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Dynamics of thermal growth of silicon oxide films on Si
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Thermal growth of silicon oxide films on Si in dry O2 is modeled as a dynamical system, assuming that it
is basically a reaction-diffusion phenomenon. Relevant findings of the last decade are incorporated, as structure
and composition of the oxide/Si interface and O2 transport and reaction at initial stages of growth. The present
model departs from the well-established Deal and Grove framework@B. E. Deal and A. S. Grove, J. Appl.
Phys.36, 3770~1965!# indicating that its basic assumptions, steady-state regime, and reaction between O2 and
Si at a sharp oxide/Si interface are only attained asymptotically. Scaling properties of these model equations
are explored, and experimental growth kinetics, obtained for a wide range of growth parameters including the
small thickness range, are shown to be well described by the model.
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I. INTRODUCTION

Silicon oxide films thermally grown on single-crystallin
Si (c-Si! wafers in dry O2 are still the most common mate
rials used as gate dielectrics in Si-based metal-ox
semiconductor~MOS! structures. As device dimension
shrink below 0.25mm, the oxide films are forced to sca
down to thickness of 5 nm and less. Reliability of high
integrated Si devices is critically dependent on the charac
istics of the vitreous oxide film, like thickness uniformit
defect density, dielectric strength, and others, as well as
those of the oxide/Si interface, like roughness, electro
states density, and others.1,2 The dielectric performance o
ultrathin films of silicon oxide thermally grown on Si and th
structural and electronic properties of the oxide/Si interfa
have been intensively studied experimentally, theoretica
and computationally3,4 in synergism with the development o
the semiconductor industry.

Since 1965 the most used theoretical framework to
scribe silicon oxide thermal growth on Si in dry O2 has been
the Deal and Grove model.5 It considers diffusion of an oxi-
dant species (O2) through a silicon oxide film from the sur
face towards the Si/SiO2 interface. The process is describe
using constant diffusivity and assuming~i! a steady-state re
gime, where the gradient of the oxidant species is cons
over the oxide film; and~ii ! reaction between O2 and Si at a
sharp oxide/Si interface. The result is the well-known line
parabolic law, that agrees with the observed growth kine
in dry O2 only above a certain oxide film thickness.6–8 For
thermal oxidation in dry O2, assumption~i! requires an initial
oxide layer before the model starts to describe the gro
process. This initial oxide layer was estimated between
and 30 nm.5,6 The various limitations of this model becom
important when one departs from thick oxide films, which
the case of films of present and future use in microelectro
devices. To begin with, at initial stages the oxidant spec
density profiles in the oxide are far from linear, and theref
the steady-state regime cannot be assumed. Furthermore
interface is not sharp at any stage,9 implying that reaction
PRB 610163-1829/2000/61~19!/12992~8!/$15.00
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takes place at a finite-width region, known as the react
layer,10 violating another basic assumption of the Deal a
Grove model. Also the diffusivity may not remain consta
over the whole process, as for example, in thermal gro
experiments that take too long in time and are prone to H2O
contamination.8

Description of the growth kinetics in the lower thickne
range was addressed by many authors, within the Deal
Grove model framework, adding new terms to the line
parabolic expression in order to fit experimental data.6,7 Al-
though fitting the experimental curves, and so providing u
ful analytical expressions capable of reproducing the wh
thickness interval, the extra terms added to the Deal
Grove expression did not have a well-defined physical me
ing, even though their dependence on some processing
rameters, like temperature, for instance, could be explor6

In order to theoretically explain the early stage kinetics,
action diffusion equations were explicitly proposed. The s
lutions were obtained by either assuming a nearly ste
state and/or a sharp interface,11,12 similarly to the Deal and
Grove solution, or else assuming variable diffusivities or
action rates.13–18 Although these models suggest possib
physical or chemical phenomena, the simplifying assum
tions do not allow an estimate of the relevance of the diff
ent processes. None of these models has been shown
clearly correct and none of them has gained widespread
ceptance. One is left then with several expressions that
be used to model the growth kinetics in dry O2 in the thin
and ultrathin film regimes well below 20 nm, as well as
further stages of growth, but with no complete dynamic
explanation.19,20 All those situations not satisfactorily ex
plained in terms of the Deal and Grove model were refer
to in the literature as ‘‘anomalous,’’ comprising mainly th
behavior at initial growth stages.

