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ABSTRACT

Diffusion profiles of cadmium in indium antimonide were measured by
a modified C-V technique and were found to exhibit anomalous behavior, as
commonly found in III-V compounds. The general shape of the diffusion pro-
file on a logarithmic scale is characterized by a concave region close to the
surface followed by a steep front. The steep front is explained by the inter-
stitial-substitutional diffusion mechanism. The concave region is theoretically
shown to be related to a decrease of the diffusion coefficient near the surface.
This decrease is assumed to be the result of the surface proximity rather
than the result of a nonmonotonic concentration dependence of the diffusion
coefficient. This surface effect is physically explained by an extension of the
interstitial-substitutional medel. Computer simulations based on this model
give profiles similar to those experimentally measured.

Cadmium diffusion profiles in n-type indium antimo-
nide exhibit a steep front near the p-n junction and a
concave region (when plotted on a legarithmic scale)
near the surface (1, 2). Such anomalous diffusion is
commonly found in III-V compounds {3) and has
been reported for zinc in GaAs (3, 4), InP (1), and
TnAs (1), phosphorus in GaAs (5), and other diffu-
sion systems.

The basic interstitial-substitutional diffusion mech-
anism (6), which is usually invoked to interpret the
steep front of the profiles, does not explain the concave
region in the profiles, because it leads fo profiles which
are convex with a steep front, The concentration de-
pendence of the diffusion coefficient, obtained from
experimental profiles by applying the Boltzmann-
Matano analysis (3), is nonmonotonic, exhibiting a
maximum at intermediate diffusant concentrations (4,
5). Furthermore, the behavior near this maximum
varies with diffusion time, This result, which is clearly
unphysical, contradicts the monotonic dependence of
the diffusion coefficient on the diffusant concentration
as predicted by the interstitial-substitutional medel.
Consequently, the validity of the Boltzmann-Matano
analysis for this type of diffusion has been doubted
by some authors (4, 5), since the profiles cannot be

expressed in terms of a single variable z/\/t (diffu-
sion depth divided by the square root of diffusion
time). The concave region in the profiles, which causes
a peak in the results of a Boltzmann-Malanc analysis,
js assumed to be related to a surface effect on diffu-
sion. A qualitative explanation of this phenomenon,
relating it to a nonequilibrium of vacancies, has been
given by Tuck (3).

The anomalous behavior described above was ob-
served on a cadmium diffusion profile which was mea-
sured by means of a “graded C-V” technique de-
seribed in the experimental section.

In the theoretical section, we present a generaliza-
tion of the Boltzmann-Matano formula for the case of
a diffusion coefficient dependent upon depth, diffusant
concentration, and diffusion time. By means of this
formula, phenomenological conclusions about the be-
bavior of the diffusion coefficient are reached, showing
that it decreases near the surface. Numerical results
showing good qualitative agreement with experiment
are presented, and suggestions are made ahout the
physical reasons for the phenomenon,

Graded C-Y Profiling Method

The profile of electrically active cadmium diffused
into the InSh was found from C-V measurements on
MOS capacitors in several depths alomg the profile.
This “graded C-V” technique is preferable to the well-
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known radiotracer and resistivity methods because it
eliminates the necessity for removal of successive thin
layers. The method is based on gradual immersion of
a long diffused sample in an etching solution so that
the surface becomes a slightly slopy plane, along
with which the impurity concentration is gradually
changing. The surface type is changed from p to0 n
where the wedge crosses the junction plane. A thin
insulating layer is deposited on the sample, and a series
of small electrodes are placed upon it to form MOS
capacitors as shown schematically in Fig. 1,

From C-V measurements on a MOS capacitor at
high frequency, the type of impurities in the crystal
below it may be determined, and their concentration
may be calculated from the ratio of minimum-to-
maximum capacitance. Similar methods have been used
for shallow implanted layers, but in those, the varying
bias voltage controls the measurement depth, and the °
derivative dC/dV of the measured curve is required to
obtain the profile (7). In our experimental process,
cadmium was diffused for several hours at 400°C into
samples of tellurium-doped InSh with donor concen-
tration of about 1015 em=—3%, cut along <« 111> plane
and polished on the In face. After the diffusion, a slice
about 2.5 cm long was gradually etched, so that a
height difference of about 2 ym was obtained. A narrow
strip along the sample had been protected by photo-
resist before the etching so that a step was formed,
and the distance from every point on the wedged sur-
face to the original surface could ke determined by
measuring the step height, A 1000A pyrolitie Si0.
layer wasg then deposited on the sample, and a series
of 0.6 mm diam capacitors were formed on it by Cr-
Au evaporation. C-V curves of these capacitors at 1
MHz were measured at T7° KL

