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Results  of a theoret ical  and experimental  study of the flow of cadmium sulfide vapor through 
a cylindrical  chamber  a re  cited, with condensation and reevaporat ion of vapor f rom the 
chamber  walls taken into account. 

In the study of the kinetics of format ion of vacuum condensates in an "open" volume, the concept 
of t ranspor t  of mat te r  by a molecular  beam is often resor ted  to. Given the differences between the method 
of preparat ion in a quasictosed volume and in an "open" vacuum, this p~tper confronts the problem of ex- 
perimental  investigation of the spatial distribution of condensate thickness (condensation rate) in con- 
s t ruct ing a qualitative model of the mechanism underlying the t ranspor t  of mater ia l  evaporated in a quas i -  

closed volume. 

E X P E R I M E N T A L  M E T H O D  

The quasiclosed volume is formed by a split graphite cylinder d = 50 mm in d iameter  and L = 80 mm 
in length (Fig. 1), the bottom functioning as an evaporator.  

The end sur faces  of the cylinder a re  heated by two distinct radiation heaters  which bring about the 
requisi te  t empera tu re  distr ibution throughout the effective volume. Vert ical  grooves were machined in the 
side wails of the cylinder to accommodate  the devitrified glass ( ,sitall") substrates .  Sitall plates were 
placed in the radial  c ro s s  sections (on a helical line) paral lel  to the base. The mate r ia l s  to be evaporated 
in the experiment were  cadmium sulfide, cadmium selenide, and cadmium telluride. Since all of these 
mater ia l s  exhibit qualitatively identical behavior,  cadmium sulfide alone will be singled out in the fur ther  
discussion of the experimental  resul ts .  The evaporation t empera tu re  T o of the initial mater ia l  ranged f rom 
550 to 750~ the t empera tu re  of the top of the chamber  varied f rom 350 to 500~ respec t ive ly  (the t em-  
perature  distribution along the cylinder walls was linear). The condensation t ime was constant (30 rain) 

in all the experiments.  

Figure  2 shows the distribution of condensate thickness in the radial  cross  sections of the cylinder, 
determined on the ver t ica l ly  positioned plate. It is c lear  that the film thickness remains  constant in each 
such c ross  section, and depends solely on the distance the par t icular  c ross  section is removed f rom the 
evaporator  (graphite cylinder bottom). A s imi lar  pattern was observed when the sitall subst ra tes  were  

laid horizontally.  

The problem probed in the investigation of condensation in a closed crucible can hence be treated as a 
one-dimensional  problem, and the distribution of the pa ramete r s  of the vapor produced f rom the mater ia l  
being evaporated is investigated as a function of only one coordinate (the length of the crucible). 

It is c lear  f rom Fig. 3 that condensation of vapor occurs  when the tempera ture  of the substrate  falls 
below a cer ta in  cr i t ical  t empera tu re  Tcr .  The existence of this cr i t ical  condensation t empera tu re  s tems 
f rom the fact  that the average  "lifetime" of the part icle  adsorbed on the surface (prior to reevaporation) 
shortens with increas ing t empera tu re  of the substrate,  while Tcr  increases  with increas ing vapor density, 

on the other hand [1]. 
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Fig .  1. D i a g r a m  of e x p e r i m e n t a l  a r r a n g e m e n t :  1) c h a m b e r  h e a t e r ;  
2) c h a m b e r ;  3) s u b s t r a t e ;  4) g r a p h i t e  i n s e r t s ;  5) s u b s t r a t e  h e a t e r  

uni t .  

F i g .  2. D i s t r i b u t i o n  of t h i c k n e s s  of c o n d e n s a t e  in r a d i a l  c r o s s  s e c -  
t ions  of c h a m b e r ,  r e m o v e d  f r o m  c h a m b e r  bo t t om by d i s t a n c e s :  1) 
30 m m ;  2) 40 m m ;  3) 50 m m  (h,t~; d,  e ra ) .  

