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3.1 INTRODUCTION
The chemical composition of semiconductor surfaces can have a substantial
impact on the properties of the semiconductor in the context of device architecture.1-2 The
surface composition can drastically influence the rate of charge carrier recombination at
the interface,3-5 the band-edge positions and resulting maximum achievable output
potential at the interface,6-7 the chemical reactivity8-12 and physical robustness of the
interface,13-14 and the electrical properties of the interface.15-17 Because the surface
composition has such a strong influence over the behavior of semiconductor interfaces, a
substantial amount of effort has been put towards achieving molecular-level control over
the semiconductor surfaces in order to achieve improved and predictable semiconductor
interfaces.
One of the best examples of a well-defined semiconductor surface is methylterminated Si(111) (CH3–Si(111)). As discussed in Chapter 1, CH3–Si(111) surfaces have
been extensively characterized and are believed to be fully-terminated with –CH3 groups
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such that each atop Si(111) site is terminated by a Si–C bond.18-33 This property affords
CH3–Si(111) surfaces exceptional chemical stability. This high degree of stability,
however, also makes CH3–Si(111) surfaces chemically inert towards many potential
methods of secondary functionalization. Such limitations have precluded CH3–Si(111)
surfaces alone from providing favorable interfaces with functional device components,
such as metals, metal oxides, catalysts, and polymers.
Propynyl-terminated Si(111) (CH3CC–Si(111)) surfaces, which are terminated by
the propynyl (–CCCH3) group, could potentially exhibit many properties similar to CH3–
Si(111) surfaces. The –CCCH3 group is sterically similar to –CH3 groups when
considering the radial geometry of the substituent, potentially allowing for near complete
termination of the Si(111) atop sites with Si–C bonds. The geometry of the –CCCH3
group is intriguing from a fundamental perspective because it is essentially a –CH3 group
separated from the Si lattice by a C≡C spacer, which presents unique opportunities to
improve understanding of organic/Si interactions. Additionally, the propynyl substituent
contains a C≡C group, which is synthetically versatile and could allow for facile
secondary functionalization of CH3CC–Si(111) surfaces. In this way, CH3CC–Si(111)
surfaces could also act as an alternative to mixed monolayer chemistry,10-11, 34 which was
developed to allow high Si–C termination on Si surfaces functionalized with bulky, but
synthetically useful, alkyl groups by passivating residual halogenated surface sites with
–CH3 groups.
The synthesis of CH3CC–Si(111) surfaces has been reported previously and
extensively cited.17, 35-39 However, structural characterization of CH3CC–Si(111) surfaces
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is severely lacking in the literature, and notable inconsistencies exist between the
reported literature preparations and the resulting spectroscopic and physical properties of
the surfaces. Further characterization of these surfaces is therefore needed to fully define
the functionalization chemistry and to describe the properties of the modified Si(111)
surfaces. We describe herein the synthesis of the CH3CC–Si(111) surfaces and provide
extensive characterization of the modified surfaces by transmission infrared spectroscopy
(TIRS),

