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A two-step procedure, involving radical-initiated chlorination of the Si surface with PCl5 followed by reaction
of the chlorinated surface with alkyl-Grignard or alkyl-lithium reagents, has been developed to functionalize
crystalline (111)-oriented H-terminated Si surfaces. The surface chemistry that accompanies these reaction
steps has been investigated using X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES),
temperature programmed desorption spectroscopy (TPDS), high-resolution electron energy loss spectroscopy
(HREELS), infrared (IR) spectroscopy in both glancing transmission (TIR) and attenuated total multiple internal
reflection (ATR) modes, ellipsometry, and contact angle goniometry. The XPS data show the appearance of
the Cl signal after exposure to PCl5 and show its removal, and concomitant appearance of a C 1ssignal, after
the alkylation step. Auger electron spectra, in combination with TPD spectroscopy, demonstrate the presence
of Cl after the chlorination process and its subsequent loss after thermal desorption of Si-Cl fragments due
to heating the Si surface to 1200 K. High-resolution XP spectra of the Si 2p region show a peak corresponding
to Si-Cl bond formation after the chlorination step, and show the subsequent disappearance of this peak
after the alkylation step. IR spectra show the loss of the perpendicularly polarized silicon monohydride (Si-
H) vibration at 2083 cm-1 after the chlorination step, whereas HREELS data show the appearance of vibrations
due to Si-Cl stretches upon chlorination of the Si surface. The HREELS data furthermore show the
disappearance of the Si-Cl stretch and the appearance of a Si-C vibration at 650 cm-1 after alkylation of
the Si surface. Ellipsometric measurements indicate that the thickness of the alkyl overlayer varies monotonically
with the length of the alkyl group used in the reactant. Contact angle and IR measurements indicate that the
packing of alkyl groups in the monolayers produced by this method is less dense than that found in alkylthiol
monolayers on Au. As determined by XPS, the alkylated surfaces show enhanced resistance to oxidation by
various wet chemical treatments, compared to the H-terminated Si surface. The two-step reaction sequence
thus provides a simple approach to functionalization of (111)-oriented, H-terminated silicon surfaces using
wet chemical methods.

I. Introduction
The formation of monomolecular assemblies at solid surfaces

provides a rational approach for fabricating interfaces having a
well-defined composition, structure, and reactivity.1-5 Despite
the fact that the (100)- or (111)-oriented H-terminated silicon
surfaces are the starting points for the construction of most
contemporary electronic devices,6 relatively little is known about
the chemical reactivity of these crystalline Si surfaces under
ambient temperature and pressure.7-14 Control over the surface
chemistry of Si is potentially important because the excellent
physical and electrical properties of H-terminated Si surfaces
are short-lived due to oxidation in air.15 Functionalization of Si
without partial oxidation and/or formation of electrical defects
is therefore important in fabricating improved electronic de-
vices16,17 as well as in construction of stable Si-based photo-
electrochemical cells for energy conversion purposes.18,19

Prior approaches to the functionalization of crystalline Si
surfaces have mostly emphasized reactions of a thin silicon oxide

layer that has been introduced onto the Si surface. The Si-OH
bonds present on the surface of such systems have been
exploited extensively through use of silanization reagents (such
as chlorosilanes or alkoxysilanes), coupling reagents, and other
related protocols that react with the surface silanols to produce
covalently attached groups onto crystalline Si samples.4,20-25

This chemistry is well-developed, and is closely analogous to
the extensively documented protocols involved in controlling
the surface chemistry of borosilicate glass or of oxide-containing
chromatographic supports. However, this type of chemistry
necessarily requires the presence of a thin oxide layer on the Si
surface. This insulating silicon oxide not only introduces a
tunneling barrier to interfacial charge transport, thereby affecting
current flow in electrical devices,16,26,27 but also generally
introduces electrical trap sites and defects at the silicon/silicon
oxide interface that can degrade the performance of electronic
devices fabricated from such interfaces.6,16

Recent work has shown that well-defined monolayers of
various reagents can be prepared on crystalline Si surfaces
without first introducing a thin oxide overlayer onto the Si
surface.7-9,28-30 One such approach involves radical initiated
reaction of Si-H bonds with olefins, forming hydrocarbon-based
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overlayers on the Si surface.8,9 Another approach involves
chlorination of the Si-H surface to yield a Si-Cl bond,
followed by reaction with organolithium or Grignard reagents
to yield an alkylated Si surface.7,31,32This paper focuses on the
halogenation/alkylation reaction chemistry, which has been
shown to preserve the excellent electrical properties of the
H-terminated Si surface,33 having an effective defect density
of less than 1 electrical trap site per 10,000 surface atom sites.
We present herein a detailed characterization of this reaction
chemistry using surface science techniques involving ultrahigh-
vacuum (UHV) and ambient atmospheres such as X-ray
photoelectron spectroscopy (XPS), Auger electron spectroscopy
(AES), temperature programmed desorption spectroscopy (TPDS),
high-resolution electron energy loss spectroscopy (HREELS),
infrared spectroscopy (IR) in glancing transmission (TIR) and
attenuated internal reflection (ATR) modes, ellipsometry, contact
angle goniometry, and surface stability. The data reported herein
also relate to recent studies of the surface chemistry of porous
Si34-38 and thus provide a basis for a comparison of the
reactivity of crystalline and porous Si surfaces with respect to
various functionalization processes.

II. Experimental Section

A. Samples and Chemical Reagents.1. Silicon Samples.
Samples used for XPS, HREELS, TPDS, and AES were
phosphorus-doped, n-type, (111)-oriented, single-crystal Si
wafers obtained from Wafernet Inc. These wafers were 100 mm
in diameter and were polished to a smooth optical finish on the
side that was used for spectroscopy. The samples were either
500( 50 µm thick, 1.5-3.0 ohm cm resistivity or were 575(
20 µm thick, 3-6 ohm cm resistivity. The single crystal (111)-
oriented n-Si samples used in TIR spectroscopy experiments
were 525( 25 µm thick, 24-34 ohm cm resistivity, 100 mm
diameter wafers that were polished on both surfaces (Wacker
Siltronic Corp.). For derivatization, samples of approximately
3 × 7 cm were cut from these double-polished wafers. Samples
used for ATR experiments were 50× 15 × 1 mm pieces of
silicon (Harrick Scientific Corp.) in which the large parallel (50
× 15 mm) faces were (111)-oriented. Infrared light entered and
exited the sample through the two small ends (15× 1 mm),
which made 45° angles with respect to the large parallel faces,
producing 50 internal optical reflections of the incident beam.

2. Chemicals.Prior to use, anhydrous methanol (GR grade:
EM Sciences) was dried under N2(g) over powdered magnesium.
Anhydrous tetrahydrofuran (THF) (GR grade: EM Sciences)
was dried under N2(g) over Na/benzophenone. Both solvents
were distilled under N2(g) from their respective drying agents
into 500 mL flasks and were stored in a N2(g)-purged glovebox
prior to use. In some experiments, anhydrous THF obtained from
Aldrich (in 800 mL sureseal bottles and stored in the N2(g)-
purged glovebox) was used in place of the distilled anhydrous
THF described above. Dichloromethane (Omnisolve grade: EM
Sciences) was used as received.

