An isotopic labeling study of the growth of thin oxide films on Si(100)
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The mechanism of thif<8 nm) oxide growth on SiL00 has been studied by high-resolution
medium energy ion scattering in combination with oxygen isotope substitution iT+H&0—

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/SiQ 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.

The growth of thin oxide films during the thermal oxi- chamberbase pressure 16° Torr) in 120, (isotopic enrich-
kinetics for thick(>20 nm) films is described by the Deal— {he samples were transferred in air from the IBM Fab to our

Grove model, in which oxide growth proceeds via molecularypy chamber, no carbon or other contaminants were ob-
oxygen diffusion to the Si—SiQinterface and reaction with  garved in the spectra after a flash~800 °C.

silicon at the interfacé.However, early studié$ demon- The energy of ions backscattered from a certain isotope
strated that the oxidation kinetics for ultrath{m10 nm s getermined by target masses, the incident energy and the
oxides could not be explained by this model. scattering angle. In addition, since protons lose energy while

Recently, we have used sequential exposures of OXygéiayeling in the film(~130 eV/nm in Si, and-140 eV/nm in
isotopes in combination with medium energy ion scatteringsjo, for ~80—90 keV protond), one can(with our energy
(MEIS) to elucidate the growth mechanism of 2-5 nm oxideresolution separate the contributions from atoms near the
films.>*% This techniqué" provides a determination of the jnterface with those near the surface. The former are shifted
isotope depth distributions with an accurdey0.4-0.51m, 5 the lower energies with respect to the surface oxygen.
significantly better than NRRand SIMS? which have pre-  Fyrther information about sample preparation, data evalua-
viously been used to study the growth of1t6h|cker_oxu_1|es. INtion, and other technical details can be found elsewHere.
particular, we showed thafO, followed by *°O, oxidation Spectra for the samples before and after reoxidation are
results in overlapping depth profiles of the isotopes for 2—3,5\n in Fig. 1. The spectrum for the initial oxide shows one
nm films (isotopic mixing, a behavior not expected from the .44 peak fromté0 atoms. In the reoxidized samples, both
traditional Deal-Grove model. We also obsern/é® loss 160 and 180 atoms are seen. Moreover. there are fR0

16 ' !
after 0O, exposures, the result of an oxygen exchange reagseaks; one, at higher backscattering energies, corresponds to
tion near oxide surface. A new “interfaciahear-interfacial oxygen near the oxide surface, the other to oxygen located
+surface exchzlgge reaction” model was proposed t0 aCCOURfe,r the interface. Concurrent with the development of the
for these results: _ surface'®0 peak, the high energy part of tH€0 peak be-

Neither the near-interfacial nor the surface exchange rézomes depleted. This observation shows that the higher en-
actions were directly resolved in our previous experimentsergy 180 peak is not due to oxygen dissolution in the oxide
In this Iett‘?{%""e present results _ofgan MEIS study of thickerhe peal—Grove model includes very little oxygen dissolved
(~6 nm) Si 180, films reoxidized in*20, to final thicknesses in the oxide but rather due to exchange reactin i.e.,
up to~8 nm. Since the thickness of the initial oxide is Now 16y |aqves the surface arfdO incorporates into the oxide.
greater thgn the thickness of the two reaction regiorsch Although the area of th&°0 decreases, the low-energy part
?éave a width on the order of 2 nmtwo well-separated ¢ 1o peak becomes broader. This indicates that the thick-

O peaks are observed in the MEIS spectra after the reoxfiess of thet0-containing oxide increases. This kind of be-
dation; one corresponds to &%0 oxide near the surface, the havior holds for the two temperatures studi&dy. 1), how-
18 H ' !
other t0~°0 atoms at or near the interface. These resultg,er the absolute rates of both the surface exchange and the
strongly support our interfaciatnear-interfaciat surface  neay interfacial reactions are higher at higher temperature.
exchange reaction” model. _ _ The observation of the twb?O peaks and the change of the

Samples were cut fro a 5 m.n-_ty;l)éa S(100 weifer With  shape of thé®0 peak definitely show that the Deal—Grove
a thin (~6 nm) oxide film grown in="0, at 800 °C at an q4e| hreaks down for thin oxide films. If this model had
IBM Fab-Facility. They were then reoxidized in an UHV .., valid, the*80 peak would have remained unchanged
and only oneé"0 peak would have appeared at the interface.
dElectronic mail: garf@rutchem.rutgers.edu More quantitative information about isotope distribu-
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FIG. 1. MEIS spectra in the oxygen region f@a) the initial S0, film, 0 1 2 3 4 5
and samples reoxidized 1¥O,: (b) at 800 °C at 1 Torr for 21.5 h, 800 °C, Depth, nm
(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 geoméditpng thef001] direction at a FIG. 2. Depth profiles of:(a) %0, (b) ®0, and (c) their sum
scattering angle of 138.5°. The proton energy in the incident beam was 97.2604.180) after reoxidation at 800 °C for: 21.5 tsquares and 40 h
keV. A depth(z) scale(converted from the energy scale with help of the (triangles. The oxygen distribution in the original ‘6D, film is shown by

known value of the stopping poweis also shown for both isotopes as @ giamonds. Oxygen concentrations are normalized with respect to the bulk
guide. The dashed vertical lines show where the peak position should be f¢§yide value.

oxygen atoms on the oxide surface.

