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Atomic and ionic processes of silicon oxidation
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Our state-of-the-art calculations for ionic and neutral oxygen species, both molecular and atomic, in amor-
phous silicon dioxide show the amorphous nature of the oxide changes significantly the energetics of defect
processes like charge state change, incorporation into the oxide network, and splitup of the molecule. These
changes imply a new picture of silicon oxidation in the ultrathin film regime that explains anomalies like
layer-by-layer growth at terraces, roughness oscillations, the distribution of oxygen isotope incorporation, the
effects of excitation, and deviations from Deal-Grove kinetics. Our results suggest possible alternative routes
to improve oxide quality.
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The oxide on silicon is a major factor in silicon’s dom
nation of microelectronics: the outstanding gate dielectric
passivates the Si surface, and can be exploited in proces
Yet there is a looming ‘‘doomsday scenario’’: no means
known to meet the dielectric reliability targets in the sem
conductor industry roadmap. Nor are alternative dielect
likely to be available in time. So, are there new ways
squeeze extra performance from silicon’s oxide? Und
standing the key oxide growth processes is surely essen
going beyond average oxide structures and empirical or
cremental experimental studies. One must understand ce
‘‘problem features’’:1 layer-by-layer growth2 at terraces,3

roughness oscillating with oxide thickness,4 the distribution
of oxygen isotope incorporation,5 effects of excitation,6 sys-
tematic deviations from reaction-diffusion kinetics~Deal-
Grove model!1 and effects of electron injection.7 Our state-
of-the-art electronic structure theory fora quartz8,9 and
Monte Carlo calculations10 go beyond standard models b
considering atomic and molecular oxidizing species, char
and neutral, and processes associated with the Si/oxide i
face. Our results here for theamorphous oxiderationalize the
‘‘problem features’’ and suggest alternative approaches
oxide control and optimization.

The oxide on silicon is amorphous. Favored sites prov
explanations of oxygen solubility11 and hole self-trapping
To have a representative model, we have generated a nu
of periodic 72-atom amorphous structures by quench
from a melt using a well-tested set of two- and three-bo
empirical potentials.12 The unit cell was constructed to matc
the experimental density. Each quenched structure was
fully relaxed ~atomic positions and lattice vectors! using
VASP code13,14 with state-of-the-art density functiona
theory~DFT!, described below. The DFT relaxation energ
and displacements were homogeneous and very small~less
than 0.02 eV per atom, including the small volume chang!,
implying that the potentials gave good initial geometries.
the amorphous models have been characterized, and s
very good agreement with experimental data and with pre
ous calculations of bigger systems for properties such as
ergy per molecular unit, pair distribution function, angu
distribution function, and ring statistics. To test the stabil
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of the structures we ran 0.5 ps DFT molecular dynam
~MD! calculation at 600 K, for which the average rise
potential energy of the supercell was 5.5 eV. The syste
did not leave their minima of energy; and quenching to 0
~by geometry relaxation! recovered the same structures. T
characterization of our samples indicates that the struct
should be usefully representative of amorphous~a!-SiO2 for
their density.

The structure with the lowest energy was chosen for
tailed study of atomic and molecular oxygen species ins
growing oxide. The quench rate for this structure was 1
K/16 ps and the total time of quench was 360 ps. The rela
supercell is almost cubic with lattice vectors lengths
10.07, 10.61, and 10.06 Å. The density of the sample is 2
g/cm3 compared with experimental density of 2.20 g/cm3.
We note, however, that the DFT method used in this w
tends to underestimate the density by few percent for S2

structures and that amorphous silicas can have wide rang
densities depending on the way they were formed. The st
ture of the real oxides on silicon is unsettled, and appear
vary somewhat depending on the precise oxidizing con
tions. We have not attempted to model structure variati
through the oxide thickness. Our calculations are, theref
for reference amorphous oxides similar in density to r
oxides. The average interatomic distances~evaluated over 1
ps DFT MD run at 300 K after equilibration for 1 ps! are
1.643, 2.665, and 3.059 Å for Si-O, O-O and Si-Si, resp
tively. The average angles are 109.43° for/Si-O-Si and
141.38° for/O-Si-O. The ring statistics compares very we
with previous published work, however the three- and fo
membered rings are slightly over-represented at the exp
of eight-membered rings.

