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Argon ion bombardment effects on growing amorphous SiO2 films during reactive sputtering
deposition processes were examined based on molecular dynamics �MD� and Monte Carlo �MC�
simulation techniques. The system we have considered here is a film that is subject to energetic Ar
bombardment while it is formed by surface reactions of Si and O atoms separately supplied at low
kinetic energies. It has been found that �1� Ar injections preferentially sputter O atoms from the
surface over Si and �2� also have a compressing effect on the growing film during the deposition
process. In other words, our MD/MC simulations have demonstrated at the atomic level that, with
higher energy Ar injections, an amorphous SiO2 film grown in a reactive sputtering deposition
process is denser and more Si rich. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2401651�

I. INTRODUCTION

Reactive magnetron sputtering deposition processes
have been used widely in the industry to produce various
high-quality thin films. For example, they are known to be
especially suitable for optical filter applications,1–9 where
high-yield formation of oxide thin films with complex sto-
ichiometry �such as TiNbOx� under strict control of film
qualities is strongly required.

The density of a film made by a reactive magnetron sput-
tering process can be as high as that by an ion assisted depo-
sition process. It is generally believed that this is due to
bombardment of the film surface by ions that are produced
by plasma in the chamber. However, details of the effects of
ion bombardment during reactive magnetron sputtering
deposition processes have not been well understood to date,
at least, at the atomic level. For example, energetic ions in-
cident to the surface may contribute to the increase of film
density, but may also damage the film structures, depending
on their energy. Chemical reactions that form new film layers
with specific stoichiometry may also be strongly influenced
by ion bombardment even if the energetic species are chemi-
cally inert. In addition, these effects may vary as the injec-
tion angles of all species.

The goal of the present study is to clarify such effects at
the atomic level. We have developed numerical simulation
techniques based on molecular dynamics �MD� and Monte
Carlo �MC� simulations to emulate reactive deposition
processes.2,3 In our earlier studies2,3 based on the numerical
techniques, we examined characteristics of amorphous SiO2

films deposited in reactive magnetron sputtering processes as
functions of incident energy and angle for silicon and oxy-
gen, without taking into account the effects of background
argon or other species. However, in typical reactive magne-
tron sputtering systems that we are interested in for optical
filter applications, Ar is widely used as a buffer gas to gen-
erate plasmas for magnetron sputtering and, due to the large
Ar mass �larger than the Si mass�, Ar bombardment is likely
to have notable effects on the film formation. In the present
work, therefore, we focus on argon bombardment effects on
amorphous SiO2 deposition.

A schematic diagram of the deposition system we con-
sider here is given in Fig. 1. As in the reactive magnetron
sputtering system considered in the previous studies of Refs.
1–3, Si atoms are sputtered from a Si target of the magnetron

a�Electronic mail: masafumitaguchi@mail.nsg.co.jp
b�Author to whom correspondence should be addressed; electronic mail:

hamaguch@ppl.eng.osaka-u.ac.jp
FIG. 1. A schematic diagram of a reactive magnetron sputtering system
considered in the present work.
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sputtering system. Argon and oxygen gases are provided
separately, and the system is usually operated at low pres-
sures, e.g., in the range of 0.1–3.0 Pa. These gases are used
to generate plasma in front of the target to sputter Si atoms
and also to decompose molecular oxygen into highly reactive
O atoms. The sputtered Si atoms react with such O atoms �as
well as O2 molecules, possibly� to form SiO2 near or on the
substrate surface. The temperature of the substrate and gases
are typically kept at 473 K. The Ar gas also acts as a diluent
for the control of stoichiometry and other properties of de-
posited films. The Si sputtering target can be placed with an
oblique angle � from the normal direction of the substrate. In
the present system, the substrate can be negatively biased by
the rf electrode, which allows Ar ion bombardment with spe-
cific injection energies.10–14

The interatomic potential functions for Si and O used in
our MD/MC simulations are of Stillinger-Weber type15–18

and the same as those used in our previous work.2,3 These
classical interatomic potential functions are used to represent
short-range interactions of covalent bonds. In our analyses,
MD simulations are used to analyze the motion of atoms
near or on the substrate surface for a relatively short period
�e.g., duration of about 1 ps� around the moment of atomic
impact. A slow thermal relaxation process that follows is
emulated by MC simulations.19 At the atomic level, a film
deposition process consists of the repetition of atomic impact
on the surface and thermal relaxation before the next atomic
impact, so the MD/MC cycles are repeated during the simu-
lation.

