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,  (integrated circuit, IC)   1970-  . -

   ,      
 «  » (Moor’s law) [1–3],    

        -
     [4, 5].  . 1 -

     .   
     2-    Fairchild 

Semiconductors,   1961    [6].  -
  42    Pentium 4  Intel, 

  2000      -
  0,18  ( , technology node).  

   . . «   -
» (planar technology) /    -
/  (     substrate, wafer, slice). 

        
  ,   -

   (process flow).   
       -

 (chip, die),       -
 .  
     -

        
   - : 

– -       
,      
  Front-End-Of-Line (FEOL);  

– -       -
    ,  

 Back-End-Of-Line (BEOL).  
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. 1.   : 

 –     Fairchild Semiconductors ( )    10-  -
   (  18 ).       

 ;  –   Intel Pentium 4,  217 2, (   
          https://www.tayloredge.com/museum/processor/processorhistory.html) 

       
 -   . 2 [7].  ,   « -
 » (cleanroom fab),     

(materials),  (wafers),    (masks), -
     (design).     

      
(photolithography),   , , -

 (thermal processes),   (implant)   
(etch)       -

 ,     -
 B, P, As –  .   -

  (dielectric deposition)    -
 , , ,  -

.       -
    (metallization)  -

   ,     -
  .   ( , pla-
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narization)      -
  (chemical mechanical polishing, CMP)  

    cleanroom fab   
  (test),   ,   

(packaging);      (final 
test). 

 

 
. 2.  -     

 

      /  
  (cross-section).  . 3   -

  .     , 
 –     , -
     ,  (scan-

ning electron microscope, SEM) [5].    
        -
    –    

  (thin film).    :  
,  ,  ,  , -

    ,   
(    ),   ( , ).  
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. 3.       ( -
     ) ( );    

    5-      -
     ,      

                                                           0,5  ( ) 

     -
    (    

     )  -
 (      , -

   / ). -
      -
      -

      . 
      

      
.       -

       
.       -

   ,  ,    -
  . ,   -
          -
        

           
.      -

        -
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       -
.  

       
    .     

        
      (stand-

alone tools)  /    (integrated 
tools), . .       

  (  > 0,13 )   -
  ,    . 

,        
      ,  

      ,  
   .     -

       -
   .  , ,   -

 ,    –  ,  -
    , -

       
     -  . 

      [8] 

Stand-Alone tools: 
        

     

In-line    ,      
  ( ,  ) 

At-line    ( , )  

Off-line     (   -
) 

Integrated tools: 
  /     -

        

On-line      ,     
 

In situ   ,     
      (real-time 

measurement) 



 

8 

      -
/    : 

–  cleanroom fab –   . 
   ,   -

 ;     
    production line ( .   

  [9]).       -
 :  

1)  ( )    
  (patterned wafers)    «   -

» (production wafer lot).     -
      -

        -
  ;  

2)   «  » (test wafer,  
 « - » – monitor wafers), , 
,      
/ . 

    , -
   cleanroom fab,  in-line  ( -

, , , ).    
  in-line control, in-line metrology, in-line inspection, 

in-line monitoring,    in-line .  
in-line    (non-destructive), . .  

       
   ,    (non-contamina-

ting).         
 ,        

   . 
  in-line  :  

1)       
   ,    -

 ;  
2)      

     , -
   .    

      -
    .    -

      -
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     -
    .  
       ( , 

)    (Upper Control Limit, 
UPL,  Lower Control Limit, LCL).    

      -
    –   

       -
   .  

– At-line    «  » -
,  ,   ,   

    .  
       , 

     . 
,    ,   

 ,    .   
           

      -
 -  ;  

– Off-line     ,   -
       , 

   .    -
      . 

     , ,  in-line 
  ,    

      -
 ,     .   

   ,    
   .  

    ( ),  ,   
        -

       -
   ,    -

–  in-line .      -
  .    (   

   Physical Vapor Deposition, PVD)  
       -

       [10]. -
     ,  (   
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 – Chemical Vapor Deposition, CVD)  -
      . -

     ( -
) ,  (Plasma-Enhanced Chemical Vapor Deposition, 

PECVD),  ,    –    
(pulsed-CVD)  -  ,  (Atomic Layer Depo-
sition, ALD).      -

    [11–13].  
        

       
 ,      (  )  

     -
  .      -
 -    ,  

 /  ,     
.  in-line  (      

at-line  off-line)      , , 
     ( ,  -

,  ),    -
, ,  ,  . .  

 ,      ,   -
     . ,  -
        ( -

 ) ,      -
    ,    . 

-   ,     
      

  .     
  /    

    UCL  LCL,    
  .       

       
  ,      ,  

      
.  , ,    -

        
  UCL/LCL     -

     (wafer mapping).   
      -
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        , 
,    .  
       

   in-line   -
      > 0,13  (  -

    ),  ,  -
    – ,    . -

,       -
     ,   

     ,  
       [11–13].   

       -
      -

   , ,    -
 .  

    40-      
      -

    .   -
,       -
,      . -
   ( ,   )     

         : 
https://www.researchgate.net/profile/Vladislav_Vasilyev2/publications. 

       -
   –     

   (FEOL)    -
 (BEOL) .    «  -

»,  (pre-metal dielectric, PMD)   -
 ,     : 
–  1 –        ; 
–  2 –      in-line 

    ;   in-line  
   ;     -
       at-line  

off-line; 
–  3 –       -

 in-line       -
       

  –  ; 




