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Benzenethiol (C6H5SH) and diphenyl disulfide (C6H5S-SC6H5) were used as model systems to compare the
interaction of chemically similarπ-conjugated molecules with the Si(001)-2×1 surface. The bonding behavior
of these substituted aromatic hydrocarbons on the Si(001) surface was investigated using Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and scanning tunneling microscopy
(STM). Both FTIR and XPS indicate that benzenethiol molecules chemisorb on the Si(001) surface
predominantly through the sulfur atom via deprotonation of the thiol substituent group. There also is evidence
that a small minority of benzenethiol molecules may adsorb on the surface through the phenyl ring or undergo
further fragmentation. Diphenyl disulfide appears to bond to the Si(001) surface in one primary configuration
in which the S-S bond of diphenyl disulfide is cleaved and the two sulfur-phenyl moieties are bonded to
the silicon surface through the sulfur atoms. Thermal studies indicate that the sulfur-tethered aromatic rings
of benzenethiol and diphenyl disulfide are stable to temperatures above 520 K. Furthermore, STM studies
show that these molecules chemisorb to the silicon surface within a single dimer row and, in the case of
diphenyl disulfide, appear to form ordered rows of sulfur-tethered aromatic rings. This new chemistry
demonstrates remarkable potential as a means of selectively attachingπ-conjugated systems to technologically
useful semiconductor surfaces.

Introduction

The Si(001) surface is the starting material for most micro-
electronic devices.1 Although present microelectronic manu-
facturing techniques utilize inorganic precursors, there has been
increased interest in employing organic materials for a variety
of microelectronic and molecular electronic applications, includ-
ing organic-based transistors, light-emitting diodes, and chemi-
cal/biological sensors.2,3 While the physical properties of
individual molecules often can be measured and predicted, to
be technologically useful it is necessary to be able to understand
and control how these properties are affected by bonding to
the surface. Accordingly, there is great interest in developing
new methods for selectively attaching molecules to surfaces in
such a way that the desired physical and chemical characteristics
of the molecule are preserved.

For applications in molecular electronics, the electrical
conductivity of molecules and molecular layers is of paramount
importance. Electrical conductivity in organic molecules is
typically associated with conjugatedπ-electron systems that
permit delocalization of the electrons. Aromatic rings are often
incorporated into these molecules because the rigidity and
multiplicity of electron paths facilitate electron transport.4

Consequently, molecules with conjugatedπ-electron systems
have electrical characteristics such that they can be considered
to behave like “molecular wires”.5-11 Several recent studies have
focused on measuring the electrical conductivity ofπ-conjugated
molecules tethered to gold surfaces through external sulfur
atoms10,11and even have shown that such molecules can be used

as resonant-tunneling transistors.12 Electrical conductivity via
indirect interactions between aromatic rings, or “π-stacking”,
also has been implicated as playing an important role in electron
transport in biological molecules, such as DNA.13-15 Transport
via this indirect process is generally less favorable than that in
directly conjugated systems, as evidenced by the anisotropic
conductivity in graphite.16 Because of these interesting electrical
properties, the behavior of benzene and related aromatic systems
is of fundamental importance in the field of molecular electron-
ics and has relevance in fields as diverse as the biological
sciences and polymer chemistry.

For π-conjugated molecules to be used as conductors or
semiconductors, they must retainπ-conjugation, even after
adsorption. Benzene, a simpleπ-conjugated ring, is known to
chemisorb on the Si(001) surface by forming Si-C bonds.17-24

However, the formation of these new Si-C bonds results in
the loss ofπ-conjugation and therefore is expected to dramati-
cally decrease the electron transport capabilities of the molecule.
The remainingπ-electrons of the chemisorbed benzene are no
longer delocalized over the entire molecule but, instead, remain
in isolated double bonds.

Because the electronic properties of molecules such as
benzene often are compromised upon chemisorption, there is
interest in developing chemical attachment strategies that involve
well-defined molecule-surface interfaces that preserve the
desired electronic characteristics of the free molecule.3 One
approach is to utilize specific functional groups that are not an
intrinsic part of the delocalizedπ-system but which can tether
the molecule of interest to the surface. For example, styrene
(C6H5CHdCH2) is known to selectively bond to the Si(001)
surface through the external vinyl substituent group.25 Because
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the CdC bond external to the ring exclusively interacts with
the surface, theπ-conjugation of the aromatic ring remains
unperturbed upon chemisorption.

Previous studies have used external substituent groups to
successfully linkπ-conjugated molecules to gold.5-9,26-28 In
particular, sulfur-containing functional groups, such as thiol,
sulfide, or disulfide end groups, have been widely used to
selectively tether large multifunctional organic molecules to gold
surfaces.29-31 In some cases, these sulfur-terminated molecules
will pack into well-ordered and well-oriented organic mono-
layers.32,33One of the reasons these self-assembled monolayers
pack so well is that the Au-S bond is weak, allowing for
diffusion of the molecules on the surface. However, as a result
of the weakly covalent Au-S bond (30-35 kcal/mol for
aliphatic adsorbates), the monolayer is susceptible to degradation
by heat or exposure to ozone.29,34,35

Stronger covalent bonds between sulfur groups and a surface
could increase the robustness of the monolayer. Selective
adsorption of sulfur-containing molecules to the Si(001) surface
results in strong covalent S-Si bonds (∼54 kcal/mol),36

producing more stable organic films. Furthermore, the inherent
order of the Si(001) surface could serve as a template for
preparing tethered arrays of organic molecules on the surface
with greatly enhanced chemical and structural homogeneity. In
this paper we explore a chemistry for linkingπ-conjugated
molecules to the Si(001) surface using thiol (SH) and disulfide
(SS) functional groups.

