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Results a re  shown of a theoretical  and experimental  study concerning the p rocesses  of 
evaporation, mass  t ransfer ,  and condensation of gal l ium arsenide,  as an example of a 
s t rongly  d issocia ted  substance. 

In [1, 2] we have developed a theory of vacuum evaporation, mass  t rans fe r ,  and condensation of a 
substance inside a cyl indrical  vessel  - a theory  based on gasodynamic expansion, with mass t ransfer  
(condensation and reevaporation) of the substance at the walls taken into account. 

t tere we will analyze the flow of the vapor of a completely dissociated substance inside a quasiclosed 
volume with a t empera ture  gradient.  Such a quas[closed volume is established by a split graphite cylinder* 
under the bell jar of a vacuum apparatus.  

We measured  the space distribution of gallium arsenide condensate on Sital plates installed along the 
longitudinal axis of the vessel.  The tempera ture  profile along such a plate was in this experiment  l inear  
{grad T w = const). 

The p r e s s u r e  of saturated vapor above the gallium arsenide layer  was, according to [3], never below 
3 �9 1 0  - 2  t o r r  with the length of free path k << L and k << D throughout the test  range of evaporation t empera -  
tures  f rom '800 to l l00~ The flow of vapor under such conditions constituted a gasodynamic expansion 
with condensation and reevaporat ion.  The flow equation for such a vapor had been derived and subsequently 
solved in [2]. Analytical expressions for the vapor pa ramete r s  in the vessel ,  as ftmctions of the space 
coordinates ,  had also been derived in [2], 

In order  to calculate numer ica l ly  the initial values of pa ramete r s  and the profiles of gasodynamic 
var iables ,  one must f i rs t  determine the evaporation energy for a given test  substance. 

The concept of evaporation energy  is not applicable to gallium arsenide,  because the lat ter  is com-  
pletely dissociated during evaporation. In view of this,  on the basis  of the cr i t ical  t empera tu re  of vapor 
condensation on the vessel  walls,  we will define some effective evaporation energy according to the fol-  
lowing expression [1]: 

t .3 ~_~7!ff 
x~ ~ d ~ - - -  " (1) 

dx 

Expression (1)has  been derived for a diatomtc vapor;  for a vapor with a different a tomtci ty  the expression 
is a lmost  the same [1]. 

In the experiment  we determined the location of section x 0 up to which no condensate had precipi tated 
on a plate, and from this distance we then calculated the effective evaporation energy.  Measurements  

*Details of this quasiclosed vessel  construction and of the test  procedure  were given in [1]. 
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Fig. 2 

Fig. 1. Condensation rate  of gallium arsenide vapor (w, A / s e c ) ,  
as a function of the space coordinate:  1) theoret ical  curve; 2) 
test  curve.  

Fig. 2. Calculated profi les:  1) flow rate;  2) density; 3) p r e s su re  
of gallium arsenide vapor ,  as functions of the space coordinate.  

made on specimens which had been prepared  under various conditions of heat t rea tment  yielded values of 
the evaporation energy  within Ee, eft = 85-90 k c a l / m o l e .  

Calculated and measured  profi les of the condensation rate  are  shown in Fig. 1, and normal ized  
curves  of vapor  pa r ame te r s  are  shown in Fig. 2, as functions of the space coordinate in each. A c o m -  
par ison between calculation /Fig. 1, curve 1) and test  (Fig. 1, curve 2) indicates a close s imi la r i ty  be-  
tween both in t e rms  of the general  trend of the curves  and in t e rms  of where the condensation ra te  is 
maximum. For  a quantitative compar ison between calculation and test ,  we must  define the normal iz ing  
pa rame te r  

PluiD 
W o = 4-Pb / , where I = L - 6" 

The density and the t empera tu re  of a diatomic vapor* at the initial gasodynamic section are  de te r -  
mined from the following relat ion [1]: 

Pl m_ 0.33Ps ( T e )  , T 1 ~ .  0 . 7 T  e .  (2) 

The vapor veloci ty u 1 is a s ingle-valued function of the t empera tu re  T 1 [u 1 = #y-(-R-T1/m)1, white the vapor 
density is re lated to the vapor p r e s s u r e  according  to the Mende leev-Clapeyron  law Ps(Te) = mPs(Te)  

/ R T  e . 

