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Dynamical study of ion-beam oxidation: Incorporation of hyperthermal oxygen ions into silicon
oxide thin films

T. Tzvetkov, X. Qin, and D. C. Jacobs
Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556

~Received 22 August 2002; published 28 February 2003!

The complex dynamics associated with ion-beam oxidation of Si~001! by 5–100-eV O1 and O2
1 is studied

in situ. Room-temperature oxidation of silicon under ultrahigh vacuum conditions is accomplished with a
mass-selected, monoenergetic, oxygen ion beam. Initially, a thin Si16Ox film is prepared by bombarding clean
Si~001! with hyperthermal energy16O1. Switching the incident ion flux to18O1 or 36O2

1 creates an isotopi-
cally labeled tracer for monitoring the rate at which subsequent incident oxygen ions are incorporated into the
topmost layer of the growing silicon oxide film. The cross section for oxygen incorporation is found to depend
strongly on~i! the conditions under which the underlying oxide layer was grown,~ii ! the kinetic energy of the
incorporating ion, and~iii ! whether the incident ion is atomic or molecular oxygen.

DOI: 10.1103/PhysRevB.67.075418 PACS number~s!: 68.47.Gh, 68.49.Sf, 81.15.Jj, 81.65.Mq
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I. INTRODUCTION

The reaction of hyperthermal energy ions with surfac
presents enormous opportunities for achieving chem
control.1 Hyperthermal translational energies~5–500 eV! are
sufficient to activate a wide variety of chemical transform
tions at the gas/surface interface including abstraction,
dation, and implantation.2 The lessons learned, from explo
ing the fundamental dynamics of how an energetic part
initiates chemical change at and beyond the gas/surface
terface, can impact a variety of technological applicatio
that occur under nonthermal conditions. For example, an
biting space vehicle is continuously exposed to a flux
energetic neutral atoms/molecules, ions, electrons, cha
particle radiation, electromagnetic radiation, meteoroids,
orbital debris.3 Because silicon oxide is commonly employe
as a protective transparent coating in spacecraft applicati
it is critical for aerospace engineers to know how SiO2 and
other vulnerable surfaces are potentially degraded an
eroded through prolonged exposure to 5–10-eV oxygen
oms and ions.

The oxidation of silicon has been a long-standing topic
investigation within the microelectronics industry, where it
highly desirable to grow thin gate oxides at lo
temperature.4 The thermal budget of device fabricatio
places a ceiling on the processing temperatures that ca
employed in thin oxide-film growth before other compone
on the same substrate will become irreparably damag
Plasma-assisted oxidation, plasma-enhanced chemical v
deposition, ion-beam oxidation~IBO!, and dual ion-beam
deposition are attractive alternatives to thermal oxidati
because the energetic deposition of reactive oxygen spe
helps grow high quality oxide films without the need f
high-temperature annealing.5–8 In the case of plasma oxida
tion of silicon, the application of a positive or negative 60
potential to the substrate accelerates oxidation substantia9

This demonstrates the important role of energetic ions in
oxidation process.

Low-temperature IBO exploits the energy of the incide
ion to promote penetration below the surface layer and a
0163-1829/2003/67~7!/075418~7!/$20.00 67 0754
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vate the transport of interstitial oxygen to the Si/SiOx

interface.10 Because silicon within the oxide layer is supplie
exclusively from the substrate, an IBO film will attain
maximum thickness when the rate at which oxygen diffu
to the Si/SiOx interface equals the rate at which the film
etched by the incident ion beam. Todorov and Fossum us
40–120-eV ion beam~containing O1, O2

1 , and Ar1) to
form 40-Å-thick oxide films on silicon at room
temperature.11 The electrical quality of the oxide layer wa
determined to be satisfactory for use as a gate dielectric
thin-film metal-oxide-semiconductor field-effect transist
device.12 Similarly, neutral atomic and molecular oxygen im
plantation at energies of 5 and 10 eV, respectively, creat
45-Å-thick oxide layer on silicon.13

