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DRY-OXIDATION RATE OF Si(100) SURFACE UP TO 2 nm-OXIDES THICKNESS
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ABSTRACT

The oxidation rate of a Si(100) surface at oxidekiiesses up to ~2 nm has been measured usingcdiestite-
resolved x-ray photoelectron spectroscopy in a wadge of oxidation temperature (300 - 850 °C) axghen pressure
(10-6 - 1 Torr). The rate curves show very rapidlation at the initial stage under all oxidatiomddions. The thickness
of this initial rapid oxidation depends on the @tidn temperature as well as the oxygen pressine déta in this regime
are not explained by the standard oxidation moddl give very important information on the formatiohsilicon gate

oxides in highly integrated metal-oxide-semicondudield-effect-transistor devices.
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INTRODUCTION

The oxidation of silicon has often been describieterms of the Deal-Grove (DG) model [1], whichwases
two reactions, the diffusion of oxidant through tvewing silicon oxide layer toward the silicon stifate and the actual
oxidation occurring at the interface between thigl@and the substrate. This model well reprodugpsrémental data for
oxidation rates when oxide thicknesses are abo®enn2 However, for thicknesses under 20 nm thickitleat are now of
critical importance in technology and for the sfieaase of dry oxidation, the DG model cannot expthe observed rate
curves, which show a very fast initial oxidationt poedicted by it [1]-[2]. The oxidation kinetica this fast regime has
been extensively studied, but is still controvdrs@curate experimental data are thus needed tierbenderstand and
exploit this oxidation regime. While Massoud et[8].reported data for the oxidation rate betwedevaand a few-tens of
nm in detail, there was no experimental data b&awn. Since current metal-oxide- semiconductor ces/require very
thin silicon gate oxides below 10 nm thickness, arathnding the oxidation rate below a few nm be@imereasingly
more important. In previous studies, we performeal-time ambient-pressure x-ray photoelectron spsctpic (XPS)
measurements, and investigated the oxidation feaeSi(100) surface at oxide thicknesses up tomzog chemical-state-
resolved Si 2p core-level spectra [4]-[5]. In com@an with ellipsometry, this method has high seviy to the surface
and thus gave us the thickness of the thin oxidlk @il — 0.2 nm precision. As a results, we haveaked an existence of
a very rapid oxidation regime just at the beginnmfigoxidation, which is impossible to explain eveyn Massoud model.
However, the oxidation temperature and oxygen presis the studies were limited to the narrow raof800 — 530 °C
and 0.01 - 1 Torr, respectively, and thus the de¢anot enough to clarify the behavior of the oti@arate in nanometer
thickness. In this study, therefore, we investighte oxidation rate in a wide range of oxidatiomperature (300 — 850
°C) and oxygen pressure (16 1 Torr), and confirm the existence of the rapiitiation regime. Cui et al. proposed the
rapid oxidation is dominated by the space chardadad by x-ray irradiation [6]. Therefore, we aiiseestigate the space-

charge effect by measuring a dependence of thetiardrate on x-ray irradiation.
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EXPERIMENTAL

The silicon substrate was a mirror-polished, B-@bp&100) wafer cut to a size of Z8<0.5 mni. The wafer
was chemically treated to passivate the surfacettzgrd annealed by resistive heating at 1000 °Qinltaahigh vacuum
chamber. The cleanliness of the surface was chelsietie surface state in valence-band and Si 2p-lemel spectra,
which showed no contamination. The XPS measurenvests carried out with synchrotron radiation dedifeom Beam
line 3B at Photon Factory, the High Energy Acceatar&esearch Organization. The dry oxidation wasedeith 99.99%
oxygen gas, which was introduced into the chamhesugh a variable leak valve. The overall instrutakenergy
resolution was estimated at about 0.2 eéthe photon energy was set at 135 eV, where theoplamttron inelastic
attenuation length from the Si 2p core level iiceit is minimized, being suitable to measure thecsp of the ultrathin

oxide layer.
RESULTS AND DISCUSSIONS

Figure 1 shows typical Si 2p core-level spectrunoxitle layer on Si(100) grown at an oxygen pressfirk0*
Torr and oxidation temperature of 750 °C for 3Ule Si 2p spectra of the oxide layers grown undeide range of the
oxidation conditions were deconvoluted by a legstase fitting procedure using the spin-orbit sgliigt functions. All Si
2p spectra consisted of five components: subssiiten (SP), three sub oxides (8j S#*, and Si3), stoichiometric oxide,

that is, SiQ (Si*"). To obtain the oxidation rate, the oxide thick& was calculated at each time step by the irtiensi

ratio of stoichiometric Si@componentl ., to Si substrate componeny :

D =g, Iog(Clls‘i +1j

S

Where /1302 is the photoelectron inelastic attenuation lerigtthe oxide andC is a coefficient depending on

the photon energy [7]. At the photon energy of &85 the values Oﬂsoz and C are set at 6.8 A and 0.5, respectively.

