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Real-time measurements of Si @ core level during dry oxidation of Si(100
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The chemically shifted Si @ core level (Si**) has been measured in real time during initial thermal
oxidation of S{100 by O, gas. The time evolutions of the ‘Si intensities showed identical behaviors to those
of O 2p intensities reported previous]yY. Entaet al., Appl. Surf. Sci.100/101 449 (1996], demonstrating
that there exist two growth modes for the oxidation: the first-order Langmuir-type adsorption mode and
two-dimensional island growth mode at oxidation temperatures below and above 650 °C, respectively.
[S0163-18298)04211-9

With further reduction of thickness in the gate oxide of of Si(100) and have compared the time evolution of its in-
silicon metal-oxide-semiconductor field-effect transistor de-tensity for various oxidation temperatures.
vices, initial stages of thermal oxidation within a thickness of Experiments were performed with an ultrahigh-vacuum
1 nm has become one of the most important issues in ultrgehotoelectron spectrometer, which basically consists of a
large-scale-integration technology. In this respect, a deep uremispherical electron analyzer and a low-energy electron
derstanding on the reaction kinetics of the oxidation proces§iffraction optics, using a linearly polarized synchrotron ra-
is indispensable for forming high-quality, ultrathin silicon diation from the beam line BL-3B at the Photon Factory, the
dioxide films with a lower density of defects and flatter High Energy Accelerator Research Organization. The photon
oxide/silicon interfaces. Horie, Takakuwa, and Miyantoto €nergy was set at 135 eV, where the escape deptA) of
have performed real-time measurements of Diensities ~ Photoelectrons from the Si2core level in silicon has a
during the initial thermal oxidation of §i00) by O, gas for ~Minimum. The overall instrumental energy resolution was

temperatures above 700 °C. They demonstrated that the O)g§timated to be less Fhan 0.14 eV by obtaining the G.aussian
dation proceeds with two-dimension&2D) nucleation of full width at half-maximum(FWHM) for a substrate Si @

small oxides until the surface is fully covered with the ox- peak from Si1002x1 clean surface at room temperature.

. . . The Si sample, the sample cleaning procedure, and the oxi-
ides. Recently, by using the same method as HOrIedation condition are identical to those described in Ref. 2.

Takakuwa, and Miyamoto, we have measured the time evo- Th : h b ied out at
lutions of O 2o intensities for a wider range of € present experlrgents ave been carriec out at oxygen
pressures below>10™° Torr. Under this condition, the ox-
temeeratureé.\(ve .concluded that, at temperatures bel,owide growth becomes saturated until the surface is fully cov-
650 °C, the oxidation proceeds randomly without formationg e with oxides, which defines 1 ML. The studies were thus
of 2D islands by showing that the growth rate follows afycysed on the oxidation up to 1 ML. Figure 1 shows a
first-order Langmuirian behavior, while at temperaturesynical Si 2p core-level spectrum from a saturated, ultrathin
above 650 °C the oxidation was indicated to proceed via 20xxjde overlayer on $100). Raw spectrum though it is, the
nucleation because the growth exhibits some incubatioBpectrum presents a series of three well-resolved chemically
time. The onset of the latter growth mode was accounted foghifted peaks aside from the substrate Si peak. The thickness
by the oxide decomposition at high temperatures. Our meaof the oxide was evaluated to be 0.52 nm using the intensi-
surements, however, are indirect in the sense that the inteties of the substrate and the shifted peaks, as well as the
sity of the O 2 valence state can include contributions from escape depth of the photoelectrons. The spectrum in Fig. 1
physisorbed oxygen molecules on the surface. More direavas deconvoluted by a least-squares fitting procedure using
measurements on the amount of the oxide are thereforéoigt functions. The fitting parameters are listed in Table I.
needed to validate the growth kinetics mentioned abovekEach peak energy and its Gaussian FWHM are found to be in
which encouraged us to extend our study to use chemicallgood agreement with those in the pioneering work by
shifted Si 2 core-level spectra. The Sip2core level has Himpsel et al® obtained at 750 °C, although our spectra
been extensively investigated over the past decade and itgere obtained with high resolution. The assignments that
chemical shifts allow us unambiguous assignments to eac8i'™, Si?*, and SP* arise from interfacial silicon atoms
of the three intermediate oxidésuboxidegand the stoichio- bound to one, two, and three oxygen atoms, respectively, are
metric oxide>® In this study, we focused on the generally accepted. Recently, however, some controversial
stoichiometric-oxide componef®i**) during dry oxidation studies on the assignments of the intermediate oxide were
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] ] ] FIG. 2. Sf** peak intensity, indicated by the arrow in Fig. 1, as
FIG. 1. Typical Si 2 core-level spectrunidots from ultrathin 5 fynction of the Q dose in the temperature range 500720 °C.
SiO, on Si100 recorded at 135 eV photon energy. Solid lines

