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A method is described by which R is possible to obtain thin diffusion 
layers with various impurity disuibntiom within the layer. Calcula- 
tions and graphs are given which may be used to determine the junc- 
tion thickness and impurity concentration at any point of the diffusion 
layer when the diffusion conditions are known. 

One of the main steps in developing high-fre-  
quency t rans is tors  is impurity diffusion in the 
semiconductor. In particular,  diffusion is employed 
in order  to obtain thin base layers.  At present, 
the most widely used method is diffusion from the 
gas phase. However, this method has a number of 
drawbacks which limit the field of application of 
thin base layers.  If diffusion is carr ied  out in a 
quartz ampul, the quartz must be very pure, as 
otherwise the specimen may become contaminated. 
It is very difficult to  calculate and control the 
impurity vapor pressure  which is necessary  in 
order  to obtain a predetermined impurity concen- 
tration in the specimen. The impurity concentration 
in the surface layer  of a crystal  proves to be so 
high that the breakdown voltage at the emit ter -  
base junction is no greater  than 1.5-2 V; therefore,  
other methods are used for reducing the impurity 
concentration at the surface of the specimen. 
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A diffusion method is proposed which does not 
have the above mentioned drawbacks and which  
makes it possible to obtain base layers with a 
varying impurity distribution within the specimen 
thickness. 

The semiconductor crystal  is placed in an eva- 
cuated chamber in a heat- treatment  furnace, the 
surface of the specimen on which the diffusion layer  
is to form remaining exposed. In order  to achieve 
a high vacuum, the crystal  is heated to the diffusion 
temperature,  after which the impurity begins to 
evaporate from a special evaporator.  It is possible 
to choose the evaporator parameters  in such a way 
that during the evaporation process,  the concentra- 
tion of diffusant at the specimen surface does not 
exceed 10i7-1018 a toms/cm 3. After evaporation 
ceases the crystal  is maintained at the diffusion 
temperature for some time, as a result  of which 

the surface layer  becomes impoverished and the 
depth of the junction increases.  The impurity 
distribution within the specimen thickness will 
vary  depending upon the evaporation time and 
subsequent diffusion. 

THEORETICAL RELATIONSHIPS 

The diffusion processes are described by the 
Fick equations: 

J = - -  D O N  O N  = D f f " N  
Ox ' o---t Ox - - 7 "  (1) 

where J is the diffusion flaw of the material ,  D is 
the diffusion coefficient, and N is the concentration 
of the diffusing particles. 

Equations are given for the one-dimensional 
case. In practice, we are usually faced with the 
problem of impurity diffusion into a semibounded 
body. For  this case, a general formula for (1) is 
derived: 
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where N (~, 0) is the initial impurity distribution in 
the crys ta l  and N 1 (~, 0) is an unknown function which 
is determined from the boundary condition 

J(xtt)  x - o = - - D  dX x-o" (3) 

Usually, the diffusion problem is solved for the 
condition that there is no flow of material  across  
the boundary x = 0 (reflecting boundary) or that the 
impurity concentration at the surface is zero (con- 
necting boundary). In actual crystals ,  a combination 
of these conditions exists, and a flow of impurities 
f rom the crystal  across  the surface takes place. 
As a result,  the boundary condition takes the form 
of (2) and (3): 

D ,c)N ~X,ox t) I ~.o KN (0, t), (4) 

where N(0,t) is the concentration of material  as the 
surface of the crystal ,  and K is a constant determin- 
ing the rate of particles passage across the inter-  
face of the solid and the surrounding medium (in 
particular,  a vacuum). This boundary condition 
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does not take into account  the evacuat ion  ra te  of 
the sys tem,  but in this  case the evacuat ion  ra te  is 
quite high and the e r r o r  will be so s m a l l  that it 
can be ignored.  

Subst i tu t ing exp re s s ion  (2) into (4), we obtain 

0 

4Dr 
= N ,  e 

0 

(5) 

The unknown funct ion N 1 may  be found f rom (5). 
To do this i t  is n e c e s s a r y  to wri te  expl ic i t ly  the 
in i t i a l  impur i t y  d i s t r ibu t ion  N. Let us denote the 
impur i ty  evapora t ion  t ime  by to and the subsequent  
diffusion t ime by t, and let  us a s sume  that in the 

evapora t ion  p rocess ,  the impur i t y  concen t ra t ion  at 
the s p e c i m e n  sur face  is constant .  This  may be r e a -  
l i zed  by cons t ruc t ing  the evapora to r  in such a way 
that the impur i t y  evapora tes  un i formly .  This  is a 
des ign problem.  Then the concen t ra t ion  d i s t r ibu t ion  
within the s p e c i m e n  obtained af ter  the impur i t y  has 
evapora ted  will be desc r ibed  by 