Experimental  studies have been made [3, 6, 71 to determine the p re s su re  of saturated vapor above 
a gallium arsenide  layer ,  as a ftmction of the gallium arsenide tempera ture .  Calculations based on the 
data in [31, for example, have yielded w = 0 .8 .10  -5 c m / s e c  at T e - 940~ and ~ = 0 2 ,  which is by one 
o rde r  of magnitude higher than the test  value (Fig. 1, curve 2). The reason for this is that the measured  
p r e s s u r e  above a gal l ium arsenide layer  represen ts  the sum of a r sen ic  vapor p r e s s u r e  and gal l ium vapor 
p res su re .  It is well known [3, 61 that gall ium arsenide  dissocia tes  completely  during evaporation,  while 
the bond energy  of a r sen ic  in gal l ium arsenide is less  than its dissociat ion energy  and that,  the re fore ,  
the total vapor p r e s s u r e  above a gallium arsenide layer  is determined by the p r e s s u r e  of a r sen ic  vapor.? 

Thus,  the mass  t r ans fe r  of evaporated gallium arsenide  inside a quasiclosed volume can be de-  
sc r ibed  as follows. The p r e s s u r e  of a r sen ic  vapor above the initial gasodynamic section in a vessel  is 
approximate ly  constant  and equal to the p r e s s u r e  of a r sen ic  vapor at that section (no condensation of 
a r sen ic  on the vesse l  walls occur s ,  because of their  high tempera ture) .  

*Gallium arsenide  vapor contains mono- ,  dim and te t raa tomic  molecules [3, 6], but the differences be-  
hzceen their  densit ies and t empera tu res  at the initial gasodynamic section are  small  [1] so that the vapor 
will, therefore ,  be henceforth considered diatomic.  
$The p r e s s u r e  of gal l ium vapor above a gall ium laye r  (and even more  so above a gall ium arsenide  layer)  
is by severa l  o rde r s  of magnitude lower than the p r e s s u r e  of a r sen ic  above a gall ium arsenide  layer  or 
above an a r sen ic  l ayer  [3, 61, 
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Fig. 3. Tes t  curve  of the normal i zed  p a r a m e t e r  w0* as a func- 
tion of the space  coordinate  ~. 

Fig. 4. Effect ive p r e s s u r e  of sa tura ted  gal l ium arsen ide  vapor  
(Ps ,  eft,  t o r t )  as a function of the t e m p e r a t u r e  (T, ~ 

Gallium molecules  move through a r s en i c  vapor ,  the densi ty of the fo rmer  regulat ing the buildup of 
the gal l ium a r sen ide  condensate  l aye r .  Gall ium and a r sen ic  molecules ,  a f t e r  s t r ik ing  the su r f ace ,  move 
along it until they r e e v a p o r a t e .  During col l is ion between gal l ium and a r sen ic  molecules ,  gal l ium arsen ide  
may fo rm according  to to the react ion:  

k Ga (gas)-~ Ask(gas ) 2  k GaAs (b), (3) 

where  k = 2 or  4, depending on the a tomic i ty  of the a r s en i c  molecules .  Obviously,  the probabi l i ty  of the 
forward  react ion  becomes  higher  at  lower  t e m p e r a t u r e s  of the condensation sur face .  Bes ides ,  a lower  
t e m p e r a t u r e  r e su l t s  in a longer  ' l i f e t i m e '  of ga l l ium and a r sen ic  molecules  on the condensation su r face  
p r i o r  to thei r  evapora t ion ,  which a lso  i n c r e a s e s  the probabi l i ty  of fo rming  gal l ium arsen tde  molecules .  

Since the vapor  t e m p e r a t u r e  at  the initial gasodynamic  sect ion drops  to T l = 0 .7Te ,  hence a s table  
assoc ia t ion  of gal l ium and a r s en i c  molecules  d i r ec t ly  in the vapor  phase  is poss ible .  The r a t e o f  this 
p r o c e s s  a lso  inc reases  with dec reas ing  t e m p e r a t u r e .  A c h a r a c t e r i s t i c  feature  of the eondensation p r o c e s s  
in a quasic losed volume is that  the densi ty  of a r s en i c  vapor  molecules  is much higher than the densi ty  
of ga l l ium vapor  molecu les .  

Thus,  the p r o c e s s e s  of mass  t r a n s f e r  and condensation in the case  of gal l ium arsen ide  vapor  differ  
subs tan t ia l ly  f rom the vapor  flow in the case  of an undissociated substance ,  these d i f fe rences  depending 
on both the t e m p e r a t u r e  of the condensation su r face  and the t e m p e r a t u r e  of the vapor ,  i .e . ,  on the ~-co-  
ordinate .  In view of this ,  we introduce some  no rma l i z ing  p a r a m e t e r  w0*(~) which accounts  for the change 
in flow and condensation modes along the v e s s e l ,  i .e . ,  we consider  the flow of a vapor  of constant  compo-  
sit ion: containing only d ia tomic  gal l ium arsen ide  molecules  with the p a r a m e t e r s  Peff(~), ;Jeff(~), e tc . ,  with 
all deviations being due to a var ia t ion  of the vapor  p a r a m e t e r s  at the init[al gasodynamie  sect ion.  

