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Reaction-diffusion model for thermal growth of silicon nitride films on Si

R. M. C. de Almeida and I. J. R. Baumvol
Instituto de Fsica, Universidade Federal do Rio Grande do Sul, Caixa Postal 15051, 91501-970, Porto Alegre RS, Brazil
(Received 13 October 20D0

Thermal growth of ultrathin silicon nitride films on Si in NHs modeled as a dynamic system governed by
reaction-diffusion equations. Solution of the model yields profiles of the involved species consistent with
experimental observations of a stoichiometric silicon nitride layer in the near-surface region and a subnitride
layer of comparable thickness in the near-interface region. Self-limited growth kinetics are also obtained from
the model equations in good agreement with experimental results, owing to a diffusion barrier layer to the
nitridant species formed in the near-surface region by stoichiometric silicon nitride.

Silicon nitride is one of the major materials for thin and of the nitridant species inside the nitride film, in contradic-
ultrathin dielectrics in microelectronics. They are commonlytion with the assumption made of a stoichiometric and uni-
used as diffusion barriers to silicon oxidant species, as wellorm growing silicon nitride film. A completely different
as to impurities that can contaminate the dielectric/Si interapproach® assumed that the nitridation of silicon proceeds
face and the active semiconductor region in metal-oxidemainly by migration of Si cations, under the action of an
semiconductofMOS) structures used in present and future electric field out to the surface of the growing nitride film,
Si-based devicesMore recently, ultrathifl nm thick and  being the reaction between Ntnd Si occurring at the sur-
lesg thermal silicon nitride films grown on @i01) (c-Si) in  face the rate-determining factor. However, since Si was
ammonia (NH) are being applied as the best barriers toshown to be immobile during thermal nitridation in NH
silicon oxidatiof™® in advanced, high-dielectric constant (Refs. 16—19this approach must be disregarded.

(high-K) oxides like TaOs,TiO,,Al,05,2rSiO,, and Surface analysis and adsorption/desorption
barium strontium titanate deposited on Si, which are alternaspectroscopy?°~?*showed that at initial stages thermal ni-
tives to SiQ. The thickness and consequently the efficacy oftridation of Si proceeds by dissociative adsorption of JNH
any intermediate diffusion barrier film is, however, severelyfollowed by reaction of dissociation products like Neind H
limited by the degradation that it causes on the magnitude oiith the substrate. At the end of the initial fast growth re-
the overall dielectric constaitThis last factor renders sili- gime, silicon nitride films with thickness around 1 nm are
con nitride films thermally grown in Nkispecially attractive formed. Analysis of the near-interface region by core-level
since:(i) for any practical temperature, the growth kinetics isphotoemission spectroscdpy® revealed the presence of
essentially self-controlle®;™ (i) they are effective barriers substoichiometric compoundgsubnitrides SiN, ,x<4),
even at thickness as low as one or two atomic layefdi)  similarly to those existing in the near-interface regions of
the dielectric constant of silicon nitridg’.8) itself is more  thermal silicon oxide films on Si. The thickness of the tran-
than twice that of Si@(3.8). The aim of the present work is sition subnitride region can be estimated from the various
to model the kinetics of thermal growth of silicon nitride core level spectroscopy studies as being approximately 0.5 to
films on Si in NH; as a dynamic system governed by 1 nm. The surface composition of thermal silicon nitride
reaction-diffusion equations and comparing the model kinetfilms is stoichiometric SN, (Si** state.® Depth profiling

ics with those experimentally determined. Owing to its in-of Si and N revealed that the films are not homogenédtis.
creasing technological importance, molecular dynamicsA stoichiometry corresponding to-Bi, only exists in a nar-
simulations of ultrathin SN, films deposited on Si and of row layer(1 nm or les$ below the surface. Deeper into the
resulting SiN,/Si interfaces have been recently films N concentration decreases and reactive Si concentra-
reported->**However, to the best of our knowledge, there istion increases continuously until reaching the nitride/Si inter-
not in the literature a model capable of describing the obface, confirming the subnitridgsilicon-excessregion.

served thermal growth kinetics of silicon nitride films on Si Thus, experimental evidence indicates tliphitrogenous

in NHs. species are reactive and mobile during thermal growth of

Kinetics of thermal growth of silicon nitride films on Siin silicon nitride films on Si in NH. Si, on the other hand, is
NH; were determineff; ! showing very high growth rates at reactive and immobile, although very short range injection of
initial stages, followed by self-limited growth to a maximum Si from the substrate into the growing nitride film cannot be
thickness of 6 nm even for processing times as long as 18 tuled out, even if it has not been observed directly &nd
at 1200 °C. Previous work discussed thermal nitride growttthermal nitridation of Si in NH begins with the dissociation
within the framework of the Deal and Grove model for the of the gas molecule into smaller fragments, like Nahd H,
thermal oxidation of silicon in @' assuming that the nitrid- which react with silicon generating silicon nitride. Film
ing species were nitrogenous radicals diffusing through thgrowth proceeds by the migration of NHtowards the
stoichiometric and uniform nitride film to react with Si at the nitride/Si interface to react with Si, either as an interstitial
nitride-Si interface. This model was criticiZésince the ex-  defect reacting with the nitride network or as a substitutional
tracted diffusion lengthgaround 0.4 nmimply annihilation  defect driven by diffusion. Since the silicon nitride/Si transi-
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tion region contammg_ subr_utrldes corresponds _usually to Ipn(X,t) Pon(x,1) Ppg(X,1)
more than half of the film thickness, the mobile nitrogenous — DpSi(X,t)—z— DpN(X,t)—2
species react substantially within the subnitride region, pro- X X
moting growth and releasing H. Only a minor fraction of the aps(%,t)

