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Layer-resolved kinetics of Si oxidation investigated using the reflectance
difference oscillation method
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Dry oxidation kinetics of the Si~001! surface has been investigated using reflectance difference oscillation to
resolve atomic-scale phenomena. The activation energy for oxidation has been found to increase as the
oxide-Si interface moves in the depth direction, reaching the value for bulk oxidation, 2.0 eV, at the third layer
from the surface. The nonlinear dependence of the oxidation rate on the O2 pressure, which was reported for
bulk oxidation, has also been observed in the second- and third-layer oxidation. Chemical reaction and mass
transport mechanisms for this initial oxidation regime are discussed.
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I. INTRODUCTION

The importance of surface oxidation to a broad range
technologies has motivated fundamental studies to asce
the mechanisms by which oxidation proceeds.1 Oxidation of
Si has received particular attention in recent decades bec
of its importance to semiconductor device fabrication2,3

Present-day metal-oxide-semiconductor devices now req
gate insulator films thinner than 2 nm, making it imperati
to understand the chemical reactions and mass transport
cesses in the ultrathin regime. While the classical model
veloped by Deal and Grove accurately predicts the oxida
rate in the relatively thick regime,4 oxidation is much faster
than their formulation when the thickness is under 30 nm.5 A
number of studies were therefore carried out to bridge
gap,6–8 resulting in modified kinetic models for this thin re
gime ~2–30 nm!.5,9–11However, research in the ultrathin re
gime (,2 nm) has not yet reached the same level of ma
rity, due to the difficulty in acquiring an unambiguou
thickness measurement of ultrathin oxide layers.

This paper addresses the kinetics and mechanisms o
oxidation in the ultrathin regime. The accuracy of the oxi
thickness measurements is critically important to charac
ize the kinetics in this regime. We employ the reflectan
difference ~RD! oscillation method12 to meet this
requirement.13,14 An atomically flat oxide-Si~001! interface,
which appears upon complete oxidation of each atomic la
of Si,15 induces anisotropy in the dielectric response of the
crystal. Due to the twofold symmetry of the Si layer at t
interface, this anisotropy changes its sign each time ox
tion proceeds by one atomic layer. Our previous stu
showed that the RD between two orthogonal polarization
light indeed oscillates as oxidation proceeds in the de
direction on Si~001!, and that each local maximum or min
mum of the RD oscillation curve corresponds to the co
plete oxidation of one atomic layer.14 Thus, oxidation-rate
measurements with atomic-layer resolution are possible
the RD oscillation technique.

Capitalizing on this layer-resolving power, we exami
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the activation energy and O2 pressure dependence of the ox
dation process for each of the second, third, and fourth lay
from the surface. Variation of the activation energy with ox
dation depth is observed for the first time, to our knowled
Surprisingly, some of the major features of the bulk oxid
tion kinetics appear in the very early stages of oxidation.

II. EXPERIMENT

A. Surface preparation and oxidation procedures

Experiments were performed in an ultrahigh-vacuu
chamber equipped with a strain-free window for optical a
cess. The initial Si~001! surface was reconstructed into th
singledomain 231 structure in order to obtain a nonzero R
amplitude on~001!.16 To prepare the single-domain surfac
we used a~001! wafer with an intentional miscut of 4° in the
^110& direction. The wafer was flashed in ultrahigh vacuu
at 1470 K for 10 s to form the single-domain surface with t
dimer bonds perpendicular to the miscut direction. Sam
heating was carried out by flowing a dc current through
Si sample. As oxidation proceeds, reconstruction of the
tial surface vanishes but the step structure created by
miscut is preserved@see Fig. 1~b!#.

