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SUMMARY 

Khominich A.I. Plasmochemical synthesis and structure of carbon nanotubes 

layers intended for the creation of composite coatings. – Qualifying scientific work 

with the rights of manuscript. 

Thesis for qualification for PhD in Engineering science in 05.02.01– Materials 

Science (132 Materials Science). Work was performed in G.V. Kurdyumov Institute 

for Metal Physics of the National Academy of Sciences of Ukraine. Submitted for 

defense at I.M. Frantsevich Institute of Problems of Materials Science of the 

National Academy of Sciences of Ukraine, Kyiv, 2018. 

 The dissertation is devoted to the experimental study of the processes of 

carbon nanotube synthesis by chemical vapor deposition (CVD) and plasma-

enhanced CVD as the basic operation for the development of new methods for the 

coating of composite materials based on carbon nanotubes and the study of the 

conditions for the formation of such coatings at their individual stages. The urgency 

of this research direction is grounded on the prospect of carbon nanotubes using as a 

strengthening component of composite materials, especially for metallic ones. There 

are a number of unresolved problems, which impede the creation of such 

composites. Among them the problem of directed carbon nanotubes (CNTs) 

synthesis with a given structure and morphology on given substrates, CNTs 

agglomeration when they are introduced into metal powders, the problem of 

reinforcing coatings obtaining on surfaces of structural materials and mechanisms 

parts. The presented dissertation paper represents one of the stages of filling the 

knowledge gaps in this field.  

The new model of physical and chemical dynamics of high-pressure arc 

discharge (2-5∙104 Pa) processes on drifting in a discharge gap evaporated from the 

anode carbon atoms nanoparticles is proposed. It is shown that the fundamental role 
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in the CNTs origination and growth play the ionic component of the working 

mixture of carbon monoxide, metals, gases. 

Guided by the formulated idea about the ionic component role in the processes 

of the CNTs origin and growth, a vacuum arc discharge was chosen for the synthesis 

of carbon nanostructures, where the ionic component of the cathode material near 

the cathode plane is about 90% of the total flow. All experiments were carried out 

using the modernized industrial ion-plasma spraying plant NNV-6,6 "Bulat"-type. In 

the work it was taken into account that further development of the CNTs  obtaining 

technology should match industrial production conditions, i.e. should to be based on 

existing industrial plants with some necessary modernization. 

In order to remove the unwanted droplet phase and plasma flow separation, a 

block of electromagnetic separation of plasma was constructed, fabricated and 

tested. Experiments have shown that plasma component influence on carbon 

nanostructures nucleation and growth processes on substrates of various 

composition is very strong. Even with the minimum energy and ion density values

from this source, their effect is manifested in the formation of a large number of 

amorphous and diamond-like coatings on the substrate, but CNTs are practically not 

synthesized on them. Consequently, a decision was made to grow CNTs on the 

substrates with the implementation of the CVD-synthesis using a separate regulated 

plasma source on the basis of discharge with the emitting cathode.  

A number of structural changes were made to implement the CNTs-synthesis 

process at the industrial plant NNV-6,6 "Bulat"-type. For this purpose, additional 

equipment was designed, manufactured and installed at the plant, which allowed the 

following technological operations not provided by the factory technology: 

- substrates heating with a resistive heater for the purpose of their thermal 

purification; ionic bombardment of the substrates with the plasma argon component 

(by burning in a vacuum volume of a separate gas discharge, such as Penning), or 

with plasma ions of the cathode material using a standard plasma arc device (PAD); 
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- spraying, if necessary, the protective sublayer on the substrate, ion-plasma 

sputtering of a thin metal-catalyst film onto the substrate with the subsequent high-

temperature annealing for its coalescence in order to form the catalytic dissociation 

centers of carbon-dioxide gas and, as a final step, the synthesis of CNTs on the 

formed catalytic centers. 

The ion flux and energy intensity reduction, as well as the influence of the 

plasma parameters separation on the CNTs formation from other physical processes 

on the substrate surface was achieved by the design and manufacture of a carbon-

based ion source based on a Penning type cell. 

In order to control the intensity of the plasma flows from the densities 1010 to 

107 cm-3, the Penning cell was supplemented by a calculated and constructed system 

of electrostatic control of the plasma flow from the cell. 

To adjust the temperature of the substrates, the table design with a resistive 

heater was made, which allows the substrates heating in the temperature range from 

20 to 1200˚C, as well as regulation of the ions energy on the substrate by supplying 

the bias potential to the table. 

Methods for determining morphology, topography and elemental composition 

of the objects of the study were: scanning electron microscopy, atomic force 

microscopy, X-ray microanalysis and Raman spectroscopy. The gravimetric method 

was used to determine the film weight. 

A number of experiments were carried out on: 1) deposition of different 

amounts of metal-catalyst (Fe or Ni) on different materials substrates in order to 

determine the catalyst films thickness optimum for the nanostructures growth; 2) 

determination of high-temperature thin films annealing parameters of metal-catalyst 

(Fe, Ni) deposited on various composition substrates, including semiconductor (Si, 

TiN) and insulating (SiO2, Al2O3, quartz), in order to coagulate it and form catalytic 

centers; experimental selection of optimal parameters of CNTs synthesis on the 

catalytic centers of selected substrates; creation of diffusion barriers (TiH, TiN) on 

the surface of metal substrates; 3) development of a high-yield carbon source for the 
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formation of CNTs; 4) studying of the carbon plasma component parameters 

influence on the CNTs growth. 

The optimal parameters of the CNTs synthesis in vacuum were determined 

experimentally by the CVD and PECVD methods: the thickness of the catalyst film, 

in which the effective synthesis of CNTs occurs, is ~10-15 nm, while the optimal 

size of the catalytic centers suitable for the CNTs growth is within the range of 5-50 

nm. It is established that the increase in the temperature of substrates in various 

experiments from 500°C to 800°C leads to a more effective synthesis of CNTs. 

The physico-technological bases of adding of regulated by density and energy 

working gas plasma component into the CNTs synthesis zone for the production of 

carbon nanotubes have been developed. It is shown that an increase in the plasma 

flow intensity in the zone of CVD synthesis from 107 to 1010 cm-3 can reduce the 

synthesis temperature by ~150°C and increase the growth rate of CNTs by 8-10 

times. The height of the CNTs layer increases from ~2 m to ~11 m. 

It was established that the addition of oxygen to the synthesis zone allows to 

vary the thickness of the amorphous layer, due to the formation of gaseous 

amorphous carbon oxide. It has been shown that the addition of a plasma component 

into the synthesis zone makes it possible to functionalize the surface of CNTs, to 

make it developed, to control the thickness and structure of the resulting structures, 

as well as to contrrol the density and height of the CNTs coating layer. Plasma 

stimulation of the process can effectively influence the CNTs  synthesis processes, 

in particular, accelerate the growth of nanotubes, increase the efficiency  

carbonaceous gas use and, which is extremely important, significantly reduce the 

synthesis temperature. 

In order to realize the CNTs synthesis directly on the substrates of VT1-0 and 

VT20 titanium alloys, the idea of forming a diffusion barrier on their surfaces in the 

form of hydride compounds has been advanced and implemented. That hydride 

compounds are implementation phase and is capable of effectively delaying the 

diffusion of metal catalyst atoms deep into the substrate material. The passive role 
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of hydrogen on the substrates of titanium alloys on the processes of carbon nanotube 

synthesis was first established. According to the gravimetry data, the dependence of 

the hydrogen penetration depth on the parameters of hydrogenation (gas pressure, 

substrate temperature, hydrogenation time) was established. It is shown that an 

increase in the hydrogenation time of the V 1-0 alloy surface from 6 minutes up to 

24 minutes allows to increase the amount of CNTs per unit area by ~25 times. It is 

shown that in order to effectively deactivate the V 1-0 alloy surface in relation to 

its interaction with the catalytic materials, the depth of hydrogenation of its near-

surface layer is required to be ~200 nm. 

The physical and technical conditions of uniform deposition of metal atoms 

during composite coatings formation on CNTs are established. The device for 

copper evaporation has been developed and manufactured. It is shown the uniform 

coating of the CNTs surfaces by the copper. The thickness of the coating layer 

(~100 nm) is established using the comparative quantitative analysis of the SEM 

image of the output state with deposited. 

Scientific novelty of the obtained results. 

1. A new phenomenological model of physical processes on the origin and 

growth of carbon nanotubes in high-pressure (2-5∙104 Pa) arc discharge synthesis 

with evaporable anode is proposed. It is shown that the distinctive role in the CNTs 

formation is carried out by the carbon nanoparticle that left metal-doped anode, on 

which the plasma and neutral components of the mixture of the anode evaporation 

products precipitates during the drift through the discharge gap, namely: ionized, 

excited, neutral carbon and metal catalyst components to which the anode is applied, 

as well as ions and buffer gas molecules.  

2. The physical and technological bases of the regulated by density and energy 

working gas plasma component addition into the CNTs synthesis zone within the 

concentrations of the electron component 1013-1016 m-3 and the ions energies 0.5-10 

eV for the production of carbon nanotubes are developed. It is shown that an 

increase in the plasma flow density in the zone of CVD synthesis from 1013 to 1016 
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m-3 can reduce the synthesis temperature by ~150° C and increase the growth rate of 

CNTs by 8-10 times. The height of the CNTs layer increases from ~2 m to ~11 

m.  

3. The passivating role of hydrogen on the substrates of titanium alloys for 

conducting carbon nanotubes synthesis on them was first established. It is shown 

that increasing the depth of the flooded layer of the surface of the alloy 1-0 from 

~ 100 nm to ~ 200 nm makes it possible to increase the number of nanotubes per 

unit area by ~ 25 times. 

