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Abstract: Crystalline Si(111) surfaces have been alkylated in a two-step chlorination/alkylation process
using various organic molecules having similar backbones but differing in their C—C bond closest to the
silicon surface (i.e., C—C vs C=C vs C=C bonds). X-ray photoelectron spectroscopic (XPS) data show
that functionalization of silicon surfaces with propenyl magnesium bromide (CH;—CH=CH—MgBr) organic
molecules gives nearly full coverage of the silicon atop sites, as on methyl- and propynyl-terminated silicon
surfaces. Propenyl-terminated silicon surface shows less surface oxidation and is more robust against
solvent attacks when compared to methyl- and propynyl-terminated silicon surfaces. We also show a
secondary functionalization process of propenyl-terminated silicon surface with 4'-[3-Trifluoromethyl-3H-
diazirin-3-yl]-benzoic acid N-hydroxysuccinimide ester [TDBA-OSu] cross-linker. The Si—CH=CH—-CHj;
surfaces thus offer a means of attaching a variety of chemical moieties to a silicon surface through a short
linking group, enabling applications in molecular electronics, energy conversion, catalysis, and sensing.

1. Introduction

Densely packed organic layers bonded covalently to crystal-
line silicon (Si) surfaces without an interfacial silicon oxide
(Si0y) layer have received an increasing interest, mainly because
of their variety of applications in micro- and nanoelectronics'~®
as well as in (bio)chemical sensors.” !¢ Attachment of organic
species on a Si substrate without intervening oxide could
significantly reduce the density of trap states on Si surfaces.'” ™"
Furthermore, it might potentially prevent diffusion of oxygen
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atoms into the monolayer/Si interface during either growth of
insulating layer or postannealing process in the formation of
high-dielectrics on Si.***'

A variety of surface passivation methods have been inves-
tigated to preserve the nearly ideal electrical properties of the
H-terminated Si(111) surfaces in ambient conditions.?>~2* The
formation of Si—C bonds, however, has attracted a particular
interest due to the kinetic inertness of these bonds as compared
to Si—O or Si—H bonds. The Si—C bond is chemically more
stable than Si—O bonds on oxidized Si surfaces and thus less
susceptible to nucleophilic substitution reactions.” Si(111)
surfaces have been functionalized by a variety of methods,
including reaction with alkenes through a radical process
catalyzed by a diacyl peroxide initiator,?**’ use of UV**3° or
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white®' light, thermal energy,**? transition-metal complexes,**

Lewis acid catalysts,35 37 electrochemical functionalization,3%3°
radical halogenation,40 and chemomechanical scribing.‘“_43
However, these reactions may lead to significant amounts of
oxygen on the surface unless extraordinary measures are taken.**
This unwanted oxidation reaction is the likely source of
electrically active defects observed in electrical measurements
of arrays of metal—insulator—semiconductor diodes, >+ ~47
including cases where low levels of oxide are not detectable
via surface analysis techniques (e.g., XPS or FTIR).*®

Whatever the maximum number of Si—C bonds, it is clear
that a significant number of unreacted Si—H sites still remain
on the surface. Consequently, the surfaces are vulnerable to
oxidation by water and oxygen, which can penetrate through
the monolayer. This inherent instability is inconsistent with the
development of stable, robust sensors—the application cited by
most of the published works in this area.*>>° The problem is
that oxidation of silicon can result in the formation of electrically
active surface states that change the electrical properties of the
underlying silicon.?>>"->? Any strategy that aims toward hybrid
silicon—organic devices should ideally limit the number of
oxide-based surface states and, at minimum, stabilize them so
they do not change over time.>
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Fresh Si surfaces alkylated via two step chlorination/alkylation
(Grignard reagent) with straight-chain alkyl groups (C,Hz+1,
n = 1—8)**52 have shown surface passivation both chemically
and electrically.’>>* The passivation properties, however,
degraded partially within a few weeks of exposure to ambient
conditions and within shorter periods upon exposure to water
and/or other organic solvents.>**~>" If their stability properties
are excluded, the structurally simple alkyl monolayers directly
bonded to silicon surfaces can be useful as high-resolution
lithography materials in the next generation of nanofabri-
cations.