We identified a range of promising sites for interstiti
oxygens. For molecular species, we selected five of
larger interstices; molecules at two of these relaxed to o
interstices, leaving three distinct local minima. For atom
species, where peroxylike linkages occur~see Table I!, we
chose seven Si-O-Si units to sample the bond-angle distr
tion. The statistical analysis of results for all interstitial sit
will be published separately.
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To calculate stable structures, incorporation energies
electron affinities of oxygen species, we use the sp
polarized version of the same DFT method with the gene
ized gradient approximation and the PW91 functional,13 and
a plane-wave basis set with a 400 eV cutoff energy imp
mented within the VASP code.14 We include theG-point
only in Brillouin-zone integration. Ultrasoft pseudopotentia
were used for oxygen, and norm-conserving pseudopo
tials for the silicon atoms. Defects are separated by m
than 1 nm in our large unit cell. Geometry relaxation e
ploited conjugate gradient~CG! energy minimization, using
the ascending and descending valley points to search
transition states.9 All relaxation procedures continued unt
forces on atoms were less than 0.05 eV/A. In calculat
energies of charged species in a periodic model, we u
neutralizing background to converge Ewald summatio
correcting errors in the total energy to first order by t
Makov-Payne monopole-monopole energy correction.15

In calculations of electron affinities of oxygen specie
electrons added or removed from the system are transfe
to or from the bottom of silicon conduction band at t
Si/SiO2 interface; the energies are readily adjusted if dopi
temperature, or bias favor another source. The met
implemented in the VASP code keeps the energy zero
reference level, which stays at the same position with res

TABLE I. Average energies for different species in a-SiO2.
Atomic geometries show typical stable configurations. Positive
corporation energiesEinc mean endothermic incorporation from th
gas phase. Positive vertical electron affinitiesEa f f mean exothermic
capture of an electron from the bottom of the bulk Si conduct
band. Doubly negative species show no electron affinity. The s
to-site spread of values is shown in curly brackets$ %. Values for
quartz~Ref. 9! are given in square brackets@ #.
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to the SiO2 valence band in all calculations. This allow
reliable comparison of different charge states and means
our results correspond effectively to an isolated point def
in an infinite nondefective host lattice~a shift of the host
lattice levels after incorporation of a defect would mean t
the properties of the whole system are affected, wherea
shift indicates that all of the system but the local regi
around defect behaves as a nondefective host lattice!. We use
experimental information16 ~4.6 eV for the valence-band off
set at the Si/SiO2 interface, 1.1 eV for the band gap of Si! to
estimate the energy of an electron at the bottom of the c
duction band of Si with respect to the theoretical zero ene
level.

Table I and Fig. 1 give results for the lowest-energy sp
state for each species. Incorporation energies relate the
ergy of the most stable configuration to that of the init
nondefective amorphous structure, an isolated oxygen m
ecule or half molecule in triplet state and the energy of el
tron~s! as appropriate at the bottom of the Si conducti
band. Vertical electron affinities are for fixed atom positio
on adding an electron. Double-negative species show
electron affinity. We show average values and their spr
over the different sampled sites in the amorphous mo
plus values fora quartz.