Recent experimental investigations showed that as
thickness decreases below 20 nm, the contribution to fi
growth due to reaction away from the interface region b
comes increasingly significant.21–26There are strong theoret
ical and experimental evidences of the existence of a reac
12 992 ©2000 The American Physical Society
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PRB 61 12 993DYNAMICS OF THERMAL GROWTH OF SILICON OXIDE . . .
layer formed by suboxides~also called Si excess! near the
oxide/Si interface.10,27–29 Hence, besides steady state, a
the sharp interface assumption may be an over simplify
approximation to explain the early stages of oxide grow
The structure of the interface should be obtained as a re
rather than given as an assumption of the model. Also,
desirable to fully understand the exact solution of the mo
underlying the Deal and Grove framework before other
sumptions regarding variable diffusivity and reaction rate
considered.

In the present work finite differences techniques are u
to exactly solve reaction-diffusion equations proposed
model the diffusion of an oxidant species through the gro
ing oxide and its reaction to form silicon oxide, as it is d
scribed in Secs. II and III. With these equations and th
solutions we are able to describe the growth kinetics at
times, from the very beginning to those later stages that w
already adequately described by the classical Deal and G
linear parabolic expression. In the following sections, va
ous aspects of the model are investigated, including sca
properties of the equations, asymptotic behaviors of the
lutions, and an operational method is proposed to ob
physical quantities like diffusivity from experimental dat
The evolution of the interface width with time can be pr
dicted and the Deal and Grove approximation of sharp in
face is shown to be justifiable in the appropriate limits. T
idea here is twofold: to provide a theoretical description
the whole thickness interval and a useful tool to make qu
titative predictions of film thickness and interface width
functions of pressure, temperature, and time. In Sec. VII,
conclude and discuss possible extensions of the model.

II. THE MODEL

The thermal growth of silicon oxide films on Si is mod
eled as a dynamical system, assuming that it is basical
reaction-diffusion phenomenon. Since the steady-state
gime is not imposed, an initial oxide thickness is not
quired. Therefore, the model is expected to describe
whole oxide thickness interval. Reaction-diffusion equatio
have been used to describe different systems,30–32 including
silicon oxide films thermally grown on Si.11–18Here they are
also applied to the film growth kinetics and exactly solv
through numerical iteration. The diffusing species is taken
be O2, to model what has been largely demonstrated by
topic substitution experiments.21,22,33–35Growth is promoted
by reaction of O2 with Si, not necessarily at the oxide/S
interface, but wherever the two species meet. The gro
kinetics can then be obtained at any temperature by spe
ing the diffusivity of the O2 molecule in the silica network
D, the reaction rate between O2 and Si,k, and the O2 pres-
sure in the gas phase. Growth in one dimension is con
ered, which is the most common experimental situatio2

meaning that as a face ofc-Si is exposed to O2, the silica
film grows in the direction perpendicular to this face. T
proposed description for the growth kinetics is contained
the following coupled partial differential equations:

]rO2

]t
5D

]2rO2

]x2
2krO2

rSi ,
]rSi

]t
52krO2

rSi , ~1!
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wherer i5ci /cSi
bulk is the relative concentration of thei spe-

cies (i 5Si, O2) in the solid phase, in units of number o
atoms per unit volume,ci , normalized by the concentratio
of Si in c-Si, cSi

bulk . Thus, the state of any species at any tim
is characterized by a density functionr(x,t), wherex is the
coordinate in the direction of growth,x50 indicating the
surface of the sample, andt is the elapsed growth time.

The first equation describes the oxidant species, O2, dif-
fusing through a space initially occupied by crystalline S
and the subsequent Si-O2 reaction that takes place whenev
the density functionsrSi(x,t) and rO2

(x,t) are simulta-
neously different from zero.

