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ABSTRACT: This work presents the modeling of the kinetics of
interstitial supersaturation and vacancy undersaturation
during thermal oxidation of silicon. Furthermore the time
dependence of the interstitial supersaturation at the silicon
surface 1is 1investigated. The influence of the surface
recombination velocity and the bulk recombination on the

behaviour of point defects is examined.

1.INTRODUCTION

The shrinkage of devices in modern integrated circuits
requires a better understanding of the critical process steps
in the silicon VLSI-technology. Silicon point defects such
as vacancies (V) and interstitials (I) influence
significantly the dopant diffusion during the thermal
oxidation. The generation and recombination of these defects
requires therefore accurate modeling in the bulk as well as at
the surfaces of the wafer. Recently many publications have
treated the oxidation enhanced and retarded diffusion
(OED/ORD) of the most common dopants in silicom /1,2,3/. A
main problem in studying OED/ORD phenomena is the little
knowledge  about the correlation between the different
processes during the thermal oxidation such as recombination,
generation and diffusion of the point defects.

The numerical simulation is an important tool for the
study and comprehension of point defect kinetics. The
simulations impose a high degree of flexibility on the process
simulator since various systems of partial differential
equations must be evaluated during the investigations.

The aim of this work 1is to describe the behaviour of
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point defects during thermal oxidation and the dependence of
this behaviour on the parameter values.

2.NUMERICAL SIMULATION

In this work the program package ZOMBIE was used.
ZOMBIE is a one-dimensional general solver for systems of
coupled parabolic, elliptic and ordinary differential
equations with non constant coefficients. ZOMBIE has been
designed for the simulation of complete IC-fabrication steps
and the determination of the electric behaviour of these
devices. Equations (1) and (2) define the system of n
coupled partial differential equations which can be solved by
ZOMBIE with the general boundary conditions (3).
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jglfij"’j jgl"ij'%- = F (3)

To begin with we discuss the model of the interstitial
supersaturation proposed by Hu /4/ and at the same time we
compare the analytical solution of this model with the
numerical solution of ZOMBIE.

2.1 Analytical Solution

The generation of I ( G . ) is accepted to be
proportional to the oxidation rate of silicon. According to
the oxidation model of Grove /5/ this rate is (linear
oxidation regime) constant for short oxidation times and then
has a dependence of t71/2 on the oxidation time (t)
(parabolic oxidation regime). In /4/ GI at the

Si‘Sioz—interface is given by
G, = At 2 (4)

The high diffusivity of interstitials requires in addition the
solution of the continuity equation within the whole wafer.
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2
HcI d Cy
(5)

—_— = D —

at axz

D. and C. denote the diffusion coefficient and the
concentration of I, x the depth in the bulk. The initial and

boundary conditions are given by

= o84 =
C; C; t=0 (6.a)
= -k «(c ~-ct9 -
Jp = 6; - K; (cI C; ) x=0, t0 (6.b)
C;q= c x=00, tX (6.c)

c®? denotes the thermodynamic equilibrium concentration of
ifiterstitials. The S8i/Si0.-interface 1is localized at x=0.
The first term on the “right side of (6.b) describes the
generation of interstitials and the second term the
recombination of I at the interface with K. as a constant
factor, which denotes the surface recombination velocity of
the interstitials. The analytical solution of equations (4)

to (6) is given in /4/.

Clx, t) =A‘\l“_-exp<-12+< G rerfe(\TA+c]t ()
D
I

where )»and T are normalized parameters

A = * - (8.a)
zﬂ%c
2
t*K
T = ___f (8.b)
Dy

If GI is constant one obtains

Cr(A, 1) = C§q+GI/KI.(erfc(A)—ezA/T+T.erfc(A+/?))

