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We investigate at the atomic scale the oxygen diffusion process occurring during silicon oxidation. First, we
address the energetics of several oxygen species in the oxide using density-functional calculations. Our results
support the interstitial @molecule as the most stable oxygen species. We then adopt a classical scheme for
describing the energetical and topological properties of the percolative diffusion of,theof@cule through
the interstitial network of the oxide. By studying a large set of disordered oxide structures, we derive distri-
butions of energy minima, transition barriers, and the number of connections between nearest-neighbor
minima. These distributions are then mapped onto a lattice model to study the long-radiffei€lon process
by Monte-Carlo simulations. The resulting activation energy for diffusion is found to be in agreement with
experimental values. We also extend our atomic-scale approach to an oxide of higher density, finding a
significant decrease of the diffusivity. To address thed®fusion directly at the Si-SiQinterface, we con-
struct a lattice model of the interface which incorporates the appropriate energetic and connectivity properties
in a statistical way. In particular, this lattice model shows a thin oxide layer of higher density at the interface,
in accord with x-ray reflectivity data. We carry out Monte-Carlo simulations of theiffusion for this model
and obtain the dependence of the diffusion rate on oxide thickness. For oxide thicknesses down to about 2 nm,
we find that the presence of an oxide layer of higher density at the Sj-i8i€face causes a drop of the O
diffusion rate with respect to its value in bulk SiOn qualitative agreement with the observed oxidation
kinetics.
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[. INTRODUCTION Assuming a first-order reaction between external gaseous
O, and the dissolved oxygen species in gieal and
Silicon dioxide(SiO,) films thermally grown on crystal- Grove naturally identified the undissociated oxygen mol-
line silicon (Si) substrates constitute the principal gate di-€cule as the diffusing species during silicon oxidafidfur-
electrics in metal-oxide-semiconductor deviédsowadays, thermore, by similarity with argon, an atom of approximately
gate dielectrics implemented in very-large scale integratioh€ Same size and activation energy for diffusion in sPrR:a,
manufacturing are between 2 and 9 nm tHickDesigning the O, molecule was supposed to migrate through the inter-
modern processing routes for the formation of thin dielectricStices of the oxide network.
layers requires not only a very precise knowledge of the. Diréct experimental observations generally support the
growth kinetics but also an atomic-scale understanding of theé)eal-Grove description of the oxygen diffusion process. In-

microscopic processes which lead to the formation of the eed, nuclear reaction resonade; secondary ion mass
ICroscopic p spectrometry® and medium energy ion scattering
Si-SiG, interface.

; 618 ; At A
According to the model introduced by Deal and Gréve, experiment¥ based ort°0-¥0 sequential oxidation all con

h . h | oxide fil i ; dfirm that the bulk of the oxide does not incorporate oxygen
the formation of a thermal oxide film on silicon is supposedy,ring oxidation and that the new oxide essentially grows at
to proceed through three sequential stepsthe insertion of e Sj-SiQ interface. However, these experiments also re-

an oxygen species from the vacuum into a preexisting oxidgealed the occurrence of oxygen exchange processes at the
layer; (i) the diffusion of the oxidant species through the external SiQ surface. More recently, oxygen exchange pro-
disordered oxide network toward the Si substrate, and finalltesses were also found to occur at the Si-Sierfacel”.18

(i) the oxidizing reaction at the interface, where the newproviding support to an interpretation of the oxidation pro-
oxide is formed. The Deal-Grove model has proved to be cess which favors atomic oxygen as the transported species
extremely successful in reproducing a large variety of experithrough the oxidé?

mental data on the kinetics of the silicon oxidation Different atomic-scale mechanisms have so far been pro-
procesS8In particular, the Deal-Grove model describes ac-posed for the diffusion of the Omolecule in amorphous
curately the growth kinetics of thick oxide filmis® In this  SiO, (a-Si0O,).2°-?2Mott invoked a mechanism based on the
regime, the oxidation kinetics is governed by the oxygenavailability of two kinds of local minim&%2! while Revesz
diffusion process. Kinetics data show that the oxygen soluand Schaeffer assumed the existence of special diffusive
bility depends linearly on pressure and that the activatiorchannels through the oxidé.However, such mechanisms
energy for oxygen diffusion is around 1.2 &¥ These ob- appear unsatisfactory, since they both contrast with the ho-
servations are in agreement with early oxygen permeatiomogeneous nature of a continuous random network, gener-
experiments on silica membranes. ally assumed as structural model &Si0,.
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Theoretical investigations based on density functional
theory appear particularly suitable for providing insight in
atomic processes involving oxygen species in S92 So
far, many studies have been devoted to investigating the rela-
tive energetics of both neutral and charged oxygen species in
a-quartz?3-2730.32 This crystalline model has also been
adopted to study the diffusion properties of the peroxyl
linkage?326an oxygen atom incorporated in a-8i- Si unit.

More recently, the effect of the disordered nature of the oxide
on the energetics of the several oxygen species has been
addressed®?° However, attempts at understanding the oxy-
gen migration reduce to the calculation of transition barriers
for the diffusion of the interstitial @molecule along a lim-

ited amount of pathway%.%? . . )

We recently reported in a concise form on an atomic-scale. ~'C: 1. Peroxyl(left) and ozonyl(right) linkages ina-quartz. =~
investigation of the oxygen diffusion process through the OX_Some bond distances are indicated. Dark and light balls represent Si
ide layer during silicon oxidatio?® We elucidated the nature and O atoms, respectively.
of the diffusing oxygen species &SiO, and the physical . . )
mechanism underlying this process. We adopted in sequence The incorporation of oxygen from the gas phase in the
first-principles calculations, classical molecular dynamics©0Xide layer can lead to the formation of either molecular or,
and Monte-Carlo simulations to span the relevant length an#Pon dissociation, atomic oxygen species. In particular, an
time scales for an appropriate description of the long-rang@dditional O atom or @ molecule could incorporate in a
diffusion process in a disordered network. The present papepi-O-Siunit of the SiGQ network forming a peroxyl or an
complements our previous work in two ways. First, we now0zonyl linkage, respectivelgFig. 1).>*?°Alternatively, these
provide a more detailed description of the adopted method@tomic and molecular oxygen species could find equilibrium
ologies and of the obtained results. Second, we extend olositions in the interstices of the Si@etwork (Fig. 2). All
work to the Q diffusion across an oxide layer at the these oxygen species have been suggested to play an impor-
Si-Si0, interface accounting for the effect of an interfacial tant role during silicon oxidatioh:*1%2323n the following,
layer of higher densit§*35 we will focus on their energetics in SpThe formatlon