The rest of the paper is organized as follows. In the next
section, we briefly discuss the simulation methods employed
in the present work. In Sec. III, simulation results are pre-
sented together with discussion on possible mechanisms ac-
counting for the observed phenomena. The summary is given
in Sec. IV.

II. SIMULATION METHODS

In this work, we simulate dynamics of sputtered Si at-
oms, a large number of low energy reactive O atoms, and
energetic Ar ions that arrive at the surface of deposited film
and form new layers of the film after some interactions, us-
ing MD/MC simulations. For the sake of simplicity, we as-
sume that the flux of sputtered Si atoms is the same as that of
Ar ions, which are much smaller than the flux of low energy
O atoms. Assuming that oxygen molecules are mostly de-
composed to O atoms in the plasma and surface reactions
involving oxygen can be well represented by those of O
atoms, we ignore the presence of O2 molecules in the system
in the simulations presented here.

The numerical procedures used in our simulations are
summarized in the flow chart given in Fig. 2. The details of
MD and MC methods may be found, for example, in Refs. 2,
3, 17, and 18. The simulation is carried out in a rectangular
box, whose top and bottom surfaces are 2.4�2.4 nm2 wide.
The periodic boundary conditions are imposed in the hori-
zontal directions of the simulation box. A crystalline SiO2

that consists of 450 atoms and is 0.89 nm thick is placed at
the bottom of the simulation box as the initial substrate and

set to be in thermal equilibrium at 473 K. The positions of
bottom atoms are fixed during simulation, which prevents the
entire substrate from moving downward when it is subject to
atomic bombardment. In a single deposition simulation, the
cycle given in Fig. 2 was repeated until 1500 atoms were
accumulated in the simulation box, including the 450 atoms
of the initial substrate.

As described in Fig. 2, a single simulation cycle starts
from the injection of a Si atom with 1 eV into the substrate
surface from above. The horizontal position of an incident
atom is randomly selected, and its vertical position is se-
lected in such a way that it is high enough for the atom not to
have interactions with other atoms on the substrate but close
enough for it to reach the surface in a short time. The inci-
dent angle � of Si is selected to be either 0 �i.e., normal
injection� or 60° from the normal direction of the substrate.
The motions of all atoms in the simulation box are then
solved by the MD method under the condition of constant
total energy �i.e., microcanonical simulation� for 1 ps. If
there are any reflected or sputter atoms existing during this
period, they are removed from the simulation box, and then

FIG. 2. A flow chart of the numerical procedure. Here “NVT constant”
means simulation under the constant number of particles �N�, volume �V�,
and temperature �T�, i.e., of canonical ensemble. Similarly, “NVE constant”
means simulation of microcanonical ensemble, where E stands for the total
energy. The deposition simulation stops when 1500 atoms are accumulated
in the simulation box.
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the temperature of the system is brought back to the initial
substrate temperature in a relatively short period �typically
0.1 ps�.

The next step is to bring a large number of O atoms �81
atoms in our simulations� almost simultaneously to this sub-
strate with 0.8 eV, which models the flux of low energy
charge neutral oxygen in the system. The angle of incidence
for all O atoms is selected to be 0, i.e., normal injection for
the sake of simplicity. The motions of all atoms are again
solved in the MD method under microcanonical conditions
for 1 ps. In this process, most of injected oxygen atoms are
reflected. After all reflected and sputtered atoms are removed
from the simulation box at the end of the microcanonical
simulation, the substrate with some deposited atoms is again
brought to thermal equilibrium at the initial substrate tem-
perature.

The cycle up to this stage is the same as that used in our
previous work.2,3 Before proceeding to the discussion on the
step of Ar injection, we comment on some assumptions made
above.

