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For many applications, the presence of oxide on Si nanowires (Si NWs) is undesirable because of the difficulty
in controlling the SiO2/Si interface properties. Here, we report on the functionalization of 50 nm (in diameter)
Si NWs with alkyl chains using a versatile two step chlorination/alkylation process, while preserving the
original length and diameter of the NWs. We show that Si NWs terminated with C1-C10 molecules, through
Si-C bonds, connect alkyl molecules to 50-100% of the Si atop sites and provide surface stability that
depends on the chain length and molecular coverage. These observation were explained by noting that the
longer the alkyl chain the higher the concentration of molecule-free pinholes on the Si NW surfaces and,
therefore, the easier the oxidation process. Our results provide evidence that alkyl-Si NWs provide stronger
Si-C bonds and higher surface stability in ambient conditions than equivalent two-dimensional (2D) Si surfaces
having similar or higher initial coverage. The kinetic mechanism of the alkylation process of Si NW surfaces,
the oxidation resistance of the modified structures, and the differences from 2D surfaces are discussed in the
article.

1. Introduction
The ability to manipulate the properties of silicon nanowires

(Si NWs) through controlling their surfaces is important for the
realization of Si NW-based devices in the fields of electronics and
(bio)sensors.1–5 A large body of chemistry has been developed for
linking moieties chemically to oxidized Si NW surfaces, generally
through -OH chemistry, and many pertinent applications have
been illustrated.3,6,7 In other experimental settings/applications,
however, the presence of oxide at the Si NW surfaces is undesirable
because a defective oxide layer (e.g., native SiO2) is thought to
induce uncontrolled interface states in the silicon.8–10 Therefore,
the surface properties of the (one-dimensional (1D)) nanowires
(where zero-dimensional (0D) dots,11,12 especially those smaller
than 3 nm, can be considered as 1D in structure with similar
diameter and length) are of far great importance in controlling their
electron transport properties.13–15

Etching the oxide layer and terminating the Si NW surfaces
with hydrogen groups exhibit low surface recombination
velocities.10,16,17 However, these surfaces tend to oxidize within
few minutes upon exposure to ambient air. For these surfaces,
the more oxide on Si NW surfaces, the higher the density of
electrically active trap sites, leading to higher surface recom-
bination velocities of the charge carrier.10 Hence, there is a
considerable interest in learning how to control surface proper-
ties through chemical methods. These protection strategies
should prevent extensive oxidation of the Si NW surfaces while
preserving the low surface recombination velocity of, for
example, the H-terminated Si NW surfaces.

Studies with two-dimensional (2D) substrates teach us that
adsorption of organic molecules to the Si surface through Si-C

bonds18–24 display a lower rate of oxidation and electron-hole
recombination than did unalkylated, H-terminated, or Cl-
terminated Si surfaces.25 To this end, the H-terminated Si
surfaces of both single-crystal and porous Si substrates have
been alkylated using alkylmagnesium reagents,5,26–28 and halo-
genated surfaces have been alkylated using alkylmagnesium or
alkyllithium reagents.29 Alkylation has also been accomplished
through free-radical initiation methods such as irradiating with
ultraviolet light,30,31 chemical free-radical activation,32,33 thermal
activation,34,35 Lewis acid catalyzed hydrosilylation,36,37 or
visible-light-initiated modification of H-Si at room tempera-
ture.38,39 Other methods involve the formation of dangling Si
surface bonds using scanning tunneling microscopy (STM)
techniques40 or transition metal-catalyzed reduction of a terminal
alkene directly on the Si-H surface.41,42 Additionally, several
electrochemical functionalization methods have been described.43,44

However, these reactions may lead to significant amounts of
oxygen on the surface unless extraordinary measures are taken.45

This unwanted oxidation reaction is the likely source of
electrically active defects observed in electrical measurements
of arrays of metal-insulator-semiconductor diodes,46–49 includ-
ing cases where low levels of oxide are not detectable via surface
analysis techniques (e.g., XPS or FTIR).50