high-resolution

electron

energy-loss

spectroscopy

(HREELS),

X-ray

photoelectron spectroscopy (XPS), atomic-force microscopy (AFM), electrochemical
scanning-tunneling microscopy (EC-STM), low-energy electron diffraction (LEED), and
surface recombination velocity (S) measurements. Additionally, we have compared the
results of the surface analysis presented herein with previously reported data for
propynyl-terminated Si surfaces.
3.2 EXPERIMENTAL SECTION
3.2.1 Materials and Methods
Water (≥18.2 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.
Czochralski-grown n-Si wafers (Virginia Semiconductor, Fredericksburg, VA)
used for the collection of XPS, AFM, EC-STM, LEED, and HREELS data were doubleside 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
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using wafers with one of the following specifications: float-zone-grown n-Si wafers
(Silicon Quest International, Santa Clara, CA), double-side polished, doped with
phosphorus to a resistivity of 63–77 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.
1. Preparation of CH3CC–Si(111) Surfaces. CH3CC–Si(111) surfaces were
prepared from H–Si(111) surfaces using the Cl–Si(111) surface intermediate. Section
2.2.1 of this thesis details the cleaning and etching techniques that were used for the
preparation of H–Si(111) surfaces. Cl–Si(111) surfaces were prepared inside a glovebox
with <10 ppm O2(g) by reaction of H–Si(111) surfaces with PCl5 saturated in
chlorobenzene at 90 °C for 45 min using benzoyl peroxide as a radical initiator. A
detailed account of the preparation of Cl–Si(111) surfaces can also be found in section
2.2.1.
CH3CC–Si(111) surfaces were prepared by the reaction of Cl–Si(111) surfaces
with CH3CCLi (1.0 M in hexane, BOC Sciences, Shirley, NY) at 45 ± 2 °C for 3–24 h.
The reaction of Cl−Si(111) surfaces with CH3CCLi was performed in foil-covered test
tubes to limit exposure of the CH3CCLi to ambient light. Upon completion of the reaction,
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CH3CC–Si(111) samples were rinsed with hexanes, then rinsed with and submerged in
methanol (≥99.8%, anhydrous, Sigma-Aldrich), removed from the glovebox, sonicated
for 10 min in methanol, and rinsed with water. Samples were dried under a stream of
Ar(g) or N2(g). Scheme 3.1 summarizes the preparation methods for CH3CC–Si(111)
surfaces.
Scheme 3.1. Synthesis of CH3CC–Si(111) Surfaces
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3.2.2 Instrumentation
Detailed descriptions of the instrumentation used in the collection of TIRS, XPS,
AFM, EC-STM, LEED, and HREELS data is presented in section 2.2.1.
3.2.3 Data Analysis
1. Fitting and Quantification of XPS Data. High-resolution XP spectra were
analyzed using CasaXPS software v. 2.3.16. The fitting parameters were the same as
those described in section 2.2.2.
The thickness (dA) of the overlayer species A was estimated by XPS for CH3CC–
Si(111) surfaces using the substrate-overlayer model40-41
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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 composed of the signals at 284.3
and 285.3 eV for CH3CC–Si(111) surfaces. 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.29 The
attenuation length for the overlayer species (λA) has been estimated to be 3.6 nm for C 1s
photoelectrons moving through hydrocarbon overlayers.42-43 The attenuation length for Si
2p photoelectrons (λSi) moving through hydrocarbon overlayers has been estimated to be
4.0 nm.42-43 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 3.2. The thickness of 1 ML of each hydrocarbon
overlayer was estimated by summing the bond lengths for the species containing C, but
excluding Si and H. Assuming uniform overlayers, the value of ΦA represents the fraction
of surface Si(111) sites that were modified with the overlayer species of interest.
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Scheme 3.2. Monolayer Thickness of Surface-Bound –CCCH3 Groups
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2. Calculation of Surface Recombination Velocity and Surface Trap-State Density.
Details on the analysis of surface recombination velocity data for the calculation of S is
presented in section 2.2.3. S was calculated for CH3CC–Si(111) surfaces using eq 2.3.4 S
was converted to a trap state density, Nt, using eq 2.4.44 Nt was used to estimate the
absolute number of electrically active defects per surface Si(111) sites by use of the
number density of atop Si sites for an unreconstructed Si(111) surface, ΓSi(111), which is
7.83 × 1014 atoms cm–2. Thus, a wafer with surface recombination velocity S has 1
electrically active defect for every ΓSi(111)/Nt surface sites.
3.3 RESULTS
3.3.1 Transmission Infrared Spectroscopy
Figure 3.1 shows TIRS data of CH3CC–Si(111) surfaces. The spectra exhibited
three distinct C–H stretching peaks at 2958, 2934, and 2872 cm–1. The absorbance
features at 2934 and 2872 cm–1 were observed only at the 74° incidence angle, which
indicated that those features arose from modes perpendicular to the surface, whereas the
absorbance at 2957 cm–1 was observed at both angles and was therefore not perpendicular
to the surface. A sharp absorbance at 1380 cm–1 attributed to the symmetric C–H bending
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(δs), or “umbrella,” mode was present at 74° incidence but was absent at 30° incidence,
which indicated that this mode and the propynyl groups were oriented perpendicular to
the surface. A broad and asymmetric absorbance with local maxima at 1061, 1033, and
966 cm–1 was also observed at both 74° and 30°, and likely arose from the expected CH3
rocking motion and subsurface (Si–O–Si)TO motion. The C–C stretching absorption was
also expected in this region, but likely contributed minimally to this absorption band due
to the symmetric nature of the C–C single bond. The presence of an absorbance in the
∼1000 cm–1 region at both angles of incidence suggested that the absorption arose
primarily from the CH3 rocking and (Si–O–Si)TO modes because the C–C stretching
mode is expected to be oriented perpendicular to the surface.

Figure 3.1. TIRS data for CH3CC–Si(111) surfaces referenced to the H–Si(111) surface
collected at 74° (bottom) and 30° (top) from the surface normal. Panel a shows the highenergy region, and panel b shows the low-energy region. The negative peaks in panel b
resulted from the H–Si(111) background. The peak positions and assignments (∗ denotes
tentative) are indicated in the figure. The 30° spectrum is offset vertically for clarity.
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Figure 3.2 shows the absence of detectable Si–H stretching for the CH3CC–Si(111)
surfaces prepared in this work.
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Figure 3.2. TIRS data for the CH3CC–Si(111) surface referenced to the SiOx surface.
The position of the Si–H stretching peak is indicated by the dotted line.