Under the experimental conditions considered here, the
kinetic energies of oxygen atoms are in the range of thermal
energy at 473 K, which is significantly lower than 0.8 eV of
oxygen injection energy selected for our simulations. The use
of 0.8 eV, rather than the actual thermal energy, in the simu-
lations is to avoid too slow gas-phase transport of oxygen
atoms and thus to save simulation time. Effects of oxygen
impact at 0.8 eV, rather than that at thermal energy, will be
the subject of future study although we do not expect them to
be significant, judging from our preliminary simulations with
various oxygen injection energies less than 1 eV.

The magnitude of Si flux estimated from typical deposi-
tion rates observed in various experimental systems is about
16 nm−2 s−1, which is much smaller than the typical oxygen
flux �of the order of 6�103 nm−2 s−1� under the experimen-
tal conditions mentioned above. The ratio of the oxygen flux
to the flux of sputtered Si in the real system is much larger
than the ratio of the number of injected O atoms, i.e., 81, that
we employed per Si injection for the simulation. However,
the number of O atom injection that we used here, i.e., 81, is
nevertheless sufficiently large compared with the number of
possible adsorption sites on the surface of simulation cell.
Therefore, increasing it to a value higher than 81 would not
affect the simulation results presented here.

The injection step for Ar in the simulation is similar to
that for Si. After the step of oxygen injection was completed,
a single Ar atom is injected to the substrate surface with a
given kinetic energy �in the range of 10–100 eV� from
above. Under typical experimental conditions �e.g., Te

=10 eV, ni=1�109 cm−3 with Te and ni being the electron
temperature and ion density�, the magnitude of Ar ion flux
estimated from the Bohm sheath criterion is about
5 nm−2 s−1, which is close to the Si flux mentioned above. In
our simulations, an Ar ion is injected per Si injection for
simplicity. After Ar injection, the motions of all particles are
again simulated by the MD method under microcanonical
conditions for 1 ps. When the injection energy is high, the
injected Ar atom and/or substrate atoms scattered by it may
pass though the bottom of simulation substrate. At the end of

this simulation, reflected and sputtered atoms, as well as
those that have passed though the bottom of the simulation
substrate, are removed from the simulation box. The system
temperature is then again lowered to the initial temperature.
If any Ar atoms are still trapped in the substrate, which can-
not form bonds with other atoms �due to their repulsive in-
teractions with other atoms, as will be discussed shortly� and
thus are expected to be desorbed from the surface eventually,
they are also removed from the simulation box. Under typi-
cal simulation conditions, however, the number of Ar atoms
accumulated in the simulation box is extremely small even
without the Ar removal step mentioned above. Therefore ef-
fects of Ar accumulation are generally ignored.

After Ar injection, the MC simulation step is then carried
out for all atoms in the system, which is to emulate thermal
relaxation processes of the system. As discussed in Refs. 2
and 3, MC simulation is performed in the following manner.
First we move a single atom of the system in the simulation
cell by a small distance in an arbitrary direction and measure
the change of the total potential energy. We adopt or do not
adopt this atomic displacement based on the usual Metropo-
lis algorithm.19 We perform the same processes for all atoms
in the system �except for the fixed atoms at the bottom of
simulation box�. We call this process of displacing all atoms,
whether each displacement is adopted or not as the result of
the Metropolis algorithm, one MC cycle. We typically use
more than 800 MC cycles in a single step of MC simulation
prior to the next injection of Si atom.

After the MC simulation step, if a sufficiently large num-
ber of atoms have been accumulated in the simulation box,
we stop the simulation, as stated before. Otherwise, we re-
peat the process above, as indicated in Fig. 2.

As mentioned in the preceding section, the interatomic
potential functions for Si and O used in the simulations are
the same as those used in the previous work2,3,17,18 and were
originally developed by Watanabe et al. in Ref. 16. It is also
assumed for the sake of simplicity that an ion has the same
short-range interatomic potential functions as the corre-
sponding charge neutral atom of the same kind. In other
words, in our simulations, an ion and the corresponding
charge neutral atom have the same chemical properties. In
addition, as in earlier studies of Refs. 2, 3, 17, and 18, the
potential functions used here assume a repulsive interaction
between two O atoms, and, therefore, the formation of O2

molecules or formation of a single bond between two O at-
oms �i.e.,–O–O–� are not considered in our simulations.
Implementation of more elaborate potential functions among
O atoms is deferred to a future study.