The second equation merely states that silicon is tra
formed into silica. We do not consider silicon diffusio
through the silica film in agreement with recent experimen
results,33 although short-range~sub-nm! Si interstitial injec-
tion from the substrate cannot be excluded. As a con
quence of the last assumption we are allowed to write

roxide~x,t !512rSi~x,t ! ~2!

reflecting conservation of Si species in the Si1O2→SiO2
reaction. It is assumed that the O2 diffusivity at a certain
temperature does not change during oxidation, and there
D is constant throughout the whole growth process. Anot
point is thatrSi may be fractionary, implying the coexistenc
of silicon and silicon oxide. This is an oversimplified way
account for coexistence of fully and partially oxidized S
consistently with the existence of suboxides.9,28,29,34,35The
interface width is taken as the width of the coexistence
gion. Furthermore, since oxygen diffuses mainly through
ide, one neglects volume changes due to the above chem
reaction.

Assuming the simple situation of an initially pure silico
surface exposed to a constant gas (O2) pressure environ-
ment, the initial and boundary conditions then read

rSi~x,0!51 ;x>0, rO2
~0,t !5

cgasf v

cSi
bulk

5p0 ;t>0,

~3!

wherecgas is the O2 concentration in the gas phase andf v is
the ratio between the accessible free volume for O2 in the
silica network and the unit volume of the solid.8 Initially
there is a pure,c-Si substrate fromx50 to `, whose surface
is, at all times, exposed to a gaseous medium, O2, with a
relative concentration at this surface represented in the
ond condition byp05cgasf v /cSi

bulk . As time proceeds, O2
diffuses through the oxide network, reaches Si, reacts p
ducing more oxide, and consequently pushes the oxid
interface further in the positivex region. Different values of
D, k, andcgas imply different kinetics.

Reaction-diffusion equations to model the thermal ox
growth on Si have already been proposed by other auth
Penget al.11 proposed a model where the interface is tak
to be sharp, but whose location is dynamically determin
Using series expansion, Mhetar and Archer12 showed that
this solution differs from Deal and Grove linear parabo
law by less than 1025 percent. On the other hand, Verd
et al.14 considered a diffusivity that varies in the near inte
face region following anad hocprescription. The result is in
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12 994 PRB 61de ALMEIDA, GONÇALVES, BAUMVOL, AND STEDILE
very good agreement with experimental curves. Dimitrij
and Harrison17 considered the emergence of new grow
sites at a sharp interface, whose effect is to enhance
reaction rate. Cerofoliniet al.18 proposed an interface tha
evolves abruptly to a limit width. This width, however, is n
obtained dynamically, but rather it is estimated from expe
ments. These are valuable interesting suggestions, bu
solutions were all obtained by fixing the interface structu
as a further assumption. It would certainly be interesting
investigate the exact solution assuming variable diffusivit
and/or reaction rates. Nevertheless, here we restrict ourse
to obtain the exact solution with constantD andk.

III. DEAL AND GROVE LIMIT

We consider a limit situation that yields the Deal a
Grove linear-parabolic law,5 assuming a linear profile for th
oxidant density species and a sharp SiO2/Si interface, as
shown in Fig. 1. The silicon density profile is taken to be
step function and a small overlap of widthe is assumed
between the profiles of silicon matrix and the oxidant s
cies. This overlap is necessary because the Si-O2 reaction
takes place only and whenever the two species meet. In
case, the O2 density function in the solid phase is given b

rO2
5p02Fx for x<x~ t !, ~4!

wherex(t) is the oxide thickness, that is, the depth from t
oxide surface where the silicon matrix density profile pas
from zero to one, andF is a positive constant over spati
dimension~but depends on time! related to the O2 density
gradient in the oxide film. The oxide thickness is given b

x~ t !5E
0

`

roxidedx5E
0

`

~12rSi!dx ~5!

and, using Eq.~1!, the oxide growth rate can be written as

dx

dt
5kE

0

`

rO2
rSidx. ~6!