The paper is organized as follows. In Sec. I, we study thenergy of an oxygen species within the oxide will be referred
energetics of several oxygen species in the oxide. In Sec. I1f0 the isolated @ molecule and the unperturbed oxide.
we derive a classical scheme for the energetics of the inter-
stitial O, molecule ina-SiO,. This scheme then allows us to A. First-principles scheme

provide a statistical description of the energetical and topo- . . .
logical properties of the potential energy landscape for O To accurately describe the energetics of oxygen species in

diffusion in a-SiO,. In Sec. IV, we describe our Monte-Carlo SOz, We adopt a first-principles scheme based on density-

simulations on lattice models for investigating the Iong-rangécunCt'onalI theory‘.2’43Th_e _exchange and corr_elatlon energy 1
diffusion process. In Sec. V, we first extend our approach fofccounted fﬂs within -~ a  generalized  gradient
studying the oxygen diffusion to a bulk oxide of higher den-2PProximatiorf4> Only valence wave functions are de-
sity. Then, we obtain the oxygen diffusion rate as a functiorscribed explicitly while pseudopotentials are used to account

of oxide thickness at the Si-SiOnterface, accounting for [OF core-valence interactions. We use a norm-conserving
the effect of an interfacial oxide layer of higher density. Con-PSéudopotential for S;’ derived as in Ref. 46, and an ultrasoft
clusions are drawn in Sec. VI. pseudopotential for & Plane-wave energy cutoffs of 24 and

150 Ry are used for the wave functions and the augmented

1. ENERGETICS OF OXYGEN SPECIES
IN SILICON DIOXIDE

Thick oxide films (>20 nm are opaque to electrons.
Electrons or holes might be introduced in the oxide from the
conduction or the valence band of the silicon substrate. How-
ever, both the conduction-band and the valence-band offsets
(~3 and~4.5 eV respectively correspond to high energy
barriers which prevent charge carriers to flow through the
oxide layer, even at the relatively high temperatures of the
oxidation process. In addition, experimental studies on thick
films have shown that growth rates are independent of elec-
tric fields, thereby ruling out charged oxygen species as oxi-
dizing agents during silicon oxidatioi-*1For these reasons, FIG. 2. Interstitial molecular oxygen im-quartz. The leftright)
we focus in the present investigation only on neutral oxygerpanel gives a view along a direction paralietthogonal to thec
species. axis. Dark and light balls represent Si and O atoms, respectively.
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electron density, respectivel§*°Only theI'-point is used to TABLE I. A comparison between average structural parameters
sample the Brillouin zone. Full structural relaxations are carof amorphous Si@at regular densitya-SiO,) and of amorphous
ried out using a damped molecular dynamics schehvie SiO, at higher densityd-SiO,), as obtained by classical molecular
use a spin-polarized functional to accurately describe théynamics. The standard deviations are given afterthgign.
electronic ground state of the oxygen molecule, either in
vacuum(its ground state i§29) or in Si0,.2"5! For the iso- a-Sio, d-SiO,
lated Q, dimer we find a bond length of 1.26 A, a dissocia- o (glcr?)

2.2 2.4
tion energy of 5.68 eMthe zero-point vibrational energy .~
correction being included and a vibrational frequency of >~ A) 3.12+0.08 3.08+0.12
1541 cm?, to be compared with the respective experimentals"O A) 1.610.02 1.61£0.02
values of 1.22 A, 5.1 eV and 1578 ch¥? 0-0(A) 2.63+0.09 2.63+0.09
£ Si-O-Si 152°+12° 149°+13°
£0-Si-0 109.4°+£5.8° 109.4°+£5.8°

B. Oxygen species ina-quartz

Most theoretical studies usually adoptquartz, the most 5 gmall simulation cell. These aspects have been critically
stable crystalline phase of SjGt standard ambient condi- zddressed in Ref. 30.

tions, as a model foa-Si0,.23-2"31To allow a comparison
with previous theoretical studies, we first investigate the rela- C. Model structures of a-SiO,
tive energetics of oxygen species in this crystalline material. We adopt a classical molecular dynamics scheme to gen-
To modela-quartz, we use a periodic orthorhombic cell con-erate a set of independent model structures representing the
taining 72 atoms with fixed cell parameters of 9.94 A oxide. In this scheme, the interactions between Si and O
% 8.61 Ax10.91 A, corresponding to the theoretical lattice atoms are described by the interatomic potentials given in
constants$? Ref. 54. We use periodically repeated cubic cells of fixed
We find that the interstitial molecule with spirS=1is  volume, corresponding to the experimental density of silica
the most stable oxygen speciesirquartz. The @molecule (2.2 g/cnf). Starting from random atomic positions, models
is found to be approximately oriented along thaxis, show-  of liquid SiO, are equilibrated at 3500 K for more than
ing a small tilt of 14°(Fig. 2). Upon relaxation, the nearby Si 300 ps. Amorphous structures are then obtained by quench-
and O atoms of the--quartz network move away from the ing from the melt with a cooling rate of approximately
0, molecule by 0.1-0.2 A and 0.2—0.5 A, respectively. The? K/ps® Full simulations last from 500 ps to 1 ns, de-

energy of the interstitial Qis found to be higher than that of Pending on the size of the model structure. We construct a
the free molecule by 3.4 eV. The spin st&e0 is found to large set of model structures containing between 72 and 144

be higher than th&=1 state by 0.3 eV. The interstitial mo- atoms in the periodic cell. The full set of models spans an

lecular species witts=1 is found to be considerably more €duivalent bulk volume of 574 SiQunits.
: . ) All the model structures of the oxide consist of a random
stable than two separated interstitial O atomsviquartz. In

particular, we find energy differences of 3.2 eV and 3.4 eVnetwork of comer-sharing tetrahedral giGnits without co-

. i . . ) . ordination defects. The structural parameters reported in
for the interstitial O atoms in the singlet and triplet spin stateraple | confirm that the model structures reproduce the typi-

respectively. _ _ _cal short-range order ai-SiO,. Indeed, the mean value of
_The network oxygen species are found at higher energiess - for the SiO-Sibond angle distribution and the relative
with respect to the interstitial Omolecule. We find an in-  standard deviation of 12° compare well with the correspond-
crease of 1.0 and 1.6 eV per pair of O atoms for the 0zonyjng values extracted from x-ray diffractiqi48° and 13y or
and the peroxyl linkages, respectively. The relaxed atomijNMR data (151° and 11£5657 In addition, the calculated
structures of these configurations are illustrated in Fig. lstructure factor compares well with neutron diffraction data
The lower energy of the ozonyl linkage with respect to theand shows the characteristic first sharp diffraction peak at
peroxyl bridge is consistent with the distance between the Sibout 1.5 A1.58 The agreement stems from a proper descrip-
atoms which accommodate these oxygen species. For th@n of the intermediate range order afSiO,, even in our
peroxyl bridge this distance is found to be 3.47 A, signifi- smallest model structure&ig. 3).
cantly longer than in the nondefected-quartz model The ring statistics averaged over the full set of model
(3.09 A). The ozonyl linkage gives rise to a Si- Si distance ofstructures is extracted according to the shortest path
3.26 A, indicating that this species can be more easily acanalysis3® and is reported in Fig. 4. Our results compare well
commodated in the-quartz network. with distributions obtained for larger model structuresaof
Our results show very good agreement with recent first-SiO,, generated by similar approaci@s$? In addition, the
principles calculationd*262731 However, the comparison concentrations of oxygen atoms in three- and fourfold rings,
with two early first-principles investigations reveals differ- 1.29% and 5.3%, respectively, are in fair agreement with re-
ences which cannot simply be attributed to technicalfféS.  cent theoretical estimates derived from Raman spectra of vit-
In fact, these early studies neglected spin polarizationeous silica(0.26% and 1.0965!
effects?>25which were later found to be important for accu-
rately accounting for the energy of the interstitiaj @ol- D. Oxygen species ira-SiO;,
ecule in SiQ.?” In addition, in Ref. 23, the calculated energy ~ We choose two specific 72-atom model structuresaof
levels for oxygen inv-quartz were also affected by the use of -SiO, for evaluating the energetics of various oxygen species
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FIG. 3. Calculated structure factgsolid) for model structures FIG. 5. Energies of the intersitial nolecule, and of the per-

