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SUMMARY

It has been shown by previous work [3,5] that models for stress-
retarded-oxidation (SRO) are necessary to achieve realistic
results when simulating local oxidation processes in two dimen-
sions. In this work mathematical problems arising during the
implementation of nonlinear models [1,6] for SRO into a 2-D
numerical simulator are discussed. Due to stability problems a
straightforward extension of Chin's procedure [2] was not possi-
ble. The significance of stress-effects is demonstrated by a
comparison of simulation results with experimentally obtained
oxide-profiles.

2. ACCURACY OF FINITE ELEMENT METHODS

In this work the 2-D simulator was realized by using the finite
element method [7,8]. The numerical error of stress calculation
using this method will be discussed. When interested in theore-
tical considerations on the accuracy of finite element methods
the reader 1s referred to [4). The elastic beam problem shown by
Fig.l was calculated with different grids. The displacement was
measured at C and the peak values of tensile stress were mnmea-
sured at A and B. Tab.tl shows the results for different grids
calculated with linear shape functions. The values shown 1in
Tab.2 were calculated on the basis of guadratic shape functions.
It can be seen that in the case of linear shape-functions an
accuracy of 0.1% is obtained only for a large number of grid-
points, whereas the same accuracy can be reached for quadratic
shape-functions with relatively coarse grids. The values of
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Fig.1: Geomtry of problem for finite element patch test

normal stress calculated as mean-values over the elements are
very inaccurate independent from the order of the shape-
function. It seems that even the finest meshes used within this
test are too coarse to provide a proper representation of the
stress-distribution.

Grid dc [mm] Ons ona [kN/mm?]
3x5 0.336 4717 132
5x9 0.478 826 221
9x17 0.544 1067 275

17x33 0.565 1246 297

33x65 0.571 1420 304

65x129 0.572 1605 307

Tab.l: Test-results calculated with linear shape-functions



Grid dc Ons ona [kN/mm?]
2x3 0.562 2217 108
3x5 0.568 554 179
5x9 0.571 798 236
9x17 0.572 982 272
17x33 0.572 1147 291
33x65 0.572 1315 301

Tab.2: Test-results calculated with quadratic shape-functions

3. THE MODELS FOR STRESS-RETARDED OXIDATION

3.1. Existence of solution for Kac's model

The stress dependence of the coefficients governing reaction,
oxygen diffusion and oxide deformation is given by the following
equations [6],[1]

(1) ks = ko exp{-on Vi/kT)
(2) D = Do exp{-p Vo/kT)
(3) C* = C* exp(-p Vec/kT)
{4) L = 1o exp{p Vu/kT)

where ks denotes the reaction rate, D the diffusion coefficient
of the oxidant in Si0z, C* the saturation concentration, 1 the
viscosity, On the normal stress along the Si-Si0: interface and
p the hydrostatic pressure. Vi, Vp, V¢ and Vy are called activa-
tion volumes {1]. Normalized coefficients are introduced.

kn 1= ks C*/N = ki
Dn := D C*/N = kp/2
Cs := Ci/C*

where N denotes the number of oxidant molecules per unit volume.
The gas phase transport coefficient is not taken " into account
unter the assumption that h »> ks. For easier understading and
notation without loss of generality the rotational symmetric
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Fig.2: Geometry of rotational symmetric structure. right=con-
cave, left=convex

case {s. Fig.2) [1] is nov used for studying the consistence of
the model equations when stress-dependent coefficients according
to Egs. (1), (4) are used. The ordinary initial value problem to
be solved is given by

(5) — = 58g kn Cs a := sg R(a)
ot

where a=0.44 denotes the ratioc of silicon consumed during oxida-
tion/produced volume of oxide and sg is a sign-variable which
accounts for convex (sg=-1) and concave {(sg=1) structures. The
value of the oxidant concentration at the Si-S5102 interface Cs
is given by [1] as function of the geometry and the stress-
dependent <coefficients. Now a new stress parameter s is intro-

duced
(6) 5 1= 24 asg ka Cs {1-a)

