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The interaction of energetic fluorine atoms with a fluorinated silicon surface has been studied by monitoring
energy and angular distributions of scattered fluorine atoms. Two beams with average translational energies
of 284 and 544 kJ/mol were directed onto the,3#yer, known to exist during steady-state etching. While
thermal scattering of unreacted fluorine atoms is observed, nonthermal scattering dominates and includes
both single- and multiple-bounce collisions at the complex surface. Multiple-bounce collisions often lead to

a near-thermal (cosine) distribution of exit angles but incomplete thermalization of translational energy. A
hard-sphere kinematic model, based on single atsanface collisions, can be used to predict the overall
average energy transfer as a function of deflection angle, indicating that the complex scattering events at the
surface can appean averagelike single collisions.

I. Introduction of effects that lead to undesirable etching characteri$fidhie
scattering dynamics are inextricably linked with etch profile
evolution and may be revealed by experimental measurements
of the angular flux and velocity distributions of the scattered
atoms. However, these measurements need to be performed
under realistic etching conditions if connections with processing
technology are desired. The semiconductor surface must be in
a similar state in terms of species and coverage (e.g., a thick
fluorinated silicon layer exists during etching of silicon with
fluorine-based chemistry). Therefore, fluxes of reactive species
must be adequate to achieve reasonable etch rates and maintain
understanding of the underlying chemical physics has IaggedSteady state. Although frequently ”S‘?d’ beams of fe"?‘_c“"e ic_)ns
may cause surface charging, especially when semiinsulating

behind> However, as device dimensions shrink to meet substrates are used, thus deflecting low-energy ions and makin
demands for semiconductor chips with faster processing speeds ' 9 9y 9

: S - angularly resolved measurements difficult. No significant
and denser memories, profile irregularities can no longer be 9 y 9

tolerated. Their origin must be understood before judicious charging of unpa_tterned surfaces occurs in p!asmas becausg the
solutions. can be offeret The complexity of the plasma surface layer is simultaneously bombarded with electrons which

environment requires that the elementary phenomena be examﬂ}eeur:trgll';ee;hsi r?ak?;?ﬁs' r-:—gu[t)rgvaetgtmﬁz?)E];?se;:gmfe?gr:glges\-/e
ined in well-characterized beam experiments so that meaningful ' p :

conclusions can be deduced. Then, the combination of funda—have described a hyperthermal fluorine-atom beam source which

mental scattering experiments with numerical simulations of the we :a\./e used |q|_prellm|nfar§/ _?_t#dles t?f _etch(ljng anpl rea_?lzlve
etching process can lead to deeper understanding and improve&Ca ering on a stlicon surface.fhe scattéring dynamics with
processing:5 neutral atoms are not expected to differ from those occurring

. . . when plasma ions impinge on a surface because most ions
Modern high-density plasma reactors typically operate at low ) S
(<20 mTorr) pressures and produce ions with translational undergo Auger neutralization before striking the surface and

energies in the 550 eV rangé. In this relatively low-energy 1Y, then interact as neutral atoms. In addition, fast neutrals,

regime, however, the possibility that unreacted etchant speciesﬁé%iﬁce?agxqggigf d:r)i(rfh?er;(g2rﬁgﬁggrﬁih?2ﬁt;)?|§;;rr]n2Ig\t](;n
will scatter and react on subsequent collisions at evolving yp ’ 9 exp

sidewalls can no longer be overlooked. For example, inelastic more relev.allwt. ) .
scattering of unreacted fluorine ions on a fluorinated silicon _ The collisions that mediate energy transfer and scattering
surface at the bottom of a trench may result in a significant direction when an energetic fluorine atom strikes a silicon
flux of energetic fluorine atoms at the sidewalls, where etching Surface during etching are likely to be governed by surface
could cause material removal under the mask (undercutting). corrugation. During etching of silicon with fluorine-based
The scattering dynamics must be understood in order to developchemistry, a complex fluorinated layer is formed, consisting of

etch models that will enable better process control and mitigation SiFs, SiF2—SiFs, and Sik—SiF,—SiF; moieties which protrude
from the surfacd. On this rough surface, multiple-bounce

* Authors to whom correspondence should be addressed. interactions could be important, if not dominant. At the high
€ Abstract published ilAdvance ACS Abstractsuly 15, 1997. atom—surface collision energies that would be useful in etching,

