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The reaction chemistry of H-terminated crystalline Si(111) and Si(100) surfaces in CH3OH, CD3OD, CF3(CH2)3-
OH, C4H9OH, and C4D9OD solutions containing ferrocenium (Fc+)-BF4, I2, or Br2 was monitored using
X-ray photoelectron (XP) spectroscopy and infrared (IR) spectroscopy. Addition of the one-electron oxidant
Fc+, or addition of the oxidizing species I2 or Br2, produced diagnostic changes in the IR spectra that clearly
indicated formation of surficial Si-OR groups. XPS data confirmed the conclusions of the IR studies. Under
our reaction conditions, no detectable reaction occurred without the presence of the oxidant. The data are
consistent with oxidative activation of the surficial Si-H bonds toward nucleophilic attack by the alcohols.
The reaction chemistry was generally similar on (111)- and (100)-oriented Si surfaces, although some differences
were observed in the ratio of reaction products on the two different surface orientations. Alkoxylated surfaces
were also prepared by a two-step process in which the surface was first chlorinated and then reacted with
LiOCH3, LiOCD3, or LiO(CH2)3CF3. The data indicate that formation of silicon-halogen bonding alone is
not sufficient to provide a robust correlation between the electronic and chemical properties of such crystalline
Si surfaces and that formation of silicon-alkoxyl bonds is a common motif for surfaces often used in electronic
and electrochemical studies of Si.

I. Introduction
Several wet chemical approaches have recently been devel-

oped to functionalize nonoxidized, H-terminated Si surfaces.
Such methods include chlorination and bromination,1-5 alkyl-
ation by reacting the halogenated surface with Grignard reagents
or with lithium alkyls,1,3,4 alkylation using addition of olefins
to the H-terminated surface induced by UV irradiation,2-4,6-9
free-radical initiation,10,11 thermal activation,11-13 or hydro-
silylation,6,14 direct reaction of the H-terminated surface with
bromine-containing Grignard reagents,6,15,16 and functionaliza-
tion using anodic17,18 or cathodic19,20 electrochemical processes.
In addition to surface attachment via formation of Si-C bonds,
organic reagents have been bound to the surface via Si-N, Si-
S, or Si-O bonds through reaction of the chlorinated Si surface
with amines,21,22 thiols,5 or alcohols,23 respectively. Surface
functionalization of H-terminated, single-crystal Si via Si-O
bonds has also been reported by photoelectrochemical reaction
with carboxylic acids,24 photochemical reaction with aldehydes,8
thermal reaction with aldehydes,25 and thermal reactions with
alcohols with26 and without16,25,27-30 the presence of dissolved
oxidants. Porous Si surfaces have been extensively modified
using both solution-phase and gas-phase reactions.31-34 Si
surfaces prepared in ultrahigh vacuum (UHV) have been
functionalized35 through the use of Diels-Alder reactions36,37
and through reactions of an olefin with a surface-propagated
radical chain reaction on the H-terminated 2 × 1 Si(100)
surface.38 Motivation for modification of Si surfaces includes
enhancing stability against oxidation or corrosion reac-

tions,18,31-34,39,40 passivation of electrical defect sites on the Si
surface,41-46 formation of ultrathin barrier layers for MOSFET-
like devices,11,18,47 and control over nucleation and growth of
metals during electrodeposition or physical deposition processes
involved in the formation of silicon/metal contacts.
It is well-documented that crystalline (111)-oriented Si

surfaces can be prepared chemically, through etching in NH4F-
(aq), to have a nearly perfect termination with hydrogen, with
the resulting Si-H bonds oriented perpendicular to the (111)
surface plane.48-51 The structure of the 48% HF(aq)-etched (100)
Si surface is less-well defined, although this face is also believed
to be predominantly H-terminated.48 Oxidative functionalization
of these surfaces is of interest because several groups have
reported that the electrical recombination velocity of Si(100)
and Si(111) surfaces is very low during contact with alcoholic
solutions of halogens.41-46 For example, effective surface
recombination velocities, S, of <10 cm s-1 were observed for
p-type Si(100) and n-type Si(111) while in contact with 0.08
M I2 in ethanol.43 Similarly, S values of e0.75 cm s-1 have
been reported for Si(100) surfaces in contact with 0.005 M I2
in CH3OH.44 Immersion of H-terminated (111)-oriented Si into
CH3OH-Br2 solutions produces air-stable Si-Br bonds that
have been detected by X-ray standing wave (XSW) methods,
in which Br atoms form <24% of a monolayer on the Si(111)
surface with a coherent fraction of Br occupying atop sites with
a Si-Br bond length of 2.17 ( 0.04 Å.52-56 A similar coherent
fraction of Br was found by XSW methods after deposition of
Br onto UHV-prepared (non-H-terminated) Si(111) surfaces.57,58
X-ray standing wave measurements have apparently not been
performed on H-terminated Si(111) surfaces that have been
exposed to CH3OH-I2 solutions; however, XSW measurements
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on UHV-prepared (non-H-terminated) Si(111) surfaces after
deposition of 1.2 monolayers of I from a AgI electrolytic cell
have indicated that a 1 × 1 surface is obtained with 18% of a
monolayer of I on atop sites,59 similar to the surface obtained
by CH3OH-Br2 treatment of the H-terminated Si surface. The
excellent electrical properties of Si in contact with alcoholic
solutions of halogens have therefore generally been ascribed to
the formation of Si-X (X ) I or Br) bonds.42-44 Halogen-
alcohol passivation of H-terminated Si has also been used for
diagnostic measurements of bulk charge-carrier lifetimes in Si
crystals43,45,60 and for production of metal-silicon devices that
have properties that differ from those formed from conventional
metal-oxide-silicon junctions.61-68 There is thus significant
interest from a device performance perspective in understanding
the chemistry of Si in alcohol solutions with and without the
presence of a mild oxidizing agent.
Another related system of interest involves the use of Si/

alcohol junctions as photoelectrochemical cells for the conver-
sion of solar energy into electrical energy.69-72 Work in our
laboratory has shown that n-type Si/CH3OH-Me2Fc+/0 contacts
(where Me2Fc is 1,1ʹ′-dimethylferrocene) show excellent elec-
trochemical behavior, exhibiting low surface recombination
velocities,69,73,74 high open circuit voltages,69,74 and energy
conversion efficiencies in unoptimized device configurations in
excess of 14% under simulated solar illumination.70 Exposure
of n-Si to CH3OH-Me2Fc+/0 or to CH3OH-FcBF4 solutions
has been shown to produce a shift in the flat-band potential of
n-Si/CH3OH contacts,69,75 presumably indicating some change
in the state of the surface. Such changes have not been observed
when n-Si is in contact with CH3OH or CH3OH that contains
an inert electrolyte or a redox species with a less positive
electrochemical potential than Me2Fc+/0.69 Chazalviel has
presented infrared spectroscopic evidence that exposure of 40%
HF(aq) etched, H-terminated Si(111) surfaces to CH3OH vapor
produces a much reduced intensity of the Si-H stretching region
and produces new peaks in the C-H stretching region of the
infrared spectrum.76 A shift in the flat-band potential was
observed for such systems, similar to the flat-band shift that
has been observed for H-terminated Si(100) surfaces after
photoelectrochemical treatment in CH3OH-Me2Fc+/0.69,76 Also,
anodization reactions of porous Si in methanol have been shown
to produce a reduction in intensity of the infrared Si-H peak
and to produce concomitant formation of Si-OCH3 bonds.77
A recent report from our laboratory is consistent with these
observations and indicates that the (111)-oriented Si surface
forms Si-OCH3 groups after contact with FcBF4, I2, and Br2
solutions in CH3OH.26
In this work, we report the results of a series of infrared (IR)

and X-ray photoelectron (XP) spectroscopic studies of crystalline
Si surfaces after contact with various alcohol solutions. The
(111)-oriented Si surface is of interest because it is relatively
well-defined chemically,48-51 while the (100)-oriented surface
is of interest because it is the face used currently in most Si-
based electronic devices.35 The chemical treatments investigated
in our work include exposure to unlabeled, deuterated, and
fluorinated alcohols, with and without the presence of mild
oxidizing agents. These studies have allowed us to relate the
electronic properties of the Si surface to its chemical state under
a variety of conditions of interest in electrical and electrochemi-
cal device fabrication.

II. Experimental Section

A. Instrumentation. 1. Surface Infrared Spectroscopy.
Surface infrared spectra were collected using a Mattson Galaxy

series (4326 upgrade) Polaris FT-IR spectrometer. The optical
path consisted of custom-assembled external optics that included
mirrors (Janos), a KRS-5 polarizer (Graseby Specac), a sample
stage, and a detector (EG&G Judson). The optics were housed
in a custom-built polycarbonate chamber that was continuously
purged with dry nitrogen. Parallel concentric indium antimonide
(InSb) and mercury cadmium telluride (MCT) detectors were
used. The InSb detector was used for the 4000-1800 cm-1

region and the MCT detector was used for the 1800-800 cm-1

region. Both detectors were mounted in a single dewar flask.
Spectra were collected at 1 cm-1 resolution in attenuated total
multiple internal reflection (ATR) mode. Data collection and
analysis were performed on a PC using the WinFirst software
package.
2. X-ray Photoelectron Spectroscopy (XPS). XPS data were

collected using an M-probe spectrometer (VG Instruments)
pumped by a CTI Cryogenics-8 cryo pump. The crystals were
irradiated with monochromatic Al KR X-rays (1486.6 eV) that
were incident at 35° from the sample surface. Photoelectrons
were analyzed by a hemispherical analyzer mounted at a takeoff
angle of 35° from the sample surface, and the incident X-rays
and the electron analyzer axis were in vertical planes at right
angles to each other. The crystals were mounted with gold-
plated molybdenum clips onto a custom-made stainless steel
stub. A groove was machined into the stub so that the ATR
crystals could be suspended by two corners, thereby preventing
the bottom surface of the crystal from contacting the stub. The
samples were sufficiently conductive that all reported energy
measurements are referenced to the Fermi level of the spec-
trometer.
Data collection and analysis were performed using M-probe

software version 3.4. Two types of spectra were collected; the
“survey scan” was collected in scanned mode, while the “high-
resolution scans” were collected in unscanned mode. For both
modes, an elliptical spot of dimensions 800 µm × 1200 µm
was incident on the sample surface. The pass energy, energy
window, and resolution (full width at half-maximum for Au
4f7/2 peak) values were 154.7, 21.45, and 1.50 ( 0.01 eV,
respectively, for the survey mode and were 53.98, 6.85, and
1.00 ( 0.01 eV, respectively, for the high-resolution mode.
Typically, at each analyzed spot on the sample, a survey scan
was collected from 0 to 1000 eV binding energy, followed by
collection of a high-resolution scan of the Si 2p region (98.6-
105.4 eV), followed (in some cases) by collection of a high-
resolution scan of the C 1s (282-296 eV) region. All sensitivity
factors and peak positions were normalized to the C 1s peak,
which was assumed to have an intensity of 1.00 and a binding
of 284.6 eV.
Quantification of surface coverages from the XP survey

spectra was performed using the simple substrate-overlayer
model78 of eq 1:

In this equation, Iov/ISi is the raw intensity ratio of the overlayer
element peak area to the Si 2p peak area, and SFov and SFSi are
the modified sensitivity factors for the overlayer atoms and for
the substrate silicon atoms, respectively. The quantity FSi is the
density of the substrate silicon (8.30 × 10-2 mol cm-3), Fov is
the density of the atoms in the overlayer of interest, dov is the
thickness of the overlayer that partially attenuates photo-

Iov
ISi

) (SFovSFSi)(
Fov
FSi)[1 - exp(- dov

λov sin θ)
exp(- dov

λSi sin θ) ] (1)
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electrons that are emitted from the underlying substrate and from
the overlayer, λov and λSi are the escape depths through the
overlayer for electrons of the relevant energy originating from
orbitals in the overlayer and substrate, respectively, and θ is
the takeoff angle from the horizontal used in collection of the
XPS data (35°).
Equation 1 can be rearranged to yield

When λSi ) λov, the last exponential term equals zero, in which
case simplification and rearrangement yields

When Si is covered by a fractional monolayer, Φov, an
alternative formulation is78

where aov is the atomic diameter of the species in the overlayer.
If the photoelectron peaks are at high energy (so that λSi = λov)
and Φov is small, eq 4 can be simplified and rearranged to78

