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Abstract
The high reactivity of XeF2 with fluorinated Si is proposed to arise from localized vibrational
excitation of the Si lattice as a result of the multiple collisions required to reverse the momentum
of the heavier XeF2 incident on the lighter Si lattice. This study is part of a series of experimental
studies to test the hypothesis that the mass of the incident molecule is responsible for the collision
induced vibrational excitation that leads to enhanced reactivity by varying the mass of the inert
gas X in a X(F2) van der Waals (vdW) molecule. The reaction probability of Kr(F2) towards
fluorinated Si(100) is measured to be 0.2±0.1, which is around two orders of magnitude higher
than that of the lighter F2 and almost one order of magnitude lower than that of the heavier
XeF2/Xe(F2), thereby supporting the viability of the proposed mechanism.
Dissociative adsorption of triplet O2 on the singlet Si(100) surface is spin-forbidden. A possible
unexplored reason for the low but non-zero reaction probability of triplet O2 on Si(100) is an atom
abstraction reaction mechanism that circumvents the spin transition since a complementary triplet
O atom is released. Mass spectrometry experiments do not detect the complementary O atoms for
O2 with incident translational energy of 1–2 kcal/mol scattering from Si(100) at O coverages
between zero to 1 ML at 150–1100 K, suggesting the absence of atom abstraction. Abstraction
maybe undetectable due to insufficient partitioning of reaction exothermicity into translational
energy of the complementary O atom.
Singlet (O2)2 vdW dimer is more reactive than triplet O2 at incident translational energies of
about 1 kcal/mol with Si(100) at temperatures of 250–500 K. Four-center and step-wise are singlet
mechanisms proposed to be responsible for increased (O2)2 reactivity. The probability of (O2)2
undergoing either or both singlet mechanisms is measured to be at least 2±1 and at most 8±4 times
higher than the triplet O2 reaction probability. This result indicates that the slow oxidation of
Si(100) by triplet O2 due to the necessary spin transition can be circumvented via oxidation
by singlet (O2)2.
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Chapter I: The Interaction of Kr(F2) van der Waals Molecule with Si(100)

1. Introduction
1.1. Importance of the Silicon Etching Process
Semiconductor devices such as integrated circuits (IC), photonic platforms, as well as
mechanical sensors and biosensors are technologies heavily relied on today.1–4 Materials used to
make such devices include silicon, gallium arsenide and nitride, germanium, as well as some
organic compounds. Amongst semiconductor materials used for device fabrication, silicon is the
most ubiquitous, due to both its abundance and chemical stability that allows for large scale
production of high purity, crystalline material.5,6
The fabrication of silicon semiconductor devices is a top-down process where the starting
material is a high purity, crystalline silicon wafer. Multiple processes including etching, materials
deposition, ion implantation, planarization, and photolithography are used to transform a Si wafer
into semiconductor devices.6 The process that will be focus of this study is Si etching, where Si
atoms are removed from the surface.
The technological emphasis is on compaction of semiconductor devices to reduce their
footprint and energy consumption while improving their performance.7,8 Thus, etching methods,
in addition to being effective, should allow for precise control of structural features during the
fabrication process. Methods employed to etch silicon are classified as wet or dry etching. Wet
etching involves spraying the Si crystal with or submerging it in a liquid solution of HNO3 or HF.
Wet etching is isotropic, and as a result, often leads to undercutting of the mask. Furthermore,
solvent evaporation after the etching process can cause stiction due to the surface tension of the
evaporating liquid,9 particularly problematic as the size of circuit structures becomes increasingly
smaller. In addition to relatively poor control of the etching process, wet etching also generates a
larger quantity of chemical waste compared to the dry etching approaches.10–12
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Dry etching involves the use of gas phase molecules or plasmas to remove Si from the surface.
The advantage of dry over wet etching is the fact that a beam of gaseous species is directed towards
the surface in a specific direction, resulting in more controllable anisotropic etching that minimally
undercuts the mask layer. However, unlike wet etching that can be carried out in a clean room
under atmospheric pressure, dry etching requires a vacuum environment usually in the mTorr
range to minimize side reactions of background gases with the etchant and the Si wafer. Plasma
etching is carried out by exposing a Si surface to a plasma of usually unreactive fluorine containing
species, such as SF6 or CF4, that are activated by radiofrequency or microwave radiation. However,
plasmas have poor selectivity since they are also reactive towards other materials such as SiO,
SiN, metals, and even the mask. Furthermore, plasma etchants can damage the near surface of the
material by ion implantation and leave undesired adsorbed species.12–15
Another approach to dry etching is the use of gaseous fluorine containing compounds, such as
XeF2, ClF3, and BrF3, which are reactive without the need for activating their chemistry in a
plasma.12,16 In particular, XeF2 is a plasmaless etchant that is very reactive towards Si but
unreactive with SiO, SiN, and SiC.12,16,17 This selectivity is beneficial to the precise etching of
integrated semiconductor devices that contain increasingly complicated multiple layers and
structures.6,18 Given these advantages, XeF2 is currently heavily used commercially particularly
for undercutting silicon to create 3-dimensional structures in microelectromechanical systems
(MEMS),19,20 such as employed in applications including accelerometers, actuators, gyroscopes,
ink-jet printer heads, microphones and speakers, optical switches, pressure sensors, micromirror
arrays, microresonators, as well as chemical and biological sensors.21–24
There are numerous ongoing studies aimed at improving and optimizing the etching process
for higher yield and efficiency.3,8 However, the underlying chemical mechanism for removal of Si
by the fluorine containing compounds in plasmaless etching has yet to be fully understood.
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1.2. Reactivity of F2 vs XeF2 on Si(100)
The first step towards understanding the effectiveness of XeF2 as a plasmaless etchant is by
comparing its reaction with that of F2. Molecular F2 reacts with Si(100) with unit probability25 by
an atom abstraction mechanism. Atom abstraction involves the abstraction of one of the F atoms
from the incident F2 molecule by a Si(100) surface dangling bond, leading to the formation of a
Si-F bond and the release of the other F atom into the gas phase. The complementary F atom can
also react with the Si surface if its outgoing trajectory encounters a dangling bond. This stepwise
process where both F atoms are captured on the surface is dubbed two-atom adsorption. On the
clean surface, the probability of two-atom adsorption, 𝑝2 , is around 0.8 while the probability of
atom abstraction, 𝑝1, is 0.2 and the probability of non-reactive scattering, 𝑝0 , is zero. However, as
the surface coverage increases, fewer surface dangling bonds are available. The two-atom
adsorption is most affected by the availability of dangling bonds as evidenced by the decrease in
𝑝2 while 𝑝1 and 𝑝0 increase. This trend continues until 𝑝1 reaches a maximum of around 0.32 at
about 0.5 ML coverage, after which both 𝑝2 and 𝑝1 decline.26 The reaction of F2 incident with a
normal component of kinetic energy below 3.8 kcal/mol practically stops once the surface is fully
saturated with Si-F bonds at 1 ML. The reaction probability has been measured to be (9±1)e-4 at
I ML-F coverage.27,28 The critical point is that F2 reacts with Si(100) only at the dangling bonds,
and does not react with the Si that requires breaking of Si-Si bonds on the surface or Si-Si lattice
bonds (bonds between a Si surface atom and a second layer Si atom) as evidenced by the helium
atom diffraction.27
For the case of XeF2, atom abstraction of a F atom by a dangling bond also proceeds with unit
reaction probability. In addition, two-atom abstraction where both F atoms in a XeF2 molecule
react in a step-wise mechanism occurs.29 The reaction of XeF2 with Si(100) largely involves the
dangling bonds with minimal Si-Si surface or lattice bond breaking up to a coverage of about 0.9
to 1 ML-F, as evidenced by helium atom diffraction.30 But at 1 ML-F, the reactivities of F2 and
XeF2 diverge. Unlike F2 where the reaction slows down and practically ceases at around 1 ML,
XeF2 continues to react with the surface by forming multiple bonds to a Si atom, effectively
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breaking Si-Si surface and lattice bonds and ultimately forming SiF4, which then desorbs, thereby
etching the surface. The reaction probability of XeF2 with Si at high F coverage is near unity.30,31
This high etching probability of XeF2 towards Si is the reason for its use as a commercial
plasmaless etchant while F2 is not used.12,20,32
The critical question is what is the underlying reason for the ready and rapid reactivity of XeF2
with Si-Si surface and lattice bonds while F2 does not react, despite their similar chemical
compositions?

1.3. Thermodynamics of F2 vs XeF2 Reaction with Si
One potential explanation for the reactivity difference of F2 and XeF2 at 1 ML-F coverage is
different reaction exothermicities. For the reactions of both F2 and XeF2, Si-Si bond breaking (54
kcal/mol)33 and the formation of two Si-F bonds (148 kcal/mol)34 are common. The difference
occurs in the breaking of the F-Y bond (where Y = F or XeF) of the F containing reactant and
hence in their bond enthalpies. Less energy is required to break F-F (38 kcal/mol)27 compared to
XeF2 (60 and 3 kcal/mol, for the first and second bond)35, bringing the total exothermicity for the
formation of two F-Si bonds to 204 and 179 kcal/mol for F2 and XeF2, respectively. While the
reaction probability is not necessarily determined by the thermodynamics of the reaction, the
relative activation energies and hence the relative reaction probabilities may be estimated
according to Bell-Evans-Polanyi principle36,37 that states that for similar reactions, the reaction
with the larger exothermicity has a lower activation barrier and hence higher reaction probability.
However, the more exothermic reaction of F2 actually has lower reaction probability by a factor of
103 – 104 compared to XeF2. In addition, the etch rate of XeF2 towards Si is found to be an order
of magnitude higher than that of F atom,16,38 even though the reaction of F atoms with the Si surface
only requires the Si-Si bond cleavage with the total reaction exothermicity of 242 kcal/mol.

22

1.4. Collision Induced Localized Vibrational Excitation Mechanism – The Hypothesis
Previous studies by the Ceyer group39,40 suggest a possible mass dependent mechanism that is
responsible for the reactivity of XeF2 towards the fluorinated Si surface: The massive XeF2
incident species requires multiple collisions with the lighter Si surface atoms of the surface before
its forward momentum is reversed while the collision of the relatively light molecule F2 does not.
The collision causes substantial compression and stretching of the Si-Si surface and lattice bonds
in the impact area. Multiple collisions repeatedly exacerbate this deformation beyond the
equilibrium Si-Si bond lengths, essentially creating a hot spot of vibrationally excited Si-Si bonds.
These locally excited Si-Si bonds have an enhanced reactivity with fluorine. Simultaneously, the
multiple collisions also prolong the exposure of the incident species to the vibrationally excited
Si-Si hot spot allowing for a higher chance for the reaction to proceed, resulting in a higher reaction
probability.

1.5. Testing the Hypothesis with X(F2) van der Waals Molecule
A potential approach to test the effect of the mass on the reaction probability of a F containing
species with the fluorinated Si surface is similar to the reaction of CH4 with Ni(111), where CH4
is first physisorbed on Ni(111) followed by its bombardment with Ne, Ar, Kr, or Xe (chemistry
with a hammer).41 However, this approach is not applicable to the reaction of F2 on Si because the
very low polarizability of F2 prevents its physisorption at temperatures above about 77 K. Without
a relatively long-lived physisorption state for F2, the use of a mixed beam containing F2 and an
inert species X in a simulation of a chemistry with a hammer event is not viable.
An alternative approach employs a X(F2) van der Waals (vdW) molecule where X is an inert
gas species such as Ar, Kr, or Xe. The vdW species is suitable for testing the hypothesis because
it effectively increases the mass of F2 with minimal perturbation to the F2 electronic structure,
because the vdW bond between an inert gas atom and a diatomic halogen molecule is very weak,
less than 0.5 kcal/mol,42,43 when compared to the F-F bond energy of 38 kcal/mol. Therefore, if
the reaction probability of the X(F2) vdW species is significantly higher than that of F2, the
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improved reactivity can be attributed to the increase in the mass, and hence its result supports the
hypothesis proposed in section 1.4.
1.5.1. Previous Study of Xe(F2)
A study by Hefty40 compares the reaction probability of a Xe(F2) vdW molecule to that of F2
at 1 ML-F coverage on Si(100) at 250 K. In the experiment, the fluorinated layer is prepared by
exposing the clean Si(100) surface to a pure F2 beam. Then, the surface is exposed either to 100%
F2 beam or a beam containing 1.4% of Xe(F2), which is produced by supersonic expansion of 5%
F2/Xe gas through a cold nickel nozzle (-50 °C). Note that the flux used in this study is below 1
ML s-1, which renders a simultaneous collision between a Xe atom and F2 on the same spot on the
surface highly unlikely.
The result of this study indicates that the reactivity enhancement of the beam containing Xe(F2)
is significant when compared to F2. The reaction probability of Xe(F2) above 1 ML coverage is
found to be around 0.9±0.1, which is even higher than that of the chemically stable XeF2,
0.65±0.0331. Note that this analysis of the reaction probability ignores the contribution of F2 to the
F coverage. This omission likely results in only a slight overestimate of the Xe(F2) reaction
probability since its value is drastically higher than that of F2 at 1 ML-F coverage.
1.5.2. Further Exploration of the Hypothesis with Kr(F2)
Given that the reaction probability of Xe(F2) is found to be comparable to that of XeF2, the
next step to test the hypothesis is by considering another X(F2) vdW molecule with a different
mass. If the hypothesis that the reaction probability of F containing species toward 1 ML-F Si can
be enhanced via the localized Si-Si bond vibrational excitation as a result of collision with a more
massive incident species is correct, the increase/decrease of the mass of X(F2) should result in the
increase/decrease of the reaction probability.
Because the more massive Rn is radioactive, the test is carried out using Kr, which is the next
less massive inert gas. Since Kr (~84 amu) has lower mass than Xe (~131 amu), the reactivity of
Kr(F2) vdW is expected to be lower than that of Xe(F2) while still being significantly higher than
that of F2.
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1.6. Chapter Outline
This chapter explores the role of non-equilibrium lattice excitation induced by multiple
collisions of a heavy particle colliding with a lattice of lighter atoms by determining the reactivity
of Kr(F2) with the 1 ML fluorinated Si(100) surface and comparing it to that of F2. The description
for the experimental instruments and the conditions used for the in situ production of Kr(F2) as
well as the determination of the Kr(F2) vdW flux are discussed in section 2. Once information
about the fluxes is secured, the process of determining the reaction probability of Kr(F2) is laid out
along with the experimental results in section 3. Then, in section 4, the result for the reaction
probability of Kr(F2) is compared with that of F2 and XeF2/Xe(F2) and the implication of the result
for the hypothesis is described. This discussion is followed by a detailed consideration of the role
of the mass on the collision induced localized lattice excitation mechanism that enhances the
reactivity of F containing species with fluorinated Si. Suggestions for additional experiments are
also provided. Finally, the conclusion of this study is drawn in section 5.

2. Experimental
2.1. Scattering Machine Description
The experiments were carried out in a custom-built apparatus consisting of three major vacuum
chambers: an ultrahigh vacuum main, beam source, and detector. Their brief descriptions are
written below with detailed descriptions found elsewhere.44–46
2.1.1. Main Chamber
The ultrahigh vacuum main chamber is where the etching reaction takes place. The chamber
houses the Si(100) crystal mounted on a manipulator that enables the crystal to be positioned at
different locations and angles, without breaking vacuum, for cleaning, chemical analysis, and
reactive scattering. The pressure in this chamber is maintained at a base pressure of 5e-11 Torr to
minimize contamination of the Si surface. This chamber is pumped by a liquid nitrogen trapped
diffusion pump.
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The main chamber is isolated/connected to the beam source chamber by closing/opening a
manual beam valve. The main chamber also houses the rotatable detector chamber with another
manual valve that can be closed to isolate the detector chamber from the main chamber or opened
to allow for the particles in the main chamber to enter the detector chamber.
The chamber contains a leak valve for introducing a gas from the gas mixing manifold. Its
primary use is to introduce Ar as part of the crystal cleaning procedure by ion sputtering. A sputter
ion gun ionizes the Ar gas to produce Ar+ ions that are aimed at the crystal. The details of the Si
surface preparation and verification of its chemical composition are outlined in the experimental
section 2.4. The analytical instruments installed in the main chamber include an Auger electron
spectrometer for elemental surface analysis and a quadrupole mass spectrometer mainly for
residual gas analysis. The mass spectrometer may also be used for thermal desorption experiments.
2.1.2. Beam Source Chamber
The beam chamber has been designed such that two supersonic beams, the primary and
secondary, can be used simultaneously. The primary beam enters the main chamber perpendicular
to a main chamber wall while the secondary beam is aligned to intersect with the primary beam at
the center of the main chamber, where the crystal surface is positioned. The angle between the two
beams is 20. A beam produced from the expansion of gas through a nozzle travels through three
differentially pumped stages before reaching the main chamber. Each beam has its own the source
and first differential pumping stage chamber while the second differential pumping stage chamber
is shared between the two. The vacuum in each sub-chamber is maintained by a diffusion pump
with the addition of a liquid nitrogen trap on top of the second stage diffusion pump to prevent oil
from backstreaming into the chamber. The base pressures of the three stages are roughly 1e-6, 1e8, and 5e-9 Torr respectively.
For this study, only the primary beam source is used. Furthermore, the primary beam source
nozzle was redesigned to improve its cooling for the purpose of increasing the fraction of vdW
clusters produced. This modification is detailed in Appendix 2.
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2.1.3. Detector Chamber
The detector chamber is equipped with a quadrupole mass spectrometer. The chamber is triply
differentially pumped to improve the signal-to-noise of the species scattered directly into the
detector. Each stage is pumped by a turbomolecular pump. The inner most chamber that houses
the electron bombardment ionizer is further pumped by a liquid nitrogen cryostat and a Helium
cryogenic pump.
Since the main purpose of the chamber is to house and differentially pump the quadrupole
mass spectrometer that is the detector of the scattered or desorption products, it is designed to be
rotated around the crystal surface in an angular range of 35-180° with respect to the primary beam
axis. The combination of the detector chamber rotation with that of the Si crystal enables the study
of scattering at various incident and scattering angles. The detector can also be used to probe the
composition of the incident primary beam by positioning it at 180° with the Si crystal moved out
of the beam line.
A cross-correlation chopper wheel is positioned at the entrance to the detector chamber for use
in a time-of-flight (TOF) experiment. The wheel consists of a pseudo-random sequence with 255
channels and can be spun at 280 or 392 Hz. As half of the sequence consists of closed channels,
the detected signal is halved when the wheel is spinning. Thus, the wheel is stopped in the open
position when the experiment does not involve a TOF measurement.

2.2. Kr(F2) vdW Molecules Production
The critical need in this experiment is the production of vdW Kr(F2) molecules. The vdW
molecules are created by supersonic expansion of a high pressure gas through a nozzle into a
vacuum. A supersonic expansion is ideal for producing and preserving the vdW molecules for
several reasons. First, the multiple body collisions happening at high frequency within and
immediately after the nozzle orifice facilitates the condensation of gaseous particles that forms
vdW molecules. Secondly, the cooled gas particles have equal velocities that prevent further
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collisions that can destroy the weak vdW bonds. Thirdly, all molecules are cooled to their ground
vibrational and lower energy rotational states.
In addition, the skimmer in the source chamber, which also serves as a collimating slit into the
first differential pumping stage, is positioned so that the supersonic cone does not form the Mach
disk that collapses on the expansion, terminating the isentropic expansion. Therefore, the cold
particles produced by the expansion travel through the skimmer without further collisions and
maintain the supersonic condition. This no-collision condition also enhances the survivability of
the vdW species in the beam, allowing them to reach the main chamber where they interact with
the Si crystal.
There are multiple instrumental parameters that can be tuned to maximize the number of
collisions during the expansion and hence, to increase cooling and formation of vdW molecules.
While a larger nozzle orifice results in a higher number of collisions, it is not readily controllable
without mechanically modifying the nozzle. Thus, the parameters explored are the nozzle
temperature in section 2.2.1, and the stagnation pressure behind the nozzle in section 2.2.2.
The Kr(F2) vdW molecules are produced via supersonic expansion of a 75%F2/25%Kr beam
through a cold nickel nozzle. The Kr(F2) flux is determined in section 2.3. The percentage of Kr(F2)
formed in the expansion is very small, meaning that monomer F2 molecules and Kr atoms remain
the majority species. The purity and manufacturer of the gases are listed in Table I-1.
Van der Waals molecule formation from expansion of the F2/Kr gas mixture is not limited to
Kr(F2). Other combinations include (F2)2 dimers, (F2)3 trimers, (Kr)2 dimers, (Kr)3 trimers, Kr(F2)2
and Kr2(F2), for example. Nonetheless, production of larger vdW clusters decreases rapidly as the
number of species involved in the cluster increases. If the flux of a vdW species is significantly
small, its contribution to the overall reaction with the Si surface is discounted.
Gas
Purity (%)
Provider
Ar (for sputtering) 99.9995
Spectra Gases
F2
98
Spectra Gases
Kr
99.97
Spectra Gases
Table I-1 Summary of purities and manufacturer of gases used for beams.
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2.2.1. Kr(F2) Formation and Nozzle Temperature
Given that the high pressure gas behind the nozzle equilibrates rapidly with it, a lower nozzle
temperature favors the formation of vdW molecules because less heat must be redistributed upon
expansion and the heat released upon formation of the van der Waals bond is dissipated more
quickly to and by the nozzle walls. An experiment was carried out to highlight the effect of nozzle
temperature on the amount of Kr(F2) vdW formed upon expansion of a 75% F2/Kr mixture. The
nozzle was initially cooled to -133 °C (140 K), and then was allowed to warm. The mass spectrum
of the beam was measured at different points of the temperature cycling. The amount of Kr(F2) in
the beam is the sum of counts between m/z=118 and m/z=124, thereby including the signal from
all major isotopes of Kr (80 to 86 amu). The temperature cycling was carried out twice. A plot of
the MS count of Kr(F2) as a function of nozzle temperature is displayed in Figure I-1. As can be
seen in the plot, the amount of Kr(F2) in the beam decreases rapidly as the nozzle temperature
increases.
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MS counts

4.00E+04
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Figure I-1 Plot of mass spectrometer signal of Kr(F2) produced by expansion of 75% F2/25% Kr
mixture with stagnation pressure of 250 Torr as a function of nozzle temperature.
The nozzle cooling assembly has the capability to cool the nozzle to a lower temperature of
around -150 °C (123 K). This temperature is still significantly higher than that of the 77 K coolant,
liquid nitrogen, but given the multiple channels for heat loss, the nozzle temperatures attained are
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reasonable. The temperature used for the experiments described below was chosen to be -133 °C
(140 K) because it can be reached within a short cooling time and can be maintained easily
throughout the experiment.
2.2.2. Stagnation Pressure Limit
Higher stagnation pressure behind the nozzle increases vdW molecule formation because the
number of cooling collisions increases. However, the increase is limited by the pumping speed of
the source chamber. Higher stagnation pressure leads to higher background pressure, particularly
in the region between the nozzle and skimmer. In turn, the higher background pressure increases
the chance of a stable vdW molecule suffering a destabilizing secondary collision with the
background gas. Thus, the intensity of the vdW molecules, or of any molecules in a beam,
ultimately attenuates and decreases as the stagnation pressure increases.
To demonstrate this effect, an Ar beam is introduced into the main chamber, and the resulting
pressure change measured by the main chamber ion gauge is plotted versus the Ar stagnation
pressure, as shown in Figure I-2. It is clear that the number of Ar particles reaching the main
chamber increases with nozzle stagnation pressure up to around 350 Torr, after which, the main
chamber pressure starts to drop (not shown in the plot). The drop is the result of beam attenuation
in the region between the nozzle and skimmer. In addition to reduced beam intensities, attenuation
also broadens the velocity distribution of a supersonic beam because collisions increase the beam
temperature.
The main chamber pressure changes (Δ𝑃obs , in e-8 Torr) as a function of nozzle stagnation
pressure (𝑃stag , in Torr) are fitted with a second order polynomial function:
2
Δ𝑃obs = (−2.9e-5)𝑃stag
+ (2.2e-2)𝑃stag − 0.25

(1)

This expression is used for the Ar flux calculation in section 2.3.1 for beams produced using
various stagnation pressures.
An important note is that the diffusion pump condition was not optimal during the pressure
measurement and the experiments performed for this study. Thus, the beam attenuation occurred
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at relatively lower stagnation pressures. The pumping issue does not affect the quality of the beam
used in this study because they were produced using stagnation pressures in the range of 50 to 260
Torr where the beam attenuation is lowest. However, it limits the use of higher stagnation pressure
and potentially the production of beams with higher Kr(F2) vdW molecules concentration. This
pumping issue was resolved before the studies described in the later chapters were undertaken.

5
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Figure I-2 Plot of MC pressure change, Δ𝑃obs vs nozzle stagnation pressure, 𝑃stag , of a pure Ar
beam. Data points are dots, and solid line is a second order polynomial fit to equation (1).
2.3. Beam Fluxes
In order to determine accurately the reaction probability of F2 and its associated vdW species
Kr(F2), it is essential to know the flux of each species in the beam. The flux is the number of
particles of a particular species incident on the crystal per unit time (𝑑𝑁/𝑑𝑡)beam and per unit area
of the sample, where 𝐴spot is the cross sectional area of the beam on the surface:
𝑑𝑁
( )
𝑑𝑡 beam
𝐼𝑁 =
𝐴spot

(2)

There are multiple methods to determine the flux of a single component beam. In this study,
the steady state pressure change measured by an ionization gauge upon introduction of the beam
into the main chamber is used. However, since F2 is reactive and adsorbs onto the vacuum chamber
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surfaces, thereby effectively increasing the pumping speed, measurement of the pressure increase
as the F2 beam is introduced into the chamber cannot be used to determine the its flux. Thus, the
flux of F2 is inferred from that of Ar, which is an inert gas with a similar mass to F2, as discussed
in section 2.3.2.
2.3.1. Absolute Flux of an Inert Single Component Beam
To determine the flux of 𝑁 in equation (2), consider two factors that affect the rate of change
of the number of inert particles, 𝑁, in the main chamber and hence the pressure: the gain upon
introduction of the beam, and the loss from chamber pumping. This change is expressed by:
𝑑𝑁
𝑑𝑁
𝑑𝑁
( )
=( )
+( )
𝑑𝑡 chamber
𝑑𝑡 beam
𝑑𝑡 pump

(3)

At steady state, the rate of change of the number of particles in the chamber is zero:
(

𝑑𝑁
)
=0
𝑑𝑡 chamber(steady state)

(4)

Thus, upon substitution of equation (3) and (4), equation (2) can be rewritten to yield an expression
for the beam flux in terms of the steady state pumping rate:
𝑑𝑁
)
𝑑𝑡 pump (steady state)
𝐼𝑁 = −
𝐴spot
(

(5)

2.3.1.1. Main Chamber Pumping Rate Determination
The liquid nitrogen trapped diffusion pump in the main chamber operates at a constant
pumping speed within the pressure range used during the experiment. The change in the number
of particles in the chamber volume due to the removal by the pump is expressed by:
(

𝑑𝑁
)
= −𝑟 𝑁
𝑑𝑡 pump

(6)

where 𝑟 is the pumping rate constant. The value of 𝑁 may be obtained from the main chamber
mass spectrometer signal at the mass of species 𝑁, 𝑆𝑁 , because 𝑆𝑁 is linearly proportional to the
actual number of 𝑁 particles present, given that they are distributed evenly within the chamber:
𝑁 = 𝑎𝑁 𝑆𝑁
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(7)

where 𝑎𝑁 is a proportionality constant for species 𝑁.
The pumping rate, equation (6), can be expressed in terms of the mass spectrometer signal as:
𝑑𝑆𝑁
= −𝑟 𝑆𝑁
𝑑𝑡

(8)

Note that the constant 𝑎𝑁 cancels out. Equation (8), which is in the form of a first order rate
equation, can be integrated to obtain the mass spectrometer counts as a function of time, 𝑆𝑁 (𝑡):
𝑆𝑁 (𝑡) = 𝑆𝑁 (0) exp(−𝑟 𝑡)

(9)

where 𝑆𝑁 (0) is the count of 𝑁 at zero time. Note that in an actual system, residual background
counts of 𝑁 are possible. Thus, the counts 𝑆𝑁 (𝑡) used in the analysis should be background
subtracted.
The following experiment using an Ar beam was carried out to determine the pumping rate
constant 𝑟. Before the Ar beam is introduced into the main chamber, the mass spectrometer is set
to collect Ar signal as a function of time and with the dwell time of 0.1 seconds. This signal is
averaged to get the background counts. After having enough data points for background counts,
the beam produced from the supersonic expansion of pure Ar with a stagnation pressure of 750
Torr† is allowed to enter the main chamber for a few seconds for the system to reach the steady
state while the mass spectrometer continues to collect Ar signal. Then, the beam flag is triggered
to block the beam from entering the main chamber such that the only change in the amount of Ar
in the chamber is due to its removal by pumping according to equation ( 8). A plot of the
background subtracted data and along with the fit to equation (9) is shown in Figure I-3. The
experiment is repeated for a total of 4 measurements for the purpose of signal averaging. The rate
constant 𝑟 obtained from the fit, which is summarized in Table I-4, is then used to determine the
pumping rate of Ar according to equation (6).

†

Note that this main chamber pumping speed experiment was performed after the source chamber
diffusion pump repair. Thus, the beam does not attenuate at 750 Torr of stagnation pressure.
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Figure I-3 Plot of background subtracted Ar mass spectrometer signal versus time (open circle)
showing Ar signal decaying upon blocking the beam. Ar stagnation pressure is 750 Torr. Fit (solid
line) to equation (9) is shown.
2.3.1.2. Absolute Flux of Ar Beam
With the value of the Ar pumping rate known, the flux of an Ar beam can be calculated, if the
absolute number of Ar particles 𝑁 is known. The value of 𝑁 is obtained through the absolute
chamber pressure as measured by the ion gauge assuming the ideal gas law:
𝑁=

𝑃𝑁 𝑉𝑐
𝑘𝑏 𝑇

(10)

where 𝑃𝑁 is the partial pressure of 𝑁, 𝑉𝑐 is the chamber volume, 𝑘𝑏 is the Boltzmann constant, and
𝑇 is the gas temperature. The partial pressure is obtained by subtracting the background pressure
reading when there is no beam entering the chamber, from the pressure reading when 𝑁 particles
of the beam are constantly flowing into the chamber:
𝑃𝑁 = Δ𝑃obs,𝑁 = 𝑃beam − 𝑃background

(11)

Because the pressure reading of the ionization gauge is calibrated for N2 gas, a correction
factor, 𝐶𝐹,𝑁 , for the relative sensitivity of the ion gauge for Ar relative to N2 must be included to
obtain the actual partial pressure of 𝑁:
Δ𝑃obs,𝑁 = Δ𝑃obs 𝐶𝐹,𝑁

(12)

Substituting equation (12) into (11) to get the expression for 𝑃𝑁 , which is then substituted into
equation (10), yielding the expression for the number of particles 𝑁:
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𝑁=

Δ𝑃obs 𝐶𝐹,𝑁 𝑉𝑐
𝑘𝑏 𝑇

(13)

Substitution of the expression for the pumping rate (6) and then the number of particles 𝑁 from
equation (13) into equation (5) yields an expression for the absolute flux of the beam:
𝐼𝐴𝑟 =

Δ𝑃obs 𝐶𝐹 𝑟𝑉𝑐
𝑘𝑏 𝑇 𝐴spot

(14)

The parameters used for the analysis of the Ar flux according to equation (14), including the
instrumental parameters and experimentally measured values, are summarized in Table I-2.

Parameter
Value
260±2
Nozzle 𝑃𝑠𝑡𝑎𝑔 (Torr)
47,48
0.78±0.05
𝐶𝐹 for Ar (ref.
)
-1
1.22±0.04
𝑟 (s )
886±10
𝑉𝑐 (L) (ref. 49)
2
40,49
𝐴spot (cm ) (ref.
) 0.285±0.004
292.0±0.1
𝑇 (K)
Table I-2 Parameters for determination of absolute flux of Ar beams.
2.3.2. Absolute Fluxes of F2 Beams
As stated previously, the fluxes of F2 containing beams cannot be determined using the method
for an inert gas as outlined in section 2.3.1, due to the reactivity of F2 with the chamber walls
resulting in an inaccurate pressure measurement. Thus, the absolute flux of a F2 containing beam
has to be related to the absolute flux of Ar using the detector chamber mass spectrometer.
The counts obtained from the mass spectrometer, 𝑆𝑀 , relate to the flux of the species detected,
𝐼𝑀 , by:49
𝑆𝑀 =

𝜎𝑀→𝑀+ 𝐼𝑒 − 𝑑𝑒 − 𝑇𝑀
𝐼𝑀
𝜈𝑀

(15)

where 𝜎𝑀→𝑀+ is the ionization cross-section of the particle 𝑀, 𝑇𝑀 is the transmissivity of ions 𝑀+
through the quadrupole, and 𝜈𝑀 is the velocity of the particle 𝑀 before ionization. This equation
indicates the dependency of 𝑆𝑀 on parameters that depend only on the instrument: 𝐼𝑒 − , the current
density of the ionizing electrons, and 𝑑𝑒 − , the length of the ionization region. Since these two
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parameters are independent of the species being detected, they need not be known. The absolute
flux 𝐼𝑀 of a species can be obtained through the mass spectrometer count 𝑆𝑀 and the absolute flux
of another species.
In addition, some gaseous species used in this study, such as Kr, have multiple stable isotopes.
Thus, to account for the fluxes of all isotopes with similar mass without measuring each of them
individually, the flux associated with all isotopes is obtained from 𝑆𝑀 at one isotope by multiplying
it with the abundance factor 𝐴𝑀 :
𝑆𝑀 → 𝑆𝑀 𝐴𝑀
The percentage abundance of the species used in this study is summarized in Table I-3. This
approximation assumes that the small variation in masses of the Kr isotopes is minimally affected
by Mach focusing effect such that the isotope abundances in the beam are identical to those in the
gas mixture.
As shown in equation (15), the electron bombardment ionization of the neutrals prior to their
mass discrimination in the quadrupole of the mass spectrometer is sensitive to their density
(number of particles per unit volume), instead of their flux. Thus, the velocity of the detected
particles must also be known. Another complication is that the particles in a supersonic beam have
a Maxwell-Boltzmann distribution of velocities rather than a single velocity. Thus, the flux of the
beam is related to the velocity-weighted count (VWC) which is the velocity weighted integral of
𝑆𝑀 according to equation (15) with the abundance factor:28
∞

VWC𝑀 = ∫ 𝑆𝑀 (𝜈)𝜈 𝑑𝑣 = 𝜎𝑀→𝑀+ 𝐼𝑒 − 𝑑𝑒 − 𝑇𝑀 𝐼𝑀 /𝐴𝑀

(16)

0

A TOF experiment is required to obtain the velocity distribution of the particles. The TOF
experimental procedure for the flux determination is described as follows. The detector is
positioned at the straight through position along the beam line such that the beam enters the
detector chamber directly without scattering from any surface. The cross-correlation chopper is
then spun at a frequency of 280 Hz, which translates to a dwell time of 14 µs for each of the 255
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channels. Then, the signal is accumulated for each channel and deconvoluted to get the TOF
spectrum as detailed elsewhere.44
The VWC is obtained from a fit of a Maxwell-Boltzmann distribution function in the time
domain, 𝑓(𝑡), to the TOF spectrum, taking the background counts into account:
2

𝐿3
𝑚𝐿2 1 1
𝑓(𝑡) = 𝐴 + 𝐵 4 exp (−
( − ) )
𝑡
2𝑘𝑏 𝑇 𝑡 𝑡𝑓

(17)

where 𝑡 is the flight time, 𝐴 is the background counts, 𝐵 is a normalization constant, 𝐿 is the
neutral flight length, 𝑚 is the mass, 𝑘𝑏 is the Boltzmann constant, 𝑇 is the beam translational
temperature, and 𝑡𝑓 = 𝐿/𝑣𝑓 is the characteristic flow time. The fitting parameters are: 𝐴, 𝐵, 𝑡𝑓 ,
and 𝑇. Fitting is performed using either IGOR Pro software or Python with ODRPACK library.
Then, the VWC is calculated from the Maxwell-Boltzmann distribution in the velocity domain
with the parameters obtained from the TOF fit:
∞

VWC = ∫ 𝑣 𝑓(𝑣) 𝑑𝑣
0

where
𝑓(𝑣) = 𝐵 𝑣 2 exp (−

𝑚
2
(𝑣 − 𝑣𝑓 ) )
2𝑘𝑏 𝑇

Note that the background counts 𝐴 in equation (17) are not included in VWC.
2.3.2.1. F2 Flux in Neat Beam
The flux of F2 in a neat beam is related to that of Ar by considering the VWC ratio of F2 to Ar
from equation (16):
VWCF2 𝜎F2 →F2 + 𝑇F2 𝐼F2 𝐴Ar−40
=
VWCAr 𝜎Ar→Ar+ 𝑇Ar 𝐼Ar 𝐴F2 −38

(18)

Note that 𝐼𝑒 − 𝑑𝑒 − cancels out. The ionization cross sections for F2 and Ar are summarized in Table
I-3. Due to the similarity of the F2 and Ar masses, their transmission factors 𝑇 are assumed to be
equal. Thus, the absolute flux of F2 in a neat beam is related to the absolute flux of Ar by:
𝐼𝐹2 = 𝐼𝐴𝑟

VWCF2 𝜎Ar→Ar+ 𝐴F2 −38
VWCAr 𝜎F2 →F2 + 𝐴Ar−40
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(19)

2.3.2.2. F2 Flux in Seeded Beam
Given that the F2 absolute flux in a neat beam is known, as shown in Section 2.3.2.1, and its
corresponding VWC is measured in a TOF experiment, the F2 flux in a seeded beam is calculated
from the ratio of F2 fluxes, as given by equation (16), in the pure and seeded beams yielding:
𝐼𝐹2 (𝑠𝑒𝑒𝑑𝑒𝑑) = 𝐼𝐹2 (100%)

VWC𝐹2 (𝑠𝑒𝑒𝑑𝑒𝑑)
VWC𝐹2 (100%)

(20)

Note that the instrument constants as well as the ionization probabilities and transmission factors
cancel in this ratio.
2.3.2.3. Kr(F2) Flux in the F2/Kr Seeded Beam
The flux of the vdW molecule Kr(F2) contained in a beam of F2 seeded in Kr may be
determined by rearranging the ratio of equation (16) for F2 and Kr(F2), to yield:
𝐼𝐾𝑟(𝐹2 ) = 𝐼𝐹2

𝜎𝐹2 →𝐹2+
VWC𝐾𝑟(𝐹2 ) 𝐴𝐹2
𝑇𝐹2
VWC𝐹2 𝐴𝐾𝑟(𝐹2 ) 𝜎𝐾𝑟(𝐹2 )→ 𝐾𝑟(𝐹2 )+ 𝑇𝐾𝑟(𝐹2 )

(21)

In this case, the instrument constants cancel, but the ionization cross sections and transmission
factors do not. Determination of the transmission functions and details about the abundance factors
and ionization cross sections are now described.
2.3.2.3.1. Determination of Transmission Functions
The transmission factor, 𝑇𝑀 , must be measured experimentally. Because it depends only on the
mass to charge ratio, m/z, and not the actual species, it is possible to use the 𝑇𝑀 for another species
with similar mass to charge ratio, m/z. This option is especially useful because a F2 containing
species is very reactive and can react with instrument surfaces preventing accurate measurement
of the exact quantity of the F2 species. In this study, the transmission factors of Ar (40 amu) and
Xe (129 amu) are used in place of those for F2 (38 amu) and Kr(F2) (122 amu), respectively,
because their values of m/z are very similar:
𝑇𝐹2 ≈ 𝑇𝐴𝑟 , 𝑇𝐾𝑟(𝐹2 ) ≈ 𝑇𝑋𝑒
From equation (16), the ratio of Ar to Xe transmission factors is related to the VWCs and fluxes
by:
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𝑇Ar VWCAr 𝐴Ar 𝜎Xe→Xe+ 𝐼Xe
=
𝑇Xe VWCXe 𝐴Xe 𝜎Ar→ Ar+ 𝐼Ar

(22)

Equation (22) suggests that the flux of Ar and Xe has to be known as well, in order to find the
transmission factor. While the approach outlined in section 2.3.1 may be used to find the absolute
flux of Xe, a different approach, using an effusive beam, is used.
An effusive beam is produced by lowering the stagnation pressure so that the mean free path
of the gaseous particles behind the nozzle is much larger than the nozzle opening. The flux of such
an effusive beam is that of an ideal gas passing through an orifice without collisions:50
𝐼𝑀 =

3
2𝜋
√
𝑃 𝐴
16 𝑚𝑀 𝑘𝑏 𝑇 𝑀 noz

(23)

where 𝑃𝑀 is the stagnation pressure, 𝑚𝑀 is the mass of the particle, 𝑘𝑏 is the Boltzmann constant,
𝐴noz is the nozzle aperture, and 𝑇 is the temperature in K. From equation (23), the ratio of two
effusive beams produced by the same stagnation pressure and having the same temperature
depends inversely on the ratio of the square root of the masses:
𝐼Xe
𝑚Ar
=√
𝐼Ar
𝑚Xe

(24)

With the effusive flux ratio, transmission factor ratio, equation (22), can be written as:
𝑇Ar VWCAr 𝐴Ar 𝜎Xe→Xe+ 𝑚Ar
=
√
𝑇Xe VWCXe 𝐴Xe 𝜎Ar→ Ar+ 𝑚Xe

(25)

The transmission ratio for Ar to Xe according to equation (25) is obtained from VWCs
measured from the TOF experiment, as explained in section 2.3.2, and from parameters
summarized in Table I-3. The TOF spectra of the two effusive beams are shown in Figure I-4.
Particularly for the case of Xe, very slow atoms with flight times longer than the time of one
chopper revolution, 2500 µs, “wrap around” the time axis and contribute signal to the channels at
very short time, resulting in enhanced counts at short flight times. To account for these slow
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particles, the modified Maxwell Boltzmann distribution equation (26) is fit to the TOF data instead
of equation (17):
2

2

𝐿3
𝑚𝐿2 1 1
𝐿3
𝑚𝐿2 1 1
𝑓(𝑡) = 𝐴 + 𝐵 [ 4 exp (−
( − ) ) + ′ 4 exp (−
( − ) )]
𝑡
2𝑘𝑏 𝑇 𝑡 𝑡𝑓
2𝑘𝑏 𝑇 𝑡 ′ 𝑡𝑓
𝑡

(26)

where 𝑡 ′ = 𝑡 + 𝜏, and 𝜏 is the maximum flight time of the TOF spectrum.

Species Isotope abundance, 𝑨 (%) 𝝈 (at 70 eV)51 / 10-16 cm2 VWC (Count)
F2-38

100

0.74±0.03 (ref 49)

-

Ar-40

99.604

2.52 ± 5%

1264±27

Kr-84

56.99

3.45±5%

-

Xe-129

26.401

4.67 ± 5%

1669±33

𝑇𝐴𝑟
𝑇𝑋𝑒

= 0.207±0.016

Table I-3 Parameters used in determination of relative transmission factor and fluxes.
2.3.2.3.2. Ionization Cross Sections and Natural Abundance
The ionization cross-section of Kr(F2) must also be known in equation (21). Its ionization
cross-section cannot be easily measured as it cannot be isolated from other species in the beam.
However, given that the diameter and thus the ionization cross-section of Kr is significantly larger
than that of F2 as shown in Table I-3, it is reasonable to estimate the ionization cross-section of
Kr(F2) to be approximately that of Kr.
With the transmission factor ratio determination in section 2.3.2.3.1 and the ionization crosssection approximation, the absolute flux of the Kr(F2) vdW species produced from expansion of
the F2/Kr mixture can be determined from the absolute F2 flux in the same beam and their VWCs
according to equation (21) as:
𝐼𝐾𝑟(𝐹2 ) = 𝐼𝐹2

VWC𝐾𝑟(𝐹2 ) 𝐴𝐹2 𝜎𝐹2 →𝐹2+ 𝑇𝐴𝑟
VWC𝐹2 𝐴𝐾𝑟−84 𝜎𝐾𝑟→ 𝐾𝑟 + 𝑇𝑋𝑒

40

(27)

Figure I-4 TOF spectra (plus sign, counts/channel) for effusive beam of (a) Ar (b) Xe, used in
calculation of transmission factor. Solid line is fit to Maxwell-Boltzmann distribution, assuming
presence of slow particles with longer flight times than one chopper revolution.

41

2.3.3. Summary of Beam Fluxes
For the interaction of a beam with the surface, it is useful to consider the number of incident
particles in the unit of monolayer (ML), which is the number of particles required to cover Si(100)
with exactly one layer of adsorbates, or correspondingly, one F per Si surface atom.
Each F2 and Kr(F2) molecule can contribute 2 F atoms to the Si surface. For ease in defining
the reaction probabilities of the gaseous species, the flux is expressed in the unit of monolayers of
F atoms (ML-F) per second, where a ML corresponds to the surface density of Si atoms on Si(100)
of 6.84e14 atom per cm2.40 The flux of F2 containing species can be converted into the unit of MLF according to the relation:
1 ML-F =

6.84e14 atomSi 1 atomF 1 moleculeF2
×
×
= 3.42e14 moleculeF2 cm−2
1 cm2
1 atomSi
2 atomF

(28)

The flux of F2 and those of the vdW species (F2)2 and Kr(F2) used in this study are summarized
in Table I-4 along with their kinetic energies obtained from the TOF spectra. Note that the TOF
spectra for different species were collected with different number of chopper revolutions ranging
from 1000-5000. This accumulation of signal improves the signal-to-noise especially for species
with low intensities.44 However, due to the different number of chopper revolutions, the VWCs
have to be normalized by the number of revolutions before being used in the analysis.
As shown in Table I-4, the (F2)2 dimer flux is at most 0.33 times (taking into account the
upper/lower variance limit) that of the Kr(F2) vdW dimer. This upper limit is within the
uncertainties of the fluxes. Thus, the contribution of (F2)2 to the overall reactivity of the beam
should be very small. The (F2)2 dimer also exists in the 100% F2 beam. However, the amount is
very small, < 0.001 times the flux of F2.
The beam energy varies for the same species in the different beams, 100% F2 and 75% F2/Kr.
As shown in Table I-4, the kinetic energy of the more massive particle is higher because the
velocity distribution of all particles in a supersonic beam, ideally, is identical. Nevertheless, the
beam energies are below 3.8 kcal mol-1, an energy beyond which the F2 reaction probability slowly
increases beyond 9e-4.27
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𝑷𝐬𝐭𝐚𝐠 Nozzle
(Torr) T(oC)

Normalized
VWC
F2
39.1±4.9
100% F2
79
-133.1
(F2)2
0.277±0.036
F2
33.6±4.3
75% F2/
252
-133.7
(F2)2
0.329±0.043
25% Kr
Kr(F2)
2.26±0.29
Table I-4 Summary of beam fluxes used in this study.
Beam

Species

Flux
(ML-F s-1)
5±1
(3±1)e-03
4±1
(4±1)e-03
(2.1±0.6)e-02

Beam energy
(kcal mol-1)
0.74±0.06
1.5±0.1
0.57±0.05
1.1±0.1
3.0±0.2

An observation from the TOF spectra in Figure I-5 is that the velocity distributions of the
species in the 75% F2/25% Kr beam are not identical, with Kr(F2) being slower than F2. In an ideal
supersonic expansion of a gas mixture, the faster and lighter gaseous species collide with the
heavier species until their velocities become equal. However, when the supersonic beam is
produced with a relatively low stagnation pressure and a small orifice such that there are
insufficient collisions for complete cooling of the molecules, the beam suffers from a velocity slip
effect where the particles with higher mass move slightly more slowly than those of lower
mass.52,53 Increasing the stagnation pressure may alleviate this issue. However, due to the pumping
issue mentioned in section 2.2.2, increasing the stagnation pressure was not possible without
resulting in beam attenuation, thereby reducing the concentration of Kr(F2).

Figure I-5 TOF spectra of 75% F2/25% Kr expansion through nozzle at -139 °C. For comparison,
each spectrum is scaled to maximum count at m/z=19. Solid lines interpolate between data points
(plus) for visualization purpose.
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2.3.4. Example Calculations of Flux
This section shows the numerical details of the calculations for the absolute fluxes of Ar, F2,
(F2)2 and Kr(F2) as summarized in Table I-4.
2.3.4.1. Flux of Pure Ar Beam
The expression for the Ar flux can be written as a function of stagnation pressure behind the
nozzle by substituting the expression relating 𝑃stag to the pressure change Δ𝑃obs , equation (1), and
the parameters in Table I-2 into equation (14) yielding:
𝐼𝐴𝑟 (𝑃stag ) =
=

Δ𝑃obs 𝐶𝐹 𝑟𝑉𝑐
𝐶𝐹 𝑟𝑉𝑐
2
=
[(−2.9e-5)𝑃stag
+ (2.2e-2)𝑃stag − 0.25]
𝑘𝑏 𝑇 𝐴spot
𝑘𝑏 𝑇 𝐴spot
(0.78 ± 0.05)(1.22 ± 0.04 s−1 )(886 ± 10 L)

((1.38064852 ± 0.00000079)e − 23 J K −1 )(292.0 ± 0.1 K)(0.2852 ± 0.0040 cm2 )
×(

1J
2
) ([(−2.9e-5)𝑃stag
+ (2.2e-2)𝑃stag − 0.25]e − 8 Torr)
7.5006 L Torr

2
𝐼𝐴𝑟 (𝑃stag ) = [(−2.9e-5)𝑃stag
+ (2.2e-2)𝑃stag − 0.25]
× (9.7 ± 0.7)e + 14 atom s -1 cm−2 Torr −1

(29)

2.3.4.2. Flux of Neat F2 Beam
The flux of a neat F2 beam is related to its VWC and that of Ar at the same stagnation pressure
according to equation (19). The VWCs for both F2 and Ar should be measured on the same
experimental day to minimize variation in the instrumental conditions that affect the mass
spectrometer signals. A value of the F2 flux is desired for a beam produced with a stagnation
pressure of 79 Torr. However, TOF measurements were only made for both the F2 and Ar beams
on the same day when the stagnation pressure was 260 Torr. Therefore, the VWC values at 260
Torr are used along with the equation for Ar flux as a function of stagnation pressure, equation
(29), to estimate the F2 flux at various stagnation pressures in the range of 35-350 Torr according
to equation (19):
𝐼𝐹2 (𝑃stag ) ≈ 𝐼𝐴𝑟 (𝑃stag )

VWCF2 (at 260 Torr) 𝜎Ar→Ar+ 𝐴F2 −38
VWCAr(at 260 Torr) 𝜎F2 →F2 + 𝐴Ar−40
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Substituting in the values of the VWCs along with the ionization cross sections and isotope
abundance from Table I-3 yields:
𝐼𝐹2 (𝑃stag ) = 𝐼𝐴𝑟 (𝑃stag )

(8 ± 1)e + 3 2.52 ± 5% 100
(3.3 ± 0.4)e + 2 0.74 ± 0.03 99.604

2
= [(−2.9e-5)𝑃stag
+ (2.2e-2)𝑃stag − 0.25](1.2 ± 0.2)e + 15 atom s -1 cm−2 Torr −1

The flux of F2 can be converted to the unit of ML-F according to the expression (28):
2
𝐼𝐹2 (𝑃stag ) = [(−2.9e-5)𝑃stag
+ (2.2e-2)𝑃stag − 0.25](3.4 ± 0.7) ML-F s -1 Torr −1

(30)

The flux of F2 at the stagnation pressure of 79±2 Torr is:
𝐼𝐹2 (79 ± 2) = 5 ± 1 ML-F s -1
2.3.4.3. Flux of F2 in Seeded Beam
The flux of Kr(F2) is calculated from equation (27), using the absolute flux of F2 (in this case, in
a 100% beam), the relative VWC quantities, and values from Table I-3 and Table I-4:
𝐼𝐹2 (𝑠𝑒𝑒𝑑𝑒𝑑) = 𝐼𝐹2 (100%)

𝑉𝑊𝐶𝐹2 (𝑠𝑒𝑒𝑑𝑒𝑑)
(33.6 ± 4.3)
= (5 ± 1ML-F s-1 ) (
)
𝑉𝑊𝐶𝐹2 (100%,)
(39.1 ± 4.9)

𝐼𝐹2 (75%) = 4 ± 1 ML-F s -1
2.3.4.4. Flux of Kr(F2) and (F2)2 in Seeded Beam
The flux of Kr(F2) is calculated from equation (27), using the absolute flux of F2 (in this case, in
a 100% beam),the relative VWC quantities, and values from Table I-3 and Table I-4:
𝐼𝐾𝑟(𝐹2 ) = 𝐼𝐹2

𝑉𝑊𝐶𝐾𝑟(𝐹2 ) 𝐴𝐹2 𝜎𝐹2 →𝐹2+ 𝑇𝐴𝑟
𝑉𝑊𝐶𝐹2 𝐴𝐾𝑟−84 𝜎𝐾𝑟→ 𝐾𝑟 + 𝑇𝑋𝑒

= (5 ± 1 ML-F s -1 ) (

2.26 ± 0.29
100
0.74 ± 0.03
)(
)(
) (0.207 ± 0.016)
39.1 ± 4.9 56.99 3.45 ± 0.17

𝐼𝐾𝑟(𝐹2 ) = (2.1 ± 0.6)e-2 ML-F s-1
The flux of (F2)2 is calculated by the expression similar to that used for Kr(F2) with the assumption
that the ionization cross-section of the dimer is twice that of the monomer F2:
𝐼(𝐹2 )2 = 𝐼𝐹2

𝑉𝑊𝐶(𝐹2 )2 𝜎𝐹2 →𝐹2+ 𝑇𝐴𝑟
𝑉𝑊𝐶𝐹2 𝜎(𝐹2 )2 →(𝐹2 )+2 𝑇𝑋𝑒
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Note that the mass of (F2)2 is closer to that of Kr than Xe. However, since the flux of Kr was not
measured during the experiment, the transmission of (F2)2 is estimated as that of Xe.
𝐼(𝐹2 )2 in 100% 𝐹2 = (5 ± 1 ML-F s -1 ) (

0.277 ± 0.036 1
) ( ) (0.207 ± 0.016)
39.1 ± 4.9
2

= (4 ± 1)e-3 ML-F s-1

2.4. TPD Experimental Procedure
Before the experiment each day, the Si(100) crystal is cleaned by sputtering with 1 keV Ar+
ions for 10 minutes with an ion current through the sample to ground measured as 5 µA. To reach
the ion current value, the Ar pressure in the main chamber during sputtering was typically held
around 3e-5 Torr with the gate valve on the main chamber diffusion pump fully open. Sputtering
was followed by annealing the crystal to up to 1100 K for 20 minutes to restore the surface order.
This cleaning process was done at least twice before each experiment. This procedure was
confirmed to be sufficient to clean the crystal surface with Auger Electron Spectroscopy (AES),
where the peak-to-peak ratio of C:Si is below 1:100 and the O peak is not observed, as shown in
Figure I-6. The surface order of Si(100) 2x1 is also restored.28 Note that the Auger spectrum was
not performed immediately before the TPD experiment was carried out because small amounts of
carbon were found to be introduced to the Si surface from the electron gun filament and may affect
the experiments.
For each TPD experiment, the Si(100) crystal is exposed to the beam for a specific duration at
varying incident angles. During the exposure, the Si temperature was maintained at 250 K. Then,
the crystal was turned to position its normal angle along the detector axis where the TPD is
performed. The temperature of the crystal is increased linearly at a rate of 5 K/s up to 1000 K and
then held at 1000 K for 5 minutes to remove all fluorine from the surface and to anneal the surface.
Throughout the TPD experiments, the crystal temperature is controlled by the proportional–
integral–derivative (PID) circuit.45,54
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Figure I-6 Auger spectrum of Si(100) after cleaning procedures. Note that carbon and oxygen
features are amplified by 100. Beam energy of 1.5 keV, scan rate of 6 eV/s, modulation amplitude
of 20 eV, lock-in time constant of 1 s, sensitivity of 250, 25, and 10 mV for Si, C, and O,
respectively. Measured electron current to sample is 0.66 µA.
Two m/z (mass to charge ratios) are measured: 66 (SiF2+) and 85 (SiF3+) during the linear ramp
of the crystal temperature. Since only one mass at a time can be selected by the quadrupole, the
measurements alternate between the two masses with a dwell time of 0.1 seconds each. The signals
at m/z=66 and 85 correspond to SiF2 and SiF4, respectively, which are the only products that desorb
from the surface.28,46 The total F coverage is calculated from these signals integrated over
temperature as outlined in section 3.1.
In order to minimize possible effects of variation in experimental conditions, which include
small variations in pumping speed, intensity of background species, and the mass spectrometer
detection sensitivity, the TPD integrals are normalized to baseline TPD measurements acquired
after exposure to a 100% F2 beam on the day that the experiments are performed.

3. Results
The focus of this study is to determine the reaction probability of the Kr(F2) vdW molecule at
a surface coverage above 1 ML. In this study, the reaction probability is determined from the F
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coverage obtained from the TPD experiment after exposure of the Si(100) surface to a beam of F
containing species. The determination of the F coverage from the integrated signal resulting from
the TPD experiment is discussed in section 3.1. Note that the F coverage is the measure of the
extent of the reaction because no physisorbed F2 accumulates on the Si surface under the conditions
of this experiment.27,28,55 Thus, the temperature ramp during the TPD experiment is guaranteed not
to introduce additional chemisorbed F atoms as a result of dissociative chemisorption of
molecularly adsorbed F2.
A complication arises in determining the Kr(F2) reaction probability because the expansion of
a F2/Kr gas mixture results in a beam consisting of both Kr(F2) and F2. Thus, the reaction
probability of Kr(F2) has to be extracted from the overall reaction of the F2/Kr beam using a value
for the F2 reaction probability measured via experiments using the 100% F2 beam along with the
Kr(F2) and F2 fluxes. This procedure as well as the resulting reaction probabilities are presented in
section 3.3. An important consideration in determining the reaction probability of Kr(F2) is that it
must be compared to the F2 reaction probability at the same F coverage, because the reaction
probabilities are dependent on coverage. Thus, to ensure such, the exposures required for both
100% F2 and 75% F2/Kr beams to reach the same F coverage are established in section 3.2.