I t  i s  c l e a r  f r o m  Fig .  3 tha t  the  r a t i o  T c r / T  0 i n c r e a s e s  l i n e a r l y  a s  the  e v a p o r a t i o n  t e m p e r a t u r e  T o 
r i s e s .  F i g u r e  4 shows  the d i s t r i b u t i o n  of c o n d e n s a t e  t h i c k n e s s  o v e r  the  l eng th  of the  c y l i n d e r  a t  
two e v a p o r a t i o n  t e m p e r a t u r e s  of the  c a d m i u m  su l f ide .  The  d e p e n d e n c e  h = f(x) r i s e s  a t  f i r s t  a s  the  d i s -  
t a n c e  f r o m  the  e v a p o r a t o r  i s  i n c r e a s e d ,  then  a t t a i n s  a m a x i m u m  and d e c l i n e s  s u b s e q u e n t l y ;  the  p o s i t i o n  
of the  m a x i m u m  sh i f t s  in  the  d i r e c t i o n  of the  top of the  c y l i n d e r  a s  the  e v a p o r a t i o n  t e m p e r a t u r e  i n c r e a s e s .  
The  c o n d e n s a t e  t h i c k n e s s  i n c r e a s e s  wi th  To, so  tha t  the  r a t i o  of f i l m  t h i c k n e s s e s  at  the  m a x i m u m  and in 
the  c r o s s  s e c t i o n  of the  c y l i n d e r  top d e c l i n e s .  

DISCUSSION OF RESULTS 

The most interesting features of the vapor flow and condensation conditions in the quasiclosed vol- 
ume are the presence of a region in the initial stage of the flow patterns where there is no layer of con- 
densate at all, and the clearly defined maximum in the rate of condensation on the walls at some distance 
from the evaporator (Fig. 4). To account for these features in qualitative terms, it is sufficient to assume 
that the mass transfer of vapor from the walls is determined by the independent action of two distinct 
factors: 1) condensation of particles from the directed flow of vapor moving along the walls of the cyl- 
inder; and 2) partial reevaporation of the condensate from the walls back into the stream. The conden- 
sation rate Vco characterizing the first factor depends on the density and temperature of the vapor and 
on the velocity of the stream, while the reevaporation rate Vre characterizing the second factor depends 
solely on the wall temperature$ Tw, and this last dependence is a very sharply expressed one: 

T* 
~ e =  f (r)  e.~:p - -  - ~ - ) ,  ( 17 

w h e r e  f(T) i s  a much  w e a k e r  func t ion  of the  t e m p e r a t u r e  than  exp ( - T * / T ) .  

The  r e s u l t i n g  r a t e  of v a p o r  c o n d e n s a t i o n  on the  w a i l s  i s  d e t e r m i n e d  by  the s t r a i g h t f o r w a r d  equa t ion  

v ( , )  = %o(X) - -  v ~ ( x ) .  (2)  

Thi s  e x p r e s s i o n  can a l s o  be  r e s t a t e d  fo r  s p e c i f i c  m a s s  f lows:  

/ (x)  = ~o(X) - -  irjX). (3) 

The variablejreiS related to T and to Ps(T) (e.g., see [2]) by the formula 

/~e(r)=p~(r)B V 2 ~  - p J ( r ) e x p  - -  �9 (4) 

SWe a s s u m e  tha t  the  hea t  i m p a r t e d  to the  wa l l  a s  the  v a p o r  c o n d e n s e s  does  not a f f ec t  the  t h e r m a l  c o n -  
d i t i ons  of the  wal l .  The  p r o b l e m  i s  t r e a t e d  a s  one of s t a t i o n a r y  c o n d e n s a t i o n  cond i t ions .  
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Fig. 3. Theoretical (I) and experimental (2) dependence 
of ratio Tcr/T 0 on evaporation temperature of cadmium 
sulfide (To, ~ 

Fig. 41 Distribution of thickness of cadmium sulfide con- 
densate over height of crucible at different evaporation 
temperatures: i) T O = 600~ 2) T o = 550~ a) horizontal 
position of substrate; b) vertical position of substrate; 
(h, b~; x, ram). 

