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Highly concentrated>93 vol%) ozone (Q) gas was used to oxidize silicon for obtaining
high-quality SiQ film at low temperature. Compared to, @xidation, more than 500 °C lower
temperature oxidatiofi.e., from 830 to 330 °Chas been enabled for achieving the same,SiO
growth rate. A 6 nm Si@film, for example, could be grown at 600 °C within 3 min at 900 Pa O
atmosphere. The temperature dependence of the oxidation rate is relatively low, giving an activation
energy for the parabolic rate constant of 0.32 eV. Furthermore, a 400 °C growiiil&i@vas found

to have satisfactory electrical properties with a small interface trap densitt 0¥ cm™?/eV) and

large breakdown field14 MV/cm). © 2002 American Institute of Physics.

[DOI: 10.1063/1.1507829

The recent trend in downsizing ultralarge-scale integraner transition layer at the SydSi interface than thermally
tion devices requires a high-quality and highly reliable Sigrown oxidé''° which would result in better electrical prop-
gate oxide (Si®) film of a few nanometers in thickness. erties for the thin Si@layer as a gate dielectric film.

Through this trend, reduction of thermal budget during SiO In this letter, we first show that, by using highly concen-
film formation has become a key issue for preventing therated Q instead of Q in cold-wall processing, a processing
degradation of the device qualityTo achieve a lower- temperature has been lowered from 830 to 330 °C. We then
temperature process than conventional thermal oxidatioshow that formed oxide film grown at a temperature lower
process by @ gas in furnacege.g., 900 °Q, oxidation by than 600 °C has had satisfactory electrical properties.

new oxidizing sources such as the energetically reactive spe- A high-purity ozone-jet generator we have developed for
cies generated by plasAtaand the oxygen radicals gener- semiconductor processes was used as the highly concentrated
ated by UV light irradiatiofi~® have been investigated. How- Oz source. Details of the operation of this generator have
ever, oxidation by these sources has the following problemg?een described elsewher@o prevent a decrease in the con-
(1) Energetically reactive ionic species may impair thecentration of Q gas during its flow to the Si surface, we
grown film; (2) the number of radicals supplied to the Si applied lamp-heated cold-wall processing for oxidation. The
surface is limited by the microwave power or light intensity "esults of our previous experiment suggested that, in ideal
of the apparatus(3) nondestructive transportation of the conditions that limit the heated aréa30 °C) to just around
generated radicals to the Si surface is difficult because dhe Si surface, the concentration of @as arriving at the Si
their short life resulting from mutual chemical reactivity (O Surface was more than 93%.

+0—0,). To overcome these problems, oxidation by  An n-type S{100 sample (1610 mm) with a doping
highly concentrated ozone gDgas under reduced pressure concentration of 10 cm™® was set on an opaque fused
in cold-wall processing is considered to be promising for theduartz susceptor in the oxidation chamber after having been
following reasons(1) The O; molecules have a long life as cleéaned by the traditiondRCA) method and HF dipping in
long as they are kept in a temperature<100°C) and @class 1.000.atmosphere. The sample was then rapidly heated
pressurg<44 000 Pacontrolled atmospheréthus enabling {0 the oxidation temperature by a halogen spot lahighec

the effective transportation of o the surface(2) O can Co,) after the_Q flc_)w rate had_ stabilized. The thickness of
also be used as an situ oxygen radical source by way of the grown ox.|de film was estimated and cross checked by
the O; decomposition reaction at the surfage., O;— O, analysis of Si  peaks with x-ray photoelectron spectros-

+0) Bindicating that the number of supplied radicals can beopy (XPS), ™ ellipsometry at a fixed refractive index of 1.46
increased by increasing the, Pressure at the surfad@) the and by the oxide capacitance obtamed from _capacnance—
Os-formed SiQ film has been confirmed to have a more voltage C-V) measurement. The estimated thickness from

homogeneous structure with less Si displacement and a thifi?€se three methods showed good agreement within an error
of 0.5 nm. The electrical properties of the-@rmed oxide

were evaluated by measuring th@-V and the current

dAuthor to whom correspondence should be addressed:; also at Meidens ; ; . ;
Corporation, Material & Device Department, Central Research L.’slboratoryl,zlflenSIty electric field ‘I E) of the metal-insulator

515 Kaminakamizo, Higashimakado, Numazu, Shizuoka 410-8588, JapasseMmiconductor structure with Al electrodes of 0.2 mm diam-
electronic mail: t-nishiguchi@aist.go.jp eter deposited over the area of the oxide film. To remove
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®) Oxidation time [min] oxidation temperature was 400 °C.

