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We performed isotopic tracing of O, N, and H during rapid thermal growth of silicon oxynitride
films on silicon in two different sequential, synergistic gas environments: O2, followed by NH3,
then followed by N2O; and N2O, followed by NH3. Using nuclear reaction analysis and high
resolution depth profiling, we demonstrate that the oxynitride films grow by means of thermally
activated atomic transport involving the three traced species. Concomitantly, isotopic exchange
processes take place. Growth in these sequential gas environments leads to oxynitride films with N
concentration profiles and H concentrations different from those obtained by commonly used
processes like thermal growth in N2O only or thermal nitridation of SiO2 films in NH3. © 1997
American Institute of Physics.@S0003-6951~97!03415-3#

Ultrathin films of silicon oxynitride on Si for gate dielec-
trics can be obtained by among other possibilities, direct
thermal growth in N2O or by thermal nitridation of SiO2
films in NH3. Thermal oxides nitrided in NH3 show superior
boron-stopping properties as compared to pure oxides, due to
their incorporated N. However, these dielectric films suffer
from H related electron trapping, either due to H atoms pas-
sivating the dangling bonds at the SiO2/Si interface or due to
Si–N–Hbonds near this interface. On the other hand, oxyni-
tride films grown in N2O have shown superior electrical
properties and reliability,1–6 although presenting poorer
boron-stopping properties due to the lower level of N incor-
poration. Furthermore, hydrogen exhibits a strong isotope
effect in defect generation, as shown by recent studies in
which transistors lifetime improvements~due to reduced in-
terface states generation and hot-electron degradation! by
factors of 10–50 were attained when hydrogen (H2) was
replaced by deuterium (D2) in the final wafer sintering
process.5 These recent findings may help to understand fur-
ther improvements in device performance that can be
achieved when gate dielectrics are prepared by synergistic
combinations of the above mentioned growth procedures.7–11

We report here to the best of our knowledge, on the first
studies of isotopic tracing of N, O, and H during thermal
growth of oxynitride films in a RTP furnace in the synergis-
tic gas sequences reported in Refs. 7–11, namely~i! growth
of a SiO2 film in O2, followed by nitridation in NH3, and then
followed by reoxynitridation in N2O~O2→NH3→N2O,
samples 1–5 in Table I!,7–9 and ~ii ! growth of oxynitride
films in N2O, followed by renitridation in NH3~N2O→NH3,
samples 6–8!.10,11 Isotopically enriched gases were used for
the RTP growth, namely, 99%18O-enriched oxygen~18O2!,
99.2% 15N-enriched ammonia~15NH3! and nitrous oxide
~15N2O), electronically pure N2O containing N, O, and H
isotopes in their natural abundancy~14N2O!, and 99.7%
2H-enriched ammonia~14N2H3 or ND3!. The different se-

quences of isotopic gases and RTP parameters are given in
Table I, together with the total amounts of all isotopes
present in the resulting oxynitride films as measured by
nuclear reaction analyses~NRA!.12 Since the overall N con-
centrations in most of the films are rather moderate, their
density can be taken as being approximately that of vitreous
silica, giving the equivalent thickness relationship
1015 ~O1N! atoms/cm250.226 nm. The15N and18O depth
profiles were obtained by nuclear resonance profiling~NRP!,
using the strong, narrow, isolated resonances in the cross
sections of the nuclear reactions18O~p,a)15N at 151 keV,
and15N~p,ag)12C at 429 keV, and a tilted sample geometry
~C565°!.12–15 The measured excitation curves~i.e., a or g
yields versus incident proton energy! around the resonance
energyER can be converted into concentration versus depth
profiles by means of theSPACESsimulation program.12 This
profiling method assures a depth resolution of approximately
1 nm near the film surface.

The excitation curves of the18O(p,a)15N nuclear reac-
tion in samples 1–3 and the corresponding18O concentration
(18O5@18O#/@18O#1@16O#) depth profiles are shown in Fig.

a!Electronic mail: israel@if.ufrgs.br

TABLE I. Total amounts of the isotopes in the oxynitride films grown by
rapid thermal processing in different gas sequences. The rapid thermal pro-
cessing parameters were in18O2, 1000 °C, 60 mbar, 60 s; in15NH3 and
14N2H3, 1000 °C, 100 mbar, 60 s; and in14N2O and 15N2O, 1100 °C, 30
mbar, 60 s. The errors in the total amounts of16O and14N are 10% and in
the total amounts of18O, 15N, and2H are 5%.

