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ABSTRACT -- A new model using dynamic concept to study

the oxidation kinetics has been developed. Oxidation of sili-
con in dry oxygen and steam ambients has been studied in de-
tail. Having been characterized the related dynamic cons-
tants, this developed model provides good computer simulation
results for low-pressure dry oxygen oxidation and steam oxi-
dation.

1. INTRODUCTION

The linear-parabolic oxidation model developed by Deal
and Grove(1) has been widely used for reference in IC manu-
facturing since 1965. However, there still exist the unknown
kinetic problems for silicon oxidations. Computer simulation
for silicon oxidations consequentlg should be empirically
modified in some thickness ranges( ).

In this paper, a new model based on a dynamic equilibrium
concept to replace the Henry's law assumption has been deve-
loped. According to this model, silicon oxidations in dry
oxygen and steam ambients have been studied in detail. Mean-
while, the related dynamic constants have been characterized.
It is observed that this model provides good computer simula-
tion results for low-pressure dry oxygen oxidation and steam
oxidation.

2. DYNAMIC VIEW OF HENRY'S LAW

Consider in a gas-solution (solid or liquid) equilibrium
system, Henry's law is assumed that the concentration of a
specified vaporous solute in a solution (solid or liquid) is
proportional to its partial pressure in gas mixture. However

dynamically for a phase equilibrium of gas-solution dissolva-
tion system (Fig.l) or a chemical equilibrium of gas-reactant

reaction system, it can be expressed chemically as,
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Fig. 1 Schematic representation of dynamic equilibrium
in a gas -solution dissolvation system. The solution
can be solid or liquid.

where k1 is the forward dissolution (or forward reaction)rate

constant, and k_j is the reverse evolution {or reverse reac-
tion) rate constant. For silicon dry oxygen oxidation, the
molecular diffusion of oxggen molecule in oxide layer has
been well—concluded(l’3’& . For silicon steam oxidation,
both the molecular diffusion and the chemical reaction exist
virtuallZ in oxlde layer as illustrated in previous investi-
gations( -6), However, since the molecular diffusion of
steam (H90) molecule has been thought as the dominant contri-
bution to silicon steam oxidation( :7), only the dissolvation
is interested here. Based on the above considerations, if
the dissolvation system is in equilibrium, Eq. (1) implies
that

ye X o Colution )

k_; Pgas

However, since the silicon oxildation system is not in
equilbrium but at a steady state, kland k_1 contribute un-
equally and should be weighed respectively. The concentra-
tion profile of dissolved oxidant species consequently is not
kept at a constant value throughout the growing oxide layer.
If we assume that only a thin layer on the surface of growing
oxide in which Henry's law may be legitimately conducted keeps
a constant solubility of oxidant as shown in Fig.2
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Fig. 2 Schematic representation of reactant transport
through static Henry's layer 0<X<Xyg & dyamic
Henry's layer Xpyg<X<Xyp.

from x=0 to xyg- This thin layer is defined as "static
Henry's layer". The other part of growing oxide from x=xyg to
¥yp in which the oxidant concentration profile varies with the
thickness is defined as ''dynamic Henry's layer".

3. REACTANT TRANSPORT PHENOMENA AND KINETIC MODELING

As shown in Fig.2 (example as in dry oxygen oxidation),
the dissolved oxidant diffuses across the deeper 'dynamic
Henry's layer" and finally reacts with the substrate Si in the
interface region to form the new oxide. The reaction process

can be expressed chemically as the following formulas,
k
0y () + 5i(s) —d4 5105(s).....initial reaction------ (3)

initially, a thin 8i0j layer thus is formed on Si surface and
then the further reactions proceed to occur

k
02(g) + 8105 (s) :ﬁgzr 02(8102)..dissolvation reaction--

- - (%)

05 (5i02) —La 0, (510, - S1).....diffusion-—-—=m-m-=m== (5
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0,(810y = S1i) + 2 = Siw SiEk—S-Z-ESi- 0—siZ

...... ...surface reaction —_— ~-(6)

where ki is the rate constant of initial reaction, 02(8102)
means the dissolved oxygen molecule in Si0, layer, Oz(SiOz—Si)
means the dissolved oxygen molecule in Si0;-Si interface re-
gion.