As to interaction potentials of Ar with Si and O, we have
constructed new potential functions by fitting Stillinger-
Weber-type functions to data obtained from ab initio poten-
tial calculations. Since the interaction is essentially two-body
repulsive, the total potential energy of the Ar–Si �or Ar–O�
system may be given by

� = �
i

�
j�i

�f2�i, j� , �1�

where ��=2.1695 eV� is the energy unit used in the
Stillinger-Weber �SW� potential and
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f2�i, j� = Aij�Bijrij
−pij − rij

−qij�exp
1

rij − aij
, �2�

if rij �aij, and f2�i , j�=0 otherwise. Here rij is the distance
between atom i and atom j normalized by the unit length �
=2.0951 Å and aij is the cutoff distance. Interatomic poten-
tial energies were obtained from ab initio calculations based
on density functional theory �B3LYP� with the 6-311+
+G�d , p� basis set for Ar–Si and Ar–O pairs and are plotted
in Fig. 3, where the fitting functions of Eq. �2� are also given
by solid and broken curves. Parameter fitting was based on
the Levenberg-Marquardt nonlinear fitting21 and the obtained
parameter values are given in Table I.

The interaction potentials of Ar with Si and O are also
given in Ref. 17, which were derived from the widely used
Molière potential.20 The Si–Ar and O–Ar potential functions
used in this work are essentially similar to those given in
Ref. 17.

III. SIMULATION RESULTS AND DISCUSSION

Figure 4 shows typical atomic-scale morphologies of de-
posited SiO2 film surfaces obtained from MD/MC simula-
tions. The gray large sphere represents a Si atom and the
light small sphere an O atom. As mentioned earlier, no Ar
atom remains in the deposited film. In Fig. 4�a�, no Ar was
injected. In Figs. 4�b� and 4�c�, Ar atoms were injected to the
surface during the deposition processes with 35 and 100 eV.
The angle of incidence for injected Si, O, and Ar atoms was
selected to be 0, i.e., normal to the initial substrate surface.
The film temperature was set at 473 K during the deposition
processes. It is seen in Fig. 4 that the film becomes more
densely packed as the Ar injection energy increases. By ob-
serving the motion of atoms obtained from simulations, we

have confirmed that, at high injection energy, most Ar atoms
make multiple collisions with Si and O atoms near the film
surface and press them downwards in general. After making
such collisions, the majority of injected Ar atoms are re-
coiled or reflected and leave the film surface in the upward
direction. From the momentum conservation, therefore, the
Ar collisions exert a downward average force to the depos-
ited film, which is likely to make the film denser.

Figure 5 shows the radial distribution functions of a

FIG. 3. Interatomic potential energies obtained from ab initio calculations
for Ar–O �filled diamond� and Ar–Si �open square� pairs, together with the
corresponding fitting functions given by Eq. �2� and Table I.

TABLE I. Numerical values for the fitting parameters of a Stillinger-Weber-
type function given in Eq. �2� for Ar–O and Ar–Si pairs.

AArO 6.684 AArSi 6.721
BArO 1.176 BArSi 2.809
pArO 4.894 pArSi 3.376
qArO 4.895 qArSi 3.381
aArO 1.25 aArSi 1.25

FIG. 4. Atomic-scale surface morphologies of deposited SiO2 films obtained
from MD/MC simulations. The gray large sphere represents a Si atom, and
the light small sphere an O atom. The angle of incidence for all atoms is 0,
i.e., normal to the initial substrate surface. The Si and O incident kinetic
energies are 1 and 0.8 eV. In �a�, no Ar is injected. In �b� and �c�, the Ar
incident energies are 35 and 100 eV. The film temperature is set at 473 K.

FIG. 5. The radial distribution functions of O–O �solid curve�, Si–Si �bro-
ken curve�, and O–Si �dotted curve� for a deposited film obtained from
MD/MC simulations. The Si, O, and Ar incident energies are 1, 0.8, and
50 eV, respectively. The angle of incidence for all atoms is 0, i.e., normal to
the initial substrate surface. The surface temperature is set at 473 K. The
radial distribution functions shown here indicate that the film is amorphous.
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SiO2 deposited film obtained from MD/MC simulations. The
deposition conditions are the same as those in Fig. 4, except
that the Ar injection energy is 50 eV in this case. Here the
radial distribution functions are evaluated only from the at-
oms located in the middle portion of the deposited film so
that surface atoms should not affect the radial distribution
functions. The radial distribution functions shown here are
those of typical amorphous SiO2.