(9)
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The interstitial supersaturation influences the growth of
stacking  faults  (OSF) and the diffusion of dopants
(OED/ORD). Therefore these experiments permit an insight into
the behaviour of average interstitial supersaturation. The
average supersaturation is defined by

t ¢

1 1
<AcI> = —-I (— -1 )ar (10)
t C eq
1

For the average interstitial concentration we obtain by
inserting (10) in (7) and (9)

<acy > = GI/(KI.T).((T+2x21+2x/?41).erfc(x)-

2 —_
—2 /YT (ArhVE) cer —e2MTHT hso (aavT) )

(11)
<AC. > = A/(Ciq.r).(n/DI)1/2.(eT+2A/?érfc(k+/?)+

2
2. (v/m /2.7 —(20/T+1) erfe (V)

(12)

Equation (11) is valid for the linear and (12) for the
parabolic oxidation regime. The next step is to compare the
analytical solutions (7), (9), (11) and (12) with the
corresponding numerical solutions of ZOMBIE.

2.2 The Numerical Solution
Equation (5) was solved numerically using the initial

condition in (6). Further the diffusion was simulated in a
150pm layer. The boundary conditions (3) are the following:

o
i

1 =6 - KI°(CI—C;q) x=0, t30 (13.a)

J. =0 x=150pm, t30 (13.b)
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For the numerical computation of (ACI} with ZOMBIE equation
(10) was transformed to

3<ACI> c‘;q
te = —— ~ 1 - <AC. 14
3t: CI I (14)

For (14) the following initial condition was used
tAc;) = 0 (15)
The values of the different parameters are given in table 1.

TABLE 1

Parameter values for the numerical simulation /6/

= 1014 e Zsec ™! (linear rate)

G
I
A = 101 cm2sec™/2 (parabolic rate)
DI = 10_6 cm'-zsec-'1
cst = 1014 cm-'3
I -3 -1
KI = 5,10 © cm-sec

The parabolic generagifn term is singular at t=0 and therfore
a starting time of 10 sec was chosen.

2.3 Comparision of the Analytical and Numerical Solution

The Fig.l and Fig.2 show the numerical and analytical
solution of C. and of the average supersaturation for the
linear oxidation rate, Fig.3 and Fig.4 for the parabolic one.
The simulation time was chosen lower or equal 10 sec because
interstitials reach the backside of the wafer after this time
and the analytical solution becomes invalid.

We define the error between the analytical and numerical

solution as

num _ ana

- +100% (16)
ana

ERROR =
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Fig.5 to Fig.8 show this error for different depths of
the bulk. The error of 507 and more in the upper curves shows
a considerable deviation from the numerical solution. Yet
this results from the definition of the error; with respect
to the absolute values the numerical solution is very close to
the analytical solution.

The next section shows the simulation of C and (AC > by
a physical model for G In addition a more accurate model
for the growth rate of the ox1de is chosen than the equation
of Grove /5/.



390

60 - —-a aessbe i dasalen 4 saau) 60 - '

18 \ \ \\ h

]
g 10 ' FANPN !
g 'y / \/ 2N NS g 2 - \ I S _\J\.
10 1 N - ' -10 R .
Smme = s B opm coeemom o B pa
-20 R LYY P e B
.30 - - N TLE 30 - ALY R
INTERSTITIAL e - - 45 pm AVERAGE R R
4B 1 CONCENTRATION EEEEEREI T RTLY o 40 1 SUPERSATURATION  ~--- --- 60 o [
-6Q - e v Ty T v 5P - = R v o orrrer
12 0! 10° 10 1! e 18
ME (SEC] TIME {SECH
Fig.5 Fig.6
5@ 4 do sl 4 astanls sl oaaaaal 58 _r. oA PR T Sy B D i R e
0 . @ \ \ VoY
30 - 30 ) A
b / 20 \ \ \\ .
g 10 RN \(;\ 8 10 \ N .
g 01~ N . g o N
(HERTI - R Y - .
9 pm W - B pm
-8 15 pm | -2 - - 15 pm
30 - 50 pm -39 4 . - dpm)
INTERSTITIAL - - 45 um | Averace 45 pm
@ 1 concermation - - el 40 11 SUPERSATURATION o8 pm |
-59 - O et e e e T S B 59 v A et =y e v v
w? 107 12 18 0! 10 10
TIME (SEC) HME (SEC)
Fig.7 Fig.8
3.GENERATION OF INTERSTITIALS
3.1 The Oxidation Growth Rate
In this work the model of Massoud /7/ is used.
X X
oxX ox
ox B Ll Lz
= + Cyve + Cyre 17)
g 2:x _+A
oxX

