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Universal Model for Impurity Diffusion and Oxidation of Silicon
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A new boundary condition for self-interstitials is proposed by assuming a significant fraction of
the generated interstitials flowing into the oxide during thermal oxidation. The boundary condi-
tion solves several problems which can not be explained by the models reported so far:(1)stripe
width dependence of nitridation enhanced diffusion of antimony, and (2)OED and ORD of boron
in HCI oxidation, (3)oxidation retarded diffusion of boron and phosphorus at high temperature,
(4)sublinear oxygen pressure dependence of oxidation rate constant, (5)crossover of oxidation
rate between (100) and (111) orientations at low oxygen pressure.

1 Introduction

Thermal oxidation of silicon is one of the most fun-
damental processes in modern VLSI fabrication. It
is widely accepted that thermal oxidation of silicon
generates excess self-interstitials at the Si/SiO; in-
terface causing oxidation enhanced diffusion (OED)
and the growth of oxidation induced stacking fault
(OSF) ). Most of the generated self-interstitials at
the interface flow into the oxide and react with in-
coming oxygen to form new oxide adjacent to the
23), Tt should be noted that net oxida-

tion rate is composed of the oxidation of the excess

interface

self-interstitials in the oxide and the direct oxida-
tion of silicon substrate. Therefore, the new bound-
ary condition requires to modify the well known
oxidation model® and impurity diffusion models a
well. In this paper, we demonstrate that the new
model well explains several phenomena on impu-
rity diffusion and thermal oxidation whose mecha-
nisms have not been well understood yet. Those are
(1)sublinear oxygen pressure dependence of oxida-

tion rate constant®, (2)crossover of oxidation rate
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between (100) and (111) orientations at low oxygen
pressure®), (3)oxidation retarded diffusion (ORD)
of boron and phosphorus at high temperature?,
(4)stripe width dependence of nitridation enhanced
diffusion of antimony®, and (5)OED and ORD of
boron in HCI oxidation 9.

2 Physical model

Due to the volume expansion accompanied with the
oxidation reaction, silicon self-interstitials are gener-
ated at the Si/SiO, interface. The generation rate
of self-interstitials is assumed to be proportional to
the chemical reaction at the interface, To avoid the
continuous buildup of self-interstitials at the inter-
face, the following three annihilation mechanisms are
taken into account: (1)interstitial flux into the oxide,
(2)interstitial flux into the bulk silicon and (3)surface
recombination at surface kinks. All mechanisms pre-
sented here are schematically illustrated in Fig. 1.

The continuity equation for self-interstitials at the
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Fig. 1 Schematical illustration of self-interstitial
generation model.

interface results in the following formula
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where Dy and m; are the diffusion coefficient of inter-
“stitials in silicon substrate and segregation constant
of interstitials at the interface, respectively. Cj de-
notes the oxygen concentration at the interface. k4
and « are the reaction rate constant and the number
of released silicon atoms per one oxygen molecule
reacting with silicon substrate. The left hand side
represents the generation of interstitials. The first
term of right hand side (RHS) shows annihilation
of interstitials in the oxide, the second indicates the
flux into the silicon and the third is recombination
of interstitials at surface kinks. Note that the sec-
ond term of the RHS in Eq. (1), the flux into silicon
substrate, is negligibly small compared to the other
terms because of the rapid reaction of silicon inter-
stitials in the oxide®. Large segregation coefficient
of interstitials at the interface also greatly reduces
the interstitial flux into the substrate. Neglecting
the second term, the above equation is rewritten as
e e ®

L Co +7

The LHS of Eq. (2) represents the normalized
self-interstitial concentration, which is schematically
shown in Fig. 2 as a function of oxygen concentra-
tion. C,. in Fig. 2 denotes the critical oxygen con-

centration at which self-interstitial concentration at
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Note
that the low oxygen concentration leads to undersat-

the interface becomes its equilibrium value.

uration of self-interstitials at the interface, causing
ORD of dopants™ with high interstitialcy diffusion

component.
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Fig. 2 Normalized self-interstitial concentration as a
function of oxygen concentration at the Si/SiO,.

3 Impurity diffusion

3.1 Stripe width dependence

According to the experimental observations reported
so far, nitridation of silicon does not generate in-
terstitials at the interface. In addition, the experi-
ments carried out by Mizuo and Higuchi!® indicate
that the Si/SiN interface acts as a reflection bound-
ary for self-interstitial. This means that there exists
no surface regrowth process at the Si/SiN interface.
Under these conditions, the boundary condition for
self-interstitials is rewritten in the form as
Dioc;

knCECI = my 89:
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where C,, represents ammonia molecule concentra-
tion at the interface. For simplicity, we deal with one
dimensional case in the following discussion. During
nitridation, surface interstitial concentration is con-
trolled by the balance between the annihilation of in-
terstitials due to the chemical reaction in the nitride
film and the outward flux of self-interstitials in the

silicon substrate. The above equation is, therefore,



rewritten as & i

C_Ii T 1+ at08 (4)
where ¢ is nitridation time and a is composed of phys-
ical parameters such as D;, my, ---. According to
this equation, one notices that the surface interstitial
concentration is always lower than the thermal equi-
librium value during nitridation which agrees with
experimental observation. In the following, we use an
analytical method to explain the experimental data
reported by Ahn and coworkers®), stripe width de-
pendence of Sb diffused layer. At high temperature
nitridation process, the diffusion length of intersti-
tials in bulk silicon is much larger than the stripe
width. In steady state conditions, the interstitial flux
in the nitride film equals to the outward flux in bulk
silicon, resulting in

