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Initial stage of oxidation of Si (100) surface by O, molecules was investigated in atomic scale by
molecular dynamics (MD) simulation at 300 K and 1200 K without external constraint on the
oxygen molecules. A reactive force field was used for the simulation to handle charge variation as
well as breaking and forming of the chemical bonds associated with the oxidation reaction. Results
of the present simulation are in good agreement with previous first principle calculations and
experimental observations: the oxygen molecules spontaneously dissociated on the Si (100) surface
and reacted with Si first layer without energy barrier. The simulation also exhibited that the reacted
oxygen preferentially located in the back bonds of the surface dimer. Consecutive oxidation
simulation with 300 O, molecules showed that the diffusion of oxygen atom into the subsurface of
clean Si surface can occur during very short time of the present oxidation simulation. The present
MD simulation also revealed that the oxidation at 300 K results in more stoichiometric oxide layer

than that at 1200 K. © 2011 American Institute of Physics. [doi:10.1063/1.3632968]

INTRODUCTION

Silicon oxide (SiOy) has been adapted to the gate dielec-
tric material of complementary metal oxide semiconductor
(CMOS) transistor owing to its thermodynamic stability,
excellent interface with a few defects, and superior electrical
isolation properties. For last decades, scaling of Si CMOS
device has proceeded with the reduction in the thickness of
the SiO, dielectric layer to a few atomic layers.' Engineer-
ing the interface structure between Si and the extremely thin
SiO, has been thus considered as an essential factor in the
device performance, leading to the requirement of an atomic
scale understanding in the early stage of Si oxidation. There-
fore, the initial stage of Si oxidation has been one of the
most intensively studied topics, yet remains controversial.
Even in the high-k dielectic gate stack for future devices, the
formation of very thin SiOy layer at the interface is essential
to minimize the interface state density.375 Therefore, under-
standing the initial stage of Si oxidation is still relevant and
crucial to optimize the gate structure of next generation devi-
ces. Initial oxidation behavior also attracts much attention
due to its unique features that cannot be well described by
the classical kinetic models.®™

A great deal of experimental investigation has been per-
formed to resolve the oxidation state of the Si atoms in mo-
lecular level using various experimental techniques such as
surface differential reflectance (SDR),IO’11 x-ray or ultravio-
let photoemission spectroscopy (XPS/UPS),*'*'> scanning
reflection electron microscopy (SREM),'® in situ Auger elec-
tron spectroscopy (AES) combined with reflection high
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energy electron diffraction (RHEED),"” high resolution
Rutherford backscattering spectrometry (HRBS),'® or scan-
ning tunneling microscope (STM).%'** However, the exper-
imental observations exhibited complex behaviors of the
initial oxidation phenomena, and the atomic scale computa-
tion has been expected to provide deeper insight of the reac-
tion. Many theoretical calculations using density functional
theory revealed the most probable oxygen adsorption path by
comparing the energy barriers of several possible paths.?'~%’
Direct oxidation simulation using quantum molecular dy-
namics was also tried to understand kinetic pathway for Si
oxidation.”’ ' Ab initio or classical MD simulations were
employed to find the structural model of Si/SiOy interface
using an artificially built interface as the starting materials or
inserting O in Si-Si network.***>77 Because the ab initio MD
simulations were limited in both time scale and the size of
the calculation system, the previous works could not extend
beyond single O, molecule reaction on a small Si (100)
dimer configuration. The classical MD simulations were also
performed under the constrained condition where the oxygen
atoms were impinged into Si-Si bond at the interface fol-
lowed by relaxation.”*~*#-3 Although the previous theoreti-
cal works enabled the atomistic understanding of the
structures of the oxide layer itself or its interface with Si, it is
still far from understanding the Si oxidation behavior during
real oxidation process.

In the present work, we tried to simulate the oxidation
behavior of Si (100) surface by placing oxygen molecules on
the Si (100) surface at an oxidation temperature without any
external constraint on the oxygen molecule. We investigated
the oxidation by a reactive molecular dynamics simulation
method using the reactive force field (ReaxFF) of Si-O
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system developed by van Duin er al.*® The simulated single
O, molecule reaction exhibited the behaviors consistent with
the previous theoretical works, which validates the ReaxFF
for the MD simulation in more realistic oxidation condition.
Consecutive oxidation simulation using 300 O, molecules
showed that in the initial stage of oxidation, more stoichio-
metric oxide surface can be formed at 300 K, whereas broad
sub-oxide surface was formed at 1200 K. This result would
result from considerable oxygen diffusion into the clean Si
matrix even in the time scale of a few ns.

