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INTRODUCTION

The investigation of silicon oxidation kinetics
in the thin-fiIm regime for oxides thinner than 3004
is becoming increasingly more important with the
continuous shrinkage of VLSI and ULSI device di-
mensions. Oxide thicknesses smaller than 1204 are
used in submicron channel-length MOSFETs as the
gate-dielectric material. Understanding the oxida-
tion kinetics in this thickness range is not only im-
portant for the tehcnological purposes of controlling
the growth process and the oxide quality, but also
in optimizing the multitude of other phenomena in-
fluenced by oxidation such as point-defect diffusion
and recombination, dopant diffusion, gettering, and
damage annealing.

In this paper, some experimental and model-
ing investigations of SiO2 growth in the thin-film
regime will be highlighted,, the oxidation of heavily
doped silicon in the thin-film regime and its model-
ing will be discussed, and experimental observations
of a delay in SiO2 growth at the onset of the oxida-
tion process will be presented.

ULTRATHIN OXID ATIO]V I{INE TI C S

It has long been established that the oxida-
tion of lightly doped silicon in dry oxygen and in
stea,m can be modeled by the transport of oxidizing
species through the existing oxide and their reaction
with silicon atoms at the Si-SiO2 interface to form

s-F-6

SiO2, as described by the Deal-Grove model.[1] This
model yields linear-parabolic growth kinetics where
the oxidation rate is expressed as

dXo, B
(1)dt 2xo, + A '

where Xo" is the oxide thickness, B the parabolic
rate constant, and BIA the linear rate constant. In
early studies of SiOz growth kinetics, it was also ob-
served that, for oxides thinner than 2504, oxidation
proceeds at a rate larger than predicted by linear-
parabolic kinetics.ll] The use of high-temperature in
sifu automated ellipsometry has provided a detailed
characterization of SiOz growth kinetics in the thin-
film regime on (100),t21 (111),t31 and (110) silicon in
the 800-1000"C range in dry-O rlAt mixtures rang-
ing from pure Oz to 7% Oz in Ar, Figure 1 shows
the oxidation kinetics of (110) silicon in dry oxygen.

The oxidation rate enhancement in the thin-
film regime was analyzed as a function of the oxide
thickness,[2] attd the oxidation time.[s] As a function
of the oxide thickness, the oxidation rate was found
to best fit a growth rate expression of the form

dXo,

Silicon Oxidation Kinetics in the Thin-Film Regime

Hisham Z. Massoud

Department of Electrical Engineering, Duke University,
Durham, North Carolina 27706, U.S.A.

The present status of silicon oxidation in the thin-film regime is reviewed with em-
phasis on experimental results and modeling approaches. The effects of temperature, ori-
entation, and dopant concentration in the substrate on the oxidation kinetics are discussed.
The observation of a delay in the onset of oxidation at temperatures in the 800-1000"C
range is also presented.

dt
B: 2x"/r A* cexP(-x"'l L)' (2)

where C and L ate constants. The parameter C
was found to be both temperature- and orientation-
dependent while the parameter .t was found, in a
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first-order analysis, to be independent of tempera-
ture and orientation.l2] When analyzed as a function
of time, it was found that the oxidation rate best fit
an expression of the formtsl

dX o, B + Kt exp(-t I rt) + Kz exp(-t f 12) , 
",...dt : ,""*o ' \r/

where Kr,, Kz, 11, and 12 ate well behaved parame-
ters that depend on both the silicon orientation and
the oxidation temperature. The oxidation rate ex-
pression in Eq. (3) can be integrated analytically in
the form[3]

X,,(t) : {(Al2)' + gt * Mt[1 - exp( -tlr))
*Mz[1 - exp( -tlrz)] * Mo]t/' - Al2,(4)

where Mt - Ktrr, Mz -- Kzrz, Mo - X?, * AXn,
and X,, is the native oxide thickness. A typical fit to
the experimental data is shown in Fig. 2, for (100)
silicon oxidized in dry oxygen at g00'C.[3] Arnong
other approaches that are successful in fitting the
oxidation data in the thin-film regime, two fitted
the data over a wide range of experimental condi-
tions. In the first, the oxidation rate was assumed
to consist of two Deal-Grove terms with different
rate constants,l+l and in the second, a power-law fit
was used.[s]

It has been experimentally established that the
kinetics of silicon oxidation in the thin-film regime
depends on the pre-oxidation chemical cleaning,loJ
the concentration of interstitial oxygen dissolved in
the substrate,[7] the substrate orientation resulting
in kinetics cross-over at small thicknesses,[sl the par-
tial pressure of oxygen in the oxidizing ambient,lel
the formation of SiO as an intermediate in the ox-
idation procest,[to] and the presence of chlorinated
species.[lrl The models of silicon oxidation in the
thin-film regime have been reviewed, analyzed, and
revised.[12-2Ll These models were based on chemical
transport effects in the oxide,[3'22'ze] o*i6ant solu-
bility in the oxide,lls) carrier tunneling and space-
charge effects in the oxide,[24-2s] stress and viscos-
ity effects in the oxide,[2e-31] oxidant effects at the
interface,[32] oxidant effects in the substrate,l3'33]
and substrate effects.[12]

It was proposedllzl that the oxidation rate en-
hancement in the thin-film regime is likely caused by
additional oxidation sites near the surface by virtue
of being the surface of an unoxidized silicon sub-
strate. Some departure in the silicon surface from
bulk properties could be in the form of damage, dis-
order, bond breaking, bond stretching, sttrface re-

construction, or vacancies. This departure from bulh
conditions is an inherent property and rvould exist
on any oxide-free surface. The concentration of these

sites has a profile which decays exponentially with
a characteristic length of - 3g[.ttzl It was also pro-
posed that the presence of hydrogen generated when
silicon is oxidized in steam would be responsible for
the reordering of the silicon surface layer and the ab-

sence of oxidation-rate enhancement in the thin-film
regime in steam oxidations.[12]