In dissolvation reaction, Eq.(4), the reaction rate Rj
can be expressed by

Ry = k1D02 - k_

*
where Poz is the partial pressure of oxygen and Cyg 1s the
saturated concentration or solubility of oxygen in static
Henry's layer,

However, in dynamic Henry's layer the oxygen concentra-
tion is a function of x. At steady state, based on the che-
mical potential consideration , the evolution flux from the
dynamic Henry's layer can be expressed by

ko1Chg = koy(r)C(xy) = kg (xp)Clxg) = koy(x3)C(x3) =-..
..... = ko1(x1)C{xq) = ... = k1 {(x)C{x) (8

where k_;(x4) is the evolution rate constant at x; , and C(xy)
is the concentration of oxidant at xj. If we assume that
k_1(x4) varies negligibly small with position, by taking this
lst order approximation, k-](xi)vk_1 > Eq.(7) then becomes

R} = kiPg, - k_1C(x) - &)
Next, the diffusion rate Ry can be expressed by

2
R, = 4G(x.t) - BCGLE) _ pa Cl) -(10)
2 dt at 3x2

where C(x,t) is the concentration of oxygen molecules.

For steady state condition, Eq.(10) can be written as

2
34C(x
Ry = =D é ) 1D
X
Since the dissolution reaction and the diffusion are
dynamically equilibrated in oxide layer, i.e., R1=R2 and
therefore

2
-DEEE < ipy, -k gc(o - —-(12)

X

Assuming that static Henry's layer is negligibly thin, as
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shown in Fig.3, the boundary conditions at x=0 and X=Xy thus
are

c(0)

*
C at x=0
HS } (13)

C(XHD) at =Xy

where C(0) denotes the oxidant concentration at x=0, and
C(xyp) is the oxidant concentration at the interface position

Hyp-

C(x)

In surface reaction, Eq.(6), the reaction rate Ry can be
written as

R3 = ksC (XHD) - e e e —— (14)

However, since the surface reaction rate is equilibrated
with the oxidant flux F from oxide to silicon, the following
continuity condition must be satisfied:

F=R
3lx=XHD

. }
-D %1 - = kSC (XHD)
X"XHD

Consequently, C(XHD) can be calculated as

----(15)

X
* HD
CHS cosh —

2 D x K1
where L° = E—I'and Ciis = vy POZ , by Eqs.(12),(13) & (15).
- - dx,

Since the surface reaction rate equals N—Egg , and then
* Xup
dXHD - ~ ksCHS cosbp= (17
¥ar = ksCOup) = Xyp | LKg XHD

cosh—f— + ~ﬁ-sinh—f—

where N is the concentration of SiOp units (or said molecules
in stoichiometric chemistry) which equals 2.2x1022/cm3 for dry
09 oxidation{(1),

The growth characteristics, xpp-t curves, can be easily
calculated by integrating Eq.(17) as
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L2k, Cg
Xpp + -5 ln(cosh——L— _N'—t
} (18)
or Xyp + A In{cosh BxHD) = Ct
L2k c*. kk
where A= —5== , B =, C= ket = g i 0 (19)

Equation (18) gives a generalized delineation of silicon
oxidations. The kinetic rate constants, kl > ko & kg , can
be obtained based on Eq.(18) if the experimental Xgp-t growth
characteristics are developed and the literature D value is
available.

In case that L is negligibly small in value and if the
growing thickness xHD>>L, the growth characteristic (Eq.(18))
becomes

k k_, 1/2 ck
S -1 - = HS . _ o
Xy + —R:—;[XHD(—D—) In 2] = kg - t (20)
due to the fact _E9>>1, The %, -t growth characteristics

exhibit a linear rate law with its slope equal to
(kgCiig) / (N(1+k_/D)). That is, if Cfig/N is negligibly small,
the reaction will be spontaneously terminated when the grown
layer is thick enough that xy /L is far large compared to 1.
However, if cx /N is not negligible, the reaction will con-
t’nue linearly forever until the silicon substrate is fully
reacted.

In case that L is very large in walue and if the
growing thickness is very thin that xHD<<L, then according to
Taylor's expansion, Eq.(18) can be written as

2 2 4 6
Lk X
s 1 ¥p . 1 *mp . 1 %wp
xqp *p M Fgrrtgrn tgre o)
C*
- HS — — -
= kg . el 21)

D
If =7 is so small that the higher power terms in Eq. (21)
can be neglected, we have

2DC*
2 2D _ HS
XHD + g XHD = N . t (22)

If the static Henry's layer thickness, x,o , is consi-
dered as onset of occurring diffusion reaction as shown in
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Fig.2, then Eg.(23) becomes
2nct
2 2D _ HS
XHD + E; Xgp = N (t+71) - (23)

2 2D
NG + £ xgg)
s
where 1 =

*
2DCHS

this formula is identically equal to that derived by Deal &
Grove (1),

However, when the growing layer becomes thicker that
xyp/L is very large compared with 1, the growth characteris-
tics also will be close to that described in Eq. {20).