Complete coverage of Si atop sites was achieved by CHj
termination of Si(111) through a two-step chlorination/alkylation
process.”>>® Though CHj3 termination gives ~100% coverage,
further functionalization (by reaction with other molecules) is
not possible. To compensate for this limitation of CH3—Si
surfaces, Si(111) surfaces have been terminated with acetylenic
functionality via Si—C bonding.’® The obtained coverage of
these molecules was identical to that of the CHj-terminated
Si(111) surface, viz., full termination of the Si atop sites on an
unreconstructed Si(111) surface. In contrast to CH3 groups
attached to Si surfaces, the acetylene molecules provided a
reactive functionality for further chemical modification of the
Si surfaces.>® Surfaces terminated with acetylenic functionality,
though, oxidize after a certain period of time (see ref 59, Figure
1C, and Figure 2).

We report herein an approach to protect silicon surfaces with
CH;—CH=CH—MgBr organic molecules using a two-step
chlorination/Grignard process. We compare the properties of
this film with various organic molecules having similar back-
bones but differing in their C—C bond closest to the Si surface
(i.e., C—C vs C=C vs C=C bonds). We show that function-
alization of Si surfaces with CH;—CH=CH—MgBr organic
molecules gives nearly full coverage of the Si atop sites. Further,
we have studied the surface oxidation and solvent attacks against
these molecules attached to silicon surfaces. Finally, we describe
a functionalization process of propenyl-terminated surfaces with
TDBA-OSu cross-linker that also provides a scaffold for further
facile functionalization of the Si surface. A preliminary report
has appeared in the literature.®

2. Experimental Section

2.1. Materials. Silicon wafers were (111)-oriented, single-side
polished, 525 £ 25 um thick, n-type, Sb-doped samples, with a
resistivity of 0.008—0.020 Q cm (Virginia Semiconductor Inc.).
Except as noted, all reagents used were ACS reagent grade, were
stored in a nitrogen-purged glovebox, and were used as received.
Water rinses used 18 MQ cm resistivity deionized (DI) water
obtained from a Millipore Nanopure system.

Methanol, acetone, hexane, dichloromethane, 1,1,1-trichloro-
ethane (all from Frutarom Ltd.), anhydrous tetrahydrofuran (THF)
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Figure 1. XPS data showing the oxidation in the Si2p region for (A) Si—CHj after 0, 10, 45, and 65 days in air; (B) Si—CH=CH—CH3 at 0, 30, and 65

days in air; and (C) Si—C=C—CHj at 0, 20, 30, and 65 days in air.
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Figure 2. Oxidation (SiOx/Si2p peak-area ratio) of molecularly modified
Si(111) surfaces versus exposure time to ambient conditions in the dark.

and chlorobenzene (both from Sigma-Aldrich), phosphorus pen-
tachloride (PCls), benzoyl peroxide (97%, Sigma-Aldrich), anhy-
drous carbon tetrachloride (Merck), and 4'-[3-trifluoromethyl-3H-
diazirin-3-yl]-benzoic acid N-hydroxysuccinimide ester [TDBA-
OSu] (Toronto Research Chemicals Inc., Canada) were used as
received. A 3.0 M solution of methylmagnesium chloride
(CH3MgCl) in THF, a 0.5 M solution of 1-propenylmagnesium
bromide (CH;—CH=CH—MgBr) in THF, a 0.5 M solution of
1-propynylmagnesium bromide (CH;—C=C—MgBr) in THF, and
a 20 M solution of propylmagnesium  chloride
(CH3—CH,—CH,;—MgCl) in diethyl ether were used as received.

2.2. Sample Preparation and Functionalization. Prior to
chemical modification, all Si(111) surfaces were cleaned by
sequential rinsing with DI water, methanol, acetone, dichlo-

romethane, 1,1,1-trichloroethane, acetone, methanol, and DI water.
Samples were then dried under a stream of Ny(g). H-terminated
Si(111) surfaces were obtained through wet chemical etching for
20 min in 40% NH4F(aq) (Sigma-Aldrich). The samples were
agitated periodically to minimize the formation of etch pits.
Following etching, the monohydride-terminated surfaces were rinsed
by flowing DI water and dried under a stream of Ny(g). Si—H
samples were alkylated using the two-step chlorination/alkylation
protocol.>>3* A freshly etched surface was first immersed in a
saturated solution of PCls (99.998%, Alfa Aesar) in chlorobenzene
to which a few grains of benzoyl peroxide had been added. The
reaction solution was then heated to 90—100 °C for 45 min. The
chlorinated samples were rinsed sequentially with chlorobenzene
and THF, and the samples were transferred to a Nj-purged
glovebox. The samples were subsequently immersed for 27 h at
120—130 °C in 0.5 M THF solutions of CH;—CH=CH—MgBr
and CH;—C=C—MgBr for producing Si—CH=CH—CH; and
Si—C=C—CH3; surfaces, respectively. A 20 h immersion in a 2.0
M diethyl ether solution of CH3;—CH,—CH,—MgCl was used to
produce the Si—CH,—CH,—CHj; surface. A 10 h immersion in a
3.0 M THEF solution of CH3MgCl was used for producing the CH3-
terminated Si surface (Si—CH3).>® Alkylated Si samples were rinsed
with flowing THF and then immersed in methanol. The alkylated
samples were transported out of the glovebox and further rinsed
with methanol, sonicated in fresh methanol and 1,1,1-trichloroet-
hane, rinsed with H,O, and dried under a stream of N,(g).