Two protocols were used to oxidize the Si samples t
had been flashed and cooled. In the first protocol, herea
referred to as one-step oxidation, O2 gas was introduced into
the chamber, and its pressure,pO2

, was set to the intended
level using capacitance manometers. Two capacitance
nometers of different full scales were used to accurat
measurepO2

in a wide range from 0.010 to 200 Pa. The fir

layer of the Si surface was partially oxidized during thepO2

adjustment. AfterpO2
was stabilized, heating of the samp

was started to bring the sample to the target oxidation te
perature,Ts . In the second protocol, hereafter referred to
two-step oxidation, the samples were exposed to an O2 pres-
sure of 0.060 Pa at 1023 K for 1 s, to completely convert
first Si layer into an oxide.14,15 The second and subseque
layers were then oxidized using various combination ofpO2
©2003 The American Physical Society38-1
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and Ts . Temperature measurements were made using a
rometer which we had calibrated by referring to the tempe
ture of 1312737 phase transition on Si~111!, 1113 K.17 Ts

was always set lower than the critical temperature for th
mal etching of Si by O2 ~e.g., approximately 1100 K at 0.01
Pa!. The base pressure of the vacuum chamber was ke
the 1026-Pa range even when the sample was heated to 1
K.

B. RD measurements

The RD amplitude of the sample was measuredin situ as
the initial 231 surface was oxidized. In this study, an R
amplitude Dr /r is defined asDr /r 52(r a2r b)/(r a1r b),
where r a and r b are complex reflectances for polarizatio
parallel and perpendicular to the direction of the dimm
bonds on the initial 231 surface, respectively. The optic
setup for the RD measurements follows the configurat
reported by Aspneset al.18

A GaN semiconductor laser~414 nm! was used as the
light source in our setup.19 As we reported previously, the
RD spectra of the oxidized surfaces show a main peak n
theE1 transition energy of Si, 3.4 eV at room temperature14

When the sample temperature is elevated for oxidation,
peak is supposed to redshift by approximately 0.3 eV.20 The
photon energy of the GaN laser is therefore suitable to m
tor the RD change near the main peak position. Prelimin
experiments changing the laser output power from 0.05
0.5 mW showed that oxidation enhancement by laser irra
tion is negligible.

FIG. 1. ~a! Examples of RD oscillation curves measuredin situ
during oxidation.pO2

was 0.60 Pa andTs was varied as noted in th
figure. Curves are shown with vertical offsets for clarity. The he
ing was started at 10 s. Definitions oft2 , t3, andt4 are illustrated in
the plot. ~b! A cross-section TEM image of a 4°-off~001! sample
which was oxidized under 0.60 Pa at 1073 K for 120 s. The capp
layer on oxide is polycrystalline Si deposited by chemical va
deposition. Two parallel lines indicate the oxide interfaces.
19533
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III. RESULTS AND DISCUSSION

A. Observation of layer-by-layer oxidation by RD oscillation

Typical examples of RD oscillation data at 414 nm a
shown in Fig. 1~a!. The RD amplitude exhibits oscillatory
changes once heating is started, and oscillation beco
faster asTs is increased. Data are presented on a logarith
time scale because the RD change becomes slower with
oxidation time, making detection of the peaks harder o
plot using a linear time scale. According to the spectral m
surement that we reported previously,14 complete oxidation
of the first layer of Si should produce a maximum in the R
trace. However, this is not discernable in Fig. 1~a! because
the first-layer oxidation was completed in a very short tim
(,1 s) after the heating was started. The first observa
peak in the RD amplitude is a local minimum, shown at
elapsed time of 15–40 s in Fig. 1~a!. At this point, oxidation
of the second layer from the surface has just completed.
half periodt2, as defined in the plot, is the time required
complete the second-layer oxidation. As oxidation continu
the RD amplitude next reaches a local maximum, which
dicates complete oxidation of the third layer.t3, as shown in
Fig. 1~a!, is the time required to fully oxidize this third laye
Complete oxidation of the fourth layer and beyond is det
mined similarly tot2 and t3.

Figure 1~b! shows a cross-section transmission elect
microscopy~TEM! image of the sample oxidized at 0.60 P
and 1072 K for 120 s. According to Fig. 1~a!, three layers of
Si have been oxidized at this condition. Since approximat
0.3 nm of oxide is formed by oxidation of one layer o
Si~001!,2 the expected thickness of oxide is 0.9 nm. As se
in Fig. 1~b!, the thickness indeed measures approximat
0.9 nm. The measurement error, however, may be as larg
the thickness of one monolayer of Si crystal due to ambi
ity in defining the oxide interfaces.