For the overlayers evaluated in this study, the surface coverages
of fractional monolayers of F, Cl, Br, I, and O calculated using
eq 3 or eq 5 were nearly identical.
The modified sensitivity factors were calculated according

to eq 6

as provided in the M-probe package software, where SFScof is
the unmodified Scofield factor79 and Sexp is the sensitivity
exponent (0.65 for the survey scans and 0.6 for the high-
resolution scans). This produced values for SFov of C 1s ) 1.00,
F 1s ) 3.40, Cl 2s ) 1.70, Br 3d ) 2.84, I 4d ) 4.688, O 1s
) 2.5278 and produced a value for SFSi (Si 2p) of 0.90.
The coverages of elements in overlayers were calculated

assuming that the overlayer consisted of the atom of interest
packed with a density equal to the molar volume of that element
in its solid-state form and having a monolayer thickness equal
to the estimated atomic diameter of that element in the solid
state. The molar volumes in the solid state of the halogens and
of oxygen (F ) 11.2 cm3 mol-1; Cl ) 17.4 cm3 mol-1; Br )
19.8 cm3 mol-1; I ) 25.7 cm3 mol-1; O ) 17.4 cm3 mol-1)80
were used to compute the atomic number densities (F ) 5.28
× 1022 atoms cm-3; Cl ) 3.43 × 1022 atoms cm-3; Br ) 3.04
× 1022 atoms cm-3; I ) 2.34 × 1022 atoms cm-3; O ) 3.46 ×
1022 atoms cm-3) for each of these atoms in their elemental
solid-state form.78 The atomic diameter, a, for each of these
elements was then approximated by taking the inverse cube root
of the atomic number density, producing atomic diameters of
F ) 0.26 nm, Cl ) 0.31 nm, Br ) 0.32 nm; I ) 0.35 nm, and
O ) 0.31 nm. The thicknesses of the atomic overlayers

calculated using eq 3 were thus converted to fractional mono-
layer coverages by dividing the calculated overlayer thickness
by the estimated atomic diameter of the atom forming the
overlayer. Molar densities for overlayers of either bound or
adventitious hydrocarbon81 were estimated to be 3.3 × 10-2
mol cm-3 and the thickness of a monolayer of each of these
types of hydrocarbon was taken to be 0.48 nm.81
The use of eqs 3 or 5, as opposed to eqs 1 or 4, respectively,

was justified through analysis of XPS signals arising from
overlayer element peaks that were close in energy to the Si 2p
peak (C 1s, F 1s, Cl 2s, Br 3d3/2, O 1s, and I 4d), so that λov =
λSi. The escape depths of photoelectrons through the halogen
or oxygen overlayers can be approximated using the empirical
equation78

where E is the electron kinetic energy (in eV), λ is the
attenuation length (in nm), and a is the diameter of the atoms
in the monolayer (in nm). Through the use of eq 7, λov was
calculated to be 1.6 nm for F, 2.4 nm for Cl, 2.8 nm for Br, 3.2
nm for I, and 2.2 nm for O overlayers, while λSi was calculated
to be 2.1, 2.6, 2.7, 3.2, and 2.6 nm for F, Cl, Br, I, and O
overlayers, respectively. The attenuation lengths through the
adventitious hydrocarbon overlayer for electrons originating in
the C 1s level (3.9 nm) and for electrons originating in the Si
2p level (3.5 nm) were assumed to be the same as the values
observed for long-chain thiols.81,82 The approximation λov =
λSi is well-justified for overlayers composed of either C, Cl,
Br, or I but is not as accurate for overlayers composed of F or
O. Nevertheless, this approximation was made throughout to
simplify the calculations.
The coverage of oxidized Si was calculated separately using

two different methods to analyze the high-resolution XPS data
in the Si 2p region. In the first method, the system was modeled
as bulk Si covered with a thin SiO2 overlayer. The thickness of
the SiO2 overlayer was calculated from the relative areas of
the bulk Si 2p and oxidized Si 2p peaks in the high-resolution
XP spectra through use of a simple substrate-overlayer model,
as previously described:78,83

In this equation, d is the overlayer thickness, λov is the
attenuation factor through the oxide overlayer (taken to be 2.6
nm),84 θ is the angle from the surface of the sample to the
detector (35°), and ISi

o /Iov
o is an instrumental normalization

factor related to the ratio of the signals expected for pure Si vs
pure SiO2 (determined to be 1.3 for our instrument).83 The
coverage was then calculated taking the thickness of a mono-
layer of SiO2 to be 0.35 nm. The coverage of oxidized Si atoms
on chlorinated Si surfaces was calculated similarly, so the
fractional coverages of oxidized Si quoted for the chlorinated
surfaces are equivalent coverages of oxidized Si at the Si/SiO2
interface.
In the second method, the system is modeled as a flat Si-

(111) or Si(100) surface, terminated with alkoxyl groups or
halogen atoms. Because the photoelectrons arising from the
surface Si atoms and from the bulk Si atoms are very similar in
energy, these photoelectrons are nearly identically attenuated
by the overlayer alkoxyl groups, halogen atoms, and adventitious
hydrocarbon. Thus, the signal attenuation by any overlayer is
nearly identical for photoelectrons arising from both the substrate

(IovISi)(
SFSi
SFov)(

FSi
Fov) ) exp( dov

λSi sin θ) -
exp[(- dov

λov sin θ) + ( dov
λSi sin θ)] (2)

ln[(IovISi)(
SFSi
SFov)(

FSi
Fov) + 1]λ sin θ ) dov (3)

Φov{1 - exp[-aov/(λov sin θ)]}
1 - Φov {1 - exp[-aov/(λSi sin θ)]}(SFovSFSi)(

Fov
FSi) ) (IovISi) (4)

Φov ) [λ sin θ
aov ](SFSiSFov)(

FSi
Fov)(

Iov
ISi) (5)

SFmod ) SFScof[ 1486 - BE
1486 - 284]Sexp (6)

λ ) 0.41a1.5E0.5 (7)

d ) λov sin θ{ln[1 + (ISioIovo )(
Iov
ISi)]} (8)
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and overlayer, and the attenuation factors can therefore be
ignored.88 This treatment assumes that the scattering cross
sections of the bulk Si and partially oxidized surface Si atoms
are identical (a reasonable approximation with the X-ray
energies used and for the oxidation states of Si of interest),86,88
that the mean free path of the incident X-rays is much greater
than the mean free path of the photoelectrons,89 that electron
refraction and reflection at the surface is negligible,89 and that
single-crystal effects are negligible.89 These are all quite
reasonable assumptions for the system of interest.
In this method, the coverage of oxidized Si can be straight-

forwardly calculated from the relative areas of the bulk Si 2p
and oxidized Si 2p peaks observed in the high-resolution XP
spectra. The total Si 2p signal is given by eq 9:

where nSi is the atomic number density of Si atoms (5.0 × 1022
atoms cm-3),85 σSi is the atomic photoionization cross section
of Si, and the escape depth, lSi, equals λSi sin(35°) with λSi )
1.6 nm84 and 35° representing the takeoff angle of electrons
from the surface in our XPS instrument. The Si 2p signal arising
from the oxidized surface Si atoms is given by eq 10:

where nSi,surf is the surface density of Si atoms (7.8 × 1014 atoms
cm-2 for Si(111) and 6.9 × 1014 atoms cm-2 for Si(100)).90 If
100% of the surface Si atoms are oxidized, then the relative
intensity of the oxidized Si peak to the bulk Si peak is given
by eq 11:

Substituting into eq 11 yields a ratio of 0.21 for Si(111) and a
ratio of 0.18 for Si(100) surfaces for which 100% of the surface
Si atoms are oxidized and exhibit a peak at higher binding
energy than that of the bulk Si 2p peak. The observed oxidized/
bulk Si 2p peak area ratios were therefore divided by these
normalization constants to estimate the fraction of surface atoms
that were oxidized on the different crystal orientations studied
in this work. This method was applied to oxidized Si atoms
that were produced by forming either Si-O or Si-Cl bonds,
depending on the specific reaction chemistry to which the
surface had been exposed.
In both methods, the Si 2p peak arising from bulk Si was fit

with two peaks (Si 2p1/2 and Si 2p3/2 peaks), while the oxidized
Si peak was fit with a single peak. The Si 2p1/2 to Si 2p3/2 peak
area ratio was fixed at 0.51, and the energy separation was fixed
at 0.6 eV.85-87 The small deviation from the statistical branching
ratio of 0.50 has been attributed to slight differences in the final-
state densities at the different energies of detection.85 The peaks
were best fit using 95% Gauassian/5% Lorentzian line shapes
with a 15% peak asymmetry, where the asymmetry is introduced
by assigning different line widths to the left- and right-hand
sides of the peak, respectively. Because XPS is not sensitive to
isotopic composition, the data for reactions that differed only
through substitution of deuterium for hydrogen were averaged
together to produce the summary tables presented herein of the
peak intensities and derived coverages for each different surface/
electrolyte combination of interest.
B. General Procedures. Single-crystal silicon attenuated total

internal reflectance (ATR) IR plates were purchased from
Harrick Scientific (Ossining, NY). The samples were trapezoidal

(1 mm × 50 mm × 20 mm) crystals with either (100)- or (111)-
oriented faces that had beveled edges cut at 45° from the large
faces. All data are displayed as absolute absorbances produced
by the 50 optical reflections in these ATR crystals. Before each
use, the crystals were chemically oxidized in 3:1 (v/v) concen-
trated H2SO4/40% H2O2(aq) at 100 °C for 1 h. Ferrocene (Fc,
Aldrich or Strem) was purified by sublimation and was stored
under N2(g). Ferrocenium tetrafluoroborate (FcBF4, Aldrich),
phosphorus pentachloride (PCl5, Aldrich), benzoyl peroxide
(Aldrich), and anhydrous CD3OD (Aldrich) were used as
received and were stored under N2(g). Anhydrous methanol
(Aldrich), chlorobenzene (C6H5Cl, Aldrich), and tetrahydrofuran
(THF, Aldrich) were stored under N2(g) over activated 3 Å
molecular sieves (VWR). The functionalized crystals were
transferred between the UHV system and the N2(g)-purged IR
chamber by taking the specimens into the N2-filled glovebox
that was attached to the UHV system and placing the samples
in a jar the lid of which was tightly closed and sealed with
electrical tape. The jar was transferred to the IR chamber via a
quick entry port and the chamber was then purged with a rapid
flow of N2(g) for 20 min before the specimen was removed
from the jar and mounted in the IR beam. The specimens were
similarly transferred back to the glovebox and UHV chamber
in a sealed jar.
1. Spectra of H-Terminated Si Surfaces Exposed to Alcohols

and to FcBF4-, I2-, and Br2-Alcohol Solutions. IR back-
grounds were collected using freshly oxidized Si ATR plates.
Background spectra were obtained with the InSb (1800-4000
cm-1) detector using s-polarized light and separately with
p-polarized light. The (111)-oriented crystals were etched in
N2-sparged 40% NH4F(aq) (Transene Inc.) until the p-polarized
spectrum, measured relative to the p-polarized oxidized Si
background spectrum, displayed a sharp silicon monohydride
peak at 2083 cm-1 superimposed on small, broad peaks arising
from SiH2 and SiH3. The sharp Si-H monohydride peak was
always large in crystals that were considered sufficiently etched
for subsequent reaction. In a few cases, only the sharp
monohydride peak could be detected in the p-polarized spectra,
but usually this sharp feature was superimposed on the broader
peaks arising from di- and trihydride species. Typically, >40%
of the integrated intensity was contained in the sharp monohy-
dride peak. The (100)-oriented crystals were etched in N2-
sparged 48% HF(aq) (VWR) for 0.5-2 min.
A Si crystal with a satisfactory IR spectrum was then

transferred to UHV, and XP spectra were collected at three spots
on the crystal. If any oxidation was detectable in the Si 2p region
of the XP spectrum, the crystal was re-etched and the entire
IR/XPS process was repeated. Crystals with satisfactory IR and
XP spectra were then transferred from UHV directly into a N2-
purged glovebox (Vacuum Atmospheres Inc.), in which all
subsequent wet chemistry was performed. Unless otherwise
specified, all IR spectra displayed in the figures are referenced
to the oxidized Si ATR plate as a background.
To explore the chemistry of these surfaces, a H-terminated