[

tions in the films can be obtained by energy spectrdnodel in which the new 30, oxide should buildup right at
modeling'® Resulting depth profiles are shown in Figs. the interface leaving the initial $0, Ia){er unchanged on
2(8)-2(c), respectively. Thé®0 distribution in the original the top. Our results show that the reaction also occurs in the
oxide is also shown for comparison. The thickness of thigrear-interfacial oxide, probably throughout the transition re-
oxide is~6 nm; this includes-4.5 nm of the SiQ [stoichi- gion, resulting in the isotopic mixture near the interface. This
ometry is preserved after reoxidation, see Figs) and 3c)] emphasizes the role of the near-interfacial transition region
and a transition regiof~1.5 nm where the oxygen density in the oxidation, consistent to some extent with the idea of a
is lower than in the “bulk” oxide. Among other contribu- reactive layet:*'* However, according to the reactive layer
tions, the transition region is formed by incompletely oxi- model, the growth reaction takes place only on top of a
dized silicon atomse.qg., suboxides, silicon interstitials, sili- 1.5—2 nm reactive layer; this should result in isotope distri-
con clusters, etg. This is an important point in under- butions different from the ones observed.
standing the near-interfacial reaction. The nature of this re- At the higher temperature, tH€O regions near the sur-
gion is discussed in more detail elsewh&te. face and the interface are broader and reaction rates are
The distribution of*®0 has two regions where the con- higher (Fig. 3). The relative ratio of the surface exchange
centration is high; one is near the surface, the other closer tegaction and théneay interface reaction depends on the oxi-
the interfacd Fig. 2(a)]. An increase of thé80 concentration ~ dation conditions. In particular, under some conditiomeen
near the surface is accompanied by a decrease it®%e the reoxidation time is short or the temperature/oxygen pres-
concentratiorfFig. 2(b)] so that the total amount of oxygen sure is low, only the exchange reaction can be observed. For
in this oxide region remains constdiig. 2(c)]. This is evi-  the same oxidation temperature and time, a decrease in oxy-
dence of a surface exchange reaction. #@ region near gen pressure from 1 to 0.1 Torr results in less interfacial
the interfacg Fig. 2(a)] overlaps with thé"®0 distribution in  growth and more surface exchandggs. Xd) and ¥e)].
the oxide[Fig. 2(b)], indicating an isotopic mixture near the Our results clearly demonstrate that the traditional view-
interface. Furthermore, both isotopes propagate deeper as theint of silicon oxidatiod as merely a reaction at the inter-
oxidation proceeds. The thickness of #f@©-oxide layer in-  face is too simplistic to fully describe the growth of sub-10
creases, which cannot be explained within the Deal-Grovem films. Deviations from Deal—Grove kinetics for thin ox-
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oxygen concentration near the surface is preseif\égs.

"7 8o (@ 2(c) and 30)].
084 \ According to our model? the near-interfacial reaction is
14 “oa due to reoxidation of incompletely oxidized silicon. In the

064 *, \ interfacial reaction, the oxide is formed by the reaction of

04 \‘\ " /./H\ oxygen with silicon at the interface. This reaction also sup-
c 1 \& 2 \.\H_H_‘ plies the near-interfacial oxide region with incompletely oxi-
2 024 S, L dized silicon.
S ool I N The concentration of incompletely oxidized silicon de-
S 1.0 eeeosssseoooos () pends on a number of factors, such as the rate of its genera-
Q 1 AR %0 tion and removal. The relative rates of these processes vary
S 084 AR R :
o i // " with thickness, oxygen partial pressure, temperature, and re-
5 0.6 a / N action time, and may result in variations of the thickness and
24 04 // / \k composition of the nonstoichiometric transition region with
X I P Tese bea N processing parameters. One more factor that may affect the
- 02+ / "’\" Na relative reaction rates is the water and/or hydrogen content in
S ool \ \ oxygen and oxidé* This issue is also of particular impor-
T 1.0 Su e eusotAity ‘\;,A\' T ( o) tance because hydrogen is known to accumulate near the
£ 05.] ‘\ 1804160 interface and cause devi¢kot electron degradatiort>1°
o YA " We would like to thank Dr. D. Buchanan for providing a
Z 06 \ wafer with a high quality initial oxide, and Dr. L. C. Feldman
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FIG. 3. Depth profiles of(a) *20, (b) 160, and(c) the total amount {0
+180) after reoxidation at 900 °C fc5 h at 0.1 Torr(squarey and 1 Torr
(triangles.
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