In contrast to the 2D Si surfaces, little is known about the
chemistry of nonoxidized Si NWs,51 and even less is known
about the correlation between chemical modifications of non-
oxidized Si NWs and the electrical and chemical properties of
the structures obtained. In this study, we report on the func-
tionalization of Si NW surfaces with C1-C10 alkyl chains using
a two step chlorination/alkylation process. Preliminary report
on our study can be found in ref 52. The kinetic mechanism of
the alkylation process of Si NW surfaces, the oxidation
resistance of the modified structures, and the differences from
2D surfaces are discussed in detail.
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2. Experimental Section

The synthesis of the Si NWs (50 ( 10 nm in diameter and
2-4 ( 0.1 µm in length)52,53 as well as the alkylation process
of Si NWs and equivalent 2D Si(100) surfaces through Si-C
bonds52 has been described earlier. For sake of clear presenta-
tion, we assign the CnH2n+1 (where n ) 1-10) by Cn.

The chemical composition of the functionalized surfaces was
investigated with Thermo VG Scientific (Sigma probe, England)
X-ray photoelectron spectroscopy (XPS), equipped with a
monochromatized X-ray Al KR (1486.6 eV) source and operated
at a base pressure of <3 × 10-9 torr. Full details about these
measurements could be found in our previous preliminary
report.52 In this context, it should be noted that the inhomoge-
neous directionality of the grown Si NWs make the collected
spectra insensitive to the angle of the XPS beam. Therefore,
analyzing a given Si NW sample at different incident angles
gave almost the same peak spectrum. The XPS data from both
Si NW and 2D Si(100) are collected from 2.5-3 λSi (where λSi

) 3.2-3.6 Å stands for the electron escape depth),54,55 namely,
8-11 Å from the surface. Therefore, the comparison between
these two samples is rational. This finding was supported by
time-of-flight secondary ion mass spectroscopy (ToF SIMS),
as indicated in Results.

The spectra of Si NWs and 2D Si(100) terminated with C1,
C3, and C8 alkyl groups, as representative samples, were
recorded with a ToF ·SIMS5 system (ION-TOF GmbH) in the
positive (and negative) mode. A 25 keV, 1pA, 209 Bi1+ pulsed
primary beam was rastered over a 500 × 500 µm2 area, and
the total primary ion dose was kept well below the static limit
(<1012 ions · cm-2). No charge compensation was required. The
mass resolution for the characteristic fragments studied (SiCH3

+,
SiC3H7

+, SiC8H17
+, CH3

-, C3H7
-, and C8H17

-) was above 9000.
The normalization to the spectrum total ion intensity was added
for both positive and negative modes.

3. Results

Because of the high silane partial pressure or oxygen residues
on the sample surface, the Si NWs grew along one of the 〈111〉
directions as well as along other low index growth directions,
such as different 〈112〉 or 〈110〉 directions.56 The Si NWs with
low index surface (100) were the majority.53 Note: The surface
energy, γ, of Si NWs is inversely proportional to the surface
atomic densities of the facet. On the basis of this fact, it comes
out that γ(100) > γ(110) > γ(111); cf. ref 57.

XPS scans for Si NWs were employed and compared to that
of 2D Si(100).52 To determine the position/shift of the peaks,
we have considered two main approaches: (I) the center-to-
center distances were fixed at 1.10 ( 0.10 eV between the C-Si
and the C-C emissions and at 2.60 ( 0.10 eV between the C-O
and the C-Si emissions; and (II) the center-to-center distance
allowed flowing, while the full width at half-maximum (fwhm)
was identical in Si NW and 2D Si(100) samples. XPS scans
for Si NWs showed similar fwhm’s for a Si-C bond compared
to that of 2D Si(100).58 In contrast, the Si2p XPS scan for Si
NWs showed larger (0.15-0.20 eV) fwhm’s than for 2D Si.
These fwhm differences in the Si2p core-level components can
be attributed to a single effect or a combination of the following
effects, which were previously concluded for nanocrystalline
systems: (I) structural disorder in the Si;59,60 (II) phonon
broadening;61,62 and/or (III) shortening the core-hole lifetime
between the bulk and atop Si.63

Figure 1S of the Supporting Information shows the three main
emission regions of C1s XPS spectra of the various molecule-
terminated Si NWs: C-Si around 284.22 ( 0.01 eV, C-C around

285.32 ( 0.02 eV, and C-O around 286.67 ( 0.02 eV. Of these
peaks, the C-Si peaks can be attributed to molecules bonded
chemically to the Si surface. In contrast, the C-O peaks can be
attributed to adventitious carbonaceous materials that are
physisorbed on top of the monolayer.52,64,65 The emission at
285.20 ( 0.02 eV can be ascribed to adventitious C-C or C-H
specimen that do not participate in the Si-C bond.