3.1. F Coverage from TPD
Thermal desorption products desorb from the surface with a broad angular distribution.
However, the desorption product is detected within a tiny solid angle determined by the entrance
slits to the triply differentially pumped, quadrupole mass spectrometer. In order to obtain the total
amount of SiF2 and SiF4 desorption products, the angular distribution of each desorption product
has to be known, so the signal must be integrated over all desorption angles. Doing so yields the
following expression for the integrated desorption product 𝑖 :27,39
𝐷total F2 (Θ) = 𝐷SiF2 (Θ) + 2 𝐷SiF4 (Θ)

(31)

where 𝐷𝑖 (Θ) is the amount of species 𝑖 desorbed. Note that a factor of 2 is included because SiF4
contains twice the number of F2.
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3.1.1. F Coverage Calculation
Thermal desorption products desorb from the surface with a broad angular distribution.
However, in the experimental apparatus, the desorption product is detected at a limited angle
determined by the entrance slits to the triply differentially pumped, quadrupole mass spectrometer.
In order to obtain the total amount of SiF2 and SiF4 desorption products, the angular distribution
of each desorption product has to be known, and the signal must be integrated over all desorption
angles.
Taking into account the angular distribution, the amount of desorption product 𝑖 can be
expressed as:27,39
𝐷𝑖 (Θ) =

𝑣𝑖
∫ sin 𝜃𝑑𝜃 ∫ 𝑑 𝜙 ∫ 𝑑 𝑇 𝐶(𝜃, 𝜙)𝑆𝑖 (𝜃, 𝜙, 𝑇, Θ)
𝜎𝑖 𝐼𝑒 − 𝑑 𝜂𝑖

(32)

where Θ is the coverage, 𝜃 is the in-plane scattering angle, 𝜙 is the out-of-plane scattering angle,
𝜎𝑖 is the electron ionization cross-section of 𝑖, 𝑣𝑖 is the velocity of 𝑖, 𝐼𝑒 − is the electron density, 𝑑
is the ionizer length, 𝜂𝑖 is the transmission coefficient, 𝑇 is the temperature of the crystal, 𝐶(𝜃, 𝜙)
is a geometric factor related to the fraction of the surface area imaged by the detector and 𝑆𝑖 is the
raw mass spectrometer signal, which is a function of detection angles, temperature and surface
coverage.
The angular distribution of the desorbing product is assumed independent of the narrow range
of desorption temperature so 𝑆𝑖 can be factored into a product of a function 𝑠𝑖 that is solely
dependent on the angular distribution and another function Σ𝑖 that represents the signal as a
function of the surface temperature and the coverage:
𝑆𝑖 (𝜃, 𝜙, 𝑇, Θ) = 𝑠𝑖 (𝜃, 𝜙)𝛴𝑖 (𝑇, Θ)
This factorization allows for simplification of equation (32) to:
𝐷𝑖 (Θ) = 𝛼𝑖 𝐼𝑇𝑃𝐷,𝑖 (Θ)

(33)

where 𝛼𝑖 is the integral over the scattering angles:
𝛼𝑖 =

𝑣𝐴
∫ sin 𝜃𝑑𝜃 ∫ 𝑑 𝜙𝐶(𝜃, 𝜙)𝑠𝑖 (𝜃, 𝜙)
𝜎𝑖 𝐼𝑒 − 𝑑𝜂𝑖
49

(34)

and 𝐼𝑇𝑃𝐷,𝑖 is the thermal desorption signal of 𝑖 integrated over desorption temperature:
𝐼𝑇𝑃𝐷,𝑖 (Θ) = ∫ 𝑑𝑇𝑇𝑃𝐷 𝛴𝑖 (𝑇, Θ)

(35)

The in-plane angular distribution is different for SiF2 and SiF4. To determine the two angular
distributions, the SiF2 and SiF4 desorption signals were measured as a function of scattering angle
in 5 increments from -20 to 85 relative to the normal angle of the surface by J. J. Yang28. Each
of the two angular distributions are then fitted to a cosine function:
𝑠𝑖 (𝜃, 𝜙) = 𝑠𝑖 cos 𝑥 (𝜃)
where 𝑥 is a fitting parameter that is determined to be equal to 0.7 and 3.5 for SiF2 and SiF4,
respectively. The out-of-plane scattering distribution (determined by 𝜙) for thermally desorbing
species is assumed to be symmetric around the normal to the surface for an ordered surface.
The geometric factor, 𝐶(𝜃, 𝜙), along with 𝐼𝑒 − and 𝑑 in the expression for 𝛼𝑖 , equation (34),
are not immediately obtainable without additional measurements. However, given that the SiF2
and SiF4 signals are measured simultaneously in the TPD experiment, the three constants are
identical and therefore cancel when considering the ratio of 𝛼𝑖 of the two species. After taking into
account all terms, the ratio 𝛼SiF4 /𝛼SiF2 is determined to be to 0.06.49
The total amount of F2 desorbed (in the forms of SiF2 and SiF4) can be expressed by
substituting equation (33) into equation (30) to yield:
𝐷total F2 (Θ) = 𝛼SiF2 𝐼𝑇𝑃𝐷,SiF2 (Θ) + 2𝛼SiF4 𝐼𝑇𝑃𝐷,SiF4 (Θ)

(36)

Since the angular terms 𝛼𝑖 for the species are only known relatively, the amount of F2 desorbed
may be written as the relative F2 desorption yield 𝛾𝐹2 by dividing equation (36) with 𝛼SiF2 :
𝛾𝐹2 (Θ) =

𝐷total F2 (Θ)
= 𝐼𝑇𝑃𝐷,SiF2 (Θ) + 0.12 𝐼𝑇𝑃𝐷,SiF4 (Θ)
𝛼SiF2

(37)

Finally, to get the absolute F coverage, Θ, in the unit of monolayer (ML) from the desorption
yield, a TPD spectrum is measured after exposure to 10 ML-F of F2, which is an exposure that
produces saturation coverage of F. The measured integrated areas of the SiF2 and SiF4 signals are
used to calculate 𝛾𝐹2 in equation (37). This value of 𝛾𝐹2 represents the TPD signal at 0.94±0.11
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ML, 𝛾𝐹2 (0.94).55 The absolute coverages at other fluorine exposures are obtained by scaling the
relative yield to coverage:
Θ=

0.94
𝛾 (Θ)
𝛾𝐹2 (0.94) 𝐹2

(38)

The absolute F saturation coverage of 0.94±0.11 ML on Si(100) was obtained previously.25
Helium atom diffraction was used to establish the presence of an ordered overlayer of F at 1 ML
coverage. Briefly, scattering of He atoms from the clean Si(100)2x1 surface produces a 2x1
diffraction pattern with maximum intensity at the specular angle. As the Si dangling bonds begin
to form Si-F bonds upon exposure to F2, the surface order is disrupted by the random formation of
Si-F bonds at the dangling bond sites. This disruption introduces disorder in the overlayer,
resulting in reduced specular peak intensity along with the disappearance of the diffraction
features. With continued exposure to F2, the surface order recovers because each Si dangling bond
site, of which there are one ML for an ideal surface, becomes bound to a F atom. Hence, the
specular intensity as well as the diffraction features recover. The thermal desorption signal from
such an ordered 2x1 fluorinated layer is used in the calibration of the fluorine surface coverage as
well as the saturation exposure.25,49,55
3.1.2. Obtaining TPD Integrals from Experiments
The TPD spectra are in the form of counts at m/z=66 and 85 over a dwell time of 0.1 seconds
as a function of surface temperature, 𝛴𝑖,𝑇 (Θ). Thus, the TPD integral from equation (35) is
expressed as a discrete sum:
𝐼𝑇𝑃𝐷,𝑖 (Θ) = ∑(𝛴𝑖,𝑇 (Θ) − 𝛴𝑖,bg ) Δ𝑇

(39)

𝑇

where
𝑇+Δ𝑇/2

𝛴𝑖,𝑇 (Θ)Δ𝑇 = ∫

𝑑𝑇′ 𝛴𝑖 (𝑇′, Θ)

𝑇−Δ𝑇/2

and Δ𝑇=0.5 K, which is the temperature change during the 0.1 s dwell time for a temperature
ramping rate of 5 K/s, and 𝛴𝑖,bg is the background count at m/z. The TPD spectra measured at both
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m/z=66 and 85 contain small contributions from background species in the detector chamber, as
can be seen in Figure I-7, where the signal at temperatures before and after the desorption feature
are greater than zero. The origin of these background counts is from SiF2 and SiF4 that remain in
the chamber from previous experiments and from the dissociative ionization of organic molecules
arising from residual turbomolecular pump oil.
The background count, 𝛴𝑖,bg , for each m/z is obtained by averaging the counts 𝛴𝑖,𝑇 (Θ) taken
from equal numbers of data points at the beginning and the end of the spectrum. The background
subtracted sums according to equation (39) for m/z=66 and 85 are then used for the TPD integral
of SiF2 and SiF4 in the expression for the relative F2 desorption yield, equation (37).

Figure I-7 Examples of TPD spectra (before background subtraction) at m/z=66 (SiF2+) and 85
(SiF3+) that are integrated to yield the F coverage. Black dashed lines indicate background counts.
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The background count, 𝛴𝑖,bg , for each m/z is obtained by averaging the counts 𝛴𝑖,𝑇 (Θ) taken
from equal numbers of data points at the beginning and the end of the spectrum. The background
subtracted sums according to equation (39) for m/z=66 and 85 are then used for the TPD integral
of SiF2 and SiF4 in the expression for the relative F2 desorption yield, equation (37).
3.1.3. Data Normalization
Due to the limit on the data that can be collected each day, data across multiple days are
combined for analysis in order to have a statistically meaningful result. This necessity raises some
issues as minor changes in the mass spectrometer detection efficiency occur, as a result of small
variations in the mass spectrometer probe conditions and electronics. In order for the data across
multiple days to be compared, signal variations due to these fluctuations are accounted for by
normalizing each day’s data as follows.
For F coverage, the total amount of desorbed SiF2 and SiF4, 𝐷total F2 (Θ), initially measured at
some known F2 exposure, (equation (36)) is converted to the ML coverage by dividing it by the
desorption yield 𝛾𝐹2 obtained on the same day at an exposure, 𝑁𝐸0 , which yields a known value of
F coverage, as shown in equation (37). Preferably, this standard exposure should be 10 ML-F that
results in the coverage of 0.94 ML as discussed in the rationalization of equation (38). However,
due to the relatively high exposure range used in this study, a higher normalization exposure value,
𝑁𝐸0 , which will be specified later for each set of data, is used instead of 10 ML-F, and the exposure
of 𝑁𝐸0 is assumed to produce the F coverage of 1 ML instead of 0.94 ML such that equation (37)
becomes:
Θ(𝑁𝐸 ) =

1
𝛾𝐹 (𝑁𝐸 )
𝛾𝐹2 (𝑁𝐸0 ) 2

(40)

Recall that the reaction of F2 with Si is known to self-limit or cease at 1 ML, so the assumption
that the higher exposures produce a fluorinated surface at 1 ML of F coverage is valid. 𝛾𝐹2 (𝑁𝐸0 ) is
calculated for each day’s data, and it is used in equation (40) to normalize the data of that day.
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In addition to the comparison of F coverage obtained from the exposure to each beam, the
analysis below also includes comparison of the TPD integral at m/z=66 (𝐼𝑇𝑃𝐷,SiF2 ) and m/z=85
(𝐼𝑇𝑃𝐷,SiF4 ). These integrals for the individual products are considered separately because they
exhibit different trends as a function of exposure, or equivalently, coverage. This observation is
especially true for SiF4, which has been observed to be produced with higher quantity when the
reaction involves extensive Si-Si bond breaking as in the case of XeF2.31 Similar to the
normalization of F coverage in equation (40), the TPD integral can be normalized by:
𝐼𝑇𝑃𝐷(normalized),𝑖 (𝑁𝐸 ) =

1
𝐼𝑇𝑃𝐷,𝑖 (𝑁𝐸 )
𝐼𝑇𝑃𝐷,𝑖 (𝑁𝐸0 )

(41)

where 𝑖 is either m/z=66 or 85, and 𝑁𝐸0 is the normalization exposure used in equation (40).

3.2. Total Reactivity of 100% F2 and 75% F2/Kr Beams
Because Kr(F2) is produced in the beam that also contains F2, the reaction of Kr(F2) with the
Si surface has to be distinguished from that of F2 and the procedure for doing so is discussed in
Section 3.3. Given the reaction probability of F2 containing species varies with F coverage, the
reactivity of the 100% F2 and 75% F2/Kr beams should be measured at the same coverage range
such that the F2 reaction probability obtained from the 100% F2 beam can be used to extract the
reaction probability of Kr(F2) from the reactivity of 75% F2/Kr beam. The main objective of this
section is to establish the exposure range for each of the two beams that give the same coverage
ranges for their use in calculating the reaction probability of Kr(F2) from the reactivities of the
beams in the upcoming section 3.3. The coverage ranges selected are validated by comparing the
reactivities of the two beams for reasons discussed in the last part of the subsection 3.2.1. The
comparison of the beam reactivities can also preliminarily reveal the higher reaction probability
of Kr(F2) than that of F2 if the reactivity of 75% F2/Kr beam is higher than that of the 100% F2
beam.
The measure for comparing the reactivity of Kr(F2) to that of F2 is the reaction probability,
which is defined as the likelihood of a F containing species reacting with Si(100) to form one Si-F
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bond per F atom in the incident molecule upon collision with the surface regardless of the reaction
pathway. Thus, the reaction probability of species 𝑖, 𝑝𝑖 , is the derivative of the F coverage, Θ𝑖 ,
resulting from the reaction of species 𝑖, with respect to the number of 𝑖 molecules incident on the
surface, 𝑁𝐸,𝑖 , for a given exposure as shown in equation (42),
𝑝𝑖 (Θ) =

𝑑 Θ𝑖
𝑑 𝑁𝐸,𝑖

(42)

If more than one species contributes to the F coverage, as it does in the case of the results for
a 75%F2/25%Kr beam that contains both F2 and Kr(F2), the change in the total F coverage may be
expressed as the sum of the coverage contribution from the reaction of each species:
Δ Θ = ∑ ∫ d Θ𝑖 = ∑ ∫ 𝑝𝑖 (Θ) 𝑑 𝑁𝐸,𝑖
𝑖

(43)

𝑖

Previous measurements of the F coverage as function of F2 exposure for the reaction of F2 with
Si(100) 2x1 are shown in Figure I-8 for F2 exposures that are low compared to those used in this
experiment.

Figure I-8 Plot of F coverage (ML) vs exposure (ML-F) of Si(100) at 250 K to a 1% F2/Ar beam
from ref 49. Straight lines drawn between neighboring data points for visualization purposes.
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It is clear that the F2 reaction probability, as defined by Equation (42), is dependent on surface
coverage. It is approximately constant (𝑝𝐹2 = 0.960.04) at low coverage and then decreases as the
coverage reaches 1 ML (at the exposure of around 20 ML-F) and approaches zero above 1 ML
coverage. However, while the reaction probability decreases by orders of magnitude beyond 1 ML
F coverage, the F coverage still increases slightly and linearly with very high exposures, yielding
a reaction probability of 𝑝𝐹2 = (91)e-04.27
With the reaction probability 𝑝𝑖 being relatively constant for coverages above 1 ML, the
integral in equation (43) simply reduces to the difference in the exposure, Δ𝑁𝐸,𝑖 . Thus, expression
(43) can be rewritten in the form of the sum of the product of the reaction probabilities and the
exposure:
Δ Θ = ∑ 𝑝𝑖 Δ𝑁𝐸,𝑖

(44)

i

To accurately compare the reactivity of F2 and Kr(F2), an analysis should be performed to
ensure that the comparison is made within the same coverage range for the reactions with both the
100% F2 and the 75% F2/Kr beams. While 100% F2 consists of only F2, 75% F2/Kr beam contains
both F2 and Kr(F2). However, due to the very low percentage of Kr(F2) in the beam and the large
variance in the TPD integral data as demonstrated in Figure I-9, the same coverage range of the
two beams may be ensured by using the same exposure range of F2 or the same total exposure,
which is the sum of exposures of the F2 containing species in the 75% F2/Kr beam:
𝑁𝐸,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝐸,𝐹2 + 𝑁𝐸,𝐾𝑟(𝐹2 )

(45)

In the case of 100% F2, 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝐸,𝐹2 , because there is only one F2 containing species.
For the analysis in this section, the total exposure approach is adopted. The complication arises
in the determination of the reactivity of the 75% F2/Kr beam as it contains Kr(F2) that potentially
contributes to the F coverage. Thus, without solving for the reaction probability of Kr(F2), it is
assumed to be equal to that of F2 in the 75% beam, 𝑝𝐾𝑟(𝐹2 ) = 𝑝𝐹2 ≝ 𝑝75%𝐹2 /𝐾𝑟 (which is not
necessarily the same as 𝑝𝐹2 of the neat F2 beam) such that equation (44) becomes:
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Δ Θ = 𝑝75%𝐹2 /𝐾𝑟 ∑ Δ𝑁𝐸,𝑖 = 𝑝75%𝐹2 /𝐾𝑟 Δ𝑁𝐸,𝑡𝑜𝑡𝑎𝑙

(46)

i

With the total exposure, 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙 , as defined in equation (45), the total reaction probability of each
beam can be calculated from the change in F coverage as a result of the change in 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙 :
𝑝=

ΔΘ
Δ 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙

(47)

Note that the total reaction probability expressed in this manner for the 75% F2/Kr beam,
𝑝75%𝐹2 /𝐾𝑟 , is equivalent to defining the weighted average reaction probability of all F2 species in
the beam:
Δ Θ = 𝑝75%𝐹2 /𝐾𝑟 Δ 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙 = 𝑝𝐹2 /𝐾𝑟 Δ𝑁𝐸,𝐹2 /𝐾𝑟 + 𝑝𝐹2 Δ𝑁𝐸,𝐹2

(48)

Therefore,
𝑝75%𝐹2 /𝐾𝑟 =

𝑝𝐹2 /𝐾𝑟 Δ𝑁𝐸,𝐹2 /𝐾𝑟 + 𝑝𝐹2 Δ𝑁𝐸,𝐹2
Δ 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙

(49)

Thus, in this analysis using total exposure, if Kr(F2) has the higher/lower reactivity compared to
F2, the reaction probability of the 75% beam, 𝑝75%𝐹2 /𝐾𝑟 , will be higher/lower than that of the 100%
F2 beam.
To observe the potential difference in the individual amounts of SiF2 and SiF4 produced by the
reaction of each of the two beams with the Si surface, the change in the integral at m/z=66 and 85
with respect to the change in coverage is also considered by a quantity similar to the total reaction
probability (equation (47)) with the change in F coverage, Θ, replaced by 𝐼𝑇𝑃𝐷,𝑖 :
𝑞𝑖,100%𝐹2 or 𝑞𝑖,75%𝐹2 /𝐾𝑟 =

Δ 𝐼𝑇𝑃𝐷,𝑖
Δ 𝑁𝐸,𝑡𝑜𝑡𝑎𝑙

(50)

where 𝑖 = 66 or 85.
3.2.1. Reactivity Comparison of 100% F2 Beam to 75% F2/Kr Beam (Set A)
For this set of experiments, which is entitled Set A, Si(100) is exposed to a beam of either
100% F2 (containing no Kr(F2)) or 75% F2/Kr (containing 2.1e-2 ML-F/s of Kr(F2)). After
exposure, a thermal desorption experiment is carried out to measure the total amount of adsorbed
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F. The desorption spectra are analyzed as described in section 3.1 to obtain the integrated SiF2+
(m/z=66) and SiF3+ (m/z=85) signals and subsequently the F coverage. The total exposure is
expressed by equation (45). A plot of the F coverage as a function of the total exposure is shown
in the top plot in Figure I-9. The normalization exposure, 𝑁𝐸0 , used to calculate the F coverage in
equation (40) is chosen to be 750 ML-F, which is plotted in Figure I-9 as a red vertical dash-dotted
line. The bottom two plots in Figure I-9 are the plots of normalized TPD integral of m/z=66 and
85 according to equation (41) as a function of total exposure, respectively.
The total reaction probability, as defined by equation (47), is the slope of the linear fit to the
data of F coverage (in ML) as a function of total fluorine exposure (in ML-F), The linear fit to the
data is performed with the Ordinary Least Squares regression (OLS) method using Python SciPy
library. A similar analysis is performed on the normalized integrals at m/z=66 and 85 according to
equation (50). The fit results are displayed along with the data in Figure I-9, from top to bottom:
F coverage, normalized m/z=66 integral, and m/z=85 integral. The reaction probabilities, 𝑝, and
the change in the integral, 𝑞, obtained from the slopes of the fits for each of the two beams are
summarized in Table I-5. Note that the data points used for the analysis are within the range of the
fitted lines in Figure I-9; i.e. from 0 up to the total exposure of 8000 ML-F. This range is chosen
to ensure sufficient number of data points for analysis.
The reaction probability, 𝑝, as well as the change in the normalized integrals at m/z=66 and
85, 𝑞66 and 𝑞85 , as shown in Table I-5 for the 75% F2/Kr beam are higher than those of the 100%
F2 beam. Furthermore, the ratio of 𝑞85 of the two beams suggests that that the difference in the
reaction probabilities of the two beams may stem from the higher amount of SiF4 produced in the
75% beam. This observation is consistent with the observation in the study of XeF2 where more
SiF4 is observed for the reaction that involves the breaking of Si-Si bonds.
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Figure I-9 Plot of normalized data (Set A) using 100% F2 beam (dot) and 75% F2/Kr beam (cross)
from top: F coverage, m/z=66 integral, and m/z=85 integral vs total exposure in ML-F. Color of
data point represents experiment date. Linear fits for F2 (solid) and F2/Kr (dashed) within exposure
range shown as described in text. Vertical red dash-dot line indicates normalization exposure 𝑁𝐸0
of 750 ML-F.
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As can be seen in the figure, the experimental data collected for the 75% F2/Kr beam are for
exposures up to around 4000 ML-F. To more precisely compare the two beams, the cut off value
of 4000 should be used instead of 8000 ML-F. However, due to the limited number of data points
for the 100% F2 beam, considering the total reaction probabilities from the reaction up to 4000
ML-F exposure yields the total reaction probability for the 75% F2/Kr beam being lower than that
of 100% F2 beam. Upon solving for the reaction probability with the method as will be discussed
in the next section 3.3, the reaction probability of F2 in the F2/Kr beam is much lower than that of
the 100% F2 beam. Furthermore, the reaction probability of Kr(F2) found using equation (58) has
negative value. This result is certainly non-physical as the reaction probability cannot be below
zero, a situation that is clearly not occurring. Therefore, an analysis up to an exposure of 4000 MLF is considered to have insufficient number of data points for the accurate determination of the
reaction probabilities and thus, the results presented rely on the analysis with exposures of up to
8000 ML-F.
3.2.2. Reactivity Comparison of 100% F2 Beam to 75% F2/Kr Beam with Pre-Exposure to
100% F2 Beam (Set B)
The different reactivities of Kr(F2) and F2 should be more noticeable at F coverages above 1
ML, similar to those between XeF2 and F2.31,40 However, there is a small possibility that Kr(F2)
may react at the Si-Si back or lattice bonds even before all the dangling bonds react. If so, at 1 ML
F coverage, which is defined as 1 F atom per 1 Si surface atom, the surface will actually contain
unsaturated Si dangling bonds that are highly reactive with both Kr(F2) and F2. This possible
existence of dangling bonds complicates the analysis of the reactivity of Kr(F2) as compared to
that of F2, particularly because the flux of Kr(F2) is very low relative to F2 in the 75% F2/Kr beam.
Therefore, to completely exclude the potential reactivity of Kr(F2) prior to 1 ML F saturation
coverage of the dangling bonds, a set of experiments is carried out in which the clean Si(100)
surface is first exposed to the 100% F2 beam to produce a pristine ordered layer of 1 ML F,
followed by a second exposure to either a beam of 100% F2 or 75% F2/Kr. The total exposure for
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this set of experiments is the sum of the amount of F2 in the pre-exposure and in the second
exposure, which is defined by equation (45):
𝑁𝐸,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝐸,𝐹2 (pre−exposure) + 𝑁𝐸,𝐹2 + 𝑁𝐸,𝐾𝑟(𝐹2 )

(51)

The TPD integrals obtained from the experiments are analyzed with a similar procedure to that
described in section 3.2.1, using a normalization exposure of 125 ML-F. The data points used for
normalization are those obtained after pre-exposure only, with no secondary exposure. The F
coverage, equation (40), and the normalized TPD integrals at m/z=66 and 85, equation (41), are
plotted as a function of total exposure, equation (51), in Figure I-10.
Similar to section 3.2.1, the total reaction probabilities for the 100% F2 and 75% F2/Kr beams
are calculated over the exposure range of 0 to 4000 ML-F from the slopes of linear fits to the 100%
F2 (solid line) and 75% F2/Kr (dashed line) beam results in Figure I-10 and the values are shown
in Table I-5. The reaction probability of the 100% F2 beam is comparable within measurement
error to the case without pre-exposure in section 3.2.1. The reaction probability for the 75% F2/Kr
beam, which contains Kr(F2) vdW molecules, has noticeably higher reactivity compared to that of
the 100% F2 beam as indicated by the ratio of the total reaction probabilities.
The reaction probability for the 75% F2/Kr beam after pre-exposure is equivalent to that
without pre-exposure within the uncertainties of the measurement. Furthermore, the ratio of q66
for the 75% F2/Kr beam to that of the 100% F2 beam for the two methods (with and without preexposure) is equivalent with measurement error, as is the ratio of q85 for the 75% F2/Kr to that of
the 100% F2 beam. The insensitivity of these values to the method of exposure may be a
consequence of the very high exposures used in these studies or may be a consequence of the
extremely high reactivity of the dangling bonds that dominates the reaction pathway of Kr(F2) at
coverages below 1 ML-F.
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Figure I-10 Plot of normalized data (Set B) using 100% F2 beam (dot) and 75% F2/Kr beam (cross)
from top: F coverage, m/z=66 integral, and m/z=85 integral vs total exposure. Color of data point
represents experiment date. Linear fits for F2 (solid) and F2/Kr (dashed) within exposure range
shown. Vertical red dash-dot line indicates normalization exposure 𝑁𝐸0 of 125 ML-F.
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Total reaction probability (𝒑)
Plot
Beam
Or change in integral (𝒒)
Set A
Set B (pre-exposure)
100% F2
(1.4±0.3)e-05
(1.8±0.6)e-05
F Coverage
75% F2/Kr
(1.8±0.5)e-05
(3±1)e-05
Ratio of F2/Kr beam to F2 beam
1.3±0.5
1.6±0.9
100% F2
(1.3±0.3)e-05
(1.5±0.6)e-05
m/z=66 integral
75% F2/Kr
(1.5±0.5)e-05
(3±1)e-05
Ratio of F2/Kr beam to F2 beam
1.2±0.5
2±1
100% F2
(7.9±0.8)e-05
(1.2±0.2)e-04
m/z=85 integral
75% F2/Kr
(1.3±0.2)e-04
(1.5±0.2)e-04
Ratio of F2/Kr beam to F2 beam
1.7±0.3
1.2±0.3
Table I-5 Summary of total reaction probabilities, 𝑝 (eq 47), and change in integral, 𝑞 (eq 50) for
exposure to 100% F2 or 75% F2/Kr beam, and ratio of same for 75% F2/Kr to 100% F2 beam.
3.3. Reaction Probability of Kr(F2) vs F2
From the comparison of the total reaction probability of the 75% F2/Kr beam to that of the
100% F2 beam described in section 3.2, the 75% F2/Kr beam, which contains Kr(F2), shows
enhanced reactivity compared to the 100% F2 beam in a similar range of total F2 species exposure.
In this section, the reaction probabilities of Kr(F2) and of F2 are extracted from the measurements
of the total reaction probability. The reaction probability of Kr(F2) is then compared to that of F2.
The definition of the reaction probabilities of F2 and Kr(F2) is described in the derivation of
equation (42) as the change in F coverage in the unit of ML with respect to the change in exposure
to a fluorinated species in the unit of ML-F.
To distinguish the reaction probabilities of F2 from Kr(F2) in the 75% F2/Kr beam, the analysis
begins with a plot of the total F coverage, Θ, as a function of exposure time of the surface to the
incident beam, as opposed to a plot of the total F coverage versus the total F exposure in ML, as
in the top graphs of Figure I-9 and Figure I-10. The slope of a plot of F coverage versus exposure
time is related to the sum of the reaction rates of Kr(F2) and F2, in the case of the 75% F2/Kr beam,
and in the case of the 100% F2 beam, the slope is simply the reaction rate of F2. Given that the F2
reaction rate is measured straightforwardly from the slope of such a plot for the 100% F2 beam, its
value can be used to solve for the reaction rate of Kr(F2) from the slope of this plot for the 75%
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F2/Kr beam. From the determined reaction rates, the reaction probabilities of Kr(F2) and of F2 can
be extracted and compared. The details of the procedure are described here.
Consider the expression for the change in coverage above 1 ML, where the coverage does not
change rapidly with exposure, equation (44), for the 100% F2 beam and the 75% F2/Kr beam:
Δ Θ100% = 𝑝F2 Δ𝑁𝐸,F2

(52)

Δ Θ75% = 𝑝F2 Δ𝑁𝐸,F2 + 𝑝Kr(F2 ) Δ𝑁𝐸,Kr(F2 )

(53)

For an ideal case, the reaction probability of F2, 𝑝F2 , can be obtained from the change in F coverage
given a small change in exposure according to equation (52). The value of 𝑝F2 can then be used in
equation (53) to solve for 𝑝Kr(F2 ) . However, given the uncertainties in the F coverages obtained
from the TPD experiments, additional procedures are undertaken to include multiple data points
in the analysis with the aim of minimizing the error in the experimentally determined reaction
probabilities. Furthermore, while this study only involves two F2 containing species, F2 and Kr(F2),
the method below is generalized for multiple species for its potential use in future studies.
The change in coverage, Δ Θ, which depends on changes in the exposure Δ𝑁𝐸,𝑖 of the surface
to multiple species 𝑖, can be written as a function of multiple variables: Δ Θ(Δ𝑁𝐸,𝑖 , Δ𝑁𝐸,𝑗 , … ). The
expression for Δ Θ can be simplified because even though the exposure of the surface to each
species in the beam is specific to a species 𝑖, (𝑁𝐸,𝑖 , 𝑁𝐸,𝑗 , … ) due to a different flux, 𝐼𝑖 , the time
interval for exposure, Δ 𝑡, is equal as shown by:
Δ 𝑁𝐸,𝑖 = 𝐼𝑖 Δ 𝑡

(54)

Substituting this expression for the change in exposure, equation (54), into equation (44), and
removing Δ 𝑡 from the sum yields:
Δ Θ = Δ 𝑡 ∑ 𝑝𝑖 𝐼𝑖

(55)

i

By dividing both sides of equation (55) by Δ 𝑡, the reaction rate 𝑆 is defined as:
𝑆=

ΔΘ
= ∑ 𝑝𝑖 𝐼𝑖
Δt
i
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(56)

This reaction rate is simply the slope of a plot of F coverage Θ as a function of exposure time 𝑡,
Θ(𝑡).
There are two major F containing species that may react with Si and contribute to the F
coverage: F2 and Kr(F2). The reaction probability of F2, 𝑝𝐹2 , is considered identical in both the
100% F2 and 75% F2/Kr beams. This assumption is reasonable because the reaction probability of
F2 is the same at the slightly different kinetic energies of F2 in the two beams.27,28 The reaction rate
is expressed in matrix form of flux and the reaction probability:
𝑺=𝑰𝒑

(57)

where 𝑺 is a vector of size 𝑛 × 1 with each element being the reaction rate for each beam, 𝒑 is a
vector of size 𝑚 × 1 with the reaction probability of each F2 containing species as elements, and
𝑰 is the flux matrix of size 𝑛 × 𝑚. For this study, 𝑛 = 2 because two beams are employed (100%
F2 and 75% F2/Kr), and 𝑚 = 2 for each fluorine containing species, F2 and Kr(F2). Reaction
probabilities can be found by multiplying both sides of equation (57) with the inverse of the flux
matrix to yield:
𝒑 = 𝑰−1 𝑺

(58)

In order to solve for the two reaction probabilities, at least two unique equations are required,
meaning that at least two experimental conditions with different fluxes are needed. This
requirement is satisfied by using two beams, 100% F2 and 75% F2/25% Kr, where one of the beams
contains Kr(F2). Their corresponding fluxes are summarized in Table I-4.
3.3.1. Accounting for Variation in Flux of the F2 Beam
During the period when the Set B experiments were carried out, the cylinder of 100% F2 was
nearly empty and was rapidly depleting, so it was very difficult to maintain the stagnation pressure
at a set value. Indeed, the stagnation pressure varied from 80 to 220 Torr, meaning that the flux
varied during the experiment. Consequently, the use of equation (19) to calculate the flux was no
longer valid. Hence, an estimate of the 100% F2 flux was made by assuming that relationship
between its flux and stagnation pressure is similar to that of Ar as given by equation (1). Under
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this assumption, the F2 flux is proportional to Δ𝑃obs in equation (1), 𝐼F2 ∝ Δ𝑃obs . Thus, the flux of
𝑖 = F2 at stagnation pressure of 𝑋 Torr can be related to the absolute flux at 𝑌 = 79 Torr obtained
from the VWCs as outlined in section 2.3.2.1 by:
𝐼𝑖 (𝑋) = 𝐼𝑖 (𝑌) ×

Δ𝑃obs (𝑋)
Δ𝑃obs (𝑌)

(59)

The flux correction may also be generalized to apply to other beams that have much smaller
variations in the stagnation pressure with the goal of improving the accuracy of the flux and
consequently, the exposure, used in the analysis. Nonetheless, in the case of the 75% F2/Kr beam,
it is critical that the stagnation pressure change minimally because the formation of the Kr(F2)
vdW species is dependent on the stagnation pressure. Indeed, the stagnation pressure of the 75%
F2/Kr beam was kept mostly stable as stated in the latter sub sections 3.3.2.1 and 3.3.2.2.
The flux generalization is accomplished by substituting equation (59) in equation (56) to yield:
ΔΘ
Δ𝑃obs (𝑋)
= ∑ [𝑝𝑖 𝐼𝑖 (𝑌) ×
]
Δ𝑡
Δ𝑃obs (𝑌)

(60)

i

Dividing both sides by Δ𝑃obs (𝑋) to make the right-hand-side of equation (60) independent of the
stagnation pressure 𝑋 yields:
𝑆′ ≝

ΔΘ
= ∑ 𝑝𝑖 𝐼𝑖′
Δ𝑡 Δ𝑃obs (𝑋)

(61)

i

𝐼 (𝑌)
obs (𝑌)

where 𝑆′ is defined as the stagnation pressure normalized reaction rate, and 𝐼𝑖′ = Δ𝑃 𝑖

is the

pressure normalized flux for species 𝑖. The pressure normalized fluxes for 100% F2 and 75% F2/Kr
are summarized in Table I-6.

𝐼𝑖′
Flux, 𝐼𝑖 (𝑌)
(ML-F s-1)
(1e8 ML-F s-1 Torr-1)
100% F2
F2
4.63±0.95
3.4±0.7
F2
4±1
1.1±0.3
75% F2/
252
3.6
25% Kr
Kr(F2)
(2.1±0.6)e-02
(5±2)e-03
Table I-6 Summary of fluxes and stagnation pressure normalized fluxes, 𝐼𝑖′ , as defined in equation
(61). Δ𝑃obs (𝑌) is calculated from 𝑃stag using equation (1).
Beam

𝒀
𝚫𝑷𝐨𝐛𝐬 (𝒀)
(Torr) (1e-8 Torr)
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Since Δ𝑃obs (𝑋) is constant during the exposure in each TPD experiment, it can be included
with the change in exposure time:
ΔΘ
ΔΘ
=
Δ𝑡 Δ𝑃obs (𝑋) Δ(𝑡 Δ𝑃obs (𝑋))

(62)

Equation (62) suggests that the results from each TPD experiment that uses the same beam but
with different stagnation pressures 𝑋 can be combined for analysis by considering the F coverage
as a function of 𝑡 Δ𝑃obs (𝑋) (in units of s·Torr). Then, the pressure normalized reaction rate, 𝑆′, as
defined by equation (61), is obtained as a slope of the linear fit to the F coverage as a function of
𝑡 Δ𝑃obs (𝑋).
The matrix form of equation (61) is written similarly to equation (57), and the reaction
probabilities can be obtained in the same manner as equation (58):
𝒑 = 𝑰′−1 𝑺′

(63)

where each element of 𝑺′ is 𝑆′ instead of 𝑆, and similarly, each element of 𝑰′ is 𝐼𝑖′ instead of 𝐼𝑖 .
3.3.2. Results for Reaction Rate
Now that the procedure for deducing the individual reaction probabilities of F2 and Kr(F2) has
been laid out, this section describes its application to the two sets of experimental TPD data (Set
A and B) to obtain the reaction probabilities of F2 and Kr(F2).
The F coverage in the unit of ML is normalized as outlined in equation (40), and the integrals
of m/z=66 and 85 are normalized as shown in equation (41). However, instead of considering the
F coverage and the integrals as the functions of total exposure, they are plotted against their
corresponding exposure time multiplied by the pressure change, 𝑡 Δ𝑃obs (𝑋) (in units of s·Torr).
Their plots are shown in Figure I-11 for Set A (no pre-exposure) and Figure I-12 for set B (with
pre-exposure). The slope of the plot of the F coverage as a function 𝑡 Δ𝑃obs (𝑋) is the pressure
normalized reaction rate, 𝑆′, as defined by equation (61).
The linear fits were performed with OLS on each data set using the same procedure as used in
Figure I-9 and Figure I-10 as described in section 3.2.1. As illustrated by the length of the fitted
lines in Figure I-11 and Figure I-12, the ranges of time·pressure used in the linear regression for
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each of the two beams, 100% F2 (solid line) and 75% F2/Kr (dashed line), are not the same. The
different ranges were chosen so as to calculate the reaction probability over approximately the
same F coverage range. Recall that the reaction probabilities are known to be dependent on
coverage. The specific ranges selected for each beam in each of the experimental sets are discussed
in the subsections below.
3.3.2.1. Set A (Without Pre-Exposure)
For this set of experiments, Si(100) is exposed to either the 100% F2 or 75% F2/Kr beam.
Although variations in the stagnation pressures were minimal for both the 100% F2 and 75%
F2/25% Kr beam, varying between 251-256 Torr, adjustments for these small differences
according to equation (61) were applied. The normalization exposure 𝑁𝐸0 is chosen to be 215e-8
s·Torr of 100% F2 and each day’s data are normalized to this exposure as discussed above. These
normalization exposures in units of s·Torr are equivalent to those in units of ML-F used in section
3.2.1. Values of 2500 and 3500 (in units of e-8 s·Torr) are chosen for the range of time·pressure
exposures used in the linear fits of the data from the 100% F2 and 75% F2/Kr beams, respectively,
and they correspond to the total exposure range of 0 to 8000 ML-F used in the fits in section 3.2.1.
The stagnation pressure normalized reaction rates, 𝑆′, obtained from the linear fits to the data
of 100% F2 and 75% Kr/F2 beams are summarized in Table I-7. As can be seen in the table and in
Figure I-11, 𝑆′ for the 100% F2 beam is roughly twice that of the 75% F2/Kr beam. However, it is
important to note that the higher reaction rate for the 100% beam simply indicates that the F
coverage increases faster, without taking into account the fluxes of the F2 containing species in the
beams. In section 3.3.3 below, the reaction rates are used in conjunction with the fluxes to obtain
meaningful values for the reaction probabilities of F2 and Kr(F2) from equation (63).
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Figure I-11 Plot of normalized data (Set A) using 100% F2 beam (dot) and 75% F2/Kr beam (cross)
from top: F coverage, m/z=66 integral, and m/z=85 integral vs exposure in units of 10e-8 s·Torr.
Color of data point represents experiment date. Lines are linear fits to data points within range
shown for F2 (solid) and F2/Kr (dashed). Vertical red dash-dot lines indicate normalization
exposure 𝑁𝐸0 according to equation (40) and (41), of 215 10e-8 s·Torr.
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3.3.2.2. Set B (Pre-Exposure to F2)
For this set of experiments, the stagnation pressure of the 100% F2 beam varies greatly from
80 to 220 Torr. The large variation was due to the gradual depletion of F2 in the cylinder that in
turn limited the fine control of the stagnation pressure throughout the experimental day. Regulatory
delays in purchasing a new cylinder of F2 gas exacerbated the issue. On the other hand, the
stagnation pressure of the 75% F2/25% Kr beam was kept mostly stable, deviating within the range
of 251-259 Torr. These variations are tolerable as discussed previously.
Unlike set A, where the exposure of Si to a beam of either 100% F2 or 75% F2/Kr starts with
an unfluorinated surface, this set of experiments includes a pre-exposure of the clean Si surface to
a 100% F2 beam. The normalization exposure is chosen to be this pre-exposure. Furthermore, for
the analysis of the reaction rate, the abscissa, in units of s·Torr, does not include the pre-exposure
as illustrated in Figure I-12. That is, the values for F coverage, m/z=66 and 85 counts measured
with pre-exposure only are set to have an exposure of zero. The exclusion of the pre-exposure does
not affect the reaction rate determination because the pre-exposure is uniform for all experiments
in the set, and because the reaction rate only depends on the rate of change of the coverage as a
function of exposure.
Similar to set A, the exposure ranges for the two beams used for the reaction rate analysis are
different (1500 and 2500 e-8 s·Torr for 100% F2 and 75% F2/Kr, respectively), as indicated by the
length of the fitted line in the plot, to ensure that the total exposure of either beam is below 4000
ML-F as discussed in section 3.2.2.
The pressure normalized reaction rate, 𝑆′, for each beam is the slope of the linear fit to the plot
of F coverage as a function of 𝑡 Δ𝑃obs (𝑋) as shown in Table I-7 and as discussed in section 3.3.2.
The reaction rate for the 100% F2 beam is found to be higher than that of the 75% F2/Kr beam.
However, the interpretation of the reaction rate alone is not useful until it is combined with the
fluxes in the reaction probability analysis in section 3.3.3.
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Figure I-12 Plot of normalized data (Set B) using 100% F2 beam (dot) and 75% F2/Kr beam (cross)
from top: F coverage, m/z=66 integral, and m/z=85 integral vs exposure in units of 10e-8 s·Torr.
Color of data point represents experiment date. Lines are linear fits to data points within range
shown for F2 (solid) and F2/Kr (dashed). Vertical red dash-dot lines indicate normalization
exposure 𝑁𝐸0 according to equation (40) and (41), of 0 s·Torr.
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Pressure normalized
reaction rate, 𝑆′
Plot
Beam
(10e8 ML-F s-1 Torr-1)
Set A
Set B (pre-exposure)
100% F2 (4.8±0.9)e-05
(6±2)e-05
F Coverage
75% F2/Kr (2.0±0.6)e-05
(3±2)e-05
100% F2 (4.3±0.9)e-05
(5±2)e-05
m/z=66 integral
75% F2/Kr (1.7±0.6)e-05
(3±2)e-05
100% F2 (2.7±0.2)e-04
(4.0±0.7)e-04
m/z=85 integral
75% F2/Kr (1.5±0.2)e-04
(1.6±0.3)e-04
Table I-7 Summary of stagnation pressure normalized reaction rates which are the slopes of plots
in Figure I-11 and Figure I-12 for 100% F2 and 75% F2/Kr beams.
3.3.3. Reaction Probabilities
3.3.3.1. Results
The reaction probabilities of F2 and Kr(F2) are calculated for each set of experiments (A and
B) according to equation (63) using the stagnation pressure normalized reaction rates summarized
in Table I-7 and the stagnation pressure normalized fluxes from Table I-6. The numerical details
of the calculation are shown in subsection 3.3.3.2. The subsequent results from the analysis are
shown in Table I-8. As can be seen in the table, the reaction probability of Kr(F2) is found to be
higher than that of F2 for both set A and set B. The interpretation and significance of the reaction
probabilities are discussed in detail in the upcoming section 4.

Reaction probability
Set A
Set B (pre-exposure)
F2
(1.4±0.4)e-05
(1.8±0.7)e-05
F Coverage
Kr(F2)
(1±1)e-03
(2±3)e-03
Ratio Kr(F2) to F2
56±97
(1±2)e+02
F2
(1.3±0.3)e-05
(1.5±0.7)e-05
m/z=66 integral
Kr(F2)
(6±5)e-04
(2±3)e-03
Ratio Kr(F2) to F2
45±105
(1±2)e+02
F2
(8±2)e-05
(1.2±0.3)e-04
m/z=85 integral
Kr(F2)
(1.0±0.6)e-02
(5±8)e-03
Ratio Kr(F2) to F2
132±72
44±70
Table I-8 Summary of reaction probabilities of F2 and Kr(F2) obtained from reaction rates in Table
I-7 and fluxes in Table I-6 using equation (63).
Plot

Species
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3.3.3.2. Example Calculation of Reaction Probability
This subsection demonstrates the numerical details of the process of attaining the reaction
probabilities of F2 and Kr(F2) for experimental data set B. From equation (63), the reaction
probabilities are equal to the inverse of the pressure normalized flux matrix, 𝑰′, multiplied by the
pressure normalized reaction rate matrix, 𝑺′:
𝑝F2

𝐼′F (in 100% F2 )
(𝑝
)=( 2
Kr(F2 )
𝐼′F2 (in 75% F2/Kr)

−𝟏

𝐼′Kr(F2 ) (in 100% F2 )
)
𝐼′Kr(F2 ) (in 75% F2/Kr)

𝑆′100% F2
(
)
𝑆′75% F2 /Kr

Substituting in the fluxes, 𝐼′, from Table I-6, and the reaction rate, 𝑆′, from Table I-7 yields:
−𝟏
(6 ± 2)e − 05
3.4 ± 0.7
0
)=(
) (
)
(6
1.1 ± 0.3
± 2)e − 03
Kr(F2 )
(3 ± 2)e − 05

(𝑝

𝑝F2

(1.8 ± 0.7)e − 05
=(
)
(2 ± 3)e − 03
Similar calculations are performed using the reaction rates for the m/z=66 and 85 integrals of set
B as well as for set A. All calculations use the same pressure normalized flux matrix, 𝑰′.
3.3.3.3. Error of Reaction Probability
The Kr(F2) reaction probabilities obtained from the experimental measurement have larger
standard deviations (SD) than their nominal values. The possible sources for the large SD include
the reaction rate (which is determined from the fitting the F coverage data as a function of exposure
time), SD in fluxes, and the relatively small flux of Kr(F2) compared to F2. To identify the possible
origin of the large SD for the purpose of improving the accuracy of reaction probability in the next
study, the reaction probabilities calculated using various assumptions are shown in Table I-9. As
a reference, Table I-9 includes the values obtained with the method as described in section 3.3.3.1
with an additional significant figure for the purpose of comparing the minor differences in SD.
To determine the extent of the contribution of the SD from the fluxes to the error in the reaction
probabilities, the reaction probabilities are calculated as described in section 3.3.3.1, but with the
SD of the fluxes set to zero. This result is shown in Table I-9 as “No flux SD”. As can be seen, the
error in the reaction probabilities is reduced by less than 10%. Another approach to consider is the
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fact that the flux of Kr(F2) is very small compared to F2 such that the SD in the reaction rate
measurement is amplified. To test this, the reaction probability for the “Kr(F2) flux only” method
is calculated assuming only Kr(F2) in the F2/Kr beam contributes to the reaction by setting the F2
flux in the F2/Kr beam to zero. This approach results in a larger nominal value for the reaction
probability of Kr(F2) while its SD increases minimally, effectively resulting in a nominal value
larger than the SD. The next method combines the two approaches of “Kr(F2) flux only” and “No
flux SD”. The absolute SD in the reaction probability obtained by this method is comparable to
that of the “No flux SD” method as expected.

Reaction probability
Set A
Set B (pre-exposure)
F2
(1.38±0.39)e-05
(1.82±0.74)e-05
Section 3.3.3.1
Kr(F2)
(0.8±1.3)e-03
(1.8±3.1)e-03
Ratio Kr(F2) to F2
56±97
(1.0±1.9)e+02
F2
(1.38±0.27)e-05
(1.82±0.64)e-05
No flux SD
Kr(F2)
(0.8±1.2)e-03
(1.8±3.0)e-03
Ratio Kr(F2) to F2
56±88
(1.0±1.8)e+02
F2
(1.38±0.39)e-05
(1.82±0.74)e-05
Kr(F2) flux only
Kr(F2)
(3.4±1.4)e-03
(5.3±3.1)e-03
Ratio Kr(F2) to F2
247±102
(2.9±1.9)e+02
F2
(1.38±0.27)e-05
(1.82±0.64)e-05
Kr(F2) flux only
and
Kr(F2)
(3.4±1.0)e-03
(5.3±2.7)e-03
No flux SD
Ratio Kr(F2) to F2
247±88
(2.9±1.8)e+02
Table I-9 Reaction probabilities of F2 and Kr(F2) obtained using reaction rates calculated from F
coverage, fluxes in Table I-6, and equation (63) with varying methods described in text. Additional
significant figure included for comparison purpose.
Method

Species

In summary, the SD in the Kr(F2) reaction probability stems from the large reaction rate SD
that is exacerbated by the relatively low flux of Kr(F2). Therefore, to improve the accuracy in the
reaction probability measurement, two issues have to be addressed. To reduce the SD in the
reaction rate, a more precise exposure should be used, which can be done by reducing the exposure
time and improving the stagnation pressure control for the beam production. And the flux of Kr(F2)
should be increased by adjusting the conditions that encourage the formation of the vdW species
such as increasing the stagnation pressure, improving the nozzle cooling, and optimizing the
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composition of the F2/Kr gas mixture. The SD in the flux measurement could also be reduced but
the other two concerns should have higher priority since they contribute more significantly to the
SD of the reaction probabilities.

4. Discussion
The aim of this study is to test the hypothesis, presented in section 1.4, that the mass plays an
important role in the reactivity of XeF2 towards 1 ML fluorinated Si(100) surface due to a collision
induced, non-equilibrium localized vibrational excitation mechanism. The details of the
mechanism are discussed in section 4.3. Prior to that, section 4.1 compares the reaction
probabilities of F2 and Kr(F2) obtained in this study to those of previous studies. The implication
of the results for the hypothesis is discussed in section 4.2. Lastly, the limitations of the result are
discussed in section 4.5 and additional experiments to further confirm the hypothesis are suggested
in section 4.6.

4.1. Comparison of Results with Previous Studies
The reaction probabilities of F2 and Kr(F2) experimentally determined from data sets A and B
are averaged and these results are shown in Table I-10 along with the results from previous studies
in the Ceyer group. The coverage ranges shown in the table are measured from TPD experiments.
As can be seen in Table I-10, the F2 reaction probability obtained in this study is about 50 times
smaller than that obtained in ref27. Given that the F2 exposure in this study was very high, over
1500 times that used in previous studies, it is likely that the measured reaction probability reflects
a value predominantly at the higher end of the coverage range at or even beyond 1.15 ML-F.
Previous studies have shown that the reaction probability of F2 with Si(100) drops precipitously
as the coverage nears 1 ML-F. It is very likely that the F2 reaction probability drops from (9±1)e-04
at about 1 ML-F to (1.6±0.7)e-05 at about 1.15 ML-F. The reduced reaction probability as the
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fluorine coverage increases may be explained by the decreasing number of unfluorinated reactive
sites.

Species

Incident
KE
(kcal/mol)
0.74±0.06
<3.8
13
1.4±0.1
1.5±0.1
2.7±0.4

Coverage
range
(ML)
1.00-1.15

Total Exposure
above 1 ML
(ML-F)
3000

Reaction
probability

Reference

(1.6±0.4)e-05
This study
F2
(9±1)e-04
27
1.00-1.05
19
3.6e-03
31
XeF2
1.01-1.14
0.0968
0.65±0.03
40
Xe(F2)
0.94-1.09
12
0.9±0.1
56
1.10-1.25
800
0.04±0.01
(2±2)e-03
1.00-1.15
3000
upper limit of
This study
Kr(F2)
(4±2)e-03
3.0±0.2
0.08±0.09
Estimate with
1.00-1.05
19
upper limit of
equation (64)
0.2±0.1
Table I-10 Summary of reaction probabilities of fluorine containing species with 1 ML fluorinated
Si(100) surface. Reaction probability in this study is defined by equation (42).
Therefore, to potentially adjust for the difference in the exposure range (3000 ML-F) used in
this study to determine the Kr(F2) reaction probability as compared to the previous study (19
ML-F) in ref27, the Kr(F2) reaction probability at the exposure of 19 ML-F is estimated by
multiplying the reaction probability at 3000 ML-F by the ratio of the reaction probability of F2 at
19 ML-F to that at 3000 ML-F:
𝑝Kr(F2 ) (19 ML-F) ≈ 𝑝Kr(F2 ) (3000 ML-F) ×

𝑝F2 (19 ML-F)
𝑝F2 (3000 ML-F)

(64)

The use of linear scaling of the reaction probability of Kr(F2) according to equation (64) is
under the assumption that the possible slow SiF4 desorption at long exposure affects the reaction
probability of both Kr(F2) and F2 equally. This assumption is reasonable because the Kr(F2)
reaction probability is extracted from exposure of Si to a beam composed of 0.5% Kr(F2) and
99.5% F2 beam (the beam produced from expansion of 75% F2/Kr through a cold nozzle), meaning
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that the majority of the fluorine coverage arises from the F2 reaction, despite the higher reactivity
of Kr(F2).
After this adjustment according to equation (64), the reaction probability of Kr(F2) obtained
from this study is 0.08±0.09. However, the previous measurements of the Xe(F2)40 and Kr(F2)56
reaction probabilities assume that the F2 in the beam of F2/X (where X=Xe or Kr) contributes
minimally to the fluorination such that only the flux of X(F2) is considered in the calculation of
the reaction probability. The reaction probability of X(F2) obtained under this assumption can be
viewed as its upper limit. For this study, the Kr(F2) reaction probability obtained with this
assumption is shown as “Kr(F2) flux only” in Table I-9 and the average of the two sets is listed in
Table I-10 as (4±2)e-03 for the 3000 ML-F exposure and 0.2±0.1 after scaling with equation (64).
This value is higher than that obtained in ref56 but they are still comparable when the measurement
errors are taken into account. With the reaction probability of F2 and Kr(F2) obtained in this study
found to be in reasonable agreement with those obtained previously, they can be used to test the
hypothesis.

4.2. Implication of Results
The high reaction probability of XeF2 toward 1 ML-F Si is hypothesized to arise from the
creation of a hot spot of vibrationally excited Si-Si bonds as a result of the initial collision of the
incident species. In turn, the non-equilibrium excitation of the lattice results in its substantially
higher reaction probability with the fluorine containing incident species. This reactive mechanism
is operable for incident species that are more massive than the effective mass of the lattice atom.
To investigate the effect of the mass on the reaction probability, the X(F2) vdW molecule (where
X is an inert gas) is used. With the weak vdW bond between X and F2, the covalent bond of the F2
molecule in the X(F2) vdW molecule is only weakly perturbed. Therefore, the potentially reactive
fluorine within the X(F2) vdW molecule is identical to that of the F2, but the total mass of the
incident molecule includes that of the X atom. Therefore, if the reaction probability of the X(F2)

77

increases as the mass of X increases, the role of the mass in enabling the collision induced localized
vibrational excitation leading to higher reaction probability is confirmed.
The first step to test the hypothesis is by comparing the reaction probability of Xe(F2) with the
1 ML fluorinated Si(100) surface to that of XeF2. Since Xe(F2) and XeF2 have identical mass while
having different chemical bonds (F-F vs Xe-F) the hypothesis predicts that the reaction
probabilities of the two should be similar. The study by Hefty40 found the reaction probability of
Xe(F2) to be around 0.9±0.1 which is comparable to the value of 0.65±0.03 for XeF2, in accordance
with the hypothesis.
To further systematically validate the hypothesis, the reaction probability of Kr(F2) is measured
in this study and is compared to that of F2 and XeF2/Xe(F2). The use of Kr also addresses a concern
that arose in the Xe(F2) vdW experiment where chemically stable XeF2 may have been produced
unintentionally from the F2/Xe gas mixture because the nozzle material is Ni. Nickel is known to
catalyze XeF2 from Xe and F2 gases at a Ni temperature of 673 K.57 While the Ni nozzle
temperature in this study is below 213 K, the possibility of producing a very small amount of XeF2
was not ruled out. This potential existence of XeF2 is problematic since its high reaction probability
could skew the determination of the reaction probability of Xe(F2), which has a very low
concentration in the beam. The dissociative ionization products identified mass spectrometrically
may be used to distinguish XeF2 from Xe(F2). However, due to the low concentration of both
Xe(F2) and potentially XeF2, the existence or absence of XeF2 in the beam cannot be verified
unambiguously using mass spectroscopy. The use of Kr mitigates the formation of KrF2 in the Kr
and F2 gas mixture because KrF2 can be only be produced with a very low yield even with the
presence of a Ni catalyst at a high temperature of 953 K.58,59
As shown in Table I-11, the adjusted reaction probability using equation (64) of Kr(F2) (122
amu using most abundant Kr isotope) with 1 ML fluorinated Si(100) surface at 250 K obtained in
this study is about two orders of magnitude higher than that of F2 (38 amu), and is about one order
of magnitude smaller than that of XeF2/Xe(F2) (169 amu using most abundant Xe isotope). These
comparisons suggest a consistent reaction probability dependence on the mass of the incident F
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containing species. In addition, the fact that the reaction probability of Kr(F2) follows the expected
trend likely indicates the absence of the formation of chemically stable XeF2 in the prior Xe(F2)
experiment.

Species in
numerator

Reaction
probability

Species in
denominator

Reaction
probability
0.08±0.09
(0.2±0.1)
0.08±0.09
(0.2±0.1)
(9±1)e-04
(9±1)e-04

Reaction
probability ratio
8±9
XeF2
0.65±0.03
Kr(F2)
(3±2)
11±13
Xe(F2)
0.9±0.1
Kr(F2)
(4±2)
XeF2
0.65±0.03
F2
(7.2±0.9)e02
Xe(F2)
0.9±0.1
F2
(1.0±0.2)e03
0.08±0.09
(1±1)e02
Kr(F2)
F2
(9±1)e-04
(0.2±0.1)
((2±1)e02)
Table I-11 Reaction probabilities ratios of fluorine containing species from Table I-10. Kr(F2)
reaction probability is estimated using equation (64).
4.3. Collision Induced Localized Vibrational Excitation Mechanism
The experimental results of the reaction probability of Kr(F2) and Xe(F2) indicate that the
reaction probability of F2 with a Si(100) surface covered with 1 ML-F can be greatly increased by
attaching it to a more massive species. This section explores the reaction dynamics that are
responsible for the observed reaction probability enhancement.
4.3.1. Reaction Dynamics of F2 with Si
The reaction probability of F2 with the fluorinated surface is slightly enhanced by kinetic
energy.27 However, this increase is small compared to other reactions such as those found in the
dissociative chemisorption of small molecules on metal surfaces where small increases in
translational energies can enhance reaction probabilities by 2-3 orders of magnitude.60–62 Applying
the early/late barrier classification by Polanyi63 to the reaction of F2 with fluorinated Si surface
suggests that this reaction is likely a late barrier type reaction where vibrational excitation of the
reactants rather than translational energy is effective in enhancing the reaction.60,64,65 However, the
notion of a early/late barrier is applied to a model of a collinear three atomic system A + B-C →
A-B + C, while the reaction of F2 with the fluorinated Si surface requires cleavage of both the Si-Si
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and F-F bonds: Si-Si + F-F → 2Si-F. Thus, there are two reactant bonds that may require
vibrational excitation for the reaction to proceed. While there is no study of the reaction probability
of vibrationally excited F2, vibrational excitation of Cl2 was found to be only mildly effective in
promoting its reaction with Si.66 Given that both F2 and Cl2 are halogens, the result for Cl2 can
likely be extended to F2. Therefore, vibrational excitation of the Si-Si bonds is likely effective in
overcoming the barrier to reaction.
4.3.2. Reactivity Enhancement by Collision Induced Localized Vibrational Excitation
Mechanism
Since vibrational excitation of the Si-Si bonds has the potential to increase the reaction
probability of the F containing species with the 1 ML-F Si surface, there should exist a mechanism
by which it can be achieved, especially by the more massive species. One such mechanism is
collision induced vibrational excitation by the incident F containing species.
The collision of a gaseous species with a surface can result in the transfer of its kinetic energy
to the surface,67,68 creating a hot spot of non-equilibrium, locally excited surface oscillators at the
impact site.69 The collision induced hot spot has a lifetime in the picosecond range before the
energy dissipates throughout the lattice.70,71 The picosecond time scale is comparable to or longer
than the time the incident species spends near the surface during the collision. This similarity of
the two lifetimes is essential since it indicates that the incident species can create the hot spot by
collision and linger near the hot spot long enough for the reaction.
4.3.3. 1-Dimensional Classical Collision Model
To explore the role of the mass of the incident species on the collision induced vibrational
excitation mechanism for the reaction of F containing species on fluorinated Si(100) surface, a
classical collision simulation is performed. The detailed model description can be found in
Rowlands’54 and Blair’s56 theses. In this one-dimensional model, the incident F containing species,
treated as a point but variable mass, is aimed at a SiF point mass that is attached to a harmonic
spring with the spring constant estimated by the average of those for the longitudinal and transverse
modes of the surface Si(100) phonons. The other end of the harmonic spring is fixed to a thermal
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bath at 250 K. The model assumes that no sticking occurs between the two collision bodies and
thus, the incident mass ultimately travels away from the surface. Other factors such as the
molecular orientation, structure, and chemical properties are not modeled. Even with these drastic
simplifications, insight into the effect of mass on the nature of the vibrational excitation by multiple
collisions is garnered.
4.3.3.1. Simulation details
The simulations were performed for varying model parameters as summarized in Table I-12.

Parameter
Effective surface mass (amu)

Values
47, 94 (SiF, Si2F2)
38+(0, 20, 40, 84, 131, 222)
Incident mass (amu)
F2 + inert gas (Ne, Ar, Kr, Xe, Rn)
Spring constant (N/m)
117
Surface temperature (K)
250
Incident mass kinetic energy(kcal/mol)
0.75, 1.5, 3, 6
Time step size (s)
1e-16
Damping constant (N s/m)
0.03
Number of initial conditions
64
Table I-12 Values of parameters used in classical collision model.
The experimentally measured reaction probability is a macroscopic quantity that is the average
of the quantities over all microstates. In the collision model, the microscopic quantity of the
number of collisions, 𝑛𝑐𝑜𝑙 , is dependent on the initial position of the harmonic oscillator, 𝑥, and
its momentum, 𝑝, 𝑛𝑐𝑜𝑙 (𝑥, 𝑝). Thus, in order to relate 𝑛𝑐𝑜𝑙 to the macroscopic reaction probability,
it has to be averaged over all possible microstates and thus over all initial conditions:
∞

∞

𝑛𝑐𝑜𝑙 = ∫ ∫ 𝑛𝑐𝑜𝑙 (𝑥′, 𝑝′) 𝑓𝑥 (𝑥′) 𝑓𝑝 (𝑝′) 𝑑𝑥′ 𝑑𝑝′
̅̅̅̅̅

(65)

−∞ −∞

where 𝑓𝑥 (𝑥 ′ ) is the probability of the oscillator initially at position 𝑥 = 𝑥′, and 𝑓𝑝 (𝑝′) is the
probability of the oscillator having momentum 𝑝 = 𝑝′. However, 𝑥 and 𝑝 for a harmonic oscillator
can only take specific values, and they are related in time, 𝑡:
𝑥(𝑡) = 𝐴 sin(𝜔𝑡 + 𝜙)
𝑝(𝑡) = 𝐴 𝑚𝜔 cos(𝜔𝑡 + 𝜙)
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(66)

where 𝐴 is the amplitude, 𝑚 is the mass, 𝜔 is the angular frequency, and 𝜙 is the initial phase of
the oscillator. From the relationships defined in (66), the double integral over 𝑥 and 𝑝 in equation
(65) reduces to integration over time, 𝑡:
∞

∞

∫ ∫

τ

𝑓𝑥 (𝑥′) 𝑓𝑝 (𝑝′) 𝑑𝑥′ 𝑑𝑝′ = ∫

−∞ −∞

where 𝜏 =

2𝜋
𝜔

0

1
𝑑𝑡
𝜏

(67)

is the period of the oscillation.

