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Dynamical study of ion-beam oxidation: Incorporation of hyperthermal oxygen ions into silicon
oxide thin films
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The complex dynamics associated with ion-beam oxidation @03) by 5-100-eV O and G 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 thi®,Siilm is prepared by bombarding clean
Si(001) with hyperthermal energy?O". Switching the incident ion flux td0" or *°0] 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 grdiinthe kinetic energy of the
incorporating ion, andiii) whether the incident ion is atomic or molecular oxygen.

DOI: 10.1103/PhysRevB.67.075418 PACS nuniber68.47.Gh, 68.49.5f, 81.15.Jj, 81.65.Mq

. INTRODUCTION vate the transport of interstitial oxygen to the Si/SiO
interface’® Because silicon within the oxide layer is supplied
The reaction of hyperthermal energy ions with surfacesexclusively from the substrate, an IBO film will attain a
presents enormous opportunities for achieving chemicahaximum thickness when the rate at which oxygen diffuses
control Hyperthermal translational energiés-500 eV are 1o the Si/SiQ interface equals the rate at which the film is
sufficient to activate a wide variety of chemical transforma-etched by the incident ion beam. Todorov and Fossum used a
tions at the gas/surface interface including abstraction, oxizg—120-eV ion bean{containing 0, O; , and Ar") to
dation, and implantatiohThe lessons learned, from explor- form  40-A-thick oxide films on silicon at room

ing the fundamental dynamics of how an energetic particlgemperaturé! The electrical quality of the oxide layer was
initiates chemical change at and beyond the gas/surface igretermined to be satisfactory for use as a gate dielectric in a
terface, can impact a variety of technological applicationshin-film metal-oxide-semiconductor field-effect transistor
that occur under nonthermal conditions. For example, an ordevice’? Similarly, neutral atomic and molecular oxygen im-
biting space vehicle is continuously exposed to a flux ofplantation at energies of 5 and 10 eV, respectively, creates a
energetic neutral atoms/molecules, ions, electrons, chargegb-A-thick oxide layer on silico®
particle radiation, electromagnetic radiation, meteoroids, and Quinteroset al. explored the intermediate stages of IBO
orbital debris® Because silicon oxide is commonly employed of Si(001) by studying how 5-150-eV O etches the top-
as a protective transparent coating in spacecraft applicationsjost layer of the silicon oxide film, as the film is being
it is critical for aerospace engineers to know how Sidd  further oxidized by the ion bea:™® The authors utilized
other vulnerable surfaces are potentially degraded and/anass-,energy-, and angular-resolved detection of the scat-
eroded through prolonged exposure to 5—10-eV oxygen atered product ions (9 and SiO") along with isotopic label-
oms and ions. ing of the incident ions to characterize the competition be-
The oxidation of silicon has been a long-standing topic oftween abstraction and sputtering mechanisms. For example,
investigation within the microelectronics industry, where itisat O" ion energies above 16 eV, a scattering-mediated ab-
highly desirable to grow thin gate oxides at low Straction mechanism is operative. That is, the incideit O
temperaturé. The thermal budget of device fabrication ion neutralizes on approach to the surface, scatters from the
places a ceiling on the processing temperatures that can titice, and picks up an oxygen atom on the outbound trajec-
employed in thin oxide-film growth before other componentstory. At collision energies above 33 eV, a second reaction
on the same substrate will become irreparably damaged¢hannel for @ emergence appears, in which the incident
Plasma-assisted oxidation, plasma-enhanced chemical vapoiojectile first creates an O-atom recoil upon impact. As the
deposition, ion-beam oxidatiodBO), and dual ion-beam oxygen recoil leaves the surface, it abstracts a neighboring
deposition are attractive alternatives to thermal oxidationpxygen atom from the lattice to form scattered Qecoil
because the energetic deposition of reactive oxygen speciedstraction Studies such as this provide a detailed view of
helps grow high quality oxide films without the need for the mechanisms leading to scattered products in IBO.
high-temperature annealiig® In the case of plasma oxida- In a similar vein, the present study characterizes the
tion of silicon, the application of a positive or negative 60-V mechanisms for oxygen incorporation within the lattice dur-
potential to the substrate accelerates oxidation substarttiallying IBO. In a pioneering study, Kimuret al. employed iso-
This demonstrates the important role of energetic ions in théopic labeling as a way to monitor the migration of intersti-
oxidation process. tial oxygen within a SiQ film, as the film grew under
Low-temperature IBO exploits the energy of the incidentmicrowave-discharge plasma oxidatithwe describe here
ion to promote penetration below the surface layer and actian isotopic labeling approach to quantitatively measure the
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The experimental approach involves a monoenergetic Tg 60 - s
beam of mass-selected ions directed at a well-characterized po - s
surface. The oxide films are grown and studied in an ultra- ‘.” P
high vacuum chamber described elsewHérgriefly, the ap- o S
paratus consists of three differentially pumped chambers: the . 30 Re
source and buffer chambers contain the ion transport optics, 20 T T T 3 \