2.3. Secondary Functionalization of Propenyl-Terminated
Si(111) Surface. Silicon (111) wafer pieces with propenyl mono-
layers were placed in a 10 mm quartz cuvette with the polished
side pointing upward. Then, 0.2 mL of a 15 mM solution of TDBA-
OSu in dry carbon tetrachloride was added and immediately
illuminated with a broadband 365 nm UV lamp at a distance of 4
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http://pubs.acs.org/action/showImage?doi=10.1021/ja804674z&iName=master.img-000.jpg&w=379&h=316
http://pubs.acs.org/action/showImage?doi=10.1021/ja804674z&iName=master.img-001.jpg&w=206&h=157

ARTICLES

Puniredd et al.

cm for 15 min. The samples were then rinsed vigorously with
carbon tetrachloride, CH,Cl,, and water.®'

2.4. Instrumentation. 2.4.1. X-ray Photoelectron Spectros-
copy (XPS). Surface analysis of films was performed by XPS, using
a Thermo VG Scientific, Sigma probe, England, having a base
pressure of <3 x 107° Torr and fitted with a monochromatized
Al Koo (1486.6 eV) X-ray source. The measurements were
performed in the surface and bulk-sensitive modes at a takeoff angle,
0, between the direction of an analyzer and the specimen plane of
14.5° and 59.5°, respectively. All measurements were taken on the
center of the sample to ensure reproducibility and to minimize the
effects of scratches or contamination at the edges. Samples were
first scanned from O to 1000 binding eV to monitor signals for
carbon and oxygen. The Si2p and Cls regions of 98—105 and
282—287 eV, respectively, were investigated in detail. The Si2p
region was used to monitor the growth of Si oxides. Spectral
analysis was performed using the peak fitting software (XPSPEAK
version 4.1) after a Shirley background subtraction. For Si2p data
analysis, the spectra were first fit to a Shirley background, which
was then subtracted to allow for peak fitting. The position of the
Si2py;, peak was fixed at a binding energy 0.6 eV higher than that
of the Si2p;), peak, and the full width at half maximum of the Si2p;,
peak was constrained to be identical to that of the Si2p;;, peak,
with the 2p;,»/2ps total integrated peak-area ratio fixed at 0.51.%%

Three functions were used, representing silicon-bonded carbon
at 284.0 eV, carbon-bonded carbon at 285.2 eV, and oxygen-bonded
carbon at 286.6 eV.>*77% The peak centers were allowed to float,
though the center-to-center distances were fixed at 1.2 eV between
the silicon-bonded carbon and carbon-bonded carbon emissions and
at 1.6 eV between the oxygen-bonded carbon and carbon-bonded
carbon emissions. The integrated area under each carbon peak was
ratioed to the integrated area under the Si2p peaks for that sample
and normalized for scan time. The ratio of the silicon-bonded carbon
(i.e., C—Si) to the normalized area for the Si2p peak, C—Si/Si2p,
was then compared between alkylated surfaces. Surface coverages
for each alkyl group are reported relative to the value of C—Si/
Si2p observed for CHj-terminated Si(111) surfaces.>”->®

2.4.2. Time-of-Flight Secondary Ion Mass Spectroscopy
(ToF-SIMS) Analysis. The spectra were recorded with a ToF.-
SIMSS system (ION-TOF GmbH) in the positive and negative
modes. A 25 keV, 1pA, 209 Bi' " pulsed primary beam was rastered
over a 500 x 500 um? area, and the total primary ion dose was
kept well below the static limit (<1012 ions cm™?). No charge
compensation was required. The mass resolution for the charac-
teristic fragments studied (SiCH3 ", SiCsH;™", SiC;Hs", SiC3H; ™,
CH; ™, CsHs ™, CsHs ™, C3H; 7, and SiO;) was above 9000. The
normalization to the spectrum total ion intensity was added for both
positive and negative modes.

