
Effects of the surface deposition of nitrogen on the thermal oxidation of silicon in O 2
I. J. R. Baumvol, T. D. M. Salgado, F. C. Stedile, C. Radtke, and C. Krug 
 
Citation: Journal of Applied Physics 83, 5579 (1998); doi: 10.1063/1.367396 
View online: http://dx.doi.org/10.1063/1.367396 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/83/10?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.130.19.173 On: Wed, 19 Mar 2014 17:12:53

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=I.+J.+R.+Baumvol&option1=author
http://scitation.aip.org/search?value1=T.+D.+M.+Salgado&option1=author
http://scitation.aip.org/search?value1=F.+C.+Stedile&option1=author
http://scitation.aip.org/search?value1=C.+Radtke&option1=author
http://scitation.aip.org/search?value1=C.+Krug&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.367396
http://scitation.aip.org/content/aip/journal/jap/83/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 10 15 MAY 1998

 [This a
Effects of the surface deposition of nitrogen on the thermal oxidation
of silicon in O 2

I. J. R. Baumvola)

Instituto de Fı´sica, Universidade Federal do Rio Grande do Sul, 9500 Bento Gonc¸alves, Avenue
91509-900 Porto Alegre RS, Brazil

T. D. M. Salgado, F. C. Stedile, C. Radtke, and C. Krug
Instituto de Quı´mica, Universidade Federal do Rio Grande do Sul, 9500 Bento Gonc¸alves, Avenue
91509-900 Porto Alegre RS, Brazil

~Received 27 October 1997; accepted for publication 14 February 1998!

Nitrogen was deposited on the surface layers of Si~100! by ion implantation at a very low energy
~approximately 20 eV!, at fluences between 1 and 1031014 cm22. The samples were thermally
oxidized in dry O2 at 1050 °C, and the areal densities and profiles of N and O were determined by
nuclear reaction analysis and narrow nuclear resonance profiling, evidencing that:~i! the retained
amounts of N just after ion beam deposition stayed in the range between 0.3 and 731014 cm22; ~ii !
the oxide growth is influenced strongly by the presence of nitrogen, the thickness of the oxide films
~which remained between 4 and 30 nm! decreased with the increase of the areal density of nitrogen;
~iii ! N is partially removed from the system as oxidation proceeds. These observations are discussed
in terms of current models for the thermal growth of silicon oxide in the presence of N. ©1998
American Institute of Physics.@S0021-8979~98!06310-5#
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Silicon oxynitride presents several advantages over
oxide when used in sub-10 nm films for gate and tun
dielectrics. It provides improved resistance to dopant dif
sion, increased reliability, and enhanced resistance to hot
rier degradation.1–3 In particular, the thermal oxidation in O2
of Si wafers previously implanted with N ions has been co
sidered recently as a route to prepare silicon oxynitride fi
for gate dielectrics in ultralarge scale integrated~ULSI!
metal-oxide semiconductor field effect transistor~MOSFET!
devices.4–7 It has been known for a long time that the pre
ence of rather small concentrations of N~1 at % and less!
slows down the thermal oxide~oxynitride! growth in O2.

8

The effect of N implantation doses below and around
equivalent to 1 monolayer in reducing the rate of therm
growth of SiO2 in dry O2 has been reported previously.4,9

Trimaille et al.9 implanted 131015 N cm22 into Si through
SiO2 films, and continued the thermal growth of the im
planted film in O2, concluding that N inhibits only the nea
oxide/silicon interface region where growth takes place. T
effect was corroborated by several authors10,11 in the case of
ultrathin ~5 nm! oxynitride films thermally grown in N2O,
whereas the thermal reoxidation in O2 of thicker oxynitride
films (;10 nm), showed modifications on the near interfa
and near surface oxygen incorporations.12 At the initial
stages of thermal growth in N2O

13 ~thicknesses between 0.
and 3 nm!, silicon oxynitrides were observed to be the ma
components of the film, whereas oxidation~i.e. formation of
SiO2! is the dominant process of growth above 3 nm. Su
erlandet al.14 complemented this picture, demonstrating th
1 monolayer of N, initially existent at the oxynitride/Si in
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terface, remains essentially intact after the growth mode
switched to the production of SiO2 ~thicker films!.

