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A method is proposed for determining the diffusion coefficient in 
cases when data on the surface concentration of the diffusing substance 
are lacking. 

The de t e rmina t i on  of the diffusion coeff icients  D of 
eas i ly  vapor ized  me ta l s  such as zinc,  t e l lu r ium,  cad-  
m ium,  etc. is a s soc ia ted  with a n u m b e r  of diff icul t ies  
[1]. The method usua l ly  employed is that of deposi t ing 
a thin f i lm of r ad ioac t ive  m a t e r i a l  on the sur face  of 
the spec imen.  The solut ion of the p rob l em then has 
the fo rm 

( . ' )  N (x, t) Q exp 7 

In this case  the value of D is eas i ly  de t e rmined  f rom 
the concen t ra t ion  curve  of the rad ioac t ive  subs tance  in 
the spec imen  (a knowledge of Q is not requi red) .  This  
method is ve ry  convenient  when the diffusing subs tance  
does not evapora te  dur ing  anneal ing.  However,  when 
the diffusing subs tance  evapora tes  readi ly ,  the condi-  
t ion Q = eonst  is not sa t i s f ied  and the above solut ion 
becomes unsuitable for calculation. Experience shows 
[2] that the evaporation of metals varies little even in 
an inert gas medium. Moreover, joining specimens 

with their working surfaces face to face does not com- 
pletely eliminate evaporation. In our opinion, one of 

the principal reasons for the considerable scatter of 

the experimental data on the self-diffusion of chro- 
mium [3] is the high vapor pressure of chromium va- 

por at the experimental temperatures. 

It is more convenient to investigate the diffusion of 

easily vaporized metals by another method based on 

saturation of the specimen from the vapor phase. 
In this case the high vapor pressure of the diffusing 

substance is a necessary condition of application of 
the method. This problem is characterized in that a 

constant concentration of the radioactive substance N O 
must be maintained at the surface of the specimen 
throughout the annealing time. As is known [i], the 
solution of the diffusion problem for this process has 

the form 

N(x,t)=No{1--erf( 2/-D-{- ) } -  

~ N0erfc ( x ) 2VT._DT . (1) 

As follows f rom Eq. (1), to de t e rmine  D by this 
method it is n e c e s s a r y  to know the d i s t r ibu t ion  curve  
of the rad ioac t ive  subs tance  in the diffusion zone and 

i ts  concen t ra t ion  at the sur face  of the spec imen  N O . 
However,  the d i r ec t  appl icat ion of this method involves 
cons ide rab le  di f f icul t ies ,  s ince  the exper imen ta l  de-  
t e r m i n a t i o n  of No with suff ic ient  accu racy  is  a lmos t  
imposs ib le  for va r ious  r e a s o n s ,  one of the most  im-  
por tan t  being the sharp  change in the concen t ra t ion  of 
the diffusing subs tance  at the sur face  of the spec imen.  
Moreover ,  af ter  diffusion annea l ing  a ce r t a in  amount  
of rad ioac t ive  subs tance  may  be p r e s e n t  on the sur face  
of the spec imen  itself .  If the so lubi l i ty  of the diffusing 
e l emen t  is l imi ted ,  new phases  may  be formed.  In the 
l a t t e r  case  N O can be es t ima ted  on the bas i s  of the co r -  
responding  phase d iagram;  however,  the accuracy  of 
this e s t ima te  is not suff ic ient  for d e t e r m i n i n g  D. 

