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2.1 INTRODUCTION 

The chemical structure at the surface of crystalline Si determines the 

susceptibility of the surface to oxidation or corrosion1-3 and strongly influences electronic 

properties, such as the lifetimes of photogenerated charge carriers4-5 and the positions of 

the semiconductor band edges.6-7 Accordingly, chemical functionalization of the Si 

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

interfaces between Si and other materials8-10 and is important for numerous applications, 

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

cells,11-13 interfacing molecular electronics with Si-based circuitry,14-16 improving 

semiconductor device electronics,17-18 and interfacing molecular catalysts with electrode 

surfaces.19-20  

Wet chemical methods offer a low-cost, scalable approach to functionalization of 

Si surfaces relative to methods that require vacuum or high temperatures. Covalent 

attachment of alkyl groups to the Si surface has been shown to impart beneficial 
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properties, including resistance to oxidation1-3 and low surface recombination     

velocity.4, 21-22 However, correlation of the modified state of the surface with the changes 

to the chemical and physical properties that accompany the modification requires 

knowledge of the chemical structure of the functionalized surface. Of the alkyl-

terminated surfaces studied, the CH3–Si(111) surface has been characterized most 

extensively by methods including vibrational spectroscopy,23-27 high-resolution X-ray 

photoelectron spectroscopy (XPS),28-31 low-energy electron diffraction,27-28 helium-atom 

scattering (HAS),32-34 sum-frequency generation (SFG),35 low-temperature scanning 

tunneling microscopy (STM),36 and surface recombination velocity (S) measurements.4 

This extensive characterization of the CH3–Si(111) surface has supported the conclusion 

that nearly full termination of the atop Si(111) sites by Si–C bonds can be achieved, 

resulting in exceptional surface ordering and stability. The –CH3 group is unique among 

saturated hydrocarbons in this respect, whereas termination of Si(111) sites with ethyl    

(–C2H5) groups results in 60–90% termination in Si–C bonds with the remainder of the 

Si(111) atop sites terminated by Si–H.7, 23-24, 37-38 Formation of Si–H at sites not 

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

of surface states.29 

Despite their favorable properties, CH3–Si(111) surfaces offer few opportunities 

for controlled secondary functionalization. Such opportunities have attracted considerable 

attention for use in solar cells,39-40 transistors,41 and molecular sensors.42-43 Mixed 

monolayers have been developed for Si surfaces to impart functionality for facile 

secondary chemistry while maintaining high Si–C termination and low S.21 For example, 
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Heck coupling has been developed for mixed methyl/thienyl monolayers,22 molecular 

proton-reduction catalysts have been assembled on mixed methyl/bipyridyl monolayers,19 

and growth of Al2O3 by atomic-layer deposition (ALD) has been seeded by mixed 

methyl/propionaldehyde surfaces.17 

Covalent attachment to the Si surface of groups that are similar in size to methyl 

groups, but that contain versatile functional groups, offers an alternative approach to 

imparting opportunities for secondary functionalization to Si surfaces that maintain high 

Si–C termination and low S. Ethynyl (–CCH) groups have radial diameters and structures 

comparable to –CH3 groups, making them geometrically suitable for nearly full 

termination of Si(111) atop sites with Si–CCH groups. Moreover, deprotonation of the 

HCC–Si(111) functional group should, in principle, allow facile chemical reactivity by a 

variety of synthetic routes and should change the surface functionalization chemistry 

from electrophilic attack chemistry, such as Cl–Si(111) reacting with RLi or RMgX, to 

nucleophilic attack chemistry performed by the acetylide-functionalized Si surface. 

Complete termination of Si(111) atop sites by Si–CCH groups would thus provide an 

organic scaffold for secondary functionalization of Si surfaces with molecular redox 

couples and catalysts, heterogeneous catalysts, metal films, ALD-grown protecting films, 

and conducting polymers, while preserving full termination of the Si atop sites by Si–C 

bonds.  

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

extensively cited.44-48 However, little structural characterization of the HCC–Si(111) 

surface has been reported, and notable inconsistencies exist between the reported 
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syntheses and spectroscopic characterization of these surfaces. Further characterization of 

these surfaces is therefore needed to fully define the functionalization chemistry and to 

describe the properties of the modified Si(111) surfaces. We describe herein the synthesis 

of the HCC–Si(111) surfaces and provide extensive characterization of the modified 

surfaces by transmission infrared spectroscopy (TIRS), high-resolution electron energy-

loss spectroscopy (HREELS), X-ray photoelectron spectroscopy (XPS), atomic-force 

microscopy (AFM), electrochemical scanning-tunneling microscopy (EC-STM), low-

energy electron diffraction (LEED), and surface recombination velocity (S) 

measurements. We also describe an investigation of the reactivity of the terminal alkyne 

moiety in HCC–Si(111) surfaces. Furthermore, we have compared that reactivity with the 

reactivity of CH3–Si(111) and propynyl-terminated Si(111) (CH3CC–Si(111)) (see 

Chapter 3) surfaces. Additionally, we have compared the results of the surface analysis 

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

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials and Methods 

Water (≥18.2 MΩ cm resistivity) was obtained from a Barnstead E-Pure system. 

Ammonium fluoride (NH4F(aq), 40%, semiconductor grade, Transene Co., Inc., Danvers, 

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

(≥99.99% metal basis, Sigma-Aldrich) was purified by four freeze-pump-thaw cycles and 

dried over activated 3 Å molecular sieves (Sigma-Aldrich) prior to use. 4-fluorobenzyl 

chloride (99%, Sigma-Aldrich) was purified by four freeze-pump-thaw cycles and stored 
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in a N2(g)-purged glovebox prior to use. Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%, 

Sigma-Aldrich) and N,N-dimethylacetamide (DMA, anhydrous, 99.8%, Sigma-Aldrich) 

were dried over activated 3 Å molecular sieves prior to use. Sodium acetylide (NaCCH, 

≥95%, 17.3% (w/w) in xylenes, Alfa Aesar) was filtered and washed with hexanes 

(anhydrous, mixture of isomers, ≥99%, Sigma-Aldrich) under an inert atmosphere. Dry 

NaCCH powder was stored in sealed glass containers under an inert atmosphere at 22 °C. 

All other chemicals were used as received.  

Czochralski-grown n-Si wafers (Virginia Semiconductor, Fredericksburg, VA) 

used for the collection of XPS, AFM, EC-STM, LEED, and HREELS data were double-

side polished, doped with phosphorus to a resistivity of 1 Ω cm, 381 ± 25 µm thick, and 

oriented to within 0.1° of the (111) crystal plane. Collection of TIRS data was performed 

using wafers with one of the following specifications: float-zone-grown n-Si wafers 

(Silicon Quest International, Santa Clara, CA), double-side polished, doped with 

phosphorus to a resistivity of 63–77 Ω cm, 435 ± 10 µm thick, and oriented to within 0.5° 

of the (111) crystal plane; or float-zone-grown Si wafers (Addison Engineering Inc., San 

Jose, CA), double-side polished, undoped with a resistivity of >20 kΩ cm, 500 ± 20 µm 

thick, and oriented to within 0.5° of the (111) crystal plane. Undoped, float-zone-grown 

Si wafers (FZWafers.com, Ridgefield Park, NJ) with a resistivity of 20–40 kΩ cm used 

for S measurements were double-side polished, 300 ± 25 µm thick, and oriented to within 

0.5° of the (111) crystal plane. The wafer thickness was determined using calipers prior 

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

HCC–Si(111) surfaces. 

