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Fluorine atom abstraction by Si  (100). I. Experimental
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In the interaction of low energy,fwith Si(100) at 250 K, a dissociative chemisorption mechanism
called atom abstraction is identified in which only one of the F atoms is adsorbed while the other F
atom is scattered into the gas phase. The dynamics of atom abstraction are characterized via
time-of-flight measurements of the scattered F atoms. The F atoms are translationally hyperthermal
but only carry a small fractiof3%) of the tremendous exothermicity of the reaction. The angular
distribution of F atoms is unusually broad for the product of an exothermic reaction. These results
suggest an “attractive” interaction potential betweenalRd the Si dangling bond with a transition

state that is not constrained geometrically. These results are in disagreement with the results of
theoretical investigations implying that the available potential energy surfaces are inadequate to
describe the dynamics of this gas—surface interaction. In addition to single atom abstraction, two
atom adsorption, a mechanism analogous to classic dissociative chemisorption in which both F
atoms are adsorbed onto the surface, is also observed. The absolute probability of the three
scattering channelsingle atom abstraction, two atom adsorption, and unreactive scajt&iran
incident F;, are determined as a function of Exposure. The fluorine coverage is determined by
integrating the reaction probabilities ovey €posure, and the reaction probabilities are recast as a
function of fluorine coverage. Two atom adsorption is the dominant chahRek0.83
+0.03(95%,N=9)] in the limit of zero coverage and decays monotonically to zero. Single atom
abstraction is the minor channdP{=0.13+0.03) at low coverage but increases to a maximum
(P,;=0.35+0.08) at about 0.5 monolay€ML) coverage before decaying to zero. The reaction
ceases at 0.940.11(95%,N=9) ML. Thermal desorption and helium diffraction confirm that the
dangling bonds are the abstraction and adsorption sites. No Si lattice bonds are broken, in contrast
to speculation by other investigators that the reaction exothermicity causes lattice disorder.

© 1999 American Institute of Physids$0021-960809)70431-9

I. INTRODUCTION rocal process of the Eley—Rideal mechanisim.the former
case, the surface abstracts an atom from the incident mol-
Dissociative chemisorption is a fundamental step in theecule whereas in the latter case, the incident molecule ab-
mechanism of chemical processes such as heterogeneous sgacts an adsorbate from the surface.
talysis, chemical vapor deposition and semiconductor etch-  Only recently has an experiment, which probed the in-
ing. The classic picture of dissociative chemisorption isteraction of F with Si(100), conclusively demonstrated atom
cleavage of a bond between two atoms in a molecule inciabstractiorf. Despite extensive investigations of this particu-
dent on a surface concomitant with the formation of a bondar important model system for semiconductor etchifig,
between each of the atoms and the surface. The energy ratom abstraction has not been reporedThe experimental
leased in the formation of two bonds to the surface is necedifficulties are similar to those that precluded the direct ob-
sary to compensate for the energy required to cleave thservation of the Eley—Rideal mechanism until half a century
molecular bond. In contrast to classic dissociative chemiafter it was proposetl® In the case of atom abstraction, the
sorption, cleavage of a molecular bond upon the formation obbservable is the atom or radical that is scattered into the gas
only a single bond to the surface is possible if the moleculaphase. Because these scattered particles are highly reactive,
bond energy is less than the energy released upon formatidhey must be detected prior to their reaction with other sur-
of the single bond to the surface. In this case, only one atorfaces(i.e., chamber wallsor gas phase species. This require-
or fragment of the incident molecule remains adsorbed to thenent necessitates an ultrahigh vacuum environment with
surface while the complementary atom or fragment is scatsensitive, line-of-sight detection of the scattered products.
tered into the gas phase. By analogy to gas phase abstractieven though their detection is experimentally difficult,
reactions, this gas—surface mechanism is called atom afinowledge of the presence or even the plausibility of this

straction. Phenomenologically, atom abstraction is the recipmechanism is important from a practical standpoint because
atom abstraction produces open shell atoms and radicals in
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cant implications, not only for semiconductor etching but forin addition, in this section we describe the determination of
such diverse applications as heterogeneous catalysis atite absolute fluorine coverage as a function pekposure.
chemical vapor deposition. In Sec. V we contrast the measured angular and velocity
Of course, the fate of the complementary atom or frag-distributions of the scattered products and the experimentally
ment is not necessarily as a gas phase species. The scattereelasured branching ratio between the atom abstraction and
complementary species may subsequently interact with thivo atom adsorption pathway to those predicted from simu-
surface of interest and if there is a reactive site near thiations. The implications of these comparisons for the accu-
interaction, it also may adsorb. Consequently, atom abstra¢acy of the currently available potential energy surfaces for
tion and the subsequent adsorption of the complementarpis system are discussed in detail. We also compare quanti-
species results in the formation of two surface—adsorbattatively the present results for the saturation coverage and for
bonds, just as in classic dissociative chemisorption. Howthe total reactivity of & with Si(100) with those measured
ever, this process, called two atom adsorption, is distincpreviously. In the final part of the discussion, other gas—
from classic dissociative chemisorption in that it is not asurface systems where atom abstraction may occur are con-
concerted processThe fate of the complementary species is sidered.
independent of the abstracted atom. The complementary spe- In the second papéf, a model is presented that de-
cies may adsorb on an adjacent site as in classic dissociatiw€ribes the kinetics of the interaction of with Si(100) over
chemisorption or, after undergoing motion along the surfacethe entire range of possible fluorine coverages. Implications
it may adsorb on a nonadjacent site in contrast to classief this model for the microscopic dynamics of this gas—
dissociative chemisorption. It may also scatter back into theurface system as well as other related systems are discussed.
gas phase after undergoing motion along the surface.
Unlike the dearth of experimental results for atom ab-
straction, several theoretical investigations of tBéSF sys-
tem have emphasized the atom abstraction mechanism. Still- The apparatus has been described in detail elsevifiere.
inger and WebefSW) developed one of the first potential Briefly, the apparatus consists of two differentially pumped,
energy hypersurfaces for the /Si interaction using empiri-  supersonic molecular beam sources coupled to an ultrahigh
cal two- and three-body potentidf$ Their subsequent mo- vacuum chambeia base pressure 06510~ 11 Torr) contain-
lecular dynamics simulations demonstrated the possibility ofng the Si crystal, cylindrical mirror electrostatic energy ana-
F atom abstraction. Weakliem, Wu, and Cart®WC) |yzer for Auger spectroscopy, an ion sputtering gun, a re-
modified the SW potential by incorporatiragp initio results  sidual gas mass analyzer and a triply differentially pumped,
of the interaction of F with Si clusters, which enhanced theine-of-sight, rotatable quadrupole mass spectrometer.
total reactivity of F and § with Si!! Further simulations
using the WWC potential probed the effects of incident
translational and vibrational enerd$as well as steps and The molecular beams are skimmed and collimated
defects® In addition, Garrisonet all* performed simula- through two differentially pumped regions. Expansion of 200
tions on the interactions of F and Wwith Si(100 using the Torr of gas from a room temperature orifice of 0.003 in.
WWC potential. The experimental observation of atom ab-diam typically yields a nearly monoenergetic beatyE(E
straction now provides the opportunity to test the accuracy o=0.17, T=10K) as measured by a time-of-fligitOF)
these potential energy surfaces. method. In these experiments, 7%, Air Products, subse-
This paper is the first of two papérsdescribing the quently purified through a HF trap, Mathegois seeded
interaction of low energy fFwith Si(100) at 250 K. In the (1%) in either Kr (99.997%, Spectra Gasesor Ar
work presented here we focus on the initial event of the(99.9995%, Spectra Gage$he average translational energy
F,/Si interaction, the F atom abstraction, with particular em-(E;) of F, in the resulting beams is 0.7 and 1.5 kcal/mol,
phasis on the dynamics of the abstraction reaction at zertespectively. At normal incidenc#;=0°, the beam illumi-
fluorine coverage and the quantitative determination of thenates a rectangular area with dimensions 0X28(77in.
saturation coverage. The experiment is carried out by scapositioned at the center of the 0.495 in. dianl80) crystal.
tering a B beam from a 100 crystal and detecting the
scattered reaction products, F ang Wwith a differentially o o
pumped detector. In Sec. Il we describe the experimenteﬁ;' Determination of absolute flux of incident
apparatus and the experimental method for determining threnolecular beam
absolute flux of the incident Fmolecular beam, a critical
value in the quantitative analysis of this system. In Sec. Ill
we present the evidence for atom abstraction, the velocity Quantitative interpretation of the scattering data man-
distributions of the scattered F and products as well as the dates an accurate value for the absolute flux.ofipinging
dependence of the scattered products gexposure. It also on the Si surfacé’ The flux, I, of the beam impinging on an
presents the experimental results leading to the identificatioarea,A, of the crystal is determined by measuring the change
of the abstraction and adsorption sites. In Sec. IV we preserih the number densityl\, of particles inside the main cham-
a derivation of the absolute probability for single atom ab-ber upon introduction of the beam into it through a defining
straction and two atom adsorption based on a quantitativaperture. Assuming an ideal gas, the flux impinging on the
analysis of the scattered products as a function of exposurerystal is