Gas-surface interaction dynamics are of central importance
in many physical and chemical proces$e$he interaction of
energetic ions with semiconductor surfaces, in particular,
determines the outcome of plasma etching, the technique of
choice for submicron pattern transfer in microelectroRicEhe
inelastic and reactive scattering dynamics of such interactions
influence etch rates and the shape of sidewalls, both of which
are vitally important for efficient fabrication of integrated
circuits3*4 Plasma etching has evolved thus far mostly by an
empirical approach (process development), while a basic
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multiple-bounce interactions might become especially important LN S B B S B N LA R i S
because surface penetration will enhance the effective surface 1.0 -
roughness. Furthermore, at high incident energies, more col- .
lisions on the surface will be required to achieve thermal / \
equilibrium. Thus, the hyperthermal regime of collision energy
raises the distinct possibility of an important multiple-bounce
interaction where incident atoms lose a significant fraction of
their incident energies but scatter away before reaching thermal [
equilibrium with the surface. If enough bounces occur, memory o / \
of the incident angle could be lost and the angular distribution C |
of scattered atoms might appear thermal even while the energy : / \
distribution is still hyperthermal. Indeed, successful modeling 0.0 e
of e_xp(_erimental siIic_on etch prpfiles require_zd th_e assumption 0 500 1000 1500 2000
of significant scattering of fluorine atoms with slightly hyper-
thermal energy distributions but thermal angular distributions. Energy (kJ/mol)
Also, unresolved structure in the translational energy distribu- Figure 1. Translational energy distributions of the overall fluorine
tions of energetic argon atoms scattering from liquid métals atom beam pulse and two portions of the pulse that were selected for
and from liquid perfluorinated polyethiérindicated an incom- the scattering experiments. The average incident energies of the two
pletely thermalized component that suggests multiple bouncesemted beam components were 284 and 544 kJ/mol.
inelastic scattering. and lowering the target out of the beam path. Figure 1 shows
Considering the importance of Scattering dynamics in modern the trans|ati0na| energy d|Str|but|0n of the OVera” F-atom beam
etching environments and the probable intricacies of the Pulse and the narrowed distributions which describe the two
dynamics under the unique conditions of collision energy and Peams used in these experiments. The average incident energies
surface complexity, we undertook a detailed study of hyper- Ei were 284 and 544 kJ/mol with energy widths (full width at
thermal fluorine atom scattering dynamics on a silicon surface. half-maximum) of 49 and 124 kJ/mol, respectively. The areas
The experiments were conducted in a molecular beam apparatu®f the distributions in Figure 1 are proportional to flux; therefore,
that allowed energy and angular resolution of the scatteredthe F-atom flux ratio between the higher- and lower-energy
atoms. Preliminary results of the scattering dynamics were beams was 4:1.
reported with a model of etch profile evolutidnHere we The target surface began as epitaxial Si(100) that was cleaned
present a thorough description of the dynamics and demonstrateeX-situ and transferred in air to the apparafusThe sample
the importance of multiple-bounce scattering and the limited Mmount was held at a constant temperature of72 °C, as
utility of a hard-sphere kinematic model to describe energy indicated by a thermocouple. The absolute surface temperature

P(E)
<)
3]

I

transfer at the atomsurface interface. was determined to be 7ZC from a beamsurface inelastic
scattering experiment in which a chopped beam of near-thermal
IIl. Experimental Details Sk molecules was employed. The flux-weighted angular