The  m a x i m u m  m a s s  f low in c o n d e n s a t i o n  i ce  can  be  d e t e r m i n e d ,  by  a n a l o g y  wi th  Eq. (4), a s  

(Tv) l / 2 ~  
(5) 

Consequen t ly ,  i f  Jco[Tv(x)] > J re[Tw(x)] ,  t h e r e  wi l l  be  no net  c o n d e n s a t i o n  of v a p o r  on the  w a l l s  ove r  
the  e n t i r e  s t r e t c h  of c y l i n d e r  f r o m  the  i n i t i a l  c r o s s  s e c t i o n  (x = 0) to s o m e  c r o s s  s e c t i o n  (x = x0) , w h e r e  

Jco[  (x0)] = jro[ (x0)], (el 
In our  c a s e ,  w h e r e  the  v a p o r  f o r m i n g  in the  i n i t i a l  c r o s s  s e c t i o n  of the  c y l i n d e r  (x : 0, T = T w = To) 

i s  c a p a b l e  of expand ing  f r e e l y  into the  s u r r o u n d i n g  s p a c e ,  we have ,  a l w a y s :  

,o iT,  (0)] < P s  [.%(0)] = ps (r0). 

Consequen t ly ,  a long  the  i n i t i a l  pa th  of v a p o r  e s c a p e  in the  c y l i n d e r ,  wi th  the  wa l l  t e m p e r a t u r e  of the  c y l -  
i n d e r  d e c l i n i n g  s m o o t h l y  down f r o m  the  t e m p e r a t u r e  To, t h e r e  wi l l  be  no net  v a p o r  c onde nsa t i on ,  s i n c e  
a l l  of the  c o n d e n s a t e  b e c o m e s  r e e v a p o r a t e d  f r o m  the  "hot" wa i l s .  

S t a r t i n g  wi th  the  c r o s s  s e c t i o n  x : x0, s o m e  f r a c t i o n  of the  c o n d e n s a b l e  p a r t i c l e s  i s  r e t a i n e d  by the 
s u r f a c e  of the  w a l l s ,  and wi th  i n c r e a s i n g  d i s t a n c e  f r o m  the  e v a p o r a t o r  th i s  f r a c t i o n  i n c r e a s e s ,  wh i l e  the  
c o n t r i b u t i o n  m a d e  by  r e e v a p o r a t i o n  of p a r t i c l e s  to m a s s  t r a n s f e r  on the  w a l l s  d i m i n i s h e s  a b r u p t l y  b e c a u s e  
of the  d e c l i n e  in  the  t e m p e r a t u r e  of the  w a l l s  ( see  Eq. (4)). The c o n d e n s a t e  l a y e r  on the  w a l l s  i n c r e a s e s ,  
and the v a p o r  s t r e a m  beg ins  to b e c o m e  dep l e t ed .  N a t u r a l l y ,  the  t h i c k n e s s  of c o n d e n s a t e  on the  w a l l s ,  a f t e r  
p a s s i n g  t h r o u g h  a m a x i m u m ,  b e g i n s  to dec l ine ,  i t  i s  c l e a r  f r o m  t h e s e  a r g u m e n t s  tha t  the  l i n e a r  d i m e n s i o n  
of the  i n t e r v a l  of r i s e  in  ne t  c o n d e n s a t i o n  can  be  e s t i m a t e d  q u a l i t a t i v e l y  a s  the  l eng th  of the  e f f ec t i ve  r e -  
e v a p o r a t i o n  zone l : x~ - x 0 such  tha t  the  cond i t i on  

!re(X~ = e. (7) 

i s  s a t i s f i e d .  Subs t i t u t i on  of Eq. (4) in to  Eq. (7) y i e l d s  
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exp ( - -  

w h e r e  T~ i s  t he  wa l l  t e m p e r a t u r e  a t  x = x 1. A f t e r  s t r a i g h t f o r w a r d  t r a n s f o r m a t i o n s ,  we have  

T* Tcr 
7" i=  

Tcr q - T *  

R e c a l l i n g  tha t  T* >> T e r ,  and expand ing  the  func t ion  in  a s e r i e s  in  p o w e r s  of Tcr/T*, we f ind,  in  an a p -  

p r o x i m a t i o n ;  

Tcr 
Ti--~ Tcr 1 T* )" 

In t he  c a s e  of a l i n e a r  t e m p e r a t u r e  g r a d i e n t  a l o n g  the  c y l i n d e r  

dTw TI To __ x i dTw Tcr = T o -  x o - - ,  = _ _  
dx dx 

Subs t i t u t i on  of Eq. (9) in to  Eq. (8) y i e l d s  

(8) 

(o) 

(eTo) ~ 
xi = x~ -~ T* dT~w ' (10) 

d% 

w h e r e  ~ = T c r / T  O . 