Now, considering the situation proposed in Fig. 1, the ab
integral can be estimated as;e(p02Fx) for smalle, that is,
the integral in Eq.~6! reduces to

FIG. 1. Oxidant species in the solid phase, silicon oxide~white!,
and crystalline-Si~gray! profiles assumed to obtain the Deal a
Grove limit. Observe that oxidant species and crystalline-Si ove
over a thin region of widthe. The form of this region is irrelevan
if the area is kept equal to (p02Fx)e.
he
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dx

dt
5k~p02Fx!, ~7!

wherek5ke is an effective reaction rate with dimensions
length per time, as the usual linear constant of the Deal
Grove model. On the other hand, all oxidant species av
able from the O2 flux into the overlaping region react with S
to form oxide. Hence it is also true that

dx

dt
52D

]rO2

]x
for x5x~ t !5DF. ~8!

Using Eq.~8! in Eq. ~7! we get

dx

dt
5S kp02

k

D

dx

dt
x D . ~9!

That can be solved and finally yields

k

D
x21x5kp0~ t2t0! ~10!

that has the form of the Deal and Grove linear parabolic la
This solution is valid whenever the approximation implicit
Eq. ~7! is valid. Note that the effective reaction ratek should
be constant at this asymptotic regime. Hence the Deal
Grove solution is a limit case solution to Eqs.~1!, where the
chemical species density profiles described in Fig. 1 are
sumed. At initial stages of growth, however, this approxim
tion fails, while the reaction-diffusion equations are st
valid, and suitable solutions can be obtained numerically
will be shown in the following. It is interesting to remar
that the above solution, Eq.~10!, shows a further property o
the model: the growth timet can be rescaled by the oxidan
species concentration at the oxide film surface,p0, as illus-
trated in what follows.

IV. ADIMENSIONAL EQUATIONS

Equations ~1! form a set of two coupled, nonlinea
second-order, partial differential equations. They are not a
lytically soluble in general. We have considered an expl
finite difference method and obtained time-dependent s
tions. We remark that Eqs.~1! can be written in an adimen
sional form by considering adimensional variables defined

t5kt, ~11!

u5Ak

D
x. ~12!

Defining f i(u,t)5r i(x,t), the model equations~1! read

]fO2

]t
5

]2fO2

]u2
2fO2

fSi ,
]fSi

]t
52fO2

fSi ~13!

with boundary and initial conditions given as

fSi~u,0!51 ;u>0, fO2
~0,t!5

cgasf v

cSi
bulk

5p0 ;t>0,

~14!

p
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and different kinetics are described by a single param
represented by the relative O2 concentration at the surfac
p0. The adimensional variables are given in terms of ‘‘na
ral’’ units: 1/k for time andAD/k for length. The adimen-
sional density functionsf are given in units of the bulk
silicon concentrationcSi

bulk .

V. NUMERICAL SOLUTION

In order to obtain concentration profiles and growth kin
ics, Eqs.~13! must be solved. The calculation gives then t
density profilesf i(u,t) of all species and the kinetics. Typ
cal profiles at different growth times for a given value ofcgas
and temperature are shown in Fig. 2. The O2 profiles are not
straight lines as they are assumed to be in the steady-
regime.5 Strictly speaking, a steady state is never attained
long as the oxide/Si interface moves deeper into thec-Si
substrate. Furthermore, this interface is not sharp, in ac
dance with a wealth of experimental evidences.9,29,34–36In
this way, O2-Si reaction can take place in the whole regi
where nonfully oxidized Si is available. Figure 2 shows th
the two hypotheses of the Deal and Grove model are
plausible:~i! steady-state regime is never attained and~ii ! a
reaction between O2 and Si leading to growth does not tak
place at a sharp oxide/Si interface. For high enough temp
tures and pressures, and long enough times, the O2 profile
approaches a straight line, and the thickness of the inter
is much smaller than the oxide thickness. This is the
served situation at oxide thickness well above 20 nm. In
limit, steady-state and abrupt interface are plausible appr
mations. In other words, asymptotically the Deal and Gro
assumptions are valid as it was shown in Sec. III, wherea
initial stages they are not. The kinetics in the initial grow
regime, which was described as ‘‘anomalous’’ in the De
and Grove framework, naturally emerges from the reacti
diffusion equations as follows. Let us consider the quan
that is mainly focused in practical situations: the oxide thic
nessx. It can be calculated through the relation below, tha
analogous to Eq.~5!,

x~t!5E
0

`

foxide~u,t!du5E
0

`

@12fSi~u,t!#du. ~15!