For analyzing the collected XPS spectra, the integrated area
under the C-Si peak was divided by the integrated area under
the Si2p peak and normalized by scan time. The alkylation rate
of the short alkyl chains (C1-C6)52 at alkylation processes <100
min was higher than those for long alkyl chains (C8-C10). The
times required to achieve 92 ( 3% of the saturation level of
the various adsorption curves, Γsat, together with the related C-Si/
Si2p ratios, are summarized in Table 1. Longer alkylation times,
up to 24 h, changed the total coverage by only 5 ( 3%.
Alkylation times of 24-72 h did not further change the coverage
on Si NWs and 2D Si(100). The highest coverage of a specific
alkyl functionally (hereafter, (C-Si/Si2p)max-alkyl) was compared
with the highest coverage obtained for C1 functionality (here-
after, (C-Si/Si2p)max-C1). This comparison is expressed through-
out the text as Γmax-alkyl ) (C-Si/Si2p)max-alkyl/(C-Si/Si2p)max-C1.
Figure 2 shows the Γmax-alkyl on Si NWs and 2D Si(100) as a
function of the alkyl chain length.66 The figure shows that the
C1 functionality in both Si NWs and 2D Si(100) gave the highest
coverage values. Increasing the chain length by one carbon gave
Γmax-C2 ) 70 ( 5% on Si NWs and Γmax-C2 ) 60 ( 20% on 2D
Si(100), indicating that the C2 functionality can be packed at a
high density without major steric effects. Increasing the alkyl
chain to C3 gave Γmax-C3 ) 55 ( 5% on Si NWs and Γmax-C3 )
35 ( 2% on 2D Si(100). In the C3-C5 region, increasing the
chain length decreased the Γmax-alkyl from 55 ( 5% to 50 ( 5%
on Si NWs and maintained it constant (35 ( 2%) on 2D Si(100)
surfaces. In the C6-C10 region, increasing the chain length
increased the Γmax-alkyl gradually from 50 ( 10% to 60-76 (
4% on Si NWs and maintained it as almost constant (35-40 (
10%) on 2D Si(100) surfaces.

ToF SIMS experiments were carried out representatively on
C1-Si NWs, C3-Si NWs, and C8-Si NWs, and, for comparison,
on 2D C1-Si(100), 2D C3-Si(100), and 2D C8-Si(100) samples.

TABLE 1: Summary of the Γsat Results for Alkyl Chains
Bonded to Si NW Surfaces via Si-C Bonds

sample Γsat
a (min) C-Si/Si2p ratio

C1-Si NWb 20 ( 2 0.135 ( 0.001
C2-Si NWb 50 ( 10 0.093 ( 0.003
C3-Si NWb 60 ( 10 0.075 ( 0.006
C4-Si NWb 65 ( 10 0.066 ( 0.004
C5-Si NWb 90 ( 10 0.068 ( 0.012
C6-Si NWb 120 ( 10 0.076 ( 0.009
C8-Si NW 450 ( 20 0.073 ( 0.002
C9-Si NW 1000 ( 50 0.104 ( 0.003
C10-Si NW 1000 ( 50 0.077 ( 0.003

a Γsat is the time required to achieve 92 ( 3% of the saturation
level of the adsorption curve. b These data were originally reported
in ref 52, but we reproduce them in the current table for the
convenience of the reader.

Figure 1. Si NW functionalization scheme for the two step chlorina-
tion/alkylation process.
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For these surfaces, the alkyl coverage is proportional to the
SiCH3

+ (or CH3
-), SiC3H7

+ (or C3H7
-), and SiC8H17

+ (or
C8H17

-) ToF SIMS fragments from C1-Si, C3-Si, and C8-Si
samples, respectively. The difference between the ToF-SIMS-
based Γmax-alkyl on Si NWs and 2D Si(100) was found to be ∼0
( 3% for C1-Si, ∼17 ( 4% for C3-Si, and ∼22 ( 4% for C8-
Si samples, in a good agreement with the XPS results presented
in Figure 2.

