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Dry oxidation mechanisms of thin dielectric films formed under N -0
using isotopic tracing methods
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We investigated the mechanisms of thermal reoxidation in dsyoDsilicon oxynitride films
prepared by processing (300 wafers in a rapid thermal furnace in a pure nitrous oxiNgO)
ambient, using isotopic tracing of oxygen and nitrogen. Standard nuclear reaction analyses for the
measurement of the total amounts of the different isotopes, and very narrow resonant nuclear
reactions for high resolutioil nm) depth profiling of these elements were used. The silicon
oxynitride films grown in puré®N,'%0 were 8-nm thick, with a small amount of nitrogen localized
near the interfacial region. Under reoxidation in dfD,, the thickness of the dielectric film
increased while a pronounced isotopic exchange took place betweéfOtlimm the gas and the

160 from the film, as well as a significant loss'8N. This is in contrast with the reoxidation in dry

O, of pure SiQ films, where the oxygen exchange is rather small as compared to that observed in
the present case. @996 American Institute of Physid$§0003-695(96)03717-8

The developments in very large-scale integratighSI) SiO, equivalent: 16 oxygen atoms.ci? corresponds to
devices require reliable gate insulator materials with thick-0.226 nm, assuming a density of the silicon oxide of 2.21
nesses compatible with the scaling rules, namely 10 nm ang/cn?. For atomic depth profiling PN and 180), we used
less. Various methods have been used to produce these @iuclear narrow resonant reaction analysis and the SPACES
electric films, the most promising ones being the thermakimulation prograni:® In the present work we used the nar-
growth of a silicon oxynitride film on silicon in a nitrous row resonancel{ = 100 eV) at 152 keV of the'®O(p,a)
oxide (N,0) environment:? Although atomic transport pro- 15\ nuclear reaction for théfo depth profiling® and the
cesses are fundamental for the understanding of the growihy row resonancel( = 120 eV} at 429 keV of the!>N(p,
mechanisms, so far only a few studies have considered thi&y)lzc nuclear reaction for th&N depth profiling In both

_5 . .
aspect™ In this letter we report or:‘?the atomic transport aqes the samples were tilted at 65° with the respect to nor-
mechanisms during thermal reoxidatioof oxynitride films o incigence in order to increase the depth resolution to 1
previously grown on S{001) under NO, using isotopic trac- nm near the surface

ing experiments of nitrogen and oxygen. Ei o
o . 25 0 gure 1 presents the excitation curves of the nuclear
Pure NO (>99.998 % enriched in™N (99% labelled reaction*®O(p,a) >N near the narrow resonanck (= 100

ga9 was used for the oxynitridation of the silicon, and dry _ L

99 % %0 enriched oxygen gas90,) was used for thermal e\:) tﬁt pr_ n1|t5r |2d k«(a; ’ folr tg ettc?;t;ﬁrlnomljfi;?' ?nm?[ ar;ﬁ

reoxidation. The treatment temperature was fixed at 109 € oxy €19 otto Sl 1 € Insets, the
ocal concentrations df0, namely'®0/%0+1%0, as a func-

°C for both oxynitridation and reoxidation. Oxynitridation ¢ deoth £20 denth il di he i
underSN,O was performed in a rapid thermal furnace at al'°" Of dept (%0 depth profilg corresponding to the simu-
lation of the experimental data are shofvtiThe double lo-

pressure of 1DPa during 180 s treatment time, and reoxida-'*" Tom
tions were performed under 4@a of dry'0, for times of cation of the~°O in Fig. 1 (top) (near the surface and at the

20 min, 40 min and 120 min in a classical resistance heatetfterface is consistent with i) The oxidizing species are
furnace. The thicknesses of the oxynitride films after thedissolved into interstitial positions and diffuse into the silica
thermal treatments were 8.2 nm before reoxidation and 15.8etwork without reacting with the bulk; they react with Si at
nm, 20.5 nm and 31.8 nm after reoxidation times of 20 minthe SiQ /Si interface to form the new oxide. This is in agree-
40 min and 120 min, respectively. A 15 nm-thick control ment with the Deal and Grove theoty(ii) An exchange
oxide was also grown at 1050°C by subsequent oxidations imechanism takes place between the oxygen from the gas and
10% Pa of dry*®0, gas for 450 s and in dr{fO, for 150 s.  the oxygen from the silica network due to local defects
The total amounts of nitroget’N, €0, and*®0 were  present near the surface of the $ifdm.'%! This phenom-
determined through nuclear reactions analy®RA) using  enon is independent of the first mechanism describe().in
the cross section plateaus of the reactidid(p,ay)*?C at  The mechanisnti) is responsible for a pure 8D, film lo-
1000 keV,*0(d, ) *O at 810 keV and®(p,ag)*°N at 730 calized at the oxide/silicon interface with a sharp transition
keV.” The total amount of the different isotopes were deteryetween St%0, and St%0,. The mechanisniii) leads to a
mined by Comparison with standards haVing Uncertaintieﬁxation of 180 near the externa| Surface and tWé) depth
less than 2%. The thicknesses of the films can be given i%rof"e which correspond to it is erfc-lik:
In Fig. 1 (bottom the shape of the profile is different,
3E|ectronic mail: ganem@gps.jussieu.fr being the concentration offO atoms different from zero in
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400 |- Depth [nm] extracted from the experimental data is shown in the inset.
0 . . o . .
00 20 40 60 80 100 fusing defects in the oxynitride film. Oxygen vacancy or in-
E — Eg [kev] terstitial defects could explain those profiles. But an anneal-