The incorporation energiesshow molecular species ar
more stable than atomic species, in line with earlier view
Oxygen atoms form molecules exothermically if, under o
dation conditions, there are other O with which to react. F
a-SiO2, it costs 3.8 eV to incorporate two interstitial atom
oxygens, and 0.4 eV for O2i

0, so 3.4 eV is needed to disso
ciate the interstitial molecule~note that this significantly less
than bonding energy of a free molecule!. Incorporation of
neutral and singly charged molecular species into a-S2
needs on average 1.7 eV and 0.7 eV less energy, res

-

n
e-

FIG. 1. Average incorporation energies for different oxidizin
species in a-SiO2 ~see Table I for the spread of values!. Hexagons
show energies after geometry relaxation; circles show energies
electron capture before relaxation. Electrons are assumed to c
from the bottom of the Si conduction band. The inset shows
amples of the main oxidation steps.
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tively, than their incorporation intoa quartz.8 Qualitatively,
larger interstices give lower energies, providing special s
for solubility.11 Clearly, a quartz can be a poor oxide mimi
for reproducing average energies, especially for molec
species. Nor doesa quartz have the site-to-site variations
energy and cannot give an estimate of spreads of val
Fuller calculations, to be described elsewhere, show there
significant contributions to the energies associated with
dium range order not represented in the case of a crysta
host lattice or calculations with standard cluster models.

Charged species tend to be more stable than neutral
cies when electrons are available from the bottom of the b
Si conduction band. Even for doubly charged species, b
spin and charge seem well localized on the species its
Incorporation energies fall as negative charge increa
charging could be relatively common, although cases
O2i

21e2→O2i
22 may proceed by inelastic tunnelin

capture.17 In a-SiO2, the electron affinity~and hence electron
capture probability! varies from site to site. Oxide polariza
tion is partially included in supercell calculations, and t
terms omitted will favor charged species. Si substr
polarization18 ~not included here! also favors localized
charges.

Our predictions thus suggest a significant role for char
interstitial oxygens, which supports many previous expe
mental claims,19 including the effects on oxidation kinetic
of bias voltages and of ultra-low-energy electrons.10 Plasma
oxidation kinetics follows trends expected for ion
species.20 Oxygen adsorption on SiO2 results in O2i

2

species.21 Telegraph noise22 requires charge transfer betwee
Si and its oxide.

There are reactions which are either exothermic or
proximately energy neutral in which interstitial molecul
~relaxed initially! dissociate on electron capture: O2i

2 can
simply relax to O2i

22, but could split into 2Oi
2; the latter

process is less likely, partly because the relaxation energ
less, and partly because the two ions might recombine.
initially-neutral molecule, on capturing an electron by tu
neling, may split into Oi

01Oi
2, but this is marginal ener

getically. It is not enough, however, to know the minimu
energy properties of the species to judge the contribution
atomic species to silicon oxidation. The detailed knowled
of diffusion mechanisms is required too. For example,
doubly bonded structure of O2i

22 is likely to have a high
diffusion barrier. Transport may be more effective by diss
ciation into 2Oi

2 which then diffuse as two separate ions
In addition to minimum energy structures~see Table I! we

first calculated the diffusion paths and diffusion barriers
all the species ina quartz.9 The stable structures in amo
phous and crystalline host lattice are similar and we sho
expect the diffusion mechanisms to be also analogous.
this basis we conclude that the structures and diffusion
atomic species(Oi

0, Oi
2, Oi

22) in a-SiO2 involve incorpo-
ration of O into the oxide network and easy isotope excha
with network oxygens. The structures and diffusion mec
nisms ofmolecular species(O2i

0, O2i
2, O2i

22) make sig-
nificant isotope exchange unlikely, except at special netw
sites or substoichiometric regions, such as those propo
near the Si/oxide interface in the reactive-layer model. Si
24130
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observed isotope exchange is concentrated near the o
interfaces, atomic interstitial oxygen can only be significa
near these interfaces. When excitation by low-ene
electrons7 creates atomic species, exchange occurs throu
out the oxide, as expected.