Computation details

Surface oxidation of Si needs an interatomic potential
that can provide consistent description appropriate for cova-
lent system of Si and all forms of ionic silicon oxide systems.
The potential function should also correctly handle the charge
distribution (or reaction) between oxygen and silicon. We
used the ReaxFF for Si-O system, which would allow accurate
simulations of the bond breaking during oxidation and the
interface evolution between silica and silicon.*” The system
energy in the ReaxFF is partitioned into several partial energy
contributions. All the covalent interaction terms are expressed
by the continuously updated bond order. The bond order is
calculated from the instantaneous interatomic distance to
allow the creation and dissociation of bonds during a simula-
tion. The interactions are then formulated to ensure that their
energy contributions disappear upon bond dissociation.
Because bonds are breaking and reforming during dynamic
simulations, pairwise nonbonding interactions such as van der
Waals and Coulomb interactions are also included for all
atom pairs. For the Coulomb interaction, atomic charges are
calculated using the electron equilibration method (EEM).
EEM parameters were optimized using Mulliken charge distri-
bution obtained by density functional theory calculations.

“Large-scale Atomic/Molecular Massively Parallalized
Simulator” (LAMMPS) code integrated with ReaxFF was
used for the present simulations.*' The ReaxFF integrated in
LAMMPS was benchmarked with amorphous silica, since the
oxidation of Si surface results in an amorphous SiOy layer.
Amorphous SiO, was constructed by initially heating an o-
quartz up to 6000 K in isobatic-isothermal microensemble en-
semble until the system was completely melted and quench-
ing the melt to room temperature within 1 ps. Figure 1 shows
the partial radial distribution function (p-RDF) of the amor-
phous silica and Table I, the density and atomic bond struc-
ture obtained from the amorphous SiO,. Partial RDF
spectrum is almost identical to that obtained by Fogarty et
al.*? using another ReaxFF implementation (SERIALREAX).
(See Fig. 7 in Ref. 42.) Vashishita et al® also reported the
narrow Si-Si partial RDF spectrum. Because the simulated
spectrum was obtained without considering the finite detector
resolution of the experiment, only the mean values of the
peak position can be compared with the experimental meas-
urements. As shown in Table I, all the calculated structural
characteristics of amorphous SiO, are in good agreement
with the experimental measurements.

Figure 2(a) shows the simulation box for the present
simulation. Slab model of single crystal Si of (100) surface
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FIG. 1. (Color online) p-RDF of amorphous silica.

was used as the substrate after relaxing at 300 K for 10 ps.
Figure 2(b) shows the topview of the Si surface which exhib-
its the well-known surface dimers along (110) direction as
marked by white lines. Reasonable agreement between cal-
culated and observed properties of crystalline Si was also
obtained as summarized in Table II. In order to mimic a
thick substrate, Si atoms in the bottom 0.1 nm region of the
simulation box was fixed. Atoms in the region of about 6.6
nm above the fixed layer were kept at a constant oxidation
temperature (300 K or 1200 K) during simulation to provide
a thermal bath in the system. Temperature of the thermal
bath was rescaled at every time step (1 fs) during simula-
tions. All the atoms above the thermal bath were uncon-
strained with an initial temperature set to the oxidation
temperature. Oxidation simulation was done by placing an
O, molecule presented by blue balls (indicated by an arrow
in Figs. 2(a) and 2(b)) at the distance 0.12 nm above the sur-
face, without any external constraint. This distance was cho-
sen from the preliminary simulation to find the largest
distance for the O, molecule to react with Si surface. Two
simulation sets were carried out. In order to compare the oxi-
dation behavior with the previous ab initio calculations or
the experimental results of surface reaction, single O, mole-
cule reactions were investigated on randomly selected sur-
face positions with various oxygen molecule configurations
for 10 ps. 1000 independent single molecular reactions were
statistically analyzed. Second, we oxidized the surface by

TABLE I. Structural properties of amorphous silica calculated by molecular
dynamics using ReaxFF and experimentally observed data.

ReaxFF MD Experiment
Density (g/cm?) 225 2.20°
0-Si-O angle (°) 109.36 109.4*
Si-O-Si angle (°) 142 144*
Si-Si distance (nm) 0.310 £0.02 0.3077,0.312*
0-0 distance (nm) 0.270 = 0.04 0.2626,° 0.265
Si-O distance (nm) 0.159 = 0.006 0.1608,% 0.1620°

“Reference 49.
*Reference 50.
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sequentially adding 300 O, molecules on the surface to study
the oxide surface layer evolution.

