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We descr ibe  the application of the method of stat is t ical  modeling through the use of an elec-  
tronic digital computer  to solve the problem of the distribution of fi lm thickness for var ious 
geometr ic  and physical  pa rame te r s  in the elements of a deposition system.  

Im depositing fi lm in a vacuum one of the requirements  imposed on the film is the fact that a specified 
distribution through the thickness must be achieved. The distribution of the fi lm thickness depends strongly 
on the geometr ic  shape and the mutual positioning of the elements of the chamber  in which the deposition 
takes place.  The distribution of the thickness is also affected by the distribution of the spatial flux of the 
molecules f rom the vapor ized mater ia l  and by the physical  proper t ies  of the chamber  surfaces  (the molecu-  
lar  reflection coefficients,  the law governing molecular  reflection, e tc . ) .  

Below we demonst ra te  the possibi l i ty of calculating the distribution of the fi lm thickness by the method 
of stat ist ical  modeling [1] through the use of an electronic digital computer .  This method makes it possible 
to solve this problem for ext remely  broad  hypotheses with respect  to the geometry  of the sys tem and with 
respect  to local laws governing the behavior  of the vapor  molecules at the surface.  

The modeling algori thm and the p rog ram based on that a lgori thm for the M-20 computer  a re  universal  
in the sense that they do not requi re  change in ca r ry ing  out the calculations for sys tems with various geo- 
met r ic  and physical  pa r ame te r s  of the elements.  

1. Formulat ion of the Problem.  We are  considering a chamber  (with an inside surface Q) for the 
deposition of f i lms by vaporizat ion of a substance in a vacuum. The chamber  contains the source for the 
deposited substance, l imited by surface F, and a rece iver  surface S (the backing). The geometr ic  shape 
of the sur faces  Q, F, and S, as well as their  mutual positions, may be a rb i t ra ry ,  but a re  assumed to be 
specified. 

Let the local physical  laws governing the p rocess  of v a p o r - m o l e c u l e  t r ans fe r  within the sys tem be 
known: 

1) the distribution ~r(M) for the rate  of substance vaporizat ion at the surface F of the source;  

2) the reflection coefficients R(M) for the vapor molecules at the surfaces  of the sys tem as functions 
of the point M at these surfaces;  

3) the angular distributions T (M, 0, ~) and o)0Vi, 0, ~) in the space of the flux produced by the vapor  
molecule on vaporizat ion and reflection.* 

It is assumed that the vapor  molecules  move within the sys tem without colliding with each other, nor 
with the molecules  of the residual  gases,  and that they a re  moving at a constant velocity in all sections of 

the t ra jec tory .~  

* 0 and ~ a re  the po la r  and azimuthal  angles in a spherical  coordinate sys tem.  
~The last of these assumptions is not absolutely necessa ry .  Consideration of the local change in velocity 
has vir tual ly no effect on the algori thm. 
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F ig .  1. V a p o r i z a t i o n  f r o m  a s m a l l  a r e a  
to a f lat  s u r f a c e  p a r a l l e l  to that  a r e a  (h 
= 25 ram, Ar  = 2.5 ram).  

Under the cited assumptions with regard to the deposi- 

tion process, we formulate the problem of calculating the 

film-thickness distribution 6 (M) at the backing surface S on 

which a portion of the vaporized molecular flux is condensed 

after all of the possible multiple reflections from the surface 

of the system. 

2. Method of the Solution for the Problem. The calcula- 

tion of the distribution 6 (M) is accomplished by the method of 

statistical modeling through the use of an electronic digital 

computer. We will give a statistical description for the appli- 

cation of this method to the film-coating process. 

We will divide the backing surface S into n areas whose 

magnitude is chosen as a function of the required calculation 

accuracy. The film thickness at some point M k of the sur- 

face of S will be approximately defined as 

6 (Mh) --~ zXm~, 
pAS~ 

where Am k is the mass of the substance condensed in the area ASk to which the Mk belongs; 

density of the substance. 

p denotes the 

The mass Am k represents some portion of the mass m vaporized by the source. We can therefore 

write that Am k = pkm, where Pk is some proportionality factor which corresponds to the area AS k. Since 

the coating process is accomplished by the transfer of molecules (~ denotes the mass of" molecules), we 

have Am k = #N k -- Pk#N, where N is the number of molecules released by the source, while N k is the num- 
ber of molecules condensed in the area ASk. From this relationship we see that Pk = Nk/N, i. e,, the fac- 

tor Pk represents the frequency with which the molecules leaving the surface of the source reach the area 

AS k and condense there. 