50 that the pressure p and the normal-stress become [1]:

(1) p = s/b*
s{1/b%* - 1/a%)

s
—~
Q
=
1l

The expressions for stress-dependent constants are now entered
into Eg.(6}). The worst case {very thin oxide) can easily be

considered:



(9) a=zb and
{10) Cso =z 1

If Egs.{1)...{4) and (7), (8) are entered into (6)
(1-a) Vu-Vi-Ve Vx

a Ho kuo-expl s ( + Y /KT ]
a b2 aZ

(11) s = s5¢

is obtained. Cso and kno denote the stress-free values of Cs and
kn respectively. 1In this context it should be mentioned that an
equation of the form

x = ¢1 expl{cz x)

with the unknown x and c¢i, ¢z being arbitrary constants has a
solution only for

{(12) ci+cz2 ¢ 1/e

If Eq.(9) is substituted into {(11) this leads with Eq.(12) to
the following worst case estimate for the existence of a so-
lution to the oxidation modeling problem:

{1-a) Vu-V¢
Sg a Yo kno
a kT

(13) < 1/e

For 1low temperatures {<9%00°) no solution exists with parameter
values taken from [1]. Thus only Egs.{l) and (2) were imple-
mented into ths 2D simulator.

3.2. Stability of initial value problem

The stability of an initial value problem is assured as long as
the eigenvalue ¢k*1/¢k is inside the unit circle of the complex
plane. In the case of stress-independend coefficients, the right
hand side of (5) is merely a function of the geometry. For this
case the stability condition reads:

|1 + dt-sg-Rafa¥)| ¢ 1

with R{a) being the right hand side of (5), and Re its deriva-
tive with respect to a. The stability can be assured by an



appropriate choice of the time-step-size dt. If the coefficients
are stress-dependend, the growth-rate is not only a function of
the radius a but also of its derivative with respect to time at
which serves as a measure for the oxide flow velocity. For this
case Eq.(5) takes the form:

at = sg R(a,at)

The explicit time discretization of [1] yields the following
recursive formula:

ak-gk-1
ak+! = ak + dt-sg-R(a¥ , ———)
dt

A linearization enables us to consider the stability conditions
in the small signal regime:

Ra := 6R/8a und Rat := OR/dat
The value of the old time-step a¥ is now being disturbed by ek.
The resulting error of the new time-step becomes:

gkt1 = gk (1 4+ dt-sg*Re + Rat)
Therefore the condition for stability is:
|1 + dt-sg*Ra + Rat| ¢ 1

The appearance of at within the right hand side of Eq.(5) leads
to a term in the expression for the eigenvalue which cannot be

influenced by an appropriate choice of dt. Thus instability can
only be prevented by a more implicit time-discretization.

3.3. Implementation of model for stress-dependend reaction rate
A  fully nonlinear solution of the equation system arising from
an implicit time integration using Newton's method would lead to
a tremendous increase in computation time. Therefore, in this
work, a relatively simple linearization method well-suited for
the restricted Kao-model (Egs.(1) and (2)) is proposed. The dis-
placement of a point on the Si-SiOz interface during one time-
step 1s calculated as the product of oxigen-concentration time-
step-size and the reaction-rate which is obtained as a function
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of the normal-stress according to Eq.(1):
(14) dz = dt Cs ko exp(-on Vk/KkT)
A linearization of this expression yields:
Aadz dt Vk Cs ko

(15) = - — exp(-on Vk/KT)
AOn kT

with

Adz = dz - dzo und

AOn = On = Ono
a linear formulation of the boundary condition for the viscous
deformation is obtained. The value of oun was expressed in terms
of a force applied to the boundary nodes. Thus the numerically
critical evaluation of normal stress by the first derivative of
the displacements was not necessary.

Fig.3: Comparison simulation-measurement for bird's beak
with a buffer-oxide-thickness of 800A (a) and 100A (b).