Quinteroset al. explored the intermediate stages of IB
of Si~001! by studying how 5–150-eV O1 etches the top-
most layer of the silicon oxide film, as the film is bein
further oxidized by the ion beam.14,15 The authors utilized
mass-,energy-, and angular-resolved detection of the s
tered product ions (O2

2 and SiO1) along with isotopic label-
ing of the incident ions to characterize the competition b
tween abstraction and sputtering mechanisms. For exam
at O1 ion energies above 16 eV, a scattering-mediated
straction mechanism is operative. That is, the incident1

ion neutralizes on approach to the surface, scatters from
lattice, and picks up an oxygen atom on the outbound tra
tory. At collision energies above 33 eV, a second react
channel for O2

2 emergence appears, in which the incide
projectile first creates an O-atom recoil upon impact. As
oxygen recoil leaves the surface, it abstracts a neighbo
oxygen atom from the lattice to form scattered O2

2 ~recoil
abstraction!. Studies such as this provide a detailed view
the mechanisms leading to scattered products in IBO.

In a similar vein, the present study characterizes
mechanisms for oxygen incorporation within the lattice d
ing IBO. In a pioneering study, Kimuraet al. employed iso-
topic labeling as a way to monitor the migration of inters
tial oxygen within a SiOx film, as the film grew under
microwave-discharge plasma oxidation.16 We describe here
an isotopic labeling approach to quantitatively measure
©2003 The American Physical Society18-1
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rate at which oxygen is incorporated into the topmost la
of a silicon oxide film during hyperthermal O1 and O2

1 IBO.

II. EXPERIMENT

The experimental approach involves a monoenerg
beam of mass-selected ions directed at a well-character
surface. The oxide films are grown and studied in an ul
high vacuum chamber described elsewhere.15 Briefly, the ap-
paratus consists of three differentially pumped chambers:
source and buffer chambers contain the ion transport op
the main scattering chamber houses the surface sample
diagnostic tools, and the rotatable detector chamber cont
a quadrupole mass spectrometer. The main chamber pre
rises to only 5310210 torr when the ion beam is running.

The silicon oxide thin films are grown on a Si~001! sub-
strate. The samples are cut fromp-doped silicon wafers
~0.01-V cm resistivity! and prepared by wet oxidation an
dipping in HF to obtain an atomically flat, H-terminate
surface.17 After introducing a treated Si~001! sample into the
apparatus through the load-lock chamber, the substrat
heated to 900 °C to remove the hydrogen passivation la
X-ray photoelectron spectroscopy is used to confirm surf
cleanliness~less than 1% carbon contamination!, and low-
energy electron diffraction verifies that the surface has
dergone a (231) reconstruction.

IBO is conducted with an oxygen ion beam, prepared
flowing CO(g) through a plasma electron impact ion sour
~Penning gun!. Cations extracted from the Colutron plasm
discharge source are accelerated to 1.5 keV, and a single
species is mass selected within the Wien filter. Next, the
beam is electrostatically deflected to remove neutrals
decelerated to the final beam energy~5–100 eV!. For the
labeling experiments, isotopically enriched C18O2(g) ~spec-
tra gases! is mixed with Ne(g) to form the plasma feed gas
Mass filtration of the incident ion beam selects either22Ne1

or a single isotope of oxygen (16O1, 18O1, 32O2
1 , or 36O2

1)
with less than 1% isotopic impurities. The16O1 dosing beam
is spatially broadened~7-mm diameter! to oxidize a larger
portion of the Si~001! substrate than is sampled by the18O1

or 36O2
1 tracers ~4.5-mm beam diameter!. All dosing and

tracer experiments are performed atTs5300 K with the
;10-nA ion beam directed at 45° relative to the surface n
mal.