distribution of scattered SFnolecules was cosine (about the

The hyperthermal beam source and molecular beam apparatusurface normal), indicating that the impinging molecules had
have been described earlferLaser detonation of SFgas in come into thermal equilibrium with the surface before desorbing
the confined region of a conical nozzle was used to produce with a Maxwell-Boltzmann distribution of velocities. The peak
pulses (at 1.8 Hz) of energetic atomic fluorine and sulfur with value in the measured time-of-flight distributions of scattered
anominal direction. Atomization is typically greater than 96%, SFs molecules is thus given biyhax = (d/2)(M/RTY2, whered
and the ion fraction in the beam is estimated tobe1%. The is the distance from the surface to the ionjzeiis the mass of
central portion of the beam exited the source chamber throughthe desorbing particle, aridlis the surface temperature. Before
a 3 mm diameter skimmer80 cm from the apex of the conical  inelastic scattering data were collected for a particular combina-
nozzle. The beam was further collimated with a second 1.8 tion of incident energy and angle, a steady-state condition was
mm diameter aperture 2 cm downstream from the skimmer. At established where the time-of-flight distribution (at an arbitrary
92 cm from the nozzle apex, the beam pulse, having ap- final angle ;) of the dominant reactive product (detected at
proximately the diameter of the second aperture, impinged on SiF;*) no longer changed with time. Once such a condition
a target surface, whose rotation axis was coincident with the was reached, time-of-flight distributions of scattered fluorine
rotation axis of a mass spectrometer detector. The estimatedatoms continued to be superimposable indefinitely. Because
F-atom flux at the target position isx2 104 atoms/cri/s. The data were collected under steady-state etching conditions, the
distance from the target surface to the detector ionizer was 34.5scattering surface was no longer pure silicon, but a disordered
cm. With the use of the detector, time-of-flight (TOF) distribu-  and roughened SjBurface presumably similar to those known
tions of inelastically scattered atoms were collected in the plane to exist during etching with fluorine in other plasma and beam
of the beam axis and surface normal as a function of incident environments$. Time-of-flight distributions of scattered fluorine
(6) and exit @r) angles (with respect to the surface normal). atoms were collected for three incident angles’(B%, and
The detector geometry and beam spot size on the surface yielde&(®) and a variety of final angles. Identical pairs of incident
a total angular viewing range af2°. A chopper wheel, placed  and final angles were used in the accumulation of data for both
85 cm from the nozzle apex, was used to select a narrowedthe lower- and higher-energy incident beams. For each incident
velocity distribution from the overall beam pulse. The chopper angle and energy, TOF distributions were accumulated for 200
had the additional benefit of blocking all light emitted by the beam pulses at each final angle. The final angle was incre-
source plasma and essentially all the residual ions, which travelmented until the entire (incident-angle-dependent) angular range
at higher velocities than most of the atoms in the neutral beamwas covered. Then the increment direction was reversed, and
pulse. the cycle was repeated until a total of six TOF distributions

The beam was interrogated with the mass spectrometerhad been recorded for every final angle. The six distributions
detector by positioning the detection axis along the beam axisfor each final angle were then summed to yield a TOF
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Figure 3. Translational energy distributions of scattered fluorine atoms
derived from the time-of-flight distributions in Figure 2. Each distribu-
tion is divided into trapping desorption (MaxwelBoltzmann) and
inelastic scattering components.
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Figure 2. Representative time-of-flight distributions for fluorine atoms

scattering from a fluorinated silicon surface following impact&t (UL L
=544 kJ/moI and); = 60°. Detector (exi_t) angles for each dis_tribu_tion —~ i To Oog. 284, 400 1
are given in each respective panel. Time zero is the nominal time at Wi~ 08 Foo, Gng_ aa, T %0, "Pog  “410°7
which the incident fluorine atom pulse strikes the surface. = 06 r 00000 “en, 210° 1 °ooo “Oagg0
distribution whose relative magnitude and shape were minimally Ell/ 0.4 i 0°oo 3 ~' 0°o 1
affected by long-term drifts in the experimental parameters. The =~ [ ogo° L °60° ]
TOF distributions presented here have been corrected for the& 0.2 L 1
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lll. Results and Analysis

Exit Angle, 6,

atoms scattering from a silicon surface at three final angles Figure 4. Average fractional energy transfer of inelastically scattered
fluorine atoms as a function of exit angle for the three incident angles

followlng |mpac_t a.t[Ei.D= 544 kdimol andy; = E.)OD' T'”.‘e and two incident energies used. The final energies include contributions
zero in these distributions corresponds to the time during the fom all scattered fluorine atoms, regardless of the scattering mecha-
beam pulse at which F atoms with the average kinetic energy nism.

of the pulse strike the surface. One main peak dominates at all

final angles, and this peak grows and becomes faster (shorterat this flight time is clearly present, indicating that a small
flight times) as the collisions become more grazing (larger final fraction of the incident F atoms lose essentially all their kinetic
angles). A relatively small signal persists at long flight times energy to the surface.