Phosphorus pentachloride (PCl5), chlorobenzene, benzoyl
peroxide, CH3MgBr (3.0 M in diethyl ether), C2H5MgBr (3.0
M in diethyl ether), C4H9Li (2.5 M in hexanes), C4H9MgCl (2.0
M in diethyl ether), C5H11MgBr (3.0 M in diethyl ether), C6H13-
Li (2.0 M in hexane), C6H13MgBr (2.0 M in diethyl ether),
C8H17MgCl (2.0 M in THF), C10H21MgBr (1.0 M in diethyl
ether), C12H25MgBr (1.0 M in diethyl ether), and C18H37MgCl
(0.5 M in THF) were purchased from Aldrich and were used as
received. C10H21Li was prepared according to the method of
Gilman et al.39,40 CF3(CH2)3MgBr was prepared by reacting
CF3(CH2)3Br (PCR Inc.) with Mg shavings.39,40 CF3CH2OLi

(0.77 M) was prepared by dissolving Li pieces in CF3CH2OH
(Aldrich). The 40% NH4F(aq) solution and a 5:1 (v:v) 40%
NH4F(aq)/49% HF(aq) solution (sold under the label “buffered
hydrofluoric acid”) were obtained from Transene Co. (Rowland,
MA) and were used as received.

B. Surface Preparation. 1. Oxidation and Etching.Prior to
use, the silicon wafers were first cleaned by etching in aqueous
5:1 (v/v) NH4F(aq):HF(aq) for 1-2 min followed by oxidation
for 1 h in a 3:1(v/v) solution of concentrated H2SO4:H2O2(aq)
that was maintained at approximately 100°C.9 Caution: The
concentrated H2SO4:H2O2(aq) solution is Very dangerous,
particularly in contact with organic materials, and should be
handled extremely carefully. The samples were then removed
from the acid solution, rinsed with copious amounts of water,
dried at∼80 °C, and stored for further use.

The oxidized silicon samples were etched in the 5:1 (v/v)
NH4F/HF(aq) solution for 30-60 s and then, without rinsing,
were immersed into 40% NH4F(aq) solution for 10-15 min.41

The samples were subsequently removed from the NH4F(aq),
rinsed briefly with flash-photolyzed water and dried under a
stream of N2(g).

2. Chlorination.Chlorination of the silicon surface was carried
out in a custom-built N2(g)-purged glovebox that was connected
via a load lock to the UHV system that housed the XP
spectrometer. A stock chlorinating solution was prepared by
dissolving enough PCl5 in chlorobenzene to form a near-
saturated solution (typically 0.6-0.7 M). Occasionally, the
solution had to be heated at∼60 °C for a few hours to achieve
complete dissolution of the PCl5. Immediately before use, a few
grains of benzoyl peroxide (approximately 30-40 mg of benzoyl
peroxide in 10 mL PCl5/chlorobenzene solution) were added
to a portion of the stock solution, the Si sample was im-
mersed42,43and the solution was heated to 90-100°C for 40-
50 min. Subsequently, the sample was rinsed with anhydrous
THF, rinsed with anhydrous methanol, and dried in a stream of
N2(g). After drying, the samples were mounted onto an XPS
stub and were taken into the UHV chamber.

3. Alkylation.Alkylation of the chlorinated Si surfaces was
also performed inside the N2(g)-purged glovebox. In the
alkylation step, the chlorinated Si(111) surfaces were immersed
in alkyllithium (RLi: R ) C4H9, C6H13, C10H21) or alkyl
Grignard (RMgX: R) CH3, C2H5, C4H9, CF3(CH2)3, C5H11,
C6H13, C8H17, C10H21, C12H25, C18H37; X ) Br, Cl) solutions at
65-80 °C for 2-72 h.39,44,45The reaction time depended on
the chain length of the alkyl group, with longer chains requiring
longer times to achieve an apparent saturation of surface
coverage (Table 1). After reaction, the samples were removed
from solution, rinsed copiously with anhydrous THF, and then

TABLE 1: XPS Data for Various Surface Treatments

XPS C 1s/Si 2p ratio

-R
immersion
time (h) expecteda survey

high
resolution

-H
-CH3 10-14 0.09 0.32( 0.04 0.32( 0.01
-C2H5 2.5-10 0.09 0.30( 0.05 0.27( 0.04
-C4H9 2.5-8 0.20 0.48( 0.02 0.48( 0.02
-C5H11 16 0.26 0.70( 0.07
-C6H13 5-18 0.31 0.66( 0.02 0.66( 0.01
-C8H17 16 0.43 0.66( 0.02 0.67
-C10H21 20-72 0.56 0.69( 0.08 0.72( 0.12
-C12H25 23-72 0.70 1.02( 0.07 1.05( 0.13
-C18H37 36-61 1.21 1.13( 0.09 1.09( 0.02

a Ratio calculated assuming all trans-conformation of alkyl chains
packed onto 50% of the atop sites.
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rinsed with anhydrous methanol. The samples were then
immersed into a fresh portion of anhydrous methanol, taken
out of the glovebox into air, and sonicated for 5 min, followed
by sonication in dichloromethane for another 2-5 min. The
samples were once again rinsed with methanol (EM Science:
Omnisolve) and dried in a stream of air for 2-5 s before being
taken into UHV for characterization by XPS.46

C. Surface Characterization Techniques.1. X-ray Photo-
electron Spectroscopy.The XPS experiments were performed
in an M-probe surface spectrometer (VG Instruments). Mono-
chromatic Al KR X-rays (1486.6 eV) incident at 35° from
horizontal were used to excite electrons from the sample, and
the emitted electrons were collected by a hemispherical analyzer
at a takeoff angle of 35° from the plane of the sample surface
(horizontal). The incident X-rays and the analyzer axis were in
vertical planes that were at right angles to each other. All
samples were sufficiently conducting that all reported energy
measurements could be readily referenced to the Fermi level
of the spectrometer.

Data collection and analysis (detailed in Supporting Informa-
tion) were performed using the M-probe package software
version 3.4. The “survey” scan was collected in the scanned
mode with an 800× 1500 µm elliptic spot. The “high
resolution” scans were collected in an unscanned mode with
the same spot size. The pass energies corresponding to the
survey scan and the high-resolution scan were 154.97 and 53.98
eV, respectively. The corresponding energy windows in which
the electrons were collected were 21.45 and 6.85 eV, respec-
tively. The instrument had a resolution (full width at half-
maximum (fwhm) for the Au 4f7/2 peak) of 1.50( 0.01 eV
and 1.00( 0.01 eV, for the survey and high-resolution scans,
respectively.

The Si 2p peaks in high resolution XP scans of the
H-terminated and alkyl terminated surfaces were routinely
deconvoluted into Si 2p1/2 and Si 2p3/2 components that
represented primarily the “bulk” silicon atoms that resided within
the sampling depth of the Si 2p XPS photoelectrons on the Si
sample. For these surfaces, the chemical shifts of the surface
silicon atoms bound to H or C were sufficiently small that any
such surface Si peaks could not be resolved experimentally from
the bulk Si peaks.47-51 In the deconvolution procedure, the
starting values for the fwhm for the nonoxidized Si 2p doublet
peaks were typically adjusted to produce fits that minimized
the difference between the fwhm values for the two best-fit
peaks. Typically, this starting value difference was less than
0.02 eV. The overall spectra were best fit by using 95%
Gaussian/5% Lorentzian line shapes with a 15% asymmetric
contribution for each of the two component peaks.

For the chlorinated or the oxidized silicon surfaces, the
chemical shift of the surface silicon atoms relative to the bulk
silicon atoms was sufficiently large52 that the contribution from

the surface silicon atoms required introduction of a third peak
component to obtain a good fit to the experimental XP spectrum.
For these surfaces, deconvolution of the Si 2p doublet region
for the nonoxidized peak was performed as described above.

The surface coverages of chlorine, fluorine, and alkyl groups
on the silicon substrates were estimated using the XPS substrate-
overlayer model.53 The elemental sensitivity factors used in these
calculations were modified Scofield factors,54 and are given in
Table 2.