Intermittently, the isotopic composition of the topmo
layer is monitored by briefly switching the incident oxyge
ion beam to 60-eV22Ne1 ~3-mm beam diameter!. The sput-
tered 16O2 and 18O2 ions are collected by a quadrupo
mass spectrometer, positioned at the angle of maximal si
intensity.SRIM simulations predict that the relative efficien
cies, at which16O and18O are sputtered from SiO2 by 60-eV
Ne1 projectiles, differ by only 3%.18 Hence, the fractionsF
of 16O and 18O in the topmost layer of the film can be ca
culated simply as

F165
I 16

I 161I 18
, F185

I 18

I 161I 18
, ~1!
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where I 16 and I 18 are the measured sputtering intensities
16O2 and 18O2, respectively.

III. RESULTS

Throughout the IBO process, the growth of the oxide fi
on Si~001! is monitored. X-ray photoelectron spectra in th
Si 2p region show the development of a distinct silicon d
oxide Si~IV ! feature and attenuation of the elemental Si~0!
peak. Concurrent with the O1 dose, scattered O2 and O2

2

products are observed in the quadrupole mass spectrome15

For a given incident energy, the O2
2 signal scales with the

O2 signal. This indicates that the reactions leading to e
product channel are equally sensitive to the nature of
oxide/vacuum interface; hence, only the scattered O2 inten-
sity, as a function of the O1 dose, is displayed in Fig. 1. Th
rapid rise in the O2 yield with the O1 dose corresponds to
the initial growth phase of the film. In the plateau region, t
chemical composition of the topmost layer of the film h
reached a steady state, even though the oxide layer will c
tinue to grow as it approaches the saturation thickness~;40
Å!. All of the data reported hereafter are collected in t
steady-state regime~> 10-Å thick!, where the chemical na
ture of the oxide vacuum interface remains unchanged
time.

To measure the rate at which incident ions are incor
rated into the film, an initial oxide layer is grown on Si~001!
using 60-eV16O1, exclusively. After a steady-state oxid
layer is established, a beam of 60-eV18O1 is targeted at the
surface, and the isotopic composition of the topmost laye
monitored by periodic 60-eV Ne1 sputtering. Figure 2 shows
how the fraction@calculated from Eq.~1!# of 16O and18O at
the surface evolves with the18O1 dose. The sum of sputtere
16O2 and 18O2 signals remains constant throughout the e
periment, confirming that the total concentration of oxyg
in the topmost layer of the film is unaltered within th
steady-state regime.

A simple first-order rate model is applied to the expe
mental data in Fig. 2. With a fixed density of oxygen sites
the topmost layer, we assume that for every18O that be-

FIG. 1. The yield of scattered O2 during the initial oxidation of
Si~001! with 60-eV16O1 at Ts5300 K. After a dose of 431015 O1

ions cm22, the chemical composition of the topmost layer of t
oxide film reaches a steady state.
8-2
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comes incorporated in the topmost layer, there is one
16O at the surface. The model does not differentiate whe
the displaced16O goes subsurface or disappears into
vacuum. The rate at which18O is incorporated into the
Si16Ox lattice is proportional to the flux (J18) of incident
18O1, the instantaneous fraction (F16) of surface sites occu
pied with 16O, and a rate constant~s!:

dF18

dt
5J18sF16. ~2!

Equation ~2! can be easily integrated when we apply t
initial condition,F16(t50)51, and constrain the sum of th
isotope fractions to equal unity at all times. This genera
expressions for the isotopic composition,

F18512exp~2D18s!, F165exp~2D18s!, ~3!

as a function ofD18, the time-integrated18O1 flux, also
known as the fluence or dose. The curves drawn through
data in Fig. 2 represent a fit to Eq.~3!. The single fitting
parameters represents the cross section for incorporation
can be interpreted loosely as the effective area surroundi
filled oxygen site in which an incident ion must strike
replace the current oxygen atom at the site.

