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Structure and oxidation kinetics of the S(100)-SiO, interface
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We present first-principles calculations of the structural and electronic propertie®01)S6i0, interfaces.
We first arrive at reasonable structures for th8i/a— SiO, interface via a Monte Carlo simulated annealing
applied to an empirical interatomic potential, and then relax these structures using first-principles calculations
within the framework of the density-functional theory. We find a transition region at the interface, having a
thickness on the order of 20 A, in which there is some oxygen deficiency and a corresponding presence of
suboxide Si speciegnostly Si*2 and Si ). Distributions of bond lengths and bond angles, and the nature of
the electronic states at the interface, are investigated and discussed. The behavior of atomic cea®j€n in
is also investigated. The peroxyl linkage configuration is found to be lower in energy than interstitial or
threefold configurations. Based on these results, we suggest a possible mechanism for oxygen diféision in
SiO, that may be relevant to the oxidation procg§&0163-1829)08115-]

[. INTRODUCTION model would introduce significant stress across the interface.
A very recent paper by Pasquarelo al!® has used first-
Understanding the atomic structure of ultrathin silicon di- principles molecular dynamics to generate a model interface
oxide films on S{100 substrates is an outstanding problemstructure. The generated structure reveals an unexpected ex-
of great importance for microelectronic applicatidrisThe  cess of silicon atoms at the interface, but it shows no bond-
thickness of these films in commercial devices has droppeihg defects. A recent experimental paper suggests an abrupt
well below 100 A. Film thicknesses of 40 A and below areinterface modet? as opposed to the graded interface sug-
now being explored in experimental devices. Although suctgested from earlier pape?s. Additional uncertainty has been
ultrathin oxide films are in wide use, and considerable infor-generated by other studies about the interpretation of the
mation about them has been amassed using a variety of diguboxide peaks observéd™®
ferent experimental techniqués;® there is little consensus Another aspect that is of great interest is the oxidation
about the microscopic structure and oxidation kinetics of thekinetics for thin films. The formation of thick oxide films
films. Among the factors that have so far hindered detailed>200 A) is well-described phenomenologically by the
studies of the interface are the amorphous nature of the SiCDeal-Grove modef? in which molecular oxygen diffuses to
region, the difficulty of probing a buried interface, and thethe SiG /Si interface and reacts with silicon at the interface.
dependence of sample properties on preparation condition$his model predicts a parabolic dependence of oxidation
As a result, several issues relating to the detailed chemicdime versus oxide thickness. However, it is well known that
structure of the interface, and to the oxidation mechanism othe Deal-Grove model breaks down for the case of ultrathin
thin oxide films, continue to be controversial. films (<100 A); in this case, the oxidation kinetics have
Photoemission spectroscoES or x-ray photoelectron been shown to be faster than would be expected from the
spectroscopyXPS) have been the major experimental tech-linear relationship:**2*??However, there is little consensus
nigues used to study the interface structure. These exper&bout the mechanisms of oxidation kinetics in this case. Sev-
ments indicate the presence of a transition region of suboxieral phenomenological models have been propé%éd.
dized Si near the interface, with all three intermediate partiaBome of them fit the experimental data on oxidation kinetics
oxidation states observed. However, different experimentguite satisfactorily with a large number of fitting parameters.
suggest conflicting pictures of the structiré®For example, However, most of the models are without direct experimental
PES experiments indicate that the total suboxide is about twsupport. An analysis of kinetic results alone does not allow
monolayers,® while XPS results suggest it is 1-ML thiék. one to distinguish among different models. A few key prob-
Hattori*! argues in his paper that the total suboxide should béems associated with the oxidation mechanism still remain
1 ML. Using medium-energy ion-scattering spectroscopyunresolved. For example, it is uncertain exactly where oxi-
(MEIS) to study the interface, Gusev and co-workéfS dation takes place, and the mechanism of oxygen diffusion
have studied sequential isotopic exposures of oxygen antthrough thea-SiO, region is not clear.
found that the growth mechanism of interfaces depends on In this paper, we choose to address two main issues,
the thickness of the films. Further complicating the task hasamely, the microscopic structure of Si/Si®ear the inter-
been the lack of suitable interface models, which serve aface and the behavior of atomic oxygenaf8iO,. First, we
reference points for analysis of spectroscopic results. Theaarrive at plausible structures for the Si/SiDterface by per-
retical papers by Pasquarelt al!®'” have attempted to forming Monte Carlo simulated annealing using an empirical
construct interface models by attaching tridymite, a crystalpotential. Then we relax these structures and study their
line form of SiG,, to S(100. Although different suboxide properties via first-principles density-functional calculations.
states can be created, one would expect such an artifici&l/e obtain the statistical distribution of suboxide species near
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the interface region, and find a graded transition region with
a width of about 10 A. Second, for excess atomic oxygen in
a-SiO,, we compare the energy of the interstitial and peroxyl

