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Diffusions of impurities in silicon under oxidizing ambient have been analysed
by developing the Hurs model. General expression of diffusion coefficient, which
mechanisms, is used. The temperature
include bouh the vacancy and interstitialcy
mechanism for arsenic, phosphorus and
dependences of a fracti-on of interstitialcy
boron are obtained from the data of oxidation enhanced diffusion and oxidation
induced stacking faults. Diffusion coeffj-cients of impurities via interstitialcy
mechanism and via vacancy mechanism are determined, respectivel-y.

1. Introduction
It is well known that the diffusion coefficients of impurities such as boron, phosphorus and
arsenic are enhanced under oxi-dizing ambient, depending upon crystal orientation of surfaee plain.
It is also known that stacking faults grow during
thermal oxidation of silicon. The similarity bethreen the phenomenon of oxidation enhanced diffusion(OED) and that of oxidation induced stacking
1)
faults(OsF) has been pointed out by Hu.*' He proposed ihe model based on the generation of silicon
self-interstitials
at the Si-SiO2 interface due to
the incomplete oxidatj.on of silicon. OED is considered to be attributed to these excess silicon
because impurities diffuse via
self-interstitials
i.e., dual
and
intersti-tials,
both vacancies

trie assume

that impurities diffuse via both

vacancies and silicon self-interstitials
as proposed Uy ttrr.l) In such case, the flux of impurity
can be expressed by the superposition of vacancy

r""h"oi=r.2) Thus, the intrinsic diffusion coefficient of impurity, D* , is
given by
and interstitialcy

D*=DIV*Dtt,

(1)

where DrU and D'

are the diffusj-on coefficients
of impurity related to vacancy and interstitial-cy
mechanisms, respectJ-vely. Generally, the diffusion
coefficient, D, can be writt.o byr3)
D/D* = (1 - f)a.r/a_ro + fc./cio,

Q)

where C__
v1and C, are the concentrations of vacancy
respectively,
and sj-licon self-interstitial,
Cvo and C.
are the concentrations of them at
r-o
thermal equlibrium and f is given bV Drr/D*.
We will apply Eq. (2) for the calculation of time

mechanism.

In this work, we will try to apply the general equation of the diffusion coefficient in the
dual mechanism for arsenic, phosphorus and boron
diffusions under oxidl-zing ambient by developing
the Hufs model. From the data of OED and OSF, the
temperature dependences of the fraction of interstitial-cy mechanism for these impurities are
determined. Diffusion coefficients of these impurities via interstitial-cy mechanisrn and via vacancy mechanism are obtained, respectively.

dependence of

OED.

According to the Hurs model, the generation
Rguo, is a
rate of silicon sel-f-interstitials,
fraction * of the silicon atoms oxidized, that is,
R___ =
gen

&(dx/dt) lv

I

,

(3)

where v is the molecular volume of SiO, and x is

the thickness of SiO2. As pointed-:4)
out by IIur'
the linear relationship between the generation
and the oxi-dation rate
rate of self-interr.titials

2. Calcul-ation of Sil-ieon Sel-f-Interstitial
Concentration
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cannot- explain the experimental results of time

Eq. (10) with the experj-mental data of the length
of stacking faults. In this case, experimental
data within the temperature region where the
retrogrowth effect is negligible should be used
since Eq. (9) do not include the effect of retrogrowth of stacking faults. InIe calculate the value
of K from one set of experi-mental data of 80 min
oxidation in 100% dry o, by Murart r.S) Thus, we

dependence of stacking faults.

It is necessary to
introduce the non-linear relationship to rationaLize the experimental results. Taking account of
works of Lin
and Tan et a1.6), r. will
"t "1.5)
use the relationship of (dx/at)0'5 tr, tq. (3),
instead of (dx/dt) . Thus, we have

**"r, = sg(dx/dt)o'5/t"

(4)

have

where g is a complex equilibrium and proportion-

K = 1.10x10-rexp (-2 .2g /kT)

ality constant with a dimension of ("*0'5s-0'5).
The rate equation for silicon self-interstitials is gi-ven by ignoring the diffusion t"trl)
w dc./dr =$g(dx/dt)0'5/r,

In these calculations, values of ? =1-:072".-2,
?
1\
-"cm"
a=3.85x10-8"cm, v=2x10-)a
are taken.*' we also
use the Leroyf s esti-mation for the diffusion coefficient D.l- and the equilibrium concentration of
interstitials
C-^. That is,' D,=2.13exp(-2.0/kT)
a

- ?tfaD.(c.-cio), (5)

where w is the thickness of wafer, f is the

surface density of kinks, a is the capture radius
of interstiLials by kinks and D. is the diffusion
coef f i-ci-ent of sil-icon self-interstitials.
Equation (5) can be solved numerically. It is
confirmed from the numerical calculation that the
exact soluti-on of Eq. (5) can be approximated well
by the following simple form for t>0.2 s as
nq

ci - c'o = Pg(dxldt)"'-

/EYan

and

Assuming the parabolic relationshipT) of the
oxide thickness. the thickness is expressed by

x=(2MHPOTL/N)0.5,

Q)

of oxidizing
species in the oxide layer, H is the Henryts law
constant, N is the number of oxidanL molecules in
a unit volume of oxide and PO, is the oxygen
partial pressure in the gas phase.
Using Eq. (7), Eq. (6) can be written as

where M is the diffusion coefficient

q

'25 /zo
c.r_-c.r_o= rpd^o'25r-o
-2
-''-firaD

.v

'

r = 200exp

(9)

)o'25 to'75 ll z0'5pu.