Si ATR crystal was exposed to CH3OH or CD3OD for 2-5
min and was washed in THF and dried under a stream of
pressurized N2(g). The sample was transferred, in a jar, to the
IR apparatus, and two separate IR spectra were collected over
the 4000-1800 cm-1 wavelength range, with each spectrum
being obtained in both s- and p-polarizations. In the first run,
the spectra acquired in the s-polarization and then in the
p-polarization were referenced to the corresponding spectra of
the freshly oxidized Si ATR plate. In the second run, the
collected spectra were referenced to the corresponding spectra

ISi ≈ nSiσSi∫0∞exp(-z/lSi) dz ) nSiσSilSi (9)

ISi,surf ≈ nSi,surfσSi (10)

ISi(surf)
ISi(bulk)

)
nSi,surfσSi

nSiσSilSi - nSi,surfσSi
)

nSi,surf
nSilSi - nSi,surf

(11)

3642 J. Phys. Chem. B, Vol. 106, No. 14, 2002 Haber and Lewis
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of the ATR plate after it had been H-terminated (by etching in
NH4F(aq), vide supra). The Si ATR plate was then immersed
for 2 min in a solution that had been freshly saturated (<30
min old) with Fc in either CH3OH or CD3OD, and the crystal
was washed in THF and dried under flowing N2(g). Two sets
of (4000-1800 cm-1) IR spectra, one relative to the spectra of
the oxidized ATR plate and the other relative to the spectra of
the H-terminated ATR plate, each obtained in s-polarization and
then in p-polarization, were collected. The sample was then
immersed for 2 min in a fresh (∼30 min old) CH3OH or CD3-
OD solution that had been saturated with FcBF4. Two sets of
IR spectra were collected on this sample as well, each in both
s- and p-polarization. The ATR plate was then transferred to
UHV and XP spectra were collected in survey scan and high-
resolution modes.
The surface chemistry of the Si ATR plates was further

investigated using CH3OH or CD3OD solutions that contained
either I2 or Br2. Hydrogen-terminated Si crystals were obtained
and characterized as described above and were then immersed
for 15 min into a fresh (∼30 min old) CH3OH or CD3OD
solution that contained 10-150 mM I2 or 200-300 mM Br2.
The crystal was washed in CH3OH (or CD3OD) three times,
then washed with THF followed by CH3CN, dried with N2, and
transferred to UHV. XP spectra were then collected in survey
scan and high-resolution modes. The crystal was then transferred
to the IR chamber and two sets of IR spectra (from 4000 to
1800 cm-1) were collected with the treated surface referenced
to the oxidized and hydrogen-terminated surface in both s- and
p-polarization.
The persistence of the residual I and Br on the surface and

the exchangeability of the methoxylated surfaces was explored
by immersing a H-terminated Si(111) or a H-terminated Si-
(100) oriented ATR crystal for 5-15 min into a CH3OH solution
that contained FcBF4, I2, or Br2 and then washing the crystal
with CD3OD, THF, and CH3CN (crystals exposed to CD3OD
solution were washed with CH3OH). IR and XP spectra were
then collected as described above to determine whether surficial
I, Br, or -OCH3 groups had been replaced by -OCD3 groups
during washing. After collection of the IR and XP spectra, the
FcBF4-CH3OH treated crystals were then returned to the
glovebox and contacted with CD3OD for 2 h. IR and XP spectra
were then collected.
The effect of exposing the Si ATR plates to longer-chain

alcohols was also examined using C4D9OD and C4H9OH
solutions. Hydrogen-terminated Si(111) crystals were produced
by etching in N2-sparged 40% NH4F(aq), and IR and XP spectra
were collected as described above. Additional IR spectra were
collected in s- and p-polarization (from 4000 to 1800 cm-1)
after the crystal was successively contacted with C4D9OD (or
C4H9OH) for 5 min, with Fc saturated in C4D9OD, and then
with FcBF4 saturated in C4D9OD. After each of these treatments,
the crystal was washed three times in the parent alcohol, once
with THF, and once with CH3CN, dried with a stream of N2,
and transferred to the IR chamber. After the series of exposures,
the crystal was returned to UHV and XP spectra were collected.
The surface chemistry of the Si ATR plates was also studied

using a fluorinated alcohol, HO(CH2)3CF3, as the solvent. These
experiments were of interest because F has a large XPS cross
section and because the fluorinated carbon atom provides an
XPS C 1s signal that is distinct from the C 1s signal arising
from adventitious carbonaceous adsorbates. The procedures were
generally as described above, except that XP spectra were
collected after each wet chemical immersion step. The ATR
sample was first immersed for 2-3 min in HO(CH2)3CF3 and

was then washed with THF, CH3CN, and CH2Cl2 and dried
with a stream of N2(g) before collection of IR and XP spectra.
The crystal was then immersed for 5 min into a solution of
HO(CH2)3CF3 that was saturated with Fc, after which the Si
was rinsed with THF, CH3CN, and CH2Cl2 and dried with N2-
(g). After collecting XP and IR spectra, the crystal was then
contacted with HO(CH2)3CF3-Fc-FcBF4 (prepared by adding
the saturated Fc solution to solid FcBF4) for 4-5 min, washed
in THF, CH3CN, and CH2Cl2, and dried with a stream of N2,
IR spectra were collected, and the crystal was taken into UHV
for XPS measurements.
2. Two-Step Chlorination/Alkoxylation of H-Terminated Si

Surfaces. After obtaining satisfactory IR and XP spectra for
H-terminated surfaces as described above, either (100)- or (111)-
oriented Si crystals were placed in contact with a saturated
solution of PCl5 solution in chlorobenzene to which a few grains
of benzoyl peroxide had been added. The reaction was
performed for 50-60 min at 90-95 °C in a glovebox. The
crystals were then washed in CH3OH, THF, and CH3CN, dried
with a stream of pressurized N2(g), and taken into UHV. XPS
data were collected, and then the crystals were exposed in the
N2(g)-filled box to a lithium alkoxide solution. The lithium
methoxides were prepared by addition of 2.5 M n-butyllithium
in hexanes to anhydrous CH3OH or to anhydrous CD3OD. The
five combinations of crystal orientation and alkoxide (with
reaction temperature and reaction time in parentheses) that were
explored in this work were as follows: (100)-oriented Si with
1 M LiOCH3-CH3OH (80 °C, 21.5 h), (100)-oriented Si with
1 M LiOCD3-CD3OD (70 °C, 23.5 h), (111)-oriented Si with
1 M LiOCH3-CH3OH (75 °C, 19 h), (111)-oriented Si with 1
M LiOCD3-CD3OD (70 °C, 19 h), and (111)-oriented Si with
1 M LiO(CH2)3CF3-THF prepared by adding 7.5 mL of 2.5 M
LiC4H9 in hexanes to 2.6 mL of HO(CH2)3CF3 in 20 mL of
THF (80 °C, 15.5 h). The HO(CH2)3CF3-THF-LiC4H9 solution
turned from light yellow to deep orange-red before the ATR
crystal was added. After treatment, the crystals were washed in
CH3OH (CD3OD), THF, and CH3CN (the LiO(CH2)3CF3-
exposed crystal was washed in THF, CH3OH, CH3CN, and CH2-
Cl2) and dried with a stream of N2(g). The ATR plates were
then taken into UHV, and XP spectra were collected. Samples
were then transferred to the IR apparatus and two sets of IR
spectra, one referenced to the spectra of the oxidized Si ATR
plate and the other referenced to the spectra of the H-terminated
Si ATR plate, were obtained in both s- and p-polarization.

III. Results
Because the etching of (111)-oriented Si by NH4F(aq) is

known to produce a monohydride-terminated surface with large,
atomically flat terraces,48-51 most of the surface reactivity studies
described herein were performed on this crystal face. Moreover,
modeling of the packing of monolayers on the (111)-oriented
surface is relatively straightforward because the Si-H bonds
are arranged in a well-defined trigonal array and are oriented
normal to the (111) surface plane (Scheme 1, right).91 The
chemistry of the (100)-oriented face (Scheme 1, left) was also
studied because this surface is the technologically more
important face of Si35 and because the (100) orientation is the

SCHEME 1
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face that has been used previously in most photoelectrochemical
studies of n-type Si in contact with various electrolytes.69-72,75,92,93
A. Si(111) Surface Chemistry in Methanol Solutions. 1.

Exposure to CD3OD. Figure 1 shows surface IR spectra in the
2000-2300 cm-1 energy region of a (111)-oriented Si ATR
crystal after etching and exposure to CD3OD and then to various
reagents in methanol. The Si surface was initially H-terminated
after exposure to 40% NH4F(aq), as evidenced by the sharp,
strongly p-polarized infrared stretch at 2083 cm-1 in Figure 1a
and by the absence of any detectable oxidized Si peaks in the
Si 2p region of the XP spectrum of such samples (Figure 2).
Immersing this Si sample in CD3OD for 2-5 min (Figure 1b)
and subsequently immersing it in saturated CD3OD-200 mM
Fc for 2 min (Figure 1c) produced some broadening of the 2083
cm-1 Si-H infrared peak and some loss in intensity of this
signal. The slight decrease in intensity was also observed over
similar time periods when freshly etched (111)-oriented Si ATR
crystals were placed in the IR beam and spectra were periodi-
cally collected without moving the crystal. As opposed to these
generally subtle spectral changes, immersion of the Si into CD3-
OD that had been saturated with FcBF4 (∼200 mM FcBF4)
produced significant changes in both the IR and XP spectra of
such samples. The IR spectrum showed a complete loss of the
sharp positive peak near 2083 cm-1 (Figure 1d), while peaks
at 2070 cm-1 (νs(CD3)) and 2225 cm-1 (νas(CD3)) appeared,
consistent with the formation of surficial Si-OCD3 groups. The
observed peak positions closely match the established peak
positions for the symmetric and asymmetric methyl stretches

of gas-phase CD3OD (νs(CD3) at 2080 cm-1 and νas(CD3) at
2228 cm-1).94 In some samples, as much as 80% of the initial
Si-H intensity was observed in the sharp Si-H peak, and after
exposure to FcBF4-CH3OH solutions, such samples showed
somewhat larger intensities of the peaks ascribable to surficial
Si-OCD3 groups than are evident in the spectra depicted in
Figure 1.
The high-resolution XP spectra of the Si 2p region of these

surfaces exhibited a peak at higher binding energy than the main
Si 2p peak (the oxidized Si signal in spectrum b of Figure 2 is
small but clearly distinguishable from the baseline established
by the XP spectrum of the freshly NH4F-etched surface,
spectrum a). The oxidized silicon signal was relatively narrow
(∼1.2 eV) and was centered at 102.1 eV binding energy. The
area of the oxidized silicon peak was about 3% of the total Si
intensity, corresponding to∼0.15 monolayers of oxidized silicon
(Tables 1 and 2). Subsequent experiments in which the freshly
etched H-terminated Si crystal was immersed only into a CH3-
OH-200 mM FcBF4 solution showed similar changes in the
IR and XP spectra to those of Figure 1d and Figure 2,
demonstrating that the predominant spectral changes were
associated with immersion in the methanolic Fc+ solution and
were not the result of cumulative exposure to solutions or of
other time-dependent changes in the surface of the crystals.
Changes very similar to those that occurred upon exposure

to CD3OD solutions containing FcBF4 were observed in the IR
spectra of hydrogen-terminated ATR crystals that had been
immersed for 15 min in CD3OD solutions that contained either
25 mM I2 (Figure 1e) or 200 mM Br2 (Figure 1f). The silicon
monohydride peak was completely eliminated, while peaks at
2070 cm-1 (νs(CD3)) and 2225 cm-1 (νas(CD3)) appeared,
consistent with the formation of surficial Si-OCD3 groups. The
intensity of the CD3 peaks produced after exposure of the
H-terminated Si(111) surface to CD3OD solutions containing
I2 or Br2 was ∼50% of the peak intensity produced after
exposure to the FcBF4 solution (Figure 1). Immersion in CD3-

Figure 1. FT-IR spectra of a Si(111) ATR crystal after (a) etching in
N2-sparged 40% NH4F(aq), (b) immersion for 5 min in CD3OD, (c)
immersion for 3-5 min in CD3OD containing 200 mM ferrocene, and
(d) immersion for 3-5 min in CD3OD containing 200 mM ferrocenium
[BF4], and (e) a different H-terminated ATR crystal after immersion
for 15 min in CD3OD containing 25 mM I2 and (f) a different
H-terminated ATR crystal after immersion for 15 min in CD3OD
containing 200 mM Br2. The data are the total absorbance produced
by 50 reflections within the crystal and are referenced to an oxidized
Si crystal as the background spectrum.