It i s  c l e a r  f r o m  Eq. (10) tha t  the  e f f ec t i ve  r e e v a p o r a t i o n  zone  b e c o m e s  f u r t h e r  r e m o v e d  f r o m  the  
e v a p o r a t o r  to the  ex ten t  tha t  the  t e m p e r a t u r e  T o r i s e s ,  and in i n v e r s e  p r o p o r t i o n  to the  t e m p e r a t u r e  g r a -  
d i en t  a long  the  c y l i n d e r . *  Th i s  i s  c l e a r l y  c o n f i r m e d  by  the a b o v e  e x p e r i m e n t a l  da ta .  As  n u m e r i c a l  c a l -  
c u l a t i o n s  and c o m p a r i s o n  wi th  e x p e r i m e n t  have  shown,  the  c o o r d i n a t e  x 1 f i t s  qu i t e  c l o s e l y  to the  p o s i t i o n  
of the  m a x i m u m  v a p o r  c o n d e n s a t i o n  r a t e .  

Th i s  m e a n s  tha t  we can  d i s t i n g u i s h  t h r e e  i n t e r v a l s  ove r  the  e n t i r e  r e g i o n  of d i s p e r s i o n  of v a p o r  in 
the  c y l i n d e r :  

1) 0 _< x _< x 0 - r e e v a p o r a t i o n  d o m i n a t e s  o v e r  c o n d e n s a t i o n  and no f i l m  s e t t l e s  on the  w a l l s ;  

2) x 0 < x _< x 1 - c o n d e n s a t i o n ,  whi l e  d o m i n a t i n g  o v e r  r e e v a p o r a t i o n ,  i s  a c c o m p a n i e d  by  only  i n -  
s i g n i f i c a n t  d e p l e t i o n  of the  s t r e a m ,  so tha t  the  t h i c k n e s s  of the  c o n d e n s a t e  f i l m  i n c r e a s e s  wi th  
i n c r e a s i n g  d i s t a n c e  f r o m  the  e v a p o r a t o r ;  

3) x 1 < x - r e e v a p o r a t i o n  of m a t e r i a l  f r o m  the c y l i n d e r  w a l l s  and b a c k  into the  s t r e a m  i s  v i r t u a l l y  
nonex i s t en t ,  and the  s t r e a m  b e c o m e s  d e p l e t e d  wi th  p a r t i a l  c o n d e n s a t i o n  of v a p o r  on the  w a i l s ,  
r e s u l t i n g  in a l e s s e n i n g  of the  t h i c k n e s s  of c o n d e n s a t e  f i lm  with  i n c r e a s i n g  d i s t a n c e  f r o m  the  
e v a p o r a t o r .  

I t  m u s t  be  e m p h a s i z e d  tha t  th i s  q u a l i t a t i v e  e x p l a n a t i o n  of the  o b s e r v e d  f e a t u r e s  of c o n d e n s a t e  f o r -  
m a t i o n  on the  c y l i n d e r  w a l l s  i s  p r e s e n t e d  wi thout  r e f e r e n c e  to the  v a p o r  f low pa t t e rn .  

A q u a n t i t a t i v e  d e s c r i p t i o n  could  be  a c h i e v e d  onty by a t t e m p t i n g  to cope  wi th  the  v a p o r  f tow m e c h a n i s m s  
The  c r i t e r i o n  fo r  r e a l i z a t i o n  of any  p a r t i c u l a r  v a p o r  f low m e c h a n i s m  i s  the  r e l a t i o n s h i p  be tw e e n  the  f r e e  
path  l eng th  (X) of a t o m s  (or m o l e c u l e s )  in  the  v a p o r  b e t w e e n  c o l l i s i o n s  and the  l eng th  of the  e f f ec t ive  r e -  
e v a p o r a t i o n  zone  l and the  l i n e a r  d i m e n s i o n s  of the  c h a m b e r  ( length L and d i a m e t e r  d of the  c y l i n d e r ) .  When  
the e v a p o r a t o r  t e m p e r a t u r e  is  high (T O ~ 800 to 1000~ in the  c a s e  of CdS) and the v a p o r  p r e s s u r e  p ~ 10 -1 
to 10 -2 t o r r ,  when ?t ~- (1-5) �9 10 -1 cm [3] and k << L, k << d and,  m o r e o v e r ,  l < L, the  g a s - d y n a m i c  f low 
mechanism is r e a l i z e d .  