of amorphous Si@at regular density containing 72 atoms, com- @Y! (-:0-0-) and ozonyl(-0-0-0-) linkages ina-Si0,, as ob-

pared to experimental data from Ref. 58. Larger models show tained within a density-functional approach. The energy of the in-
similar level of agreement. terstitial O, molecule(disks is reported vs the volume of the largest

ellipsoidal void centered on the molecule. The solid line is a guide
efo the eye. For comparison, the energy of the interstitialn@l-

within our density functional scheme. One of these mod . . : .

. cule ina-quartz is also reporte@ray disk. The range of energies

structures was taken from the large set generated in Sec. Il C, . )
corresponding to peroxylO-0) and ozonyl(O-O-0O) linkages are

The other one had been generated previously by first- ..
S . 6263 . indicated.
principles molecular dynami&8:53 Structural differences be-

tween the two models are essentially limited to the ring sta- . . L
tistics and to the distribution of interstitial volumes. and typical transition states for,Gnigration(cf. Sec. Il B).

Our study encompasses the interstitial @olecule and We always find_that t.he singlet state is at hi_gher energies than
the two network species, the peroxyl and ozonyl linkages!!S corresponding triplet state, by approximately the same
We disregard the interstitial atomic species on the basis of jt8MOUNt(~0.3 eV) as ina-quartz. This result is in qualitative
high formation energy ir-quartz. To account for the statis- agreement with a recent study on the way the spin affects the
tical variety of sites, we introduce the oxygen molecule Q2 diffusion in a-quartz?’
within the available interstitial cages offered by the network,
while, for the peroxyl and ozonyl linkage, we select a set of
Si-0-Si units showing different bond angles for construct- In the previous section, we have seen that the energy of
ing their initial configuration. The defected structures arethe interstitial Q@ molecule depends on the size of the avail-
then relaxed within the first-principles scheme. able interstitial voids(Fig. 5). It is therefore important to

We find energies for the network species, the peroxyl and&haracterize the interstitial void distribution @SiO,. Sev-
ozonyl linkages, spread around the values calculated fogral purposes motivate this characterizationto determine
a-quartz. We find energies ranging between 3.4 eV andhe relative stability of the interstitial Omolecule with re-

5.5 eV for the peroxyl linkage, and between 2.4 eV andspect to other oxygen specigs) to estimate the concentra-
4.7 eV for the ozonyl linkage. For both network species,tion of equilibrium sites for @ and(iii) to examine whether
energies do not show any apparent correlation with thé diffusion mechanism based on the hopping of am®@I-
Si-O-Sibond angle of the undefected SiGtructure?® At ecule between such sites is possible.

variance, the energy of the interstitial, @olecule shows a In this section, we address these issues carrying out an
strong correlation with the size of the interstitial void, analysis relying solely on geometric criteria. Further on, we
strongly decreasing for increasing cage sidgeg. 5). will support the main conclusions of this analysis by ener-

For selected configurations involving the interstitiaj O getic considerations. We use the extended set of continuous
molecule, we also evaluate the energy difference between tH@ndom network models @SiO, generated in Sec. Il C and
triplet and the singlet spin states. In the set of considerederive the interstitial void distribution on the basis of a geo-

configurations, we include both typical equilibrium statesmetric Voronoi analysis(see Refs. 64,65, and references
therein.

— The Voronoi analysis of a disordered network consists of
partitioning the space in polyhedra, each containing the vol-

15} - ume nearest a given atom. The vertices of these polyhedra
1 have the property of being equidistant to at least four atoms
OF H ] of the SiG, network. Thus, the Voronoi analysis of a disor-

E. Distribution of voids in a-SiO,

2.0

rings / Si site

0.5} . dered distribution of atoms directly leads to the definition of
. spheres characterizing the distribution of interstitial voids.
3 4 5 6 7 8 9 Recently, this definition of interstitial voids has also been
ring size used to investigate the origin of the first sharp diffraction
peak appearing in the structure factor of disordered network-
FIG. 4. Average ring statistics in model structures of amorphouforming material$>66
SiO, at regular densityshaded histograjrand of amorphous SiO We applied the Voronoi analysis on batikiquartz and on
at a density of 2.4 g/cn(thick solid line). our set of model structures afSiO, [Fig. 6@)]. Interstitial
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i ' ' ' ' TABLE Il. Parameters of the Lennard-Jones-like interatomic
5 (@) potentials describing the interaction between the interstitjainol-
g ecule and the Sinetwork.
=
-.‘é’ X € (eV) o R n Y (eV) p (R)
. : . : : o) 2.46 1.99 7 1.07 2.11
“g 121 (b) 1 Si 1.44 1.99 9 0.39 0.37
2 o8} 1
N
8 04} 4 Il. POTENTIAL ENERGY LANDSCAPE FOR O ,
O> DIFFUSION IN SILICA
1 1 1 1
0 S0 100 150 200 250 Amorphous SiQ offers a variety of interstitials as equi-
interstitial volume (A%) librium sites for Q. The transition energies required for go-

ing from a local minimum to neighboring ones depend on the
FIG. 6. (a) Distribution of interstitial volumes ina-quartz  local environment. Such equilibrium sites are not expected to
(thick-solid line, open histograymand in the model structures of be equivalent, showing different local energies and transition
a-SiO, generated in this workfilled histogram. The interstitial  barriers. Furthermore, the number of viable connections to
voids are defined using a Voronoi analysis) Concentration of  reach a given equilibrium site is also expected to show sta-
interstitial voids, extracted by the Voronoi analysis, whose center igjstical variation. Hence, to address the @ffusion process
not included in a void of larger radius. The arrow gives the resultjp a-SiO,, we need to explore both the energetical and topo-
for a-quartz. logical properties of the interstitial network available foy O

voids in a-quartz show volumes closely distributed aroundd'ﬂus_'on' Treating the stgtlstlcal diversity W'th".q a first-
33 A%, In a-SiO,, the distribution of volumes is shifted to- principles approach constitutes at present a prohibitive com-

ward higher valuegan average volume of 58% and is putational effort. Therefore, it is necessary to resort to a sim-
remarkably broader. However, it appears unreasonable to aBler and computationally more advantageous scheme.
sociate, on a one to one basis, interstitial voids defined in this

way to equilibrium sites for the ©Omolecule. In fact, careful A. Classical scheme

inspection of the set of such interstitial voids shows that the

centers of a large number of voids are located within voids of To extensively sample the properties of the disordered

a larger radius. Since such smaller voids are presumably eflrﬂtse.rétmal netwo[k f(t)r th? dlrf;ljsaon of the p:}nolem;)le md
associated to the same equilibrium site for the interstitigl O & >!Y2, We construct a simpliiied energy scheme based on

molecule, it is physically more reasonable to omit theseclassi_cal interatomic potentials. For th_e Si and_O atom_s of
voids from the considered set. the SiG, network, we adopt the same interatomic potentials