the main scattering chamber houses the surface sample and 1%0* D 10' ions cm?)
diagnostic tools, and the rotatable detector chamber contains ose ( 10
a quadrupole mass spectrometer. The main chamber pressurer; 1 The yield of scattered Oduring the initial oxidation of

rises to only 5<10~ % torr when the ion beam is running. Si(001) with 60-eV 10" at T,=300 K. After a dose of & 101> O*

The silicon oxide thin films are grown 0”_5_3(301) sub-  jonscm? the chemical composition of the topmost layer of the
strate. The samples are cut fropadoped silicon wafers oxide film reaches a steady state.

(0.01€Q2 cm resistivity and prepared by wet oxidation and

dipping in HF to obtain an atomically flat, H-terminated yhere| g and |, are the measured sputtering intensities of
surface’’ After introducing a treated 8101) sample into the 160~ and 180~ respectively.

apparatus through the load-lock chamber, the substrate is

heated to 900 °C to remove the hydrogen passivation layer.

X-ray photoelectron spectroscopy is used to confirm surface IIl. RESULTS

cleanliness(less than 1% carbon contaminatipand low- Throughout the IBO process, the growth of the oxide film

energy electron diffraction v_erifies that the surface has ung, S(001) is monitored. X-ray photoelectron spectra in the

dergone a (X1) reconstruction. , Si 2p region show the development of a distinct silicon di-
IBO is conducted with an oxygen ion beam, prepared by,yiqe Sjjv) feature and attenuation of the elemental0Si

flowing CO(g) through a plasma electron impact ion sourcepeay - Concurrent with the Ddose, scattered Oand G
(Penning guh Cations extracted from the Colutron plasma

. . *products are observed in the quadrupole mass spectrotmeter.
discharge source are accelerated to 1.5 keV, and a smgle-uk].)_rbr a given incident energy, the,Osignal scales with the
species is mass selected within the Wien filter. Next, the ion.~ signal. This indicates th:;u thé reactions leading to each
beam is electrostatically deflected to remove neutrals an gnai. I 9
decelerated to the final beam ener@-100 eV. For the product channel are equally sensitive to the nature of the

. . . . ? ) oxide/vacuum interface; hence, only the scatteredi@en-
labeling experiments, isotopically enriched®0,(g) (spec-

o . sity, as a function of the O dose, is displayed in Fig. 1. The
tra gasepis mixed with Ne@) to form the plasma feed gas. Yo X :
Mags filt)rsation of the incidgrzt ion beam sglects eitﬁ?eieg rapid rise in the O yield with the O" dose corresponds to

or a single isotope of oxyger{0"*, 20", %207 , or 0} the initial growth phase of the film. In the plateau region, the

. . 7 ] N X chemical composition of the topmost layer of the film has
W'th Ies_s than 1% isotopic Impurities. THEO _d_osmg beam reached a steady state, even though the oxide layer will con-
is spatially broadened7-mm diameterto oxidize a larger