Very low diffusion motion energies are predicted for O2i
0

in a quartz, of order 0.1 eV.8,9 In a-SiO2, energies will be
higher because available diffusion paths must sample
low-energy sites and a distribution of barriers. The avera
value of the measured activation energy for oxygen diffus
is about 1.2 eV, with a significant spread.23 The barriers for
molecular diffusion relate to sizes of passages. We h
made initial calculations of the barriers through rings of d
ferent sizes in the amorphous oxide~a fuller analysis will be
published separately!. Values of the barriers relative to th
mean of incorporation energies for the interstitial molecu
are over 2.3 eV for five-membered rings, 1.6–2.4 eV
six-membered rings, and around 1.2–1.3 eV for sev
membered rings. Examination of the amorphous topolo
shows, on average about two seven-membered rings
three six-membered rings involved in building each big vo
The 1.2–1.3 eV diffusion energy for seven-membered rin
agrees well with the experimental value. The activation
ergy for oxidation should be higher than the diffusion ener
by 0.4 eV~average incorporation energy for the oxygen m
ecule!; again the prediction of about 1.6–1.7 eV is fully co
sistent with experiment~1.3–2.3 eV!.

Our results suggest a new picture of silicon oxidatio
arising from the atomic and charged species created by
neling near the Si/oxide interface. Assume, consistent w
our results for a-SiO2 that charged molecular and atom
oxygen species can be created in the oxide within an elec
tunneling distance~say 1 nm! of the Si/oxide interface. First
Monte-Carlo calculations1,10 show charged oxidizing specie
explain the ‘‘problem features’’~layer-by-layer growth on
terraces, deviations from Deal-Grove for ultrathin oxide
etc.! phenomenologically. Silicon is more polarizable than
oxide, and the polarization energy biases key steps. S
ondly, these charged species will be far less important
thick oxide, where diffusion of neutral oxygen molecules~as
in Deal-Grove! remains the main rate-determining proce
Our results for O2i

0 in amorphousoxide lead to an energy o
oxidation similar to that observed. Thirdly, even for thic
oxides, isotope incorporation will indicate where atomic sp
cies are formed. If they are formed during capture of el
trons tunneling from the Si, one expects exchange prima
near the Si/oxide interface~a reactive layer24 may not be
needed!. Fourthly, our results are consistent with the o
served effects of low-energy electrons, both on kinetics a
on isotope incorporation. Finally, we stress thata quartz is
not a good oxide model for oxidation processes: an am
phous oxide is crucial.

Existing oxide dielectric reliability data fit a picture whic
involves creating random oxide defects until a conduct
channel of overlapping defects forms.25,26 For the thinnest
oxides, even one defect might be problematic. One crit
defect for stress-induced leakage currents27 is credibly be-
lieved to be the H bridge,28 with H associated with an intrin-
sic defect. Reliability requires oxide fine-tuning to elimina
4-3
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damaging or vulnerable features. Such features might
point defects, perhaps initiated as Si/oxide interfa
defects,29 or topological defects. Defects like O vacanci
will react readily with atomic or molecular oxygen. Oth
defects may react directly with O2i only with difficulty, since
two oxygens must find suitable sites. An example might
an Si-Si bond@not an O vacancy, but a direct Si-Si bond
the oxide, like that inferred from oxygen hyperfine data
part of thePb center on Si~111! ~Ref. 30!#. Yet a singleOi in
an appropriate charge state could render the vulnerable
ture harmless. Given the different behaviors predicted
atomic and molecular species,control of the proportions of
atomic and molecular species~whether by a mix of oxygen
with ozone or by providing some atomic oxygen! offers one
route to improvements in reliability.

Control of charge statemight be even more important fo
very thin oxides, through two distinct effects. Making Si th
cathode encourages electron emission, creating charged
cies close to the Si/oxide interface. Making Si the ano
24130
e
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biases ionic diffusion and the spatial distribution of the d
ferent charge states. These processes have different
scales.It is likely that oxide quality can be improved by
sequence of applied electric fields with well-chosen mag
tudes, directions and durations controlling the population
of different oxidising species at the interface.Identifying the
potential for oxide improvement by applied electric field
and by control of atomic/molecular proportions is not yet
recipe. There is a complex interplay between the several p
cesses. But we have identified important atomistic mec
nisms which are not usually considered and which sugg
new control parameters for enhancing oxide quality. In t
context of the ‘‘doomsday scenario,’’ this understandin
points to an opportunity.
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