In spite of the wealth of well established empirical fac
there remains a considerable lack of knowledge on
growth mechanisms of silicon oxide films in the presence
N. The role of N in hampering the oxide growth was di
cussed by Dimitrijevet al.,15 which attributed the limiting
step to the neutralization of the oxide growth sites at
interface by N atoms, while Tinget al.16 attributed the slow-
down of the growth rate to the action of N as a diffusio
barrier to the oxidant species–namely O2. We report here on
the thermal growth of silicon oxide films in O2 on Si~100!
substrates whose surfaces were intentionally contamin
with controlled amounts of N. We will investigate the influ
ence of the surface concentration of N~in the range 1/30–1
monolayer! on the growth rate of silicon oxide films. Th
deposition of N at the Si~100! wafer surface was performe
by ion implantation at the extremely low energy of 20 eV.
order to allow for highly sensitive and selective determin
tion of the amounts of N and O in the films by nucle
reaction analysis~NRA!, less abundant isotopes~15N and
18O! were used:15N introduced by very low energy ion im
plantation, and18O by performing thermal oxidations in
18O2.

Si~100! wafers were cleaned in a 4% HF solution
ethanol~30 s! and rinsed in ethanol~30 s! just before being
introduced in the vacuum of the ion implantation chamber
order to minimize the presence of the native oxide.15N1 ions
were extracted from the ion source at an energy of 30 k
and mass analyzed by a 90° magnet. The samples were
larized at130 keV, thus reducing the effective ion energ
on target to zero. A battery was then used to polarize
target at220 V, in order to slightly focus the beam. Th
9 © 1998 American Institute of Physics
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oxidations were performed in a Joule effect heated furn
under static pressures~50 mbar! of 97% 18O-enriched oxy-
gen (18O2), at 1050 °C. The areal densities of15N and18O in
the samples were determined with an accuracy of65%, and
a sensitivity to15N and 18O of 1012 atoms cm22 using, re-
spectively, the cross section plateaus of the nuclear react
15N(p,ag) 12C at 1000 keV and18O(p,a) 15N at 730 keV,
and convenient standards.17 An estimation of the film thick-
nesses can be obtained using the equivalent relations
1015 O atoms cm22↔0.226 nm of SiO2. The 15N and 18O
depth distributions were obtained using the narrow and
lated resonances in the cross sections of the nuclear reac
15N(p,ag)12C at 429 keV, and18O(p,a)15N at 151 keV.18 A
tilted sample geometry (C565°) was used to increase th
depth resolution to less than 1 nm near the film surface.
measured excitation curves~i.e., a-particle or g-ray yields
versus incident proton energy! around the resonance energi
ER can be converted into concentration depth distributio
by means of theSPACESsimulation program.19

The retained doses of15N on the Si~100! wafers, as a
function of the implanted doses, are given in Fig. 1. Figur
shows the excitation curves of the15N(p,ag)12C nuclear
reaction around the resonance at 429 keV for two differ
as-implanted samples. In the insets are shown the15N pro-
files assumed to simulate the excitation curves: erfc-like w
a width of 0.7 nm, which is approximately the depth reso
tion of the technique near the surface and thus the minim
physically significant value. The difference in the amounts
incorporated nitrogen is evidenced by the different maxim
15N concentrations in the insets@50% in Fig. 2~a! versus 15%
in Fig. 2~b!#.

