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Abstract

This study investigates interactions and competition of hydrogen (H) and chlorine (CI)
atoms on the Si(100) surface. Several fundamental issues in the field of surface science are
examined experimentally, including the gas-surface reaction, the diffusion mechanism of
adsorbates and the detailed adsorption processes of diatomic molecules. The measurements
were carried out by utilizing a variable-temperature scanning tunneling microscopy
(VT-STM), synchrotron radiation core-level photoemission spectroscopy and Monte Carlo
simulation. STM images provide images of the surface with atomic-scale resolution,
allowing direct viewing of adsorbates species and the reaction sites after interactions. The
core-level spectra are used to distinguish atoms in different chemical bonding configurations
by the chemical shift of binding energies. The combination of these complimentary
techniques yields much new and exceptional detailed information and understanding of the

interactions of adsorbates on the surface.

This dissertation is organized into six chapters. In Chapter 1, the background and
motivations of this research and a review of literatures are introduced. The sample systems
and the concept of correlation function are also presented. Chapter 2 describes the sample
preparation procedures and the principles and operations of the experimental apparatus. The
following three chapters present the three major experiments with detailed results and

discussions.

In Chapter 3, I discuss the issue of gas-surface reactions. The main question | ask is
that whether the gaseous atoms react with the adsorbate on the surface randomly or not.

Specifically, 1 use an H atomic beam to bombard the Cl-saturated Si(100)-2x1 surface and



examine if any correlation exists between the reaction sites. The results show that the
incident H atoms collide on Cl adatoms and form HCI molecules, which are desorbed from
the silicon surface. Core-level measurements indicate that some additional reactions occur
besides the removal of Cl and that H atoms eventually terminate the Si(100) surface. The
correlation function calculated from STM images show that the Cl-extracted sites disperse
randomly in the initial phase of the reaction, but form small clusters as more ClI is removed,
indicating a correlation between Cl-extracted sites. These results suggest that the hot-atom

process may occur during the atom-adatom collision.

Chapter 4 describes a newly-found mechanism of surface diffusion. Specifically, the
diffusion behavior of H substitutional sites on the Cl-terminated Si(100) surface was
investigated at variant temperatures. STM movies show that each H atom undergoes
Brownian motion within a monochloride dimer row. The position of an H substitutional site
is exchanged directly with that of an immediate neighboring Cl atom in either the same
dimer or in one of the two adjacent dimers in the same row. Accordingly, conceptual direct
exchange diffusion in a two-dimensional lattice was experimentally observed. Analysis of
STM movies at various temperatures yielded rather low attempt frequencies and energy
barriers, leading to the suggestion that the diffusion mechanism involves an intermediate

low-energy molecular state.

In Chapter 5, | examine the atomic process of the chemisorption of diatomic molecule.
Are diatomic molecules chemisorbed on the surface dissociatively or through an abstractive
reaction? To answer this question, the Si(100) surface was exposed to gas-phase HCI
molecules at various substrate temperatures. Experimental results show that saturation
exposure to HCI causes all surface dangling bonds to be terminated by the two fragment H
and Cl atoms and that the number of H-termination sites exceeds that of Cl-termination ones
by >10 %. This finding suggests that, in addition to the dominant dissociative chemisorption,
many abstraction reactions occur. STM images reveal that Cl-termination sites form local 2x2
structure at 110 K and that the degree of ordering is reduced as the substrate temperature
increases. Simulation results demonstrate the importance of including dissociative

fragment-adsorbates interactions during the random adsorption of diatomic molecules.

Finally, in Chapter 6, research results are summarized and the conclusions are made.

The experimental works in this thesis produce much atomic-scale information of several



surface reactions and processes during the coadsorption of two mixed adsorbates on the
Si(100) surface. Appended at the end of this dissertation is the study of the dissociative
adsorption of oxygen on the Ag(100) surface. This research was conducted when the author
was supported by the Sandwich Program supported by Germany and Taiwan in 2007. The
experiments were carried out in the low-temperature STM group of Professor Karina

Morgenstern in Leibniz University of Hannover.
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Chapter 1 Introduction

The surface behavior of materials is pivotal to our lives. One of the most important
surfaces is silicon in semiconductor. In modern applications, silicon has been used in
metal-oxide-conductor, bipolar transistor, radio frequency integrated circuit, bluetooth, cell
phone, multi-junction solar cells and etc. Therefore, to understand the interactions of atoms
or molecules on silicon surface is indeed important to chemical industry and semiconductor
device processing. Before the invention of scanning tunneling microscopy (STM) in 1982,
extensive experimental studies by spectroscopic techniques for this adatom-surface issue
have been carried over the half-century. However, these indirect measurements can not
reflect real dynamics of adsorbates on surface. In recent years, STM has become an
important tool for elucidating the fundamental surface reaction. STM provides a direct view
of the surface atomic structure, and past investigations have already yielded a wealth of
information. STM and photoemission spectroscopy form a powerful combination of surface

probes and are the main methods chosen for the present studies.

1.1 Motivation

The chemisorption and interaction of chlorine- and hydrogen- containing molecule on
the Group IV semiconductor surfaces is of both fundamental and great technological
importance in semiconductor industry. H adsorption on and desortption from silicon
surfaces are of great technological relevance on the etching and passivation of Si surfaces
or the growth of Si crystals.[1] The chemisorptions of CI on silicon surface is also of
technological importance since the potential application of chlorine as etching agents in the
manufacture of patterned silicon substrates for very-large-scale integrated circuits. HCI gas
has been practically applied as a resuced-pressure chemical vapor deposition (CVD) tool in
the growth of silicon, germanium, GeSi ally.[2, 3] Besides being important in the growth,
HCI chemistry is also important in the etching of silicon.[4, 5] Therefore, understanding the
interactions of H and Cl and the chemisorptions of HCI molecule on the Si surface is indeed

an important issue to the chemical industry and semiconductor device processing.

For long, there has been much interest about the early stages of the epitaxial growth on
Si(100)-2x1 surface. It was not only because of its technological importance, but also due to
its relatively simple structure. The properties of the Si(100) surface have been under

extensive studies recently, more about its equilibrium structures and surface kinetic processes



has been investigated. It is known that the top-layer atoms of the Si(100) surface dimerize (as
two surface atoms binding together to form a dimer) to reduce the number of dangling bonds.
Therefore, the interactions of the adsorbates on the surface lead to interesting issues.In our
studies, we expose Si(100)-2x1 surface to H, Cl and HCI respectively and focus on the
interactions of H and Cl atoms on silicon surface in real time via atomic scale imaging by
using VT-STM. The purpose of our study is to obtain a better understanding and further

insight in the microscopic dynamical behavior of surface interactions.

The extraction of adsorbates on both metal and semiconductor by impinging atoms has
attracted much attention for dynamical understanding of the fundamental gas-surface
reaction. Incident A-atom flux would react with B atoms adsorbed on the surface and
produce gaseous AB molecule: A + Bag) — AB(). There are three possible pathways
achieving this gas-surface reaction, as shown in Fig. 1.1. These different mechanisms are
proposed as the desorption mehcanism of AB molecules; (a) Eley-Rideal (direct abstraction)
type, (b) Langmuir-Hinshelwood (thermal desorption) type, and (c) Hot Atom type in which
A abstracts B before they are in thermal equilibrium with surface. (a) and (c) are nonthermal

processes, while (b) is thermal.

O Aatom
a b c
@) o Batom (b) (c) o
Q P @) oo
o
Eley-Redeal Langmuir-Hinshelwood Hot Atom
(ER) Type (LH) Type (HA) Type

Figure 1.1 Schematic illustrations of the three types of gas-surface reaction. (a) Eley-Rideal

type, (b) Langmuir-Hinshelwood type, and (c) Hot Atom type.

The important issue is that the gaseous atoms react with the adsorbate on the surface
randomly or not. Specifically, 1 use an H atomic beam to bombard the Cl-saturated
Si(100)-2x1 surface and examine if any correlation exists between the reaction sites.



The diffusion of atoms, molecules and small clusters is one of the fundamental
processes that occur on surfaces. A thorough comprehensive understanding of the surface
diffusion mechanisms at an atomic level is extremely important to the technological
development of surface catalysis and several nanofabrication processes such as thin film
growth and etching. An atom can diffuse by exchange of position with that of a neighbor,
either directly or by rotation. Such diffusion does not involve defects and commonly
requires high energy, so the probability of its occurrence is expected to be very low and
most diffusion processes proceed by the exchange of an atom with a neighboring vacancy

defect, as shown in Fig. 1.2.

(a) (b) (c)

Figure 1.2 Schematic illustrations of vacancy diffusion.

This work describes a newly observed diffusion phenomenon on the Cl-terminated
Si(100) surface. STM movies reveal that hydrogen substitutional defects migrate within the
top chlorine layer. Hydrogen substitutional sites diffuse at moderate temperature without
the participation of vacancies. In the simplest model — direct exchange diffusion (DED) ,
as shown in Fig. 1.3, an H-site and a neighboring Cl-site in the surface lattice swap
positions directly. This investigation proposes a model of this diffusion process and

performs ab initio energy calculations.

(a) o pom (b) (c)

Figure 1.3 Schematic illustrations of direct exchange diffusion (DED). A atom diffuses on

the B-atom-saturated surface.



The adsorption mechanisms are commonly classified into three categories: dissociative
adsorption, abstractive adsorption or hot atom process, as shown in Fig. 1.4. The dissociative
adsorption means the molecular bond broken as two atom-substrate bonds are created. The
hot atom process means the adsorbed atoms land at a distance in between. In the other words,
two atoms migrate a short distance before they settle down. In an abstractive adsorption, one
atom of the molecule is adsorbed on the surface, while the other atom leaves the surface.

O Aatom

Figure 1.4 Schematic illustrations of three adsorption mechanisms: (a) dissociative, (b)

hot atom process, and (c) abstractive adsorption.

In this work, | examine the atomic process of the chemisorption of diatomic molecule,
HCI, on Si(100) surface. The main issue is that are HCI molecules chemisorbed on the
surface dissociatively or through an abstractive reaction? The Si(100) surface was exposed
to gas-phase HCI molecules at various substrate temperatures. Experimental results show
that saturation exposure to HCI causes all surface dangling bonds to be terminated by the two
fragment H and Cl atoms and that the number of H-termination sites exceeds that of
Cl-termination ones. This finding suggests that, in addition to the dominant dissociative
chemisorption, many abstraction reactions occur. STM images reveal that Cl-termination
sites form local 2x2 structure at 110 K and that the degree of ordering is reduced as the
substrate temperature increases. Simulation results also demonstrate the importance of
including dissociative fragment-adsorbates interactions during the random adsorption of

diatomic molecules



1.2 The Reconstructed Si(100) Surface

Because the Si(100) surface is the substrate used for measurement, its atomic structure
of surface will be introduced first as following. Silicon is a group IV element with four
electrons in its outer orbit and crystallize in the diamond structure with lattice constant a =
5.43 A, as shown in Fig. 1.5. In a silicon crystal, each silicon atom has four valance bonds

bonded to four neighboring silicon atoms in tetrahedral form.

Figure 1.5 (a) Tetrahedral bond arrangement of diamond structure. (b) The down view of

diamond structure, the fractions denoted the height of the atoms in units of a cubic edge.

When the Si crystal is cleaved along a different crystal orientation, the new surface will
reconstruct into different surface atomic structure. For example, if the crystal is cleaved along
the (100) direction, the exposure surfaces will reconstruct into 2x1 structure. If the crystal is
cleaved along the direction normal (111) direction, the new surface will reconstruct into 7x7

structure. In this section, we will discuss the detail of the Si(100)-2x1 structure.

If one cleaves the silicon crystal along the (100) direction, two valence bonds of each Si
atom at the exposed surface will be broken and transform into dangling bonds. Therefore,
every silicon atom in the surface has two dangling bonds and two valence bonds, as shown in
Fig. 1.6. Figure 1.7 displays the top view of this unreconstructed Si(100) surface with 1x1
structure. In this 1x1 structure, the surface energy is high since the density of the dangling
bonds is high (two dangling bonds per atoms), and then the 1x1 structure is unstable. To
reduce the numbers of the dangling bonds, the first layer atoms in the surface will reconstruct.

By this way, the surface energy will be lower and the surface structure will be more stable.



Upon reconstruction, two neighboring atoms form a strong sigma (c) bond by combined
one of the two dangling bonds. The top-layer atoms of the Si(100) surface dimerize (as two
surface atoms binding together to form a dimer) to reduce the number of dangling bonds.
These bonded pairs of Si atoms are called dimers. The amount of dangling bonds is reduced
by 50 %. This establishes two characteristic directions on the surface, along the dimer row
and perpendicular to the dimer. The parallel rows of the dimer bonds also reduce the overall
surface energy. These remaining dangling bonds can further form a weak pi () bond, as
shown in Fig. 1.8. Then the 1x1 structure of the surface have transformed into 2x1 structure,

as shown in Fig. 1.9, to be a stable surface.

When preparing the Si(100) surface, the step structure formed by the cleavage along the
(100) direction, as shown in Fig. 1.10. The height of the step is about 1.36 A. The dimer
rows on the neighboring terraces are perpendicular, so steps of the terraces
divide into two types. Sa is the steps where the dimer rows direction on the upper terrace
parallel the step edge. Sg is the steps where the dimer rows direction on the upper terrace

perpendicular the step edge.



Figure 1.6 The oblique view of the ideal Si(100) surface. Spheres are Si atoms and conoid
sticks are dangling bonds. Each silicon atom has two valence bonds and two dangling

bonds.

(b) Side view

Figure 1.7 (a) The top view and (b) the side view of the ideal Si(100)- 1x1 surface.



Figure 1.8 The oblique view of the Si (100)-2x1 first layer surface structure.

a)Top view

(b) Side view

:\ 4 :\ 4 :\ 4

Figure 1.9 Top view (a) and side view (b) of the Si(100)-2x1 structure .
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Figure 1.10 Step structures on Si(100)-2x1 surface. (a) STM image of Si(100)-2x1 surface.
The size is 15x10 nm? and Vs = 2 V. (b) Oblique, (c) top and (d) side views of step
structures. Sa is the steps where the dimer rows direction on the upper terrace parallel the
step edge. Sg is the steps where the dimer rows direction on the upper terrace perpendicular
the step edge.