The escape depth of Si 2p electrons through a Cl overlayer
λov (for the chlorinated surface) was taken to be equal to the
attenuation length for Si 2p electrons through elemental Cl, as
calculated using the empirical relationship53

whereE is the electron kinetic energy in eV andλ and “a” are
the attenuation length and thickness of a monolayer (in nm),
respectively. The thickness of a monolayer of chlorine was
calculated using the equation

whereDov is the density of the overlayer (in kg m-3), NAv is
Avogadro’s number,aov is the thickness of the overlayer, and
Aov is the mean atomic weight of the atoms in the overlayer.
The surface density of Cl atoms was taken to be equal to the
density of liquid chlorine (1.5 g cm-3).55 Application of the
above equations gaveaCl ) 0.34 nm. Using eq 1, the escape
depths (λov) through the Cl overlayer were calculated to be 2.9
nm for Cl 2p photoelectrons, 2.8 nm for Cl 2s photoelectrons,
and 3.0 nm for Si 2p photoelectrons.

To calculate the coverage of chlorinated surface silicon atoms,
SiCl, the high-resolution Si 2p spectrum was deconvoluted into
three peaks. During deconvolution, the difference in the peak
positions (0.6 eV), the peak area ratios (0.51), and the fwhm
values of the 2p1/2 and 2p3/2 bulk components were held
fixed.56,57 A third peak (SiCl) was then added to the spectrum,
and the positions of the three peaks and the width of the third
peak were optimized to get the best fit to the experimental
spectrum. Deconvolution using four peaks did not improve the
fit to the experimental data. In accord with prior procedures,58

the ratio of the SiCl peak to the sum of the Si 2p1/2 and 2p3/2

components, i.e., the ratio SiCl/(Si 2p1/2 + Si 2p3/2)), was used
to calculate the coverage of chlorinated silicon atoms. The
coverage of SiCl was then obtained through the method of Seah
and Dench.53 In this computation, the ratio of silicon atomic
densities and sensitivity factors became unity and an escape
depth value ofλ ) 1.6 nm was used for the substrate and for
the overlayer.47 The peak fitting for silicon samples covered
with a thin layer of oxide was done similarly, with the third
peak corresponding to the oxidized surface silicon atoms.

To determine the areal density of the alkyl overlayers obtained
when the CF3(CH2)3MgBr or CF3CH2OLi reagents were used,
the F 1s signal that originated from the-CF3 groups was ratioed
to the Si 2p signal of the substrate. The overlayer-substrate
model was then applied to calculate the coverage of fluorine
atoms on the surface. The overlayer thickness was calculated
by assuming that the-CF3 groups were at the solid-vacuum
interface and that the-CF3 groups were positioned at this
location by the underlying methylene groups that were anchored
rigidly to the silicon surface by covalent Si-C and Si-O bonds.
This assumption was, however, not necessary to arrive at the
coverage of alkyl chains (vide infra). An escape depth ofλov )
2.65 nm was used for the F 1s signal andλov ) 3.9 nm was

TABLE 2: XPS Parameters Used in the Calculations of
Various Coverages

modified Scofield factors

peak
binding

energy (BeV)
survey
scan

high-resolution
scan

sensitivity exponent 0.65 0.60
F 1s 686 3.40 3.47
O 1s 532 2.52 2.55
C 1s 284.6 1.00 1.00
Cl 2s 270 1.70 1.70
Cl 2p 200 2.39 2.382
Si 2s 149 1.022 1.017
Si 2p 99 0.897 0.891

λ ) 0.41a1.5E0.5 (1)

Aov ) 1000DovNAvaov
3 (2)
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used for the C 1s signal from the overlayer.59 The escape depth
of Si 2p electrons through the alkyl monolayer (λsub) was taken
to be 3.5 nm.47 The coverage of F atoms determined for surfaces
derivatized with the two molecules was then divided by 3 to
obtain the density of alkyl chains on the silicon surface. The
alkyl chain density was then divided by the number of silicon
atoms in the surface of the (111) plane to determine the effective
alkyl coverage, in monolayers, on the Si surface.

2. High-Resolution Electron Energy Loss Spectroscopy.High-
resolution electron energy loss spectroscopy (HREELS) mea-
surements were carried out in a different UHV setup than the
one used for the XPS measurements. The HREELS chamber
was pumped by a 1000 L s-1 turbomolecular pump and was
maintained at a base pressure of 7× 10-11 Torr.60 An external
load lock and a UHV sample transfer system allowed fast
loading of the samples into the chamber. The silicon specimens
were mounted onto a molybdenum sample holder using two
molybdenum tabs that were held in place with screws. The
sample holder slid into a manipulator that was used for loading
the samples into vacuum.

The HREELS measurements were performed on a model LK-
2000-14-R spectrometer (LK Technologies). Data were col-
lected at liquid nitrogen temperature (and sometimes at room
temperature) in the direct mode at an angle of incidence of 60°
with respect to the surface normal, with a primary beam energy
of 7.5 eV and an energy resolution of 80 cm-1. Off-specular
measurements were made by moving the detector by a few
degrees in a plane perpendicular to the surface plane of the Si
sample.

3. Temperature Programmed Desorption.Temperature pro-
grammed desorption (TPD) data were obtained on the same
samples and in the same UHV chamber that was used to obtain
the HREELS data.60 The samples were heated indirectly from
the backside by resistively heated tungsten filaments, and a
chromel-alumel thermocouple was spot-welded onto the central
block that held the sample holder. An optical pyrometer and
the desorption temperature of the mass 2 (H2) peak from a Si-
(111) sample that had been sputtered with Ar+-ions, thermally
annealed and subsequently dosed with atomic hydrogen,61 were
used to calibrate the temperature scale of the thermocouple. The
area under this mass 2 peak was used to estimate the signal
intensity that represented a monolayer of hydrogen coverage.
The TPD data were collected by ramping the temperature from
110 to 1200 K at a constant heating rate of either 0.5 K s-1 or
1 K s-1. A differentially pumped quadrupole mass spectrometer
(UTI-100C) with a cryoshroud was used to analyze the
desorption products.

4. Auger Electron Spectroscopy (AES).Auger electron
spectroscopic experiments were performed on the same samples
and in the same UHV chamber as that used to collect the
HREELS and TPD data. Auger data were collected with an
electron energy of 3 keV using a PHI 10-155 single pass
cylindrical mirror analyzer. The current on the crystal was∼2
µA with an approximate beam size of 100µm.

5. Infrared Spectroscopy.Infrared spectra (1 cm-1 resolution)
were obtained using a Mattson Galaxy series (4326 upgrade)
Polaris FT-IR spectrometer with external optics housed in a
custom-built plexiglass chamber that was continuously purged
with dry nitrogen. An InSb detector was used to probe the
4000-1800 cm-1 energy region and a mercury cadmium
telluride detector was used to probe the 1800-800 cm-1 energy
region. Glancing transmission (TIR) spectra were collected using
large pieces of double-polished single-crystal Si(111) wafers,

with the polarized infrared light incident onto the sample at
Brewster’s angle.