Substituting the integral in equation (67) into equation (65) yields:
𝑛𝑐𝑜𝑙 =
̅̅̅̅̅

1 𝜏
∫ 𝑛 (𝑥(𝑡), 𝑝(𝑡)) 𝑑𝑡
𝜏 0 𝑐𝑜𝑙

(68)

Since no analytical form of 𝑛𝑐𝑜𝑙 (𝑥, 𝑝) is available, it has to be determined through numerical
simulation. Thus, the closest approximation to the integral (68) is a discretized sum with a large
number of divisions, 𝑁:
𝑁−1

1
𝜏
𝜏
𝑛𝑐𝑜𝑙 ≈ ∑ 𝑛𝑐𝑜𝑙 (𝑥 (𝑖 ) , 𝑝 (𝑖 ))
̅̅̅̅̅
𝑁
𝑁
𝑁

(69)

𝑖=0

Within the limit of the computational resources available for this study, 𝑁 is chosen to be 64.
4.3.3.2. Simulation Results
Some average quantities associated with the number of collisions between the incoming
particle and the surface atom are calculated and plotted as a function of the mass of the incident
species for several incident kinetic energies shown in Figure I-13 for the effective surface mass of
SiF (47 amu) and Si2F2 (94 amu) in the left and right column, respectively.
One quantity shown is the average number of collisions, which can be seen to generally
increase as a function of the mass of the incident species, but for which there are some deviations
from this trend. However, because the model treats the collision as a 1-dimensional hard sphere
collision while a real collision is 3-dimensional, involving several Si-Si bonds simultaneously, the
number of collisions is most likely not a relevant quantity. A possible alternative is the collision
time, which is the time between the first and last collision of the incident species with the surface.
As can be seen in Figure I-13, this quantity increases with the incident mass.
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Another quantity considered is the percentage of the maximum energy transfer from the
incident species to the surface at any time during the collision. The percentage is higher for the
larger mass differences between the surface and the incident species as can be seen in the case of
SiF where the rise in the percentage is higher and more abrupt with increasing incident mass when
compared with that of Si2F2.
For a reaction to occur, the reactants must have an optimal reaction geometry and sufficient
energy to overcome the activation barrier. If the reactants spend a longer time in a geometry close
to the optimal reaction geometry and in more energetic surroundings, there is more opportunity
for the reactants to overcome the barrier and hence react. In an attempt to quantify such an event
in this simple collision model, the residence time, which is defined as the amount of collision time
during which the lattice possesses an energy above a certain threshold, is calculated. Since the
reaction barrier for the reaction is not known, the value of 1.28 kcal/mol is chosen for the purpose
of demonstration, which happens to be the Debye temperature of Si, 645 K, A noticeable feature
from the final plot in Figure I-13 is that the residence time for an incident energy of 0.75 kcal/mol
is zero, because the energy of the incident species is too low to supply the lattice with 1.28
kcal/mol. For higher incident energies, the residence time increases with mass.
Overall, the result of this simulation suggests that a more massive incident particle increases
the duration of contact with the surface as a result of multiple collisions required to reverse the
momentum of the heavier incident particle hitting a lighter surface moiety. As each collision
imparts energy to the surface unit, multiple collisions result in the Si-Si lattice bonds being
extended and compressed substantially beyond their equilibrium distances at the crystal
temperature of 250 K. These bond extensions and compressions are non-equilibrium and very local
vibrational excitations of the Si-Si lattice bonds. The significant correlation observed between
more massive incident species and the prolonged duration during which the incident species is in
close contact with the vibrationally excited Si-Si lattice could be an origin of the higher reaction
probability of more massive incident species.
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Si2F2

Resident time above
1.28 kcal/mol (1e-13s)

Percentage of maximum
energy transfer (kcal/mol)

Collision time (1e-13s)

Number of collisions

SiF

Incident mass (amu)
Incident mass (amu)
Figure I-13 Plots of average properties associated with collision: (a) number of collisions, (b)
collision time (s), (c) percentage of maximum energy transferred from incident species to surface
(kcal/mol), and (d) residence time (s) above 1.28 kcal/mol, for SiF (left column) and Si 2F2 (right
column). Each color represents incident kinetic energy (in kcal/mol) as indicated by plot legends.
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Given the simplicity of this classical collision model, the average quantities obtained are most
likely only qualitatively accurate. For example, in a 3-dimensional collision of finite sized
particles, even when the trajectory of the incident species is perfectly perpendicular to the surface,
most collisions of the incident and the surface species do not happen co-linearly along their center
of masses. The position of impact of the incident species relative to the surface atom has been
found to influence the trajectory of the scattering and the energy transfer.69 Thus, a 3-dimensional
model taking into account the size and positions of the particles is required for a more accurate
description of the collision between the gaseous species and the surface atoms.
4.3.4. Local Vibrational Excitation by Collision
The role of the relative masses of incident and surface species on the transfer of translational
energy of the incident species to lattice vibrational energy, creating a localized vibrational hot spot,
has been considered in multiple systems. While these substrates are not Si, the general idea of a
hot spot created by collision should be applicable to the case of a Si surface.
A molecular dynamics study by Nogueira72 considers the energy transfer upon collision of a
CO2 molecule with the fluorinated (CF3(CF2)7S) self-assembled monolayer (F-SAM). The effect
of the masses of the incident and surface species on the energy transfer is considered by replacing
all F atoms in the F-SAM with H atoms or Cl atoms while assuming that the interaction potential
between CO2 and the SAM are identical for all three cases. The result of the simulation at a CO2
incident translational energy of 10.6 kcal/mol indicates that the largest energy transfer occurs when
the mass ratio of incident species (CO2) to surface species (CX3) is the largest (i.e. energy transfer
for X=H > X=F > X=Cl). The energy transferred to the SAM has been found to excite the
intermolecular vdW bonds between neighboring alkyl chains as well as the bonds within the alkyl
chain.73
The mass effect of an incident species on the energy transfer to the surface has also been
studied in theoretical and experimental studies of inert gas atoms scattering from metal surfaces.
An experimental study in which 4 kcal/mol Xe atoms are scattered from Ni(111) at 250 K notes
the absence of parallel momentum conservation of the scattered Xe. The non-conservation of
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parallel momentum in the case of Xe/Ni(111) is attributed to deformation of the flat Ni(111)
surface during the scattering event as a result of multiple collisions that reverse the perpendicular
momentum of the more massive Xe (131 amu) incident on the lighter Ni surface atoms (58 amu).
This phenomenon does not occur in systems for which the incident particle is less massive than
the substrate atoms such as for Ar/Ag(111) (40/107 amu) or Xe/Pt(111) (131/195 amu)
scattering.74
A correlation between the larger mass of an incident particle and a larger energy transfer to a
surface has been observed in a molecular dynamics simulation.75 This study shows that the more
massive atoms of the hyperthermal inert gases of He, Ne, Ar, Kr, and Xe lose more energy after
scattering from Ni(100) because they suffer multiple collisions before their momenta are reversed.
The creation of a vibrationally excited hot spot as a result of the collision has been considered
in a theoretical study70 for the scattering of hyperthermal Xe atoms (with translational energies
between 69-230 kcal/mol) from either W(100) (184 amu) or Cr(100) (52 amu). The study suggests
that the collision between gaseous species and the surface is able to excite both high and low
frequency phonon modes creating a localized excitation hot spot unlike thermal or laser excitation
where only the lower frequency phonon modes are excited, resulting in more dispersed vibrational
excitation. The hot spot created by the collision has been found to expand quickly with a lifetime
of around 0.5 ps, resulting in the larger excitation spot of 40-50 Å with less intense excitation.
Then, the larger excitation spot decays with a lifetime of an order magnitude longer than that of
the initial hot spot.
These previous studies are carried out for the collision of an incident particle with a
translational energy that is significantly higher than the 1.5-3 kcal/mol used in this study. An
important consideration in applying the collision induced vibrational excitation mechanism to the
case of low incident translational energy is whether the energy is sufficient to cause the vibrational
excitation of the Si-Si bonds. The Debye temperature of Si is 645 K,76 which corresponds to a cutoff frequency of about 448 cm-1 or equivalently 1.3 kcal/mol. Therefore, incident kinetic energies
of 1.5-3 kcal/mol are more than sufficient for multiple phonon excitations of the Si lattice.
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4.3.5. Summary of Role of Incident Mass on Collision Induced Localized Vibrational
Excitation
In summary, the mass of the incident species plays an important role in the reactivity of the F
containing species with the fluorinated Si surface. A more massive incident species requires
multiple collisions with a lighter surface atom before its momentum is finally reversed enabling
effective localized vibrational excitation of the Si-Si bonds by the combination of the following
effects:
•

Higher energy transfer from the translational energy of the incident particle to the surface
bonds at the point of impact creating a more energetic hot spot.

•

Subsequent collisions of a series of multiple collisions prolonging the lifetime of the hot
spot.

•

Multiple collisions increasing the time that the incident species spends at the surface hot
spot, thereby allowing for a higher chance of reaction.

4.4. Other Dynamical Effects
This section describes other dynamical mechanisms that may be proposed to enhance surface
reactivity. It is demonstrated or argued that none of these processes can replicate the increases in
reaction probability by orders of magnitude that are predicted for a collision induced lattice
excitation mechanism.
4.4.1. Vibrational Excitation by Temperature
Thermal vibrational excitation of surface bonds has been observed to enhance the reaction
probability of gaseous species with the surface. The dissociation rate of CH4 on Pt(111) increases
with surface temperature through a process involving thermally assisted tunneling that is enabled
by thermal vibrational excitation of the lattice.77–79 The rate of dissociative chemisorption of H2/D2
on Si is found to be enhanced by phonon excitation as a result of increased surface temperature.80–
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However, these enhancements of the reaction probabilities by increased surface temperature are

less than an order of magnitude.
The reaction probability of F2 with fluorinated Si surface has also been found to increase with
increasing surface temperature, as indicated by an increased etch rate.87 However, this increased
F2 etch rate is still far below that of XeF2.88 The difference in the reaction probability enhancement
as a result of temperature increases and the collision induced mechanism can be attributed to the
differences in the vibrational excitation by the two methods. Thermal excitation is an equilibrium
effect where only a fraction of the Si phonons are excited and their excitation is dispersed
throughout the lattice.89 In contrast, collision induced vibrational excitation creates nonequilibrium extensions and compressions of the Si-Si lattice bonds in a very localized area at the
collision site. These excited configurations of the Si-Si lattice bonds are not describable in terms
of a temperature and are not attainable by temperature increases. These extreme bond extensions
and compressions localized amongst of few Si atoms likely provide unique sites for reactivity that
can only be produced by collision of a heavy particle on a lattice of lighter atoms.
4.4.2. Collision Time
The reaction probabilities of F2, XeF2, and X(F2) as shown in Table I-10 are measured for
similar translational energies. Given that XeF2 and X(F2) are more massive than F2, F2 at the same
translational energy has higher velocity. It may be argued that the higher reactivity of XeF2 and
X(F2) compared to F2 arises from its longer collision time with the lattice as a result of slower
particles. To verify that a longer collision time is insufficient to promote the F2 reaction with
Si(100), a F2 beam with a velocity matching that of XeF2 was created and directed at a fluorinated
Si(100) surface by Hefty40. The experimental result shows that the reaction probability of slow F2
is no different from that of F2 at the higher velocity. A similar test by Tate25 where the velocity of
XeF2 is raised to closely match that of F2 at 1.4 kcal/mol also indicates that the reduction of the
collision time of XeF2 by increasing its velocity has no effect on its reaction probability.
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4.4.3. Precursor Mediated Reaction
Another potential mechanism that has been observed to be operative in the reaction of a gas
phase species with a relatively low temperature surface is a precursor mediated reaction. In this
process, a gaseous species is initially physisorbed or chemisorbed on the surface, and then diffuses
to a site where the reaction takes place.90 More massive incident species do have more deeply
bound states for molecular adsorption due to their higher polarizability. However, it is very
unlikely that a F containing van der Waals species with a binding energy of 0.37 and 0.3 kcal/mol
for Xe(F2) and Kr(F2), respectively43 will remain bound to a surface at the temperature of 250 K
used in this study. Thus, a precursor mediated reaction is not considered likely.

4.5. Consideration of vdW Molecules Other Than Kr(F2)
Van der Waals molecules composed of F2 and Kr other than Kr(F2) are also produced as a
result of the supersonic expansion of the F2/Kr mixture through a cold nozzle. These molecules,
especially the larger clusters, may contribute to the reactivity of the overall beam. However, as
seen in Table I-4, Kr(F2) is the vdW species with the highest intensity. The next most abundant
vdW species is (F2)2 whose flux is an order of magnitude below that of Kr(F2) and is of the
magnitude of the uncertainty (one standard deviation) in the Kr(F2) flux. Larger vdW clusters, such
as (F2)3 are not detected while Kr2(F2) and Kr(F2)2 are above the mass range of the mass
spectrometer used in the study.
The contribution of the (F2)2 dimer to the reaction probability is not considered in this analysis.
While it can most likely be ignored for the case of F2/Kr beam due to the existence of the more
massive Kr(F2), its contributions to the reaction probability for the cold 100% F2 beam relative to
the F2 monomer are unclear. Additional experiments should be performed to determine the
possible contribution of (F2)2 to the F2 reaction probability using the cold beam. The reaction
probability of (F2)2 can be determined by comparing reaction of a 100% F2 beam expanded from
a room temperature nozzle where no (F2)2 dimer is present to that expanded from a cold nozzle
with the procedure described in section 3.3. Such experiments were attempted but the data are not
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included due to the failing source chamber pumping causing the beam attenuation discussed in
section 2.2.2. However, previously measured values of the reaction probability of F2 expanded
from a room temperature nozzle are consistent with those determined in this study. Therefore, it is
very unlikely that (F2)2 van der Waals dimers contribute significantly to the reaction probabilities
measured here.

4.6. Proposed Additional Experiments
The results described in this study are for F2 containing species reacting with fluorinated
Si(100) employing effective F2 exposures well beyond those that produce 1 ML of F coverage.
While the goal is to explore the reaction probability difference between Kr(F2) and F2 at a F
coverage just above 1 ML, very high exposures to F2 may affect the comparison as discussed in
section 4.1. Therefore, the experiments should be repeated with a lower exposure range of around
20 ML-F following a 20 ML-F pre-exposure to 100% F2.
A helium diffraction experiment may also be performed for the exposure range of interest
similar to a previous XeF2 study40 to observe the possible loss of surface order as the Kr(F2) vdW
species breaks the Si-Si bonds. The detailed procedures have been described previously.28,40,49 The
scattering of He from the clean Si(100) 2x1 surface results in a sharp diffraction pattern clearly
exhibiting zero, half and first order diffraction features. Similarly, Si(100) covered with 1 ML F,
where the dangling bond of each Si surface atom is saturated by a F atom produced by the
dissociative chemisorption of F2, also exhibits a clear He diffraction spectrum. Exposure of this
well-ordered 1 ML-F layer to Kr(F2) should destroy this order, causing the intensities of the He
diffraction features to decay as the Kr(F2) reacts with the Si-Si lattice bonds. Hence, the reactivity
of the Kr(F2) vdW species in the 75%F2/Kr beam can be highlighted by comparing the changes in
the diffracted intensities upon scattering of the 75%F2/Kr beam to those upon scattering of the
100% F2 beam.
An improvement to assist in distinguishing the reaction of Kr(F2) from that of F2 is to increase
the concentration of Kr(F2) in the beam. Optimization of Kr(F2) production may be achieved by
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fine-tuning the parameters that encourage the formation of the vdW species including the diameter
of the nozzle orifice, beam composition, stagnation pressure, and nozzle cooling. This study used
a mixture of 75%F2/Kr that was optimized for a previous nozzle cooling setup that was not able to
maintain as low a nozzle temperature as the current setup. The reduction of F2 percentage in the
gas mixture might allow for a higher concentration of Kr(F2).
In addition, as the new nozzle cooling assembly is able to maintain a lower nozzle temperature
(below -130 °C) for a longer period of time than the previous setup, it might be useful to reinvestigate the reaction of Xe(F2) with the Si(100) surface since, at such low temperature, the
formation of chemically stable XeF2 in the Xe/F2 gas mixture is very unlikely.

5. Conclusions
This preliminary comparison of the reactivity between Kr(F2) and F2 towards 1 ML fluorinated
Si(100) at the surface temperature of 250 K suggests that the Kr(F2) vdW molecule is about two
orders of magnitude more reactive than the F2 monomer. The reaction probability ratio of Kr(F2)
to F2 is around an order of magnitude smaller than that of Xe(F2) and XeF2. However, this study
should be carried out at lower exposures before the validity of the hypothesis is confirmed.
Overall, the result from this study is in support of the hypothesis that suggests that the reaction
of a heavy species with a lattice composed of lighter atoms is facilitated by the effective vibrational
excitation of the lattice that occurs upon initial impact of the reactant. The resulting multiple
collisions produce a local region of very compressed and very stretched Si-Si bonds that have an
enhanced reactivity with the F2 carried by the heavy Kr atom. This mechanism for activating a
chemical surface reaction is expected to be a general one for any reaction involving a covalent
surface whose atoms are less massive than that of the incident reactant.
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7.2. Data Use for 100% F2 vs 75% F2/Kr
7.2.1. Set A
Beam
75% F2/Kr Cold
F2 cold
F2 vs 75% F2/Kr
Both cold

Date
20170519
20170522
20170523
20170524
20170525

7.2.2. Set B
Beam
F2 RT

Date
20170425
20170424
All cold:
20170426
F2 followed by F2 or F2/Kr 20170427
20170428

97

Chapter II: O2 Scattering from Si(100) – Atom Abstraction

1. Introduction
1.1. Importance of Silicon Oxidation
The formation of an electrically insulating layer of SiO2 on crystalline silicon by thermal
oxidation with O2 was an important breakthrough that enabled the creation of the first metal-oxidesemiconductor field-effect transistor (MOSFET) at Bell Labs by Atalla and Kahng in 1959.1 The
oxidation process has since been an integral part of semiconductor device development and
fabrication.2 With the advent of 45 nm technologies, SiO2 has been losing its role as a gate
dielectric layer in the MOSFET of nano-scale integrated circuits, to high- materials such as
nitrided hafnium silicate (HfSiON), due to the high leakage current through SiO2 with a thickness
below 2 nm.3–6 However, SiO2 produced by O2 oxidation is still widely used as the interfacial layer
between the high- materials and silicon in the high voltage threshold MOSFET,7 fin field-effect
transistor,6 and as charge trapping layer of flash memory devices.8 Thermal oxidation is also used
to grow the SiO2 layer on a Si substrate to create the bottom cladding of the SiNx/SiO2
waveguide,9,10 as well as to create the SiO2 insulating layer in a micro-electromechanical system
(MEMS).11
Besides the uses of SiO2 for its electrical and optical properties, because SiO2 is selectively
etched by chemicals such as buffered hydrofluoric acid (BHF) while being non-reactive towards
others such as phosphoric acid (H3PO4) and nitric acid (HNO3), which are more effective at etching
SiN and Si respectively,12 the formation of a SiO2 layer by oxidation is employed for the purpose
of masking during selective etching and ion implantation processes.13,14
In addition to current uses in the industrial fabrication of micro- and nanoelectronics, the
oxidation of silicon also plays an important part in the development of new technologies including
the metal-insulator-semiconductor (MIS) for photoelectrochemical cells15–17, as well as the
formation of SiOx on nanowires for photoluminescence applications and sensing devices.18,19
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Recent research on photovoltaic cells have regained interests in forming a passive SiOx oxide layer
on polycrystalline-Si by thermal oxidation.20,21 The oxidation of crystalline silicon by O2 is also
used to create the SiO2/Si interface that is the key component for photocurrent generation in the
predictable quantum efficient detector (PQED).22,23 Furthermore, there is renewed interest in Si
oxidation for use in resistive random-access memory (RRAM).24,25

1.2. Process Difficulties & Challenges
The reaction of silicon and O2 is known to be very slow, even when the silicon surface is at a
high temperature of 1000 K. The initial reaction probability is measured to be less than 0.1.26–30
The reaction probability drops further as the surface is more occupied by adsorbed O species.29–32
Furthermore, since the oxide formation begins from the surface and proceeds into the bulk, oxygen
is required to diffuse through the SiO2 layer before reacting with Si at the SiO2/Si interface.33–35
Overall, at any stage of the oxidation, the reaction probability for the oxidation process is low and
generally needs very high temperatures of 1100-1500 K.36 To find new approaches to accelerate
the oxidation process as well as potentially new alternatives for Si oxidation, an understanding of
the underlying mechanism is crucial.
While the question of oxygen diffusion and oxide layer growth in the range of a few nm and
beyond are also of importance for the manufacture of Si oxide insulating layers, this study limits
the scope to the initial oxidation of clean Si(100) by molecular O2 up to a coverage of roughly one
monolayer (ML), where 1 ML is defined as one adsorbed O atom per surface Si atom. In particular,
this study concentrates on the identification of a novel mechanism for reaction of O2 with Si, atom
abstraction, discussed in detail in section 1.5.

1.3. Current Knowledge of the O2 Interaction with Si(100)
1.3.1. Si Surface Defects
One explanation for the low but non-zero reactivity is that the oxidation process may be defect
driven. That is, the oxidation initializes at defect sites and the subsequent oxidation continues from
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the initially oxidized sites. There are, indeed, some scanning tunneling microscopy (STM) and
scanning reflection electron microscopy (SREM) studies suggesting enhanced reactivity at defect
sites, especially, a type-C defect which is a two half-dimer vacancy.37–39 Nevertheless, multiple
other studies, both experimental and theoretical, suggest that the initial oxidation occurs not just
at the defect sites but also on the ordered Si(100) surface dimers.40–43 After the initial oxidation,
the subsequent growth of oxide is preferential around the existing oxide islands.40
1.3.2. Dangling Bonds
Clean Si(100) surface undergoes a 2x1 reconstruction where one of the two initial dangling
bonds per Si atom forms a -bond with an adjacent Si atom and the other dangling electron forms
a weak -bond with the other dangling bond of the same adjacent Si atom. The -bond energy is
much lower, 6-9 kcal/mol44–47, than that of the Si-Si -bond (54 kcal/mol).48 Thus, the Si surface
reactivity is higher when the dangling electrons are involved as compared to a process where Si-Si
-bonds (also called lattice bonds) are broken.
When the Si(100) dangling bonds are fully saturated with H atoms, for example, by the reaction
with HF, exposure of this hydrogenated surface to 1 atm dry O2 for 50 min shows no sign of
oxidation, as indicated by the Si LVV Auger transition.49 Another study50 using thermal desorption
and XPS techniques maintains that Si(100) oxidation does not happen under ultra-high vacuum
conditions until the surface temperature is raised above 500 °C, at which point hydrogen desorbs
from the surface leaving the dangling bonds unoccupied.
It is clear that hydrogen passivation of Si dangling bonds greatly modifies the surface
chemistry, largely because the Si-H bond energy is high at 94 kcal/mol.49 These studies highlight
the essential role of Si dangling bonds in initiating the oxidation process.
1.3.3. Spectroscopic Identification of Oxygen Binding Sites in the Zero Coverage Limit
A multitude of experimental techniques are used in several studies to identify the chemisorbed
oxygen species resulting from interaction of O2 with Si(100) for surface temperatures ranging from
20 K up to 700 K.
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1.3.3.1. Physisorbed O2
A study using high resolution electron energy loss spectroscopy (HREELS)51 found that
physisorption of O2 on Si(100) occurs at 20 K, but above 35 K, the disappearance of the loss signal
corresponding to the vibration of the O=O bond suggests that the physisorbed O2 either chemisorbs
or desorbs.
1.3.3.2. Chemisorbed O2 and Dissociatively Adsorbed O2
Different chemisorbed oxygen products on Si(100) are proposed by a variety of studies in the
literature including the molecularly chemisorbed species: peroxy bridge, peroxy radical (Si-O-O•),
or superoxide (Si-O-O-); as well as dissociatively chemisorbed species that are combinations of
silanone, back-bond bridge, and dimer bridge. These chemisorbed species are illustrated by the
ball-and-stick models in Figure II-1.

(a) Peroxy bridge or
Superoxy bridge

(b) Peroxy radical or
Superoxide

(c) Silanone +
Dimer bridge

(d) Silanone +
Back-bond bridge

(e) two Back-bond bridge

(f) Dimer bridge +
Back-bond bridge

Figure II-1 Ball-and-stick models for chemisorbed oxygen species proposed in the literature for
reaction of O2 with Si(100). Purple and red balls represent Si and O atoms respectively.
101

A work function measurement51 is the basis for the suggestion that a peroxy bridge (Figure II-1
(a)), and a peroxy radical or equivalently a superoxide (Figure II-1 (b)) are the possible species
chemisorbed on Si(100) up to 90 K. An O2+ ion scattering study from Si(100) at 140 K proposes
the superoxide species as a short-lived intermediate state.52
A vibrational mode at around 1220-1230 cm-1 has been observed at surface temperatures
between 100 to 300 K in an EELS study by Ibach.53 This study suggests that the stretching of the
O=O bond in a superoxy bridge (Figure II-1 (a)) configuration, with the double bond between the
two O atoms being weaker than that in an O2 molecule, is the origin of this mode. The study also
considers silanone (Si=O) (Figure II-1 (d)) as a possibility given its frequency is similar to that of
SiO. Isotope analysis was not carried out due to their limited EELS resolution. A more recent
infrared spectroscopy (IR) study by Chabal54 at surface temperatures between 153-173 K using O2
and isotope (O-18)2 was able to identify the origin of the vibrational mode to be silanone (Si=O)
that has a neighboring back-bond bridge species (Figure II-1 (d)). The intensity of this silanone
vibrational feature decreases as the surface temperature increases and becomes undetectable at
around 500 K. The authors argue that the silanone converts to the back-bond bridge Si-O-Si
species, producing two such species. (Figure II-1 (e)).
1.3.4. Dynamical Mechanisms for the Dissociative Adsorption of O2 on Si(100)
Previous scattering experiments and measurements of initial sticking probability (𝑆0 ), which
is defined as the ratio of the number of species ultimately adsorbed to the total number incident on
the surface55 in the limit of zero coverage, reveal two types of mechanisms for the reaction of O2
with Si(100): precursor mediated, and direct dissociative adsorptions. They are discussed in
section 1.3.4.1 and 1.3.4.2, respectively.
1.3.4.1. Precursor-Mediated Dissociative Adsorption
Precursor mediated adsorption refers to the capture of an incident molecule into a weakly
bound state prior to its dissociative chemisorption. During its lifetime in the precursor state, the
molecule equilibrates with the surface, diffuses rapidly and ultimately locates a
thermodynamically and kinetically favorable site for dissociation. Lower surface temperatures
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increase the residence time of the molecule in this weakly bound state and hence, the sticking
probability is predicted to increase as the surface temperature is lowered. In addition, lower
incident kinetic energies favor the population of the precursor state, because less energy of the
incident molecule has to be dissipated to the surface upon its initial collision, thereby increasing
the probability for trapping in the precursor state. Hence, one piece of evidence for precursor
mediated dissociative chemisorption that is often used is the increase in the sticking probability as
the kinetic energy of the incident molecule decreases.
The precursor-mediated dissociative adsorption pathway for the adsorption of O2 on Si(100)
is revealed by 𝑆0 measurements at a constant surface temperature below 500 K where 𝑆0 is found
to decrease with increasing incident kinetic energy up to 7 kcal/mol.32,56 Furthermore, for a fixed
value of the kinetic energy of O2 below 7 kcal/mol, 𝑆0 is found to decrease with increasing surface
temperature up to around 500 K according to some molecular beam studies27,32,57 and a photon
desorption study58. The inverse proportionality of 𝑆0 on surface temperature indicates that the
precursor-mediated process is also barrierless.
The existence of a precursor state in the interaction of O2 incident on Si(100) at relatively low
incident kinetic energy of 2 kcal/mol is further substantiated by a molecular beam scattering
study27,59. In it, the velocity distribution of the unreactively scattered O2 is observed to fit a
Maxwell-Boltzmann distribution with a temperature equal to that of the surface (300 K) and an
angular distribution (measured at a coverage up to around 0.1 ML) that fits a cosine distribution
centered at the surface normal. These observations are consistent with O2 trapping in the precursor
state and equilibration with the surface prior to its desorption as O2.
1.3.4.2. Direct Dissociative Adsorption
Direct dissociative adsorption is a process where the incident species dissociates immediately
upon collision with the surface with concomitant formation of surface-adsorbate bonds without
transitioning through a precursor state. The kinetic energy and temperature of the incident species
as well as the surface temperature can influence the reaction probability of a direct process
depending on whether the process is activated (with a reaction barrier) or non-activated
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(barrierless). A signature for an activated direct process is the abrupt increase in the reaction
probability once the incident kinetic energy is high enough to overcome the activation barrier.
Furthermore, both the incident energy of the incoming molecule, and the surface temperature can
assist in overcoming the activation barrier to direct dissociative chemisorption. For a non-activated
direct process, the reaction probability is weakly dependent on both the incident kinetic energy
and the surface temperature.60,61
An indication of the direct dissociative adsorption pathway has been observed in a scattering
experiment59 of O2 with a kinetic energy between 7 and 20 kcal/mol from a 300 K Si(100) surface
where the angular distribution of the unreactively scattered O2 resembles a lobe centered around
the specular angle signifying the absence of the precursor state. In addition, this direct mechanism
is also an activated process because 𝑆0 has been found to increase with O2 incident kinetic energy
above 7 kcal/mol.27,29,32
In some of these same experiments in the high kinetic energy regime, 𝑆0 increases slightly with
surface temperature below 500 K and more significantly beyond 500 K.27,29,32 This observation
conforms with a direct activated process where the reaction barrier can be reduced by the excitation
of the surface bonds as the surface temperature increases.29,32 Another possible explanation for the
Si temperature dependence on the O2 reaction probability is that the increased conduction band
population at higher surface temperatures results in a lower barrier for dissociation because of
more facile charge transfer from the surface to O2.32

1.4. Role of the Spin Transition in O2 Dissociative Adsorption on Si(100)
Regardless of whether the reaction proceeds via a trapped intermediate state or through a direct
mechanism, one aspect of Si(100) oxidation by an O2 molecule that has not been explored in
experimental studies is the fact that the reaction requires a spin transition from the triplet to singlet
state, because the ground state of O2 is a triplet while the ground states of Si-Si bonds and silicon
oxide products are singlets.
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A possible route to activate this reaction is to excite O2 from the triplet ground state 3Σ𝑔− to the
first excited singlet state 1Δ𝑔 . This transition requires 22.7 kcal/mol.62,63 Alternatively, instead of
exciting the O2 to a singlet ground state, the dangling -bond on the Si-Si dimer may be activated
from the singlet ground state to the triplet excited state that is estimated to be 5.8-9 kcal/mol44–46
above the singlet state. In this case, the reaction between a triplet O2 molecule and the triplet Si
dangling bonds can commence to form the singlet product without the need for a spin transition.
1.4.1. Reaction of Triplet O2 and Triplet Si Dangling Bonds
Assuming the reaction of triplet O2 with the Si surface takes place solely at the triplet dangling
bond sites, and given that the reaction between the two triplets is expected to be barrierless,44 the
initial reaction probability of O2 with Si(100) can be estimated by the probability of the Si dangling
bond being in the triplet state. The probability of the Si dangling bond being in the triplet state, 𝑝𝑡 ,
at a specific surface temperature, 𝑇, may be estimated using a Boltzmann distribution for a system
of singlet ground and triplet excited states with the energy gap Δ𝐸:64
𝑝𝑡 (𝑇) =

1
Δ𝐸
1
𝑘𝑏 𝑇
+
𝑒
3

(1)

where 𝑘𝑏 is the Boltzmann constant. The value of Δ𝐸 found in the literature varies. To find the
highest possible 𝑝𝑡 , the lowest value of 5.8 kcal/mol is used. However, with this value of Δ𝐸, 𝑝𝑡
is only 6e-05 at 300 K. This value is much smaller than the experimentally observed value for the
sticking probability. Furthermore, the probability according to equation (1) increases with surface
temperature monotonically. Thus, this mechanism cannot explain the reverse temperature
dependence of the reaction probability at low surface temperature described in section 1.3.4.1.
Nonetheless, while not definitive without further studies, this reaction of triplet Si dangling bonds
may be responsible for the increased initial reaction probability with surface temperature above
500 K, where population of the triplet state becomes significant according to equation (1).
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1.4.2. Theoretical Studies of Reaction of O2 and Si(100)
Some theoretical studies include the spin-transition of O2 from triplet to singlet in the
calculation of the potential energy surface (PES) and the determination of reaction pathways for
the oxidation process. While the results vary greatly, especially in the aspect of the identity of the
intermediate species and the values of energy barriers along the reaction pathways, the spinforbidden nature of the reaction plays a crucial role in limiting the rate of the reaction in those
studies that consider it.
The theoretical study by Widjaja65 suggests the oxidation process proceeds through multiple
intermediate states, and mentions the spin transition but does not explicitly include it in the
calculations. In their model, the O2 molecule first accepts a dangling electron from the Si forming
a superoxide species (Figure II-1 (b)). This intermediate then transitions into a peroxy bridge
species, a silanone + dimer bridge, and finally to the back-bond bridge + dimer bridge product
(Figure II-1 (a), (c), and (f) respectively) with progressively lower potential energies and energy
barriers for each step so that the reaction still maintains an overall negative activation energy.
However, with the study not including the existence of the spin transition, comparison of its results
to that of experiment may not be valid.
Another study by Fan66 considers the molecular chemisorption of O2 forming a peroxy bridge
intermediate (Figure II-1 (a)) from either triplet or singlet O2 attacking the middle of the Si-Si
dimer in three orientations where the O=O bond is perpendicular, tilted, and parallel to the dimer
axis. While reaction of the singlet O2 is barrierless for all geometries, the reaction with triplet O2
has a barrier of around 2.54, 1.15, and 0 kcal/mol for these geometrical approaches, respectively.
The study maintains that although a barrierless pathway exists for the reaction of triplet O2, the
probability of the reaction proceeding via this path is small due to the restricted geometry.
Furthermore, the study suggests that the molecularly chemisorbed oxygen species remains in the
triplet state, and argues that the triplet-to-singlet transition is guaranteed to happen during the
trapping in this chemisorbed intermediate state, without explicitly calculating the transition rate.
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The study by Kato44,67 suggests barrierless dissociative chemisorption pathways, which
involve physisorbed precursor states, with restricted geometries of approach for the reaction of
triplet O2 with the Si dimer where the O2 approaches either with its O-O bond parallel to the Si
dimer forming a peroxy bridge (Figure II-1 (a)) or with the O-O bond perpendicular to two adjacent
dimers in a H-shape configuration forming two dimer cyclic (2 Figure II-2 (a)) species. This
study suggests that the spin transition of O2 triplet to singlet happens as the O2 molecule approaches
the Si surface in a barrierless process. However, it is argued that while the reaction is barrierless,
the weak spin-orbit interaction required to cross from the triplet to singlet energy surfaces results
in a low reaction probability. After the initial chemisorption, each O atom migrates toward more
stable back-bond bridge species (Figure II-2 (d)) through multiple intermediates with the potential
energy at each step being significantly lower (>45 kcal/mol) than that of the initially noninteracting O2 and Si surface. Furthermore, the study identifies the two potential reaction pathways
responsible for direct dissociation where both O atoms insert directly either into two Si-Si backbonds (2 Figure II-2 (d)) or one dimer + one back-bond (Figure II-2 (c) + (d)) with energy barriers
of 6.7 and 18.5 kcal/mol, respectively. The study suggests that the barrier for the direct process
occurs during the initial stage of the O=O bond dissociation and the spin-transition happens after
the barrier has been overcome.
The study by Hemeryck42,68,69 also indicates the existence of narrow, barrierless dissociative
chemisorption channel due to a very restricted reaction geometry. This study considers more
reaction geometries than Kato and proposes that there is another prominent chemisorption
mechanism whereby O2 is initially molecularly adsorbed on the raised Si atom of the Si-Si dimer
releasing 51 kcal/mol, followed by dissociation forming two silanone species (2 Figure II-2 (d))
on each Si atom previously constituting the Si-Si dimer and after overcoming the energy barrier
of 1.8 kcal/mol. The chemisorbed species can then overcome another barrier of 6 kcal/mol to arrive
at the more stable silanone + back-bond bridge species (Figure II-1 (d)) which is argued to be the
most stable structure, even more so than the two back-bond bridge species (Figure II-1 (e)). Further
incorporation of the silanone into the lattice by converting it to back-bond bridge species (Figure
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II-1 (e)) is suggested to occur at higher coverage since it is argued to require two sets of adjacent
silanone + back-bond bridge species (Figure II-1 (d)). The study allows the spin to change in the
calculation of the PES, with the triplet-to-singlet spin transition occurring during the initial
chemisorption for all reaction geometries considered. However, the details and the probability of
crossing from the triplet to singlet PES are not discussed.
Using a non-adiabatic model, the study by Hellman70 suggests that the initial sticking
probability is determined by the probability of charge transfer from the Si dangling bond to O2.
This study argues that the spin transition occurs during the charge transfer event but the spin state
is not included in the calculation.
Overall, multiple reaction pathways have been proposed by different theoretical studies. While
the reaction pathways and the identity of the intermediate species prior to formation of the final
stable Si-O-Si product considered in each study are not comprehensive, most theoretical studies
suggest that the triplet-to-singlet spin transition is the origin for the low reaction probability either
through the manifestation of an energy barrier for the initial adsorption, or because of the reliance
on the weak spin-orbit coupling for the adiabatic crossing in barrierless pathways.

1.5. Search for a New Mechanism – Atom Abstraction
A possible mechanism that has not been discussed in the literature for the potential
circumvention of the spin transition is atom abstraction. In O atom abstraction, a Si dangling bond
abstracts an O atom from a triplet O2 molecule, forming Si-O bonds and releasing a free 3P O atom.
Without the need for a spin transition, the probability of reaction via atom abstraction should be
higher than for classic dissociative chemisorption, which requires a triplet-singlet spin transition
as discussed in section 1.4, provided that the process is thermodynamically feasible.
1.5.1. Thermodynamics Requirement for Atom Abstraction
In order for atom abstraction to occur, the reaction between O2 and Si(100) must be exothermic.
In addition, some portion of the exothermicity has to be channeled into the translational degree of
freedom of the O atom so that it can escape the surface and be detected.
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Atom abstraction from O2 by Si(100) involves cleavage of the O=O bond. However, the
specific Si-Si bonds that are broken and the Si-O bonds that are formed, and thus the enthalpy
change of the abstraction process, are dependent on the adsorbed oxygen product. The
nomenclatures adopted in this discussion for the possible adsorbed oxygen product resulting from
atom abstraction of O2 by Si(100) are: dimer cyclic, silanone, dimer bridge, and back-bond bridge
(the bond between top and the second layer Si atoms) with their corresponding structures shown
in Figure II-2.

(a) Dimer cyclic

(b) Silanone

(c) Dimer bridge

(d) Back-bond bridge

Figure II-2 Ball-and-stick models for four possible adsorbed oxygen species resulting from atom
abstraction of O2 by Si(100) 2x1 surface. Purple and red balls represent Si and O atoms
respectively.
The enthalpy of the atom abstraction reaction forming each oxide product shown in Figure II-2
can be estimated using the average bond enthalpies in Table II-1 as follows:
a) The formation of a dimer cyclic species involves cleaving the Si-Si  dimer bond and the O=O
bond, and forming two Si-O  bond.
b) For the silanone structure, the bonds broken are identical to the dimer cyclic case, but the bond
formed is that of the Si=O product.
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c) The dimer bridge involves the breaking of the O=O bond, and the insertion of an O atom
forming two Si-O  bonds after breaking both the Si-Si dimer  and  bonds.
d) The final structure calculated is the back-bond bridge where the Si-Si back-bond (a  bond)
and the O=O bond are broken and two Si-O  bonds are formed in its place.
These enthalpy changes are summarized in the first row of Table II-2. However, these enthalpy
changes use the average bond energies. More precise estimation of the enthalpy changes for the
atom abstraction reaction requires electronic structure calculation of the oxide product.

Bond
Energy (kcal/mol) References
48
O=O double bond
118
48
54
Si-Si  lattice bond
46,47
7
Si-Si  dimer bond
71
108
Si-O  bond
72
58
Si-O  bond
Table II-1 Average bond energy used for estimating enthalpy change of atom abstraction.
A theoretical study by Hoshino73 considered the reaction of triplet O2 with the Si-Si dimer
bond on the Si(100) surface, that was simulated by a Si9H12 cluster, to form a dimer bridge and a
free triplet O atom. Although not named such by the authors, this reaction is effectively an atom
abstraction mechanism. The energy barrier of this process is found to be 60 kcal/mol, for which
no physical reason is presented for its high value, and the enthalpy change is exothermic by 26
kcal/mol. No other theoretical studies have explicitly calculated a potential energy surface for an
atom abstraction mechanism. However, other theoretical studies have calculated equilibrium
values for the potential energy of adsorbed oxygen structures on Si(100) shown in Figure II-2.
Therefore, it is possible to estimate the enthalpy change for the atom abstraction reaction, using
the potential energies of those structures and the values of average bond energies in Table II-1.
The enthalpies for the atom abstraction reaction yielding each product shown in Figure II-2 as
calculated using the potential energies given in each reference are summarized in Table II-2. The
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procedures for calculating them from the potential energies given in each reference are described
as follows:
•

Oshiro74 calculated the enthalpy for O2 dissociative adsorption resulting in two Si-O atoms in
the dimer bridge or back-bond bridge structures to be -207 or -204 kcal/mol, respectively. To
estimate the enthalpy of abstraction, the Si-Si and O=O bond enthalpies are added to these
values and the results are shown in Table II-1.

•

Fuchs75 calculates the enthalpy changes for the interaction of atomic O with Si(100) forming
dimer cyclic, dimer bridge, and back-bond bridge to be -145, -149, and -152 kcal/mol,
respectively. The enthalpy change for O2 atom abstraction can be obtained by adding the O=O
double bond energy to these values. The results are shown in Table II-1.

•

Kato44 calculated the enthalpy change for the dissociative adsorption of O2 forming two dimer
cyclic structures (Figure II-2 (a)) on adjacent Si-Si dimers (-138 kcal/mol). Then, each dimer
cyclic can convert to a silanone (Figure II-2 (b)) and a back-bond bridge species (Figure II-2
(d)) that have the potential energy, relative to the free O2 and Si(100) surface, of -123 and -142
kcal/mol, respectively. The enthalpy change for the atom abstraction forming one dimer cyclic
can be estimated by adding the O=O bond energy to the potential energy change for the
formation of the two dimer cyclic structures and dividing by two. Then, the abstraction
enthalpy to form the silanone (or back-bond bridge) products can be obtained by adding the
difference between the potential energies of the silanone (or back-bond bridge) structure and
the dimer cyclic structure of -123+138 kcal/mol (or -142+138 kcal/mol) to the enthalpy for the
atom abstraction reaction forming the dimer cyclic structure.

•

Hemeryck42 studies dissociative adsorption of O2 similar to Kato but the chemisorbed products
are two silanones (with an energy change of -146 kcal/mol) that convert to a more stable
silanone + back-bond bridge structure (Figure II-1 (d)). Similar to the case of Kato, the
enthalpy for the atom abstraction reaction forming the silanone can be estimated by adding the
O=O bond energy to the energies shown in Table II-1 and dividing by two. The enthalpy for
the atom abstraction reaction forming the back-bond bridge structure is estimated from that
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forming the silanone and the potential energy difference between the silanone and back-bond
bridge structure of -21 kcal/mol.

Reference
Dimer cyclic Silanone Dimer bridge Back-bond bridge
Average bond enthalpy
-91
13
-37
-44
73
Hoshino
-26
Oshiro74
-35
-30
Fuchs75
-27
-31
-34
Kato44
-10
5
-14
42
Hemeryck
-14
-35
Table II-2 Enthalpy change in kcal/mol for atom abstraction yielding the adsorbed species shown
in Figure II-2 using average bond enthalpies and potential energies from various references as
described in text.
1.5.2. Possible Atom Abstraction Reactions and Their Enthalpies
As can be seen in Table II-2, the enthalpy changes for the atom abstraction reaction forming
each of the potential adsorbed oxygen products shown in Figure II-2 vary depending on the method
and reference energies used:
a) In the formation of a dimer cyclic product (Figure II-2 (a)), atom abstraction involves only the
dangling bond of Si, and as seen in Table II-2, this process is exothermic. Nonetheless, there
is a large discrepancy between the enthalpy calculated from average bond energies and the
more reliable estimations using literature values for the potential energy of the dimer cyclic
product. Overestimation of the exothermicity using the average bond enthalpy is likely due to
the use of the Si-O bond energy for the stable structure of silicon oxide while the cyclic Si-O-Si
is a strained structure.
b) In the case of the formation of a silanone (Si=O) species (Figure II-2 (b)) on one of the dimer
Si atoms after cleavage of the dangling bond, the enthalpy changes calculated using the
literature values for the potential energy of the silanone varies, where one enthalpy is
exothermic while the other is endothermic.
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c) The estimated exothermicity for the dimer bridge structure (Figure II-2 (c)) is comparable for
every method, even the average bond enthalpy approach. This similarity is likely due to the
breaking of Si-Si bond allowing for more relaxed bond angles.
d) Lastly, the estimated enthalpy for the atom abstraction reaction forming a back-bond bridge
structure (Figure II-2 (d)) is comparable to that of the dimer bridge. However, this process may
be less probable compared to the reaction at the dimer due to the Si-Si back-bond being less
exposed to the incoming O2 molecule.
This analysis suggests that atom abstraction is exothermic for the cases where the adsorbed product
is a dimer cyclic, dimer bridge, or back-bonding bridge species. Nonetheless, it is not immediately
clear whether the atom abstraction can occur given the second requirement, which is that sufficient
exothermicity must channeled into the translational energy of the complementary O atom. To
determine whether the atom abstraction process occurs in the reaction of O2 and Si(100) surface,
scattering experiments have to be carried out.

1.6. Experimental Goal and Chapter Outline
This chapter explores the possibility of atom abstraction as a mechanism for the dissociative
adsorption of ground state O2, incident at low kinetic energies on Si(100) at various surface
temperatures, using scattering and surface spectroscopic techniques. In particular, the experiments
verify the presence, or the lack thereof, of the abstraction of an O atom from an incoming O 2
molecule by a Si dangling bond by monitoring the scattered O atoms during exposure of Si(100)
to an O2 beam. The O atom is the gas phase product of the reaction:
O2(g) + Si → Si-O(ads) + O(g)
The method used for O atom detection is mass spectroscopy, which requires ionization of the
neutral O atom to O+ before it is mass selected through a quadrupole field according to its massto-charge ratio (m/z) and then detected. Ionization complicates detection of O atoms because about
10% of the unreactively scattered O2 molecules, which are the vast majority of scattered species,
dissociatively ionize to O+ ions (m/z=32). This small amount of O+ is indistinguishable from the
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O+ produced from the ionization of an O atom, and hence additional measures must be taken to
distinguish between the two sources of signal at m/z=16.
One approach is to monitor the m/z=16 and 32 signals scattered from the surface
simultaneously as a function of time upon exposure of the clean Si(100) crystal to the O2 beam.
This experiment is called a mass-time (MT) measurement. If atom abstraction occurs, the time
dependences of the m/z=16 and 32 signals are expected to differ, because the oxygen coverage
increases as a function of time and the probabilities for atom abstraction and for unreactive
scattering will differ with increasing coverage.
The other approach is a time-of-flight (TOF) experiment that measures the velocity
distributions of the neutral species before their ionizations. Comparison of the TOF spectra
measured at m/z=16 to that at 32 potentially reveals whether the non-reactively scattered O2 is the
sole source of the m/z=16 signal from O2 dissociative ionization or whether there are additional
contributions from gas phase O atoms resulting from the abstraction mechanism.
This chapter is organized by initially discussing the instruments and their calibrations as well
as the characterization of the O2 beams and the experimental procedures in section 2. Because the
atom abstraction mechanism is expected to be very sensitive to oxygen coverage, which changes
during O2 exposure as a result of its surface reaction, it is critical to have knowledge of the absolute
oxygen coverage at every point during the O2 exposure. Therefore, experiments that determine the
O coverage are described in section 3.1. Approaches to identify the reaction pathways between O2
and Si(100) as well as to experimentally detect the O atoms resulting from abstraction are
presented in section 3.2 which is followed by the MT and TOF experimental results and their
implications in sections 3.3 and 3.4, respectively. Finally, the possible reasons for the absence of
atom abstraction are discussed in section 4 with regard to both experimental and theoretical
limitations, followed by the conclusion presented in section 5.
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2. Experimental
2.1. Scattering Machine
The experiments were carried out using a custom-built instrument as explained in the previous
chapter and elsewhere.76–78 However, a new Ni beam nozzle with an orifice diameter of 0.002
was installed in the source chamber A to replace the old nozzle whose orifice diameter was
0.003.79 This change does not affect the cross sectional area of the beam intercepting the crystal
because the area is largely determined by the relatively large distances of the nozzle orifice and
the three collimating slits from the sample as compared to the diameter of the nozzle orifice.
Nevertheless, the flux does change as a result of this replacement. Another change since the
experiments described in Chapter 1 is the servicing of the source diffusion pump. The resulting
improved pumping speed allowed for higher stagnation pressures behind the nozzle before beam
attenuation, and hence higher fluxes as compared to those during the study of the Kr(F2).

2.2. O2 Beam Fluxes
The Si(100) surface is exposed to a beam of O2 produced by a high pressure, isentropic
expansion of either pure O2 or O2 seeded in He or anti-seeded in Ar or Xe through a 0.002”
diameter nozzle. The purities and manufacturers of the gases used in these studies are listed in
Table II-3. The nozzle is held at room temperature (23±1 °C, 296±1 K). The small variation in
temperature (indicated by the stated uncertainty) minimally affects the velocity distribution and
flux of the beam.
Gas Purity (%)
Provider
O2
99.9999
MG Scientific
He 99.9995
Spectra Gases
Ar
99.9995
Spectra Gases
Xe 99.999
Spectra Gases
Table II-3 Purity and suppliers of gases used in this experiment.
The composition of each incident supersonic beam is characterized by a TOF experiment using
the differentially pumped quadrupole mass spectrometer. All TOF spectra used for the incident
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beams fluxes analysis were collected with the dwell time of 14 µs per channel, corresponding to
chopper rotation speed of 280 Hz. To determine the velocity weighted count (VWC) for each TOF
spectrum for the flux analysis as outlined in previous chapter and elsewhere79–81, each spectrum is
fitted to a Maxwell-Boltzmann distribution, as defined in the previous chapter.
2.2.1. 100% O2 Beam
Two methods for determination of the flux of the 100% O2 beam will be presented. One
method, described in upcoming subsection, relies on the absolute pressure rise, as measured by a
Bayard-Alpert gauge in the main chamber when a beam of O2 is introduced, as well as the
measured O2 pumping speed. The other method, described in section 2.2.1.2, references the O2
flux from both an adiabatic expansion and an effusive expansion to an absolute measurement of
the Ar flux.
2.2.1.1. 100% O2 Beam Flux from Chamber Pressure Change
While O2 is somewhat reactive on some surfaces inside the main chamber, its reactivity is very
low compared to F2. Thus, the beam flux measurement using the main chamber pressure is a viable
approach. The procedure for this method is similar to the case of measuring the Ar flux as outlined
in the previous chapter with the difference being that the O2 beam should be allowed to enter the
chamber for a longer duration to establish an equilibrium pressure before the pressure is measured.
This long wait is to ensure that all chamber surfaces have been passivated with O2 such that the
only channel for losing O2 molecules is through evacuation by the diffusion pump. Under the
steady state condition where the increase in the amount of O2 introduced into the chamber by the
100% O2 beam matches its loss by pumping, the flux of the O2 beam, 𝐼O2 , is related to the main
chamber pressure change, Δ𝑃obs , shown in equation (2) and as derived in the previous chapter for
Ar:
𝐼O2 =

Δ𝑃obs 𝐶𝐹 𝑟𝑉𝑐
𝑘𝑇𝐴spot
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(2)

The values of Δ𝑃obs are measured as a function of both the O2 and Ar stagnation pressures and are
plotted in Figure II-3. They are linear with respect to stagnation pressure in the range of 12 to 500
Torr as expressed by equation (3), where m and c are the fit parameters given in Table II-4.
Δ𝑃obs (𝑃stag ) = 𝑚 𝑃stag + 𝑐

(3)

Figure II-3 Main chamber pressure change (Δ𝑃obs , 1e-8 Torr) as a function of stagnation pressure
(𝑃stag , Torr) for O2 beam (blue cross) and Ar beam (orange dot). Straight lines are linear fits whose
parameters are summarized in Table II-4.

Expression (2) also contains parameters that are dependent on the gaseous species including
the detection correction factor, 𝐶𝐹 , and the pumping speed, 𝑟. While the pumping speed of O2 can
be measured by the same method as that of Ar described in the previous chapter, it was not.
Therefore, the pumping speed of O2 is estimated from that of Ar and the reference curve82 for a
diffusion pump speed as a function of molecular mass. The parameters used for the flux calculation
according to equation (2) are summarized in Table II-4.

117

Value

Parameter

For Ar
For O2
m
(1.22±0.01)e-02 (5.18±0.04)e-03
Δ𝑃obs (1e-8 Torr)
c
(1.1±0.3)e-01
(4.5±0.8)e-02
83,84
0.78±0.05
0.99±0.06
𝐶𝐹 (ref.
)
1.22±0.04
1.28±0.04
𝑟 (s-1)
81
886±10
𝑉𝑐 (L) (ref. )
2
79,81
𝐴spot at 0° incident (cm ) (ref.
) 0.285±0.004
𝑇 (K)
292.0±0.1
Table II-4 Parameters for the determination of the absolute fluxes of the Ar and O2 beams.
The flux of a supersonic 100% O2 beam produced at a stagnation pressure of 200 Torr
calculated using equations (2) and (3) is given in the final row of Table II-5.
2.2.1.2. 100% O2 Beam Flux from Ar Flux
Another approach for the O2 flux determination based on the measured absolute flux of an Ar
beam is similar to that used in the previous chapter for the neat F2 beam. First, the Ar flux, 𝐼𝐴𝑟 , of
a 100% Ar beam is determined from the main chamber pressure change, Δ𝑃obs , upon introduction
of the Ar beam into the chamber using equation (2). The pressure change, Δ𝑃obs , is linearly related
to the Ar stagnation pressure in the range of 50 to 500 Torr, as shown in Figure II-3. The linear fit
is given by equation (3). The Ar flux can be calculated using equations (2) and (3) and the
parameters in Table II-4.
Once the absolute Ar flux is determined, the absolute flux of a 100% O2 beam is related to that
of the pure Ar beam by their VWCs, ionization cross sections 𝜎, isotope abundances 𝐴, and
transmission factors 𝑇 according to the following equation:
𝐼O2 = 𝐼Ar

VWCO2 𝜎Ar→Ar+ 𝐴O2 −32 𝑇Ar
VWCAr 𝜎O2 →O2+ 𝐴Ar−40 𝑇O2

(4)

The transmission factor ratio in equation (4) has to be determined experimentally. First,
rearrange equation (4) to yield:
𝑇Ar 𝐴Ar−40 𝜎O2 →O2+ VWCAr 𝐼O2
=
𝑇O2 𝐴O2 −32 𝜎Ar→Ar+ VWCO2 𝐼Ar
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(5)

Equation (5) indicates that, in order to calculate the transmission ratio, the VWCs and fluxes have
to be known to calculate the transmission factor ratio. In this study, the fluxes of effusive O 2 and
Ar beams are used since their fluxes produced at the same stagnation pressure (chosen to be 0.02
Torr) are related simply through their masses according to the ideal gas law as discussed in the
previous chapter and elsewhere79:
𝐼O2 (effusive)
𝑚Ar
=√
𝐼Ar(effusive)
𝑚O2

(6)

Substituting equation (6) into (5) and then into (4) results in the expression relating the flux of O2
to that of Ar:
𝐼O2 = 𝐼Ar

VWCO2 VWCAr(effusive) 𝑚Ar
√
VWCAr VWCO2 (effusive) 𝑚O2

(7)

Note that the ionization cross sections and isotope abundances cancel.
Equation (7) is used to determine the flux of the 100% O2 beam produced with the stagnation
of 200 Torr from the absolute flux of a supersonic Ar beam produced with a stagnation pressure
between 50-500 Torr. Unfortunately, a TOF experiment to measure the VWC of Ar beam produced
with such a stagnation pressure was not conducted on the same day as a measurement of the VWC
of the O2 beam. Thus, the VWC measured for Ar with a stagnation pressure of 1.36 Torr was used
with the assumption that the absolute flux of Ar obtained using equations (2) and (3) is applicable
at the low stagnation pressure of 1.36 Torr. This absolute flux of Ar at 1.36 Torr, the VWCs and
the flux of O2 are summarized in Table II-5. The TOF spectra used for the analysis are shown in
Figure II-4 and the fit parameters are shown in Table II-7.
Beam Stagnation pressure (Torr)
VWC (counts)
Flux (molecule s-1 cm-2)
1.36
(5.8±0.2)e+4
(1.27±0.09)e+14
Ar
0.02 (effusive)
(2.98±0.07)e+3
(6.5±1.7)e+12
0.02 (effusive)
(1.15±0.05)e+3
(7.3±0.6)e+12
O2
200
(1.5±0.2)e+5
(9.5±1.5)e+14
O2
200
From pressure change
(1.4±0.1)e+15
Table II-5 Summary of VWCs used for O2 flux determination and corresponding fluxes. Bottom
row is flux calculated by pressure change method in section 2.2.1.1.
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Figure II-4 TOF spectra of supersonic and effusive beams of Ar and 100% O2 produced with
stagnation pressure shown used for flux analysis in section 2.2.1.2. Orange line is fit of MaxwellBoltzmann distribution function to data (blue cross). Fit parameters in Table II-6.

120

As can be seen from Table II-5, the flux of a 100% O2 beam produced with a stagnation
pressure of 200 Torr estimated by the chamber pressure method (outlined in section 2.2.1.1) is
slightly higher than that obtained through the VWC method (discussed in this section 2.2.1.2). For
the remainder of this study, the 100% O2 flux as obtained through the chamber pressure method is
adopted because the VWCs method relies on more measurement values (of VWCs) resulting in
larger accumulated error. In addition, equation (3) likely overestimates the chamber pressure
change at the Ar stagnation pressure of 1.36 Torr. Finally, the effusive beams may be slightly noneffusive as shown by the lower beam temperatures compared to the nozzle temperature of 296 K
(see Table II-7). This observation means that the VWCs do not reflect accurately the fluxes
estimated by the square root of the mass ratio, equation (6), and consequently affect the result for
the flux of the 200 Torr O2.
2.2.1.3. 100% O2 Flux at Varying Stagnation Pressure
The absolute fluxes of 100% O2 supersonic beams at stagnation pressures other than 200 Torr
are inferred from the absolute flux at 200 Torr using equation (88) where the Δ𝑃obs is defined by
equation (3) with parameters for O2 beam in Table II-4:
𝐼O2 (𝑃stag) = 𝐼O2 (200 Torr)

Δ𝑃obs (𝑃stag )
Δ𝑃obs (200)

(8)

Flux values for 100% O2 beams at stagnation pressures used for the scattering experiments are
shown in Table II-6.
2.2.2. Flux of O2 Seeded Beams
The gas mixtures of O2/X (where X is an inert gas) were made and stored in cylinders attached
to the gas-handling manifold. The gas mixtures are made as follows: The gas with the lower
percentage in the mixture is introduced first into the cylinder. Then, the other gas is added until
the pressure of the cylinder reaches the desired total pressure. The pressure during the mixing
process is measured by the mechanical pressure gauges that have a maximum scale of 10 psi and
have the reading resolution of 0.5 psi. Note that while a more precise reading of gas pressure may
be useful in terms of reproducibility in case another volume of mixture gas has to be made, the O2
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flux has to be redetermined from a TOF experiment since the beam composition is very sensitive
to the gas mixture composition due to the Mach focusing effect.
For a mixture of O2 and an inert gas X, the O2 flux in the supersonic beam produced from the
gas mixture can be related to the flux of 100% O2 through their VWCs:
𝐼O2 (O2 /𝑋) = 𝐼O2 (100% O2 )

VWCO2 (O2 /𝑋)
VWCO2 (100% O2)

(9)

The values of the fluxes for the O2/X beam used in scattering experiments and obtained using
equation (9) are shown in Table II-6.