Figure 2. High-resolution Si 2p XP spectra of a Si(111) ATR crystal
after (a) etching in N2-sparged 40% NH4F(aq) and (b) immersion for
3-5 min in CD3OD, for 3-5 min in CD3OD containing 200 mM
ferrocene, and then for 3-5 min in CD3OD containing 200 mM
ferrocenium [BF4] and (c) a different H-terminated ATR crystal after
immersion for 15 min in CD3OD containing 25 mM I2 and (d) a
different H-terminated ATR crystal after immersion for 15 min in CD3-
OD containing 200 mM Br2. The XP spectra of surfaces exposed to
CH3OH solutions were identical to those obtained from surfaces exposed
to the analogous CD3OD solutions.
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OD-FcBF4 (three trials) produced integrated peak intensities
of 0.060 ( 0.007 (νs(CD3)) and 0.057 ( 0.009 (νas(CD3)),
compared to integrated intensities of 0.033 ( 0.007 (νs(CD3))
and 0.028( 0.009 (νas(CD3)) following immersion in CD3OD-
I2 (two trials) and integrated intensities of 0.025 ( 0.015 (νs-
(CD3)) and 0.029 ( 0.024 (νas(CD3)) following immersion in

CD3OD-Br2 (two trials). This smaller peak intensity occurred
despite the longer immersion time in the I2 and Br2 solutions.
The high-resolution XP spectra collected on the surfaces

exposed to I2-methanol or Br2-methanol solutions were similar
to those produced by FcBF4-methanol exposed surfaces (Figure
2, Tables 1 and 2). The oxidized Si peak observed in the Si 2p
region was similar in size, shape, and position to that obtained
after exposure to FcBF4 in CD3OD (Figure 2c,d, Table 2),
suggesting that a similar surface species and surface coverage
was obtained after the I2-CD3OD and Br2-CD3OD treatments.
However, as seen in the survey scan XP spectra (Figure 3, Table
1), the surfaces produced by these three treatments are not
identical. The surface exposed to FcBF4-CD3OD exhibited a
F 1s peak corresponding to 40% of a monolayer of F atoms,95
the surface exposed to I2-CD3OD exhibited an I peak corre-
sponding to approximately 25% of a monolayer of I atoms, and
the surface exposed to Br2-CD3OD exhibited a Br peak
corresponding to approximately 55% of a monolayer of Br
atoms. These observations are consistent with the hypothesis
that exposure of H-terminated Si to alcoholic solutions of
halogens produces surfaces that have a mixture of silicon-
alkoxide and silicon-halogen surface bonding. In addition, the
hydrocarbon coverage increased from approximately 1.9 mono-
layers on the freshly etched surfaces to approximately 2.7, 3.1,
and 2.8 monolayers after immersion in CD3OD-FcBF4, CD3-
OD-I2, or CD3OD-Br2, respectively (Table 1). The ratio of
the O 1s peak area to the C 1s peak area increased from ∼0.8
on the NH4-etched surface to ∼1.4 on surfaces exposed to either
CD3OD-FcBF4, CD3OD-I2, or CD3OD-Br2 (Table 1), which
is consistent with expectations for the formation of covalently

TABLE 1: XPS Peak Area Ratios and Overlayer Coverages for Si(111) Surfaces
reaction Si 2s/Si 2p C 1s/Si 2p O 1s/Si 2p O 1s/C 1s F 1s/Si 2p I 4d/Si 2p I 3d5/2/Si 2p I 3d3/2/Si 2p Br 3d3/2/Si 2p Cl 2s/Si 2p

40% NH4F 1.22 ( 0.03 0.24 ( 0.14 0.20 ( 0.11 0.75 ( 0.22 0.02 ( 0.04
CH3OH-FcBF4 1.22 ( 0.03 0.41 ( 0.18 0.65 ( 0.11 1.73 ( 0.34 0.35 ( 0.23
CH3OH-I2 1.22 ( 0.03 0.48 ( 0.06 0.68 ( 0.04 1.44 ( 0.13 0.01 ( 0.03 0.119 ( 0.010 0.59 ( 0.02 0.46 ( 0.02
CH3OH-Br2 1.24 ( 0.03 0.42 ( 0.09 0.52 ( 0.04 1.18 ( 0.14 0.22 ( 0.02
C4H9OH-FcBF4 1.21 ( 0.02 0.38 ( 0.03 0.47 ( 0.04 1.25 ( 0.07 0.15 ( 0.03
HOC4H6F3 1.23 ( 0.02 0.29 ( 0.10 0.24 ( 0.13 0.82 ( 0.24 0.03 ( 0.04
HOC4H6F3-Fc 1.23 ( 0.03 0.30 ( 0.05 0.25 ( 0.06 0.86 ( 0.20 0.08 ( 0.01
HOC4H6F3-FcBF4 1.19 ( 0.01 0.39 ( 0.08 0.43 ( 0.17 1.17 ( 0.47 0.66 ( 0.27
PCl5 1.22 ( 0.04 0.44 ( 0.11 0.35 ( 0.09 0.80 ( 0.20 0.27 ( 0.03
Si-Cl + LiOCH3 1.22 ( 0.02 0.36 ( 0.16 0.56 ( 0.32 1.46 ( 0.27 0 ( 0
Si-Cl + LiOC4H6F3 1.19 ( 0.03 0.98 ( 0.04 0.94 ( 0.03 0.956 ( 0.007 0.61 ( 0.19 0.18 ( 0.06

reaction

monolayers
hydrocarbon
(from

C 1s/Si 2p)a

equivalent
monolayersbO

(from
O 1s/Si 2p)b

monolayersc F
(from

F 1s/Si 2p)b

monolayersc I
(from

I 4d/Si 2p)

monolayerscBr
(from

Br 3d3/2/Si 2p)b

monolayersc Cl
(from

Cl 2s/Si 2p)b

40% NH4F 1.9 0.49 0.023
CH3OH-FcBF4 2.7 1.4 0.40
CH3OH-I2 3.1 1.4 0.011 0.26
CH3OH-Br2 2.8 1.1 0.55
C4H9OH-FcBF4 2.6 1.0 0.17
HOC4H6F3 2.1 0.59 0.034
HOC4H6F3-Fc 2.2 0.62 0.092
HOC4H6F3-FcBF4 2.6 1.0 0.76
PCl5 2.9 0.86 0.99
Si-Cl + LiOCH3 2.5 1.2 0
Si-Cl + LiOC4H6F3 4.9 1.9 0.79 0.66
a Calculated using eq 3,78 where the sensitivity factors were 1.00 for C 1s and 0.90 for Si 2p, the escape depth of the Si 2p electron through the

hydrocarbon overlayer was taken to be 3.5 nm,81,82 the molar density of Si is 8.30 × 10-2 mol cm-3, the molar density of the overlayer was
estimated to be 3.3 × 10-2 mol cm-3,81 and the thickness of a monolayer was taken to be 0.48 nm.81 bMonolayer coverages g1.0 were calculated
using eq 3 and monolayer coverages <1.0 were calculated using eq 5.78 The sensitivity factors were 2.52 for O 1s and 0.90 for Si 2p,78,79 the escape
depth of the Si 2p electron through the overlayer was taken to be 2.6 nm,78 the atomic density of Si is 5.0 × 1022 atoms cm-3, the atomic density
of O is 3.46 × 1022 atoms cm-3,80 and the thickness of a monolayer (dov in eq 3 and aov in eq 5) is estimated as 0.31 nm.78 cMonolayer coverages
were calculated using eq 5,78 where the sensitivity factors were 3.40 for F 1s, 1.70 for Cl 2s, 2.84 for Br 3d, 4.69 for I 4d, and 0.90 for Si 2p,78,79
the escape depth of the Si 2p photoelectrons through the overlayer was taken to be 2.1, 2.6, 2.7, 2.7, and 3.2 nm for F, Cl, Br, and I, respectively,78
the atomic densities (atoms cm-3) were F ) 5.28 × 1022, Cl ) 3.43 × 1022, Br ) 3.04 × 1022, I ) 2.34 × 1022, and Si ) 5.0 × 1022,80 and the
atomic diameter of the atom forming the overlayer was estimated to be 0.26, 0.31, 0.32, and 0.35 nm for F, Cl, Br, and I, respectively.78

TABLE 2: Coverage of Oxidized Si from High-Resolution
XPS of Si(111)

reaction SiOx 2p/Sibulk 2p
% monolayera

SiOx

% monolayerb
Si1+

40% NH4F etched 0 ( 0 0 ( 0 0 ( 0
CH3OH-FcBF4 0.029 ( 0.007 16 ( 4 14 ( 3
CH3OH-I2 0.022 ( 0.008 12 ( 4 10 ( 4
CH3OH-Br2 0.021 ( 0.013 11 ( 7 10 ( 6
C4H9OH-FcBF4 0.014 ( 0.008 8 ( 4 7 ( 4
C6H5Cl-PCl5 0.045 ( 0.009 24 ( 5 21 ( 4
Si-Cl + LiOCH3 0.024 ( 0.005 13 ( 3 11 ( 2
HOC4H6F3 0 ( 0 0 ( 0 0 ( 0
HOC4H6F3-Fc 0 ( 0 0 ( 0 0 ( 0
HOC4H6F3-FcBF4 0.04 ( 0.02 22 ( 9 19 ( 9
Si-Cl + LiOC4H6F3 0.041 ( 0.001 22.2 ( 0.7 20 ( 0.5

a Calculated using eq 8, where the escape depth of the Si 2p electron
through an oxide overlayer was taken to be 2.6 nm,84 θ ) 35°, the
peak ratio of pure Si to pure SiO2 (I°Si/I°ov) in the Si 2p region is
determined to be 1.3,83 and the thickness of a monolayer of SiO2 was
estimated to be 0.35 nm.83 b Calculated using eq 11, in which 21% of
the total unattenuated photoelectrons are calculated to originate from
the surface atoms (7.8 × 1014 atoms cm-2) on Si(111). The ratio of the
Si 2p peak arising from oxidized Si to the Si 2p peak arising from
bulk Si was divided by 0.21 to determine the fraction of surficial Si
atoms in an oxidized state.
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attached methoxide groups in addition to presence of adventi-
tious adsorbed hydrocarbon.
2. Exposure to CH3OH. Physisorption of adventitious hy-

drocarbons onto the H-terminated Si(111) surface can cause the
Si-H IR peak to broaden and shift to lower wavenumber,
whereas oxidation of the Si-Si back-bonds causes the Si-H
peak to shift to slightly higher energy.19,24,30,31,96,97 To confirm
our assignments of the IR peaks that appeared after exposure
to CD3OD solutions containing FcBF4, I2, or Br2 (2070 cm-1

