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A Molecular Dynamics Simulation of Ultrathin
Oxide Films on Silicon: Growth by Thermal O
Atoms and Sputtering by 100 eV Ar Ions
Alison Kubota and Demeter J. Economou

Abstract—Molecular dynamics was applied to study the growth
and sputtering of ultrathin oxide films on (100) Si surfaces. A
multibody potential which stabilized the Si/SiO2 interface was
used for this purpose. Oxide growth by exposure to O atoms was
found to follow Langmuir-type kinetics with unity initial sticking
coefficient of O and saturation coverage of around four monolayers, in agreement with experimental data. Sputtering of an
ultrathin oxide film on silicon by 100 eV Ar+ ions was simulated
to study ion-assisted surface cleaning. Ion irradiation was found
to promote restructuring of the surface into oxide islands, as
observed experimentally. Island formation was accompanied with
an increase in surface roughness. The evolution of the surface
state with ion dose was predicted quantitatively.
Index Terms—Molecular dynamics, oxide, simulation, surface
cleaning, sputtering.

I. INTRODUCTION

T

HE growth of thin oxide films on silicon is vital for
fabricating metal-oxide-semiconductor (MOS) devices.
Gate oxides are typically on the order of several tens of Å
thick and are grown under high temperature conditions in an
oxygen environment. They serve to passivate Si surface states
and act as an insulating layer between silicon and the gate
electrode. Many studies have been reported on the growth
mechanism of oxide films and the structure of the Si/SiO
interface. There is evidence that growth occurs in a layer-bylayer fashion [1]–[4]. Langmuir and two-dimensional (2-D)
island growth mechanisms have been identified, depending on
the oxidation conditions [2], [5], [6].
In contrast, the native oxide which forms on Si as a
result of prolonged exposure to ambient atmosphere is often
a hindrance to many device fabrication steps. For example,
epitaxial growth onto and plasma etching of Si both require
smooth and clean substrates, free of oxides and other contaminants. In the Si etching case, surface micromasking by
residual oxide can lead to the formation of surface roughness and unintentional topography. Typically, wet cleaning
is employed to remove the native oxide and other surface
contaminants. Dry processes such as energetic ion irradiation
and high temperature annealing provide alternative means of
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removing oxides. Hopper and coworkers [7], showed that
flashing a Si sample above 1200 C produces oxide-free and
optically flat Si surfaces compared with ion-bombardment or
ion-bombardment followed by annealing. However, such high
substrate temperatures should be avoided to minimize dopant
redistribution and defect generation which can degrade device
performance. On the other hand, high energy ion irradiation
can introduce significant surface roughness and damage. Lee
and coworkers [8] have developed a silicon surface cleaning
technique involving low energy noble gas ion irradiation. They
showed that annealing at 700 C following a 300 eV Ar
ion bombardment step resulted in clean, smooth, and wellordered surfaces. However, they found that annealing at lower
substrate temperatures (400–500 C) while simultaneously
irradiating by lower energy Ar ions (100 eV) resulted in the
same clean, smooth and well-ordered surface. The mechanism
by which this synergism takes place is still an area of ongoing
research.
II. COMPUTATIONAL METHODOLOGY
In this report, molecular dynamics (MD) was used to
simulate the oxidation of Si by thermal O atoms, as well
as cleaning (by sputtering) of ultrathin oxide films from Si
surfaces by low energy ion irradiation. The effective interaction potential used was that of Jiang and Brown [9], [10],
which combines the Stillinger and Weber [11] potential for
Si with Kramer’s [12] potential for silica. The empirical
multibody form of the potential enables the simulation of
silicon/oxygen structures which lie in the spectrum between
pure Si and pure stoichiometric SiO2 by treating atomic charge
and charge transfer as a function of the local instantaneous
environment. Energetic Ar interactions were modeled with the
purely repulsive Moliere potential.
The simulation cell was 11–16 Å high, composed of 8–12 Si
monolayers (ML) oriented in the (001) direction. The lateral
4 Si unit cells, with an exposed
extent of the cell was 4
area of approximately 472 Å The bottom two Si layers
were fixed to bulk crystalline positions to prevent unphysical
drift of the lattice and surface reconstruction of the bottom
layers. To negate edge effects, periodic boundary conditions
were applied in the lateral - directions. Each ion impact
was integrated over approximately 3 ps, followed by 0.5 ps
of equilibration. Any particles sputtered from the surface, as
well as any remaining Ar, were removed prior to equilibration
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(a)