The samples were exposed to ambient air for several weeks
to investigate the stability of the alkylated Si NWs (Figure 3
and Table 2).67 The degree of observed oxidation of alkyl-Si
NWs was extracted from the ratio between the integrated area
under the SiO2 peak (103.50 ( 0.02 eV) and the Si2p peaks.
For a specific alkyl molecule, the oxide grew monotonically
with the exposure time. On all alkylated Si NWs, SiO2 growth
was negligible for the first 2 to 3 days of the experiment but
began to be considerable after 8 days in air. For all alkyl
molecules, the Si NWs exhibited significantly higher stability
against oxidation than 2D Si(100). After 8 days of exposure to
air, Si NWs and 2D Si(100) surfaces showed SiO2/Si2p ratios
of 0.04-0.11 and 0.15-0.18, respectively. The (0.15-0.18)
value obtained for 2D Si(100) surfaces after 8 days of exposure
to air was similar to that of Si NWs after 42 days.67

Comparison between the data presented in Figure 2 and
Figure 3 and Table 2 showed (in general) that the higher the
surface coverage the higher the oxidation resistance and vice
versa. For example, after 10 days of exposure to air, C1-Si NWs
showed a 2-fold higher oxidation resistance than that of C6-Si
NWs. Different alkyl molecules having similar Γmax-alkyl values
showed different oxidation resistances. For example, after 8 days
of exposure to air, C2-Si NWs showed 3-4-fold higher oxidation
resistance than C9-Si NWs. Similar behavior was observed in
C4-Si NWs, C5-Si NWs, and C10-Si NWs, all of which have
Γmax-alkyl of ∼55%. Surprisingly, C1-Si NWs exposed to air over

a period of more than a month showed approximately three times
less oxidation than the 2D C1-Si(100) surfaces, although both
surfaces initially have similar Γmax-C1 values. These discrepancies
in oxidation resistance are discussed in section 4.4.

4. Discussion

4.1. Reaction Kinetics. The dependence of the reaction
constant at short alkylation times (hereafter, kp1) on the length
of alkyl chains could be attributed to a weighted contribution
of the nucleophile attack and the intersteric effect during
the alkylation process. The determination of parameters
kp1 and kp2 depends on the starting point of the propagation

step (Si-Cl f
R-MgCl

Si-R). In this step, three processes take
place in parallel (the so-called transition state; see Figure
4). At first, the nucleophilic carbons attack electron deficient
electrophilic centers (atoms of atop Si) and bond to them,
expelling other groups (Cl). The incoming group will then
replace the expelled group, as illustrated in Figure 4. The
addition of the nucleophile and the elimination of the expelled
group take place simultaneously and determine the reaction’s
rate step. This slow, rate-determining step process is termed
bimolecular nucleophilic substitution (or SN2) and exhibits
a second-order reaction rate because it depends on the
concentration of the nucleophile (R-MgCl; see Figure 4, path
1) and Cl-terminated Si sites (see Figure 4, path 2). In this
scenario, the alkylation rate can be expressed as:

where kp1 stands for pseudofirst-order rate constant of the
reaction. Abstraction of [MgCl]+ by Cl- (Figure 4, path 3)
plays no role in determining the reaction rate. From Figure
5, it is easy to see that the longer the alkyl chain the lower
the reaction constant at short alkylation times (hereafter, kP1).
For example, kP1 of the methyl (C1) group (2.64 × 10-2

min-1) was 38 times larger than kp1 of the decane (C10) group
(7.0 × 10-4 min-1).

As the molecule becomes longer, the alkyl chain punches
more net negative charge on the anionic carbon in the alkyl
Grignard (R-MgCl), viz. on the carbon near the Mg atom.
However, when the molecule becomes longer, it folds, rotates,
and vibrates in all directions. This phenomenon makes the
molecule less reactive and, as a result, limits the nucleophilic
attack. For short molecules, the twisting is negligible, as
compared to long molecules, leading to fast nucleophilic attack
and fast reaction rates.