4. For the first time, the physical and technical conditions of uniform 

precipitation of metal atoms during the formation of composite coatings on carbon 

nanotubes have been determined. It is shown that the temperature which the 

substrate acquires during the deposition of the copper stream is sufficient for free 

diffusion and uniform distribution of copper atoms on the substrate and on CNTs 

surface. The length of free diffusion of copper atoms, which is deposited from the 

vapor phase on the surface of CNTs, exceeds the length of the cross-section of each 

tube, making the coating of the tubes by copper uniform in length and diameter. 

The practical value of the obtained results. 

1. For the industrial plant NNV-6,6 type "Bulat" additional modules were 

developed. That modules allow to create composite coatings with carbon nanotubes 

in a single technological cycle by: preliminary cleaning the surface of substrates in 

the Penning discharge; passivation of the surface of non-metallic substrates (silicon) 

with titanium nitride; spraying a metal catalyst film (Fe or Ni) on the substrate; 

annealing of a metal-catalyst film in order to coagulate it and form catalytic centers; 

PECVD-synthesis of carbon nanostructures on formed catalytic centers; copper 

spraying to the CNTs and substrate surface by evaporation from the alundum 

crucible (Patent of Ukraine for invention No. 103869, Bulletin No. 22, November 

25, 2013, Application of the results of research from February 13, 2018). 

2. For the Department of Materials Science and Newest Technologies of the 

State Pedagogical University named after Vasyl Stefanyk, technical 
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recommendation for synthesis of CNTs of given morphology and surface 

distribution on titanium alloys VT1-0 have been developed. According to the results 

of the tests, the ability to accumulate electric charge is estimated and its magnitude 

for different structural states of samples with CNTs is measured. It was found that 

the sample capacity was 45-50 F/g, which is higher by 12-15% for the average 

values for electrodes made on the basis of carbonated carbon materials. (Application 

of the results of research from January 29, 2005, Patent of Ukraine for invention No. 

115954, Bulletin No. 1, January 10, 2018, Application of the results of research 

from February 13, 18). This opens the prospect of using such CNTs structures as 

highly efficient charge storage devices for high capacity and super-capacitors. 

3. The scientific and practical results of the dissertation research are used during 

the training of specialist on the branch of knowledge 13 "Mechanical engineering" 

of specialty 131 "Applied mechanics", specialization "Friction and wear in 

machinery" at the Department of Machine Science of the National Aviation 

University, during laboratory works on the "Theory of the structure of the liquid, 

amorphous and crystalline state of matter" course. 

 

Key words: carbon nanotubes, CVD synthesis, plasma stimulation, nanoscale 

catalytic centers, composite coatings, diffusion barrier. 
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1.1       

 

 

    (sp3, sp2, sp) є   

  :  (sp2),  (sp3),  (sp2), 

  (sp2),  (sp2),   .  

 є   ( . 1.1 ),     

         0,142 

,      є 0,337  [5].    

     sp2- ,   є  

       ’ .   

 ’  є,      

є є .  є        

    ,    є   

   . 

 

. 1.1   : a – ;  – ;  – ;  – 

 (C60);  –   

 –  ( )   –   

   sp3-  ( . 1.1 ).     ’   

 4   ’ .     
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  0,154 .  —      

. 

  60-     . . , . .   

. .      

« »       [6].  —  

     sp-    ( . 

1.1 ). 

        є 

  1985  , є       1996 

,     ( ),     

 ( ) [7; 8; 9].   ,    

  XX        

   .   .  [10],    

  .  [11]    

       . 

 –        

n=30-120.    є 60,   є   20 

  12 ’  ( . 1.1 ).  ,   

,    sp2-   '     

 ' .      

  є 0,714  [12]. 

  ( . 1.1 ),   є     

, є   .     

  ,   ,  є 3,45-3,7Å [13]. 

       

     . ,   

    [14], ,    

     є    

[15-17].  . 1.2 ,      є « » 
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 ,   ,    

,   є    [18].  

    є      

  ,   є      

 ( . 1.2 ),       ,   

є      ,   

 ( . 1.2 , ) [18]. 

 

. 1.2   ,     

    :  – « »;  - « ’  »;  

- «  »;  - « » 

      є 

   .     

    10  100 ,      

.  

 

1.2  ,     

 

    є  , 

     1991 . [19].      

,  є        . 

  , ,    .   . 

[20]      .    
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,      ,  є  

           

     [21].  

 –        

       ,   

  (   )   (   

)        

    [21].   є   

  ,      

        

.         -, 

-   .      

 .     , , 

     .   -     

  0,4  4 ,   –  4  100  [22].  

         

 100  (     )     

 (   ) [23].    

  0,2-2 .      

 є  0,34  0,375  [24],  ,     

   (0,335 ),   – 2-100  [25].  

 ,       

      [26; 27]. 

    – 0,714 ,  є   

  60.    є     

  є  .  

       

   ,     

,          
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,        ,   

  [20]. 

 . 1.3 ), )      

 –  (zigzag)   (arm-chair).   

       , 

         .  

   ( . 1.3, ).  

 

. 1.3    :  –  

;  –  ;  –  . 

    є   

    ( . 1.4).  

 

. 1.4         

     [28] 
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  є    (m,n),   

  ,      

   ,     . 

      D: 


022 3d

mnnmD                                       (1.1) 

 d0=0,142  –        

, m, n –  . 

 є  α є  ,  є   

 .  [29],      

«arm-chair»  ,      «zigzag» 

. 

   є   , , 

 , ,  [24].    

         [30]. 

   є     

 ,    ,      

 [31]. 

   ’   ,    

  ,    –   ,  

          σ-

’ ,   є π- ’ .  π-    

’    [25].     ρ   

   5·10-8  0,008 · .  ,  

 ρ    ,    [32].   

   : 106–109 / 2 [33].  [34]  

,     ρ       

– 1,8·1014 .   250°    є   2 

      . 
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    .   

    ,        

    ,   є  (  

 ,    ) [25].  

є       (  

     ), ,   

 є         

,    –    [35]. 

    1,6 /     

  є 1,60219·10-19 ,   ,     

 ,     ( ) 

 [36]. 

      ,  

  , ,  [37].   

      , 

  -  ’ ,   ,   

    є .  

  ,  є  ,  

  ,  є    (1.2): 

2
N

h
E

R


  

  ,    (1.2) 

 σ –  ,  є    

  N,   ,     

; ε –      ; R –  

; h –   .  

         (  

 ≈1 ).  ,       

.       , 

 [30],      є  (1-5) ,  

  ,     .   
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 [24],         

  .   [38]     

1-, 5-, 10-  30-  ;      1,6  

є 1,3∙1011 , 22  – 5∙109 , 54  – 0,63∙109 . 

 1.1  

  [36] 

  (  

 

 

) 

 

 

   

  , 

 

100 3…7 300…600 300…1500 0,4 

 , 

 

1000 200…80

0 

500…1000 1000…5000 2000 

 ,  50 2…4 200…300 150…750 0,05 

  

,  

500 100…40

0 

250…500 500…2500 26 

 , 

% 

10 1…3 20…40 20…40 26 

       

 ,  є  є     

[39]. ,  - є       

 ,   є     

   .    1    

    є   . 

 1000      є   860  720 . 

         

,       ( . 1.5). 
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. 1.5       [39] 

     .    

     1,0–1,4  (  :   200 

).     — 30  (    1–2 

) [40].   ,  ,    ,   

  .        

 .     ,   - -

        

    2  [41].    -  

 ( )       

     0,92  1,91     

   57  9  [42].     

      ,   

        

.      ( ,  5- 

 7-  )     є    

.     .  

          770  950 

,     — 18–68  [43]. 

     ,  

є  ,   .   є  
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   ,    ,   

  [24]. 

 ,     є    

 ,     [44, 45].   

           

         

  ( , ),     

, ,  ,     

,       

           

  [46]. 

 ,       , , 

 ,         -

   /     . 

     (   ,   )   

  є        

,  є    [47].  

   є      

  [48].       (0,34 

)   ,       

 .        є  

     . ,    

   ,      200 /  

[49]. 

 є     є    ’   

   .  ’  , 

  ,  50-60% ,    [50]. 

   є   , , , ,  

,   ,  , є  
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  .  , є  -, -, -, 

   ,   ,  є    

         

  .        

,      .     

’  ( , , )   . 

  ’є       

    -  .  

         

       . 

       ,  

’         

:    ,   

 ’  ,     '     

     [50]. 

є          

    2 є 1,5%  1000 2.   

  є  1300 2/ .     

 2600 2/ ,  є   2 < 4%   77 

 [50]. 

    є    [45]. 

, є      ,  

є   , ,   ,   

    . 

 

1.3    

 

  ,      є 

 .      1960  



45 

 

 .     ,    « » 

(whiskers) [51].       1990 . .   

.     [20],  ,   

, –     .     ,   

  ( )       

(CVD),       .   

     .   

   є       . 

     :  

,      CVD [52].    

   .  

        

     ,     

є    -      

  ,      є     

 [53].      

є        

      [54]. 

 

1.3.1   

 

         

      ,    

  [55].      

  . 1.6.  



46 

 

 

. 1.6      :  

1)   ,  ; 2)   

,  є      ; 3) 

    ,     

   ; 4) ,   

  ,  є  

    ’    є .  

  1   .   

є      ,   

     (    5  20 

),    . .,   є     50  200  [55], 

  60    10-20 .    (4), 

 ,    ,  ,  

 ,     .  є  є     

150∙102  700∙102 .     ,  

, є    ,   

.        

    ,   -  .  

   ,  є ,   

,   є   10%   є   ,   

є  10%   .     