2.4.3. Spectroscopic Ellipsometery. Ellipsometric spectra were
recorded over a range from 250 to 1000 nm at three different
incidence angles, 65, 70, and 75°, using a spectroscopic phase-
modulated ellipsometer (M-2000V Automated Angle, J. A. Wool-
lam Co., Inc., USA). The modeling for the thin-film measurement
used (Si.MAT) as the base layer with 0.5 mm thickness and the
Cauchy package (CAUCHY MAT) for the film material. The bare
reference (Si—H) sample was used as a reference sample. We used
a three-phase air/monolayer/substrate model to extract the thickness
of the monolayer. Taking multiple readings and using the average
value of the most consistent readings minimized errors in the
thickness measurements.

2.5. Quantum-Mechanical Calculations. Density functional
theory (DFT) calculations using the GO3W package with the
B3LYP method and a 6-311G basis set were used to calculate the
lengths of the free molecules studied here.

(61) Wagner, P.; Nock, S.; Spudich, J. A.; Volkmuth, W. D.; Chu, S;
Cicero, R. L.; Wade, C. P.; Linford, M. R.; Chidsey, C. E. D. LSl
Bigl. 1997, 119, 189-201.
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Table 1. C—Si/Si2p XPS Integrated Peak-Area Ratios for
Alkylated Si(111) Surfaces Showing the Relative Amount of
Carbon Bonded to Silicon for Each Alkylated Surface

C—Si/Si2p ratio % of methyl coverage
methyl (Si—CHz) 0.160 £ 0.02
propy! (Si—CH,—CH,—CHj3) 0.071 £ 0.02 50+ 10
propenyl (Si—CH=CH—CH3) 0.175 £ 0.01 110 £ 10
propynyl (Si—C=C—CHs) 0.165 £ 0.01 105 £ 05

3. Results and Discussion

3.1. XPS Analysis. Two main emissions at 284.0 and 285.2
eV and a third signal at 286.6 eV were observed for methyl-
(CH3—), propyl- (CH3—CH,—CH,—), propenyl-
(CH3—CH=CH-), and propynyl- (CH3—C=C—) terminated
Si(111) surfaces. The emissions located at 285.2 and 286.6 eV
were also observed for H-terminated Si(111) surfaces, whereas
the low binding energy emission at 284.0 eV was unique to
alkylated Si surfaces.”® %" Hence, the first peak at 284.0 eV
can be assigned to emission from core-level electrons of carbon
atoms covalently bonded to the relatively electropositive silicon
(C—Si).>*77%° The second Cls peak, characterized by an
energy emission at 285.2 eV, can be ascribed to carbon bonded
to either hydrogen or another carbon atom. The third C1s peak,
characterized by a binding energy at 286.6 eV, is ascribed to
adventitious carbon bonded to oxygen from the wet chemical
processing with THF solvent and THF/methanol rinse after
functionalization, from carbonaceous materials present in the
laboratory environment, and/or from the transportation of
samples to the XPS chamber. The two peaks at higher energy
(i.e., 285.0 and 286.6 eV) may also contain contributions
from vibrational excitations associated with lower-energy
peaks.?®>7%% The Si2p spectrum shows Si2ps, and Si2pi»
with the expected 2:1 area ratio and 0.6 eV energy separation
observed for methyl-, propyl-, propenyl-, and propynyl-
terminated Si(111) surfaces. No oxidized Si between 101.0 and
103.5 eV was observed, confirming the absence of SiO, after
alkylation.>>—>°

The Cls peak at 284.0 eV (C—Si) provides semiquantitative
information on the relative coverage of surfacial C—Si bonds
for the various alkylated surfaces. This peak is useful for
providing an estimate of the alkyl coverage because, unlike the
infrared spectra in the C—H stretching region, interpretation of
the intensity of this low-energy Cls peak is not confounded by
the presence of adventitious hydrocarbons on the Si surface.>'-**%
The peak-area ratio of the C—Si peak to the Si2p signal (C—Si/
Si2p) of each alkyl group was measured relative to the C—Si/
Si2p peak-area ratio for the CHj-terminated Si(111) surface
(Table 1). Si—CH=CH—CH3; surfaces showed a C—Si/Si2p
ratio of 110 & 10% relative to that of the CH3;—Si surface,
indicating that the Si—CH=CH—CH3 can be packed at a very
high density by this two-step alkylation method. The XPS
peak-area analysis shows that the stoichiometric ratio between
the C atom bonded directly to the Si (at 284.0 eV) and to the
two C atoms bonded far away from the Si surface (at 285.2
eV) is 1:2, indicating that these XPS peaks are due to
Si—CH=CH—CHj3 molecules. Similarly, the C—Si/Si2p peak-
area ratios for Si—C=C—CHj3 and Si—CH,—CH,—CHj; were
105 £ 05% and 50 £ 10%, respectively, relative to that of
CH;—Si surface.> 6962

