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ABSTRACT
The chemical, structural, and electronic properties of semiconductor surfaces are
known to strongly influence the energetics at semiconductor interfaces. Inexpensive and
scalable wet chemical modification of semiconductor surfaces provides a means to impart a
desired functionality at semiconductor interfaces for the development of new devices based
on precise and cost-effective chemistry. This thesis is composed of three studies that
focused on identifying the spectroscopic, electronic, and mechanistic properties of reactions
at Si surfaces. First, ethynyl- and propynyl-terminated Si(111) surfaces were prepared and
characterized by vibrational and photoelectron spectroscopy as well as electrochemical
scanning-tunneling microscopy. Ethynyl-terminated Si(111) exhibited ≡C−H, C≡C, Si−C
stretching signals and a fractional monolayer (ML) coverage (Φ) of ΦSi−CCH = 0.63 ± 0.08
ML and ΦSi−OH = 0.35 ± 0.03 ML. Propynyl-terminated Si(111) showed (C−H)CH3 bending,
Si−C stretching, and C≡C stretching with ΦSi−CCCH3 = 1.05 ± 0.06 ML. Deprotonation of
ethynyl-terminated Si(111) surfaces formed a unique surface-bound lithium acetylide that
acted as nucleophile. This work provides definitive spectroscopic and microscopic
evidence for the covalent attachment of ethynyl and propynyl groups to the Si(111) surface.
Second, Si(111) surfaces were modified with 3,4,5-trifluorophenylacetylene (TFPA)
groups to impart a positive dipole at the Si(111) surface. This negative surface dipole
provides the necessary band-edge shift at the Si surface to maximize the interface between
p-type Si and the proton reduction half reaction. Vibrational and photoelectron
spectroscopy provided evidence for the attachment of TFPA groups to the Si(111) surface.
Mixed methyl/TFPA monolayers were prepared and characterized using electrochemical
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and photoelectrochemical methods to show that the band-edge positions and open-circuit
voltages were shifted positive with increasing fractional TFPA coverage on the surface.
This work demonstrates that monolayer chemistry can be used to manipulate the band-edge
positions of Si surfaces as a function of surface composition.
Finally, mechanistic studies of the reaction of liquid methanol with hydrideterminated Si(111) surfaces in the presence of an oxidant were carried out. Vibrational and
photoelectron spectroscopy showed that acetylferrocenium, ferrocenium, and dimethylferrocenium could serve as oxidants to promote an increased rate of methoxylation of the
H–Si(111) surface in the dark. Illumination of intrinsic and n-type surfaces resulted in an
increased rate of methoxylation, resulting from a positive shift in energy of the electron
quasi-Fermi level in the presence of light. The results are described in the context of a
kinetic charge transfer formalism that is consistent with the experimentally observed results.
This work provides a general framework to describe the kinetics of charge transfer
reactions that occur on semiconductor surfaces.

x

PUBLISHED CONTENT AND CONTRIBUTIONS

Plymale, N. T.; Kim, Y.-G.; Soriaga, M. P.; Brunschwig, B. S.; Lewis, N. S. Synthesis,
Characterization, and Reactivity of Ethynyl- and Propynyl-Terminated Si(111) Surfaces. J.
Phys. Chem. C 2015, 119, 19847–19862. DOI: 10.1021/acs.jpcc.5b05028
Plymale, N. T. participated in the conception of the project, performed the sample
preparation, collected the majority of the data, performed the data analysis, and
participated in writing the manuscript.
Plymale, N. T.; Ramachandran, A. R.; Lim, A. N.; Brunschwig, B. S.; Lewis, N. S. Control
of the Band-Edge Positions of Crystalline Si(111) Surfaces by Functionalization with 3,4,5Trifluorophenylacetylenyl Moieties. J. Phys. Chem. C 2016, 120, 14157–14169. DOI:
10.1021/acs.jpcc.6b03824
Plymale, N. T. participated in the conception of the project, the sample preparation, the
data collection, the data analysis, and the writing of the manuscript.