3.3.2 High-Resolution Electron Energy-Loss Spectroscopy
HREELS data were obtained for CH3CC–Si(111) surfaces to detect vibrational
signals that could not be readily observed by TIRS. The HREELS data for CH3CC–
Si(111) surfaces (Figure 3.3) exhibited a single (C–H)CH3 stretching signal centered at
3004 cm–1, in addition to a broad peak centered at 1435 cm–1, which corresponded to the
closely spaced symmetric and asymmetric C–H bending motions, the latter of which was
not observed by TIRS. A peak centered at 2216 cm–1 was indicative of C≡C stretching,
and supported the proposed structure of the CH3CC–Si(111) surface. A signal at 670 cm–1
was consistent with Si–C stretching, and provided evidence for the covalent attachment
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of propynyl groups to the Si(111) surface. The signal centered at 1048 cm–1 arose from
the convolution of CH3 rocking, C–C single-bond stretching, and (Si–O–Si)TO modes.

Figure 3.3. HREELS data for CH3CC–Si(111) surfaces. Data were collected in the
specular geometry using an incident beam energy of 2.8 eV, and the fwhm of the elastic
peak was 15.0 meV. The raw spectrum (bottom) is shown with the magnified spectrum
(top) superimposed for clarity. The peak positions and assignments are indicated in the
figure.
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Table 3.1 summarizes the vibrational modes observed by TIRS and HREELS for
CH3CC–Si(111) surfaces.
Table 3.1. Summary of the Positions and Assigned Modes for the Vibrational Signatures
Observed for CH3CC–Si(111) Surfaces.

a

TIRS
Frequency
(cm–1)
2958
2934
2872
–
–
1380
1061
1033

HREELS
Frequency
(cm–1)a
3004
3004
3004
2216
1435
1435
1048
1048

966
–

1048
670

Assigned
Modeb

Orientation to
Surfacec

νa(C–H)CH3∗
νf(C–H)CH3∗
νs(C–H)CH3∗
ν(C≡C)
δa(C–H)CH3
δs(C–H)CH3
ν(Si–O–Si)TO∗
ν(Si–O–Si)TO∗
ν(C–C)∗
ρ(CH3)∗
ν(Si–C)

not ⊥
⊥
⊥

⊥
not ⊥
not ⊥
not ⊥

In some cases, HREELS signals do not resolve multiple vibrational modes that are
observed by TIRS. The HREELS signal with the closest energy to the resolved TIRS
signal is paired in the table. bThe symbols ν, δ, and ρ signify stretching, bending, and
rocking motions, respectively, with subscripts a, s, and f indicating whether the mode is
asymmetric, symmetric, or resulting from Fermi resonance, respectively. The subscript
“CH3” indicates C–H stretching signals arising from the –CH3 substituent of the propynyl
group. The subscript “TO” indicates a transverse optical Si–O–Si motion. 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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3.3.3 X-ray Photoelectron Spectroscopy
XPS data were collected to provide quantitative information about the species
present on CH3CC–Si(111) surfaces. Only signals ascribable to Si, C and O were
observed, and high-resolution spectra were acquired for the C 1s and Si 2p core levels.
Figure 3.4 shows the C 1s high-resolution XP spectrum for CH3CC–Si(111) surfaces. The
C 1s spectra exhibited two distinct photoemission signals centered at 284.3 and 285.3 eV
along with a small shoulder centered at 286.6 eV. The low binding-energy peak at 284.3
eV was consistent with C bound to Si, and the prominent photoemission signal at 285.3
eV arose from C bound to C, consistent with the proposed structure of the CH3CC–
Si(111) surface. The signal at 285.3 eV exhibited a broad fwhm relative to the peak at

