High resolution ion scattering study of silicon oxynitridation
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High resolution medium energy ion scattering was used to characterize the nitrogen distribution in
ultrathin silicon oxynitrides with sub-nm-accuracy. We show that nitrogen does not incorporate into
the subsurface region of the substrate after oxidation @08} in NO. Core-level photoemission
experiments show two bonding configurations of nitrogen near the interface. Oxynitridation in
N,O results in a lower concentration and a broader distribution of nitrogen than in the NO case.
© 1996 American Institute of PhysidsS0003-695(96)04244-1

Ultrathin silicon oxynitrides(SiO;N,) are promising di- Both the depth resolution and the sensitivity to nitrogen in-
electrics for sub-0.2xm ULSI devices-° They exhibit sev-  crease in MEIS with decreasing film thickness. An additional
eral properties superior to thermal, @xides (SiQ), the advantage of the technique is that it provides absolute nitro-
most important being suppression of boron penetration, ergen concentrationg?2
hanced reliability, and reduced hot-electron induced We studied oxynitridation of $100 in NO, O,/NO,
degradatiort’ Recent publications suggest that the perfor-and NO. The samples were grown in a vertical furnace at
mance of CMOS-based devices depends on both the conce®50, 950, or 1000 °C. A proton beam with an initial energy
tration and distribution of the nitrogen atoms incorporatedof 97.2 keV was used as the MEIS probe. The incident ion
into the gate dielectrie.”*'Both the optimal nitrogen pro- beam was normal to the sample, and the scattering angles
file and even the best method for measuring nitrogen in ulfanged from 100° to 140°. More details about high-resolution
trathin SiIQN, films are still under debate. depth profiling by MEIS can be found e|SeWhé_fé?6 _

Characterizing the nitrogen distribution in ultrathin films ~ Figure Xa) shows a typical spectrum for a film grown in
with the required sub-nm accuracy is an analytical challengeNO. The thickness was measured to be 2.2 nm by both MEIS
Two approaches have been used, secondary ion mass sp@8d single wavelength ellipsometry. Two peaks are seen in
troscopy (SIMS)?%°12 and HF etch-back methots'* In
addition to the limited depth resolution of these methods,

SIMS analysis is complicated by matrix effects, while HF < oxygen

etching may introduce nonuniform oxide removes$pecially § 4{ “oxygen ™% £

in the presence of nitrogen-rich regigns 2 \ .
Nitrogen may be incorporated into SiQusing either 52 e | &t

oxidation/annealinf>*?=2° or depositiofi”%?* methods. £ /.,'ﬂ‘.’gf.",.\_l i

Thermal oxynitridation of silicon in D (Refs. 3, 4, 8, 13, § %0 o5 To 15 2o s}

14, 17, and 1pwas proposed?to place small amounts of N depthonm

(typically on the order of &% 10 N/cn¥) in the oxide re- h

gion near the interface. Recently, oxynitridation in NO has ,

been reportetf!12151%g give rise to a higher nitrogen con- 2

centration. Recent SIMS results on silicémrnace oxida- nitrogen / :

tion of a SiQ film in NO were interpreted in terms of a g
nitrogen distribution sharply peaked on the substfsitezon) » T 2 2
side of the interface rather than in the near-interfacial
oxide!? In contrast, other studi&show that nitrogen is dis-
tributed evenly throughout dielectric films grown in NO.

In this work, high-resolution AE/E~0.1%) medium
energy ion scatteringMEIS)?? was used to accurately obtain
the depth distribution profile of nitrogen in sub-5 nm oxyni-
trided films. The most striking result was that nitrogen is not
observed in the substrate after oxynitridation, contrary to the
conclusions presented in a recent SIMS sttfdye demon-
strate that a 0.3—0.5 nm accura@epending on the film Proton Energy, keV

thicknes$ in the nitrogen depth profiles can be achieved.FIG. 1. (9 A MEIS spectrum for an oxynitride grown on (800 in a
furnace at 950 °C for 60 min in NO ambient. The scattering angle is 125°.