Flux at 0o incident
Kinetic energy
(kcal mol-1)
(molecule s-1 cm-2) (ML-O s-1)
22
1.76±0.09
(2.1±0.2)e+14
0.61±0.05
100
2.0±0.1
(7.4±0.5)e+14
2.1±0.2
100% O2
200
1.9±0.1
(1.4±0.1)e+15
4.1±0.3
500
2.0±0.2
(3.4±0.2)e+15
10.1±0.7
25% O2/Ar
750
1.3±0.1
(1.1±0.3)e+15
3.3±0.9
Table II-6 Fluxes of the beams used in this study at a given stagnation pressure. Fluxes of the
100% O2 beams obtained as discussed in section 2.2.1. Fluxes of seeded beams obtained through
the VWCs using equation (9).
Beam

𝑷𝐬𝐭𝐚𝐠 (Torr)

2.2.3. Summary of Beam Fluxes
The O2 flux is obtained using the methods outlined in the prior sections. Similar to the previous
chapter, the O2 beam fluxes in Table II-6 are expressed in units of ML-O where 1 ML is the number
of Si atoms on the Si(100) surface. The unit conversion for flux from molecule s -1 cm-2 to ML-O
is discussed in section 3.1.2.1. Table II-6 also includes the kinetic energy of each beam obtained
from the fit of a Maxwell-Boltzmann distribution function to the TOF spectra, shown in Figure
II-5 with the fit parameters in Table II-7.
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Figure II-5 TOF spectra for O2 beams as listed in Table II-6. Fitted line (orange) to the data (blue
cross) has form of Maxwell-Boltzmann distribution as described in text. Fit parameters in Table
II-6.
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Beam

Pstag
(Torr)

𝑩 (count)

𝒗𝒇
(m s-1)

𝑻 (K)

VWC
(Count)

𝒗𝒂𝒗𝒈
(m s-1)

𝑬𝒂𝒗𝒈
(kcal mol-1)

100% O2

0.02

(1.7±0.6)
e-07

(-1.0±0.9)
e+02

(3.1±0.5)
e+02

(1.15±0.05)
e+03

492±6

1.06±0.03

Ar

0.02

(4.8±0.9)
e-07

(0±5)
e+01

(2.7±0.3)
e+02

(2.98±0.07)
e+03

444±3

1.06±0.02

Ar

1.36

(5.1±0.1)
e-06

117±7

227±4

(5.8±0.2)
e+04

468±3

1.17±0.01

(6.1±0.6)
e+03
(2.1±0.2)
e+04
(3.0±0.4)
e+04
(5.5±0.7)
e+04

(6.6±0.2)
e+02
(7.1±0.2)
e+02
(6.9±0.3)
e+02
(7.1±0.3)
e+02

100% O2

22
100
200

125±3
66.5±0.7

2.0±0.1
1.9±0.1
2.0±0.2

5% O2/He

42.8
±0.4
20.49
±0.09

1.76±0.09

500

(1.168±0.003)
929.9±0.3
e-07

26.2±0.1

(2.0±0.3)
e+04

(9.5±0.4)
e+02

3.5±0.3

25% O2/Ar

500

(7.8±0.1)
501±4
e-08
(2.181±0.009)
635±1
e-07
(3.97±0.01)
640.4±0.6
e-07
(8.97±0.02)
688.4±0.2
e-07

750

(1.561±0.004)
573.6±0.1 4.79±0.03
e-06

(2.6±0.3)
e+04

(5.8±0.2)
e+02

1.3±0.1

Table II-7 Summary of fit parameters of Maxwell-Boltzmann distribution to TOF spectra of Ar
and O2 beams used in flux determination as shown in Figure II-4 and Figure II-5.
2.2.4. Flux and Incident Angle
The scattering experiments in this study were carried out at multiple incident angles. The flux
of the beam varies with the incident angle because the cross sectional area of the beam intercepting
the crystal surface changes with the angle. From the analysis by Hefty79, the cross sectional area
of the beam on the crystal is obtained from a geometrical construction of the lines of sight through
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the skimmer and the collimation slits onto the crystal. Given that the collimation slits have a
rectangular shape, the beam cross section at the crystal is also rectangular, with only one
dimension, the horizontal dimension, varying as the incident angle varies. The previous analysis
of the cross sectional area at varying incident angles included 0 and 20 but did not include 45,
which is also used in this study. Nevertheless, the beam spot at an incident angle 𝛼 degree may be
estimated, with the assumption that the nozzle and the crystal are infinitely far apart compared to
the cross sectional area by:79
𝐴spot =

0.2852
𝜋
cos (𝛼 180)

(10)

The cross sectional areas used in this study are summarized in Table II-8.
Since the flux is inversely proportional to the area of the beam incident on the surface A spot,
the flux of the beam with the incident angle of 𝜃 is calculated from the flux at 0 degree incidence
as:
𝐼𝑋,𝜃 =

𝐴𝑠𝑝𝑜𝑡,0
𝐼
𝐴𝑠𝑝𝑜𝑡,𝜃 𝑋,0

(11)

Incident angle, 𝜽 (degree) Beam spot, 𝑨𝐬𝐩𝐨𝐭 (±1.4%) (cm2)
0
0.285
20
0.303
45
0.403
50
0.444
Table II-8 Beam cross sectional areas at various incident angles from Hefty (ref. 79) and by
calculation using equation (10). Percentage error is obtained from analysis by Gosalvez-Blanco
(ref. 81) at 0 incidence.
2.3. Si Crystal Surface Temperature
In this study, the Si crystal temperature is measured using an E-type thermocouple (5% vs 26%
W/Re). Since Si is not a metal, the thermocouple cannot be spot-welded to it and has to be pressed
onto the back of the Si crystal by a clamp as discussed elsewhere79. Due to the setup of the crystal
holder and the clamp, the contact between the Si crystal and the thermocouple may not be ideal
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resulting in a temperature reading slightly lower than the actual crystal temperature especially at
high surface temperature.
To correct the temperature read by the thermocouple, a pyrometer is used. The relationship
between the thermocouple temperature reading (Tread ) to the actual surface temperature estimated
by the pyrometer (Tpyro ) is established such that the actual surface temperature can be inferred
from Tread without the need of the pyrometer in every experiment.
The pyrometer used in this calibration relies on the incandescence of a tungsten filament85.
Thus, this pyrometer can only be used to calibrate the high temperature range of the Si crystal
surface as shown in Figure II-6. The procedure for calibrating Tread to Tpyro is as follows: The
pyrometer scope is setup such that the Si surface inside the vacuum chamber can be viewed through
a quartz window. Then, the Si crystal temperature is raised and fixed at a high temperature of
around Tread = 850 K where it starts to glow consistently. The temperature control of Tread is done
by the proportional–integral–derivative (PID) software as discussed in the Appendix 1. The
temperature estimated by the pyrometer (Tpyro ) is obtained by adjusting the current through the
pyrometer filament so that its brightness matches that of the Si surface. This current has been
correlated to the temperature of the filament through a calibration curve by the manufacturer such
that the filament temperature can be read from the ammeter. The crystal temperature as indicated
by the thermocouple, Tread , is then set to other values and the process of correlating the two
temperatures is repeated until a sufficient number of data points are collected. Finally, a plot of
Tread vs Tpyro is fit to a second order polynomial function to yield the equation (in units of K):
Tpyro = −(1.9 ± 0.9)e-4 (Tread − 250)2 + (1.39 ± 0.06)(Tread − 250) + 250

(12)

Equation (12) is used in section 3 to determine the actual crystal temperature from Tread . Note
that as the data points collected are only in the high temperature range, the fitted equation is forced
to go through (250 K, 250 K). That is, Tpyro and Tread are assumed to be identical at 250 K.
Multiple orders of the n-order polynomial function were explored but the 2nd order polynomial in
temperature was the lowest order that fit the data with the minimum residual.
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Figure II-6 Plot of thermocouple temperature reading (Tread ) vs pyrometer temperature (Tpyro )
(solid circles) obtained as described in text. Solid line is fit to equation (12).
2.4. Experimental Procedures
The clean Si(100) surface is prepared by Ar+ ion sputtering for 10 min with an ion energy of 1
keV. The Ar pressure in the main chamber is maintained at around 3-5e-5 Torr with the gate valve
fully open. The ion current measured from the sample to ground is about 5 µA. Each sputtering
was followed by annealing the Si crystal by resistive heating up to 1100 K for 20 min to restore
the surface order. Sputtering and annealing is performed at least twice before the experiment.
Auger electron spectroscopy (AES) is used to confirm that the procedure is able to remove the
contaminants, which consists mainly of C and O atoms, from the Si surface. The AES peak-topeak intensities measured in the differential mode for C were found to be smaller than 0.01 times
that of the Si while the O signal was not detectable by AES after the cleaning procedure. An
example Auger spectrum of the clean surface is shown in the previous chapter. Because AES can
introduce C onto the Si surface, the AES measurement was not performed immediately before
each experiment.
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2.4.1. Auger Electron Spectroscopy (AES)
In addition to the verification of the Si surface cleanliness, AES is also used in this study to
estimate the amount of O adsorbed on the Si surface after exposing it to an O2 beam, as discussed
in section 3.1.
The Si surface temperature was held at 250 K using a PID controller, as explained in Appendix
1, during the exposure. Two methods of exposures were employed: background and beam. For the
background method, 100% O2 gas was introduced through leak valve at a pressure in the range of
5e-8 to 5e-7 Torr, as measured by the main chamber ion gauge. The variation in the pressure does
not have an observable effect on the coverage. Since the leak valve was manually controlled, the
time necessary to fully open/close the valve is about 2 seconds. For the beam method, a beam of
either 100% O2 or 25% O2/Ar was directed at the Si surface at the surface normal (i.e. incident
angle of 0°). Unlike the leak valve case, the exposure time was more precisely controlled with the
assistance of the computer-controlled beam flag that has a response time of less than 0.01 s. This
variation is negligible when compared to the variance of the flux.
For the AES measurement, the Si and O peaks are measured with the relative sensitivity factor
of 1:10. To improve the signal-to-noise of the low O signal, the lock-in time constant is 3 versus
1 seconds for O and Si, respectively, while, the scan rate for O is 1 eV/s versus 3 eV/s for Si A
relatively high modulation amplitude of 6 eV was used, which slightly over-averaged the Si
transition, but was required to resolve the O signal. The electron current to the sample measured
during the AES measurement was around 23 µA.
Note that the process of measuring the Auger spectrum is found to introduce carbon onto the
surface by electron beam assisted deposition of residual carbon.53,81 Furthermore, some studies
suggested that the electron beam can also assist the oxidation process,86,87 while also
simultaneously stimulating the desorption of O atoms.33,88 Thus, in this study, the duration of
surface exposure to the Auger electron beam is minimized.
After each Auger measurement, the sample is flashed to 1100 K for 10 min to completely
remove O atoms and to restore the surface order. As the C deposition due to the Auger filament
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cannot be effectively removed by flashing, a cleaning cycle of sputtering and annealing was
performed after 3-4 AES measurements.
2.4.2. Mass-Time (MT)
A mass-time (MT) experiment measures the scattered intensity at a fixed scattering angle from
an O2 beam incident on the clean Si(100) surface at a fixed temperature as a function of time. The
incident angle/scattered angle is either 20/50 or 45/45. The differentially pumped mass
spectrometer detected the scattered O2 and O signals. A TPD experiment is performed after each
MT scattering experiment to obtain the O coverage as well as to prepare a clean Si surface for the
next exposure.
Either the proportional-integral-derivative (PID) controller circuit89 or the software PID as
described in the Appendix 1 is used to maintain the Si crystal at a specific temperature as well as
to linearly ramp the temperature for the TPD experiment after each MT.
2.4.3. Time of Flight (TOF)
TOF spectra are used in this study to characterize the velocities and energies of the scattered
particles. The clean Si surface, set at a specific temperature with the PID controller, is exposed to
an O2 beam at varying incident and scattering angles. The TOF spectra are collected over various
intervals of exposure starting from the beginning of each exposure to as long as 5 minutes of
exposure. Thus, the TOF spectrum collected is an average distribution of the scattered particles
over the range of exposure. The longer collection time improves the signal to noise of the TOF
spectrum, but with the tradeoff of averaging signal over a wider exposure range.
The TOF measurement utilizes a pseudo random chopper, with a 50% duty cycle. The rotation
speed is 280 Hz. In order to improve the signal-to-noise ratio, the experiments are repeated, and
the spectra measured over the same range of exposure are averaged. Furthermore, since the
instrument can only detect one mass at a time in a TOF experiment, multiple repetitions are
required to collect the TOF spectra for m/z=16 and 32 over identical exposure ranges.
Similar to MT experiments, a TPD experiment was performed after each exposure.

129

2.4.4. Thermal Programmed Desorption (TPD)
After each MT or TOF measurement, a TPD experiment is performed. The Si crystal is
positioned facing the detector chamber. Then, the crystal temperature is ramped at the rate of 5
K/s up to 1100 K. The temperature is held at 1100 K for at least 5 minutes to completely desorb
oxygen from the surface and restore the Si surface order.
Masses monitored include m/z = 12 (C), 16 (O), 17 (OH), 18 (H2O), 32 (O2), 44 (SiO), 48 (O3),
and 60 (SiO2). However, the only desorption product observed is SiO at m/z=44 at around the
temperature of 800 and 1000 K. Desorption signal at other masses was not observed. This result
is consistent with previous studies.56,90,91

3. Results
The major focus of this study is to observe whether abstraction of an O atom from an O2
molecule is a viable pathway for the reaction between O2 and Si(100). Before the strategies for
determining the existence of atom abstraction from MT and TOF experimental results are
discussed in section 3.2, the O coverage, which is a measure of the extent of the O2 reaction with
Si, is defined in section 3.1. Then, the MT and TOF experimental results are presented in sections
3.3 and 3.4, respectively, along with their interpretation regarding the abstraction process and some
other observations from the scattering experiments.

3.1. Oxygen Coverage
Knowing the O coverage is important because the reactivity of O2 with Si depends on the O
coverage.29,30,92,93 In this study, the oxygen coverage is expressed in the unit of monolayer (ML)
where 1 ML of O coverage is defined as 1 O atom per 1 surface Si atom. This definition is
convenient for calculating the sticking probability, as defined in subsection 3.1.1, and is also
commonly used in the literature.29,31,94,95 Calibration of the O coverage involves several steps.
First, literature values for the O2 exposure (in ML-O) necessary to produce 1 ML-O coverage on
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a Si(100) surface at 250 K are used for an estimation of the O coverage in section 3.1.2. A second
estimation of the coverage is obtained from measurements of the AES intensity ratio of O to Si as
detailed in Appendix 4 and as discussed in section 3.1.3. An estimation of the relative O coverage
from TPD experiments is described in section 3.1.4. A third alternative method for finding the O
coverage involving both the AES intensity ratio measurements and the TPD results is proposed in
section 3.1.5. Finally, in section 3.1.6, the exposures that correspond to 1 ML oxygen coverage
estimated by the different methods are compared, and the rationale for the value chosen for this
study is stated. Additionally, the initial sticking probability obtained in this study is presented and
compared with that from the literature in section 3.1.7.
3.1.1. Sticking Probability and O Coverage
This section defines the sticking probability and develops an expression for the sticking
probability as a function of oxygen coverage. Using the latter expression, the expression for the
oxygen coverage as a function of O2 exposure is ultimately derived.
The sticking probability of a gaseous species, which is the ratio of the number of species that
stick or adsorb to the surface to the total number of those species that are incident on the surface,
is used as a measure of the reactivity of the molecule with the surface. Operationally, the sticking
probability 𝑆 is expressed as the derivative of the O coverage Θ in ML with respect to the number
of O2 molecules incident on the surface measured in units of ML-O, 𝑁𝐸 :
𝑆=

𝑑Θ
𝑑𝑁𝐸

(13)

This definition assumes that the once the oxygen is bound to the surface, none of the oxygen
desorbs before the sticking probability measurement is made. This assumption is an excellent one
for this system.
To derive the expression for the sticking probability 𝑆 and the coverage Θ, consider the
adsorption of gas phase O2 on the Si surface:
O2(g) + d Si(surface) → Sid(O2)
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where d is the number of Si surface atoms in the adsorption site. Note that this expression is in a
generalized form where the d Si atoms can be any distance apart from each other. Adsorption of
an O2 molecule must be on a Si surface site that is unoccupied by oxygen. Thus, assuming that the
probability of trapping an O2 molecule on a vacant Si site is a constant, 𝑆0 , the sticking probability
of oxygen can be expressed by multiplying 𝑆0 by the probability of finding a vacant Si surface site,
𝑃Si :
𝑆 = 𝑆0 𝑃Si 𝑑

(14)

where 𝑃Si is the number of vacant sites divided by the total number of sites. For a reaction where
adsorption ceases at exactly 1 ML coverage, the sum of vacant and occupied sites (surface
coverage) in the unit of ML must be 1. Thus, 𝑃Si is related to the surface coverage Θ by:
(15)

𝑃Si = 1 − Θ

Expression (15) can be modified to account for a continued reaction between O2 and Si(100) where
the Si subsurface absorbs O by defining an effective saturation coverage Θsat :
𝑃Si = 1 −

Θ
Θsat

(16)

Substituting equation (16) into (14) yields the expression for the sticking probability as a
function of surface coverage, Θ:29,30
Θ 𝑑
𝑆(Θ) = 𝑆0 (1 −
)
Θ𝑠𝑎𝑡

(17)

Given this expression, an expression for O coverage as a function of exposure is derived by
substitution of equation (17) into equation (13) and then subsequent integration of the resulting
equation (13). For the case of 𝑑 = 1, the integral yields an exponential functional form:
Θ(𝑁𝐸 ) = Θ𝑠𝑎𝑡 (1 − exp (−

𝑆0 𝑁𝐸
))
Θ𝑠𝑎𝑡

(18)

For 𝑑 > 1, the coverage function can be written as:
1

𝑆0 (𝑑 − 1)𝑁𝐸 1−𝑑
Θ(𝑁𝐸 ) = Θ𝑠𝑎𝑡 (1 − (1 +
) )
Θ𝑠𝑎𝑡
132

(19)

For this study, equation (19) with d = 2 is adopted yielding:

Θ(𝑁𝐸 ) = Θ𝑠𝑎𝑡 (1 −

1
)
𝑆0 𝑁𝐸
(1 + Θ )
𝑠𝑎𝑡

(20)

The use of d = 2 is due to the fact that adsorption of O2 on Si(100) involves 2 Si surface atoms.
That is, the adsorption is dissociative, whereby the bond in O2 is broken simultaneously with the
formation of two O-Si bonds. Although this functional form may not be an accurate depiction of
the mechanism for the reaction of O2 with Si(100), it is a reasonable description of the
experimentally determined O coverage as a function of O2 exposure, as shown in section 3.1.6.
3.1.2. Literature Values for O2 Exposure to Achieve 1 ML Oxygen Coverage
3.1.2.1. Conversion of Coverage Unit from Langmuir to ML-O
There are two methods to introduce O2 to the Si surface: via a molecular beam, or by exposure
to an ambient background of O2 gas, which is the more common method.53,92,93,96 The latter method
measures exposure in units of Langmuirs (L), which is defined as the pressure of gas above the
surface multiplied by the time during which the gas is present above the surface. In contrast,
exposures via the beam method are typically measured in terms of flux (particles m-2 s-1). To
systematize the exposure measurements and hence to be able to compare literature results to
present results, exposures measured in terms of L are converted to flux and in turn, fluxes are
converted to ML-O s-1.
For a given pressure of gas, 𝑃, the flux of molecules, 𝐽, making up that gas and colliding with
a surface is given by:
𝐽 (in particle m−2 s−1 ) =

𝑃
√2𝜋𝑚𝑘𝑏 𝑇

(21)

where 𝑃 is the chamber pressure in Pascal (Pa), 𝑚 is the mass of a particle in kg, 𝑘𝑏 is the
Boltzmann constant, and 𝑇 is the temperature in K.
The total number of particles incident on the surface for a particular exposure time, 𝑁𝐸 , is
equivalent to the flux 𝐽 multiplied by the exposure time 𝑡:
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𝑁𝐸 (in particle m−2 ) = 𝐽(in particle m−2 s−1 ) × 𝑡(in s)

(22)

Substituting equation (21) into equation (22) yields:
𝑁𝐸 (in particle m−2 ) =

𝑃 𝑡 (in Pa s)
√2𝜋𝑚𝑘𝑏 𝑇

(23)

The exposure of 1 L is defined as:
1 L = 1e-6 Torr s
which can also be expressed in the pressure unit of Pa by,
1 L = 1e-6 Torr s ×

1 Pa
1
=
Pa s
7.5006e-3 Torr 7.5006e3

(24)

Substituting equation (24) into equation (23) gives the number of particles colliding with a surface
for 1 L exposure:
𝑁𝐸 (by 1 L) =

1
7.5006e3√2𝜋𝑚𝑘𝑏 𝑇

Substituting the O2 molecular mass, and assuming the gas is at room temperature, 𝑇 = 298.0 𝐾,
yields the flux of O2 molecules that collide with a surface for an exposure of 1 L:
1 L = 3.597e18 moleculeO2 m−2

(25)

Exposure in the unit of L may be expressed in the unit of ML-O, assuming that the O2 exposure
results in the adsorption of two O atoms, in the following manner:
1 ML-O =

6.84e14 atomSi 1 atomO 1 moleculeO2
×
×
= 3.42e14 moleculeO2 cm−2
1 cm2
1 atomSi
2 atomO

(26)

Using (25) and (26), exposure in L is related to the unit of ML-O as:
1 ML-O = 3.42e14 moleculeO2 cm−2 ×

1L
1e4 cm2
×
= 0.951 L (27)
3.597e18 particle m−2
1 m2

This conversion between the unit of L and ML-O in equation (27) is used to convert O2 exposure
given in L, typically used in the background method, to that in the beam exposure method.
3.1.2.2. Previous Studies of O2 Exposure Required for 1 ML Oxygen Coverage
Previous studies suggest that 1 ML O coverage on Si(100) requires around 55-65 L of O2
exposure at a surface temperature of 300 K92–94,97, while a lower exposure of around 20 L is
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required to achieve 1 ML coverage at higher temperatures of 700-800 K.53,56 Since the reaction of
O2 with Si(100) does not cease at a specific O coverage, the approach used in those studies to
identify the exposure required for 1 ML coverage is, first, by establishing the ratio of AES or XPS
spectroscopic signals of O to Si for a known value of O coverage. The known coverage is obtained
by exposing clean Si surface to H2O or N2O where the reaction saturates at 0.5 and 1 ML,
respectively, as established by a LEED pattern of the oxidized surfaces.56,92–94,97 Then, the O2
exposure necessary to produce the calibrated spectroscopic ratio corresponding to 1 ML O
coverage is determined. The reference studies and their exposure and calibration methods at
specific surface temperatures are summarized in Table II-9.

Exposure
Exposure
Calibration
Method
Engel 56
Beam 5 kcal/mol 400 ML-O
XPS with H2O
Engel 29
Beam 5 kcal/mol 100 ML-O
XPS with H2O
Ranke & Xing
Unknown pressure
350
55 L
Auger O with H2O
93,94
of O2 gas
Ibach &
Unknown pressure
Auger O/Si (KLL) with H2O
700
20 L
Wagner 53
of O2 gas
(0.5 ML at 0.48)
Keim & Van
1e-8 to 1e-4 Torr
Auger O/Si (LVV) with N2O
300
65 L
Silfhout92
of O2 gas
(1ML at 15e-3)
Table II-9 Summary from selected studies of O2 exposure required to achieve 1 ML O coverage
along with conditions of Si(100) temperature and exposure methods.
Reference

Surface T
(K)
300
800

As shown in the Table II-9, studies by Engel using a molecular beam method report higher
exposures of roughly 400 ML-O (380 L) to form 1 ML O on the surface at 300 K and around 100
ML-O (95 L) at 800 K. In the present study, higher exposures are also required to achieve 1 ML
coverage using the beam method, but not as high as in the studies by Engel. The difference in
exposures required for 1 ML O coverage between the background and beam methods is discussed
in section 3.1.3.2.
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3.1.3. Attempt to Determine Oxygen Coverage from AES
Previous studies suggest the possibility of determining the O coverage from the AES signal of
oxidized Si relative to that of unoxidized Si. The Si LVV transition for the clean surface occurs at
89 eV, while the Si LVV transition in fully oxidized silicon (SiO2) occurs at 76 eV and that of
partially oxidized Si (SiOx) occurs around 82 eV. The ratio of the intensities of the Si transitions
at 76, 82, and 89 eV indicates the extent of Si oxidation and, hence, the oxygen coverage can be
determined.87,92 Similar studies using the Si KLL transition suggest that SiO2 thicknesses of up to
120 Å can be determined from the AES signals.98 Nevertheless, these studies were performed for
O coverages far greater than that of interest in this study. The sensitivity of the energy shifts to
low O coverage is not high enough to be useful here.
Another approach to finding the O coverage is by using of the ratio of differential AES peakto-peak intensities of O KLL (506 eV) to Si LVV (89 eV) or KLL (1618 eV). The intensity ratio
is used instead of the absolute intensity because the latter is dependent on instrumental conditions.
The O coverage is determined from the AES signal ratio using tabulated Auger cross section and
sensitivity factors as shown in the upcoming section 3.1.3.1 or by referencing to the O2 exposure
required for 1 ML O coverage in section 3.1.3.2.
Among the three AES ratios that can be used to measure the O coverage, O(KLL)/Si(LVV),
O(KLL)/Si(KLL), and Si(oxidize, LVV)/Si(LVV), the first ratio is chosen for the following
analysis because it gives the best signal-to-noise using the instrument in this study.
3.1.3.1. Determination of O Coverage from Auger Cross Sections and Sensitivity Factors
The oxygen coverage Θ is related to the Auger peak-to-peak intensity ratio of
O(KLL)/Si(LVV), 𝐼O/Si, as outlined in Appendix 4, by:
Θ=

1
𝐴𝐴

(28)

𝐼O/Si + 𝐵𝐴
where the constant 𝐴𝐴 , which constitutes experimental cross sections and sensitivity factors for the
Auger transitions, is equal to 0.0305 and 𝐵𝐴 = 0.3351. A plot of the O coverage as a function of
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𝐼O/Si calculated using equation (28) is shown in Figure II-6. These data indicate that 1 ML O
coverage corresponds to a O/Si ratio of 0.046. It is important to note that equation (28) was derived
using an assumption that is applicable up to 1 ML coverage. Thus, values of O coverage beyond 1
ML should be treated as an approximation. Note also the strong non-linearity of the coverage with
𝐼O/Si. A more accurate determination of the O coverage at higher O coverage is discussed in section
3.1.4, where the integrated SiO desorption signal, which is always linearly proportional to O
coverage, Θ, is used as a measure of coverage.

Figure II-7 Plot of O coverage, Θ, as a function of O/Si Auger ratios, 𝐼O/Si, according to equation
(28). Dashed line is a linear function for visual comparison.
3.1.3.2. O/Si Auger Intensity Ratio vs O2 Exposure
The results of the AES experiments where the O/Si Auger intensity ratio is measured for
varying O2 exposures by either background or beam exposure as discussed in section 2.4.1 are
plotted in Figure II-8. The intensity ratio 𝐼O/Si vs the O2 exposure 𝑁𝐸 is fitted with the dissociative
Langmuir function:99
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𝐼O/Si = 𝐾

√𝑁𝐸

(29)

√𝑁𝐸 + √𝑁𝐸,1/2

where 𝐾 is the saturation limit of 𝐼O/Si at the limit of infinite exposure, and 𝑁𝐸,1/2 is the exposure
where 𝐼O/Si is at half of the saturation limit. It is important to note that this functional form,
equation (29), is selected over that of the Langmuir function mainly due to the goodness of fit.
The actual reaction mechanism of the oxidation of Si(100) by O2 does not necessarily follow the
adsorption mechanism from which the function is derived. The fit parameters of equation (29) for
each exposure method are summarized in Table II-10.

Figure II-8 Plots of background subtracted O/Si AES ratio for two methods of exposure:
background (blue points), and beam (orange points) vs O2 exposure of Si(100) at 250 K.
Parameters of fits (solid lines) to equation (29) summarized in Table II-10. Dashed line is 1 ML
estimate from the background exposure of 65 L (see text in section 3.1.3.3).
Parameter Background exposure Beam exposure
(7.8±0.2)e-03
(1.38±0.05)e-02
𝐾
√𝑁𝐸,1/2

3.1±0.2

20±1

Table II-10 Fit parameters of equation (29) to experimental AES data for background and beam
exposures.
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As can be seen in Figure II-8, exposure of the Si crystal using background O2 results in a faster
increase of the 𝐼O/Si ratio compared to exposure using the beam. A possible explanation for the
difference relates to the different areas of the crystal exposed to O2. In the beam method of
exposure, the cross-sectional area of the beam on the crystal is 0.285 cm2, which covers about 16%
of the 1.746 cm2 surface area of the crystal, whereas with background exposure, the entire crystal
surface area is exposed. It is possible that some of the adsorbed oxygen diffuses out of the directly
imaged crystal area and hence, the resulting O coverage as measured by AES is lower.
3.1.3.3. Discrepancy in 𝑰𝐎/𝐒𝐢 : Auger Sensitivity Factors vs Asymptotic Auger Signal as a
Function of O2 Exposure
From reference 92, 1 ML O coverage is obtained by O2 exposure of Si(100) at around 300 K to
roughly 65 L of background O2. The Auger intensity ratio, 𝐼O/Si, at this exposure is 0.00568, as
shown by the dashed line in Figure II-8, for a surface temperature of 250 K. The equivalent beam
exposure necessary to achieve the Auger ratio of 0.00568 is 199 L or 210 ML-O, as obtained by
the numerical inverse of equation (29) with the parameters given in Table II-10.
The value of the Auger intensity ratio, 𝐼O/Si, that corresponds to 1 ML O coverage derived
from the Auger analysis in Appendix 4 and briefly summarized in section 3.1.3.1 is 0.046. This
value, which is based on tabulated Auger sensitivity factors, is three times higher than that of
previous studies (𝐼O/Si = 0.015), such as reference 92, and almost an order of magnitude higher than
that from our measurement of the Auger ratio as a function of O2 exposure shown in Figure II-8.
The exposure value for the onset of asymptotic behavior of the Auger ratio in Figure II-8, which
is expected as the coverage approaches 1 ML, is in reasonable agreement with the literature value
of 65 L. The asymptotic behavior arises from the decrease in the O2 dissociative chemisorption
probability at coverages approaching 1 ML. This correlation between the onset of asymptotic
behavior of the Auger ratio as a function of exposure and the O coverage of 1 ML is also observed
in the studies referenced in Table II-9.
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Hence, little confidence is given to the value of 𝐼O/Si = 0.046 as the ratio corresponding to 1
ML O coverage. The major source of error is likely the sensitivity factor for atomic O. The
tabulated value for the O sensitivity factor100 is obtained from measurements of the O signal
originating from silicon dioxide whose stoichiometry is poorly defined. Hence, the amount of O
sampled by the electron beam is not known accurately.101 More details about the unreliability of
these tabulated sensitivity factors are given in Appendix 4. Nevertheless, an attempt is made in
section 3.1.5 to combine these Auger results with TPD results described in section 3.1.4 to extract
an alternate value for 𝐼O/Si that accurately represents 1 ML O coverage.
3.1.4. Relative O Coverage from TPD
The total amount of desorbed product as measured in a thermal desorption experiment is
linearly correlated with the amount of adsorbed oxygen and hence, the coverage. Thus, a
measurement of thermally desorbed product as a function of O2 exposure is carried out to establish
the relationship between O coverage and O2 exposure.
As found in this and previous studies56,90,91, SiO is the only thermal desorption product from
oxidized silicon. If the total amount of SiO is known, the oxygen coverage can be inferred from it
and the cross-sectional area of the beam on the crystal. The differentially pumped mass
spectrometer is used to detect SiO by monitoring the intensity at m/z=44 as discussed in the
experimental section 2.4.4. Since the signal at m/z=44 has a considerable background contribution
from CO2, which is a major contaminant in a UHV system, this background is subtracted from the
TPD spectra shown in Figure II-9 (a). The procedure for background subtraction is discussed in
section 3.1.2 of chapter 1. Each of these spectra are integrated and the TPD integral, 𝐼TPD , as a
function of exposure is plotted in Figure II-9 (b).
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(a)

(b)

Figure II-9 (a) Signal at m/z=44, measured at the normal angle, as a function of Si surface
temperature with corresponding exposure in the unit of ML-O as indicated in legend. Si(100) at
250 K was exposed to 100% O2 beam produced with 22 Torr stagnation pressure and incident at
20°. (b) TPD integral (in unit of MS count), 𝐼TPD , as a function of exposure (ML-O).
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Similar to the discussion in section 3.1.1 for F coverage in chapter I, the oxygen coverage Θ in
the absolute unit of ML can be determined from its TPD integral, 𝐼TPD (Θ), relative to that at 1 ML
coverage, 𝐼TPD (1 ML):
Θ (in ML) =

𝐼TPD (Θ)
𝐼TPD (1 ML)

(30)

The goal of the analysis of these data in Figure II-9 is to determine the absolute value of
𝐼TPD (1 ML), which is the asymptotic value of the TPD integral, or equivalently, the value of the
integral at high O2 exposure, where the probability of O2 dissociative adsorption decreases
dramatically. This goal is ultimately achieved in section 3.1.6. For the rest of this section, the
relative O coverage in the form of the TPD integral, 𝐼TPD , (in the unit of mass spectrometer counts)
as a function of O2 beam exposure, 𝑁𝐸 , to the surface at 250 K is outlined.
As the first step in achieving this goal, equation (20), which is an expression relating O
coverage, Θ, to exposure 𝑁𝐸 , is rewritten in terms of TPD integrals by substitution of equation
(30) yielding:

𝐼TPD = 𝐼TPD (1 ML) Θ𝑠𝑎𝑡 (1 −

1
)
𝑆 𝑁
(1 + Θ0 𝐸 )
𝑠𝑎𝑡

(31)

The next step is to fit equation (31) to data similar to those in Figure II-9. Doing so will not allow
determination of values for the three parameters (𝑆0 , Θ𝑠𝑎𝑡 , and 𝐼TPD (1 ML)), but will allow two
𝑆

products of the parameters, namely 𝐴 = 𝐼TPD (1 ML) Θ𝑠𝑎𝑡 and 𝐵 = Θ 0 to be determined.
𝑠𝑎𝑡

The TPD data shown in Figure II-9 are one set measured on the same day. To improve the
accuracy of the fitting, multiple data sets of TPD results measured with the same procedure (section
2.4.4) and with nearly the same experimental conditions of O2 kinetic energies in the range of 1.32 kcal/mol (see Table II-6) and incident angles of either 20 or 45 degrees (see section 7.2), are
compiled in one plot of 𝐼TPD as a function of 𝑁𝐸 . However, the use of multiple data sets introduces
the issue of small variations in the absolute number of counts measured by the quadrupole mass
spectrometer from day to day. Nonetheless, the absolute O coverage as a function of O2 exposure
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for all data sets under the same experimental conditions must be identical. To account for these
small variations in detector sensitivity, each data set 𝑖 can be normalized to some data set defined
as the standard by setting equation (30) for set 𝑖 equal to that for the standard set:
𝐼TPD (standard) =

𝐼TPD (1 ML)(standard)
𝐼
(set 𝑖) ≝ 𝑐𝑖 𝐼TPD (set 𝑖)
𝐼TPD (1 ML)(set 𝑖) TPD

(32)

Then, substituting equation (31) for 𝐼TPD (standard) in equation (32) yields:
𝐼TPD(set 𝑖) =

1
1
𝐴 (1 −
)
(1 + 𝐵 𝑁𝐸 )
𝑐𝑖

(33)

To obtain the normalization constant 𝑐𝑖 for each set of experiments and the fit parameters 𝐴
and 𝐵, the following iterative procedure is used on the plot of 𝐼TPD(set 𝑖) as a function of 𝑁𝐸 :
1. Initial guesses of parameter 𝐴 and 𝐵 in equation (33) are obtained by fitting the equation to
one data set using a least-square fitting algorithm assuming 𝑐𝑖 for that set is 1.
2. The normalization constant 𝑐𝑖 for each data set is found by fitting equation (33) to the data set
𝑖, treating the parameters 𝐴 and 𝐵 obtained from the previous step as constants.
3. To get better estimations of 𝐴 and 𝐵, equation (31) is fit to all the normalized TPD integrals
𝐼TPD(normalized) defined by equation (32) with their respective normalization constant 𝑐𝑖
obtained in step 2.
4. A reduced 𝜒 2 for the fitting in step 3 is calculated. Go back to step 2 until the reduced 𝜒 2 has
converged.
5. Extract the final fit parameters 𝐴 and 𝐵.
The fit parameters for equation (31) obtained from this iterative procedure are summarized in
Table II-11. Figure II-10 (a) shows the normalized data sets along with the fit where both are
obtained from the iterative procedure. Figure II-10 (b) shows the reduced 𝜒 2 of the overall fit to
all data sets after each iteration, demonstrating the convergence in step 4.
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(a)

(b)

Figure II-10 (a) Normalized TPD integrals of SiO product (points) from multiple data sets as a
function of O2 exposure to Si(100) at 250 K along with best fit of equation (31) (solid line) after
30 iterations of procedure described in text. O2 exposure conditions given in section 7.2 for each
set indicated in legend. (b) Reduced 𝜒 2 of overall fit to all data as a function of iteration.

𝑆0
Θ𝑠𝑎𝑡
Value
(1.35±0.03)e+05
0.100±0.008
Table II-11 Parameters for fit of equation (31) to multiple sets of TPD data shown in Figure II-9
(a) using iterative procedure described in text.
Parameter 𝐴 = 𝐼TPD (1 ML) Θ𝑠𝑎𝑡
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𝐵=

3.1.5. Attempt to Obtain 𝑰𝐎/𝐒𝐢 and 𝑰𝐓𝐏𝐃 (𝟏 𝐌𝐋) from Correlating AES and TPD Data
So far, the only viable method to establish the O2 exposure necessary to achieve 1 ML O
coverage is the approach discussed in section 3.1.3.3. The AES method in section 3.1.3.1, which
was based on finding the value of 𝐼O/Si that accurately represents 1 ML O coverage, and hence the
O2 exposure necessary to achieve 1 ML O coverage, was not successful. In this section, another
alternative approach to establishing the absolute O coverage by combining the AES and TPD
results is proposed.
Consider equation (28), which is an expression for O coverage as a function of the ratio of the
oxygen to Si Auger intensity, 𝐼O/Si, and equation (30), which is an expression for the oxygen
coverage in terms of the integrated Si-O thermal desorption signal, 𝐼TPD . At a given value of 𝑁𝐸 ,
the O coverage must be equal. Therefore, equating the two equations yields an expression for the
integrated thermal desorption signal as a function of 𝐼O/Si at a given 𝑁𝐸 :
𝐼TPD (𝑁𝐸 ) =

𝐼TPD (1 ML)
𝐴𝐴
+ 𝐵𝐴
𝐼O/Si (𝑁𝐸 )

(34)

Note that both 𝐼O/Si and 𝐼TPD can be written as a function of coverage, Θ, as shown in equations
(28) and (30) or equivalently as a function of O2 exposure, 𝑁𝐸 .
The values of 𝐼O/Si (𝑁𝐸 ) and 𝐼TPD (𝑁𝐸 ) in equation (34) can be obtained experimentally for
each exposure 𝑁𝐸 by performing an Auger measurement followed by a TPD experiment. However,
there are insufficient data points from such concerted experiments, because a leak in the detection
chamber cryostat prevented additional experiments. Therefore, 𝐼TPD (𝑁𝐸 ) is calculated using
equation (31) and the fit parameters in Table II-11 at the O2 exposure at which each measurement
of 𝐼O/Si (𝑁𝐸 ) was made. A plot of 𝐼TPD (𝑁𝐸 ) as function of 𝐼O/Si (𝑁𝐸 ) is shown in Figure II-11.
With the pairs of corresponding values 𝐼O/Si and 𝐼TPD known, three unknowns remain in
equation (34): 𝐼TPD (1 ML), 𝐴𝐴 , and 𝐵𝐴 . However, 𝐼TPD (1 ML) is multiplicative with both AES
parameters 𝐴𝐴 and 𝐵𝐴 and thus, the fitting of equation (34) to the experimental data of 𝐼O/Si and
𝐼TPD can only resolve two of the three parameters. Thus, one of the three parameters has to be
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found by another approach. Since the purpose of this fitting procedure is to find the normalization
exposure 𝐼TPD (1 ML), it is left as an unknown. Therefore, the value of either 𝐴𝐴 or 𝐵𝐴 has to be
given by the values shown in equation (28). Out of the two parameters, 𝐵𝐴 is chosen to have the
constant value of 0.3351 shown in equation (28) because 𝐴𝐴 is the parameter that relies on the
reference sensitivity factor, which is the reason for the failure of the Auger method as discussed in
section 3.1.3 and in Appendix 4. With 𝐵𝐴 fixed, the two unknowns 𝐼TPD (1 ML) and 𝐴𝐴 can be
found by fitting equation (34) to the data in Figure II-11. The fit parameters are summarized in
Table II-12.

Figure II-11 Plot of TPD integral, 𝐼TPD , calculated as described in text vs AES intensity ratio (solid
points) and fit (solid line) according to equation (34). Values of 𝐼O/Si obtained experimentally for
exposure of Si at 250 K to 100% O2 beam with 100 Torr stagnation pressure and 0° incidence.

Parameter

𝐵𝐴 from
equation (28)

𝐼TPD (1 ML)

𝐴𝐴

0.3351
Value
(6.7±0.2)e+04 (1.12±0.08)e-03
Table II-12 Fit parameters for equation (34) to multiple sets of AES data shown in Figure II-11.
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With the value of 𝐼TPD (1 ML) known, the O2 exposure required to achieved 1 ML is calculated
by finding the numerical inverse of equation (31). Similarly, the AES intensity ratio at 1 ML O
coverage is estimated by calculating the numerical inverse of equation (28) with the new value of
𝐴𝐴 in Table II-12. As summarized in Table II-13, the values for 𝐼TPD (1 ML) and the O2 exposure
are both significantly lower compared with other methods, most likely due to the large
uncertainties in the AES intensity ratios as illustrated by the error bars in Figure II-11.

Method

Section

Values at 1 ML coverage
AES ratio 𝑰𝐎/𝐒𝐢 O2 beam exposure (ML-O)

Reference from
3.1.3.3
0.00568
210
literature exposures
AES calculation
3.1.3.1
0.046
AES and TPD fitting 3.1.5
0.0017±0.0001
10
Table II-13 Summary of AES intensity ratio 𝐼O/Si and O2 exposure to reach 1 ML coverage at 250
K obtained by various methods.
3.1.6. Establishing 1 ML Coverage for This Study
As can be seen in Table II-13, the AES method in section 3.1.3.1 greatly overestimates the
Auger ratio corresponding to 1 ML O coverage. The attempt to improve the estimation by
determining 𝐴𝐴 from correlating the TPD with the Auger data in section 3.1.5 was also
unsuccessful. Therefore, the most reliable approach to define the O2 exposure necessary to achieve
1 ML O coverage, which is adopted in the following analysis, is the method of referencing the
literature exposure as discussed in section 3.1.3.3.
An observation that potentially supports the value of 210 ML-O for the O2 exposure necessary
to reach 1 ML O coverage is the deviation of the TPD integral data from the fitted curve of equation
(31) at the exposure of around 200 ML-O, as can be seen in Figure II-10 (a). The rationalization
for this observation is that while equation (31) is derived under the assumption that the reaction
ceases at the saturation coverage, Θsat , which is 1 ML, the reaction of O2 with Si surface is known
to proceed beyond 1 ML.
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With the O2 exposure required to reach the 1 ML oxygen coverage estimated to be 210 ML-O
according to section 3.1.3.3, equation (20) is adopted to relate the O2 exposure, 𝑁𝐸 , to the absolute
O coverage, Θ, in ML. The saturation coverage, Θsat , and the initial sticking probability, 𝑆0 , in
equation (20) are calculated from the fitted parameters 𝐴 and 𝐵 resulting from the iterative analysis
of the TPD data described in section 3.1.4. To do so, the value of 𝑁𝐸 = 210 ML-O exposure
required for 1 ML O coverage, along with the values of 𝐴 and 𝐵 from Table II-11, are first
substituted into equation (31) to yield the value of 𝐼TPD (1 ML) as shown in equation (35):
𝐼TPD (1 ML) = 𝐴 (1 −

1
)
(1 + 𝐵 210)

(35)

With the values of 𝐼TPD (1 ML) and of 𝐴 and 𝐵 in equation (31) along with their definitions, Θsat
and 𝑆0 are calculated. The values for the three parameters are summarized in Table II-14.

Parameters
𝐼TPD (1 ML)
Θsat
𝑆0
Value
(1.29±0.03)e+05 1.047±0.004 0.105±0.008
Table II-14 Values of Θsat and 𝑆0 used in this study to find O coverage from O2 exposure at 250
K according to equation (20).
3.1.7. Discrepancy of Initial Sticking Probabilities Among Various Studies
The sticking probability as a function of exposure, 𝑆(𝑁𝐸 ), can be obtained by taking the
derivative of the coverage, Θ, defined by equation (20) with respect to the exposure, 𝑁𝐸 :
𝑆(𝑁𝐸 ) = 𝑆0

1
𝑆 𝑁 2
(1 + Θ0 𝐸 )
𝑠𝑎𝑡

(36)

While not immediately relevant to the main focus of the study, which is the observation of the
potential atom abstraction process, the initial sticking probability, 𝑆0 , is calculated for the purpose
of comparing it with previous values. As can be seen in the right most column of Table II-15, the
values 𝑆0 obtained in this study for the functional forms frequently used in the literature, 𝑑 = 1 and
2, (equations (18) and (20)), are 0.083 and 0.105 respectively. The O coverage resulting from
dissociative chemisorption of O2 on Si(100) is better described by equation (20) with 𝑑 = 2 rather
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than equation (18) with 𝑑 = 1, as also reflected by the lower reduced 𝜒 2 in Table II-15. However,
the analysis for 𝑑 = 1 was performed for the purpose of comparing its 𝑆0 with literature values as
well as to highlight the fact that the 𝑑 = 2 more accurately describes the reaction of O2 with Si.

𝑺𝟎 with 1 ML O
at 210 ML-O
1
5.2
0.083±0.006
2
3.2
0.105±0.008
Table II-15 Summary of initial sticking probabilities using iterative procedures described in
section 3.1.4 on equations (18) and (20) for 𝑑 = 1 and 2, respectively, followed by method
discussed in section 3.1.6 to determine that 1 ML O coverage corresponds to 210 ML-O of O2
beam exposure. Reduced 𝜒 2 determined by converged value.
𝒅 Reduced 𝝌𝟐

Values of 𝑆0 measured in other studies for the reaction of O2 with Si(100) at room temperature
range widely between 0.01-0.12 as summarized in Table II-16. These differences, as well as the
difference in the value of 𝑆0 obtained in this study, might be attributable to the different or slightly
different Si surface temperatures and to different kinetic energies of the incident O2 particles, as
well as the various methods used for determining 𝑆0 .
The experiments in this study were carried out at a Si surface temperature of 250 K and with
O2 beams with incident kinetic energies of 1.3-2 kcal/mol, which is a surface temperature that is
slightly lower and beam energies that are slightly higher than most temperatures and beam energies
of previous studies. The value for 𝑆0 determined in this study, 0.105, is somewhat consistent with
the values obtained using beam methods by Behringer30 and Ferguson 32 listed in Table II-16. It is
difficult to compare the present value to that obtained by Engel56 because of the difference in beam
energies. Multiple non-molecular-beam studies are cited in the Table II-16, but comparing those
𝑆0 values, which range from 0.01 to 0.09 for surface temperatures between 200 – 300 K, to the
one from this molecular beam study is also not straightforward because the kinetic energy of the
incident O2 is not known and its distribution is likely to be very broad.
In addition to the physical parameters, the methods of determining 𝑆0 can affects its value.
First, 𝑆0 is dependent on the functional form of the sticking probability used. This point is
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illustrated by 𝑆0 obtained in this study as shown in Table II-15 where the values differ depending
on the order 𝑑 of equation (19) used to fit the data of TPD integral as a function of O2 exposure.
Secondly, rather than using the TPD integral which is linearly correlated with the O coverage,
multiple studies use spectroscopic techniques to determine the coverage. As shown by equation
(28), the relationship between O coverage and AES intensity is non-linear. This non-linearity can
affect the determination of 𝑆0 , which is the differential of O coverage with respect to O2 exposure.
Another experimental approach to determine 𝑆0 is the King and Wells (K&W) method102. The use
of this method without extrapolation to zero exposure can underestimate 𝑆0 because this method,
as commonly employed, averages the sticking probabilities over a finite data collection period,
including longer exposures where the sticking probability is much smaller. To improve the data
analysis of 𝑆0 , some studies fit the K&W data to the sticking probability function that is the
derivative of equation (18) or (20), as shown in Table II-16. To summarize, the combination of
variation in the physical conditions coupled with differing analytical approaches is likely the
reason for the large variation of 𝑆0 from different laboratories.

Reference

Surface T
(K)

Engel 56

300

Keim & Van
Silfhout92
Hagstrum103

Exposure
method
Beam
5 kcal/mol

300

Background

RT

Behringer30

300

Ferguson32

200
300

Background
Beam
1.2 kcal/mol
Beam
1.15 kcal/mol

300

Background

Schiler and
Farnsworth104

Method for determining 𝑺𝟎
Eq (19) unspecified 𝑑 from
O coverage by XPS
Unspecified function from O
coverage by AES
King and Wells

𝑺𝟎
0.02
0.09±0.01
0.01

King and Wells with Eq (18)

0.05

King and Wells with
unspecified function

0.08±0.03
0.05±0.03

King and Wells with Eq (20)

0.04

350
Unspecified function from O
0.18
Background
670
coverage by AES
0.12
Table II-16 Literature values of initial sticking probabilities for reaction of O2 on Si(100) at
indicated surface temperature, exposure method and incident O2 energy (for beam exposure only)
along with functional form used to determine 𝑆0 .
Ranke & Xing 93,94
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3.2. Detection of Scattered Particles from Reaction of O2 with Si(100)
The multiple interactions between O2 and Si(100) are classified into the following reaction
channels as unreactive scattering, atom abstraction, and two-atom reaction. The unreactive channel
is where O2 reflects from the surface intact. Atom abstraction is the process where one of the O
atoms in an O2 molecule is adsorbed on the surface while the complementary atom is scattered
away from the surface. Finally, two-atom reaction is where both O atoms of an O2 molecule adsorb
on the Si surface. While the mechanism for the two-atom reaction is most likely dissociative
adsorption, the experiments in this study do not distinguish between it and atom abstraction
followed by adsorption of the complementary O atom in a two-step process. The probabilities of
these three channels depend on the oxygen coverage and thus, on the exposure, 𝑁𝐸 , and must sum
to unity:
1 = 𝑝0 (𝑁𝐸 ) + 𝑝1 (𝑁𝐸 ) + 𝑝2 (𝑁𝐸 )

(37)

where the subscripts 0, 1, and 2 represent the number of O atoms in an O2 molecule reacting with
the surface for the three reaction channels. The probabilities 𝑝0 and 𝑝1 can be related to the incident
O2 flux, 𝐼O2 (beam) , the scattered O2 flux, 𝐼O2 (scattered) , and the scattered O flux, 𝐼O(scattered) , as
follows:
𝑝0 (𝑁𝐸 ) =

𝐼O2 (scattered) (𝑁𝐸 )
𝐼O2 (beam)

(38)

𝑝1 (𝑁𝐸 ) =

𝐼O(scattered) (𝑁𝐸 )
𝐼O2 (beam)

(39)

Note that equations (38) and (39) are written under the assumption that the time scale of the
scattering processes is much shorter than that of the measurement such that the detected
𝐼O2 (scattered) and 𝐼O(scattered) at exposure 𝑁𝐸 can be correlated with the probabilities. The
probabilities can also be related to the sticking probability, equation (36), by:
1
𝑆(𝑁𝐸 ) = 𝑝1 (𝑁𝐸 ) + 𝑝2 (𝑁𝐸 )
2
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(40)

where the factor of 1/2 is included because the 𝑆 is defined per O atom in the O2 molecule while
𝑝1 and 𝑝2 are defined per O2 molecule. The value of 𝑝2 can be determined using equation (37) and
the experimentally determined 𝑝0 and 𝑝1, or via equation (40) with the value of the sticking
probability given in section 3.1.7 and 𝑝1.
The main objective of this study is to explore the existence of the atom abstraction process.
The straightforward approach is to detect O atoms mass spectroscopically as they are scattered
from the surface while an O2 beam is incident on Si(100). In this experiment, the detection is angleresolved, so only a small solid angle of scattered particles is detected in a single measurement. The
total flux of the scattered particles, 𝐼(scattered) , equals the flux entering the detector at the in-plane
scattering angle 𝛼 and out-of-plane scattering 𝜙, 𝐹(𝛼, 𝜙; 𝑁𝐸 , 𝑣), integrated over the two angles as
well as over the velocities of the scattered particles, 𝑣:
𝜋

𝜋

∞

𝐼(scattered) (𝑁𝐸 ) = ∫ sin 𝛼 𝑑𝛼 ∫ 𝑑𝜙 ∫ 𝑑𝑣 𝐹(𝛼, 𝜙; 𝑁𝐸 , 𝑣)
0

0

(41)

0

While the total O scattered flux, 𝐼O(scattered) , is required to determine the abstraction probability,
𝑝1, the detection of scattered O atom flux at one solid angle, 𝐹O (𝛼, 𝜙), is adequate for the purpose
of identifying the existence of gas phase O atoms resulting from atom abstraction.
3.2.1. Flux of Scattered Particles at m/z=16
The flux of O atoms entering the detector, 𝐹O , corresponds to the mass spectrometer signal at
m/z=16, 𝐶16 , by:81
𝐶16(from O) (𝑁𝐸 , 𝑣) =

𝐼𝑒 − 𝑑𝑒 − 𝜎O→O+ 𝑇16
𝐹O (𝑁𝐸 , 𝑣)
𝑣

(42)

where 𝑣 is the velocity of the neutral O atoms, 𝐼𝑒 − is the current density of the ionizing electrons,
𝑑𝑒 − is the length of the ionization region, 𝜎O→O+ is the ionization cross-section for the formation
of O+ ion from O, and 𝑇16 is the transmissivity of the ion with m/z=16 through the quadrupole.
The complication in the detection of 𝐹O arises as a result of use of the mass spectrometry
technique that requires ionization of the neutral species for mass selection and finally detection.
Unreacted O2 also scatters from the surface and enters the ionizer of the mass spectrometer, where
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dissociative ionization of O2 to produce O+ occurs, and to a much lesser extent, double ionization
of O2 to produce signal at m/z=16. Thus, the detected mass spectrometer signal at m/z=16 of the
scattered particles, 𝐶16 , consists of the contribution from unreacted O2 with the flux, 𝐹O2 (𝑁𝐸 ), in
addition to the contribution from O atoms defined in equation (42):
𝐶16 (𝑁𝐸 , 𝑣) = 𝐶16(from O) (𝑁𝐸 , 𝑣) + 𝐶16(from O2) (𝑁𝐸 , 𝑣)

(43)

with
𝐶16(from O2) (𝑁𝐸 , 𝑣) =

𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →O+ 𝑇16
𝑣

𝐹O2 (𝑁𝐸 , 𝑣)

(44)

where 𝜎O2 →O+ is the dissociative ionization cross section for O2 to form the ion with m/z=16, and
𝑣 is the velocity of the scattered O2 particles.
3.2.2. Flux of Scattered Particles at m/z=32
From equation (43), 𝐹O can be obtained from 𝐶16 only if 𝐹O2 is known. Fortunately, the major
ionization product of unreacted O2 is O2+ at m/z=32, and O2 is the only scattered product that
contributes to m/z=32. Thus, 𝐹O2 can be inferred from the mass spectrometer signal at m/z=32 of
the scattered particles, 𝐶32 , in a similar manner to equation (42):
𝐶32 (𝑁𝐸 , 𝑣) =

𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →O+2 𝑇32
𝑣

𝐹O2 (𝑁𝐸 , 𝑣)

(45)

3.2.3. Detecting Contribution of O Atoms to Signal at m/z=16
The existence of the scattered O atoms resulting from abstraction can be confirmed if
𝐶16(from O) is greater than zero. 𝐶16(from O) (𝑁𝐸 ) is determined by substituting 𝐹O2 (which is related
to the mass spectrometer signal, 𝐶32 , (equation (45)) into equation (44) and that result into
equation (43) to yield:
𝐶16(from O) (𝑁𝐸 , 𝑣) = 𝐶16 (𝑁𝐸 , 𝑣) − 𝜎16,32 𝐶32 (𝑁𝐸 , 𝑣)
where
𝜎16,32 ≝

𝜎O2 →O+ 𝑇16
𝜎O2 →O+2 𝑇32
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(46)

While the ionization cross sections for O2 and O are well-known, tabulated values, the transmission
factors, 𝑇, are specific to each instrument and its settings. Thus, for this study, the ratio, 𝜎16,32,
and not the individual factors, is determined from experimentally measured values.
3.2.4. Determination of 𝝈𝟏𝟔,𝟑𝟐
The value of 𝜎16,32 is obtained through experiments under the condition where O2 is the sole
source of signal at m/z=16, such as in the incident O2 beam. First, the mass spectrometer signal
for O2 in the incident beam at m/z=𝑥 (where 𝑥 = 16 or 32), 𝐶𝑥 , is given by an expression similar
to equation (45):
𝐶𝑥(from O2) (𝑣) =

𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →𝑥 + 𝑇𝑥
𝐹O2 (𝑣)
𝑣

(47)

The flux of O2 as a function of velocity, 𝐹O2 (𝑣), in a supersonic beam is given by a MaxwellBoltzmann (MB) distribution:
𝐹O2 (𝑣) = 𝑏 𝑣 3 exp [−

𝑚
2
(𝑣 − 𝑣𝑓 ) ]
2𝑘𝑏 𝑇

(48)

where 𝑏 is the proportionality constant to adjust for the amplitude of the function, 𝑚 is the mass
of the neutral species (in this case O2), 𝑘𝑏 is the Boltzmann constant, 𝑇 is the beam translational
temperature, and 𝑣𝑓 is the characteristic velocity. Substituting the flux definition from equation
(48) into (47) yields:
𝐶𝑥(from O2 ) (𝑣) = 𝐵𝑥 𝑣 2 exp [−

𝑚
2
(𝑣 − 𝑣𝑓 ) ]
2𝑘𝑏 𝑇

(49)

where
𝐵𝑥 = 𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →𝑥 + 𝑇𝑥 𝑏
𝐵𝑥 is one parameter in the MB distribution that is obtained by fitting equation (49) to the TOF
spectrum of the O2 beam at m/z=16 and 32 as discussed in section 2.2.
The expression for 𝜎16,32 is obtained by taking the ratio of mass spectrometer signal defined
by equation (47) of m/z=16 to 32:
𝜎16,32 =

𝐶16(from O2 ) (𝑣)
𝐶32(from O2) (𝑣)
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(50)

Then, substitution of equation (49) into (50) yields:
𝜎16,32 =

𝐵16
𝐵32

(51)

Note that since the mass spectrometer signals at m/z=16 and 32 for an O2 beam have the same
origin of neutral O2 molecules, the velocity distributions cancel in equation (51) yielding the ratio
of proportionality constants, 𝐵. The values of 𝜎16,32 obtained according to equation (51) are
summarized in Table II-17 for supersonic beams of 100% O2 at the given stagnation pressures.

𝝈𝟏𝟔,𝟑𝟐
Pstag (Torr)
22
0.08±0.01
100% O2
100
0.08±0.01
500
0.09±0.02
Table II-17 Value of 𝜎16,32, as defined by equation (51), obtained from 100% O2 beams produced
with various stagnation pressures.
Beam

However, the values of 𝜎16,32 obtained from the incident beam flux measurement can be
different from that of a scattering experiment due to different ionizer settings of the mass
spectrometer that lead to changes in the transmission factor, 𝑇. Therefore, the scattered signal at
long O2 exposure, where the scattering is effectively non-reactive such that the signal at m/z=16
comes solely from O2 dissociative ionization, can be used in place of the incident beam flux as
shown in equation (52):
𝜎16,32 =

𝐶16(scattered) (𝑁𝐸 → ∞, 𝑣)
𝐶32(scattered) (𝑁𝐸 → ∞, 𝑣)

(52)

3.3. MT - Observing O2 Scattering
In this section, the atom abstraction mechanism is explored by attempting to detect the
scattered O atoms resulting from the reaction of an O2 beam with Si(100) in Mass-Time (MT)
experiments that monitor the mass spectrometer signals as function of exposure time. The signal
collected at m/z=𝑥 in an MT experiment is in the form of mass spectrometer counts, 𝑄𝑥 , which is
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the accumulation of the count rate, 𝐶𝑥 (equation (42)), over a time period called the dwell time,
𝛿𝑡. Because the collection of the mass spectrometer signal does not distinguish the velocity of the
neutral particles, 𝑄𝑥 is the integral over the velocity:
𝑁𝐸 +𝛿𝑁𝐸

𝑄𝑥 (𝑁𝐸 ) = ∫

∞

𝑑𝑁𝐸′ ∫ 𝑑𝑣 𝐶𝑥 (𝑁𝐸′ , 𝑣)

𝑁𝐸

(53)

0

where
𝛿𝑁𝐸 = 𝐼beam 𝛿𝑡
For the purpose of comparing the signals at m/z=16 and 32, multiple m/z are measured almost
simultaneously during each exposure. The measurement is almost simultaneous because the mass
spectrometer cannot measure multiple masses at exactly the same time. For example, the signal,
𝑄𝑥 , is measured at 𝑥=16 for 0.1 s, then at 𝑥=18 for 0.1 s and finally at 𝑥=32 for 0.1 s, and then this
sequence is repeated, as shown in Figure II-12. As can be seen, the signal at each m/z is measured
only for 1/3 of the 0.3 s exposure period of one loop, so the signals are not collected at exactly the
same exposure range.