Figure 3.4. High-resolution XP spectrum of the C 1s region for CH3CC–Si(111) surfaces.
The low binding energy C photoemission signal at 284.3 eV arises from C bound to Si
(blue, CSi), while the peaks at 285.3 and 286.8 eV arise from C bound to C (red, CC) and
C bound to O (green, CO), respectively. The peak at 285.3 eV is a convolution of the two
C atoms in the propynyl group not bound directly to Si and adventitious C species, while
the signal at 286.8 eV arises from adventitious species only.
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284.3 eV because the signal at 285.3 eV arose from two chemically different C species in
the ≡C–CH3 substituent of the propynyl moiety as well as adventitious C, while the peak
at 284.3 eV arose only from the C bound to Si. The signal centered at 286.6 eV was
consistent with adventitious C on alkyl-terminated Si surfaces. The ratio of the peak at
285.3 eV to the peak at 284.3 eV was 3.6 ± 0.4, while, assuming negligible attenuation,
the expected ratio for a –CCCH3 group would be 2.0. Figure 3.5 shows the Si 2p highresolution XP spectrum for CH3CC–Si(111) surfaces. The spectra showed no detectable
SiOx.
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Figure 3.5. High-resolution XP spectrum of the Si 2p region for CH3CC–Si(111)
surfaces. The Si 2p spectrum showed only a contribution from the bulk Si (blue, Si0). 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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The fractional monolayer coverage was estimated for CH3CC–Si(111) surfaces by
XPS by use of eq 1.140-41 to yield ΦSi–CCCH3 = 1.05 ± 0.06 ML. The C 1s photoemission
signals at 284.3 and 285.3 eV were summed to quantify ΦSi–CCCH3 because these signals
arise directly from the propynyl group. No detectable signals ascribed to Cl, Li, or SiOx
were observed by XPS on CH3CC–Si(111) surfaces, and XP survey spectra showed very
low amounts of O overall.
The thermal stability of CH3CC–Si(111) surfaces was investigated in vacuum.
Figure 3.6 shows the behavior of CH3CC–Si(111) surfaces as a function of annealing
temperature. CH3CC–Si(111) surfaces exhibited minimal changes in C 1s signal intensity
and shape after annealing to 100 °C, with a small reduction in C 1s signal intensity
observed upon heating to 200 °C. Annealing to 300 °C produced a significant reduction
in the C 1s signal intensity and concomitant reduction in the coverage of Si(111) surface
sites by propynyl groups (Table 3.2). Heating to 400 and 500 °C, respectively, further
reduced the intensity of the C 1s signal and increased the intensity of the Si 2p signal,
indicating that propynyl groups had been desorbed from the Si(111) surface. Annealing
the CH3CC–Si(111) surface up to 500 °C did not change the ratio of the C 1s peak at
285.3 eV to the peak at 284.3 eV within the statistical error, suggesting that very little
adventitious C was on the surface. Annealing to 600 °C resulted in increased intensity
and broadening of the C 1s signal with the appearance of a new peak centered at ∼283.7
eV, which increased in intensity upon further heating to 700 °C and indicated the
formation of silicon carbide (SiC).45-47 An overall increase in the area of the C 1s peak
accompanied the formation of SiC and resulted in attenuation of the underlying Si 2p

104
x 10

5

a

5
O A ug er

C o u n ts P er S ec o n d

16

C 1s

O 1s

S i 2s

S i 2p

CH3

12

4

C o u n ts P er S ec o n d

20

Si

3

8

4

700 °C
600 °C
500 °C
400 °C
300 °C
200 °C
100 °C
22 °C

2

3

b

CH3

CC

C Si

S iC

Si

700 °C
600 °C
500 °C
400 °C

300 °C

200 °C
100 °C
22 °C

0
1200

x 10

1000

800

600

400

B in d in g E n erg y (eV )
x 10
30

0

288

286

284

B in d in g E n erg y (eV )

282

3

c

25

C o u n ts P er S ec o n d

200

1
290

CH3

Si

20
15

700 °C
600 °C

10

500 °C
400 °C
300 °C

5

200 °C

Si

100 °C

0

0

22 °C

106

104

102

100

B in d in g E n erg y (eV )

98

Figure 3.6. Thermal stability in vacuum of CH3CC–Si(111) surfaces. The annealing
temperature is indicated above each spectrum, and the spectra are offset vertically for
clarity. The survey spectra (a) show the presence of only the Si 2p, Si 2s, C 1s, and O 1s
core level peaks along with the O Auger signal and Si plasmon-loss features. Annealing
to 600 and 700 °C resulted in the observation of a small amount of Cu and Cl, which was
likely transferred from the sample holder to the sample surface during annealing. The
high-resolution C 1s spectra (b) showed the behavior of the C bound to Si (CSi) and C
bound to C (CC) peaks with temperature. Upon annealing to 200–500 °C, the overall
amount of C decreased. Heating to 600–700 °C resulted in the appearance of a new C 1s
peak at ~283.7 eV (SiC). Si 2p spectra (c) showed increased intensity as C was removed
from the surface upon annealing to 500 °C, and decreased intensity upon annealing to
600–700 °C.
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photoemission intensity. The chemical structure of the other C species formed on the
surface was not readily determined by the XPS measurements performed. Annealing to
600 and 700 °C, respectively, also produced an increase in the O 1s intensity observed in
the survey scan, since oxygen-containing hydrocarbon species from the chamber were
bound to the surface at elevated temperature.
Table 3.2. The Estimated Fractional ML Coverage, Φ, of a CH3CC–Si(111) Surface as a
Function of Annealing Temperature.
Annealing
Temperature (°C)
22
100
200
300
400
500

