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ABSTRACT

An experimental study of the chemical dynamics of the interactions of F2 and XeF 2 with
Si(100), two model gas-surface systems for semiconductor etching, is presented.

Three scattering channels are present in the interaction of low energy (Ei=0.7 kcal/mol)
F2 with Si(100) at 250 K: unreactive scattering and dissociative chemisorption via single atom
abstraction or two atom adsorption, which are distinguished by the number of F atoms that
adsorb to the surface. The absolute probabilities of these three scattering channels are
determined as a function of fluorine coverage 0. On the clean Si(100) surface, two atom
adsorption is the dominant reaction channel (P2=0.83±0.03) relative to that of single atom
abstraction (P1=0. 13±0.03). The total reactivity of the surface decreases with coverage as the
number of unoccupied reactive sites, identified to be the Si dangling bonds using He diffraction,
decreases. However, the probability of single atom abstraction increases at the expense of two
atom adsorption attaining a maximum (PI=0.35±0.08) at 0=0.5 ML. At 0=1 ML, there are no
unoccupied dangling bonds and the reaction with F2 ceases. No etching is observed to occur.

A statistical model is developed that gives a good description of the coverage dependence
of the reaction probabilities of F2 with Si(100). The model is based on the premise that the two
dissociative chemisorption mechanisms share a common initial step, F atom abstraction. The
subsequent interaction, if any, of the complementary F atom with the surface determines if the
overall result is single atom abstraction or two atom adsorption. The results are consistent with
the orientation of the incident F2 molecular axis with respect to the surface affecting the
probability of single atom abstraction relative to two atom adsorption. A perpendicular approach
favors single atom abstraction because the complementary F atom cannot interact with the
surface, whereas a parallel approach allows the F atom to interact with the surface and adsorb.
The fate of the complementary F atom is dependent on the occupancy of the site with which it
interacts. The model is also based on the premise that the four distinguishable types of sites on
the Si(100)(2x1) surface, based on the occupancy of the site itself and the complementary Si
atom in the Si surface dimer, have different reactivities with F2 and F atoms. The results show
that the unoccupied sites on half-filled dimers are more reactive than those on empty dimers,
which is consistent with an enhanced reactivity due to a loss of a stabilizing 7c interaction
between the two unoccupied dangling bonds on a dimer.
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Three analogous scattering channels are also present in the interaction of XeF2 with
Si(100) at 250 K. Despite the observation that XeF2 is able to etch Si unlike F2, the initial
adsorption of fluorine upon exposure to XeF2 occurs primarily at the dangling bonds. However,
at a coverage around 1 ML, there are no unoccupied dangling bonds on the well-ordered surface,
but XeF2 continues to react with Si and etch product SiF4 is desorbed. To better compare the

dynamics of the interactions of XeF2 with Si to those of F2 with Si, the investigation focuses on
the initial fluorination to coverages around 1 ML. There are several significant differences
between the two gas-surface systems. First, the reaction probability of XeF2 is only weakly
dependent on coverage indicating the presence of an extrinsic physisorbed precursor. Second,
although single atom abstraction is present, the scattered XeF behaves differently than the F
atom that is produced in the interaction of F2 with Si. The angular distribution of the scattered
XeF flux is strongly dependent on coverage and is directed along the surface normal at coverages
around 1 ML, suggesting that the incident XeF 2 is aligned during the reaction because of steric
hindrance from the other adsorbates. The presence of scattered F atoms in the interaction of
XeF2 with Si suggests that there is channeling of a sufficient fraction of the exothermicity of
atom abstraction into the internal energy of the weakly bound XeF, leading to the dissociation of
XeF and scattering of an F atom into the gas phase. Finally, two atom adsorption is present
based on the observation of reactively scattered Xe. Although conclusive identification and
characterization of the velocity and angular distribution of this reactively scattered Xe are
elusive, the results show that no Xe gains a large fraction of the total exothermicity available
from two atom adsorption, suggesting that the interaction of XeF2 with Si is a stepwise process
just as in the interaction of F2 with Si.

Thesis Supervisor: Sylvia T. Ceyer
Title: J.C. Sheehan Professor of Chemistry
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I. INTRODUCTION

Dissociative chemisorption is a fundamental step in the mechanism of chemical processes

such as heterogeneous catalysis, chemical vapor deposition, and semiconductor etching. The

classic picture of dissociative chemisorption is cleavage of a bond between two atoms in a

molecule incident on a surface concomitant with the formation of a bond between each of the

atoms and the surface. The energy released in the formation of two bonds to the surface is

necessary to compensate for the energy required to cleave the molecular bond. In contrast to

dissociative chemisorption, cleavage of a molecular bond upon formation of only a single bond

to the surface is possible if the molecular bond energy is less than the energy released upon

formation of the single bond to the surface. In this case, the complementary fragment of the

incident molecule is scattered into the gas phase. By analogy to the well-known gas phase

abstraction mechanism, this gas-surface mechanism is called atom abstraction.

Phenomenologically, atom abstraction is the reciprocal process to the Eley-Rideal mechanism

[1]. In the former case, the surface abstracts an atom from the incident particle whereas in the

latter case, the incident particle abstracts an adsorbate from the surface.

Only recently has an experiment, which probed the interaction of F2 with Si(100),

conclusively demonstrated atom abstraction [2,3,4,5,6]. Despite extensive investigations of this

particular important model system for semiconductor etching [7], atom abstraction has not been

reported [8,9]. The experimental difficulties are similar to those that precluded the direct

observation of the Eley-Rideal mechanism until half a century after it was first proposed [10,11].

In the case of atom abstraction, the observable is the atom or radical that is scattered into the gas

phase. Because these scattered particles are highly reactive, they must be detected prior to
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reaction with other surfaces (i.e., chamber walls) or gas phase species. This requirement

necessitates an ultrahigh vacuum environment with sensitive line-of-sight detection of the

scattered products. Even though their detection is experimentally difficult, knowledge of the

presence or even the plausibility of this mechanism is important from a practical standpoint

because atom abstraction produces open shell atoms and radicals in the gas phase that may

subsequently react in the gas phase or on other surfaces. The failure to properly account for

these additional reactions in many applications may have significant implications not only for

semiconductor etching but for such diverse applications as heterogeneous catalysis and chemical

vapor deposition.

Of course, the fate of the complementary atom or fragment is not necessarily as a gas

phase particle. The scattered complementary species may subsequently interact with the surface

of interest and if there is a reactive site near this interaction, it also may adsorb. Consequently,

atom abstraction and the subsequent adsorption of the complementary species results in the

formation of two surface-adsorbate bonds just as in classic dissociative chemisorption.

However, this process, called two atom adsorption, is distinct from classic dissociative

chemisorption in that it is not necessarily a concerted process. The fate of the complementary

particle is independent of the abstracted atom. The complementary species may adsorb on an

adjacent site as in classic dissociative chemisorption or, after undergoing motion along the

surface, it may adsorb on a non-adjacent site in contrast to classic dissociative chemisorption. It

may also scatter back into the gas phase after undergoing motion along the surface.

Unlike the dearth of experimental results for atom abstraction, several theoretical

investigations of the F2/Si system have emphasized the atom abstraction mechanism. Stillinger
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and Weber (SW) developed one of the first potential energy hypersurfaces for the F2/Si

interaction using empirical two- and three-body potentials [12]. Their subsequent molecular

dynamics simulations demonstrated the possibility of F atom abstraction. Weakliem, Wu, and

Carter (WWC) modified the SW potential by incorporating ab initio results of the interaction of

F with Si clusters which enhanced the total reactivity of F and F2 with Si [13,14,15,]. Further

molecular dynamics simulations using the WWC potential probed the effects of incident

translational and vibrational energy [16,17], as well as surface steps [18] and defects [19]. In

addition, Schoolcraft and Garrison [20] performed molecular dynamics simulations on the

F2/Si(100) system using the WWC potential. The experimental observation of atom abstraction

now provides the opportunity to test the accuracy of these potential energy surfaces.

The experimental results and data analysis on the interaction of low energy F2 with

Si(100) at 250 K have been presented in detail elsewhere [2,4,5,6]. In the experiment, fluorine

atom abstraction was identified by direct observation of the scattered fluorine atoms. The flux of

scattered products was measured and the absolute probability for F2 to undergo either single

atom abstraction or two atom adsorption was determined as a function of F2 exposure. Finally,

with the knowledge of the absolute incident molecular beam flux, the absolute probability for F2

to access one of the two dissociative chemisorption channels was determined as a function of

fluorine coverage.

At low coverage the dominant reactive channel is two atom adsorption. In the limit of

zero coverage, the probability of two atom adsorption P2 is 0.83±0.03. Despite being a

seemingly second order adsorption process, the probability of two atom adsorption decreases

almost linearly with coverage deviating from linearity only near the saturation coverage of one
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monolayer (1 ML, one F atom per surface Si atom). Single atom abstraction is the minor

reactive channel at low coverage. In the limit of zero coverage, the probability of single atom

abstraction P1 is 0.13±0.03. The probability of single atom abstraction increases with coverage

to a maximum value of 0.35±0.08 around 0.5 ML. At the maximum, the probability of single

atom abstraction and two atom adsorption are nearly equal. As the coverage increases beyond

0.5 ML, the probability of single atom abstraction and two atom adsorption monotonically decay

to zero around 1 ML.

In this chapter, a simple yet physically intuitive statistical model is developed to describe

the experimentally observed kinetics of the interaction of low energy F2 with Si(100).

Specifically, the model describes the probability of single atom abstraction and two atom

adsorption as a function of exposure to F2. The F2 exposure dependence of the reaction

probabilities can be related to the dependence of the reaction probabilities on fluorine coverage,

which is the parameter of interest because it represents the number of reactive sites on the

surface. The model is based on the premise that two atom adsorption is not necessarily a

concerted process, like classic dissociative chemisorption, and is, in fact, intimately related to

single atom abstraction. In addition the model allows for a different reactivity for the different

sites on the Si(100)(2x1) surface, which consists of rows of Si dimers. Each surface Si atom has

a single dangling bond projecting into the vacuum that is the site of reactivity. The different

reactivity is based on the occupancy of the complementary dangling bond on the Si dimer. The

results of the theoretical model match the experimental measurements well. Most importantly,

the model correctly predicts two distinct features of the experimental results: 1. the

nonmonotonic dependence on the coverage of the probability of single atom abstraction and 2.
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the linear dependence on the coverage of the probability of two atom adsorption. Both features

are unexpected from the traditional Langmuirian point of view of gas-surface chemical kinetics.

The chapter is divided into several sections. Section II gives a brief overview of the

experimental results showing the identification of F atom abstraction and the determination of

the absolute probabilities of the three reaction channels as a function of F2 exposure and fluorine

coverage. In Section III, the statistical model is developed from a minimal set of assumptions

and compared to the experimental results. Section IV is a discussion of the model and its

implications on the dynamics of the interaction between F2 and Si(100) as well as its limitations

in describing a complex chemical interaction in simple statistical terms. The results from the

experimental measurements and the theoretical model are compared with the results of previous

experimental and theoretical work.
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II. REVIEW OF EXPERIMENTAL RESULTS

II.A. Experimental

The apparatus has been described in detail elsewhere [21,22,23,24]. Briefly, the

apparatus consists of two supersonic molecular beam sources coupled to an ultrahigh vacuum

chamber (base pressure=5x10~" torr) containing the silicon crystal and a triply differentially

pumped line-of-sight rotatable quadrupole mass spectrometer as well as an ion sputtering gun, a

cylindrical mirror electrostatic analyzer for Auger electron spectroscopy and a mass spectrometer

for residual gas analysis.

II.A.1. Molecular fluorine beam

The supersonic molecular beams are skimmed and collimated through two differentially

pumped regions. Typical expansion conditions of 200 torr stagnation pressure with a room

temperature nozzle of 75 gm orifice diameter yield a nearly monoenergetic molecular beam

(AE/E=0. 17) as determined from the velocity distribution of the incident beam measured using a

time-of-flight (TOF) technique. In the experiments described in this chapter, F2 (97%, Air

Products, subsequently purified through an HF trap, Matheson) is seeded in either Kr (99.997%,

Spectra Gases) or Ar (99.9995%, Spectra Gases). The average translational energy of F2 in these

mixtures is Ei=0.031 eV (0.7 kcal/mol) and 0.064 eV (1.5 kcal/mol), respectively, determined

from TOF measurements of the incident beam. The absolute F2 flux of the beam incident on the

crystal at normal incidence is -0.09 ML F/s. The method for measuring the absolute flux of a

seeded molecular beam has been described in detail [4,6].
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II.A.2. Si(100) crystal

The crystal is mounted between two Ta clamps that are attached to the manipulator. The

crystal is mounted such that the crystal face is flush with the Ta brackets to preclude its

shadowing by the brackets. The crystal normal can be rotated in the scattering plane defined by

the axes of the two molecular beams and the detector. The axis of rotation is perpendicular to

and intercepts the intersection of these three axes. The crystal can be cooled to 125 K with liquid

N2 and heated resistively to -1100 K. Its temperature is measured via a W-5%Re/W-26%Re

thermocouple spot welded to a thin Ta tab in thermal contact with the back of the crystal. The

surface temperature is held constant at 250 K during F2 exposure.

The Si crystal is cut along the (100) plane. Both lightly n-type and p-type doped Si with

resistivities of 8-12 Q cm have been used. No differences in reactivity have been observed for

the two types of doping. The Si crystal is cleaned by a wet etching procedure [25] prior to

installation into the vacuum chamber. The crystal is sputtered with 1.5 keV Ar' and

subsequently annealed to -1100 K. This process is repeated until C and 0 contamination are

below the 1% sensitivity limit of Auger electron spectroscopy. No metal contamination, such as

W, Ta, Cu, Ni, is observed. The crystal is typically mounted such that the scattering plane,

defined by the beams, crystal normal and detector, is along the (10) direction of the crystal

surface. Helium diffraction confirms the (2x1) periodicity of the reconstructed Si(100) surface.

A brief anneal of the crystal to about 1100 K after each F2 exposure removes all the fluorine and

results in recovery of the 2x1 periodicity of the surface. The crystal is sputtered and annealed

daily to ensure surface cleanliness and order. The crystal is replaced when an etch spot becomes
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visible, typically after several months of experiments. No difference in reactivity is observed

over the lifetime of the crystal.

II.A.3. Detection scheme

Primary measurements are made with a triply differentially pumped, rotatable quadrupole

mass spectrometer with electron bombardment ionization. A channeltron electron multiplier is

used to detect the ions. The detector rotates about the center point of the intersection of the

incident beam and the crystal normal. The angular range is 35*-1800 with respect to the incident

beam. The solid angle subtended by the detector is 5. 8 xlO4 sr. The angular resolution in the

scattering plane is 3.52'. The rotation of the crystal and detector allow for a wide range of

incident and detection angles. A pseudorandom chopper wheel with 255 slots and spinning at

280 Hz or at 400 Hz at the entrance of the detector allows for measurements of the velocity

distribution of both the incident beam as well as the scattered products using a cross correlation

TOF technique. The neutral flight path is 29.3±1.27 cm. The energy resolution is limited to

AE/E=0. 17 because of the uncertainty in the path length that is a result of the finite length of the

ionizer [26].

II.B. Results

II.B.1. Identification of F atom abstraction

In principle, F atom abstraction could be identified via observation of the scattered F

atom, detected as F' (m/e=19). However, unreactively scattered F2 molecules also contribute to

the m/e=19 signal because they dissociatively ionize (or crack) to form F' in addition to ionizing

to form F2' (m/e=38) in the electron bombardment ionizer. The ratio of the F' signal to the F2'

signal measured by ionization of the incident F2 beam by 70 eV electrons lies in the range 0.25-
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0.40, depending on the ionizer and quadrupole mass filter settings. This ratio is called the F*/F 2'

cracking ratio. While a discrepancy between this ratio and that of the F/F 2' signals of scattered

F2 might signal the production of F atoms by abstraction, the contributions of F atoms and F2

molecules to the F' signal can be distinguished unambiguously by measuring the velocities with

which the two particles scatter from the surface. The unreactive F2 molecules ought to scatter

with low velocities not much greater than the incident velocity of 395 m/s and the F* formed by

dissociative ionization of this F2 will have the same velocity. On the other hand, the F atoms

scattered as products of atom abstraction ought to be translationally hot because of the

exothermicity of the reaction. Figure 1(a) shows a superposition of TOF spectra measured at

m/e=19 and m/e=38 of low energy F2 at Ei=0.7 kcal/mol scattered from Si(100) at 250 K and

integrated over a range of F2 exposure, 0-1.9 ML F atom. The flight times are corrected for ion

flight time and electronic delay. The m/e=19 distribution is distinctly bimodal with a narrow fast

feature and a broad slow feature while the m/e=38 signal is comprised of a single slow feature.

The m/e=38 signal is scaled by the measured F*/F 2 cracking ratio. The resulting absolute value

of the m/e=38 signal represents the component of the m/e=19 signal resulting from dissociative

ionization of F2 and it matches well the intensity of the broad slow feature of the m/e=19 signal.

Therefore, the broad slow feature in the m/e=19 distribution arises from F* produced from the

cracking of unreactively scattered F2 whereas the narrow fast feature must arise from F atoms.

Figure 1(b) shows the net scattered F atom signal obtained by subtracting the m/e=38 signal

multiplied by the cracking ratio from the m/e=19 signal. The average velocity of scattered F

atoms and F2 is 1195±57 m/s and 440±20 rn/s, respectively, where the major contribution to the

uncertainties is the length of the flight path due to the finite length of the ionization region, 2.54
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cm. The velocity distribution of the unreactively scattered F2 is best fit by a Maxwell-Boltzmann

distribution with a temperature of 248 K, essentially identical to the surface temperature of 250

K.

The TOF distributions shown here have been signal averaged over a wide range of F2

exposure, 0-1.9 ML F, which corresponds to the entire range of fluorine coverage, 0-1 ML, as

described in Section II.C. Therefore, the TOF distributions could be artificially broadened if

they were sensitive to fluorine coverage. However, TOF distributions signal averaged over

narrower ranges of F2 exposure show that the F atom and F2 velocity distributions are

independent of exposure. The average velocities of some of these distributions are plotted in

Figure 2. The full widths at half of the maximum of the corresponding distributions are plotted

as the error bars in Figure 2. These results show that the dynamics of the interaction of F2 with

Si are insensitive to neighboring adsorbates.

Although the fast F atoms at m/e=19 that scatter from Si upon reaction with F2 do not

arise from the dissociation of unreactively scattered F2 in the ionizer, there are other possible

sources of signal at m/e=19 to consider. For example, F atoms in the incident beam could

survive the collision with Si and be scattered, but this possibility is highly unlikely because there

is essentially no dissociation (10-8%) of F2 to F at 300 K and 200 Torr. The cracking of

desorbing etch products (SiF 2 , SiF4, Si2F6) could yield signal at m/e=19, but no species other

than F, F2, and Kr carrier gas are observed to scatter within the limit of the detection sensitivity

of approximately 1010 particles/s or 10- NIL/s The velocity distribution as well as the relative

branching of F and F2 is independent of the scattering geometry. Finally, it is energetically

possible for the F atoms produced as a result of atom abstraction to scatter from the surface as
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negative ions. This possibility was examined by placing a Faraday cup around the crystal, but no

ions above the sensitivity limit of 10 7 MUs were detected upon biasing either the cup or the

crystal both positive or negative during exposure to the F2 beam.

The results presented above are for a single scattering geometry in which the F2 beam is

at normal incidence to the surface, Oi=O0, and the detector is positioned at 350 from the surface

normal, 9 d=35*. Similar TOF measurements have been made at other detection angles as well as

at Oi=35* and other detection angles. Figure 2 shows the average velocities determined from

these TOF measurements carried out for a variety of scattering geometries. These average

velocities are independent of the scattering geometry. In addition, the velocity distributions from

which these averages are determined are independent of the scattering geometry. Although these

velocity distributions are not shown here, their full widths at half of the maximum are shown as

the error bars in Figure 2 and are observed to be independent of the scattering geometry.

To investigate the nature of the high translational energy of the F atoms, similar TOF

measurements were made at a surface temperature of 1000 K. Figure 3(a) shows a superposition

of TOF spectra measured at m/e=19, m/e=38, as well as m/e=47, which corresponds to SiF'

arising from the dissociative ionization of the SiF2 that desorbs at this high temperature during

the exposure to F2. The m/e=38 and m/e=47 signals are multiplied by the appropriate cracking

ratios to represent contributions of F2 and SiF2 to the F' signal. Figure 3(b) shows the time

distribution of the net scattered F atom signal obtained by subtracting the m/e=38 and m/e=47

signals multiplied by the appropriate cracking ratios from the m/e=19 signal. A scaled net F

atom TOF distribution measured from a 250 K surface is superimposed for comparison and it is

seen to be nearly identical to the one measured at 1000 K. Figure 3(c) shows these distributions
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transformed into energy distributions, from which the average energies are calculated to be

3.7±0.4 and 4.1±0.4 kcal/mol at 250 K and 1000 K, respectively. The insensitivity of these

distributions to surface temperature demonstrates that the high translational energy of the F

atoms is derived from the reaction exothermicity and not from the thermal motion of the surface

atoms.



28

|(a)
- .. o0 m/e=19 (a)

4 - -f .Wm
* 0 .* 0 m/e=38 x 0.28

. '.- 0 0'* . -2- 00 *

o0 do
0 0 0

0 
400

15 - -'*(b)-
S 0 F atoms

U . *
2 oooo 0 -

0 Ooooo; 00 0 *e 9 00 0

S0 0

0 00 o~ o
00 0(b)

00 000

0 500 1000 1500 2000 2500

Flight Time ( 1s)

Figure 1 Time-of-flight distributions of F and F2 scattered from Si(100) at 250 K upon F2

exposure
(a) TOE spectra at rn/e=38 multiplied by F2 cracking ratio and at m/e=19 measured at 01=00,

Od=35 and Ts=25O K. (b) Net scattered F atom TOF spectrum obtained by point-by-point
subtraction of m/e=38 signal multiplied by cracking ratio from m/e=19 signal in (a). Solid lines
show least squares fit of Maxwell-Boltzmann function F(t)=Bt-4exp(-m(d/t) 2/2kT) for a number
density distribution where t is flight time, d is flight length, T is beam temperature and m is
mass. Spectra averaged over F2 exposure of 0-1.9 ML F atom. Average velocities of
corresponding flux distributions are v(F2 )=440±20 and v(F)=1 19557 0/s.
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Figure 2 Average velocity of F and F2 scattered from Si(100) at 250 K as a function of
scattering geometry and F2 exposure
Average velocity of scattered F atom and F2 for a variety of scattering geometries and F2
exposures at Ei=0.7 kcal/mol and Ts=250 K, determined from fitting procedure identical to that
in Figure 1. Error bars represent full width at half of the maximum of velocity distributions. The
uncertainty of the average velocity is typical of that in Figure 1.
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Figure 3 Comparison of kinetic energy distributions of F atoms scattered from Si(100) at
1000 K and 250 K
(a) TOF spectra at m/e=19, m/e=38 and m/e=47 measured at ei=o0 , Od= 3 5 ' and T,=1000 K. Data
at m/e=38 and m/e=47 multiplied by F2 and SiF2 cracking ratios, respectively. (b) Net scattered
F atom TOF spectrum obtained by point-by-point subtraction of m/e=38 and m/e=47 signals
multiplied by appropriate cracking ratios from m/e=19 signal in (a). Net scattered F atom TOF
spectrum at Ts=250 K, scaled by 10.9, is superimposed for comparison. Lines show least
squares fit as in Figure 1. (c) Kinetic energy flux distributions of F atoms scattered from surface
at Ts=250 and 1000 K. Scaling factor of 10.9 determined by normalizing energy distributions at
peak values.
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11.B.2. F atom abstraction as a function of exposure

In addition to direct identification of F atom abstraction, this investigation identifies the

sites for abstraction and adsorption and determines the absolute probabilities for the three

possible outcomes of the interaction of a F2 molecule with a Si(100) surface: dissociative

chemisorption via single atom abstraction, dissociative chemisorption via two atom adsorption

and unreactive scattering. These probabilities are quantified in the limit of zero F coverage as

well as for all F coverages up to the saturation coverage. These goals require that the exposure

dependence of the scattered products be measured.

II.B.2.a. Exposure Dependence of Scattered Products

The coverage dependence of the three reaction channels is contained in measurements of

the scattered F and F2, the products of atom abstraction and unreactive scattering, respectively, as

a function of F2 exposure. Figure 4(a) shows the signals at m/e=19 and m/e=38 as a function of

F2 exposure averaged over 25 exposures of the clean crystal to F2. These two signals are

collected almost simultaneously during a single F2 exposure by switching the quadrupole mass

filter between m/e=19 and m/e=38 at a rate of 10 Hz. Signal is collected beginning 5 ms after

each switch to account for the finite switching time of the quadrupole power supply. The

incident F2 flux is low enough that the 5 Hz sampling rate per ion provides sufficient time

resolution to observe the kinetics of the reaction. The m/e=38 signal in Figure 4(a) is multiplied

by the cracking ratio of F2 to show the contribution of F2 to the m/e=19 signal. Two

observations are apparent. First, the m/e=19 and scaled m/e=38 signal levels are identical at long

exposure. Thus, no F atoms are observed at long exposure, meaning that atom abstraction ceases

at high coverage. Second, the m/e=19 and scaled m/e=38 signals evolve differently at low
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exposure. The larger signal at low exposure, m/e=19, arises from scattered F atoms as a

consequence of atom abstraction. Figure 4(b) shows the net F atom signal as a function of

exposure obtained by point-by-point subtraction of the m/e=38 signal multiplied by the F2

cracking ratio from the m/e=19 signal. The F atom signal, which is proportional to the

probability of single atom abstraction, is low, but nonzero, at zero exposure, proceeds through a

maximum at intermediate exposure, and decays to zero at long exposure. A quantitative analysis

of the exposure dependence of the scattered products is given in Sec. II.C.

The exposure dependence of the scattered products described above is for a single

scattering geometry, Oi=O0 and 0 d=35*. Considering the hyperthermal velocity of the F atoms

shown in Section II.B. 1, it is possible that the F atoms are anisotropically scattered. To

investigate this possibility, the exposure dependence of the m/e=19 and m/e=38 signals was

measured at 9 d=6 5 ' and is compared to that measured at 0 d=3 5 ' in Figure 5. Figure 5(a) shows

the m/e=38 signal at Od=65 ' multiplied by a factor of 2.14. This factor is determined by

requiring the m/e=38 signal at long exposure and at (d=6 5 ' to equal that at Od=3 5 *. As evident in

Figure 5(a), scaling the m/e=38 signal at Od= 65* in such a manner allows the identicalness of the

exposure dependence of the signals at the two detection angles to be easily seen in the regime of

low exposure, where the probability of dissociative chemisorption of F2 is not zero. Therefore,

the angular distribution of the scattered F2 does not change as the exposure increases. The net

m/e=19 signal at 0 d= 35 0 and that at Od= 650 scaled by a factor of 2.14, both determined as

described for the plot in Figure 4(b), are shown in Figure 5(b). The exposure dependence of the

net m/e=19 signal at low exposures is again identical at the two detection angles, indicating that

the angular distribution of the F atom signal does not change as the exposure increases. In
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addition, not only are the F atom and F2 angular distributions independent of exposure, but the

applicability of the same scale factor, 2.14, to both the F atom and the F2 data, demonstrates that

the F atom and the F2 angular distributions are the same. The nature of the angular distributions

is discussed below.

Figure 6 shows the exposure dependence of the m/e=38 and the net m/e=19 signals,

respectively, measured at Oi=35'and at four detection angles. The m/e=38 signals at Od= 20*, 400,

650 are scaled to the m/e=38 signal at Od= 0 * and at long exposure, using the method described

for the data in Figure 5(a). The net m/e=19 signals are scaled by the factors determined in Figure

6(a) using the method described for the data in Figure 5(b). Again, the identicalness of the

exposure dependence of the scaled signals and the applicability of the same scale factor to both

the m/e=38 and the net m/e=19 signals indicates that the F2 and F atom angular distributions do

not vary with exposure and that the F2 and F atom angular distributions are the same at Oj=35'.

Figure 7 shows the angular distribution of the flux of F2 and F atom scattered from the surface

determined by integrating the scattered signal intensities over various F2 exposure intervals. The

angular distribution of the scattered flux of both F2 and F are isotropic and independent of

fluorine coverage due to F2 exposure. In addition, the angular distribution arising from scattering

F2 at Oi=O0 and Oi=35* incident angle are similar indicating the insensitivity of the dynamics of

the scattered products of the interaction of F2 with Si(100) on incident angle.

The effect of the crystal's azimuthal orientation with respect to the scattering plane on the

exposure dependence of the m/e=38 and m/e=19 signals was also examined. It is well known

that orthogonal domains of (2x1) periodicity form on the Si(100) surface as a result of single

steps created from even the slightest miscut of the crystal [27]. Therefore, scattering along the
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(10) direction actually samples scattering perpendicular to as well as parallel to the dimer rows.

The experiments were repeated at ej=0* with the crystal azimuth rotated 450 such that the

scattering was along the (11) direction and at 0d=35 *. The m/e=38 and m/e=19 signals for this

scattering geometry are shown in Figure 8, scaled as described in Figures 5 and 6 to the m/e=38

signal and net m/e=19 signals measured along the (10) azimuth and at Oi=O0 and 0 d=350 . Note

that the results for scattering along the (10) and (11) directions are identical. Thus, the

interaction of F2 with Si(100) is essentially isotropic.

The observation that the F2 signal level attains a steady state implies that there is either

continuous constant reaction or no reaction at long exposure. Two observations already noted

suggest that the reaction ceases and that F2 merely passivates the Si surface. First, no etch

products are observed to desorb. Therefore, if a continuous constant reaction were taking place,

all F2 that reacts would have to be continually incorporated onto or into the Si. A steady state

reaction on a constantly changing surface is unlikely relative to a reaction that ceases when all of

the reactive sites are occupied. Secondly, no F atoms are scattered in the steady state regime. As

discussed below, single atom abstraction and two atom adsorption are related processes. It is

unlikely that one process could cease while the other continues to occur. Thermal desorption and

He diffraction measurements discussed in the following sections are utilized to confirm that the

interaction of low energy F2 with Si at 250 K is a passivation reaction.
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Figure 4 Flux of F2 and F scattered from Si(100) as a function of F2 exposure at 0i=O0
(a) Signal at m/e=19 and m/e=38 multiplied by F2 cracking ratio as a function of F2 exposure in
ML F atom at ei=o0 , Od= 35' and T,=250 K. Signal is average of 25 measurements. Statistical
uncertainty is size of data points. (b) Net scattered F signal calculated by point-by-point
subtraction of m/e=38 signal multiplied by cracking ratio from m/e=19 signal in (a).
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Figure 5 Flux of F2 and F scattered from Si(100) along two polar angles as a function of F2
exposure at e1= 0
(a) Signal at m/e=38 multiplied by F2 cracking ratio as a function of F2 exposure at O;= 0 ,
0 d=35 and Od=650 . Scaling factor of 2.1 for Od=650 determined by matching its m/e=38 signal
to that at Od=3 50 at long exposure. (b) Net scattered F signal at Od=35 and Od=6 50 calculated by
point-by-point subtraction of scaled m/e=38 signal multiplied by cracking ratio from scaled
m/e=19 signal.
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Figure 6 Flux of F2 and F scattered from Si(100) along four polar angles as a function of F2

exposure at Oi=35
(a) Signal at m/e=38 multiplied by F2 cracking ratio as a function of F2 exposure at Oj=350 and
Od=0, 20', 400 and 650. Scaling factors determined by matching m/e=38 signals at long
exposure as in Figure 5. (b) Net scattered F signal at Od= 0 , 20', 400 and 65' calculated as in
Figure 5.
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species 0i exposure coverage
+ F 0 0-0.33 ML 0-0.25 ML
* F 0 0-0.75 ML 0-0.5 ML
* F 0 0-5 ML 0-1 ML
( F 35 0-0.33 ML 0-0.25 ML
o F 35 0-0.75 ML 0-0.5 ML
o F 35 0-5ML 0-1ML
+ F2 0 0-0.75 ML 0-0.5 ML
A F2 0 4-6ML 1 ML
x F2 35 0-0.75 ML 0-0.5 ML
A F2 35 4-6ML 1ML
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1.0-k en ox0
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Figure 7 Angular distribution of flux of F and F2 scattered from Si(100)
Scattered F and F2 flux as a function of Od at 0j=0 and 350 for various exposures normalized to
cos 400 at 0 d=4 0 '. Scattered flux obtained by integrating data similar to those shown in Figures
4-7 over indicated range of exposure in ML F atom. Coverage range determined from Figure
12(d).
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Figure 8 Flux of F2 and F scattered from Si(100) as a function of F2 at 0=O0 exposure
along two surface azimuths
(a) Signal at m/e=38 multiplied by F2 cracking ratio as a function of F2 exposure at Oi=O0 and
Od= 35 for scattering along (10) and (11) directions. Scaling factors determined by matching
m/e=38 signals at long exposure as in Figure 5. (b) Net scattered F signal for scattering along
(10) and (11) directions calculated as in Figure 5.
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II.B.2.b. Thermal desorption

The crystal, at a temperature of 250 K, is exposed to F2 at normal incidence, subsequently

rotated so that the surface normal is along the axis of the differentially pumped mass

spectrometer detector and then heated at a rate of 5 K/s from 250-1000 K. The desorption of

multiple species is monitored essentially simultaneously by switching, at a rate of 10 Hz, the

mass to which the quadrupole is tuned. Figure 9 shows thermal desorption spectra at m/e=66

and m/e=85 after a sufficiently long F2 exposure to correspond to the steady state regime of

Figure 4. These two signals correspond to SiF2' and SiF3' and arise from SiF 2 and SiF4,

respectively. Comparison of thermal desorption features at m/e=66, m/e=85, as well as

m/e=104, which corresponds to SiF4', shows that there is little or no SiF3 contribution to the

SiF3' signal and little or no SiF4 contribution to the SiF2' signal, in agreement with previous

results [28]. The major thermal desorption product, SiF2, is observed as a single feature centered

around 800 K. The minor product, SiF4, desorbs as two broad features around 550 and 700 K.

The SiF4 yield never exceeds 2.5% of the SiF2 yield, even at F2 exposures as large as 100 ML.

The different velocity and angular distributions of the desorbing SiF2 and SiF4 species as well as

their relative ionization cross sections and quadrupole transmissions are taken into account in

this determination of their relative yield [5,6].

The present interest in the thermal desorption measurements is to confirm that the

reaction of F2 with Si(100) ceases at long exposure when all of the reactive sites are occupied.

Figure 10 shows the integrated thermal desorption yield as a function of F2 exposure. The

integrated yield is the sum of the integrated yields of SiF2' and SiF 3' after scaling them for the

relative detection sensitivities of the two signals and the factor of two more fluorine atoms that
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SiF4 has relative to SiF2. The integrated yield increases rapidly to a nearly steady state level. As

determined in Section II.C, the steady state level is achieved when the exposure is sufficiently

high for the coverage to reach - 1 ML. However, careful inspection of Figure 10 reveals that the

integrated yield, and hence the coverage, is not exactly constant at very high F2 exposures.

Analysis and calibration of the slope of the plot of the integrated yield versus F2 exposure

beyond 20 ML F yields a value of 9xlO-4 for the dissociative chemisorption probability of F2 on

a Si(100) surface covered with about 1 ML of fluorine. However, for all intents and purposes,

the steady state regime corresponds to a cessation of adsorption of F2 on Si(100) as opposed to a

continual adsorption reaction that has achieved a steady state.
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Figure 9 Thermal desorption spectra of Si(100) after F2 exposure
Thermal desorption spectra at (a) m/e=66 and (b) m/e=85 after F2 exposure of 19 ML F atom at
TS=250 K. Temperature ramp rate is 5 K/s.
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Figure 10 Total fluorine thermal desorption yield as a function of F2 exposure
Integrated thermal desorption yield as a function of F2 exposure. Integrated signal at m/e=85 is
scaled to correct for experimentally determined detection sensitivity of SiF3' relative to SiF2' as
well as number of fluorine atoms per desorbing species.
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II.B.2.c. Helium diffraction

Si(100) reconstructs forming rows of surface Si dimers resulting in one partially-filled

molecular orbital or dangling bond projecting into the vacuum for each surface Si atom, yielding

a (2x1) periodicity that is observable by He diffraction. These dangling bonds, which effectively

are radical sites and hence very reactive species, are logical sites for F atom abstraction and

adsorption. The goal here is to identify the site of F adsorption as well as to determine the extent

of Si-Si bond cleavage, if any. While He diffraction cannot directly identify the F adsorption

site, it can reveal the prevailing periodicity to determine which periodic structures have been

disrupted upon F adsorption, thereby providing supporting evidence for the dangling bonds as

the F atom adsorption sites in the interaction of F2 with Si(100).

A mixture of He seeded in Ar is expanded to produce a He beam that has an average

velocity of 766±65 (FWHM) m/s as determined from TOF measurements. The average

wavelength of the incident He is 1.31 ±0.11 (FWHM) A, which is comparable to the surface unit

cell dimensions of 3.84 A and 7.68 A. The beam is incident at 0i=20 and is modulated at 150 Hz

with a tuning fork to allow for background subtraction. The detector is rotated in steps of 0.5'

from 15'-55' with respect to the surface normal in the forward scattering direction. Figure 11(a)

shows a plot of scattered He intensity as a function of scattering angle, 0d, measured from the

surface normal of a clean Si(100) surface at 250 K. The features are broad because of the low

angular resolution of the detector that is necessary to obtain sufficient sensitivity to detect

reactive species which typically scatter with very low fluxes. However, three primary features of

the diffraction spectrum indicative of the (2x1) periodicity are apparent. These features are a

specular peak arising from overall order and smoothness, a half order peak at O=3 10 arising
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from diffraction perpendicular to the dimer rows, and a first order peak at 0,=43' arising from

diffraction parallel to the dimer rows. Figure 11(b) shows He diffraction from a Si(100) surface

at 250 K after a sufficiently long F2 exposure so as to reach the steady state regime of Figures 4

and 9. Although the intensities of the features are changed upon fluorination, the (2x1)

periodicity persists. The identical two-dimensional unit cells of the fluorine overlayer and the

Si(100) surface strongly suggests that each dangling bond serves as an adsorption site for one F

atom. Most importantly, the persistence of the half order feature indicates that no silicon lattice

bonds, not even the a Si dimer bonds, are broken upon reaction with F2.

The thermal desorption and He diffraction results along with the quantitative

determination of the saturation coverage carried out in the next section will be used to confirm

that the reaction proceeds via adsorption on the Si dangling bonds. When all of the dangling

bonds have been fluorinated, the reaction stops.
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Figure 11 Helium diffraction spectra of clean and fluorinated Si(100)
Helium signal scattered from Si(100) at 250 K and at Oj=20 as a function of Od
(b) after F2 exposure of 30 ML F atom.
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II.C. Determination of absolute reaction probability

This section presents a quantitative analysis of the dependence of the flux of F and F2

scattered from Si(100) on F2 exposure, yielding the absolute reaction probabilities as a function

of fluorine coverage. The saturation coverage is established to be 1 ML, confirming that F2

simply decorates the highly reactive Si dangling bonds and is not able to break the silicon dimer

bonds.

A fluorine molecule scattering from the silicon surface is assumed to follow one of three

possible reaction channels:

Unreactive scattering (PO) is the channel in which F2 scatters intact from the surface into

the gas phase where it is detected as either F2 or F*. The absence of F2 adsorption at long

exposures demonstrated by the thermal desorption measurements means that only unreactive

scattering occurs at long exposures to F2. Therefore, at long exposure, E=00, the flux of

unreactively scattered F2 is equal to the incident flux of F2. Thus, the absolute probability for

unreactive scattering Po as a function of F2 exposure, E, is the ratio of the scattered F2 flux at E to

the scattered F2 flux at E=ox:

scattered F2 flux Isa t (E)
PO() 2

incident F2 flux I"a (oo)

Single atom abstraction (P1) is the channel in which one of the F atoms is adsorbed onto

the surface while the complementary fluorine atom scatters into the gas phase and detected as F.

The absolute probability for single atom abstraction P as a function of E is again determined by

referencing the F atom flux to the scattered F2 flux at long exposure and is given by:

scattered F flux IFat (-)

incident F flux Isca(o)
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Two atom adsorption (P 2) is the channel in which both fluorine atoms are adsorbed onto

the surface and no scattered products are detected in the gas phase. Normalization of the three

channels results in the absolute probability for two atom adsorption, P2, is given by:

P2(E)= I-PO(E)-P,(E). (11.3)

In order to calculate these probabilities, expressions for the scattered F2 and F fluxes,

Jca
t (E) and Ieat (E), respectively, in terms of the measurable quantity, the signal detected by the

mass spectrometer, must be obtained. The mass spectrometer signal collected at a scattering

angle, 6d, is proportional to the number density of ions produced at m/e=38 and m/e=19 upon

ionization of the neutral products, F2 and F, and are related to the scattered fluxes at Od by:

I sat(C, 0d ~
S 3 8 (,)= F(9 E2  F2 -)F2 and (11.)

vF2

, ,ca, (, 0 T19 Iscat (E, )
S1 E d F2 (s d )(TF2-F+T1 +F (~'d )(TF-4F+ T19 (11.5)

V F2 VF

where S(E,Od) is the exposure and detector angle dependent signal at the mass-to-charge ratio

denoted by its subscript, a is the appropriate electron-impact ionization cross-section at the

electron energy used for the measurement, v is the average velocity of the scattered neutral

indicated by its subscript, and T is the transmissivity of the ion through the quadrupole mass

filter at the mass-to-charge ratio denoted by its subscript. A proportionality factor, composed of

the product of the current density of bombarding electrons in the ionizer and the length of the

ionization region is not included in Eqs. (II.4) and (11.5) because these instrument quantities are

independent of the particles' identity and cancel in the ratios used to define the probabilities in

Eqs. (II. 1)-(II.3). Equation (11.5) shows that there are two contributions to the signal at m/e= 19.

The first contribution comes from the dissociative ionization of F2 in the ionizer while the second
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arises from the ionization of scattered F atoms.

Using Eq. (1.1), the probability for unreactive scattering at a scattering angle Od,

Po(E, Od), can now be written in terms of the experimentally measured quantity, S38(E, Od), such as

presented in Figure 4. Because the F2 velocity distribution is independent of exposure as

discussed in Sec. II.A, Po(E, Od) simplifies to:

Po(6,Od) = S38 (,Od (11.6)
S 38 (C',Od

Using Eq. (11.2), an expression for P1(E, Od) is written as the ratio of the scattered fluxes, I" (E)

and I'Ft (E), as determined from Eqs. (II.4) and (11.5). After some algebra, the ratio of

transmissivities can be eliminated yielding the final form for P1:

VF )(yF2-4 F+ S19 E9(s S38 (I(s)P (E, ()) (11.7)
iVF2 ) GF-)F+ IS19 01s) S38(0s0

The assumption is made that only F2 contributes to the F' signal at long exposure. All quantities

except for F-+F. ' Can be measured with the apparatus described in Sec. II.A. The F and F2

velocities are average values of the average velocities plotted in Figure 2, 1084±46 m/s and

419±18 m/s, respectively. Recall that both velocities were shown to be independent of exposure.

The ionization cross section of F2 to F+, T F2MF. is 0.26±0.05 A2 as measured with the apparatus

described in Sec. II.A by a method described elsewhere [4,6]. A literature value, 0.87±0.17 A2 ,

is used as the F atom ionization cross section, aF-F+, at 70 eV electron energy [29]. The final

term is simply the difference between the two scattered signals normalized to their respective

steady state levels at long exposures. Once P0 and Pi have been obtained, P2 follows by the

normalization condition expressed in Eq. (11.3). The F2 exposure is determined from the absolute

flux of the incident beam. Figure 12(a)-(c) shows the probabilities of the three channels as a
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function of F 2 exposure at 0 d= 3 5 '. The error bars represent propagated uncertainties of the

quantities in Eqs. (11.6) and (1.7) typical of a single data set. The large uncertainty in the

determination of P1 results from the uncertainty in the literature value of aF-,F+ whose relative

error is 20% [29].

The absolute reaction probability has been determined for scattering into a given

detection angle Od. However, the result of interest is the absolute reaction probability integrated

over all detector angles, both in-plane and out-of-plane, in the hemisphere above the surface.

However, integration of the probabilities given in Eqs. (11.6) and (11.7) over detection angle is

obviated by the independence of the scattered F2 and F signals as a function of exposure on Od in

the scattering plane, as shown in Figures 5 and 6. Scattering of F2 and F outside of the plane

defined by the incident beam and the surface normal were not measured, but the independence

on the in-plane detector angle Od suggests that a dependence on the out-of-plane angle is

physically unlikely. Moreover, the lack of dependence of the scattered F2 and F signals as a

function of exposure, and hence of the reaction probabilities as a function of exposure, on

azimuthal angle as shown in Figure 7, indicates that there is no significant alignment effect in the

exit channel of the reaction which would lead to preferential scattering of the product along

specific crystal axes and hence to anisotropic out-of-plane scattering. There is other evidence for

the isotropic nature of the interaction with and scattering from this highly corrugated Si surface.

For example, the independence of the reaction probabilities on incident angle, as shown in Figure

6, indicates that the reaction is non-activated with no preferential orientation of the F2 molecule

into the entrance channel. In addition, the tremendous exothermicity released in this reaction

overwhelms the low incident energy and any memory of the incident trajectory, leading to a near
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cosine dependence of the scattered product intensities on the angle from the surface normal.

Thus, the absolute reaction probability for low energy F2 on Si(100) at 250 K is independent of

scattering angle, i.e., P(E)=P(E,Od).

Having obtained PI(E) and P2(E), the probabilities for adsorption of one and two fluorine

atoms, respectively, as a function of exposure, the fluorine coverage as a function of exposure

can be calculated. By definition of the probabilities, there will be P1+2P 2 fluorine atoms

adsorbed on the surface for each incoming F2 molecule. Summing over all incoming F2

molecules, the coverage, O(e), can be written as:

0(E) = IF2 L ()+P 2(E))dE, (11.8)
0

where IF2 is the incident F2 flux in ML F/s. Figure 12(d) shows the absolute fluorine coverage as

a function of F2 exposure. The coverage rapidly increases from a low value at initial exposures

to a saturation level of 0.94±0.11 ML at exposures above 10 ML of F atoms. This plot of the

fluorine coverage as a function of exposure is then used to recast the probabilities in terms of

coverage, presented in Figure 13.

The above analysis along with the saturation of the thermal desorption signal in Figure 9

shows clearly that the abstraction reaction and the adsorption of F2 on Si ceases at a coverage of

0.94 ML. The cessation of atom abstraction and adsorption at this coverage leads to the

conclusion that there are about 1 ML of abstraction sites and 1 ML of adsorption sites on the

Si(100) surface. In addition, the He diffraction measurements show that the saturated F

overlayer has the same two-dimensional periodicity, (2x1), as the underlying Si(100) substrate.

Given that the adsorption of fluorine atoms on the dangling bonds would maintain the (2x1)

periodicity, the observation of the (2x1) surface unit cell for the fluorine overlayer strongly
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suggests that the dangling bonds are the F atom adsorption sites. Therefore, because the number

of dangling bond sites on this crystal, 1 ML, is the same as the number of adsorption and

abstraction sites, it is concluded that not only are the dangling bonds the adsorption sites but that

they are also the abstraction sites.
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Figure 12 Reaction probabilities and fluorine coverage as a function of F2 exposure
Reaction probability of F2 with Si(100) as a function of F2 exposure for (a) unreactive scattering
Po, (b) single atom abstraction P1, (c) two atom adsorption P2. Six data sets collected over a
period of two months using two different crystals are shown. Each data set is typical of that in
Figure 4. Error bars on P are propagated uncertainties typical of a single data set. Error bars on
exposure reflect uncertainty in beam flux. (d) Absolute fluorine coverage as a function of F2

exposure in ML F atom. Error bars on coverage reflect propagated uncertainties in P and beam
flux typical of a single data set.
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Figure 13 Reaction probabilities of F2 with Si(100) at 250 K as a function of fluorine
coverage
Reaction probability of F2 at Ei=0.7 kcal/mol with Si(100) at 250 K as a function of fluorine
coverage for PO unreactive scattering, P1 single atom abstraction, and P2 two atom adsorption.
Data from Figure 12.
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III. DESCRIPTION OF MODEL

Inherent in the dynamics of the interaction of F2 with Si is the energetic allowance for the

adsorption of only one F atom upon dissociation of the incident F2 molecule. The adsorption of

both F atoms, although stoichiometrically equivalent to classic dissociative chemisorption is

fundamentally different in that the adsorption of both F atoms need not be a concerted process,

but instead is a stepwise process. This difference is significant because it implies that a liberated

F atom may subsequently interact with the surface and adsorb, even on a nonadjacent site, if it is

scattered with the appropriate trajectory during the initial atom abstraction. The experiments

described above only probe the interaction mechanisms that produce an observable gas phase

product, i.e., F2 molecules from unreactive scattering (Po) or F atoms from single atom

abstraction (P1). Two atom adsorption produces no gas phase product and is only inferred from

the observation that the total flux of scattered F2 molecules and F atoms that cannot account for

all of the incident F2 flux. To provide further evidence for two atom adsorption as a stepwise

dissociative chemisorption mechanism, a simple statistical model has been developed that is

consistent with the experimental results presented in the previous section as well as with the

experimental results of other investigators. The model provides insight regarding not only the

mechanisms of two atom adsorption and single atom abstraction, but also the reactive nature of

the Si(100) surface.

