200 K 3400 K
0.300 1.04-10° 1.69-103 | 2.63-10% | 396-10% | 8.21.103 1.54 102
0.380 1.60-102 | 2.27-102% | 3.13-102 | 4.19-102 | 7.05-102 | 9.79-10?
0.467 9.08 - 102 1.17 - 10! 1.48 - 10! 1.83-101 | 2.66-10" 3.65 - 10!
0.665 591-10! | 6.79-101 | 7.62-10" | 8.48.10" 1.02 1.17
0.800 1.03 1.12 1.21 1.30 1.44 1.55
1.000 1.48 1.54 1.59 1.63 1.69 1.72
1.500 1.40 1.38 1.36 1.34 1.29 1.23
1.800 1.04 1.02 1.01 9.88-10! | 9.44-101! | 9.01-10"!
2.000 853101 | 8.35-10"! 8.19 - 10! 8.02 - 10! 7.61 - 101 7.20 - 10!
2.500 563-10" | 5.44-10" 5.25- 10! 511-10"' | 4.73-10! | 4.40-10"
2.000 3.76 - 10" | 3.59.10! 3.44 - 10! 3.26-10"' | 297-101! | 2.72.10"
4.000 1.81-10" 1.71 - 10! 1.61 - 10! 1.52 - 10! 1.36 - 10! 1.22 - 10!
A 1.2 1.15 1.12 1.10 1.09 1.08
D, . 1.58 1.60 1.63 1.65 1.70 1.72

B pesynbpraTe mig Boasdpama B3ameH (1-3) umeem:

4
dn,, (A,T)= 3.57-10”{%} @, (x)dA, 9)
@, (1.T)=£(A,T)®,(x). (10)

3mech HYKHUHM nHgekc W ykassiBaeT Ha TO, 4TO (9) u (10) orHOCATCA K BoIbdpamy.

I'paduku byHKnUN CIDW(/LT) I Pa3IMYHBIX TeMIlepaTyp (B MHTepBaje IJIHH

BonH 0.3 — 4 mxmM, B koTopoMm 3azana &(A,T) [5]) npuBeseHnsr Ha puCyHKe 2 (CM. TaKXe

tTabaumy 1).

D4 T) ‘

1.8 =

1.6 =

1.4 =

12 =

1.0

038=

06

0.4

02
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Brerpaxenus (9) u (10) ompepensior umcio GOTOHOB, H3TydaeMblXx Cc 1 cm?
OBepXHOCTH Boiabbpama 3a CeKyHAY B wuHTepBane jiuH BoinH (A, A+dA) upu
temnepatrype 7 . Eciau mniomaznp mOBepXHOCTH HUTHM paBHa S CM?, TO 4YHUCIO (POTOHOB,
M3JTy4aeMbIX JIAMIIOH B TOM )Xe MHTepBaje JJIWH BOJH 32 CEKYH/Y, PaBHO:

dN, (A,T)=Sdn, (A,T). (11)

[Inomazr mOBepXHOCTM HUTKM HaKajga JaMIbl S oIpefenseM IO CIeAYIOUIUM
COO6Pa)KeHI/I}IM. B CTallMOHAPHOM pPeXHME IIpX HOMHHAIBHBIX YCJIOBHAX H3JIyddeMadsi JaMIIoi
MOIITHOCTDB w AOJIKHA PaBHATBHCA HOMUHAJbHOM MOIIHOCTH JIAMIIBI PI , T.€.

W =S¢ 0T' =P, (12)
rme Tl — TeMIIepaTypda HHUTH HdKdJld JIdMIIbI B HOMHWHAJBPHOM pe€XHME, €T — HEeKOTOopad

GYyHKIIMA TeMIlepaTyphl, yYUTBHIBAIOWAA OTIWYME W3JIy4YeHHA BOiAbdpaMa OT U3ITydeHUS
abCooTHO YepHOTO Tesa (oTauuue or 3akoHa Credana—bosbimana), £, — ee 3HaUYeHUe IpH

T =T,, 0 — nocrosuHas Credpana—bonasmana. 3HaueHue obmero koahdbUIreHTa U3TyIeHUI

111 Bosb(pama onpezensgercs mo gopmyre [5, crp. 295],
& =(1—exp(-)T)),
rme y=1.47-10" rpag! (cm. Tabuiy 2).

Tabmuna 2.
T.K| R /R,. | & A,(T) A(T) | §=AM/ALT) | y=(AT)/A,T))e,,
1200 5.65 0.138 1.37 11.14 8.13 2.77
1500 7.36 0.192 1.78 10.80 6.06 2.07
1800 9.12 0.236 2.13 10.60 4.97 1.69
2000 | 10.33 0.259 2.25 10.35 4.60 1.57
2200 | 1157 0.278 2.42 10.15 4.19 1.42
2500 | 13.47 0.301 2.55 9.70 3.80 1.30
2600 | 14.12 0.309 2.56 9.65 3.77 1.29
2700 | 14.76 0.315 2.57 9.60 3.73 1.27
2800 | 15.43 0.321 2.58 9.50 3.68 1.25
2900 | 16.10 0.329 2.59 9.40 3.63 1.24
3000 | 16.77 0.334 2.59 9.20 3.55 1.21
3200 | 18.15 0.341 2.60 8.80 3.38 1.15
3400 | 19.53 0.348 2.61 8.50 3.25 1.11

IMoxcraBnas (9) B (11) u ucnonssys (12), noxyvgaem

4
dN (A, T) :7.77-10”83(zj ®.(A.T)dA. (13)
T, i

Yucmo GOTOHOB, M3Ty9IaeMOe JAMIIOW 3a CEeKyHAy B WHTepBajse mauH BoaH (A,4,)

mupusoit AA=A,— A, npu Temmeparype HUTH Hakasa 71 , PaBHO:
2 1
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1, 4

e < ery a0 (1 oo as
4 & \1,
A

A(vf”,"/lz)(T) — .[CI)W(Z,,T)CM. (15)
A

o 0,4
Paccumrauubiit wucneHHsiM uHTerpupoBanuem A (T) gna gmum soma A,=03 u
A, =4mxM (oHO 0o6o3HaueHo uepes A, (T)) npusesens B Tabaune 2. B s10ii xe Tabnuue

IIpUBeJZieHbl OTHOCHUTENIbHBIEe COIPOTHUBIEHMSA BOJAb(PaMOBOH HUTH R, / R ... 114 pasJIMIHBIX

293°
Temueparyp 7, KOTOpble IIO3BOJIAIOT OIPEJENUTh TeMIEpaTypy HUTH HAaKala B PEXUMe
pa6ors! nammsr 7, . B mocresHnx nByx cTpokax TaGauubl 1 ZaHBI MaKCHMAaabHbIe 3HAUEHU
byuxnuu =P, cOOTBeTCTByIOIMe AIUHAM BOJIH A=4 .

Ha ocHoOBe BbILIEN3TIOKEHHOTO CHOPMYIUPYEM CIELYIOLWUNA QITOPUTM pacdeTa Yncia
bOTOHOB, M3/Iy4YaeMBIX JaMION C BOIbGPAMOBOM HUTHIO KaKaja 3a CEKyHAy B MHTEpBAJe
nivH BoaH (A, 4,) MxM:

1. Ompegenuts (M3MepUTH) CONPOTHBIEHUE JaMIBl B pexxume paborsl R, u

COTPOTUBJIEHNE B HOMUHATBHOM pexxume R, =U; /P, rae U, — HOMUHaIbHOE HAMPSKEHME;

2. Tlo smauenmsm R,/R u R/R COIIacCHO Tabmuupl 2, OIpesennuTH

293° 293

temieparypsl 1, u T,, a Takxe &; ;

XA
3. Onpegenuts «mwromazns» Ay (T) mxm. Ee MOXHO oTrpe/ie TUTh, TIPOBe YUCTeHHOe
MHTEeTrpupOBaHUe KPHUBOU, COOTBETCTBYIolell Temmeparype 7 =7, Ha pucyHke 2 B MHTepBaje

moua BonH (A,A,) . Ilpome sT0 chenath rpadUYeCKUM OINpPeJeNeHUEM OTHOUIEHUS

«ILJIOLIamer»
V(T,) = AA")(T,) /A, (T,) .
OueBugHoO
Ay AT, =v(T, A, (T). (16)

Croza Hazo moactaButh A, (T, ) u3 Tabmuns: 2;

4. Haittu AN**(T,), cormacuo (14), u Tyza mOACTaBUTH ONpeeeHHsIe Bbime T,
T,, & m A(v/tl/l’ﬂq)(TP)'

B 3akiiodyeHue IpoaHaTH3UpPyeM CIeAYIOUIUI BOIPOC: KAKyIO IOIPEIIHOCTh JOIYCTHUM,
€CJIM BeCh pacyeT MPOBECTH CYUTAsI BOIbGPaM aGCOTIOTHO YEPHBIM TEIOM.

1. Cornacuo (4) u (9), oTHOLIeHME TTOTOKA (POTOHOB C €AMHUIIBI IIOBEPXHOCTHU aOCOIIOTHO

YepHOro Tejaa K IIOTOKY OT IIOBEPXHOCTH BOib(paMa IIpU Ppa3IUYHBIX TeMIepaTypax
n3Iyvalomed NmoBepxHOCTU (B mHTepBane niauH BoiAH 0.3 —4 MKM) paBHO §T=AV(T)/ A, (T).
Kak BugHO u3 TaGauupl 2, 0 3aBHCHT OT T€MIIEPATyphlI, IPUYEM, KaK ¥ CJI€ZO0BAJIO OXUJATH,
yeM HIDKe TeMIlepaTypa, TeM CyIlleCTBeHHee OTIWYWe O OT exuHunpl. Hampumep, mpu
T =1200 K ¢ emuHULBI ITOBEPXHOCTH aOCONIOTHO YEPHOTO Teja HM3JIydYaeTcs IIOYTHU HA OFUH
MopAZOK Oosbile (OTOHOB, YeM C €eNUHUIBI IIOBEPXHOCTH BOJbdpamMa IIpU TOH XKe
temnepatype (S(T =1200K) =8.13).

2. Tlpu pacuere AN“*'(T,) ¢ BoTbppPaMOBO# TaMITE, ecTH BOXbGPAMOBYIO HUTH
CYHUTATh AOCOJIOTHO YePHBIM TeJIOM, MBI ZOJDKHEI BO Bcex popmynax (9-15) momoxurs

& =1,
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ST (2“7 T) = 1 >
A(AI’AZ) %A(/ll’ﬂa)
w r :
B pesynprare B3ameH ¢popmynst (14), monydaem

(A1,4)

4
AN (T):7.77-10”P,.(§j AMA(T). (14)

r
i

BBe,ZLeM AJIA JIaMIIbI BEJIMINHY 7:
_ AN’S%] ) (T) B A(rﬂvl Ay) (T)ng
AN;VAI ) (T) A({Vl‘ ”1“(T) :

Buavenus ¥ pgaa A, =3 u A,=4 MM u & =0341 (mna npumepa M5l

paccMaTpuBaeM JaMIly ¢ HOMUHAJIbHOU TeMuepaTtypoit Hutu Hakana 1 = 3200 K) npuBenmens:
B Tabaune 2. Kax BugHo u3 sroit Tabnunsl, gas AN morpemHocts, HauuHag ¢ 1), 22500 K,
He mpessimaer 30 %. DTo o3HaYaeT, YTO IPH pacyeTe YHCIa (POTOHOB JIAMII HAKAJIUBAHUA C
BOJIBGPAMOBOH HUTHIO, MOKHO C XOPOLIMM IPUOIIDKeHUEM II0Ib30BaThCA (opmynoi (14),
OTHOCAILIEHCA K M3TYYeHUIO0 abCONIOTHO 4epHOro Tesa. IIpu 3TOM 4OCTaTOYHO ITOJIB30BAThHCA
OflHOM eJMHCTBEHHOI KPHUBOI, IpHUBeJeHHOIl Ha pHCyHKe 1 (Tam x MeHseTcsa Ipefeyax
0 - 2. Ilnomaxmps mop stroit kpuBoit paBHa 2.294. Ilpm msmenenuu x B mpegenax (0,o0)
cooTBeTCTBYyIOUAs miaomans pasHa 2.404 (cm. (7)), T.e. omrnbKa B 3HaYeHUH IIOIALH U3-32
orpaHudeHus x He npessrmaet 11 %).

AnropuTtMm pacdyeTa IO BTOPOMY BapuaHTy (JaMIa, Kak abCOTIOTHO YepHOe TeJo)
ClemyIOUWUii: MyHKTH 1 u 2 mepBoro BapuaHTa (omnpegenenue 1, u 7,) COXpaHAIOTCA.

s ompemenenus A" (T) mocrymaem tak. CormacHo mepsoii dopmyre (3)

ompenenasaeM X U X,

X, = 0209( TP jﬂl ,

3000
T
x, =0.209 —2— |4,
3000
COOTBeTCTByIOmMe AnuHaM BoiH A, u A, . 3arem mo xpuBoil Ha pucyHka 1 rpaduvecku
ompejese
V(ﬂl ,12)(T ): A(rﬂlvﬂz)(TP)
r P
A (T,)
O4YeBUIHO, ITO
AR L) = v L)AL, (16)

Croma mamo mozacraButh A (7,) m3 tabmumsr 2. Iloxcrasmas (16') B (14") momydaem
AN(AI'AZ)(T )
).
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ITOJIYITPOBOJHUKOBBIX CBEPXTOHKHUX CJIOAX
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I'pysuHCKUI TEXHUYECKUH yHUBEPCUTET
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z.jibuti@gmail.com, nugo42@mail.ru

ITpunsara 31 mas 2011 roza

Ha ceropmHAmHWi neHb ONTHYECKHME MeTOAbI, OyAydYM HepaspyIIAIOU[UMU, WUTPAIOT
3HAUUTEJBHYIO POJIb B MCCIeOBAaHUAX (GU3NIECKUX CBOMCTB IOJTYIIPOBOJHUKOBBIX MaTepHaIOB
HaHO3JIeKTpoHUKHU. MccienoBaHusa CIIEKTPOB ONTHYECKOTO IIOIJIOIIEHHSA B OKOJOKpaeBoil u
SKCUTOHHOHM  00JAaCTAX IO3BOJIAIOT  HM3YYUTh IPUPOLY U  OLEHUBATh  BEIUYUHBI
BHYTPUKPHUCTA/UINYECKUX AePOpPMaIMOHHBIX HAIPSKeHUH, TOKAIBHBIX dJIEKTPUYECKHUX II0JIeH,
M3MepATh KOHIIEHTPAIIUY JIeTUpYIoleil mpuMecH u gp. [1-3].

Kax wu3BectHO [4,5], mpHCYyTCTBHe B IIOJYIPOBOJHUKE OOJBIINX KOHIEHTPALMI
CBOOOZHBIX HOCUTENIEH TOKA (71) IPUBOZUT K 3HAYUTEIPHOMY H3MEeHEeHUIO (QyHIaMeHTaTIbHOTO
Kpag moriaomeHus. B Ge, B o6nacTu Kpasd IpAMBIX II€peXOJiOB, II0 Mepe YBeJIHYeHHUS
KOHIIeHTpAlluu CBOOOJHBIX HOCHUTENEel IIPOMCXOAUT yMEeHbIIEHUEe U YIIUpeHHe SKCUTOHHOTO
IIMKAa, COIPOBOXKJAIOIIeeCsd ero CABUIOM B KOPOTKOBOJHOBYIO CTOPDOHY, a TaKXXe 3aMeTHBIM
yMeHbIIeHreM K03 QUIIMeHTa IOIJIOUEeHNUS B O00JIACTU CILIONUIHOTO CIIEKTPA. JDTO M3MEHEHHe
ABJIAETCA Pe3yIbTATOM DKPAaHUPOBAHHUA CBOOOIZHBIMU HOCHUTEIAIMHU TOKA (IJIA3MOM CBOOOIHBIX
HOCHTeJIel) KYJIOHOBCKOTO DJIEKTPOHHO—/IBIPOYHOTO B3aWMOJEHMCTBUSA, KOTOpOe UrpaeT
OCHOBHYIO POJIb B GOPMUPOBAHUU TOHKOM CTPYKTYPhI Kpas IOTIOLeHU.

ITpu sTOM KyJIOHOBCKHMI IIOTE@HIIHaJ 3aMeHsAeTCA SKPaHMPOBAHHBIM IIOTEHIIMAJIOM, a
9KpaHUpOBaHMEe HOCUT AMHAMHYECKHU XapaKTep. 3aZlauya HaXOXJeHUd BUJA SKPaHHUPOBAHHOIO
KYJIOHOBCKOTO IIOTeHIMaja B 3TOM CJIydae OdYeHb CjOXHA. [losToMy mpu TeopeTmyecKux
OLIeHKaX SKpaHUPOBAHUE CUUTAETCA CTATHYECKUM MU XKe PAaCCMaTPHUBAETCSA TOJBKO Ta 00JIACTb,
I7le SKpaHUPOBAaHWE MOXKHO CUUTATh CTATUYECKHUM. 1aKOBOI ABJIAETCA 00JIACTh KOHIIEHTPAI[UU
HOCHTeJIel, MPUBOAAIIAS K HMCYE3HOBEHHUIO SKCUTOHHOTO Makcumyma [4]. Ilpu crarmyeckom

9KpaHUPOBAaHUU SKPAaHUPOBAHHBIN KyJIOHOBCKUH ITOTEHIIUAT UMeeT BHT
2

V,=exp[ - |, 1)
Er T,
rze r, — PajguyC DKpaHUPOBaHUdA, a £ — SUDJIEKTPUYECKad IIPOHUILLAEMOCTb.
B ximaccuyeckoii mIasMe IpyU BhIIIOJTHEHUU YCIOBU
kT >> e’/ er; , r, >> n'?, )
Ile n — KOHIEHTpanus CBOOOZHBIX HOCHUTeJIell B IUIasMe, [JI1 pafuyca CTaTUYECKOTO

5KPaHUPOBAHUA MOXKXHO II0JIb30BaThCA popmyroit [lebas:

r, =~€kT /4me™n. ®)
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Exiton—plasma resonance in superthin semiconducting layers.

CornacHo skcnepuMeHTanbHOU padore [4], mpu T =4.2K ncyesHoBeHHe KA IPIMOTO

o 15
S5KCUTOHA B I'epMaHHU IIPOMCXOAMT IIPU KOHLEeHTpauuu Hocurenei n, =5-107 cm3. 3ameTHOE
’Ke M3MeHeHUe DKCUTOHHOTO ITMKA HAYMHAETCA NPU KOHIEHTPALMU Ha NOPAAOK MEHBIIe 71,

KOI'ld SKpaHHMPOBdHHNE HE MOXKET CUNTATHCA CTATUIECKHUM, T.K. HE BbIIIOJIHAETCA yCIOBHE
hw,>>E,, (4)

rae E, —dHeprus CBA3M DKCUTOHA, (J, — COOCTBEHHAS 9acTOTa MIa3Mbl CBOOOHBIX HOCUTENIe:

, = A dnnel em , 5)

m —Macca CBOGOJHBIX HOCHUTEIeH.

C 1memplo H3yYeHMsA OKCUTOHHO-IIJIa3MEHHOTO  B3aHMMOZEHCTBHI B  00JacTH
KOHIIeHTpAaIluy, KOTZa 5KpaHMPOBaHMe HOCUT CYIECTBEHHO AWHAMUYECKHIH XapaKTep, HaMHU
OBLIO MCCIEeJOBAaHO W3MEHeHUe Kpas IIOTJIONIeHUs TepMaHHd, IIOf, BIUAHHEM CBOOOJHBIX
HOCHUTeJIel TOKa, CO37aBaeMbIX B OOpasliaXx HU3KOTEMIEPAaTYPHBIM IIPUMECHBIM IIpo6oeM
MeTKuX AOHOPOB (As, Sb). CmexkTphl cHuMManuch B O0JAaCTH Kpasf NPAMBIX II€PEXOLOB IIPU
T =42 K. Hccrenyemsble 0O6pasipl INpeACTaBIATN COOOM IIJIOCKOIApasiesbHble IJIACTUHBI
TOJIUHOMN 2 — 4 MKM C KOHIleHTpaluei npumecu (a) N, =6- 10", (6) 2 - 105, (8) 8 - 10 cm3.

s mpuKIanbIBaHUA IPOOUBHOTO IOJIA B OOPA3Iibl BILIABIAIUCH OMUYECKHEe KOHTAKTHI
n3 In+ As. Mexanudeckas IPOYHOCTh OOecCIedyrBasach OJHOBPEMEHHBIM BILIABIEHUEM
KOHTaKTOB B oOOpasel, M paMy H3 BBICOKOOMHOro repmaHus TtommuHoi 50 mxm. [lns
IIpeOTBpallleHNs BO3HHMKHOBEHMS TeIIOBBIX HATsHKEHUil, paMa M o0Opasel] BBIPe3aJHUCh B
OJMHAKOBBIX KPUCTAUIOTpadUIeCKUX HAIpaBlIeHUAX. Pagu u3bexaHus meperpeBa oOpasioB B
Ipolecce M3MeEPeHHUs [JIUTENBHOCTh HMITyJIBCOB IPOOMBHOTO IIOJIA, COCTAaBiIAna 1 — 3 MKC.
OKCIepUMeHTaabHas YCTAHOBKA IIO3BOJAJA CHUMATh CIEKTPHl IIOTJIOIEHUA BO BpeMd
IIPIJIOKEHUS UMITYJIbCOB 3JIEKTPUIECKOro II0J1. TaK KaK CBOOOZHBIE 3JIEKTPOHBI HAXOAVINCH B

5KCTpEeMyMax 30HBI IIPOBOZUMOCTH IIPHU k =[111], To mOIHOCTBIO YCTPaHSUINCH IIOTPEIUIHOCTH
CBA3aHHBIE C 3aIlOJTHEHHeM KpaeB 30H. KoHIeHTpanus CBOOOJHBIX HOCHTeJIeH Ha Pa3HBIX
CTaguAX IPUMECHOTO Ipobos ompeenianach cHaTrneM BAX HU3KOTeMIIepaTypHOTrO IPHUMECHOTO
mpo6os U reoMeTpueii 00pasLoB.

4.5

4.0

v (eV)

0.889 0.591

Pucynoxk 1. Cniextps! xpas norsnomenusa Ge n-tuna (oopasua (a) — Ge : As, N, =6 - 10 cm™®)
B 06J1aCTH IIPSMBIX IIEPEXOZOB IIPU PAa3HBIX KOHLEHTPALUIX CBOOOLHBIX HOCUTEIEeH TOKa,

co3maHHbIX TpuMecHBIM 1poboeM (7 =4.2K): 1 — 6e3 npunoxenHoro nous; 2 — n=2 - 10 cm
(E=7B-cm); 3-n=4-10“cm3(E=10B-cm™); 4—-n=6-10“cm3(E=15B-cm™).
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Bo3MOXHOCTD MCCIeJOBaHUA Kpas IOTJIOMEHNS B ITMPOKOM [AHAlla30He KOHIEHTPAIUU
Ha OfZHOM oOOpasile IIOBBIIANA TOYHOCTh U3MEPEHHI, TaK KaK MCKJIIOYAJOCh BIHIHUE
HEOJHOPOJHOCTEI! 110 TOJIIIMHE Pa3HbIX 00pa3uoB. [Ipu usmMepeHuax onTHYecKas MUPHHA MIeIU
monoxpomatopa (M/IP-2) cocraBisana 2 - 10 eV. OkcnieprMeHTaNIbHAsA YCTAHOBKA M METOJUKA
n3MepeHuii onucansl B [2]. Ha pucynke 1 npezacraBieHs! CIIeKTpbI Kpas IOTJIOMIeHUs 00pasla
(@) ¢ N, =6-10"cm3, cuarsie npu 7 =4.2K nmpu pasHbIX IpHIOKeHHBIX moiax. Kpusag 1 —
cnekTp obpasua 6e3 noinda. Tak kak crnextp cHAT npu 1 =4.2K, MOXHO cuMTaTh, 4TO B 0Opasie
IIpaKTUYeCKX HeT CBOOOmHBIX HocuTenedl. KpuBasg 2 cHATa mpu HampskeHHocTH 7 B-cm™.
Konuentpanus cBoOomHBIX HOCHTeneil 3apsza B HeMm cocrasmier n= 2-10%cm3. Ilo
CpaBHEHHUIO ¢ KpuBOH 1, Ha KpuBOH 2 DKCUTOHHBIN MaKCUMYM 3aMETHO YBeJIWYeH U CIBUHYT B
IIMHHOBOJTHOBYIO cTOpoHy. KpmBagz3 coorBercTByeT KOHUeHTpauumu n= 4-10"cm3.
OKCUTOHHBIH MaKCHMYyM 3TOI KpHUBOM 3aMeTHO pacIiMpeH U c1abo, II0 CPaBHEHUIO C KPUBOH 1,
CABUHYT B CTOPOHY KOPOTKHX BOJH. JlajbHeiillee yBelnyeHUe KOHIEHTPALMH CBOOOIHBIX
HocuTesel 3apaza (KpuBasg4) IPUBOAUT K YBETHMYEHUIO CIBUTAa SKCUTOHHOTO MaKCHMyMa B
KOPOTKOBOJIHOBYIO CTOPOHY CIIEKTpa BMECTE C €eT0 YMeHBIIEHHEM.

102 sm™)
4.5 ]

4.0 ]

kv (V)

0.889 0.891 0.893
Pucynoxk 2. Criextps! kpas nornomenus Ge n-tuma (o6pasna (6) — Ge : As, N, =8 - 10" cm™3)
B 00JIaCTH IIPAMBIX II€PEXOZIOB IPH Pa3HbIX KOHIEHTPAI[UIX CBOOOLHBIX HOCUTEIEN TOKa,

co3zaHHbIX mpuMecHbIM mpoboeM (7' =4.2K): 1 — 6e3 npunoxennoro nous; 2 — n=4 - 10 cm3
(E=10B-cm™); 3—-n=8-10*cm3(E=30B-cm!); 4-n=1-10cm3(E=60B-cm).

Ha pucynke2 mpezcTaBieHBI CIEKTPHl Kpasd IOIJomeHHs obpasuma (6) ¢
N,=2-10%cm™, cuarsie npu 4.2 K, gmns pasHbix NOpoOuBHBIX monei. M3 cpaBHeHus
pucyHkoB 1 m 2 ciemyeT, YTO CIEKTphl Kpas IIOTJIOLIeHHs oOpasua (6) B HHTepBase
KOHILIEHTpAIuii, UMEIOIUX MeCTO B oOpasie (a), IPOXOAAT Te Ke CTaZu{ M3MEHEHWd, YTO U
cexTpsl obpasua (a). IIpm sToM yBennueHMe SKCUTOHHOTO MaKCHMyMa U CABUT €r0 B
ITMHHOBOJIHOBYIO CTOPOHY Ha CIeKTpe (KpuBasf 2) o6pasua (6) BeIpaxxeH ciaabee.

CnexTpsrr obpasua (B) ¢ N, =8 - 10> cm™ mpepcraBieHsl Ha pucyHke 3. B arom cirydae
HabJII0aeTCs INLIb YMeHbLIeHNe SKCUTOHHOrO moriomeHus. CyecTByeT, OfHaKO, OCHOBAaHHUE
CUMTaTh, YTO IPHU CTOAb OONBIION KOHIEHTPAlMM IIPUMECHBIX I€HTPOB M HAIUYUA
KOMIIEHCAI[uX NTPOOO0Ii TePBOHAYATBHO IIPOUCXOJUT B Y3KUX «IIHYPaxX», KOTOPbIe PACUIMPSIOTCSI
C POCTOM IpHIOXeHHOTo HampspkeHUs [6]. O6 3TOM CBUIETENBCTBYET ITOCTOSHCTBO CIIEKTPOB
MOZYJISIIUY Kpas HOTJIOeHN 9TOT0 00pasiia 3J1eKTPUIeCKUM 1oIeM [5].
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Exiton—plasma resonance in superthin semiconducting layers.

a10% sm™Y)

4.5 ]

4.0 ]

s

v (eV)

0.889 0.891
Pucynoxk 3. Cniextps! xpas noriomenusa Ge n-tuna (oopasua (B) — Ge : As, N, =10 cm™3)
B 00JIaCTH IIPAMBIX II€PEXOZIOB IIPH Pa3HbIX KOHIEHTPAIIUIX CBOOOZHBIX HOCUTEIEH TOKa,
co3zaHHbIX mpuMecHbIM mpoboeM (7' =4.2K): 1 — 6e3 npunoxennoro nons; 2 — n=7 - 10" cm3
(E=20B-cm); 3-n=10"cm3(E=30B-cm!); 4-n=4-10%cm3(E=50B - cm).

[lo wHamemy  MHeHHMIO  HabJiOZaeMoe  yCUJIE€HWE  DJIE€KTPOHHO—IBIPOYHOTO
B3aMMOJEHCTBUA CBSI3aHO C 3(PPEKTOM «aHTUIKPAaHUBOHAHUA», OOYCIOBIEHHOTO 3¢¢deKToM
3aIIa3fbIBAHUsA IIepepacipeeieHus IIJIOTHOCTH 3apsA/ia B IIJIa3Me II0 OTHOIIEHUH K U3MEHEHUIO
9JIEKTPUYECKOTO TI0JIS, BBI3BIBAIOIIETO ITO ITepepacipeiesieHue.

OKpaHUpOBaHUe, KaK U KoyeOaHHe IIJIa3MblI, Pe3yJbTaT ee KOJUIEKTHMBHOTO IIOBEIEeHU,
00yCJIOBIEHHOTO JNAJIBHOZENCTBYIOIINM XapaKTepOM KYJIOHOBCKUX CHUI, JeHCTBYIOUIUX MEXIY
ee vacrtunamu. IIpuymHON Takoro NOBemeHUA SBILETCA TECHASA CBA3b MEXAY ILIOTHOCTHIO
3apsfa ¥ IOTeHLIMaJoOM, BbITeKaromuM u3 ypaBHeHuu JloBwwuis u Jlamraca. Oty ypaBHeHUs
ONIpeneNnsioT CBA3b MEXAY 4YacTOTOM IIJIa3MeHHBIX KOJeGaHUM U BOJTHOBBIM BEKTOPOM
BO30OY’XJ€HUS, T.e. OIPeJeIsIl0T AUCIIEPCUOHHOe ypaBHEHUe IIasMsbl. [Ipu MasbIX IIOTHOCTAX
BO30Y>KJAIOIIETO 3apAa B KJIACCHYECKOH IIJIa3Me 3TO ypaBHeHUe UMeeT BUT, 7]

& = K 6)

—

Ifle (), — JacToTa BO3MYIIEHHOM IIIasMBbI, V, — TeIUIOBas CKOPOCTh YaCTHI IIJIasMbI, k —

BOJIHOBOM BEKTODP BOB6Y>K,H;€HI/IH.

2 o
[Ipy HUSKUX TeMIlepaTypaX ¥ JTHHHOBOJHOBBIX BO3GYKIEHUAX =~ @, . Benmnunnoi

2
(), B 9THUX YCJIIOBUAX MOXXHO OLLEHUBATh CKOPOCTb PEAKIMH IIa3Mbl Ha BO3MYIIEHUE, T.€. BpeMs
TpeGyemoe nii SKpanuposanusa. llpu @, >>@, , TAe @, eCTb 4YacTOTa BO3MYINEHHUS,

9KpaHMpOBaHME MOXXHO CYHTAThb MIHOBEHHBIM U IIPUMEHATH (QOPMYTy CTaTH4IEeCKOTO
skpanuposanus. llpu @, = @, umeror mecto 3dberrTsr 3amasnpiBanusd. Vsydyenue BIMAHUA

3alla3AbIBaHMsA Ha IIPOLLECC SKPaHMPOBAaHMA, KAK OTMEYaIOCh BBIIIE, BeChMa CJIOKHAA 3aZada.

B nyxe ypaBHeHum bBerre-Cosnpnurepa ciaemyeT CUHTATh, YTO IIPU SKPAaHUPOBAHUU
abdeKTHBHAA YAaCTOTA B3aUMOJEICTBUA OIpefesifeTca IepelaBaeMoil sHeprueil. JTa sHeprus
paBHa HYJIO IIPM pacCeMBaHMM Ha CTaTHUdecKux 3apazaxXx. COOTBETCTBEHHO, B 3TOM CIydae
cupaBezyiuBa GopMysa [AaA CTaTUIECKOTO SKPaHUPOBaHUA. EciIM Macchl S5KpaHHpPyeMOH u
9KPaHUPYIOIIUX YaCTUI, OIMU3KH, TO IlepefaBaeMas SHEPTHUA COCTABIAET 3aMeTHYIO YacTh UX
KMHETUYeCKOU SHEPIUH.
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st sxcuTOoHa (m, = m,) 9Ta SHEPTUS OIpeeieTcs GopMyIoH
E
E =— “e (7)

o l+m,/m,’

Ifle m, —Macca 5JIeKTPOHa, a m, — Macca JpIpku. COOTBETCTBYIONIAS YaCTOTA

w=E,Ih. 8)
YC]IOBI/Ie HPI/IMEHI/IMOCTI/I CTAaTHUYECKOTO BKPHHI/IPOBHHHH AJId DKCUTOHA HMMEET BH[
w,>>a,. 9)
OKpaHUpyIOIIass  CIOCOOHOCTh  IIA3MBI,  KaK  M3BECTHO,  XapaKTepU3yeTcs

IU3IeKTPUIeCKOl ITPOHUIIAeMOCTHI0. B cirydae sKpaHMpOBaHUA 3IeKTPUIECKUX 3aPAJ0B — 5TO
IpOJOJIbHAA  [OUIJNIEKTpUYecKas IpoHuiaemMocts. Ilpu  paccmorpenuu  3amauu 06
SKpaHUpOBaHUY, yZoOHO BBecTn  Pypre-pasioxeHne MoTeHIMana. Torza 3aBHCHMOCTD

IIOTeHIINala OT pPafuyca CBOJUTHCA K 3aBUCHMOCTHU JUSIeKTPUIeCcKOi ITPOHUIIAeMOCTH OT k . B
3TOM CJIydae, I CTATUYECKOH JUDIeKTPUIECKO TIOCTOAHHOM mTorydaeM [7]:

1
ek)=————. 10
(k) e (10)
Kor,zga CYII];eCTBeHHBI 3¢)(1)€KTI>I 3dIIa3bIBAHUA, ,ILI/IC—)JIeKTPI/I‘-IeCKaH IIPOHI/II_I;aeMOCTb [7]
wz
ek,w)=1- 4 (11)

2 2.2 . :
@ —kv; +i@/ 7T,
3mecw i@W/7T, — 4YieH yYWTHIBAIOUIMI 3aTyxaHWe BO3MylleHus. B aroit popmysne, B obmem
cJlydae, BMeCTO V, CTOUT Vg — CKOPOCTh 3BykKa B IuTazMe. OfiHAaKo, IpM MaJbIX IUIOTHOCTAX

IIJIa3MBI CKOPOCTb 3ByKa IPUOIN3UTEIFHO paBHA TEIJIOBOI ckopoctu Vv, . [Ipu k=0, HaIIpUMep,
[IJISL CBETOBOM BOJIHBI B IIJIa3Me
fw)=1-0/w’. (12)
B aTOM Cciy4ae, ipu @ = @, ¥UMeeT MeCTO IIa3MEHHBIN PE30HAHC, TaK Kak £(@)=0.

Ilpu w@+#0 u k #0, cornacHo (11), 061aCTh IIA3MEHHOTO Pe30HAHCA OIIPeZe/AeTCS U3

2.2 2 o
ycrnosusa k’v; = @’ =~ @, . OueBuzHO, 5T0 U OyZneT OONACTBIO, B KOTOPOW B DKPAHUPOBAHWU

He0oOXO0ZVIMO YYUTHIBATh 3P EKT 3ama3fbIBaHu,.
B ciygyae BBICOKOYAaCTOTHOTO BO3MYILIEHWs, KOTJa (>, , B IUIa3Me IIPOUCXOLUT

yCUJIeHUe WIN «aHTUSKPAaHHPOBAHUE» BO3MYIIEHUS, TAK KaK B OTOM 00JIACTH YaCTOT, COIJIACHO
(11), BemnunWHA NPOJOIBPHON AUIIEKTPUYECKOH IIPOHUIIAEMOCTY OKa3bIBaeTCA MeHble 1.
Br3BaHO 3TO yC/IOBHE PE30HAHCOM MeXAy KosebaHuAMM IUlasMbl U HekoTophiMu QDypse-
KOMIIOHEHTaMU QYHKIIMY BO3MYIIeHUA. B cirydae SKCUTOHHO-TIIa3MEHHOTO B3aUMOJeICTBUA 32
YacTOTy BO3MYIIeHWsS, KaK OTMeYaJoCh BBINIE, HYXKHO OpaTh uacTtoTy mepezsauu. Ilosromy,
yCJIOBUE «aHTHUIKPAHHUPOBAHUA» DKCUTOHA B IJIa3Me [JOJDKHO BBIIIOTHATHCA IPU O, = @, .

«AHTUDKpaHUpOBaHMe» OKCHTOHA  3aKJIOYaeTci B  YCWIEHHH  KyJIOHOBCKOTO
B3aMMOJEMCTBUA MeXZAYy €ro 4YacTULIAMH, YTO Ha CIIeKTpaxX Kpasd IOTIJIOMEHUA [JOJDKHO
BBIP@XKAThCSA B BO3PACTaHUU BEJIMYMHBI SKCUTOHHOTO IIMKA U B CBUTE €T0 B JIMHHOBOJHOBYIO
o6yacTh crekTpa. Takoe M3MeHeHHe SKCUTOHHOTO NHMKAa HAOJIOZaeTca Ha CIeKTpe obpasia C
N, =6-10"cm=3, m0o3TOMy MOXHO IIPeJIIOJIOXHUTh, YTO 3TO CBA3AHO C «AHTUIKPAHUPOBAHUEM»

sKcuToHa. /1 y6eAUTeIBHOCTH IIPOBeIeM HEKOTOPHIE OIleHKH.
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Exiton—plasma resonance in superthin semiconducting layers.

W3 mpezcraBieHHBIX crieKTpoB obpasma ¢ N, =6 10" cm™ (pucyHok 1) crexyer, uro
yBeJIM4eHHe M CABUT B [JIWHHOBOJHOBYIO CTOPOHY OSKCHUTOHHOTO MAaKCHMyMa Haumbojee
OTUeT/IMBO IIPOABIAETCA B ClIydae KOHILeHTpanuu Hocuteneit n=2-10" cm3. Temneparypa
CBOOOZHBIX HOCHUTeJIEeH B yCIIOBHAX dKcIlepuMeHTa, coriacHo (8], pasra 7' =20K. IIpu srom,
JleGaeBcKast IMHA SKPAaHMPOBAaHHUA B IUTa3Me CBOGOHBIX HocuTeneir 7, =900 A, a wacrora

o —-11
IIasMeHHbIX — Kojnebammit — @, =4.2-107 c¢'. B paccmarpuBaemMoM ciyyae BJI€KTPOHBL,
COCTaBIIAOLIYE T1JIa3MY, HAXO4ATCA B monuHe [111].
o 2 2 12

Qurypupyrouruii B (11) xBagpar ckopoctu YacTuust v, =kT /m—e”/€r,m=3-10"cm?-c2
MzBectHO [8], YTO KOJUIEKTHMBHOe IIOBeJeHME IIA3MBI IIPOABIAETCA TOJBKO B CIIydae
BO3MYIIEHUS C [IMHON BoiaHbl A=A, , rme A, B KIacCMYECKON IIa3Me paBHO 7, . B
paccmaTtpuBaeMbix yenoBusax A, =900 A, mostomy QPypre-cocraBisionire BOIHOBOM (GyHKUMM

9KCHUTOHA4, IIOoABEpraromiuecs BINAHHUIO «dHTHUIKPAHHPOBAHUA» JOOJIKHBI HWMETh IIOPAAOK

S
BesuunHbl k ~1/ A, =5-10°cm . TlogcTaBuB moTyYeHHbIe 3HAYEHUS TapaMeTpoB B (7) moIyduM

S5
@, =5-10" c¢!. Yro e KacaeTcs 4aCTOTHI Iepeilady SKCUTOHA, TO OHA PAaBHAETCS
E 1 -1
W =—*———=635-100 ¢!
h 1+m,/m,
rae E, —oHeprus cBssu mpsamoro skcutoHa B Ge, m, — macca aynekTposa B munumyMme [000], a
m, —Macca JIeTKOH ABIpKU. Takum obpasoMm, @, = @), .

IToxcTaHOBKOI BRIYKUCIEHHBIX 3HAYeHUI TapamMeTpos B (11) moryvaercs
2

(k,w)=1 g
EK,WV)=1——FF7<
o~k

Oro 3Hauut, uto Pyphe-cocTaBisfiomye BOTHOBONH (QYHKIHUKU SKCUTOHA, COOTBETCTBYIOLIUE
BOJIHOBBIM umciaaM k <1/r, , yCHIMBAIOTCA B pPacCMaTPUBAEMBIX YCJIOBHAX, YTO IPUBOJSUT K

3aMETHOMY YyBEeJIWYEHWIO SHEPTUHM CBA3M DKCUTOHA, TaK Kak k ~1/r, HeHaMHOro MeHbIIe

3-10°c!. CmexTpanpHBIil [uamasoH, B KOTOPOM HAGIIOJaeTcs yBeIWdYeHUE IIOTJIONIeHNs,
SBJISIETCS BeChbMa IMTMPOKHUM U 3aXBAaThIBAET COCTOSHUS HEIIPEpPhIBHOTO CIeKTpa. BeposaTHO, 3TO
MOXXHO OOBSCHHUTbH, €CJIU y4eCTh, YTO 00JacTh Iae £(c0) > £(®,) ABISIETCA NOBOIBHO IINPOKOH,

Iaxe Oe3 ydeTa 3aTyXaHUA IIa3MEHHBIX KOJIeOAHUI U CTOJIKHOBEHUH DKCUTOHA C 3JI€KTPOHAMH
(&(o°) — BBICOKOYACTOTHASA JUIIEKTPUYeCKas IOCTOAHHAA IOTYIIPOBOJHUKA).
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ITpunara 31 mas 2011 ropma

VIMITy TbCHBII OT)KUT — ITOZ, TAKUM OOIIMM Ha3BaHWEM OOBeIVHEH Ha CETONHANUIHUN eHb
IIUPOKUH CHEKTP (PU3MIeCKUX IIPOILECCOB, IOpasyMeBaloUIUX IpoBefeHUe AU(Qy3HOHHBIX
IIPOLIECCOB B IOJYIIPOBOZHUKOBBIX MaTepHajaX W CTPYKTypaxX 3a CUeT KPaTKOBPEMEHHOTO (OT
CeKyHJ, 0 TUKOCEKyH]) BHEIIHEr0 BO3/eHCTBUA (CBETOBOe, Iy4YKu 3y1eKTpoHOB, CBY, noHOB).
ITocne omy6GiMKOBaHMA IEPBBIX pabOT IO JAHHOMY SABJIEHUIO, IIOCIENO0BANIO OYpHOe pa3BUTHE
HAayYHO-TEXHUYECKOTO HAaIlpaBJIeHWS HMITYJIbCHOM MOZMGUKAIUK CBONCTB MarepuaysoB. Ha
3TOM IIYyTH yXKe cefiyac pelIaioTCs WIKM y)Ke PpelleHbl HCKIIOYHTENbHO BaXKHbIe ITPOOIeMBI
MHUKDO2JIEKTPOHUKH. OTO — IIOJyYeHHe BBICOKOKAYEeCTBEHHBIX  OMHYECKBIX KOHTAKTOB,
CBEPXTOHKMX JIETHPOBAaHHBIX IIOJYIIPOBOJZHHUKOBBIX CJII0OEB M P—N II€PEXOMOB, COBEPIIEHHBIX
MOHOKPHUCT/UINYECKUX  IUIEHOK  Ha  aMOP(HBIX  JUDJIEKTPUYECKUX  IIOZJIOXKKAX,
KPUCTAJIIMYECKUX CJIOeB C KOHLIEHTpalUMIMU IIPUMeCH, IIPeBhIINAIONIel Ha NOPALKU
TePMOJUHAMHUYECKHN PaBHOBECHBIN IIpeiesl pACTBOPUMOCTH, Ha Si MOHOKPHCTA/UIMYECKUX CIOEB
AsBs u zp.

PasButie coBpeMeHHOII HAHOZJIEKTPOHUKM CTaBUT CJIOXKHEHIIWe 3aauul IIepef,
nccaenoBaTteIMyu. MUHUMU3AIMsa pa3MepOB 3JIEMEHTOB WHTEIPAIbHBIX CXeM JOCTUTAeTCS He
TOJIBKO HCIIOJIB30BaHHEM OoJjiee COBEPIIEHHOUW TEXHUKH, HO U BBeJeHHEM HeTPaJUIIMOHHBIX
TEXHOJIOTUYEeCKHX METOZOB, IIO3BOJIAIONIUX KOHTPOJIUPYEMO MEHATh (PU3MYEeCKHe CBOMCTBA
MaTepHasia, TaK KaK TPaJAUIIMOHHBIE TeXHOJIOTHYECKHe IIPOIeCCH, OCHOBaHHBIE HA JJTUTEIBHbIX
BBICOKOTEMIIEPATYPHBIX TEPMOBO3JEHCTBUAX He CIOCOOHBI pemaTh Takue 3azadu. C atum
(dakTopoM CBs3aH HApacTAloOUU MHTEpPeC K IPAKTUYECKOMY INPHMEHEHWIO WMITYJIBCHOTO
doronnoro orxura (MPO) B TeXHOIOTMIX HAHOIIEKTPOHUKL.

Oznako, HecMOTps Ha OOJBIIOE KOJWYECTBO paboT B 9TOi 006JacTH, MeXaHWU3M
nporekanus M®PO, Bce eme ocraercs cuopusM. VccremoBaHue MeXaHW3MOB HMITYJIBCHOTO
(GOTOHHOTO (J1a3epsl, pa3IUYHbIe JTAMIIBI) OT’)KUTa HA4aJoCh OJHOBPEMEHHO C OTKPBITHEM 3TOTO
saddekra. Cpasy xe ObUIM IIpeJIOXKeHBI PAJ, MOjesell, KaKk TeIUIOBble, TAK M MOHU3AI[MOHHEIE.
OTH MOJeTH JAI0T BO3MOXKHOCTH Pasfe/IuTh U OIL€HUTH POJIb TaKUX (AaKTOPOB KaK TEPMUIECKUI
HarpeB, HaJW4YWe Te€HEPHUPOBAHHBIX CBETOM BBICOKOH KOHIIEHTPAIUU 3JIEKTPOHHO—IBIPOYHBIX
Iap, CeJeKTHBHOTO IIOIJIONEHUS CBeTa Ha AedeKThl, UMIYJIbCHOTO AaBieHus u ap. [1-14].
Mmuorue wucciaemoBaTend HMITYJIbCHBI OTXHUI PAacCMATPUBAIOT KaK KPAaTKOBPEMEHHBIN U
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Photo-stimulated processes in nanoelectronical technologies.

OBICTpUIA, HO BCE-TAKU BBICOKOTEMIIEpPATypHBIN HarpeB Martepuana [12-14]. Opnaxo, mmeercs
Pz, OKCIIEpUMEHTAIBHBIX pab0T HEHAaXOAAMNUX OOBACHEHUS B paMKax dTUX Mogened [15-29].
YcraHOBIEHNE MeXaHM3MOB IIPOIlecCa HMITYJIBCHOTO (POTOHHOTO OTKHTA JACT BO3MOXKHOCTB
pazpaboTaTh HOBBIe, OOJjiee COBEpUIEHHBIE, HU3KOTEMIIepaTypHble TEXHOJOTHYeCKHe MeTOMbI
IJIS HAaHOJIEKTpOHWKH. HecMOTpsa Ha 3TO yXe CerogHi MOXHO TOBOPUTH 00 0c0060it
aKTyanbHOCTH IpuMeHeHus nporeccoB PO B TexHONIOTHAX HAHOIIEKTPOHUKU. PaccmoTpum
HeCKOJIBKO TaKUX IIPUMEpPOB.

Menkue u cBepxMeJKHe IIepexOAbl Ha OCHOBe Si ITpeCTaBIAgIOT OOJBIION WHTepeC A
IDAIbHEUIIeT0 yBeJIW4YeHHSI CTeleHM HMHTerpanuu, OBICTPOJEHCTBUA U HAJEeXHOCTU
MHTETPAIbHBIX CXeM, MUKPO3JIEKTPOHHBIX IIPUOOPOB U PasJIMYHbIX BUAOB CAMOYIIOPAL0Y€HHbIX
Mukpo- u HazHOCTPYKTyp [30]. B pabote [31] Oblau mOTydueHBI M HCCIENOBAaHBI MeJIKHE U
CBEPXTOHKME p'—N U N'—p IIepeX0/ibl, U3TOTOBIEHHbIE METOJOM CTUMYJINPOBaHHOM Auddysuu P
13 (HochOpOCUINKATHOTO CTeKiIa U B M3 GOpOCHIIMKATHOTO CTEeKJIa B Si IPH MMITYJIBCHOM
(OTOHHOM OTXKHWTe; HCCIefOBaHBI WX DJIEKTpUUYecKHe, (OTOIEKTpUYECKHe U ONTHYEeCKUe
CBOMCTBA. YCTAaHOBJIEHBI OCOOEHHOCTH CTUMyJHpoBaHHOW gAuddysum P uw B B
IIPUTIOBEPXHOCTHOM 00JIaCTH KpeMHUsS NpU (GOTOHHOM OTXKHUTe — yBelndeHue KoddduiueHra
nuddysuu Ha 1 — 2 mopazxa.

[l IpaKTUYeCKOTo MCIOIB30BAHUA ITOJTYIPOBOAHIKOBBIX HAHOCTPYKTYP B Pa3IHYHBIX
3JIEKTPOHHBIX YCTPOMCTBAX HEOOXOZUMO HAy4HUTHCA NOOABIATH B IOJYIPOBOJHUKU TOHOPHBIE
Y aKIeNTOpHBle IPUMECH TaK, YTOOBl OHM OBUIM OJHOPOJLHO paclpefeseHsl Ha Macirabe
HeCKOJIBKMX HAHOMETPOB, M UYTOOBI IIPM OTOM MOXHO OBIIO C XOpOIIEH TOYHOCTBIO
KOHTPOJIMPOBAaTh UX KOHIIEHTpAaIuio. V3BecTHbIe MeTOZABI, TaKWe KaK MOHHAA MMIUIAHTALUA U
TBepjoTenabHasd AuGQysusd, He IO3BOJIAIOT 3TOr0 Aobuthcsa. B paGore [32] corpymHuKH
University of California at Berkeley u Lawrence Berkeley National Laboratory mpezmoxxuin
HOBBIH CITOCOO «HAHOJIerupoBaHuA» KpeMHuA. OH 3aKIiodaeTcs B cienyioumeM. Ha moBepxHOCTH
KpUCTa/Ia Si HAHOCAT MOHOCJIOHM OPraHUYeCKHUX MOJIEKYJI, COEPKAIIUX aTOMBI JIETUPYIOIIETro
syeMeHTa (HampuMep, 60pa IpHU ABIPOYHOM JIETHPOBAaHMM MU (ochopa IpU DIEKTPOHHOM
nerupoBaHuy). ToNIIMHA TaAKOTO MOHOCJIOS COCTaBiseT okono 1 HM. 3arem mposogar PO, B
pe3yJIbTaTe 4ero MOJIEKYJIIPHbBIE CTPYKTYPBI PaspylIalOTCS M IIPUMeCHbIe aTOMBI IIPOHHUKAIOT B
Si. Ilpodunp pacmpezneneHus nmpuMeceil IO IIyOMHE PETYJIUPYeTCS PEXHMOM OTXUIA, a HUX
KOHIIEHTpAallUd — XUMUYECKUM COCTaBOM MaTepHaja MOHOCJOS U Pa3MepOM €ro MOJIEKYJ (ueM
OH MeHBbIIIe, TeM 0OJIbllle KOHIIEHTPALYA). ABTOPSI [3] C yCIIEXOM KCIIOJIB30BAIN STOT METOZ, I
JIETUPOBAaHUA HAHONPOBOZOB Si TonmuHON 0Komo 30 HM, a TakXKe [AJIA U3TOTOBJIEHUS IIOJIEBBIX
TPAaH3UCTOPOB B CTPYKTYpaX KPeMHHUII-Ha-U30JI9TOpe. B mpuHIMIIe, OH MIPUMEHUM U K IPYTHM
THUIIAM IIOJIyIPOBOZHUKOB, IIO3BOJIAA KOHTPOJUPOBATh DJIEKTPUYECKUE XapaKTePHUCTUKHU
Pa3HOOOPa3HBIX IOJTYIIPOBOJHUKOBBIX HAHOMATEPHUAJIOB.