  є   :    

,  є   ’є   .  
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,        

   150∙102
 ,    –   

700∙102 . 

    [ ., 56]  

 ,  є       

    .   : 

  ,     ,  

  ,       (  

 ’є ),      ,  

 ,  ,     

 ,     ,   

 ,     ,    

      , ,  

  ,     . 

      ,  

 ,        

         

       

   [57].      ,  

 є       

, ,  ,     

  (      є 20-40%) , , 

є      [58].  

        

        

     ,    

  .        

    ,    , 

  . 
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1.3.2   

 

      є  

  (   –  ) [52].    

є        

    1200°  .     ,  

 є      , 

           

 .  ,     

    ,  ,     

 :       

      .   

( . 1.7)    є   6-7    

  (5),     - .  

 

. 1.7        : 1 – 

 ; 2 – ; 3–   ; 4 –  

; 5 –   

 є    (   )  (1)  

  1200°   (2). ,  є    

,         
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є       (3),  

є     . 

       ,   

      Co, Ni, Fe  Y.  

        

,          

  ,     [36]. 

     є  . 

   (Ni/Co, Ni/Fe, Co/Fe, Pd/Pt). 

  ,  -  ,  30-35% 

,  20%  , 12-15% , 12-15% 

, 5-10%  ,  10% .  

  є   3000°     ( )   

 .        

,  є  , ,    

. 

        ,  

    ,  .  

      ’є   

 є   .     

,     є   

     , є   

  [59, 60]. 

 

1.3.3       (CVD) 

 

   , ,    , 

      (chemical vapor deposition – CVD) 
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є          

       [61, 62]. 

         :  

       .   

         

          

[63].   –     ,    . 

     ,   . .,  

  – ,     [64]. 

        

 ,   .   

   є    

,    ,     

( . 1.8).       , 

  (400–1100º )    

 , ,  .  

 

. 1.8      

 : 1 –  ; 2 – ; 3 – ; 4 – 

; 5 – ; 6 –     

    (550-1000° )    

  (Ar, He),    .    
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      [65], 

 [66, 67],  [68],  [69, 70],  [71],  [72]. 

,     , є є     

   [73].  є    ,  

є      є   

[74].         

    [75].    

      [76].  

      

 ,     .  

,     ,    

      ,   . 

 ,    ,   

   [18]: 1)   ; 2)  

 ; 3)   ; 4)  . 

    ,     

    [77]: 

-    (Fe, Co, Ni); 

-       (Al2O3, MgO, SiO2); 

-      ; 

-       ; 

-        

  (Ni+Al); 

-    . 

    ,      

  . 

 CVD       

  .      , 

   « »,     
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- .  ,   є    

  « »,   є   

.   [78] ,      

 ,  ,    є  є  є    

. 

     є   

,     [79].      

 ,     -  .  

         

         [80]. 

  N.M. Mohamed   [81] є ,   

     ,   

CVD.   ,   -      

        . 

,    Fe (   31-38 )  

       ,    

 (23-26 )  Ni (19-24 ).  є  ,    

          

Fe>Co>Ni.         є 

  Ni>Co>Fe [82, 83].    

  [82], ,   Fe ,  

      ,    Co  Ni. 

 ,  , ,     

    . 

PECVD (Plasma Enhanced Chemical Vapour Deposition - -

  CVD) –    CVD, є  

       ; 

    є    
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, ,  ,     

     . 

 

1.4      

 

       

  .     є   

      .   , є  

  ,       

 [84, 85].  

        : 

      (« »  

)          

(« є»  ).        

,     ’ ,  

,     ,  

,   . .   –     

 ( , ,   -  , 

  ,     ); 

       ,  

    [36]. 

       

 є       

 ,      [86]. 

 -        [87]. 

     -   

        [88].   

       [89]. 
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   20-30 ,   ,   

SiO2,        

     [90].  

 ,  ,    

  ,      . , 

    ( , NbC, MoC),  

    [91]. є   

     ,  ,    

  є   –    [92].  

        

      , 

    ,   . . 

      ,  

,       . . [93]. 

  ,     

    , є     

: 1)       ,  

      ; 2)  

    ,    

   є      , – 

,    [94].     

    [95],     

        

      [96].  

  є        

   [97].     

         

   . 
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          є 

      

     [98].   

  ,      

 ,  є  [99].   є  

 ,        .  

є     , ,   , 

є      . 

      (0,34 )    

,         .  

      є    , 

   ,    .  

        

  ,   ,    -  

,   ,       

 .        

    ,    

          

.  

 ,     ,  

 ,  [100], ,  

 . , ,   є   5 .%  

є     50%,    23%    

 є  [101]. 

   є     

     . , є     
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 (0,87  1,74 / ) є     є   

    80% [102]. 

      ,  

, є        , 

      .   

     ,    

    ,     . 

   є     

    , ,  

 . .,       є  . 

 

1.5      

 

        

,  , є  ,   .   

    , , .  є 

     [93]. 

   є    

     ,     

 є є         

     .  

         

,           

.     – ,   

 ,          

  ( , -  ), – є 

     [103]. 

        – 

       . , 
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,         

       

     . 

   ,  ’    

,   ,      

 ,  є     

    ,  ,    

      ,     [104].  

    ~2 / 3 [105].     

       

    [106]. 

  [107]   ,  є    

     ,  : 1) 

   ,    ; 2) 

        ; 3) 

      ; 4)   

є   ; 5)       

,      . 

     , є  

,     .    

    є    

        '    

.    '   ,   є  - -

       [108].   

      

  є         

є     [109]. 

        

,   ,   
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 ,      –   

     є  [110, 111].  

    ,    

,  ,   , 

 , ,    . [110, 112, 

113].       ,   

    .      

  .  

       ,  

     - . , 

       

 ,      

 .   [112]     

  ,  . ,  

  – 2 .% ,    є  150 

 520       . є    

   є ,        

    , ,    . 

є  ,       [114] 

  .         

    .   

   є      

   .      

  ,    є  . 

  [115],     , 

 ,  ,     .  є, 

           

     ,     

    [116].  ’     
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  , є .      

          

,        , 

 .      ,       

      є   

  ,       

           

 [117].  [118],          

      ,     

.   

 

1.6    

 

   ,     

       

    ,     

         

, ,   .    ,  

        

     є  ,   

    -   

    ,   

 . 

  PVD (  )   CVD  

        

 ,     , , .  

     є   , 

       .  
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       є   

     .      

       ,   5-7 

,      є ~ 5·104 - 7·104 .  

   ,   ,    

      . 

  ,    є  

      

        

     . 

  є       

: 

1.       

   :   ;  

  ;      . 

2.         

          

 . 

3.  -     

  ,  ,     

    . 

4.          

,       ,  

 , ,    ,   

 ,  ,     . . 

5.   , ,   

 ,     . 

6.         

    . 
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 2.     

 

2.1      

 

        

   :  (     

),   ( ),   1-0, 6 (  

     ,   ).  

         

,  40 20 ;      10 10 3 . 

  є    : 

   є є (100)  275±25 ;    

є є  (111)  300±25 ,    є  

,  ,   ,  200±20 . 

    Si/SiO2, Al2O3    

     є   -  

  .        

  SiO2       

    800-900°   4-8 . 

       

      -   

 ,        

:     1-0  6    

  12-   .      

    « »,    

   є       

.    5 .      

     .     
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      -6,6- 1  « » 

         

  [119].    :    

    ~80 ,      

 -100 ,     Ar=5·10-1 ,   ~3 . 

       . 

    -      

        

,      . 

 

2.2  -6,6- 1  « » 

 

    ,     

      , 

         

є .         

є   -      

 -6,6- 1      « », 

   -       

       [120]. 

       -   

 ( , , ) є  

 80        . 

          

            

    [121].   (    

)      ,    

        Physical Vapor Deposition 

(PVD).         
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    -     

, ,   TiN,   -  

 (     «  -

 » (  ))     . . , 

. . , .  , . .   .  

       -6,6,  

      -     

 ,      

        –  

      ,  ,    

є        . 

 -6,6 є є   PVD  VD   

   .      

  ,    ,   

         

  (  – 2 2)     

    CVD.   -6,6   

   є       

      .   

    4. 

        

є  -   (    ), 

       є   

    є      

.       

 , ,      .  

 . 2.1     -  

    -6,6- 1  « ». 
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. 2.1      -  

   -6,6- 1  « » (    

 ): 1)  ( ),  є     ; 

2)  -   ; 3) ; 4)    

; 5)    ; 6) -  

  . 

         –2 

 ’є    .   є 

          

,         . 

      10-3 ÷10 . 

 

2.3        

 

  .   ’є   

      ,   

        

  200 000.   є    
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   JSM-6490LV  JSM–6700F (  Jeol, 

),     TESCAN MIRA 3 LMU (TESCAN, 

). -        

    10-15 .    

  200000  є    .  

ь  .   

         

 JEOL JSM-6700F    

 ( ) Oxford Instruments INCA Energy 300 SEM,   

  Oxford Instruments X-max 80 mm2  

  INCA      

TESCAN MIRA 3 LMU.     1 .  

      

 ,      

  ,       

   .    

  10      5 ,  

  10 ,    - 60  . 

   .  

   ( )     

      -24. 

    .    

      

 -503,    =514.5  (2,41 )   

 2 -1.        

    ~30-50 .     

        7    

0,2 .         45°. 
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     -  

 « -  »   

   . 

 -  . ,   

         

        

    JSPM-4610 (Jeol, ) 

     ( ).   

  :   240,0 220,0 ;  

  22,4 ;     333,33 .    

      NSG-10-DLC.  

    10-7 . 

К ’   ь  ь.     

     ImagePro Plus-4.5, 

 є    ’є  [122].   