(b)

Fig. 1. O content of lattice in monolayers (ML), as a function of impinging
O fluence (ML). Simulation results (darker solid line) are fit to a first-order
Langmuir model (lighter solid line and dashed line).
(c)

(d)

Fig. 2. Average oxidation state of charged Si and O, as a function of O
fluence in monolayers (ML).

+

and before further ion impacts. The heat-removal scheme of
Berendsen [13] was applied to the lower 6 Å of the cell with
a coupling constant of 10 fs at all times. However, during
the equilibration phase, heat removal was applied to the entire
lattice, coupled to a specified set-point temperature. A variable
time-step velocity-Verlet integration scheme was applied with
the value of the time-step determined adaptively according to
the speed of the fastest atom. All simulations were performed
on HP9000 735/125 RISC workstations. Further details of the
computational methodology can be found elsewhere [14].
Ultrathin oxide films were formed by repeated bombardment
of thermal energy O atoms onto an initially clean Si(100)
(2X1) surface. O atoms were successively impacted from
random positions above the lattice, while reflected O was
removed at the end of each impact simulation. The surface
was impacted until an oxide film consisting of roughly 4
ML of O was formed. However, an intermediate surface
containing 2.3 ML O was selected as the initial condition
lattice for the sputtering simulations to match the initial O
atom concentration of Lee et al. [8].
Oxide sputtering simulations involved the successive impact
of 100 eV Ar onto the surface from random positions above

+

Fig. 3. Fraction of charged Si atoms in different oxidation states ( 1 to 4)
as a function of O atom fluence in monolayers (ML). Shown are plots for (a)
1, (b) 2, (c)
3, and (d) 4 Si states.

+

+

+

+

the lattice. The following four cases were studied: Normally
incident 100 eV Ar with substrate temperatures 1)
C, 2)
C, 3)
C, and 4) ions
incident at 45 from normal with a substrate temperature of
C. The evolution of the surface was monitored in
terms of the cumulative quantity of O and Si removed from
the lattice, the root-mean-square (RMS) surface roughness,
the oxidation state distribution of O and Si atoms, and visual
atomic configurations, all as a function of O (for growth) or
Ar ion (for sputtering) fluence. The cumulative O and Si were
used as opposed to direct sputtering yield due to the dynamic
nature of the surface.
The presence of oxide islands [15]–[17] on a silicon surface
can lead to a significant increase in topographical roughness.
Si adatoms on pristine Si surfaces are regarded as having
sufficient mobility to cause surface relaxation to more flattened
profiles [18]. Oxides, on the other hand, are highly networked
SiO tetrahedral units capable of stabilizing many shapes
by distortion of the connectivity of the network. The RMS
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Fig. 4. Fraction of Si and O atoms and their oxidation states, sampled over the top 10 Å of the computational cell. All data is plotted as a function of
atomic O fluence in monolayers (ML). Shown are plots for the (a) total Si content, (b) neutral, (c) 1, (d) 2, (e) 3, (f) 4, and (g) 5 Si oxidation
states; (h) total oxygen content and (i) neutral, (j) 1, (k) 2, and (l) 3 O oxidation states.

