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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 (@) of @g; ccy = 0.63 + 0.08

ML and ®@s;-on = 0.35 + 0.03 ML. Propynyl-terminated Si(111) showed (C—H)cu, bending,
Si—C stretching, and C=C stretching with Osi-ccen, = 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



ix
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 hydride-
terminated Si(111) surfaces in the presence of an oxidant were carried out. Vibrational and
photoelectron spectroscopy showed that acetylferrocenium, ferrocenium, and dimethyl-
ferrocenium 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.
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Chapter 1

INTRODUCTION: ALKYL-TERMINATED SILICON SURFACES

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

1.1 HYDROGEN-TERMINATED SILICON SURFACES

Hydrogen-terminated Si (Si—H) is the fundamental surface termination on which
the vast majority of surface modification is based.'* The semiconductor industry relies on
the production of Si—H surfaces in order to produce high-quality silicon oxide films with
low electrical defect density. Consequently, the Si—H surface has been widely studied and
characterized. Si—H surfaces can be prepared by a number of techniques, including
cleavage of Si in vacuum followed by exposure to Ha(g),” electrochemical etching,®” or

. . . . . 10-12
wet-chemical etching in aqueous fluoride solutions.

Wet-chemical etching of Si is the
simplest method to produce Si—H surfaces, resulting in widespread use of this technique to

produce Si—H surfaces.

Early reports of Si—H surfaces prepared by exposure of oxide-terminated Si to
aqueous HF solutions suggested that the surface was terminated by Si—F bonds."® The basis
for this initial conclusion is the known strength of the Si—F bond, which was hypothesized
to form the dominant surface termination after fluoride etching based on thermodynamic

arguments. However, the kinetics of the fluoride etching of Si surfaces dominates the



thermodynamics in this case; as the atop Si atoms are fluorinated, they are removed from
the surface quickly because the kinetics of the cleavage of Si—Si bonds by HF drives the
removal of fluorinated surface sites. The result is a surface that is free of detectable Si—F
containing species. This was first demonstrated by surface infrared (IR) spectroscopy,
which was used to show the presence of Si—-H stretching and bending peaks on the

11, 14
surface.

Vibrational spectroscopy remains a very powerful surface analytical tool,
particularly when used together with other surface sensitive techniques such as X-ray

photoelectron spectroscopy, because it can inform functional group assignments as well as

the orientation of bonds on the surface.

HF etching of Si can be performed on any crystal face, including amorphous Si,
nanocrystalline Si, or microstructured Si substrates to yield H-terminated surfaces. When
etched with unbuffered HF(aq) solutions, Si surfaces are terminated by a distribution of
monohydride (SiH), dihydride (SiH») and trihydride (SiH3) surface sites. By adjusting the
pH of the HF(aq) solution by addition of NH4F solution, the etch rate can be controlled in
order to select for the desired surface termination.'* Anisotropic etching the (111) crystal
face of silicon in 40% NH4F(aq) solutions allows for exceptional control over the surface
hydride composition, yielding primarily the monohydride H-Si(111) surface."”” H-Si(111)
is known to exhibit broad atomic terraces with >100 nm width and nearly every Si—H bond
is oriented perpendicular to the surface. H-Si(111) is an extremely convenient starting
surface for studying the surface chemistry of silicon because modification of H-Si(111)
with halogens or organic groups results in substitution of the Si—H bonds for Si—X (X = CI,

Br, I), Si—C , or Si—O bonds. Spectroscopic methods allow for the loss of Si—H bonds to be



observed, and the nature of the new bonds formed on the surface can be more readily
studied because of the inherent nature of the Si(111) surface, which has reactive Si bonds

that are oriented perpendicular to the surface.

Transmission infrared spectroscopy (TIRS) was the primary vibrational
spectroscopic method used throughout this work. Compared with attenuated total
reflectance infrared (ATR-IR) spectroscopy, TIRS is more effective at observing low
energy modes (<1500 cm '), including Si—C stretching and C—H bending modes."” TIRS
can readily observe the orientation of bonds with respect to the sample surface by
modifying the angle of incidence on the surface. Figure 1.1 shows TIRS data for a H-

Si(111) surface to demonstrate its utility as a surface analytical tool.

0.008 -
- o
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Figure 1.1. TIRS data for the H-Si(111) surface. The bottom spectrum was collected at 74°
incidence angle and shows modes that are parallel or perpendicular to the surface. The top

spectrum was collected at 30° incidence and primarily shows modes parallel to the surface.

Si-H stretching (v) and Si—H bending (3) modes are indicated in the plot. The data is

referenced to the SiOy surface, and the negative peaks show the longitudinal optical (LO)

and transverse optical (TO) Si-O—Si modes of the SiO, surface."



Si—H surfaces were shown to be capable of undergoing wet-chemical reaction with
1-alkenes and 1-alkynes via a hydrosilylation mechanism in 1995.'° This discovery spurred
a flurry of research aimed at achieving self-assembly of monolayers on Si—H surfaces and a
new appreciation for the use of semiconductor surfaces as reactants in wet chemical
reactions. Hydrosilylation of 1-alkenes and 1-alkynes on Si—H surfaces remains the most
common, and one of the simplest, methods for imparting organic functionality to Si
surfaces. Substrates prepared by hydrosilylation have been used to attach reversible redox

17-19

species to the surface, seed the growth of metal oxides by atomic layer deposition

(ALD),”"*" and attach biomolecules, such as DNA, to the surface.”**

One of the major drawbacks of hydrosilylation reactions on Si—H surfaces is the
mechanism by which it proceeds. The (111) crystal plane has the lowest density of reactive
Si-H bonds and is, therefore, the least sterically crowded surface. Still, steric
considerations preclude the smallest substrates suitable for undergoing hydrosilylation on
H-Si(111) surfaces, such as acetylene or ethylene, from effectively terminating all of the
reactive surface sites.”* Incomplete termination of the Si surface with Si-C bonds leaves
unreacted Si—H bonds on the surface, which are susceptible to the formation of surface
electronic trap states, also known as surface states. Moreover, hydrosilylation has been
proposed to occur via a radical mechanism that propagates across the surface, leaving a
high density of surface states after the reaction completes.” The high density of surface
states results in a high surface recombination velocity (S), which correlates with current lost
to recombination at the interface and negatively impacts the energetics of surfaces prepared

by hydrosilylation.



1.2 HALOGENATED SILICON SURFACES

Halogenated Si surfaces are typically used as intermediates in the synthesis of target
semiconductor surfaces.”*>> Chlorine-terminated Si (Si—Cl) surfaces, which are the most
commonly used halogenated Si surface, have been prepared by methods that include the

gas-phase reaction of Cly(g) with Si-H***" or the solution phase reaction of PCls** "3

-4 with Si-H in chlorobenzene. The Si—Cl surface is the least sterically crowded of the
halogenated surface, allowing for a greater density of Si—Cl bonds capable of undergoing
reaction with an alkylating reagent. While all Si—Cl preparation methods yield Si—CI bonds
on the surface, different methods can yield different surface coverage and etch pit density.
Bromine-terminated Si (Si—Br) surfaces can be prepared in similar ways by gas-phase
reaction of Si—H surfaces with Bry(g), solution phase reaction with Bry(1), or solution phase
reaction with N-bromosuccinamide.**” Both Br and Cl are sterically able to terminate all

Si atop sites on the (111) crystal plane, allowing for both CI-Si(111) and Br-Si(111)

surfaces to serve as generally interchangeable reactive surfaces in sample preparation.

Iodine terminated silicon (Si—I) surfaces have been prepared by reaction of Si—H
surfaces with I in benzene™ and by exposure of vacuum-cleaned Si to CHsI vapor.*' The
van der Waals radius of I is too large to terminate all Si(111) atop sites, and a maximum
coverage of ~0.33 ML Si-I was observed for reaction of H-Si(111) with I,/benzene. The
steric bulk of I could be potentially exploited in order to form mixed monolayers on Si
surfaces by partial iodination followed by reaction of the Si—I sites with Grignards and
reaction of the residual Si—H sites by hydrosilylation. The differences in the reactivity of

the Si—Cl, Si—Br, or Si—I surfaces have additionally not been clearly documented.



1.3 METHYL-TERMINATED SILICON SURFACES

Alkyl termination of Si surfaces by a two-step halogenation/alkylation procedure
was first reported in 1996.” Generally, this two-step procedure involves the reaction of a
Si—Cl or Si—Br intermediate surface with a Grignard, organolithium, or organosodium

15,24, 26-27, 31-33, 52-53
reagent. " 7 ’

This method allows for the facile and rapid attachment of short-
chain alkyl groups, including methyl, ethyl, and phenyl, which would not be achievable by
hydrosilylation chemistry. While long-chain alkyl groups are also readily attached by
halogenation/alkylation, the interest in methyl-terminated Si(111) (CH3—Si(111)) has been
the most intense. The novelty of CH3—Si(111) surfaces is centered around the unique ability
of the —CH3 group to terminate nearly all of the atop Si(111) sites,”** affording CHs—

Si(111) surfaces exceptional chemical stability”®>*'>*

and very low surface recombination
velocity.” While CH3-Si(111) surfaces have been the subject of numerous scientific
studies over two decades, my work as a graduate student initially focused on achieving
control over the preparation of CHs—Si(111) surfaces, and I reproduced much of the data
that has been reported previously. The following section is a consolidated overview of

CH;-Si(111) surface characterization using the data I collected for control CHs—Si(111)

samples.

TIRS data for CH;-Si(111) surfaces are given in Figure 1.2."° The C—H stretching
(v) region shows modes at 2961, 2926, 2910, and 2856 cm ! with the signals at 2961 and
2910 cm ™' having been assigned to the asymmetric (v,) and symmetric (v) C—H stretching
motions of the —CHj group, respectively, and the signals at 2926 and 2856 cm™' having

been assigned to —CH>— groups on adventitious C species. The presence of a signal at 1257



cm' at 74° with respect to the surface normal but not at 30° indicates the presence of a
(C—H)cu, symmetric bending (3s), or “umbrella,” motion polarized perpendicular to the
surface. This signal, in addition to a Si—C stretching peak at 678 cm ' polarized
perpendicular to the surface, provides a strong indication that the Si—-CHj3 group is oriented
normal to the surface. Additionally, a CHs rocking (p) mode at 753 cm ' is observed at

both angles of incidence.
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Figure 1.2. TIRS data for CH3;-Si(111) surfaces, referenced to the H-Si(111) surface,
collected at 74° (bottom) and 30° (top) from the surface normal. Panel a shows high-energy
region, and panel b shows the low-energy region. The negative peaks in panel b resulted
from the H-Si(111) background. A sharp negative peak observed in panel b at 30°
incidence marked with * at 667 cm ' resulted from CO, in the atmosphere. The subscripts
“CH3” and “CH,” indicate C—H stretching signals arising from the -CH3z and —CH,— groups,
respectively. The peak positions and assignments are indicated. The 30° spectrum is offset
vertically for clarity.



HREELS data for CH3-Si(111) surfaces,” shown in Figure 1.3, allows for
detection of vibrational signals that could not be readily observed by TIRS. HREELS data
for CH3-Si(111) surfaces exhibited peaks centered at 747, 1267, and 2927 cm ',
corresponding to CHj rocking, (C—H)cu, symmetric bending, and (C—H)cu, symmetric and
asymmetric stretching motions, respectively, all of which were observed using TIRS.
Resolution limitations of the HREELS instrumentation yielded a single C—H stretching
peak for the asymmetric and symmetric stretching modes. The use of HREELS allowed for
observation of Si—C stretching (665 cm ') and bending (477 cm ") signals in addition to the

IR-inactive (C—H)cu, asymmetric bending (3,) motion at 1399 a cm . A small amount of

silicon oxide (SiO,) gave rise to a signal that was centered at 1066 cm™'. These results

compare favorably with previously published spectra of CHs—Si(111) surfaces.
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Figure 1.3. HREELS data for CH3;-Si(111) surfaces. The data were collected in the
specular geometry using an incident beam energy of 5.0 eV, and the fwhm of the elastic
peak was 13.3 meV. The raw spectrum (bottom) is shown with the magnified spectrum (top)
superimposed for clarity. The peak positions and assignments are indicated in the figure.



Table 1.1 summarizes the vibrational modes detected by TIRS and HREELS for
CH;-Si(111) surfaces along with the orientation of the modes with respect to the surface

plane.

Table 1.1. Summary of the Positions and Assigned Modes for the Vibrational Signatures
Observed for the CH3—Si(111) Surface.

TIRS HREELS Assigned Orientation to
Frequency Frequency Mode” Surface®
(em™) (em™)"

2961 2927 Va(C—H)cn,

2926 2927 Va(C—H)cn,

2910 2927 vy(C—H)cn,

2856 2927 vs(C—H)cn,

_ 1399 8(C—H)cn,

1257 1267 0s(C—H)cn, 1

weak 1066 v(Si-O-Si)ro  not L
753 747 p(CHs) not L
678 665 v(Si—C) 1

— 477 3(Si—C)

“In some cases, HREELS signals do not resolve multiple vibrational modes that are
observed by TIRS. The HREELS signal with the closest energy to the resolved TIRS signal
is paired in the table. “The symbols v, &, and p signify stretching, bending, and rocking
motions, respectively, with subscripts a and s indicating whether the mode is asymmetric or
symmetric, respectively. Subscripts “CH3;” and “CH,” indicate C—H stretching signals
arising from —CHj3; and —CH,— saturated hydrocarbons, respectively. The subscript “TO”
indicates a transverse optical Si—-O-Si motion. “The orientation of the vibrational mode
with respect to the plane of the sample surface determined by TIRS is given.
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X-ray photoelectron spectroscopy (XPS) data provides quantitative information
about the species present on CH3—Si(111) surfaces. Survey spectra indicate that only
signals ascribable to Si, C, and O are observed, and high-resolution spectra are shown for
the C 1s and Si 2p core levels in Figure 1.4. CH3-Si(111) surfaces exhibit three distinct C
Is signals, the most prominent of which is centered at 284.3 eV. This photoemission peak
is ascribed to C bonded to Si (Cs;),”" while the remaining two signals at 285.2 and 286.4 eV
arise from adventitious C species. The fractional monolayer coverage (®) of —CHj; groups
on the prepared CH3—Si(111) surfaces can be estimated using a substrate-overlayer model

discussed in Chapter 2 (section 2.2.3),62'63 to yield ®@sicny, =1.13 + 0.07 ML, which

supports the conclusion that CH3—Si(111) surfaces exhibit nearly full termination of the Si

atop sites with Si—C bonds. While the calculated Ds;icy is higher than the maximum 1 ML

of —CH3s groups, the reported value is fairly typical for the magnitude of error expected
when quantifying XPS data. Only the photoemission signal at 284.3 eV was used in the

estimation of ®s; cu, because this signal arises directly from the bound —CHj group.

Previous work has shown that annealing CH3-Si(111) surfaces to 450 °C in vacuum
removes the majority of adventitious species and reveals two additional C 1s
photoemission signals resulting from the vibrational fine structure of the —CH; group.®"**
However, due to resolution limitations of the instrumentation used in this work, these peaks

are omitted from the fitting process for all alkyl-terminated surfaces. No detectable amount

of SiOx was observed by XPS on CH3—Si(111) surfaces.
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Figure 1.4. High-resolution XP spectra of the (a) C 1s and (b) Si 2p regions for CH;—
Si(111) surfaces. The low binding-energy C photoemission signal at 284.3 eV has been
ascribed to C bound to Si (blue, Cs;), with the C 1s signals at 285.2 and 286.4 eV arising
from C bound to C (red, C¢) and C bound to O (green, Co), respectively. The region from
102-105 eV in the Si 2p spectrum is magnified to show the absence of detectable high-
order SiOx.

Figure 1.5 gives a representative atomic-force microscope (AFM) image of a CHs—
Si(111) surface. The surface generally exhibits broad atomic terraces with relatively few
etch pits. The difference in height observed at terrace step edges is ~0.3 nm, which is
consistent with the height difference between terraces observed on vacuum cleaved
unreconstructed Si(111) surfaces.®® The surfaces often exhibit particulates that are shown as
raised spots in the AFM images. The size and concentration of these spots tends to vary,
and could be correlated with the batch and manufacturer of the Grignard reagent
(CH3MgCl) used in the synthesis process. XPS data shows no detectable metal
contaminants, suggesting that these spots are organic in nature and could be the physical
manifestation of the adventitious carbon observed in high-resolution C 1s XP spectra of

CH3-Si(111) surfaces.
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Figure 1.5. Representative topographical AFM image of the CH3—Si(111) surface. The
image is 1 pm % 1 um with a z-scale of 1.2 nm (-0.6 to +0.6 nm).

Figure 1.6 shows a representative low-energy electron diffraction (LEED) image
collected for a CH3—Si(111) surface.”’ The LEED pattern exhibits 3-fold symmetry, which
is indicative of a (1 % 1) surface unit cell. The image pictured shows 6 bright spots of
approximately equal intensity. Adjusting the energy slightly above or below the 43 eV
incident beam energy in Figure 1.6 reveals the 3-fold symmetry, as 3 spots remain bright
and 3 spots lower in intensity. The spots appear as very bright and sharp relative to the
background. This high contrast between the diffraction spots and the background is a
strong indication that the CH3—Si(111) surface exhibits exceptional long-range ordering.
Thus, the LEED data supports the conclusion that CH3—Si(111) surfaces are exceptionally

well-ordered and have nearly complete termination of the atop Si sites with Si—C bonds.
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Figure 1.6. Representative LEED pattern for a CH3—Si(111) surface collected at 43 eV
incident beam energy.

Surface recombination velocity (S) measurements are typically acquired using a
time-resolved microwave conductivity setup, but can also be measured using time-resolved
radio frequency conductivity measurements. The microwave conductivity setup used in this
work is described in detail in section 2.2.2. The microwave conductivity decay curves can
be fitted to an exponential decay to obtain a charge carrier recombination lifetime, .
Section 2.2.3 describes how to convert t to a surface recombination velocity in cm s . A
decrease in S represents a decrease in the electrically active surface state density. Figure 1.7
shows S for a CH3—Si(111) surface as a function of exposure to air. A typical initial S for a
CH3-Si(111) surface immediately after preparation and cleaning was 40 cm s ', which
corresponds to an electrical defect density of 1 defect per 2 x 10° surface sites (eq 2.4).°

Remarkably, S for CHs-Si(111) surfaces decreases to ~15 cm s ' after 72 h exposure to air.
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This decrease results in a lower surface state density of 1 per 5 x 10° surface sites. Over
time, a small increase in § is typically observed, but the increase does not represent a
significant increase in the electrically active surface state density. Over the same amount of
time, the CH3—Si(111) surface would be expected to form a measureable amount of SiOy,”!
but the formation of SiO4 does not appear to contribute significantly to an increase in S.
One hypothesis for the initial decrease in S observed over the first 72 h of air exposure
could involve the initial passivation of surface states, such as dangling bonds, by reaction
with H>O and O in the air, with long-term oxidation of the surface in air having little effect
on S. This is in contrast to H-Si(111) surfaces, which undergo comparatively rapid
oxidation in air, and exhibit high S after just 15 min air exposure.” Thus, CH;—Si(111)
surfaces exhibit improved stability in air relative to H-Si(111) surfaces and have

remarkable electrical properties.
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Figure 1.7. S behavior as a function of time exposed to air for CHs—Si(111) surfaces. The
error bars represent 1 standard deviation about the mean.
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1.4 SURFACE CHEMISTRY APPLICATIONS

Functionalization of semiconductor surfaces is motivated by a variety of
applications, often inspired by the conventional uses for semiconductors in transistors,
photovoltaics, and photoelectrochemical cells. In particular, surface chemistry offers the
opportunity to control the interface between semiconductors and other functional device
components, which may include catalysts, metals, conductive polymers, or protecting
layers (e.g. metal oxides). Organic scaffolds grafted to semiconductor surfaces can
potentially allow for molecular-level control over the interface between the semiconductor
and other device components to achieve optimal interactions from a mechanical, physical,

and electrical perspective.

As part of the development of efficient and cost-effective photoelectrochemical
water splitting cells for fuel generation, the interface between catalysts and semiconductors,
depicted in Figure 1.8, is critical to the performance of the device. The
catalyst/semiconductor must exhibit favorable mechanical interactions such that the
catalyst remains closely associated with the surface, but the energetics at the interface must
be favorable to effect the maximum output potential. Surface chemistry provides an
exceptional opportunity to control the mechanical properties of the catalyst/semiconductor

interface while also allowing for favorable energetics at the interface.

Some of the common catalysts that have been developed for wuse in
photoelectrochemical water splitting cells include Pt, MoSe,,"” CoP,”® and Fe;P” for

proton reduction and IrO, and NiO,”*”" for water oxidation. These catalysts are all metals,
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metal oxides, or alloys that have defined work functions that may not form highly
rectifying junctions between Si and the catalyst. Additionally, these catalysts can be
deposited by a number of methods, including electrodeposition, drop-cast and sinter, or
oxidation of a metallic film. Surface chemistry can be used to (1) tune the semiconductor
band edges such that the energetics at the semiconductor/catalyst interface produces the
maximum output voltage and (2) to improve the mechanical and physical robustness of the
semiconductor/catalyst interaction so the catalyst film or particles remain bound to the
semiconductor during long-term device operation. Organic linkers between Si and the
catalysts could provide a scalable and robust method of improving Si/catalyst interfaces to

achieve the properties required my photoelectrochemical systems.

Catalyst Integration

Semiconductor

Figure 1.8. Example of linker chemistry that could be used to integrate catalyst
nanoparticles (green circles) with semiconductor surfaces. The linker would be designed to
impart a favorable surface dipole that positions the semiconductor band edges relative to
the catalyst work function to effect the maximum device performance. Additionally, the
mechanical interaction between the Si and the catalyst would be improved by the organic
linker layer.
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Related to Si/catalyst interfaces are Si/metal interfaces (Figure 1.9). The
photovoltaic and transistor industries commonly form silicon/metal interfaces in
established device manufacturing processes. In some cases, an ohmic Si/metal contact is
desired, while other applications require a rectifying Si/metal interaction. Deposition of
metals directly on Si—H surfaces by common materials processing methods (e.g.
evaporation and sputtering) typically results in the formation of metal silicides that are
detrimental to the formation of rectifying contacts. Even soft deposition methods, such as
electrodeposition or drop-cast and sinter, can yield high surface recombination velocity

because of the propensity of the Si—H surface to oxidize and form surface states.

Organic modification of Si surfaces with molecules that impart a surface dipole that

favorably positions the semiconductor band edges to effect the maximum energy out of the

Seeded Metal Deposition
Br Br

Semiconductor

Figure 1.9. Example of linker chemistry that could be used to control metal deposition on a
Si surface. The surface chemistry can be used to impart favorable band-edge positions to
produce a maximum voltage at the Si/metal interface. Additionally, the reactivity of
organic groups on the surface can be exploited to direct metal deposition and form
nanopatterns on the surface.
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Si/metal interface. Organic modification, such as methyl termination, has been
demonstrated to allow for metals that typically form metal silicides, such as Au, to be
deposited on CH3—Si(111) surfaces by soft deposition methods (e.g. electrodeposition or
drop-cast and sinter).””” Additionally, many organic groups, such as the C—Br bond in
Figure 1.9, are reactive towards metals in solution and could be used to direct and control
the deposition of metals on semiconductor surfaces. By pattering the surface with reactive
organic groups, metals can conceivably be deposited in a controlled manner to yield
nanopatterned semiconductor/metal contacts. Organic modification of silicon surfaces
offers a unique opportunity to achieve unprecedented control over the deposition of metals

on semiconductor surfaces.

Hybrid organic/inorganic solar cells have been developed as alternatives to
conventional photovoltaics and photoelectrochemical cells. The polymer can serve as a
light absorber as well as a conductive medium to direct charge transfer in solid state
devices. Additionally, conductive polymers are generally less susceptible to oxidation or
corrosion than inorganic semiconductors and thus could potentially be used as protection
layers in photoelectrochemical cells. Moreover, polymer layers are typically flexible, and
the development of robust semiconductor/polymer interfaces could allow for the
development of improved flexible devices that are more cost effective than traditional

photovoltaics.

Covalent bonding between silicon and monomer units for polymers, including
thiophene and other conductive polymers,* 7*” has been investigated previously. Figure

1.10 gives an example in which the monomer 3,4-ethylenedioxythiophene is used to
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covalently bind poly(3,4,-ethylenedioxythiophene) to the Si surface. The electrical
properties of the silicon/polymer junction could conceivably be influenced by the nature of
the bonding at the Si/polymer interface, with covalent bonds allowing for improved
interfacial conductivity and performance. In particular, poly(3,4,-ethylenedioxythiophene)
(PEDOT)-poly(styrenesulfonate) (PSS) has been proposed for use in photoelectrochemical
devices as a means of providing an ohmic electrical contact between the photoanode and
photocathode, while allowing for proton transfer through the membrane and flexibility of
the device.’® Silicon surface chemistry offers a means of providing molecular-level control
over the interface between silicon and conductive polymers in order to develop efficient

and novel device architectures.

Polymer Layer

I Oj I Oj 03I
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Figure 1.10. Example of a silicon/polymer junction formed by a covalent bond between
the two materials. The surface of Si could be modified with monomers, in this case 3.,4-
ethylenedioxythiophene, and electropolymerization of the corresponding conductive
polymer on the surface could allow for improved electrical conductivity and performance.
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One of the current most challenging aspects in the development of stable and cost
effective photoelectrochemical cells for water splitting is the corrosion or passivation of
photoanodes in aqueous electrolyte. Silicon, for example, rapidly oxidizes and passivates,
forming an electrically insulating layer on the surface, when used as a photoanode without
sufficient protection from oxidation on the surface. Recently, metal oxide layers, such as
TiO, and NiOy, deposited on Si substrates by atomic-layer deposition (ALD) or sputtering
have been shown to allow for long-term operation of Si and other semiconductors as
photoanodes.”””" 77 The interface between the Si and the metal oxide could conceivably be
controlled on a molecular level by seeding the metal oxide deposition on the surface using

a molecular scaffold that is reactive toward the metal oxide precursor.

Currently, semiconductors are most widely used by the microelectronics industry,
which has increasingly relied on semiconductor-based integrated circuit technology to
manufacture increasingly powerful computers and other electronic devices. A common
motif in integrated circuit technology is the development of increasingly smaller nodes in
the pursuit of increased power efficiency and performance. Currently, 14 nm nodes are the
smallest commercially available technology, with 10 nm nodes set to be available in the
near future. At such small node sizes, the surface of the semiconductor material becomes a
significantly larger percentage of the overall node. The deposition of metal oxides, which
are commonly used as gate materials in processor nodes, by ALD can be controlled using
surface chemistry to direct the metal oxide deposition. Figure 1.11 presents an example of
using reactive surface groups, such as aldehydes or alcohols, to direct the assembly of

ALD-grown films, like aluminum oxide or titanium dioxide, on silicon surfaces.
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Figure 1.11. Example of a silicon/metal oxide junction formed by atomic layer deposition
of trimethylaluminum (TMA) on a mixed methyl/propionaldehyde surface. The aldehyde
groups on the surface are reactive toward the TMA precursor, allowing for growth of the
TMA to be controlled by the chemical nature of the surface.”'

This thesis presents a collection of studies that are intended to advance the field of
silicon surface chemistry toward achieving the applications described above. Chapters 2
and 3 are focused on the characterization of short-chain unsaturated alkyl groups covalently
bound to Si and investigating the reactivity of these groups. This work is broadly applicable
to the development of improved interfacial chemistries at Si interfaces. Chapter 4 is
focused on achieving control over the molecular surface dipole and band-edge positions
through surface functionalization in order to improve the interfaces between silicon and the
functional device components described above. Finally, Chapter 5 describes a mechanistic
study into the reaction of H-Si(111) surfaces with methanol to improve the understanding

of self-limiting, molecular charge transfer reactions at Si surfaces.
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Chapter 2

SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF

ETHYNYL-TERMINATED Si(111) SURFACES

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

2.1 INTRODUCTION

The chemical structure at the surface of crystalline Si determines the
susceptibility of the surface to oxidation or corrosion'” and strongly influences electronic
properties, such as the lifetimes of photogenerated charge carriers*” and the positions of
the semiconductor band edges.”” Accordingly, chemical functionalization of the Si

surface is a powerful tool for controlling the physical and chemical properties of

8-10

interfaces between Si and other materials™ ~ and is important for numerous applications,

such as improving the efficiency of Si-based photovoltaic and photoelectrochemical

11-13

cells, interfacing molecular electronics with Si-based circuitry,'*'® improving

17-18

semiconductor device electronics, and interfacing molecular catalysts with electrode

19-20
surfaces.

Wet chemical methods offer a low-cost, scalable approach to functionalization of
Si surfaces relative to methods that require vacuum or high temperatures. Covalent

attachment of alkyl groups to the Si surface has been shown to impart beneficial
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properties, including resistance to oxidation'? and low surface recombination

o0 4,21-22
velocity.™

However, correlation of the modified state of the surface with the changes
to the chemical and physical properties that accompany the modification requires
knowledge of the chemical structure of the functionalized surface. Of the alkyl-
terminated surfaces studied, the CH3;-Si(111) surface has been characterized most
extensively by methods including vibrational spectroscopy,”’ high-resolution X-ray
photoelectron spectroscopy (XPS),*>! low-energy electron diffraction,””** helium-atom
scattering (HAS),”*>* sum-frequency generation (SFG),” low-temperature scanning
tunneling microscopy (STM),* and surface recombination velocity (S) measurements.”
This extensive characterization of the CH3—Si(111) surface has supported the conclusion
that nearly full termination of the atop Si(111) sites by Si—C bonds can be achieved,
resulting in exceptional surface ordering and stability. The —CHj3 group is unique among
saturated hydrocarbons in this respect, whereas termination of Si(111) sites with ethyl
(—C,Hs) groups results in 60-90% termination in Si—C bonds with the remainder of the
Si(111) atop sites terminated by Si-H.”» 2% 373% Eormation of Si-H at sites not

terminated by Si—C leaves the surface susceptible to oxidation and concomitant formation

29
of surface states.

Despite their favorable properties, CH3—Si(111) surfaces offer few opportunities
for controlled secondary functionalization. Such opportunities have attracted considerable

3940 transistors,”’ and molecular sensors.** Mixed

attention for use in solar cells,
monolayers have been developed for Si surfaces to impart functionality for facile

secondary chemistry while maintaining high Si—C termination and low S.>' For example,
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Heck coupling has been developed for mixed methyl/thienyl monolayers,” molecular
proton-reduction catalysts have been assembled on mixed methyl/bipyridyl monolayers,"
and growth of Al,O; by atomic-layer deposition (ALD) has been seeded by mixed

methyl/propionaldehyde surfaces.'’

Covalent attachment to the Si surface of groups that are similar in size to methyl
groups, but that contain versatile functional groups, offers an alternative approach to
imparting opportunities for secondary functionalization to Si surfaces that maintain high
Si—C termination and low S. Ethynyl (<CCH) groups have radial diameters and structures
comparable to —CHj3 groups, making them geometrically suitable for nearly full
termination of Si(111) atop sites with Si-CCH groups. Moreover, deprotonation of the
HCC-Si(111) functional group should, in principle, allow facile chemical reactivity by a
variety of synthetic routes and should change the surface functionalization chemistry
from electrophilic attack chemistry, such as CI-Si(111) reacting with RLi or RMgX, to
nucleophilic attack chemistry performed by the acetylide-functionalized Si surface.
Complete termination of Si(111) atop sites by Si-CCH groups would thus provide an
organic scaffold for secondary functionalization of Si surfaces with molecular redox
couples and catalysts, heterogeneous catalysts, metal films, ALD-grown protecting films,
and conducting polymers, while preserving full termination of the Si atop sites by Si—C

bonds.

The synthesis of HCC—Si(111) surfaces has been reported previously and

44-438
d.

extensively cite However, little structural characterization of the HCC-Si(111)

surface has been reported, and notable inconsistencies exist between the reported
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syntheses and spectroscopic characterization of these surfaces. Further characterization of
these surfaces is therefore needed to fully define the functionalization chemistry and to
describe the properties of the modified Si(111) surfaces. We describe herein the synthesis
of the HCC-Si(111) surfaces and provide extensive characterization of the modified
surfaces by transmission infrared spectroscopy (TIRS), high-resolution electron energy-
loss spectroscopy (HREELS), X-ray photoelectron spectroscopy (XPS), atomic-force
microscopy (AFM), electrochemical scanning-tunneling microscopy (EC-STM), low-
energy electron diffraction (LEED), and surface recombination velocity (S)
measurements. We also describe an investigation of the reactivity of the terminal alkyne
moiety in HCC—Si(111) surfaces. Furthermore, we have compared that reactivity with the
reactivity of CH3-Si(111) and propynyl-terminated Si(111) (CH3;CC-Si(111)) (see
Chapter 3) surfaces. Additionally, we have compared the results of the surface analysis

presented herein with previously reported data for ethynyl-terminated Si surfaces.