X 

N (x,  to) = N o eric 2--~'D--{~o ' (6)  

where N o is the concent ra t ion  at the spec imen  s u r -  
z 

face and eric Z = 1 - -  ]/--~ e -  ~': dX is an addit ion to 

0 

the e r r o r  function. 
Since diffusion cont inues a f te r  evapora t ion  ceases ,  

we shal l  take exp re s s ion  (6) as giving the in i t ia l  
d i s t r ibu t ion  of the impur i ty  in the spec imen .  It is not 
poss ib le  to solve equat ion (5) by subs t i tu t ing  the 
in i t ia l  d i s t r ibu t ion  (6) into it. The re fo re  we shal l  
der ive  an approximat ion  to (6): 

aXz 

X 4Dto e r f c ~ . . ~ e  , (7) 
2 11 D t  o 

where ~ is an approx imat ion  factor ,  Such an approxi-  
mat ion  is chosen so le ly  for  convenience in in te -  
grat ion.  

Let us a s sume  that the unknown function N 1 may 
be r e p r e s e n t e d  as 

N, = N + f ( x )  (8) 

and let  us fu r the r  a s s u m e  that 

f (x) = S e M~ + T. (9) 

Subst i tu t ing  Eqs. (7), (8), and (9) in (5) and solving,  
we obtain 

-~-(,  + •  
f ( x )  = 2 e r - -  1. (lO) 

Now it is n e c e s s a r y  to subs t i tu te  the function ob- 
ta ined for N 1 into the genera l  so lut ion (2) and solve 
it. As a r e su l t ,  we obtain 

to N {x, t) e 

- - ~ V  / t No 1 + - - ~  

. [erfy ~- e:"+~'~.erfc (y + z)], (11) 

where 

V y = z = K . ( l l a )  

V }- to 

ERROR ANALYSIS 

The p - n  junct ion in a c rys t a l  is known to be lo-  
cated at the point  x 0 where the concen t ra t ions  of 
donor  and acceptor  impur i t i e s  a re  equal.  Usua l ly  
the impur i ty  concen t ra t ion  found in the c rys t a l  
before  diffusion is s m a l l e r  than the concen t ra t ion  
of the diffusing impur i ty  at the c rys ta l  su r face  by 
2 - 4  o rde r s  of magni tude.  Then  the approximate  
fo rmula  (7) yields a re la t ive  e r r o r  of not m o r e  than 
10% in the junct ion r eg ion  for an approx imat ion  

factor ~ = 1.5. During subsequent diffusion this 

error decreases. Thus, the accuracy of formula 

(ii) increases with increase in the ratio of the 

subsequent diffusion time to the evaporation time, t/t 0 . 
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Fig. 2 

We have taken Eq. (7) as the in i t ia l  impur i ty  d i s -  
t r ibut ion .  More exact ly,  diffusion f rom a cons tant  
source  is expres sed  by 

N (y. z) 

Ne  
- - - -  = eric y - -  e ~'+~-w �9 eric (y + z), (12) 
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where 

2 I/5---7/ '  = = K , 

(12a) 

Ne is the impurity concentration in the solid phase 
and is in equilibrium with the impurity density in 
the gaseous phase. 

The differences between (7) and (2) become 

greater with a decrease in the initial diffusion 
(evaporation) time t 0. As a result, the actual depth 
of the junction will be less than that determined 

by (11) for small evaporation times t o . 

EXPERIMENTA L VERIFICATION OF CONCLUS IONS 

Let us assume that the initial impurity distribu- 
tion in the crystal  has the form N = No (the crysta l  
has a uniform impurity distribution over the depth). 
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We may arr ive at such a distribution by setting the 
approximation factor equal to zero.. Then (11) takes 
the form 

N(x , t )  = eft y + e=,+=y=.erfc (y _1_ z), (13) 
No 

where 

__ x Y ~  Y 2 V D'--~' z = K . (13a) 

This formula was obtained by Miller and Smits [3]. 
If in expression (13) x is set equal to zero, we obtain 

an equation for the impurity concentration at the 
crys ta l  surface 

N (0,  t) = ez, erfc z. (14) 
NO 

Using  this expression, we may e a s i l y  determine 
the coefficient K experimentally. To do this, it is 

necessary to have a crystal with constant impurity 

doping which will be used for diffusion in subsequent 
experiments, to heat it for a predetermined time and 
to follow the change in concentration at the specimen 

surface. 
In the present work, germanium doped with 

antimony and having a resistance of 0.005 ohm �9 cm 
was used to determine the coefficient K. As a re -  
sult we have a graph of the coefficient K as a func- 
tion of temperature,  which is given in Fig. 1. 