In t h i s  c a s e  v a p o r  f low c o m p r i s e s  g a s - d y n a m i c  e x p a n s i o n  into a v a c u u m  with  c o n d e n s a t i o n  on the  
c y l i n d e r  w a l l s ,  and a l o c a l  M a x w e l l i a n  d i s t r i b u t i o n  of v a p o r  p a r t i c l e s  wi th  r e s p e c t  to v e l o c i t i e s  in  a s y s t e m  

? N o t e  tha t  Eq. (10) does  not d e a l  wi th  the  e f fec t  of s e v e r a l  o t h e r  f a c t o r s ,  a b o v e  a l l  the  c y l i n d e r  d i a m e t e r ,  
on the  v a l u e  of x 1. 
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of coordinates  moving along the cyl inder  walls  at ve loci ty  u p reva i l s  at each point of space  occupied by the 
vapor .  In the init ial  (in the gas -dynamic  sense) c ros s  section,  the veloci ty  (u 0 is equal to the local  speed of 
sound c o [4] 

RT1 (Ii) 
Ul ----- CO ~ ~ T "  

Over the interval 0 -< x _< x0, where vapor flow takes place without condensation, the flowspeed does not 

vary and remains equal to c 0. When x 0 < x, when the flow begins to be subject to "discharge" effects be- 

cause  of the net condensation, the group veloci ty  of the s t r e a m  r i s e s ,  and the t empera tu re ,  density,  and 
p r e s s u r e  of the vapor  in the s t r e a m  all  decline [5]. Solving the gas -dynamics  equations for  a s ta t ionary  
flow with condensation and reevapora t ion  of pa r t i c les  f r o m  the confining walls  taken into account, in the 
one-d imens iona l  approximat ion ,#  we can find the prof i les  of the ga s -dynamics  va r i ab l e s  we a r e  in te res ted  
in. We shall  not ci te this solution here  (that will be done in a s epa ra t e  ar t ic le) ,  and we need only de t e r -  
mine  the value of x 0 and the c r i t i ca l  condensation t empera tu re .  

To do this we have to know the vapor  p a r a m e t e r s  in the initial  ga s -dynamic  c ro s s  section. This c ros s  
sect ion is separa ted  f r o m  the evapora t ion  su r face  by a gas -k ine t ic  l ayer  of th ickness  2~ to 3)~ [6] within 
which the oar t i c les  come to an equi l ibr ium veloci ty  dis t r ibut ion in the s t r e a m  moving at the f lowspeed u 
= c o because  of coll is ions between the pa r t i c les  (noncentral  pa r t i c les  in the f i r s t  instance).  The p rob lem 
of how to s ea r ch  out some re la t ionship  between the par t ic le  dis t r ibut ion functions on the inner  and outer  
boundar ies  of the gas -k ine t i c  l ayer  and how to de te rmine  the initial ga s -dynamic  p a r a m e t e r s  of the vapor  
as it expands into the vacuum has been  solved only r ecen t ly  [6, 7]. We make  use of these r e su l t s  in spec i -  
fying the initial  p a r a m e t e r s  of the vapor:  

TI~---0.7To; pl'~'--ps (To). (12) 

Then, making use  of Eqs. (4), (5), (6), (12), we get: 

3.64ps (Tcr)]/T~cr = 9s (To) ' / T T .  (13) 

In the case  of a two-a tom vapor ,  accord ing  to [2], when Y = 7 /5 ,  

A ( 7* ) (14) 
Ps (To) = ~ e x p  \ To , 

where  A is a constant  cha rac te r i z ing  the m a t e r i a l  to be evaporated.  

We lea rn  f r o m  Eqs. 03) and (14) that the c r i t i ca l  condensation t e m p e r a t u r e  Tc r  can be de te rmined  

f r o m  the equation 

T* T* 
3.64exp( Tcr ) = /  Tc r ,a - - - - ~ 7 - o  ] e x p ( - - ~ 7 - o  ). (15) 

When T c r  << T*, the solution of Eq. (15) can be stated in the f o r m  

Tcr--~T~ 1 - 1 " 3 - T ~  ) T *  ' (16) 

f r o m  which we infer  that, when T O << T*, the c r i t i ca l  condensat ion t e m p e r a t u r e  does not differ  too rad ica l ly  
f r o m  the evapora to r  t e m p e r a t u r e .  