FIG. 2. Calculated Si and O2 profiles in the solid phase at
given temperature and O2 pressure, for different oxidation times
The solid, dashed, and dot-dashed lines represent, respectivel
profiles at increasing oxidation times.p0 was chosen to be equa
fSi
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The oxide growth kineticsx(t) is completely determined by
fSi(u,t), whose evolution is dictated by Eqs.~13! and there-
fore is determined by a unique parameterp0, the O2 relative
concentration at the solid surface.

However, due to the particular form of the differenti
equations, together with boundary and initial conditions,
system presents a further scaling property. Suppose two
ferent growth kinetics, with O2 concentrations in the solid
phase given byp0

(1) and p0
(2)5ap0

(1) , then the following
relations apply:

fO2

(2)~u,t!5afO2

(1)~u,at!,

fSi
(2)~u,t!5fSi

(1)~u,at!, ~16!

x (2)~t!5x (1)~at!.

Figure 3 shows three different kinetics curves, for differe
p0. This scaling is also in agreement with the asympto
solution in the Deal and Grove limit given by Eq.~10!.
Therefore, besides collapsing for different temperatures~i.e.,
differentD andk) when natural units of the system are use
kinetic curves for differentp0 collapse to a single curve du
to the symmetry present in the form of the reaction-diffusi
model equations together with initial and boundary con
tions. In summary, the theoretical prediction is that all
netic curves reduce to a single one.

Initial conditions can be different from one experiment
another due to a native oxide layer of variable thickne
present before high-temperature oxidation. We also sol
our equations using initial conditions different from Eq.~3!,
modeling native oxide layers with different thickness a
compositions, and different initial interface structures@abrupt
or continuously changing from a stoichiometric oxide (SiO2)
to pure silicon#, besides different values for the O2 diffusiv-
ity in the native oxide. Although these points are presen
under a more exhaustive investigation, the effect of assum
a native oxide layer has been always a shift of the oxide fi
total thickness by a constant amount.

the
FIG. 3. Kinetic curves obtained theoretically for different valu

of p050.05, 0.10, and 0.20. All curves were obtained forD
50.001 andk50.01.
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VI. COMPARISON WITH EXPERIMENTS

A. Fitting procedure

Early stages of growth of silicon oxide films on Si in d
O2 predicted by this model should be tested against exp
mental data to validate the model. This is accomplished
fitting diverse experimental kinetics with the theoretic
curve. For that it is necessary to find the adequate trans
mation from natural units to usual units, like nanometers a
minutes, for each experimental data set, which directly gi
the values of diffusivityD, reaction ratek, and effective O2
concentrationp0 at the sample surface. Also the native oxi
thickness should be estimated. As the samples usu
present a relatively thin native oxide film thickness (;2 nm
or less!, whose effect is to shift the growth kinetics curve, t
model takes it as a degree of freedom to choose an in
time t0 and an initial thicknessx0. The choice ofx0 is
associated to different native oxide layers that shift the t
oretical curve vertically, while the choice oft0 should be
associated with the point on the theoretical curve that re
sents the instant of the beginning of the oxide film therm
growth process. Actually, these two shifts represent the
ting process, whereD, k, and p0, are scaling factors, bein
related to the right choice of units.

The fitting for each sample is obtained in the followin
way:

~i! Numerically iterating Eqs.~13! produces a standar
theoretical kinetics curve corresponding toD51, k51, and
p051.

~ii ! The relations between theoretical (x th ,t th) and ex-
perimental (xex ,tex) points are

xex5x thAD

k
1x0 , tex5t th

1

kp0
1t0 . ~17!

~iii ! Choose two points in the experimental kinetics cur
usually the first and the last.

~iv! Choose a first point in the standard theoretical cu
~this is equivalent to choosingt0).

~v! Associating this theoretical point with the first expe
mental point and using Eqs.~17!, determinekp0 and a first
equation relatingAD/k andx0.