We define w0* (~ as w0*(~) = w(~)/w*(~)W0(cr ). Here  w(~) denotes the measu red  condensation ra te  (Fig. 
1, curve  2), w*(~) denotes the calculated r e f e r r e d  condensation ra te  of d ia tomic gal l ium a r sen ide  (Fig. 1, 
curve  1), and W0(cr ) denotes the m e a s u r e d  condensation ra te  at  a sect ion nea r  the c r i t i ca l  one as ,  for 
example ,  at  } = 0.05. The re la t ion  w0* = f(~) is marked ly  exponential  (Fig. 3). 

Since the vapor  t e m p e r a t u r e  ~nside the ves se l  va r i e s  apprec iab ly  within the zone between the con-  
densation su r face  and the initial gasodynam[c  sect ion (T 1 ~- 0.TTe), hence the probabi l i ty  of assoc ia t ion  of 
ga l l ium arsen ide  vapor  molecules  i nc rea se s  mos t  rap id ly  within this zone. 

The prof i le  w~(~) of the condensation ra te  is w0* = A 1 exp (-Bl~) within the segment  0 < ~ < 0.2 and 
w~ = A 2 exp(-B2~) within the segment  0.4 <~ ~ -< 1 (there is a t rans i t ion  segment  0.2 < ~ < 0.4 between 
them).  The f i r s t  re lat ion is s t r o n g e r  and, apparent ly ,  de te rmined  by the longer  , l i fe t ime, ,  of gal l ium 
m o l e c u l e s t  on the condensation su r face  p r i o r  to the i r  reevapora t ion ;  the second re la t ion  follows f rom a 
shift  of reac t ion  (3) toward ga l l ium a r sen ide  assoc ia t ion  on the condensation sur face  due to a drop in its 

SThe " l i fe t ime" of a r s en i c  molecules  on the condensation su r face  r e m a i n s  shor t  along the ent i re  vesse l .  
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t e m p e r a t u r e .  By vi r tue  of the vapor  t e m p e r a t u r e  being constant  inside the ves se l ,  the re la t ions  Pl* = PI*(~), 
o~' = 0~'(~), and Gt* GI*(~) follow exact ly  the t rend of re la t ion w0* = w0*(D. 

In o rde r  to de t e rmine  the prof i les  of the effect ive p a r a m e t e r s  numer i ca l ly ,  in the case  of d ia tomie  
ga l l ium a r sen ide  molecu les ,  one mus t  know the p r e s s u r e  of s a tu ra t ed  vapor  above the evapora t ing  gal l ium 
a r sen ide  l aye r .  Le t  us de t e rmine  Ps ,  eff  = f(Te) f rom W0(cr)(~) with ol and T 1 for  dia tomic vapor:  

RTe 12pb/mo(cr ) 1 S  RTe (4) 
Ps.eff (Te)=Ps.eff (T~) 

reef f D I / meff 

The re la t ion  P s , e f f  = f(Te), when plotted in l o g P s , e f f ,  1000 /T  e coord ina tes ,  appea r s  in Fig. 4 as 
an a l m o s t  s t r a igh t  line which can be desc r ibed  by the equation 

A 
lgPs elf = ~ -b B, (5) 

where  A = - 2 0 , 3 0 0  and B = 13.05. 

The t e m p e r a t u r e - p r e s s u r e  re la t ion  for sa tu ra ted  vapor  does adequately r e p r e s e n t  the actual r e l a -  
tion for  e lementa l  subs tances  and for subs tances  not d issoc ia t ing  dur ing evaporat ion.  

T e is the 
T w is the 
x is the 

is the 
x 0 is the 
E e is the 
R is the 
u 1 is the 
T 1 is the 
01 is the 
D is the 
L is the 
Ob is the 
Ps  is the 
Ps is the 
7 is the 
m is the 
w is the 
G is the 

NOTATION 

evaporation temperature; 
temperature of the vessel wails; 
space coordinate measured from the bottom of the vessel up; 
dimensionless space coordinate inside the vessel; 
section where net condensation begins; 
evaporation energy of the substance; 
universal gas constant; 
vapor velocity at the initial gasodynamic section; 
vapor temperature at the initial gasodynamic section; 
vapor density at the initial gasodynamie section; 
vessel diameter; 
vessel length; 
density of the gallium arsenide layer; 
pressure of saturated vapor; 
density of saturated vapor; 
adiabatic exponent; 
molecular weight; 
condensation rate; 
vapor  flow ra te .  
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