ΦSi-CCCH3a
0.97
0.99
0.76
0.40
0.20
0.15

a

The values of Φ were determined using eq 3.1.40-41 The appearance of SiC on both
surfaces upon annealing to 600 °C precluded accurate determination of Φ beyond 500 °C.

3.3.4 Atomic-Force Microscopy, Electrochemical Scanning-Tunneling Microscopy,
and Low-Energy Electron Diffraction
Figure 3.7 presents a topographical AFM image of a CH3CC–Si(111) surface.
CH3CC–Si(111) surfaces exhibited broad atomic terraces with step edges ∼0.3 nm in
height, consistent with terraces observed on reconstructed Si(111) surfaces in vacuum.48
Some small particulates were observed on the surfaces, and the amount and size of the
particles varied between samples. Since no residual metal or halogen contaminants were
detected by XPS on these samples, the particulates were likely organic contaminants. The
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observation of atomic terraces after alkylation was consistent with the grafting of an
overlayer with uniform thickness onto the surface of the Si(111) substrate.

–0.6 nm

+0.6 nm
Figure 3.7. Topographical AFM image of a CH3CC–Si(111) surface. The image is 1 µm ×
1 µm with a z-scale of 1.2 nm (–0.6 to +0.6 nm).

Figure 3.8 shows a representative EC-STM image of a CH3CC–Si(111) surface.
CH3CC–Si(111) surfaces showed localized areas in which some ordering was detectable
by room temperature EC-STM. Representative areas in which species of similar height
were observed are indicated by white circles, and the distance between the centers of
these areas was 0.38 nm, consistent with the distance between Si(111) atop sites.33 The
height variation from the dark to light regions on a single terrace in was 0.08 ± 0.01 nm,
which is smaller than the 0.3 nm Si(111) terrace height. The small height variation
suggested that the Si substrate was disordered during the grafting process or that species
other than CH3CC–Si(111) groups were present on the surface.
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0.3 nm

0.15 nm

0.0 nm

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

LEED patterns were collected for CH3CC–Si(111) surfaces (Figure 3.9) to
qualitatively determine the ordering of the top surface layers of the substrate. LEED
patters that exhibit 3-fold symmetry indicate a (1 × 1) surface unit cell. However, while
LEED is significantly more surface-sensitive than X-ray diffraction, sharp LEED patters
are often observed for crystalline samples terminated by a disordered monolayer. The
intensity of the background relative to the diffraction spots can qualitatively assist in
determining the level of ordering on the surface LEED patterns of CH3CC–Si(111)
surfaces exhibited 3-fold symmetry with the presence of a hexagonal diffraction pattern
at 40 eV beam energy, consistent with a (1 × 1) surface unit cell. The intensity of the
background was on the same order as that observed for HCC–Si(111) surfaces (see
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Chapter 2), which indicated a similar level of ordering at the surface. While both
CH3CC–Si(111) and HCC–Si(111) surfaces exhibited comparably bright and sharp
diffraction spots, and the only evidence of lower ordering was in the intensity of the
background. Both CH3CC–Si(111) and HCC–Si(111) surfaces exhibited brighter
backgrounds relative to the diffraction spots compared with CH3–Si(111) surfaces,
indicating that the level of surface ordering present on CH3CC–Si(111) and HCC–Si(111)
surfaces was not as long-range as has been found for CH3–Si(111) surfaces.

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

3.3.5 Surface Recombination Velocity Measurements
Figure 3.10 shows the behavior of S determined by use of eq 2.34 for CH3–Si(111)
and CH3CC–Si(111) surfaces as a function of time in air. Immediately after preparation
and cleaning, CH3–Si(111) and CH3CC–Si(111) surfaces exhibited S values of (4 ± 2) ×
101 and (2.0 ± 0.2) × 103 cm s–1 respectively. After being exposed to air for 24 h, the S
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Figure 3.10. S measured as a function of exposure to air for CH3–Si(111) (black squares)
and CH3CC–Si(111) (red triangles) surfaces. The error bars represent 1 standard
deviation about the mean.