ing at high temperature in vacuum or in non-reactive
FIG. 1. Excitation curves of the nuclear reacti§(p,a) N near the reso- ~atmosphere, did not show any modification in tho or
nance at 152 keV frontop) the control oxide grown at 1050°C in#®aof  nitrogen depth profile¥* This indicates that the defect re-
dry %60, for 450 s subsquently reoxidized 10, in the same conditions but sponsible for the exchange phenomenon is more likely inter-

for 150 s, andbottom) a sample oxynitrided in FoPa of N,O at 1090 °C . . . .
for 180 s and subsquently reoxidized in*Fxa of dry*®0, during 20 min at sticialcy. Otherwise, the presence’dD at the oxynitride/Si

1090 °C. The related local concentration depth profiles®d, namely ~ iNterface, with a local concentration equal to the labelling of
[80] = 180/(*f0+ 1°0), extracted from the experimental data are shown in the gas(99%y), indicates that an oxidation within the frame-
the insets. work of the Deal and Grove model still occurs in parallel
with the exchange phenomenon. However, the sharp transi-
the bulk of the film. The NRA show that the reoxidation of tion between thé®0-rich region and thé®O-rich region ex-
the oxynitride in %0, is accompanied by an important ex- isting in the case of the oxide is not observable after reoxi-
change phenomenon between tf@ atoms from the gas and dation in *%0, of the oxynitride, a fact that can be attributed
the %0 atoms from the oxynitride network. This exchange isto the significant overall diffusion of defects into the bulk of
much more effective compared to that observed in the casée oxynitride, leading to ¥0/*%0 mixture in the film.
of dry reoxidation of pure SiQ %! Approximately 29% of The nitrogen distribution after the thermal treatment in
the oxygen atoms are exchanged during the first 20 min of°N,'®0 is shown in Fig. 3. The nitrogen is fixed near the
reoxidation; as the reoxidation time increases, this phenomexynitride/Si interface and less than 0.1% of nitrogé
enon is enhanced to reach approximately 67% for 120 min oN+0O) has been detected near the surface region, in agree-
reoxidation time. Furthermore, the amount 180 lost by ~ ment with previous observation®:'> As the reoxidation in
exchange is proportional to the square root of the reoxidatiort®0, proceeds, the distribution of nitrogen becomes wider, a
time, which indicates that this phenomenon is probably govioss of nitrogen is observed and the position of the maximum
erned by a diffusion process. Figure 2 displays the evolutiogoncentration of°N shifts towards the surface as shown in
of the 20 depth profile with reoxidation time. As the film Fig. 4. The broadening of the peak, and the loss of nitrogen
grows, the*®0 surface peak becomes wider due to the dif-
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FIG. 4. Concentration depth profiles &N in a film grown in 1¢° Pa of
FIG. 2. Concentration depth profiles &0 in films grown in 1¢ Pa of 15N,0 at 1090 °C for 180 s, and in samples subsequently reoxidized in 10
15N,0 at 1090 °C for 180 s and subsequently reoxidized ifi R® of dry ~ * Pa of dry*®0,at 1090 °C for 40 min and 120 min. The arrows indicate the
180, at 1090 °C for 20 min, 40 min, and 120 min. position of the oxynitride/Si interface for the different samples.
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are also proportional to the square root of the reoxidatiorexperiments with0 and*°N as tracers!®N depth profile
time, most probably due to defect diffusion in the film. For revealing that after the thermal treatment under nitrous oxide
the same reasons developed for 1@ diffusion, the migra-  the nitrogen is localized near the oxynitride/Si interface in a
tion of nitrogen atoms is also probably due to interstitialrather small concentratiotN/N+0O=2%). During reoxida-
defects. However the shift of the distribution towards thetion, we observed that the oxygen atoms react at the interface
surface cannot be explained by a simple diffusion of N at+to form new silicon oxide layers, near the surface, and in the
oms. Let us consider the samples reoxidized for 40 min an@ulk of the oxynitride film a significant exchange phenom-
120 min; in the first one, the new position of the enon takes place between the oxygen from the gas and the
oxynitride/Si interface is far enough from the nitrogen atomsoxygen in the film. The nitrogen atoms diffuse in the film
to allow us to neglect its effect on the N diffusion during the and drift to the sample surface. A significant loss of nitrogen
additional 80 min of reoxidation necessary to form the secis also found. Most probably, the defects responsible for the
ond sample. If the outside surface would be permeable, themigration of nitrogen and oxygen atoms are interstitialcies.
after a certain diffusion time, mathematically the position ofNo evidence has been found for equivalent defects linked
the maximum concentration of nitrogen should move deepeyiith nitrogen and oxygen. To explain the nitrogen behavior
into the film. On the contrary, if we assume now that theduring reoxidation, we propose the existence of a concentra-

surface is like a reflecting wall, the maximum concentrationtion gradient of defects which favours the migration of nitro-
should shift towards the surface. But after 120 min of reoxi-gen atoms towards the surface.
dation, the experimentally observed shift of N towards the
sample surface is too large to be correlated to the broadening. . k. Han, G. W. Yoon, J. Kim, J. Yan, and D. L. Kwong, IEEE Electron
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