(62) Hunger, R.; Fritsche, R.; Jaeckel, B.; Jaegermann, W.; Webb, L. J.;
Lewis, N. S. il 2005, 72, 045317-7.
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Figure 3. XPS spectra of the Si2p region of (A) Si—CHjs, (B) Si—CH,—CH,—CHjs, (C) Si—CH=CH—CHj3, and (D) Si—C=C—CHj3; before and after

immersion in water at room temperature.

Several studies have shown that well-ordered monolayers on
silicon prevent the oxidation of silicon to silicon dioxide while
disordered monolayers are less suitable to do s0.>%*** Thus,
the absence of oxidized silicon is further proof that the
monolayers are well-ordered. Silicon wafers readily oxidize to
yield a thin layer of silicon dioxide on the surface, but well-
ordered alkyl monolayers greatly inhibit the rate of this
oxidation.>”-%*7% Thus, by measuring the XPS as a function
of time, we can learn how well the monolayers protect silicon
from oxidation.

Figures 1 and 2 show the evolution of the XPS spectra of
molecularly modified Si surfaces as a function of time exposed
to ambient air. Oxidation of the Si surface was monitored by
the growth of the broad Si, " peak between 101.0 and 105.0
eV. Relative to H-terminated Si, Si—CH=CH—CHj; surfaces
exposed to air over a period of more than two months in the
dark showed greatly reduced surface oxidation (Part B of Figure
1 and Figure 2).°>® Because oxidation involves the presence
of water at the surface, it may be concluded that the dense
hydrophobic layer prevents the penetration of water through the
monolayer. This result is significant because adventitious
oxidation degrades the electronic properties of the Si surface.***%¢’
The surface oxidation for the other molecularly modified Si
surfaces is shown in parts A and C of Figure 1 and in Figure 2.
The Si—C=C—CHj3; surface showed no oxidation up to 25 days
(part C of Figure 1 and Figure 2). Yet, beyond that period, the
oxidation rate increased with time. The Si—CH,—CH,—CHj3;

(63) Sieval, A. B.; Linke, R.; Zuilhof, H.; Sudholter, E. J. R. g
2000, /2, 1457-1460.

(64) Arafat, S. N.; Dutta, S.; Perring, M.; Mitchell, M.; Kenis, P. J. A.;
Bowden, N. B. ity 2005, 25, 3198-3200.

(65) Perring, M.; Dutta, S.; Arafat, S. N.; Mitchell, M.; Kenis, P. J. A.;
Bowden, N. B. @ 2005, 27, 10537-10544.

(66) Yablonovitch, E.; Allara, D. L.; Chang, C. C.; Gmitter, T.; Bright,
T. B. St 1986, 57, 249-252.

(67) Stutzmann, M.; Garrido, J. A.; Eickhoff, M.; Brandt, M. S. St
Seldid 2006, 203 (14), 3424-3437.

surface showed more oxidation than Si—CH=CH-—CHjs;,
Si—C=C—CHj3, and Si—CHj3, mostly due to its lower surface
coverage (~50% as compared with ~100% surface coverage
of the other molecules).’>>7~>°

Stability of monolayers on Si surfaces is one of the main
aspects that needs to be investigated for applications. The
stability of Si in water is particularly important for potential
applications in DNA sensing, biosensors, surfaces for growth
of biological cells, and, also, molecular electronics.’"**~%° To
study the quality of monolayers, we investigated their stability
in water, chloroform, and hexane. We immersed the samples
in water, chloroform, or hexane for 24 h at room temperature
and then dried and characterized them by XPS. If the monolayer
is well-ordered and stable, we expect that the XPS spectrum
will not show the presence of SiO», and vice versa.”®* The XPS
results did not show any SiO; peak for the Si—CH=CH—CHj;
surface after water immersion (part C of Figure 3). However,
prominent peaks of SiO, were observed after immersion of
Si—CHj; (part A of Figure 3), Si—CH,—CH,—CHj (part B of
Figure 3), and Si—C=C—CHj3; surfaces (part D of Figure 3) in
water. There were no SiO, peaks observed for the
Si—C=C—CHj3;, Si—CH=CH—CH3, and Si—CHj3; surfaces after
chloroform and hexane immersion (Figure 4). However, a peak
of SiO, was observed for the Si—CH,—CH,—CHj; surface,
mostly due to the 50% coverage of the monolayer. The constant
C—Si/Si2p ratio for the Si—CH=CH—CHj3 surface in XPS
before and after exposure to water indicated that the layer was
not removed. These results provide further evidence that stable
Si—CH=CH—CHj3 monolayers were formed and that they are
stable under a range of conditions, if compared to
Si—C=C—CHj3, Si—CH,—CH,—CH3, and Si—CH3 monolayers,
thus widening the range of potential applications.