. . tinue to grow as it approaches the saturation thickitegk)

+
portion of the S(001) substrate than is sampled by tHO” &) All of the data reported hereafter are collected in the
or *°0, tracers(4.5-mm beam diameterAll dosing and

) i steady-state regime= 10-A thick), where the chemical na-
tracer experiments are performed B{=300 K with the  tre of the oxide vacuum interface remains unchanged in
~10-nA ion beam directed at 45° relative to the surface noryjme.
mal. ) ) ) - To measure the rate at which incident ions are incorpo-
Intermittently, the isotopic composition of the topmost (5te( into the film, an initial oxide layer is grown on(@2)
!ayer is monitored 2by Eriefly switching Fhe incident oxygen using 60-eV%0", exclusively. After a steady-state oxide
lon belam_to 60“138\’2 Ne™ (3-mm beam diametgrThe sput-  |ayer is established, a beam of 60-&%" is targeted at the
tered 10~ and **0 ions are collected by a quadrupole g face, and the isotopic composition of the topmost layer is
mass spectrometer, positioned at the angle of maximal sign@}onitored by periodic 60-eV Nesputtering. Figure 2 shows
intensity. SRIM simulations predict that the relative efficien- pow the fractior calculated from Eq(1)] of %0 andfO at
cies, at Wh"?hleo ?‘ndlso are sputtered from Sifby 60-eV he gyrface evolves with tHEO™ dose. The sum of sputtered
Ne* projectiles, differ by only 3%° Hence, the fraction§ 160~ gnq180- signals remains constant throughout the ex-
of *%0 and*®O in the topmost layer of the film can be cal- periment, confirming that the total concentration of oxygen
culated simply as in the topmost layer of the film is unaltered within the
steady-state regime.
| | A simple first-order rate model is applied to the experi-
Flezi' 18:;8, (1)  mental data in Fig. 2. With a fixed density of oxygen sites in
li6t11s l16t 118 the topmost layer, we assume that for evéf@ that be-
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FIG. 2. The isotopic composition of the topmost layer of a  FIG. 3. The cross section for incorporation &0 (solid
Sité0, film versus the dose of 60-e%f0". The fraction of'60  circles or *0; (open diamondsinto the topmost layer of a 80,
(open squarésand *0 (solid circles in the surface layer is moni- film as a function of the energy of the incident ions. The cross
tored by static secondary-ion-mass spectrosc6PMS) using  Section is scaled to the number of incident oxygen nuclei. Curves
60-eV Ne" projectiles. The curves represent a fit to Eg). are drawn to guide the eye.

comes incorporated in the topmost layer, there is one lesgiamonds in Fig. 3 are derived from fits to E), where the
%0 at the surface. The model does not differentiate whethegross sections is divided by 2 to reflect that twé°O atoms
the displaced'®O goes subsurface or disappears into theyre delivered by each incideO; projectile. The incorpo-

vacuum. The rate at which®O is incorporated into the ration rate reaches a maximum when 40-%@; impinges
.16 . . . . .
Si°O, lattice is proportional to the fluxJgg) of incident on the oxide layer.

180* | the instantaneous fractiolff (5) of surface sites occu- The 3%0; projectiles that do not trap upon impact will

pied with *°0, and a rate constatw): scatter from the 3P0, surface through one of three path-
dFyg ways: nonreactive sca}ttering, dissociative scattering, or sqb-
T:\]]BO'F]_G. (2)  stitution. Mass-selective detection of the scattered ionic
products discriminates against sputtered specté®@( and
Equation (2) can be easily integrated when we apply the®20;) in favor of those %0, , %0, and**0;) that con-
initial condition, F1¢(t=0)=1, and constrain the sum of the tain nuclei originating from the incident projectile. After in-
isotope fractions to equal unity at all times. This generatesegrating the product ion signals over all exit velocities and

