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We present some experimental results and propose a reaction-diffusion model to describe thermal
growth of silicon oxynitride films on Si in NO andJ®, as well as annealing in NO of thermally
grown silicon oxide films on Si. We obtain growth kinetics and N and O depth distributions for the
different growth routes by changing only initial and boundary conditions of a set of nonlinear
differential equations. The results suggest that the puzzling differences in film growth rate and N
incorporation originate from dynamical effects, rather than in differences in chemical
reactions. ©2004 American Institute of Physic§DOI: 10.1063/1.1639139

I. INTRODUCTION literature. The latter assume abrupt interfaces and stationary
NO diffusion through the silicon oxide filrh. Thermal
Electron tunneling through ultrathin gate dielectric lay- growth of silicon oxynitride films on Si has many complicat-
ers is currently inhibiting the so far outstanding evolution ofing features in comparison to the oxide film c&g@: There
the silicon agé.While the use of alternative higkdielectric  are various diffusing species, like NO,©ON, and O? (ii)
materials to SiQ (Refs. 2 and Bis not introduced in fabri- several different chemical reactions take place in the bulk,
cation technology, silicon oxynitride ultrathin films is the surface, and interface of the growing SKQ films;%° (iii) N
interim solution as a dielectric material to produce advancedncorporation creates a diffusion barrier to all diffusing spe-
ultralarge scale integrated, silicon-based, metal-oxidecies, the barrier efficiency increasing with N concentration,
semiconductor field-effect transistdréJsing silicon oxyni- such that N concentration dependent diffusivities must be
trides as a replacement for Si@dielectric constantsks; n, taken into account; an@v) further aspects are faster growth
=7.9,ksio,=3.9), it is possible to reduce electron tunneling kinetics in N,O as compared to NO, and the fact that incor-
by simply increasing the physical thickness of the gate di_pqrated_ N plles up i the Syl /Si n.ear—llnterface regioh. .
electric, without decreasing its capacitaricélso, the Th|s ?‘”'C_'e |nyest|gate§ the g.rowth kinetics and N depth.dls-
oxynitride/silicon interface is more resistant to dielectrictrIbUtlon in silicon oxynitride films thermally grown on Si in

degradation caused by hot electron irradiation and N additio}r{;eOtrk,'[;ede;ﬁgtgsmrgzgtll?:e(:eigﬁ:; svﬁgzlr;eggalaﬁzugf ;f
to SiO, generates a much better barrier to B diffusion than P P n

oure SiG.*5 Furthermore, research in the area of high- scribing the peculiar features of silicon oxynitride growth.

dielectrics on Si points out the need of an intermediate uItra:rhIS constitutes essential knowledge for integrated circuit

thin silicon oxynitride layer between the hidghdielectric simulati_on and design_ as well as for _fabr_ication routineg.
and the active region of the Si semiconductor in order to Typical O a_md N Incorporation k_metlcs and N pro_ﬂles
! ) are presented in Fig. 1. Areal densities of O and N in the
preserve the electrical advantages of the 3D interface. films were determined by means of nuclear reaction
D'ﬁerent. routes are usgally follqwed for the the_r_mal analysis’ Oxynitride film thickness can be estimated from O
growth of silicon oxynitride films on Si, such as bare silicon

in NO or N,O atmospheres or annealing in NO of thermallyand N areal densities using the nominal mass densities of
SiO, and S§N, and Bragg's rule. Growth in leads to
grown silicon oxide films on St° To the best of our knowl- ©; st 99 20

much faster kinetics than in NO and to a much smaller N

gdge, thgre is no modgl th-at describeg_the unique feat_ur(?rsrcorporation. Growth rates are also different for direct
involved in the growth kinetics, composition, and depth d's'grovvth in NO as compared to nitridation of a Si@Im in

tribution of the species, although some theoretical results o5 N profiles were determined in characteristic points of
growth kinetics only and in the specific route of annealing iy yinetics curves with a depth resolution of approximately
NO of silicon oxide films on Si have recently appeared in theg 7 hm. The method consisted of performing rapid thermal
growth in *N-enriched NO and MDD (**NO and *N,0)

dElectronic mail: rita@if.ufrgs.br gases and using narrow nuclear reaction resonance profiling
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volume occupied by a mole of silicon atoms in bulk, after
nitridation only 4/5 mole will rest, representing 4/15