CepresHoit mpobeMoO#, CONyTCTBYIOMEeH (OPMUPOBAHUIO ITOTYIIPOBOSHUKOBBIX
CTPYKTYP, UCIIOJIB3YEMBIX B 3JIEKTPOHUKE, ABIAIOTCI BHYTPEHHUE MeXaHWYeCKHe HAIPSKEHUS.
OTH HaNpsOKEHUS CBA3aHBI KaK C TEXHOJIOTMYECKHMMH JedeKTaMK Ha TPaHHUIAX pasfesia B
reTepo- WJIM TOMOSIIUTAKCHANBHBIX cucteMax [33,34], Tak u c co3zaHueM obsacreit
Pa3yHOpAJOYeHUA NIPU KCIIOIB30BAHUM PAFZUAIMOHHBIX TEXHOJOTUH (MOHHAA HMIUIAHTAIUSA,
BBICOKODHEpreTHYeCcKue 3JIeKTPOHbI, HeiTpoHsl) [35]. Tak Kak BHyTpeHHHe MeXaHUYeCKUe
HAIPKEeHUA OKa3bIBAIOT 3HAYUTEIbHOE BIUAHHE HA IIOBEPXHOCTHOE HATXKEHUeE, CTPYKTYpHOe
COBEpIIEHCTBO ¥ PaBHOMEPHOE pacIipeieleHre dIeKTPOPHU3NIeCKIX XapaKTEPUCTHUK IIEHOK II0
minactuHe [36], pa3paboTKa METOZOB OLEHKM XapaKTepa U BeJIMYHH STHX HANPDKEHWH U UX
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MUHMMH3AIUA ABIAETCI OZHOM M3 BROXXHBIX 3a7aY 3JIEKTPOHUKH. B pabore [24] mcciemoBaHa
IpUpOZa U OLEHEHB BEJIWYMHBI BHYTPEHHUX MeXaHWYECKUX HAUPDKeHUH B TOHKUX
snuTakcuanbHbIX IeHKax KHC (kpemunii-na-candupe) crpykryp. IlokasaHno, 4To BHyTpeHHIE
MexaHuJyeckue HanpsokeHus BenmdumHod ~ 10°Ila mmeror xapakrep cxarusa. MccmemoBano
BIMSAHUE WMITyJIbCHOTO JIa3ePHOTO U JIAMIIOBOTO OTXKHUITOB HAa IIPOLIECCHI peJaKCalliu
BHYTPEHHHUX MeXaHUYeCKUX HAIPsKeHUI, II0KAa3aHO, YTO IIPU OIpe/leJIEHHBIX PeKUMaX OTXKUTA
penakcanus MoxkeT gocturHyTb 90 %. IlpemiokeH 3IeKTPOHHBIN MeXaHM3M OTXUIA
CTPYKTYPHBIX Ae(eKTOB, OCHOBAHHBIM HAa WM3MEHEHUU KBAHTOBOTO COCTOSHUSA DJIEKTPOHHOM
IIOJICUCTEMBI KPUCTAJLIA IIPU UMITYIbCHOM (DOTOHHOM OTXKUTe.

B paGore [37] aBropst, uccrenys ocobennocru BrausHus MOO Ha amexkrpodnsuueckue
XapaKTepUCTUKH CTPYKTyp SiO2/Si ¢ TOHKMMHU CIOAMH aHOJHOTO OKCHUZA KpeMHuA (C
TOJNIIUHON [JUDJEeKTpUdecKux cnoeB ~ 10 HM), chOpPMUPOBAaHHBIX Ha IOZAJIOXKAX U3
MOHOKPHCTJI/INYECKOTO KPEMHU, IT0KAa3aIx, YTO C IOMOIfio noxbopa pexumos UPO moxHO
IIOJIyYUTh BBICOKAYECTBEHHBIE CTPYKTYPBl MJS MX HCIOJB30BAaHMA B  TEXHOJIOTUH
HaHopasMepHbIXx MOII cTpyKTyp HHTETpaJbHBIX CXEM.

JlazepHBIil OTXKMT IIWPOKO HCIOJIB3YeTCA [ BOCCTAHOBJIEHHUSA CTPYKTYPhI TOHKHX
IIOJyIIPOBOJHUKOBBIX ~CJIOE€B, IIPUMECHOTO JIETMPOBaHMUA, OOpabOTKM TOHKOILIEHOYHBIX
MarepuasoB. Bo3zmeiicTBUe J1a3epHOTO WM3JIyYeHUs Ha IIOJTYIPOBOJHUKH MOXXET IPUBOAUTH K
M3MEHEHHUAM KPHUCTAJUIMYECKOH CTPYKTYPHI, 3IeKTPODU3NIECKUX M ONTUYECKUXCBOMICTB [38].
Kpome Toro, usyueHue BO3[eHCTBUA JIa3epHOM OOPAOOTKY HA IIOJTYIPOBOSHUKOBBIE CTPYKTYPHI
IIO3BOJIIET OIIPEJEeIUTh XapaKTepPUCTUKU U CTPYKTyphl nedekroB [39]. OcoO6srii mHTepec
BBI3BIBA€T BO3MOXXHOCTh MOZUGUIIMPOBAHUA C IIOMOIIBIO JIa3epHOH 00pabOTKU CBOICTB
MHOTOCJIOMHBIX CHCTeM, IIOCKOJIBKY IIPHM MCIIOJIb30BAaHUU JIa3€PHOTO BO3JEHCTBUA HMeEeTCs
BO3MOXXHOCTBH CEJIEKTHBHOTO OTXKHIA OTZEJbHBIX CJIO€B MHOTOCJIOHHON KOMIIO3UIIUU ITyTeM
Ioi00pa COOTBETCTBYIOLIEH [JIMHBI BOJHBI, MOUIHOCTH H3JIy4YeHHSI, YTO HEJOCTIDKUMO IIpH
TpPaguIUOHHOK TepMmoobOpaborke [40]. B pabore [41] wmcciremoBaHO BIMAHME Ja3epHOTO
M3JTy4eHHS Ha CHEKTPHl OITHYECKOro IIOTJIoueHus cucreM ksapi /Si, kBapri/Si/SiO: nu
SiC/Si/SiO2. BsiaBmensl 5¢@deKTs! HU3KOTEMIIEPATYpPHOTO YIIPAaBIeHUSA IIPO3PAYHOCTHIO
MHOTOCJIOMHOM CTPYKTYPBI.

C  pasBuTmeM  IIMPOKOGOPMATHOM  MHKpPO- M  HAHODJIEKTPOHHMKM  3ajada
COBEpIIEHCTBOBAaHUSA TEXHOJOTHMH IIOJIy4YeHHS IIOTYIPOBOJHUKOBBIX IUIEHOK HAa HEJOPOTHX
HeTYTOIUIaBKUX IIOJJIOXKKAX OCTaeTCsA BeChMa aKTyanpHOH. Kpucranausanus mieHok aMop@pHOTro
KpeMHHUs C IpUMeHeHUeM IIeYHBIX OTXKUTOB TpebyeT Temmeparyp oT 550 °C u BbIlle U BpeMeH
IO IEeCATKOB 4acoB. Takue TepMOOOpPaOOTKU MOTYT BBIEPKATh TOJBKO JOPOTHe MapKH CTEKOIL.
s KpucTainusanuy IJIEHOK THAPOTeHU3MPOBAHHOTO aMOP(HOrO KPeMHUsS Ha CTEKJIAHHBIX
MOJJIOXKKAaX OBLIO MCIIOJNB30BAHO H3JTydYeHUEe TUTAH—CAI(GHpPOBOTO Jasepa C IJIUTETBHOCTHIO
nmiryiabcoB < 30 pc.  McxomHsle TIEHKM — BRIpAIIMBAJINCH C IIPUMEHEHHEM MeToja
IJIa3MOXMMUYeCKOTro ocaxzaeHusa npu Temneparypax 200 u 250 °C. CrpykTypHBble CBOICTBa
HCXOZHBIX X 00pabOTaHHBIX MMITYIBCAMU JIA3€PHOTO M3JTyYeHUs IJIEHOK ObLIM MCCIIeOBAHBI C
IIOMOIIBI0 METO/a CIIEKTPOCKOIIMY KOMOMHAIIMOHHOTO pacCesHHA cBeTa. HaiifieHBI peXuMBI
TIOJTHO# KPUCTAIM3allUH IIEHOK Ha crekiie ¢ ToruuHamu 1o 100 uMm, comepyxamux mo 20 at %
BOZIOPOZA, C XOpOIIei OAHOPOSHOCTHIO IPY CKaHUpYIomux oopaborkax. OOHapyXeHO, YTO IIpU
comepxanun Bogopoga B meHkax 30—40ar % mnpoumecc KpuCTa/UIM3aluu HEOZHOPOZEH,
HabmoaeTcs a3epHas abIAnusa HeKOTOPBIX objacTell IeHoK [42].
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[Inenxu HUTpUIA KPEeMHHUSA HAaXOJAT IIMPOKOe IIPUMeHeHUe B MUKPO3JIeKTpoHuKe [43].
11 MX TPaKTHYeCKOTO WCIOJ30BAHHA BAKHO, YTOOBI IIMPOKO(OpPMAaTHBIE IIOMAJIOXKKYU, Ha
KOTOpble OCXJAAIOTCA IUIEHKM OBLIM HeJOpOTHe, a 3TO HAaKJIaJAbIBaeT OTpaHHYEHHe Ha
IpuMeHeHVe TYTOILIaBKMX MaTrepHaaoB nad mopamoxkek. OpHako, 11 KpUCTaIHU3AIUN
aMOpdHBIX KJIaCTepOoB HeoOXOZuMa BBICOKAas TeMmIleparypa. JIifd MHOTBIX CTPYKTyp IIeYHBIe
OTXXUTH HeIpHeMJIeMbl — OHU TpeOyloT BbICOKMX TeMmmeparyp, or 980 mo 1150 °C, u
IIUTeNbHOCTH 10 59 [44, 45]. Pemenue mpo6yeMbl COCTOMT B IPUMEHEHHU HMITYIBCHBIX
Jla3epHBIX Bo3fericTBuil. [Ia kpucTamnusanuy aMOppHEIX KJIACTePOB KpeMHU B IIeHKax SiNx
KICITOJI30BAJINCh HAaHOCEKyHAHBIe [46, 47] unu demTocekyHHble [48] MMITy/IbCHBIE JIa3epHBIE
0o6paboTku. Dbbuin HalifleHBl PEXHMBI, HEOOXOZWMBIE I MMITYJIbCHOM KpPUCTA/UIM3ALUU
HaHokJactepoB. Hampumep [48], mirenku SiNx: H pasHoro cocraBa, ocak[jeHHbIe Ha ITOZJIOXKU
W3 CTeKJIa ¥ KPeMHUA C IPUMeHeHHeM IIIa3MO-XUMHU4YecKoro Metoga npu temueparype 380 °C,
OBLT TOABEPTHYTHL HMITYJIBCHBIM Ja3epHBIM omxuraM. OOpabOTKM IPOBOAMIINCH C
IpUMeHeHVeM U3JIyYeHUs TUTaH—canpupoBoro Jjasepa c gmuHOM BomHBL 800 HM n
nuTenbHOCThI0 mMmiynbca 30 pc. B MCXOZHBIX IIEHKaX ¢ MOJIIPHOHM [J0jed H30BITOYHOTO
KpeMHHUSA ~1/5 u BbIlmle OOHapy)XeHBI HAHOKJIACTEPHl aMOpGHOTO KpeMmHu#A. VmmyibscHble
06paboTku mnpuBenu K (POPMUPOBAHMIO B JAaHHBIX IUIEHKaX HAHOKJIACTEPOB KPEMHHUA C
pasmepamu 1 — 2 HM.

KpemHmeBsle HAaHOCTPYKTYpHI IIPUBIEKAIOT B HACTOAIIee BpeMs MCKIIOYUTEIBHO
6oBLIIOE BHIMAHUeE HCCIefOoBaTesel, YTO JejlaeT BeChbMa aKTyaJbHBIM Pa3pabOTKy METOZOB UX
cosmanua u Mopubumkanuu. OcoOeHHO BaXXHO H3YYUTh BO3MOXHOCTU JIETUPOBAHUA YXKe
cOpMUPOBaHHBIX HAHOCTPYKTYP METOZOM MOHHOU uMMILIaHTanuu. B pabote [49] ucciemoBaHo
BIMAHUE KMIUIAHTAllUM HMOHOB 0Opa M IIOCHeAYIOIUX CTAllMOHAPHBIX TEPMHYECKUX WU
sa3epHbIX UMIyabcHbIX (20 HC) oTxuroB Ha cBoficTBa HaHOKpucTa/wioB Si B SiO2. Kak 65110
IIOKAa3aHO, 5P PEeKTUBHOCTH Ja3ePHBIX OTXKUTOB IJIS ITOCTHUMIUIAHTAI[MOHHOTO BOCCTAHOBJIEHUS
(bOTOMIOMUHECIIEHIIY BhIIIE, IO CPAaBHEHUIO C JINUTeIbHBIMU TepMoobpaborkamu mpu 1100 °C,
YTO 0OYCIOBIEHO BO3MOXKHOCTBIO KPATKOBPEMEHHOTI'O IIaBJIeHUS HAaHOKPUCTAJLIIOB.

Wzygas [50] meiicTBue Momusix HaHOCeKYHAHBIX (20 HC) u dpemTocekyHaHbIX (120 dce)
JIa3epHBIX MMITYJIBbCOB Ha KpeMHUeBble HAHOCTPYKTYPhI, CO3/aBaeMble HOHHO-Ty4eBbIM
cuHTe30M B cinosax SiO: miIMm ocaxJeHueM Ha CTeKIAHHbIe IOJJIOKKH, OBLIO IIOKAa3aHO YTO
HAHOCEKyHJHBIE OTKUTM IPUBOAAT K IIOABJIEHHIO IIOJOCHI (OTOMIOMHHECLEHLIUM BOIM3HU
500 HM, a ee WHTEHCHBHOCTh pacTeT C DHEPTHeH U YHCIOM HUMITYyJbCOB. VcTouHmkamwm
W3JTy9eHHUS CYUTAIOTCA KJIACTEPHI aTOMOB Si, CEeTpeTMpOBAaHHBIX M3 OKuCIAa. HaHOceKyHmHBIE
VIMITYJIBCHI ITO3BOJIAIOT TaKXKe KPHUCTA/LIN30BaTh aMOp(HBIE KpeMHHEeBble HAHONPEI[UIIUTATHL B
SiO2. CunpHOe erupoBaHue CIIOCOOCTBYeT KpUCTa/LIN3anuy. JanrerpHOCTH PeMTOCEKYHIHBIX
HMMITYJIbCOB HEJOCTAaTOYHO myA cerperanuu usdsirowHoro Si u3 SiO2. Bmecre ¢ Tem onHu
KPUCTaJUIM3YIOT TOHKHe IIEHKH a-Si Ha crekie. /luama3oH sHepruii 060MX THIIOB MMITYJIBCOB,
IIpy KOTOPBIX HAOMIOZANach KPUCTAIU3AIUSA, IONMYCKAaJZ KPAaTKOBPeMEHHOe ILIaBlIeHUe
ITIOBEPXHOCTH.

B mHacrosmee BpeMf KOHTpPOJIHpYeMOe yIIpaBlIeHHe pa3MepaMu HaHOkiacTepoB Ge B
KpeMHHUH, T.e. NOCTIDKEHUEe OJHOPOZHOCTU pacIipefie/leHHs HAHOKJIACTEPOB IIO pasMepaM B
aHcaM0Oyie, sBIsSeTCS BechbMa aKTyalbHOU 3azadeil. B pabore [51] mpennoxeH MeTOZR
MOAuGUKAIUKY CTPYKTYPhl KBAaHTOBBIX TOYeK B HAHOCTPYKTypax Ge/Si ¢ mpumeHeHuMeM
MMITyJIbCHOTO  JIa3epHOTO  u3nydeHMs. IlomydeHHBIe — OKCIlepUMeHTaJbHBIE  JaHHBIE
CBHZETEIBCTBYIOT O TOM, 4YTO JIa3epHast 0OpabOTKa ITO3BOJIIET YMEHBIIUTDH CJIOEBYIO IJIOTHOCTD
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KBAHTOBBIX TOYEK, M3MEHHUTHb HX COCTAB MU YBEJIHNYIUTDH CPe,ILHI/II'/JI pa3Mmep. Haunbosnee BaXHBIM

Pe3yJIbTATOM SABJIAETCA O6Hapy}KeHHBIfI 3(1)(1)eKT yBeJIMYE€EHHUA OALHOPOLHOCTH IIdpaMeETPOB

KBaHTOBBIX TOYEK B pe3yJbTaTe HAHOCEKYHIHOTO JIa3epHOTO BO3JeHCTBUA. Tak, oOpaboTka

obpasuia CO CpeZHUM JaTepadbHBIM pPa3MepPOM KBAaHTOBBIX ToueK 8 HM (6 MoHocnoeB Ge)

JleCATBIO JIA3€PHBIMM HMITYJIbCAMH IIPUBOJUT K JBYKPaTHOMY YMEHBIIEHHIO JUCIIEPCHUA

OHEPreTUIEeCKUX YPOBHefI ABPIPOK B MaCCHB€ KBAHTOBBIX TOUYEK.

BI/I,ZLI/IMO MOXHO IIpUBECTH e€lle He OJUH IIpHuMep, CBI/I,D;eTeJIBCTBYIO].U;I/Iﬁ 06 ABHOM

IIpenMyILecTBe, a4 B OIIpee/IEHHBbIX CHIy4YddX M HE3dMEHHNMOCTH, IIPHMMEHEHMSI PO BmecTo

TPaAXIVOHHOI'O TEPMOOTKHTIA B TEXHOJIOTHAX MUKPO- 1 HAHOSJIEKTPOHHKI.
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[TpunnunuanbHOe 3HAYeHWE  MaJIOpPa3MEpPHBIX OOBEKTOB OBUIO  IIOAYEPKHYTO
HoGeneBckuM yaypearoM R. F. Feynman B nexuuu ‘There is plenty of room at the bottom: An
invitation to enter a new field of physics’, mpouuTanHoit Ha 3acemaHuu AMepPUKaHCKOTO
¢usuueckoro obmectBa B KanudopHuiickoM TexHoMOrnueckoM MHCTUTYTe 29 mexabps 1959
roga. M rtompko B 80-x Tomax mpouUIIOrO BekKa C H300peTeHHMEM CKAaHUPYIOIIEro
IIPOCBEYUBAIONIETO MUKPOCKOIIA ¥ aTOMHO-CUIMBOTO MUKPOCKOIIA CTAJI0 BO3MOXHBIM H3ydYeHUe
HAaHOMHPA, KOTOPBIH COCTaBIAIOT OOBEKTHI C JaMHeHHbIMH pasmepamu oT 1 mo 100 mm (1
HAaHOMeTp CocCTaBigeT 1 MmwUIMapgHyio gponio Merpa — 1-10°wM). Vyensle momyuwmnn
BO3MOXXHOCTh HAOJIIOZATh KpyIHBIe opraHudeckue Moiekynsl, cnupaau JHK u wusygars
CTPYKTypy MaTepuu Ha aTOMapHOM ypoBHe. HaHomartepuansl Ojaromaps cBOeil CTPYKType,
0o6pa3oBaHHOM CHCTEMOM HaHOpa3MepHBIX OOBEKTOB, O0O0JaJAIOT HOBBIMU, Oojiee SIPKO
BBIp@KEHHBIMH, CBOMCTBaMU, 4YeM TpamunuoHHble. CeromHs HCCIefOBaHUA HAHOCTPYKTYP
ABJITIOTCA OOIIMM HAIIpaBIeHUeM I MHOTHX KJIACCHYeCKUX HayYHBIX AUCHUILINH [1-3].

ITo MHEeHUIO GOJBIIMHCTBA SKCIIEPTOB, HAHOTEXHOJIOTUA IIPEICTaBIAeT COO0H He TOIBKO
ONHY W3 BeTBeH BBICOKON TEXHOJOTHMH, HO SABIAETCA M CHCTEMOOOpPa3yomuM ¢GaKTOpoOM
SKOHOMHKU XXI BeKa — SKOHOMHMKHU, OCHOBAHHOH Ha 3HAHMAX, @ He TOJIBKO HA HCIIOJIb30BAHUU
IPUPOAHBIX PecypcoB Wiau ux Iepepaborke. HoBble moaxozsl K IpoGieMe IIOTy4eHHSI
MaTepHajoB C 33JaHHBIMHM CBOMCTBAMM IIPUBJIEKAIOT BCe OOJblilee BHUMaHUE CIEIAaJINCTOB B
MenuIHe, (PapMaKOJIOTUM, DHEpPreTHKe, DJIEKTPOHUKE, XUMHYECKOM U HedTeXuMMHYeCKOH
IIPOMBIIIEHHOCTH, MaTepUAJIOBeeHUH, OITHKEe, JKOJIOTHMU — IIPU CO3JaHUU HOBBIX BUJIOB
TOILJIMBA, HOBBIX METO/OB XUMUYECKOH U OMOIOTHYECKOH 3al[UTHI U Ap. B Ommxaiimee Bpems
HAHOTEXHOJIOTMH CTaHYT COCTaBHOM YacCTHIO IIOBCEHEBHOMN JKU3HU, a BO MHOTHX 00JIaCTAX yXKe
CeroJHsA OHU HAJIeXKHO 3aKPEIIUINCh Ha BeJylIUX MO3UIHAX (9JeKTPOHHUKA, OIITHKA, KOCMETHKA,
bapMaKoJIOrusa, MaTepuayIoBeieHue).

OxBaT pasJIWYHBIX CTOPOH HAalled JKU3HYW, MHOXECTBO OTpaciaell 5KOHOMUKH,
Pa3BUBAIOIIMXCA OJarofaps OTKPBHITUAM HAHOHAYKH M JOCTIDKEHUAM HAHOTEXHOJIOTHH, yXe
CeTONHA BIleYAT/IAeT. JTO DJIEKTPOHHASA, KOCMETHYeCKas, TEeKCTHJIbHAS IIPOMBIILIEHHOCTS,
dapmaneBTHKa, 3aI[UTa OKpYyKalomei cpeasl. HaHOoTexXHOMOrMYecKkHe pa3pabOTKH HUCIOIB3YIOT
IJIS TIOy4eHWs HEeJIWHIIONUX KpacHUTelel, IPO3PAayHBIX COJIHIE3ALIMTHBIX IIOKPBITUH Ha
OCHOBe OKCHJA LIMHKA, YCTOWYMBBIX K IlapallMHAM aBTOMOOMJIBHBIX KPacOK, MaTepUaOB IJIA
IIOJyIIPOBOJHUKOBBIX ~INPUOOPOB IIOBBINIEHHONW MOIIHOCTH, IIPU CO3JAHHH  «IHCTBIX»
HMCTOYHUKOB DHEPIUU, HeJOPOTMX BBICOKOAKTUBHBIX KAaTaJIM3aTOPOB, TOILIMBHBIX DJIE€MEHTOB, B
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mpoueccax rasuuUKanuy YA, B IIPOM3BOACTBE MATEPHAJOB I IIPOTE3UPOBAHUS
(MMIIAaHTaHTBI HAa OCHOBE HAHOKPHUCTA/UIMYECKOTO THAPOKCHAIATATA — AaHaJIOra KOCTHOI
TKaHU) U JP.

Becy kpyr momoOHBIX Ipo6ieM IelUTCS CHelUaJUCTaMU Ha TPU KAaTeTOPHH IO TeM
CpOKaM, KOTOpbIe HeOOXOAVIMBI IJI TIOTyUeHUs Oy THMBIX Pe3yIbTaTOB.

Kparkocpounsie (1 —5er): HaHOKOMIIO3UTHI, HAaHOMEMOpaHBI U  (UIBTPHL,
KaTaJIM3aTOPhI HOBOTO IIOKOJIEHUS (C COZep>KaHWeM METaJIJIOB Ha ITOPA/OK MeHbIIe, YeM B HBIHE
WCIIOJIB3YEeMBIX), XUMUYeCKHe U OMOJIOTMYeCKHe CEHCOPHI, MEeIULMHCKHE IHAarHOCTUYECKHe
pubOPHI, aKKyMyIHpYyIolye OaTapey C yBeIUIeHHBIM CPOKOM CIIYKOBI.

Cpenuecpounsie (5 — 10 ser): meneHampaBieHHas JeKapCTBEHHAs Tepamusd, TOYHASA
MeAUIIMHCKAsA AMATHOCTHKA, Me30- U MHUKDPO-Me30IIOPUCThIe MaTepHabl, BBICOKOI(h(eKTHBHbIE
HeZOpOTHe COJHeYHble OaTaped, TOILIMBHBIE 3JIEMEHTHI, BBICOKO3((EKTUBHAA TEXHOJOTUS
IIOJTyYeHUs BOJOPOAA U3 BOBL.

Honrocpounste (6osee 20 yer): MONeKyIApHasA dJI€KTPOHUKA, BBEeIeHUE JIEKAPCTB CKBO3b
060JIOUKY KJIETKH, OIITHYECKHe CpeCTBa Ilepefadu nHpopManuu [4].

HanorexHonorusam ygesnsgercsa orpoMHOe BHHUMaHUE, OZHAKO DKOHOMHUYECKHe aCIIeKTHI
HAaHOTEXHOJIOTUH ITIOKa ellle HeJOCTaTOYHO M3y4eHHI. B HacTosdmiee BpeMs [enaloTCA IONBITKU
OLIeHHUTH, KaK MOXeT IIOBIUATh BHeJpeHUe IOJZ0OHOH TeXHOJIOTUH B IIPOU3BOJICTBO, HACKOJIBKO
CHIBHBIM Oy/leT DKOHOMHYECKUH U IIPOU3BOACTBeHHBIH addekr. Mccaemyercs BO3MOXHOE
BIUSAHYE DTOM OTPACIM HA DKOHOMUYECKHH POCT M DKOHOMHUYECKYIO KapTUHY MHpA B LI€JIOM —
pedYb UeT O HOBBIX PBIHKAX, ITOSBJIEHUU TOBAPOB U yCJIYT CIeAYIOIEro IOKOJIEHUS, BIUIHUN
HAaHOTeXHOJIOTUH Ha 3/J0pOBbe YeI0BeKa U OKPYXKAIOULYIO eT0 Cpexy.

He yTuxaror cmopsl m ZMCKyCCHU IIO IIOBOAY II€PCIIEKTUB Pa3BUTHUA HAHOTEXHOJIOTHH.
OneHKM MOTEeHIINATBPHOTO PhIHKA COCTABIIAIOT HECKOIBKO TPHUIIIMOHOB fosutapoB K 2015 roxy. K
PBIHKY HAHOTEXHOJIOTMII OTHOCATCH, KaK TEXHOJIOTHM IIpUMeHieMue IIPH U3TOTOBIEHUU
Pa3JIWYHBIX MAaTepUAIOB, BEUIeCTB C OIpeileIeHHBIMU 33JaHHBIMH CBOMCTBAMH, KOTOPBIE
BOCTPeOOBaHbI B TOM WM HMHOM BHUJe AEATEeIbHOCTH, TaK M HAHOTEXHOJIOTHUH, IIO3BOJIAIONIME
CO3[]aBaTh IPUHIUIINAIEHO HOBBIE IPOJYKTHL.

HanomaTepuasl, m IpoMeXXyTOUHbIe ITPOLYKTHI C IPUMeHeHeM HaHOTeXHOJIOTUH, —
5TO BCEro JIMIIb MaTepHaabl, KOTOphle 3aKyIllaeT IpeAIpUATHe [JA IIPOM3BOJCTBA KOHEUHOM
mpogykuuu. [TosToMy BaKHO BELABIEHUE JZOIU MaTepPHAIOB B KOHEUHOI CTOMMOCTHU IPOAYKIIUU.
B pasHBIX oOTpaciafx 3Ta JOonAA OTIuYaercA. Hampumep, corjacHO oTYeTaM BeIyLIUX
IIpOU3BOAUTENIEH B aBTOIPOME, CTOMMOCTh MATe€pUAJOB U IIPOMEXYTOYHBIX IIPOAYKTOB
nocruraer 60 % B KOHEYHOH CTOMMOCTH, TOTZA KaK B IIPOM3BOJCTBE OZEXIBl U OOyBU — He
6onee 20%. Ilo ouenke, [ONS MaTepUaJOoB X IIPOMEXYTOYHBIX IIPOAYKTOB B CpeIHEM
cocTaBgeT OKoyo 1 / 3 OT KOHeYHOH CTOMMOCTH TOBapa.

VHTepecHO TO, YTO HaHOMATepHAaJbl COCTABJIAIOT COBCEM HEOOJBLIYIO IO OT BCEX
HCIIOJIB3yeMBIX MAaTepUaJOB. JTO CTAHOBUTCA OYEBHUIHBIM, €CJIM IIOCMOTpPETh, YTO COOOM
IIPe/ICTABIAIOT yXKe CYIIeCTBYIOIIMe HAHONPOAYKTH.. B OCHOBHOM, 5TO IOKPBITHSA, IIEHKH,
IIOPONIKY, KOTOpble ZJOOaBIAIOT IIPHM M3TOTOBJIEHHMM MATE€PUAIOB [IA  YJIy4lUIeHUS
IIOTPeOUTETbCKUX XapaKTePUCTHK. VICcX0/s M3 OIpOCOB KOMITAaHWH, IPOU3BOANINX IIPOAYKTEI C
IIpuMeHeHVeM HAaHOTEeXHOJIOTUH, oA HaHO B MaTepHalax M IIPOMEXYTOUYHBIX IPOAYKTaX B
cpesHeM cocTaBuT 0Kojo 10 %.

MoxXHO TOXYyYUTh aZeKBaTHYIO OILIEHKY MHPOBOTO pBIHKA HAaHOTEXHOJOTHUH 06e3
norynpoBogHuKoB B 2015 romy. IIpumHnunmamsbHO HOBBIE IIPOAYKTHI COCTaBAT 5 % X
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1.5 tpau. $ = 75 mupa. $, ocrampubie: 95 % X 1.5 tpau. $ X (1/3) x 10 % = 47.5 mnpg. $, win
cymmaprHo mpumepHo 1225 mupz. $ B 2015 roxzy. [lons moOnynmpoBOZHMKOB B KOHEYHOU
NPOAYKIMM C TIpUMeHeHWeM HaHOoTexHoysoruii cocraBierr 18—19%. CoorBercTBeHHO,
aZleKBaTHAasA OLleHKA PBIHKA IIOJYyIPOBOAHUKOB C MpuMeHeHHeM HaHO cocrasisgeT 0.185 x 0.7 X
2 tpnH. $ = 259 mupz. O6beM MUPOBOTO PHIHKA HAHOTEXHOJIOTUH B 1[eJIoM cocTasurt: 259 + 122.5
= 381.5 mupz. $.

OxmupaeMas ZOXOZHOCTH B OJIDKAiIIMe TOABI IIOKA YTO OCTAETCA ABHO HE BBICOKOM
(menee 15 —20 %). Tem cambiM, B Grrpkaiiniee BpeMs CpemHAS JOXOJHOCTb MHBECTHPOBAHUA B
HAaHOTEXHOJIOTUM cocTaBUT He Gosiee 10 % romoBsIx, ckopee Bcero, make MeHblre 5 %. K Tomy
’Ke, eCJIM B3ATh TEMITbI POCTA IIPOJAXK B CJIeAyIOIIYe HeCKOJIBKO JIeT TaKue JKe, KaK TeMIIBI POCTa
VHBECTUIIUH 3a ITOCIeHNEe TOABI, a TAKXKe OXXHZaeMylo peHTabeapHOCTh Ha ypoBHe 15— 20 %,
[OJIYYMM OLEHKy pbiHKa HaHorexHosorwit B 150 —35 muapz. $ B 2015 roxy (moxomHocTs
5 -10 %, oxymaemocts 10 ner, penrabemsrocts 15 —20 %). B TO e BpeMms, B IpuUBeEeHHBIX
DAaHHBIX II0 OOBEMYy WHBECTHIUA B IIPOEKTHI, CBA3aHHBIE C HAHOTEXHOJOTUAMH, He
YYUTBIBAIOTCA MHBECTUIIUU B IIOTYIPOBOLHUKU, OCYLIECTBIAIE€Mble KPYIIHBIMH KOPIIOPALIUIMU.
Wcxops wm3 5TOro, BHUAHO, YTO COIOCTaBUMBIE Ppe3YyJbTaTHl IIOTY4alOTCA IIPU CpemHel
OXXHU/IaeMOH JOXOZHOCTH WHBECTHIIWH Ha ypoBHe 3 —5 %, kKak mpepmosaranochk Berue. [Ipu
OlLleHKe PBIHKA HAHOTEXHOJIOTHI HaZ0 OOpaTUTh BHUMAaHNe U Ha HEKOTOPbIe HIOAHCHI.

Bo-mepBbIX, €cIM He YYUTHIBaTh IIOJYIPOBOJHUKH, HAWOOJNBLIYIO [OJIO PhIHKA
HAaHOTEXHOJIOTUH 3aliMyT IIPUHIUIINAIBHO HOBBIE IPOAYKTH (KOHEYHBIE) B HOBBIX OTPACIIAX
WM HOBBIX cerMeHTax oTpacieil. CormacHo ouenke, 5 % HaHOTexHOMOrHH 3aiiMyT Gostee 60 %
peiaka kK 2015 rozy, u ux pons OyzmeT pacTu B JOJITOCPOYHOI ImepcrnekTtuBe. Ilostomy mis
oIpefieJIeHHs IIOTEHIMAJIBHBIX WHBECTHIMI HeOOXOZUMO HAXOAUTh Te OTpPacIH U Te
TeXHOJIOTHH, KOTOpBIE IIO3BOJIAT COBEPUIMTH IIPOPBIB U CO3ZALyT HOBBIE PACTyIIue pHIHKHU,
HaIIpuUMep, COJTHeYHasd SHEPreTUKa (K IPOPBIBHBIM TEXHOJIOTUAM HEOOXOIUMO OTHOCUTH TOIBKO
T€ TEXHOJIOTHH, C IIOMOIIBIO0 KOTOPBIX IMOSABJIAETCA BO3MOXKHOCTD CO37aTh HOBBIM PBHIHOK, HOBBIH
KPYIHBIH CerMeHT PBIHKA MUIM 3aHATH TUAVPYIOUIYIO IO3UIIUIO Ha CYLIeCTBYIOIEM PhIHKE).

Bo-BTOpBIX, pa3BuUTHe PBIHKA HAHOTEXHOJIOTHH CO3ZACT OIPOMHBIe BHeIIHWe 3(pdeKTsI
IJIS Pa3BUTHUA BCEH MUPOBOM SKOHOMUKH, IO MacIITabaM 3HAYHTEIBHO IIPEBOCXOAAILINE 00BEM
PBIHKA HAHOTEXHOJIOTHUH. JTOT 3¢ ¢deKT OyAeT COIOCTaBHUM C Pa3BUTHEM MHUKDPOTEXHOJIOTHH,
KOTJa IOABJI€HUWE U PpasBUTHE KOMIIBIOTEPOB, MHTEPHeTAa M MOOWIBHON CBA3M IIPUBEIO K
CYILIEeCTBEHHbIM H3MEHEHHUSIM MHUPOBOH 5KOHOMWKHU, M, KOHEYHO Xe, K Ooyee OBICTPOMY
SKOHOMHUYECKOMY POCTY.

Ho ecnu pa3BruTHe MUKPOTEXHOJIOTUH IPUBEJIO K 3HAYUTETPHOMY CHIDKEHHIO CTOMMOCTH
0o6paboTkm u Iepejadyu HHPOpPMAIMK, TO Pa3BUTHE HAHOTEXHOJIOTHH IIpUBeleT K
3HAYHUTEIBPHOMY YBeJIHYeHHIO 3(G(GEeKTUBHOCTH MMEIOMeHCsa IIPOMBIIUIEHHOCTH, a TaKke K
OKOHYATeJIbHOMY II€PeXOZy OT OSKOHOMHUKH PeCypcoB K ODKOHOMHUKe 3HaHMI. To ecTs, K
3HAYUTEIBHOMY CHIDKEHWIO BIUSHUA IPUPOIZHBIX PECYypCOB HA DSKOHOMHUKY U YBEIWYEHUIO
BIMSAHUSA YeJI0BEYeCKOTO KaluTaIa.

[TosTroMy pna rocyzapcTBa WHBECTUPOBAaHME B HAHOTEXHOJIOTHM [JeHCTBUTEIBHO
IIpUHEeCeT OTPOMHBIN SKOHOMUYECKUH 5 deKT, OCHOBOII KOTOPOro OyzeT BHeUHUN 3¢h(deKT oT
3HAYMUTEIBHOTO YyBequdeHUs 3(G(GEeKTUBHOCTH SKOHOMHMKM B ILeJIOM, a He MacurrabHoe
IIPOM3BOJICTBO HAHOTEXHOJIOTUM. B TO ke BpeMs HosABIeHUe IPUHIIUIINAIBLHO HOBBIX IIPOLYKTOB
U 3apOXKIeHHe HOBBIX OTpacjeil CO3[JacT BO3MOXHOCTB JJI 3HAYUTEJIBHOTO W3MEHEHUS
pacIopsziKa CHJI B MUpe.
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VIMeHHO OIIEHKOH 3TUX IBYX acCIeKTOB (OLIEHKOH BHeWHUX 3(G(}eKTOB U BBIABIECHUEM
IIPOPBIBHBIX TEXHOJIOTUH) U CJIeZyeT 3aHATHCA B OyIIDKaiiell mepcrekTuse [5].

I'OHKy TeXHOJIOTMil BRIUTPAET He TOT, KTO OOJIbIIe BJIOXKHUT PECYpPCOB, a TOT, KTO CMOXeT
a/leKBaTHO OLIEHUTH BIMAHUE HAa DKOHOMHUKY PasBUTHUA PBIHKA HAHOTEXHOJOTMH M BbIOepeT
6o1ee 3 eKTUBHYIO CTpaTeruio!

B pa3BUTHIX CTpaHAX OCO3HAHWE KJIIOYEBOHM POJIU, KOTOPYIO yXKe B HeJaJeKoM OyzmylieMm
OymyT wurparb pe3yJbTaThl pabOT IO HAHOTEXHOJOTHAM, IIpUBEIO K pa3paboTke
ITMPOKOMACIITAOHBIX IIPOTPAMM IIO UX PA3BUTHIO U FOCYAAPCTBEHHON MOAEPIKKeE.

IlepBoit cTpaHO#, OIeHHWBIIEH BO3MOXXHOCTM HOBOM HAayKM U BbIpaboTaBuIeit
TIOJITOCPOYHYIO CTpPAaTerwio Pa3BUTHUA B 3TOM HampabieHuu, ctaau CoexuHeHHble IllTaTs
Awmepuxwu, rzie B pesparne 2000 roga 65110 06baB1eH0 0 HanroHampHOM HAaHOTEXHOJIOTHMYECKOH
naunuatuse (HHW), mpexacrasnsiomeit co60ii OOGUIMPHYIO HAayYHO-TEXHUYECKYIO IIPOTPAMMY.
Ve B craemywoomeMm, 2000 roxy mnpasurenbcrtBo CIIIA 3anmaHMpOBasO BBIJEIUTH Ha
HAaHOTeXHOJIOTU4YecKre wuccienoBanus okono 500 MiaH. nonnapoB (Y4TO O3HAYAeT IIPUPOCT
accurHOBaHMU B 1.8 pa3) M Havajo OCYLIECTBIATH LEIBIH PAJ BaKHBIX IIPAKTHYECKUX
MEepONIPUATUH, HAallpaBJIEeHHBIX Ha BCeMepPHOe pa3BUTHe HaHOTexHonoruu. Tak, mpunaras 8 2000
rofly IpUOpPUTeTHasA [OJrOoCpouyHasd KoMIUIeKcHas mporpamma HHWM paccmarpuBaemas Kak
5 deKTUBHBI MHCTPYMEHT, CIOCOOHBIN obGecrmeunts augepctBo CIIA B mepBoii mosoBuHe
TeKylero croierus. B ordyere KOHCY/IBTaTHBHOrO KOMHUTETAa IO HayKe M TEXHOJOTUAM IIPU
npesugente CIIA 3amucano: «CIIA He MOryT mo3BosuTh ceGe OKasaThCsA HA BTOPOM MeCTe B
aToit o6mactu. CrpaHa, KoTOpas OyneT IUAUPOBaTH B OOJIACTH Pa3pabOTKM M IPUMEHEHUS
HAaHOTEXHOJIOTHH, OyZieT MMeTh OTPOMHOE NIPEeUMYILeCTBO B SKOHOMUYECKOH U BOEHHOH cdepax
B TeuYeHUe MHOTHUX JIeCATUIeTHII».

Jonrocpounsie mporpamMMsl npuHATH EBpomeiickum Corosom, fAmnonwmeii, Kwuraewm,
bpasunmeit, IOAP u T.1. — Bcero 35 crpanamu. Crpanst EBpomeiickoro coo3a MOLULIX IO IYTH
Pa3BUTHA HAYYHO-TEXHUYECKOTO IIOTEHIMajga IIyTeM UWHTeTpallud YCUIUH BCeX CTpPaH-
yuactHukoB EC. MexanusmoM nHTerpanuu craua 6-1, u 7-1 PamouHsIe IporpaMMsl, B GI0f>KeTe
KOTOpPBIX Ha HaHOTexHOIoruu Ha nepuoy 2007 — 2013 roxsr BeizeneHo 3.5 MIpA. eBpo.

B mocnemrme roxsl B HAephl HAaHOTEXHOJOTHUH CTpeMHTeNbHO BeIxoguT Kwurait. B
natuneTHeM nnaHe Ha 2001 — 2005 rogbr kuTaifickoe MpaBUTEIBCTBO BBIAEIMIIO HA CTAHOBJIEHUE
Ha"oHayku 300 muH. monnapoB CIIA. B ctpare GBICTPO yBeJIMYMBAETCS KOJIUYECTBO NTaTEHTOB,
oTHOocAmuxcA k chepe HaHoTexHoysoruit. Yxxe B 2003 rogy mo sTomy nokasaresnto Kurait saHsan
3-e mecTo B Mupe, ycrynas jumb CIIA u Anonuu. B Hactoamee Bpema Kurait o nemomy pazy
pa3paboToK B 00JACTH HAHOTEXHOJIOTMH NPUOIU3UICI WJIH AOCTUT IIePeJOBOTO MUPOBOTO
YPOBHS.

B oxupaHuu rpomMasHOTO PEIHKA B MHpPe Pe3KO BO3POC/Ia MHBECTUIIMOHHASA aKTUBHOCTD
KPYNIHBIX Kopropanuii. K HayuyHbIM ¥ IpUKIafHBIM pa3paboTKaM B 00JIaCTH HAHOTEXHOJIOTHIA
IIOAKIIOYIUINCH BCe BeIyllue MUPOBble YHHBEPCUTETHl. B TakuX CTpaHAX, KakK, HaIpuMep,
l'epmanus m @PpaHuus, co3faHbl TaK Ha3bIBaeMble LEHTPHI KOMIIETEHIIUU, HJE0JOTHMYeCKU
o0BeIUHAOMYE [NeCATKY HAyYHBIX TPYII, pabOTAalomUX B TeX WIM WHBIX HAIPaBI€HUAX
HaHOTexHoyoruu. HaHoMarepmasbl, = HAHOWHCTPYMEHTHI,  HAHODJIEKTPOHHUKA,  MHKPO-
9JIEKTPOMEXaHHUKa ¥ HAaHOOMOTEXHOJIOTHUHU yKe IIPUHOCAT KOMMepUYeCcKyIo oTaavy [6].

CymecTByer 60JIee Tpex ThICAY ITOTPEOUTENBCKUX U OTPOMHOE YHCJIO IPOMBINUIEHHBIX
IIPOJyKTOB, IIPOM3BEJeHHBIX C IIOMOILIBIO HAHOTEXHOJOTHUHM M IIOJIB3YIONIUXCA CIPOCOM Ha
MUPOBOM PBIHKE.
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PeanpHBIN BKIa, HAHOTEXHOJIOTUH B MHPOBYIO S5KOHOMUKY WJUIIOCTPUPYIOT CJIeLyIONIye
nudpper— B 2009 romy B Mupe Ovwio mnpousseseno 1015 mpomykToB 1O  peanbHOM
HaHorexHonoruu. MuBectunuu B mepuog 2006 — 2009 roxer Bospocau Ha 379 %, ¢ 212
HavMeHOBaHui HaHompogykiuu Ao 1015. Hanotekctunp (115 mponyKToB) 3aHMMaeT BeCOMOe
Mmecto (~ 10 %). Kak u mo mpyrum WHTerpajapHBIM ITOKazaTeslsM, JTuaupyiomee mecro 3a CIIA
(540 Bumos Hanompoaykuuu, ~ 50 %), roro-socrounas Asus (240), EC (154). VI3 HaHOIpOZyKTOB
KOJUIOMJHOe HaHOCepeOpo B pa3nuyHbBIX BuAAx (259 mpomyxros, ~ 22 %) 3aHuMaeT Bemyuiee
MecTo, yriaepomHbele (B ToM uucie ¢ysutepensr)— 82 mpomyKTa, IBYOKHCH THUTAaHA —
50 mpoxyxroB. Dyinnepens: B Hacrosuiee BpeMs IIpousBozsaTcs B mupe ~ 500 ToHH B TrOZ,
OJHOCTEHHBIX M MHOTOCTEHHBIX YTJIEPOJHBIX HAHOTPYOOK ~ 10 TOHH B roz, HAaHOYACTHIL
xpemuuA ~ 100 000 ToHH B rog, HaHOuYacTu AByokucu tutaHa ~ 5000 TOHH B roj;, HAHOYACTHI],
IByOoKrcH nuHKa ~ 20 TOHH B roJ.

ITpon3BOACTBO MPUPOSHBIX ¥ XUMUYECKUX BOJIOKOH, TEKCTIISA BCEX BUOB U U3ZENHI U3
Hero TPAaZUIIMOHHOTO M TeXHUYECKOTO HA3HAYEHUS SBJILETCA OJHUM M3 OCHOBHBIX CEKTODOB
MUPOBOI SKOHOMUKH, 3aHUMAs IIOCTOSHHO MECTO He HIDKe 5-TO B IIyJle CAMBIX HeOOXOZMMBIX
IJIs JeJoBeKa M JJII TeXHUKHU (OHA TOXe [JJIi 4YejoBeKa) IO BaJOBOMy OOOpOTY, olepexas
MHUPOBOI aBTOIIpOM, (apMaleBTUKY, TYPU3M U BOOpYKeHHe. 3HaUUTeIbHAA JaCTh XUMHUIECKUX
BOJIOKOH, TEKCTHUJIA U OJEXJbl IIPOU3BOAUTCA C MCIIOIB30BAaHMEM HAHO-, OWO- H
MHQOPMALMOHHBIX TEXHOJOTHI, OCOGEHHO B CIydYae «yMHOTO», WHTEPAKTUBHOTO,
MHOTOQYHKIIMOHAJIBHOTO TEKCTHIA, IIpeXJe BCEero, g 3alIUTHOH OeXABl B IIMPOKOM
cmsicite cnoBa. B 1990 roxy 3anmagmas Espoma m CIITA mpowussBoguau 40 % Bcex XMMHYeCKUX
BOJIOKOH, Torza Kak B 2007 romy — tomsko 12 %. Hamporus, Kurait B 1990 rozy nmpowussogut
XUMUYeCKUX BOJIOKOH TOJIBKO 8.7 %, a B 2007 rozmy yxe 55.8 % or MHpOBOTO IIpOU3BOACTBA, T.€.
CTaJl MHPOBBIM JHAepoM. B merom MupoBoe mpousBozcTBo TekcTis pacteT: B 2007 roxy 65110
npousBezeno Ttexcrwias Ha 4000 mnpz. $, a B 2012 romy IraHuMpyercs IIPOM3BECTH Ha
5000 mapz. $ [7].

[TpunnunuanbHasd 0COOEHHOCTh HAHOTEXHOJOTMYECKOH PeBOJIIOLMMU COCTOUT ellle U B
TOM, YTO B €€ XOZe IIPOUCXOIUT CMeHa ITapaJUrMbl Pa3BUTUA HayKu. Pamsire oHa maa «cBepxy
BHU3», T.e. [JBUTAJach B CTOPOHY MHUHMATIOpHU3allUM co3jaBaeMbIXx IpenmeroB. Ceifyac wuzer
«CHHU3Y», C YPOBHA aTOMOB, CKJIa/IbIBasA U3 HUX, KaK U3 KYOUKOB, HY>XHbIE€ MaTepHUaIbl X CUCTEMBI
c 3amaHHBIMU cBoiicTBamMu. Co3faHMe MaTepHasoB C HEOOXOAMMBIMHU CBOMCTBaMU IIpHHeCeT
OLIYTHMBIE BBITOABI M B DKOHOMUM DHEPreTUYeCKUX M MaTepUaTbHBIX pecypcoB. Ceifuac 3To
0COOeHHO aKTyaJlbHO, T.K. HAIPSDKEHHOCTh B DHEPreTUYeCKOM oOeclle4eHUM MUpa HapacTaert.
YcroifumBoe  pa3BUTHe  LMBWJIM3ALMM BO3MOXHO TOJNBKO B  CIy4ae CTaOMIBHOTO
SHepreTUyecKoro obecrmeueHus. Bynyliee sHepreTMKH BO BCEM MUpPe CETOJHA CBA3BIBAETCA C
aTOMHOM DJHepruey, TepMOAJEPHBIM CHHTE30M, BOJOPOJHOM OSHEPreTUKOM U [APYyIMMU
HeTPaJUIMOHHBIMU UCTOYHUKAMH DHEPIUH.