1.3 Literature Review

1.3.1 The Hydrogen-Saturated Si(100) Surface

Chemical vapor desorption (CVD) of hydrogen on the surface of semiconductors has
received much attention because hydrogen can readily react with the surface dangling bonds
and forms stable hydrides. In addition, hydrogen is one of the simplest adsorbates to study
adsorption, reaction, and desorption processes on the semiconductors and serve as prototype.
Therefore, we must understand the H-saturated Si(100) surfaces first. Atomic hydrogen
causes a strong interaction with surface states and becomes a powerful tool to assist us with
identifying different surface states. Hydrogen is known to induce the reconstructions, 1x1,
2x1, and 3x1 structures, on the Si(100) surfaces as shown in Fig. 1.7. [6-8]

Boland et al. indicated that, a monohydride phase would form a dimer structure on the
surface when exposing Hatoms on the Si(100)-2x1 surface on a typical condition at RT.[6]
After further adsorption of hydrogen at RT, the dimer bonds break and form the dihydride
phase. The dihydride phase finally reconstructs the 1x1 structure. When exposing H on the
Si(100) surface at about 370 K, the monohydride and dihydride phases compose the 3x1
structure. The dihydride and monohidride phases can be easily identified by STM as reported
by Boland et al. When we expose H on the Si(100) surface at about 650 K, the surface
exhibits a 2x1 dimer structure. The hydrogen-adsorption temperature in our work is about

600 K, in other words, the surface should mainly exhibit a monohydride phase as introduced.

Figure 1.7 shows a model for the three reconstructions 1x1, 2x1, and 3x1 structures on
the H-saturated Si(100) surfaces.[6, 7] Irradiation of atomic H beam on the initially
monohydride surface leads to the formation of dihydrides and repulsive stress between them.
At Ts < 310 K, inhomogenious 1x1 structure is formed, and reconfiguration to dimers with
moleuclar hydrogen emission does not proceed. At 360 K < Ts <480 K, the surface has 3x1
structure with mono-hydride and dihydride next to each other, and the desorption of
hydrogen molecules is less efficient. At Ts > 480 K, reconfiguration to monohydride dimers
proceed via emitting hydrogen molecules. The STM images in Fig. 1.11 are obtained from J.
J. Boland, 1990.[6] In our study, we focus only on the hydrogen-terminated Si(100)- 2x1

surface.
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Figure 1.11 Model for the 1x1, 2x1, and 3x1 reconstructions on the H-saturated Si(100)
surfaces.[7]
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1.3.2 The Chlorine-Saturated Si(100) Surface

The main properties of the Si(100)-2x1 surface obtained from STM has been widely
studied. It is known that the top layer atoms of the Si(100) surface reconstruct to form parallel
rows of dimers, which establish two well-differentiated directions, in parallel and
perpendicular to these rows. By exposing Si(100)-2x1 surface to chlorine molecules at room
temperature, chlorine atoms tends to saturate at the dangling bond sites of the surface. There
are five geometrically distinguishable configurations of the arrangement of neighboring pairs
of CI atoms on the Si surface,[9, 10] as shown in Fig. 1.12. Liu et al. calculated the total

energy of different adsorption configurations.[10] The energy ordering is Type | < Type lla
< Type llla < Type Illb < Type Ilb, as shown in Fig. 1.12. Type I is the most stable because

it only breaks one weak m bond between the dimer silicon atoms, while the other
configurations break two. Figure 1.13 shows the population of geometrically configurations
for Cl atom pairs on the Si(100)-2x1 surface.[9] The most probable like arrangement is the
chemisorption of two Cl atoms on the Si dimer sites in adjacent rows, as shown in Fig. 1.13,
labeled type 111 a + 111 b. The probability of this configuration is 0.52. For type Il aand Il b,
where Cl atoms bonded to the adjacent dimers in the same dimer row, as shown in the same
figure, the probability is 0.33. For two Cl atoms to be present on the same Si dimer is the least
likely with a probability of 0.15, as labeled type I.

If we increase the exposure of the chlorine gas, the density of the fully
Cl-terminated dimers increases. In the end, all the dimers with dangling bonds on the surface
will be terminated with chlorine atoms. The adsorption of CI molecules does not disrupt the
sigma bonds, but breaks the weak pi bonds existed o the clean Si(100)-2x1 surface.
Therefore, each dimer has terminated with two Cl atoms, as one Cl per Si, in the Cl-saturated

Si(100)-2x1 surface, now covered with one monolayer of chlorine atoms.

12



IIMa (-564.49 eV) IIIb (-564.35 eV)
Figure 1.12 Schematic diagram of the five geometrically distinguishable configurations of
the neighboring pairs of Cl atoms on the Si(100)-2x1 surface. The broken line encircle a
Si-Si dimer, while the dark circles indicate the adsorption sites of Cl atoms, which could be
on the same dimer as in Type |, or across the same dimer row as in Type Ila and Ilb, or across
two dimer rows as in Type Illa and 111b.Each type of structure is put in a 4x4 surface lattice,
which is the lattice used in our calculation. The number in parentheses is the calculated total

energy for each structure.[10]

0.6

0.4 -

0.2 -

Relative Probability

0.0

Configuration Group
Figure 1.13 The relative probabilities each geometrically distinctive configuration for ClI
atom pairs on the Si(100)-2x1 surface.[9]
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1.3.3 Chlorine Adsorption on Hydrogen-Terminated Si(100) Surface

The clean Si(100) surface consists of rows of dimers, where the two dangling bonds
from the two Si atoms in a dimer form a weak © bond. When H (or Cl) atoms saturate a clean
Si(100) surface, the surface will preserve the basic 2x1 dimer structure without buckling.[6, 9]
The building blocks of the Si(100)-2x1:H surface and the Si(100)-2x1:Cl surface are a
monohydride dimer (H-Si-Si-H) and a monochoride dimer (CI-Si-Si-Cl), respectively, as
shown in Fig. 1.14(a). Accordingly, the co-existence of H and Cl on the clean Si(100) surface,
following either co-adsorption or sequential adsorption of the two atoms, can yield mixed
H-Si-Si-Cl surface species, in addition to H-Si-Si-H and CI-Si-Si-Cl.

Upon co-adsorption of both H and CI atoms on Si(100), Cl-terminated sites (CI-Si
species or Cl-sites) appear noticeably brighter than H-terminated sites (H-sites) in both filled
and empty-state STM images, as shown in Fig. 1.14(b). In Fig. 1.14(b), the 0.18 ML Cl-sites
were produced by exposing to Cl, a mostly H-terminated Si(100) surface, in which a portion
of dangling bonds were created by mild thermal annealing of the Si(100)-2x1:H sample at
~715 K for 50 s.[11, 12] The adsorption of Cl, on an isolated dangling bond or a dangling
bond pair of Si(100) has been demonstrated to be mostly abstractive and to be able to cause
chain reactions:[11, 13] the Si dangling bond abstracts one atom of the incident Cl,
molecule while the complementary Cl atom is scattered away from the initial abstraction
site. The complementary fragment Cl atom may be captured by a second dangling bond and
adsorbed there, or may react with a nearby H atom to form HCI that is scattered away from
the surface, leaving a new dangling bond for subsequent Cl, adsorption. The complex
adsorption processes of Cl, produces large amounts of mixed CI-Si-Si-H species even
though brief thermal annealing yields more paired dangling bonds (-Si-Si-) than unpaired
dangling bonds (-Si-Si-H).

14



(a) Top View

Side View

Figure 1.14 (a) Three surface species, monohydride dimer H-Si-Si-H, mixed dimer
H-Si-Si-Cl and monochloride dimer CI-Si-Si-Cl, on Si(100) surface with mixed H- and
Cl-termination. The smallest (red) and largest (green) spheres in the topmost layer are H
and Cl atoms, respectively. (b) 15.4 x 12 nm® STM image of the mostly H-terminated
Si(100)-2x1 surface with 0.18 ML CI termination (bright protrusions), captured at a sample
bias Vs = 2.28 V and tunneling current I; = 0.21 nA. The three neighboring rectangles enclose
the three surface species described in (a). The size of a 1x1 unit cell in the image is 3.84 x
3.84 A%,
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1.3.4 Analysis of Correlation Function

Interactions between adsorbed particles on solid surfaces play a principal role in
surface science. Along with the adsorbate-substrate potential they determine the formation
of surface phases that is of ordered structures of atoms or molecules, and the mechanisms
and activation energies of chemical reactions between adsorbed particles. Knowledge of
these interactions is therefore of fundamental importance for the understanding of catalytic
reactions. For a particular system the relative importance of the different contributions is
mostly unknown. The main problem is that for the majority of systems no quantitative

experimental data are available.

Trost et al. presented an investigation based on a STM determination of interactions
between adparticles.[14] The method is based on an evaluation of the pair distribution
function g(j) (j is the jth-nearest-neighbor site) from STM images, which provides the
potential of mean force Vex(j). Trost et al. report that N atoms adsorbed on Ru(0001)
surface and conclude that there are repulsive interactions at nearest- and
next-nearest-neighbor sites and an attraction at third-nearestneighbor sites, and they also

give gquantitative estimates about the underlying energies.

Figure 1.15 shows the Ru(0001) surface after exposure to 1.5 L of NO. Two different
species can be identified by the imaging depth: The deeper features (black) are O atoms, the
others (gray) are N atoms. Additionally, oxygen is known to form 2x2 islands, in contrast to
nitrogen. This 2x2 structure is seen in Fig. 1.15 as an ordered, hexagonal pattern, however,
with some nitrogen atoms incorporated. Between the 2x2 covered areas additional,
individual nitrogen atoms are located. Since the positions of the dark, i.e., oxygen, atoms in
the 2x2 areas define the lattice of hcp sites, the positions of the N atoms are obtained by
extrapolating the lattice to the area between the 2x2 patches. This is demonstrated in Fig.
1.15 by the point lattice. It turns out that all of the N atoms, those within the islands and the
single ones, occupy the same sites as the O atoms. The N adsorption site is thus identified
as the hcp site. This conclusion is in agreement with the results of a recent LEED analysis
and density-functional calculations. This justifies the lattice-gas model underlying the

following analysis.

The hexagonal lattice of cells on Ru(0001) is illustrated in Fig. 1.16, where each cell

represents a hcp site around an atom located in the center. For such a two-dimensional
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lattice-gas system the pair distribution function at the jth-nearest-neighbor site can be

defined as

9(j) =~ D)

where ni( j) is the number of jth-nearest-neighbor particles around the ith particle, ®
the coverage, and m( j) the number of jth-neighbor sites. The normalization, by division of
®, makes g( j) unity when j approach infinity. The meaning of the pair distribution function
is that deviations from a random particle distribution manifest themselves in deviations
from g = 1. From the definition Eq. (1.1) the pair distribution function at a certain site j can
be interpreted as the ratio of two probabilities, the probability to find a particle at that site
divided by the average occupation probability. At equilibrium a ratio of occupation

probabilities should be Boltzmann distributed, viz.,

Verr (1)/KT

0T = T e, (1.2)

The effective interaction potential Ver( J) is the so-called potential of mean force,
which describes the interaction within an ensemble of particles. Crucial for the validity of
Eq. (1.2) is that the system is in thermodynamic equilibrium.

After normalization according to Eqg. (1.1) this yields the pair distribution function
g( j). The result for 1344 atoms, corresponding to coverage of ® = 0.095, is reproduced in
Fig. 1.17 as black dots. The deviations from g(j) = 1 corresponding to a random distribution.
Figure 1.18 shows the potential of mean force that was evaluated using Eq. (1.2). Because
of the complete absence of j = 1 separations (the nonzero value in Fig. 1.17 is caused by the
experimental error) no value for Veri(1) can be given in Fig. 1.18. From an STM image that

contains 1344 N atoms but not a single nearest-neighbor distance, it is estimated that g(1) <
2.5x10™and hence Ver(1) >0.2 eV. At the secondneighbor site the potential is still repulsive,
with Vei(2) = + 13 meV. Attractions are observed at the thirdand sixth-neighbor sites, with

Vert(3) = -18 meV and Ver(6) = -10 meV, respectively. This corresponds to the formation of
local 2x2 order, as visible in Fig. 1.15. The fourth- and fifth-neighbor sites are occupied

with nearly statistical probability.
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Figure 1.15 STM topograph of the Ru(0001) surface after exposure of 1.5 L of NO at
room temperature. O atoms are imaged deeper (black) than N atoms (gray). Small dots
indicate the lattice of hcp sites, using the O atoms in the 2x2 areas as fix points. Tunneling
parameters are 89x80 A2 -0.3 V, and 33 nA.[14]

Figure 1.16 Hexagonal lattice of cells corresponding to a hcp sites. Numbers mark the

index j of the distance between an atom in the center and an atom in the respective cell.[14]
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pair distribution function g

0 1 2 3 4 5 6 7 8 9 10 11
neighbor site j

Figure 1.17 Pair distribution function g vs neighbor site j (black dots) and Monte Carlo

calculation for hard spheres that block the first- and second-neighbor site (white dots).[14]

0 1 2 3 4 5 6 7 8 9 10
neighbor site j

Figure 1.18 Potential of mean force Ver obtained from Fig. 1.14. Note the repulsion up to

the second-neighbor site and the attractions at the third- and sixth-neighbor sites.[14]
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Chapter 2 Experimental Apparatus and Methods
2.1 The Vacuum System

The STM experiment was conducted in an ultrahigh-vacuum (UHV) system. The main
chamber is equipped with a variable-temperature scanning tunneling microscopy (VT-STM,
Omicron), a manipulator, a pumping system, gas sources including H,, Cl, and HCI, as
shown in Fig. 2.1. The pumping system is consisting of a dry pump, a turbo pump, a titanium
sublimation pump (TSP), and an ion pump. The base pressure of this vacuum system is
1x10™ torr.

The dry pump is used first to lower pressure in the vacuum chamber to ~10° torr. Then
the turbo pump automatically starts to lower the pressure to the 10 torr range. At this lower
pressure, the ion pump turns on. As the pressure drops to ~10, we start to bake the chamber
at about 120 °C for over 24 hours. After the chamber cools down to RT, we gain the

ultra-high vacuum about 1x10™ torr.

The core-level-photoemission experiment is carried out at the National Synchrotron
Radiation Research Center (NSRRC) located in the Hsin-chu Science-based Industrial Park,
Taiwan. Light from the 1.5-GeV storage ring was dispersed by a Dragon-type 6-m wide
range spherical grating monochromator (SGM). This beamline has two energy range, i.e.
10-175 eV from a low energy branch and 120-1500 eV from a high energy branch. In our
experiment, we use the high energy branch since the main photon energies used are 140, and
240 eV. All the adsorptions of H, Cl and HCI were prepared in situ in the ultra-high vacuum
system, as shown in Fig. 2.2. In the photoemission experiment, the procedure to obtain the
ultra-high vacuum is the same as the STM experiment.
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Figure2.1 The UHV system of VT-STM.
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Figure 2.2 The vacuum system for core-level-photoemission spectroscopy.



2.2 Scanning Tunneling Microscopy (STM)

Since Binnig et al. invented the Scanning Tunneling Microscopy (STM) and obtain the
atomic resolution in 1982, the STM technique has been widely used in various fields, like
condensed-matter physics, chemical, biology physics and etc. Especially, after resolving the
structure of the Si(111)-7x7 in real space using STM , this instrument has proved to be an

extremely powerful tool.

Figure 2.3. displays its essential elements. A probe tip, usually made of tungsten (W) or
Pt-Ir alloy, is attached to a piezoelectric scanner. Using the coarse positioner and the z piezo,
the tip and the sample are brought to within a few angstroms of each other. A bias voltage,
applied between the tip and the sample, causes an electrical current to flow. This is a
quantum-mechanical phenomenon, tunneling, which is the principle theory of the scanning
tunneling microscopy. To achieve atomic resolution, vibration isolation is essential. A
commonly used vibration isolation system consists of a set of suspension springs and a

damping mechanism.

HV amplifier [¢——
Scan

Y | generator
HV amplifier [¢——

HV amplifier l
A
3

l
—
s ,,}/}/2'

Computer

and controller

Si( Tunneling current

Figure 2.3 Schematic diagram displays the essential elements of STM.
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The operating principle of the STM is based on the quantum mechanical phenomenon of
tunneling. In this section, we discuss the concept of the tunneling through one-dimensional
model. First we consider the classical situation. In the classical mechanics, an electron with

energy E moving in a potential U(z) is described by

In the regions where E > U(z), the electron has a nonzero momentum P,. It means that the
electron has the ability to be in those regions. Otherwise, in the regions where E < U(z), the
electron can not penetrate into those regions. In other words, the electron with energy E has
no possibility to be find in the regions with U(z) >E. Now we discuss the quantum effect. In
the quantum mechanics, the motion of the same electron is described by the Schrédinger’s

equation,

h? d? B
amaz O e (2.2)

Y(z) is the wavefunction of the electron.