Since Ar injections tend to damage the deposited film
surface and create more surface dangling bonds, we expect
that abundant neutral oxygen are likely to attach during the
process. In other words, Ar injections may increase the stick-
ing tendency of O atoms. However, Ar injections are also
known to sputter surface oxygen;18,22 the net effect of Ar
injection on oxygen adsorption may not be straightforward.
To clarify this effect, we first attempt to extract information
on the tendency of Si or O to stick to a rough surface created
by Ar bombardment. To this end we evaluate the “sticking
number per Si injection” for a given species �i.e., Si or O�,
which we define as the number of atoms that stick to the
surface at least tentatively before Ar sputtering, if any, may
remove some of those atoms from the surface during the
deposition process. More specifically, in the MD/MC simu-
lations, in each cycle defined in Fig. 2, we count the number
of Si �or O� atoms that newly stick to the surface during the
cycle before the Ar injection step starts. The average of such
numbers gives by definition the sticking number per Si in-
jection for the species. Note that this number for Si is noth-
ing but its sticking probability. However, for O atoms, whose
possibility of sticking to the surface is limited by the number
of Si dangling bonds available on the surface, the “sticking
number of O per Si injection” is more directly related to the
macroscopically observable adsorbed flux of oxygen, as will
be discussed more in detail later.

Figure 6 presents the sticking numbers per Si injection
defined above for Si �broken lines� and O �solid lines� as
functions of Si dose, i.e., the accumulated number of Si at-
oms that arrive at �but not necessarily stick to� the unit sur-
face area. In �a�, no Ar is injected and, in �b�, Ar atoms are
injected with 50 eV. Other deposition conditions are the
same as those in Figs. 4 and 5. The value at a given Si dose
here is the average of the sticking number over 17 injection
cycles of Fig. 2 �i.e., the average over the dose of 3.0
�1014 cm−2� around the specific injection cycle.

Some of Si and O atoms counted in Fig. 6�b� are re-
moved from the surface by Ar sputtering. The sputtering
yields �i.e., the numbers of atoms removed from the surface
per Ar injection� for Si �broken curve� and O �solid curve� by
50 eV Ar injections during the deposition processes are plot-
ted as functions of Ar dose in Fig. 7. The Ar dose used here
is the same as the Si dose in Fig. 6 as we have assumed the
equal fluxes for Si and Ar in our simulations, as described in
the flow chart of Fig. 2. Other deposition conditions are also
the same as those of Fig. 6�b�. The yields here are evaluated
from the numbers of Si and O atoms removed from the sur-
face right after the Ar injection step in the flow chart of Fig.
2. As in Fig. 6, the value plotted at a specific Ar dose is the
yield averaged over 17 injection cycles �i.e., over the dose of
3.0�1014 cm−2� around the specific injection cycle. It is seen

that the nature of surface changed at around the Ar dose of
3�1015 cm−2, and the system indeed is found to have
reached steady state after this dose. By averaging the values
given in Figs. 6 and 7 during the steady state, i.e., over

FIG. 6. The sticking numbers of Si �broken lines� and O �solid lines� per Si
injection, i.e., numbers of Si and O atoms that stick to the surface per Si
injection before Ar sputtering, if any, may remove some of them from the
surface during the deposition processes, are plotted as functions of Si dose.
In �a�, no Ar is injected and, in �b�, the Ar injection energy is 50 eV. Other
deposition conditions are the same as those in Figs. 4 and 5.

FIG. 7. Sputtering yields of Si �broken curve� and O �solid curve� by 50 eV
Ar bombardment during the deposition process, the conditions of which are
the same as those in Fig. 5. The horizontal axis represents Ar dose, which is
the same as Si dose since the Si and Ar fluxes are assumed to be equal in our
simulations. It is seen that the system reaches steady state after Ar dose
reaches approximately 3�1015 cm−2.
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sufficiently large Si or Ar dose after 3�1015 cm−2, we obtain
the �average� sticking numbers and sputtering yields of Si
and O.