2.2 EXPERIMENTAL SECTION

2.2.1 Materials and Methods

Water (>18.2 MQ cm resistivity) was obtained from a Barnstead E-Pure system.
Ammonium fluoride (NH4F(aq), 40%, semiconductor grade, Transene Co., Inc., Danvers,
MA) was purged with Ar(g) (99.999%, Air Liquide) for 1 h prior to use. Bromine
(299.99% metal basis, Sigma-Aldrich) was purified by four freeze-pump-thaw cycles and
dried over activated 3 A molecular sieves (Sigma-Aldrich) prior to use. 4-fluorobenzyl

chloride (99%, Sigma-Aldrich) was purified by four freeze-pump-thaw cycles and stored
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in a Na(g)-purged glovebox prior to use. Dimethyl sulfoxide (DMSO, anhydrous, >99.9%,
Sigma-Aldrich) and N,N-dimethylacetamide (DMA, anhydrous, 99.8%, Sigma-Aldrich)
were dried over activated 3 A molecular sieves prior to use. Sodium acetylide (NaCCH,
>95%, 17.3% (w/w) in xylenes, Alfa Aesar) was filtered and washed with hexanes
(anhydrous, mixture of isomers, >99%, Sigma-Aldrich) under an inert atmosphere. Dry
NaCCH powder was stored in sealed glass containers under an inert atmosphere at 22 °C.

All other chemicals were used as received.

Czochralski-grown n-Si wafers (Virginia Semiconductor, Fredericksburg, VA)
used for the collection of XPS, AFM, EC-STM, LEED, and HREELS data were double-
side polished, doped with phosphorus to a resistivity of 1  cm, 381 + 25 pum thick, and
oriented to within 0.1° of the (111) crystal plane. Collection of TIRS data was performed
using wafers with one of the following specifications: float-zone-grown n-Si wafers
(Silicon Quest International, Santa Clara, CA), double-side polished, doped with
phosphorus to a resistivity of 63—77 Q cm, 435 £+ 10 um thick, and oriented to within 0.5°
of the (111) crystal plane; or float-zone-grown Si wafers (Addison Engineering Inc., San
Jose, CA), double-side polished, undoped with a resistivity of >20 kQ cm, 500 + 20 um
thick, and oriented to within 0.5° of the (111) crystal plane. Undoped, float-zone-grown
Si wafers (FZWafers.com, Ridgefield Park, NJ) with a resistivity of 20—40 kQ cm used
for S measurements were double-side polished, 300 + 25 pum thick, and oriented to within
0.5° of the (111) crystal plane. The wafer thickness was determined using calipers prior

to performing S measurements.
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Scheme 2.1 summarizes the methods used for the synthesis of CH3—Si(111) and

HCC-Si(111) surfaces.

Scheme 2.1. Synthesis of CH3—Si(111) and HCC-Si(111) Surfaces
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1. Preparation of Atomically Flat H-Si(111) Surfaces. Wafers were cut with a
diamond-tipped scribe to the desired size and then rinsed sequentially with water,
methanol (>99.8%, EMD), acetone (>99.5%, EMD), methanol, and water. Organic
contaminants were removed and the surfaces were oxidized by immersing the wafers in a
freshly prepared piranha solution (1:3 v/v of 30% H,0,(aq) (EMD): 18 M H,SO4 (EMD))
at 90-95 °C for 10—15 min. The wafers were rinsed with copious amounts of water and
immersed in buffered HF(aq) (semiconductor grade, Transene Co., Inc.) for 18 s followed
by another water rinse. Atomically flat H-Si(111) surfaces were prepared by immersing

the wafers in an Ar(g)-purged solution of NH4F(aq).***

Wafers with a miscut angle of
0.5° were etched for 5.5 min, while wafers with a miscut angle of 0.1° were etched for
9.0 min to obtain optimal terrace size. The solution was purged throughout the etching
process and the wafers were agitated after each minute of etching to remove bubbles that

formed on the surface. After etching, the wafers were rinsed with water and dried under a

stream of Ar(g).
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2. Preparation of CI-Si(111) Surfaces. C1-Si(111) surfaces were prepared for the
synthesis of CH3—Si(111) surfaces (see Chapter 1). Cl-Si(111) surfaces were prepared
inside a Nj(g)-purged glovebox with <10 ppm O(g). A saturated solution of PCls
(>299.998% metal basis, Alfa Aesar) in chlorobenzene (anhydrous, >99.8%, Sigma-
Aldrich) was preheated with an initiating amount (<I mg mL™") of benzoyl peroxide
(>98%, Sigma-Aldrich) for 1-2 min. The H-Si(111) wafers were rinsed with
chlorobenzene and then reacted in the PCls solution at 90 + 2 °C for 45 min.”>*° Upon
completion of the reaction, the solution was drained and the wafers were rinsed with
copious amounts of chlorobenzene, followed by tetrahydrofuran (THF, anhydrous,

inhibitor-free, >99.9%, Sigma-Aldrich).

3. Preparation of of Br—Si(111) Surfaces. Br—Si(111) surfaces were prepared for
the formation of HCC—Si(111) surfaces. Br—Si(111) surfaces were prepared by reaction
under ambient light at 22 °C of H-Si(111) with Bry(g) in a drying chamber connected to
a vacuum line as well as to a reservoir of Bry(l). Immediately after anisotropic etching,
H-Si(111) samples were placed inside the drying chamber, which was then evacuated to
<20 mTorr. The sample was sealed under vacuum and the Bry(l) reservoir was quickly
opened and closed to allow a visible amount of Br,(g) into the evacuated drying chamber.
The reaction was allowed to proceed for 10 s, after which the Bry(g) was removed by

7, 49

vacuum to a pressure of <20 mTorr. The sample was sealed under vacuum and

transferred to a N(g)-purged glovebox.

4. Alkylation of Halogenated Si(111) Surfaces. CH3;-Si(111) surfaces were

formed by the reaction of Cl-Si(111) surfaces with CH3MgCl (1.0-3.0 M in THF, Sigma-
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Aldrich or Acros Organics) at (45-60) + 2 °C for 3-24 h.*> HCC-Si(111) surfaces were
formed by the reaction of Br—Si(111) surfaces with NaCCH in DMSO (allowed to
saturate at 22 °C for 12-24 h) at 45 £ 2 °C for 4-8 h. The reaction of Br—Si(111) surfaces
with NaCCH was performed in foil-covered test tubes to limit exposure of the NaCCH to
ambient light. In several cases, HCC-Si(111) surfaces were also prepared using NaCCH
in DMA (allowed to saturate at 22 °C for 12-24 h) at 45 + 2 °C for 4-8 h. However,
HCC-Si(111) surfaces prepared using DMA were not chemically well-defined, so HCC—
Si(111) surfaces were prepared using DMSO unless otherwise stated. Upon completion
of the reaction, CH3—Si(111) samples were rinsed with and submerged in THF, removed
from the glovebox, and sonicated for 10 min in each of THF, methanol, and water,
respectively; HCC-Si(111) samples were rinsed with DMSO or DMA, then rinsed with
and submerged in methanol (>99.8%, anhydrous, Sigma-Aldrich), removed from the
glovebox, sonicated for 10 min in methanol, and rinsed with water. Samples were dried

under a stream of Ar(g) or N»(g).

5. Deprotonation of HCC-Si(111) Surfaces and Subsequent Reactivity.
Deprotonation of HCC-Si(111) surfaces was achieved by soaking the wafers in fert-
butyllithium (#~BuLi, 1.7 M in pentane, Sigma-Aldrich) for 1 h at room temperature
inside a Na(g)-purged glovebox and subsequently rinsing with hexanes. Deprotonation
was also performed for 1 h at room temperature using n-butyllithium (n-BuLi, 1.6 M in
hexane, Sigma-Aldrich), lithium 2,2,6,6-tetramethylpiperidide (LiTMP, 1.0 M in THF,
Sigma-Aldrich), lithium hexamethyldisilazide (LiHMDS, 1.0 M in hexane, Sigma-

Aldrich) or lithium diisopropylamide (LDA, 1.0 M in THF/hexanes, Sigma-Aldrich) and
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yielded similar results to those reported herein with ~-BuLi used as the deprotonating
agent. The deprotonated wafers were then submerged for 1 h at room temperature in neat
CD3sOD (99.6 atom % D, Sigma-Aldrich) to yield DCC-Si(111) surfaces or for 4 h at 50
+ 2 °C in neat 4-fluorobenzyl chloride to attach 4-fluorobenzyl groups to the surface.
DCC-Si(111) surfaces were allowed to dry inside the glovebox and were sealed inside a
centrifuge tube for transport to the IR spectrometer. Surfaces functionalized with 4-
fluorobenzyl groups were rinsed with THF, submerged in THF, and removed from the
glovebox. The wafers were then rinsed with water, dried under Ar(g), and transported to

the XPS for analysis.

2.2.2 Instrumentation

1. Transmission Infrared Spectroscopy. TIRS data were collected using a Thermo
Scientific Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer equipped with an
electronically temperature-controlled (ETC) EverGlo mid-IR source, a thermoelectric-
cooled deuterated L-alanine doped triglycine sulfate (DLaTGS) detector, a KBr beam
splitter, and a Ny(g) purge. A custom attachment allowed Si samples (1.3 x 3.2 cm) to be
mounted such that the incident IR beam was either 74° or 30° with respect to the sample
surface normal. At 74° (Brewster’s angle for Si), IR modes parallel and perpendicular to
the surface are observed, and at 30°, parallel modes remain visible, while perpendicular
modes are greatly diminished in intensity.” Reported spectra are averages of 1500
consecutive scans collected at a resolution of 4 cm'. The baseline was flattened and
peaks resulting from water absorption were subtracted in the reported spectra.

Background SiOy and H-Si(111) spectra were recorded separately for each sample prior
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to subsequent functionalization. Data were collected and processed using OMNIC

software v. 9.2.41.

2. High-Resolution Electron Energy-Loss Spectroscopy. HREELS data were
collected at pressures of <5 x 107" Torr using an LK Technologies ELS5000 model
spectrometer equipped with a multichannel analyzer (MCA). Spectra were collected in
the specular geometry for the instrument, with the electron impact and scattering angle
both at 55° with respect to the sample surface plane. The monochromatic electron beam
had an energy of 5.0 eV for CH3—Si(111) surfaces and 2.8 eV for HCC-Si(111) surfaces.
Prior to acquiring data, CH3—Si(111) samples were annealed to 350 °C for 1 h in a
separate vacuum chamber, while spectra of HCC-Si(111) samples were acquired without
annealing. The y-axis value of each data point was averaged with the eight nearest-

neighboring points to smooth the spectra.

3. Low-Energy Electron Diffraction. LEED patterns were collected at pressures
<5 x 10” Torr using an LK Technologies RVL2000 instrument equipped with reverse-
view optics, allowing images to be collected from behind the electron-gun assembly. The
patterns were collected using a filament current of 3.05 A, a CAN voltage of 6.0 V, a
screen voltage of 3.0 kV, and a retarding voltage of 100 V. The incident electron-beam
energy was varied from 30-60 eV, and images exhibiting sharp patterns were obtained

using a Canon EOS Rebel Tli camera with a 10 s exposure.

4. X-ray Photoelectron Spectroscopy and Thermal Stability Measurements. XPS

data were collected at pressures <5 x 10~ Torr using a Kratos AXIS Ultra spectrometer
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described previously and equipped with a monochromatic Al Ka X-ray source (1486.7
eV), a hybrid electrostatic and magnetic lens system, and a delay-line detector.” *
Photoelectrons were collected at 90° with respect to the surface plane of the sample, with
the lens aperture set to sample a 700 x 300 pm spot. The instrument was operated by
Vision Manager software v. 2.2.10 revision 5. Survey and high-resolution scans were
collected with analyzer pass energies of 80 eV and 10 eV, respectively. No signals from
ClL, Br, Mg, Na, or Li impurities were detected on alkylated samples prepared as
described. When HCC-Si(111) surfaces were prepared using DMA as the solvent,

however, residual Br and N were often observed by XPS.

Thermal stability in vacuum was studied by collecting XP spectra as a function
of annealing temperature. Samples were mounted on a resistive heating stage that
consisted of a molybdenum puck heated with a tungsten wire. Stainless-steel clips affixed
the sample to the molybdenum stage. The temperature was monitored by a type E
thermocouple gauge affixed on the molybdenum stage immediately below the sample.
Samples were heated to the desired temperature at a ramp rate of 10 °C min"' and were
held at the indicated temperature for 30 min. The samples were allowed to cool to 22—

30 °C prior to collection of XPS data.

5. Surface Recombination Velocity Measurements. S measurements were
performed by use of a contactless microwave conductivity decay apparatus described
previously.””** Electron-hole pairs were formed by a 20 ns, 905 nm laser pulse from an
OSRAM diode laser with an ETX-10A-93 driver. For each laser pulse, the decay in

reflected microwave intensity was monitored by a PIN diode connected to an
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oscilloscope. All recorded decay curves were averages of 64 consecutive decays.

Between measurements, samples were stored in air-filled centrifuge tubes in the dark.

6. Atomic-Force Microscopy. AFM images were collected using a Bruker
Dimension Icon AFM operated by Nanoscope software v. 8.15. Images were collected in
ScanAsyst mode using Bruker ScanAsyst-Air probes. The scanner z-range was set to 2
um and a ScanAsyst noise threshold of 50-100 pm was used. Surface topography data
were collected at a scan rate of 0.5—-1.0 Hz for 1 pm” images. Data were processed using

Nanoscope Analysis software v. 1.40.

7. Electrochemical Scanning-Tunneling Microscopy. In situ EC-STM studies
were performed with a Nanoscope E (Digital Instruments, Santa Barbara, CA) equipped
with a three-electrode potentiostat. The electrochemical cell was custom-crafted from
Kel-F (Emco Industrial Plastics, Inc.) and fitted with a Pt counter and a Pt
pseudoreference electrode calibrated against a Ag/AgCl reference cell. Tungsten tips
were prepared by electrochemical etching of 0.25 mm diameter tungsten wire in 1.0 M
KOH(aq) at a 15 V AC applied potential. All images were obtained under potential
control in 0.1 M HClO4(aq) with a high-resolution scanner in constant-current mode

without post-scan processing.

2.2.3 Data Analysis

1. Fitting and Quantification of XPS Data. High-resolution XP spectra were
analyzed using CasaXPS software v. 2.3.16. The peak positions for XP spectra were

calibrated using the Si 2ps, peak, which was set to be centered at 99.68 e¢V.*® For bulk
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Si” and Si'" doublets, the ratio of the peak area of the Si 2p;/,:2p3;» was set to 0.51 and the
width of the two peaks was set equal.”® Shirley backgrounds were used for all high-
resolution data except when analyzing small amounts of SiOy in the 102—104 eV range,
for which a linear background was applied. C 1s and F 1s high-resolution spectra were
fitted using the Voigt function GL(30), which consists of 70% Gaussian and 30%
Lorentzian character. Si 2p photoemission signals for bulk Si’ and Si'* species were fitted
using asymmetric Lorentzian line shapes convoluted with a Gaussian of the form
LA(a, b, n), where a and b determine the asymmetry of the line shape and » specifies the
Gaussian width of the function. LA(1.2, 1.4, 200) was found to fit consistently.
Contributions from high-order SiOy in the range of 102—-104 eV were fit to a single peak

using the GL(30) function.

The thickness (da) of the overlayer species A was estimated by XPS for HCC—

Si(111) surfaces using the substrate-overlayer model®' ™

_dA
(I_A Sk &)= L-e™ 2.1)
—d, .
I )\ S, )\ s osisind

where /4 is the area under the photoemission peak arising from the overlayer species A,
Isi is the area under the Si 2p photoemission signal, SFs; is the instrument sensitivity
factor for Si 2p (0.328), and SF is the instrument sensitivity factor for the overlayer
species A, which is 0.278 for C 1s photoelectrons in hydrocarbon overlayers. For the
hydrocarbon overlayers, /x is the total area under the C 1s photoemission signal
corresponding to all C atoms in the overlayer, which is the signal at 284.3 eV for CHs—

Si(111) surfaces and 284.5 eV for HCC-Si(111) surfaces. For Si—OH, /4 is the sum of the
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area under the Si 2p photoemission signal at 100.5 eV and 101.1 eV. For SiOy, I, is the
area under the Si 2p photoemission signal appearing from 102—104 eV. The density of Si
(psi) is 2.3 gem™, and the density of the overlayer species A (pa) is 3.0 g cm™ for
hydrocarbon overlayers.*® HCC-Si(111) surfaces exhibited a fractional monolayer (ML)
coverage of ~0.63 ML, so the assumed density of the overlayer was adjusted to model an
overlayer with 63% of the density of a full monolayer (1.9 g cm ). When estimating the
thickness of Si—OH or SiOy overlayers, the quantity (SFsi/SFa)(psi/pa) reduces to a
normalizing constant of 1.3 to account for the difference in Si 2p photoelectron signal
intensity for Si-OH or SiOy relative to bulk Si.>* The attenuation length for the overlayer
species (4a) has been estimated to be 3.6 nm for C 1s photoelectrons moving through

53-54

hydrocarbon overlayers or 3.4 nm for Si 2p photoelectrons moving through Si—OH or

. 53-54
SiOy overlayers.

The attenuation length for Si 2p photoelectrons (4si) moving through
hydrocarbon overlayers has been estimated to be 4.0 nm.”>* For Si-OH or SiOj
overlayers, the value of 1o = Asi = 3.4 nm. The angle between the surface plane and the

photoelectron ejection vector (€) is 90°. The thickness of the overlayer species A was

calculated using an iterative process.

The fractional monolayer coverage for the overlayer species A (®a) was
estimated by dividing the measured thickness, da, by the calculated thickness of 1 ML of
overlayer species A, depicted in Scheme 2.2. The thickness of 1 ML of each hydrocarbon
overlayer was estimated by summing the bond lengths for the species containing C, but
excluding Si and H. For Si—-OH overlayers, the thickness of 1 ML was estimated to be the

distance from the bottom of the atop Si atom to the top of the O atom. The thickness of 1
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ML of SiOy was estimated to be 0.35 nm.” >* Assuming uniform overlayers, the value of
@, represents the fraction of surface Si(111) sites that were modified with the overlayer

species of interest.

Scheme 2.2. Monolayer Thickness of Surface-Bound —CH3, —CCH, and —OH Groups
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The fractional monolayer coverage for 4-fluorobenzyl-modified HCC-Si(111)

and SiOy surfaces was estimated using a three-layer model”

Iy
Iy

where dj is the thickness of the bound F atom and dj3 is the thickness of the hydrocarbon

_dA

S |[ Psi 1™
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layer between the Si crystal and the F atom. The value of SFa for F 1s photoelectrons is
1.00 and the density of the overlayer was assumed to be the same as for HCC-Si(111)
surfaces, 1.9 g cm™. For F s photoelectrons, the value of A4 is 1.6 nm.”> Scheme 2.3
shows the two proposed structures for 4-fluorobenzyl-modified HCC-Si(111) and SiOx
surfaces along with the calculated thickness for da and dg. Since the ratio da/dg is known
from Scheme 2.3, eq 2.2 can be expressed in terms of da and solved using an iterative
process. The measured thickness da was divided by the calculated thickness of 1 ML of F

atoms, 0.13 nm, to give the fractional monolayer coverage of 4-fluorobenzyl groups.
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Scheme 2.3. Monolayer Thickness of 4-Fluorobenzyl-Modified Surfaces
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2. Calculation of Surface Recombination Velocity and Surface Trap-State Density.
The minority-carrier lifetime (7) was estimated by fitting the microwave conductivity
decay versus time curve to an exponential decay, as described previously.”’*' The
calculated values of T were converted to surface recombination velocities (S) for wafers

of thickness d using*™*'

5= (2.3)

The surface recombination velocity was converted to an effective trap-state
density, N, using™ >

N =

t

(2.4)

th
where the trap-state capture cross section, o, was 10> cm” and the thermal velocity of
charge carriers, vy, was 10’ cm s> NV, can be used to estimate the absolute number of
electrically active defects per surface Si(111) sites by use of the number density of atop

Si sites for an unreconstructed Si(111) surface, I'sii11), which is 7.83 x 10'* atoms cm .
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Thus, a wafer with surface recombination velocity S has 1 electrically active defect for

every I'sici11y/N; surface sites.

2.3 RESULTS

2.3.1 Transmission Infrared Spectroscopy

Figure 2.1 shows the TIRS data of HCC-Si(111) surfaces prepared in DMSO.
The spectra exhibited two closely spaced signals at 3307 and 3296 cm ', corresponding to
ethynyl =C-H stretching. The close spacing of these peaks resulted from asymmetric
(3307 cm™") and symmetric (3296 cm ') stretching of the Si-C=C—H unit as a whole. An
additional sharp absorbance was observed at 2019 ¢cm ' and was indicative of C=C
stretching. These peaks were present at 74° incidence but absent at 30° incidence, which
indicated that the stretching modes were oriented perpendicular to the sample surface. A
weak but broad peak was observed from 950—1150 cm ™' at both angles of incidence and
corresponded to transverse optical (Si-O—Si)ro stretching.® The appearance of this peak
at both angles of incidence suggested that the oxide was primarily subsurface. The
spectra collected at 74° incidence also exhibited peaks at 3620, 1294, 920, and 836 em
The signal at 3620 cm ' indicated O—H stretching,”’ while the signals at 920 and 836
cm ' were characteristic of O—H bending and Si—O stretching, respectively.”*® The
signal at 1294 cm™' was tentatively assigned to O—H stretching coupled with O—H
bending, following the analogous signal observed at 1080 cm ' for methoxylated Si(111)
surfaces that arises from O—C stretching rocking.’' The observed signals suggested that a

significant portion of the surface was hydroxylated and contained Si—~OH functionality.
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Figure 2.1. TIRS data for HCC-Si(111) surfaces prepared using DMSO, referenced to
the H-Si(111) surface, and collected at incidence angles of 74° (bottom) and 30° (top)
from the surface normal. Panel a shows the high-energy region, and panel b shows the
low-energy region. The negative peaks in panel b resulted from the H-Si(111)
background. The peak positions and assignments (* denotes tentative) are indicated in the
figure. The subscript “sat” is used to denote C—H stretching signals arising from saturated
hydrocarbons. The 30° spectrum is offset vertically for clarity.

TIRS data for HCC-Si(111) surfaces prepared using DMA as the solvent (Figure
2.2) exhibited peaks at 3307, 3292, and 2023 cm ', consistent with the =C—H and C=C
stretching signals observed for the surfaces prepared using DMSO. However, the modes
at 3620, 1294, and 920 cm ' were notably absent from surfaces prepared using DMA, and
an absorbance at 828 cm ' was lower in energy and intensity compared with the
absorbance at 836 cm ' for surfaces that were prepared using DMSO. Thus, surfaces
prepared using DMA as the solvent did not exhibit the characteristic peaks for Si-OH
sites on the surface. Additionally, surfaces prepared using DMA exhibited significantly
stronger saturated hydrocarbon C—H stretching signals at 2947 and 2847 cm ' in addition

to several broad peaks between 1250 and 1700 cm ', which possibly arose from C—H
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bending and C—O or C=0 stretching. Surfaces prepared using DMA also exhibited a

significantly elevated intensity of the (Si-O—Si)ro mode centered at 1058 cm™".
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Figure 2.2. TIRS data for HCC-Si(111) surfaces prepared using DMA, referenced to the
H-Si(111) surface and collected at 74° incidence. Panel a shows the high-energy region,
and panel b shows the low-energy region. The negative peaks in panel b resulted from the
H-Si(111) background. The subscript “sat” is used to denote C—H stretching signals
arising from saturated hydrocarbons. The peak positions and assignments (* denotes
tentative) are indicated in the figure.
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Figure 2.3 shows the absence of detectable Si—H stretching for CH3—Si(111) and

HCC-Si(111) surfaces.
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Figure 2.3. TIRS data for (a) CH3—Si(111) and (b) HCC-Si(111) surfaces referenced to the
SiOy surface. The position of the Si—H stretching peak is indicated by the dotted line.

2.3.2 High-Resolution Electron Energy-Loss Spectroscopy

HREELS data were obtained for HCC—Si(111) surfaces to detect vibrational
signals that could not be readily observed by TIRS. The HREELS data for HCC-Si(111)
surfaces (Figure 2.4) showed signals centered at 2032 and 3307 cm ', corresponding to
C=C stretching and ethynyl =C-H stretching motions, respectively. A peak centered at
648 cm ' is assignable to Si—C stretching, indicating that the ethynyl units had been
covalently attached to the Si(111) surface. The presence of a peak at 2954 cm™' arose
from adventitious hydrocarbon species adsorbed to the sample surface, and a signal
centered at 1072 cm™' corresponded to the (Si—O-Si)ro mode observed by TIRS. A

strong signal centered at 842 cm™' resulted from surface Si—O stretching convoluted with
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O-H bending derived from Si—OH surface sites. This assignment is supported by the
presence of a peak centered at 3625 cm ', corresponding to O—H stretching. Thus, the

presence of surface Si-CCH and Si—OH groups was confirmed by the HREELS data.
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Figure 2.4. HREELS data for HCC-Si(111) surfaces. Data were collected in the specular
geometry using an incident beam energy of 2.8 eV, and the fwhm of the elastic peak was
17.3 meV. The subscript “sat” is used to denote C—H stretching signals arising from
saturated hydrocarbons. The raw spectrum (bottom) is shown with the magnified
spectrum (top) superimposed for clarity. The peak positions and assignments are
indicated in the figure.
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The vibrational spectroscopy data for HCC—Si(111) surfaces is summarized in

Table 2.1.

Table 2.1. Summary of the Positions and Assigned Modes for the Vibrational Signatures
Observed for the HCC-Si(111) Surface

TIRS HREELS Assigned Orientation to

Frequency Frequency Mode” Surface’

(em™) (em™)*

3620 3625 v(O-H)

3307 3307 vao(=C-H) 1

3296 3307 vs(=C-H) 1

weak 2954 V(C—H)sat

2019 2032 v(C=C) 1

1294 1072 v(O-H) and 1
O(O-H)*

~1050 1072 v(Si-O-Si)ro  not L

920 842 3(0O-H) 1

836 842 v(Si—OH) 1

— 648 v(Si—C)

“In some cases, HREELS signals do not resolve multiple vibrational modes that are
observed by TIRS. The HREELS signal with the closest energy to the resolved TIRS
signal is paired in the table. “The symbols v and & signify stretching and bending motions,
respectively, with subscripts a and s indicating whether the mode is asymmetric or
symmetric, respectively. The subscript “TO” indicates a transverse optical Si—O-Si
motion. The subscript “sat” indicates a C—H stretching signal arising from unidentified
saturated hydrocarbons. The subscript “CCH” indicates C=C stretching peaks arising
from —CCH groups. The assignments marked with  are tentative. “The orientation of the
vibrational mode with respect to the plane of the sample surface determined by TIRS is

given.
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2.3.3 X-ray Photoelectron Spectroscopy.

XPS data were collected to provide quantitative information about the species
present on HCC—Si(111) surfaces. Survey spectra showed only signals ascribable to Si, C
and O, and high-resolution spectra were acquired for the C 1s and Si 2p core levels.
Figure 2.5 shows the C Is high-resolution XP spectrum for HCC-Si(111) surfaces. The C
Is spectrum showed a prominent photoemission signal at 284.5 eV in addition to two
signals of lower intensity centered at 285.4 and 287.1 eV. The signals at 285.4 and 287.1
eV exhibited considerable variation in intensity and fwhm between samples and fell
within the typical binding energy range for adventitious C on alkyl-terminated Si
surfaces.”® The signals arising from adventitious C species exhibited a broad fwhm
relative to the signal from the —CCH group at 284.5 eV. The adventitious species

exhibited an undefined chemical structure, and thus multiple C species contributed to the
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Figure 2.5. High-resolution XP spectrum of the C 1s region for HCC-Si(111) surfaces.

The low binding energy C photoemission signal at 284.5 eV (blue, Cccy) arises from

both C atoms in the bound —CCH group. The peaks at 285.4 (red, Cc) and 287.1 eV
(green, Cop) arise from adventitious C bound to C and C bound to O, respectively.
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observed signals and led to broadening. The observed photoemission signal at 284.5 eV
was centered at slightly higher binding energy than the photoemission signal ascribed to
C bound to Si for CH3—Si(111) surfaces.*"** The fwhm of this signal was larger than was
typically observed for the C bound to Si signal on CH3—Si(111) surfaces at 284.3 eV,
suggesting multiple contributions to the peak. Additionally, the absence of two fully
resolved signals of comparable intensity suggests that the signal centered at 284.5 eV
derives from two closely spaced photoemission signals with contributions from both C

atoms in the -C=CH group (Cccn).

Figure 2.6 shows the high-resolution Si 2p spectrum for HCC-Si(111) surfaces.
The spectra exhibited a shoulder on the high binding-energy side of the bulk Si 2p,,, peak.

This shoulder was fit to two peaks centered at 100.5 and 101.1 eV and was ascribed to
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Figure 2.6. High-resolution XP spectrum of the Si 2p region for HCC-Si(111) surfaces.
Contributions from the bulk Si (blue, Si”) and Si'" (red) species are indicated. The region
from 102—105 eV in the Si 2p spectrum is magnified to show the absence of detectable
high-order SiOx.
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Si—OH groups, in which the surficial Si is bound to a single O atom, consistent with
results observed in the vibrational spectra. Some HCC-Si(111) samples showed the

presence of a small, broad signal in the range of 102—-104 eV, which was ascribed to SiOy.

The fractional monolayer coverage for HCC—Si(111) surfaces was estimated by
XPS, by use of eq 2.1,>"** to yield ®s;_ccu = 0.63 + 0.08 ML. Only the area under the C
Is photoemission signal at 284.5 eV was used in the quantification of ®g;_ccu because it
arises directly from the —CCH group. Vibrational spectroscopic signatures also indicated
the presence of Si—-OH groups, and XPS was also used to estimate the fractional ML
coverage of Si—-OH on HCC-Si(111) surfaces by use of eq 2.1>'* to yield ®gi_oy = 0.35
+ 0.03 ML. In addition to Si—OH, high-order oxide signals, between 102 and 104 eV,
were observed in limited quantities in the Si 2p spectrum on some HCC-Si(111) surfaces

with a fractional ML coverage estimated by eq 2.1°192 of Osio = 0.03 + 0.02 ML. The

content of high-order SiOx was near the detection limit for the instrument for most

samples, and several samples showed the absence of detectable high-order SiOy.

The thermal stability of HCC-Si(111) surfaces was investigated in vacuum.
Figure 2.7 presents the behavior of HCC-Si(111) surfaces as a function of annealing
temperature. Minimal changes to the C 1s and Si 2p high-resolution spectra were
observed for HCC-Si(111) surfaces upon annealing to 200 °C. However, heating to
300 °C produced significant broadening of the strongest photoemission signal in the C 1s

spectrum, and a shoulder appeared at ~285.1 eV. The C 1s signal further broadened upon

heating to 400 and 500 °C, respectively, which suggested that, at elevated temperature,

the ethynyl group reacted with adventitious carbon species on the sample and in the



58

24 4

N
o
1

nd

016

Sec
-
N
N
o
1

Counts Per
E-) 00
1

0 -

T T T T : T : T T T
1200 1000 800 600 400 200 0 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV)

x 10°

35_C H

30 - I o

wSi\wSIi\

wv 700 °C

) 600 °C
500 °C

400 °C
= 300 °C
200 °C

100 °C

22 °C

106 104 102 100 98
Binding Energy (eV)

Figure 2.7. Thermal stability in vacuum of HCC-Si(111) surfaces. The annealing
temperature is indicated above each spectrum, and the spectra are offset vertically for
clarity. The survey spectra (a) showed the presence of only the Si 2p, Si 2s, C 1s, and O
Is core-level peaks along with the O Auger signal and Si plasmon-loss features. The
high-resolution C 1s spectra (b) exhibited the peaks arising from C in the ethynyl group
(Cccen) and adventitious C (Cc and Cp). Minimal change in the C 1s spectra was observed
upon annealing to 200 °C. Broadening was observed as the C 1s peak at ~285.1 eV (Cc)
greatly increased in intensity upon heating to 300-500 °C. Heating to 600-700 °C
resulted in the appearance of a new C 1s peak at ~283.5 eV (SiC). Si 2p spectra (c)
showed gradual smoothing of the shoulder indicated as Si'" with increased annealing
temperature, indicating the loss of surficial Si—-OH and formation of Si—O-Si.

vacuum chamber. Heating from 300 to 500 °C reduced the intensity of the signal at 284.5

eV, which indicated that the coverage of the Si(111) surface with chemically defined
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ethynyl groups decreased upon heating to this temperature range. Table 2.2 provides the
estimated fractional monolayer coverage of the Si(111) surface with chemically defined
—CCH groups as a function of annealing temperature. Heating to 600 and 700 °C,
respectively, resulted in an increase in intensity and broadening of the overall C 1s signal.