bridge configurations. It is found that the latter is always

lower in energy. This suggests a possible mechanism of oxy-
gen hopping among neighboring Si—Si bonds.

The plan of the paper is as follows. Section Il gives a
brief description of the technique used to perform the calcu-
lations. In Sec. lll we present our study on the microscopic
structure of the Si/Si@interface, and Sec. IV contains the
results on oxidation kinetics of atomic oxygenatsiO,. We
summarize the paper in Sec. V.

IIl. METHODS

Our theoretical analysis consists mainly of two parts. In
the first part, we employ Metropolis Monte Carl®C)
simulations together with an empirical model potential rep-
resenting the structural energies to arrive, via simulated an-
nealing, at candidate structures for th&i/a-SiO, interface.

In the second part of the analysis, these candidate structures
are relaxed and analyzed using first-principles plane-wave
pseudopotential calculations. Because the structures of inter-
est involve coordination changes, we have followed
Hamani® in employing a generalized gradient approxima-
tion (GGA) to the exchange-correlation potential, specifi-
cally that of Perdew, Burke, and ErnzerH&fBE).2°

For use in generating theSi/a-SiO, interface structures FIG. 1. The WWW bond-switching moviRef. 28 used in the
within the MC approach, we designed a simple empirical-Monte Carlo simulations(a) Initial configuration. Atoms 1 and 4
potential model for the structural energy that is roughlyare first neighbors, and atoms 1 and 7 are second neightmrs.
based on the formalism of Keatif§.The only degrees of After bond switch. Atoms 1 apd 7 are now first neighbors, while
freedom that appear in this model are the Si atom coordi&toms 1 and 4 are second neighbors.

nates; a direct Si—Si bond is designated as a “shd8)’ ! . .
bond, while a $-O-Sibridge configuration is designated as _nthm of Wooten, Winer, and Wean(éNW_\N).ZB To random-
a “long” (L) bond. In this way, the whole-Si/a-SiO, struc- ize the structure, one of the second ne_|ghpors of_a randomly
ture is replaced by a network of “short” and “long” bonds cr:]osfgn ato_mh|bs S‘{)V'tChed tohbecomedlts f_|rsr,(tbne|'g:hbojr_, and
; : that first neighbor becomes the second neiglibee Fig.
between Si atoms. Its energy s taken to be Notice that the bonds being switched can be either S or L
1 , , 1 . N bonds. For the bond conversion moves, a randomly chosen S
E= EZ ki (d; —dg’)?+ 52 ki (cij—c™2 (1) or L bond is swapped with a neighboring bond of opposite
' ') type. In all of the discrete moves, the total number of S and
The first term represents the bond stretching term, wkigte L bonds are conserved, meaning that the number of oxygen

andd{ take valuex®=9.08 eV/R andd$=2.35 A for a  atoms in the system does not change during the MC simula-
“short” bond. or kL;l 89 eV/R and dg:3 04 A for a tions. After each move, the structure is relaxed within the
’ r . .