III.A. Probability equations

The statistical model treats the interaction of the incident F2 molecule and its

complementary F atom with four types of possible sites on the Si(100)(2x1) surface: sites that

are members of filled dimers and hence necessarily occupied, the occupied and unoccupied sites
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of half-filled dimers, and sites that are members of empty dimers and hence necessarily

unoccupied. Occupied sites are dangling bond sites on which a fluorine atom is adsorbed. Thus,

a site is distinguished not only by its fluorine occupation, but also by the occupation of its

complementary surface dimer atom. The number of sites that are members of a filled dimer is

denoted by 02, whose value ranges from zero on the clean surface to a maximum of 1 ML at the

saturation coverage when every site and consequently, when every dimer is filled. The number

of occupied sites that are members of a half-filled dimer is denoted by 01, as is the number of

unoccupied sites that are members of a half-filled dimer. The value of 01 ranges from zero on

the clean surface to a maximum of 0.5 ML when every dimer is half-filled. Finally, the number

of unoccupied sites that are members of an empty dimer is denoted by 1-(201+02). The factor of

two in the 20, term arises because both the occupied and unoccupied sites on half-filled dimers

decrease the number of unoccupied sites that are members of empty dimers by 01. The total

coverage, 0, is the sum of the number of occupied sites that are members of both the half-filled

and filled dimers, 01+02.

The statistical model is based on the premise that two atom adsorption is related to single

atom abstraction but is not necessarily a concerted process. Therefore, a F2 molecule incident on

a Si(100) surface proceeds through a sequential combination of up to three steps, each with two

possible outcomes:

1. Interaction of the F2 molecule with the surface leading to either abstraction of the first

F atom from the F2 molecule or unreactive scattering.
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2. Assuming F atom abstraction, the trajectory of the complementary F atom leads to

either direct scattering into the gas phase or the subsequent interaction of the

complementary F atom with the surface.

3. Assuming the complementary F atom is not directly scattered into the gas phase, the

interaction of the F atom with the surface leads to either adsorption or scattering of

the complementary F atom.

A pictorial representation of Step 1, the initial interaction of F2 with the four types of sites, and

its two possible outcomes, abstraction and scattering, is shown in the first column of Figure 14.

Cross sections A, B, B*, C, K, M, M*, N are defined for the two possible outcomes of the initial

interaction, F atom abstraction and F2 unreactive scattering, that can occur on the four distinct

types of sites.

A Cross section for F abstraction from incident F2 by a site in an empty dimer

B Cross section for F abstraction from incident F2 by an unoccupied site in a

half-filled dimer

B* Cross section for F abstraction from incident F2 by an occupied site in a half-

filled dimer

C = Cross section for F abstraction from incident F2 by a site in a filled dimer

K M Cross section for scattering incident F2 by a site in an empty dimer

M M Cross section for scattering incident F2 by an unoccupied site in a half-filled

dimer

M* = Cross- section for scattering incident F2 by a occupied site in a half-filled

dimer

N - Cross section for scattering incident F2 by a site in a filled dimer
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Relationships between the cross sections A and K, cross sections B, B*, M and M*, and cross

sections C and N exist and are derived below. The probability of an outcome is the product of

the cross section and the fraction of the total number of sites that are of a specific type of site.

Upon abstraction, the trajectory of the complementary F atom, labeled as Step 2 in Figure

14, may lead it either to scatter directly into the gas phase or to interact with the surface. A

probability X is defined as the fraction of the complementary F atoms that directly scatter into

the gas phase leading to single atom abstraction (P1).

The fraction (1-X) of the complementary F atoms that do not directly scatter into the gas

phase interact with the surface, label as Step 3 in Figure 14. This interaction may lead to

adsorption of the F atom, resulting in two atom adsorption (P2). If adsorption does not occur,

then the F atom is scattered into the gas phase, resulting in single atom abstraction (P1). Cross

sections D, E, E*, F, G, H, H*, J are defined for the two possible outcomes of this step that can

occur on one of the four types of sites.

D Cross section for F atom adsorption by a site in an empty dimer

E Cross section for F atom adsorption by an unoccupied site in a half-filled

dimer

E* = Cross section for F atom adsorption by a occupied site in a half-filled dimer

F Cross section for F atom adsorption by a site in a filled dimer

G M Cross section for scattering F atom by a site in an empty dimer

H = Cross section for scattering F atom by an unoccupied site in a half-filled

dimer

H* M Cross section for scattering F atom by a occupied site in a half-filled dimer

J Cross section for scattering F atom by a site in a filled pair

Again, relationships between cross sections D and G, cross sections E, E*, H and H*, and cross

sections F and J exist and are derived below.
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The probability of a specific pathway in the interaction of a F2 molecule with the Si(100)

surface is described by the product of the probabilities for the unique sequence of outcomes for

the three individual steps, interaction of F2 with Si, the trajectory of the complementary F atom,

and the interaction of the complementary F atom with Si, on the four distinct sites. The

probability of a specific process - two atom adsorption (P2), single atom abstraction (P1), and

unreactive scattering (Po) - is the sum of the probabilities for all of the pathways resulting in the

adsorption of two F atoms, one F atom, and no F atoms, respectively.
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Figure 14 Pictorial representation of all possible pathways in model
Pictorial representation of model for the interaction of low energy F2 with Si(100) at 250 K.
Solid circles represent F atoms, hollow circles represent Si atoms.
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Given these considerations, the probability of unreactive scattering (PO) is the sum of the

individual probabilities for the four pathways leading to unreactive scattering:

P0 = K(l-(20, +0 2 ))+M0 1 +M*6 1 + NO2 - (II.1)

These terms, in the order in which they are shown, represent the probability for F2 to

unreactively scatter from a site that is a member of an empty dimer, from an unoccupied site that

is a member of a half-filled dimer, from an occupied site that is a member of a half-filled dimer,

and from a site that is a member of a filled dimer. Because no complementary F atom is

produced during unreactive scattering, there is no need to consider subsequent complementary F

atom dynamics.

The probability of two atom adsorption (P2) is the sum of the individual probabilities for

the sixteen pathways leading to two atom adsorption:

P2 = A(1 -(20, +0 2 )X1- X)D(l- (20, +02))+ A(l- (20, + 0 2 )X1- X)Eo,

+ A(l- (20, + 02 )l - X)E*0, + A(l - (20, + 02)X1 - X)F0 2  
(111.2)

+ B01 (1 - X)D(1 -(20,+02))+ BO, (1 - X)Eo, + BO, (1- X)E*o,
+ BO, (1- X)F 2 + B*0, (1- X)D(1 -(20, + 02))+ B*0, (1- X)EO,

+ B*0, (1- X)E*0, + B*0, (1- X)F02 + C0 2 (1- X)D(l- (20, + 02))

+ C0 2 (1- X)Eo, + Co 2 (1- X)E*0, + C 2 (1- X)F02-

The sixteen pathways are all of the possible combinations for the two essential outcomes, F atom

abstraction and F atom adsorption, occurring at any of the four possible sites: a filled dimer site,

an unoccupied or occupied site of a half-filled dimer, and an empty dimer site. For example, the

first term in P2, which constitutes the probability of the pathway involving atom abstraction on a

site of an empty dimer followed by a trajectory of the complementary F atom interacting with the

surface and subsequent adsorption on, a site of an empty dimer, is given by the probability for

abstraction on a site of an empty dimer A(1-(20 1+ 02)), multiplied by the probability of an
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interacting trajectory (1 -X) and multiplied by the probability of adsorption of the complementary

F atom on a site of an empty dimer D(l-(20 1+ 02)). Since two atom adsorption requires F atom

abstraction from the F2 molecule and the subsequent adsorption of the complementary F atom,

none of the pathways resulting in two atom adsorption include the direct scattering of the

complementary F atom with its probability X, an outcome that necessarily prevents adsorption of

the complementary F atom.

Single atom abstraction requires F atom abstraction from the F2 molecule, but the

complementary F atom cannot adsorb to the surface. Sixteen of the pathways resulting in single

atom abstraction are similar to the sixteen pathways resulting in two atom adsorption described

in Eq. (111.2), except that the complementary F atom scatters from the surface instead of

adsorbing onto it. However, unlike two atom adsorption, there are four additional pathways that

result in single atom abstraction that include direct scattering of the complementary F atom, an

outcome that necessarily results in single atom abstraction. The probability of single atom

abstraction (PI) is the sum of the individual probabilities for the twenty pathways leading to

single atom abstraction:

P1 = A(l- (20, + 02)X(1- X)G(1-(20, + 02))+ A(l- (20, + 02)X1- X)HI1
+ A(l - (20, + 02)X1 -X)H*0 1 + A(' - (20, + 02)X1 - X)J 2  (111.3)

+ B01 (1- X)G(- (20, + 02))+ B0, (I- X)HO1 + B0, (I- X)H*0, + B01 (1- X)J0 2
+ B*01 (1- X)G(l- (20, + 02))+ B* 1 (1- X)HOI + B*01 (1- X)H*01
+ B*01 (1- X)J 2 + Co 2 (1- X)G( - (20, + 02))+ C0 2 (1 -X)HO, + C 2 (1- X)H*o,
+ C0 2 (1- X)J 2 + A(l- (201 +02 ))X + B01X + B*0IX + C0 2 X.

The first sixteen terms represent pathways for the two outcomes, F atom abstraction and F atom

scattering upon interaction with the surface, occurring at any of the three types of sites, sites that

are members of an empty dimer, a half-filled dimer, or a filled dimer. The last four terms



Chapter 1: The Interaction of F2 with Si(100) 63

represent pathways for F atom abstraction on any of the four types of sites followed by direct

scattering of the complementary F atom.

This statistical representation of the reaction probabilities given in Eqs. (III.1)-(III.3)

assumes that both the F2 molecule and the F atom, if produced by the initial atom abstraction,

only interact one time with the surface. Physically, this assumption rules out the presence of a

mobile physisorbed precursor, either intrinsic or extrinsic. In addition, this representation

assumes that the cross sections are independent of coverage. The validity of these assumptions is

discussed in Sec. IV.C.

The reaction probabilities given in Eqs. (III.4)-([I.6) are simplified by grouping the

components of each of the three individual steps that comprise an overall pathway for the

interaction of F2 with Si(100):

P2 = [A('- (20, + 2 ))+ (B+ B* , + C02 1 - X)

x [D(l - (20, +0 2 ))+ (E + E* + 2], (111.4)

P, = IA(1-(201 +( 2 ))+(B + B*i +C02l-X)

x +G(-(20,+(2))+ (H+H* , +J 2 + 1X

PO =K(l-(20, +( 2 ))+(M+M* +Ne2- (111.6)

The reaction probabilities given in Eqs. (111.4-6) are further simplified by incorporating the

experimental observation that the initial F atom abstraction cannot occur if the incident F2

interacts with a filled site. Specifically, the experimental results show that the 1 ML of dangling

bonds on the Si(100) surface are the only sites for abstraction and adsorption and that a F2

molecule must unreactively scatter from a saturated surface so that P2(0=1 ML)=O, P 1(O=1

ML)=0 and Po(O=1 ML)=1. Therefore, it is necessary that B*=0 and C=0 in Eqs (111.4-6) leading

to:
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P2= [A(l - (20, + 02 ))+ BO, 1 - X)[D(l - (20, + 02))+ (E + E* , + F02 , (111.7)

P, = [A(1 - (20, +02))+ BOI](- X G(1- (20 +6)+H+H I - X '(III.8)

Po = K(1 - (201 + (2 ))+ (M+M* , + N0 2 - (111.9)

Analogously, if the complementary F atom interacts with a filled site, then F atom adsorption

cannot occur. To satisfy this assumption, it is necessary that E*=0 and F=0 in Eqs. (111.7-8).

P2 = [A(l - (20, +02))+ BO, 1- X)[D(1- (20, + 02))+ E0, ], (111.10)

P1 = [A(- (20, +0 2))+B0 ](1-X G(-(2, +0 2 ))+(H + H* , +02 +( 1-jX (111. 1)

If there are only three possible channels for an incident F2 molecule incident on a Si(100)

surface, then the sum of the probabilities for the three reaction channels described by Eqs. (111.9-

11) must be unity:

Ptotal = PO +P 2 + P =1. (111.12)

In addition, the sum of the probabilities for every distinct outcome in a given step must be unity.

Specifically, in the first step, the probability for any of the five distinct outcomes for either F

atom abstraction from F2 or F2 unreactive scattering occurring must be unity.

Pstep I = A(l- (20, +0 2 ))+ BO, + K(l-(20, +0 2 ))+ (M + M* , + N0 2 =1. (111.13)

Alternatively, Eq. (111.13) can be rationalized in the following manner. The first step in the

interaction of F2 with Si(100) is the F atom abstraction from F2 or the unreactive scattering of F2.

The probability of F atom abstraction from the incident F2 molecule is given by:

Pabstraction = [A('- (20, +02))+ Be, ]. (111.14)

If the initial abstraction does occur, the resulting overall event must be either two atom

adsorption (P2 ) or single atom abstraction (P1) but cannot result in unreactive scattering (PO).
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Conversely, if the initial abstraction does not occur, the incident F2 must unreactively scatter.

Therefore, the absence of the initial abstraction is the sole contribution to unreactive scattering so

that:

P. = K(1- (2e, + ( 2 ))+(M + M*, + N02=1- [A(1-(20, +( 2 ))+ B 1], (111.15)

which is equivalent to Eq. (111.13). After some algebra, Eq. (111.15) becomes,

(K + A -1)+ (M + M* + B - 2A - 2K) +(N - K - A)02 =0, (111.16)

resulting in a system of three equations:
K + A -1= 0

M+M* +B-2A-2K=0 (111.17)

N - K - A = 0.

These equalities constrain the cross sections K relative to A, as well as M+M* relative to B:

K=1-A, (111.18)

M+M* =2-B. (111.19)

The equality also yields the value of cross section N,

N=1. (111.20)

These relationships exist because the normalization requirement also holds for a given type of

site. Because of the normalization relationships, the cross section K and the sum of cross

sections M + M* are justifiably eliminated from the model.

In an analogous manner, the sum of the probabilities for the eight distinct outcomes for

either F atom adsorption or F atom scattering of Step 3 in Figure 14, must be unity:

Pstep3 =D(1- (20, +( 2 ))+ E, + G(1- (20, +0 2 ))+ (H + H*, + J 2 =1. (111.21)

After some algebra, Eq. (III.21) becomes,

(D+ G -1)+(E + H + H*2D-2G)l +(J-D-G )0 2 =0, (111.22)
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resulting in a system of three equations:
D+G - =1

E+H+H* -2D-2G=O (111.23)

J-D-G =0.

These equalities constrain the cross sections G relative to D, as well as H+H* relative to E:

G=1-D, (111.24)

H+H* =2-E. (111.25)

The equality also yields the value of cross section J,

J=l. (111.26)

Because of the normalization relationships, the cross sections G and H+H* are justifiably

eliminated from the model. Substituting Eqs. (111.24-26) into Eqs. (111.10) and (IIL 11) yields,

P2 = [A(l - (20, +02))+ B0 1 ]1 - X)[D(l- (20, + 02))+ E01 ], (111.27)

P, = [A('- (201 +0 2))+BoX-x) 1-[D(-(2 1 +0 2 ))+ EO, + 02]+ 1L-X (111.28)

Redistributing the (1-X) term and incorporating it into the cross sections D and E allows the

probability term X to be eliminated from the probability equations:

P2 = [A(l - (20, +02))+ B01 ID'(1- (20, +02))+ E'0 1], (111.29)

P, = [A(1- (20, + 02))+ B01 ][I - [D'(1 -(20, + 02))+ E',01  (111.30)

PO = I-[A(1- (201 +o 2 ))+ BoI ], (111.31)

where the new cross sections D' and E' are related to the original cross sections D and E by:

D' D(- X), (111.32)

E E(1- X). (111.33)

The reaction probability equations can alternatively be defined in terms of G and H+H*.

However, in this case, the probability term X cannot be eliminated (see Sec. IV.B. 1).
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III.B. Coverage equations

The solution of Eqs. (III.29)-(III-3 1) for the three probabilities depends on the knowledge

of the two types of coverage as a function of F2 exposure. The two types of coverage are not

distinguishable based on the experimental results described above. Instead, the simplifying

assumption is made that the two types of coverage develop as a result of scattering from random

sites. In addition, it is assumed that there is no diffusion or desorption of adsorbed F atoms. The

diffusion constraint eliminates any inhomogeneity in the spatial distribution of adsorbates on the

surface that might arise from the islanding or clustering of adsorbates. Therefore, the global

coverage is truly representative of the local adsorbate density in the vicinity of the random site of

the interaction. The desorption constraint eliminates the need to consider concurrent adsorption

and desorption processes. These assumptions are physically reasonable given the Si-F bond

strength of about 150 kcal/mol [30,31]. In general, desorption barriers are equivalent to the

surface-adsorbate bond strength, and adsorbate diffusion barriers are on the order of 5-20% of

the surface-adsorbate bond strength [32] which, in this case, are both much greater than kT. In

addition, the desorption of F atoms as fluorosilanes, i.e., the removal of fluorine as etch product,

is not observed to occur in the interaction of low energy F2 with Si(100) at 250 K.

The equations describing the coverage are developed in a manner analogous to the actual

development of the coverage during the exposure of the Si(100) surface to F2. Starting from a

clean surface, the initial infinitesimal fluorine coverage arises from the number of F atoms

adsorbed via a statistical distribution of pathways at zero coverage over an infinitesimal exposure

range. The coverage increases by iteratively considering the statistical distribution of pathways

at the new coverage. Mathematically, the coverage is the integral over exposure of the product
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of the incident F2 flux and the probability for the each relevant reaction pathway weighted by the

number of F atoms adsorbed along each pathway. Thus, the half-filled coverage, 01, is the sum

of contributions from the pathways leading to two atom adsorption (P2) and single atom

abstraction (P1) that create half-filled dimers minus the contributions from the pathways that

destroy half-filled dimers by creating filled dimers:

01 = F {2A(1 -(20, +02))D'(1- (20, +02))

+ A(1 -(20, + 02 ))[1- [D'(1 - (20, +02))+ E'01  (

- 2B0, E'01 - B0 [1- [D'( - (20, +02))+ E'01 1,
which simplifies to:

01 = ±IF {A(1- (20, + 2 ))[1+D'(1-(20 +0 2 ))- E'01 ]
- B01 [1 - D'(1 - (20, +02))+ E'01 (

The filled coverage, 02, is the sum of the contributions from two atom adsorption (P2) and single

atom abstraction (P1) to create filled dimers:

02 = JF {A(l- (20, +0 2 ))E'0 1 + B01 D'(1-(20, + 02)) (111.36)
+ 2B01 E'01 + B01 [I - [D'(1 - (20, +02))+ E' 1 J,

which simplifies to:

02 = IF J{A(1- (20, +02))E'o, + BO (1 + E'01 )}. (111.37)

The total coverage, an experimentally determined quantity, is the sum of the two types of

coverage:

0= IF { {A(1- (20, +0 2 ))[1+D'(1 -(20, +02))- E'0l}

S{B0[1- D'()- (20, +2))+ (111.38)

+ {A( - (20, +02))E'o, + B01 (1+ E'01 )}},
which simplifies to:

0 =}IF 2[A(- (20, +. 2 ))+ B0 1 1+ D'(1-(20 +( 2 ))+ E'0 1]. (111.39)
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To check the validity of the coverage equations for 01 and 02, the total coverage must equal the

integral of the product of the sum of the weighted probabilities and the incident flux:

=IF P2  1 = F [A(1-(20,+2))+ B01111+ [D'(1- (20, +2))+0E'2. (111.40)

III.C. Fitting algorithm and measure of the goodness of fit

There are four unique probability factors, A, B, D', and E' in the three equations for the

reaction probabilities. The values of two of the factors can be determined from the experimental

data in the limit of zero coverage:

P2(0 = 0)= AD'= 0.83 ±0.03, (111.41)

P, (0 = 0)= A(l- D')= 0.13 0.03, (111.42)

PO (0 = 0)=1- A = 0.04 i 0.03. (111.43)
Therefore,

A = 0.96 ± 0.03, (111.44)

D'= 0.87 ± 0.04. (111.45)

Thus, there are two parameters, cross sections B and E', that can be adjusted to fit the model to

the experimental data. The best fit values are B=1.68±0.06 and E'=1.03-'-.14, where the

uncertainties represent the standard deviation of the fitting parameters and are described in more

detail in Appendix A. The probabilities are determined by numerically solving the system of

coupled differential equations for the two types of coverage, 01 and 02, described by Eqs. (111.35)

and (111.37), respectively, and substituting these solutions into the equations for the three reaction

probabilities described by Eqs. (111.29-31). Figure 15 is a plot of the three reaction probabilities

as well as the coverage derived from the best fit of the model to the experimental data shown in

Figure 13 as a function of F2 exposure. Figure 16 is a plot of the reaction probabilities in Figure

15(a)-(c) as a function of fluorine coverage which is shown in Figure 15(d). Because the
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incident F 2 flux, and therefore the F2 exposure over a fixed integration time, varied from data set

to data set, the reaction probabilities and coverage determined from each of the six data sets

shown in Figure 13 are interpolated over a common exposure range (0-15 ML F) and interval

(0.1 ML F) using linear interpolation. The data shown in Figures 15 and 16 are the average

value of the reaction probabilities and coverage at each exposure. The model is best fit to this

experimental data that has been interpolated and averaged using the Levenberg-Marquardt least

squares nonlinear fitting algorithm (Appendix A).

The goodness of fit is determined by a chi square function that is defined as the sum of

the individual chi square values of the two independent functions, the probability of unreactive

scattering (PO) and the probability of single atom abstraction (P 1):

X =1 poobs (F ) _ pox )F I 2 b (, i ) _ pexp (, i) '21(1.62  
+ j P 2 . (III.46)

The uncertainties in Po and P1, denoted aP and ac, , are representative of the uncertainties for a

single set. The chi square function is limited to the first 1 ML F exposure. A chi square value of

3.4 is obtained for B=1.68 and E'=1.03. A search over the two dimensional phase space

performed by randomly selecting starting values for B and E' ranging from 0-200% of the best

fit values consistently converged at the best fit values confirming that the best fit corresponded to

a global minimum in the chi square function. Over the exposure range defined by the summation

in the chi square function, there are twenty degrees of freedom corresponding to the values for Po

and P1 at each of the ten exposures. The minimum chi square value is significantly less than the

number of degrees of freedom, satisfying the standard criterion for the appropriateness of using a

certain model to describe a given set of data [33]. However, the data and the fit to the data do
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not match well at longer exposure, which is outside of the range of the chi square function.

Using the above criterion, the model indeed does not describe the data well at high exposures

and coverages. The discrepancy between the model and the data at high exposure is discussed

below.
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Figure 15 Reaction probabilities and coverage predicted by model as function of F2

exposure
Reaction probability of F2 with Si(100) as a function of F2 exposure derived from the best fit of
the model [solid line] to the experimental data [circles] for (a) unreactive scattering Po, (b) single
atom abstraction P1, (c) two atom adsorption P2. (d) Absolute fluorine coverage as a function of
F2 exposure. The parameters for the model are A=0.96, B=1.68, D'=0.87, and E'=1.03. The
experimental data is the average of the six sets of data shown in Figure 13 after interpolating the
data to a common exposure interval of 0.1 ML F.
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Figure 16 Reaction probabilities predicted by model as a function of fluorine coverage
Reaction probability of F2 with Si(100) as a function of fluorine coverage derived from the best
fit of the model [solid line] to the experimental data [circles] for (a) unreactive scattering Po, (b)
single atom abstraction P1, (c) two atom adsorption P2 . The fit and the data are from Figure 15.
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IV. DISCUSSION

The model provides a reasonably accurate description of the kinetics of the interaction of

low energy F2 with Si(100) at 250 K. The model is based on two premises. First, the two

dissociative chemisorption channels, single atom abstraction and two atom adsorption, are both

comprised of two distinct steps. The initial step, the abstraction and adsorption of the first F

atom from the incident F2 molecule, is common to both channels while the second step, the

adsorption or scattering of the complementary F atom is independent of the abstraction and

adsorption of the first F atom because the energy liberated by one Si-F bond is sufficient to

overcome the bond energy in the incident F2 molecule. There is no thermodynamic driving force

requiring the adsorption of the second F atom. Second, the reactivity of a dangling bond site is

dependent not only on its occupancy, but on the occupancy of the complementary atom in the

dimer on the Si(100)(2x1) surface. This premise is physically based on the knowledge that the

two atoms comprising a dimer are the only surface atoms that are directly bonded to each other

on the surface so it might be expected that the adsorption of a F atom on one of them will affect

the reactivity of the complementary Si atom in the dimer. The purpose of the discussion is to

provide further evidence for the physical reasonableness and plausibility of the model and to gain

insight into the dynamics of the interaction of F2 with Si(100).

IV.A. Physical implications of model

IV.A.1. Total cross sections for reaction

A cross section is common concept in gas phase scattering dynamics and represents the

"target area" that one particle presents to another particle that leads to a specific scattering event.

It is a valuable quantity because it describes the likelihood of a reaction in terms of collision
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trajectories. A small cross section implies that there must be a "head-on" collision for the

scattering event to occur, whereas a large cross section implies that there are attractive forces that

bring the colliding particles together even if the two particles do not appear to be on a course for

collision.

The absolute cross section is related to the rate of a reaction by the concentration and

velocity of the reactants. For the prototypical gas phase reaction A+B- C, the rate of production

of C is given by:
dnC = ffvanAf (V)Bf(vB v AdvB- (IV.1)

where v is the relative velocity (vA-VB) between A and B, a is the total cross section for reaction,

and nx, vx, f(vx), are the number density, velocity, and velocity distribution of particle X. In the

case of F2 interacting with Si, the Si is stationary so the relative velocity v is equivalent to the

velocity of F2, vF2 * In addition, the velocity distribution of F2 in a supersonic beam is

approximately monoenergetic so the integration over F2 velocity can be ignored. Therefore, by

analogy to a gas phase scattering event, the rate of unreactive scattering from a site of a filled

dimer is:

rate N = vF2 N F2nSi (IV.2)

Note that the product of the velocity and the number density of F2 is simply the flux of F2,

nfilled dim er
rate N = IFT N Sil d (IV.3)

The cross sections A, B, D', and E' determined from the fit of this model to the data and the

cross sections K, M+M*, N, G, H+H*, and J, determined from relationships to the independent

cross sections, are related to their gas phase analogs aA, aB, aD, GE, aK, GM+GM *, ON, GG, YH+TH*,

and aj, respectively. For example, the probability of unreactive scattering from a site of a filled
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dimer is the product of the cross section N and the fraction of the total sites that are members of

filled dimers:
.nfilled dim er

Pfilled dimer = N tota (IV 4)
unreactive n i tal imAe

The rate of unreactive scattering on a site on a filled dimer is simply the product of the

probability of the outcome and the flux of incident F2 molecules.

Pfilledimer(n filled dim er
rate of unreactive scattering = IFp uplcdimer I F2 N n si total (IV.5)

A comparison of Eqs. (IV.5) with Eq. (IV.3) yields a relationship between the cross section N

and its gas phase analog TN:

N
N nttal (IV.6)

Equivalent relationships are obtained for all of the cross sections in the model.

The quantity, n"It, is the two dimensional density of sites on the Si(100) surface. Based

on a unit cell lattice spacing of 3.84 A, it has a value of n tal =6.78x 1014 cm 2 . The inverse of

this quantity, 1/n't =14.7x10- 16 cm 2, is the cross sectional area of a Si(100) surface site. Given

that a molecule incident on a macroscopic surface must collide with it, yN must have at least this

value, assuming that a molecule collides or interacts with a single site. In the development of the

model, the cross section N for unreactive scattering of a F2 molecule from a filled dimer site is

determined to be equal to one which yields a value of 14.7x10-16 cm 2 for GN. This approximation

for aN effectively treats the collision radius of F2 (0.92 A) [34] as small compared to the radius

of a surface site, 2.2 A, as calculated from its cross sectional area, 14.7x 10-16 cm 2. Similarly the

cross section J for unreactive scattering of a F atom from a filled dimer site is determined to be

equal to one which yields a value of 14.7x10-16 cm2 for aj. Again, this approximation treats the
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collision radius of a F atom as small compared to the radius of the surface site. Therefore, the

cross sections aN and aj represent the statistical probability of colliding with the appropriate site.

In an analogous manner, Eq. (IV.6) yields values for the cross section for F atom

abstraction from a F2 molecule by a site in an empty dimer, a, is 14.Oxl0-16 cm 2 and by a site in

a half-filled dimer, aB, is 24.7x10-16 cm2 . The cross section for adsorption of the complementary

F atom on a site in an empty dimer, aD-, is 12.8x10-16 cm 2 and by a site in a half-filled dimer, YE-,

is 15.1x10~16 cm2 . Although these cross sections do not reflect accurate absolute values, their

values relative to the cross section of a surface site and their values relative to each other do

reveal the relative reactivities of the different sites and different processes in the interaction of F2

with Si(100).

IV.A.2. Initial F atom abstraction

The first step in both single atom abstraction and two atom adsorption is the abstraction

of a F atom from the incident F2 molecule. This initial abstraction can only occur on an empty

site as shown by the experimental results. The good agreement between the model and the data

indicates that the reactivity of a given site is dependent on the occupation of its complementary

dimer atom. Specifically, the cross sections for F atom abstraction from a F2 molecule by an

unoccupied site in a half-filled dimer, aB, is 24.7x10-16 cm2 and that by a site in an empty dimer,

aA, is 14.Oxlo1~ 6 cm2 . The large values of both cross sections compared to the cross sectional

area of a surface site, 14.7x10-16 cm 2, suggest that there is no significant energetic barrier to the

dissociative chemisorption of a F2 molecule on a Si dangling bond, in agreement with the

experimental observation. In addition, aB is larger than the cross sectional area of a surface site

by almost a factor of two. Its larger value implies that the empty site on the half-filled dimer is
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much more reactive than expected from simple statistical considerations and that the interaction

potential between the unoccupied Si dimer atom and the F2 molecule is attractive. Furthermore,

YB is larger than GA also by almost a factor of two, implying that the dangling bond associated

with a half-filled dimer is more reactive than that of an empty dimer. The specific site reactivity

is discussed further in Section IV.A.3.

After the initial abstraction occurs, the fate of the complementary F atom is still

unknown. However, regardless of the outcome, dissociative chemisorption has occurred.

IV.A.3. Neighbor independent single atom abstraction

Single atom abstraction occurs if the complementary F atom does not adsorb to the

surface, but remains a gas phase F atom. Figure 17 shows two limiting scenarios for the

trajectory of the F atom. If the initial abstraction occurs with the F2 molecular bond axis in a

perpendicular approach geometry with respect to the surface plane (Figure 17(a)), the

exothermicity will propel the F atom away from the surface, giving no opportunity for the F

atom to interact with it. This mechanism for single atom abstraction is termed "neighbor

independent" because the complementary F atom scatters into the gas phase regardless of the

occupancy of the neighboring sites. This direct scattering into the gas phase is described by the

probability X. The value of X cannot be uniquely determined because of its relationship to the

other cross sections, but an upper bound can be determined. The description of the probability of

single atom abstraction by Eq. (111.30) is purely mathematical without significant physical

meaning in that it is, by virtue of the normalization of the total probability, the probability of

neither unreactive scattering nor two atom adsorption occurring. However, the probability of

single atom abstraction can be described with more physical meaning if it is presented in terms
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of cross sections, G' and H', which are related to the probability of the complementary F atom

unreactively scattering from a site on an empty dimer and a half-filled dimer, respectively:

P 2 = [A(1- (20, +( 2 ))+ BO,][1-[G'(1-(20, +0 2 ))+ H'e, +(1- X) 2 +x I, (IV.7)

P, = [A(1 - (20, + 02))+ BOI IG'(1 - (20, +02 ))+ H'el + (1- X) 2 + X], (IV.8)

where the cross sections G' and H' are related to the original factors G and H+H* by:
G' G(1-X)

H'I = (H + H*1- X). (IV.9)

In the limit that the cross section G' for unreactive scattering of a F atom from a site on an empty

dimer is vanishingly small, the probability of single atom abstraction at zero coverage simplifies

to:

P, ( =0)= AX =0.13 ± 0.03. (IV.10)

Therefore, if A=0.96+0.03, then X=0.13±0.03 is the upper bound for the probability of direct F

atom scattering. The above physical picture suggests that the value of X is proportional to the

solid angle of molecular orientations leading to direct scattering relative to the 27c steradians of

the hemisphere above the surface. From purely geometric considerations, the F2 molecular axis

would have to lie within 11* of the surface normal for single atom abstraction to occur via the

direct F atom scattering mechanism.
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Figure 17 Pictorial representation of perpendicular and parallel approach geometries
Pictorial representation of (a) perpendicular and (b) parallel approach geometries in the
interaction of the incident F2 molecule with the Si surface.
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IV.A.4. Neighbor-dependent single atom abstraction and two atom adsorption

On the other hand, if the initial abstraction occurs with the F2 molecule in a parallel

approach geometry (Figure 17(b)), the complementary F atom will scatter along the surface.

Because the Si surface is so corrugated, the F atom will probably have only one interaction with

the surface. If this interaction occurs at an occupied site, the F atom will be scattered into the gas

phase leading to single atom abstraction. However, if this interaction occurs at an unoccupied

site, the F atom may either scatter into the gas phase or adsorb on the surface leading to single

atom abstraction or two atom adsorption, respectively.

The cross section for F atom adsorption by an unoccupied site in a half-filled dimer, cD'

is 15.1x10-16 cm2 and that by a site in an empty dimer, TE' is 12.8x0-16 cm2 . Like the initial F

atom abstraction from the incident F2 molecule, the values of both cross sections are large with

respect to the cross sectional area of a surface site, 14.7x10-16 cm 2 suggesting that there is no

significant energetic barrier to adsorption of a F atom on a Si dangling bond. In fact, the large

values of D' and GE' suggest that the F atom will almost always adsorb if it interacts with an

empty site leading to two atom adsorption. This mechanism for single atom abstraction is

termed "neighbor dependent" because it is dependent on the occupancy of the neighboring sites.

It is this mechanism that is responsible for the nonmonotonic parabolic coverage dependence of

the probability for single atom abstraction and represents the competition between needing an

empty site for the initial F atom abstraction from the incident F2 and an occupied site to prevent

the complementary F atom adsorption.

Therefore, at low coverage (0<0.5 ML), the probability of single atom abstraction is

always lower than the probability of two atom adsorption because the number of empty sites for
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F atom adsorption outnumbers the number of filled sites for F atom scattering (and the

probability of neighbor independent single atom abstraction is negligible). Conversely, at high

coverage (0<0.5 ML), single atom abstraction is the dominant reactive channel. This qualitative

observation based on the model is in accordance with the experimental results even at high

coverage where the model cannot quantitatively describe the data well. The observation that two

atom adsorption is the dominant channel at low coverage is in stark contrast to the conclusions of

previous experimental and theoretical investigations which suggested that single atom

abstraction was the dominant channel.

The measurements described above in Sec. II do not reveal any information regarding the

site for adsorption of the complementary F atom in two atom adsorption. Its presence is only

inferred from the insufficient flux into the other two channels, single atom abstraction and

unreactive scattering, which are directly measured. Kummel and coworkers used scanning

tunneling microscopy (STM) to probe the interaction of F2 with Si(1 11) [35]. They attributed

isolated adsorbates to single atom abstraction and two adjacent adsorbates to two atom

adsorption. Their interpretation led to the conclusion that single atom abstraction is the

dominant channel at low coverage. This result is in stark contrast to the result described above

that showed two atom adsorption to be the dominant channel at low coverage. However, the two

experiments probed the interactions of F2 with different planes of the Si surface, which could

account for the discrepancy in the results. The reactivity of the different planes of the Si surface

will be discussed below with regard to the reactivity of different sites. However, the

interpretation of STM images is questionable if two atom adsorption is indeed not constrained to

occur on adjacent sites. Similar difficulties arise in the interpretation of STM experiments of 02
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on Al( 11) that isolated adsorbed oxygen atoms resulted from the hot atom motion upon

dissociation chemisorption [36]. This system will be discussed further in Sec. IV.C. In general,

the use of STM alone to deduce reaction mechanisms is controversial because of the extremely

long timescale of the experimental measurement relative to the event being probed.

Molecular dynamics simulations by Carter and coworkers using the WWC potential to

describe the interaction of F2 with Si(100), have suggested that two atom adsorption occurs

preferentially, although not exclusively, across adjacent dimer rows [16]. This occurs in the

simulations because the F2 molecule tends to align with the Si dangling bond during the initial F

atom abstraction so the complementary F atom is ejected in the direction of the adjacent dimer

row. Indeed, the simulations also showed that the F atoms arising from single atom abstraction

are preferentially ejected along the Si-F bond axis with an average velocity of -2000 m/s

preventing the F atoms from subsequently interacting with the surface and allowing for two atom

adsorption. This theoretical prediction is in complete disagreement with the experimental

observation of a cosinelike angular distribution of F atoms (Figure 8) with an average velocity of

only 1084±46 m/s (Figure 3). Although the molecular dynamics simulations of Carter and

coworkers correctly predict the presence of single atom abstraction, they do not accurately

describe the dynamics of the interaction. Thus, the WWC potential is an inaccurate

representation of the interaction between F2 and Si.

IV.A.5. Surface site reactivity

IV.A.5.a. Nondifferentiation of sites in model

One of the fundamental assumptions in the development of the model is that the

adsorption sites are distinguishable by the occupation of the complementary dimer atom. The
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reactivity of the empty site(s) on the two types of dimers, empty and half-filled, is allowed to be

different. The effect of not differentiating between the reactivity of empty and half-filled dimers

can be probed by restricting the cross sections for F atom abstraction from an empty site on an

empty dimer and a half-filled dimer to be equal, i.e., B=A, as well as constraining the probability

factors for F atom adsorption from an empty site on an empty dimer and a half-filled dimer to be

equal, i.e., E'= D'. Incorporating these equalities into Eqs. (111.27), (111.28), and (111.29) yields

simplified equations for P2, P1, and Po, respectively:

P2 =,AD'(1-) 2  (IV.11)

P, = A(1- )l- D'(1-0)], (IV. 12)

P0 =1-[A(1-0)]. (IV. 13)

These probability equations lead to simplified coverage equations (cf. Eqs. (111.28) and (111.29)):

0 =12 FJA(1-0)+ AD'(, _)2 -2A 1 (1+D'(1-0)), (IV.14)

02 =IFJAOI(1+D(l-)). (IV. 15)

There are no adjustable parameters in the modified model because the two cross sections, A and

D', are both determined from the experimental results. The system of coupled differential

equations, Eqs. (IV. 14 and IV. 15), can be solved numerically and these solutions can be

substituted into Eqs. (IV. 11), (IV. 12), and (IV. 13) to determine the reaction probabilities.

An interesting result arises from substituting the relationship between probability factors

D and G in Eq. (111.25) with the modified factors D' and G' described by Eqs. (111.32) and (IV.9)

into Eq. (IV.12):

P, = A(G'+ XX-0)+ AD'(l- 0). (IV. 16)
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This form for P1 as well as the form for P2 are exactly analogous to the forms for P1 and P2 in an

earlier statistical model that describe the probability of two atom adsorption and single atom

abstraction [2,5,6].

P2 =S 2 (1-0)2 and (IV. 17)

p, = Si(1-9)+SndO(1-0)), (IV. 18)

where S2 , S"i, and S "d are the proportionality constants for two atom adsorption, "neighbor

independent" atom abstraction, and "neighbor dependent" atom abstraction. Neighbor

independent atom abstraction is exactly analogous to the perpendicular approach geometry

shown in Figure 17(a) while neighbor dependent atom abstraction and two atom adsorption are

analogous to the parallel approach geometry shown in Figure 17(b), the only difference being the

scattering or adsorption of the complementary F atom, respectively. Comparison of the

probability factors in Eqs. (IV. 11) and (IV. 16) with those in Eqs. (IV. 17) and (IV. 18) yields

relationships between the proportionality constants of the modified model with the cross sections

of the original model:

S2 =S"d = AD, (IV. 19)

Sf = A(G't+ X)- (IV.20)

The most significant result is that proportionality constants for two atom adsorption and neighbor

dependent single atom abstraction are identical. This constraint was not considered in the earlier

model because two atom adsorption and single atom abstraction were not treated as related

processes. However, in the subsequent interaction of the complementary F atom with the

surface, the scattering event must contribute either to two atom adsorption or single atom
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abstraction. Thus, the two processes are intimately related by the necessity for the normalization

of the total probability for the F atom to either be scattered or adsorbed.

The proportionality constants can be determined from the experimentally measured

probabilities at zero coverage:

P2 (0= 0)= AD'=s 2 = 0.83 ± 0.03. (IV.21)

P, (0 = 0)= A(G'+X)= Sn = 0.13 ±0.03. (IV.22)

From Eq. (IV. 19),

S" =AD'=S 2 =0.83 (IV.23)

The constants of the modified model for two atom adsorption S2 and neighbor independent single

atom abstraction S" are equivalent to what had been previously determined. However, the

neighbor dependent constant S"d =0.83 is much lower than the value derived solely from the

maximum in the experimental value of P1, S'"d =1.13. Figure 18(a)-(c) is a comparison of the

reaction probabilities as a function of coverage derived from the modified model and the

experimental results. The modified model does not describe the data well. The chi square value,

as defined in Eq. (I.44), is 1012 which is orders of magnitude greater than the original model.

In particular the modified model is unable to describe the probability of unreactive

scattering, which according to Eq. (IV. 13), is linear with respect to coverage, unlike the data

which is distinctly nonlinear with respect to coverage. The contribution of Po to the chi square

function (the first term in Eq. (111.46)) is 1009 for the modified model compared to a value of 3.1

for the original model. Unreactive scattering is the process that results when F atom abstraction

from the F2 molecule does not occur. Since F atom abstraction simply requires one empty site, a

linear dependence on the number of empty sites would be expected for reactive scattering. On
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the other hand, a linear dependence on the number of filled sites, i.e., the coverage, would be

expected for unreactive scattering. Therefore, the unexpected nonlinearity of the experimental

data for the probability of unreactive scattering suggests that the reactivity is not described so

simply.

However, the modified model describes the probability of single atom abstraction about

as well as the original model. The contribution of P1 to the chi square function (the second term

in Eq. (111.46)) is 3.1 for the modified model compared to a value of 0.25 for the original model.

Both values are much less than 20, the number of degrees of freedom, and therefore are

reasonably accurate descriptions of the data over the 0-1 ML F exposure range. Both models'

successfully describe the probability of single atom abstraction because the kinetics are driven by

the competition between empty sites for the F atom abstraction and filled sites to prevent F atom

adsorption leading to a parabolic dependence of the single atom abstraction probability on

coverage.

On the contrary, the model does not accurately describe the probability of two atom

adsorption, a value that is dependent on the probability of the other two reaction channels. In

particular, the modified model predicts the standard Langmuirian coverage dependence that is

quadratic in the fraction of empty sites, i.e., (1-0)2, whereas the data are essentially linear with

respect to the number of sites except at high coverages. On the other hand, the original model is

able to accurately describe the probability of two atom adsorption. It is a mathematical necessity

that the probability of two atom adsorption be essentially quadratic in the number of empty sites

because this process requires the adsorption of two atoms on two empty sites. Thus, every term

in Eq. (111.2) is the product of two terms that are related to the number of empty sites. However,
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the differentiation of sites allows the unoccupied sites in empty and half-filled dimers to

contribute unequally to two atom adsorption resulting in an overall reaction probability that is

quasilinear as opposed to quadratic with respect to the number of empty sites. This is the reason

the modified model gives a description similar to the original model of single atom abstraction,

but not for two atom adsorption. Unlike single atom abstraction which requires filled sites,

which are all equally unreactive, to prevent F atom adsorption, two atom adsorption requires

empty sites, which are not equally reactive, for F atom adsorption.

The differentiation between the reactivity of the empty and half-filled dimers yields a

dramatic improvement in the goodness of fit of the model to the experimental data, especially

with regard to the probability of unreactive scattering and two atom adsorption. Although the

improvement could be simply a natural consequence of the original model having two more

adjustable parameters than the modified model, it will be shown in the next section, that there is

a physical basis for the differentiation of sites on the Si(100) surface.
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Figure 18 Reaction probabilities predicted by model with no site differentiation as a
function of fluorine coverage
Reaction probability of F2 with Si(100) as a function of fluorine coverage derived from the
modified model [solid linel with no adjustable parameters to the experimental data [circles] for
(a) unreactive scattering Po, (b) single atom abstraction P1, (c) two atom adsorption P2 . The data
are from Figure 15.
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IV.A.5.b. Dimer pairing energy

The unreconstructed Si(100) surface consists of Si atoms that are sp 3-coordinated to two

Si atoms below the surface. The remaining two valence electrons each occupy one of the

remaining two sp 3 orbitals of the tetrahedron that project into the vacuum. These singly

occupied orbitals are the dangling bonds. The dimerization that occurs in the (2x1)

reconstruction of the Si(100) surface is primarily a sigma interaction between one pair of

dangling bonds from the two surface Si atoms. The remaining two dangling bonds interact

weakly through a n interaction [37]. The magnitude of this n interaction is the subject of

controversy.

The enhanced reactivity of an empty site in a half-filled dimer relative to an empty dimer

can be understood in terms of the stability of the Si dimer. The dimer is destabilized when one

of the dangling bonds reacts because there is the loss of the stabilizing n interaction between the

two dangling bonds. The unusual first order recombinative desorption kinetics of H2 from

Si(100) has been attributed to the pairing of H atoms on Si dimers to overcome the

destabilization of the Si dimer it interaction [38,39,40,41]. Models for the kinetics of thermal

desorption of H2 from Si(100) suggest that the driving force behind the pairing of H atoms to

completely fill a dimer site is the n-bond stabilization of the unoccupied Si-Si dimers [38,39].

In addition, STM measurements by Boland [40,41] on the H-Si(100) system show that when H

atoms adsorb on the Si(100)(2x1) surface, they tend to occupy both sites on a single dimer rather

than a single site on two different dimers. Thus, if a H atom binds on an empty dimer, there is a

loss of the n-bond stabilization, whereas if it binds on a half-filled dimer, there is no increase in

the total energy. Estimates of the t-bond stabilization range from a few kcal/mol [38,39] based
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on the modeling of the thermal desorption kinetics to 18 kcal/mol based on the STM results [40].

The effect is not limited to the interaction of hydrogen with Si(100). STM measurements have

suggested that 02 preferentially dissociatively chemisorbs at the empty sites-of half-filled dimers

on hydrogen terminated Si(100) [42] and that Cl2 preferentially dissociativglf chemisorbs onto

adjacent sites within a single empty dimer on Si(100) [43].

An interesting experiment amenable to the experimental technique described above in

Section II would be to measure the reaction probabilities of F2 incident on Si( 11)(7x7). On the

Si( 11)(7x7) surface each surface atom has, at most, one dangling bond, b5ut there are no dimers

and therefore, no strong interactions between surface atoms. In addition, the nearest neighbors

on Si(1 11) are separated by at least 6.9 A, much larger than the dimer bond distance of 2.3 A on

Si(100). If the dependence of the reaction probabilities on coverage of F2 with the Si(100)

surface is a direct consequence of the differences in the reactivity of tW7 npty and half-filled

dimers, then the coverage dependence of the reaction probabilities oi S 11 which has no

surface dimers, ought to be different from the results presented in Sec. II.

Kummel and coworkers examined the coverage dependence of the sticking coefficient of

F2 on both Si(100) and Si(l 11) using the molecular beam reflectivity method of King and Wells

[44]. No remarkable differences between the two surface planes we? Mted The sticking

coefficient was observed to have a linear dependence on coverage both Jurface planes.