OXIDATION OF HEAVILY DOPED SILICON

Silicon heavily doped with B, P, or As has long
been charactetized by an oxidation rate larger than
that of lightly doped silicon.[34] Thie behavior was

explained by the influence of the conceutration of the
electrically active dopant at the oxidizing interface
on the surface Fermi level.[3a] Additional unexpected
observations of heavily arsenic-implanted silicon ox-
idizing faster at lower temperatures[3s] and heavily
doped silicon oxidizing more slowly after - 300 A
grown in a first oxidation were etched prior to the
second oxidation[36] were reported. These obser-
vations indicated that phosphorus depletion takes
place at the onset of oxidation, which is in agree-
ment with previously reported phosphorus pile-up
at the Si-SiO2 interface obtained by Auger electron
spectroscopy (AES) profiling.[szl The nature of the
pile-up region at the interface was identified by Hag-
mann et aI.[38] for heavily arsenic-irnplanted silicon
oxidized in wet oxygen with transmission elec-
tron microscopy (TEM) and secondary-ion mass
spectrometry (SIMS) as a silicide phase AsSi formed
at the interface.

A three-stage model was proposed to describe
SiO2 growth kinetics and the behavior of high con-
centrations of phosphorus in silicon during oxidation
in dry oxygen in the thin-film regime.[3el In the first
stage, the formation of a silicide phase at the in-
terface depletes the dopants near the surface lo.iver-
ing the concentration of electrically active species.
In the second stage, the flux of dopant atoms to
the interface stops and the concentration of elec-
trically active phosphorus increases at the interface
from concentrations smaller than that in the bulk
value to higher values. In the third stage, a steady-
state concentration of electrically active phosphorus
is reached at the interface. The time dependence of
the concentration of electrically active phosphorus
at the interface results is reflected in the oxidation.
kinetics. The redistribution of dopants in the initial
stages of the oxidation of heavily doped substrates



can be modeled by considering that a third phase,
in this case the silicide layer, is present between the
bulk phases of the substrates and that of the oxide,
as described by Orlowski.[ao]

THE ONSET OF THE OXIDATIO]V PROCESS

Monitoring the thermal growth of SiO2 lay-
ers on silicon in the thin-film regime jn-situ using
a high-temperature automated ellipsometer allowed
for a closer examination of the kinetics in the early
stages of the oxidation process in the 800'C-1000"C
range.[2] The wafers rvere introduced into the oxi-
dation furnace and allowed to reach the oxidation
temperature while idling in argon. The native oxide
thickness was measured and the system was then
switched to dry oxygen. The oxide thickness rvas
monitored as soon as oxygen was allowed in the ox-
idation chamber. From the geometry of the oxida-
tion furnace a^ud the oxygen fl.ow rate, it was esti-
mated that a complete volume change would neces-
sitate less than l- sec. It was observed for all ori-
entations that SiO2 growth only starts after a delay
period TD.I4rl Figure 3 shows the temperature and
orientation dependence of. To for (100), (111), and
(110) wafers. The oxidation of silicon at room tem-
perature was also observed to exhibit a delay period
To that depends on the substrate orientation and
dopant concentration, and on the chemical nature
of the pre-oxidation treatment.[42]

The time needed for 02 molecules to diffuse
through the thickness of the native oxide is much
shorter than that observed for the delay time 7p.
It is therefore concluded that the delay in the onset
of SiOz growth is due to the presence or the for-
mation of a layer that blocks the oxidation at the
Si-SiO2 interface in the initial stages of oxidation.
The nature of this blocking mechanism has not been

identified. It is proposed here that the presence of a
surface film on the wafer following the pre-oxidation
cleaning could be responsible for the delay ?p. Fur-
ther investigations are needed to define the nature
of the delay mechanism. A possible example of a
blocking layer that forms at the onset of oxidation
is to assume that the concentration of oxygen ai the
silicon/native-oxicle interface is initially so low that
the formation of SiO is fa,vored. It then is assumed

that all oxygen reaching that interface is consumed
in the formation of SiO and that the diffusivity of
SiO molecules in the native oxide is so low, espe-

cially at low temperatures, that they ha,rdly leave

the interface region. These SiO molecules, being
slightly larger than 02 rnolecules, blocli oxidation

sites and prevent the formation of SiO2. When the
entire surface of silicon is covered with a monolayer
of SiO, this blocking layer at the interface then be-
comes a perfect reflecting boundary for incoming
oxygen whose concentration increases rapidly and
reaches quickly the condition where SiO2 formation
is favored. At that point, the oxide forms with a
large growth rate which reflects the transformation
of both Si and SiO into SiOz. This process could be
repeated after each step and a staircase growth curve
would be obtained as was observed experimentally
by Ohmi .tr 4.laz) Calculated times for the forma-
tion of a monolayer of SiO is on the same order of
magnitude as the observed delay tirnes.[al]

CONCLUSIONS

The oxidation kinetics of silicon in the thin-
film regime was reviewed and found to be different
from thick-film kinetics as a result of the presence
of the oxide-free surface at the onset of the oxida-
tion process. This presence affects the onset of SiOz
formation, the nature of the oxidation mechenrisrn,
and the behavior of dopants in the initial stages of
oxidation.
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