These  di f f icul t ies  in the expe r imen ta l  de t e rmina t ion  
of N o have prompted  the development  of ind i rec t  me th-  
ods of d e t e r m i n i n g  that quanti ty.  F o r  example,  in [4] 
N O was d e t e r m i n e d  by ext rapola t ion  of the expe r imen ta l  
curve in J,  log x coord ina tes ,  where J is the in tens i ty  
of the rad ioac t ive  emis s ion ,  which is p ropor t iona l  to 
the concen t ra t ion  of the diffusing subs tance  N, and x is 
the d i s tance  f rom the sur face  of the spec imen.  When 
r e l i ab l e  expe r imen ta l  data a re  ava i lab le  on the N co r -  
r e spond ing  to values  of x c lose  to zero  (of the order  of 
a few mic rons ) ,  this method p e r m i t s  the accura te  ca l -  
culat ion of N O . It is usua l ly  poss ib le  to obtain r e l i ab l e  
expe r imen ta l  data at d i s t ances  of 10-15  # or m o r e  
f rom the sur face  of the spec imen.  In these cases  of 
p r ac t i ca l  impor t ance  ext rapola t ion  becomes  i n d e t e r -  
mina te ,  s ince  on this sca le  the fo rm of the N(x) r e l a -  
t ion is not p rev ious ly  known. In [5] an a t tempt  was 
made to avoid this diff icul ty by cons t ruc t ing  a theore t -  
ical  curve and compar ing  it with the expe r imen ta l  curve  
on a logar i thmic  graph. However,  the appl icat ion of 
this l abor ious  method of t r i a l  and e r r o r  is compl ica ted  
by the fact that in cons t ruc t ing  the theore t ica l  curve it 
is n e c e s s a r y  to c a r r y  out a va r i a t ion  with r e spec t  to 
two unknowns,  No and D. Accord ing ly ,  this method has 
no advantages over that used in [4] and is useful  only 
as a check on the c o r r e c t n e s s  of ca lcula t ion of N O and 
D by the method proposed in [4]. 

We have worked out a method of de t e r min ing  N O and 
D us ing a p robab i l i ty  d iagram.  This  is a l i n e a r  network 
in the coord ina tes  u and x, where  x, as in Eq. (1), is 
the d i s tance  f rom the sur face ,  and u is r e la ted  with 
the  concen t ra t ion  N by the exp res s ion  

N = No (1 - -  err u). (2) 

Compar ing  (1) and (2), we find that u = x/2(Dt)l /z .  This  
means  that the r e l a t ion  between u and x is expres sed  
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Fig.  1. Values of the concen t ra t ion  of the diffusing subs tance  
N as a funct ion of the d i s tance  f rom the sur face  x (p) in p rob-  
abi l i ty  coord ina tes  for va r ious  values  of No: a) D = 10 -9 cm2/ 

sec ,  t =  1 0 h r ;  b) D = 4 . 1 0  - l z e m 2 / s e c ,  t = 4 0  hr. 

by a s t ra ight  l ine through the point  x = 0 (N/N 0 = 1). 
The slope of this l ine will obviously  be equal to 

Ou _ 1 (3) 
Ox 2 1/ Dt 

If ins tead  of the t rue  value of N O in Eq. (1) we take a 
ce r t a in  value Ng ~ No (na tura l ly ,  it may  be both g r e a t e r  
and l e s s  than No), then on the probabi l i ty  d i ag ram,  as 
follows f rom Eq. (1), the dependence of N/N~ on x 
will  not be l inear .  Consequent ly ,  the dependence of N 
on x will l ikewise not be l inear .  It is easy  to see that 
the function N(x) has as i ts  asymptote  the s t ra ight  l ine 
N(x)/N 0 at la rge  values  of x. 

F r o m  the s tandpoint  of the p rob lem posed it was 
n e c e s s a r y  to inves t iga te  the dependence of N/N~ on x 
at d i f ferent  degrees  of devia t ion of N~ f rom the t rue  
value N 0. In o rder  to obtain p rac t i ca l  r e c o m m e n d a -  
t ions it was impor tan t  to c a r r y  out the ana lys i s  in the 
range  of r ea l  va lues  of D and the dura t ion  of the diffusion 
p roce s s  (anneal ing time) t. Fo r  this purpose  we ca lcu-  
lated the dependence of N on x on the p robabi l i ty  d ia -  
g r am for N~ = 1.0N0, 0.9N0, 0.8N 0 . . . . .  0.1N0, 0.01NQ. 
The case N~ > N o did not in t roduce  anything es sen t i a l ly  
new. In these  ca lcu la t ions  the quant i ty  D was var ied  
in the range  10-9-10 - i f  cma/sec,  and t = 10-40 hr. 