Scheme 2.1. Synthesis of CH3–Si(111) and HCC–Si(111) Surfaces 

 

 
1. Preparation of Atomically Flat H–Si(111) Surfaces. Wafers were cut with a 

diamond-tipped scribe to the desired size and then rinsed sequentially with water, 

methanol (≥99.8%, EMD), acetone (≥99.5%, EMD), methanol, and water. Organic 

contaminants were removed and the surfaces were oxidized by immersing the wafers in a 

freshly prepared piranha solution (1:3 v/v of 30% H2O2(aq) (EMD): 18 M H2SO4 (EMD)) 

at 90–95 °C for 10–15 min. The wafers were rinsed with copious amounts of water and 

immersed in buffered HF(aq) (semiconductor grade, Transene Co., Inc.) for 18 s followed 

by another water rinse. Atomically flat H–Si(111) surfaces were prepared by immersing 

the wafers in an Ar(g)-purged solution of NH4F(aq).22, 49 Wafers with a miscut angle of 

0.5° were etched for 5.5 min, while wafers with a miscut angle of 0.1° were etched for 

9.0 min to obtain optimal terrace size. The solution was purged throughout the etching 

process and the wafers were agitated after each minute of etching to remove bubbles that 

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

stream of Ar(g). 
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2. Preparation of Cl–Si(111) Surfaces. Cl–Si(111) surfaces were prepared for the 

synthesis of CH3–Si(111) surfaces (see Chapter 1). Cl–Si(111) surfaces were prepared 

inside a N2(g)-purged glovebox with <10 ppm O2(g). A saturated solution of PCl5 

(≥99.998% metal basis, Alfa Aesar) in chlorobenzene (anhydrous, ≥99.8%, Sigma-

Aldrich) was preheated with an initiating amount (<1 mg mL–1) of benzoyl peroxide 

(≥98%, Sigma-Aldrich) for 1–2 min. The H–Si(111) wafers were rinsed with 

chlorobenzene and then reacted in the PCl5 solution at 90 ± 2 °C for 45 min.22, 50 Upon 

completion of the reaction, the solution was drained and the wafers were rinsed with 

copious amounts of chlorobenzene, followed by tetrahydrofuran (THF, anhydrous, 

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

3. Preparation of of Br–Si(111) Surfaces. Br–Si(111) surfaces were prepared for 

the formation of HCC–Si(111) surfaces. Br–Si(111) surfaces were prepared by reaction 

under ambient light at 22 °C of H–Si(111) with Br2(g) in a drying chamber connected to 

a vacuum line as well as to a reservoir of Br2(l). Immediately after anisotropic etching, 

H–Si(111) samples were placed inside the drying chamber, which was then evacuated to 

<20 mTorr. The sample was sealed under vacuum and the Br2(l) reservoir was quickly 

opened and closed to allow a visible amount of Br2(g) into the evacuated drying chamber. 

The reaction was allowed to proceed for 10 s, after which the Br2(g) was removed by 

vacuum to a pressure of <20 mTorr.7, 49 The sample was sealed under vacuum and 

transferred to a N2(g)-purged glovebox.  

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

formed by the reaction of Cl–Si(111) surfaces with CH3MgCl (1.0–3.0 M in THF, Sigma-
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Aldrich or Acros Organics) at (45–60) ± 2 °C for 3–24 h.22 HCC–Si(111) surfaces were 

formed by the reaction of Br–Si(111) surfaces with NaCCH in DMSO (allowed to 

saturate at 22 °C for 12–24 h) at 45 ± 2 °C for 4–8 h. The reaction of Br–Si(111) surfaces 

with NaCCH was performed in foil-covered test tubes to limit exposure of the NaCCH to 

ambient light. In several cases, HCC–Si(111) surfaces were also prepared using NaCCH 

in DMA (allowed to saturate at 22 °C for 12–24 h) at 45 ± 2 °C for 4–8 h. However, 

HCC–Si(111) surfaces prepared using DMA were not chemically well-defined, so HCC–

Si(111) surfaces were prepared using DMSO unless otherwise stated. Upon completion 

of the reaction, CH3–Si(111) samples were rinsed with and submerged in THF, removed 

from the glovebox, and sonicated for 10 min in each of THF, methanol, and water, 

respectively; HCC–Si(111) samples were rinsed with DMSO or DMA, then rinsed with 

and submerged in methanol (≥99.8%, anhydrous, Sigma-Aldrich), removed from the 

glovebox, sonicated for 10 min in methanol, and rinsed with water. Samples were dried 

under a stream of Ar(g) or N2(g).  

5. Deprotonation of HCC–Si(111) Surfaces and Subsequent Reactivity. 

Deprotonation of HCC–Si(111) surfaces was achieved by soaking the wafers in tert-

butyllithium (t-BuLi, 1.7 M in pentane, Sigma-Aldrich) for 1 h at room temperature 

inside a N2(g)-purged glovebox and subsequently rinsing with hexanes. Deprotonation 

was also performed for 1 h at room temperature using n-butyllithium (n-BuLi, 1.6 M in 

hexane, Sigma-Aldrich), lithium 2,2,6,6-tetramethylpiperidide (LiTMP, 1.0 M in THF, 

Sigma-Aldrich), lithium hexamethyldisilazide (LiHMDS, 1.0 M in hexane, Sigma-

Aldrich) or lithium diisopropylamide (LDA, 1.0 M in THF/hexanes, Sigma-Aldrich) and 
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yielded similar results to those reported herein with t-BuLi used as the deprotonating 

agent. The deprotonated wafers were then submerged for 1 h at room temperature in neat 

CD3OD (99.6 atom % D, Sigma-Aldrich) to yield DCC–Si(111) surfaces or for 4 h at 50 

± 2 °C in neat 4-fluorobenzyl chloride to attach 4-fluorobenzyl groups to the surface. 

DCC–Si(111) surfaces were allowed to dry inside the glovebox and were sealed inside a 

centrifuge tube for transport to the IR spectrometer. Surfaces functionalized with 4-

fluorobenzyl groups were rinsed with THF, submerged in THF, and removed from the 

glovebox. The wafers were then rinsed with water, dried under Ar(g), and transported to 

the XPS for analysis.  

2.2.2 Instrumentation 

1. Transmission Infrared Spectroscopy. TIRS data were collected using a Thermo 

Scientific Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer equipped with an 

electronically temperature-controlled (ETC) EverGlo mid-IR source, a thermoelectric-

cooled deuterated L-alanine doped triglycine sulfate (DLaTGS) detector, a KBr beam 

splitter, and a N2(g) purge. A custom attachment allowed Si samples (1.3 × 3.2 cm) to be 

mounted such that the incident IR beam was either 74° or 30° with respect to the sample 

surface normal. At 74° (Brewster’s angle for Si), IR modes parallel and perpendicular to 

the surface are observed, and at 30°, parallel modes remain visible, while perpendicular 

modes are greatly diminished in intensity.23 Reported spectra are averages of 1500 

consecutive scans collected at a resolution of 4 cm–1. The baseline was flattened and 

peaks resulting from water absorption were subtracted in the reported spectra. 

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

software v. 9.2.41.  

2. High-Resolution Electron Energy-Loss Spectroscopy. HREELS data were 

collected at pressures of <5 × 10–10 Torr using an LK Technologies ELS5000 model 

spectrometer equipped with a multichannel analyzer (MCA). Spectra were collected in 

the specular geometry for the instrument, with the electron impact and scattering angle 

both at 55° with respect to the sample surface plane. The monochromatic electron beam 

had an energy of 5.0 eV for CH3–Si(111) surfaces and 2.8 eV for HCC–Si(111) surfaces. 

Prior to acquiring data, CH3–Si(111) samples were annealed to 350 °C for 1 h in a 

separate vacuum chamber, while spectra of HCC–Si(111) samples were acquired without 

annealing. The y-axis value of each data point was averaged with the eight nearest-

neighboring points to smooth the spectra.  

3. Low-Energy Electron Diffraction. LEED patterns were collected at pressures 

<5 × 10–9 Torr using an LK Technologies RVL2000 instrument equipped with reverse-

view optics, allowing images to be collected from behind the electron-gun assembly. The 

patterns were collected using a filament current of 3.05 A, a CAN voltage of 6.0 V, a 

screen voltage of 3.0 kV, and a retarding voltage of 100 V. The incident electron-beam 

energy was varied from 30–60 eV, and images exhibiting sharp patterns were obtained 

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

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

data were collected at pressures <5 × 10–9 Torr using a Kratos AXIS Ultra spectrometer 
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described previously and equipped with a monochromatic Al Kα X-ray source (1486.7 

eV), a hybrid electrostatic and magnetic lens system, and a delay-line detector.7, 49 

Photoelectrons were collected at 90° with respect to the surface plane of the sample, with 

the lens aperture set to sample a 700 × 300 µm spot. The instrument was operated by 

Vision Manager software v. 2.2.10 revision 5. Survey and high-resolution scans were 

collected with analyzer pass energies of 80 eV and 10 eV, respectively. No signals from 

Cl, Br, Mg, Na, or Li impurities were detected on alkylated samples prepared as 

described. When HCC–Si(111) surfaces were prepared using DMA as the solvent, 

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

     Thermal stability in vacuum was studied by collecting XP spectra as a function 

of annealing temperature. Samples were mounted on a resistive heating stage that 

consisted of a molybdenum puck heated with a tungsten wire. Stainless-steel clips affixed 

the sample to the molybdenum stage. The temperature was monitored by a type E 

thermocouple gauge affixed on the molybdenum stage immediately below the sample. 