Absorption data for the H-terminated surface were obtained
by ratioing the observed spectrum to that of the oxidized silicon
sample. The absorption data for the chlorine-terminated or alkyl-
terminated surfaces were obtained by ratioing these observed
spectra to either the oxidized silicon sample or to the H-
terminated sample. To determine the molecular orientation of
the alkyl chains on the silicon surface, the infrared dichroic ratio,
defined as the ratio of s-polarized to p-polarized absorption
intensities (D ) As-pol/Ap-pol), was determined for the symmetric
(Dsym) and asymmetric (Dasym) methylene stretching peaks of
the alkyl-terminated surfaces.9 These dichroic ratios were then
used to determine the angle between the surface normal and
the dipole moments of the methylene symmetric and asymmetric
stretches (Rsym andRasym), respectively.62 The chain tilt angle
(θ) and twist angle (γ) were then calculated using eqs 3 and 4

6. Ellipsometry.Ellipsometric measurements were made on
a Gärtner Variable Angle L116C Ellipsometer using a He-Ne
laser (λ ) 632.8 nm), a 45° polarizer, and an incident angle of
70° from the surface normal. The optical constantsNSi ) 3.850
andKSi ) -0.020, whereN is the index of refraction, andK is
the absorption coefficient, respectively, were used for the silicon
substrate,63 and values ofNov ) 1.460 andKov ) 0 were used
for the alkane films as well as for silicon oxide overlayers.63

Ellipsometric data were collected at two or more spots per
sample, with four or more measurements performed at each
individual location. The ellipsometrically determined overlayer
thicknesses were typically within(0.2 nm on each sample and
had a standard deviation of(0.1 nm for a given spot on a
sample. The errors in overlayer thickness produced by the
assumption ofNSi ) 3.850 andKSi ) -0.020 for the Si(111)
substrate were determined to be∼10% for a(4% variation in
NSi and a 20% variation inKSi.

7. Contact Angle Goniometry.Contact angles on alkyl-
derivatized silicon surfaces were measured at ambient temper-
ature and humidity using a Rame-Hart Inc. model 100-06
goniometer with a tiltable base. Flash photolyzed or 18 Mohm
cm resistivity water obtained from a Barnstead water purification
system was used for the experiments with aqueous drops, and
anhydrous hexadecane (Aldrich) was used for nonaqueous drops.
Prior to use, the hexadecane was passed through a column of
activated basic alumina (Aldrich) that had been stored in the
N2(g)-purged glovebox. The sessile drop contact angle data were
within (2° for each drop and for each surface, with data
collected generally on three drops per surface.

III. Results

A. The Hydrogen-Terminated Silicon Surface.NH4F(aq)-
etched, (111)-oriented Si surfaces were the starting point for
our investigations. The Si atoms on such surfaces have been
reported to be essentially completely terminated with hydrogen,
forming Si-H bonds that are oriented normal to the (111)
surface plane.64-66 This passivated surface is also relatively
chemically unreactive in atmospheric pressure ambients, includ-
ing air49 and, thus, provides a well-defined starting point for
the systematic development of wet chemical functionalization
procedures.

cos2θ ) 1 - cos2Rsym - cos2Rasym (3)

cosγ )
cosRsym

sinθ
(4)
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1. X-ray Photoelectron (XP) SurVey Spectra.Typical XP
survey spectra (provided in Supporting Information) of a
H-terminated Si(111) sample contained two main peaks, at
binding energies of 150.3( 0.2 eV and 99.0( 0.2 eV,
respectively, which corresponded to signals expected from Si
2s and Si 2p photoelectrons.47,48,67,68Peaks observed at succes-
sive intervals of 17.5 eV higher than the two main peaks (i.e.,
at ∼116.5 BeV, 134.0 BeV, 167.5 BeV and 185.0 BeV) were
characteristic of crystalline silicon samples and have been
identified previously as plasmon loss peaks that arise from the
Si 2s and 2p peaks.69,70 Occasionally, small signals due to
oxygen and carbon were also observed at 532 BeV (O 1s) and
284.6 BeV (C 1s), respectively, and are attributed to adventitious
carbonaceous material present on the silicon surface as a result
of wet chemical etching and subsequent brief handling of the
surface in air (vide infra).47,71 The lack of a F 1ssignal in the
XPS survey data, which would have appeared at∼686 eV
binding energy, confirmed that the NH4F(aq)-etched silicon
surface was not terminated by Si-F species at levels higher
than 0.1 monolayer of F.72,73

2. High-Resolution XP Spectra.The high-resolution spectra
of the Si 2p region (Figure 1a) could be deconvoluted into a

doublet consisting of components from the 2p1/2 and 2p3/2 Si
peaks.47-49,67,68 Optimization of parameters of the two Si 2p
component peaks to produce a best fit to the experimental
spectrum yielded an average peak separation (ESi 2p1/2 - ESi

2p3/2) of 0.60( 0.01 eV and an area ratio (ASi 2p1/2/ASi 2p3/2) of
0.51 ( 0.02. Both of these values are in excellent agreement
with prior literature reports and with the theoretically expected
values of 0.60 eV and 0.50, respectively.47,48,67,68After the
deconvolution procedure, no statistically significant residual XPS
signal was present in the Si 2p region, indicating negligible
oxidation of the silicon surface, at least at the level of<0.2
monolayers that could be detected under these instrumental
conditions.47

The lack of oxidized Si in the Si 2p region indicated that the
O 1s and C 1s peaks observed in the survey scan at 532 BeV
and 284.6 BeV, respectively, arose from adventitious species
on the Si surface. These peaks could not always be completely
eliminated during our etching and handling steps, which
involved sample rinsing and transfer under ambient environment
into the load lock of the UHV analysis chamber. Additional
support for the hypothesis that the O 1s peak in the XPS survey
scan was due to adventitious sources rather than from oxidation
of the surface Si atoms was obtained from the empirical
observation that the raw area ratio of the O 1s/C 1s peaks in
the survey scan was observed to be 0.84( 0.15 for over 150
separate samples, whereas oxidation would have been expected
to yield different O/C ratios for different oxidation levels. Even
if all the oxygen observed in the survey scans were attributed
to silicon oxide, the O 1s signal in the survey scan corresponds
to <0.2 monolayer of oxide on the silicon surface.

3. Infrared Spectroscopy.Infrared spectra obtained with
p-polarized light incident onto the NH4F(aq) etched, (111)-
oriented Si surface exhibited a sharp feature at 2083 cm-1

(spectra presented in Supporting Information). This peak position
is indicative of the presence of surficial silicon monohydride
species,64-66 and the polarization anisotropy is consistent with
the orientation of the transition dipole moment of the Si-H
bond being normal to the Si (111) surface plane.64 Small
negative peaks observed in the C-H stretching region (2750-
3000 cm-1) indicated that the H-terminated surface had a lower
amount of adventitious coverage than the reference (oxidized
silicon) sample. Although on older Si ATR plates, whose
surfaces had roughened somewhat due to repeated oxidation,
etching and derivatization, some very small features indicative
of Si-H2 and Si-H3 surface species were observed in the
2100-2140 cm-1 range, the glancing transmission IR spectra
obtained on polished and freshly etched Si (111) wafers routinely
showed no features above the noise in the 2100-2140 cm-1

region. Thus, silicon wafer surfaces were essentially completely
terminated with Si-H species under the described conditions.

4. High-Resolution Electron Energy Loss Spectroscopy
(HREELS) and Auger Electron Spectroscopy (AES).HREELS
spectra obtained on H-terminated Si(111) surfaces (Figure 2a)
exhibited peaks at 400 cm-1 (silicon bulk phonon modes), 800
cm-1 (CH2 rocking mode), 1100 cm-1 (C-C stretching mode),
1400 cm-1 (CH3 umbrella (wag) mode of the terminal methyl
group) and 2950 cm-1 (C-H stretching mode).74 The C-C and
C-H HREELS peaks indicated the presence of some adventi-
tious carbonaceous material on the surface. These observations
are consistent with the XPS and AES results. Annealing these
surfaces to 600 K lowered the hydrocarbon coverage somewhat
but did not eliminate it completely. Due to the adventitious

Figure 1. X-ray photoelectron “high resolution” spectra of the Si 2p
region of a (111)-oriented Si surface after exposure to (a) 5:1 NH4F-
(aq)/HF(aq) to produce Si-H termination, (b) chlorination with PCl5,
and (c) alkylation with C6H13Li. The dashed lines are the fits to the Si
2p doublet peaks and the thick solid line in panel (b) is the additional
peak needed at higher binding energy to obtain agreement between
the actual data (upper solid line in each panel) and the fitted spectrum
(open circles in each panel).