The measured capacitance iz eguivalent to that of
three capacitors in series: oxide capacitance Cex, de-
pletion capacitance Cgep, and the p-n junction capaci-
tance C;. The junction area is almost equal to the area
of the whole sample, so that C; is large and thus may
be neglected. One is left with the simple structure of
a MOS capacitor at high frequency, and the ionized
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e

Fig. 1. Schematic setup for measurement of o diffusion profile
by the graded C-¥ method. The impurity concentration below ench
MOS capacitor is found from the C-V curve.
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impurity concentration N, may be readily obtained
from the value of Chin/Cox which is a function of the
oxide thickness and substrate doping level, by solving

Cmin 2
N 42 Cox
$F  Qemsheod? 1 Cinin

[1]

Ox

Chin is the minimum of the C-V curve, ¢r is the
Fermi potential, A -is the capacitor atrea, and the
other symbols have their usual meaning.

The accuracy of the graded C-V method is deter-
mined by the following factors: (i) Variation of im-
purity concentration in the depletion region; (ii) vari-
ation of impurity concentration along the sloped sur-
face under the metal electrode; (iii) minority-carrier
generation by background illumination; (iv) magnifi-
cation of capacitance-measurement error as Cmin/Cox
= 1 (see Eq. [1]; (v) inhomogeneity of the slope-
etched surface; (vi} errors in the etching depth
measurement.

For impurity densities above 5 x 10168 cm—3, the
depletion layer width is less than 0.1 um, so that the
impurity concentration may be assumed to be constant
throughout the depletion layer. Making a moderate
slope on a long substrate eliminates the effect of con~
centration wvariation under the metal electrode. The
effeet of background illumination was found to be
negligible from C-V measurements on an n-type sub-
strate with a known impurity concentration.

The minimum detectable change in capacitance is
obtained for impurity concentrations below 1019 ¢m—38,
It may thus be concluded that the graded C-V method
is applicable for measurements of diffusion profiles
in InSb for the range of impurity concentrations § ¥
1016 em—2 = N == 1019 em—3.

Application of the graded C-V method to our cad-
minm-diffusion process gave the profile shown in Fig,
2. The measured profile of active cadmium impurities
is very similar to profiles measured by radiotracer
methods. Hence, the results may be analyzed assuming
that all the cadmium atoms are ionized. The surface
concentration was too high to be measured by this
technique, so the initial part of the profile may he
extrapclated to the maximum solid solubility which
is in the range of 4 x 10%%-2.5 x 102t cmn—2 (8, 9). The
spread of the meagured values is believed to be mainly
due to the nonuniformity of the elched surface, which
was observed visually.

Inspection of the resulting profile motivated an in-
vestigation of the mathematical properties of the dif-
fusion equation corresponding to such a diffusion
profile. The treatment is given in the next section.

Analysis of Diffusion Profiles

We assume that the diffusion process obeys Fick’s
law with an effective diffusion coefficient, D), which
accounts for the detailed transport mechanism. For
fixed temperature, surface concentration, and wvapor
pressures, D may depend on the diffusant concentra-
tion €, the distance to the surface x, and the time ¢.
The diffusion equation is

aC o dC
—-=—[D(C,:r:,t)~——] (2]

at ax ax
The initial conditions are C(x) = 0 for x > 0, and
the boundary conditions (constant source diffusion) are
C(o,t) = C, :
[31

C(ee,t) =0

It is usually assumed in the literature that D is a
function of C oniy.

These are the conditions for application of the stan-
dard Boltzmann-Matane analysis, which gives the
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Fig. 2 Diffusion profile of Cd in InSb, measured by the graded
C-V method. Experimental points represent several copacitors onm

three samples. The surface concentration was too high to be mea-
sured by this technique.

value D{(C) at any conceniration C; on an experi-
mentally-measured profile C (&) as {5)

1 dx <1 :
D(CY) = —-——(-—-—) dC 4
(Cy) 5% \3C CIJ; x [4]

where %; iz the diffusion time used in the experiment.