and begins to rise slowly after about 708. This slow rise is As in earlier treatments of gasurface scattering, we

the beginning of a broad, weak signal which covers many describe nonreactive scattering of F atoms on fluorinated silicon
milliseconds in arrival time. Given the slow arrival times of in terms of two basic processes, trapping desorption (TD) and
this broad signal and the fact that its magnitude increases withinelastic scattering (IS). TD is a thermal process, while IS
increasing pressure behind the nozzle, we attribute the slowly-comprises single- and multiple-collision interactions on the
rising signal at long flight times to thermalized F atoms or surface that occur on a time scale too short for attainment of
unprocessed SFmolecules which leave the nozzle at near- thermal equilibrium. We began deconvoluting the contributions
thermal velocities and arrive at the target long after the initial of the two processes in a particular TOF distribution by
beam pulse has struck the target surface. While this persistentcalculating the expected TOF distribution for F atoms that would
signal was minimized, it was not eliminated and thus contributed desorb from the surface in a MaxweBoltzmann velocity

an uncertain amount to the signal from F atoms that exited the distribution at the surface temperature, and we normalized this
surface at slow velocities. Assuming all near-thermal species TD component such that it matched the data at flight times in
exited the nozzle with less than 20 kJ/mol of kinetic energy, the vicinity of 500us. Next we subtracted the calculated TD
they could not have reached the surface in less thanu8Q0  component from the overall TOF distribution to obtain the IS
thus, signal which arrived at the detector within this time should component. Finally, we converted the IS component from a
only correspond to scattered F atoms that originated in the number density distribution as a function of tinlN{t) to a
hyperthermal beam pulse. F atoms which exit the surface atprobability density function of kinetic energP(E). This
velocities given by the surface temperature would give maxi- analysis was done with a direct inversion procedure which
mum signal at a flight time of 42@s. Although weak, signal  assumed a monoenergetic incident beam.

Figure 2 contains representative TOF distributions for fluorine
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Figure 5. Average fractional energy transfer of inelastically-scattered
(IS) fluorine atoms as a function of deflection angle for the three 10°Y| e8°
incident angles and two incident energies used. The symbols correspond
to data taken at different incident angles and follow the same labeling
convention as in Figure 4. The solid curves show fractional energy
transfers predicted from the hard-sphere kinematic model fo10.42

(left panel) andt = 0.52 (right panel), wherg is the mass rationg/

M;s between the impinging fluorine atom and the effective surface mass.
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Figure 3 shows the translational energy distributions that were Figure 6. Translational energy distributions of scattered fluorine atoms
derived from the TOF distributions in Figure 2. The peak of following impact at 284 kJ/mol. The incident and exit angles corre-
each Maxwel-Boltzmann (TD) energy distribution has been sponding to each distribution differ, but the deflection angles are all
normalized to one, and the areas of each set of TD and IS €dual to 102
distributions are proportional to the respective fluxes of F atoms

o

that scatter by the two processes. The kinetic energy distribu- e e i T
tions for the IS component appear to be bimodal, especially for i msoo 1 (E) =544 kJimol ]
the more grazing collisions. The apparent probability of kinetic | 1 i
energies above the average beam energy of 544 kJ/mol reveals x | 1 _
the limitation of the monoenergetic beam approximation; =2 | 35° L eseggeeeeﬂo 1
however, the determination of the average translational final w 10° + cee® ESEE'BEGOD 4
translational energy was minimally affecttd.The average i T 350
energies of the F atoms which scattered at each exit angle were - (E;) =284 kJ/imol T 10° ]
calculated for each of the thrge incident angles and then usgd 0 T
tq calculate the average fractional energy transfers shown in 0 20 40 60 80 O 20 40 60 80
Figure 4. We observed that energy transfer increased when )

atoms either approached or exited more perpendicular to the Exit Angle, 6,

surface. Energy transfer was least for grazing incidence rigyre 7. Flux-weighted total angular distributions of scattered fluorine
trajectories with grazing exit angles. The most grazing collisions atoms as a function of exit angle for the three incident angles and two
studied showed average fractional energy transfers almost downincident energies used.

to 30%, while the least grazing collisions exhibited energy o .
transfers in excess of 80%. Average energy transfers for g When the incident energy is increased to 544 kJ/mol, where we

atoms increased by about 10% for a partic#laand 6; when observe that larger incident angles tend to yield slightly smaller

the average incident energy was almost doubled from 284 to €N€rgy transfers even when the deflection angle is the same.
544 kJ/mol. The detailed shape of the translational energy distributions for

inelastically-scattered F atoms also appears to depend mainly
on the deflection angle (Figure 6).