Ho, pa3BuBas sHepreTuxy, HallpuMep, aTOMHYIO, HejIb3s 3a0bIBATH O BTOPOIl CTOPOHE
Mezmanu. C OLHOI CTOPOHBI, HAaZ0O CTPOUTH HOBBIE ATOMHBIE 3JIEKTPOCTAHIUM, C IPYrOd —
HeOoOXOZVIMO BHeJpPATh HOBBIe DHeprocOeperarouiye TEXHOJIOTHH, NPUIEPKUBAACH Pa3yMHOTO
6asmanca. 'oBops 06 sHeprocOepexeHNH, HEOOXOAMMO aKTHUBHO HCII0JIb30BaTh HAHOTEXHOJIOTUH,
T.e. TeXHOJIOTUM KOHCTPYHPOBAaHHUA OOBEKTOB, COCTOAIIUX B IIpefiesie U3 HeCKOJIBKUX MOJIEKYJI
uau  jJaxe aromoB. Mcmonp3ys HAHOTEXHOJIOTHM, 3HAYHUTENBHO YMEHBIIAIOTCA 3aTPaThl
MatepuanoB u sHepruu. Hanpumep. Ilopsagxa 20 % Bceii BripabaTsiBaeMOi Ha 3eMJie SHEPTUU
CeTOHSA UJeT Ha OCBellleHUe, HO eC/IM IIePeHTH OT JaMII K CBeTOAMOoAaM (a 3TO HAHOIPOZYKT),
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TO PacXoZpl SHEPTUM Ha OCBellleHHWe COKPATATCA Ha IMOPAZOK. JDTO PAaBHO3HAYHO IIOCTPOiiKe
HeCKOJIBKMX HOBBIX aTOMHBIX CTaHIMI [8].

CerozHa C yBepeHHOCTBIO MOXXHO CKa3aTh UTO, €CJIM TOCY/JapCTBO CTPEMUTHCHA 3aHATH
IOCTOMHOe MeCTO B HOBOM IIOCTHHIYCTPHAJIbHOM MHUpe, HEOOXOAMMO BBIpAaOOTaTh CTPATETHIO
CO3/JaHUA U PasBUTHA HAIIMOHAIBHON HAHOMHAYCTPUM U OOBEIUHUTH YCUIUA TOCYJapCTBa,
HAyYHOTO coo0IecTBa 1 OU3Heca A1 pasBUTHA HOBOM HayKoeMKoH skoHoMuKY XXI Beka.
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50 99omgdol  3600369wmgzsbo  bsfloemo  bsbdoMdsmeo  BHgdbmermyogdols
GO503E00055 BoLOBOMYO0. 193565369 HsBgddo FBIMO YMMoEEYds 9mIMdS dMMOL
Bo@®0ol BsbmbolEgdgdols dowgdsl Idwszdmo WsHIMMEro 45dmlboggdols 4sdmygbgdoo
(0b., B5250mo, [1]). Ly sbErsbsb 353293MM 3509650 SBIOHYWSE SMOMIEXGOL)CO
5oL boGMmool 3mbgbloMgdom Imbgdbs [2] gBm3geosbo BN bsbmdows3qgdol
053001930 dobol Jogds F53MMLIM3MEO MoMmEIbMdOm, BsoIbs3g oogMobs dmMob
bo@Mool dsgo (gogam@s 1).

33037905 1. dr6Hob bo@®mool 656mdows3gdoloysb
3MBOO F530ML3M3o Loa™Mdol dsgo.

0oL boE®mool  gegdgb@Eotrmeo  bsbmLolEgdgdol  BoBo3Memo  M30L9d9d0
290339 howo Aboglos Bobdomdool sbsgrmaom®o LEMWJEIMJOOL ™M30L9d9d0Ls.
99L50530b5Q, 9B6SEMPOMOOS o0  25dMYqbgdol LEgHMadoE. doewbg dzodg Lbgomds
LAHOMIGHDOME  35M599GHMIOL  TMEOOL  LYTMOEIGdIL  0dewglzs  dgoddbsl C/ BN
B56M39BHOMYooLlgEgmgdo,  85a5ome©,  IM35¢39000560  Bobmdowszgoo b
3653502500560 RMEgM969gd0, GMIwgddos B96Yd0L MmO bsfowo aMsx30@0LsS, bmerm
dgmMg — dmMoL bo@Moob.

0053 dmddgadl MO0 sOLYdOMO®  JoBTSLBZ939090  BoJBHMOMoE: (1) deGol
Bo@®ool  bsbmTogrs3gdo s BMwgmHbgdo  FoMIMoagbab 09w gdBH®03gdL 96
ROOMBMB0E  B5bg3M50Y8EIMGOL  (AM9R0GMIWO  BBMB053930Ls96  A9BLbgs3900m,
o0 b5bg3M5agGOXMOHMds 56 MHOL IMBsEMEbYE0), GMIgEms 53Mdswo HBmbol
LosbOL E9M30YOMEGdSE MOEOMLDY 0deg3s BMYo HOR0 BODBOIMMHO M30L9dJdOL
Gb063d0L  Lodwmoegdsl; (2) dmMol bo@®ool Mgoerme  (03w9olbdgds Loliwrm
DMdgdols S BWOHMEO EdMEMIdgd0L dJmbg) BsbmbolEgdgddo sGLYdMOL dwrogMo
309DmggdBOHwo  989d30, @odmdsborol Looom  JGBssMOLO  30IMHEOGHOLYOM
36M0LEHWGOMIB.

3996035L5 5 BH9dbmeEma09080 656MmBTEHOMMO dmMHoL Bo@Mools asdmyqbgdols
3960L39dGHomwo  LEgOHMgdos:  BobMdMF3Mgdo;  Bobm3zmadmbo@gdo; o~ o
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656mLEGHOMIGHMOMo dMOHOL bodMool JoBsbdodstrmnwo  gosdmyggbgdolsmgzols
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565¢0DOH0 50HgMs. g 59m396s B3gbL JogH 0gbs 2osFMOEr0 LEMIbIM FgmdgE Moo
dm9egdol 9gdm@obom dmMol Bo@Mool obgmo Mds®mEHozqbo bsbmLolEgdgdolsmgol,
MMYMO0(355 YO0 BbMB0s3900 s BMgM9gbgdo.
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360900 353050 B 05 N 5¢m3q0L o HMmIgems BLodMEYJgdoa 3oMsGgbowos B-N
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)
30w 2. dMol boBmool (1) bogbsymeo,
(2) Log5IOLYdMMO s (3) 30O MEO bsbMToEs3gd0.

Dogbogm@o (1, 0) bsbmAowszol ( n=123,.. ), GmamOs 1D-36oLEsob,

929396GH>OYO PXOIQO FJEIds ©IAIOL 39M396EOZNWIG LOdOEYIIBTO BIBIOY
4 5@™IMNMH0 HRMOLHYSD. sOBYOMOL MM gdoL 2 Fyz000, HMIGEMPsb3 MOMMgEo

3902905 2 LOdMEYOLOSRSD 1 MMEIBMBOL B 96 1 MomEabmdol N sEHmdgdom. sg GmJ, 3
656m3oszol JoBor®o gm®Mess BaaNaa 0y B-N 880L LogMdgl s©36086s3m d, o -00,

85806 g0l Imdogs 0dbgds 34, -

503960 0dbs MmomMgMwo sGHMIMEMmO 3356doL 30Eobdmwo (p,9,2) gbowos,
Omd mO039 43500l 5gd0Ld0gMHO 5EMIOLIMZOL L JMMOHPObsEHO gdNb3zgzs BoBIYMGO

Bobmdogs 30l Mool
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\/gd(n,o)

P TN T Gz a0 .

o3 8995905 @ ©s 7 3MMOOBEJOL, 0lobo SEHMINOO MM gdol 3060390 s JgmMy

09300 gd0Lsm30L, GgLsdsdols, GHMEos
27

P =Px === ()
6m+1)d
B ZM 3)
2
(6m-1yd,,
WE 4)
©>5
21+ )7
Pg =Px = ( " ) > (5)
Zg =(Bm-—1) d(n’o), (6)
zxy =@Bm+1d . (7)

5 1=012,...,n-1 o m=0,£1%2,... bmdM5396 B s N 53mdgd0l §y3090L 5@GH™INGo

M 9g00L I 399 §Y3000do O Bo3MMNMOZ 5T MHYMEGIL.

5GH™MAMGO 33560900l g FmEHoboer 3mMmMH0bsEJdBY IYMPBMBOm SBswoBMM
398m30003wom 3m3gdN s 9.§. 39bG®n® (I=m=0: ¢y =@ =0, z=4d,, /2 ©>
z2==d, /2) 33569908 @0l 856300l 3350M@U:

(o Bl=, 00 BD*  3sin®iz/n

= +9m?, 8

d’ 4sin® 7 /2n ®)

(mB2-,, 0 Bl)’ _ 3sin’(2l+D7/2n | 9@m -1) ©)
dl o 4sin’ 7z /2n 4

WENILEBY Ssntinin 00
dl, 4sin® 7/ 2n ’

(' N2-, % BI)? _3sin* 2L+ 7/ 2n . (6m+1)° 1)
dl 4sin’ 7 /2n 4

lmBl_ OONI 2 .2

(.0 2(n,0) ) _ 3s'1n2 ln +Gm+1)?, (12)
divo 4sin” 7/ 2n

(o B2—,, ONI1)’ _ 3sin®(2L+ D)7/ 2n . (6m—1)> 13)
dl,, 4sin’ 7/2n 4

(i N1=, N1 _ 3sin’iz/n om? (14)
dl, 4sin’ 7/2n ’

(noyN2=(, o ND*  2in (2 +1)7/2n . 9(2m +1)> (15)

dl 4sin’ 7/ 2n 4
153500 LYdOO (172, 1) BSBMBoEs30L (n=1,2,3,...) 1D-36M0LEHOl 9egdgb@Eoemeo
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Im Bl_ 00 Bl 2 . 2
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Im Nl_ 00 Bl 2 . _ . 2
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(o Bl ND® _ @2sin(2l +1)7/2n +sinlz/n)’

3m?, 29
d(zn,n) 4sin’ 7 /2n (29)
CumB2=m ND?  (sin(2l —1)7/2n + 2sinlz/ n)> L 3@m+1)’ 30)
d:., 4sin’ 7/2n 4
Im Nl_ 00 Nl 2 . 2
Conn) ) )5 +4cos?r/22n)s1n Z/n 5 o , 31)
divm 4sin” 7/ 2n
(umN2=, ND? (54 4cosz/2n)sin> (2 +1)7/2n L 3@m+1)’ (32)

d’ 4sin® 7/2n 4
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1. Introduction

Investigation of semiconductors with different types of inhomogeneities presents not
only independent interest for semiconductor materials science, but it is interesting because
disordered regions usually reach nanometer size range. Physical properties of semiconductors
alter with the presence of disordered regions nanometer size.

Studies of the transport properties of semiconductors have shown that there might
observe various types of inhomogeneity of different origin, which can introduce an appreciable
contribution to the mobility. One type of inhomogeneity appears in doped and compensated
semiconductors [1]. The inhomogeneities here are associated with a non-uniform distribution
of impurity ions. Another class of inhomogeneous semiconductors is semiconductors irradiated
by high-energy particles [2]. Such irradiation creates disordered regions in the sample. These
are clusters of defects with typical size of 10 cm. The inhomogeneities arise not only at
irradiation with high-power particles but at the growth of crystals as well. Independently of
crystal growth methods there always exists this or that inhomogeneity, disordered areas.

Among definitely inhomogeneous semiconductors are also polycrystals. Here,
inhomogeneities are theoretically represented by barriers at the crystalline boundaries [3]. All
of the inhomogeneities types listed above are caused by random space distribution of impurity
ions and electrons and have electrostatic nature. The main peculiarity of these kinds of
inhomogeneities is that they modulate the semiconductors energy bands in a way, so that the
optical energy gap remains invariable.

There may be another type of inhomogeneity connected with random space fluctuations
of the composition [4], so-called inhomogeneous semiconductor alloy. For such type of
inhomogeneity the potentials modulating the conduction and valence band edges will be
different in amplitude and in sign [5].
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In spite of their apparent versatility all inhomogeneities have one common feature: their
modulating potential is mainly large-scaled. Various types of inhomogeneities in
semiconductors can be described in terms of a unified model of semiconductor with energy
bands modulated by a large-scale random potential [5]. The semiconductors crystals contained
disordered areas of different origin are usually of low-quality, what was verified by the low
values of carriers’ mobility. Sufficient attention has to be given to the effects of inhomogeneities
blocking current carriers flow. The commonly encountered problem is one when
inhomogeneity is large enough to change considerably the semiconductor properties compared
with a homogeneous material. Their effect mainly depends on the temperature range and
impurity doping level. It has been concluded [5] that large-sized structure imperfections have
an effect on properties mainly in high-resistant materials, but in low-resistant materials —
inhomogeneities on the distribution of impurities. At certain conditions the properties of these
disordered areas can be surprisingly distinguished from the properties of matrix and have strong
effect on their properties. Semiconductor properties with such inhomogeneous distribution of
defects along the bulk of crystals differ substantially from the properties of crystals with the
same number of defects but distributed uniformly along the volume. Though such crystals are
considered as unsuitable material for production of many electronic devices, in some extent
these disordered materials are used in special solid-state devices of microelectronics [6-8].

The main question at theoretical consideration of current carriers scattering is to analyze
the inhomogeneity electrostatic potential V(r) modulating the energy bands in
semiconductors. The general characteristics of potential V(r) are inhomogeneity of amplitude,
potential distribution function and characteristic spatial extent of inhomogeneity. The most
important is how the inhomogeneity general characteristics of potential V(r) depends on and
under what conditions they will be large enough to change considerably the semiconductors
properties compared with a homogeneous material. Presently, experimental knowledge
concerning such materials is quite rudimentary with a few exceptions. This paper is devoted
mainly to researching of electrical properties in semiconductors with disordered areas.

2. Disordered areas of technological origin

Among the various possible types of inhomogeneities in semiconductors the most
frequently occurring ones are of technological origin. Independently of crystal growth methods
there always exists this or that inhomogeneity, disordered areas. Obviously growing of strictly
homogeneous crystals is practically impossible, especially III-V type semiconductor compounds
in comparison with Ge and Si.

We will discuss the nature of inhomogeneities, of technological origin in n-InP.
Research of large-scale type defects effect on III-V compounds, particularly on InP electrical
properties is of high interest. It is important, that just at growing of InP crystals we get the
greatest number of defects because of extremely high phosphorus vapor pressure reaching
several tens of atmospheres and causing great technological difficulties. In addition, the mass of
P atoms is twice lighter than the mass of As atoms. So, there is possible the formation of more
effective disordered areas in growing process of InP than that of, for example, in InAs. InP
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crystals containing disordered regions may serve as a suitable material for investigation of the
electrical properties of disordered regions. Experimental samples (Table 1) of n-type indium
phosphide crystals grown by zone melting (sample 1) and the pulling (sample 2) methods have
been researched.

Table 1. Electrical properties of n-InP at 300 K before irradiation.

Sample # Current carriers Specific resistance Current carriers
concentration n, cm3 p,ohm - cm mobility #,cm?/V s
1 1.5-10' 0.57 741
2 1.2 10 0.14 3700

The crystals contained disordered areas of technological origin and were of low-quality,
with understated values of current carriers’ mobility. It has been found that after irradiation of
n-type InP crystals with fast neutrons and high-energy electrons the carriers mobility
increased strongly instead of expected decrease and the current carriers concentration
decreased by several orders. It is presumed, that irradiation leads to the decay of disordered
areas, determining anomalous low values of current carriers mobility, scattering the current
carriers on their space charge. Thereby the measurements data of electrical properties and
behavior of electrons in InP are in many ways essentially different from the ones in the
common perfect semiconductors of the Si, Ge or III-V type and cannot be explained or
predicted by the conventional semiconductor theory. Experimental results on temperature-
dependent carriers mobility can be well interpreted by using the theoretical model presented in
[2, 5] for materials with disordered areas and have been applied to analyze our experimental
results. The effect of the disordered regions appears to play a crucial role.

Disordered areas are surrounded with potential wells of sufficient depth and width.
Therefore, they considerably influence on the electrical properties, in particular, they change
strongly the Hall mobility. The well generally acts as an isolated nonconductive void. To
estimate their contribution in the first approximation it is assumed, that mobility connected

with scattering on the disorders is determined by the equation:
1 1 1

llldis Il'lbefore Il'lafter
where 4, — mobility connected to the scattering on the disordered areas; 4, — mobility

>

before irradiation, 4,

The experimental values of x, determined from equation were compared with the

— mobility after irradiation.

mobility u, defined by the scattering on the space charge regions and calculated according to

[5] theoretical treatment. A comparison of experimental data with theory provided the
possibility of determining parameters of disordered regions in InP crystals. Calculations of u,,

for n-InP samples have given a satisfactory agreement of the theory with the experimental data
when the parameters of disordered areas in n-InP samples at 300 K are the following (Table 2).
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Table 2. Parameters of disordered areas in n-InP samples at 300 K.

Geometric Effective
radius of Distance Concentration Quantity radius of
Sample # disordered Between of disordered of atoms in disordered
area voids, cm areas disordered area
Ty > CIM N, ,cm? area Ty > CM
1 6.2-107 6.0-107 46-10® 2.0-10* 3.6-107
2 2.7-10° 3.0-10° 3.7 - 10 1.6 - 10° 1.8-10°

The calculations have shown that configuration of electrostatic potential around
disordered region creates an isolated area effective radius (radial size of the affected region) of
which is the same order as the radius of disordered region and exceeds considerably the lattice
parameter of InP. So the presence of large scale disordered areas leads to forming of big space
charged areas surrounding inhomogeneities and appearance of potential wells enough depth
and width to influence significantly on the bulk electrical properties of crystals.

3. Polycrystallinity effect

The properties of semiconductors are mainly studied on single-crystalline materials.
However, for some technical purposes semiconductor materials of polycrystalline form are
used. Germanium is an ideal material for revealing the polycrystallinity effect on the electrical
properties of a semiconductor, as its crystals of desired structure and properties are readily
obtainable. The experimental concentration-dependence of the mobility in the investigated

samples is shown in Figure 1.

I | 0%eme!}
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Figure 1. Concentration-dependence of the Hall mobility of arsenic-doped Ge at room
temperature: o —single crystals, ® — polycrystals. The curve corresponds to single crystals.
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The mobility data of polycrystalline germanium samples are below the mobility curve
for single crystals in the range of carriers’ concentration n <2-10' cm=3. At higher n there is no
difference in the value of the mobility of poly- and single-crystalline samples. Such an effect of
the polycrystalline structure might depend on various reasons.

In comparison with single-crystals the presence of grains might cause additional
scattering on grain boundaries and on structure defects and therefore results in a decrease of the
mobility. It is a well known fact that such a scattering mechanism takes place if the length of
the carriers mean free path / is in the order of the crystal grain size [9] in polycrystalline
material. Our estimations on the basis of the experimental mobility data show that at
n=10" cm? in germanium /=10 cm, which is much less than the crystalline grains in
samples.

Approximate estimations show that the average size of grains d varies in the range of
10! to 103 cm. The characteristic microstructure of a polycrystalline sample of Geis given
in Figure 2.

Figure 2. Characteristic microstructure of polycrystalline arsenic-doped Ge. x 80.

At n>10" cm™3 by increasing the doping level the contribution of lattice and ion
scattering is increased, what leads to a sharp decrease of /. Thus in the whole investigated range
of carriers’ concentration / << d . Therefore, carriers scattering on grain boundaries and on
structure defect must not be considered.

Another reason, which might have an effect on the semiconductor properties connected
with polycrystallinity is the additional barrier resistivity. As the doping level is increased the
barrier height will decrease and the space-charge region will narrow at the grain boundaries.
Because of the exponential dependence of the resistivity of the grain boundary on the barrier
height this resistivity will decrease faster than the resistivity of the crystallites [3]. Thus at
n>10" cm3 the region near the grain boundary will no longer affect the conductivity.

The concentration dependence of the experimental mobility in polycrystalline
germanium correlates with the character of the barrier resistivity change by doping.
Consequently, we may assume that the barrier presence at n<2-10" cm contributes to the
mobility decrease due to polycrystallinity. This is confirmed by our estimations of the mobility
decrease by increasing the number of grains in the region 7 <10" cm=3. Thus by increasing the
number of grains up to 20 on 1 cm? of the sample area the mobility will decrease by ~ 50 %.
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Another important mechanism connected with the presence of grains is the effect of a
possible accumulation of a parts of the impurities on the grain boundaries of polycrystals.
Therefore, the fact that the electrical resistance in poly- and single-crystals of Ge does not differ
at n>2-10"" cm3, denotes the insignificance of the effect.

On the basis of these findings we can conclude that the existing carriers scattering
theories developed for single-crystalline semiconductors only, are applicable to polycrystalline
samples at high doping levels (n >2-10"" cm3) as well.

When [ >d carriers scattering on grain boundaries and on structure defect introduces
an appreciable contribution to the mobility in addition to barrier resistivity at the crystalline
boundaries.

4. Inhomogeneous semiconductor alloys

Such type of inhomogeneity, disorder scattering for the first time was observed in SiGe
semiconductor alloys [10]. Disorder scattering contribution to the electron mobilities was
revealed also for a number of III-V compound alloys [4]. Calculations of this contribution have
been made using an expression originally derived by Brooks [4]. According to Brooks in
disordered alloy the composition changes from one region to other one at the expense of
statistical fluctuations. This causes energy bands deformation, peaks and dips at the edge of
bands, which looks like deformation potential in theory of scattering by thermal vibration of
lattice atoms. So “alloy” scattering can be considered as “frozen” scattering by thermal vibration
of lattice. The feature of “alloy” scattering is that at low level of carriers’ concentration its
contribution to the mobility increases with increase of alloy components content. At high level
of carriers’ concentration the mobility does not depend on alloy components content and
scattering is defined by ionized impurities. This mechanism of scattering is revealed not only in
SiGe and ITI-V compound alloys but in the case of neutral impurities.

The problems relating to the current carriers scattering on the neutral impurities in
semiconductors have been studied long ago [11-15]. It should be noted that only Erginsoy’s
work [11] obtained extensive acceptance among the applied approaches to the problem of
neutral impurity scattering. But experimental data concerning the current carriers scattering on
the neutral impurity atoms still have not found sufficient explanation [15] within the limits of
the model [11], which is being widely used in many works. In [15], there have been shown that
disagreement between the theory and experimental data of the current carriers scattering on
the neutral impurity atoms by using the model [11], which is based on the model of the current
carriers scattering by neutral hydrogen-type atoms, does not amount to several percents but
several orders.

The same results have been obtained at the consideration of the scattering on the neutral
atoms of Sn in SiGe semiconductor alloys [16]. Carrier mobility in Sn-doped SiGe (85 at % Si)
alloys has been determined at doping levels from 4.3 - 10'° to 1.1 - 102 cm™ (0 - 0.21 at % Sn)
using 300 K electrical measurements. The hole mobility has been shown to decrease with
increasing Sn concentration. Comparison of experimental data with theoretical predictions
suggests that the Sn atoms in SiGe alloys behave neither as neutral nor as ionized scattering
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centers. Estimates indicate that at Sn concentrations from 4.3 -10Y to 1.1.10%cm3, the
scattering of current carriers is mainly due to the disordered Sn distribution.

It has turned out that mobility connected with the scattering on neutral impurity atoms
according to the theory [11] is much smaller than experimental mobility, related to the current
carriers scattering on the neutral impurity tin atoms in SiGe alloys. So, this problem is actual at
the consideration of transport phenomenon in semiconductors, especially in III-V
semiconductor compounds, particularly, in indium phosphide. Therewith in the case of III-V
crystals, particularly in InP, the neutral center can turn out to be more effective because of the
large dielectric constant for these materials.

In this paper we have described the special features of the current carriers scattering on
the electrically neutral impurity atoms in InP compound. The obtained samples were n-type.

A study of current carriers’ mobility in the n-InP crystals performed in the range of
4.2 - 300 K has shown, that temperature-dependence of the mobility appears as a result of two
processes competition: scattering on the impurity ions and neutral impurity atoms. Extent of
impurity ionization depends on temperature. A change of temperature changes the relation
between the number of the ionized and the neutral centers. We have performed comparison of
the contribution of charged and neutral impurities to mobility. The first process dominates at
higher temperatures, the second one at lower temperatures. The scattering is strongly
influenced by neutral impurities in the temperature range of 4.2 — 30 K. We have calculated the
carriers disorder scattering expected in the temperature range of 4.2 — 30 K using the theory of
“alloy” scattering and have shown this scattering mechanism as an essential. So impurity neutral
atoms in InP scatter not only as neutral centers, but there appears an additional mechanism of
disorder scattering.
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1. Introduction

Among different fillers, the nano-sized forms of carbon, such as carbon black, carbon
fibers, exfoliated graphite, carbon nanotubes (CNTs) and onion-like carbon, turned out to be
especially attractive for the design of EM materials giving the benefit of both lightweight and
chemical inertness [1-17]. Note also that in these ranges, due to increasing utilization in EM
materials of novel nanostructures, the classical electromagnetic compatibility (EMC) [18] faces
new problems, while traditional electromagnetic methods gain new life in their application to
new objects.

On the way to new advanced EMC materials, the goal is to achieve the synergy of well-
known properties of host polymers, with new potentialities originating from the fillers and
providing the multifunctionality of the coatings and tailoring their properties. Also it is
important that individual nanocarbon inclusions could display non-monotonic frequency
dependence of the EM response in some frequency ranges coursed by the finite-size effects and
provide therefore a resonant EM response of the composite as a whole (for CNTs, see [16] and
references therein). It means that the individual inclusions cannot be regarded as producing a
small perturbation of the EM field. Even more, the individual inclusion interaction within the
nanocomposite is not limited to the multiple EM scattering as in the case of macroscopic
systems. Quantum mechanical effects come into play, drastically influencing the polarizability
of the constituting particles and thus modifying the classical picture of the composite EM
response. In addition, the inter-element conductivity and consequently, the percolation effect
in nanocomposites are governed by electron tunneling through the contact potential barrier
(multi-channel in general case), which is irrelevant in macroscopic case; see Ref. [19] for the
case of tunneling in multi-walled CNTs. Hence, adequate physical analysis of such a composite
is possible only by utilizing the nanoelectromagnetics approach [20], where the boundary-value
problem is raised and solved in accordance with the quantum transport problem. One more
principal peculiarity of the nanocomposites is their structural disorder: the shape, size and
spatial localization of the individual fillers fluctuate and the fluctuations must be accounted for
both at the simulations of the nanocomposite EM response and at the engineering of composites
properties.
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There are many possibilities to control electromagnetic properties of nanocarbon-based
composites, and therefore to manage their EM shielding abilities, ranging from the alteration of
the topology and polarizability of individual constituents to control electromagnetism of
assemblies of nanocarbon clusters, dielectric response of the host matrix and its affinity to
carbon fillers. In the present paper we focus on the EM properties of novel technological
material — onion-like carbon [21-27] and OLC-based polymer composites.

Recently, several results have been arguing for promising shielding capabilities of onion-
like carbon at microwave, infrared and terahertz frequencies, see [8-12], for experimental
observations and for the theory [9, 28-30]. These articles demonstrated that OLC — stable
defected multi-shell fullerene obtained by thermal transformation of nanodiamonds (ND) — are
promising nanostructures for the wuse as fillers for the manufacture of wide-band
electromagnetic composite materials. An interesting feature specific to OLCs comes from their
ability to form agglomerates, often covered by common graphitic mantle, leading to a so-called
pod-of-peas geometry [9]. Typical size of the OLC agglomerates, depending on the method of
OLC preparation, lies within 100 — 200 nm [26, 27].

Quantum-chemical calculations [22], together with features observed in the X-ray
emission spectra of OLCs [26, 27], indicate that onions produced by ND annealing at an
intermediate temperatures (1400 — 1900 K) have holes in their internal shells. That structure
can be explained by deficiency of carbon atoms arranged to the diamond cubic structure in
order to be transformed into perfect spherical graphitic shells during annealing. As a result,
non-perfect fullerene-like inner shells are formed. Hence, structural defects (sp-hybridized
carbon atoms constituted the boundaries of holes in the spherical graphitic shells and dangling
bonds) are concentrated in the inner cores of the OLCs and are well protected from the ambient
by the outer, more defect-free shells and interact with an external electromagnetic field,
contributing to the overall EM attenuation.

Since the average size of a primary OLC particle is about 4 — 7 nm, OLC possesses higher
dispersability as compared with carbon nano-onions produced, for example, by electric arc
discharge in water, with average size of primary particles of 25— 30 nm [25]. We expect that
OLC due to their lightness will allow reducing significantly the weight of the coatings while
keeping high EM attenuation efficiency.

A potential advantage of OLC is the availability of relatively low-cost fabrication
technology. However, in order to succeed in the design and fabrication of OLC-based polymer
films as effective EM coatings, specific scientific and engineering problems must be solved, such
as technology optimization of the OLC incorporation into host matrix and their dispersing in
specific solutions, achieving evaluation of the affinity of carbon particles with corresponding
polymer molecules. The present paper reports also on the dielectric spectroscopy of OLC-based
polymer films as a tool for exploring these particular problems while developing a new family
of effective wide-band electromagnetic materials with improved thermal stability as a main task.

2. Experimental details
The precursor nanodiamonds were synthesized at high pressure and high temperature
conditions within a shock wave during detonation of carbon-containing explosives with a

negative oxygen balance. The particles were extracted from the detonation soot by oxidative
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removal of non-diamond carbons using strong oxidizers. Following the procedure described in
[21], OLC materials were produced by annealing of ND powder in vacuum at high temperature.
Controllable graphitization in vacuum of the explosive nanodiamond within the temperature
range 1200 — 1900 K allows producing of the sp?/ sp* composites. ND with the size of primary
particle ~8 — 10 (De-series) and 4 — 5 nm (Dd-series) were obtained from “Alit” (Kiev, Ukraine
[http://www.alit.kiev.ua/products.htm]) and FGUP ALTAI (Biysk, Russia
[http://www.frpc.risp.ru/uda/index.shtml]), correspondingly. As annealing temperature is
increased the ratio between diamond core and outer defective curved graphitic shells (sp?/ sp?
nanocomposites) decreases, finally resulting in OLC structure. Due to the aggregation of
primary ND its annealing products (OLC particles) are organized into aggregates with joint
defective graphene shells covering several primary OLC cores. Content of iron impurities in
OLC does not exceed 0.1 wt %.

OLC of Dd and De types were produced as follows. First, ND powder was heated with
rate 5° / min in argon flow 35 cm?/ min up to 850 °C and was annealed at this temperature for
1 hour. Then the sample was annealed at high vacuum (10 torr) at temperatures 1400
(De-1400, Dd-1400), 1600 (De-1600, Dd-1600) and 1800K (De-1800, Dd-1800),
correspondingly. Cooling was done at a rate 20°/ min down to 500 °C using diffusion pump.
Packed density of OLC powder samples changes from 0.306 to 0.530 g/ cm3 as compared to
initial ND sample.

The size (volumetric) distribution of particles in OLC samples has been measured in
N,N-Dimethylformamide (DMF) by means of photon correlation spectroscopy using
Nicomp 380 ZLS PCS Spectrometer. The average size of the OLC aggregates is 85 nm for
Dd-1800 sample and 180 nm for De-1800. For OLC, DMF can be considered as the universal
solvent. Thus, the observations of larger aggregates for De-series of OLC as compared to
Dd-series reflect the real difference in size of the aggregates.

OLC/PMMA composites were prepared via coagulation technique described in [31, 32].
NMP and DMF were chosen as solvents for dispersion of OLC due to their high ability to
solvate nanocarbon particles and stabilize corresponding suspension during ultrasonication
[33, 34]. A calculated amount of OLC was dispersed in 60 ml of NMP using horn sonicator with
frequency 22.5 kHz and power up to 900 W (InLab I1-6.3, Russia) during 10 minutes. After
sonication, 40 ml of the PMMA / DMF solution with PMMA concentration 0.05 g /1 was added
to OLC suspension and the mixture was additionally sonicated during 10 minutes. After this
procedure black dispersion of OLC (100 ml) was quickly poured into 800 ml of distilled water
(50 - 60 °C) under vigorous stirring using magnetic stirrer. Immediately after mixing with
water, PMMA began to precipitate from solution forming amorphous deposit with color
varying from light-gray to intensively black (depending on OLC content in composite).
Precipitated deposit was filtered using Buchner funnel with paper filter, washed with distilled
water for 5-7 times and dried on filter in air. Composites were additionally dried using
vacuum pump and water bath, milled and used for the preparation of polymer films with hot-
pressing technique. Composite films were produced via hot-pressing of milled powders of dried
composites at 200 °C using hydraulic pressing apparatus with loading up to 2 tons. Finally
produced films were uniformly black regardless of OLC content with thickness 0.5 mm and
diameter up to 60 mm.

OLC / epoxy samples were prepared as follows. Epoxy resin was dissolved with acetone
(1:10) and calculated amount of OLC powder was distributed in resulting mixture using
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ultrasonicator for 10 minutes. Produced suspension was placed in drying oven and heated at
40 — 45 °C overnight for removal of acetone residues. Dried epoxy resin was mixtured with
hardener (1 : 1) and pressed between polished Teflon disks with 0.5 mm spacer. Produced plates
were removed from Teflon surface, cut in pieces and used for future investigations without
additional treatments.

The uniformity of distribution of the OLC fillers in the OLC-based polymer samples was
studied by optical microscopy, SEM and TEM. Fabricated coatings demonstrate good quality
and nanocarbon inclusions are reasonably well dispersed. While the size of OLC agglomerates
in highly dissolved suspension is lower than 200 nm, coagulation, e.g. of PMMA and OLC
solution in DMF with higher concentration, leads to the formation of larger agglomerates with
the size up 5 to 20 — 30 microns, which are clearly observed as dark contrast objects on optical
micrographs.

The microwave measurements were provided by scalar network analyzer R2-408R
(ELMIKA, Vilnius, Lithuania) set including sweep generator, waveguide reflectometer and
indicator unit (personal computer). The EM response of samples as ratios of transmitted / input
(S,,) and reflected / input (S,,) signals has been measured within 26 — 37 GHz frequency range
(Ka-band). The frequency stability of the oscillator was controlled by frequency meter and was
as high as 10° The power stabilization is provided on the level of 7.0 mW + 10 uW.
Measurement range of EM attenuation is from 0 to — 40 dB. Basic measurement errors of EM
attenuation over the range 0-25dB and -25-40dB are 0A=%(0.6+0.06A) and
0A=1(-0.4+0.1A) correspondingly, where JA is the margin of error and A is the measured

EM attenuation. The accuracy has been controlled by repetitive measurements for different
orientations of the sample in the waveguide cross-section. When polymer films have been
analyzed, the cured specimens were cut precisely to the waveguide cross-section 7.2 x 3.4 mm.
S -parameters were measured by subsequent inserting specimen into waveguide. The
measurements were performed with free-standing polymer films.

3. Experimental

Estimation of density of states of carriers at Fermi level N(E,) in OLC was based [10]
on the approximation of the temperature dependence of conductivity expression was carried
out for different series of OLC produced from ND of different vendors. The increase of the
annealing temperature from 1400 up to 1900 K leads to increase of the density of states at Fermi
level and consequently increasing of the carrier concentration. Some variation of density of
states at the Fermi level was observed for OLC of different size of agglomerate, being slightly
larger for larger aggregates. Thus, we can operate density of states at Fermi level N(E,) in
investigated samples via variation of the annealing temperature, choice of background of
preparation of initial nanodiamonds and using of the specific fractions of onion like carbon.

The permittivity of the investigated composites were reconstructed, as presented in
Table 1, from the transmittance and reflectance measured in a rectangular waveguide with a
cross section axb (in x and y directions correspondingly) using the following procedure:

T 2k, k)

2(k_, 1k, )cos(k_, ) +il(k_, /k.)* +1]sin(k_,7)’

()

106



P. Kuzhir et al. Nano Studies, 2011, v. 4, pp. 103-112.

B —jl(k_, /k.)* —1]sin(k_,7)

2k, 1k, )cos(k,7) +il(k., 1 k.)* +1]sin(k_,7)
where 7 is the thickness of the nanocarbon based layer, k: is the longitudinal wave number, z
is the direction along the waveguide, numbers k_, ; =7V4a’ -1’ / Aa, A is the free space

wavelength, k_, = 7./4ea’ - ¥ / Aa, € is the complex permittivity of the investigated sample

e=¢g'-ie". Reflectance (R ), absorbance (A ), and transmission (7" ) of the EM radiation on the
sample can be determined as follows: R=S]; T=S,; A=1-R-T.

2)

Table 1. Dielectric permittivity at 30 GHz for the Dd-series OLC annealed at
different temperatures and incorporated into PMMA in different concentrations.

g' Concentration of OLC, wt.%
g" 2,0 5,0 10,0 20,0
2,58 2,36 2,44 2,89
4 1400 ’ ’ ’ ’
o ) 0,05 0,11 0,19 0,38
= 3
= = 1,98 2,94 3,68 5,08
© © ’ ’ 'y ’
0 o 1600
= 2 0,01 0,07 0,26 0,88
< g 1500 2% 2,85 3,88 7,01
0,01 0,08 0,28 1,39

The thickness of OLC/ PMMA and OLC / epoxy samples used for microwave analysis
were between 0.4 to 2 mm. All results collected using scalar analyser for transmitted / input
(S,,) and reflected / input (S,,) signals within 26 —37 GHz were recalculated through the
procedure of dielectric permittivity reconstruction (1) and (2) for the same thickness in 2 mm of
EM coating.

Finding a way to manage the high-frequency conductivity of OLC fillers and their
possibility to attenuate the electromagnetic signal in microwave frequency range as much as
possible, the series of PMMA samples with 2 — 20 wt % of OLC inclusions annealed at different
temperatures were analyzed. The maximal values of EM attenuation S,, in —34 and -32 dB
were observed for Dd-1800 and De-1800 series of OLC correspondently embedded in PMMA in
20 wt %. It has been found (see Figure 1) that raising the annealing temperature leads to
enhanced absorption ability of OLC based composites, which is in perfect agreement with the
results for DC conductivity measurements. Indeed, OLC annealed at 1400 K do not demonstrate
valuable EM attenuation: even 20 wt % of OLC provide only 19 % of microwave signal
absorption and 26 % of reflection. At the same time Dd-1600 produced at 1600 K absorbs
already 40 % of microwaves being incorporated in PMMA within the same percentage.
Dd-1800 fabricated at 1800 K absorbs practically 60 % of microwave energy at 20 wt %
concentration. This property of OLC correlates with the observed increase of density states of
conductive electrons in OLC material produced at high temperature [10]. The reason is that
OLC with the dielectric diamond core inside, being sp3/ sp? composite (samples annealed at
1400 and 1600 K), transforms step-by-step into onions, when annealing temperature is 1800 K.
The increase of annealing temperature does not only promote ND core graphitization but also
results in the formation of more perfect prolonged conductive tracks within OLC agglomerates.
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The reflection ability of OLC annealed at different temperature is actually the same on
the level of 20 % demonstrating slightly non-monotonous dependence on concentration for
OLC annealed at intermediate temperature 1600 K (see Figures 1b and 1a).
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Figure 1. EM absorption (A ), reflection (R ) and transmission (7" )
of OLC / PMMA composites at 30 GHz versus OLC concentration;
OLC of Dd-type were annealed at 1400 (a), 1600 (b) and 1800 K (c).

As was shown in Ref. [32], EM attenuation in Ka-band provided by 0.8 mm thick layer
of OLC powders is strongly dependent on the OLC cluster size, being significantly higher for
De-series (OLC of De-type is characterized by the larger average cluster size). This conclusion
is in good agreement with our theoretical prediction for OLC polarizability to be dependent
linearly on the OLC cluster volume [29]. Both experimental results and theoretical estimates
[29] coincide with the increase of conductivity of OLC powder produced from nanodiamonds
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having larger average size of the nanocarbon aggregates [10]. This behavior can be described as
follows: the increase of OLC mean aggregate diameter results in the formation of more perfect
prolonged conductive tracks within OLC material. At the same time, the increase of the average

cluster size of nanocarbon inclusions into PMMA did not result in increase of EM absorption
(see Table 2).

Table 2. EM absorption, reflection and transmission of OLC / PMMA composites at 30 GHz for
OLC of Dd- and De-series, annealed at 1800 K and different concentrations of the inclusions.

Dd 1800 Concentration of OLC, wt.%

De 1800 2 5 10 20

. 0,317 0,321 0,271 0,147
0,271 0,310 0,310 0,215

- 0,680 0,630 0,575 0,307
0,720 0,621 0,586 0,436

A 0,002 0,049 0,154 0,547
0,009 0,069 0,104 0,349

Indeed, on the one hand OLC with larger mean cluster size demonstrate slightly higher
conductivity [10]. On the other hand, OLC particles characterized by smaller average cluster
size (the average size of the OLC aggregates is 85 nm for Dd-1800 sample and 180 nm for
De-1800) demonstrates significantly lower percolation threshold [35]. That is Dd-1800 and
De-1800 fillers within 10 wt % in PMMA demonstrate the same EM response (see Table 2), but
Dd-1800-based polymer sample with 20 wt % of nanocarbon inclusions being close to a
percolation threshold corresponding to this type of OLC demonstrates maximal possible EM
absorption, whereas De-1800-based polymer will reach maximal values of EM attenuation
when OLC content will reach approximately 25 wt %. This peculiarity of OLC and OLC-based
composites has to be taken into account when effective EM shielding materials fabricated.

In order to reveal the influence of the host polymer on the EM properties of OLC-based
coatings in Ka-band, the EM response of the same type of OLC (Dd-1800) incorporated into
epoxy and PMMA within the same weight percentage was compared in Table 3.

Table 3. EM absorption, reflection and transmission of OLC / PMMA and OLC / epoxy
composites at 30 GHz and different concentrations of OLC of Dd-1800 type.

PMMA Concentration of OLC, wt.%
Epoxy 2 5 10
R 0,317 0,321 0,271
0,332 0,246 0,110
- 0,681 0,630 0,575
0,624 0,580 0,572
A 0,002 0,048 0,154
0,044 0,173 0,318

One can see that the EM reflection provided by OLC is higher when they are embedded
into PMMA host matrix, but EM absorption increases when OLC incorporated into epoxy.
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Finally, 10 wt % of nanoonions of Dd-1800 type provide the same attenuation of microwave
signal being embedded into both PMMA and epoxy resin, but the contribution of reflection and
absorption mechanisms is different. That is OLC of different types, depending on the synthesis
conditions (first of all on the surface chemistry), have different affinity for the host polymer: we
suppose that higher adhesion of polymer and OLC agglomerates provide formation of more
homogeneous distribution of OLC within polymer matrix resulting in higher reflection ability
of OLC-based polymer composite. At the same time, high adhesion could lead to increase of the
contact resistivity and decrease conductivity of composite as a whole [36]. A detailed dielectric
analysis within the wide temperature range is needed to study the problem of interactions
between the fillers and the polymer molecules; structural relaxation process in the given
polymers composites, the influence of the OLC concentration on the dielectric properties and
how it is effected by the percolation phenomena, interactions inside OLC aggregates, and
structure of the interface between OLC and polymer matrix.

4. Conclusions

It is proved that EM response of the OLC fillers can be tailored through the alternation
of the electrical conductivity within OLC aggregate via variation of the annealing temperature
and use of OLC aggregates with smaller or larger sizes. The latter can be controlled through the
fractionation of initial nanodiamond material and selection of the fraction with the largest
aggregate sizes used for OLC production. The reported results demonstrate that OLC is an
interesting candidate for EMC material applications in the microwave frequency range. EM
characteristics of nanocarbon composites in microwaves were found to be sensitive to the OLC
type and synthesis conditions.
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1. Introduction

The use of microorganisms in the synthesis of nanoparticles emerge as an eco-friendly
and exciting approach. In recent years a great attention has been paid to microbial technologies
of nanoparticles production [1, 2]. Microbial cells have developed specific mechanisms for
interacting with inorganic ions in the surrounding aqueous environment. Sometimes these
microbial processes result in inorganic precipitation, both intracellularly and extracellularly.

Various microorganisms (bacteria, yeast, fungi) are known to synthesize gold
nanoparticles [3, 4]. The produced nanoparticles have different size and shape. Nanoparticles
formed by some microbial processes are composite materials and consist of inorganic
component and special organic matrix (proteins, lipids, or polysaccharides) and they have
unique chemical and physical properties different from the properties of nanoparticles formed
by conventional routes and by other microorganisms even when they are incubated in the same
medium under the same conditions. So it is important to screen new classes of microbes for

113



Synthesis of gold nanoparticles by Strepromyces glaucus 71MD.

their ability to synthesize nanoparticles of gold with technologically important properties. The
ability of synthesis silver nanoparticles by some microorganisms was studied earlier [5].

In this study the bacterial strain Streptomyces glaucus71MD was examined. It was
found that this strain successfully produces gold nanoparticles of different sizes and shapes from
aqueous solutions containing gold ions.

2. Materials and methods

The bacterial strain Streptomyces glaucus 71MD isolated from the rhizosphere of
soybeans grown in Georgia creates spirally twisted sporophores. Spore envelope is smooth,
aerial mycelium is bluish-green. It develops a melanoid pigment.

On a synthetic nutrient medium, the bacteria grow well. Their colonies and nutrient
medium are colorless, aerial mycelium is weakly developed light blue.

From carbohydrate sources the strain Strepromyces glaucus71MD uptakes starch,
dulcitol, mannitol, glucose, lactose and sodium citrate. It doesn’t uptakes fructose, xylose,
galactose, maltose, glycerol, sodium lactate and cellulose. From nitrogen sources it uptakes
KNOs, Ca(NOs)2, peptone, leucine, asparagine [6, 7].

The contents of medium of the optimal growth of actinomycete Streptomices
glaucus 71MD is: Kx2HPOs4 (0.05 %), MgSOs (0.05 %), NaCl (0.05 %), KNOs (0.1 %), FeSOs - 7H20
(0.001 %), starch (2 %), yeast extract (0.03 %), pH = 7.5. In this nutrient medium the bacteria
were grown in 250 ml Erlenmeyer flasks under aerobic conditions at permanent shaking of
suspension and at the temperature of 28 — 30 °C, pH =7 —8. The biomass was harvested by
centrifugation. The obtained biomass was washed twice in distilled water and placed into
250 ml Erlenmeyer flasks with 100 ml aqueous solution HAuCls (chloroauric acid) of 103 M
concentration. The bacteria were kept in the nutrient within the temperature range 28 — 30 °C
for different periods of time (1 — 10 days) and the synthesized gold nanoparticles were studied.
For spectrophotometric study, both the suspension and supernatant obtained after
centrifugation were used. Centrifugation was done for 20 min at 12 000 g.

After lyophilization [8], the biomasses obtained in such a way were studied by atomic
absorption spectrometry (AAS). The amount of gold was measured both in dry samples and in
supernatants. In addition, suspensions and supernatants were studied by transmission electron
microscope (TEM), and the lyophilized samples by the X-ray diffraction (XRD) method. For
UV-Vis spectral analysis 2 ml samples were taken and absorbance was measured.

ACS-reagent grade was purchased from Sigma (St. Louis, MO, USA).

The UV-Vis of the solutions were recorded on a spectrophotometer “Cintra 10e” (GBC
Scientific Equipment Pty Ltd, Australia), wavelength range 190 — 1100 nm.

XRD measurements of bacterial samples were made on a “Dron-2” diffractometer. X-ray
tube BCV—-23 with Cu anode (Cu Ky — A = 1.54178 A) was used as a source of irradiations; Ni foil
with a thickness of 20 pm was used for filtration of irradiation; the rate of detector was 2° / min,
the interval of intensity was 1000 impulse / min and the time constant was 2 s.

TEM was performed using the JEOL SX-100 equipment (Japan) operating at 100 kV. The
TEM studies were done at 50 000 x magnification. Samples were prepared by placing a drop of
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solution of gold nanoparticles on carbon-coated TEM grids. The films on TEM grids were
allowed to dry at room temperature before analysis.

For AAS of bacterial samples a flame spectrometer “Beckman—495” was used, the
measurement was carried out at the wavelength of gold resonance line A = 242.8 nm.

3. Results and siscussion

Addition of actinomycete Streptomyces glaucus71MD biomass to chloroauric acid led to
formation of gold nanoparticles. In Figure 1 UV-Vis spectrum recorded from this strain in
HAuCls solution after different time is presented. The observation of peak at 530 nm indicates
the extracellular synthesis of gold nanoparticles.

Absorbance

T T T T T T T T T
400 500 600 700 800
A (nm)

Figure 1. UV-Vis spectra recorded as a function of time of reaction of
aqueous solution of 10 M HAuCls with Streptomyces glaucus71 MD.

As it is seen from Figure 1, during the interaction of this strain with the solution for less
than 40 hours, more gold nanoparticles are formed than for several days. In [5], the similar
strain Streptomyces spp211A bacteria was used by us for synthesis of silver nanoparticles, the
amount of which peaks within several days. Thus, even for similar bacteria, conditions for
nanoparticle synthesis differ.
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Figure 2. Diffractogram of Streptomyces glaucus71MD biomass
after exposure of 10* M HAuCls aqueous solution for 40 hours.
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Figure 3. (a) — TEM micrograph recorded from drop-cast films of gold
nanoparticles solution formed by the reaction of chloroauric acid solution
with Streptomyces glaucus 71MD biomass; (b) — Selected area diffraction pattern
recorded from the gold nanoparticles; (c) — Particle size distribution histogram.

In Figure 2 as an example, the XRD pattern of gold nanoparticles synthesized by treating
of Streptomyces glaucus 71MD with chloroauric acid aqueous solution for 40 hours is presented.
The diffraction patterns correspond to the amorphic structure of gold particles. However, a
number of Bragg’s reflections corresponding to face centered cubic (fcc) structure of gold are
also seen here: four characteristic peaks (111), (200), (220) and (311). The results obtained
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clearly shows that gold nanoparticles formed by reduction of Au(Ill) ions by Streptomyces
glaucus 71MD are crystalline in nature and they are produced in general extracellularly.

Figure 3 shows the TEM image recorded from the drop-cast film of gold nanoparticles
synthesized after reaction the chloroauric acid solution with Streptomyces glaucus71MD
biomass for 40 hours. Here the patterns correspond to the fcc structure of gold nanoparticles.
The particle size histogram shows that size of gold nanoparticles range from 8 to 20 nm with
average size 15 nm.
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Figure 4. Total amount of Au in the lyophilized samples of Streptomyces glaucus 71MD.

Figure 4 shows the total amount of gold in the samples where Strepromyces glaucus
71MD was exposed to HAuCl4 for different periods of time. AAS method was used to examine
the lyophilized samples.

As it is seen from the figure, the greatest amount of gold is contained in Streptomyces
glaucus 71MD biomass interacting with the solution of chloroauric acid during 3.5 days.

4. Conclusion

The examined actinomycete Streptomyces glaucus71MD produces gold nanoparticles
(with sizes in the 8 — 20 nm range) extracellularly when embedded in chloroauric acid solution.
This offers a great advantage over an intracellular process of synthesis in various scientific and
technological applications.
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O BO3MOXXHOCTHU NUCCIIENOBAHUA MUKPOCTPYKTYPHI ®EPPO- U
O®EPPUMATHUTHBIX MATEPHUAJIOB C IIOMOIIIBIO X MATHUTHBIX CBOMICTB

Jx. B. Iepusaa3ze

I'pysuHCKUI TEXHUYECKUH yHUBEPCUTET
Téunucu, I'pysus

ITpunsara 27 uions 2011 rozma

WNwmeercss Tpum Tuma MarHUTHBIX 95(QeKToB: mUaMarHeTH3M, IapaMarHeTHsM U
KOOTIEpAaTHUBHBIM MarHeTHusM, T.e. peppoMarHeTusM, aHTHUGEppOMarHeTHsM u GeppruMarHeTH3M.

OCHOBHYIO IPUYNHY BO3HHKHOBEHMS MarHeTw3Ma CJIeAyeT MCKAaTh BO B3aMMOJEMCTBHHU
9JIEKTPOHOB C MArHUTHBIMH IIOJSIMM U B3aUMOJEWCTBUM 3JIEKTPOHOB IPYT C APYTOM.
ODJIEKTPOHBI MOXXHO IIPE/ICTABUTH KAaK Majble KDPYroBble TOKH; B BeLIECTBE IIPOHCXOJUT
B3aMMO/EHCTBIE MEXy OPOUTATBHBIMY DIEKTPOHAMY M MaTHUTHOM IIOJIEM.