II. EXPERIMENT

A. Molecular fluorine beams

1. Single component molecular beam
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1 dN V \/dP P \/dV of the gas mixture before the expansion. However, after ex-
I = A ar Vaallar) T liaall g (I.1) pansion of a 1% f/Kr mixture, Mach number focusing re-
sults in a higher concentration of Kr along the beamline than
whereP, V andT are the pressure, volume and temperaturejn the original mixture"®-2°Therefore, the Fflux of the 1%
respectively, of the chamber. The time derivative of the vol-F,/Kr beam must be referenced to that of a beam which has
ume, dV/dt, is the pumping speed; of the gas by the negligible Mach number focusing. The coincidence of the
vacuum system. Two methods for measuring the numbemasses of fFand Ar affords preparation of such a reference
density change upon introduction of the beam are possiblenixture, typically 1% K/Ar, whose K flux can be deter-
Once the pressure in the main chamber is stabilized, thgined from a measurement of the flux of a pure Ar beam,
component of the steady state pressedue to the beamis |, , and from the nominal composition of the mixture. Ac-

measured as the difference between the pressure after apgrdingly, the  flux from a 1% R/Ar beam,| ¢, is there-
before introduction of the beam. This value, along with thefore 0.011,
. -

pumping speed, is used to calculate the flux from @dl),

where the first term is zero becauBeis constant in time. .o by comparing the ion signals of Fin the mixture of
Alternatively, if the beam is allowed to enter the chamberinterest with respect to that from the reference 1%AF
when the pumps are isolated from it so ti&end .hence the beam. The ion signal expected at a given charge-to-mass
second term are zero, the flux can be determined from Eq_:iy m/e=M  from a known particle flux,, entering the
(I1.1) by measuring the rate of the pressure rié/dt. Both - ¢ spectrometer with velocity, is given by
methods have been examined and yield identical results to
within 5%’ However, only the former method is discussed [omomtlede-Tuly
here. Sw= v ’
M
At steady state, the flux at the surface is given by

The F, flux in a mixture other than 1%.#Ar is deter-

(11.3)

where oy,_,m+ IS the ionization cross-sectiorT;,, is the
_[PCS transmissivity of ionM * through the quadrupolé,- is the
“\KkTA/" (1.2) current density of bombarding electrons, adg- is the

_ _ length of the ionization region. The flux of electrons in the
The steady state pressure is measured with a nude BayarqlO

S ; . Onizer, expressed as the product gf andd,-, is indepen-
Alpert ionization gauge and is calibrated to the absolute pre

b ina for the ionization effici fth Sdent of them/e ratio and cancels in the ratio of any twg F
sure by account.mg. or.t N |o.n|.zat|on.e |C|ené§/,,o the gas signals. Although the ionization cross section and transmis-
of interest. The ionization efficiency is determined by a com

. . ST “sion function are dependent on the identity of the particle,
parison of the pressure reading from the ionization gauge e incident i flux calculation only requires the;Fsignal

Lhe absfolute pressure Off tEe gas.f The absolﬁti pressurledﬁd, therefore, these two factors also cancel in the ratio of
nown from expansion of the gas from a small known vo “any two signals. However, the ionization cross section and

—103 ~1— .. . .
ume ( 1? L) ata pres;suré_ tl %r? T?m’ miasurable Iby transmission function are necessary for the calculations pre-
a capacitance manometer, Into the fargé Known VOIUMEge o in Sec. IV and are discussed in Sec. 11 D.

(~10°L) of the main chamber. The pumping spe&.of The ion signal is proportional to the ratio of the neutral

the gas is determined by f|tt|n_g the exponentlal functi@n, particle flux and the neutral particle velocity because the de-
= Poexp(=StV), 1o the decaying partial pressufeof the tector measures number density, not flux. Thus, the ion sig-
S 5 must be weighted by the velocity to compare signals that
minating the beam. The chamber volurie,has been deter—. arise from particles with different velocity distributions. The

mined both from gas expansions as well as from the desig elocity-weighted countéVWC) are determined by integrat-
geo”;ft;y' Tr;]e tempe:"’?t“rﬁ Is ?easurecf' by the tT.ermOCﬁ“p fig the time-of-flight(TOF) signal, f(t), weighted by the
attached to the crystal in the absence of any cooling or heaf, . . ; I 1
ing. The exposed Si surface aréa,is determined both from abelomty or equivalently in time space ty -,
the design geometry as well as the visible etch mark after
months of exposure of the Si tg.F

The flux of the incident § beam would ordinarily be . ]
expressed in the number of, Fiolecules per unit time per The F, velocity-weighted counts, VWE% of the refer-
unit area. However, in this application, a particularly well- ence beam is determined from the integrated TOF signal at
suited unit for the flux impinging onto a single crystal sur- m/e=38 and used as a reference to compare against ojher F
face is monolayers per secofidL/s), where a monolayer is seeded beams. In the case of the 1¥KF mixture used
defined as one F atom per Si surface atom. The humber of $iroughout the experiments, the ffux is

atoms per unit area on the (800 surface is 6.78 K
x 10 Si atoms/cra VWC,

[ 2 - (11.5)
F, /Kr W Fy /AT .

VWC=VMSM=f t~1f(t)dt. (11.4)
0

Ar

IKr

2. Absolute flux of a single component in seeded _
molecular beams where VW(%’ MK represents the velocity-weighted counts

In principle, the k flux onto the Si surface from a seeded of F, measured from the integrated TOF signahde=38
F, beam can be estimated from the knowledge of the flux ofor the incident beam specified by the superscript. In the case
a pure beam of the carrier gas and the nominal compositioof the reference beam, 1%, #Ar, the contribution tom/e
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=38 from 38Ar must be subtracted. It is determined from the entrance to the detector allows for measurements of the ve-

integrated TOF signal of a pure Ar beam detectednse  10City distribution of bpth the incident bea}m as well as Fhe
—38. The resulting Fflux is typically 0.366-0.012ML F  Scattered proQucts using a cross correlation TOF technique.
atoms/s for the reference 1%,Mr mixture and 0.170 The neutral flight path is 29:81.27 cm.

+0.017 ML F atom/s for the 1% H#Kr mixture, where the

uncertainties represent the propagated estimated errors or

95% confidence limits of the quantities in EqH.1)—(11.5). 1. Determination of electron bombardment ionization

The F flux of the 1% K/Kr beam is 0.68 of the nominal cross sections

concentration, indicating the effect of Mach number

s As discussed in Sec. IV, accurate values for the cross
focusing.

sections for electron bombardment ionization of Fr,
and OF,F; are necessary for a quantitative analysis of the

data. Their values are determined by measuring their cross-

The crystal is mounted between two Ta clamps that argetions relative to another particle whose absolute cross-
attached to the manipulator. The crystal normal can be r03ection, o erer+» is Well known under similar ionization

tated in the scattering plane defined by the axes of the tw@gyngitions. Using Eqgs(lI.3) and (11.4), the equation for the
molecular beams and the detector. The axis of rotation i§,yss section simplifies to

perpendicular to and intercepts the intersection of these three
axes. The crystal can be cooled to 125 K and heated resis- ref
tively to ~1100 K. Its temperature is measured via a VWC, e/ \ Ty
W-5%Re/W-26%Re thermocouple spot welded to a thin Ta

: . The most direct measurement of t Cross sec-
tab in thermal contact with the back of the crystal. The sur-. btained f TOE bez_":; he 1
face temperature is held constant at 250 K during plion’s o tal_ne rom measgrements of the 134 .ﬁ
exposure. reference mixture used to determine the absolute flux in Sec.

The Si crystal is cut along the00) plane. Both lightly IIB2. This m?xture is chosen because the flux of the two
n-type andp-type doped Si with resistivities of 8—10 cm components is weII_ known and because the_ e_ffects from
have been used. No differences in reactivity have been oi\.-/‘aCh numberfocus!ng_anq quadrupole transmlssmn are neg-
served for the two types of doping. The Si crystal is cleane igible. An absolutiallisonlzat.lon cross section for Ar at 70 eV
by a wet etching procedieprior to installation into the of 2.67-0.09<10 e is used as a reference cross

. 22 . . _
vacuum chamber. The crystal is sputtered with 1.5 keV Ar SECtO™ Time-of-flight spectra are measured mate=36
Y b I-?3"3Ar*) andm/e=38 (F,); the ratio of these signals as de-

C. Si(100) crystal

I ref

(|_> O ref—reft - (11.6)
M

VWC,y, ) ( Tref

MM+ =

and subsequently annealed to about 1100 K. This process js o
repeated until C and O contamination are below the 1% se l”e‘?' by Eqs.(ll.4) and (11.6) leads to the ionization cross
sitivity limit of Auger electron spectroscopy. No metal con- section of interest,

tamination, such as W, Ta, Cu, Ni, is observed. The crystal is VWC'EZ/Ar ([36Ar]
2

%] )UA,_,Ar+, (1.7)

typically mounted such that the scattering plane, defined by
the beams, crystal normal and detector, is along (t®
direction of the crystal surface. Helium diffraction confirms o . . .
the (2x 1) periodicity of the reconstructed (8D0) surface. whereIF2 and lsss, simplify to their nominal concentrations
The crystal is sputtered and annealed each day to ensuff the seeded mixturéf,] and[*°Ar], since the 1% FAr
surface cleanliness and order. A brief anneal of the crystal t€am exhibits no Mach number focusing. In addition, the
about 1100 K after each,fexposure removes all the fluorine Velocities of the two components in the mixture are identical
and results in the recovery of tH@x1) periodicity of the and therefore cancel. The ratio of transmissivities through
surface. The crystal is replaced when an etch spot becoméde quadrupole is identical because the masses ah& Ar
visible, typically after several months of experiments. Noare similar. The less abundant isotofr, is chosen so as
difference in reactivity is observed over the lifetime of the to avoid the overwhelmingly large signal obtained from the

crystal. The results shown in this paper span many years arf@éasurement of the most abundant isotdfer. The litera-
crystals. ture valué® for the relative abundance GfAr is used in

determining[ *Ar]. As with the flux determination, the con-
tribution of 3Ar is subtracted from the JFsignal.
Following similar arguments, the value of the velocity

Primary measurements are made with a triply differenyeighted counts an/e=19 from a 1% E/Kr beam is used
tially pumped, rotatable quadrupole mass spectrometer witfy determine the cross sectiof. g+
2—) )

electron bombardment ionization. The detector rotates about

OF,—F, =

Fo /Ar
vweg !