denote the curve fitting. The oxide layer was grown withx1126 . . e .
Torr O, at 700 °C for 12 min. intensity are classified into two groups: the low-temperature

region below~650°C and the high-temperature region

- . ~ above~650 °C. In the low-temperature region, all the* Si
reported.” Although we found no remarkable information jyensities show identical behavior over a wide range of the

on the assignments from our spectra, the temperature depegkigation temperature. In the high-temperature region, on the
dence of the spectra may give a hint for the controversy inyiher hand, a slight increase of the temperature causes a dras-
the assignments. Detailed measurements at temperatures f delay of the onset of the oxidation. Consequently, the
350-720°C showed no temperature dependence of theggse required for the saturation of the coverage increases by

quantities, which accounts for the above agreement among tactor of two for every increase of the temperature by 20
the spectra obtained at different oxidation temperatures. Asc

for the relative intensities of the suboxides, however, there i:igure 3 shows the time evolutions of the*Siintensity
appeared an apparent temperature dependence taa5i during oxidation for several oxygen pressures, for a pair of

.3+ . + . . N . A
Si®* increase and $i" decreases with an increase of the g representative temperatures in each temperature region.

temperature even for the same oxide thickness. Indeed, thegesignificant difference in the curve shape between the two
is a slight difference in the relative intensities between thgegions is evident. In the low-temperature regi, the
Himpsel's spectrum at 750 °C and the present one at 700

°C.

For investigating the time evolutions of the oxide cover-
age, the St* peak intensity, indicated by the arrow in Fig. 1,
was continuously measured during oxygen exposure. A se-
ries of dose dependences of*Siat various temperatures are
shown in Fig. 2. Each intensity evolution has been normal-
ized by its own saturation value, which increased slightly
with the temperature. Clearly, the evolutions of the''Si

(@),

o
4]

0 200 400 600 800

o

TABLE I. Fitting parameters and obtained relative intensities of

Si 2p suboxide peaks in Fig. 1. Lorentzian FWHM for the life time
broadening, spin-orbit splitting, and the branching ratio are fixed at
0.085 eV, 0.6 eV, and 0.5, respectively. The instrumental energy
resolution has been subtracted from Gaussian FWHM. The differ-
ence in the cross section between Sisuboxide peaks is not taken ; ;
into account. Tl i I;"
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Energy shift ~ Gaussian FWHM  Intensity ratio 2.2x10” Torr |
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2.5x10° Torr 7
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Si° 0 0.32 1 0 1000 2000
14 Oxidation Time (s)

Si 0.94 0.43 0.15
Si** 1.81 0.48 0.21 FIG. 3. Time evolutions of the & peak intensity at(a)
Sidt 2.61 0.66 0.47 580 °C and(b) 720 °C. The solid lines ita) show the best fits of
Si4t 3.84 1.04 1.01 the data with a Langmuir-type adsorption model described in

Eq.(1).
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Si** intensities start to increase immediately after introduc-The Langmuir-type adsorption can be formulated in general
ing the oxygen gas, and the gradients, which correspond tas
the growth rate, monotonically decrease until thé'Sinten-
sities saturate. In the high-temperature regibh on the
other hand, the intensities scarcely increase for a certain pe- q aP(1-06)". @
riod after introducing the oxygen gas. Thus, the differential
growth rates increase gradually until they show a maximu
at around 0.5 ML, and then begin to decrease.
The evolutions of the Si" intensity shown in Figs. 2 and

n]—|ere,9 is the grown oxide coverage, is the sticking prob-
ability of the oxygen on silicon surfacd? is the oxygen
pressure, and is the reaction order of adsorption. The fitting

3 are almost identical to those of the @ 3tate shown in : o ,
X - f the experimental data to E(L), as shown by solid lines in
Ref. 2, which appears at the binding energy of around 7 e ig. 3, indicates that the time evolution in the low-

In the valence-band spectrum. T.h's agreement of the behaYémperature region exactly follows=1, that is, a first-order
ior fully demonstrates that the intensity of Cp Ztate is - .

. . . Langmuirian behavior.
directly proportional to the amount of the oxide on the sur-
face, validating the growth kinetics discussed in Ref. 2. The This work was supported by a Grant-in-Aid for Scientific
agreement in turn explains the time evolutions of 'Sin-  Research from the Ministry of Education, Science, Sports,
tensity in terms of the growth kinetics developed in Ref. 2:and Culture of Japan, and was performed under the approval
the Langmuir-type adsorption in the low-temperature regiorof the Photon Factory Program Advisory Committigao-
and the 2D island growth in the high-temperature regionposal No. 94G366
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