The sticking numbers obtained in this manner are given
in Fig. 8 as functions of the Ar injection energy. The angles
of incidence for O and Ar are both 0, i.e., normal to the
initial surface. In �a� and �b�, the angles of incidence for Si
are 0 and 60°. In the deposition system depicted in Fig. 1, the
angle of Si injection can be controlled by the position of its
target, but the incident angle Ar ions is in general normal to
the electrode since Ar ions are accelerated by the plasma
sheath above it. The horizontal axis in Fig. 8 represents the
Ar incident energy, and null energy is equivalent to no Ar
injection since Ar has only a repulsive interaction with Si
and O. The surface temperature is set at 473 K during the
process. The solid lines are merely guides to the eye.

It is seen in Fig. 8 that the sticking number of Si, i.e., the
sticking probability of Si, during the deposition process
hardly depends on the Ar incident energy in both cases. This
may be understood since an injected Si atom can stick to any
dangling bonds of Si or O atoms on the surface, and there-
fore morphological changes of the surface caused by Ar sput-
tering hardly affect its ability to stick to the surface. On the
other hand, as mentioned earlier, O atoms are allowed to
form bonds only with Si atoms under the interatomic poten-
tial functions we employed here. Therefore, in addition to the
dangling bonds of a newly deposited Si atom on the surface,
Ar sputtering of surface O atoms can increase a chance for
newly arrived O atoms to stick to the surface. This is likely

to be the reason for the increase of the sticking number of O
per Si injection as a function of the Ar incident energy.

As we showed in our previous work of Ref. 3, films
formed by oblique Si injections have lower densities, more
pores, and rougher surfaces. In other words, vertically in-
jected Si atoms in Fig. 8�a� are likely to stick to the surface
more firmly than obliquely injected Si atoms in Fig. 8�b�.
This seems to account for the slightly larger sticking number
of Si in Fig. 8�a�. Furthermore, as will be shown in Fig. 9,
less firmly stuck Si atoms are more easily removed by Ar
sputtering. Therefore, at a given Ar incident energy, the num-
ber of Si remaining on the surface is larger in the case of Fig.
8�a�, which increases the number of dangling bonds to which
O atoms can stick. This may be the reason that the sticking
numbers of O are slightly larger in Fig. 8�a� than those in
Fig. 8�b�.

The sputtering yields of Si and O by Ar bombardment
during the deposition processes are given as functions of Ar
energy in Fig. 9. The deposition conditions in �a� and �b� are
the same as those of Figs. 8�a� and 8�b�. The solid lines,
which are given by y=0.045�x−10�0.66 for �a� and y
=0.054�x−10�0.66 for �b�, with x and y being the energy in
eV and sputtering yield, are merely guides to the eye. It is
seen that Si sputtering yields are extremely small, whereas O
sputtering yields increase significantly with the Ar incident
energy. The threshold for O sputtering is about 10 eV in both

FIG. 8. The sticking numbers of Si
�filled diamonds� and O �empty
squares� per Si injection, i.e., the aver-
age numbers of Si and O atoms that
stick to the surface per Si injection be-
fore Ar sputtering, if any, may remove
some of them from the surface during
the deposition processes. The value for
Si is equivalent to its sticking prob-
ability. The horizontal axis represents
the Ar incident energy. In �a� and �b�,
the angles of incidence for Si atoms
are 0 and 60°. Other deposition condi-
tions are the same as those of Figs.
4–7. The solid lines are merely guides
to the eye.

FIG. 9. Sputtering yields of Si �filled
diamonds� and O �empty squares� by
Ar bombardment during the deposition
processes as functions of Ar incident
energy. The deposition conditions in
�a� and �b� are the same as those of
Figs. 8�a� and 8�b�. The solid lines are
merely guides to the eye. In both cases
the Si sputtering yields are extremely
small, whereas the O sputtering yields
are strong increasing functions of the
Ar incident energy with the threshold
value of about 10 eV.
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cases shown here. Since O atoms are continuously supplied
and cover the film surface, large sputtering yields for O ob-
tained here are not unexpected.