D. Detection scheme

the center point of intersection of the beam and the crystal. VWCE’Ar Tas
The angular range is 35°-180.3° with respect to the beam. 0F—F+= W Tho s e

The solid angle subtended by the detector is<5l8 *sr.
The angular resolution in the scattering plane is 3.52°. Thavhere the concentrations in the seeded mixture cancel be-
rotation of the crystal and the detector allow for a wide rangecause the signals at/e=19 and 38 come from the same
of incident and detection angles. A pseudorandom choppeatreutral species. A Kr seeded beam is used to avoid the over-
wheel with 255 slots and spinning at 280 or 400 Hz at thelap of the F signal (m/e=19) with the %8Ar*? signal
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(m/e=19) present in the 1% FAr beam. The transmission .. . T T T |
ratio T35/ Tg is determined as discussed below. AL > :‘%;e’ ® m/e=19 @
Values of 0.720.06<10 ®cm? and 0.28-0.06 et e, O me38x02

x 10" ¥cn? for or,r; and og, g+, respectively, are ob- ) B S
tained. The uncertainties represent the propagated 95% con- §
fidence limits of a minimum of 6 measurements and the es- o O®
timated and given uncertainties of the quantities in E¢5.) §
and(I1.8), respectively. The total ionization cross section for =
F,, 1.00£0.08< 10 *cn?, is the sum of the partial ioniza- 24
tion cross sections and is in excellent agreement with a pre- ©
viously measured value of 110" 6cn?. 24 2|
. . . . otg °
2. Determination of relative transmission through 'S
quadrupole (l) hd

" . L L 500 1000 1500 2000 2500
A critical value in the determination of the ionization Flight Time (ps)

cross sections in Eq(l.8) is the relative transmissivity,

Tag/T1g, Of the m/e=38 andm/e=19 ions in the mass FIG. 1. (a) TOF spectra am/e= 38 multiplied by K cracking ratio and at
spectrometer. This value is determined by comparing the sigw/e=19 measured a8, =0°, 0,=35° andT,=250K. (b) Net scattered F
nal of two beams of known flux that contain species thatom TOF spectrum obtained by point-by-point subtractiomb#= 38 sig-

L . . nal multiplied by the cracking ratio from the/e=19 signal in(a). Solid
ionize to the desired mass-to-charge ratios. Ar and Ne arg, P y 9 9 @

) o ihes show least squares fit of Maxwell-Boltzmann functié(t)
chosen to obtain the transmissivity of Aend Ne" because  =gt* exg—m(dit—v)2/2kT] for a number density distribution whetes
of their similar masses to,Fand F and because of the avail- flight time, d is flight length,T is beam temperaturey is mass and is flow
ability of accurate values for their absolute ionization crossvelocity. Spectra averaged ovey &posure of 0-1.9 ML F atom. Average

section52.2'25 Using Eqs.(ll.3) and(ll.4) for both Ar and Ne, velocities of corresponding flux distributions ar&2=440t20 and v

the ratio of transmissivities is given by = 119557 mis.
T36_ VWCQ{S (UNe—»Ne+ ('22Ne) (11.9) ) o ) )
Ty VWCglze Ot ) | Taonr | : ecules to the F signal can be distinguished unambiguously

by measuring the velocities with which the two particles
whereoa,_ar+ and oyene+ are the electron impact ioniza- scatter from the surface. The unreactivenolecules ought
tion cross sections at 70 eV and where the fluxes appearing scatter with low velocity similar to their incident velocity
in the last factor are determined from the measured fluxes ajf 395 m/s and the Fformed by dissociative ionization of
the pure Ar and Ne beams weighted by their known naturahis F, will have the same velocity. On the other hand, the F
isotope abundancé$.The less abundant isotopic species,atoms scattered as products of atom abstraction and detected
%Ar and *Ne, are monitored to ensure that the countingas F* ought to be translationally hot because of the exother-
electronics are not saturated. On the assumption that a linegicity of the reaction. Figure (3) shows a superposition of
relationship between mass and transmissivity holds for thisuch TOF spectra measuredrate=19 andm/e=38 of F,
small mass range, the desired transmission ratig,T.9, IS at E;=0.7 kcal/mol scattered from @i00) at 250 K and in-
extrapolated from the measured valueTa/T, to be 1.00  tegrated over a range of,exposures, 0-1.9 ML F atom.
*0.16, where the uncertainties represent the propagated 95%he flight times are corrected for ion flight time and elec-
confidence limits of 6 measurements and the estimated angbnic delay. Them/e=19 distribution is distinctly bimodal

given uncertainties of the quantities in E¢.9). with a narrow, fast feature and a broad, slow feature while
the m/e=38 signal is comprised of a single slow feature.
Ill. RESULTS The m/e=38 signal is multiplied by the measured /F,

cracking ratio. The resulting absolute value of thée=38
signal represents the component of thée=19 signal re-

In principle, F atom abstraction could be identified via sulting from dissociative ionization of,Fand it matches well
observation of the scattered F atom, detected agri/e  the intensity of the broad and slow feature of thée=19
=19). However, unreactively scattereg Folecules also signal. Therefore, the slow feature in thée=19 distribu-
contribute to them/e= 19 signal because they dissociatively tion arises from F produced from the cracking of unreac-
ionize (or crack to form F" in addition to ionizing to form  tively scattered k whereas the narrow, fast feature arises
F, (m/e=38) in the electron bombardment ionizer. The ra-from F atoms. Figure (b) shows the net scattered F atom
tio of the F" signal to the F signal measured by ionization signal obtained by subtracting the'e= 38 signal multiplied
of the incident K beam by 70 eV electrons lies in the range by the cracking ratio from then/e=19 signal. The average
0.25-0.40, depending on the ionizer and quadrupole masselocity of scattered F atoms and i 1195-57 m/s and
filter settings. This ratio is called the'FF, cracking ratio.  440+20m/s, respectively, where the major contribution to
While a discrepancy between this ratio and that of théFF  the uncertainties is the length of the flight path due to the
signals of scattered,Fmight signal the production of F at- finite length of the ionization region, 2.54 cm. The velocity
oms by abstraction, the contributions of F atoms anchbBl-  distribution of the unreactively scattered 5 best fit by a

A. Identification of fluorine atom abstraction
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! J T T T o T T T T T T T
F, F 6, F,exposure 60 |- K (@)
u o m 0 1.9MLF = 40_0‘ O m/e=19
A A 0 068MLF o A m/e=38x0.27
O e 35 079MLF —~ ke % O m/e=47 x 0.027
g o
1500 |-_ ) 4 ;:; : .
i) 60k ° -
E » § O T=1000K (b)_
~ [ W ) O 40| P4 + T, =250 K (x10.9 N
£ 1000 - - o ‘ s (x10.9)
(5]
=2
o L
> L1
O) -
@ s00 % % % i
b5) g D
>
< 1
0t 1 I 1 =
0 20 40 60 80
Detector Angle 6,
FIG. 2. Average velocity of scattered F atom andfér a variety of scat-

tering geometries and,fexposures ;= 0.7 kcal/mol andl's=250 K, de- 0 5 10 15 20
termined from the fitting procedure identical to that in Fig. 1. Error bars .

represent full width at half of the maximum of velocity distributions. The Translational Energy (kca]/mol)
uncertainty of the average velocity is typical of that in Fig. 1.

FIG. 3. (a) TOF spectra atn/e=19, m/e=38 andm/e=47 measured at
6,=0°, 83=35° andT;=1000 K. Data atn/e=38 andm/e=47 multiplied
by F, and SiF cracking ratios, respectivelyb) Net scattered F atom TOF

_ s . . spectrum obtained by point-by-point subtractionnafe=38 andm/e=47
Maxwell-Boltzmann distribution with a temperature of 248 signals multiplied by appropriate cracking ratios from thie= 19 signal in