0

roughness

0

0

was calculated with

+

+

+

+

+

state distributions sampled to a depth of 10 Å are given for
comparison with XPS results of Lee and coworkers [8].
(1)

where are cell heights as a function of lateral - positions.
The oxidation-state-distribution of atoms in and near the oxide
layer gives information on the structure of the oxide and its
interface. The oxidation state is tied directly to the formalism
of the potentials. Oxidation state information is presented
in several different forms. First, the average oxidation state
of charged Si and O species is calculated to compare the
stoichiometry and bonding coordination of the oxide layer to
an ideal bulk oxide. Also the relative distribution of oxidation
states is given. Finally the O and Si content and oxidation

III. RESULTS

AND

DISCUSSION

A. Oxide Film Growth
Fig. 1 shows the oxygen content of the Si lattice in monolayers (ML) as a function of O fluence also in ML. One
ML corresponds to 32 atoms for these simulations. The
main feature of Fig. 1 is the rapid uptake of O with unity
initial sticking probability which tapers off with increasing
fluence. The uptake appears to follow approximately first-order
Langmuir kinetics consistent with the study of Engstrom and
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Fig. 5. The RMS surface roughness as a function of O fluence in monolayers
(ML).

Fig. 7. The initial condition lattice for the oxide sputtering study, consisting
of approximately 2.3 ML of O on top of Si(100).

(a)

(b)

(c)

(d)

Fig. 6. Snapshots of a top view of the surface after (a) 1 ML, (b) 2 ML, (c)
4 ML, and (d) 12 ML of O fluence.

coworkers [5] for atomic O interactions with initially clean Si.
The corresponding first-order site-balance model is
(2)
the oxygen content in ML, is a function of
where
(in ML);
and
are the initial
the oxygen fluence
sticking coefficient and oxygen saturation coverage in ML,
respectively. Our data fit yields a saturation coverage of 3.9
ML, which compares well with 4.0 ML found by Engstrom
ML when
is constrained to
et al. [5]. We obtain
unity, but the Langmuir kinetics fit is degraded (Fig. 1). We
take the initial sticking coefficient to be unity consistent with
the findings of Engstrom and coworkers [5]. The ability for our
computation to simulate the uptake of O and the formation of
thin oxide layers on the short MD time-scale is due to the lack
of energy barrier for atomic O chemisorption onto a clean Si

Fig. 8. The total and partial RDF of the oxidized silicon lattice: (a) O-O, (b)
Si-O, (c) Si-Si, and (d) total RDF’s are plotted versus interatomic distance.

surface, compared with molecular O chemisorption which has
a sticking coefficient on the order of 0.01 [5], [17], [19], [20].
The more complicated pathway of O chemisorption involves
various physisorbed and chemisorbed states [20]–[23] with
strong site and defect dependencies [24], [25] which accounts
for the lower initial sticking coefficient.
At all stages of chemisorption, O appears to preferentially
form O by O insertion into Si-Si bridging sites. This too
has been found to occur by Engstrom and coworkers [5],
for atomic O adsorption. Fig. 2 shows the average oxidation
state of charged Si and O (not including neutral states) in
the simulation cell. The average oxidation state of O remains
at approximately 2, independent of O fluence (and hence,
O content). With increasing O fluence beyond 4 ML, the
average Si oxidation state approaches 4 asymptotically.
An average Si oxidation state less than 4 is attributed
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TABLE I
SIMULATION CASES STUDIED. AN INCIDENT ANGLE
OF 0 DENOTES NORMALLY INCIDENT IONS

Fig. 10. Cumulative Si removed from the surface for the four different cases
of oxide film sputtering as a function of Ar+ ion fluence in monolayers (ML).

Fig. 9. Cumulative O removed from the surface for the four different cases
of oxide film sputtering as a function of Ar+ ion fluence in monolayers (ML).

to Si sub-oxides concentrated at the Si/SiO interface [24].
Fig. 3 shows the fraction of charged Si at different oxidation
states as a function of O fluence. There are only 1 states
initially with higher oxidation states observed as the O fluence
increases. These results agree qualitatively with oxidation
state distributions measured in ultrathin oxides (2–4 Å) by
Ohishi and Hattori [3]. They observed a predominance of
Si state initially. For an oxide approximately 2.1 Å
the
thick, they observed 1/ 2/ 3/ 4 oxidation state fractions
of approximately 0.3/0.2/0.1/0.4, which agrees well with our
simulation for O fluence of 1.5 ML, corresponding to an
interpolated oxide of approximately 2–3 Å thick. At higher
oxide thickness (higher O fluence), the Si 4 state dominates
over intermediate Si oxidation states, with the 1 state fraction
generally dominating over the 2 and 3 Si states. Above 4
ML O fluence, only the 1 and 4 states representing Si at
the Si/SiO interface and Si in the SiO film, respectively, are
present with a significant fraction. The decrease in the 1 Si
fraction (and corresponding increase in the 4 Si fraction) is
due to the continuous volume- and mass-growth of the oxide
layer.
Fig. 4 shows the fractions of Si and O atoms and their oxidation states sampled over the top 10 Å of the computational cell.
Fig. 4 (a)–(g) show silicon content and the total, neutral, 1,
2, 3, 4, and 5 Si oxidation states, respectively. Fig. 4