(νs(CD3)) and 2225 cm-1 (νas(CD3)), experiments were per-
formed using CH3OH as the solvent.
Exposure to CH3OH or to Fc-CH3OH produced some

broadening of the Si-H IR peak but resulted in no dramatic
reductions in IR peak intensity. Exposure of the monohydride-
terminated Si(111) ATR crystals to CH3OH-Fc+, CH3OH-I2,
or CH3OH-Br2 solutions eliminated the Si-H peak at 2083
cm-1, but no peaks were observed at 2070 or 2225 cm-2 (see
Supporting Information). Because a large amount of adventitious
hydrocarbon was present on the oxidized ATR crystals used to
collect the background spectra, large negative peaks were present
in the C-H region of spectra that used the oxidized crystal as
the background. However, little adventitious hydrocarbon was
present on crystals that had been freshly etched with 40% NH4F-
(aq), and spectra that were collected using such freshly etched
crystals as the background showed that new IR peaks appeared
at 2840 cm-1 (νs(CH3)) and 2960 cm-1 (νas(CH3)) after exposure
to the CH3OH solutions. These peak positions closely match
the peak positions established for the symmetric and asymmetric

methyl stretches of gas-phase CH3OH (νs(CH3) at 2844 cm-1

and νas(CH3) at 2960 cm-1),94 as expected for a Si-OCH3
species. These peaks were not observed after exposure of
monohydride-terminated Si(111) ATR crystals to the CD3OD
solutions. In addition, exposure of HF(aq)-etched Si(100)
surfaces to FcBF4, I2, or Br2 in CD3OD solutions (vide infra)
produced a peak at 2070 cm-1 that was essentially identical in
shape to the one observed at 2070 cm-1 on the Si(111) surface
of Figure 1d, and this peak is significantly narrower than the
Si-Hx peak that is observed on the freshly prepared H-
terminated Si(100) surface. Thus, the assignment of the peaks
at 2070 and 2225 cm-1 as arising from surficial Si-OCD3
groups appears to be robust.
3. Persistence of F, I, and Br on the Surface and Exchange-

ability of the -OCH3 Groups. Figure 4 shows the IR spectral
changes that occurred in the 2000-2300 cm-1 region for a Si-
(111) ATR crystal following washing of the-OCH3-terminated
surface (obtained from exposure to 200 mM FcBF4 in CH3OH)
with CD3OD and after immersing the-OCH3-terminated crystal
in CD3OD for 5 h. The sharp silicon monohydride peak at 2083
cm-1 present on the freshly 40% NH4F(aq)-etched ATR crystal
(Figure 4a) was completely eliminated after a 5 min exposure
of the sample to a CH3OH solution of FcBF4, followed by
washing with CD3OD (Figure 4b). As is apparent from the
figure, washing with CD3OD did not produce significant peaks
at 2070 or 2225 cm-1, indicating that on the time scale of
exposure to CD3OD during washing no detectable substitution
of surficial -OCH3 or of the surficial F-containing species with
-OCD3 had occurred. Analogous experiments performed by
immersing a freshly etched Si(111) ATR crystal into CH3OH
solutions of I2 or Br2, followed by washing with CD3OD,
produced similar spectra with elimination of the silicon mono-
hydride peak at 2083 cm-1 and the growth of no, or very small,
peaks at 2070 and 2225 cm-1. Similarly, immersing freshly
etched Si(111) ATR crystals into CD3OD solutions containing
FcBF4, I2, or Br2 followed by washing with CH3OH resulted in
complete elimination of the monohydride peak at 2083 cm-1

Figure 3. XP survey spectra of a Si(111) ATR crystal after (a) etching
in N2-sparged 40% NH4F(aq) and (b) immersion for 3-5 min in CD3-
OD, for 3-5 min in CD3OD containing 200 mM ferrocene, and for
3-5 min in CD3OD containing 200 mM ferrocenium [BF4] and (c) a
different H-terminated ATR crystal after immersion for 15 min in CD3-
OD containing 25 mM I2 and (d) a different H-terminated ATR crystal
after immersion for 15 min in CD3OD containing 200 mM Br2. These
spectra were obtained on the same samples that were used to collect
the data of Figure 1. The XP spectra of surfaces exposed to CH3OH
solutions were identical to those obtained from surfaces exposed to
the analogous CD3OD solutions.

Figure 4. FT-IR spectra of a Si(111) ATR crystal after (a) etching in
N2-sparged 40% NH4F(aq), (b) immersion for 5 min in a CH3OH
solution containing 200 mM FcBF4 and then washing with CD3OD,
and (c) immersion for 5 h in CD3OD.
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and growth of the CD3 peaks at 2070 and 2225 cm-1, identical
to the spectra obtained from surfaces treated as described in
section 1 above. The XP spectra obtained from these surfaces
did not differ significantly from those described in sections 1
and 2.
As seen in Figure 4c, immersing the -OCH3-terminated

surface into CD3OD for 5 h did result in significant growth of
the -CD3 peaks at 2070 and 2225 cm-1. The size of the F peak
in the XP survey spectrum and of the oxidized Si peak in the
high-resolution Si 2p XP spectrum did not change after
immersion in CD3OD for 5 h. Thus, on this longer time scale
the-OD3 groups must have exchanged with the-OCH3 groups
on the surface, not by replacing the F-containing surface species.
The retention of strongly bound F-containing groups after
immersion for 5 h in CD3OD, concomitant with substantial
-OCD3 formation, indicates the formation of the -OCH3-
terminated surface and subsequent substitution with -OCD3
groups does not proceed by dissolution of the Si surface.
4. Exposure to C4D9OD. Derivatization experiments were also

performed in C4D9OD and C4H9OH solutions. Because FcBF4
is substantially less soluble in butanol than methanol, the
exposure times were increased relative to the times used in the
methanol experiments. Immersing a Si sample in C4D9OD for
5 min (Figure 5b) followed by subsequent immersion in
saturated C4D9OD-Fc for 5 min (Figure 5c) produced some
broadening of the Si-H IR peak at 2083 cm-1 and some loss
in intensity of this signal. However, immersion of the H-
terminated Si(111) into C4D9OD saturated with FcBF4 produced
much more significant changes in the IR spectra of the sample,
with a complete loss of the sharp positive peak near 2083 cm-1

(Figure 5d) and production of negative peaks in the C-H region
of the difference spectrum. The relatively sharp peak at 2220
cm-1, assigned to the C-D stretch, was quite apparent, and
the peak at 2073 cm-1 also increased but to a lesser extent. An
additional peak at 2120 cm-1 also was observed, perhaps arising

from the stretching of Si-H groups bonded to neighboring Si-
OC4D9 groups.
The high-resolution XP scans of the Si 2p region showed a

slight rise in the baseline in the region at a binding energy where
the oxidized silicon peak would likely appear, but less signal
intensity was apparent in this region than was observed when
the H-terminated Si surface was exposed to oxidizing methanol
solutions (Table 2 and Supporting Information). Thus, a lower
density of -OC4H9 groups is present on such surfaces, as
expected because of the larger diameter of the -OC4H9 group
relative to the -OCH3 group. The survey XP scans indicate
that after exposure to C4H9OH-FcBF4 approximately 15% of
a monolayer of F was present on the surface and the hydro-
carbon coverage increased to approximately 2.6 monolayers
(Table 1). The increase in the O 1s/C 1s peak area ratio is in
accord with expectations for formation of a covalently attached
surface alkoxyl group in addition to the presence of adventitious
adsorbed hydrocarbons.
5. Exposure to C4H9OH. The assignments of the C-D

stretches in the IR spectra presented above were confirmed by
experiments in which C4H9OH was used as the solvent.
Exposure of the 40% NH4F(aq)-etched Si(111) ATR crystal to
C4H9OH or to C4H9OH-Fc produced minimal changes in the
IR spectra; however, exposure to C4H9OH-FcBF4 completely
eliminated the sharp peak at 2083 cm-1, leaving a broad peak
centered at 2080 cm-1 (see Supporting Information). The peaks
at 2220 and 2073 cm-1 (that were assigned above to C-D
stretches) did not appear, while peaks were instead apparent in
the C-H region. The XP spectra were identical to those obtained
from the surfaces treated analogously but with C4D9OD instead
of C4H9OH as the solvent.
6. Exposure to HO(CH2)3CF3. Although the presence of C-D

vibrational stretches after exposure to Fc+ solutions of deuterated
alcohols provides convincing evidence of the attachment of the
alcohol to the Si surface, experiments were performed using a
fluorine-tagged alcohol, HO(CH2)3CF3, in an effort to quantify
the extent of surface modification. This alcohol was chosen
because F has a large XPS cross section that should enable
quantification of the surface coverage.78 The presence of F in
the alcohol should allow corroboration of the surface coverage
through calculation of the F/Si ratio, the fluorinated C/Si ratio,
and the oxidized to unoxidized Si ratio. In addition, because
the C-F bonds are separated from the C-O bond by three CH2
groups, preparation of the corresponding lithium alkoxide was
possible. Finally, a surface containing Si-O(CH2)3CF3 groups
could also be independently prepared by a two-step chlorination/
alkoxylation procedure (vide infra).
Figure 6 shows the surface IR spectra of a (111)-oriented Si

ATR crystal, relative to that of the oxidized Si surface, after
the crystal had been etched and exposed to HO(CH2)3CF3,
HO(CH2)3CF3-Fc, and HO(CH2)3CF3-FcBF4 solutions. As
with the methanol and butanol experiments, exposure of the
monohydride-terminated Si(111) ATR crystal to the neat alcohol
and to the alcoholic Fc solution produced only minor reductions
in the Si-H peak intensity (Figure 6, spectra b and c). Moreover,
no changes were discernible in the survey (Table 1) and Si 2p
high-resolution (Table 2) XP spectra after exposure to these
solutions, including no significant growth of the F peak.
As with the methanol and butanol solutions, immersion of

the Si(111) crystal into saturated HO(CH2)3CF3-FcBF4 pro-
duced significant changes in both the IR (Figure 6d) and XP
spectra of the sample (Tables 1 and 2 and Supporting Informa-
tion). The sharp monohydride peak in the IR spectrum was
eliminated, leaving a broad peak centered at 2080 cm-1. The

Figure 5. FT-IR spectra of a Si(111) ATR crystal after (a) etching in
N2-sparged 40% NH4F(aq), (b) immersion for 5 min in C4D9OD, (c)
immersion for 3-5 min in C4D9OD containing 200 mM ferrocene, and
(d) subsequent immersion for 3-5 min in C4D9OD containing 200 mM
ferrocenium [BF4].
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XP survey spectra (Table 1) showed small signals indicative of
oxidized Si, with the O 1s/Si 2p peak ratio in the survey scan
increasing from 0.20 to 0.43. The O 1s/C 1s peak area ratio did
not decrease significantly from 1:1, as would have been expected
on the basis of the 1:4 ratio of O/C in the alcohol. The F 1s
intensity increased significantly only after immersion into the
HO(CH2)3CF3-FcBF4 solution, to about 75% of a monolayer
of F (Table 1), which would correspond to 25% of a monolayer
of -CF3, which is reasonably close to the 33% of a monolayer
of -CF3 groups that would be expected for the highest possible
packing of -CF3 groups onto the surface. Furthermore, a signal
from fluorinated C was also observed. The high-resolution scans
of the Si 2p region showed an oxidized Si 2p peak corresponding
to approximately 20% of a monolayer (Table 2), in reasonable
agreement with the 25% coverage calculated from the intensity
of the F 1s XPS signal.
7. Chlorination Followed by Reaction with Lithium Alkoxide.

Methoxylated surfaces were prepared by an independent method
to facilitate comparison of the spectra of these surfaces to those
obtained by immersion of H-terminated Si into CD3OD-FcBF4
solutions. A variation of a two-step, chlorination/alkylation
procedure,1 in which the chlorinated surface was reacted with
LiOCH3 or LiOCD3, was used for this purpose.
Immersion of a Si ATR crystal in C6H5Cl-PCl5 followed

by reaction with LiOCH3 completely eliminated the sharp silicon
monohydride IR peak, leaving a small, broad peak in the same
region, and no peaks appeared at 2070 cm-1 (νs(CD3)) and 2225
cm-1 (νas(CD3)) (see Supporting Information). When the
chlorinated Si surface was exposed to LiOCD3, two peaks
associated with the νs(CD3) and νas(CD3) stretches appeared at
2070 and 2220 cm-1, respectively (Figure 7). This spectrum is
very similar to the spectrum obtained after exposure of (111)-

oriented Si to CD3OD-FcBF4, CD3OD-I2, or CD3OD-Br2
(Figure 1).
The results of the two-step procedure were similar when LiO-

(CH2) 3CF3-THF solutions were used. Notably, the Cl peaks
in the XPS survey scan were reduced in intensity by ∼30% but
were not completely eliminated after exposure to LiO(CH2)3-
CF3-THF (Tables 1 and 2). The Si 2p high-resolution spectra
(Table 2) show that less than a monolayer of oxidized Si was
present after the two-step chlorination/alkoxylation procedure
using the F-tagged lithium butoxide. The observed decrease in
the extent of reaction with the trifluorobutanol reagent, as
evidenced by incomplete reaction of the Cl on the surface, may
result from a combination of its longer chain length and the
greater size of the -CF3 tail inhibiting close packing of the
monolayer or may occur because the reaction was performed
in THF rather than in the parent alcohol, which reduced the
solubility of the alkoxide. The hydrocarbon coverage increased
noticeably, to approximately 4.9 monolayers (Table 1), as would
be expected for alkoxylation with a C4 functionality. However,
the amount of adventitious hydrocarbon will depend on the
surface energy, which could be changed significantly in the
presence of -CF3 headgroups.
B. Si(100) Surface Chemistry. The Si(100) surface was

observed generally to react similarly to the Si(111) surface. The
IR data on the Si(100) surface orientation are useful to confirm
the peak assignments advanced above for the Si(111) surface.
The remainder of the comments focus on other differences in
the reactivity observed for the (100) and (111) surface orienta-
tions.
1. Exposure to CD3OD. Etching a (100)-oriented Si crystal

in 48% HF(aq) is known to produce a mixture of mono-, di-,
and trihydride species on the surface;98 thus, a relatively broad
peak centered at ∼2100 cm-1 was observed in the IR spectra
of the freshly etched crystal (Figure 8a). Immersing the etched
crystal in CD3OD for 2 min followed by immersing the crystal
in saturated CD3OD-Fc for 2 min produced only a slight
decrease in intensity of the SiHx peak (Figure 8b,c). Two
negative-going peaks in the spectra collected against the freshly
etched crystal indicated that some of the SiHx species (possibly
at strained defect sites) reacted to a small extent. When the
crystal was exposed to saturated CD3OD-FcBF4 for 2 min,
several major changes were observed in the IR spectrum (Figure

Figure 6. FT-IR spectra of a Si(111) ATR crystal after (a) etching in
N2-sparged 40% NH4F(aq), (b) immersion for 5 min in HO(CH2)3CF3,
(c) immersion for 3-5 min in HO(CH2)3CF3 containing 200 mM
ferrocene, and (d) immersion for 3-5 min in HO(CH2)3CF3 containing
200 mM ferrocenium [BF4].