K, essentially identical to the surface temperature of 250 K. Net scattered F atom TOF spectrumTat-250 K, scaled by 10.9, is
The TOF distributions shown here have been signal avsuperimposed for comparison. Lines show a least squares fit as in Fay. 1.
eraged over a wide range of Exposure, 0—1.9 ML F, which Kinetic energy flux distribut_ions of F atoms scattered_ from the surfa_ct_e at
corresponds to the entire range of fluorine coverage, 0—J1s=250 and 1000 K. Scaling factor of 10.9 determined by normalizing
. ) 2 energy distributions at peak values.
ML, as described in Sec. IV. Therefore, the TOF distribu-
tions could be artificially broadened if they were sensitive to
the fluorine coverage. However, TOF distributions signal av-biasing either the cup or the crystal both positive or negative
eraged over narrower ranges of €xposure show that the F during exposure to the,Fbeam.
atom and K velocity distributions are independent of expo- The results presented above are for a single scattering
sure. The average velocities of some of these distributiongeometry in which the fbeam is at normal incidence to the
are plotted in Fig. 2. The full widths at half of the maximum surface,#,=0°, and the detector is positioned at 35° from
of the corresponding distributions are plotted as the errothe normal to the surface)y=35°. Similar TOF measure-
bars in Fig. 2. These results show that the dynamics of thenents have been made at other detection angles as well as at
interaction of B with Si are insensitive to neighboring #,=35° and other detection angles. Figure 2 shows the av-
adsorbates. erage velocities determined from these TOF measurements
Although the fast F atoms am/e= 19 that scatter from carried out for a variety of scattering geometries. These av-
Si upon reaction with fdo not arise from the dissociation of erage velocities are independent of the scattering geometry.
unreactively scattered,kn the ionizer, there are other pos- In addition, the velocity distributions from which these aver-
sible sources of the signal at/e=19 to consider. For ex- ages are determined are independent of the scattering geom-
ample, F atoms in the incident beam could survive the colli-etry. Although these velocity distributions are not shown
sion with Si and be scattered, but this possibility is highlyhere, their full widths at half of the maximum are shown as
unlikely because there is essentially no dissociatiorthe error bars in Fig. 2 and are observed to be independent of
(10 8%) of F, to F at 300 K and 200 Torr. The cracking of the scattering geometry.
desorbing etch products (SiFSIiF,, SihFg) could yield a To investigate the nature of the high translational energy
signal atm/e=19, but no species other than F, &d Kr  of the F atoms, similar TOF measurements were made at a
carrier gas are observed to scatter within the limit of thesurface temperature of 1000 K. FiguréaB8shows a super-
detection sensitivity of approximately ¥0particles/s or position of TOF spectra measuredrate=19, m/e= 38, as
10 °ML/s. Finally, it is energetically possible for the F at- well asm/e=47, which corresponds to SiFarising from the
oms produced as a result of atom abstraction to scatter fromissociative ionization of the SjRhat desorbs at this high
the surface as negative ions. This possibility was examinetemperature during the exposure tg. Hhe m/e=38 and
by placing a Faraday cup around the crystal, but no ionsn/e=47 signals are multiplied by the appropriate cracking
above the sensitivity limit of 10’ ML/s were detected upon ratios to represent the contributions of&nd SiF; to the F
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FIG. 4. (@) Signal atm/e=19 andm/e=38 multiplied by the b cracking  FiG, 5. (3 Signal atm/e=38 multiplied by the F cracking ratio as a

ratio as a function of fexposure in ML F atom a8, =0°, 6,=35° and  fynction of F, exposure a,=0°, 6,=35° andfy=65°. Scaling factor of
T,=250K. Signal is an average of 25 measurements. Statistical uncertainty 1 for g,—65° determined by matching its/e=38 signal to that a#,

is the size of data pointgb) Net scattered F signal calculated by point-by- _ 350 4 long exposure(b) Net scattered F signal afy=35° and 6,
point subtraction qf therr_1/e= 38 signal multiplied by the cracking ratio  _gge calculated by point-by-point subtraction of the scatge= 38 signal
from them/e=19 signal in(a). multiplied by the cracking ratio from the scale’e= 19 signal.

signal. Figure &) shows the time distribution of the net ) _
scattered F atom signal obtained by subtracting rie F,. These two signals are collected almost simultaneously

=38 and m/e=47 signals multiplied by the appropriate during.a single k exposure by switching the quadrupole
cracking ratios from thew/e= 19 signal. A scaled net F atom Mass filter betweem/e=19 andm/e=38 at a rate of 10 Hz.
TOF distribution measured from a 250 K surface is superimThe signal is collected beginning 5 ms after each switch to
posed for comparison, and it is seen to be nearly identical t§ccount for the finite switching time of the quadrupole power
the one measured at 1000 K. Figur@)3shows these distri- SUPPIy. The incident Fflux is low enough that the 5 Hz
butions transformed into energy distributions, from whichSa@mpling rate per ion provides sufficient time resolution to
the average energies are calculated to be-8.% and 4.1 opserve _the kir_1etics of the reaction. Tirde=38 signal in
+0.4 kcal/mol at 250 and 1000 K, respectively. The insensifig- 4@ is multiplied by the cracking ratio ofFto show the
tivity of these distributions to surface temperature demoncontribution of k to them/e=19 signal. Two observations
strates that the high translational energy of the F atoms &€ apparent. First, the/e=19 and scaledn/e=38 signal

derived from the reaction exothermicity and not from thelevels are identical at long exposure. Thus, no F atoms are
thermal motion of the surface atoms. observed at long exposure, meaning that atom abstraction

ceases at high coverage. Second, ithe=19 and scaled
m/e=38 signals evolve differently at low exposure. The
larger signal at low exposurey/e= 19, arises from scattered

In addition to direct identification of F atom abstraction, F atoms as a consequence of atom abstraction. Figiwe 4
this investigation identifies the sites for abstraction and adshows the net F atom signal as a function of exposure ob-
sorption and determines the absolute probabilities for théained by point-by-point subtraction of thwe/e=38 signal
three possible outcomes of the interaction of,antolecule  multiplied by the cracking ratio of Ffrom the m/e=19
with a S(100) surface: dissociative chemisorption via single signal. The F atom signal, which is proportional to the prob-
atom abstraction, dissociative chemisorption via two atonability of single atom abstraction, is low, but nonzero, at zero
adsorption and unreactive scattering. These probabilities aexposure, proceeds through a maximum at intermediate ex-
quantified in the limit of zero F coverage as well as for all Fposure and decays to zero at long exposure. A quantitative
coverages up to the saturation coverage. These goals requimealysis of the exposure dependence of the scattered prod-
that the exposure dependence of the scattered products bets is given in Sec. IV.

B. F atom abstraction as a function of exposure

measured. The exposure dependence of the scattered products de-
scribed above is for a single scattering geomefyy; 0° and
1. Exposure dependence of scattered products f4=235°. Considering the hyperthermal velocity of the F at-

The coverage dependence of the three reaction channedsns shown in Sec. Il A, it is possible that the F atoms are
is contained in measurements of the scattered F anthE  anisotropically scattered. To investigate this possibility, the
products of atom abstraction and unreactive scattering, reexposure dependence of th#e=19 andm/e=38 signals
spectively, as a function of,Fexposure. Figure (4) shows was measured aty;=65° and is compared to that measured
the signals atm/e=19 andm/e=38 as a function of & at 3=235° in Fig. 5. Figure B8 shows them/e=38 signal
exposure averaged over 25 exposures of the clean crystal & 63=65° multiplied by factor of 2.14. This factor is deter-
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FIG. 7. (a) Signal atm/e=38 multiplied by the F cracking ratio as a
function of F, exposure ap;=0° andfy=35° for scattering along thel0)
and (11) directions. Scaling factors determined by matchimte= 38 sig-
nals at long exposure as in Fig. @) Net scattered F signal for scattering
along(10) and(11) directions calculated as in Fig. 5.

FIG. 6. (@) Signal atm/e=38 multiplied by the F cracking ratio as a

function of , exposure a¥;=35° andgy=0°, 20°, 40° and 65°. Scaling

factors determined by matchimgy/e= 38 signals at long exposure as in Fig.
5. (b) Net scatteredr signal atd3=0°, 20°, 40° and 65° calculated as in
Fig. 5.

mined by requiring then/e= 38 signal at long exposure and
at §4=65° to equal that afly=35°. As evident in Fig. &), the m/e=38 andm/e=19 signals was also examined. It is
scaling them/e=38 signal atf;=65° in such a manner well known that orthogonal domains of ¥21) periodicity
allows the identicalness of the exposure dependence of tHerm on the Si100 surface as a result of single steps created
signals at the two detection angles to be easily seen in thEom even the slightest miscut of the crystaiTherefore,
regime of low exposure, where the probability of dissociativescattering along thel0) direction actually samples scattering
chemisorption of Fis not zero. Therefore, the angular dis- Perpendicular to as well as parallel to the dimer rows. The
tribution of the scattered,floes not change as the exposure€xperiments were repeated @t=0° with the crystal azi-
increases. The neh/e=19 signal atd;=35° and that at Muth rotated 45° such that scattering was along (B
6,=65° scaled by a factor of 2.14, both determined as dedirection and atfy=35°. Them/e=38 and netm/e=19
scribed for the plot in Fig. @), are shown in Fig. ). The  signals for this scattering geometry are shown in Figa) 7
exposure dependence of the née= 19 signal at low expo- and 7b), scaled as described in Figs. 5 and 6 to the
sures is again identical at the two detection angles, indicating® 38 and netm/e=19 signals measured along tf0) azi-
that the angular distribution of the F atom signal does nofmuth and atf;=0° and 3=35°. Note that the results for
change as the exposure increases. In addition, not only aggattering along th€10) and (11) directions are identical.
the F atom and Fangular distributions independent of ex- Thus, the interaction of Fwith Si(100) is independent of the
posure, but the applicability of the same scale factor, 2.14, t@zimuthal angle, with no preferential scattering of the prod-
both the F atom and the, Bata, demonstrates that the F atomuct along specific crystal axes.
and the | angular distributions are the same. The nature of ~ The observation that the,ignal level attains a steady
the angular distributions is discussed in Sec. V. state implies that there is either a continuous constant reac-
Figures 6a) and @b) show the exposure dependence oftion or no reaction at long exposure. Two observations al-
them/e= 38 and the nen/e= 19 signals, respectively, mea- ready noted suggest that the reaction ceases and that F
sured atf,=35° and at four detection angles. Thée=38  merely passivates the Si surface. First, no etch products are
signals atd4=20°, 40° and 65° are scaled to th#e=38  observed to desorb. Therefore, if a continuous constant reac-
signal atf,=0° and at long exposure, using the methodtion were taking place, all fthat reacts would have to be
described for the data in Fig(&. The netm/e=19 signals continually incorporated onto or into the Si. A steady state
are scaled by the factors determined in Fi¢g)@ising the reaction on a constantly changing surface is unlikely relative
method described for the data in Fighh Again, the iden- to a reaction that ceases when all of the reactive sites are
ticalness of the exposure dependence of the scaled signalscupied. Second, no F atoms are scattered in the steady
and the applicability of the same scale factor to both thestate regime. As discussed below, single atom abstraction
m/e= 38 and the net/e=19 signals indicates that the, F and two atom adsorption are related processes. It is unlikely
and F atom angular distributions do not vary with exposurehat one process could cease while the other continues to
and that the fFand F atom angular distributions are the sameoccur. Thermal desorption and He diffraction measurements
at §,=35°. discussed in the following section are utilized to confirm that
The effect of the crystal's azimuthal orientation with re- the interaction of low energy,Fwith Si at 250 K is a passi-
spect to the scattering plane on the exposure dependence \ation reaction.
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FIG. 8. Thermal desorption spectra(at m/e=66 and(b) m/e=85 after

exposure of 19 ML F atom af,=250 K. Temperature ramp rate is 5 K/s. FIG. 9. Integrated thermal desorption yield as a function pekposure.
The integrated signal an/e=85 is scaled to correct for experimentally
determined detection sensitivity of SiFelative to SiF as well as for the