    :   

  ( , )    .  

      Origin 8.0,  

є        , 

    ,    

,     .    

       

 Adobe Photoshop-6.1,  є   

 . 

       

,      -   

  ,   . 
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 3. ,  Ь     

     

 

        

         

( ), ,     ,    

  ,      

.  

           

      [55],    

  -  є    , 

 - .    є   

       .    

      [123-130],  

,      

         

  є.  

        

  є        

 ,   –    VLS (Vapor- 

Liquid-Solid) [125].     ,    

  ,     ,   

     ,        

[125].        

    ,     

       

 .  

є      , 

 ,   ,   , 
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        .  

 є      

          

    ,     

        

    . 

 

3.1        
 

    ,    

          

   , . - ,   

   ,   ,    

     [131],  . - , 

   ,       

є ,     .  є   

     : ,  

 є  є    (   ),   

  ,   ,  /  

 ,          

 ,       

 .       

       , 

  ,      . 

 ,       

 ,  ’      

       ,    .  

 ,  ,     Fe, Co, Ni, 

        .    
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   ,       

         

(  ) [132].       

    -   (     

 ) [133].  ,  ,   

     [134].      

,        [135]. 

    :   

 ,  є, ,     

  (    ,   є  

  ),      

   ,         

 ,      , є  

    –    30–50  [136].  

,    (    )    

      ,  

 ,    ,   

 ,   ,   

  [137].  є  ,    

           VLS 

(vapor–liquid–solid) [138; 139]  SLS (solid-liquid-solid) [128].  

    є     

.     є  ,   

     .   є    

  .        

    ,     

  ( .  . 3.1).  
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. 3.1 VLS-         : 

)   - ; b)   ; c) 

 ; d, e)   [140] 

  ,      

  ,      

 ( , Ni  Y),        

,        

    ,    .  

  ,     [136],  

       

  є      .   

 є       є  [141].  

       VLS–      

SLS– ? ,   (   )  

  ,  є    

  .  

 є ,   VLS–       

      .   

     .   

  ( ., ., [140, 142, 143]) є,    

,    ,      

,    5–20  (    50 ).   
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       50  

,         

    10    104÷105 .  

 [126; 136]     5    ~ 

1   105÷106  .     

,   ’є   ,    

  [144]. ,   ,    

 ,        

 .        

       ,    

  .        

     ,      

  .  [145],      

     . ,   

          [146],  

, «  »  .  ,    

       ,   

 ,   ,      

( , ,    ,   ).  

           

  є   є   .     

є  ,       

.  ,      ’   

    ,      

 ,      ,     

   .    ,    

     ,    

     ,  є,    

  ’    [147].     
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 ,  є ,   є ?  

 ,  є    VLS–   

   , є    

 ,       

 ,    .    

        , 

      [148].  

  [148; 149] ( . 3.2) ,     ~ 2ra 

(ra –  )  2 –  ,  ,   

   LTE (local thermodynamic equilibrium) є ~ 3000°  

[148].  

 

. 3.2       (  

ρ=1,38 / 3)   (ρ=1,61 / 3)    [148] 

  є      ,  

    . ,      

      

  ,    VLS є  

    .   є 
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 ,    VLS-      

  . 

   є     

  ,  є       

є     .  є ,  

         

         

  ,   . 
 

3.2   ь  ,    

     

 

       

   [150; 151]  ,    

      є   

    ,        

  .    

      ~ 2950° .  ,  

’    ,   ,    

’є    .   [150]  

      ,  

     ~10 .     

        

~ 100 ,    .       

 є,   є    ,    

 [152],         

 . -     ,    

   ,       

,  « »  φfl [153].    
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   φpl ( ,    , 

      ,  

є   ,   ).  « » 

       

         

[154]. « »       

      ,  

φpl – φfl ~ kTe (Te –  ).  є     

,  є   ,       

 :  ,  ,  , 

   (   ).  ,  

          

  :  ,  , 

 ,  .     

 є     ,  є  

,  ,   , є   .  

 є     (      

)   ,       

   [155]. ,  є   

(         

  )  є .    

   , ,    є   

~ 0,1     є   .   

,    ,   ,  

      ,    

     ,    

  , є   ,  є ,    

   . 
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   ’     є    

(  ’ ) [156]        

:    ,       . 

   ,      , 

, є     .  [157]  

   ,       

10000 / .   ,       

     .    

     ,    

.   є     ,  

 ,   .   ,   

  ,    ,    

 ,     . , 

   c

a
T

m

kT
V 2

1      (3.1) 

VT –     [ / ], Ta –   [ ], k– 

  [ / ], mc –    [ ]. 

 (3.1),    3000÷3500  [158],   

 є: 

м/с 7,5·10 ~ 2
TV        (3.2) 

           

  : 

aR RV        (3.3) 

   –     [1/ ], Ra –   [ ]. 

   Ra = 6 ,     

 ~ 1 / . 

 , ,    ,   

      .      

   ,        
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   .    [157] ,  

        

  .      ,   

       є    

  ,     є 

 ~ 1 / . 

 ,   ,    [157]     

.  ,      ,  

,      ,     

 ,      . ,  

    ,  є    

,         

.  є   ,   

   : Fe, Ni, Co, Y, Rh  .    

         

   .  ,   

        

,         

 .    ’   

        

   ,  є .    

,       є   

     ,    

   . ,     

         , 

 , ,       

[159].          

      3 .  

,       
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 ~ 3   .  є   ,    є 

    ,     

    ,       

. 

     ,      

     ,   

 [133; 160].   ,   

 , є  ,   ,    

[158] є    ,    

 (~ 0,1 )    -  .  

       2   

.  [133]       

 ,  1 .% Fe.     

      .   

    ,    .    

  ,      

 2     ( . . 3.2).   

2          ~ 2     

 .         

.  ,   ,    

       2,   

  є  ,  .   

   ,       

       ’ є     

.       ,   

     2    

      . 

  [161]      (   

   – NiO  Y2O3,  Ni/Y  4/1)  
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  .  ,    є  

    ,      .  

 ,       

      .   

      .    

       ,    

    .  

     ,    

  є       , 

      .  

      

         

  .  

 

3.3  ь       

 

 

        

  є ,      

           

  -     ,    

. ,  є ,        

     ,   ,  

є     .  є  

,       ,  

       [162].   

 є    ,    

      ,   

     D. Laplaze et al. [163].   , 
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 є           

 . 

     ( ),   

,       ,    

.     є   :  

   ,        ,  

   ,    ,   

    , , .  

   є   :   

 ,       

,         

  (   є )  .  ,   

[150],    2–3  є      

   ~ 1    (     ).  

    ,    ( ) є    

 ,      . 

          

 ,   .   ’     

        

,    є є ,  є  

  ,  є     . 

 [164; 165],       

є   : 

                      
5,02

0

4 












a

a
a

S

I
V           (3.4) 

 Ia –  , Sa –   , ρ –  ,  є 

, 0  –   .  ,   [160],  

     ~ 20÷50 / .    

  є  . 
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   є  ,    

         

 [166],        

   .  [167]    

 ,     є   

         

  ( . 3.3). 

 

. 3.3    ,  є  

  [167] 

   є     

   , ,  .  

       

  .       

      .  

   ’є   (  ) dV ( . . 

3.3),       1, 1´ ( , 

  )      2, 2´ 

(  ).  

     є    

   ’є  dV    

.    « »  ’є  dV є  є   
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(   )     є  

    .    

     ’є  dV   

 ( , ) .   

    є   .  

  ’є  dV є     ,  

    є  (    

   . 3.3),       

     є  .   

є      ,  

 ’є         

. 

       

,       ,  

  .        

    . 

        , 

  .  ,   , 

є      ,    є. 

    /   

   ,      

 .    є  , 

,         

 .     .   

    є      

  .    ,   

        

 ,      .  
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    ( 2, 3)    

    (Fe)    . 

    є  ,    

    .    

 nv (n –     ’є , v –  ),  

  ,       

,       ,    

Fe. ,          

  2 [145].  ,    Fe  

« »  .       

      10%. 

 ,   ,  , є 

~ 103÷104 .        

    10%,      . 

є  « »       

   .    є  « », 

,         [168]. 

         

~ 1200°         

     ~ 1500° .   

   ~ 1800°       

  .    W–C [169] ,   

~ 1200°    .  

  ,       

    ,     

     Fe–C (1158° ).  ,   

        

    . ’    ,   

     .  ,    
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Fe–C [170] є,          

         ~ 3000° . 

       є 

       

     .       

   . , ,     

 .  

  - ,      

,     .  

,         

 ,  : 2, 3, +, 2
+, 3+, Fe+.   

        ,   Fe,  Fe 

   « »  .  

          

    ( . . 3.4). 

 

)              ) 

. 3.4   : )   –  

« »; )   « »    

     ’   

  є    ,   

     -  . 
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  ,       

  (     ) 

є       (Fe). ,   

   - ,    

,  є    (     

, , ).       (   

)   . 

 є ,    (    

« »), є        

,  є   .     

   . ,     

, , є       

.   є      

        [171]. 

     ,  

є         є   

,   ,        

     Si    SiO2  .  

    ,   

        5·10-1  (   , 

 є    ,     

  ). 

,      ,    

« » (150-200° )      

  (103-104)° / .     

  ,      

,       ,   

 .  є  ,        
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    є    ,  є   

’є   ( . 3.5). 

   ,           

         ,  

 , є        ( . 

. 3.5, ).  є    , 

           

. 

   

)       ) 

. 3.5  ,    SiO2    

  

        

Fe–  ( . 3.6),          

     .  
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. 3.6    Fe-C [170] 

 « »        (  

 ),         

 .       . 