expressions for the isotopic composition, scattering angles, an absolute yield is obtained. Charge-
transfer dynamics strongly influence the absolute yields mea-
Fig=1-exp(—Digo), Fie=exp(—Digo),  (3)  sured for anionic products. Thus, in an effort to extract the

as a function ofD,g, the time-integrated®0™ flux, also fundamental reaction behavior, branch_ing_ ratios are calcu-
known as the fluence or dose. The curves drawn through thi@ted for the three products at each incident energy. The
data in Fig. 2 represent a fit to E3). The single fitting branqhmg ratio for a particular anionic product is defined as
parametewr represents the cross section for incorporation. Ithe yield of the selected product divided by the sum of all
can be interpreted loosely as the effective area surroundingt@rée anionic product yields. Figure 4 shows the dependence
filled oxygen site in which an incident ion must strike to of the product branching ratios on the incidéf®, energy.
rep|ace the current oxygen atom at the site. The threshold for dissociative scatterin’@Q’) in Flg 4 is
Experiments, such as the one shown in Fig. 2, are recoincident with the onset fof°0; incorporation in Fig. 3.
peated for a range of ion kinetic energies. In each case, botflloreover, the branching ratio for the substitution channel
the 0" used to form the steady-state oxide layer and thg3%O,) exhibits a similar energy dependence as the cross
180" employed in the incorporation step are introduced afsection for®®0; incorporation.
the same kinetic energy. Figure 3 shows the cross section for Each data point in Fig. 3 is collected under conditions
180" incorporation as a function of Okinetic energy. As  where the oxide-film growth and incorporation steps are con-
the beam energy increases beyond 40 eV, the cross sectidacted at the same ion impact energy. Consequently, it is
for incorporating oxygen into the topmost layer decreases. difficult to assess whether the energy dependence to the re-
In a parallel set of experiments, the rate of oxygen incorcorded cross section is correlated primarily with the nature of
poration from molecular ion projectiles is studied. Here, thethe oxide(influenced by thé®0" growth conditiony or with
steady-state $iO film is grown using®O" at a selected the reactivity of the'®0" projectile. To unravel the conflu-
energy. Next, the rate offO incorporation is measured by ence of these two effects, a series of experiments are per-
introducing3®0; at the same kinetic energy. It was empiri- formed where the target 8O film is grown under varied
cally verified that the steady-state regime was maintained if®0" deposition energies; however, the incorporattfi@*
spite of the change in projectile. The data displayed as opeion is always introduced at 5-eV kinetic energy. Figure 5
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FIG. 4. Branching ratio for scattered anionic products as a func-

tion of the incident energy with whicFfO; collides with St°0, .
The oxide film was prepared by dosing 60-é%0" on S(002).
Nonreactive scattering®{0,), oxygen substitution 30 ), and
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FIG. 6. The probability for incorporation dfO" into Sit®0, as
a function of the'®0" kinetic energy. Experimental dataolid
circles are compared t®RrRIM simulations of total incorporation
probability (open trianglesand predicted incorporation into the top

dissociative scattering!§0™) are represented by solid circles, open 3.5-A layer (open squargsof the film. Curves are drawn to guide
triangles, and open squares, respectively. Curves are drawn to guitfee eye.

the eye.

projectiles bombard the surface. Smith, Harrison, Jr., and

reveals the effect that oxide growth conditions have on the
rate of oxygen incorporation. The lowest cross section for
180" incorporation occurs when the oxide layer is initially
formed using a®0™ deposition energy of-20 eV.

