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- The double-stream diffusion flow has been studied in a general way. It
has been shown that diffusion under different physical ¢onditions can be
obtained from the generalized treatment. If trapping centres are present
or there is non-équilibrium exchange between the species of different streams
of diffusion, it is shown that the diffusion profile does not follow Fick’s law.,
The role of impurities and imperfections on the diffusive flow has also beén
discussed. :

INTRODUOCTION

When diffusion of atoms or any other particle takes place within a solid,
their statistical behaviour is the same. Therefore, the diffusion process of the
ensemble may be well represented by the process of a typical atom int the whole
course of diffusion. At any time a diffusing atom may take either interstitial
or substitutional position in the lattice. Since we cannot visualize the positions
of the particles, it is logical to deal with streams rather than with the species
in the usual sense. A stream is taken as a consequence of diffusing particles
behaving equally and alike everywhere in the current and is characterized
by & uniquely defined diffusivity D. The substitutional and interstitial
processes are single-stream processes. However, in most cases of solid diffusion
both the streams may be present simultaneously. Presence of impurities and
imperfections may cause both the interstitial and substitutional processes
‘to be multi-streamed. In polycrystals, grain-boundary diffusion is much
faster than the diffusion within the grains. Diffusion through a solid body
with impurities acting as traps, having small life-time, has got a main stream
and a retarded stream. Imperfections like dislocations also are very effective
as sources and sinks for the diffusing particles through a solid. If the traps
have long life-time or the foreign atoms form a compound with the impurities
in the main body there will be a flowing stream and a dead stream. If the
traps capture the atoms for a short time and subsequently release them,
there will be a flowing stream and a slow stream. Therefore, in most cases,
one has to consider the' double-stream diffusion flow. When the rates of
diffusion are greatly different, the average of the two rates does not give the
correct picture.
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In a previous paper by the author (Laskar 1961) the equations for the
double-stream process was developed and the cases of dead and soft-trapping
were considered. In this paper the general mathematical treatment is given
and some interesting physical cases have been discussed.

THEORY OF DOUBLE-STREAM PROCESS

The general equations governing the double-stream diffusion processes
developed by the author (Laskar 1961) are: ’
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where

n = concentration of the species.
D = diffusion constant.
K = probability of one species lost into the other.
Subscripts 1 and 2 correspond to species 1 and 2.
It is reasonable to assume that the free stream keeps more or less a steady
supply from the surface and compensates the loss due to trappmg Hence
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Since one of the streams is much slower and the rate of release from the traps
is slower than the rate of capture by the traps, we have

K;>K, and D,;> D,

K, and K;, however, depend on the total number of traps present. If the
concentration of traps be very large, K; and K, will remain effectively constant.
In case of smaller number of traps both K; and K, will decrease with time.
This means the diffusion length W1ll be increased. The following special
cases are now considered.

Gase I: K1n1 = Kanz

The rates of release and capture by the trapping centres are same. Hence
equations (1) and (2) assume the following forms:
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The solutions of (3) and (4) are
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So in case of equilibrium interchange between the two streams, the usual
diffusion-profile in accordance with Fick’s law is obtained.

Case I1: K n, # Kyn,
We try to solve equations (1) and (2) with the help of trial functions
ny =A@ HY; ny=BleTO .. .. .. (6)
where f(t) is a slowly varying function to be determined. Substitution of
(6), in equations (1) and (2) leads to ‘

Axf Alez—KlA +K2B . . . (7)
B —Baf' = BDyf2+K1A—KeB .. ... .. (8
Adding (7) and (8), (A+B)—(Ad+Bjaf = (AD;+BDy)f% .. .. .. (9)

The prime (') refers to differentiation with respect to time. The second terms
in equations (7) to (9), however, are negligible. We are interested in the range
0 <z < 3L (in which the concentration drops by more than one order).
Let X = 3L = 3/f

then of =L = ;‘,i-t (o5 f)

f(¢) being a slowly variable function of ¢, —. log f) may be neglected. With

this approximation, the following values of f? are obtained from equations
(7), (8) and (9)

A'+K1A~KyB
P==ip a0
_ B—K,A+K,B '
P=—3p,— - ()
12 = (A'+B')/(AD,+BDy) N ¢ 1)

When A and B satisfy equations (1) and (2), formulas (10), (11) and (12)
will give the same value for f(f). In case of soft-trapping, D, = 0 and K, # 0.
Both equations (10) and (12) give
f2 = Kye et B
1

So L=’}f='\/D1/Kle*K2‘ R | )]
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Equation (11), however, involves an indeterminant 0/0.
Using this value of f in equation (6), one gets

ny=Ae~%L; py = B(t)e—*IL .. .. .. (14)
T 8n1 Kl _—
4 is independent of ¢ as ——2 = 0, and B = 2 A(1—e~X3t) .
ot K,
K, -
So m=n14ny =4 [1+f (1—e K"’t)]'e'x”“ .. .. (15)
2