RESULTS AND DISCUSSION

Figure 3 shows the typical snapshots of the oxidation
reaction when the oxygen molecule was placed on the dimer
row of the relaxed Si (100) surface at 300 K (Figs. 3(a)-3(c))
and 1200 K (Figs. 3(d)-3(f)). Three different configurations
of oxygen molecule with respect to the surface were investi-
gated: 0 =90° (Figs. 3(a) and 3(d)), 45° (Figs. 3(b) and 3(e)),
and 0° (Figs. 3(c) and 3(f)), where 6 is the angle between the
0-0O axis in the oxygen molecule and the surface normal.
When 6 =90 or 45°, most oxygen molecules spontaneously
dissociated into two oxygen atoms in at most 100 fs at both
300 and 1200 K. This simulation results support the experi-
mental observations that the first subsurface oxidation occurs
without energy barrier.'®'® The temperature independence of
the dissociation behavior will be discussed later. After disso-
ciation, the oxygen atoms formed silanone species on the sur-
face as indicated by arrows in Figs. 3(a), 3(b) and 3(d). The
silanone species as a stable intermediate phase of Si oxidation
was suggested by both infrared absorption spectroscopy and
the first-principles quantum chemical calculations combined

TABLE II. Properties of crystalline Si calculated by molecular statics using
ReaxFF, calculated by ab initio density functional theory and experimentally
observed data.

Silicon ReaxFF MD AB Initio® Exp®
Lattice constant (nm) 0.532 0.545 0.543
Bulk modulus (Mbar) 1.12 0.98 0.99
Cohesive energy (eV/atom) 4.56 4.84 4.63

“Reference 51 and references therein.
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FIG. 2. (Color online) Side (a) and top
view(b) of the simulation box.

with STM study.’****> The oxygen atoms then rapidly
moved from the dimer row position to the channel between
the dimers in the direction opposite to each other. The oppo-
site movement would be a natural consequence of Coulombic
repulsion. Both oxygen atoms were then incorporated into the
back bonds of the dimer row, in agreement with the previous
experimental and theoretical results.”'""'?*2* The oxygen-
silicon reaction occurred almost spontaneously within 0.5 ps
at both 300 K and 1200 K. The oxidation reaction was essen-
tially same when 0 =0° (Fig. 3(c) or 3(f)), except that upper
oxygen atom in the molecule frequently left from the surface
after the dissociation.

The reaction kinetics is dependent on the position of ox-
ygen molecule on the Si (100) surface. Figure 4 shows the
oxidation process when the oxygen molecules were placed
on the channel between dimmers. Because of the longer dis-
tance from the surface silicon atoms, dissociation of the oxy-
gen molecule occurs more slowly than those in Fig. 3.
However, the resulting atomic configuration of the oxygen
incorporated Si surface is essentially the same.

The spontaneous dissociation of oxygen molecule
observed in the present MD simulation is consistent with
recent ab initio calculations.'®?'2*282%46 Richard er al.*
suggested the different barrierless pathways for the direct
dissociation of the oxygen molecule, depending on the initial
position of the molecule. They showed that low activation
barrier (0.25 eV) for the dissociation of oxygen molecule can
be readily overcome by the energy gain of the dimer-
breaking accompanied with the chemisorption of the oxygen
molecule. The ab initio calculation revealed that the dissoci-
ation of oxygen molecule on Si surface lower the energy by
4.14 eV. This energy gain will generate “hot atoms” that can
provide enough kinetics for the oxygen incorporation into
the back bonds of Si dimer. The hot atom mechanism would
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FIG. 3. (Color online) Time evolution of single oxygen molecule reaction at 300 K for (a) 0 =90, (b) 45, and (c) 0°. Time evolutions at 1200 K are shown in
(c), (d) and (e) for 0 =90, 45° and 0°, respectively.

explain the similar behavior of oxygen reaction regardless of O, molecule reactions for 10 ps with randomly placing an ox-
the oxidation temperature. ygen molecule on the Si (100) surface. We observed that the

For a statistical analysis of the oxygen-silicon interac- system energy fluctuation due to the oxygen incorporation is
tion, we performed simulations of 1000 independent single  pacified after 3 ps. Table III shows the probability of an

FIG. 4. (Color online) Time evolution of single oxygen molecule reaction when oxygen molecule is placed on a chnnel of dimer rows at 300 K with 6 =45°.
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TABLE III. Total uptake fraction of oxygen and the depth distribution of
the oxygen obtained by statistical analysis of 1000 single O, reaction events.