100 ¢
; thicknesst the oxidation time an® the parabolic rate con-
stan} as was also reported in the case of plasma and UV
light oxidation in an ultrathin regio<15 nm.>~* This
would suggest that the oxidation process was controlled by
the diffusion of the oxidizing speciegrobably O atom
Assuming that the rate constant has Arrhenius temperature
dependencéi.e., B=C exp(-E,/kT), whereC is a constant,
E, the activation energy Boltzmann’'s constant, and the
absolute temperaturethe value forE, was calculated to be
0.32 eV from the Arrhenius plot shown in Fig(h). This
0.1 . , . , .. value is about 1/4 of that for dry Loxidation (1.34 eVj,*
indicating that the O atom dissociated from @iffused into
0.8 1.0 12 1.4 1.6 1.8 20 . -
I the Si network much more easily. However, Bealues of
1000/T [K ] 330 and 260 °C oxidation are smaller thag=0.32 eV line
FIG. 1. (a) Oxidation rate of hydrogen-terminatedSi(100). The oxidation depicted in Fig. lb). We have considered that this was
pressure and flow rate were 900 Pa and 20 sccm, respectively. The Si tergaused by a reduced number of diffusing species, O
perature was monitpred by a chromel-alumel thermocoupjeArrhenius atom) due to the lowered decomposition reaction afdthe
plots of the parabolic rate constant. Si surface whose temperature was lower than 400 °C. The
results of a directional mass analysis also support this
defects associated with the electrode deposited process, posensideratiort?
metallization anneal was carried out at 400 °C for 30 min in  Figure 2 shows high frequency and quasistafie V
a 4% H,/96% N, gas atmosphere. curves fo a 5 nm Q oxide film grown at 400 °C. The inter-
Figure 1a) shows the growth of the Sicfilm thickness  face trap density@;) can be estimated from these curves by
with time under exposure to highly concentrated & a  using the following equatioff
fixed flow rate(20 sccm and pressur¢900 Pa in the tem-
perature range from 260 to 830 °C. In spite of processing at a A A—1rs~—1 —1,-1 -1 —1,-1
relatively low pressure, the oxidation rate was very high. For Di=q "A T [(Cq = Co) "= (Cr =Co) 7], (D
example a 6 nm SiQ film could be grown within 3 min at
600 °C. Furthermore, it was found that, compared j0o®-  whereq is the electrical chargey the Al gate are§=0.0314
dation under the same conditiof@00 Pa, 20 sccina tem-  mn?), and Cy,, Cqy and C, are the high-frequency, quasi-
perature more than 500 °C lower, that is, from 830—330 °Cstatic and oxide capacitance, respectively. The calculated
was achieved. This temperature reduction of 500°C is/alue for Dy at the midgap was %10 cm ?/eV. This
greater than that achieved by atmospherid 8% —-4%)/Q  value is comparable to those of thermal oxides grown at
gas, for which a 300°C reduction has been achié¢ed. around 1000 °C’ despite being achieved at a 600 °C lower
This suggests that increasing thg ncentration to more temperature process. This is believed to have been due to the
than 93% was effective for further reducing the temperaturexygen radicals’ reactivity. In other words, the radical disso-
of the oxidation process. ciated from Q was chemically so reactive and free to mi-
The data also show that, within an Si@®m thickness grate that it could passivate the sub oxide state$,(Si*
range from 3 to 11 nm, the SiQrowth rate seems to follow and St*) and nonbonded defects at the $iSi interface, in
a parabolic kineticsd*=Bt, whered Is the grown SiQ film spite of an Si temperature as low as 400 °C. This notion is

B [nm”/min]
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@ qp? height between Si and SjO Applying the conventionally
10! used electron mass in the oxideng,=0.42 m)? the ¢,
. 10° value can be calculated to be 3.2 eV, irrespective of the
g 10 grown temperature and oxide thickness, as shown in Fig.
ﬁ 162 3(b). This value is slightly higher than that for thermally
E, 3 grown oxides which varied from 2.7 to 3.1 eV depending on
g 104 the oxidation temperaturé.The lower tunneling current due
'; 105 to the higher(idea) barrier height at the Si©'Si interface
E 107 and the higher breakdown electrical fidld14 MV/cm) can
5 10° be explained by the formation of a homogeneous,Sitduc-
& 107 ture from the SiQ surface to the Sig)Si interface with a
§ 10 low density of defects. This is also suggested by medium-
10° energy ion scattering spectroscopy signals fren30%
1071 O,-formed oxide filnf and by its HF etching rate.
0 2 4 6 8 10 12 14 16 _dlln.summar.y, b_y usi?dg higljlhly conce_ntra'i(ra]@ @as as a?
. oxidizing species in cold-wall processing, the process tem-
(b) Electric field [MV/cm] perature has been lowered considerably. The dependence of
10 the oxidation rate on the oxidation temperature was found to
1015 500°C be relatively small which would reflect the ease by which the
16 oxygen radical could diffuse into the thicker layer. Further-
1077 more, Q-formed oxide films grown at below 600 °C were
T 107 found to have suitable electrical properties for up-to-date
1018 gate oxide use. This £oxidation technique would be espe-
o) cially applicable to processes requiring a low temperature
» such as the oxidation of poly-Si on glass for thin-film tran-
10 sistor applications.
102 L .
2 400°c ~7 The authors thank Dr. R. Kosugi and Dr. H. Yamada of
10 ‘ ' ' ' AIST for their technical advice and fruitful discussions.
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