Keating-like model, and the energy difference between the
relaxed structures before and after the move is computed.
SL L . ) The Metropolis algorithm is then employed to decide
Ky =3'8fl ev, .and<9 =4.03 eV, wherg and] are summed whether the new structure is to be accepted. In the case of the

over neighboring bonds only. Hex, |s(i_t)he cosine of the  gj/5i interface, certain atoms in theSi region are fixed
angle subtended by bondsandj, and ¢y’ = cos(109.47°) (i not allowed to relax, and no bond switching or conver-
= —1/3 is the corresponding reference value. The parametet§on moves involving them are allowed
for the empirical potent_ial were chosen such that they repro- after generating structures from the MC simulations,
duce not only the equilibrium structures, but also the bulkfirst-principles plane-wave pseudopotential calculations are
and shear moduli, of crystalline Si argitcristobalite struc-  carried out to produce accurate and relaxed structures. The
tures. The only parameter that cannot be fixed empirically i%xchange and correlation energy and potential are imple-
the bond-bending terrkj" associated with a mixture of S mented in the PBE-GGA scherf&The pseudopotential for
and L bonds. However, it is found thia}® andk}" are very O is that used in Ref. 29, and was generated using an ultra-
close to each other, sk, was chosen as the average of soft pseudopotential scherféThe ultrasoft pseudopotential
these. for Si is generated with a core radius of 1.3 a.u. and valence
There are two types of discrete moves allowed in our MCstates of 3 and 3. Self-consistent total energy and force
simulations, namely, bond switching and bond conversiorcalculations are used to relax the atomic coordinates until the
moves. For the bond switching moves, we adopted the algderces are less than 0.25 eV/A. A cutoff energy of 25 Ry is

“long” bond. Similarly, the second term represents the
bond-bending term, wherk{") takes valuek3°=3.58 eV,
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used for the calculations in Sec. 1V, but this was reduced to

15 Ry for the majority of total-energy calculations of inter-

face structures presented in Sec. Ill. The low-energy cutoff

for the interface structures was chosen so as to reduce the

computational burden. It is found that when we raise the \ —

cutoff energy to 20 Ry, there is only a slight effect on the |

structural configurations. More specifically, there is less than |/} N o

1% of error in bond lengths and 5% of error in bond angles AN \ N

when we compare structures generated with different cutoff //\ oSN AN

energies. So, a cutoff energy of 15 Ry is enough to provide |/ | 7 \ N

accurate results for our analysis. For all cases, the Brillouin [/ 7 '\ =~ ~.

zone sampling consists of a sindtepoint atI". This sam- Ve N \ .

pling choice is already representing a higpoint density in 7/ AN ™~

the reciprocal space, as large periodic supercells are being ML S ~.
- : 0.0 8.0 16.0 24.0

used in the calculations. Distance in Angstroms from Interface

In order to treat the PBE-GGA exchange and correlation

potential efficiently during the plane-wave calculations, we  giG. 2. Oxidation number of Si versus distance of Si from in-
employ the approach of White and Bittiln this method, by  terface, as obtained from the Monte Carlo simulations. Curves rep-
writing the energy and potential in a discretized form, thereresent distribution profiles for five different oxidation states,
is no need to represent the charge density and its gradient @moothed by a Gaussian broadening of wietd A. Data is com-

a finer real-space mesh. This not only reduces the computgiled from six different structures with a total 6f10° Si atoms.
tional time and memory requirements, but also improves the

