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ABSTRACT

Implantations of B were employed in conjunction with analysis of

B depth distributions with the nuclear reaction, B(n, He) Li, to
investigate the diffusion of B in Si in the temperairare range
900 to 1100°C for times of the order of 30 to 120 minutes. The
diffusion constant, D, in Si was found to depend upon the B
concentration. In order to evaluate the dependence of D upon B
•concentration, a series of isoconcentration experiments were
conducted in which a "flat" B distribution was produced by
multiple energy ion implantations followed by a "tracer" implant

10 20 —3
of B. At 1000°C and a B concentration of 10 en , D is an
order of magnitude larger than the intrinsic value of 1.5xl0"l^
an2/sec. In Si heavily doped with As(2xl020cm~3), the diffusivity
of B is an order of magnitude low^r than the intrinsic value.
These results can be interpreted by a model in which the B
diffusivity in Si is a function of the Fermi level.

INTRODUCTION

The group III element, B, is an important substitutionai
acceptor in Si. Accurate knowledge of B diffusion profiles in
Si are important in Si device technology and in arriving at an
understanding of the mechanisms of diffusion in Si. Previous
investigators[1-4] have noted that the diffusion constant, D, is
a function of B concentration and that B profiles do not obey the
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simple complementary error function distribution for high B
concentrations. In spite of the latter observation, these
investigators derived "apparent" diffusion constants by assuming
that the distributions were complementary error functions. A
more appropriate procedure would be to apply the Boltzmann-Matano
method [5] by assuming that deviations from complementary error
function distribution are due solely to a concentration dependent
D. However, the chemical concentration gradient associated with
B creates an internal field, which can modify the B diffusivity[6}
and affect the equilibrium concentrations of electrically active
defects such as vacancies and interstitials. An alternative
experimental method, which avoids all of the above complications,
is to use "isoconcentration diffusions" for evaluating the
concentration dependence of D. In this technique, the motion of
a "tracer" isotope of the elenent under study is followed in
material uniformly doped with "untagged" species, thereby
avoiding the difficulties associated with a chemical concentration
gradient. The "tracer" is normally a radioisotope; see e. g.
isoconcentration studies of the diffusion of As[7], Ga[8], and
P[9] in Si by Masters and coworkers. In this study ve report on
the use of implanting "tracers" of ^ B into Si uniformly doped by
multiple energy implantations of ^ B for studying the concentration
dependence of B diffusivity with the isoconcentration technique.
We also report on the marked decrease of B diffusivity in Si
heavily doped with As.

EXPERIMENTAL

The details of the analytic technique for obtaining B profiles
by the nuclear reaction

1 0B + n = 7Li + 4He
have been given by Ziegler et al. [10] and a brief description is •
presented in the preceding paper[11].

Ion implantations were conducted at room temperature into
[100] Si wafers offset 7° Co the beam direction in order to minimize
channeling effects. For the isoconcentration studies, multiple
energy implantations (40 to 280 keV) of -^B , in addition to the
"tracer" implant of 1 0B , were used to obtain "flat" (+15%) B
distributions to a depth of 0.7 microns. In calculating the
appropriate doses at each energy, the gaussian parameters obtained
from our earlier study were used[12]. The Si(As) wafers were
prepared by capsule As diffusions under conditions which yielded
a relatively flat carrier concentration of l-2;clO™cni~-3 to a depth
of approximately 1.5 microns. The total As concentration in such
samples is 2-3 ttmes the free carrier concentration. Diffusions
were conducted in a tube, furnace under a flowing N~ atmosphere.
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CALCULATION OF DIFFUSION CONSTANTS
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When the initial distribution is a gaussian with a peak con-
centration at R and a variance W^ the solution to the diffusion

P o

equation is particularly simple, provided that the diffusion
constant D is concentration independent[13]. The concentration
N(x,t) at a depth x after a diffusion time t is given by

N(x,t) = Np(t) exp -

<RP - * y
(1)

where the peak concentration N (t) is given by

v° ,399 Q/W(t)

~2

(2)

where Q is the total concentration cm and W(t) is given by

W2(t) 2Dt (3)

which is simply a gaussian centered at R with a variance given

by Eq. 3. Implicit in this discussion is that the titna must be
short enough so that one can ignore boundary conditions at the
sample surface; i. e. that 4Dt is much less than R . '

If these conditions are met, knowledge of the distribution at
two times t, and t, are sufficient to -allow a reliable calculation
of the diffusion constant D.

EXPERIMENTAL RESULTS

In Fig. 1, the depth distributions obtained for Si (As) and
for lightly doped Si (1 ohm-cm n-type) implanted with 1x10"
-2 10,,cm ~ A0 keV B and diffused at 1000°C for 30 minutes are presented.

The actual distributions are somewhat sharper than Fig. 1 indicates
due to the limited experimental energy resolution available
(20 keV FWHM). This resolution is equivalent to adding, in
quadrature, .03 microns to the gaussian variance, which means,
for example, that the. distribution in Fig. 1 for Si(as) is actually
10-15% sharper than shown. Values of D, which are computed from
changes in the variance, W, are not affected by detector resolution.

Applying the analysis procedure indicated in the previous
section to data such as that given in Fig. 1 (see Table 1)
indicates that D in Si(As) is markedly below literature values;
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Fig. 1: Concentration versus depth profiles for B implanted at
40 keV (I015cra~2) and annealed at 1000°C for 30 mins. The
substrates were 1 ohm-cm n-type (o) and degenerate n-type due
to As diffusion (•). The solid line represents a gaussian fit.