        (   

   )      

     є .    

          

 . 

 ,     Fe–    

   , « » (     

 )      .   

є      ,    , 

  .      « »  

,        

.      « »  

   є   ,    

 є     .     

    є .  ,   
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       .  

       є    

 ,   [172].   є  

       ,  

        

[173]. ,      

є         . 

    « »     

        є   

,  .     

 ,       

 .       

   ,   .  

   є  « »    

 ,  ,     .  

     « »   

    .  

     S ( . . 3.3)  

  .       

    є   є  

     .    

,   ,     S 

« »        

 .   ,      

        . 

     C-Fe « » 

  ’         

.    , , ,   
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 ,    .     

   « » (    ) 

   « »    ,   

 ,   ,  є    

  ,       , 

 .     (  ),  є  

« »,     ,   

 « ».     « є»   

,  « »,        

     (      

).        

        [45]. 

  ,   (   ),  

          

 ( . 3.7).       

   ’є    ,   є  

   [174]. 

  
 
) 

 
       ) 

. 3.7     : )   

-  « »     (  ’  ); 

)    « »      

    ’   
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     [173],    

   є     ,  є 

   (~ 1000°  ÷ 1200° ). ,    

           

 ( ,     ), 

 , .    - ,   

   [175],     . 

         

     « ».   [176]   

,      .  

         

 («  »)     ,  

   Y–  ( . . 3.8).   

  ,   ,       

~ 2÷5% є 2290°  [169].      

      2400° . ,  

 ,       

, є        

.     ( , 2400°  – 2290°  = 110° ),  

    (~ 50÷100° )     

         

 .     є   

    ,      

     (   « »). 
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. 3.8    Y–C [169] 

   « »   ,   

  « »,       

   [177]. ,   –   « » 

  є .   « »     

         

 « ».         

       ,  

   . 

 

3.4    3 

     

         

  ,  є  - ,  

  ,     : 

1.        
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 –      ,     

  .    

2. є      ,  

  ,     ,  ,     

  ,      

       « »   

є        « »   

-   -   (     ).  

 « »  ,     

   - . 

3.   « »      

      ,  

           

   « » [178].       

 « »,       

,        

« »,         

  . 

4.       

  ,  ,    

         

    « » [179].  
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 4.     

     

 

4.1      

 

     ,  

         

           

 ,          

       ,  

        є 

 90%   [180].      

    -   

-6,6  « » [181].     ,   

       

 ,      

    є  [182]. 

     ,     

      -    

  ,  ,   

    .       

      [121]. 

       10-20 .  

        

 ,         

      . 

      

        . 4.1.  
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. 4.1  )      ; ) 

       -6,6 

 « » (  ) 

 є     (I),     

   (II)  -   (III). 

      ,  

   (1)    (2)    

   90º.    B  ,  

     r    ,  

  R  ~7,5 ,      (3) 

          

 (4). -   є    

        

( - є    5/20).     

~2400º        (5),  

        

’є    .  

       

 (6),    ,  :   ,  

      [183]. 
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 (~10-2 ) ,       

         

 .          

  (~1014 -3)   є      

     ,     

   ( . 4.2). 

    

. 4.2    Si/SiO2      

        

   (   ).  

   ,  ,    

  ,         

     , ,   

  .      

    (~10-1 )     

   ,      

,      -

,  , є   ,   

     .     

       є  

(    ~10-3     ),    є 
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     .    

       є   PECVD-

         

           

  -6,6- 1  « ». 

 

4.2 CVD-     

 

        

-6,6  « »     .  

,    є  ,   є  

        

  ( )    ,   

         

   ,     ,  

        . 

   ,      

-6,6  ,     

 ,    є :  

-          

[184], , ,  ;       

   ;    

   (      

’є       [112]); 

- ,   ,    ,  

     -   ( ) 

 -      

         

 ,      . 
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   -6,6     

     ,    

           

,  є .     є   

 ,      

  , , ,  є ,   

      ,   

  ,    . 

   ( . 4.3),    ,    

 (1)  0,3 ,  ~70    ~30 ,   

     (2)  10 ,    

   ,   .   

      (3). 

   

. 4.3        

    : )   , )   

  (4)      

        

.    є  ,   

     (  2400° ),    

        .  
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  ,    (5).  

        

  -  5- 20 (6),    

       Al2O3  

   ,  :   ,   

     .  

        

          

  (Fe, Ni)       

.       

     ,    

    .     

       

    ,   

    є ,    

,   є     , 

    ,   

     . 

         

   є       

 ~900–1100° ,       

     .   

є        

,        .  

, ’ є      є    

 . 

       

 ,     
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   ,  є є    

  є  .  

    є       

     ,    

  (Ø4 )    ,  

      ( . 4.4).   

    ,     

   .      

   ,      

      . , 

  ,   є      

  ,        

     400°   60    

     .    

        

      , ,  ,   

          

.        ~1100º . 

   

. 4.4      ,   

   .     

       

 :       

    (500° , 800° , 1000° ),   
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      10    

        . 

       .  

      

   ( . 4.5). 

 

. 4.5       

         

  : , , ,  , , 

, , , ,   [185].    

          

 .   ,    

,     ,     

 ( ,  є    1000°  [186]).  

є          

,   є       

.        

.        ’   

 ,  600–800°      

  .  є     . 

 ,         ,  
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         2*  3*, , 

  ,     є   

         

 [62].         

 ( 2 2),      : , 

, , .   -  –   .  

     ,    

 ,          

  . 

   (  2,  2.1),     

  є     (   

   ),    є    

     ,   

 .   ,    ,  

         

          

 ,     .  

       

         

      6,6- 1  « ».  

    ,    

   є   ,  є  

,    є  ,    

         

. 

       

   -20    1,5·10-5 . 

      ~5·10-4   

,        500-900° . 
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   50° / .    

   20°  ÷1000°     ±5%. 

       

 -        

 .     -  

        

   . 

є          

     .   

,    ,    

    0,05÷0,2  ( . 4.6). 

 

. 4.6       ,  

   ( ) 

        

      ,     

  500÷900º       10-2–10   

          

.   ,  , 1–2 . 
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4.3 Д   ц  а     

а 

 

     ’є  ( ,  )  

 ,         

    ,     , 

         

     [119].  

      ,  

  ,       [187]: 

 
2 2

1 2

2 2

0,4 / 4
ln

/ 4

In n b b L
H

D a a L

   
     

      (4.1) 

 n1 –      ; n2 –     

; І –   ; L –   ; D –  ; a, b 

–      . 

 ,         

     16·103 / .   

        

  . 

 ,         

 ( . . 4.7),  є    ,  

   Ø 1 ,     

        

 .        

~80 ,      (      

 ) 30-120 .      ,  

     ~ 120 .     

          

(400 5 )          
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  .        

  1 / 2,        

 .   ,      

,      (450 3 )  

   .  

 

. 4.7   -6,6,     

 (   ) 

          

      :   

   , ,  ,   

 ,    , 

     ,   

        .  

         

   є     ,   

   .  є    

      .   

’        

        1016  

1013 -3,           

,      'є     
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 .      ,   

 ,    ,  є     

   ,       

   .        

   є  ,     

 ,          

  є    .     

      [188]. 

 ,        

     ’є ,      

    ( . . 4.7). 

   [119],      є  , 

,   ,   ,    

є       ,  , , 

 .    ,  

          

    ,     

  ( . . 4.8),   є      

. 

 

. 4.8     : )   

    «–U1»   ; )  

        |–U2| > |–U1|  
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  [189]      ,     

     .   

  (    )     

       

.    , ,    

      ,   

         

         ,  

  . 

   –U є    [119] 

(        «  »): 

  
ii

ш
i

MeUn

V
R





4,09

2 2
3

2


      (4.2) 

 Ri –   , [ ]; V  –     (  

     , |–V  – V |, V      

), [ ]; n –    , [  -3]; Ui  –  , [ / ]; e – 

 , [ ]; Mi –  , [ ].  

        є 

   Ri,   ,    ( . 

.4.8)    (  400 ).   є  

  ,       

 ~ 0,5-1 eV ( є       

   ,   ). 

  n є         

 ,  ~1014 – 1016 -3.  є   

       (   -100 )  

є є   (      ) 

      .    
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    ,      

     є      

   .        

є  (  800 ).    ,  . 

         

         

     ,   

         

          

,    .     

           

   ,     ,    

      . ,   

 «+50 »     «+45 »     

 ,       є,  

         

.     ,  ,  «+50 », 

, «+5 »,     . , 

,         n ~ 1017 -3,  

  ~2–5         V  

~ 100     Ri є ~1 . 

 

4.4 ь       

 

        

’є       є    

 ,       

.    є  ,    

–     ,  є    
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 ( ), , ,      

 є         ,  

  .  

   -     

 ,        

( . 4.9). R ~100 .   (2)    (1) 

є           

 .    ,  ,   

   ,       

 ,     .      

    ,     .   

   є       (  ). 

 

. 4.9         

   -6,6: 1)     ; 2) 

 ; 3)  ; 4)   ( ) 

        

     ,    

  . 4.10. 

        

           

   4.3 [190]:  

I  = 0,4 enυS       (4.3), 
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 n –  ,  υ –   , S –  , e – 

 , υ =
e i

T M (Mi –  , k –  , Te - 

 ).  

 

. 4.10       

  ,  є    4.3 

    υ,    

     . 

  . 4.10  ,      

  є         «-40» 

– «-80 ».      є    -

           

  є      . 

        

  ,   ~0,5  (  є  ~5800  

[191]),   ,         

 ,        

      .  

    ( . -  4.4)     

   1013–1016 -3. 
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J=Z∙n      (4.4) 

 Z –   ,   , n –  .  