Figure 7. FT-IR spectra of a Si(111) ATR crystal after (a) etching in
N2-sparged 40% NH4F(aq) and (b) immersion in a saturated C6H5Cl
solution of PCl5 at 90 °C for 50 min followed by reaction of the
chlorinated surface in CD3OD containing 1 M LiOCD3 at 70 °C for 19
h.
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8d). First, the SiHx peak was greatly reduced in intensity.
Second, a new, sharper peak appeared at 2073 cm-1, and a broad
peak, centered at 2225 cm-1, appeared. These peaks have been
assigned above as νs(CD3) and νas(CD3), respectively. No
positive peaks in the C-H stretching region appeared in the
difference spectrum relative to the freshly etched surface, in
fact the presence of negative peaks in the region suggest that
the -CD3 groups replaced some adventitious hydrocarbon
present on the freshly etched crystal that was used as the
background. These spectral changes are consistent with those
observed after immersion of (111)-oriented Si into CD3OD-
FcBF4, CD3OD-I2, and CD3OD-Br2 solutions (Figure 1) and
after the two-step chlorination/LiOCD3 reaction sequence
(Figure 7).
Similar IR spectral changes were observed after immersing

a hydrogen-terminated Si ATR crystal for 15 min in CD3OD
solutions that contained either 25 mM I2 (Figure 8e) or 200
mM Br2 (Figure 8f). However, in contrast to the behavior of
Si(111) surfaces, the intensities of the C-D peaks produced
after exposure of the H-terminated Si(100) surface to CD3OD
solutions containing I2 or Br2 were larger than the peak
intensities produced after exposure to the methanolic FcBF4
solution.
The survey scan XP spectra collected on Si(100) surfaces

exposed to I2-CD3OD and Br2-CD3OD surfaces were similar
to those observed for the FcBF4-CD3OD exposed surfaces
(Tables 3 and 4). The size of the O and C peaks increased to
the same extent, and the O/C ratio increased from 2:3 to 3:1,
indicating that a hydrocarbon overlayer of similar composition
and quantity was formed in each case. Based on the C 1s/Si 2p

peak area ratio, the hydrocarbon coverage did not change
appreciably after exposure to the different treatments (ap-
proximately 2.5-2.9 monolayers) even though the oxygen-to-
carbon ratio increased noticeably. This is consistent with the
replacement of the adventitious hydrocarbons that have a
relatively low oxygen content by methoxy groups that have an
O/C stoichiometric ratio of 1:1. The oxidized Si peak observed
in the Si 2p region (Figure 9) was similar in size, shape, and
position to that obtained after exposure of Si(100) surfaces to
methanolic FcBF4 solutions, suggesting that a similar overlayer
species and coverage was obtained after the methanolic FcBF4,
I2, or Br2 treatments. However, the surfaces produced by these
various treatments are not identical. The surface exposed to
FcBF4-methanol exhibited a F peak (corresponding to ap-
proximately 20% of a monolayer of F), the surface exposed to
I2-methanol exhibited an I peak (corresponding to approxi-
mately 13% of a monolayer of I), and the surface exposed to
Br2-methanol exhibited a Br peak (corresponding to ap-
proximately 29% of a monolayer of Br) (Tables 3 and 4).
The Si(100) surfaces exhibited larger νs(CD3) and νas(CD3)

peaks in the IR spectra but smaller F, I, or Br XPS peak
intensities than those that were observed for analogously treated
Si(111) surfaces. The larger fractional coverage of -OCD3
groups and the smaller halogen coverage on the (100) surface
may result from the greater steric interactions between halogen
atoms on neighboring sites on the Si(100) surface or from a
greater inherent reactivity of the surface due to the angle of
bond inclination from the surface or a larger fraction of defect
sites on the 48% HF(aq)-etched Si (100) surfaces than that on
the 40% NH4F(aq)-etched Si(111) surfaces.
2. Exposure to CH3OH. Additional support for the-CD3 peak

assignments (2070 cm-1 (νs(CD3)) and 2225 cm-1 (νas(CD3)))
was obtained by exposing the hydrogen-terminated Si(100)
surface to CH3OH solutions (see Supporting Information).
Exposing the ATR crystals to CH3OH and Fc-CH3OH solutions
produced only a slight decrease in intensity of the SiHx peak.
Immersing the crystal into saturated FcBF4-CH3OH for 2 min,
CH3OH-I2 for 15 min, or CH3OH-Br2 for 15 min greatly
reduced the Si-Hx peak intensity and produced relatively strong
positive peaks in the C-H region in the difference spectra of
the treated crystal. No peaks appeared at 2070 or 2225 cm-1.
The changes in the XP spectra were identical to those observed
after immersion in CD3OD solutions.
3. Persistence of F, I, and Br on the Surface and Exchange-

ability of the -OCH3 Groups. Figure 10 shows the IR spectral
changes that occurred in the 2000-2300 cm-1 region for a Si-
(100) ATR crystal following washing of the-OCH3-terminated
surface with CD3OD and after immersing the -OCH3-
terminated crystal in CD3OD for 2 h. The broad silicon hydride
peak present on the freshly 48% HF(aq)-etched ATR crystal
(Figure 10a) was almost completely eliminated after exposure
to a CH3OH solution of FcBF4 for 5 min, followed by washing
with CD3OD (Figure 10b). As is apparent from the figure,
washing with CD3OD produced significant peaks at 2070 and
2225 cm-1 (in contrast to the Si(111) surface, vide supra),
indicating that on the time scale of exposure to CD3OD during
washing, substitution with -OCD3 of surficial -OCH3 or of
the surficial F-containing species occurred on the Si(100)
surface. The XP spectra obtained from these surfaces did not
differ significantly from those described in sections B.1 and
B.2 and are included in the averages given in Tables 3 and 4.
As seen in Figure 10c, immersing the -OCH3-terminated
surface into CD3OD for 2 h did not result in significant further
growth of the -CD3 peaks at 2070 and 2225 cm-1. The size of

Figure 8. FT-IR spectra of a Si(100) ATR crystal after (a) etching in
N2-sparged 48% HF(aq), (b) immersion for 5 min in CD3OD, (c)
immersion for 3-5 min in CD3OD containing 200 mM ferrocene, and
(d) immersion for 3-5 min in CD3OD containing 200 mM ferrocenium
[BF4] and (e) a different H-terminated ATR crystal after immersion
for 15 min in CD3OD containing 25 mM I2 and (f) a different
H-terminated ATR crystal after immersion for 15 min in CD3OD
containing 200 mM Br2.
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the F peak in the XP survey spectra and of the oxidized Si peak
in the high-resolution Si 2p spectra did not change after
immersion for 2 h. Thus, a limited amount of methoxide
exchange occurs more rapidly on the Si(100) surface than on
the Si(111) surface.
4. Chlorination Followed by Reaction with Lithium Alkoxide.

The two-step chlorination/methoxylation of Si(100)-oriented
crystals using LiOCD3 or LiOCH3 produced a 66% reduction
in the Si-Hx peak intensity. When the chlorinated surface was
reacted with LiOCH3, no peaks attributable to νs(CD3) and νas-
(CD3) appeared (see Supporting Information), while small peaks
appeared in the C-H region of the difference spectrum,

indicating an increase in the amount of hydrocarbon on the
surface. The analogous two-step process using LiOCD3 also
resulted in a reduction in the intensity of the IR Si-H peak
(Figure 11). Peaks arising from νs(CD3) and νas(CD3) grew in
at 2070 cm-1 and at 2220 cm-1, indicative of the presence of
surficial -OCD3 groups. Negative peaks appeared in the C-H
region in the difference spectra under such conditions.

TABLE 3: Ratio of XPS Raw Peak Intensities for Si(100) Surfaces and Calculated Monolayer Coverages
reaction Si 2s/Si 2p C 1s/Si 2p O 1s/Si 2p O 1s/C 1s F 1s/Si 2p I 4d/Si 2p I 3d5/2/Si 2p I 3d3/2/Si 2p Br 3d3/2/Si 2p Cl 2s/Si 2p

48% HF 1.21 ( 0.04 0.45 ( 0.10 0.32 ( 0.11 0.72 ( 0.16 0.05 ( 0.05
CH3OH-FcBF4 1.22 ( 0.03 0.40 ( 0.08 0.96 ( 0.10 2.42 ( 0.39 0.20 ( 0.04
CH3OH-I2
(8 mM)

1.22 ( 0.05 0.38 ( 0.03 0.90 ( 0.04 2.36 ( 0.10 0.05 ( 0.04 0.06 ( 0.02 0.29 ( 0.03 0.24 ( 0.07

CH3OH-I2
(63 mM)

1.20 ( 0.03 0.35 ( 0.03 1.16 ( 0.02 3.28 ( 0.23 0.05 ( 0.01 0.28 ( 0.02 0.22 ( 0.02

CH3OH-Br2 1.24 ( 0.03 0.42 ( 0.04 1.21 ( 0.08 2.92 ( 0.09 0.07 ( 0.01 0.114 ( 0.003
C6H5Cl-PCl5 1.20 ( 0.02 0.28 ( 0.08 0.34 ( 0.26 0.96 ( 0.08 0.01 ( 0.02 0.23 ( 0.02
Si-Cl + LiOCH3 1.20 ( 0.02 0.26 ( 0.06 0.43 ( 0.19 0.59 ( 0.43 0.01 ( 0.03

reaction

monolayers
hydrocarbon
(from

C 1s/Si 2p)a

equivalent
monolayersb O

(from
O 1s/Si 2p)b

monolayerscF
(from

F 1s/Si 2p)b

monolayersc I
(from

I 4d/Si 2p)b

monolayersc Br
(from

Br 3d3/2/Si 2p)b

monolayersc Cl
(from

Cl 2s/Si 2p)b

48% HF 2.9 0.79 0.057
CH3OH-FcBF4 2.7 1.9 0.22
CH3OH-I2 (8 mM) 2.6 1.8 0.057 0.13
CH3OH-I2 (63 mM) 2.5 2.2 0.11
CH3OH-Br2 2.8 2.3 0.080 0.29
C6H5Cl-PCl5 2.4 0.89 0.011 0.77
Si-Cl + LiOCH3 1.9 1.0 0.037
a Calculated using eq 3,78 where the sensitivity factors were 1.00 for C 1s and 0.90 for Si 2p, the escape depth of the Si 2p electron through the

hydrocarbon overlayer was taken to be 3.5 nm,81,82 the molar density of Si is 8.30 × 10-2 mol cm-3, the molar density of the overlayer was
estimated to be 3.3 × 10-2 mol cm-3,81 and the thickness of a monolayer was taken to be 0.48 nm.81 bMonolayer coverages g1.0 were calculated
using eq 3 and monolayer coverages <1.0 were calculated using eq 5.78 The sensitivity factors were 2.52 for O 1s and 0.90 for Si 2p,78,79 the escape
depth of the Si 2p electron through the overlayer was taken to be 2.6 nm,78 the atomic density of Si is 5.0 × 1022 atoms cm-3, the atomic density
of O is 3.46 × 1022 atoms cm-3,80 and the thickness of a monolayer (dov in eq 3 and aov in eq 5) is estimated as 0.31 nm.78 cMonolayer coverages
were calculated using eq 5,78 where the sensitivity factors were 3.40 for F 1s, 1.70 for Cl 2s, 2.84 for Br 3d, 4.69 for I 4d, and 0.90 for Si 2p,78,79
the escape depth of the Si 2p photoelectrons through the overlayer was taken to be 2.1, 2.6, 2.7, 2.7, and 3.2 nm for F, Cl, Br, and I, respectively,78
the atomic densities (atoms cm-3) were F ) 5.28 × 1022, Cl ) 3.43 × 1022, Br ) 3.04 × 1022, I ) 2.34 × 1022, and Si ) 5.0 × 1022,80 and the
atomic diameter of the atoms forming the overlayer was estimated to be 0.26, 0.31, 0.32, and 0.35 nm for F, Cl, Br, and I, respectively.78

