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Abstraction of a F atom from incident,Foy Si(100)¢2 X 1) is demonstrated by detection of the
scattered, complementary F atom. He atom diffraction measurements are consistent with abstraction
occurring at dangling bond sites. The low probability for single atom adsorgtipr= 0.10 = 0.01)
relative to the total adsorption probability, = 0.96 = 0.02) in the zero coverage limit indicates that
the second F atom can also be trapped by the dangling bonds. Both the single and two atom adsorption
probabilities decay to zero when the dangling bonds are saturated at 1 ML coverage. Atom abstraction
represents a mechanism distinct from the classic one for dissociative chemisorption.

PACS numbers: 82.65.Pa, 34.50.Bw

One important function of a surface in heterogeneou$3] prior to insertion into the vacuum chamber where
catalysis or chemical vapor deposition is to cleave a bond is repetitively sputtered and annealed (1120 K for
of an incident molecule, thus forming two adsorbed reac30 min) until Auger spectroscopy reveals carbon as the
tive fragments. The dissociation proceeds by the formaenly contaminant, at a 1% or less level. He atom diffrac-
tion of two bonds to the surface because the formation ofion measurements show the surface to exhibit the well-
two bonds is energetically necessary for bond cleavagelocumented(2 X 1) reconstruction associated with the
This is the classic view of dissociative chemisorption [1],formation of Si surface dimers. In real space, the surface
and indeed this mechanism is operative in many moleculeexhibits rows of Si-Si dimers, with one dangling bond per
surface systems. In contrast, one can envision bond clea®i atom.
age by formation of a single surface-atom bond if the Identification of the abstraction mechanism by detec-
energy released by this bond formation is greater thation of the scattered F atom is complicated by the frag-
the bond energy of the incident molecule. Genericallymentation of the unreactively scattered iR the electron
this mechanism is known as abstraction and is a wellbombardment ionizer of the mass spectrometer to produce
documented reaction mechanism between two moleculdsoth B+ (m/e = 38) and F (m/e = 19) ions. For ex-
in the gas phase. In this Letter, we document the disample, a cracking ratio of 'F/F,* = 0.26 is measured
sociative chemisorption of a molecule on a surface byt 70 eV electron energy and a mass spectrometess
an abstraction mechanism. Specifically, we demonstrateansmission ratio of 1. Therefore, the signal observed at
that a Si(100)2 X 1) surface abstracts one F atom fromm/e = 19 will contain a contribution from scattered, F
an incident B molecule by detecting the complementary as well as from F atoms, if present. We can distinguish
F atom scattered back into the gas phase with a triplypetween F arising from F atoms and that produced by
differentially pumped, rotatable, quadrupole mass speche cracking of 5 on the basis of the different veloci-
trometer in a molecular-beam—surface-scattering UHMies with which they scatter from the surface. Figure 1(a)
apparatus. In addition, we couple these experiments witehows the TOF spectrum measuredngte = 19. Two
He atom diffraction from the resulting fluorinated surfacefeatures are clearly observed in this spectrum, a narrow
to demonstrate that the Si surface dangling bonds are rene at short times and a broad feature at longer times. Su-
sponsible for the abstraction and are the sites for F adserimposed on this spectrum is the TOF distribution mea-
sorption. Because of the experimental complexities in thesured atn/e = 38, scaled by the F/F,* cracking ratio.
detection of reactive radicals such as F atoms, this mechd@he single feature in this distribution occurs at the same
nism has gone undetected in numerous previous studlight time as the broad one in the/e = 19 distribution
ies of the interaction of fluorine and fluorine containingand its intensity, scaled to represent the component of the
molecules with Si. m/e = 19 signal attributed to f; matches well the inten-