Oxygen position after 10 ps 300 K 1200 K
Layer 1 (0.0-0.2 nm) 70.76% 69.47%
Layer 2 (0.2-0.4 nm) 20.63% 21.73%
Layer 3 (0.4-0.6 nm) 8.23% 7.81%
Layer 4 (0.6-0.8 nm) 0.37% 0.85%
Layer 5 (0.8-1.0 nm) 0% 0.13%
Total fraction of adsorbed oxygen 80.20% 76.15%

oxygen atom to be placed in a certain depth. Because of the
time limit of the MD simulation, the probability was obtained
without considering the thermal diffusion in long time scale.
Therefore, the depth profile data of Table III would be steeper
than in real oxidation reaction and the discrepancy will be
more significant at higher oxidation temperature. In spite of
the limitation in time scale, it is evident that the oxygen atom
significantly penetrated into the Si matrix at both 300 and
1200 K. Considering the present simulation time of 10 ps, the
diffusion in this simulation would be the ballistic one as pro-
posed by Yasuda er al.'® Slightly higher probability of oxy-
gen in deep layer 5 (0.8~1.0 nm in depth) was observed in
1200 K simulation. The total fraction of oxygen atoms incor-
porated into Si substrate is also dependent on the oxidation
temperature: about 19.8% and 23.85% of oxygen atoms left
the Si surface at 300 K and 1200 K, respectively. Figures
3(c), 3(e), and 3(f) show the cases that one of the oxygen
atoms left the Si surface after dissociation of O, molecule. At

-«
: "‘\\"c. \)
BN .

NA
=
\ |

‘,,

J. Appl. Phys. 110, 053513 (2011)

higher temperature, larger kinetic energy of the oxygen mole-
cule would increase the probability for the oxygen atom to
leave without reaction. However, it must be noted that the
difference in the fraction is not as significant as the difference
in the oxidation temperature. This result implies that the oxi-
dation reaction on Si (100) surface is more dependent on the
initial configuration than the oxidation temperature, which
would be caused by the low energy barrier for the dissocia-
tion of the oxygen molecule.'®2!2*282946 The single O, mol-
ecule reaction simulations using the ReaxFF were in good
agreement with the previous experimental and theoretical
works, which support that the ReaxFF represents well the oxi-
dation behavior of the Si surface.

Next, we simulated the oxidation of the Si (100) surface
by consecutively supplying 300 oxygen molecules on ran-
domly selected position of the surface with randomly chosen
angle 0. The interval between two consecutive addition of
the oxygen molecule was set to be 20 ps. Total simulation
time was thus 6 ns. Before supplying each oxygen molecule,
temperature of the system was rescaled to the oxidation tem-
perature. It must be noted that the present work would reveal
the initial oxidation behavior of clean Si (100) surface,
because the time scale of the present simulation is not
enough to consider the thermal diffusion of oxygen in long
time scale. Figure 5(a) shows the atomic configuration of the
oxidized surface. Oxygen atom is presented by blue balls
while silicon by dark brown ones. It appeared that the atomic
structure of the surface became amorphous by the oxidation.
We calculated the radial distribution function (RDF) of the

1.603

-0.7758

FIG. 5. (Color online) Top view of the
oxidized surface by 300 oxygen mole-

-1.603 cules consecutively added on the surface
every 20 ps. The atoms are colored by
(a) the atom (oxygen in dark blue and
silicon in dark brown) (b) the Mulliken
charge as shown in the color index bar,
and (c) the coordination number.
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oxidized surface layer of thickness 1.37 nm. Even if the RDF
was of large statistical noise, it was evident that no long
range order was observed. The distances of the first nearest
neighbor of Si-O and O-O bonds are in good agreement with
those of the amorphous SiO, (Fig. 1). However, the first
nearest neighbor distance of Si-Si bonds is closer to the crys-
talline Si because the present simulation was in the sub-
oxide formation regime.