We observed that the RD amplitude oscillates mo
clearly at higherpO2

. For instance, an unambiguous me

surement oft3 was often difficult whenpO2
was lower than

0.060 Pa. On the other hand, an oscillation up to the six
layer oxidation was observed in some runs at 200 Pa. AtpO2

above 20 Pa, however, the Ta electrodes for resistive hea
were severely oxidized, so the reproducibility of the oscil
tion data was not satisfactory for detailed investigation
kinetics.

B. Layer-resolved determination of the activation energy

We have acquired more than eighty traces of RD osci
tion to measuret i ( i 52, 3, and 4! for various combinations
of Ts andpO2

. Data fort i are plotted in the Arrhenius form

in Figs. 2~a!–2~d!. The former two figures are fort2, and the
latter two are fort3 and t4. The following regression line is
fit to each data set acquired at constantpO2

:

1/t i5Ci•exp~2DEi /kTs!, ~1!

wherek is the Boltzman constant.DEi is the energy barrier
for the rate-governing process for thei th layer oxidation.
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g
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FIG. 2. Arrhenius plots fort2 , t3, andt4 mea-
sured at variouspO2

levels. ~a! t2 by one-step
oxidation.~b! t2 by two-step oxidation.~c! t3 by
one-step oxidation.~d! t3 andt4 by two-step oxi-
dation. ThepO2

conditions are indicated in the
plots.
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The pre-exponential factor,Ci , is a function ofpO2
, but its

explicit expression is open at present.
Data and regression lines for the second-layer oxida

using the one-step protocol is given in Fig. 2~a! for six dif-
ferentpO2

conditions. As the figure shows, the slopes of t

regression lines are identical, indicating thatDE2 is indepen-
dent ofpO2

. DE2 is estimated to be 1.160.2 eV.

When pO2
was higher than 0.6 Pa, we noticed that t

first-layer oxidation was nearly complete at room tempe
ture during thepO2

adjustment at the beginning of an oxid

tion run. In order to investigate whethert2 is affected by the
condition of the first-layer oxidation, we carried out oxid
tion using the two-step protocol. The Arrhenius plot for t
two-step runs is shown in Fig. 2~b!. A comparison between
the 2.0 Pa data in Figs. 2~a! and 2~b! shows thatt2 becomes
longer ~approximately34 as shown by dotted extension
the regression lines! if the first-layer oxidation has been com
pleted at an elevated temperature by the two-step proc
DE2 for Fig. 2~b! is 1.360.2 eV, which is only slightly
larger than that for Fig. 2~a!. Thisaftereffectof the first-layer
oxidation temperature on the second-layer oxidation rate
be discussed in the last part of this article.

Figures 2~c! and 2~d! show the data and regression lin
for the third-layer oxidation using the one- and two-step p
tocols, respectively.DE3 is again independent ofpO2

, and is

estimated to be 2.060.2 eV for both protocols. Compared t
the second-layer oxidation,t3 is less sensitive to whethe
oxidation was performed in one or two steps.

Reliable data fort4 were obtained at relatively highpO2

of 20 Pa, as the RD amplitude oscillated clearer and longe
19533
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higher pO2
. As shown in Fig. 2~d!, DE4 is estimated to be

2.260.2 eV, which is essentially equal to the value for t
third-layer oxidation.

DEi values determined from Fig. 2 are tabulated in Ta
I along with the activation energies reported in the literatu
An examination ofDEi values for the first, second, and thir
layers shows thatDEi monotonically increases as oxidatio
proceeds in the depth direction, reaching to 2.0 eV at
third layer. Katoet al. revealed by anab initio calculation
that the first layer of the 231 Si~001! surface is oxidized
without any energy barrier as oxygen atoms in the che
sorbed state migrate into the backbond center position.21,22

For the second layer oxidation, Watanabeet al. reportedDE2
of 0.3 eV.15 This value is much smaller than those dete
mined in Figs. 2~a! and 2~b!. In their experiments, the rate o
the second-layer oxidation was estimated by measuring
initial increase of the OKLL Auger electron intensity with
time. Therefore, theDE2 value in Ref. 15 is for theinitial
stage of the second-layer oxidation. On the other hand,DE2

TABLE I. Variation of DEi with progression of oxidation in the
depth direction.