3.2. Spectroscopic Ellipsometry Analysis. The analysis of the
spectroscopic ellipsometry confirms the attachment of the
studied organic molecules from Grignard reagents. The thickness
extracted from the spectra depends on the nature of the
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Figure 4. XPS spectra of the Si2p region of Si—CH=CH—CHj3 surfaces
before and after immersion in chloroform or hexane for 24 h at room
temperature.

Table 2. Normalized Peak Intensities in ToF-SIMS Spectra of the
Molecularly Modified Si(111) Surfaces

type of molecular termination
ToF SIMS signal  Si—CH;  Si—CH,—CH,—CH;  Si—CH=CH—CH; Si—C=C—CHs
SiCXH).Jr Peak Intensities in Positive ToF-SIMS Spectra

SiCH3" 63104 1127370 337621 356237
SiCs3H; " 3016 87545 30779 9658
SiC3Hs ™" 2403 2579 29598 10399
SiC3H3* 10 7100 37961 189382
SiO; and C,H,” Peak Intensities in Negative ToF-SIMS Spectra
SiO, 1841 11606 2033 12809
CH;™ 261 776 162 306
CsH;™ 8 700 13 7
CsHs™ 25 26 52 45
CsH;™ 227 270 715 34366

molecule’s length. Average thicknesses of about 2.6, 4.2, 5.3,
and 5.8 A were obtained for Si—CHj;, Si—CH,—CH,—CHs;,
Si—CH=CH-—CH3;, and Si—C=C—CHj;, respectively. These
results were found in a good agreement with the theoretical
lengths obtained by our DFT calculations (section 2.5): 2.3 A
for Si—CHs, 44 A for Si—CH,—CH,—CHj, 5.0 A for
Si—CH=CH—CHs, and 5.8 A for Si—C=C—CH;. These
findings suggest that the molecules are packed vertically and
normal to the surface.

3.3. ToF-SIMS analysis. Table 2 summarizes the main
normalized SiC,H," and C,H, ™ peak intensities in positive and
negative ToF-SIMS spectra of the molecularly modified Si(111)
surfaces. ToF-SIMS spectra of alkylated Si(111) generally
contain anumber of hydrocarbon (C,H, ") and silicon—hydrocarbon
(SiC,H,™) fragments. The presence of SiC,H,"- and C,H, -
type fragments suggests covalent bonding of alkyl chains to
the silicon surfaces through Si—C bonds. For Si—C=C—CH3
surfaces, the SiC;H;' cations are more easily produced,
suggesting an easily sputtering-induced decomposition of the
near surface region by ToF-SIMS. This observation is found in
agreement with the literature findings, where SiCXHyJr cations
were produced more easily from monolayers with less densely
packed alkyl chains.*'**® For the same surfaces, the observa-
tion of more C3H3™ anions and more SiO; signals from the
negative ToF-SIMS spectra provides an additional evidence for

(68) Lua, Y.-Y.; Niederhauser, T. L.; Matheson, R.; Bristol, C.; Mowat,
I. A.; Asplund, M. C.; Linford, M. R. Lgiedus 2002, /8, 4840-
4846.
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Figure 5. Schematic illustration of the oxidation mechanism for the
Si—CH=CH—CHj; and Si—C=C—CH3; molecules.

the surface oxidation in air. For the Si—CH=CH—CHj; surfaces,
the observation of hardly sputtered C3Hs™ anions and a lower
amount of SiO, (as compared to Si—C=C—CHj3 surfaces)
indicate that these monolayers are densely packed and more
robust. When compared to other molecules (characterized by
C3Hs™ vs C3H;~ vs CH3 ), Si—CH=CH—CH3; produced less
C3Hs™ anions and less SiO, after sputtering, indicating superior
stability.