Expression (15) is the same as was obtained by the method of ‘diffusion by
trapping mechanism’. The trapped species increase with time until they
reach the solubility limit. When all the traps are filled up the diffusion-

profile will follow the error-function felationship which is natural to expect. '

Case I11 :

For dead trapping, i.e. where the diffusing particles are captured without
release or the solvent ions and atoms form a stable compound with the solute

atoms, we have
D2 —_— 0, Kg = 0

With these conditions, the trial solution (6) reduces equations (1) and (2) to
' 0 = AD,f—K A
B =KA R 4 1)

Hence = ; v/ D,/K, and B = K,At.

The total concentration at any time is given by
ng = A(l4+Kjt)e-#L .. .. .. (1)
The number of trapped particles increases with time; but the diffu-
sion length is independent of time. However, if the number of traps are
not very high, K, decreases with time and the diffusion length increases
correspondingly.
Case IV :
In case when the slow stream gains from the flowing stream without
corresponding release, the conditions would be
Ky=0, D, > Dy #0.
From equations (1) and (2), one gets
’ 0 = AD\f2~K A ‘
B =ADf2+Kyd .. .. .. .. (18)
Hence
L =%=1/DyK, and B = AK{(14+Dy/Dy)

ng = A[14Kqt(1+4 Dy/Dy)le L P ¢ £)
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In this case the increase in the slow stream is more than Case I1I.
Case V:

We now consider the more general case, when a non-equilibrium exchange
takes place between a fast stream and a slow stream. We also assume that
the fast stream has a steady supply from the surface whereas the slow stream is
not able to make up the deficiency. The conditions for this type of diffusion are

D0, Ky50, 2 =0, and 20,

Equations (1) and (2) assume the form

0= AD]fz—.K1A+.K2B

B =BDyfe+Kd—K,B .. .. .. .. (20)
Hence ’
. AD,+BD »
B =_2}"1')—1_3[K1A—K,B] e e
KiA—-K;B
="t D, 2 (22)
The following values of B and A are obtained:
1 ~—e—&1t(De/D1+ Ka|Ky)
B=Ap—F U % )
2.|. 2 o~ K1}(D2/D1+ Ka/K1)
K,
— --fz = [1.'. ]e—Kﬁ(DleﬂKleﬂ .. .. (24)

Tt is found that both the diffusion length and concentration gradient depend
on time rather in a complicated way. The case of soft-trapping is obtained
in putting D, = 0 in equations (23) and (24). If, however, we assume the
case of slow stream D, <D, and B<L 4

Then

ﬂ:%e-'xllwzwﬁ'lexl) ce e el ()
and

B= mﬁm[l_e—wmzmﬁnwlq c .. (28)

neglecting product terms like Dg/D, . B/A. :
In case the release rate is much slower than capture rate, i.e. K3 < Kj, one
obtains

fo= %-Ie—«mvzfﬁlvﬂ e ‘(27) |

s 2 e

Case VI: .
In case when both the slow and fast streams have a steady supply from
the surface to make up the deficiency due to non-equilibrium exchange,
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gﬁ:o and Ong

ot o
The equations (1) and (2) assume the forms

o2
-a—:gl‘ —Kini+Kgn,

02n,
O = D2 —az—2—2+K1n1—K2n2 . . P . (29)

The distribution of diffused particles are given by
.Dl’nl +D2'n2 = (-Dlnol +D2n02)z+c . . .. (30)

= 0.

O=D1

where
noy+nps = No.

DiscussioN

The normal procedure in the studies of diffusion is to draw the error-
function curve and to fit the experimental data in it to determine the diffusion
constants and activation energy. Most of the time this curve-fitting is not
exact. The departure from the usual Fick’s law can be explained with the
ideas developed here. Fisher (1951) showed from experimental observations’

—-x2

that grain-boundary diffusion should follow e-*™ rather than i law.
This can be explained satisfactorily with the double-stream diffusion
principle. It has been shown in the previous paper (Laskar 1961) that diffusion
of cobalt in germanium also follows a simple exponential law which can be
explained by the trapping mechanism. It would be of interest to verify the
diffusion profiles given by equations (15) and (19) in the case of crystals having
high dislocation-content. 1t is known that in case of diffusion of p or n carriers
through junctions in semiconductors the diffusion length does depend on the
life-time of carriers. In transistor device the central diffused layer has to be
made very thin compared to diffusion length. The presence of grain-boundary
affects the performance of the transistor. The mechanism of diffusion under
appropriate trapping condition has to be considered to study such performance.
Further work is in progress regarding the role of trapping mechanism in junction
devices.
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