[ToMmumMO OpOUTANBHOTO [ABIDKEHHUS, OSJIEKTPOH HMeeT CIUH, OOYC/IOBIMBAIOUIMI
BO3HMKHOBEHME MarHMTHOTO MOMEHTa CaMOTrO 9JIEKTPOHA. ODJEKTPOHBI  3aHUMAIOT
SHepreTUvYeCKue COCTOSHUSA IIOC/HeLOBATENIBHO, IPUYEM B KAKZOM COCTOSHUM MOTYT OBITH
TOJIBKO [[BA 3JIEKTPOHA, 00IaAaolye IPOTHBONOMOXKHBIMU crinHamu. CriefoBaTeIbHO, B aTOMaX
C YeTHBIM YKCJIOM 3JIEKTPOHOB CIIMHOBBIN MarHeTW3M IIOJHOCTHIO CKOMIIEHCHpOBaH. [loaTomy
IIPWIOKEHNEe MarHUTHOTO IIOJIA BBI3BIBAaeT JIHIIb BO3MYIeHHEe OpPOUT 3JIeKTPOHOB, TaK UYTO
BHYTpeHHee MarHUTHOE II0JIe COXPAaHIeTC s HeU3MEeHHBIM.

Ecau umcio sneKTpOHOB B aTOMaxX BEIECTBA SBJISETCS HEYETHBIM MJIM €CIU Cpeau
9JIEKTPOHHBIX OO0OJIOYEeK aToMa MMEIOTCS TaKue, Ha KOTOPBIX CIMHBI 3JEKTPOHOB He
CKOMIIEHCHPOBaHBbI (Hampumep, d-060I09Ka B IEPEXOZHBIX MeTaylIax), aTOM MOXXeT 006yazaTh
Pe3yNIBTUPYIOMUM MarHUTHBIM MOMEHTOM, OJarofaps HaaWYHIO HECIApeHHBIX HWJIH
HECKOMITEHCHPOBAHHBIX CIIMHOB 3JIEKTPOHOB. Takue aTOMBI HAa3bIBAIOTCS MAarHUTHBIMH, a
CHCTeMa JjaeKO OTCTOALIMX APYT OT APyra aTOMOB, IIOBEPrHYTas AeHCTBUIO MATHUTHOTO IIOJIA,
OOGHapy>X1BaeT HEKOTOPYIO CTeIIeHb OPUEHTAIIY aTOMHBIX MATHUTHBIX MOMEHTOB.

Ecnu MarHWTHBIE aTOMBI HaxOAATC B TaKOM TECHOM KOHTaKTe APYT C APYIOM, UTO
cocefHUWE aTOMbBI MOTIYT OOMEHHMBAaTBCS MArHHUTHBIMH 3J€KTPOHAMM, MOXKHO HAGIIOAATH
KOOIIePaTUBHOE B3aMMO/IEHCTBYE, IIPU KOTOPOM CITMHBI BCEX MarHUTHBIX 3JIEKTPOHOB B PEIIETKE
IPUHUMAIOT OAWHAKOBOE HANpaBleHWe ¥ MAarHUTHBIE MOMEHTHI 3JIEKTPOHOB OKa3BIBAIOTCS
OYeHb CHJIBHO CBA3aHHBIMU. OTa CAMOIPOU3BOJIBHAS HAMarHUYEHHOCTh XapaKTepHA [
beppoMarHUTHBIX MaTePUAJIOB.

®penxenem [1] u laitzenGeprom (2] 6pura paspaboTaHa KBaHTOBO-MeXaHUYECKAS TEOPUS
OGMEHHOTO 3JIEKTPOCTATUYECKOTO B3aUMO/I€MCTBUSA JIEKTPOHOB (GepPOMarHETHKOB, U3 KOTOPOM
CJIeZyeT, YTO SHEPreTHUYeCKH BBITOLHBIM COCTOSHUEM SIBIIETCS TaKoe, IPYU KOTOPOM CIIMHOBEHIE
MAarHUTHBIE MOMEHTHI 9JIEKTPOHOB BBICTPAaWMBAIOTCSA IapajUlesibHO, 00pasys o06racTu
CaMOIIPOV3BOJIFHOM HAMarHUYeHHOCTH, T.€. JOMEHBI. B 3TOi Teopuy mpepmosaraercs, 4To [Ba
COCeTHUX aToMa KaK Obl OOMEHUBAIOTCA JJIEKTPOHAMH, BCJIEACTBHE 4Yero IOSBJISETCS Tak
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HaspiBaeMass OOMEHHAas OJHEepPrus, NPUBOASANIAS K [apajUIeIbHOW OPHUEHTAlUU CIHUHOBBIX
MarHUTHBIX MOMEHTOB, T.e. K (eppoMarHeTusmy.

OOMeHHOEe B3aMMOZEHCTBHE MEXIYy MAarHUTHBIMM aTOMaMH dYacTO MOXeT ObITh
HEIpPsAMBIM U OCYLIECTBJISAETCS 4Yepe3 NPOMEXYTOUHbI HEMarHWTHBIA aTOM, HAlpuMep,
KHUCJIOPOJA WU Cephl. IIpM HEKOTOPBIX YC/IOBUAX B3aMMOJENCTBHE MEXKIY MAarHUTHBIMU
aToMaMy B BelleCTBE MOXKET IIPUBECTH K aHTHUIIAPAJUIEJbHOMY PACIOIOXKEHUIO CIIMHOB
COCEHUX aTOMOB. JTO sIBJIEHWE Ha3bIBAaeTCs aHTH(eppoMarHeTusMoMm. Takum oGpasoM, MbI
“MeeM BeIIeCTBO C B3aUMHO NMPOHUKAOIIMMHY PEIIeTKAMU OJMHAKOBBIX MAaTHUTHBIX NOHOB WU
aTOMOB C HAMATHUYEHHOCTBIO B IPSIMO INPOTHBOIOJIOXKHBIX HAMPABIEHUIX; [NEHCTBHE HX
B3aMMHO KOMIIEHCHPYETCs, TaK YTO Pe3yIbTUPYIOLIEro MarHUTHOTO MOMeHTa HeT. Hakower, nse
B3aMHO NPOHUKAIONIVE PEUIeTKX MOTYT UMeTh aHTUIAPAIIENbHYI0 HAMAarHUYEHHOCTh PasHOU
BEJIMYMHBI, TAK YTO OCTAETCS Pe3YIbTHUPYIOU[UNA MATrHUTHBI MOMEHT B HaIpaBieHHH Goiee
CHJIBHOM MAarHWTHOM MOJAPENIeTKH. OTOT HECKOMIIEHCUPOBAHHBIN aHTU(DEPPOMATHETHIM
Ha3BIBAETCS (PeppUMArHeTU3MOM. PasjuyHble BHABI PACIO/DKEHUS CIUHOB, CXE€MAaTHYECKU
nokasaHsl Ha Qurype 1.
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®urypa 1. Mozenu COBOKyITHOCTeil MATHUTHBIX aTOMOB.

HamaraumyeHHOCTh HachIueHuA (GEPPOMArHUTIBIX MaTepUAJIOB 3aBUCUT OT YHCJIA
HECKOMITEHCHPOBAHHBIX CIIMHOB B MArHUTHBIX aTOMaX. B (eppoMarHUTHBIX MeTaIIax — JKeJje3e,
KOoOasbTe ¥ HUKeJle — U3MEePEHHbIII MarHUTHBIE MOMEHTHI COOTBETCTBEHHO paBHHI 2.2, 1.7 u 0.6
CIIMHOBBIX MOMEHTOB (B DJIEKTPOHHBIX €JUHWIAX WJIM MarHeroHax bopa). Eciau 6s1, omHaxo,
MarHeTU3M d-3JIeKTPOHOB IIPOSIBJIAJICA IOJHOCTBIO, KaK 3TO MMeeT MeCTO B M30JIUPOBAHHBIX
aTOMaX, 3TH 3HAYeHUs JOJDKHBI ObUIH OBI cOCTaBUTH 4, 3 u 1, COOTBETCTBEHHO (IIPH 3TOM OBLIO
IPUHATO, YTO B HUKeJIe UMEeTCS OJUH DJIEeKTPOH IIPOBOJUMOCTH, a B JKeje3e U KoOaabTe — II0
IBa, KOTOpBle He JAIOT BKiaza B MarHeTusm). OTcioza BHAHO, 4TO JAJA METAJJIOB aTOMHAs
TEOpUs He JaeT IPaBWJIBHOM BeIMYMHBI MarHUTHOTO MOMeHTa. /lo CHX IOp BefeTCA aKTUBHAs
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IUCKYCCHS IIO TIOBOZY OOBACHEHUSA STOTO PACXOXKJEHUs, OJHAKO SCHO, YTO OHO CBS3aHO C
IIePeKpPHITHEM IIOJIOCHI IIPOBOAMMOCTHA U d-TIOJIOCHL. DTOT BOIPOC B HACTOsIee BpeMs
HeIIpepsIBHO Hccienyercsa. Hekoropsle aBTOphI OOBACHAIOT HAOIIOfaeMble 3HAYEHUS
MarHUTHBIX MOMEHTOB TeM, YTO OZHA 4YacTh aTOMOB B pacCMaTpPUBAaeMBIX MeTaJIaX CBA3aHA
aHTU(EpPPOMAarHUTHO, a JApyras — (PeppOMarHUTHO, YTO U JAaeT HAOII0JaeMblii MarHUTHBIH
MOMeHT. JI1 HUKeld IOJNOXKEHHe HECKOJIBKO IIpollle, 4eM A >Keae3a M KobGambra. Ilo-
BUZUMOMY, HEKOTOpBIe D3JIEKTPOHBI dJ-IIOJIOCHI YYacTBYIOT B IIPOBOAMMOCTH, YTO JaeT B
pesyibraTe (0.6 MATHUTHOTO 3JIEKTPOHA HA aTOM B d-IIOJIOCE.

s heppoMarHUTHBIX U (peppUMArHUTHBIX MAaTepUAIOB XapaKTepHa BBICOKAA MHIYKIIHI
HACBIIEHUA, KOTOpas MeJJIEeHHO YMEHBIIAeTCs C IIOBBINIEHHEM TEeMIIepaTyphl, a 3aTeM Pe3KO
IafiaeT, [JOCTUTas HYJIeBOTO 3HAYEHUA IIPU HEKOTOPOH XapaKTepPHCTUYECKOH TeMIepaType,
n3BecTHO# Kak Touka Kiopu. PeppomarHuTHbIe BelecTBa BO MHOTHX OTHOLIEHUAX BeAYT CeOs
Kak ¢eppoMarHeTUKH, OOHAPY)XMBas HE3aBUCAUIYIO OT IIOJI1 HaMarHUYeHHOCTh HACHIIEHUS U
bukcuposanuyo TOuKy Kropu (Tepmun «deppomMarHeTHsM» YaCTO IMPUMEHIETCA IJIs
obo3HaueHUs Kak ¢eppo-, Tak u (eppumarHeTusma). AHTHGEPPOMAarHeTUKN BeIyT cebs BO
MHOTHX OTHOIIEHUAX IOJOOHO IlapaMarHeTHKaM, IIOCKOJbKY /Beé aHTHUIIApajUIeIbHBIe
MarHUTHBIE IOJpelleTKY KOMIIEHCUPYIOT AeHCTBHe IPYT Apyra; 3TH BellecTBa OOHAPY>XKUBAIOT
JIMLTB CIa0BI MarHeTH3M, KOTOPBII 3aBUCUT OT IIPUJIOKEHHOTO MarHUTHOrOo 1ost. OgHako npu
OIlpesieJIeHHOH TeMIlepaType aHTHINApajUlelbHas OpPUEHTAlUs CIMHOB paspylIaercs, 4YTO
COIIPOBOXKZIAETCSA AHOMAJIUAMHU YAeIbHON TEIJIOEMKOCTH W MarHUTHOM BOCIIPHHUMYUBOCTH.
Temneparypa, mpu KoTOpoil aHTH(EPPOMarHUTHOE BeIeCTBO TepseT aHTUIApaUIeNTbHYIO
OpPHEHTAIlUI0 CIIMHOB B IIOApEIIeTKaX M CTAHOBUTCA ITAPaMAarHUTHBIM, HA3bIBA€TCA TOYKOM
Heens.

MaruuTtHsle cBoiicTBa (peppo- U (PeppUMArHUTHBIX BElIECTB MOXXHO HCIIOJIB30BAaTh [JII
uccrenoBaHus ux crpoenus. OmpeneneHue aHTU()EPPOMAarHUTHBIX XapaKTEPUCTHK HMHOIZA
MOXXHO KCITOJIb30BaTh KaK JOTIOJIHEHUE K y)Xe uMeroneiics nudopmanuu. Kpome roro, 06 atux
CBOMCTBax CjefyeT TakKe IOMHHUTH U IIOTOMY, YTO aHTH(EPPOMarHeTU3M IIPOSBIAETCS B psfe
MeTaJIOB, HalIpUMep B Maprasiie u xpome. AHTudeppoMarHeTusM UMeeT OOJIbIIOe 3HAUeHHE B
TeX CIy4asgX, KOrJla aHTU(EePPOMArHUTHOE BEleCTBO B3aUMOJENUCTBYeT C peppOMarHeTUKOM, C
KOTOPBIM OHO HaXOAUTCA B TECHOM KOHTAKTe.

OOMeHHOe B3aMMOJEHCTBUE MEXIYy 5JIeKTPOHAMM COCEJHUX MAarHUTHBIX aTOMOB B
beppomarseTnKax U (epprMarHeTHKaX IPUBOZUT K TOMY, YTO MHIUBUAYaJIbHble MarHUTHBIE
MOMEHTHI BCeX aTOMOB B TaKOM Marepuaje IPUHUMAIOT OIpeJeeHHYI0 OpHUEHTALUI0 U
Marepuaj IpHoOpeTaeT CIIOHTAaHHYIO HaMarHMYEeHHOCTh IIPU OTCYTCTBUHU BHelnHero moid. Ha
IIEPBBIH B3IJIAJ, TO HAXOZUTCA B IIPOTUBOPEYUH C TeM (PaKTOM, YTO IIPU HOPMAJIBHBIX yCIOBUAX
Ioaxe (GeppoMarHUTHbIe MaTepHalbl He OOHAPY)KUBAIOT BHELIHEH MarHUTHOMN IOJIAPU3AIVU.
OTOT Kaxyiuiicas mapazokc Oput paspemen B 1907 romy Beiiccom [3], ykasaBmum, 4TO
deppomarHeTHK Bcerja pasOUT Ha HEKOTOpPOe KOJUYECTBO MHUKPOCKOIHYECKHX obiacreil —
IOMeHOB. BHyTpy KakIpIii JOMEH HaMarHUYeH IO HACHIIEHUs, HO JOMEHbl OPUEHTHPOBAHbI B
Pa3IUYHBIX HANPaBIe€HUAX TaKUM OOpa3oM, YTO BO BHEIIHEM IIPOCTPAHCTBE UX MarHUTHBIE
MOMEHTHI KOMIIEHCHUPYIOTCS, U TeJI0 He OOHAapy>KUBaeT BHeUIHei HAaMarHUYeHHOCTHU. JTO UMeeT
KpaiiHe BaXHOe 3HayeHUe A M3y4YeHUsd MaTepuayuoB. [lefiCTBUTENBHO, CyILIeCTBYyeT pAf,
METO/IOB, ITO3BOJIAIONIVX HAOIIOZATh CTEHKU JOMEHOB, T.e. 00JaCTH, pa3fedioliye JOMEHHI C
Pa3HBIM HallpaBJleHHeM HaMarHWYeHHOCTH, IPHYeM H3ydeHUe CIIOHTAaHHOM HaMarHUYeHHOCTH
HaCBIIEHUs MOXeT aTh UHTePeCHbIe CBeJeHUs O CTPYKType MaTepuaia. Kpome Toro, 6ossiroe

121



Possibilities of micro-structural studies of ferro- and ferrimagnetics ... .

3Ha4YeHUe IIPU MCCIEJOBAHUU CTPYKTYpPhl MaTE€pPHUAJIOB MOI'YT MMETh IIOJIOXKE€HHEe U ILIOTHOCTH
PACIIOJIOKEeHUS CTEHOK JOMEHOB, a TAK)Ke UX XapaKTepHble OCOOEHHOCTH.

OcoGeHHOe B3aUMOZEHCTBYE MEX/Y 2JIeKTPOHAMU COCEIHUX aTOMOB, KOTOPOE IIPUBOIUT
K yHOpAAOYEHUIO BEKTOPOB HAMAarHW4YeHHOCTH BCEX COCEJHHUX aTOMOB, ABIAETCA OCHOBHOM
COCTaBIAOLIel MarHUTHOI sHepruu obpasuma. OfHAKO MarHUTHOe OOMEeHHOe B3aNMOJIeHCTBIE
He COBCEM M30TPOIIHO U CBf3aHO C KpUCTa/UIOrpad@UYeCKUMM HAIPaBIeHUSIMU B oOpasle.
YcTaHOBNIEHHO, YTO JIETKOCTh, C KOTOPOM JOCTHIaeTcss HAMarHUYeHHOCTh HACHILIIEHUA,
pasIryYHa IPU HAMarHUYWBAHWUY BJIOJIb PAa3/JIMYHBIX HallpaBJIeHUH B KpucTasie. Eciu B penreTke
VMeeTCs OJHO Kakoe-THOO TIperMylIeCTBEHHOe HaIpaBieHWe, HAIpUMep, €eCId OHa
TreKCaroHaJbHasg WJIM TeTparoHaJgbHAad, BO3HUKAEeT OYEHb CHWJIbHAA AaHU3OTPONNSA OOMEHHOM
SHEPTMM U YacTO HAOJMIOJAeTCA OTYeTIMBO BBIPAKEHHOE IIPeUMYINeCTBeHHOe MarHWUTHOe
HalnpapjeHHe. BriosHe NMOHATHO, YTO OIlpefiejleHNe MarHUTHOM aHU3OTPOIUH MOXeT SBUTHCA
YyBCTBUTEJIBHBIM IIOKa3aTeleM CTPYKTYPbl KpPUCTajId. DHeprus HaMarHUYWBAaHUA M dHeprud
AQHU30TPONMU U3MEHAIOTCA C TeMIlepaTypoii, u B Touke Kiopu aHM3OTpomm:, TakK e Kak U
HaMarHU4YeHHOCTh, eCTECTBEHHO, MCUe3aeT.

Ccsuiku
1. Ya. I. Frenkel. Z. Physik. 1928, 49, 31.

. W. Heisenberg. Z. Physik. 1928, 49, 619.
3. P. Weiss. J. Phys. Rad. 1907, 6, 661.

122



D. L. Gabunia et al. Nano Studies, 2011, v. 4, pp. 123-132.

O MOJIYYEHUU HAHOKPUCTAJIJIOB PA3JIMYHBIX MOJUOUKAIINY BOPA

. JI. Tabynus, A. A. Taueunnagze, A. I'. Muxkenazse,
O. A. Harapeiimsunmy, JI. C. Yxaprumsuiu

WucTuryT Metannypruu u marepuanosesenus um. O. TaBaznze
Tounucu, I'pysus
d_gabunia@hotmail.com

ITpunsara 1 urona 2011 ropma

B mocnesHee BpeMfA  HAHOKDUCTA/UIMYECKMe  MAaTe€pPHaabl CTald  OOBEKTaMHU
MHTEHCHBHOTO M3y4yeHHd. llepcrieKTWBa MCIIOJNIB30BAaHUA HUX YHUKAIBHBIX (QU3NYECKUX WU
XUMHUYECKUX CBOMCTB B Pa3JIMYHBIX BHJAX COBPEMEHHOH TEXHUKU CTUMYJIHPOBAJIO
WCCIelOBaHUe, IIOMCK U CO3ZaHME HOBOTO KJIacCa MAaTepHUaJoB C HAHOKPUCTAINYECKOM
CTPYKTYPOM.

DJleMeHTapHBIil 60p B HACTOsIlee BpeMd IIMPOKO HCIIOAB3YeTCSA IJIA CHHTe3a GOpUIOB
IIMPOKOTO KJIACcCa M Pa3/IMYHOrO Ha3HAYEHWUdA, KaK CAMOCTOATEIBHBIN IIOJTYIPOBOZHUK WU
Marepuas I JeTHPOBAHMA IIOJYIIPOBOJHUKOB C IIEJIBIO CO3JAHHA PAa3JIUYHBIX DJIEKTPOHHBIX
YCTPOMCTB M BBICOKOTEMIIEPATYPHBIX TepMO31eMeHTOB. OCOOeHHO IIpUBJIEKATeIbHBIM ABJIAETCS
TO, YTO CTAOMJIBHBIE M30TOINBI 6Opa PafUKATBHO PA3IHYAIOTCA PALOM CBOUX XaPAKTEPUCTHK.
[TosToMy MaTepmasbl, IPUTOTOBJIEHHBIE HAa HX OCHOBE MOTYT YCIIEUIHO INPUMEHITHCS B
DJIEKTPOHMKE KaK [JI1 CO3JAaHUA HeHTPOHOIIPO3PAYHBIX IOJIYIPOBOJAHUKOBBIX YCTPOICTB,
CTOMKUX IIPOTUB JIeTPAfialiiy MX XapaKTePUCTUK, TaK U [JIA IOTyYeHHUI PafHaliiOHHOCTORKIX
MaTepHasoB, YCIEUIHO IPHMeHSeMbIX B aTOMHOM SHepreTHKe, aBUaKOCMMYECKOH TeXHHUKe U
opyrux obiacTax. PacdyeTsl mOKassIBalOT, YTO CO3ZaHBle HA OCHOBE 0OOpa IOKDPBITUS MOTYT
3HAYMUTETBHO YMEHBIIUTh BeC HEHTPOHOIOIJIONIAOMINX MAaTePHUAIOB P COXPAHEHHUH ypPOBHA
MX 3amuTHBIX cBOMCTB [1]. Kak m3BecTHO, HaHOMaTepHaasl MOTYT OGJIaZaTh IEJIBIM PALOM
YHHUKQJIBHBIX CBOMCTB, KOTOpble He IIPOSABJIAIOTCA B OOBIYHOM COCTOSHHUU BelllecTBa. B aTom
OTHOIIEHWI NHTepeC 3aCIy’KUBAeT U 6Op C HAHOKPHUCTA/UIMYECKOM CTPYKTYPOIL.

W3BecTHbI pa3paboTaHHBle U HCIONAB3yeMble B HACTOALlee BpeMA  IIMPOKO
pacIpocTpaHeHHble (HU3MYECKHe M XMMHYeCKHe CIIOCOOBI IOJIy4eHHs HAaHOKPHUCTALINYECKHX
MaTepuasoB: pacIblIeHue, KOHAEHCAIMsA M3 Ta30BOM (¢as3bl, MeXaHHYeCKOe H3MeJIbYeHUE,
pasjiokeHue COJIel, OCaXeHHe PacCTBOPOB, BOAOPOZHOE BOCCTAHOBJIIEHNE METAIJIOB U OKCUIOB
u ap. K coxaneHuro, Komuuectso paboT, OCBELIAIONINX BOIPOCHI IIOJTyYeHUA, HCCIeLOBAHUA
CBOMCTB M IpHUMEHEHHs HAHOKPUCTAJZIMYeCKOro Oopa IO HAacTosllee BpeMEHU IOBOJIBHO
OrpaHHMYeHO. B 5TOli CBA3M paccMOTpeHMEe PaHHUX U 6oJjlee COBPEeMEHHBIX PaboT IO MOTYYeHUIO
¥ WCCIeZOBAaHUIO CBOMCTB YJIBTPAZUCIEPCHOTO (HAHOKPHUCTA/UIMYECKOro) 6opa, 6e3yCIOBHO
ABJIAETCA AKTyaIbHBIM.

CTpykTypa ¥ OCOOEHHOCTH CBOMCTB MEJKOKPUCTAUIMYECKUX IIOPOLIKOB 060pa,
IOJTy4YEeHHBIX PAa3sINYHBIMM METOJAMHU, HCCIeOBAIUCh U paHee. XOTI B TO BpeMsi TePMUH
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On fabrication of various modifications of nano-crystalline boron.

«HAHOCTPYKTypHble MaTepHUaIbl» M «HAHOCTPYKTYpH» He OBUIM NPUHATHL U IIO9TOMY TaKHe
MaTepHuaIbl B OCHOBHOM PacCMaTPHUBAIUCh KaK yJIbTPALUCIIEPCHBIE IIOPOLIKU.

B mHacrosmee BpeMs, BO3pOCIIMII MHTepeC K HaHOMAaTepHaJaM M HAHOYACTHIIAM, B TOM
Yucjle M K HAHOKPHUCTAIMYECKOMY OOpy, OOyCIOBHJI AaKTyaJbHOCTh PAacCMOTPEHHSI U
HeOOXOJUMOCTh OCMBICJIEHHS IIOZ, COBPEMEHHBIM YTIJIOM 3HAHHI Pe3yJIbTaTOB, ITOJy4YEeHHBIX
HCCIeloBaTeIIMU paHee. B 3TOM acleKTe HHTEPECHO PacCMOTPeTh paboTBl, B KOTOPBIX
mosyyaay OOp pasJIMYHBIX MOAU(MUKAIWM, XOTA aKIEeHT Ha WX HAHOKPUCTAUIMYIECKYIO
CTPYKTYpy He genaincsa. Ilpemmaraemas pabora He IpeTeHZyeT HAa MCYEPIIBIBAIOIIMII aHATU3
CYWIECTBYIOWIMX  JINTEPAaTypPHBIX  JAHHBIX 10  IIOJIyYeHWIO  YJIBTPAAMCIIEPCHOTO
(HAaHOKPUCTAIMYeCKOro) 60pa. DTO CKOpee IIOIBITKA BBIAETUTH U3 MH(GPOPMALMOHHOTO MacCUBa
Te pe3yJIbTaThl, KOTOpBIE IIOATBEPXKZAIOT BO3MOXKHOCTb IIOJIY4YEHUA HAHOKPUCTAIMYECKHUX
CTPYKTYP Pa3IMYHbIX MOAUPUKAIuU O6opa.

[TpunATO cYMTAThH, YTO GOP MOXKET CYIIECTBOBATH B BUE aMOPGHOTO ITOPOIIKA U YeThIPeX
OCHOBHBIX KDHUCTQUIMYECKHMX — O- H [-poMOO03IpuYecKO M - U [-TeTparoHaJIbHOH —
Mopudukanuax. CTpykrypa o-pomOosapudeckoil Momupukanuu (C IIapaMeTpaMU pelleTKH
a=4.908 = 0.003 u c=12.567 + 0.070 A) omucana B [2], a a-TeTparoHanbHON MOAUGbUKAIME (C
mapamerpamu a=8.75 u c=5.06A) onpememena B [3]. PacmmdpoBka croXHOE o u
B-pombGoaapuyuecKoii CTPyKTyp mpoBeieHa B [4]. Ilapamerps! peureTky g1 B-poM603apUIecKOi
mopubukanyy a=10.9440 u c=23.8111 A, a gna p-rerparomansroit — a=10.12 u c=14.14 A
[5]. Haubonee crabmibpHON MomudUKanueil cuuTaeTcs f-poMOosaprdecKas, oIydaeMas JIHIIb
B pesymbrare mnepemnaBa (~2200°C) wmum BsicokoTemmeparypHoro (> 1600 °C) omxwura
amopdHoro 60pa. CTpYKTYpHO# equHUIIEH pelIeTKH 31eMeHTapHOro 60opa Bcex MOIUUKAIUN
ABIAETCA  DJIEKTPOHHO-ZeUIUTHBIM  MKOCadhp, cocrosdmuii w3 12 aromoB Gopa.
X-poMO6O3IpuYecKuii OOp COLEPXKUT B dIeMeHTapHOII suelike 12 aTOMOB, X-TeTparoHaJIbHBIH —
50, B-pombGosmpuueckuit — 105 [4], a B-rerparonanemerii — 192 [5]. HawmbGonee KpymHBIM
CTPYKTYPHBIM OOpa30BaHHMEM D3JeMEHTApHON s4elKku [-poMO0smpudecKoro Oopa sABISeTCA
cyOobaueiika Bss, Tuma ¢ynnepena yriepogma Cr2, ¢ TOH pasHUIeH, 4TO B CyOBAUelKy Oopa
ZOTIOTHUTEIFHO BHEAPeH NKocasAp ¢ 12 aromamu 6opa [2].

Kaxgsrit arom MKocasgpa CBA3aH C 5 APYyruMH aToOMaMu TOTO Xe mkocaszpa. Cremyer
OTMETHUTH, YTO IIOJHBIE HMKOCAdJPHI COEJIUHIIOCS MOCTUKOBBIMU aTOMaMH, M YTO KpOMe HHX
BCTpPEYalOTCA MKOCA3ZPHI, CpallleHHble MEXIy co00ii obmuM pebpoM muiu rpaHio. IlosTomy
OOJIBUIMHCTBO aTOMOB 6Opa CBA3aHO XOTA-ObI emje ¢ 1 atromoM. B pesynprare mosxyuaercs, 4To
CpelHee KOOPAWHALMIOHHOE YHUCJIO aTOMOB 0Opa B PETYJIAPHBIX Y371aX yKa3aHHBIX CTPYKTYP
Bcerga Oym3ko k 6. OkxassiBaeTcs, YTO peaynbHble KPUCTALIBI 3JIEMEHTAapHOro Oopa u
BBICOKOOOPHCTBIX COeIMHEHUI CTaOMIM3UPOBAaHBI COOCTBEHHBIMU TOYEYHBIMU AedeKTaMu —
MEXZ0y3eJbHBIMA aTOMaMU M BaKaHCUAMU — TaKuUM 0Opa3oM, 4TO JeUIIUT BaJIeHTHBIX
5JIEKTPOHOB OBLI yCTpaHeH. B pesysbraTe y KaXzoro aroma Oopa Iojay4aercs B cpemHeM 6
cocemeil. DPdeKT cTabmIM3aLuY, HAIPUMeED, B YUCTOM KpHCTaLIe [3-poMOo3apudecKkoro 6opa
IPpUBOJUT K TOMY, 4YTO B DJieMeHTapHOH sdeiike ¢ 105 perynapHsIMEH y31aMu B
IeCTBUTeNIbHOCTH comepikarcsa ~ 106.5 atomos [6].

OO63r9yHO aMOpdHbIe TOPONUIKK PA3IWYHBIX BELIECTB PACCMATPUBAIOTCSA KAaK KOHTJIOMepaT
YaCTHUIL C HEYIOPALOYeHHOH cTpykKTypoil. OmHako, B [7] mpenmoiaraeTcs, 4YTO BOIPEKU TaKOM
HEYIIOPA0YeHHOCTH B aMOp(HOM OOpe CylecTBYeT MKOCadJpUYecKOe PaclloIOKeHHe aTOMOB.
IlpencraBifer MHTEpeC paCCMOTPEHME JUTEPATyPHBIX JAHHBIX IT0 KPUCTAIU3AIMY aMOP(HOTO
6opa ¢ yueToM yKa3aHHOTO OOCTOSATEIbCTBA.
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B pa6ore [8] coobmaeTcs 0 IOABIEHUH B IPOAYKTaX IUpoau3a cMecu guctoro BBrs u Ho
Ha TAaHTAJIOBYIO IpoBOJIOKY B mHTepBate Temmeparyp 900 — 1300 °C xpome amopdHOoro 6opa,
MOHOKPHUCTAJJIOB - U [3-poMGo3prdecKoro 60pa, a Takxe [3-TeTparoHaIbHOToO 60pa.

ITospree, uccnenys mpouecc BoccraHoBieHus BCl3s Ha IOBEPXHOCTM NHPOYTIEPOAa,
aBTOp paboTsI [9] TakKe MOATBEpAMI, YTO B 0OPa3yIOILYIOCS B NEPBYIO OYepesb HEIIPEPhIBHOM
cioe aMoOphHOTo 0OOpa IOABIAIOTCA OOBeNeHAIOWMecs 3apOABINM U KPHUCTAJUIBI, B BUE
CKOIUIEHUH, IpeACTaBIfIONUX - U [3-pombosmpudeckoir 6op; Haumuas c 900 °C moryr
06pPa30BBIBATECA U KPUCTAJLIBI TETPAarOHAIBHOTO 60pa.

ITpu mosmyuenun Gopa rasoTpaHCHOpPTHBIMU peakuusmu [10] 6bLTI0 ycTaHOBIEHO, YTO
npu temneparypax Hike 800 oGpasyercs amopdHsIii 60p, B uHTepBaie temueparyp 800 — 1150
— o-pomboagpudeckuit, mexzy 1100-1500 — pasniuunble HecTexuoMeTpUduecKue OOPHUABI,
yaule BCErO KPUCTAIBI TeTparoHaabHOTO Gopa, a Bbime 1500 °C o6pasyioTcs KpUCTaIbI
B-pombosapudeckoro 6opa.

HarpeBas amop¢usiit 60p mpu ocrarounoMm gaBierHun 10° — 10 mwm pr. cT. yxe mpu
temneparype 1000°C B pabore [11] Opi1 oOOHapyxeH mepexon amopdHOro Oopa B
B-pombosapuueckyo Mopudukanyio. OZHaKo HOBBIIIEHNE AaBlIeHUsA aproHa zo 50 MM pT. CT.
IIOJIABJISAJIO IIPOIECC KPUCTAJIU3AIUIH.

W3yyas mpouecc Xpucrtammusanuyu amoppHOro OGopa aBTopsl [12] ykasamu o
BO3HUKHOBeHMH cyOokcuzma 6opa Bis02, xoropoe mpenmectsyer Bsime 1270 °C o6paszoBaHUIO
o-pomboapudeckoro 6opa. B [13] 65110 ycTaHOBIEHO, YTO IIPH HarpeBaHUH B BaKyyMe yxKe
Berre 1200 °C mabmomaoTcs JOBOJIBHO X0opouo copmuposasiiasics ¢asa f-poMO0o31pruIecKoro
6opa.

HccnenoBanue mmporecca OCaXAeHUA TaJOreHUA0B WIM THUAPUZOB 6opa Ha TOPAYYIO
MOJJIOXKKY IIOKa3aJo, 4YTO B 3aBUCHUMOCTH OT TeMIIepaTyphl IIOJAJIOXKUA MOXHO IIOJYyYUTh
MeJIKOJUCIIepCHble — pa3MepoMm mopszaka J3HM [14] uw  15-17HM vactuus
o-pombosgpudeckoro 6opa [15].

B mumpommtmyeckom Gope, ob6paboranHoM B Bakyyme mpu 1100 °C cymecTBeHHBIX
CTPYKTYPHBIX u3MeHeHu# He mpoucxozut [16]. Omnako yxe mpu 1200 °C u ompezeneHHOI
BBIJEpXKKe (GOpMHUpYyeTcs CTPYKTypa «-pomboazpuyeckoro Oopa. IIpu manpHelimem pocre
temnepatypst fo 1350 °C Ha guddpakrorpaMmax MOABAAIOTCA JUHUU [-POMO03APHUIECKOTO
6opa. Pazpr o- u P-pomGoszpuueckoro Gopa cymectByer go 1400 °C, a 3zarem nuHUM
X-poM0b03IprYecKoro 60pa Pe3KO IPOIAJAIOT, TOTJAa KaK JIMHUM [-poMOo3zpudeckoro 6opa
PacTyT C IIOBBINIEHHEM TeMIEPAaTyphl U IPOJOJDKUTETBHOCTH BBIZEPXKKH. XOTA [JI1 IOJIHOTO
mepexoga amMoppHOro 6opa B (-poMOO0SApPUYECKYIO CTPYKTYypy HEOOXOZMMO pacIIaBileHUe
Martepuaia [17].

Penrrenorpaguyeckoe mcciemoBaHHe BIUAHUA OTXKUTA 3JIEKTPOIHUTHYECKOTO 6opa B
nnTepBasue Temueparyp 1000 — 1750 °C noxasaso, 4To ¢ yBesM4eHHUEM TeMIIepaTypsl U BpeMeH!
OTXKHTa KOJIMYECTBO BhIeeHHOH dassl B-pomboszpudeckoro 6opa pacrer [18].

AsTopsl pabotsr [19] yTBep:xzaior, uTo oTXUT 06pasuoB mpu Temmeparype 1300 °C B
TeYeHUU 2 JacoB JaeT HAYajIo IIePeKPUCTAIIU3AUN «aMOPPHOro» 60pa B f-poMOO3IPHUIECKYIO
moaudukanuio, a npu 1400 °C nmepexpucramnusanus 3aBepimaercsa. OLHAaKO 5TO yTBepXkAeHUe
He COOTBETCTBYeT pe3yJIbTaTaM, II0JIyYeHHBIM JPYTHMMHU aBTOpPaMHU IIO3/Hee.

Kpucrammusanus — yabTpajuciepcHoro  (pasmepst  wactunm < 200 A)  mopomrka
5JIEMEHTapHOTO 60pa, IOJTy4YeHHOIO IIJIa3MOXMMHYECKUM BOCCTAaHOBJIIEHWEM TpUXJIOpuZa Gopa
BOJOPOZAOM, HCCIefoBajJack aBTopamMu paborsl  [20] MeTomoM  BBICOKOpaspelIalollei
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3JIEKTPOHHOM MUKPOCKONHMU. DBUIO IIOKa3aHO, YTO YJIBTPAAMCIIEPCHBIH IIOPOLIOK Oopa
XapaKTepu3yercs aMOpHBIM  CTPOEHHEM  YaCTHUI[, COCTOAIIMX M3  CTaTUCTHYECKU
pacIpeieIeHHBIX MKOCA3ApPOB M MX IUIOCKMX KOAryyiIsHTOB. HarpeB wacTuil B BaKyyMe BBIIIE
800 °C mpuBOAMI K TONHONW KPUCTA/UIM3aLMM aMOPQHBIX YacTUI, B [-poMOO3IpHUYECKYIO
MogupHUKaLKUIo, MUHYSI X-pOMO03pudecKyio popmy.

Cuymraercs, 4TO IpUMECH B HMCXOZHOM MaTepHaje UIPAlOT BAKHYIO POJb B IIpolecce
Kpuctaumn3anuu amopdHoro 6Gopa. B wacrtHoctm, Hammume oxcuza B:0s umHHnDUpyeT
obpazoBaHme cybokcuzpa OGopa Bi3O2, wu3omopdHOTO o-pombGosmpuueckoromy  6opy,
MeTaJUIMYecKue e IPUMeCH, Hao00pOoT, MelIaloT 00pa3oBaHUIO -POMOO3pUYeHCKOTo Oopa 1
YCKOPSIOT IIpeBpalljeHre 3IeKTPOJIUTHIeCcKoro amopdHoro 6opa B B-pomboszpuydeckuit [12].

B mesom, aHanu3 pe3yiabTaTOB IO KPUCTA/UIM3ALUKM aMOpPHOro 6opa, IOIydeHHOTO
Pa3IUYHBIMU METOZAMH, IIOATBEPXKAAeT 3aBUCHMOCTH Pe3yJIbTaTOB IIPOIlecCa OT YUCTOTHI
HCXOZHOTO MaTepHala M YCIOBUU KPUCTALIU3ANUN (TeMIepaTypsl TOAJIOKKHY, TEMIEPATyphl U
BpeMeHH TepMOOOPaOOTKH).

B pa6ore [20] ycTaHOBIEHO, YTO MKOCAdAPEL B aMOpGHOM OOpe CBA3aHBI APYT C JPYrOM
OCBIO CHMMETPUHU TpeThero mopsazaka. VmeampHas cTpykTypa amopdHOro 6opa IpefcTaBiIfeT
co060i1 TeTpasApUYeCcKyl0 KOOPAUHAIIUIO MKOCAdApoB. PasynopamoueHue umeaabHBIX CTPYKTYP
amMopdHOro 60pa 3aKII0YAeTCA B IOSIBIEHNE ABOMHBIX U TPOMHBIX NKOCA3IPOB.

YuursBasg, 49ro B amopbHOM OoOpe, BOIpPEKH HEYIOPSAZOYEeHHOCTH CTPYKTYPBHL,
CYILIEeCTBYeT HKOCAdJpHYeCcKOoe PACIOJIOKeHHe aTOMOB M Bce MozudpuKamuy Oopa cozepxkar
HMKOCadIpPhI, COCTaBlIeHHbIe U3 12 aToMOB O0pa, aBTOPHI PaboTh! [12] MpUXOAAT K 3aKII0YEHUIO,
YTO OOpasoBaHHe TOH MJIM WHONH MOAubUKAUMM IIpU KPUCTA/UIM3aLUM aMopdHOro Oopa
ABJIAETCA IIPOIECCOM YIIOPAZOYEHUA MKOCA3APUYECKHX I'PYIIIMPOBOK aTOMOB OOpa YaCTUYHO
MOZy/IUPyeMOM BHYTPeHHHUMHU (YHCTOTa, [JUCIIEPCHOCTh) ¥ BHemHWMH (atMocdepa,
TeMIIepaTypa, CKOPOCTh HarpeBa) YCIOBUAMHU DKCIIEPUMEHTA, T.e. YCIOBUSIMU KPUCTAJUTH3AIVIN.

Crpykrypa 60pa, IOJIy4eHHOTO OCAaXKAEHHEeM M3 IapoBOH (pa3bl, ABISJIACH IIPEIMETOM
MHTEeHCHUBHOTO UCCIeIOBaHNUA. BHUMaHMe K 3TOH Ba)XXHOU IpobJjeMe [0 CHX IIOp He ocabeBaer.
[TpuunHO#l sBIEeTCS BO3MOXXHOCTH (OPMUPOBAHHUA BCEX CTPYKTYPHBIX Mozudukaimuii 6opa
pasZieIbHO MJIM IIOYTH OJZHOBPEMEHHO B 3aBUCHMOCTH OT TEXHOJOTMYECKHUX YCJIOBHIL
morxydeHua. K HacrosguieMy BpeMeHM YCTaHOBJIEHO pellaiollee BIUSHHE TeMIepaTyphl
MOJJIOXKH, YBeJIMUYeHNe KOTOPOIl YBeJIMYHUBAeT BEPOATHOCTh 0OPa30BaHUA IIPOMEXYTOUHBIX, a
Takke [f-¢daz B KPUCTAIMYECKOM COCTOSHHUHU. ABTOPHI paboTs! [14] cumTanu, 4TO IOSBIeHUE
KpUCTa/UINIeCKUx (a3 B OOpHOI 060JOYKe HENpepHIBHON HUTU He SBJISETCI XapaKTePHBIM
CBOMCTBOM M 4TO OCHOBHAs Macca 00pa HAaXOAUTCA B «aMOPGHOM» — MEJIKOKPHUCTAUIMYeCKOM
cocTosHUU. B manpHelilIeM C yCOBepIIEHCTBOBAaHMEM TEXHOJOIMH CTEIeHb KPUCTATHYHOCTH
moBeIcHIach. IloABIAIOTCA dYalle BCETO TOHKOZMCIIEpCHBIE (a3pl - U [-poMOO3APUIECKOTO
6opa B KPHUCTa/UINYECKOM COCTOSHHUU. B 3aBHCHMOCTH OT TepMHUYECKOH 0OpabOTKM CTajo
BO3MOXXHBIM YIIPaBJIATh CTEIIeHBIO 3€PHUCTOCTH U (Pa30BBIM COCTABOM.

Da3oBbIil COCTAaB BOJIOKOH OOpa B 3HAUHMTEIBHOM CTENIEHU OIIpeZiesIieTcsi He TOJIBKO
TeMIIEPaTypoi, HO U AMaMeTPOM HHUTHU. B TOCTBIX 0Opasiax B IIOBEPXHOCTHBIX CJIOSX Yalle
OOHApYXXUBAIOTCI - U [-TeTparoHanabHble MOZUGUKALUM B KPYIHOKPUCTALIMYECKOM
COCTOSHHM C HEKOTOPOH pafuaJbHON TeKCTypoil. [-pomboszpudeckas Mogudukanus B
OCHOBHOM HAXOZMTCA B MEJIKOJUCIEPCHOM COCTOSHUM, KOTOPOMY IIO CTPYKTYPHOMY (aKTOpy
COOTBETCTBYIOT HauboJjiee CHJIBHBIE OTpPa)XeHHA B BuAe NuUPAKIMOHHBIX Kojel. Pa3smep
paccenBaromux Kpuctamios ~ 50 A,
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Ha wmamr B3riag Hanbosee BaXKHOM paboTOil oOcBemjaiouieil BOIPOCHL ITOTYyYeHHS
HAHOCTPYKTypHOro Gopa sBisfercs [21]. B Heil ormeuaercs, 4TO peHTTeHOTpaMMa GOPHOTO
BOJIOKHA, IIOJTyY€HHOTO TEPMUYECKHM Pa3IOKeHHueM rajJIoTeHUI0B Ha HarpeTyIo BOIb()paMOByIO
Huth (13 MKM) Bcerza comepXuT 4 UIMPOKUX OU(PPAKIMOHHBIX KOJBLA, COOTBETCTBYIOIIHE
MeXITOCKOCTHBIM paccrosuuam 4.3, 2.5, 1.7 u 1.4 A. B mpeanmonoxenuu, 4to Kombia
IIPeJCTaBIsgIOT Cco00M oTzAenbHble AubGPaKINOHHbIE MaKCHUMyMbI, ObLI OIIpeie/ieH pasMep
KPHUCTA/UTUTOB, OKasaBmmit paBHBIM ~20 A. DTu pesymbTaTel Jatu OCHOBaHHE AaBTOPY
IIPeJII0JIOKUTH, YTO OCAXKJEHHBIH 60p MMeeT MUKPOKPUCTA/UINYECKYIO 3-poMO03ipriecKyio, a
He aMOpdHYIO, CTPYKTypy. DBUIO IIOKa3aHO, 4YTO 3JIEKTPOHOTPaMMa MeJIbKHUX YaCTHI]
IpOOIEeHHBIX OOpPHBIX BOJOKOH [aBajyd KAapTUHY TUIUYHYyI0 nnai 1rockocreit (0001)
MOHOKPHCTaJIINYeCKoro P-pomboszpuyeckoro 6opa, TOrza, Kak Ha UX K€ PeHTTeHOrpaMMax
OOHAapY>XUBAJIU XapaKTepHble aMOp(}HbIe KOJbIA. DTO IIO3BOJMJIO CHAEIATh BBIBOZ O TOM, UTO
BOJIOKHO He SBIAIOTCI aMOPGHBIM, a MMeeT OPHEHTHUPOBAHYIO CIOUCTYIO KPHUCTAITIHYECKYIO
(B-poMb6oO3mpHYeCcKyIO) CTPYKTYpPy. TakuM 0Opa3oM MOXKHO CYUTATh, YTO B pabore [21] BrepBsIe
IIOKa3aHa BO3MOXXHOCTb IIONy4YeHHsS HAHOKPUCTA/IMYecKoro Oopa [-pomMOoszmpuiecKoit
MoAubUKAIUY OCAKIeHUEM TaJOoreHUI0B 60pa Ha HAarpeTyIo MOAJIOXKKY.

ITpomeccsr  mucCIeprupoBaHUA MAaTepUANIOB IJIA IIOJMYYEHUS YJIbTPaJHUCIEPCHBIX
IIOPOLIKOB [JOCTATOYHO Xopomo wusydeHsl [22,23]. OpHako B 3Tux paboTax akKieHT Ha
IIOJIyYeHre U UCCIeoBaHNe HAHOCTPYKTYPHBIX ITOPOLIKOB He CTABHJICH, XOTS PAJ, pPe3yIbTaTOB
IO/ TBEP)XJaJl HAIMYYE B IPOJYKTaX U3MeIbYeHHsI HAHOKPUCTAINIECKUX CTPYKTYP.

Bompockr  mucmeprupoBaHus, — NOJy4YeHMsS U KiIacCHUKALMM  IIOPOIIKOB
KPUCTaJUIMYeCKOro 6opa, HcciesoBaHue OCOOEHHOCTEH CTPYKTYphI M CBOMCTB IIPUBOJLUJIACH B
paborax [24-27]. He BpaBasicek B NOZPOOHOCTH W3IOXKEHUS IIPOBEJEHHBIX MCCIELOBAaHUU
clleZyeT OTMETHUTh, YTO aBTOPHI HAOIIONANIM H3MeHeHue CTPYKTYphl IIPM MeXaHUYeCKUM
OUCIEPTUPOBAaHUM 0OOpa pa3sIWYHBIMU MeToAaMu (yZapoM u wucTupanueMm) [24,26]. Ilpm
M3MeTbYeHUN U KJIAaCCU(UKAIUY IOPOIIKOOGPA3HOTO KPUCTAUINIECKOTO 60pa ObLIO OTMEUeHO,
YTO B [eKaHTHUPOBAHHOHN AMCIIEPCHOM B3BeCH, 0Opa3oBaBLIENCA B pe3ysbTaTe PacTBOPEHUA B
IUCTWIMPOBAaHHOM  Boje  Gpakuuu  MeHblle 2 MKM, IIOIyYeHHOTO  KCTHpPaHUEM
B-pombGosmpuyueckoro 6opa, ObUIM OOHAPY)KEHBI OYUIIEHHBIE OT «aMOP(PHU3NPOBAHHOTO» CJIOSL
MUKpodYacuusl B-pombosapruyueckoro 6opa [28].

Y4uuTsIiBasg CyIeCTBOBAaHUA HIDKHETO IIpefiesia gucreprupoBaHus Bemecrtsa, 0.7 - 10° cm
[29], mpexmosaraeTcs, YTO M3MeJNbYeHHEM MOXHO IIOJIYYUTh HAHOYACTUIBI 6Opa pasMepoM
nopaznka 70 HM.

IIpu  penrreHorpadmyecKOM  HCCI€LOBAHUU MEeJIKOZVCIIEPCHBIX  (paKiuu
IOVCIIEpTUPOBAHHOTO KPUCTAIMYEeCKOTr0 00pa, B 3aBUCHMOCTH OT Pa3MOJIBHOTO BO3/IE€HCTBHA B
MPOJNYKTaX W3MeabdeHUs [-poMbGo3gpudecKkoro 6opa OOGHApY)XMBAIOTCSA pa3IuyHble (a3bl:
B-pombosmpuueckoro 6Gopa u cybokcuzma Gopa — Ipu  yAAapHOM  BO3JEHCTBUU;
Q-TeTparoHaJIbHOTO 6opa U B-TeTparoHaIbHOro 60pa C CHJIBHO PasylopsALOYeHHOM CTPYKTYpOi
Kak B 00beMe, TaK U B IIOBEPXHOCTHBIX CJIOSX YAaCTHI, — IPU UCTUPAHUU. JTO MOXXHO OOBICHUTD
KaKk MX HaJu4YueM HeIIOCPeJCTBEHHO B OOBeMe MaTepuasa, TaK U Pe3KUM yBeIndeHueM
XMUMHUYECKOH  aKTMBHOCTH  pa3yIlOpSAZOYEHHBIX  BHEUIHUX  IIOBEPXHOCTEH  YaCTHI]
B-pombospruyecKoro 60pa, ¥ OKHCIEHUEM B YCIOBUAX JIOKAJIBHOTO IIeperpeBa IIpU pa3MOIbHOM
BO37e#icTBMU B Ipolecce MexaHudeckoro namensuenus [30]. OpHako B TO Xe BpeMs, CIeAyeT
OTMETHUTh, YTO TIPXM M3MeTbUYEHHU B BaKyyMe W IpH HU3KHUX TeMmieparypax (— 196 °C) [25]
[IOKAa3aHO IIOSBJIEHHWE B IIPOAYKTaX H3MeNIbUeHUs T.H. «aMOPGU3UPOBAHHOM» YaCTH. OTO
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yKa3bIBaeT TO OOCTOATEIBCTBO, YTO TEMIEPATyphl, Ppa3sBUBAIOUIVECH IIPH U3MeJbYeHUN
HUCTUPaHHEM M HaJIW4YMe KUCIOPOZa, C KOTOPHIM OOp aKTUBHO pearupyeT, He AOJDKHBI CTaTh
IIPUYUHOMN MOSBIEHUS YIbTPAAUCIIEPCHOM, T.H. «aMOP(PU3UPOBAHHOMN» YaCTU: TAKAs YaCTh KaK-
651 IpUCyTCTBYeT B 6ope (Hampumep, B BuZe HeCTAOMIBHOI COCTaBIgIOUell (as3sl Ha TpaHUIAX
3epHa 6Opa, ABJAIOIIEICA TaKKe KOHIEHTPATOPOM Ppa3IMYHBIX IIpUMeceii). DTU U JApyrue
mpuMecHsle  (Gassl  CYIIeCTBYIOT  HEIIOCPeJCTBEHHO B~ Macce  H3MeIb4aeMOro
B-pombosmpuueckoro 6opa. OHH MOryT O0Opa3OBBIBaThCA HA TPAaHUIAX PACTYUIUX 3€pPeH.
KonnenTpanus nmpumeceil B TaKOi «aMOp(GU3UPOBAHHOM» YaCTU U ee BBIFeJIeHHe U3 O0Ieit
MacChl IPOYKTOB U3MeIbYeHUsA UCITOIB3yeTCS KaK MeTOM, OYMCTKY 6opa oT npumeceit [31, 32].