In the region between Γsat and maximum coverage of alkyl
functionality, a significant fraction of the available atop sites
are surrounded by occupied alkylated sites and are difficult to
assess. In these conditions, the intersteric effects become more
relevant than the nucleophilic attack, and the reaction switches
to zero-order, which characterized by a reaction rate kp2.68 To
demonstrate the change of driving force from nucleophile attack
to steric-effect, we plot the kp1/kp2 ratio as a function of the
chain length (Figure 5). The results of this plot show a first
order exponential decay in the following form:

Figure 2. Γmax-alkyl versus alkyl chain length on Si NWs and, for
comparison, on 2D Si(100) surfaces. Note: Γmax-alkyl ) (C-Si/Si2p)max-alkyl/
(C-Si/Si2p)max-C1.

Figure 3. Observed oxidation (SiO2/Si2p peak ratio) at different
exposure times to ambient air.67 1

rate
) 1

kp1[alkyl][Si-Cl]
(1)

kP1

kP2
) A × exp(-C1 - Cn

2 ) (2)
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where C1 is the carbon number of the methyl group ()1), Cn is
the carbon number of alkyl chains having n ) 2-11, A is a
dimensionless constant that represents the kinetic ratio when n
) 1. The exponential decay in eq 2 indicates that the steric
effect increases exponentially with increasing molecule length.
For n > 11, kp1 becomes comparable to kp2, thus indicating that
the steric effect in long molecules becomes the main driving
force not only in the late stages of the reaction process but also
in the early propagation reaction time.

4.2. Effect of Chain Length of Alkyl Molecules. According
to theoretical simulations, steric effects (van der Waals diameter)
can hinder formation of dense alkyl packing of straight-chain
groups that are longer than C1. Indeed, increasing the length of
the alkyl chain increases the van der Waals diameter from 2.5
Å (in the case of C1) to >4.5-5.0 Å for longer alkyl chains.
The latter van der Waals diameters are much larger than the
internuclear distance between adjacent Si atoms (3.8 Å), a matter

that decreases their adsorption rate and limits their coverage to
maximum 50-55% of a monolayer of Si surface sites.32

With these findings in mind, we found the chain length
dependence in Figure 2 to be consistent with the similar decay
of the coverage reported by others on flat Si(111) surfaces for
longer chains than in the present work, with, however, no
increase of coverage above 7 carbon atoms (cf. ref 69).
Basically, these discrepancies call claim that the higher coverage
obtained for >C6 chain lengths in the present study might be
artificial and/or not significant due to fitting problems of the
XPS data (cf. ref 69). In contrast, few experimental observations
suggest that the coverage behavior of >C6 chain lengths on Si
NWs might not be artificial, as justified in the following:

(1) ToF SIMS experiments (which, basically, eliminate
potential artificial observations) have shown higher
absolute coverage in the case of >C6 chain lengths, in
good consistency with XPS observations.

(2) In the case of 2D Si(100) surface, the results of ToF
SIMS have shown (more or less) the expected coverage
versus chain length behavior; at the time, similar behavior
was not observed in the case of Si NWs.

(3) The experimental error and/or accuracy of the peak fitting
are relatively small (4-11%).

It is reasonable that passivation of Si NWs by alkyl molecules
is determined by a balance of two main factors:70 (I)
molecule-molecule lateral interaction and (II) molecule-sub-
strate vertical interaction. For short alkyl chains (C1-C5), which
exhibit liquid-like behavior and thermal fluctuations,71,72 the
determining factor of the alkylation process is molecule-substrate
interaction. Increasing the chain length to C6-C10 forms a solid-
like phase, where the molecule-molecule lateral interactions
become more dominant in determining the coverage outcome
of the Si NW surface. It is worth pointing out in this context
that lateral interactions between long alkyl chains might be
formed during the physisorption (or solvent) stage, before the
covalent bonding between the carbon and silicon atoms (i.e.,
chemisorption) is completed.73,74