convergence and stability of the calculations. neighbors to a given Si atorwersus distance from the inter-
face is shown in Fig. 2. It shows that the size of the transition
region is about 20 A, which agrees with some former experi-
mental papef? The figure also shows that some Skpecies
The initial input structure for the MC annealing procedureare concentrated within-5 A of the interface, while some
is a crystalline supercell containing either 12 or 40 layers ofSi*2 species extend-10 A into thea-SiO, region. A very
Si atoms stacked along t1601] direction, each layer con- small amount of Si® extends beyond 20 A from the inter-
sisting of four atoms in a cell of dimension®ax /2a in face. The total density of Si suboxide species in the interface
the x-y plane. The three central layers of Si atoms are helds about 3.X 10'%cn?, or 4.7 monolayers, which is several
fixed in each structure, to form the portion that will remain times larger than some experimental estimatés! How-
as thec-Si region. The bonds in that region, plus either oneever, we would point out that the distribution of suboxides
or two layers of adjacent bonds, are initially assigned as $grees qualitatively with some XPS and PES stufifen
bonds; the remainder are assigned as L bonds to form thidese experiments, it is found that*$iand Si? states
“oxide.” (The structure formed in this way is initially highly are localized within 6-10 A of the interface. Some
strained, but the action of the MC bond-switching moves experiment$®also suggest that 5% species extend-30 A
combined with the fact that theaxis is allowed to relax on into the bulk SiQ, again in qualitative agreement with our
each MC step, soon anneals away most of this siréit.  simulations. Himpsekt al® have proposed that the charac-
bonds except those in the central three-lay&i region are teristic protrusions of Si® into the bulk SiQ could be seen
allowed to be switched and/or converted during MC simula-as the cores of misfit dislocations, which are caused by the
tions. The MC annealing schedule starts with a temperaturkarge lattice mismatch of Si and SjCHowever, the result of
on the order of roughly TOK with five sweeps(Each sweep Himpselet al. suggest only a modest penetration of Sinto
is a number of trial steps equal to the total number of atbms.the bulk SiQ.
Then, the temperature is reduced by approximately a factor Of course, we emphasize that our statistical results re-
of 2 while the number of sweeps is increased by a factor of Dorted in Fig. 2 are generated purely from the MC simula-
for each consecutive simulation stage. The annealing schediens, with no input from the first-principles calculations.
ule stops when the temperature reaches around 700 K and tiiée z positions of the atoms would shift slightly when re-
number of sweeps reaches the order of. Further reducing laxed with the first-principles calculations, but this typically
the temperature does not produce a significant effect in thshifts the points in the figure by less than 0.2 A. More sig-
resulting structures. nificantly, one should ideally recompute the statistics using
In order to investigate the transition region near the interthe first-principles total energies in the MC procedure, but
face as generated by the MC procedure, we use initial inpusuch an approach would be prohibitively expensive. Never-
geometries having 40 layers of Si atoms, having a total otheless, the qualitative agreement with experiment regarding
160 Si atoms and 256 O atoms. The initial dimensions othe distribution of suboxide species suggests that the inter-
these periodic supercells are 7:68.68<54.30 A, but the face structures as generated by the empirical MC procedure
third cell dimension relaxes te-90 A during the simula- are fairly reasonable.
tions. To ensure a satisfactory degree of statistical distribu- First-principles calculations were only carried out for the
tion of the bond network, six different structures with a total structures with 12 layers of Si atonfa total of 96 or 112
of ~10° Si atoms are used. The resulting statistical distribu-atoms, depending on how many layers were oxidiz&or
tion of Si oxidation numberi.e., the number of oxygen the 40-layer structures, such calculations would be too com-
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FIG. 4. Histograms of 5:O—Sibond angles, for bond angles
located(a) within 5 A of theinterface, andb) between 5 and 10 A
from the interface.

FIG. 3. Two examples of relaxed interface structures, as gener-
ated by Monte Carlo annealing followed by first-principles relax- the average oxidation is two. As the average oxidation state
ation. Periodic replicas arise because the field of view spans twef the two Si increases to three, the bond length rebounds
supercell dimensions in each of the directions parallel to the interS"ghﬂy, but is still about 3% shorter than that of theSi.
face. Since an Si—0 bond has less covalent character than a Si-Si

bond, the initial shortening of the bond can be understood as
putationally demanding. The initial input dimensions of thea strengthening of the covalent character of the remaining
periodic supercell are 7.687.68x 16.29 A, but this relaxes Si—Si bonds, while the rebound for 'Siis presumably re-
to 7.68x 7.68x ~23 A when the third dimension is allowed lated to the Coulomb repulsion between the increasingly
to relax during the MC procedure. First-principles calcula-positively charged Si atoms as they lose electrons to their
tions are then carried out on seven structures to relax botimore electronegative O neighbors. The Si—O bond length
the atomic coordinates and the supercetiimension, the decreases from about 1.67 to about 1.62 A when the oxida-
latter typically being found to change by less than 6% fromtion state of Si involved increases from one to four. As ex-
the empirical-potential MC value. Note that these severpected, the Si*~O bond length is very close to the observed
structures were generated using the same MC procedure, budlue (1.6 A) in a-SiO,.
with different random number seeds, so that they can be We have also investigated the electronic states of these
regarded as a small subset of the full ensemble that would bieterface structures. We do not find any defect state in the
generated by the MC approach. energy gap of our structures. This is not surprising, and re-