The retained interstitial voids give the distribution of vol- @ used for generating the model structures-&iO, (Sec.
umes shown in Fig.®). In a-quartz, this procedure gives a !l C), while we derive a new set of potentials to account for
single volume(33 A3). In the amorphous models, most of the interaction between the,@nolecule and the oxide net-
the interstitial voids now have volumes larger than inWork. In particular, the interaction between the O atoms
a-quartz, showing an average volume of about 1£0dbr-  within the molecule is described by a Morse potential whose
responding to interstitials where, in view of the results inparameters are directly obtained from the bond length, the
Fig. 5, the Q molecule has energies less than 1 eV. Thisdissociation energy, and the harmonic force-constant calcu-
suggests that these voids are good candidates for equilibriufated from first-principlegSec. 11 A).
sites of the interstitial @ molecule. Moreover, we note that  For the Q- SiO, interaction, we adopt Lennard-Jones-like
only in a small fraction of interstitial voids the Gnolecule  potentials. More precisely, for each oxygen atoiii=1,2)
has energies comparable to those of the network speciesf the O, molecule, the potential,

This occurs for interstitial volumes close to thosexiiguartz
[Fig. 5 and Fig. @)]. The fact that most of the interstitials in i [\ ™ Py \©

a-Si0, are significantly larger than in-quartz suggests that Vized ] Tl ) 1)

O, is the most stable neutral oxygen speciesdi8i0,.

From the void distribution reported in Fig(§, we derive ~ describes the interaction with a network atom of spegies
the value of 5.1 10°* cm3 for the concentration of equilib- wherex=Si or O.n, is taken to be 7 and 9 for=0 and Si,
rium sites of Q in a-SiO,. By considering voids with over- respectively. We fix the other parameters by fitting the ener-
lapping spheres as nearest neighbors, we find an averagées obtained within our first principles scheme for the O
distance between nearest neighbor equilibrium sites of 4.7 Amolecule at equilibrium sites i@-SiO, (Fig. 5. The ob-
The size of this distance is consistent with a diffusion mechatained parameters are given in Table Il.
nism based on hopping events of thg @olecule between The classical scheme defined in this way accounts well
equilibrium sites. This consideration is solely based on thdor the energetics of an interstitial ,Gnolecule ina-SiO,.
distribution of equilibrium sites. A conclusive assessment refor the energies of equilibrium sites used in the fit, the clas-
quires the study of the potential energy landscape connectirgjcal scheme reproduces the first principles data within a rms
these sites. error of about 0.1 eV. Moreover, to verify the reliability of

Fix Fix
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lowest barriers
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FIG. 7. A comparison between first-principlégack disk3 and
classicalgray disks energies in the proximity of the transition state
for the O, migration between two nearest neighbor minima. The \
thick black lines indicate the energy levels of the two minima, I ! ! . !
which are separated by a distance of about 3.3 A. The coordinate saddle-points
specifies the distance of the,@olecule to the minimum on the

left. The energies separate into contributions from the,S&bax-
ation (open squargsand the Q- SiO, interaction(closed squaregs

PAN
=
distribution

| | 1 —

2 3 4 5
this simplified scheme for describing transition states, we energy (eV)
generate several Omigration paths within the classical
schemdSec. Il B). For a discrete set of configurations along  FIG. 8. From top to the bottom, energy distributions of local
these pathways, we fully relax the atomic structure by firstminima, lowest barriers, highest barriers, and saddle points, for the
principles, while keeping fixed the center of mass of the O interstitial O, molecule ina-SiO,. The energy reference is the same
molecule with respect to that of the network. We consideras in Fig. 5. Histograms refer to distributions obtained exploring
migration pathways with different transition energies. Themodel structures for the oxide within the classical scheme. Expo-
largest differences between first-principles and classical erfiential decaying functiongsolid curves are found to fit distribu-
ergies are found for the pathway with the highest transitiorf'c_’”s_c’f minima and Iowes_t barriers very well. _The contmuo_us dis-
barrier (2.2 e\). However, even in this case, the errors aretrlbutlon_s for highest ba_rrlers and_ _saddle points are optalned by
always smaller than 0.18 eV as illustrated by the Corresponc{:_onvolvmg the equnentlals for minima and lowest barriers under
ing energy profile in Fig. 7. The difference between first- he assumption of independence, and are found to compare well
D . o . .. with the histograms extracted from the actual atomistic model
principles and classical energies raises along the transitiof} -+ res
path, acquiring its largest value at the transition statg. 7). '
We note that the error does not derive from the- 80,
interaction, which is overall well described by our modeling

scheme, but rather from the relaxation of the Si@twork : Lo f o . o I
which directly results from the adopted interatomic SPECies. The distribution of Ominima in a-SiO; is we

potentials” During the Q diffusion process, even for tran- described by an exponential _fgnption yvith a decay constant
sition energies as high as 2.2 eV, the energy along the mPf 0.6 eV. Thg dpnsﬂy of eqwhpnum sites and their average
gration path is dominated by the,€5i0, interaction, the ~€Nergy are similar for the various model structures of the

Si0, deformation contributing by at most 20%. This results ©Xide. This suggests that equilibrium sites are weakly corre-
in an overall error of about 10% for the classical energieéated with specific structural features and that they are uni-

: ' Lo formly distributed ina-SiO,.
with respect to the first-principles ones. B . 2 e
P P P The equilibrium sites for @diffusion allow us to deter-

mine the distribution of interstitial volumes available in
a-SiO,. To each local minimum we associate the largest el-
lipsoidal volume centered on the,@olecule and contained
To investigate the potential energy landscape fordd- in the interstitial void. The resulting distribution of volumes
fusion in a-SiO,, we use the classical schent®ec. Il A) is shown in Fig. 9, and only slightly differs from that ob-
and span the full volume associated to the set of model strugained through the Voronoi analyqiBig. 6b)]. Indeed, from
tures generated by classical molecular dynan®exc. 11 Q.  this distribution we find a concentration of local minima for
We first search for local minima of the potential energy land-O, in a-SiO, of 5.4x 10?* cm™3, corresponding to an aver-
scape. We insert the Omolecule randomly in the model age distance between solubility sites of 5.7 A. This distance
structure of the oxide and adopt a damped molecular dynanis very close to the value of 4.7 A, extracted on the basis of
ics approach for finding the corresponding equilibrium posi-simple geometrical criteria from the distribution of Voronoi
tion. For each model structure efSiO,, the procedure is spheregSec. Il B. The difference should be attributed to the
repeated until convergence on the number of local minima i®ccurrence of an unphysically large number of small inter-
reached. As a result of the disordered nature of the oxide, thstitials when adopting the geometrical criteria.
energy distribution of local minima shows a finite spread To explore energy barriers between interstitials and ac-
(Fig. 8. In agreement with the first-principles results ob- cordingly determine the connectivity properties of the disor-

o
—

tained for a limited set of cas&Sec. Il D), essentially all
these energies remain well below those of network oxygen