(h)–(l) show the oxygen content and the neutral, 1, 2, and
3 oxidation states, respectively. A monotonic decrease in
total Si and increase in total O atoms is due to the uptake of
O by the lattice. The continual decrease of total Si and increase
of total O atom content again show that oxide growth continues
6 ML. Furthermore, the significant
even at O fluences
fraction of charged Si and O attest to the oxidation of Si to
form a stoichiometric oxide layer with the majority of Si and
O with oxidation states of 4 and 2, respectively.
Fig. 5 reveals enhanced surface roughness due to O
chemisorption. The RMS roughness increases drastically
2 ML O fluence)
during the initial stages of oxidation
at which some surface restructuring occurs to form higher
oxidation states of Si. Furthermore, Si atoms in the vicinity of
chemisorbed O migrate toward the oxygen-rich regions, thus
leaving exposed Si regions. This process appears to be the
main contributor to the increased roughness observed in Fig. 5.
With further oxidation however, a less rough oxide layer is
formed which accounts for the reduced RMS roughness at
higher O fluences as also shown in Fig. 6.
Fig. 6 shows top views of the lattice at various stages
of oxide layer formation: after (a) 1 ML, (b) 2 ML, (c) 4
ML, and (d) 12 ML of O fluence. A significant increase
in surface roughness from 1 ML fluence (1 ML O content)
to 2 ML fluence (1.9 ML content) is observed, with the
tendency to form some bulk-silica-coordinated oxide, apparent
even after as little as 1 ML of O fluence. At the very
initial stages of oxidation (fluence 1 ML), O is observed
to chemisorb between Si atoms with significant distortion to
the Si surface structure. Well-ordered backbond and dimerbridging-site adsorbed oxygen as calculated by Uchiyama and
Tsukada [27]–[29] were not observed probably because the
MD time scales do not allow for sufficient relaxation of the
lattice. After 4 ML O fluence, the exposed Si regions shrink
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Fig. 11. Top view of the surface for the Case 1 study (Ts = 25 C, normally incident 100 eV Ar+ ) after (top, left to right) 14, 28, 42, and (bottom,
left to right) 56, 70, and 84 ML Ar+ ion fluence in monolayers (ML).

[Fig. 6(c)] and are no longer present after 12 ML [Fig. 6(d)].
At this point, oxide growth appears to be quasi-self-limited,
with the oxide film having a thickness of approximately 6.8 Å
in reasonable agreement with a thickness of 5–6 Å calculated
by Whidden and coworkers [30] and measured by Miura and
coworkers [31] (6 Å thickness) and by Horie and coworkers
[15] (7.1 Å thickness). However, it is apparent from Fig. 1
that the oxide layer continues to grow, albeit very slowly.
B. Oxide Film Sputtering
In this section, we discuss the results of oxide film sputtering
by ion irradiation. The lattice used as the initial condition
for oxide sputtering simulations is shown in Fig. 7. The top
layer consists of approximately 2.3 ML of O which is rather
uniformly distributed on the surface. This lattice approximates
the initial O content that was used in the experiment of Lee
et al. [8]. Fig. 8 shows the total and partial radial distribution
functions (RDF) of the initial lattice. The Si-Si partial RDF
agrees well with that of crystalline Si given by Leudtke and
Landman [32]. The nearest and second nearest neighbor peaks
are found at 2.4 and 3.9 Å, respectively. The highly peaked
nature of the Si-Si partial RDF is due to the calculation
performed over the entire lattice, much of which is composed
of a crystalline Si phase. The Si-O contribution to the total
RDF has a nearest neighbor peak at 1.8 Å, which is slightly
higher than the expected value of 1.5–1.7 Å found for various
polymorphs of silica [12], [33]–[45] and for chemisorbed O
on Si [27], [28], [46]. Two additional peaks at 2.8 and 3.1 Å
agree with the values of 2.7 and 3.1 Å from Garofalini [45].
The four different oxide sputtering cases studied are listed
in Table I. The main parameter that measures the performance
of surface cleaning is the remaining oxygen content of the
lattice (or equivalently the cumulative quantity of O removed