Samples were heated to the desired temperature at a ramp rate of 10 °C min–1 and were 

held at the indicated temperature for 30 min. The samples were allowed to cool to 22–

30 °C prior to collection of XPS data. 

5. Surface Recombination Velocity Measurements. S measurements were 

performed by use of a contactless microwave conductivity decay apparatus described 

previously.20-22 Electron-hole pairs were formed by a 20 ns, 905 nm laser pulse from an 

OSRAM diode laser with an ETX-10A-93 driver. For each laser pulse, the decay in 

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

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

6. Atomic-Force Microscopy. AFM images were collected using a Bruker 

Dimension Icon AFM operated by Nanoscope software v. 8.15. Images were collected in 

ScanAsyst mode using Bruker ScanAsyst-Air probes. The scanner z-range was set to 2 

µm and a ScanAsyst noise threshold of 50–100 pm was used. Surface topography data 

were collected at a scan rate of 0.5–1.0 Hz for 1 µm2 images. Data were processed using 

Nanoscope Analysis software v. 1.40.  

7. Electrochemical Scanning-Tunneling Microscopy. In situ EC-STM studies 

were performed with a Nanoscope E (Digital Instruments, Santa Barbara, CA) equipped 

with a three-electrode potentiostat. The electrochemical cell was custom-crafted from 

Kel-F (Emco Industrial Plastics, Inc.) and fitted with a Pt counter and a Pt 

pseudoreference electrode calibrated against a Ag/AgCl reference cell. Tungsten tips 

were prepared by electrochemical etching of 0.25 mm diameter tungsten wire in 1.0 M 

KOH(aq) at a 15 V AC applied potential. All images were obtained under potential 

control in 0.1 M HClO4(aq) with a high-resolution scanner in constant-current mode 

without post-scan processing.  

2.2.3 Data Analysis 

1. Fitting and Quantification of XPS Data. High-resolution XP spectra were 

analyzed using CasaXPS software v. 2.3.16. The peak positions for XP spectra were 

calibrated using the Si 2p3/2 peak, which was set to be centered at 99.68 eV.28 For bulk 
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Si0 and Si1+ doublets, the ratio of the peak area of the Si 2p1/2:2p3/2 was set to 0.51 and the 

width of the two peaks was set equal.28 Shirley backgrounds were used for all high-

resolution data except when analyzing small amounts of SiOx in the 102–104 eV range, 

for which a linear background was applied. C 1s and F 1s high-resolution spectra were 

fitted using the Voigt function GL(30), which consists of 70% Gaussian and 30% 

Lorentzian character. Si 2p photoemission signals for bulk Si0 and Si1+ species were fitted 

using asymmetric Lorentzian line shapes convoluted with a Gaussian of the form 

LA(a, b, n), where a and b determine the asymmetry of the line shape and n specifies the 

Gaussian width of the function. LA(1.2, 1.4, 200) was found to fit consistently. 

Contributions from high-order SiOx in the range of 102–104 eV were fit to a single peak 

using the GL(30) function. 

     The thickness (dA) of the overlayer species A was estimated by XPS for HCC–

Si(111) surfaces using the substrate-overlayer model51-52 

          (2.1) 

where IA is the area under the photoemission peak arising from the overlayer species A, 

ISi is the area under the Si 2p photoemission signal, SFSi is the instrument sensitivity 

factor for Si 2p (0.328), and SFA is the instrument sensitivity factor for the overlayer 

species A, which is 0.278 for C 1s photoelectrons in hydrocarbon overlayers. For the 

hydrocarbon overlayers, IA is the total area under the C 1s photoemission signal 

corresponding to all C atoms in the overlayer, which is the signal at 284.3 eV for CH3–

Si(111) surfaces and 284.5 eV for HCC–Si(111) surfaces. For Si–OH, IA is the sum of the 
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area under the Si 2p photoemission signal at 100.5 eV and 101.1 eV. For SiOx, IA is the 

area under the Si 2p photoemission signal appearing from 102–104 eV. The density of Si 

(ρSi) is 2.3 g cm–3, and the density of the overlayer species A (ρA) is 3.0 g cm–3 for 

hydrocarbon overlayers.30 HCC–Si(111) surfaces exhibited a fractional monolayer (ML) 

coverage of ~0.63 ML, so the assumed density of the overlayer was adjusted to model an 

overlayer with 63% of the density of a full monolayer (1.9 g cm–3). When estimating the 

thickness of Si–OH or SiOx overlayers, the quantity (SFSi/SFA)(ρSi/ρA) reduces to a 

normalizing constant of 1.3 to account for the difference in Si 2p photoelectron signal 

intensity for Si–OH or SiOx relative to bulk Si.52 The attenuation length for the overlayer 

species (λA) has been estimated to be 3.6 nm for C 1s photoelectrons moving through 

hydrocarbon overlayers53-54 or 3.4 nm for Si 2p photoelectrons moving through Si–OH or 

SiOx overlayers.53-54 The attenuation length for Si 2p photoelectrons (λSi) moving through 

hydrocarbon overlayers has been estimated to be 4.0 nm.53-54 For Si–OH or SiOx 

overlayers, the value of λA = λSi = 3.4 nm. The angle between the surface plane and the 

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

calculated using an iterative process.  

     The fractional monolayer coverage for the overlayer species A (ΦA) was 

estimated by dividing the measured thickness, dA, by the calculated thickness of 1 ML of 

overlayer species A, depicted in Scheme 2.2. The thickness of 1 ML of each hydrocarbon 

overlayer was estimated by summing the bond lengths for the species containing C, but 

excluding Si and H. For Si–OH overlayers, the thickness of 1 ML was estimated to be the 

distance from the bottom of the atop Si atom to the top of the O atom. The thickness of 1 



 

 

47 

ML of SiOx was estimated to be 0.35 nm.3, 52 Assuming uniform overlayers, the value of 

ΦA represents the fraction of surface Si(111) sites that were modified with the overlayer 

species of interest. 

Scheme 2.2. Monolayer Thickness of Surface-Bound –CH3, –CCH, and –OH Groups 

 

The fractional monolayer coverage for 4-fluorobenzyl-modified HCC–Si(111) 

and SiOx surfaces was estimated using a three-layer model55-56 

          (2.2) 

where dA is the thickness of the bound F atom and dB is the thickness of the hydrocarbon 

layer between the Si crystal and the F atom. The value of SFA for F 1s photoelectrons is 

1.00 and the density of the overlayer was assumed to be the same as for HCC–Si(111) 

surfaces, 1.9 g cm–3. For F 1s photoelectrons, the value of λA is 1.6 nm.52 Scheme 2.3 

shows the two proposed structures for 4-fluorobenzyl-modified HCC–Si(111) and SiOx 

surfaces along with the calculated thickness for dA and dB. Since the ratio dA/dB is known 

from Scheme 2.3, eq 2.2 can be expressed in terms of dA and solved using an iterative 

process. The measured thickness dA was divided by the calculated thickness of 1 ML of F 

atoms, 0.13 nm, to give the fractional monolayer coverage of 4-fluorobenzyl groups. 
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Scheme 2.3. Monolayer Thickness of 4-Fluorobenzyl-Modified Surfaces 

 

2. Calculation of Surface Recombination Velocity and Surface Trap-State Density. 

The minority-carrier lifetime (τ) was estimated by fitting the microwave conductivity 

decay versus time curve to an exponential decay, as described previously.20-21 The 

calculated values of τ were converted to surface recombination velocities (S) for wafers 

of thickness d using4-5, 21 

          (2.3) 

The surface recombination velocity was converted to an effective trap-state 

density, Nt, using5, 22 

          (2.4) 
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Thus, a wafer with surface recombination velocity S has 1 electrically active defect for 

every ΓSi(111)/Nt surface sites. 

2.3 RESULTS 

2.3.1 Transmission Infrared Spectroscopy  

Figure 2.1 shows the TIRS data of HCC–Si(111) surfaces prepared in DMSO. 

