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Extraordinary temperature amplification in ion-stimulated surface processes at low energies
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Molecular dynamics simulations of low-energy noble-gas atoms impacting Si and Ge surfaces reveal a new,
unexpectedly strong trade-off between the energy threshold for point defect formation and substrate tempera-
ture. Nonuniformities in the net surface potential induced by thermal vibrations dramatically affect the locality
of momentum transfer to the surface, thereby amplifying the effect of temperature by several orders of
magnitude. This amplification may offer a new means for selecting specific elementary rate processes during
plasma processing or ion-beam-assisted deposition.
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lon surface interactions at low energies100 e\) char- mation of surface point defects seems to dominate. Note,
acterize an increasingly diverse array of material processingowever, that the thermal kinetic energies of the surface at-
steps in ion-beam-assisted depositigilBAD), plasma- oms in these experiments lie near 0.1 eV, while threshold
enhanced deposition, reactive ion etchifiRJE), and other  kinetic energies of the ions lie more than two orders of mag-
applications. The overall process behavior in these applicabitude higher. If forming surface defects results from a
tions often reflects a delicate balance among several compeiimple combination of the ion and target atom kinetic ener-
ing kinetic effects. In IBAD, for example, enhanced surfacedi€s, the observed trade-off betweband the energy thresh-
diffusion improves film properties, while defect formation, old is nearly as anomalous as a mouse counterbalancing an
substrate sputtering, and embedding of the bombarding g#dephant on a seesaw.
often degrade therh? Similarly, in RIE a transition between  In an attempt to explain the anomaly, we report here the
net deposition and net etching can take place in a way detefesults of molecular dynamig®1D) simulations concerning

mined by the balance among ion sputtering, thermal desorgon-induced point defect formation. Although there exists a
tion, surface diffusion, radical adsorption, and othersubstantial MD literature on this subjeét*®to our knowl-

temperature-dependent phenoméfa. edge there is no work describing the strong amplification of

The governing kinetic phenomena in such applications aréemperature reported here, particularly with the simple func-
often tacitly considered to lie at one of two poles: physicaltional form we observe.
effects where momentum matching dominatasd chemical MD simulations of noble-gas bombardment of Si and Ge
effects involving thermal activation of atomic bonds accord-(111 surfaces were performed with a revised and updated
ing to Arrhenius expressions. Despite some early, largely forversion of a code we have used previodSifhe ensemble
gotten evidence to the Contréryhis dichotomy has rested included five mobile Iayers of 224 atoms each, resting upon
secure for several decades. The dichotomy probably origid fixed layers. Si and Ge self-interactions were governed by
nates from the fact that most experimental and computationatillinger-Weber potential&) while the universal potentidl
work has been done at ion energies greater than 100 eg,overned interactions between bombarding noble-gas atoms
where projectile energies are much greater than thermal e@nd Si or Ge. lons impinged at an angle 60° off normal along
ergies. Some recent work with ion energies at tens of eV hathe [211] direction, which is perpendicular to one of the
begun to recognize synergy between ion energy and substratews of closest packing in the hexagonal atom arrangement.
temperatur& ™ in influencing surface rate phenomena. How- Simulations proceeded for a period of 500 time stéh§
ever, the dynamics of such synergy has remained un?:learps), which tests determined was long enough to observe
Despite occasional cautions to the contr&r there has point defect formation, but not sufficiently long to result in
been little explicit recognition that the two poles may beconventional thermal effects due to heating of the ensemble
linked by a continuum over which physical and chemical(which evolved adiabatically and therefore heated signifi-
effects become inextricably intertwined. cantly upon thermalization of the incident energyo im-

In this context, our group recently reported the first directprove counting statistics, we employed volleys of six regu-
measurements of ion-influenced surface diffusion of Ge ortarly spaced impacting atoms per simulation. The energy
Si(111).1213 Although conventional Arrhenius behavior ad- transfer dynamics of individual impacts was examined in
equately represented diffusion below ion energies of 65 e\fletail to assure that each impact remained independent of the
the Arrhenius parameters themselves depended nonlinearbthers over the time scale of the simulation. At the end of
on both ion beam characteristics and substrate tempefhture each simulation, we recorded the per-impact probability of
In particular, the energy threshold for the onset of ion influ-adatom formation, knock-in, sputtering, and bulk vacancy
ences depended updh increasing discontinuously for Ar  formation. Variation of the time step and number of mobile
from 15 eV below roughly 1025 K to 25 eV above that layers showed that the values chosen were adequate to avoid
temperature. At the low ion fluxes employed artifacts associated with temporal discretization and en-
(~10*ion/cn?s), direct ion-driven motion of mobile at- semble size.
oms cannot account for the observatidh&n-induced for- Figure 1 shows typical per-impact probabilities as the ion
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FIG. 3. Dependence of threshold energy upon temperature for Si
E (eV) and Ge adatom formation bombarded with Ar ions. The dependence

) . _obeys the relatiorEy, st ckT=Ey, Where o and E,, are con-
FIG. 1. Energy dependences of per-impact probabilities for varisignts.

ous surface and bulk processes during Aombardment of Si at

1100 K. and bulk vacancy formation, witfi . lying at 200, 307,

and 448 K. Uncertainties are also roughtyl0O K.