6
P— - o
4 (j,)f,\% 9 30 =0.27 mole of $§N,, and requiring 16/151.07 mole of N
0 " | 2 15 atoms while producing 1/50.2 mole of diffusive Si atoms.
0 o ol The fourth equation above assumes that, in the reaction be-
0 200 400 600 o siinNO ° 2 tween NO and substrate-Si, N and O atoms are incorporated
n i 6 at the same rat¥. (iv) N profile time evolution? is taken as
e 2O S o F L@ i.'_‘i a consequence of fixed nitrogen displacement by diffusive
0 - o | R
© ] t > o i 13
o /Z w5 2o _HI, . oxygen.
=z i A 3 3, 2 i . . . ) .
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These reactions also imply that some silicon is rendered mo-
bile and we emphasize that precise stoichiometric coeffi-
cients must still be appropriately determined. Reaction-

diffusion equation$'* can then be written. Boundary
conditions at the surfacexE&0), considering @ and NO
partial pressures as, respectivel%2 and Pyo, together
with dissociation and the consequent O and N production are
written  as:  pno(0t)=Pno—kiPnos poz(O,t)=Po2
—k2Po,, pn(0) =kiPno. po(0t) =kiPnot2k,Po,. The
local concentrations obey the following equations xXorO:

FIG. 1. (Left-hand sid¢ Areal densities of O and N incorporated in silicon
oxynitride films rapid thermally grown on Si in NO,,®, and in annealing
of thermal SiQ films on Si in NO. Growth temperature was 1050 °C and
gas pressure 30 mbaRight-hand sideN profiles for some points, indi-
cated by vertical arrows, of the kinetics curves on the left-hand side.

by means of the resonance at 429 keV in tfe(p,y)%0

2
nuclear reaction. Nitrogen is incorporated mainly in near- ‘9PN0:D d Pno NO _ .48k nr
interface regions with a nitrogen front following the inter- at N0 xZ ~ PNOT 52 EHsPNOPs
face.
dpo __ Fpo #Do 2 f
T OW_pOW_2k4PO_l-11k5pOpN
Il. MODEL

- . . ) . —0.89%g pops;,
Growth of silicon oxide and oxynitride films on Si is !

modeled by considering bulk silicon concentration function 5, #po #Dg

psi(x,t) where x>0 is the direction perpendicular to the o 2= Do, axzz ~Po, 2 2+ Ky p3—0.44k7 PO, PSi»
sample surface, at=0. When exposed to NO and/or, @t

high temperatures, the following chemical reactions take 5, Ppy Dy

place:(i) The surface may catalyze NO and @issociation.
Nondissociated NO and Q as well as N and O, constitute
diffusive speciebwith concentrationg;(x,t), with i =NO,
O,, N, and O, respectively, all normalized with respect to

2 f
i~ Pnz mPn Tz ~2Kepn—1.33Ks popy

—1.07kg pn S, (1)

silicon bulk concentration(ii) Atomic nitrogen and oxygen Ipnf —0.36k n_ 1 33k +1.07k nr
may recombine, generating,Mind Q. Molecular nitrogen gt oPr8PNOPsIT 2995 POPNIT 2-E e PN Psiy
is inert and hence will not be explicitly considereii.) Dif- p
fusive species may either oxidize, nitride, or oxynitride Si, ﬂ:0.48k3 PNO PE+1.11Ks po pri+0.89Kg po p
fixing N and O. Mobile silicon may eventually be produced at
as Si |nt§rstltlals or SiO. One assumes the following chemi- +0.89K; po. p™,
cal reactions: 2

0.89 O'+ Si*—~0.44 SiQ+0.56 S¥, Ipsi

- 9 WI = —0.39K3 pno pgi— 0.44Ks po prt— 0.56Ks po pg;