DEPTH ((.ml

Fig. 2: Concentration versus depth profiles for B "tracer"
implants at 150 keV into a "flat" llB distribution(5xl019cm~3)
with no anneal (+), 1000°C for 30 mins (t) and 120 rains (o),
The solid line and dashed line represent gaussian fits.
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e. g. Kurtz and Yee[14J and Wagner[15] obtained values of

2xl(T14cu!2/sec at 1000°C and 2xlO~13cm2/sec at 1100°C. On
the other hanc1, the data obtained for 1 ohm-cm n-type Si in
this study indicated a B diffusivity considerably higher than
the literature value. Furthermore, the profiles were not gaussian
and the extent to which B diffused increased with increasing N .
These facts are indicative of a concentration dependent B ^
diffusivity.

Fig. 2 illustrates the results obtained from an isoconcentra-
tion diffusion experiment in which the total B concentration was

19 —3
fixed at 5x10 cm to a depth of about 0.7 microns by multiple
energy 1 B implantations in addition to the B implant at l.c0 keV.
Annealing at 1000°C for 30 minutes and 120 minutes creates difiusional
broadening as shown. The lines represent gaussian fits to the tlata
with the parameters given in Table 1. The results of similar
experiments- at lO1-^ cm~3 and 10 cm"-' total B concentrations are
also included in Table 1.

TABLE 1: SUMMARY OF DIFFUSION DATA FOR B IN SI

SAMPLE

Si(As)

Si (As)

Si(As)

Si(l ohm-cm)

Si(B)
lxlO19 cm"3

Si(B)

5xlO19 cm"3

T(°C)

1000

1000

1100

1000

1000

1000

1000

TIME
(mins)

30

120

30

30

60

30

120

-3
m J

1000 30

.075

.075"

.075"

.075"

.09"

.09°

.09b

.10"
1x10^

a: B implant energy was 40 keV.

b: B implant energy was 150 keV.

c: B implant energy was 175 keV.

(microns)

.080

.092 "

.115

.2

.16

•173
.28g

.25

(cm /sec)

2.0xl0-
15

l.9xl0"
15

2.JX10-14

io- 1 3

2.4xl0"
14

6.JX1Q-14

5.2xKf
14

1. xlO"13
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DISCUSSION

The mechanism by which B diffuses in the Si lattice involves
lattice defects such as vacancies or intersfitials, although the
exact nature of the defect responsible for B migration has not
been firmly established[16]. The understanding of the concentra-
tion dependence of B diffusivity requires only that the defect
responsible for migration possess a donor level in the lower half
of the bandgap as the following simplified derivation will indicate.
For simplicity, we assume a monovacancy mechanism but the final
results would be the same for other mechanisms such as the
interstialcy mehcanism. There is an equilibrium between the
neutral species Vx and the charged species V+

VX + h + = V +

K = [V+] /(p [VX])

where K is the equilibrium constant for the reaction shown and p
is the hole concentration. The total vacancy concentration
(neglecting the negatively charged species if an acceptor level
exists) is given by

[Vtotall " ,,,
«= [VX] (1 + Kp) k2)

Since B diffuses by a'defect mechanism, D will be proportional to
the concentration of defects involved in the migration. The
various charge states of the defect will not be equally effective
in B migration because the migration energy of the isolated
defect may be charge state dependent and because the interaction
of the defect with B will_be change state dependent (e. g.
coulombic attraction of B and V would enhance migration by the
charged defect while coulombic repulsion of B and V would
greatly reduce the contribution of negatively charged defects to
B migration). Taking these factors into account yields simply

D eC [Vx] (1 + dKp) (6)

where d ir the ratio of the effective mobility of the positive
defect to the neutral defect. The ratio of extrinsic to intrinsic
diffusivity can then be written as

D / D± = (1 + dKp)/(l + dKPi) (7)

where p. is the intrinsic hole concentration at ths temperature of
diffusion. If we define a quantity G = dKp. Eq. 7 becomes
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Fig. 3: A plot of (D/D.) versus (p/p.) for B diffusions in Si.
The data shown is from Ihls work (1006°C O ) , (1100°C © ) ;
Wagner re i000°C) Ref. 15; Kendal and DeVries (9 1250°C) Ref. 16;
and Ga data of Makris and Masters ( A950°C) Ref. 8. The lines
are calculations based on values of G of 6 ( ) , 10 ( ) and
19 ( -).

G(p/Pi)

(8)
1 + G

which is analagous to the expression derived by Hu and Schmidt
for As diffusion in Si [17). In Fig. 3, a plot of (D/Dj versus
(p/p.) is presented for the dat-a given in Table 1. The1 values
of p. wero computed from the observations of Morin and Malta [18]
by assuming complete ionization of the implanted B acceptors.
The "intrinsic" data at 1000°C was obtained from Kurtz and Yee[14]
and Wagner[15]. Literature values on Ga diffusions at 950°C [8]
and B diffusions at 1250°C [16] are also included in this plot.
Calculations based on Eq. 8 are presented for G = 6, 10, and 19.
From the limited data available, Eq. S dees provide a reasonable
model for the variations observed in B diffusivity for a wide
range of hole concentrations.
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SUMMARY

Ion Implantation has been applied to the study of B diffusion
in Si. We have demonstrated that the technique of "isoconcentra—
tion diffusion" can be employed by using "flat" U-B implants and
a "tracer" 10B inplant. We obtained the first isoconcentracion
diffusion data on B in Si and demonstrated that B diffusivity
depends upon Fermi level. The wide variations observed in B
diffusivity were explained by a simple model in which the defect .
responsible for B migration was postulated to have a single
donor level.
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