A signal at ~283.5 eV, which has been ascribed to silicon carbide (SiC),*" **® was

observed after annealing to 600 °C and became more prominent after heating the sample
to 700 °C. An increase in overall intensity of the C Is photoemission signal after
annealing to 700 °C indicated that additional C species were formed on the surface,
though their chemical structure was not readily determined by the XPS measurements
performed. The shoulder in the Si 2p photoemission signal on the high binding-energy
side of the Si 2p;/; peak became less prominent upon heating past 300 °C, suggesting the
removal of surficial Si-OH groups. The survey spectra showed no reduction in O 1s peak
intensity as a function of annealing temperature, so the detected O likely inserted between
the Si backbonds to produce Si—O-Si. Additionally, a small reduction in the bulk Si 2p

Table 2.2. Estimated Fractional ML Coverage, ®, of a HCC-Si(111) Surface as a
Function of Annealing Temperature

Annealing Dsi_ccn”
Temperature (°C)
22 0.62
100 0.60
200 0.53
300 0.34
400 0.28
500 0.10
51-52

“The values of ® were determined using eq (2.1). The appearance of SiC on HCC—
Si(111) surfaces upon annealing to 600 °C precluded accurate determination of ® beyond
500 °C.
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signal intensity was observed after heating to 600 and 700 °C, respectively, as a result of

the increase in C species on the surface.

2.3.4 Atomic-Force Microscopy, Electrochemical Scanning-Tunneling Microscopy,

and Low-Energy Electron Diffraction

Figure 2.8 presents a representative topographical AFM image of an HCC-Si(111)

surface. The HCC-Si(111) surface exhibited broad atomic terraces with step edges ~0.3

nm in height, consistent with terraces observed on reconstructed Si(111) surfaces in
vacuum.** Generally, the surfaces exhibited a low density of particulates adsorbed to the
surface, and the density of etch pits observed by AFM was low. The observation of
atomic terraces after alkylation was consistent with the grafting of an overlayer with

uniform thickness onto the surface of the Si(111) substrate.

Figure 2.8. Topographical AFM image of the HCC—Si(111) surface. The image is 1 um
% 1 um with a z-scale of 1.2 nm (—0.6 to +0.6 nm).
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Figure 2.9 shows a representative EC-STM image of the HCC-Si(111) surface.
The HCC-Si(111) surface showed localized areas where species of similar height were
observed (representative areas indicated by white circles), consistent with the proposed
mixed composition of HCC—Si(111) surfaces, in which a fraction of the surface sites are
terminated by Si—OH. The distance between the centers of the areas with similar height
was 0.38 nm, which is the same as the distance between Si(111) atop sites.’® The majority
of the HCC-Si(111) surface did not exhibit ordering on an atomic scale as observed by

room temperature EC-STM.

Figure 2.9. EC-STM image of the HCC-Si(111) surface (10 nm x10 nm) collected at
—0.4 V versus Ag/AgCl with a bias voltage of =300 mV and tunneling current of 5 nA.
The z-scale is indicated in the figure. The white circles in the figure highlight areas where
species of similar height were observed. The distance between the centers of the white

circles was 0.38 nm, the same as the distance between Si(111) atop sites. Image courtesy
of Y.-G. Kim and M. P. Soriaga.
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LEED patterns were collected for HCC-Si(111) surfaces (Figure 2.10) to
qualitatively determine the ordering of the top surface layers of the substrate. LEED
patterns that exhibit 3-fold symmetry, with diffraction spots forming a hexagon, are
indicative of a (1 x 1) surface unit cell. Generally, LEED has limited sensitivity on the
monolayer scale, and disordered Si surfaces that exhibit high crystallinity of the Si
immediately below the surface will still display clear diffraction spots. The qualitative
intensity of the background relative to the diffraction spots can provide some degree of
information about the ordering of the surface layer. HCC—Si(111) exhibited similar 3-
fold symmetry with the presence of a hexagonal diffraction pattern appearing at 40 eV
beam energy. The background appeared slightly more intense than for CH3—Si(111)
control samples, suggesting a lower level of ordering at the sample surface than for CHs—
Si(111). This behavior was consistent with the observed mixed composition of HCC—

Si(111) surfaces, which showed vibrational signatures of Si-CCH and Si—~OH groups.

Figure 2.10. Representative LEED pattern for the HCC-Si(111) surface collected at 40
eV incident beam energy.
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The HCC-Si(111) and CH3-Si(111) surfaces exhibited comparably bright and sharp
diffraction spots, and the only evidence of lower surface ordering for H-Si(111) samples

was in the intensity of the background.
2.3.5 Surface Recombination Velocity Measurements

Figure 2.11 shows the behavior of S determined by use of eq 2.3* for CH3-Si(111)
and HCC-Si(111) surfaces as a function of time in air. Immediately after preparation and
cleaning, CH3—Si(111) and HCC—Si(111) surfaces exhibited S values of (4 +2) x 10" and
(2.5+0.3) x 10’ cm s, respectively. After being exposed to air for 24 h, the S value for
CH;-Si(111) surfaces decreased to (1.5 + 0.5) x 10" cm s, while HCC-Si(111) surfaces
exhibited an increase in S to (3.30 = 0.09) x 10’ cm s '. Over extended exposure to air, S

for HCC-Si(111) surfaces remained relatively constant at (3.5 + 0.1) x 10> cm s .
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Figure 2.11. S measured as a function of exposure to air for CH3—Si(111) (black squares)
and HCC—Si(111) (blue circles) surfaces. The error bars represent 1 standard deviation
about the mean.
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The effective trap-state density, N, was calculated for CH3—Si(111) and HCC-
Si(111) surfaces by use of eq 2.4.° Immediately after preparation, CHs~Si(111) and
HCC-Si(111) surfaces were found to have trap-state densities of 4 x 10” and 3 x 10"
cm *, which is equivalent to 1 trap for every 2 x 10° and 3 x 10’ surface sites,
respectively. After 581 h of exposure to air, the trap-state densities of CH3;—Si(111) and
HCC-Si(111) surfaces had adjusted to yield 2 x 10° and 3 x 10'' cm™>, or 1 trap for every
4 x 10° and 2 x 10’ surface sites, respectively. The estimated trap-state density for the
studied surfaces was below the detection limit for most spectroscopies, hindering the

identification of the chemical structures that form the surface trap states.

2.3.6 Reactivity of HCC-Si(111) Surfaces

The reactivity of the terminal alkyne moiety on HCC-Si(111) surfaces was
explored by deprotonating the ethynyl group with a strong base. HCC—Si(111) surfaces
were soaked in a #-BuLi solution to generate putative surface-bound Si—C=C-Li groups.
Such putative deprotonated surfaces were then soaked in CD3;OD to yield DCC-Si(111)
surfaces. Figure 2.12 presents TIRS data for HCC-Si(111) surfaces before and after
treatment with 7-BuLi followed by CD3;OD. This treatment resulted in a reduction in the
intensity of the ethynyl =C—H stretching (3307 and 3296 cm ') and C=C stretching (2019
cm ') signals as well as in the appearance of new absorption peaks at 2574, 2559, and
1897 cm™. Figure 2.13 shows that the peaks were absent for samples collected at 30°
incidence angle, indicating that the groups were oriented perpendicular to the surface.
Similar results were obtained using other strong bases, such as n-BuLi, LiTMP, LIHMDS,

and LDA, as shown in Figure 2.14, indicating that the surface-bound organolithium
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Figure 2.12. TIRS data for HCC-Si(111) surfaces referenced to the H-Si(111) surface
before (bottom) and after (top) treatment with -BuLi followed by CD3;OD. Panel a shows
the high-energy region, and panel b shows the low-energy region. The peak positions and
assignments (* denotes tentative) are indicated in the figure. The subscript “sat” is used
to denote C—H stretching signals arising from saturated hydrocarbons and the subscripts
CCH and CCD indicate vibrational modes arising from HCC-Si(111) and DCC-Si(111)
moieties, respectively. The spectrum shown after treatment was offset vertically for
clarity.
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Figure 2.13. TIRS data for HCC-Si(111) surfaces referenced to the H-Si(111) surface
collected at 30° incidence angle before (bottom) and after (top) treatment with #-BuLi
followed by CD;OD. Panel (a) shows the high-energy region, and panel (b) shows the
low-energy region. The negative peaks in panel (b) resulted from the H-Si(111)
background. The absence of any signals attributable to —CCD groups after treatment
indicates that the modes observed at 74° are perpendicular to the surface. The spectrum
collected after treatment is offset vertically for clarity.
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species can be generated by reaction routes that are analogous to those displayed by
small-molecule terminal alkynes. The shape and spacing of the peaks at 2574 and 2559
cm ' were similar to the signals at 3307 and 3296 cm ', suggesting that these new peaks
arose from =C-D asymmetric and symmetric stretching, respectively. The new signal at
1897 cm™' was symmetric and positioned at slightly lower energy than the original C=C
stretching signal at 2019 cm™'. The signal at 1897 cm ™' arose from C=C stretching and
was shifted to lower energy relative to the C=C stretching signal for the HCC-Si(111)

surface by introduction of the D atom to the ethynyl group. Integration of the area under
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Figure 2.14. TIRS data collected at 74° incidence angle for HCC—Si(111) surfaces after
treatment with (a) n-BuLi, (b) -BuLi, (c) LDA, (d), LiIHMDS, or (e) LiTMP followed by
reaction with CD3;OD. The characteristic peaks corresponding to the —-CCH and —CCD
surface species are indicated by the dotted lines. The negative peak at 2083 cm ' resulted
from the H-Si(111) background. Spectra collected for all bases yielded comparable peaks
ascribable to the surface -CCD species. The spectra were offset vertically for clarity.
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the ethynyl =C—H stretching peaks at 3307 and 3296 cm™' and under the C=C stretching
peak at 2019 cm ™' in the TIR spectra before and after deuteration showed that the peak
area was reduced to roughly 22% of the original area. These data suggested that an
estimated 78% of surface-bound ethynyl groups had been converted to Si—-C=C-D groups

by this process.

Treatment of HCC—Si(111) surfaces with #-BuLi also deprotonated the surface-
bound ~OH groups, as evidenced by the disappearance of the peak at 3620 cm™' (Figure
2.12). Several new peaks appeared at 2961, 2933, and 2856 cm ' in the typical C—H
stretching region for adventitious C species, but also resulted from O-D stretching in Si—
OD groups. Figure 2.15 shows that this treatment also produced a peak at 2075 cm '

observed in spectra that were referenced to the SiOy surface, and this signal can be
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Figure 2.15. TIRS data collected at 74° incidence angle for HCC-Si(111) surfaces
referenced to the SiOy surface before (bottom) and after (top) treatment with z-BuLi
followed by CD;OD. The center of the Si—H stretching peak is indicated by the dotted
line, and the broad peak in the top spectrum at 2075 cm ™' is ascribed to Si—H stretching.
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ascribed to Si—H stretching. The total area under the Si—H stretching signal was ~8% of

the area of the signal on the fully terminated H-Si(111) surface. The vibrational data for

the deprotonated DCC—Si(111) surface is summarized in Table 2.3.

Table 2.3. Summary of the Positions and Assigned Modes for the Vibrational Signatures
Observed for the DCC-Si(111) Surface

TIRS Assigned Orientation to
Frequency = Mode* Surface®
(cm™)

3307 Vo(=C-H) 1

3296 vs(=C-H) 1

2961 V(CH)sat

2933 V(C—H)sar

2856 v(O-D)*

2574 Vo(=C-D) 1

2559 Vs(=C-D) 1

2019 V(C=C)ccn 4

1897 V(C=C)ccp 4

~1050 V(Si—O—Si)TO not L

“The symbols v and & signify stretching and bending motions, respectively, with
subscripts a and s indicating whether the mode is asymmetric or symmetric, respectively.
The subscript “TO” indicates a transverse optical Si—O—Si motion. The subscript “sat”
indicates a C—H stretching signal arising from unidentified saturated hydrocarbons. The
subscripts “CCH” and “CCD” indicate C=C stretching peaks arising from —CCH and
—CCD groups, respectively. The assignments marked with = are tentative. “The
orientation of the vibrational mode with respect to the plane of the sample surface
determined by TIRS is given.

To further demonstrate the reactivity of the lithiated surface, surface-bound
Si—C=C-Li groups were also reacted with neat 4-fluorobenzyl chloride. For comparison,
the same reaction was also performed on CH3—Si(111) surfaces and propynyl-terminated

Si(111) (CH3CC-Si(111)) surfaces (see Chapter 3). Figure 2.16 shows the F 1s XP
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spectra for CH3;-Si(111), HCC-Si(111), CH3CC-Si(111), and SiOy surfaces after
sequential reaction with #-BuLi followed by 4-fluorobenzyl chloride. HCC-Si(111)
surfaces exhibited a F 1s signal at 687.8 eV after reaction with #-BuLi followed by 4-
fluorobenzyl chloride. XPS was used to provide a rough estimate of the surface coverage
of fluorobenzyl groups by use of eq 2.2 to yield Dfyorobenzyt = 0.08 £ 0.03 ML, and no
residual Cl was observed in the CI 2s region. The absence of Cl indicated that the 4-
fluorobenzyl groups were covalently attached to the surface by nucleophilic substitution,
and the LiCl product was removed from the surface. Control experiments showed the
absence of detectable F by XPS on CH3-Si(111) and CH3CC-Si(111) surfaces that had
been reacted sequentially with #~BuLi and 4-fluorobenzyl chloride. However, wafers that
had been oxidized with a piranha solution and then treated with #~-BuLi followed by 4-
fluorobenzyl chloride produced a F 1s signal centered at 687.0 eV with @gyorobenzyt = 0.09
ML of 4-fluorobenzyl groups bound to the surface. Thus, the 4-fluorobenzyl groups were

likely attached at both Si—~CCLi and Si—OLi surface sites.
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Figure 2.16. High-resolution F 1s XP spectra of (a) CH3s-Si(111), (b) HCC-Si(111), (¢)
CH;CC-Si(111), and (d) SiOx surfaces after reaction with #BuLi followed by 4-
fluorobenzyl chloride. Only HCC-Si(111) and SiOy surfaces showed the presence of
detectable F at 687.8 and 687.0 eV, respectively. The proposed structure of the resulting
surface is depicted above each spectrum.
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2.4 DISCUSSION
2.4.1 Vibrational Spectroscopy of HCC—-Si(111) Surfaces

TIRS (Figure 2.1) and HREELS (Figure 2.4) of HCC-Si(111) surfaces prepared
using DMSO showed the presence of =C-H, C=C, and Si—C stretching vibrations,
providing strong support for the attachment of ethynyl groups perpendicular to the Si(111)
surface. Theoretical calculations have predicted the appearance of a =C—H stretching

mode in the range of 3410 cm™', with a C=C stretching mode expected at ~2075 cm %

The calculations were performed using uncorrected theoretical harmonic frequencies,
however, which tend to yield predicted signals that are higher in energy than
experimental results for high-frequency modes. Thus, the experimentally observed modes
are in agreement with the theoretical calculations for the HCC-Si(111) surface. The
presence of a peak at 648 cm ' in the HREEL spectrum is in close agreement with the
theoretical prediction of a Si—C stretching signal at approximately 645 cm™',*° indicating
that the ethynyl groups are covalently bound to the Si(111) surface. Theoretical
calculations also predict the presence of a =C—H bending signal between 568 and 579
cm ', in addition to a signal between 484 and 492 cm ' resulting from bending of the
Si—-C=C-H unit coupled with phonons in the crystal.”> A small peak in the HREEL
spectrum at 477 cm ' and a shoulder on the elastic peak at 346 cm™' could possibly result
from the =C—H bending and phonon-coupling vibrations, respectively, but may also arise
from Si—O bending or other phonon-coupling modes. However, the limited coverage of
the Si(111) surface with ethynyl groups hinders the clear detection of these vibrations by

current surface-sensitive vibrational spectroscopy techniques.
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TIR spectra (Figure 2.1) exhibited peaks ascribable to Si“OH vibrational modes,
with the Si—O bond oriented perpendicular to the surface.”’ " % The O-H stretching
signal exhibited a reduced intensity at 30° incidence, suggesting that the transition was
polarized perpendicular to the surface. However, the proposed geometry of a surface-
bound Si—~O-H group would be expected to have a significant component of the O-H
stretch oriented parallel to the surface. One possible explanation for this could involve
hydrogen bonding of the hydroxyl groups to adsorbed water, which could affect the
orientation of the O—H bond with respect to the surface. Variation of the amount of
adsorbed water may have resulted in the observed reduction in the intensity of the O—H
stretching peak at 30° incidence. These vibrational signatures are indicative of HO—
Si(111) surface sites, indicating that the HCC-Si(111) surfaces are mixed-composition
surfaces in which a fraction of the surface sites are alkylated and a fraction are
hydroxylated. Few routes are known to the hydroxylation of crystalline Si surfaces
without insertion of O into the Si lattice,” and this method has been shown to terminate
an estimated 35% of the surface Si(111) sites with —OH groups. The formation of —OH
groups on Si surfaces with minimal formation of high-order SiOx allows for chemical
reactions to be performed using versatile hydroxyl group chemistry without introduction

of an insulating oxide barrier that is usually intrinsic to oxidized semiconductor surfaces.

The DMSO solvent clearly plays an important role in the formation of Si—-OH
sites concomitant with Si—CCH sites. Though the DMSO was purchased anhydrous and
was dried over molecular sieves prior to use, complete removal of water from DMSO is

known to be very difficult, and the surficial —-OH groups thus likely arise from trace water
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in the solvent. The addition of NaCCH to DMSO with trace water will result in
deprotonation of the water to yield NaOH, which can undergo nucleophilic reaction with
halogenated surface sites. Reaction of NaCCH with Br—Si(111) surfaces with DMA as
the solvent also resulted in the observation of =C-H and C=C stretching vibrational
signals, though significant SiOx and hydrocarbon impurities were also present (Figure
2.2). Thus, the solvent controlled the type of surface oxidation that occurred, and surfaces

prepared using DMSO were the most well-defined chemically.

2.4.2 Surface Ordering, Stability, and Defects of HCC-Si(111) Surfaces

Although AFM data showed broad atomic terraces functionalized with uniform
overlayers, and LEED patterns were consistent with a (1 x 1) surface unit cell, room
temperature EC-STM images of HCC-Si(111) surfaces showed that these surfaces did
not exhibit the same long-range ordering characteristic of CH3—Si(111) surfaces. Instead,
HCC-Si(111) surfaces showed localized regions of ordering and exhibited small
variations in height that were not consistent with the height of a Si(111) step edge.
Assuming that the bright regions in Figure 2.9 indicate areas functionalized with -CCH
groups, while the dark regions are areas functionalized with —OH groups yielded an

estimated coverage of ~0.6 ML —CCH and ~0.4 ML —OH, in good agreement with the

surface coverage estimates obtained using XPS. The small difference in height observed
between regions was indicative of a difference in the density of states, which could result
from a difference in orientation of the -CCH or —OH groups on the surface. The height
difference on the same terrace was small (<0.1 nm), and the surfaces exhibited localized

regions in which ordering was evident, but significant long-range ordering was not
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observed for the HCC-Si(111) surface. Given the irreversible nature of the Si—C bond,
and the resulting lack of surface mobility of the attached organic groups, steric
considerations may in general preclude facile formation of a fully ordered alkylated
monolayer over large areas, and the ordering observed for methyl-terminated Si(111) and

Ge(111) surfaces®” are thus remarkable in this respect.

S measurements of HCC-Si(111) (Figure 2.11) surfaces as a function of time
exposed to air suggest that this surface is not well-passivated and exhibited behavior
similar to H-Si(111) surfaces. The proposed surface structure contains a partial coverage
of —OH groups, and the binding of O to oxide-free Si surfaces generally results in the
formation of surface trap states that contribute to the degradation of the electronic
properties of the surface. While the trap-state density of HCC-Si(111) surfaces was high
compared with CH3—Si(111) surfaces, the trap-state density was well below the detection
limit of most surface-sensitive spectroscopies. The high trap-state density for HCC—
Si(111) surfaces most likely resulted from oxidation of the surface, which was already
partially oxidized as Si~OH and not well protected at Si—C sites by partial coverage with

—CCH groups.

The HCC-Si(111) surface exhibited a lower thermal stability than CH;—Si(111)

surfaces, which are known to be stable up to 450 °C in vacuum.***!

The ethynyl groups
underwent saturation as they reacted with adventitious C species on the sample or in the
vacuum chamber, and annealing from 600-700 °C resulted in larger amounts of C on the

sample surface. HCC-Si(111) surfaces showed the largest intensity SiC peak upon

annealing to 700 °C, and an overall increase in C 1s peak area was observed, suggesting
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hydrocarbons in the atmosphere reacted with and were bound to the surface upon heating
above 500 °C. These results suggest that the —CCH groups readily undergo reaction with
other species adsorbed on the surface and in the vacuum chamber. The results indicate
that the chemical reactivity of the surface is increased for HCC-Si(111) surfaces

compared with CH3—Si(111) surfaces.

2.4.3 Reactivity of HCC-Si(111) Surfaces

Terminal alkynes can be deprotonated readily by reaction with a strong base, such
as t-BuLi. Consistently, HCC-Si(111) surfaces were shown to undergo reaction with
t-BuLi to form a surface-bound lithium acetylide. Many surface functionalization
techniques rely on nucleophilic attack of the surface by a molecular species, whereas
generation of a surface-bound nucleophile expands the surface chemistry toolkit for
functionalization of Si surfaces. The presence of the surface-bound organolithium was
demonstrated by reaction with CD3;OD to yield deuterated ethynyl groups on the surface.
TIRS (Figure 2.12) showed the appearance of a pair of v(=C—D) peaks along with a
(C=C)cep peak. The difference between the v(=C—H) and v(=C—D) peak positions was

~730 cm™', which is consistent with previous work that has shown the difference in peak
position from C—H to C-D stretching to be ~750 cm ' on C,Hs—Si(111) surfaces.** The

shift from (C=C)ccn to (C=C)ccp was considerably smaller (122 cm‘l) because the D

atom interacts indirectly with the C=C stretching mode.

Attachment of 4-fluorobenzyl groups to the surface of HCC-Si(111) surfaces

functionalized 8 + 3% of surface sites with 4-fluorobenzyl groups (Figure 2.16). The
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absence of Cl observed in Cl 2s spectra suggests that the 4-fluorobenzyl groups were
bound to the surface by nucleophilic substitution. Additionally, since no F 1s signal was
observed for CH3—Si(111) and CH3CC-Si(111) surfaces subjected to the same treatment,
the HCC-Si(111) surface appears to possess unique chemistry that allows for the
generation of surface-bound nucleophiles. However, SiOy samples subjected to
deprotonation in #-BuLi and reaction with 4-fluorobenzyl chloride similarly yielded a

surface with ~9% of a ML of 4-fluorobenzyl groups, indicating that surface-bound —OLi

groups can also react with 4-fluorobenzyl chloride in a nucleophilic substitution reaction.
Thus, deprotonation of HCC-Si(111) surfaces to yield both —CCLi and —OLi groups on
the surface allowed both nucleophile species to react with the 4-fluorobenzyl chloride

electrophile.

2.4.4 Comparison with Previously Reported Syntheses and Surface Spectroscopy

The synthesis of HCC—Si(111) surfaces has been reported previously, albeit with
minimal spectroscopic characterization of the resulting surfaces.”**® Table 2.4
summarizes the synthetic methods, surface characterization techniques employed, and
results of the prior studies. For putative HCC—Si(111) surfaces prepared from Cl-Si(111)
surfaces reacted with NaCCH in THF,* the position of the C=C stretch was reported as
2179 em ™', * which is 160 cm™" higher than the signal observed in this work (2019 cm ™)

and ~100 cm™" higher than the upper estimate predicted by theoretical calculations (2075

cm ).® We attempted to reproduce the results of those reports, but our attempts were
unsuccessful except in certain respects on unpredictable occasions. Anodic deposition of

HCCMgCl and HCCMgBr on H-Si(111) surfaces has also been reported for the
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preparation of HCC-Si(111) and yields a C=C stretch at ~2040 cm'.***’ The C=C

stretch at 2019 cm™' observed herein agrees more closely with the behavior of surfaces
prepared by anodic deposition, and is in better agreement with theoretical calculations
than the signal reported at 2179 cm'.®> HCC-Si(111) surfaces prepared from the reaction
of CI1-Si(111) surfaces with NaCCH in xylenes reported no observable C=C stretch.*

Observation of ethynyl =C—H stretching at ~3300 cm ' has been reported for samples

prepared by anodic deposition that yielded a polymeric layer*” as well as for samples
prepared by reaction of H/D-Si(111) surfaces with HCCMgBr in THF.*® The presence of
a Si—C stretching peak at 660 cm ' has only been previously observed for samples
prepared by reaction of HCCMgBr with H/D—-Si(111) surfaces, which showed incomplete
reactivity and contamination from saturated hydrocarbons.*® The observation of ethynyl
=C-H stretching signals at 3307 and 3296 cm ', in addition to the C=C stretch at 2019
cm ' and Si—C stretch at 648 cm™', provides strong evidence for the formation of HCC—

Si(111) surfaces using the reaction chemistry described herein.
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Table 2.4. Summary of Prior Reports of Synthesis and Characterization of Ethynyl-
Terminated Si Surfaces

Publication Reaction Conditions  Characterization and Evidence for Structure
ref" C1-Si(111) reacted XPS: C 1s XP peak at 284.0 eV used to suggest C bound to Si.
with NaCCH in THF Coverage estimated to be 0.9 + 0.1 ML for Si—~CCH relative to
to give Si-CCH Si—CHj;. No evidence for SiO, in Si 2p.
surfaces, respectively.  IR: Si-CCH exhibits C=C stretch at 2179 cm ' polarized perpendicular
to the surface. Electrochemical measurements show no Si—H oxidation
peak in aqueous electrolyte.
Si—CCH surfaces were reacted with n-BuLi, then
4-bromobenzotrifluoride to show C bound to F by XPS.
ref” C1-Si(111) reacted XPS: C 1s XP peak at 283.8 eV used to suggest C bound to Si.
with NaCCH in Coverage with —CCH groups estimated to be 0.97 = 0.05 ML relative
xylenes/mineral oil at  to Si—CHj. Si 2p showed minimal oxidation after preparation, with
130 °C for S hto give  0.25 ML of SiO, present after 6 days in air.
Si—CCH surfaces. IR: Disappearance of Si—H stretching after functionalization was used
to show complete termination.
Contact-angle measurements with water were 77 + 2° for the Si-CCH
surface.
Click chemistry was performed via Cu(I)-catalyzed reaction of
Si—CCH surfaces with an azide-functionalized benzoquinone. The
surface coverage was estimated to be ~0.07 ML of benzoquinone,
which was then removed and ferrocene was attached with a coverage
0f 0.005 ML.
ref" Anodic grafting of IR: The reaction was monitored by IR. As anodic pulses were applied,
HCCMgBrin THF to  the Si—H stretching peak at ~2080 cm ' was lost and the C=C stretch at
H-Si(111) surfaces. ~2040 cm’” peak grew in, though quantitative analysis was precluded
Current density was by significant overlap of the two signals. The position of the C=C
100 pA cm” with a stretch is in best agreement with the results reported in this work.
pulse length of 0.1 s
for 100 pulses.
ref”’ Anodic grafting of SEM indicated the presence of a polymeric layer for all samples
HCCMgCl or prepared.
HCCMgBrin THF to  IR: All samples showed disappearance of Si—H after anodic
H-Si(111) surfaces. deposition. Samples prepared from HCCMgCl showed acetylenic
The current density =C-H stretching at ~3300 cm ' as well as C=C stretching at ~2046
was 0.5 or 0.02 mA cm . Also present were modes ascribed to the presence of saturated
cm applied over 15—  alkyl chains, indicating that the C=C bond became saturated during
20 min. grafting and polymerization. Residual Cl was observed on the surface,
and the authors postulate it was inserted into the polymer.
SXPS: A C 1s XP peak at 283.7 eV was used to qualitatively suggest
C bound to Si. Si 2p XP spectra showed shift in surface Si to higher
binding energy, further suggesting that the surface Si is bound to C.
The observed polymer layer is inconsistent with results reported by
Teyssot et al., who concluded the HCCMgBr does not polymerize on
H-Si(111) surfaces upon application of anodic current.
ref™ H-Si(111) and D- Multiple internal infrared reflection absorption spectroscopy (MI-

Si(111) reacted with
HCCMgBr in THF at
6065 °C for4.25-5h
to yield HCC-Si(111)
surfaces

IRAS) and HREELS used to show vibrational structure. Ethynyl
=C—H stretch observed at ~3300 cm ™' and C=C stretch observed at
2020 cm ', in agreement with the results reported in this work. A peak
at 660 cm ' was attributed to Si-C stretching. A significant fraction of
Si—H and Si—D surface sites remained unreacted. Surfaces were
contaminated with saturated hydrocarbons and a small amount of SiO,
was observed.
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2.5 CONCLUSIONS

HCC-Si(111) surfaces have been synthesized and characterized by a variety of
spectroscopic methods. TIRS and HREELS data show the characteristic vibrational
modes for Si—-C=C-H groups covalently bound perpendicular to the surface. HCC-Si(111)
surfaces also exhibited the presence of Si—OH vibrational modes when prepared in
DMSO. XPS of HCC-Si(111) surfaces exhibited ®si ccy = 0.63 £ 0.08 ML and ®s; o =
0.35 £ 0.03 ML. The prepared surfaces exhibited no detectable unreacted Si—H or Si—Br
sites. Annealing of HCC-Si(111) surfaces in vacuum resulted in the appearance of
different C species at elevated temperature, including SiC that formed on the surface.
AFM and LEED data showed that the surfaces exhibited terraced structures and ordering
comparable to that of CHs—Si(111) surfaces, though EC-STM data showed that the
surfaces did not exhibit the long-range ordering of CH3—Si(111) surfaces. HCC-Si(111)
surfaces were deprotonated using #-BuLi to form a surface-bound lithium acetylide,

which was shown to undergo a reaction with electrophiles.

The complete vibrational spectra for the HCC—Si(111) surfaces presented in this
work definitively establish the covalent attachment of ethynyl and propynyl groups to the
Si(111) surface. Vibrational spectroscopy, which is perhaps the most powerful tool for
surface structural analysis, used in tandem with XPS, LEED, AFM, EC-STM, and S
measurements provide a clear picture of the surface structure, allowing for the
development of structure-function relationships, new chemistries, and, by extension, new

technologies.
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Chapter 3

SYNTHESIS AND CHARACTERIZATION OF PROPYNYL-

TERMINATED Si(111) SURFACES

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

3.1 INTRODUCTION

The chemical composition of semiconductor surfaces can have a substantial
impact on the properties of the semiconductor in the context of device architecture.'” The
surface composition can drastically influence the rate of charge carrier recombination at

3-5

the interface,”” the band-edge positions and resulting maximum achievable output

2

otential at the interface,”’ the chemical reactivity®'? and physical robustness of the
p y phy

P14 and the electrical properties of the interface.”'” Because the surface

interface,
composition has such a strong influence over the behavior of semiconductor interfaces, a
substantial amount of effort has been put towards achieving molecular-level control over

the semiconductor surfaces in order to achieve improved and predictable semiconductor

interfaces.

One of the best examples of a well-defined semiconductor surface is methyl-
terminated Si(111) (CH3-Si(111)). As discussed in Chapter 1, CH5s—Si(111) surfaces have

been extensively characterized and are believed to be fully-terminated with —CH3 groups
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such that each atop Si(111) site is terminated by a Si—C bond.'®?* This property affords
CH;-Si(111) surfaces exceptional chemical stability. This high degree of stability,
however, also makes CH3—Si(111) surfaces chemically inert towards many potential
methods of secondary functionalization. Such limitations have precluded CH;—Si(111)
surfaces alone from providing favorable interfaces with functional device components,

such as metals, metal oxides, catalysts, and polymers.