On the other hand, when the growing layer thickness x

is so thick that (xHD/L)é, (xHD/L) terms in Eq.(21) can not
be neglected and Eq.(21) bthen becomes

2 6 *
k k .k k k%% C
s 2 1 fs*-1 4 _8_-1"HD _ ZHS .
xyp * 70 *up t 74 D2 Xgp ¥ 14z 03 ke 7w ° (24)

i.e., a higher power of ngut with n>2 could be observed.

Co -
(Pgas) C(0)=Clys
C(Xup)
0 XHD - X

Fig.3 Simplified growth kinetic diagram of solid silicon
surface reaction,
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In order to provide a clearer delineation of the rela-
tions between the kinetic constants and the x
acteristics, Table 1 is summarized.
variations of Xgp~t characteristics schematically for a given

silicon oxidation.

TABLE 1

Summary of silicon oxidation growth characteristics

X
CONDITION —-ED- RATE LAW
dx ksCy
DETECTABLE ,9%HD _ KsChs
NEGLIGIBLY SMALL L Xpip VALUE LINEAR —¢ Tk,
N(1+ )
D
dX ksCr
HD _ KsiHs
0 LINEAR ‘g7~ =~ —
é PARABOLIC
LARGE L %1 QUARTIC
Z HEXATIC
B !
|z H
o 1
dXpp ksChs
LINEAR - —57—= Tk

N(1*—55)

-t growth char-
Also, Fig.4, shows the
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Fig. 4 Schematic representation of the growth characteristic
of silicon oxidation.

4. EXPERIMENT

Silicon wafers with 4-7 Q cm resistivity and (100) orien-
tation were used in this investigation. The wafers had been
well~cleanned by using standard acid/HZOZ chemical process
before oxidation. Steam generated from a H2/02 pyrogenic
system was used for steam oxidation. Nitrogen gas was used
to dilute the oxidant gas(steam or dry oxygen) with a suitable
ratio to simulate the expected low-pressure condition.

5. NUMERICAL ANALYSES, EXPERIMENTAL COMPARISONS, AND COMPUTER
SIMULATION

The numerical and experimental comparison of silicon oxi-
dation at elevated temperatures both in steam and dry Oy am-
bients are shown in Figs.5 & 6, and Tables 2 & 3. By refer-
ring to the literature D values(3,5,6) and utilizing Eq.(19)
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for the case of 1000°C oxidation, the dynamic constants ks’

ki, k_y, and the solubility ng thus can be calculated as
a

shown in Table 4 from fitting data in these two figures.

» EXPERIMENT (REF 1)
SteaM OXIDATION o EXPERIMENT
PRESSURE : 1 ATM (THIS INVESTIGATION)

—— THEORY (Eq , (18))
1200 °C 1100°C

1000 °C

N 920°C

1 " . " ]

0 200 400 600 800 1000 1200
OXIDATION TIME (min)
Fig.5 Comparisons between the experiments and this developed

theory , Eq. (18), of Si steam thermal oxidation at the
temperatures from 920 °C to 1200°C.

Table 2
Growth Parameters of Steam Thermal Oxidation at Elevated
Temperatures
EMPERATURE ° ° N .

PARAMETER 920 C | 1000 C {1100°C {1200 C

A (A) 2.0x10%] 1.6 x10% | 1.37x10°|8.94x104

B (A1) 49x16°] 8.1x10°] 118x16%| 2.24x10%

¢ (A 1y 75 220 710 1890




4 ExPERIMENT (RerF,1)
Dry O, OxIDATION o EXPERIMENT
PRESSURE . ] ATM (THIS INVESTIGATION)

-— Theory (Ea , (18))
12000~ 1200 °C
11000

~10000 1100 °C

§88§

1000 °C

OXIDE THICKNESS (A
3
2

g

920 °C

g

20001
1000

0 300 600 3500 1200 1500 1800 2100 2400
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Fig.6 Comparisons between the experiments and this developed
theory , Eq . (18) , of Si dry oxygen thermal oxidation at
the temperatures from 920°C to 1200°C.

Table 3

Growth Parameters of Dry Oxygen Thermal Oxidation at
Elevated Temperature

EMPERATURE . . . .