The flux-weighted total angular distributions of scattered F
gtoms are plotted in Figure 7 as a functionéffor the two
incident energies uséd. These data have been normalized to
the fluxes of the two incident beams and then renormalized with

espect to the resulting maximum intensity. For both incident
eams, F atoms are scattered over a wide angular range. There
ds more scattered flux at all angles (within the scattering plane)

all these analogous results are consistent with a hard-spher .
model for single atomsurface collisiond. The solid curves ~ [7om the lower-energy beam than from the higher-energy beam,
indicating that higher energy collisions lead to more out-of-

shown in Figure 5 have been generated with the hard-sphere X ) . .
model where optimized atom/surface mass ratiogere found plane scattering and/or more reaction. Our garller modeling
to be 0.42 and 0.52 for the lower and higher incident energy results suggest more reaction at higher energies.

scattering conditions, respectively. The hard-sphere model
equation does not take into account surface atom motion or the
gas-surface attractive potential; however, these effects should A. Energy Transfer. Rettneret al1>have pointed out that

be negligible for the high incident energies employed in our the observed scattering behavior, where the energy lost by an
experiments. While the observed energy transfers are virtually incident atom increases with deflection angle, is indicative of
identical for the same deflection angle when the incident energy hard-sphere scattering. The dependence of average fractional
is 284 kJ/mol, the strict dependence breaks down somewhatenergy transfer on deflection angle (Figure 5) suggests that a

Figure 5 shows the average fractional energy transfers in the
IS component (from Figure 4) plotted as a function of deflection
angle, defined ag = 180° — (6; + 65). In the scattering plane,
the average fractional energy transfer depends not on the inciden
or final angle alone but on the angle through which the
impinging F atom is deflected by the surface. Such a
dependence has been observed in other experiments involvin
hyperthermal atoms scattering from sétidr liquid'-16surfaces;

IV. Discussion
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T B e s o= o o o deflection angle. Regardless of the energy range chosen,
B g however, the change in average fractional energy transfer with
| deflection angle cannot be predicted with the hard-sphere model
equation for single collisions (note examples of hard-sphere
model curves predicted for different mass ratios). In addition,
the energy transfer corresponding to the most probable energy
in each final energy distribution (not shown) does not follow
06~ : 7 this hard-sphere model. Only the average fractional energy
1 transfer for the entire range of final F-atom energies comes close
to obeying simple hard-sphere kinematics. These observations
suggest that the complex ateraurface collision dynamics
behavepn average like single-bounce hard-sphere scattering.
Even though the hard-sphere model cannot predict the functional
T dependence of the fractional energy transfer for a selected energy
03 e 70 s 90 100 110 120 130 range, the near coalescence of the three curves for each energy
range indicates that the average fractional energy transfer for
Fiaure 8. Average fractional eneray transfers for 544 kJ/mol fluorine &1 9IVen flnz_al energy range in the IS tra_nslat|onal energy
atgﬁws 3’1&1: sgaig(rainatﬁeolsan;aOSegi)r/noav;iguss geflectio\]n/ aggleu; EetlachdIStrIbUtlon still depends only on the deflection angle.
set of curves corresponds to scattered fluorine atoms whose final Figure 5 shows that the overall average fractional energy
energies have been averaged over the selected ranges shown. The threeansfer depends on deflection angle only at constant incident
individual curves in each set correspond to the three incident angles energy. The bestfit curves from the hard-sphere model equation

used. The dashed lines show fractional energy transfers predicted from . . :
the hard-sphere kinematic model for three different mass ratiGsly myleld effective atom/surface mass ratios of 0.42 and 0.52 for