xi

TABLE OF CONTENTS

Acknowledgements ............................................................................................iii
Abstract ............................................................................................................viii
Published Content and Contributions ................................................................. x
Table of Contents ............................................................................................... xi
List of Figures.................................................................................................... xv
List of Schemes ................................................................................................. xx
List of Tables .................................................................................................... xxi
Chapter 1: Alkyl-Terminated Silicon Surfaces.............................................. 1
1.1 Hydrogen-Terminated Silicon Surfaces ................................................. 1
1.2 Halogen-Terminated Silicon Surfaces .................................................... 5
1.3 Methyl-Terminated Silicon Surfaces ...................................................... 6
1.4 Surface Chemistry Applications ........................................................... 15
1.5 References ............................................................................................. 22
Chapter 2: Synthesis, Characterization, and Reactivity of EthynylTerminated Si(111) Surfaces.................................................................... 33
2.1 Introduction ........................................................................................... 33
2.2 Experimental Section ............................................................................ 36
2.2.1Materials and Methods ................................................................. 36
2.2.2 Instrumentation ............................................................................ 41
2.2.3 Data Analysis ............................................................................... 44
2.3 Results ................................................................................................... 49
2.3.1 Transmission Infrared Spectroscopy ........................................... 49
2.3.2 High-Resolution Electron Energy-Loss Spectroscopy ............... 52
2.3.3 X-ray Photoelectron Spectroscopy .............................................. 55
2.3.4 Atomic-Force Microscopy, Electrochemical ScanningTunneling Microscopy, and Low Energy Diffraction ................ 60
2.3.5 Surface Recombination Velocity Measurements ........................ 63
2.3.6 Reactivity of HCC–Si(111) Surfaces .......................................... 64

xii
2.4 Discussion ............................................................................................. 71
2.4.1 Vibrational Spectroscopy of HCC–Si(111) Surfaces.................. 71
2.4.2 Surface Ordering, Stability, and Defects of HCC–Si(111)
Surfaces ........................................................................................ 73
2.4.3 Reactivity of HCC–Si(111) Surfaces .......................................... 75
2.4.4 Comparison with Previously Reported Syntheses and
Surface Spectroscopy .................................................................. 76
2.5 Conclusions ........................................................................................... 79
2.6 References ............................................................................................. 80
Chapter 3: Synthesis and Characterization of Propynyl-Terminated
Si(111) Surfaces ......................................................................................... 90
3.1 Introduction ........................................................................................... 90
3.2 Experimental Section ............................................................................ 92
3.2.1 Materials and Methods ................................................................ 92
3.2.2 Instrumentation ............................................................................ 94
3.2.3 Data Analysis ............................................................................... 94
3.3 Results ................................................................................................... 96
3.3.1 Transmission Infrared Spectroscopy ........................................... 96
3.3.2 High-Resolution Electron Energy-Loss Spectroscopy ............... 98
3.3.3 X-ray Photoelectron Spectroscopy ............................................ 101
3.3.4 Atomic-Force Microscopy, Electrochemical ScanningTunneling Microscopy, and Low-Energy Electron
Diffraction .................................................................................. 105
3.3.5 Surface Recombination Velocity Measurements ...................... 108
3.4 Discussion ........................................................................................... 110
3.4.1 Vibrational Spectroscopy of CH3CC–Si(111) Surfaces ........... 110
3.4.2 Surface Ordering, Stability, and Defects of CH3CC–
Si(111) Surfaces......................................................................... 111
3.4.3 Comparison with Previously Reported Syntheses and
Surface Spectroscopy ................................................................ 114