Experiments, such as the one shown in Fig. 2, are
peated for a range of ion kinetic energies. In each case,
the 16O1 used to form the steady-state oxide layer and
18O1 employed in the incorporation step are introduced
the same kinetic energy. Figure 3 shows the cross section
18O1 incorporation as a function of O1 kinetic energy. As
the beam energy increases beyond 40 eV, the cross se
for incorporating oxygen into the topmost layer decrease

In a parallel set of experiments, the rate of oxygen inc
poration from molecular ion projectiles is studied. Here,
steady-state Si16O film is grown using16O1 at a selected
energy. Next, the rate of18O incorporation is measured b
introducing 36O2

1 at the same kinetic energy. It was empi
cally verified that the steady-state regime was maintaine
spite of the change in projectile. The data displayed as o

FIG. 2. The isotopic composition of the topmost layer of
Si16Ox film versus the dose of 60-eV18O1. The fraction of16O
~open squares! and 18O ~solid circles! in the surface layer is moni
tored by static secondary-ion-mass spectroscopy~SIMS! using
60-eV Ne1 projectiles. The curves represent a fit to Eq.~3!.
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diamonds in Fig. 3 are derived from fits to Eq.~3!, where the
cross sections is divided by 2 to reflect that two18O atoms
are delivered by each incident36O2

1 projectile. The incorpo-
ration rate reaches a maximum when 40-eV36O2

1 impinges
on the oxide layer.

The 36O2
1 projectiles that do not trap upon impact wi

scatter from the Si16Ox surface through one of three path
ways: nonreactive scattering, dissociative scattering, or s
stitution. Mass-selective detection of the scattered io
products discriminates against sputtered species (16O2 and
32O2

2) in favor of those (36O2
2 , 18O2, and 34O2

2) that con-
tain nuclei originating from the incident projectile. After in
tegrating the product ion signals over all exit velocities a
scattering angles, an absolute yield is obtained. Cha
transfer dynamics strongly influence the absolute yields m
sured for anionic products. Thus, in an effort to extract
fundamental reaction behavior, branching ratios are ca
lated for the three products at each incident energy. T
branching ratio for a particular anionic product is defined
the yield of the selected product divided by the sum of
three anionic product yields. Figure 4 shows the depende
of the product branching ratios on the incident36O2

1 energy.
The threshold for dissociative scattering (18O2) in Fig. 4 is
coincident with the onset for36O2

1 incorporation in Fig. 3.
Moreover, the branching ratio for the substitution chan
(34O2

2) exhibits a similar energy dependence as the cr
section for36O2

1 incorporation.
Each data point in Fig. 3 is collected under conditio

where the oxide-film growth and incorporation steps are c
ducted at the same ion impact energy. Consequently,
difficult to assess whether the energy dependence to the
corded cross section is correlated primarily with the nature
the oxide~influenced by the16O1 growth conditions! or with
the reactivity of the18O1 projectile. To unravel the conflu
ence of these two effects, a series of experiments are
formed where the target Si16O film is grown under varied
16O1 deposition energies; however, the incorporating18O1

ion is always introduced at 5-eV kinetic energy. Figure

FIG. 3. The cross section for incorporation of18O1 ~solid
circles! or 36O2

1 ~open diamonds! into the topmost layer of a Si16Ox

film as a function of the energy of the incident ions. The cro
section is scaled to the number of incident oxygen nuclei. Cur
are drawn to guide the eye.
8-3
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reveals the effect that oxide growth conditions have on
rate of oxygen incorporation. The lowest cross section
18O1 incorporation occurs when the oxide layer is initial
formed using a16O1 deposition energy of;20 eV.

IV. DISCUSSION

The relatively large values for the incorporation cross s
tion in Figs. 3 and 5 indicate that a facile exchange of o
gen nuclei occurs at the oxide/vacuum interface during IB
To estimate the probability that an incident ion is incorp
rated into the top layer of the silicon oxide lattice,~i! the
depth sensitivity of the sputtering probe and~ii ! the density
of the film must both be approximated.