2. Thermal desorption measurements number of fluorine atoms per desorbing species.

The crystal, at a temperature of 250 K, is exposedsto F

at normal incidence, subsequently rotated so that the surfacg,q hence the coverage, is not exactly constant at very high
normal is along the axis of the triply differentially pumped £ exnosures. Analysis and calibration of the slope of the

mass spectrometer detector and then heated at a rate of 5 K{g; of the integrated yield versus, exposure beyond 20
from 250-1000 K. The desorption of multiple species isy; E atom yields a value of §10 * for the dissociative

monitored essentially sim_ultaneously by swit_ching, at a rat‘?:hemisorption probability of Fon a S{100) surface covered
of 10 Hz, the mass to which the quadrupole is tuned. Figuréith apout 1 ML of fluorine?® However, for all intents and

8 shows therma_l _desorption spectrarate=66 andm/e purposes, the steady state regime corresponds to a cessation
=85 after a sufficiently long Fexposure to correspond {0 ot aqgsorption of K on S(100) as opposed to a continual
the steady state regime of Fig. 4. These two signals corréyysqorption reaction that has achieved a steady state.

spond to Sif and S'E and arise from SifFand Sif, re- It should be noted that the thermal desorption spectrum
spectively. A comparison of the thermal desorptlon featuregs SiF; observed in this work does not agree with that of a
at m/e=66 and 85, as well as an/e=104, which corre-  preyigus study in which an additional SiFeature around
sponds to Sif and is not shown, shows that there is N0gng K \as observefiTo confirm that the additional SiF
detectable Sigcontribution to the Sif: signal and no detect- (a5 re is an artifact that resulted from the use of a mass
able Sify contribution to the Sif- signal, in agreement with ~ gpectrometer without differential pumpifighoth the Sig
previous resulté” The major thermal desorption product, g the SiE spectra were remeasured with an undifferen-
SiF,, |s_observed as a §|ngle feature centered around 800 'fially pumped mass spectrometer that resides in the same
The minor product, Sif desp_rbs as two broad features chamber as the crystal and are shown in Fig. 10. Thé SiF
around 550 and 700 K. The Sikield never exceeds 2.5% of spectrum indeed exhibits an additional feature whose desorp-

the SiF; yield, even at Fexposures as large as 100 ML. The 4, temperature around 800 K matches well with that of the

different velocity and angular distributions of the desorblngSiF; desorption feature. These observations demonstrate

SiF, and Sik species as well as their relative ionization CroSSinat this additional SiE signal arises from the Sjfproduced

sections and quadrupole transmissions are taken into aCCOY\[ 1 reaction of Sigwith the fluorinated chamber walls. A

in this determma’gon of th_elr relative yiefd, ) comparison of the results in Figs. 8 and 10 illustrates how
The_ present |_nterest in the thermal desorptlon. me":lsure's'purious features due to secondary interactions of the desorb-

ments is to confirm that the reaction of, With Si(100 ing species, particularly a radical species such as, Sifth

ceases at ang exposure When all of the reactive sites 3ifie chamber walls or in the gas phase are eliminated with
occupied. Figure 9 shows the integrated thermal desoeroBroper differential pumping of the detector

yield as a function of Fexposure. The integrated yield is the

sum of the integrated yields of SjFand SiF after scaling _ _ _

them for the relative detection sensitivities of the two signals> Heélium diffraction

and the factor of two more fluorine atoms that Sifas rela- Si(100 reconstructs forming rows of surface Si dimers
tive to Sik,. The integrated yield increases rapidly to aresulting in one partially-filled molecular orbital or dangling
nearly steady state level. As determined in Sec. IV, thébond projecting into the vacuum for each surface Si atom
steady state level is achieved when the exposure is suffand yielding a (X 1) periodicity that is observable by He
ciently high for the coverage to reachl ML. However, diffraction?® These dangling bonds, which effectively are
careful inspection of Fig. 9 reveals that the integrated yieldradical sites and hence very reactive species, are logical sites
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FIG. 10. Thermal desorption spectra(@t m/e=66 and(b) m/e=85 under
same conditions as in Fig. 8 except measured with nondifferentially pumpe®IG. 11. Helium signal scattered from($00 at 250 K and a®¥,=20° as a
mass spectrometer with crystal facing away from the spectrometer. function of 6, : (a) clean surface(b) after F, exposure of 30 ML F atom.

for F atom abstraction and adsorption. The goal here is tgence of the half order feature indicates that no Si lattice
identify the site of F adsorption as well as to determine the>0NdS, not even the Si dimer bonds, are broken upon re-
extent of Si—Si bond cleavage, if any. While He diffraction 2¢tion With b There is no etching of the Si surface nor is
cannot directly identify the F adsorption site, it can reveal theéNe Sl;]rfaclf]e dls?rgered upon redactlorgj.\f/]\cntp F s al
prevailing periodicity to determine which periodic structures 1 ne thermal desorption and He diffraction results along
have been disrupted upon F adsorption, thereby providin ith the quantitative determination of the saturation cover-

supporting evidence for the dangling bonds as the F ato ge carried O.Ut in the next §ection Wi!l be used t9 confir_m
adsorption sites in the interaction of With Si(100)2x 1. that the reaction proceeds via adsorption on the Si dgnglmg
A mixture of He seeded in Ar is expanded to produce abonds. When all of the dangling bonds have been fluorinated,

He beam that has an average velocity and temperature (T)lFe reaction stops.

766+ 65(FWHM) m/s and 2 K, respectively, as determined

from TOF measurements. The average wavelength of thg/. ANALYSIS

incident He is 1.3+ 0.11(FWHM) A, which is comparable ) ) o )

to the surface unit cell dimensions of 3.84 A and 7.68 A. The  In this section we present a quantitative analysis of the
beam is incident a#, = 20° and is modulated at 150 Hz with dependence of the amount of F andsEattered from $100

a tuning fork to allow for background subtraction. The de-O" F2 exposure, yielding the absolute reaction probabilities
tector is rotated in steps of 0.5° from 15°—55° with respect t?S & fgncUon of fluorine coverage. The saFuratlon coverage is
the surface normal in the forward scattering direction. FigureeStablished to be 1 ML, confirming thaj Bimply decorates
11(a) shows a plot of the scattered He intensity as a functiorin® highly reactive Si dangling bonds and does not break the

of the scattering angledy, measured from the surface nor- Si dimer bonds.

mal of a clean 3100 surface at 250 K. The features are A, Dependence of the reaction probabilities of F , with

broad because of the low angular resolution of the detectosi(100) on F, exposure

that is necessary to obtain sufficient sensitivity to detect re- .

active species which typically scatter with very low fluXés. Tr;ethscattermgblof ahf mollecule from S1100 follows

However, three primary features of the diffraction spectrumOne ot three possiie channels. . .
Unreactive scatteringR;) is the channel in which F

indicative of the (2 1) periodicity are apparent. These fea- tters intact f h ¢ into th h here it i

tures are a specular peak arising from overall order angc‘::l etrsdln ac 'tk:OTFo eFiurT?]ce 'go c gr;ls pd aset\_/v er?' IS

smoothness, a half order peak ét=31° arising from dif- etected as eitheryFor F*. The absence offadsorp lon &
IJong exposures demonstrated by the thermal desorption mea-

fraction perpendicular to the dimer rows and a first orde ¢ that onl . tteri ¢
peak atdy=43° arising from diffraction parallel to the dimer surements means that only unreactive scattering occurs a
long exposures to 4 Therefore, at long exposures e, the

rows. Figure 1(b) shows He diffraction from a §100) sur- ) !
9 b §109 flux of unreactively scattered,fs equal to the incident flux

face at 250 K after a sufficiently long exposure tosle as to - .
reach the steady state regime of Figs. 4 and 9. Although th8f F,. Thus, the absolute probability for unreactive scatter-

intensities of the features are changed upon fluorination, th'9: Po- s a function of fexposure., is the ratio of the
(2x1) periodicity persists. The identical two-dimensional SCaltered Eflux at e to the scattered Hiux at e=c2:
unit cells of the fluorine overlayer and the(B30) surface scattered F flux |§Zatf)

strongly suggests that each dangling bond serves as an ad- Py(e)= incident &, flux = DR

sorption site for one F atom. More importantly, the persis- F2

(IV.1)
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Single atom abstractiorP() is the channel in which one This result is substituted into EQV.5), which can then be
of the F atoms is adsorbed onto the surface while thesolved for the scattered F atom flug®
complementary F atom scatters into the gas phase and is

il ; _ OF,~FT19
detec_ted as E The absqlute pr_obab|I.|ty for smgle atom ab 159 ¢, 64) = | Syol €, 6g) — 2 Sl €. 04)
straction,P,, as a function of is again determined by ref- UFZ_,F2+T38
erencing the F atom flux to the scattered flux at long
exposure and is given by % VF (V. 7)