xiii
3.5 Conclusions ......................................................................................... 116
3.6 References ........................................................................................... 117
Chapter 4: Control of the Band-Edge Positions of Crystalline Si(111)
by Surface Functionalization with 3,4,5Trifluorophenylacetylene Moieties........................................................ 125
4.1 Introduction ......................................................................................... 125
4.2 Experimental Section .......................................................................... 129
4.2.1 Materials and Methods .............................................................. 129
4.2.2 Instrumentation .......................................................................... 136
4.2.3 Data Analysis ............................................................................. 137
4.3 Results ................................................................................................. 144
4.3.1 Spectroscopic Characterization and Surface
Recombination Velocity of Si(111)–TFPA and Si(111)–
MMTFPA Surfaces ................................................................... 144
4.3.2 Hg Contacts to Si(111)−MMTFPA Surfaces ............................ 150
4.3.3 Photoelectrochemical Behavior of Si(111)–TFPA and
Si(111)–MMTFPA Surfaces in Contact with CH3CNCp*2Fe+/0 .................................................................................... 154
4.3.4 Photoelectrochemical Behavior of Si(111)–TFPA and
Si(111)–MMTFPA Surfaces in Contact with CH3CNMV2+/+• ....................................................................................... 157
4.4 Discussion ........................................................................................... 159
4.4.1 Si(111)–TFPA Surface Characterization................................... 159
4.4.2 Hg Contacts to Si(111)–MMTFPA Surfaces ........................... 163
4.4.3 Photoelectrochemical Measurements of Si(111)–TFPA and
Si(111)–MMTFPA Surfaces in CH3CN ................................... 165
4.5 Conclusions ......................................................................................... 168
4.6 References ........................................................................................... 169
Chapter 5: A Mechanistic Study of the Oxidative Reaction of
Hydrogen-Terminated Si(111) Surfaces with Liquid Methanol........ 179

xiv
5.1 Introduction ......................................................................................... 179
5.2 Experimental Section .......................................................................... 182
5.2.1 Materials and Methods .............................................................. 182
5.2.2 Instrumentation .......................................................................... 187
5.2.3 Analysis of TIRS and XPS Data ............................................... 188
5.3 Results ................................................................................................. 190
5.3.1 Reaction of H–Si(111) with CH3OH Solutions in the Dark ..... 190
5.3.2 Reaction of H–Si(111) with CH3OH Solutions in the
Presence of Light ....................................................................... 200
5.3.3 Analysis of F Content on H–Si(111) Surfaces Reacted in
CH3OH Solutions ...................................................................... 202
5.3.4 Potentiostatic reaction of H–Si(111) with CH3OH ................... 202
5.4 Discussion ........................................................................................... 207
5.4.1 Kinetic Description and Mechanism of Oxidant-Activated
Methoxylation of H–Si(111) Surfaces ...................................... 207
5.4.2 Kinetic Description and Mechanism of the Potentiostatic
Methoxylation of H– Si(111) Surfaces ..................................... 216
5.5 Conclusions ......................................................................................... 220
5.6 References ........................................................................................... 222

xv

LIST OF FIGURES

Number

Page

1.1

TIRS data for the H–Si(111) surface ................................................... 3

1.2

TIRS data for CH3–Si(111) surfaces ................................................... 7

1.3

HREELS data for CH3–Si(111) surfaces ............................................ 8

1.4

High-resolution XP spectra of the C 1s and Si 2p regions for
CH3–Si(111) surfaces ........................................................................ 11

1.5

Representative topographical AFM image of the CH3–Si(111)
Surface ............................................................................................... 12

1.6

Representative LEED pattern for a CH3–Si(111) surface................. 13

1.7

S behavior as a function of time exposed to air for CH3–
Si(111) Surfaces ................................................................................. 14

1.8

Example of linker chemistry that could be used to integrate
catalyst nanoparticles with semiconductors ...................................... 16

1.9

Example of linker chemistry that could be used to control metal
deposition on a Si surface .................................................................. 17

1.10 Example of a silicon/polymer junction formed by a covalent
bond between the two materials ........................................................ 19
1.11 Example of a silicon/metal oxide junction formed by atomic layer
deposition ........................................................................................... 21
2.1

TIRS data for HCC–Si(111) surfaces prepared using DMSO .......... 50

2.2

TIRS data for HCC–Si(111) surfaces prepared using DMA ............ 51

2.3

TIRS data for CH3–Si(111) and HCC–Si(111) surfaces
referenced to the SiOx surface ........................................................... 52

2.4

HREELS data for HCC–Si(111) surfaces ......................................... 53

2.5

High-resolution XP spectrum of the C 1s region for HCC–
Si(111) surfaces ................................................................................. 55

xvi
2.6

High-resolution XP spectrum of the Si 2p region for HCC–Si(111)
Surfaces .............................................................................................. 56