The inset shows the corresponding nitrogen and oxygen proéitea func-

3E|ectronic mail: gusev@rutchem.rutgers.edu tion of distance from the oxide surfgcéb) A closeup of the spectrum in the
Ypresent address: Department of Physics, Vanderbilt University, Nashvillenitrogen region along with the results of simulations for different nitrogen
TN 37235. distributions.
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this spectrum, corresponding to nitrogen and oxy@ethird  information about nitrogen bonding, we have used XPS
peak, originating from silicon backscattering, is not shawn (1487 eV} and SXPShy=130-200 eV. Our XPS analysis
The lighter mass (nitrogen yields a peak at lower reveals two bonding configurations of N in the 2.2 nm film,
energy’>?3The areas under the peaks are proportional to theorresponding to two features in the N 4pectra with bind-
total amounts of oxygen and nitrogen in the fiff2Obvi-  ing energies of 397.7 and 400 ealibrated to the Si 2
ously, the amount of nitrogen is much smaller than that ofsubstrate peak at 99.2 g\Wvith area ratios of about 5:for
oxygen. The concentration of nitrogen in this sample isphotoemission normal to the sampleonsistent with previ-
(8.8+0.7)x 10* atoms/crA. ous studied? The peak around 397.7 eValso seen for
The shape of the nitrogen peak is determined by theéSi;N, sample$*?3 is usually attribute®*?17182934g nitro-
depth distribution of nitrogen in the film. Because of energygen in an Sj—N configuration. The assignment of the other
loss arising from electronic excitations, protons backscatfeature, at higher binding energies, is less straightforward.
tered from nitrogen atoms closer to the Si-@iQinterface  The adsorption of NO or D on surfaces at low~77 K)
have lower energy than those scattered off the atoms near themperatures was foulfd®° to result in N & peaks in the
surface???* In the same way, the sharp leading edge of therange of 400—407 eV. Experimefftswith a-SiN, (0<x
oxygen peak is formed by the protons scattered from the<1.7) showed a variation of binding energies from 397.25 to
surface oxygen atoms, whereas the low energy tail result398.39 eV, which implies that peaks above 400 eV cannot be
from scattering off oxygen atoms at the interface. The widthdue to variations in stoichiometry. Therefore, it is reasonable
of the oxygen peak reflects film thickness. The width of theto assign(following other§?29 the feature at 400 eV to N
nitrogen pea FWHM=0.59 keV] in Fig. 1(a) is slightly  with at least one N—O bonded nitrogen. By comparing XPS
smaller than the width of the oxygen pedk68 ke\j, indi-  spectra at different take-off anglé8° and 60, we found
cating that the nitrogen distribution is narrower than thethat the higher binding energy featufé00 e\) becomes
thickness of th€2.2 nm film. more prominent at grazing angles. This indicates that the
More detailed information about the nitrogen profile in Si;—N configuration dominates near the interface, while the
the film can be obtained through spectral simulatiths. N—O bonded nitrogen is located further into the oxide. Re-
These simulations include the effect of ion straggfifé  cent XPS HF depth profiling experimetitdor oxynitrida-
which results in energy broadening as the ion beam pertion in N,O yield the following similar conclusionsi) that
etrates into the sample. Simulations for different nitrogernthe Sg—N states are localized closer to the interfésithin
distributions are shown in Fig.(i). Curve 1 corresponds to about 1.5-2 nmwhereas the $+N-O configuration ex-
an extreme case of all nitrogen (&80 N/cn?) located at  tends into the oxide so that the overall width of the nitrogen
the interface, and shows poor agreement with the observedistribution is about 3—4 nm. Our synchrotron-based SXPS
spectrum. If the nitrogen atoms were located deeper, i.e., 08i 2p spectra for thif~2 nm) NO-grown films also imply a
the substrate side of the interface as claimed based on SIM8ore silicon-nitride-like bonding of nitrogen at the interface,
results* the simulated peak would have moved further awaywhich is quite different from nitrogen behavior further into
from the observed peak towards even lower proton energiethe oxynitride overlayer. However, MEIS and photoemission
A simulation for the other extreme case of the same amourriesults specifically:(i) depth distribution(ii) low concentra-
of nitrogen uniformly distributed throughout the filfourve  tion of nitrogen, and(iii) multiple photoemission featurks
2) also does not fit the data. The best fit to the datave 3 suggest that the nitrogen is not sharply concentrated right at
is obtained for the nitrogen profile shown in the inset in Fig.the interface as a single continuoushbj layer (although it
1(a). This profile corresponds to a width for the nitrogen may be possible to engineer a $18i;N,/Si structure using
distribution of about 1.%0.3 nm and a concentratigimn this  other processing methods
region of 7.5 at. %(also shown in the insgetThe oxygen Near-interfacial nitrogen significantly retards the rate of
concentration is uniform in the film, except in the transitionthe oxide growth; we see this and it has also been noted by
regiorf®? near the interfacéthe position of the interface is others!®?:3®This is likely the reason why oxynitridation in
defined as a point where the oxygen concentration vanishesNO (with a high concentration of nitrogerappears self-
The width of this region in the graph is a convolution of limiting—the thickness of the film after oxidation for 60 min
macro- and microscopi¢‘peak-to-peak’) roughness and  at 950 °C is only 2.2 nm, as compared to 35 nm foradd
any microscopic oxygen concentration gradient in the subox10 nm for NO. To make a thicker NO-oxynitrided film, we
ide region’” Roughness may also contribute to the width offirst formed a 4.5 nm pre-oxide, followed by reoxynitridation
the nitrogen distribution deduced from the simulation. Sub-in NO to a final thickness of 5.5 nm. The spectrum for this
traction of the roughness contributigwhich is on the order film and for the oxygen and nitrogen profiles are shown in
of 0.2—-0.3 nm rms at the interface would still leave the Fig. 2. Reoxidation in NO results in nitrogen incorporation
“local” width of the nitrogen containing layer of at least 1 into the near-interfacial oxide with a total concentration of
nm, and is inconsistent with a model of a sharp silicon ni-1.1x10*® N/cn? and a width of 1.50.5 nm.
tride monolayer between Sj@nd the Si substrate. For curve  Several groupst21>t¥have reported very different re-
4, we extend the nitrogen profile shown in the inset 0.3 nmaction chemistries and nitrogen profiles for oxynitridation in
into the Si substrate. The fit becomes worse, indicating agaiNO and NO, and for rapid thermal oxidatiofRTO) versus
that the presence of even a small fraction of N in the first 0.Furnace oxynitridation. A spectrum for(&.5 nm film grown
nm of the substrate side of the interface is inconsistent witlin N,O under conditions similar to our NO oxynitridation
our results. case is shown in Fig.(B). It can be clearly seen that oxyni-
To complement the MEIS depth profiling with chemical tridation in N,O results in much smaller nitrogen con-
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oxvaon growth in N,O. Our SIMS data disagree with those reported
Ya by Hedgeet al?in that in all cases the nitrogen distribution
M is peaked in the film and not in the substrate.
The authors would like to thank Dr. J. MayéEvans
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