Or_p+T19) ’
scattered F flux 17°%€) . FoFt 19 N _
(IV.2) Using Eq.(IV.1), the probability for unreactive scatter-

Pi(e)=— = sca :
incident F flux I, (=) ing at a scattering angle;, Py(e€,6y), can now be written in
Two atom adsorptionR,) is the channel in which both €rms of the experimentally measured quantByy(e, 64),
fluorine atoms of k are adsorbed onto the surface and noSUch as presented in Fig. 4. Because theeffocity distribu-
scattered products are detected in the gas phase. NormaliZin is independent of exposure as discussed in Sec. Il A,
tion of the three channels yields the absolute probability forPo(€: 6a) simplifies to
two atom adsorptionP,, given by Sag €, 64)
Po(€,09)= =———.
P,(e)=1—Py(e)—Py(e). (IV.3) Szg(, 6g)

In order to calculate these probabilities, expressions fol/Sing Eq.(IV.2), an expression foP; (e, 0q) is written as

the scattered Fand F fluxes) Ezat andlﬁcat, respectively, in the ratio of Eq.(IV.7) to Eq.(IV.6) evaluated in the limit of

terms of the measurable quantity, the signal detected by th'é1f|n|te exposure,
sl
Tio/ \ Szg(, 0y)
UF2—>F+T19)

mass spectrometer, must be obtained. The mass spectrometer O "
Vg Fo—F,
UF2—>F2+T38

(IV.8)

signal collected at a scattering anglg,, is proportional to Pl(e,Hd)=(v—
the number density of ions produced rate=38 andm/e R
=19 upon ionization of the neutral products, &d F, and

are related to the scattered fluxesfgtby X

OFF+

Slg(f,ﬁd)—%s(fﬁd)(

Scal
IF, {e,0q) OF,-F; Tag

Sag( €, 0g) = y (IV.4) (IV.9)
F2 The ratio in the last term is the cracking ratio of R here-
and fore, the difference term is the signal at/e=19 arising
ca from F atoms. After some algebra, the ratio of transmissivi-
S 0 15 € 00) 0, Tao ties can be eliminated yielding the final form By :
19\ €, Vq) =
VP2 S (‘TFTF*> ( Siol€,6a)  Sad€,0)
€, =| — - .
1% €,04) 0r_e+T1g B Ve, \ 0F—F+ /| Sig(®,04)  Sze(*,6q)

: (IV.5) (IV.10)

whereS(e, 6y) is the exposure and detector angle dependen-{_.he assumption is made that onl'y. Eontributes to the ¥
signal at long exposure. All quantities except &ar_,+ can

ignal atm n [ riptr is th ropri . : :
signa at. /e de .Ot?d t.)y ts subsc pt; S the appropriate be measured with the apparatus described in Sec. Il. The F
electron-impact ionization cross section at the electron en:

ergy used for the measuremeutis the average velocity of and F, velocities are average values of the average velocities
I I 0, =
the scattered neutral indicated by its subscript @nd the plotted in Fig. 2, 108446 and 41918 (95%, N=7) m/s,

transmissivity of the ion through the quadrupole mass filterrespect|vely. Recall that both velocities were shown to be

at m/e denoted by its subscript. A proportionality factor, independent of exposure. The ionization cross section,of F

H 2
composed of the product of the current density of bombard'EO F", TroFts 1S 0.28+0.06 A° as measured by the method

. . 2 .
ing electrons in the ionizer and the length of the ionizationPresented in Sec. Il. A literature value, 0:80.17 A%, is
region is not included in EqIV.4) and(IV.5) because these US€d as the F atom ionization cross sectiga, e+, at 70 ev

9 . . . .
instrument quantities are independent of the particles’ iden€!€ctron energ§? The final term is simply the difference

tity and cancel in the ratios used to define the probabilities iPtween the two scattered signals normalized to their respec-
Egs.(IV.1)—(IV.3). Equation(IV.5) shows that there are two (Ve Stéady state levels at long exposures. ORgeand P,
contributions to the signal at/e=19. The first contribution @ve been obtained®, follows by the normalization condi-
comes from the dissociative ionization of f the ionizer 0N expressed in EIV.3). The F, exposure is determined
while the second arises from the ionization of scattered From the absolute flux of the incident beam. Figuregal2
atoms. 12(c) show the probabilities of the three channels as a func-
Solving Eq.(IV.4) for the scattered Fux, 1< yields tion of F, exposure {;11951:35". The error ba'rs represent the
2 propagated uncertainties of the quantities in E§$.8) and
Sa( G,Gd)VFZ (IV.10) typical of a single data set. The large uncertainty in
(IV.6)  the determination oP, results from the uncertainty in the

literature value ofor_ g+ whose relative error is 2098.

VF

Scal —
IF2 tf,ad)— —+_I_
OF,—~F, |38
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FIG. 12. Reaction probability of fwith Si(100 as a function of k expo- F coverage (ML F atom)

sure for(a) unreactive scatteringo, (b) single atom abstractioR, (C)tWo o~ 43 peaciion probability of fat E; = 0.7 kcal/mol with Si100) at 250
atom adsorptiorP,. Six data sets collected over a period of two months . ) . - .
K as a function of fluorine coverage &, unreactive scattering?, single

using two different crystals are shown. Each data set is typical of that in Fig. t bstracti a2, t t d tion. Data f Fig. 12
4. Error bars orP are propagated uncertainties typical of a single data setA10M abstraction, ankt; two atom adsorption. Data from Fig. L12.

Error bars on exposure reflect uncertainty in beam f{dx.Absolute fluo-
rine coverage as a function of, exposure in ML F atom. Error bars on

coverage reflect propagated uncertaintie®iand beam flux typical of a gnd any memory of the incident trajectory, leading to a near
single data set. cosine dependence of the scattered product intensities on the
angle from the surface normal, as discussed in the following
section. Thus, the absolute reaction probability for low en-
B. Coverage dependence of reaction probabilities ergy K on S(100) at 250 K is independent of the detection

In the previous section, the absolute reaction probabiliangle, i.e.P(€)=P(e,6q).
ties were determined for scattering into a given detection ~Having obtainedP;(€) andP(e), the probabilities for
angle,Py(e, 84), Pi(e,0,) andP,(e,64). An additional re- adsorption of one and two fluorine atoms, respectively, as a
sult of interest is the absolute reaction probability integratedunction of exposure, the fluorine coverage as a function of
over all detector angles, both in-plane and out-of-plane, iffXPosure can be now calculated. By definition of the prob-
the hemisphere above the surface to y|EtQE), Pl(E) and abi”ties, there will bePl+2P2 fluorine atoms adsorbed on
P,(€). However, integration of the probabilities given in the surface for each incoming Fnolecule. Summing over
Egs. (IV.8) and (IV.10) over detection angle is obviated by all incoming F, molecules, the coveragé(e), can be writ-
the independence of the scatteredaRd F signals as a func- t€n as
tion of exposure orgy in the scattering plane, as shown in €
Figs. 5 and 6. Scattering of,Fand F outside of the plane 0(6)2] ||:2(0.5P1(€)+P2(E))d€, (IV.11)
defined by the incident beam and the surface normal were 0
not measured, but the independence of the reaction probabikiwherelF2 is the incident k flux in ML F/s. Figure 12d)

ties on the in-plane detector anglé;, suggests that a de- shows the absolute fluorine coverage as a function ,of F
pendence on the out-of-plane angle is physically unlikelyexposure. The coverage rapidly increases from a low value at
Moreover, the lack of dependence of the scattergdrfdl F  initial exposures to a saturation level of 0:98.11 (95%,
signals as a function of exposure, and hence of the reactiog=9) ML at exposures above 10 ML F atoms. This plot of
probabilities as a function of exposure, on the azimuthathe fluorine coverage as a function of exposure is then used

angle as shown in Fig. 7, indicates that there is no significanty recast the probabilities in terms of coverad®,(6),
alignment effect in the exit channel of the reaction whichp (¢), andP,(6), presented in Fig. 13.

would lead to preferential scattering of the product along

specific crystal axes and hence to anisotropic out-of-plane ) ) o

scattering. There is other evidence for the isotropic nature of - Saturation coverage and identification of

the interaction with and scattering from this highly corru- abstraction and adsorption sites

gated Si surface. For example, the independence of the reac- The analysis in the previous section along with the satu-
tion probabilities on incident angle, as shown in Fig. 6, indi-ration of the thermal desorption signal in Fig. 9 shows
cates that the reaction is nonactivated with no preferentiatlearly that the abstraction reaction and the adsorption,of F
incident angle of approach of the, Fholecule into the en- on Si ceases at a coverage of @11 (95%, N=9) ML.
trance channel. In addition, the tremendous exothermicityrhe cessation of atom abstraction and adsorption at this cov-
released in this reaction overwhelms the low incident energgrage leads to the conclusion that there are about 1 ML of
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abstraction sites and 1 ML of adsorption sites on thH&&) T spe(!ies o e)lcposm c(lwemge T
surface. As described in Sec. Il B 3, the He diffraction mea- - e F 0 0033 ML 0-0.25 ML
surements show that the saturated F overlayer has the same ® ¥ 0 0-075SML 0-05ML
two-dimensional periodicity, (1), as the underlying S b ML cosswL
Si(100 substrate. Given that adsorption of fluorine atoms on o F 35 0-075ML  0-05ML
the dangling bonds would maintain the X4) periodicity, L eashL
the observation of a (1) surface unit cell for the fluorine © A Fz 0 4-6ML I ML T
overlayer strongly suggests that the dangling bonds are the F x F 35 0-075ML  0-05ML
atom adsorption sites. Therefore, because the number of dan- A K3 46ML ML
gling bond sites on this crystal, 1 ML, is the same as the a
number of adsorption and abstraction sites, it is concluded 1ol8 % o i
that not only are the dangling bonds the adsorption sites but X 'A] ¥
that they are also the abstraction sites. E °© ¢ = o ; . g

= °
V. DISCUSSION % ' : g .