value for CH3–Si(111) and CH3CC–Si(111) surfaces decreased to (1.5 ± 0.5) × 101 and
(1.3 ± 0.2) × 103 cm s–1, respectively. Over extended exposure to air, the S value of
CH3CC–Si(111) surfaces continued to decrease, reaching (5 ± 1) × 102 cm s–1 after 581 h
of air exposure.
The effective trap-state density, Nt, was calculated for CH3–Si(111) and CH3CC–
Si(111) surfaces by use of eq 2.4.44 Immediately after preparation, CH3–Si(111) and
CH3CC–Si(111) surfaces were found to have trap-state densities of 4 × 109 and 2 × 1011
cm–2, which is equivalent to 1 trap for every 2 × 105 and 4 × 103 surface sites,
respectively. After 581 h of exposure to air, the trap-state densities of CH3–Si(111) and
CH3CC–Si(111) surfaces had adjusted to yield 2 × 109 and 5 × 1010 cm–2, or 1 trap for
every 4 × 105 and 2 × 104 surface sites, respectively. The estimated trap-state density for
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the studied surfaces was below the detection limit for most spectroscopies, hindering the
identification of the chemical structures that form the surface trap states. However,
among CH3–Si(111), HCC–Si(111) (see Chapter 2), and CH3CC–Si(111) surfaces, an
increased calculated surface coverage of Si−C correlated with decreased S after 581 h of
air exposure.
3.4 DISCUSSION
3.4.1 Vibrational Spectroscopy of CH3CC–Si(111) Surfaces
TIRS (Figure 3.1) and HREELS (Figure 3.3) of CH3CC–Si(111) surfaces showed
vibrational signatures characteristic of the proposed Si–C≡C–CH3 structure. The
polarized “umbrella” mode at 1380 cm–1 is significantly higher in energy than the
“umbrella” signature that is observed on CH3–Si(111) surfaces at 1257 cm–1, and this
observation is supported by theoretical calculations, which place the CH3CC–Si(111)
“umbrella” mode at ∼1392 cm–1.49 The significant shift in energy is thought to result from
the change in bonding environment around the –CH3 group, which is bonded to either Si
or C for CH3–Si(111) or CH3CC–Si(111) surfaces, respectively.
Additionally, the CH3 rocking mode for CH3CC–Si(111) surfaces at 966 cm–1
exhibited a significant shift to higher energy compared with the CH3 rocking mode for
CH3–Si(111) surfaces at 753 cm–1. The –CH3 group on the CH3CC–Si(111) surface is
positioned farther from the Si lattice than in the case of CH3–Si(111) surfaces, resulting
in reduced strain and increased energy of the CH3 rocking motion. This observation is
supported by theoretical calculations, which have predicted the appearance of the CH3
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rocking mode at 1018 cm–1.49 Theory also predicts a C–C stretching mode at
approximately 1030 cm–1, but the symmetry of this bond precludes its observation by
TIRS. The proximity of this mode to the (Si–O–Si)TO mode as well as to the CH3 rocking
mode yielded a single peak at 1048 cm–1 in the HREEL spectrum, preventing the clear
observation of the C–C bond by vibrational spectroscopy.
Unlike CH3–Si(111) surfaces, which exhibit two C–H stretching modes, CH3CC–
Si(111) surfaces show three distinct C–H stretching peaks. Group theory considerations
require that a –CH3 group has both a1 symmetric and e asymmetric C–H stretching modes.
However, gas-phase propyne is known to exhibit an absorbance that arises from Fermi
resonance between the asymmetric C–H bending (IR inactive) and symmetric C–H
stretching modes.50-51 The a1 symmetric C–H stretch is expected to have a transition
dipole along the axis perpendicular to the surface plane, while the e asymmetric C–H
stretch is expected to have a transition dipole parallel to the surface plane. The peak
resulting from Fermi resonance is predicted to be centered near twice the energy of the
asymmetric C–H bend, which theoretical investigations have estimated to be at 1449
cm–1.49 A tentative assignment of the C–H stretching peaks from high to low
wavenumber is the asymmetric C–H stretch at 2957 cm–1, the Fermi resonance overtone
at 2933 cm–1, and the symmetric C–H stretch at 2872 cm–1.
3.4.2 Surface Ordering, Stability, and Defects of CH3CC–Si(111) Surfaces
CH3CC–Si(111) surfaces exhibited AFM images that indicated atomically smooth
surfaces, and LEED patterns were consistent with a (1 × 1) surface unit cell. However,
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room temperature EC-STM images of CH3CC–Si(111) surfaces showed that these
surfaces did not exhibit the same long-range ordering characteristic of CH3–Si(111)
surfaces. Instead, localized regions of ordering were observed on CH3CC–Si(111)
surfaces. CH3CC–Si(111) surfaces exhibited larger regions of uniform coverage
compared to HCC−Si(111) surfaces (see Chapter 2), but both surfaces exhibited small
variations in height that were not consistent with the height of a Si(111) step edge. For
CH3CC–Si(111) surfaces, the bright and dark regions in Figure 3.8 correspond to ∼0.7