IV. DISCUSSION

The relatively large values for the incorporation cross sec-
tion in Figs. 3 and 5 indicate that a facile exchange of oxy-
gen nuclei occurs at the oxide/vacuum interface during IBO.
To estimate the probability that an incident ion is incorpo-

Garrison have simulated at 1-3 keV the"Asputtering
Si(110 and found that atoms from the first monolayer
comprise 75% of the signaf:?° The high displacement
energy(15-25 eV of bulk atoms precludes the contri-
bution of second-layer atoms to the sputtered signal pro-
duced by 60-eV Né projectiles. Hence, only oxygen
atoms found in the topmost lay¢8.5-A depth of the
SiO, film are expected to contribute to the sputtering
signal. Changes in the assumed depth of origin for sput-
tered oxygen will not affect the measured cross sections,
because the depth of origin is always less than the oxide-

rated into the top layer of the silicon oxide lattiog) the
depth sensitivity of the sputtering probe afid the density
of the film must both be approximated.

(i) The film’s isotopic composition is probed by “gentle”
secondary-ion-mass spectrome(8iMS), i.e., the mass
spectrum of sputtered Ois recorded when 60-eV Ne

°

Cross Section (A?)

0 T L) L] T L)
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'*0* Deposition Energy (eV)
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FIG. 5. The cross section for incorporation of 5-é%0" into
the topmost layer of a 8O, film versus the incident energy at
which the film was originally grown by®0" IBO of Si(001). The
curve is drawn to guide the eye.

film thickness(>10 A).**

Two approaches are adopted for estimating the density
of the silicon oxide films. If we assume that the number
density of oxygen in our silicon oxide film is close to
that of crystalline quartz (4.6610°> cm ), then the
region of the film under study3.5-A depth contains
approximately 1.6 10'® oxygen sites per cfnof sur-
face area. Alternatively, Engstrom, Bonser, and Engel
assumed that two oxygen atoms bind to each unsaturated
Si atom in the early stages of oxide growth oK08il).?*
Under this approximation, approximately 1360
oxygen sites exist per chof surface area. The estima-
tions outlined above imply that the average surface area
associated with each accessible oxygen site probably lies
somewhere between 6.1 and 7.4 A

The probability that an incidedfO™ ion is incorporated into

the topmost layer of SiQcan then be calculated from the
experimentally determined incorporation cross section di-
vided by the surface area per accessible oxygen site. This
quantity is plotted versus th€O™ incident energy in Fig. 6
(solid circles. Approximately 30%—65% of the impinging
180" projectiles come to rest in the top 3.5 A of the silicon
oxide film. The probabilities reported in Fig. 6 are directly
proportional to the choice of sensitivity depth for the 'Ne
probe; consequently, if the estimated number of O sites per

(it)
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unit surface area deviates from that calculated above, thpenetrates beneath the surface layer, it will adopt a negative
solid curve in Fig. 6 will scale proportionally. charge but remain undissociated as it migrates to the /SO

It is difficult to accurately model this system using interface, as has been shown in high-temperature dry oxida-
molecular-dynamics simulations, because the many-bodtion experiments®?*In summary, the relatively low cross
potential-energy surface governing the O/Sifteraction is ~ Section for slow @ can be assigned to the high barrier for O
unknown. Alternativelysrim simulations utilize a more trac- incorporation. This increases the probability for nonreactive
table Monte Carlo algorithm to treat sputtering, backscatterscattering and extends the diffusion length of, O
ing, and implantation for ions impinging on structurelessinterstitials—reducing the chance of detecti@ in the top-
solids2® The sriM code computes that less than 10% of theMOSt layer. o
incident 80" ions are backscattered from SiQsee open In contrast, a more energetic, Gorojectile will dissociate _
triangles in Fig. 6. For the fraction of oxygen projectiles that & the surface, and the nascent oxygen fragments will
are incorporated into the latticeriv predicts the distribu- Promptly trap and diffuse as interstitial atomic species.
tion of implantation depths. The open squares in Fig. 6 repf—a‘tomIC oxygen interstitials are likely to exchang_e witto
resent the probability, as calculated fr@riv, that an inci- It? the; Iattlcefor, toa Iesbglezr extent, ”.”.dfzrgo ge”}][.”f?‘te Iecom-
dent 80" ion is incorporated into the top 3.5 A of the ination to form a mobile @ interstitial= At sufficiently