The apparatus has been described in detail [2]. Theity of the broad feature in the/e = 19 spectrum. These
triply differentially pumped i beam is formed by expan- two observations lead to the conclusion that the broad
sion of a mixture of 1% Ekin Kr. The velocities of the feature arises from the cracking of the unreactively scat-
incident and scattered beams are determined by crossred F, while the narrow, short time feature arises from
correlation time-of-flight (TOF) methods. The beam isscattered F atoms. A point-by-point subtraction of the two
directed at am-type Si(100) crystal that can be heateddistributions yields the net scattered F atom TOF distribu-
resistively and cooled to 120 K. The crystal is etchedtion shown in Fig. 1(b). The solid lines are fits to these
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distributions, as described in the figure captions. Fronangle, and then detecting the scattered He iri hére-
these fits, the flux-weighted average velocities of F andnents. The He beam is modulated at 150 Hz for the
F, are determined to bé&125 + 100 and422 = 32 m/s,  purpose of background subtraction. The diffraction spec-
respectively, for a surface temperature of 250 K. The intra from a clean surface and a surface saturated with a F
cident K, velocity is 390 mis (Av = 50 m/s). Measure- monolayer, showing the zero, half, and first order beams,
ments of the TOF distributions of F ang Bcattered from are presented in Figs. 3(a) and 3(b), respectively. The key
a 1000 K surface show that the velocity of scattered Fesult is that the half order diffraction beam, which is the
is independent of temperaturel81 = 64 m/s) while the signature for the presence of the Si-Si dimers, is clearly
velocity of scattered Fis higher 607 = 42 m/s). No present in the spectrum from the fluorinated surface, indi-
ions are observed to desorb. cating that the adsorption of F does not break the dimer
Additional confirmation of the presence of scattered Fbond. Moreover, the diffraction intensities from the flu-
atoms comes from the ;Fexposure dependence of the orinated surface [Fig. 3(b)] remain unchanged upon fur-
scattered signal atz/e = 19 and 38 shown in Fig. 2(a). ther F, exposure, indicating that the surface is saturated
The signal atn/e = 38 is scaled by the F/F,* cracking and that the F is adsorbed as an ordered overlayer with a
ratio so that it represents the component of the = 19 (2 X 1) unit cell. In addition, we determined, as discussed
signal that arises from £ The two signals have a very below, that the coverage of th{3 X 1) overlayer is about
different dependence onlexposure. While both signals 1 ML (one monolayer) which is equivalent to one F for
become constant at high exposure, thge = 19 signal every Si dangling bond. These observations are consis-
rises significantly more rapidly at very low exposuretent with the reaction of fFwith Si(100) occurring at the
than them/e = 38 signal. Point-by-point subtraction of dangling bond sites of the surface dimers and adsorbing
the two plots yields the neti/e = 19 signal, shown in there, leaving Si-Si dimer bonds intact. This structural de-
Fig. 2(b). It is clear that the Fsignal at low exposure termination does not suffer from the ambiguity in LEED
arises from a source different from the cracking ofifF  generated by efficient electron stimulated desorption of F
the ionizer. We assign it to F atoms scattered from thg4] and is consistent with other results that identify SiF as
surface. The F atom signal is a maximum at a low buthe dominant species [5-8].
nonzero exposure and then decays to zero with increasing These results signal the observation of a new mecha-
exposure. nism for dissociative chemisorption, atom abstraction. As
To probe the site of F adsorption, we measured Hd-, is incident on this surface, a Si dangling bond abstracts
diffraction spectra from the clean and F-covered Si(100)one of the F atoms while the other F atom is scattered
(2 X 1) surface. They are recorded by directing a superaway. The cleavage of the,bond by the formation of
sonic He atom beamk(= 11 meV, AE = 4 meV), in- a single F-Si bond is thermodynamically feasible because
cident on the 250 K surface 2@way from the normal the energy released upon adsorption on a single Si dan-
gling bond, which does not require cleavage of a Si lat-
tice bond, is 5—6 eV compared to 1.5 eV for thebond
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FIG. 1. (a) TOF atm/e = 19 and m/e = 38 multiplied by it
0.25, cracking ratio of F recorded at normal incidence ok S T e e e ]
(6; = 0°) and at scattering angle, = 35° away from normal S 5 4 S s m
angle. Spectra are averaged over F coverage from 0 to Fluorine Exposure (ML)