We performed simulations of these kinds over a range of
conditions sufficient to determine hd#y,.svaries withT for

2 ; X the four processes examined. Figure 3 shows example results

—Eires- This form was chosen based on its well- tor 59atom formation.Ey, . decreases strongly &8 in-
documented use for ion sputterfrigand because for each ¢reases. Analogous data for the other three processes exhibit
process this form best fits the data considered in aggregalgmijar behavior. There is no theory available to suggest a
over the various ter.nperafcures, supstrates, and ion Masses @Xactional form relatingE,..andT. However, a linear rela-
amined. Extrapolating this form via back to the horizontaljq, adequately describes the data set for each process, and

axis via nonlinear least-squares fits yields threshold energie)ds,iS form best describes all data sets considered in aggregate.
Ehres Of 912, 18+ 1, 191, and 211 eV for adatom for- This form can be written as

mation, knock-in, sputtering, and bulk vacancy formation,

respectively. E.,=0kT+E 1
Figure 2 shows similar per-impact probabilities for sput- o res: W

tering asT varies at constant ion energy of 65 eV. The effectsyhere E,,, and o denote constants arkdrepresents Boltz-
of T exhibit are clearly large above a threshold temperaturgnann’s constant. We found that the parameters large
near 380 K. When the above-threshold probabilities werg700+100) and identical to within statistical error for all
considered in aggregate over various ion energies, substrategy, processesE,., exhibits more variation, lying at 773,
and ion masses examined here, the probabilities best obeygg -~ 9,97+ 12, and 92-11 eV for adatom formation, knock-
a linear functional form. Extrapolation of this form to the i, sputtering, and bulk vacancy formation, respectively.
horizontal axis yields a thresholtyes of 384=40 K. Plots Figure 4 shows the variation @f and E,,, for sputtering
similar to Fig. 2 characterize adatom formation, knock-in,yith ion masses corresponding to Ne, Ar, and Xe. Both
andE,; are rather insensitive to the identity of the bombard-
ing atom for all four processes. Again, there is no theory
| Ar-Si sputtering available to use as a basis for functional form, so Fig. 4
65eV simply employs phenomenological linear fits. Although the
error bars in the slopes in Fig. 4 do not quite include zero
(meaning no dependence on ion masomparable results
for some of the other processes like sputtering do include
zero as shown in Fig. 5. This insensitivity accords with a
5 largely forgotten experiment performed 40 years %ago
which sputtering thresholds for a wide variety of solid ele-
{{; ments were found to be largely independent of the mass ratio
. L L L between impacting and substrate atoms in the energy range
0 200 400 600 800 1000 1200 35-300 eV. Figure 4 shows these results for both Si and Ge.
T (K) Although o does not depend significantly on the identity of
the substrateE,,; decreases from Si to Ge, with the ratio
FIG. 2. Temperature dependence of per-impact sputtering probEot si/ Etot.ce 0€INg 1.46, 1.26, 1.36, and 1.37 for adatom
ability during Ar" bombardment of Si at 65 eV. formation, knock-in, sputtering, and bulk vacancy formation,

energy varies at a constant temperaftiref 1100 K. For all
four processes examined, the dependence on eBan@s fit
using the phenomenological square-root dependeft’e
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FIG. 4. lon mass dependence @fand E,, for Si adatom for-
mation. The mass dependence of both parameters is weak. The lines
can be fit with a slope of 4:02.2 for o and —0.30+0.18 forE,;,
where the error bars in this and the following figure have been
calculated using statistical methods to account for variable error
bars in the constituent data.