Experimental Section
Three different techniques were used to characterize the

interaction of benzenethiol (C6H5SH) and diphenyl disulfide
(C6H5S-SC6H5) with the Si(001) surface. The chemical com-
position and oxidation states of the adsorbed species were
examined using X-ray photoelectron spectroscopy (XPS).
Multiple internal reflection Fourier transform infrared (MIR-
FTIR) spectroscopy was used to probe the vibrational modes
of benzenethiol and diphenyl disulfide adsorbed on the Si(001)
surface. The spatial distributions of the adsorbed molecules on
the Si(001) surface were imaged using a home-built scanning
tunneling microscope. All experiments were performed in ultra-
high-vacuum (UHV) chambers with base pressures of<3 ×
10-10 Torr.

Silicon(001) Samples.Silicon is tetrahedrally coordinated.
The Si(001) surface undergoes a surface reconstruction in which
the two dangling bonds of one silicon atom interact with the
two dangling bonds of an adjacent silicon atom to produce a
single silicon dimer (SidSi). This interaction results in a (2×1)-
reconstructed surface of highly ordered rows of silicon dimers.37,38

The studies presented in this paper were performed using
Si(001) wafers oriented to the (001) surface within(0.5°
(Wacker Chemitronics). Silicon samples used in XPS and
scanning tunneling microscopy (STM) experiments were cut
from polished n-type, Sb-doped, low-resistivity wafers (0.010-
0.020Ω cm). Lightly doped wafers were used in MIR-FTIR
studies to minimize free-carrier absorption. The MIR-FTIR
silicon samples were cut from p-type, B-doped wafers (15Ω
cm) that were polished on both large (0.9 cm× 2.0 cm) faces.
The two small edges (0.9 cm× 0.7 mm) of the samples were
polished at 45° off the (001) face to create a trapezoidal prism
for use in a multiple internal reflection geometry.39,40 All
samples were rinsed in electronic grade methanol and cleaned
of residual surface carbon contamination by exposure to ozone
for 15 min. After being transferred to a vacuum, the samples
were outgassed overnight at 850 K and then annealed at 1400
K to remove the oxide layer. This procedure has been shown

to produce a clean, well-ordered (2×1)-reconstructed Si(001)
surface.41

Techniques. XPS measurements were performed using a
Physical Electronics system with a monochromatized Al KR
source and a hemispherical analyzer with a 16-channel detector
array. The silicon(2p) and carbon(1s) regions were probed with
a pass energy of 5.85 eV. A broad, intense peak, due to emission
from a silicon plasmon, interferes with the sulfur(2p) signal.
Therefore, the lower-intensity sulfur(2s) region was measured.
To increase signal intensity, the hemispherical analyzer pass
energy was increased to 23.5 eV when the sulfur(2s) region
was scanned. After a Shirley background correction was per-
formed,42 the XPS data were fit to Voight (Gaussian-Lorentzian
convolution) peak shapes using a commercial software package
(Wavemetrics). The quality of fit was evaluated using a reduced
ø2.43 Reducedø2 values of 1.0 or less indicate that the fit is
statistically equivalent to the observed spectrum.

The Si(2p) region was measured in each XPS study and used
as an internal standard for both binding energies and integrated
peak intensities. The two Si(2p) peaks were corrected to the
bulk binding energies of 99.4 and 100.0 eV corresponding to
the Si(2p)3/2 and Si(2p)1/2 lines, respectively. The same correc-
tion, typically less than 0.6 eV, was applied to the binding
energies of the C(1s) and S(2s) peaks. This correction ensures
that the core-level shifts reported here are due solely to changes
in the local chemical environment and not changes due to band-
bending effects resulting from adsorption.

For MIR-FTIR studies, infrared light from a Mattson RS-1
FTIR spectrometer was coupled into the narrow edge of a clean,
polished silicon sample. Infrared light entered and exited the
UHV chamber via BaF2 windows and, after exiting the chamber,
was collected with a cooled InSb detector.40 All MIR-FTIR
spectra were acquired with 4 cm-1 resolution. Spectra of liquid
benzenethiol and solid diphenyl disulfide were obtained under
ambient conditions using a Nicolet 740 FTIR with a triglycine
sulfate (TGS) detector at 1 cm-1 resolution.

STM was used to image benzenethiol and diphenyl disulfide
on the Si(001) surface at submonolayer coverages. Images were
obtained with a tunneling current of 100 pA. Although images
were acquired with sample biases ranging from-1.5 to -4.5
V, the best images were obtained at sample biases between-2.2
and-2.8 V.

Molecules Studied.Benzenethiol (C6H5SH, 99+%), diphenyl
disulfide (C6H5SsSC6H5, 99%), and styrene (C6H5CHdCH2,
99%) were purchased from Aldrich; each compound was further
purified by at least three freeze-pump-thaw cycles. The
structures of benzenethiol and diphenyl disulfide are presented
in Figure 1.