ML and ∼0.3 ML, respectively. The small difference in height observed between regions
was indicative of a difference in the density of states, which could result from a
difference in orientation of the –CCCH3 groups or a difference in chemical species bound
to the surface. XPS surface coverage estimates predict near complete termination of
CH3CC–Si(111) surfaces with Si–C bonds. Thus, the EC-STM images for CH3CC–
Si(111) surfaces show either regions in which the atop Si atoms were disordered by the
functionalization method to yield regions in which the –CCCH3 groups were not normal
to the surface, or hydrocarbon impurities were present in the alkylating solution and
attached along with the propynyl groups. The height difference on the same terrace was
small (<0.1 nm), and the surfaces exhibited localized regions in which ordering was
evident, but significant long-range ordering was not observed for CH3CC–Si(111)
surfaces. Given the irreversible nature of the Si–C bond, and the resulting lack of
mobility of the surface-bound organic groups, steric considerations could preclude facile
formation of a fully ordered alkylated monolayer over large areas, and the ordering
observed for CH3–Si(111) and CH3–Ge(111) surfaces52 are thus unique in this respect.
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The behavior of the trap-state density as a function of time for CH3CC–Si(111)
surfaces correlates with that observed for CH3–Si(111) surfaces (see Chapter 1). CH3–
Si(111) surfaces exhibit unusually low trap-state densities that has been attributed to near
1 ML monolayer ΦSi–C and long-range ordering of the surface made possible by the small
size of the –CH3 group. The CH3CC–Si(111) surface has a thicker carbon overlayer and
higher ΦSi–C compared with the HCC–Si(111) surface (see Chapter 2). These
characteristics better protect the CH3CC–Si(111) surface from oxidation and ultimately
afford it a lower overall trap-state density. The decrease in trap-state density with time
exposed to air observed for CH3–Si(111) and CH3CC–Si(111) surfaces could result from
reaction of the existing trap states with water and oxygen in the air without breaking the
Si–Si backbonds.
The thermal stability behavior of CH3CC–Si(111) surfaces indicates that CH3CC–
Si(111) surfaces have a lower thermal stability than CH3–Si(111) surfaces, which are
known to be stable up to 450 °C in vacuum.45, 53 CH3CC–Si(111) surfaces appeared to
show a loss of the propynyl groups as the sample was annealed to 300–500 °C because
the overall intensity of the C 1s peak decreased. The desorption of –CCCH3 groups from
the sample surface is comparable to the behavior observed for H5C2–Si(111) surfaces,
which exhibit ∼40% reduction in C bound to Si upon annealing to 300 °C.45 Formation of
SiC on CH3CC–Si(111) surfaces annealed to 600 and 700 °C, respectively, was limited
by the reduced amount of C on the surface after annealing. These results suggest that the
–CCCH3 surfaces are hindered from reacting with hydrocarbons in the vacuum chamber
by the –CH3 group, and the Si–C bond breaks before the C≡C bond can react. The results
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indicate that the Si–C bond is destabilized for organic species containing Si–C≡C–R
functionality compared with CH3–Si(111) surfaces.
3.4.3 Comparison with Previously Reported Syntheses and Surface Spectroscopy
Preparation of CH3CC–Si(111) surfaces has been reported by reaction of Cl–
Si(111) surfaces with CH3CCNa in THF35 or CH3CCMgBr in THF.17, 36-38 Table 3.3
summarizes the synthetic methods, surface characterization techniques employed, and
results of the prior studies. Anodic deposition of CH3CCMgBr on H–Si(111) surfaces has
also been reported, but a polymeric layer was formed on the surface.39 Our attempts to
prepare CH3CC–Si(111) surfaces by the published halogenation/alkylation procedures
yielded widely varying results that were not in general agreement with the detailed
spectroscopic signatures and results reported herein. Vibrational spectra reported for
anodic deposition of CH3CCMgBr on H–Si(111) surfaces showed the presence of a peak
at ∼1100 cm–1, which was assigned to a C≡C–C stretching mode39 and is very near the
peaks reported in this work at 1061, 1033, and 966 cm–1. However, due to the polymeric
nature of the grafted layer, the modes associated with the CH3 group of the propynyl
moiety were not observed. Using the synthetic routes presented herein, the observation of
the vibrational signatures, particularly the C≡C stretch at 2216 cm–1, C–H “umbrella” at
1380 cm–1, and Si–C stretch at 670 cm–1, strongly support the attachment of propynyl
groups to the Si(111) surface.
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Table 3.3. Summary of Prior Reports of Synthesis and Characterization of PropynylTerminated Si Surfaces
Publication
ref35

