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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 environmenjs:f@owed by NH;,

then followed by NO; and NO, followed by NH. 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,® only or thermal nitridation of Si©films in NH;. © 1997
American Institute of Physic§S0003-695(97)03415-3

Ultrathin films of silicon oxynitride on Si for gate dielec- quences of isotopic gases and RTP parameters are given in
trics can be obtained by among other possibilities, direcTable I, together with the total amounts of all isotopes
thermal growth in NO or by thermal nitridation of Si@ present in the resulting oxynitride films as measured by
films in NHz. Thermal oxides nitrided in Nfishow superior  nuclear reaction analysésiRA).*? Since the overall N con-
boron-stopping properties as compared to pure oxides, due tentrations in most of the films are rather moderate, their
their incorporated N. However, these dielectric films sufferdensity can be taken as being approximately that of vitreous
from H related electron trapping, either due to H atoms passilica, giving the equivalent thickness relationship
sivating the dangling bonds at the SiSi interface or due to 10" (O+N) atoms/cré=0.226 nm. The"®N and !0 depth
Si—-N—Hbonds near this interface. On the other hand, oxyniprofiles were obtained by nuclear resonance profiNgP),
tride films grown in NO have shown superior electrical using the strong, narrow, isolated resonances in the cross
properties and reliability;® although presenting poorer sections of the nuclear reactioh®(p,«)**N at 151 keV,
boron-stopping properties due to the lower level of N incor-and**N(p,ay)*C at 429 keV, and a tilted sample geometry
poration. Furthermore, hydrogen exhibits a strong isotopé¥ =65°)."271°> The measured excitation curvés., a or y
effect in defect generation, as shown by recent studies iyields versus incident proton enejgground the resonance
which transistors lifetime improvementdue to reduced in- energyEg can be converted into concentration versus depth
terface states generation and hot-electron degradatipn profiles by means of thepAcessimulation progrant? This
factors of 10-50 were attained when hydrogen,)(Mas  profiling method assures a depth resolution of approximately
replaced by deuterium (f in the final wafer sintering 1 nm near the film surface.
process. These recent findings may help to understand fur-  The excitation curves of th#O(p,a)*°N nuclear reac-
ther improvements in device performance that can bdion in samples 1-3 and the correspondif@ concentration
achieved when gate dielectrics are prepared by synergisti¢?0=[%0]/[*#0]+[*®0]) depth profiles are shown in Fig.
combinations of the above mentioned growth proced(ir¥s.

We report here to the best of our knowledge, on the firStI'ABLE |. Total amounts of the isotopes in the oxynitride films grown by
studies of isotopic tracing of N, O, and H during thermal rapid thermal processing in different gas sequences. The rapid thermal pro-
growth of oxynitride films in a RTP furnace in the synergis- cessing parameters were 0,, 1000 °C, 60 mbar, 60 s; i®NH; and
tic gas sequences reported in Refs. 7-11, narfiplyrowth ~ \’Ha, 1000 °C, 100 mbar, 60 s and #N,0 and *N,0, 1100 °C, 30
of a SiQ, film in O,, followed by nitridation in NH, and then tmhzatgtgﬁasrﬁg:rftseg%(g, "115,311861;(2?"_""1;]3[’5%5% and™N are 10% and in
followed by reoxynitridation in  NO(O,—NH3;—N,0,
samples 1-5 in Table),/™® and (ii) growth of oxynitride Isotope(10LS. cm2)
films in N,O, followed by renitridation in NN,O—NH,, ~ Sample

. . Gas sequence ¥ %o 15N N H
samples 6-8'%! Isotopically enriched gases were used for
the RTP growth, namely, 9990-enriched oxygert*é0,), 1 Yo, 46.42 33 - -

15 i i 15 ; : 2 180,—15NH 39.17 36 824 -
99.2% —N-enriched ammonia—~NH;) and nitrous oxide 3 1802—>15NH3—>14NO 2669 535 164 07
(*N,0), electronically pure BD containing N, O, and H 2 180;14,\12,43'3 z 073 41 - 77 070
isotopes in their natural abundancyN,0), and 99.7% 5 80,—4N?H,—"N,0O  27.85 529 0.66 1.9 0.08
2H-enriched ammonid’*N?H; or NDs). The different se- 6 N0 - 534 150 - -