Isotopic studies were conducted to distinguish between
decomposition by S-H and C-H bond cleavage. Deuterated
benzenethiol (C6H5SD) was prepared by shaking equal volumes
of benzenethiol (99+%, Aldrich) and deuterium oxide (99.9%,
CDN) for 4-6 h.44,45 The benzenethiol was decanted, and a
new aliquot of deuterium oxide was added. This procedure was
repeated two more times with the same benzenethiol sample.
After decanting for the third time, a small amount of anhydrous
magnesium sulfate was added to absorb any remaining deute-
rium oxide. The solution was decanted and then fractionally
distilled under a reduced pressure of approximately 30 Torr.

Figure 1. Structure of (a) benzenethiol and(b) diphenyl disulfide.
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The benzenethiol-SD fraction had a boiling point of 72°C at
30 Torr. 1H NMR spectra of the benzenethiol-SD sample
showed a series of ring peaks between 7.315 and 6.898 ppm
and a small S-H peak intensity at 3.423 ppm. By comparing
the integrated areas of the ring peaks and the S-H peak, we
concluded that the benzenethiol-SD is approximately 92%
deuterated.2H NMR spectra showed that the hydrogen-
deuterium substitution occurs only on the thiol substituent group,
leaving the ring completely unaltered.

Some thiols are known to decompose via a reaction with
stainless steel.28,46 To minimize unwanted decomposition, the
gas lines of the UHV chambers were baked overnight and
passivated by cycles of filling and purging prior to each dosing.
The chemicals were introduced to the UHV chambers through
a variable leak valve with an attached tube directed toward the
surface. Overall purity was verified with an in situ mass
spectrometer. In the case of benzenethiol-SD, however, the
possibility of isotopic H-D exchange on the walls of the
chamber cannot be ruled out. Exposures were estimated from
chamber pressure and time of exposure (1 L) 1 langmuir)
1.0 × 10-6 Torr for 1 s). Actual exposure at the surface was
likely higher due to the geometry of the chambers.

Results

Benzenethiol.Figure 2a is an STM image of a Si(001) surface
exposed to 0.18 L of benzenethiol at 300 K, imaged at a sample
bias of-2.20 V. Two kinds of absorption features are observed.
Both features appear as bright protrusions but differ in their
symmetry with respect to the underlying dimers, as indicated
in Figure 2b. The primary species, A, is centered within a single
dimer row, covering 1-2 dimers. The secondary feature, B, is
a smaller, bright feature, off-center with respect to a single dimer
within a row. Counting statistics indicate that feature A accounts

for >95% of the total features observed; feature B is a minor
secondary product that could be associated with defects on the
Si(001) substrate. These images indicated that the vast majority
of molecules bond into one configuration.

Figure 2c is a line profile over feature A, as indicated by the
dashed line in the STM image. From this line profile, it is
apparent that feature A is almost centered with respect to a single
dimer row, protruding an average height of 0.7 Å from the top
of the surface dimers.

To identify the changes in bonding accompanying adsorption,
XPS spectra were obtained of a Si(001) surface exposed to 5.0
L of benzenethiol at 300 K, as shown in Figure 3. The spectra
for both the S(2s) region and the C(1s) region were each fitted
with a single Voight curve, represented by the solid lines in
Figures 3a and 3b, respectively. The S(2s) region in Figure 3a
can be fit to a single peak with an energy of 227.3 eV (fwhm
) 0.94 eV) and a reducedø2 value of 0.9. Similarly, the C(1s)
region in Figure 3b can be fit to a single peak with an energy
of 284.8 eV (fwhm) 1.04 eV,ø2 ) 1.0).

The FTIR spectra of benzenethiol are presented in Figure 4.
Figure 4a shows the FTIR spectrum of a Si(001) surface exposed
to 3.0 L of benzenethiol at 300 K. Higher exposures of
benzenethiol yielded no changes in the spectrum. This absence
of change indicates that a 3 L exposure of benzenethiol results
in a fully saturated, self-terminating monolayer. Absorption

Figure 2. (a) STM image of a clean Si(001) surface exposed to 0.18
L (5.0 × 10-9 Torr for 35 s) of benzenethiol. Image acquired at-2.20
V. Surface adsorbates appear as bright protrusions. Counting statistics
indicate feature A accounts for approximately 95% of surface features.
(b) Schematic drawing showing the positions of feature A and feature
B adsorbates relative to the silicon dimers. Solid black ovals represent
surface adsorbates, while empty ovals represent the silicon dimers.(c)
Line profile over feature A as indicated by the dashed line in Figure
3a. Vertical hashes represent spacing between dimer rows (7.7 Å).

Figure 3. XPS data of a clean Si(001) surface exposed to 5.0 L (2.5
× 10-8 Torr for 200 s) of benzenethiol for the(a) S(2s) and(b) C(1s)
regions. Solid lines below represent the fitted peak.