However, the sticking coefficient is the probability of not unreactively scattering, i.e., 1-P 0 or,

equivalently, P1+P 2. They'did not observe single atom abstraction because their experimental

apparatus could not detect F atoms. Their calculation of the sticking cd6ficient is based on

several assumptions regarding wall reactions as well as calibration t64 experimental and
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theoretical data. Consequently, the determination of the sticking coefficient as well as the

coverage, which is determined by integration of the sticking coefficient, are questionable.

Therefore, it is difficult to make any conclusions based on the observed similarity of the

reactivities of the two Si surface planes. Regardless, the observation that the sticking coefficient

of F2 obeys a linear dependence on coverage on both Si(100) and Si(l 11) could be accidental.

For example, if atom abstraction is dominant on Si(111) as suggested by the interpretation of

STM results by Kummel and coworkers, where the surface Si atoms are separated by large

distances relative to the F2 bond length, then a linear dependence on the coverage would be

expected. However, these interpretations are based on measurements of the sticking coefficient

as well as the STM measurements, neither of which yield unambiguous results. The definitive

experiment to determine the role of the surface structure in the dynamics of the interaction of F2

with Si would be to use the method described in this chapter to directly measure the flux of the

scattered products from both surfaces and determine the reaction probability of single atom

abstraction and two atom adsorption.

IV.A.5.c. Molecular steering

Recently there have been many experimental [45,46] and theoretical [47, 48, 49]

investigations of a phenomenon termed molecular steering in which the incident molecule is

oriented by the gas-surface interaction potential along a more favorable trajectory to reaction

than expected from a random orientation. This effect is expected to be accentuated in molecular

beam experiments because the supersonic expansion causes extreme rotational cooling (Trot~5 K)

of the molecules in the beam making them more susceptible to rotation by external forces, i.e,

the gas-surface interaction potential. It is suggested above that the cross section B>1 for F atom
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abstraction from F2 incident on Si(100) is representative of an attractive gas-surface interaction

potential because the cross section is larger than the cross sectional area of a site on the Si(100)

surface. Although the evidence for molecular steering in the interaction of F2 with Si(100) is

certainly not conclusive, it is consistent with the experimental results.

Consideration of the experimental results on other systems involving the interactions of

halogen molecules with silicon lends further support for molecular steering in the interaction of

F2 with Si(100). Kummel and coworkers observed preferential adsorption of iodine relative to

chlorine in the reaction of ICl with Si(l 11) using STM and Auger [50]. The surface is enriched

in I relative to Cl by a factor of 2.1-2.8 depending on the technique used to measure the

contributions to the coverage. They suggest that because the initial sticking coefficient of ICl is

0.89±0.07, the preferential I adsorption cannot be attributed simply to the enhanced reactivity of

the I-end relative to the Cl-end because if this were the case, then the maximum sticking

coefficient would be -0.7 assuming an isotropic distribution of the incident ICl orientation

relative to the surface. In other words, if the interaction of the I-end with the surface always

leads to adsorption of I, then the maximum sticking coefficient of the I atom would be 0.5

because the I-end is directed towards the surface in half of the collisions. Because the surface is

enriched in I relative to Cl by a factor of 2.1-2.8, the sticking coefficient of Cl would be lower

than that of I by a factor of 2.1-2.8. Thus, the maximum sticking coefficient of the Cl atom is

-0.2 and the total sticking coefficient of ICl is -0.7. Instead, they claim that the ICl molecule is

oriented by the interaction potential with the Si surface into an I-end configuration. Kummel and

coworkers observed a similar effect with 12C 6 [51], but did not with IBr [52].
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IV.B. Limitations of model

Although the model offers a good description of the kinetics of the interaction of F2 with

Si(100) as well as a physically intuitive picture of this gas-surface interaction, a few assumptions

were made in the development of the model that warrant further discussion.

One of the major limitations of the model is that the saturation coverage of F on Si is

defined to be 1 ML, the number of dangling bonds, or equivalently, the number of reactive sites

as well as the number of adsorption sites, on the Si(100) surface. The experimental results show

that the saturation coverage is indeed about 1 ML, but the measured value is only 0.94±0.11 ML.

There are two possible reasons for the low saturation coverage. First, the uncertainty in the

experimental measurement does not preclude the value from being 1 ML. In fact, the largest

source of error is the literature value for the F atom ionization cross section, aF-F+ , which has a

relative uncertainty of 20%. Because the probability of single atom abstraction (P1) is directly

proportional to a F-F and the probability of two atom adsorption (P2) is directly related to P1, if

the true value of aF is 15% lower than the reported value, the saturation coverage increases

to 1 ML. Second, the presence of defects on the surface that eliminate dimer atoms, and hence

eliminate dangling bonds, might lead to a decrease in the total number of available adsorption

sites. Scanning tunneling microscope images of clean Si(100) surfaces have shown defect

densities on the order of a few percent [41].

While the model could have been modified by redefining the saturation coverage, Osat, to

be less than 1 ML, this modification would have created an additional variable, Osat, for which

there was no a priori justification. Regardless, the values of P and P2 decay towards zero as the

coverage approaches Osat far more rapidly than predicted by the model and maintain values near
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zero beyond a coverage at which there are still 0.05 ML unoccupied sites on the surface. There

are two possible causes of this divergence of the data from the model. First, the true saturation

coverage may be higher than 1 ML so that the final 0.05 ML of sites that are eventually occupied

are defect sites that are much less accessible than surface dangling bonds. Given the uncertainty

of the measurement, this is a plausible explanation. Second, at a near saturation coverage, the

remaining unoccupied surface dangling bonds may be less accessible because of steric effects or

less reactive because of electronic effects than expected because of the effects of neighboring

adsorbates.

The absence of any effect from neighboring adsorbates other than the complementary

surface atom of the dimer pair is another significant limitation of the model. The effect of

neighboring adsorbates could be incorporated into the model by incorporating a coverage

dependence into the probability factors. Although this modification of the probability factors

certainly would be a more accurate description of reality, the additional complexity only

diminishes the physical insight gained from the simplicity of the model.

Finally, the statistical basis of the model is founded on the assumption that adsorption sites are

accessed randomly by the incident F2 molecules and that there is no diffusion either prior to

adsorption, i.e., as a physisorbed precursor, or subsequent to adsorption, i.e., as a chemisorbed

adsorbate. In the presence of diffusive motion the concentration of adsorbates on the surface

might not be necessarily homogeneous such that the global coverage would not be representative

of the local environment. This simplifying assumption is justified by STM images of Si(l 11) at

low fluorine coverage [35] which show random fluorine adsorption sites with no significant

islanding or clustering of adsorbates. In addition repeated imaging of the fluorinated surface
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shows no significant adsorbate motion, through either diffusion or desorption. Sholl [53] has

examined the effect of adsorbate interactions as well as the possibility of a physisorbed precursor

mechanism using Monte Carlo simulations that incorporate a model similar to the earlier model

(i.e., model with no site differentiation) described above in Sec. IV.A.3.a. A comparison of these

simulations with the experimental results presented above in Sec. II suggests that both adsorbate

interactions as well as a precursor mechanism have no significant, if any, contributions to the

kinetics of the interaction of F2 with Si.

IV.C. Atom abstraction in other gas-surface systems

Atom abstraction is not unique to the interactions of halogens with silicon. If the energy

released in forming one surface-adsorbate bond is sufficient to compensate for the energy

required to break the bond of the incident molecule, then abstraction by the surface is possible.

An interesting candidate for atom abstraction is the interaction of 02 with Al( 11), although

observation of isolated adsorbed atomic oxygen atoms on Al( 111) using STM has been

interpreted as evidence for hot atom motion of the two atoms resulting from a classic dissociative

chemisorption event [36]. Hot atom motion arises from the release of exothermicity into parallel

translational motion of the two atoms away from each other [54,55,56]. The atoms remain

bound to the surface but travel along the surface until they dissipate enough energy to be trapped

at a chemisorption site. Although this interpretation is plausible, especially considering

subsequent work on 02 on Pt(l 11) [57] and on Ag(l 10) [58] where energetic considerations

necessitate the adsorption of both atoms, the results on Al( 11) can also be explained by oxygen

atom abstraction [2,59]. Unfortunately, the use of STM as the sole probe of dynamics of such a

fast nature inevitably leads to ambiguity because the end result of each mechanism is likely to be
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indistinguishable. Both atom abstraction and hot atom motion are dissociative chemisorption

processes in which the two fragments separate from each other and lead independent existences.

However, in hot atom motion, which arises from classic dissociative chemisorption, both atoms

are and remain bound to the surface during their motion parallel to the surface because the

exothermicity is insufficient to allow one or both to escape from the surface. In contrast, the

complementary atom in atom abstraction is not initially bound to the surface and may move

parallel to the surface for some distance before encountering an adsorption site. In either case,

the hot atom or the abstracted atom will likely appear to a STM observation at some distance

from its partner.

Earlier work on other gas-surface systems has yielded indirect observations consistent

with atom abstraction. Lunsford and coworkers observed methyl radical production upon

passing methane over a MgO surface [60] implying hydrogen atom abstraction by the MgO

surface. White and coworkers also observed methyl radical production upon dissociative

chemisorption of methyl bromide on potassium doped Ag surface [61]. Bent and coworkers also

observed methyl radical production upon thermal desorption of molecularly adsorbed methyl

iodide on a Cu surface [62,63]. Kasemo and coworkers have suggested chlorine atom

abstraction in the C12/K system [59].
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V. CONCLUSION

F2 interacts with Si(100) via two novel dissociative chemisorption mechanisms called

single atom abstraction and two atom adsorption in which one and two F atoms adsorb to the

surface, respectively. The distinguishing feature of single atom abstraction and two atom

adsorption from classic dissociative chemisorption is that only one surface-adsorbate bond is

necessary to liberate sufficient energy to cleave the incident molecular bond. As a consequence,

the fate of the complementary F atom is not necessarily as an adsorbate on the surface as it is in

classic dissociative chemisorption in which the two fragments of the cleaved molecule adsorb to

the surface in a concerted process. The complementary F atom may scatter into the gas phase

leading to single atom abstraction, or it may subsequently interact with the surface and adsorb

leading to two atom adsorption.

The kinetics of the interaction of F2 with Si(100) cannot be described by traditional gas-

surface kinetics models. Instead, a statistical model is able to describe the kinetics of single atom

abstraction and two atom adsorption that is based on the premise that single atom abstraction and

two atom adsorption share a common initial mechanism, F atom abstraction, and that the four

distinct types of sites, sites on empty dimers and filled dimers as well as unoccupied and

occupied sites on half-filled dimers, interact differently with the incident F2 molecule and

scattered F atom. The model describes the data remarkably well, and the results are consistent

with a stepwise mechanism in which the initial atom abstraction is central to both single atom

abstraction and two atom adsorption. This result is expected since there is no thermodynamic

driving force requiring the adsorption of the second F atom so its fate is independent of that of

the initially abstracted F atom, a distinct difference from classic dissociative chemisorption
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which is necessarily a concerted process in which both fragments must adsorb to the surface.

The results of the model suggest that the fate of the complementary F atom is determined, in

part, by the orientation of the incident F2 molecular axis with respect to the surface. If the

incident F2 is oriented perpendicular to the surface, the complementary F atom will likely be

ejected away from the surface making two atom adsorption impossible. This mechanism is

termed neighbor-independent" because the fate of the complementary F atom is independent of

the occupancy of the other sites on the surface. At zero coverage, it is this mechanism that yields

the nonzero probability for single atom abstraction. On the other hand, if the incident F2 is

oriented parallel to the surface, the complementary F atom will likely interact with the surface.

If the F atom interacts with an unoccupied site, adsorption may occur. This mechanism is termed

"neighbor-dependent" because the occupancy of the site with which the F atom interacts

determines whether the overall result is single atom abstraction or two atom adsorption. It is the

competition between the need for an unoccupied site for the initial atom abstraction, and the

subsequent need for an occupied site to prevent adsorption of the complementary F atom that

yields the unusual coverage dependence of the probability of single atom abstraction which is

signified by a maximum likelihood at 0.5 ML coverage.

The results of the model also suggest that the unoccupied sites on half-filled dimers are

substantially more reactive than the unoccupied sites on empty dimers. A plausible explanation

is that the remaining unoccupied dangling bond in a half-filled dimer is energetically less stable

and, therefore, more reactive due to the absence of the iT interaction that exists between the two

unoccupied dangling bonds in an empty dimer. The necessity for differentiation of the reactivity

of the distinct surface sites is demonstrated by the poor ability of the model to describe the data
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when there is no differentiation of sites. Finally, the total reaction probability is near unity at

zero coverage which indicates that there is no barrier to reaction. The results of the model

suggest that the unoccupied sites on the half-filled dimer are so reactive that they are able to

attract the incident F2 molecule from a distance extending beyond the cross sectional area of the

site itself. These results are consistent with the phenomenon of molecular steering in which the

incident molecules are aligned into a favorable orientation for reaction.

Atom abstraction is not unique to the interaction of F2 with Si(100). Atom abstraction

ought to be present in any gas-surface system in which the energy liberated by the formation of a

single surface-adsorbate bond is sufficient to cleave the incident molecular bond. Although no

previous experimental investigation has provided direct evidence of atom abstraction, several

investigations have provided experimental evidence that is consistent with the presence of atom

abstraction. Despite the dearth of experimental evidence demonstrating atom abstraction, this

gas-surface mechanism may have significant implications in important chemical processes like

heterogeneous catalysis, chemical vapor deposition, and semiconductor etching. The possibility

of atom abstraction ought to be considered in reaction systems in which atom abstraction is

energetically favorable, especially in situations in which the production of radical atoms and

molecules may have a significant effect on the rest of the system.

In the next chapter, an investigation of the interaction of XeF2 with Si(100), a model

semiconductor etching system, is presented. The energetics of the interaction of XeF2 with

Si(100) are similar to the energetics of F2 with Si(100). Therefore, F atom abstraction ought to

be present. Indeed, despite dramatic differences in the reactivity of XeF2 and F2 with Si, F atom

abstraction is present.
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I. INTRODUCTION

The detailed dynamics of the interaction of F2 with Si(100) are described in Chapter 1. A

novel mechanism for dissociative chemisorption called single atom abstraction is identified in

which only a single surface-adsorbate bond is formed while the complementary atom is scattered

into the gas phase. In addition to single atom abstraction, a mechanism similar to classic

dissociative chemisorption called two atom adsorption is indirectly identified in which both

atoms are adsorbed to the surface. Dissociative chemisorption via atom abstraction ought to be

present in any gas-surface system in which the energy liberated in forming a single surface-

adsorbate bond is greater than the energy necessary to break the bond of the incident molecule.

Xenon difluoride (XeF2) is an excellent candidate for dissociative chemisorption on Si via atom

abstraction given its similar chemical structure and thermodynamics to molecular fluorine. In

addition to understanding the novel gas-surface mechanism of atom abstraction, the disparate

reactivity of these two similar compounds with silicon is of fundamental significance and their

use as model etchants in semiconductor etching is of great applied importance.

I.A. Previous Investigations of the Reactivity of XeF 2 with Si

The etching of semiconductors is essential to the microelectronics industry and the

fabrication of the ubiquitous "microchip". Semiconductor etching is a marvel of engineering,

but it is not well understood. The model system is the reaction of atomic fluorine with elemental

silicon. However, fluorine atoms do not come in a bottle. Although true atomic fluorine sources

exist, the experimental difficulties have led many investigators to seek simpler alternative

sources of fluorine.
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The ability of XeF 2 to etch silicon spontaneously under ambient conditions was first

shown by Winters and Coburn twenty years ago [1]. Since this discovery, several investigators

have sought to understand the way in which XeF2 reacts with silicon [2]. The reactivity of this

noble gas compound with silicon is similar to that of atomic fluorine, a comparison that has led

to the popular notion that XeF2 is simply a convenient source of fluorine atoms. However,

despite its unusual chemical nature, XeF 2 is a very stable molecule. In fact, it is more stable than

F2, a compound that does not etch silicon spontaneously under similar conditions. Thus, XeF2 is

indeed not just a source of fluorine atoms! Many investigators have acknowledged the different

reactivity of XeF 2, F, and F2 with silicon, but there is no direct evidence to support any

explanation for the disparity in reactivity.

Because of its practical importance in the microelectronics industry, many investigations

have focused on the etch rate of silicon by XeF 2 and the identification of the silicon etch

products [1,3,4,5]. The absolute etch rates are strongly dependent on the exact conditions, i.e.,

XeF2 flux, surface temperature, surface structure. The probability that a single XeF 2 molecule

leads to the desorption of a single silicon atom is on the order of 104-102. Under ambient

conditions, the magnitude of the silicon etch rate by xenon difluoride is lower than that of F [3]

by an order of magnitude but about three to four orders of magnitude higher than that of F2 [1].

The surface temperature dependence of the etch rate of silicon by XeF 2 is unusual. Under

ambient XeF2 vapor pressure conditions (-1 torr), Ibbotson et al [4] determined that at surface

temperatures above 450 K, the etch rate increases monotonically with temperature as expected

for normal Arrhenius behavior, whereas at surface temperatures below 400 K, the etch rate

actually increases monotonically with decreasing temperature suggestive of a negative activation
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energy. Under ultrahigh vacuum (UHV) conditions, Vugts et al [6] also measured a

nonmonotonic temperature dependence similar to the high pressure study of Ibbotson et al.

However, at the very low surface temperatures (150 K) below those obtainable by Ibbotson et al,

they observed XeF 2 condensation leading to surface passivation and no etching. In gas-surface

systems, this non-Arrhenius behavior is typically attributed to a physisorbed precursor

mechanism [7].

Similar to other fluorine etchants, the major etch product arising from reaction with XeF 2

at low surface temperatures (T,<600 K) is fully fluorine-coordinated silicon, tetrafluorosilane

(SiF4) [1,3,4,8,9,10,11]. Time-of-flight measurements using incident beam modulation showed

that SiF4 does not desorb entirely in thermal equilibrium with the surface, but instead the SiF4

desorbs with a bimodal distribution suggesting that etch product desorption is not simply the

evaporation of volatile silicon compounds [9]. Other investigations have shown minor etch

products including radicals like SiF [8], SiF2 [3,4,8], SiF3 [8,9,11], as well as higher fully

coordinated fluorosilanes like Si 2F6 [9,11], but there is disagreement in the literature regarding

the relative abundances. Similar to the reaction of F atoms with Si, SiF2 is the most abundant of

the minor etch products [4,10,12]. In one of the first realizations that XeF2 was not simply a

source of F atoms [4], evidence against this simple analogy was that the relative abundance of

SiF2 is less from XeF 2 than F atoms. Mitchell et al [12] measured the chemiluminescence

arising from the reaction of XeF2 with Si and the reaction of F with Si under ambient conditions

and attributed a diffuse visible feature centered around 500 nm to emission from electronically

excited SiF 3 arising from gas phase reaction of desorbing SiF 2 with the incident XeF 2 molecule

or F atom. In addition, the reaction with XeF2 showed a distinct feature at 350 nm arising from
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emission from the excimer B state of XeF, the product of the gas phase reaction. Analogous to

the interactions of F and F2 with Si, SiF2 is a major etch product of the interaction of XeF2 with

Si at high surface temperatures (Ts>600 K) in agreement with thermal desorption measurements

that show significant SiF 2 desorption around 800 K.

To better understand the etching mechanism, many investigations have focused on the

characterization of the silicon surface structure arising from exposure to XeF2

[13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. X-ray photoelectron spectroscopy (XPS) is the

most common experimental probe of fluorinated silicon [13-23]. Based on the analysis of the

shifts of the Si 2p core levels with increasing fluorine coordination, a distribution of SiFx

(x=1,2,3) have been observed. McFeely and coworkers [14-16] studied the fluorinated silicon

surface at low XeF2 exposures prior to the onset of significant etching. Low energy electron

diffraction (LEED) of Si(100) showed that the characteristic (2x1) reconstruction persists upon

the initial interaction of XeF2 suggesting that the dangling bonds are the sites of the initial

adsorption of fluorine from XeF 2 analogous to the interaction of F2 with Si(100). XPS and

electron energy loss spectroscopy (EELS) confirmed that the predominant surface species is SiF.

Higher XeF 2 exposures cause the coverage to increase beyond the 1 ML F. XPS measurements

suggest that a diffuse structure of fluorinated silicon chains forms. The total fluorine coverage

saturates at about 1.6 ML for both Si(100) and Si(1 11) and consists of mostly SiF, especially on

Si(100), with the remaining fluorine divided evenly between SiF2 and SiF3. At very high XeF2

exposures [17-22], there is a shift in the population to increasingly fluorinated surface Si atoms.

Other spectroscopic techniques like photon stimulated desorption (PSD) [24,25], infrared

reflection absorption spectroscopy (IRAS) [26], and second harmonic generation (SHG) [27]
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have been utilized to characterize the fluorinated surface structure. These results are all in

reasonable agreement with the results from the XPS investigations discussed above. An

interesting investigation by Chuang using infrared chemiluminescence showed emission from

vibrationally excited surface species [28]. The surface temperature was not sufficiently high to

account for the vibrational excitation indicating that the excitation arose from the reaction of

XeF 2 with Si.

In addition to studies of the effects of XeF 2 on the Si surface structure, the effects of the

Si surface composition, i.e., dopant type and concentration, on the XeF2 reactivity have also been

probed [11,29]. Winters and coworkers [2,29] determined that etching was enhanced in heavily

n-doped silicon and inhibited in heavily p-doped silicon. They proposed a simple model for

halogen etching based on the Mott-Cabrera theory of oxide formation.

Because of its relevance to plasma etching, a number of investigations have sought to

incorporate additional energetic particles to better mimic the plasma environment. Many

investigations have focused on the enhancement of XeF2 reactivity with coincident ions

[30,31,32,33,34,35] and photons [36,37,38,39,40,41,42]. Winters and coworkers [30,31]

measured a significant enhancement of the Si etch rate with coincident ions. The enhancement

was dramatically greater than the sum of the etch rates from either XeF2 or ions alone. This

phenomenon is known as chemical sputtering. In addition, they showed that unlike F atoms,

XeF2 could not etch SiO2 except in the presence of coincident charged particle (i.e., ion or

electron) bombardment.

Interestingly, the practical use of XeF2 as a Si etchant has been recently popularized by

the materials science and engineering community in the fabrication of microelectromechanical
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systems (MEMS). Because of its extremely high selectivity towards silicon relative to silicon

dioxide (Si0 2), aluminum, and photoresist, xenon difluoride is considered an ideal isotropic

etchant for bulk micromachining [43].

I.B. Detailed Dynamics of the Interaction of XeF 2 with Si(100)

Despite the wealth of information on the XeF2/Si gas-surface system regarding the etch

rate, the etch products, the surface structure, as well as the effects of a variety of enhancements,

the dynamics of the interaction of XeF 2 with Si are still not well understood. Most importantly,

there is no direct evidence to support any resolution of the apparent contradiction of energetic

considerations and the reactivity of XeF 2, F, and F2.

The focus of the investigation described in this chapter is to probe the dynamics of the

interaction of XeF 2 with Si. The experiments with XeF2 directly parallel those with F2 described

in Chapter 1, and the results of these experiments will be compared with the results of the

experiments on the interaction of F2 with Si. Briefly, recall that F2 incident on Si proceeds

through one of three channels: single atom abstraction (P1) or two atom adsorption (P2), two

dissociative chemisorption mechanisms in which only one or both fluorine atoms are adsorbed

onto the surface, respectively, or unreactive scattering (Po). F2 reacts exclusively with the Si

dangling bonds; no Si-Si dimer bonds or lattice bonds are broken. When all of the Si dangling

bonds are fluorinated, the reaction ceases. On a clean Si surface, F2 is extremely reactive

(Ptotai=l-PO=0. 9 5 ) and the most probable channel is two atom adsorption (P2=0.83). However, as

the surface is fluorinated, the probability of single atom abstraction increases at the expense of

two atom adsorption reaching a maximum (Pi,max=0. 3 5 ) at 0.5 ML coverage. The unusual

coverage dependence of single atom abstraction was described by a competition for a single
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empty site for the initial atom abstraction and an occupied site for preventing two atom

adsorption. Beyond 0.5 ML, the probability of both single atom abstraction and two atom

adsorption decrease to zero as all of the Si dangling bonds are occupied and the fluorine

coverage approaches 1 ML.

Based on the similar chemical structure and thermodynamics of XeF2 and F2, similarities

in their interaction with Si are expected. Namely, three channels are expected to be available for

a XeF 2 molecule incident on the Si surface: single atom abstraction, two atom adsorption and

unreactive scattering. The presence of xenon in XeF2 offers a wonderful opportunity to probe

the dynamics of two atom adsorption through observation of the scattered product. Unlike F2

two atom adsorption in which there is no scattered product, the Xe atom is an inert atomic

witness of XeF 2 two atom adsorption. Thus, the energetics of the scattered Xe atom ought to

yield valuable insight into the possibly stepwise mechanism of two atom adsorption, a

dissociative chemisorption mechanism that is fundamentally different from the necessarily

concerted mechanism of classic dissociative chemisorption despite the product of the two

mechanisms being stoichiometrically identical.

This chapter presents a detailed comprehensive investigation of the interaction of XeF 2

with Si(100). Section II describes the experimental apparatus with particular emphasis on the

production and maintenance of the XeF 2 molecular beam. Section III presents the experimental

results and is divided into three subsections. Section III.A considers the exposure dependence of

the flux of scattered products from the interaction of XeF2 with Si(100). Section III.B considers

the fluorine coverage as a function of exposure to XeF2 using helium diffraction and thermal

desorption to probe the fluorine adlayer. Section III.C considers the velocity and angular
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distributions of the scattered products as a function of exposure to XeF2 for coverages ranging

from the clean Si surface to the steady state etching regime. Section IV is a discussion of the

results. The discussion considers previous work from this laboratory on the interaction of F2

with Si(100) as well as work from other laboratories on the interactions of F2 and XeF 2 with Si.



112

II. EXPERIMENTAL

The experimental apparatus has been described in detail [44,45,46,47]. Briefly the

apparatus consists of two supersonic molecular beam sources coupled to an ultrahigh vacuum

(UHV) chamber (base pressure=5x10-" torr) containing the silicon crystal and a triply-

differentially pumped line-of-sight rotatable quadrupole mass spectrometer as well as an ion

sputtering gun, a cylindrical mirror electrostatic analyzer for Auger electron spectroscopy and a

mass spectrometer for residual gas analysis.

II.A. Xenon difluoride molecular beam

II.A.1. Xenon difluoride

Xenon difluoride is a solid at ambient temperature and pressure. While XeF2 is stable at

room temperature, it is a strong oxidizer and readily hydrolyzes in the presence of water to form

Xe and HF. Therefore, special care must be taken in handling XeF2 to minimize its

decomposition. The enhanced awareness of the susceptibility of XeF2 to decompose has led to

the recent development of a careful protocol for handling XeF2 in this laboratory which is

described below. The results described in this chapter span this change in protocol. Namely, the

high energy XeF 2 experiments were all performed prior to the modification whereas all of the

low energy XeF 2 experiments have been performed since the modification. Although the

possible presence of free Xe in the molecular beam should be considered, especially in the high

energy XeF 2 experiments, the majority of the results are not affected by free Xe in the molecular

beam because it simply scatters unreactively from the surface. The only adverse effect is the

measurement of the signal at m/e=129, which corresponds to Xe' that arises from scattered Xe.

If there is no XeF 2 decomposition, the signal at m/e=129 that is attributable to Xe is solely that
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which arises from the reactive interaction with Si. However, if there is decomposition, the Xe

signal has contributions from both the unreactive scattering of Xe in the molecular beam and the

reactive scattering of Xe that arises from the interaction of XeF 2 with Si. Finally, despite the

enhanced awareness of the possibility of XeF 2 decomposition and the change in protocol for

handling XeF2, there is no conclusive evidence that XeF2 decomposition was present in the

molecular beam in any of the experiments described in this chapter.

The new protocol for handling XeF2 focuses on the avoidance of any contact with the

ambient atmosphere. Xenon difluoride (99% by F ion titration, Lancaster Synthesis) is

manufactured, packed and stored under an inert nitrogen environment. The solid XeF2 is stored

in a clean, valved stainless steel vessel that has been baked to 400 K under vacuum on the gas

handling manifold to remove any residual water prior to adding the solid XeF 2. The stainless

steel vessel is removed from the gas manifold, and the solid XeF 2 is transferred from the

manufacturer's sealed container to the stainless steel vessel in a dry nitrogen glove box. The

stainless steel vessel is subsequently attached to the gas manifold. The manifold is baked to 400

K overnight to remove any residual water vapor prior to opening the XeF2 container.

In addition to the initial setup of the solid XeF2 vessel, the gas manifold must be

passivated prior to each molecular beam expansion. The ratio of the mass spectrometer signals

at m/e=129 (Xe') and m/e=167 (XeF2') of the incident XeF 2 beam ought to be constant and

equal to the XeF2 cracking ratio that arises from ionizer fragmentation if there is no passivation.

This ratio is higher than normal during the initial expansion indicating that a fraction of the XeF2

decomposes to produce free Xe during the initial expansion in a baked manifold. In addition, it

has been observed that the ratio increases after the XeF2 has been present for prolonged periods
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greater than one hour in the manifold leading to the nozzle and within the nozzle itself indicating

the accumulation of free Xe. Thus, prior to starting the experiments for the day, the XeF2 beam

is expanded through the nozzle for a period of 15 minutes, the XeF 2 is pumped out of the

manifold, and the process of expanding the XeF2 through the nozzle and pumping out the

manifold is repeated. Prior to each experiment, the XeF2 is expanded for two minutes to ensure

that the XeF 2 flux has stabilized. In between experiments, the XeF 2 is pumped out of the

manifold to prevent the accumulation of free Xe.

It is difficult to determine the extent of Xe contamination, if any, in the XeF2 molecular

beam with the present experimental apparatus because the sole diagnostic technique is electron

bombardment ionization quadrupole mass spectrometry. Because the ionization process is not

selective and commonly leads to fragmentation of the parent neutral molecules into daughter

ions, both Xe and XeF 2 are detected at m/e=129 which corresponds to Xe'. Time-of-flight

measurements of the incident beam at m/e=129 cannot reveal any contribution from free Xe

since the Xe and XeF 2 in the molecular beam will travel at identical velocities in a supersonic

expansion as well as in a quasi-effusive expansion which is described below. The most valuable

measurement is the ratio of the mass spectrometer signal at m/e=129 to the signal at m/e=167 of

the incident molecular beam, which in the absence of free Xe is equivalent to the XeF 2 cracking

ratio. This ratio is constant after the initial passivation. Therefore, the ratio of the flux of Xe to

the flux of XeF 2 is constant implying that there is either no free Xe in the molecular beam or the

relative flux of free Xe in the molecular beam is constant. However, without the knowledge of

the absolute cracking ratio of XeF2, the quantitative amount of free Xe in the molecular beam

cannot be directly determined.



Chapter 2: The Interaction of XeF 2 with Si(100) 115

One method for determining the upper bound for the extent of Xe contamination is by

comparison of the mass spectra of similar molecular beams of Xe and XeF2. Figure 1(a) shows a

plot of the mass spectrum of a Xe molecular beam formed under quasi-effusive expansion

conditions of 5 torr stagnation pressure and a room temperature nozzle of 50 mm orifice

diameter. The relevant signals are the clusters around m/e=64.5 and m/e=129 corresponding to

Xe2+ and Xe', respectively. Figure 1(b) shows a plot of the mass spectrum of a XeF2 molecular

beam formed under identical quasi-effusive expansion conditions to the Xe molecular beam

described above. Note that the ratio of the Xe2+ signal to the Xe+ signal is dramatically lower for

the XeF 2 molecular beam. Assuming that all of the Xe2+ in the XeF 2 molecular beam arises from

Xe contamination, the fraction of the Xe+ signal that can be attributed to Xe, based on the ratio of

the Xe2+ signal to the Xe+ signal in the Xe molecular beam, is 0.32. This number is not

representative of the fraction of the molecular beam that is Xe relative to XeF 2 because the

ionization cross sections of the two processes, aXXe+ and Y XeFXe. , have not been considered

in this analysis. However, it is important to reiterate that the presence of free Xe, if any, in the

XeF 2 molecular beam only affects the measurement of the scattered products at m/e=129 that

arise from the interaction of XeF 2 with Si. The free Xe does not affect the interaction of XeF 2

with Si.
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II.A.2. Supersonic molecular beam: high energy XeF 2 (Ei=6.3 kcal/mol)

In the experiments described in this chapter, the standard molecular beam is a supersonic

expansion of XeF2 seeded in Ar (99.9995%, Spectra Gases). Typical expansion conditions of

400 torr stagnation pressure with a room temperature nozzle of 50 gm orifice diameter yield a

nearly monoenergetic beam (AE/E=0. 17, resolution limited) as determined from the velocity

distribution of the incident beam measured using a time-of-flight (TOF) technique. Figure 2(a)

shows the TOF distribution of a supersonic molecular beam expansion of 0.25% XeF2/Ar. The

average velocity and translational energy of XeF2 in these mixtures is vavg= 5 5 9 ±2 4 m/s and

Ei=6.3±0.5 kcal/mol, respectively, where the major contribution to the uncertainties is the length

of the flight path due to the finite length of the ionization region. The incident energy of the

XeF2 molecular beam is much greater than kT at room temperature (0.6 kcal/mol). The large

incident energy is a consequence of the large mass of XeF2 which precludes the use of a heavy

inert carrier gas to lower the XeF 2 energy. Although the use of Kr or Xe as a carrier gas would

substantially lower the incident energy relative to using Ar, the signals from unreactively

scattered Kr and Xe interfere with and overwhelm the signals from the scattered products of the

interaction of XeF2 with Si. A supersonic expansion of neat XeF 2 would yield the lowest

incident energy, but the low vapor pressure of XeF 2 at room temperature (- 5 torr) precludes the

production of a monoenergetic flux of particles afforded by a truly supersonic expansion.

Despite the high energy of the supersonic expansion of XeF2, the experiments described below

show that the effect of incident energy on the interaction of XeF 2 with Si is minimal.
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II.A.3. Quasi-effusive molecular beam: low energy XeF 2 (Ei=1.8 kcal/mol)

Because one of the goals of this investigation is to compare the results of the XeF2

experiments with those of the F2 experiments described in Chapter 1, the incident energy of XeF 2

ideally ought to be similar to the low energy F2 (0.7 kcal/mol) described in the previous chapter.

Although the use of effusive molecular beams is generally shunned in favor of supersonic

molecular beams in gas scattering experiments, the large mass and low vapor pressure of XeF 2

necessitated the use of expansion conditions that are more effusive than supersonic in order to

attain sufficiently low incident energies.

The criterion for a supersonic molecular beam expansion is that the mean free path X of

the gas at a stagnation pressure Pstag behind the nozzle is much less than the diameter of the

nozzle orifice dnozzie. If X is much greater than dnozzie, then the molecular beam expansion will be

effusive. Depending on the expansion conditions, the average translational energy of XeF2 can

range from 2kT (1.2 kcal/mol at 300 K) for an ideal effusive expansion to (7/2)kT (2.1 kcal/mol

at 300 K) for an ideal supersonic expansion (i.e., total translational and rotational relaxation) of a

gas of linear molecules.

The vapor pressure is about 4.5 torr at 298 K and is strongly temperature dependent

ranging from 3-6.5 torr around room temperature (293-303 K) [48]. Therefore, the solid XeF 2

vessel is submerged in constant temperature water bath maintained at 300 C to ensure a constant

stagnation pressure and hence a constant molecular beam flux. In addition, the gas manifold is

gently warmed with resistive heating tapes to avoid XeF 2 condensation in the manifold. With a

vapor pressure of 5 torr, the mean free path X of XeF2 is about 5 g. Although this mean free path

is much less than the nozzle diameter dnozzie=50 g, meeting the criterion for a supersonic
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expansion (X<dnozzie), the incident beam is quasi-effusive with a broad distribution and an

average velocity and translational energy of vavg= 2 8 5 m/s and Ei=1.8 kcal/mol, respectively.

Figure 2(b) shows a TOF distribution of a neat XeF2 molecular beam. The simulated TOF

spectra for the limiting cases of an ideal supersonic expansion (AE/E=0.17, resolution limited)

and an ideal effusive expansion are superimposed for comparison. An unfortunate consequence

of this quasi-effusive molecular beam expansion is that the energy distribution is extremely

broad (AE/E=1.2) unlike the nearly monoenergetic distribution (AE/E=0.17, resolution limited)

afforded by a supersonic molecular beam expansion. Figure 2(c) shows the energy distributions

of XeF 2 in the supersonic molecular beam and the quasi-effusive molecular beam, which will be

referred to throughout this chapter as high energy XeF 2 and low energy XeF2, respectively.
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(a) TOF spectrum of supersonic molecular beam expansion of 0.25% XeF2/Ar. Thick solid line
shows fit to the data of the Maxwell-Boltzmann function described in Eq. (II. 1) of Sec. II.D. (b)
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(thin solid line) and effusive (thin dashed line) molecular beam expansions of neat XeF2 are
superimposed for comparison. The width of the ideal supersonic expansion is limited by the
instrument resolution. (c) Kinetic energy distribution of supersonic molecular beam of 0.25%
XeF 2/Ar (thick solid line) and quasi-effusive molecular beam of neat XeF2 (thick dashed line).
Kinetic energy distributions of ideal supersonic expansion (thin solid line) and ideal effusive
expansion (thin dashed line) of neat XeF2 are superimposed for comparison.
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II.B. Silicon crystal

The crystal is mounted between two Ta clamps that are attached to the manipulator. The

crystal is mounted such that the crystal face is flush with the Ta brackets to preclude its

shadowing by the brackets. The crystal normal can be rotated in the scattering plane defined by

the axes of the two molecular beams and the detector. The axis of crystal rotation is

perpendicular to and intercepts the intersection of these three axes. The crystal can be cooled to

125 K with liquid N2 and heated resistively to -1100 K. Its temperature is measured via a W-

5%Re/W-26%Re thermocouple spot welded to a thin Ta tab in thermal contact with the back of

the crystal. As with the experiments described in Chapter 1, the surface temperature is held

constant at 250 K during XeF2 exposure.

The Si crystal is cut along the (100) plane. Both lightly n-type and p-type doped Si with

resistivities of 8-12 Q cm have been used. No differences in reactivity, based on the

probabilities for reaction versus XeF2 exposure, have been observed for the two types of doping.

The Si crystal is cleaned by a wet etching procedure [49] prior to installation into the vacuum

chamber. The crystal is sputtered with 1.5 keV Ar' and subsequently annealed to -1100 K. This

process is repeated until C and 0 contamination are below the 1% sensitivity limit of Auger

electron spectroscopy. No metal contamination, such as W, Ta, Cu, Ni, is observed. The crystal

is typically mounted such that the scattering plane, defined by the beams, crystal normal and

detector, is along the (10) direction of the crystal surface. Helium diffraction confirms the (2x1)

periodicity of the reconstructed Si(100) surface. A brief anneal of the crystal to about 1100 K

after each XeF2 exposure removes all the fluorine and results in recovery of the 2x1 periodicity

of the surface. The crystal is sputtered and annealed after about ten exposures to XeF2 to ensure
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surface cleanliness and order. The crystal is replaced when an etch spot becomes visible,

typically after several months of experiments. No difference in reactivity is observed over the

lifetime of the crystal.

II.C. Detection scheme

Primary measurements are made with a triply differentially pumped, rotatable quadrupole

mass spectrometer with electron bombardment ionization. Unlike previous experiments in this

laboratory which detected particles with mass-to-charge ratios primarily under m/e=50, this

experiment requires the detection of particles primarily in the range m/e=100-200 to detect Xe,

XeF, and XeF 2, but still requires detection of particles below m/e=50. This wide range of mass-

to-charge ratios requires the appropriate tuning of the electrostatic lenses of the ionizer to

optimally focus the ions into the entrance of the quadrupole mass filter. There are five

electrostatic lens parameters: the ion energy Eion which defines the energy of the ion into the

entrance of the quadrupole, the negative extractor voltage Vext which attracts the positive ions out

of the region of ion formation, and a set of three lenses, L1, L2 and L3, which focus the ions into

the entrance of the quadrupole. In general, the larger the mass-to-charge ratio, the greater the

magnitude of the voltages. To simplify the tuning algorithm, the set of three lenses are treated as

an einzel lens (L1=L3) with the outer lenses grounded (L1=L3=0) [50]. The remaining three

parameters, Eion, Vext, and L2, are adjusted iteratively to maximize the signal arising from the

particles traveling along the line-of-sight of the detector axis as opposed to the background.

Time-of-flight measurements of the incident molecular beam are utilized to determine the ratio

of signal detected at flight times corresponding to the narrow velocity distribution of the
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molecular beam relative to the signal detected at all times in the baseline. The optimal ionizer

settings for low and high mass-to-charge ratios are given in Table 1.

Table 1 Optimal ionizer settings for low and high mass ranges.

Parameter Low mass (m/e=0-50) High mass (m/e=100+)

Ion energy (Eion) 25 V 45 V

Extractor voltage (Vext) -250 V -250 V

Lens I (L) 0 V 0 V

Lens 2 (L2) -60 V -300 V

Lens 3 (L3) 0 V 0 V

Ions of a specific mass-to-charge ratio pass through a quadrupole mass filter to the

detector. The resolution of the quadrupole mass filter is low (AM=1.7 FWHM) to maximize the

transmissivity of ions through the quadrupole, especially the high mass-to-charge ratio Xe

compounds which are strongly discriminated against at higher resolution. The one exception is

the detection of signal at m/e=19 when using the supersonic molecular beam seeded in Ar which

requires high resolution (AM=0.7 FWHM) in order to minimize interference from the signal

present at m/e=20 arising doubly ionized 40Ar carrier gas.

A channeltron electron multiplier is used to detect the ions. The detector rotates about

the center point of the intersection of the incident beam and the crystal normal. The angular

range is 35*-180' with respect to the incident beam. The solid angle subtended by the detector is
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5.8x10-4 sr. The angular resolution in the scattering plane is 3.52. The rotation of the crystal

and detector allow for a wide range of incident and detection angles.

II.D. Measurement and analysis of time-of-flight distribution

A pseudorandom chopper wheel with 255 slots and spinning at 280 Hz at the entrance of

the detector allows for measurements of the velocity distribution of both the incident beam as

well as the scattered products using a cross correlation TOF technique. The neutral flight path is

29.3±1.27 cm. The energy resolution is limited to AE/E=O. 17 because of the uncertainty in the

path length that is a result of the finite length of the ionization region.

In the majority of the experiments presented in this chapter, TOF distributions of the

scattered products are measured over successive exposure intervals which correspond to different

coverage ranges to probe the coverage dependence of the TOF distribution. The TOF

distribution is measured at a single mass and a single detector angle over the entire exposure

range. The data acquisition program controls the entire process described below. The molecular

beam flag is opened to expose the surface to XeF2. TOF signal is collected over the exposure

interval which is generally 10 s in the high energy XeF 2 experiments or 2 s in the low energy

XeF2 experiments. The molecular beam flag is subsequently closed while the TOF signal is

stored on the microcomputer. The process repeats with the opening of the molecular beam flag

for the next exposure interval and continues until the entire exposure is complete. At the end of

the last exposure interval, the molecular beam flag is closed and the crystal is briefly annealed to

-1100 K to desorb the fluorine and recover a well-ordered surface.

The TOF distributions are fit to a Maxwell-Boltzmann function F(t):



F(t)= A i4 exp[--v , (I.1)
i components

where for each of the i components, Ai is the normalization constant, m is the neutral mass, L is

the neutral flight path length, and vfj and Tj are the flow velocity and temperature, respectively,

which describe the center and width of the velocity distribution. Three parameters are derived

from the fit to the TOF distribution: relative flux, average velocity, and average translational

energy. The relative flux is the integral of the velocity-weighted TOF distribution:

I= t- F(t)dt . (11.2)
0

The TOF distribution is multiplied by the velocity, which is inversely proportional to the flight

time, to transform the mass spectrometer signal, which is proportional to the number density,

into a value that is proportional to the flux. Based on the velocity-weighted TOF distribution, the

average velocity and energy are given by:

_ t d (11.3)

f t -1 F(t)dt
0

m 0 t )d't
E = 

IA

f r'F(t)dt
0

The uncertainty in all three of these parameters is given by the propagation of the uncertainties in

all of the fit parameters, namely A, vf, and T, as well as the uncertainty of the flight path length L

due to the finite length of the ionization region. The effect of the flight path length is the

dominant contribution to the uncertainty of the average velocity and energy. Thus, the

uncertainty in the average velocity and energy are generally on the order of ±4% and ±9%,
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respectively, because the velocity is proportional to L and the energy is proportional to L2

Unless noted, the uncertainties of the average velocity and energy determined from a single TOF

distribution always represent the standard deviation of the average value.
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III. RESULTS

Before presenting the experimental results of this investigation, there are a few

noteworthy observations to consider when comparing the interactions of XeF2 and F2 with

Si(100). Recall that in the interaction of F? with Si(100), there are only three possible

distinguishable reaction pathways - two atom adsorption, single atom abstraction and unreactive

scattering - of which only the latter two channels can be directly observed by mass spectrometric

detection of the scattered F atom and F2 molecule, respectively. In addition, no etching is

observed to occur within the detection limit of the measurement (~10- ML/s).

The first observation is that scattered Xe can arise from two possible sources other than

two atom adsorption. The product of single atom abstraction, XeF, is very weakly bound by

only 3 kcal/mol [51]. Considering the large exothermicity of the reaction (90 kcal/mol), the

subsequent dissociation of excited XeF prior to detection would not only inhibit direct

observation of single atom abstraction, but also complicate the observation of Xe arising from

two atom adsorption in the interaction of XeF2 with Si. In addition, the presence of any free Xe

in the incident XeF2 molecular beam would scatter unreactively and obscure the observation of

reactively scattered Xe arising from the interaction of XeF 2 with Si.

The second observation is that XeF2 is a much better etchant of Si than F2. Since etching

is the removal of Si, the surface structure of the Si, which remains intact throughout the

interaction with low energy F2, will inevitably change upon interaction of XeF 2 with Si if etching

does occur. Unlike the interaction of F2 with Si(100), which was restricted to the interaction

with the dangling bonds of the surface Si atoms, the interaction of XeF 2 with Si(100) necessarily

requires the cleavage of Si lattice bonds for etching to occur.
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This investigation of the interactions of XeF 2 with Si focuses on two distinct energy

regimes. The majority of the experimental results are based on the use of a supersonic expansion

of high energy XeF2 (Ei=6.3 kcal/mol). The reason for the use of high energy XeF2 is that it

provides a high intensity monoenergetic flux of XeF 2. In these high energy XeF2 experiments,

the molecular beam is incident at Oi=35O, in contrast to the low energy F2 experiments in which

the molecular beam was commonly directed at normal incidence, Oi=0 , to the Si surface. The

reason for the use of ei=350 is that it allows for the detection of the scattered products in the

entire forward region in the scattering plane. The measurement of the angular distribution of the

scattered products yields substantial information regarding the dynamics of XeF2 with Si.

However, one of the goals of this investigation is to compare the dynamics of the

interaction of XeF 2 with Si to that of F2. Although comparisons can be made between the high

energy XeF 2 experiments and the low energy F2 experiments, the effects of incident angle and

energy are not necessarily insignificant. Therefore, the remaining experiments are based on the

use of a quasi-effusive expansion of low energy XeF2 (Ei=1.8 kcal/mol) directed at normal

incidence to the Si surface. Although the incident energy is more than twice the incident energy

of low energy F2 used in the investigation described in Chapter 1, it has been shown from an

investigation of the dynamics of the interaction of F2 with Si(100) at Ei=1.4 kcal/mol that

incident energy does not have a significant effect on the interaction at these low energies [52]. In

fact, an investigation of the fluorinated surface structure using thermal desorption and He

diffraction has shown that incident F2 energy does not have a significant effect until the incident

normal energy exceeds 4 kcal/mol [54]. Thus, the low energy XeF 2 beam ought to have

sufficiently low incident energy to make a comparison with low energy F2. Because of the low
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signal intensities, the experiments are limited to a single detector angle, 6j=35'. Although there

are significant differences between the dynamics of the scattered products arising from the

interaction of low and high energy XeF2 with Si, the similarities are remarkable considering the

threefold difference in incident energy.