As may be seen f rom Fig.  1, which shows the ca l -  
culated dependence of N on x for a number  of va lues  
of N~, the graph of this funct ion is quite smooth and 
the c lose r  to a s t ra igh t  l ine,  the l e s s  N* deviates  f rom 
N o . F r o m  this there  follows the poss ib i l i t y  of de t e r -  
min ing  N O by means  of ex t rapola t ion  of the e x p e r i m e n -  
tal N = N(x) curve  on such a coordinate  network. In 
fact,  if we plot the expe r imen ta l  data on a p robab i l i ty  
d i ag ram and c a r r y  out ex t rapola t ion  to x = 0 by me a ns  
of a s t ra igh t  l ine (bear ing in mind  the smooth depen-  
dence),  we obtain a value that should be close to N o 
(see Eq. (1)). We note that in these  ca lcula t ions  the 
quant i ty  N can be expressed  in a r b i t r a r y  units .  If the 
value of N O calcula ted f rom this ext rapola t ion proves  
suff ic ient ly  accura te ,  then, having cons t ruc ted  on the 

same  graph the dependence  of N/N0 on x, we should 
obtain a s t ra igh t  l ine.  D is  eas i ly  ca lcula ted  f rom the 
slope of this l ine  0u/0x (Eq. (3)). 

When NI 1) (this is our notat ion for the f i r s t  approx-  
imation) d i f fers  f rom NO, the graph of N/Nt l) as a 
function of x will  not be a s t ra igh t  line. As follows 
f rom the behavior  of the concen t ra t ion  curves  on the 
p robab i l i ty  d i ag ram close to x = 0 (see Fig.  1), Nt 1) -> 
_> N o is mos t  p robable  (although, na tu ra l ly ,  the p o s s i -  
b i l i ty  of Nt l) < N o is not excluded). To be specif ic ,  we 
a s s u m e  that Nt l) > N 0. In this case  the graph of N/Nt l) 
vs. x p roves  to be below the t rue  s t ra igh t  l ine N(x)/N 0. 
Repeat ing  the l i nea r  ex t rapola t ion  to obtain a more  
accura te  value,  this t ime  for the curve  N(x)/Nt 1), we 
obtain at x = 0 a c e r t a i n  new value Nt 2). We will a s -  
sume that in this  case also the r e su l t  can only be too 
high, i . e . ,  Nt 2) ~_ No/Nt 1). Consequent ly ,  now divid-  
ing N(x) byNo(1)No (2), we have a new curve  c loser  to the 
s t ra ight  l ine N(x)/N o. This  method of succes s ive  ap-  
p rox ima t ions  obviously converges  and leads  to the va l -  
ue 

N ~r(1) ~,T(2) ~7(3) (4) O ~ J v O  IY0 lvO , . . o  

Obviously,  the fo rm of (4) will not ehange is we con- 
s ider  the sequence 

N(ol)~No, N(o ~) < No,/N(o I) . . . .  etc.  

Repeat ing  the approx imat ion  unti l  NI k) becomes  
equal to 1, we can thus obtain the t rue  value N 0. 

The method desc r ibed  was applied to the case  of 
diffusion of Cd into GaAs in accordance  with the data 
of [5], which a re  p r e se n t e d  in Fig.  2. The ca lcula t i0n  
of the diffusion coeff icient  (Fig. 3) p roved  to be ve ry  
s imple  and even in the f i r s t  approximat ion  led to a 
r e s u l t  very  close to that obtained in [5]. 