. L insot high impact energies, LOwill completely dissociate, and the
Ia}ttlce. The qyalltat!ve agreement between exper id ensuing fragments will independently incorporate into the
circles and simulation(open squargsat ion energies above

: X o lattice. Although the nascent fragments each possess ap-
40 eV confirm that higher-energy projectiles penetrate deepgl;q imately half the energy of the incident projectile, the
into the lattice; thosé®O projectiles that implant below 3.5

cascade energy will scale with the incident ion energy, re-
A are not detected by the 60-eV NeSIMS probe. For O gardless of whether atomic or molecular projectiles are em-
energies less than 40 eV, it is difficult to conclude, within ployed. Atom transport in the oxide layer is most strongly
experimental error, whether there exists an energy depe'&'oupled to the cascade energy. Consequently, energétic O

dence to the cross section fo_r Incorporation. . bombardment results in an outcome equivalent to that for
The scattered product distribution provides valuable mfor—t

. 6t - X wo independent O projectiles. Kang, Kasi, and Rabalais
mation on the fate of thé®O; projectile. Figure 4 demon- qpcerved a similar effect in the reaction of CQwith
strates that dissociative scatterindQ@~) is unlikely at ener- Ni(111).25 Whereas the reactivity of O with Ni(111) de-
gies below 30 eV. The observed threshold for, O cregased monotonically with incident energy, the reaction of
fragmentation is consistent with an impulsive dissociationcg+ roge dramatically and peaked near 20 eV.

mechanism, wherein the collision transfers translational en- The appearance of scatteré‘tﬂ); in Fig. 4 demonstrates
ergy into rowg)ratmnal energy that promptly ruptures the mo-y, .. portion of incident®0; undergoes charge transfer and
lecular bond? In contrast, dissociative neutralization can oc-

, ~trades an'®O for 1®0. Thermodynamically, a complete ex-
cur when electron transfer populates a repulsive potential- .
change of oxygen nucl¢Eq. (4)] is strongly favored over a
energy curve for the molecule. The latter process often Iacksartial substitutior Eq. (5)]:
a distinct dissociation threshold because the incident energy q- Ok
of the projectile is only weakly coupled to the reaction coor-
dinate. For incidenf®0; energies above 40 eV, impulsive %0,(g)+ = Si-190(s)— 20,(g) + = Si-0(s),
dissociation will effectively deliver pairs of atomic oxygen
fragments to the surface.

Figure 3 illustrates the sensitivity of the incorporation
cross section to the nature of the projectile. At incident en- -~ 16 34 18 s
ergies below 40 eV, O is incorporated into the topmost  Q2(8)F = Si="0(s)—"0,(g)+ "0(g) + = Si-(s).
layer of SiQ_more readily than is . However above 40 (5)
eV, the two projectiles exhibit similar rates of incorporation.

This behavior can be explained by examining the relative .
reactivity and penetration depth of Qrersus g . The rela-  COnsequently, the emergence of scattet@, is likely to

tively large size and lower chemical reactivity of, @om- be accompanied by the incorporation’80 into the lattice.

pared to O presents a larger barrier for incorporation into th(%_he remarkable similarity between the branching ratio for

lattice. Szymanski, Stoneham, and Shluger perforateihi- 4023 : ihown in Fig. 4, and the incorporation cross section
tio calculations to assess the energies of various interstitider *°0, , plotted in Fig. 3, suggests that the symmetric ex-
oxygen species im-quartz?® They determined that a mo- change reactiofEq. (4)] may contribute to the incorporation
lecular oxygen interstitial is energetically more favored thanof molecular oxygen into SiQ However, the coalescence of
two atomic oxygen interstitials, and negatively charged interthe **0; and*®0* incorporation data at high impact energy
stitial species are more favored than their neutral counterimplies that complete fragmentation 80, is required for
parts. The authors concluded that an atomic oxygen interstboth oxygen nuclei to incorporate.