10270 J. Phys. Chem. B, Vol. 105, No. 42, 2001 Bansal et al.

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp010284p&iName=master.img-000.png&w=235&h=378


carbonaceous overlayer, HREELS signals could not be observed
for Si-H stretching peaks at∼2100 cm-1 for the etched Si
samples.

In contrast, Si(111) samples that had been annealed in UHV
to 1200 K and then exposed to atomic hydrogen did exhibit a
distinct peak at∼2100 cm-1 (Figure 2b), verifying that the
expected Si-H stretch could be observed for a clean hydrogen-
terminated surface. These spectra also showed peaks at 650 and
850 cm-1, corresponding to a Si-H bending mode and to the
subsurface Si-C stretching mode, respectively.60 For these
samples, the 1100, 1400, and 2950 cm-1 peaks were either not
observed or their intensity was extremely small. Although the
HREELS signals were not very diagnostic for characterizing
the wet-etched hydrogen terminated Si surfaces, these spectra
serve as an important baseline for interpretation of the HREELS
signals observed on chemically modified Si surfaces (vide infra).

Auger electron spectra of the NH4F(aq)-etched (111)-oriented
Si surface exhibited small carbon and oxygen KLL peaks at
272 and 503 eV, respectively, in addition to the Si LMM peak
at 92 eV.75,76 TPD spectra of such surfaces produced broad
signals at masses 28 (C2H4), 27 (C2H3) and 2 (H2) that were
consistent with the presence of adventitious material on the
surface.61 AES spectra of samples that had been annealed to
1200 K and cooled to room temperature exhibited only the bulk
silicon peak and did not exhibit carbon or oxygen Auger signals.
When these samples were subsequently dosed with atomic
hydrogen, sharp TPD peaks were observed for mass 2 at∼900
K. This desorption temperature is in accord with prior reports
for the H-terminated, UHV prepared, Si (111) surface.61

B. The Chlorine-Terminated Si Surface.The H-terminated
Si surface exhibited remarkable stability for a silane-type
species, being relatively stable in air and water. In this regard,
its chemistry resembled that of ((CH3)3Si)3Si-H, and stands in
contrast to the reactivity of less hindered mono- or di-
alkylsilanes such as C2H5SiH3 or (C2H5)2SiH2. Difficulty in
controlling the Si(111)-H surface chemistry was encountered
when conventional hydrosilation methods were used because
either no reaction was observed (with Pt2Cl62- and olefins, [Rh-
(COD)Cl]2 and olefins, etc.) or extensive surface pitting, etching,
and/or oxidation was observed when forcing conditions and
highly reactive reagents (for example, high doses of Cl2(g)) were
used.

The H-terminated Si surface was, however, successfully
chlorinated using PCl5 in chlorobenzene, in a reaction that
employed a mild source of chlorine radicals. The surface
produced by this step could be manipulated under routinely
available anaerobic laboratory conditions.

1. XP SurVey Spectra.As compared to the H-terminated
surface, the survey spectrum of the chlorine-terminated surface
(shown in Supporting Information) displayed two additional
peaks, at 270.2( 0.4 eV and 199.3( 0.4 eV binding energy,
respectively, corresponding to signals arising from Cl 2s and
Cl 2p photoelectrons.76 The coverage of Cl on this surface was
estimated to be 1.3-1.5 monolayers as determined from the
ratio of the Cl 2s/Si 2p or Cl 2p/Si 2p peaks. None of the peaks
changed in amplitude or position after sonication of the Si
surfaces in anhydrous methanol or dichloromethane.

2. High-Resolution XP Spectra.Obtaining a satisfactory fit
to the high-resolution Si 2p XPS data of the chlorinated surface
(Figure 1b) required the use of three peaks. Two of these peaks
corresponded to the 2p1/2 and 2p3/2 components of the bulk
silicon doublet, as observed for the H-terminated surface,
whereas the third peak, displaced toward higher binding energy,
corresponded to surface silicon atoms that were bound to the
chlorine atoms (SiCl). Optimization of the peak position and
peak width of the high binding energy (SiCl) peak to give the
best fit to the overall spectrum, whereas fixing the peak
separation, peak area ratio and the fwhm of the 2p1/2 and 2p3/2

components to agree with those observed for the H-terminated
Si surface, resulted in the SiCl peak being located at 1.09(
0.09 eV binding energy higher than the Si 2p3/2 component peak.
This peak position is in excellent agreement with prior literature
reports for Si(111) 7× 7 surfaces that had been dosed with
Cl2(g) in UHV, in which a peak assigned to the 2p3/2 component
of the surficial Si bonded to Cl was observed at 0.88-0.97 eV
higher in energy than the Si 2p3/2 peak.52,77 The coverage of
chlorinated Si calculated from the ratio of the area of the SiCl

peak to the Si 2p doublet was 0.66( 0.20 monolayers.
High-resolution XP spectra of the Cl 2p region were also

collected for the chlorinated Si(111) surface between 197.4 and
204.2 eV binding energy. These spectra displayed a character-
istic doublet of Cl 2p3/2 and Cl 2p1/2 peaks.76 The ratio of the
Cl 2p/Si 2p high-resolution peaks, both normalized for their
data collection times and elemental sensitivity, gave a coverage
of 1.3 ( 0.1 monolayers of chlorine on the silicon surface,
consistent with the chlorine coverage determined from the XP
survey spectra.

3. Infrared Spectroscopy.Infrared spectra of the chlorinated
Si surface exhibited a complete loss of the Si-H stretch at 2083
cm-1 that was observed for the NH4F(aq)-etched Si samples.
This observation is consistent with the suggestion that the
chlorination process converts the surface Si-H bonds to Si-
Cl bonds. XP survey spectra of the chlorinated samples taken

Figure 2. High-resolution electron energy loss spectra (HREELS) of
a H-terminated Si(111) surface prepared by (a) etching in 5:1 NH4F-
(aq)/HF(aq) solution and 40% NH4F(aq) solution and (b) dosing a Si-
(111) surface, that had been previously sputtered with Ar+ ions and
annealed to 1200 K, with atomic hydrogen. The HREELS data were
collected at a sample temperature of∼120 K.
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before and after the IR measurements showed the same chlorine
coverage on the surface, within experimental error. The high
resolution XP spectra of the Si 2p region of these samples did
not show any silicon oxide peak before or after IR measurement.
These observations indicated negligible change in the nature
of the chlorinated silicon samples during data collection or
sample transfer. Concomitantly, no signatures were observed
in the IR spectra that would indicate the presence of Si-O or
Si-OH species on the chlorinated surface. The silicon-chlorine
stretching mode that is expected to be produced by the
chlorination step should appear at∼550 cm-1.78 Unfortunately,
this energy is not accessible in either conventional TIR or ATR
geometries, due to strong absorption by bulk Si below 1500
cm-1. Thus, no direct information on the presence of a Si-Cl
bond could be obtained through the use of IR spectroscopy.