 

 

4.5      

 

      Ni-  

    ,     

            , 

     TiN.     

-6,6  « »      TiN 

   [192].      

  -    ,    

  TiN       

(~800º ),      TiN   

« ’ »       ~400º ,   

    ,   є  

  [193].       4.1. 

      250 .  

        

  ,    4.2  .  

 4.1  

   

  

 

№   
,  

   
,  

 
,  

  
,  

 
, 

 
1 1,5 25 80 10 0,5 
2 1,5 30 70 10 1 
3 1 35 65 10 0,8 
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4.6   ’є      

 

          є    

          

    ’є   ,   є   

.       .      

    - .   

  . 4.11.  

 

. 4.11       -

    

      ,  

         

    . 

   ,      

      20–1100° .      

         

        



111 

 

    ,   є  

-  . 

    ~10-2 .    

  (Al2O3) Ø 10 .      

 Ø 0,5 ,     .    15÷17 . 

      (    )  

 ,          

 10 .             

    .     

  20 .     3-4 .  

    ,     

    .        

     .   

         

   [194]. 

 

4.7    В    4 

 

1.      ,    

      -  

 -6,6  « »,  ,   

    .  

2.         

(~10-2 ) ,         

    (~1014 -3)   є    

   ,     . 

     ~10-1     

      , 

      є  
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 .         

   є  (~10-3-10-1 ),    є 

   . 

3.      -6,6    CVD 

 PECVD  ,     

,      ,  

  є :  

-          

  ,        

   ’є    ,  

,     , ,  

   ,       

; 

- ,   ,    , -

    -     

        

     ,  

    . 

4.      є    

          

   ’є   ,   є   .  

     .       

  - . 
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 5.     

   -6,6- 1  « »  

  

       

     CVD,     

        

      

      . 

       

  :    

        . 

 ,        

         

 ,   є  know-how.  , 

     ,   

   ,    

     .   

         

   : 1)    -  (Fe 

 Ni)           

,      ; 2)  

       -

 (Fe, Ni),     ,    

 (Si, TiN)   (SiO2, Al2O3),      

  ;    

        

;     (Ti , TiN)    

 ; 3)       

     ; 4)   
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    (    

)   ; 5)     ’є   . 

 

5.1      

      

 

   [168],   ’є   SiO2  

   Ni    Si     

~4 .         

         

  (     (  600 ) 

  . 5.1). 

 

. 5.1  Si    SiO2      

  

        

   ,     [195].  є  

   - , -    

,       [169], 

     ( , Ni) є   
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є   є ,    ,     

є   ,     є  

   . ,      

     ,    

       50-100 

 (  є ),     ( . 5.2, ). 

     

)         ) 

. 5.2        

(  Ni,  20   900° ,  2   850° ): ) Si, ) 

Si/SiO2.  

  ,  . 5.2, )  -   Si  

’є   SiO2  ,  є    

 .   Ni   ,   

       . 5.2, ), . 5.2, ) .  

   є,   ,    

      ,  

     ,   ,   SiO2 є 

 ’є ,  є  є    є . 

   ,      

   є    .  є  

      -6,6    
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  Si  Si/SiO2.       

   .  

  ( )  Si  SiO2,    

   ,   ,    

   SiO2    є     Si. 

       є  

- , , ,   ,   

 ,        

 .        Si,  

 ,   є є ,   є  

   ,     , 

 є . 

 . 5.3    Si    Ni 

(   Ni ~200 ),    25 , 900˚ .  

 

. 5.3  Si,  Ni (   ~200 ).   

         

 ,   (  )    .  

       (    

     . 5.4,  1)    

  (    . 5.5,  2). 
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   ,   

    (  1,67% .) ( . 5.4,  5.1),   

  (0,14 % .) ( . 5.5,  5.2). 

   

)       ) 

. 5.4  : )       ,   

  (« 1»); 2)     «  1» 

 5.1   ’є   
  % % %  

Si  43.91 32.22 93.93 SiO2 

Ni 4.77 1.67 6.07 NiO 

O 51.32 66.11   

 100.00    

   

)       ) 

. 5.5 : )       ,   

  («  2»), ; )    

   «  2» 
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 5.2   

’є ,  є  

  %  %  %  

Si  46.51 33.24 99.49 SiO2 

Ni 0.40 0.14 0.51 NiO 

O 53.09 66.62   

 100.00    

      ,    

    ~100   ~10-15     

 (    70 ). 

  Si         

~100  ( . 5.6-5.7) є,      ,   

,  є (  5.3).  

 

. 5.6        Ni 

 (  ~100 ),  25   900° .   
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)       ) 

. 5.7   : )    

  ,     (   «  3»), 

; )       «  3»  

 5.3   

’є ,  є  

  % % %  

Si  46.74 33.33 100.00 SiO2 

O 53.26 66.67   

 100.00    

   ,       

,     ,    

        . 

 є є      ( . 5.6, . 5.8 ),   

   ( . 5.8 ,  5.4).      

  ,  є , є  3,47% ( .).  

    1 .   

  ,  ,    Ni  

      ,    

 5.4. 
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)       ) 

. 5.8    : )    

  ,     (   «  3»), ; 

)       «  3»  

 5.4   

’є ,  є  

  %  %  %  

Si  41.04 31.02 87.80 SiO2 

Ni  9.59 3.47 12.20 NiO 

O 49.37 65.51   

 100.00    

 

     Ni (~10–15 )  

        

       ( . 5.9,  5.5). 

,   ,   є     

 2-4 ,         

       .  

      ,  

,        ,     

є   .   ,    
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     ’є  ,    

  . 

   

)        ) 

. 5.9  : )     

 ,     (   «  2»), ; ) 

      «  2»           

 5.5  

 ’є ,  є  

  %  %  %  

Si  46.74 33.33 100.00 SiO2 

O 53.26 66.67   

 100.00    

        

(SiO2),        ’є ,  

є        

   .       

SiO2    ,     ,    

 Si ( . 5.3– . 5.9),     5.6.  

       Si  SiO2 

(  5.1–5.6) є   ,  SiO2 є 
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 ’є  ,  є є   

       

. 

 5.6     SiO2 
 

 
 

 ,  %  ,  % 

 .   .   .   .  

10-15  3,48 0,38 9,61 1,10 

100  0,73 0,08 2,12 0,23 

200  0,07 0,07 0,21 0,21 

       

  Ni-      

     –    

 ,   є    

,       .  

         є 

     . 

     SiO2    

є     Si  ,  Ni є є  SiO2   

  ( . 5.10).      є  

    SiO2,       Si 

       є .  

   
)    . )  3      )      25                                                                                                          
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)  3      )  25      

. 5.10   (   ~200 )  

: ), )  SiO2; ), )  Si 

-         

       . 5.11. 

   
)      )      

   
)      )      
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  )        )      

. 5.11  SiO2     Ni: ), ) ~200 

; ), ) ~100 ; ), ) ~10-15 .  25 , 900˚ ;    

C2H2 60 , 800˚  

    ,    

     є  «  »,  

      - , 

    ,    

~10-15 .  

       

’   Image-Pro Plus [122]     

          

    -  [197].   

       

 .      

    . 5.12.    

     є  

          

SiO2    є          

 [198].  
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 )   ~200 ,    ~150 2 

 )   ~100 , 
 S  ~150 2 

   

    

  
 

)   ~10 ,    ~7 2 

. 5.12       

      -  
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    є    

  ,      

 ,     є   . 

 ,      

є    SiO2.   [199]    

  ,  є        

 є    SiO2.     1,5 

   SiO2      .   

  1,5         

     SiO2. ,  [199],   

(   1,64)    

(  1,91),       ,  

    SiO2  . ,   [200] 

є ,       473−723°K ,   

    ’є   SiO2, є   

є   є   є   Ni2Si.   

    ,  ’є    SiO2  

  є      

 . 

      ,   

  Si  ’є    ,    ,  

       - 

(    300°  [201])    [202] 

(    650°  [201]).     

   ,     . ,  

 [201]    ,     є   

,   [203] ,        

       (Ni, Co) 

    ,    . 
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  ,  ,     ,  

 ,      ,   є  

,    ,     

.      ’є    

   .    

,    Si    3-5  ( . 5.13, ) 

   Si     150-200  ( . 5.13, ),  

,           

      . 5.13, ,     ,  

   ,     .  

   

. 5.13   Si )    SiO2 3-5 , )    

 SiO2 ~150     

   ,    ( . 5.13, ) є  

        ,   ( . 5.13, 

). ,   ’є      

       (  

    є   [201]:  

   є  ’     

  SiO2,    ;   

  є  є  ,  є 

 ).       
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 Si   ’є   SiO2 (  )  

   Si   ’є   SiO2 (    

)     ,     

    ’є   SiO2 [204, 205],    

є    є    ,  

     [206]. ,    

  SiO2   [201].    

 є  ’        

SiO2,    . 

        

      ’є   

   ( . 5.14 – ).     

    Si/SiO2     ~10-15 

.   25    900˚ .    

      ,  100   200 . 

 

) 

 
) 

. 5.14 ), )   Si/SiO2   

 Ni     .  

  



129 

 

  ,    ,   , 

       є   4  10 ,  

  20 .      є  

     .  є  50 . 

    ( . 5.15)    

  ,      ,   

   .      

є  є ,  є  ,  ,  

  , є       

  (  ),       

   є      

 ’є .   ’   ,   

      є  

- ,     є   є ,   

     є    

  .  

 
)         ) 

. 5.15  -     3D-  

є    ( , )  Ni/SiO2/Si,    

900°  25     ), )     

 є  
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  ,      

є      [207].   

, , ,   [208],     

    . 