Figure 4. FTIR spectra of benzenethiol: (a) a clean Si(001) surface
at 300 K exposed to 3.0 L (3.0× 10-8 Torr for 100 s) of benzenethiol,
(b) a clean Si(001) surface at 300 K exposed to 3.0 L (1.0× 10-8 Torr
for 300 s) of benzenethiol-SD;(c) liquid benzenethiol.
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features are present in three distinct regions. Peaks between 3000
and 3100 cm-1 commonly correspond to absorbances of
aromatic or sp2-hybridized C-H stretches. Four distinct peaks
are located in this region at 3023, 3049, 3063, and 3074 cm-1.
Two smaller peaks, at 2908 and 2952 cm-1, are located in the
region typically associated with sp3-hybridized C-H stretches.
A single, large peak at 2086 cm-1 is present in the region
corresponding to silicon-hydrogen stretching modes.

The observation of a peak associated with silicon-hydrogen
vibrations indicates that adsorption is accompanied by cleavage
of S-H and/or C-H bonds. To distinguish between these
possibilities, experiments were performed using C6H5SD. The
FTIR spectrum of a Si(001) sample exposed to 3.0 L of C6H5-
SD is presented in Figure 4b. To compare the changes in the
silicon-hydrogen peaks, it is necessary to account for changes
in the intensity of the two spectra due to differences in alignment
between samples. Because the intensities of the peaks due to
C-H ring stretching modes should be the same for a C6H5SH
sample and a C6H5SD sample, spectra were normalized to the
area of the C-H peaks in the region between 2800 and 3100
cm-1. The normalized area ratioASiH/ACH in Figure 4a is 0.0268.
In comparison, theASiH/ACH in Figure 4b is 0.0087. Thus,
exposing a Si(001) surface to C6H5SH produces approximately
3 times as much surface hydrogen as observed in the case of
C6H5SD exposure.

The FTIR spectrum of liquid benzenethiol is presented in
Figure 4c. Liquid benzenethiol has an absorption feature at 2567
cm-1 that has been assigned previously to the sulfur-hydrogen
stretching mode.47 Absorption features are also found at 3018,
3022, 3050, 3063, and 3073 cm-1 and agree well with the
frequencies of the aromatic C-H stretching modes of ben-
zenethiol, as seen in Table 1.47 There are no absorption features
in the Si-H stretching region between 2000 and 2100 cm-1,
nor is there any peak intensity in the region between 2800 and
3000 cm-1. A comparison of the spectra in Figure 4a,c reveals
that bonding of benzenethiol to the surface results in a loss of
the 2567 cm-1 mode (previously assigned to the sulfur-
hydrogen vibration). A new peak, in the region associated with
silicon-hydrogen stretching modes, is present at 2086 cm-1.

To investigate the thermal stability and possible decomposi-
tion products of the adsorbates, FTIR spectra were obtained after
a C6H5SD/Si(001) sample was annealed. Figure 5a shows the
spectrum of a Si(001) surface initially exposed to 3 L of
benzenethiol-SD at 300 K. The silicon sample then was heated
to 520 K for 120 s and allowed to cool to 300 K before a second
spectrum (Figure 5b) was obtained. This sequential annealing
was repeated at 560 K (Figure 5c) and 620 K (Figure 5d). Figure
5e is the spectrum of liquid benzenethiol.

As the temperature is increased to 520 K and greater, the
FTIR spectra of C6H5SD/Si(001) become simpler and the
absorption features become sharper. The high-frequency peaks
at 3050 and 3064 cm-1 continue to dominate the spectra, and
the relative intensities of these peaks resemble those of the liquid
benzenethiol spectrum in Figure 5e. At higher temperatures, as
in Figure 5c,d, a small peak at 3100 cm-1 becomes apparent.
Two subtle changes also can be noted in the region between

2800 and 3000 cm-1. First, the peak at 2908 cm-1 in Figure 5a
decreases in intensity as the temperature is increased above 520
K (Figure 5b). Second, the signal in the region between 2940
and 3000 cm-1 increases, resulting in a broad absorption feature.
Additionally, the peak intensity at 2087 cm-1 increases as the
temperature of the sample is elevated. Comparing the area under
the silicon-hydrogen peak at 2087 cm-1 with the area under
the silicon-hydrogen peak of a fully saturated monohydride
surface, we estimate the peak areas in Figure 5a-d correspond
to 0.08, 0.15, 0.27, and 0.31 monolayer, respectively, where
one monolayer is equal to 6.8× 1014 atoms/cm2.

Diphenyl Disulfide. Parts a and b of Figure 6 are STM
images of a Si(001) surface exposed to 0.24 L of diphenyl
disulfide, obtained at a sample bias of-2.20 V. The adsorbed
molecules appear as bright protrusions located symmetrically
within a single row. All features appear identical, suggesting
there is predominantly one surface product. Analysis of images
containing step edges allows unambiguous correction for piezo
drift and creep. Although we were not able to resolve the
individual dimers, this drift correction allows us to estimate that
the bright features occupy the space of approximately one dimer
but are spaced approximately every other dimer, or 7.7 Å
between features. Even at this coverage, the adsorbed molecules
emulate the template of the Si(001) dimers and pack into ordered
rows. Figure 6c is a schematic drawing indicating the observed
positions of the protrusions with respect to the dimers. Height
profile measurements indicate the features protrude from the
top of the dimers, on average, 0.6 Å.