~i! The film’s isotopic composition is probed by ‘‘gentle
secondary-ion-mass spectrometry~SIMS!, i.e., the mass
spectrum of sputtered O2 is recorded when 60-eV Ne1

FIG. 4. Branching ratio for scattered anionic products as a fu
tion of the incident energy with which36O2

1 collides with Si16Ox .
The oxide film was prepared by dosing 60-eV16O1 on Si~001!.
Nonreactive scattering (36O2

2), oxygen substitution (34O2
2), and

dissociative scattering (18O2) are represented by solid circles, ope
triangles, and open squares, respectively. Curves are drawn to g
the eye.

FIG. 5. The cross section for incorporation of 5-eV18O1 into
the topmost layer of a Si16Ox film versus the incident energy a
which the film was originally grown by16O1 IBO of Si~001!. The
curve is drawn to guide the eye.
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projectiles bombard the surface. Smith, Harrison, Jr., a
Garrison have simulated at 1–3 keV the Ar1 sputtering
Si~110! and found that atoms from the first monolay
comprise 75% of the signal.19,20 The high displacemen
energy~15–25 eV! of bulk atoms precludes the contr
bution of second-layer atoms to the sputtered signal p
duced by 60-eV Ne1 projectiles. Hence, only oxygen
atoms found in the topmost layer~3.5-Å depth! of the
SiO2 film are expected to contribute to the sputteri
signal. Changes in the assumed depth of origin for sp
tered oxygen will not affect the measured cross sectio
because the depth of origin is always less than the ox
film thickness~.10 Å!.11

~ii ! Two approaches are adopted for estimating the den
of the silicon oxide films. If we assume that the numb
density of oxygen in our silicon oxide film is close t
that of crystalline quartz (4.6631022 cm23), then the
region of the film under study~3.5-Å depth! contains
approximately 1.6231015 oxygen sites per cm2 of sur-
face area. Alternatively, Engstrom, Bonser, and En
assumed that two oxygen atoms bind to each unsatur
Si atom in the early stages of oxide growth on Si~001!.21

Under this approximation, approximately 1.3631015

oxygen sites exist per cm2 of surface area. The estima
tions outlined above imply that the average surface a
associated with each accessible oxygen site probably
somewhere between 6.1 and 7.4 Å2.

The probability that an incident18O1 ion is incorporated into
the topmost layer of SiOx can then be calculated from th
experimentally determined incorporation cross section
vided by the surface area per accessible oxygen site.
quantity is plotted versus the18O1 incident energy in Fig. 6
~solid circles!. Approximately 30%–65% of the impinging
18O1 projectiles come to rest in the top 3.5 Å of the silico
oxide film. The probabilities reported in Fig. 6 are direct
proportional to the choice of sensitivity depth for the Ne1

probe; consequently, if the estimated number of O sites

-

ide

FIG. 6. The probability for incorporation of18O1 into Si16Ox as
a function of the18O1 kinetic energy. Experimental data~solid
circles! are compared toSRIM simulations of total incorporation
probability ~open triangles! and predicted incorporation into the to
3.5-Å layer ~open squares! of the film. Curves are drawn to guid
the eye.
8-4
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unit surface area deviates from that calculated above,
solid curve in Fig. 6 will scale proportionally.

It is difficult to accurately model this system usin
molecular-dynamics simulations, because the many-b
potential-energy surface governing the O/SiOx interaction is
unknown. Alternatively,SRIM simulations utilize a more trac
table Monte Carlo algorithm to treat sputtering, backscat
ing, and implantation for ions impinging on structurele
solids.18 The SRIM code computes that less than 10% of t
incident 18O1 ions are backscattered from SiO2 ~see open
triangles in Fig. 6!. For the fraction of oxygen projectiles tha
are incorporated into the lattice,SRIM predicts the distribu-
tion of implantation depths. The open squares in Fig. 6 r
resent the probability, as calculated fromSRIM, that an inci-
dent 18O1 ion is incorporated into the top 3.5 Å of th
lattice. The qualitative agreement between experiment~solid
circles! and simulation~open squares! at ion energies above
40 eV confirm that higher-energy projectiles penetrate dee
into the lattice; those18O projectiles that implant below 3.5
Å are not detected by the 60-eV Ne1 SIMS probe. For O1

energies less than 40 eV, it is difficult to conclude, with
experimental error, whether there exists an energy dep
dence to the cross section for incorporation.