 ,      ~10-15  

є    .       

 ~5-50 .          

   ,  ,     

  .  ,     

,       , 

       CVD-    

 -6,6  « »,       

   . 

          

,      ,    2 2 

(5∙10-1 )   (10 ) [209]. 

         

  ( . 5.16). 

   
) 500° ,       ) 500° ,   
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) 600° ,        ) 600° ,   

   

  ) 700° ,       ) 700° ,   

 

) 800° ,   

. 5.16 ,   SiO2-     

,      (    ~10-15 )  
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     ,   

 є ,    ,    

  є .  ,  

  CVD-       є 

800° .       є ,   

  .       

(  5.7). 

 5.7     

  (   60 ) 

  
 

, °   

 

,  

 

, °  

      

 

– – 500 

  ,   – – 600 

  ,   – – 700 

     

 

900 20 500 

   900 20 600 

    , 

   

  

900 20 700 

   –   

   

900 20 800 

        750-

800°           

 ( . 5.17). 

      є  ,  

     ,   
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    .   є 2 . 

  є   є   

 , ,  ,   

  ,  є  . 

  

)       ) 

  

)           ) 

. 5.17 ,   SiO2-     

   .  Ni-  20 , 900º ;  

2 2 60  750-800º : )  ; - )   

      ( . 5.18) ,     

   20÷40 ,       . 

      ,   

:  ,     
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 .       

       (   

).    ,      

 SiO2,   . 5.19.          

    

. 5.18  ,     

    SiO2- ,  Si.  Ni-  20 , 

900º ;  2 2 60 , 800º  

 -        

 ,       , 

    .     

      D (∼1600 –1)  

G (∼1300 –1)    [208].   

 D/G       

        sp3- , 

         . 
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. 5.19       

 ,     SiO2.   

 30   900º ,    2 2 60   850º  

    є    

  ~250 -1    RBM (Radial 

Breathing Mode),      [210],  є 

     . 

    G i D    

  [211].    1580 -1 ,  

1350 -1,  ,     

  .     

    .      

     ,   є   

   . 

        

  ,      (Al2O3).    

   . 5.20. 
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 ,      ,   

 SiO2.     ,    , , 

, ’         

      .  , ,  

  є    ,    

   SiO2 ( . 5.11 , ).   є   

   ,      ,   

     ,     

. 

   
)       )  

 
) 
. 5.20        

25  ( )   ,    ( , ),   

Al2O3, (   Ni  ~100 ) 
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  ( . 5.21),     D/G 

  ,        

 . 

 

. 5.21      

 ,     Al2O3 

     ,      

~100         ~50-200 

.   ,        

   ~5-50 .     

        

     ~85-90%       

50° .     ~10-15 .   

   30   950° ,    60 

,    10-1    860°     90 

.      « »   ( . 5.22). 
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. 5.22    ,   Al2O3, 

  

   ,     

     ( . 5.23). 

 

. 5.23    ,   

 Al2O3,   

        SiO2  

Al2O3.         Si     
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     ( . 5.24),     

   ( .  4).  

   

)      )    

. 5.24    ,   

 Si   TiN,    

 є       

-   ,        

 . 

 

5.2      

 

   є      

 .        

 .        

     є     

 ,   є     

 [212].      ,  

      .  

є , ,       

 [213]. ,   ,     TiN, 

є   Ni-      
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 ,    ,       

  ( . 5.25).  

 

 

. 5.25        (20 , 

900º )    (  2 2 60 , 800º )  

 

     TiN   ,  

      .    

 Ni-      TiN,   

  ,       

    TiN (    ,     

  ),   . 

 . 5.25  ,       

          

Ni,      (   є   ), 

         ~0,5 . 

       ( . 5.25 ), 

    Ni    ,  

,   (       )   

 . ,     

   Ni ’     є є    

  ,     є  
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     .   

є        ,    

  . 

  ,   ,     TiN ( . 

5.26) є       Ni-  

   ,  ,    .  

 

 

. 5.26         TiN-

,  Ti.  Ni-  20 , 900º ;  2 2 60 , 

800º .      

 ,        

,        . 

    Ni-    

  TiN ( ,     

  TiN),  ,      ,  

    .  -  ,  

       . 

      Ni-    

       ,     

, ,  є    Ni-    

 ,   Ni-      

   10  ( . 5.25).  
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є    ,    

    TiN  є    

   ( . 5.26)   ( . 5.27).  

 

 

. 5.27         TiN-

,   Ti.   Ni-  20 , 900º ;  2 2 60 

, 800º .  ,     

      . 5.26-5.27,    

 TiN      Ni- ,   

  .       , 

     . 

       

є       ,    

         .  

        

,           

   ,   ,     

          

    .   ,  

 2 2     Ni-   TiN . 

      ,      TiN, 

       ,   
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є    ,      

  ,     

 ,      ( . 5.26).  ,  

   TiN     є  (     

  ),          

,   ,         

Ni-  , ,    

 .      Ni-    

,   ,     . 

 ,  2 2     , 

   ,   ,       

  є      ,     

 .  ,        

є   Ni-    ,    

2 2          

  ,     ,   

 Ni-   [214].  CVD-   є  

VLS-    [215],   є,     

     . 

     є,    

          

      Ni-     

    .    

     ,     

2 2    є   ,   є  . 

     ,      

 ’є    ( . . 5.24),      

        .  

є        є  
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   є     ’ ,  є 

    ,    є є  є .  

   є       

      ,   є  

         

  -  [216]. 

         

       : 

        

         

    (    є  ),   

        

 ,       

      є   .  

    є    

  є    ,     . 

      .   

    ~7∙10-3 ,     

        ~10  – 1    

     650° .   

     650–850° ,   

         

          

 [217]   ,      

 .         

   ~11–12 .     

 ,       

 5  30 ,    ,  .    

,        
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     ~2∙10-2 .      

  - ,       

  .        

           

           

    .    

    ,        

   ( . 5.25).      

 6   24      . 5.28.  

)         

)         

. 5.28     1-0     

: )   6 ; )   24  
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    . 5.28  ,   

      4    є  

      . 

 . 5.29  ,  є   

        ,   

      . ,  

         

~24       4 . 

 

. 5.29        

    

        

      є   -

       .  

        -20  

  1,5∙10-5        . 

  ,       ,  

   ,      
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   1     .    

  10 ×10 ×3 ,    24 ,  

2,42∙10-4 ,  1,64∙10-2%  ,   ,    

6  – 1,38∙10-4   0,94∙10-2% .      

      ’   ,    

        650° ,   

є   11–12 ,         

.   ,  є     

, , є    ,   

  є   6 .    [218]  

    ,     

   max,  є      

 min >0,        

 є     ’є  , 

      є     

~100    .   є    

        є , 

     .    

       

,   ’є    .  є  

        

 , ,    ,    

     . 

,   ,        

ΔmH,   S        

        ρTiH = 3680-

3700 / 3 [219],         

 24  є: 

Δh = ΔmH / ρTiH∙S  ≈ 192 ,     (5.1) 
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      6  –  Δh ≈ 110 . 

 ,       

1-0  ~100   ~200  є      

  ~25 .        6   

24  є  ,         

    ,   є 

  ,  :   (600-650° )  

   (20-30 ).     , 

    ,      

        

,      ,   є   

 ,     

    200 . 

         

є          

 -    ,    

      . 

                                                  

5.3       

 

         

є          

     ,  

  PECVD [220].  

    [221],      

     є  

,       (  ,  

) є    ,   є. 

’    ,   ,     
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     ,  , 

     ,   

       ,  

.       

          . 

 ,         

         1013-1016 -3, 

   ,       

є       .  

  ,      

 1013 -3     (PC2H2=5·10-1 )   ( . 5.30): 

    

. 5.30   ,     

  ( )    ( ), (  SiO2,  ) 

 ,      , 

є   ,        

[222].     ,    є  

     ,  

 є     .  

   1014 -3       

 ( . 5.31).  
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)       ) 

. 5.31 ,       

  ,  SiO2  

 . 5.31,        ,   

    є    .  

       

    , ,    . 

         

  ,        (~15   

)        

є ,  ,    ( . 5.32, . 5.33, ). 

 
)        ) 
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)    

. 5.32 ,   Fe-   (  SiO2)  

   (1014 -3, PC2H2=5·10-1 ),  

 : ), ) –   ; ) –   

 

 
)          ) 

. 5.33 )    Si/SiO2    , 

 « …»  ,     

 ; )     
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      є  

   ( . 5.33,  5.8),   є  

     ( . 5.33, ).  4, 5, 6 , 

         . 

 5.8    

 C O Si Fe 

 1 33.07 2.0 64.73 - 

 2 26.04 28.17 44.55 - 

 3 27.77 33.46 36.48 - 

 4 28.17 33.42 35.68 0.22 

 5 38.08 30.59 28.69 0.26 

 6 34.80 31.46 31.12 0.19 

   . 5.31, ) є   ,  

   ,      . 

       

    ( . . 5.34) є    

,    . ,     2 2  

      є    

   ,   ,  ,     

є  ( . 5.30, ).     

є         

 ,         

   2 2.     

        sp3- ,  

   ,      

     є . 
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. 5.34  ,     

 ,  SiO2,     

     ,    

є       ,   

 ,      ,  ,   

     2 2,  2 2
+, +, +,  

, ,   .  ,      

      , 

   ,    ,    

  2 2,        

(     ) ( . 5.34). 

         

-    .    , 

,  + є   ,   є  

   (       « »,  

  ,    ,   ), 

  є    ,   є   

        .  ,  , 
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є    ,      

            

 ,  є   .   

     є    

,  є ,  є    , 

       є  

,   ,       

       ’ .  