tial easily undergoes O-atom exchange with nondefective Figure 5 confirms that the reactivity of 5-e¥O" with a
sites in the SiQ lattice; however, they predicted that inter- thin S0, film depends on the beam energy with which the
stitial O, is unable to dissociate or become covalently boundBO film is formed. By holding constant the energy of incor-
within the SiG, framework. Consequently, if anQrojectile  porating 0", this experiment is sensitive primarily to the

4
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growth conditions used to initially prepare the oxide layer.quently, 20 eV represents the ideal deposition energy for en-
The incorporation rate is lowest for films oxidized witfO* hanced adatom penetration and mobility without the side ef-
at approximately 20 eV. Since oxygen incorporates most eagect of collision-induced damage to the film. On the basis of
ily at defect sites, the data suggest that an oxide layer formethe experimental data and molecular-dynamics simulations,
using 20-eV*®0™" is created with fewer defects than a layer the authors concluded that the penetration and displacement
grown at other energies. When low deposition ener@igs  thresholds for silicon deposition were 8 and 20 eV, respec-
eV) are employed, each incident oxygen atom sticks at théively. Figure 5 reveals that it is precisely when tHO*

site of impact with limited mobility. This produces vacancy deposition energy exceeds 20 eV that the cross section for
sites, interstitials, and other defects that are not removed bfgrther oxygen incorporation begins to increase. The onset
room-temperature annealing. As the ion energy is increasefior generating defect sites through* QBO of Si(001) is

the projectile’s incident momentum leads to an enhancedonsistent with the threshold for silicon atom displacement
mobility. In addition, the collision deposits a large amount of measured by Marton, Boyd, and Rabafis.

energy into a small volume of the surface, resulting in local-

ized annealing of the nearby lattice. Together, these effects V. SUMMARY

reduce the number of defect sites in the oxide layer and

correspondingly diminish the cross section for incorporation.  This study presents an absolute cross section measured for
However, when the ion-deposition energy exceeds 20 eV, thi#corporating hyperthermal oxygen ions into the topmost
projectiles can impulsively displace stable lattice atoms, thugyer of a silicon oxide thin film. Experiments and simula-
generating new defect sites. This results in an enhanced rat@ns suggest that up to 65% of the impinging oxygen ions
of incorporation that continues to increase with additionalare incorporated within 3.5 A of the surface. At incident
deposition energy. energies below 40 eV, Dreacts less readily than™® be-

A similar phenomenon was noted by Rabalais and cocause without fragmentation, it is difficult for,@o incorpo-
workers, who examined the homoepitaxial deposition ofrate within the SiQ framework. As the incident energy in-
8—40-eV Sf on S(001).5%6?" They characterized the qual- creases, however, impulsive dissociation and/or oxygen
ity of their ion-deposited films by employing a battery of exchange enables the; Qprojectile to incorporate at similar
surface-sensitive techniquéflection high-energy electron rates as O. Room-temperature IBO of @01) is ideally
diffraction, Auger electron spectroscopy, high-resolutionconducted with 20-eV O, where the modest deposition en-
transmission-electron microscopy, Rutherford backscatteringrgy promotes oxygen mobility without inducing significant
spectrometry, and atomic force microscopinterestingly, radiation damage.
they found that epitaxial growth at 160 °C yielded the fewest
nL_J+mber of defects when the film was depc_)s_ited using 20-eV ACKNOWLEDGMENTS
Si". The authors argued that at lower collision energies, the
impinging ion sticks to the surface without migrating to a  This work was conducted at the University of Notre
preferred site(e.g., step edgéedor layer-by-layer growth. Dame through the Center for Materials Chemistry in the
Furthermore, ions deposited at energies above 25 eV gene$pace Environment, a Multidisciplinary University Research
ate stable defect sites within the film that are not annealethitiative (MURI) supported by the Air Force Office of Sci-
out under moderate surface-temperature conditions. Consentific Research.
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