U

E=U/2’\[\ e
Y,

7 Vv
E

—> S €«

Figure 2.4 Wave function W(z) for an election with kinetic energy E = U/2 penetrating a

potential barrier U.
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For a electron with E = U/2 incident on a square barrier from the left, as shown in Fig.
2.4. The Schrodinger’s equation of this electron

K% d? 1
-———Y(2)+-U¥(2)=0

2m dz*? @) 2 @)

.................................................................... (2.3)

has the solution:
Y(z) = Ae™ +Be™.......... (z<0)
Y(z) =Ce™ +De “............ (0O<z<s)
P(@Z)=Fe" ., (z>5) e (2.4)

I(=(2mU)% K (mU)%
where oo h

Eq. (2.4) can be solved for the transmission coefficient T = |F/A|2 by matching of the
boundary conditions on ¥ and d¥/dz at x =0 and x =s. That is
1

2 2
2Kk

T=

Because a barrier of width s that is much thicker than the wave function decay length of

1/K, Ks >> 1, the transmission coefficient can be approximated as

_ 16k?K? o-2ks
(k?+K?)
U X 5) |
It is this exponential dependence of the transmission coefficient T on the barrier width s
that enables atomic resolution images in tunneling microscopy. It provides a sufficient signal,

the tunneling current, for atomic scale feedback control of the gap width s along the z
direction.
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Interestingly, use of 1° miscut Si(100) single-crystal wafers allows for highly
rotationally oriented samples in which all the Si-Si dimers are pointed in the same direction,
yielding anisotropic surfaces on a centimeter length scale. The high ordering of the dimers,
showing both the filled and empty states, is shown in the stunning STM images of Fig. 2.5;
the filled and empty states were imaged by changing the tip bias.

(a) o,

E,

Filled state Emptyed state
(d)

Figure 2.5 STM images of the Si-Si dimers, imaged with (a) Vs =-2.2 V and (b) Vs = +2.6
V. The filled and empty states of these highly ordered dimmers can be probed by biasing
the surface in the opposite directions. The dimensions of the figure are 2.3 nm x 2.3 nm.
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2.3 Core Level Photoemission

The core level photoemission experiment is to collect the photoelectrons excited from
core level near nucleus. Photoelectrons were collected and analyzed by a large hemispherical
analyzer. By measuring the variation of the photoelectron kinetic energy, we can observe the

species of the passivated atoms and chemical bonding etc.

The photoelectrons are excited from inner energy levels (binding energy >20 eV), of
which the orbital radius is less than 0.3 A. In solid state, the core level wave functions are
independent such that the binding energies of the atoms in bulk are the same. However, the
potential of the atoms near surface becomes different because the local atomic environment
changes. The potential difference of surface atoms results in chemical shift of the core level
binding energy.

We can explain the relationship between the kinetic energy (KE) of excited
photoelectrons and energy of incident photons by the energy conservation law as Eq. 2.7.

The relation of the energies is shown in Fig. 2.6.

KE : kinetic energy of excited photoelectron
hv: photon energy
B: binding energy

@ : work function.

In this formula, the binding energy B is the difference between the core level and Fermi
level. The work function @ is the difference between the Fermi level and vacuum level. This
formula is based on the ideal situations; however, we have to consider other factors like
secondary electrons and escape depth etc. The escape depth of the excited photoelectron is
dependent on the kinetic energy, in other word, the higher kinetic energy, the larger escape
depth. Therefore, the escape depth of photoelectrons of kinetic energy 20 eV ~ 110 eV is less
than 10 A. The spectra obtained by analyzing these photoelectrons provide us the message of

the surface.
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Figure 2.6  Schematic for the energy levels in the core-level photoemission.

After electrons excited from core level, left holes will be occupied by other electrons.
The reaction of occupation can occur in two processes. First, the electrons in the higher
energy level occupy the left holes and release the photons of energy equivalent to the
difference between two levels. Next, the electrons in the higher energy level occupy the
electron holes and release energy. The released energy is not carried by photons but directly
excites electrons to leave surface. The excited electrons in the second process are so-called
Auger electrons. The Si 2p and Ge 3d core level photoemission is mainly contributed from

Auger electrons.

The lifetime of the electron holes yields Lorentzian broadening. The other factor to
result in broadening spectra is the resolution of the analyzer, which produces a Gaussian
width of the spectra. The convolution of the Lorentzian width and Gaussian width yields a

\oigt lineshape for the spectra.
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2.4 Sample Preparation and Temperature Measurement

Various sample treatments will be conducted depending upon the type of the sample that
will be required for the experiment. The Si(100) samples used in our experiment were sliced
up into pieces of size 1x8 mm? from a antimony (Sb) doped wafers with a dopant
concentration of approximately 1.5x10™ cm™. The misalignment of the wafer is about 0.1
degrees. Before loading the samples into the vacuum chamber, we blow off the dust on the
surface of the samples with pure nitrogen gas so we don’t have unwanted particles on the
surface of the samples which could affect our measurements. After loading the samples to the
UHV chamber, the samples are then being degassed for over 12 hours at ~900 K using a small
AC current. After degassing, the sample was flashed at ~1450 K for a few seconds in order to
remove the oxide layer on the surface and form a dimerized clean Si(100)-2x1 surface.

The substrate was heated by passing a controlled dc current directly through the
sample. The sample temperature that corresponds to each current was obtained using an
infrared optical pyrometer and calibrated by gluing a tiny type-K thermocouple to the
center of the sample following the final last STM run, as shown in Fig. 2.7. The uncertainty

in the temperature measurement was estimated to be approximately +5 K.

After the direct heating, chlorine (or hydrogen chloride) molecules were introduced
through a leak valve and a stainless steel tube to the sample surface at room temperature to
form the desired Cl-terminated Si(100)-2x1 structure. A hot tungsten-spiral filament was
used to produce atomic hydrogen. The filament was ~5 cm away from the Si(100) substrate
and heated to ~1800 K when the chamber was backfilled for a period of time, about 12 min,
with H, to a pressure P of about 1x107 torr. From the geometry of the filament and the
samples, it was estimated that the incident angles of the H atoms was less than ~25° from the
normal. The apparent H, exposure is presumably proportional to the actual dosage of
hydrogen atoms on the surfaces.
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Figure 2.7 A chart of the sample current vs. corresponding temperature.
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2.5 Tip Preparation

All STM tips are prepared with the traditional DC drop-off method, as shown in Fig. 2.8.
The tips are typically made from cut-to-size tungsten (W) wire with diameters about 0.38 mm.
The tungsten wire is electrochemically etched to produce the STM tips. It is an easy way to
produce the tip. A piece of the tungsten wire and a cylindrical stainless steel are then inserted
into a solution of 2M NaOH. The depth of the tungsten wire is about 1.5 ~ 2 mm below the
solution level. A positive voltage about 7 V is applies to the tungsten wire. This wire acts as
the anode while the cylindrical stainless steel acts as the cathode (shown in Fig. 2.8). At the

anode and cathode the following reactions will take place:

Cathode : 6H,0+4e — 3H,, +60H"
Anode W, +80H™ — WOj; +4H,0 +6e"
Total reaction: W, +20H™+2H,0 >WO; +3H,,, ... ... ... . (2.8)

The reaction etches the wire at the interface of air and the solution. This part then gets
thinner and thinner, thereby forming a neck. The weight of the wire down below in the
solution will eventually break the neck and causing the immersed portion of the tip to fall off.
Therefore, a desired atomic tip is produced. Etching is usually stopped at this point by a
feedback controller that senses the reduction in current. To remove the residual NaOH
solution from the tip surface the tip are then been soaked in distilled water for 30 minutes and
cleaned by pure methanol. The whole electrochemical etching process takes about 20

minutes.
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Figure 2.8 The sketch of the etching procedure for the tungsten tip. The tungsten wire is
electrochemically etched to produce atomic tips. A tungsten wire is vertically inserted in a

solution of NaOH as the anode. A cylindrical stainless steel is also inserted in this solution as

the cathode. A positive bias is placed on the tungsten wire.
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Chapter 3 Correlation of Reaction Sites during the Chlorine
Extraction by Hydrogen Atom from CI/Si(100)-2x1

The CI abstraction by gas-phase H atoms from a Cl-terminated Si(100) surface was
investigated by scanning tunneling microscopy (STM), high-resolution core level
photoemission spectroscopy, and computer simulation. The core level measurements
indicate that some additional reactions occur besides the removal of Cl. The STM images
show that the Cl-extracted sites disperse randomly in the initial phase of the reaction, but
form small clusters as more Cl is removed, indicating a correlation between Cl-extracted
sites. These results suggest that the hot-atom process may occur during the atom-adatom

collision.

3.1 Introduction

The extraction of adsorbates on both metal and semiconductor surfaces by impinging
hydrogen atoms has attracted attention as a model system for understanding the
fundamental dynamics of gas-surface reactions.[15-19] One of the many model systems
among these studies is the production of HCI gas species from a Cl-terminated Si(100)
surface [CI/Si(100)]. In this system, an incident H-atom flux reacts with Cl atoms adsorbed

on the Si(100) surface and produces gaseous HCI molecules: Hg)+Cl(aq)/Si(100) —

HCl4+Si(100). This gas-surface reaction has practical applications for Cl reduction in Si
atomic layer epitaxy at low temperature[1] and for the dry etching process in very large
scale integration.

One of the main scientific issues behind these studies is to examine the role of three
disparate surface reaction mechanisms at the gas/solid interfaces. In the idealized
Langmuir-Hinshelwood (LH) mechanism, two reagents react after they have been
chemisorbed and are in thermal equilibrium with the surface. Most surface reactions are
believed to occur by this method. In the idealized Eley-Rideal (ER) mechanism, a direct,
single gas-surface collision is responsible for the reaction between an incident gas-phase
species and another adsorbed reagent. The occurrence of this pathway has been clearly
demonstrated by Lykke and Kay[20] and by Rettner.[18] In the hot-atom (HA) mechanism,
a trapped incident gas-phase species bounces a few times or diffuses for a short distance
before reacting with another adsorbed reagent. This pathway falls between the two

idealized pathways and has been shown to be the dominant reaction mechanism for the
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production of both Hzand HCI in the reaction of H atoms with H- and Cl-covered metal
surfaces.[15, 21]

Halogen and hydrogen atoms form strong bonds on a semiconductor surface and
barely diffuse at near room temperature.[9] Therefore, surface species are likely to retain
their position after an extraction of halogen by an incident H atom.[22] Utilizing Auger
electron spectroscopy and temperature-programmed desorption (TPD) mass spectroscopy,
Cheng et al. found that the halogen removal rate by His first order in both the CI/Br
surface coverage (0ci, 6gr) and in the H flux (Fu).[23] They also reported activation energy
of 91 meV per CI removed and concluded that the H-extraction process follows an
Eley-Rideal reaction mechanism, where the surface reaction is mainly driven by the high
internal energy of incident atomic hydrogen. Using time-of-flight scattering and recoiling
spectroscopy to measure the real-time surface H and Br coverage, Koleske and Gates
verified that the removal rate of Br on the Si(100) surfaces with H atom has a linear
dependence on both #g, and Fybelow 500 °C.[19] In addition to the linear dependence on
Osr and Fy, the same reaction on the Si(111) surface also has a linear dependence on the
hydrogen coverage 64, indicating a more complex Kinetics. The linear dependence of the
reaction rate on #g, is consistent with an ER pathway. However, the structure dependence of
the reaction leads to the suggestion that the H atom may be partially accommodated at the
surface in a mobile “hot precursor” state before the reaction with the adsorbed Br. From the
theoretical aspect, Kim et al. studied the H)+Clq)/Si(100) system using the classical
trajectory approach and concluded that all reactive events occur through a localized ER

mechanism.[24]

As mentioned earlier, previous experimental studies employed various spectroscopic
techniques to measure the kinetics and dynamics of the gas-surface reaction. Hattori et al.
first investigated the fact that atomic hydrogen extracts chlorine from Si(111)-7%7 using a
scanning tunneling microscope (STM).[25] The authors showed that Cl atoms are extracted
from the Cl-covered Si(111) surface by atomic H, and that the surface Si atoms, after H
bombardment, are terminated with H atoms. The clean Si(100) surface after Cl termination
at room temperature has a relatively simple structure: The silicon dimers retain their
bonding and the surface layer consists of rows of CI-Si-Si—Cl species.[26, 27] The surface
species exhibit the same dimerized structure, namely, —-Si-Si-Cl, -Si-Si-, H-Si-Si—, and
H-Si-Si-H after immediate Cl extraction and further H adsorption.[27, 28] Taking

34



advantage of these facts, we utilized both the synchrotron radiation photoemission
spectroscope and the STM to observe the CI/Si(100) surface in atomic resolution after
H-atom exposure. By comparing the results from the measurement with those from the
computer simulation, it is evident that the reaction does not occur simply as the result of a

single collision with unitary reaction probability between the gas atom and the adatom.
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3.2 Experiment Details

The Si(100) samples were sliced from Boron-doped wafers with a dopant
concentration of approximately 1.5x10 cm™>. After outgassing at ~900 K for ~12 h, a
dimerized clean Si(100) surface was obtained by dc Joule heating to ~1450 K for a few
seconds. After direct heating, chlorine molecules were introduced through a leak valve and
a stainless-steel tube to the sample surface at room temperature to form the Cl-terminated
Si(100)-2x1 structure. A hot tungsten-spiral filament was used to produce atomic hydrogen.
The filament was ~5 cm away from the Si(100) substrate and heated to ~1800 K when the
chamber was backfilled for a period of time T with Hzto a pressure P of about 2x10 " torr
without sensitivity correction. Maxwell’s distribution expects the kinetic energy of the
dissociated H atoms from the hot filament surface to be 0-230 meV. From the geometry of
the filament and the samples, it was estimated that the incident angles of H atoms was less
than ~25° from normal. The apparent Hzexposure, i.e., P x T, is presumably proportional to
the actual dosage of hydrogen atoms on the surfaces. The atomic hydrogen flux was not
measured directly in the present study. Instead, the apparent exposure in Langmuir (1

L=10"°torr s) is used as the relative measurement of H dosage on the CI-Si(100) surface.

The photoemission spectra were observed at the Taiwan Light Source laboratory in
Hsinchu, Taiwan. Synchrotron radiation from a 1.5 GeV storage ring was dispersed by a
wide-range spherical grating monochromator. The photocurrent from a gold mesh
positioned in the synchrotron beam path was monitored to calibrate the incident photon flux.
Photoelectrons were collected 15° from the surface normal and analyzed by a 125 mm
hemispherical analyzer in a-metal shielded UHV system. The overall energy resolution was

less than 120 meV. The STM measurement was performed in a separated UHV chamber.
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3.3 Results

3.3.1 Photoemission results

High-resolution core level photoemission spectroscopy can be used to distinguish
atoms at nonequivalent sites and in different chemical bonding configurations, according to
shifts in their binding energy. Figures 3.1(a) and 3.1(b) show the respective
surface-sensitive Cl 2p and Si 2p core level spectra (circles), and their decomposition into
constituent components from the CI-Si(100)-2x1 surface before and after H bombardment
at 325 K for various dosages. All fitting was least-squares fitting.[29] Each component
that consists of a pair of spin-orbit split doublets is assumed to have thesame Voigt line
shape.