Having calculated the values of the frequencies Pk for all of the areas AS k, we can find the approxi- 

mate distribution of the film thickness at the surface S, i.e., 

m 
5 k - - - P h -  (k = 1, 2 . . . . .  n). 

pASu 

The  a l g o r i t h m  for  the c a l c u l a t i o n  of the f r e q u e n c i e s  Pk i s  c o n s t r u c t e d  d i r e c t l y  f r o m  the g iven  d e s c r i p -  
t ion  of the deposition process. It is necessary to model the trajectories of a sufficiently large number N of 

molecules leaving the surface of the source, and to calculate the number of molecules Nk condensing in each 

of the areas AS k (k = i, 2 ..... n). 

The calculation of the trajectories begins with the random position - in accordance with the distribution 

o-(M) - of the point from which the molecules leave the surfaee F. In accordance with the distribution T(M, 0, ~) 

we randomly choose the direction in which the molecules move. We then determine the first rectilinear 

segment of the trajectory, for which we find the point P of molecular impact at one of the surfaces of the 

system [2]. In accordance with the physical properties of the surface, at the point of impact the molecule 

may either condense or be reflected. Examining the probability of molecular reflection at this point- equal 

to the reflection coefficient R(P) - we determine which of the two possible events is realized. 

If the molecule impinges on the backing surface and condenses, we determine the number of the area 

to which the point of incidence belongs, and we add one to the counter for the molecules of this area. We 

then begin the calculation of the trajectory for the following molecule. 

If the molecule has condensed at some other surface of the system, this fact is not recorded and we 

begin the simulation of the trajectory for the next molecule. 

If the molecule is reflected from the surface, the following segment of the trajectory is constructed 

in accordance with the known law of reflection ~(M, O, ,~) and the tracking of the molecule is continued. 

Having thus simulated the trajectories for N molecules, we calculate the values for the frequencies 
Pk and the distribution of the film thickness at the backing surface. , 
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3. C a l c u l a t i o n s  I l l u s t r a t i n g  the  A c c u r a c y  of the  S imu la t i on .  A p r o g r a m  has  b e e n  c o m p i l e d  fo r  the  
M-20  d i g i t a l  c o m p u t e r  on the  b a s i s  of the  a b o v e - d e s c r i b e d  a l g o r i t h m  and c e r t a i n  c a l c u l a t i o n s  have  been  
p e r f o r m e d .  We wi l l  p r e s e n t  the  r e s u l t s  f r o m  the  c a l c u l a t i o n  of t he  f i l m - t h i c k n e s s  d i s t r i b u t i o n  fo r  two 
c a s e s  of the  s o u r c e - b a c k i n g  s y s t e m .  In t h i s  c a s e  we have  s p e c i a l l y  s e l e c t e d  s y s t e m s  whose  g e o m e t r y  m a k e s  
i t  p o s s i b l e  t h e o r e t i c a l l y  to  a c h i e v e  the  r e q u i r e d  d i s t r i b u t i o n s .  C o m p a r i s o n  of the  c a l c u l a t i o n s  wi th  the  t h e -  
o r e t i c a l  g i v e s  s o m e  idea  a s  to  the  a c c u r a c y  of the  p r o p o s e d  m e t h o d .  The  m o l e c u l a r  c o n d e n s a t i o n  c o e f f i c i e n t  
a t  the  s u r f a c e  of the  b a c k i n g  was  a s s u m e d  to be  equa l  to  1. 

E x a m p l e  1. V a p o r i z a t i o n  f r o m  a s m a l l  a r e a  to  a f l a t  b a c k i n g  s u r f a c e  p a r a l l e l  to  tha t  a r e a .  I t  i s  a s -  
s u m e d  tha t  the  a n g u l a r  d i s t r i b u t i o n  of the  m o l e c u l e s  on v a p o r i z a t i o n  f r o m  a s m a l l  a r e a  i s  s u b j e c t  to  the  c o -  
s i n e  l aw.  We have  t h e o r e t i c a l l y  d e r i v e d  [3] the  f o r m u l a  fo r  the  r a t i o  of the  f i l m  t h i c k n e s s  5 (IV[) a t  the  po in t  
M to i t s  t h i c k n e s s  60 a t  the  po in t  O fo r  t he  s o u r c e  d F  (see  F i g .  1) and  i t  h a s  the  f o r m  

1 

To c a l c u l a t e  T(M) by  the  m e t h o d  of s t a t i s t i c a l  s i m u l a t i o n  we i s o l a t e d  a c i r c l e  o n t h e  ba c k ing  s u r f a c e  
wi th  i t s  c e n t e r  a t  the  po in t  O and  a r a d i u s  of R = 50 ram,  which  w a s  b r o k e n  down in to  20 a n u l a r  a r e a s  by  
c i r c l e s  w h o s e  r a d i i  a r e  equa l  to  k A r  (k = 1, 2 . . . . .  20). The  c o s i n e  law fo r  t he  r e l e a s e  of m o l e c u l e s  by  the  
s o u r c e  was  s i m u l a t e d  b y  m e a n s  of a r a n d o m - n u m b e r  p i c k - u p ,  t h e s e  n u m b e r s  u n i f o r m l y  d i s t r i b u t e d  t h rough  
the  i n t e r v a l  [0, 1], The  a n g u l a r  d i s t r i b u t i o n  of the  f low of the  g e n e r a t e d  m o l e c u l e s  wi l l  b e  s u b j e c t  to  the  
c o s i n e  law, if f o r  the  i - t h  m o l e c u l e  the  d i s c h a r g e  a n g l e s  0 i and  ~0 i a r e  found f r o m  the  r e l a t i o n s h i p s  

cos 20~ = I --  2~1~, qh ---- 2~1i ,  

where ~i and ~i are random numbers uniformly distributed through the interval [0, 1]. 