B. Equilibrium sites, transition barriers, and connections
between equilibrium sites
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FIG. 9. The distribution of interstitial ellipsoidal volumes for the
O, molecule ina-SiO,, as obtained by exploring the model struc-  FIG. 10. The distribution of distances between nearest neighbor
tures of the oxide within the classical scheme. The arrow gives thequilibrium sites for the interstitial Pmolecule ina-SiO,.
result for a-quartz.

dered network of local minima, we still adopt the classicalover, from the statistical analysis of our data results that
scheme described in Sec. Ill A. We search for saddle point§linima and lowest barriers are uncorrelated quantities. In
of the potential energy landscape by applying two differentfact, we verified that distributions of highest barriers and
methods: the activation relaxation techniqieRT)®® and a  saddle points are properly reproduced by convolving the dis-
dragging procedur® In the ART method, a system is driven tributions of minima and lowest barriers, as appropriate for
from a local minima to a saddle point by partially reversingindependent quantitiggig. 8). We note that the energy bar-
the restoring forc&® In our particular case, the transition riers recently calculated in Refs. 29 and 32 are consistent
states can be found by using a reaction coordinate correwith the barrier distributions shown in Fig. 8.

sponding to the translational motion of thg @olecule from By identifying the transition states between nearest neigh-
a particular equilibrium site to a nearest neighboring onebor local minima, we also access the topological properties
Therefore, we simplify the ART technique reversing only theof the random network for interstitial O diffusion in
forces associated to the translational degrees of freedom @fSiO,. Indeed, the transition states define the connections
the O, molecule. Furthermore, at variance with respect to thebetween nearest neighbor equilibrium sites. The distribution
original ART formulation®® the coefficient controlling the of distances between such sites is shown in Fig. 10. The
fraction of the reversed force component is varied during theverage distance derived from this distribution is 5.3 A, only
ART evolution in order to ensure fixed strides of 5 slightly different from that estimated on the basis of the con-
X 10* A for the motion of the @ center of mass. Such a centration of energy minimés.7 A). Moreover, we extract
constant slow evolution rate allowed us to construct transithe connectivity properties of the disordered interstitial net-
tions pathways for the ©molecule in which the Si@net-  work (Fig. 11). The number of connections per node extends
work is fully relaxed at each step. For each local minimum,from 2 to 6, with an average number of 3.3. For the purpose
after having randomly displaced the @olecule from equi- of further investigation, it is convenient to note that the dis-
librium, ART is applied to generate the transition path lead-tribution of connections extracted from the model structures
ing across a saddle point to another nearest neighbor locaf the oxide is well reproduced by a sixth-degree binomial
minimum. This procedure is repeated for each local mini-distribution with coefficient 0.55.

mum until convergence on the number of discovered nearest

neighbor minima is reached. C. O, solubility in a-SiO,

To validate this approach, we also determine saddle points
and connections using a constrained molecular dynamic&_
techniqueé®® For each pair of local minima, the center of
mass of the @ molecule is continuously dragged across the
SiO, network from one local minimum to the other. At each
step of the dragging procedure, we reduce the distance be-
tween the @ molecule and the target minimum by 5
x 1072 A and determine the ground state configuration of the
system while the @minimum distance is kept fixed. The
path through the Si©network is interrupted if, during the
evolution, the Q molecule meets another local minimum. m . . : e
The saddle point energies and number of nearest neighbor 1 2 3 4 5 6
minima obtained with the two approaches coincide. The re- connections
sults of this investigation are reported in Fig. 8.

Since nonequivalent local minima share asymmetric bar- FiG. 11. The distribution of connections between nearest neigh-
riers, we reported separately distributions for lowest andor equilibrium sites in amorphous Sj@t regular density. A sixth-
highest barriers. The distribution of the lowest barriers bedegree binomial distribution with a coefficient of 0.6&en histo-
tween nearest neighbor minima is well reproduced by amram is found to well reproduce the data extracted from the
exponential function with a decay constant of 0.9 eV. More-atomistic model structures of the oxidi@led histogran).

We here provide an estimate of the, @olubility in
SiO, on the basis of the information acquired on its equi-

distribution
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librium sites. We suppose thatgasof independent @mol-
ecules dissolved in the interstitials afSiO, is in equilib-

PHYSICAL REVIEW B70, 195312(2004)

pared with the corresponding experimental value of 5.5
X 10* cm™2.9 This comparison between theory and experi-

rium with a gas of free molecules. Thus, according toment should be considered very satisfactory. Indeed, the ob-

classical thermodynamic$;7?the chemical potentidlw) for
O, is the same both in vacuum and in SiCHence wyee

= psio, OF, equivalently,
ZSiOZ)
Nsio, /"’

Z”ee) = —kgT In( 2)
Nfree
where Zee Niee @and Zsio,» Nsio, are the partition function
and the number of ©@molecules in vacuum and-SiO,,
respectivelyT is the temperature arig the Boltzmann con-
stant.

Accounting for the distribution of interstitials ia-SiO,
available for the @ molecule(Fig. 9), we can writeZSio2 as
follows:

- kBTIn(

Zsio, = VSiOZNSiOZJ M(E) 2y(gdE, 3
whereVs;o, and/\/'Si02 are the volume of the oxide and the
concentration of solubility sites for £ respectively.m(E)
corresponds to the energy distribution of local minima fer O
in the oxide(Fig. 8, top pang| whereaszy,g, is the partition
function for the molecule ira-SiO, where the spatial inte-
gration is limited to the volum&/(E) associated to the equi-
librium site of energ)E.

Evaluating Eq.(3) to obtain the solubilitynSio2 (n5i02
:NSiOZ/VSiOZ) through Eq.(2) is a complicated task By

assuming a uniform distribution of identical solubility sites,

served difference for the solubility corresponds to an error of
about 0.1 eV on the energy scale of the energy minima for
the O, molecule ina-SiO,, within the uncertainty of our
level of theory.

IV. LONG-RANGE O , DIFFUSION IN SILICA

The average energy barrier between neighboring local
minima for G, in a-SiO, is about 0.7 eV. This value is suf-
ficiently high for assuming that dynamical correlation ef-
fects, such as recrossing events or consecutive multiple
jumps, are negligibly small during diffusiof. Under this
assumption, the transition-state theory, which defines transi-
tion rates according to the relative energy position of minima
and saddle point® constitutes a suitable approach for study-
ing the diffusion process. In this framework, the statistical
properties of the @ energy landscapéig. 8) and of the
topology of the interstitial networkig. 11) are relevant in-
gredients for studying the diffusion process.