0.44 Cg+ Si*—0.44 SiQ+0.56 S
—0.56k; Po, psi—0.2Kg py ps;,

1.07 N'+ Si—0.27 SiN,+0.2 Sf,
. . . ) where the superscridt stands for fixed species and! for

NOY+ Si*—0.12 SEN,+ SiO, + Si¢, the concentration of Si atoms that have not yet flrﬁ[l%/I reacted
where d stands for diffusive and for substrate. Volume with oxygen or nitrogen, that ispe;= psi— 4/3pnt— 1/2p¢r,
conservation has been explicitly considered in this set ofuch thatpd=0 in (i) the pure oxide (Sig), (i) the pure
equations, taking into account the number of Si atoms penitride (SEN,), or (iii) for any mixture of pure nitride and
unit volume in crystalline-Si, SiQ and SiN, as, respec- pure oxide, which is taken here as an oxynitride where every
tively, 5, 2.22, and 4 in units of 20 Si/cn?, yielding frac-  Si atom is bounded to either oxygen or nitrogen atoms, but
tional stoichiometric coefficients. For example, in the samenot with another Si. Each chemical reaction is ruled by one
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reaction ratek; , namely,k; andk, are related to NO and O
dissociation at the surfac&;, kg, k;, andkg concern the
reactions between nonreacted silicon and the diffusive spe-
cies(respectively, NO, O, @ and N. k, andkg govern the
recombination of the atomic diffusive species producing O
or N,. Finally, ks models the removal of N by diffusive &,
a key ingredient to model the propagating nitrogen front that
follows the oxynitride/Si interface. We also remark that frac-
tional stoichiometric coefficients imply a mean-field approxi-
mation, since they describe the result of all possible reactions
that transform the reactant species into the product ones. In
this sense, coexistence at same deptbf fixed nitrogen,
oxygen, and silicon in relative concentrations other than pure
silicon, silicon nitride, or silicon oxide may be interpreted as
silicon suboxides and/or subnitirides.

The origin of the two second partial derivatives on the

areal density (a.u.)

right-hand sides of the first four equations is that jumping 0%

probabilities into regions containing partially nitridgdr 0 20 40 60 80 100
oxidized Si is modulated by the concentration of the nitrid-

ing species in these regiolfsThe last equation, fopsg;, time (a.u.)

models the fact that whenever the network is oxidized or _ _ _ _ )

o . . FIG. 2. N and O incorporation calculated curves, in arbitrary uaits), for
nitrided, §ome Si'is relggsed from t.he netwqu, owing ,tofilms grown on Si in NO(solid and empty squareand NO (+ andx) and
volume differences of silicon atoms in bulk silicon and in for annealing of Si@films on Si in NO(solid and empty circlés The inset
silicon oxide or nitride. presents N and O incorporation curves for Si in NO for longer times.

Diffusion barriers in oxynitride films are accounted for
by assuming dif;fusivities modulated b%/ N local concentra-
gto;ntf'\sv):t:“)zg' a(?(orc}\ﬁw?huv;r]terzg [rzigr?:rdtﬁle ifngg:tra- Thermal growth of oxynitride films on bare Si in NO, that is
tion of incorporated nitrogen, the smaller the diffusion ~no=0-1,Po,=0.0, pSi(X’t=9?=1'o’ and othgr.con.centra-
coefficient for any diffusive speciéé.The choice of an ex- tions equal to zero fox>0, (ii) thermal oxynitridation of
ponential funtion is based on two poin@) It is a general SiO; films on Si in NO, that isP\o=0.1, Po,=0.0, and
function that, for adequate values of its parameters, is apesi(X,t=0)=0.44, poi(x,t=0)=0.88, and other concentra-
proximated by a linear function andi) as fixed nitrogen tions equal to zero for €x<10, whilepgi(x,t=0)=1.0 and
reduces diffusivity by blocking the passage of mobile spe-Other concentrations equal to zero for 10, and(iii) ther-
cies, we could assume that the incorporated nitrogen acts #&gal growth of oxynitride films on Si in pD. Since it is well
a repulsive potential against the incoming particles. The avdescribed in literaturé that N,O promptly dissociates in the
erage potential at a given depthis expressed as a sum over gas phase at high temperatures, giving NO anda® end
all nitrogen atoms incorporated at that depth and hence theroducts, apart from inert N this route can be emulated by
average potential is linearly dependent on the local concergrowth of oxynitride films on bare Si in N®O,, that is
tration of fixed nitrogen atoms. However, usually diffusion Pno=0.067, Po,=0.033, psi(x,t=0)=1.0, and other con-
coefficients depend exponentially on energy barriers. Weentrations equal to zero far>0. Figure 2 shows the model
have then chosen to describe diffusion coefficients to depenkinetics curves for incorporated O and N for the three routes
exponentially on local nitrogen concentrations. as obtained by integration of the corresponding normalized