- 920°c | 1000°C | 1100°c | 1200 °C
A (A) 2.5x10°] 2.6x10°|2.65x10° | 2.68x103
B (A™1) 9.1x10°[1.05x10%1.07x15%{1.09x10°%
¢ (Awvh) 6.6 22.5 59 120

461
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For a given chemical reaction, a related kinetic cons-
tant should be only a fu?gtion of temperature based on the
chemical kinetics theory ) i.e., this kinetic constant will
not be a function of partial pressure of reactant.

However, in using the linear-parabolic law, van der
Meulen 1) reported an explicit dependence of linear rate
constant on O, partial pressure in silicon dry 0; oxidation.
This may be due to the problem of delicacy in choosing a
slope for determining the rate constant as described in pre-
vious chapters.

In order to study the suitability of the generalized
model developed in this investigation, the pressure dependen-

ce of xyp-t characteristics for 1000°C oxidations both in
steam and dry 0, ambients is analyzed.

According to the parameters in Eq.(18), it is clearly
seen that only C relates to a partial pressure dependence
factor Cgs, as illustrated in Eq.(19), Therefore, if the
reaction temperature is kept at constant (example as at
1000°C), then by starting from the C value obtained in the
case of atmospheric pressure, the xyp~t growth characteristics
of lower pressure and higher pressure can be predicted.

The results are shown in Figs.7 & 8 for lower pressure cases,
and Figs.9 & 10 for higher pressure cases. Some experimental
results are compared. It 1s observed that the comparison
results are quite excellent for the cases of partial pressure
lower than 1 atm. The discrepancy in high pressure cases may
be attributed to the polymerization phenomenon §specially
for steam molecule due to the hydrogen bondingtg pheomenon
in HZO molecules.

Table 4

Dynamic Constants of Si Oxidations and Crs Solubility of Oxidant
in Si0, at 1000°C

ke d K ~1]_MOLECULES Chg o3
AJMINIK,y MIN
sh! ! iy MIN, o3, AT [Tis work] OteR wORKS
%5
19 19 3.4x10
Hpo | Dstex1 87/ min frarx10®| .02 3.0x19 3.3x10° l3.0x10°] 347
INFRARED
3
5.5
pz3.6x100 R MIN | 7.0x105 | 36 19x10'% | 5.0x10'8 |5.2101] 55310
0, PermEaTION
21
- 1.2x10
D138 x 1047 MIN | 3.96x10%] 1522167 1aex10'® 128 x107 *
Lag - TiMe
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Fig.7 Computer simulation and experimental comparison of low
pressure dry oxgyen silicon oxidation at 1000 *°C — The
partial pressure of oxygen varies from 0.01 atm to 1 atm.

o EXPERIMENT

STEAM OXIDATION (THIS INVESTIGATION)
TEMPERATURE : 1000°C —— THEORY (Eq , (18))
7 000[_ 100, 50°%/s 30
63001 ) 20%.
< 5600F 3
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Z 42001 4 y 10%%
X
(S
T 3500F
’- »
w 2800F { S*7.
=
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Fig.8 Computer simulation and experimenlal comparison of low
pressure of steam silicon oxidation at 1000 "C—The
pressure of steam varies from 0.01 atm to 1 atm.
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Fig.9 Computer simulation of high pressure dry oxygen silicon
at 1000 °C — The pressure of oxygen varies from 1 atm
to 20 atm.

--0-~ EXPERIMENT
SteAM OXIDATION (RerF ,10)

TEMPERATURE : 1000 °C THEORY {EQ (18))
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Fig.10 Computer simulation and experimental comparison of high
pressure steam silicon oxidation at 1000 °C The
pressure of steam varies from 1 atm to 20 atim.
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6. CONCLUSION:

A dynamic concept, concerning that the forward dissolu-
tion reaction and the reverse evolution reaction are not in
equilibrium during silicon oxidation, is used to modify the
Henry's law in delineating the kinetic picture of silicon oxi-
dation. A new model has been developed and discussed in de-
tail,

Silicon oxidations both in steam and dry oxygen ambients
were characterized numerically and compared experimentally.
The related kinetic constants thus were obtained. The made
computer simulation for low-pressure silicon oxidations both
in dry oxygen and steam ambients exhiblts an excellent agree-
ment with experimental results. The discrepancy in high pre-
ssure cases may be attributed to the polymerization phenomenon
due to the intermolecular interactions(e.g.,hydrogen bondings
of H,0 molecules).
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