A. Random lattice model

To model in a statistical meaningful way the long-range
diffusion process, it is necessary to further increase the
length and time scales spanned in our investigation. There-
fore, we turn to a lattice model with the intent of preserving
(i) the nearest-neighbor connectivity a@id the energy dis-

early investigations estimated the binding energy of rardributions of minima and saddle points, found within our
gases and inert molecules @SiO, by direct comparison classical modeling scheme. We consider a cubic lattice
with solubility data’®7*More recently, Monte-Carlo simula- model, in which each site mimics an equilibrium position in
tions based on interatomic potentials addressed the calculan interstitial void ofa-SiO, and each bond between nearest
tion of Eq.(3) for rare gases dissolved @SiO, obtaining a  neighbor lattice sites represents the transition path between
qualitative agreement with experiments. two nearest neighbor equilibrium sites. We find that a lattice
Here, we estimate the fsolubility in the oxide on the model of 30x 30X 30 is sufficiently large to model the dif-
basis of crude approximatiorid.In particular, we assume fusion properties. Since the average distance between
that a @ molecule in the oxide can access only a limited nearest-neighbor equilibrium sites is of 5.3(Rig. 10), this
region of space in the neighborhood of each equilibrium sitelattice model corresponds to a cubic sample-&iO, with a
These spatial regions constitute a network of physicallyside of 17 nm.
separated volumes in which the, @olecule is completely The distribution of connections between nearest neighbor
free to move, rotate and vibrate, as in vacuum. The surroundocal minima is well reproduced by the binomial function
ing oxide determines the ener@with respect to vacuum.
Adopting this picture and using the partition function for an
ideal gas composed o, oxygen molecules at a tempera-
ture T and pressur@, from Eqg.(3) we obtain

N!
p"(1-p)N", n=1, ..

B = =

N, (5)

with N=6 andp=0.55. Hence, to reproduce the connectivity
of the network of interstitials for the £ molecule in
a-Sio,, we choose a fraction 1p=0.45 of the bonds at ran-
dom and omit them from the outsghfinite energy barrier

To evaluate the solubilit;nsio2 by using Eq.(4), we consider To the remaining bonds, we assign finite energy barriers ac-
the energies of the equilibrium sites in our set of modelcording to the distributions found for our atomistic model
structures of-SiO, (Fig. 8). For each energy minimum, we structures of the disordered oxideig. 8). For simplicity, we
then define the associated spatial region as the sphere cenake use of the continuous exponential distributions. This
tered on the equilibrium site and with radius half the distanceandom assignment of energies and connections is expected
to the next-nearest neighbor, ®quilibrium site. For a pres- to accurately mimic the actual interstitial network, in view of
sure of 1 atm and a temperature of 1078 °C, we obtain irthe weak correlations observed in the atomistic model struc-
this way a solubility ofnsio,=19.4x 10'® cm™, to be com- tures.

E
Nsio, = %—NSioZJ m(E)V(E)exp<— ﬁ)dE. (4)

B

195312-8



MULTISCALE MODELING OF OXYGEN DIFFUSION.. PHYSICAL REVIEW B 70, 195312(2004)

B. Monte-Carlo simulations w120F ' ' ' ' 7
According to the transition-state thedfytransition rates 5
for hopping between nearest neighbor equilibrium sites are g 80 i
defined by energy barriers and attempt frequencies. The dif- 2 a0l |
fusion coefficient is then determined by the geometrical aé:"
properties of the disordered network hosting the migration v O ' ' ' ' '

1 2 3 4 5

process, namely the distributions of distances and connec- . .
time (10° steps)

tions between nearest-neighbor equilibrium sffeBor dis-
tr!butlons of en<_arg|e_s,. att?mpt frequencies, connectlons,.and FIG. 12. Average mean square displacement of the diffusing
distances showing finite first and second moments, the diffu-_ . . ) ; . .

. ' 78 o . particles vs. time at 1200 K. The time step used in the simulation
sion process is normal:’®Under these conditions, distances . ;

. . . corresponds to an arbitrary unit.

between nearest neighbor sites and hopping attempt frequen-
cies influence the absolute value of the diffusion coefficient,

whereas the energetical and topological properties of the dis-
ordered network determine its dependence on During the Monte-Carlo simulations on random lattice

temperaturé’.’® models, the average mean-square displacement follows a

In our Monte-Carlo simulations, the attempt frequenciesnormal diffusive behaviof] increasing linearly with time af-
or equivalently the rattling times within the interstitial vol- ter an initial sublinear regimgFig. 12. Thus, from each
umes, are assumed to be identical and independent of thdonte-Carlo simulation, we derive a diffusion coefficient us-
energy of the equilibrium site. Since the, @olecule visits  ing Einstein’s relatiori” At every considered temperature,
interstitials covering a limited range of energies during dif-several Monte-Carlo simulations are performed for different
fusion (see Sec. IV @ this assumption appears reasonable configurations of the random lattice. The averaged results are
The distribution of distances between nearest-neighbor equieported in Fig. 13.
librium sites is well localized around a mean value of 5.3 A Diffusion coefficients are estimated at temperatures rang-
(Fig. 10. Therefore, distances between nearest neighboringg from 1000 K to 1500 K, which correspond to typical
sites are supposed to be the same in our simulations. Ot¢mperatures adopted during silicon oxidation. In this inter-
principal goal is the calculation of the effective activation val of temperatures, the Qdiffusion coefficient follows a
energy for diffusion, a quantity which is strictly related to the quasi-Arrhenian behavior with a corresponding effective ac-
energetical and topological properties of the potential energivation energy of 1.12 e\(Fig. 13. The calculated activa-
landscape. tion energy is in excellent agreement with experimental val-

To find the effective activation energy for,@iffusion in  ues obtained at similar temperatuf@s04—1.26 ey.>81-83
the oxide, we distribute a set of 1000 independent moving During the Monte-Carlo evolution, the diffusing particles
particles(O, molecule$ on the random lattice modédlisor-  visit a particular distribution of minima and saddle points of
dered network of interstitials im-SiO,). The particles are the disordered energy landscée/isited minima are con-
then evolved at a specified temperature by adopting the Mesentrated at the lowest energy values fori@ a-SiO,. The
tropolis Monte-Carlo algorithm® In particular, at each energy distribution of the visited saddle points is broader.
Monte-Carlo step, for a specified diffusing particle at theWhen the energies are referenced with respect to the most
lattice sitei, a transition path toward another nearest neigh-stable minimum in SiQ the highest energy values visited
boring equilibrium sitg is chosen at random and the particle during the motion are located around the effective activation
is transferred toj according to the probability ekpEy(i energy for Q diffusion33 The highest energy level reached
—)/kgT], whereT is the temperature ané,(i — j) the en-  during the diffusion process remains well below the energy
ergy barrier associated to the transition j. intervals corresponding to peroxyl and ozonyl linkagesg).