4. High-Resolution Electron Energy Loss Spectroscopy
(HREELS).HREEL spectra of the Si-Cl surface exhibited a
peak at 550 cm-1 (Figure 3) that was not present in the spectra
for the Si-H surface. This peak position is in good agreement
with prior reports of Si-Cl vibrations on chlorinated Si surfaces
prepared in UHV78 and is thus interpreted as confirming the
formation of Si-Cl bonds on PCl5-treated Si surfaces. After
TPD to 1200 K, the 550 cm-1 peak due to surface Si-Cl was
not observed in the HREEL spectra (Figure 3), in agreement
with a lack of Cl signal in the Auger spectra after heating the
sample to this temperature (vide infra).

5. Auger Electron Spectroscopy (AES) and Temperature
Programmed Desorption (TPD).Auger/TPD data were used to
confirm that the Cl observed in the Auger spectra was covalently
bonded to the surface. Auger spectra taken on the chlorinated
surface (shown in Supporting Information) exhibited a Cl LMM
peak at 181 eV and small signals due to adventitious O and C
at 503 and 272 eV, respectively, in addition to the bulk Si peak
at 92 eV.76 TPD spectra of the chlorine-terminated silicon
surfaces (Figure 4) exhibited signals at mass 28, 27 and 2 that
arose from adventitious adsorbed species (vide supra), but also

exhibited signals at mass 63 (SiCl) and at mass 133 (SiCl3)
that were not observed on hydrogen-terminated Si surfaces
prepared by dosing UHV-annealed Si surfaces with atomic
hydrogen. These latter signals were consistent with the desorp-
tion of chlorinated species from the surface.52,79The observation
of two peaks in the TPD signals for the chlorinated species
suggested the formation of silicon di- and tri-chloride species
in addition to silicon monochloride at the surface.

Auger spectra taken after heating the sample to 1200 K during
the TPD experiment did not show any residual Cl AES signal.
This demonstrates that all of the surficial Cl observed in the
Auger spectrum of the chlorinated Si surface could be desorbed,
and also demonstrates that the sample required a relatively high
temperature in order to desorb most of the Cl from the surface.
This set of observations suggests that all of the surface chlorine
was covalently bound to the Si during the chlorination step,
consistent with the HREELS data for this system.

C. Alkyl-Terminated Silicon Surfaces.The chlorinated Si-
(111) surfaces were found to react readily with organolithium
and alkyl-Grignard reagents. To perform this derivatization step,
the chlorinated silicon surfaces were immersed in alkyl Grignard
(RMgX: R ) CH3, C2H5, C4H9, (CH2)3CF3, C5H11, C6H13,
C8H17, C10H21, C12H25, C18H37; X ) Br, Cl) or alkyllithium
(RLi: R ) C4H9, C6H13, C10H21) solutions at 65-80 °C for
various times (Table 1). The modified surfaces were spectro-
scopically and physically characterized as described below.

1. X-ray Photoelectron (XP) SurVey Spectra.The XPS survey
scan of the alkylated surfaces (shown for C6H13-terminated Si-
(111) in the Supporting Information) showed signals only due
to Si, C and O. No Li or halide peaks were detected on such
surfaces, and no Mg peaks were observed when C6H13MgBr
was used instead of C6H13Li as the alkylation reagent. Further-
more, the C 1s/Si 2p ratio increased monotonically as the chain
length of the alkyl group used to derivatize the sample was
increased (Figure 5, Table 1).

2. High-Resolution XP Spectra.The high resolution XP
spectra of the alkylated silicon surfaces were nearly identical
to those obtained from H-terminated Si surfaces, and only
required the use of Si 2p1/2 and Si 2p3/2 component peaks to
obtain an excellent fit to the experimental data.50 No significant
residual was observed at high binding energy from the main

Figure 3. High-resolution electron energy loss spectra (HREELS) of
a chlorine-terminated Si surface before (thin solid line) and after (thick
solid line) thermal desorption to 1200 K. The peak at 550 cm-1, present
in the spectra before thermal desorption, corresponds to the Si-Cl
stretching mode, and disappeared after thermal desorption of Cl.

Figure 4. Temperature programmed desorption spectra of a chlorine-
terminated Si surface. Peaks were observed at 63 amu (Si-Cl) and at
133 amu (SiCl3).
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peak, indicating that the high binding energy Si 2p signal
observed for the chlorinated surface had been removed during
the alkylation step. Consistent with the very small intensity of
the O 1s signal seen in the XP survey spectra, the high-resolution
scans of the Si 2p region of alkylated surfaces showed no
detectable oxidation of the surficial Si atoms. The lack of a
chemical shift in the Si 2p region for the surficial Si atoms
relative to the bulk Si atoms is consistent with expectations for
Si-C bonding, in which the chemical shift of the surficial Si
atoms is expected to be very close to that of lattice atoms
involved in Si-Si bonding. The lack of oxidized Si signals is
also consistent with the interpretation advanced above that the
small O 1s signals observed in the XP survey scans are due to
the presence of adventitious hydrocarbon species on such
surfaces.

3. Infrared Spectroscopy.In the ATR mode of a C12H25-
terminated surface, signals due to C-H stretching vibrations
appeared at 2852 cm-1 (νs(CH2)), 2922 cm-1 (νa(CH2)), and
2961 cm-1 (νa(CH3),ip) (shown in Supporting Information). No
substantial signals were observed in the Si-H strecthing region.
For the C18H37- and C12H25-terminated surfaces, ATR spectra
yielded asymmetric methylene C-H stretching peaks at 2923
and 2922 cm-1, respectively. These peak positions for alkylthiol

monolayers on gold have been interpreted to indicate a semi-
amorphous environment of alkyl chains in the overlayer.80,81

Infrared dichroism measurements in the C-H stretching
region82 were used to estimate the average apparent tilt and twist
angles of alkyl chains for Si surfaces that had been exposed to
C12H25MgBr or C18H37MgBr. AverageRsym and Rasym values
were found to be 64° and 69° for the -C12H25 chains and 62°
and 55° for the-C18H37 chains. Using eqs 3 and 4, the tilt and
twist angles were determined to be 35° and 34°, respectively,
for the -C12H25 chain and 48° and 51°, respectively, for the
-C18H37 chain. The error in all the angles was estimated to be
<3°. The tilt angles for the C12H25- and C18H37-terminated
surfaces determined by IR spectroscopy were very close to those
calculated from the ellipsometry data (vide infra).

4. High-Resolution Electron Energy Loss Spectroscopy
(HREELS), Temperature Programmed Desorption Spectroscopy
(TPDS) and Auger Electron Spectroscopy (AES).The Si-C
stretching mode expected at∼650 cm-1 74,83,84from a surficial
Si-alkyl linkage cannot be observed by IR spectroscopy, in either
TIR or ATR geometries, due to strong absorption by bulk Si
below 1500 cm-1. Chlorinated Si(111) surfaces that had been
exposed to C2H5Li were therefore subjected to HREELS. As
displayed in Figure 6, in addition to a peak for the C-H
stretching mode at∼2900 cm-1, the CH3 umbrella (wag) mode
of the terminal methyl group at 1400 cm-1, the C-C stretching
mode at 1100 cm-1, and the CH2 rocking mode at 900 cm-1, a
strong signal was seen at∼650 cm-1.74,83,84The 650 cm-1 peak
has been previously assigned to the Si-C stretching mode of
alkylated Si(111) surfaces, based on vibrational analyses of
adsorption of diethylsilane or ethylene on vacuum annealed Si-
(111) surfaces in UHV.74,83,84 In addition, Si-C stretches at
similar energies have been identified in vibrational spectra of
alkylated Si(100) surfaces that have been prepared by adsorption
of acetylene or ethylene onto annealed Si(100) surfaces in
UHV.60,83All of the vibrational peaks observed in the HREELS

Figure 5. Observed and theoretically expected C 1s/Si 2p XPS peak
ratios for silicon surfaces terminated with alkyl groups of different chain
lengths in (a) survey XPS scans and (b) high resolution XPS scans.
The solid squares denote the observed ratio and the open squares denote
the expected ratio of C/Si peaks in the survey scan. The solid circles
denote the observed ratio and the open circles denote the expected ratio
of the C/Si peaks in the high resolution scan. The theoretically expected
ratios for both scans were calculated for-CnH2n+1 (2 e n e 18)
assuming 0.5 monolayer coverage (see text) and no contributions from
adventitious carbonaceous material. For alkylation with-CH3 groups,
geometric factors permit the formation of one monolayer, and this
coverage was assumed in the theoretical calculation forn ) 1.