2.7

Thermal stability in vacuum of HCC–Si(111) surfaces ................... 58

2.8

Topographical AFM image of the HCC–Si(111) surface ................. 60

2.9

EC-STM image of the HCC–Si(111) surface ................................... 61

2.10 Representative LEED pattern for the HCC–Si(111) surface ............ 62
2.11 S measured as a function of air exposure for CH3–Si(111) and
HCC–Si(111) surfaces ....................................................................... 63
2.12 TIRS data for HCC–Si(111) surfaces collected at 74°
incidence after treatment with t-BuLi followed by CD3OD ............. 65
2.13 TIRS data for HCC–Si(111) surfaces collected at 30°
incidence after treatment with t-BuLi followed by CD3OD ............. 65
2.14 TIRS data collected at 74° incidence angle for HCC–Si(111)
surfaces after treatment with strong bases followed by reaction
with CD3OD. ..................................................................................... 66
2.15 TIRS data collected 74° incidence angle referenced to the
SiOx surface before and after treatment with t-BuLi followed
by CD3OD .......................................................................................... 67
2.16 High-resolution F 1s XP spectra of CH3–Si(111) HCC–Si(111),
CH3CC–Si(111), and SiOx surfaces after reaction with t-BuLi
followed by 4-fluorobenzyl chloride ................................................. 70
3.1

TIRS data for CH3CC–Si(111) surfaces............................................ 97

3.2

TIRS data for the CH3CC–Si(111) surface referenced to the
SiOx surface ....................................................................................... 98

3.3

HREELS data for CH3CC–Si(111) surfaces ..................................... 99

3.4

High-resolution XP spectrum of the C 1s region for CH3CC–
Si(111) surfaces ............................................................................... 101

3.5

High-resolution XP spectrum of the Si 2p region for
CH3CC–Si(111) surfaces ................................................................ 102

3.6

Thermal stability in vacuum of CH3CC–Si(111) surfaces .............. 104

xvii
3.7

Topographical AFM image of a CH3CC–Si(111) surface .............. 106

3.8

Representative EC-STM image a CH3CC–Si(111) surface ............ 107

3.9

Representative LEED pattern for a CH3CC–Si(111) surface ......... 108

3.10 S measured as a function of exposure to air for CH3–Si(111)
and CH3CC–Si(111) surfaces .......................................................... 109
4.1

Effect of a surface dipole on the band-edge positions and barrier
height, Φb, for a p-type semiconductor............................................ 127

4.2

The Teflon reaction vessels used to isolate the Al-coated
side of p-Si electrodes ...................................................................... 133

4.3

TIRS data for a Si(111)–TFPA surface collected at 74° and 30°
with respect to the surface normal ................................................... 145

4.4

TIRS data for a Si(111)–MMTFPA surface with θTFPA = 0.16
ML collected at 74° with respect to the surface normal ................. 147

4.5

S values for Si(111)–CH3, Si(111)–MMTFPA, and Si(111)–
TFPA surfaces as a function of θTFPA .............................................. 147

4.6

XPS data for an n-Si(111)–MMTFPA surface with θTFPA =
0.11 ML............................................................................................ 149

4.7

XPS data for the Si(111)–TFPA surface with θTFPA = 0.35 ML ..... 150

4.8

Representative two-electrode J-V behavior for n-type and
p-type Si(111)–MMTFPA/Hg junctions ......................................... 151

4.9

Correlation between the calculated barrier height for Si(111)–
MMTFPA/Hg junctions and the fractional monolayer coverage
of TFPA for n-type and p-type samples .......................................... 153

4.10 Representative J-E data under 100 mW cm–2 simulated sunlight
illumination for functionalized Si(111) surfaces in contact with
Cp*2Fe+/0 .......................................................................................... 155
4.11 Representative J-E data under 100 mW cm–2 illumination for
functionalized Si(111) surfaces in contact with MV2+/+•................. 157
5.1

Time dependence of the reaction of H–Si(111) with neat CH3OH
and CH3OH containing Cp2Fe+ ....................................................... 191

xviii
5.2

Energy diagram showing the relative energy positions of the Si
bands and the formal potentials of the oxidants used ..................... 192

5.3

TIRS data for intrinsic H–Si(111) surfaces after treatment in
neat CH3OH or CH3OH solutions containing oxidant .................... 194