reaction takes place at the interface, nitriding bare Si. Reac- —kpSi(X,t)pN(X,t)T

tion of ammonia fragments within the substoichiometric

transition region leads to the formation of a stoichiometric =—Kpsi(X,t),pn(X,1), 2

SizN, layer, which is stable only in the near-surface region, . . . e
since the subnitride region is always necessary to accomméf\-’herek Is a reaction rate and is the diffusivity of the

» : oo nitridant species in Si. The origin of the two second time
date_stress due to th_e tlré';msmon from bahSi to stoichio- derivatives can be understood by expressing reaction-
metric, amorphous §N,.

. . ... diffusion of the nitridant species by finite differences:
Based on experimental evidence, thermal growth of sili-

con nitride films on Si is modeled as a reaction-diffusion pN(X, T+ AL) — pr(X,1)
phenomenon in one spatial dimension. Solution of the model

equations yields concentration versus depth of the involved At B

species and growth kinetics. Initially a shariBi surface at _D(AX)Z{pSi(X’t)[pN(X A+ p(XFAX )]
x=0 is considered, which is exposed to a nitridant atmo-

sphere (NH) at constant temperature and pressure g \H — (X D[ psi(X—AX,t) + pgi(X+AX, 1) ]}
dissociatively adsorbed, reacting with Si and forming silicon —kAtps(X,t) pu(X,), &)

nitride. Film growth proceeds by diffusion and reaction of

the nitridant species, mainly Niithrough silicon nitride and  that is, the diffusing nitridant species cannot “jump” into
Si. The observed self-limited growth kinetics may be ex-regions where there is fully nitrided Si, whepgy(x,t) =1
plained by diffusion barriers. One assumes here that the ni= si(X,t) =1, whereas the jumping probability into regions
tridant species diffuses through substoichiomet(aub- ~ containing partially nitrided Si is modulated by the concen-
nitride) layers as well as through Si, having zero diffusivity tration of these species. The above expression may be com-
in stoichiometric SiN,. Since SiN, does not react with pleted to ylgld th_e two finite dlfferen(_:e_versmns of_ the sec-
NHs;, after establishment of a stoichiometric silicon nitride ond derivatives in Eq(2). This restriction upon nitridant

layer in near-surface regions nitridation may still occur bysp_eples d|ﬁu5|9n through st0|ch|ometr|p S'I'Con .nltrlde. IS the
. o ! o .~ origin of the difference between kinetics of silicon nitrida-
reaction within the subjacent subnitride layer, but film

rowth will eventually stop when the previousl adsorbedtion and silicon oxidatiod”
gro . y P P y The initial and boundary conditions, stating constant;NH
nitridant species have been consumed.

. . . . pressure at the surfacy, and an initially bare silicon sur-
Model equations are built-up to describe the time evqu-face are written as

tion of relative concentrations of silicon and nitridant spe-

cies, defined as pn(O) =Py,
psi(x,00=1. 4
_ _ Csix,t) One can adopt natural, adimensional units for length and
pSI(Xat) bulk ? . 6 . . .
Cgi time?® given respectively by/D/k and 1k, leading to an

adimensional form of Eq2), which have one single param-
eter, namehPy .
Cu(x.1) Model gquations are solved using finite .differences meth-
pn(x )= (1)  ods, thatis, we rewrite Eq2) for discrete time and length
Cts"iJIk (depth and successively iterate in time. Figuré)lshows
snapshots of the Si profile at increasing nitridation times.
Since the profiles in Fig. 1 were calculated for fixed tempera-
whereCgj(x,t) andCy(x,t) are, respectively, the concentra- ture and pressure, the depth scale could be reconverted into
tion of reactive Si atoms and of nitridant species moleculeseal, dimensional depth by using the correspond{f{gw
at depthx and timet. C2' is the number of silicon atoms in value?® Figure Xa) shows that surface reactive Si is initially
bulk c¢-Si. Both relative concentrations are henceconsumed, being transformed into silicon nitride and, as time
adimensionaf® proceeds, the reaction front advances into ¢h®i matrix.
Silicon is immobile and, owing to conservation of Si spe- The amount of nonfully nitrided silicon in the near-surface
cies which are only transformed from reactive to nitrided byregion decreases fast, preventing progressively incorporation
reaction with nitridants species, silicon nitride concentrationof nitridant species and consequently slowing down film
is taken apgin(X,t) =1—psi(X,t). Here O<pgi(x,t)<1,im-  growth. For the two longest nitridatiorfime intervals ratio
plying coexistence of different nitridation states of Si, thusof 10°) the relative widths of the near-surface, stoichiometric
modeling the observed sub-nitride region leading to a nonSizN, layer and of the near-interface layer presenting gradual
abrupt interface between stoichiometrig$j and thec-Si  transition from stoichiometric $N, to substratec-Si are
substrate. The evolution equations for the two relative coneomparable, modeling well experimental observatitfrs.
centrations are Figure Xb) shows snapshots of the nitridant species profiles
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FIG. 1. (a) Snapshots of Si profiles for increasing—from left to Pressure (mbar)