Propynyl-terminated Si(111) (CH3CC-Si(111)) surfaces, which are terminated by
the propynyl (~CCCH3) group, could potentially exhibit many properties similar to CH3—
Si(111) surfaces. The —CCCH3s group is sterically similar to —CHs groups when
considering the radial geometry of the substituent, potentially allowing for near complete
termination of the Si(111) atop sites with Si—C bonds. The geometry of the —-CCCHj3
group is intriguing from a fundamental perspective because it is essentially a —CH3 group
separated from the Si lattice by a C=C spacer, which presents unique opportunities to
improve understanding of organic/Si interactions. Additionally, the propynyl substituent
contains a C=C group, which is synthetically versatile and could allow for facile
secondary functionalization of CH3CC-Si(111) surfaces. In this way, CH3;CC-Si(111)

10-11, 34 .
»>" which was

surfaces could also act as an alternative to mixed monolayer chemistry,
developed to allow high Si—C termination on Si surfaces functionalized with bulky, but

synthetically useful, alkyl groups by passivating residual halogenated surface sites with

—CHj; groups.

The synthesis of CH3;CC-Si(111) surfaces has been reported previously and

extensively cited.'”*>** However, structural characterization of CH;CC—Si(111) surfaces
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is severely lacking in the literature, and notable inconsistencies exist between the
reported literature preparations and the resulting spectroscopic and physical properties of
the surfaces. Further characterization of these surfaces is therefore needed to fully define
the functionalization chemistry and to describe the properties of the modified Si(111)
surfaces. We describe herein the synthesis of the CH;CC-Si(111) surfaces and provide
extensive characterization of the modified surfaces by transmission infrared spectroscopy
(TIRS), high-resolution electron energy-loss spectroscopy (HREELS), X-ray
photoelectron spectroscopy (XPS), atomic-force microscopy (AFM), electrochemical
scanning-tunneling microscopy (EC-STM), low-energy electron diffraction (LEED), and
surface recombination velocity (S) measurements. Additionally, we have compared the
results of the surface analysis presented herein with previously reported data for

propynyl-terminated Si surfaces.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials and Methods

Water (>18.2 MQ cm resistivity) was obtained from a Barnstead E-Pure system.
Ammonium fluoride (NH4F(aq), 40%, semiconductor grade, Transene Co., Inc., Danvers,

MA) was purged with Ar(g) (99.999%, Air Liquide) for 1 h prior to use.

Czochralski-grown n-Si wafers (Virginia Semiconductor, Fredericksburg, VA)
used for the collection of XPS, AFM, EC-STM, LEED, and HREELS data were double-
side polished, doped with phosphorus to a resistivity of 1  cm, 381 + 25 pum thick, and

oriented to within 0.1° of the (111) crystal plane. Collection of TIRS data was performed
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using wafers with one of the following specifications: float-zone-grown n-Si wafers
(Silicon Quest International, Santa Clara, CA), double-side polished, doped with
phosphorus to a resistivity of 63—77 Q cm, 435 £+ 10 um thick, and oriented to within 0.5°
of the (111) crystal plane; or float-zone-grown Si wafers (Addison Engineering Inc., San
Jose, CA), double-side polished, undoped with a resistivity of >20 kQ cm, 500 + 20 um
thick, and oriented to within 0.5° of the (111) crystal plane. Undoped, float-zone-grown
Si wafers (FZWafers.com, Ridgefield Park, NJ) with a resistivity of 2040 kQ cm used
for § measurements were double-side polished, 300 = 25 um thick, and oriented to within
0.5° of the (111) crystal plane. The wafer thickness was determined using calipers prior

to performing S measurements.

1. Preparation of CH;CC-Si(111) Surfaces. CH3;CC-Si(111) surfaces were
prepared from H-Si(111) surfaces using the CI-Si(111) surface intermediate. Section
2.2.1 of this thesis details the cleaning and etching techniques that were used for the
preparation of H-Si(111) surfaces. C1-Si(111) surfaces were prepared inside a glovebox
with <10 ppm Oy(g) by reaction of H-Si(111) surfaces with PCls saturated in
chlorobenzene at 90 °C for 45 min using benzoyl peroxide as a radical initiator. A
detailed account of the preparation of CI-Si(111) surfaces can also be found in section

2.2.1.

CH;CC-Si(111) surfaces were prepared by the reaction of CI-Si(111) surfaces
with CH3;CCLi (1.0 M in hexane, BOC Sciences, Shirley, NY) at 45 + 2 °C for 3-24 h.
The reaction of Cl-Si(111) surfaces with CH3CCLi was performed in foil-covered test

tubes to limit exposure of the CH3CCLi to ambient light. Upon completion of the reaction,
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CH;CC-Si(111) samples were rinsed with hexanes, then rinsed with and submerged in
methanol (>99.8%, anhydrous, Sigma-Aldrich), removed from the glovebox, sonicated
for 10 min in methanol, and rinsed with water. Samples were dried under a stream of
Ar(g) or Na(g). Scheme 3.1 summarizes the preparation methods for CH;CC-Si(111)

surfaces.

Scheme 3.1. Synthesis of CH;CC-Si(111) Surfaces

CHj3 CH3
(-
benzoyl peroxide .
H H chlorobenzene Cl Cl LiCCCH;3
Il - LT ]
v Si v Si v Si v Si h v Si v Si
WO VAN 2 N bl 2SN SN

3.2.2 Instrumentation

Detailed descriptions of the instrumentation used in the collection of TIRS, XPS,

AFM, EC-STM, LEED, and HREELS data is presented in section 2.2.1.

3.2.3 Data Analysis

1. Fitting and Quantification of XPS Data. High-resolution XP spectra were
analyzed using CasaXPS software v. 2.3.16. The fitting parameters were the same as

those described in section 2.2.2.

The thickness (da) of the overlayer species A was estimated by XPS for CH;CC—

Si(111) surfaces using the substrate-overlayer model***!
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where I is the area under the photoemission peak arising from the overlayer species A,
Isi is the area under the Si 2p photoemission signal, SFs; is the instrument sensitivity
factor for Si 2p (0.328), and SFa is the instrument sensitivity factor for the overlayer
species A, which is 0.278 for C 1s photoelectrons in hydrocarbon overlayers. For the
hydrocarbon overlayers, /x is the total area under the C 1s photoemission signal
corresponding to all C atoms in the overlayer, which is composed of the signals at 284.3
and 285.3 eV for CH;CC-Si(111) surfaces. The density of Si (ps;) is 2.3 g cm™, and the
density of the overlayer species A (pa) is 3.0 g cm ™ for hydrocarbon overlayers.” The
attenuation length for the overlayer species (44) has been estimated to be 3.6 nm for C 1s

photoelectrons moving through hydrocarbon overlayers.**

The attenuation length for Si
2p photoelectrons (4s;) moving through hydrocarbon overlayers has been estimated to be

4.0 nm.** The angle between the surface plane and the photoelectron ejection vector (6)

is 90°. The thickness of the overlayer species A was calculated using an iterative process.

The fractional monolayer coverage for the overlayer species A (®Pa) was
estimated by dividing the measured thickness, da, by the calculated thickness of 1 ML of
overlayer species A, depicted in Scheme 3.2. The thickness of 1 ML of each hydrocarbon
overlayer was estimated by summing the bond lengths for the species containing C, but
excluding Si and H. Assuming uniform overlayers, the value of @4 represents the fraction

of surface Si(111) sites that were modified with the overlayer species of interest.
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Scheme 3.2. Monolayer Thickness of Surface-Bound -CCCHj3 Groups
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2. Calculation of Surface Recombination Velocity and Surface Trap-State Density.
Details on the analysis of surface recombination velocity data for the calculation of S is
presented in section 2.2.3. S was calculated for CH;CC—-Si(111) surfaces using eq 2.3.* S
was converted to a trap state density, N, using eq 2.4.** N, was used to estimate the
absolute number of electrically active defects per surface Si(111) sites by use of the
number density of atop Si sites for an unreconstructed Si(111) surface, I'sii11), which is
7.83 x 10" atoms cm >, Thus, a wafer with surface recombination velocity S has 1

electrically active defect for every I'si111)/V; surface sites.

3.3 RESULTS

3.3.1 Transmission Infrared Spectroscopy

Figure 3.1 shows TIRS data of CH3;CC-Si(111) surfaces. The spectra exhibited
three distinct C—H stretching peaks at 2958, 2934, and 2872 cm'. The absorbance
features at 2934 and 2872 cm ' were observed only at the 74° incidence angle, which
indicated that those features arose from modes perpendicular to the surface, whereas the
absorbance at 2957 cm™' was observed at both angles and was therefore not perpendicular

to the surface. A sharp absorbance at 1380 cm ™' attributed to the symmetric C—H bending
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(0s), or “umbrella,” mode was present at 74° incidence but was absent at 30° incidence,
which indicated that this mode and the propynyl groups were oriented perpendicular to
the surface. A broad and asymmetric absorbance with local maxima at 1061, 1033, and
966 cm™' was also observed at both 74° and 30°, and likely arose from the expected CH;
rocking motion and subsurface (Si—O—Si)ro motion. The C—C stretching absorption was
also expected in this region, but likely contributed minimally to this absorption band due
to the symmetric nature of the C—C single bond. The presence of an absorbance in the

~1000 cm ' region at both angles of incidence suggested that the absorption arose

primarily from the CHj; rocking and (Si—-O—Si)ro modes because the C—C stretching

mode is expected to be oriented perpendicular to the surface.

Absorbance

4- L 4 |- 2083 i er——

T — : T T T T T T T T T : I T T N 1
3500 3250 3000 \ 2750 2500 2000 1750 1500 1250 1000 750 500
Wavenumber (cm ) Wavenumber (cm )

Figure 3.1. TIRS data for CH;CC-Si(111) surfaces referenced to the H-Si(111) surface
collected at 74° (bottom) and 30° (top) from the surface normal. Panel a shows the high-
energy region, and panel b shows the low-energy region. The negative peaks in panel b
resulted from the H-Si(111) background. The peak positions and assignments (* denotes
tentative) are indicated in the figure. The 30° spectrum is offset vertically for clarity.
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Figure 3.2 shows the absence of detectable Si—H stretching for the CH;CC-Si(111)

surfaces prepared in this work.
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Figure 3.2. TIRS data for the CH3CC-Si(111) surface referenced to the SiOy surface.
The position of the Si—H stretching peak is indicated by the dotted line.

3.3.2 High-Resolution Electron Energy-Loss Spectroscopy

HREELS data were obtained for CH3;CC-Si(111) surfaces to detect vibrational
signals that could not be readily observed by TIRS. The HREELS data for CH;CC—

Si(111) surfaces (Figure 3.3) exhibited a single (C—H)cn, stretching signal centered at

3004 cm ', in addition to a broad peak centered at 1435 cm ™', which corresponded to the
closely spaced symmetric and asymmetric C—H bending motions, the latter of which was
not observed by TIRS. A peak centered at 2216 cm ' was indicative of C=C stretching,
and supported the proposed structure of the CH;CC—Si(111) surface. A signal at 670 cm '

was consistent with Si—C stretching, and provided evidence for the covalent attachment
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of propynyl groups to the Si(111) surface. The signal centered at 1048 cm™' arose from

the convolution of CH; rocking, C—C single-bond stretching, and (Si—O—Si)ro modes.

PCH)  5(C-H)gy,

7 1 v(c-C) 5_(C-H) i
V(Si-0-Si);g % 4ar O3 I
Clogs 10 1435

T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Energy Loss (cm )

Figure 3.3. HREELS data for CH;CC-Si(111) surfaces. Data were collected in the
specular geometry using an incident beam energy of 2.8 eV, and the fwhm of the elastic
peak was 15.0 meV. The raw spectrum (bottom) is shown with the magnified spectrum
(top) superimposed for clarity. The peak positions and assignments are indicated in the
figure.
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Table 3.1 summarizes the vibrational modes observed by TIRS and HREELS for

CH;CC-Si(111) surfaces.

Table 3.1. Summary of the Positions and Assigned Modes for the Vibrational Signatures
Observed for CH;CC-Si(111) Surfaces.

TIRS HREELS Assigned Orientation to

Frequency Frequency Mode” Surface®

(em™) (em™)"

2958 3004 Va(C-H)cm,*  not L

2934 3004 vi(C—H)cu, * 1

2872 3004 Vs(CH)enyx L

- 2216 v(C=C)

- 1435 0a(C—H)cm,

1380 1435 0s(C—H)cn, 1

1061 1048 V(Si-O-Si)ro* not L

1033 1048 V(Si-O-Si)ro* not L
v(C-C)*

966 1048 p(CHz)* not L

— 670 v(Si—C)

“In some cases, HREELS signals do not resolve multiple vibrational modes that are
observed by TIRS. The HREELS signal with the closest energy to the resolved TIRS
signal is paired in the table. “The symbols v, &, and p signify stretching, bending, and
rocking motions, respectively, with subscripts a, s, and f indicating whether the mode is
asymmetric, symmetric, or resulting from Fermi resonance, respectively. The subscript
“CH3” indicates C—H stretching signals arising from the —CHj3 substituent of the propynyl
group. The subscript “TO” indicates a transverse optical Si—O-Si motion. The
assignments marked with * are tentative. “The orientation of the vibrational mode with
respect to the plane of the sample surface determined by TIRS is given.
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3.3.3 X-ray Photoelectron Spectroscopy

XPS data were collected to provide quantitative information about the species
present on CH3;CC-Si(111) surfaces. Only signals ascribable to Si, C and O were
observed, and high-resolution spectra were acquired for the C 1s and Si 2p core levels.
Figure 3.4 shows the C 1s high-resolution XP spectrum for CH3;CC—Si(111) surfaces. The
C 1s spectra exhibited two distinct photoemission signals centered at 284.3 and 285.3 eV
along with a small shoulder centered at 286.6 eV. The low binding-energy peak at 284.3
eV was consistent with C bound to Si, and the prominent photoemission signal at 285.3
eV arose from C bound to C, consistent with the proposed structure of the CH;CC—

Si(111) surface. The signal at 285.3 eV exhibited a broad fwhm relative to the peak at

x 10°
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Figure 3.4. High-resolution XP spectrum of the C 1s region for CH;CC—-Si(111) surfaces.
The low binding energy C photoemission signal at 284.3 eV arises from C bound to Si
(blue, Cs;), while the peaks at 285.3 and 286.8 eV arise from C bound to C (red, C¢) and
C bound to O (green, Co), respectively. The peak at 285.3 eV is a convolution of the two
C atoms in the propynyl group not bound directly to Si and adventitious C species, while
the signal at 286.8 eV arises from adventitious species only.
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284.3 eV because the signal at 285.3 eV arose from two chemically different C species in
the =C—CH3 substituent of the propynyl moiety as well as adventitious C, while the peak
at 284.3 eV arose only from the C bound to Si. The signal centered at 286.6 eV was
consistent with adventitious C on alkyl-terminated Si surfaces. The ratio of the peak at
285.3 eV to the peak at 284.3 eV was 3.6 + 0.4, while, assuming negligible attenuation,
the expected ratio for a -CCCHj; group would be 2.0. Figure 3.5 shows the Si 2p high-
resolution XP spectrum for CH3CC—Si(111) surfaces. The spectra showed no detectable

SiOy.
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Figure 3.5. High-resolution XP spectrum of the Si 2p region for CH3;CC-Si(111)
surfaces. The Si 2p spectrum showed only a contribution from the bulk Si (blue, Si). The

region from 102—-105 eV in the Si 2p spectrum is magnified to show the absence of
detectable high-order SiOk.
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The fractional monolayer coverage was estimated for CH;CC—Si(111) surfaces by

XPS by use of eq 1.1 to yield Dsicocny = 1.05 £ 0.06 ML. The C 1s photoemission
signals at 284.3 and 285.3 eV were summed to quantify Dsicccny because these signals

arise directly from the propynyl group. No detectable signals ascribed to Cl, Li, or SiOx
were observed by XPS on CH3CC-Si(111) surfaces, and XP survey spectra showed very

low amounts of O overall.

The thermal stability of CH3;CC-Si(111) surfaces was investigated in vacuum.
Figure 3.6 shows the behavior of CH3;CC-Si(111) surfaces as a function of annealing
temperature. CH;CC—Si(111) surfaces exhibited minimal changes in C 1s signal intensity
and shape after annealing to 100 °C, with a small reduction in C 1s signal intensity
observed upon heating to 200 °C. Annealing to 300 °C produced a significant reduction
in the C 1s signal intensity and concomitant reduction in the coverage of Si(111) surface
sites by propynyl groups (Table 3.2). Heating to 400 and 500 °C, respectively, further
reduced the intensity of the C 1s signal and increased the intensity of the Si 2p signal,
indicating that propynyl groups had been desorbed from the Si(111) surface. Annealing
the CH3CC-Si(111) surface up to 500 °C did not change the ratio of the C 1s peak at
285.3 eV to the peak at 284.3 eV within the statistical error, suggesting that very little
adventitious C was on the surface. Annealing to 600 °C resulted in increased intensity

and broadening of the C 1s signal with the appearance of a new peak centered at ~283.7
eV, which increased in intensity upon further heating to 700 °C and indicated the
formation of silicon carbide (SiC).*”*" An overall increase in the area of the C 1s peak

accompanied the formation of SiC and resulted in attenuation of the underlying Si 2p
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Figure 3.6. Thermal stability in vacuum of CH3;CC-Si(111) surfaces. The annealing
temperature is indicated above each spectrum, and the spectra are offset vertically for
clarity. The survey spectra (a) show the presence of only the Si 2p, Si 2s, C 1s, and O 1s
core level peaks along with the O Auger signal and Si plasmon-loss features. Annealing
to 600 and 700 °C resulted in the observation of a small amount of Cu and CI, which was
likely transferred from the sample holder to the sample surface during annealing. The
high-resolution C 1s spectra (b) showed the behavior of the C bound to Si (Cs;) and C
bound to C (C¢) peaks with temperature. Upon annealing to 200-500 °C, the overall
amount of C decreased. Heating to 600—700 °C resulted in the appearance of a new C s
peak at ~283.7 eV (SiC). Si 2p spectra (c) showed increased intensity as C was removed
from the surface upon annealing to 500 °C, and decreased intensity upon annealing to
600-700 °C.
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photoemission intensity. The chemical structure of the other C species formed on the
surface was not readily determined by the XPS measurements performed. Annealing to
600 and 700 °C, respectively, also produced an increase in the O 1s intensity observed in
the survey scan, since oxygen-containing hydrocarbon species from the chamber were
bound to the surface at elevated temperature.

Table 3.2. The Estimated Fractional ML Coverage, ®@, of a CH3;CC-Si(111) Surface as a
Function of Annealing Temperature.

Annealing Dsi_cccn,
Temperature (°C)
22 0.97
100 0.99
200 0.76
300 0.40
400 0.20
500 0.15

“The values of ® were determined using eq 3.1.**' The appearance of SiC on both

surfaces upon annealing to 600 °C precluded accurate determination of @ beyond 500 °C.

3.3.4 Atomic-Force Microscopy, Electrochemical Scanning-Tunneling Microscopy,

and Low-Energy Electron Diffraction

Figure 3.7 presents a topographical AFM image of a CH3;CC-Si(111) surface.

CH;CC-Si(111) surfaces exhibited broad atomic terraces with step edges ~0.3 nm in

height, consistent with terraces observed on reconstructed Si(111) surfaces in vacuum.*®
Some small particulates were observed on the surfaces, and the amount and size of the
particles varied between samples. Since no residual metal or halogen contaminants were

detected by XPS on these samples, the particulates were likely organic contaminants. The
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observation of atomic terraces after alkylation was consistent with the grafting of an

overlayer with uniform thickness onto the surface of the Si(111) substrate.

Figure 3.7. Topographical AFM image of a CH3;CC-Si(111) surface. The image is 1 um x
1 pm with a z-scale of 1.2 nm (-0.6 to +0.6 nm).

Figure 3.8 shows a representative EC-STM image of a CH3;CC-Si(111) surface.
CH;CC-Si(111) surfaces showed localized areas in which some ordering was detectable
by room temperature EC-STM. Representative areas in which species of similar height
were observed are indicated by white circles, and the distance between the centers of
these areas was 0.38 nm, consistent with the distance between Si(111) atop sites.”> The
height variation from the dark to light regions on a single terrace in was 0.08 + 0.01 nm,
which is smaller than the 0.3 nm Si(111) terrace height. The small height variation
suggested that the Si substrate was disordered during the grafting process or that species

other than CH3CC-Si(111) groups were present on the surface.
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Figure 3.8. Representative EC-STM image a CH3;CC-Si(111) surface (10 nm % 10 nm)
collected at —0.4 V versus Ag/AgCl with a bias voltage of =350 mV and tunneling current
of 5 nA. The z-scale is indicated in the figure. The white circles in the figures highlight
areas where species of similar height were observed, and localized areas of the CH;CC—
Si(111) surface exhibited a (1 % 1) surface unit cell. The distance between the centers of
the white circles was 0.38 nm, the same as the distance between Si(111) atop sites.

LEED patterns were collected for CH3;CC-Si(111) surfaces (Figure 3.9) to
qualitatively determine the ordering of the top surface layers of the substrate. LEED
patters that exhibit 3-fold symmetry indicate a (1 x 1) surface unit cell. However, while
LEED is significantly more surface-sensitive than X-ray diffraction, sharp LEED patters
are often observed for crystalline samples terminated by a disordered monolayer. The
intensity of the background relative to the diffraction spots can qualitatively assist in
determining the level of ordering on the surface LEED patterns of CH3;CC-Si(111)
surfaces exhibited 3-fold symmetry with the presence of a hexagonal diffraction pattern
at 40 eV beam energy, consistent with a (1 x 1) surface unit cell. The intensity of the

background was on the same order as that observed for HCC-Si(111) surfaces (see
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Chapter 2), which indicated a similar level of ordering at the surface. While both
CH;CC-Si(111) and HCC-Si(111) surfaces exhibited comparably bright and sharp
diffraction spots, and the only evidence of lower ordering was in the intensity of the
background. Both CH3;CC-Si(111) and HCC-Si(111) surfaces exhibited brighter
backgrounds relative to the diffraction spots compared with CHs—Si(111) surfaces,
indicating that the level of surface ordering present on CH;CC-Si(111) and HCC-Si(111)

surfaces was not as long-range as has been found for CH3—Si(111) surfaces.

Figure 3.9. Representative LEED pattern for a CH3CC—-Si(111) surface collected at 40
eV incident beam energies.

3.3.5 Surface Recombination Velocity Measurements

Figure 3.10 shows the behavior of S determined by use of eq 2.3* for CH3-Si(111)
and CH3CC-Si(111) surfaces as a function of time in air. Immediately after preparation
and cleaning, CH3—Si(111) and CH3CC-Si(111) surfaces exhibited S values of (4 + 2) x

10" and (2.0 £ 0.2) x 10’ cm s~ respectively. After being exposed to air for 24 h, the S
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Figure 3.10. S measured as a function of exposure to air for CH3—Si(111) (black squares)

and CH;CC-Si(111) (red triangles) surfaces. The error bars represent 1 standard
deviation about the mean.

value for CH3-Si(111) and CH3CC-Si(111) surfaces decreased to (1.5 + 0.5) x 10' and
(1.3 £ 0.2) x 10’ cm s, respectively. Over extended exposure to air, the S value of
CH3CC-Si(111) surfaces continued to decrease, reaching (5 + 1) x 10> cm s after 581 h

of air exposure.

The effective trap-state density, N;, was calculated for CH3—Si(111) and CH3CC-
Si(111) surfaces by use of eq 2.4.** Immediately after preparation, CH;-Si(111) and
CH3CC-Si(111) surfaces were found to have trap-state densities of 4 x 10° and 2 x 10"
cm *, which is equivalent to 1 trap for every 2 x 10° and 4 x 10’ surface sites,
respectively. After 581 h of exposure to air, the trap-state densities of CH3;—Si(111) and
CH;CC-Si(111) surfaces had adjusted to yield 2 x 10” and 5 x 10" em™, or 1 trap for

every 4 x 10° and 2 x 10" surface sites, respectively. The estimated trap-state density for
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the studied surfaces was below the detection limit for most spectroscopies, hindering the
identification of the chemical structures that form the surface trap states. However,
among CHs-Si(111), HCC-Si(111) (see Chapter 2), and CH;CC-Si(111) surfaces, an
increased calculated surface coverage of Si—C correlated with decreased S after 581 h of

air exposure.

3.4 DISCUSSION

3.4.1 Vibrational Spectroscopy of CH3CC-Si(111) Surfaces

TIRS (Figure 3.1) and HREELS (Figure 3.3) of CH3;CC-Si(111) surfaces showed
vibrational signatures characteristic of the proposed Si—C=C—CHj; structure. The
polarized “umbrella” mode at 1380 cm ' is significantly higher in energy than the
“umbrella” signature that is observed on CH3;-Si(111) surfaces at 1257 cm ', and this
observation is supported by theoretical calculations, which place the CH3;CC-Si(111)

“umbrella” mode at ~1392 cm'.* The significant shift in energy is thought to result from

the change in bonding environment around the —CHj3 group, which is bonded to either Si

or C for CH3-Si(111) or CH3CC-Si(111) surfaces, respectively.

Additionally, the CH; rocking mode for CH;CC-Si(111) surfaces at 966 cm '
exhibited a significant shift to higher energy compared with the CHj3 rocking mode for
CH;-Si(111) surfaces at 753 cm'. The —CHs group on the CH;CC-Si(111) surface is
positioned farther from the Si lattice than in the case of CH3—Si(111) surfaces, resulting
in reduced strain and increased energy of the CHj; rocking motion. This observation is

supported by theoretical calculations, which have predicted the appearance of the CHj



111

rocking mode at 1018 cm'.* Theory also predicts a C—C stretching mode at

approximately 1030 cm ', but the symmetry of this bond precludes its observation by
TIRS. The proximity of this mode to the (Si—O—Si)ro mode as well as to the CH3 rocking
mode yielded a single peak at 1048 cm ™' in the HREEL spectrum, preventing the clear

observation of the C—C bond by vibrational spectroscopy.

Unlike CH3—Si(111) surfaces, which exhibit two C—H stretching modes, CH3;CC—
Si(111) surfaces show three distinct C—H stretching peaks. Group theory considerations
require that a —CHj3 group has both a; symmetric and e asymmetric C—H stretching modes.
However, gas-phase propyne is known to exhibit an absorbance that arises from Fermi
resonance between the asymmetric C—H bending (IR inactive) and symmetric C—H

stretching modes.”*>!

The a; symmetric C—H stretch is expected to have a transition
dipole along the axis perpendicular to the surface plane, while the e asymmetric C—H
stretch is expected to have a transition dipole parallel to the surface plane. The peak
resulting from Fermi resonance is predicted to be centered near twice the energy of the
asymmetric C—H bend, which theoretical investigations have estimated to be at 1449
em'.* A tentative assignment of the C—H stretching peaks from high to low

wavenumber is the asymmetric C—H stretch at 2957 cm ', the Fermi resonance overtone

at 2933 cm™', and the symmetric C—H stretch at 2872 cm ™.

3.4.2 Surface Ordering, Stability, and Defects of CH3;CC-Si(111) Surfaces

CH;CC=Si(111) surfaces exhibited AFM images that indicated atomically smooth

surfaces, and LEED patterns were consistent with a (1 % 1) surface unit cell. However,
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room temperature EC-STM images of CH3;CC-Si(111) surfaces showed that these
surfaces did not exhibit the same long-range ordering characteristic of CH3;-Si(111)
surfaces. Instead, localized regions of ordering were observed on CH3;CC-Si(111)
surfaces. CH3;CC-Si(111) surfaces exhibited larger regions of uniform coverage
compared to HCC—Si(111) surfaces (see Chapter 2), but both surfaces exhibited small
variations in height that were not consistent with the height of a Si(111) step edge. For

CH;CC-Si(111) surfaces, the bright and dark regions in Figure 3.8 correspond to ~0.7
ML and ~0.3 ML, respectively. The small difference in height observed between regions

was indicative of a difference in the density of states, which could result from a
difference in orientation of the -CCCHj groups or a difference in chemical species bound
to the surface. XPS surface coverage estimates predict near complete termination of
CH;CC-Si(111) surfaces with Si—C bonds. Thus, the EC-STM images for CH;CC—
Si(111) surfaces show either regions in which the atop Si atoms were disordered by the
functionalization method to yield regions in which the -CCCHj3 groups were not normal
to the surface, or hydrocarbon impurities were present in the alkylating solution and
attached along with the propynyl groups. The height difference on the same terrace was
small (<0.1 nm), and the surfaces exhibited localized regions in which ordering was
evident, but significant long-range ordering was not observed for CH3;CC-Si(111)
surfaces. Given the irreversible nature of the Si—C bond, and the resulting lack of
mobility of the surface-bound organic groups, steric considerations could preclude facile
formation of a fully ordered alkylated monolayer over large areas, and the ordering

observed for CH3—Si(111) and CH3~Ge(111) surfaces™ are thus unique in this respect.
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The behavior of the trap-state density as a function of time for CH;CC-Si(111)
surfaces correlates with that observed for CH3—Si(111) surfaces (see Chapter 1). CHs—
Si(111) surfaces exhibit unusually low trap-state densities that has been attributed to near
1 ML monolayer ®s; ¢ and long-range ordering of the surface made possible by the small
size of the —CHj3 group. The CH3;CC-Si(111) surface has a thicker carbon overlayer and
higher ®s;i ¢ compared with the HCC-Si(111) surface (see Chapter 2). These
characteristics better protect the CH;CC-Si(111) surface from oxidation and ultimately
afford it a lower overall trap-state density. The decrease in trap-state density with time
exposed to air observed for CHs—Si(111) and CH3CC-Si(111) surfaces could result from
reaction of the existing trap states with water and oxygen in the air without breaking the

Si—Si backbonds.

The thermal stability behavior of CH3CC-Si(111) surfaces indicates that CH3;CC—
Si(111) surfaces have a lower thermal stability than CH3—Si(111) surfaces, which are
known to be stable up to 450 °C in vacuum.” >* CH3;CC-Si(111) surfaces appeared to
show a loss of the propynyl groups as the sample was annealed to 300-500 °C because
the overall intensity of the C 1s peak decreased. The desorption of -CCCH3; groups from
the sample surface is comparable to the behavior observed for HsC,—Si(111) surfaces,

which exhibit ~40% reduction in C bound to Si upon annealing to 300 °C.*> Formation of

SiC on CH3CC-Si(111) surfaces annealed to 600 and 700 °C, respectively, was limited
by the reduced amount of C on the surface after annealing. These results suggest that the
—CCCHjs surfaces are hindered from reacting with hydrocarbons in the vacuum chamber

by the CH3; group, and the Si—C bond breaks before the C=C bond can react. The results
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indicate that the Si—C bond is destabilized for organic species containing Si—C=C-R

functionality compared with CHs—Si(111) surfaces.