The difficulty here is to deal with the estimation of so densitie€ Bare Si in NO presents a plateau in the kinetics
many reaction rates and diffusion coefficients. These paranfor incorporated O and N, which leads to a very slow, almost
eters can, in principle, be determined experimentally, sincgelf-limited growth, up to 40 time units, when both species
each one is representing a different physical fact but we emhave been incorporated in comparable quantities. The kinet-
phasize that the results are qualitatively robust against pdes curve asymptotically approaches a straight line after pre-
rameter variation inside adequate intervals, that is, keepingenting dumped oscillationsee inset of Fig. 2 These os-
the same order of magnitude as the values we have chosendillations are a dynamical effect predicted by the model,
what follows. The particular values of parameters valueseflecting the way the propagating N front finds its stationary
taken here areks=0.01 (diffusive oxygen displacing fixed state, and it remains to be determined whether or not this is
nitroger, kg=1.0 (two atomic nitrogen producing J), all  observed in long time experiments. Oxynitridation of SiO
other reaction rates are taken equal to 0.1. Furthermore, wiims in NO, leads to an approximately linear growth, except

takeD 2= D002=DR,=0.1; Co=Co,=Cn=10. for the initial stages. Furthermore, oxynitride film growth on
bare Si in NG+ O, is rather faster. For the three growth
IIl. RESULTS AND DISCUSSION routes, however, the amount of incorporated nitrogen is lim-

The three oxynitride film growth routes are modeled,ited and stabilizes. The results of Fig. 2 compare qualita-
using the same reaction rates and diffusion functidijs: tively well with the experimental ones of Fig. 1.
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1.0 P active near-interface region. For longer times, when nitrogen
2 - s 70 105 accumulates at the interface leaving behind a pure silicon
0.8 o'fm © - i oxide film (this stage starts at approximately 40 time units,
osh N e_vlde_nced by the separation of mc_orporated N.and O in the
si™ . \ R kinetics curvey incorporated N profiles tend to pile up in the
041 near-interface region, as observed experimentally. Accord-
y ingly, the modeling of thermal oxynitridation in NO of SjO
~ 02p ﬁ\] Bare Siin NO films on Si does not present a plateau in the kinetics, since
3 \§\E§E nitridation due only to the reaction of diffusive NO with
-~ 0.0F Bt o—b—8 .. . . . .
5 , ) , ) . ) substrate Si is not enough to create a major diffusion barrier
5 101 P e to O,. One can see that N piles up in the near SiSi
|5 SI0./Si in NO \=§ /‘7‘3/ interface in this case. The model profiles of Fig. 3 compare
g o5l 2 RE qualitatively well with the corresponding ones of Fig. 1. Fi-
© — XE\’ nally, Fig. 3 shows model profiles at different times for
Z://: ‘\2&2 . growth on bare Siin BO (or NO+ O,) atmosphere. Oxygen
?:8 [ — . - is incorporated at a higher rate than in NO, but N incorpora-
e <t.<‘ //A”///"”-' tion repeats the reaction front picture, stabilizing at roughly
/ /’“\\< N the same values as for route 2. Competition between O
] R Bare SiinNO+O, NO, and atomic N channels prevents high N concentrations
'/\zk >H\ N and the consequent formation of a plateau in the film growth
0ol / RS T S kinetics. These model results also compare qualitatively well

depth (a.u.)

with the corresponding experimental facts given in Fig. 1.
In summary, the main qualitative features of experimen-
tal growth kinetics and N profiles in thermally grown silicon

FIG. 3. Calculated density profiles, in a.u., of fixed species in silicon ox-OXynitride films on Si presented here are well described by a

ynitride films grown on Si in NO and HO and in annealing of Sigfilms on

Si in NO.

reaction-diffusion model. Different growth routes are ap-
proached by changing only initial and boundary conditions,
while keeping other parameters unchanged.

Figure 3 shows calculated density profiles for O, N, and

Si resulting from growth of silicon oxynitride films in the
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