At low temperature, the diffusion coefficient obtained by 9), indicating that network oxygen exchange processes are
the Monte-Carlo simulations converges sloylo increase  unlikely during G, diffusion. This result is consistent with
the efficiency of the scheme, we therefore adopt a modifie@Xperimental observations which found evidence for such
version of the Metropolis algorithi®?. The acceleration of

C. Activation energy for O, diffusion in a-SiO,

the scheme is achieved by raising the energy values of all @ -12f] ' '

minima by a small amourd or, equivalently, by augmenting € -13

the hopping rates by a factot=exp(e/kT). To preserve the g™

absolute values for transition rates, the time unit is also g :}:

scaled by the acceleration factdr. Neither the equilibrium 2 47

distribution of particles in the local minima nor the relative - 8 9 10 11 12
transition rates between nearest neighbor sites are altered by B(eV™)

this modification. Furthermore, by adopting small values for

€, the particle dynamics is altered only at short times because F|G. 13. Logarithm of the diffusion coefficient extracted from
of the modified energy landscape. The long-range diffusiormonte-Carlo simulations at different temperaturé8=1/kgT).
properties are determined by energy barriers greater éhan Each of the diffusion coefficientglisks is obtained as an average
and are therefore preserv&tWe successfully determine dif- over eight simulations. The error bars are the relative rms
fusion coefficients using=0.17 eV. deviations.
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exchange processes only at the Si€urface and at the mechanisms might be operative in the thin oxide regifd,
Si-SiO, interface, but not in the bulk of the SjJO we assume here that the interstitiaj @olecule dominates
layerll-1517.18 the oxygen diffusion process across the film, regardless of its
These results highlight the percolative nature of the O thickness.
diffusion process in the disordered oxide. The long-range
diffusion mainly involves the lowest-energy part of the en- S _ _ _
ergy landscape still allowing for percolation throughout the A Oz diffusion in amorphous SiO, of higher density
oxide. In Ref. 33, we showed that the activation energy for We describe amorphous Si®f higher density(d-SiO,)
the long-range diffusion results from the combination of bothpy a set of atomistic model structures, generated by classical
the energetical and topological properties of theedergy  molecular dynamic8°5We use periodically repeated cubic
landscape ira-SiO.. cells of fixed volume, corresponding to a density of
2.4 g/cni, as estimated by x-ray reflectivity measurements
for the oxide in the vicinity of the Si-SiQinterface3*35To
V. DEPENDENCE OF THE O, DIFFUSION RATE generate model structures, we adopt the procedure described
ON OXIDE THICKNESS in Sec. Il C. We construct 16 model structures with a number
of atoms in the periodic cell ranging between 72 and 90. All
the model structures consist of random networks of corner-
sharing tetrahedral SiQunits, without any coordination de-
1 1 2X fect. As compared witta-SiO, at the regular density, struc-
R El + k_p ®  tural parameters are only slightly affected by the increased
density(Table ). The reduced volume per Sj@nit appears
where the lineatk;) and paraboli¢k,) constants are propor- to be accommodated by the reduction of the meaOSBi
tional to the Q interfacial oxidation reaction rate and the O bond angle and consequently of the distance between Si at-
diffusivity in the oxide, respectively®> Equation(6) well  oms in neighboring tetrahedral units. The increased density
describes the growth rates when the oxide film is sufficientlyalso barely affects the ring statisti@gig. 4). In fact, as com-
thick (=20 nm).> However, for very thin oxide films, the rate pared witha-SiO, at the regular densitycf. Sec. 11 Q, the
given by Eq.(6) significantly deviates from experimental model structures af-SiO, only show a small decrease of the
values’® Indeed, in this regime, the experimental growth threefold rings in favor of sixfold rings. The calculated struc-
rates appear anomalously larger thanthe value predicted ture factor compares well with experimental data and cor-
by the Deal and Grove model fox~0 [cf. Eq. (6)].84%  rectly shows a shift of the first sharp diffraction peak toward
Many interpretations have been put forward to describe thig value of about 1.7 &.%° This agreement indicates that the
behavio4858 The most accredited among them assumesntermediate range order in our model structures is properly
that the oxidation kinetics depends only on the diffusion ofdescribed.
the oxidizing speciegk,— ), with a variable diffusion rate We explore the potential energy landscape for the intersti-
across the oxide lay&:2% In particular, to reproduce the tial O, molecule ind-SiO, following the same procedure as
experimental growth rates the diffusion rate should decreas@a the case oh-SiO, (cf. Sec. Il). We use the extended set
as the oxide film becomes thinner. As a matter of fact, thisof model structures generated for the oxide of higher density
assumption is currently adopted in modern models whictand describe the energetics with the classical scheme given
successfully account for the silicon oxidation kinetics in bothin Sec. Il A. We first search for equilibrium sites of intersti-
the thin and the thick oxide regim&sHowever, an atomic tial O, molecules ind-SiO,. We find a concentration of local
scale description of the diffusion rate corroborating this be-minima of 6.7x 10?* cm™ and an average distance of about
havior is lacking. 5.3 A between nearest neighbor minima. These values are
The O, diffusion rate through a thin oxide filf.<20 nm) very close to those found for amorphous i@t regular
with the same properties and densityaaSiO, is expected to ~ density(5.4x 10?* cm3, 5.7 A). On the other hand, the en-
increase significantly because of the percolative nature of thergy distribution of local minima undergoes important
diffusion mechanisri’33 In fact, on a short-range scala, changes. In particular, the mean value of this distribution
-SiO, is not homogeneous and the diffusion rate increaseshifts to a higher energy by 0.6 eV with respect to the mean
due to the occurrence of small-barrier pathways. This effectalue for amorphous SiQat regular densityFig. 14). This
is in clear contrast with experimental observations. Anotheproperty is consistent with the decrease of the average inter-
mechanism is therefore expected to oppose this behaviatitial volume ind-SiO,. In fact, the Q-network energy in-
leading to an overall lower diffusivity with respect to the creases for decreasing interstitial voluniet Fig. 5).
bulk. Such an opposing effect might be achieved by the pres- We then locate the saddle points of the potential energy
ence of an oxide layer of higher density in the neighborhoodandscape and their corresponding energies. The transition
of the silicon substrate, as revealed by x-ray reflectivitystates connect neighboring minima by an asymmetric barrier.
experiments#3° Indeed, this layer is expected to reduce theThe energy barrier distribution associated to the low barrier
diffusivity. 8 side is well described by an exponential function with a de-
In this section, we specifically focus on the effect of ancay constant of 1.7 eVFig. 14). This should be compared
interfacial oxide layer of higher density on the @iffusion  with the corresponding value of 0.9 eV farSiO,. These
rate across the thin oxide. We note that, although otheresults indicate that the potential energy landscape for O

In the Deal and Grove modelthe inverse growth rate,
1/R, depends on the oxide thickneX¥sas follows:
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0 1 2 3 4 5 FIG. 16. Calculated diffusion coefficients in the direction per-
pendicular to the plane of the interface for homogene@pen
energy (eV) symbolg and nonhomogeneouglosed symbolsoxide layers of

FIG. 14. Energy distributions of minima and lowest barriers Zi:{ég%é:gﬁisfhzt(ﬁ#if:f;ﬁgi;n?}ﬁ Zzﬂfg;glhiazggg;hne
(insey for diffusion of the interstitial @ molecule in amorphous region indicates the thickness of the interfacial oxide layer of higher

S'OZ. ata den5|_ty of 2.4 g/ctn Histograms refer to _d|str|bu_t|ons .ddensity(2.4 g/cn¥), considered in our simulations of the nonhomo-
obtained exploring actual model structures of the oxide, while soli b
geneous oxide layer.

lines correspond to fitted continuous distributions.

diffusion in d-SiO, is considerably shifted toward higher en- diffusion coefficients are interpolated by an Arrhenius law
ergies as compared to amorphous S#&dregular density. with an effective activation energy of 2.0 eV, consistent with