The CI 2p spectra in Fig. 3.1(a) can be analyzed with a component that consists of a
pair of split doublets separated by 1.60 eV. The binding energy of these Cl 2p spectra
relative to that of the corresponding Si 2p remains at 99.60 eV, suggesting that the Cl atoms
form similar Si—Cl bonds. Figure 2 plots the integrated intensities of the Cl 2p spectra (Ic)),
which are proportional to the surface CI coverage. The integrated intensity of the bottom
spectrum is normalized to be 1.0 because the chlorine coverage is nominally 1 ML for the
Cl-saturated Si(100) surface prior to H-atom bombardment. I¢, decreases linearly with the
dosage of H atoms in the early stage, indicating that Cl atoms were removed by impinging

H atoms. This result is consistent with a previous study.[23]

The bottom spectrum in Fig. 3.1(b) shows the Si 2p core level spectra for the
CI-Si(100)-2x1 surface. This Si 2p spectrum consists of two components, B and Si”,
separated by about 0.9 eV. The B component is responsible for emission from the bulk and
the Si+ component from the surface Si—-Cl species.[30] As the exposure of atomic
hydrogen increases, both the intensities of the Si* component and the CI 2p spectra drop off.
This occurrence suggests that H atoms reduce the surface Cl coverage, similar to the
findings of a previous report.[23] After >1000 L of apparent exposure, the line shape of Si
2p is similar to that [top spectrum in Fig. 3.1(b)] obtained by direct, high-dosage hydrogen
exposure on the clean Si(100)-2x1 surface at room temperature.[31] This observation
indicates that hydrogen atoms terminate nearly all surface dangling bonds and form a

mixture of dihydride and monohydride surface when most Cl atoms are extracted. It should

37



be noted that a small component labeled Siz+emerges in Fig. 3.1(b) after H impingement.
The chemical shift of Si?*, around 1.78 eV on the higher bonding energy side of B, is
consistent with a charged state of +2 for Si atoms and is responsible for SiCl, species.[26]
Presumably, the SiCl, species were formed as a consequence of the highly exothermic
uptake of halogens during the extraction. Although more study is needed, the emersion of
the dichloride species implies that impinging H atoms induces other surface reactions

besides extracting upon collision with a surface adatom.
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Figure 3.1 The (a) Cl 2p and (b) Si 2p core level photoemission spectra (circles) for the
CI-Si(100)-2x1 surface and the same surface after various apparent H-atom dosages as
labeled. The solid curves are fits to the spectra. The curves labeled B (long dashed curves),
Si* (dashed dot), and Si?* (short dashed curves) are the results of decomposition of the Si
2p spectra into contributions from the bulk, Si—Cl, and CI-Si—Cl species, respectively. The

energy zero in (b) refers to the 2p3/2 bulk position for the CI-Si(100)-2x1 surface. To

eliminate the band bending effect, the relative binding energy for the Cl 2p refers to the

corresponding Si 2p3/2 line of the B component in (b).
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3.3.2 STM results
The clean Si(100) surface consists of rows of dimers, where the two dangling bonds
from the two atoms in a dimer form a weak = bond.[32] Cl adsorption on a clean Si(100)

surface saturates the dimer dangling bonds while preserving the basic (2x1) dimer structure

without buckling, as shown in Fig. 3.3(a).[9, 33] In Fig. 3.3(a), a handful of dark sites can
be discerned, each occupying one side of a CI-Si—Si—Cl species. As Figs. 3.3(b) and 3.3(c)
show, the density of these dark sites increases with the H exposure. The dangling bonds
generated during the Cl removal exhibit a higher apparent height due to enhanced tunneling
near the Fermi level, and they are highly reactive to further H adsorption.[34] The dark sites
in Fig. 3.3 are H-terminated sites. The initial H coverage on the CI/Si(100) surface is less
than 0.02 ML. The presence of some initial surface H is likely due to the residue in the
cleaning process and/or the adsorption of impurity by the HCI molecules in the Cl, gas
source. The remaining Cl coverage after H exposure can be obtained by directly counting
its density in the STM images. The results are plotted in Fig. 3.2. Since the STM and
photoemission measurements were performed in different chambers, the actual H dosages

for the two measurements are different but proportional, as shown in Fig. 3.2.

When the substrate temperature is held at RT during H-atom exposure, a reaction site,
where a Cl atom is removed by an H atom and an H atom is subsequently adsorbed,
presumably undergoes no diffusion.[22, 35] The brightest humps in the images are likely
weakly bonded terrace SiCl, moieties, as evident from the photoemission spectra and as
discussed in the previous section. In addition, the remaining Cl-terminated sites and bright
humps, and most of the reacted sites in Figs. 3(b) and 3(c), appear to be H terminated. At
first glance, the H-terminated sites, or the Cl-extracted sites, appear to be randomly
dispersed. However, as will be analyzed and discussed in the following section, the density
and the sizes of the clusters grouped together in neighboring Cl-extracted sites are larger
than those created by random extraction. At higher H-atom exposure, even twodimensional
islands with a H/Si(100)-2x1 structure, as shown in Fig. 3.3(c), can be easily found. Figure
3.4 shows an STM image for the H)+Clq)/Si(100) reaction at a substrate temperature of
~600 K. Similar isolated dark sites occupying one side of a dimer can be easily identified,
since they are H-terminated sites after Cl extraction. The density of the Cl-extracted sites
increases as the H-atom dosage and the clustering of reaction sites become evident at higher

H-atom dosage. The results are similar to those obtained at near room temperature.
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Figure 3.2 ClI coverage calculated from the integrated intensities of the ClI 2p core level
spectra in Fig. 3.1(a) (solid squares) and from those counting from the STM images (open

circles). The initial coverage is nominally 1.0 ML based on the STM result.
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apparent dosages of H atoms. The sample bias used was +2 V. In (a) the green rectangle

box, running from the upper right to the lower left, encloses a row of five CI-Si-Si—Cl
(monochloride) species. A surface Cl atom appears as a bright protrusion and forms a
narrow ellipse with another in the neighboring monochloride row in the image. Notably
each of two nearest Cl adatoms in the empty state images are not from a single CI-Si-Si—Cl
species, but are a part of two adjacent CI-Si-Si—Cl species. The green and blue arrows
point to a missing dimer defect site and a H-termination site, respectively. The inset in (c)
shows a 2x1 area of nearly complete H termination after Cl extraction. The size of a 1x1
unit cell in the image is 3.84x3.84 AZ,
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Figure 3.4 STM images of the CI/Si(100)-2x1 surface after 12 L apparent dosages of H
atoms at a sample temperature of 600 K. The sample bias used was +2 V.
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3.4 Discussion

In the ER mechanism, a Cl-extraction reaction occurs via a collision-induced reaction.
The calculated cross section is smaller than a unit cell within a small proximity around the
spot where an H atom strikes.[24] The gas-phase H atoms impinge on the surface in a
random fashion. In this scenario, a new Cl-extracted site is generated no matter what
neighboring chemical environment surrounds the site where an H atom strikes. In other
words, the extraction probability upon collision with an H atom is not changed when a
CI-Si surface species is neighboring one or more dangling bond sites or monohydride sites.
If this scenario is valid, then the distribution of the Cl-extracted sites by the random and
sequential impingement of gas-phase H atoms will be completely random in the STM

images.

Figures 3.5(a)-3.5(c) show the results of the impingementsite distribution from the
computer simulation based on this assumption. In the simulation, a reactive site is randomly
generated since the impact parameter found in the classical trajectory approach is small.[24]
In Fig. 3.5, the Cl-extracted sites are classified into eight categories, and are marked in
different colored intensity scales (labeled 0-8), according to the degree of reaction-site
clustering. A site in categories numbered k =0, 1, 2, and 3 is a Cl-extracted site with 0, 1, 2,
and 3 of its four nearest neighboring Cl-extracted sites (labeled s = 1-4 in Fig. 3.6),
respectively. If a Cl-extracted site with its four nearest neighboring CI extracted is called a
“surrounded site,” a site in category 4, 5, 6, 7, and 8 is a surrounded site and has 0, 1, 2, 3,
and 4 nearest neighboring surrounded sites, respectively. In the classification scheme, the
category number k of a Cl-extracted site indicates the number of other extraction reactions
occurring in its immediate vicinity. Therefore, the larger the cluster formed by the
Cl-extracted sites, the darker the cluster appears in the image.

Figure 3.6 displays the “unnormalized” pair distribution function (g’) of Cl-extracted

sites,

g(j)=g(jo=—3 nl)

N i m(j) &

where ni(s) is the number of sth-nearest-neighbor Clextracted sites around the ith

Cl-extracted site (labeled 0 in Fig. 3.6), 0 denotes the coverage of the Cl-extracted sites, and
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m(s) denotes the number of sth-neighbor sites.[14] As expected, the pair distribution g’
obtained from the simulated images is roughly equal to 6, independent of site index s.
Figure 3.6 shows that g’ calculated from simulation images such as Figs. 3.5(d)-3.5(f) is in
agreement with those expected for a completely random distribution. In contrast, g’ for
nearest neighboring sites s = 1-4 obtained from STM images is boosted by about 20%. g’
for next nearest neighboring sites s = 5-10 is also boosted at higher coverage. The deviation
of g’ from the mean coverage 6 suggests the existence of correlation and interaction
between Cl-extracted sites and, therefore, rules out the pure ER process with unitary
reaction probability.

To further examine whether or not the cluster formation of Cl-extracted sites results
from random H impingement, STM images taken after the reaction were digitized and are
shown in Figs. 3.5(d)-3.5(f) in a similar fashion to those in Figs. 3.5(a)-3.5(c). A direct
visual comparison between Figs. 3.5(b) and 3.5(e), and Figs. 3.5(c) and 3.5(f) suggests that
the site population for categories with a greater k obtained from the STM measurement
[Pstm(K)] is greater than that [Psim(k)] from the corresponding simulated images. Their

ratios Pstm(K) / Psim(K), plotted in Fig. 3.7, deviate significantly from 1.0, especially for k>

4. This finding also indicates that the simulation based on the assumption of a pure ER
process deviates from the experimental results. The cluster formation of Cl-extracted sites
can only be realized if an impinging H atom “senses” the chemical environment in a small
(HA) or large (LH) range beyond the collision spot. The sizes of the clusters in Figs.
3.5(d)-3.5(f) are not large; the larger-than-expected pair correlation found in the small
coverage of the extraction reaction sites is limited to the nearest neighboring sites (s = 1-4).

These facts suggest that the reaction of Cl extraction likely follows that of the HA process.
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Figure 3.5 Distribution of Cl-extracted sites obtained from [(a)-(c)] simulation and
[(e)—(F)] STM. The coverage of Cl-extracted sites in monolayer is labeled. The simulation
starts on an area which initially consists of 50x50 CI adatom sites. A Cl-extracted site is
classified into eight categories and represented by a 1x1 cell of different colors as indicated.
The “digitalized” STM images were obtained from parts of STM images typically about

30x30 nm?in size.
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Figure 3.6 The Cl-terminated CI-Si(100) surface and the unnormalized pair distribution
function of Cl-extracted sites vs the neighboring site s obtained from a set of the STM
images (circles) and the simulation (squares), and the completely random distribution
calculation (dashed curves). The coverage of Cl-extracted sites in monolayer is labeled. The
inset shows the CI/Si(100)-2x1 lattice; each circle corresponds to an initial Cl adatom site.
Numbers mark the respective sites around a Cl-extracted site at the center position (labeled

0). The distribution functions obtained from several STM measurements and simulations

vary slightly for each s, but their overall trends are the same.
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3.5 Conclusion

Distinguishing a detailed surface reaction mechanism has been an important but
difficult issue. The Hg+Claqg)/Si(100) is an important prototypical system for the study of
the ER, HA, and LH mechanisms. In our work, a combination of atomic resolved STM
images, spectroscopic measurements of core level photoemission and computer simulations
provide a detailed picture of the atomic processes involved in this seemingly simple
gas-surface reaction. The core level measurement and STM images observed the formation
of SiCl; surface species, indicating that “some” additional reactions occur beside the
removal of Cl upon impingement of H atoms. Analysis of the STM and simulated images
shows that the Cl-extracted sites are correlated to the neighboring Cl-extracted sites. These
experimental results cannot be explained by the pure Eley-Rideal process with unitary
reaction probability. We recognize that other mechanisms, for example, an Eley-Rideal
abstraction process with a reaction probability which depends on the local surface coverage
of Cl and maybe H, might possibly lead to our results. However, our findings and
consideration lead us to believe that the HA process likely occurs during the atom-adatom

collision. Further study is needed to better understand the nature of the gas-solid reactions.
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Chapter 4 Possibility of direct exchange diffusion of hydrogen
on the CI/Si(100)-2x1 surface

The diffusion behavior of hydrogen substitutional sites on the chlorine-terminated
Si(100) surface was investigated at elevated temperatures using time-lapse scanning
tunneling microscopy (STM). STM movies show that each hydrogen atom undergoes
Brownian motion within a monochloride dimer row. The position of a hydrogen
substitutional site is exchanged directly with that of an immediate neighboring chlorine
atom in either the same dimer (intra-dimer diffusion) or in one of the two adjacent dimers
in the same row (intra-row diffusion). Accordingly, conceptual direct exchange diffusion
(DED) in a two-dimensional lattice was experimentally observed. Analysis of STM movies
at various temperatures yielded rather low attempt frequencies and energy barriers, leading
to the suggestion that the diffusion mechanism involves an intermediate low-energy
molecular state. Density functional theory (DFT) calculations were also performed and

provided partial support for the proposed diffusion mechanism.

4.1 Introduction

The diffusion of atoms, molecules and small clusters is one of the fundamental
processes that occur on surfaces.[36-39] A thorough comprehensive understanding of the
surface diffusion mechanisms at an atomic level is extremely important to the technological
development of surface catalysis and several nanofabrication processes such as thin film
growth and etching. An atom can diffuse by exchange of position with that of a neighbor,
either directly or by rotation.[40] Such diffusion does not involve defects and commonly
requires high energy, so the probability of its occurrence is expected to be very low and
most diffusion processes discussed in the literature proceed by the exchange of an atom

with a neighboring vacancy defect.

The typical description of vacancy-driven surface diffusion is that an adatom hops
among adsorption sites on a surface lattice via transition sites at a rate that increases with
temperature. Although this conventional model of adatom diffusion via nearest-neighboring
jumps generally requires a minimum of an activation energy of diffusion Ea, various
pathways for surface diffusion have been identified both theoretically and
experimentally.[37, 41, 42] For example, hydrogen has been demonstrated to diffuse on

clean metal surfaces by quantum tunneling, in a process that is called tunneling diffusion.[43]
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Adatom displacements to the adsorption site of a non-nearest-neighbor, known as long jumps,
have also been shown experimentally to proceed at temperatures as low as 0.1 T, (melting
temperature) and to dominate the diffusion process over single jumps at elevated
temperatures in some cases.[37, 44] Another particularly interesting example of an
unconventional mechanism is diffusion via atomic exchange.[37] This process involves
exchange between an adatom and an adjacent atom in the surface lattice. Atomic exchange
processes have been demonstrated take place in both hetero-diffusion and self-diffusion. In
the three dimensional case, a similar exchange diffusion mechanism without defects has
been occasionally proposed to explain some new diffusion phenomena in solids.[45] This
exchange diffusion is commonly referred to as concerted exchange (CE). However, CE does
not seem to occur in practice since the associated transition state requires a high input of

energy for the simultaneous and cooperative motion of more than one atom at a time.

This work describes a newly observed diffusion phenomenon on the Cl-terminated
Si(100) surface. Scanning tunneling microscopic movies reveal that hydrogen substitutional
defects migrate within the top chlorine layer and that this process is thermally activated.
Hydrogen substitutional sites diffuse at moderate temperature without the participation of
vacancies. In the simplest model — direct exchange mechanism or DED, an H-site and a
neighboring Cl-site in the surface lattice swap positions directly. This investigation
proposes a model of this diffusion process and performs ab initio energy calculations. The
success and discrepancy of this model and other alternative explanations are also discussed.
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4.2 Experiment Details

The diffusion process was examined in real space and real time at atomic resolution by
using a variable-temperature scanning tunneling microscope (STM) in a vacuum chamber
with a base pressure of 1x10™° torr. Samples of Si(100) were prepared from commercial
wafers, outgassed in the vacuum chamber, and then heated by direct Joule heating to ~1400
K to generate clean and well-ordered surfaces with reconstructed dimers. After the clean
Si(100) surface was cooled to almost room temperature, ultra-pure gaseous chlorine was
introduced to the sample surface through a precision leak valve and a stainless-steel tube.
The substrate was heated by passing a controlled dc current directly through the sample.
The sample temperature that corresponds to each current was obtained using an infrared
optical pyrometer and calibrated by gluing a tiny type-K thermocouple to the center of the
sample following the final last STM run. The uncertainty in the temperature measurement
was estimated to be approximately 5 K. All STM images were captured in constant current
mode. Various bias voltages were applied to support the positive identification of the
various different surface species with negligible tip-induced diffusion. However, all of the
images presented below were taken at a sample bias of -2.2 V and a tunneling current of
~0.1 nA.