A picture of the interaction of low energy,Fwith & O fef
Si(100 from zero to saturation coverage at 250 K is now at _e'é h i §
hand from these experimental results. The following section % g0
is divided into a discussion of the interaction at zero cover- 3
age and at higher coverages. 0ok, | ' | L
A. Phenomenological model at zero coverage 0 20 40 60 80

Detector Angle 64
As a F, molecule approaches (3D0), it has almost a

unity probability of undergoing an abstraction event, 1 FIG. 14. Scattered F and,flux as a function ofdy4 at ,=0° and 35° for

_ _ _ n 0 _ ; ; various exposures normalized to cos 40°0gt40°. The scattered flux is
Po(6=0.02ML)=0.957£0.003 (95%,N=9), in which obtained by integrating data similar to those shown in Figs. 4—7 over indi-

one of the fluorine atoms of the incidens 5 abstracted by cated range of exposure in ML F atom. Coverage range is determined from
one of the dangling bonds and is then adsorbed at that dafig. 12d).

gling bond site. The complementary F atom is expelled rap-
idly as a result of the exothermicity of the reaction. It can fly
into the gas phase where it is detected and contributes to tHgads to low translational energy and high vibrational energy
measurement oP; or it can adsorb onto the surface and in the products AB and B. For the gas—surface case, @i~
contribute to the value oP,. Only a minority of reactive Si(100), the vibrational excitation is in the surface Si-F
trajectories, P;(#=0.02ML)=0.13-0.03 (95%,N=9), bond. For the case of the interaction of %ekith Si, emis-
undergo single atom abstraction in which only one of the Fsion at about 1400 cit has been attributed to the decay of
atoms is adsorbed while the vast majority of them result insuch a vibrationally excited fluorinated Si surface spedies.
two atom adsorption, P,(#=0.02ML)=0.83+0.03 Figure 14 shows angular distributions of the scattergd F
(95%, N=9). These results reflect deeply on the potential(Solid symbol$ measured at both 0° and 35° incident angles
energy surface for the interaction of With Si(100), as now and at both low fluorine coverages, from 0-0.25 and 0-0.5
described. ML, and at 1 ML saturation coverage. Figure 14 also shows
the angular distributions of the scattered F atdopen sym-
bols) measured at both 0° and 35° incident angles and at both
The TOF measurements of the scattered F atoms préew and high coverages. The values of the scattepeahll F
sented in Figs. 1-3 provide dynamical information about theatom fluxes are derived from measurements such as shown in
atom abstraction mechanism. As discussed in Sec. lll, th€igs. 5 and 6 after converting the, Exposure to fluorine
scattered F atoms have a much faster velocity distributiomoverage using data such as presented in Figd)1Zach
than a thermal distribution characterized by the crystal temangular distribution has been normalized to the value of
perature. This fast distribution arises from the reaction exoeos 40° atdy=40° for ease of comparison to each other.
thermicity which is channeled into the translational motion  The angular distributions of both the scatterednfol-
of the scattered F atom on a time scale that is rapid comparegtules and the scattered F atoms are broad and depend on the
to that required for accommodation on the surface. Howeverosine of the detection angle as measured from the surface
while the velocity distribution is fast, it is not fast enough to normal. Given that the velocities of the scatteredaiRd F
account for all of the reaction exothermicity. The averageatoms are isotropic, that is, do not depend on the detection
energy of the F atoms is 3t70.4 kcal/mol, only a few per- angle, a cosine dependence is expected. The cosine angular
cent of the total reaction exothermicity of 103 kcal/mdl. dependence for the scattered F atom regardless of incident
The low translational energy of the products is consistenangle and coverage is particularly interesting because it im-
with an “early barrier” or “attractive potential” type of plies that the scattered F atom loses all memory of its inci-
potential energy surface first described by Evans and Polanyient trajectory. This observation suggests that the transition
for gas phase reactiofisIn the prototypical three atom re- state for atom abstraction is “loose,” meaning that it is not
action A+B,—AB+B, an “attractive potential” surface geometrically constrained by approach geometry or steric

1. Dynamics of F atom abstraction
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hindrance. This experimental observation is in disagreemenicattered F flux due to its adsorption on the crystal. As
with molecular dynamics simulatiotfsthat show the Fmol-  shown in Sec. 11l B 2, this assumption is not valid in the case
ecule aligning itself with the dangling bond prior to its dis- of desorption of radical species, a process which is clearly
sociation. This late transition state along the reaction coorditaking place during the atom abstraction reaction ofvith
nate leads to other results from the simulations that argij. While they are cognizant that the decrease in theafek-
contradictory to experiment such as the branching betweeground partial pressure reflects not only the reaction .of F
two atom adsorption and single atom abstraction, as diswith the Si crystal but also with the vacuum chamber walls,

cussed further below. they are unable to determine directly the effect of the wall
reactions on their measurement. Instead, they derive the wall
2. Reactivity at zero coverage and comparison to reactivity by reconciling their value &, with the value of
previous work Siue Of Engelet al® Of course, this reconciliation assumes
The total reaction probability of Fwith Si(100), Py, that it is appropriate to compare the two measurements. Con-

is defined in this work as the sum of the probabilities forSidering the extreme grazing incidence used in the study of
single atom abstraction and two atom adsorpt®g,= P, Engelet al. gnd the normal |nC|denqe of the work of.K.um.-
+P,. This definition is equivalent to what other authors mel et al, this proced_ure for evaluatmg the wall reactivity is
have called the apparent sticking coefficiefy,,. Still other ~ Probably not appropriate. As with the method used by Engel
author§ have defined the reaction probability of with €t al, the method of Kummeet al. cannot distinguish be-
Si(100) as the probability ba F atom sticking to the surface, Ween single atom abstraction and wo atom adsorption.
labeled as the true sticking coefficie,,.. The true stick- The molecular dynamics simulations by Carédral.
ing coefficient is related to the values Bf and P, in this ~ Yield a value ofSy,e=0.59 for a low incident energy, 0.7
investigation as a weighted avera@, .= 0.5P,+ P,. For kcal/mol, of K, on Si(100) at zero coverage. Ho_vyevgr, their
the sake of comparison to previous work, the results of thig@lculated value for the total reaction probability is nearly
investigation yield values 0fS,,=0.96+0.04 and Sy, unity, S;,=0.99, in agreement WIFh the experimental results
—0.90+0.04 for the apparent and true initial sticking coef- Presented here. The dramatic difference betwBgp and
ficients, respectively, at zero coverage. The small differencéue S calculated in the simulations arises because of the
in these two values arises from the low probability for singlenigh probability for single atom abstraction.
atom abstractionP; .

Engel et al® obtain Syue=0.46+0.02 for K, on Si100) 3. Singlge atom abstraction versus two atom
at temperatures between 120 to 600 K and at zero coveragé/Sorption at zero coverage
by evaluating the initial slope of a plot of the fluorine cov- Given that the atom abstraction mechanism was not de-
erage, measured by x-ray photoelectron spectros@ép$), tected in either of the two previous experimental studies of
versus exposure. This value f&, is only half the value the interaction of F with Si(100, no comparisons of the
measured in the present study. The most probable cause bfanching ratio between the two dissociative chemisorption
this discrepancy is the extreme grazing incidene; 75°,  channels, single atom abstraction and two atom adsorption,
mandated by geometric constraints of their apparatus, asan be made with previous experimental work. However,
compared to normal incidence used here. Shadowing effectiomparisons made with the branching ratio calculated in mo-
have been observed in the present study at extreme grazifecular dynamics simulations by Carter al? reveal major
incidence. These effects, which likely arise from the strongdiscrepancies. The simulations find that single atom abstrac-
corrugation of the covalently bonded Si surface, are consision is the dominant mechanism for dissociative chemisorp-
tent with lower sticking coefficients. Note that this methodtion at low incident energy. The calculated values Rof
for measuring the sticking coefficient or reaction probability =0.81 andP,=0.19 for single atom abstraction and two
cannot distinguish between fluorine adsorbed as a result @ftom adsorption, respectively, are in stark contrast to the
single atom abstraction and fluorine adsorbed as a result @xperimental values ofP;=0.13-0.03 and P,=0.83
two atom adsorption. +0.03. Steps and defects were initially speculated as the