3.4.3 Comparison with Previously Reported Syntheses and Surface Spectroscopy

Preparation of CH3;CC-Si(111) surfaces has been reported by reaction of Cl-
Si(111) surfaces with CH;CCNa in THF*> or CH;CCMgBr in THF.'”*®?® Table 3.3
summarizes the synthetic methods, surface characterization techniques employed, and
results of the prior studies. Anodic deposition of CH;CCMgBr on H-Si(111) surfaces has
also been reported, but a polymeric layer was formed on the surface.” Our attempts to
prepare CH3CC-Si(111) surfaces by the published halogenation/alkylation procedures
yielded widely varying results that were not in general agreement with the detailed
spectroscopic signatures and results reported herein. Vibrational spectra reported for
anodic deposition of CH3CCMgBr on H-Si(111) surfaces showed the presence of a peak

at ~1100 cm ', which was assigned to a C=C—C stretching mode® and is very near the

peaks reported in this work at 1061, 1033, and 966 cm'. However, due to the polymeric
nature of the grafted layer, the modes associated with the CH; group of the propynyl
moiety were not observed. Using the synthetic routes presented herein, the observation of
the vibrational signatures, particularly the C=C stretch at 2216 cm™', C—H “umbrella” at
1380 cm ', and Si—C stretch at 670 cm ', strongly support the attachment of propynyl

groups to the Si(111) surface.
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Table 3.3. Summary of Prior Reports of Synthesis and Characterization of Propynyl-
Terminated Si Surfaces

Publication Reaction Conditions Characterization and Evidence for Structure
ref” Cl-Si(111) reacted XPS: C 1s XP peak at 284.0 eV used to suggest C bound to Si.
with NaCCCHj; in Coverage estimated to be 1.05 £ 0.1 ML for Si-CCCHj relative to
THEF to give Si— Si—CHj;. No evidence for SiOy in Si 2p.
CCCHj; surfaces. Electrochemical measurements show no Si—H oxidation peak in
aqueous electrolyte.
ref’ Cl-Si(111) reacted No structural characterization reported. Electrochemical
with CH;CCMgBrin  measurements for Si-CCCHj surfaces in contact with Hg were
THF at 120-130 °C shown to exhibit behavior similar to Si—CHj surfaces.
for 24 h to give
Si—CCCHj surfaces.
ref” CI-Si(111) reacted XPS: Cls XP peak at 284.0 eV used to suggest C bound to Si.
with CH;CCMgBrin  Coverage with —-CCCHj; groups was estimated to be 1.05 + 0.1 ML
THF at 120-130 °C relative to Si—CHj3. No SiOy observed after preparation. SiOy was
for 27 h to yield ~0.5 ML after 24 h in water and ~0.15 ML after 65 days in air.
Si-CCCHj surfaces.  ToF-SIMS showed SiCH;" and SiC3H;' fragment peak intensities
were in a ratio of ~3:2 for Si—~CCCHj surfaces.
ref*® CI-Si(111) reacted XPS results are similar to those reported in the previous citation.
with CH;CCMgBrin  ToF-SIMS raw data is presented, and shows that Si-CCCHj
THF at 120-130 °C surfaces gave SiCH;" and SiC;H;" (peak ratio 1.9:1) for positive
for 27 h to yield ToF-SIMS. C;H;™ and SiO, (peak ratio 2.7:1) were the primary
Si—CCCHj surfaces.  peaks for negative ToF-SIMS.
Spectroscopic ellipsometry gave a thickness of 5.8 A for
Si—~CCCHj surfaces, in agreement with theory.
ref’’ CI-Si(111) and Si—Cl  XPS: Si nanowires functionalized with —-CCCHj3 groups exhibit
nanowires reacted Si0,/Si bulk 2p area ratio of 0.15 after 720 h of air exposure,
with CH;CCMgBr which is faster than nanowires functionalized with —-CHj3 or
in THF at 120— —CH=CH-CH3; groups. However, comparative studies performed
130 °C for 12-27 h on Si(111) surfaces show much slower oxidation for
to yield Si—-CCCHj; CH;CC-Si(111) (SiO,/Si bulk 2p area ratio ~0.07 after 720 h air
planar or nanowire exposure) surfaces compared with CH;—Si(111) surfaces.
surfaces,
respectively.
ref”’ Anodic grafting of SEM indicated the presence of a polymeric layer for all samples
HCCMgCl and prepared.
HCCMgBr in THF to  IR: All samples showed disappearance of Si—H after anodic

H-Si(111) surfaces.
The current density
was 0.5 or 0.02 mA
cm * applied over
15-20 min.

deposition. Samples prepared from CH;CCMgBr showed a
C=C—C stretching vibration at ~1100 c¢m ', and no C—H stretching
peaks were observed.

SXPS: A C 1s XP peak at 283.7 eV was used to qualitatively
suggest C bound to Si. Si 2p XP spectra showed shift in surface Si
to higher binding energy, further suggesting that the surface Si is
bound to C.
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3.5 CONCLUSIONS

CH;CC-Si(111) surfaces have been synthesized and characterized by a variety of
spectroscopic methods. TIRS and HREELS data show the characteristic vibrational
modes for Si—C=C-CHj3; groups covalently bound perpendicular to the surface.

Quantification of XPS data for CH;CC-Si(111) surfaces exhibited Dsicocny = 1.05 +

0.06 ML. The prepared surfaces exhibited no detectable unreacted Si—H or Si—Cl sites.
Annealing of CH3CC-Si(111) surfaces in vacuum resulted in desorption of the -CCCHj3
groups. AFM and LEED data showed that the surfaces exhibited terraced structures and
ordering comparable to that of CH3s—Si(111) surfaces, though EC-STM data showed that

the surfaces did not exhibit the long-range ordering of CH3—Si(111) surfaces.

The complete vibrational spectra for the CH3;CC—-Si(111) surfaces presented in
this work definitively establish the covalent attachment of ethynyl and propynyl groups to
the Si(111) surface. The use of a wide range of surface-sensitive spectroscopic and
microscopic techniques provides a clear picture of the surface structure, allowing for the
development of structure—function relationships and new chemistries. The development
of a comprehensive understanding of the chemical and physical properties of synthesized
surfaces is of extraordinary importance in order to further the use of monolayer chemistry

in the development of novel new semiconductor devices.
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Chapter 4

CONTROL OF THE BAND-EDGE POSITIONS OF CRYSTALLINE
Si(111) BY SURFACE FUNCTIONALIZATION WITH 34,5-

TRIFLUOROPHENYLACETYLENYL MOIETIES

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 3,4,5-
Trifluorophenylacetylenyl Moieties. J. Phys. Chem. C 2016, 120, 14157-14169. DOI:

10.1021/acs.jpcc.6b03824

4.1 INTRODUCTION

The photovoltage produced by a semiconductor device is defined by the
energetics of the junction.! Modern semiconductor devices rely heavily on p-n

homojunctions to form a voltage-producing junction that is independent of the energetics

of the interfacing phase, which can include metals,z'3 metal oxides,4'8 c:»,ltalysts,g'10

11-14 15-1 .
and electrolytes.'”'” Many semiconductors cannot, however, be

conductive polymers,
doped to form high-quality p-n homojunctions, and moreover the diffusive doping
processes used to fabricate emitter layers are generally not compatible with small-grain-

1819 In these cases it is often

size polycrystalline thin-film semiconducting base layers.
necessary to form a voltage-producing junction between the semiconductor and a

contacting phase, for example, a semiconductor/liquid junction. Therefore, the

development of methods to tune the semiconductor energetics relative to those of the
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contacting phase using thin or monolayer films could enable the use of new
polycrystalline or thin-film materials in devices as well as lower the processing costs

associated with device fabrication.

In the context of this work, the term “surface dipole” is used to refer to the
unequal distributions of positive and negative charge at the silicon surface. This surface
dipole produces an interfacial electric field that shifts the band-edge positions of the
silicon relative to those in the contacting phase. Thus, shifts in band-edge positions

produced by the surface dipole are reported in volts or electronvolts.

Control over the direction and magnitude of the dipole at the semiconductor
surface, through chemical attachment of a molecular species, allows for manipulation of
the semi- conductor’s interfacial electric field to produce effective charge separation at
the interface.”” In principle, the barrier height, @y, can be adjusted as a function of the
surface dipole moment, allowing the relative band-edge positions to be tuned to drive a
desired process (Figure 4.1). Control of the surface dipole for wuse in
photoelectrochemical devices requires that the surface is stable under operational
conditions and that a small or negligible fraction of the current is lost to surface
recombination. A positive surface dipole has been produced on GalnP, and GaAs

21-23

substrates by chemical functionalization. The band-edge positions of Si(111) surfaces

have also been modified to improve the energetics of junctions with metal oxides for use

in catalytic applications.***
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Figure 4.1. Effect of a surface dipole on the band-edge positions and barrier height, @,
for a p-type semiconductor. The partial 6+ and 6— charges show the orientation of the
dipole moment at the interface necessary to achieve the desired band-edge shift. The
relative energy positions of the valence band, Ey, the Fermi level, Eg, the conduction
band, Ec, the vacuum level, Ev,., and the average electron energy of the contacting phase,
E(A/A"), are indicated.

26-30

Alkyl termination of Si surfaces using wet chemical methods could provide a

scalable and versatile method to control the band-edge positions. A two-step
halogenation/alkylation process’' has been shown to produce methyl-terminated Si(111)
surfaces, Si(111)—-CHs, with low surface recombination velocities, S, that are stable for
>500 h in air.”*>* Relative to Si(111)-H surfaces, Si(111)-CH; surfaces are more

35-37

stableagainst oxide formation and are readily interfaced with metals without the

formation of metal silicides;**>’ however, methyl termination of Si(111) produces a —0.4

38-42

V surface dipole, which on p-Si surfaces will lower @y, at the Si interface and reduce

the electric field at the junction that drives the charge separation.
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Surface functionalization with groups that contain C—F bonds, such as 3,4,5-
trifluorophenylacetylene (TFPA), should in principle produce a dipole moment opposite
in sign to the C—H bonds in —CH3 groups and thus lead to a reversal of the negative
dipole at p-type Si(111)-CHj; surfaces. Mixed monolayer chemistry at Si(111) surfaces
allows for functionalization of the surface with bulky groups that contain a desired
functionality while maintaining low S and high Si—C termination.” ** ** A mixed
methyl/TFPA (MMTFPA) surface could therefore provide desirable passivation of the Si
surface while allowing for the dipole to be moved more positive as a function of the
fractional monolayer TFPA coverage, Orrpa. Additionally, the C—F bonds in the TFPA
groups are chemically inert and are oriented with a significant portion of the dipole
moment normal to the surface. MMTFPA monolayers on Si(111) surfaces could provide
a robust method for controlling the semiconductor band-edge positions to impart
desirable interfacial energetics without requiring formation of a p-n homojunction.
Accordingly, we describe herein the synthesis and characterization of Si(111)-
MMTFPA surfaces, the electrochemical properties of these surfaces in contact with Hg,
and the photoelectrochemical behavior of Si(111)-MMTFPA surfaces in contact with
CH;CN solutions that contain the 1-electron redox couples decamethylferrocenium/deca-

methylferrocene (Cp*,Fe ™) and methyl viologen (MV*"").
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4.2 EXPERIMENTAL SECTION

4.2.1 Materials and Methods

Water with a resistivity of >18.2 MQ cm was obtained from a Barnstead E-Pure
system. Ammonium fluoride (NH4F(aq), 40%, semiconductor grade, Transene, Danvers,
MA) was purged with Ar(g) (99.999%, Air Liquide) for >1 h prior to use. 3,4,5-
Trifluorophenylacetylene (TFPA, SynQuest Laboratories, Alachua, FL) was purified by
four freeze-pump-thaw cycles, dried over activated 3 A molecular sieves (Sigma-Aldrich),
and stored in a N(g)-purged glovebox (<10 ppm Ox(g)) in a foil-wrapped glass Schlenk

tube. All other chemicals were used as received.

Si wafers were oriented to within 0.5° of the (111) crystal plane. Float-zone-
grown Si wafers (University Wafer, Boston, MA) that were used for transmission
infrared spectroscopy (TIRS) were double-side polished, not intentionally doped, had a
resistivity of >2 kQ cm, and were 525 £+ 15 pm thick. Float-zone-grown Si wafers
(FZwafers.com, Ridgefield Park, NJ) used for S measurements were double-side polished,
not intention- ally doped, had a resistivity of 2040 kQ cm, and were 300 + 25 um thick.
Czochralski-grown n-Si wafers (University Wafer, Boston, MA) used for electrochemical
experiments were single- side polished, doped with phosphorus to a resistivity of 1.1 to
1.2 Q cm, and were 380 pum thick. Czochralski-grown p-Si wafers (Silicon Quest
International, San Jose, CA or Addison Engineering, San Jose, CA) used for

electrochemical experiments were single-side polished (Silicon Quest International) or
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double-side polished (Addison Engineering), doped with boron to a resistivity of 0.40 to

0.43 Q cm, and were 300 + 25 um thick.

1. Preparation of Lithium 3,4,5-Trifluorophenylacetylide. In a 250 mL round-
bottomed flask that was connected to a Schlenk line, degassed and dried 3,4,5-
trifluorophenylacetylene (TFPA, 1.95 g, 12.5 mmol) was dissolved in hexanes (100 mL,
anhydrous, mixture of isomers, >99%, Sigma-Aldrich). The contents of the flask were
cooled to —78 °C in a dry ice/acetone bath and were stirred vigorously while n-
butyllithium (n-BuLi, 1.68 M in hexanes, 7.3 mL, 12.3 mmol, Sigma-Aldrich) was added
dropwise via a syringe. The reaction was allowed to proceed at —78 °C for 30 min, after
which the flask was allowed to warm to room temperature while being stirred for an
additional 60 min, yielding a white slurry. The slurry was transferred under an inert
atmosphere to an amber bottle, which was stored at 8 °C. Immediately before use,
tetrahydrofuran (THF, anhydrous, >99.9%, Sigma-Aldrich) was added to the lithium
3.4,5-trifluorophenylacetylide (LiTFPA) slurry in 1:4 v/v THF/hexanes to solvate the

product, forming a 0.10 M solution.

2. Preparation of Si(111)—H Surfaces. Wafers were cut to the desired size using a
diamond-tipped scribe. The samples were washed sequentially with water, methanol
(>99.8%, BDH), acetone (>99.5%, BDH), methanol, and water. The wafers were then
immersed in a piranha solution (1:3 v/v of 30% H,0,(aq) (EMD)/18 M H,SO4 (EMD))
and heated to 95 + 5 °C for 10—15 min. The solution was drained and the wafers were
rinsed with copious amounts of water. The oxide was removed by immersing the wafers

in aqueous buffered hydrofluoric acid (HF, semiconductor grade, Transene) for 18 s,
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followed by a brief rinse with water. Atomically flat Si(111)-H surfaces were formed by
anisotropic etching for 5.5 min in an Ar(g)-purged solution of NH,F(aq).”> To remove
bubbles that formed on the surface, the wafers were agitated at the start of every minute
of etching, and the solution was purged throughout the etching process. After etching, the

wafers were rinsed with water and dried under Ar(g).

3. Preparation of Si(111)—ClI Surfaces. The Si(111)-H wafers were transferred to
a Na(g)-purged glovebox with <10 ppm O,(g) and were rinsed with chlorobenzene
(anhydrous, >99.8%, Sigma-Aldrich). The wafers were placed into a saturated solution of
phosphorus pentachloride (PCls, >99.998% metal basis, Alfa Aesar) in chlorobenzene,
and were heated to 90 + 2 °C for 45 min.” The addition of benzoyl peroxide, which has
been used as a radical initiator,” was found not to be necessary to yield high-quality
Si(111)—Cl surfaces. When the reaction finished, the wafers were removed from the

reaction solution and rinsed sequentially with chlorobenzene and anhydrous THF.

4. Alkylation of Si(111)—Cl Surfaces. Si(111)-CH; surfaces were prepared by
immersing the Si(111)-Cl surfaces in a 3.0 M solution of methylmagnesium chloride
(CH3MgCl, Acros Organics) and heating to 50 = 2 °C for 12-24 h.** Mixed methyl/TFPA
(MMTFPA) monolayers (Scheme 4.1) were formed by first reacting Si(111)—Cl surfaces
with LiTFPA (0.10 M in 1:4 v/v THF/hexanes) for 1-20 h at 23—-65 °C in the absence of
light. The wafers were then rinsed with THF and submerged in 3.0 M CH3;MgCl for
12-24 h at 50 °C.”*** Si(111)-TFPA surfaces were prepared by reacting Si(111)—Cl

wafers with LiTFPA (0.10 M) at 65 °C for 10-20 h.
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Scheme 4.1. Synthesis of Si(111)-TFPA and Si(111)-MMTFPA Surfaces

HooH | |
| __PCls CH3MgCI S

Si(111)-TFPA Si(111)- MMTFPA

After completion of the reactions to yield the target surfaces, the wafers were
removed from the reaction solution, rinsed with THF, and submerged in THF. The
samples were removed from the glovebox and sonicated for 10 min in each of THF,
methanol, and water. Following sonication, the wafers were rinsed with water and dried
under Ar(g). For the fabrication of electrodes, wafers were broken into appropriately

sized pieces, rinsed again with water, and dried under Ar(g).

5. Formation of Ohmic Contacts to the Back of n- and p-Si(111) Electrodes. After
functionalization, ohmic contacts were formed to the back of n-Si(111) electrodes by
application of Ga-In eutectic (78% Ga, 22% In by weight) using a diamond-tipped scribe.
Prior to functionalization, ohmic contacts were formed to p-Si(111) samples by electron-
beam evaporation (Denton Vacuum) of 100 nm of Al onto the backside of the wafer.?’
The wafers were then annealed in a Carbolite tube furnace at 450 °C for 30 min under an
atmosphere of forming gas (5% Ha(g) in Na(g)) flowing at 5 L min . The Al layer was
isolated from the reaction solution during the functionalization process by use of a

custom Teflon reaction vessel (Figure 4.2).
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Figure 4.2. The Teflon reaction vessels used to isolate the Al-coated side of p-Si electrodes
to allow for reaction on one side of the wafer without etching away the Al layer. The
assembled vessel (top) is shown along with the separate aluminum base, Teflon well, and
Teflon cap.

6. Electrochemical Measurements in Contact with Hg. Electrochemical
measurements in contact with Hg*® (electronic grade, 99.9999% trace metal basis, Sigma-
Aldrich or Alfa Aesar) were performed inside an Ar(g)-filled glovebox (<0.3 ppm O2(g))
at 23 °C. The wafers were placed on a Cu plate (with the Ga-In eutectic contacting the Cu
plate), and a cylindrical Teflon cell was placed on top of the wafer, to produce an
electrode area of 0.314 cm®. Hg was added to the Teflon cell to cover the exposed area of
the wafer, and a Pt wire contacted the top of the Hg. Electrochemical measurements were
collected using a two-electrode setup, with the Cu plate connected to the working
electrode and the Pt wire connected to the counter electrode. All voltages measured in a
two-electrode setup are indicated by V, while potentials measured in a three-electrode

setup are indicated by E.
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Current density versus voltage (J-V) measurements were performed from —0.5 to
+0.5 V at a scan rate of 20 mV s '. The sampling rate was 1 mV per data point using a
Solartron 1287 potentiostat operated by CorrWare software (v. 3.2c). Three J-V scans
were collected before and after collection of differential capacitance versus voltage
(Ciige-V) data. Cgige-V data were acquired with a 10 mV amplitude sinusoidal signal at an
applied DC bias, with the DC bias varied in increments of 0.05 V between 0 and +0.5 V
for n-Si and between 0 and —0.5 V for p-Si electrodes. The frequency was varied from
10" to 10° Hz at each DC bias. Cgi-7 measurements were collected using a Schlumberger

SI 1260 frequency response analyzer operated by ZPlot software (v. 3.3¢).

7. Photoelectrochemical Measurements in Acetonitrile. Si working electrodes
were fabricated by using high-purity conductive Ag paint (SPI Supplies, West Chester,
PA) to affix a coil of tinned Cu wire to the back side of the Si electrode. The wire was
threaded through a 1/4” outer diameter Pyrex tube, and the wafer was secured to the tube
using Loctite 9460 epoxy (cured under ambient conditions for 12-24 h) such that the
wafer surface was perpendicular to the length of the tube. Electrodes used for current
density versus potential (J-E) and differential capacitance versus potential (Ciig-E)
measurements were 0.14 to 0.61 cm” in area, as determined by analyzing scanned images
of each electrode with ImageJ software. All J-E and Cgp-E measurements used a

standard three-electrode setup.

Decamethylferrocene (Cp*,Fe, bis(pentamethylcyclopentadienyl)iron(Il), 99%)
was purchased from Strem Chemical and was purified by sublimation. Oxidized

decamethylferrocenium (Cp*,Fe’, bis(pentamethylcyclopentadienyl)iron(IIl) tetrafluoro-
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borate) was synthesized by chemical oxidation of decamethylferrocene and purified by
recrystallization from diethyl ether and acetonitrile.*® Methyl viologen (MV*', 1,1'-
dimethyl-4,4'-bipyridinium hexafluorophosphate) was prepared according to a literature
procedure.*’ The reduced species MV™ was generated by controlled-potential electrolysis
of MV*" at —0.85 V versus AgNO3/Ag (Bioanalytical Systems) with a Pt mesh working
electrode in the main electrochemical cell compartment and a Pt mesh counter electrode
located in a compartment that was separated from the main electrochemical cell by a
Vycor frit. Subsequent in situ generation of the MV " species was performed to maintain
the cell potential within 25 mV of the initial measured open-circuit potential versus a

AgNOs/Ag reference electrode.

Photoelectrochemical measurements were performed in acetonitrile (CH3;CN,
EMD, dried over columns of activated alumina) with 1.0 M LiClO4 (battery grade,
Sigma-Aldrich) inside an Ar(g)-filled glovebox that contained <0.5 ppm of Ox(g). The
concentrations of the redox-couple species in solution were either 1.2 mM Cp*,Fe" and
0.92 mM Cp*;Fe or were 1.5 mM MV>" and 0.035 mM MV " (calculated based on
charge passed during electrolysis). Open-circuit measurements were collected in the dark
and also under 100 mW cm ™ of illumination provided by a 300 W ELH-type tungsten-
halogen lamp operated at 110 V. The light intensity was calibrated by use of a Si
photodiode (Thor Laboratories). J-E data were collected from —0.5 to +0.5 V versus a Pt
wire pseudoreference electrode in a three-electrode setup with a Pt mesh counter
electrode, using a Gamry Reference 600 potentiostat operated by Gamry Instruments

Framework software (v. 5.61). A four- port, cylindrical, flat-bottomed, borosilicate glass
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cell was used for the photoelectrochemical measurements. Cyis-E measurements were
collected using a Gamry Reference 600 potentiostat with the same specifications used for

the measurements performed in contact with Hg.

4.2.2 Instrumentation

1. Transmission Infrared Spectroscopy. TIRS data were collected using a Thermo
Scientific Nicolet 6700 optical spectrometer’ equipped with a thermoelectrically cooled
deuterated L-alanine-doped triglycine sulfate (DLaTGS) detector, an electronically
temperature-controlled (ETC) EverGlo mid-IR source, a N»(g) purge, and a KBr beam
splitter. A custom attachment allowed the wafers (1.3 x 3.2 cm) to be mounted with the
incident IR beam at 74° (Brewster’s Angle for Si) or 30° with respect to the surface
normal. Spectra collected at 74° show modes that are either perpendicular or parallel to
the surface, while spectra collected at 30° show primarily modes parallel to the surface.™
The spectra reported herein are averages of 1500 scans at 4 cm ' resolution. The baseline
was flattened and the residual water peaks were subtracted in the reported spectra.
Spectra were collected and processed using OMNIC software v. 9.2.41. The background

SiOx and Si(111)-H spectra were recorded separately for each sample.

2. X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS)

33,51 .
7.33.51 The instrument was

data were collected using a Kratos AXIS Ultra spectrometer.
equipped with a hybrid magnetic and electrostatic electron lens system, a delay-line

detector (DLD), and a monochromatic Al Ka X-ray source (1486.7 eV). Data were

collected at pressures <9 x 10~ Torr, and the photoelectron ejection vector was 90° with
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respect to the sample surface plane. The electron-collection lens aperture was set to
sample a 700 x 300 um spot, and the analyzer pass energy was 80 eV for survey spectra
and 10 eV for high-resolution spectra. The instrument energy scale and work function
were calibrated using clean Au, Ag, and Cu standards. The instrument was operated by

Vision Manager software v. 2.2.10 revision 5.

3. Surface Recombination Velocity. Surface recombination velocity ()
measurements were performed using a contactless microwave conductivity apparatus.”>*
3% A 20 ns laser pulse at 905 nm provided by an OSRAM laser diode and an ETX-10A-
93 driver generated electron-hole pairs. The charge-carrier lifetime was determined by
monitoring the change in reflected microwave intensity using a PIN diode connected to
an oscilloscope. The data were collected using a custom LabView program. All
photoconductivity decay curves were averages of 64 consecutive decays. Reported data

were collected after the S value had stabilized in the presence of air, usually 24—72 h after

preparation of the surface.

4.2.3 Data Analysis

1. Fitting and Quantification of XPS Data. High-resolution XPS data were analyzed
using CasaXPS software v. 2.3.16. A Shirley background was applied to all C 1s, F 1s, and
Si 2p spectra, except when analyzing small amounts of SiOy in the 102—-104 eV range, for
which a linear background was used. C 1s and F 1s data were fitted using a Voigt GL(30)
function that consisted of 70% Gaussian and 30% Lorentzian character. Cl 2p data were

fitted using a Voigt GL(90) function that consisted of 10% Gaussian and 90% Lorentzian
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character. Bulk Si 2p spectra were fitted with asymmetric Lorentzian convoluted with
Gaussian line shapes of the form LA(e, f, g), where e and f determine the asymmetry of the
line shape and g determines the Gaussian width of the function. LA(1.2, 1.4, 200) fit the
obtained Si 2p spectra consistently, and the peak widths were set to be equal to each other.

The SiOy contributions from 102—104 eV were fitted using the GL(30) function.

The Si(111)-MMTFPA surfaces were terminated by mixed monolayers that had a
large difference in thickness of the two terminating species. As such, a modified two-layer
substrate-overlayer model was used to determine the thickness of the desired overlayer
species. An initial average overlayer thickness was estimated by assuming that all surface
Si sites were terminated by either —CH3 or TFPA groups, and the ratio of the C l1s
photoemission signal at 284.2 eV (Cs;) was determined relative to the signal at 288.0 eV
(Cg). The fractional coverage of TFPA groups was estimated using this method, and the
average overlayer thickness was estimated using the calculated fractional coverage of -CH3
and TFPA groups in conjunction with the estimated thickness of each species shown in
Scheme 4.2. With an estimated average overlayer thickness, a two-layer substrate-overlayer

model was used to determine the thickness of the F monolayer (da), as expressed by eq 4.1:

Iy
I

15 and Is; are the core level peak areas for the overlayer species A and for the Si substrate,

.

SE \(pg ) | 1-e
SFA Pa e_ASi sing

respectively, SFx and SFs; are the sensitivity factors for the overlayer species A (SFr s =
1.00) and for the Si substrate (SFsio, = 0.328), respectively, pa and ps; are the densities of

the overlayer species A (3.0 g cm° for hydrocarbon overlayers) and the Si substrate (2.3 g
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cm ), respectively, and 1, and Ag; are the attenuation lengths for the photoelectrons arising
from the overlayer species A (Ap1s= 1.6 nm)*? and from the Si 2p core level (4s; = 4.0 nm),
respectively. The angle between the photoelectron ejection vector and the surface plane (¢)
was 90°. The quantity (da + dp) is the thickness of the mixed monolayer, which was

estimated using the method described above.

Scheme 4.2. Estimated Thickness of —CH3 and TFPA Groups

F 0.13 nm
- . _10.07 nm
X
‘ 0.28 nm
/
0.14 nm
H 0.12 nm
\C»\)‘\'ﬁ 0.06 nm ‘ ‘ N
| 0.09 nm __0.09 nm
\y“"Si\ \WSi\
d=0.15 nm d =0.84 nm

Samples with rrpa > 0.15 ML often showed the presence of unreacted Si—Cl sites.
The fractional ML coverage of Si—Cl was determined using eq 4.1, with SF¢; 2 = 0.493 and
Aci2s = 2.8 nm.>* The overlayer density, pa, was assumed to be the same as for hydrocarbon
overlayers, and the average overlayer thickness (da + dg) was estimated as described above.
The thickness of 1 ML of CI atoms was estimated to be the length of the Si—Cl bond (0.20
nm). The Cl 2p photoelectrons were assumed to be unattenuated by neighboring TFPA

groups.
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Small concentrations of SiOx were detected on Si(111)-MMTFPA surfaces with
Orepa > 0.15 ML and on Si(111)-TFPA surfaces. For estimating the thickness of SiOy
using eq 4.1, the quantity (SFsi/SFa)(psi/pa) reduces to 1.3, and the quantity da + dp
reduces simply to da. For this estimate, all photoelectrons originate in Si, so Aa = As; = 3.4
nm for photoelectrons attenuated by a SiO, overlayer.”>* The thickness of 1 ML of SiO,

33, 35,52
was assumed to be 0.35 nm.”> ">

2. Calculation of Surface Recombination Velocity and Surface Trap State Density.
The minority-carrier lifetime, 7, was determined by fitting the photoconductivity decay
versus time data to an exponential decay equation.’* The surface recombination velocity (S)

was estimated for a given value of t using:
S=— 4.2
> (4.2)

where a is the thickness of the Si wafer. The effective surface trap-state density, N;, was
determined from S using:

N =5 (4.3)

th

where o is the trap-state capture cross section (10> cm?) and vy, is the thermal velocity of

the charge carriers (10" cm s ™).

3. Determination of the Barrier Height by Current Density Versus Voltage Curve
Analysis. Barrier heights, ®p, and ideality factors (n) were estimated for 2-electrode
measurements performed in contact with Hg by fitting the linear region of the forward-bias
portion of a semi-log current density versus voltage (J-V) plot to the thermionic emission

model.
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9% (4
J=A"T?e " | "™ -1 (4.4)

A" is the modified Richardson’s constant for Si (112 A cm K for n-Si and 32 A cm™
K for p-Si), kg is Boltzmann’s constant (1.381 x 10> J K "), and T is the temperature in
Kelvin (296 K). By convention, the forward-bias region of the J-V" curves was depicted and

analyzed in the first quadrant.

4. Determination of the Barrier Height by Analysis of Differential Capacitance
Versus Voltage Data. Differential capacitance versus voltage (Caie-V) data were collected
for Si/Hg junctions using a 2-electrode setup. Nyquist plots were hemispherical, indicating
a parallel RC circuit in series with a resistance R, (Randles Circuit). Cgis-V data were fitted
across frequencies for which the measured phase angle was >80° and for which Bode plots
were linear. The Mott-Schottky equation was used to determine the flat-band potential, Vi,

of the Si

cro_ 2 (wb LTI v) 4.5)
S

where C is the differential capacitance, g is the absolute value of the elementary charge
(1.602 x 10" C), ¢ is the dielectric constant of silicon (11.8), & is the vacuum permittivity
(8.85 x 10 F em ™), Np is the dopant density determined from the measured resistivity,
and A is the junction area in cm®. By convention, the applied DC bias was negative, and
the obtained V', was positive for n- and p-type Si. The barrier height (®y,, for n-Si and @y,
for p-Si) was calculated using:

O, =V, - "B_Tln(ﬁ) 4.6)
, il

C
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@, =V, - Kol h{ﬁ) @.7)
q Ny

where Nc is the effective density of states in the Si conduction band (2.8 x 10" cm™), Ny is

the effective density of states for the Si valence band (1.0 x 10" cm™), and Np, is the

dopant density determined by four-point probe measurement to be 4.4 x 10" cm™ for n-Si

and 4.0 x 10'® cm™ for p-Si.

5. Determination of the Barrier Height by Analysis of Differential Capacitance
Versus Potential Data. Differential capacitance versus potential (Cgis-E) data were
collected in contact with decamethylferrocenium/decamethylferrocene (Cp>Fe™) or
methyl viologen®”" in CH;CN using a three-electrode setup. The data were collected versus
a platinum wire pseudoreference electrode, and the flat-band potential Eq, was determined

versus the potential of the solution using eq 4.8 for n-Si and eq 4.9 for p-Si.

Cc’= % E-E, - ke T (4.8)
qegyNpAq

o2 | Ep + KT _p (4.9)
qeg,NpAg q

where E is the DC potential applied versus the potential of the solution. The barrier heights,

®y, , and @y, 5, were determined versus the potential of the solution using

O, =E, + kyT ln(&) (4.10)
q C

D, =E, - kl;T h{ﬁ) (4.11)
\'%
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The calculated values for @y, were negative and the calculated values of @, were positive.
The reported values of @y, are unsigned in order to align with the common conventions for
reporting @y, and to provide a direct comparison with the magnitudes of @, determined by

two-electrode measurements in contact with Hg.