Calculations of diffusion barriers were conducted using using density-functional theory
(DFT) calculations within the local-density approximation in the Vienna ab-initio
Simulation Package (VVASP).[46] Briefly, the Ceperley-Alder exchange-correlation
function,[47] as parameterized by Perdew and Zunger,[48] was utilized. A repeated-slab
supercell model was also applied. Each slab comprised eight atomic layers of Si and adlayers
of Cl and H on the top surface. The bottom two silicon layers were constrained to remain in
bulk-like positions. H atoms were attached to the bottom-layer Si atoms to saturate their
dangling bonds. The heights of the supercell in the [100] direction were fixed at 20 A, which
was large enough to prevent coupling between the slabs, even when Cl and H were adsorbed
on both Si surfaces. The wave functions were expanded using a plane-wave basis with an
energy cutoff of 25.72 Ry (350 eV). The electron-ion interaction pseudopotentials that were
supported by VASP were evaluated using the projector-augmented wave (PAW) method. A
(4x4x1) k Monkhorst-Pack grid, equivalent to eight irreducible k points, was adopted to

sample the surface Brillouin zone of a unit cell, which was two dimer rows wide with four
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dimers in each row. The structure was optimized until the residual force that acted on each
atom was less than 0.01 eV/A. Then, the nudged elastic band (NEB) method was used to
determine minimum barrier energy diffusion paths between known initial and final

geometries.[49]
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4.3 Results and Discussion

The Si(100) surface has been well characterized because of its importance in
fundamental science and technology. In a clean Si(100) surface, bulk truncated silicon
surface atoms pair into dimers, eliminating one dangling bond per atom to reduce the
surface free energy. Each surface Si atom has one dangling bond and the clean Si(100)
surface.[32] The interactions of hydrogen and halogen with silicon surfaces have been
extensively experimentally and theoretically examined because fundamental interest in their
importance to etching and growth processes.[32, 50-52] Many works have established that
Cl atoms are singly bonded to dimer dangling bonds on Si(100) while the dimer structure is
preserved without buckling, forming a (2x1) monochloride surface. A hydrogen atom also
forms a similar single bond with a Si dangling bond and, therefore, readily replaces a
Cl-terminated site without modifying the dimerized substrate structure, as displayed in Fig.
4.1(a).[23, 53]

4.3.1 STM results

Figure 4.1(b) shows that the initial CI/Si(100)-2x1 surface is well ordered following
saturated exposure to Cl, at room temperature, with a few randomly located “dark” sites
that are substituted for a single Cl site. Most of these defects are isolated and have a
typical density of < 2%. Similar dark-looking sites can also been formed by exposure to a
beam of light H atoms on the CI/Si(100)-2x1 surface. The “dark” sites generated either by
an atomic H beam or by Cl, exposure show the same characteristics, as revealed by STM
images obtained under various conditions and scanning tunneling spectra, suggesting that
all these “dark” sites are hydrogen substitution sites, or H-sites.[53] These H-sites formed
during the CI, exposure are perhaps due in part to chemisorption during sample flash at

high temperature.

CI/Si(100)-2x1 surfaces with various amounts of H substitutional defects remain clean
and stable for days under UHV conditions at room temperature. H-sites are static at room
temperature and are observed to become mobile in STM images acquired at sample
temperatures of above ~500 K. Figure 4.2 presents four representative and consecutive
STM images from an STM movie of a (2x1) chlorine terminated Si(100) surface that was
maintained at 560 K. In the images, H-sites usually move one atomic step a time to occupy

a Cl-site either on the opposite side of the same dimer (intra-dimer diffusion) or on the
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neighboring dimers in the same dimer row (intra-row diffusion). After hydrogen has been
displaced, the H-site does not become an isolated dangling bond, but appears as a Cl-site. A
dangling bond is apparently higher than a Cl-site in the STM images, and so they can be
easily distinguished.[11] Restated, an H-site appears to diffuse by the exchange of its
position directly with that of a neighboring Cl-site. A displacement of two atomic steps can
occasionally be observed between two consecutive images. The non-nearest-neighbor
jumps occurred less frequently as the interval between two STM images were shorted,
suggesting that most of them involved two single-jumps (two consecutive intra-row
diffusion steps or a combination of an intra-row step and an intra-dimer step). The diffusion
of H-sites to a neighboring dimer row is rarely observed.

Many STM movies were obtained and diffusion rates were calculated between 530
and 615 K. As the sample temperature increased, the H-sites diffused more frequently,
suggesting that this process was thermally activated. Figure 4.3 plots the diffusion rates
obtained from STM movies are plotted as a function of inverse temperature. The plots
follow closely the Arrhenius law and yield an energy barrier of 1.29 eV and a prefactor of
1.31 x 10° s for intra-row diffusion. Intra-dimer diffusion has a prefactor 6.64 x 10" s*and a
slightly smaller energy barrier, of only around 1.17 eV. The values of the prefactors are
orders of magnitude lower than the universal prefactor of 10" s, suggesting a more
complex process than that of a vacancy-driven diffusion and/or considerable perturbation of
the substrate during diffusion.[37, 38, 54] The activation energies obtained here are
considerably lower than those of intra-row H atomic diffusion (1.7 eV),[35, 55] but higher
than that (1.0 eV) of H intra-dimer diffusion and that (1.1 eV) of CI diffusion on a clean
Si(100) surface.[56, 57]
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Figure 4.1 (a) Ball and stick model of Cl-terminated Si(100) surface. The top-layer ClI
atoms are green and a substitute H atom is red. Cl atoms each terminate a dangling bond on
the Si surface with dimer reconstruction. (b) STM image of Cl-terminated Si(100) surface
taken at room temperature. The dark defects are H substitution sites. The blue rectangle
delineates the area that is schematically presented in (a). Vs = -2.2 V; |, = 0.22 nA. Image
size ~74x74 A?,
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Figure 4.2 (a)-(d) Four consecutive STM images from movie (20 s/frame). The relative
recording time of each image in seconds is indicated at the bottom left corner. The arrows
indicate intrarow (blue) and intradimer (green) diffusion of an H site. The black arrow in (b)

indicates the result of two jumps between the two frames. Image size ~74x49 A
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Figure 4.3 Arrhenius plots for intra-dimer and intra-row H-CI exchange diffusion. The solid
lines are fits. These lines yield an activation barrier E; of 1.29 + 0.05 eV and a
pre-exponential factor vo of 10%**%° s for intra-row diffusion in the dimer row direction

and E; = 1.17 + 0.06 eV: vy = 10”825 s for intra-dimer diffusion.
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4.3.2 Model of DED mechanism and NEB calculations

As described above, the diffusion of hydrogen substitutional sites involves the
concerted motion of H and nearest Cl atoms. Si-Cl and Si-H bonds have large bond energies
of 3.956 eV and 3.301 eV, respectively. If the concerted motion of the H and Cl atoms involve
the simultaneous breaking of Si-Cl and Si-H bonds, then much energy will be clearly
required. However, the diffusion barrier is similar to those of simple H-adatom diffusion.
Accordingly, a key question that is raised by the DED model is as follows: if two surface
atoms with strong chemical bonds with a substrate are responsible for H diffusion, then
how do they organize themselves into a low-energy state during the process? Notably H-Cl
has a large bond energy of 4.444 eV. Hence, a natural conjecture is that two nearby
intra-dimer or intra-row H and Cl atoms form an HCI-like molecular configuration as an

intermediate product, and then switch positions during rebonding.

In an effort to confirm the existence of an HCI molecule as an intermediate state, the
NEB method built in the VASP code was employed; the NEB technique has also been applied
to determine activation energies of hopping and exchange-diffusion on surfaces. In this
calculation, a “band” of intermediate states is produced by simple interpolation along an
assumed reaction path that connects the initial state (with H and CI on a single dimer or on a
single side of two adjacent dimers in the same dimer row) with the final state (in which the
positions of H and CI are exchanged). Then, the atomic configurations in the different
geometries are iteratively optimized using only ionic-force components that are

perpendicular to the hypertangent.

Atomic configurations after NEB minimization, as presented partially in Fig. 4.4, show
that H and Cl atoms move toward their final state positions approximately in the plane
defined by <100> and along the line that connects initial H and Cl positions. During the
transition, the relevant dimer bonds remain intact; no bridge-bonded state, such as that
associated with Cl adatom diffusion, is obtained. In the image chain, the Cl atom appears to
move along the outer circle, while H remains closer to the surface. The length of the bond
between the H and Cl atoms is 1.32 A, which is close to that (1.27 A) in an HCI molecule.

The heights of the activation energy barriers obtained by comparing the initial and
transition states are large (~2.860 eV) for both intra-dimer and intra-row DED, as presented

in Fig. 4.4. This value is close to the energy (2.7 eV) required to remove the Cl and H atoms
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away from the surface and to form a H-CI bond, suggesting that both Si-Cl and Si-H bonds
are completely broken and HCI molecules are present. Although the experimental value may
be imprecise, the heights of the energy barriers (~2.8 eV) in the LDA-DFT calculations fall
outside the range of experimental uncertainty. Other modeling approaches, such as
generalized gradient approximation (GGA) with spin and tight binding, have been
demonstrated to yield values of energy barriers that are closer to the experimental results.
The interaction between atoms, molecules or surfaces at large separations is well known
commonly to be incorrectly described in LDA or GGA, which exclude long-range
interactions, such as van der Waals (vdW) forces.[58] Consider, for example, the
physisorption of HCI on ice; the physisorption energy is around 0.3 — 0.5 eV.[59] These
additional corrections and perhaps the use of more realistic image chains in NEB

minimization can yield calculated values that are closer to experimental values.

Notably, sharp STM tips can yield electric fields that are sufficiently strong to break
chemical bonds.[60] Additionally, as noted by Boland, at positive sample bias, the interaction
of the Si-Cl dipole on CI/Si(100) with the field effectively reduces the depth of the potential
energy well at a dangling bond site, effectively reducing the barrier to Cl adatom diffusion on
a clean Si(100) surface.[61] This decrease should be particularly important for sharper tips,
which generate stronger fields and field gradients. Even though negative sample bias was
applied during observation and small tunneling currents were used to eliminate the
aforementioned complications, the possibility that a sharp STM tip may have a partial role in
hydrogen diffusion cannot be excluded completely. In view of this possibility, an alternative
explanation of the STM observations that is based on the assumption that the electric field
(and current) is not strong enough to break the Si-H or Si-Cl bond, but is strong enough to
lower the energy barriers of DED through intra- or inter-dimer channels should be

considered.
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Figure 4.4 Calculated barriers of three direct exchange diffusion channels as labeled.
Selective atomic geometries for intradimer diffusion show that the transition-state atomic
configuration involves an HCI molecule. Silicon atoms are shown in navy blue; hydrogen

atoms are shown in red; chlorine atoms are shown in green.
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4.4 Conclusion

Although the concept of DED is known, DED has not experimentally observed to the
best of the authors’ knowledge. Herein, a detailed atomic view of the diffusion of hydrogen
substitution sites within the top chlorine layer on a CI/Si(100)- 2x1 surface was presented.
Atomic-resolution STM images show that hydrogen diffusion occurs via direct positional
exchange of an H-site and a neighboring Cl-site in the same row. Analysis of time-lapsed
movies indicates a thermally activated process with a barrier of E, = 1.29 eV and an
apparent prefactor vo of 1.31 x10° s for intra-row diffusion and E, = 1.17 eV; vo = 6.64
x10’ s™* for intra-dimer diffusion. The energy barriers are substantially lower than expected,
perhaps because the DED process involves an intermediate HCI molecular state. Energy
calculations based on density functional theory verify the existence of this transition state
molecule, but yield higher barriers of around 2.86 eV. The discrepancy in activation energy
suggests that corrections such as dispersive forces are required in the calculation.
Alternatively, a multiple-step process or the electric field under an STM tip may be
involved in the exchange of positions. Our findings suggest the need for further study of the
apparent DED process and open the way to further experimental investigations and

theoretical calculations of the diffusion processes.
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Chapter 5 Repulsive interactions of adsorbed Cl atoms in HCI
dissociative adsorption of Si(100)-2x1

This study investigates the surface chemistry and the ordering characteristics of
coadsorbed hydrogen and chlorine atoms, generated by the exposure of the Si(100) surface to
gas-phase HCI molecules at various substrate temperatures, by scanning tunneling
microscopy (STM), core-level photoemission spectroscopy, and simulation. Experimental
results show that saturation exposure to HCI causes all surface dangling bonds to be
terminated by the two fragment H and CI atoms and that the number of H-termination sites
exceeds that of Cl-termination ones by >10 %. This finding suggests that, in addition to the
dominant dissociative chemisorption, many abstraction reactions occur. STM images reveal
that Cl-termination sites form local 2x2 structure at 110 K and that the degree of ordering is
reduced as the substrate temperature increases. Simulation results demonstrate the
importance of including dissociative fragment-adsorbates interactions during the random
adsorption of diatomic molecules. Comparing the Cl-termination sites identified from STM
images and those predicted by simulation reveals two interaction potentialsof 9+ 1and 4 + 1
meV between a dissociative fragment Cl atom and a nearest neighboring Cl-adsorbates in the

same dimer row and in the adjacent row, respectively.

5.1 Introduction

Adsorbate-substrate interactions (ASIs) and adsorbate-adsorbate interactions (AAIs) are
of great importance in a large variety of fundamental and technical areas in surface science,
thin film growth, heterogeneous catalysis, and chemical sensing.[62] When impinging on a
surface, a molecule/an atom interacts with the substrate, and the interaction energy between
the substrate and the molecule, or the adsorbate, determines the type of reactions that occur.
Once adhered to the surface, the adsorbate can interact with another directly by electrostatic
repulsion owing to their charges,[63] or indirectly mediated by substrate reconstruction,[64]
lattice strain,[65] or surface states.[66, 67] AAls are typically weaker than ASls, but can lead
to reconstructions or pattern formations on surfaces.[68] AAls also change the sticking

probabilities of molecules and the diffusivities of adsorbates.

Often omitted in discussions of a surface process is that the single term “adsorbate” in
AAls and ASIs can refer to several species. For example, multi-atomic molecules may

dissociate into their constituent fragments when they impinge on a surface.[13] In a simple

63



case, the two separated fragments of a diatomic molecule, AB, react with the substrate and
form two new bonds, A-Su and B-Su (where Su denotes the surface), in a reaction that is
called dissociative chemisorption. Else, one of the dissociated fragments forms a single bond
A-Su and the other B is ejected back to the gas phase; this reaction is called abstractive
adsorption. Before A-Su or B-Su bonds are formed, fragment A or B can readily interact with
not only the substrate but also other fragments and adsorbates, which are previously adsorbed
fragments. When a chemisorption process is complete, the fragment-fragment or
fragment-adsorbate interactions become AAls. Strong effective repulsive forces have been
found to exist between two dissociated fragments by observing the well-separated pair-wise
adsorption of diatomic molecules and by examining the empirical “eight-site rule” that
excludes the adsorption of the second atom of a dissociated molecule at the eight neighboring
sites.[13] Since this effect is a transient, many-body effect, however, quantitative information

on the fragment-fragment or fragment-adsorbate interactions is difficult to obtain.