When the value of the diffusion coeff ic ient  is approx-  
ima te ly  known, it is poss ib l e  to d e t e r m i n e  N o by v a r y -  
ing D. This  poss ib i l i t y  is examined in Fig.  4. F r o m  
(1) we can der ive  
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Fig.  2. Concen t ra t ion  cu rves  for 
the diffusion of cadmium into 
GaAs accord ing  to the data  of [5]: 
1) T = 868 ~ C, t = 2 . 5 . 1 0 5  see; 
2) T = 993 ~ C, t =6 .55 .104  sec; 
3) T = 1149 ~ C, t =  1.54.104 sec,  
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Fig.  3. Calcula t ion  of the diffusion 
coefficient  f rom curve  2 of Fig.  2 
in p robab i l i ty  coord ina tes  1. The 
value of D is d e t e r m i n e d  f rom the 
slope of the s t ra igh t  l ine 2 obtained 

f rom 1. x in #. 
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Fig.  4. Calcula t ion  of the diffusion coeffi-  
c ient  for curve  2 (Fig. 2) by va r i a t i on  of 
D. Curve  1) D = 5 .10  -11 , 2) 1 . 1 0  - l l ,  and 

3) 5" 10 -12 cm2/sec .  

ter  is a c r i t e r i o n  showing whether  the value of D ob- 
ta ined is the t rue  one, s ince  only in this case  is Eq. 
(5) sa t is f ied.  However,  as may  be seen f r o m t h e  ea leu-  
l a t i o n p r e s e n t e d  (Fig. 4), the accu racy  is not high, s ince  
the slope of the s t ra igh t  l ine  r e p r e s e n t i n g  N as a func-  
tion of erfc  (x/2(Dt) 1/2) is i n sens i t i ve  to var ia t ion  of 

the diffusion coefficient .  
The above ana lys i s  of the va r i a t ion  of the concen-  

t r a t ion  curves  on the p robab i l i ty  d i ag ram enables  us 
to s tate  that the co r r e spond ing  method of l i nea r  e x t r a -  
polat ion combined with the method of success ive  ap-  
p rox ima t ions  makes  it poss ib le  to d e t e r m i n e  r e l i ab l e  
values  of N O and D for diffusion f rom the vapor phase,  
which is conf i rmed by d i rec t  computat ions.  The ca lcu-  
la t ion of No or D by vary ing  the diffusion coefficient  
ma y  also prove useful  when the approximate  value of 
the diffusion coeff ic ient  is known beforehand. 

An e s t ima te  of the a c c u r a c y  of the de t e rmina t ion  of 
D by the method of succes s ive  approx imat ions  using 
l i n e a r  ext rapola t ion,  when the depth of the diffusion 
zone is not l e s s  than 50/~ and the accuracy  of de te r -  
m ina t i on  of the concen t ra t ion  of diffusing subs tance  
in the l ayer  r emoved  +2%, showed that the e r r o r  in 
ca lcula t ing  D does not exceed :t5 rel .  %. When D is 
va r ied ,  the e r r o r  i n c r e a s e s  to 30-40%. 

NOTATION 

Q is the amount  of rad ioac t ive  subs tance  deposited; 
t is the annea l ing  t ime;  x is the d i s tance  f rom the s u r -  
face; er r  is the e r r o r  function; N is the concen t ra t ion  
of rad ioac t ive  subs tance  at a d i s tance  x f rom the s u r -  
face of the spec imen;  N O is the concen t ra t ion  of the 
diffusing subs tance  at the sur face  of the spec imen.  

d 

dN -- Y0. (5) 

Hence it follows that the graphica l  dependence of N on 
er fc  (x/2(Dt)l/2) should be a s t ra igh t  l ine with slope No 
in accordance  with (5) (see Fig.  4). If, however,  D 

Dtrue,  then on the graph we obtain a curve ,  as shown 
in Fig.  4 for the cases  D =  5 . 1 0  - l l  emZ/sec a n d D  = 
= 5 .10  -12 em2/sec ( t rue value Dtrue  = 1 .06 .10  -11 em2/ 
sec). Consequent ly ,  if the o rde r  of magni tude  of D is 
known, it  is  poss ib le  by va ry ing  D to de t e rmine  the 
value that gives a s t ra igh t  l ine on the graph. The fat-  
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