Kummelet al.report values fo6,,,ranging from~0.57  source of the discrepancy between experiment and theory,
at a low incident energy~1.4 kcal/mo) to ~0.90 at high  but subsequent simulations showed no dependence of the
incident energy for Fon Si(100) at 300 K’ To facilitate a  reactivity on step or defect density.
comparison to this previous work, measurements were made The disagreement between the experiment and the simu-
at E;=1.5kcal/mol. The results show th&f,,remains con- lations extends beyond the absolute values of the reaction
stant at 0.90 for incident energies between 0.7 to 1.5 kcalprobabilities and points to the WWC potential as an inaccu-
mol. Therefore, the present value for the total reaction probrate representation of the interaction betwegraid Si. For
ability at zero coverage, or equivalently,,;=0.96-0.04,is  example, the calculated average scattered F atom velocity of
larger than that measured by Kumms8}g,=~0.57. Unlike ~ ~2000 m/$? is almost double the value of 108416 m/s
the present investigation in which the loss of bojtflex and  measured in this experiment. This overestimation of the es-
the appearance of F atoms is measured directly with a difeape velocity underestimates both the timet thaF atom
ferentially pumped mass spectrometer, Kumetehl.” mea-  spends near the surface as well as the forces it feels. Thus,
sure the decrease in the background partial pressure iof F the WWC potentidft underrates the coupling of the Si,F
the main chamber where the crystal is hou$kdihis de- transition state to the rest of the Si lattice causing a much
crease is assumed to be proportional to the decrease in thdgher fraction of the exothermicity to be channeled into the
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translational energy of the scattered F atom and leading ition were used to corroborate the results of these XPS mea-
turn to a value folP, that is too low compared to the experi- surements. In contrast, the present experimental results are
mental one. In addition, the calculated angular distributiongonsistent with the results from molecular dynamics simula-
of the scattered F atoms are peaked about the Si—F bortibns which suggest that the saturation coverage of low en-
direction!? Carteret al'? argue that this alignment precludes ergy F, on S(100) is 1.0 ML and that no reaction of low
the scattered, complementary F atom from adsorbing on thenergy k occurs at 1 ML*?
surface and thereby from contributing to the valueéPgt In An important result from the present experimental stud-
contrast to the calculated angular distributions, this experiies is the observation that the exothermicity of the reaction of
ment reveals the scattered F atom angular distribution to bE, with Si is not a source of lattice disorder. This observation
essentially isotropic, as shown in Fig. 14. is in contrast to experimental and theoretical works that have
Kummel et al3* interpret their STM studies of Fon  suggested that the disorder of the Si lattice induced by local
Si(111) to be in agreement with the theoretical work of heating due to the large amount of energy released in the
Carter for B on S(100.12 In the low coverage limit, they adsorption process initiates etchitigt?*®> For example,
interpret F atoms adsorbed without neighboring F atoms t&arteret al. initially suggested that the heat of adsorption for
arise solely from single atom abstraction, thereby contributf atoms on $iL00) leads to the dissociation of Sifgroups
ing to P4, and F atoms adsorbed close to each other as a patnat diffuse along the surface and inevitably lead to lattice
to arise solely from two atom adsorption, thereby contribut-disordert''? Subsequent simulations agreed with this sug-
ing to P,. With the aid of a Monte Carlo simulation to gestion, but restricted disorder only for F atoms with incident
reproduce their results, they conclude that all reactions mustanslational energies above 2.5 8\ attice disorder may
occur via single atom abstraction at low incident energy. Inbe a requisite for etching and, indeed, the absence,of F
addition, they observe an incident energy dependence similatching in this system with no disorder is consistent with this
to that of Carter, in whiclP, increases at the expenseRf  requirement. However, it is clear that disorder at coverages
with increasingg; . However, using STM as the sole method of 1 ML and less does not arise from the reaction exother-
to deduce gas—surface reaction dynamics is questionablmicity of F—Si bond formation, which is considerable at 103
Given that the thermodynamics of atom abstraction does ndtcal/mol. In fact, F atoms and XgFeactions with SiL00)
necessitate that the complementary F atom Bf @arajectory  have similar exothermicities, about 141 and 86 kcal/mol, yet
be bound at the site immediately adjacent to the initial abboth are excellent etchants. Thus, it is unlikely that the reac-
straction site, it is highly speculative to distinguish betweertion exothermicity, by virtue of providing lattice disorder, is
single atom abstraction and two atom adsorption based ontae primary explanation for etching.
spatial distribution of adsorbates. This issue is discussed in
more detail in Sec. V C. C. Atom abstraction in other gas—surface systems

) . . Atom abstraction is not unique to the/Si system. If
B. Interaction of low energy F , with fluorinated the energy released in forming one surface—adsorbate bond
Si(100) at 250 K . . .
is sufficient to compensate for the energy required to break
As the fluorine coverage increases from zero to about 0.fhe bond of the incident molecule, then abstraction by the
ML, P, decreases almost linearly with coverage from 0.83surface is possible. An interesting candidate for atom ab-
+0.03 to 0.3%*0.08 (95%, N=9). In contrast,P; ap- straction is the interaction of Qwith Al(111), although the
proaches a maximum of 0.39.08 (95%, N=9) at about observation of isolated adsorbed atomic oxygen atoms on
0.5 ML. Beyond 0.5 ML, both reactive channels decay, ap-Al(111) using STM’ has been interpreted as evidence for
proaching zero at 0.940.11 ML, the coverage at which all hot atom motion of the two atoms resulting from a classic
of the dangling bonds are fluorinated and the Si surface iglissociative chemisorption event. Hot atom motion arises
passivated to further reaction with,.FThe saturated over- from the release of the exothermicity into parallel transla-
layer is well ordered and exhibits a 2L) surface periodic- tional motion of the two atoms away from each otffer*®
ity. There is no evidence for the cleavage of lattice bondsThe atoms remain bound to the surface but travel along the
between the Si surface atoms or between the first and secosdrface until they dissipate enough energy to be trapped at a
layer Si atoms. The unusual coverage dependence of botthemisorption site. Although this interpretation is plausible,
reactive channels can be described by a statistical model thaspecially considering subsequent work onpdd P(111)*
is presented and discussed in an accompanying paper.  and on Ag110* where two atom adsorption is energetically
A previous study of the saturation coverage in this sys+tequired, the results can also be explained by oxygen atom
tem does not agree with the present results. Using XPS tabstractiorf:** Unfortunately, the use of STM as the sole
monitor the adsorbed fluorine, Enget al® measured the probe of dynamics of such a fast nature inevitably leads to
exposure dependence of the absolute fluorine coverage amghbiguity because the end result of each mechanism is likely
determined an initially fast rate of adsorption up to a saturato be indistinguishable. Both atom abstraction and hot atom
tion coverage of 1.5 ML, followed by a much slower rate of motion are dissociative chemisorption processes in which the
adsorption that lead to a coverage of 3—4 ML after very longwo fragments separate from each other and lead independent
exposures. They attribute the initial fast adsorption to reacexistences. However, in hot atom motion, which arises from
tion with the dangling bonds, but do not explain the shortageclassic dissociative chemisorption, both atoms are and re-
of dangling bond adsorption sites needed to attain 1.5 MLmain bound to the surface during their horizontal motion
Unfortunately, no complementary techniques such as diffracbecause the exothermicity is insufficient to allow one or both
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to escape from the surface. In contrast, the complementamdsorption. No Si—Si lattice bonds are observed to be
atom in atom abstraction is not initially bound to the surfacecleaved upon the interaction of, kvith Si(100). Once one

and may move parallel to the surface for some distance bdluorine atom is bound to each of the dangling bonds, thereby
fore encountering an adsorption site. In either case, the hdborming an overlayer of (X1) periodicity and of 1 ML
atom or the abstracted atom will likely appear to a STMcoverage, the adsorption of Eeases. Although the comple-
observation at some distance from its partner. mentary F atom can scatter back into the gas phase, it does

Earlier work on other gas—surface systems shows evinot necessarily do so. If the complementary F atom has some
dence consistent with atom abstraction. Lunsfet@l. ob-  parallel component to its outgoing trajectory, it may be
served CH production upon passing methane over a MgOcaught by an adjacent or nearby dangling bond and adsorb
surfacé* implying H atom abstraction by the MgO surface. there in a process called two atom adsorption. The probabil-
White et al. observed CH production upon adsorption of ity for two atom adsorption decreases with coverage while
methyl bromide on a potassium doped Ag surf&c8ent the probability for single atom abstraction exhibits a non-
et al. reported CH production upon thermal desorption of Langmuirian behavior in which a maximum is observed at
molecularly adsorbed CjHfrom a Cu surfacé® Selective |  about 0.5 ML. A simple model based on lattice gas kinetics
atom abstraction in the I&} system probed by STM and has been developed to understand this peculiar coverage de-
chlorine atom abstraction in the £K systenf® have been pendence and is presented in an accompanying paper.
suggested to occur. Briefly, it allows the chemistry of those incident, Fnol-

As noted in the Introduction, atom abstraction may haveecules whose axes are roughly parallel to the surface to be
dramatic effects in semiconductor etching because the scatistinguished from those that are vertical. Its good agreement
tered reaction product is an extremely reactive open shellith the data indicates that the mechanism for dissociative
atom or radical. For example, in the semiconductor industrychemisorption indeed proceeds as a two step process involv-
the constant desire for smaller and smaller features requirésg first an abstraction step followed by the adsorption of the
the ability to selectively etch the semiconductor surface withsecond F atom if it is propelled across the surface in the
precision. However, a major problem in the dry etching ofdirection of an empty dangling bond.
semiconductors is a phenomenon called undercutting in
which etching occurs under the resist. This may be caused, IRCKNOWLEDGMENTS
part, by radicals produced by atom abstraction. Thus, the
inhibition of atom abstraction could prevent undercutting.

An example of atom abstraction during a semiconducto
etching reaction is that of Xgfn Si. Recent work by Ceyer
et al. has shown direct evidence for F atom abstraction in th
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