Sample
No. Gas sequence

Isotope~1015. cm22)

18O 16O 15N 14N 2H

1 18O2 46.42 3.3 - - -
2 18O2→15NH3 39.17 3.6 8.24 - -
3 18O2→15NH3→14N2O 26.69 53.5 1.64 0.7 -
4 18O2→14N2H3 40.73 4.1 - 7.7 0.70
5 18O2→14N2H3→15N2O 27.85 52.9 0.66 1.9 0.08
6 15N2O - 53.4 1.50 - -
7 14N2O→15NH3 - 49.6 6.71 1.3 -
8 15N2O→14N2H3 - 46.7 1.13 6.2 0.21

2007Appl. Phys. Lett. 70 (15), 14 April 1997 0003-6951/97/70(15)/2007/3/$10.00 © 1997 American Institute of Physics
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  143.54.44.137 On: Thu, 05 May 2016

17:32:41



1. The18O profiles for samples 4 and 5 are identical to those
for samples 2 and 3, respectively. The excitation curves of
the15N(p,ag)12C nuclear reaction in samples 2, 3, and 5 are
shown in Fig. 2~a!, where the 15

N concentration (15N
5@15N#/@N#1@O# depth profile for sample No. 2~nitridation
in 15NH3 of the Si18O2 film! is shown in the inset. The15N
depth profiles for samples 3 and 5 are shown in Fig. 2~b!. In
view of the symmetry of samples 3 and 5 with respect to the
two N isotopes, we can say that the15N profile in sample 5
corresponds to the14N profile for sample 3, and vice versa.
So, samples 3 and 5 have identical nitrogen (15N114N! pro-
files, which is also shown in Fig. 2~b!. The loss of18O in
sample 2 from the near surface, bulk, and from the near
oxynitride/silicon interface regions, with respect to sample 1,
is due to the fact that the thermal nitridation of SiO2 films in
NH3 proceeds by an exchange of O atoms from the silica
network for freshly arriving N atoms.15 Figure 2~a! shows
that 15N is incorporated in these regions, and in amounts
comparable to the18O loss~Table I!. In sample 3 there is a
much larger loss of18O from the whole oxynitride film as
compared to sample 2 due to the exchange of18O atoms
from the oxynitride film for16O atoms from the14N2O gas.14

Besides this exchange,16O is transported to the oxynitride/
silicon interface thus promoting film growth.16,17 The reox-
ynitridation in 14N2O ~sample 3!, removes most of the15N
from the surface, transporting part of the15N atoms into the
bulk of the oxynitride film and towards the new oxynitride/
silicon interface at the same time as it introduces a small
amount of14N atoms into the entire growing film. The trans-
port of part of the15N atoms towards the new interface can
be attributed to a site-to-site jump mechanism~interstitialcy
or vacancy! of diffusion of nitrogeneous species.17 The re-
moval of N from the near surface regions of an oxynitride
film treated by RTP only in N2O was demonstrated to be due
to N↔O exchanges that result from the reaction of atomic
oxygen~O! and O2.

16,17 It is worth noting that the reoxyni-
tridation in N2O of an oxynitride film ~samples 3 and 5!
carries out N↔O and O↔O exchanges appreciably larger
than the reoxidation in O2 of the same oxynitride film,14,15

evidence of different defect networks involved in each case,
as well as the relevant role of O.

The thermal nitridation of a SiO2 film in ND3 incorpo-
rates approximately 1.5% of deuterium in the resulting ox-
ynitride film ~Table I, sample 4!. The incorporated D was
shown to be distributed mainly in near surface and near in-
terface regions.18 The thermal reoxynitridation of this film in
N2O ~sample 5! removes approximately 90% of the D exist-
ing in sample 4 as a consequence of the diffusion and de-
sorption of H and H2O ~or D and D2O!.18

Oxynitride films grown by RTP in N2O display a char-
acteristic N profile, whereby N is concentrated~1%–4%!
only in the near interface region.2,16,17,19,20The 15N depth
profile for a sample prepared in the same conditions as
sample No. 6 was previously reported in Ref. 17. Figure 3
shows the depth profiles of15N for samples 7 and 8 and the
total nitrogen~15N114N! profile. We notice from Fig. 3 that
the nitridation in 15NH3 of an oxynitride film grown in
14N2O ~sample 7! introduces a significant amount of15N in
the surface and bulk regions of the film, which did not con-
tain any measurable nitrogen before this nitridation step.20

On the other hand, the nitridation in14ND3 of an oxynitride
film grown in 15N2O ~sample 8! shows that the15N atoms,
which occupied only the near interface region before nitrida-
tion, are now also redistributed in the bulk and surface re-
gions of the film, without major loss of15N. Furthermore,
Table I shows that nitridation in ND3 of an oxynitride film
grown in 15N2O leads to the incorporation of D to a concen-
tration smaller than that in sample 4, but much larger than
that in sample 5.