4.3. Oxidation Resistance of Si NWs. On the basis of the
results presented in Figures 2 and Figure 3 and Table 2, it is
easy to see that the longer the alkyl chain the lower the oxidation
resistance of the Si NW surfaces, regardless of the Γmax-alkyl

values of the various alkyl-Si NWs.67 This observation could

TABLE 2: Summary of the Observed Oxidation (SiO2/Si2p Peak Ratio) of the Various Molecule-Terminated Si NW Samples,
as Presented in Figure 3, at Different Exposure Times to Ambient Air67

exposure
time (days) C1 C2 C3 C4 C5 C6 C8 C9 C10

0 0.00 ( 0.01 0.00 ( 0.02 0.00 ( 0.02 0.00 ( 0.02 0.00 ( 0.02 0.00 ( 0.02 0.00 ( 0.02 0.00 ( 0.02 0.00 ( 0.02
8 0.04 ( 0.01 0.06 ( 0.02 0.07 ( 0.02 0.06 ( 0.02 0.12 ( 0.02 0.10 ( 0.02 0.12 ( 0.03 0.18 ( 0.04 0.16 ( 0.04
11 0.08 ( 0.02 0.08 ( 0.02 0.10 ( 0.01 0.10 ( 0.02 0.14 ( 0.01 0.12 ( 0.03
18 0.09 ( 0.02 0.09 ( 0.03 0.12 ( 0.02 0.13 ( 0.02 0.15 ( 0.02 0.14 ( 0.02 0.17 ( 0.03 0.20 ( 0.04 0.21 ( 0.04
25 0.11 ( 0.03 0.14 ( 0.02 0.14 ( 0.03 0.17 ( 0.03 0.18 ( 0.02 0.15 ( 0.02 0.23 ( 0.05
32 0.12 ( 0.02 0.14 ( 0.02 0.17 ( 0.02 0.19 ( 0.02 0.21 ( 0.03 0.18 ( 0.03 0.25 ( 0.04
46 0.19 ( 0.02 0.20 ( 0.04 0.22 ( 0.03 0.24 ( 0.03 0.25 ( 0.03 0.22 ( 0.02

TABLE 3: SiCxHy
+ Peak Intensities of ToF-SIMS Spectra of C1-Si NWs and 2D C1-Si(100) Surfaces before and after 4 Days of

Exposure to an Oxidizing Atmosphere

oxidation time C1-Si NWs oxidation time 2D C1-Si(100)

segment 0 days 4 days 0 days 4 days

Si-O 0.037 ( 0.002 0.063 ( 0.003 0.021 ( 0.001 0.039 ( 0.001
Si-C 0.142 ( 0.006 0.091 ( 0.009 0.074 ( 0.001 0.039 ( 0.001
Si-CH3 0.239 ( 0.011 0.202 ( 0.013 0.382 ( 0.041 0.301 ( 0.010
Si2OC2H6 0.004 ( 0.001 0.008 ( 0.001 0.004 ( 0.0002 0.003 ( 0.0002
Si2O 0.071 ( 0.002 0.139 ( 0.002 0.030 ( 0.0005 0.066 ( 0.0003

Figure 4. At the transition state, an alkyl molecule adds to the chlorine
silicon. Three processes are occurring in parallel. First, the anionic
carbon abstracts (i.e., nucleophilic carbon attack) the silicon atom to
generate the Si-C bond. Second, the Si-Cl bond is degenerated. The
degenerated Cl atom (from the Si-Cl bond) abstracts the Mg atom.

Figure 5. First order exponential decay of kP1/kP2 ratio as a function
of alkyl chain length.

14826 J. Phys. Chem. C, Vol. 113, No. 33, 2009 Bashouti et al.
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be explained by noting that the attractive interactions between
the adjacent molecular chains increase by 4.6 kJ/mol per
methylene unit.75–77 In this case, the longer the alkyl chain, the
higher the probability for the formation of molecular domains
(or islands) separated by (nanometric) molecule-free pinholes78

and, consequently, the higher accessibility of oxidizing species
to the bare (molecule-free) surfaces of the Si NWs.

4.4. Differences between Alkyl-Terminated Si NWs and
2D Si(100). The exceedingly higher diameters (50 ( 10 nm)
of Si NWs than the length of the alkyl molecules (0.2-1.6 (
0.1 nm) point out the marginal gain in steric hindrance between
adsorbed alkyl molecules on Si NW surfaces (cf. refs 79 and
80). This fact calls claim that the observed differences between
alkyl-Si NWs and 2D alkyl-Si(100) surfaces are related to
different surface energies57 and/or strengths of Si-C bonds.

