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The redistribution of O and N during the final, thermal oxidation in dgyst@p in the formation of
ultrathin silicon oxide/nitride/oxide dielectric flm@NO) was investigated using isotopic tracing

and depth profiling with nanometer resolution. The results show that the final oxidation step induces
atomic transport of O and N species in the system, such that the formed ONO structures are not
stacked layer structures, but rather a silicon oxynitride ultrathin film, having moderate
concentrations of N in the near-surface and near-interface regions, and a high N concentration in the
bulk. © 1998 American Institute of PhysidsS0003-695(98)04040-4

The increase of the packing density of dynamic-randominterfaces. Furthermore, it was shown that a thermal oxida-
access memorie®RAM) requires ultrathin dielectric films tion that promotes the redistribution of the chemical species
with low leakage current and high reliability® Ultrathin ~ reduces interface stresses. Finally, the existence of a super-
structures of silicon oxide/nitride/oxide on silic6@NO) are  ficial oxynitride layer was observed, although using profiling
able to fulfill these requirements, as they reduce hot carriemethods which did not have the required depth resolution.
damage and suppress boron penetration. The usual routine to We used isotopic tracing and high-resolution depth pro-
prepare ultrathin ONO filnfsconsists of the thermal growth filing techniques to achieve a better understanding of the
of a SiQ, film (2—5 nnm) on Si in dry oxyger(bottom oxide, effect of the final oxidation step on the distribution of the
followed by the deposition of a $i, film (also 2-5 nmby  chemical species present in ONO structures. The starting
one of the many available versions of chemical vapor depostructure had a bottom oxide (8D,) thermally grown on
sition (CVD), and finally, a reoxidation in wet or dry oxygen Si(100) in dry %0, at 1000 °C in a rapid thermal processing
(top oxide. Many authors have ascribed the reliability of furnace. The nitride layer ($PN,) was deposited by remote
ONO structures to the sum of the advantageous characteriBlasma enhanced chemical vapor deposition in a mixture of
tics of each “layer.” Hanlein and Reisingetfor instance, N2 and silane. The depth profile fO in these starting
discussed the importance of each one of the components ofS@mples was determined using step-by-step chemical
ONO stacked structure. According to thefil: the bottom  etching® in a HF solution. Figure () shows the areal den-
oxide maintains the good quality of the Si/Sidterface,ii) ~ Sity of °O after each step of chemical etching as a function
the nitride layer increases the dielectric constant of the filmof the areal densities of"N+*%0; the *®O depth profile
and is a diffusion barrier to boron and other doping elementsSNOWnN in the inset was obtained by differentiation of this
and (jii) the top oxide seals weak spots in theNgiand is  CUrve, and_the depth resolutlon_ is appr_oxmately 0.5 nm. The

: i eal density of°0 was determined using tHé€0(d,p,)*’O
necessary when the gate dielectric is used under symmetrft! y Y (d,po)

electrical conditions. These and other autfotsneglected nuclear reactiort® in the plateau region of the cross section
the improvements that can be obtained due to the “interac@’ound 810 keV, calibrated against a,0g film standard

ini 71 —2 i
tion” of the three layers composing the ONO structure. |ncontaining 5.7 10" 0 cm ?. The areal density ofN was

fact, the strictly stacked nature of the ONO structures pregetermln.ed by nuclear reacthn analyiRA), u5|1ng a pla-
eau region of the cross sections of thBl(p, ay)'*C reac-

pared as described above is questionable in the case of ultr%l- . {5 :
thin films: even extremely thin top oxide layers of approxi- ion at 730 keV, and a convenient standétdhe "N profile

; ; 16 | |a.
mately 1 nm prevent electron and hole currents veryWas determined by nuclear resonance profilNP), ™ us

; : ; . ing the narrow and isolated resonance in the cross section of
effectively, something that cannot be explained by a smplethe I5(p,ay)2C nuclear reaction at 429 keVTf
model d a 1 nm topoxide with a sharp boundary with the —-120 eV)’ and a tilted sample geometry+£65°). The
nitride layer. The final step of thermal oxidation most pmb'measured,excitation cunfee., gamma yield versus incident
ably produces a graded transition between,Sa@d SiN,. ’