Muoroo6pasHsle MeTacTaOMIbHbIe CTPYKTypHbIe (GOPMBI HAOGIIOHAIOTCA IIPU IOy YeHUN
IJIEHOK Oopa B IIpoIecce OCLKIEHHA HAa IIOIJIOKKY IIPH TEPMUYECKOM pa3jIOXeHUH
TaJOTeHUJIOB WJIM TUIPHUIOB, OCAXAeHHeM 6opa M3 IapoBoi (a3sl MCIAPeHHOTO B BBICOKOM
BaKyyMe UJIU CBePXOBICTPEIM OXJIKIEHUEM U3 XKUAKOTO COCTOSHUSA.

[Tory4yenuro mIeHOK WK HUTEI 60pa METOAOM OCAXKAEHHA raJIOTeHUIOB MU TUIPULOB
6opa Ha IOJJIOXKKY IOCBAIEHO OOJIBIIOe KOJIUIeCTBO PaboT.

Tak, MeToOM HCIIapeHUs KPUCTALJIOB 60pa B BaKyyMe IIOJIydYeHHI ILIeHKu Gopa [33].
Harpes my11 ucrnapeHus ocymecTBIIAICSA C IOMOIIBIO 3JIeKTPOHHOTO IyJKa, C(hOKYCHPOBAHHOTO
CIIeIaMbHBIME MOMUGAeHOBRIMU dKpaHamu. CkopocTs ucmaperus 6suma 200 — 300 A / mun. B
KayecTBe IIOJJIOKKM HCIIOJIB30BAMU KBapll, CIIOLy, candup, crekno. IlosydeHHBIe IUIeHKH
umenu Tommuay 900 — 1000 A. BombmIMHCTBO TINIEHOK, TONYYeHHBIX TPU OCAKIEHHU Ha
XOJIOZHON MOJJIOXKKe, HMeNTH aMOpPOHYI0 CTPYKTYpy. OJIeKTPOHHO-MUKDPOCKOIIMYECKOe
HccIeloBaHue He BBIABIIAIO KPUCTA/UIMYHOCTD IIEHKHU. AHAIN3 IOTyYeHHBIX TU(PPaKIMOHHBIX
KOJIell, ¥ pacyeT COOTBETCTByMoUlell (YHKIUM pafuaabHOTO pacIpefieleHUs IIOKa3aa, ITO B
aMOp(dHBIX IUIEHKax 60pa Hambojlee YacTO BCTPEYAIOTCS XapaKTepHbIE AJIA MKOCAdIpoB Oopa
MexaTommubre paccrosuus 1.78 u 2.88 A. Kaxymascas aMophHOCTb MONTyYeHHBIX TIIEHOK He
ObLIa CBfA3aHA HAJOXEHWeM AUQPAKIMOHHBIX KAaPTUH Ae(eKTOB YIAaKOBKH, TaK KaK OHH IIPU
9JIeKTPOHHO-MHUKPOCKOIIMYECKOM ~HCCIeZlOBAHMM He oOHapykuBanmuch. Ilocie omxkwura
amopdusix miaeHok npu 1000 °C B TeyeHum 3 9acoB Ha 3JI€KTPOHHOM MHUKPOCKOIIHMYECKOM
n300pakeHUN 0O0Hapy xuBanuch Kpuctamauku pazmepamu 100 — 500 HM 1 Ha COOTBETCTBYIONUTUX
9JIEKTPOHOTPAaMMaxX TIIOABIAMNUCH dYeTKHe JAuGPaKIUOHHBIE KOJbIlAa. B 3aBHCcHMMOCTH OT
IapaMeTpoB OTKMTa M  TeMIIepaTyphl IOJJOXKH MOXHO  peTyJHpoOBaTh  CTeIlleHb
KPUCTAJLIMYHOCTH U CTPYKTypPHOE COCTOSTHUE.

Hccnemys ninenku 0opa, IMOTyYeHHbIe KOHZEHCAlell B BBICOKOM BaKyyMe aBTOPHI [34]
ITOKAa3aJI¥, YTO B 3aBHCHMOCTH OT TeMuepaTypsl omxura B uHTepBase 300 — 650 °C cTpykTypsI
IIOTyYeHHBIX IUIeHOK amopdusle. B ciaywae 650 —-700 — rerparonamsnas, mpu 730 — 800
TEeTpParoHaJIbHasA M  OJHOBPEMEHHO OTCyTCTByeT ramo, a nmpu 950-1100°C -
B-pombGosmpuyeckas.

Ha pudpakrorpammax konzgeHcatoB amopdHoro 6opa, oroxckenHssix mpu 800 °C, Ha
¢dboHe pasMBITBIX TaJ0 OTYETIWBO OOHAPYKMBAIOTCA OCTpble JIMHUW, IIPHHAJJIEXAlIue
B-pombosmpuueckoit Mopudukanmuu 6opa. Temmeparypa Hauana IpeBpalleHHSs CYIIeCTBEHHO
3aBUCUT OT ycyuoBuii mpenapupoBarus u usmeHsaerca oT 800 mo 1200 °C. I'ayso ucyesaroT mocie
ormxura B TedeHun 149 mpu 1200 °C. Omxur konpencaro, mpu Temmeparype > 1000 °C,
UMeIOUX CTPYKTypy TeTParoHaJbHOro 0OOpa, COIPOBOXKZAeTcsa OOpasoBaHHEM O- U
B-pombGosmpuueckux Mopudukanuii. C IOBBIIIEHWEM TeMIIepaTypsl IIpelapUpOBaHUA
KOHIIEHTpanus 3-poMO0o3apriecKoi MOAU(PUKAIUY YBeTHINBAETCH.
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Taxum 00pa3oM, BAKyyMHBIM HCIIapeHHeM 00pa MOXKHO ITOJIyYUTh KaK aMOpQHBIe, TaK U
MeJTKOKPUCTA/UIMYeCKHe IUIEHKM Oopa pa3InyHONl MomubUKalui, Ipuobperaioumue B
HaCToslIee BpeMs 3HAUeHHUe JJIA 3JIeKTPOHHOM TeXHUKHU U HeTPAaAUIIOHHON SHEPTeTHKH.

s monydeHMsa IUIEHOK O6opa € HAHOKPUCTAUIMYECKOH CTPYKTYpOHl MOXXHO
WCIIOJIB30BaTh U METOJ CBEpPXOBICTPOI 3aKaaku u3 Xugkoro cocrosHus [35]. DBsictpoe
3aTBepZeBaHHe pacIlaBa IIPU CKOpocTH oxiaxzgeHus 10°rpaz/c compoBoxzaeTcs PpAmoOM
CTPYKTYPHBIX u MoOp(oorudeckux 3¢p¢heKToB, TaKUX KaK HM3MeJlbYeHUe 3€PHA, IIOBINIEHUE
KOHIIEHTPAIIUU CTPYKTYPHBIX e(eKTOB (TOUeUHBIX U IIJIAaHAPHBIX), 00pa3oBaHue Pa3HBIX (a3 oT
MOHOKPHUCTIMYECKUX COCTOSHHUM [O aMOppHOro. OTH MaTepHaNbl XapaKTepPU3YIOTCSI
YHUKAJIBHBIM COUYeTaHNeM QU3NIECKUX, MEXaHUYECKUX U XUMHYEeCKUX CBOMCTB.

[TpumeHAIOTCA pa3TUYHBIE CXEMBl 3aKJIKHM U3 JXUAKOTO COCTOAHMA — IIPOKATKa,
LIeHTpu(yTUpoBaHME U 3aXJIOIBIBAHUE JIeTAlleidl >XUAKOM Kamiu. TonmuHa IOoIydYaeMbIX
IJIEHOK B 3aBUCHMOCTH OT BUJZIOB M IIapaMeTpOB 3aKaynku Kojebiercs B mpezgenax 20 — 100 mxwm.

[Tnenxu Gopa, mosry4eHHBIe OBICTPHIM OXJIAXKIEHUEM U3 JKUAKOTO COCTOSHUS, MMeNIH
MeJIKOKPHUCTA/UIMYeCKOe CTPOeHUe C MHOTOYHC/IEHHBIMU Jle(eKTaMU U OTYETINBO BBIPAXKEHHON
nucnepcueil BHyTpeHHuX HanpsbkeHuit [35]. IlomaBifiomias wacTs Bcero oObeMa MaTepuasa
NMpUHAJIEKUT Haubosee CcTabuIbHOM [-poMGosgpuyeckoit MmMozudukanuu 6Gopa. Ozxzaxo,
HaOJII0AINCh U IPYyTHe pacIpocTpaHeHHble Mogudukanyuu 6opa. Ha ainexTpoHorpaMmax gacTo
(UKCUPOBAINCH IIPEPHIBUCTHIE AMGPAKIMOHHBIE KOJBIA, ITOKA3bIBAIOIIVE IIOTEPIO IaIBHETO
IOpAZfKa, B TO OJKe BpeMi — HaJIU4Yue OIpeJeIeHHOH CTelNeHH KPUCTALIMYHOCTH
HAaHOCTPYKTYpHBIX (a3. Pasmep kpucrammmToB, ompezneneHHBIH U 1O AudPy3HOCTH KOJIell
cocrasnser 50 — 100 A.

Crnenmyer oOpaTHTh BHMMaHHWE Ha TO OOCTOATENBCTBO, YTO OIpeZesieHHe CTPYKTYPBI
YaCTHUI, Pa3IuYHBIX Mogudukaiuu 60pa, 0Opa3oBaBUIMXCSA B pe3ysbTaTe OTKHUIa aMOPHHOTO
60pa, OcaXeHNs TaIOTeHUIOB WIN TUAPUA0B, KOHIEHCAIIUY IIEHOK, CBEPXOBICTPOI 3aKaIKU U
OUCIEPTUPOBAaHUA B OCHOBHOM IIPOBOAMJIOCH PeHTreHOrpadUueCcKMMH MeTOAaMU. JTO He
IIO3BOJIAJIO YTOYHHUTH UX TeOMeTPUYeCKIe pa3Mepsl.

Tpyssoctn B monydeHuu Oopa oOIpeneleHHON MoAU(UKALIWK B IIEPBYIO Odepenb
CBA3aHBI C 3JIEKTPOHHBIM MEXaHM3MOM OOpa30BaHUA ee peIIeTKH. B YacTHOCTH TO, 9UTO
HeyCTOWYMBasA KOH(UIypalusa BaJEHTHBIX 3JIEKTPOHOB WM30JIMPOBAaHHOTO aToMa 0Oopa HMeeT
TEHZEHIUIO K JOCTPOIHKe 3TOM KOHQHUrypauuu g0 Gosee CTaOMIBHON M KBasUCTaOMIBHOM.
HcxmounTenpHas CIIOCOOHOCTD K 3aXBaTy BaJEHTHBIX 3JIEKTPOHOB Pa3HOOOPA3HBIX IIPUMECHBIX
aTOMOB OIIpefiesieT MHOrooOpasue CTPYKTyp Oopa, 3aBHCAIee OT YCIOBUM OOpa3soBaHWUA,
CTaOMIM3UpYIOLIYe WIKN HapyLIalollee Pa3INYHON KOHGUTYpauX 3IeKTPOHOB [36].

MexanusMm noiaumop¢usMa BaKyyMHBIX KOHAeHcaToB 6opa oGwsicHsaercs B [37]. Ilpu
HeBBICOKMX TeMIeparypax nomioxku (< 700 °C) gacTh aTOMOB He yCIleBaeT IIPUCTPOUTHCS K
MKOCadJpaM M OHHU OKAa3bIBAIOTCA «3aMYpPOBAaHHBIMU» PACTyLUIMM KOHAEHCATOM. ODTH aTOMBI
OllpeZefIOT KaKUM O0pa3oM MKOCAdIpPHI CBA3AHEI APYT C ApyroM. Ilpm oTcyTcTBHM mambHEro
IOpAZKA B PACIIOJIOXKEHHU «000COOTIEeHHBIX» aTOMOB dopmupyercsas amopdHsrii 6op. Ilpu
730 -900 °C ymopsmoueHue ob6erdaerci ¥ HaJIWYMe VIOPAJOYEHHO PaCIIOIOXEHHBIX
«000CO0JIEHHBIX» aTOMOB CIIOCOOCTBYeT (OPMHUPOBAHUIO TETPATOHAJIBHON MOIUMDUKAIIIM.
Haubonee mpocras O-poM6o3mpuyecKas, CTPYKTypa He COZEP>KHUT «000COOIeHHBIX» aTOMOB U
IIO9TOMY IIPH BaKyyMHOM KOHZEHCAI[uU He 00pa3yeTcs.

IIpu  rtemmeparype  mogmoxku  950-1100°C  ¢dopmupyercas  crabuibHas
B-pombosmpuueckas Mopudukauua. Ilpu Gostee BEICOKMX TeMIlepaTypax BO3MOXHA AUPQY3ut

129



On fabrication of various modifications of nano-crystalline boron.

aTOMOB IOJJIOXKKH B OOp, MOIyIlas IPUBOAUTH K OOPa30BAHHUIO OOPUIOB, M3OCTPYKTYPHBIX
teTparoHasbHOMY 6opy [10]. OmHako B mccire0OBaHHBIX KOHAEHCATaX OOpa IIpU TeMIleparype
nogymoxku < 900 °C xonnenrtpanus Boibdpama He mpessrmana 0.003 ar %. CremoaTensHO,
aTOMBI BOJIb(paMa U3 MOJJIOXKKH IIpakTUdecKu He nuddyHaupyoT B 60p. DTO ZaeT OCHOBaHUE
CYMTATh, YTO OOHapy)XeHHble B paboTe amMopdHas, TeTparoHajabHasd U [-poMOO3ApHYecKas
MogubUKAIUK ABJIAIOTCA HNOMUMOPPHBIME (popMaMu YUCTOTO 6Opa, a He COeSUHEHUSIMHU C
BBICOKHMM COJiep>KaHueM 6opa.

PaccmorpenHsle [aHHBIE ITOATBEPXKAAIOT BO3MOXKHOCTH IIOSBIEHUS HAHOPa3MePHBIX
CTPYKTYPHBIX YaCTHI[ Ppa3JIMYHBIX MOAuU(UKAUMM OOpa IIpU CPaBHHUTEIBHO HU3KHUX
temneparypax. OHU TakXe CBUAETEIBCTBYIOT O 3aBUCHMOCTH IIOSBJIEHUS OIIpeZeeHHOM
Mopudukanuu 6opa C 2JIeKTPOHHBIM MeEXaHM3MOM ux oOpasoBanus [36] u ycioBuAMHU
KPUCTaJUIU3AI AN,

C ydeToM COBpeMeHHBIX IIpeACTaBIeHHU O CTPykType Oopa [38-41] Ha oOcHOBe
IIePBONPUHIUIIHBIX TEOPETUYECKUX PACUeTOB OBLIO NPesCKa3aHO CyIeCTBOBAHUE JBYMEPHBIX
TeKCarOHAJIBHBIX CTPYKTYp 60pa, B KOTOPHIX aTOMBI O0pa PacIIoaraloTcs He TOJIBKO B BEPIUIMHAX
IIPaBUJIBHBIX IIECTUYTOJBPHUKOB, HO U B UX IeHTpaXx. O4eBHUIHO, YTO B TAaKOH reKCarOHaJIbHOI
CeTKe y KaXJO0ro aTroma 6opa 1o 6 GirKaimux cocefieil. OTU CTPYKTYPhI MOTYT CYIIeCTBOBATh B
dopMe IJIAAKUX U BOJTHUCTBIX «IMCTOB», IVUIMHAPUYECKH MM CHEpPUYeCKH M30THYTHIX
HAHOTYOYJIIPHBIX U QyJIIepeHbIX ToBepxHOCTe [38-41].

B mocnesHue romsl ycmemHo GBIIN CHHTE3UPOBAHBL TAK)Ke TPeXMepHble HaHOCHCTEMSBI,
KOTOpBIe HCIOJIB3YIOT CTPYKTYPBI BCEX M3BECTHBIX KPUCTAUIMYECKUX MOoupUKanmuil 6opa. JTo
HAHOIIPOBOJIKM, HAHOJIEHTHI, HAHOPEMHM M T.N. B HacToslee BpeMsa HMeeTCs LEJIBIH P,
TEOPeTUYEeCKUX U DKCIIEPUMEHTAIbHBIX IOATBEPXKIEeHUI CTaOMIBHOCTU MTOJOOHBIX HAHOCHUCTEM
6opa, a TaK)Xe IIPeAJIOKEHUH TI0 UX IPUMEHEHUSIM B TeXHUKe [42].

Hanwyme Takoro pasHOOOpasWs BO3MOXHBIX HAHOCHUCTEM OOpa eCTeCTBEHHO CTaBUT
Impo6sieMy O IIONYyYeHHH HAHOKPUCTALIMYECKUX OOPa3LoOB OOBIYHBIX KPHUCTAUIMYECKUX
MogubuKanuyu 60pa, B KOTOPhIX HAaHOpPasMephl KPUCTA/UIMKOB JOJDKHBL IIPOSIBUTH COBEPLIEHHO
HOBbIe cBoMicTBa 6opa. Kak BuzHO U3 0630pa, maru B 9TOM HaIlpaBJIeHUU OBLIN IIPeIIPUHITHI
eme B 60-80-p1e roger MuHyBIIero Beka. Ho mosxydaemsie Torza oGpasiipl, KOHEYHO XXe, He
MMEeHOBAJIMCh HAHOKPUCTAJIAMHU.

PaGoTel mo moydYeHMIO HAHOKPUCTA/UIOB 0Opa He IIPEeKpPAlaIUCh U IIPOJOJDKAIOTCS
IIOHBIHE. 3ajadya MCCaefoBaTesleil — JaTh HOBBIM HMITYJIBC SKCIEPHUMEHTAIBHBIM paboTaM IO
IIOJIyYeHUIO0 HAHOKPUCTAJUIOB 33JaHHBIX MOAU(UKALNK 6opa U OIpezeseHHIO oOjacTeil mx
IIPUMEHEHUS.
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1. Introduction

Nanowire based devices are considered nowadays as one of the most promising
alternatives to conventional microelectronic devices, which can promote further shrinking of
device sizes and increase their functionality. The unique properties of one dimensional (1D)
nanowires arise due to their low dimensionality and hence by quantum-mechanical properties
and surface dominated features. From the technological point of view they have one more
advantage. Due to high aspect ratios the length of nanowires lay in the micrometer range
reaching even millimeter sizes. Such “large” elements can be easily handled and manipulated
when building different nanodevices and circuits.

Germanium nitride has attracted much attention in recent years due to its unique
properties [1, 2] and potential applications in different devices. It can be used as a thin film
material for the passivation of different semiconductors in metal-insulator-semiconductor (MIS)
devices [3-5], effective nonoxide photocatalyst for overall water splitting [6] and stabile
negative electrode material for Li-ion batteries [7]. A new cubic spinel-structured phase of
GesNs (y-phase) is harder than sapphire and can be used as a hard material [8]. As for the
growth of one-dimensional nanostructures, there are only two papers dealing with GesNas
nanobelts and nanowires (NWs) [9, 10] produced at temperatures exceeding 800 °C. In this
work we investigate the initial stage of growth and the structure of GesNs nanowires produced
at temperatures below 580 °C.

2. Experimental

Germanium nitride nanowires (NWs) were grown on the surface of a single-crystal Ge
source. It was established that the surface orientation of the source has no influence on the
growth process. However, most of experiments were performed using the (111) oriented 2 mm
thick Ge sources placed on the bottom of the vertical quartz tube and heated up to 580 °C using
the external resistive furnace. The quartz tube was first evacuated down to 4 - 10 Torr and
then filled-in with N2Hs vapor, which was containing 3 mol. % of water. The details of
technology are presented elsewhere [11].
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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). XRD data were taken on a Shimadzu XRD-6000 diffractometer. All these
measurements were made at the Nancy University (Laboratoire de Physique des Materiaux,
UMR CNRS No. 7556, Université de Nancy 1, Boote Postale 239, 54506V andeuvre-les-Nancy
Cedex, France).

3. Results and discussions

After evacuation the reactor chamber was filled in with N2H4 + H2O mixture to the net
pressure of ~ 10 Torr at room temperature. The pressure value was dominated by the saturated
pressure of N2H4 as its content greatly exceeded that of H.O. At temperatures close to 480 °C
the reactivity of water prevailed over that of N2Hs4 and most chemical reactions led to the
oxidation of the Ge source. At elevated temperatures the Ge surface served as catalysts and N2Hq
was decomposed through the fast chain reactions, forming active transient nitrogen precursors
(NHz, NH, N) until finally the stabile N2 and H2 molecules were formed [12].

After the furnace was switched on, the source temperature 7s was gradually rising and
then stabilized reaching the saturation value (Figure 1). The temperature ramps depended on
the applied power and varied from 28 °C/ min at 130 W (Z:=500 °C) to 36 °C / min at 160 W
(7:=580 °C). The selected temperature range is insufficient to melt or sublimate neither Ge
with the melting temperature of 7= =936 °C, nor its dioxide GeO2 (7= = 1220 °C) or nitride
(sublimation of GesNasstarts at 850 °C). Considering the interaction of Ge with ambient vapor
one may conclude, that the only volatile species which can be produced in this temperature
range are GeO monoxide molecules. GeO molecules can be easily produced due to interaction
of Ge with water and they readily sublimate even at 400 °C [13]. We suppose that the whole Ge
mass transfer in our growth processes is accomplished through these volatile GeO species.
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Figure 1. The dependence of Ge source temperature on the applied power.
SEM image of Ge source surface annealed for 4 hours at 480 °C in hydrazine vapor with
3 mol. % water is shown in Figure 2a. The white balls with diameters ranging from 80 to

400 nm are scattered all over the Ge surface. According to XRD and Auger analysis (the results
are not presented) only Ge and oxygen atoms are found at the surface and the diamond like Ge
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source is the only existing crystalline phase. The shape of particles indicates that before
solidification they where molten drops which do not wet the Ge source. Their spherical shapes
may be explained by the action of surface tension force, which shrinks the drop when it is in a
molten state. It was mentioned earlier that 480 °C is insufficient for melting Ge or GeO..
However, it is well known that depending on composition, the off-stoichiometric oxides and
nitrides may have sufficiently low melting temperature [14, 15]. The low melting point of
spherical compounds in Figure 2a may be explained by the formation of suboxide GeOxclusters.
Analyzing the results of XRD and Auger-spectroscopy it becomes clear that the observed XRD
peaks are characterizing the Ge (111) source surface and oxygen is concentrated in balls,
consisting of amorphous Ge suboxides which where formed from the molten droplets. It is
obvious that at 480 °C the activity of water molecules diluted in hydrazine prevails over
nitriding ability of N2Ha.

Figure 2. Formation of GeOx clusters on the Ge source surface annealed
in hydrazine containing 3 mol. % H20 at 480 °C (a) and at 500 °C (b).

Figure 2b presents the SEM image of the Ge source annealed in hydrazine at 500 °C. This
temperature is sufficient for nitrogen precursors to react with Ge or GeO forming germanium
nitride and its nuclei at the surface of GeOx cluster and the nitride nanowires start to grow
originating from these ball-shaped clusters. The formation of nitride nuclei may proceed
through direct reaction between the solid cluster surface and nitrogen precursors or between
these precursors and volatile GeO molecules after their adsorption on the surface of GeOx
cluster. It is worth noting that hydrogen is one of the end products of hydrazine decomposition.
It actively reduces the GeOx surface [16] and produces the pure Ge which may be transformed
into GesNsin the presence of hydrazine vapor, or may be mixed with GeOx forming on the
surface of GeOx cluster the local Ge droplets. Pure Ge may be produced also due to the phase
separation in monoxide which follows the reaction: 2GeO = Ge + GeOa.

It is clear that 500 °C is the minimum temperature at which the growth of nanowires
starts. At this stage following components exist at the surface of Ge source: GeOx ball-shape
clusters with local Ge droplets or local small areas with high Ge content; gaseous GeO and
hydrogen molecules; nitrogen precursors (N, NH, NH2, NH3) which have enough energy to
react with all previously listed Ge containing components to form GesNa.

Further investigations reveal that depending on the source temperature the growth of
NWs may proceed by two mechanisms. At low temperatures, not exceeding 530 °C the Ge-rich
droplets serve as self-catalysts for the well known vapor-liquid-solid (VLS) growth of GesNa
NWs. The droplets are actively adsorbing nitrogen precursors and GeO molecules which are
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easily reduced to Ge in the presence of hydrogen, supplying the droplet with Ge. The liquid
catalyst droplet is oversaturated with nitrogen which leads to precipitation of a solid GesNs and
the growth of nanowires. The catalyst droplet at the top of the germanium nitride nanowire
and the growth front can be clearly seen in Figure 3a. The VLS mechanism needs low energy
budget and dominates at temperatures close to 500 °C. The detail of this growth process was

considered in [11].

Figure 3. HRTEM images of GesNs nanowire with a catalyst tip grown by the vapor-
liquid-solid mechanism (a); GesN4 nanobelt grown by the vapor-solid method (b).
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Figure 4. XRD patterns of GesNsnanowires scrapped-off (a) and attached (b) to the Ge source.

At elevated temperatures exceeding 550 °C the nitride may be easily formed at the
surface by direct reaction between gaseous GeO molecules and nitrogen precursors leading to
the vapor-solid (VS) growth mechanism. However, the grown nanostructures are mostly
nanobelts or faceted nanowires as it is shown in Figure 3b. The high resolution TEM image of
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the VS grown nanobelt proves its single crystal structure (Figure 3b). The selected area electron
diffraction patterns of nanostructures grown by VLS and VS mechanisms show the presence of
only alpha phase germanium nitride. No NWs with the phase other than o-GesN: were
observed in several tens of TEM experiments.

A micrometer range layer of NWs were formed at the Ge source surface after several
hours of growth. This layer was thick enough to be analyzed by X-Ray diffraction method.

All peaks in the XRD pattern of nanowires scrapped off the substrate were assigned to
planes of o-GesN4 phase, as is seen in Figure 4a. However, if XRD patterns were taken from
NWs which were still attached to the Ge source, then in addition to alpha phase the presence of
a small amount of B-GesNs phase was found together with weak peaks attributed to Ge source
underneath. The same situation was observed in [17] for SisNs NWs. The mixture a- and -SisNa
was found by XRD, while only o-SisN+ was detected by TEM investigation. In [17] the authors
left this phenomenon without any explanation.

Figure 5. TEM image of GesNsnanowire root (a); HRTEM
images of points marked on (a) with arrows and letters (b-g).

To shad light on this phenomenon we performed an additional TEM experiments aimed
at the analysis of roots from which the NWs stem. Figure 5 represents one of such roots. It
consists of a triangle close loop and two downward directed branches of GesN+ NWs. The loop
was initially attached to the GeOx cluster. The high resolution (HR) TEM analysis was applied
to points marked with arrows and letters from “b” to “g”. The corresponding HRTEM pictures
are presented in Figures 5(b-g). As can be seen from this figure, the loop comprises several
different phases with clearly defined boundaries. More detailed investigation reveal that a- and
B-GesNs phases coexist in the loop. An examples in Figures 5b,d,g show that the outer phases
have the B-GesN: structure while the inner belongs to o-GesNs. In contrast to this the
downward directed NWs have a single crystal structure of o-GesNa. It seems that at the initial
stage both o- and B-GesNs phases are formed at the surface of GeOx cluster. However, the
B-phase blocks the one dimensional growth of nanowires and remains on the surface of a

cluster, while the o-phase grows in the form of 1D nanostructure. To our knowledge at present
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only two published papers [9, 10] deal with 1D germanium nitride structures. In [10] only
0-GesNs nanowires were obtained, while in another publication [9] a- and P-GesNs
nanostructures were grown. This indicates that the absence of B-GesNsNWs in our experiments
may be attributed to the growth method, rather than to any structural restrictions.

4. Conclusions

The hydrazine vapor was used for producing GesNs nanowires on the surface of the Ge
source in the temperature range of 500 — 580 °C. The growth of nanowires was observed at
source temperatures beginning from 500 °C, which is by 300 °C lower then the temperature
stated in other publications. At relatively low temperatures up to 530 °C the NWs were growing
through the VLS mechanism with Ge-enriched catalyst droplet at the end. At elevated
temperatures up to 580 °C the growth was accomplished through the vapor-solid mechanism
and GesNsnanobelts were produced. The NWs grown with both methods exhibited the o--GesNa
structure. The nucleation of GesNs was performed on the surface of GeOx cluster by the
formation of both o- and B-GesNs phases. However, the one dimensional vapor-solid growth
was observed only for o-GesNs phase.
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IToBbInIeHMe TOYHOCTH JUHEHMHBIX M3MepeHu!l B HaHOMETPOBOM /[Malla3oHe ABJIAETCH
OJHOM M3 aKTYyaJbHBIX IIPO0JIeM HAHOMETPOJIOTHH, TpeOyloleil pelleHHs IIeJIOT0 KOMILIEKCa
3a71a4, BKJIIOYAIOMIEro B ceOd HaXOXK/eHHe HOBBIX MeTOZOB IPeIU3NOHHBIX U3MEePeHHl JIUH U
JUHEHHBIX TlepeMelleHNi IpU WM3MEpPeHMAX M IIO3UIMOHHPOBAaHMM B HaHOAuamazoHe [l1].
YxazaHHBIe IPOOIEMBI CTAHOBATCSA OCOOEHHO OCTPBIMHU, KOT/Ia pa3Mephl U3MepIeMbIX OOBEKTOB,
IepeMelleHU MeHblIe (JacTO M CyLUIeCTBEHHO MEHbIIe) AJIWHBI BOJIHBI CTAaOMIM3MPOBAHHOTO
Jasepa, KOTOpas MCIIONb3yeTcs B KadecTBe Mephl IJIMHBI B JIa3epHBIX HHTepdepoMeTpax
nepeMelleHu (B HaCTOsIIee BpeMs SBJISIONUXCS OCHOBHBIM CPEICTBOM JIMHEHHBIX N3MEpeHUH
B HaHOTexHOIOTUAX). [Ipu 5TOM BO3HMKAIOT TpeOOBAHMA BBHICOKOH paspelIaroleil CtocOGHOCTH
(p.c.) NUHEHHBIX W3MEpEeHUi, IPAKTUYeCKH PpaBHOM IO abCONIOTHOMY 3HAaYe€HWUIO P.C.,
peanu3yeMOl B 3TaJOHe eJUHUIBI NIUHBI. BO3HHKAlOT TpeOGoBaHUA oOecledeHUs JIUHEHHOU
IIKaJbl B HAHOMETPOBOM U IIPHJIETAIONIeM K HeMY [JUAla3oHax, obecredyeHUs CTaOUIBHOCTU U
BOCIIPOM3BOJUMOCTH Pe3yJIbTaTOB M3MepeHuii. V3BecTHSI Ipo6IeMsl, CBI3aHHBIE C Ilepefadeis C
MaKCHUMaJIbHOM TOYHOCTBIO Pa3MepoB eAWHUI], IJIUHBI U JAPyTuX (U3MIEeCKUX BEeJIUYUH B
HAaHOJMAIa30H, BOIIPOCHI ITPOCJIEXMBA€MOCTH H3MEPEHHUH, T.e. CBA3M CPEeJCTB WM3MEpPeHMH,
HaXOJAIIUXCA Yy IOTpeOUTesNel, paboTalOIMX B HAHOJLUAIA30HE, C OIpeJeTeHUIMH eJWHHUII
M3MepeHU, KOTopble NpuHATH B MexayHapoanoit cucreme CH (mna obecrneueHus equHCTBA
n3MepeHuii). Bompocs! emwHCTBA M3MepeHUH SABIAIOTCA aKTyaJIbHBIMU IIPU COBPEMEHHOM
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MEXIYHapOAHON TII00anu3aliy HAyKM U SKOHOMHKHM, YTOOBI M3MepEeHWs, BBHIIIOJHEHHbIE B
T6unrcy, BOCIIPOU3BOAYIINCE (IIPH UAEHTUIHBIX YCIOBUAX) C TAKOM Xe TOYHOCTHIo U B Barymu,
u B Heio-Mopxke, u B Bpaymmseiire, u B Ilapmxke, u B Jloumose u T.1. YTO6BI MOXHO GBLIO GBI
OCYILECTB/IATH B3AUMHBIHM OOMEH TeXHOJOTUSAMHU U pe3yIbTaTaMU U3MEePeHHUH.

Hanomerposorus [IUHEHHBIX HM3MEDPEHUH IPUCYTCTBYeT B HESIBHOM BHZAE B

IIO/IaBJIAIONMEeM OOJIBIUIMHCTBE METOJOB U CPEJCTB OOeclleueHUs eJUHCTBA U3MepeHUH Pu3nKo-
XMMHYECKUX IIapaMeTpPOB M CBOMCTB OOBEKTOB HAHOTEXHOJIOTHH, TAKUX, KaK MeXaHHYeCKue,
ONTHYeCKHe, OJJIEKTpUYeCKHe, MarHUTHBIe, aKyCTHYeCcKue ¥ T.J1. Bo MHOTrMX ciIy4asx
HeOOXOJUMO OCYILIECTBJIATh IIPEIU3MOHHOE IIPOCTPAHCTBEHHOE IIO3UIIMOHHPOBAaHUE 30HJA
M3MepHUTeJBHOTO yCTPOMCTBA B MeCTO TpeOyeMOro cheMa M3MepuTenbHON mHbopmanuu. Ilpu
5TOM /[MAaIla30H JMHEHHOTO CKAaHMPOBAaHUA IO KaXZOW KOOpAWHATE MOXeT IPOCTHUPAThCA OT
HECKOJIBKMX HAHOMETPOB [0 COT€H MHUKPOMETPOB (M BO3MOXHO JaXe [JO MUJINMETPOB), a
TpeGyeMble TOYHOCTD U pa3pellarouias CIIOCOOHOCTh MOTYT COCTaBJIATh B PsAZie CIydaeB COThIe (a
WHOIJA yXXe U TBICAYHbIe) JOJTH HAaHOMeTpa. JTHUM BCeM OOBACHAETCHA, YTO IIPeIu3MOHHBIE
JVHeWHbIe U3MEPEeHNA B HAHOZUAIla30He IIPHOOPETAIOT 0COOYIO BOXKHOCTb.

W3BecTHO, YTO MaKCHMMajabHasg TOYHOCTh W3MepeHUH B JIOOOM BHIe W3MepeHUi
olpeziesngeTcs B IEPBYIO ouepelb OIpeJieleHHeM IPUHATON eZUHUIIBI M3MepeHUH, MeTOZoM
IIPaKTUYEeCKOH peausalliy dTOTO OIpefeeHUs B STaJOHe NAaHHOH eIMHUIBI M3MepeHud, U
Zlajlee HA PA3HBIX CTAHAAPTU3MPOBAHHBIX YPOBHAX TOYHOCTH M3MEPEHHI U [JUAIla30HaX
U3MepeHUN MeTOZAMHU Ilepefady pasMepa eJUHUIIBI, BOCIIPOU3BOAUMON 3TAJIOHOM, K CTOSIIUM
vepapxudecku Ha Oojiee HU3KHX YPOBHAX OOPa3LOBBIM U PabOYMM CpeICTBAM HU3MEpEeHUU B
Pa3HBIX Juana3oHax (M Mo auana3oHax) U3MepeHU JaHHON pU3NIeCKOi BeTHINHBL.

CymectBytone n0 1983 roma ompezneneHus eIUHMIBI AJWHBL — MeTpa — ObUIM
OCHOBAaHBI Ha MCIIOJIB30BAaHUU B Ka4yeCTBe Mephl JJIMHBI — JJIUHBI BOJHBI CTAOMIHU3MPOBAHHOTO
II0 YacTOTe WCTOYHMKA ONTHYECKOr0 wu3nydeHusa. [Ipm >TOoM [nd IpenusMOHHOTO
BOCIIDOM3BEIEHUS WJIW M3MEepeHHs [JIMH IPUMEHSJINCh MeTOAbl HHTep(epoMeTpuu
nepemenenuit. C 1927 roma B xayecTBe MepsI JJIWHBI ObLIA NPUHATA AJIWHA BOJIHBI KPacCHOU
auauu Kagmusa. A B 1960 romy mHa 11-oif ['eHepanpHOIt KOH(pepeHIMM IO MepaM M BecaM
(TKMB) B xkadecTBe OSTaJlOHHON [JJWHBI BOJHBl JJ JIMHEHHBIX H3MEpPeHUN IIpHU
BOCIIPOM3Be/IeHUU €UHULBI AJIUHBI — MeTpa — OblIa IPUHATA JIMHA BOJIHBI M30TONA KPUIITOHA
8Kr, cooTBeTCTByIOIIAs ITEPEXOLY MEXIY YPOBHAMHU 2pio U 5ds. DTa OpaH)KkeBas CIEKTpaJIbHAas
nuHuA n3nydeHua %Kr Opura cymecTBeHHO Gosee CTaOMIBHON M Y3KOM IO CPaBHEHHIO C
KpacHOH NIuHHMeH KagMusg. OTO IIO3BOJIMJIO IPAaKTHYEeCKH Ha 2 IOPAAKA ITOBBICUTH TOYHOCTH
BOCIIpOM3BeIeHH A MeTpa (a0COJOTHASA IIOTPENTHOCT BOCIIPOU3BeIeHUA MeTpa OblIa yMeHbIIeHa
10 1078 m).

Ycnexu KBaHTOBOH 3JIEKTPOHHKH M PafUOCIEKTPOCKOIMU ITO3BOMMIN B 1967 romy Ha
13-oit 'KMB npunATE HOBOe oOlpefeseHHe eNUHULBI BpeMeHH — ceKyHAbl: «CekyHzma —
9192631770 mepuomoB U3TyYeHHUA, COOTBETCTBYIOIIETO ITePEeX0ay MEXIy ABYMS CBEPXTOHKHUMH
YPOBHAMH OCHOBHOTO COCTOSHHA aToMa 33Cs».

OTH Ba 0OCTOATENBCTBA JATH OCHOBaHME METPOJIOTaM /I CIeAYIOMUX PacCYyXTEeHMI:
OLHO U TO Xe (PU3MUeCKOe fABJIeHUE — CIIEKTpaJTbHAasd JIUHUA — IIOJOXEHO B OCHOBY [JIf
BOCIIPOM3Be/IeHH [IByX OCHOBHBIX €JWHHI] — IJINHBI 1 BpeMeHHU. Henpss s B TakoM ciydae
HAlTH TaKyl0 CIIEKTPaJbHYIO JHHUIO M METOZBI, KOTOpble IIO3BOJIMIU OBl OJHOBpEMEHHO
BOCIIPOM3BOJUTh €QVHUIBI U IJIMHBI U BpeMeHu! Ilo cymectBy, Oblia mosHATa IpobieMa
eIVHCTBA M3MEpeHWIl [OJIWHBI ¥ BpeMeHH. HamoMHHMM, 4YTO HeCTaOMJIIBHOCTh YaCTOTSHI
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n3mrydyeHus crekrpansHoi nauHuM '3Cs (9.192 ITn - papmmopgmamason) B 1967 romy Oslia
mopaaka 1071°, a HecTaOMWJIBHOCTH YaCTOTHI BBINIEYKA3aHHOTO W3JIyYeHHUSA OITUIECKOTO
nuanasona S¢Kr Opurta mopsgka 108, Ilostomy peureHme 5To#i mTpoGIeMbl BHAEIOCH B
HAXOXAEHUH UCTOYHHUKA ONTUYECKOTO U3TYYeHUA CO CTAOMIBHOCTBIO YaCTOTHI (IJIMHBI BOJIHBI)
W3JIy4eHUs 0 KpaiiHell Mepe He Xy’Xe, 4eM CTaGMIBHOCTH 4acToTsI 33Cs.

Co3maHve TepBBIX  CTAaOMIM3MPOBAHHBIX IO  YAacTOTe JIa3epoB  (Hampumep,
CTaOMIM3MPOBAHHBIX IO IIOTJIOWIEHHWIO B MeTaHe, iofe, WIM APYTUM MOJIEKYJIAPHBIM WU
aTOMHBIM pellepaM), I0O3BOIUIO B cepemuHe 60-x — Hawame 70-X TOZOB IPUMEHHUTH TaKHe
Ja3eppl B KauecTBe HMCTOYHUKOB M3JIy4eHUA B HHTepdepoMeTpax IepeMelleHHH, IOJI0KUB
Havyayso JasepHOil wuHTepdepomerpuu mnepememenwnii (JIWII). Passurue wmeromos JINII
IIO3BOJIMJIO y>Ke B KOoHIle 80-X romoB moBecTy (YMEHBIINTD) CpeHee KBaAPaTUYHOE OTKIOHEHHE
BOCIIPOM3BeleHUA eNWHUIB JauHbl g0 2.5-10"! u mnpu >5ToM HEUCKIIOYeHHOH
CHCTeMaTU4ecKoy nmorpemnaocty nopsagka 10-°.

OrmeruM, uYTO B 00JIaCTM ITIPEIU3HOHHBIX JIMHEHHBIX W3MEpPEHUH, BCKOpe IIOCye
IOSABJIEHUA JIa3epOB, HAMETWIACh W [pyrasd TeHAEHIWd, KOTOpasd OKa3ajach CBA3aHHOU C
po6IeMoil eAVHCTBAa M3MEPeHUil IJIMHBI U BpeMeHU. «Bo3MyTuTeneM CIIOKOHCTBUSI» B 9TOM
HaIlpaBJIeHWH CTaJ OGWH U3 «OTILOB» KBaHTOBOI aynekTpoHuku 4. TayHc, koropsrit B 1961 roxy
n3nmoxkun (cM. [2]) cBoM B3IIAABI U peKOMeHanuy CrenyomuMm obpasom. «Mertomamu

KBAaHTOBOH DJIEKTPOHUKHY, IO-BUAMMOMY, BO3MOXHO OCYIIECTBUTH YMHOXX€HHE YaCTOTHI OT
pasuozana3oHa 0 BUAUMOM U yiabTpaduoneToBoi wyactu crnekrpa. CilesyeT HalOMHHTB, YTO
bU3UKY emje HHKOrZa He IIPOH3BOJH/IH HEIOCPEICTBEHHOTO H3MEpPEHUsS YaCTOThI BUIVIMOTO
nau MHQPAKPAaCHOTO H3TydeHUH. BMecTo 3TOro OHM H3MepAIOT [AJIUHY BOJHBL H 3aTeM
BBIYHMCJIAIOT 9aCTOTY, 3HasA CKOPOCTH CBeTa ¢ TOYHOCTHIO 70 10-°. YMHOXeHMe JacTOThI BIJIOTH
0 YacTOT BHUAMMOTO H3JTy4YeHHA II03BOJIUT HEIOCPeACTBEHHO W3MEPHUTh 3TH YaCTOTHl U
BBIPA3UTh UX B efUHUIAX BpeMeHu. Celfuac Hall 3TAJIOH JJIWHBI ONIpeZiesIeH Yepe3 IIUHY BOJTHBI
BuguMoro cBera. CileZjoBaTeJIbHO, HM3MepeHUe €ro YacTOTHI IIO3BOJIUT Cpasy OIIpeleIuTh
CKOPOCTB CBeTa C TOH e TOYHOCTBIO, C KOTOPOH OIpefeseHa JIUHA.

Ecam 4acToTBI ONTHYECKOro Auama3oHa OyZyT M3MEpeHBI C TOYHOCTBIO, JydlIeH, deM
108, T.e. c TOYHOCTBIO, C KOTOPO¥ B HAaCTOAIee BpeMsd OIpefiesieHa [JIWHA, TO AJIMHA U BpeMd
OyZAyT CBA3aHBI HAaCTOJIBKO TECHO 4Yepe3 CKOPOCTb CBeTa, YTO OTAeIbHBIE 3TAJIOHBI [JIHHBI U
BpPeMeHU OKaXYTCH, I0-BUJUMOMY, HelleJeCOOOPasHbIMU. 32 OCHOBHYIO €AHHHLY MOXHO OBIIO
OBI IpHHATH BpeMA, KOTOPOE MOKeT OBITh H3MEPEHO H OIpefeIeHo bo/lee TOYHO, a €AHHHIeH
JVIHHBI CYHTATh BETHYHHY, KOTOPAA II0IV9a€TCA YMHOXEeHHEM HEKOTOPOIO HHTEPBAJIA BPEMEHH
HA CKOPOCTb CBETa».

Cnemys atuM pexkomeHzaunusaM, B HaunumonamesHom Giopo cranpaproB CIIA (ceromms
Hamyonanpusiit mHCcTHUTYT cTaHzaproB u rtexHosnoruii CIHA — NIST, Boyngmep, CIIA), B
JluBr3noHe BpeMeHM M 4YacTOTHI rpynima nox pykosozcrBoM K. Msencona (K. Evenson) B 1972
TOZy 3aBepuIMa SKCIEPHUMEHT II0 CO3JAaHUIO IEePBOTO B MHUpe PaZUOONTHYECKOTO MOCTa,
yMHOXeHueM pazuodacToTel 9.192 I'T'n curHanoB ImepBUYHOIO II@3MEeBOrO CTaHAApPTa YaCTOTHI
o onTudeckoit yactotsl (6mmkHero MK muamasowna) 88.376 TT'1. Dta yacTora COOTBETCTBOBAjIA
ONHOHN U3 JTUHWUH u3nydeHUs (C AMWHON BOMHEI 3.39 MKM), CTaOMIM3MPOBAHHOTO IO METAaHY
He-Ne mazepa [3]. B aToM TOHKOM U CJIOXHOM 3KCIIEPUMEHTE, TPeOYIOIIeM O4YeHb BBHICOKOTO
HUCKyCCTBA U MHTYUIIUM SKCIEPUMEHTATOPOB, BIIEPBble B MCTOPUU ObLIa M3MEpeHa YacToTa
CIIeKTPAJIbHOM JIMHUU MOHOXPOMAaTHYeCKOTO ONTUYECKOTO M3JIydeHUd, IIPU 3TOM C TOYHOCTBIO
no 10-1°. B sTom >xe skcnepuMeHTe ObLIa M3MepeHa JJIMHA BOJIHBI 3TOH >xe muHuu He—Ne yazepa
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CpaBHEHHEeM Ha OJTAJOHHOM MeTpe C [JIMHOI BOJHBL 56Kr (3TaJJOHHOTO MCTOYHUKA) C
mmorpemHocTsio mo 3 - 10,

IToce mompo6GHOro aHanM3a pe3yJIbTaTOB M YCJIOBHIl IIPOBEJEHHUA STUX SKCIEPUMEHTOB
U TUCKyCCHH B TedeHHe 11 yeT B KoMuTeTax M opraHu3anuax MexayHapomHOro 6:0po Mep u
BecoB (MBMB), B 1983 rozy ma 17-oiti I'KMB 6put0 pemeHO TNpHHATH 3HAaYEHUE
byHZaMeHTaTbHON (PU3MYECKOH KOHCTAaHTBI — CKOPOCTH CBeTa B BaKyyMe ¢ aOCOJIOTHOI
MOCTOAHHON ¢ =299792458 M/ c (6e3 morpemsocty). OJTO 3HAUYeHUE IIPEJCTABIAIO COOOI
OKpyIJICHHOe 3HAa4YeHUe Pe3yJIbTaTOB W3MEPEeHUi, IPOBEJEHHBIX B HECKOJIBKHMX Pa3HBIX
METpOJIOTMYeCKUX LIeHTpaX. OTOH Xe pe3osionueil ObBLIO IPUHATO HOBOE OIIpefiesieHue
eAVHULBI IJIVMHEI, felcTByouee U cerofHs: «MeTp ecTh paccTosiHMEe, KOTOPOe TPOXOJUT CBET B
BakyyMme 3a BpeMms 1/c=1/299792458 cexynpsi». CoriacHO 3TOMy OIIpefeeHUIO, eNUHUILY
IJIVHBI CJIelyeT BOCIIPOM3BOJUTH He METOZAMU JIa3epHOM MHTephepOMeTPHH IIepeMeleHul, a
IIyTeM wu3MepeHUs (MIM BOCIIPOUW3BEJEHMI) HHTEepBala BpeMeHU IIPOXOXKIEHHSI CBETOM
M3MepseMOro IIPOCTPAHCTBEHHOTO WHTEPBaJIa, Kak 3T0 pekoMeHzosar Y. TayHc.