284

4. COMPARISON SIMULATION - MEASUREMENT

4.1. LOCOS process

First, the results will be discussed for a variation of the
buffer-oxide thickness with all other parameters constant.
Fig.3a shows good agreement between measurement and simulation
for a thick buffer oxide (800A). For the 100A buffer oxide
(Fig.3b) the experimentally obtained under-diffusion-region 1is
shorter than with the thick buffer-oxide (as expected), but it
is still longer and flatter than in the stress-free simulation
case. This gives rise to the assumption of increasing stress-
effect with decreasing buffer-oxide-thickness.

Fig.4 shows a field oxide structure processed with a very thick
nitride mask at 1100°. Direct deformation of the oxide surface
by the pressure of the nitride can be observed. In addition, the
reduction of the reaction rate at the Si-Si02 interface 1is
clearly visible. Fig.5 shows that the effect of a thick nitride
mask can be explained by a stress-dependent reaction rate. Good
qualitative agreement 1is achieved with Vk=25A% (s. Eq. (1)),
whereas the under-diffusion is grossly overestimated when cal-
culated with stress-free parameters. Numerical experiments with
a variation of Vp did not lead to significant influence on the
shape of the oxide profile for this case.

Fig.4: Bird's-beak grown at 1100° with a
nitride-mask thickness of 2000A

4.2 Analysis of oxidized trenches

Fig.6 gives a qualitative impression of the effect of different
models for SRO. A rounding of the convex corner is observed in
the stress-free calculation (a). The growth rate ist reduced at
both corners when the stress-dependent reaction rate is taken
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Fig.5: Simulation of local oxidation with stiff nitridemask with
stress—dependend coefficient (a), stress—free simulation (b)

into account. The formation of a "horn" at the convex corner can
be observed. The introduction of a stress-dependent diffusion
coefficient has little effect on the shape of the convex corner
(¢). It seems that the growth velocity is limited by the reac-
tion rate. However, at the concave corner an additional re-
duction of the growth rate is achieved.

In the case of a <100>-Wafer, the vertical walls of a trench
with an angle of 0° and 90° to the flat have <110> orientation.
The oxide which coveres the walls can be thicker than the oxide
covering the wafer surface by a factor up of to 1.5. Thus the
introduction of an orientation dependent reaction rate is needed
as prerequisit to render satisfactory agreement between measure-
ment and simulation feasiable. The following simplified model is
proposed. The effective reaction rate is given by the scalar
product

(16) keff = n-k with
k = (kioo, ki1o)T
where n denotes the unit vector normal on the Si-Si0O2 interface

and kioo, kiio the reaction rates for ¢100> and <110) orienta-
tion respectively. For the concave corner of the trench the best
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Fig.6: Simulation of oxidation of a step-shaped silicon
structure. Stress-free model (a), Vk=25Aa% (b), Vk=Vp=25A3 (c)

fit shown by Fig.7 was obtained with Vk=Vp=25A3. This turned out
to be more difficult at the convex corner. The stress-effect was
grossly over-estimated (Fig.8). The reason for this problem is
the very small radius of curvature of the convex corner. 1In the
case of the rotational symmetric model according to Eq.(7) and
Eg.(8), indefinite values for normal stress and pressure are
obtained. The experimental results indicate that in regions with
extreme tension an additional mechanism is present which acts as
a limitation to stress. This could be modelled in terms of a
stress-dependend viscosity similar to Kao's proposal according
to Eq.(4) or by assuming a plastic mechanism for deformation.

5. CONCLUSION

Numerical stability and the existence of a solution was checked
for the case that Kao's model for SRO is included into a 2-D
simulator. A proposal for efficient numerical realization of this
model within a simulation program is given. It was shown that the
dominant stress-effects can be explained by the stress-dependence
of the reaction rate for LOCOS process. Improvement of the models
is needed to describe the oxidation behaviour at sharp corners.
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Fig.7: Concave corner of oxidized trench: comparison
of simula~tion and measurement

Fig.8: Comparison simulation-measurement of convex
corner of oxidized trench.
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