This investigation examines the temperature-dependent ordering characteristics of
mixed adsorbates and the energies of interaction between adsorbates and a dissociated
fragment are determined experimentally for the first time, to the best of the authors’
knowledge. Specifically, both synchrotron-radiation core-level photoemission spectroscopy
and STM are used to observe mixed H- and Cl-terminated Si(100) surfaces that are saturated
by gaseous HCI. The chemisorption and interaction Cl- and H- containing molecules on
Group IV semiconductor surfaces are of great technological importance in the semiconductor
industry.[69] HCI gas has been commonly applied in reduced-pressure chemical vapor
deposition (CVD) to grow Si, Ge and GeSi alloys.[3] HCI chemistry is also important in the
etching of silicon.[4] Both theoretical and experimental studies of the adsorption of HCI on
Ge(100) and Si(100) surfaces have been performed.[70-73] HCI molecules are suggested to
dissociate upon collision with the Si(100) surface. Each of the two dissociation fragments
subsequently terminates one surface dangling bond. In this work, Cl-terminated sites are
found to form local 2x2 structure and zigzag chains. The degree of Cl-adsorbate ordering
increases as the substrate temperature declines, suggesting a kinetic origin of adsorption of
fragment Cl atoms. Introducing repulsive interaction energies between the fragment Cl atoms
and the nearest neighboring Cl-adsorbates in the simulation yields distributions of the
adsorbed Cl and H atoms that resemble closely those obtained from STM images.
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5.2 Experiment Details

A core-level photoemission experiment was performed at the Synchrotron Radiation
Research Center in Taiwan. It involved a p-metal-shielded ultrahigh vacuum (UHV)
chamber with a base pressure of 1x10™° torr. Light from the 1.5 GeV storage ring was
dispersed by a spherical grating monochromator (SGM). The photocurrent from a gold mesh
positioned in the synchrotron beam path was monitored to measure the relative incident
photon beam flux. Photoelectrons were collected at 45° from the surface normal and analyzed
using a 125 mm hemispherical analyzer. The overall energy resolution was better than 120
meV. In decompositions of core level spectra, all fittings were least-squares fittings and each
component that consisted of a pair of spin-orbit split doublets, was assumed to have the same
\oigt line shape. The STM experiments were conducted in another UHV chamber. All
images were recorded in constant current mode at room temperature. Low tunneling currents

(240 pA or less) were used.

The Si(100) samples were sliced from doped antimony with a resistance of about 0.01
Q-cm. They were outgassed at ~800 K over 16 hours under UHV conditions. Clean Si(100)
surfaces were prepared by direct Joule heating at ~1400 K. The substrate was heated by
passing a controlled DC current directly through the sample. In the adsorption experiment at
low temperature, the substrate was cooled to 110 K using liquid N,. The substrate
temperature T was measured post-facto using a type-K thermocouple that was attached using
epoxy to the front of the sample; the results were reproducible to within 15 K. The
Si(100)-2x1:H monohydride surface was prepared by 600 K saturation exposure of the clean
Si(100) surface to atomic H. Atomic hydrogen was produced by backfilling the chamber in
the presence of a hot tungsten filament at ~5 cm away from the sample. The Si(100)-2x1:Cl
monochloride surface was prepared by 300 K saturation exposure of the clean Si(100)
surface to Cl,. Ultra-pure Cl, and HCI gases were introduced into the chamber through
precession leak valves and stainless steel tubes that face the samples. During Cl, and HCI
exposure, the chamber background pressure was about 5x10™® torr. The typical dosing time

was 60 s.
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5.3 Results

The clean Si(100) surface consists of rows of dimers (-Si-Si-), in which each atom has a
dangling bond. Saturation exposure of a clean Si(100) surface to Cl, and H atoms on at
appropriate conditions is known to cause all dimer dangling bonds to become terminated by
those atoms while preserving the backbone dimer structure, yielding a Si(100)-2x1:Cl
monochloride surface and a Si(100)-2x1:H monohydride surface, respectively.[9, 32] The
building blocks of the Si(100)-2x1:H surface and the Si(100)-2x1:Cl surface are a
monohydride dimer (H-Si-Si-H) and a monochoride dimer (CI-Si-Si-Cl), respectively, as
shown in Fig. 1.14(a). Accordingly, the co-existence of H and Cl on the clean Si(100) surface,
following either co-adsorption or sequential adsorption of the two atoms, can yield mixed
H-Si-Si-Cl surface species, in addition to H-Si-Si-H and CI-Si-Si-Cl.

5.3.1 Photoemission results

Figure 5.1(a) displays Cl 2p core level spectra (circles) of the Si(100)-2x1:Cl surface and
the Si(00):HCI surface that are obtained by saturating the clean Si(100) surface with ClI, and
HCl at Ts = 300 K. The two CI 2p spectra each have only one component, consisting of a pair
of 1.60-eV spin-orbit-split peaks, and are similar in energy and line shape but different in
intensity. These observations suggest that each dissociated Cl atom from HCI reacts with a
surface dangling bond, forming a Si-Cl bond and a Cl-terminated site (Cl-site).[30] The
intensity ratio of the two CI 2p spectra is 0.44. The Si(100)-2x1:Cl surface has nominally 1
ML of chlorine atoms (1 ML = 6.78x10" cm™). Therefore the Cl coverage of the 300 K
Si(100):HCI surface is approximately 0.44 ML. This value is less 0.5 ML, which is expected
if all HCI is dissociatively chemisorbed. H atoms terminate the remaining ~0.56 ML dangling
bonds, as the Si 2p spectra and STM images (to be discussed in Sec. I1I1B) show. Accordingly,
a certain percentage of HCI appears to be abstractively chemisorbed on Si(100) during the

passivation process and Cl is preferentially ejected back into the vacuum.

The Si 2p spectra and fits to constitutional components of the Si(100)-2x1:Cl surface,
the Si(100):HCI surface, and the Si(100)-2x1:H surface are depicted in Fig. 5.1(b). The
bottom Si 2p spectrum of Si(100)-2x1:Cl has two components, B and T, separated by about
0.92 eV. The B component is responsible for emission from the bulk and the T¢; component is
from the topmost 1 ML Si, each Si atom is terminated by CI. Similarly, the top Si 2p spectrum
of Si(100)-2x1:H consists of two components, B and Ty, separated by about 0.39 eV. The Ty
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component also derives from the 1 ML outermost Si atoms that are now H-terminated and,
therefore, the intensity ratio It /I of Si(100)-2x1:H is very close to It /1g for Si(100)-2x1:Cl.
The Si2p spectrum of the 300 K Si(100):HCI surface can be analyzed in terms of three
components, Tci, Ty and B. The intensity ratios I7, /I and Ir_/ls suggest that the coverages
of surface Cl and H are ~0.45 ML and ~0.55 ML, respectively, in close agreement with those
determined from the CI 2p spectra. Sec. IV will discuss the driven force that reduces ClI

coverage.

(a) Cl 2p Core
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Figure 5.1 The (a) Cl 2p and (b) Si 2p core level photoemission spectra (circles) for the Cl,
HCI and H passivated Si(100)-2x1 surface. The solid curves are fits to the spectra. The
curves in (b) labeled B (long dashed), Si* (short dashed) and H (dashed dot) are the results of
decompositions of the Si 2p spectra from the silicon bulk, Si-Cl and Si-H species respectively.

The energy zero refers to the 2p,, bulk position for the CI-Si(100)-2x1 surface.
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5.3.2 STM results

Upon co-adsorption of both H and Cl atoms on Si(100), Cl-terminated sites (CI-Si
species or Cl-sites) appear noticeably brighter than H-terminated sites (H-sites) in both filled
and empty-state STM images, as shown in Fig. 1.10(b). In Fig. 1.10(b), the 0.18 ML Cl-sites
were produced by exposing to Cl, a mostly H-terminated Si(100) surface, in which a portion
of dangling bonds were created by mild thermal annealing of the Si(100)-2x1:H sample at
~715 K for 50 s.[11, 12] The adsorption of Cl, on an isolated dangling bond or a dangling
bond pair of Si(100) has been demonstrated to be mostly abstractive and to be able to cause
chain reactions:[11, 13] the Si dangling bond abstracts one atom of the incident Cl,
molecule while the complementary Cl atom is scattered away from the initial abstraction
site. The complementary fragment Cl atom may be captured by a second dangling bond and
adsorbed there, or may react with a nearby H atom to form HCI that is scattered away from
the surface, leaving a new dangling bond for subsequent Cl, adsorption. The complex
adsorption processes of Cl, produces large amounts of mixed CI-Si-Si-H species even
though brief thermal annealing yields more paired dangling bonds (-Si-Si-) than unpaired
dangling bonds (-Si-Si-H).

Figures 5.2(a-c) show the STM images of Si(100) after HCI has saturated the initially
clean surfaces that were kept at 110 K, 300 K and 450 K, respectively. Many bright
protrusions can be discerned in the images; they are Cl-sites. The H-sites are not
well-resolved, but their termination of dangling bonds (DBs) between the Cl-sites is evident
and clearly revealed by the Si 2p spectra as discussed in Sec. I11A. The coverages of Cl-sites,
0.42, 0.46, and 0.40 ML associated with adsorption at 110, 300 and 450 K, respectively, vary
slightly and are in reasonable agreement with those obtained from the photoemission
measurements at RT, mentioned above. A previous study using Auger electron spectroscopy
reports an even lower Cl-coverage (0.25 ML at Ts = 100 K) and suggests that a
self-site-blocking effect causes some DBs inaccessible for HCI adsorption.[73] However, no

residue DBs are observed in Figs. 5.3(a-c).

In Fig. 5.2(a), many Cl-sites collectively form zigzag chains and areas of well-ordered
2x2 structure. Since the ratio of the Cl to H coverage is roughly 1:1, a zigzag-structured chain
is an ordered array of CI-Si-Si-H mixed-hydrides dimers, in which H-sites and Cl-sites in

neighboring dimers are anti-phase with each other. The 2x2 structure can be regarded as a
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combination of more than two neighboring zigzag CI-Si-Si-H chains with Cl-sites arranged
in phase. Restated, each of the Cl-site in 2x2 areas is surrounded by four H-sites,
suggesting that Cl-sites effectively repel each other. Figure 5.2(b) shows that the phase
correlation of the zigzag structure both in a row and between rows is reduced upon
adsorption at room temperature, yielding only short zigzag chains. At elevated substrate
temperature, STM images such as Fig. 5.2(c) show no apparent ordering of Cl-sites. Sec. IV

presents a detailed analysis of the correlation between adsorption sites.
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Figure 5.2 STM images of Si(100) after saturation dosage of HCI is applied at sample
temperature of (a) 110 K, (b) 300 K and (c) 450 K. Dashed and solid boxes enclose selected
areas with a 2x2 and a zig-zag structure, respectively. All images are obtained at room
temperature with Iy = 0.24 nAand Vs = (a) -2.46, (b)+2.27 and (¢) +2.57 V. Image size: 15

nm x 8.5 nm.
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5.4 Discussion

5.4.1 H-abstraction reaction

As mentioned in previous sections, both STM and photoemission data show that the DBs
in the clean Si(100) surface are completely terminated by either H or Cl after HCI passivation
adsorption and that the number of H-termination sites exceeds the number of Cl-termination
sites. These findings can simply be explained by assuming an additional adsorption pathway
of H surface abstraction beside the dissociative reaction. The relevant bond energies during
HCI adsorption on the Si(100) surface are 3.81 eV for Si-Cl, 3.18 eV for Si-H, and 4.28 eV
for H-CI. Thus, the energy released during dissociative adsorption suffices to break the HCI
bond (3.81+3.18 > 4.28) while that released by H-abstraction or Cl-abstraction does not (3.18,
3.81 < 4.28). Therefore, abstracted adsorption is not thermodynamically favorable to occur

spontaneously and requires the external addition of energy from the surface.

When the total coverage of H- and Cl-sites is far from saturation of 1 ML, few isolated
DBs are present on the surface; the dissociative mechanism can occur spontaneously and
should predominate. The number of isolated DBs increases as the total H- and Cl-terminated
sites cover more than ~0.7 ML because of random adsorption. Each isolated DBs has four
neighboring H-sites or Cl-sites. When an HCI molecule comes near and interacts with an
isolated DB, a precursor state that involves the DB, the HCI molecule and a neighboring
H-site (or a Cl-site) may be formed. Upon thermal excitation, the HCI molecule in this
precursor state dissociates with one of the two fragment atoms chemisorbed and the other
desorbed into gas phase, completing the surface abstraction. In this suggested scenario,
abstraction adsorption occurs via a two-step process and at high coverage. While the
measurements in this work reveal the H-abstraction reaction, the details of the reaction

process will be elucidated by further experimental and theoretical studies.
5.4.2 Correlation of Cl-occupancy between two adsorption sites

As described in Sec. I11B, STM images show apparent local ordering of Cl-sites.
Correlation functions for adsorption sites of one fragment are required to describe the
partially ordered adsorbate layer[65, 74] because the HCl-saturated surfaces are formed by
mixtures of adsorbed H and CI atoms. Twenty sites that surround a centered adsorption site

(labeled 0) on a Si(100) lattice with a dimerized structure are first indexed using an integer s,
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as shown in the inset in Fig. 5.3(a). Mirror symmetry sites, such as 2 and 3, 5 and 6, 7 and 8,
are indexed in sequence. Consider an ith Cl-site on an STM image of the Si(100):HCI surface
and label this site with the index 0. The site occupancy n;(s) is 1.0 if site s is also a Cl-site;
otherwise nj(s) = 0. The “unnormalized” pair correlation function g’(s) of all Cl-sites is

defined as

1 N
g'(s)=9(s)d =N D N (S)  certi i (5.1)
]

where N is the total number of Cl-sites in the STM image and 0 is the coverage of the CI-sites,
or the average Cl occupancy at any site in the image area. The use of g’ here, instead of the
normalized pair correlation function g, [14] is to preserve in the figures the total Cl-coverage
0, which is also an important parameter for understanding the adsorption process. From the
definition, g at a certain site s can be interpreted as the ratio of two probabilities: it is the
probability of finding a Cl-site, or the Cl occupancy, at site s divided by the average
occupation probability 6. The unnormalized pair correlation function g’(s) measures the
correlation between occupancy at site s and that at the ith Cl-site (s =0). If g’(s) is equal to the
mean occupancy 6, then no correlation exists between sites s and site 0. If g’(s) is larger
(smaller) than 0, then the ith Cl-site increases (reduces) the Cl occupancy at site s, which is
positively (negatively) correlated with site 0. From STM images in Figs. 3(a-c), the g’ for
each s can be calculated using Eq. (1); Figs. 5.3(b)-5.3(d), respectively, plot the results. To
clarify the correlation between the Cl-occupancies of the two neighboring sites, the pair
correlation function g’ for each site is also represented on a gray scale in the insets in Figs.
5.3(b)-5.3(d). As displayed in Fig. 5.3(b), the Cl occupancy of sites that are separated by
more than two units of the lattice constant, such as s = 15 to 20, has a background value of
0.42, which is the mean CI occupancy, 8. The occupancies for the three nearest neighboring
sites, which are indexed 1, 2, and 3, are markedly lower than 6, but noticeably higher for s =

5, 6, 9, 10, which are all two single-lattice jumps away and in the same row as s = 0.

Figure 5.3(c) plots results concerning room-temperature adsorption. They reveal
essentially the same trends: the g’ values at sites within two units of the lattice constant (s = 1
to 12) deviate from the mean occupancy, but with a lower variation than those in Fig. 5.3(b).
For the 450 K Si(100):HCI surface, the variations of g’ are even smaller, except at s = 1,
where the probability of finding a second Cl-site on the same dimer as the first Cl-site is less

than 20% of its average value. Since the two sites s = 0 and 1 are located on the two sides of
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a dimer, the negative correlation between Cl occupancy of the two sites at elevated
temperature suggests that CI-Si-Si-H thermodynamically favored over the monochloride and

monohydride dimers.

Since Cl-sites on the 110 K Si(100)-2x1:HCI surface have a higher degree of ordering
than those obtained at higher T, the following discussion focuses on low-temperature
adsorption in the following discussion. In the inset in Figs. 5.3(b), the sites farther from a
central Cl-site are moderately grey, corresponding to average occupancy. Sites 1, 2, and 3 are
darker, indicating their statistically lower Cl occupancy probability and therefore higher H
occupancy. The occupancy of the other immediate neighbor, site 4, is only slightly lower than
the average, suggesting that the site correlation is weaker in the neighboring row than that in
its row. The higher probability of H-termination at sites 1-3 indicates that, once the dangling
bond at site 0 collects the Cl atom from HCI, the complimentary H atom prefers a nearest
neighboring site in the same row and/or dissociated Cl atoms dissociated upon subsequent
impingements of HCI on these three nearest neighboring sites are driven away. The second
nearest neighbors in the same row, sites 5 and 6, have moderately higher occupancy; this

result is consistent with the formation of short zigzag chains.