Figure 2 shows an overview of the thickness of élx@e layers grown for 10 min as a function of th&dation
temperature and the oxygen pressure. The thickeessaller at lower temperature and at lower pmessand for example,
the thickness at 1 Torr is 3—4 times as large asah1® Torr.

Figure 3 shows a series of the obtained oxidatismes, which are summarized as follows

e The oxidation proceeds very rapidly within the atidn time of 1min at all temperatures. We refethis regime

as "rapid regime".
» After the initial rapid oxidation, the curves beanrrery gentle. We refer to this regime as "slowmey.

» The oxide thickness of the break point dividing thpid regime and slow regime is smaller at loweygen

pressure and at lower oxidation temperature.
* The slopes at the same temperatures in the slameegye almost independent of oxygen pressure.

Krzeminski et al. have succeeded to fit the expenital data between a few and a few-tens nm wittearétical

model using a reaction rate approach [2], whichidadly assumes the same oxidation reactions as @@emHowever,
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our obtained rate curves up to 2 nm thickness stigaontinuous behavior and thus cannot be explagvesh by their

model. This indicates a different oxidation meckamidominates the reaction rate below 2 nm thicknestact, we can

often see a presence of the initial oxide in mamyipus reports. This oxide has been interpretea @ative oxide and/or
an oxide formed under transitional oxidation coiodit and therefore not discussed in detail. Ounltesiemonstrate that
this initial oxide is not formed by extrinsic factbut resultant of intrinsic oxidation mechanisnui €t al. have proposed
the rapid oxidation is dominated by the space aharduced by x-ray irradiation [6]. However, indtgtudy x-ray was not
irradiated during oxidation, because the spectne wbtained after oxidation. Therefore, it is fouhdt there is the rapid

regime regardless of x-ray irradiation.

Figure 4 shows Arrhenius plots of the oxidatioresaat the oxygen pressures of*+01 Torr, and the activation
energies of the oxidation rates derived from Figu@e summarized in Table 1. The activation eesrgie 0.1 — 0.2 eV
with weak oxygen pressure dependence. They wik gi@luable information to consider new oxidationdels for the

rapid regime.
CONCLUSIONS

The oxidation rate of a Si(100) surface at oxidekiesses up to ~2 nm has been measured using adlemi
state-resolved x-ray photoelectron spectroscopy wwide range of oxidation temperature (300 - 85D &ad oxygen
pressure (18 - 1 Torr). The oxidation proceeds very rapidlyp{caregime) within the oxidation time of 1 min at a
oxidation temperatures.After the initial rapid oxidation, the curves beamery gentle (slow regime).The oxide
thickness of the break point dividing the rapidineg and slow regime is smaller at lower oxygen sues and at lower
oxidation temperature. The activation energies of oxidation rates are-00.2 eV with weak pressure dependence. The
data in the rapid regime are not explained by thedard oxidation model and give very importanbination on the

formation of the silicon gate oxides in highly igtated metal-oxide-semiconductor field-effect-tiatts devices.
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APPENDICES

~750 °C ,10 * Tor, 30s S0 ]

Intensity (arb. units)

5 4 2 0 = 2
Relative Binding Energy (eV)

Figure 1: Typical Si 2p Core-Level Spectrum (Dotsjrom Oxide Layer on Si (100) Grown at
750 °C and at 1d Torr for 30 s. Solid Lines Denote the Curve Fittigs Using
The Spin-Orbit Split Voigt Functions
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Figure 2: An Overview of the Thickness of the Oxide.ayers Grown for 10 Min as a Function of the
Temperature and the Oxygen Pressure

Impact Factor (JCC): 2.9459 NAAS Ratj 2.74



Dry-Oxidation Rate of Si(100) Surface up to 2 nm-Oles Thickness 55

0.55 3
Eo04
gD.E
=02
i
=01

0

__'n.
[ |

Thickness (nrmy)

—
[

—
[ |
T
1

Thick ness ( nm)

——1  Tom
——10 " Tom
D_ﬁ . :
5 10
Time (min) Time (min)

Figure 3: A Series of the Oxidation-Rate Curves athe Oxidation Temperatures between
300 and 850 °C and at the Oxygen Pressures betwedf and 1 Torr
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Figure 4: Arrhenius Plots of the Oxidation Rates atFixed Oxygen Pressures

Table 1: Pressure Dependence of Activation Energyf the Oxidation Rate

Impact Factor (JCC): 2.9459

Pressure (Torr) 10° | 10? 1
Activation Energy (eV) 0.08| 0.14| 0.20

NAAS Ragj 2.74