7 14N,O0—1NH,4 - 496 671 1.3 -
8 15N,0—14N2H, - 467 113 62 021
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1. The®O profiles for samples 4 and 5 are identical to those
for samples 2 and 3, respectively. The excitation curves of
the N (p, @) *2C nuclear reaction in samples 2, 3, and 5 are
shown in Fig. 2a), where the ™ concentration ¥N
=[1N]/[N]+[ O] depth profile for sample No. @itridation
in >NH; of the St0, film) is shown in the inset. Th&N
depth profiles for samples 3 and 5 are shown in Fi).2n
view of the symmetry of samples 3 and 5 with respect to the
two N isotopes, we can say that th\ profile in sample 5
corresponds to th&N profile for sample 3, and vice versa.
So, samples 3 and 5 have identical nitrogé&tNg-14N) pro- 0
files, which is also shown in Fig.(B). The loss of*®0 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 $idms in
NH; proceeds by an exchange of O atoms from the silica
network for freshly arriving N atom¥ Figure Za) shows
that N is incorporated in these regions, and in amounts
comparable to thé®O loss(Table I). In sample 3 there is a
much larger loss of®0 from the whole oxynitride film as :
compared to sample 2 due to the exchangé®r atoms : (b)
from the oxynitride film for'®0 atoms from thé“N,O gas'* 0 :
Besides this exchang&®O is transported to the oxynitride/
silicon interface thus promoting film growtf:!’ The reox-
ynitridation in N,O (sample 3, removes most of thé°N o N _
from the surface, transporting part of kRN atoms into the FIG. 1. (a) Excitation curves of thé®O(p, @) N nucl_ear reaction near the
T . . resonance at 151 keV, and the correspondipwressimulation curves, for

bulk of the oxynitride film and towards the new oxynitride/ 5 thermally grown $F0, fim (sample 1, circle, solid line for this oxide
silicon interface at the same time as it introduces a smalfter thermal nitridation if°NH, (sampe 2 , triangle, dashed lineand for
amount of**N atoms into the entire growing film. The trans- this oxide after thermal nitridation #HfNH, followed by reoxynitridation in
port of part of the'®N atoms towards the new interface can . N0 (sample 3, diamond, dotted line(b) The corresponding’o depth

. . . i . profiles used for thepacessimulation of the excitation curves. The arrows
be attributed to a site-to-site jump meChameerSt't'aICy indicate the position of the oxide/Si or oxynitride/Si interfaces for each
or vacancy of diffusion of nitrogeneous speciésThe re-  sample.
moval of N from the near surface regions of an oxynitride
film treated by RTP only in BD was demonstrated to be due
to N—O exchanges that result from the reaction of atomicOn the other hand, the nitridation #iND; of an oxynitride
oxygen(0) and Q.27 It is worth noting that the reoxyni- film grown in *N,O (sample 8 shows that thé°N atoms,
tridation in NO of an oxynitride film(samples 3 and)5 which occupied only the near interface region before nitrida-
carries out N~O and Q-0 exchanges appreciably larger tion, are now also redistributed in the bulk and surface re-
than the reoxidation in Qof the same oxynitride film*>  gions of the film, without major loss ofN. Furthermore,
evidence of different defect networks involved in each caseraple | shows that nitridation in Njof an oxynitride film

as well as the relevant role of O. grown in ®N,O leads to the incorporation of D to a concen-

The thermal nitridation of a Sipfilm in ND3 incorpo-  yaion smaller than that in sample 4, but much larger than
rates approximately 1.5% of deuterium in the resulting OX+hat in sample 5

ynitride film (Table I, sample ¥ The incorporated D was . . .
o A . In summary, the isotopic tracing results here reported
shown to be distributed mainly in near surface and near in-

terface regiond® The thermal reoxynitridation of this film in show that the oxymtrldg films growlby means of atomic
N,O (sample 5 removes approximately 90% of the D exist- transport at the same time as atomic exchanges processes

ing in sample 4 as a consequence of the diffusion and ddake place and lead to redistributions of the species consti-
sorption of H and HO (or D and BO).*8 tuting the films after each thermal treatment step. In the films
Oxynitride films grown by RTP in BD display a char- thermally grown in the @-NH3;—N,O sequence, the main
acteristic N profile, whereby N is concentratét?%—4%  mechanisms taking place afe during nitridation in NH,
only in the near interface region®*"***°The >N depth  the exchange of O for N atoms and the incorporation of
profile for a sample prepared in the same conditions as{ (D); and(ii) during reoxynitridation in MO, the exchange
sample No. 6 was previously reported in Ref. 17. Figure % 0 atoms from the film for those of the gas phase; the
shows the de%h prloflles O for samples 7 and 8 and the oqyal of N from the surface, the transport of an appre-
total nitrogen(**N-+*“N) profile. We notice from Fig. 3 that ciable amount of N from the surface into the bulk and of a

- . . - 15 . . . .
the nitridation in ™NH; of an oxynitride film grown in moderate amount of N towards the new interface; the re-

14 . . g .

N,O (sample 7 introduces a significant amount &N in o
the surface and bulk regions of the film, which did not Con_moval of most of t_h(? H@) atoms_from the film; and th_":'
growth of the oxynitride film. For films thermally grown in

tain any measurable nitrogen before this nitridation $fep.
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FIG. 2. (a) Excitation curves of thé>N(p,a7y)*?C nuclear reaction near the

resonance at 429 keV, and the correspondipgcessimulation curves, for
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