Data collection
First loop
2nd loop
…
Dwell time (s)
0.1 0.1 0.1 0.1 0.1 0.1
m/z monitored
16 18 32 16 18 32
Exposure time (s) 0.1 0.2 0.3 0.4 0.5 0.6
Figure II-12 Visualization of sequential data collection per unit dwell time for MT measurement
at three m/z (16, 18, and 32) during exposure to O2.
Detection of the scattered O atom signal should have been relatively straightforward, by
applying the MT signal definition, equation (53), to equation (46):
𝑄16(from O) (𝑁𝐸 ) = 𝑄16 (𝑁𝐸 ) − 𝜎16,32 𝑄32 (𝑁𝐸 )

(54)

if not for this slight difference in exposure range over which the signals at m/z=16 and 32 are
measured. The shift could result in the 𝑄16(from O) signal defined by equation (54) being greater
than 𝜎16,32 at low exposure despite the absence of O atoms from abstraction. This issue is
exacerbated by the low reaction probability of O2 with Si since it results in a large proportion of
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unreactively scattered O2 that overwhelms the signal at m/z=16, making it difficult to distinguish
the signal corresponding to scattered O atoms from a measurement artifact amid the background
signal. Thus, to enhance the chance of detecting the contribution of O atoms to the MT signal,
model expressions for the MT signals for both m/z=16 and 32 are derived in section 3.3.1, and are
fit to the experimental data.
3.3.1. Model Expression for the MT Signals
An alternative expression to equation (54) for identifying scattered O atoms can be obtained
by dividing equation (54) with 𝑄32 and rearranging the result to yield:
𝑄16 (𝑁𝐸 ) 𝑄16(from O) (𝑁𝐸 )
=
+ 𝜎16,32
𝑄32 (𝑁𝐸 )
𝑄32 (𝑁𝐸 )

(55)

From equation (55), if scattered O atoms exist, 𝑄16(from O) will be greater than zero and the ratio
𝑄16 /𝑄32 will be greater than 𝜎16,32 . The use of equation (55) is advantageous to equation (54)
because there is no need to determine 𝜎16,32 prior to the calculation of the ratio 𝑄16 /𝑄32 since the
𝜎16,32 can be obtained from the ratio 𝑄16 /𝑄32 at long exposure as discussed in the definition of
equation (52).
With the shift in the exposure at m/z=16 from that at m/z=32 by 𝛿𝑁𝐸 as discussed, the closest
expression to equation (55) that can be obtained using the MT experimental data is the ratio 𝑄16:32:
𝑄16:32 (𝑁𝐸 ) =

𝑄16 (𝑁𝐸 + 𝛿𝑁𝐸 )
𝑄32 (𝑁𝐸 )

(56)

To derive the expression for the MT signal ratio defined by equation (56) appropriate for fitting
to the experimental data, it is necessary to relate the expression for the mass spectrometer signals
of scattered particles at m/z=16 and 32 (𝑄16 and 𝑄32 ) to the probabilities for scattering channels
and the sticking probability defined in section 3.2. The next section does so.
3.3.1.1. Expression for MT Signal at m/z=32
The expression for the MT signal at m/z=32 is equation (53) with the expression for 𝐶32 from
equation (45) substituted in:
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𝑁𝐸 +𝛿𝑁𝐸

𝑄32 (𝑁𝐸 ) = 𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →O+2 𝑇32 ∫

∞

𝑑𝑁𝐸′

∫ 𝑑𝑣

𝑁𝐸

0

1
𝐹 (𝛼, 𝜙; 𝑁𝐸′ , 𝑣)
𝑣 O2

(57)

To relate equation (57) to the probability of unreactive scattering, 𝑝0 , consider the relationship
between the detected flux and the total scattered flux according to equation (41) for the case of
unreacted O2. Equation (41) is different from equation (57) in two aspects: First, the total flux
expression, equation (41), is the integral over two scattering angles, while the MT signal in
equation (57) is the signal at one solid angle defined by 𝛼 and 𝜙. Second, there is an extra 1/𝑣
factor in the velocity integral of equation (57) due to the fact that the MT signal is a density
measurement rather than a flux measurement. Therefore, to relate the two equations, the angular
distribution and velocity distribution of the scattered particles are assumed to be independent of
the oxygen coverage and hence exposure such that the scattered flux, 𝐹O2 (𝛼, 𝜙; 𝑁𝐸 , 𝑣), can be
partitioned into three functions: Φ, f, and Λ that depend only on angles, exposure, and velocity,
respectively. Applying the assumption to equation (41) for the case of unreacted O2 yields:
𝜋

𝜋

∞

𝐼O2 (scattered) (𝑁𝐸 ) = ∫ sin 𝛼 𝑑𝛼 ∫ 𝑑𝜙 ∫ 𝑑𝑣 ΦO2 (𝛼, 𝜙)𝑓O2 (𝑁𝐸 )Λ O2 (𝑣)
0

0

(58)

0

The integrals of the two angles and the velocity can be performed separately in equation (58)
resulting in:
𝐼O2 (scattered) (𝑁𝐸 ) = Φ0,O2 Λ0,O2 𝑓O2 (𝑁𝐸 )

(59)

where
𝜋

𝜋

Φ0,O2 = ∫ sin 𝛼 𝑑𝛼 ∫ 𝑑𝜙 ΦO2 (𝛼, 𝜙)
0

0

and
∞

Λ 0,O2 = ∫ 𝑑𝑣 Λ(𝑣)
0

𝐹O2 (𝛼, 𝜙; 𝑁𝐸′ , 𝑣) in equation (53) can be partitioned in a similar manner to that shown in
equation (58) giving:
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𝑁𝐸 +𝛿𝑁𝐸

𝑄32 (𝑁𝐸 ) = 𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →O+2 𝑇32 ΦO2 (𝛼, 𝜙)𝜆0,O2 ∫

𝑁𝐸

𝑑𝑁𝐸′ 𝑓O2 (𝑁𝐸′ )

(60)

where the velocity integral is
∞

𝜆0,O2 = ∫ 𝑑𝑣
0

1
Λ (𝑣)
𝑣 O2

Now, the expression relating 𝑄32 to 𝑝0 is obtained by substituting 𝐼O2 (scattered) from equation (59)
into equation (38). The result is rearranged to solve for 𝑓O2 , which is then substituted into equation
(60) to yield:
𝑁𝐸 +𝛿𝑁𝐸

𝑄32 (𝑁𝐸 ) = γ32 ∫

𝑑𝑁𝐸′ 𝑝0 (𝑁𝐸′ )

(61)

𝑁𝐸

where
γ32 = 𝐼𝑒 − 𝑑𝑒 − 𝜎O2 →O+2 𝑇32 ΦO2 (𝛼, 𝜙)𝜆0,O2

𝐼O2 (beam)
Φ0,O2 Λ0,O2

The next step is to find the expression for 𝑝0 . First, 𝑝0 is related to the sticking probability, 𝑆,
and the probability of two-atom adsorption, 𝑝2 , by substituting 𝑝1from equation (40) into (37):
𝑝0 = 1 − 2𝑆 + 𝑝2

(62)

The form of 𝑝2 is not known. However, for the purpose of deriving the expression for the MT
signal, 𝑝2 as a function of surface coverage, Θ, is assumed to have the form of the modified
Langmuir function, equation (17):
Θ 𝑑
𝑝2 (Θ) = 𝑝2,0 (1 −
)
Θ𝑠𝑎𝑡

(63)

where 𝑝2,0 is the probability of two-atom adsorption at zero coverage, Θ𝑠𝑎𝑡 is the saturation
coverage taken from the sticking probability, and 𝑑 ≥ 2 is the order of the function. Substitution
of the expression for coverage as a function of exposure, equation (20), into equation (63) yields
the expression for 𝑝2 as a function of exposure:
𝑝2 (𝑁𝐸 ) = 𝑝2,0

1
𝑆 𝑁 𝑑
(1 + Θ0 𝐸 )
𝑠𝑎𝑡
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(64)

With 𝑝2 (𝑁𝐸 ) and 𝑆(𝑁𝐸 ) defined by equation (64) and (36) respectively, substitute equation (62)
into (61):
𝑁𝐸 +𝛿𝑁𝐸

𝑄32 (𝑁𝐸 ) = γ32 ∫

𝑑𝑁𝐸′ (1 − 2𝑆(𝑁𝐸′ ) + 𝑝2 (𝑁𝐸′ ))

(65)

𝑁𝐸

and then perform the integrals on 𝑆 and 𝑝2 resulting in the expression for the MT signal at m/z=32
as a function of exposure:
𝑄32 (𝑁𝐸 ) = γ32 [𝛿𝑁𝐸 − 2𝛿Θ(𝑁𝐸 ) + 𝛿Θ2 (𝑁𝐸 )]

(66)

where
𝛿Θ(𝑁𝐸 ) = Θ(𝑁𝐸 + 𝛿𝑁𝐸 ) − Θ(𝑁𝐸 )
𝛿Θ2 (𝑁𝐸 ) = Θ2 (𝑁𝐸 + 𝛿𝑁𝐸 ) − Θ2 (𝑁𝐸 )
Θ(𝑁𝐸 ) is the total coverage defined by equation (20) and
𝑁𝐸

Θ2 (𝑁𝐸 ) = ∫ 𝑑𝑁𝐸′ 𝑝2 (𝑁𝐸′ ) =
0

𝑝2,0 Θ𝑠𝑎𝑡
𝑆0 𝑁𝐸 1−𝑑
(1 +
)
𝑆0 (1 − 𝑑)
Θ𝑠𝑎𝑡

(67)

3.3.1.2. Expression for MT Signal at m/z=16
The expression for 𝑄16 can be derived in a similar manner to that of 𝑄32 in section 3.3.1.1
starting by substituting equation (43) into the definition for 𝑄𝑥 , equation (53). The scattered flux,
𝐹O2 (𝛼, 𝜙; 𝑁𝐸 , 𝑣), is then factored into three factors that depend only on angles, exposure, and
velocity, respectively, as done in equation (58), followed by the integrations and substitution of
𝑝1 for scattered O atoms and the signal at m/z=32, 𝑄32 (𝑁𝐸 ), from equation (66) yielding:
𝑁𝐸 +𝛿𝑁𝐸

𝑄16 (𝑁𝐸 ) = γ16 ∫

𝑑𝑁𝐸′ 𝑝1 (𝑁𝐸′ ) + 𝜎16,32 𝑄32 (𝑁𝐸 )

(68)

𝑁𝐸

where 𝜎16,32 is defined in equation (46), and
γ16 = 𝐼𝑒 − 𝑑𝑒 − 𝜎O→O+ 𝑇16 ΦO (𝛼, 𝜙)𝜆0,O

𝐼O2 (beam)
Φ0,O Λ 0,O

Substituting the relation 𝑝1 = 2𝑆 − 2𝑝2 from equation (40) into equation (68) and performing the
integral over 𝑁𝐸′ results in:
𝑄16 (𝑁𝐸 ) = 2γ16 [𝛿Θ(𝑁𝐸 ) − 𝛿Θ2 (𝑁𝐸 )] + 𝜎16,32 𝑄32 (𝑁𝐸 )
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(69)

with 𝛿Θ and 𝛿Θ2 as defined as parts of equation (66).
3.3.1.3. Model Expression for MT Signal Ratio
The expression for the MT signal ratio of m/z=16 to 32 can be obtained by substituting
equation (66) and (69) into (56):
𝑄16:32 (𝑁𝐸 ) =

2γ16 [𝛿Θ(𝑁𝐸 + 𝛿𝑁𝐸 ) − 𝛿Θ2 (𝑁𝐸 + 𝛿𝑁𝐸 )] + 𝜎16,32 𝑄32 (𝑁𝐸 + 𝛿𝑁𝐸 )
γ32 [𝛿𝑁𝐸 − 2𝛿Θ(𝑁𝐸 ) + 𝛿Θ2 (𝑁𝐸 )]

(70)

The four free parameters in equation (70) that are to be determined by fitting it to the experimental
γ

data include: γ16, 𝜎16,32, as well as 𝑝2,0, and 𝑑 in Θ2 .
32

For the case where atom abstraction is absent, 𝑝1 is zero at any exposure and hence 𝑆 = 𝑝2 for
all exposure. This condition can be achieved for equation (70) when 𝑝2,0 and 𝑑 in Θ2 , which is
defined by equation (67), equal 𝑆0 and 2, respectively. Note that when these two parameters are at
these values, the first term of 𝑄16, which is multiplicative with γ16 , is zero regardless of the value
of γ16 . A plot of 𝑄16:32 according to equation (70) for the cases with and without atom abstraction
are visualized in Figure II-13 with some arbitrary values for the free parameters listed in the figure
caption.

Figure II-13 Simulated plots of 𝑄16:32 with abstraction (solid blue line) and without abstraction
γ
(dashed orange line) according to equation (70) with parameters γ16 = 0.2, 𝜎16,32 = 0.1, 𝑝2,0 =
32

𝑆0 , and 𝑑 = 2.5. Initial fast drop for the no abstraction case is a measurement artifact due to nonsimultaneous collection of signals at m/z=16 and 32 as discussed in text.
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Note that the initial large drop in the simulated plot for the no abstraction case is a
manifestation of the measurement artifact due to the collection of the m/z=16 signal being during
an exposure range of 𝛿𝑁𝐸 after that of the m/z=32. If the MT signal at m/z=16 and 32 were
collected simultaneously at the same exposure, the initial decay would not exist and 𝑄16:32 in the
case of no abstraction would be a constant equal to 𝜎16,32 for all exposures.
3.3.2. Background Counts
In an ideal case where the vacuum chamber pumping rate is much higher than the rate at which
the particles are introduced into the chamber, the background gases and thus their contribution to
the detected mass spectrometer signal remain constant throughout a MT measurement. However,
the experimental results suggest a rise in the background counts when comparing the MT signal
collected before and after each exposure.
Because the background counts always increase and never decrease after an exposure, the
origin for this event is likely the result of the increase in the partial pressure of the gaseous species
contributing to the signals at m/z=16 and 32 rather than the mass spectrometer instability that can
affect the counts either way.
3.3.2.1. Possible Source of the Background Gases
Since the MS instability is not likely the result of background count changes, the possibility of
lingering gaseous species contributing to the increases in the background counts at m/z=16 and 32
are considered. The residual species in the UHV system that can contribute to m/z=32 is O2, which
usually is present in a minimal amount. However, with O2 introduced into the chamber from the
experiment, the background O2 is expected to be slightly higher due to a finite pumping speed. In
the case of m/z=16, multiple residual gas species contribute to the signal, including the major
contributor, CH4, and other species that dissociate into O+ after ionization: H2O, O2, CO, CO2.
Now, for the origin of the observed background count increases after each exposure event of
an MT experiment, to clearly observe the change in the amount of the background species, the MT
data for m/z=18 is analyzed because unlike m/z=16 and 32, there is no contribution to m/z=18
from the scattered particles from the experiment. The analysis of the changes in the count at
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m/z=18 as a function of time during the MT experiments suggests that there is a strong correlation
between the increase in the m/z=18 counts and the flux of particles entering the detector chamber.
Experiments using higher incident beam flux and experiments measuring signal at the specular
angle, where the scattered flux is usually higher, exhibit larger increases in background counts
than experiments at low incident flux or those measured at off-specular angle over the same
duration of exposure.
Possible reasons for this correlation are the following: the particles introduced into the
detection chamber increase the load on the turbo molecular pump and cryogenic pump, and
increase the chance of collision induced desorption of the residual gas species that are trapped on
the cryogenic surface, thereby resulting in higher background counts of multiple residual species
including H2O (m/z=18). Also, as more particles stick on the cold walls, their heat of adsorption
is released is transferred to other particles. That is, when the insulating layer of molecules frozen
on the cold cryostat is thin, the heat of adsorption gets transferred to the cryostat and removed. But
as the layer gets thicker, the heat is dissipated to neighboring adsorbed particles, which now causes
them to desorb.
Further evidence to support the argument is from the experiments using the beam containing
Xe where the most significant rise in the background counts at all values of m/z are observed in
comparison to other beam compositions. This observation is reasonable as the pumping speed of
a turbo molecular pump is known to be lower for higher masses resulting in more accumulation of
the background gases in the detection chamber.
3.3.2.2. Background Subtraction for MT Signal
For m/z=16 or 32, the background count during O2 exposure is approximated as a linear
function of the exposure, 𝑁𝐸 :
𝑄𝑥(bg) (𝑁𝐸 ) = 𝑚𝑥 𝑁𝐸 + 𝑐𝑥

(71)

where 𝑥 = 16 or 32. The fit parameters 𝑚𝑥 and 𝑐𝑥 are found for each species 𝑥 and for each data
set by fitting the linear function to the background counts before and after the exposure as
illustrated in Figure II-14. At least 10 data points, or more depending on the set of experiments,
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before and after the exposure are used in the fit. As shown on the plot, the fitted background is not
constant. It rises slightly after the exposure as discussed in section 3.3.2.1. With the fit parameters
determined, the signal at m/z=𝑥 scattered directly into the detector, 𝑄𝑥 , can be obtained by
subtracting the background contribution from the detected signal:
𝑄𝑥 (𝑁𝐸 ) = 𝑄𝑥(detected) (𝑁𝐸 ) − 𝑄𝑥(bg) (𝑁𝐸 ) = 𝑄𝑥(detected) (𝑁𝐸 ) − (𝑚𝑥 𝑁𝐸 + 𝑐𝑥 )

(72)

These data with their backgrounds subtracted according to equation (72) for both m/z=16 and 32
are used in the analysis in the upcoming section 3.3.3.

Figure II-14 Example of MT plot at m/z=16 where rise and fall of scattered signal at m/z=16 (blue
line) corresponds introduction and blocking of O2 beam, respectively, with 500 Torr stagnation
pressure and other conditions summarized in Table II-18, to crystal. Orange line is linear fit to
background counts before and after introduction of beam.
3.3.3. MT Experimental Results
3.3.3.1. MT Result for 250 K Surface
In this section, the MT results at m/z=16 and 32 are compared for the interaction of O2 with
Si(100) held at 250 K. The exposure conditions are listed in Table II-18 for each of three data sets
and include the incident beam energy, incident/scattering angles, and incident flux. Note that the
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variation in the kinetic energy of the incident beam amongst the three data sets is small, within the
range of 1.8-2.0 kcal/mol, and has no effect on the sticking probability. Hence, the O coverage as
a function of exposure is described by equation (20) with the same parameters as in Table II-11
for all data sets. The scattering MT experiment was carried out starting from clean Si(100) up to
slightly above 1 ML O coverage. This coverage range is selected because the abstraction process
is expected to have the highest probability within it.

Set
1
2
3
22
100
500
𝑷𝐬𝐭𝐚𝐠 (Torr)
Incident angle (°)
20
20
45
Scattered angle (°)
50
50
45
-1
Flux at incident angle (ML-O s ) 0.57±0.05 1.5±0.1 7.1±0.5
KE (kcal mol-1)
1.76±0.09 2.0±0.1 2.0±0.2
-1
Normal KE (kcal mol )
1.65±0.08 1.9±0.1 1.8±0.2
Table II-18 Summary of experimental parameters used in each set of scattering experiments.
Incident flux is calculated using flux at 0° from Table II-6 and equation (11).
The analysis of the MT experimental data for the potential observation of atom abstraction
begins with subtraction of the background from each MT plot as outlined in section 3.3.2.2.
Multiple MT plots with varying exposure time, but identical exposure parameters, are averaged to
improve signal-to-noise of the data. This averaging is important especially at m/z=16 where the
background noise is significant. The number of averaged MT plots for each range of exposure time
is displayed on the right-hand y-axis of the plots in Figure II-15 and Figure II-16. As can be seen,
the number of average MT plots at lower exposure is higher. The reason for collecting more data
at lower exposure is twofold. First, the initial exposure requires particular attention because the
abstraction process is expected to be observed at lower O coverage and hence at lower exposure.
Secondly, by performing the MT experiment with different exposures, a more accurate measure
of the O coverage as a function of exposure can be determined from the TPD integrals obtained
from a TPD experiment after each MT exposure.
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(a)

(b)

(c)

Figure II-15 MT plot of background subtracted counts at m/z=16 and 32 (scaled by factor shown)
as a function of exposure to 250 K surface using 100% O2 with stagnation pressure of (a) 22 (b)
100 (c) 500 Torr and corresponding conditions listed in Table II-18. Oxygen coverage (top x-axis)
ranges from zero at 0 ML-O to 1 ML at 210 ML-O, and to 1.04 ML at 4000 ML-O. Right-hand yaxis shows number of MT plots used for averaging as described in text.
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For the purpose of visually comparing the trend in the m/z=16 and 32 signals as a function of
exposure, the m/z=32 signal is scaled to match that of m/z=16 by a constant of about 0.14 in Figure
II-15. The exact value for each data set, as summarized in Table II-19, is determined from the ratio
of the average of the last 1/3 of the exposure data points averaged over multiple MT plots. Its value
is effectively the ratio of the ionization probability of O2 to the dissociative ionization probability
of O2 to form O+, 𝜎16,32, as defined by equation (52). Visual comparison in Figure II-15 shows
that the count at m/z=16 traces that at m/z=32 exactly for the three conditions listed in Table II-18,
indicating very minimal, if any, evidence for abstraction.
Set
𝝈𝟏𝟔:𝟑𝟐
(a)
0.14±0.02
(b) 0.14±0.02
(c) 0.143±0.009
Table II-19 Summary of 𝜎16:32 obtained from averaging the ratio of m/z=16 to 32 at long exposure
according to equation (52) for the three set of data shown in Figure II-15.
An additional analysis is carried out to confirm the identical trend of the m/z=16 signal to the
m/z=32 signal as a function of exposure by fitting equation (70) to the MT signal ratio, 𝑄16:32 , for
the case assuming no abstraction by fixing the three parameters as discussed in section 3.3.1.3, and
for the case where all four parameters in the equation are free. The fit results are plotted along with
the 𝑄16:32 data from the MT experiments in Figure II-16. The fit parameters for both equations are
summarized in Table II-20. The values of 𝜎16,32 obtained for both fitting methods agree with the
values obtained by the averaging approach according to equation (52) listed in Figure II-15 plot
legends as expected.
For the first set shown in Figure II-16 (a), there is some difference between the fits indicating
the potential of atom abstraction. However, this difference is not clearly observed in (b), and in (c)
a minimum is observed instead of a maximum. The minimum is non-physical artifact, likely
arising from the fitting algorithm attempting to fit noise, because the count ratio can never be lower
than 𝜎16,32 as shown by equation (70) when the lowest value of the first term is zero.
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(a)

(b)

(c)

Figure II-16 Plot of ratio of MT signal at m/z=16 to 32, 𝑄16:32, over exposure to 100% O2 with
stagnation pressure of (a) 22 (b) 100 (c) 500 Torr and corresponding conditions listed in Table
II-18. Top x-axis plots O coverage. The secondary y-axis on the right shows the number of data
points used for the averaging as described in text. Solid blue lines represent data while solid orange
and dashed red lines are fits assuming abstraction and no abstraction, respectively.
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The large variance in the values for the parameters apart from 𝜎16,32 also point toward this
γ

conclusion. Since the three parameters (γ16, 𝑝2,0, and 𝑑) are only relevant when the abstraction
32

process exists as discussed in section 3.3.1.3, the fact that the values are ill-defined indicates that
they are the result of the fitting procedure attempts to fit noise rather than the actual signal.
The results of these analyses show that the background subtracted count at m/z=16 follows the
identical dependence on exposure as that of m/z=32, meaning that all the m/z=16 signal arises
from dissociative ionization of O2 in the electron bombardment ionizer. None of the observed
signal can be attributed to O atoms produced as the result of O atom abstraction by a Si dangling
bond of an incident O2 molecule. Hence, atom abstraction is unlikely to occur at the experimental
conditions listed in Table II-18 for a coverage range from 0 to slightly above 1 ML.

Set
1
2
3
Plot in Figure II-16
(a)
(b)
(c)
𝜎16,32 assuming
0.14±0.01
0.14±0.02
0.14±0.01
no abstraction
0.14±0.02
0.14±0.05
0.14±0.02
𝜎16,32
Fit
γ16
(0±6)e+05
(0±1)e+06
-0.000±0.006
parameter
γ32
with
0.1±0.4
0.1±11.8
-0.04±1.16
𝑝2,0
abstraction
2±16
2±453
-0.5±4.8
𝑑
Table II-20 Summary of fit parameters according to equation (70) for each data set in Table II-18
assuming no abstraction with only 𝜎16,32 as a free parameter, and case where four parameters are
varied. Note that excessive significant figures for 𝑝2,0 and 𝑑 are displayed to show that their
nominal values are close to those for no abstraction discussed in section 3.3.1.3.

3.3.3.2. MT Result for Varying Surface Temperature
Similar MT experiments at Si(100) surface temperatures ranging from 150 K up to 1014 K,
which is above the desorption temperature of the SiO product, were also carried out. The incident
beam is produced from 100% O2 gas with a stagnation pressure of 22 Torr and with conditions as
detailed in Table II-18. The results of these experiments are plotted in Figure II-17 and are
analyzed in an identical fashion to the data in Figure II-15.
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Figure II-17 Plots of counts of m/z=16 (color line) and scaled count of m/z=32 (black solid line)
as a function of exposure in ML-O for surface temperatures indicated. Measurements correspond
to scattered particles at a detection angle of 50° for 100% O2 beam with stagnation pressure of 22
Torr at 20° incident angle.
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As can be seen in Figure II-17, the counts of m/z=16 versus exposure are exactly
superimposable on the counts of m/z=32 at every surface temperature. This observation suggests
that there is no other source of O atoms other than that from the dissociative ionization of O2.

Figure II-18 Plots (solid color line) of 𝑄16:32 from scattering of 100% O2 from Si(100) at indicated
surface temperatures. Solid black lines are fits to equation (70).
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Figure II-18, which is analogous to Figure II-16, shows the MT signal ratio of m/z=16 to 32,
𝑄16:32, of MT data from Figure II-17 fit to equation (70) with the free parameters mentioned
previously. Note that the expression for oxygen coverage and its parameters for the reaction at the
surface temperature of 250 K are used in the analysis. Although the oxygen coverage as a function
of exposure differs for different surface temperature (as discussed in section 3.3.4), the fit should
be applicable for an initial assessment of the existence of abstraction.
The fitted lines to the data, shown in Figure II-18 as solid black lines, show either a minimum
or a maximum at zero exposure. The minima are non-physical, as discussed in the prior section.
While the maxima may indicate the existence of the abstraction process, the fit results are
inconsistent and there is no clear temperature dependent trend. Thus, the more likely explanation
for both dip and peak features is that they are artifacts resulting from the attempt to find the best
fit of equation (70) to the data. Therefore, the analysis of the MT signal ratios also points to the
same conclusion that there are no observable abstracted O atoms detected in the MT experiments.
Thus, it is unlikely that atom abstraction is a viable reaction mechanism for the reaction of O2 with
Si(100) over this wide surface temperature range.
3.3.4. Effect of Surface Temperature on the MT Scattering
From the MT results presented in the previous section 3.3.3, the O atom abstraction process
likely does not occur for the incident O2 beam conditions of this study and for the surface
temperature range of 150 to 1014 K. However, other aspects of the O2 reactivity with Si(100) as a
function surface temperature are of interest.
3.3.4.1. Variation in MT Signal Count at m/z=32 with Surface Temperature
The m/z=32 signal observed during a MT experiment stems from the non-reactive scattering
of O2 as discussed in section 3.2.2. Differences in the intensity of the MT signal at m/z=32 as a
function of exposure at different surface temperature are apparent in Figure II-19 for the scattering
of a 100% O2 beam produced with a stagnation pressure of 22 Torr (conditions listed in Table
II-18). The MT signal is higher at lower surface temperatures immediately upon introduction of
the O2 beam onto the crystal (i.e. at 0 ML-O exposure). Furthermore, the signal rises more rapidly
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with exposure from 0 to 10 ML-O at the lower surface temperatures, while the signal rise is very
minor at the higher surface temperatures. The counts at m/z=32 for the lower surface temperature
continue to be higher as the counts plateau at higher exposure as shown in Figure II-20, which is
a plot of the background subtracted counts over the exposure ranges of 0-25, 65-90, and 130-155
ML-O.

Figure II-19 Background subtracted counts at m/z=32 as function of exposure (ML-O) to 100%
O2 beam with stagnation pressure of 22 Torr (conditions listed in Table II-18) at various Si
temperatures. The incident and scattered angles are 20° and 50° respectively.
A potential reason for the trend observed for m/z=32 in Figure II-19 and Figure II-20 is the
enhanced reactivity at higher surface temperature. Nonetheless, while higher probability of
reactive scattering of O2 reduces the flux of non-reactively scattered O2, there are multiple reasons
why the reactivity is not the cause for the observed trends. First, the initial rise of the scattered O2
signal at lower surface temperature as the exposure is increased suggests that the reactivity is
decreasing with exposure. To test this hypothesis, follow up TPD experiments were performed
using a 25% O2/Ar beam with a 750 Torr stagnation pressure incident at the surface normal. Note
that, while the energy of O2 in this O2/Ar beam is 1.3±0.1 kcal/mol, which is lower than 1.76±0.09
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kcal/mol for the 100% O2 beam used in Figure II-19, both kinetic energies are within the same low
energy regime discussed in section 1.3.4.1. Thus, its result should be applicable to the result for
the 100% O2 beam.

Figure II-20 Background subtracted counts of m/z=32 averaged over 0-25 ML-O (blue), 65-95
ML-O (orange), and 130-155 ML-O (green) as a function of surface temperature. Error bars
represent standard deviation.
Figure II-21 shows the O coverage as a function of exposure obtained from the TPD
experiments by the analysis mentioned in the figure caption for surface temperatures of 250, 300,
and 500 K. As can be seen in the figure, the differences in O coverage and its dependence on
exposure are not drastically different for the three temperatures or, at the least, is not enough to
explain the differences observed in Figure II-19. Secondly, the reactivity argument cannot explain
the lower amount of O2 unreactively scattered at longer exposures and higher temperatures as
shown in Figure II-20, because the reaction probability at high surface coverage should be much
smaller compared to that at the clean surface for all surface temperatures below the SiO desorption
temperature. Plausible explanations for the effects in Figure II-19 and Figure II-20 are thus more
174

likely to result from changes in the angular and velocity distributions of the scattered O2 molecules
as a function of surface temperature and exposure.

Figure II-21 Plots of O coverage as function of exposure of a 25% O2/Ar beam with 500 Torr
stagnation pressure, incident at 0° on Si(100) at 250, 300 or 500 K. O coverage calculated from
TPD integral, discussed in section 3.1.4 and conversion of it to O coverage (in ML) is done by
referencing to exposure (ML-O) in equation (20) for the result at 250 K. O coverages for 300 and
500 K in ML are obtained by converting TPD integrals using the 𝐼TPD (1 ML) from 250 K. Then,
equation (20) is fit to the O coverage data at 300 and 500 K yielding the solid lines.
For example, a MT experiment measures the scattered O2 signal as a density sensitive quantity
as opposed to a flux quantity. Hence, the signal is inversely proportional to the velocity of the
detected particle, as shown in equation (45). The velocity of O2 scattered from the surface at lower
temperatures will likely be slower than that of O2 scattered from higher temperature surfaces as a
result of either a trapping-desorption mechanism or a direct inelastic scattering event.105,106 The
lower O2 velocity will result in a higher signal for O2 scattered from a low temperature surface
than a high temperature surface.
The effect of changing angular distributions with exposure and temperature are potentially
major in MT measurements because MT data are acquired at one scattering angle of 50° for an
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incident angle of 20°. For example, direct inelastic scattering results in more of the scattered
particles concentrated around the specular angle, while the angular distribution for the trappingdesorption mechanism is characterized by a cosine distribution centered around the surface normal
regardless of the incident angle.27,107 In a real system, unreactive scattering of a stream of particles
can undergo via both mechanisms and thus the angular distribution of the scattered particles is a
mixture of the two. The proportion of particles undergoing each mechanism depends on multiple
factors including the kinetic energy of the particles and the surface temperature. With the relatively
low kinetic energy of the incident O2 molecules of around 2 kcal/mol, trapping is possible
especially at lower surface temperature. Evidence for trapping at least at the surface temperature
of 250 K can be found in the velocity distribution of the scattered particle as is shown in the
upcoming section 3.4. The higher probability of trapping-desorption at lower surface temperature
is consistent with higher signal at an off-specular angle due to the broader angular distribution. To
fully confirm and quantify the extent of the effects of the velocity and angular distributions on the
observed trends of MT signal at m/z=32, the flux as a function scattering angle must be measured
in TOF experiments. However, such experiments are beyond the scope of this study.
3.3.4.2. Desorption of SiO at High Surface Temperature
As the surface temperature is increased, the SiO desorption product is observed as the O2 beam
is scattered from the surface. It is detected at m/z=44 and is displayed as a MT plot in Figure II-22
for two temperatures, 250 K and 1014 K. The background subtracted counts at m/z=44 shows that
the SiO desorption product is not detectable at surface temperatures below 900 K. Nonetheless, as
the surface temperature exceeds the desorption temperature, such as at 1014 K, the SiO is
constantly produced as the scattering experiment progresses as shown in the figure.
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Figure II-22 Background subtracted counts at m/z=44 as a function of time for scattering of 100%
O2 with 22 Torr stagnation pressure and other conditions in Table II-18 from Si at 250 K (blue)
and 1014 K (orange). Sudden rise and drop in counts at 1014 K corresponds to starting and
stopping of O2 beam exposure.
3.4. TOF of O2 Scattering from 250 K Si Surface
The identical dependence of the mass spectrometer signals of the scattered particles measured
at m/z=16 and m/z=32 as a function of O2 exposure as observed in the MT experiments suggests
that the atom abstraction process is unlikely to occur. In this section, the scattered species are
further scrutinized with TOF measurements that reveal their velocity distributions. The mass
spectrometer signal at m/z=𝑥 accumulated in a TOF experiment over an exposure range 𝑎 to 𝑏,
𝑍𝑥,𝑎−𝑏 , is the integral of the mass spectrometer signal, 𝐶𝑥 :
𝑏

𝑍𝑥,𝑎−𝑏 (𝑣) = ∫ 𝑑𝑁𝐸′ 𝐶𝑥 (𝑁𝐸′ , 𝑣)

(73)

𝑎

If free O atoms resulting from the abstraction process exist, the velocity distribution at m/z=16 is
expected to be different from that at m/z=32. Applying a similar integration as in equation (73) on
the mass spectrometer signals, 𝐶𝑥 , in equation (46) yields an expression that can be used to
determine whether O atoms beyond those formed by dissociative ionization are present:
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𝑍16(from O),𝑎−𝑏 (𝑣) = 𝑍16,𝑎−𝑏 (𝑣) − 𝜎16,32 𝑍32,𝑎−𝑏 (𝑣)

(74)

An alternative approach to equation (74) is to divide it by 𝑍32 and rearrange to yield:
𝑍16,𝑎−𝑏 (𝑣) 𝑍16(from O),𝑎−𝑏 (𝑣)
=
+ 𝜎16,32
𝑍32,𝑎−𝑏 (𝑣)
𝑍32,𝑎−𝑏 (𝑣)

(75)

Equation (75) suggests that if O atoms resulting from abstraction exist (i.e. 𝑍16(from O) (𝑁𝐸 , 𝑣) >
0), then the ratio of TOF signal at m/z=16 to 32 at velocity 𝑣 must be greater than 𝜎16,32.
It is noted that the differences observed in the TOF signals expressed by equation (74) and
(75) are velocity, 𝑣, dependent. In case of the scattering of F2 from Si(100) surface, there are two
distinct features in the TOF spectrum at m/z=19: a feature associated with the dissociative
ionization of the unreacted F2 into F+, and a higher velocity feature corresponding to the free F
atom from the exothermic atom abstraction reaction.81,108 Although the velocity difference
between abstracted O and scattered O2 may not be as large as in the case of F2 due to the lower
reaction exothermicity as discussed in section 1, the velocity distributions should be sufficiently
distinguishable by comparing the TOF spectrum at m/z=16 to that at m/z=32.
The TOF experiments are performed using a 100% O2 beam produced with a stagnation
pressure of 100 Torr and with other condition listed in Table II-18. The surface temperature is held
at 250 K throughout the exposure. The TOF spectra at m/z=16 and 32, measured over a specific
range of O2 exposure, are collected and averaged to improve signal to noise as discussed in the
experimental section 2.4.3. The O coverage is calculated from the O2 exposure using equation (20)
and parameters in Table II-14. The range of exposures over which these spectra are collected is
large. Ideally, the TOF spectra should be collected for multiple exposure ranges that yield
coverages below 1 ML as abstraction is expected to occur at low surface coverage due to an
abundance of dangling bonds on Si(100). However, these exposure ranges provide a starting point
for the initial observation of the existence or the lack thereof of atom abstraction.
The rotational frequency of the TOF chopper is 280 Hz, which translates to a time resolution
in the TOF spectrum of 14 µs. Each averaged TOF spectrum is fit to a Maxwell-Boltzmann
distribution function in the time domain that has the form:
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2

𝐿3
𝑚𝐿2 1 1
𝑓(𝑡) = 𝐴 + 𝐵 4 exp [−
( − ) ]
𝑡
2𝑘𝑏 𝑇 𝑡 𝑡𝑓

(76)

where 𝑡 is the flight time, 𝐴 is the constant background count, 𝐵 is a normalization constant, 𝐿 is
the neutral flight length, 𝑚 is the mass of the neutral species before the ionization, 𝑘𝑏 is the
Boltzmann constant, 𝑇 is the beam translational temperature, and 𝑡𝑓 = 𝐿/𝑣𝑓 is the characteristic
flow time. The fitting parameters are: 𝐴, 𝐵, 𝑡𝑓 , and 𝑇. The lower bound for all fit parameters are
set to zero. The fitting is performed using the same Python code as in the analysis for the flux
(section 2.2) and in chapter I.
3.4.1. TOF at m/z=32
Before the TOF spectra at m/z=16 can be analyzed for evidence of O atoms resulting from the
abstraction process, the spectra at m/z=32 over the same exposure range have to be known so that
the dissociative ionization contribution of O2 to the signal at m/z=16 can be distinguished from
that of O atoms by using equation (75).
TOF spectra at m/z=32, corresponding to non-reactively scattered O2, are shown in Figure
II-23 along with the fit to the Maxwell-Boltzmann distribution, equation (76) for a variety of
exposure and hence coverage ranges. The parameters for the fits are summarized in Table II-21
along with the reduced 𝜒 2 for the fit. As can be seen in the table and Figure II-23, a single MaxwellBoltzmann distribution, within the uncertainties given by the fit parameters, describes the spectra
over the exposure ranges explored.
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Figure II-23 TOF spectra, background subtracted, at m/z=32 (circles) for exposure ranges shown.
Fit of Maxwell-Boltzmann distribution function (equation (76)) is a solid line. Fit parameters in
Table II-20.
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3.4.2. TOF at m/z=16
In order to identify the potential O abstraction, each TOF spectrum at m/z=16 collected for the
exposure ranges shown in Table II-21 is fit to a Maxwell-Boltzmann distribution, equation (76),
via two methods. For both approaches, the signal at m/z=16 is assumed to come solely from
dissociative ionization of non-reactively scattered O2. Thus, the mass in the distribution function
is set to 32 instead of 16.
For the first approach, each spectrum is fit with a single Maxwell-Boltzmann distribution,
without constraint on the four fit parameters (𝐴, 𝐵, 𝑡𝑓 , and 𝑇), similar to the case of the m/z=32
spectra. This four-parameter fit result is then compared with another fit where 𝑡𝑓 and 𝑇 are fixed
to the values obtained from the fit to the m/z=32 TOF spectra (from section 3.4.1) over the same
coverage range, while the background count 𝐴 and normalization constant 𝐵 are allowed to vary.
This latter approach where the fit parameters are those of the m/z=32 fit is equivalent to assuming
that all the m/z=16 signal arises from O2 dissociative ionization. Thus, if the fits obtained by the
two approaches closely resemble each other, the m/z=16 signal detected in the experiment is
unlikely to originate from abstraction.
Comparison of the two fits to the experimental TOF spectra for each coverage range are plotted
in Figure II-24. The data points are displayed as blue open circles, while the solid orange line
represents the four-parameter fit, and the dashed-dotted line is the fit using the parameters from
the fit to the m/z=32 TOF spectrum. The fit parameters are summarized in Table II-21. The fits for
the two methods agree well over all coverage ranges. The similarity of the fits suggests that the
detected O atoms most likely come from a single source, which is dissociative ionization of nonreactively scattered O2.
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Figure II-24 TOF at m/z=16, open blue circles, for exposure ranges shown. Solid orange lines
represent best fit to Maxwell-Boltzmann distribution function. Green dash-dot line are fits using
parameters from m/z=32 spectra, see text. Fit parameters in Table II-20.
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Exposure
range
0 to 101
101 to 405
405 to 709
(ML-O)
Species
Coverage
range
0.000 to 0.953 0.953 to 1.022 1.022 to 1.032
(ML-O)
𝑩 (count) (5.6±0.1)e-07 (5.6±0.1)e-07 (5.6±0.1)e-07
𝒗𝒇
0
0
0
(m s-1)
287±3
289±3
288±3
𝑻 (K)
𝒗𝒂𝒗𝒈
m/z 32
514±2
516±2
515±2
(m s-1)
𝑬𝒂𝒗𝒈
1.14±0.01
1.15±0.01
1.15±0.01
(kcal mol-1)
0.420
0.567
0.492
reduced 𝝌𝟐
𝑩 (count) (5.4±0.4)e-08 (5.6±0.4)e-08 (5.6±0.4)e-08
m/z 16
(parameters from 32) reduced 𝝌𝟐
0.244
0.226
0.213
𝑩 (count) (5.0±0.7)e-08 (6.1±0.8)e-08 (5.6±0.7)e-08
𝒗𝒇
0
0
0
(m s-1)
(3.0±0.2)e+02 (2.8±0.2)e+02 (2.9±0.2)e+02
𝑻 (K)
𝒗𝒂𝒗𝒈
m/z 16
(5.2±0.2)e+02 (5.1±0.2)e+02 (5.2±0.2)e+02
(m s-1)
𝑬𝒂𝒗𝒈
1.19±0.08
1.10±0.07
1.15±0.07
(kcal mol-1)
0.242
0.224
0.213
reduced 𝝌𝟐
2
Table II-21 Parameters and reduced 𝜒 of Maxwell-Boltzmann distribution fit, equation (76), to
averaged TOF spectra as described in text for given exposure and coverage ranges.
Because the TOF spectra at m/z=16 traces that of 32 exactly even in the low exposure range,
a final test is applied to check for possible atom abstraction in the unlikely case that O atoms
produced from abstraction have a identical velocity distribution to non-reactively scattered O2.
According to the expression for the TOF signal ratio, equation (75), if the scattered O atoms from
atom abstraction exist, the ratio 𝑍16 /𝑍32 should be greater than 𝜎16,32. Assuming identical TOF
spectra at m/z=16 and 32, 𝑍16 /𝑍32 is simply equivalent to the ratio of normalization constants in
the Maxwell-Boltzmann equation (76), 𝐵, for the two spectra, 𝐵16 /𝐵32.
Since the probability of atom abstraction is expected to be larger at lower coverage, 𝐵16 /𝐵32
should be higher than that at higher exposure. However, as can be seen in the Figure II-25, 𝐵16 /𝐵32
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for the low exposure range is not greater than that at high exposure. The averaged value of 𝐵16 /𝐵32
over all exposure ranges of 0.10±0.01 is comparable to 𝜎16,32 = 0.08±0.02 obtained from the
incident beam in section 3.2.4, given the possible variation in the mass spectrometer settings and
conditions.

Figure II-25 Ratio of 𝐵16 /𝐵32, for each exposure range in Table II-21. Dashed line is average
value of 0.10±0.01.
Comparison of TOF spectra at m/z=16 to 32 do not indicate the presence of scattered free O
atoms as a result of the reaction of O2 with a Si(100) surface at 250 K for the O coverage range of
0 to slightly above 1 ML. However, the possibility of the existence of the abstraction process has
not been definitely ruled out because it is possible that atom abstraction exists with very small
probability compared to classic dissociative adsorption and non-reactive scattering, and that the
velocity distribution of free O atoms is similar to that of the unreactive O2. Coupling these
possibilities with the high background noise at m/z=16, the abstracted O feature may not be
distinguishable from the dissociative ionization of O2 in the TOF results.
There are two aspects to consider when performing additional TOF studies to enhance the
chance of observing free O atoms resulting from abstraction, should they exist, from O atoms
originating from dissociative ionization of unreacted O2. First, the time resolution of the TOF
should be increased as high as possible. To achieve this condition, the rotational frequency of the
TOF chopper should be set to 392 Hz, which translates to a dwell time of 10 µs per channel
(compared to 14 µs for the results presented in this section). The rationale for this adjustment is
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that, unlike the case of F2 where free F atoms resulting from abstraction have high enough kinetic
energy to be easily distinguishable from those produced by dissociative ionization of unreactively
scattered F2 in the m/z=19 TOF spectrum at a dwell time of 14 µs 81, the kinetic energy of free O
atoms is expected to be low, given the low exothermicity expected for O atom abstraction. The
second aspect is the coverage range over which TOF spectra are acquired. Because the probability
of reactive scattering is higher than unreactive scattering at lower surface coverage due to an
abundance of dangling bonds, TOF spectra should be collected at smaller increments of exposure,
such as 10 ML-O, as well as at a lower range of coverage, such as 0-0.1 ML.
3.4.3. Unreactive Scattering Pathways of O2
The TOF spectrum of O2 scattered from Si(100) at 250 K and detected at 50° for the coverage
range of 1.022 to 1.032 ML (last column in Table II-21) is shown in Figure II-26. It is fit to a
Maxwell Boltzmann distribution function, equation (76), whose parameters are given in the third
column of Table II-22. Comparison of it to that of the 100% O2 beam produced with 100 Torr
stagnation pressure and incident at 20°, whose Maxwell-Boltzmann fit parameters are given in the
second column of Table II-22, reveals significant energy loss of the unreactively scattered O2 at
all coverage ranges from 0 to 1.032 ML. The average kinetic energy of the scattered O2 drops by
almost a half compared to that of the incident O2 and the temperature of the distribution increases
by a factor of four. There are two possible unreactive scattering mechanisms that may cause the
observed kinetic energy decreases and broadening of its distribution: direct inelastic scattering and
trapping-desorption as discussed in section 3.3.4.1.
The kinetic energy of an incident molecule can be lost due to the direct inelastic scattering
where part of the energy of the incident molecule is imparted to the surface. In addition, since the
incident supersonic beam is in the ground vibrational state and low rotational states, some of the
incident kinetic energy of around 2 kcal/mol maybe converted to O2 rotational energy. The incident
energy is insufficient to induce vibrational excitation that requires at least 4.5 kcal/mol109. For the
trapping-desorption process, the incident O2 molecule initially adsorbs onto the surface after losing
its kinetic energy, and then later desorbs after equilibrating with the surface. A TOF measurement
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can be used to distinguish between the two mechanisms because the velocity distribution of O2
resulting from the trapping-desorption mechanism must have a temperature equal to that of the
surface.
To identify the extent of each of the two mechanisms in the scattering of O 2 from Si(100) at
250 K, two Maxwell-Boltzmann distributions are fit to the TOF spectrum. One of the two
distributions is fixed at 𝑇=250 K and 𝑣𝑓 =0 to represent the trapping-desorption component while
the other distribution representing the inelastically scattered component has no fixed parameters.
The fit results for the averaged TOF spectrum of the scattered O2 for the 405-709 ML-O exposure
range are summarized in Table II-22 along with that of the one distribution fit for comparison, and
their plots are shown in Figure II-26. A similar analysis on TOF spectra at lower exposure ranges
yields similar results.
By comparing the reduced 𝜒 2 in Table II-22, the two-peak fit describes the scattered O2 from
the surface slightly better than the one-peak fit, likely confirming the existence of the two
unreactive scattering pathways. The percentage of the two pathways maybe estimated from the
fluxes (VWC) of the two distributions, given in Table II-22. The trapping-desorption fraction is
84±2% of the total scattered O2 measured at the scattering angle of 50°. Note that this result is for
the specific scattering angle only. The percentage of all particles undergoing each unreactive
scattering pathway would require measurement of TOF spectra at all scattering angles.

TOF of
Incident at 20°
Scattered at 50°
Number of peaks
1
1
2
𝟐
0.573
0.492
0.414
reduced 𝝌
(2.18±0.01)e-07
(5.6±0.1)e-07
(1.4±0.2)e-08 (6.1±0.2)e-07
𝑩 (count)
𝒗𝒇 (m s-1)
635±1
0
(5.4±0.3)e+02
0 (fixed)
66.5±0.7
288±3
(8±2)e+01
250 (fixed)
𝑻 (K)
VWC (count)
(6.21±0.09)e+03 (1.0±0.2)e+03 (5.2±0.1)e+03
-1
𝒗𝒂𝒗𝒈 (m s )
(7.1±0.2)e+02
515±2
(6.5±0.2)e+02
480±1
-1
𝑬𝒂𝒗𝒈 (kcal mol )
2.0±0.1
1.15±0.01
1.7±0.1
1.0±0.1
Table II-22 Summary of incident and scattered O2 beam characteristics obtained by fitting TOF
spectra with one or two Maxwell-Boltzmann distributions. The VWC of incident beam not
included because it was not measured on same day as scattered beam.
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Figure II-26 Plot of averaged TOF spectrum of O2 beam (blue circles) scattered from 250 K surface
and produced with 100 Torr stagnation pressure collected for 405-709 ML-O exposure range. Solid
blue line is fit to a single Maxwell-Boltzmann (MB) distribution with no fixed parameters. Solid
orange line is 2-peak fit consisting of a 250 K MB distribution (red dashed) and one with no fixed
parameters (green dashed). Parameters summarized in Table II-22.

4. Discussion
The MT and TOF experimental results in the previous sections 3.3 and 3.4, respectively, do
not provide evidence for abstraction of an O atom from a O2 molecule incident on Si(100). This
result is applicable to O2 molecules incident with a kinetic energy of 1-2 kcal/mol on Si(100) at
any oxygen coverage range from a clean surface (0 ML) to greater than 1 ML and at any surface
temperature from 250 K to beyond the thermal desorption temperature of SiO product of 1100 K.
While there are no detectable O atoms during the O2 scattering experiments presented in this
study, there is a possibility that the resolution of the instruments at the setting used in the study is
not high enough to distinguish the signal of O atoms from the background noise. Possible
experiments that may be performed to potentially confirm the absence of atom abstraction are
discussed toward the end of section 3.4.2.

187

4.1. Exothermicity Partitioning—Reason for Absence of Atom Abstraction
Despite the reaction being exothermic according to the enthalpy change estimations in section
1.5, the partitioning of the released energy can be such that insufficient energy is channeled into
the kinetic energy of the complementary 3P O atom. Having sufficient kinetic energy to escape the
surface immediately upon the formation of 3P O atom is necessary because 3P O atom is known to
react with Si readily29 in a barrierless reaction.75
In an attempt to rationalize the exothermic energy distribution of the atom abstraction process,
the concept of early and late barrier classification according to Polanyi110 is invoked. The concept
has been proposed to describe a chemical reaction of the form: A + B-C → A-B + C. The notion
may be applied to the reaction of diatomic gas with a surface. That is, for the case of reaction
between O2 and Si, consider A = Si and B, C = O. For an early barrier reaction, the reaction
probability is enhanced by increasing incident kinetic energy, and the energy released once the
barrier has been overcome is channeled towards the vibrational excitation of the newly formed
bond rather than the kinetic energy of the reaction. A late barrier type reaction is the reverse where
the reaction is accelerated by vibrational excitation of the incident molecule and energy is released
in the form of kinetic energy of the products. Note that caution should be exercised when applying
the early/late barrier classification to any system since there are chemical reactions that deviate
from this classification, especially for reactions involving heavy atoms.110 Nevertheless, the
concept should be reasonable for the reaction involving relatively light O and Si atoms.
Studies in the literature suggest that the reaction probability of O2 with Si(100) is enhanced by
high incident O2 kinetic energy above 7 kcal/mol as discussed in section 1.3.4.2. Other literature
studies also found that vibrational excitation of the incident O2 has little to no effect on the reaction
probability.111,112 This dependence on kinetic energy rather than on vibrational energy of the
incident molecule is in-line with the early barrier classification.
Furthermore, consider two similar systems: the oxidation of Al(111) by O2 and the reaction of
F2 with Si(100). The reaction of Al(111) and O2 is found to be an early barrier reaction where the
barrier is due to the approaching O2 forming an O2- species near the Al surface.113 The experimental
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study114 suggests that the kinetic energy of the released O atom from the abstraction reaction by
Al carries a mere 1/7 of the total exothermicity of 65 kcal/mol115,116. Similarly, for the case of F
abstraction from F2 or XeF2 by the dangling bond of a surface Si atom, the reactions are found to
be early barrier due to the energy required overcome the initial electron repulsion. This conclusion
is supported by TOF measurements of the F atom, where it is found to carry 3.7 kcal/mol of
translational energy, which is only a fraction of the total 103 kcal/mol released,108 In addition, the
resulting Si-F bond is found to be in a vibrationally excited state as evident by photon emission at
1400 cm-1 observed during the reaction of XeF2 with Si.117
Overall, the available evidence for the reaction of O2 with Si(100) and well as for similar
systems suggest that the hypothetical abstraction reaction, should it occur, is most likely an early
barrier reaction. Hence, its exothermicity is channeled into vibrational energy of the product Si-O
bond that quickly dissipates into the Si lattice, while leaving the resulting free 3P O atom with little
kinetic energy to escape the huge attraction of a neighboring dangling bond.

4.2. Unlikely Reasons for Absence of Abstraction
4.2.1. Reaction Geometry
A possibility for the absence of atom abstraction even if the complementary O atom has
sufficient kinetic energy to escape the surface is a restricted transition state geometry where the
complementary O atom is released with a trajectory aimed at the surface instead of away from it,
resulting in both O atoms of an O2 molecule reacting with the surface despite the abstraction. Such
a two-atom stepwise process where both atoms of the diatomic molecules react with the surface
has been observed in the case of Si(100) with F2. The first step of the abstraction reaction involves
the formation of Si-F-F transition state. As the reaction proceeds and the F-F bond breaks,
depending on the geometry of the Si-F-F bond, the freed F atom either travels towards or away
from the surface.108,118 If the F-F bond is pointed away from the surface, the free F atom is released
away from the surface. However, if the F2 bond axis is within 60 of being parallel to the surface,
the trajectory of the second F atom, which is very reactive due to its incomplete electron shell,
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maybe aimed at the surface where it may react or, alternatively, be non-reactively scattered if it
collides with a Si dangling bond site occupied with fluorine, particularly at higher surface
coverage.119 The probability of this two-atom adsorption process, which is initiated by an atom
abstraction event, is higher at low coverage because the number of empty Si dangling bond sites
is larger. Nonetheless, the single F atom abstraction process becomes increasingly important as the
F coverage increases and overtakes the two-atom reaction as the major reaction mechanism for
coverages above 0.5 ML.76,120
A similar stepwise process may occur for the case of the Si reaction with O2. Since atomic O
has been found experimentally to readily react with the Si surface with unit probability,57,121 the O
atom resulting from the hypothetical atom abstraction can either proceed to react with the surface
or leave the surface depending on the direction of the ejected O atom. However, similar to the case
of F2, the probability of the complementary O atom with its trajectory aimed at the surface
scattering non-reactively from filled dangling bond sites should be higher at higher coverage.
Therefore, even if the geometry for O atom abstraction is very restrictive, some complementary
scattered O atoms should still be observed at coverages around 0.5 ML.
4.2.2. High Activation Barrier
There are multiple possible adsorbed products of atom abstraction as discussed in section 1.5.
The activation barriers to produce these products have not been calculated apart from the 60
kcal/mol barrier to form a Si-O-Si dimer bridge product of an abstraction reaction.73 Given the
well-known high reactivity of Si dangling bonds, this calculated value for an abstraction barrier
seems much too high. It is expected that the barrier to formation of any of the possible reaction
products discussed in section 1.5 would be substantially lower. It seems unlikely that the presence
of high barriers to the abstraction reaction is a reason for the absence of this reaction pathway.

4.3. Further Directions
To further substantiate that atom abstraction is not a mechanism for the reaction of O2 with
Si(100), additional TOF experiments should be performed at higher time resolution and at very
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low O coverage as discussed towards the end of section 3.4.2. In addition, possible atom
abstraction should be explored for O2 incident on Si(100) at kinetic energies beyond 7 kcal/mol.
Such a study would address the presence of an entrance channel barrier as a possible origin for the
lack of atom abstraction at the low kinetic energy used in this study.

5. Conclusions
The results of these scattering studies do not provide evidence for the operability of the atom
abstraction mechanism in the interaction of low incident kinetic energy (1-2 kcal/mol) triplet
ground state O2 with Si(100) from zero to beyond 1 ML coverage at surface temperatures in the
range of 150 K to 1100 K. It is possible that the minimum requirements for the abstraction process
have not been met where the enthalpy change for the abstraction may not be exothermic as
estimated. However, if the abstraction reaction is exothermic, it is likely that insufficient
exothermicity is partitioned to the translational degree of freedom of the complementary O atom
for it to escape the attractive interaction of neighboring dangling bonds. This lack of translational
energy in the complementary O product is consistent with an early barrier in the potential energy
surface for an O2 atom abstraction reaction with Si(100).
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Chapter III: Reaction of (O2)2 van der Waals Dimer with Si(100)

1. Introduction
1.1. Oxidation of Si(100) by O2 – A Spin-Forbidden Reaction
The results in the previous chapter suggest that O atom abstraction is not a viable mechanism
for the reaction of O2 with Si(100) at least for incident translational energies between 1-2 kcal/mol
and surface temperatures in the range of 150 K to 1100 K. Thus, the reaction between triplet ground
state O2 and singlet Si surface bonds forming singlet silicon oxide products has to undergo classic
dissociative adsorption. This reaction requires a triplet-to-singlet spin transition, the probability of
which depends upon the spin-orbit coupling which is relatively weak for elements with low atomic
number such as O or Si. While it is not necessary for the spin transition to be the rate determining
step, theoretical studies1–4 indicate that such is the case for the reaction of O2 and Si(100) where
the activation barrier arises as the triplet O2 approaches the Si surface.

1.2. Enhancing the Oxidation Process
Multiple previous studies investigate different kinds of O containing species with the goal of
oxidizing the Si surface with a higher reaction probability than that of the ground state triplet O 2
molecule. Their possible reasons for the increased reaction probabilities will be discussed in regard
to the potential relevance of the spin transition process.
1.2.1. Atomic Oxygen
One of the highly reactive forms of oxygen is atomic oxygen. Experimental studies of atomic
oxygen interacting with Si(100) to form silicon oxide indicate an initial reaction probability of
unity at surface temperatures from 300 K to 1100 K. The reaction probability is also found to be
insensitive to the incident kinetic energy in the range of 4-16 kcal/mol and to the incident angle.
The O atoms were produced by radiofrequency glow discharge of O2 gas where O atoms are
expected to be in the triplet ground state 3P with a negligible amount of the atoms in the excited
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singlet 1D state.5,6 However, unlike the case of dissociative adsorption of O2 where the product is
a singlet, a theoretical study by Kim7 suggests that the O atom initially undergoes a barrierless
process with the dangling bond of a Si(100) dimer forming the on-top intermediate structure (SiO•) that can be in the triplet state. Therefore, unlike the case of O2, the reaction of an O atom does
not require spin transition. In addition to the absence of the spin requirement, there is no orientation
requirement for the reaction of an O atom with the Si dangling bonds, unlike the case of the
diatomic O2 molecule. These factors contribute to the high reactivity of O atom.
1.2.2. Singlet O2
More direct evidence for the spin transition limiting the reaction probability of the ground state
triplet O2 ( 3Σ𝑔− ) with the Si surface is by considering the reaction of the excited singlet O2 ( 1Δ𝑔 ).
Multiple theoretical studies suggest that the reaction between a singlet O2 molecule and a Si surface
is a barrierless process.1,2,8 There has been no scattering experiment of singlet O2 molecules from
a Si crystal because production of singlet O2 by direct photoexcitation of triplet O2 is not viable
due to its spin-forbidden nature. However, singlet O2 can be produced by exciton transfer such as
in the photoexcitation of Si nanocrystals, which can be described as follows: First, the Si
nanocrystal, whose band gap is determined by its size, is excited by photon absorption from the
singlet ground to the singlet excited state. Intersystem crossing occurs as the singlet excited state
relaxes to the lower energy triplet excited state. Then, the triplet exciton on Si can be transferred
to a nearby O2 molecule, thereby exciting O2 from its ground state to the singlet excited state
provided that the exciton energy matches the O2 spin transition energy from the triplet ground state
3 −
Σ𝑔

to either of the singlet excited states, 1Δ𝑔 or 1Σ𝑔+ (22.6 and 37.6 kcal/mol, respectively).9,10

This exciton transfer process is spin conserved, as the reaction involves two triplet reactants
forming two singlet products.
The singlet O2 produced by this exciton transfer process has been found to immediately react
with the Si nanocrystal forming silicon oxide.11,12 While Si oxidation is an undesirable process for
photoluminescent devices, this observation highlights the reactivity of singlet O2.
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1.2.3. Massive O2 van der Waals Cluster
Further supporting evidence for the high reactivity of singlet O2 comes from the study by
Daineka13,14 in which a molecular beam of very large O2 van der Waals (vdW) cluster are directed
at a Si surface. The study considers active oxidation of Si(100) at high surface temperatures
between 1150-1400 K, where SiO constantly desorbs, by massive vdW clusters containing around
600, 2000, and 4000 (±20%) O2 molecules with a kinetic energy per O2 molecule of around 4-5.5
kcal/mol. The initial reaction probability per O2 molecule coming into contact with the surface
(roughly 30-45% of the molecules in the massive cluster) is found to be 0.15±0.07, compared to
0.02-0.06 for the O2 monomer under similar conditions.
A theoretical study by Vach and Nguyen15,16 proposed that the increase in reaction probability
of large O2 clusters to arise from electronically excited O2 as a result of collision induced excitation
upon impact of the cluster on the surface in a mechanism called chemistry with a hammer 17. To
model the collision, the dynamics of the compression of a single (O2)2 vdW dimer between the
surface and many O2 molecules surrounding the dimer are considered.
The simulation suggests a nonadiabatic ladder climbing scheme for the transition of the (O2)2
dimer in its ground state, which correlates to two ground state triplet O2 molecules ( 3Σ𝑔− + 3Σ𝑔− ),
to the first excited electronic state, which correlates to a triplet O2 and a singlet O2 molecule
( 3Σ𝑔− + 1Δ𝑔 ) in the separated molecule limit. The excitation mechanism involves compression of
the vdW bond of the (O2)2 dimer, which has an H-shape, from its ground state bond distance of
3.6 Å to around 2.0 Å during the collision. This compression results in an increased potential
energy of the ground state ( 3Σ𝑔− + 3Σ𝑔− ) that now matches the potential energy of the first excited
singlet state ( 3Σ𝑔− + 1Δ𝑔 ) and increases the spin-orbit coupling between the triplet ground and
singlet excited state of the O2 molecules in the dimer by almost 3 order of magnitudes. The
combination of potential energy matching and the increase in the spin-orbit coupling enhances the
probability of spin transition of one of the two O2 molecules in the dimer from the ground triplet
state to the first excited singlet state, and thus the probability of the dimer to transition from the
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ground to the first excited state. If the dimer transitions to the first excited state ( 3Σ𝑔− + 1Δ𝑔 ), it
is possible for the dimer to undergo another compression that can result in the excitation of the
dimer to the second excited state ( 1Δ𝑔 + 1Δ𝑔 ). The probability of transition from the ground state
( 3Σ𝑔− + 3Σ𝑔− ) to the first excited state ( 3Σ𝑔− + 1Δ𝑔 ) and from the first exited state to the second
excited state ( 1Δ𝑔 + 1Δ𝑔 ) by this compression mechanism is found to be 30% and 11%,
respectively, as estimated using a Landau-Zener model.
Once either or both of the O2 molecules are excited to the singlet state by the ladder climbing
mechanism, they can react with the surface separately. The ladder climbing mechanism described
is found to excite around 25% of the O2 molecules in the cluster to the first excited electronic state
that is 22.6 kcal/mol above the ground electronic state. As the singlet O2 reacts readily with Si,
their formation within the cluster during the collision via the ladder climbing mechanism enhances
the reaction probability.
These authors also propose an additional route to production of singlet O2 in a dimer and that
is severe compression/expansion of the O2 bond in one of the O2 molecules in the dimer. This
effective O2 vibrational excitation is a result of the large number of O2 multiple collisions that take
place within the cluster upon its collision with the surface. This high degree of vibrational
excitation facilitates the nonadiabatic crossing into higher energy electronic states of singlet
character.