The presence of a small amount of SiO; on Si—CH=CH—CHj;
after extremely long exposure to air and also after extensive
immersion in polar and nonpolar solvents could be attributed to
the m—o interaction between the molecules.”” In the case of
Si—C=C—CHj3; surfaces, 77— interactions occur between the
adjacent molecules but leave one pair of electrons free (Figure
5). This pair of free electrons might easily transfer to the atop
Si site (beneath the molecule) and interact with oxidizing agents
(e.g., water, Oa, etc.).5 03.6470 The ToE-SIMS results (Table 2)
indicate that direct interaction between the free electron pair
and oxidizing agent is possible too, mostly for ca. 10% of the
molecules on the surface. In the case of Si—CH,—CH,—CH;
surfaces, neither full (100%) coverage nor ;t—s interactions
exist, thus explaining their low resistance to oxidation processes.
On the basis of these findings, Si—CH=CH—CH3 monolayers
can provide better stability than those of the other molecules
without the interfacial silicon oxide while eliminating interfacial
trap states.

3.4. Subsequent Functionalization of Propenyl-Terminated
Surfaces. In previous work, further functionalization of octadecyl
monolayers was addressed using a two-step process: the
octadecyl monolayer was first chlorosulfonated by a photo-
initiated free radical reaction, and this step was followed by
sulfonamide formation via reaction of the sulfonyl chloride with
an amine.”' Through the use of this approach, it was possible
to functionalize octadecyl monolayers on Si surfaces with a
diverse range of amines, including those containing DNA and
dendrimers,®" and also to react octadecyl monolayers with singlet
carbenes.®! These studies represent an important advance in the
ability to design and control the chemical properties of surfaces
by further functionalization of Si—CH=CH—CHjs.

(69) Nam, H.; Granier, M.; Boury, B.; Park, S. Y. Lguguuds 2006, 22,
7132-7134.

(70) Kung, H.; Wu, S. M.; Wu, Y-J; Yang, Y. W; Chiang, C. M. LAz,
(mhgiiaas. 2008, 130, 10263-10273.
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Figure 6. Schematic illustration of the secondary functionalization of the Si—CH=CH—CHj3 with photoactive aryldiazirine cross-linker (TDBA-OSu).
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Figure 7. XPS wide-scan data for a propenyl surface before and after
functionalization with TDBA-OSu.

Figure 6 gives an overview of the secondary functionalization
used to covalently modify the methyl groups of the studied
propenyl monolayer. In this approach, TDBA-OSu (a com-
mercially available photoactive aryldiazirine cross-linker) was
used as the key compound. This functionality inserts into the
carbon—hydrogen bonds of the terminal methyl groups
through a highly reactive singlet-state carbene intermediate at
one end and leaves reactive amino groups at other end.®' The
wide-scan XPS spectra for (Si—CH=CH—CH3)- and (Si—CH=
CH—CH,;—TDBA-OSu)-terminated surfaces are shown in Fig-
ure 7. After attachment of TDBA-OSu on Si—CH=CH—CH3,
the F1s peak appears around 680.0 eV due to the trifluoromethyl
group of the TDBA-OSu cross-linker. The small N1s peak is
also visible in the XPS survey spectrum at 402.4 eV due to the
low atomic ratio of nitrogen in TDBA-OSu. Overall, these
results show that the TDBA-OSu is covalently attached to the
Si—CH=CH—CHj surface.

The Cls signal of the (Si—CH=CH—CH,—TDBA-OSu)-
terminated surface can be deconvoluted into four peaks (part A
of Figure 8), from low to high binding energy, as follows: (i)
a peak at 284.0 eV for the emission from core-level electrons
of carbon atoms that are covalently bonded to the relatively
electropositive silicon (C—Si); (ii) a peak at 285.1 eV for
carbons in the aliphatic hydrocarbon chain; (iii) a peak at 286.8
eV for o-carbons adjacent to the carbonyl carbon atoms (these

(71) Cicero, R.; Wagner, P.; Linford. M. R.: Hawker. C.J.: Waymouth
R M. Chidsey, C. £. D, [ R

Chem) 199738, 904-905.

three o-carbons shift much more than an ordinary a-CH, in an
alkyl chain because of the strong electron-withdrawing effect
from the imide group in the TDBA-OSu moiety’>"?); and (iv)
a peak at 289.6 eV for the carbonyl carbon atoms. The ratio
between these four peaks fora 100% (Si—CH=CH—CH,—TDBA-
OSu)-terminated surface was 1.5:8.9:1.5:1.0, which can be
compared to the theoretical ratio of 1:8:3:3. On the basis of
these ratios, it is possible to see that this method generates ca.
50% density of reactive amino groups on the surface.