[TpunaToe ompezeneHre MeTpa ABILeTCA (PYHAAMEHTAIBHBIM ONpeZieIeHHueM eJMHUIIBI
dusmdeckoir BenmuuHbl. OHO OasupyeTcs HAa YCTAaHOBJIEHHOM M HEU3MEHHOM 3HAYeHUU
CKOpOCTH cBeTa. boslee IpOCTOro ¥ yHHUBEPCAJIBHOTO OIpefe/IeHUsA eJUHUIIBI JIUHBI, KaK yepes3
CKOPOCTh DJIEKTPOMAarHUTHON BOJHBI M BpEMEHM ee IIPOXOXKIEHUA, IIPeIJIOKUTh YXKe
HeBO3MOXxHO. OfHAKO, B JJaHHOM OIlpefie/IeHUH He KOHKPeTHU3WpyeTCsA, KaKuM oOpa3oM Bce-
TAKW TEXHWYECKHU peausyeTcs dTa BeJIWYMHA. B TO >Xe BpeMs HM3BECTHO, YTO B METPOJIOTUH
HeJJOCTaTOYHO OJHOTO OIIpefiesIeHus eNWHHI, u3MepeHui. HeobGxomuMo ITOKazaTh elje Hu
MeTO/bI UX BOCIIPOM3BEN€HM, T.e. KAaK MMH IIOJIb30BaThCA HA IpakTuke. Jpyrumu ciaoBamu,
ecIu eguHNIA GU3MYECKOI BeJIMYUHBI UMeeT OIIpeieIeHHe, TO TpeOyeTcs ONMCcaHue MeTOAa U
YCIOBUII ee BOCIIPOM3BEJEHUA B DOTAJOHE eNWHUIB JAaHHOH (QU3NYECKON BeJIUYHHEI.
Ompepenenre eIUHUIBI JO/DKHO COJEpXKaTh OIMCAHME IIPOLlecca M3MEPEeHUd, C IIOMOIIBIO
KOTOPOTO YCTaHABIMBAeTCA eAVHUIIA (B HAlleM CIydYae eSVUHUIA JJIUHBI). TaKkoil MOAXo. JaBHO
npuHar B npaktuke MBMB. Ho B cirywae emumnusl mmueel B 1983 romy 6puro cpaenmaHo
ncxmouenne. HoBoe ompenenenme wMeTpa wucxons u3  BeIpaxeHus L=cAt Ttpebyer
BOCIIPOM3Be/leHMe BpeMeHHOro wuHTepBana mopsagka At =3.335640951948 - 10° cexyuzsr c
HeotnpegeneHHOCTbI0 mopsagka 10719 — 102 cexyHzpr (4TOOBI 5TO BOCIIPOU3BENEHME OKA3aIOCh
CPaBHHMBIM II0 TOYHOCTH U paspellarouleil CltocCOOHOCTH C BO3SMOXKHOCTAMU JYYIINX U3BECTHBIX
MHTephEPEeHIINOHHBIX MeTOJOB, IIPUMEHIeMBIX [af wu3MepeHui pnuH). Ilpu sToM
HeOIIpeleJIEHHOCTb BOCIIPOU3BENEeHU eIUHUILBI IJINHBL — MeTpa — Oyzer mopszaka 10! m. Ho
BOCIIpOU3Be/ieHNe (M3MepeHUe) TaKUX KOPOTKHX BPEMEHHBIX HHTEPBAJIOB C TAKOH TOYHOCTEIO
(10 - 1020 c) ;o HacToOsIIETO BpeMEHM OKa3aJoCh OYeHb IIPOOIEeMAaTHYHBIM. JTH CIOXXHOCTH
ompezenwin cutyanuio, 4yro ¢ 1983 roza mpakThuyeckoil peaamsanuy  3TOTO (IIPAMOTrO)

ollpesieIeHNs eIUHUIIBI JJIVHBI TAK U He ObLIO.
[Tosromy yxxe Ha 17-oit 'KMB 6pu10 peKOMeHIOBaHO IJIS BOCIPOU3BENEHUS eIMHUIIBI
NUTMHBI WCIIOIB30BaTh STAJOHHBIE IJIMHBI BOJH HECKOJBKHX CTAOMJIM3MPOBAHHBIX II0 YaCTOTE

J1a3epoB (CTaHJAPTOB OITHYECKUX YACTOT), perIaMeHTHPOBAHHBIX HOBBIM OIIpe/ieJIeHueM MeTpa.
JpyruMu cjoBaMu, HeCMOTpS Ha IIPUHATOE OIpefesleHHe eNuWHUIBl AiauHbl, 17-as I'KMB
PeKOMEeH/IOBaIa BOCIPOH3BOJHTE pasMep €JHHHIB JIHHSFI He TI0 H3MEepeHHIO HHTepBasa
BpeMeHH IIPOXOX/JEHHS CBeTOM BOCIPOM3BOJMMOIO IIPOCTPAaHCTBEHHOTO WHTepBaja, a
KOCBEHHO — IIO CYeTy IJIMH BOJH CTAaOMIM3MPOBAHHOIO IIO YAacTOTe Jasepa (AJIMHA BOJIHEI
KOTOpPOTO M3BECTHA C BBICOKOH TOYHOCTBIO). DTO OTHOCUTCA M K IIPEIU3MOHHBIM JIMHEHHBIM
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n3mepenusaM. Ho Takoil mozxos aBTOMaTH4YeCKH BO3BpalllaeT K IpuMmeHeHuio merozos JIWII.
[TosToMy BO BCex BeLyUIUX METPOJOTMYECKHX LEHTpaX, Jae OOJIafaioliuX CaMbIMU
COBpPEMEHHBIMHU TEXHOJOTHUAMH U XOPOUIMMHU (PHUHAHCOBBIMHU BO3MOXXHOCTAMHY, €JUHUILY JIUHBI
BOCIIPOM3BOJAT Ha  0aze OSTWIOHHBIX JJIMH BOJH  CTAaOMJIM3MPOBAaHHBIX  JIa3epOB
(periaMeHTUpPOBAaHHBIX  HOBBIM  OIIpefieleHMEeM  MeTpa), HCIIONb3ys  COBpeMEHHEIe
nHTep(depeHIOHHble H3MepUTeNbHble CUCTeMBL. B cBOI0 ouepenp M HHTepdepeHIIMOHHbIE
METOZbI OrpaHHUYEeHBI BO3MOXKHOCTAMHU (OTOMeTpuH (KOTOpBIe IIPU CBEPXIPEIM3UOHHBIX
JUHEHHBIX H3MepeHUAX He 00eCleYHBalOT YeTKYyH (GUKCAI[UI0 COTBIX JOJIeld II0JIO0CHI
nHTep(depeHINMOHHOH KapTuusl). [lo-BuauMoMy STUM OOBACHAETCA TO, YTO OXHAAEMAT
MUHUMaJbHAsA HeOIpeJeJeHHOCTh H3MepeHUd IJIWHBI (Jaxke IPU NPUMEHEHHU YacCTOTHO-
CTaOMIM3MPOBAHHBIX JIA3€POB U CAaMBIX COBPEMEHHBIX HHTepPEepeHIIMOHHBIX CHUCTEM)
orpaHuYeHa 3HauYeHHeM nopazaka 107! m.

[lo mocenHero BpeMeHy He OBLIO pPeabHBIX IIPeJJIOKEHUM, KOTOpble ITO3BOJIUIN OBI C
TpeOyeMOi TOYHOCTBIO IIPaKTUYECKU peaju30BaTh IIPAMOe OIlpeneneHue Merpa (1o
M3MepeHUsIM HHTepBalIoB BpeMeHHu). O6 3TOM CBHUZAETENBCTBYeT, HalpuMep, ImyOiaukanus [4],
aBTOpP KOTOPOM CYUTaeT BOOOIIEe OUIMOOYHBIM IIPUHATHE STOTO OIpefeNeHUA eJUHUIBI JIJIMHBIL.
C ppyroii CTOpOHBI, B HEKOTOPHIX IyOIuKanusx (Hampumep, B [5]) oTmevaercs, 4YTO IIO-
BUIZUMOMY IOCTHTHYT IIpefie]l ITIOBBIIIEHUA TOYHOCTU H3MepeHus naiauH Merogzamu JIWII.
Bosmoxno, otm paccyxzenus (B8 [4], [5] W JApyrux WHCTOYHMKAX) He UMeNIH OBl
IPUHIUINAJIBHOTO 3HAYEeHWs, eClIyu Obl pa3BUTHE HAyKW U TEXHUKU He TpeOGOBaIO OBl
IIOBBINIEHUS TOYHOCTH JIHHEHHBIX m3MepeHuil. VI 3TO, B IepByl0 ouepens, IJis JIUHEHHBIX
M3MepeHU B HAHOTEXHOJIOT HAX.

ITocne 1983 ropa, 61arozaps BBIIAIOMIMMCS yCIIeXaM JIa3epHOU CIIEKTPOCKOIIMU BEICOKOH
paspelraroleii ClloCOOHOCTH, ObLIN Pa3pabOTaHbl YHUKAJIbHbIE METO/bI JIA3€PHOTO OXJIAKIEHN,
a TaKKe 3aXBaTa OJUHOYHBIX aTOMOB MWK MOHOB B noBymKu. B 1997 roxy 3a aTu uccienoBanus
u pa3paboTku 6vl1a mpucyxgeHa HobGeneBckas npemusa. OCHOBBIBAACH HAa 3THX METOJAX OBLIO
IOCTUTHYTO OXJIaXKJeHHe cHauazna o temmneparyp nopsaaka 0.0002 K, a uepe3 HeCKOJIBKO JIeT U
o 107K. Ha 6aze oxyraX/IeHHBIX U 3aKJIOYEHHBIX B JIOBYLIKU OJWHOYHBIX MOHOB FJIM aTOMOB
ObUIM CO3aHBl CTAOMIM3MPOBaHHBIE IIO YAcCTOTe JIa3ephl, KOTOpble CTaJM CTaHJAPTaMU
npeuusuoHHbIX ontudeckux dvactoT (COY). IlepeyeHp Takux COBpEeMEHHBIX CTaHIApTOB
ONITUYECKHUX YACTOT, C XapaKTePUCTHUKAMH CTAOMIBHOCTH YaCTOTHI U3TyYeHU U JIMHBI BOTHBI B
BaKyyMe, IpuBesieH Ha web-crpanune MBMB www.bipm.org/en/publications/mep.html. Stot

CIIMCOK IIO M€pe€ HOBBIX ,ILOCTI/DKeHI/II‘;I B OTOM 006/1aCTH IIOCTOSHHO AJOITIOJIHAETCA. OTMeTI/IM, q9To
XdPpaKTEpUCTUKHU crabmiabHOCTM dYacTOoThl Takoro Tuma COY crasmm BeckMa OIM3KHMH K
XadpaKTEPHUCTUKAM CTaOMIBHOCTHU 0e3neBOro S5STaJIOHA YdaCTOTBI (HeCTa6I/IJIBTHOCTB YaCTOTBI

—1/2
KOTOpOTO B HACTOsAllee BpeMs OIpefesifieTcs 3HadeHMeM Iopsazaka 5 - 1071677°7)

. Hampumep, B
NIST-e cozgam COY Ha OCHOBe OXJI@X[EHHOTO OJZMHOYHOro wuoHa pryrtu '“Hg* (wacrora
nanydenus VvV = 1.064- 10" 'y, pamsa Bomubl A =282 HM), HMEIOLIET0 KPaTKOBPEMEHHYIO

HecTa6UIBHOCTh YacTOTHI mopanka 1 - 105772

Y OJITOBPEMEHHYIO HeCTaOMJIBHOCTH YaCTOTHI
mopazka 3 - 10® rog! [6]. B menrtpe stamonoB I'epmanuu (PTB) cosmam COY nHa ocHOBe
OXJIQXX/IEHHOTO OfMHOYHOTO aroma Kanbiusa “Ca (wacrora mamyuenus V =455.986- 102 I'u,
mivHa BOJMHBL A = 657 HM), HMeoImUH KPaTKOBPEMEHHYI0 HeCTaGMIBHOCTh YaCTOTHI IOPSAKa
4-10% 77" u pmonroBpeMeHHYI0 HeCTaGMIBHOCTH wacTOTHl ~ 8- 10 rTox!. CkaszamHoe
JOTOJHUM wHGOpManueil M3 HHTEpPHETa, YTO B W3BECTHOH OOBEAMHEHHOH j1aboparopuu

Boynnmepckoro yuusepcutera JILA u NIST rpynmoit Jun Ye co3man m HaxomuTcsa B IIpolecce
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WCCIeOBAHUI Jla3ep Ha OCHOBe IyOOoKooxymaxaeHHBIX (mo Temmeparypsr 200 HK) wu
3aZlepKaHHBIX B JIOBYNIIKY OJWHOYHBIX aTOMOB crpoHuus ¥Sr. IlpemsapurensHble ero
MCC/IeZIOBAaHUA IIOKA3aJIH, YTO TAKOH Jlazep o6saZaeT PeKOPAHOM CTaGMIBHOCTBIO (IIOpAnLKa
2-107-3-10"), mnpeBocxopsamyio xapakrepuctuku Iie3ueBoro srtanmona NIST. Ceitvac
BeZyTCSA HCCIeOBAaHMA IIO CO3JAHMIO Ha OCHOBE TAaKOTO Jla3epa aTOMHBIX ONTHYECKHX JacoB
CJIe[yIONIETO IIOKOJIEHNUS.

OrmeTnM Takke, YTO OJHOBPEMEHO C THUMH IOCTIDKEHUAMHU IO CO3LAHUIO YKa3aHHBIX
Bprmre  jazepoB  (COY), Beamck OYeHbP UWHTEHCUBHBIE HCCIEIOBAaHUSA, CBA3aHHBIE C
demTocekyHIHBIMU ((C) Ja3epaMM U C BKJIIOUYEHHEM Ha BBIXOJle TAKOTO Jla3epa HeJIHMHEHHBIX
«IBIPYATBIX» CBETOBOJIOB. DTU MCCJIe[IOBAaHMA IIPUBEIN K CO3TAHHUIO CHHTE3aTOPOB CIIEKTPOB
ONITUYECKUX YaCTOT — OITHYECKUX «TPebeHOK» (comb), CHHXPOHH3UPOBAHHBIX OT IIEPBUYHOTO
STAJIOHA YaCTOTHI. [IpyM mOMOLIM yKas3aHHBIX «IPe0eHOK» OKa3aloCh BO3MOXKHBIM H3MEpPHUTH
abCOJIIOTHBIE YAaCTOTHI CTAOMIM3UPOBAHHBIX JIA3€POB C TOYHOCTBIO N0 15-To 3Haka [7]. 3a atm
nccnenosanus J. Hall u T. Hansch 8 2005 rogy 6sumu ymocroens: HobeneBckoii mpemuun.

Hcxoms w3 mnpuBeneHHON WH(POpPMAUWH, IOHATHO, YTO 3HAa4YeHUE [JIUHBI BOJIHEI
M3Jy4eHHs B BaKyyMe Kaxzgoro u3 atux COY MOXHO oIpezenuTs ¢ TOYHOCTHIO f0 15 3HaKa (u,
BO3MOXXHO, yXe gaxe ngo 17 3uaka). OpHako, Kak Iokaszana mpaktuka, merozs: JIMII c
IIpEMeHeHHEeM Jlake TaKUX JIa3epoB (AJIMHA BOJHBI KOTOPBIX U3BECTHA C TOYHOCTHIO 0 15 3HaKa)
ZI0 HACTOAIIETO BpeMEeHHU He II03BOJIMIN JOCTUYb TOYHOCTH JIMHEHHBIX U3MEPEeHUH, Ty dlle, YeM
10! M, T.e. TOYHOCTb OIIpeZie/IeHH AJIMHBI BOJHBI IIPAaKTUYECKH He MOXXeT OBITh peajn30BaHa
IJI TIOBBIIEHWS TOYHOCTH BOCIIPOM3BENEHWS EeNUHWIBI [IUHBL. 1OYHOCTh JIHUHEWHBIX
n3MepeHuii, gocrurtHyras wmetogamu JIMII, xyxe oxuzaemoit (Ha 4 mopazxalll).
IlpencraBifercs, YTO CTAHOBUTCA BCe 0OOjiee aKTyaJbHOM HEOOXOAMMOCTh Pa3pabOTKHU MeTOZa
IIPaKTUYECKOH peaju3aluy IIPAMOTO OIpefeeHUs eIUHULB [JIMHBL (II0 H3MepeHUIo
VMHTepBaJa BpeMeH! IIPOXOX/IEeHHUA CBETOM IIPOCTPAHCTBEHHOTO WHTEPBAJIA), IIOCKOJIBKY BpeMs
(1 9acToTa) ABIAETCA BEIMYMHOM, KOTOpAs U3MePAETCA C HAUBBICIIEH TOYHOCTHIO.

B TO >Xe BpeMi, pa3sBUTHe HAHOTEXHOJIOTUH (B IEPBYIO O4Yepesb HAaHODJIEKTPOHUKH) YXKe
TpeOyeT Ha IPAKTUKe IIOBBIIIEHUS P.C. TMHEHHBIX U3MEPEeHUI B HEKOTOPBIX IPOU3BOCTBEHHBIX
mponeccax. lak, B pabore [8], roBops O MeTpoJOTMH B HAHOAMAINIA30HE, TOBOPUTCI O
IJTAHUPYeMBIX (II0 TOZaM) AOCTIDKEHUAX TOYHOCTEH JIMHEWHBIX M3MepeHUi, TpeOyeMbIX I
Pa3BUTHS IIPOU3BOACTBA 3JIEKTPOHHBIX KOMIOHEHTOB. JTa MHGopMmauus B [9] mpuseseHna wus
Me>xryHapOAHOH ZOPOXKHOM KapTsl A mMOsynpoBogHuKoBoi nmpomsinurenHoctu ITRS [9, 10].
Cormacro [9], x 2010 romy miaHMpOBaIOChH PabOTaTh C TEXHOJOTHMYECKUMHU Y3JIaMU C
KpPUTHYECKNMMH pasMepamMu mopsaaka 50 HM u TpeGOBajoCh [OOCTIDKEHUE paspellaroleis
crioco6rocTH (p.c.) usmepenwuit mopszaka 0.0024 um. A x 2018 rozy mianupyercs paboTats yxe
C TEeXHOJOTMYeCKMMH Y3JaMH HMEIOUMMHU KpUTHYeCKue pasMmepsl nopsazka 7 Hm [10].
CoOTBeTCTBEHHO, P.C. TAKUX U3MepeHUH NopKkHa ObITh myynre, yeM 0.001 M.

Takoe momoXXeHWe C JIUHEWHBIMH HU3MEPEHUAMH IS HAHOAMANA30HA M IUIAHAMH
Pa3BUTHSA IIPOU3BOJCTBA OIpefiefeT aKTUBHOCTh HCCIEJOBAaHUN METPOJIOTOB IIO ITOBBIIMIEHUIO
TOYHOCTH M Ppaspellaouleil CIOCOOHOCTH JIWHEHHBIX H3MEPeHWI AJIS HAHOTEeXHOJOTHH, IO
pa3paboTKe HOBBIX METOZOB W3MEpEeHUH, KOTOpble TPeOYyIOTCA CerogHs U B OipxaiuieMm
OyayueMm.

OpHuM ©3 HampaBleHWH TaKWX WCCIeZOBaHUII (KOTOpOoe MBI YCJIOBHO Ha30BeM
«(pa3oBbIM») ABJIAETCA YCOBEpPIIEHCTBOBAaHWE METOJOB JIa3epHOH HHTephepoMeTpUu —
dasomerpun. Ha ocHOBe 5TUX MeTOZOB CO3JAaH DOSTAJIOHHEIN WHTephepOMeTpUIeCKUit
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kommapatop B Poccuiickom Hay4HO-HCCIefoBaTeIbCKOM lleHTpe wucciemoBaHUM CBOMCTB
moBepxHocT u Bakyyma — HUIIIIB (pykoBozurens II. A.Tomya). OToT JasepHsBIH
“HTephEepOMEeTPUUECKUIT U3MEPUTENH IIepeMelle NI IpeCTaBsieT CO00M CUCTeMy U3MepeHNUs
pasHOCTH (a3 MeXJy ONTUYECKHMMM CHUTHajJaMH (M31ydeHus CTaOWIM3HPOBAHHOTO JIasepa),
PaCIIpOCTPAaHAIOIMMUCA B ONOPHOM M M3MEpPUTEJBHOM KaHajaX HHTepdepoMeTpa.
WccnenoBanusa u mpobieMsl dToit cucteMsl onucansl B [11]. CoobGmaercs, uTo paspenraronias
cnoco6HOCTH (p.C.) U3MepeHMIl, [JOCTUTHYTas B JaHHOM »dTajoHe, mopazka 0.1 Hm.
ITpencraBifercs, 9TO p.C. TAKOM CHCTEMBI MOXKHO OBLIO OBI ITOBBICUTH, €CJIM CO3ZATh HA ee Oaze
KOMIIeHCAITMOHHYI0 (pa3om3aMepHUTeNbHyI0 cxeMy. B Takoif cucTemMe g aBTOMAaTHYeCKOH
KOMIIEHCAaIlul H3MeHeHUi (Ha30BOr0 CABUTAa H3Ty4YeHUA CTAaOMIM3MPOBAHHOTO IIO YaCTOTeE
7azepa (IIpH IlepeMeleHUAX B IIPOLieCCe M3MepeHUil OTpakaTeli HHTepdepoMeTpa) MOXXHO
HCIIONIB30BaTh PeryJIUpPyeMblii BOJIOKOHHO-ONTHYECKUH ¢a3oBpalarenab IpeIjIoXKeHHBIH U
HCCIeJOBAHHBIM aBTOpaMu Hacrosme# paborsr [12, 13]. A B xadecTBe (a30BOro HyJIb-OpraHa
MOXHO IPHUMEHUTh (Ha30-YaCTOTHBIH KOMIIApaToOp, ONHUCaHHBIN B [14-16], Taxxke
IIpe/IIOKEHHBIM aBTOpaMU HaHHOHM paborsl. Ho sTo mpepnoxenHue TpebyeT NIpoBepKH Ha
IpakTHKe (B COOTBETCTBYIOIIMX YCJIOBHAX). llo Hamieil mnpesBapuUTeNIbHOII OlLieHKe, C
IpUMeHeHHeM IIpeJJIOKeHHBIX HaMu ycrpoiictB B TakoM JIMII Bo3MOXHO [ocTHXeHUe
paspelalonieii CltocoGHOCTH mopsAAKa 1 — 6 MMKOMeTpOB (P JTHMHEHHBIX U3MEPEHUAX 10 1 cM).

[lpyroe HampaBieHMe YyKa3aHHBIX HCCIEJOBAaHWI CBA3aHO C HCIIOJIB30BAaHUEM
mepectpauBaemoro unreppepomerpa Pagpu-Ilepo (UPII), KoTOpsIit BBOAUTCSA AOMOTHUTEIHHO
B cxeMy jnasepHoro wunrepdepomerpa mepememenuir (JIMII). McToYHMKOM 3TaJOHHOTO
ONTUYECKOTO u3nydeHus B 310 cxeme JIMII momxeH GBITH CTAOMIM3MPOBAHHBIM IO YaCTOTE
nasep (manpumep, He—Ne-]2 nazep). B cxemy Takoro JIMII BBoAUTCSA Tak)Ke U JOTOTHUTETBHBIN
IIABHO II€peCcTpamMBaeMbIi II0O YacTOTe Jasep (HampuMep, IOJYIPOBOJHUKOBBIH Jasep),
M3yyeHue KOTOpPOro BBOAMTCHA B pe3oHaTop ykasanHoro VIPII. MOIT mpexcraBiser coboit
BBICOKOYYBCTBUTEJIBHBIN  y3KOIIOJIOCHBIM YAaCTOTHBIA (UIBTP OITHYECKOTO JAHAIla30Ha,
IIPOITyCKAIOMWI dYepe3 CBOI IlepeCTpamBaeMbIil PE30HATOP TOJBKO OIIpefeJleHHble YaCTOTHI
ONITUYECKOTO M3IydeHus (COOTBETCTBYIOLUIME MeXaHHYeCKOH HacTpoiike pesoHaropa M OII).
[Mogswkubrii orpaxkarens pesoHaropa VPII mexanwdecku cBs3aH C oTpaxkarteneM (30HZOM),
mepemeniaeMbiM B usMmepurensHoMm kKanane JIWII. Ilepecrpoiika pesomartopa M®II B Takoit
M3MepHUTeNbHOMN CHCTeMe OCYIIeCTBIgeTCsA B IIpoliecce U3MepeHUs IIPU HaBeJeHUU OTpaXKaTesld
(30nzma) usmepurensHoro kaHaua JIWII Ha Havano U KOHeI H3MepAeMOTo 00BEKTa, CHHXPOHHO C
ImepeMelleHUEM STOTO 30HAA. lIpu >TOM IPOM3BOAMTCA TakXke M IIepPeCTpPOKAa YaCTOTHI
M3Ty4eHUs [JOTIOJHUTEIBHOTO JIa3epa JO JOCTIDKeHUs pe3oHaHCHO# wactoTsl B MIPII. Taxoro
TUIIA CHCTeMa Oblia co3faHa B MHcturyTe HayuHoro mpubopoctpoenus (bpro, Yemckas
Pecniy6nuka) [17]. B maHHOIT M3MepUTeNIBHOM CHCTeMe AJIA M3MEPEHHI YacCTOTHI JIa3ePHOTO
M3JTy4eHHUs IlepecTpanBaeMoro Jyiasepa (B mpouecce mepectpoiiku pesonaropa VIPII) npumenero
ONTHYeCKOe reTepoAuHUpoBaHue. JacTora M3/IydeHUsA II€PeCTPauBaeMOTrO ja3epa H3MepsAeTcs
10 OMeHMAM, II0JTyYaeMbIM B pe3yJIbTaTe CMEUINBAHUA U3TydeHUs IIepecTpauBaeMoro ja3epa Ha
Berxozie MI®II ¢ usnyvyenuem vacroTHO-cTabunusupoBanHoro nasepa JIMUII. Ilo aBym wacroram,
COOTBETCTBYIONIIUM IIOJIOXeHUAM oTpaxarens (3onza) JIMII mpu HaBemeHMM Ha HAYaJIbHYIO U
KOHEYHYI0O TOYKM H3MepseMOro oOBeKTa, ¥ 3Has XapakTepucTuku pesonatopa MOII,
ompezenseTcs WCKOMOe 3HaueHue mepeMeueHusa. Kak coobmaercs B [17], mpu usmepeHuu
nepememenuii Ha 400 HM, HeonpezeneHHOCTh U3MepeHuit coctaBuia 0.05 HM.
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Otmerum, uto uccrenosanus no npumerenuio VOII B cxeme JIWII nposogsarcs u B NIST
(Dr. John R. Lawall) [18]. Ho, mononruuTensHO, B cXeMe JOJDKEH ObITh MCIIOIB30BaH CHHTE3ATOP
CIIEKTpa OITHUYECKUX YacTOT Ha (eMToceKyHAHOM (dpc) masepe. Hackonpko Ham m3BeCTHO (u3
KpaTKWUX aHHOTauuil u3 nurepHeta), B NIST-e oxxuzaroT sTUM MeTOZOM JOCTUYD P.C. U3MEPEHUH
JUHEeHHBIX IepeMmemenuil mopsagka 1 nmuxkomerp = 0.001 HM B gumamazoHe nepeMeleHUH
0 - 50 mm. Ananoruunas c [18] cuctema ¢ DIl u cuHTE3aTOPOM OITHYECKOTO JMHENIATOTO
CIIEKTpa Ha (c-J1azepe UCCIeAyeTCS U B ATOHCKOM LIeHTpe CTaHAapToB U TexHosoruir AIST [19].

Tperse HampaBieHHe (KOTOpOe MBI YCJIOBHO HAa30BEM «YaCTOTHO-BpEMEHHBIM»),
npeanoxxeno Hamu [20]. Ha Hamr B3risz, 3TO HampaBjeHue IpeCTaBiaseT COOOM BO3MOXXHOCTH
MIPaKTUYECKON peausaluy IPSAMOTO OIpefeNeHUs eAWHUIBl AJIUHBL (KOTOpOe MOXHO
peann3oBaTh XOTs OBl B HAaHOZMWAIA30HE), KOTOpOe [0 HACTOAIIErO0 BpeMeHUM He ObLIO
peann3zoBaHo. [Jlis OGOCHOBaHMSA U OIEHKHM, HAaCKOJIBKO palMOHaJZeH U OTBedaeT
COBpeMEHEHHBIM TeHJEHUIMAM Hall IIOAXOJ, IenecooOpasHO IIPUBECTH BBIIEPXKKY U3
HoGenesckoit mexkuuu mo ¢usuke 2005 roma k. JI. Xomma [21], omHOrO U3 caMbIX
aBTOPHUTETHHIX CIIEIMAINCTOB B 00JIACTU M3MEpPeHUIl BpeMeHU M YaCTOTHI, KOTOPBIH IIOJIyYHII
HoGeneBckyo mpeMuio 3a [OOCTIKEHUS HMEHHO B OTOM 006acTH (32 «CKAa4OK TOYHOCTHU
M3MepeHU Ha HEeCKOJIBKO IOPANKOB»!): «Bpems mpexcrapiger cob0H BeIHIHHY, KOTOPYIO MBI

MOXeM H3MEDHTEH C HaHOO/IbIIelf TOYHOCTHIO, TIO3TOMY OHO BCETZa IIPUBJIEKAJIO OIpeJeIeHHbII

KJIaCC ITOCBAILIEHHBIX HcciaemoBareneii. OLHAKO Telleph pPa3IUdYHble NATYUKU U YIIPABJIAIONIHE
MUKPOIIPOIIECCOPHI IIePEBOAAT PETUCTPALUI0O MHOTHX (PU3MYECKUX ITapaMeTpPOB B HM3MepeHUS
YaCTOTHI, YTO J00aBIgeT OTPOMHOE YMCJIO YYEHBIX U3 JPYTUX 00JIACTel, JKeIalouuX JoOpaThCs
B CBOMX M3MEPeHUAX JI0 MeTbYallINX JeTanei».

VYuureiBasg, 4To BpeMs Hambojee TOYHO m3MepseMmas BenuuuHa, ). Hall momuepxuBaer
11e1ecO00pa3HOCTh IPHUMEHEHUS MeTOJOB H3MEPeHHH BpeMeHM M YacTOTHl A [JPYTHuX
ob6acreit M3MEpeHUI.

IIpunaroe B 1983 romy ompezeseHue eNUHUIBI IJIMHBI OTBEYaeT 3TOU TeHAEHIUMU.
ITpennoxxeHHOe HAMH HaIpaBjeHUe IIO IIOBBINIEHUIO TOYHOCTH M paspellaouleil CIrocoGHOCTH
JVHEWHBIX U3MEePeHUI B HAaHOMATIA30He TaKKe OTBeYaeT dTOH TeHAeHUIUH (C MCIOIb30BaHHEM
IIPY 9TOM NIPUHATON (PyHIaMeHTaIbHON PU3NIeCKOH KOHCTAHThI — CKOPOCTH CBETA).

B pabore [1] paccmaTpmBaniuch BO3MOXKHBIE (PAKTOPHI, OTPAaHUYUBAIONINIE TOYHOCTHU
mertozoB JIWII. Beutn ykasaHsl HEKOTOpble HeyCTpPaHHMBIE (PaKTOPBI, KOTOPBIE MOTYT BHECTHU
IOTPENTHOCTH I TAaKUX W3MepeHW#. B mepBylo ouepesp — GakTOphl, CBA3aHHBIE C
dboronpuemMHUKOM, KOTOphIH B cucremax JIVII aBigerca daszoBeim merexropom. [Ipu paszHsix
YPOBHAX CHUTHAJOB B 3THX HETEKTOPAaX IIPOMCXOJUT HEIWHEeHHOe HCKaKEeHWe H3MepsSeMOTO
($a30BOTO CBUTA, YTO BHOCUT OOJIBIIYIO TOTPENTHOCTD B Pe3yIbTaT TUHEHHBIX udMepeHuii. B [1]
OTMeYasIoch, 4YTO Yepe3 GOTONPHEMHUK 0e3 UCKaXEeHHUI MOXeT IlepejaBaThCA TOJIBKO YaCTOTa U
TOBOPHUJIOCH O IIeJeCOOOPa3sHOCTH YaCTOTHOTO MeTOJa M3MepeHHui JIWHEeHHBIX HaHOpasMepoB,
9TOOBI MH(POPMALMOHHBIM IIapaMeTpOM, IOCTYIAIOWUM Ha (POTONpHUEeMHHUK, ObLIa OBl 4acTOTa.
brura mpuBesieHa ycioBHAs yIpOIeHHAs CTPYKTypHAs CXeMa yCTPOMCTBA, peasu3yIolero STOT
YACTOTHBIH MeETOJ, Ha OCHOBE IIOJIHOCTBIO OIITHYECKOTO TIeHepaTopa HMITYJIbCOB CBeTa,
IIOCTPOEHHOTO Ha 3aMKHYTOI peryiaupyeMoil omnrudyeckoii 3azepxke (O3), a Takxke cC
IIpMeHeHUeM IIpephIBaTeId CBeTa CBeTOM. JTa cxeMa IokasaHa Ha Pucynke 1 [1, 20].
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Pucynoxk 1.

Ha sr0i#1 cXeme n3MepuTeIbHBIN KaHAJ IIPeCTaBseT cOO0 reHepaTop IPSIMOYTOJIbHbIX
HMIIYJIBCOB CBETa, IIOCTPOEHHBIH Ha OCHOBE 3aMKHYTOM peryJIHpyeMON ONTHYECKOH 3alep>KKu
(O3). Tounee — aTo renepatop-dopmuposaTens onTudeckoro Meanzpa ('OM). Ilpu BxioueHUN
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reHeparopa, M3JydeHHe Jasepa 1, Ipoijd IpepeIBaTesNb CBeTa CBETOM 2, pasjesndercsa Ha
cserogenurese 4 Ha fBa aydya. OguH U3 BRIXOJHBIX JIydell 3TOTO CBeTOJeIuTe Nl Ipoiaa depes
KOMIIEHCAaTOp IIOTeph Ja3epHOrO M3IydeHHd 3 (ONTHYECKUI YCHJINTENb), HAIpaBIAeTCA Ha
TIOABYOKHBIN OTpaXkaTesb 5, OT KOTOPOTO OTPaKeHHBIN JIyd CBeTa IOIajaeT Ha yIIpaBIAIONMMH
BXOJ, IIpephIBaTeId CBeTa CBETOM 2, TaKUM 00pa3oM IIOJHOCTBIO 3aIONHAA JIa3€PHBIM
n3rydenneM kKoHTyp O3. C MoOMeHTa IIOCTyIUIEHHS Jy4da CBeTa Ha BXOJ, IIpepsiBaTens 2
IIpepBIBaeTCsA IIPOXOXKIeHYe Yepe3 ITpephIBaTe b CBeTa 2 U3TydeHH, TOCTYAIONIeTo oT asepa 1.
Ho xonryp 3zamkuyTtoii O3 B 3TOT MOMEHT IIOJIHOCTBIO <«3aIllOJIHEH» CBETOM (JIa3epHBIM
W3IydYeHHeM), KOTOPBIi CO CKOPOCTBIO CBeTa «BBITEKAaeT» U3 3aMKHYTOH 3aepXKKH,
MO/IIep>KUBasg OTCYTCTBHE JIa3ePHOTO M3JIydeHHUs Ha BBIXOJe IIpephIBaTesd CBETOM cBeTa 2. DTO
OyZeT IpOLOJDKATECA IO TeX IIOP, II0KA BCe U3JIy4YeHHe U3 3aMKHYTOH 3aZlep>KKU He ITOCTYIIUT Ha
YIPaBIAOMMI BXOJ IIpephIBaTess CBeTa CBeTOM 2, T.e. O MOMEHTa, KOI/la Ha YIIpaBJIAIouleM
BXOJle TIpephIBaTesid CBeTa CBeTOM JIa3ePHOTO M3My4eHHs yke HeT. C 3TOro MOMeHTa U3TydeHHe
nasepa 1 BHOBb HauyMHAeT 3allOJHATH 3aMKHYTHIM KoHTyp O3. DTo 3amojHeHHe BHOBb
IIpeKpalaeTcs, KOIJa paclpocTpaHdiomeecs uepes KoHTYp O3 wusnyueHue, [JOCTUTHYB
YIIPaBJIAIONIero BXo/a IpephIBaTesid CBeTa CBeTOM 2, IIpepBeT IPOXOXAeHNe U3TydYeHHs Jazepa
1 uepes mpepsiBaTesns cBeTa 2 M T.1. B mTore ommcaHHasd cuCTeMa HeIPePHIBHO TeHepHUpyeT
(bopMupyeT) MMIYIBCHI CBeTa, AJUTEJIBHOCTh KOTOPBIX paBHA Ilay3e MeXAy COCeIHHMHU
uMIyIbcaMu. Jpyrumu caoBaMu, 9Ta cxeMa JOJDKHA GOPMUPOBATh (TeHepHUpOBATh) UMITYJIBCHI
CBeTa C JJIUTeNbHOCTBIO 1, = L/c u may3oil MeXJy COCeJHUMU UMIyabcaMu 1’

r’

TaK)Xe paBHOU
T,=L/c, rpe L — ontnveckas jgynuHa KoHTypa O3, T.e. B ONMCAHHOH CHCTeMe TeHepUupyeTcs

ONTHUYeCKUIl MeaHZpP, BpeMeHHble XapaKTePUCTUKH KOTOPOTO OJHO3HAYHO OIIpefesIaioTCs
pasmepamu 3amkHyTOoro KoHTypa O3. IlpuBesmennoe Hmxe BblpaxeHue (1) orpakaer
OJHO3HAYHYIO CBA3b MEXIy [AJIUTETBHOCTBIO TeHEepPHPYyeMOIO HMITyJbca cBeTa I;, YacCTOTOM

IIOBTOPEHHUSA DOSTHUX HWMITyJIbCOB [ ¥ paccrosHMeM L , KOTOpoe IPOXOAUT ILIOCKAas
3JIEKTPOMAarHUTHAs BOJIHA B paboueM mreve ['OM
1 c
f=—=—. (1)
2T, 2L

ITpu panpHelieM pacCMOTPEHUU y4TeM, YTO ONTHYECKasd [AJIUHA L M reoMeTpuUyecKas
IJIMHA [ CBA3aHBI COOTHOLIeHHeM L =nl, r/ile n — IOKa3aTelb IPeIOMIEHHUS.

Eciu mpusma Pr (orpakaTenb5) XeCcTKO CBfi3aHa C YCTPOMCTBOM HaBeZeHHSA Ha
n3mepsaemsrii oovext (YHMO) 6 (Hampumep, ¢ MUKPOCKOIOM MJIM 30HZOM), IOJOXEHHI
KOTOpOTO, OIpefeNfiole HAYaabHYI0O X KOHEYHYI0O TOYKH BOCIIPOM3BOAMMOIO (MIU
M3MepsAMOTO) IIPOCTPAHCTBEHHOTO WHTEPBala, OIpeJeIsioT TakKe M M3MeHeHHsI HHTepBaia
BpeMeHU, IIPOXOIMMOIO CBETOM, 3Ta CHCTeMa MOXKeT OBITh MCIIOIH30BaHA IJI1 U3MEPEeHUH JINH.
Ilpy wu3MeHeHMM TIOJIOKE€HUA TIpuU3Mbl Pr, BocIpoumsBoguMas (MIM u3MepsAeMasd) [JIMHA
Al MOXxeT OBITH OIlpefieJieHa II0 M3MEHEHMIO YacCTOThI 'eHepUpyeMbIX MMITYIbCOB. Mcmonp3ys
BeIpakeHue (1), Jlerko IOKasaTh, YTO MCKOMOe 3HaueHHe IIUHBI Al (3HaYeHUEe PaCCTOSHUA
MEXIy ABYMs IIOJIOKEHUSMHU IpU3Mbl Pr, Ipy HaBeJleHUU YCTPOMCTBA HaBeJeHUA 6 Ha TOUKHY,
OrpaHUYHBAIOIIYE U3MePsIeMbIil 00BEKT 7) OIpeie/IseTCs BhIpaKeHUeM:

AZZL(T —T)zi 1 _1)_cth=£) ()
4n Y anl\ f, f, dnff,

d MHTEPBAJI BpeMEHU At » B T€IE€HHE KOTOPOI'O CBET IIPOXOAUT MEXAY d3THMH TOYKAMHU, PdBEH
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UL P B (3 W B e .
4n an\ f, f,) 4nfif,
rme f, u f, — 3HAaUYeHWA YAaCTOT HMIIYJIbCOB, reHepupyemsix B I'OM, coorBercTByIomue

HayaJbHOMY M KOHEYHOMY IoOJoXeHuIo npusmbl Pr, T, u T, — mepuojbl IOBTOPEHUSA B3TUX

VMMITyJIbCOB, @ 1 — 3HaueHMe IIOKasaTejsd IIpeJIOMJIEHMS Cpefsl B KOTOPOH IlepeMelaeTcs
npusMa Pr(mepemenieHus oTpaxaTesid 5 jkesaTeIbHO IIPOBOJUTE B BAKYyMe).

Kak crenmyer u3 ckasaHHOTO, M3MeHEHHe [JIUHBI KOHTYpa 3aMKHYTOH 3aJepXKKH (WIn
U3MeHeHHe WHTepBajJa BpeMEHM IIPOXOXIEHHSI CBETOM ee 3aMKHYTOTO KOHTypa) MOXHO
M3MepATH 110 U3MEeHEHUSIM YacCTOTHI IIOBTOPEHUA UMITY/IbCOB, TeHEPUPYEMbIX B TAKOM CHCTeMe,
T.e. YaCTOTA CTAHOBUTCSA BEJIMYUHOMH, CBA3BIBAIONEl muHy KoHTypa O3 u BpeMs 3afepKKU. DTy
YaCTOTY MOXXHO CJIMYATh C YACTOTAMM CUTHAJIOB 3TAaJI0OHA JACTOTEI.

Ha 6aze osroit cxempl Hamu ObLIa CZejlaHAa OLiEHKAa paspelnaioueii crocobHocTu (p.c.)
M3MepeHUH, KOTOPYIO MOXHO JOCTUYb B JAaHHOH cucTeMe (C y4eTOM IIPH STOM XapaKTepPUCTHK
CEepUIHO BBIIYCKAaeMBIX KOMIIAPAaTOPOB YacTOT, KOTOpble MOTYT OBITh IPUMEHEHBI IIPH 3THUX
M3MepeHuAX). 3HaueHue 3ToH p.c. okasanock nopagka 0.0003 HM, T.e 3HAUUTETBHO JIydlIe, YeM
I u3BecTHHIX MeTozmoB JINII.

OO6paTuM BHUMAaHUe ellle U Ha clefyollee. BayXHOI 3amadell HAHOMETPOJIOTHH ABJIAETCI
Imepesiada B HAHOJAMAIIA30H Pa3MePOB eAVHUIL M3MepeHHui (USMIecKUX BeJUYUH, IIPUHATHIX B
cucteme CH mo ux oIpezneneHHIO HIN BOCIPOU3BOAUMBIX [IeHCTBYIOIIMMH II€PBUYHBIMU
sTaoHaMu. B pabotax (8, 22] momHMMaeTcs BOIPOC O NPOCIEXUBAEMOCTH HU3MEPEHWUIl, T.e. O
CBA3U CpeJACTB WU3MEPEeHHH, HAXOAAUIUXCA Y IIOTpeOuTeNel, C OIpeIeNleHUIMU eNUHMUI]
u3MepeHHuH, Koropble NMpUHATEI B MexayHapogHoit cucreme CH. DTa cBA3bp opraHusyercs
IIyTeM HepapXU4yecKOll Ilepefadyyd BHU3 Pa3MEpPOB €IUHHI, OT IEPBUYHBIX DTAJOHOB Yepe3
HepasphIBHYIO LIeTlb CPaBHEHMH, KOTAa KaXIBIM ypPOBeHb IlepeZiaull UMeeT HeoIlIpeZeJeHHOCTS,
BO3PaCTAIOILYIO TI0 Mepe yJaJleHusA OT BepIIMHBI 3TON NepPapXUH.

OTMeruM, 4dYTO IpeJJIOKEHHBII HaMM YaCTOTHBI MeTOZ, JOJDKEH O00eCHeduThb
OJHOCTYIIEHYATYyIO Ilepefiady pa3Mepa STAJIOHHOM YacCTOTHI OT IIEPBUYHOTO 3TAJOHA BPeMEHU U
YaCTOTHI [0 pab0YUX CPeiCTB U3MepeHU, O6e3 IIoTepbh TOYHOCTH HA IIPOMEXYTOYHBIX CTYyIEHAX
(mepemaBast STAJIOHHYIO YaCTOTy 4Yepe3 paguoKaHaubl). B pabore [23] mamMu OGbUIM ITOKAa3aHBI
IIpenMYIIeCcTBa HAlleTO MeTOA B OTHOUIEHNH BOIIPOCA IIPOCIEeKNBAEMOCTH.

IIpu wmccremoBaHMAX U aHAJIM3e BO3MOXKHOCTM  IIPaKTHYeCKOH  peayu3aliuu
IIpe/JIOKEHHOTO HaMM YaCTOTHOTO METO/a U YCTPOMCTBAa BO3HHKJIA HEOOXOZMMOCTH pelIeHHs
HEKOTOPBIX TeXHHYeCKUX Ipobiem. Hampumep, pelmeHue IpakTUYeCKOHW peaiu3alliy CXEMbI
IIpephIBaTe I CBETAa CBETOM, KOTOPHIH BKIIOUeH B KOHTYp 3aMmkHyToi O3. B [20] 1 HekOoTOpBIX
HAIIWUX JPYTUX ITyOIUKAIMAX TaKOM IIpephIBaTe b IIPe/yIaraoCh BHIIIOJIHUTH C UCIOIb30BAHUEM
addeKTa ONTHUYECKOTO IONAPU3ANUOHHOTO rameHusa. C yd4eTOM TaKOro pelIeHUs CXeMBI
IpephIBaTeNs CBeTa CBeTOM M JPYTHMX TeXHWYEeCKHX PpeIlleHWH, HIKe IIpeJjaraercs
olpefieleHHas  IIpe/iBapUTeNbHAsd  MOJEpHH3aluA  ONMCAHHOTO  BBINIe  YCTPOHCTBA,
peajn3yIouero OIMCAaHHBIA YaCTOTHBI METOJ, M3MEpPEeHHM, KOTOpasgd MOXXeT II03BOJIMUTh
YIPOCTUTH KOHCTPYKIIUIO, COXPAaHUB €r0 TOYHOCTHBIE XaPaKTePUCTUKH.

OO6parumca k pUCYHKy | u BCIIOMHHM IIpuBeZileHHOe BbIlle BeIpakeHue (2). Ecmm co
CKaHHUPYIOUIUM WJIM [JPYTOrO THUIIA MHUKPOCKONOM (MIM JIIOOBIM JPYTUM yCTPOMCTBOM
HaBeZleHUs Ha usMepseMsbrii 06bekT — YHMO) jxecTKO CBsI3aTh NMOABIDKHBIN dJ€MEHT KOHTYpa
O3 (yronkoBslil oTpakaTeab 5 Ha PUCYHKe 1 mIu oTpaxarolee 3epKajo), IpU IepeMelleHUH
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KOTOpOro musMeHseTcsa AnauHa KoHTypa O3, TO Ipu IepeMeleHHM STOTO djeMeHTa OyzeT
MU3MEHAThCA U 4aCTOTAa TeHepUpPyeMbIX UMITYJIbCOB cBeTa. Ilo M3MeHeHNAM 4acTOTHI MUMITYJIBCOB
mpu ycraHoBke YHMO Ha HavyanbHYI0O W KOHEYHYIO TOYKU H3MEPSIeMOrOo OOBeKTa MOXKHO
onpenenuTh n3MepseMoe nepemenierue ycrpoiictsa Y HVMO Al, cBsg3aHHOe ¢ pasmepoM 0ObeKTa.
HamomuuMm, uro ecnm f, — dvactora ummyabcoB cBera ['OM, cooTBeTcTByOmas yCTaHOBKE
YHMO Ha HavyalpHYIO TOYKY H3MepseMOro o0BeKTa, a f, — YacTOTa HMMITyJIbCOB CBeTa IIPU
ycranoBke YHMO Ha KOHEYHYIO TOUKY, U €CJIM CYUTATh, YTO U3MEHEHHEe YaCTOTHI MMITYJIbCOB
Af = f, — f,, To B oTOM Ciy4ae usMeHeHre AanHbI KOHTYpa O3 (T.e.M3MepseMoe mepeMeleHre

YHUO) Al omnpepensercs u3 BeIpakeHuUs (2), KOTOpOe IepenuieM B BIIE:
(1 1) eA) e (A1)
an\ f, [ anf,(fi +Af)  4n fl(l_(_Af/fl)),

rome ¢ — 3HaYeHHe CKOPOCTH CBE€Td B BdKyyMe€, /1 — IIOKd3dTeJIb IIpEJIOMJIEHUA HM3MEHAEMOI'O

(4)

y4acTka KoHTypa O3, uepe3 KOTOPBIH pacIIpoCTpaHAeTCs Jla3epHOe U3TydeHre B KOHTYype.

Ecnu pna onpeneneHHOCTH cuuTaTh, 4TO npu HaBegeHun YHWO Ha KOHeYHYIO TOYKY
usMepseMoro oowvekTa gauHa KoHTypa O3 yBenndyuBaercs, B 9TOM CiIydae yacrtora f, < f,, u
3HayeHre Af <0 (oTpuuartenpHO).

ITycts mpu HaBemenun YHWMO Ha HavanpHyIO TOYKYy M3MepsSeMOro OOBEKTa MMeeTCs
BO3MOXXHOCTH (peryiaupoBkoii pgiauubl O3) ycTaHOBUTH 4acTOTy f, MMmysiabcoB cBera ['OM,
PaBHYIO OJHOHM W3 NPUHATHIX CTAaHJAPTHBIX DTAJOHHBIX YacToT f, (Hampumep, f, =5 win

10 MI'n). Yka3aHHYIO peryaupoBKy (ToAcTpoiiKy) aauHsl O3 MOXXHO OCYIIeCTBUTD, HallpUMeD,
ImepeMeleHreM IPU3MBI 9 ITONOIHUTENBHOM 3a/ep>KKM, TTOKa3aHHON Ha pucyHke 1. B aToMm

Cl1y4dae [OJIid HBMEPEHI/IfI HeOOJMbIINX W3MEHEHHMN YaCTOTHI Af OTHOCHTEJ/TIBHO MOKHO

st
WCIIONIb30BaTh KOMIIAPAaTOPhl YacCTOTHI, IIPUMEHSeMble [ IPELU3NOHHBIX YaCTOTHBIX
usMepeHuil. IIpuMeHeHre 3TUX KOMIIAPaTOPOB 1ie1€CO00Pa3HO IIPU U3MEepPeHUH HaHOPa3MepOB.
B [23] 6sLtH iprBeIeHBI HEKOTOPbIE OCHOBHBIE XapPaKTEPUCTUKY YaCTOTHOTO KOMIIapaTopa THIIa
VCH-314 (www.vremya-ch/html rus/product/314htm): BepxHHii IIpefiel  U3MepeHUA

OTHOCHUTeNbHOI pazHocTu 4dacToT Af/ f,, (npu 3Havenusx f,=5 wiu 10 MI'n) onpezmensercs

3HaveHveM 1-10° B gByxkaHaJIbHOM peXuMe HW3MEpPeHUU IIOTPEIIHOCTh COCTaBJIAET
10-*- 10 (B 3aBHCHMMOCTHM OT BpeMeHU wu3MepeHwuii). Ecim B yYacToTHOM wu3Mepurese
HAaHOpPa3MepOB YCTAaHOBUTH 3HadeHHe 4acToTsl f, = f, =5 MI1, usmepseMmble KOMIIapaTOpOM

VCH-314, orHOCUTenbHbIE M3MeHEHUA YaCTOTHI JOJDKHBI ITO3BOJUTH OIPeNeIUTh M3MeHEeHUA
nmuael O3 Al B mpegmenax ot 0.0003 mo 15 mxMm, T.e. MOXeT OBITh OXBaueH IIOYTH BeCh
HaHOAMAaMNa30H. VM 3To0 Bo3MOXXHO ¢ paspemraionieii crrocobrocTsio nopsaka 0.3 — 0.5 mukomerpa.
A B cyuae ompeneseHHO# fOpabOTKKM KoMIaparopa (HampuMmep, Kak 3TO IpenjoxeHo B [18]),
BEPXHUH IIpefiesl M3MepeHUs HAHOpPa3MEepPOB STUM METOJOM MOXHO goBectu g0 150 mxwM.
ITpencraBnfercs IerecooOpasHEIM B CiIydae IIpHMeHEHUs KOMIIApaTopa BbIpakeHHe (4)
Ilepenucarh B BUZE:
_c NI
4n f(1-AF 1 f,)

OpHolf W3 TeXHWYEeCKHMX TIIpo0yieM, CBA3AaHHBIX C IIPAaKTUYECKOH peanmsanueit

(5)

omucaHHOrOo B [l] YacTOTHOrO MeToza W3MepeHUs HaAHOpPa3MepOB, fABIAeTCI TpebOyemas
perynaupoBka AiauHbl KoHTypa O3 mnpu npuBefeHMM 4YacTOTHl f, MMIIyabcoB cBera I'OM

(cooTBeTCTByIOIIEH HAdYaIbHOM TOYKE H3MepseMOro oOBeKTa) K CTaHJApPTHOH dYacroTe f,
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sTasoHa JacToTsl. [lna atoro B [20] mpexnaramock B kKoHTYp O3 BBeCTH JOMOIHUTEIBHYIO
peryiupyemMylo ONTHYeCKYylo 3aflepkKy. Pasymeercs, oTa JONOTHUTENBHAs OITHKO-
MeXaHHYeCcKas CHCTeMa CYILIeCTBEHHO YCJIOKHAET KOHCTPYKIHMIO M BO3MOXXHOCTH 4aCTOTHOTO
MU3MepUTeIA.