Two examples of the relaxed interface structures ardlects the fact that our geometries correspond to a continuous
shown in Fig. 3. Because of the lattice mismatch, a region ofandom network structure without any broken bonds being
purea-SiO, cannot easily be attached directly t@-&i sub-  present. We also specifically inspected the highest occupied
strate. As a result, as illustrated in the examples of Fig. 3molecular orbitalstHOMQO’s) and lowest unoccupied mo-
suboxide species are humerous in the region near the intelecular orbitals(LUMO’s) of these structures, but did not
face. One might then expect that the structure in the oxidéind any simple pattern for the localization of these orbitals.
should differ significantly from that of bulla-SiO, in this ~ Sometimes the HOMO or LUMO states are confined mainly
transition region. Indeed, our results support this. For exio thec-Si region(typically being concentrated either at the
ample, Fig. 4 shows the statistical distribution of oxygentop or bottom interface but remaining relatively delocalized
bond angles in different regions away from the interfacein the x-y plane, but they also frequently have substantial
These distributions become broader and more evenly distritemplitude at certain localized sites in the oxide region. We
uted as one gets further from the interface, eventually resentried to determine whether abnormal bond lengths or bond
bling fairly closely the accepted bubkSiO, distribution? angles might be associated with the localization of the

Another structural aspect we have examined is the Si—-3iUMO or HOMO orbitals, but we found no simple correla-
bond length in the Si©region. We find that the bond lengths tion of this kind.
become shorter when the average oxidation state of the two In summary, in this part of our paper we have shown that
participating Si atoms increases from zero to two. The bondt is possible to generate reasonable interface structures for
length is about 4% shorter than that®5i (2.35 A when the Si/SiQ interface despite the huge lattice mismatch, pro-
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(@Jﬁa) ; t;%
FIG. 5. Possible bonding configurations for an extra oxygen
atom ina-Si0,. (a) “Threefold” configuration in which an extra
oxygen binds to a bridge-bonded oxygedh) “Peroxyl bridge” (¢) (d
configuration in which an extra oxygen inserts into a bridge bond.

Filled and open circles represent oxygen and silicon atoms, respec-
tively.

(b)

vided that one allows for the presence of suboxide states of FIG. 6. Proposed mechanism for diffusion of atomic oxygen in
Si in the transition region. The distribution of suboxide States,_sjo,. (a) Initial configuration with peroxyl bridge at leftb) Per-

that emerges from our simulations is generally consisten,| prigge excites into a threefold structute) Extra oxygen atom
with experiments. Moreover, our interface structures are efymps to a neighboring boné) Threefold structure decays to form

tirely free of dangling bonds. Of course, by its constructionpew peroxyl bridge at right.
the MC procedure automatically generates continuous ran-

dom network (CRN) structures that are free of dangling cess oxygen. Comparing the energies of the threefold and
bonds, but we then relaxed these structures using the firsferoxyl configurations, we find that the peroxyl bridge is
principles calculations. While bonds might have broken oryjways the more stable configuration, with the energy differ-
reformed during this relaxation procedure, such events wergp e varying in the range of about 0.9 to 2.8 eV. We also
never observed in our calculations. That is, the firsting that there is a strong correlation between the relative
principles relaxations always preserved the identity of thestability of the peroxyl configuration and the length of the
MC-generated CRN structures. This_ r_e_sult is not trivial, ande|axed Si—Si distance in the peroxyl bridge; thus, the per-
provides some support for the credibility of the MC proce- gy is (not surprisingly most likely to form where there is
dure. The first-principles calculations also provided Si—Oyqom for the two Si atoms to separate to make room for it.
bond_—length _and iISO-Si bond—ang_le distribution_s that are  \we find almost no energy barrier between the threefold
consistent with the the accepted picture for bal&iO,, and  and peroxyl configurations. This suggests that the threefold
the electronic spectrum was checked for the absence of 98nfiguration is only barely metastablée., almost un-
states. For all these reasons, we argue that the two-step prguplg. There could be two implications to be drawn from
cedure proposed her@VIC generation followed by first-  this result. First, the peroxyl bridge configuration can assist
principles relaxation produces reasonable interface struc-i, the diffusion kinetics of oxygen. Spontaneous formation
tures. and disintegration of peroxyl structures can occur during the
oxidation process, thus helping in promoting the diffusion of
IV. OXIDATION KINETICS IN  a-SiO, oxygen. _Second, the per_oxyl bridge structure can hop among
neighboring bonds of Si. Starting from the peroxyl bridge