The spectra exhibited two closely spaced signals at 3307 and 3296 cm–1, corresponding to 

ethynyl ≡C–H stretching. The close spacing of these peaks resulted from asymmetric 

(3307 cm–1) and symmetric (3296 cm–1) stretching of the Si–C≡C–H unit as a whole. An 

additional sharp absorbance was observed at 2019 cm–1 and was indicative of C≡C 

stretching. These peaks were present at 74° incidence but absent at 30° incidence, which 

indicated that the stretching modes were oriented perpendicular to the sample surface. A 

weak but broad peak was observed from 950–1150 cm–1 at both angles of incidence and 

corresponded to transverse optical (Si–O–Si)TO stretching.23 The appearance of this peak 

at both angles of incidence suggested that the oxide was primarily subsurface. The 

spectra collected at 74° incidence also exhibited peaks at 3620, 1294, 920, and 836 cm–1. 

The signal at 3620 cm–1 indicated O–H stretching,57 while the signals at 920 and 836   

cm–1 were characteristic of O–H bending and Si–O stretching, respectively.58-60 The 

signal at 1294 cm–1 was tentatively assigned to O–H stretching coupled with O–H 

bending, following the analogous signal observed at 1080 cm–1 for methoxylated Si(111) 

surfaces that arises from O–C stretching rocking.61 The observed signals suggested that a 

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

 

TIRS data for HCC–Si(111) surfaces prepared using DMA as the solvent (Figure 

2.2) exhibited peaks at 3307, 3292, and 2023 cm–1, consistent with the ≡C–H and C≡C 

stretching signals observed for the surfaces prepared using DMSO. However, the modes 

at 3620, 1294, and 920 cm–1 were notably absent from surfaces prepared using DMA, and 

an absorbance at 828 cm–1 was lower in energy and intensity compared with the 

absorbance at 836 cm–1 for surfaces that were prepared using DMSO. Thus, surfaces 

prepared using DMA as the solvent did not exhibit the characteristic peaks for Si–OH 

sites on the surface. Additionally, surfaces prepared using DMA exhibited significantly 

stronger saturated hydrocarbon C–H stretching signals at 2947 and 2847 cm–1 in addition 

to several broad peaks between 1250 and 1700 cm–1, which possibly arose from C–H 
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bending and C–O or C=O stretching. Surfaces prepared using DMA also exhibited a 

significantly elevated intensity of the (Si–O–Si)TO mode centered at 1058 cm–1.  

 

Figure 2.2. TIRS data for HCC–Si(111) surfaces prepared using DMA, referenced to the          
H–Si(111) surface and collected at 74° incidence. Panel a shows the high-energy region, 
and panel b shows the low-energy region. The negative peaks in panel b resulted from the 
H–Si(111) background. The subscript “sat” is used to denote C–H stretching signals 
arising from saturated hydrocarbons. The peak positions and assignments (∗ denotes 
tentative) are indicated in the figure.  

 

 

 

 

 

 

 

 

 

3500 3250 3000 2750 2500
-0.5

-0.3

0.0

0.3

0.5

Si

H

νa(≡C −H) νs (≡C −H)

ν(C −H)s atν(C −H)s at

a

28472947

32923307

	

	

A
b
so

rb
an

ce

Wavenumber	(cm −1)

74°

x 	10−3

2000 1750 1500 1250 1000 750 500
-0.5

-0.3

0.0

0.3

0.5
x 	10−3

Si

H

2083
ν(S i−H)

74°

ν(C =O)*
δ(C −H)*

ν(S i−O−S i)TO
ν(S i−OH)

ν(C ≡C )

b
828

2023

	

	

A
b
so

rb
an

ce
Wavenumber	(cm −1)

δ(S i−H)
627

	



 

 

52 

Figure 2.3 shows the absence of detectable Si−H stretching for CH3–Si(111) and 

HCC−Si(111) surfaces. 

 

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

2.3.2 High-Resolution Electron Energy-Loss Spectroscopy 

HREELS data were obtained for HCC–Si(111) surfaces to detect vibrational 

signals that could not be readily observed by TIRS. The HREELS data for HCC–Si(111) 

surfaces (Figure 2.4) showed signals centered at 2032 and 3307 cm–1, corresponding to 

C≡C stretching and ethynyl ≡C–H stretching motions, respectively. A peak centered at 

648 cm–1 is assignable to Si–C stretching, indicating that the ethynyl units had been 

covalently attached to the Si(111) surface. The presence of a peak at 2954 cm–1 arose 
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O–H bending derived from Si–OH surface sites. This assignment is supported by the 

presence of a peak centered at 3625 cm–1, corresponding to O–H stretching. Thus, the 

presence of surface Si–CCH and Si–OH groups was confirmed by the HREELS data.  

 

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

Table 2.1. 

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

TIRS 
Frequency 
(cm–1) 

HREELS 
Frequency 
(cm–1)a 

Assigned 
Modeb 

Orientation to 
Surfacec 

3620 3625 ν(O–H)  
3307 3307 νa(≡C–H) ⊥ 
3296 3307 νs(≡C–H) ⊥ 
weak 2954 ν(C–H)sat  
2019 2032 ν(C≡C) ⊥ 
1294 1072 ν(O–H) and 

δ(O–H)∗ 
⊥ 

~1050 1072 ν(Si–O–Si)TO not ⊥ 
920 842 δ(O–H) ⊥ 
836 842 ν(Si–OH) ⊥ 
– 648 ν(Si–C)  

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

XPS data were collected to provide quantitative information about the species 

present on HCC–Si(111) surfaces. Survey spectra showed only signals ascribable to Si, C 

and O, and high-resolution spectra were acquired for the C 1s and Si 2p core levels. 

Figure 2.5 shows the C 1s high-resolution XP spectrum for HCC–Si(111) surfaces. The C 

1s spectrum showed a prominent photoemission signal at 284.5 eV in addition to two 

signals of lower intensity centered at 285.4 and 287.1 eV. The signals at 285.4 and 287.1 

eV exhibited considerable variation in intensity and fwhm between samples and fell 

within the typical binding energy range for adventitious C on alkyl-terminated Si 

surfaces.28 The signals arising from adventitious C species exhibited a broad fwhm 

relative to the signal from the −CCH group at 284.5 eV. The adventitious species 

exhibited an undefined chemical structure, and thus multiple C species contributed to the  

 

Figure 2.5. High-resolution XP spectrum of the C 1s region for HCC–Si(111) surfaces. 
The low binding energy C photoemission signal at 284.5 eV (blue, CCCH) arises from 
both C atoms in the bound −CCH group. The peaks at 285.4 (red, CC) and 287.1 eV 
(green, CO) arise from adventitious C bound to C and C bound to O, respectively.  
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observed signals and led to broadening. The observed photoemission signal at 284.5 eV 

was centered at slightly higher binding energy than the photoemission signal ascribed to 

C bound to Si for CH3–Si(111) surfaces.21, 28 The fwhm of this signal was larger than was 

typically observed for the C bound to Si signal on CH3–Si(111) surfaces at 284.3 eV, 

suggesting multiple contributions to the peak. Additionally, the absence of two fully 

resolved signals of comparable intensity suggests that the signal centered at 284.5 eV 

derives from two closely spaced photoemission signals with contributions from both C 

atoms in the –C≡CH group (CCCH).  

Figure 2.6 shows the high-resolution Si 2p spectrum for HCC–Si(111) surfaces. 

The spectra exhibited a shoulder on the high binding-energy side of the bulk Si 2p1/2 peak. 

This shoulder was fit to two peaks centered at 100.5 and 101.1 eV and was ascribed to  

 

Figure 2.6. High-resolution XP spectrum of the Si 2p region for HCC–Si(111) surfaces. 
Contributions from the bulk Si (blue, Si0) and Si1+ (red) species are indicated. The region 
from 102–105 eV in the Si 2p spectrum is magnified to show the absence of detectable 
high-order SiOx. 
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Si–OH groups, in which the surficial Si is bound to a single O atom, consistent with 

results observed in the vibrational spectra. Some HCC–Si(111) samples showed the 

presence of a small, broad signal in the range of 102–104 eV, which was ascribed to SiOx.  