6. Determination of the Effective Solution Potentials for Photoelectrochemical
Cells. The Nernstian cell potential, E(Cp*,Fe”), for Cp*,Fe™ in CH3CN with 1.0 M
LiClO4 was measured to be +0.023 V versus the formal potential of the redox couple,
which is E°'(Cp*,Fe") = —0.468 V versus ferrocenium/ferrocene.’” The reference
potential was converted to the saturated calomel electrode (SCE) by use of the
experimentally determined value of E®(F¢™®) = +0.311 versus SCE.*” EO(MV*"*) for the
MV*”** couple in CH;CN with 1.0 M LiClO; was measured as —0.781 V versus
AgNO;/Ag. The cell reference potential was converted to SCE using E(AgNOs/Ag) =
+0.393 V versus SCE.” The measured cell potentials were converted to effective cell
potentials, for which a normalizing 10 mM concentration was used for comparison with
previous results. The effective cell potential for n-Si electrodes, Een (A/A7) was

determined by*’

Eeff,n(A/A_)=E(A/A_)+kB_T]n[Ae_ff]

4 [a]

(4.12)

and the effective cell potential for p-Si electrodes Eefrp (A/A7) was determined by

Eeff,p(A/A_)=E(A/A_)—kB_T]n [Aeff]

q [A]

(4.13)
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Here, [A;ff] and [A ] are the effective 10 mM concentrations of the reduced and

oxidized species, respectively, and [A’]and [A] are the solution concentrations of the

reduced and oxidized species, respectively. For the Cp*;Fe™™ cell, Eern (Cp*,Fe™™) =
—0.073 V versus SCE and Ecfr), (Cp*,Fe"”’) = —0.188 V versus SCE. For the MV*"** cell,

Eeitn (MV*") = -0.244 V versus SCE and E.frp (MV>"") =—-0.436 V versus SCE.
4.3 RESULTS

4.3.1 Spectroscopic Characterization and Surface Recombination Velocity of

Si(111)-TFPA and Si(111)-MMTFPA Surfaces

Figure 4.3 presents TIRS data for a Si(111)-TFPA surface collected at 74° and 30°
incidence with respect to the surface normal. The spectrum collected at 74° incidence
exhibited an intense peak at 1533 cm ', which was ascribed to primary skeletal phenyl
C—C stretching vibrations.”®>” This peak was reduced in intensity at 30° incidence,
indicating that this motion has a significant component that is perpendicular to the
surface. At 74° incidence, weak peaks were observed at 1612, 1584, 1432, 1366, and
1351 cm™' and were characteristic of aromatic systems.”” At 30° incidence, the signal at
1432 cm ™' was readily observed, while the other characteristic aromatic C—C stretching
peaks were not present. A sharp signal observed for 74° incidence at 1251 cm ™' of C—F

stretching,””>’

and this peak was greatly reduced in intensity at 30° incidence. A very
weak signal at 2160 cm ™' was observed only at 74° incidence, indicating the presence of

C=C triple bond stretching perpendicular to the surface.”” Weak C—H stretching signals

were observed only for 74° incidence at 2962 and 2853 cm', which can be ascribed to
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Figure 4.3. TIRS data for a Si(111)-TFPA surface collected at 74° (top) and 30° (bottom)
with respect to the surface normal. The symbols v and 6 indicate stretching and bending

motions, respectively, and the subscript “Ph” indicates modes associated with the phenyl
ring. The spectrum collected at 74° had frppa = 0.16 ML and 6sio, =0.17 ML, while the

spectrum collected at 30° had Grrpa = 0.25 ML and QSiox = 0.03 ML. The spectra were

referenced to the Si(111)-H surface. The peak at 1533 cm ' and the surrounding satellite
peaks were attributed to skeletal C—C stretching in the phenyl ring. The C—F stretch was
observed at 1251 cm™', and a weak C=C stretch was observed at 2160 cm™'. The inset
shows a magnified portion of the spectrum from 2250 to 2000 cm .

adventitious saturated hydrocarbon species.”® No distinct aromatic C—H stretching signal
(typically near 3050 cm™') was observed for the surface-bound TFPA group. A broad
peak centered near 1050 cm ' was ascribed to transverse optical (TO) Si—-O-Si
stretching.”® The observation of this mode indicated the presence of subsurface SiOj,
consistent with the oxidation of unreacted Si—Cl sites on the functionalized surface. A
sharp signal overlapped by the Si—O-Si stretching peak was observed at both angles of

incidence centered at 1055 cm ' and was ascribed to in-plane aromatic C—H bending. No
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residual Si—H signal was detected when a SiOy surface was used as a reference,

indicating that the surface sites were only terminated by TFPA or Cl moieties.

TIRS data for a Si(111)-MMTFPA sample with Orgpa = 0.16 ML are presented in

Figure 4.4. The Si(111)-MMTFPA surface showed the modes associated with the phenyl

ring and aromatic C—F stretching observed in Figure 4.3 in addition to reduced SiOx

content. The symmetric C—H bending, 5,(C—H),”® mode overlapped significantly with the

C—F stretching peak, resulting in a single peak at 1253 cm'. Additionally, the —CHj
150

rocking mode was observed at 762 cm . The presence of these peaks demonstrates that

the Si(111)-MMTFPA exhibits both TFPA and —CH3; functionality.

Figure 4.5 shows the surface recombination velocity (S) as a function of the
composition of the functionalized Si surfaces. The Si(111)—CHj surface exhibited S = 13

+5cm s, which corresponds to a trap-state density, N, of ~1.3 x 10° cm™, that is, one

trap for every 6.0 x 10° surface sites. This low trap-state density has been shown to be
stable over >500 h of air exposure.”>>> A substantial increase in S was observed for
surfaces with Orgpa > 0.1 ML, which is consistent with an increase in S observed for
increased fractional coverages of bulky groups in mixed monolayers on Si(111)
surfaces.*** A Si(111)-MMTFPA surface with frgpa = 0.10 ML exhibited S = (1.6 + 0.5)
x 10* em', corresponding to Ny = 1.6 x 10'® cm ™. With Gppa = 0.22 ML, a Si(111)-
MMTFPA surface had $ = (1.9 £ 0.1) x 10’ cm s, corresponding to N, = 1.9 x 10"
cm 2. The Si(111)-TFPA surface, which had higher @rgps than the measured Si(111)—
MMTFPA samples, exhibited substantially higher S than was observed for the measured

Si(111)-MMTFPA samples.
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Figure 4.4. TIRS data for a Si(111)-MMTFPA surface with frppa = 0.16 ML collected at
74° with respect to the surface normal. The symbols v, 3, and p indicate stretching, bending,
and rocking motions, respectively, and the subscript “Ph” indicates modes associated with
the phenyl ring. The spectrum was referenced to the Si(111)-H surface. The peak at 1533
cm ' and the surrounding satellite peaks were attributed to skeletal C—C stretching in the
phenyl ring. The C-F stretching was convoluted with the symmetric C—H bending peak,
appearing at 1253 cm .

x 102
35 1 L 1 1 1 1 1
= sifa11)-cH, )
307 o Si(111)-MMTFPA LoF
A i &
25 ] Si(111)-TFPA g
= 20 - P -
[7,] 1
£ 157 -
o
w» 10 ® -
5_ L
“,
0_ ™ o - L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Grepa (ML)

Figure 4.5. S values for Si(111)-CHs;, Si(111)-MMTFPA, and Si(111)-TFPA surfaces as
a function of fractional monolayer coverage with TFPA groups. For ftrpa > 0.1 ML, S
increased rapidly.
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Figure 4.6a presents a representative XP survey spectrum of a Si(111)-MMTFPA
surface with Orgpa = 0.11 ML. Survey spectra were free of contaminants and only showed
the presence of Si, C, O, and F core-level peaks. A high-resolution C 1s spectrum showed
the presence of C bound to Si at 284.2 eV,*>*:% C bound to C at 285.3 eV, C bound to
O at 286.8 eV, and C bound to F at 288.0 eV (Figure 4.6b).*> °"** Figure 4.6c shows the
high-resolution Si 2p XP spectrum, which showed only bulk Si” and no detectable high-
order SiOy in the 102-104 eV region. The F s high-resolution spectrum exhibited a
single peak at 688.3 eV (Figure 4d), indicative of a single source of F on the surface.® In
general, samples with Orrpa < 0.15 ML exhibited no detectable SiOy in the 102—104 eV

range, while samples with @rppa > 0.15 ML exhibited t9Siox = 0.07 = 0.02 ML. Samples

with Orppa > 0.2 ML also often exhibited a small amount of residual Cl, which gave an

average Si—Cl coverage, 6, of 0.11 = 0.01 ML.

Figure 4.7 shows analogous XP spectra for a Si(111)—TFPA surface with Orppa =
0.35 ML. Without subsequent methylation, the Si(111)-TFPA surface exhibited residual
Cl, as seen in the survey spectrum (Figure 4.7a) and in the high-resolution CI 2s spectrum
(Figure 4.7e). The C 1s spectrum similarly showed contributions from C bound to Si
(284.1 V), C bound to C (285.0 V), C bound to O (286.2 ¢V), and C bound to F (287.6
eV) (Figure 4.7b). The Si 2p spectrum shown did not exhibit detectable levels of SiO,

while fsio_ = 0.11 + 0.07 ML across multiple Si(111)-TFPA sample preparations (Figure

4.7c). The F 1s spectrum exhibited a single signal centered at 687.9 eV (Figure 4.7d).
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Figure 4.6. XPS data for an n-Si(111)-MMTFPA surface with frppa = 0.11 ML. The
survey spectrum (a) exhibited signals from Si, C, O, and F. The high-resolution C Is
spectrum (b) showed signals ascribed to C bound to Si (Cs;), C bound to C (Cc¢), C bound
to O (Co), and C bound to F (Cg). The Si 2p high-resolution spectrum (c) showed peaks
attributed to bulk Si® with no detectable high-order SiO, (magnified region). The F 1s
high-resolution spectrum (d) exhibited a single peak ascribed to F bound to C.
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Figure 4.7. XPS data for the Si(111)-TFPA surface with Opppa = 0.35 ML. The survey
spectrum (a) exhibited signals from Si, C, O, F, and CI. The high-resolution C 1s spectrum
(b) showed signals ascribable to C bound to Si (Cs;), C bound to C (Cc¢), C bound to O (Co),
and C bound to F (Cg). The Si 2p high-resolution spectrum (c) showed peaks attributed to
bulk Si’ with no detectable high-order SiOy (magnified region). The F 1s high-resolution
spectrum (d) showed a single peak ascribable to F bound to C. The Cl 2s high-resolution
spectrum (e) showed a single peak indicative of unreacted Cl bound to Si.

4.3.2 Hg Contacts to Si(111)-MMTFPA Surfaces

Figure 4.8a displays the J-V behavior for n-Si(111)-MMTFPA/Hg contacts
having a range of Orrpa. By convention, measured values of @, and of the built-in voltage
were unsigned for two-electrode measurements in contact with Hg. The n-Si(111)-
CHs/Hg contact exhibited strongly rectifying behavior (@, = 0.9 V), evidenced by small,
near-constant current at reverse bias.** The n-Si(111)-MMTFPA/Hg contacts exhibited

less rectification as frppa increased, suggesting that the molecular dipole induced by the
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Figure 4.8. Representative two-electrode J-V behavior for (a) n-type and (b) p-type
Si(111)-MMTFPA/Hg junctions. The fractional ML coverage of TFPA for a given curve

is indicated below each curve. By convention, the forward bias region is depicted in the
first quadrant.

C—F bonds in the TFPA group shifted the band-edge positions to produce a smaller built-
in voltage at the n-Si(111)-MMTFPA/Hg junction. At high 6Orppa, the n-Si—
MMTFPA/Hg contact was ohmic to Hg, indicating @, < 0.3 V and corresponding to a
shift of >0.6 V in the Si band-edge positions compared with n-Si(111)-CH3 surfaces.
Samples that exhibited low values for @y, generally did not exhibit clear linear regions in
the forward-bias portion of the semilog J-V plot, which precluded analysis of the J-}" data
within a thermionic emission model. The diode-ideality factor, n, for the n-
Si(111)-MMTFPA/Hg junctions was estimated as 1.5 = 0.2 (eq 4.4), which is
comparable to previous observations on junctions between alkyl-terminated n-Si and

Hg *

Figure 4.8b shows J-V data for p-Si(111)-MMTFPA surfaces in contact with Hg.

The p-Si(111)-CHj3 samples exhibited ohmic behavior in contact with Hg, and previous
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work has indicated that @, < 0.15 V for this junction.*” The addition of TFPA to the alkyl
monolayer resulted in increased rectification of the junction, producing measurable
values for @p. Similar to n-Si/Hg junctions, p-Si/Hg junctions that exhibited low values
for @y, gave semilog J-V response curves with no definitive linear portion in the forward-
bias region, thereby limiting the determination of @, for these samples. The p-Si(111)—
MMTFPA samples showed increased rectification with increasing frrpa, which indicated
an increase in the built-in voltage for p-Si/Hg junctions as Orrpa increased. Analysis of
the J-V response yielded a maximum measured value for ®, of 0.7 V on p-
Si(111)-MMTFPA/Hg junctions, which indicated a shift in the band-edge positions of
>0.5 V relative to p-Si(111)-CHj; surfaces. The value of the diode-ideality factor, n, for

p-Si(111)-MMTFPA/Hg junctions was 1.3 + 0.2 (eq 4.4).

Cair-V data were also collected for the functionalized n-Si/Hg and p-Si/Hg
junctions. The flat-band position was calculated from the Cge-V data using eq 4.5, and
the flat-band values were used to determine @y, (eq 4.6 or 4.7). As with J-J measurements,
samples with small @, in contact with Hg generally did not exhibit ideal behavior by
Cai-V measurements, precluding determination of @, for samples that did not show
strong rectification. The dopant density, Np, was also calculated from these
measurements and was compared with the value of Np determined by four-point probe
measurements. For n-Si, Np determined by Cgie-¥ analysis was (2.7 £ 0.3) x 10"° cm™,

and Np determined by four-point probe data was 4.4 x 10" ¢cm ™. For p-Si, Np determined

by Cuir-V analysis was (1.7 = 0.4) x 10'° cm™ and 4.0 x 10'® cm™ by four-point probe.
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For either n-Si and p-Si samples, the values of Np were thus within a factor of ~2 when

calculated by the Cyig-V or by four-point probe measurements.

Figure 4.9 presents the values of @y, calculated from the J-V response and Cgig-V
analysis for Si(111)-MMTFPA/Hg junctions as a function of Orppa. The n-Si(111)—
MMTFPA/ Hg junctions exhibited values of @, that were in close agreement for both
methods. Samples for which the junction appeared ohmic are plotted with a value of @, =
0.15 + 0.15 V. The p-Si(111)-MMTFPA/Hg junctions showed values of @, that
generally were not in good agreement for the two analytical methods used, and @
determined by Cgais-V measurements exhibited significantly greater spread for a given

Orrpa than @y, determined from J-JV measurements. For high Orrpa, the p-Si/Hg junctions
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Figure 4.9. Correlation between the calculated barrier height for Si(111)-MMTFPA/Hg
junctions and the fractional monolayer coverage of TFPA for (a) n-type and (b) p-type
samples. The barrier heights calculated from fitting the forward bias region of the J-V
curves using eq 4.4 are shown as black circles, and the barrier heights calculated from
fitting the Caigr-V data using eqs 4.5—4.7 are shown as red triangles. Samples that showed
low @, values did not exhibit ideal junction behavior, precluding analysis of @, for
samples with poor rectification. Error bars represent the statistical variation in @, for
samples from the same preparation.
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exhibited values of @, determined by Mott-Schottky analysis near the Si band gap, while
apparent @y, values determined from analysis of the J-V response were considerably lower,

at~0.65 V.

4.3.3 Photoelectrochemical Behavior of Si(111)-TFPA and Si(111)-MMTFPA

Surfaces in Contact with CH3CN-Cp*2Fe+/ 0

Figure 4.10 presents representative J-E data for functionalized n- and p-Si(111)
samples in contact with CH3CN-Cp*,Fe™ (1.2, 0.92 mM) under 100 mW cm™? of
simulated solar illumination. The effective cell potential, Eeff(Cp*zFe+/°), was determined
using eqs 4.12 and 4.13, to give Eefrn (Cp*,Fe™) = —0.073 V and E.g, (Cp*,Fe™) =
—0.188 V versus SCE. Data for the Si(111)-CH; surface were collected for comparison
with Si(111)-MMTFPA and Si(111)-TFPA samples. The photocurrent density was
limited by mass transport because the electrode areas were relatively large and the redox
couple concentrations were low. Large electrode areas were required to produce reliable
Cuif-E measurements with minimal edge effects. Table 4.1 presents the measured values
of the open circuit potential (E,) for the functionalized electrodes under 100 mW cm >
illumination as well as the values of @, determined from Cgyig-E measurements. Values of

@y, are reported as unsigned magnitudes.

The E,., shown in Table 4.1, of n-Si(111)-MMTFPA and n-Si(111)-TFPA
samples shifted by +0.27 V and +0.36 V, respectively, compared with the E,. for n-

Si(111)-CHs samples in contact with CH;CN-Cp*,Fe ™. The calculated values of @, for
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Figure 4.10. Representative J-E data under 100 mW cm > simulated sunlight illumination
for functionalized Si(111) surfaces in contact with Cp"‘zFeJr/0 (1.2, 0.92 mM) in dry
CH;CN for (a) n-type and (b) p-type samples. Si(111)-CH; samples (solid black) are
shown for comparison with Si(111)-MMTFPA (dashed red) and Si(111)-TFPA (blue
dotted) samples.

Table 4.1. E,. and ®, measurements for functionalized Si surfaces in contact with
CH;CN-Cp*,Fe™”.

Surface E,.in Cp*;Fe™ (V) @, in Cp*,Fe” (V)"  Orppa (ML)
n-Si—CHj —0.43 £ 0.02 1.07 0
n-Si-MMTFPA —0.16 + 0.03 0.56 +0.01 0.23 +0.01
n-Si-TFPA  —0.072 +0.001 0.427 +0.001 0.307 + 0.007
p-Si—CH; +0.03 + 0.03 - 0
p-Si-MMTFPA +0.095 + 0.004 0.56 £ 0.07 0.193 +0.007
p-Si-TFPA  +0.12 +0.02 0.35+0.01 0.27 +0.02

“The redox couple concentrations were 1.2 mM Cp*;Fe’ and 0.92 mM Cp*,Fe. The
effective cell potentials calculated from eq 4.12 and eq 4.13 were Eefin (Cp*zFe+/0) =
—0.073 V and Eesp (Cp*,Fe"®) = —0.188 V versus SCE. “The values of @, were
determined by CgisrE measurements using eq 4.8 through 4.11 and are reported as
unsigned magnitudes. No value for @y is reported for samples that formed weakly
rectifying junctions with the redox solution.
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n-Si(111)-MMTFPA and n-Si(111)-TFPA samples were lowered in magnitude by 0.51
and 0.64 V, respectively, compared with @, for n-Si(111)-CHj3 samples in contact with
CHgCN-Cp*gFe+/0. The dopant density, Np, for functionalized n-Si samples was found to
be (4.6 + 0.8) x 10" cm ™, which agreed well with N, determined from four-point probe

measurements (4.4 x 10" cm ™).

For p-Si samples in contact with CH;CN-Cp*,Fe "

, the E, shifted positively and
@y, increased in magnitude for surfaces that contained TFPA functionality compared with
p-Si(111)-CHj3 surfaces. The p-Si(111)-CHs samples exhibited very low photovoltages
(Table 4.1), and @y, was too small to be accurately determined by Cyis-E measurements.
The p-Si(111)-MMTFPA samples exhibited a moderate shift in £, of +0.07 V relative to
p-Si(111)-CHj3 samples, and p-Si(111)-TFPA samples showed a slightly greater shift in
Eoc of +0.09 V. The p-Si(111)-MMTFPA samples yielded @, = 0.56 + 0.07 V, while p-
Si(111)-TFPA samples yielded an apparent @, of 0.35 + 0.01 V despite the higher E,
observed for these samples relative to p-Si(111)-MMTFPA samples. The value of Np
determined from Cag-E measurements in contact with CH;CN-Cp*,Fe”” was 2.0 + 0.3 x

10" cm ™, compared with the value of Np = 4.0 x 10'® cm™ determined from four-point

probe measurements.
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4.3.4 Photoelectrochemical Behavior of Si(111)-TFPA and Si(111)-MMTFPA

Surfaces in Contact with CH;CN- MV>"*

Figure 4.11 shows representative J-E data for functionalized n- and p-Si(111)
samples in contact with CH;CN-MV*"*" (1.5, 0.035 mM) under 100 mW* simulated
solar illumination. The effective cell potential, E.(MV>"""), was determined using eqs
4.12 and 4.13 to give Eetrn (MV*"™) = —0.244 V and Ep, (MV*"™) = —0.436 V versus
SCE. Low concentrations (0.035 mM) of the radical MV ™" species resulted in very low
anodic photocurrent densities. Table 4.2 presents the measured values of E,. determined
for the functionalized electrodes under 100 mW cm™> illumination, in addition to the

absolute values of @, determined from Cgs—FE measurements.
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Figure 4.11. Representative J-E data under 100 mW cm* illumination for functionalized
Si(111) surfaces in contact with MV*"" (1.5, 0.035 mM) in dry CH3CN for (a) n-type
and (b) p-type samples. Si(111)-CHs; samples (solid black) are shown for comparison
with Si(111)-MMTFPA (dashed red) and Si(111)-TFPA (blue dotted) samples.

The E,, shown in Table 4.2, of n-Si(111)-MMTFPA samples in contact with

CH;CN-MV*""** shifted by +0.24 V relative to the E,. of n-Si(111)-CH; samples. This
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shift is comparable to the shift observed for the same samples in contact with CH3CN-
Cp*,Fe™. The n-Si(111)-TFPA samples in contact with CH;CN-MV>""" exhibited a
slightly larger shift in £, of +0.25 V compared with the E,. for n-Si(111)-CH3 samples.
The value of @, for n-Si(111)-CH3 samples in contact with CH;CN-MV*""** was 0.64 +
0.06 V, while the low barrier at n-Si(111)-MMTFPA and n-Si(111)-TFPA junctions
with CH3;CN-MV*"™ precluded determination of ®, by Cg-E measurements. The
change in measured E,. and @, for n-Si samples containing TFPA functionality is
consistent with an overall positive shift in the composite molecular dipole present at the
interface. The dopant density, Np, for functionalized n-Si samples was found to be (4.7 +

0.2) x 10" cm™ in contact with CH;CN-MV*"*".

Table 4.2. E,. and ®, measurements for functionalized Si surfaces in contact with
CH;CN-MV>"*",

Surface E,. in MV (V)" @, in MV*"" (V)° Orrpa (ML)
n-Si—CHj —0.26 £ 0.02 0.64 + 0.06 0
n-Si-MMTFPA —0.021 + 0.007 - 0.23 +0.01
n-Si-TFPA —0.01 £0.01 - 0.310 +0.007
p-Si—CH; +0.15 + 0.01 0.51 +0.08 0
p-Si-MMTFPA  +0.254 + 0.009 0.99 +0.07 0.196 + 0.002
p-Si—-TFPA +0.24 £ 0.02 0.7 0.1 0.26 + 0.02

“The redox couple concentrations were 1.5 mM MV*" and 0.035 mM MV " The effective
cell potentials calculated from eq 4.12 and eq 4.13 were Een (MV>"7") = —0.244 V and
Ectep (MV?*"*) = —0.436 V versus SCE. "The values of @, were determined by Caig-E
measurements using eq 4.8 through 4.11 and are reported as unsigned magnitudes. No
value for @, is reported for samples that formed weakly rectifying junctions with the
redox solution.
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As observed for p-Si samples in contact with CH;CN-Cp*,Fe™, the E,. for p-
Si(111)-MMTFPA and p-Si(111)-TFPA samples in contact with CH;CN-MV>"" shifted
positively relative to E, for p-Si(111)-CHj surfaces (Table 4.2). The positive shift in Eq
was accompanied by an increase in the magnitude of ®,. The p-Si(111)-MMTFPA
samples exhibited a modest shift in £, of +0.10 V in contact with MV*"" relative to the
E, of p-Si(111)—-CHj3 samples, and p-Si(111)-TFPA samples showed a very similar shift
in Eo of +0.09 V relative to p-Si(111)—CHj3 samples. For p-Si(111)-CHj; samples, @, was
determined by Cgir-E measurements to be 0.51 £ 0.08 V, while @, = 0.99 + 0.07 V for p-
Si(111)-MMTFPA surfaces; that is, the barrier height of this junction is close to the Si
band gap. As was observed in contact with Cp*,Fe™”, p-Si(111)-TFPA samples yiclded a
lower @y, of 0.7 = 0.1 V, despite the nearly identical E,. observed for these samples as
compared with p-Si(111)-MMTFPA samples. The value of Np determined from Cii—FE

measurements was (2.4 + 0.4) x 10" cm™.
4.4 DISCUSSION
4.4.1 Si(111)-TFPA Surface Characterization

The TIRS data for Si(111)-TFPA surfaces yielded modes consistent with the
presence of a phenyl ring, aryl C—F bonds, and a C=C bond (Figure 4.3). The observation
of the C=C stretch at 2160 cm ™' at 74° incidence but not at 30° incidence indicates that
the TFPA groups are predominantly oriented perpendicular to the surface. The large
reduction in intensity of the primary aromatic C—C stretching peak at 1533 cm™' for 30°

incidence relative to 74° incidence demonstrates that this mode is primarily oriented
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perpendicular to the surface. Similarly, the C—F stretching signal at 1251 cm ' was
greatly reduced at 30° incidence relative to 74° incidence, indicating that the majority of
this mode is oriented perpendicular to the surface. The residual intensity observed for the
1533 and 1251 cm™' modes at 30° incidence indicates that a fraction of each mode is not
perpendicular to the surface, in accord with expectations based on the geometry of the
TFPA group. The in-plane aromatic C—H bend was observed at both angles of incidence
at 1055 cm ', indicating that this mode is not primarily oriented perpendicular to the
surface. The aryl C—H stretching peaks near 3050 cm ™' were not observed by TIRS,
suggesting that substitution of the phenyl group with C-F bonds weakens the C—H

stretching signal for the TFPA group.

TIRS data for the Si(111)-MMTFPA surface, presented in Figure 4.4, showed a
single peak at 1253 cm™' that was ascribed to the overlap of the symmetric C—H bending
and C—F stretching modes. The energy of this mode falls between the TFPA C—F stretch,
observed at 1251 cm', and the symmetric C—H bend of the —CH; group, observed at
1257 cm "> The Si(111)-TFPA sample exhibited a 0.18 height ratio of the peak at 1253
cm ' relative to the peak at 1533 cm ', while the Si(111)-MMTFPA sample yielded a
0.22 height ratio of the peak at 1251 cm ™' relative to the peak at 1533 cm'. Thus, the
peak at 1253 cm™' on the Si(111)-MMTFPA sample results from a convolution of the
symmetric C—H bending and C—F stretching modes, indicating that both TFPA and —CHj3

groups are present on the surface.

The shoulder observed in the C 1s XPS signal of the Si(111)-TFPA surface

(Figure 4.7b) centered at 284.1 eV provides evidence of the formation of a Si—C bond.
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The residual CI observed on Si(111)-MMTFPA surfaces for samples with Grppa > 0.2
ML is consistent with steric crowding on the surface that prevented the reaction of a
small fraction of residual Si—Cl sites with CH3;MgCl. This behavior suggests considerable
steric crowding that limited further passivation of the remaining Si—Cl sites on surfaces

with Orrpa > 0.2 ML.

A small amount of SiOx was observed in the Si 2p spectrum from 102-104 eV on
Si(111)-MMTFPA surfaces containing Grrpa > 0.15 ML and on Si(111)-TFPA surfaces.
Mixed monolayers with high concentrations of bulky groups can prevent passivation of
neighboring Si—Cl sites with —CHj; groups for steric reasons, leaving the surface sites
more susceptible to oxidation.® Consistently, slightly more SiO, was observed on

Si(111)-TFPA surfaces compared with Si(111)-MMTFPA surfaces with high Grgpa.

Si(111)-MMTFPA samples exhibited high S compared with previously reported

7, 34,43

mixed monolayers. High concentrations of bulky groups in mixed monolayers can

sterically block passivation of Si—Cl sites with —CHj3 groups, leaving the unreacted sites

susceptible to oxidation and formation of surface states.”>**

This expectation is consistent
with the behavior of Si(111)-MMTFPA surfaces with frppa > 0.2 ML, which had
unreacted Si—Cl sites that likely contributed to increased surface recombination velocity, S,

I** and mixed methyl/propionaldehyde’

for surfaces with high Orrpa. Mixed methyl/ally
monolayers, which were formed using Grignard reagents only, exhibited S < 100 cm s

Mixed methyl/thienyl monolayers,” prepared using 2-thienyllithium, exhibited S < 100 cm

s! for Osc 4Hy < 0.3 ML. However, the Si(111)-MMTFPA surface exhibited significantly
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higher S, even for Grppa = 0.15 ML (Figure 4.5), than has been observed for other mixed

monolayers.

Small-molecule silanes have been shown to undergo cleavage of the Si—Si bonds in

63-64

the presence of organolithium reagents, such as methyllithium. Furthermore, addition

of organolithium reagents to H-terminated porous Si surfaces has been proposed to proceed

65-66

by cleavage of Si—Si bonds. The reaction of 1-propynyllithium with Si(111)-Cl
surfaces also yields samples with = 1.0 x 10° cm s~ (72 h after preparation), despite near
complete termination of the Si atop sites with Si—C bonds.** However, reaction of CH;Li1
with Si(111)—Cl surfaces is known to yield samples with S values comparable to those of
samples prepared by reaction with CH;MgCL* Thus, the chemical nature of the
organolithium reagent plays an important role in properties of the resulting functionalized
surfaces. CH;Li could form surfaces with low S because the small size of the —CH3 group
kinetically allows for passivation of all Si(111) atop sites without the breaking of Si—Si
bonds. Hence, a route that utilizes only Grignard reagents to attach the bulky group to
Si(111)—Cl surfaces for the synthesis of mixed methyl monolayers could be required to
obtain low § values at functionalized Si(111) surfaces. Grignard reagents formed from
terminal acetylides have been observed to undergo undetectable or slow reaction with
Si(111)-Cl surfaces,” and consistently, reaction of the Grignard reagent 3,4,5-
trifluorophenylethynylmagnesium chloride with Si(111)—Cl at 50 °C yielded a maximum
Orrra < 0.05 ML. Thus, the organolithium reagent, LiTFPA, used herein for the synthesis

of Si(111)-TFPA and Si(111)-MMTFPA surfaces, was necessary to achieve the reported

monolayer compositions and shifts in the band-edge positions.
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4.4.2 Hg Contacts to Si(111)-MMTFPA Surfaces

The work function of Hg is 4.49 eV,®” which lies between the energies of the
bottom of the conduction band and the top of the valence band of bulk Si and is very near
the estimated energy of the absolute electrochemical potential for the standard hydrogen
electrode (SHE), which is 4.44 ¢V at 25 °C.%% Hg can also be readily applied to and
removed from the Si surface at room temperature without the formation of metal

e . 40
silicides.

The J-V data presented in Figure 4.8 and the plots of @y, versus Orrpa in Figure 4.9
show a clear trend in the value of @, as a function of Orppa for functionalized n- and p-
Si(111) surfaces in contact with Hg. The surface composition played an essential role in
the electrical behavior of the junction. The composite dipole at the interface between the
Si and the Hg results in a net electric field that can be tuned to energetically favor the
transfer of electrons from p-Si to Hg or holes from n-Si to Hg, respectively. The n-Si/Hg
junction exhibited maximum rectification for surfaces terminated by —CHj3 groups, and
addition of TFPA to the monolayer yielded junctions with lower ®,. The decrease in @y
with increase in frppa resulted from a shift in the band-edge positions of the Si relative to
those of the Hg contacting phase. The electrical behavior of n-Si(111)-MMTFPA/Hg
junctions that showed ohmic behavior by J-} analysis could have also been influenced by

a high surface recombination velocity, which was measured for samples with high Orgpa.

For p-Si, the Si(111)-CH3; surface formed an ohmic contact with Hg. The addition

of TFPA to the monolayer resulted in an increase in @y as frppa increased. Therefore, as
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Orrpa increased, the band-edge positions of the Si shifted relative to the band-edge
positions of Si(111)-CHj3 surfaces. This behavior is consistent with the formation of a
surface dipole in the orientation shown in Figure 4.1b due to the addition of surficial
TFPA. The resulting electric field at the interface is favorable for the flow of electrons

from p-Si to the Hg contacting phase.

The values of @, for Hg contacts to n-Si electrodes determined by J-V analysis
agreed well with those obtained by Cgig-V analysis. In contrast, Cyie-V analysis for p-
Si/Hg contacts with frppa near 0.2 ML yielded @, = 1.07 V, that is, close to the Si band
gap, while J-V data of the same samples yielded @, = 0.68 V. The Cyis-V analysis is
performed while the sample is in reverse bias and passes only small amounts of current to
measure the real and imaginary impedance as well as the current-voltage phase shift.
Cife-V analysis thus minimizes the effects of recombination current on the calculated @y,
J-V analysis, in contrast, is performed in forward bias, for which significantly more
current passes, and where the effects of high surface recombination are greater. The
difference in @, determined for p-Si(111)-MMTFPA/Hg by J-V versus Cgig-V methods

indicates that high S values yield lower @, when measured by J-J analysis.