Figure 7a shows the XPS S(2s) spectrum of a Si(001) surface
exposed to 3.0 L of diphenyl disulfide. Fitting these data to a
single peak yielded a binding energy of 227.2 eV with a fwhm
of 0.99 eV (ø2 ) 1.0). The 227.2 eV binding energy is similar
in position to that of benzenethiol adsorbed on Si(001), while
the narrow width and the smallø2 suggest that the majority of
sulfur atoms are in a single chemical environment. The C(1s)
spectrum for diphenyl disulfide adsorbed on a Si(001) surface
(Figure 7b) yielded a single peak with a binding energy of 284.7
eV (fwhm ) 1.07 eV,ø2 ) 1.0).

TABLE 1: Modes and Associated Frequencies of
Benzenethiol47 and Benzenethiol/Si(001)

mode
benzenethiol

(cm-1)
benzenethiol adsorbed

on Si(001) (cm-1)

13 3037 3023
7b 3048 3050
2 3056 3064
20a 3086 3073
ν SH 2575 none

Figure 5. FTIR spectra of benzenethiol-SD: (a) a clean Si(001) surface
exposed to 3.0 L (1.0× 10-8 Torr for 300 s) of benzenethiol-SD at
300 K. Spectra acquired at 300 K after the sample was heated to(b)
520 K,(c) 560 K, and(d) 620 K. (e) For comparison, the FTIR spectrum
of liquid benzenethiol also is shown.
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FTIR spectra of diphenyl disulfide adsorbed on a Si(001)
surface are presented in Figure 8. Figure 8a shows the FTIR
spectrum of a Si(001) surface exposed to 1.0 L of diphenyl
disulfide at 300 K. The dominant features of this spectrum
include an unresolved, broad absorption between 3030 and 3048
cm-1 and a larger peak at 3063 cm-1. Less prominent is the
low-intensity absorption feature at 2077 cm-1, in the silicon-
hydrogen stretching region. No changes in the spectrum were
observed at higher exposures of diphenyl disulfide; this absence
of change indicates that a 1.0 L exposure results in a fully
saturated, self-terminating layer.

Figure 8b shows the spectrum of a Si(001) surface exposed
to 12.0 L of diphenyl disulfide at a temperature sufficiently low
(110 K) to build a multilayer film. This spectrum is nearly

identical to the FTIR spectrum of the solid, shown in Figure
8c. The FTIR spectra of a multilayer film and a bulk solid both
show six prominent peaks at 2989, 3000, 3014, 3033, 3056,
and 3071 cm-1. The lower frequency bands at 2989 and 3000
cm-1 are likely combination bands associated with an intact
diphenyl disulfide species, while the higher frequency absorp-
tions are similar ((4 cm-1) to those attributed to C-H stretching
modes of the aromatic rings.47,48The similarity of the diphenyl
disulfide/Si(001) spectrum acquired at low temperature and the
spectrum of the solid suggests that Figure 8b represents the
characteristic spectrum of a physisorbed multilayer of diphenyl
disulfide on the Si(001) surface.

Discussion

To determine the bonding product(s) of the chemisorption
of sulfur-substituted aromatic hydrocarbons on the Si(001)
surface, it is necessary to identify (1) whether the ring
chemisorbs on the surface, resulting in a loss ofπ-conjugation,
(2) whether the C-S bond, and, in the case of diphenyl disulfide,
the S-S bond, remains intact, and (3) whether the source of
the surface hydrogen, as evidenced by a strong frequency
associated with silicon-hydrogen stretching modes, is primarily
due to sulfur-hydrogen or carbon-hydrogen bond cleavage.

Benzenethiol.PreserVation of Aromaticity.Direct bonding
of the phenyl ring to the Si(001) surface would necessarily result
in the formation of new covalent Si-C bonds. Formation of
covalent bonds generally occurs most readily through the highest
occupied and lowest unoccupied molecular orbitals (HOMO-
LUMO) of the reactants. In the case of a phenyl group these
HOMO and LUMO orbitals are associated with theπ-system
of the aromatic ring.4 Therefore, if bonding occurs through the
phenyl ring, the aromaticity of the molecule is expected to be
compromised upon chemisorption, as demonstrated previously
for benzene, toluene, and xylene.17,18,20-22,24

The FTIR spectrum of benzenethiol adsorbed on a Si(001)
surface (Figure 4a) has strong absorption features above 3000
cm-1. These high-frequency peaks are similar, in both peak
position and peak shape, to those arising from aromatic C-H
stretching modes of intact benzenethiol, as noted in Table 1.
Thus, the IR data suggest that the aromatic ring is unperturbed
by adsorption to the surface.

XPS data of benzenethiol also support our conclusion that
the aromaticity of the benzenethiol rings remains intact. The
small width (1.04 eV fwhm) of the single C(1s) benzenethiol
peak at 284.8 eV indicates that there is primarily one species
on the surface. Since carbon and sulfur have very similar
electronegativities (Pauling electronegativity 2.55 for carbon and
2.58 for sulfur),36 carbon atoms bonded to sulfur atoms are

Figure 6. (a, b) STM images of a clean Si(001) surface exposed to
0.24 L (5.0× 10-10 Torr for 480 s) of diphenyl disulfide at 300 K.
The image was acquired at a sample voltage of-2.20 V. Surface
adsorbates appear as bright protrusions.(c) Schematic diagram showing
the positions of surface adsorbates relative to the silicon dimers. Solid
black ovals represent surface adsorbates, while empty ovals represent
the silicon dimers.