{o

(L2)

(-2.29 /kT)PO,0.25t0,75

(13)

3. Time Dependence of OED
We consider the diffusion of impurity under
oxidizing ambient in intrinsic conditions in which
the concentration of impuri-ty is below the intrinsic carrier concentration at the di-ffusion tern-

we have
4aKpo

The present

derived by Antoniadi"r3) though there is a difference of about factor 2 in the esti-mation of C./C.o.
Equation (13) has also essentially same dependence
of time and partial pressure with Eq. (30) of Ref.
9 except a somewhat different activatlon energy
and the preexponential factor.

where r is the radius of the stacking faults. By
substituting Eq. (8) into Eq. (9) and i.ntegrating,

=

or

."

Equati-on (LZ) has a same expression with that

(8)

given by

r

/kT1

'25

noro'25

of stacking faults is

d,r/d,t=v^zor(C.-C.o),

l-o^=4.76xI0""

Ci/Cro=1+3.2x10-10 exp (2 .73/kT)x

0'25

.
where 11=99 (2MHIN)
growth
The rate of

+e p(-3.02

C-

value of K is available for the growth of OSF in
d-ry O, ambient on (100) silicon. K will generally
depend on the orientation of the r^rafer and oxidizing ambient.
By using Eq. (10) with the now known K, the
length of stacking faults can be calculated for
different oxidation times and partial pressure of
oxygen. An example of thus calculated results of
the length of stacking faults is shown in Fig. 1
as a function of reciprocal absolute temperatures.
It is convenient to express C. and r as an
numerical form by substituting Eq. (11) i-nto Eqs.
(8) and (10), respectively. We have

(6)

.v.

(11)

(10)

The value of K can be determined by comparing
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perature.

sion times. Solid curves in Fig. 3 show the ca1culations of the diffusion coefficients of phosphorus as a function of diffusion time with the
experimental plots obtained by Ishikawa et
^L.L2)
In this figure, data obtained by Antoniadis et
. 13) ate also shown.
8I.--'
The different time dependence of OED for respective impurities, which has been reported by
Ishfkawa et a1 .") , originates in the different
temperature dependence of f for respective impuritles.

that the dynamical equilibrium
between vacancies and silicon self-interstitials
is established.3 ' 10 ' 11) That i.s,
We assume

c-c,
vl_

- cvoao
-c--

(14)

Using Eq. (14), the diffusion coefficient
(2) can be written as
D/D* = (1-f)Cio/Ci + fC./Cio
The effective diffusion coefficient

of

Eq.

(1s)

in a specified

oxidation time (D) is given by

'ri

(D)=*lDdt
pJo

4. Diffusion Coefficient of Impurities
Using the values of f with the intrinsj-c diffusion coefficient D* of arsenic, phosphorus and
boron, DrU and D' for respective impurities can
be determined. That is, DrU and D' are given by
(l-f)D* and fD* , respectively. Figures 4, 5 and 6
show the temperature dependences of DIV, D' and D*
for arsenic, phosphorus and boron, respectj-ve1y.
It should be noted that the activation energi-es of
D'r! for all impurities are almost about 4eV. Re1/.\
lc\
cently, Wada'*/ and Taniguchi et al.t'l obtained
the diffusion coefficient of silicon self-interstitials independently. Their values of the activatj.on energies of diffusion for interstitials
are
to be 4.4eY and 4.0eV, supporting the present
estimation of Drr.

(16)

By substituting Eqs. (8) and (15) into Eq. (16),
(D) can be calculated numerically if the diffusion
times and temperatures are given.
Values of f for arsenic, phosphorus and boron
can be estimated by comparing Eq. (16) with the
experimental data of the diffusion coefficient
obtained under oxidizing ambient in intrinsic conriitions with the knovrn value of K determined in
the previous section. Thus, values of f for arsenic
phosphorus and boron determined from one set of
experj-mental data for fixed diffusion time
obtained by Ishikar4ra eL
are plotted in Fig.
"t.L2)
2 as a function of the reciprocal absol-ute temperatures. From the plots in Fig. 2, the temperature
dependence of f for arsenic, phosphorus and boron
are expressed by, respectively

fA"

=2

fp
f,

=12.9exp(-0.330/kr),

.47exP(-0.184/kr),

=7 . 42exq

(-o .263 /kT)

The contribution of interstitialcy

5. Concl-usions
General equation of the diffusion coefficient,
which includes both vacancy and interstitialcy
mechanism, is applied for arsenic, phosphorus and
boron diffusions in oxidizing condition by developing the Hurs mode1. The temperature dependences
of a fraction of interstitialcy
mechanism for
these impurities are obtained from the data of

(17a)
(17b)
(17c)
mechanism

increases as the temperature increase for all j-urpurities in this work.
. 13) estimated L0-20% fraction of interFai-r--'
stitialcy mechanism based on the Huts mode1, though
the diffusion coefficients were not averaged by
diffusi.on time. Antoniaai"3) also obtained the
fraction for phosphorus diffusion. His estimation
of f at l-100 oC is somewhat small-er than that of
the presenE work.
The diffusion coefficients of arsenic, phosphorus and boron can be calculated by using Eq.
(16) with values of K and f for different diffu-

OED

and

OSF.
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