7 Dy(Cy — C}) (5)
In(27m+/Drt /w)

Using Eq. (5) and local equilibrium condition be-

tween vacancies and interstitials, one finds that nitri-

1
k,C2CL =

dation enhanced diffusion of Sb becomes significant
with increasing stripe width. This result agrees well

with the experimental observations®.

3.2 OED and ORD in HCI/O,

Nabeta et. al.®) reported that the diffusion of boron
at low HCI concentration in dry oxygen is enhanced,
while at high HCI concentration results in oxidation
retarded diffusion. In the presence of HCI gas, gen-
erated interstitials quickly react with molecular
HCI resulting in volatile SiCl compound. Therefore,
annihilation rate of interstitials is proportional to the
product of HCI gas pressure and interstitial concen-
tration. The net generation rate of self-interstitials

is expressed as

G = Oldeg = ]CH[HCI]CI (6)

The second term of the LHS represents the annihi-
lation of interstitials near the interface due to the
reaction with HCl molecules. Substitution of Eq. (6)
into the LHS of Eq. (1) predicts oxidation enhanced
diffusion of boron at low HCI concentration, while at
high HCI concentration results in ORD.
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4 Thermal oxidation

4.1 Oxygen pressure dependence

As is described above, considerable amount of in-
terstitials generated at the interface diffuse into the
oxide and react with oxygen molecules to form new
oxide adjacent to the interface which is expected to
significantly affect the oxidation rate. Therefore, the
observed oxidation rate is composed of two compo-
nents, direct oxidation of silicon substrate and ox-

idation of interstitials in the oxide, which is given

by

dz

N= (7)

where N is the number of silicon atoms incorporated
The first term
of the RHS represents direct oxidation of silicon and
the second is the oxidation of the self-interstitials
in the oxide. Substituting Eq. (2) into Eq. (7), the

observed oxidation rate is expressed as a function of

kaCo + knCE Cy

into a unit volume of silicon oxide.

oxygen concentration at the Si/SiO; interface

dz k LaCy+
w-bloradtt g
Cs +v

The above equation has two limiting regimes as
shown in Fig. 3: at high oxygen concentration than
Coe, linearly dependent oxidation rate constant is ob-
tained, while at low oxygen concentration, one-half
power dependence on oxygen pressure is derived. Al-
though at low oxygen pressure, the direct oxidation
of silicon substrate is no more dominant because of
the lack of oxygen molecules at the interface, the last
term of in Eq. (1) in turn generates self-interstitials
to maintain the interstitial concentration to its equi-
librium value. The observed oxidation rate is then
limited by the oxidation of the self-interstitial in the
oxide which has one-half power dependence on the

oxygen concentration.

4.2 Orientation dependence

The density of silicon atoms on the (111) oriented
substrate is larger than that on (100) so that the re-

action rate constant, kg , is considered to be larger for



R)

(log

Oxidation Rate

(h (100

(log Co)

Cor Coc

Concentration of the Oxygen

Fig. 3 Oxide growth rate as a function of oxygen
concentration at the interface.

the (111) than (100). The recombination constant,
K, is assumed to be much larger for the (111) ori-
entation than (100) because there exist much more
surface kinks on the (111) plane. Under these rea-
sonable assumptions, the critical oxygen concentra-
tion, C,. , corresponding to the break point in oxida-
tion rate versus oxygen concentration curve, becomes
smaller for (111) than (100) orientation. The model
described above predicts that at high oxygen par-
tial pressure, oxidation rate is larger for (111) than
(100), while at low pressure, one finds the crossover
of oxidation rate between (111) and (100) oriented
wafers as shown in Fig. 3. The predicted orientation
dependence agrees well with the observed experimen-
tal results®.

5 Conclusions

A new boundary condition for self-interstitials is pro-
posed under the assumption of a significant fraction
of the generated interstitials flowing into the oxide.
The comparisons between the model and the sev-
eral experimental results indicate that the newly pro-
posed model is applicable for a wide range of pro-

cessing conditions, and well predicts the following

v
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phenomena, (1)stripe width dependence of nitrida-
tion enhanced diffusion of antimony, and (2)OED
and ORD of boron in HCl oxidation, (3)oxidation
retarded diffusion of boron and phosphorus at high
temperature, (4)sublinear oxygen pressure depen-
dence of oxidation rate constant, (5)crossover of ox-
idation rate between (100) and (111) orientations at

low oxygen pressure.
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