Si(111)-H surfaces have been widely used for fabrication of Si-based
optoelectronic devices, and comparison of the band- edge positions of Si(111)-H surfaces
with the results reported in this work is informative. For n-Si, the electrical behavior of
Si(111)-H surfaces in contact with Hg produced a junction with ®, = 0.3 V, which
appeared ohmic when measured at 296 K.** The n-Si(111)-MMTFPA samples with

Orrpa > 0.17 ML in contact with Hg produced behavior similar to the n-Si(111)-H
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samples. Previous results for p-Si(111)-H/Hg junctions yielded @, = 0.8 V by both J-V
and Cyir-V measurernents,40 while p-Si(111)-MMTFPA samples achieved a maximum
@y, of 0.68 V when measured by J-V analysis. The near-band gap @, measured by Cyige-V
analysis for p-Si(111)-MMTFPA samples indicated that the band-edge positions were
energetically closer to the vacuum level than the band-edge positions of Si(111)-H
surfaces, but high S values for these surfaces limited the ®, measured under J-V

operation.

4.4.3 Photoelectrochemical Measurements of Si(111)-TFPA and Si(111)-MMTFPA

Surfaces in CH3;CN

Photoelectrochemical measurements for n- and p- Si(111)-CH; samples in
contact with CH3;CN-Cp*,Fe™ were in good agreement with previously reported
results;”’ however, n- and p-Si(111)-CH; samples in contact with CH;CN-MV*"*
exhibited E, values of —0.26 + 0.02 and +0.15 + 0.01 V, respectively, that were not
within the error of previously reported results of —0.10 = 0.03 and +0.31 £ 0.02 V,
respectively.’” The calculated values of Ecr, (MV>"") and Er, (MV>"") were shifted
by —0.16 and —0.13 V, respectively, compared with previous work. This difference in
effective solution potential likely arose because the previous work used 1,1’-dimethyl-
4,4'-bipyridinium dichloride hydrate as the source of MV>", while this work used 1,1'-
dimethyl-4,4"-bipyridinium hexafluorophosphate. The reversible potential for the MV*"**

couple has previously been found to be dependent on the nature of the anion in the

electroly‘[e.70 For the calculated values of Ecrn (A/A7) and Eerrp (A/A7), extrapolation of
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the results previously reported predicts E,. values that are within close agreement with

the values measured in this work.

Photoelectrochemical measurements under 100 mW cm >  illumination
demonstrated that the E,. exhibited by the semiconductor-liquid junctions was sensitive
to the surface composition. Compared with Si(111)-CHj3 samples, E, for n-Si(111)—
MMTFPA samples shifted by +0.27 V in contact with CH;CN-Cp*,Fe”” and by +0.24 V
in contact with CH;CN-MV>"*". The n-Si(111)-TFPA samples exhibited a greater shift
in E,, suggesting that the residual Si—Cl sites, with a molecular dipole in the positive
direction (Figure 4.1b), and greater Orppa contributed to the positive shift in the band-
edge positions. Despite higher S observed for Si(111)-TFPA samples (Figure 4.5),
Si(111)-TFPA samples showed larger shifts in £, than those observed for Si(111)—
MMTFPA samples. This behavior indicated that the overall greater Orgpa oObserved for
Si(111)-TFPA samples and inclusion of Si(111)—Cl sites contributed more to the overall
E, than the high S measured for Si(111)-TFPA samples. The observation of different £,
values for n-Si(111)-MMTFPA and n-Si(111)-TFPA samples in contact with different
redox species indicates that the Fermi level of the semiconductor is not fully pinned by
surface states, evidenced by the high observed S. The observed decrease in the magnitude
of @, for n-Si(111)-TFPA and n-Si(111)-MMTFPA samples was indicative of a
substantial positive shift in the band-edge positions of these surfaces relative to Si(111)—
CH; samples. The E, observed for n-Si(111)-MMTFPA samples in contact with
Cp*,Fe"”* and MV*"*" was further shifted positively by the high S observed for samples

with hlgh OTrpA.
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The p-Si(111)-MMTFPA and p-Si(111)-TFPA samples exhibited a maximum

N
"% and

shift in E, of +0.10 V relative to p-Si(111)-CH; samples in contact with Cp*,Fe
MV?""*_ The increase in ®@, observed for p-Si(111)-MMTFPA samples relative to p-

Si(111)-CH; samples was ~0.5 V, which should produce a larger increase in E, than was

observed. The E,. observed for p-Si(111)-MMTFPA samples in contact with Cp*,Fe™
and MV>""" was shifted negatively by the high S observed for samples with high Orgpa.
For p-Si samples, the effect on E,. of high S opposes the effect on E,. produced by the
surface dipole, so the reduced positive shift in E,. achieved for p-Si samples as compared
with n-Si samples is consistent with the presence of significant surface recombination at

such interfaces.

Monolayer chemistry on Si(111) surfaces can effectively control the interfacial
energetics at Si(111) interfaces. Moreover, alkyl monolayers can be applied to a broad
range of crystalline, polycrystalline, and thin-film semiconductors without requiring
expensive, specialized processing equipment. The electrochemical measurements
presented in this work demonstrate that mixed monolayers on Si(111) can produce
measurable shifts in the band-edge positions to yield junctions with tunable energetics.
The development of methods to reduce S while maintaining a surface composition
comparable to that of the MMTFPA monolayers presented in this work may enable the

use of a broad range of materials in semiconductor devices.
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4.5 CONCLUSIONS

The electrochemical behavior of n- and p-Si(111)-MMTFPA samples in contact
with Hg showed that the addition of TFPA to the monolayer produced shifts in the band-
edge positions, relative to Si(111)—-CHj3 surfaces, by >0.6 V for n-Si and >0.5 V for p-Si
samples. Photoelectrochemical measurements in contact with CH3;CN-Cp*,Fe” and
CH3;CN-MV*"** demonstrated that the composition of the organic monolayer on the
surface yielded shifts in E,. consistent with a net positive molecular dipole at the Si
surface. The n-Si(111)-MMTFPA samples exhibited E,. values that shifted by as much
as +0.27 V compared with n-Si(111)-CH3 surfaces, and the p-Si(111)-MMTFPA
samples showed E,. values that shifted by up to +0.10 V with respect to the p-Si(111)—
CHj; surface. The change in E,. for p-Si was limited by high surface recombination,
suggesting that larger changes in E,. could be achieved by maintaining low S while
allowing for comparable levels of F coverage on the surface. Si(111)-MMTFPA surfaces
provide a versatile and scalable means of tuning the Si band-edge positions, especially for
samples with low Orppa. Semiconductor surface chemistry therefore holds promise to
allow for control of the interface between semiconductors and functional components,

such as metals, metal oxides, catalysts, and conductive polymers.
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Chapter 5

A MECHANISTIC STUDY OF THE OXIDATIVE REACTION OF
HYDROGEN-TERMINATED Si(111) SURFACES WITH LIQUID

METHANOL

Plymale, N. T.; Dasog, M.; Brunschwig, B. S.; Lewis, N. S. A Mechanistic Study of the
Oxidative Reaction of Hydrogen-Terminated Si(111) Surfaces with Liquid Methanol, in

preparation.

5.1 INTRODUCTION

The device properties of Si can be manipulated through control over the structure
and chemical composition of crystalline Si surfaces.'” The reactivity of hydrogen-

terminated Si(111) (H-Si(111)) surfaces toward organic nucleophiles, including

14-15

alkenes,”™ alkynes,5'6 amines, "' thiols and disulfides,'*"? Grignards, and alcohols,'®

* has been widely exploited to impart desirable functionality to the Si interface. These

26-31

surface reactions have been used to control the interface between Si and metals, metal

36-41 42-49

. 32-35 .
oxides,” " polymers, and redox assemblies.

Many nucleophiles react with H-Si(111) surfaces under mild conditions™'

compared to analogous reactions with molecular silanes. For example, the reaction of H—

Si(111) surfaces with alcohols has no analogous molecular counterpart.’>'®

The unique
reactivity of H-Si(111) surfaces with alcohols, including CH3;OH, has been exploited as a

versatile method to impart a desired functionality to the surface via the robust Si—O bond,
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without the formation of thick insulating silicon oxide layers on the surface. For example,
n-Si/CH3O0H junctions have yielded high open-circuit voltages (632—640 mV) and high
device efficiencies (12-14%)>>>* in regenerative photoelectrochemical cells, with the
device performance correlated with low surface recombination velocities™ ™’ as well as
the favorable band-edge positions™ of the methoxylated Si surface. The methoxy
termination can moreover be converted to F-termination or OH-termination,lg’  both of

which are synthetically difficult to achieve otherwise on Si(111) surfaces.

Small molecule silanes that model the H-Si(111) surface, such as
tris(trimethylsilyl)silane (TTMSS), are generally good models for radical reactions at H-
Si(111) surfaces because the Si—H bond strength is comparable for both systems.™ In the
presence of CH3;OH, however, TTMSS decomposes by Si-Si bond cleavage.”>
Similarly, the Si—Si bonds on H-terminated nanoporous Si surfaces cleave by thermal

reaction with alcohols.’” ¢!

In contrast, the H-Si(111) surface primarily undergoes a
substitution reaction with alcohols, resulting in =Si—OR functionality on the surface.
Scanning-tunneling microscopy (STM) data have demonstrated that the H-Si(111)

surface undergoes microscopic etching after 30 min in warm (65 °C) CH;OH, but

methoxylated H-Si(111) sites are effectively passivated toward etching.”

The electronic structure of crystalline Si, which differs significantly from that of
model silanes, is often invoked to understand reactions that take place exclusively on H-
Si(111) surfaces. Reactions that involve electron transfer at the H-Si(111) surface, such
as the reaction of H-Si(111) surfaces with alcohols, are good candidate reactions to

elucidate the role of the Si electronic structure in surface reactions. The general
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understanding of the alkoxylation mechanism has been focused primarily on a qualitative
discussion that implicates the narrow band gap of bulk Si in supporting more electronic
states than can be supported by analogous molecular silanes. These mechanisms shown in
Schemes 5.1,%' 5.2;'8 provide a description of the chemical transformations that take
place during surface alkoxylation, but the electronic rearrangements during these
reactions are not yet clearly elaborated. Elucidating the mechanism of the reaction of H-
Si(111) surfaces with CH30OH in the presence of a series of oxidants offers a unique

opportunity to determine the role of the Si electronic structure in the surface reaction.

Scheme 5.1. Methoxylation of H-Si(111) Surfaces in the Absence of an Oxidant®’

oy
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Herein we characterize the reaction of H-Si(111) surfaces with CH30H in the
absence or presence of an oxidant species and in the absence or presence of illumination.
We have elucidated the dependence of the methoxylation reaction on the formal potential
of the oxidant. Additionally, we have delineated the roles of the electronic surface states
and bulk Si band structure in the electron transfer processes that are involved in the
methoxylation reaction. A general mechanism by which the reaction of H-Si(111)
surfaces with CH3OH takes place under the conditions studied is proposed in the context

of conventional charge transfer kinetics at the semiconductor interface.

5.2 EXPERIMENTAL SECTION

5.2.1 Materials and Methods

Water (>18.2 MQ cm resistivity) was obtained from a Barnstead E-Pure system.
Aqueous ammonium fluoride (NH4F(aq), 40% semiconductor grade, Transene Co. Inc.,
Danvers MA) was deaerated by bubbling with Ar(g) (99.999%, Air Liquide) for >1 h
prior to use. Methanol (CH3;OH, anhydrous, >99.8%, Sigma-Aldrich) was used as
received. Float-zone-grown, phosphorus-doped n-Si(111) “intrinsic” wafers (University
Wafer, Boston, MA) were double-side polished, 525 + 15 pm thick, oriented within 0.5°
of the (111) crystal plane, and had a resistivity of 2.0 kQ cm. Czochralski-grown,
phosphorus-doped n-Si(111) wafers (Virginia Semiconductor, Fredericksburg, VA) were
double-side polished, 381 £ 25 um thick, oriented within 0.1° of the (111) crystal plane,

and had a resistivity of 1.0 Q cm. Czochralski-grown, boron-doped p-Si(111) wafers
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(Addison Engineering, San Jose, CA) were double-side polished, 300 £ 25 pum thick,

oriented within 0.5° of the (111) crystal plane, and had a resistivity of 0.40 Q cm.

The dopant densities (Ng) were determined from the resistivities for each Si
substrate. For intrinsic Si(111), Ng = 2.2 x 10" cm; for n-type Si(111), Ng = 4.9 x 10"
cm ; and for p-type Si(111), Ng=4.2 x 10'® cm . The positions of the n-type and p-type
Si(111) bulk Fermi levels (Ernp and Egpy, respectively) were determined using eq 5.1

and eq 5.2 for each of the dopant concentrations used.

E,, -E,+ kBTln(%) 5.1)

C

C

E,, =E, kT h{%) (5.2)

E., and E,; are the energy positions of the Si conduction band minimum (—4.05 eV vs
Eva) and Si valence band maximum (=5.17 eV vs Evy),” respectively, kg is the
Boltzmann constant, 7 is the temperature in Kelvin (296 K), ¢ is the absolute value of the
elementary charge, Nc is the effective density of states of the Si conduction band (2.8 %
10" em™), and Ny is the effective density of states of the Si valence band (1.0 x 10"
cm ). The bulk Fermi level of intrinsic Si(111) (Eg,p), which was lightly n-type, was

determined using eq 5.1.

1. Preparation and Purification of the Oxidants. 1,1’-dimethylferrocenium
(Me,Cp,Fe'BF,, bis(methylcyclopentadienly)iron(IIl) tetrafluoroborate), octamethyl-
ferrocenium (MegCp,Fe BF,, bis(tetramethylcyclopentadienyl)iron(IIT)  tetrafluoro-
borate), and decamethylferrocenium (Cp*,Fe BF,, bis(pentamethylcyclopentadienyl)-

iron(Ill) tetrafluoroborate) were prepared by chemical oxidation of the neutral
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metallocenes®*® 1,1°-dimethylferrocene (Me,Cp,Fe, bis(methylcyclopentadienyl)iron(II),
95%, Sigma-Aldrich), octamethylferrocene  (MesCp,Fe,  bis(tetramethylcyclo-
pentadienyl)iron(II), 98%, Strem Chemical), and decamethylferrocene (Cp*,Fe,
bis(pentamethylcyclopentadienyl)iron(Il), 99%, Strem Chemical), respectively.
Ferrocenium (Cp,Fe BF, , bis(cyclopentadienyl)iron(IIT) tetrafluoroborate, technical
grade, Sigma-Aldrich) Me,Cp,Fe BF, ", MesCp,Fe BF,, and Cp*,Fe BF,~ were purified
by recrystallization from diethyl ether (inhibitor-free, >99.9% Sigma-Aldrich) and
CH;CN (anhydrous, >99.8% Sigma-Aldrich). Methyl viologen MV*(CI),, 1,1°-
dimethyl-4,4’-bipyridinium dichloride hydrate, 98%, Sigma-Aldrich) and cobaltocenium
(Cp2Co'PFs, bis(cyclopentadienyl)cobalt(IIT) hexafluorophosphate, 98%, Sigma-Aldrich)
were recrystallized from ethanol (anhydrous, >99.5% Sigma-Aldrich) prior to use.
Acetylferrocenium  ((CpCOCH;)CpFe’,  (acetylcyclopentadienyl)cyclopentadienyl-
iron(Ill)) was generated in CH3OH containing 1.0 M LiClO4 (battery grade, Sigma-
Aldrich) from acetylferrocene ((CpCOCH;)CpFe, acetylcyclopentadienyl)cyclo-
pentadienyliron(Il), Sigma-Aldrich, purified by sublimation) by controlled-potential
electrolysis at a Pt mesh working electrode with a Pt mesh counter electrode located in a
compartment separated from the working electrode by a Vycor frit.* The electrolysis was
performed at +0.5 V vs a Pt pseudo-reference electrode, and sufficient current was passed
to generate 1.0 mM (CpCOCH;)CpFe" from 10 mM (CpCOCH;)CpFe. The

(CpCOCH;)CpFe" was used within 1 min of its generation.

2. Preparation of H-Si(111) Surfaces. Si wafers were scored and broken to the

desired size using a diamond- or carbide-tipped scribe. The Si surfaces were rinsed
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sequentially with water, methanol (>99.8%, BDH), acetone (>99.5%, BDH), methanol,
and water. The samples were oxidized in a piranha solution (1:3 v/v of 30% H,O»(aq)
(EMD): 18 M H,SO4(aq) (EMD)) for 10—-15 min at 95 + 5 °C. The wafers were removed,
rinsed with copious amounts of water, and immersed in buffered hydrofluoric acid(aq)
(BHF, semiconductor grade, Transene Co. Inc.) for 18 s. The BHF solution was drained
and the wafers were rinsed with H>O. Anisotropic etching was then performed in an
Ar(g)-purged solution of 40% NH4F(aq) for 5.5 min for wafers having a 0.5° miscut
angle, and for 9.0 min for wafers having a 0.1° miscut angle.®® The wafers were removed,

rinsed with H,O, and dried under a stream of Ar(g).

3. Methoxylation of H-Si(111) Surfaces. The H-Si(111) wafers were transferred
to a Na(g)-purged glovebox (<10 ppm O(g)) and immersed in either neat CH;0OH or in a
solution of CH;OH that contained 1.0 mM of (CpCOCH;)CpFe’, Cp,Fe BF,,
Me,Cp,Fe BF,, MesCp,Fe BE4, Cp*,Fe BF,, MV>2CI, or Cp.Co 'PFs . Reactions in
the dark were performed in test tubes wrapped in black vinyl electrical tape with the top
covered in Al foil, whereas reactions in the light were performed under ambient
illumination. Upon completion of the reaction, the wafers were removed from the
CH;0H solution and rinsed sequentially with CH3OH and tetrahydrofuran (THF,
anhydrous, >99.9%, Sigma-Aldrich). The THF was allowed to evaporate and the samples
were removed from the glovebox. Prior to analysis, the wafers were rinsed briefly with

H,0 and dried under a stream of Ar(g).

4. Potentiostatic Methoxylation of H-Si(111). Si samples were cleaned using a

piranha solution for 10 min at 95 + 5 °C and etched in BHF for 18 s prior to electrode
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fabrication. Ohmic contacts to the back of n-Si(111) (1.0 Q cm) electrodes were made by
using a diamond-tipped scribe to apply Ga-In eutectic (78% Ga, 22% In by weight).
Ohmic contacts to the back of p-Si(111) (0.40 Q cm) electrodes were made by electron-
beam evaporation (Denton Vacuum) of 100 nm of Al to the rear face of the electrode,
followed by a 30 min anneal under forming gas (5% Ha(g) in Na(g)) at 450 °C.%” Using
high-purity conductive Ag paint (SPI supplies, West Chester, PA), the Si working
electrodes were adhered to a coil of tinned Cu wire that had been threaded through 1/4”
outer diameter Pyrex tubing. Loctite 9460 epoxy was used to insulate the rear face of the
electrode from the electrolyte as well as to immobilize the Si wafer such that the
electrode face was perpendicular to the length of the tubing.®’ The electrode areas (0.2—
0.4 cm®) were measured by analysis of scanned images of the electrodes using ImageJ

software.

Immediately prior to performing the electrochemical experiments, the electrodes
were immersed in BHF for 18 s, rinsed with water, and dried thoroughly. The electrodes
were then immersed in 40% NH4F(aq), with wafers having a 0.5° miscut angle immersed
for 5.5 min whereas wafers that had a 0.1° miscut angle were immersed for 9.0 min. The
electrodes were rinsed with water and dried thoroughly prior to performing

electrochemical measurements.

Electrochemical measurements were performed in a four-port, cylindrical, flat-
bottomed, borosilicate glass cell that contained CH3;OH with 1.0 M LiClOs.
Electrochemical measurements were collected using a Solartron 1286 model potentiostat

operated by CorrWare software v. 3.2c. Current density vs potential (J-£) measurements
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were collected using a 3-electrode setup with a Si working electrode, a saturated calomel
reference electrode (SCE, CH instruments, Inc., Austin TX), and a Pt mesh counter
electrode. J-E data were collected by sweeping the potential from negative to positive
using a scan rate of 50 mV s and a sampling rate of 1 mV per data point, with active
stirring of the electrolyte. Measurements were performed in the dark as well as under 10
mW cm > of illumination intensity provided by a 300 W ELH-type W-halogen lamp. The
illumination intensity was determined by use of a calibrated Si photodiode (Thor

Laboratories, Newton, NJ).

5. Determination of the Oxidant Formal Potentials. The formal potentials of the
oxidant species (1.0 mM in CH3;0OH) were determined by cyclic voltammetry vs a
szFe+/O internal reference using Pt wire working and reference electrodes and a Pt mesh
counter electrode. The formal potential of the Cp,Fe™ couple was measured vs a SCE
reference (E°’(Cp2Fe+/ %) =0.325 V vs SCE), and all of the oxidant formal potentials was
converted to SCE using this value for the shift in reference potentials.. The supporting
electrolyte was 1.0 M LiClO, for (CpCOCH;)CpFe™, Cp,Fe™, Me,Cp,Fe™,
MesCp,Fe'”, Cp*,Fe™, and Cp,Co™ and was 0.1 M tetrabutylammonium hexafluoro-

phosphate (TBAPFs, Sigma-Aldrich) for MV*""".

5.2.2 Instrumentation

1. Transmission Infrared Spectroscopy. Transmission infrared spectroscopy
(TIRS) was performed using a Thermo Scientific Nicolet 6700 optical spectrometer
equipped with an electronically temperature-controlled EverGlo mid-IR source, a KBr

beamsplitter, a deuterated L-alanine-doped triglycine sulfate (DLaTGS) detector, and a
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Na(g) purge.’”®” The samples, cut to ~1.3 x 3.2 cm, were mounted using a custom
attachment such that the angle between the path of the beam and the surface normal was
74° (Brewster’s angle for Si). The reported spectra are averages of 1500 consecutive
scans collected at 4 cm™' resolution. Spectra were referenced to spectrum of either the
silicon oxide (SiOx) or H-Si(111) surface, which were collected separately for each
sample. Data were collected and processed using OMNIC software v. 9.2.41. The
baseline was flattened and residual water peaks were subtracted to produce the reported

spectral data.

2. X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopic (XPS)
data were collected using a Kratos AXIS Ultra spectrometer equipped with a
monochromatic Al Ko X-ray source at 1486.7 eV, a hybrid electrostatic and magnetic
lens system, and a delay-line detector.®®®’ Photoelectrons from a 700 um x 300 pm area
were ejected at 90° with respect to the sample surface. Survey and high-resolution spectra
were collected with an analyzer pass energy of 80 eV and 10 eV, respectively. The
chamber base pressure was ~8 x 107'° Torr. Calibration of the energy scale and work
function was performed using clean Au, Ag, and Cu samples. The data were collected

using Vision Manager software v. 2.2.10 revision 5.

5.2.3 Analysis of TIRS and XPS Data

1. Calculation of the Methoxy Fractional Monolayer Coverage from TIRS Data.
The fractional monolayer (ML) coverage of H-Si(111) sites remaining after reaction in

CH3OH (0si_i) was determined using eq 5.3:
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A o i,
6Si_H - v(Si-H),f (5'3)

Av(Si—H),i

Aysi-ny,rand Aysiomy,; are the final and initial area, respectively, under the Si—H stretching
peak. Assuming that all atop sites are terminated by Si—H or Si—~OCHj3 groups, the

fractional ML coverage of CH;0-Si(111) sites (Qsi_OCH3) was determined using eq 5.4:

HSi—OCH3 =1- QSi—H (5.4)

2. Calculation of the Methoxy Fractional Monolayer Coverage from XPS Data.
High-resolution C 1s and Si 2p XPS data were analyzed using CasaXPS v. 2.3.16. C 1s
spectra were fitted using a Voigt GL(30) line function, which consisted of 70% Gaussian
and 30% Lorentzian character. Bulk Si 2p data were fitted using a line function of the
form LA(a, b, n), where a and b define the asymmetry of the line shape and n defines the
Gaussian width. LA(1.2, 1.4, 200) was used in this work. Contributions from SiOyx were

fitted using the GL(30) line shape. Spectra were analyzed using a linear background.

A substrate-overlayer model was used to determine the thickness of the methoxy

overlayer, dSi—OCH3, by XPS:

dsi_ocH;
(Ic-o SEsi || _Psi ) _|1=e feothe (5.5)
dsi_ocH; :
I Si SK c-0 )\ Pc-o e_m

Ico and Is; are the areas under the photoemission peaks arising from C bound to O and
from bulk Si, respectively, SFc_o and SFs; are the sensitivity factors for the C 1s (0.278)
and Si 2p (0.328) photoemission signals, respectively, pc_o and ps; are the density of the
hydrocarbon overlayer (3.0 g cm ™) and Si (2.3 g cm™), respectively, Ac_o and Ag; are the

attenuation lengths of C 1s photoelectrons (3.6 nm) and Si 2p photoelectrons (4.0 nm),
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respectively, moving through a hydrocarbon overlayer, and ¢ is the angle between the
photoelectron ejection vector and the instrument analyzer (90° for this work). The

thickness dsi_OCH3 was determined using an iterative process, and Qsi_OCH3 was calculated

by dividing by the estimated thickness of 1 ML of methoxy groups (0.20 nm).

Some samples exhibited the presence of F by XPS. The fractional monolayer

coverage of F~ was calculated from high-resolution XPS data using eq 5.6.

Iy

Iy 15 1s the area under the F 1s photoemission peak (both peaks present in Figure 5.9),

dg

_ ,gsing
%) N B (5.6)
(6]

SFy
SFF 1s

SFr 15 1s the sensitivity factor for the F 1s photoemission signal (1.00), po is the density of
the terminating overlayer (assumed to be primarily hydrocarbon, giving ps = 3.0 g cm™),
and Ap is the attenuation length of F 1s photoelectrons moving through a halogen
overlayer (1.6 nm).'® The remaining terms in eq 5.6 are defined for eq 5.5. The thickness
of the F layer dr was determined using an iterative process, and the fractional monolayer
coverage of F, 6, was calculated by dividing by the estimated thickness of 1 ML of F°

ion (0.13 nm).”’

5.3 RESULTS

5.3.1 Reaction of H-Si(111) with CH30H Solutions in the Dark

Figure 5.1 presents time dependence for the dark reaction of H-Si(111) surfaces

with CH;OH in the absence or presence of Cp.Fe’. The reaction of H-Si(111) with
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Figure 5.1. Time dependence of the reaction of H-Si(111) with neat CH3;OH and CH;0H
containing 1.0 mM Cp,Fe" in the dark. s; 1 was determined from TIRS measurements
using eq 5.3. Figure courtesy of M. Dasog.

CH;0H proceeded slowly in the absence of electron acceptors in solution, but increased
substantially upon addition of Cp,Fe". This observation agrees with previous results that
describe increased reaction rates for the methoxylation of H-Si(111) in CH3OH solutions

that contained Cp,Fe” or Me,Cp,Fe".'® 2! 08¢

A substantial difference in the peak area of the Si—H stretching, v(Si—H), signal
was observable between the two reaction conditions after a 5 min reaction time. A greater
difference was observed for a 15 min reaction time, but measurable subsurface silicon
oxide (SiO,) was consistently observed after 15 min in the presence of Cp,Fe . Therefore,

a 5 min reaction time was chosen as a standard point of comparison in this work.

The reaction of H-Si(111) surfaces with liquid CH30OH was performed for 5 min

in solutions that contained 1.0 mM of the oxidants indicated in Figure 5.2 as well as in
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Figure 5.2. Energy diagram showing the relative energy positions vs the vacuum level
(Evac) of the Si valence band maximum (E.3), Si conduction band minimum (E,), and
the calculated bulk Fermi levels (eq 5.1 and eq 5.2) of the intrinsic Si(111) (Eg,p), n-type
Si(111) (Efnp), and p-type Si(111) (Egpp) used in this work. The measured formal
potentials (£°’) vs SCE of each oxidant are indicated relative to the Si band positions
(SCE = —(Evqc + 4.68)).

neat CH3OH. The experimentally determined formal potentials, £°°(A/A"), for each
oxidant are indicated relative to the energy positions of the Si valence band, the Si
conduction band, and the Fermi levels of the planar Si samples used in this work.”> The
formal potentials of the oxidants spanned the range from below the valence-band
maximum to above the conduction-band minimum, allowing for determination of the
reactivity of H-Si(111) with CH3;0H over a wide range of oxidizing conditions. Note that
only the oxidized species were added to CH3;OH solutions, except in the case of
(CpCOCH;)CpFe", and the Nernstian solution potentials were thus shifted positive of the

measured formal potentals.
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Figure 5.3 shows TIRS data for H-Si(111) surfaces after 5 min of exposure to
CH;OH in the presence or absence of the indicated oxidants. The peak positions, shifts,
and assignments have been described previously.”' The highest reactivity, for which the
v(Si-H) peak area (Figure 5.3a) substantially broadened and reduced in intensity
compared with the initial peak area, was observed for reactions performed using
(CpCOCH;)CpFe”, Cp,Fe’, and Me,Cp,Fe™ as oxidants. The activity of these three

oxidants is also indicated by the presence of three substantial C-H stretching, v(C-H)cn,,

peaks (Figure 5.3b) and two broad peaks shown in Figure 5.3c that correspond to C—H

symmetric bending, 8s(C—H)cu,, and to a complex mode that consists of O-C stretching,

v(O—C), coupled with —CHj; rocking, p(CH3). A broad and low-intensity shoulder on the
low energy side of the complex v(O-C) + p(CHs;) was occasionally observed, and

corresponds to transverse optical Si—O-Si stretching, v(Si—O—Si)ro.

The transition from the broad, low-intensity peak observed for reactions
performed with Me,Cp,Fe' to the sharp peak observed for reactions performed with
MegCp,Fe" represents the most evident shift in reaction behavior. The v(Si—-H) peak
generally sharpened gradually as E°’(A/A7) decreased beyond E°’(MesCp,Fe'™). The
overall peak shape for reactions performed with Cp,Co” was comparable to reactions

performed in the absence of oxidant.
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Figure 5.3. TIRS data for intrinsic H-Si(111) surfaces after treatment in neat CH;OH or
CH;0H containing 1.0 mM of oxidant in the dark for 5 min. The Si—H stretching peak (a),
the C—H stretching peaks (b), and the C—H bending and O—C stretching coupled with the
CH3; rocking peaks (c) are shown with the oxidant indicated above each spectrum. The
spectra are offset vertically for clarity. The symbols v, 9, and p denote stretching, bending,
and rocking motions, respectively.
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The intensity and width of the modes associated with the grafting of —OCH3
groups to the H-Si(111) surface presented in Figure 5.3b and Figure 5.3¢ were greatly
reduced for MegCpoFe” and Cp*,Fe” compared with the peak areas observed for more
oxidizing species. These spectral features were further weakened for reactions performed
in solutions that contained MV2+, and reactions performed in neat CH;OH or in CH3;0H
that contained Cp,Co" yielded nearly undetectable V(C-H)cn,, 8(C—H)cn,, or v(0O-C) +
p(CH3) modes. These results indicate that the thermodynamic formal potential of
oxidants with E°’(A/A7) < E°’(MegCp,Fe™™) is not sufficient to efficiently promote

oxidative addition of CH30OH to H-Si(111).

Figure 5.4a presents values of Qsi_OCH3 determined from TIRS measurements as a
function of the oxidizing conditions used for the reaction of H-Si(111) with CH3;0H for
intrinsic, n-type, and p-type H-Si(111) samples. The data presented in Figure 5.4a show a
relatively constant s;ocwu, for (CpCOCH;)CpFe", CpsFe', and Me,Cp,Fe" as the oxidant.
A substantial decrease in Hsi_OCH3 was observed for reactions performed in CH;OH
solutions that contained oxidants having E°’(A/A") < E°’(Meng2Fe+/O). This transition,
which occurred for £°°(A/A") between 0.22 V and —0.08 V vs SCE, is marked in Figure
5.4 by a vertical black dotted line. The general trend indicated that (CpCOCH;)CpFe’,
Cp:Fe’, and Me,Cp.Fe" were capable of serving as electron acceptors in the reaction of
H-Si(111) with CH30H, while MesCpoFe”, Cp*,Fe”, MV*", and Cp,Co~ were not

effective oxidants in driving this reaction.
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Figure 5.4. Correlation between Hsi_OCH3 and the oxidizing conditions used in the

reaction of H-Si(111) surfaces with CH3OH in the dark. Reactions were performed for 5
min in neat CH;0OH or CH30H containing 1.0 mM of the oxidant species indicated. The
experimentally determined formal potentials, £°°(A/A"), for each oxidant are given above
each plot. Panel a gives 95i_OCH3 determined by TIRS measurements using eqs 5.1 and 5.2,

and panel b gives s; ocu, determined by XPS measurements using eq 5.5. The orange
and green dotted lines are averages of Qsi_OCH3 for all samples left and right of the black

dotted line, respectively. Error bars represent statistical variation across multiple samples,
and data points with no error bars represent single measurements.

