Evaluation of the Surface Concentration

of Diffused Layers in Silicon

By GERHARD BACKENSTOSS

(Manuseript received June 12, 1957)

A method for determining the surface concentration of diffused impurity
layers in semiconductors s described. It is shown that the surface concen-
tration may be evaluated if the sheet resistivity of the layer, junction depth,
impurity distribution across the layer, background resistivity and the
majority carrier mobility are known. The caleulations have been made for
several typical tmpurity distributions in silicon.

I. INTRODUCTION

Recently the investigation of the diffusion of electrically active
impurities in semiconducting materials has become important because
of the use of diffusion technology in the fabrication of semiconductor
devices. A diffused layer is characterized by the impurity -distribution;
its mathematical form is obtained by solution of the diffusion equation
with the appropriate boundary conditions. When the distribution is
known, two of the following parameters may be chosen to describe the
layer completely: diffusion coefficient — time product, surface concen-
tration, total number of diffused atoms and concentration at a given
depth. Of these quantities, only the depth is easily measured. Another
readily measured quantity of the layer is its sheet resistivity. But, from
the point of view of the device designer, the junction depth and surface
concentration are the most important quantities, The present paper
shows how the surface concentration of a diffused layer may be obtained
from the sheet resistivity and junction depth if the impurity distribu-
tion, the majority earrier mobilities, and the resistivity of the silicon
are known. The necessary evaluations are given here for the case of
diffusion of Group IIT and V elements into uniformly doped silicon of
the opposite conductivity type.
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Fig. 1 — Assumed impurity distribution, with N, representing the impurity
concentration of the original material.

I1I, METHOD

Fig. 1 shows an assumed impurity distribution, with N, representing
the impurity concentration of the original material. A p-n junction is
formed at a depth xy where the impurity concentration of the diffusant
equals Ny. The depth of this junction 2, can be obtained by one of
several techniques.” * Thus a concentration at a given depth is known.
If all impurities are ionized, the following relation holds for the average
conductivity & of an impurity layer of the thickness xy,

1 1 o
g [ wN@ — N d, M)

PsTo T

with the conditions
N(x) = No, (2)

and N(0) = N, where N, is the surface concentration. The quantity
p. can be obtained by a four-point probe measurement’ on the surface.
In silicon the saturation currents are so low that the junction may be
regarded as an open circuit, so that the measured sheet resistivity is
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Tig. 2 — Lffective mobility u'(N) as determined by radioactive techniques for
donor (curve 1), and aceeptor (curve IT) elements in silicon.

essentially that of the layer alone. N (x) represents the impurity density
as o function of the distance x from the surface, and g is the majority
carrier conductivity mobility, which depends on the ionized impurity
density n. Since only a fraction of the impurity atoms are ionized, par-
ticularly in heavily doped silicon, an appropriate correction must be
made. This fact may be taken into account more directly by introducing
and effective mobility p'(N) defined by:

p' = 1/gpN, (3)

where ¢ is the magnitude of the electron charge and p the resistivity.
The effective mobility u’(N) has been determined by radioactive tech-
niques for different impurity elements* and is shown in Fig. 2.

The results of these measurements can be described approximately
by an analytic expression of the form

ua’ = 300 (19 — log N) for 10"° < N < 5.10% em™
uy = 80 for 5.10® < N < 10 em™

for electrons, and

(4a)
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Fig. 3 — Surface concentration N, versus conductivity (1/p) for an n-type
layer; complementary error function distribution.

’ = 180 (18.2 — log N) for 10" < N < 8.10" em™
"= 40 for 8.107 < N < 10® em™

5
Il

(4b)

.
[

for holes.

The hole mobility u,” was measured only to 6.10" em™ but its decrease
for higher concentrations is so small that the assumption of a constant
mobility up to 10* em ™ is justified. With a specified distribution, the
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Tig. 4 — Surface concentration N, versus conductivity (1/p) for a p-type layer;
complementary error function distribution.

surface concentration, N,, can be evaluated as a function of 1/p.a
from (1), (2) and (4).

III. RESULTS

The ecalculations have been earried out for several distinet distribu-
tions which occur in different diffusion processes.
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Fig. 5 — Surface concentration N, versus conductivity for an n-type layer;
Gaussian distribution.

Case I:

The maintenance of a constant impurity concentration at the sur-
face during the diffusion leads to the complementary error funetion
solution of the diffusion equation, that is

N(z) = N, erfe (z/24/Di).
The results are plotted in Figs. 3 and 4 for an n-type and a p-type layer
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Fig. 6 — Surface concentration N. versus conductivity for a p-type layer;
Gaussian distribution.

103

respectively. N, is plotted versus 1/p.xy with background concentra-
tions Ny as o parameter.

Case I:

If the initial impurity distribution is represented by a é-function, one
obtains after diffusion a Gaussian distribution

N(z) = N, exp (—2°/4Dt).
Figs. 5 and 6 show corresponding plots for n- and p-type layers.
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Case III:

If a constant surface concentration is maintained and the silicon is
simultaneously evaporating at a constant rate, », the resulting impurity
distribution is exponential®

N(z) = N, exp (—vz/D).

Figs. 7 and 8 give the corresponding plots.
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Fig. 7 — Surface concentration N, versus conductivity for an n-type layer;
exponential distribution.
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Case I'V:
Finally, curves for a linear impurity distribution
N(x) = N, — (N, — No)z/x0

are given in Figs. 9 and 10.
It should be pointed out that the effective mobilities u" are different
for elements with different ionization energies. However, the ionization
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Tig. 8 — Surface concentration N, versus conductivity for a p-type layer;
exponential distribution.
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Fig. 9 — Surface concentration N, versus conductivity for an n-type layer;
linear distribution.

energies of all commonly used Group V donor elements differ from each
other only slightly. Therefore, (4a) is approximately true for all these
elements. The differences in the ionization energies of the Group III
acceptor elements are also small, with the exception of indium. Hence,
(4b) is good for boron, aluminum and gallium, but is not valid for
indium. Deviations of N, somewhat less than a factor of two may be
expected in this case.
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Fig. 10 — Surface concentration N, versus conductivity for a p-type layer
linear distribution.
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