TABLE 4: Coverage of Oxidized Si from High-Resolution
XPS of Si(100)

reaction SiOx 2p/Sibulk 2p
% monolayera

SiOx

% monolayerb
Si1+

48% HF etched 0 0 0
CH3OH-FcBF4 0.062 ( 0.008 34 ( 4 34 ( 4
CH3OH-I2
(8 mM)

0.050 ( 0.002 27 ( 1 28 ( 1

CH3OH-I2
(63 mM)

0.098 ( 0.002 51 ( 2 54 ( 1

CH3OH-Br2
(200 mM)

0.099 ( 0.003 52 ( 2 55 ( 2

C6H5Cl-PCl5 0.075 ( 0.025 39 ( 12 42 ( 14
Si-Cl + LiOCH3 0.011 ( 0.006 5.0 ( 1.5 6.1 ( 1.2

a Calculated using eq 8, where the escape depth of the Si 2p electron
through an oxide overlayer was taken to be 2.6 nm,84 θ ) 35°, the
peak ratio of pure Si to pure SiO2 (I°Si/I°ov) in the Si 2p region was
determined to be 1.3,83 and the thickness of a monolayer of SiO2 was
estimated to be 0.35 nm.83 b Calculated using eq 11, in which 18% of
the total unattenuated photoelectrons are calculated to originated from
the surface atoms (6.9 × 1014 atoms cm-2) on Si(100). The ratio of the
Si 2p peak arising from oxidized Si to the Si 2p peak arising from
bulk Si was divided by 0.18 to determine the fraction of surficial Si
atoms in an oxidized state. Figure 9. High-resolution Si 2p XP spectra of a Si(100) ATR crystal

after (a) etching in N2-sparged 48% HF(aq) and (b) immersion for 5
min in CD3OD, for 3-5 min in CD3OD containing 200 mM ferrocene,
and then for 3-5 min in CD3OD containing 200 mM ferrocenium [BF4]
and (c) a different H-terminated ATR crystal after immersion for 15
min in CD3OD containing 25 mM I2 and (d) a different H-terminated
ATR crystal after immersion for 15 min in CD3OD containing 200
mM Br2.
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In the XP survey spectra, the O/C ratio increased from 2:3
to 1:1 upon chlorination and then increased to 2:1 after
alkoxylation (vs 3:1 after immersing the H-terminated Si(100)
crystal in methanol containing FcBF4, I2, or Br2) (Tables 3 and
4). This smaller increase in the O/C ratio likely results from
the larger amount of low-oxygen-fraction adventitious hydro-
carbon present on the surface (approximately 3.7 monolayers).
The chlorine was completely removed during the reaction with
LiOCD3. The amount of oxidized Si in the high-resolution scans
of the Si 2p region was much less than that observed for Si-
(100) surfaces that had been exposed to CH3OH-FcBF4
treatment (Table 4). The lower surface coverage obtained using
the two-step procedure on the Si(100) surfaces is in contrast to
the results with the Si(111) surface, for which nominally
identical coverages were obtained for the two-step method
relative to immersion into methanolic FcBF4, I2, or Br2 solutions.
A lower Cl coverage is apparently obtained on Si(100) than on

Si(111) by reaction with PCl5-C6H5Cl, as can be seen by
comparing Tables 1 and 3.

IV. Discussion

A. Oxidative Activation of H-Terminated Si toward
Alkoxyation. The Si surfaces studied in this work clearly formed
Si-OR bonds upon exposure to alcoholic solutions that
contained mild oxidants. In CH3OH, CD3OD, CF3(CH2)3OH,
C4H9OH, or C4D9OD, addition of the one-electron oxidant Fc+
or of the oxidizing species I2 or Br2 produced diagnostic changes
in the IR spectra that clearly indicated formation of surficial
Si-OR groups. Under our reaction conditions, both the presence
of a nucleophilic alcohol and the presence of an oxidant were
required to produce a detectable surface alkoxylation product.
For example, exposure of Si(100) or Si(111) surfaces to
saturated solutions of FcBF4 in THF produced a broadening
but no significant reduction in the integrated intensity of the
Si-H stretch in the IR spectra.
A balanced chemical reaction that describes the observed

surface chemistry is

where Fc is ferrocenium, representing the prototypical one-
electron oxidant used in this work.
The reactivity of oxidatively activated H-terminated crystal-

line Si with nucleophiles is consistent with prior observations
of the reactivity of crystalline Si electrodes and of porous Si
surfaces either under anodic bias or under illumination.24,77,99,100
For example, H-terminated Si(111) electrodes26 and porous Si
electrodes have been reported previously to form Si-OCH3
bonds under anodic oxidation conditions.77 Similarly, anodically
biased, H-terminated, n-type porous Si and crystalline Si(100)
electrodes have been observed to undergo light-induced esteri-
fication with carboxylic acids.24 Alkynes also have been reported
to participate in anodic “electrografting” onto H-terminated
porous Si.99 The electrode potentials at which these surface
reactions proceed are comparable to the redox potentials of the
oxidizing solutions used in this work, consistent with the
expectations for oxidative activation of surficial Si-H bonds
to nucleophilic attack. The observations reported herein are also
consistent with the nucleophilic attack of unbiased porous Si
surfaces by alkenes and alkynes in the presence of white light.100
The formal reduction potential of the photogenerated hole
formed from band-gap excitation of Si is close to the potential
of the Si valence band,72,93 so formation of an electron-hole
pair will produce an oxidant that can initiate the chemical
transformation of eq 12 without addition of an applied potential
or an external oxidant to the system. A radical-type transforma-
tion that involves homolytic cleavage of the surficial Si-H bond
would instead be expected to require high-energy UV excita-
tion.8,9,77,100
Horrocks and co-workers have reported the formation of

silicon alkoxides on both porous and crystalline Si surfaces
exposed to alcohol solutions that did not contain deliberately
added oxidants.28-30,101 Other groups have observed thermal
alkoxylation of H-terminated porous Si or H-terminated crystal-
line Si with neat alcohols.16,25,27 For example, H-terminated
crystalline Si(111) was alkoxylated by exposure to neat decanol
at 85 °C for 16 h,16,25 and porous Si was alkoxylated by exposure
to neat decanol for 0.5-24 h at 20-90 °C.27 Our experiments
were performed in e15 min at 25 °C using anhydrous alcohols
that were stored over molecular sieves in a N2(g) atmosphere,
and the Si(111) surfaces were carefully etched to produce a sharp

Figure 10. FT-IR spectra of a Si(100) ATR crystal after (a) etching
N2-sparged 48% HF(aq), (b) immersion for 5 min in a CH3OH solution
containing FcBF4 and then washing with CD3OD, and (c) immersion
for 2 h in CD3OD.

Figure 11. FT-IR spectra of a Si(100) ATR crystal after (a) etching
in N2-sparged 48% HF(aq) and (b) immersion in a saturated C6H5Cl
solution of PCl5 at 90 °C for 50 min followed by reaction of the
chlorinated surface in CD3OD containing 1.0 M LiOCD3 at 70 °C for
24 h.

tSi-H + 2Fc+ + HORf Si-OR + 2Fc0 + 2H+ (12)
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Si-H peak in the IR spectrum, while polished Si(100) crystals
were freshly etched in 48% HF(aq). Under these experimental
conditions, no detectable reaction of crystalline H-terminated
Si(111) or Si(100) surfaces with alcohols was observed without
the addition of oxidants to the solution or without the use of
anodic electrochemical or photoelectrochemical conditions.
Consistently, Zhu and co-workers have reported that reaction
of H-terminated crystalline (111)-oriented Si with neat alcohol
for g14 h at 40-80 °C produced negligible surface function-
alization compared to a two-step procedure that involves
chlorination followed by reaction with neat alcohol.23 Similarly,
Chazalviel and co-workers reported no significant reaction
between porous Si and methanol in the absence of anodic
current.77 The same reaction chemistry was observed herein, to
first order, for (111)-oriented Si surfaces in which the sharp
Si-H stretch contained 80% of the total observed intensity in
the entire Si-H region of the IR spectrum (cf. Figure 4a) or
for samples that had a lower fraction of the total IR intensity in
the Si-H stretching region as monohydridic Si-H species (cf.
Figure 1a). The differences in reactivity between the various
investigations of Si surface chemistry most likely arise from
differences in the reaction temperature, the surface roughness,
and the surface strain of the Si being studied or in the amount
of molecular oxygen dissolved in the alcohol. For example, the
number of etch pits in terraces of an otherwise ideally H-
terminated crystalline Si(111) surface is a strong function of
the dissolved oxygen concentration.51 In addition, the reactivity
of porous Si may not serve as a robust model for the reactivity
of crystalline (111)-oriented Si, as evidenced by the observation
that only a fraction of the Si-H sites on porous Si surfaces are
generally observed to participate in many chemical transforma-
tions.31-34

B. Comparison between the Reaction Chemistry of Fc+,
I2, and Br2 Solutions with Crystalline Si(111) and Si(100)
Surfaces. Prior work has generally ascribed the surface
chemistry of Si exposed to methanolic or ethanolic solutions
of Br2 or I2 to formation of Si-X (X ) I, Br) bonding.42-44
Reflection high-energy electron diffraction data of H-terminated
Si(111) after immersion in 0.01 M CH3OH-I2 solution only
show a 1 × 1 superstructure,92,102 and such data thus are not
conclusive as to the formation of an overlayer under these
conditions. Adsorption of I onto the Si(111) 7 × 7 surface under
UHV conditions produces a small coherent fraction (0.18
monolayer) of I bound covalently to the atop position of the
unreconstructed surface.16 Similarly, X-ray standing wave
(XSW) data on H-terminated crystalline Si(111) surfaces after
immersion into CH3OH-Br2 solutions indicate that a small
coherent fraction (<0.3 monolayer) of covalently bound Br
atoms are located above Si atop sites.52-56 Furthermore, ion-
channeling experiments with a total Br coverage of 34% of a
monolayer have demonstrated that 80% of the Br atoms lie at
the intersection of the (110) and (111) planes, thereby locating
them at 2.35 Å directly above Si atop sites.93,103 However, the
coverage of coherently scattering Br observed in these experi-
ments was only found to be e27% of a monolayer, and the
chemistry of the remaining portion of the surface was not
identified.52-56