In summary, the isotopic tracing results here reported
show that the oxynitride films grow by means of atomic
transport at the same time as atomic exchanges processes
take place and lead to redistributions of the species consti-
tuting the films after each thermal treatment step. In the films
thermally grown in the O2→NH3→N2O sequence, the main
mechanisms taking place are~i! during nitridation in NH3,
the exchange of O for N atoms and the incorporation of
H ~D!; and~ii ! during reoxynitridation in N2O, the exchange
of O atoms from the film for those of the gas phase; the
removal of N from the surface, the transport of an appre-
ciable amount of N from the surface into the bulk and of a
moderate amount of N towards the new interface; the re-
moval of most of the H~D! atoms from the film; and the
growth of the oxynitride film. For films thermally grown in

FIG. 1. ~a! Excitation curves of the18O(p,a)15N nuclear reaction near the
resonance at 151 keV, and the correspondingSPACESsimulation curves, for
a thermally grown Si18O2 film ~sample 1, circle, solid line!; for this oxide
after thermal nitridation in15NH3 ~sample 2 , triangle, dashed line!; and for
this oxide after thermal nitridation in15NH3, followed by reoxynitridation in
14N2O ~sample 3, diamond, dotted line!. ~b! The corresponding18O depth
profiles used for theSPACESsimulation of the excitation curves. The arrows
indicate the position of the oxide/Si or oxynitride/Si interfaces for each
sample.
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the N2O→NH3 sequence, the N that was incorporated into
the near interface region of the film in the N2O step is redis-
tributed during the NH3 step, concomitant with the heavy
incorporation of additional N in the near surface region of
the film, and in smaller amounts in the bulk and interface
regions. Moderate atomic exchanges and no film growth
were observed in the N2O→NH3 sequence, while H~D! is
seen to be incorporated into the oxynitride films in the last
step. Both thermal treatment sequences lead to N concentra-
tion profiles appreciably different from those obtained by
thermal nitridation of SiO2 films in NH3 or by direct oxyni-
tridation in N2O. The H~D! concentrations in the films of the
present work are appreciably smaller than those obtained by
thermal nitridation of SiO2 films in NH3.

The different gas sequences used to grow silicon oxyni-
tride films in the present work allowed us to tailor the con-
centrations and depth distributions of N and H~D!. The high
N concentrations in the surface and bulk regions seem nec-
essary to afford the N loss during B diffusion towards the
oxynitride/Si interface.6 On the other hand, the N concentra-
tions near the interface obtained here~between 3% and 5%!
seem to fall into the optimum range11 for reduced interface
state generation and hot-electron traps. The control of the H
~D! concentrations near the oxynitride/silicon interface, on
the other hand, is an essential aspect by which to take advan-

tage of the passivating effect on the electrical activity, an
effect that is largely magnified5 when H is substituted for D
atoms.
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FIG. 2. ~a! Excitation curves of the15N(p,ag)12C nuclear reaction near the
resonance at 429 keV, and the correspondingSPACESsimulation curves, for
the Si18O2 film of Fig. 1 after thermal treatments in15NH3 ~sample 2, circle,
solid line!; 15NH3 followed by 14N2O ~sample 3, triangle, dashed line!; and
14ND3 followed by 15N2O ~sample 5, diamond, dotted line!. The 15N depth
profile of sample 2 is shown in the inset where the oxynitride/Si interface
coincides with the end of the15N profile. ~b! 15N depth profiles for sample 3
~dashed line!, and for sample 5 ~dotted line!. The total nitrogen
(14N115N) profile is also shown~dash-dotted line!. The arrow indicates the
position of the oxynitride/Si interface.

FIG. 3. 15N depth profiles for oxynitride films thermally grown in14N2O
followed by 15NH3 ~sample 7, dashed line! and in 15N2O followed by
14N2H3 ~sample 8, dotted line!. The total nitrogen (14N115N) profile is also
shown ~dash-dotted line!. The arrow indicates the position of the
oxynitride/Si interface.
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