The isotherms of18O incorporation during thermal oxi
dation in 18O2 of Si~100! wafers containing different initia
areal densities of15N at their surfaces, are shown in Fig.
~left vertical axis!. The isotherms of15N evolution, as oxida-
tion proceeds, are also shown in Fig. 3~right vertical axis!.
The amount of incorporated18O for each oxidation time was
seen to decrease with the increase of the15N dose, consisten
with the results reported in Ref. 4. Figure 3 also shows t
nitrogen is progressively lost as the oxidation time increas

The excitation curves of the18O(p,a)15N nuclear reac-
tion, around the resonance at 151 keV for samples with

FIG. 1. The retained doses of15N on the Si~100! wafers as a function of the
implanted doses.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

200.130.19.173 On: Wed,
e

ns:

ip:

-
ns

e

s

2

t

h
-
m
f
l

t
s.

f-

ferent initial areal densities of15N and oxidized in18O2 for
15 min, are shown shown in Fig. 4~a!. The arrows indicate
the positions in energy (E2ER) corresponding to18O atoms
at the films surfaces~dashed arrow!, and to18O atoms at each
one of the oxide~oxynitride!/Si interfaces. The decrease o
the film thickness with the increase of the15N dose is again
evident. The simulation of one of these excitation curv
~initial areal density of15N of 1.131014 cm22! is shown in
Fig. 4~b!, with the correspondent18O profile given in the
inset.

FIG. 2. Excitation curves of the15N(p,ag)12C nuclear reaction around the
resonance at 429 keV for two different as-implanted samples@retained
doses:~a! 6.531014 N cm22, and ~b! 1.231014 N cm22#. In the insets are
shown the15N profiles assumed to simulate the excitation curves.

FIG. 3. The isotherms of18O incorporation during thermal oxidation in18O2

of Si~100! wafers containing different initial areal densities of15N at their
surfaces, and the isotherms of15N evolution as oxidation proceeds.
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In summary, the thermal growth of SiO2 films on Si~100!
in dry O2 depends on the areal density of N deposited on
surface of the Si wafers prior to oxidation: the oxide thic
ness decreases with the increase of areal density of the
posited N. This effect remains valid for all the initial N con
centrations, which go down to around 1/30 of a monolay
as well as for all oxidation times, and consequently for
SiO2 film thicknesses used in the present work, which var
from 4 to more than 30 nm. In contrast to a previo
article,14 the N initially existent at the interface did not re
main intact during oxide growth, since it was progressiv
lost. The loss of N during thermal reoxidation in O2 of sili-
con oxynitride films was observed previously,12,13,15,18which
had been attributed to diffusion-reaction processes occu
in the bulk of the oxide~oxynitride! films. Preliminary re-
sults obtained in our laboratory indicate that part of the
atoms lost from the surface~interface! are found redistrib-
uted within the grown oxide~oxynitride! film, confirming the
hypothesis of a diffusion-reaction driven process. Howev
a detailed description of the mechanisms of atomic trans
responsible for the redistribution of N during oxidation h
to take into account atomic exchange processes12,17,18 ~like
O–N and Si–N exchanges!, and their contribution to the

FIG. 4. ~a! Excitation curves of the18O(p,a)15N nuclear reaction around
the resonance at 151 keV for samples with different initial areal densitie
15N and oxidized in18O2 for 15 min. The arrows indicate the positions
energy corresponding to18O atoms at the films surfaces~dashed arrow!, and
to 18O atoms at each one of the oxide~oxynitride!/Si interfaces.~b! The
simulation of the excitation curve for the sample corresponding to an in
areal density of15N of 1.131014 cm22, with the correspondent18O profile
given in the inset.
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modification of the nature and concentration of defects.
order to obtain this detailed description, an isotopic trac
study, not only of N but also of O and Si, is presently
progress and should be the subject of a forthcoming publ
tion.

The two possible mechanisms described above by wh
N hampers the oxide growth can be equally active on
grounds of the present results: neutralization of the ox
growth sites at the interface by the N atoms that remain
the near interface region, or diffusion barrier to the oxida
species by that part of the N atoms that are redistributed
the bulk of the growing oxide~oxynitride! film. The details
on the redistribution of N, as well as its effect on the mech
nisms of thermal growth of the oxide film, are also bei
accessed by isotopic tracing of N, O, and Si and will
included in the forthcoming publication announced at t
end of the previous paragraph.

The authors thank Odyle Kaytasov from the CSNS
UniversitéParis 11, Orsay, France for his support with t
samples preparation. This work was supported in part
CNPq and FAPERGS, Brazil.
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