from the lattice). Fig. 9 shows the cumulative O removed as
a function of Ar ion fluence. One monolayer constitutes
32 ions in this report. The vertical discontinuities indicate
impacts resulting in multiple O or oxide cluster ejection.
The O removal rate for normally incident 100 eV Ar ions
appears to be independent or weakly dependent on substrate
temperature. Long time scale effects associated with annealing
at different temperatures cannot be captured by MD. For
normally incident ions and the three substrate temperatures
C, Case 2:
C and
studied (Case 1:
Case 3:
C), the O sputtering yield (slope of the
curves in Fig. 9) ranges from 0.02–0.04, for Ar ion fluence
below 50 ML. The O sputtering yield tapers off with increased
ion fluence, due to depletion of O. Of course the sputtering
yield data are only pointwise values corresponding to the
simulation at hand. Many more simulations are needed to
derive statistically significant sputtering yield values. In cases
1 and 4, a sharp discontinuity of the removed O is due to the
fortuitous ejection of a small oxide cluster from the surface.
In case 1, all O is observed to be removed after 80 ML Ar
ion fluence. Cases 2 and 3 show all O to be removed after
approximately 130 ML of Ar ion fluence. When 45 incident
Ar ions are used in case 4, the initial O sputtering yield is
enhanced to approximately 0.065 for ion fluence below 20
ML. In this case, O is completely removed from the surface
after approximately 40 ML Ar ion fluence, which compares
well with approximately 45 ML from the study of Lee et
al. [8] involving 100 eV Ar at 45 incidence and substrate
temperature of 400 C. Their value of 45 ML is an upper
limit to the required ion dose, since the effect of ion fluence
on oxide cleaning performance was not followed. We show
below that the oxidized surface undergoes significant changes
in structure due to ion irradiation.
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Fig. 12. Atomic concentrations (atom fraction) of Si and O and their oxidation states for the case 2 study (Ts = 300  C, normally incident 100 eV
Ar+ ) study as a function of Ar+ ion fluence in monolayers (ML). (a) Si content, (b) Si(0), (c) Si(+1), (d) Si(+2), (e) Si(+3), (f) Si(+4), (g) Si(+5),
(h) O content, (i) O(0), (j) O( 1), (k) O( 2), and (l) O( 3).

0

0

0

Fig. 10 shows the cumulative Si removed as a function of
Ar fluence for the four cases discussed here. Again, there
appears to be no temperature effect of the Si removal rate. The
sputtering yields for cases 1–3 are approximately 0.02 for ion
fluences below 30 ML, where the surface is partially covered
by oxide film. With increasing ion fluence, the Si sputtering
yield shows a slow increase to a value of approximately 0.03
which compares well with computationally [47], [48] and
experimentally [49] found bare Si sputtering yields. In case
4 (ions impacting at 45 the Si sputtering yield is increased,
as expected.
Fig. 11 shows the top-view snapshots of the lattice for case
1 after 14 ML, 28 ML, 42 ML, 56 ML, 70 ML, and 84 ML
Ar ion fluence. The largest light-gray spheres are Si with
zero oxidation state. Smaller light gray spheres represent Si
with 1 to 5 oxidation states. The dark spheres represent
O atoms. Oxygen atoms with higher absolute magnitudes of