5.4.3 Simulations of ordered structure of adsorbates and fragment-

adsorbate interactions

Saturation of Si(100) by HCI consists of a sequence of kinetic events. To analyze the pair
correlation functions extracted from the STM images, random adsorption simulations were
performed. In the simulations, on a Si(100)-2x1 lattice, a dangling bond that is hit by an HCI
molecule, which dissociates, is randomly selected; one of the two separated atoms (referred
to as the first atom “A”) is chemisorbed. If a randomly selected site at non-zero coverage
already has a previously adsorbed H or Cl adatom, then no adsorption is allowed and a new
site is chosen randomly. The second atom (referred to as “B”) is assumed to land with equal
probability at one of three immediately neighboring vacant sites on the same dimer row,
because the correlation of occupancy between sites in the same row is markedly stronger than
that in adjacent row, as discussed in Sec. IVA. The simulation based on this assumption is
referred to as Program I. Atom B arguably has a significant probability of reacting with a DB

in the neighboring row (site 4). Program 11 thus randomly selects one vacant site among sites
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s = 1-4. If the immediate neighboring sites are all occupied, then Program I (I1) randomly
selects one vacant site among the second nearest neighbors s = 4-8 (5-8). At high enough
coverage, all eight sites (s = 1-8) can be occupied. In this case, both programs assume that an
A-abstraction reaction occurs and B cannot be adsorbed. Without the abstraction reaction,
~10% of surface dangling bonds will be left unoccupied,[75] in contradiction with the STM
and photoemission observations. Based on these assumptions, Programs | and 11 generate the
arrangement of H- and Cl-sites, as displayed in Fig. 5.3(a). The corresponding g’s can thus be

calculated from the simulated arrangement, and the results are as displayed in Fig. 5.3 ().

Figure 5.3(a) shows that the final CI coverage is 0.5, even though the simulation
programs indicate that about 8.3% of adsorption reactions are abstractive, because the
programs include no atomic selectivity for H and CI. Program I (1) results in lower values of
g’ for s = 1-3 (1-4), because the complementary fragment B atom (H) initially seeks dangling
bonds that are immediate neighbors to A (Cl). The occupancy of all other sites is
approximately 0.5, indicating no correlation between sites 0 and s. These results from the

simulation clearly agree poorly with the experimental data.

Once formed, H- and Cl-sites on the silicon substrate are immobile at RT or below,
because of large diffusion barriers. Thus, the correlation between Cl adsorption sites is
established during the adsorption process and before the formation of CI-Si bonds. Hence, a
force is already present before the separated Cl atom is adsorbed. Based on the assumption of
the fragment-adsorbate interactions are short-range, the forces between a fragmented Cl atom
at sites 0 and a Cl-site at s = 1-4 can be described by positive interaction potentials, Vo1, Voo,
Vos, and Vg, respectively. Between CI- and H-sites, the interaction energy is negligible. The
effective substrate potential Ve experienced by the cleaved Cl atom that arrives at a DB (s =
0) is the sum of the four energies Vy; (i = 1-4). When an HCI molecule impinges on site 0, the

Cl occupation probabilities should be Boltzmann distributed according to

Vit Vo1+Vo1+Vo3+Vos
Pc| =Rcp-e KT =Rg|-e KT, (5.2)

where R¢; indicates the initial probability of Cl adsorption on a DB and is 0.5, assuming
no atomic selectivity. Equation (5.2) thus suggests a reduced probability from R¢; of Cl
abstraction at a dangling bond site which has one to four nearest neighboring Cl-sites and,

therefore, a lower coverage 0and a lower Cl occupancy at s = 1-3.
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Since the g’s for s = 1-3, which are located in the same dimer row, are similar, Program
I equalizes the potentials Vinira = Vo1 = Vo2 = Vos for simplicity, where Vinyra denotes intra-row
interaction. In the simulation, the reduced factor P¢; is also applied to the adsorption of the
complimentary B (CI) atom if H-abstraction occurs initially. All simulations of HCI
passivation processes were conducted on an area with 300150 dimers (300x300 unit cells).
In a quantitative analysis, the g’s obtained from the STM measurement is compared with that

from the computer simulations, in terms of the standard deviation o, which is defined as,

1 20 )
0= Hz(g sim,s -4 exp,s) PP (o J0% ) |
s=1

where g'sim;s and Q'exp,s are the g’s obtained by simulations and experiment,

respectively, for site s and n = 20 is the total number of calculated sites. A smaller ¢ indicates
a closer match with the simulation result and the corresponding experimental measurement.
Figure 5.5 shows an intensity plot of standard deviation o using a gray scale for 110 K
adsorption, as functions of the repulsion energies Vintra and Viner = Vos , Where Viner denotes
inter-row interaction. The darker shades indicate lower ¢ and therefore a better fit. As Fig. 5.5
indicates, the repulsion energies of about Vingra = 8.5 £ 1 meV and Viner = 3.5 £ 1 meV give
the best fit. The intra-row energy of fragment-adsorption interaction is about 1/3 of that of
adsorbate-adsorbate interaction,[76] perhaps because that the Cl fragment is a neutron radical
and not yet negatively charged. Using these energies, the distributions of Cl- and H-sites are
simulated for adsorption at 110 K, 300 K, and 450 K (not shown) and displayed in Figs. 5.4(b)
and 5.4(c). Figures 5.3(a), 5.3(b) and 5.3(c) plot the corresponding g’s. As Figs. 5.3(b) and
5.3(c) show, simulations reproduce well the overall trends in the g’s. Despite the successful
reproduction of g’s for Ts < 300 K, the simulation results for adsorption at elevated
temperature do not agree with the experimental ones, as shown in Fig. 5.3(d). Since H-sites
and Cl-sites can diffuse on Si(100) via a couple of pathways with rather low energy barriers
and the simulation programs herein do not take into account the effect of diffusion, the
simulated adsorbate distributions cannot be compared with the experimental ones. Therefore,
the disagreement in g’ at 450 K does not exclude the suggested model that is used in the

simulation and is accurate at Ts < RT.

Equation (5.2) reveals that the effective substrate potential Ve can reduce the probability
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Pci that a fragment Cl atoms bond with a DB. However, reducing R¢; can lower P¢; as well.
As mentioned above, the simulation programs assume that H or Cl is adsorbed with equal
probability on a DB that is randomly struck by a HCI molecule, such that R¢ = 0.5.
Simulations using various R¢j and Ve = 0 give rather featureless g’s and large 0, as shown in
Fig. 5.6 and, therefore, fail to predict the measurements accurately. Giving the set of the
repulsion energies found above, the simulation reproduces the unnormalized pair correlation
function g’ reasonably well over a large range of R¢;. These findings further explain the
presence of the repulsive forces between fragment atoms and adsorbates as well as the

repulsion energies found above.
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Figure 5.3 Unnormalized pair correlation function g’ obtained from simulation (a) Program
I (squares) and Program Il (diamonds) with a zero fragment-adsorbate energy of interaction;
(b-d) simulations with fragment-adsorbate energy of interaction and STM images (filled
circles) of the samples in Figs. 5.2(a-c). The repulsive fragment-adsorbate energies used are
Vintra = 8.5 meV and Viner = 3.5 meV. The insets in (a) show the lattice of Si(100)-2x1:HClI,
each circle corresponds to an H- or Cl-site. Numbers are site index s for sites that neighbor to

the central adsorbed Cl atom (s = 0). Insets in (b-c) are grey-scale representations of g’.
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Figure 5.4 Simulated distributions of coadsorbed H (circles) and CI (filled circles) sites on
Si(100)-2x1 at (a-b) 110 K and (c) 300 K. Coverages of Cl-adsorbed sites in monolayer are

given. Arrows indicate selective patches of 2x2 structure. In (2) all interaction energies are 0.

8.5 meV and Vinter = 3.5 meV.

In (b-c), the repulsive energies are Vinira
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Figure 5.5 Contour representation of standard deviation o between the simulation and STM
result (110 K) as functions of repulsive interacting energies Vinra and Viner. Simulated results

more closely match STM measurements in darker areas where o is smaller
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5.5 Conclusion

This work elucidates the kinetics of HCI adsorption on the Si(100)-2x1 surface by
integrating a spectroscopic measurement of core-level photoemission, atomic resolved STM
imaging, and computer simulations. Experimental results indicate that the adsorption
proceeds by the combination of a dissociative mechanism and surface abstraction in favor of
H fragments over Cl. During dissociative chemisorption on surfaces, the fragment-adsorbate
interactions are present and change the ordered structure of the adsorbates. Reliable values of
the fragment-adsorbates potentials can be extracted by comparing the simulated and
measured occupancy pair correlation functions. If a Cl fragment is in same dimer row as
another Cl adsorbate, then the energy of their interaction energy (8.5 meV) exceeds that (3.5

meV) when they are in adjacent rows.
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Chapter 6 Conclusions

We have studied the interactions of hydrogen (H) and chlorine (CI) on Si(100) surface
by high-resolution core-level photoemission with synchrotron radiation, scanning tunneling
microscopy, and computer simulations. The clean Si(100) surface consists of rows of dimers,
where the two dangling bonds from the two Si atoms in a dimer form a weak © bond. When H
(or CI) atoms chemisorbed on a clean Si(100) surface, the surface will preserve the basic 2x1
dimer structure without buckling. We expose Si(100)-2x1 surface to H, Cl and HCI
respectively and focus on the interactions of H and Cl atoms on silicon surface in real time
via atomic scale imaging by using STM and also in core-level photoemission and computer
simulations. The purpose of our study is to gain a better understanding and further insight in

the microscopic dynamical behavior of surface interactions.

The gas surface reaction Hg)+Clg)/Si(100) is an important exemplary system for the
study of the ER, HA, and LH mechanisms. The core level measurement and STM images
observed the formation of SiCl,surface species, indicating that some additional reactions
occur beside the removal of Cl upon impingement of H atoms. Analysis of the STM and
simulated images shows that the Cl-extracted sites are correlated to the neighboring
Cl-extracted sites. These experimental results cannot be explained by the pure Eley-Rideal
process with unitary reaction probability. We recognize that other mechanisms, for example,
an Eley-Rideal abstraction process with a reaction probability which depends on the local
surface coverage of Cl and maybe H, might possibly lead to our results. However, the
experiment results indicate that the HA process likely occurs during the atom-adatom

collision.

A detailed atomic view of the diffusion of hydrogen substitution sites within the top
chlorine layer on a CI/Si(100)- 2x1 surface was presented to investigate the direct exchange
diffusion (DED). Atomic-resolution STM images show that hydrogen diffusion occurs via
direct positional exchange of an H-site and a neighboring Cl-site in the same row. Analysis
of time-lapsed movies indicates a thermally activated process with a barrier of E; = 1.29 eV
and an apparent prefactor vo of 1.31 x10° s for intra-row diffusion and E, = 1.17 eV; vo =
6.64 x10" s for intra-dimer diffusion. The energy barriers are substantially lower than
expected, perhaps because the DED process involves an intermediate HCI molecular state.

Energy calculations based on density functional theory verify the existence of this transition
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state molecule, but yield higher barriers of around 2.86 eV. The discrepancy in activation
energy suggests that corrections such as dispersive forces are required in the calculation.
Alternatively, a multiple-step process or the electric field under an STM tip may be
involved in the exchange of positions. Our findings suggest the need for further study of the
apparent DED process and open the way to further experimental investigations and

theoretical calculations of the diffusion processes

The fragment-adsorbate interactions are present and can alter in part types of reactions
and lead to different ordered structure of adsorbates during dissociative chemisorption on
surfaces. This work elucidates the kinetics of HCI adsorption on the Si(100)-2x1 surface by
integrating a spectroscopic measurement of core-level photoemission, atomic resolved STM
imaging, and computer simulations. Experimental results indicate that the adsorption
proceeds by the combination of a dissociative mechanism and surface abstraction in favor of
H fragments over Cl. During dissociative chemisorption on surfaces, the fragment-adsorbate
interactions are present and change the ordered structure of the adsorbates. Reliable values of
the fragment-adsorbates potentials can be extracted by comparing the simulated and
measured occupancy pair correlation functions. If a Cl fragment is in same dimer row as
another CI adsorbate, then the energy of their interaction energy (8.5 meV) exceeds that (3.5
meV) when they are in adjacent rows.

The experimental works in this thesis produce much atomic-scale information of
several surface reactions and processes during the coadsorption of two mixed adsorbates on
the Si(100) surface. These findings shed new light on interactions of hydrogen and chlorine

atoms on the Si(100) surface.
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Appendix A Hard repulsive barrier in hot adatom motion after
dissociative adsorption of oxygen on Ag(001)

Random pairing simulation and low temperature scanning tunneling microscopy are
used to investigate the detailed O, dissociative adsorption processes at 200 K for various
coverages. The distribution of oxygen adatoms shows a strong repulsion between the
adsorbates with a radius of ~0.8 nm. The comparison between STM results and simulation
reveals that two prominent pairing distances of 2 and 4 nm and their branching ratio is about
2:1. These findings shed new light on the origin of the large intra-pair distances found and on

the process behind the empirical “eight-site rule”.

A.1 Introduction

The adsorption of oxygen on silver single-crystal surfaces has been widely studied in
the past decades.[77-82] This interest arises because oxygen chemisorbs on silver systems in
both atomic and molecular form and thus allows molecular dissociation to be studied at a
fundamental level. Moreover, the silver oxygen interaction is of enormous industrial

relevance: It is a familiar catalyst for epoxidation of ethylene to ethylene oxide (EO) (C,H4

+ O — C,H40) and the partial oxidation of methanol to formaldehyde (CH;OH + O —

CH,O + H,0).[83, 84] The microscopic understanding of oxygen adsorption and

dissociation is a prerequisite to understand the catalytic cycle. Thereby, the distribution of
the oxygen atoms as educts for further reactions is of particular relevance. The
identification of the catalytically active oxygen species on silver surfaces was consequently
the subject of numerous studies.[77, 85, 86] Finally, the oxidation process is interesting,
because silver oxide nanoclusters were shown to be potential candidates for optical

memories.[87]

Three oxygen adsorbed states of oxygen on Ag(001) were reported: (1) a physisorbed
molecular species,[88, 89] (2) a chemisorbed molecular species[79] below 130 K that
forms two-dimensional c¢(4x2) islands,[90] and (3) a dissociative (atomic) chemisorbed
oxygen state above 130 K with a very low sticking coefficient S of 7.4x10™ at T=150 K and
1.3x10™at T=250 K.[91] After oxygen exposure on the Ag(001) surface at 180 K, LEED
measurement exhibited a c(2x2) pattern,[77] and heating from 180 K to room temperature
led to a structural transition from c¢(2x2) to p(1x1). A combined STM, LEED and AES
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study revealed the complete complex phase diagram with a variety of different structures
depending on partial pressure and temperature.[86]

At very low coverage, Schintke et al.[80] first reported hot adatom motion on this
surface as obvious from a pairing of O-adatoms over two distinct and large intrapair
distances around 2 nm (+ 0.4 nm) and 4 nm (£ 0.4 nm) after exposing the Ag(001) surface
to oxygen at 140 K. These distances correspond to 7 and 14 surface lattice constants (SLCs)
of 0.289 nm on Ag(001). There is ample evidence that the oxygen transients are important
in a wide range of catalytic surface reactions.[92] Previous STM studies on this topic
focused on the pair distribution revealing average intrapair distances that range from ~2 to
~14 SLCs.[93-96] An effect of the adsorbate-adsorbate interaction on the transient ballistic

motions of “hot” adatoms has not yet been investigated.