The higher oxidation resistance of alkyl-Si NW surfaces,
compared to 2D alkyl-Si(100) surfaces, can be attributed to the
formation of stronger Si-C bonds between the alkyl function-
alities and Si NW surfaces. Step forward analysis results of a
C1-Si NW, as a representative sample, showed 22% decrease
in the Si-C bond signal after 20 days; at the time, the 2D C1-
Si(100) samples showed >34% decrease of the same signal (see
Figure 6). To understand these observations, ToF SIMS frag-
ments of C1-Si NWs and 2D C1-Si(100) surfaces were collected
at different exposure periods to oxidizing agents. Table 3
presents selected ToF SIMS spectrum peaks of the C1-Si NW
before and after 4 days exposure to a pure (>99.9999% purity)
O2(20%)/N2(80%) environment containing 10-15% RH. As
shown in the table, after 4 days of oxidation the SixO signal
(where x ) 1,2) of Si NW samples increased by 70-95 ( 10%,
while the concentration of Si-C and Si-CH3 bonds decreased
by 36 ( 2% and 15 ( 2%, respectively. The higher (absolute)
changes in the SixO signal suggest that the molecule-free Si-Si
bonds are easier to break upon interaction with O2 and/or H2O
molecules than the Si-C bonds. The higher change in the Si-C
(36 ( 2%) signal than that in Si-CH3 (15 ( 2%) indicates that
the Si-C bond is more easy for oxidation than the Si-Si bond
directly beneath the -CH3 group. These results indicate that
the Si-Si back-bonds are broken first to form Si-O-Si back-
bonds. After all Si-Si back-bonds are oxidized, the oxidizing
species will start attacking the Si-C bonds. For 2D C1-Si(100)
surfaces, the SixO signal (where x ) 1,2) increased by 86-120
( 10%, while the concentration of Si-C and Si-CH3 bonds
decreased by 47 ( 2% and 21 ( 2%, respectively, after 4 days
of exposure to the oxidizing atmosphere. Comparing the relative
changes obtained for 2D C1-Si(100) surfaces and C1-Si NWs,
one can call for two main conclusions. The first is that C1-Si
NWs are more stable than 2D C1-Si(100) surfaces, consistent
with the XPS observation reported earlier in this article. The
second is that the oxidation mechanism of 50 ( 10 nm (in
diameter) C1-Si NWs is similar to that of 2D C1-Si(100) surfaces.

Summary and Conclusions

A two step chlorination/alkylation process was used to
connect C1-C10 alkyl functionality to Si NWs and, for
comparison, to 2D Si(100) surfaces. Among all studied alkyl
molecules, the C1 functionality provided the highest coverage
on both Si NWs and 2D Si(100). Increasing the chain length
from C1 to C10 showed a nonmonotonic correlation with
Γmax-alkyl and a minimum coverage at the C4-C5 region for Si
NWs and at the C3-C5 region for 2D Si(100) samples. Exposure
of the samples to ambient conditions showed that the longer
the alkyl chain the lower the oxidation resistance of the Si NW
surfaces, regardless of the Γmax-alkyl values of the various alkyl-
Si NWs. This observation was explained by noting that the
longer the alkyl chain, the higher the heterogeneous adsorption
of molecules on the Si NWs, i.e., the higher the probability for
the formation of molecular domains separated by (nanometric)
molecule-free pinholes. In this case, the higher the concentration
of molecule-free pinholes, the easier the oxidation process. Our
results provide evidence that Si NWs terminated with alkyl
groups provide stronger Si-C bonds and higher surface stability
in ambient conditions than equivalent 2D Si surfaces having
similar or higher initial coverage. A preliminary mechanism
explaining the performance of the Si-C bonds on Si NWs was
discussed, but more studies need to target this topic thoroughly.

An important corollary to our findings is that only molecules
that cover >70% of the Si atop sites can be well-utilized for
chemical passivation of Si NWs. A possible way to achieve
this is to utilize alkyl chains longer than C6 that are homog-
enously adsorbed on the Si NW surface.79 Alkyl molecules
longer than C1-C2 but with a straight Si-C bond, such as the
propenyl (CH3-CHdCH-) functionality,5 can be utilized to
form nearly full coverage of Si NWs, thus increasing the
oxidation resistance of these surfaces. Our results are of practical
importance when oxide free surfaces are required, e.g., for radial
epitaxy on NWs to realize vertical P-N junctions for solar cells
or radial Si/Ge superlattices for application in optoelectronics.
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