The fractional monolayer coverage for HCC–Si(111) surfaces was estimated by 

XPS, by use of eq 2.1,51-52 to yield ΦSi–CCH = 0.63 ± 0.08 ML. Only the area under the C 

1s photoemission signal at 284.5 eV was used in the quantification of ΦSi–CCH because it 

arises directly from the –CCH group. Vibrational spectroscopic signatures also indicated 

the presence of Si–OH groups, and XPS was also used to estimate the fractional ML 

coverage of Si–OH on HCC–Si(111) surfaces by use of eq 2.151-52 to yield ΦSi–OH = 0.35 

± 0.03 ML. In addition to Si–OH, high-order oxide signals, between 102 and 104 eV, 

were observed in limited quantities in the Si 2p spectrum on some HCC–Si(111) surfaces 

with a fractional ML coverage estimated by eq 2.151-52 of ΦSiOx = 0.03 ± 0.02 ML. The 

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

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

The thermal stability of HCC–Si(111) surfaces was investigated in vacuum. 

Figure 2.7 presents the behavior of HCC–Si(111) surfaces as a function of annealing 

temperature. Minimal changes to the C 1s and Si 2p high-resolution spectra were 

observed for HCC–Si(111) surfaces upon annealing to 200 °C. However, heating to 

300 °C produced significant broadening of the strongest photoemission signal in the C 1s 

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

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

the ethynyl group reacted with adventitious carbon species on the sample and in the  
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Figure 2.7. Thermal stability in vacuum of HCC–Si(111) surfaces. The annealing 
temperature is indicated above each spectrum, and the spectra are offset vertically for 
clarity. The survey spectra (a) showed the presence of only the Si 2p, Si 2s, C 1s, and O 
1s core-level peaks along with the O Auger signal and Si plasmon-loss features. The 
high-resolution C 1s spectra (b) exhibited the peaks arising from C in the ethynyl group 
(CCCH) and adventitious C (CC and CO). Minimal change in the C 1s spectra was observed 
upon annealing to 200 °C. Broadening was observed as the C 1s peak at ~285.1 eV (CC) 
greatly increased in intensity upon heating to 300–500 °C. Heating to 600–700 °C 
resulted in the appearance of a new C 1s peak at ~283.5 eV (SiC). Si 2p spectra (c) 
showed gradual smoothing of the shoulder indicated as Si1+ with increased annealing 
temperature, indicating the loss of surficial Si–OH and formation of Si–O–Si. 

  

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

eV, which indicated that the coverage of the Si(111) surface with chemically defined 
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ethynyl groups decreased upon heating to this temperature range. Table 2.2 provides the 

estimated fractional monolayer coverage of the Si(111) surface with chemically defined  

–CCH groups as a function of annealing temperature. Heating to 600 and 700 °C, 

respectively, resulted in an increase in intensity and broadening of the overall C 1s signal. 

A signal at ∼283.5 eV, which has been ascribed to silicon carbide (SiC),31, 62-63 was 

observed after annealing to 600 °C and became more prominent after heating the sample 

to 700 °C. An increase in overall intensity of the C 1s photoemission signal after 

annealing to 700 °C indicated that additional C species were formed on the surface, 

though their chemical structure was not readily determined by the XPS measurements 

performed. The shoulder in the Si 2p photoemission signal on the high binding-energy 

side of the Si 2p1/2 peak became less prominent upon heating past 300 °C, suggesting the 

removal of surficial Si–OH groups. The survey spectra showed no reduction in O 1s peak 

intensity as a function of annealing temperature, so the detected O likely inserted between 

the Si backbonds to produce Si–O–Si. Additionally, a small reduction in the bulk Si 2p 

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

Annealing 
Temperature (°C) 

ΦSi-CCH
a 

 

22 0.62 
100 0.60 
200 0.53 
300 0.34 
400 0.28 
500 0.10 

 

aThe values of Φ were determined using eq (2.1).51-52 The appearance of SiC on HCC–
Si(111) surfaces upon annealing to 600 °C precluded accurate determination of Φ beyond 
500 °C. 
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signal intensity was observed after heating to 600 and 700 °C, respectively, as a result of 

the increase in C species on the surface. 

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

and Low-Energy Electron Diffraction  

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

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

nm in height, consistent with terraces observed on reconstructed Si(111) surfaces in 

vacuum.64 Generally, the surfaces exhibited a low density of particulates adsorbed to the 

surface, and the density of etch pits observed by AFM was low. The observation of 

atomic terraces after alkylation was consistent with the grafting of an overlayer with 

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

 

Figure 2.8. Topographical AFM image of the HCC–Si(111) surface. The image is 1 µm 
× 1 µm with a z-scale of 1.2 nm (–0.6 to +0.6 nm).  
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Figure 2.9 shows a representative EC-STM image of the HCC–Si(111) surface. 

The HCC–Si(111) surface showed localized areas where species of similar height were 

observed (representative areas indicated by white circles), consistent with the proposed 

mixed composition of HCC–Si(111) surfaces, in which a fraction of the surface sites are 

terminated by Si–OH. The distance between the centers of the areas with similar height 

was 0.38 nm, which is the same as the distance between Si(111) atop sites.36 The majority 

of the HCC–Si(111) surface did not exhibit ordering on an atomic scale as observed by 

room temperature EC-STM.  

 

Figure 2.9. EC-STM image of the HCC–Si(111) surface (10 nm ×10 nm) collected at     
–0.4 V versus Ag/AgCl with a bias voltage of –300 mV and tunneling current of 5 nA. 
The z-scale is indicated in the figure. The white circles in the figure highlight areas where 
species of similar height were observed. The distance between the centers of the white 
circles was 0.38 nm, the same as the distance between Si(111) atop sites. Image courtesy 
of Y.-G. Kim and M. P. Soriaga. 
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LEED patterns were collected for HCC–Si(111) surfaces (Figure 2.10) to 

qualitatively determine the ordering of the top surface layers of the substrate. LEED 

patterns that exhibit 3-fold symmetry, with diffraction spots forming a hexagon, are 

indicative of a (1 × 1) surface unit cell. Generally, LEED has limited sensitivity on the 

monolayer scale, and disordered Si surfaces that exhibit high crystallinity of the Si 

immediately below the surface will still display clear diffraction spots. The qualitative 

intensity of the background relative to the diffraction spots can provide some degree of 

information about the ordering of the surface layer. HCC−Si(111) exhibited similar 3-

fold symmetry with the presence of a hexagonal diffraction pattern appearing at 40 eV 

beam energy. The background appeared slightly more intense than for CH3–Si(111) 

control samples, suggesting a lower level of ordering at the sample surface than for CH3–

Si(111). This behavior was consistent with the observed mixed composition of HCC–

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

 

Figure 2.10. Representative LEED pattern for the HCC–Si(111) surface collected at 40 
eV incident beam energy. 
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The HCC–Si(111) and CH3–Si(111) surfaces exhibited comparably bright and sharp 

diffraction spots, and the only evidence of lower surface ordering for H–Si(111) samples 

was in the intensity of the background. 

2.3.5 Surface Recombination Velocity Measurements 

Figure 2.11 shows the behavior of S determined by use of eq 2.34 for CH3–Si(111) 

and HCC–Si(111) surfaces as a function of time in air. Immediately after preparation and 

cleaning, CH3–Si(111) and HCC−Si(111) surfaces exhibited S values of (4 ± 2) × 101 and 

(2.5 ± 0.3) × 103 cm s–1, respectively. After being exposed to air for 24 h, the S value for 

CH3–Si(111) surfaces decreased to (1.5 ± 0.5) × 101 cm s–1, while HCC–Si(111) surfaces 

exhibited an increase in S to (3.30 ± 0.09) × 103 cm s–1. Over extended exposure to air, S 

for HCC–Si(111) surfaces remained relatively constant at (3.5 ± 0.1) × 103 cm s–1. 