Of course ,  the subl imat ion e n e r g y  of the thin f i lm (E) is somewhat  lower than the subl imat ion energy 
of the bulk m a t e r i a l  (E). TaMng this into account,  we have, instead of Eq. (16), 

Tcr-~---• 0 1--1 .3  T* " (17) 

P r o c e s s i n g  of exper imenta l  data on the bas i s  of fo rmula  (17) showed that ~ = 0.983 in our ease.  

t The one-d imens iona l i ty  of the p rob lem is  made c lea r  by the cons t ra in t  X << d. That  the vapor  p a r a m e t e r s  
a r e  constant  over  the cyl inder  c ro s s  sect ion has been conf i rmed exper imenta l ly  (see below). 
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The experimental  and theoret ical ly  predicted dependences (the latter using formula (17) at ~ = 0.983) 
of the rat io T c r / T  0 as a function of T o a re  plotted in Fig. 2. It is c lear  in the d iagram that the theoret ical ly 
predicted and experimental  dependences T c r / T  o = f(T0) fit c losely in practice.  We can also find, f rom 
formula (17), the coordinate of the c ross  section up to which condensation on the cylinder walls is absent. 
In the l inear fal l-off  of the tempera ture  along the cylinder (dTw/dx = const), we have 

T 0 - -  TCr 

xo = d T w  - '  

d x  

and hence, when formula (17) is taken into account, we obtain 

T 0 ( 1 - •  
T* (18) 

x o = d T  w 

d x  

The conditions of overflow of vapor as a continuous medium flowing into a vacuur: ,  k~vestigated in 
this paper, can go over smoothly into another set of limiting conditions. When x > xt, the vapor can be- 
come depleted to such an extent because of condensation on the cylinder wails that the f ree  path length 
of the molecules  becomes commensura te  with the cylinder dimensions,  and fur ther  motion of the vapor 
will compr i se  a directed molecular  beam. 

It is c lear  in Fig. 4 that the h = f(x) dependence for the ver t ica l ly  positioned plates experiences a 
break, and the dec rease  in the thickness of the condensate as the distance to the top of the chamber  be-  
comes narrowed down takes on a more  abrupt form, while the h = f(x) dependence tends smoothly to sa tu ra -  
tion in the case of backing plates positioned horizontally. This is the charac te r i s t i c  c r i te r ion  of the molec-  
ular beam, since the condensation ra te  for the molecular  beam decreases  as the condenser surface becomes 
fur ther  removed f rom the normal  to the direct ion the beam is moving in. As the evaporation tempera ture  
r i ses ,  the replacement  of the vapor flow mechanism must  take place at large x values, and this has also 
been observed experimental ly (Fig. 4). 

X 

To 
T w 
T 
Tv 
Tcr  
E , E '  

T* = E /R  
R 

PO 
P(Tv) 

Ps 
U 

C 0 

Ul, Tl, Pl 
T 
Vco, Vre 
Jco, Jre 

h 

NOTATION 

is the coordinate reckoned from bottom of chamber; 
is the evaporator temperature; 

is the temperature of cylinder walls; 

is the temperature of evaporation surface; 
is the vapor temperature; 
is the critical condensation temperature; 

are the energy of evaporation of one mole of material at O~ of bulk material and of thin 
film; 
is the charac te r i s t i c  tempera ture ;  
is the gas constant; 
is the molecular  weight of mater ia l ;  
,s the mean f ree  path length; 
is the density of mater ia l ;  
~s the vapor density; 
is the density of saturated vapor;  
is the flowspeed; 
~s the local speed of sound in vapor;  
a re  the flowspeed, tempera ture ,  and density of vapor in initial gas-dynamic  c ross  section; 
is the adiabatic exponent; 
a re  the condensate ra te  and reevaporat ion rate;  
a re  the specific mass  flows due respect ive ly  to condensation and reevaporat ion;  
is the sticking coefficient of molecules  adhering to evaporation surface;  
is the condensate thickness.  
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