Vacancy
respectively. These ratios fall close to the ratio of cohesive 0.19 ps
energiesE o, s Econ.ce=1.20 and the ratio of melting tem-
peraturesT ey si/ Tmet ce= 1.40. FIG. 6. lon energy of 30 eV and temperature of 1100 K. Be-

Equation(1) describes a nearly perfect trade-off betweencause the target atofmarked with a black dotresides nearly 0.3 A
the threshold energy and surface temperature, with the ef[om its lattice site at the instant of impact due to thermal vibra-
fects of thermal energy amplified far beyond Whi’;\t one migmIions, defect formation takes place. No defect would have formed in
normally expect. The form of Eql) suggests th&k,, scales the absence of such a significant excursion.

with the minimum energy that needs to be m;ected Into theminimum energy for defect formation varies between 31 and
substrate in order to create a defect of a particular tipg.

is almost certainly not equal to this minimum, since the37 eV, depending on the particular defect being created.

simulations showed that the impinging atom typically depos- Qualitative examination of molecular dynamics movies

. ; . rovided insight into whyr is so large. We found that &-T
|ts_only abput 40% of its energy into t_he _subs_trate—the resEonditions near the threshold for defect formation, the instan-
being carried off by the original projectilevhich almost

always reflects from the surfacédowever, the close relation taneous position of the target atom is very important. If the
Y g ’ o target atom lies very near its lattice site, no defect forms and
betweerE,, and the minimum energy we hypothesize is also

: i the impinging ion reflects nearly specularly. However, if
supported by Fhe waq Scales W"Fh substrate cohesive en- thermal motions have caused the target atom to deviate 0.3—
ergy and melting temperature, which are both taken as pro

ias Tor defect f i s M N f 5.4 A from its lattice position, a defect is likely to form and
I€s for detect formation energies. Viore Support Comes 1rom, impinging ion reflects at an angle far from specular. Fig-

ghe?«egiré?ﬁ:apo;vhégzg’éégcrga?fsaizrfzise?:rgyrgor:qggné ure 6 shows an example of such an event in which the target
lon - BUIKV : qui "btom leaves behind a surface vacancy.

ergy to f_orm than surface adatoms, for example, in accor- e following picture may be envisioned to rationalize

dance with the trend foE,. If the average energy carried g finging. At very low energies, the ions do not penetrate

off by the impinging atom is subtracted froBy,, then the o1y jeep into the repulsive part of the surface potential. Far
from the surface, the potential contours from individual sur-

240 -400 face atoms blend together, making the net potential appear
i — nearly uniform. Momentum transfer to the surface is
200 |- %; 5 ] 800 nonlocal—like a trampoline—and ions reflect specularly. At
% 160 _ 4 1200 high engrgies, on the other .han_d, the ions penetrate dee'per
= I Si Sputtering <] and begin to sense corrugation in the near-surface potential.
o 120 b =T -] -1600 Momentum transfer therefore becomes more local, involving
| { 1 JIZ J 2000 only a few atoms that can be dislodged far from their lattice
80 |- t sites to form defects.
a1 ogp0 At intermediate ion energies near threshold, the picture
0 (1»12) (A2r)0 30 40 50(Xe) 60 becomes mixed. At low temperatures, surface atoms remain

near their lattice sites so that ions reflect specularly. At
higher temperatures, however, thermal vibrations of large
FIG. 5. lon mass dependencemfndE,, for Si sputtering. The ~amplitude begin to appear that degrade the instantaneous
mass dependence of both parameters is weak. The lines can be diniformity of the net potential. lons that fortuitously impact
with a slope of—0.67+3.57 for o and —0.01*0.23 for E,,. such locations can wedge into the nonuniformities to transfer
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momentum locally and thereby create defects. Thus tempergossible by judicious tuning of temperature and ion energy to
ture amplification in theE-T synergy arises because at someexploit such threshold effects to select or deselect specific
energy-dependent temperature, the uniformity in net potenelementary rate processes. As mentioned earlier, the net be-
tial degrades sufficiently to allow ion wedging. This tem- havior in such applications often represents a delicate bal-
perature should scale with melting temperature, as observeghce among various elementary rates, so threshold-style non-
in the simulations. The parameteris a measure of how fast |inearities offer an attractive means to choose among them.
the uniformity degrades as temperature increases. The valuge angle of incidence may also play a role in temperature-
of o for a given ion-surface system should depend upon thgependent wedge effects and therefore serve as an additional
slope of the repulsive part of the ion-surface potential, 10y ning parameter, but the present investigation did not ad-
gether with the curvature of the potential between surfacgess this question.
atoms near the bottom of the bonding wlince this curva-
ture helps determine vibrational amplityde This work was partially supported by the NSBrant

The picture described here need not be limited to nobléNos. CTS 98-06329 and CTS 02-0323Z.W. acknowledges
gases impinging on Si or Ge. It is plausible to suppose thasupport of the DOE(Grant No. DEFG02-91ER45439
temperature-dependent threshold shifts characterize lowthrough the F. Seitz Materials Research Laboratory at UIUC.
energy ion interactions with crystalline surfaces quite generThe authors thank Susanne Aref of the Statistics Department
ally. In applications like IBAD or RIE, it may therefore be at UIUC for advice on the error analysis.
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