Reaction Conditions
Cl–Si(111) reacted
with NaCCCH3 in
THF to give Si–
CCCH3 surfaces.

ref17

Cl–Si(111) reacted
with CH3CCMgBr in
THF at 120–130 °C
for 24 h to give
Si–CCCH3 surfaces.
Cl–Si(111) reacted
with CH3CCMgBr in
THF at 120–130 °C
for 27 h to yield
Si–CCCH3 surfaces.

ref38

ref36

Cl–Si(111) reacted
with CH3CCMgBr in
THF at 120–130 °C
for 27 h to yield
Si–CCCH3 surfaces.

ref37

Cl–Si(111) and Si–Cl
nanowires reacted
with CH3CCMgBr
in THF at 120–
130 °C for 12–27 h
to yield Si–CCCH3
planar or nanowire
surfaces,
respectively.
Anodic grafting of
HCCMgCl and
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.

ref39

Characterization and Evidence for Structure
XPS: C 1s XP peak at 284.0 eV used to suggest C bound to Si.
Coverage estimated to be 1.05 ± 0.1 ML for Si–CCCH3 relative to
Si–CH3. No evidence for SiOx in Si 2p.
Electrochemical measurements show no Si–H oxidation peak in
aqueous electrolyte.
No structural characterization reported. Electrochemical
measurements for Si–CCCH3 surfaces in contact with Hg were
shown to exhibit behavior similar to Si–CH3 surfaces.
XPS: C1s XP peak at 284.0 eV used to suggest C bound to Si.
Coverage with –CCCH3 groups was estimated to be 1.05 ± 0.1 ML
relative to Si–CH3. No SiOx observed after preparation. SiOx was
~0.5 ML after 24 h in water and ~0.15 ML after 65 days in air.
ToF-SIMS showed SiCH3+ and SiC3H3+ fragment peak intensities
were in a ratio of ~3:2 for Si–CCCH3 surfaces.
XPS results are similar to those reported in the previous citation.
ToF-SIMS raw data is presented, and shows that Si–CCCH3
surfaces gave SiCH3+ and SiC3H3+ (peak ratio 1.9:1) for positive
ToF-SIMS. C3H3– and SiO2 (peak ratio 2.7:1) were the primary
peaks for negative ToF-SIMS.
Spectroscopic ellipsometry gave a thickness of 5.8 Å for
Si–CCCH3 surfaces, in agreement with theory.
XPS: Si nanowires functionalized with –CCCH3 groups exhibit
SiOx/Si bulk 2p area ratio of 0.15 after 720 h of air exposure,
which is faster than nanowires functionalized with –CH3 or
–CH=CH–CH3 groups. However, comparative studies performed
on Si(111) surfaces show much slower oxidation for
CH3CC–Si(111) (SiOx/Si bulk 2p area ratio ~0.07 after 720 h air
exposure) surfaces compared with CH3–Si(111) surfaces.
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 CH3CCMgBr showed a
C≡C–C stretching vibration at ~1100 cm–1, and no C–H stretching
peaks were observed.
SXPS: A C 1s XP peak at 283.7 eV was used to qualitatively
suggest C bound to Si. Si 2p XP spectra showed shift in surface Si
to higher binding energy, further suggesting that the surface Si is
bound to C.
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3.5 CONCLUSIONS
CH3CC–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–CH3 groups covalently bound perpendicular to the surface.
Quantification of XPS data for CH3CC–Si(111) surfaces exhibited ΦSi–CCCH3 = 1.05 ±
0.06 ML. The prepared surfaces exhibited no detectable unreacted Si–H or Si–Cl sites.
Annealing of CH3CC–Si(111) surfaces in vacuum resulted in desorption of the –CCCH3
groups. 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.
The complete vibrational spectra for the CH3CC–Si(111) surfaces presented in
this work definitively establish the covalent attachment of ethynyl and propynyl groups to
the Si(111) surface. The use of a wide range of surface-sensitive spectroscopic and
microscopic techniques provides a clear picture of the surface structure, allowing for the
development of structure–function relationships and new chemistries. The development
of a comprehensive understanding of the chemical and physical properties of synthesized
surfaces is of extraordinary importance in order to further the use of monolayer chemistry
in the development of novel new semiconductor devices.
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