Layer to be oxidized DEi ~eV! pO2
~Pa! Ref.

i 51 0 21
2a 0.3 ;1024 15
2 1.260.3 0.01;20 this work
3 2.060.2 0.06;20 this work
4 2.260.2 20 this work

aInitial stage.
8-3
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determined fromt2 in Figs. 2~a! and 2~b! is for completion of
the second-layer oxidation. More specifically, because
RD change becomes slower with progression of oxidati
DE2 determined from the RD oscillation is for thelate stage
of the second-layer oxidation. Thus, these twoDE2 values
also indicate that the activation energy increases as oxida
progresses. The oxidation of the second and subsequen
ers should be associated with structural changes in the
ready formed oxide network which are likely to cause
increase inDEi .22

A number of studies have reported activation energies
the oxidation reaction at the oxide-Si interface when the
ide thickness is greater than 2 nm.6 Reported energies rang
from 1.5,23,24 1.9,25 and 2.0 eV,4,10,26 to 2.4 eV.5 It has also
been argued that the activation energy varies with the th
ness regime.5,25,27 Disagreement among the past studies
mainly due to the fact that different values of the activati
energy may be deduced if different kinetic models are e
ployed for data analyses.11,28Another factor to be considere
in the thickness regime less than 10 nm is the error in
ellipsometric thickness measurements.29 In the present study
DEi estimation does not suffer from either the model dep
dence or the error in the thickness measurement, bec
DEi is estimated directly from the layer-resolved measu
ments oft i .

DE3 andDE4 values in Table I are near or slightly highe
than the median of the variation range mentioned abo
1.5–2.4 eV. This suggests that the chemical process that
erns the interface reaction in the thicker regime begins w
oxidation of the third layer from the surface.

The reported activation energy has been often compa
to the energy needed to break the Si-Si bond energy, 1.83
Recent studies suggest that the rate-limiting step is not
reaction between O2 and Si-Si bonds, but the generation
the so-called reactive sites. The layer-resolved activation
ergies obtained in this study are expected to be the crit
test to identify what process governs the oxidation reactio
the interface.

We point out that, since reducedDEi only contributes to
the first- and second-layer oxidation, the main cause for
oxidation from the third layer through the thin~2–30 nm!
regime is notDEi reduction near the surface. Instead, the f
oxidation should be ascribed mainly to the larger availabil
or chemical activity, of oxidants than those predicted by
conventional dissolution-diffusion mechanism.4,5 As for the
ultrathin regime, one of the possible mechanisms of the la
availability of O2 is the ballistic transport through SiO2. Ac-
cording to the recent quantum molecular dynam
calculation,30 the ballistic path contributes to oxidation
least when oxide thickness is 0.7 nm or less.

C. Nonlinear dependence of the oxidation rate on oxygen
pressure

Figure 3 plots the dependence ofC2 andC3 on pO2
. C2

andC3 were calculated according to Eq.~1! for each regres-
sion line in Fig. 2. For the one-step oxidation process,C2
andC3 are proportional topO2

0.79 andpO2

0.43, respectively.
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Here it should be reminded that, in the one-step pro
dure, the effective temperature for the first-layer oxidati
was lower at higherpO2

, as mentioned in Sec. III A. When
the first layer is oxidized at a lower temperature, the oxid
tion of the second layer becomes faster as shown in F
2~a! amd 2~b!. If we take this effect into account, the re
dependence ofC2 on pO2

is thought to be weaker than th

apparent one in Fig. 3. In Fig. 3, the two data points ofC2 by
the two-step oxidation indeed show a dependence we
than pO2

0.79, though the number of the data points is n
sufficient to determine the exact order.