Our studies are consistent with the previous XSW data, but
reveal an additional chemical transformation for these Si
surfaces. The IR spectra clearly indicate the formation of
surficial Si-OR bonds in such systems, as evidenced by the
disappearance of Si-H stretches along with the formation of
the diagnostic C-D stretch (for -OCD3 groups) at 2070 and
2225 cm-1 (when deuterated alcohols are used as the alkoxy-

lating reagent). The comparable amplitudes of the νs(CD3) and
νas(CD3) IR peaks observed for Si surfaces exposed to Fc+, Br2,
and I2 indicate that a significant portion of the surface sites have
formed Si-OR bonds under these reaction conditions. The XPS
data for the Si(111) surface do not show a clearly resolved
oxidized Si peak at a position of ∼100-101 eV, which would
be the expected peak position if an average oxidation state
formula were used to estimate the Si 2p binding energy of a
surficial Si-OCH3 species. However, independent preparation
of the alkoxylated surface from treatment of the chlorinated
surface with neat alcohol indeed shows that the Si-O-CH3
XPS peak on methoxylated Si surfaces is not well-separated
from the bulk Si 2p peak. This observation is consistent with
prior XPS studies, which have shown no peaks at high energies
in the Si 2p region for Si surfaces exposed to Fc+-CH3OH
solutions;81,94 thus, at this instrumental resolution, XP spectra
alone cannot generally provide diagnostic information on the
formation of surficial Si alkoxide groups.
The relative XPS peak intensity ratios provide some indication

of the coverage of the different species on the surfaces of
interest. The variation in peak areas for the halogen-derived XPS
signals relative to the Si 2p XPS signals was rather small over
replicate samples, so the resulting peak intensity ratios are
therefore considered to be quite reliable. The data clearly
indicate that a significant coverage of halogens was present on
surfaces that had been exposed to I2-CH3OH and Br2-CH3-
OH solutions, in addition to the Si-OCH3 groups detected
primarily by infrared spectroscopy. Converting XPS peak
intensities into absolute surface coverages (expressed either as
overlayer thicknesses or as fractional monolayers of the species
of interest) requires the use of a structural model for the substrate
and overlayer and requires estimation or experimental deter-
mination of several additional quantities such as escape depths.
Given the well-documented sources and magnitudes of the errors
involved in absolute coverage calculations,78 the surface cover-
ages derived herein for the halogen coverages are only
considered accurate to within a factor of 2. Similarly, although
the parameters involved in determining the coverage of oxidized
Si are well-known for the instrument used in this work and
although the coverage calculation involves estimation of fewer
parameters because photoelectron cross sections are not needed
when the methodology described herein is used to analyze the
Si 2p region of the high-resolution XPS data, the relatively small
absolute peak area of oxidized Si observed for the samples
investigated in this work resulted again in overall relative
coverage estimates that are only considered accurate to within
a factor of 2. Additionally, the alkoxylated surfaces were
relatively susceptible to oxidation, so the amounts of oxidized
Si observed quoted in this work are upper limits to the actual
amount of alkoxylation that results from contacting with the
various solutions of interest in this study.
On a nonreconstructed Si(111) surface,-OCH3 groups cannot

terminate every Si atop site because of the Si-Si atop distance
being significantly smaller than the van der Waals diameter of
a methoxyl group. Molecular modeling indicates that the
maximum reasonable packing is obtained when every next-
nearest-neighbor Si atop site is methoxylated, which would
produce a 33% coverage of methoxylated surface atoms relative
to the total number of Si(111) atop sites. The fractional
coverages of oxidized Si observed in the high-resolution XPS
scans of Si(111) surfaces exposed to CH3OH-Fc+ solutions
(Table 2) are thus consistent with values expected for an
alkoxylation process. The wide-scan XPS data (Table 1) indicate
additionally that surfaces exposed to methanolic solutions of
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Br2 or I2 possess significant silicon-halogen surface bonding.
Given the errors in estimation of surace coverage by XPS, it is
not appropriate to speculate on the precise structural features
of such mixed-stoichiometry surfaces. However the XPS data
are consistent with prior XSW data that have identified a
relatively small fraction of the Si-X bonds as being located
on atop sites on such surfaces. The (100)-oriented Si surfaces
are less atomically smooth than the highly terraced surfaces that
are obtained after NH4F(aq) treatment of (111)-oriented Si, so
it is difficult to formulate a quantitative structural interpretation
of the surfaces produced by exposure of HF-etched Si(100)
surfaces to the oxidizing solutions studied in this work. For the
(100)-oriented Si surface exposed to methanolic solutions of
Br2 or I2, the XPS data indicate even less coverage of silicon-
halogen bonds than for the Si(111) surface, and the enhanced
IR intensity of the C-D stretches observed on (100)-oriented
Si suggests that the majority of the detectable species on this
surface are Si-OR groups.
C. Mechanisms for the Alkoxylation Reaction. At least

three possible mechanisms, depicted in Schemes 2-4, can be
considered to account for the observed reactivity of the Si
surface. In Scheme 2, the surficial Si-H is first oxidized by an
electron acceptor to form a [Si-H]+ species. This [Si-H]+
species is then susceptible to nucleophilic attack by methanol,
with subsequent loss of a proton, accompanied by another one-
electron oxidation and proton loss, producing the final alkoxy-
lated Si surface. The five-coordinate Si intermediate has ample
precedent in the chemistry of molecular Si species.104
An alternative pathway, which is analogous to that proposed

for the electrochemical etching of Si in aqueous base94,96,105,106
or in aqueous fluoride97,98,107,108 solutions and which has been
proposed to explain the anodic methoxylation of porous Si, is
depicted in Scheme 3.77 In this mechanism, following production
of the [Si-H]+ species, the second electron in the Si-H bond

is transferred into the conduction band of Si during the
nucleophilic attack rather than being immediately captured by
a second equivalent of oxidant.
Scheme 4 depicts a radical-based reaction pathway in which

I• abstracts a hydrogen atom from a Si-H bond, followed by
subsequent attack of the surficial Si radical by a second I• to
form a surficial Si-I group. This Si-I species can then either
persist or react subsequently with alcohol to form HI and the
alkoxylated Si-OR species. This pathway provides an explana-
tion for the formation of surficial Si-X (X) I, Br) bonds during
reaction of Si surfaces with alcoholic solutions of I2 or Br2 but
obviously does not pertain to the Si surface reactivity that is
observed during exposure to alcoholic ferrocenium solutions.
It is also not clear how much, if any, of the surficial Si
alkoxylation that is observed in alcoholic I2 or Br2 solutions
proceeds through the formation of intermediate Si-X species,
as opposed to being formed through the oxidative activation
pathways (Schemes 2 or 3).
In the reaction pathways of either Scheme 2 or Scheme 3,

the role of I2 to produce the initial activated [Si-H]+ species
and to effect subsequent oxidation and alkoxylation could be
served in principle by any other one-electron oxidant capable
of oxidizing the surficial Si-H bonds, such as Fc+. Electro-
chemical data indicate that the potential required to oxidize the
surface bonds is approximately -0.3 V vs SCE in the light (at
n-type Si) and is ∼0.1 V vs SCE in the dark (at p-type Si).26,77
Interestingly, a model compound, ((CH3)3Si)3SiH, was inert
toward nucleophilic attack in tetrahydrofuran in the presence
of Fc+, as monitored by 1H NMR spectrometry. ((CH3)3Si)3SiH
also did not display an anodic oxidation wave in CH3OH-0.1
M LiClO4 at potentials negative of those required to oxidize
the solvent/electrolyte. To the extent that the localized molecular
chemistry of the Si-H bonds on the (111)-oriented Si surface
is well-modeled by the reactivity of the Si-H bond in ((CH3)3-
Si)3SiH, the electrochemical data suggest that the one-electron
oxidation product in the rate-determining step of the reaction
(presumably the first oxidation process when anodic oxidation
or one-electron outer-sphere oxidants or both are used) is
stabilized by the presence of a band of orbitals in the crystalline
Si solids under study. This would be consistent with either
Scheme 2 or Scheme 3. To the extent that similar band-related
stabilization occurs for other intermediates in the reaction
pathway, the mechanism of Scheme 3 would be favored
thermodynamically relative to the mechanism depicted in
Scheme 2. The known ionization of HBr and HI in methanol
provides precedent for the deprotonation of the [Si-H]+ species
in Scheme 3 by the alcohol solvent. Furthermore, the energetics
for this deprotonation process, combined with that for hole
formation and localization at a Si surface atom in the presence
of an oxidant, are likely more favorable than the energetics for
H atom abstraction by I• radicals, suggesting that the mechanism

SCHEME 2

SCHEME 3

SCHEME 4
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depicted in Scheme 3 may be favored in polar solvents relative
to the mechanism depicted in Scheme 4 for energetic reasons.
It has also been proposed that alkoxylation of Si proceeds as

part of a dissolution process.27 However, previous work in our
laboratory has shown that crystalline (100)-oriented Si surfaces
in contact with either CH3OH-Fc+/0 or CH3OH-Me2Fc+/0
electrolytes, which produce alkoxylated Si surfaces (vide supra),
exhibit a (negligible) average etching rate of ∼6.6 × 10-6 nm
s-1.109
D. Relationships between the Electronic and Chemical

Properties of Alkoxylated Si(111) Surfaces. Si surfaces in
contact with alcoholic I2 or Br2 solutions have been shown to
display low effective surface recombination velocities under both
low-level and high-level injection conditions.41-46 This behavior
has generally been ascribed to the passivating effects of Si-X
bonding, producing an electrically active defect level of ap-
proximately 1 in 105 surface Si atoms.42-44
The present data clearly indicate that formation of Si-X

bonding alone is not sufficient to provide a robust correlation
between the electronic and chemical properties of such surfaces
because Si surfaces in contact with CH3OH-Me2Fc+/0 electro-
lytes also display low effective surface recombination velocities
after photoelectrochemical stabilization in CH3OH-Me2Fc+/0.69
As demonstrated above, such surfaces possess Si-OCH3 bonds,
and no Si-X (X ) Br, I) bonds are formed under such
conditions. The observation that n-Si photoanodes in contact
with acetone-75 mM ferrocenium+/0 solutions are dominated
by surface recombination processes110 whereas n-Si/CH3OH-
Me2Fc+/0 or n-Si/propylene carbonate-methanol-Me2Fc+/0
contacts exhibit bulk recombination-limited junction behav-
ior69,70 is also consistent with the hypothesis that alkoxylation
produces a surface having superior electronic properties to the
surface obtained from immersion of H-terminated Si into such
electrolytes. A reasonable hypothesis is therefore that alkoxy-
lation, as opposed to Si-X (X ) Br, I) bond formation, is
correlated with low recombination velocities of such Si surfaces.
The situation in contact with these redox-active electrolytes

is complicated, however, by the presence of band bending of
the Si due to electrochemical exchange reactions between charge
carriers in the Si and the redox-active species in the electrolyte.
Recent work has in fact shown that electrochemical charge
transfer and concomitant formation of a carrier inversion layer
at the Si surface are predominantly responsible for producing
the low effective surface recombination velocities for n-Si
surfaces in contact with electrolytes having electrochemical
potentials close to the Si valence band energy.111 This is the
case for n-Si exposed to methanolic solutions containing Fc+,
I2, and Br2, so the effects of electrical trap levels in such systems
are largely screened by inversion layer formation, which, in turn,
produces a low effective surface recombination velocity over a
wide range of values of the actual surface electrical trap density.
Measurements of the surface recombination velocity in

contact with a N2(g) ambient eliminate the effect of inversion
layer formation and reveal significant differences in surface
recombination velocity between Si samples that have been
exposed to CH3OH-Fc+ or CH3OH-I2 solutions.111 Such
studies have shown that exposure to CH3OH-Fc+ electrolytes
produces a surface having an initial recombination velocity in
N2(g) of 70 cm s-1, whereas surfaces exposed to CH3OH-I2
have a much higher S value (810 cm s-1). The mixed-
stoichiometry surface obtained from exposure of (111)-oriented
Si to CH3OH-I2 therefore has a relatively high surface electrical
defect density and is not suitable for use in many electronic
device applications. In contrast, the alkoxylated Si(111) surface

obtained from immersion into the one-electron oxidant Fc+ has
a much lower S value, consistent with the more homogeneous
surface chemistry produced by this procedure. The air stability
of the alkoxylated Si surface, however, is inferior to that of the
alkylated Si surface112 and in fact is inferior to the H-terminated
Si(111) surface,112 so alkylation, and specifically methylation,
is preferred with respect to alkoxylation to obtain air stable,
electronically superior Si surfaces. Additionally, the lack of
efficient packing of alkoxyl groups on the Si(111) surface
produces higher initial surface recombination velocities and
inferior surface stabilities to oxidation than are available from
methylated Si surfaces.111,113 Thus, alkoxylated Si surfaces are
useful for controlling the initial electronic behavior of such
surfaces, but further approaches to chemical stabilization will
be required to effect long-term stability in air from such
alkoxylated Si systems.

V. Conclusions

H-terminated Si(111) and Si(100) surfaces react to form Si-
OR groups upon exposure to alcohol solutions containing the
oxidizing agents Fc+, I2, or Br2. Under our reaction conditions,
no detectable reaction occurred upon immersion of the H-
terminated surfaces into anhydrous, oxygen-free alcohols or
upon immersion into alcoholic solutions that contained non-
oxidizing species such as ferrocene. A mixed-stoichiometry
surface is produced by immersion of H-terminated Si surfaces
into alcoholic solutions that contain I2 or Br2, consistent with
prior X-ray standing wave measurements and other data on Si
surfaces exposed to alcoholic solutions of Br2. Formation of
Si-X (X ) Br, I) bonding alone is not sufficient to provide a
robust correlation between the electronic and chemical properties
of such crystalline Si surfaces, whereas formation of silicon-
alkoxyl bonds appears to be a common motif for surfaces often
used in electronic and electrochemical studies of Si.
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