Figure 6. High-resolution electron energy loss spectra (HREELS) of
an ethyl-terminated Si surface (made from exposing the chlorinated Si
surface to C2H5MgBr) before (thin solid line) and after (thick solid
line) thermal desorption to 1200 K. The peak at 650 cm-1, present in
the spectra before thermal desorption, corresponds to the Si-C
stretching mode.
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spectra were either significantly reduced or disappeared com-
pletely after thermal desorption at 1200 K (Figure 6).

The Auger spectra were consistent with the HREELS data.
Peaks in the Auger spectrum of a chlorinated Si surface that
had been subsequently exposed to C2H5Li were observed for
Si and C at 92 and 272 eV, respectively (spectra shown in
Supporting Information). A trace amount of Cl was observed
on the alkylated surface, as indicated by a small peak at 181
eV. All peaks except the bulk silicon signal disappeared after
the sample was heated to∼1200 K and cooled to room
temperature.

5. Estimates of the CoVerage of Alkyl OVerlayer Groups
DeriVed from XPS.To estimate the areal coverage of alkyl
species on the silicon surface, the chlorinated Si surface was
derivatized with CF3(CH2)3MgBr or with CF3CH2OLi. Using
F 1s/Si 2p ratios from the survey spectra, the overlayer-
substrate model gave a coverage of 0.43( 0.05 monolayers
for surfaces derivatized with CF3(CH2)3MgBr and 0.51( 0.01
monolayers for surfaces derivatized with CF3CH2OLi. In this
method, the-CF3 groups were assumed to be at the solid-
vacuum interface, held there by the underlying methylene groups
which were anchored rigidly to the silicon surface by covalent
Si-C and Si-O bonds. If instead the chains were assumed to
not be held rigidly but the F atoms were uniformly, but
randomly, distributed in the overlayer, the coverage values
obtained were 0.50( 0.06 and 0.57( 0.10 for the survey and
high-resolution data, respectively, for surfaces treated with
CF3(CH2)3MgBr and was 0.51( 0.01 from the survey data of
surfaces exposed to CF3CH2OLi. Analysis of the ratio of the
high-resolution peaks of F 1s and Si 2p signals for surfaces
derivatized with CF3(CH2)3MgBr gave an alkyl coverage of 0.48
( 0.09 monolayers. These coverages are consistent with the
hypothesis that alkyl chains cannot be attached to every surface
silicon atom, because the diameter of the alkyl chain (4.85 Å)85

is larger than the 3.84 Å distance between adjacent atop sites
of the unreconstructed Si(111) surface.16

The high-resolution Si 2p spectra for the CF3CH2OLi-exposed
surfaces were also of interest in that they indicated the presence
of peaks due to oxidized Si at 3.6( 0.1 eV higher than the Si
2p3/2 peak in an unoxidized Si overlayer. The coverage of
oxidized Si atoms was calculated from the ratio of the area of
the silicon oxide peak to the area of the bulk Si 2p doublet
signal, and this calculation indicated a coverage of∼1.6
monolayer of oxidized Si on such surfaces.

XPS data were also used to estimate the variation in coverage
as a function of the length of the alkyl chain in the overlayer.
Figure 5 shows the C 1s/Si 2p ratio calculated from the survey
scan and from high-resolution scans of alkylated Si surfaces
(Si-R: RdCnH2n+1, 1 e n e 18). Also shown, for comparison,
are the corresponding C 1s/Si 2p ratios expected for a monolayer
with uniform ideal coverage of a given chain length. The
expected ratio for both the survey and high-resolution scans
were calculated for-CnH2n+1 (2 e n e 18) assuming half-
monolayer coverage and no contributions from adventitious C
sources. Forn ) 1, geometric factors permit the formation of
one monolayer, and this has been assumed in the calculation
for methyl termination only.

Although some deviations are apparent between the observed
and the ideally expected values, the data are in general
agreement with expectations. The presence of adventitious
carbon is expected to cause the observed ratio to be higher than
the ideally expected value for all chain lengths. In contrast, a
less than optimal density of the overlayer, due to either
incomplete overlayer formation or significant tilt of the alkane

chains, is expected to manifest itself as a decrease in the
observed C 1s/Si 2p ratio as compared to the ideally expected
value. The experimentally observed ratio contains both of these
factors (perhaps in different proportions) for each chain length.

6. ReactiVity of the H-Terminated Si Surface Toward
Alkylation Reagents.Figure 7 compares the XP survey spectra
obtained when chlorinated and hydrogen-terminated crystalline
(111)-oriented Si surfaces were reacted with C6H13Li and C6H13-
MgBr, respectively. The C 1s/Si 2p peak ratio was always
smaller when the H-terminated Si surface was used than when
the Cl-terminated Si surface was used. The Li reagents produced
a higher C 1s/Si 2p ratio under the same time and temperature
conditions than was observed when the analogous Mg reagents
were used. In some cases, the Mg reagent produced relatively
little apparent alkylation, whereas in other cases somewhat
higher C 1s/Si 2p ratios were observed. The less reactive
behavior of the NH4F(aq)-etched, H-terminated, (111)-oriented
Si surface relative to the chlorinated Si(111) surface therefore
underscores the advantage of the two-step procedure in obtaining
a high coverage of surface functional groups, under the time
and temperature conditions explored during the course of this
work.

7. Ellipsometry.Ellipsometric measurements of the alkylated
surfaces gave effective overlayer thicknesses that increased
monotonically with the length of the alkane chain used in the
reactant molecules (Figure 8; Table 3). The thicknesses obtained
from analysis of the ellipsometric data were consistent with the
C 1s/Si 2p ratios observed by XPS (Figure 5). The measured
ellipsometric thicknesses for the alkyl monolayers made from
reagents having from short (n e 6) chains were consistently
approximately 0.3 nm higher than the values calculated for the

Figure 7. XPS survey spectra of a chlorine-terminated and hydrogen-
terminated Si surface that were exposed to C6H13MgBr and C6H13Li
reagents, respectively, for 6-10 h at 330 K.
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thickness of such chains in their all trans- conformation.62,80,81

Consistent with XPS survey data and AES data, this difference
is likely due to the presence of adventitious hydrocarbon species
on the alkylated surface. Surfaces prepared from longer chain
alkyl groups (10e n e 18) showed variable differences between
the ellipsometrically observed and theoretically expected values,
likely due to varying contributions from adventitious carbon
and packing-density-dependent chain tilts (vide supra). When
the observed ellipsometric thicknesses for the C12H25- and
C18H37-terminated surfaces were corrected for the contribution
of adventitious carbon (assumed to be constant for the series
of alkyl overlayers), and the residual thickness of the overlayer
then compared with the calculated length of the respective
molecule in the all trans- conformation, the average chain tilt
angles were found to be 31° for the C12H25-terminated surface
and 45° for the C18H37-terminated surface, in good agreement
with the results from the IR dichroism measurements (vide
supra).