The C—Si/Si2p ratio of the (Si—CH=CH—CH,—TDBA-
OSu)-terminated surface (105 4+ 5%) was similar to that of the
(Si—CH=CH—CHp3)-terminated one (110 + 10%), indicating
that the propenyl monolayer was not damaged during the
secondary functionalization with TDBA-OSu. On the other hand,
at the end of the secondary functionalization process, a small
amount of oxide, equivalent to 5% of a monolayer, was observed
(part B of Figure 8). The small ratio of the SiOx and Si2p peak
areas in the Si—CH=CH—CH,—TDBA-OSu sample could be
attributed to a typical accompanying effect of the UV exposure
during the functionalization process (cf. refs 61 and 72). The
oxide evolution of the (Si—CH=CH—-CH,—TDBA-OSu)-
terminated surface upon exposure to ambient air (not shown)
revealed stability similar to that for Si—CH=CH—CH3 shown
in Figure 2 (excluding a shift of ~5% in the y axis, which stands
for the SiOx/Si2p peak-area ratio). This finding indicates that
the (5% monolayer of) oxide evolved during the functionaliza-
tion process has no degradation effects on the stability of the
Si—CH=CH—CH,—TDBA-OSu)-terminated surfaces.

4. Summary and Conclusions

Alkylation of Si(111) surfaces with CH;—CH=CH—MgBr
through a two-step chlorination/alkylation procedure gives nearly
100% coverage, with a double-bonded molecule attached to
nearly every silicon atop atom on an unreconstructed Si(111)
surface using a Si—C bond. We compared the properties
of the Si—CH=CH-—-CHj; surface with Si—C=C—-CHs;,
Si—CH,—CH,—CH3, and Si—CHj surfaces. Si—CH=CH—CHj3;
surfaces showed excellent surface passivation, with a very
small amount of silicon oxide formed after more than two
months of exposure to air when compared to Si—C=C—CH3,

(72) Yang, M.; Teeuwen, R. L. M.; Giesbers, M.; Baggerman, J.; Arafat,
A.; Wolf, F. A. D.; Hest, J. C. M. V; Zuilhof, H. Lgigiuy 2008, 24,
7931-7938.

(73) Surface Analysis by Auger and X-ray Photoelectron Spectroscopy;,
Briggs, D., Grant, J. T., Eds.; IM Publications: Chichester, U.K., 2003.
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Figure 8. (A) XPS scans of Cls segment, and (B) Si2p region of propenyl surface before and after functionalization with TDBA-OSu.

Si—CH,—CH,—CHj;, and Si—CHj5 surfaces. Our results also
indicate that the Si—CH=CH—CHj; surface is more stable
against the different polar and nonpolar solvent attacks when
compared to Si—C=C—CHj3, Si—CH,—CH,—CH3, and Si—CH3
surfaces. Finally, the attachment of a TDBA-OSu cross-linker
on propenyl-terminated Si(111) has been demonstrated. The
Si—CH=CH—-CH,—TDBA-OSu surface has been terminated
with amino-reactive N-succinimidyl groups, which are used to
immobilize the different molecules in the next layer. The
advantage of this approach is that having a better-defined
monolayer provides the possibility of controlling the density
of reactive cross-linkers that are covalently bound on top of
the monolayer and increasing their accessibility to, for example,
the binding pockets of specific sites in biomolecules.'®¢!"!72
Additionally, this approach offers an avenue for introducing
well-defined molecular wires between Si surfaces and micro-
or macrocontacts’*”> as well as for fabrication of hybrid
organic—silicon molecular or optical devices.*~*® To this end,
this approach has a high potential in preserving the stability of

the molecularly modified surfaces/junctions and in preventing
(or reducing) the interdiffusion of contacting metals into the
monolayer and/or the Si substrate.”*”* Finally, it can be expected
that the ability to control the average distance between the
termination groups added by subsequent functionalization of,
for example, Si—CH=CH—CHj3 will have a significant impact
on the future molecular electronic, sensing, and biochip
technologies. Control of the distance between the functional
groups is of great interest because it offers a unique avenue for
studying the electrostatic effects of ideal and nonideal polar
organic monolayers and their implications for electronic de-
vices.”®
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