1.3. Potential Approach to Overcoming Spin Transition with (O2)2 van der Waals Dimer
It may be argued that the reaction of O2 in its singlet excited state can be very different from
that of the triplet ground state due to the difference in energy of at least 22.6 kcal/mol. Thus, in the
attempt to focus on the spin aspect of the O2 molecule, this study measures the dissociative
adsorption probability of the vdW (O2)2 molecule, whose ground state is a singlet,18,19 and
compares it to that of the O2 molecule, whose ground state is a triplet. The comparison is a valid
one because the weak vdW bond minimally alters the chemistry of the O2 molecule while making
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possible a spin allowed reaction. Therefore, observation of enhancement of the reaction probability
of (O2)2 compared to that of the monomer O2 provides substantial evidence that the spin forbidden
nature of O2 dissociative adsorption on Si greatly limits the oxidation probability.
Interestingly, in the theoretical studies of the origin for the enhanced reactivity of very large
O2 clusters discussed in section 1.2.3, the singlet nature of the ground electronic state of the (O2)2
dimer, on which the non-adiabatic ladder climbing is modeled, is not recognized nor considered.
The results of this present study will necessitate addition of the enhanced reactivity due to the
singlet nature of the (O2)2 dimer to the ladder climbing model.
1.3.1. (O2)2 vdW Dimer
The ground state (O2)2 dimer has an H shape with a vdW bond distance of 3.56 Å and bond
energy of 0.4 kcal/mol.20,21 This energy is a fraction of the triplet to singlet transition of 22.6
kcal/mol in O2. The electronic structure of the (O2)2 dimer formed from two triplet ground state
( 3Σ𝑔− ) O2 molecules consists of a ground singlet ( 1A𝑔 ), an excited triplet ( 3B3𝑢 ) as well as a
quintet ( 5A𝑔 ) state that are 0.04 and 0.07 kcal/mol above the ground singlet state, respectively.18,19
Molecules in a molecular beam produced by a supersonic expansion are generally cooled to
their ground or very low internal energy states. The supersonic cooling of (O2)2 to the singlet
ground state has been demonstrated in a Stern-Gerlach experiment that shows the (O2)2 beam not
being split by the magnetic field.22 To verify that the (O2)2 molecules produced in this study by an
adiabatic expansion are in the ground state, Maxwell-Boltzmann statistics are used to calculate the
probability of the dimer being in the ground state:23
𝑞𝑖 =

𝑔𝑖
∑𝑗 𝑔𝑗 𝑒

−

𝐸𝑗 −𝐸𝑖
𝑘𝑏 𝑇

(1)

where 𝑞𝑖 is the probability of being in state 𝑖, 𝑔𝑖 is the degeneracy of state 𝑖, 𝐸𝑖 is the energy of the
state 𝑖, 𝑘𝑏 is the Boltzmann constant, and 𝑇 is the beam temperature. For the (O2)2 system of
interested, there are three states: ground singlet, first excited triplet, and second excited quintet
states represented by 𝑖, 𝑗 ∈ {0,1,2} respectively. The degeneracy of the three states are one, three,
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and five, respectively. The spin state excitation energy of (O2)2 from the singlet ground state to the
triplet first excited state, 𝐸1 − 𝐸0 , and the quintet second excited state, 𝐸2 − 𝐸0 , are 0.04 and 0.07
kcal/mol respectively.18,19 Substitution of the energy differences into equation (1) with 𝑖 = 0 and
the beam temperature for (O2)2 obtained from the TOF experiments of 3 K yields the probability
of (O2)2 in the beam being in the singlet ground state, 𝑞0 , of 0.996. Given this result, the (O2)2
produced in this experiment are almost exclusively in the singlet ground state.
1.3.2. Possible Interactions of the (O2)2 vdW Dimer with Si Surface
The goal of this study is to determine whether the reactivity of the (O2)2 vdW dimer with
Si(100) is significantly higher than that of O2, given the singlet character of its ground state. The
singlet nature of the (O2)2 dimer allows for circumvention of the energy barrier that exists in the
interaction of the O2 monomer with Si(100). Two possible pathways may be envisioned by which
the singlet (O2)2 dimer reacts with the singlet Si(100) bonds to form singlet Si-O products, thereby
not involving a spin transition. For one, it is possible that all four of the oxygen atoms constituting
the dimer react simultaneously on adjacent Si sites in a four-center type of reaction. However,
geometrical constraints may make this reaction pathway unlikely. Rather, the reaction of two
oxygen atoms in the dimer to form O-Si bonds seems more plausible, leaving the remaining two
oxygen atoms that constitute a triplet state O2 molecule to either react with Si at the lower
probability or scatter unreactively from the surface.
The reaction of (O2)2 with Si is most likely not limited to the singlet mechanism just described
since (O2)2 may also dissociate into two O2 molecules upon collision with the surface. The resulting
two O2 molecules, which are in their triplet ground state, can then interact with the Si surface by
either dissociatively adsorbing or scattering non-reactively off the surface, as if they were incident
on the surface as an O2 molecules.
The possibility of an atom abstraction reaction mechanism in the interaction of (O2)2 with
Si(100) is also probed in this study, although the singlet nature of (O2)2 is expected to be of no
consequence for its reaction probability. If atom abstraction were to occur, a scattered (O2)O
species should be detectable mass spectrometrically. However, given that the abstraction process
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does not occur in the case of monomer O2 as shown in previous chapter, it is unlikely that the
presence of a weak vdW bond will activate an atom abstraction pathway in (O2)2.

1.4. Chapter Outline
The production of the (O2)2 along with other vdW molecules byproduct by supersonic
expansion of O2 containing gas mixture is described followed by the approach to the
characterization of the beam composition in section 2. Then, in section 3, the results of the reaction
probability of (O2)2 towards Si(100) surface at various temperature measured using thermal
programmed desorption experiment are presented and compared with that of the triplet O2.
Furthermore, the section also summarizes the observation of the scattered particles resulting from
the scattering of the (O2)2 containing beams obtained from mass spectrometry techniques. The
analysis of the interaction pathways and the reaction probability of (O2)2 are made and the potential
reactivity enhancing mechanisms which are available to (O2)2 but not to O2 are discussed in section
4. This is followed by the explanation of the potential limitations to the results, and the further
experiments are proposed. Lastly, the conclusion of this study is made in section 5.

2. Experimental
The experiments were carried out using the custom-built scattering apparatus as described in
the previous chapters and elsewhere24–26. The experiments performed in this study include the
mass-time (MT) measurements, time-of-flight (TOF) measurements, thermal programmed
desorption (TPD) measurements, and Auger electron spectroscopy (AES). Their procedures are
identical to those discussed in previous chapters with the only difference being beams containing
O2 vdW species are used in this study.
Characterization of the beams containing vdW species is discussed in section 2.1. Section 2.2
describes the potential approach to determination of the flux of the O2 vdW species.
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2.1. (O2)2 van der Waals Dimer Production
2.1.1. Conditions for (O2)2 vdW Dimer Production
The O2 vdW species are produced by supersonic expansion of 5% or 25% of O2 seeded in Ar
with a stagnation pressure behind a cold nozzle (-140±5 °C) ranging from 750 to 2412 Torr. The
nozzle cooling setup for the production of vdW molecules is explained in Appendix 2. Although
the nozzle temperature affects the formation of vdW clusters and hence their fluxes, the variation
in nozzle temperature is small enough so that the flux variation is within the flux measurement
error. The choice of stagnation pressure, nozzle temperature, and beam composition for maximum
vdW production is based on several factors. First, while a higher stagnation pressure is preferred
for production of a high concentration of vdW molecules, stagnation pressure is limited by the
pumping speed of the beam source chamber. The pumping speed determines the residual
background pressure at a given stagnation pressure. The residual background pressure must be
sufficiently low so as to not attenuate the beam, thus decreasing the flux of vdW molecules.
Second, the vdW production increases with lower nozzle temperatures, but the temperature
selected must be achievable in a reasonable time as discussed in Chapter I. Third, given that the
main focus of this study is to measure the initial reaction probability of O2 vdW molecules, a lower
total flux of O2 containing species is preferred because the exposure of Si to O2 can be more
precisely controlled. While the flux of O2 may be reduced by lowering the O2 stagnation pressure,
doing so will greatly reduce the concentration of O2 vdW in the beam since higher stagnation
pressure promotes collisions and hence the production of vdW molecules. Thus, to operate at high
stagnation pressure without excessively increasing the flux of the total O2 containing species, O2
is mixed with an inert gas such as Ar.
The gas purities are listed in Table III-1. The gas mixture was prepared by introducing the
lower percentage gas into the mixing cylinder followed by the higher percentage component. The
percentage of each gas is estimated from a mechanical pressure gauge. Note that the knowledge of
the exact ratio of the two components is not necessary because the absolute flux of each species in
the beam is determined by a time-of-flight (TOF) experiment as detailed in the next section 2.1.2.
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For this study, the term “RT beam” and “cold beam” are used as an abbreviation for the beam
produced by supersonic expansion through the nozzle held at room temperature (RT) and at -140±5
°C, respectively.

Gas Purity (%)
Provider
O2
99.9999
MG Scientific
He 99.9995
Spectra Gases
Ar
99.9995
Spectra Gases
Kr
99.97
Spectra Gases
Table III-1 Purity of gases used in this experiment.
2.1.2. Characterization of Species Present in the Beam
The supersonic expansion of a 5% O2/He gas mixture through a cold nozzle produces vdW
species consisting of O2 molecules only and no detectable mixed vdW species consisting of both
O2 and He. This result is expected due to the low polarizability of He. However, the supersonic
expansion of O2 seeded in He produces high translational energy O2 particles of at least 5 kcal/mol
at the stagnation pressure of 500 Torr. Thus, this study focuses on the use of 5% and 25% O2/Ar
mixtures where the translational energy of O2 is roughly 1-2 kcal/mol, which is comparable to that
is used in chapter II. The ratio of the (O2)2 to O2 flux in the O2/Ar beams given by the ratio of the
velocity-weighted counts (VWC) of m/z=64 to 32 is around 0.3, as described in detail in section
2.2.3. Nonetheless, the use of a O2/Ar mixture comes with the drawback of the formation of mixed
vdW species between O2 and Ar, such as Ar(O2).
Detection of the species in the beam is accomplished by TOF mass spectrometry, similar to
that used in the previous chapters. However, mass spectroscopy (MS) requires ionization of the
neutral species before it can be detected. Ionization complicates the quantification process because
dissociative ionization can occur, leading to multiple distinct species at the same value of m/z, as
can be seen in the mass spectrum (measured up to the mass-to-charge ratio (m/z) of 130), shown
in Figure III-1, of a 25%O2/Ar beam produced by expansion of 750 Torr from a 133 K nozzle.
Table III-2 shows the possible +1 charged species observed at each m/z. The signal at several of
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the m/z values can arise from at least two distinct species in the beam. The fragmentation and its
ramifications on the flux analysis are discussed in detail in section 2.1.3.

Figure III-1 Mass spectrum of beam produced by expansion of 25% O2/Ar with stagnation pressure
of 750 Torr through nozzle at -140 °C. Spectrum shows existence of vdW species of O2 and Ar at
m/z > 60.

m/z Possible ion fragment (z=+1)
48 (O2)O
56 Ar(O)
64 (O2)2
72 (O2)Ar
80 Ar2
(O2)2O
88 (O2)OAr
96 (O2)3
OAr2
104 (O2)2Ar
112 (O2)Ar2
(O2)3O
120 Ar3
(O2)2OAr
128 (O2)4
(O2)OAr2
Table III-2 Identities of ions contributing to signal at various m/z values in mass spectrum shown
in Figure III-1.
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2.1.3. Origin of m/z=80 and 96
As shown in Table III-2, the signals at m/z=80 and 96 are two of the lower m/z values that can
be produced from the dissociative ionization of two distinct parent species. The possible
contribution of two species to the signal at a single m/z complicates the flux analysis. Nonetheless,
the relative abundances of the isotopes of O and Ar listed in Table III-3 can be used to evaluate
the relative contributions of the two fragments to the m/z=80 and 96 signals. Note that the mass of
the second most abundant O isotope is greater by two mass units while that of Ar is smaller by
four. This difference allows for a clear distinction of the O and Ar composition of the cluster by
evaluating the contribution of Ar2 to the m/z=80 signal through a TOF measurement of the m/z=76
signal, which correspond solely to (Ar-40)(Ar-36), and similarly the contribution of Ar2O+ to the
m/z 96 signal through a TOF measurement of the m/z=92 signal, which corresponds solely to the
(Ar-40)(Ar-36)O+ vdW species.

Atom Major isotopes Percentage
16
99.76
O
18
0.2
40
99.604
Ar
36
0.334
Table III-3 Isotope abundance for O and Ar.
The procedure is as follows. The relative abundance of Ar2+-80, 𝐴(Ar−40)+2 , and Ar2O+-96,
𝐴(Ar−40)2 O+ , which consist of two Ar-40, are calculated from the values in Table III-3 as
(0.99604)2 = 0.99210. Similarly, the relative abundance of (Ar-40)(Ar-36), 𝐴(Ar−40)(Ar−36)+ ,
and (Ar-40)(Ar-36)O+, 𝐴(Ar−40)(Ar−36)O+ , which consist of one Ar-40 and one Ar-36, are
calculated as 0.99604 × 0.00334 × 2 = 0.00665. Note that a factor of two is included as either
of the Ar atoms can be Ar-40. The TOF spectra at m/z=76 and 92, corresponding solely to the (Ar40)(Ar-36) and (Ar-40)(Ar-36)O+ vdW species respectively, are measured (not shown) and their
VWCs are determined.
The VWC measured at m/z=80 must be the sum of the VWC’s of each contributing species;
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VWC80 = VWC(O2 )2 O+ + VWC(Ar−40)2 +

(2)

However, VWC(Ar−40)2 + must be equal to the VWC(Ar−40)(Ar−36)+ multiplied by the ratio of the
relative abundance of Ar2+-80 to that of (Ar-40)(Ar-36) +-76:
VWC(Ar−40)2 =
+

𝐴(Ar−40)2 +
𝐴(Ar−40)(Ar−36)+

VWC(Ar−40)(Ar−36)+

(3)

Evaluating the ratio of relative abundances yields a factor of 149. Then, substituting equation (3)
into equation (2) yields:
VWC80 = VWC(O2 )2 O+ + 149 VWC(Ar−40)(Ar−36)+

(4)

A similar expression is derived for m/z=96:
VWC96 = VWC(O2 )+3 + 149 VWC(Ar−40)2 (O2 )+

(5)

The TOF spectra at m/z=76 and 92 are multiplied by this factor of 149 and then plotted on the
same scale as the TOF spectra at m/z=80 and 96 in Figure III-2 (a) and (b), respectively. As can
be seen, some data points on the scaled TOF peak at m/z=76 are slightly higher than that at m/z=80.
While the differences are larger than one standard deviation (represented by the error bars on the
plot), the two peaks are comparable given the difference is smaller than the noise spikes such as
that at around 1075 µs. Furthermore, given there is only one source of m/z=76 signal while two
species can potentially contribute to m/z=80, it is not physically possible to have higher counts at
m/z=76 than m/z=80. Thus, the sole contributor to the m/z=80 signal is most likely Ar2. For
m/z=96, the contribution of Ar2O+ to m/z=96 is negligible since the intensity of the scaled TOF at
m/z 92 is imperceptible compared to that at m/z=96. Thus, (O2)3 is the sole contributor to the
m/z=96 signal.
Furthermore, the fact that there are no detectable (O2)O+ ions at m/z=80 nor Ar2O+ ions at
m/z=96 likely indicates that the probability of O-O bond dissociation as a result of the electron
ionization of vdW species is miniscule. This information will be useful in the evaluation of the
absolute fluxes of the vdW species in section 2.2.
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(a)

(b)

Figure III-2 TOF spectra at (a) m/z=80 (orange dot) and 76 (blue circle), (b) m/z=96 (orange dot)
and 92 (blue circle). Spectra at m/z=76 and 92 are multiplied by 149 to adjust for relative
abundance according to equation (4) and (5). Error bars represent one standard deviation. Data
points are connected by a straight line for visualization purpose.
2.2. Attempt at Absolute Flux Determination
The flux determination of a species in the beam begins by considering the velocity-weightedcount (VWC) at some value of m/z for a charged species 𝑥 after ionization and a neutral species 𝑦
before ionization. The VWC is related to the flux of neutral species, 𝐼𝑦 , before ionization by:27,28
VWC𝑥,𝑦 = 𝐼𝑒 − 𝑑𝑒 − 𝜎𝑦→𝑥 + τ𝑥 𝐼𝑦

(6)

where 𝐼𝑒 − is the current density of the ionizing electrons, 𝑑𝑒 − is the length of the ionization
region, τ𝑥 is the transmission factor, 𝜎𝑦→𝑥 + is the ionization cross section for the ionization of 𝑦
forming the 𝑥 + ion.
The flux of a beam consisting of a single species is determined using equation (6) as outlined
in the previous chapters and elsewhere.28,29 However, the flux determination is complicated by
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fragmentation of ionized species: a vdW species can break down into smaller ions before being
detected. For example, when (O2)2 dimer is ionized, fragmentation of the ion may produce O2+ ion
and O2, meaning that part of the m/z=32 signal actually arises from the (O2)2 dimer.
An experimental approach that may be applicable for distinguishing vdW species before
ionization is helium beam scattering. Because vdW clusters in a supersonic beam have similar
velocities but different masses, scattering He atoms from them will result in different trajectories
of the reflected He atoms after collision with different cluster sizes.30 However, the method is not
immediately available to the current instrumentation setup.
Thus, a possible approach to determine the flux of vdW species involves a multiparameter
solution to a set of linear equations and is considered in section 2.2.3. Prior to description of this
approach, each component in equation (6) required to determine the absolute flux is discussed: τ𝑥
is explored in section 2.2.1 while the constant involving 𝐼𝑒 − and 𝑑𝑒 − is established in section 2.2.2.
A discussion of the ionization cross section, 𝜎𝑦→𝑥 + , which is unique for each 𝑦 and 𝑥 species, is
presented in section 2.2.4. The approach for finding the O2 flux in the cold beam is discussed in
section 2.2.5.
2.2.1. Transmission Factor
The transmission factor, 𝜏𝑥 , of an ion, 𝑥, is dependent only on the value of m/z and independent
of the actual chemical species initially ionized. The non-linear relationship between τ𝑥 and m/z
varies depending on the instrumental condition and other spectrometer settings.31,32
Finding the value of 𝜏𝑥 from equation (6) requires knowledge of the other parameters,
including the values of 𝐼𝑒 − and 𝑑𝑒 − that cannot be easily measured. However, since 𝐼𝑒 − and 𝑑𝑒 −
are constants, they cancel when considering the ratio of equation (6) for two VWCs. This
cancellation means that 𝜏𝑥 is only needed to be known relatively as a ratio to that of another m/z=𝑧
in order to find the absolute flux of the species 𝑥 by relating it to the flux of 𝑧 as shown in chapter I.
However, in the experiment described in chapter I, there is only one vdW species, Kr(F2), of
interest, so its transmission factor is estimated from that of an easily available and stable species
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whose m/z value is close to it. In this study, there are multiple vdW species that have a mass
significantly different from that of a readily available species with the mass in the range of 48 to
112 amu as shown in Table III-2. Thus, to improve the estimation of the transmission factor, a
more extensive approach is taken in this study: finding the relationship between the transmission
factor ratio and m/z by the method of curve fitting.
First, the ratio of transmission factors for gaseous species over an appropriate range of m/z
values and whose absolute fluxes are known must be determined. This procedure starts by
considering the ratio of fluxes of effusive beams of inert gases because the flux of an effusive
beam can be expressed by the ideal gas law as:29
𝐼effusive =
where

𝑁
𝑉

1𝑁
𝑣̅ 𝐴noz 𝜀
4𝑉

(7)

is the number density of the species behind the nozzle, 𝑣 is the average velocity of the

particles leaving the nozzle, 𝐴noz is the area of nozzle orifice, and 𝜀 is a constant geometrical factor
involving the nozzle and collimating slit diameters and the distance between the nozzle and crystal.
The condition required for an effusive beam is that the mean free path of the particles behind
the nozzle has to be much greater than the nozzle diameter such that there are no collisions between
the emerging particles. This condition results in a Maxwell-Boltzmann distribution for the velocity
of the particles characterized by the nozzle temperature. Under such a condition, the flux of an
effusive beam, equation (7), can then be expressed in terms of the mass of the gaseous species, 𝑚,
and the stagnation pressure, 𝑃stag , as:33
𝐼effusive =

3
2𝜋
√
𝑃
𝐴 𝜀
16 𝑚𝑘𝑇 stag noz

(8)

where 𝑘 is the Boltzmann constant, and 𝑇 is the temperature of the gas.
Substituting this expression for the effusive beam flux, equation (8), into the expression for
VWC, equation (6), and grouping terms that are independent of the species yields:
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VWC𝑥,𝑦 = (𝐼𝑒 − 𝑑𝑒 −

+𝜏
𝜎
3 2𝜋
√ 𝑃stag 𝐴noz 𝜀 ) 𝑦→𝑥 𝑥
16 𝑘𝑇
√ 𝑚𝑦

(9)

Note that the VWC is that of ion 𝑥 + as the result of ionization of the neutral particle 𝑦.
The ratio of the transmission factors for species at two different masses is written by taking the
ratio of equation (9) and rearranging to yield:
𝜏 𝑥2
𝑉𝑊𝐶𝑥2 ,𝑦2 𝐴𝑦1 𝜎𝑦1→𝑥1+ 𝑚𝑦2
=
√
𝜏 𝑥1
𝑉𝑊𝐶𝑥1 ,𝑦1 𝐴𝑦2 𝜎𝑦2→𝑥2+ 𝑚𝑦1

(10)

where 𝐴𝑦𝑖 is the percentage abundance of the isotope of species 𝑦𝑖 .
The TOF spectra of O2, Ar, and Kr effusive beams, emanating from a nozzle at 296 K with a
stagnation pressure of 0.03 Torr, are shown in Figure III-3. The resulting values of VWC, along
with the isotope abundances and ionization cross sections are summarized in Table III-4.

Species

Isotope abundance,
𝑨 (%)

𝝈 (at 70 eV)34,35
(10e-16 cm2)

VWC (count)

O2-32

99.52

1.50 ± 5%

(1.01±0.03)e+03
(8.8±0.3)e+02

Ne-20

90.48

0.475 ± 5%

-

Ar-40

99.60

2.52 ± 5%

(1.03±0.02)e+03
(1.16±0.03)e+03

Kr-84

56.99

3.45 ± 5%

(7.4±0.2)e+02
(9.0±0.3)e+02

Kr-86

17.28

3.45 ± 5%

(2.6±0.1)e+02

Xe-129
26.40
4.67 ± 5%
Table III-4 Parameters used in calculation of equation (10). Note that there are two measurements
that are used in the analysis from some species.
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Figure III-3 TOF spectra of effusive beams of O2 at m/z=32, Ar at m/z=40, and Kr at m/z=84 as
well as 86. Beams are produced at stagnation pressure of 0.03 Torr and nozzle temperature of 296
K. Blue ‘+’ markers represent TOF data. Orange solid and green dashed-dotted lines are best fits
to the data and a calculated TOF spectrum assuming beam temperature equals nozzle temperature,
respectively. Slight shift between orange and green lines indicates that beams are slightly noneffusive.

216

Using the values in Table III-4, the transmission factor ratio of species 𝑥 to that of Ar, 𝜏𝑥 /𝜏Ar ,
is calculated from equation (10). These values are plotted against the value of m/z for the ion x, as
shown in Figure III-4. This plot is then fit to a linear function in m/z only over the range from
m/z=40 to 112:
𝜏𝑥:Ar (m/z) =

𝜏𝑥
= 𝐴 + 𝐵 (m/z)
𝜏Ar

(11)

where 𝐴 and 𝐵 are fit parameters. The fit result is shown in Figure III-4 and the values for the fit
parameters are in Table III-5. The fit function is used to interpolate the transmission ratios for
values of m/z within the range of 40 to 112. Note that TOF measurements were carried out only
for an effusive beam up to a value of m/z = 86, Kr. Hence, the function is extrapolated to higher
values of m/z. For more accurate estimation, the analysis should include a TOF measurement of
an effusive beam of Xe, which has multiple stable isotopes around 130 amu. The value for the
transmission factor of O2 used in the flux calculation is the average value of two measurements at
m/z=32, 1.3±0.1.

Figure III-4 Plot of transmission factor ratios 𝜏𝑥:Ar as a function of m/z of the ion 𝑥 and the fit
(orange line) to equation (11).
Parameter
Value
0.009±0.001
𝐴
0.66±0.06
𝐵
1.3±0.1
𝜏32:Ar
Table III-5 Summary of fit parameters for equation (11) and relative transmission factor for
m/z=32.
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2.2.2. Mass Spectrometer Constant 𝒄
To relate VWC𝑥,𝑦 , which is in the unit of MS count, to the absolute flux of the y species, 𝐼𝑦 , as
shown in equation (6), the parameters 𝐼𝑒 − and 𝑑𝑒 − have to be known. The product of these
parameters may be obtained for one species whose absolute flux is known and can then be used to
find the absolute flux of another species from its respective VWC, given that the instrument
conditions are almost identical.
However, as can be seen in equation (6), to determine the value of 𝐼𝑒 − 𝑑𝑒 − , the transmission
factor for 𝑥, 𝜏𝑥 , has to be known, as opposed to the transmission factor relative to that of Ar, 𝜏𝑥:Ar,
as given in Section 2.2.1. To remove the necessity of knowing 𝜏𝑥 , consider equation (6), then
multiply both sides by 𝜏𝐴𝑟 /𝜏𝑥 resulting in the expression:
VWC𝑥,𝑦
= 𝑐𝜎𝑦→𝑥 + 𝐼𝑦
𝜏𝑥:Ar

(12)

where
𝑐 ≝ 𝐼𝑒 − 𝑑𝑒 − 𝜏Ar =

VWC𝑥,𝑦
𝜏𝑥:Ar 𝜎𝑦→𝑥 + 𝐼𝑦

(13)

This definition of the relationship between VWC𝑥,𝑦 and the absolute flux 𝐼𝑦 as defined by equation
(12), instead of equation (6), is used in the analysis in the subsequent sections. Note that 𝑐 is a
constant, composed only of instrumental parameters that are independent of the species detected.
However, at least one value of the absolute flux is needed to find 𝑐. To do so, the absolute flux of
100% O2 produced from a room temperature nozzle is determined by the pumping speed method,
discussed in Chapter II. With a known O2 absolute flux, 𝐼O2 , its corresponding VWCO2 , the O2
relative transmission factor, 𝜏O2 /𝜏Ar , and O2 ionization cross section 𝜎O2 →O2 + , the constant 𝑐 can
be found using equation (13).
This study uses four beams produced by the expansion of O2/Ar with different gas mixture
compositions and stagnation pressures as listed in Table III-6. The constant 𝑐 for beam set 1 is
different for those for the other sets, as shown in the Table III-6, because the TOF experiment
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carried out to determine its composition was performed on a different experimental day and thus
was measured under different instrumental conditions.
2.2.3. Potential Approach for Determining Ionization Cross Sections of vdW Molecules
One complication in the flux analysis is the occurrence of dissociative ionization of the vdW
species. For example, ionization of the cluster Arm(O2)n, where m and n are positive integers
including zero results in a parent Arm(O2)n+ ion, but also in an ion species such as Arm(O2)n-1+ that
is less massive than the initial neutral species. Dissociative ionization complicates the
determination of the absolute flux of a species in the beam because the signal detected m/z=𝑥 can
be the result of both non-dissociative ionization of neutral species with m/z=𝑥 and the dissociative
ionization of a more massive neutral species with m/z=𝑧 to produce an ion at m/z=𝑥. Therefore,
the total VWC at the value of m/z for species 𝑥, can be written as the sum of the VWCs over all
the species 𝑦 that contribute to the detected ion 𝑥:
VWC𝑥,Total = ∑ VWC𝑥,𝑦

(14)

𝑦 ∈ 𝑥,𝑧

With this information, substituting equation (12) into the VWC𝑥,𝑦 on the right-hand-side of
equation (14) yields:
VWC𝑥,Total = ∑ 𝜏𝑥:Ar 𝑐 𝜎𝑦→𝑥 + 𝐼𝑦

(15)

𝑦

Since 𝜏𝑥:Ar and 𝑐 are constants in the sum, dividing both sides of equation (15) by 𝜏𝑥:Ar 𝑐 gives:
VWC𝑥,Total
= ∑ 𝜎𝑦→𝑥 + 𝐼𝑦
𝜏𝑥:Ar 𝑐

(16)

𝑦

The normalized VWCs (i.e. left-hand-side of equation (16)) for each m/z detected in the four cold
beam sets are summarized in Table III-6 along with the percentage of each O2 containing species
in each beam presented in brackets. The relative composition of O2 containing species in the beams
are as expected where the percentages of the vdW species are higher for the beam produced from
the expansion of a gas mixture with higher stagnation pressure, and the percentages of vdW species
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consisting solely of O2 is higher for the beams produced from 25% O2/Ar compared to those
produced from 5% O2/Ar.

Experimental set
Beam (%O2/Ar)
Cylinder
𝑷𝐬𝐭𝐚𝐠 (Torr)
O2 flux in RT beam
(ML-O s-1)
𝒄 (10e-16 count cm2
ML-O-1 s)

1
5
2A
2412

2
5
2A
1130

3
25
4A
750

4
25
1A
750

0.9±0.3

2.2±0.6

4±1

3.3±0.9

(7.3±2.2)e+03

(6.7±1.6)e+03

0.9±0.3
1.6±0.4
3.1±0.8
2.7±0.7
(49±4%)
(68±4%)
(63±4%)
(66±4%)
40
2.8±0.9
5±1
5±1
5±1
48 0.017±0.006
0.013±0.004
0.05±0.01
0.04±0.01
56 0.022±0.007
0.025±0.007
0.020±0.006
0.023±0.006
0.4±0.1
0.4±0.1
1.1±0.3
0.8±0.2
𝐕𝐖𝐂𝒙
64
(23±3%)
(17±3%)
(22±3%)
(20±3%)
𝝉𝒙:𝐀𝐫 𝒄
0.17±0.06
0.15±0.04
0.19±0.05
0.19±0.05
72
of Cold Beams
(9±1%)
(6±1%)
(3.9±0.6%)
(4.5±0.7%)
-2
(10e+16 cm ML80
0.4±0.1
0.6±0.2
0.4±0.1
0.5±0.1
O s-1)
88 0.003±0.001 0.0012±0.0003 0.0019±0.0005 0.0016±0.0005
where m/z of 𝒙 is
0.12±0.04
0.07±0.02
0.4±0.1
0.24±0.07
96
(6±1%)
(3.2±0.5%)
(8±1%)
(6±1%)
0.12±0.04
0.06±0.02
0.11±0.03
0.09±0.03
104
(6±1%)
(2.7±0.5%)
(2.2±0.4%)
(2.2±0.4%)
0.12±0.04
0.07±0.02
0.05±0.02
0.06±0.02
112
(6±1%)
(2.8±0.5%)
(1.1±0.2%)
(1.4±0.2%)
Table III-6 Summary of absolute O2 flux of RT beam in each experimental set obtained using
method discussed in chapter II, corresponding 𝑐 calculated from equation (12), and normalized
VWCs of m/z corresponding to whole and fractions of species in cold beams with their
corresponding percentage in each beam displayed in brackets as described in text.
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To determine the absolute fluxes of the vdW species, multiple expressions of equation (16)
with different values of 𝑥 and 𝑦 are written in a matrix form:
𝑽=𝝈𝑰
where 𝑽 is a 𝑛 × 1 matrix whose elements are

𝑉𝑊𝐶𝑥,Total
𝜏𝑥:Ar 𝑐

(17)
, 𝑰 is a 𝑛 × 1 matrix of fluxes 𝐼𝑦 , and 𝝈 is

a 𝑛 × 𝑛 matrix of ionization cross sections with elements 𝜎𝑦→𝑥 + . If all ionization cross sections
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𝜎𝑦→𝑥 + are known, the fluxes 𝐼𝑦 can be found by solving the system of linear equations in equation
(17). However, this procedure cannot be performed in this study because the ionization cross
sections for all species are not known as discussed in section 2.2.4.
2.2.4. Ionization Cross Sections of vdW Species from Sum Rule
Ionization cross sections for stable species such as O2 and Ar are well documented and some
of their values are shown in Table III-3. However, ionization constants for species unstable at room
temperature such as the (O2)n and Arm(O2)n vdW species are not known. They are difficult to
measure because production of a vdW cluster also produces a mixture of other vdW species.36–40
Thus, the total ionization cross section of an Arm(O2)n vdW cluster consisting of 𝑚 Ar atoms and 𝑛
O2 molecules, ΣAr𝑚(O2 )𝑛 , is approximated by the sum rule,41,42 which is the weighted sum of the
total cross sections of an Ar atom and an O2 molecule:
ΣAr𝑚(O2 )𝑛 ≈ 𝑚 ΣAr + 𝑛 ΣO2

(18)

ΣAr = 𝜎Ar→Ar+ + ⋯

(19)

ΣO2 = 𝜎O2 →O+2 + (𝜎O2 →O+ + 𝜎O2 →O2+
)+⋯
2

(20)

where

The total ionization cross section for Ar and O2 are truncated at the last term shown in equations
(19) and (20), respectively, given that the cross sections yielding higher charged ions are relatively
small. The total ionization cross section ΣAr𝑚(O2 )𝑛 shown on the left-hand-side of equation (18) is
the sum of the cross sections for non-dissociative ionization and dissociative ionizations involving
either or both the vdW and O-O bond dissociations:
ΣAr𝑚 (O2 )𝑛 = ∑ σAr𝑚(O2 )𝑛→Ar
𝑚′ ,𝑛′

(O2 )+′
𝑚′
𝑛

+ σAr𝑚 (O2 )𝑛→Ar

(O2 ) ′ O
𝑚′
𝑛 −1

+

(21)

with 𝑚′ = 0,1, … , 𝑚 and similarly for 𝑛′ . The values for the total ionization cross sections of vdW
species up to the O2 containing trimers obtained using the sum rule, equation (18), are summarized
in Table III-7. The sum rule gives a reasonable estimation for the total (O2)2 ionization cross
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section of (4.4±0.2)e-16 cm-2 at the electron beam energy of 70 eV compared to the value of 4.55e16 cm-2 at 80 eV calculated by Joshipura.43

Species, 𝒚 m/z 𝚺𝒚 (10e-16 cm2)
(O2)2
64
4.4±0.2
Ar(O2)
72
4.7±0.2
Ar2
80
5.0±0.3
(O2)3
96
6.7±0.2
Ar(O2)2 104
7.0±0.2
Ar2(O2) 112
7.3±0.3
Table III-7 Summary of total ionization cross sections from sum rule.
The probability of each ionization process is obtained by dividing the individual ionization
cross section in the sum on the right-hand-side of equation (21), σ𝑋 , by the total ionization cross
section, ΣAr𝑚 (O2 )𝑛 :
𝑓𝑋 =

σ𝑋
ΣAr𝑚(O2 )𝑛

(22)

(O2 )𝑛 → Ar𝑚′ (O2 )𝑛′ −1 O+ .
where 𝑋 = Ar𝑚 (O2 )𝑛 → Ar𝑚′ (O2 )+
𝑛′ or Ar𝑚
The probabilities defined in equation (22) add to unity according to equation (23), which is
obtained by dividing both sides of equation (21) by ΣAr𝑚 (O2 )𝑛 :
1 = ∑ 𝑓𝑋

(23)

𝑋

Table III-8 lists the total ionization cross sections, Σ𝑦 , (sum of non-dissociative and dissociative
ionization cross sections) of the relevant species multiplied by the probability factor, 𝑓𝑋 , defined
by equation (22). The sum of the ionization cross sections in each column recover the total
ionization cross section according to equation (23).
In Table III-8, the dissociative ionization cross section for (O2 )3 → (O2 )2 O+ (m/z=96 to 80)
and Ar2 (O2 ) → Ar2 O+ (m/z=112 to 96) are marked in red because they can be assumed to equal
to zero given the analysis in section 2.1.3. To estimate whether other dissociative ionization cross
sections that involve the breaking of O-O bonds (marked in orange in Table III-8) can also be
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ignored, the ratio of the normalized VWC for the ion produced by dissociative ionization involving
O-O bond breaking, Ar𝑚 (O2 )𝑛 → Ar𝑚 (O2 )𝑛−1 O+ , to that of ionization of the neutral parent vdW
species, Ar𝑚 (O2 )𝑛 → Ar𝑚 (O2 )+
𝑛 ), are calculated and summarized in Table III-9. As indicated in
the table, the VWC ratios are not negligible, especially for m/z=56. Therefore, all three dissociative
ionization cross sections should be included in the analysis. Note that the differences in the values
of the VWC ratio among the four beam sets is expected, given the different conditions for the beam
production as listed in Table III-6.

Ar2
𝝈𝒚→𝒙+
(O2)2
Ar(O2)
(O2)3
Ar(O2)2
Ar2(O2)
m/z
64
72
80
96
104
112
32
𝑓64→32 Σ64 𝑓72→32 Σ72
𝑓96→32 Σ96 𝑓104→32 Σ104 𝑓112→32 Σ112
40
𝑓72→40 Σ72 𝑓80→40 Σ80
𝑓104→40 Σ104 𝑓112→40 Σ112
48
𝑓64→48 Σ64
𝑓96→48 Σ96 𝑓104→48 Σ104
56
𝑓72→56 Σ72
𝑓104→56 Σ104 𝑓112→56 Σ112
64
𝑓64→64 Σ64
𝑓96→64 Σ96 𝑓104→64 Σ104
72
𝑓72→72 Σ72
𝑓104→72 Σ104 𝑓112→72 Σ112
80
𝑓80→80 Σ80 𝑓96→80 Σ96
𝑓112→80 Σ112
88
𝑓104→88 Σ104
96
𝑓96→96 Σ96
𝑓112→96 Σ112
104
𝑓104→104 Σ104
112
𝑓112→112 Σ112
Table III-8 Summary of ionization cross section 𝜎𝑦→𝑥 + for vdW species where column and row
signify 𝑦 and 𝑥, respectively, multiplied by probability factor, f. A value for an ionization process
is marked with ‘-’ when it is physically impossible. Ionization processes involving dissociation of
O-O covalent bond are marked in orange and red. Total ionization cross sections, Σ𝑦 , are listed in
Table III-7.

𝑽𝑾𝑪

𝒙

𝒚

Normalized VWC ratio of m/z= 𝒙 to 𝒚, 𝑽𝑾𝑪𝒙 ,
𝒚

for beam set

1
2
3
4
48 64 0.039±0.007 0.036±0.007 0.044±0.008 0.044±0.008
56 72
0.12±0.02
0.12±0.02
0.10±0.02
0.12±0.02
88 104 0.023±0.004 0.019±0.004 0.016±0.003 0.016±0.003
Table III-9 Normalized VWC ratio of ion with m/z=𝑥 produced by dissociative ionization that
involves O-O bond cleavage to that of parent vdW species with m/z=𝑦.
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Nonetheless, even with the sum rule, equation (18), multiple ionization cross section ratios,
𝑓𝑋 , defined by equation (22), remain unknown. Such ratios for Arn vdW molecules are known
from He scattering experiments44 and theoretical calculations.45. Similar He scattering studies for
(O2)2 also exist.46 but this study suggests that 96% of ionized (O2)2 fragments and are detected as
O2+ ions. Given the vdW bond strength in (O2)2 (0.4 kcal/mol20,21) is higher than that of Ar2 (0.2
kcal/mol47,48), this percentage should be lower than (or at least similar to) that of Ar2 at 40%.
Furthermore, 96% is too high for what is reasonable in this study where this high dissociative
ionization yield would imply that almost all O2 measured as m/z=32 would have resulted from the
dissociation of (O2)2. This conclusion is in direct contradiction to the flux of O2 obtained through
the m/z=16 signal. Therefore, this value for the (O2)2 dissociative ionization probability is not used
in this study.
2.2.5. O2 Flux in Cold Beam and Ionization Cross Section 𝝈𝐎𝟐 →𝐎+
While the flux of each O2 containing species in the cold beam cannot be determined exactly
given the information available, this section discusses an experimental observation, involving the
dissociative ionization of O2, that can be used for determining the flux of O2 in the cold beams.
Consider the case of dissociative ionization of a vdW cluster that involves fragmentation of O 2,
such as in:
+
Ar𝑚 (O2 )+
𝑛 → Ar𝑚 (O2 )𝑛−1 O + O

It is expected that the positive charge is carried by the larger fragment, as shown, because it can
stabilize the charge more efficiently.37,49 Therefore, if dissociative ionization of higher clusters
does not contribute to the measured flux of O+, the signal at m/z=16 arises entirely from the
dissociative ionization of O2, and hence the flux of O2 monomer can be inferred from the measured
flux of O+.
This conclusion is supported by the following TOF experiments. Figure III-5 (a) shows TOF
spectra measured at m/z=16 and 32 from an O2 beam expanded from a nozzle at 300 K, in which
no vdW clusters are produced. The spectra are superimposable.
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(a)

(b)

Figure III-5 Plot of normalized TOF spectra at m/z=16, 32, 64, 72 and 96 for beam produced by
expansion of 25% O2/Ar with stagnation pressure of 750 Torr behind nozzle at (a) room
temperature, (b) -140 °C. Straight lines connect data points for visualization purpose.
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Figure III-5 (b) shows spectra measured at m/z=16 and 32 from an O2 beam expanded from a
nozzle at 133 K, in which vdW clusters of (O2)2, Ar(O2), and (O2)3 are present. As evident, the
TOF distribution at m/z=16 is slightly faster and narrower than that at m/z=32, while the TOF
distribution at m/z=32 is considerably faster and narrower than the distributions at m/z=64, 72 and
96. In an ideal supersonic expansion with a very large number of collisions occurring during the
expansion, the velocities of all particles in the beam must be identical. However, it is clear from
these spectra that the expansion is not ideal. This non-ideality in the expansion enables the
dissociative ionization of (O2)2 and Ar(O2) as well as, possibly to a smaller extent, of larger vdW
clusters such as (O2)3 to produce O2+, to be observed by the slight increase in the flight time of the
m/z=32 signal in Figure III-5 (b) and the consequent mismatch between the m/z=16 and 32 TOF
spectra.
With this information of the measured m/z=16 signal having the O2 monomer as its sole origin,
only O2 monomer contributes to the sum in equation (15) for VWC at m/z=16:
VWC16 = 𝜏16:Ar 𝑐 𝜎O2 →O+ 𝐼O2

(24)

And, thus, the flux of O2 monomer in the cold beams can be determined by considering the ratio
of VWC at m/z=16, defined by equation (24), for the cold beam and a reference beam:
𝐼O2 (Cold) = 𝐼O2 (ref)

VWC16(Cold)
VWC16(ref)

(25)

Note that 𝜏16:Ar, 𝑐, and 𝜎O2 →O+ cancels.

3. Results
Without values for the absolute flux, the reaction probabilities of the O2 vdW molecules cannot
be found exactly. However, lower and upper bounds for the reaction probabilities can be obtained
and are discussed in section 3.2. Prior to that, the O coverage, which is a measure of the extent of
the reaction between O2 and Si, is established in section 3.1 for both the RT and cold beams. Lastly,
the experimental observations of non-reactively scattered particles from a beam containing both
O2 and O2 vdW are discussed in section 3.3.
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3.1. O Coverage – Measure of Extent of Reaction
The reaction probability of an O2 containing species with the Si(100) surface is the chance of
the O2 containing species dissociatively adsorbing on the surface. The measure that is used to
quantify the extent of the reaction between an O2 containing species and the Si(100) surface is the
O coverage, Θ, which is the number of adsorbed O atoms per Si surface atom.
The reaction probability of an O2 containing species 𝑖 is expressed as the change in the O
coverage with respect to the change in exposure:
𝑝𝑖 (Θ) =

𝑑Θ𝑖
𝑑𝑁𝐸,𝑖

(26)

where Θ𝑖 is the coverage as a result of exposure to the species 𝑖, and 𝑁𝐸,𝑖 is exposure, which is
equal to flux of the incident species, 𝐼𝑖 , multiplied by the exposure time, 𝑡:
𝑁𝐸,𝑖 = 𝐼𝑖 𝑡

(27)

This study involves the simultaneous reaction of multiple O2 containing species with the
Si(100) surface. But first, consider just the reaction of O2 with Si. As discussed in the previous
chapter, the abstraction mechanism does not appear to occur. Therefore, both O atoms in the O2
molecule react with the surface in a process known as dissociative adsorption. The reaction
probability of an O2 molecule, described by a dissociative Langmuir model and discussed in the
previous chapter, is written as:
Θ 2
𝑝O2 (Θ) = 𝑝0 (1 −
)
Θ𝑠𝑎𝑡

(28)

where 𝑝0 is the initial reaction probability at zero coverage, and Θ𝑠𝑎𝑡 is the saturation coverage.
The corresponding O coverage, Θ, as a function of exposure is written as:

ΘO2 (𝑁𝐸 ) = Θ𝑠𝑎𝑡 (1 −
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1
)
𝑝0 𝑁𝐸
(1 + Θ )
𝑠𝑎𝑡

(29)

The derivation of equation (29) is identical to that of equation (20) in Chapter II. This study uses
the unit of monolayer (ML) where 1 ML is defined to be one O atom per surface Si atom for
coverage, and ML-O for exposure as defined by:
1 ML-O = 3.42e14 moleculeO2 cm−2

(30)

3.1.1. 1 ML Coverage at 250 K for RT Beams
Coverage is determined in a thermal desorption measurement. The process of converting the
signal measured in a TPD experiment at 250 K for RT beams to coverage in the unit of ML is as
described in section 3.1 of chapter II where an iterative procedure is used to find the best fit of
equation (29) to the TPD integral as a function of exposure, 𝐼TPD (𝑁𝐸 ), followed by the
normalization to 1 ML by dividing it by the TPD integral at 210 ML-O exposure that is determined
to give 1 ML coverage (see Chapter II, section 3.1):
Θ (in ML) =

𝐼TPD (𝑁𝐸 )
𝐼TPD (𝑁𝐸 = 210 ML-O)

(31)

Figure III-6 Plot of O coverage in ML as a function of exposure (ML-O) of Si(100) to a RT O2
beam. Error bars represent one sigma variance. Each color indicates a different experimental day
as shown in legend. Best fit (black solid line) along with scaling obtained though iterative
procedure discussed in text.
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Measurements of the normalized coverage versus exposure are shown in Figure III-6, along
with the best fit of equation (29) using an iterative procedure. The parameters resulting from this
best fit are listed in Table III-10. The saturation coverage and the initial reaction probability
obtained here are in agreement with those determined in the previous chapter that use a 100% O 2
beam.
3.1.2. ML Coverage at Other Surface Temperatures for RT Beams
In the previous chapter, 1 ML coverage is determined to be achieved by exposure of Si(100)
at 250 K to 210 ML-O of O2. However, given that the dissociative adsorption probability of O2 on
Si(100) varies with surface temperature, the saturation exposures at surface temperatures other
than 250 K are expected to differ from 210 ML-O. Thus, the coverage calibration of these TPD
experiments cannot use the value of 𝐼TPD at 210 ML-O exposure as a reference point.
Therefore, to establish the exposure to achieve 1 ML for the O2 reaction at the surface
temperatures of 300 and 500 K, a set of TPD experiments at said temperatures was performed on
the same day as that at 250 K so that the normalization 𝐼TPD at 250 K can be used to calibrate the
coverage at another surface temperature. Once the coverage in the unit of ML is known, the MLO exposure required to attain 1 ML coverage at another surface temperature is established by the
numerical inverse of the expression for coverage as a function of exposure, equation (29), and is
summarized in Table III-10. The saturation exposure can then be used along with the iterative
procedure to obtain the fit parameters to equation (29), summarized in Table III-10, for the reaction
of a RT beam at surface temperatures of 300 and 500 K.

Fit parameters
Surface
Exposure (ML-O)
temperature (K) Θ𝑠𝑎𝑡 (ML) 𝑝0 (ML/ML-O) to achieve 1 ML O
250
1.060±0.005
0.084±0.007
210
300
1.15±0.07
0.101±0.009
78
500
1.38±0.06
0.092±0.005
40
Table III-10 Summary of fit parameters of equation (29) to O coverage vs exposure of Si at various
temperatures to RT beams. Saturation coverages for reaction at surface temperatures other than
250 K are estimated from TPD integral as discussed in text.
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Plots of the O coverage as a function of O2 exposure in ML-O according to the dissociative
Langmuir equation (29) at various Si surface temperatures are shown in Figure III-7. As observed
in Figure III-7 and indicated by 𝑝0 in Table III-10, the initial reaction probabilities at the three
surface temperatures are very close. However, as the exposure and hence the coverage increases,
the reaction probabilities at the higher surface temperatures drop more slowly compared to that at
the lower surface temperature.

Figure III-7 O coverage (ML) vs exposure (ML-O) with associated fits (solid lines) to equation
(29) at surface temperatures of 250, 300, and 500 K. Fit at 250 K derived from procedure described
in section 3.1.1, and is identical to that plotted in Figure III-6. Fit for 300 and 500 K are as
described in text.
3.1.3. ML Coverage for Cold Beams
In the case of cold beams, establishing the ML-O exposure required for 1 ML coverage is not
as straightforward as the case of RT beams because a cold beam contains multiple O2 containing
species that are likely reactive with the Si surface with potentially different reaction probabilities
contributing to the O coverage. Therefore, the TPD experiments of a cold beam were always
carried out on the same day as that of the RT beam such that the 𝐼TPD normalization constant for
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the RT beam obtained by referencing the 1 ML exposure could be used to convert the TPD integral
of the cold beam from the unit of mass spectrometer count to ML.

3.2. Reaction Probabilities of O2 vdW Molecules
Finding the initial reaction probability of singlet (O2)2 molecules is the major focus of this
study. There are two factors that complicate the experimental determination of the (O2)2 reaction
probability. First, the cold beam containing (O2)2 also contains O2 as well as larger O2 vdW
clusters. These O2 containing species are also reactive towards the Si surface and can contribute
to the measured O coverage. Second, the fluxes of all of the vdW molecules in the cold beam are
not known. Therefore, the best estimation of the reaction probability of (O2)2 is to determine its
lower and upper bounds. To do so, the expression relating the experimentally determinable values
of the reaction probability of (O2)2 will be derived in section 3.2.1. Then, the procedure for
determining the lower and upper bounds as well as the results for the reaction probability will be
presented in section 3.2.2.
3.2.1. Reaction Rate
A measurement that can be obtained from the TPD experiment and related to the reaction
probabilities of the O2 containing species is the reaction rate, 𝑅, which is defined as the rate of
change of the O coverage, Θ, with respect to the exposure time, 𝑡:
𝑅=

𝑑Θ
𝑑𝑡

(32)

The reaction rate defined by equation (32), is related to the reaction probabilities by first
considering the change in O coverage, 𝑑Θ, which is the sum of the contribution of multiple O2
containing species, 𝑖, within the beam:
𝑑Θ = ∑ 𝑑Θ𝑖

(33)

𝑖

Substituting 𝑑Θ𝑖 from the definition of reaction probability for each species 𝑖, equation (26), into
equation (33) yields:
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𝑑Θ = ∑ 𝑝𝑖 (Θ)𝑑𝑁𝐸,𝑖

(34)

𝑖

Since the flux of each species is constant during the exposure as shown in equation (27), the change
in the exposure, 𝑑𝑁𝐸,𝑖 , can be expressed as the flux multiplied by the change in the exposure time
𝑑𝑡:
(35)

𝑑𝑁𝐸,𝑖 = 𝐼𝑖 𝑑𝑡

Substituting 𝑑𝑁𝐸,𝑖 from equation (35) into equation (34) and dividing both sides by 𝑑𝑡 yields the
expression that relates the reaction rate defined in equation (32) to the reaction probability:
𝑅(Θ) = ∑ 𝑝𝑖 (Θ)𝐼𝑖

(36)

𝑖

The reaction probabilities of all species in the beam at a specific coverage Θ can be found by
solving a set of linear equations, illustrated by equation (36), of the reaction rates 𝑅(Θ) measured
at various fluxes, 𝐼𝑖 . However, given that the fluxes of the vdW molecules are not known, this
approach cannot be used. An alternative method that finds the lower and upper limits of reaction
probabilities using equation (36) is outlined in section 3.2.2. Before doing so, the determination
of the reaction rate from TPD experimental data and their results are presented.
3.2.1.1. Reaction Rates of RT Beams
Since a RT beam consists almost exclusively of O2 monomer, its reaction rate, 𝑅RT (Θ), is
written according to equation (36) in which the expression for the O2 reaction probability as a
function of coverage, equation (28), is substituted:
𝑅RT (Θ) = 𝑝O2 (Θ)𝐼O2 = 𝑟0 (1 −

Θ 2
)
Θ𝑠𝑎𝑡

(37)

where 𝑟0 is the initial reaction rate at zero coverage:
𝑟0 = 𝑅RT (0) = 𝑝O2 ,0 𝐼O2

(38)

There are two parameters in the expression for the reaction rate, equation (37): Θ𝑠𝑎𝑡 and 𝑟0 . The
value of Θ𝑠𝑎𝑡 is identical to that obtained for the expression of 𝑝O2 and is summarized in Table
III-10 for different surface temperatures. Note that since Θ𝑠𝑎𝑡 is independent of the beam flux, its
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value is constant for a reaction at a specific surface temperature and is equal for all beam sets. In
contrast, 𝑟0 is flux dependent and is obtained by multiplying the O2 flux for each RT beam by 𝑝O2 ,0
according to equation (38). The values of Θ𝑠𝑎𝑡 and 𝑟0 for the RT beams used in this study are
summarized in section 3.2.1.4.
3.2.1.2. Reaction Rates for Cold Beams
In a cold beam, multiple O2 containing species contribute to the O coverage so its reaction rate
is the sum of multiple products of reaction probabilities of O2 containing species and their
corresponding fluxes, as indicated in equation (36). Since these reaction probabilities are the
unknowns that this study attempts to determine, the exact functional form of the reaction rate for
the cold beam is thus not known.
To determine the reaction rate from the coverage obtained from the TPD experimental data, an
expression for coverage as a function of exposure time, Θ(𝑡), that incorporates the initial reaction
rate, 𝑟0 , is required. The expression for the coverage as a function of exposure time for the cold
beam, ΘCold (𝑡), is assumed to have the same functional form as that of the RT beam, ΘRT (𝑡),
which is obtained by substituting equation (27) into equation (29):
Θ(𝑡) = Θ𝑠𝑎𝑡 (1 −

1
𝑟𝑡 )
(1 + Θ0 )
𝑠𝑎𝑡

(39)

where 𝑟0 is defined by equation (38), with parameters Θ𝑠𝑎𝑡 and 𝑟0 being different from that of the
RT beam. Θ𝑠𝑎𝑡 and 𝑟0 for a cold beam can be obtained by fitting equation (39) to the data of
coverage as a function of exposure time obtained from the TPD experiment. The fit results are
discussed in section 3.2.1.4.
3.2.1.3. Alternative Approach for Estimating Initial Reaction Rate
Another approach to determining the reaction rate, 𝑅, other than by fits to equation (39) is by
assuming the linear approximation of equation (32) for a small range of O coverage:
𝑅(Θ) ≈

ΔΘ
Δ𝑡
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(40)

The initial reaction rate, 𝑟0 , can be obtained from equation (40) by considering the change in O
coverage, ΔΘ, and change in the exposure time, Δ𝑡, both starting at zero up to a small value of O
coverage:
Θ = 𝑟0 𝑡

(41)

Equation (41) indicates that 𝑟0 can be obtained by fitting a linear equation that originates at (0,0)
to the O coverage as a function of exposure time in the low coverage range. Because the reaction
rate decreases with increased exposure and hence coverage as indicated by equation (37), 𝑟0 , which
is estimated as the average over a small coverage range, is expected to be underestimating when
compared to the actual value of 𝑟0 . Therefore, this linear fit approach is reserved for use in cases
where the fit to equation (39) is not viable, for example, when the TPD experimental data are
available only over a small range of O coverage.
3.2.1.4. Results of Initial Reaction Rates
Values for the initial O2 reaction rate, 𝑟0 , determined from TPD experimental data through the
approaches described in section 3.2.1.1 and 3.2.1.2 for RT and cold beams are summarized in
Table III-10. Plots of the O coverage as a function of exposure time for each experimental set
along with the fits according to equation (39) are shown in Figure III-8. For data set 1 measured
at 250 K surface temperature, the linear fits defined by equation (41) are also plotted.
RT beam
Cold beam
-1
𝚯𝒔𝒂𝒕 (ML)
𝒓𝟎 (ML s ) 𝚯𝒔𝒂𝒕 (ML) 𝒓𝟎 (ML s-1)
0.08±0.03
0.15±0.03
1
0.3±0.1
(0.070±0.004)
(0.11±0.01)
2
0.18±0.05
1.0±0.3
0.16±0.04
250
1.060±0.005
3
0.30±0.09
1.01±0.04
0.38±0.02
4
0.27±0.08
0.96±0.02
0.43±0.02
300
3
1.15±0.07
0.4±0.1
1.13±0.03
0.36±0.02
2
0.20±0.06
1.7±0.2
0.14±0.01
500
1.38±0.06
3
0.34±0.09
1.61±0.04
0.30±0.01
Table III-11 Summary of Θ𝑠𝑎𝑡 and 𝑟0 for each RT and cold beam set. Parameters for RT beams
and cold beams are obtained by methods described in section 3.2.1.1 and 3.2.1.2, respectively.
Values of 𝑟0 in brackets are those obtained from linear fit approach described in section 3.2.1.3 for
coverage range up to 0.15 ML.
Surface T
Beam set
(K)
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250 K
Set 1

250 K
Set 2

250 K
Set 3

250 K
Set 4

Figure III-8 (continued on next page) Plot of O coverage (in ML) as a function of exposure time
(in seconds) for reaction of RT (blue dot) and cold beams (orange x-sign) for data sets 1-4 and
Si(100) at 250, 300, and 500 K. Solid lines (blue for RT and orange for cold beam) are fits to
equation (39) and dashed lines are linear fits with parameters summarized in Table III-11.
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300 K
Set 3

500 K
Set 2

500 K
Set 3

Figure III-8 (continued from previous page)
Apart from data set 1 measured on a 250 K surface, 𝑟0 for the RT and cold beams obtained by
the methods described in section 3.2.1.1 and 3.2.1.2, respectively, are used in the subsequent
analysis to determine the reaction probability of O2 vdW species. For data set 1 at 250 K, the value
of Θ𝑠𝑎𝑡 obtained by fitting equation (39) to the cold beam data is 0.3, which is significantly lower
than that the RT beam value of around 1, as can be seen in Table III-11, The low value of Θ𝑠𝑎𝑡 is
not realistic. The reason for obtaining the low value of Θ𝑠𝑎𝑡 is likely due to the lack of data at
higher coverage because the experimental data for this set was only collected up to the coverage
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of 0.15. This inaccuracy of Θ𝑠𝑎𝑡 also indicates that the value of 𝑟0 obtained from the fits to equation
(39) are likely inaccurate. Thus, for the data set 1 at 250 K, 𝑟0 obtained through the linear fit
described in section 3.2.1.3 for both RT and cold beams are used in the following reaction
probability analysis.
3.2.2. Reaction Probabilities of Singlet O2 Containing Molecules
The purpose of this study is to compare the reaction probability of (O2)2, which is in a spin
singlet state, to that of the O2, which is in the triplet state. However, given that the fluxes of O2
vdW molecules in a cold beam are not known, the method for finding the reaction probability of
each O2 vdW species from the reaction rate by solving a set of linear equations defined by equation
(36) is not viable. Thus, the approach to estimate the reaction probability of (O2)2 is to find its
lower and upper bounds from the flux information in section 2.2 and the reaction rate.
To do so, consider the separation of O2 containing species in the cold beam into two groups
where the reaction probabilities of the species in each group are assumed to be equal. To align
with the main purpose of this study, the O2 containing species are grouped according to whether
its ground spin state is singlet or triplet:
•

Singlet group: (O2)2, (O2)3, and Ar(O2)2

•

Triplet group: O2, Ar(O2), and Ar2(O2)

With the reaction probability of each species in the groups assumed to be equal to either 𝑝𝑠 for
singlets and 𝑝𝑡 for triplets, the reaction rate defined by equation (36) can be written as the sum of
the two groups:
𝑅(Θ) = 𝑝𝑠 (Θ)𝐼𝑠 + 𝑝𝑡 (Θ)𝐼𝑡

(42)

where the total singlet and triplet fluxes are the sum of the fluxes of O2 containing species in each
group:
𝐼𝑠 = 𝐼(O2 )2 + 𝐼(O2 )3 + 𝐼Ar(O2 )2
𝐼𝑡 = 𝐼O2 + 𝐼Ar(O2 ) + 𝐼Ar2 (O2 )
Then, equation (42) can be solved for the reaction probability of the singlet, 𝑝𝑠 :
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𝑝𝑠 (Θ) =

𝑅(Θ) − 𝑝𝑡 (Θ)𝐼𝑡
𝐼𝑠

(43)

The numerical approach to finding the lower and upper bounds of 𝑝𝑠 based on equation (43) is
presented in the upcoming section.
3.2.2.1. Approach to Finding Lower and Upper Bounds for Reaction Probability of Singlet
O2 vdW Molecules
To find 𝑝𝑠 , the parameters on the right-hand-side of equation (43) need to be known: 𝑅 is
obtained experimentally as summarized in section 3.2.1 and 𝑝𝑡 is assumed to be equal to that of
the O2 monomer, 𝑝O2 , which is a triplet. Two fluxes, 𝐼𝑠 and 𝐼𝑡 , remain as unknowns, but 𝑝𝑠 is at a
maximum when both 𝐼𝑠 and 𝐼𝑡 are at their minima while 𝑝𝑠 is at a minimum when both 𝐼𝑠 and 𝐼𝑡
are at their maxima. However, finding the extrema of the fluxes is not straightforward because the
fluxes have to satisfy the relationship, given in equation (17), between their VWCs and the
unknown ionization cross sections meaning that the extrema cannot be found by simply setting
some of the fluxes or the ionization cross sections to zero. Therefore, the minimum and the
maximum values for 𝑝𝑠 are found directly by a numerical minimization approach.
The lower bound is found by minimizing 𝑝𝑠 subject to the constraint that 𝑝𝑠 ≥ 0:
𝑅(Θ) − 𝑝𝑡 (Θ)𝐼𝑡
minimize[𝑝𝑠 ] = minimize [
]
𝐼𝑠

(44)

Since numerical minimization algorithms find the minimum only, the upper bound of 𝑝𝑠 is found
by finding the minimum of negative 𝑝𝑠 subject to the constraint that 𝑝𝑠 ≥ 0:
𝑅(Θ) − 𝑝𝑡 (Θ)𝐼𝑡
minimize[−𝑝𝑠 ] = minimize [− (
)]
𝐼𝑠

(45)

Without any restriction on 𝐼𝑠 and 𝐼𝑡 , the minimizations will result in 𝑝𝑠 being infinity for the
upper bound and zero for the lower bound. However, the range of values for the bounds can be
narrowed with the addition of information about the fluxes to the minimization procedure in the
form of constraints. The first trivial constraint is all fluxes have to be greater than or equal to zero.
Another constraint is that the O2 flux in a cold beam is known from the signal detected at m/z=16
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according to equation (25). A similar expression is used to obtain the Ar flux from the VWC at
m/z=20. Furthermore, given that the probability of forming vdW molecules decreases with their
size, constraints regarding their relative fluxes can be added: fluxes of dimers are smaller or equal
to those of monomers, and fluxes of trimers are smaller or equal to those of dimers.
Another major constraint applied to the minimization procedure is the relationship between the
measured VWCs, the ionization cross sections in Table III-8, and the fluxes according to equation
(17). Adding this constraint to the optimization problem requires the ionization probabilities, 𝑓,
defined by equation (22) to be set as free parameters, with the constraint that each probability is
greater than or equal to zero, and that the sum of these probabilities for each parent vdW molecule
is equal to unity, according to equation (23). The free parameters and constraints for the
optimizations are summarized in Table III-12 and Table III-13 respectively.