8. Contact Angle Goniometry.Contact angle measurements
were performed with water and hexadecane to gain additional
information regarding the ordering of the free ends of the alkyl

chains of the alkylated Si(111) surfaces. In studies involving
alkylthiol monolayers on gold or involving alkyl monolayers
prepared from radical addition of 1-alkenes onto (111)-oriented
silicon, contact angles for water in the range 110°-115° and
for hexadecane in the range 45°-50° have been taken to indicate
a tightly packed alkyl monolayer with a free surface terminated
by methyl groups. Lower contact angles in such systems have
been interpreted to indicate the presence of exposed methylene
groups at the surface.8,9,80,81 Contact angle measurements on
the alkyl-terminated Si surfaces gave angles between 85° and
105° for water and 36° or lower for hexadecane (Table 3). This
suggests that the surface contained some amount of exposed
methylene units at the surface. The methylene units could be
exposed either due to a less than optimal packing density of
the alkyl chains or due to significant tilting of the alkyl chains
from surface normal. Either of these scenarios is consistent with
the infrared data, which indicate a semi-amorphous packing in
the monolayer. This observation is also consistent with the half-
monolayer packing density that was determined from analysis
of the XPS data (vide supra).

9. Chemical Stability of the Alkylated Si Surfaces.It is of
interest to probe whether surface alkylation results in enhanced
stability to oxidation, as might be expected if Si-H bonds have
been replaced by Si-C bonds. A hydrogen-terminated surface
and a representative alkylated Si surface, derivatized with C4H9-
Li (after chlorination of the Si) were therefore immersed for 30
min in boiling aerated chloroform. After immersion, the C 1s/
Si 2p peak ratio in the XPS survey scan retained 90% of its
original intensity, and no oxidation was observed by XPS for
either the H-terminated surface or the alkyl-terminated surface
under such conditions.

XPS analysis of two C12H25-terminated silicon samples that
had been exposed to aqueous H2SO4(aq) (pH) 2) and KOH
(pH ) 13) solutions, respectively, for 2.5 h at room temperature
produced almost no change in the carbon coverage in XPS
survey scans of the surface. In contrast, the H-terminated Si
surface showed approximately one monolayer of oxide coverage
after being subjected to the same conditions. Similarly, ap-
proximately one monolayer of oxide was observed on the
H-terminated surface after exposure to the basic solution,
whereas only∼0.5 monolayers of oxide were observed by XPS
on the C12H25-terminated surface.

The stability of the alkyl-terminated surfaces toward HF(aq)
was measured by immersing a C10H21-terminated Si(111) sample
into a 5:1 (v:v) NH4F(aq)/HF(aq) solution for 5 min. XP spectra
of the surface taken before and after immersion showed no
significant change in the C 1s/Si 2p ratio. Furthermore, when a
CF3(CH2)3-terminated sample that exhibited∼0.5 monolayer
of silicon oxide was immersed for 5 min into the 5:1 (v:v)
NH4F(aq)/HF(aq) solution, subsequent analysis by XPS revealed
that the F 1s/Si 2p ratio had retained 82% of its original intensity.
Furthermore, no silicon oxide was observed on the CF3(CH2)3-
terminated surface after the etch. These results indicate that the
alkyl groups are primarily attached directly to the silicon surface
and not through an intervening oxide layer, and that the oxide
but not the alkylated Si, had been etched by the fluoride-
containing solutions.

IV. Discussion

The two-step reaction sequence described above, radical-
initiated chlorination followed by reaction with Grignard or
organolithium reagents, provides a simple, apparently general
approach to functionalization of H-terminated silicon surfaces.
Moreover, this procedure allows the formation of important

Figure 8. Ellipsometrically determined thicknesses of the monolayers
prepared from alkyl groups of different chain lengths (-CnH2n+1: 1 e
n e 18). Solid circles denote the experimentally determined thicknesses,
while the open circles denote the theoretically expected values based
on a model that assumes that the alkane chains are in an all-trans
configuration and are held rigidly by the underlying Si-C bonds. The
model does not include any contributions from adventitious carbon to
the thickness of the monolayers.

TABLE 3: Physical Properties of Alkyl-terminated Si(111)
Surfaces

contact angle

-R

observed
ellipsometric

thickness
(Å)

calculated
film

thicknessa

(Å)
water

(°)
hexadecane

(°)
-C2H5 7 ( 2 3.82 85( 3 <10
-C4H9 9 ( 1 5.85 95( 2 <10
-C6H13 11 ( 1 7.89 100( 2 30( 1
-C10H21 12 ( 2 11.95 93( 2 <10
-C12H25 15 ( 1 13.98 104( 2 27( 1
-C18H37 17 ( 1 20.08 99( 2 37( 1

a The calculation assumes that the alkyl groups are rigidly bound to
the surface of silicon and the Si-C bond is normal to the surface.
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surface functionalities, such as the methyl-terminated Si surface,
that are not readily available through many other routes. The
alkyl overlayers are robust and impart enhanced chemical
stability to the silicon surface in the presence of a variety of
oxidizing ambients. This behavior might be especially important
in the uses of these surfaces for electrical devices because
protection against inadvertent interfacial oxidation is a critical
feature for many applications of Si surfaces.

The contact angle, ellipsometric, and other physical data on
these alkylated Si surfaces are consistent with the hypothesis
that the packing of chains in these alkyl overlayers is less dense
than that displayed by alkylthiols on Au. The van der Waals
radius of a methylene unit is sufficiently large that packing an
alkyl chain onto every Si atom is expected to be highly
unfavorable sterically.85 This expectation compares favorably
with the ∼0.5 monolayer coverage determined from XPS
measurements on fluorine-tagged alkyl overlayers.86

The present study also reveals significant differences in
reactivity between porous Si surfaces and crystalline Si surfaces.
Recent work has demonstrated both halogenation and alkylation
of porous Si surfaces.37 Partial alkylation has been reported upon
direct exposure of H-terminated porous Si surfaces to Grignard
or organolithium reagents, presumably through attack on the
Si-Si back-bonds.37 Partial alkylation was also observed using
such methods on the crystalline Si surfaces investigated in our
study. Halogenation treatments of porous Si are reported to
produce preferential reaction with di- and tri-hydride Si species,
whereas only a fraction of the monohydridic Si-H bonds on
such surfaces are reactive.34-36,38 In contrast, the reactions
described herein produced a complete disappearance of the
Si-H bonds on crystalline, (111)-oriented, Si surfaces. These
differences imply the presence of a distribution of Si-H sites,
having varying degrees of reactivity, on porous Si surfaces as
compared to the reactivity of the Si-H bonds on crystalline,
H-terminated (111)-oriented Si surfaces. A detailed comparison
between the reactivity of porous Si and crystalline Si toward
several types of reagents would be of interest to define further
the degree to which the Si-H bonds on these different surfaces
share a common reaction chemistry.

V. Conclusions

Radical-initiated chlorination of crystalline (111)-oriented Si
surfaces with PCl5, followed by reaction of the chlorinated
surface with alkyl-Grignard or alkyl-lithium reagents, produces
alkylated Si surfaces that show enhanced resistance to oxidation
by various wet chemical treatments as compared to the H-
terminated Si surface. XPS and ellipsometric measurements
indicate that the thickness of the alkyl overlayer varies
monotonically with the length of the alkyl group used in the
reactant, whereas contact angle and IR measurements indicate
that the packing of alkyl groups in the monolayers produced
by this method is less dense than that found in alkylthiol
monolayers on Au.
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