It is also seen that the sputtering yields for Si and O in
Fig. 9�a� are somewhat smaller than those in Fig. 9�b�. This
is likely to be caused by the nature of a deposited film
formed by oblique Si injections, which is less dense and
more porous, as mentioned before. Therefore, for such films
used in Fig. 9�b�, more loosely adsorbed Si and O atoms on
rougher surfaces are more easily sputtered by incident Ar
atoms.

If we measure the “deposition rate” for specific atomic
species �Si or O� by the number of atoms deposited per unit
area per unit time in the deposition process �rather than the
usual definition as the thickness of film deposited per unit
time�, the deposition rate of Si or O �which is equivalent to
the adsorbed flux of Si or O� normalized by the Si incoming
flux is the value obtained as the difference between the stick-
ing number and the sputtering yield given in Figs. 8 and 9.
We call this value the “deposition yield per Si injection” and
plot the values for Si and O in Fig. 10. It is shown in both
cases that, for a given incoming Si flux, the adsorbed Si flux
during the deposition process �i.e., Si deposition rate� is al-
most independent of the Ar incident energy, whereas the ad-
sorbed O flux �i.e., O deposition rate� is a weakly decreasing
function of the Ar incident energy.

Figure 11 shows the film densities as functions of the Ar
incident energy. The deposition conditions for Figs. 11�a�

and 11�b� are the same as those in Figs. 8�a� and 8�b�. The
film density is evaluated only from the atoms located in the
middle portion of the deposited film, so that the density
given in Fig. 11 is more representative of the bulk density,
rather than the density of the very top surface layers of the
film. It is clearly seen that the momentum transfer from Ar
ions compresses the film and makes it denser in both cases of
�a� and �b�. The compressing effect by Ar bombardment is
more pronounced in the case of a less dense film given in
Fig. 11�b�.

Figure 12 shows the stoichiometries of deposited films
as functions of the Ar incident energy. The stoichiometry is
defined as the ratio of the number of O atoms to that of Si
atoms in the bulk of the deposited film. For crystalline SiO2,
this ratio, which we here denote by O/Si, is 2. The deposi-
tion conditions for �a� and �b� are the same as those in Figs.
8�a� and 8�b�. For Fig. 12, the stoichiometry was evaluated
only from the atoms located in the middle portion of the
deposited film, as in Fig. 11. The film is shown to become
more Si rich as the Ar incident energy increases in both cases
of �a� and �b�. In other words, Ar injections preferentially
sputter O atoms from the surface. As shown in Ref. 3, the
film in Fig. 12�b� is more oxygen rich without Ar injections.
The oxygen reduction effect by Ar sputtering seems to be
more pronounced in the initially more oxygen rich and less
dense film of Fig. 12�b�.

Figure 13 shows the coordination numbers of Si for O in
the bulk of deposited films as functions of the Ar incident

FIG. 10. Deposition yields per Si in-
jection for Si �filled diamonds� and O
�empty squares�, i.e., the numbers of
deposited atoms per Si injection dur-
ing the deposition processes as func-
tions of the Ar injection energy. The
deposition conditions in �a� and �b� are
the same as those of Figs. 8�a� and
8�b�. The solid lines are guides to the
eye. It is seen in both cases that, for a
given incoming Si flux, the adsorbed
Si flux during the deposition process
�i.e., Si deposition rate� is almost inde-
pendent of the Ar incident energy,
whereas the adsorbed O flux �i.e., O
deposition rate� is a weakly decreasing
function of it. In other words, Ar injec-
tions may be considered to preferen-
tially sputter O atoms from the
surface.

FIG. 11. The film densities as functions of the Ar inci-
dent. The deposition conditions for �a� and �b� are the
same as those in Figs. 8�a� and 8�b�. The film density is
shown to increase as the Ar incident energy increases.
The solid lines are guides to the eye.
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energy. The deposition conditions for �a� and �b� are the
same as those in Figs. 8�a� and 8�b�. The coordination num-
ber of Si for O is defined as the number of bonds of a Si
atom connected with O atoms. For crystalline SiO2, the co-
ordination number of Si for O is 4. As in Figs. 11 and 12, we
evaluated the coordination number only from the atoms lo-
cated in the middle portion of the deposited film in order to
avoid counting those of surface atoms, which tend to have
more dangling bonds and/or oxygen terminated bonds. The
coordination number is shown to decrease as the Ar incident
energy increases in both cases. This is consistent with the
observation in Fig. 12 that the film becomes more Si rich as
the Ar incident energy increases.