B mHacrosamei#i pabore Hamum npemyiaraerca B KOHTYp O3 [monoJHUTETBHYIO
peryJIMpyeMylo ONITHYeCKYIO 33flepKKy He BBOmuTh. A mpu HaBegeHuu Y HMO Ha HavaxpHYIO
TOYKY HM3MepsAeMOT0 OOBeKTa [Ji NpUBeJeHUd YaCTOTHl f, TeHepHUPYeMBIX MMITYJIbCOB CBETa
I'OM k cTaHZApTHOM YacTOTe f,, MCIIOIB30BaTh BO3MOXKHOCTH reTepomuHupoBanus. IIpu sTom

nnuHa KoHTypa O3 MOXXeT OBITH yCTAHOBJIEHA B OIIpefieJIeHHBIX IIpejiesiaX ONTHUMAIbHOU U Oe3
’KeCTKUX TpeOOBaHUII K ee BeJINYUHE.

Odo3HA"IEHHA HA CXEMe:
0SC - optical splitter/ combiner (eonoxoHHO-

B-0 koaaumamop- Onmuueckuil onmureckl pazeeneumens —CyMuamop)
-— gorycep yeuaumens PRA - Polarization Rotator/Analyzer (go1oxonHo-
CF 0SCs 04 onmMuYecKUll spamaments N aHaTiu3amop
36’1)}\‘1’7.70 niocrocmu HO.'LHPHS(IHHHJ
RM P - quweiinsii norapuzamop

At = BOTOKOHHO-ONMIYECK T ammeraimop

Yempoiicmeo , RM- removable mirror (nodguxcxoe 3eprano)
VYHHO HOBEOEHUA HA e /2, i/4 - B-O so1xo8bie azossie MIACNHKL
. ! . . -~
uzMepAeMull PC - Polarization Conrroller (B-O yipaengeasii
o00veRm KOHIPOLIEP 3A0AHHON NOTAPUAL)
— ‘ FL- Fiber Lightguide (ompe3ox B-O ceemogooq,
KOMOPBIT ERTHONAENICA € 3AMKHYINBI KOHIP
Hsmepaemiil onmuueckoll 3aoepxcky I'OM, unioos
obvekm VCIAHOENNTs ORNIIAATEHYIO OTUHY KOHINDPA)
domonpuéMHur
PR
—_— ) WTBIND
4 — [ (fimam f2)
Cyecumens
f\i IFS ﬁa
Polarization Controllers =
Cunmeszamop b
uacmom F S-f ] =
i IS
Cmanoapm Ju g
q4acmonst E
z
=z
Pucynoxk 2.

OrcryTCcTBME HOABIDKHBEIX di1eMeHTOB B KoHType O3 (3a MCKIIOUeHHEM IOJABHXKHOTO
3epkasa RM — cM. pUCYHOK 2) IO3BOJAeT 3aMKHYTHIH KOHTYp O3 M BCIO ONTHYECKYIO 4acTh
YCTpOMCTBa BBIIOJTHUTH Ha BOJOKOHHO-onTHdeckux (BO) koMmmoHeHTax. DTO CYIIECTBEHHO
o6yerdaeT KOHCTPYKIIUIO YaCTOTHOTO M3MEPUTeNA HAHOPAa3MEPOB, YIIPOUIEHHAs CTPYKTypHast
cxeMa KOTOpPOTO IIpuBeJeHa Ha PHUCYHKe 2 (Ha KOTOPOM IIpUBeJeHbI IOACHEHHSI KO BCEM
obo3HaueHHAM Ha cxeMe). Kak BUAHO u3 pHCyHKa 2, u3jIy4eHHe HeENPEPHIBHOTO Jaszepa L
(nMeroLIeTO BBIXOJ, B OZHOMOZOBBIN CBETOBOJ) uepe3 perynupyemsiii BO arrentoarop Aa u BO
IIOJITPU3aLMOHHBINA KOHTposnep PCi BBOOUTCA B 3aMKHYTHIH KOHTYP OINTHYECKOH 3afepKKU
cxemsl I'OM, nmoctpoennoit Ha BO xomnoHeHTax. YKa3aHHBIN 3aMKHYTHIH KOHTYp Ha PUCYHKe 2
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0o0pa3oBaH 3JeMEHTaMH, BKJIIOUEHHBIMHM IIOCJTIEeJOBAaTeNbHO II0 XOAY PacCIpOCTPaHEHUS
nasepHOro m3nydeHus B KoHType: OSC1, PRA, OSC 2, FL, OA, OSC 3 (B mpssMOM HaIlpaB/IeHUN),
BO xomnmumatop dokycep CF (B mpsAMOM HaIpaBJIeHUH), IOJBIDKHOe 3epkano RM (B mpAMoM U
obpatHOoM Hanpasienuu), CF u OSC'3 (06a B o6paTHOM HampaBieHun), BO arreHioarop Atz u
BO nonapusanuonnsiit konTposep PC 2, u nanee 3ambikaercsa Ha BO passeTBuTesIe-cyMMaTOpe
OSC1 (uepe3 Bropoit Bxoj OSC1). Cxemy mnpepsiBaresns Ha d¢p¢deKTe IOIIPU3AUOHHOTO
rameHus o6pasytor anemenTsr A1, PC1u BO cymmarop OSC'1(mepssiii ee Bxox) u At2, PC2u
BO cymmarop OSC'1 (ee BTOpoil BXOZ), U3 KOTOPHIX yxe coBMeleHHOe B OSC1 TUHEHWHO-
[OJIIPU30BaHHOEe u3TydeHue BBoAuTCS B aHanmu3atop PRA. QopmupyeMbie B pe3ysbTaTe
sddeKTa INOJAPUALUOHHOTO TalleHHS IPAMOYTOJIbHBIE HMIIYJIbCHl CBETa BBIBOJATCA U3
kxoHTypa 'OM uepes passerBurens OSC 2 Ha poTonpuyMHUK PR, 1 Yepe3 HEr0 3TU UMITYJIBCHI C
gactotoir f (3TO 4YacToTel f; Mau f, , O KOTOPHIX TOBOPUJIOCH BBINIE) IIOCTYIAIOT B CXEMY
mpeoOpa3oBaHUA YaCTOTHI, B KOTOPOIl B KadecTBe TeHepaTopa IeTepOAHMHA MCIIOIb3yeTCs
CHHTe3aTOp 4acTOThl FS, CHHXPOHM3MPOBAHHBIM OT 3TaJOHA 4YacTOTHL. Jacrora f, CHTHaIOB

CHHTe3aTopa 4acToT FS yCcTaHaBIMBaeTCA TAKOH, YTOOBI YaCTOTa ITpeoOpPa3sOBaHHBIX BBIXOJHBIX
CUTHAJIOB (pa3sHOCTHAS YacCTOTa) PaBHSIACh BEIOPAaHHOM CTaHAApTHOI yactote f, — f, = f,, , THe

f, — cTaHAapTHasd 4YacTOTa, KOTOPYIO IIeecOO0pa3HO IPUMEHUTh B YaCTOTHOM H3MepHUTese
HaHOpa3MepoB. M0OXHO JIeTKO II0Ka3aTh YTO B CIy4ae, €CJIU BRIIIONIHAETCS ycaoBue, f, > fi > f,,
IIpU IIpeoOpa3soBaHWM YACTOT 3HAY€HHWe PAa3sHOCTU YacTOT MMIYJIbcoB cBeta Af = f, — f, (1o
kotopomy mamepsercs nepemenienue YHWO) He maMeHsercs mo BenwdyuHe, HO 3HaK Af mpu
IIpeoOpa3oBaHUM MeHsAeTcs Ha oOparHslil. [Ipu sToM, Ana usmepenus mpememenus YHUO,

WCIIONIB3YSL TIpU STOM Kommapartop duactoT (Hampumep, VCH-314, KoTopslii C BBICOKOIA
TOYHOCTHIO M3MepsieT 3HaueHus Af / f, ), IpuMeHUMO IIpUBeeHHOe BbIlIe BeipakeHue (5).

B paccmarpumBaeMOM yCTpPOHCTBe CYyIIeCTBYeT ellle OJHA TeXHHJecKasd Ipobiema,
CBS3aHHAfA C CUHXpPOHM3anue# (a3 OoNTHYeCKMX M3TyYeHWH IIpU IepeMelleHUU ITOABIKHOTO
sneMeHTa 3aMkHyTOro KoHTypa 'OM, cymmupyemsix B cymmarope OSC1, And TOAAEP>KKU
YCTOMYMBOTO OITHYECKOTO TralleHusA. Y aBTOPOB JAaHHOW pabOTHI €CTh IIpeAJIOXKEeHHSI IIO
TeXHUIEeCKOMY pelleHHuIo Toi 3azaun. Ha pucyske 2 sTo pemeHuve He mokasaHo. Ha aTy temy
TOTOBUTCS 3asfBKAa HA IIATEHT W OTZe/bHad IMyOnaukanus. PemeHue 5Toil KI0ueBOH IIPOOGIEMBI
ITO3BOJIUT OKOHYATEJIHFHO PEIIUTH BOIIPOC BO3MOXXHOCTHU OCYIECTBIEHUS OIIMCAHHOMN CUCTEMBL.

IIpakTryeckas peanusanys IpeJIaraeMoro YaCTOTHOTO M3MepUTesId HaHoIlepeMellleHUil,
Ha Hall B3IJIAJ, IIO3BOJIMT CO3JATh Cepbe3Hylo anbTepHaTuBy Metogam JIMII, u mommmo
HAaHOTEXHOJIOTUM CMOXeT HaWTH IpUMeHeHHd B TeXHHKe (QU3NIeCKOr0 OSKCIIepUMeHTa,
CBA3aHHOH C M3MepeHUAMHU HAHOPAa3MepOB (HAIpUMep IIPU MCCIeJOBAaHUAX HOBBIX KBAHTOBBIX
3¢ deKTOB), rPaBUTAIMOHHBIX HCCIELOBAaHUAX, reopU3nKe (TeoOUHAMUKE) U IP.

O1meHKa BO3MOXXHOCTU 3aMETHOTO ITOBBILIEHHS pa3pellaioueil ClIOCOOHOCTH M TOYHOCTHU
B IIpejijlaraeMoil cucTteMe 1o cpaBHeHHIo ¢ MeTtogamu JIMII yxe maeT ocHoBaHHE TOBOPHUTE O
11e1ecO00pPa3HOCTH MCCIeZOBAaHUIT B 3TOM HampaBieHuH. OTMETHMM U HEKOTOphIe [ApyrHe
IpeuMylIlecTBa IIpeJjIaraeMoro MeToJa M CHCTeMbl. JTO — BO3MOXHOCTH BBIITOJHEHUA
M3MepeHUH B CTaTUYeCKOM pexxuMe (YCTaHaBJIMBasA 30H], JIUIIb B KOHEYHbIE TOYKU U3MePAEeMOro
oOBeKTa), a He B AMHAMHYECKOM peXHuMe, Kak 3TO ocyuiectsiafercsa mMeromamu JIWII, xorzma
U3MepeHHs BO3MOXKHO IIPOBOJUTH TOJBKO B IIpollecce IlepeMellleHUs OTpaxareid, T.e.
IIPEMMYLIECTBO B IIPOCTOTe U3MepeHHil. BO3MOXHOCTH OpraHM3alUH OFHOCTYIIEHYATOH
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METpPOJIOTUYECKOH IIPOCIeXUBAEMOCTH. BO3MOXXHOCTB CO3JaHUA Oojiee IPOCTBIX C TOYKH
3peHHA TeXHOJIOTHYIEKOTO U3TOTOBJIEHHUA U HACTPOMKH MeXaHU4IeCKHUX y3JI0B U yCTPOKCTB.

B mpomecce sTMx wucciaemoBaHMM OyZeT TIIOKa3aHAa BO3MOXKHOCTh ITPAKTUIECKOM
peanusaluy onpeseleHns e JMHUIIBI JIUHB B HAHOMAalla30He, 1 OIIpe/le/ieHa BepXHAA IPaHuIa
M3MepAeMBIX JJIMH, IO KOTOPOii OyZieT paboTaTh IIpeiI0XKEeHHBINH MEeTO/,.
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Concern over the consequences of harsh environmental pollution, particularly in
nuclear power engineering and military base sites rise to an increasing demand for suitable
means of monitoring a number of radioactive sources enriched gases, vapors at and around the
occupational exposure limits. For instance, radioactive pollutants generated directly or
indirectly, as a result of nuclear waste influence on different substances working in nuclear
power stations (water, gases, metals, etc.) or existing nearby radioactive materials places.

The need is for devices that can achieve the necessary sensitivity at a cost that will net
prohibit their widespread deployment and with the capabilities to provide quantitative
information as well as alarm functions.

The development of new range of sensor materials has provided devices with enhanced
selectivity and sensitivity for harsh, radioactive waste polluted environment monitoring.

There is now a widespread need for low cost means of detecting and monitoring of
nuclear radiation, electrical and thermal properties of number of substances of harsh
environment.

Today, nuclear radiation detection systems exist utilising a variety of solid state detectors.
The solid state detectors are based on semiconductor material such as silicon, germanium,
cadmium telluride, zinc oxide, etc. A major advantage of such detection systems is their
extremely high energy resolution. That is, they are very good at determining exactly what the
energy of the incident radiation is. A disadvantage is cost: the detectors are quite expensive as
are their required electronics [1-3].

During the Cold War era, there were two major competitive research groups making
gamma and neutron radiation detectors (sensors): Lawrence Berkeley National Laboratory
Semiconductor Detector Group and the USSR’s Middle Machinery Ministry (comprising
I. Kurchatov Institute of Atomic Energy, State Institute of Rare Metals — Giredmet, Institute of
Radiation Technologies and Devices, etc). Both competitors were focused on the development
of semiconductor-based nuclear radiation detectors and their applications. The best sensor
material for gamma radiation sensors was, and still is, ultra pure Ge and Si or Ge doped by Ga
impurities with acceptor concentration up to 10!® cm=3. For neutron radiation measurement the
B isotopes contained Si crystals and thin films were prepared [4-7].

Nowadays, due to issues of nuclear non-proliferation and international security, new and
much stricter requirements for nuclear radiation sensors and sensor systems have been created.
The issue of developing novel sensors compliant with the new requirements poses interesting
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technical challenges for researchers and engineers. The new sensors need to rely on one or
more sensing mechanisms and produce a signal that indicates the nuclear / ionizing radiation
value. It is also necessary to operate by so called smart or intelligent sensor systems, in order to
have precise measurement information about nuclear / ionizing radiation.

In order to develop high sensitive gamma and neutron radiation measuring devices the
laser-plasma technology of semiconductor thin nanostructured films was elaborated [8]. The
scheme of laser-plasma process for pure and doped by boron isotopes nanosensory materials for
sensitive elements is shown on the Figure 1.

Laser beam
/

Port with
quartz window

Target

carrousel Heatable

sample stage

Substrate
E

Figure 1. The scheme of laser-plasma deposition process.

Laser plume

Rotating target Vacuum chamber

During last decades the novel nuclear radiation sensory materials were successfully
developed [9]. The main physical effects which were basis for novel sensors and sensory
systems elaboration dedicated to boron isotopes properties, and particular !B isotope very small
cross section of neutron capture and '°B isotope of very high neutron capture cross section in
wide spectrum of neutron energy range. Following boron and its compound physical and
chemical properties and high mechanical and chemical strength in various corrosive media
novel boron-based nanosensory elements for temperature and neutron sensory devices could
operate in harsh environment. Using the boron electronic parameters — boron is a wide-range
high temperature semiconductor with a prohibited energy zone of about 1. eV; boron carbide
(B4C) and some other boron rich compounds have a similar forbidden energy gap, which defines
their electrical resistance — it is suitable to build up sensory devices and sensory systems which
can meet new strict requirements for strong and precise measuring instruments for nuclear
radiation.

The possibility to change the isotope content in almost every concentration range,
allows to improve the radiation resistance of boron based sensors and nanosystems. One more
advantage of boron and its compounds is the possibility to create sensor elements from ceramic,
thin films and melting technologies, which make it possible to obtain different material
properties and element sensitivities.

Several different approaches exist to producing sensor elements from boron and its
compounds: powder metallurgy, ceramic technologies, sintering hot compaction, self-
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propagation high-temperature synthesis, and gasostatic pressing. Using such approaches the
compact pellets made of boron, boron carbide and aluminium dodecaboride, etc. were produced.
Typically, the pellets had a cylindrical or thick disk shape, high density, low concentration of
metallic impurities, and room temperature electrical resistance in the range 10°— 108 Ohm - m.

One of the simplest example of sensory device made from above mentioned boron of
boron carbide pellets is shown on the Figure 2.
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Figure 2. Boron enriched material based sensory instrument: (1) Disk-
shaped plate containing boron; (2) Nickel ohmic contacts; (3) Electrodes;
(4) Chemically resistant lacquer (to protect sensor element, contacts and
electrodes from moisture and corrosive medium effects); (5) Sensor body.

Modern molecular nanotechnology methods and tools make possible to manipulate of
nano scale disorders and create principally new materials and devices for information
technologies operating as charge, and spin degree of freedom of carriers. The central task of
such researches is creation of nano structured materials with different electro magnetic
properties and among them ferromagnetic semiconductors the basic substances for spin
transport process organization.

Physical effects are totally changed when the scale of the system decreases from micro to
nano and pico related to alterations in the electronic band structure of the metal particle due to
its small size and the presence of a high fraction of co-ordinately and electronically unsaturated
atoms. They allow building novel molecular (quantum) devices that exploit electron spin, and
magnetic storage of the computing machine relies on the magnetic properties created by
electron’s spin.

At the same time by these approaches it is possible to define the link between matter and
information which is most evidently manifested by the molecular constitution in building
molecules connecting in given order. The initial formation directs the synthesis of sequences,
which logically are not random; there is an optimization of structure within the system. Such
optimization should be expressed in terms of fuzzy entropy and it relates directly to the
definition of information. Formation of the models of this kind of system is based on two types
of bindings between atoms and structural elements (molecules).

The most essential mechanisms, responsible for the transport properties, electronic and
magnetic structures of these alloys are served as basis for creation of practical spinelectronic
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sensory devices. The giant magnetostriction effect also is connecting with quantum properties
in usual composites with magnetic particles of size by order of 100 — 300 nm.

Other possibility of application of magnetic nanocomposites is connected with the effect
of the giant negative magnetoresistance. Practical applications of these materials are connected
with their giant sensitivity to mechanical pressure and deformations because conductivity of
such materials is determined basically by quantum process of the electrons tunneling between
the conducting nanoparticles. The probability of such process exponent-like depends on the
interparticle distances [10].

Another interesting application of magnetic quantum processes in semiconductors is
memory resistant sensors known as memristors [11]. On the basis of Hodgkin—Huxley model of
the axon and a thermistor at constant ambient temperature there were described memristive
systems in terms of energy storage and observed their electrical characteristics which are match
resistive random-access memory and phase-change memory [12, 13]. The first, as the name
“memory resistor” implies, is for a type of non-volatile random access memory, or NVRAM.
Such a memory would have very useful properties, in that it would not ‘forget’ the data that it
stores when the power is turned off. We think that NVRAM made with the types of memristor
materials that are currently being studied by many groups around the world could be a strong
competitor to the flash memory market in about five years. The great thing is that the various
metal oxides that have been identified as having a memory function are highly compatible with
present chip fabrication facilities, so they can be made in existing foundries without a lot of
changes being required. Another interesting application is as an ‘artificial synapse’ in a circuit
designed for analog computation. Interest in the memristor revived in 2008 when an
experimental solid state version was reported by R. Stanley Williams of Hewlett Packard [14].
The article was the first to demonstrate that a solid-state device could have the characteristics of
a memristor based on the behavior of nanoscale thin films. The device neither uses magnetic
flux as the theoretical memristor suggested, nor stores charge as a capacitor does, but instead
achieves a resistance dependent on the history of current. For some memristors, applied current
or voltage will cause a great change in resistance. Such devices may be characterized as sensors
by investigating the time and energy that must be spent in order to achieve a desired change in
resistance. Here we will assume that the applied voltage remains constant and solve for the
energy dissipation during a single switching event. For a memristor to switch from R, to R,

in time 7, to T, , the charge must change by AQ =0, -0, . To arrive at the final expression,
substitute V = I(Q)R(Q), and then de/ V =AQ/V for constant V . This power characteristic

differs fundamentally from that of a metal oxide semiconductor transistor, which is a capacitor-
based device. Unlike the transistor, the final state of the memristor in terms of charge does not
depend on bias voltage. Normally metal dioxide memristive sensory device is composed of a
thin semiconductive film between two 5 nm thick electrodes. Initially, there are two layers to
the metal dioxide film, one of which has a slight depletion of oxygen atoms. The oxygen
vacancies act as charge carriers, meaning that the depleted layer has a much lower resistance
than the non-depleted layer. When an electric field is applied, the oxygen vacancies drift,
changing the boundary between the high-resistance and low-resistance layers. Thus the
resistance of the film as a whole is dependent on how much charge has been passed through it
in a particular direction, which is reversible by changing the direction of current. Since the
device displays fast ion conduction at nanoscale, it is considered a nanoionic sensor.
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Memristance is displayed only when both the doped layer and depleted layer contribute
to resistance. When enough charge has passed through the memristor that the ions can no
longer move, the device enters hysteresis. Memory applications of thin-film oxides had been an
area of active investigation for some time. Although the memristor is a major discovery for
electrical engineering theory, it has yet to be demonstrated in operation at practical speeds and
densities, and shows switching operation at only ~ 1 Hz. Although the small dimensions of the
device seem to imply fast operation, the charge carriers move very slowly, with an ion mobility
of 10 cm?/V -s.

Recently discovered spin memristive systems are based on physical phenomena that
resistance is caused by the spin of electrons in one section of the device pointing in a different
direction than those in another section, creating a “domain wall”, a boundary between the two
states. Electrons flowing into the device have a certain spin, which alters the magnetization
state of the device. Changing the magnetization, in turn, moves the domain wall and changes
the device’s resistance.

The mechanism of memristive behavior in spin memristive nanosystems is based entirely
on the electron spin degree of freedom which allows for a more convenient control than the
ionic transport in nanostructures. When an external control parameter (such as voltage) is
changed, the adjustment of electron spin polarization is delayed because of the diffusion and
relaxation processes causing a hysteresis-type behavior. This result was anticipated in the study
of spin extraction at semiconductor / ferromagnet interfaces, but was not described in terms of
memristive behavior. On a short time scale, these structures behave almost as an ideal
memristor. This result broadens the possible range of applications of semiconductor spintronics
and makes a step forward in future practical applications of memristive nanosensory systems.

Although not described using the word “memristor”, a study was done of bilayer oxide
films based on manganite for non-volatile memory by researchers at the University of Houston
in 2001 [15]. Some of the graphs indicate a tunable resistance based on the number of applied
voltage pulses similar to the effects found in the titanium dioxide memristor materials described
in the Nature paper “The missing memristor found” [16].

Figure 3. An image of a circuit with 17 memristors captured by an atomic force
microscope. Each memristor is composed of two layers of TiO:connected by wire.
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Solid-state memristors (Figure 3) can be combined into sensory devices for different
applications, and they could replace transistors in future computers, taking up a much smaller
area. They can also be fashioned into non-volatile solid-state memory, which would allow
greater data density than hard drives. As non linear resistive elements memristors should appear
in devices of programmable logic, signal processing, neural networks, and control systems.

Recently, it was also shown that the electronic circuit subjected to a train of periodic
pulses learns and anticipates the next pulse to come, similarly to the behavior of slime molds
Physarum polycephalum subjected to periodic changes of environment. Such a learning circuit-
sensor may find applications, e.g., in pattern recognition [17].

Nano micro sensor systems integrate and interface multiple core technologies and
related devices to implement a variety of functions. They can be implemented through scalable
homogeneous, or heterogeneous hardware integration technologies, in order to advance the
miniaturisation, functionality and reliability of the sensor, processor, actuator and
communication functions. Power autonomy (consumption and supply) is a common issue. In
the medium term, there is growing industrial interest to integrate nanosensors in smart
(intelligent) microsystems, mainly due to an increase in sensitivity, device simplification and
associated cost reduction.

Among the benefits of the smart sensor are: the wealth of information that can be
gathered from the process to reduce downtime and improve quality; complete knowledge of a
system, subsystem, or component’s state at the right place and time enables the ability to make
‘optimal’ process control decisions; ability to communicate information beyond the basic
feedback signals that are derived from its application. Smart sensors can self-monitor for any
aspect of their operation, including photo eye dirty, out of tolerance, or failed switch;
intelligent sensory device must monitor itself and its surroundings and then make a decision to
compensate for the changes automatically or alert someone for needed attention.

Intelligent sensors have numerous advantages. As the cost of embedded computing
power continues to decrease, “smart” devices will be used in more applications. Internal
diagnostics alone can recover the investment quickly by helping avoid costly downtime.

Inexpensive networks, sensors and sophisticated control are moving the decision-making
to the point-of-action, and value added functions in software are driving the diffusion of
embedded systems in an ever broader range of applications. Recent trends in embedded systems
design include enhanced components and model-based methodologies, or high-confidence
systems able to overcome the challenge of complexity and the resulting low productivity.
Computing systems are moving to multi-core and polymorphic architectures where radical
rethinking of systems software, programming paradigms and abstractions are needed to
overcome complexity. Engineering large distributed systems increasingly requires cooperative
networked control systems, and optimization and decision support methods and tools, which
are used to modernize physical infrastructures, to control complex processes, and to monitor
and control systems performance.

The development bubble chart represents the range of sensors and sensory systems
capabilities and activities and covers the span from underlying science to the engineering
developments required to deliver devices, instruments, and systems. At the same time, the
existence of integrated technologies facilitates the transfer of information for improvement of
appropriate sensing mechanisms and devices.
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Sensing mechanisms (Figure 4) generally are based on natural effects and interactions
that allow detection and measurement of different parameters such as: free carrier generation in
materials, optical scintillation, optically active defect creation in detectors, etc. In accordance,
sensory devices should detect and measure any outdoor influence activating by environment.
The sensor will rely on one or more sensing mechanisms and produce a signal that indicates
different electromagnetic influence value.

Sensing Transition from
Mechanisms Science to

Sensor Engineering

Devices

Sensor

Needs Measurement &
Information Control Sy stem

Figure 4. Sensor technology overview.

Sensor system typically includes a sensor with associated components (frequently
electronics and user input / output devices) that can convert the sensor’s raw signal to usable
information on a target. These may be stand alone instruments or a sensor module for
incorporation in a more comprehensive system.

Many problems require widespread dispersal of vast numbers of sensors for effective
sensing (this is called sensorization of the system be monitored). Until now, the sensors in the
sensory network have been assumed to be connected up conventionally, and the work done on
developing such sensory networks has focused on the technical aspects, such as whether they
should be connected to a central data gathering point wirelessly, electrically or with optical
fibres. Recently we proposed a novel approach based on biomimetic assembly of component
units, such as the way in which sensory neurons are connected in a living organism this has the
advantage of being able to deal with problems of in principle unlimited complexity, whereas
the conventional approach suffers from a “complexity ceiling” [18].

The theory of self-organization modelling has grown out of a variety of disciplines,
including thermodynamics, cybernetics and computer science. Self-organization can be defined
as the spontaneous creation of a globally coherent pattern out of local interactions. The
dynamics of a self-organizing system are typically non-linear. The system’s complexity can be
described with respect to the viewpoint of modelling of multiple interacting agents that are
conditioned by the existence of high dimension, fuzzy factors, respectively with very high
degree of freedom of behaviour. Problems which are difficult or impossible for an individual
agent or monolithic system to solve, cannot be described without a systems approach such as
living systems analysis, autopoiesis, socio-cybernetics, synergetics and complexity theory [19].

Generally, every multi-agent system or its components can be considered as a so-called
neural model. The “axon-dendrite model” is an example of a multi-agent system which can be
represented in the form of a multidimensional graph. System behaviour is determined in the
area of external and internal freedom. The connection between neurons is realized by synapses.
As a result of synapses there takes place the merging of neurons, creation of a new ensemble
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that consists of synergic-entropic union. Every synapse or interaction between any two clusters
forms the new united cluster, which provokes redistribution of synergy-entropy, its balance
and fitness. Compatibility of the synapses is the necessary condition of neuron graph unity.

For multi sensory networks for environment monitoring it is very suitable to use
approach based on fuzzy entropy, which is according to compatibility of the synapses. System
stability or homeostasis in the given moment of time is determined as the difference of graph
synergism and entropy. Analysis shows that the process of attraction and repulsion between
agents can be described by nonlinear increasing or decreasing of synergy. Notably, self-
organizing of multi-agent systems can be realized in the following sequence: Confrontation —
Cooperation — Consolidation. The behaviour of a multi-agent system can be represented by the
algorithm below (Figure 5).

Agent A Agent B o

v v

Interaction

No
ves Mag> Ma+Mg

No >u=0 \Yes
_ [\MA:MB)TES’ Separated
i o

|

! 1 h
1 | Cooperation Consolidation | 1! Confrontation [
1 |
: : ! No I
1 1 ! |
i i | |
: unification : ! v !
! ! : Subordination Optimization :
e L T TR of A and |
Entropy '
increasing :
|
|
|

Figure 5. Example of modelling of multi-agent system behaviour.

These are the destructive (antagonistic or confrontational) and beneficial (cooperative)
interaction forms. The very essence of any synergistic behaviour is that the two parts both
benefit, and in larger systems all participants should benefit. In each given case the realization
of the following versions of optimization is possible by criterion of the stability maximization.

The main focus of this topic is the development of artificial intelligence control modules
and networks, which provide the possibility of building highly effective sensory networks for
environmental monitoring.

During recent years, the use of intelligent systems in different industrial networks has
increased substantially, providing a new perspective through their ability to handle large
amounts of data and simulate complex models. Applications of artificial intelligence include
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screening, risk assessment, data management, swarm analyze, detection of signals, control of
data access and credibility, and security management. The most common applications of smart
sensor networks include support vector machines, Bayesian approaches, logistic regression,
artificial neural network, fuzzy logic and genetic algorithms, expert systems and intelligent
agents, ant colony and particle swarm optimization. They are often used in combination with
each other.

The agents interact (communicate, coordinate, negotiate) with each other, and with
their environment. Each interaction between any two agents can be described by certain fuzzy
entropy, which as a result evaluates the current state of the system. The state of network is
conditioned by behavioural vectors of agents, which, from one’s part, is defined from axon-
dendrite model of every neuron. Any optimization action of the system can be described as a
transition from one state to another one, which is closely related with the changing of entropy.

The introduced new concept of entropy as an internal behavioural incompatibility
(resistibility), or antagonism between disoriented agent’s behavioural vectors, represents a novel
approach for sensory systems management and control. In the given context, the criterion of
system risk or security is associated with stability, and in systemological viewpoint with the
idea of fitness-function. Building a model and its optimization is possible by the criterion of
entropy minimization. With the viewpoint of optimization it may be convenient to use
heuristic algorithms of synergetic (neural) graph reconfiguration for the purpose of the entropy
minimization [20].

Entropy-based optimization (EO) algorithm, as an evolutionary method, creates an
agent-based market model, which is populated with thousands of agents each with their own
technical trading rule. EO then evolves this model step-by-step while entropy decreases. After
all iterations the model’s configuration evolves according to an entropy gradient, i.e. agent-
based market model structure is transformed from one configuration into another.

Conclusions

The unique properties of well known semiconductors: germanium, silicon, metal oxides,
etc. are reachable by precise doping of different impurities (boron isotopes, 3d metals, etc.)
makes possible to establish of different high sensitive devices, and among them gamma and
neutron radiation sensors of high resolution; temperature sensors working in harsh
environment; resistive nanosensors with memory, and others.

These smart instruments should be integrated in recently developing intelligence
networks including quantum information technologies based ones, which determine their high
sensory characteristics and possibility of precise management and control in wide spectrum of
applications.
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1. Beepenue

fBnenuve wuHTepdepeHIMH CBeTa BIepBble ObuI0 0OBsAcCHeHO T.IOHroMm Ha ocHOBe
BOTHOBBIX TmipencraBieHuir B 1802 roxmy. OH e BBel TepMHH <«HHTephepeHIIUI».
HuTepdepeHnIOHHbIe U3MepeHNUA BHECIU OTPOMHBIHM BKJIAJ B Pa3BUTHe ONTHKU. JTU METOABI
IIMPOKO NIPUMEHSAIOTCA B CAMBIX Pa3HOOOPA3HBIX 00JIACTAX HAYKH U TEXHUKH.

B xmaccumueckoit (momazepHOi) HHTepbepOMeTPUM HCIOIB30BAIUCE B OCHOBHOM
TBepJOTeJIbHble U Ta30pa3psAHble MCTOYHUKM CBeTa. KOrepeHTHOCTh BOJHOBOTO IIOJS STHUX
HMCTOYHUKOB MMeeT BeCbMa OTPDaHMYeHHBIEe IIPOCTPAHCTBEHHEBIE U BpeMeHHBIe IIapaMeTpsl IIpU
(bUKCHUPOBAHHOM MHTEHCUBHOCTH U3JIydeHUs. B KauecTBe mpuMepa IpUMeHeHUs KIaCCHUIeCKOMH
nHTepepoMeTpuM MOXXHO Ha3BaTh WHTeP(EPEeHIMOHHBIM [JUJIATOMETp M Ipubop [d
U3MepeHUsA IIepOXOBAaTOCTH IIOBEPXHOCTH, Ha3BaHHBIM akagemukoMm B. II. JIurHuKOM
Mukpounrepdepomerpom [1].

C usobpeTeHHeM Ja3epoB ONTHYecKas HMHTepdepoMeTpHsA H3MEHWJIACh KapAHHAIBHO.
Jlaseprr, o6sazmas  BBICOKOM  MOIIHOCTBIO  M3JIy4eHUsd, IPU  BBICOKMX 3HAYEHUAX
IIPOCTPAaHCTBEHHOH M BpEeMEHHOI KOTepPeHTHOCTH, OOeclleumau HOBBlE (YHKIHOHATIbHBIE U
MeTpOJIOTUYeCKHe BO3MOXXHOCTU ONTHYecKoi mHTepdepomerpuu. [logaBuanck HOBbIe METOZBI
nHTep(epeHIIMOHHBIX U3MepeHU, Takue KakK, rojorpadpudeckas uHTephepoMeTpUs U CIEKJI-
nHTepdepomeTpus [2].

2. JlasepHbIe AMIaTOMETPEI
VamMeHeHMe  TeOMETPHUYECKMX  pa3MepoB IO  BO3JEHWCTBHEM  TeMIIepaTypsl,

dyHIaMeHTaJbHOE CBOMCTBO, IIpUCylLlee OOJBIIMHCTBY MAaTepHajoB. YdYeT TeIIOBOTO
paciupeHus Tel HeOOXOAMM IIPaKTUYeCKM BO BCEX OTPAC/jIgX TEXHUKHM M TEeXHOJOTUH,
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HCIIO/IB3YIOIIME JeTaTH U KOMIIOHEHTHI, QyHKIIMOHUPYIOIIYe IIPYU IIePeMEeHHBIX TeMIIepaTypax.
Toynsle wu3MepeHHsS TeMIepaTypHOTo KoabdunueHra imuHeiiHoro pacmupenus (TKJIP)
HeOOXOJUMBI TaKXe B CIydae (pyHJaMeHTaJIbHbIX UCCIeOBAHUI, HAIpUMep, IpU 0Opa3oBaHUHU
TOYEYHBIX JlepeKTOB Mau (a30BBIX NPeBpallleHNIX B (U3UKe TBEPAOTO Tejla U IIPU pelleHui
BOIIPOCOB IIPUKJIAJHOTO XapakKTepa, B YaCTHOCTH, INIPU H3yYeHUU BO3MOXHOCTEH HOBBIX
KOCTPYKIMOHHBIX MaTepuaos [3].

Temmeparypusle Ko3h(UIVIEHTS! JIWHEHHOTrO paCUIMPeHHS TeJl MOXHO H3MEepATh
nHTepdepomerpamu. McciaemoBaHusA IOKasaad, YTO TpeOyeMylO TOYHOCTh IPH H3MEpPEeHUHU
YAJIUHEHUH MOXHO JOCTHYb HCIIOIb30BaHMEM JIa3epHBIX WHTephepeHIINOHHBIX MeTOMOB.
Bosmoxken BapuaHT npubopa, KOrja UCCIefyeMbIii oOpasel fABIAETCA OCHOBOH I
nnrepdepomerpa PabGpu-Ilepo. Ozuum u3 orpaxkareneit uHTEepdepOMeTpa SBISETCSI TOPEI]
uccirexyemoro oopasua. IIpu HarpeBanuu obpasua JauHA IIe4a HHTepdepoMeTpa U3MeHAeTCs,
9TO0 (QuKCcHpyeTcAs TpafUIMOHHBIM crocobom. Ilpm yzmuHenun o6pasuma MeHSIOTCA
coOCTBeHHBIe 4acTOTHl uHTepdepoMerpa. llepecTpamBasf dYacTOTy WH3IydeHUd Ja3epa IIO
MaKCHMyMy IIPOIYCKAaHWS, ONpefeioT BeJIWYUHY yAJWHeHHd oOpasua. CiremyeT OTMETHUTS,
YTO /[AMJIATOMETPhl TaKOTO THIIA JOCTaTOYHO CJIOXHBI B OSKCIUIOATALMH. Y CJIOKHEHUA
BBI3BIBAIOTCS T€M, YTO OHU TPeOyIioT marorosieHus uHrepdepomerpa Pabpu-Ilepo Ha ocHOBe
HcCIelyeMoro MaTepuaja, YTO He Bcerja Bo3MOKHO. K HejocTaTkaMm ciefiyeT Takke OTHECTH
OTrpaHMYEHHBIH JAuamna3oH pabouux Temmeparyp upubopa. CoBpeMeHHBIE IHIATOMETPEI
no3BoJaioT u3MepATs TKJIP ¢ morpemnoctsio 108 - 100 [2].

3. sMepeHue MeXaHU4YeCKUX HANPDKEHUI B TOHKUX IUIEHKaX

B mocnemHme rompl pe3Ko BO3pOCAM TpPeOOBaHUA K WHTETPAIBHBIM MHUKPOCXEMaM.
Wurterpanpusie cxemsr (MC) npexacraBiafior co00i CIOXXHBIE MHOTOCJIOWHBIE CHCTEMBI,
COCTOALIVIE W3 IIOJIYIPOBOJAHUKOBOTO KPUCTAIIA, DJIEKTPOIPOBOIAMINX, NUIIEKTPUYECKUX U
3AIUTHBIX  CJIOEB, CYIIECTBEHHO  OTIMYAIONIUXCS CBOMMH  (PU3HMKO-MeXaHUIECKUMU,
XUMHUYECKUMU M 3JIeKTPOPU3NUEeCKUMH XapaKTepUCTUKaMU. PacmpeznerneHye MeXaHUYECKUX
HaIpsDKEeHUH B UHTETPAIBHBIX CXeMax M IOJIYIPOBOAHUKOBBIX IpUOOpax SBISETCA
COBOKYITHOCTBIO HANPSKEHWUH, BO3HUKAIOIMUX HA Pa3IUYHBIX CTaAUAX HM3TOTOBIEHUA
WHTETPAIbHBIX cXeM [4].

B obmem ciayduae, B MHOTOCJIOMHBIX MHTEIPATBHBIX CTPYKTypaxX HMMeeT MeCTO CJIOXKHOe
HaIpsDKeHHO-ZeopMUpOBaHHOe cOCTOsIHMe. B GONBIIMHCTBE CiIydaeB MeXaHHUYECKUe
HaIpsDKeHUs B CJIOSX MHTETPATbHBIX CXeM OKAa3bIBAIOT CYyIIEeCTBEHHOE BJIMSHME Ha KadeCTBO
VMIMC. MexaHndyeckue HaIpsDKeHHUSA BBI3BIBAIOT B DJIeMEHTAX MHTETPATbHBIX CXeM HAapyLIEHUS U
B pe3yJIbTaTe IIPOUCXOAAT MEXaHWYeCKHe U dIeKTPodU3nIecKre H3MeHeHNU .

W3BecTHO, 4TO MexXaHWYECKHE HANPSDIKEHUS SBISLIOTCA MPUYNHON pPaCTPECKUBAHUSI U
OTCIaWBAaHMUA CJIOEB W IPUBOAAT K TIOABIEHUIO JUCIOKAIMOHHONH CTPYKTYpPHI B
IIOJIyIIPOBOJHUKOBOM TIOAJIOKKe. MexaHWdYecKHe HANpPsKeHWS B IIPUIIOBEPXHOCTHOM CJIOE
IIOJIyIPOBOJHUKOBBIX IUIACTUH IIPUBOAAT K H3MEHEHMIO CTPYKTYpPhl SHEPreTHYeCKHUX 30H
IIOJIyIPOBOJHUKA M, COOTBETCTBEHHO, OTKJOHEHHUIO 3JIEKTPUYEKUX I1apaMeTpPOB 3JIEMEHTOB
VHTeTpaJIbHBIX CXeM [5].
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HccnemoBaHus mMoKasaxy, YTO MeXaHUYECKUe HANPSKEHUS B MHTETPAIBHBIX CTPYKTYpax
Jale BCero BBI3BIBAIOTCSA TEMIIEPATyPHBIMU U CTPYKTYPHBIMH pakTopamu [5].

W3yvyeHue BHyTpeHHHUX HANpKEHUH B AUIEKTPUYECKHUX IIEHKAX ITOKA3alo, YTO OHH B
OCHOBHOM BBI3BIBA€TCA TEPMUUECKUMHU (PaKTOpPaMHU.

Tepmuueckne  Hamps)KeHMSA  BO3HUKAIOT  M3-3a  pasauyua  Ko03hbUINEHTOB
TEMIIEpPaTypPHOTO PaclIMpeHUA IMOAJIOKKY U IIeHKHU. CTPYKTypHBIe HANIPSXKEHUS, B OTINYHE OT
TEPMUYECKHUX, IPOABJIAIOTCA, B OCHOBHOM, B IIpOLlecCe CHHTe3a IUIEHKH U OIpeZessioTCs
ycnoBuaMHu ee pocta. CTPpYKTypHBIe HAaNpsXKeHUs, BOSHUKAIONUIVE B JUDIEKTPUYECKUX IUIEHKAX,
YMeHBIIAIOTCA IIOCJIe TePMHYECKOTO OTXKHUIa, YTO OYeBHUIHO CBA3AHO C yJaleHHeM TOYeTHBIX
IedeKTOB U yBeIUYeHNEeM IIJIOTHOCTU IUIEHKU. D deKT TepMOOoGPabOTKY YCUIUBAETCS 110 Mepe
IOBBINIeHN TeMIlepaTypsl. OJHAKO, TOBBIIIEHNE TeMIIEpaTyphl TEPMOOOPAGOTKH BO3MOXKHO IO
oTIpeZie/IeHHOTO TIpefiesia, 3aBUCAIIET0 OT IPHUPOJBI MaTepHaaa IIeHKH. TepMOOTXUT ILIeHOK,
CKJIOHHBIX K KPUCTAJLTU3AIUY IIPU TeMIIEpATypax BIIIE ONTUMATbHOM, IPUBOAUT K ITOSABIEHUIO
MUKpoTpemnH u nop. Hampumep, nmpu tepmoobpaborke mrenku TiO2 m AlOs B wHTepBase
tremnepatyp 400 — 800 u 600 — 800 °C cooTBeTCTBEHHO, IIEPEXOAT M3 AaMOP(HOIO COCTOSHUS B
kpucraytndeckoe. CresyeT TakXke OTMETHUTB, UTO BeIWYMHBI BHYTPeHHUX HAIPSKeHUI B
IU3IeKTPUYeCKUX IUIEHKaX 3aBUCAT He TOJBKO OT YCJIOBUH HaHeCeHHUd, HO M OT IPUPOZSBI
MaTepuaJa IIJIeHOK [6].

4. HanpsxeHHBIe COCTOSHUA B reTepolepexofax

B rerepomepexosax KadeCcTBO TpaHUIBI MeXAy [ABYMA MaTepHaJaMH OIIpeZefeTcs
COOTHOIIEHWEM IIOCTOSHHBIX UX KPUCTAIMYECKHUX pelleTOK. Korpga sTu moCTOAHHBIE OJIM3KU
II0 3HAYEHMIO, KaK B cydae rereporepexonos tuma GaAs — Al«Gai-xAs, 119 KOTOPBIX pa3Iudust
B 3HAYEHMAX ITOCTOSHHBIX pelreTku He mpessimaioT (.2 % Bo BceM muamasoHe U3MEPeHHH X, U
KO3 (UIIEHTH TEIIOBOIO PAaCUIMpPEeHHS IIOYTH COBIAJAIOT, BO3HUKAIONUIVE HA ITOBEPXHOCTH
KOHTaKTa HaIpsDKeHWUA He3HauuTelbHB. Ho B cilydae Korja rereporepexonsl 0OpasyloTcs u3
MaTepuajIoB, IIOCTOSHHBIE PEUIeTOK KOTOPBIX OTIMYAIOTCA 3HauuTenbHO (Zo 6 %), kak
HannpuMmep B cucreme GaAs-—InGai-xAs, mepexomsl XapaKTEepPU3YIOTCS 3HAYUTEIBHBIMU
MeXaHU4YeCKUMY HANpPSKeHUAMHU. Takue HAIpsSHKEHHbIE CJIOW IIPOSBIIAIOT ILIEJbIH PAZ HOBBIX
CBOMCTB U 3(deKTOB, KOTOpble YK€ HCIIOIB3YIOTCA B PA3HOOOPA3HBIX ONTO3JIEKTPOHHBIX
mpubOpax, HaIPUMep B Jla3epax Ha KBAHTOBBIX AMAX U DJIEKTPOOITHYECKUX MOIYJIATOpax [7].

BosHukI0 HOBOE HaIlpaBjeHue, TOJIyYHBIIee Ha3BaHUE SIIUTAaKCUY HAIPSDKEHHBIX CJIOEB.
Crenmyer OTMETHTB, 4YTO IIpU OSIIMTAKCHAJIBHOM BBIPALIMBAHWM IIOCTOSHHAs PpeUIeTKH
BBIPALIMBAEMOr'O CJIOA HECKOJIBKO M3MEHAETCs, YTO IOIYYMIO Ha3BaHUe IICeBAOMOP(HOro pocTa
[7]. Bo3Hukaromue B pacTylleM CI0e MeXaHWdYeCKHe HAIPKeHHUS IPUBOJAAT K MHTEPECHBIM
sddeKTaM, HaIpuUMep, K CHATHIO BBIPOXKIEHUS TSDKENBIX U JIETKUX IBIPOK B BaJIEHTHOH 30HE
MaTepuana. IIpyuWHBI Takoro IOBeJeHWA MaTepuana CjleLyeT HCKAaTh B TOM, 4YTO 30HHAA
CTPYKTypa TBEpPABIX TeJl OYeHb YYyBCTBUTENbHA HEe TOJIBKO K W3MEHEHUIO pPa3MepoB
5JIEMEHTapHBIX SYeeK pelleTKH, HO ¥ UX CUMMETPHUH.

I'erepocTpykrypsr Tuna SiGe ABIAIOTCA MeXaHUYECKU HAIPKEHHBIMHM CTPYKTYpaMH,
TaK KaK Pa3HUIA B 3HAYEHUAX ITOCTOSHHBIX KPUCTAJUIMYECKUX PELIeTOK KPeMHUA U repMaHUI
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nocturaer 4 %. Takue CTPyKTYpsl HAUUIM PsAJ, WHTEPECHBIX TEXHUYECKUX IIPUMEHEeHUi, B
YaCTHOCTH, B BBICOKOYACTOTHBIX TPAH3UCTOPAX U MH(PPAKPACHBIX GOTOAETeKTOPax [7].

TpasuLUMOHHO, B MUKPO3JIEKTPOHHOM TEXHOJOTMM IIPU H3TOTOBJIEHUU HHTETPAJIbHBIX
CTPYKTyp MeXaHH4YeCKHe HallpSKeHHA OTHOCWIN K JedeKTaM CTPYKTYPbI U BCAYECKH CTapPaIUCh
MaKCHUMaJabHO CHu3UTh ux. OfHako, B IIOCjIefHee BpeMsA IIOABUJIOCH COOOILIEHHE, YTO C
IIOMOIIIBI0 BHYTPEHHUX HANPsKEHUH MOXXHO 3HAYUTEIBHO IIOBBICUTH IIOJBIDKHOCTh HOCHUTE e
B IIPUIIOBEPXHOCTHBIX CJIOAX IIOJYIPOBIHWKA M TeM CaMBIM YBEJIHYUTh OBICTPOZeHCTBHE
mpubopa. Kopmopamus Intel yxe mnpumeHnser 5TOT MeTOZ IpPH  IIPOM3BOJCTBE
MHUKPOIIPOIIECCOPOB, IPHUBOAsAIIee K YBeIudeHuIo 6b1cTposeiictus 1o 20 — 25 % [8].

B nuTepaType onmmcaHO MHOTO METOZOB U3MEPEHUs BHYTPEHHUX HANPKEHUN B TOHKHUX
mneHkax. OJHUM M3 MeTOJOB M3MEPeHHUs MeXaHWYeCKUX HAIPKeHWH B IUIEHKAX SIBJISETCS
Jla3epHas MHTepdepoMeTpus, obiajarouias BBICOKOW ToyHOCThIO [9]. [lna sToil memm dwacrto
ucnonssyercs He — Ne mazep (A =632.8 um). Buepssie sTor Mertoz 6sur npumener Puxeranom
u l'opdmanom [10]. Tak Kak MOAIONKKH MMEIOT Pa3HYIO IJIOCKOCTHOCTH, OHU IIPeBaPUTEIHHO
OTOMPAIOTCH, a ITOCJIe CTPAaBIMBAHUA IIEHKU UCIIOIB3YIOTCS KaK Mpoduin cpaBHeHus. IIpomecc
M3MepeHHUs Nporuda MOJIOKKY C IJIEHKOH IIPOBOAUTCS ITyTeM CPaBHEHUA €T0 C JJIUHOM BOJIHEI
CTaOMIM3MPOBAHHOIO IO YacTOTe Ja3epa. B aToMm ciydae omHUM 3epKajsioM HHTepdepomeTpa
ABIIAETCA UCCIemyeMas IOJIOKKa ¢ TUIeHKoi. CMelleHMe 3epKajia Ha IIOJOBUHY AJIUHbI BOJTHBI
WU3JTy4eHUS COOTBETCTBYET OJHOIM II0J0Ce WHTephEpPeHIIMOHHOTO IIONd. 4YuciIo IoJocC
IIO/ICYNUTHIBAETCA (OTODIEKTPOHHOM CHCTEMOW, a wu3MepseMas /JIWHA IlepeMelleHUs
BBIYMCJIAETCS ITyTeM yMHOXEHUs 3HaYeHW IOJIOBUHBI JJIMHBI BOJHBI JIa3epa HA YUCJIO II0JIOC
[11]. V3amepenus mporuba ITOAJIOXKM IIPOBOJUTCSA [Ba pasa: C IUIEHKON U 06e3 IUIEHKHU, U
olnpezenseTcs MaKCUMaTbHBIN IPOrub moanokku Ay = Ay, —Ay,.