Figure 7. XPS spectra for a clean Si(001) surface exposed to 3.0 L
(1.0× 10-8 Torr for 300 s) of diphenyl disulfide for the(a) S(2s) and
(b) C(1s) regions. Solid lines below the data represent fitted peaks.

Figure 8. FTIR spectra of (a) a clean Si(001) surface at 300 K exposed
to 1.0 L (1.0× 10-8 Torr for 100 s) of diphenyl disulfide,(b) a clean
Si(001) surface at 120 K exposed to 12.0 L (2.0× 10-8 Torr for 600
s) of diphenyl disulfide, and(c) solid diphenyl disulfide.
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expected to have core-level shifts similar to those of carbon
atoms bonded to other carbon atoms. However, since silicon
has a much smaller electronegativity (1.90), carbon atoms
bonded to silicon are expected to have slightly lower binding
energies. For example, previous studies of cyclopentene ad-
sorbed on silicon showed that the carbon atoms bonded directly
to the silicon surface yielded a binding energy of 284.0 eV,
while the remaining carbon atoms had a binding energy of 284.8
eV.49 The 284.8 eV energy observed for benzenethiol is similar
to the value of 285.0 eV observed for the intact aromatic ring
of styrene (Figure 9) and is clearly distinguishable from the
much lower value of∼284.0-284.5 eV expected for carbon
atoms bonded directly to silicon.49

Although the majority of the benzenethiol molecules bond
to the surface in such a way that the aromaticity of the phenyl
ring is retained, our FTIR spectra do show some weak
absorbances at 2908 and 2952 cm-1. These frequencies are
similar to those of benzene bonded to the Si(001) surface (2899
and 2950 cm-1),24 suggesting that they also arise from direct
bonding of the phenyl ring to the surface. We also found that
the 2908 and 2952 cm-1 peaks disappeared when the sample
was briefly heated to 520 K, while the higher intensity peaks
associated with intact aromatic species remained present at
elevated temperatures. The results of these heating experiments
imply that the species adsorbed to the surface through the phenyl
ring may be weakly bound or may undergo fragmentation at
elevated temperatures. The intact aromatic rings, however,
appear thermally stable to temperatures above 520 K. Overall,
the FTIR data indicate that the vast majority of species are
bonded in such a way that the aromatic ring remains intact.
However, a small minority may be weakly adsorbed in a
configuration involving bonding of the ring to the surface.

The combination of FTIR and XPS data show several other
important features of the chemistry of benzenethiol on Si(001).
First, we note that while liquid benzenethiol (Figure 4c) shows
a strong S-H vibrational mode at 2567 cm-1, this vibrational
mode is absent after the molecule is bonded to the surface
(Figure 4a), demonstrating that the sulfur-hydrogen bond is
cleaved upon adsorption. Evidence for direct sulfur-silicon
bond formation can be obtained from a comparison of sulfur
core-level shifts. Other studies have shown that dimethyl sulfide
(CH3-S-CH3) bonds to Si(001) via cleavage of one S-C bond,
producing adsorbed Si-S-CH3 species, with an S(2s) binding
energy of 227.1 eV.50 The 227.3 eV binding energy we observe
for benzenethiol is similar, consistent with a similar chemical
environment for sulfur in both cases.

At this time, we cannot completely dismiss the possibility
that the carbon-sulfur bond of benzenethiol is cleaved upon
chemisorption. However, studies in organosilane chemistry and
studies of thiol species on gold have shown that the deproto-
nation of the thiol group is highly favored over carbon-sulfur
bond cleavage.31,51 Furthermore, predominantly one type of
adsorption feature is present in the STM images of benzenethiol
on Si(001), slightly off-center with respect to the dimer rows.
Feature A, comprising approximately 95% of the bright features
in the STM images, is attributed to the S-C6H5 species tethered
directly to a silicon dimer within a single row.

We propose that the S-H bond of benzenethiol is broken
and the resulting S-C6H5 fragment bonds to the silicon surface,
tethering the aromatic ring to the surface through the sulfur atom.
Although the molecular fragment can pivot on the Si-S-C
bond, Figure 10 shows the position of the lowest energy
configuration for this structure calculated with a Gaussian 98
program utilizing a 6-31+G* basis set, the Becke3LYP density
functional, and a nine-atom silicon cluster. Feature A in Figure
2 is assigned to the configuration presented in Figure 10. Feature
B in Figure 2 is assigned to carbon fragments or small
contaminants on the surface.

S-H Vs C-H Bond CleaVage.Cleavage of S-H and/or C-H
bonds can be detected in FTIR through the appearance of Si-H
vibrations. Because the hydrogen atoms cleaved from adsorbed
molecules cannot readily leave the surface as H2, they remain
bound to the underlying silicon surface. Although dehydroge-
nation of the thiol group would account for the large Si-H peak
in Figure 4a, this spectrum alone cannot rule out C-H bond
cleavage.