oxidation state (up to
3 are shown darker than lower
1 It is clear from Fig. 11
oxidation state O (down to
that the surface tends to form oxide clusters with repeated
ion irradiation. After 14 ML Ar ion fluence, the oxide is
mainly stoichiometric, that is, mainly consisting of Si and
Suboxides, or oxides consisting of Si
Si
and Si
O
are localized between the oxide and the Si surface as well as
near individual O interstitials. Most O is in the 2 oxidation
state. Due to the periodic boundary conditions applied to the
limited-size cell, the oxide islands are often seen in the form
of a band (top middle lattice). The islands are not pinned
to specific sites on the surface, but shift in position with
continuing ion irradiation. More than one islands have also
been observed in the simulations, despite the limited cell
size. Especially for oblique ion incidence (45 impact), small
strands are occasionally formed on the surface which, upon
further ion impacts, are peeled off to form metastable dangling
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(a)

(c)

(b)

(d)

Fig. 13. Average Si oxidation state (left panels), and RMS surface roughness (right panels), for Cases 2 (Ts = 300 C, normally incident 100 eV Ar+ )
and 4 (Ts = 300 C, 45 incident 100 eV Ar+ ); as a function of O content of the lattice. In each case, data for both oxide growth (lighter dots)
and oxide sputtering (darker dots) are shown.

structures [50]. Subsequent ion impacts can cause the oxide
strands to cleanly eject from the surface, thus accounting for
the discontinuities observed in Fig. 9.
Fig. 12 shows the atomic concentrations (atom fraction) of
Si and O and their oxidation states for the case 2 impact
sequence. The increasing total Si atomic concentration in
Fig. 12(a) is due to a corresponding decrease in O with
increasing ion fluence. The main contribution to the Si atom
fraction is from neutral Si due to the large sampling depth
of 10 Å, compared with an oxide film thickness of a few Å.
However, of the charged species, Si is initially the largest
contributor. With increasing ion irradiation, the O and Si
concentrations show a steady decrease. However, the Si
concentration appears to remain stable over the first 60 ML
of Ar
In Fig. 13 we show the average Si oxidation state and
surface roughness for Cases 2 and 4, as a function of the
O content. Data for both oxide film growth (lighter dots) and
sputtering (darker dots) are shown. The solid curve is plotted
to guide the eye, with the dashed section to fill in the missing
data (the missing data is due to the ejection of oxide clusters).
All plots of Fig. 13 show a hysteresis which is looped by
the growth and sputtering phases. Although the growth phase
data extend up to 4 ML of oxygen content, the sputtering
data is only available up to 2.3 ML, the O content of the
surface chosen as the initial condition lattice for this phase.
The hysteresis loop is more pronounced for 45 incident ions.

We speculate that the lower average Si oxidation state for
normally incident ions is due to the ability of O to be recoiled
deeper below the surface and form suboxides. With an ion
incident angle of 45 the ability to maintain the suboxide
structure is diminished, increasing the probability of oxide
cluster ejection. Maxima observed in the RMS roughness plots
during oxide sputtering are due to the reordering of the initially
smooth oxide layer (see also Fig. 11) into coalesced islands.
With decreasing O content, the reduced RMS roughness is
mainly determined by the increasingly exposed Si.
IV. SUMMARY
MD was applied to study oxidation of Si by thermal energy
O atoms using the multibody potential of Jiang and Brown
[9], [10]. This potential was successfully applied to simulate
ultrathin oxide films on silicon, in which both SiO and Si
phases as well as the SiO /Si interface region are stabilized.
Oxide growth was found to follow approximately Langmuirtype kinetics with unity initial sticking coefficient of O and
saturation coverage of around four monolayers, in agreement
with experimental data.
Furthermore, cleaning of a 2.3 Å-thick oxide film on silicon
by sputtering using 100 eV Ar ion bombardment was simulated. Substrate temperature was found not to affect surface
cleaning. However, diffusive phenomena which depend on
temperature occur over much longer time scales than can be
captured by MD. Ion irradiation was found to promote the
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restructuring of the surface into distinct oxide islands with a
corresponding increase in surface roughness. The evolution of
the surface with ion impact was calculated quantitatively in
terms of the oxidation state of surface and interface atoms,
atomic concentrations, and RMS roughness.
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