~vi! Using the value ofkp0 and the second experiment
point, determine the second theoretical point and a sec
equation relatingAD/k andx0.

~vii ! DetermineAD/k, x0 and thent0.
~viii ! Rescale the theoretical curve using the values

AD/k, kp0 , x0, andt0.
~ix! Choose another first point in the standard theoret

curve and repeat steps~v!–~viii ! until obtaining the best fit.
Figure 4 shows the result of this fitting procedure for

netic curves from Ref. 6, corresponding to oxidation in
Joule-effect heated furnace in a variety of growth parame
~temperature and O2 pressure!. Since we are concerned wit
initial stages of growth, we restricted the experimental d
shown to the 1–20 nm interval. In Fig. 4~a!, data obtained by
Kamigaki and Itoh37 were also included forpO2

51 atm. For
lower pressures, these kinetics do not coincide with those
Massoudet al.6 and we chose the later curves because t
have more experimental points. Fits of kinetics obtained
ri-
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other authors using rapid thermal processing furnace38 or
Joule heated furnace and a very dry O2 environment23 are
shown in Fig. 5. Table I lists the extracted values ofD andk
obtained by the above fitting procedures for the experime
kinetics shown in Figs. 4 and 5, assuming Henry’s Law a
the free volume hypothesis stated in Eq.~3!.

FIG. 4. Theoretical and experimental data comparison for
ferent experiments: open symbols from Ref. 6 and solid symb
from Ref. 37. The theoretical curves were obtained by using
fitting procedure explained in the text. The oxygen partial press
in the gas phasepO2

in experiments was~a! 1 atm,~b! 0.1 atm, and
~c! 0.01 atm.
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Figure 6 shows the Arrhenius plot for the diffusivity e
tracted from the 1 atm, 0.1 atm, and 0.01 atm kinetics
Massoudet al.6 From the low scattering of the experiment
data by Massoudet al. around the linear fit one may con
clude that diffusivity is only weakly dependent on pressu
The activation energy extracted from the plot isW0546.83
kcal/mol, for a Joule heated processing furnace. Differ
experimental procedures yield different values for the dif
sivity and, consequently, may give different values for t
activation energy. This should be expected because diffu
ity depends on temperature and when a rapid furnace is
the high temperature is attained more rapidly than in the c
of a Joule heated furnace.

The kinetics curves are very insensitive to variations ink.
This is caused by thek-dependence of natural units and t
scaling properties of the kinetics curve, illustrated in E
~11! and ~16!. This feature prevents an accurate determi
tion of the reaction constantk and its activation energy.

We emphazise that all the theoretical curves used to fit
experimental curves are the standard curve renormalize
the adequate units and conveniently shifted in time a
thickness, to account for the native oxide layer. This me

FIG. 5. Growth kinetics by~a! Ganemet al. ~Ref. 38! and~b! by
Rochetet al. ~Ref. 23! ~symbols! compared with the theory~solid
line!.
y
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TABLE I. Oxidation conditions and extracted values of diffu
sivity coefficientD and reaction ratek extracted from experimenta
data fitting, as explained in the text.

Data from
T

(°C)
pO2

~atm! p0

D
(nm2/min)

k
(min21)

Fig. 4~a! 800 1 3.06931026 0.2273106 3.2103103

850 1 2.93331026 0.4863106 1.1863104

900 1 2.80831026 1.1063106 3.8113104

950 1 2.69331026 2.3423106 1.5303105

1000 1 2.58731026 5.5613106 3.1313105

Fig. 4~b! 800 0.1 3.06931027 0.2923106 9.1003106

850 0.1 2.93331027 0.5683106 1.0103107

900 0.1 2.80831027 1.5123106 6.3103105

950 0.1 2.69331027 5.0603106 3.4703105

Fig. 4~c! 800 0.01 3.06931028 0.1933106 2.1903107

850 0.01 2.93331028 0.6423106 3.1303108

900 0.01 2.80831028 1.6913106 1.1503107

950 0.01 2.69831028 5.1503106 4.3803106

Fig. 5~a! 1000 0.140 3.62231027 0.3783107 2.0043108

1100 0.140 3.29131027 3.7683107 1.2183108

1200 0.140 3.06731027 19.563107 1.9563108

1050 0.080 1.95231027 5.6433107 3.0723108

1050 0.040 0.96731027 5.5353107 6.1503108

Fig. 5~b! 930 0.014 3.65631028 5.6373107 1.6563106

FIG. 6. Arrhenius plot for the diffusivities obtained from th
fitting of data by Massoudet al. ~Ref. 6! The extracted activation
energy isW0546.83 kcal/mol and the preexponential factorD0