5.4

Correlation between θSi–OCH3 and the oxidizing conditions used
in the reaction of H–Si(111) surfaces with CH3OH in the dark ..... 196

5.5

XPS data for the C 1s core level of H–Si(111) surfaces after
exposure to neat CH3OH or CH3OH solutions containing
oxidant .............................................................................................. 197

5.6

Correlation showing the area under the region containing
the three ν(C–H)CH3 peaks as a function of the oxidizing
conditions used in the reaction of H–Si(111) surfaces with
CH3OH in the dark........................................................................... 198

5.7

Correlation showing the area under the region containing the
δs(C–H)CH3 and ν(C–O) + ρ(CH3) peaks as a function of the
oxidizing conditions used in the reaction of H–Si(111) surfaces
with CH3OH in the absence of light ................................................ 200

5.8

Correlation between θSi–OCH3 and the oxidizing conditions used
in the reaction of H–Si(111) surfaces with CH3OH in the
absence and presence of ambient light ............................................ 201

5.9

High-resolution XPS data for the F 1s region of a H–Si(111)
sample reacted with CH3OH containing 1.0 mM
Me2Cp2Fe+BF4– ................................................................................ 203

5.10 Correlation between θF and the oxidizing conditions used in
the reaction of H–Si(111) surfaces with CH3OH in the absence
and presence of ambient light .......................................................... 204
5.11 J-E behavior of n-type and p-type H–Si(111) samples in
contact with CH3OH ........................................................................ 205

xix
5.12 Schematic representation of charge transfer across a
semiconductor/liquid interface for oxidant-activated
methoxylation .................................................................................. 210
5.13 Schematic representation of charge transfer across a
semiconductor/liquid interface for potentiostatic methoxylation ... 217

xx

LIST OF SCHEMES

Number

Page

2.1

Synthesis of CH3–Si(111) and HCC–Si(111) Surfaces .................. 38

2.2

Monolayer Thickness of Surface-Bound –CH3, –CCH, and
–OH Groups ..................................................................................... 47

2.3

Monolayer Thickness of 4-Fluorobenzyl-Modified Surfaces ....... 48

3.1

Synthesis of CH3CC–Si(111) Surfaces ............................................ 94

3.2

Monolayer Thickness of Surface-Bound –CCCH3 Groups............. 96

4.1

Synthesis of Si(111)–TFPA and Si(111)–MMTFPA Surfaces ..... 132

4.2

Estimated Thickness of –CH3 and TFPA Groups ......................... 139

5.1

Methoxylation of H-Si(111) Surfaces in the Absence of an
Oxidant ........................................................................................... 181

5.2

Oxidant-Activated Methoxylation of H-Si(111) ........................... 181

xxi

LIST OF TABLES

Number

Page

2.1 Summary of the Positions and Assigned Modes for the
Vibrational Signatures Observed for the HCC–Si(111) Surface........ 54
2.2 Estimated Fractional Monolayer Coverage, Φ, of a HCC–Si(111)
Surface as a Function of Annealing Temperature .............................. 59
2.3 Summary of the Positions and Assigned Modes for the
Vibrational Signatures Observed for the DCC–Si(111) Surface........ 68
2.4 Summary of Prior Reports of Synthesis and Characterization of
Ethynyl- Terminated Si Surfaces ........................................................ 78
3.1 Summary of the Positions and Assigned Modes for the
Vibrational Signatures Observed for CH3CC–Si(111) Surfaces ...... 100
3.2 The Estimated Fractional ML Coverage, Φ, of a CH3CC–Si(111)
Surface as a Function of Annealing Temperature ............................ 105
3.3 Summary of Prior Reports of Synthesis and Characterization of
Propynyl- Terminated Si Surfaces .................................................... 115
4.1 Eoc and Φb measurements for functionalized Si surfaces in
contact with CH3CN-Cp*2Fe+/0 ......................................................... 155
4.2 Eoc and Φb measurements for functionalized Si surfaces in
contact with CH3CN-MV2+/+• ............................................................ 158
5.1 Summary

of

the

Quantification

for

the

Potentiostatic

Methoxylation of H–Si(111) Surfaces .............................................. 207