In Figs 12 and 13, we examined how the local arrange-
ment of Si and O atoms changes under the influence of Ar
bombardment. Such local �i.e., short-scale� arrangements of
neighboring Si and O atoms are called the short-range order
�SRO�. In the process of densification, however, it has been
suggested23 that the medium range order �MRO� of the film,
rather than the short-range order �SRO�, undergoes an even
more significant change as a result of the change in arrange-
ment of the Si�O1/2�4 tetrahedra in the film. Although a de-
tailed analysis of the MRO of the films presented here is
outside the scope of the present work, it may elucidate the
mechanism of film densification by energetic bombardment.

IV. SUMMARY

We have examined Ar ion bombardment effects during
reactive sputtering deposition processes for the growth of
amorphous SiO2 films. The formation of SiO2 essentially
takes place on the film surface when Si atoms supplied from
a magnetron sputtering target that is set away from the sub-

strate react with a separately supplied �low-pressure� oxygen
gas. Since plasma exists in the reaction vacuum chamber, we
assume that some oxygen molecules are broken into highly
reactive O atoms and therefore have focused on surface re-
actions of silicon and atomic oxygen. Assuming a simple
model where a single Si atom and many O atoms are injected
to the surface alternatively at 1 and 0.8 eV with given angles
of incidence, we have analyzed dynamics of such atoms us-
ing MD/MC simulations. In our previous studies,2,3 we have
evaluated some characteristics of deposited films under vari-
ous deposition conditions for the same process without Ar
sputtering.

In the deposition processes, an Ar gas that is used as a
buffer gas and also as a diluent provides Ar ions that bom-
bard the surface of the growing film. Without an externally
applied bias voltage, the Ar bombardment energy is essen-
tially determined by the plasma potential. The Ar injection
energy can be further increased by the bias voltage applied to
the substrate. Assuming that the Ar flux is equal to the Si
flux, we simulated the growth process of amorphous SiO2

films with Ar bombardment in the present study.
It has been found from the simulations that Ar bombard-

ment, especially when its energy is sufficiently high, has es-
sentially the following two distinct effects. One is that Ar
injections preferentially sputter O atoms from the surface
over Si, so that the film becomes more Si rich as Ar injection
energy increases. The other is that Ar injections have a com-
pressing effect on the growing film due to the momentum
transfer. The combination of these two effects causes the
increase of film density, Si content �i.e., the inverse of O/Si
defined in the preceding section�, and decrease of the coor-
dination number of Si for O for the deposited film as the Ar

FIG. 12. The stoichiometries of deposited films as
functions of the Ar incident energy. The stoichiometry
is defined as the ratio of the number of O atoms to that
of Si atoms �which is denoted by O/Si� in the bulk of
deposited film. The deposition conditions for �a� and �b�
are the same as those in Figs. 8�a� and 8�b�. The film is
shown to become more Si rich as the Ar incident energy
increases. In other words, Ar injections may be consid-
ered to preferentially sputter O atoms from the surface.
The solid lines are guides to the eye.

FIG. 13. The coordination numbers of Si for O in the
bulk of deposited films as functions of the Ar incident
energy. The coordination number of Si for O is defined
as the number of bonds of a Si atom connected with O
atoms. The deposition conditions for �a� and �b� are the
same as those in Figs. 8�a� and 8�b�. The coordination
number is shown to decrease as the Ar incident energy
increases. This is consistent with the observation in Fig.
12 that the film becomes more Si rich as the Ar incident
energy increases. The solid lines are guides to the eye.
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injection energy increases. Some preliminary examinations
of film qualities obtained under various conditions in optical
filter deposition processes1 seem to indirectly support the
two effects by Ar bombardment mentioned above. A qualita-
tive comparison of the simulation results with experimental
data is left for a future study.
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