Functions I(C) that were obtained by applying Eq,
[10] on profiles measured by us and by others (1, 9),
are given in Fig. 3. Functions of similar behavior were
calculated in GaAs for Zn (4) and P (5). The in-
crease in D(C) with increasing C at the low concen-
trations range is a consequence of the steepness of
the experimental profile at the diffusion front and is
physically explainable by the interstitial-subsiitutional
diffusion mechanism (7).

The peak in D(C) at intermediate concentrations
reflects the existence of a concave region in the pro-
files, The fact that the peak of D{(C) is time-depen-
dent (4) leads to the conclusion that the wvalidity of
the results i3 in doubt. The peak in D(C) is physi-
cally unfeasible: it is the outcome of applying Eq. [4]
near the surface, and probably Is not representative
of bulk diffusion (5). In fact, the diffusion depih of
such profiles, plotted vs. square root of diffusion time,
is not a straight line through the origin (4), indicating
that a diffusion coefficient which depends only on the
diffusant concentration as in Eq. [2] does not represent
the actual diffusion process. It is reasonable to as-
sume that in the actual process there is a dependence
of D on z which iz responsihle for special behavior
near the surface, and our previous assumption that a
concentration dependence may account for it led us to
an unphysical resiilt,
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In a more general case, D(C) in Egq. [2] may be
replaced by a function D (x, C, 1), dependent on depth,
diffusant concentration, and diffusion time.

Following the steps for derivation of the Boltz-
mann-Matano formula (3) without any restricting con-
ditions on D, we obtain

D (1, O, t1) L [5]
Xy, i 1) = — — —_—m—
M
2t 5¢
— A
o | o=y

Where?l‘(w, t1) is a known profile at a certain time t;.

This is a generalization of the Boltzmann-Matano
formula, giving the local value of D in a single point
of a three-dimensional space, If D depends only on C,
all the information about D{C) may be extracted from
a single experimental profile by means of Eq. [5], but
an infinite number of profiles is required for doing so
in the general case, Hence, Eq. [5] is not very useful
without further assumptions,

‘With the aid of Eq. [5] we can now prove that a
concave region of the diffusion profiles on a logarithmic
scale indicates that D is increasing in that region from
the surface toward the bull,

The fact that the profile is concave may be expressed
by (see Fig. 4)

d d
—_—— - 6
P (InC)|xy > P (In C) |z [6]

where (21, C1) and (&, €;) are two points on the
profile, and x1 < e,

By Eq. [5], the ratio of the values of D in these
points is

4 <
> 2dC
D_[ _ dx E e
T C
D2 aC f ® zdC
ox F o
C €
i_ J xdC
= _‘32_32 1+ .:2__,,
2
& _f 2dC
axr | =z o
aC 1
ax Cr— Co)m
<8w xg [1+(1 2) 2]
ac Caxs
ax Tl
C
Rihek 2 o,
Y C: @
x 2 Oy,
BSC EA {'-J:t:
From inequality [6] it follows that
4
= (In C) [z
R <1 [8]
—{(InC
ax n Clsy
and by substituting Eq. [8] in Eq. [7] we have
D,
— <1 [9]
Dy
Discussion :

By inspection of diffusion profiles having a concave
region near the surface and a steep front, in light of
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Fig. 3. Concentration dependence of the diffusion coefficient re-
sulting from Boltzmann-Muotano analysis of experimentally measured
Cd profiles in InSb.
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Fig. 4. Two points in the concave region of o diffusion profile.
The diffusion coefficient incregses with increasing depth in this
region.

the previous section it may be concluded that: (i) Deep
in the bulk {where the cadmium concentration is low),
the local diffusion coefficient is decreasing along the
x direction, causing a profile with a steep front; (i)
Near the surface, the local diffusion coefficient is in-
creaging along the x direction, causing a concave re-
gion in the profile.

It is physically reasonable to relate the first phe-
nomenon o a concentration dependence of D (6}, and
the second to the variable x (i.e.,, to an effect of the
surface proximity on D). Ignoring any possible varia-
tions of the model in time, the behavior of D may he
explained qualitatively by a family of curves as shown
in Fig. 5, describing a function D (x, ) that increases
with C and increases with x for small values of = If
we mark a decreasing series of concentrations (rep-
resenting a diffusion prefile) on the curves, we get a
distribution D{x) with a maximum somewhere below
the surface, A plot of this distribution vs. C will ex-
hibit the same properties as the curves in Fig. 3. This
explains the existence of a maximum in the D{C)
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Fig. 5. Curves representing a diffuston coefficient D{x, C) which
increases with C and increases with x near the surface. By plotting
D{x} along a diffusion profile a peck is obtainad.

curve calculated by the standard Boltzmann-Matano
method.