 

Figure 2.11. S measured as a function of exposure to air for CH3–Si(111) (black squares) 
and HCC−Si(111) (blue circles) surfaces. The error bars represent 1 standard deviation 
about the mean.  
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The effective trap-state density, Nt, was calculated for CH3–Si(111) and HCC–

Si(111) surfaces by use of eq 2.4.5 Immediately after preparation, CH3–Si(111) and 

HCC–Si(111) surfaces were found to have trap-state densities of 4 × 109 and 3 × 1011  

cm–2, which is equivalent to 1 trap for every 2 × 105 and 3 × 103 surface sites, 

respectively. After 581 h of exposure to air, the trap-state densities of CH3–Si(111) and 

HCC–Si(111) surfaces had adjusted to yield 2 × 109 and 3 × 1011 cm–2, or 1 trap for every 

4 × 105 and 2 × 103 surface sites, respectively. The estimated trap-state density for the 

studied surfaces was below the detection limit for most spectroscopies, hindering the 

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

2.3.6 Reactivity of HCC–Si(111) Surfaces  

The reactivity of the terminal alkyne moiety on HCC–Si(111) surfaces was 

explored by deprotonating the ethynyl group with a strong base. HCC–Si(111) surfaces 

were soaked in a t-BuLi solution to generate putative surface-bound Si–C≡C–Li groups. 

Such putative deprotonated surfaces were then soaked in CD3OD to yield DCC–Si(111) 

surfaces. Figure 2.12 presents TIRS data for HCC–Si(111) surfaces before and after 

treatment with t-BuLi followed by CD3OD. This treatment resulted in a reduction in the 

intensity of the ethynyl ≡C–H stretching (3307 and 3296 cm–1) and C≡C stretching (2019 

cm–1) signals as well as in the appearance of new absorption peaks at 2574, 2559, and 

1897 cm–1. Figure 2.13 shows that the peaks were absent for samples collected at 30° 

incidence angle, indicating that the groups were oriented perpendicular to the surface. 

Similar results were obtained using other strong bases, such as n-BuLi, LiTMP, LiHMDS, 

and LDA, as shown in Figure 2.14, indicating that the surface-bound organolithium 
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Figure 2.12. TIRS data for HCC–Si(111) surfaces referenced to the H–Si(111) surface 
before (bottom) and after (top) treatment with t-BuLi followed by CD3OD. Panel a shows 
the high-energy region, and panel b shows the low-energy region. The peak positions and 
assignments (∗ denotes tentative) are indicated in the figure. The subscript “sat” is used 
to denote C–H stretching signals arising from saturated hydrocarbons and the subscripts 
CCH and CCD indicate vibrational modes arising from HCC–Si(111) and DCC–Si(111) 
moieties, respectively. The spectrum shown after treatment was offset vertically for 
clarity.  

 

 

Figure 2.13. TIRS data for HCC–Si(111) surfaces referenced to the H–Si(111) surface 
collected at 30° incidence angle before (bottom) and after (top) treatment with t-BuLi 
followed by CD3OD. Panel (a) shows the high-energy region, and panel (b) shows the 
low-energy region. The negative peaks in panel (b) resulted from the H–Si(111) 
background. The absence of any signals attributable to –CCD groups after treatment 
indicates that the modes observed at 74° are perpendicular to the surface. The spectrum 
collected after treatment is offset vertically for clarity.  
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species can be generated by reaction routes that are analogous to those displayed by 

small-molecule terminal alkynes. The shape and spacing of the peaks at 2574 and 2559 

cm–1 were similar to the signals at 3307 and 3296 cm–1, suggesting that these new peaks 

arose from ≡C–D asymmetric and symmetric stretching, respectively. The new signal at 

1897 cm–1 was symmetric and positioned at slightly lower energy than the original C≡C 

stretching signal at 2019 cm–1. The signal at 1897 cm–1 arose from C≡C stretching and 

was shifted to lower energy relative to the C≡C stretching signal for the HCC–Si(111) 

surface by introduction of the D atom to the ethynyl group. Integration of the area under  

 

Figure 2.14. TIRS data collected at 74° incidence angle for HCC–Si(111) surfaces after 
treatment with (a) n-BuLi, (b) t-BuLi, (c) LDA, (d), LiHMDS, or (e) LiTMP followed by 
reaction with CD3OD. The characteristic peaks corresponding to the –CCH and –CCD 
surface species are indicated by the dotted lines. The negative peak at 2083 cm–1 resulted 
from the H–Si(111) background. Spectra collected for all bases yielded comparable peaks 
ascribable to the surface –CCD species. The spectra were offset vertically for clarity. 
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the ethynyl ≡C–H stretching peaks at 3307 and 3296 cm–1 and under the C≡C stretching 

peak at 2019 cm–1 in the TIR spectra before and after deuteration showed that the peak 

area was reduced to roughly 22% of the original area. These data suggested that an 

estimated 78% of surface-bound ethynyl groups had been converted to Si–C≡C–D groups 

by this process.  

Treatment of HCC–Si(111) surfaces with t-BuLi also deprotonated the surface-

bound –OH groups, as evidenced by the disappearance of the peak at 3620 cm–1 (Figure 

2.12). Several new peaks appeared at 2961, 2933, and 2856 cm–1 in the typical C–H 

stretching region for adventitious C species, but also resulted from O–D stretching in Si–

OD groups. Figure 2.15 shows that this treatment also produced a peak at 2075 cm–1 

observed in spectra that were referenced to the SiOx surface, and this signal can be  

 

Figure 2.15. TIRS data collected at 74° incidence angle for HCC–Si(111) surfaces 
referenced to the SiOx surface before (bottom) and after (top) treatment with t-BuLi 
followed by CD3OD. The center of the Si–H stretching peak is indicated by the dotted 
line, and the broad peak in the top spectrum at 2075 cm–1 is ascribed to Si–H stretching. 
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ascribed to Si–H stretching. The total area under the Si–H stretching signal was ∼8% of 

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

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

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

TIRS 
Frequency 
(cm–1) 

Assigned 
Modea 

Orientation to 
Surfacec 

3307 νa(≡C–H) ⊥ 
3296 νs(≡C–H) ⊥ 
2961 ν(C–H)sat  
2933 ν(C–H)sat  
2856 ν(O–D)∗  
2574 νa(≡C–D) ⊥ 
2559 νs(≡C–D) ⊥ 
2019 ν(C≡C)CCH ⊥ 
1897 ν(C≡C)CCD ⊥ 
~1050 ν(Si–O–Si)TO not ⊥ 

 

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

 

To further demonstrate the reactivity of the lithiated surface, surface-bound       

Si–C≡C–Li groups were also reacted with neat 4-fluorobenzyl chloride. For comparison, 

the same reaction was also performed on CH3–Si(111) surfaces and propynyl-terminated 

Si(111) (CH3CC–Si(111)) surfaces (see Chapter 3). Figure 2.16 shows the F 1s XP 
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spectra for CH3–Si(111), HCC–Si(111), CH3CC–Si(111), and SiOx surfaces after 

sequential reaction with t-BuLi followed by 4-fluorobenzyl chloride. HCC–Si(111) 

surfaces exhibited a F 1s signal at 687.8 eV after reaction with t-BuLi followed by 4-

fluorobenzyl chloride. XPS was used to provide a rough estimate of the surface coverage 

of fluorobenzyl groups by use of eq 2.255 to yield Φfluorobenzyl = 0.08 ± 0.03 ML, and no 

residual Cl was observed in the Cl 2s region. The absence of Cl indicated that the 4-

fluorobenzyl groups were covalently attached to the surface by nucleophilic substitution, 

and the LiCl product was removed from the surface. Control experiments showed the 

absence of detectable F by XPS on CH3–Si(111) and CH3CC–Si(111) surfaces that had 

been reacted sequentially with t-BuLi and 4-fluorobenzyl chloride. However, wafers that 

had been oxidized with a piranha solution and then treated with t-BuLi followed by 4-

fluorobenzyl chloride produced a F 1s signal centered at 687.0 eV with Φfluorobenzyl = 0.09 

ML of 4-fluorobenzyl groups bound to the surface. Thus, the 4-fluorobenzyl groups were 

likely attached at both Si–CCLi and Si–OLi surface sites.  
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Figure 2.16. High-resolution F 1s XP spectra of (a) CH3–Si(111), (b) HCC–Si(111), (c) 
CH3CC–Si(111), and (d) SiOx surfaces after reaction with t-BuLi followed by 4-
fluorobenzyl chloride. Only HCC–Si(111) and SiOx surfaces showed the presence of 
detectable F at 687.8 and 687.0 eV, respectively. The proposed structure of the resulting 
surface is depicted above each spectrum.  
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2.4 DISCUSSION 