The presentation of experimental results is divided into three sections. In Sec. III.A the

scattered products of the interaction of XeF2 with Si(100) are identified and the intensity of their

signals as a function of XeF2 exposure as well as scattering geometry are measured. These

results provide a foundation for the rest of the experimental results. Sec. III.B presents the

evolution of the fluorine overlayer on the Si surface as a function of XeF 2 exposure as

determined by thermal desorption and helium diffraction measurements. These results show that

despite the complexity caused by the presence of etching, the interaction of XeF2 with Si(100) at

fluorine coverages below 1 ML is remarkably similar to the interaction of F2 with Si(100) in that

it is primarily the dangling bonds that are the reactive sites. Thus, the interaction of XeF2 with

Si(100) at coverages below 1 ML can be approximated as the fluorination of the Si dangling

bonds. Finally, the velocity distributions of the scattered products are presented in Sec. III.C as a

function of both XeF2 exposure and scattering geometry. The goal of this section is to compare

the dynamics of the scattered products from the interactions of XeF2 with Si(100) to that of F2

with Si(100) in order to better understand the mechanism of atom abstraction, as it relates to both

single atom abstraction and two atom adsorption, as well as gain insight into the mechanism of

Si etching.
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III.A. Exposure dependence of scattered products

The simplest experiment is to identify the scattered product signals and measure the

intensity of the individual signals as a function of XeF2 exposure. At a surface temperature of

250 K, the surface temperature for all of the experiments in this investigation, there are five

distinct detectable ions at m/e=167, m/e=148, m/e=129, m/e=19, and m/e=85. However, the ions

do not necessarily have a unique correspondence to neutral particles because of fragmentation

during electron bombardment ionization. The signal at m/e=167 arises solely from 129XeF2,

which is one of the most abundant isotopes. The m/e=148 signal arises from two possible

neutrals: 129XeF2 and 129XeF. The m/e=129 signal arises from three possible neutrals: 129XeF 2,

129XeF, and 129Xe. The m/e=19 signal arises from several neutrals: XeF2, XeF, and F. In the

case of high energy XeF2, which is seeded in Ar, there is an additional minor, but not

insignificant, contribution of 38Ar 2+ to the signal at m/e=19. The m/e=85 signal arises from the

cracking of SiF4 to SiF3'. At an electron energy of 70 eV, SiF4 fragments almost exclusively to

SiF3'. Analysis of the mass spectrum of the incident XeF 2 beam in Figure 1(b) shows that the

signal from 132XeF22+ at m/e=85 is about 1% of the signal from 129XeF 2+ at m/e= 167.

Knowledge of the relative fragmentation of the neutral particles into ions allows for the

isolation of the neutral particle of interest. The fragmentation pattern or cracking ratio is

typically determined by measuring the mass spectrum of a pure source of the particle of interest

(i.e., without any particles that might be detected at the same mass-to-charge ratio as the particle

of interest) directed into the detector under conditions (i.e., particle flux, ionizer and quadrupole

configuration) that are identical to those of the experiment of interest. The fragmentation pattern

of XeF 2 can be determined from a mass spectrum of the incident quasi-effusive neat XeF2
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molecular beam described in Sec. ILA.3. The mass spectra of XeF 2 seeded in Ar and Kr are

complicated by a minor, but not insignificant, contribution from van der Waals complexes

Xe Ar' and Kr Kr', respectively [53]. Figure 1(b) shows the mass spectrum of a neat XeF 2

molecular beam. The cracking ratio of XeF2 is 2.4:1.9:1.0 into the three fragments Xe', XeF*,

and XeF2', respectively. However, the cracking ratio of XeF is difficult to determine because

there is no method for creating pure source of XeF without either the interference from a stable

parent molecule like XeF 2 or decomposition product like Xe. Therefore, only a limiting value

for the cracking ratio of XeF, which is necessary to remove the contribution of XeF to the Xe'

signal, can be determined indirectly from the results presented below. The maximum

fragmentation ratio for the ionization of XeF to Xe' relative to XeF' is about 8.

III.A.1. High incident energy (Ei=6.3 kcal/mol)

Figures 3-6 show plots of the signal intensities as a function of high energy XeF2

exposure at m/e=85, 167, 148, 129, and 19 which represent the products scattered from Si(100)

at 250 K. The measurement is for a scattering geometry in which the XeF2 beam is 350 from the

surface normal, Oi=35*, and the detector is positioned along the surface normal, Od= 00 . The

signals are collected almost simultaneously during a single XeF2 exposure by cycling the

quadrupole mass filter between the four mass-to-charge ratios at a rate of 10 Hz. Signal is

collected beginning 5 ms after each switch to account for the finite switching time of the

quadrupole power supply. The incident XeF 2 flux is low enough that the 2 Hz sampling rate per

ion provides sufficient time resolution to observe the kinetics of the reaction. The system has

reached a steady state by the end of the XeF2 exposure.
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Figure 3 shows a plot of the signal intensity at m/e=85 as a function of high energy XeF 2

exposure which corresponds to SiF3' arising from the etch product SiF4. The signal intensity

remains zero or near zero throughout the initial XeF 2 exposure. After sufficient exposure to

XeF2, which will be shown in the following section to correspond to about 1 ML fluorine

coverage, there is a dramatic increase in the intensity of the signal with further XeF 2 exposure.

The m/e=85 signal attains a constant intensity level corresponding to the steady state etching

regime.

Figure 4(a) shows a plot of the signal intensities at m/e= 148 and m/e= 167 as a function of

XeF2 exposure. The n/e=167 signal corresponds to unreactively scattered XeF 2 and is

multiplied by the XeF 2 cracking ratio to show the contribution to the m/e=148 signal. The

evolution of the intensity of this unreactive signal with XeF2 exposure is similar to that of the

etch product signal. The signal intensity is distinctly nonzero and remarkably insensitive to the

initial exposure to XeF 2 considering that the coverage ranges from 0-0.6 ML F (Sec. III.B.1).

This is in stark contrast to the unreactively scattered F2 which showed a strong dependence on

coverage related to the number of available sites. The signal intensity increases by almost an

order of magnitude to reach a steady state level at a similar XeF 2 exposure as the m/e=85 signal.

The signal at m/e=148 has two possible contributions: unreactively scattered XeF2 and

XeF arising from F atom abstraction. The exposure dependence of the m/e=148 and m/e=167

signals are similar because the major contribution to the m/e=148 signal is unreactively scattered

XeF2, but there is a significant contribution from XeF, the product of single atom abstraction,

especially during the initial XeF 2 exposure. Figure 4(b) shows a plot of the XeF contribution as

a function of XeF2 exposure determined by point-by-point subtraction of the m/e=167 signal
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multiplied by the XeF2 cracking ratio from the m/e=148 signal. Similar to the interaction of F2

with Si(100), the XeF signal attains a maximum at nonzero XeF2 exposure, but in stark contrast

to the F atom signal which is directly related to the probability of single atom abstraction, the

maximum XeF signal is attained at a coverage of about 1 ML, not 0.5 ML as determined by

thermal desorption measurements described in Sec. III.B. 1. However, it is important to note that

the XeF signal shown in Figure 4(b) is not necessarily directly related to the probability of single

atom abstraction because the velocity and angular distribution of the scattered XeF have not been

taken into account. This apparent difference in the coverage dependence of the single atom

abstraction probability in the interactions of XeF 2 and F2 with Si will be discussed in Sec. IV.B. 1

Figure 5 shows a plot of the signal intensity at m/e=129 as a function of XeF 2 exposure. The

m/e= 129 signal corresponds to Xe' and has several contributions. First, there is ionizer

fragmentation of unreactively scattered XeF2 as well as XeF from single atom abstraction.

Second, there ought to be Xe from two atom adsorption. In addition to these three obvious

contributions to the Xe' signal, there are the two contributions mentioned in the beginning of

Sec. III. First, because the exothermicity of single atom abstraction is extremely large with

respect to the bond strength of XeF, the gas phase product of single atom abstraction, if only a

small fraction of the energy liberated in the reaction is coupled into the internal energy of the

XeF molecule, the XeF molecule will dissociate into a Xe atom and a F atom. Second, because

XeF2 is susceptible to decomposition in the presence of water, the magnitude of the free Xe

component in the XeF2 molecular beam is unknown. Altogether there are five possible

contributions to signal at m/e=129, and the contribution of none of them is known.
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Under these circumstances of less than perfect knowledge, there are two methods for

unraveling the various contributions to the measured signals. First, measurement of the signal

intensities of the scattered products as a function of XeF 2 exposure under a wide variety of

conditions (i.e., scattering geometry, surface temperature, incident energy) can yield a large

library of experimental data that may include results in which certain contributions are

minimized or eliminated completely. Recognition of relationships and patterns among the

measured signals within this library of data leads to a self-consistent separation of the

contributions using optimized scaling factors instead of directly measuring the cracking ratios.

This self-consistent method has been employed to identify the XeF signal arising from single

atom abstraction in the interaction of high energy XeF2 with Si(100) [53]. Second, measurement

of the velocity distributions of the scattered products using a time-of-flight technique can

separate the various contributions based on their velocity distributions, which ought to be

different since each product arises from a different interaction with the surface. This time-of-

flight method has been successfully employed to identify and characterize the F atom signal

arising from single atom abstraction in the interaction of F2 with Si(100) [53,54,55,56]. The

time-of-flight method will be employed in Sec. III.C to identify and characterize the scattered

products of the interaction of XeF 2 with Si(100).

Figure 6 shows a plot of the signal intensity at m/e=19 as a function of XeF 2 exposure.

The m/e=19 signal corresponds to primarily to F' as well as 38 2+ from the carrier gas. There

are several contributions to the F' signal: cracking of unreactively scattered XeF2, XeF from

single atom abstraction, and SiF4 etch product as well as F atoms arising from the dissociation of

XeF and doubly ionized 38Ar carrier gas. In principle, the contributions from XeF2 and SiF4 can
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be separated by subtracting the signals at m/e=167 and m/e=85 multiplied by the XeF 2 cracking

ratio and the SiF4 cracking ratio, respectively. The contribution from 38Ar can be separated by

subtracting the signal at m/e=40, which corresponds to 40Ar, multiplied by both the ratio of the

isotopic abundances of the two isotopes and the ratio of the cross sections for single and double

ionization of Ar. The contribution from XeF cannot be separated because the XeF cracking ratio

is unknown. Because the contributions to the signal at m/e=19 cannot be separated, the exposure

dependence of the signal intensity is not valuable by itself. In Sec. III.C, the contributions to the

signal at m/e=19 will be separated and better characterized using the time-of-flight method

described above.
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Figure 3 High energy XeF 2 exposure dependence of scattered SiF 3' signal
Signal at m/e=85 as a function of high energy XeF 2 exposure at Oj=350, 0d=00 and T,=250 K.
Note that the high energy XeF 2 incident flux in Figures 3-6 is approximately a factor of two
greater than the flux in all of the other high energy XeF2 experiments shown in this thesis
because the molecular beam nozzle in these experiments had an orifice diameter of -75 gm. The
current molecular beam nozzle has an orifice diameter of -50 pm and has been used in all of the
other experiments presented in this chapter.
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Figure 4 High energy XeF 2 exposure dependence of scattered XeF' and XeF 2' signals
(a) Signal at m/e=148 and m/e=167 multiplied by XeF2 cracking ratio as a function of high
energy XeF2 exposure at Oi=350, d=00 and T,=250 K. (b) Net scattered XeF signal calculated
by point-by-point subtraction of m/e=167 signal multiplied by XeF 2 cracking ratio from m/e=148
signal in (a). Note that the high energy XeF2 incident flux in this experiment is approximately a
factor of two greater than the flux in all of the other high energy XeF2 experiments (see Figure 3
caption).
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Figure 5 High energy XeF 2 exposure dependence of scattered Xe' signal
Signal at m/e=129 as a function of high energy XeF2 exposure at Oj=350, 0d=00 and T,=250 K.
Note that the high energy XeF 2 incident flux in this experiment is approximately a factor of two
greater than the flux in all of the other high energy XeF2 experiments (see Figure 3 caption).
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Figure 6 High energy XeF 2 exposure dependence of scattered F+ signal
Signal at m/e=19 as a function of high energy XeF2 exposure at Oi=350, 0d=00 and T,=250 K.
Note that the high energy XeF2 incident flux in this experiment is approximately a factor of two
greater than the flux in all of the other high energy XeF 2 experiments (see Figure 3 caption).
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III.A.2. Low incident energy (Ei=1.8 kcal/mol)

Figures 7-10 show plots of the signal intensities as a function of low energy XeF2

exposure at m/e=85, 167, 148, 129, and 19 which represent the products scattered from Si(100)

at 250 K. The measurement is for a scattering geometry in which the XeF2 beam is normal to the

surface, 0j=0*, and the detector is positioned at 350 from the surface normal, 0d=35'. The

scattering geometry is different from that used in the high energy XeF2 experiments described

above, because the low energy XeF 2 experiments are to be compared with the low energy F2

experiments which were performed at normal incidence. Although it will become apparent that

incident angle does not significantly affect the dynamics of the interaction of XeF 2 with Si, the

different detection angle has a profound effect on the measured signal intensities. The angular

distribution of the scattered products will be considered further in Sec. III.C. The system has

reached a steady state by the end of the low energy XeF2 exposure. Although the relative

incident flux of the low and high energy XeF2 beams is unknown, it is apparent by comparison of

the exposure dependence of the scattered signal intensities that the order of magnitude of the two

fluxes are the same. This is reasonable since the partial pressure of XeF2 in the stagnation region

behind the nozzle, which is approximately proportional to the incident flux on the crystal surface,

is 5 torr and 1 torr in the low and high energy XeF2 beams, respectively. Of course, the angular

distribution of the supersonic and quasi-effusive molecular beams as well as the area of the

crystal that is imaged by the molecular beam must be considered to determine the relative flux of

the low and high energy XeF2 beams.

Figure 7 shows a plot of the signal intensity at m/e=85, which corresponds to SiF3'

arising from the etch product SiF4, as a function of low energy XeF 2 exposure. Similar to the
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high energy XeF 2 exposure dependence of the intensity this signal (cf. Figure 3), the intensity

remains zero or near zero throughout the initial XeF2 exposure and subsequently increases to a

steady state level.

Figure 8 shows plots of the signal intensities at (a) m/e=167 and (b) m/e=148 as a

function of low energy XeF2 exposure. The signal at m/e=167 which corresponds to

unreactively scattered XeF2 is multiplied by the XeF2 cracking ratio to show the contribution to

the signal at m/e=148. Plots of the signal intensity at m/e=167 and m/e=148 as a function of

high energy XeF 2 exposure at an identical scattering geometry, ej=o0 and ed=35*, are

superimposed for comparison. In Figures 8-9, the signals arising from scattering high energy

XeF2 has been scaled by a universal scaling factor such that the steady state signal level at

m/e=129 matches the steady state signal level from the scattering of low energy XeF2. In

addition, the exposure was scaled by a universal factor such that the maximum in the m/e=129

signal is similar for both high and low energy XeF2. This scaling assumes that the signal

intensities at m/e=129 arise from similar dynamics for both low and high energy XeF2. The

validity of this assumption will be examined further below. Figure 8(c) shows a plot of the XeF

contribution as a function of XeF2 exposure determined by point-by-point subtraction of the

m/e=167 signal multiplied by the XeF2 cracking ratio from the m/e=148 signal. The exposure

dependence and the relative intensity of the signals at m/e=167 and m/e=148 are remarkably

similar for both low and high energy XeF2.

Figure 9 shows a plot of the signal intensity at m/e=129 as a function of low energy XeF 2

exposure. Analogous to Figure 8, a plot of the signal intensity at m/e=129 as a function of high

energy XeF 2 exposure at an identical scattering geometry is superimposed for comparison. By
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definition of the universal scaling factor, the exposure dependence and intensity of the signal at

m/e=129 is similar for both low and high energy XeF 2.

Figure 10 shows a plot of the signal intensity at m/e=19 as a function of low energy XeF 2

exposure. There are several contributions to the F' signal: cracking of unreactively scattered

XeF2, XeF from single atom abstraction, and SiF4 etch product as well as F atoms arising from

the dissociation of XeF. Similar to the high energy XeF 2 exposure dependence of the intensity

this signal (cf. Figure 6), the signal intensity increases monotonically from a nonzero value to a

steady state level. Despite scaling the exposure of low energy XeF2 to that of high energy XeF 2,

the low energy exposure necessary to reach a steady state level is about two times longer than it

is upon exposure to high energy XeF2. However, it is important to note that the detection angle

is different in the two experiments.
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Figure 7 Low energy XeF 2 exposure dependence of scattered SiF 3' signal
Signal at m/e=85 as a function of low energy XeF 2 exposure (solid circles) at Oi=O0, Od= 35 ' and
TS=250 K.
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Figure 8 Low energy XeF 2 exposure dependence of scattered XeF+ and XeF 2+ signals
(a) Signal at m/e=167 multiplied by XeF 2 cracking ratio and (b) m/e=148 as a function of low
energy XeF 2 exposure (solid circles) at Oi=O0, Od= 35 and T,=250 K. (c) Net scattered XeF signal
calculated by point-by-point subtraction of m/e=167 signal multiplied by XeF2 cracking ratio in
(a) from m/e=148 signal in (b). Identical signals as a function of high energy XeF 2 exposure
(crosses) at Oi=O0, 9 d= 35 and T,=250 K are superimposed for comparison. A universal scaling
factor is used to account for differences in flux and detector sensitivity in Figures 8-9.
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Figure 9 Low energy XeF 2 exposure dependence of scattered Xe+ signal
Signal at m/e=129 as a function of low energy XeF 2 exposure (solid circles) at Oi=O , Od= 35 and
TS=250 K. Signal at m/e=129 as a function of high energy XeF2 exposure (crosses) at Oi= 0*,
Od= 35 and Ts=250 K is superimposed for comparison. A universal scaling factor is used to
match the high energy signal to the low energy signal at m/e=129 to account for differences in
flux and detector sensitivity in Figures 8-9.
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Figure 10 Low energy XeF 2 exposure dependence of scattered F+ signal
Signal at m/e=19 as a function of low energy XeF2 exposure (solid circles) at Oi=O, Od= 35 and
T,=250 K.
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III.A.3. Summary of exposure dependence of scattered products

The results presented above suggest that surprising similarities and distinct differences

exist between the interaction of XeF2 with Si(100) and that of F2. The products of the two

dissociative chemisorption channels, single atom abstraction and two atom adsorption, are

present in the interaction of XeF2 with Si. However, the dependence of the scattered products on

XeF2 exposure, especially the unreactively scattered XeF 2 and the scattered XeF arising from

single atom abstraction, are distinctly different from the exposure dependence of their analogs,

F2 and F atom, in the interaction of F2 with Si. In agreement with previous investigations, the

interaction of XeF2 with Si leads to the production of gas phase SiF4, the product of etching.

However, the production of etch product does not occur upon initial exposure to XeF2,

suggesting that XeF2 interacts primarily with the Si dangling bonds during the initial exposure.

Of course, at higher XeF2 exposures, interaction with the rest of the Si lattice must occur for

etching to occur. In the next section, the focus of the investigation shifts to probing the structure

of the fluorine overlayer on the surface as a function of XeF2 exposure using thermal desorption

and He diffraction. The focus of the investigation will return to the identification and

characterization of the scattered products of the interaction of XeF2 with Si(100) in Sec. III.C

using a time-of-flight technique to measure the velocity distribution of the scattered products.
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III.B. Exposure dependence of Si surface structure

III.B.1.a. Thermal desorption

The crystal, at a temperature of 250 K, is exposed to high energy XeF2 at normal

incidence, subsequently rotated so that the surface normal is along the axis of the differentially

pumped mass spectrometer detector and then heated at a rate of 5 K/s from 250-1000 K. The

desorption of multiple species is monitored essentially simultaneously by switching, at a rate of

10 Hz, the mass to which the quadrupole is tuned. Figure 11 shows a superposition of thermal

desorption spectra at m/e=66 and m/e=85 after three different exposures to F2 and XeF2. In the

first case (circles in Figure 11), the thermal desorption spectra were measured after a sufficiently

long F2 exposure to correspond to the steady state regime in which the reaction ceases. The

signals at m/e=66 and m/e=85 correspond to SiF2' and SiF 3' and arise from SiF2 and SiF4 ,

respectively. Comparison of thermal desorption features at m/e=66, m/e=85, as well as

m/e=104, which corresponds to SiF4', shows that there is little or no SiF 3 contribution to the

SiF3' signal and little or no SiF4 contribution to the SiF2' signal, in agreement with previous

results [57]. The major thermal desorption product, SiF2, is observed as a single feature centered

around 800 K. The minor product, SiF4, desorbs as two broad features around 550 and 700 K.

Recall that the fluorine coverage is essentially 1 ML after the cessation of the reaction of F2 with

Si(100). In the second case (crosses on Figure 11), the thermal desorption spectra were

measured after a sufficiently long high energy XeF2 exposure to correspond to 1 ML fluorine

coverage based on a quantitative comparison of the integrated thermal desorption fluorine yield

described below. The XeF2 exposure is not sufficiently long to produce any significant etch

product. The thermal desorption features after the F2 and XeF 2 exposures are identical with



Chapter 2: The Interaction of XeF 2 with Si(100) 149

respect to their shape and intensity, suggesting that the initial fluorine overlayers formed by

exposure to F2 and XeF2 are identical. To test the possibility that XeF 2 disrupts the Si surface

creating new adsorption sites, in the third case (squares on Figure 11), the thermal desorption

spectra were measured after a XeF2 exposure identical to the previous case with a subsequent

long exposure to F2. No etch product was observed to evolve during the F2 exposure. Again the

thermal desorption features after the consecutive XeF 2 and F2 exposures are identical providing

further evidence that the Si surface is not disrupted by the initial interaction with XeF2.

However, at longer XeF2 exposures, additional fluorine is incorporated onto the surface leading

to the evolution of etch product as was shown in Sec. III.A.

Figure 12(a) shows the total integrated thermal desorption fluorine yield as a function of

XeF2 exposure. The integrated yield is the sum of the integrated yields of SiF2' and SiF3' after

scaling them for the relative detection sensitivities of the two signals and the factor of two more

fluorine atoms that SiF4 has relative to SiF2. The different velocity and angular distributions of

the desorbing SiF2 and SiF4 species as well as their relative ionization cross sections and

quadrupole transmissions are taken into account in this determination of their relative yield

[53,54]. The absolute coverage is determined by referencing the integrated thermal desorption

yield after exposure to XeF2 to the integrated thermal desorption yield after a sufficiently long F2

exposure to reach the steady state regime which is known to correspond to a fluorine coverage of

1 ML. Figure 12(b)-(c) show the contributions of SiF2 and SiF4, respectively, to the total

integrated thermal desorption fluorine yield. The fluorine coverage increases nearly linearly

with XeF2 exposure to 1 ML. The fluorine coverage continues to increase beyond 1 ML until it

reaches a steady state level of 1.7 ML when the rate of adsorption of fluorine is equal to the rate
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of desorption of fluorine due to etching. Note that the contribution of SiF4 to the total fluorine

coverage is negligible until the coverage exceeds 1 ML and only accounts for 12% of the total

fluorine coverage in the steady state regime. The thermal desorption measurements provide

evidence that the initial interaction of XeF2 with Si(100) is similar to the interaction of F2 with

Si(100) in that the fluorine overlayer consists of similar species, which in the case of the

interaction of F2 with Si corresponded to adsorption on the dangling bonds. However, thermal

desorption yields are not the most sensitive measurements of overlayer structure. He diffraction

is much more sensitive to the surface periodicity and can provide more compelling evidence that

the interaction of XeF 2 with Si(100) at coverages below 1 ML is with the dangling bonds.
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Figure 11 Thermal desorption spectra of Si(100) after exposure to F2 and XeF2
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with a subsequent F2 exposure of 40 ML F (squares).
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Figure 12 Fluorine coverage as a function of XeF 2 exposure
(a) Fluorine coverage as a function of high energy XeF 2 exposure determined from the integrated
thermal desorption yield after high energy XeF 2 exposure calibrated to the integrated thermal
desorption yield after a sufficiently long exposure to F2 to yield 1 ML F. Fluorine coverage
attributable to adsorbed fluorine that desorbs as (b) SF 2 and (c) SiF4 when the crystal
temperature is increased from 250-1000 K.
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1I1.B.2. Helium diffraction

Si(100) reconstructs forming rows of surface Si dimers resulting in one partially-filled

molecular orbital or dangling bond projecting into the vacuum for each surface Si atom and

yielding a (2x1) periodicity that is observable by He diffraction [58]. These dangling bonds,

which effectively are radical sites and hence very reactive species, are logical sites for F atom

abstraction and adsorption. Analogous to the He diffraction experiments that probe the

interaction of F2 with Si(100), the goal here is to identify the site of F adsorption and, most

importantly in the case of XeF2 interacting with Si, to determine the extent of Si-Si bond

cleavage, if any, prior to the evolution of etch product when surface order is inevitably lost due

to the removal of Si. While He diffraction cannot directly identify the F adsorption site, it can

reveal the prevailing periodicity to determine which periodic structures have been disrupted upon

F adsorption, thereby providing supporting evidence for the dangling bonds as the F atom

adsorption sites in the interaction of XeF2 with Si(100)(2x1).

A mixture of He seeded in Ar is expanded to produce a He beam that has an average

velocity of 766±65 (FWHM) m/s as determined from TOF measurements. The average

wavelength of the incident He is 1.31±0.11 (FWHM) A, which is comparable to the surface unit

cell dimensions of 3.84 A and 7.68 A. The beam is incident at Oi=20 and is modulated at 150

Hz with a tuning fork to allow for background subtraction. The detector is rotated in steps of

0.50 from 15'-55* with respect to the surface normal in the forward scattering direction.

Figure 13(a) shows a plot of the scattered He intensity as a function of the scattering

angle, Od, measured from the surface normal of a clean Si(100) surface at 250 K. The features

are broad because of the low angular resolution of the detector that is necessary to obtain
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sufficient sensitivity to detect reactive species which typically scatter with very low fluxes.

However, three primary features of the diffraction spectrum indicative of the (2x1) periodicity

are apparent. These features are a specular peak arising from overall order and smoothness, a

half order peak at Od= 3 10 arising from diffraction perpendicular to the rows, and a first order

peak at 6d=4 3
0 arising from diffraction parallel to the dimer rows. Figure 13(b) shows helium

diffraction from a Si(100) surface at 250 K after a sufficiently long exposure to F2 so as to reach

the steady state regime in which the reaction ceases. Although the intensities of the features are

changed upon fluorination, the (2x1) periodicity persists. The identical two-dimensional unit

cells of the fluorine overlayer and the Si(100) surface strongly suggests that each dangling bond

serves as an adsorption site for one F atom. More importantly, the persistence of the half order

feature indicates that no Si lattice bonds, not even the s Si dimer bonds, are broken upon reaction

with F2. There is no etching of the Si surface nor is the surface disordered upon reaction with F2.

Figure 13(c) shows helium diffraction from a Si(100) surface at 250 K after sufficient exposure

to XeF2, to reach a fluorine coverage of 1 ML. The diffraction spectrum is identical to the

diffraction spectrum of the ordered F-Si(100) surface. Despite its superior etching ability, XeF 2

interacts with Si in a similar fashion to F2 during the initial fluorination. Considering that the

fluorination of the Si dangling bonds is so facile, this is not surprising. However, contrary to

early speculation [22], XeF2 does not induce significant disorder on the partially-fluorinated Si

surface creating reactive sites and causing etching.

The previous experiment provides a snapshot of the fluorine overlayer at a single

coverage, I ML. However, from the thermal desorption measurements, it was apparent that

during a continuous XeF 2 exposure the fluorine coverage on Si(100) increases beyond 1 ML. To
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understand the surface periodicity as the surface overlayer evolves, helium diffraction feature

intensities were monitored as a function of XeF 2 exposure providing a movie of the evolution of

periodicity of the fluorine overlayer. This experiment utilizes the two molecular beam sources to

simultaneously expose the surface to the reactant molecules and diffract He from the surface.

The XeF 2 beam is incident at O;=35o and the He beam is incident at 0=55*. The detector is

positioned at 0d=5 5 * in the forward scattering direction which corresponds to the specular angle

of the scattered He beam. As a demonstration of the technique, Figure 14(a) shows a plot of the

specularly scattered He intensity as a function of F2 exposure. The intensity of the specular

feature decays rapidly as surface order is lost due to the random adsorption of fluorine on the

surface, but recovers completely after all of the dangling bonds are fluorinated and the reaction

ceases. Figure 14(b) shows a plot of the specularly scattered He intensity as a function of XeF2

exposure. Similar to the experiment with F2, the intensity of the specular feature decays rapidly

and then recovers almost completely around 1 ML F coverage. However, the reaction of XeF2

with the Si surface continues and the intensity of the specular feature decays monotonically as

the surface order is lost due to further fluorination and etching.
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Figure 13 He diffraction from clean and fluorinated Si(100)
Helium signal scattered from Si(100) at 250 K and at 6 j= 20 as a function of detector angle Od.
(a) clean surface, (b) after low energy F2 exposure of 20 ML F, (c) after 30 s high energy XeF2
exposure.
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Figure 14 Specular He diffraction signal from Si(100) as a function of F2 and XeF 2
exposure
Helium signal scattered at the specular angle from Si(100) at 250 K as a function of exposure to
(a) low energy F2 and (b) high energy XeF 2. The F2 and XeF 2 beams are incident at Oj=35' and
the He beam is incident at Oi=55'. The detector is positioned at Od=5 5 0.
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III.B.3. Summary of exposure dependence of Si surface structure

Together, the thermal desorption and helium diffraction results provide evidence that the

interactions of XeF 2 and Si(100) at fluorine coverages below 1 ML are remarkably similar to the

interactions of F2 with Si(100). The absence of significant SiF4 thermal desorption product,

which has been suggested to indicate surface disorder [59], at coverages below 1 ML and the

complete recovery of the (2x1) periodicity of the Si(100) surface after sufficient exposure to

XeF2 to yield 1 ML fluorine coverage suggest that the initial reaction of XeF2 is limited to the

dangling bonds. Not until almost all of the dangling bonds are fluorinated is XeF 2 able to

destroy the surface via further fluorination which requires the breaking of Si lattice bonds and

subsequently lead to etching. It is not surprising that the dangling bonds are the most reactive

species to XeF 2 nor is it surprising that etching does not occur until the surface is fully

fluorinated since additional fluorine must adsorb to the surface Si atoms beyond simply

occupying the dangling bond in order to cleave Si lattice bonds to the bulk. The remarkable

observation is that until all of the dangling bonds are fluorinated, the interactions of XeF2 and F2

with Si(100) are essentially identical, but once the initial fluorination is complete, XeF2

continues to react with the Si surface while F2 ceases to react. To better understand the

differences between the interactions of XeF 2 and F2 with Si(100), requires a closer examination

of the scattered products.



Chapter 2: The Interaction of XeF2 with Si(100) 159

III.C. Velocity distribution of scattered products as a function of detector angle and XeF 2

exposure

The scattered products of the interaction of XeF2 with Si(100) at 250 K are identified in

Sec. III.A, and the intensity of the signals are measured as a function of exposure to high and low

energy XeF 2. Five distinct species are scattered in the interaction of XeF 2 with Si: 1.

unreactively scattered XeF2, 2. XeF arising from single atom abstraction, 3. F atoms arising from

the dissociation of XeF produced in single atom abstraction, 4. Xe arising from two atom

adsorption, XeF dissociation, as well as the unreactive scattering of free Xe in the XeF2

molecular beam, and 5. SiF4, the etch product. Although the exposure dependence of the signal

intensities attributable to these five species has been measured, the fragmentation of different

neutral species in the ionization region to a common ion obscures the relationship between the

signal intensity and the scattered flux which is directly related to the reaction probability. In

principle, the contributions from the distinct neutral species could be separated with knowledge

of the fragmentation pattern or cracking ratio of the ionization of each neutral species to its

parent ion relative to its daughter ion fragments. Although the majority of the cracking ratios are

unknown, a self-consistent analysis of an extensive library of data similar to that presented in

Sec. III.A has had reasonable success separating the contributions of the various neutral species

[53]. However, the three distinct sources of scattered Xe makes it impossible to distinguish the

contributions from these distinct scattering mechanisms to the exposure dependence of the signal

intensity at m/e=129.

A better method for separating the contributions to the measured signals discussed in Sec.

III.A is to measure the TOF distributions of the scattered products. Because the scattered
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products arise from different interactions with the surface, it is likely that the individual

contributions will have different velocity distributions. In addition to separating the

contributions to the mass spectrometer signal, the measurement of the TOF distributions of the

scattered products is essential for determining the kinetics as well as probing the dynamics of the

interaction of XeF 2 with Si.

The TOF distributions of the scattered product signals that are present in the initial

fluorination of Si(100) upon exposure to high and low energy XeF2 are presented in this section.

The results focus on the initial fluorination, defined as fluorine coverages below 1 ML, to best

compare these results to those of the interaction of F2 with Si(100). This section is divided into

four subsections which correspond the four scattered product signals that are present during the

initial fluorination. The TOF distribution of the signal at m/e=85 which corresponds to the etch

product, SiF4, is not presented because it is not prevalent at coverages below 1 ML F. The TOF

distributions at m/e= 167 are presented in Sec. III.C. 1. In principle, these results are the simplest

because the signal corresponds solely to unreactively scattered XeF 2. The dynamics of the

unreactively scattered XeF 2 yields significant insight into the dynamics of the reaction of XeF 2

with Si. The TOF distributions at m/e=148 are shown in Sec III.C.2. The TOF distribution of

the product of single atom abstraction, XeF, is isolated, and in the case of high energy XeF2

exposure, the angular distribution of the scattered XeF flux is also measured. The angular

distribution of scattered XeF is profoundly different from that of the F atoms scattered as a result

of single atom abstraction in the interaction of F2 with Si. The TOF distributions at m/e=19 are

presented in Sec. III.C.3. The TOF distribution of scattered F atoms is isolated providing direct

evidence for XeF dissociation. Finally, the TOF distributions at m/e=129 are presented in Sec.
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III.C.4. Because the magnitude of none of the contributions to the signal at m/e=129 is known,

several approximations are made in order to unravel the myriad contributions to the signal at

m/e=129.

III.C.1. m/e=167

III.C.l.a. High incident energy XeF 2 (Ei=6.3 kcal/mol)

Figure 15 shows a TOF distribution of the products at m/e=167 that are scattered as a

result of the interaction of XeF 2 at Ei=6.3 kcal/mol with Si(100) at 250 K. The signal at m/e=167

corresponds to 129XeF2' which arises solely from unreactively scattered XeF 2. The TOF

distribution shown in Figure 15 is for a single scattering geometry in which the XeF 2 beam is

incident at 350 from the surface normal, 9i=35*, and the detector is positioned along the surface

normal, 0 d=0 *. The TOF distribution is signal averaged over a 40 s exposure to high energy

XeF 2 that corresponds to a fluorine coverage range of 0-1.1 ML determined by quantitative

comparison of the integrated thermal desorption yields after the XeF2 exposure to those after

exposure to low energy F2 which is known to yield a coverage of 1 ML F. Figure 16 shows a

plot of the fluorine coverage as a function of high energy XeF2 exposure.

The velocity distribution of the unreactively scattered XeF 2 is bimodal, a common

observation in the scattering of hyperthermal particles from a surface [60]. The narrow fast

feature at short flight times corresponds to particles scattering via a direct-inelastic (DI)

mechanism. In DI scattering, the interaction between the particle and the surface can be

described as a single binary collision or a series of collisions. The particle transfers only a

fraction of its energy to the surface and retains memory of its incident trajectory preferentially

scattering anisotropically along the specular scattering angle. On the other hand, the broad slow
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feature at longer flight times corresponds to particles scattering via a trapping-desorption (TD)

mechanism. In TD scattering, the interaction between the particle and the surface can be

described as the physisorption of the particle to the surface with subsequent thermal equilibration

between the particle and the surface. The particle desorbs from the surface with a thermal

velocity distribution when the thermal energy fluctuations are sufficient to overcome the

physisorption potential well between the particle and the surface. The particle effectively

transfers all of its energy to the surface and retains no memory of its incident trajectory.

Two velocity distributions are fit to the two components of the TOF distribution in a

stepwise manner. The TD component is determined first because the velocity distribution is only

dependent on the surface temperature. A Maxwell-Boltzmann velocity distribution for XeF2 at a

temperature of 250 K, the surface temperature, describes the TD component. This velocity

distribution is fit to the part of the TOF spectrum that does not contain a significant contribution

from the DI component. The regions of the TOF spectrum that are largely free of the DI

component encompass flight times greater than 1250 gs as well as all flight times less than 500

gs. The shortest flight times are included because of the cyclic nature of the time axis in TOF

measurements modulated with a mechanical chopper wheel. When the period of one chopper

cycle (3570 gs) is shorter than the flight time of the slowest particles (v<82 m/s), these slow

particles are detected at the beginning of the subsequent cycle of the chopper wheel which

corresponds to very short flight times, and hence artificially fast velocities, in the TOF

measurement. The TD component is then subtracted from the TOF distribution and the

remaining signal is attributed entirely to the DI component. The DI component is fit to a one

component Maxwell-Boltzmann function F(t) (Eq. (11.1)) where the flow velocity and
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temperature, which describe the average velocity and width of the distribution, are free

parameters. For the TOF distribution shown in Figure 15, the average velocity and energy of the

DI component are 390±18 m/s and 3.2±0.3 kcal/mol, respectively. For comparison, the average

velocity and energy of the TD component are 213±9 m/s and 1.0±0.1 kcal/mol, respectively.
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Figure 15 TOF distribution of scattered products at m/e=167
TOF spectrum of signal at m/e= 167 scattered along the surface normal, 6d=0 , from Si(100) at
250 K upon exposure to high energy XeF 2 at T=350. Thick solid line shows a least squares fit of
a two component velocity distribution. The fast component (thin solid line) at short flight times
corresponds to direct-inelastic (DI) scattering and is described by a Maxwell-Boltzmann function
F(t) described by Eq. (11.1) in Sec. II.D. The slow component (dashed line) at long flight times
corresponds to trapping-desorption (TD) and is described by a Maxwell-Boltzmann function F(t)
with Vf=O and T=250 K. Spectrum is averaged over XeF 2 exposure corresponding to a fluorine
coverage rane of 0-1.1 ML F. Average velocities of the two distributions are vDI= 3 89 l 8 r/s
and vTD= 2 3 9 o/ s.
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Figure 16 Fluorine coverage as a function of XeF 2 exposure for TOF distribution
measurements
Expanded plot of total fluorine yield from Si(100) as a function of XeF 2 exposure shown in
Figure 12.
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The TOF distribution shown in Figure 15 is for a single scattering geometry in which the

high energy XeF 2 is incident at Oj=35* and the detector is positioned along the surface normal,

8 d=O. In addition, the TOF distribution has been signal averaged over a long XeF 2 exposure

that corresponds to a coverage range of 0-1.1 ML. The TOF distributions may not represent the

true velocity distributions at all scattering geometries and for all coverages if they are sensitive to

scattering geometry and fluorine coverage. To test the sensitivity of the TOF distributions of

scattered XeF 2 to scattering geometry, TOF distributions at m/e=167 are measured at several

detection angles, 0d, spanning the entire forward scattering region in the scattering plane. To test

the sensitivity of the TOF distribution to fluorine coverage, TOF distributions are signal

averaged over shorter 10 s XeF2 exposure intervals that correspond to the approximate fluorine

coverage ranges: 0-0.4 ML F, 0.4-0.7 ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F (cf. Figure 16).

Figure 17 shows the TOF distributions of the products at m/e=167 scattered into nine

detection angles, Od, from the interaction of high energy XeF 2 at Oi=350. The TOF distributions

are signal averaged over a coverage range of 0-0.4 ML F. The results shown in Figures 18-20

are measured under identical conditions to those in Figure 17 except that the TOF distributions

are signal averaged over coverage ranges of 0.4-0.7 ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F,

respectively. Analogous to the analysis of the TOF distribution shown in Figure 15, two velocity

distributions are fit to the two components of the TOF distribution, corresponding to DI and TD

scattering, in a stepwise manner.

Figure 21 shows the angular distribution of the flux of XeF2 scattered unreactively from

Si(100) via DI scattering and TD scattering over four ranges of coverage due to XeF2 exposure.

The flux plotted in Figure 21 is calculated by integrating the velocity-weighted TOF distributions
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shown in Figures 17-20. The angular distributions of the DI and TD scattered fluxes are in

agreement with previous investigations of unreactive gas-surface scattering [60]. The XeF2 DI

angular distribution is anisotropic with a broad lobe centered around Od= 4 0*, a detection angle

that is near the specular scattering angle, because the DI scattered XeF 2 retains memory of its

incident trajectory. The XeF 2 TD angular distribution is isotropic and cosinelike since the TD

scattered XeF2 has no memory of its incident trajectory. The remarkable observation is that the

flux into the DI scattering is reasonably insensitive to coverage, whereas the flux into TD

scattering increases dramatically at coverages greater than 0.6 ML F. This dramatic shift in the

branching between DI scattering and TD scattering provides insight into the reactivity of XeF2

and will be discussed further in Sec. IV.A

The shape of the TOF distribution of the DI component is insensitive to scattering

geometry and fluorine coverage. Figure 22 shows a plot of the average translational energy of

the DI component of the unreactively scattered XeF 2. The translational energy and the full width

at half of the maximum of the distribution (FWHM) are 3.4±0.2 kcal/mol and 2.9±0.2 kcal/mol,

respectively, averaged over all nine detection angles and four coverage ranges. The uncertainties

represent the standard deviations of the average of the average energy and of the FWHM of the

distributions. The incident energy is 6.3 kcal/mol, so about half of the translational energy of

XeF2 is transferred to the Si surface or to the internal energy of the XeF2 molecule on average in

a DI scattering event. This value is in agreement with the energy transfer of Xe, Kr, and Ar

scattered from Si(100) via DI scattering at similar incident energies [61]. Therefore, within the

uncertainty of the TOF measurement, XeF 2 scatters like an atom without internal degrees of
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freedom. That is, rotation and vibration do not play a significant role in the energy transfer

occurring during this unreactive gas-surface interaction.
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Figure 17 TOF distribution of scattered products at m/e=167 as a function of detector
angle over a coverage range of 0-0.4 ML F
TOF spectra at m/e= 167 measured at nine detector angles 0d and Ts=25O K upon exposure to
high energy XeF2 at 0;=35o. Thick solid line shows a least squares fit of a two component
velocity distribution to the data. The fast component (thin solid line) at short flight times
corresponds to DI scattering and the slow component (dashed line) at long flight times
corresponds to trapping-desorption TD scattering. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0-0.4 ML F. Over this coverage
range, the plot of the fast component (thin solid line) is indistinguishable from the total
distribution (thick solid line).
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Figure 18 TOF distribution of scattered products at m/e=167 as a function of detector
angle over a coverage range of 0.4-0.7 ML F
TOF spectra at m/e= 167 measured at nine detector angles Od and Ts=25O K upon exposure to
high energy XeF 2 at 01=350. Thick solid line shows a least squares fit of a two component
velocity distribution to the data. The fast component (thin solid line) at short flight times
corresponds to DI scattering and the slow component (dashed line) at long flight times
corresponds to trapping-desorption TD scattering. Spectra are averaged over a 10 s high energy
XeF 2 exposure corresponding to a fluorine coverage range of 0.4-0.7 ML F. Over this coverage
range, the plot of the fast comiponent (thin solid line) is indistinguishable from the total
distribution (thick solid line).



Chapter 2: The Interaction of XeF 2 with Si(100)

0 1000 2000 3000

Flight Time (gs)

Figure 19 TOF distribution of scattered products at m/e=167 as a function of detector
angle over a coverage range of 0.7-0.9 ML F
TOF spectra at m/e=167 measured at nine detector angles 0 d and T,=250 K upon exposure to
high energy XeF 2 at Oj=35*. Thick solid line shows a least squares fit of a two component
velocity distribution to the data. The fast component (thin solid line) at short flight times
corresponds to DI scattering and the slow component (dashed line) at long flight times
corresponds to trapping-desorption TD scattering. Spectra are averaged over a 10 s high energy
XeF 2 exposure corresponding to a fluorine coverage range of 0.7-0.9 ML F.
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Figure 20 TOF distribution of scattered products at m/e=167 as a function of detector
angle over a coverage range of 0.9-1.1 ML F
TOF spectra at m/e= 167 measured at nine detector angles 6 d and Ts=25O K upon exposure to
high energy XeF2 at 0;=35o. Thick solid line shows a least squares fit of a two component
velocity distribution to the data. The fast component (thin solid line) at short flight times
corresponds to DI scattering and the slow component (dashed line) at long flight times
corresponds to trapping-desorption TD scattering. Spectra are averaged over a 10 s high energy
XeF 2 exposure corresponding to a fluorine coverage range of 0.9-1.1 ML F.
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Figure 21 Angular distribution of flux of XeF 2 scattered from Si(100)
Scattered flux of XeF 2 determined from velocity-weighted integration of the fit to the TOF
distribution at m/e=167 attributable to DI scattering (hollow circles) and TD scattering (solid
circles) as a function of detector angle over successive 10 s high energy XeF 2 exposure intervals
corresponding to coverage ranges of (a) 0-0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d)
0.9-1.1 ML F. Error bars represent uncertainty of the integral of the velocity-weighted fit to the
TOF distributions (Sec. II.D) in Figures 17-20.
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Figure 22 Translational energy of F atom scattered from Si(100) as a function of detector
angle
Average translational energy of unreactively scattered XeF2 via DI scattering as a result of
exposure to high energy XeF2 as a function of detector angle over four different fluorine
coverage ranges. The average translational energy is determined from the velocity-weighted
TOF distributions shown in Figures 17-20. Error bars represent the uncertainty of the
determination of the average translational energy (Sec. II.D) from the fits to the TOF
distributions in Figures 17-20.
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III.C.1.b. Low incident energy XeF 2 (Ei=1.8 kcallmol)

The TOF distributions described above are all for scattering high energy XeF2 at Ei=6.3

kcal/mol. To better compare the dynamics of the interaction of XeF 2 with Si(100) with the

dynamics of the interaction of F2 with Si(100) described in Chapter 1, TOF distributions of the

products at m/e=167 scattered from the interaction of low energy XeF 2 at Ei=1.8 kcal/mol with

Si(100). Figure 23 shows a TOF distribution of the products at m/e=167 that are scattered from

the interaction of low energy XeF2 from Si(100) at 250 K. The TOF distribution is for a

scattering geometry in which the incident XeF 2 is at ej=o0 and the detector is positioned at

Od= 350. The TOF distribution is signal averaged over a 24 s exposure to low energy XeF 2.

Based on the similarity of the relative exposure dependence of the scattered products for high

and low energy XeF2, in particular the point of onset of significant etching, this length of

exposure to XeF2 is presumed to correspond to a fluorine coverage range of 0-1.1 ML.

Assuming that the coverage ranges are similar, the unreactively scattered flux upon exposure to

low energy XeF 2 is five times lower than that of high energy XeF 2, based on comparison of the

integrals of the velocity weighted TOF distributions into the same detection angle. The lower

flux of unreactively scattered XeF2 suggests that the low energy XeF2 is more reactive than the

high energy XeF 2-

Analogous to the TOF distributions of unreactively scattered XeF2 from the interaction of

high energy XeF 2 with Si, the TOF distribution in Figure 23 is comprised of two components,

which are attributed to DI and TD scattering. The fits to the two contributions are superimposed

on the TOF distribution in Figure 23. The distinction between DI and TD scattering is more

difficult to discern because the velocity distribution of the incident beam is similar to that of the
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thermal distribution from the surface. The average velocity and translational energy of the DI

component are 343±32 m/s and 2.5±0.5 kcal/mol, respectively. The average energy of the DI

component is larger than the average energy of the incident beam (1.8 kcal/mol) not because the

XeF 2 is gaining substantial energy from the collision with the surface, but because the width of

the energy distribution of the incident beam is so large.