The location of the transition states defines an interstitiathe experimental estimate of 2.0-2.4 eV foy @Giffusion in
network for Q diffusion. The local minima form the nodes an amorphous SiO sample with a density of about
of this network. Our analysis shows thatdrSiO, the num- 2.5 g/cn?.88
ber of connections per node can vary between one and 10.
The average number of connections per node is found to be o )
4.1 (Fig. 15. The associated distribution can be well repro- B. O diffusion t.hro.ugh. the oxide layer
duced by a binomial distribution, characterized by param- at the Si-Si0; interface
etersN=12 andp=0.34. To model the @ diffusion through oxide layers of differ-

To study the Q diffusion in d-SiO,, we use a periodic fcc  ent thickness, we perform Monte-Carlo simulations on peri-
lattice model with 550X 50 independent sites. For a odic lattice models of variable size in the directianIn
mean distance between local minima of 5.3 A, this correparticular, we consider fcc lattice models of 380X N
sponds to a cubic volume of side19 nm. Assuming that sites, whereN is varied from 2 to 20, corresponding to oxide
neighboring nodes and barriers are uncorrelated, we transfénicknesses between 1 and 10 nm. The reduced periodicity in
the nearest neighbor connectivity and the energy distributhe z direction effectively models the diffusion in a thin ox-
tions derived from the atomistic structural models onto theide layer, as occurs at the Si-Siinterface. In the other
lattice model. Monte-Carlo simulations for 2000 diffusing directions(x andy), the system is sufficiently large to re-
particles were performed at temperatures ranging betweetover the bulk limit. The diffusion coefficient is calculated at
1000 K and 1500 K. Minima and saddle points visited dur-1300 K, a temperature typically adopted for the thermal oxi-
ing the diffusion fall below the energies of competitive oxy- dation of silicon.
gen species, thereby indicating that the interstitial fapl- At first, we consider the case of homogeneous oxide lay-
ecule remains the favorite transported oxygen species also &rs. We assign energies and connections to the lattice model
amorphous Si@with a density 2.4 g/cfh The calculated according to distributions extracted for amorphous ,Si#D
regular density. In particular, a good representation of the
[ ] nearest-neighbor connectivity on the fcc lattice is obtained
for a binomial function withp=0.27. The results of the
Monte-Carlo simulations show that the rate for diffusion
along z increases for decreasing oxide thickn¢ggy. 16).

H This behavior can be understood in terms of the percolative
1 1 |T|m—l— 1

distribution

nature of the diffusion process. In fact, when the layer thick-
AL ness drops, the number of_Iow—.barrier pat_hs increasgs, result-
1 2345678 910 ing in an increase of the diffusion coefficient. For thick lay-
fi ers, the bulk value is recovered. We note that an increase of
connections the diffusion coefficient for thin oxide layersannotexplain
FIG. 15. Distribution of connections between nearest neighbof€ @nomalous deviations from the Deal-Grove model in the
equilibrium sites in amorphous Sjcat a density of 2.4 g/cfn A initial stages of oxidatiofi-#°
twelfth-degree binomial distribution with a coefficient of 0. @pen X-ray reflectivity experiments indicate the occurrence of a
histogram is found to well reproduce the data extracted from ato-10-A-thick oxide layer of higher densit§2.4 g/cn?) in the
mistic model structures representing this ox{tléed histogram. proximity of the Si-SiQ interface3*3> We model the pres-
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ence of this dense layer by including in our lattice modelsSiO,. We identify the interstitial @ molecule as the diffusing
two planes, on which we map connectivity and energeticspecies ira-SiO,. We provide a statistical characterization of
properties corresponding to amorphous Sudith a density  the disordered network of interstices for, @iffusion in a
of 2.4 g/cn¥ (Fig. 15. For the remainingN—-2 planes, we -SiO, in terms of distributions of energy minima, transition
use the properties appropriate for amorphous,%itregular  barriers and number of connections between nearest neigh-
density. The two layers are separated by two planes of intebor minima. Then, we address the long-range diffusion pro-
layer connections. For one plane of such connections, we usss by mapping these distributions on an extended lattice
properties of amorphous SjGt regular density and for the model and using a Monte-Carlo approach. We find an acti-
other those of SiQat higher density. vation energy for diffusion of 1.12 eV, in excellent agree-
The diffusion coefficient for such oxide layers is given asment with experimental dat#'-83 Furthermore, our study
a function of oxide thickness in Fig. 16. As expected, thehighlights the percolative nature of the diffusion process and
diffusion coefficient is now lower than for homogeneous ox-the critical dependence of the diffusion rate on both the en-
ide layers. More interestingly, the diffusion coefficient falls ergetical and topological properties of the interstitial
below the bulk limit for oxide thicknesses down to about network33
2 nm. This result indicates that the presence of a denser ox- Next, we address the Qliffusion rate through the oxide
ide can indeed account for a lower diffusion coefficient dur-layer at S{100)-SiO, interfaces focusing on the effect of a
ing oxidation. The diffusion coefficient is found to vary as adense oxide layer located close to the silicon substrate. We
function of oxide thickness, approaching from below thefirst extend our atomic-scale description of @iffusion in
bulk limit corresponding to amorphous Si@t regular den- amorphous Si@to the case of an oxide of higher density
sity. As long as the diffusion coefficient significantly differs (2.4 g/cm?®). This yields an activation energy of 2.0 eV
from the bulk limit, deviations with respect to the Deal- which compares well with the experimental res8iThen,
Grove oxidation kinetics can be expected. This behavior ofve investigate the dependence of the @¥fusion rate on
the diffusion coefficient as a function of oxide thickness is inoxide thickness at $100)-SiO, interfaces using Monte-
qualitative agreement with experimental data for the oxidaCarlo simulations. We consider both homogeneous and non-
tion kinetics® homogeneous oxide layers. The nonhomogeneous oxide is
For oxide thicknesses below 2 nm, size effects due to pefcomposed of two layers: one at regular density and one at
colation still dominate the diffusion coefficient in our model higher density. The thickness and the mass density of the
oxide layers. However, in these early stages of oxidation, thglenser layer are taken from x-ray reflectivity
specific bonding pattern at the interface as well as the occumeasurement¥:3° In the case of a regular oxide, we find
rence of other atomic scale processes might invalidate thghat the Q diffusion rate increases for decreasing thickness,
underlying assumptions of our approach. Such processes i@s a result of the percolative nature of the diffusion mecha-
clude diffusion of peroxy linkages and charged species, exnism. When the occurrence of an oxide layer of higher den-
change processes between gas-phase and network oxygsity is considered, the diffusion coefficient drops below its

atoms?-2 value for bulk a-SiO,, for oxide thicknesses larger than
2 nm. This result is consistent with the observed oxidation
VI. CONCLUSION kinetics®

The present work provides an atomistic picture for the
oxygen diffusion mechanism during silicon oxidation in the
thick oxide regime. We first focus on the diffusion process We acknowledge support from the Swiss National Science
occurring in a region far from the @i00)-SiO, interface, Foundation(Grant No. 620-57850.9%nd the Swiss Center
where the oxide properties correspond to those of amorphousr Scientific Computing.
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