; : P ] proton energyaround the resonance energy is shown in Fig.
This was observed by different authtis**who studied the 1(b): it was converted intd®N concentration versus depth

impact of rapid thermal processing in the final oxidation(shOWn in the instby means of thesPACES simulation
step, on the electrical properties of the film. For instance, th%rogramV The depth resolution is approximately 0.7 nm
interface charge density was found to be reduced in all threﬁear the surface. One notices from Fig. 1 an abrupt interface
between the nitride and the bottom oxide. The areal densities
dElectronic mail: israel@if.ufrgs.br can be converted into thicknesses by the approximate rela-
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FIG. 1. (a) Areal density of*®0 after each step of chemical etching as a FIG. 2. (a) Excitation curves of thé%0(p,a)**N nuclear reaction around
function of the areal densities ¢fO+°N in the starting SfO,+Si3**N, the resonance at 151 keV, and the correspondfigprofiles in the insets,
structure. The®®0O profile obtained by differentiation of this curve is shown for the samples oxidized iA®0, at 900 (triangle, dot ling, 950 (circle,
in the inset;(b) excitation curve around the resonance energy at 429 keV ofdashed ling and 1000 °Qidiamond, solid lingfor 60 min; (b) >N excita-
the >N(p, ay) 1?0 nuclear reaction, and the correspondifg profile in the  tion curves and depth profiles for the same samf#esne corresponding
inset for the same sample as(®. symbols as in(a).

tionships: 1 105 O cm2=0.226 nm of Sig, and 1 Parison of thesé®N profiles with that corresponding to the
%10 N cm-2=0.188 nm of éjN4 ’ starting St°0,+Si;™°N, structure(Fig. 1) indicates that®N

The starting samples underwent a further oxidation Stemgrates into the bottom oxide (8D,), eventually reaching

in a Joule-effect heated furnace, in 50 mbar of dry 9704he ONO/Siinterface, and has a marked depletion of its con-

181 _arri o~centration near the surface.
802 enriched @ at temperaiures between 900 and 1000 °C The overall thicknesses of the so-formed ONO structures

for 60 min. The™O profiles were then determined by NRP did not significantly vary with respect to the starting struc-
using the resonance in tH€O(p, )N nuclear reaction at 9 y vary P 9

151 keV!® The corresponding excitation curves affD
depth profiles are shown in Fig(d, showing that the¥0 301
content increases with the oxidation temperature. The areak™ { ‘é % §
densities of*®0 in each sample were also determined by g \ﬁ
NRA.X® According to the measured®O areal densities, 20+ 5
stacked layer structures would show top oxides with thick- —0—"N
ness in the range from 1.5 to 2.5 nm, containi¥® in —0—180
10{ —&—1€0

concentrations equal to 97%he isotopic labeling of the
enriched gas However, the'®0 profiles of Fig. 2a) reveal

that the concentration of this isotope is always much smaller g 1
than 97%, and thafO is incorporated at depths appreciably

al Density (atoms

beyond 2.5 nm, its concentration decreasing with increasing | 9, T v T
depth Starting 900 950 1000
: Structure Oxidation Temperature ( °C )

The N profiles for the oxidized samples shown in Fig.
2(b) indicate a noticeable redistribution and loss of this spe;g 3 15y 189 and®0 areal densities at the different oxidation temnera-
cies, which increase with processing ternperature. A comtures, as determined by nuclear reaction analysis.
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30 Si(100), induces atomic transport of the O and N species in

the system. The incoming oxygen atoms are introduced into
E the silicon nitride layer, forming silicon oxynitride in the first

EEE nanometers from the surface. Concomitantly, N and O spe-

Y 20 cies already present in the system migrate, such that N is
§ found redistributed throughout the entire length of the film,
© reaching the ONO/Si interface. Oxygen species from the bot-
o tom layer slightly penetratéapproximately 2 nminto the

< 10 previous silicon nitride layer. The thickness of the ONO film
8 .® does not significantly vary due to the final oxidation step, as

N is lost by desorption in comparable amounts to those of
0 incorporated O. So, we conclude that the ONO structures
A n  An an An £n o formed in the present work are not stacked layer structures,
0 10 20 30 40 50 60 but rather silicon oxynitride ultrathin films, showing moder-
160 + 15N + 180 (1015 cmr2) ate concentrations of N in the near-surface and near-interface
regions, and high N concentration in the bulk.

FIG. 4. %0 areal density as a function of the areal densities of
60+15N+180 after successive steps of chemical etching, for the sample
oxidized in®0, at 950 °C for 60 min. The solid lines represent the results
obtained for the starting %0,+ Siz!*N, structure, before thermal oxidation

in 10,
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