Analogous to the TOF distributions of XeF 2 unreactively scattering as a result of the

interaction of high energy XeF2 with Si, TOF distributions at m/e=167 have been signal averaged

over shorter 6 s exposures to low energy XeF2 to probe the exposure dependence of the

unreactively scattered XeF 2. Figure 24 shows the TOF distributions of the scattered products at

m/e=167 over four successive 6 s exposures to low energy XeF 2. Despite extensive signal

averaging, the extremely low intensity of the signal at m/e=167 in combination with the broad

TOF distribution yield a TOF distribution with low signal-to-noise. The data are shown for the

sake of completeness, and will be necessary in subsequent sections to determine the contribution

of unreactively scattered XeF2 to the other signals because of fragmentation in the ionization

region.
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Figure 23 TOF distribution of scattered products at m/e=167 upon exposure to low energy
XeF 2
TOF spectrum of signal at m/e=167 scattered at Od= 3 5 ', from Si(100) at 250 K upon exposure to
low energy XeF2 at 0j=0*. Thick solid line shows a least squares fit of a two component velocity
distribution to the data. The fast component (thin solid line) at short flight times corresponds to
DI scattering and the slow component (dashed line) at long flight times corresponds to TD
scattering. Spectrum is averaged over XeF2 exposure corresponding to a fluorine coverage range
of 0-1.1 ML F. Average velocities of the two distributions are vDI= 34 3- 3 2 m/s and vTD= 2 13+9
M/s.
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Figure 24 TOF distribution of scattered products at m/e=167 upon exposure to low energy
XeF 2 as a function of coverage
TOF spectra of signal at rn/e=167 scattered at Od= 350 , from Si(100) at 250 K upon exposure to
low energy XeF2 at O;=0*. Thick solid lines show a least squares fit of a two component velocity
distribution. The fast component (thin solid lines) at short flight times corresponds to DI
scattering and the slow component (thin dashed lines) at long flight times corresponds to TD
scattering. Spectra are averaged over successive 6 s low energy XeF 2 exposures corresponding
to coverage ranges of (a) 0-0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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III.C.2. m/e=148

III.C.2.a. High incident energy XeF 2 (Ei=6.3 kcal/mol)

Figure 25(a) shows a TOF distribution of the products at m/e=148 that are scattered as a

result of the interaction of XeF2 at Ei=6.3 kcal/mol with Si(100) at 250 K. The TOF distribution

is for a scattering geometry in which the XeF2 beam is 350 from the surface normal, 0i=35', and

the detector is positioned along the surface normal, Od=O. The TOF distribution is signal

averaged over a 40 s exposure to high energy XeF2 that corresponds to a fluorine coverage range

of 0-1.1 ML. The signal at m/e= 148 corresponds to 129XeF' which arises from XeF, the product

of single atom abstraction, as well as unreactively scattered XeF2 that fragments in the ionizer.

The characteristic bimodal velocity distribution of XeF2 is apparent in the TOF distribution. The

XeF 2 TOF distribution shown in Figure 15 is multiplied by the XeF2 cracking ratio and

superimposed onto the TOF distribution at m/e=148 in Figure 25(a). Figure 25(b) shows the

result of subtracting the XeF 2 contribution from the m/e=148 signal. The narrow fast feature

corresponds to XeF scattering from single atom abstraction. The average velocity and energy of

the scattered XeF are 620±27 m/s and 7.8±0.7 kcal/mol, respectively.
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Figure 25 TOF distribution of scattered products at m/e=148
(a) TOF spectra at m/e= 167 multiplied by the XeF 2 cracking ratio and at m/e= 148 measured at
0 d=0 and Ts=25O K upon exposure to high energy XeF2 at A=350. The solid line in (a) shows
the fit to the TOF distribution at m/e= 167 multiplied by the XeF2 cracking ratio. (b) Net
scattered XeF TOF distribution obtained by point-by-point subtraction of m/e= 167 signal
multiplied by XeF 2 cracking ratio from m/e= 148 signal in (a). The solid line in (b) shows a fit to
the data of a single component Maxwell-Boltzmann function F(t) described in Sec. II.D. Spectra
are averaged over XeF2 exposure corresponding to a fluorine coverage range of 0-1.1 ML F.
Average velocity of the XeF distribution is VXer= 62o 27 m/s.
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Analogous to the TOF measurements at m/e=167 presented in Sec. III.C.1, TOF

distributions at m/e=148 have been measured at nine detection angles, Od, spanning the entire

forward scattering region in the scattering plane and signal averaged over four successive 10 s

XeF2 exposure intervals. Figure 26 shows the TOF distributions of the products at m/e=148

scattered into nine detection angles, Od, from the interaction of high energy XeF 2 at Oj=35'. The

TOF distribution of the scattered products at m/e=167 are multiplied by the XeF2 cracking ratio

and superimposed for comparison. The TOF distributions are signal averaged over a coverage

range of 0-0.4 ML F. The results shown in Figures 28, 30, and 32 are measured under identical

conditions to those in Figure 26 except that the TOF distributions are signal averaged over

coverage ranges of 0.4-0.7 ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F, respectively.

Like the analysis of the TOF distribution shown in Figure 25, the contribution from XeF2

is separated from the TOF distributions at m/e=148 by subtracting the TOF distribution at

m/e=167 multiplied by the XeF 2 cracking ratio to reveal the TOF distribution of XeF arising

from single atom abstraction. Figures 27, 29, 31, and 33 show these TOF distributions of the

scattered XeF into the nine detection angles over the coverage ranges of 0-0.4 ML F, 0.4-0.7 ML

F, 0.7-0.9 ML F, and 0.9-1.1 ML F, respectively. The most remarkable feature of the TOF

distributions of scattered XeF is the strong dependence of the scattered flux on detector angle as

well as fluorine coverage. Figure 34 shows the angular distribution of the flux of XeF scattered

from Si(100) over the four successive high energy XeF2 exposures corresponding to increasingly

high ranges of fluorine coverage. The flux of scattered XeF is defined as the integral of the

velocity-weighted TOF distribution of scattered XeF. Over a coverage range 0-0.7 ML F (Figure

34(a)-(b)), the angular distribution is broad and essentially isotropic. However, at higher
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coverages when the system has progressed beyond the initial fluorination stage, the angular

distribution becomes increasingly directed along the surface normal. Essentially no XeF is

observed at detector angles greater than 500. The anisotropy of the XeF angular distribution is

remarkable given that in the interaction of F2 with Si(100), the F atom angular distribution

arising from single atom abstraction is isotropic and cosinelike over the entire fluorine coverage

range (cf. Figure 8 in Chapter 1).

Although the average translational energy of the scattered XeF is independent of detector

angle over most of the angular distribution, the translational energy of the scattered XeF is

strongly dependent on the fluorine coverage. Figure 35 is a plot of the average translational

energy of the scattered XeF as a function of detector angle over the four different coverage

ranges due to exposure to high energy XeF2. Values are not shown for the average translational

energy at detector angles Od> 5 0 for coverages greater than 0.7 ML F because of the extremely

low signal intensity of the scattered XeF. The translational energy of the scattered XeF is

reasonably insensitive to detector angle, but there is a noticeable shift to lower energy with

coverage. Figure 36 is a plot of the average translational energy of the scattered XeF averaged

over the nine detection angles spanning the entire forward scattering region in the scattering

plane. The translational energy of the scattered XeF decreases substantially with coverage

during the initial fluorination from a maximum around 10 kcal/mol at low fluorine coverage,

leveling off around 6 kcal/mol at a coverage of about 1 ML F. The strong coverage dependence

of the translational energy of the reactively scattered products is in stark contrast to the

translational energy of the scattered F atoms in the interaction of F2 with Si which is independent

of coverage.
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Figure 26 TOF distribution of scattered products at m/e=148 as a function of detector
angle over a coverage range of 0-0.4 ML F
TOE spectra at m/e= 148 measured at nine detector angles 0d and Ts=25O K upon exposure to
high energy XeF 2 at Oi=35 . The solid lines show the fits to the TOE distributions at m/e= 167
multiplied by the XeF2 cracking ratio (fits to data in Figure 17) and represents the contribution
from unreactively scattered XeF2 to the m/e=148 signal. Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0-0.4 ML F.
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Figure 27 TOF distribution of scattered XeF as a function of detector angle over a
coverage range of 0-0.4 ML F
TOF spectra of scattered XeF measured at nine detector angles 0d and T,=250 K upon exposure
to high energy XeF2 at 9j=35'. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of m/e=167 signal in Figure 17 multiplied by XeF 2 cracking ratio from m/e=148
signal in Figure 26. The solid lines show the fits to the data of a single component Maxwell-
Boltzmann function F(t) described in Sec. II.D. Spectra are averaged over XeF 2 exposure
corresponding to a fluorine coverage range of 0-0.4 ML F.
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Figure 28 TOF distribution of scattered products at m/e=148 as a function of detector
angle over a coverage range of 0.4-0.7 ML F
TOF spectra at m/e= 148 measured at nine detector angles Od and Ts=25O K upon exposure to
high energy XeF2 at 8;=35*. The solid lines show the fits to the TOF distributions at m/e=167
multiplied by the XeF2 cracking ratio (fits to data in Figure 18) and represents the contribution
from unreactively scattered XeF2 to the m/e=148 signal. Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0.4-0.7 ML F.
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Figure 29 TOF distribution of scattered XeF as a function of detector angle over a
coverage range of 0.4-0.7 ML F
TOF spectra of scattered XeF measured at nine detector angles ed and T,=250 K upon exposure
to high energy XeF2 at Oi=350. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of m/e=167 signal in Figure 18 multiplied by XeF2 cracking ratio from m/e=148
signal in Figure 28. The solid lines show the fits to the data of a single component Maxwell-
Boltzmann function F(t) described in Sec. II.D. Spectra are averaged over XeF 2 exposure
corresponding to a fluorine coverage range of 0.4-0.7 ML F.
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Figure 30 TOF distribution of scattered products at m/e=148 as a function of detector
angle over a coverage range of 0.7-0.9 ML F
TOF spectra at m/e=148 measured at nine detector angles ed and Ts=25O K upon exposure to
high energy XeF2 at Oi=35*. The solid lines show the fits to the TOF distributions at m/e=167
multiplied by the XeF2 cracking ratio (fits to data in Figure 19) and represents the contribution
from unreactively scattered XeF2 to the m/e=148 signal. Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0.7-0.9 ML F.
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Figure 31 TOF distribution of scattered XeF as a function of detector angle over a
coverage range of 0.7-0.9 ML F
TOF spectra of scattered XeF measured at nine detector angles 06 and Ts=250 K upon exposure
to high energy XeF2 at Oj=350. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of m/e=167 signal in Figure 19 multiplied by XeF2 cracking ratio from m/e=148
signal in Figure 30. The solid lines show the fits to the data of a single component Maxwell-
Boltzmann function F(t) described in Sec. II.D. Spectra are averaged over XeF2 exposure
corresponding to a fluorine coverage range of 0.7-0.9 ML F.
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Figure 32 TOF distribution of scattered products at m/e=148 as a function of detector
angle over a coverage range of 0.9-1.1 ML F
TOF spectra at m/e= 148 measured at nine detector angles 0d and Ts=25O K upon exposure to
high energy XeF 2 at 0i=35*. The solid lines show the fits to the TOF distributions at m/e= 167
multiplied by the XeF2 cracking ratio (fits to data in Figure 20) and represents the contribution
from unreactively scattered XeF 2 to the m/e= 148 signal. Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0.9-1.1 ML F.
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Figure 33 TOF distribution of scattered XeF as a function of detector angle over a
coverage range of 0.9-1.1 ML F
TOF spectra of scattered XeF measured at nine detector angles 8d and Ts=250 K upon exposure
to high energy XeF2 at Oi=35 0. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of m/e=167 signal in Figure 20 multiplied by XeF 2 cracking ratio from m/e=148
signal in Figure 32. The solid lines show the fits to the data of a single component Maxwell-
Boltzmann function F(t) described in Sec. II.D. Spectra are averaged over XeF 2 exposure
corresponding to a fluorine coverage range of 0.9-1.1 ML F.
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Figure 34 Angular distribution of flux of XeF scattered from Si(100)
Flux of scattered XeF as a function of detector angle determined by integration of velocity-
weighted TOF distributions of scattered XeF shown in Figures 27, 29, 31, 33 over a sequence of
10 s exposures to high energy XeF2 which corresponds to coverage ranges of (a) 0-0.4 ML F, (b)
0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F. Error bars represent the uncertainty of
integral of the velocity-weighted fit to the TOF distributions (Sec. II.D).
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Figure 35 Translational energy of XeF scattered from Si(100) as a function of detector
angle
Average translational energy of scattered XeF as a result of exposure to high energy XeF 2 (solid
symbols) and low energy XeF2 (hollow symbols) as a function of detector angle over four
different fluorine coverage ranges. The average translational energy is determined from the
velocity-weighted TOF distributions shown in Figures 27, 29, 31, and 33. Error bars represent
the uncertainty of the determination of the average translational energy (Sec. II.D) from the fits
to the TOF distributions in Figures 27, 29, 31, 33. The translational energy of the scattered XeF
into detector angles Od>5 0 ' at coverages greater than 0.7 ML F are not shown because the
uncertainty of these values resulting from extremely low signal intensity.
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Figure 36 Coverage dependence of translational energy of scattered XeF
The average translational energy of the fast feature in the TOF distribution of scattered XeF.
The solid circles correspond to high energy XeF2; the hollow circles correspond to low energy
XeF2. Error bars for high energy XeF 2 represent the standard deviation of the average of
measurements at nine detection angles spanning the entire forward scattering region in the
scattering plane. Error bars for low energy XeF 2 represent the uncertainty of the determination
of the average translational energy from the fits to the TOF distributions in Figure 39.
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II.C.2.b. Low incident energy XeF 2 (Ei=1.8 kcal/mol)

Figure 37(a) shows a TOF distribution of the products at m/e=148 that are scattered from

the interaction of low energy XeF2 from Si(100) at 250 K. The TOF distribution is for a

scattering geometry in which the incident XeF2 is at ei=o0 and the detector is positioned at

0 d= 3 5 '. The TOF distribution is signal averaged over an exposure to low energy XeF2 that

corresponds to a fluorine coverage range of 0-1.2 ML. The TOF distribution of the products at

m/e=167, which corresponds to unreactively scattered XeF2, is multiplied by the XeF 2 cracking

ratio and superimposed onto the TOF distribution at m/e=148 in Figure 37(a). Figure 37(b)

shows the result of subtracting the XeF2 contribution from the m/e=148 signal. The single fast

feature corresponds to XeF scattering from single atom abstraction. The average velocity and

energy of the XeF are 639±28 m/s and 7.4±0.6 kcal/mol, respectively. Recall that the average

velocity and energy of the XeF arising from single atom abstraction from high energy XeF 2 are

620±27 m/s and 7.8±0.7 kcal/mol, respectively. Thus, the velocity distribution of XeF arising

from single atom abstraction is reasonably insensitive to incident energy over the range 1.8-6.3

kcal/mol.
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Figure 37 TOF distribution of scattered products at m/e=148 with low energy XeF 2
(a) TOF spectra at m/e=167 multiplied by the XeF 2 cracking ratio and at m/e=148 measured at
Od=3 5 and T,=250 K upon exposure to low energy XeF2 at 6j=0*. The solid line in (a) shows
the fit to the TOF distribution at m/e=167 multiplied by the XeF 2 cracking ratio. (b) Net
scattered XeF TOF distribution obtained by point-by-point subtraction of m/e=167 signal
multiplied by XeF2 cracking ratio from m/e=148 signal in (a). The solid line in (b) shows the fit
to the data of a single component Maxwell-Boltzmann function F(t) described in Sec. II.D.
Spectra are averaged over XeF 2 exposure corresponding to a fluorine coverage range of 0-1.1
ML F. Average velocity of the XeF distribution is vxeF=6 39 ±2 8 m/s.
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The TOF distribution in Figure 37 is signal averaged over a 24 s exposure to low energy

XeF2. To test the exposure dependence of the scattered XeF, TOF distributions have been signal

averaged over shorter exposures to low energy XeF 2. Figure 38 shows the TOF distributions at

m/e=148 signal averaged over four successive 6 s exposures to low energy XeF2. The TOF

distributions of the scattered products at m/e=167 are multiplied by the XeF2 cracking ratio and

superimposed to show the contribution from unreactively scattered XeF2. Figure 39 shows the

TOF distributions of scattered XeF arising from single atom abstraction, which are determined

by subtracting the TOF distributions at m/e= 167 multiplied by the XeF2 cracking ratio.

Two features of the low energy XeF2 exposure dependence of the TOF distribution of

scattered XeF shown in Figure 39 are reminiscent of that of the high energy XeF2 exposure.

First, at a detector angle of Od= 35 ', the flux of scattered XeF increases slightly, attains a

maximum, and decays slightly over the coverage range 0-1.1 ML F. Second, not only are the

shapes of the TOF distribution of scattered XeF arising from exposure to low energy XeF 2

similar to that upon exposure to high energy XeF 2, but the average translational energy of XeF

scattered from the interaction of low energy XeF 2 with Si also similarly decreases as a function

of fluorine coverage. The average translational energy is superimposed for comparison in Figure

36.



Chapter 2: The Interaction of XeF 2 with Si(100)

6 1 1 1 1

(a)
4 --

20' : 0"'. 0 * gO

0 C 0 0 00 *

6 --

2 -

,~c o

0 -0 -0 .%

0 1000 2000 3000

Flight Time (gs)

Figure 38 TOF distribution of scattered products at m/e=148 upon exposure to low energy
XeF 2 as a function of coverage
TOF spectra at m/e= 167 multiplied by the XeF 2 cracking ratio and at m/e= 148 measured at at
0d=35 * and Ts=250 K upon exposure to low energy XeF2 at ;= 0*. Thick solid line shows a fit to
the TOF distribution at m/e= 167 multiplied by the XeF 2 cracking ratio. Spectra are averaged
over successive 6 s low energy XeF2 exposures corresponding to coverage ranges of (a) 0-0.4
ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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Figure 39 TOF distribution of scattered XeF upon exposure to low energy XeF 2 as a
function of coverage
TOF spectra of scattered XeF measured at 0d=350 and Ts=250 K upon exposure to low energy
XeF2 at O;= 0 . Net scattered XeF TOF distributions obtained by point-by-point subtraction of
m/e= 167 signal multiplied by XeF2 cracking ratio from m/e= 148 signal in Figure 38. The solid
lines show the fits to the data of a single component Maxwell-Boltzmann function F(t) described
in Sec. II.D. Spectra are averaged over successive 6 s low energy XeF2 exposures corresponding
to coverage ranges of (a) 0-0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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III.C.3. m/e=19

III.C.3.a. High incident energy XeF 2 (Ei=6.3 kcallmol)

It is likely that the XeF produced as a result of single atom abstraction will dissociate if

just a small fraction of the tremendous exothermicity of the reaction (90 kcal/mol) is channeled

into the internal energy of the weakly bound XeF (3 kcal/mol). However, the presence of signal

at m/e=148 that is attributable to scattered XeF shows that some of the XeF that is produced

from the interaction of XeF2 with Si does escape into the gas phase intact. To test the possibility

that some of the XeF does indeed dissociate, the TOF distribution of scattered products at

m/e=19 are measured. Figure 40(a) shows a TOF distribution of the products at m/e=19 that are

scattered from the interaction of XeF 2 at Ei=6.3 kcal/mol with Si(100) at 250 K. The TOF

distribution is for a scattering geometry in which the XeF2 beam is 350 from the surface normal,

Oi=35*, and the detector is positioned along the surface normal, 0 d=00*. The TOF distribution is

signal averaged over an exposure to high energy XeF 2 that corresponds to a fluorine coverage

range of 0-1.1 ML. The signal at m/e=19 corresponds to F' which arises from F atoms, as well

as from XeF 2 and XeF that fragment in the ionizer. In addition, there is a contribution from

38Ar 2+ which arises from the Ar carrier gas.

The TOF distribution of the scattered products at m/e=19 is distinctly bimodal. The

slower feature is comprised of several contributions and matches well with the TOF distributions

of scattered XeF, XeF2, and Ar. The XeF2 cracking ratio (OXeF2-F+ /( XF2 XeFeF2 ) is 0.333 as

determined from a mass spectrum of the incident XeF 2 beam. The XeF 2 TOF distribution is

multiplied by this cracking ratio and superimposed onto Figure 40(a). To separate the

contribution from 3 8Ar2+, TOF distributions of unreactively scattered Ar carrier gas at m/e=40
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have been measured, but are not shown here. The contribution of scattered Ar to the signal at

m/e=19 is determined by multiplying the TOF distribution at m/e=40 by the ratio of the

abundance of the two isotopes (0.00063) [62] and the ratio of the cross sections for single

ionization and double ionization of Ar at 70 eV electron energy (0.55) [63]. The Ar TOF

distribution is multiplied by this scaling factor and superimposed onto Figure 40(a). The XeF

cracking ratio is unknown. However, the exact cracking ratio is not essential because the myriad

contributions to the slow feature do not significantly affect the velocity distribution of the very

fast feature. In addition, the slow feature is not a source of unique information since the TOF

distributions of all of the contributions to the slow feature have been measured elsewhere.

Without further justification, a value of 0.25 is chosen for the XeF cracking ratio because it

yields a similar physically reasonable contribution to the signal at m/e=19 at all detector angles

and coverage ranges as well as upon exposure to both high and low energy XeF2. The fit to the

XeF TOF distribution is multiplied by this arbitrary cracking ratio and superimposed onto Figure

40(a). Figure 40(b) shows the result of subtracting these three contributions from the m/e=19

signal. Because the contributions from all of the scattered products that crack in the ionization

region and are detected at m/e=19 have been removed from the TOF distribution, the narrow

very fast feature must arise from scattered F atoms. The average velocity and energy of the F

atoms is 1551±68 m/s and 6.2±0.5 kcal/mol, respectively, where the major contribution to the

uncertainties is the length of the flight path due to the finite length of the ionization region. This

average energy is significantly higher than that of the F atoms arising from single atom

abstraction in the interaction of F2 with Si(100) which have an average energy of 3.7±0.4

kcal/mol. The F atoms must arise from the dissociation of XeF prior to ionization.
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Figure 40 TOF distribution of scattered products at m/e=19
(a) TOF spectra at m/e=19 measured at 0d=O and T,=250 K upon exposure to high energy XeF 2
at Oi=350. Signal at m/e=167 multiplied by XeF2 cracking ratio, signal at m/e=40 multiplied by
scaling factor of 0.00035 to account for isotopic abundance and ionization cross section, and XeF
signal multiplied by optimal scaling factor of 0.25 are superimposed for comparison. (b) Net
scattered F atom TOF distribution obtained by point-by-point subtraction of contributions from
XeF2, Ar, and XeF from m/e=19 signal in (a). Spectra are averaged over XeF2 exposure
corresponding to a fluorine coverage range of 0-1.1 ML F. Average velocity of the XeF
distribution is vxeF=1550± 6 8 m/s.
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Analogous to the TOF measurements at m/e=167 and m/e=148, TOF distributions at

m/e=19 have been measured at several detection angles, Od, spanning the entire forward

scattering region in the scattering plane and signal averaged over four successive 10 s XeF 2

exposure intervals. Figure 41 shows the TOF distributions of the products at m/e=19 scattered

into nine detection angles, 8d, from the interaction of high energy XeF2 at Oi=350. The fits to the

TOF distribution of the scattered XeF2, Ar, and XeF are multiplied by the appropriate cracking

ratio or scaling factor and superimposed for comparison. The TOF distributions are signal

averaged over a coverage range of 0-0.4 ML F. The results shown in Figures 43, 45, and 47 are

taken under identical conditions to those in Figure 41 except that the TOF distributions are signal

averaged over coverage ranges of 0.4-0.7 ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F, respectively.

Analogous to the analysis of the TOF distribution shown in Figure 40, the contributions from

XeF2, XeF, and Ar are separated from the TOF distributions at m/e=19 by subtracting the

respective TOF distributions multiplied by the appropriate cracking ratio or scaling factor to

reveal the TOF distribution of F. Figures 42, 44, 46, and 48 show the TOF distributions of the

scattered F atoms into the nine detection angles over the coverage ranges of 0-0.4 ML F, 0.4-0.7

ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F, respectively. Despite the narrow angular distribution of

scattered XeF, which is the source of these very fast F atoms, the angular distribution of the

scattered F atoms is broad. Figure 49 shows the angular distribution of the flux of F atoms

scattered from Si(100) over the four successive high energy XeF2 exposures corresponding to

increasingly higher ranges of fluorine coverage. The flux of scattered F atoms is defined as the

integral of the velocity-weighted TOF distribution of scattered F atoms. Indeed, the angular

distribution of the scattered F atom flux is isotropic and cosinelike over the entire fluorine
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coverage range of 0-1.1 ML. The magnitude of the F atom flux increases with coverage to a

maximum around 1 ML and decreases with further XeF2 exposure. The increase is analogous to

the increase in the XeF flux at detector angles near the surface normal, but the magnitude of the

increase is only slight unlike the dramatic increase in the XeF flux. These apparent

contradictions will be reconciled in the discussion of single atom abstraction and XeF

dissociation in Sec. IV.B and IV.C.

The translational energy of the scattered F atom flux is reasonably insensitive to fluorine

coverage and detector angle. Figure 50 shows a plot of the angular distribution of the average

translational energy of the scattered F atom for the four coverage ranges. The average

translational energy averaged over all detector angles and coverage ranges is 6.7±0.1 kcal/mol,

where the uncertainty represents the standard deviation of the average of all of the

measurements.
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Figure 41 TOF distribution of scattered products at m/e=19 as a function of detector angle
over a coverage range of 0-0.4 ML F
TOF spectra at m/e=19 measured at nine detector angles 0 d and T,=250 K upon exposure to high
energy XeF 2 at 0i=350. The thin dashed lines show the fits to the TOF distributions at m/e=167
multiplied by the XeF 2 cracking ratio (fits to data in Figure 17). The thin solid lines show the fits
to the TOF distributions of scattered XeF multiplied by a scaling factor of 0.25 (fits to data in
Figure 27). Thick solid lines show the fits to the TOF distributions at m/e=40 (data not shown)
multiplied by the scaling factor of 0.00035 (see text). Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0-0.4 ML F.
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Figure 42 TOF distribution of scattered F as a function of detector angle over a coverage
range of 0-0.4 ML F
TOF spectra of scattered F measured at nine detector angles 0d and T,=25O K upon exposure to
high energy XeF 2 at 0;=35*. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of contributions of the rn/e= 167 signal as well as the XeF signal and the 38M2+ signal
from the m/e=19 signal all shown in Figure 41. The solid lines show the fits to the data of a
single component Maxwell-Boltzmann function F(t) described in Sec. II.D. Spectra are averaged
over XeF2 exposure corresponding to a fluorine coverage range of 0-0.4 ML F.
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Figure 43 TOF distribution of scattered products at m/e=19 as a function of detector angle
over a coverage range of 0.4-0.7 ML F
TOF spectra at m/e=19 measured at nine detector angles 6d and Ts=25O K upon exposure to high
energy XeF2 at O1=350. The thin dashed lines show the fits to the TOF distributions at m/e= 167
multiplied by the XeF2 cracking ratio (fits to data in Figure 18). The thin solid lines show the fits
to the TOF distributions of scattered XeF multiplied by a scaling factor of 0.25 (fits to data in
Figure 29). Thick solid lines show the fits to the TOF distributions at m/e=40 (data not shown)
multiplied by the scaling factor of 0.00035 (see text). Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0.4-0.7 ML F.
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Figure 44 TOF distribution of scattered F as a function of detector angle over a coverage
range of 0.4-0.7 ML F
TOF spectra of scattered F measured at nine detector angles 0 d and Ts=25O K upon exposure to
high energy XeF2 at 0;=350. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of contributions of the m/e= 167 signal as well as the XeF signal and the 3 8&2+ signal
from the m/e=19 signal all shown in Figure 43. The solid lines show the fits to the data of a
single component Maxwell-Boltzmann function F(t) described in Sec. II.D. Spectra are averaged
over XeF2 exposure corresponding to a fluorine coverage range of 0.4-0.7 ML F.
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Figure 45 TOF distribution of scattered products at m/e=19 as a function of detector angle
over a coverage range of 0.7-0.9 ML F
TOF spectra at m/e=19 measured at nine detector angles Od and Ts=25O K upon exposure to high
energy XeF2 at 0i=35*. The thin dashed lines show the fits to the TOF distributions at m/e= 167
multiplied by the XeF2 cracking ratio (fits to data in Figure 19). The thin solid lines show the fits
to the TOF distributions of scattered XeF multiplied by a scaling factor of 0.25 (fits to data in
Figure 31). Thick solid lines show the fits to the TOF distributions at m/e=40 (data not shown)
multiplied by the scaling factor of 0.00035 (see text). Spectra are averaged over a 10 s high
energy XeF 2 exposure corresponding to a fluorine coverage range of 0.7-0.9 ML F.
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Figure 46 TOF distribution of scattered F as a function of detector angle over a coverage
range of 0.7-0.9 ML F
TOF spectra of scattered F measured at nine detector angles 0d and T,=250 K upon exposure to
high energy XeF 2 at 01=35'. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of contributions of the m/e=167 signal as well as the XeF signal and the 38A2+ signal
from the m/e=19 signal all shown in Figure 45. The solid lines show the fits to the data of a
single component Maxwell-Boltzmann function F(t) described in Sec. II.D. Spectra are averaged
over XeF 2 exposure corresponding to a fluorine coverage range of 0.7-0.9 ML F.
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Figure 47 TOF distribution of scattered products at m/e=19 as a function of detector angle
over a coverage range of 0.9-1.1 ML F
TOF spectra at m/e=19 measured at nine detector angles 0d and Ts=25O K upon exposure to high
energy XeF2 at e;=35*. The thin dashed lines show the fits to the TOF distributions at m/e= 167
multiplied by the XeF 2 cracking ratio (fits to data in Figure 20). The thin solid lines show the fits
to the TOF distributions of scattered XeF multiplied by a scaling factor of 0.25 (fits to data in
Figure 33). Thick solid lines show the fits to the TOF distributions at m/e=40 (data not shown)
multiplied by the scaling factor of 0.00035 (see text). Spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0.9-1.1 ML F.
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Figure 48 TOF distribution of scattered F as a function of detector angle over a coverage
range of 0.9-1.1 ML F
TOF spectra of scattered F measured at nine detector angles Od and T,=250 K upon exposure to
high energy XeF2 at 0j=35*. Net scattered XeF TOF distribution obtained by point-by-point
subtraction of contributions of the m/e=167 signal as well as the XeF signal and the 38A2+ signal
from the m/e=19 signal all shown in Figure 47. The solid lines show the fits to the data of a
single component Maxwell-Boltzmann function F(t) described in Sec. II.D. Spectra are averaged
over XeF 2 exposure corresponding to a fluorine coverage range of 0.9-1.1 ML F.
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Figure 49 Angular distribution of flux of F scattered from Si(100)
Scattered flux of F atom as a function of detector angle upon exposure to high energy XeF2
(solid circles) and low energy XeF 2 (hollow circles) at exposure intervals corresponding to
coverage ranges of (a) 0-0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
Scattered F atom flux determined from velocity-weighted integration of the fits to the TOF
distributions shown in Figures 42, 44, 46, and 48 (high energy) and Figure 53 (low energy).
Error bars represent uncertainties of the integral of the velocity-weighted fit to the TOF
distributions (Sec. II.D) in Figures 42, 44, 46, 48, and 53.
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Figure 50 Translational energy of F scattered from Si(100) as a function of detector angle
Average translational energy of scattered F atom as a result of exposure to high energy XeF 2
(solid symbols) and low energy XeF2 (hollow symbols) as a function of detector angle over four
different fluorine coverage ranges. The average translational energy is determined from the
velocity-weighted TOF distributions shown in Figures 42, 44, 46, 48 (high energy) and Figure 53
(low energy). Error bars represent the uncertainty of the determination of the average
translational energy (Sec. II.D) from the fits to the TOF distributions in Figures 42, 44, 46, 48,
and 53.
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III.C.3.b. Low incident energy XeF 2 (Ei=1.8 kcal/mol)

The TOF distributions at m/e=19 described above are all for scattering high energy XeF2.

Analogous to the sets of the TOF measurements at m/e=167 and m/e=148 described in Sec.

III.C.1 and Sec. III.C.2, respectively, the TOF distributions of the scattered products at m/e=19

arising from the interaction of low energy XeF 2 with Si have also been measured. This provides

the opportunity for comparison between the dynamics of the interaction of XeF2 with Si(100)

with the dynamics of the interaction of F2 with Si(100) described in Chapter 1.

Figure 51 is a plot of the TOF distributions of the products at m/e=19 that are scattered

from the interaction of low energy XeF2 from Si(100). The TOF distribution is for a scattering

geometry in which the incident XeF2 is at normal incidence, Oi=O0 , and the detector is positioned

at 350 from the surface normal, Od=3 5 '. The TOF distribution is signal averaged over a 24 s

exposure to low energy XeF2. The average velocity and energy of the scattered F are 1472±65

m/s and 5.6±0.5 kcal/mol, respectively. Recall that the average velocity and energy of the

scattered F from the interaction of high energy XeF 2 with Si are 1551±68 m/s and 6.7±0.1

kcal/mol, respectively. Thus, although very fast F atoms are present in the interaction of XeF2

with Si over a range of incident XeF2 energies, the TOF distribution of F arising from the

interaction of low energy XeF 2 with Si is less energetic than that arising from exposure of Si to

high energy XeF2.
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Figure 51 TOF distribution of scattered products at m/e=19 upon exposure to low energy
XeF 2
(a) TOF spectra at m/e=19 measured at 0d=3 5 ' and T,=250 K upon exposure to high energy
XeF2 at Oi=0*. Signal at m/e=167 multiplied by XeF2 cracking ratio and XeF signal multiplied
by optimal scaling factor of 0.25 are superimposed for comparison. (b) Net scattered F atom
TOF distribution obtained by point-by-point subtraction of contributions from XeF 2 and XeF
from m/e=19 signal in (a). Spectra are averaged over XeF 2 exposure corresponding to a fluorine
coverage range of 0-1.2 ML F. Average velocity of the XeF distribution is vxeF=1472±65 m/s.

215



216

The TOF distribution in Figure 51 is signal averaged over a 24 s exposure to low energy

XeF2. To test the exposure dependence of the scattered F, TOF distributions have been signal

averaged over shorter 6 s exposures to low energy XeF2. Figure 52 shows the TOF distributions

at m/e=19 signal averaged over four successive 6 s exposures to low energy XeF2. The TOF

distributions of the scattered products at m/e=167 and m/e=148 are multiplied by the XeF2 and

XeF cracking ratios, respectively, and superimposed to show the contributions from unreactively

scattered XeF2 and XeF from single atom abstraction. Figure 53 shows the TOF distributions of

scattered F atoms, which are determined by subtracting the TOF distributions at m/e=167 and

m/e=148 multiplied by the XeF2 cracking ratio and XeF scaling factor, respectively.

The scattered flux of very fast F atoms is reasonably insensitive to low energy XeF2

exposure. The flux of scattered F atoms at 0d=35*, defined as the integral of the velocity-

weighted TOF distribution of scattered F atoms, is superimposed onto the plot of the angular

distribution of scattered F atoms arising from the interaction of high energy XeF2 with Si in

Figure 49. The scattered F atom flux arising from the interaction of low energy XeF 2 is

multiplied by a scaling factor such that flux of F atoms from low and high energy XeF2 is similar

at low XeF2 exposure. Although the comparison at successive exposures is not necessarily valid

because the relative flux of low and high energy XeF2 is unknown, the flux of very fast F atoms

is reasonably insensitive to fluorine coverage, increasing slightly as the XeF2 exposure increases.

The average translational energy of the scattered F atoms from the interaction of low

energy XeF 2 with Si is superimposed onto the plot of the translational energy of the scattered F

atoms as a function of detector angle in Figure 50. The energy of the scattered F atoms is
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reasonably insensitive to coverage, but it is distinctly lower than that of the scattered F atoms

from the interaction of high energy XeF 2 with Si.
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Figure 52 TOF distribution of scattered products at m/e=19 upon exposure to low energy
XeF 2 as a function of coverage
TOF spectra at m/e=19 measured at 0 d=35 ' and Ts=250 K upon exposure to low energy XeF2 at
Oi=O0. TOF spectra at m/e=167 multiplied by XeF 2 cracking ratio and TOF spectra of scattered
XeF multiplied by optimal scaling factor of 0.25 are superimposed for comparison. Spectra are
averaged over successive 6 s low energy XeF2 exposures corresponding to coverage ranges of (a)
0-0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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Figure 53 TOF distribution of scattered F with low energy XeF 2 as a function of coverage.
TOF spectra of scattered F atom measured at 0d=35 ' and Ts=250 K upon exposure to low energy
XeF 2 at Oj=00. Net scattered F atom signal obtained by point-by-point subtraction of
contributions form XeF2 and XeF from m/e=19 signal in Figure 52. Spectra are averaged over
successive 6 s low energy XeF2 exposures corresponding to coverage ranges of (a) 0-0.4 ML F,
(b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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III.C.4. m/e=129

III.C.4.a. High incident energy XeF 2 (Ei=6.3 kcallmol)

Figure 54 shows a TOF distribution of the products at m/e=129 that are scattered as a

result of the interaction of XeF 2 at Ei=6.3 kcal/mol with Si(100) at 250 K. The TOF distribution

is for a scattering geometry in which the XeF2 beam is 350 from the surface normal, Oj=35*, and

the detector is positioned along the surface normal, 9d=0*. The TOF distribution is signal

averaged over an exposure to high energy XeF2 that corresponds to a fluorine coverage range of

0-1.1 ML. The TOF distribution at m/e= 129 is bimodal with a narrow fast feature and a broad

slow feature. However, the TOF distribution is not simply comprised of only two contributions.

First, there are contributions from unreactively scattered XeF 2 and XeF arising from single atom

abstraction which fragment in the ionization region and are detected as Xe' at m/e=129. Second,

there is Xe that is reactively scattered as a result of the interaction of XeF 2 with Si. This

reactively scattered Xe may arise from the dissociation of XeF, the product of single atom

abstraction, or from two atom adsorption. Finally, there may Xe that is unreactively scattered as

a result of free Xe in the incident XeF2 beam arising from XeF2 decomposition. Of course, the

contribution from reactively scattered Xe is the contribution of interest. In addition, the further

separation of the two reactive Xe channels would yield significant insight into the dynamics of

the interaction of XeF 2 with Si. However, because of the unknown magnitude of the myriad

contributions to the signal at m/e= 129, the analysis of the TOF distribution at m/e= 129 is limited

to considering the range of effects that the other contributions may have on the TOF distribution

of Xe reactively scattered as a result of the interaction of XeF2 with Si.
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Figure 54 TOF distribution of scattered products at m/e=129
TOF spectrum at m/e=129 measured at 0d= 00 and Ts=250 K upon exposure to high energy XeF2

at Oi=350. Signal at m/e=167 multiplied by maximum XeF2 cracking ratio is superimposed to
show the maximum contribution from unreactively scattered XeF 2. Solid line shows the fit to the
TOF distribution given by Eq. (II.1) in Sec. II.D at m/e=167 multiplied by the maximum XeF2

cracking ratio.
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III. C.4.a.i. Determination of XeF2 contribution to signal at m/e=129

Figure 55 is a plot of the TOF distributions of the scattered signal at m/e=129 detected

along the surface normal, ed=00, signal averaged over short XeF2 exposure intervals. The

contribution from unreactively scattered XeF2 to the signal at m/e=129 is equal to the TOF

distribution at m/e=167 multiplied by the XeF2 cracking ratio, aF XeF2 *XeF The ratio

of the measured signal intensities at m/e=129 and m/e=167 is 2.4, but because of the unknown

contribution of free Xe in the XeF 2 molecular beam, this measured ratio is only an upper limit to

the XeF2 cracking ratio. The TOF distributions at m/e=167 shown in Figures 17-20 are

multiplied by this maximum XeF 2 cracking ratio and superimposed onto the TOF distributions at

m/e=129 in Figures 54-55. Note that the XeF2 contribution cannot account for all of the slow

feature of the TOF distribution at m/e=129.

III. C.4.a.ii. Determination of an upper bound for XeF contribution to signal at m/e=129

The contribution from scattered XeF to the signal at m/e=129 is equal to the TOF

distribution at m/e=148 that is attributed to scattered XeF multiplied by the XeF cracking ratio,

aXeF-+Xe+ /aXeF+XeF. . However, the XeF cracking ratio is unknown because there is no

experimentally feasible method for producing a pure source of XeF. In Figure 55 the TOF

distributions of scattered XeF are multiplied by an arbitrary scaling factor of 8.0. It will be

shown below that this arbitrary scaling factor must be equal to the maximum XeF cracking ratio.

Similar TOF distributions at m/e=129 have also been measured at several other detection

angles, 8d, spanning the entire forward scattering region in the scattering plane. Figure 56 shows

the TOF distributions of the products at m/e=129 scattered into five detection angles, 0 d, from

the interaction of high energy XeF 2 at Oi=35o. The TOF distributions are signal averaged over a
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coverage range of 0-0.4 ML F. The results shown in Figures 57, 58, and 59 are taken under

identical conditions to those in Figure 56 except that the TOF distributions are signal averaged

over coverage ranges of 0.4-0.7 ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F, respectively.

Analogous to Figure 55, the contributions from the TOF distribution of XeF 2 and XeF are

superimposed for comparison.

The contribution of scattered XeF to the TOF distribution of the scattered products at

m/e=129 cannot be greater than the overall signal at m/e=129. The maximum XeF cracking ratio

is the largest scaling factor that the TOF distribution of scattered XeF can be multiplied by such

that the contribution from scattered XeF is not greater than the overall m/e=129 signal at any

detector angle or exposure interval. The scaling factor is determined by matching the signal

intensities of scattered XeF to the m/e=129 signal under the conditions in which the flux of XeF

relative to the signal at m/e=129 is the smallest. These conditions correspond to the maximum

XeF signal which is with the detector along the surface normal at a fluorine coverage around 1

ML. It is apparent from Figure 55(d) that the maximum XeF cracking ratio is indeed 8.0.
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Figure 55 TOF distribution of scattered products at m/e=129 as a function of fluorine
coverage
TOF spectra at m/e=129 measured at 0d=0 and T,=250 K upon exposure to high energy XeF 2 at
O;=35*. Signal at m/e=167 multiplied by maximum XeF2 cracking ratio and XeF signal
multiplied by arbitrary XeF scaling factor of 8.0 are superimposed for comparison. Spectra are
averaged over XeF2 exposures corresponding to coverage ranges of (a) 0-0.4 ML F, (b) 0.4-0.7
ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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Figure 56 TOF distribution of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0-0.4 ML F
TOF spectra at m/e= 129 measured at five detector angles 0 d and Ts=25O K upon exposure to
high energy XeF2 at O;=350. The solid line shows the fit to the TOF distributions of XeF
multiplied by the maximum XeF cracking ratio (fits to data in Figure 27) and represents the
maximum contribution from XeF arising from single atom abstraction to the m/e= 148 signal. The
dashed line shows the fit to the TOF distributions at m/e= 167 multiplied by the maximum XeF2
cracking ratio (fits to data in Figure 17) and represents the maximum contribution from
unreactively scattered XeF2 to the m/e= 129 signal. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0-0.4 ML F.
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Figure 57 TOF distribution of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0.4-0.7 ML F
TOF spectra at m/e=129 measured at five detector angles 0d and T,=250 K upon exposure to
high energy XeF2 at Oj=350. The solid line shows the fit to the TOF distributions of XeF
multiplied by the maximum XeF cracking ratio (fits to data in Figure 29) and represents the
maximum contribution from XeF arising from single atom abstraction to the m/e= 148 signal. The
dashed line shows the fit to the TOF distributions at m/e=167 multiplied by the maximum XeF2
cracking ratio (fits to data in Figure 18) and represents the maximum contribution from
unreactively scattered XeF2 to the m/e=129 signal. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0.4-0.7 ML F.



Chapter 2: The Interaction of XeF 2 with Si(100)

I ' I I I

100- * -

00

100 - d -

01

Od =40*
h100--

0U 100- ed= 6o0

100 - 0 d=80 *

0
0 1000 2000 3000

Flight Time (s)

Figure 58 TOF distribution of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0.7-0.9 ML F
TOF spectra at m/e=129 measured at five detector angles ed and T,=250 K upon exposure to
high energy XeF2 at Oj=35*. The solid line shows the fit to the TOF distributions of XeF
multiplied by the maximum XeF cracking ratio (fits to data in Figure 31) and represents the
maximum contribution from XeF arising from single atom abstraction to the m/e= 148 signal. The
dashed line shows the fit to the TOF distributions at m/e=167 multiplied by the maximum XeF2
cracking ratio (fits to data in Figure 19) and represents the maximum contribution from
unreactively scattered XeF 2 to the m/e=129 signal. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0.7-0.9 ML F.
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Figure 59 TOF distribution of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0.9-1.1 ML F
TOF spectra at m/e=129 measured at five detector angles 8 d and Ts=250 K upon exposure to
high energy XeF2 at Oj=350. The solid line shows the fit to the TOF distributions of XeF
multiplied by the maximum XeF cracking ratio (fits to data in Figure 33) and represents the
maximum contribution from XeF arising from single atom abstraction to the m/e= 148 signal. The
dashed line shows the fit to the TOF distributions at m/e=167 multiplied by the maximum XeF2
cracking ratio (fits to data in Figure 20) and represents the maximum contribution from
unreactively scattered XeF 2 to the m/e=129 signal. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0.9-1.1 ML F.
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III.C.4.a.iii. Identification of unreactively scattered Xe from decomposition of the XeF 2

molecular beam

The presence of a thermal feature attributable to Xe scattered from the interaction of

XeF2 with Si is unusual considering the significant energy that is liberated during F atom

abstraction from either XeF2 or XeF. The slow feature in the Xe TOF distribution may not arise

from the reactive scattering of Xe from the interaction of XeF2 with Si, but the unreactive

scattering of free Xe in the incident molecular beam.

The possibility of XeF 2 decomposition in the molecular beam source is mentioned in Sec.

II.A. The Xe contamination that results from XeF2 decomposition does not adversely affect the

dynamics of the interaction of XeF2 with Si. However, it can adversely affect the measurement

of the TOF distribution, the experimental probe of the dynamics, because the TOF distribution of

unreactively scattered Xe may obscure the TOF distribution of Xe scattered as a result of the

interaction of XeF2 with Si.

In order to determine the effect of unreactively scattered Xe on the measurement of the

TOF distribution of the scattered products at m/e=129, the high energy XeF 2 (0.25% XeF2/Ar)

molecular beam was intentionally doped with Xe (1%) so that the TOF distribution of

unreactively scattered Xe could be measured as a function of XeF2 exposure. The concentration

of Xe was large enough to overwhelm the other contributions to the signal at m/e=129, but small

enough not to significantly affect the molecular beam expansion. The average velocity and

energy of the incident XeF2 are 550±24 m/s and 6.1±0.5 kcal/mol, respectively, compared to

560±24 m/s and 6.3±0.5 kcal/mol for the original high energy XeF2 beam. Figure 60 is a plot of

the TOF distributions of the scattered signal at m/e=129 parameterized by fluorine coverage due
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to XeF 2 exposure. The experimental conditions of these measurements are identical to the

measurements shown in Figure 55, except for the intentional introduction of free Xe in the

molecular beam. The data from Figure 55 are superimposed here for comparison. The insets

show that the small shoulder on the TOF distributions of the scattered Xe and XeF2 molecular

beam at short flight times matches well with the TOF distributions of the scattered high energy

XeF2 molecular beam.

Time-of-flight distributions of the scattered products at m/e=129 upon simultaneous

exposure to high energy Xe and XeF2 have been measured at five detection angles, 0d, spanning

the entire forward scattering region in the scattering plane. Figure 61 shows the TOF

distributions of the products at m/e=129 scattered into five detection angles, Od, from the

simultaneous interaction of high energy Xe and XeF2 at Qi=350*. The TOF distributions are signal

averaged over a coverage range of 0-0.4 ML F. The results shown in Figures 62, 63, and 64 are

taken under identical conditions to those in Figure 61 except that the TOF distributions are signal

averaged over coverage ranges of 0.4-0.7 ML F, 0.7-0.9 ML F, and 0.9-1.1 ML F, respectively.

The experimental conditions for these measurements are identical to those for the measurements

shown in Figures 56-59, except for the intentional introduction of free Xe in the molecular beam.

The data from Figures 56-59 are superimposed onto Figures 61-64, respectively, for comparison.

It is apparent that the majority of the signal in the TOF distribution of the scattered

products at m/e=129 upon simultaneous exposure to Xe and XeF2 arises from unreactively

scattered Xe. The TOF distribution of unreactively scattered Xe can be isolated by a point-by-

point subtraction of the TOF distribution at m/e=129 of the scattered products shown in Figures

56-59 that arise from exposure to only high energy XeF 2. The resulting TOF distributions of
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unreactively scattered Xe, which are not shown here, are bimodal with a narrow fast feature and

a broad slow feature corresponding to direct-inelastic (DI) and trapping-desorption (TD)

scattering mechanisms. A Maxwell-Boltzmann function is fit to each of the two components of

the TOF distribution, corresponding to DI scattering and TD scattering, in a stepwise manner

analogous to that described in Sec. III.C for unreactively scattered XeF2. The fits to the DI and

TD components of the unreactively scattered Xe are superimposed onto Figures 61-64.

The angular distribution of the unreactively scattered Xe flux can be determined from the

integration of the velocity-weighted TOF distributions shown in Figures 61-64. Figure 65 shows

a plot of the flux of Xe unreactively scattered from Si(100) via DI scattering and TD scattering

as a function of detector angle over four ranges of coverage due to XeF2 exposure. The flux of

Xe unreactively scattered via DI scattering and TD scattering is remarkably insensitive to

coverage which is in stark contrast to the strong coverage dependence of the TOF distributions of

unreactively scattered XeF 2. The dramatic difference in the unreactive scattering of Xe and XeF2

as a function of fluorine coverage will be discussed further in Sec. IV.A.