Teopus ynpyrocTu Aj1d IUIACTUH B YCIOBHAX PAaBHOBECHA AA€T CIefyIollee COOTHOLIEHNE
MEXIy W30TPOIIHBIM HANpsKeHUeM B JHUDJIEKTPUYECKOH IUIeHKe U pe3ysIbTHUpYIoleit
Iedopmanues:

d> E 2Ay
C=——"—> (1)
6t 1-v) R*
rae Ay — MaKCHMaJIbHBIA IIPOTUO IMOJJIOXKKHY, d — TOJIIMHA IOJJIOXKHY, ! — TOJIIWHA IIJIEHKH,
R — pamgmyc mopmnoxku, E — momynp IOHra mopmnoxku, a Vv — kodpdunuent Ilyaccona
ITO/IJIOKKH.

IIpy oOmHOOCHOCTM MeXaHWYeCKHMX HAIpPsSKeHUH [0 TONIIMHE IUIEHKH, U B
IIpeATIOIOXEHUH, YTO 3TA TOJIIIMHA 3HAYUTEIbHO MEeHBbIIIe TOJIIUIVHEI IOI0XKY, HalPHKEHUS B
IJIEHKe O BBIYHCIAIOT 1I0 popmye:

Ed’
o= )
6rt
rzie 7 — paguyC KPUBU3HBI IOJIOXKKH.

2)

IIpu BBIBOZE STUX COOTHOIIEHWH IIpeAIIONIaraeTrcs, YTO afre3ws MeXAy IUIEHKOH H
IIO/IIOKKOM JOCTaTOYHO CUJIbHAs. BBUAY TOTO, YTO MeXaHWYeCKHe HAIpSHKEHUs B IIEHKax
BBIYUCJIAIOTCSA 110 M3MEpPEeHHOI nedopMaluy, TO B 3TOM IIPUOIIKEHUN yIPyTHe IOCTOSHHBIE
IJIEHKU He UTYPUPYIOT. DTO MOXKET IOPOXKJATh 3aMETHYIO ITOTPELIHOCTh, eCcIu Habiomaercs
6onpuras pasHuna moxyieit IOHTa IUIEHKM M IOJJIOXKKM, TaK KaK OHU COCTABJIAIOT €JUHYIO
narubaemyio cucremy [10]. Popmyner (1) um (2) cnpaBepnuBbl, IOKa H3rUO OCTAaeTCS
3HAYUTEIHbHO MEHBIIE TOIIUHBI TTOJIOXKKH.
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CoorHomenue (1) cmpaBenIMBO A1 M30TPOIHBIX IOAJIOXeK. A KpUCTAIIMYECKUX
IIO/JIOKEK  OHO  CIPaBJJIMBO TOJABKO B  HEKOTOPHIX cCiaydasx. Hampumep, pns
MOHOKPUCTJINYECKOH ITOJJIOKKM C KyOWdYeCKOiH pelIeTKOH, B YaCTHOCTU [JJII KPEMHUS C
kpucrauorpadpudeckoit opuentauueit (111) mogynps IOHra He 3aBUCHUT OT HampaBiIeHUS B
IJIOCKOCTU TOAJMOXKKM [12]. [lng m3MepeHHs MeXaHWYECKHUX HANPKEHUN B IUIEHKAX YacTo
ucnosnssyerca uHTepdepomerp Maiikerscona. B aTom nHTepdepomeTpe MOKHO HAOIIOAATH KaK
“HTephepeHIINOHHbIe KOJIbIIA PABHOTO HAKJIOHA, TaK U IIOJIOCH PaBHOM TOJIIMHBI XapakTep
HabmogaeMoll HHTep(depeHIIMOHHON KapTHUHBI OIpefesieTcs B3aUMHOI yCTAaHOBKOHM 3€pKai.
Tak kak mosydeHMe KoOJjell PaBHOTO HAaKJOHa TpeOyeT Ype3BRIYAWHO TOYHOH YCTAaHOBKU
OTPaXAIOUIUX IUIOCKOCTeH 3epKaj IapajulelbHo, TO B mMHTepdepomerpe MaiikenpcoHa daire
HaOJII0AIOT ITOJIOCHI PABHOH TOJIIIUHEL.

JlasepHble mHTepdepeHIIMOHHbIE MeTOABl ABIAIOTCA OJHUMM M3 TOYHBIX, XOTI 3Ta
TOYHOCTh OTpaHUYeHAa BeIHIUHOH A/2, rme A — IyiMHA BOJHBI JIa3epHOro Iyda (B CiIydae
ncrons3oBaHuas He —Ne masepa cocraBager 632.8uM). B mocresnee BpeMms B
MUKDPO2JIEKTPOHHOH TEXHOJOTMU IIMPOKO HCIIONB3yeTCS MeTOJ, XUMUYECKOTO OCAKIeHUS
IIJIEHOK M3 PacTBOPOB, IIO3BOJIAIONIUX CO37jaHME IUIEHOK CJIOXKHOTO COCTaBa M CTPYKTYPEHI,
Imoyly4eHre KOTOPBIX MeTOZOM Ta30(a3HOTO OCaK[eHUs 3aTPYJHEHO MIu HeBo3MOxHO. Cpexn
3TUX COeJIMHEHWH — TaK Has3blBaeMble OpraHO-HeOpraHuWuYeckue IleHKH. Metox ocaxzpeHus
IIJIEHOK M3 PacTBOPOB IIO3BOJIAET B IIMPOKOM AUAla3oHe M3MEHATh CBOMCTBA (POPMHUPYEMBIX
IIJIEHOK, codeTas CBOMCTBA HEOPraHWYECKHX (XOpollas aznre3ws, TBEPAOCTb, TeMIIepaTypHas
CTOHKOCTb) M OPraHWYECKHUX (IUIACTUYHOCTH, THAPOPOOHOCTh, HU3KAA AUDIEKTpUUYECcKast
IPOHMUIAEMOCTh). Takad  MeTOAWKAa  M3TOTOBJIEHHA IUIEHOK IIOJYyYMJIO  IIHPOKOe
pacIpoCcTpaHeHHe [ CO3TAHHUA PA3IUYHBIX MaTepHUajioB C yHUKAJIBHBIMH CBONCTBAaMHU MJIA
mpukiaagHeix  3amay  [13].  Ilo 3Toit ke  TeXHOJOTMM  BO3MOXHO  IIOJTy4YeHHe
HAaHOCTPYKTYPHUPOBAaHHBIX IUIEHOK [JIf Pa3IWYHbIX IpuMeHeHuid. I3syuenme usuxo-
MeXaHW4YeCKUX CBOMCTB OTHX MAaTepHAJIOB HACTOATEIBHO TpeOyeT KCIIOIB30BAaHUA Oosee
YYBCTBUTEJIBHBIX JIa3ePHBIX HHTeP(epPEeHIINOHHBIX METOIOB.

5. NuTepdepeHIIOHHbIE METOABI HCCIIeOBAHMA
21 y3MOHHBIX IIPOIECCOB B IIOJIMMepax

PazpaboTka HOBBIX IIOJMMEPHBIX MaTE€pHUATIOB C 33faHHBIMU CBOHCTBAMHU SBJIAETCI
BOXHOHM 3azadeil. AKTyayJbHOH SBJIAeTCA W IIPUBJIeYeHUWE HOBBIX METOJOB WCCJIeOBAHUA,
MO3BOJIAIOMINX KOHTPOJIMPOBATh CHHTE3 M CBOMCTBA MaTepHAJIOB, PeryJIHpOBaTh IIPOILECCEHI,
IIpoTeKalolye B MaTepraax.

K Takum mpoleccaM OTHOCHUTCA ABJIeHUEe MaccolepeHoca U nuddysuoHHbIe IIPOIecch B
mosuMepHbIX cpegax. IlonuMepHble mpospauHble OOBEKTHI ABIAIOTCA (DA30BEIMU OOBEKTaMH,
IIOCKOJIBKY OHM H3MEHSIOT (IIPOCTPAaHCTBEHHO MOZYJHUPYIOT) IIPEUMYIIeCTBEHHO (a30BBIH
penbed OITHYECKOH BOJIHBI, IIpollefmeid depe3 5TOT OOBeKT. [IpumeHeHMe jasepHBIX
HMCTOYHUKOB CBeTa II03BOJIMJIO YCOBEPIIEHCTBOBATh KIaCCUYeCKHe MeTOIbI MHTeppepoMeTpuu U
pa3paboTaTh HOBBIE METOJbl HCCIeZOBHUA AUGPPY3MOHHBIX IIPOIECCOB B IIPO3PAYHBIX
IIOJIMMEPHBIX cUcTeMax. MccaemoBaHue CBOMCTB Pa3oBBIX OOBEKTOB IPOBOAUTCA KaK METOJAMHU
ONITUYeCKOH MHTeppepOMeTpPHUH, TaK U rojaorpadpuieckumMu Merogamu [14].
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[ns wmccrenoBaHWs [AByMEPHBIX OOBEKTOB B KJIACCHYECKUX METOJZAaX B OCHOBHOM
ucnons3yiorcs — uHTepdepomerpsr  Maxa-llanmepa u  ®abpu-Ilepo, obrazarourue
CHMMETPUYHBIM pacIipefieJileHHeM IIOKasaTeIsd IIpeJOMJIeHHd, a /A1 (a3oBBIX OOBEKTOB,
MMeIOINX HeCHMMMeTpUYHbIe pacIipefieleHHs IOKasaTesd IpeOoMJIeHUs, UCIIOIb3yeTCs MEeTOZ
rojorpaduyueckoii uHTepdepomerpun. B pabore [14] mpoBeneHO HCCIeOBaHUE IIPOILECCOB
pactBopumMocTi M auddysum ImoamMepa C IOMOIbl0 HHTepdepomerpa MaiikenrbcoHa.
HccnemoBancsa monuMep — BOJOKHUCTBIM AuMaleTaT IEJUIIOJNIO3U, @ B KadeCTBe PAaCTBOPUTENLA
HCIIOJIB30BAJIC HUTPOMETAH.

B oxHO U3 mueu uHTepdepoMeTpa yCTaHABIMBAIACh KIOBETA C MCC/IeyeMbIM BOJOKHOM.
B xroBeTy 3anmBasicA PacTBOPUTENb U IO M3MeHeHMIO (HOPMbI MHTep(depeHIIMOHHBIX II0J0C
KCCIIe/IOBAINCh IIPOIECCHl PaCTBOPeHNA U AU GYy3ur KOMIOHEHTOB.

N3menenus nHTepdepeHIMOHHON KapTUHBI (GUKCUPOBAIUCH IUPPOBOH GoTOKaMepoit
4yepe3 OIIpefie/leHHble WHTEPBAIb BpPeMEHU W IIOABEPrajNCh IOCIEAYIOmeH KOMIBIOTEPHOU
obpaboTke.

OKcIlepuMeHTHI ObLIN IIPOBeZleHBI B MHTepBase Temieparyp 25 — 45 °C. bsrno nmokasaHo,
YTO JIJI 3TOU LIeJIN YCIIeITHO MOXKHO MCITOIb30BaTh JIa3epHBIA nHTEpdepomeTp MaitikeabcoHa.

Wcnone3zoBanue 1mudpoBoil (Qoroperucrpanuyu C MOCIeAyoUmedl KOMIBIOTEPHOM
006paboTKOI JaHHBIX IIO3BOJIAET KOHTPOJIMPOBATh KMHETUKY IIpolecca auddysuu moaumepa B
KUZKOM HHUTpOMeTaHe W IIOJy4arTh HHGOPMAIUI0O O KWHETHKe M3MEeHEHUs IIOKa3aTesls
IIpeJIOMJIEHUS YW KOHIIEHTPAlMM Cpenbl, a Takxke koapdumueHntoB nupdysuu momumepa B
mpoiiecce MaccornepeHoca [14].

6. JlazepHas nHTEepdEepOMeTpYA B HAHOTEXHOJIOTHUAX

VHTeHCHBHOE pa3sBUTHE HAHOTEXHOJIOTUM, KOTOpas OIlepUpyeT HAHOPAa3MEepPHBIMH
00BeKTaMM, IOTPeOOBATIO METPOJIOTMYECKOTO oObOeclieueHUs W3MepeHHIl B HaHOZMaIla3OHe.
Jluneiinble M3MepeHHs B 3TOH 00JacCTH SBJISIOTCA TIJIAaBEHCTBYIOIUMHU. VI3MepeHHsS MOXHO
YCJIOBHO pa3bUTh Ha JBa JUANa30HA: U3MEPEeHUI OOIBIINX NIUH (AIMHA 00beKTa MHOTO GOJIbIIe
IJIMHBI BOJTHBI U3Jy4eHUsA) U M3MEPeHUsA MajbIX NJIUH (AJrHA 00beKTa IMOpsALKa WIM MeHbIIe
IJTIHBI BOJIHBI U3TYyY€HU).

Ecnu npu mcrons3oBaHuYM y1a3zepHON MHTEPPEPOMETPUN B U3MEPEHUIX OOIBUINX JJINH
HeT IPUHUIWNHMAIBHBIX 3aTPyJAHEHWIH M OrpaHHUYeHO JIMIIb IIPOCTPAHCTBEHHO-BPEMEHHOI
KOTepEeHTHOCThIO KCTOYHMKA W3JIy4YeHHUd, IIPU H3MEPEHHU HAHOpPasMEpPHBIX OOBEKTOB
TpeOYIOTCSA IPUHIIUIINAIBHO HOBbIE PElIeHNs.

B pesynpraTe ¢yHAZaMeHTaNTbHBIX U TNPUKIALHBIX WCCIEZOBAHUM, BBIIIOJTHEHHBIX
aBTOpaMu B pabore [15] Oblna pelreHa 3aaya CO3jaHUs OCHOB METPOJIOTUYECKOTO 0becrieueHuA
usmepeHuit pauHel B guamasoHe 1-—1000 HM, ocHOBaHHaf Ha IPUHIIUIAX 30HIOBOH
MUKPDOCKOIMKM U Jla3epHOil uHTepdepoMerpuu-dazomMerpuu. PaspaGoTaHbl ajiroOpuUTMBI
M3MepeHUs ITapaMeTpPOB MPOQUIIL 3TeMEeHTOB MUKPO- 1 HAHOCTPYKTYP U ITaKeT KOMITBIOTEPHBIX
IIPOTpaMM JJIf aBTOMATHU3aI[UMH TaKUX U3MepeHwUit [7].

B HacTosmee BpeMsa U3MEpeHHSI TeOMETPUYECKUX I1apaMeTPOB HAHOOOBEKTOB
IIPOBOASATCSA C IIOMOIIBIO PACTPOBBIX 2ymeKTpoHHBIX (POM), ckanupylomux 30H70BbIX (C3M) 1
aToMHO-CcrIOBBIX (ACM) MUKPOCKOIIOB.
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[TpuHIMIBI ¥ KOHCTPYKIMIO CKAaHHPYIOIETO TyHHEIBHOTO MHKpockoma B 1981 romy
npeanoxuau I'. bunnur u T. Popern, paborasmue B To Bpems B prutuane IBM B [iopuxe. B 1986
rogy [I'. BUHHUT M3TOTOBMJI aTOMHO-CHUJIOBOM MHKPOCKOIL. OTH MHKPOCKOIIBI LIMPOKO
WCIIOIB3YIOTCS IJIsI M3y4YeHUsS UM U3MepeHHs HaHOoOBeKTOoB. OueBHIHO, YTO 3TU IIPUOOPSI
TOJIBKO TOTZA MOTYT CYUTATBCA IIOJTHOIIEHHBIMU WU3MEPUTENBHUMHU YCTPOHCTBAMHM, KOTIJA HX
mapaMeTpsl OyZyT KajuOpOBaHBI, aTTECTOBAaHBI U OyAyT KOHTPOJHMPOBATECA BO BpeMs
n3mepenuil. Cepruduxanus 3TUX IPHOOPOB eCTh IOTBEpPXKAEHHE COOTBETCTBUA IIapaMeTpPOB
STUX MMKPOCKOIIOB TPeOOBAaHMAM TEXHHYECKUX PEerJIaMeHTOB M CTAHJAPTOB HOPMATUBHBIX
IOKyMeHTOB [16].

C pasBuTHeM HaHOTEXHOJIOTHH y>KeCTOYaIOTCs TPeOOBaHUA K IMHEHHBIM U3MepeHuAM. B
BeyIIUX HAYYHBIX IeHTPaXx BeLyTCI WHTEHCHBHbBIE WCCIENOBAaHUA /A yBeIWYeHUA
paspelaonieii ClIocOGHOCTH J1a3epHO# nHTepdepomerpun. Takue paboTs! HavaTsl U B ['py3un.
ABTOopamu pa6otel [17] mpemsokeH HOBBIM aabTEPHATUBHBIH YaCTOTHO-BPEMEHHON MeETOZ
M3MepeHUs [IUHEI U JIMHEHHbIX lepeMelierii. Ilo mpesBapuTeIbHEIM pacyeTaM, METO/, ZODKEH
IIO3BOJIUTH JOCTUYb paspelraromueil crrocoonoctu usmepenuit ryqure gem 0.001 uam [17].

BypHoe pa3BuTHE HAHOTEXHOJOTHUI COIPOBOXKZIAETCS OTKPBITUEM U IIPUMeHEHHeM
HOBBIX KBaHTOBBIX 35(PdeKTOB, Takux Kak 35¢(deKT OFHOIJIEKTPOHHOTO TYHHEeJIUPOBAHUA,
KBaHTOBBIN 3¢ dekT Xos1a ¥ KBaHTOBbIe HHTepedepeHIINOHHBIe 3((EKTHI.

BaxxapiM nmprnMeHeHueM KBaHTOBOro sddexra Xosura crana Mmerposiorus. Hauwnas c
1990-31x TOZOB B KayecTBe OSTAJOHA DJIEKTPUYECKOTO COIPOTHUBIEHUS CTAIU MCIIOIb30BATh
HM3MepeHUs, OTHOCAIINEC K «IIaTO» XO0JLIa [JI1 IOIIePeYHOTO CONPOTUBIeHUS R

Ry I 25812.807572 Om.

="
OTa BeIMUYHA [TOTyYHJIa Ha3BaHUe IOCTOsSHHOM Kinriunra u 6bl1a peKOMeH/I0BaHa B KaueCcTBe
eIVHUIIBI  CONPOTUBIEHUS MeXAyHapOoLHBIM  KOHCYJIbTaTUBHBIM  KOMHUTETOM  IIOCJIE
pPacCMOTpeHUs HAMIYYIINX SKCIIepUMeHTalTbHbIX AaHHbIX 1998 rozma. TounocTs maMepeHus Ha
IBa TIOpSAZKA BBIIE TOYHOCTH, IIONy4aeMO# IIpH OIpefeeHUM 3HadeHus emuuuusl OM Ha
CTaHJAPTHBIX 9TAJIOHAX DJIEKTPUIECKOTO CONIPOTUBIIEHUS [7].

7. KBauToBbIe HHTepdhepeHIOHHbIEe 3((eKTHI

BzaumogeiicTBue 9IE€KTPOHHBIX BOJH B  HAHOPAa3MEPHBIX CTPYKTypaX MOXeT
COIIPOBOXKJATBCSA HHTepdepeHIueil. biarosaps HaJIHM4MIO y 3JIEKTPOHOB 3apsAfa HMOSBIAETCA
BO3MOXHOCTh yTIPaBJIATh MMM C IIOMOIIBIO JIOKAJIBPHOTO SJIEKTPOCTATHYECKOTO WU
5JIEKTPOMArHUTHOTO IIOJI M TaKMM OOpasoM BJIMATH HAa PACIPOCTPAHEHUE DJIEKTPOHHBIX BOJIH.
Eme 1959 romy f. Aaponos u [I. boM IpeANONIOXMIN, YTO BOJIHOBas (QYyHKIUA 3JIEKTPOHA B
TBEpAOM Tejle uMeeT (a30BbIii MHOXXUTENb, BEJIWYMHON KOTOPOTO MOXXHO YIIPaBIATh
MarHUTHBIM IToJIeM. DTOT 3(deKT ObLI melcTBUTeNbHO OOHapyxeH B 1985 romy corpyaaukoM
dupmer IBM Be66om [7]. Ha pucynke 1 mokasaHa cxema 5TOro skcrmepuMeHTa. Ilydox
5JIEKTPOHOB, MCIyCKaeMBIHl M3 MCTOYHMKA, B IUIOCKOCTH «@» PaCUIEIUIAETCS TaKUM 00pasoM,
9YTOOBI OH Ormbaj MAarHUTHBIM IIOTOK C JABYX CTOPOH. B maockoctu «b» 3JIeKTpOHHBIE ITyYKH
CJIMBAIOTCS U DJIEKTPOHHBIE BONIHEI WHTephepupyor. OTHOCUTeIbHAA (asa dJIeKTPOHOB B ABYX
IIyYKax ONpefefieTCs MarHUTHBIM IIOTOKOM.
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Pucynoxk 1. Cxema sxcrepuMeHTa 111 U3MepeHUI
nHTepdepeHuuu npu ddpdexre AapoHoBa—boma.

[Tpu n3MeHeHMM MarHUTHOTO IIOTOKA OyZeT MeHAThCA MHTepdepeHIINOHHAA KapTHUHA H,
CJle[OBaTeIbHO, IPOBOAMMOCTD CTPYKTyphl. Briepssie adpdekxt AaponoBa—boma HaGmromancs B
IeIId, COCTOAIIEH M3 TOHKOTO META/UTMYEeCKOTO 30JI0TOTO KOJIBLA C JABYMSA TOKOIIOABOZAMU
MHTepdepeHINOHHYIO KAPTHHY MOXKHO TaKXKe YIIPaBIATh 3JIeKTPOCTaTUIeCKUM MeTozoM [18].

W3BecTHO, YTO pa3Mepsl HAHOCTPYKTYp CPaBHUMBI C MAJIMHOM CBOOOZHOrO Ipobera
3JIEKTPOHOB. OTO IIPUBOZUT K TOMY, YTO HOCHUTENIU 3apAfia CBOOOSHO IIPOXOJAT dYepe3
HaHOCTPYKTYpY Oe3 paccemBaHuA Ha AedeKTax, IpuMecsax, PoHOHaX. B Takux cTpykTypax ¢assr
9JIGKTPOHHBIX BOJIH COXPAaHAIOTCA HA IIPOTKEHHM BCero IyTH M BecbMa eCTeCTBeHHO
nosiBieHue 3¢gdextoB $HazoBoii nHTEpPepeHINN. B 06BeMHBIX MaTepraax JJIWHA CBOOOSHOTO
mpobera 3JeKTPOHOB HAaMHOTO MeHBbIIe, 4YeM pa3Mepsl CTPYKTYpPBl M 3JIEKTPOHBI
paccMaTpUBAIOTCA KaK KJIACCHYeCKUe 3apsKeHHbIe YaCTHIIBL.

B coBpemeHHBIX mOJeBBIX INpubopax, Hampumep, B moieBsix MOII-Tpan3ucropax,
paccTogHMe MCTOK—CTOK M JIIMHA 3aTBOPA CTAHOBATCA OYeHb KOPOTKHMH, IOPAAKA HECKOIBKO
COTeH HM. B Takux ycClIOBHAX B5JIeKTPOHBI B KaHaje YCKOPAIOTCA DIeKTPUYeCKUM II0JIeM
IIPaKTUYeCKU Oe3 CTOJIKHOBEHUH. Takue 3JIeKTPOHBI IIOJYyYMIN Ha3BaHUE Oa/TMCTUYECKUX, a
MeXaHU3M IlepeHOCa HOCHUTelell 3apifa Oa/UIMCTUYeCKMM PeXUMOM. B HaHOCTPYKTypax, B
KOTOpPBIX HAOMIOZaeTcs KBa3MOALINCTUYECKUH PpeXUM IIepeHoca HOCUTeled 3apaja,
KpUTHYeCKas IJIMHA OIpefesseTcs CpefHeH JJIWHON cBOOOZHOrO mpobera HocuTesel 3apsazma
IIpy HEYNIPYTroM paccemBaHUU. llepeHOC 3I€KTPOHOB depe3 OOJACTH, MEHBIIVE, YeM JJIWHA
($a30BOi KOTepeHTHOCTH, KOHTPOJUPYETCS HCIIBITPIBAeMONH MMHU WHTepdepeHIueil. B ciryuae
yIpapieHus UHTepbepeHIUel C IIOMOLIBIO KaKOTO-JIMO0 BHEIIHEro BO3[eNCTBUA, HaIpUMep,
yepe3 YIPaBJIAIOIUHE 3JIeKTPOZ, — 3aTBOP, MOXHO CKOHCTPyHpPOBaTh HHTep(epeHIHMOHHBIN
TPaH3UCTOP.

[TpennoxkeHo mBa TUIIA KOHCTPYKLIWI KBAaHTOBBIX MHTeP(EepPEeHIIMOHHBIX TPAaH3UCTOPOB.
OzuH U3 HUX OCHOBAH HA 3JIEKTPOHHOM COTIJIACYIOLIEM BOJTHOBOJZE, B APYTOM K€ MCIIOIb3yeTCs
NPUHIIUII KOJbIeBOro uHTephepoMerpa. KBaHTOBbIe wWHTepdepeHIIMOHHBIE TPAaH3UCTOPHI,
OCHOBaHHBIE Ha 3JIEKTPOHHOM COTJIACyIOIeM BOJIHOBOZe, 6611 mpeatokeHsl Concom u /larTom
B 1989 roxzy. O6a paccmaTpuBamy TPeXBBIBOZHbIE IIPUOOPHI, B KOTOPHIX 3(pdeKTHBHAA AJINHA
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BOJIHOBOJ]A MOXKET BaphUPOBAThCA C IIOMOIIBIO BHEIIHETO 3aTBOPA. TOK MOXKET TeYh OT MCTOKA K
CTOKy JTHOO HENOCPeACTBEHHO (II0 KOPOTKUM TPAeKTOPUAM), JUOO IIUHHBIM IIyTeM dYepe3
BOJIHOBOJ. Pa3HOCTP X072 MeX/y ABYMA IIyTAMH IIPOXOXKIEHUA TOKA MOXET PeryJIHpOBaThCA C
IIOMOIIBIO 3aTBOPA. JJIEKTPOHHBIE BOJHBI, JOCTHTasg CTOKA IO JBYM pasHBIM IIyTAM,
nHTepdepupys, OYLyT CKIaIbIBAThCA, KOTAA Pa3HOCTh XOZa PaBHA IIeJIOMY YUCITY AJIUHBI BOJTHBI
®epmu. Takas nHTepdepeHINA TOKATU3YET dIEKTPOHBL Ha BBIXO/|€ COTJIACYIOLIEero BOJTHOBOA U
IIPOBOAMMOCTH MEX/y MCTOKOM U CTOKOM yBeiau4uBaercs [19].

KonsieBoit unrepdepeHIinonnsii Tpansuctop 65Ut npeznnoxker Paynepom (1984 rogx).
On paccmarpuBaj KOHCTPYKIMIO, B KOTOPOH OJHY IIOJOBHHY KOJbIIA IIepeceKaeT 3aTBOP,
HMeIONIVil KOPOTKYIO 00JIaCTh, COCTABIAIONLYIO YaCTh €T0O IIOJTHOM JAJUHBL. 3aTBOP MOXXET OBITh
WCIONB30BAH [JI M3MEHEHUS D3JIeKTPOHHON IUIOTHOCTH, B pe3yJbTaTe Yero II0JIy4aeTcs
pasnuuHas sHeprus Pepmu u, ciegosarenbHO, AnuHA BOAHBI PepMu [JI8 3/I€KTPOHOB IO
3aTBOPOM. OTO IPHUBOZUT K PAsHOCTU XOZAa MeXZY DJIeKTPOHHBIMU BOJHAMHU, KOTOpPBIE
PaIpOCTPAHAIOTCS Yepe3 pa3jIMYHble BETBU KOHCTPYKIIMU. DIEKTPOHBI U3 PAa3IWYHBIX BeTBEH
KOCTPYKIMH IOKUJAIOT KOJBLIA B OZHOM M TOH >Xe TOYKEe, U eCIU pasHOCTh (a3 paBHA 2T,
IIPOBOAMMOCTD KoOyblia OyzerT MakcumanpHO# [19]. CremoBarenpHO, NPOBOZMMOCTH KOJBIIA
MOXXeT OBITh OCIIUJUIMPYIOIIeH U, KaK BCJIydYae C COTIaCyIOUIMM BOIHOBOZOM, MOAYJISAIVA MOXET
nocturath 100 % mig oZHOMOZOBBIX KOJIeIl.

WHTepec K KBAHTOBOMY MHTeP(pepeHINOHHOMY TPaH3UCTOPY BBI3BAH TEM, YTO OH MOXET
OBITH OBICTPOJEHCTBYIOIIMM IIpUOOpOM ¢ OonpmuM Kod(duueHTOM ycuiaeHusd. Bricokoe
OBICTpOZIeICTBHE JOCTUTAETCA MaJIBIMU pasMepaMu npubopa. CKOPOCTh IBIDKEHUA 3JIEKTPOHOB
B GaAs paBHa okoso 10° M/ c, a BpeMs IlepeHOCa HOCHTeJIeH 3apsza depe3 aKTUBHYIO 00JacTh
nporsxeHHOCTBI0 100 HM coctaBisger 1072 ¢ [20]. Kak u B OOGBIYHBIX ITOJIEBBIX TPAH3UCTOPAX,
paboyas wactora OymeT orpaHMYeHa TaKUM IIapaMeTpOM, KakK BpeMs 3apanku RC -Lemouku
3aTBopa. OOBIYHO, OBICTPOZEHCTBHE KBAHTOBBIX HHTep(EpPEHIIMOHHBIX TPaH3UCTOPOB
IIPaKTUYECKU TAKOE XKe, KaK Y KOPOTKOKAHAIBHBIX II0JIEBBIX TPAaH3UCTOPOB [20].

[TpakTHyeckoe  IpuMeHeHHe  WHTepPPEPEHIIMOHHBIX  KBAHTOBBIX  TPAH3UCTOPOB
OTPaHMYMBAETCA HECKOJNBKMMH (akropaMu. B mepBylo odepenp 3TO HH3KHe paboune
TeMIIepPaTypsl, YTO AUKTYeTCA HeOOXOLUMOCTBIO OTCYTCTBUA pacCesHUA HOCHUTeNIeH 3apsaza B
paboueii o6ractu mpubopa. B umcTEIX MaTepumasax, IpU HAaHOMETPOBBIX pasMepax pabounx
obJacTeli, IpueMJIeMble YCJIOBUA IIO JAJUHEe (Da30BOM KOTEPEHTHOCTH YAAETCA Peaju30BaTh
aums npu temneparypax mopsagka 70 — 100 K. [lpyrum orpanudenuem sBisgeTca TpeGoBaHUe
OJHOMOJZIOBOCTH IIPOBOASANIETO KaHajla. OTO IIPUBOZUT K TOMY, 4YTO pabodyme TOKH B
MHTephEePEeHIINOHHBIX TPAa3UCTOPAX OYeHb MaJeHbKHUE U T0O9TOMY TaKue IPUOOPHI HYKJAIOTCA B
IOIIOJHUTEIBHBIX yCHIUTENAX. K ToMy e OHM MMeIOT OYeHb HU3KYIO IIOMEeXOYCTOMYUBOCTS.
IlepeunicieHHble ~ OrpaHMYeHUsA  IIOKa  CYIIECTBEHHO  CIEpXXHBAalOT  INpUMeHeHHe
MHTepEPEeHIINOHHBIX TPAa3UCTOPOB B COBPEMEHHBIX NHTETPATbHBIX CTPYKTypax [19].

8. Jlazepusie gedopmorpadsr
Jedbopmanmsa 3eMHOH KOpBI IIPOMCXOAUT BCIEACTBHE CEMCMHYECKOH AaKTUBHOCTH,

TeKTOHUYECKUX IIPOLIeCCOB, IyHHBIX IPWINBOB. VI3MepeHNs yKa3aHHBIX AedOopManuii IPOBOIAT
nedopmorpadamu. Hauboee pacipocTpaHeHHSBIe U3 HUX IIPECTABIIAIOT COOOM AIMHHOOA30BbIe
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nHTepdepomerpsr Maiikenscona. B nasepusix medopmorpadax 6asa moxozut o 1 kM. Yem
6osplre 6aza, TeM BhINIE YYBCTBUTEIBHOCTH Aedopmorpada. Ho mpu sTom pactyT TpeboBanus K
CTaOMJIPHOCTH OITHUYEeCKOTO IIyTH, CTaOMJIBHOCTA TeMIIepaTyphl, MAaBIeHHs, BIAKHOCTH,
IOKasaTessd IIpeJIOMJIeHHSA cpenpl. BosHMKaeT HeOOXOZMMOCTh Te€pPMeTHU3AIUM ONTHUYECKOTO
IIyTH, €T0 BaKyyMuUpoBaHus. Takue gedopmorpadsl pacrosaraioT 0OBIYHO B IITONBHAX, IIe 0e3
CYLIeCTBEHHBIX 3aTpPyAHEHUN B TedeHWe 12 —24vyacoB, IIOKa [JIUTCA OSKCIEPHUMEHT,
MOAIeP’KUBAIOT CTAOMIBHOCTD TeMIepaTypsl C To4YHOCTbIO ~ 102 rpamyca mo Bceit G6ase
nHTepdhepomerpa. JlnuHa wuHTepdepoMeTpa coKparwiack 1o 25M Ojarosaps BBeLEHUIO
OIITUYECKOM JIMHUM 33/IePKKHU.

B coBpemenHbIX gedopMorpadax HCIOAB3YeTCI H3JIyd4eHHe CTaOMIM3MPOBAHHBIX
He — Ne TBepiOTeNIBHBIX J1a3epOB, YTO IIO3BOJIAET OOHAPYXHUTH CMellleHHe 3eMHOH KOPHI C
ammmutyzoi 0.01 — 0.001 mxm [2].

9. JlazepHas AMaTHOCTHKA IO GHOCIEKIAM KOXHU

M3BecTHO, YTO NP OCBELeHUH Ja3epOM KaKOro-HUOYZb IIpeaMeTa HabromaTesnio Oyaer
Ka3aThCH, YTO IIOBEPXHOCTH IIpeAMeTa IIOKphITa MeIKMMH naTHaMu. OOs3aTelbHO TOJIBKO,
9YTOOBI IIOBEPXHOCTH ObIa AMGY3HOH, KaK HaIlpUMep, TIOBEPXHOCTh JIUCTa OyMaru, OeTOHHOU
CTeHBI MJIM IIJIOXO OTIIOJNMPOBAHHOM MeTa/IMdeckod IuractuHku. [Ipm ocBemenuu razepom
TAKOTO OOBEKTa BCe TOYKM IIOBEPXHOCTH IIOCBUIAIOT HA CEeTYaTKy TJa3a HaOIomaress
KOTepeHTHbIe BOJIHBI, KOTOpble MOTyT uHTepdepupoBaTh. Kakgad TOuka IIOBEpXHOCTH Ha
ceTyaTKe rya3a OyzZeT co3zjaBaTh AUQPPAKIUOHHYIO KapTuHy. V3-3a mHTepdepeHIUM 3THX
IU(GPAKIMOHHBIX KAPTUH OCBeNleHHasd IIOBEPXHOCTh IIpefMeTa KaXeTcs HaOII0AaTeIo
IATHUCTOHM, MM KaK IPUHATO TOBOPUTH, IIOKPHITOH «cmekyamMu» (spekles). Dra xapruna He
W3MEHUTCHA, ecnau Tiaa3 3amMeHuM (Qorokamepoit [21]. Cmekin-uHTepdepomerpus — 3TO
HallpaBjleHWe B WHTepHepOMeTpUH, H3ydaiolllee CIydaliHble WHTephepeHIIMOHHbIE IIOJIT
(cmexs-ionst) popmupyemsie npu AudPy3HOM OTpaKEHHU KOT€PEHTHOM CBETOBOM BOJIHBI OT
HepeTyJIApPHBIX IIOBepxHOcTeil. I3-3a cToxacTMyeckoro xapakTepa OIITHYeCKOTO IIOJIA
u3BJIeYeHre MHPOPMALUK U3 CIIEKI-KapTHHBI TpeOyeT MCIIOIb30BaHUSA CIEIMaJIbHBIX METOAUK
Y QJITOPUTMOB 0OPabOTKY JAaHHBIX [22].

Crnexyn-uHTepdepoMeTpyus IIMPOKO IIPUMEHSAETCA I HEXUBBIX 00BeKToB. Koka
YyeJIOBeKa IIPU OCBEIeHUM TOXe CO3/aeT OMOCIEKJIbI, UMeIOIIre BBICOKYI0 MH(POPMAaTUBHOCTD B
JIa3€pHOM MeJUIIMHCKOM JVarHOCTHKE.

B macrosmee BpeMs BechMa aKTyaJbHOH sABJIgeTCA pa3paboTKa MeTO/OB Ja3epHOM
OVAaTHOCTUKU B MemuiuHe u 6uonoruu. OJHUM M3 TaKUX IEPCIEKTHBHBIX METOAOB SABJIAETCSI
Jla3epHasA ZUATHOCTHKA II0 OMOCIEKIAaM KOXU.

Kak m3BecTHO, (QyHKIIMOHMpPOBAaHHE PA3IWYHBIX OPraHOB YeJOBeKa CBA3aHO C KOXEH,
KOTOpas pearupyeT Ha IIPOILECCHI, TPOTEKAOUIie B OpraHu3Me. JTa PeaKIus MOXKeT IPOABUTHCS
B BUJle U3MEHEHH TEeMIIePaTypPsl, 3JIeKTPUYECKOTO COIIPOTUBIEHN, MAaTHUTHOTO IIOJIA, a TaKXKe
ONITUYeCKHUX XapaKTePUCTUK KOXKH.

Koxxa Mo)xeT 3HAauWTeIBPHO MEHATh CBETOpPACCeMBAIOIIMe CBOMCTBA IIOJ JeHCTBHEM
IOBYDKeHUA KOXKHM WIM FeMOZVHAMUKHU. DTU U3MeHeHUs NPUBOJAAT K MOAYJIAIUYA KOTepeHTHOTO
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M3TyYeHUs, HAINIONHAIOUWIEH pacCesHHBIM KoKeil cBeT MH(popMmamueil o GyHKIMOHUPOBAHUU
Pa3IMYHBIX OPTAHOB YeJIOBeKa, 3amupoBaHHOMN B GHocIekIax [22].

B pabore [22] B kayecTBe HCTOYHMKA CBeTa MCIIOTIH30BAJICA OJHOMOJOBBIN TeTuii—
HeoHoBbI# asep JITH-207 ¢ pnumoit Bomuber 0.63 MxMm. Bsio paspaboraHo yCTpoO#CTBO AJis
U3MepeHUs OHOCIEKJIOB KOXM C IeIbI0 JUATHOCTUKM CEPAEeYHO-COCYJUCTBIX U HEPBHBIX
3aboneBanuii (Tpemop pyku). Paspaboran mpubop — J1asepHBIN aHATU3ATOP KAIMJIIIPHOTO
KPOBOTOKA, C IIOMOIIBIO KOTOPOTO MOXXHO TOYHO OIIPeZe/UTh YPOBEHb KPOBOTOKA M OLIEHUTH
CTeIleHb HapYIIeHUH MUKPOLUPKYIAIMI B TKAHIX.

10. laTepdepomeTprs 06paTHOTO paccesHUS

B mHacrosmee BpeMs B apceHase OWOPHU3UKOB HAXOAUTCI MHOXECTBO METOJOB,
M3y4aloluX B3auMogeicTBue Mosekyna. OfHaKo, Bce 9TM MeTOAbI 00aZaloT CyleCTBEHHBIM
HEeZI0CTATKOM, 3aK/IIOYAION[UMCS B TOM, YTO IIPU NIPOBEJEeHUH SKCIIEPUMEHTA IPUXOAUTCS JaCTO
MEHATb eCTeCCTBEHHOE OKpPY’KeHHe MOJIEKYJIBI, UM MOAUMUINPOBATH OMOIOTMIeCKUl 00BEKT,
a TIpU UCIIOIb30BAHUM (IIyOPECIeHTHBIX METOK HECKOJIBKO MEHAETCS CBOMCTBA GHOIOTUYIECKO
MOJIeKyJIbl. B CBs3M ¢ 9TUM BO3pacTaeT pOJIb HEMHBA3UBHBIX METOJOB B HCCIEJOBAHUIX
O6HOIOTMYeCKUX OOBEKTOB.

HepaBro, rpymnma amMepuKaHCKUX y4eHBIX BO IjaBe ¢ mpocdeccopom xumuu [lsppuia
Bopuxoma u3 yHuBepcurera BamzepOuiabra paspaboTaja HOBBIH MeTOZ, HA3BaHHBIM HMU
nHTepdpepomerpueii obpatHoro paccesuus (back scattering interferometry — BSI). Otum
METOJIOM MOXXHO TOYHO HM3MEpATh CHUJIY B3aUMOJEHCTBUI MEXIy MeMOpaHHBIMU OeIKaMi, a
TaKKe KaK MeXZy OOJIBIINMY, TaK ¥ MaJTbIMU MOJIEKYJIAMU B UX €CTeCTBEHHOM OKPY)XeHUH.

W3BecTHO, YTO IJI1 XapaKTePUCTHKU KaKOrO-HUOYIb pelienTopa TpeOyeTcs 3HaHUE, C
KakuMM MOJIEKyJIaMU IIPOMCXOJUT B3auMoOjeicTBUe peuenropa. [l OIeHKH 3TOro
B3aMMOZEMCTBIS BBOAUTCS IOHATHE KOHCTAHTHI Aucconnanuu (k, ), paBHOEe TOH KOHIIEHTPALUK

JIuTanjda, IIpH KOTOPOfI IIOJIOBMHA MOJIEKYII 6€HKa—PeHeHTOPa YK€ CBA3dJdCh C JIMTAHIOM.
TPa,ILI/IHI/IOHHO, AJI1 U3MEpPEHUA kd HCIIOJIB3YEeTCA ABd METOJd: IIO IIPOM3BOAHMMOMY JIMI'dHAOM

IIOCPEJICTBOM pelleNiTopa OMOJOTMYEeCKOMY OTKJIMKY WM C IIPUMEHeHUeM PafHMOaKTHBHOIO
naurapza. O6Ga 3TUX MeTOZa He JHUIIEHBI HEJOCTAaTKOB: B IIEPBOM CiIydae, HEOOXOAUMO 3HATh,
Kako# OTKIMK [OJ/DKHA BBI3BATH MOJIEKYJa, @ BO BTOPOM MeTOZe, IIPHU HCIOJIb30BAHUHU
PaJM0aKTUBHOTO BellleCTBA, M3MepPEeHHUA IIPOBOAIATCA yXKe He Ha eCTeCTBEHHBIX KJIeTKax, a Ha
o6pasiax MHBAa3UBHBIX MeMOPaH, CO/IepPKallluX aHATU3UPYEMbIil PelenTop.

PaspaboTaHHas aMepMKaHCKMMU y4eHBIMH CIIOCOO HM3y4YeHUsS B3aUMOJEHCTBUA MEXIY
OUOJOTUYECKUMU MOJIEKyJIaMi B MeMOpaHax o0jajaeT BaXXHBIM IPEHMYIIECTBOM — He
TpebyeTcs MOAMGDUIMPOBaHWE MOJEKYyJT HU TeHeTHUYeCKUM, HU XUMUYECKUM IIyTeM, H
C/leZOBAaTeIbHO, YCJIOBUS IPOBENEHUS OKCIIEPHMEHTa MaKCHMaJbHO IPUOIIKAeTCT K
€CTeCTBEHHBIM.

IIpennoxeHHBIH MeTOZJ OCHOBAaH Ha ciaexyiomeMm ¢usndeckom sddexre. Ilpu
B3aMMOJEHUCTBUH >KUIKOCTU, COZAEpiKalllell HCCIefAyeMyl0 CHCTeMYy, MeHAeTCI KOd(h(UIINeHT
IIpeJIOMJIEHHS XUIKOCTU. DTO B3aUMOJeIICTBHE PeTUCTpUPYeTCA JTa3epHBIM aydoM. OTpakasichk
OT A4YeWKH C pacTBOPOM Be3HWKYJ C H3y4aeMbIMH MOJIEKyJaMH, M pacceiBasgCh H3-3a
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M3MEeHeHHOTO IIOKasaTejsd IIpeJIOMJIeHHA Cpejsl, HHTepdepupyeT camM ¢ coboif dUTO
perucrpupyerca IudpoBoii Qorokamepoil. KoMmmbloTepHBIH ajNrOpuUTM, aHAIU3UPYIOUUH
n300paXkeHrie C MOMOILIBI0 0OpaTHOTo mpeobpasoBanuio Oypre BrruuCIseT u3MeHeHuUe (as3bl
JIa3epHOTO JIy4Ya U PacCYUTHIBAeT KOHCTAHTY B3aUMOJeicTBUA k,. B kauecTBe MCTOYHUKA CBeTa

ObLI UCIIOJIB30BaH reuii—HeoHoBsIi 1aszep (A = 0.63 mxm) [23].

[l IpoBepKM HOBOTO MeTOJa OBLITH CO3JaHBI CHHTETHYECKHe MeMOpaHBbI, COflepiKaliye
6enox GM1, ABgroUIMiica TIaBHOM MUIIEHBIO TOKCHHA XOJEPHOTO BUOPHMOHA, MCIIOIb3yEeMOTO
UM [JI1 IPOHUKHOBEHMA B KIeTKy. Ilociie cMemeHusa sTux MeMOpaH C XOJE€PHBIM TOKCUHOM B
ObLTa W3MepeHa CUJIA B3aMMOZEHCTBUA, KOTOpas XOPOLIO COTJIACOBBIBAJIACH C BEJIWYWHAMH,
IIOJIyYe€HHBIMU JPYyTUMU METOJAMHU.

Brutn mmpoBesleHBI OIBITHI TaK)Ke C €CTECTBEHHBIMU MeMOPaHHBIMU OesIKaMM, OJWH U3
KOTOPBIX CBSI3aH C PAaKOM TPYJU, BTOPOH — C BOCIaJeHWeM H C OOJIBIO, a TPeTHil SBJIAJICA
HetiporpancmurtepoM [AMK (ramMma-aMHHOMAcCISHON KHC/IOTOMH), IIOMOTAIOIUM CHSTH
HaIpsOKeHUe U PeTyJHUPYIOIIMM 4YyBCTBO TpeBoru. Ilocie cMmemeHus sTux MeMOpaH C
B3aMMOJEHUCTBYIOIIUMU C HUMU MOJIEKYJIaMU — JIMTAQHAAMU, U IPOBEIEHHSI SKCIIEPHMEHTOB,
OBLTH TIOJTy4YeHBI Pe3yIbTaThl, KOTOPble HaXOAYJINCH B XOPOIIEM COTJIACHU C pe3yJIbTaTaMH IIpU
HCIIOJIB30BAHUU JAPYTUX METOIUK.

VYdyeHble HaMepeHBI TakKKe BBITIYCTHTh KOMMepuYeCcKWil mpubop, paboTamomuii Ha
IpUHIUIE UHTephepOMeTPUH OOPAaTHOTO paccesHHA. B cirydae, eciu OIHMCaHHAsA METOZMKA B
71a00paTOPHOM IIPaKTHKe OKAKETCSA HAZEeXXHOH, ee 00/acTIMHU NpHUMeHEHUs OyAyT He TOJIBKO
nccIenoBaHuA QyHJAMEeHTaTbHBIX OMOPU3NIeCKUX U OMOXMMHUYECKUX Ipo0jeM, HO U Haiifer
IIUPOKOe IIpUMeHeHre B hapMakoIoruu [24].

11. 3axirouenue

Mertozp! 1a3epHOil MHTeppepOMETPUN IPUMEHSIOTCS BO MHOTHX OOJACTAX HAYKH MU
TEXHUKU. B OZHOHM cTaTbe HEBO3MOXKHO IIOJTHOCTBIO H3JIOXKHTH 3Ty TeMaTuky. IlosTomy
PAaCCMOTPEHHBINI MaTepHaJ HOCHUT BBHIOODOYHBIN XapakTep. MOXXHO TOJIBKO IIepEeYUCIUTD
HEKOTOpble IIpUMeHeHUs JiazepHON uHTepdepomerpun. JlazepHas wuHTepdepomeTpus
IIPUMEHAETCS IJIsI KOHTPOJIL Ka4eCTBa MHOTOQYHKIIMOHAIBHBIX KOMIIO3UIIMOHHBIX MaTEPHUAJIOB,
B JUAarHOCTHKE IIa3Mbl, B MOHUTOPUHTE IIPUPOAHBIX M TEXHOTeHHBIX KatacTpod. Illupoxoe
IIpYMeHeHNe HaXONUT 3TOT MeTOJ B MemulnimHe u Omosoruu. Kak um3BecTHO, OmOIOrMYecKue
OOGBEKTHI MaJIble, IOMYIIPO3payHble, MAJIOKOHTPACTHBIE HAHOOOBEKTHL. IloaTOMYy, And u3ydyeHU
WX CTPOEHHMS U Ipolecca QyHKIIMOHUPOBAHUA, C LIEJIbI0 YBeJIUYEeHN KOHTPACTA UCIOIb3yIOTCS
kpacutenu. Vcrionp3oBaHMe KpacuTesieid IO3BOJIAET YIYYIIUTh KOHTPACT N300paXKeHNs, OZHAKO
IIPY OTOM OKa3bIBaeT BO3JeHCTBHE Ha PYHKIMOHATBHOE COCTOSIHNE OMOJIOTMYEeCKOTO 00BeKTa U
MOXeET W3MEHUTh ero ¢usudeckue cBodictBa. OFZHUM U3 IEPCIEKTHBHBIX HEWHBAa3UBHBIX
METOJIOB HCCJIEeNOBAaHUA OMOJIOTMYECKHX OOBEKTOB fABIAETCA JIazepHas WHTeppepoMeTpust
BBICOKOTO paspelIieHuUs.

B cBI3M ¢ VHTEHCUBHBIM pa3BUTHEM HAHOTEXHOJOTHH ¥ HAHOOMOTEXHOJIOTHI
MIPEIIU3UOHHBIM JIa3epHBIM HHTep(EepPEeHIIMOHHBIM HW3MEpPEeHUSIM IIPeIbIBIAIOTCS BBICOKUE
TpeOoBaHug. V3 mpemsOXeHHBIX aJTbTEPHATUBHBIX METOJOB BBIJENAIOTCA M IIPEACTaBIIAIOT
0COOBIfi MHTepeC YacTOTHBIE METObI Ja3epHOil uHTepdepomerpuu — ¢asomerpuu. Ha Bcex
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0603PI/IMI>IX 9Tallax 6y,u;y1u;ero Pa3BUTUA HAaHOTEXHOJOTUH HEeCOMHEHHO cilenyer OXHIAThb

IIOSIBJIEHUA HOBBIX Pa3pabOTOK B 5TOH 06JIACTH.

CTpeMuTeIPHOE pa3sBUTHE HAHOTEXHOJIOTHH HACTOATENBHO TpeOyeT paspaOOTKy HOBBIX

HeMHBAa3UBHBIX METOJZOB JMHEWHBIX H3MepeHHU, Ppa3BUTHe KOTOPBIX HeOOXOZMMO mJIf

YCIIEIIHOTO Pa3sBUTHUA HAHOTEXHOJIOTUIA.
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