This equation describes the growth rate as a function of
thickness. X _ is the oxide thickness and the coefficients B
and B/A are £Re parabolic and linear rate constants. Further

the coefficients L,, L, C, and C, are constants and given in
17 "2 71 2
table 2.
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TABLE 2

Parameter values for the thermal oxidation of silicon
and diffusion of interstitials at 1000°C /7,8/.

0.0132 nm.sec™!

1

-]

-~

>
]

4,68 nmz.sec-
0.083 nm.sec_1

= 1.24 nm
2 = 0.0452 nm.secm1

13 -3

The model is similary to the Grove model. The deviation from
the Grove model is given by two exponential expressions, that
calculate the excess of oxidation rate in thin oxide layers.
For the simulation of the

kinetics of interstitial
supersaturation we need the 120 TN T ST S W
oxide growth rate as a
function of time. Therefore % -
(17 was also solved in 80 - L
ZOMBIE, The simulation was
calculated at 1000°C with % 70 i
parameter values given 1in ; 60 o L
table 2. Fig.9 shows the ¥
oxide thickness during the & 50 ~ 5
first 100 minutes at a = .44
temperature of 1000°C for dry é I
oxidation: © A -
L
i
Fig.9 ° I
=+ TTT T T T T T f
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TIME [MIN)
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3.2 Generation Model of Interstitials.

The interstitials are produced during thermal oxidation
because a fraction 8 of silicon atoms at the interface is not
oxidised. Therefore the generation rate of interstitials
(GI) during thermal oxidation can be written as

axox
GI = e'Cox°—5€—

Cox deaate§3 the number of molecules/cm3 of silicon dioxide
(9%2+10%“cm °) The generation term givem in (18) is now
inserted in (13). With ZOMBIE the numerical solution of the
oxide growth rate, the interstitial concentration and the
average supersaturation can be obtained. The results of the
simulations are given in Fig.l0 and Fig.ll. These plots show
c./c€%  and the average supersaturation at the §i0 -8i
ifitetface. By variation of the surface recombination veloCity

(KI) the plots of the interstitial surface concentration and
théir average supersaturation change their shife. A change of
only alters the

does not change the shape of the curves.
number of produced interstitials. In many cases a stationary
generation rate of interstitials is assumed /1,9/. This
stationary generation rate gan be obtained by setting J =0 at
x=0 in (13). One obtains ( /KI = 5-10° is kept constan%)

(18)

G
I eq
K
I
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Curve 1 in the Fig.l0 to Fig.ll shows this "dynamical
equilibrium" behaviour. The other curves (2 to 4) approach
to the equilibrium curve after long times._ In the curves 2 to
4 the surface recombination velocity and 8 were chosen lower.
Yet the ratio of S/K was the same as in curve 1. The curves
2 to 4 show a similar behaviour: at t=0 no supersaturation
exists., At the beginn of the oxidation there 1is a high
generation rate of interstitials and supersaturation
increases. With advancing time supersaturation approaches to
dynamical equilibrium. The curves 2 and 3 of Fig.ll show the
supersaturation range which is typical for OED experiments.
Finally we have plotted the dynamical equilibrium of the
average supersaturation_afzgnterstitials as shown in Fig,12.
This curve reveals a t dependence in the range of 100 to
1000 min as found in the experiments /1,3,8/. Therefore this
dependence can be obtained by a consistent physical model for
interstitial generation. For the curves without the
dynamical equilibrium we can chose the parameters in a way
that they show the same behaviour in the range from 100 to
1000 min as the curve in Fig.l2,