the overall average fractional energy transfers (averaged over the entirdncident F atoms with 284 and 544 kJ/mol, respectively. The
IS final energies, 4544 kJ/mol) apparently agree with the model different mass ratios imply a “lighter” effective surface for the
prediction. higher impact energy. Two explanations are consistent with
these observations. At higher impact energies, (1) collisions
simple hard-sphere kinematic model, based on single collisionsare faster and therefore more localized, or (2) penetration into
at the atom-surface interface, can describe fairly well the the surface is deeper and more energy is transferred, giving the
inelastic scattering of fast F atoms on a fluorinated silicon appearance of a lighter surface mass when the hard-sphere model
surface. The almost insignificant trapping desorption component equation is used. The incomplete coalescence of the three
in the TOF distributions also supports the picture of scattering curves corresponding to the higher incident energy (right panel
implied by this model, as multiple inelastic collisions are in Figure 5) may be a result of a weak dependence of the

required to bring an impinging atom into thermal equilibrium penetration depth, or effective surface mass, on incident angle
with the surface. On the other hand, the structure in the at high impact energies.

translational energy distributions might appear to be a mani-
festation of multiple scattering events at the surface. Further-
more, successful modeling of etch profile evolufisaquired

the assumption of significant multiple-bounce scattering. These
apparently conflicting observations reflect the intricate nature
of the scattering of hyperthermal F atoms on the complex
fluorinated silicon surface.

Many complex interactions are possible on this highly
corrugated surface. At any given deflection angle, higher final
energies may frequently come from multiple forward scattering
events, whereas lower final energies are a likely result of random
multiple scattering events that tend to drive the incident atom
and surface toward thermal equilibrium. Between small and
large deflection angles, the effective atom/surface massgatio
may decrease as the dominant surface collisions change fro . . :
glancing blows on protruding molecular fragments to head-on € ruIe_d out becau_se it predicts far too much energy in
impacts with these and the more sterically shielded groups attansiation to explain the low-energy peak. Although the
the surface. In short, the translational energy distributions of €XPlanation for the structure in the low-energy range of the
scattered F atoms reflect the combined effects of myriad pOSSib|etranslat|onal energy distributions eludes us at this time, it must

scattering events. involve more complicated multiple-bounce scattering than can

Examination of the translational energy distributions reveals P€ répresented by a simple two-bounce mechanism.
the fortuitous validity of the single-collision, hard-sphere-model ~ In summary, the simple hard-sphere model of scattering that
picture of the present scattering system. Figure 8 shows plotsassumes single atonsurface collisions can predict some of the
of fractional energy transfer as a function of deflection angle. behavior seen in these and other studies; however, its apparent
Each set of curves corresponds to F-atom final energies whichsuccesses should not be construed as validation of the assump-
have been averaged over a selected energy range. (Note thaion that the dominant scattering mode involves single collisions
the entire range of final energies for atoms that scatter in the IS at the surface. Fractional energy transfer may depend on
mode is considered to be-%$44 kJ/mol.) The average fractional  deflection angle, and under some circumstances may appear to
energy transfer is seen to be a weak function of deflection anglefollow the predicted angular dependence of the model, even
for final energies below~200 kJ/mol, while energy transfers  when multiple-bounce collisions dominate the scattering dynam-
that lead to higher final energies vary significantly with ics.
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The fairly constant average final energy at the low-energy
range of the translational energy distributions (Figure 8) is
suggestive of multiple collisions which lead to a partial loss of
“memory” of the incident energy and angle. In particular, the
low-energy peak in the translational energy distributions strongly
suggests multiple collision events that lead to significant energy
loss. A “double-backward” scattering mechanism has been
proposed to explain a low-energy shoulder in the translational
energy distributions observed when argon atoms scatter from
liquid metals!® This mechanism may be ruled out here because
it predicts only a few kJ/mol in translation (somewhat dependent
on deflection angle), which is much less than the translational
energy of the low-energy peak, approximately constant at 25

J/mol. A “double-forward” scattering mechanism may also
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LM B I M energy, the highly corrugated surface, and the effective mass
. ratio of the collision partners at the surface.

An approximation for the deconvolution of the IS angular
distribution was used in a model for etch profile evolution
described earliet,where the “memory-loss” scattering was
shown to play an important role. For the purposes of this model,
it was assumed that all F atoms with final energies less than 96
kJ/mol exited the surface in a cosine distribution about the
surface normal, while atoms that retained more than 96 kJ/mol
of translational energy were assumed to exit the surface in a
Gaussian distribution about the specular direction. These two
distributions were assumed to correspond, respectively, to
multiple- and single-bounce inelastic scattering. The ap-
N proximation of two simple functions for the angular distributions
10 0 10 20 30 40 50 60 70 was essential to the success of the model, thus illustrating the

Exit Angle (65) significance of the memory-loss events not only to etching but

as a scattering mechanism for hyperthermal F atoms on a
fluorinated silicon surface.