Observed nonlinear dependence ofCi on pO2
provides us

with further insight into the microscopic mechanism of t
oxidation reaction. The observed nonlinear dependenc
presumably related to the nature of the chemical reactio
the oxide-Si interface, rather than the mass transport proc
since the transport rate is essentially linear withpO2

. The
linear rate constant in the Deal-Grove model is proportio
to pO2

0.72pO2

0.8 at both reduced (103–105 Pa) ~Refs. 5 and

31! and high (106–108 Pa) ~Ref. 32! pressures. In contras
the wet oxidation rate is linear with the H2O pressure.33 Re-
cent Monte Carlo simulation showed that the oxidation r
by oxygenatomsis also linear with the chemical potential o
the oxygen atoms.34 Thus, the nonlinear dependence onpO2

is an essential character of the chemical interaction betw
O2 molecules and Si at the interface.

So far, only a few models have succeeded in simulat
the dependence of the linear rate constant onpO2

.11,35 In
general, sublinear rate processes are explained by postul
the reaction intermediates or inhibitors that are generate
the reaction system. Uematsuet al. reported that the dry oxi-
dation rate at variouspO2

can be well simulated by consid
ering emission of Si atoms from the interface.35 They as-
sumed that the emitted Si atoms near the interface inhibit

FIG. 3. Dependence ofC2 and C3 on pO2
. Filled and open

squares are forC2 obtained from the regression lines in Figs. 2~a!
and 2~b!, respectively. Filled and open circles are forC3 obtained
from Figs. 2~c! and 2~d!, respectively.
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oxidation reaction. Further examination is needed as
whether a similar model can explain the oxidation rate in
ultrathin regime.

D. Effects of structures of the initial Si surface and oxide
layer on subsequent oxidation

Now we discuss the aftereffect observed in Figs. 2~a! and
2~b!. As mentioned above, the second-layer oxidation
comes slower if the first-layer oxidation is executed at
elevated temperature. The observed decrease~e.g., a factor of
4 at 2.0 Pa! is perhaps too large to be ascribed to a chang
O2 transport through only a single layer of oxide. Rece
studies suggest that the rate-limiting chemical process a
oxide-Si interface is generation of the so-called reactive s
or Si-containing entities to be oxidized.36,37 The observed
aftereffect may imply that such chemical processes are
fected by the structure and property of the oxide layer~s! that
had already been formed.

In general, the oxidation rate of thei th Si layer may be
affected by the structure of the (i 21)th and preceding oxide
layers. However, for thet3 and t4 data shown in Figs. 2~c!
and 2~d!, this effect is assumed to be minor. Compared to
750 K temperature difference in the first-layer oxidation b
tween the one- and two-step protocols, theTs variation for
the second- and third-layer oxidation is relatively small
only 130 K.

Related to the aftereffect discussed above, it was obse
that oscillation periods on the on-axis~001! face, which was
made single domain by the electromigration technique, w
essentially the same as those shown in Fig. 2.14,19 We also
compared the oxidation rates between the single-
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Analyses by Auger electron spectroscopy showed that
oxidation rates are almost the same between the two kind
the surfaces. These observations imply that neither singu
ity of the domain structure nor the terrace width affects
oxidation rate. Instead, we have found that hydrogen ter
nation of the initial surface, which should lead to the inco
poration of Si-H and Si-OH bonds in the oxide layer a
thereby alter its network structure, significantly retards
oxidation process. The effect of hydrogen termination on
oxidation rate is an important issue from the applicati
point of view and will be discussed in a separate report.

IV. SUMMARY

Oxidation kinetics of the 231-Si~001! surface was inves-
tigated with atomic layer resolution by utilizing reflectanc
difference oscillation. We showed that the activation ene
increases as oxidation proceeds, converging to the value
the bulk oxidation at the third layer from the surface. T
sublinear dependence of the oxidation rate onpO2

was ob-
served for the second- and third-layer oxidation. The con
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