Although the TOF distribution of unreactively scattered Xe has been identified, the

contribution, if any, to the TOF distributions of the scattered products at m/e=129 arising from

the interaction of high energy XeF2 is unknown. However, the only detrimental effect of free Xe

in the molecular beam is that the TOF distribution of the unreactively scattered Xe, namely the

fast DI scattering component, would obscure the fast feature in the TOF distribution at m/e=129

that arises from the reactively scattered products of the interaction of XeF2 with Si. The use of a

low energy XeF 2 beam can minimize this interference by decreasing the intensity of the DI

scattering component of the unreactively scattered Xe and shifting it to lower velocities and
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hence longer flight times in the TOF distribution at m/e=129. The TOF distributions of the

reactively scattered products of the interaction between XeF2 and Si are not affected by the lower

energy of the incident XeF 2 because of the large amount of energy liberated in the exothermic

process of F atom abstraction. Indeed, the TOF distribution of the product of single atom

abstraction, XeF, is shown in Sec. III.C.2.b to be identical for both low and high energy XeF 2.

Assuming that two atom adsorption and single atom abstraction are related processes in the

interaction of XeF 2 with Si, an assumption based on one of the main conclusions of the

experimental and theoretical study of the interaction between F2 and Si(100) presented in

Chapter 1, the TOF distribution of the product of two atom adsorption, Xe, should also be

insensitive to the energy of the incident XeF2 in the range of 1.8-6.3 kcal/mol.
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Figure 60 TOF distributions of scattered products at m/e=129 as a function of coverage
upon exposure to high energy Xe and XeF 2
TOF spectra at m/e=129 measured at Od= 0 ' and T,=250 K upon exposure to high energy XeF2
(solid circles) and simultaneous exposure to high energy XeF 2 and Xe (hollow circles) at 9j=35*.
Spectra are averaged over XeF 2 exposures corresponding to coverage ranges of (a) 0-0.4 ML F,
(b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F. The insets are enlargements of the
fast part of the TOF spectra to show the presence of reactively scattered Xe in the TOF
distribution of the signal at m/e=129 arising from the simultaneous exposure to high energy XeF2
and Xe.
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Figure 61 TOF distributions of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0-0.4 ML F upon exposure to high energy Xe and XeF2
TOF spectra at m/e= 129 measured at five detector angles Od and Ts=25O K upon exposure to
high energy XeF2 (solid circles) and simultaneous exposure to high energy XeF2 and Xe (hollow
circles) at 6;=350. The solid and dashed lines show fits to the DI and TD scattering components,
respectively, of the TOF distributions of unreactively scattered Xe, which is the difference
spectrum of the two TOF spectra in each panel. TOF spectra are averaged over a 10 s high
energy XeF2 exposure corresponding to a fluorine coverage range of 0-0.4 ML F. The insets are
enlargements of the fast part of the TOF spectra to show the presence of reactively scattered Xe
in the TOF distribution arising from the simultaneous exposure to high energy XeF2 and Xe.



Chapter 2: The Interaction of XeF 2 with Si(100)

0 1000 2000 3000

Flight Time (s)

Figure 62 TOF distributions of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0.4-0.7 ML F upon exposure to high energy Xe and XeF 2
TOF spectra at m/e=129 measured at five detector angles ed and Ts=250 K upon exposure to
high energy XeF2 (solid circles) and simultaneous exposure to high energy XeF2 and Xe (hollow
circles) at 0j=350. The solid and dashed lines show fits to the DI and TD scattering components,
respectively, of the TOF distributions of unreactively scattered Xe, which is the difference
spectrum of the two TOF spectra in each panel. Spectra are averaged over a 10 s high energy
XeF 2 exposure corresponding to a fluorine coverage range of 0.4-0.7 ML F. The insets are
enlargements of the fast part of the TOF spectra to show the presence of reactively scattered Xe
in the TOF distribution arising from the simultaneous exposure to high energy XeF2 and Xe.
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Figure 63 TOF distributions of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0.7-0.9 ML F upon exposure to high energy Xe and XeF 2
TOF spectra at m/e=129 measured at five detector angles 0 d and Ts=250 K upon exposure to
high energy XeF2 (solid circles) and simultaneous exposure to high energy XeF 2 and Xe (hollow
circles) at Oi=350. The solid and dashed lines show fits to the DI and TD scattering components,
respectively, of the TOF distributions of unreactively scattered Xe, which is the difference
spectrum of the two TOF spectra in each panel. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0.7-0.9 ML F. The insets are
enlargements of the fast part of the TOF spectra to show the presence of reactively scattered Xe
in the TOF distribution arising from the simultaneous exposure to high energy XeF2 and Xe.
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Figure 64 TOF distributions of scattered products at m/e=129 as a function of detector
angle over a coverage range of 0.9-1.1 ML F upon exposure to high energy Xe and XeF 2
TOF spectra at m/e= 129 measured at five detector angles 6 d and Ts=250 K upon exposure to
high energy XeF2 (solid circles) and simultaneous exposure to high energy XeF2 and Xe (hollow
circles) at O;=35*. The solid and dashed lines show fits to the DI and TD scattering components,
respectively, of the TOF distributions of unreactively scattered Xe, which is the difference
spectrum of the two TOF spectra in each panel. Spectra are averaged over a 10 s high energy
XeF2 exposure corresponding to a fluorine coverage range of 0.9-1.1 ML F. The insets are
enlargements of the fast part of the TOF spectra to show the presence of reactively scattered Xe
in the TOF distribution arising from the simultaneous exposure to high energy XeF2 and Xe.
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Figure 65 Angular distribution of flux of Xe unreactively scattered from Si(100)
Unreactively scattered flux of Xe determined from velocity-weighted integration of the fits to the
TOF distributions shown in Figures 61-64 of unreactively scattered Xe attributable to DI
scattering (hollow circles) and TD scattering (solid circles) as a function of detector angle over
successive 10 s high energy XeF 2 exposure intervals corresponding to coverage ranges of (a) 0-
0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F. Error bars represent
uncertainty of the integral of the fit to the TOF distribution.
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III.C.4.b. Low incident energy XeF 2 (Ei=1.8 kcallmol)

Figure 66 shows a TOF distribution of the products at m/e=129 that are scattered as a

result of the interaction of low energy XeF2 with Si(100) at 250 K. The TOF distribution is for a

scattering geometry in which the XeF 2 beam is along the surface normal, Oi=O0, and the detector

is positioned at Od= 35 *. The TOF distribution is signal averaged over an exposure to low energy

XeF 2 that corresponds to a fluorine coverage range of 0-1.1 ML. The TOF distribution at

m/e=129 is bimodal with a narrow fast feature and a broad slow feature. Analogous to Figure

54, the fit to the XeF 2 TOF distribution shown in Figure 23 is scaled by the XeF2 cracking ratio

and superimposed onto the TOF distribution at m/e=129 in Figure 66. Comparison of Figure 66

with Figure 54 shows that the TOF distributions at m/e=129 arising from the interaction of low

and high energy XeF2 with Si are remarkably similar. The TOF distribution in Figure 66 is

signal averaged over a 24 s exposure to low energy XeF 2. To test the exposure dependence of

the scattered signal at m/e=129, TOF distributions have been signal averaged over shorter 6 s

exposures to low energy XeF2. Figure 67 shows the TOF distributions at m/e=129 signal

averaged over four successive 6 s exposures to low energy XeF2. The fast feature in the TOF

distributions decreases in intensity as a function of XeF 2 exposure and shifts slightly to longer

flight times. Although these observations are analogous to those of the TOF distributions of the

scattered products at m/e=129 as a result of the interaction of high energy XeF 2 with Si, a more

direct comparison can be made which allows for the isolation of the TOF distribution of the

reactively scattered Xe.

The contribution of unreactively scattered Xe, if present, to the fast feature in the TOF

distribution at m/e=129 arising from the interaction of low energy XeF2 is minimal because the
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TOF distribution of unreactively scattered Xe is shifted to longer flight times as a result of the

lower incident energy. The same is true for the contribution of unreactively scattered XeF2 to the

fast feature of the TOF distribution at m/e=129. In fact, the maximum contribution from XeF2 to

the entire TOF distribution at m/e=129 can be separated by subtracting the signal at m/e=167

multiplied by the maximum XeF2 .cracking ratio. The maximum contribution of unreactively

scattered XeF 2 is superimposed on the TOF distribution of the scattered products at m/e=129 in

Figures 66-67. With the unreactively scattered products shifted away from the fast feature, there

are only three contributions to the fast feature in the TOF distribution of the scattered products at

m/e=129: XeF from single atom abstraction, and reactively scattered Xe arising from both two

atom adsorption and XeF dissociation.

Assuming that the TOF distribution of the reactively scattered products at m/e=129 is

reasonably insensitive to incident XeF2 energy over the range 1.8-6.3 kcal/mol, a simple self-

consistent analysis is used to separate the contribution from XeF arising from single atom

abstraction. Although it has been shown that the maximum XeF cracking ratio is 8 in Figures

56-59, it is improbable that this value is realistic since it assumes that under certain conditions all

of the fast feature in the TOF distribution of the scattered products at m/e=129 is from XeF

arising from single atom abstraction. Instead, an ideal XeF cracking ratio is determined by

point-by-point subtraction of the TOF distribution of scattered XeF multiplied by a scaling factor

from the TOF distribution of scattered products at m/e= 129 from both low and high energy XeF 2

such that the shape of the fast features of the TOF distributions for the two incident energies are

similar. Figure 68 is a plot of the TOF distributions of scattered products at m/e=129 that are

attributed to reactively scattered Xe as a function of fluorine coverage due to exposure to low
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and high XeF 2. The signal attributed to Xe results from the point-by-point subtraction of the

contributions of XeF 2 and XeF from the signal at m/e=129. The ideal XeF cracking ratio is 4,

which is half of the maximum possible value according to the results presented in Sec.

III.C.3.a.ii. Note that no unreactively scattered Xe contribution has been subtracted from the

TOF distributions suggesting that the contribution of unreactively scattered Xe to the signal at

m/e=129 may not be significant, even in the high energy XeF 2 results. The low energy results

are scaled by a factor of two to match the signal intensities.

The TOF distributions of the scattered products at m/e=129 arising from the interaction

of low and high energy XeF 2 are remarkably similar. In particular, the fast feature of the TOF

distributions are similar suggesting that the reactively scattered products are indeed reasonably

insensitive to incident energy in the range 1.8-6.3 kcal/mol. The slow features of the TOF

distributions are described well by a velocity distribution arising from the TD scattering of Xe.

Although the shapes of the TOF distributions are similar, the relative intensity of the slow feature

with respect to the fast feature is greater for the low energy XeF 2 than the high energy XeF 2.

This subtle difference is certainly a result of the different scattering kinematics at different

incident energies. In particular, the possible presence of free Xe in both the low and high energy

XeF2 would be extremely sensitive to this effect because it is unreactively scattered and cannot

gain significant energy from the surface. This incident energy effect is exemplified by the TOF

distributions of unreactively scattered XeF 2 that result from the interaction of both low and high

energy XeF2 with Si.
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Figure 66 TOF distribution of scattered products at m/e=129 upon exposure to low energy
XeF 2
TOF spectrum at m/e=129 measured at Od= 35 ' and T,=250 K upon exposure to low energy XeF2
at Oi=O0 . Signal at m/e=167, taken from Figure 23, is multiplied by maximum XeF 2 cracking
ratio and superimposed to show maximum contribution from unreactively scattered XeF 2. The
solid line shows the fit to the TOF distribution at m/e=167 multiplied by the maximum XeF2
cracking ratio.
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Figure 67 TOF distribution of scattered products at m/e=129 as a function of coverage
upon exposure to low energy XeF 2
TOF spectra of scattered Xe measured at Od= 3 5 * and T,=250 K upon exposure to low energy
XeF 2 at ei=o0 . The TOF distribution at m/e=167 multiplied by the maximum XeF2 cracking
ratio and the TOF distribution of XeF (hollow circles) multiplied by an optimized scaling factor
of 4.0 are superimposed for comparison. Solid lines show fits to the TOF distributions of XeF2
and XeF. Spectra are averaged over XeF 2 exposures corresponding to coverage ranges of (a) 0-
0.4 ML F, (b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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Figure 68 TOF distribution of reactively scattered Xe as a result of the interaction of low
and high energy XeF 2 with Si as a function of coverage
TOF spectra of reactively scattered Xe measured at Ts=25O K upon exposure to low energy XeF 2
(solid circles) and high energy XeF2 (crosses). For the low energy XeF2, the scattering geometry
is e;= 0 and Od=3 50 ; for the high energy XeF2, the scattering geometry is 8i=350 and 0d=400.
The Xe TOF distribution is obtained by point-by-point subtraction of m/e= 167 signal multiplied
by XeF2 cracking ratio and the XeF signal multiplied by an optimized scaling factor of 4.0.
Spectra are averaged over XeF2 exposures corresponding to coverage ranges of (a) 0-0.4 ML F,
(b) 0.4-0.7 ML F, (c) 0.7-0.9 ML F, and (d) 0.9-1.1 ML F.
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III.C.4.c. Angular distribution of reactively scattered Xe

Analogous to the XeF2 and XeF TOF measurements in Sec. III.C. 1 and Sec. II.C.2, TOF

distributions at m/e=129 were measured at several detection angles ed spanning the entire

forward scattering region in the scattering plane and signal averaged over shorter 10 s XeF2

exposure intervals. Figure 69 shows the TOF distributions of the reactively scattered Xe into

five detection angles, Od, from the interaction of high energy XeF2 at Oi=35'. The XeF2

contribution was separated by subtracting the TOF distribution at m/e=167 multiplied by the

XeF2 cracking ratio. The XeF contribution was separated by subtracting the TOF distribution of

XeF multiplied by the XeF cracking ratio determined in the previous section. The TOF

distributions are signal averaged over a coverage range of 0-0.4 ML F. The results shown in

Figures 70, 71, and 72 were measured under identical conditions to those in Figure 69 except that

the TOF distributions are signal averaged over coverage ranges of 0.4-0.7 ML F, 0.7-0.9 ML F,

and 0.9-1.1 ML F, respectively. A bimodal velocity distribution is fit to the TOF distributions.

The slow component is attributed to a scattering mechanism analogous to trapping-desorption

and is described by a Maxwell-Boltzmann function for Xe at a temperature of 250 K, the surface

temperature. The rest of the TOF distribution is attributed to a scattering mechanism that yields

fast Xe atoms and is described by a Maxwell-Boltzmann function that is analogous to the

unreactive DI scattering of XeF 2 and free Xe. Figure 73 shows plots of the angular distribution

of the flux of fast and slow Xe scattered from Si(100) parameterized by fluorine coverage due to

XeF2 exposure. The flux of Xe is defined as the integral of the velocity-weighted TOF

distributions of the fast and slow components. The angular distributions of both components are

cosinelike. The magnitude of the slow component is insensitive to fluorine coverage, whereas
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the magnitude of the fast component decays monotonically with coverage. Figure 74 shows a

plot of the average translational energy of the fast component of the reactively scattered Xe as a

function of detector angle as well as fluorine coverage. The average translational energy of the

fast component of reactively scattered Xe from the interaction of low energy XeF 2 with Si

measured at a single detector angle is superimposed for comparison. Not only is the translational

energy insensitive to detector angle, but it is also insensitive to incident energy over the range

1.8-6.3 kcal/mol. However, the translational energy of the fast component of the reactively

scattered Xe decreases with fluorine coverage. All of these features of the reactively scattered

Xe are reminiscent of those of the scattered XeF arising from single atom abstraction.
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Figure 69 TOF distribution of reactively scattered Xe as a function of detector angle over a
coverage range of 0-0.4 ML F
TOF spectra of reactively scattered Xe measured at five detector angles 0 d and T,=250 K upon
exposure to high energy XeF2 at 0j=350. The Xe TOF distribution is obtained by point-by-point
subtraction of m/e=167 signal multiplied by the maximum XeF2 cracking ratio and the XeF
signal multiplied by an optimized scaling factor of 4.0. Fit to TOF distribution (thick line) is
separated into two components representing DI scattering (thin solid line) and TD scattering
(thin dashed line). Spectra are averaged over XeF 2 exposure corresponding to a fluorine
coverage range of 0-0.4 ML F.
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Figure 70 TOF distribution of reactively scattered Xe as a function of detector angle over a
coverage range of 0.4-0.7 ML F
TOF spectra of reactively scattered Xe measured at five detector angles Od and T,=250 K upon
exposure to high energy XeF2 at Oj=350. The Xe TOF distribution is obtained by point-by-point
subtraction of m/e=167 signal multiplied by the maximum XeF 2 cracking ratio and the XeF
signal multiplied by an optimized scaling factor of 4.0. Fit to TOF distribution (thick line) is
separated into two components representing DI scattering (thin solid line) and TD scattering
(thin dashed line). Spectra are averaged over XeF 2 exposure corresponding to a fluorine
coverage range of 0.4-0.7 ML F.
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Figure 71 TOF distribution of reactively scattered Xe as a function of detector angle over a
coverage range of 0.7-0.9 ML F
TOF spectra of reactively scattered Xe measured at five detector angles ed and T,=250 K upon
exposure to high energy XeF2 at Oj=35*. The Xe TOF distribution is obtained by point-by-point
subtraction of m/e=167 signal multiplied by the maximum XeF2 cracking ratio and the XeF
signal multiplied by an optimized scaling factor of 4.0. Fit to TOF distribution (thick line) is
separated into two components representing DI scattering (thin solid line) and TD scattering
(thin dashed line). Spectra are averaged over XeF2 exposure corresponding to a fluorine
coverage range of 0.7-0.9 ML F.
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Figure 72 TOF distribution of reactively scattered Xe as a function of detector angle over a
coverage range of 0.9-1.1 ML F
TOF spectra of reactively scattered Xe measured at five detector angles 6 d and T,=250 K upon
exposure to high energy XeF2 at 0i=350. The Xe TOF distribution is obtained by point-by-point
subtraction of m/e=167 signal multiplied by the maximum XeF2 cracking ratio and the XeF
signal multiplied by an optimized scaling factor of 4.0. Fit to TOF distribution (thick line) is
separated into two components representing DI scattering (thin solid line) and TD scattering
(thin dashed line). Spectra are averaged over XeF 2 exposure corresponding to a fluorine
coverage range of 0.9-1.1 ML F.
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Figure 73 Angular distribution of flux of Xe reactively scattered from Si(100)
Reactively scattered flux of Xe determined from velocity-weighted integration of the fits to the
TOF distributions shown in Figures 69-72 attributable to DI scattering (hollow circles) and TD
scattering (solid circles) as a function of detector angle over successive 10 s high energy XeF2
exposure intervals corresponding to coverage ranges of (a) 0-0.4 ML F, (b) 0.4-0.7 ML F, (c)
0.7-0.9 ML F, and (d) 0.9-1.1 ML F. Error bars represent uncertainty of the integral of the fit to
the TOF distribution.
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Figure 74 Translational energy of fast Xe reactively scattered from Si(100) as a function of
detector angle
Average translational energy of fast Xe reactively scattered as a result of exposure to high energy
XeF2 (solid symbols) and low energy XeF2 (hollow symbols) as a function of detector angle over
four different fluorine coverage ranges. The average translational energy is determined from the
velocity-weighted TOF distributions shown in Figures 69-72. Error bars represent the
uncertainty of the determination of the average translational energy (Sec. II.D) from the fits to
the TOF distributions.
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IV. DISCUSSION

A picture of the interaction of XeF 2 with Si(100) is apparent from these experimental

results. In general, the interaction of XeF2 with Si(100) is remarkably similar to the interaction

of F2 with Si(100), especially at fluorine coverages below 1 ML. Three basic scattering channels

are present in both XeF2 and F2: unreactive scattering and dissociative chemisorption via single

atom abstraction and two atom adsorption. In the event of dissociative chemisorption, the

adsorption of fluorine occurs at the Si dangling bonds and no Si lattice bonds, not even Si dimer

bonds, are broken according to thermal desorption and He diffraction results. However at a

coverage around 1 ML F, F2 ceases to react with the Si surface whereas XeF 2 continues to react,

breaking Si dimer bonds and Si lattice bonds, resulting in etching, the removal of Si from the

surface.

The focus of this investigation is the initial fluorination of Si up to a coverage of 1 ML F

upon exposure to XeF2 to allow for comparison of these results to those of the interaction of F2

with Si presented in Chapter 1. There are significant differences between the two fluorine

compounds. First, whereas the reaction probability of F2 displays a strong coverage dependence,

the reaction probability of XeF2 is only weakly dependent on coverage. Unreactive scattering is

the subject of Sec IV.A. Second, the velocity of the scattered F atom that results from single

atom abstraction in the interaction of F2 with Si is independent of coverage and the angular

distribution of the scattered F atom is isotropic over the entire coverage range 0-1 ML F. This is

in stark contrast to the velocity and angular distribution of the scattered XeF which is strongly

dependent on the coverage. Single atom abstraction is the subject of Sec. IV.B. Finally, the

spectator atom Xe in XeF2 opens up novel opportunities to probe the dynamics of the gas-surface
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interaction via the scattering of the Xe atom. Based on the results, two sources of reactively

scattered Xe are believed to exist: Xe that arises from the dissociation of weakly bound XeF to

gas phase Xe and F atoms, and Xe that arises from two atom adsorption. The distinct difference

between these two processes is that the former is simply a dissociative process without

adsorption while the other process is dissociative chemisorption. The dissociation of XeF is the

subject of Sec. IV.C and two atom adsorption is the subject of Sec. IV.D. The discussion

concludes with a proposal of future experiments to better understand the dynamics of the

interaction of XeF 2 with Si as well as speculation as to the nature of the enhanced reactivity of

XeF2 with Si relative to that of F2.
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IV.A. Unreactive scattering

IV.A.1. Kinetics of unreactive scattering

The probability of unreactive scattering is equal to the total flux of scattered XeF2 relative

to the incident XeF2 flux. In Figure 4(a) the intensity of the signal at m/e=167, which

corresponds to unreactively scattered XeF2, is relatively low and is only weakly dependent on

exposure to high energy XeF2 during the initial fluorination of Si. The reactivity of XeF 2 with

Si(100) at 250 K, defined as the disappearance of the reactant XeF2 and measured as the absence

of unreactively scattered XeF2, is large at coverages below 1 ML F. In the case of high energy

XeF2, a simple comparison of the signal intensity at m/e=167 from XeF 2 scattered from a

reactive Si(100) surface to that scattered from an unreactive oxidized O-Si(100) surface yields an

approximate reaction probability of 0.9 at coverages below 1 ML and 0.2 in the steady state

regime [53]. However, although the exposure dependence of the intensity of the signal at

m/e=167 is related to the rate of unreactive scattering, the signal intensity is not necessarily

directly proportional to the flux, especially if the velocity and angular distribution of the

scattered products change as a function of XeF 2 exposure. A better method for determining the

rate of unreactive scattering is to integrate the flux of scattered XeF2, which is determined by

integration of the velocity-weighted TOF distribution, over the hemisphere above the surface to

determine the total flux of unreactively scattered XeF2. Figure 75 shows a plot of the total flux

of high energy XeF2 unreactively scattered from Si(100) as a function of fluorine coverage,

which is determined from the exposure dependence of the thermal desorption yield. The integral

is approximated as the sum of the flux into each detector angle ed, which is multiplied by the

Jacobian, sinOd, to account for the larger solid angle area at larger detector angles. Because only
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the angular distribution in the forward direction in the scattering plane is known, the angular

distribution is assumed to be independent of azimuthal angle. This approximation is valid for the

TD component which is scattered isotropically, but it likely exaggerates the contribution from

the DI component which is preferentially scattered along the specular angle, which lies in the

scattering plane. However, the highly corrugated nature of the covalent surface of Si(100)

presents a broad distribution of local surface normals from which the incident particles scatter,

which is evident in the extremely broad angular distribution of the DI component with respect to

the detector or polar angle, 0d. Thus, the approximation that the angular distribution is similarly

broad with respect to the azimuthal angle is probably reasonably valid. The total flux of

unreactively scattered high energy XeF2 is essentially constant over the coverage range 0-0.6

ML, and then the flux increases dramatically as all of the highly reactive dangling bonds are

occupied by fluorine.
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Figure 75 Coverage dependence of total flux of unreactively scattered XeF 2
The total scattered XeF flux as a function of fluorine coverage due to high energy XeF 2 exposure
at Oj=350 and T,=250 K. The total flux is determined by integrating the angular distribution of
the scattered flux shown in Figure 21. The total flux is over the entire hemisphere above the
surface so the angular distribution is weighted by the Jacobian, sinOd. The scattered flux is
assumed to be independent of azimuthal angle. The error bars represent the propagated
uncertainties from the fits to the TOF distributions.
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Although the relative fluxes of the low and high energy XeF2 molecular beams are

unknown which precludes a relative comparison of the probability of unreactive scattering for

the two incident energies, the similar exposure dependence of the scattered product signal

intensities arising from the unreactive scattering of high and low energy XeF 2 (cf. Figure 8(a))

suggests that the reaction probability of low energy XeF 2 is large during the initial fluorination.

The similarity of the XeF 2 reactivity over this range of incident energy suggests that the reaction

is not activated, i.e., there is no significant energetic barrier to reaction. The absence of an

energetic barrier to reaction is not surprising considering that no significant energetic barrier is

observed in the fluorination of Si(100) by low energy F2. In fact, close examination of the

exposure dependence of the unreactively scattered product signals in Figure 8(a) reveals that the

intensity arising from low energy XeF2 is distinctly flatter than that from high energy XeF 2

during the initial fluorination. After the initial fluorination, the intensity of the signal at m/e=167

increases dramatically at a similar exposure for both incident energies, as the surface becomes

substantially less reactive at a coverage around 1 ML F. This subtle difference in the exposure

dependence suggests that low energy XeF2 may be more reactive than high energy XeF 2. The

increase in reactivity with decreasing energy indicates that a longer interaction time between the

reactants is a critical element for reaction.

In the interaction of F2 with Si, the reaction probability is strongly dependent on fluorine

coverage, decaying monotonically from almost unity on the clean surface to zero at a coverage of

about 1 ML with a dependence that is directly related to the number of unoccupied sites, i.e., (1-

0). The lack of coverage dependence of the reactivity of XeF 2 with Si over a wide coverage

range and the enhanced reactivity of lower energy XeF2 are suggestive of the presence of an
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extrinsic physisorbed precursor mechanism in which the reactant molecule diffuses along the

occupied sites on the surface until it encounters an unoccupied site and reacts. The presence of a

precursor mechanism is in accord with previous investigations of the surface temperature

dependence that showed that the reactivity of XeF 2 with Si, defined as the etch rate of Si,

increased with decreasing temperature in the range of 150-400 K [4,6]. The lower surface

temperature enhances the reactivity by increasing the residence time of XeF 2 on the surface

through the inhibition of the desorption of XeF2 from its physisorbed state on top of occupied

sites. The increase in reactivity with decreased surface temperature provides further support to

the conclusions based on the experimental results presented above that there is no significant

energetic barrier in the initial reaction of XeF2 with Si, and that the critical element to the

reaction is the probability of the incident XeF2 interacting with a reactive site on the Si surface.

IV.A.2. Branching between direct-inelastic and trapping desorption scattering

The effect of the residence time of XeF 2 on the Si surface on the reactivity is also

apparent in the branching between the two unreactive scattering mechanisms, direct-inelastic

(DI) scattering and trapping-desorption (TD) scattering. One of the most important differences

between DI and TD scattering is that the residence time of the particle in the vicinity of the

surface is extremely short (-ps) for DI scattering and extremely long (>ps) for TD scattering.

A useful parameter is the branching ratio of the flux of unreactively scattered XeF2 via

the DI and TD scattering channels. Figure 76 shows a plot of the branching ratio of XeF2 as a

function of fluorine coverage due to high energy XeF 2 exposure. The branching ratio is

calculated by determining the total flux of XeF 2 scattered into the hemisphere above the surface

via either DI scattering or TD scattering. The analysis of the flux arising from the two
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mechanisms is identical to the calculation of the total flux of unreactively scattered XeF 2 shown

in Figure 75 except that the integration is performed for the individual components of the TOF

distribution. The branching ratio is the ratio of the total flux of XeF2 unreactively scattered via

DI scattering to that scattered via TD scattering. Although this ratio is not exact because of the

anisotropy of the angular distribution of the DI scattered XeF2, the ratio is a reasonable

representation of the branching as long as the shape of the DI angular distribution does not have

a strong dependence on fluorine coverage over the range 0-1.1 ML. Based on the observation

that the shape of the DI angular distribution in the scattering plane does not change as a function

of fluorine coverage (cf. Figure 21), it is reasonable to assume that the angular distribution of the

out-of-plane DI scattering does not change as well.
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Figure 76 Branching ratio of unreactively scattered Xe and XeF 2 from Si(100)
Branching ratio of the flux of XeF2 (solid circles) and Xe (hollow circles) unreactively scattered
via DI scattering relative to TD scattering as a function of fluorine coverage due to high energy
XeF2 exposure at 8j=35* and T,=250 K. The total flux of XeF 2 is determined by integrating the
angular distributions of the flux of XeF 2 unreactively scattered via DI scattering and TD
scattering shown in Figure 21. The total flux of XeF2 is determined by integrating the angular
distributions of the flux of XeF2 unreactively scattered via DI scattering and TD scattering shown
in Figure 65. The total flux is over the entire hemisphere above the surface so the angular
distribution is weighted by the Jacobian, sin~d. The scattered flux is assumed to be independent
of azimuthal angle. The error bars represent the propagated uncertainties from the fits to the
TOF distributions.
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The DI:TD branching ratio of unreactively scattered XeF2 is quite sensitive to high

energy XeF 2 exposure, decreasing by a factor of more than five over a coverage range of 0-1.1

ML F. The profound change in the branching ratio with coverage is the result of a dramatic

increase of the flux TD scattering. There are two possible causes for the increase in TD

scattering that are based on a change in the interaction potential between XeF2 and Si surface as

the surface is fluorinated. The change could result in purely kinematic effects on the nature of

the scattered products. For example, the energy transfer from the particle to the surface is more

efficient making trapping more likely. On the other hand, the change could result in purely

reactive effects on the nature of the scattered products. For example, the XeF2 that proceeds

along a trajectory leading to trapping on the surface is more likely to react than the XeF 2 that

proceeds along a trajectory leading to inelastic scattering. Therefore, over a coverage range of 0-

0.6 ML the reaction probability of XeF 2 is high, and the TD component of the unreactively

scattered XeF2 will be depleted relative to the DI component. However, as the coverage

increases beyond 0.6 ML, the reaction probability decreases and the flux into TD scattering will

increase relative to the flux into DI scattering. To test these two possibilities, the branching ratio

of a inert particle can be measured. If the first case is true, then the branching ratio of the inert

particle will behave in a similar fashion to that of XeF2 and decrease with coverage. Otherwise,

if the second case is true, then the branching ratio of the inert particle will be unaffected by the

increase in fluorine coverage.

In Sec. III.C.4.a.ii, the TOF distributions of unreactively scattered Xe at several detector

angles as a function of XeF2 exposure are presented as a means of identifying the contribution of

free Xe in the high energy XeF 2 molecular beam to the signal at m/e=129. Analogous to the
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TOF distribution of unreactively scattered XeF 2, the TOF distribution of unreactively scattered

Xe is comprised of two components, a narrow fast feature arising from DI scattering and a broad

slow feature arising from TD scattering. The branching ratio of the unreactively scattered Xe

into the DI scattering channel relative to the TD scattering channel is superimposed on the plot of

the unreactively scattered XeF 2 branching ratio in Figure 76. Unlike the branching ratio of

unreactively scattered XeF2, the branching ratio of unreactively scattered Xe is reasonably

insensitive to XeF2 exposure increasing by only 60% over a range of fluorine coverage of 0-1.1

ML F. Interestingly, despite the Si surface becoming further fluorinated and eventually

disordered due to etching, suggesting that the surface becomes "softer" and, therefore, better able

to act as a sink for the energy of the incident particle, the DI:TD branching ratio of unreactively

scattered Xe increases with fluorine coverage. This observation suggests that during the initial

fluorination the surface is reasonably well-ordered since an increasingly more disordered, and

more hence corrugated, surface would be more likely to trap the incident particles. This

suggestion that the surface is well-ordered during the initial interaction of XeF 2 with Si is in

agreement with the thermal desorption and He diffraction experiments presented in Sec. III.B

that show that the initial fluorination of Si by XeF2 is similar to that of F2 which simply

passivates the dangling bonds with fluorine and is unable to etch Si.

To a first approximation, the kinematics of unreactive Xe and XeF2 scattering ought to be

similar since the masses of the two particles are similar and are both large with respect to the

mass of a Si atom, the collision partner. Therefore, significant differences can be attributed to

the reactive nature of the interaction potential between XeF2 and Si(100). In the case of purely

unreactive scattering, the branching ratio between DI scattering and TD scattering is a
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macroscopic property that represents the dynamics of the gas particles in the gas-surface

interaction potential, albeit after averaging over a wide range of parameters. Therefore, the

branching ratio of an inert particle is a macroscopic measure of the probability of an incident

particle proceeding through a trajectory that will lead to DI scattering relative to TD scattering.

In the case of the unreactive scattering of XeF 2, the observation that the branching ratio is

strongly dependent on fluorine coverage and behaves differently from other heavy unreactive

particles suggests that the reactive nature of XeF 2 is affecting the branching ratio. In this case, a

third scattering channel, reactive scattering, eliminates the XeF 2 molecules that, prior to reaction,

would unreactively scatter via either DI or TD scattering mechanisms with a ratio determined

entirely from inert scattering dynamics. The significant depletion of the TD component relative

to the DI component at low fluorine coverage suggests that the XeF2 molecules that react with

the surface are primarily the molecules that would have accommodated with the surface if

reaction had not occurred. This conclusion lends further support to the presence of an extrinsic

physisorbed precursor in which the reaction is enhanced by increasing the residence time of the

reactant particle on the surface or alternatively, increasing the interaction period of the two

reactants.

Nathanson and coworkers similarly attributed the absence of an unreactively scattered

TD component to reaction via the accommodated gas particles in the scattering of water [64] and

small organic molecules of similar mass and varying basicity [65,66] from a liquid surface of

sulfuric acid. The more basic molecules are solvated more readily as evidenced by the overall

loss of unreactively scattered flux from the acid surface relative to scattering from an inert

Teflon surface. In addition, of the molecules that do scatter unreactively, DI scattering is
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increasingly more prevalent than TD scattering with increasing molecule basicity. The

molecules all have similar masses so the scattering kinematics in the absence of reaction ought to

be similar. Indeed, scattering of n-butanol, a basic organic molecule, from a liquid surface of

reactive sulfuric acid and a liquid surface of inert glycerol shows that the unreactive molecules

are scattered exclusively via DI scattering from the acid surface whereas from the inert surface,

TD scattering is preferred over DI scattering. According to the inert scattering dynamics of n-

butanol from the glycerol surface, TD scattering is the dominant scattering mechanism.

However, in the presence of a third reaction channel, deprotonation and solvation, the n-butanol

that resides in the vicinity of the acid surface longer and has more interactions with the surface is

much more likely to react than the n-butanol that only interacts a few times with the surface.

Thus, the reactive channel preferentially depletes the TD scattering channel relative to DI

scattering channel.

IV.A.3. Summary

Several observations suggest the presence of a physisorbed precursor mechanism in the

interaction of XeF2 with Si(100). First, the probability of unreactive scattering is nearly unity

and reasonably insensitive to the incident XeF2 energy, and, in fact, may increase with increasing

energy over the range 1.8-6.3 kcal/mol. This non-Langmuirian behavior which is characteristic

of an extrinsic precursor mechanism, also indicates that there is no significant barrier to reaction.

The absence of an energy barrier is analogous to the interaction of F2 with Si(100), but the

presence of an extrinsic physisorbed precursor distinguishes the interaction of XeF 2 with Si from

that of F2. Second, the probability of unreactive scattering is constant over a wide fluorine

coverage range of 0-0.6 ML. The weak coverage dependence of the probability of unreactive
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scattering is indicative of an extrinsic physisorbed precursor mechanism because despite the loss

of reactive sites, incident XeF2 is able to interact with a reactive site with the same likelihood. A

reaction probability that is independent of the number of unoccupied sites is only possible if

XeF2 is able to physisorb on top of the occupied sites and diffuse along them until it encounters a

reactive site. Finally, the TD component of the unreactively scattered XeF2 is substantially

depleted relative to the TD component of unreactively scattered Xe over the fluorine coverage

range of 0-0.6 ML. The particles that scatter via TD scattering are the particles that interact

sufficiently with the surface to become physisorbed to the surface.

The presence of an extrinsic physisorbed precursor mechanism in the interaction of XeF2

with Si(100) is in stark contrast to the interaction of F2 with Si(100) in which there is no

evidence of a physisorbed precursor mechanism. This difference can be understood in terms of

the efficacy of trapping XeF 2 and F2 on the Si surface. XeF2 is much larger than F2 and is,

therefore, much more polarizable, i.e., the electron cloud is easily distorted by an external force.

Physisorption is a van der Waals interaction, a weak interaction caused by the correlation of the

electronic motion in the two particles of interest. The strength of the interaction is related to the

ability of the electrons on one particle to influence the electrons on another particle and is,

therefore, proportional to the polarizabilities of the two particles.

The kinetics of unreactive scattering are different in the interactions of XeF2 and F2 with

Si(100), implying that the kinetics of the reaction of these two molecules with the surface must

also be different. However, despite the difference in the kinetics of the reaction, the dynamics of

the reactive interaction of XeF 2 and F2 with Si(100) are not necessarily different. In the next
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three sections, the focus of the discussion shifts from unreactive XeF 2 scattering to the reactive

scattering of XeF 2 via single atom abstraction and two atom adsorption.
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IV.B. Single atom abstraction

IV.B.1. Identification of F atom abstraction

The first direct experimental observation of the dissociative chemisorption mechanism of

atom abstraction was the mass spectrometric detection of scattered F atoms, further characterized

by a fast velocity distribution using a TOF technique, in the interaction of low energy F2 with

Si(100). The proposed criterion for atom abstraction is that the energy liberated by the formation

of one surface-adsorbate bond is sufficient to cleave the incident molecular bond. There is no

thermodynamic driving force for forming two surface-adsorbate bonds as there is in classic

dissociative chemisorption. The energetics of the interaction of XeF2 with Si satisfy this

criterion so atom abstraction ought to be present. Indeed, the mass spectrometric detection of

scattered XeF is demonstrated in Sec. III.A and Sec. III.C.2 providing direct evidence of atom

abstraction in the interaction of XeF 2 with Si(100). Although atom abstraction is present in the

interactions of F2 and XeF 2 with Si, a comparison of the dynamics of this mechanism in these

two gas-surface systems reveals a few common traits and several significant differences.

IV.B.2. Kinetics of single atom abstraction

The probability of single atom abstraction is proportional to the flux of scattered XeF. In

Figure 4(b) and Figure 8(b) the intensity of the signal at m/e=148 that is attributable to scattered

XeF is distinctly nonzero and shows a nonmonotonic dependence on exposure to high energy

XeF2 and low energy XeF 2, respectively. This unusual exposure dependence is reminiscent of

the exposure dependence of the probability of single atom abstraction in the interaction of F2

with Si (cf. Figure 12 in Chapter 1). However, two important differences exist. The first

difference is that in the case of exposure to high energy XeF 2 shown in Figure 4(b), the scattered
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XeF signal intensity does not decay to zero indicating that single atom abstraction does not cease

at coverages greater than 1 ML F as it does in the interaction of F2 with Si. However, because

the mechanisms of single atom abstraction and two atom adsorption are believed to share a

common step, this result is not unusual since the reaction of XeF 2 with Si, which must

necessarily proceed through single atom abstraction and/or two atom adsorption, does not cease

at a coverage of 1 ML F. Although the branching between the two dissociative chemisorption

mechanisms may change as a function of coverage, it is unlikely that one mechanism would

disappear completely. In the case of exposure to low energy XeF2 shown in Figure 8(b), the

scattered XeF signal intensity appears to decay to zero. However, it should be noted that the

incident angle and detector angle are different in Figures 4 and 8. Although no dependence on

incident angle has been observed, the highly anisotropic angular distribution of scattered XeF

results in a dramatic difference in the exposure dependence of the scattered product signal

intensity depending on the detector angle. Indeed, the scattered XeF signal intensity as a

function of high energy XeF2 exposure at the same detector angle also shown in Figure 8 decays

to zero as well.

The second difference is that the maximum in the intensity of the scattered XeF signal is

at a XeF 2 exposure that corresponds to about 1 ML F. This is unusual because according to the

thermal desorption and He diffraction results, the surface is well-ordered up to a coverage of 1

ML so there should be few unoccupied dangling bonds available for reaction when the maximum

is attained. These contradictory observations can be reconciled by considering the angular

distribution of the scattered XeF flux. The signal intensities shown in Figures 4(a) and 8(c) are

proportional to the number density of XeF scattered into the small solid angle in the hemisphere
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above the surface that is subtended by the detector. If the shape of the velocity distribution is

constant and the angular distribution of the scattered flux is isotropic as a function of exposure,

the measurement at any angle yields the exposure dependence of total scattered flux, the relevant

quantity for determining the reaction probability. For example, in the interaction of F2 with

Si(100), the signal intensity at any detector angle is directly proportional to the rate of single

atom abstraction because the velocity distribution of the scattered F atom is constant and the

exposure dependence of the F atom signal is independent of the detector angle. However, in the

interaction of high energy XeF2 with Si(100), the exposure dependence of the scattered XeF

signal is strongly dependent on detector angle as well as fluorine coverage (cf. Figure 34). In

addition, the velocity of the scattered XeF, which is necessary to transform the mass

spectrometer signal to a signal that is proportional to flux, is not constant as a function of XeF2

exposure (cf. Figure 36). Analogous to the calculation of the total flux of scattered XeF2 shown

in Figure 75, the total flux of scattered XeF can be determined by integration of the flux of

scattered XeF, which is determined by integration of the velocity-weighted TOF distribution,

over the hemisphere above the surface. As with the scattered XeF2 flux, this integration assumes

that the velocity and angular distribution are independent of the azimuthal angle. This

assumption is justified by the observation that the angular distribution displays a maximum along

the surface normal, not the specular scattering angle, suggesting that the dynamics of the reactive

interaction overwhelm the incident trajectory of XeF 2. The insensitivity of the scattering

dynamics of XeF to the incident XeF 2 trajectory is not surprising given the tremendous

exothermicity of single atom abstraction (90 kcal/mol) relative to the incident XeF2 energy (1.8-6

kcal/mol). Figure 77 shows a plot of the total flux of scattered XeF as a function of fluorine
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coverage. In stark contrast to the exposure dependence of the XeF signal intensity shown in

Figure 4(b) and Figure 8(b), the total flux of scattered XeF, which is directly proportional to the

probability of single atom abstraction, is remarkably constant over the entire coverage range 0-

1.1 ML. However, the unusual nonmonotonic exposure dependence is still present, with the

maximum occurring at a XeF2 exposure that corresponds to 0.5 ML F, just as it does in the

interaction of F2 with Si(100). Although the scattered XeF flux along the surface normal

increases dramatically with coverage, the scattered flux into detector angles away from the

surface normal decreases substantially with coverage. The result is a relatively weak coverage

dependence for the scattered XeF flux. This analysis demonstrates the importance of considering

the velocity and angular distributions of the scattered products when relating mass spectrometer

intensities of the scattered products measured along a given detector angle to reaction

probabilities.

The weak fluorine coverage dependence of the probability of single atom abstraction is a

consequence of the presence of an extrinsic physisorbed precursor mechanism. Since the

probability of unreactive scattering is reasonably constant as a function of fluorine coverage over

the range of 0-0.6 ML, the probability of reactive scattering via either single atom abstraction or

two atom adsorption must be similarly insensitive to fluorine coverage.
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Figure 77 Coverage dependence of total flux of XeF scattered as a result of single atom
abstraction
The total scattered XeF flux as a function of fluorine coverage due to high energy XeF 2 exposure
at Oi=350 and T,=250 K. The total flux is determined by integrating the angular distribution of
the scattered flux shown in Figure 34. The total flux is over the entire hemisphere above the
surface so the angular distribution is weighted by the Jacobian, sin~d. The scattered flux is
assumed to be independent of azimuthal angle. The error bars represent the propagated
uncertainties from the fits to the TOF distributions.
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IV.B.3. Angular distribution of single atom abstraction product

The anisotropic angular distribution shown in Figure 34 of the F atom abstraction product

of XeF 2 is very different from the isotropic angular distribution of the F atom abstraction product

resulting from the interaction of F2 with Si. Although the angular distribution of XeF is broad

and cosinelike at the low fluorine coverages, there is a substantial increase in the scattered XeF

flux along the surface normal with increasing coverage.

A possible explanation for the coverage dependence of the angular distribution of the

scattered XeF invokes steric hindrance and the phenomenon of molecular steering in gas-surface

interactions that was considered in Sec. IV.A.5.c of Chapter 1 as well as incorporates the

presence of an extrinsic physisorbed precursor. Recall that in molecular steering the incident

molecule is oriented by the gas-surface interaction potential in such a way that reaction with the

surface is more favorable than it would have been had the reaction occurred with a random

orientation of the incident molecule with respect to the surface [67,68,69,70,7 1]. On the clean

surface, a XeF2 molecule will readily lose a F atom to any unoccupied site in almost any

orientation because there is no steric hindrance to access the surface dangling bonds. Therefore,

the angular distribution of the scattered XeF is isotropic. On the other hand, on the fluorinated

surface, the adsorbed fluorine will sterically hinder the large XeF2 molecule from freely

accessing the few unoccupied dangling bonds. Figure 78 shows a pictorial representation of the

interaction of XeF2 with fluorinated Si(100). The top picture shows a cross section

perpendicular to the dimer rows, and the bottom picture shows a cross section parallel to the

dimer rows. The XeF2 molecule is -5 A long based on the XeF bond length and the covalent

radius of F, which is much larger than the relevant Si lattice spacings of 2.36 A for the dimer
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bond and 3.84 A between dimers within the dimer row. Regardless of the azimuthal orientation

of the incident XeF 2, there is no approach geometry that allows one of the F atoms on XeF2 to

access an unoccupied dangling bond with the molecular axis parallel to the surface because of

steric hindrance from the adsorbed fluorine. However, this steric hindrance can be overcome by

the combination of the physisorption potential, which keeps the XeF2 in the vicinity of the

surface for sufficiently long periods of time so that the XeF2 can access a reactive unoccupied

site, and the attractive interaction between a F atom and an unoccupied dangling bond, which is

strong enough to pull one of the F atom ends of the XeF2 molecule towards the reactive site,

tilting the molecular axis along the surface normal, and leading to ejection of the product XeF

away from the surface along the surface normal. Although the same attractive interaction likely

exists in the interaction of F2 with Si, there is also less steric hindrance of the small F2 molecule

which is only 2.54 A long.
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Figure 78 Pictorial representation of steric hindrance of XeF 2 at high coverage
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IV.B.4. Energy distribution of single atom abstraction product

In Sec. III.C.2, the dynamics of single atom abstraction were determined by measuring

the TOF distribution of the scattered signal at m/e=148 as a function of XeF2 exposure and

subtracting the contribution from unreactively scattered XeF2 which is determined by

multiplying the scattered signal at m/e=167 by the XeF 2 cracking ratio. Analogous to the F atom

TOF distribution of the single atom abstraction product of the interaction of F2 with Si, the XeF

TOF distribution is distinctly hyperthermal with an average velocity of 620:27 m/s and an

average energy of 7.8±0.7 kcal/mol. For comparison, in the fluorine atom abstraction of F2 by

Si, the scattered F atom is significantly faster (1084 m/s), but its energy is significantly lower

(3.7 kcal/mol) because the F atom is much lighter than the XeF molecule. Although the absolute

energies are dramatically different, the fraction of the reaction exothermicity that is channeled

into the translational energy of the gas phase product is very small (<10%) in both cases. Even

though the surface is a bath for energy transfer, the gas phase products in direct gas-surface

reactions have been observed to carry away large fractions of the reaction exothermicity [72].

The observation that the gas phase product of atom abstraction gains only a small fraction of the

reaction exothermicity yields insight into the gas-surface interaction potential. The low

translational energy of the products is consistent with an "early barrier" or "attractive potential"

type of potential energy surface first described by Evans and Polanyi for gas phase reactions

[73]. In the prototypical three atom reaction A+B2-+AB+B, an "attractive potential" surface

leads to low translational energy in the products and high vibrational energy in the product AB.