57.9631014 nm2/min.
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that all these curves can be collapsed into the original s
dard theoretical curve. A similar collapse was made by D
and Grove,5 assuming initial oxide thickness of 20 nm.

B. Departure from constant diffusivity

The curves from Ref. 6 contained many more experim
tal points, extending from 0.1 to 1000 min, and from 1 to
nm. For these curves the scaling in pressure predicted
Eqs.~16! is not perfect at long growth times, probably due
an increase in diffusivity. For these experiments, the cho
experimental points for the fitting procedure were not
first and the last ones, but the pair of points that yielded
best fit. This asymptotic departure from the theoretical cu
is an expected result, since the present model assumes a
stant diffusivity throughout the whole growth process, d
spite many evidences that this is not the case:~i! transport of
the diffusing species through the O-excess region near
surface,22,24,26,39 through the Si-excess region near t
oxide/Si interface,25,10,34,35 and through the stoichiometri
SiO2 in the bulk of the growing oxide film should have di
ferent diffusivities; ~ii ! the growth of the defective, near
surface and near-interface regions saturate within a
nm,22,28,29,36,39while the bulk, stoichiometric oxide grow
continuously. So, interstitial diffusion of O2 through the bulk
of the growing oxide gives a relative contribution that i
creases as the width of this region becomes dominant;~iii !
oxidation performed in dry O2 flow during long time inter-
vals ~many hours! may suffer from water vapor contamina
tion, which accelerates the oxide growth.8,23

For long times the solution of Eqs.~1! predicts an inverse
growth ratedt/dx5(1/DpO)x, with D constant, which is
the asymptotic behavior of the Deal and Grove linear pa
bolic law5. In Fig. 7 the inverse growth rate is plotted as
function of oxide film thickness for two different experime
tal kinetics.6 A deviation from a straight line in the thick film
range is apparent, corresponding to a variable, increasing
fusivity ~as indicated by the dashed lines of different slope!,
contrary to the theoretical prediction in this range shown
the inset.

VII. DISCUSSION AND CONCLUSIONS

From the above results, one can conclude that the the
growth of silicon oxide films onc-Si in dry O2 is promoted
by diffusion of O2 through the growing oxide with variabl
f
.
,

n-
al

-

by

n
e
e
e
on-
-

he

w

-

if-

n

al

diffusivity. Similar physical arguments could support a va
able reaction rate. Nevertheless, even using constant, e
tive values for the diffusivity and reaction rate, modeling t
growth as a reaction-diffusion process where conditions s
as initial thickness, steady-state regime, and reaction so
at an abrupt interface are abandoned allows us to reprod
the observed kinetics, especially in the lower thickness~ul-
trathin film! regime, which is of present and future practic
interest.

The present approach opens the possibility of incorpo
ing new and determinant facts on O2 transport at initial
stages of thermal oxide growth and on the structure of
oxide/Si interface that were discovered long after the p
posal of Deal and Grove5 and not yet integrated into growt
kinetics models. Some were discussed here, like the gra
Si-excess nature of the oxide/Si interface and the incorp
tion of freshly arriving O2 into different regions of the grow-
ing oxide, while several others may also be included in
reaction-diffusion approach, such as the effect on oxyg
transport26 caused by oxygen excess centers39 in the near-
surface region.
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FIG. 7. Experimental inverse growth rates and theoretical
verse growth rate~inset!. The experimental data~solid symbols! are
taken from Fig. 1 of Ref. 6. The temperatures are 900 °C a
950 °C for the upper and lower curves, respectively.
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