Figure 5.4b presents values of 95i_OCH3 determined from XPS measurements as a
function of the oxidizing conditions used. For all sample types, the values of s ocu,

determined by XPS were substantially larger than those determined using TIRS
measurements. For reference, the C 1s core level XP spectra for representative H-Si(111)
samples after 5 min exposure to CH3OH solutions is shown in Figure 5.5. Adventitious
hydrocarbon species, the majority of which are likely unbound CH3;OH or THF,

contributed to the XPS signal ascribable to C bound to O, artificially increasing the value
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Figure 5.5. XPS data for the C s core level of H-Si(111) surfaces after 5 min exposure
to neat CH30H or CH3OH solutions containing 1.0 mM of the oxidant indicated above
each spectrum. The approximate positions of the C bound to O (Cp) and C bound to C
(Cc) peaks are indicated. The C¢ peak arises from adventitious hydrocarbon species. The

intensity of each spectrum was normalized to the Si 2p core level intensity, and the
spectra are offset vertically for clarity.

of si-ocu, determined by XPS. The results in Figure 5.4b nevertheless show a large and
relatively stable Hsi_OCH3 for reactions performed in CH3;OH solutions that contained

(CpCOCH;)CpFe”, CpsFe”, or Me,Cp,Fe' as oxidants, with a marked decrease in

ﬁsi_OCH3 for reactions performed in CH;OH solutions that contained MengzFe+.
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Compared with results for TIRS measurements, for oxidants with £°’(A/A7) <—-0.08 V vs

SCE, the overall trend showed that Qsi_OCH3 decreased more gradually as the formal

potential of the oxidant in solution became less oxidizing.

Figure 5.6 presents the area under the v(C—H)cu, peaks (3050-2800 cm) as a

function of the oxidizing conditions used. These data closely parallel the XPS data
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Figure 5.6. Correlation showing the area under the region containing the three v(C—H)cu,

peaks (30502800 cm ™) as a function of the oxidizing conditions used in the reaction of
H-Si(111) surfaces with CH3OH in the absence of light. Reactions were performed for 5
min in neat CH3;OH or CH3;0H containing 1.0 mM of an oxidant. The experimentally
determined formal potentials, £°°(A/A"), for each oxidant are given above the plot. The
orange and green dotted lines are averages of the area under the v(C—H)cu, peaks for all
samples left and right of the black dotted line, respectively. Error bars represent statistical

variation across multiple samples, and data points with no error bars represent single
measurements.
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presented in Figure 5.4b, with the largest peak areas observed for reactions performed in
CH;OH solutions that contained (CpCOCH3)CpFe', Cp,Fe’, and Me,Cp,Fe" as oxidants.

Oxidants with £°°(A/A”) < -0.08 V vs SCE yielded a decreased v(C—H)cu, peak area
compared with the three most oxidizing species. The v(C—H)cu, peak area, like the C Is

photoemission signal, is sensitive to adventitious hydrocarbons, thereby introducing a
potentially confounding variable in interpreting the XPS data. Nonetheless, the data
indicate a trend showing a gradual decrease in the v(C—H)cps peak area as E°°(A/A)

decreased, in agreement with the data presented in Figure 4.

Figure 5.7 presents the area under the 8y(C—H)cu, and complex v(C-O) + p(CH3)

peaks (1250-950 cm ') as a function of the oxidizing conditions used. The results show a
clear difference between oxidants having £°’(A/A™) > 0.22 V vs SCE and oxidants with
E®’(A/A") < -0.08 V vs SCE. Specifically, a substantial decrease in peak area was
apparent between reactions performed in CH;OH solutions that contained Me,Cp,Fe"
relative to reactions in CH;OH solutions that contained MesCp,Fe'. The data in Figure

5.7 closely parallel the observed trend in Figure 5.4a.

The TIRS peak area analysis data presented in Figure 5.4a and Figure 5.6 clearly
indicate that the oxidant-activated reaction of H-Si(111) surfaces with CH;OH is not
effectively achieved by oxidants having E°’(A/A") < E°’(MesCp,Fe™). Additionally, the
data indicate that, in the dark, the reaction of H-Si(111) samples with CH3;OH under the
specified conditions is independent of the dopant type and dopant density of the Si(111)

substrate.
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Figure 5.7. Correlation showing the area under the region containing the 6,(C—H)cn, and

v(C-0) + p(CHs) peaks (1250-950 cm™") as a function of the oxidizing conditions used
in the reaction of H-Si(111) surfaces with CH3OH in the absence of light. Reactions were
performed for 5 min in neat CH;OH or CH30H containing 1.0 mM of an oxidant. The
experimentally determined formal potentials, £°’(A/A"), for each oxidant are given above
the plot. The orange and green dotted lines are averages of the area under the 8(C—H)cu,
and v(C-0O) + p(CHj) peaks for all samples left and right of the black dotted line,
respectively. Error bars represent statistical variation across multiple samples, and data
points with no error bars represent single measurements.

5.3.2 Reaction of H-Si(111) with CH3OH Solutions in the Presence of Light

Figure 5.8 shows Hs,i_QCH3 as a function of the oxidizing conditions used for the

reaction of H-Si(111) with CH3OH in the dark or under ambient light. For intrinsic or n-
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type H-Si(111) samples in CH;OH solutions that contained Cp,Fe™ or Me,Cp,Fe',

ﬁsi_OCH3 determined by TIRS measurements after a 5 min reaction in the presence of
ambient light increased relative to Qsi_OCH3 for the same reaction in the dark. For intrinsic

or n-type H-Si(111) samples in CH3;OH solutions that contained MesCp,Fe", the reaction

in ambient light exhibited significantly higher fsi ocn, compared with the same reaction

in the dark, but the level of reactivity was not the same as that observed for CH;0H

solutions that contained Cp,Fe" or Me,Cp,Fe’. For solutions that contained Cp*,Fe’,
MV2+, or Cp2C0+, intrinsic or n-type H-Si(111) samples exhibited ﬁsi_OCH3 that was
comparable to Hsi_OCH3 observed in the dark. The results observed for p-type H-Si(111)

surfaces in the light were not statistically different from the results observed in the dark.
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Figure 5.8. Correlation between Hsi_OCH3 and the oxidizing conditions used in the
reaction of (a) intrinsic, (b) n-type, and (c) p-type H-Si(111) surfaces with CH;O0H in the
absence (striped) and presence (solid) of ambient light. Reactions were performed for 5
min in neat CH3OH or CH3;OH containing 1.0 mM of an oxidant. Experimentally
determined formal potentials, £°°(A/A"), for each oxidant are given above each plot. The
values for Hsi_OCH3 were determined by TIRS measurements using eqs 5.1 and 5.2. Error

bars represent statistical variation across multiple samples, and data points with no error
bars represent single measurements.
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The intrinsic samples, so called because of their low dopant density, were very
lightly n-doped (Figure 5.2), implying that the valence band states are fully occupied in
the absence of illumination. The reactivity observed herein indicates that samples having
Fermi levels situated positive of (above) the middle of the band gap, that is, intrinsic or n-
type samples, were capable of exhibiting an increased rate of methoxylation of H-Si(111)

surfaces in the presence of illumination relative to the rate of methoxylation in the dark.

5.3.3 Analysis of F Content on H-Si(111) Surfaces Reacted in CH30H Solutions

XPS detected the presence of F on a number of H-Si(111) samples after reaction
with CH3OH in the presence of an oxidant having a F-based counter ion (BF,). Figure
5.9 presents representative high-resolution XPS data for the F 1s region of an intrinsic H—
Si(111) sample exposed to CH;OH containing Me,Cp,Fe BF, . A photoemission signal
at 686.2 eV was ascribed to free F~ and a photoemission signal at 687.4 eV was ascribed
to BF,.”° The data indicate that a significant fraction of BF4 counter ion decomposed to
yield F~ and BF3, the latter being removed from the surface during rinsing. No residual Fe
was detected from the oxidant on the surface, indicating that the observed F~ and BF4~
was adsorbed to the surface upon reduction of the Me,Cp,Fe" species by the H-Si(111)

surface to give neutral Me,Cp;Fe.

The results from analysis of the F 1s photoemission data from eq 5.6 are
presented in Figure 5.10. F was observed primarily on samples that were reacted with
CH;OH containing Cp,Fe" or Me,Cp,Fe". XPS did not detect F on surfaces reacted with

CH;OH containing (CpCOCH;)CpFe’, which was generated in situ prior to use, or
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Figure 5.9. High-resolution XPS data for the F Is region of an intrinsic H-Si(111)
sample reacted with CH;OH containing 1.0 mM Me,Cp,Fe 'BF, for 5 min in ambient
light. The BF4~ counter ion provided the source of the F detected.

Cp2Co'PFs . Samples reacted with CH3OH solutions containing MV*2CI™ did not
exhibit detectable Cl by XPS. F was only observed in trace amounts on samples reacted
with CH30H containing MegCp,Fe” or Cp*,Fe’, and F was detected more often for these
oxidants when the reactions were performed with illumination present. This data indicate
that only samples reacted with CH3;OH under conditions that allow for oxidant-mediated
methoxylation of the H-Si(111) surface exhibited detectable levels of F on the surface.
This provides evidence for the transfer of electrons to Cp,Fe™ or Me,Cp,Fe', leaving the
BF, counter ion associated with a H" from the methoxylation reaction adsorbed to the

surface.
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Figure 5.10. Correlation between 6 and the oxidizing conditions used in the reaction of
(a) intrinsic, (b) n-type, and (c) p-type H-Si(111) surfaces with CH3;OH in the absence
(striped) and presence (solid) of ambient light. Reactions were performed for 5 min in
neat CH3;OH or CH3;0OH containing 1.0 mM of an oxidant. Experimentally determined
formal potentials, £”’(A/A"), for each oxidant are given above each plot. The values for
6r were determined by XPS measurements using eq 5.6.

5.3.4 Potentiostatic Reaction of H-Si(111) with CH;0H

The reaction of H-Si(111) with CH30OH was investigated under applied external
bias in the dark as well as under illumination. Figure 5.11 presents J-E data for n-type
and p-type H-Si(111) surfaces in contact with CH3;OH solutions that contained 1.0 M
LiCIOy4 as the supporting electrolyte. In the dark, the methoxylation of n-type H-Si(111)
was observed as a gradual increase in current starting near —0.4 V vs SCE, with a peak
observed at —0.08 V vs SCE. A gradual decline in current was observed past the peak
current, suggesting that the initial rise in current arose from methoxylation of H-Si(111)
surfaces. Under illumination, n-type H-Si(111) surfaces showed much higher current
density, in addition to a sharp peak centered at —0.17 V vs SCE that is consistently

assigned to the methoxylation of H-Si(111) surfaces. At more positive potentials, a rapid
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rise in current density was observed beginning at 0 V vs SCE, and was indicative of

subsurface oxidation of the Si(111) substrate.
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Figure 5.11. J-E behavior of (a) n-type and (b) p-type H-Si(111) samples in contact with
CH;0H solutions containing 1.0 M LiClO4 as supporting electrolyte. Data collected in
the dark (solid black) and under 10 mW cm* of simulated solar illumination (dashed
orange) are shown. The formal potentials of the oxidants used in this work are indicated
by the vertical blue lines at the top of panel b.
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For p-type H-Si(111), a gradual increase in current density that is consistently
assigned to methoxylation was observed near —0.2 V vs SCE. A distinct peak current due
to the methoxylation reaction was not observed directly, as the onset of the subsurface
oxidation of the H-Si(111) substrate was observed near +0.4 V vs SCE. The results
indicate that the methoxylation of p-type H-Si(111) samples was not sensitive to
illumination, as the dark and light curves in Figure 5.11b overlapped substantially. A
second sweep of the n-type and p-type electrodes in Figure 5.11 (not shown) was flat

through the region ascribed to potentiostatic methoxylation.

Table 5.1 summarizes the quantification of the current passed for the region

assigned to the methoxylation of H-Si(111) surfaces. The quantification of 6siocwu,
assumed that 2 electrons were passed for the reaction of each surface site with CH30H.
The Osi-ocn, resulting from potentiostatic methoxylation of n-type H-Si(111) surfaces in
the dark was comparable to 6siocu, obtained from potentiostatic methoxylation of p-type
H-Si(111) surfaces in the dark as well as under illumination. In contrast, illuminated n-
type H-Si(111) surfaces showed significantly greater anodic current that resulted in

higher 0si_ocn, compared with samples that were methoxylated in the dark.
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Table 5.1. Summary of the Quantification for the Potentiostatic Methoxylation of H—
Si(111) Surfaces

Dopant Illumination Potential Range 0Osiocu, (ML)’ Potential at Half

Type Quantiﬁed (V)a Osi_ocns (V)c
n-type  Dark —0.4 to +0.6 0.22 +0.05 0.00 +0.07

n-type 10mWem?> —0.3t00 0.39 £ 0.07 —0.17 £ 0.05
p-type  Dark —0.2 to +0.3 0.23 +£0.06 +0.02 + 0.04
p-type  10mWem> —0.2to+0.3 0.20 +0.01 +0.02 £+ 0.06

“Potential vs SCE. "Quantified based on anodic current passed assuming 2 electrons per
surface site that reacts with CH;OH. “Potential vs SCE at which half the charge attributed
to the methoxylation of the surface was passed.

The potential at which half of the current ascribed to the methoxylation reaction
had been passed (E12) was determined and is given in Table 5.1. The Ej;, observed for
multiple samples was observed to be the same within error for n-type samples in the dark
and p-type samples in the dark or under illumination. For n-type samples under
illumination, E;;, was shifted by —0.17 + 0.05 V compared with n-type samples in the
dark, indicating the presence of a photovoltage at the n-Si interface that produced higher

anodic current densities and shifted £/, to more negative potentials.

5.4. DISCUSSION

5.4.1. Kinetic Description and Mechanism of Oxidant-Activated Methoxylation of

H-Si(111) Surfaces

The data reported herein indicate that there are potentially two mechanisms by
which the methoxylation of H-Si(111) surfaces can occur. Methoxylation in the absence
of an oxidant has been previously postulated to occur by an electron rearrangement that

yields H, and the methoxylated surface site.”' This mechanism (Scheme 5.1) could
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conceivably occur by a mechanism in which two electrons undergo transfer from the Si
surface to form a H-H bond, which has an ionization energy (15.4 ¢V)’' that places the
H-H bond state well below the Si valence band maximum. The oxidant-activated
methoxylation process has been proposed (Scheme 5.2) to proceed by two consecutive 1-

718 that could conceivably result in an increased rate of reaction by

electron transfers
allowing for a lower activation energy. The two reaction mechanisms occur
simultaneously and are not readily isolated. Because the behavior of the oxidant-activated
mechanism was found to be dependent on the strength of the oxidants in solution, this

discussion aims to develop a kinetic model that describes the behavior of the oxidant-

activated methoxylation mechanism that is consistent with the data reported.

An understanding of the surface electronic states native to the H-Si(111) surface
provides a foundation for the oxidant-activated methoxylation mechanism. Ultraviolet
photoelectron spectroscopy (UPS) indicates that the electrons in the Si—-H o bond on the
H-Si(111) surface lie in an occupied electronic surface state having an energy of ~5 eV
below the Si valence-band maximum.”” The electrons in the Si-H o bond are therefore
not directly accessible to the oxidant species or applied external potentials used in this
work. Two-photon photoemission (2PPE) spectroscopy has revealed the presence of an
occupied surface resonance on H-Si(111) surfaces in vacuum that is centered ~0.1 eV

below the valence-band maximum.” Theoretical calculations of the local density of states

for H-Si(111) surfaces have additionally identified an occupied electronic state at the I’
point (center) of the surface Brillouin zone immediately below the valence band

maximum.”*” Upon contact with CH;OH, hydrogen bonding between the H-Si(111)
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surface and the CH3OH could conceivably increase the electron density at the Si surface
and shift the energy of the surface resonance positive into the band gap. Oxidation of this
surface resonance by an oxidant in solution or by an applied external potential could
initiate the methoxylation reaction by activating the surface Si towards nucleophilic

attack by CH3;OH.

Figure 5.12 presents a schematic of n-type and p-type Si interfaced with solutions
containing redox species having a Nernstian solution potential of E(A/A”) with a
corresponding energy of E(A/A") = —gE(A/A"). The proposed energy position of the
surface resonance, corresponding to the formal oxidation potential of the surface Si, when
the Si is in contact with CH3;OH is indicated by E°(Si"). The placement of E°(Si”) in
the Si band gap is justified by the potentiostatic methoxylation experiments that showed
Eyj, near 0 V vs SCE. The rate constants for cathodic and anodic charge transfer to and
from the valence band are represented as kwc and kywa, respectively, and the rate
constants for cathodic and anodic charge transfer from and to the conduction band are
represented as kg c and kqp A, respectively. Note that, for oxidant-activated methoxylation
to occur, cathodic current (loss of an electron from the Si surface to the solution) must

dominate the anodic current.
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Figure 5.12. Schematic representation of charge transfer across a semiconductor/liquid
interface for oxidant-activated methoxylation. The energy positions for the
semiconductor valence band (E,;), conduction band (Eg), electron quasi-Fermi level
(Efn), hole quasi-Fermi level (Egp), the proposed oxidation energy of the surface Si
(E°(Si""")), and solution energy (E(A/A")) are indicated. The rate constants for cathodic
and anodic charge transfer to and from the valence band are ky, ¢ and kv, A, respectively,
and the rate constants for cathodic and anodic charge transfer from and to the conduction
band are kwc and ke, a, respectively. Solid and dashed arrows indicate cathodic and
anodic charge transfer, respectively. Panel a gives the band structure for an n-type contact
in the dark, and panel b shows the same contact under illumination. Panel c gives the
band structure for a p-type contact in the dark, and panel ¢ shows the same contact under
illumination.
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The kinetic behavior of the oxidant-activated methoxylation of H-Si(111)
surfaces is consistent with the standard kinetic model for charge transfer from a
semiconductor to a molecular redox species dissolved in solution. The valence band
cathodic current density (Ji»c) and anodic current density (Jiyp a) are described by eqs 5.7

and 5.8, respectively.”®”’

va,c = _qub,C [A] (5.7)

Jooa =Gk, A Ds [A_] (5.8)

Here, g is the unsigned elementary charge of an electron, [A] and [A"] are the
concentrations of the molecular oxidant and reductant, respectively, in solution, and p; is
the concentration of holes in the valence band at the surface. Similarly, the conduction
band cathodic current density (Joc) and anodic current density (Je»a) are described by

eqs 5.9 and 5.10, respectively.”®””

Jcb,C = _chb,Cns [A] (59)
Joa=aNyksa[AT]  (5.10)

Here, n; is the concentration of electrons in the conduction band at the surface. The ratios

lJvb.c/Jvba| and |Jeb o/ Jeb 4| are derived in terms of the quasi-Fermi levels below.

The Nernst equation can be rearranged to yield the relationship given in eq 5.11.

oy EO/(A/AkZ_TE(A/A)]

N (5.11)
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The formal solution energy is represented as E°’(A/A")= —qE°’(A/A"), the Nernstian
solution energy is represented as E(A/A™) = —qE(A/A"), and kg is the Boltzmann constant,
and T is the absolute temperature. The ratio of the cathodic to anodic charge transfer rate
constants for the valence band and the conduction band are given in eqs 5.12 and 5.13,

respectively.”®

[Evb—E"’(A/A)
k B
e Ngel (5.12)
kvbA

Ecb—E°’(A/A’)
koo _ 11 W7 (5.13)
ks Ne

Here, Nv and Nc are the effective densities of states of the valence and conduction bands,
respectively, E,, is the valence band energy, and E., is the conduction band energy.
Using eqs 5.11-5.13, the general forms for the ratios |Jib c/Jyba] = Rub and |Jeb.c/Jeb.a| =

Ry are given in eqs 5.14 and 5.15, respectively.

Evb—E(A/A’)
J kg
R, =|ec| Ny L0 (5.14)
Jwa|  DPs
Ecb—E(A/A’)
kp
R, =M U (5.15)
Joa| Nec

An increase in Ry, or Ry indicates an increase in the cathodic current relative to the

anodic current, and R, = Re, = 1 occurs at equilibrium.

The hole and electron concentrations at the semiconductor surface are related to

the quasi-Fermi level positions according to eqs 5.16 and 5.17, respectively.
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Evh _EF.p )

P =NVe( ol (5.16)

(5.17)

Substituting eq 5.16 for ps in eq 5.14 gives Ry, in terms of the hole quasi-Fermi level
position.

Ep,-E(A/A7)
keT

R,=e (5.18)
Similarly, substituting eq 5.17 for ns in eq 5.15 gives R, in terms of the electron quasi-

Fermi level position.

R, =e (5.19)

For eqgs 5.18 and 5.19, equilibrium is reached when Er, = Er, = E(A/A"). The oxidant-
activated methoxylation reaction is proposed to initiate when two conditions are met: (1)
the net cathodic current (transfer of electrons from the semiconductor to the solution)
dominates the anodic current, and (2) the holes in the valence band are sufficiently
oxidizing that the valence band can oxidize the surface resonance (i.e. Er}, < E°’(Si"?).
Eq 5.18 shows that the valence band cathodic current dominates the anodic current
(Rw > 1) when Eg, > E(A/A"), and eq 5.19 shows that the conduction band cathodic

current outweighs the anodic current (R¢, > 1) when Eg, > E(A/A).

Figure 5.12a and 5.12¢ depict an n-type and p-type Si samples, respectively, in
the dark in contact with a redox species providing a solution energy in the Si band gap. In

both cases, the system is at equilibrium, with no net charge passing in either direction. As



214

E(A/A”) moves more oxidizing and approaches E.s, the capacity of the dopant atoms in
the solid to equilibrate the surface Fermi levels with the solution is diminished and Eg,
and Er, fall out of equilibrium with E(A/A"). With Eg, and Er, > E(A/A"), R\, and R,
increase exponentially, and cathodic current dominates the anodic current at the interface.
Additionally, with Eg, falling below E°’(Si™"), the holes in the valence band are able to

oxidize the Si surface and initiate the methoxylation reaction.

In the case of (CpCOCH3)CpFe'™, the oxidized/reduced ratio was 1:9, yielding a
Nernstian solution potential E((CpCOCH;)CpFe™®) = +0.54 V vs SCE, placing the
solution potential positive of (below) the E,y,. All other oxidants were present without
deliberately added reductant, and the corresponding Nernstian solution potentials were
shifted positive of the formal potentials in Figure 5.2. Assuming that the reduced species
were present as contaminants with an oxidized/reduced ratio near 1000:1, the Nernstian
solution potentials were shifted positive by ~0.2 V. This places —gE(Me,Cp,Fe™),
—gE(CpoFe™), and —gE((CpCOCH3)CpFe™) at or below E, for which Ef, and
Er, > E(A/A"), with the less oxidizing species having E(A/A") positive of (above) Eyp,.
As the differences Er, — E(A/A7) and Er, — E(A/A") grow more positive, Ry, and R
increase exponentially, which is consistent with the abrupt change in behavior observed
in Figure 5.4. The exponential increase in cathodic current could quickly become limited
by diffusion in solution, resulting in the similar rates observed for Me,Cp,Fe™°, Cp,Fe™,
and CpCOCH;)CpFe™ The experimental results in the dark presented in Figure 5.4 are
consistent with the charge transfer model in Figure 5.12a and 5.12c, where charge

transfer equilibrium is maintained for n-type and p-type samples until E(A/A™) < Ep.
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Under illumination, n-type samples exhibit a photovoltage that results from quasi-
Fermi level splitting at the interface, as depicted in Figure 5.12b. For a sample with
substantial band bending at the interface, ns is substantially depleted such that
illumination pushes the electron quasi-Fermi level positive of E(A/A”), while the hole
quasi-Fermi level remains equilibrated with E(A/A"). For n-type samples, Ry, remains at
equilibrium, while Ry increases exponentially with the difference Er, — E(A/A),
allowing cathodic charge transfer to occur from the conduction band to solution. With
R, > 1 at illuminated n-type interfaces, oxidant-activated methoxylation can occur at
more positive E(A/A”) than was observed in the dark, given that Er, < E°(Si"°), as
shown in Figure 5.12b. The increase in the reactivity of illuminated intrinsic and n-type
H-Si(111) surfaces toward CH;OH solutions containing MesCp,Fe™ compared with the
reactivity in the dark (Figure 5.8a and 5.8b) is in agreement with the charge transfer

model developed here.

[luminated p-type samples, which have depleted p; at the interface, exhibit an a
decrease in Er, relative to E(A/A™), which remains equilibrated with Egj, as shown in
Figure 5.12d. The decrease in Er, results in Ry, < 1, and anodic current dominates in the
valence band. This increase in anodic current could yield a reduction in the rate of
oxidant-activated methoxylation, though this effect would be masked by the baseline rate
of methoxylation that occurs in the absence of any oxidant species. The current in the
conduction band remains at equilibrium (Re, = 1), indicating that illumination of p-type
samples does not result in an increase in the cathodic current necessary to drive the

oxidant-activated methoxylation reaction. The data presented in Figure 5.8c are in
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agreement with the conclusions of the charge transfer model for p-type samples under
illumination because the rate of methoxylation of p-type samples was found to be

independent of illumination.

5.4.2. Kinetic Description and Mechanism of the Potentiostatic Methoxylation of H—

Si(111) Surfaces

The potentiostatic methoxylation reaction performed in this work was performed
in the absence of a well-defined 1-electron acceptor species in solution. The anodic
current passed (Figure 5.11) during the methoxylation process is assumed to result in
oxidation of the Si lattice. Therefore, all current passed resulted from oxidation or
reduction of either the surface of the Si electrode or the CH3;0OH in solution. Figure 5.13
depicts the energetics at n-type and p-type surfaces electrically connected to a

potentiostat in the dark and under illumination.
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Figure 5.13. Schematic representation of charge transfer across a semiconductor/liquid
interface for potentiostatic methoxylation. The energy positions for the semiconductor
valence band (E,»), conduction band (E), electron quasi-Fermi level (Eg,), hole quasi-
Fermi level (Erp), the proposed oxidation energy of the surface Si (—qE°’(Si+/O)), and
solution energy (—gE(A/A")) are indicated. The rate constants for cathodic and anodic
charge transfer to and from the valence band are &y, c and &y a, respectively, and the rate
constants for cathodic and anodic charge transfer from and to the conduction band are
kev.c and key a, respectively. Solid and dashed arrows indicate cathodic and anodic charge
transfer, respectively. Panel a gives the band structure for an n-type contact in the dark,
and panel b shows the same contact under illumination. Panel ¢ gives the band structure
for a p-type contact in the dark, and panel ¢ shows the same contact under illumination.



218

For potentiostatic methoxylation, the electronic states that can accept anodic
charge are assumed to be in the Si lattice, and the positions of the quasi-Fermi levels
relative to —qE(Si+/O) determines the rate of oxidation at the interface. The surface can be
oxidized and activated towards reaction with CH;OH when Er, or Eg, fall at more
negative energy than —qE(Si+/ %). For the potentiostatic reaction, [A] and [A"] from eqs
5.7-5.10 are fixed at equal concentrations, and so do not factor into the charge transfer
equilibrium. Following a derivation similar to that used to arrive at eqs 5.18 and 5.19, the

charge transfer equilibrium for potentiostatic methoxylation can be expressed as

Ep,—{-qE(si™))
kT
R, =¢ (5.20)
EF,“-(-qE(Si””))]
ksT
R,=e (5.21)

where —gE(Si™) is the formal oxidation energy for the Si surface, equivalent to E(Si")

The data presented in Figure 5.11 for the dark potentiostatic methoxylation of H-
Si(111) surfaces shows that, while the onset potential for potentiostatic methoxylation
was more negative for n-type samples than for p-type samples, the potential at which half
of the current ascribed to methoxylation had passed (E;,) was near 0 V vs SCE for both
dopant densities. Assuming that each surface site can be treated separately, this potential
represents the formal oxidation potential of the surface. In order to oxidize the surface,
Er, or Er, must lie lower in energy than E(Si"""), such that anodic current at the interface

dominates the cathodic current.
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For n-type and p-type samples in the dark (Figure 5.13a and 5.13c), the band
bending at the interface is controlled by the potential applied at the back of the electrode,
and the quasi-Fermi levels are assumed to be equilibrated. For —gE.p, > E(Si™"), the
quasi-Fermi levels are positioned higher in energy than the energy required to oxidize a
surface state, and, by eqs 5.20 and 5.21, cathodic current dominates the anodic current
from both bands. Here, cathodic current does not affect the rate of methoxylation because
the methoxylation reaction is only activated by anodic current. As —gE,,, decreases, the
quasi-Fermi levels at the surface fall low enough in energy that Ry, < 1 and R, < 1, and
the anodic current dominates the cathodic current. Thus, for the conditions Ep,, < E(Si+/0)
and Eg, < E(Si"), the methoxylation reaction proceeds at the surface. This model agrees
with the data presented in Figure 5.11 because the J-E behavior showed an increase in

+/0

anodic current as —gFE,p, approached E(Si ™) and both n-type and p-type samples

exhibited similar £/, in the dark.

[lluminated n-type samples (Figure 5.13b) exhibit quasi-Fermi level splitting.
Here, —gE.p, controls the band bending at the interface, and, therefore, is aligned with the
majority carrier quasi-Fermi level. Illumination of n-type samples generally results in an
increase in ps, which is dependent on the barrier height, that lowers Er, at the interface.
Because the methoxylation reaction is activated by anodic current flow at the interface,
the decrease in Er, upon illumination of n-type interfaces allows the methoxylation
reaction to occur at more negative E,p,. This was observed for illuminated n-type samples
as a negative shift in Ej, relative to samples methoxylated in the dark (Table 5.1).

[lluminated n-type samples also exhibited nearly double the Osi ocn, and a significantly
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sharper anodic peak ascribed to the methoxylation reaction than samples reacted in dark.
These results support the charge transfer model outlined herein, which predicts an
increase in anodic current that drives the methoxylation reaction by eq 5.20 (Ry, < 1) at

illuminated n-type interfaces.

The schematic representation of the energetics at the interface of p-type samples
is given in Figure 5.13d. Under illumination, n, increases and pushes Er, positive of Eg,
which remains aligned with —gFE,p,, resulting in an increase in cathodic current at the
interface (R., increases). The anodic current from the valence band, however, remains the
same for a given —qFE,p,, resulting in oxidative addition of CH3OH to the Si surface. The
experimental results showed no significant dependence of the potentiostatic
methoxylation of p-type H-Si(111) surfaces on the presence of illumination. This
suggests that the position of Er, relative to E(Si") determines E,, for the potentiostatic
methoxylation reaction. This additionally suggests that an increase in Ry, by a more
positive Eg, at illuminated p-type interfaces does not effect the rate of methoxylation,

possibly because the electronic states on the surface that are oxidized by Erj cannot be

further reduced by a more positive Ep .

5.5. CONCLUSIONS

The reaction of H-Si(111) surfaces with CH3;OH was investigated in the absence
or presence of a molecular oxidant and in the absence or presence of illumination. The
oxidant-activated methoxylation of H-Si(111) surfaces in the dark proceeded in the
presence of oxidants that provided a solution energy, E(A/A"), at or below the valence

band maximum, E,;,. Under ambient illumination, the oxidant-activated methoxylation of
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intrinsic and n-type H-Si(111) surfaces exhibited increased reactivity and allowed for
oxidants that did not perform oxidant-activated methoxylation in the dark to impart an
increased rate of methoxylation in the light. A conventional kinetic framework that
predicts an exponential increase in the methoxylation rate as E(A/A”) moves negative of
E,, and the observed behavior under illumination was consistent with the results reported
herein. Potentiostatic methoxylation in the dark revealed that the formal oxidation
potential of the Si surface, E°’(Si"") was approximately 0 V vs SCE, falling near the
middle of the band gap. Illumination of n-type H-Si(111) surfaces exposed to CH;OH
under applied external bias resulted in an increase in the anodic current density and a
negative shift in E;», while p-type H-Si(111) surfaces exposed to CH;0OH under applied

external bias were unaffected by the presence of illumination.

The unique reactivity of H-Si(111) surfaces toward CH3OH not observed for
small molecules appears to arise from the narrow band gap of crystalline Si and the
capacity of the crystal lattice to form an electric field at the interface that can favor
charge transfer in the desired direction. Molecular systems do not have the necessary
density of electronic states to perform the oxidant-activated methoxylation reaction for
the oxidants used herein. The results presented herein provide a basis for a general
mechanistic framework to understand the process by which nucleophiles can undergo
reaction with H-Si(111) surfaces in the presence or absence of an oxidant and/or an

illumination source.
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