In the case of a gas-surface system, like the interaction of F2 and XeF 2 with Si(100), the

vibrational excitation is in the newly formed surface Si-F bond. Indeed, in the interaction of
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XeF2 with Si, emission at about 1400 cm-1 has been attributed to the decay of such a

vibrationally excited fluorinated Si surface species [28].

The observation that the translational energy of the reactively scattered products, XeF

arising from single atom abstraction (cf. Figure 36) as well as Xe arising from two atom

adsorption (cf. Figure 74), decreases substantially as a function of fluorine coverage as a result of

both high and low energy XeF 2 exposure over the range 0-1.1 ML indicates a change in the

dynamics of atom abstraction, despite the absence of a noticeable concomitant change in the

kinetics of single atom abstraction. The effect may be a result of the increased efficacy of

coupling the exothermicity of atom abstraction into the fluorinated surface relative to the clean

surface. However, this coverage dependence is not observed for the translational energy of the

reactively scattered F atom arising from the interaction of F2 with Si. Without additional

knowledge of the localized changes in the surface upon reaction as a function of fluorine

coverage, it is difficult to speculate as to the nature of the strong coverage dependence of the

translational energy of the reactively scattered products of the interaction of XeF2 with Si.
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IV.C. XeF dissociation

IV.C.1. Evidence for XeF dissociation

The presence of a very fast feature in the TOF distribution of the scattered products at

m/e=19 can only be attributed to F atoms arising from the dissociation of XeF. The only source

of F atoms in the incident molecular beam is XeF2, which is too strongly bound (63 kcal/mol

[51]) to dissociate upon collision at these relatively low collision energies (1.8-6.3 kcal/mol). No

F2 or other fluorides (i.e., NiF2 from reaction of XeF 2 with the walls of the Ni molecular beam

nozzle) are present in the molecular beam within the limit of the detection sensitivity (-10-5

MIJs). Although it is impossible to conclusively eliminate the possibility of the presence of F

atoms because some XeF2 fragments to F' in the ionization region, even if there are F atoms in

the molecular beam, they cannot unreactively scatter from the surface and gain sufficient energy

(-5 kcal/mol) to be detected at such short flight times. The only scattered products that contain F

atoms are XeF 2, XeF, and SiF4. It is highly unlikely that F atoms could arise from the desorption

from the Si surface or from the dissociation of etch products like SiF4, given the strength of any

Si-F bond is at least 125 kcal/mol [74]. On the other hand, XeF arising from single atom

abstraction is weakly bound by only 3 kcal/mol [51]. The XeF molecule is extremely susceptible

to dissociation.

Assuming that the probability of XeF dissociation is independent of fluorine coverage,

the flux of scattered Xe and F should be similar to the flux of XeF. Figure 79 shows a plot of the

total flux of XeF and F as a function of fluorine coverage. The total flux of stable XeF is known

from the angular distribution of the XeF TOF distributions (cf. Figure 77). The flux of F is

known from the TOF distributions at m/e=19. Analogous to the total flux of scattered XeF



Chapter 2: The Interaction of XeF2 with Si(100) 279

shown in Figure 77, the total flux of scattered F atoms is determined by integration of the flux of

F atoms, which is determined by integration of the velocity-weighted TOF distribution, over the

hemisphere above the surface. This integration assumes that the velocity and angular

distributions are independent of azimuthal angle. This assumption is justified by the observation

that the observed angular distribution is cosinelike suggesting an isotropic distribution. Despite

the dramatic difference in the angular distributions of XeF and F as a function of fluorine

coverage, the coverage dependence of the total flux is remarkably similar. Thus, the scattered F

atom flux is consistent with the mechanism of XeF dissociation. Knowledge of the coverage

dependence of the total flux of Xe arising from XeF dissociation would provide further evidence

for XeF dissociation, but it is unknown because of the coincidence of the velocity distributions of

three contributions to the m/e=129 signal: cracking of XeF, Xe from two atom adsorption, and

Xe from XeF dissociation.
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Figure 79 Coverage dependence of total flux of scattered XeF and F
The total scattered XeF and F atom flux as a function of fluorine coverage due to high energy
XeF2 exposure at Oi=35* and T,=250 K. The total flux is determined by integrating the angular
distribution of the scattered flux shown in Figure 34 and Figure 49. The total flux is over the
entire hemisphere above the surface so the angular distribution is weighted by the Jacobian,
sin~d. The scattered flux is assumed to be independent of azimuthal angle.
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IV.C.2. Mechanisms for XeF dissociation

There are two possible mechanisms for XeF dissociation in the interaction of XeF2 with

Si. The first mechanism is that dissociation occurs if XeF interacts with the surface. The XeF

produced in single atom abstraction has sufficient translational energy for it to dissociate upon

collision with the Si surface if the transfer of energy from translation to vibration excites the XeF

molecule above the dissociation limit. This mechanism is called collision-induced dissociation.

Note that if the XeF collides with an empty site and the geometry of the collision is appropriate,

then the F atom may adsorb onto the Si surface yielding two atom adsorption. Although two

atom adsorption is a likely cause of XeF dissociation because it is an exothermic dissociative

chemisorption process, the collision-induced dissociation of XeF into gas phase Xe and F atoms

at collision energies of 6-10 kcal/mol is less likely because a substantial fraction of the collision

energy must be transferred to the internal energy of the XeF. The second mechanism is that a

sufficient fraction of the energy liberated in the extremely exothermic F atom abstraction from

XeF 2 is transferred to the internal energy of the XeF such that the excited XeF spontaneously

dissociates. This mechanism is called chemically-induced dissociation. There is sufficient

exothermicity in the reaction of XeF2 with silicon to excite XeF into an electronically excited

state. Both the repulsive A state (AE=16.4 kcal/mol) and bound charge-transfer excimer B and C

states (AE-85 kcal/mol) are energetically accessible [75]. Dissociation from the dissociative A

state would be direct whereas dissociation from the predissociative B and C states would require

relaxation (T=10 ns) to the repulsive A state or the repulsive wall of the ground electronic state.

Even if electronic excitation does not occur, it is certainly possible that the XeF is excited into a

rovibrational state in the ground electronic state that is above the dissociation threshold. Because
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there is only one vibrational mode and two degenerate rotational modes in a diatomic molecule,

there are few degrees of freedom to store internal energy prior to dissociation. Thus, regardless

of the type of internal energy excitation, chemically-induced dissociation must occur within a

short time with respect to the collision and, therefore, must occur near the surface. Chemical-

induced dissociation is more likely than collision-induced dissociation because there is so much

energy available to dissociate XeF from the initial F atom abstraction than there is in a

subsequent collision with the surface. In addition, it is expected from an "attractive potential"

that the exothermicity of the reaction will be deposited into internal energy in the products as

opposed to translational energy.
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Chemically-induced dissociation is essentially a gas phase dissociation process, and is,

therefore, amenable to a momentum conservation analysis of the velocity and angular

distributions of the dissociated atoms. In the laboratory (LAB) reference frame, the conservation

of linear momentum in the event of XeF dissociation is given by:

-LA -LAB' VLA
mXeFvXeF Xevxe F F (IV.1)

In the center of mass (CM) frame:

(mXe + mF) XmF Xe X+M F V (IV.2)

where cMc =0 because the center of mass velocity is simply the scattered XeF velocity so:

--CM  I F CM (IV.3)

MXe)

To confirm that the measured LAB velocity of Xe is consistent with XeF dissociation, consider

the simplest scenario in which the XeF molecule is ejected with the molecular axis parallel to the

direction of the XeF velocity with the F-end in the forward direction (see pictorial representation

of geometry in inset in Figure 81). The average LAB velocities for XeF and F are assumed to be

620 m/s (450 m/s FWHM) and 1550 m/s (1130 m/s FWHM), respectively, based on data shown

in Figure 25 and Figure 40, respectively. The CM velocity of the dissociating system is simply

the LAB velocity of the XeF. Therefore, the CM velocity of the F atom is 930 m/s in the

forward direction, which, by Eq. (IV.3), yields a CM velocity for the Xe atom of 135 m/s in the

opposite direction.

The goal of this analysis is to show that the velocity distributions of the scattered F atom

and Xe atom are consistent with a gas phase dissociation event corresponding to chemically-

induced dissociation. Figure 81 shows a plot of a simulated TOF distribution of the scattered

products at m/e=129, calculated by assuming only two contributions: Xe atoms arising from the
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dissociation of XeF and Xe' arising from cracking of XeF in the ionization region. The TOF

distribution of Xe' from the cracking of XeF is described by the fit to the TOF distribution of

scattered XeF in Figure 25(b) multiplied by the ideal XeF cracking ratio of 4. The simulated

TOF distribution of Xe is described by a Maxwell-Boltzmann function F(t) such that the average

velocity and width of the distribution match the expected LAB velocity distribution, where the

average LAB velocity of Xe is calculated from Eq. (IV.1) as 455 m/s (350 m/s FWHM). The

intensity of the feature is simulated such that the flux of Xe arising from XeF dissociation is

equal to the flux of XeF cracking to Xe'. It is important to note that the Xe flux attributable to

Xe arising from XeF dissociation is unknown because the relative cross sections for ionization of

XeF and Xe are unknown, and because the fraction of XeF that dissociates is also unknown.

However, the resulting simulated TOF distribution at m/e=129 is certainly consistent with the

experimental results from Figure 54 which are superimposed in Figure 81. However, because of

the width of the TOF distributions, the distinction between the contribution due to XeF

fragmentation in the ionizer and the contribution due to Xe arising from the dissociation of XeF

near the surface prior to ionization is not readily apparent.

To better understand the mechanism for dissociation, the internal energy of the

dissociating XeF above the dissociation limit is determined from these velocities using the

conservation of energy which in the LAB frame is given by:

E, (XeF)+ E, (XeF) = E2 (Xe)+ E (F)+ Es (XeF), (IV.4)

which in the CM frame simplifies to:

Ei (XeF) - Es (XeF) = E c (Xe) + E c,(F)-.IV5
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Substituting the relationship between the momentum of the F atom and Xe atom from Eq. (IV.2)

into Eq. (IV.4) yields:

E (XeF)- Ediss (XeF) = E (F I+ MF]. (IV.6)

The internal energy of the dissociating XeF above the dissociation limit is 2.0 kcal/mol (1.4

kcal/mol FWHM). Thus, significant energy is channeled into the internal energy of the

dissociating XeF.

Although the results of this analysis are consistent with the experimental results, the

inability to distinguish the contributions from XeF fragmentation in the ionization region and Xe

arising from XeF dissociation prior to ionization precludes the conclusive determination of the

mechanism of XeF dissociation. In addition, there are several questionable assumptions with the

simple analysis presented above. First, the measurements which are made in the LAB frame

cannot rigorously be transformed into the CM frame because the trajectory of the dissociating

XeF molecule, or in other words, the position of the center of mass of the dissociating system, is

unknown. The assumption could be made that the trajectory of the dissociating XeF is identical

to that of the stable XeF. This assumption is questionable since the energy transfer into the two

types of XeF must be different to yield such different outcomes. Second, regardless of the

validity of this assumption, the orientation of the molecule with respect to its trajectory is

unknown. Because dissociation is likely on the order of a vibrational period which is much less

than a rotational period, there will be little rotational motion leading to an anisotropic

distribution of molecular orientations. There is no basis for assuming any particular distribution

of orientations because the distribution is entirely dependent on the orientation effects of the

interaction potential during atom abstraction.
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In addition to the problems of analyzing the velocity and angular distributions of the

scattered products of an uncharacterized gas phase dissociation, the presence of the surface

presents further complications. Because there are so few internal degrees of freedom to store

energy in the XeF molecule, the dissociation must occur rapidly and therefore, occurs near the

surface. The likelihood of a subsequent interaction, i.e., collision, of the Xe atom and the F atom

with the surface is extremely high. This interaction will obscure the velocity distribution of the

two scattered products of the dissociation, the only measurable observable with the current

apparatus.
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Figure 81 Simulated TOF distribution of scattered products at m/e=129
One component is taken as the fit to the scattered XeF arising from single atom abstraction from
Figure 25(b) multiplied by the ideal XeF cracking ratio of 4.0. The other component is the
simulation of the scattered Xe arising from the dissociation of XeF assuming the simplified
geometry shown in the inset in which the XeF molecular axis is parallel to the XeF velocity with
the F-end away from the surface. The total signal at m/e=129 is the sum of these two
components. The measured TOF distribution at m/e=129 from Figure 54 is superimposed for
comparison. The maximum contribution from unreactively scattered XeF2 has been subtracted
from the signal at m/e= 129, however, the contributions from reactively scattered Xe arising from
two atom adsorption or unreactively scattered Xe from free Xe in the XeF2 molecular beam have
not been subtracted. The measured TOF distribution is scaled such that the simulated TOF
distribution is a physically reasonable component of the measured TOF distribution.
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IV.C.3. Dependence of F atom energy distribution on incident XeF 2 energy

The discussion of XeF dissociation has focussed on the results of the interaction of high

energy XeF 2 with Si. However, very fast scattered F atoms are present in the interaction of low

energy XeF2 with Si as well. The scattered flux of F atoms shown in Figure 49 displays a similar

weak dependence on XeF 2 exposure which is likely a consequence of the weak coverage

dependence of the scattered XeF arising from single atom abstraction. Without knowledge of the

angular distribution of scattered products, this similarity between low and high energy XeF 2 is

merely conjecture.

The most striking difference between the scattered F atoms arising from the interaction of

low energy XeF 2 with Si and those arising from high energy XeF 2 is their translational energy.

Whereas the translational energy of the scattered XeF is reasonably insensitive to the incident

XeF 2 energy (cf. Figure 36), the translational energy of the scattered F atom is noticeably lower

(cf. Figure 50) in the interaction of low energy XeF2 with Si, 5.6±0.5 kcal/mol for low energy

XeF2 versus 6.7±0.1 kcal/mol for high energy XeF 2. These two observations suggest that

collisions with the surface may play a role in the XeF dissociation because the kinematics of

scattering low and high energy XeF 2 from Si are different.
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IV.D. Two atom adsorption

Atom abstraction is a dissociative chemisorption mechanism in which the formation of

only a single surface-adsorbate bond liberates sufficient energy to cleave the incident molecular

bond. In the interaction of F2 with Si(100), atom abstraction has been directly observed by

detection of the complementary F atom that is scattered into the gas phase. This atom

abstraction mechanism is called single atom abstraction because only one F atom is adsorbed

onto the surface. In addition to single atom abstraction, it has also been indirectly observed that

the complementary F atom may also adsorb to the surface. This atom abstraction mechanism is

called two atom adsorption because both F atoms are adsorbed onto the surface. In the

interaction of XeF2, the presence of Xe as a spectator affords the opportunity to directly observe

two atom adsorption by detection of the Xe atom that is scattered into the gas phase. In principle

the measurement is simple, however, the presence of many other sources of scattered Xe prevent

the unambiguous identification of the Xe scattered as a result of two atom adsorption in the

interaction of XeF 2 with Si. A self-consistent method described in Sec. III.C.4 revealed a

possible TOF distribution of reactively scattered Xe. Although it is not possible to distinguish

the Xe that is scattered as a result of XeF dissociation from that which is scattered as a result of

two atom adsorption, the results yield some insight into the dynamics of the interaction of XeF2

with Si. In particular, the results show that after the initial atom abstraction, the XeF that is

produced will either escape intact into the gas phase or dissociate near the surface. If the F atom

interacts with and adsorbs to the surface, the result is two atom adsorption, but if the F atom

escapes into the gas phase, the result is XeF dissociation.
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IV.D.1. Kinetics of two atom adsorption

The probability of two atom adsorption is related to the scattered flux of Xe arising from

the interaction of XeF 2 with Si. Figure 82(a) shows a plot of the total flux of reactively scattered

Xe resulting from the scattering of high energy XeF2 from Si(100) as a function of fluorine

coverage. Analogous to the total flux of the other scattered products shown in Figures 75, 77

and 79, the total flux of reactively scattered Xe atoms is determined by integration of the flux of

Xe atoms, which is determined by integration of the velocity-weighted TOF distribution, over

the hemisphere above the surface. This integration assumes that the velocity and angular

distributions are independent of azimuthal angle. This approximation is justified by the

observation that the angular distribution of both the slow and fast components of the reactively

scattered Xe flux are broad and cosinelike indicative of an isotropic angular distribution. The

flux of Xe decays monotonically with fluorine coverage in agreement with the results of a self-

consistent analysis of the exposure dependence of the scattered Xe signal intensity [53]. The

flux of scattered Xe can be further separated because the TOF distribution of scattered Xe is

bimodal with a fast feature and a slow feature. The total flux into these two distinct scattering

channels as a function of fluorine coverage is shown in Figure 82(b) and Figure 82(c). The flux

of scattered slow Xe is essentially constant as a function of coverage, while the flux of scattered

fast Xe decays monotonically by more than a factor of two over the coverage range 0-1.1 ML F.

The coverage dependence of the total flux of reactively scattered Xe is consistent with

that of the other scattered products arising from other scattering channels. Recall that over the

coverage range 0-0.6 ML F, the probability of unreactive scattering is reasonably constant,

increasing by about 14%. Because the reaction probability is high in this coverage range, the
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absolute change of the probability of unreactive scattering is relatively small. Therefore, the

total reaction probability, which must complement any change in the probability of unreactive

scattering, must be reasonably constant decreasing by much less than 14% over this coverage

range. The total flux of scattered XeF arising from single atom abstraction increases by about

11% while the total flux of reactively scattered Xe decreases by 18%. Although the relative flux

of scattered XeF to that of reactively scattered Xe is unknown and the contribution of Xe arising

from two atom adsorption as opposed to XeF dissociation is unknown, which are necessary for a

quantitative calculation of the reaction probabilities, the qualitative trends of the reaction

probabilities at low coverage are consistent with each other.

The coverage dependence of the total flux of reactively scattered Xe suggests that

although two atom adsorption and XeF dissociation are similar processes in that both lead to the

complete dissociation of XeF 2, they are distinct processes. After the initial atom abstraction, a

fraction of the XeF dissociates into gas phase Xe and F atoms. Because the coverage

dependence of the total flux of scattered F atoms and scattered XeF are similar (cf. Figure 79),

the probability of XeF dissociation is independent of coverage. This result is in accordance with

the chemical-induced dissociation mechanism which does not involve the participation of the

surface after the initial atom abstraction. If there is no two atom adsorption, the coverage

dependence of the flux of reactively scattered Xe (cf. Figure 82) should also be similar to that of

the scattered XeF, but it is not. Of course, in the event of XeF dissociation the fate of the F atom

is not necessarily as a gas phase atom since the extremely reactive F atom will interact with the

surface if the dissociating XeF is oriented such that the F-end is directed towards the surface.

However, considering the similarity of the coverage dependence of the flux of scattered XeF and
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F atoms, either the reaction probability of F atoms is independent of coverage, which is unlikely,

or the dissociating XeF is aligned with the F-end directed away from the surface, implying that

few F atoms interact with the surface. In addition, if this F atom adsorption mechanism was

present, the total flux of F atom would be depleted due to adsorption whereas the total flux of

Xe, which cannot adsorb to the surface, would not. On the contrary, it is the flux of reactively

scattered Xe that decreases as a function of coverage, because the remaining fraction of scattered

XeF does not dissociate after the initial atom abstraction. Although some stable XeF scatters

directly into the gas phase, a fraction of the stable XeF interacts with the surface in an analogous

fashion to the F atoms arising from single atom abstraction in the interaction of F2 with Si. If the

XeF interacts with an unoccupied site, adsorption may occur. Thus, the probability of two atom

adsorption decreases with coverage as the number of unoccupied sites decreases.
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Figure 82 Coverage dependence of total flux of reactively scattered Xe
(a) The total scattered Xe flux as a function of fluorine coverage due to high energy XeF 2

exposure at Oi=350 and T,=250 K. The total flux is determined by integrating the angular
distribution of the scattered flux shown in Figure 73. The total flux is over the entire hemisphere
above the surface so the angular distribution is weighted by the Jacobian, sin~d. The scattered
flux is assumed to be independent of azimuthal angle. The total flux is separated into the (b)
slow and (c) fast components of the TOF distribution. The error bars represent the propagated
uncertainties from the fits to the TOF distributions.
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IV.D.2. Energy distribution of two atom adsorption product

The fastest Xe atoms in the velocity distribution of the reactively scattered Xe are similar

to the velocities of the fastest XeF molecules despite the exothermicity of two atom adsorption

being more than double that of single atom abstraction. The reason for the absence of

substantially faster reactively scattered Xe is twofold. First, based on the results of the

investigation of the interaction of F2 with Si presented in Chapter 1, two atom adsorption is not

necessarily a concerted process, so the energy liberated in the formation of two surface-adsorbate

bonds is deposited into the reaction system in a stepwise process. Thus, the small fraction of the

exothermicity gained by XeF in the initial F atom abstraction from XeF 2 can be dissipated

through collisions with the surface prior to the final F atom abstraction from XeF. In fact, the

translational energy of the scattered XeF is only 6-10 kcal/mol which is similar to the

translational energy of the high energy XeF2 molecular beam. Thus, to a first approximation, the

translational energy with which XeF interacts with the surface is similar to the that of the high

energy XeF 2 molecular beam. Thus, the scattering dynamics of Xe arising from two atom

adsorption ought to be analogous to the scattering dynamics of XeF arising from single atom

abstraction. Second, it is likely that only a small fraction of the exothermicity is channeled into

the scattered Xe atom during the final F atom abstraction because just like the initial F atom

abstraction from XeF 2, there is an attractive interaction between the F atom and the unoccupied

dangling bond that results in the exothermicity being channeled into the vibrational energy, as

opposed to the translational energy, of the products. In addition, it is difficult for the light F

atom to impart significant momentum on the heavy Xe atom.
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IV.D.3. Summary

The investigation of the Xe scattered as a result of the interaction of XeF 2 with Si is

incomplete. The myriad contributions to the scattered products at m/e=129 make it difficult to

separate the contribution from reactively scattered Xe. There are three sets of complications that

make this separation especially difficult. First, the cracking ratio of XeF is unknown because

there is no experimentally feasible method for producing a pure source of XeF. In addition, the

shape of the TOF distribution of scattered XeF is almost identical to the fast feature in the TOF

distribution of the scattered products at m/e=129. In the analysis presented here, a maximum

XeF cracking ratio of 8 is determined. However, a XeF cracking ratio of 4 yields TOF

distributions with similarly shaped fast features for the reactively scattered Xe arising from the

interaction of both low and high energy XeF 2 with Si.

Second, the possible presence of free Xe in the XeF2 molecular beam may lead to

unreactively scattered Xe which will obscure the signal attributable to reactively scattered Xe.

By simultaneously exposing Si to Xe and XeF 2, the TOF distribution of unreactively scattered

Xe could be identified. However, the contribution, if any, to the TOF distribution of the

scattered products at m/e=129 is unknown. Future experiments in this laboratory will try to

further characterize the extent of free Xe in the molecular beam.

Finally, the presence of two reaction mechanisms that produce Xe, two atom adsorption

and XeF dissociation, make it difficult to identify and characterize the individual contributions to

the reactively scattered Xe flux. It is especially difficult since the two sources of Xe seem to

have similar TOF distributions. Although the separation of the two sources of reactively

scattered Xe has been unsuccessful so far, the simple observation that there is no Xe that is
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remarkably faster than the XeF arising from single atom abstraction, suggests that two atom

adsorption is a stepwise process in which the exothermicity is not effectively channeled into the

translational energy of the Xe scattered into the gas phase. Future experiments in this laboratory

will try to better separate these two sources of reactively scattered Xe which arise from related,

but distinct, mechanisms.
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V. CONCLUSION

The results suggest the following scheme for the interaction of XeF2 with Si(100). On

impact with the clean surface, the incident XeF2 can either unreactively scatter or deposit one of

its F atoms onto a surface dangling bond. In the unreactive case, the XeF2 suffers an inelastic

collision and is directly scattered back to the gas phase or is trapped and desorbed. In the

coverage range 0-0.6 ML F, most of the incident XeF2 dissociatively chemisorbs via F atom

abstraction. The weak coverage dependence of the total flux of unreactively scattered XeF2 over

this wide coverage range is indicative of an extrinsic physisorbed precursor mechanism in which

the incident XeF 2 physisorbs on top of an occupied site and diffuses along occupied sites until it

encounters an unoccupied site. The presence of a physisorbed precursor in the interaction of

XeF2 with Si is in stark contrast to the interaction of F2 with Si in which there is no evidence of

any physisorbed precursor.

The XeF that is produced from the initial F atom abstraction may scatter directly into the

gas phase or interact with the surface. Although scattered XeF is detected, which is indicative of

single atom abstraction, the concomitant detection of very fast F atoms suggests that not all of

the XeF scattered as a result of single atom abstraction survives, but instead dissociates into gas

phase Xe and F atoms. The mechanism for the dissociation of weakly bound XeF cannot be

determined from the present results, but it is possible that dissociation is induced by collision

with the surface which leads to energy transfer into the weak Xe-F bond. It is also possible that a

small fraction of the exothermicity of the initial F atom abstraction is channeled into the internal

energy of XeF sufficient to cause dissociation. Although the probability of single atom

abstraction, as determined from the total flux of scattered XeF, is only weakly dependent on
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coverage, the angular distribution of the scattered XeF flux is strongly dependent on coverage.

This observation is consistent with the alignment of the XeF2 molecule by an attractive

interaction between the fluorine and an unoccupied reactive site. The effect is dependent on

coverage because alignment is only necessary at higher coverages when the reactive sites are less

accessible due to steric hindrance of the large XeF2 molecule by neighboring adsorbates.

In the interaction of F2 with Si, the fate of the complementary F atom is not necessarily as

a gas phase atom, but it may also adsorb leading to two atom adsorption. In the interaction of

XeF 2 with Si, there are two possible mechanisms that lead to the adsorption of both F atoms.

First, the F atom produced upon dissociation of XeF may interact with the surface and adsorb.

Second, XeF may interact with the surface and dissociatively chemisorb. Although the former

mechanism is certainly plausible, and may have significant implications on the reaction because

F atoms are extremely reactive with Si, the latter mechanism is likely the dominant mechanism

for the adsorption of both F atoms and is, therefore, termed two atom adsorption. There is no

evidence to conclusively identify and characterize the scattered Xe produced from these two

mechanisms, but the presence of fast F atoms indicates that the first mechanism is plausible and

the divergence of the coverage dependence of the reactively scattered Xe flux from that of the

scattered XeF and F atom flux suggests that the second mechanism is present as well.

The fluorination of the surface by XeF 2 occurs in a remarkably similar fashion to

fluorination by F2 up to 1 ML. Thermal desorption and He diffraction results show that the

reaction of F2 and XeF2 with Si(100) occurs almost exclusively at the dangling bonds at

coverages below 1 ML. However, at coverages beyond 1 ML, the reaction of F2 with Si ceases

while XeF 2 continues to react, breaking Si dimer bonds and lattice bonds and producing SiF4, the
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product of etching. Why does XeF 2 etch Si whereas F 2 does not? Although the results of this

chapter focus on the interaction of XeF 2 with Si at coverages below 1 ML, conditions under

which there is no significant etching, the differences in the reactivity of XeF2 and F2 yield insight

into the possible mechanism of etching. The large mass of XeF 2 (169 amu) relative to F2 (38

amu) affects the energy transfer of the gas-surface collision since heavy particles are better able

to transfer energy to the surface than light particles. The effects of this energy transfer are

twofold. First, the efficiency of trapping XeF2 is greater than F2. In addition, the large size of

XeF2 relative to F2, enhances the van der Waals attraction which inhibits desorption thereby

increasing the probability of the XeF 2 reacting with an unoccupied site on the surface. Second,

the large transfer of energy to the surface concomitant with the availability of reactive F atoms

may yield a localized reaction system with sufficient energy to overcome any barriers that may

be present at coverages above 1 ML. Not only do these arguments pertain to the incident

molecule, but they are also valid for the molecule or atom produced by the initial F atom

abstraction. The fast F atoms scattered from single atom abstraction in the interaction of F2 with

Si easily escape into the gas phase whereas the slower XeF produced in the interaction of XeF2

with Si is more likely to subsequently interact with the surface. In addition, the possibility that

the scattered XeF dissociates such that the F atom is directed towards the surface is identical to

the interaction of F atoms with Si which is known to etch Si. Thus, the production of extremely

reactive atoms and radicals that results from atom abstraction may have a significant effect on

the overall reactivity of the system. The advantage of XeF2 over F2 is that the heavy mass of the

Xe helps to effectively anchor the reactive F atom to the surface.
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Future experiments in this laboratory will focus on understanding the importance of

energy transfer in the etching of semiconductor surfaces. To understand the importance of

multiple collisions and atom abstraction in etching, a molecular beam of van der Waals

complexes of Xe and F2 to form Xe(F2) will be prepared using standard clustering techniques

[76]. The peculiar nature of van der Waals complexes is ideal for testing our hypothesis. The

weak interaction between the constituents of the complex confines them together spatially, but

maintains their distinct chemical identity; the properties of the F2 molecule of Xe(F2) are

essentially identical to those of a lone F2 molecule. In the simplest experiment, the Xe(F2) will

be scattered from the Si surface, and the evolution of etch product will be measured and

compared with the results of the F2 investigation. The Xe(F2) complexes in the molecular beam

that are properly oriented, i.e., F2-end towards the surface, ought to behave like "heavy" F2

molecules because of the momentum of the weakly bound Xe driving them repeatedly towards

the surface. If it is simply the additional mass of Xe that leads to etching by F2, then an

enhancement in etching relative to F2 alone ought to be observed. If enhanced etching is

observed, subsequent experiments using van der Waals complexes of varying mass (i.e., Kr(F 2),

Ar(F2)) would be useful in gaining a detailed understanding of the effects of additional mass to

the F2 molecule.

However, if the subsequent interaction of reactive radicals, i.e., F atoms and XeF, with

the surface is important for etching, no enhancement in etching will be observed with the use of

small van der Waals complexes. This is because van der Waals complexes are weakly bound by

energies on the order of kcal/mol, so a perturbation as weak as a collision will likely lead to

dissociation. Thus, it is unlikely that the F atom produced by atom abstraction from Xe(F 2) will



302

remain trapped on the surface by the heavy Xe atom. Instead of using small complexes, large

van der Waals clusters comprised of noble gas and F2 could be used to trap the F2 and, more

importantly, the F atoms produced from F atom abstraction, to the surface until the necessary

reaction occurs. Experimental [77] and theoretical [78] investigations have shown that large

noble gas clusters not only impart significant energy to a surface upon collision, but that the

particles at the cluster-surface interface reside in the vicinity of the surface for a significant

period of time as the rest of the cluster dissipates its energy into the surface as well as through

evaporation. Thus, with a large cluster with F2, the F2 and F atoms that are trapped at this

interface at the surface would have ample time to react leading to etching. The results of the two

experiments proposed above will certainly yield further insight into the disparate reactivity of

XeF2 and F2 with Si.
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The determination of the reaction probabilities in the interaction of F 2 with Si(100)

requires the numerical solution of the system of coupled differential equations given by Eq.

(111.35) and Eq. (111.37) in Chapter 1. There are four independent variables, cross sections A, B,

D and E', of which two, A and D, are determined from the experimentally determined reaction

probabilities in the limit of zero coverage. The remaining two parameters, B and E', are

determined by a least squares fit of the model to the experimental data. The fitting algorithm is

based on the standard Levenberg-Marquardt method [1] which is an optimized method for

efficiently minimizing the x2 function given by Eq. (111.46) in Chapter 1 using the gradient of the

x2 function with respect to the parameters, B and E'. The standard algorithm, however, is not

written to fit a system of differential equations. Therefore, code was written specifically to fit

the model to the experimental data. The numerical analysis program MATLAB is used to

perform all of the numerical calculations [2]. Common MATLAB functions are used whenever

possible.

A. Program rnqmin

The central program zrqmin provides the framework for the iterative fitting algorithm

and calls other programs for a variety of repetitive calculations. The experimental results are

called into the program for calculation of the value of the X2 function. The experimental results

are in a text file f2krexp.dat made up of nine columns: exposure (ML F), the average value and

uncertainty of Po, P1 , P2, and coverage, respectively. The values of the probabilities and the

coverage represent the average of six measurements after interpolation to a common exposure

interval (0.1 ML F) and range (0-15 ML F). The uncertainty is representative of the uncertainty

of one measurement.
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load f2krexp.dat

ebase=linspace(0.1,15,150)';
p0data(:,1)=f2krexp(:,2);
pOdata(:,2)=f2krexp(:,3);
p1data(:,1)=f2krexp(:, 4);
p1data(:,2)=f2krexp(:,5);
p2data(:,1)=f2krexp(:,6);
p2data(:, 2)=f2krexp(:,7);
covdata(:,1)=f2krexp(:,8);
covdata (:,2)=f2krexp(:,9);

The fitting algorithm is initialized by defining the initial guesses for parameters B and E' in the

vector parameterarray. The variable lambda controls the magnitude of the change in the

parameter values during the fitting algorithm. It is set to -1 as a flag to initialize the fitting. The

variable deltachisquare is the difference between a new minimum value of the X2 function and

the previous minimum value. The fitting algorithm stops when deltachisquare < 0.001 (hence

deltachisquare is initially set to 1) to avoid unnecessary optimization. The initialization of the

fitting algorithm is completed by calculating the value of the X2 function as well as the values of

the a matrix and 0 vector, which are necessary for determining the gradient of the X2 function,

by calling the program mrqcof.

parameterarray=[1.68 1.03]

parameterarrayinitial=parameterarray;

lambda=-1;
deltachisquare=1;

while deltachisquare > 0.001
if lambda<=0

[alpha, beta, p0chisquare, plchisquare]
=mrqcof (pOdata, pidata, parameterarray);

oldchisquare=pchisquare+plchisquare;
lambda=0 .001;

end

The new parameter array is determined from the a matrix and P vector, which are related to the

gradient of the X2 function with respect to the two parameters, B and E. The a matrix is
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modified by multiplying the diagonal elements by (l+X) and solving the following equation for

8B and 8E':

CCBB BE + B BE B

CCEB CCEE (I+ X) 8E PE,(A)

The original guesses for the parameters B and E' in parameterarray are modified by adding 8B

and 8E', respectively.

covar=alpha;
for j=1:length(parameterarray)

covar(j,j )=alpha(j,j ) * (1+lambda);
end
da=beta;

covararg= [covar, da] ;

covarsol=rref (covararg);
da=covarsol (:, (length(parameterarray)+1));

parameterarrayattempt=parameterarray+da'

The value of the X2 function is determined for the new guesses for the parameters B and E' in

parameterarrayattempt. If the new value of the X2 function is less than the previous minimum

value, then the value of lambda is decreased by a factor of 10 to minimize the extent of the next

step in the iteration since the true minimum value is probably nearby. On the other hand, if the

new value of x2 is greater than the previous minimum value, then the value of lambda is

increased by a factor of 10, increasing the extent of the next step since the true minimum is

probably farther away than the previous best guess. Unless the value of the x2 function

decreases less than 0.001, another step is calculated to determine a new set of parameters.

[alpha, beta, pOchisquare, plchisquare]
=mrqcofabc (pOdata, pidata, parameterarrayattempt);

chisquare=po chisquare+plchisquare

if chisquare<oldchisquare
lambda=0 .1*lambda;
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deltachisquare=oldchisquare-chisquare
oldchisquare=chisquare;
parameterarray=parameterarrayattempt;

else
lambda=10*lambda;
chisquare=oldchisquare;
parameterarrayattempt=parameterarray;
end

After the fitting algorithm has determined the best fit values for the two parameters, the

uncertainty of the two parameters can be determined from the diagonal elements of the

covariance matrix, which is the inverse of the a matrix (alternatively, the covar matrix with

lambda=O).

parameterarrayvariance=inv(alpha)
for k=1: length (parameterarray)

parameterarraysigma (k)=sqrt (parameterarrayvariance (k, k))
end

The best fit values for the parameters B and E' are given by the first and second elements of the

vector parameterarray, respectively. Similarly, the uncertainties of the best fit values of B and

E' are given by the first and second elements of the vector parameterarraysigma, respectively.

B. Subroutine mrqcof

The function mrqcof determines the contributions of PO and Pi to the X2 function as well

as the values of the a matrix and the vector, which are related to the gradient of the X2

function.

PE 2 apj _i ) apj(E
10 1 pj F- - _j(B. 1)

1 1 B aB aE'

1= =a(E E(c)SP(E 1) 'aP(E ) 2 *1. E' E3B JE
0p _(i )- (E) B (B.2)

2g (i p(E ) SjE

= =1 j _j E

aE" aB )
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The a matrix and P vector require knowledge of the derivatives of Po and Pi with respect to the

two parameters, B and E', which are calculated by another program abcf it.

function [alpha,beta,pOchisquare,plchisquare]
= mrqcofabc (dataO,datal,parameterarray)

alpha=zeros (length (parameterarray));
beta=zeros (length (parameterarray) , 1);
pOchisquare=O;
plchisquare=O;

[model, dp0da, dplda]=abcf it (parameterarray);
for i=1:10

dyO=dataO (i, 1)-model (i,2);
dy1=data1(i, 1)-model (i, 3);
for j=1:length(parameterarray);

dyOda=dpOda(i,j);
dylda=dplda(i,j);
weightO=dylda/ (data0 (i,2) ̂2);
weight1=dy1da/ (datal (i, 2) ̂2);
for k=1:length(parameterarray)

dyOda=dpOda(i,k);
dylda=dplda(i,k);
alpha(j,k)=alpha(j,k)+weighto*dyOda+weightl*dylda;

end
beta(j )=beta(j )+weightO*dyO+weightl*dyl;

end
pOchisquare=pochisquare+(dyO/dataO (i, 2)) ^2;
plchisquare=plchisquare+(dyl/datal(i,2))^2;

end

C. Subroutine abcfxn

The function abcfxn along with the function abcode numerically solve the system of differential

equations given values for parameters B and E' in parameterarray.

function model = abcfxn(parameterarray)

global A
global B
global D
global E
global If2

A=0.955;
B=parameterarray (1);

%B=A;
D=0.872;
E=parameterarray (2);
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%E=D;
if2=0.17; %F2 flux (ML F/sec)

thetaO=0;
thetaO (1)=0;
thetaD (2)=0;
theta=0;
theta(1)=O;
theta(2)=0;

The system of differential equations is solved numerically using the MATLAB function ode45.

The system of differential equations is defined by function abcode described in the next section.

The [0 120] refers to the range of the solution and corresponds to the F2 exposure in seconds,

and theta0 refers to the boundary conditions defined above.

[e,theta]=ode45('abcode', [0 120], thetaa);

The solutions for 01 and 02 are returned to Eqs. (III.29)-(III.31) in Chapter 1 to determine the

reaction probabilities.

emptypair= (1-(2*theta (:, 1)+theta (:, 2) )) ;
coverage=theta (:,1)+theta (:,2);

p2=(A*emptypair + B*theta(:,1)) .*(D*emptypair + E*theta(:,l));
p1=(A*emptypair + B*theta(:,1)) .*(1- (D*emptypair + E*theta( :,1)));
p0=1-(A*emptypair + B*theta(:,1));

Finally, the results of the model are interpolated to match the exposure range (0-15 ML F) and

interval (0.1 ML F) for comparison to the experimental results.

ebase=linspace(0.1,15,150)';

covbase=interpl (e*If2, coverage, ebase);
p0base=interp1(e*If2,pO, ebase);
plbase=interp1(e*If2,p1, ebase);
p2base=interpl(e*If2,p2,ebase);

model=[ebase,p0base,plbase,p2base,covbase];
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D. Subroutine abcode

The function abcode defines the system of differential equations, 01 (thetaiprime) and

02 (theta2prime), to be numerically solved by the MATLAB function ode45.

function thetaprime = abcode(e,theta)

global A
global B
global D
global E
global If 2 %F2 flux (ML F/s)

emptypair=(l-(2*theta(l)+theta(2)));

thetalprime=O. 5If2* ( (A*emptypair. * (1+D*emptypair-E*theta(l)))
- B*theta(l) .*(l-D*emptypair+E*theta(l)));

theta2prime=If2*(B*theta(1).*(1 + E*theta(l)) + A*emptypair.*(E*theta(l)));

thetaprime= [thetalprime theta2prime]';

E. Subroutine abfit

The function abcf it numerically calculates the derivative of the two independent

functions, PO and P1, with respect to the two parameters B and E'. This differentiation is

performed by solving the differential equations for parameter values that are 0.001% above and

below the current value and then calculating the slope.

function [model, dpOda, dplda]=abcfit (parameterarray)

model=abcfxn(parameterarray);

for i=l: (length (parameterarray))
parameterarrayminus=parameterarray;
parameterarrayminus (i)=parameterarray(i) * (l-le-5);
modelminus=abcfxn (parameterarrayminus);
parameterarrayplus=parameterarray;
parameterarrayplus (i)=parameterarray(i) * (l+le-5);
modelplus=abcfxn(parameterarrayplus);
dpOda (: ,i) = (modelplus ( :,2) -modelminus ( :,2)) / (parameterarray (i) *2e-5);
dplda ( : ,i)= (modelplus ( :,3) -modelminus ( :,3)) / (parameterarray (i) *2e-5);

end
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I. INTRODUCTION

The ionizer cryostat is one of the most important parts of the scattering chamber and

serves two essential purposes. First, it holds the electron bombardment ionizer in a precise

position to optimally transform the beam of "invisible" neutral particles scattering from the

crystal surface into a "visible" beam of ions that are subsequently filtered by the quadrupole

according to their mass-to-charge ratio and detected by a channeltron electron multiplier.

Second, the ionizer cryostat is cooled to cryogenic temperatures (77 K) with liquid nitrogen

(LN2) which acts as a cryopump to minimize the number of background particles that are ionized

and detected as spurious signal. A leak to atmosphere in the ionizer cryostat led to significant

efforts to repair, modify, and align this essential part of the experimental apparatus. This

Appendix describes in detail the complete renovation of the ionizer cryostat and the detector as a

whole.

The original ionizer cryostat has been described in detail elsewhere [1]. Figure 1 is a

schematic of the side and top views of the ionizer cryostat. The various components are referred

to throughout this Appendix by letters denoted in Figure B. 1. The vacuum side of the cryostat

consists of a welded stainless steel double-walled reservoir, made of the outer tube B, the inner

tube D, the lower tube coupling C and the upper tube coupling E, which is brazed to the hollow

copper block P. The ionizer and the collimating apertures are mounted into two bores that are

precisely located to ensure that the axis of the ionizer is parallel to the axis of the detector as a

whole. The inner tube J extends from the side of the reservoir and acts as an inlet for a LN2

storage dewar. All of these cryogenically cooled parts are vacuum-insulated and supported by a

tubular structure that consists of the cryostat support ring F, the vertical cryostat support tube G,
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the cryostat mating flange H, the vertical pumping support tube I and the horizontal LN2 storage

dewar support tube K. The ionizer cryostat is mounted on the scattering chamber via the flat-

faced flange H with a locating step and dowel pin to ensure proper alignment of the ionizer axis

with respect to the detector axis. A special aluminum knife-edge gasket (Leybold, Model 88626,

inner diameter bored to 6.130") seals the two mating flat faces. The 6" conflat flange L welded

to the vertical pumping support tube I on the top of the cryostat is the connection to a pneumatic

gate valve, a dual-flanged turbomolecular pump and a closed cycle He refrigerator cryopump.

The two bores for mounting the ionizer and collimating apertures, B 1 and B2, are

precisely located and aligned with respect to three reference planes defined by the flange H that

mates the cryostat to the rest of the detector. Three reference planes are denoted by -A-, -B- and

-C- and are shown in Figure B. 1. Reference plane -A- is the horizontal surface of the mating

flange. The vertical position of the ionizer and of the collimating apertures relative to the rest of

the detector is defined by reference plane -A-. Reference plane -C- is the diameter of the vertical

step that protrudes from the mating flange H. The horizontal position of the cryostat relative to

the rest of the scattering chamber is defined by reference plane -C-. Finally, reference plane -B-

is the mirror plane defined by the intersection of the diameter -C- with a dowel pin hole on the

mating flange H. The perpendicularity of the two bores with respect to the detector axis is

defined by reference plane -B-. Plates with precisely machined steps fit into these bores. These

plates have the ionizer and collimating apertures precisely located on them.
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Figure 1 Drawing of ionizer cryostat
All distinct parts are labeled by encircled letters. Three reference planes are labeled as -A-, -B-,
and -C-. The bores for the entrance aperture plate and ionizer and exit aperture plate are labeled
B 1 and B2, respectively.
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The leak was located in the vicinity of the junction between the inner tube J and the top

of the double-walled reservoir at the junction of the outer and inner vertical tubes, B and D, and

the upper tube coupling ring E. The cryostat had to be disassembled to access and repair the

leak. The subsequent reassembly required substantial welding which resulted in the

misalignment of the precisely located bores on the cryostat. The critical surfaces of the cryostat

were machined to align the cryostat to the original design specifications.

II. REPAIR

II.A. Welding

The disassembly of the cryostat started with the removal of the entire structure that

provides vacuum and structural integrity. Because of the double-walled construction and the

right angles leading to both the double-walled reservoir of the cryostat and the LN2 storage

dewar, the outer and inner tubes, K and J, were removed and discarded. A section of the inner

tube J, sufficiently short that the vertical cryostat support tube G could be removed, was left on

outer vertical tube D to facilitate the reattachment of a new inner tube J. The main support

structure, which consists of the cryostat support ring F, the vertical cryostat support tube G, the

cryostat mating flange H, and the vertical pumping support tube I, was removed by cutting tube

inner tube D at the junction where it is welded to cryostat support ring F. With the leak fully

exposed, new welds were made at the junctions between the upper coupling ring E and the outer

and inner tubes D and B. A short horizontal section of the inner tube J was welded to outer tube

B. The integrity of the welds of the double walled reservoir were checked with a He leak

detector.
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The first step of the reconstruction was the attachment of the outer supporting structure,

which consists of the tube G and the flange F and the reference flange H, to the main body of the

cryostat. The inner vertical tube D was extended to compensate for the material lost in the

cutting process by welding a short length of tube and machining it to the appropriate length such

that the distance from reference plane -A- to the middle of the bores in the copper block were

approximately correct. A step was precisely machined with respect to the reference diameter -C-

into the mating surface on the cryostat support ring F to align the outer support structure with the

double-walled reservoir. The support structure was welded to the double-walled reservoir. The

vacuum integrity of this weld could not be checked, but it is not essential since both sides of the

weld are maintained at ultrahigh vacuum.

The second step of the reconstruction was with the attachment of the arm connecting the

double-walled reservoir to the LN2 storage dewar. This involved a sequence of welds to attach

the outer and inner tubes, K and J, to the vertical cryostat support tube G and the outer wall of

the double-walled reservoir, respectively. The first weld was to reattach the horizontal section of

the inner tube J to the outer vertical tube D. Instead of using a single tube, two sections of tube

of 1 1/8" OD and 1" OD were welded together to create a step at the end of the tube near the

elbow. These welds was He leak checked via tube J. The second weld was to reattach the

horizontal section of the outer tube K to the outer vertical cryostat support tube G. This weld

was He leak checked via tube K. The third weld was to reattach the short vertical section of the

inner tube J which has a knife-edge miniconflat flange. The final weld was the attach the short

vertical outer tube K which has a 3 3/8" knife-edge conflat flange.
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Prior to the final weld, a modification was made to the original design of the cryostat. A

support was inserted between the horizontal sections of tubes J and K to constrain the motion of

the inner tube J. The vacuum integrity at the end of the arm to the LN2 storage dewar is

maintained by a double-walled knife-edge seal adapter. The inner tube is attached to a welded

bellows such that the inner knife-edge seal can be attached before attaching the outer knife-edge

seal. The compression of the bellows imparts a significant downward force on the horizontal

section of tube J producing a substantial torque on the weld of inner tube J to the outer vertical

tube B, the location of the leak. This strain was alleviated by placing a support between inner

tube J and outer tube K directly below the bellows. The step in inner tube J prevents the support

from moving away from the elbow towards the main body of the cryostat. The support consists

of a half cylinder of stainless steel with holes that fit two 3/8" diameter glass spheres. The

support arises entirely from the glass spheres; the stainless steel half cylinder merely constrains

the motion of the glass spheres. Glass was chosen because of its extremely low thermal

conductivity at cryogenic temperatures.

II.B. Machining

The substantial disassembly and welding necessary to repair the leak in the ionizer

cryostat resulted in its misalignment. Specifically, the bores in the copper block were no longer

precisely located with respect to the three reference planes. In addition, the surface of mating

flange H that defined reference plane -A- was no longer flat.

The only reference surface that was unaffected by the disassembly and welding was the

reference diameter -C-. The ionizer cryostat was mounted on a lathe and indicated on reference



324

diameter -C-. A minimal cut was taken along reference plane -A- to attain flatness while

maintaining perpendicularity with respect to reference diameter -C-.