On the basis of the described algorithm we found the values of the frequencies Pk and the quantities 

~t k _-- AS,  Pk ( k = l ,  2 . . . . .  20). (2) 
"~h = 6--~ pihS~, 

F o r  c o m p a r i s o n  of the  d e r i v e d  d i s t r i b u t i o n  (2) wi th  the  t h e o r e t i c a l  d i s t r i b u t i o n  (1) we a s s u m e d  tha t  the  quan-  
t i t i e s  T k c o r r e s p o n d  to  the  po in t  r k  = ( 2 k -  1/2) Ar ,  f o r  which  we  c a l c u l a t e d  the  t h e o r e t i c a l  v a l u e s .  

T a b l e  1 shows  the  c o m p u t e r - c a l c u l a t e d  (N = 15,000) and t h e o r e t i c a l  v a l u e s  of T k .  

E x a m p l e  2. V a p o r i z a t i o n  f r o m  a po in t  s o u r c e  to  a f l a t  b a c k i n g  s u r f a c e .  F o r  a po in t  s o u r c e  we a s -  
s u m e  an i s o t r o p i c  law of m o l e c u l a r  r e l e a s e .  The  c a l c u l a t i o n  of d i s t r i b u t i o n  (2) fo r  t h i s  c a s e  p r o c e e d s  in 
the  s a m e  m a n n e r  a s  in the  p r e v i o u s  c a s e .  T h e  d i f f e r e n c e  l i e s  only  in the  f ac t  tha t  i t  i s  the  i s o t r o p i e  m o l e c -  
u l a r - r e l e a s e  law tha t  i s  b e i n g  s i m u l a t e d ,  i . e . ,  

cos O~ = 1 - -  2, h, % = 2a,l~. 

T h e  t h e o r e t i c a l  f o r m u l a  [3] f o r  ~'(M) h a s  the  f o r m  

1 
( M )  = 3 (3) 

T a b l e  1 g i v e s  the  c o m p u t e r - c a l c u l a t e d  (N = 10,000) and the  t h e o r e t i c a l  v a l u e s  of T k fo r  t h i s  e a s e .  

T A B L E  1. D i s t r i b u t i o n  of R e l a t i v e  F i l m  T h i c k n e s s  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

E___x ample I . Exam____ple 2_ ~ .  Exa___mple 1 

calculated ]theoretical I calculated theoretical 11 ~ calculated theoretical 

1,000 
0,966 
0,903 
0,806 
0,694 
0,593 
0,495 
0,411 
0,346 
0,282 

Example 2 

calculated theoretical 

1,000 
0,957 
0,887 
0,794 
0,692 
0,589 
0,494 
0,410 
0,337 
0,276 

1,000 
0,976 
0,908 
0,835 
0,750 
0,672 
0,583 
0,510 
0,442 
0,394 

1,000 
0,967 
0,913 
0,841 
0,758 
0,673 
0,589 
0,512 
0,442 
0,381 

0,226 
0,187 

ii o,1 4 0,126 
0,106 
0,086 

1171 0,072 
I I~ o,o6o 0,053 
]20 0,045 

0,226 
0,185 
0,152 
0,126 
0,104 
O, 086 
0,072 
0,061 
0,051 
0,043 

0,341 
0,303 
0,246 
0,209 
0,184 
0,155 
0,145 
0,126 
0,106 
0,082 

0,328 
0,283 
0,244 
0,210 
0,183 
0,159 
0,139 
0,122 
0,107 
0,095 
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R~M) 
T(M, @, ~) and ~(M, @, ~) 

6(M) 
m 
pk 

r(M) 
0 i and ~i 
N 

NOTATION 

is the distribution of the vaporization rate for the substance at the surface F 

of the source; 

is the coefficient of molecular reflection at the point M of the systemrs surface; 

are the angular distributions within the space of the molecular flux on vapori- 

zation and reflection; 

is the thickness of the film at the point M of the backing S; 

is the mass Of the material vaporized by the source; 

is the frequency of the events which occur as the molecules impact and con- 

dense on an area AS k of the backing; 

is the relative film thickness at the point M; 

are the angles of relief for the i-th molecule; 

is the number of tracked trajectories. 

i~ 

2. 

3. 
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