,         

~1016 -3 є        

 ,         

 ( . 5.35). 

 

. 5.35 ,   ,    45   

  ,       є 

      .    

   є       

  ,   є    

  .         

 ,    є  .  
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  ~1015 -3    (PC2H2=5·10-1 )  

     ( . 5.36 , ): 

    
)               ) 

. 5.36 ) – )        

  (  ),  60  

     (~1-3 .%, PC2H2=5·10-1 )   є 

     ,   є  

   ,  є .   

є   ( . 5.37 , ): 

    
)       ) 

. 5.37 ,       

    : )  3% 2; ) 1% 2 (  – SiO2, 

 ),    ~1015 -3, PC2H2=5·10-1  
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 ,           

є ,   ,        

,  є  є   .    

      ,  

       ,     

(  )  . 

  ,       

           

     SiO2   TiN,     

          

( . 5.38): 

 

. 5.38 ,      SiO2 (  

),    ~1013 -3 

        

         

 є         

(  1014 -3, PC2H2=5·10-1 )      

  («–» 3-5 ).      



157 

 

  150°  (  650° ),     30  (      

      60 ).  

        

      .  

   : PC2H2+3% 2=5∙10-1 ,   

Fe-  ~10-15 ,    20   900° . 

        Si/SiO2 

    є   ( . 5.39).   

,    , є ~10-11 .  

     15-30  ( . 5.40). 

  

. 5.39    Si/SiO2 (     

 ~1014 -3,     –3-5 ) 



158 

 

 

. 5.40 ,    Si/SiO2 (  ), 

   ~1014 -3,     –3-5  

      

      .   

 є      , , 

  ,    

  ,  є  , є   

 .        

  ,        CVD-

  1013  1015 -3 є     ~150° . 

,       є   ~2  ( . 

5.32)  ~11  ( . 5.39)      60   30 ,  

   ,     є    ~8-10 

.  

 ,   ,    

    є    , 

  ,      , 

        .  є  

   , ,    . 
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5.4        

 

  [223], CVD-  є ,   

        

    є   .   

         

   ~10-2–10 .    

,     10-2  є :    

    .  PC2H2 ~10-1–5∙10-1  є 

    ( .  5.1-5.4  5).   

 є         

~5∙10-1   ~10        Si/SiO2  Al2O3   

     (   Ni-  

~10-15 ,    ~850-900°   5 ,  

 ~750-800° ,   45 ). ,   Si/SiO2   

~10  ( . 5.41),    ,    ~5∙10-1  ( . 

. 5.2, . 5.11).     ,   

,  є,  є   .  

 

. 5.41 ,   Si/SiO2    ~10  

(     5 ) 
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 Al2O3     є   Si/SiO2, 

           ( . 5.42).  

 ~10      Al2O3     

 ( . 5.42)      ,     

 ~5∙10-1  ( . 5.22).   ’     10-

15 ,        ,  

є  40 .     Al2O3   ,   

  ( . 5.42, ). 

   
)       ) 

     
)                   ) 

. 5.42 ) – ) ,   Al2O3    ~10  

(     5 ); )    



161 

 

    ,      

      3-10    . 

         ,   

         

 .        

 ,    ,       

  ,      ( . . 5.42, ).  

        ,  

   ,    -    

     .   є    

        [224].  

,     Neophot-32 (  Karl Zeiss, 

Jena, ),  є        

    ,  ,   , 

 є  , є   .     

      ,  

   .      

       ,     

.       є  

 ( ,  є       

     ,   

        

,       ),  

     є .    є  

 ,  ,   ,     (  

 )  є   ,     

    ,      

 (    ,     

  ).   є        
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( . 5.42, ) (          

   Si/SiO2,  є     

( . 5.33, . 5.34, )). 

      Al2O3,    

 Si/SiO2, ,    ,   

    0,1-0,3%     

[225]     5-7%     [226].   

  ,     

 Al2O3 (      )   ( . 

5.43,  5.9). 

   

. 5.43    Al2O3; ) ,    , 

  «  1». ; )    

   «  1» 

 5.9   

’є ,  є  

  % % 

O  44.89 57.21 

Mg  16.06 13.47 

Al  38.52 29.10 

Fe 0.35 0.13 

 100.00  
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    [227],   Fe  Mg є 

4,3·10-4% ( .).         

,     є є   , , 

,        , 

        . 

       

   [228, 229],    ,     

є   MgO,    ,  

      MgO   

MgFe2O4.          

      .  є    

    ,      

,    .    , 

      FexOy,   

є         ,  

  . 

 

5.5     

 

є  ,        

[195].          

   .    

  (~1200° )  є     

    .     є  

 ,      є  . 

          

  є   [230]. 

  ,    , є  

 ’є   є є    - , 
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     (    

).        'є , 

    є ,    

 є   [231].    

  -     

  ,    

.          

     є    

    ,  є : 

1)        (  

 200 ,    2 , U  = -100 , PAr ≈ 1,5 ); 

2)      (   ~1,5 , 

    30 ,   70 ,   ~5 ,  

 ~400 ,      ~200 ); 

3)     -  (Fe  Ni)  

5-15  (    30 ,    25 ,   80 );  

4)   -    ~850-900°  

 5-15         ;  

5) CVD  PECVD-       

(  ~750-800° , PC2H2+3%  ~5∙10-1 ,   10-45 ,  

  1014 -3); 

6)       ’є     

     ( =10-2 , t° =20÷400° ). 

      є  ,   

,   ( . 5.44 , ): 
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)         )  

. 5.44 ) – )   ,   

 Si+TiN,  Ni (     ).  

      ,   

    ,    

      ,     

           

   3-4  [232].  . 5.45 ) – )   

   ,      , 

  .  

    

)       ) 
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) 

. 5.45 ) – )  ,    , 

  ;  .     

           

,        ,     

,         

,    ,   ,  , 

  ,       .    

 ,          

  ,     .  

          

 ( . 5.46)  ,      

є ~20-35 ,        ~180-230 . 

 ,     є     

  ,   ,    є  

        .  

    ~6-7  є   ,    

    ,    ,   

     є    [233]. 
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. 5.46      (  

    ): )   , )   

 

 ,   ,   є  є    є 

 ( , , ),      ,   

  є        .  

  Si-    TiN     

,  , є   ( . 5.47). 

  

. 5.47        

         

) ) 
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    ,    0,3 .   

   .     ( . 5.48 , ): 

  
)       ) 

. 5.48 ) – )        

 ,    

       100 ,  є   

     .  ,    

   ,       

.    (Ti   TiN)  ,  

 , є   ( . 5.49 , ): 

     

)        ) 

. 5.49       

,   
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 ’є      є  , 

   ~800°    .    

  ( . 5.50 , ): 

     

)       ) 

. 5.50 ) – ) ,    Si (    

 4 ) 

           

          

 .     SiO2  

  ( . 5.51): 

     
)       ) 

. 5.51  Si/SiO2,  2,     
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   ( . 5.52, )   ( . 5.52, 

) ,     : 

     
)       )   

. 5.52   a)   )  , 

 Si/SiO2 

 є       

     є  

        ,  

    . 

  [234],     –     

   .  ,   

       - -  

є    ,  є      

     0,5-0,75   1   

[235].  є         

  ,    є       

       -  

.         

      [23].  

     –   

є    є      
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є         

.         

      .  

5.6    5  

1.        

CVD  PECVD      -6,6  « »: 

    (~10-15 ,    

 ,    ,    ~5-50 

),   є     ;  

         

 є     ;   

   ,     , 

     ;  ,  

       . 

2. ,        CVD-

  1013  1016 -3 є     ~150°   

     8-10 .      

є   ~2   ~11 . 

3.       1-0  6 

    10     600°-650°  

        

. ,       

 1-0  ~100   ~200  є     

   ~25 . ,      

 1-0   є      

     є ~200 . 

4.       

      є  
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  :      

    (   200 ,    

2 , U  = -100 , PAr ≈ 1,5 );      

  (     ~1,5 ,     30 ,  

 70 ,   ~5 ,   ~400 ,    

  ~200 );     -  (Fe 

 Ni)  ~5-15  (    30 ,    25 , 

  80 );   -    ~850-

900°   5-15         

; CVD-      

  (  ~750-800° , PC2H2+3%  ~5∙10-1 ,  

 10-45 ,    1014 -3);   

    ’є       

  (     10-2 ,   

 20÷400° ,    3-4 ). 
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Ь  Ь    

    -    

       ,  

       

    ,    

         

  є   .    

    : 

1.         

      -

       (2-5∙104 )  

 ,  - ,    

   -    є     

   . ,     

   є    

,         

     .  

2.       

          

    CVD-     

     .    CVD 

 PECVD-      -

     : 

     є    10-20   

    90°;     

   20-1200° ;     

        V =70-250 

, =1–6 ;     

    1016-1013   -3,      
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  .  

3.       

 CVD      -6,6  « »: 

   ,     

  (~5-50 );     

       є    

 ;    ,  

   ;  ,      

   .   , , 

  ,      

. 

4.     -   

          

    .    

    є   ,  

 ,  CVD  PECVD    

 -6,6  « »     ,  

є є     ,  

         

’є   . ,        

CVD-   1013  1015 -3 є     

~150°        ~ 8-10 .    

  є   ~2   ~11 . 

5.       1-0  6 

      ~10    

       , , 

. ,       
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 1-0  ~100   ~200  є     

   ~25 . 

6.        

       'є ,  

є    .  

      ,    .  

7.        

   є   ,  є 

:    ,     

   ~200 ,    

 ~5-20         ~15-50 , 

        

        1016-1013 -3 , 

      - , 

    . 

 -     –  

 є        

         

  . 
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