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The mechanism of thin~,8 nm! oxide growth on Si~100! has been studied by high-resolution
medium energy ion scattering in combination with oxygen isotope substitution in theT5800–
900 °C and 0.1–1 Torr oxygen pressure regime. Isotopic labeling experiments demonstrate that the
Deal–Grove model breaks down for these films. In addition to the traditional oxidation reaction at
the Si/SiO2 interface, two other spatially specific reactions take place during thermal oxidation: an
exchange reaction at the oxide surface and an oxidation reaction in the near-interfacial
region. © 1995 American Institute of Physics.
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The growth of thin oxide films during the thermal ox
dation of silicon is still not well-understood.1–6 Oxidation
kinetics for thick~.20 nm! films is described by the Deal–
Grove model, in which oxide growth proceeds via molecu
oxygen diffusion to the Si–SiO2 interface and reaction with
silicon at the interface.7 However, early studies4,8 demon-
strated that the oxidation kinetics for ultrathin~,10 nm!
oxides could not be explained by this model.

Recently, we have used sequential exposures of oxy
isotopes in combination with medium energy ion scatter
~MEIS! to elucidate the growth mechanism of 2–5 nm oxi
films.9,10 This technique11 provides a determination of th
isotope depth distributions with an accuracy~;0.4–0.5 nm!,
significantly better than NRA5 and SIMS12 which have pre-
viously been used to study the growth of thicker oxides.
particular, we showed that18O2 followed by 16O2 oxidation
results in overlapping depth profiles of the isotopes for 2
nm films ~isotopic mixing!, a behavior not expected from th
traditional Deal–Grove model. We also observed18O loss
after 16O2 exposures, the result of an oxygen exchange re
tion near oxide surface. A new ‘‘interfacial1near-interfacial
1surface exchange reaction’’ model was proposed to acc
for these results.10

Neither the near-interfacial nor the surface exchange
actions were directly resolved in our previous experimen
In this letter, we present results of an MEIS study of thick
~;6 nm! Si 16O2 films reoxidized in

18O2 to final thicknesses
up to;8 nm. Since the thickness of the initial oxide is no
greater than the thickness of the two reaction regions~which
have a width on the order of 2 nm!, two well-separated
18O peaks are observed in the MEIS spectra after the re
dation; one corresponds to an18O oxide near the surface, th
other to 18O atoms at or near the interface. These res
strongly support our ‘‘interfacial1near-interfacial1surface
exchange reaction’’ model.

Samples were cut from a 5 in.n-type Si~100! wafer with
a thin ~;6 nm! oxide film grown in 16O2 at 800 °C at an
IBM Fab-Facility. They were then reoxidized in an UH
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chamber~base pressure 10210 Torr! in 18O2 ~isotopic enrich-
ment 98%, water concentration less than 2 ppm!. Although
the samples were transferred in air from the IBM Fab to o
UHV chamber, no carbon or other contaminants were o
served in the spectra after a flash to;300 °C.

The energy of ions backscattered from a certain isoto
is determined by target masses, the incident energy and
scattering angle. In addition, since protons lose energy wh
traveling in the film~;130 eV/nm in Si, and;140 eV/nm in
SiO2 for ;80–90 keV protons10!, one can~with our energy
resolution! separate the contributions from atoms near th
interface with those near the surface. The former are shift
to the lower energies with respect to the surface oxyge
Further information about sample preparation, data evalu
tion, and other technical details can be found elsewhere.10

Spectra for the samples before and after reoxidation a
shown in Fig. 1. The spectrum for the initial oxide shows on
broad peak from16O atoms. In the reoxidized samples, bot
16O and18O atoms are seen. Moreover, there are two18O
peaks; one, at higher backscattering energies, correspond
oxygen near the oxide surface, the other to oxygen loca
near the interface. Concurrent with the development of t
surface18O peak, the high energy part of the16O peak be-
comes depleted. This observation shows that the higher
ergy 18O peak is not due to oxygen dissolution in the oxid
~the Deal–Grove model includes very little oxygen dissolve
in the oxide! but rather due to exchange reaction~s!, i.e.,
16O leaves the surface and18O incorporates into the oxide.
Although the area of the16O decreases, the low-energy par
of the peak becomes broader. This indicates that the thi
ness of the16O-containing oxide increases. This kind of be
havior holds for the two temperatures studied~Fig. 1!, how-
ever, the absolute rates of both the surface exchange and
~near! interfacial reactions are higher at higher temperatur
The observation of the two18O peaks and the change of the
shape of the16O peak definitely show that the Deal–Grov
model breaks down for thin oxide films. If this model ha
been valid, the16O peak would have remained unchange
and only one18O peak would have appeared at the interfac

More quantitative information about isotope distribu
951/95/67(12)/1742/3/$6.00 © 1995 American Institute of Physics
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tions in the films can be obtained by energy spec
modeling.10 Resulting depth profiles are shown in Fig
2~a!–2~c!, respectively. The16O distribution in the original
oxide is also shown for comparison. The thickness of t
oxide is;6 nm; this includes;4.5 nm of the SiO2 @stoichi-
ometry is preserved after reoxidation, see Figs. 2~c! and 3~c!#
and a transition region~;1.5 nm! where the oxygen density
is lower than in the ‘‘bulk’’ oxide. Among other contribu
tions, the transition region is formed by incompletely ox
dized silicon atoms~e.g., suboxides, silicon interstitials, sili
con clusters, etc.!. This is an important point in under
standing the near-interfacial reaction. The nature of this
gion is discussed in more detail elsewhere.10