The concentration dependence of D is usually ex-
plained by the interstitial-substitutional diffusion
mechanism with charged interstitial species (6, 3).
Another mechanism, baged on charged vacancies, has
also been proposed for diffusion of Cd in InSb (8).
The dependence on x may be explained by an exten-
tion of the interstitial-substitutional model.

Following the derivation of the standard interstitial
substitutional model (8, 6), it may be shown that

Dy
D(C) = K- C [10]

L

where D; is the interstitial diffusion coefficient, C is
the vacancy concentration, n depends on the interstitial
charge, and K is a constant. In the derivation of Eq.
[106], Cv was assumed to be constant throughout the
sample. Now, if 'we assume that the surface supplies
vacancies to the bulk during the diffusion process, so
that the vacaney concentration Cy is decreasing from
the surface towards the bulk, D might be expressed in
an extended form of Eq. [10]

Dx, C,t) = KD;

™

Cv (fﬂ, t}

In Eq. [117, C{x, t) is the vacancy profile which dif-
fuses simultaneously with the cadmium, Each of the
curves depicted in Fig. 5 is proportional fo the re-
ciprocal of the vacancy profile. Our assumption about
the vacancies implies that the interstitial-to-substitu-
tional ratio increases along the x direction near the
surface, causing a corresponding increase in diffusion
coefficient. Since the incoming vacancies are consumed
by interstitials going substitutional, it is reasonable to
make a first-order assumption that a stationary va-
cancy profile is established, thus obtaining a model
which doeg not depend on time. Numerical experi-
ments with the model alse support this assumption,

A computer routine for solving a general guasilinear
parabolic partial differential equation, of which Eq.
[2] is a special case, has been writien, such that all
the coefficients are parameters and may depend on z,
C', and t. The program is based on a stable three-time-
level method described by Mitchell (10), and uses
Richardson’s extrapolation for autcmatic stepsize con-
trol. Computational experiments with that program
actually served as motivation for a part of the theory
described above. Figure 6 shows theoretical profiles
obtained for a diffusion coefficient of the form (10)
where n was chosen to egual 1, and C,{x,t) was
arbitrarily assumed to be of the form 1 4 K;-exp{—
x/L), where L is a “vacancy diffusion length” and Ky
is a constant. A qualitative agreement with experi-

[11]
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Fig. 6. Diffusion profiles calculated by the computer using the
Dix, C) model, fort = 3,6,9,...hr

ment was clearly obtained: the profiles have a steep
front (eaused by C%) and a concave section appears
after a certain diffusion time. An exact guantitative
agreement with experiment in InShk could not be ob-
tained, due to lack of data, so that n could not be
picked optimally, and it was impossible to fit the func-
tion C, exactly.

Figure 7 shows diffusion depth vs. +/t, as obtained
from the computer resuits. The junction depth is ob-
served to grow slowly in the initial stage, then con-
tinues in a straight line that does not cross the origin,
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Fig. 7. Diffusion depth ys. square root of diffusion time, calcu-
lated using the D{x, C} model for two different parameter sets.



1534

Experimental results of exactly the same nature were
published by Ting and Pearson (4) for zine in GaAs.

Conclusions

A generalization of the Boltzmann-Matano analysis
for diffusion profiles has been presented. As a corol-
lary, it has been shown that a concave region in con-
stant-source diffusion profiles (on a semilogarithmic
scale) iIndicates that the diffusion coefficient is in-
creasing in that region toward the bulk. By analysis
and synthesis of constant-source diffusion profiles, it
has been shown that the outstanding properties of
diffusion of various impurities in III-V compounds
may be characterized by a nonlinear diffusion coeffi-
cient which depends beth on the diffusant concentra-
tion and the distance from the surface, Time depen-
dence of the diffusion coefficient seems to be negligi-
ble. Such a diffusion coefficient may represent an in-
terstitial-substitutional diffusion mechanism with a
surface-effect that reduces the diffusion constant at
small depths., An extension of the interstitial-substi-
tutional model, assuming an enhanced vacancy con-
centration near the surface, has been suggested to ex-
plain this effect. The model has heen implemented on
a computer, and theoretical profiles that have been
produced show a good gualitative agreement to experi-
ment in shape and time dependence of the diffusion
depth.
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