2.4.1 Vibrational Spectroscopy of HCC–Si(111) Surfaces 

TIRS (Figure 2.1) and HREELS (Figure 2.4) of HCC–Si(111) surfaces prepared 

using DMSO showed the presence of ≡C–H, C≡C, and Si–C stretching vibrations, 

providing strong support for the attachment of ethynyl groups perpendicular to the Si(111) 

surface. Theoretical calculations have predicted the appearance of a ≡C–H stretching 

mode in the range of 3410 cm–1, with a C≡C stretching mode expected at ∼2075 cm–1.65 

The calculations were performed using uncorrected theoretical harmonic frequencies, 

however, which tend to yield predicted signals that are higher in energy than 

experimental results for high-frequency modes. Thus, the experimentally observed modes 

are in agreement with the theoretical calculations for the HCC–Si(111) surface. The 

presence of a peak at 648 cm–1 in the HREEL spectrum is in close agreement with the 

theoretical prediction of a Si–C stretching signal at approximately 645 cm–1,65 indicating 

that the ethynyl groups are covalently bound to the Si(111) surface. Theoretical 

calculations also predict the presence of a ≡C–H bending signal between 568 and 579 

cm–1, in addition to a signal between 484 and 492 cm–1 resulting from bending of the   

Si–C≡C–H unit coupled with phonons in the crystal.65 A small peak in the HREEL 

spectrum at 477 cm–1 and a shoulder on the elastic peak at 346 cm–1 could possibly result 

from the ≡C–H bending and phonon-coupling vibrations, respectively, but may also arise 

from Si–O bending or other phonon-coupling modes. However, the limited coverage of 

the Si(111) surface with ethynyl groups hinders the clear detection of these vibrations by 

current surface-sensitive vibrational spectroscopy techniques.  
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TIR spectra (Figure 2.1) exhibited peaks ascribable to Si–OH vibrational modes, 

with the Si–O bond oriented perpendicular to the surface.57-60, 66 The O–H stretching 

signal exhibited a reduced intensity at 30° incidence, suggesting that the transition was 

polarized perpendicular to the surface. However, the proposed geometry of a surface-

bound Si–O–H group would be expected to have a significant component of the O–H 

stretch oriented parallel to the surface. One possible explanation for this could involve 

hydrogen bonding of the hydroxyl groups to adsorbed water, which could affect the 

orientation of the O–H bond with respect to the surface. Variation of the amount of 

adsorbed water may have resulted in the observed reduction in the intensity of the O–H 

stretching peak at 30° incidence. These vibrational signatures are indicative of HO–

Si(111) surface sites, indicating that the HCC–Si(111) surfaces are mixed-composition 

surfaces in which a fraction of the surface sites are alkylated and a fraction are 

hydroxylated. Few routes are known to the hydroxylation of crystalline Si surfaces 

without insertion of O into the Si lattice,59 and this method has been shown to terminate 

an estimated 35% of the surface Si(111) sites with –OH groups. The formation of –OH 

groups on Si surfaces with minimal formation of high-order SiOx allows for chemical 

reactions to be performed using versatile hydroxyl group chemistry without introduction 

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

The DMSO solvent clearly plays an important role in the formation of Si–OH 

sites concomitant with Si–CCH sites. Though the DMSO was purchased anhydrous and 

was dried over molecular sieves prior to use, complete removal of water from DMSO is 

known to be very difficult, and the surficial –OH groups thus likely arise from trace water 
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in the solvent. The addition of NaCCH to DMSO with trace water will result in 

deprotonation of the water to yield NaOH, which can undergo nucleophilic reaction with 

halogenated surface sites. Reaction of NaCCH with Br–Si(111) surfaces with DMA as 

the solvent also resulted in the observation of ≡C–H and C≡C stretching vibrational 

signals, though significant SiOx and hydrocarbon impurities were also present (Figure 

2.2). Thus, the solvent controlled the type of surface oxidation that occurred, and surfaces 

prepared using DMSO were the most well-defined chemically.  

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

Although AFM data showed broad atomic terraces functionalized with uniform 

overlayers, and LEED patterns were consistent with a (1 × 1) surface unit cell, room 

temperature EC-STM images of HCC–Si(111) surfaces showed that these surfaces did 

not exhibit the same long-range ordering characteristic of CH3–Si(111) surfaces. Instead, 

HCC–Si(111) surfaces showed localized regions of ordering and exhibited small 

variations in height that were not consistent with the height of a Si(111) step edge. 

Assuming that the bright regions in Figure 2.9 indicate areas functionalized with –CCH 

groups, while the dark regions are areas functionalized with –OH groups yielded an 

estimated coverage of ∼0.6 ML –CCH and ∼0.4 ML –OH, in good agreement with the 

surface coverage estimates obtained using XPS. The small difference in height observed 

between regions was indicative of a difference in the density of states, which could result 

from a difference in orientation of the –CCH or –OH groups on the surface. The height 

difference on the same terrace was small (<0.1 nm), and the surfaces exhibited localized 

regions in which ordering was evident, but significant long-range ordering was not 
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observed for the HCC–Si(111) surface. Given the irreversible nature of the Si–C bond, 

and the resulting lack of surface mobility of the attached organic groups, steric 

considerations may in general preclude facile formation of a fully ordered alkylated 

monolayer over large areas, and the ordering observed for methyl-terminated Si(111) and 

Ge(111) surfaces67 are thus remarkable in this respect.  

S measurements of HCC–Si(111) (Figure 2.11) surfaces as a function of time 

exposed to air suggest that this surface is not well-passivated and exhibited behavior 

similar to H–Si(111) surfaces. The proposed surface structure contains a partial coverage 

of –OH groups, and the binding of O to oxide-free Si surfaces generally results in the 

formation of surface trap states that contribute to the degradation of the electronic 

properties of the surface. While the trap-state density of HCC–Si(111) surfaces was high 

compared with CH3–Si(111) surfaces, the trap-state density was well below the detection 

limit of most surface-sensitive spectroscopies. The high trap-state density for HCC–

Si(111) surfaces most likely resulted from oxidation of the surface, which was already 

partially oxidized as Si–OH and not well protected at Si–C sites by partial coverage with 

–CCH groups.  

The HCC–Si(111) surface exhibited a lower thermal stability than CH3–Si(111) 

surfaces, which are known to be stable up to 450 °C in vacuum.28, 31 The ethynyl groups 

underwent saturation as they reacted with adventitious C species on the sample or in the 

vacuum chamber, and annealing from 600–700 °C resulted in larger amounts of C on the 

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

annealing to 700 °C, and an overall increase in C 1s peak area was observed, suggesting 
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hydrocarbons in the atmosphere reacted with and were bound to the surface upon heating 

above 500 °C. These results suggest that the −CCH groups readily undergo reaction with 

other species adsorbed on the surface and in the vacuum chamber. The results indicate 

that the chemical reactivity of the surface is increased for HCC–Si(111) surfaces 

compared with CH3–Si(111) surfaces.  

2.4.3 Reactivity of HCC–Si(111) Surfaces 

Terminal alkynes can be deprotonated readily by reaction with a strong base, such 

as t-BuLi. Consistently, HCC–Si(111) surfaces were shown to undergo reaction with 

t-BuLi to form a surface-bound lithium acetylide. Many surface functionalization 

techniques rely on nucleophilic attack of the surface by a molecular species, whereas 

generation of a surface-bound nucleophile expands the surface chemistry toolkit for 

functionalization of Si surfaces. The presence of the surface-bound organolithium was 

demonstrated by reaction with CD3OD to yield deuterated ethynyl groups on the surface. 

TIRS (Figure 2.12) showed the appearance of a pair of ν(≡C−D) peaks along with a 

(C≡C)CCD peak. The difference between the ν(≡C−H) and ν(≡C−D) peak positions was 

∼730 cm–1, which is consistent with previous work that has shown the difference in peak 

position from C–H to C–D stretching to be ∼750 cm–1 on C2H5–Si(111) surfaces.24 The 

shift from (C≡C)CCH to (C≡C)CCD was considerably smaller (122 cm–1) because the D 

atom interacts indirectly with the C≡C stretching mode.  

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

functionalized 8 ± 3% of surface sites with 4-fluorobenzyl groups (Figure 2.16). The 



 

 

76 

absence of Cl observed in Cl 2s spectra suggests that the 4-fluorobenzyl groups were 

bound to the surface by nucleophilic substitution. Additionally, since no F 1s signal was 

observed for CH3–Si(111) and CH3CC–Si(111) surfaces subjected to the same treatment, 

the HCC–Si(111) surface appears to possess unique chemistry that allows for the 

generation of surface-bound nucleophiles. However, SiOx samples subjected to 

deprotonation in t-BuLi and reaction with 4-fluorobenzyl chloride similarly yielded a 

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

groups can also react with 4-fluorobenzyl chloride in a nucleophilic substitution reaction. 