The distribution of18O has two regions where the con
centration is high; one is near the surface, the other close
the interface@Fig. 2~a!#. An increase of the18O concentration
near the surface is accompanied by a decrease in the16O
concentration@Fig. 2~b!# so that the total amount of oxyge
in this oxide region remains constant@Fig. 2~c!#. This is evi-
dence of a surface exchange reaction. The18O region near
the interface@Fig. 2~a!# overlaps with the16O distribution in
the oxide@Fig. 2~b!#, indicating an isotopic mixture near th
interface. Furthermore, both isotopes propagate deeper a
oxidation proceeds. The thickness of the16O-oxide layer in-
creases, which cannot be explained within the Deal–Gr

FIG. 1. MEIS spectra in the oxygen region for:~a! the initial Si16O2 film,
and samples reoxidized in18O2: ~b! at 800 °C at 1 Torr for 21.5 h, 800 °C
~c! 1 Torr, 40 h,~d! 900 °C, 0.1 Torr, 5 h,~e! and 900 °C, 1 Torr, 5 h. The
spectra were taken in a channeling geometry~along the@001# direction! at a
scattering angle of 138.5°. The proton energy in the incident beam was
keV. A depth ~z! scale~converted from the energy scale with help of th
known value of the stopping power! is also shown for both isotopes as
guide. The dashed vertical lines show where the peak position should b
oxygen atoms on the oxide surface.
Appl. Phys. Lett., Vol. 67, No. 12, 18 September 1995
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model in which the new Si18O2 oxide should buildup right at
the interface leaving the initial Si16O2 layer unchanged on
the top. Our results show that the reaction also occurs in
near-interfacial oxide, probably throughout the transition r
gion, resulting in the isotopic mixture near the interface. Th
emphasizes the role of the near-interfacial transition regi
in the oxidation, consistent to some extent with the idea o
reactive layer.1,3,13 However, according to the reactive laye
model, the growth reaction takes place only on top of
1.5–2 nm reactive layer; this should result in isotope dist
butions different from the ones observed.

At the higher temperature, the18O regions near the sur-
face and the interface are broader and reaction rates
higher ~Fig. 3!. The relative ratio of the surface exchang
reaction and the~near! interface reaction depends on the ox
dation conditions. In particular, under some conditions~when
the reoxidation time is short or the temperature/oxygen pre
sure is low!, only the exchange reaction can be observed. F
the same oxidation temperature and time, a decrease in o
gen pressure from 1 to 0.1 Torr results in less interfac
growth and more surface exchange@Figs. 1~d! and 1~e!#.

Our results clearly demonstrate that the traditional view
point of silicon oxidation7 as merely a reaction at the inter-
face is too simplistic to fully describe the growth of sub-1
nm films. Deviations from Deal–Grove kinetics for thin ox
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e

for

FIG. 2. Depth profiles of: ~a! 18O, ~b! 16O, and ~c! their sum
(16O118O! after reoxidation at 800 °C for: 21.5 h~squares! and 40 h
~triangles!. The oxygen distribution in the original Si16O2 film is shown by
diamonds. Oxygen concentrations are normalized with respect to the b
oxide value.
1743Lu et al.
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ide films have been observed previously.3,4,6,8These experi-
ments were generally not sufficient to rule out the Dea
Grove model. Instead, either the parameters relevan
oxygen transport to the interface or the reaction at the in
face in the original Deal–Grove construct were modified
accommodate these results, in particular the faster oxida
kinetics.3,4,6We have shown, however, that, in addition to th
traditional interface reaction, there are two other reactio
occurring: a near-interfacial reaction throughout the tran
tion region and a surface exchange reaction. The n
interfacial reaction is an additional channel of the growth.
importance could be a reason for the faster oxidation kine
observed in the ultrathin regime. In contrast, the excha
reaction at the surface does not seem to affect the gro
behavior for films thicker than;3–4 nm. It results in an
exchange of surface and gas phase oxygen but the ov

FIG. 3. Depth profiles of:~a! 18O, ~b! 16O, and~c! the total amount (16O
118O! after reoxidation at 900 °C for 5 h at 0.1 Torr~squares!, and 1 Torr
~triangles!.
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oxygen concentration near the surface is preserved@Figs.
2~c! and 3~c!#.

According to our model,10 the near-interfacial reaction is
due to reoxidation of incompletely oxidized silicon. In the
interfacial reaction, the oxide is formed by the reaction o
oxygen with silicon at the interface. This reaction also sup
plies the near-interfacial oxide region with incompletely oxi-
dized silicon.

The concentration of incompletely oxidized silicon de-
pends on a number of factors, such as the rate of its gener
tion and removal. The relative rates of these processes va
with thickness, oxygen partial pressure, temperature, and r
action time, and may result in variations of the thickness an
composition of the nonstoichiometric transition region with
processing parameters. One more factor that may affect th
relative reaction rates is the water and/or hydrogen content
oxygen and oxide.5,14 This issue is also of particular impor-
tance because hydrogen is known to accumulate near t
interface and cause device~hot electron! degradation.15,16
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