Free parameter
Fluxes, 𝐼𝑦

Count
parameters
8
where 𝑦 = 32, 40, 64, 72, 80, 96, 104, 112
where 𝑦: 𝑥 are
64: 32, 48, 64
72: 32, 40, 56, 72
Ionization probabilities, 𝑓𝑦→𝑥
27
80: 40, 80
96: 32, 48, 64, 96
104: 32, 40, 48, 56, 64, 72, 88, 104
112: 32, 40, 56, 72, 80, 112
Table III-12 Summary of free parameters used in lower and upper bounds optimization.
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Constraint
Reaction probability is greater
than or equal to zero
All fluxes are positive

Fluxes of smaller vdW
molecules are larger

O2 flux from signal at m/z=16
Ar flux from signal at m/z=20
All ionization probabilities are
positive

Count

Expressions

1

𝑝𝑠 ≥ 0

8

𝐼𝑦 ≥ 0
𝐼64 ≤ 𝐼32
𝐼72 ≤ 𝐼32 , 𝐼40
𝐼80 ≤ 𝐼40
𝐼96 ≤ 𝐼64
𝐼104 ≤ 𝐼64 , 𝐼72
𝐼112 ≤ 𝐼72 , 𝐼80

9

2

Equation (25)

27

𝑓𝑦→𝑥 ≥ 0
∑ 𝑓𝑦→𝑥 = 1
𝑥

where 𝑦: 𝑥 are
Sum of ionization probabilities
64: 32, 48, 64
for each vdW parent species is
6
72: 32, 40, 56, 72
unity (equation (23))
80: 40, 80
96: 32, 48, 64, 96
104: 32, 40, 48, 56, 64, 72, 88, 104
112: 32, 40, 56, 72, 80, 112
Fluxes and detected m/z
8
Equation (17)
Table III-13 Summary of constraints used in lower and upper bounds optimizations.
3.2.2.2. Results for Lower and Upper Bounds of Initial Reaction Probability of Singlet O2
vdW Molecules
The optimizations described in the previous section are performed with a Sequential Least
SQuares Programming (SLSQP) method from the Python SciPy library50 to find the initial
reaction probability of the singlet, 𝑝𝑠,0 . Given that there are more free parameters in the
optimization than the number of equations, the minimizations in (44) and (45) are expected to
yield multiple solutions. Furthermore, the optimization can be stuck in a local minimum depending
on the initial condition. Therefore, to enhance the probability of finding the global minimum, the
minimization for each bound is repeated 1000 times with different sets of random initial
parameters. While there is no guarantee that the global minimum can be found within 1000 random
sets, more than 90% of the 1000 results are within 0.1% of the reported minimum. The lower/upper
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bound results presented in this section are selected for the set that gives the minimum/maximum
𝑝𝑠 within the 0.1% variance.
The optimization yields values for the 35 free parameters listed in Table III-12. The eight fluxes
and the ionization probabilities obtained in the optimization are listed for each beam set by their
m/z value in Table III-14, and Table III-15 as well as Table III-16, respectively. As can be seen in
Table III-14 and visualized in Figure III-9, for the lower bound cases, the flux of Ar(O2)2 at
m/z=104 is equal to that of Ar(O2) at m/z=72 and the flux of Ar2(O2) at m/z=112 is equal to that
of Ar2 at m/z=80. A similar observation is noted for the upper bound cases where the fluxes of
(O2)2, (O2)3, and Ar(O2)2 at m/z=64, 96, and 104, respectively, are equal and the flux of Ar2(O2) at
m/z=112 is equal to that of Ar(O2) at m/z=72. These compositions are very unlikely to represent
those of the actual molecular beams because the flux of the more massive vdW species should be
smaller than that of the lighter vdW species. These results indicate that the optimization is stuck
at the limit of the constraint, an unsurprising behavior given that there are 35 unknowns (see Table
III-12) and only 16 equations (see Table III-13) and that the rest of the constraints are inequalities.

Figure III-9 Bar plot of fluxes (m/z=32 and 40 excluded for visualization purpose) obtained from
optimization of 𝑝𝑠,0 for lower and upper bounds (blue and orange respectively) for beam set 3 at
250 K.
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The “O2 only” case shown in Table III-14, Table III-15, and Table III-16 refer to an
optimization run where only O2, (O2)2, and (O2)3 are assumed to contribute to the reaction while
the Ar containing vdW species do not. In addition, no dissociative ionization of Ar(O2)n to (O2)n’+
is included in the optimization. The purpose of calculating this “O2 only” case is to potentially
identify the contribution of Ar containing vdW species to the overall reaction probability.

Bound

O2 only

upper

All

lower

Case

Tsurface
250
300
500
Beam set
1
2
3
4
3
2
3
m/z
32
0.19 0.62 1.56 1.25 1.56 0.62 1.56
40
0.61 1.69 1.7 1.69 1.7 1.69 1.7
64
0.19 0.24 0.42 0.39 0.42 0.24 0.42
72
0.14 0.05 0.09 0.07 0.09 0.06 0.09
80
0.04 0.07 0.04 0.04 0.04 0.06 0.04
96
0.05 0.01 0.06 0.04 0.06 0.01 0.06
104
0.14 0.05 0.09 0.07 0.09 0.04 0.09
112
0.04 0.05 0.04 0.04 0.04 0.06 0.04
32
0.19 0.62 1.56 1.25 1.56 0.62 1.56
40
0.61 1.69 1.7 1.69 1.7 1.69 1.7
64
0.04 0.03 0.09 0.07 0.09 0.03 0.09
72
0.08 0.07 0.09 0.09 0.09 0.07 0.09
80
0.33 0.19 0.22 0.2 0.22 0.19 0.22
96
0.04 0.03 0.09 0.07 0.09 0.03 0.09
104
0.04 0.03 0.09 0.07 0.09 0.03 0.09
112
0.08 0.07 0.08 0.09 0.08 0.07 0.08
32
0.19 0.62 1.56 1.25 1.56 0.62 1.56
lower
64
0.19 0.24 0.42 0.39 0.42 0.24 0.42
96
0.05 0.01 0.06 0.04 0.06 0.01 0.06
32
0.19 0.62 1.56 1.25 1.56 0.62 1.56
upper
64
0.11 0.1 0.2 0.18 0.2 0.1 0.2
96
0.11 0.1 0.2 0.18 0.2 0.1 0.2
Table III-14 Nominal values of fluxes in ML/s obtained from optimizations for lower and upper
bounds of 𝑝𝑠,0 for cases where all species are included and where only O2 containing species are
considered.
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Lower Bound
250

O2 only

All

Case

Temperature
300
500
Beam set
1
2
3
4
3
2
3
𝒚
𝒙
32
0.69 0.61 0.4 0.49 0.4 0.61 0.4
64
48
0.01 0.01 0.03 0.02 0.03 0.01 0.03
64
0.29 0.38 0.57 0.48 0.57 0.38 0.57
32
0
0
0
0
0
0
0
40
0.84 0.61 0.97 0.99 0.91 0.79 0.86
72
56
0.03 0.09 0.03 0.01 0.05 0.08 0.04
72
0.13 0.31
0
0
0.05 0.14 0.1
40
0
0
0
0
0
0
0
80
80
1
1
1
1
1
1
1
32
0.1
0
0
0
0
0
0
48
0.01
0
0
0
0
0
0
96
64
0.52
0
0
0
0
0
0
96
0.37
1
1
1
1
1
1
32
0
0
0
0
0
0
0
40
0.77 0.58 0.51 0.39 0.55 0.42 0.58
48
0
0
0
0
0
0
0
56
0
0.01 0.01 0.04
0
0.01 0.01
104
64
0
0
0
0
0
0
0
72
0.09 0.22 0.3 0.38 0.27 0.36 0.23
88
0
0
0
0
0
0
0
104
0.13 0.18 0.17 0.18 0.17 0.2 0.17
32
0
0
0
0
0
0
0
40
0
0
0
0
0
0
0
56
0
0
0
0
0
0
0
112
72
0
0
0
0
0
0
0
80
0.61 0.82 0.79 0.82 0.79 0.84 0.79
112
0.39 0.18 0.21 0.18 0.21 0.16 0.21
32
0.68 0.61 0.4 0.49 0.4 0.61 0.4
64
48
0
0.01 0.03 0.02 0.03 0.01 0.03
64
0.32 0.38 0.57 0.48 0.57 0.38 0.57
32
0.12
0
0
0
0
0
0
48
0.05
0
0
0
0
0
0
96
64
0.46
0
0
0
0
0
0
96
0.37
1
1
1
1
1
1
Table III-15 Values of ionization probabilities from parent species 𝑦 to ion 𝑥, 𝑓𝑦→𝑥 , obtained from
optimizations for lower bound of 𝑝𝑠,0 for cases where all species are included and where only O2
containing species are considered.
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Upper Bound
250

O2 only

All

Case

Temperature
300
500
Beam set
1
2
3
4
3
2
3
𝒚
𝒙
32
0
0
0
0
0
0
0
64
48
0.01 0.04
0
0.02
0.03
0
0
64
0.99 0.96
1
0.98
0.97
1
1
32
0.55 0.91 0.81 0.91
0.63 0.54 0.63
40
0
0
0
0
0
0
0
72
56
0.02 0.04
0
0.05
0.05 0.04 0.02
72
0.43 0.05 0.18 0.05
0.32 0.42 0.35
40
0.77 0.35 0.66 0.53
0.66 0.35 0.66
80
80
0.23 0.65 0.34 0.47
0.34 0.65 0.34
32
0
0
0
0
0
0
0
48
0.01 0.03
0
0.03
0.01 0.07 0.01
96
64
0.51
0.6
0.33 0.43
0.32 0.57 0.32
96
0.48 0.37 0.67 0.54
0.67 0.37 0.67
32
0
0
0
0
0
0
0
40
0
0
0
0
0
0
0
48
0.05 0.01 0.08 0.04
0.05
0
0.07
56
0
0
0
0
0
0
0
104
64
0.48 0.69 0.75 0.76
0.77
0.7 0.75
72
0
0
0
0
0
0
0
88
0.01 0.01
0
0
0
0.01
0
104
0.46 0.29 0.17 0.19
0.17 0.29 0.17
32
0.74 0.61 0.68 0.67
0.81 0.85 0.82
40
0
0
0
0
0
0
0
56
0.02 0.02 0.03
0
0
0.02 0.02
112
72
0.02 0.25 0.19 0.25
0.09 0.01 0.07
80
0
0
0
0
0
0
0
112
0.21 0.12 0.09 0.08
0.09 0.12 0.09
32
0.46 0.49 0.35 0.46
0.31 0.53 0.32
64
48
0.04 0.03 0.05 0.05
0.05 0.03 0.05
64
0.5
0.48 0.59 0.49
0.64 0.44 0.63
32
0.57 0.62 0.31 0.41
0.34
0.6 0.33
48
0
0
0
0
0
0
0
96
64
0.26 0.27 0.39 0.38
0.36 0.29 0.37
96
0.17 0.11
0.3
0.21
0.3
0.11 0.3
Table III-16 Values of ionization probabilities from parent species 𝑦 to ion 𝑥, 𝑓𝑦→𝑥 , obtained from
optimizations for upper bound of 𝑝𝑠,0 for cases where all species are included and where only O2
containing species are considered.
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Figure III-10 Bar plot of all ionization probabilities, 𝑓𝑦→𝑥 , obtained from optimization of 𝑝𝑠,0 for
lower and upper bounds (blue and orange, respectively) for beam set 3 at 250 K.
The lower/upper bounds of 𝑝𝑠 calculated from the fluxes obtained by the optimizations for
each beam set for “all” and “O2 only” cases are shown in Table III-17. As can be seen in Table
III-17, the lower and upper bounds of 𝑝𝑠 are comparable among different sets at the same
temperature within the error of one standard deviation. Furthermore, the results of 𝑝𝑠,0 is
significantly higher than 𝑝𝑡,0 at all three surface temperatures. This result and its significance will
be discussed in section 4.
𝒑𝒕,𝟎
Surface T
Beam set
(from 𝒑𝐎𝟐 ,𝟎 )
(K)

250

300
500

1
2
3
4
Average
3
2
3
Average

𝒑𝒔,𝟎 (all)
𝒑𝒔,𝟎 (O2 only)
Lower Upper Average Lower Upper Average

0.075±0.005 0.21±0.09
0.3±0.2
0.084±0.007 0.4±0.2
0.6±0.2
0.082±0.005 0.4±0.1
0.101±0.009 0.3±0.2
0.3±0.1
0.092±0.005
0.2±0.1
0.092±0.005 0.3±0.1

0.7±0.3
1.1±0.7
0.9±0.4
1.5±0.6
1.0±0.4
0.7±0.4
0.8±0.4
0.5±0.3
0.7±0.3

0.5±0.2
0.7±0.4
0.6±0.3
1.1±0.4
0.7±0.3
0.5±0.3
0.5±0.3
0.4±0.2
0.5±0.2

0.4±0.1
0.5±0.2
0.5±0.2
0.8±0.3
0.5±0.2
0.4±0.2
0.4±0.2
0.3±0.2
0.3±0.2

0.4±0.2
0.6±0.3
0.6±0.2
0.9±0.3
0.6±0.2
0.5±0.2
0.4±0.2
0.4±0.2
0.4±0.2

0.4±0.2
0.5±0.3
0.6±0.2
0.8±0.3
0.6±0.2
0.5±0.2
0.4±0.2
0.3±0.2
0.4±0.2

Table III-17 Summary of 𝑝𝑡,0 as well as lower bound, upper bound, and their average values of
𝑝𝑠,0 obtained from optimizations.
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The comparison between the “all” and “O2 only” cases indicates noticeable differences in the
lower and upper bounds values of 𝑝𝑠,0 where the bounds are narrower in the case of “O2 only”.
However, the average values of the bounds are comparable for the two cases within the error of
one standard deviation.
3.2.2.3. Example Calculation of Initial Reaction Probability of Singlet O2 vdW Molecules
Multiple steps have been taken to ensure that the results obtained from the optimization are
accurate. First, although the constraints listed in Table III-13 are satisfied within the minimization
algorithm, further manual tests are performed for each set of results to verify that the constraints
involving inequalities and equalities are met. Satisfaction of the constraints on the fluxes, 𝐼, and
the ionization probabilities, 𝑓, to be greater than or equal to zero can be observed in Table III-14
and Table III-15 as well as Table III-16. The consistency of the fluxes and ionization probabilities
are verified through their use in equation (16) to calculate the VWCs. The difference in the values
of the calculated VWCs and those measured experimentally are within the numerical precision
error (less than 1e-13).
Second, the objective of the minimization procedure is the determination of the lower bound
of 𝑝𝑠,0, equation (44), and the upper bound, equation (45). Therefore, as a sanity check, it is
recalculated using equation (43) and the initial reaction rate of the cold beam (𝑅(0) = 𝑟0(cold) )
from Table III-11, the fluxes from Table III-14, and the initial reaction probability of the O2 triplet
state estimated by that of O2 (𝑝𝑡 (0) = 𝑝O2 ,0 ) shown in the first column of Table III-17. An example
calculation of the lower bound of 𝑝𝑠,0 for beam set 3 at 250 K is shown as follows:
𝑝𝑠,0(lower) =

=

𝑅(0) − 𝑝𝑡 (0)𝐼𝑡 𝑟0(cold) − 𝑝O2 ,0 [𝐼O2 + 𝐼Ar(O2 ) + 𝐼Ar2 (O2 ) ]
=
𝐼𝑠
[𝐼(O2 )2 + 𝐼(O2 )3 + 𝐼Ar(O2 )2 ]

(0.38 ± 0.02) − (0.084 ± 0.007)[(1.56 ± 0.46) + (0.090 ± 0.030) + (0.035 ± 0.010)]
[(0.42 ± 0.12) + (0.061 ± 0.017) + (0.090 ± 0.024)]

= 0.4 ± 0.2
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3.3. Non-Reactive Scattering of O2 and O2 vdW species
When a vdW O2 species collides with the Si surface there are multiple possible outcomes as
discussed in section 1.3.2. The reactive scattering of O2 containing species from Si(100) has been
explored in the section 3.2 through measurements of O coverage from TPD experiments. For this
section, the non-reactively scattered particles of the beam containing O2 vdW species are studied
using MT and TOF experiments. Several observations resulting from the experiments are
discussed in the subsections below.
3.3.1. Scattered Particles TOF at m/z=32 of Cold Beam from Si(100) at 250 K
A non-reactive gaseous species can elastically scatter from the surface, inelastically scatter or
be trapped and then thermally desorb from the surface. TOF experiments can be used to determine
the proportion of the gaseous particles in the incident beam undergoing each mechanism. While
there are multiple O2 containing species in a cold beam, this section discusses only the TOF at
m/z=32 for the scattering of the beams produced by the expansion of 25% O2/Ar with the
stagnation pressure of 750 Torr (beam set 3) behind the nozzle at RT and -140°C with the
incident/scattered angle of 20/50 degrees to the surface normal. The surface temperature is held at
250 K during the measurement.
The details for the TOF data collection are as followed: Each TOF experiment starts from the
clean Si surface. TOF spectra are accumulated during each exposure time period of 1.362±0.001
seconds (the uncertainty arises from the overhead communication time between the multi-channel
scaler to the PC) for the total of 8 periods. The process is repeated several times for each beam to
have enough spectra for averaging with the goal of improving the signal-to-noise ratio of the TOF
spectrum at each exposure period.
Each averaged TOF spectrum is fitted with two Maxwell-Boltzmann (MB) distributions: one
with a fixed characteristic flow velocity of zero and fixed temperature of 250 K to simulate the
thermally equilibrated trapping-desorption portion of scattered molecules, and another where all
fit parameters are varied. The details of the fitting and the functional form used are discussed in
chapter II. The fit results suggest that all 8 spectra corresponding to each of the 8 periods are almost
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identical with some variation due to noise. Thus, only the spectra measured over the first period
that is equivalent to the exposure range of 0 to 0.3 ML for both RT and cold beams are shown in
Figure III-11 and the corresponding fit parameters are summarized in Table III-18.

(a)

(b)

Figure III-11 Normalized plots of incident beam TOF at m/z=32 (blue ‘+’) and its fit (blue solid)
and scattered beam TOF at m/z=32 for exposure range 0 to 0.3 ML (orange ‘o’) and its fit (orange
solid) which consists of thermal distribution at 250 K (green dashed) and non-thermal distribution
(red dashed) for (a) RT beam (b) cold beam. Fit parameters are summarized in Table III-18.
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Beam
TOF of
Peak
𝑩
(count)
𝒗𝒇
(m s-1)
𝑻 (K)

RT
Incident
1
(1.80±0.01)
e-06

Scattered
1
(3±4)e-09

2
(5±1)
e-08

Incident
1
(4.27±0.01)
e-06

Cold
Scattered
1
2
(0.4±2.6)
(5±5)e-08
e-08

574.0±0.1

(4±1)e+02

0 (fixed)

384.5±0.1

(1±1)e+02

0 (fixed)

4.76±0.02

(5±7)e+01

250
(fixed)

3.08±0.02

(1.5±0.9)e+02

250
(fixed)

𝒗𝒂𝒗𝒈
(5.8±0.2)
(3.9±0.2)
(4.9±0.3)e+02
480
(4.1±0.4)e+02
480
-1
e+02
e+02
(m s )
𝑬𝒂𝒗𝒈
1.3±0.1
1.0±0.1
1.0
0.59±0.05
0.7±0.2
1.0
(kcal
-1
mol )
Table III-18 Summary of parameters from fit of TOF spectrum to one or two Maxwell-Boltzmann
distributions for O2 from room temperature or cold nozzle. Peak 1 refers to calculated TOF
distribution for which all parameters are varied. Peak 2 refers to TOF distribution for which some
parameters are set to mimic a thermal distribution at 250 K.
For the scattering of the RT beam that consists almost exclusively of O 2 monomer with a
negligible amount of O2 vdW molecules, the flight time distribution (orange) is well fit with two
distributions corresponding to a trapping desorption (green dashed) component and another with
no fixed parameters (red dashed). The fit suggests that a large portion of the incident O2 particles
are trapped and then desorb from the surface while a much smaller fraction inelastically scatter
with energies comparable to or a bit lower than their incident energy. Interestingly, the average
energies of the two components as determined by this fit are the same at 1.0 kcal/mol.
For the scattering of the cold beam, the fit indicates that a very small fraction of O2 is trapped
and thermally desorbed, while the vast majority of the detected signal arises from O2 that is
inelastically scattered from the surface, with an average energy of 0.7 kcal/mol, slightly higher
than the incident energy of 0.59 kcal/mol. Interpretation of these results is complicated by the
presence of about 40% (O2)2 dimer in the incident beam, because it is expected that much of that
dimer will dissociate upon collision with the surface and contribute to the m/z=32 signal. Evidence
for the collision-induced dissociation of the dimer is presented in the next section. Time-of-flight
measurements of the signal at m/z=16 would enable the decomposition of the TOF signal at
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m/z=32 into the components from incident O2 and from the decomposition of the (O2)2 dimer, but
these measurements are unfortunately not available.
3.3.2. Effect of Surface Temperature on Non-reactive Scattering of vdW species
The non-reactive scattering of the vdW species from the surface at a temperature of 250 K
yielded an interesting observation in the MT experiment, as shown in Figure III-12. The scattered
signal at m/z=64 ((O2)2+) is significantly lower compared to that at m/z=72 (Ar(O2)+) despite the
fact that the incident flux of (O2)2 is greater than that of Ar(O2).

Figure III-12 Plot, as a function of time, of background subtracted counts at m/z=32 (scaled by 1e2), 64, and 72 detected from scattered particles of beam produced by expansion of 5% O2/Ar beam
with stagnation pressure of 2412 Torr behind cold nozzle (beam set 1) from Si(100) at 250 K at
incident/detection angle of 20/50 degrees. Sudden rises of counts correspond to moment when
beam exposure begins. Estimated O coverage towards the end of exposure shown is 0.64 ML.
While the ratio of the unreactively scattered signals for (O2)2 and Ar(O2) beyond 17 s in Figure
III-12 are consistent with the measured values of 𝑝𝑠,0 and 𝑝𝑡,0, the constancy of their signals at
long times of exposures is not consistent with our knowledge of the reaction probability at longer
exposures or equivalently, higher O coverages. It is known that the reaction probability of both the
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singlet oxygen species and the triplet oxygen species decreases with O coverage, which should
lead to an increase in the unreactively scattered signal at both m/z=64 and m/z=72 as a function of
time, but this increase is not observed.
A possible consideration for the scattered signal at m/z=64 ((O2)2+) being significantly lower
than that at m/z=72 (Ar(O2)+) is a significant difference in the probability of fragmentation of the
vdW bond in the two kinds of dimers upon an impulsive collision with the surface. It might be
expected that the weaker vdW bond is more likely to break. However, experimental and theoretical
studies indicate the strength of the vdW bonds in (O2)2 and in Ar(O2) are essentially equal, 0.4
kcal/mol20,51 in (O2)2 and 0.33 kcal/mol52–54 in Ar(O2). The equivalent strengths of these vdW
bonds does not provide a plausible explanation for the higher probability of Ar(O2) staying intact
after collision with the oxidized Si surface at 250 K.
Additional factors are considered in the following subsections as possible origins of the low
ratio of the scattered signal at m/z=64 ((O2)2+) to that at m/z=72 (Ar(O2)+.
3.3.2.1. Angular Distribution
The measurement shown in Figure III-12 was carried out at a single scattering angle of 50°.
To ensure that the observed signal at m/z=64 being lower than that at m/z=72 is not due to a
difference in their angular distributions, MT experiments at other scattering angles were
performed, as well as at a higher temperature, 1000 K.
Because the scattered signal at m/z=64 and 72 changes little as a function of exposure time,
the signal at each scattering angle, is obtained by averaging the background subtracted count over
the exposure range of 20 seconds and is plotted in Figure III-13. This exposure range is equivalent
to the coverage range of 0 to 0.64 ML. Note that there are fewer masses in the plot at 250 K (Figure
III-13 (a)) compared to that at 1100 K (Figure III-13 (b)) because masses higher than m/z=72 in
the 250 K scattering experiments have too low signal to noise ratio for a meaningful analysis. For
the scattering at 250 K, the crystal is flashed to remove the O atoms from the surface after each
exposure to ensure that the scattering begins from a clean surface. At 1100 K, flashing is not
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necessary because the temperature is already at the annealing temperature, where the SiO product
continually desorbs.

(a)

(b)

Figure III-13 Plot of background subtracted count as a function of scattering angle for cold beam
(beam set 1) incident at 20° at surface temperature of (a) 250 (b) 1100 K. Each color represents a
value of m/z as indicated in legend. Lines are fit of equation (46) to data. Note that count at m/z=32
is multiplied by factor written in the plot legend for visualization purpose.
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The angular distributions at each value of m/z,, 𝐶(𝜃), shown in Figure III-13 are fitted to a
modified cosine distribution:29
𝐶(𝜃) = 𝐴 cos𝑛 (𝜃 − 𝜃0 )

(46)

where 𝜃 is the scattering angle, 𝐴 is the normalization constant, 𝑛 is the power of the cosine
function, and 𝜃0 is the angle that represents the deviation from a cosine distribution. Direct
scattering of particles from a relatively flat surface typically results in 𝜃0 being close to the specular
angle (20° in this case) and in 𝑛 being greater than zero. For direct scattering from disordered
surface or for a trapping-desorption interaction, 𝜃0 is expected to be close to zero and 𝑛 takes a
value close to 1. The parameters of the fits of equation (46) to the data shown in Figure III-13 are
summarized in Table III-19.

250 K
1100 K
𝑨
𝒏
𝜽𝟎
𝑨
𝒏
𝜽𝟎
32 (8.1±0.6)e+03 0.7±0.1
9.9±0.8
(1.2±0.1)e+04
2±1
(0±2)e+01
44
(2.4±0.6)e+03
2±2
(0±2)e+01
48
39.3±0.4
0.99±0.04 9.7±0.6
64
10±2
3±4
(-1±3)e+01 (1.13±0.02)e+03 1.00±0.07
10±1
72
37±5
1.0±0.4
10±6
(6.1±0.1)e+02
1.1±0.1
10±3
96
213±7
1.0±0.2
6±4
Table III-19 Table summarizes parameters of fits of angular distribution to a cosine distribution
function, equation (46), as shown in Figure III-13.
m/z

As shown by the fit parameters in Table III-19, 𝜃0 and 𝑛 are close to 0 and 1, respectively, for
all species at both surface temperatures. At 250 K, the broad angular distribution can be explained
partly by trapping-desorption as indicated by the TOF spectra in section 3.3.1, as well as the
corrugation of the Si(100) 2x1 surface that becomes more disordered at higher O coverage. At
1100 K, the interaction of O2 with the surface results in the formation and desorption of gaseous
SiO that leaves the surface disordered, and that leads to the broad, cosine-like angular distributions
of the other inelastically scattered particles.
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3.3.2.2. Trapping and Dissociation of vdW Molecules
As can be seen in Figure III-12 (a), the signal of scattered particles from the 250 K surface at
m/z=64 is consistently lower than that at m/z=72 at all scattered angles. However, the trend of the
two signals reverse at 1100 K, where the signal at m/z=64 is higher than that at 72 in accordance
with the relative amount of the two species in the incident beam. Thus, the reason for lower signal
at m/z=64 for 250 K surface is likely related to the trapping-desorption mechanism that is available
at lower surface temperature.
The trapping of vdW molecules can lead to their dissociation prior to desorption because the
thermal energy of the surface at 250 K (~kT=0.5 kcal/mol) can break the weak vdW bond of the
O2 containing species of around 0.4 kcal/mol. If trapping-desorption of vdW molecules is
responsible for the lower amount of intact (O2)2 and hence the lower scattered signal at m/z=64,
(O2)2 must be more likely to be trapped compared to Ar(O2). The parameter to consider whether
such is the case is the polarizability of the two vdW species.
The polarizability of an Ar atom is 1.63 Å3,55 while the polarizability of O2 is higher
perpendicular to its bond axis (2.35 Å3) and lower (1.21 Å3) along the bond axis yielding an
average value of 1.78 Å3.56 This small difference between the polarizability of Ar and O2 is
reflected in the small difference in physisorption well depth (within 6%) for Ar and O2 on the
graphite surface (1.7 and 1.8 kcal/mol, respectively) and on the Ag surface (2.35 and 2.2 kcal/mol,
respectively)57. Given that the polarizabilities of Ar and O2 are similar, the (O2)2 and Ar(O2) vdW
molecules are equally likely to be physisorbed on the Si surface.
A possible explanation for the enhanced trapping probability of (O2)2 compared to Ar(O2) is
that Ar is an inert atom that cannot form a chemical bond with Si while bond formation is possible
with an O atom. Thus, the attractive interaction between an O2 molecule and Si is likely
considerably greater than that between Ar and Si and hence, (O2)2 is much more likely to be trapped
on the surface compared to Ar(O2).
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3.3.2.3. Survivability of scattered vdW Species and Surface Temperature
The dissociation of the scattered vdW species due to the surface trapping process is highlighted
in the comparison of detected signals at m/z=64 and 96 of scattered particles from various surface
temperature as shown in Figure III-14.

Figure III-14 Plot of average counts at m/z= 32, 64, and 96 detected from scattering of 5% O 2/Ar
beam with 2412 Torr stagnation pressure (beam set 1) at incident/scattering angle of 20/50 for
35 s exposure (equivalent to 0.77 ML coverage at 250 K). Each color represents a Si temperature
as indicated by legend. Error bars represent ± one standard deviation of average values. Note
counts at m/z=32 multiplied by 0.1.
Although the signal at each m/z consists of the parent ion as well as ion fragments from the
dissociative ionization of larger vdW species as discussed in section 2.1.3, the trend of an increase
in non-reactively scattered vdW species with increasing surface temperature is clear from Figure
III-14 where the counts at m/z=64 and 96 increase with surface temperature while that at m/z=32
dropped slightly. This trend can be explained by the higher dissociation probability of O2 vdW
species (m/z=64 and 96) at lower surface temperature resulting in more O2 monomer (m/z=32).
This observation is in support of the fragmentation of O2 vdW species due to trapping because
trapping of particles is more likely to occur at the lower surface temperature while scattering is
more impulsive at higher surface temperature. This increased survivability of a vdW cluster after
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the collision with higher temperature surface as a result of the more impulsive nature of the
collision has also been observed in the collisions of large N2 vdW cluster with stainless steel,58,
and of Ar clusters with graphite,59 and Pt(111).60
3.3.3. Absence of Atom Abstraction in (O2)2 Interaction with Si
In addition to the experiments probing non-reactive scattering of the O2 vdW species, MT
experiments were also carried out to verify the absence of atom abstraction from (O2)2 by Si
dangling bonds resulting in the gas phase product (O2)O:
(O2)2(g) → (O2)O(g) + O(ad)
where (g) and (ad) indicate gaseous and adsorbed species, respectively. Given that there is no atom
abstraction for the O2 reaction with Si(100), at least for O2 with a kinetic energy of around 1-2
kcal/mol, a similar lack in atom abstraction from the (O2)2 vdW dimer is expected because the
formation of a vdW bond minimally affects the thermodynamics of the reaction.
The MT experiment performed to verify the absence of the atom abstraction from (O2)2 is
similar to the case of O2 in the previous chapter: The signal at m/z=48 and 64 that corresponds to
(O2)O+ and (O2)2+ ions, respectively, are collected simultaneously. If there is no atom abstraction,
the only source of m/z=48 is the dissociative ionization of (O2)2. Thus, in such a case, signal at
m/z=48 as a function of exposure time should trace that of m/z=64 exactly. However, if atom
abstraction occurs, (O2)O at m/z=48 would be produced in amounts significantly higher than that
produced from dissociative ionization of (O2)2, especially at lower O coverage.
The scattering MT experiments were carried out for a beam produced by expansion of the 5%
O2/Ar mixture at a stagnation pressure of 2412 Torr through a nozzle at -140 °C (beam set 1), at
incident and scattering angles of 20 and 50 degrees, respectively, from surfaces ranging in
temperature from 250 to 1144 K. The exposure time is 18 s, which is equivalent to an O coverage
of 0.6 ML at 250 K. The signals of scattered particles at m/z=48 and 64 are shown in Figure III-15.
The signal at m/z=64 is scaled to match that of m/z=48 by a factor of around 0.04±0.01 (as
displayed in the bracket in the plot legends), which equivalent to the ratio of the averaged signals
of m/z=48 to 64 for a 10-18 s exposure time. As shown by the plots in Figure III-15, the signal at
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m/z=48 traces that of scaled signal at m/z=64 exactly for all surface temperatures considered. Thus,
atom abstraction from (O2)2 by Si(100 dangling bonds is very unlikely to occur under the condition
used in this study.

Figure III-15 Plot of background subtracted count at m/z=48 (orange) and 64 (blue) (corresponding
to (O2)O+ and (O2)2+ respectively) at various surface temperatures. Counts at m/z=64 is scaled to
match m/z=48 by factor indicated in bracket within each plot legend.
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An unexpected trend in the signal at m/z=64 (and 48) as a function of exposure time is observed
where the signal is higher at short exposure time and decreases slightly with time. This effect is
especially prominent at 585 and 775 K as observed in Figure III-15. This observation is in contrast
with the scattering of reactive species such as O2 where the flux of non-reactively scattered O2
increases with exposure due to lowered reaction probability at higher coverage. There are a few
possibilities for this opposite trend for the case of m/z=64 involving greater surface disorder as a
result of oxygen adsorption with increasing exposure. First, since the signal at m/z=64 is detected
only at one scattering angle, the angular distribution of (O2)2 may broaden with increasing O
coverage, resulting in decreased (O2)2 scattering at a specific angle despite an overall increase in
non-reactive scattering of (O2)2. Another possibility involves the decrease in fragmentation of
larger vdW clusters such as Ar(O2)2 or (O2)3 to produce (O2)2 as the surface becomes disordered,
resulting in the decrease of the scattered m/z=64 signal with increasing exposure. Finally, the
dissociation of (O2)2 into O2 may increase as the surface roughness increases. Nonetheless, without
additional MT and TOF experiments as a function of scattering angles, it is unclear which of the
three processes are responsible for the observed signal trend.

4. Discussion
The reaction of triplet O2 with Si(100) involves a triplet-to-singlet transition to form the Si-O
product. Theoretical studies1,2,8 have found the spin triplet state of the ground state O2 molecule to
be the critical factor that limits its reaction with Si(100), where the triplet spin state results in a
high activation barrier for most reaction geometries and thereby leaving only a narrow barrierless
reaction channel of very restricted geometry. Nonetheless, even for the barrierless pathway, the
reaction is slow due to weak spin-orbit coupling required for the spin transition of the triplet
reactant to the singlet product.2 The slow reaction of triplet O2 is in contrast to singlet O2 where
the reaction has no barrier regardless of the orientation of the O2 molecule.8 This high reactivity
of singlet O2 is observed in the oxidation of photoexcited Si nanocrystals as discussed in section
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1.2.2. However, the first excited singlet state O2 ( 1Δ𝑔 ) is more energetic than the triplet ground
state O2 ( 3Σ𝑔− ) by 22.6 kcal/mol. Thus, in addition to the absence of a spin transition for the
reaction of singlet O2 with Si(100), the excited state energy likely modifies the potential energy
surface to greatly enhance the reaction. The vdW (O2)2 used in this study probes the effect of spin
with little change to the potential energy, since the vdW bond is only around 0.4 kcal/mol.
The reaction probabilities measured in this experiment and discussed in section 3.2 indicate
that the singlet species, which includes (O2)2 as the singlet species with by far the highest flux, are
significantly more reactive than the triplet O2 molecule at the three surface temperatures of 250,
300, and 500 K that were investigated. This result is expanded upon on section 4.1. Then, to further
delineate the enhancement of the oxidation reaction by the use of singlet (O2)2 over triplet O2, the
analysis in section 4.2 is carried out. Section 4.3 describes the potential mechanisms responsible
for the observed reaction probability enhancement of singlet (O2)2. Possible complications to the
interpretation of the result obtained in this study are discussed in section 4.4. Lastly, additional
experimentation is proposed in section 4.5. Because the discussion involves multiple probabilities
and reaction probabilities for (O2)2, the notation used to represent these probabilities is summarized
in Table III-20.

Notation
Meaning
Reaction probability of singlet species ((O2)2, (O2)3, and Ar(O2)2)
𝑝𝑠
Reaction probability of triplet species (O2, Ar(O2), and Ar2(O2))
𝑝𝑡
𝑝(O2 )2
Reaction probability of (O2)2
𝑝O2
Reaction probability of O2
Probability of (O2)2 staying intact after scattering
𝑝0
Probability of (O2)2 cleaving into O2 upon coming into contact with Si
𝑝𝑐
Probability of (O2)2 reacting as singlet in a step-wise manner
𝑝1
𝑝𝑚
Reaction probability of the complementary O2 produced from step-wise reaction
Probability of four-center reaction of (O2)2
𝑝2
Subscript 0
Indicating initial probability (i.e. at zero coverage)
Table III-20 Summary of probability notations used in this discussion.
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4.1. Comparison of Reaction Probability of (O2)2 to O2
As described in section 3.2, because the fluxes of the individual reactive O2 containing species
in the cold beam are not known exactly, the reaction probabilities were evaluated from the data in
two broad groups: 𝑝𝑠,0 , for all singlet O2 containing species ((O2)2, (O2)3, and Ar(O2)2) and 𝑝𝑡,0 ,
for all triplet O2 containing species (O2, Ar(O2), and Ar2(O2)). Recall that the reaction probability
of the triplet group, 𝑝𝑡 , is assumed to equal to that of O2, 𝑝O2 . The reaction probability of singlet
(O2)2, 𝑝(O2 )2 , is assumed to be equal to the reaction probability of the singlet group, 𝑝𝑠 , as justified
below. As can be seen from the results shown in Table III-21 for the initial reaction probability
ratio of singlet, 𝑝𝑠,0, to that of triplet, 𝑝𝑡,0, for the three surface temperatures of 250, 300, and 500
K, 𝑝𝑠,0 and thus 𝑝(O2 )2 ,0, is at least 3 times and at most an order of magnitude higher than the initial
reaction probability of triplet O2, 𝑝O2,0 . Given that the optimization results in section 3.2.2.2
indicate that the lower and upper bound values of 𝑝𝑠,0 are likely to be extrema, the actual value of
𝑝𝑠,0 is expected to lie within the lower and upper bounds. Nonetheless, the fact that the lower
bound of 𝑝𝑠,0 is higher than 𝑝𝑡,0 indicates a very high certainty that the actual value of 𝑝𝑠,0 and
thus 𝑝(O2 )2 ,0 is greater than 𝑝𝑡,0 and thus 𝑝O2,0 . For the purpose of this discussion, the average
values of the lower and upper bounds are used to estimate 𝑝𝑠,0 .
It is significant that 𝑝(O2 )2 ,0 is greater than 𝑝O2 ,0 by more than a factor of two because it
indicates that singlet (O2)2 is more reactive than triplet O2 not simply because (O2)2 has twice the
number of O atoms compared to O2, but rather because of an additional singlet mechanism
available to (O2)2. However, this comparison of the initial reaction probabilities does not tell the
whole story because 𝑝(O2 )2 ,0, the (O2)2 reaction probability, includes the probability of (O2)2
reacting as a singlet and but also the probability that the dimer cleaves upon its surface collision,
producing two O2 molecules that go on to react with the surface as triplets. Therefore, it is not
immediately apparent to what extent the singlet mechanism contributes to the reaction probability
of (O2)2, and whether the probability of the singlet mechanism is higher than that of two triplet O2
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molecules. Therefore, further analysis in the upcoming section is carried out to gain more
understanding of the nature and the probability of the singlet mechanism.
𝒑(𝐎𝟐 )𝟐 ,𝟎 /𝒑𝐎𝟐 ,𝟎
Beam
set
Lower Upper Average
1
3±1
9±4
6±3
2
4±2
13±8
9±5
250
3
5±2
10±5
8±3
4
8±3
18±7
13±5
Average
5±2
13±5
9±3
300
3
3±2
7±4
5±3
2
3±1
9±5
6±3
500
3
3±1
5±3
4±2
Average
3±1
7±4
5±3
Table III-21 Ratio of lower and upper bounds as well as average of 𝑝(O2 )2 ,0 (estimated by 𝑝𝑠 ) to
𝑝O2 ,0 using values from Table III-17.
Surface T
(K)

4.2. The Interaction of (O2)2 with Si(100)
The collision of (O2)2 on the Si(100) surface results in multiple outcomes including:
•

(O2)2 reacts as a singlet in a four-center reaction where all 4 O atoms react simultaneously. The
probability of this process is denoted by 𝑝2 .

•

(O2)2 reacts as a singlet in a step-wise manner where two of the oxygen atoms in the dimer
form O-Si bonds, leaving the remaining two oxygen atoms to form a complementary O2
molecule. The probability of this pathway is designated as 𝑝1. The complementary O2 molecule
can later interact with the surface as a monomer O2 with probability 𝑝𝑚 .

•

(O2)2 cleaves upon collision with the surface into two, triplet state O2 monomers with
probability 𝑝𝑐 . Then, each O2 molecule can go on to react with the surface with a reaction
probability equal to that of a triplet O2 molecule, 𝑝O2 , or scatter from the surface.

•

(O2)2 non-reactively scatters from the surface as an intact (O2)2 vdW molecule with probability
𝑝0 .

The sum of the probabilities of all four pathways equals unity:
1 = 𝑝2 + 𝑝1 + 𝑝𝑐 + 𝑝0
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(I)

The probabilities in (I) are dependent on coverage, but the coverage notation is omitted because
the probabilities and scattered fluxes used in this analysis are measured at the same coverage. Each
of these probabilities is explored here. First, consider the probability of (O2)2 staying intact after
scattering from the surface, 𝑝0 , In principle, this probability is the angle-integrated flux of scattered
(O2)2 originating from the parent molecule (O2)2, 𝐼(O2 )2 (from (O2 )2 ) , divided by the flux of incident
(O2)2, 𝐼(O2 )2 (beam):
𝑝0 =

𝐼(O2 )2 (from (O2)2 )
𝐼(O2 )2 (beam)

(II)

The second experimental measurement to consider is the scattered flux of unreacted O2. The
probability 𝑝1 (1 − 𝑝𝑚 ), which is the probability of two atoms of the (O2)2 dimer reacting and the
remaining two atoms scattering away as O2, can be related, in principle, to the ratio of the angleintegrated flux of O2 originating from (O2)2, 𝐼O2 (from (O2 )2 ), and the flux of incident (O2)2,
𝐼(O2 )2 (beam) , as:
𝐼O2 (from (O2 )2 )
2
= 𝑝1 (1 − 𝑝𝑚 ) + 𝑝𝑐 [2𝑝O2 (1 − 𝑝O2 ) + 2(1 − 𝑝O2 ) ]
𝐼(O2 )2 (beam)
= 𝑝1 (1 − 𝑝𝑚 ) + 2𝑝𝑐 (1 − 𝑝O2 )

(III)

where the second term on the right-hand-side is the probability of the (O2)2 dimer fragmenting
upon collision with the surface and either one or both of the triplet O2 molecules not reacting.
Finally, 𝑝2 , 𝑝1, and 𝑝𝑐 are related to the total reaction probability of (O2)2, 𝑝(O2 )2 , by the
expression:
𝑝(O2 )2 = 2𝑝2 + 𝑝1 + 𝑝1 𝑝𝑚 + 𝑝𝑐 [2𝑝O2 (1 − 𝑝O2 ) + 2𝑝O2 2 ]
= 2𝑝2 + 𝑝1 (1 + 𝑝𝑚 ) + 2𝑝𝑐 𝑝O2

(IV)

where 𝑝1 and 𝑝1 𝑝𝑚 are the probabilities that two of the oxygen atoms of the singlet dimer react
with the remaining oxygen atoms either scattering unreactively as O2 or reacting, respectively, and
the final term is the probability of the (O2)2 dimer fragmenting upon collision with the surface and
either one O2 or both of them reacting as a triplet O2. Equation (IV) shows clearly that the
experimentally measured probability, 𝑝(O2 )2 , is composed of multiple contributions. However, the
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probabilities of fundamental interest are 𝑝2 and 𝑝1, because they provide a measure of the enhanced
reactivity of the singlet state over the triplet state.
In an attempt to determine 𝑝2 and 𝑝1 from experimentally measured probabilities, consider
equations (I) through (IV) written in matrix form:
1
1
1
I
0
0
0
II
( III ) = 0 (1 − 𝑝 ) 2(1 − 𝑝 )
𝑚
O2
𝑝(O2 )2
2𝑝O2
(2 (1 + 𝑝𝑚 )

1
𝑝2
1
𝑝1
(
0
𝑝𝑐 )
0) 𝑝0

(47)

where II and III symbolize the ratio of fluxes on the left-hand-side of equations (II) and (III),
respectively. As can be seen, the four equations are not unique:
1
1
(I) = (II) + (III) + (IV)
2
2

(48)

Thus, one of the experimental measurements in equations (II), (III) or (IV) is not needed since it
can be determined from the other two measurements and equation (I). However, since only three
unique equations are available while there are four unknown probabilities (𝑝2 , 𝑝1, 𝑝𝑐 , and 𝑝0 ), all
four probabilities cannot be found uniquely. And as consequence, 𝑝𝑚 is also not known. Therefore,
additional knowledge and/or approximations are required to find the probabilities.
4.2.1. Initial Reaction Probability of (O2)2 as a Singlet
The probabilities of (O2)2 reacting as a singlet, 𝑝2 and 𝑝1, are of interest in this study. In an
attempt to evaluate the two probabilities, equation (IV) is solved for 𝑝𝑐 and then 𝑝𝑐 is substituted
into equation (I) to yield:
2𝑝2 (1 − 𝑝O2 ) + 𝑝1 (1 + 𝑝𝑚 − 2𝑝O2 ) = 𝑝(O2 )2 − 2𝑝O2 + 2𝑝O2 𝑝0

(49)

As expected from the discussion above, 𝑝2 and 𝑝1 cannot be determined from the expression.
Furthermore, the inseparability of 𝑝2 and 𝑝1 indicates that the experimental results available in this
study do not enable the probability of each of the two mechanisms for the reaction of singlet (O2)2
on Si(100) to be distinguished.
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4.2.2. Probability of Four-Center Reaction
While 𝑝2 and 𝑝1 cannot be determined exactly, each probability may be estimated for the
extreme case where only one of the two processes occurs by assuming the other probability equals
to zero. For the case where 𝑝1,0 = 0, equation (49) can be rearranged to yield:
𝑝2 =

1 𝑝(O2 )2 − 2𝑝O2 + 2𝑝O2 𝑝0
2
1 − 𝑝O2

(50)

From equation (50), 𝑝2 can be determined from three experimentally measured quantities: 𝑝(O2 )2
(or equivalently 𝑝𝑠 ) and 𝑝O2 (or equivalently 𝑝𝑡 ) described in section 3.2, and 𝑝0 from the ratio of
fluxes defined by equation (II). However, the (O2)2 scattering data described in section 3.3 are
insufficient to determine the total scattered flux originating from (O2)2. Thus, an additional
approximation is made to estimate 𝑝2 , which is that the probability of (O2)2 staying intact after
scattering from a 250 K surface is almost zero, 𝑝0 ≈ 0. This approximation is reasonable given
that the flux of scattered particles detected at m/z=64 is very small, as shown in section 3.3.1. With
this assumption, equation (50) becomes:
𝑝2 =

1 𝑝(O2 )2 − 2𝑝O2
2 1 − 𝑝O2

(51)

The values for the initial reaction probability of (O2)2 reacting as a singlet in a four-center
reaction, 𝑝2,0, calculated using equation (51) and the parameters in Table III-17, are summarized
in Table III-22 for each beam set and temperature. Note that the values of 𝑝2,0 calculated using
equation (51) at 300 and 500 K are slightly underestimating because 𝑝0 increases slightly with
surface temperature as shown by the experimental result in section 3.3.2.3.
Overall, the average values of 𝑝2,0 at all three surface temperatures are greater than zero,
indicating that the reactivity of (O2)2 with Si is greater than the reactivity of two triplet O2
molecules produced by fragmentation of the vdW dimer and then reacting individually. In addition,
the values of 𝑝2,0 being greater than 𝑝O2 ,0 by factors of 4±2, 2±1, and 2±1 at 250, 300, and 500 K,
respectively, as shown in Table III-22 is indicative that the singlet reaction pathway available to
(O2)2 proceeds with higher probability compared to the reaction of triplet O2.
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Surface
T
(K)

Beam
set

𝒑𝟐,𝟎 (all)

𝒑𝐎𝟐 ,𝟎

Lower

Upper Average

Ratio 𝒑𝟐,𝟎 /𝒑𝐎𝟐 ,𝟎
Lower

Upper Average

0.4±0.7
4±2
2±1
1
0.075±0.005 0.03±0.05 0.3±0.2 0.2±0.1
0.1±0.1
0.5±0.4 0.3±0.2
1±1
6±4
4±3
2
2±1
5±3
3±2
250
3
0.084±0.007 0.14±0.09 0.4±0.2 0.3±0.1
0.3±0.1
0.7±0.3 0.5±0.2
3±2
9±4
6±3
4
2±1
6±3
4±2
Average 0.082±0.005 0.13±0.08 0.5±0.2 0.3±0.1
0.7±0.9
3±2
2±1
300
3
0.101±0.009 0.07±0.09 0.3±0.2 0.2±0.1
0.04±0.08 0.4±0.2 0.2±0.2
0.5±0.8
4±3
2±2
2
0.092±0.005
0.03±0.07 0.2±0.2 0.1±0.1
0.4±0.8
2±2
1±1
500
3
0.4±0.8
3±2
2±1
Average 0.092±0.005 0.04±0.07 0.3±0.2 0.2±0.1
Table III-22 Lower and upper bounds of initial reaction probability of (O2)2 as singlet in fourcenter reaction, 𝑝2,0, and their averages for each beam set obtained using equation (51) and
reaction probabilities from Table III-17.

4.2.3. Probability of Step-Wise Reaction
Another extreme case to consider is when the reaction of (O2)2 as a singlet proceeds solely in
a step-wise process. For this case, 𝑝2,0 is assumed to be zero, and equation (49) becomes:
𝑝1 =

𝑝(O2 )2 − 2𝑝O2 + 2𝑝O2 𝑝0
(1 + 𝑝𝑚 − 2𝑝O2 )

(52)

The value of 𝑝𝑚 is required to solve for 𝑝1 in equation (52). Since 𝑝𝑚 is the reaction probability
of the complementary O2 molecule formed after the initial step of the step-wise reaction, it may,
in principle, be determined from the non-reactively scattered, complementary O2. However, since
the complementary O2 is indistinguishable from the non-reactively scattered O2 cleaved upon
collision of (O2)2 with the surface and from the non-reactively scattered monomer O2, 𝑝𝑚 cannot
be determined in this experiment.
To approximate 𝑝1, 𝑝𝑚 in equation (52) is assumed to be equal to 𝑝O2 . It is not clear if this
approximation of 𝑝𝑚 is reasonable, considering that the trajectory of the complementary O2 is
unknown. For example, if the complementary O2 is ejected quickly from the surface, 𝑝𝑚 could be
much lower than 𝑝O2 . Nonetheless, with the assumption 𝑝𝑚 ≈ 𝑝O2 and 𝑝0 ≈ 0, equation (52)
becomes:
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𝑝1 =

𝑝(O2 )2 − 2𝑝O2

(53)

(1 − 𝑝O2 )

The initial probability of (O2)2 reacting as singlet in a step-wise process, 𝑝1,0, estimated by equation
(53) is equal to twice the value of 𝑝2,0. These values are summarized in Table III-23. It is noted
that some of the upper bounds of 𝑝1,0 for the experimental sets at 250 K are greater than one. This
value is certainly non-physical since the sum of the probabilities for the scattering pathways of
(O2)2 must add to one as defined by equation (I), and each probability cannot be smaller than zero.
Thus, 𝑝1,0 exceeding the value of one is likely the result of the large variance in the experimental
data.

Surface
T
(K)

Beam
set

𝒑𝐎𝟐 ,𝟎

𝒑𝟏,𝟎 (all)
Lower

Ratio 𝒑𝟏,𝟎 /𝒑𝐎𝟐 ,𝟎

Upper Average Lower Upper Average

0.1±0.1
0.6±0.3 0.3±0.2
1±1
8±5
4±3
1
0.075±0.005
0.2±0.2
1.0±0.7 0.6±0.5
2±3
12±9
7±6
2
0.3±0.2
0.8±0.4 0.5±0.3
3±2
9±5
6±4
250
3
0.084±0.007
0.5±0.2
1.5±0.6 1.0±0.4
6±3
18±8
12±5
4
0.3±0.2
1.0±0.4 0.6±0.3
3±2
12±5
8±4
Average 0.082±0.005
0.1±0.2
0.5±0.4 0.3±0.3
1±2
5±4
3±3
300
3
0.101±0.009
0.1±0.2
0.7±0.5 0.4±0.3
1±2
8±5
4±4
2
0.092±0.005
0.1±0.1
0.4±0.3 0.2±0.2
1±2
4±3
2±3
500
3
0.1±0.1
0.5±0.4 0.3±0.3
1±2
6±4
3±3
Average 0.092±0.005
Table III-23 Lower and upper bounds of initial reaction probability of (O2)2 as singlet in step-wise
reaction, 𝑝1,0, and their averages for each beam set obtained using equation (51) and reaction
probabilities from Table III-17.

Since these estimated values for 𝑝1,0 are double those of 𝑝2,0, the probability of (O2)2 reacting
in a step-wise manner is also higher than that of the triplet O2, 𝑝O2 ,0 . However, it is important to
note that although 𝑝1,0 obtained in this analysis is double that of 𝑝2,0, this result does not indicate
that the step-wise mechanism is more probable that the four-center reaction because this analysis
of one of the probabilities assumes the other probability is equal to zero. Rather, it is possible for
both reaction mechanisms to occur simultaneously. Thus, this analysis merely provides values for
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the reaction probability of singlet (O2)2 if the reaction were to exclusively occur via one or the
other of two possible mechanisms.
4.2.4. Probability of (O2)2 Reacting as a Singlet
An important question to consider is what is the probability of (O2)2 reacting as a singlet
compared to the triplet O2? If the singlet reaction of (O2)2 is more reactive than the triplet O2, the
sum of all probabilities of (O2)2 to react as singlet, 𝑝2 + 𝑝1 , is expected to be larger than the
reaction probability of triplet O2, 𝑝O2 (i.e. 𝑝2 + 𝑝1 > 𝑝O2 ). However, as shown in section 4.2.1,
the probability 𝑝2 and 𝑝1 cannot be uniquely determined. Nonetheless, an estimate of the sum of
the two probabilities can be made by considering equation (49), and applying the assumption 𝑝𝑚 ≈
𝑝O2 and 𝑝0 ≈ 0 gives:
1
1 𝑝(O2 )2 − 2𝑝O2
𝑝2 + 𝑝1 =
2
2 1 − 𝑝O2
1

(54)
1

Equation (54) indicates that 𝑝2 + 2 𝑝1 can be determined. If 𝑝2 + 2 𝑝1 is greater than 𝑝O2 , 𝑝2 + 𝑝1
1

is also greater than 𝑝O2 since the probabilities cannot be smaller than zero. 𝑝2 + 𝑝1 according to
2

equation (54) is equal to 𝑝2 defined by equation (51), and thus its value is summarized by Table
1

III-22. As can be seen from the table, 𝑝2 + 2 𝑝1 is 4±2, 2±1, and 2±1 times higher than 𝑝O2 at 250,
300, and 500 K, respectively. Thus, 𝑝2 + 𝑝1 is expected to be equal to or higher than that. This
result indicates that the probability of (O2)2 reacting as a singlet is higher than that of the triplet
O2. Further discussion on the potential nature of these singlet mechanisms is presented in the
upcoming section 4.3.

4.3. (O2)2 Singlet Mechanisms
The reaction of singlet (O2)2 likely proceeds as a direct process rather than a precursor mediated
process because the energy released during trapping as well as thermal equilibration of the trapped
molecule with the surface at 250 K (𝑘𝑇 = 0.5 kcal/mol) can easily excite (O2)2 from the spin singlet
ground state to the triplet first excited state (0.04 kcal/mol) and the quintet second excited state
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(0.07 kcal/mol), or even break the vdW bond of 0.4 kcal/mol. For a direct process, the initial
reaction probability is expected to be independent or weakly dependent on the surface temperature.
This weak temperature dependence is supported by the values of 𝑝2,0 and 𝑝1,0 obtained in this
study as shown in Table III-22 and Table III-23, respectively.
With the reaction of singlet (O2)2 likely to be a direct process, its reaction probability is
expected to be highly dependent on the initial reaction geometry. However, the reactive site of
(O2)2 on the Si(100)2x1 surface is not known because no electronic structure calculations have
been carried out. Nonetheless, the reaction likely involves the Si-Si dimers and their dangling
bonds, similar to the case of triplet O2 monomer, where a barrierless reaction proceeds with the
O=O bond parallel to the Si-Si dimer bond while a large activation energy barrier is encountered
for a perpendicular approach of the O=O bond to the Si-Si dimer.8 This effect of the O2 approach
geometry has also been observed experimentally by Kurahashi61,62 where the sticking probability
of triplet O2 with parallel geometry to the surface is found to be around 1.7 times higher than with
a perpendicular approach. This preference for the parallel geometry approach is suggested to stem
from the greater overlap of the -antibonding orbital of O2 with the Si dangling bonds.1,63
The analysis in section 4.2 confirms that the (O2)2 reaction probability with Si(100) is
significantly higher than that of the O2 molecule due to an additional mechanism. The higher
reactivity is not simply due to the fact that there are two O2 molecules in (O2)2. However, whether
singlet (O2)2 reacts via a four-center mechanism or via a step-wise mechanism involving only half
of the O atoms, cannot be determined from the experimental results. In this section, speculations
on two potential mechanisms, a four-center and step-wise mechanism, where the singlet spin
character of (O2)2 can increase the reaction probability of the O2 molecule in the dimer are
considered in the following subsections.
4.3.1. Four-Center Reaction
A possible mechanism for (O2)2 to react as a singlet is a four-center reaction where all four O
atoms of (O2)2 simultaneously react with Si surface atoms such that the overall reaction of singlet
(O2)2 with the singlet Si(100) surface bonds forming singlet products does not involve the spin
268

transition. For a four-center reaction to occur, the planar (O2)2 molecule is required to approach
the Si surface face-on with the four O atoms parallel or nearly parallel to the surface.
While the reaction geometry of a four center mechanism is unclear, a simple preliminary
consideration of the dimensions of (O2)2 and the Si(100)2x1 surface may be used to speculate
about a four-center reaction site. The most stable geometry of a (O2)2 vdW dimer is H-shape where
the O2 molecules are parallel to and separated from each other by a vdW bond length of 3.56 Å
and the O=O covalent bond length is 1.21 Å. The dimer bond length on the Si(100)2x1 surface is
2.37 Å with a distance of 3.8 Å between neighboring dimers in the same row.
Three possible reaction geometries are shown in Figure III-16. Theoretical studies of the
reaction of triplet O2 with Si(100) indicate that the preferred reaction geometry of triplet O2 is
when the O=O bond is parallel to the surface and to the Si-Si dimer bond, with the center of the
O=O bond directly above the raised Si atom of the dimer or centered between the Si-Si
dimer.2,4,63,64 Applying similar geometrical requirements to the case of (O2)2 yields the
configuration shown in Figure III-16 (a) where if one of the O=O bonds in (O2)2 is aligned exactly
on top of the dimer, the other O=O bond is slightly shifted from the on-top position of the
neighboring dimer by 0.24 Å (~7% of the vdW bond length). However, as can be visualized in
Figure III-16 (a), this perpendicular geometry is almost as if each triplet O2 molecule in the (O2)2
is reacting separately with each singlet Si-Si dimer. Nonetheless, (O2)2 can still react as a singlet
under this geometry, if the spin coupling between the two O2 is strong enough such that the spin
singlet state of (O2)2 is delocalized among the four O atoms, or alternatively, if the electrons on
the Si surface are delocalized such that the two triplet spins can pair to form a singlet during the
reaction. Otherwise, this four-center reaction geometry likely results in the reaction of two triplet
O2 molecules.
A more likely singlet reaction geometry is shown in Figure III-16 (b) where the O=O bonds
are aligned perpendicular to the Si-Si dimer bonds. While the bond lengths of (O2)2 and Si-Si
dimers have a larger mismatch compared to the parallel case, orbital overlap is still likely possible
as estimated by the covalent radii. Further support for the possibility of this reaction geometry
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comes from theoretical studies2,4 for the dissociative chemisorption of triplet O2 where the
formation of a bond between each O atom and a Si atom on adjacent Si-Si dimers is found to be
feasible. Thus, it is possible for the overall reaction to retain singlet spin even in the case of the
likely weak spin coupling between the two O2 molecules in the (O2)2 dimer.
The most likely reaction geometry for the four-center reaction is the on-dimer configuration as
shown by Figure III-16 (c), because the (O2)2 dimer needs to come into contact with only one SiSi dimer. This geometry is likely feasible given that a theoretical study of the reaction of triplet O2
with Si(100) by Hemeryck4,64 suggests that triplet O2 can react with its O=O bond perpendicular
to the Si-Si dimer and positioned above one of the Si atoms constituting the dimer (i.e. Figure
III-16 (c) with only one of the two O2 molecules) forming the silanone+back-bond bridge product
(see Figure II-1 (d) in Chapter II). Thus, if a similar reaction occurs for (O2)2 in the on-dimer
geometry, the possible silicon oxide product would be two sets of silanone+back-bond bridge
species on each side of the Si atoms constituting the dimer. With both O2 in the (O2)2 reacting on
the same Si-Si dimer bond, the total spin of the reaction can remain a singlet.