Thus, deprotonation of HCC–Si(111) surfaces to yield both –CCLi and –OLi groups on 

the surface allowed both nucleophile species to react with the 4-fluorobenzyl chloride 

electrophile.  

2.4.4 Comparison with Previously Reported Syntheses and Surface Spectroscopy 

 The synthesis of HCC–Si(111) surfaces has been reported previously, albeit with 

minimal spectroscopic characterization of the resulting surfaces.44-48 Table 2.4 

summarizes the synthetic methods, surface characterization techniques employed, and 

results of the prior studies. For putative HCC–Si(111) surfaces prepared from Cl–Si(111) 

surfaces reacted with NaCCH in THF,44 the position of the C≡C stretch was reported as 

2179 cm–1,44 which is 160 cm–1 higher than the signal observed in this work (2019 cm–1) 

and ∼100 cm–1 higher than the upper estimate predicted by theoretical calculations (2075 

cm–1).65 We attempted to reproduce the results of those reports, but our attempts were 

unsuccessful except in certain respects on unpredictable occasions. Anodic deposition of 

HCCMgCl and HCCMgBr on H–Si(111) surfaces has also been reported for the 
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preparation of HCC–Si(111) and yields a C≡C stretch at ∼2040 cm–1.46-47 The C≡C 

stretch at 2019 cm–1 observed herein agrees more closely with the behavior of surfaces 

prepared by anodic deposition, and is in better agreement with theoretical calculations 

than the signal reported at 2179 cm–1.65 HCC–Si(111) surfaces prepared from the reaction 

of Cl–Si(111) surfaces with NaCCH in xylenes reported no observable C≡C stretch.45 

Observation of ethynyl ≡C−H stretching at ∼3300 cm–1 has been reported for samples 

prepared by anodic deposition that yielded a polymeric layer47 as well as for samples 

prepared by reaction of H/D–Si(111) surfaces with HCCMgBr in THF.48 The presence of 

a Si–C stretching peak at 660 cm–1 has only been previously observed for samples 

prepared by reaction of HCCMgBr with H/D–Si(111) surfaces, which showed incomplete 

reactivity and contamination from saturated hydrocarbons.48 The observation of ethynyl 

≡C−H stretching signals at 3307 and 3296 cm–1, in addition to the C≡C stretch at 2019 

cm–1 and Si–C stretch at 648 cm–1, provides strong evidence for the formation of HCC–

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

Publication Reaction Conditions Characterization and Evidence for Structure 
ref44 Cl–Si(111) reacted 

with NaCCH in THF 
to give Si–CCH 
surfaces, respectively. 

XPS: C 1s XP peak at 284.0 eV used to suggest C bound to Si. 
Coverage estimated to be 0.9 ± 0.1 ML for Si–CCH relative to         
Si–CH3. No evidence for SiOx in Si 2p.  
IR: Si–CCH exhibits C≡C stretch at 2179 cm–1 polarized perpendicular 
to the surface. Electrochemical measurements show no Si–H oxidation 
peak in aqueous electrolyte. 
Si–CCH surfaces were reacted with n-BuLi, then 
4-bromobenzotrifluoride to show C bound to F by XPS. 

ref45 Cl–Si(111) reacted 
with NaCCH in 
xylenes/mineral oil at 
130 °C for 5 h to give 
Si–CCH surfaces. 

XPS: C 1s XP peak at 283.8 eV used to suggest C bound to Si. 
Coverage with –CCH groups estimated to be 0.97 ± 0.05 ML relative 
to Si–CH3. Si 2p showed minimal oxidation after preparation, with 
0.25 ML of SiOx present after 6 days in air. 
IR: Disappearance of Si–H stretching after functionalization was used 
to show complete termination. 
Contact-angle measurements with water were 77 ± 2° for the Si–CCH 
surface. 
Click chemistry was performed via Cu(I)-catalyzed reaction of         
Si–CCH surfaces with an azide-functionalized benzoquinone. The 
surface coverage was estimated to be ~0.07 ML of benzoquinone, 
which was then removed and ferrocene was attached with a coverage 
of 0.005 ML.  

ref46 Anodic grafting of 
HCCMgBr in THF to 
H–Si(111) surfaces. 
Current density was 
100 µA cm-2 with a 
pulse length of 0.1 s 
for 100 pulses. 

IR: The reaction was monitored by IR. As anodic pulses were applied, 
the Si–H stretching peak at ~2080 cm–1 was lost and the C≡C stretch at 
~2040 cm–1 peak grew in, though quantitative analysis was precluded 
by significant overlap of the two signals. The position of the C≡C 
stretch is in best agreement with the results reported in this work.  

ref47 Anodic grafting of 
HCCMgCl or 
HCCMgBr in THF to 
H–Si(111) surfaces. 
The current density 
was 0.5 or 0.02 mA 
cm–2 applied over 15–
20 min. 

SEM indicated the presence of a polymeric layer for all samples 
prepared.  
IR: All samples showed disappearance of Si–H after anodic 
deposition. Samples prepared from HCCMgCl showed acetylenic   
≡C–H stretching at ~3300 cm–1 as well as C≡C stretching at ~2046    
cm–1. Also present were modes ascribed to the presence of saturated 
alkyl chains, indicating that the C≡C bond became saturated during 
grafting and polymerization. Residual Cl was observed on the surface, 
and the authors postulate it was inserted into the polymer.  
SXPS: A C 1s XP peak at 283.7 eV was used to qualitatively suggest 
C bound to Si. Si 2p XP spectra showed shift in surface Si to higher 
binding energy, further suggesting that the surface Si is bound to C. 
The observed polymer layer is inconsistent with results reported by 
Teyssot et al., who concluded the HCCMgBr does not polymerize on 
H-Si(111) surfaces upon application of anodic current. 

ref48 H–Si(111) and D–
Si(111) reacted with 
HCCMgBr in THF at 
60–65 °C for 4.25–5 h 
to yield HCC–Si(111) 
surfaces  

Multiple internal infrared reflection absorption spectroscopy (MI-
IRAS) and HREELS used to show vibrational structure. Ethynyl 
≡C−H stretch observed at ~3300 cm–1 and C≡C stretch observed at 
2020 cm–1, in agreement with the results reported in this work. A peak 
at 660 cm–1 was attributed to Si–C stretching. A significant fraction of 
Si–H and Si–D surface sites remained unreacted. Surfaces were 
contaminated with saturated hydrocarbons and a small amount of SiOx 
was observed.  
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2.5 CONCLUSIONS 

HCC–Si(111) surfaces have been synthesized and characterized by a variety of 

spectroscopic methods. TIRS and HREELS data show the characteristic vibrational 

modes for Si–C≡C–H groups covalently bound perpendicular to the surface. HCC–Si(111) 

surfaces also exhibited the presence of Si–OH vibrational modes when prepared in 

DMSO. XPS of HCC–Si(111) surfaces exhibited ΦSi–CCH = 0.63 ± 0.08 ML and ΦSi–OH = 

0.35 ± 0.03 ML. The prepared surfaces exhibited no detectable unreacted Si–H or Si–Br 

sites. Annealing of HCC–Si(111) surfaces in vacuum resulted in the appearance of 

different C species at elevated temperature, including SiC that formed on the surface. 

AFM and LEED data showed that the surfaces exhibited terraced structures and ordering 

comparable to that of CH3–Si(111) surfaces, though EC-STM data showed that the 

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

surfaces were deprotonated using t-BuLi to form a surface-bound lithium acetylide, 

which was shown to undergo a reaction with electrophiles.  

The complete vibrational spectra for the HCC−Si(111) surfaces presented in this 

work definitively establish the covalent attachment of ethynyl and propynyl groups to the 

Si(111) surface. Vibrational spectroscopy, which is perhaps the most powerful tool for 

surface structural analysis, used in tandem with XPS, LEED, AFM, EC-STM, and S 

measurements provide a clear picture of the surface structure, allowing for the 

development of structure-function relationships, new chemistries, and, by extension, new 

technologies.  
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