For  the experimental verification of Eq. (11), 
germanium doped with gall ium and having a r es i s -  
tance of 4 ohm �9 cm was used, with antimony as the 
diffus ant. 

Experimental and theoretical data are given in 
the table, from which it is clear that for a reduc- 
tion in evaporation time t o the e r r o r  in determining 
the depth of the l>-n junction is greater  than was 
previously supposed. 

Direct determination of the thickness of the p--n 
junction [N(x,t) = NaG from formula (11) is quite 
difficult; therefore Eq. (11) is given in the form of 
graphs (Figs. 2, 3, 4) for several  diffusion tempera-  
tures and in inpurity evaporation t imes,  and by 
using these, it is easy to determine the thickness 
of the p-n junction. To do this, it is necessary  to 
know either the initial concentration at the crystal  
surface, the diffusion time, and diffusion tempera-  
ture or the concentration at the surface of the c ry -  
stal after diffusion and the corresponding diffusion 
time and temperature.  

APPLICATION OF THE EQUATION OBTAINED TO 
OTHER METHODS OF IMPURITY DIFFUSION 

Another method exists for reducing the impurity 
concentration at the surface. Diffusion is divided 
into two stages. The f irs t  stage is the basic diffusion, 
which continues as long as is necessary  to obtain 
the predetermined depth of the l>-n junction. The 
second stage involves maintaining the crystal  in a 
vacuum at a definite temperature,  as a result  of 
which the specimen surface layer  is impoverished 
in the impurity while the depth of the p--n junction 
remains almost constant. 

m 

t~ 
sec 

IO 

30 

30 

Table 1 

~ X t h e ~  % 
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Equation (11) obtained earlier is not suitable for 
determining the depth of the junction, since in our 
case the time of subsequent annealing in a vacuum 
is significantly less than the basic diffusion time. 
Moreover, the depth of the junction may be deter- 
mined quite simply from (6) (if we assume diffusion 
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f rom the gas phase).  However ,  by modifying 
f o r m u l a  (11), we can d e t e r m i n e  the change in con- 
cen t ra t ion  at  the s p e c i m e n  s u r f a c e  as a function of 
the t ime  and t e m p e r a t u r e  of anneal ing  in a vacuum.  

To do this it is n e c e s s a r y  to know the t e m p e r a t u r e  
and t ime of bas i c  diffusion. 

a(~,t] T.#$o*C , t . .  / m~n 

, kl  

5 '- - -  

, /  i~ " \ ' k  'yr : i  
t \ \  \ \ .  l .t 

% 

' \ \ 
a 

�9 rmxp I 
t 

, f  I I~ I I I 
e 2 4 o o r i2 t4 g 7 

X 

Fig.  4. a) approx imat ion :  eric ~i/'DYo' b) Actual  

impur i ty  d i s t r ibu t ion  in the c ry s t a l  a f t e r  eva-  

pora t ion  the law _ ~.s.___~ 
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Let us s impl i fy  Eq. (11) with r e g a r d  to d e t e r m i n -  
ing the s u r f a c e  concen t ra t ion :  

N (0, t)  I 
e ~' eric z, (15) 
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where  t o and D O a re  the t ime  and coef f ic ien t  of bas ic  
diffusion,  t and D are  the t ime  and coef f ic ien t  of 
diffusion for vacuum annealing.  In o r d e r  that  e x p r e s -  
s ion e -=~' sha l l  not c l o se ly  app rox ima te  to the 
function e r f c  X, in i t i a l ly  we take ce = 3.5. The a c -  

c u r a c y  of this f o r m u l a  i n c r e a s e s  with a reduc t ion  
in the ra t io  t/ t0,  s ince  in th is  case  the ef fec t  of the 
approx imat ion  fac to r  ce d e c r e a s e s .  

On the bas is  of (15) a number  of graphs were  
cons t ruc ted  for d i f fe ren t  bas i c  diffusion and annea l -  
ing t e m p e r a t u r e s  by us ing  these  graphs it is e a s y  to 
d e t e r m i n e  the vacuum anneal ing  t i m e  n e c e s s a r y  for  
the d e s i r e d  reduc t ion  in impur i ty  concen t ra t ion  at 
the s p e c i m e n  su r f ace  (Fig. 5: top c u r v e - - f o r  t = 30 
sec ;  bot tom c u r v e - - t  = 3 rain, second f r o m  top - - t  =- 
= 1 min,  and second f r o m  bo t tom- - t  -- 2 rain). 
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