(a) Parallel

(b) Perpendicular

(c) On-dimer

Figure III-16 Top view of possible geometries for four-center reaction between (O2)2 and
Si(100)2x1 surface where O=O bonds and Si-Si dimer bonds are (a) parallel and (b) perpendicular,
or (c) (O2)2 position above a dimer. Red and purple circles represent covalent radii of O (0.66 Å)
and Si (1.11 Å) atoms, respectively. Distances and bond lengths are in Å.
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Even if these geometries for the reaction of singlet (O2)2 with Si(100) were to result in a unity
reaction probability, the experimentally measured reaction probability, 𝑝2 , is likely to be much
lower due to the random orientation of the (O2)2 dimer as it approaches a random position on the
Si(100) surface.
4.3.2. Step-Wise Reaction
Another possible reaction mechanism of singlet (O2)2 is a step-wise process where two of the
four O atoms initially react with the Si surface leaving the other two O atoms constituting a triplet
state of an O2 molecule to either react with the surface or leave the surface as an O2 molecule. The
two reaction geometries for the step-wise reaction are shown in Figure III-17 where (O2)2
approaches the Si-Si dimer either (a) side-on or (b) end-on.
Out of the two geometries, the end-on approach (Figure III-17 (b)) is more likely to lead to
reaction because one O atom from each O2 molecule reacts with the surface while the
complementary O atoms recombine to form a singlet O2 molecule, as shown by Figure III-17 (c),
thus preserving the overall singlet spin such that the reaction does not require the spin-transition.
A consideration for this singlet complementary O2 formation is that singlet O2 is more energetic
compared to the triplet O2 by 22.6 kcal/mol. Nonetheless, the exothermicity from the formation of
the Si-O bonds of 108 kcal/mol each should be more than sufficient to form the excited singlet O2
molecule. The existence of this step-wise mechanism yielding a singlet O2 molecule may be
verified experimentally by the use of a highly sensitive absorption spectroscopy technique65 to
detect singlet O2. Nonetheless, this experiment is beyond the scope of this current study.
Once the complementary O2 is released, it can further react with the surface. The reaction
probability of the singlet complementary O2, denoted by 𝑝𝑚 , depends on the outgoing trajectory
of the O2 molecule in addition to the reaction probability of the O2 molecule. Thus, while the
reaction probability of singlet O2 is expected to be much higher than that of triplet O2, 𝑝𝑚 can be
lower than 𝑝O2 if the complementary O2 is preferentially ejected away from the surface.
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(a) Side-on

(b) End-on

(c) End-on react

Figure III-17 Side view of possible geometries for step-wise reaction where (O2)2 dimer
approaches Si(100)2x1 (a) side-on (b) end-on. (c) illustrates speculated geometry after first step of
step-wise reaction for end-on geometry as described in text. Red and purple circles represent
covalent radii of O (0.66 Å) and Si (1.11 Å) atoms, respectively. Distances and bond lengths are
in Å.
The side-on geometry (Figure III-17 (a)) may also contribute to the higher reaction probability
of singlet (O2)2 when compared to the triplet monomer O2. If the spin coupling between the top O2
and bottom O2 molecules in Figure III-17 (a) is sufficiently strong such that the spins are
delocalized on all four O atoms, the two O atoms nearest the Si dimer atoms may react as a singlet
with high probability. In addition, the resulting complementary O2 would also be in the singlet
state, thereby preserving the overall spin of the system. However, if the spin coupling is weak, the
O2 molecule nearest the Si dimer is likely to react with the surface as a triplet. Nonetheless, even
with weak spin coupling, the fact that the O2 is present as part of the vdW (O2)2 dimer may improve
the reaction probability of the triplet O2 by increasing its spin-orbit coupling. The spin-orbit
coupling of O2 molecules in a dimer is postulated to increase as the distance between the two O2
molecules in the dimer decreases.15,16 While the kinetic energy of the incident (O2)2 in this study
is over an order of magnitude smaller than the energy needed for compression of the intermolecular
bond in (O2)2 necessary to undergo the ladder climbing mechanism proposed by Vach15, a small
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increase in the spin-orbit coupling of O2 can likely increase the probability of a spin transition in
the reaction of triplet O2 (within the O2 dimer) with the singlet Si-Si dimer.
While the first step of the step-wise mechanism is expected to have a high reaction probability
due to the singlet spin state of (O2)2, the value of 𝑝1,0 obtained from the experiment is still smaller
than unity. The constrained reaction geometry most likely plays a role in lowering the reaction
probability below unity for this step-wise process.

4.4. Potential Factors Influencing Reaction Probability Measurement
The results obtained in this study strongly indicate that singlet (O2)2 is much more reactive
than the triplet O2 molecule. Nonetheless, a few questions about the measured reaction
probabilities remain and are discussed below.
4.4.1. Translational Energy and Reaction Probabilities of O2 Containing Species
An assumption made in the analysis of reaction probability of (O2)2 in section 3.2 is that the
reaction probability of triplet O2 in the cold beam is identical to that in the RT beam. However,
this assumption may not be entirely accurate, because the reaction probability of triplet O 2 has
been observed in some studies to vary with its translational energy.66–68 As shown in Table III-24,
the translational energy of the O2 molecules in the RT beam is slightly over two times higher than
that of the cold beam as a result of the use of a lower temperature nozzle. Table III-24 also shows
the translational energies for other species in the cold beam. These translational energies should
be linearly dependent on their masses, because the velocities for all species in a supersonic beam
should be identical. Nonetheless, small variations from the linear dependence occur due to minor
velocity slip, where particles with higher mass move slightly more slowly than those of lower
mass,69,70 as a result of a non-ideal expansion.
For accurate determination of the reaction probability of (O2)2 described in section 3.2.2, the
reaction probabilities of O2 at the translational energy listed for m/z=32 in Table III-24 for the cold
beam (of around 0.5-0.6 kcal/mol) should be used. However, they have not been measured in this
study. Although multiple studies suggests that the reaction probability of O2 decreases with
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increasing translational energy below 7 kcal/mol,66–68,71 the literature results are inconsistent
among themselves, and hence, the exact dependence of the reaction probability on O2 translational
energy has not been established. Therefore, measurement of the initial reaction probability of O2
at the translational energy of those in the cold beam should be carried out to confirm that these
translational energy differences do not affect the reaction probability of (O2)2 obtained in this
study.

Experimental set
Beam (%O2/Ar)
Cylinder
𝑷𝐬𝐭𝐚𝐠 (Torr)
RT (kcal/mol) for m/z =

1
2
3
4
5
5
25
25
2A
2A
4A
1A
2412
1130
750
750
32
1.2±0.1
1.2±0.1
1.3±0.1
1.3±0.1
32 0.52±0.04 0.55±0.05 0.58±0.05 0.61±0.05
64 1.01±0.09 1.01±0.09 1.09±0.09 1.1±0.1
72
1.1±0.1
1.1±0.1
1.2±0.1
1.3±0.1
Cold (kcal/mol) for m/z =
96
1.5±0.1
1.5±0.1
1.6±0.1
1.7±0.1
104 1.6±0.1
1.6±0.1
1.8±0.1
1.9±0.2
112 1.8±0.2
1.8±0.2
1.9±0.2
2.0±0.2
Table III-24 Summary of translational kinetic energy (in kcal/mol) of O2 containing species.
4.4.2. Existence of Other O2 vdW Species
The beam resulting from the supersonic expansion of the O2/Ar gas mixture through a cold
nozzle used as the source of (O2)2 in this study contains multiple O2 vdW species, listed in Table
III-2, which contribute to the oxidation of the Si(100) surface. Given that their fluxes are not known
precisely, the analysis in section 3.2.2 separates the O2 containing species into two groups in which
all species in the group are assumed to have equal reaction probabilities.
However, the reaction probability of the Arm(O2)n species is likely to be lower than that of pure
(O2)n due to the possibility of a non-reactive collision between the Ar side of the vdW species and
the Si surface. This lower reaction probability is particularly evident at lower surface temperature
where Ar(O2) is observed to be more likely to remain intact after scattering from Si compared to
(O2)2, as shown in section 3.3.2. Thus, the triplet reaction rate, 𝑝𝑡 𝐼𝑡 , in equation (43) is likely an
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overestimate of the true reaction rate as a result of assuming the reaction probability of Ar(O2) and
Ar2(O2) to be equal to that of O2. The overestimation of the triplet reaction rate combined with the
overestimation of the flux of the singlet species due to the grouping of Ar(O2)2 with (O2)2 and (O2)3
likely result in the value of 𝑝𝑠 obtained from equation (43) being lower than the actual reaction
probability of (O2)2.

4.5. Further Directions
As described in section 4.4.1, the reaction probability of O2 with the translational energy
matching that of the cold beam should be measured and used in the analysis to solve for the reaction
probability of (O2)2. The low translational energy O2 beam may be attained by anti-seeding O2 in
Kr or Xe and expanding this mixture from a room temperature nozzle. The mixture should have a
low concentration of O2 and be expanded at low stagnation pressure to minimize the formation of
vdW molecules such as (O2)2 or X(O2) (where X=Kr or Xe) that may potentially interfere with a
measurement of the O2 reaction probability.
While not immediately relevant to the topic of the spin state, the potential role of the mass, as
discussed in Chapter I, on the reaction of O2 with the Si surface is another direction to explore as
a possibility to enhance the oxidation reaction of O2. The vdW molecule of X(O2) where X is Kr
or Xe can be made by the supersonic expansion of the O2/X gas mixture through a cold nozzle as
described in section 2.1. Nonetheless, (O2)2 will undoubtedly from as a result of the isentropic
expansion. Thus, to appreciate the effect of the X(O2) mass, the reaction probability of (O2)2 should
be verified first. Alternatively, if the incident fluxes could be determined by a different
measurement than that described here, the scheme discussed in section 3.2.1 may be used to find
the reaction probabilities of both vdW species simultaneously.
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5. Conclusions
This study highlights the potential role of the spin state in limiting the reaction of triplet O2
with Si(100) with the use of singlet vdW (O2)2 molecule. The (O2)2 dimer with an incident
translational energy of around 1 kcal/mol is found to be more reactive by 9, 5, and 5 times (±3
times) than triplet O2 at the same incident energy with Si(100) at 250, 300, and 500 K, respectively.
The higher reaction probability of (O2)2 is likely due to the singlet spin state nature of the (O2)2
dimer that allows a reaction with the singlet Si(100) surface bonds to yield a singlet silicon oxide
product without requiring a spin transition as in the case of triplet O2. Two possible singlet
mechanisms are proposed in this study: four-center and step-wise. Although the information
obtained from the experiments cannot distinguish between the relative contribution of each
mechanism to the reaction probability of singlet (O2)2, the probability of the (O2)2 dimer reacting
via one or both singlet mechanisms is found to be at least 4±2, 2±1, and 2±1 times and possibly as
much as 8±4, 3±3, and 3±3 times more likely than the reaction probability of triplet O2 at 250,
300, and 500 K, respectively.
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7. Data sources
7.1. Analysis files and raw data sources
Dropbox (MIT)\TS Thesis\resources\O2 vdW\beamflux.ipynb
Figure III-1: MS20190429 16-09-23
Figure III-3, Figure III-4, Table III-5: TOF20190221
Table III-4, Table III-6, Table III-9, Table III-24: See 7.2
Dropbox (MIT)\Data\TOF\201904\TOF20190429.ipynb
Figure III-2, Figure III-5
Dropbox (MIT)\TS Thesis\resources\O2 vdW\coverage.ipynb
Figure III-6: All RT beam TPD at 250 K in 7.2
Figure III-7: TPD20190116
Figure III-8, Table III-10, Table III-11: See 7.2
Dropbox (MIT)\TS Thesis\resources\O2 vdW\Reaction probability.ipynb
Figure III-9, Figure III-10, Table III-14, Table III-15, Table III-16, Table III-17, Table III-21,
Table III-22, Table III-23: All in 7.2
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Dropbox (MIT)\TS Thesis\resources\O2 vdW\MT.ipynb
Figure III-12: MT20180719
Figure III-13, Table III-19: MT20180716
Figure III-14: MT20180606
Figure III-15: MT20180712
Dropbox (MIT)\Data\TOF\201902\TOF20190207.ipynb
Figure III-11, Table III-18
7.2. Data sources for TPD experiments
Experimental set
Beam (%O2/Ar)
Cylinder
𝑷𝐬𝐭𝐚𝐠 (Torr)
TOF date

TPD experiments
(temperature/K)

1
5
2A
2412
20181015

2
5
2A
1130
20181221

3
4
25
25
4A
1A
750
750
20190221
20190221
20181222 (250)
20190110 (500)
20190116 (250,
20181021 (250) 300, 500)
20180710 (250)
20181022 (250) 20190117 (300) 20190425 (250)
20181022 (250)
20181213 (500) 20190131 (180)
20190223 (250)
20190301 (250)
20190304 (500)
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Appendix

1. Data Acquisition Software
The previous data acquisition (DAQ) programs were written in the BASIC language that is
incompatible with current compilers and libraries of more recent operating systems. In addition,
the old DAQ card connects to a computer with an ISA bus that is obsolete. Thus, a new DAQ
devices from National Instrument are used. New programs compatible with the new devices are
also created using Labview® so that it can be easily maintained as well as modified in case future
experiments require it.

1.1. Auger_Spec
The Auger_Spec program is used for collecting Auger electron spectroscopy (AES) data. For
the current setup, the electron energy scanning is controlled by the electronics. Thus, the program
is an x-y voltage logger that uses the DAQ device to record the 0-10 V analog voltage outputs that
correspond to the Auger energy from the Auger energy controller electronics, and either the
electron counts N or the Auger electron energy derivative dN/dE from the lock-in amplifier. The
analog voltage corresponding to the N or dN/dE is recorded as is, while the analog voltage
associated with the Auger energy from the Auger electronics is converted to the electron energy
with the conversion factor input by the user before being recorded.
For each data point, the program samples each of the two analog signals for the user input
“number of samples” at the user input “sampling frequency” in kHz. The current setting is 100
samples at 10 kHz. The sampling number and frequency should be tuned to reduce the noise while
not to over-average the signals.
There are two modes of data acquisition: continuous and average. Currently, the continuous
mode is used exclusively. However, the average mode was included in the program as an option,
in case it may be useful for a future setup.
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The continuous mode collects and presents the data as is. The advantage of this mode is that
the change of the Auger spectrum for each scan is clearly visible. However, long collection of data
in this mode results in multiple overlapping spectra making it difficult to view and to interpret the
plot as it is collected.
The average mode presents the current, previous, and the averaged spectra on the same plot.
The current spectrum displays the current recording of the data until the electron energy reaches
the maximum, at which point the current spectrum becomes previous spectrum, the averaged
spectrum is calculated, and the new scan of current spectrum is collected. This mode is useful for
longer collection of the spectrum as the data is averaged leaving only the more recent data to be
saved in the memory. Note that in the averaging mode, the individual scans are not saved. This
mode also requires electron energy data binning as, in the real operation, the analog input signal
has some uncertainty that prevents the electron energies from being exactly the same for each
spectrum scan.
Once started, the program can be paused and resumed at any time by the user. The user may
stop the program by pressing “stop”. Once the button is pressed, the collected data are
automatically saved to the user specified directory with a timestamp name.

1.2. Mass_Spec
The Mass_Spec program is created to collect the mass spectrum. The program controls the
DAQ that in turn feeds an analog voltage to the mass spectrometer quadrupole controller used to
sweep the mass range. The program also directs the DAQ device to collect and count the voltage
pulses from the amplified Channeltron output for a user set dwell time at each mass.
The user can input one or more mass ranges to be scanned with a specific mass step and dwell
time. Upon starting, the program converts the desired mass ranges into the appropriate output
voltages via a linear relationship between mass and voltage previously calibrated and entered by
the user. The resulting output voltage from the DAQ is then sent to the mass spectrometer
quadrupole controller electronics. Once the mass is set, the program signals the DAQ device to
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collect the pulses for the user input dwell time. Since the pulse counting period is timed by the
software, there is some uncertainty in the counting period due to the communication time between
the computer and the DAQ card. This lag time is measured to be on the order of 10-4 seconds.†
Nevertheless, in normal operation, the data are collected with a dwell time of 0.1 seconds, which
renders the error to be less than a percent. The program advances to the next mass after the pulse
counting is completed. The process is repeated, and the mass range is re-swept until the user issues
a “stop” command.
The current sweep of the mass range is plotted in green. It is updated after each mass dwell
period. After the full mass range sweep is complete, the “current” sweep becomes the “previous”
sweep, which is displayed in red, and the “average” of previous sweeps are calculated and
displayed in yellow.
The program can be paused and resumed at any time during the operation. The program will
pause once the dwell time of the current mass count has elapsed. When resumed, the program
continues where it left off.
The program can be stopped at any time by the user pushing the “stop” button. Once the stop
command is issued, the program continues until the current dwell time has elapsed. When the
program is stopped, the output voltage is set to 0.3 V. The value is chosen instead of 0 V to ensure
that the Channeltron is not exposed to the high count of hydrogen ions (mass 1) before the high
voltage is manually turned off. For the reason stated, this voltage setting step is also performed by
other programs that use the mass spectrometer. Finally, the data are automatically saved to a file
with a name starting with “MS” followed by the timestamp.

†

The lag time was determined by averaging the counts of the pulse train, generated by a frequency
generator, collected by the program. The frequencies used ranged from 0.01 to 1 MHz, while the
dwell time was varied from 0.001 to 1 seconds.
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1.3. EELS
The core of the EELS program is the Mass_Spec program. However, the EELS program is
modified appropriately to suit the needs of acquiring the electron energy loss spectrum.
The EELS program controls the output voltage from the DAQ device that is sent to the electron
energy controller electronics. Then, the amplified signal pulses from the Channeltron is counted
by the DAQ pulse counter. To obtain a high signal to noise ratio, a large number of spectra are
collected and averaged, typically over an hour. However, during the collection time, the LN trap
for the main chamber diffusion pump may need filling. The solenoid switching that takes place
during the automated LN fill produces undesirable electronic noise that is picked up by the EELS
Channeltron. Thus, one critical aspect of the software is to be able to halt the operation during the
fill. Once the program received the high DC signal from the liquid nitrogen filling circuit, the
program is paused, the current sweep is rejected. When the DC signal is set low by the filling
circuit, the program restarts the sweep.
The program can be stopped at any time by the user pushing the “stop” button. Once the stop
command is issued, the program continues to acquire counts until the current dwell time has
elapsed and the program sets the output voltage sent to the controller electronics to 0 V. The data
are then saved with a name starting with “EELS” followed by the time stamp.
Optionally, before starting the program, the user can select an option to save the averaged
spectrum after each sweep. This function is especially useful when a transient spectral feature is
of interested.

1.4. Mass_Time
The Mass_Time program collects counts associated with a set of masses as a function of time.
This program can be used for scattering experiments where one or more masses are needed to be
observed as a function of the time of exposure of the crystal surface to the beam. Furthermore, the
program can also be used for leak checking or simply to monitor the partial pressure at some mass
as a function of time.
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The operation is similar to that of the Mass_Spec program where the program sets the analog
voltage signal corresponding to the desired mass that in turn is sent to the mass spectrometer
electronics. The difference between the two programs is how the collected data are recorded. In
Mass_Time, the program controls the collection of counts at each mass for the user set dwell time;
and once all masses have been collected, the counts are recorded for the current time step. The
process is then repeated for the next time steps until the user stop the program.
Similar to Mass_Spec, the program can be paused, resumed, and stopped at any time during
the operation. The program will pause/stop once the dwell time of the current mass count has
elapsed. The collected data are automatically saved with a name starting with “MT” followed by
the timestamp.

1.5. Flash
Heating the silicon crystal requires some attention because it is a semiconductor. At low
temperatures, silicon is a semiconductor but it becomes conductive above about 400 K, meaning
that the crystal resistance suddenly drops. While this transition is handled by the crystal heating
electronics where the power supply mode switches from “voltage” control for crystal temperatures
below 400 K to “current” control for temperatures above 400 K, an additional program is required
to output the ramping profile. The Flash program is created for such a purpose.
There are three modes of operations for the Flash program: current, temperature, and PID.
The “current” mode increases the heating current to the crystal linearly. This increase is
accomplished by converting the linear ramping current to the set voltage of the crystal heating
electronics. Due to changing resistance of the Si crystal as its temperature changes, the linear
ramping in current does not result in a linear heating and thus ramping in temperature. This nonlinearity is not an issue when the goal is to heat the crystal to a high temperature such as for the
purpose of annealing the crystal.
The “temperature” mode ramps the crystal temperature linearly using external PID
electronics1. To set the crystal to a specific temperature, the program coverts the set temperature
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to the corresponding thermocouple voltage which is then sent to the PID circuit. The PID circuit
varies the set voltage of the crystal heating power supply to achieve the thermocouple set point.
The temperature ramp is performed by the program sending out incremental set points to the PID
electronics at a user specified rate (usually at 10 Hz). Note that in this mode, the Flash program
does not use the actual crystal temperature as feedback. The program also sets the maximum
allowable voltage of the PID circuit output.
The “PID” mode ramps the temperature of the crystal linearly using the software PID. The
distinction of this mode compared to the “temperature” mode is that it utilizes the software PID
instead of the external PID circuit. The program takes the thermocouple reading from the crystal
as input for the feedback to the PID, which in turn adjusts the output voltage to the crystal heating
electronics accordingly. The PID parameters can be altered at any time during the program
operation, which is useful for tuning the software PID.
Apart from differing methods of ramping explained above, all three modes of the program
follow the same ramping pattern. The program ramps up with the user input rate to a set point.
Once the set point is reached for the first time, the program holds the set point for the user input
duration. When the hold duration has elapsed, the program ramps down at the same ramp rate as
when it ramps up. The set point can be altered at any time during the “ramp up” and the “hold”
stages but not during the “ramp down” stage. When the program detects a change in the set point,
it will ramp up/down with the user input rate until the new set point is reached.
The program can be aborted at any point during the “ramp up” and the “hold” stages by the
user. Once the program is issued the aborted signal, the program initiates the “ramp down”. When
the program stops, the user has the option to manually save the ramp data.

1.6. TPD
The thermal program desorption (TPD) experiment involves recording the partial pressure, as
measured by mass spectroscopy, of the species desorbing from the surface as the surface
temperature rises. Thus, the TPD software is required to control both the mass spectrometer and
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the crystal heating electronics. These two parts of the program are handled independently in their
own threads (loops) to ensure that the timing of each process is accurate and does not impede each
other.
The part of the TPD program concerning the crystal heating is exactly the same as that of the
Flash program where the heating can be controlled in three modes: current, temperature, and PID.
The detailed operations of the modes are described in the Flash program description.
The mass spectroscopy part of the program is similar to the Mass_Time program. However,
instead of recording the signal at a given mass as a function of time, the counts collected are stored
with the corresponding crystal temperature.
Once the program is started (by user pushing the “start” button) in the “temperature” or “PID”
modes, the program increases the crystal temperature until it reaches the initial temperature set
point, which is usually a crystal temperature at which the crystal is exposed to the gas, and then
holds it. At this point, the text on the “start” button will be changed to “collect data”. Once the user
presses the “collect data” button, the program begins to collect signal at the designated masses,
and the text on the button changes to “ramp”. The signal collected at this stage typically represents
the background counts at the designated masses. When sufficient background counts have been
collected, the user can start the crystal temperature ramp by pressing the “ramp” button. The data
collection at specified masses along with the ramp continue until the crystal heating ramp reaches
the set point. Similar to the Flash program, the crystal heating set point can be changed at any time
during the “ramp up” and the “hold” stages.
After the ramp set point is reached, signal counting at the designated masses stops and the
output voltage to the mass spectrometer controller is set to the default value. The crystal heating
is maintained at the set point for the specified “hold time”, which usually is set as the time for
flashing the crystal, has elapsed. Then, the program begins the ramp down. Once the ramp down
is completed, the collected TPD data are saved with a name starting with “TPD” followed by the
time stamp.
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The TPD program can be aborted by the user at any time except for the “ramp down” stage.
Once the program is aborted, the program stops the mass counting if it were started, and then
initiates the ramp down.

1.7. TOF
The TOF program communicates with the ORTEC® multichannel scaler (MCS) through the
ORTEC vendor software MCS-32 as well as with the mass spectrometer quadrupole controller
electronics through the DAQ device to set the mass for the time-of-flight (TOF) experiment.
When the program is initiated, it writes the user input MCS parameters to a file that will later
be read by the MCS-32 program as its setting file. Then, it commands the DAQ to direct the voltage
corresponding to the desired mass input by the user to the mass spectrometer quad controller
electronics, commands the DAQ to send the DC high signal to the flag controller to open the beam
flag, and lastly commands the MCS-32 to begin counting.
The MCS starts when it detects the rising edge of a 0 to 2.5 V (TTL compatible) pulse from
the photodiode/LED pair that surrounds the cross correlation chopper mounted in the vacuum
chamber. Once the “trigger” signal is received, the MCS starts counting pulses of the amplified
Channeltron signals and puts them into successive time channels with a user set dwell time for
each channel. The counting stops once the last channel has been reached, and the MCS waits for
another trigger signal before start counting again. The count of each channel after a trigger is added
to that of the previous triggers. The counting ceases once the number of scans (called “number of
triggers” in the program) is reached. MCS-32 then saves the raw data to a temporary file and closes
itself. Once the TOF program notices that MCS-32 program has stopped, it calls for another run
of the MCS-32 until the MCS has been run for the “number of sweeps”.
The processing of the raw data provided by the MCS is done simultaneously in parallel to the
data acquisition to minimize the time delay between each MCS acquisition. Once the MCS-32
outputs the raw data file, the TOF program reads the file and stores the raw data. Then, the TOF
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program multiplies the raw data by a deconvolution matrix to get the TOF spectrum. The current
TOF (green), averaged raw (red), and average TOF (yellow) are plotted.
When the data acquisition has been completed or aborted, the averaged raw data, averaged
TOF spectrum, and each raw sweep are saved to a file as individual columns in the respective
order. The time taken to complete each sweep is also recorded for the purpose of resolving the
exposure time. The file is named with an automatic timestamp and “TOF” initial. The program
then sets the DC voltage to low to close the beam flag and changes the output voltage sent to the
mass spectrometer to the default value similar to other programs that use the mass spectrometer.
Since the TOF program communicates with the MCS through the MCS-32 program, in the
event where the “abort” button is engaged, the program waits until the current run of the MCS-32
(the current sweep) has completed before stopping the program. The user may halt the MCS-32
sooner by pressing the abort button on the MCS-32 program pop-up window that is visible while
the MCS-32 is active.

1.8. Doser
The doser program is used to control the closed or open status of the beam flag, thus
determining the time of exposure of the crystal to the beam. The program opens the beam flag by
setting the DC signal to the beam flag controller to high. After the open duration (in seconds) set
by the user, the program sets the DC output signal to low that results in closing the beam flag. The
error in timing of the program sending the on/off signal is negligible (<10-4 seconds) compared to
the crystal exposure time that usually is no less than 0.1 seconds.

1.9. Pressure_Monitor
The Pressure_Monitor program is used to monitor both the pressure and temperature of the
machine as a function of time. This program can be used for monitoring the bake out as well as for
logging the pressure as a function of time for the purpose of finding the pumping speed.
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The program records the analog voltage output, as is, from the ion gauge controller. This output
is later converted to the pressure by the web app. For the temperature, similar to the protocols in
the Flash and TPD programs, the pressure_monitor program reads the analog voltage output from
the crystal thermocouple reader electronics and then coverts it to temperature in degrees Kelvin.
Both values are then written to a file specified by the user. The recording is performed at an interval
set by the user (usually anywhere between 0.1 seconds to 10 minutes depending on the application)
until the program is manually stopped.
Being able to monitor the pressure and the temperature of the machine from off-site can be
useful especially during the bake out. For this purpose, a web app is created (written in HTML and
Javascript) so that the plot of the logged pressure and temperature can be viewed online at any
time using a web browser. To achieve this, first, the Pressure_Monitor program is set to save the
recorded data to a file located in a folder that is synced to the Dropbox® online storage. Then, the
web app accesses the data stored in the Dropbox® storage through a public link. The recorded
voltage 𝑉𝑝 corresponding to the pressure is converted to the pressure in Torr according to the
equation provided by the ion gauge controller manual:
Pressure (Torr) = 10𝑉𝑝 −12
The temperature in K is converted to temperature in °C. After the conversion, the data are
plotted on the web app using a jQuery based library.

1.10. lN2
The lN2 program is a pause-pulse timer where, after the “pause” duration, the program output
a high DC signal (pulse) for another set duration. In addition, the user can skip the countdown of
the “pause” and immediately start the “pulse” by pressing the “fill” button. The DC signal
outputted from the DAQ device during the “pulse” period is used to open a solenoid valve with
the help of a relay.
This program is used for the detector box liquid nitrogen chicken feeder automatic filling since
the usual cold sensor (a thermistor or a thermocouple) does not work well inside the well-insulated
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chicken feeder. With the current chicken feeder, the “pause” duration should be set to around 10.511 hours, while the “pulse” should be 5-8 minutes. The timing varies with the liquid nitrogen dewar
pressure, the ambient temperature, and the liquid nitrogen dripping rate which is controlled by the
exhaust valve.

1.11. Summary of connections to the DAQ devices for the big machine
Input refers to signal from instrument controller into DAQ. Output refers to signal from DAQ
into instrument controller.
Signal
Connection type
Electron energy from the Auger energy Analog input
controller electronics
Auger signal from the lock-in amplifier Analog input
Mass set for the quandrupole
Analog output

MS counts from the Channeltron signal Counter input
amplifier circuit
Crystal
temperature
from
the Analog input
thermocouple reading circuit
Current set voltage for the crystal
heating electronics
PID current limit (maximum allowed
current output to the crystal)
PID target temperature for the external
PID circuit
PID on/off for the external PID circuit

Analog output
Analog output
Analog output
Digital output

Pressure reading from ionization gauge Analog input
controller
Beam flag on/off
Digital output
lN2 fill on/off

Digital output
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Used by
Auger_Spec
Auger_Spec
Mass_Spec
Mass_Time
TPD
TOF
Mass_Spec
Mass_Time
Flash
TPD
Pressure_Monitor
Flash
TPD
Flash
TPD
Flash
TPD
Flash
TPD
Pressure_Monitor
TOF
Doser
lN2

2. Nozzle Cooling Assembly
Our current experiments utilize van der Waals molecules. Due to the weak bonds that constitute
them, van der Waals molecules have to be synthesized in situ.
The van der Waals molecules are formed by an adiabatic expansion of monomers of the gas
through a nozzle that is most often cooled below room temperature. The multiple collisions that
occur result in cooling of the gas (narrowing of its velocity distribution). The van der Waals
molecules are formed through multiple-body collisions, where at least one additional body is
required in the collision to carry away the energy that is released upon formation of the van der
Waals bond. Thus, the supersonic expansion is an ideal method to synthesize van der Waals
molecules and to retain them after their creation.
Formation of the van der Waals molecules via supersonic expansion results in a beam of
multiple species. As a van der Waals molecule cannot be easily isolated from other species, in
order to distinguish their effect from other species in the beam, it is desirable to maximize the van
der Waals molecules percentage in the beam.
Multiple parameters affect the absolute number and fraction of van der Waals molecules
formed in the supersonic beam. The first is the stagnation pressure behind the nozzle. As the
pressure increases, the number of van der Waals molecules increase but so too does the number of
collisions within the nozzle orifice. Increasing the size of the nozzle opening also increases the
number of collisions that can lead to formation of the van der Waals molecules.2,3 Both parameters
are limited by the pumping speed of the source beam chamber, since the pumping speed has to be
fast enough to maintain the supersonic beam cone and to remove the part of the beam that does
not make it through the skimmer between the source and first differential pumping stage. Too high
of a local pressure between the nozzle orifice and the skimmer will result in beam attenuation
where the particles in the beam collide with background molecules, thereby diverting the beam
from its straight-line trajectory aimed at the skimmer, in addition to increasing the beam
temperature and potentially breaking the weak van der Waals bonds.
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Another parameter that influences the amount of the van der Waals molecules is the nozzle
temperature. Lower nozzle temperature reduces the amount of heat or energy that has to be
removed from the molecules during the supersonic expansion, thereby resulting in more narrow
velocity distributions of the emerging molecules and hence, a larger fraction of van der Waals
molecules in the beam.3–5

2.1. Previous Setup
There have been multiple changes to the nozzle assembly on the big machine, especially to the
primary beam source (source A), to suit the particular experiment. When the machine was built
initially, the nozzle setup was identical to that on the little machine where the nozzle was held by
a holder composed of two copper pieces that are electrically isolated from each other to allow for
resistive heating of the nozzle.
As the experiments moved towards the study of the fluorinated van der Waals molecules, lower
nozzle temperature was needed. Initially, the cooling was performed by passing liquid nitrogen
through both copper lines build into the copper holder that was intended for water cooling. Because
the connection to the liquid nitrogen dewar grounds the nozzle assembly, resistive heating through
the copper pieces could no longer be done. Thus, a heating tape made of titanium wire electrically
insulated by fiberglass was wrapped around the nozzle to heat it.
Around 2002, a He cryogenic cold head, which was a spare in the lab at that time, was attached
to the nozzle. The heating of the nozzle was done by resistive heating of the insulated Ni/Cr wire
wrapped around the nozzle. The lowest reproducible stable temperature recorded was -50 °C, as
described in two theses.6,7
In 2014, the Cu mount for the nozzle was replaced with a polyether ether ketone (PEEK)
thermoplastic material which is a thermal and electrical insulator. The aim was to reduce the heat
conductance to the cooling and thus to improve the nozzle cooling. The lowest temperature
obtainable was -120 °C as recorded in the lab book. However, the stable temperature that was
actually used was -70 to -80 °C.8 There was also another undocumented change: the thermal
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contact between the tinned copper braid attached to the cryogenic cold head and the nozzle was
improved by an additional copper clamp made of two pieces of copper block with the nozzle shape
hole through the center. The braid was silver soldered to the block. This change was likely made
during Jae Gook Lee period.
Overall, the old setup for the nozzle cooling uses a He cryogenic cold head that can reach a
very low temperature. However, due to the dimensions of the source chamber, the cold head of the
cryogenic pump was situated ~20” away from the nozzle tip. To cover the distance, three 1” wide
copper braids were screwed onto the end of the cold head, and the other end of the braids were
soldered to the copper block that clamps onto the nozzle. This setup results in large heat loss where
the cold head temperature consistently reached -210 °C or 63 K (not lower due to the condition in
the source chamber) while the nozzle reached -120 °C or 153 K initially and then increased to -80
°C or 193 K after a couple of hours. In addition, because the source chamber is pumped by a
diffusion pump, the evaporated pump oil condensed around the cold head and was absorbed by the
copper braid, warming up both and hence, reducing the cooling of the nozzle over time.

2.2. Current Setup
The new setup (since February, 2017) is designed specifically to be used with liquid nitrogen
as a coolant. A soft refrigeration copper tube (1/8” OD, 0.030” wall) is coiled tightly around the
nozzle tip for a length of about 1”. The reason for choosing the small pipe is mainly due to the fact
that it is easier to bend and form a tight coil around the nozzle. The Ni/Cr heating tape wraps the
nozzle in the length next the coil. It can be used to heat the nozzle to at least 200 °C; nevertheless,
care should be taken not to heat the nozzle too much as the nozzle holder is made of PEEK, which
has a glass temperature of 143 °C.
Although it might not be necessary, an attempt was made to improve the thermal contact, and
hence the cooling, by filing the small gaps between the copper tube and the nozzle using PELCO®
silver thermal paste, which is a suspension of 20 µm silver flakes in a silicate aqueous solution.
The paste was left to dry in air for 2 hours, followed by curing at 93 °C for 2 hours in a make-shift
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oven, which was a stainless steel pipe wrapped in a heating tape with a thermocouple attached to
the nozzle tip to monitor the temperature.
For the rest of the liquid nitrogen cooling line, stainless steel 316 tubing (1/4” OD, 0.035” wall)
was used, as opposed to copper, to reduce heat loss. The stainless steel dual feedthrough 2.75” CF
flange (LDS Vacuum 275xSWG25-DT), with the 1/4” tubes, was installed in the place where the
helium cryogenic cold head was previously. The tubes are connected with Swagelok® fittings. All
connections between the tubes and feedthroughs can be accessed after opening the flange that
connects the source chamber diffusion part to the part that extended over the first stage diffusion
pump. After the whole assembly was completed, a helium leak check was performed at room
temperature using the mobile leak detector attached to the one of the cooling feedthroughs.
To operate, the liquid nitrogen dewar is pressurized to and maintained at around 80-100 psi.
After attaching it to the line, open the valve slightly to allow the liquid to flow through. The cooling
from room temperature should take around 15 minutes to reach about -140 °C (133 K). The cooling
should reach the minimum of about -145 °C (128 K) or lower after one hour depending on the
liquid flow. The heating tape powered through the temperature set point on/off electronics may be
used to control the temperature of the nozzle.

Figure A-1 The nozzle assembly with the cooling coil and the heating tape. The 1/8” copper tube
was later cut closer to the coil to make connections to 1/4” tubes for the improved liquid nitrogen
flow.
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3. Multichannel Scaler (MCS)
The old MCS is built in compliance with the CAMAC standard. It communicates with a
computer through the 40-pin parallel ATA that is obsolete for a more recent computer. The new
MCS was bought from ORTEC® in July 2016. The MCS came with its own software called MCS32 that allows the user to control the MCS from the computer through a USB port. The software
can set the mode of operations for the MCS and also plot the data retrieved from the MCS.
The MCS parameters including the thresholds of signal and internal/external triggers can be
set. For our setup, the “Start In” line of the MCS is connected to the photodiode trigger signal. The
counting is started when the rising edge (low to high voltage) is detected (the description in the
manual is ambiguous). This triggering was confirmed using a pulse generator at low frequency
(e.g. 0.1 Hz) and watch the counting progress as the voltage transitions from low and high.
The new MCS also can accumulate counts for each channel up to 1,073,741,823 (i.e. 230),
which is much higher than the old MCS. This feature means that the TOF spectrum can collect for
larger number of triggers before sending the data to the computer. As the process of clearing the
counts necessitates dead time where the MCS is not counting, the larger count limit allows more
efficient data collection.
The old MCS had a dead time of 300 ns for the first channel after triggering by the signal from
the LED.9 To overcome the issue, the counts of the first and the last channel were estimated from
the weighted average of adjacent channels (i.e. channel 2 and 254).10 Since the new MCS has no
dead time, the averaging can be omitted, and the counts obtained are more accurate.
More functionalities of the MCS and the MCS-32 software other than those mentioned here
can be found in the manufacturer manual11.

297

4. AES Analysis for O Coverage on Si(100) Surface
This section of the appendix explores the quantitative relationship between the O and Si AES
signals and the O coverage on Si(100). First, the factors influencing the AES signals are discussed.
Then, the connection between the AES signals and the O coverage is made.

4.1. Auger Signal and Number Density
Consider the expression for the AES signal of element 𝑖 as measured in its pure solid state with
Auger energy 𝐸𝑖 :12
∞

𝐼𝑖 = 𝐼0 𝛾𝜎𝑖 (𝐸0 ) sec 𝛼 [1 + 𝑟𝑖 (𝐸𝑖 , 𝛼)]𝑇(𝐸𝑖 )𝐷(𝐸𝑖 )𝑋𝑖 ∫ 𝑁𝑖 (𝑧) exp [−
0

𝑧
] 𝑑𝑧
𝜆𝑖 (𝐸𝑖 ) cos 𝜑

(1)

where the parameters are defined in Table A-1.
For a homogeneous system, the integral in equation (1) over distance z, where z=0 at the surface
and increasing z is measured from the surface into the bulk, yields the volume number density, Ni,
times some constants:
∞

∫ 𝑁𝑖 (𝑧) exp [−
0

𝑧
] 𝑑𝑧 = 𝑁𝑖 𝜆𝑖 (𝐸𝑖 ) cos 𝜑
𝜆𝑖 (𝐸𝑖 ) cos 𝜑

(2)

Thus,
𝐼𝑖 = 𝐼0 𝛾𝑖 𝜎𝑖 (𝐸0 ) sec 𝛼 [1 + 𝑟𝑖 (𝐸𝑖 , 𝛼)]𝑇(𝐸𝑖 )𝐷(𝐸𝑖 )𝑋𝑖 𝑁𝑖 𝜆𝑖 (𝐸𝑖 ) cos 𝜑

(3)

As the incident electrons travel below the surface, they elastically and inelastically scatter with
the atoms. Some of these electrons initiate the Auger process, ultimately liberating Auger
electrons. These Auger electrons in turn may initiate an Auger excitation. The contribution of these
secondary Auger excitations to the measured Auger signal is considered in the back-scattering
term, 𝑟𝑖 , at  = 0 is:12
𝑟𝑖 = (2.34 − 2.10 𝑍 0.14 )𝑈 −0.35 + (2.58 𝑍 0.14 − 2.98)

(4)

𝑟𝑖 = (0.462 − 0.777 𝑍 0.20 )𝑈 −0.32 + (1.15 𝑍 0.20 − 1.05)

(5)

And for  = 30:
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𝐸

where 𝑍 is the atomic number of the element 𝑖, and 𝑈 = 𝐸 0 is the ratio of the incident energy 𝐸0
𝐴𝑋

to the binding energy of the ejected core electron 𝐸𝐴𝑋 .

Symbol
𝐼0
𝐸0
𝐸𝑖
𝑁𝑖 (𝑧)
𝑁𝑖
𝑋𝑖
𝛾𝑖

Meaning
Incident electron flux
Incident electron energy
Auger energy of the ABC transition of element 𝑖
Surface density of 𝑖 at depth 𝑧 from the surface
Number density per unit volume of 𝑖 in the material
mole fraction of 𝑖 in the mixture
Auger transition probability for the ABC transition for
element 𝑖
𝜎𝑖 (𝐸0 ) Ionization cross section of a free atom 𝑖
𝑟𝑖 (𝐸𝑖 , 𝛼) Back-scattering terms
Angle of incident electrons measured from surface normal
𝛼
𝑇(𝐸𝑖 ) Analyzer transmission function
𝐷(𝐸𝑖 ) Detector efficiency
𝜆𝑖 (𝐸𝑖 ) Inelastic mean free path of Auger electron through material 𝑖
Acceptance angle of the Auger cylindrical mirror analyzer
𝜑
Table A-1 Parameters for the Auger intensity and their description.

Dependence
instrument setting
instrument setting
material
material
material
material
material
material
material, instrument
instrument
instrument
instrument
material
instrument

4.2. Sensitivity Factor
In a measurement of the Auger electron intensity for quantitative purposes, the need to
determine the values of all parameters in equation (3) is obviated by considering the relative
intensities with respect to a reference measurement. First define a sensitivity factor for element 𝑖,
𝑆𝑖 , as:12,13
𝑆𝑖 = 𝐼0 𝛾𝜎𝑖 (𝐸0 ) sec 𝛼 [1 + 𝑟𝑖 (𝐸𝑖 , 𝛼)]𝑇(𝐸𝑖 )𝐷(𝐸𝑖 )𝜆𝑖 (𝐸𝑖 ) cos 

(6)

which is the aggregation of terms in equation (3) that are dependent on the instrument as well as
the atomic properties. With this definition of 𝑆𝑖 , the Auger intensity, equation (3), is written as:
𝐼𝑖 = 𝑁𝑖 𝑋𝑖 𝑆𝑖

(7)

There are multiple terms in the sensitivity factor, equation (6), that depend only on
instrumental parameters. Since these terms are independent of the material being probed, they
cancel upon taking the ratio of the measured Auger signal of interest to a reference Auger signal
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(ratio of equation (7)). Hence, the sensitivity factor 𝑆𝑖 is defined in terms of a sensitivity factor of
a reference sample 𝑆𝑟 by:
𝑁𝑟 𝑋𝑟 𝐼𝑖
𝑆𝑖 = (
)( )𝑆
𝑁𝑖 𝑋𝑖 𝐼𝑟 𝑟

(8)

Sensitivity factors 𝑆𝑖 for a wide range of elements are compiled on the assumption that the
density of each material is identical, 𝜌𝑖 = 𝜌𝑟 , and that the measurements are performed on a pure
sample, 𝑋𝑖 = 𝑋𝑟 = 1. Therefore, the compiled values of the sensitivity factors are equal to:
comp

𝑆𝑖

𝐼𝑖
= ( ) 𝑆𝑟
𝐼𝑟

(9)

For quantitative use of the compiled sensitivity factors, the atomic volume density has to be
taken into account. For this study, the Si, C, and O relative Auger intensities are of interest. From
equations (8) and (9), the corrected relative sensitivity factor is thus:
𝑆𝑖corrected = (

𝑁𝑟 𝑋𝑟 comp
)𝑆
𝑁𝑖 𝑋𝑖 𝑖

(10)

The ratio of corrected sensitivity factors for the elements of interest is:
𝑆𝑖corrected
𝑆𝑗corrected

𝑁𝑗 𝑋𝑗 𝑆𝑖comp
=(
)
𝑁𝑖 𝑋𝑖 𝑆𝑗comp

(11)

The Si, C, and O sensitivity factors compiled in references13,14 are experimentally measured
from pure silicon, graphite, and SiO2, respectively, while sensitivity factors listed in ref.15 are
theoretically calculated values for the bulk material (calculation already included density, cross
section, back-scatter, IMFP, etc). The structure of SiO2 used in the determination of the O Auger
sensitivity factor is not stated in the compilation. Thus, for this analysis, it is assumed to be that of
quartz, for the purpose of estimation of its density.
The number densities are calculated from the mass density 𝜌𝑖 divided by the mass per atom,
𝑀𝑖 :
𝑁𝑖 =

𝜌𝑖
𝑀𝑖

In the case of SiO2, the mass density is divided by the average mass per SiO2 molecule.
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(12)

Element, 𝒊 Material
Si
C

𝝆𝒊 (g/cm3)

𝑴𝒊 (g/mol) 𝑵𝒊 (mol /cm3)

𝑿𝒊

Si
C

2.329
28.0855
0.08293
1
2.266
12.0107
0.1887
1
16
2.6
O
SiO2
20.0278
0.1298
2/3
(2.648 for quartz)
Table A-2 Summary of densities and mole fractions for the materials used in the references.
Reference
Values
Species
Handbook of
McGuire13
Mroczkowski15
14
Auger (3 keV)
(2 keV)
(3 keV)
Si (LVV)
1.5419
10.46
1.5
𝐜𝐨𝐦𝐩
𝑺𝒊
C (KLL)
0.6143
10.45
1.04
O (KLL)
1.2571
2.27
0.28
𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝
C/Si
0.1751
0.4391
0.3047
𝑺𝒊
O/Si
0.7813
0.2080
0.1789
ratio
comp
Table A-3 compiled sensitivity factors 𝑆𝑖
from literature references and the ratio of corrected
sensitivity factors calculated according to equation (11).
The ratios of corrected sensitivity factors, as listed in the bottom portion of Table A-3, are
calculated using equation (11) and parameters in Table A-2 and the compiled sensitivity factors
from the references. As can be seen, the ratio of 𝑆𝑖corrected obtained from different source can vary
significantly. This observation suggests that the sensitivity factors from these references are likely
different from those relevant in this study. Mroczkowski15 suggests that surface roughness might
be a contributing factor to the differences in the sensitivity factors of reference measurement by as
much as a factor of 2.
In addition, the sensitivity factor defined by equation (6) indicates that it is dependent on
instrumental parameters: detection efficiency of the Auger electron, 𝐷(𝐸𝑖 ), and the transmission
function of the Auger electron through the detector, 𝑇(𝐸𝑖 ). The use of different models of the AES
probe instrument or even different instruments of the same model can result in differences of these
two parameters.17 The different types of electron multipliers used in the references and this study
can also contribute to the differences in 𝐷(𝐸𝑖 ), especially for the detection of Auger electrons with
energies below 200 eV where the gain is expected to be lower than that at higher energies.18,19
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Figure A-2 Auger peak-to-peak intensity for Si, O, and C as a function of incident beam energy.
The plots are taken from McGuire13. The numbers on the bottom are the pixels for the plot range
and the signal at 2 keV. The numbers are used to deduce the sensitivity factor in Table A-3 for
McGuire13.
4.3. Distinguishing Auger Signal from the Surface and the Bulk
The AES signal discussed so far is that of the bulk material where the thickness is assumed to
be large enough that the incident electrons can never travel completely through it. However,
consider the measurement of the O coverage at around 1 ML as of interest in this study. The
incident electrons can easily travel through the O surface layer. Furthermore, unlike the case of
homogenous materials, the Auger electron from the bulk of Si has to travel through the O layer to
reach the detector. The incident electrons’ path are also differ for varying material, but this effect
on the AES intensity is accounted for by the backscattering term 𝑟𝑖 (𝐸𝑖 , 𝛼) as shown in Table A-1.
To account for the difference in the medium on the path of the Auger electron, consider the
case of a homogeneous bulk material, where the incident electrons can penetrate beyond the
surface layer and excite atoms below the surface layer. Some of the Auger electrons produced
below the surface can escape and reach the detector. Thus, the total Auger signal of a pure material
should include the contribution from the bulk as well as the surface:
𝐼𝑖total = 𝐼𝑖surface + 𝐼𝑖bulk

(13)

The bulk signal can be expressed as the sum of the contribution from each layer 𝑛 below the
surface:
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∞

𝐼𝑖bulk

𝑛th layer

= ∑ 𝐼𝑖

(14)

𝑛=1

In this case, the surface layer is defined as 𝑛 = 0. The intensity from each 𝑛th layer can be
expressed relative to the surface Auger intensity 𝐼𝑖surface as:20
𝑛th layer

𝐼𝑖

= 𝐼𝑖surface exp (−𝑛𝑑𝑖 [

1
])
𝜆out,𝑖 (𝐸) cos 𝜑

(15)

where 𝑑𝑖 is the layer spacing, 𝜆out,𝑖 (𝐸) is the inelastic mean free paths (IMFP) of the emitted
Auger electron with energy 𝐸 travelling through element 𝑖, 𝜑 is the acceptance angle of the
cylindrical mirror analyzer as in Table A-1.
4.3.1. IMFP
The IMFP may be estimated using the universal curve by Seah and Dench:21
𝜆𝑖 (𝐸) (in nm) =

𝐴
+ 𝐵√𝐸 + 𝑊
(𝐸 + 𝑊)2

(16)

where 𝐸 is the electron energy in eV, 𝑊 is the work function of the material in eV, and 𝐴, 𝐵 are
fit parameters (summarized in Table A-4) that are dependent on the type of the material.

Material type 𝑨
𝑩
Element
143 0.054
Inorganic
641 0.096
Table A-4 Fit parameters for Seah and Dench universal curve for different type of materials used
in this study.
The values of IMFP obtained for Si and O at the incident beam energy of 2000 eV and the
appropriate Auger energy vary significantly depending on the parameters used for the universal
curve fit. Because of that, the IMFP values obtained by Tanuma, Powell and Penn (TPP), who
used the Penn algorithm and along with experimental optical data,22 are explored in Table A-5.
The final calculation of the O coverage in this study uses the TPP values for the IMFPs.
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Energy, 𝑬 (eV), IMFP, 𝝀𝒊 (𝑬) (nm)
Method
2000
91
510
Si
O
Si
O
O
Element 2.42 2.42 0.54 0.54 1.22
Universal curve
Inorganic 4.30 4.30 1.01 1.01 2.18
TPP
4.25 5.05
0.5
0.77 1.76
Table A-5 IMFP obtained from multiple sources. Note that the IMFP calculated using the universal
curve for Si and O are not exactly identical to one another; however, the difference is smaller than
the rounded error.
4.3.2. Layer Spacing
The layer spacing is estimated from the average atomic volume, which is the cube root of the
reciprocal of the number density as defined by equation (11), according to the expression:12,21
3

𝑑𝑖 = √

1
𝑁𝑖

(17)

4.3.3. Total Signal
From equation (13), the total signal can be related to the surface signal by substituting in the
bulk signal, equation (14):
∞

𝐼𝑖total

=

𝐼𝑖surface

+

𝐼𝑖surface

1
∑ exp (−𝑛𝑑𝑖 [
])
𝜆out,𝑖 (𝐸) cos 𝜑

𝑛=1
∞

= 𝐼𝑖surface ∑ exp (−𝑛𝑑𝑖 [
𝑛=0

1
])
𝜆out,𝑖 (𝐸) cos 𝜑

Inserting the analytical form of the infinite sum yields:
𝐼𝑖total

𝐼𝑖surface

=

1 − exp (−𝑑𝑖 [

1
])
𝜆out,𝑖 (𝐸) cos 𝜑

(18)

4.4. O Coverage from Measured Auger Signal
Now that the relationship between the AES signal and the material being probed has been
established, the AES signal for O covered Si(100) can be considered. The reaction of O2 with
Si(100) starts from the surface. The O atoms interact with the surface Si forming Si-O bonds. The
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insertion of an O atom between a Si-Si bond resulting in Si-O-Si can greatly modify the surface
atomic density and the surface structure. However, for ease of analyzing the O coverage from the
AES signal, an adopted assumption is that an O atom is positioned at the top most layer when it
forms the bond to Si atom(s) on the surface. This assumption means that at 1 ML coverage of O
(1 O atom per 1 Si atom coverage), the O atom occupies only the top most layer while the Si atoms
start from the 2nd layer.
Another point to consider is that Si LVV Auger intensity is influenced by the oxidation state
of Si, where the oxidation as a result of forming bonds with O atoms result in the diminishing of
the intensity of the highest LVV energy peak at around 89 eV. Simultaneously, the higher
oxidation state Si LVV features at 82 and 76 eV, which correspond to SiOx (x < 2) and SiO2,
respectively, start to appear.23,24 However, in this study where the coverage of up to slightly above
1 ML of O is of interest, this effect is minimal and thus the amount of Si can be relatively accurately
represented solely by the AES feature at 89 eV.
4.4.1. Measured AES Signal of Si
For O atom coverages on Si(100) up to 1 ML, ΘO , the measured signal for Si comes from two
sources, those atoms that are and are not covered by O atoms, weighted by the O atom coverage:
measured
not covered
covered
𝐼Si
= (1 − ΘO )𝐼Si
+ ΘO 𝐼Si

(19)

The Auger signal from the uncovered Si is taken to be the Si signal measured from the pure Si
material:
not covered
total
𝐼Si
= 𝐼Si

The Auger signal from the Si covered with O atoms is considered to be the Auger signal from
the pure Si material attenuated by its passage through a layer of O atoms:
covered
total
𝐼Si
= 𝐼Si
exp (−

𝑑O
)
𝜆O (𝐸Si ) cos 𝜑

Thus, the measured signal in equation (19) can be related to the pure Si total signal by:
measured
total
𝐼Si
= 𝐼Si
[1 − 𝜃O + 𝜃O exp (−

𝑑O
1 + 𝑟Si (𝐸Si , 0)
)] (
)
𝜆O (𝐸Si ) cos 𝜑
1 + 𝑟Si (𝐸Si , 30)
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(20)

The backscattering term is added to account for the difference in the incident angle which is 0°
from the surface normal for this study and 30° for the references.
4.4.2. Measured AES Signal of O
The measured Auger signal for O is from the top most layer of O weighed by the O coverage:
pure surface

𝐼Omeasured = 𝐼O

1 + 𝑟Si (𝐸O , 0)
ΘO (
)
1 + 𝑟O (𝐸O , 30)

(21)

The back-scattering terms ratio is included to account for the fact that the material below the
first layer is now Si instead of O, and also the incident angle difference. Using the relationship as
defined in equation (18), the measured signal of O can be related to the pure O signal by:
pure total

𝐼Omeasured = 𝐼O

ΘO [1 − exp (−

𝑑O
1 + 𝑟Si (𝐸O , 0)
)] (
)
𝜆O (𝐸O ) cos 𝜑
1 + 𝑟O (𝐸O , 30)

(22)

4.4.3. O Coverage
Consider the ratio of the measured Auger intensities of O equation (22) to Si equation (20):
𝐼Omeasured
measured
𝐼Si

𝑑O
1 + 𝑟Si (𝐸O , 0)
)] (
)
𝜆O (𝐸O ) cos 𝜑
1 + 𝑟O (𝐸O , 30)
= pure total
𝑑O
1 + 𝑟Si (𝐸Si , 0)
𝐼Si
[1 − ΘO + ΘO exp (−
)] (
)
𝜆O (𝐸Si ) cos 𝜑
1 + 𝑟Si (𝐸Si , 30)
pure total

𝐼O

ΘO [1 − exp (−

Substituting in the expression for the pure total Auger signal, equation (7), for both O and Si:
𝐼Omeasured
measured
𝐼Si

𝑑O
1 + 𝑟Si (𝐸O , 0)
)] (
)
(𝐸
)
𝜆O O cos 𝜑
1 + 𝑟O (𝐸O , 30)
=
corrected
𝑑O
1 + 𝑟Si (𝐸Si , 0)
𝑁Si 𝑋Si 𝑆Si
[1 − ΘO + ΘO exp (−
)] (
)
𝜆O (𝐸Si ) cos 𝜑
1 + 𝑟Si (𝐸Si , 30)
𝑁O 𝑋O 𝑆Ocorrected

ΘO [1 − exp (−

(23)

For the low coverage below 1 ML, the O atoms may be assumed to form bonds on the Si atoms
while minimally change the structure. Thus, the density of O atoms on the surface can be estimated
to be equal to that of the Si atoms. The mole fraction for pure material is 1 for both O and Si:
𝑁O ≈ 𝑁Si and 𝑋O = 𝑋Si = 1
Therefore, the expression for O coverage can be obtained by rearranging the equation (23):
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−1

measured corrected
𝐼Si
𝑆O
1 + 𝑟O (𝐸O , 30)
1 + 𝑟Si (𝐸Si , 0)
(
)
(
)
corrected 1 + 𝑟 (𝐸 , 0)
1 + 𝑟Si (𝐸Si , 30)
𝐼Omeasured 𝑆Si
Si O
𝑑O
ΘO =
× [1 − exp (−
)]
𝜆O (𝐸O ) cos 𝜑
{
}
𝑑O
+ [1 − exp (−
)]
[
𝜆O (𝐸Si ) cos 𝜑
]

(24)

The parameters in equation (24) are listed in Table A-6.

Parameter
corrected
𝑆O
corrected
𝑆Si

Value
0.2080

Source
Table A-3

𝜑 (degree)
42.3
Physical Electronics, model Phi 10-155 manual
𝐸𝐴𝑋,O (eV)
543.1
Ref. 25
𝑟O (𝐸𝐴𝑋,O ) at 0 degree
0.174
Equation 4
𝑟Si (𝐸𝐴𝑋,O ) at 0 degree
0.310
𝑟O (𝐸𝐴𝑋,O ) at 30 degree
0.221
Equation 5
𝑟Si (𝐸𝐴𝑋,O ) at 30 degree
0.336
1.76
𝜆O (𝐸O ) (nm)
Table A-5
𝜆O (𝐸Si ) (nm)
0.77
𝑑O (nm)
0.2324
Equation 17
Table A-6 Values for parameters used in the calculation of the O overage.

5. Interlock Modifications to MC and BC Diffusion Pumps
The modification is carried out for the parts that handle the sensors signals. The setup before
the modification was prone to electrical noise from the cryo pump compressor and static electricity.
The addition of a contact bounce eliminator (aka debouncer) should minimize the effect of shot
noise and, hence, makes the system more stable.

5.1. Old Design
The signal incoming into the interlock box is 12 VDC and originates from a normally closed
relay inside either a pressure, temperature, liquid nitrogen, or water flow sensor. There is a bypass
switch to override each of the relays. When the relay (or the switch) within the sensor is closed,
the voltage across the green LED is high causing the LED to light up; at the same time, the voltage
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before the red LED is forced down close to zero. The voltage to the logic circuit is low. When an
error occurs, the relay is opened, the voltage drops across the two LED swap, and the voltage to
the logic circuit becomes high.
All sensor signals for each diffusion pump are then combined in a 4-input OR gate (CD4072B),
which means if one or more of the input signals indicate an error (high), the circuit will be triggered
to stop the diffusion pump. In addition, the signal from a pressure sensor is branched to close the
foreline valve.
The signal from the OR gate is then passed through a D-type flip-flop (CD4013B) which is
used just for the set/reset mode so that the error signal is persistent until manually reset. The set is
done by the output signal from the OR gate; while the reset is manually performed by pushing the
button on the front panel, allowing a 12 VDC signal to reach the reset terminal of the chip. This
flip-flop provides both the identity output signal (Q) and its invert (NOT Q).
The signal Q from the flip-flop is then combined with an OR gate which connects to a buzzer
(currently unused). The inverting signal is connected to a buffer (CD4050B) that controls the relay
to open (or close) the circuit to the pumps and gate valves when there is error (or no error).

5.2. Modification
On 20180427, a debouncer MC14490 was added to the BC circuit after the signal from each
signal connections line. The reason for doing so instead of adding it before the D flip-flop is due
to the physical arrangement of the circuit where the flip-flop connections are below the circuit
board. Any modification to the circuit would require removal of the LEDs and front panel switches.
This change is not ideal as it does not protect the circuit from the noise through grounding
connections directly to the box itself.
On 20180522, a debouncer MC14490 was inserted into the MC interlock sensor signal between
the OR gate that combines the signals and the D-type flip-flops that control the MC GV, MC FV,
BC GV, and BC FV. The interlock circuit wires are arranged more neatly compared to the BC
interlock allowing for easy modification.
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6. Si(100) Crystal
6.1. Cutting
The crystal is cut into the shape as outlined in Hefty’s thesis p340. The cutting was done by
Disco Hi-Tec America, INC at a cost of $660 per one wafer (as of January, 2018). This price is
discounted due to the mistake made during the dicing causing damage to part of the wafer
rendering 4-5 samples unusable for experiments. Their machine can groove and then dice the wafer
into the final size crystal, thus eliminating the need to dice the crystal first and then grind, saving
both time and processing cost.

6.2. Surface Preparation
Multiple tests have been performed to ensure that 10 cycles of Ar+ ion sputtering and annealing
as described in chapter I is more than sufficient to achieve a clean Si(100) surface without the need
for the Shiraki cleaning procedure.
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