1.0

total intensity

Intensity (arb. units)
o
0
T

Figure 9. Flux-weighted angular distributions of scattered fluorine
atoms following impingement df; (= 544 kJ/mol and); = 60°. The
total angular distribution (top curve) has been separated into the inelastic
scattering (IS) and trapping desorption (TD) components. The IS angular\V/. Conclusion
distribution has been further separated arbitrarily into two components,
one corresponding to fluorine atoms with final energies less than 200 We have observed scattering of hyperthermal fluorine atoms,
kJ/mol and the other corresponding to fluorine atoms with final energies with energy and angular resolution, from a complex fluorinated
greater than 200 kJ/mol. The dashed lines show normalizedicos  sjlicon surface during steady-state etching. Although the surface
distributions for comparison. was not characterized, the scattering dynamics show remarkable
o o structure. Two beams of fluorine atoms, with incident energies
B. Angular Distributions. The angular distributions of the  yittarent almost by a factor of two, show similar scattering
scattered F-atom flux provide a means to describe, albeit Cr”dely'dynamics, with two key differences: (1) the effective surface
two distinct modes of inelastic scattering. Figure 9 illustrates 15csis~20% higher for 284 kJ/mol incident F atoms than for
a deconvolution of the angular distr_ibu_tion following impinge- 544 k3/mol incident F atoms, suggesting more surface penetra-
ment of 544 kJ/mol F atoms at an incident angle of.6The oy or a more localized atomsurface interaction at higher
top curve is the total scattered intensity as a function of exit enggies; (2) in the scattering plane, the flux of scattered F atoms
angle, and.the. curve;ust below it shows the angulardlstrlputlon is approximately twice as high for the lower-energy incident
of the entire inelastic component. The bottom curve is the a1oms, which may be explained by more out-of-plane scattering
distribution of the TD component, which closely follows &  ang/or more reaction at higher incident energies. A hard-sphere
cosine distribution. The curves for the TD and IS components yinematic model based on single atesurface collisions
add to give the top, overall angular distribution. The two appears to work well to predict the overall average fractional
remaining curves represent an arbitrary deconvolution of the energy transfer as a function of deflection angle for the
IS distribution. The curve with a maximum near the specular inelastically-scattered atoms, but this model cannot hold rigor-
scattering direction shows the angular distribution of scattered ously because the apparent effective surface mass is energy
F atoms with final translational energies greater than 200 kJ/ dependent_ More importantly’ however, the Va||d|ty of the hard-
mol, and the complementary curve shows the angular distribu- sphere model is fortuitous because (1) it does not hold for any
tion of F atoms with final energies less than 200 kJ/mol. Itis subset of scattered F atoms, and (2) the angular distributions,
clear that in the lower energy range, where the averagethe bimodal translational energy distributions, and earlier
translational energy is approximately constant, the angular modeling studies of etching clearly indicate thailtiple bounce
distribution falls off with exit angle, while in the higher energy  collisions dominate even the seemingly direct scattering events.
range, the flux increases with a peak near the specular angle Nevertheless, even when the model fails to predict the functional
While the selection of the 200 kJ/mol threshold for the dependence of energy transfer, the energy transfer is still almost
separation of the translational energy distribution is arbittary, a constant function of deflection angle at a given incident energy.
such a deconvolution provides evidence for two distinct kinds The angular distributions suggest at least two basic types of
of scattering. The lower energy component resembles a cosinenelastic scattering, one which leads to scattered F atoms with
distribution (although it falls off slightly more rapidly with angle  loss of memory of the incident angle and the other which shows
than a cosine function). If an F atom lost memory of its incident retention of memory of the incident angle in the direction of
angle through multiple collisions at the surface, a cosine scattered F atoms.
distribution of exit angles might be expect¥d.However, if
the incident F atom underwent a single collision or multiple  Acknowledgment. This work was supported by the Ballistic
forward collisions at the rough surface, then we would expect Missile Defense Organization/Innovative Science and Technol-
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