With the recovery of reference plane -A-, the final machining of the apertures proceeded

on a mill. Minimal cuts were taken from the two faces of the copper block P that contain the

bores to make the two faces parallel to each other as well as attain perpendicularity with respect

to reference plane -A-. Next, the bores were expanded to attain perpendicularity of the vertical

sides with respect to reference plane -A- and squareness of the apertures themselves. In addition,

the vertical sides were cut such that the horizontal centers of the two bores were aligned with

respect to each other, and the horizontal sides were cut such that the vertical centers of the two

apertures were precisely 16.976" from reference plane -A-. The final dimensions of the front

bore were 1.015" high by 1.175" wide and the final dimensions of the rear bore were 4.33 1" high

by 2.085" wide.

Finally, reference plane -B- was recovered by reboring the dowel pin hole to attain

perpendicularity with respect to reference plane -A- and to center and attain perpendicularity

between the bores in the copper block P and the detector axis. A sleeve with a quarter inch

dowel pin hole was press fit into the new bore. This was done to maintain the original dowel pin

size since the mating dowel pin hole in the mating flange on the detector could not be machined.

III. MODIFICATION

Because the two bores on the copper block were rebored to larger dimensions, new plates

for the ionizer and the collimating apertures that are mounted into these bores had to be

constructed. In addition, the design of the original ionizer flange was plagued by two problems

that made its maintenance an intimidating task. First, the original ionizer mounting plate could
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not be removed without removing the ionizer cryostat itself because it was too large to fit

through the bore where the housing for the quadrupole is attached to the detector chamber.

Second, the electrical feedthroughs on the original ionizer mounting plate were fragile and

extremely difficult to repair if broken since they were brazed onto the plate.

Figure 2 is a drawing of the new ionizer plate. The new ionizer plate is similar to the

original ionizer plate except that its size is significantly smaller and the electrical feedthroughs

are more robust and, most importantly, replaceable. The size of the ionizer mounting plate was

decreased by eliminating all but four of the mounting holes. A step on the plate is precisely fit

into the larger bore of the copper block so only a few bolts are necessary to secure the plate to

the block. A 0.1" wide shoulder along the perimeter of the locating step insures flat positioning

and sufficient vacuum integrity between the two ultrahigh vacuum regions of the detector.
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Figure 3 is a cross sectional drawing of the electrical feedthroughs for the ionizer

filaments and lenses. The electrical feedthroughs are constructed of Macor and OFHC copper.

A 0.30" long rod of 5/16" OD Macor with a 0.15" long section that is only 0.25" OD acts as the

electrical insulation and structural support for the copper rod as well as insures that sufficient

vacuum integrity is maintained between the two stages of differential pumping in the detector.

This piece fits into one of the seven 0.25" holes in the ionizer plate that have been counterbored

3/16" deep to a diameter of 0.316". The Macor rod is tapped for a 2-56 screw thread. A 3" long,

3/32" OD copper rod with a 1" 2-56 threaded section screws into the Macor rod; the opposite

ends of the copper rod are etched with nitric acid to a diameter of 0.050" which is equivalent to

16 AWG and is capable of handling several amperes of current. Although this high current

capacity is only necessary for the filament feedthroughs, an identical design for all of the

feedthroughs was utilized for the sake of simplicity. Finally, a Macor washer with a 0.10" ID

and a stainless steel 2-56 nut completely restricts the motion of the feedthrough. Because the

feedthroughs are replaceable, there are only seven electrical feedthroughs on the ionizer

mounting plate, the minimum number necessary to fully operate the ionizer.
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IV. ALIGNMENT

W.A. Ionizer Cryostat Measurements

The precise alignment of the entrance and exit apertures from ionization region as well as

the ionizer itself with respect to the detector axis, which is defined by the line of centers through

the two collimating slits that are located in front of the ionizer and the quadrupole rods that are

located directly behind the ionizer exit aperture, is essential for the optimal operation of the

detector. Because the intensity of the scattered signals is low because of the limited solid angle

imaged by the detector as well as the general lack of efficiency (10-) of electron bombardment

ionization, the precise positioning of the ionizer with respect to the rest of the detector is critical

for making the measurements described in this thesis.

The precise measurement of the critical dimensions of the ionizer cryostat is complex

because of its large size and unusual shape. All of the measurements were performed with a

digital height gage (0.0001" resolution). Two different setups were required to make the

necessary measurements.

In the first setup the ionizer cryostat was in a vertical position resting on the bottom of

the copper block. Although the base of the copper block is not a reference surface, shims were

used to make reference surface -A- parallel to the measuring surface within 0.0005". The first

critical measurement was the vertical distance from reference surface -A- to the vertical centers

of the front and back bores in the copper block. This distance defines the vertical position of the

apertures. The distance from the mating flange on the detector chamber to the detector axis is

16.822". The aluminum sealing gasket adds 0.045" to this distance and the contraction of the

whole ionizer cryostat due to LN2 cooling adds about 0.050" for a total approximate distance of
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16.917" from the mating flange to the detector axis. The critical height from the mating flange

to the detector axis was determined by measuring the offset of alignment apertures that were

positioned approximately on the plates with respect to the detector axis when the cryostat was

cold. The second critical measurements were the vertical heights of the two bores; these

dimensions define the vertical heights of the locating steps for the two plates. The final

approximate measurements were the vertical distances from the top edges of the bores to the

centers of the tapped mounting holes; these dimensions locate the mounting holes for the plates.

Note that the mounting hole patterns were no longer perfectly square with respect to the bores;

the loose tolerance of the mounting holes of the plates made these deviations insignificant.

Finally, the perpendicularity of the faces with the bores with respect to reference surface -A- was

checked with a test indicator to be within 0.001".

In the second setup the ionizer cryostat was in a horizontal position resting on a pair of

V-blocks with the cryostat arm approximately parallel to the measuring surface. Shims were

used to make the reference surface -A- perpendicular to the measuring surface within 0.0005"

and to make the reference plane -B- as defined by the reference diameter -C- and the dowel pin

on flange H parallel to the measuring surface within 0.0005". The first measurement was the

horizontal width of the two bores; these dimensions define the horizontal widths of the locating

steps for the two plates. The second measurement was the horizontal distance from the left edge

of the bores to the centers of the tapped mounting holes; these dimensions locate the mounting

holes for the plates. Finally, the perpendicularity of the faces with the bores with respect to

reference plane -B- was checked with a test indicator to be within 0.001".
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Table 1 Critical measurements of position and size of bores for the entrance aperture and
for the ionizer and exit aperture plate

Dimension Front bore Back bore

Vertical distance to -A- from vertical center 16.973" 16.973"

Vertical height of bore 1.015" 4.331"

Horizontal width of bore 1.175" 2.085"

Horizontal distance to -B- from horizontal center +0.0035" -0.0015"

IV.B. Alignment Procedure

The plates for the collimating slits and the ionizer were made in a two step process to

optimize the alignment with the rest of the detector. In the initial step, the plates were made with

the precisely machined locating step, but instead of the final apertures, 1/32" diameter holes were

precisely positioned where the final apertures ought to be located according to the measurements

of the ionizer cryostat alone. The entrance aperture plate was installed on the cryostat which was

mounted on the scattering chamber. Since the position of alignment hole changes due to

contraction upon cooling the cryostat with LN2, the cryostat was cooled prior to alignment. This

measurement must be performed in vacuum to avoid water condensation. Instead of the

quadrupole, a plexiglass window with an o-ring seal was mounted on the quadrupole flange. The

detector was pumped down with the turbomolecular pumps and the cryostat was cooled with

liquid nitrogen. The position of the alignment hole was measured relative to the incident beam

using the alignment procedure described below. The final aperture was machined according to

the measurements of the cold cryostat give in Sec. IV.B.3. This procedure was then repeated for

the ionizer plate.
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IV.B.1. Detector axis

The alignment was performed with a theodolite [2] mounted on a tripod with two

orthogonal degrees of translational freedom, vertical and horizontal, which are both orthogonal

to the detector axis which is defined by the axis of the incident beam. The position of the

incident beam is defined by the axis through the center of the skimmer and of the entrance

aperture of the primary molecular beam into the main chamber. A set of orthogonal scribe marks

on a precisely located flange on the main chamber wall opposite the molecular beam sources

locates the incident beam in a third position. The skimmer and two collimating apertures as well

as the scribe marks were confirmed to be aligned. Subsequent measurements utilized the

molecular beam entrance aperture and the scribe marks to align the theodolite.

The theodolite is positioned on the side of the main chamber opposite the molecular beam

sources aiming towards the primary molecular beam. Note that this differs from the original

alignment in which the theodolite was positioned where the molecular beam sources are now

located [1]. The horizontal translation stage is positioned such that the motion is perpendicular

to the detector axis. The initial setup of the theodolite requires leveling the tripod and

subsequently leveling the theodolite itself. After the system is leveled, the theodolite is aligned

with the incident beam axis. The iterative procedure involves alternately correcting the far

location with the horizontal and vertical angular adjustment and the near location with the

horizontal and vertical linear translation adjustment.

IV.B.2. Detector angle

The theodolite is aligned with the incident beam axis. Therefore, to align the apertures

with respect to the detector axis, the detector is rotated such that the detector axis, which is
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defined by the centers of the two collimating slits before the ionizer cryostat and the quadrupole

flange after the ionizer cryostat, is aligned with the incident beam axis. In principle, the detector

ought to be rotated to an angle of 270*0', but in reality, the detector must be rotated to an angle

of 270* 15'. The reasons for the offset are unclear.

IV.B.3. Ionizer cryostat

The vertical and horizontal deviations of the alignment holes with respect to the incident

beam were measured separately using a dial indicator (0.001" resolution) mounted to the base of

the tripod. The deviations shown in Table 2 are from the point of view of the theodolite looking

at the primary molecular beam source; positive values are up and to the right. The final

machining of the apertures of the entrance aperture plate and ionizer plate were made based on

these measurements.

Table 2 Deviations of entrance aperture and of ionizer and exit aperture from detector
axis

Dimension Entrance aperture Ionizer and exit aperture

Horizontal +0.015" +0.019"

Vertical +0.017" +0.004"

V. FURTHER MODIFICATIONS

V.A. Ionizer cryostat temperature control

The ability to heat and cool the ionizer cryostat efficiently is a necessity for optimal

operation of the detector. Heating to -425 K is necessary to bake out water and hydrocarbon

contamination thoroughly after venting, and cooling to -80 K is essential to pump cryogenically
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the remaining background gas particles. The original design did not allow for efficient heating

because of the intentional thermal isolation of the ionizer cryostat from the rest of the chamber.

In addition, the absence of a temperature measurement device, i.e., a thermocouple junction, on

the ionizer cryostat made it impossible to know whether the ionizer cryostat was sufficiently hot

or cold.

V.A.1. Ionizer cryostat heater element

The ionizer cryostat is heated with a tungsten filament that is clamped between two 1/8"

thick copper plates that are clamped together via four bolts and attached via another four bolts to

the bottom of the copper block of the cryostat. The filament was made from approximately 2' of

0.040" diameter tungsten wire insulated with alumina ceramic rod. A combination of copper

braid and 16 AWG copper wire were used to connect the tungsten filament to an electrical

feedthrough that was mounted on the adapter flange between the pneumatic gate valve and

turbomolecular pump of the second differential stage of the detector. A chromel-alumel

thermocouple was clamped between the upper heater plate and the bottom of the cryostat and

connected to the same electrical feedthrough.

The tungsten filament requires about 12 A of current to dissipate about 50 W of power

and effectively heat the copper cryostat. The heater is able to warm the cryostat from 80 K to

room temperature in about 12 hours after removing the LN2 from the cryostat, which is

significantly less than the 36 hours necessary without active heating. The power supply limits

the power delivered to the heater. During baking, the heater is able to maintain the cryostat at a

temperature of 420 K while the rest of the chamber is less than 420 K. The independent heating
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of the cryostat allows for it to be baked while the rest of the chamber is cooling, ensuring that

minimal contamination remains in the cryostat itself.
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Figure 4 Drawing of ionizer cryostat heating element and temperature measurement
device
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V.A.2. Ionizer cryostat liquid nitrogen cooling

The cooling of the ionizer cryostat is simple in principle. Liquid nitrogen is stored in a

20 L LN2 storage dewar (Precision Cryogenics) attached to the arm of the ionizer cryostat. The

LN2 is gravity fed into the cryostat where it is in thermal contact with the copper block that

houses the ionizer. In practice, however, without proper exhausting of the gaseous nitrogen that

boils off during the initial cooling process, the narrow path that the liquid nitrogen travels is

blocked by high pressure gas. This slows the cooling process dramatically such that proper

cooling is not achieved even after one day of maintaining a constant supply of LN2.

The key to efficient cooling of the ionizer cryostat is to pump out the exhaust with the

house vacuum. The overpressure valve of the storage dewar is insufficient to properly exhaust

the system. It is important to note that this exhaust is not from the inlet into the storage dewar,

but the base of the cryostat. Ideally, an exhaust line would remove the gas at the base of the

cryostat, but this is impossible with the present design. Instead, an exhaust line was installed at

the outlet of the storage dewar. The exhaust line is pumped on with the house vacuum line while

the storage dewar is being filled with LN2 to ensure that no gas is trapped in the cryostat during

the filling process. With this setup, the ionizer cryostat can be cooled from room temperature to

-80 K in about one hour. A valve isolates the system when equilibrium is attained. After

approximately 10 hours the cryostat begins to warm, despite the storage dewar still containing

plenty of LN2. This occurs because there is a buildup of pressure in the cryostat. To cool the

cryostat, the exhaust line is pumped on for approximately 30 minutes until the temperature

returns to -80 K. The storage dewar is typically filled twice daily to ensure that there is always
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LN2 in the system to prevent the formation of ice in the cryostat from the condensation of

ambient water vapor.

V.B. Further reduction of detector background with a cryopump

To further reduce the background signal, a closed cycle He refrigerator (Displex, UHV-

202) cryopump was installed to better pump the ionization region of the detector. The

turbomolecular pump on the third differential pumping stage, which consists of the ionizer and

ionizer cryostat, is a custom design with two 6" knife-edge conflat flanges on the high vacuum

side of the pump. One flange is attached to a pneumatic gate valve which is attached to flange L

on the cryostat. The cryopump head was attached via a 10"-6" reduction flange to the other

flange.

The cryopump power is interlocked to the turbomolecular pumping system to ensure that

the cryopump does not operate in the event of a shutdown and venting of the turbomolecular

pumps. The power supply for the three primary turbomolecular pumps as well as the ionizer

controller also supplies 120 Vac power to a relay that allows the cryopump to be powered by 220

Vac. A timer is incorporated into the power switching so that the cryopump can be started

automatically in the early morning each day. Complete cooling of the cryopump to -20 K

requires about two hours. The cryopump is shutdown daily to remove the trapped gas and avoid

unnecessary damage in the event of a failure of the turbomolecular pumping system.

Figure 5(a) shows a mass spectrum of the background signal in the detector with the

cryostat cold and the cryopump warm. In addition to the common background signals at

m/e=12-18 (C, CHx, N, 0, and H20), m/e=28 (CO, N2 ), and m/e=44 (CO2 ), there is also

detectable signal at m/e>50 which corresponds to turbomolecular pump oil. Figure 5(b) shows a
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plot of a mass spectrum of the background signal in the detector with the cryostat and cryopump

cold. Not only is the signal at m/e>50 reduced to near zero, but the levels of the common

background signals are also reduced substantially, especially m/e=18 (H20) and m/e=28 (CO,

N2 ).
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V.C. Modification of quadrupole mass filter to detect higher mass-to-charge ratios

The need to be able to detect large mass-to-charge ratios to check for the presence or

absence of van der Waals clusters of XeF2 in the incident molecular beam, necessitated the

modification of the quadrupole mass filter to detect high mass-to-charge ratios. The original

system was able to reach m/e=200.

The quadrupole mass filter is essentially a resonant LC circuit. The maximum mass-to-

charge ratio is determined by the ability to deliver RF power to the quadrupole which is

determined by the relationship mn= 0C v 2 V where n is the resonant RF frequency and V is the

maximum voltage that can be supplied by the power supply. The resonant frequency of

operation is inversely proportional to the square root of the capacitance of the quadrupole system

which includes the quadrupole rods as well as the leads from the rods to the high-Q head.

Therefore, the maximum mass-to-charge ratio can be increased by adding capacitance to the

quadrupole system [3]. This is accomplished by adding a high power 90 pF capacitor (HEC

HT50 and HEC HT40 in parallel) in parallel to the each of the two terminals of the system. One

end of each capacitor is connected to each terminal near the high-Q head and the other end is

grounded via a grounding braid that is common to the entire apparatus. The quadrupole is tuned

to the new resonant frequency resulting in a dramatic increase in the maximum mass. With the

additional capacitance, the maximum mass-to-charge ratio is m/e=400.
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Figure 7 demonstrates the successful operation of the modified quadrupole mass filter.

The top panel shows a mass spectrum of a molecular beam of Ar clusters formed by using a high

stagnation pressure and a cold molecular beam nozzle. Ar clusters up to Arlo+ are visible

showing that the mass calibration is correct and that the transmission function at large mass-to-

charge ratios is not extraordinarily low. The bottom panel shows a mass spectrum of the quasi-

effusive molecular beam of XeF 2. The source of the small signal around m/e=320 coincides with

(XeF2...XeF)', but the absence of signal corresponding to both (XeF2...Xe)' and (XeF2...XeF2)+

suggests that this is not the case.
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I. INTRODUCTION

The triply-differentially pumped rotatable quadrupole mass spectrometer of the scattering

chamber is pumped by three 330 L/s turbomolecular pumps (Pfeiffer, TPU330) that together

backed by a single 65 L/s turbomolecular drag pump (Pfeiffer, TMH065) and a two stage rotary

mechanical pump (Pfeiffer Duo 1.5A) in series. Because of the large investment of both time

and money in maintaining the scattering chamber, it is essential that the detrimental effect of any

failure be minimized. Careful interlocking of elements susceptible to failure is essential. In the

case of the turbomolecular pumping system, if any of the pumps fail, the pumping system must

be isolated from the main chamber and properly shut down to avoid unnecessary contamination

and damage. In addition, if there is a power failure, the pumping system must be isolated. If the

power is not recovered within a short period of time the system must be properly shut down. In

the case of a brief power loss, the system ought to resume full operation.

The original interlock system [1] was designed to monitor two of the 330 L/s

turbomolecular pumps [2]. Neither the backing turbomolecular pump nor the backing

mechanical pump were monitored. There were several drawbacks to this interlock system. First,

the system did not monitor all of the pumps. Failure of one of these unmonitored pumps would

go unnoticed until its failure directly affected one of the interlocked pumps. By that time,

serious damage or contamination may have already occurred. Secondly, the power supply was

unable to properly vent the turbomolecular pumps. Serious contamination may occur when a

turbomolecular pump is stopped without venting because as the low vacuum side equilibrates

with the high vacuum side of the pump, oil also migrates or creeps into the high vacuum area.

Proper venting via the vent port occurs at the high vacuum side, so that the rush of air flows from
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the high to low vacuum side of the pump. Finally, there was no memory of where the failure

was initiated so there was a risk of further damage or contamination when troubleshooting after a

failure.

The new interlock system incorporates all of the pumps and is able to properly shut them

down when there is a failure. It is also designed to remember the initial fault. The interlock

system monitors six conditions that must be satisfied for full operation of the pumping system:

the satisfactory operating conditions of the four turbomolecular pumps and the pressure both in

the foreline of the three large turbomolecular pumps and in the foreline of the small

turbomolecular pump. A seventh input, the ac line power to the entire turbomolecular pumping

system, is indirectly monitored via these six inputs which are also powered by the ac line. The

interlock is powered by a dual +5V/+24V DC power supply. Two 12 V lead-acid batteries are

connected in parallel with the power supply in the case of a power failure. Because the batteries

are constantly charged by the ac power line and the current load is minimal (-1 A normal

operation, -3 A maximum during venting), the lifetime of the batteries is expected to be many

years. However, the water level in the battery cells should be checked annually.

II. ELECTRONIC LOGIC

II.A. Monitoring status of turbomolecular pumping system

The status of each of the turbomolecular pumps is monitored by its controller and relayed

to the main interlock. Figure 1 is a schematic diagram of the input signals from the

turbomolecular pumping system. In the original two 330 L/s turbomolecular pump controllers

(Pfeiffer, TCP300, labeled TMP2 and TMP3 in Figure 1), an internal relay K2 is closed when

two conditions, rotor speed and temperature, are satisfactory. The circuit is accessed at points
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X4:b2 and X4:b4 on each controller and is designed such that 110 Vac is present across these

points when the pump is operating properly. In the interlock system, the coil of a 125 Vac relay

is connected across points X4:b2 and X4:b4. When the relay is activated, a +5 Vdc signal is

connected to the logical input, and when it is deactivated (as shown in Figure 1) because of a

fault, the logical input is grounded. The third 330 L/s turbomolecular pump controller (Pfeiffer,

TCP121/TCS303, labeled TMPl in Figure 1) also closes an internal relay K2 when rotor speed

and temperature are satisfactory. The circuit is accessed at points X9:b4 and X9:b5 on the

TCS303 part of the controller. The point X9:b4 is grounded and the point X9:b5 is utilized as a

logical input. The logic is opposite that of the other two turbomolecular pump controllers.

When the relay is activated the logical input is grounded, and when it is deactivated (as shown in

Figure 1) because of a fault, the logical input is open which is equivalent to a logical high. This

logical input is subsequently inverted with a 7404 hex TTL inverter. The 65 L/s turbomolecular

drag pump controller (Pfeiffer, TCP015/TCPO35, labeled backing TMP in Figure 1) closes an

internal relay Kl when the rotor speed and temperature are satisfactory. The circuit is accessed

at points X5:d26 and X5:d30. A 110 Vac signal is sent to point X5:d26 and point X5:d30 is sent

through the coil of a 125 Vac relay. When the relay is activated, a +5 Vdc signal is connected to

the logical input, and when it is deactivated (as shown in Figure 1) because of a fault, the logical

input is grounded.

The pressure is measured with a thermocouple gauge. There is one thermocouple gauge

on the common foreline of the three primary turbomolecular pumps and one thermocouple gauge

on the foreline of the backing turbomolecular pump. When the pressure exceeds an adjustable

setpoint, an internal double pole single throw switch in each thermocouple controller changes
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state. The "normally open" input is connected to +5 Vdc while the "normally closed" input is

grounded. The common output of the relay is delivered to the interlock system; a logical high

results when the pressure is satisfactory. All of these inputs may be bypassed via switches on the

front panel of the interlock. These six input signals are directed into a digital circuit that

determines the appropriate actions to take.

The interlock system is divided into two logical pathways corresponding to the two

regions of the pumping system, the primary system of three large turbomolecular pumps and the

backing system consisting of the small turbomolecular pump and mechanical pump. The

interlock of the primary system monitors four conditions: the status of each of the three

turbomolecular pumps and the pressure of the common foreline. The four signals are sent to one

half of a 7440 dual 4-input NAND gate. The interlock on the backing system monitors three

conditions: the status of the small turbomolecular pump and its foreline pressure as well as the

status of the primary pumping system. These three signals are sent to the other half of the

NAND gate. In both cases, the output of the NAND is normally low, but in the case of any

failure the output goes high. At the same time, the four input signals of the primary system and

the first two input signals of the backing system are sent to a pair of 7475 4-bit bistable latches

whose outputs (two per input) are sent to an array of green and red LEDs on the front of the

interlock. These LEDs display the status of each input independent of any bypassing. The

outputs of the latches are updated constantly as long as the enable is high. The enable input

comes from the inverted output of the NAND gate. In the event of a failure, this signal goes low

and the latches are no longer updated. Because of noise caused by the switching of relays, the

NAND output is buffered by updating the latches one time per second, not continuously, via a
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7474 positive-edge triggered D-type flip-flop that is triggered with a 1 Hz 555 clock. Thus, the

status of the system, as indicated by the LED array, is recorded at the time of the fault. This

record of the initial fault is an invaluable resource when troubleshooting a failure of the system.
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II.B. Isolation and shutdown of turbomolecular pumps

Figure 2 is a schematic diagram of the shutdown logic of one of the systems, the primary

or backing system. The logic is identical, but separate, for the two systems. During a failure, the

logical high output of the NAND gate is inverted with a 7404 inverter and sent directly to the

base of a 2N2102 transistor. The collector is connected to +24Vdc via a 24Vdc relay, and the

emitter is grounded. During normal operation, the input at the base of the transistor is a logical

high so the transistor conducts and the relay is activated. The relay closes a circuit that delivers

power to the gate valve solenoid valve. In the event of a failure, the base of the transistor

changes to a logical low and the transistor no longer conducts and the relay is deactivated. In the

primary interlock, power is lost to the primary gate valve solenoid valve, thereby closing the gate

valves at the inlets of the three turbomolecular pumps and isolating the primary pumping system

from the main chamber. In the backing interlock, power is lost to the backing valve solenoid

valve, thereby closing the gate valve at the inlet to the backing turbomolecular pump and the

butterfly valve at the foreline of the backing turbomolecular pump, isolating the backing system

from the primary pumping system and the main chamber as well as from the backing mechanical

pump. In addition, a failure in the primary system triggers a fault in the backing system causing

these valves to close. Any detection of a fault leads to the immediate isolation of the

turbomolecular pumping systems from the main chamber to avoid any unnecessary

contamination.

After the turbomolecular pumping systems are isolated from the main chamber, the

systems are shutdown and vented. While the isolation of the turbomolecular pumping systems is

a reversible procedure, the shutdown and venting of the systems is irreversible in the sense that
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part of the ultrahigh vacuum system will be exposed to atmosphere. Therefore, the shutdown

and venting procedure does not begin immediately upon detection of a fault since it may be a

false alarm. However, the closing of the various valves to isolate the turbomolecular pumping

systems is immediate regardless of the validity of the fault. For example, momentary power

losses in the laboratory are not uncommon and although not detrimental to the pumping system,

they would trigger a fault in the interlock system that would lead to an unnecessary total

shutdown. To avoid this undesirable situation, a "grace period" of about 10 seconds has been

incorporated into the interlock. If the system recovers during the grace period, no signals are

sent to trigger the shutting down and venting of the turbomolecular pump system and the system

is opened up to the main chamber. This is accomplished using a 74221 monostable multivibrator

as a ten second timer and a 7474 positive edge-triggered D-type flip-flop as a trigger for the

shutdown and venting of the system. The inverted output of the multivibrator is sent to the clock

input of the flip-flop. After the grace period, the inverted output of the monostable goes high

which triggers the output of the flip-flop to also go high. This leads to the total shutdown and

venting of the pumping system. In the case of a recovery during the grace period, the shutdown

is avoided by taking the original NAND output and sending it to the clear of the flip-flop. The

clear is held low forcing the output to remain low even when the flip-flop is triggered by the

multivibrator at the end of the grace period. There is no memory of brief failures. A subsequent

fault will initiate the same response as the first fault.

However, if the fault is not corrected before the grace period expires, the turbomolecular

pumps are shutdown. The primary turbomolecular pumps and the backing turbomolecular pump

are shutdown separately, but the logic is similar for the two systems. The falling inverted output
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of the flip-flop triggers the clear of another flip-flop forcing its output to go low. This output is

sent to the base of a 2N2102 transistor. Analogous to the control of the gate valves, the state of

the base of the transistor determines the state of a relay. In the primary system, the power for the

turbomolecular pumps as well as the ionizer controller of the quadrupole mass spectrometer is

delivered through the relay. In the event of a failure, the power is directly disconnected shutting

down the turbomolecular pumps and the ionizer controller. The ionizer controller is shutdown to

avoid burning out the filament in the event of a loss of vacuum in the detector. In the backing

system, the relay is connected across points X5:z2 and X5:z6 on the TCP015 controller. In the

event of a failure, points X5:z2 and X5:z6 are bridged by the deactivated relay and the controller

shuts down the turbomolecular pump. The backing mechanical pump is not shutdown.



Appendix C: Turbomolecular Pump Interlock

+24V 110 VAC

GV
SOLENOID

MANUAL
GV SWITCH

2N2102

7404

PRIMARY SYSTEM I
POWER I +24V 110VAC I

RESET -

TMP
POWER I

10 S SET
PULSE CLR Q "

7421 LrCLK Q-- CLR47 Q --- L 2N2102

7474
7441

TO VENTING - - - BACKING SYSTEMI
I +24V

TMP
CONT ROLLER

----------------------------------------------------------------- I

Figure 2 Schematic
pump system

diagram of logic for isolation and shutdown from turbomolecular

355



356

II.C. Venting of turbomolecular pumps

Serious contamination may occur when a turbomolecular pump is stopped without

venting because the gas flow from the low vacuum side to the high vacuum side of the pump

drives oil into the high vacuum area. Venting at the high vacuum side of the pump via the vent

port is ideal for preventing this contamination. Venting occurs through a vent valve (Pfeiffer,

TVF012), a bistable valve that changes states via 24Vdc pulses of opposite polarities.

Figure 3 is a schematic diagram of the venting logic for the two systems. At the same

time that the falling inverted output of the flip-flop triggers the shutdown of the turbomolecular

pump(s), the rising output of the flip-flop triggers the two step venting sequence. The first step

is a time delay after the shutdown of the turbomolecular pumping system to ensure that the gate

valves are closed and to allow the turbomolecular pumps to spin down to a fraction of their full

speed to avoid unnecessary wear on the bearings during the rapid rotor deceleration incurred in

venting. In the primary system, this delay is accomplished using a series of 74190 BCD counters

that are triggered by an astable 555 timer set at a frequency of 1 Hz. The output of the flip-flop

is sent into the load input of the three counters. In the case of a failure, the input goes high and

the load is disabled. The output of the flip-flop is also sent to the set input of another 7474 flip-

flop, terminating the counting after it is complete. The three counters allow for a user-adjustable

delay between 1-991 seconds at 10 second increments. The delay is adjusted with two sets of

four binary switches; the set of four binary switches are ordered from most significant bit (MSB)

to least significant bit (LSB) and define a decimal number in the range 0-9. A delay of five

minutes is currently in use. The low pulse of the final counter both disables the counting system

via a flip-flop and sends a high signal to vent. In the backing system, there is only a fixed two
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second delay from a 74221 monostable multivibrator before sending a high signal to vent.

According to the manufacturer's specifications, there is no need to delay the venting of the

backing turbomolecular pump after it is shutdown.

After the delay in both the primary and backing systems, the rising output of the delay

circuit triggers a 74221 monostable multivibrator delivering a half second positive pulse to the

base of a 2N2102 transistor. Again, the collector is connected to +24Vdc via a 24Vdc relay, and

the emitter is grounded. The pulse activates the relay, connecting the vent valve to +24V and 0

such that the valve opens, venting the turbomolecular pump. In the primary system, only one

vent valve is used to vent the three turbomolecular pumps simultaneously via their vent ports.
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Figure 3 Schematic diagram of electronic logic for venting turbomolecular pumps
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III. OPERATION

III.A. Resetting the system after a failure

After a failure, the system must be reset before normal operation can resume. The

primary gate valves ought to be actively closed via a switch on the front panel of the interlock

system. Otherwise the gate valves will open when the system is reset and the pressure monitors

are bypassed, venting the main chamber. Of course, the cause of the fault must be fixed. When

the system is ready for operation, the interlock can be reset in the following manner. First, the

interlock must be temporarily bypassed via the individual switches for each monitored input.

This is necessary because the initial state of the turbomolecular pumping system is not

satisfactory upon startup. The interlock is bypassed to prevent the detection of a failure and the

shutdown of the system. Second, the vent valves must be closed; this is done by pushing the two

"close vent valve" buttons on the front panel of the interlock system. Third, the foreline valve

needs to be open so that the three primary turbomolecular pumps can be exhausted. Finally, the

power to the turbomolecular pumps must be reset; this is done by pushing the two reset buttons

on the front panel of the interlock system. When the pumping system reaches a satisfactory

state, the interlock should no longer be bypassed.

III.B. Intentionally venting the system

There are times when the turbomolecular pumps are actively shutdown. This is

accomplished via the interlock system by holding down the appropriate vent button for more

than 10 seconds. This creates an artificial fault in the system which leads to the proper shutdown

and venting. The 10 second activation conveniently utilizes the logic of the grace period and

prevents accidental venting from reckless switch flipping and button pushing.
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The scattering chamber was originally designed with two molecular beam sources. The

chambers for two sources were constructed, but only the primary molecular beam source was

completed. The secondary molecular beam source is distinctly different from the other

molecular beam sources in this laboratory in that the position of the molecular beam nozzle is

adjustable in all three translational degrees of freedom from outside of the vacuum chamber.

Control of the nozzle position allows for optimization of the supersonic molecular beam

expansion. Of course, the direction of the molecular beam is defined by the positions of the

skimmer and the two defining apertures. Only the position of the nozzle relative to the skimmer

is adjustable; this position is critical in determining the supersonic and effusive flux into the

chamber.

Figure 1 shows a drawing of the side view of the molecular beam nozzle and nozzle

mount. The mount is attached via an aluminum bracket to the front wall that separates the source

chamber from the first differential stage. The aluminum bracket is attached to a standard

translation stage (Daedal, Model 3952) that controls the vertical motion of the nozzle. The only

modification to the translation stage was to remove the knurled knob from the micrometer to

expose a short length of 1/4" diameter steel rod. A custom built stainless steel barrel connector

couples the micrometer on the translation stage to a 1/4" flexible shaft (S.S. White, Model

185S34A). The flexible shaft is coupled to a o-ring-sealed rotary feedthrough (Lesker, Model

FMH-25A) via another stainless steel barrel connector which allows for the translation stage to

be adjusted from outside of the vacuum chamber.

A second aluminum bracket is attached to the opposite face of the vertical translation

stage. This bracket supports the remaining two translational degrees of freedom and the bracket
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that supports the nozzle. The horizontal translation and longitudinal translation, the motion

along the molecular beam axis, are performed by two translation stages that are identical to the

vertical translation stage and are stacked such that the translational motion of the two stages is

orthogonal to each other. Again the translation stages are modified so that they can be adjusted

from outside of the vacuum chamber.

Finally, a third aluminum bracket is attached to the opposite face of the stack of

translation stages. The nozzle threads into this bracket. The nozzle and mount are precisely

machined such that the nozzle axis, which is defined as the normal to the face of the nozzle, is

parallel to the molecular beam axis, which is defined by the skimmer and collimating slits. The

nozzle design is simpler than that of the previous nozzles in this laboratory because of the lack of

the capability to control the nozzle temperature. For the experiments described in this thesis,

nozzle temperature control is not necessary so it has been eliminated in favor of reducing the

weight of the nozzle and mount to limit the strain on the translation stages and avoid

misalignment of the nozzle axis with respect to the molecular beam axis. The nozzle is

constructed of stainless steel because of its superior chemical resistance to fluorine compounds.

The nozzle is a single-walled tube with a cap welded to the end. An orifice of 0.002" diameter is

created by electrodisharge machining (EDM). A VCR fitting is welded to the end of the tube

and is attached to a section of coiled 1/16" stainless steel tubing that leads to the gas handling

manifold. The section coil is necessary to allow for relative translational motion of the nozzle

with respect to the stationary vacuum chamber.
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CHAPTER 1
Figure 1
0i=O0, Od= 0 ', T,=250 K, 1% F2/Kr, 1.9 ML F exposure.

m/e=19. 20 sets. TF1303-6.692, TF1401-4.692, TF1503-6,9-12,15-18.692.
m/e=38. 11 sets. TF1301-2.692, TF1405-6.692, TF1501-2,7-8,13-14,19.692.

Figure 2
Oi=O, Od=350, TS=250 K, 1% F2/Kr, 1.9 ML F exposure. See Figure 1.
Oi=0', Od=65 , TS=250 K, 1% F2/Kr, 1.9 ML F exposure.

m/e=19. 29 sets. TF1718-19,21-30.692, TF1801-4,7-19.692.
m/e=38. 11 sets. TF1714,16-17.692, TF1805-6.692.

O=00, Od= 3 5 0 TS=250 K, 1% F2/Kr, 0.68 ML F exposure.
m/e=19. 42 sets. TF2002-6,9-10.o92, TF2101-4,6-8,10-13,15.o92, TF2201-4,6-

8,11-14.o92, TF2301-2,4,6-9.o92, TF2401,3-6.o92.
m/e=38. 14 sets. TF2001,7-8.o92, TF2105,9,14.o92, TF2205,9,15.o92,

TF2305.o92, TF2402,7-9.o92.
0i= 35 *, Od=O , Ts=250 K, 1% F2/Kr, 0.68 ML F exposure.

m/e=19. 11 sets. TF0702-5,7-10,12-14.d92.
m/e=38. 3 sets. TF0701,6,11.d92.

0j=35 ', Od= 20 , T,=250 K, 1% F2/Kr, 0.68 ML F exposure.
m/e=19. 12 sets. TF0801-4,6-9,11-13.d92, TF0902.d92.
m/e=38. 2 sets. TF0805,10.d92.

Oi= 3 5 0, Od= 4 0*, T,=250 K, 1% F2/Kr, 0.68 ML F exposure.
m/e=19. 12 sets. TF0904-6,9,11-14,16.d92, TF1001-3.d92.
m/e=38. 3 sets. TF0903,10,15.d92.

0i=350, d= 6 5 0 TS=250 K, 1% F2/Kr, 0.68 ML F exposure.
m/e=19. 17 sets. TF1005-8,10-14.d92, TF1102-5,7-10.d92.
m/e=38. 5 sets. TF1004,8,15.d92, TF1101,6.d92.

Figure 3
0 0, Od=35 , Ts=250 K, 1% F2/Kr, 1.9 ML F exposure. See Figure 1.

Oi=0 , Od= 3 5 0, TS=1000 K, 3.8% F2/Kr.
m/e=19. TF1045.590.
m/e=38. TF1046.590.
m/e=47. TF1047.590.

Figure 4
010, Od=35 , TS=250 K, 1% F2/Kr. 25 sets. ST1301-25.197.

Figure 5
Oi=0 , Od=35 , T,=250 K, 1% F2/Kr. 15 sets. ST1607-16,27-31.892.
Oi=00, Od=65 , TS=250 K, 1% F2/Kr. 15 sets. ST1617-26,32-36.892.
Figure 6
Oi=35*, Od=0 , Ts=250 K, 1% F2/Kr.

m/e=19. 15 sets. ST0402-6,8-9,11-14,16-19.d92.
m/e=38. 4 sets. ST0401,10,15,20.d92.

Oi= 3 5 0, Od=2 0 *, TS=250 K, 1% F2/Kr.
m/e=19. 16 sets. ST0421-24,26-29,31-34,36-39.d92.
m/e=38. 4 sets. ST0425,30,35,40.d92.



Appendix D: Translation of molecular beam

Oi=35o, Od=40 , T,=250 K, 1% F2/Kr.
m/e=19. 16 sets. ST0502-5,7-10,12-15,17-20.d92.
m/e=38. 3 sets. ST0506,11,16.d92.

O=350, d=6 5 , TS=250 K, 1% F2/Kr.
m/e=19. 16 sets. ST0521,23-25,27-30,32-35,37-40.d92.
m/e=38. 4 sets. ST0522,26,31,36.d92.

Figure 7
Oi=0 , Od= 3 5 , (10) azimuth, Ts=250 K, 1% F2/Kr. See Figure 5.
i=00, 0 d=3 5 0 , (11) azimuth, Ts=250 K, 1% F2/Kr.

m/e=19. 21 sets. ST1004-5,8-9,14-16,19-20,23-24,29-30,33-34,37-38,41-42,45-46.393.
m/e=38. 21 sets. ST1001,3,6-7,10-11,13,17,21,25-28,31-32,35-36,39-40,43-44.393.

Figure 8
Oi=0 , TS=250 K, 1% F2/Kr. ST0803-10.695, ST0901-12.695.
01=350, TS=250 K, 1% F2/Kr. ST2101-9,11-12,14-20.695.
Figure 9
6;= 5 9 , Od= 0 , Ts=250 K, 1% F2/Ar. TD1153.592.
Figure 10
0i=59', Od= 0 0 , Ts=250 K, 1% F2/Ar. TD0502-27.692.
Figure 11
Clean Si(100). HE0101.492
F-Si(100). 0=60', Ts=250 K, 1% F2/Ar. HE0224.492.
Figure 12
ei=o0, Od= 3 5 ', Ts=250 K, 1% F2/Kr.
ST1301-25.197, ST1701-15.197, ST2001-10.197, ST2201,8,10,14,17.197, ST1801-15.297,

ST 1901-10.297.
Figure 13, 15-16
See Figure 12.

CHAPTER 2
Figure 1
High energy XeF2. 0.25% XeF2/Ar. m/e=167. TF0301.697.
Low energy XeF2. XeF2. m/e=167. TF1903.399.
Figure 2
Xe. MS2607.399.
XeF 2. MS1610.399.
Figure 3-5
9i=35*, Od=0 , Ts=250 K, 0.25% XeF2/Ar. ST0701-2.695.
Figure 6
Oi=350, Od= 0 , Ts=250 K, 0.25% XeF2/Ar. m/e=19. ST0403-5.895.
Figure 7
0=0 , od=35 , Ts=250 K, XeF2.

m/e=85. ST2001-4.299, ST2503-4.299 ST2601-4.299, ST0101-4.399, ST0201-
6.399,ST0301-2.399, ST0401-6.399, ST0503-8.399, ST0801-8.399, ST0901-
2.399.
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Figures 8-9
Oi=0 0 , Od=3 5 0, T,=250 K, XeF 2.

m/e=148,167. ST2001-4.299, ST2503-4.299 ST2601-4.299, ST0101-4.399, ST0201-
6.399,ST0301-2.399, ST0401-6.399, ST0503-8.399, ST0801-8.399, STO901-
2.399.

O=O, Od=35*, T,=250 K, 0.25% XeF 2/Ar.
m/e=148,167. ST2301-2.695.

Figure 10
Oi=O*, 6O=35*, T,=250 K, XeF2. m/e=19. ST0511-17.599.
Figure 11
F2. Oi=20o, 0 d=O . T,=250 K, 1% F2/Ar. ST0903.896.
XeF2. 6O=20o, Od= 0 . T,=250 K, 0.25% XeF2/Ar. STO901.896.
XeF2 and F2. 0j=200, Od= 00 . TS=250 K, 0.25% XeF 2/Ar and 1% F2/Ar. ST0902.896.
Figure 12
Oi=350, Od=0 . TS=250 K, 0.25% XeF2/Ar. TDO106-21.797, TD0201-0212.797.
Figure 13
Clean. HE2301.896.
F-Si(100). 0j=20o, TS=250 K, 1% F2/Kr. HE2302.896.
F-Si(100). Oi=20*, T,=250 K, 0.25% XeF2/Ar. HE1508.896.
Figure 14
01=350, d=5 50 . T,=250 K, 1% F2/Kr, 50%He/Ar. STO901.697.
Oi=35o, d=5 5 '. TS=250 K, 0.25% XeF2/Ar, 50%He/Ar. ST2001.198.
Figure 15
Oi=350, 0 *d. TS=250 K, 0.25% XeF2/Ar. m/e= 167. 48 sets of four TOF spectra taken 10/8/97-

1/9/98.
Figure 16
See Figure 12.
Figure 17-20
ei=35 , Ts=250 K, 0.25% XeF 2/Ar

m/e=167.
Od=0. 48 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=10d. 47 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=20 . 47 sets of four TOF spectra taken 10/8/97-1/9/98.
Od= 30'. 48 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=4 0 0. 47 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=5 0 *. 49 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=6 0 '. 50 sets of four TOF spectra taken 10/8/97-1/9/98.
Od= 7 0 '. 49 sets of four TOF spectra taken 10/8/97-1/9/98.
Od= 8 0 *. 51 sets of four TOF spectra taken 10/8/97-1/9/98.

Figures 21-22
See Figures 17-20.
Figures 23-24
Oi=O*, Od=35'. Ts=250 K, XeF 2. m/e=167. 75 sets of 20 TOF spectra taken 3/8-9/99.
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Figure 25
0=35', Od= 0 . T,=250 K, 0.25% XeF 2/Ar.

m/e= 167. See Figure 16.
m/e=148. 35 sets of four TOF spectra taken 10/8/97-1/9/98.

Figure 26-33
0=35*, Ts=250 K, 0.25% XeF2/Ar.

m/e=167. See Figures 17-20.
m/e=148.

8d=O . See Figure 25.
0 d= 10*. 35 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=2 0 '. 38 sets of four TOF spectra taken 10/8/97-1/9/98.
0d= 30 '. 41 sets of four TOF spectra taken 10/8/97-1/9/98.
0 d= 4 0 '. 37 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=50*. 41 sets of four TOF spectra taken 10/8/97-1/9/98.
Od= 6 0 '. 43 sets of four TOF spectra taken 10/8/97-1/9/98.
Od= 70'. 44 sets of four TOF spectra taken 10/8/97-1/9/98.
0d= 80 '. 40 sets of four TOF spectra taken 10/8/97-1/9/98.

Figure 34-36
See Figures 26-33.
Figures 37-39
Oi=0, Od= 35'. TS=250 K, XeF 2. m/e=148. 107 sets of 20 TOF spectra taken 3/1-5/99.
Figure 40
Oi=35', 0 d=O*. T,=250 K, 0.25% XeF2/Ar.

m/e=167. See Figure 16.
m/e=148. See Figure 25.
m/e=40. TF1509.198.
m/e=19. 60 sets of four TOF spectra taken 10/8/97-1/9/98.

Figure 41-48
Oi=350, T,=250 K, 0.25% XeF 2/Ar.

m/e=167. See Figures 17-20.
m/e=148. See Figures 26-33.
m/e=40. TF1501-9.198.
m/e= 19.

0d=O*. See Figure 25.
Od=10*. 35 sets of four TOF spectra taken
9d= 20*. 38 sets of four TOF spectra taken
ed=30'. 41 sets of four TOF spectra taken
0d= 40*. 37 sets of four TOF spectra taken
ed=50*. 41 sets of four TOF spectra taken
0d= 60*. 43 sets of four TOF spectra taken
ed=70*. 44 sets of four TOF spectra taken
0d= 80*. 40 sets of four TOF spectra taken

Figures 49-50
See Figures 41-48.

10/8/97-1/9/98.
10/8/97-1/9/98.
10/8/97-1/9/98.
10/8/97-1/9/98.
10/8/97-1/9/98.
10/8/97-1/9/98.
10/8/97-1/9/98.
10/8/97-1/9/98.
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Figure 51-53
Oi=O0, 6 d=3 5 . T,=250 K, XeF2. m/e=19. 60 sets of 20 TOF spectra taken 3/10-11/99.
Figures 54-55
Oj= 3 5*, Od=00. TS=250 K, 0.25% XeF2/Ar.

m/e=167. See Figure 16.
m/e=129. 33 sets of four TOF spectra taken 10/8/97-1/9/98.

Figure 56-59
Oi=35', Ts=250 K, 0.25% XeF 2/Ar.

m/e=167. See Figures 17-20.
m/e=148. See Figure 26-33.
m/e=129.

0 d= 0 . See Figure 25.
0 d=100. 32 sets of four TOF spectra taken 10/8/97-1/9/98.
Od= 20'. 30 sets of four TOF spectra taken 10/8/97-1/9/98.
0d= 30 '. 31 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=4 0 *. 30 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=50d . 33 sets of four TOF spectra taken 10/8/97-1/9/98.
0d=60 '. 32 sets of four TOF spectra taken 10/8/97-1/9/98.
Od=7 0 '. 29 sets of four TOF spectra taken 10/8/97-1/9/98.
0d= 8 0 '. 32 sets of four TOF spectra taken 10/8/97-1/9/98.

Figures 60-64
Oi=35*, TS=250 K, 0.25% XeF2/Ar.

See Figures 54-55.
Oi=35', T,=250 K, 0.25% XeF2/1% Xe/Ar.
Figure 65
See Figures 60-64.
Figures 66-67
ei=o0 , Od= 35 '. TS=250 K, XeF2. m/e=129. 57 sets of 20 TOF spectra taken 2/20/99-3/10/99.
Figure 68
Low energy XeF 2. See Figures 66-67.
High energy XeF 2. See Figures 56-59.
Figure 69-72
See Figures 56-59.
Figures 73-74
See Figures 69-72.
Figures 75-76
XeF2. See Figure 21.
Xe. See Figures 65
Figure 77
See Figure 34.
Figure 79
XeF. See Figure 34.
F. See Figure 49.
Figure 82
See Figure 73.
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APPENDIX B
Figure 5
With cryopump. MS2601.399.
Without cryopump. MS3001.399.
Figure 7
Ar clusters. MS2805.898.
XeF 2. MS1314.599.