The extent of sulfur-hydrogen versus carbon-hydrogen bond
cleavage can be ascertained from isotopic labeling studies
comparing C6H5SH and C6H5SD. NMR spectra of our deuter-
ated benzenethiol show that 92% of the thiol species in our
C6H5SD sample are deuterated. If only S-D/S-H bond
cleavage occurred, we would expect the silicon-hydrogen
absorption feature in the FTIR spectrum of the C6H5SD/Si(001)
to decrease to 8% of the benzenethiol/Si(001) value, from 0.0268
to 0.0021. After the C-H peak area of the C6H5SH and C6H5-
SD spectra was normalized to account for changes in alignment
between different samples, the silicon-hydrogen peak area of
C6H5SD/Si(001) in Figure 4b was calculated as 0.0087. This

Figure 9. XPS C(1s) spectrum of a clean Si(001) surface exposed to
10 L (5 × 10-8 Torr for 200 s) of styrene at 300 K. The XPS data for
styrene yield two C(1s) peaks at 284.5 eV (fwhm) 0.95 eV) and 285.0
eV (fwhm ) 0.74 eV) with a reducedø2 of 1.0. The peak area ratio of
the 284.5 eV peak to the 285.0 eV peak is 1:3. The styrene peak at
284.5 eV is assigned to the two carbon atoms bonded directly to the
silicon dimer. We assign the C(1s) peak at 285.0 eV to the six remaining
carbons of the intact aromatic ring. Figure 10. Proposed bonding structure for benzenethiol adsorbed to

the surface through a sulfur atom tether. The positions of the atoms
represent the calculated lowest energy configuration of this structure.
Silicon atoms are light gray, sulfur atoms are black, carbon atoms are
dark gray, and hydrogen atoms are white.
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value is approximately 4 times higher than the area that would
be expected if surface hydrogen arose only from sulfur-
hydrogen bond cleavage of unlabeled benzenethiol. On the basis
of the 92% isotopic purity of our liquid C6H5SD, this would
suggest that the remaining 0.0066 (or 24% of the total silicon-
hydrogen peak area in Figure 4a) is a result of C-H bond
cleavage. However, we believe that there may be some isotopic
exchange occurring in the vacuum line and/or on the walls of
the vacuum chamber, suggesting that the actual contribution to
the silicon-hydrogen peak due to C-H bond cleavage is
significantly lower. We conclude that the majority of the
molecules do not undergo C-H bond cleavage and instead bond
via cleavage of the sulfur-hydrogen bond, producing aromatic
rings that are nearly unperturbed and tethered to the surface
via a Si-S-C linkage.

Diphenyl Disulfide. PreserVation of Aromaticity.Both FTIR
and XPS data are useful in determining whether the aromatic
rings of diphenyl disulfide adsorb on the surface with a loss of
aromaticity, like benzene, or remain intact, like styrene and
benzenethiol. The FTIR spectrum in Figure 8a of chemisorbed
diphenyl disulfide shows only high-frequency peaks. Both the
peak shape and the frequencies in Figure 8a bear a strong
resemblance to those of the C-H stretching modes of the intact
aromatic ring of benzenethiol (Figure 4), indicating that, like
benzenethiol, the majority of the rings remain intact as the
molecule is chemisorbed. Furthermore, comparison of the XPS
data reveals that the carbon(1s) signal at 284.7 eV for diphenyl
disulfide adsorbed on the Si(001) surface is similar to the C(1s)
binding energy of benzenethiol/Si(001) at 284.8 eV, consistent
with the FTIR data showing the aromatic ring is not bonded to
the silicon surface. Unlike benzenethiol, diphenyl disulfide has
few or no absorption features in the region between 2800 and
3000 cm-1. The absence of peaks in this region suggests that
the ring has almost no direct interaction with the surface.

S-S Bond.Studies with disulfide functional groups on gold
surfaces have shown that the S-S bond is often broken upon
chemisorption.27,29,31,52A sulfur atom (Pauling electronegativity
2.58) is more electronegative than a silicon atom (Pauling
electronegativity 1.90).36 Therefore, it is expected that a sulfur
atom bonded to a silicon atom would have a slightly higher
electron density and would have a small shift to a lower core-
level binding energy than an intact S-S species. Indeed, the
single peak in the S(2s) region for diphenyl disulfide at 227.2
eV (Figure 7a) is similar in energy to both the S(2s) peak of
benzenethiol/Si(001) and the S(2s) peak of dimethyl sulfide/
Si(001),50 indicating that the sulfur atoms of diphenyl disulfide
are covalently bonded to the silicon surface.

From the XPS and FTIR data we conclude that the S-S bond
of diphenyl disulfide is cleaved and the two SC6H5 fragments
are adsorbed to the Si(001) surface through a sulfur tether. Low-
coverage STM experiments showed no evidence for asymmetric-
looking features, in which two benzenethiol-like SC6H5 frag-
ments might be bonded to different dimers. The symmetric
nature of the diphenyl disulfide feature lends strong evidence
to the idea that the two SC6H5 fragments of diphenyl disulfide
are adsorbed on a single silicon dimer. We therefore assign the
bright features in Figure 6 to the two SC6H5 fragments bonded
to a single silicon dimer. At higher coverages, the bright features
in STM images are aligned with respect to the underlying silicon
dimer rows, forming ordered rows of sulfur-tethered aromatic
rings.