In this article, we investigate the dissociation of oxygen on Ag(001) at a higher sample
temperature of 200 K and a larger coverage of ~1.7% ML, at which the average separation
of the atoms is smaller than the paring distances observed before at 140 K.[80] We compare
the distribution of adatoms found in scanning tunneling microscopy images acquired at 5 K
to simulations of random pair distributions. A hard repulsive interaction between the
oxygen atoms is found to limit the nearest neighbor distance to 0.8 nm. The comparison of
simulation and LT-STM results reveals pairing distances of ~2 nm and ~4 nm with a ration
of 2:1. This result sheds new light on the large intra-pair distances found and on the process
behind the empirical “eight-site rule”. This empirical rule excludes the adsorption of the

second atom of a dissociated molecule at the eight neighboring sites of the first atom.[97]

85



A.2 Experiment Details

The experiments were performed with a custom-built low-temperature STM in a UHV

system with a base pressure below 5x10™° mbar.[98] The single crystal Ag(001) surface is

cleaned by cycles of Ar* sputtering (3.7 LA, 0.55 keV, 25 min) and annealing (900 K, 3

min). We adsorb oxygen from the background pressure measured by a cold cathode gauge
close to the gas inlet to 1x10™° mbar and by a hot filament gauge in the main chamber to
2x10® mbar. The surface is thereby held at (200 + 5) K. At this temperature adsorption is
dissociative.[77] Exposure to 300 L and 900 L O, leads to an O coverage of 0.6 % ML and
1.7 % ML, respectively, as determined in the STM. A monolayer refers to the surface
density of silver atoms in the (001) plane (1 ML = 1.2x10" atoms/cm).

The sample is then transferred into the cold shields of the cryostat, where all STM
measurements are performed at 5 K. For image calibration the standard method of atomic
resolution of the native surface has been employed. STM images are measured in the
constant-current mode at the parameters given in the figure captions. Apart from a plane
subtraction and a low pass filter no further image processing has been employed. The
conventional grey scale representation implies that depressions/protrusions in the STM

image correspond to a reduced/enhanced local density-of-states (LDOS).

Based on comparison to atomic resolution images (see below) the precision of the
distance between two atoms is better than 0.1 nm. In order to analyze the distance
distributions extracted from the STM images, we performed random pairing (RP)
simulations. On a rectangle of the size of the STM image, the program randomly places the
number of atoms as determined from the STM images according to the following rules to
include the origin of two atoms from one molecule and the repulsion between adatoms. If a
randomly selected site for the first oxygen adatom from a pair is less than 0.8 nm away
from a previously adsorbed adatom, no adsorption is allowed and a new site is chosen
randomly. The previous report for dissociation at 140 K observed a distribution of £ 0.4 nm
around the mean distances D.[80] We attribute this distribution mainly to the discrete nature

of the adsorption site of the oxygen atom in a four-fold hollow site (see below), which have

a maximum distance of +v2 SLC = 0.4 nm in <100> direction. The distance of the second

oxygen adatom released from the O, molecule to the first one is thus chosen randomly
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between (D — 0.4) nm and (D + 0.4) nm. The direction of the second oxygen adatom
traveling away from the first one is also generated randomly. Again, if the second adatom
would sit too close to an occupied site (distance less than 0.8 nm), both the distance and the

direction for the second adatom are regenerated.

The standard deviation o is used for a quantitative analysis comparing the results from
the STM measurement with those from the computer simulations for variant hypothetical
pairing distances. Each simulation data point used for the standard deviation is the average

value of 50 simulation runs.
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A.3 Results

After exposing the Ag(001) surface to O, at 200 K, isolated oxygen atoms are observed
as circular depressions with a diameter of ~0.6 nm in the STM image [Fig. A.1(a, b and d)].
In agreement with earlier STM results and Green’s function STM image calculations,[90] the
depression reflects the reduced LDOS of the four surrounding Ag atoms induced by an
oxygen atom adsorbed in a hollow site as compared to the LDOS of the unperturbed Ag
atoms. Especially at low coverage, e.g. 0.6% ML in Fig. A.1(a), a pairing of the oxygen
adsorbates is obvious. Two main intrapair distances distributed around 2.0 and 4.0 nm
(corresponding to about 7 and 14 SLCs) are found, exemplified in Fig. A.1(a) and (b) as
ellipse and dashed ellipse, respectively. This qualitative picture is quantitatively confirmed
below. Such a pair of atoms originates from the dissociation of a single adsorbing molecule
and the subsequent motion of the formed adatoms. Also this observation is in agreement with
earlier work[80] performed at lower temperature (140 K) and over a variety of coverages
(0.1%—0.5% ML).

Results obtained by indirect means from high resolution electron energy loss
spectroscopy (HREELS) showed an increase in dissociation probability on the stepped
Ag(410) surface.[79] If this increase was based on an enhanced sticking probability at step
edges, it would imply a larger density of oxygen atom pairs near step edges than on terraces.
However, in our STM images, e.g. in Fig. A.1(b), the oxygen atom pairs are evenly
distributed over the surface and no preference close to step edges is found. Thus, the higher
dissociation probability can not be related to the fact that the oxygen dissociates on Ag(001)
only if the molecules are bound to kink sites at step edges. We suggest that the change in
electronic structure on small terraces is at the origin of the enhanced dissociation probability
on Ag(410).[99]
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The atomic resolution of the surface [Fig. A.1(c)] superimposed over an image with
oxygen atoms at a larger coverage of ~ 1.7 % ML [Fig. A.1(d)] demonstrates that all atoms
are adsorbed in equivalent adsorption sites. According to theory[80] this is the fourfold
hollow site [Fig. A.1(c)]. In conclusion, Fig. A.1 demonstrates that at 200 K the oxygen
atoms separate in a hot adatom motion after dissociation on the terrace and accommodate in
the fourfold hollow site. Here, we investigate their non-thermal motion further at the higher

coverage.

At this higher oxygen coverage [see also A.2(a)], the pairing of oxygen adatoms is not
as easily revealed because pairs may overlap with others and the oxygen atoms seem to be
randomly distributed over the Ag(001) surface. To analyze the oxygen atom pair distribution,
we present a 2-D radial distribution plot as shown in Fig. A.2(e) for the STM image in Fig.
A.2(a). For this plot we determine for each atom the direction and distance of each other atom
within 3 nm. Such a pair is then represented by a dot at the distance from the center of the
image in the observed direction. The same distance and direction can of course occur more
than once and in the graph the density of a distance/direction pair is visualized by gray levels
where darker areas reflect higher densities. Note that in this procedure each distance is
counted twice and the pair distribution plot shows an inversion symmetry. The shortest
distance of 0.6 nm (about 2 SLCs) is only observed for one pair, otherwise, the pair distances
are larger than 0.8 nm (about 2v2 SLCs), which is shown as a circle of radius 0.8 nm in Fig.
A.2(e)-(h). The minimal distance corresponds to the nearest neighbor distance found in a

STM study within small islands showing p(2x2) superstructure after high dosage of O2
(=10 L) on the Ag(001) surface at 300 K.[86]

We now analyze the experimental 2-D radial distribution plot by comparing it to
simulated distributions. Fig. A.2(b) displays a simulation for a totally random distribution of
the same oxygen coverage as in Fig. A.2(a) on the same size of the STM image. Its 2-D radial
distribution plot is shown in Fig. A.2(f). This distribution clearly disagrees with the
experimental distribution. In particular, the repulsive ring is not reproduced. Therefore, we
include a repulsion restricting the distance to 0.8 nm (~2 V2 SLCs) into the random simulation.
The result is shown in Fig. A.2(c). Its radial distribution map in Fig. A.2(g) reproduces the
STM result much better.
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Figure A.2 (a) STM image of the Ag(001) surface with 1.7 % ML coverage (V =-150 mV, |
=78 pA). (b)-(d) Examples for the simulations with the same oxygen coverage as in (a). (b)
Totally random simulation without repulsion. The black dots indicate oxygen atoms. (c)
Random simulation including repulsion limiting the nearest neighbor distance to 0.8 nm. (d)
Random pairing simulation for pairs with distances of (2.0 £0.4) nm with a minimum nearest
neighbor distance of 0.8 nm. The white lines connect oxygen atom pairs. (e)-(h) Plot of the
two-dimensional pair distribution function within a radius of 3 nm with respect to each atom
from (a)-(d). The distance between two pixels is 0.15 nm, about half a SLC, and the radius
of small circle is 0.8 nm. (i)-(I) Histograms of the nearest neighbor distance from (a) to (d).
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We next discuss whether inclusion of the pairing of the O-adatoms as observed in Fig.
A.1l into the simulation leads to an even better mimicking of the experiment. A random
pairing simulation with pair distances of (2.0 £0.4) nm is shown in Fig. A.2(d), its 2-D radial
distribution plot in Fig. A.2(h). It is not obvious, whether this distribution [Fig. A.2(h)] or the

one presented in Fig. A.2(g) better reproduces the experimental distribution in Fig. A.2(e).

The directions of the pairs are random and thus we now concentrate on the distances
only. Figures A.2(i) to (I) display histograms of the nearest neighbor distance for a measured
area of 26 nm x 26 nm for the experimental and the three simulated distributions shown in
Figure A.2(a) to (d) and the same oxygen coverage of 1.7 % ML. Again, the simulation that
does not take into account the repulsive ring [Fig. A.2(j)] does not reproduce the experiment
[Fig. A.2(i)]. The distribution that considers the repulsive ring only [Fig. A.2(k)] resembles
the experiment less well than the one that also consideres pairing distances of (2.0 £ 0.4) nm
[Fig. A.2(l)]. Therefore, despite the larger coverage the origin of two atoms from one
molecule, i.e. the pairing, is still detectable.

For a quantitative analysis, we compare the results from the STM measurement with

those from the computer simulations via the standard deviation ¢ defined as:

1 n
o= \/HZ(NSim,i - NSTM,i)2
i-1

where N indicates the number within an interval i for the nearest neighbor distance
distribution of the oxygen atoms and n indicates the total number of intervals. The smaller 6
the better the STM measurement is simulated. Variant pairing distances (1.0, 1.5, 1.8, 2.0, 2.2,
2.5,3.0,4.0,6.0,8.0 nm (x 0.4 nm)) and the random distribution are simulated and compared
to the related STM data. Figure A.3(a) shows that for pairing distances above 4 nm the
pairing distribution cannot be discriminated from a random distribution. Most importantly,

the best fit of simulation to STM results is found for pairing distances of 2.0 (= 0.4) nm.

Finally, we include the larger pairing distance of 4 nm found in Fig. A.1 and also at 140
K into the simulation.[80] Thereby, we vary the ratio of 2 nm to 4 nm pairs. The percentages
of 33, 50, 60, 67, 75 indicate that the ratios of 2 nm to 4 nm pairs are 1:2, 1:1, 3:2, 2:1, 3:1,
and 100 % denotes only 2 nm pairs. We caution that with increasing coverage the probability
increases that a molecule approaches an adsorption modified surface site and thus may

follow a completely different dissociation path, possibly connected with yet another pairing
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distance not included in our analysis. As one adsorbed molecule modifies the LDOS of four
silver atoms,[80] we estimate this to be an effect of the order of 3 to 4 % for the coverage
investigated here. Within this error margin, the comparison of experiment to simulation

reveals that the pairing distance has a ratio of 2:1 for 2 nm to 4 nm pairs [Fig. A.3(b)].

13 (a)

12-« Totally Random -
8’: —e— Simulation =T
7 —

6 —
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4 —
3 —
2 —
1 —
o ! | | | | | | |
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Figure A.3 Standard deviations o of nearest-neighbor distances of RP simulation to STM
results for different pairing distances: (a) for one pairing distance D (b) in dependence of

ratio of 2 nm (x 0.4 nm) to 4 nm (x 0.4 nm) pairs.
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A.4 Discussion

On a conceptual level, our study demonstrates that at a coverage, where atom pairs are
no longer well separated, the origin of two atoms from one molecule, i.e. the pairing, is still
detectable. This extents the possibility of STM to investigate the hot adatom motion beyond
single or well separated pairs. Only at this larger coverage the depletion region around each
adsorbed atom with no atoms closer than 0.6 nm (about 2 SLCs) and the nearest neighbor
distances mostly larger than 0.8 nm (about 2v2 SLCs) is detectable. Such a depletion region
implies repulsion in the adatom interaction. Indeed, DFT calculation showed that a repulsive
barrier leads to a saturation coverage of oxygen on silver of 0.24 ML only[100] consistent
with p(2x2) superstructure found experimentally on Ag(001) at higher coverage.[86] Most
likely, such a repulsion results from a partial charge transfer from the surface to the adatoms.
A recent DFT study calculated this charge transfer for oxygen molecules in dependence of
the work function change upon adsorption for a variety of metals, but not silver.[101, 102]
This study allows to estimate this charge transfer to be approximately 0.18 electrons for the
molecule on Ag(111). A density functional calculation on Ag(110) suggests also a charge
transfer from the metal to the adsorbed oxygen atom.[103] Based on these studies, it is
reasonable to assume a partial charge transfer also to the oxygen atom on Ag(001). The origin

of the depletion region is thus electrostatic interaction.

Furthermore, the depletion region might also be related to the so-called eight-site
rule.[97] The eight-site rule is an empirical rule that excludes the adsorption of the second
atom of a dissociated molecule at the eight neighboring sites. A physical explanation for this
rule was not provided. Our results suggest that this depletion region is not the result of a
separation of the atoms originating from the same molecule. Instead, one of the adatoms is
already settled on the surface, the other one is still mobile and is not allowed to approach the

adatom too closely because of electrostatic repulsion.

In addition, a repulsive barrier sheds new light on the process of hot adatom motion. The
adatoms are during the dissociation process initially closer than this barrier and thus their
initial motion either along the surface or in a cannon-ball like trajectory will be accelerated
by the electrostatic repulsion, possibly even aiding or affording a cannon-ball-like

dissociation.

Further implications of our study for the understanding of hot adatom motion result
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from the temperature independence of the pairing distances and distance ratio. An adatom
separation measured at one temperature only[80] could still have been explained by a
thermal motion during deposition. However, the same separations at ~40 % higher
temperature as observed here can not be explained by a thermal motion in view of the
exponential temperature dependence of a thermally induced random motion of adparticles.
The distances found thus reflect the dissociation process at or close to the Ag(001) surface.
Furthermore, the temperature-independent distance ratio excludes one of the two possibilities
discussed before for the two pairing distances.[80] The different distances thus may not
result from either a molecule dissociating upon approach or equilibrating as a molecule. The
latter should be negligible at 200 K and in any case the ratio of these processes is expected to
be temperature dependent. Indeed, an independent annealing experiment of molecules
adsorbed at 100 K, which desorb from defect-free terrace sites already between 130 K and
160 K, supports this conclusion. A nonadiabatic quantum dynamical calculation[104] for
oxygen dissociation over Al(111) provides is distributed equally between the two adatoms
(initial energy Ea= Eqis/2), while in the other one the dissociation energy is predominantly
transferred to one of the two adatoms (Eg = Egis). As the diffusion distance of an adatom
increases with its initial energy E as ~E*® this could explain the two different distances.[105]
Such a scenario should not be restricted to Al(111), though the branching ratio will depend on
the exact potential energy surface and thus differ on Ag(100).
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A.5 Conclusion

We investigate terrace dissociation of oxygen on Ag(001) at 200 K and at coverages up
to 1.7% ML. The results generalize earlier reports for dissociation at 140 K and coverages
below 0.5% ML. Through comparison with random pairing simulations we reveal pairing
distances of 2 nm (£0.4 nm) and 4 nm (£0.4 nm) with a ratio of 2:1. This observation sheds
new light on the origin of the unusually large adatom distances found between the oxygen
atoms after oxygen dissociation on Ag(001).
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