A more realistic physical model for the interstitial
supersaturation must take account of the bulk recombination
and diffusion of interstitials and vacancies.
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4.THE INTERSTITIAL AND VACANCY MODEL

The continuity equation for vacancies and interstitials
is given by

ac 9%

L. D — k.+(C.+C, - c€1.¢29) (20)

ac %

et e (C, Gy - 08 (21)
B 1ty T Yy

A W

The second term in (20) and (21) 1is the bulk recombination

term between  interstitials and vacancies. Ky is the
recombinatign coefficient and depends only on temperature.
c and C-3 are their equilibrium values. The used initial
and boundary conditiong are
= &4 = &4 =
¢, =¢Y, ¢, =cy for t=0 (22.a)
J. =G, ~ K (c. -c2Y) for x=0 (22.b)
I I I I I *

J, = =K +(C, - cc1) for x=0 (22.c)

v = TG =G

I = 0 and Iy = 0 for x=1500m (22.4)

The values of the parameters for interstitials, vacancies and

K, are given in table 2 and 3.

TABLE 3

Parameter values fog the vacancies and bulk recombination
coefficient at 1000 C /8,10/.

D = 1.2‘10“9 cmz.sec—
¥ 15 -3

CV = 2.4°10 cm

KR = 10-17 cm3.sec-l

The average supersaturation of vacancies {ACV? can be defined
similar to the avarage supersaturation of interstitials (10).



395

Furthermore ZOMBIE uses a similar equation for €ACV) as for
(ACI> in (14). Fig.13 and Fig.l4 show typical profiles of
and (AC ? at different times. the curves 1 to 4 in
Flg]i3 1nd1cate a gradually increase of the supersaturation of
I whereas the curves 1 to 4 in Fig.l4 show a simultaneous
decrease of V. The deviation of V from its equilibrum value
advances into the depth with increasing time.
For thermal oxidation experiments it is important to know the
average supersaturation of interstitials and vacancies at the
surface, Fig.15 and Fig.l16 show the behaviour of 4C.? and
4C. > at the 5111con1furf§§e. ﬁ reasonable bulk recombination
coefficient K, (10 cm ~sec /10/ has been chosen for the
simulation of the curves in Flg 15 and Fig.16. We have also
chosen K¥ =K K In Fig.15 the curves 1 to 5 have the same
shape up to t—£ *1 sec. In this region these curves have
approximately the same behaviour as the curves in Fig.ll.
From t=4+10"sec on the shape of the curves differ from one

another. For lower values of K, (curve 1 and 2) the
interstitial supersaturation increaseS continuously (fill-up
effect). On the other hand the vacancy undersaturation in

Fig.16 is stronger for lower values of K,. The next point was
the simulation of the behaviour of CI) and {AC,? at the
backside (x=300pm). Furthermore we haVe examined the
dependence of €AC_» and <AC_> on K, in Fig.l7 and Fig.18. It
takes the 1nterst1E1als a certain extent of time wuntil they
reach the backside because the interstitials have to remove
the vacancies by bulk recombination. Similar to the surface
Fig.17 sHows the fill-up effect for the same values of K.,. So
for t»10 sec the shape of the curves on the surface are
similar to the backside in the Fig.l5 to Fig.l8.
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CONCLUSION

In summary we can conlude:

1) ZOMBIE is a very flexibel programm package and
powerful for problem solving in the fields of d1ffus1onO

2) It is possible to obtain GCI} proportional to t «25
in the from experiment known rafnge assuming GI to be
proportional to the oxidation rate.

3) It has exposed that it is necessary to take account of
V and C; in order to obtain a more realistic result,

4) The simulation in this work has shown that the surface
recombination wvelocity and the bulk recombination have a
strong influence on the behaviour of V and I.
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