~1 ML. Solid lines represent least squares fits of the function

At~ exp{—(m/2kT,) (I/t — vs)*}; ¢ is flight time, [ is flight  FIG. 2. (a) Signal atm/e =19 and 38 (scaled by 0.25)
length= 28.7 cm,m is mass,T,, is beam temperature, ang recorded av;, = 0° andéd, = 35° versus k exposure in ML. A

is flow velocity. (b) Net scattered F obtained by point-by-point ML is equivalent to one F atom per Si atom. (b) Net F signal
subtraction of then/e = 19 and 38 distributions in (a). calculated by point-by-point subtraction of plots in (a).
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FIG. 3. He diffraction spectra from (a) Si(10®-x 1), four different crystals.

(b) 1 ML of F on Si(100) for T, = 250 K, and 6; = 20°,
Ane = 133 A, The He beam is incident along both the (10)

and (01) azimuths because the surface is comprised of twgrapping the second F. As the coverage increases, the
orthogonal domains. probability of having unoccupied adjacent sites decreases,
thereby leading to a higher probability that the second
energy. Some of the exothermicity of this bond forma-F does not adsorb but scatters back to the gas phase.
tion is converted into translational energy of the scattered\s the coverage increases yet further, the effect of the
F, as evident from the large velocity of the scattered Fdiminishing number of sites for abstraction of the initial
compared to the incident,;Fand the independence of the F dominates, leading to an overall decayrpf In short,
velocity on surface temperature. Abstraction has been olihe maximum inP, arises from the competition between
served in simulations of this system [9,10]. the number of abstraction sites available to the incident
While the F atom that is not abstracted can scatter back,, which decreases with coverage, and the number of
into the gas phase, it does not necessarily do so. It may beecupied sites (which cannot trap the second F) adjacent
caught on its outgoing trajectory by an adjacent danglindo the abstraction site, which increases with coverage. A
bond and adsorb there. It is also possible for both atomsimple analytical model that incorporates these physical
to be simultaneously abstracted by two nearest neighbdeatures reproduces these data and will be presented in
dangling bonds if the F molecular axis is favorably a future publication. Note thaP; is a lower limit to
aligned upon its initial collision. We demonstrate thatthe abstraction probability because its value is based only
adsorption of both atoms also occurs by measuring then those complementary atoms which successfully scatter
difference between the totabRdsorption probability?,,  back to the gas phase.
and the probability for single atom adsorptiéh. P, We have identified and characterized a new mechanism
is determined froml — Py, where Py, the probability for dissociative chemisorption, atom abstraction. This
for unreacted F to be scattered from the surface, is mechanism is a consequence of the high exothermicity of
the ratio of the angle integrated, Flux to the incident the reaction betweenjfand Si and should be observable
F, flux. P, is the ratio of the angle integrated F flux in and is suggested by data from other exothermic
to the incident i flux. The differenceP, — P, is the  molecule-surface interactions [12—14]. This mechanism
probability for adsorption of both F atom#,, and is may also be an additional source of radicals that have
plotted in Fig. 4, along with?, and P,, versus exposure. been previously unaccounted for in models for plasma
The coverage, which may be determined by integratingtching. Recently, evidence for the reverse of this process
P, + 0.5P, over F, exposure, approaches approximatelyhas been presented [15,16].
1 ML at P, decays toward zero and as the dangling This work is supported by JSEP Grant No. DAALO3-
bonds saturate. In the zero coverage limit,contributes  92-C-0001 and NSF Grant No. CHE-9318636.
0.86 = 0.02 and P, contribute€).10 = 0.01 to the totalP,
of 0.96 = 0.02, in reasonable agreement with simulations
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to the abstraction site of the first F atom are likely B.W. Rossiter and R.C. Baetzold (Wiley, New York,
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