The scattered product distribution provides valuable inf
mation on the fate of the36O2

1 projectile. Figure 4 demon
strates that dissociative scattering (18O2) is unlikely at ener-
gies below 30 eV. The observed threshold for2
fragmentation is consistent with an impulsive dissociat
mechanism, wherein the collision transfers translational
ergy into rovibrational energy that promptly ruptures the m
lecular bond.22 In contrast, dissociative neutralization can o
cur when electron transfer populates a repulsive poten
energy curve for the molecule. The latter process often la
a distinct dissociation threshold because the incident en
of the projectile is only weakly coupled to the reaction co
dinate. For incident36O2

1 energies above 40 eV, impulsiv
dissociation will effectively deliver pairs of atomic oxyge
fragments to the surface.

Figure 3 illustrates the sensitivity of the incorporatio
cross section to the nature of the projectile. At incident
ergies below 40 eV, O1 is incorporated into the topmos
layer of SiOx more readily than is O2

1 . However above 40
eV, the two projectiles exhibit similar rates of incorporatio
This behavior can be explained by examining the relat
reactivity and penetration depth of O1 versus O2

1 . The rela-
tively large size and lower chemical reactivity of O2 com-
pared to O presents a larger barrier for incorporation into
lattice. Szymanski, Stoneham, and Shluger performedab ini-
tio calculations to assess the energies of various inters
oxygen species ina-quartz.23 They determined that a mo
lecular oxygen interstitial is energetically more favored th
two atomic oxygen interstitials, and negatively charged in
stitial species are more favored than their neutral coun
parts. The authors concluded that an atomic oxygen inte
tial easily undergoes O-atom exchange with nondefec
sites in the SiO2 lattice; however, they predicted that inte
stitial O2 is unable to dissociate or become covalently bou
within the SiO2 framework. Consequently, if an O2 projectile
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penetrates beneath the surface layer, it will adopt a nega
charge but remain undissociated as it migrates to the SiOx /Si
interface, as has been shown in high-temperature dry ox
tion experiments.16,24 In summary, the relatively low cros
section for slow O2 can be assigned to the high barrier for O2
incorporation. This increases the probability for nonreact
scattering and extends the diffusion length of O2
interstitials—reducing the chance of detecting18O in the top-
most layer.

In contrast, a more energetic O2
1 projectile will dissociate

at the surface, and the nascent oxygen fragments
promptly trap and diffuse as interstitial atomic specie
Atomic oxygen interstitials are likely to exchange with16O
in the lattice or, to a lesser extent, undergo geminate rec
bination to form a mobile O2 interstitial.23 At sufficiently
high impact energies, O2 will completely dissociate, and the
ensuing fragments will independently incorporate into t
lattice. Although the nascent fragments each possess
proximately half the energy of the incident projectile, th
cascade energy will scale with the incident ion energy,
gardless of whether atomic or molecular projectiles are e
ployed. Atom transport in the oxide layer is most strong
coupled to the cascade energy. Consequently, energetic2

1

bombardment results in an outcome equivalent to that
two independent O1 projectiles. Kang, Kasi, and Rabala
observed a similar effect in the reaction of CO1 with
Ni~111!.25 Whereas the reactivity of O1 with Ni~111! de-
creased monotonically with incident energy, the reaction
CO1 rose dramatically and peaked near 20 eV.

The appearance of scattered34O2
2 in Fig. 4 demonstrates

that a portion of incident36O2
1 undergoes charge transfer an

trades an18O for 16O. Thermodynamically, a complete ex
change of oxygen nuclei@Eq. ~4!# is strongly favored over a
partial substitution@Eq. ~5!#:

~4!

~5!