In this part of the calculations, the energetics of atomicconfiguration, the hopping could occur by an initial forma-
oxygen in ana-SiO, environment is investigated. Thus, for tion of a threefold configuration, then a jump of the extra
the MC simulations, only a random network of “long” oxygen atom to a neighboring bond, and then the formation
bonds is needed as input. Periodic supercells (201010 of a new peroxyl bridge in that bond. This proposed hopping
X 7.14 A) containing 49 atom@ncluding the extra intersti- mechanism is illustrated in Fig. 6. The precise energy barrier
tial O atonm) are used. The extra interstitial oxygen atom isfor this mechanism is not computed, as it depends in detail
first placed randomly inside the cavity formed by #8&iO,  on the particular environment. More specifically, the precise
network, and the system is allowed to relax. We find that theenergy barrier will depend on the detailed configurations of
extra oxygen atom binds to a neighboring oxygen atom thathe threefold and peroxyl structures, and also the surrounding
is already part of a iSO-Si bridge bond, as illustrated in amorphous environment. Thus, the task of computing the
Fig. 5@a). The distance between the neighboring oxygens idbarrier will be very complicated. However, we expect it
only ~1.54-1.59 A, so that the bridge-bonded oxygen isshould be of the same order of magnitude as the difference of
essentially threefold coordinated. the peroxyl bridge and threefold configurations.

This threefold structure is a local minimum of the energy  This hopping mechanism is similar in spirit to one pro-
landscape, but to determine whether it is truly stable or onlyosed recently by Hamarifiwho studied a peroxyl bridge
metastable, we then tried rearranging the two oxygen atomstructure within ane-quartz supercell. In Hamann’s model,
into a peroxyl bridge structure as shown in Figb)5 Again  the overall hopping process is similar to ours, except that in
the structure is allowed to relax, and a local energy minimunplace of the intermediate structure that we propose in Figs.
associated with the peroxyl bridge configuration is found,6(b) and &c), he has proposed an intermediate structure in
with the distance between the two oxygen atoms beingvhich the extra oxygen atom is attached to the shared Si
~1.50-1.57 A. The existence of peroxyl bridge configura-atom and acts as its fifth neighbor. The process then becomes
tions in SiQ has already been suggested on the basis oh three-step mechanism. It begins with a peroxyl bridge, then
some experimental papéfsin which UV absorption evi- evolves into a fivefold Si configuration, and finally becomes
dence for peroxyl bridges was found in the presence of exa new peroxyl bridge in another bond. Our energy difference
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between the consecutive structures in the hopping mecha&onfirmed that no deep gap states exist, but did not find any

nism is roughly similar to that of Hamann's.

V. SUMMARY

consistent pattern for the nature of the HOMO and LUMO
orbitals.
The kinetics of atomic oxygen ia-SiO, were also inves-

] tigated. The peroxyl bridge structure was found to be stable,
~We have studied a number of supercells to model theyith its energy computed to be lower than that of interstitial
Si(100)/a-Si0, interface. A Monte Carlo simulated- or threefold configurations. We suggest a possible mecha-

annealing method, applied to a simple Keating-like modehism for transport of atomic oxygen in teSio, film, in-
potential in which “long” and “short” bonds represent Si— lying diffusion of the peroxyl bridge configuration, that

O-Si and Si-Si bonds, is used to generate reasonable strugsy|d play a role in the interface oxidation during the forma-
tural models of the interface. These structures are consistefln of thin films.

with experimental observations of suboxide distributions. In
particular, St and Si'? suboxide states are concentrated
within about 10 A of the interface, with the Si extends up
to about 20 A into the bulk SiQ As expected, the SiO
region shows more of the bulk-SiO, character as one
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