To better understand the relative positions of the phenyl rings
with respect to one another, we performed ab initio calculations
of our proposed structure of diphenyl disulfide adsorbed on the

Si(001) surface. Details of this calculation are described
elsewhere.25 Briefly, these calculations utilized the Gaussian 98
program,53 using the 6-31+G* basis set, the Becke3LYP density
functional, and a 15-atom silicon cluster. Figure 11a,b shows
the front and side views, respectively, of the Si15H16 cluster
that was used to simulate the Si(001) surface and the lowest
energy configuration of our proposed structure of diphenyl
disulfide bonded to the surface. The lowest energy configuration
for this structure shows the aromatic rings twisted away from
each other, minimizing the interaction between theπ-systems
of the phenyl rings.

Bonding Mechanisms.Comparison of the bonding of ben-
zenethiol and diphenyl disulfide with previously studied mol-
ecules, namely, phenyl isothiocyanate, or PITC (C6H5sNd
CdS), and styrene, can provide useful insight into the bonding
behavior of sulfur-, nitrogen-, and carbon-containing substituent
groups and their interaction with the Si(001) surface. The results
presented here for benzenethiol and diphenyl disulfide reinforce
previous studies of styrene, PITC, and aniline.25,54,55 In each
case, bonding to the surface occurs with high selectivity through
the external substituent group. One unifying factor that may be
responsible for this behavior is that the sulfur atoms, nitrogen
atoms, and CdC groups in these molecules are all electron-
rich and can all act as nucleophiles. This nucleophilic character
was shown to be responsible for the ability of simple alkenes,
such as cyclopentene, to bond to the Si(001) surface in a facile
manner.56 The demonstrated selectivity in substituted aromatic
systems was identified through ab initio calculations exploring
the interaction of styrene with the Si(001) surface.25 These
calculations showed that there was little or no thermodynamic
preference for bonding through the ring versus bonding through
the substituent group. Instead, calculations showed that the most
important factor in controlling the selectivity of styrene adsorp-
tion was the long-range interaction between the molecule and
the substrate.25 It was found that the interaction between the
vinyl (CdC) group and the surface is attractive if the vinyl group

Figure 11. (a) Front and(b) side views of the proposed structure of
diphenyl disulfide adsorbed to the surface through the sulfur atom. The
positions of the atoms represent the calculated lowest energy config-
uration of this structure. Silicon atoms are light gray, sulfur atoms are
black, carbon atoms are dark gray, and hydrogen atoms are white.
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approaches the surface at the edge of the dimer. In contrast,
the interaction between the aromatic ring and the surface dimers
was negligible or mildly repulsive.

Overall, the interaction of these substituted aromatic com-
pounds can be thought of as a nucleophilic addition reaction
that is strongly facilitated by the ability of the dimers to tilt.
This tilting permits transfer of electron density from the “down”
atom to the “up” atom of the dimer and enhances the ability of
the down atom to act as an electron acceptor for an impinging
nucleophile.25,56,57 We believe that, likewise, the reason that
benzenethiol and diphenyl disulfide bind selectively through the
sulfur atoms is that the strong electron-donating character of
the sulfur lone pairs facilitates a strong interaction with the
SidSi dimers.

In addition to helping to guide the selectivity of the overall
reaction, the electron-rich characteristics of the sulfur group
could have significant impact on the electrical properties of the
adsorbed S-C6H5 fragment. It is worthwhile noting that the
apparent heights of the protrusions of both benzenethiol and
diphenyl disulfide in the STM images are significantly lower
than the expected geometric height of a S-C6H5 fragment
adsorbed on the Si(001) surface. Benzenethiol has an apparent
height of only 0.7((0.1) Å, almost one-third lower than its
expected geometric height of 1.9-2.3 Å. Likewise, the bright
features in the STM images corresponding to the S-C6H5

fragments of diphenyl disulfide protrude only 0.6((0.1) Å from
the Si(001) surface. Interestingly, the aromatic rings of styrene,
tethered to the surface through a carbon atom, appear much
taller than the tethered aromatic rings of benzenethiol and phenyl
disulfide: styrene has an apparent height of 2.0 Å, close to its
geometric height of 2.5 Å.

This significant discrepancy between apparent height and
geometric height for sulfur-tethered aromatic rings, especially
when compared with carbon-tethered aromatic rings, suggests
that the nature of the chemical tether may have significant effects
on the STM tunneling properties. This, in turn, implies that the
identity of the chemical linkage between the surface and the
aromatic ring could significantly influence the electrical transport
characteristics through the adsorbed molecule. The results of
these preliminary STM studies of benzenethiol and diphenyl
disulfide show promise for modifying the electrical properties
of adsorbed molecules through careful selection of tethers.

Conclusion

Our results show that thiol and disulfide groups, widely used
in the formation of self-assembled monolayers on gold, can be
used to selectively attach molecules with aromatic rings to the
Si(001) surface. Both benzenethiol and diphenyl disulfide bond
to the Si(001) surface via the sulfur atom, leaving the majority
of aromatic rings intact and tethered to the surface through a
group VI atom. Moreover, the nature of the chemical link may
play an important role in controlling the chemical and physical
properties of the chemisorbed organic molecules. Ideally,
investigations of different chemical functional groups will yield
new methods for selectively attaching molecules to surfaces via
a variety of different chemical and structural tethers.
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