Consequently, the emergence of scattered34O2
2 is likely to

be accompanied by the incorporation of18O into the lattice.
The remarkable similarity between the branching ratio
34O2

2 , shown in Fig. 4, and the incorporation cross sect
for 36O2

1 , plotted in Fig. 3, suggests that the symmetric e
change reaction@Eq. ~4!# may contribute to the incorporatio
of molecular oxygen into SiOx . However, the coalescence o
the 36O2

1 and 18O1 incorporation data at high impact energ
implies that complete fragmentation of36O2

1 is required for
both oxygen nuclei to incorporate.

Figure 5 confirms that the reactivity of 5-eV18O1 with a
thin Si16Ox film depends on the beam energy with which t
IBO film is formed. By holding constant the energy of inco
porating 18O1, this experiment is sensitive primarily to th
8-5
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growth conditions used to initially prepare the oxide lay
The incorporation rate is lowest for films oxidized with16O1

at approximately 20 eV. Since oxygen incorporates most e
ily at defect sites, the data suggest that an oxide layer form
using 20-eV16O1 is created with fewer defects than a lay
grown at other energies. When low deposition energies~<5
eV! are employed, each incident oxygen atom sticks at
site of impact with limited mobility. This produces vacanc
sites, interstitials, and other defects that are not removed
room-temperature annealing. As the ion energy is increa
the projectile’s incident momentum leads to an enhan
mobility. In addition, the collision deposits a large amount
energy into a small volume of the surface, resulting in loc
ized annealing of the nearby lattice. Together, these eff
reduce the number of defect sites in the oxide layer
correspondingly diminish the cross section for incorporati
However, when the ion-deposition energy exceeds 20 eV,
projectiles can impulsively displace stable lattice atoms, t
generating new defect sites. This results in an enhanced
of incorporation that continues to increase with additio
deposition energy.

A similar phenomenon was noted by Rabalais and
workers, who examined the homoepitaxial deposition
8–40-eV Si1 on Si~001!.6,26,27They characterized the qua
ity of their ion-deposited films by employing a battery
surface-sensitive techniques~reflection high-energy electro
diffraction, Auger electron spectroscopy, high-resoluti
transmission-electron microscopy, Rutherford backscatte
spectrometry, and atomic force microscopy!. Interestingly,
they found that epitaxial growth at 160 °C yielded the few
number of defects when the film was deposited using 20
Si1. The authors argued that at lower collision energies,
impinging ion sticks to the surface without migrating to
preferred site~e.g., step edges! for layer-by-layer growth.
Furthermore, ions deposited at energies above 25 eV ge
ate stable defect sites within the film that are not annea
out under moderate surface-temperature conditions. Co
ts
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quently, 20 eV represents the ideal deposition energy for
hanced adatom penetration and mobility without the side
fect of collision-induced damage to the film. On the basis
the experimental data and molecular-dynamics simulatio
the authors concluded that the penetration and displacem
thresholds for silicon deposition were 8 and 20 eV, resp
tively. Figure 5 reveals that it is precisely when the16O1

deposition energy exceeds 20 eV that the cross section
further oxygen incorporation begins to increase. The on
for generating defect sites through O1 IBO of Si~001! is
consistent with the threshold for silicon atom displacem
measured by Marton, Boyd, and Rabalais.27

V. SUMMARY

This study presents an absolute cross section measure
incorporating hyperthermal oxygen ions into the topm
layer of a silicon oxide thin film. Experiments and simul
tions suggest that up to 65% of the impinging oxygen io
are incorporated within 3.5 Å of the surface. At incide
energies below 40 eV, O2

1 reacts less readily than O1, be-
cause without fragmentation, it is difficult for O2 to incorpo-
rate within the SiOx framework. As the incident energy in
creases, however, impulsive dissociation and/or oxy
exchange enables the O2

1 projectile to incorporate at simila
rates as O1. Room-temperature IBO of Si~001! is ideally
conducted with 20-eV O1, where the modest deposition en
ergy promotes oxygen mobility without inducing significa
radiation damage.
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