right—nitridation times|b) the corresponding nitridant species pro-

files for each nitridation time considered (a). FIG. 3. Calculated film thickness at saturation as function of

pressurgsolid lineg and experimental data obtained frday Fig. 2
for the same nitridation time intervals as Figa)l Initially, complemented by kinetics at very low pressuie mbap of
the profile is typical of a source of a certain adsorbed species;N-enriched NH, measured by nuclear reaction analydi8) and
the nitridant species, that is diffusing and being consumed b{b) Ref. 7.
reaction. The source concentration decreases with time, ow-

ing to the diffusion barrier represented by theNsi layer  patural units, namely samb and k for the calculations,
just formed in the near-surface region. Concomitantly, th§ypije the ratio between the values Bf, for both calculated
nitridant species profile also decreases, as it is being conges were identica.30) to that of the experimental ones.
Sumed by re?‘C“O” with silipon in the reactive, sub-nitride Figure 3 shows experimental results of film thickness in
reglll?tr;ic?g dg\r/\g\t/\r/]tr?uIZﬁgSf:i Scla;m be obtained by integratingthe sat_uration, self-limit_ed regi”."'e versus g\lbressu_r e and
theoretical curves obtained by iterating the evolution equa-

psin(X,t) =1—pgi(x,t) in all space® In Fig. 2 experimental . . )
kinetics? measured from early stages of very fast growth upt|ons for very long times. The data taken from Fig. 2 above

to saturation into a self-limited regime are well fitted by V&' corr;g)lemepted by kinetics at very low pressite
model calculated kinetics. As both experimental kinetics™P@) Of “"N-enriched NH, measured by nuclear reaction

were obtained at the same temperature we used the S\,:m:atgalysisl.2 For each nitridation temperature, convenient natu-
ral length and time units were adopted in the calculation by

14 fixing D and k, whereasPy was varied proportional to the

L | z experimental values. The behavior depicted in these figures
eé ol can be understood as follows: The determinant quantity for

E . E the final film thickness is the total amount of nitridant spe-
a cies that is adsorbed and transported to reactive sites, inte-
3 ¢ grated over the whole nitridation time, and not only the rate
8 4 T=950 C at which the adsorption takes place. In the lower pressures

z 2f ° 1::::;’ range, an increase in NHpressure at sample surface pro-

of . —_Theory, duces a significant increase in film thickness because more

0 50 100 150 nitridant species are adsorbed per unit time and more nitri-

t (min) dation of Si occurs. However, in the higher pressure range, it

FIG. 2. Experimental kinetics of thermal growth of silicon ni- can .hap_pen that nltr_ldatlon oceurs .SO fast that a stoichio-
tride films on Si in NH from Ref. 9 and calculated kinetics ob- Metric SN, layer quickly develops in the near-surface re-
tained by integration of the model equations. The two calculatedion, and consequently a diffusion barrier is built up earlier.
kinetic curves(solid lineg used the same values Bfandk and a  That is, although the adsorption rate may be higher in this
ratio between NH pressureg0.30 identical to the experimental pressure range, it happens during a shorter time interval,
one. Approximate thickness can be obtained by the equivalenckeading to smaller total amounts of adsorbed nitridant spe-
relation 1xX 10*°N cm~2=0.18 nm of silicon nitride. cies. Thus in the higher pressures range this effect of de-
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creasing the time interval at which adsorption occurs growside the sample. Nevertheless, this first approach is powerful
in importance and the increase in total thickness with presenough to provide an adequate description of concentration
sure is slower. profiles, kinetics, and pressure dependence of the final thick-
The present model is a simple approach to a phenomenaress of thermally grown silicon nitride films on Si. Further
that may present other aspects which are not being taken inttevelopments of the model incorporating some of these as-
account. For example, diffusivity of nitridant species throughpects are in progress.
stoichiometric SjN, is certainly much smaller than through
sub-nitrides or pure silicon, but it may be different from
zero. Also, recombination and/or decay of the nitridant spe-
cies into inert species have been evidenced This work has been partially supported by Brazilian
experimentally’’?8 acting as sinks for nitridant species in- Agencies CNPq, CAPES, and FAPERGS.
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