Figure 5(b) shows the charge distribution on the oxi-
dized surface. Color scale in Fig. 5(b) represents the range of
the Mulliken charge values. The snapshot evidently showed
that the electrons transferred from silicon to oxygen during
oxidation reaction. It was also noted that the charge transfer
only occurred between silicon and the nearest oxygen atoms.
Charge of Si increased with the number of nearest oxygen
atoms, with the maximum of 1.60e when three oxygen atoms
are in the nearest neighbor. This value is equivalent to that
of silicon dioxide.*® Colors in Fig. 5(c) represent the coordi-
nation number of the atoms. The coordination number was
estimated by the number of atoms within the radius of 0.35
nm. In the surface region, coordination number of Si ranged
from 2 to 5 implying that the structural property of crystal-
line surface was lost by the oxidation. Most Si atoms are 3 or
4 coordinated, whereas most oxygen atoms agglomerate
around Si atoms with the coordination number of 2.'*747

Initial oxidation behaviors at 300 K and 1200 K were
compared by analyzing the simulated oxide layer. Figure 6
shows the oxygen depth profile after the simulation. The ox-
ygen profiles are notably dependent on the oxidation temper-
ature. At 300 K, oxygen atoms were accumulated on the
surface layer. On the other hand, oxygen atoms penetrated
into deeper layer at 1200 K resulting in broad distribution of
oxygen. This difference would be a natural consequence of
the increased kinetic energy of oxygen that enhances the
atomic movement into Si network. This oxygen profile is in
contrast to the layer-by-layer growth model.'***3* However,
the present simulation is consistent with oxygen depth pro-
files obtained by high resolution XPS analysis of Si/SiOy
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FIG. 6. (Color online) Oxygen depth profile of the oxidized silicon surface
after consecutive oxidation reactions with 300 oxygen molecules. Each data
was taken in the layer of thickness 0.3 nm from the surface. Because of
increased surface roughness by oxidation, data in depth 1 is undependable.
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interface,15 HRBS spectra,18 and classical MD simulation of
Si/Si0, interface.®

The oxygen composition profile should affect the stoichi-
ometry of the evolved oxide layer. Figure 7 shows the time
evolution of Si, Si*", Si*", and Si*" ion fraction in the spec-
imen during oxidation simulation. Charge state of Si was
determined by the number of nearest oxygen atoms, as sug-
gested by the calculated core shifts in Si-SiO, interface.*® At
300 K, number of Si* monotonically decreased as the oxida-
tion proceeded while those of Si*", Si*", and Si*" increased
(See Fig. 7(a)). The oxygen atoms accumulated on the sur-
face layer at 300 K (as shown in Fig. 6) can generate a stoi-
chiometric surface oxide layer. Even in the present
simulation of early stage of Si oxidation, we could observe
that Si*" or Si*" ions are accumulated in the surface layer.
Recently, in situ experimental observation of the oxidized Si
(100) surface also reported that the Ist layer is fully oxidized
at room temperature oxidation.” Fig. 7(b) shows the time evo-
lution of Si ion fraction during 1200 K oxidation simulation.
It can be noted that more than 50% of the Si ions remained as
Si™ while the fraction of Si*" was less than 5%.

In the present oxidation simulation, total simulation
time was just 6 ns. Therefore, it must be noted that the pres-
ent simulations are applied only for very initial stage of the
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FIG. 7. (Color online) Time evolution of the charge state of silicon during
consecutive oxidation simulation at (a) 300 K and (b) 1200 K.
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oxidation and exclude thermal diffusion of oxygen in long
time scale. In spite of this limitation, the present results show
that the difference in the oxygen depth profile between the
processes at 300 and 1200 K can be evolved in early stage of
oxidation. In real oxidation process, where thermal diffusion
of oxygen can occur during oxidation, the difference in the
oxidation behaviors at two different temperatures would be
more significant than the present simulation results. From
this simulation results, it can be said that the ambient oxida-
tion of clean Si (001) surface at 300 K will result in better
quality of oxide surface. In the later stage, where the oxida-
tion is governed by oxygen diffusion via oxide layer, high
temperature oxidation will result in faster kinetics of the oxi-
dation process.

CONCLUSION

The present work showed the viability of the reactive
MD technique for a massive simulation of Si oxidation in
atomic scale without external constraint on the oxygen mole-
cule, which would overcome the limits of the previous con-
strained oxidation simulations. Reactive MD simulations of
early stage of dry oxidation of Si (100) surface using the re-
active force field of Si-O system revealed the reaction behav-
iors in atomic scale which are in good agreement with the
previous experimental and ab initio calculation results. The
simulation of single oxygen molecule reaction confirmed
typical phenomena in silicon oxidation process such as disso-
ciative adsorption, silanone precursor of oxidation, oxygen
agglomeration, and ion silicon transformation. Furthermore,
consecutive oxidation simulation for 6 ns exhibited the initial
evolution of the surface oxide layer. At the oxidation temper-
ature of 1200 K, significant sub-oxide layer was formed dur-
ing the simulation for 6 ns, whereas the simulation at 300 K
showed the surface layer evolution to form more stoichio-
metric Si0, layer.
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