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Functionalized Si(111) surfaces have a variety of applications
in molecular electronics1, sensing,2-4 photoelectrochemistry,5 chemi-
cal and electrical surface passivation,6,7 porous Si photolumines-
cence,8 and control of photopatterning.9 Recently, we demonstrated
experimentally that a two-step chlorination-alkylation procedure
can achieve 100% coverage of CH3 on Si(111), leading to complete
surface passivation.10 Characterization with low-energy electron
diffraction (LEED) and scanning tunneling microscopy (STM) at
77 K showed a well-ordered 1× 1 structure for Si(111)-CH3.10

The STM images at 4 K revealed that the C-H bonds in the methyl
groups are rotated 7° awayfrom the center of the adjacent methyl
groupstowardan underlying Si atom, giving a H-C-Si-Si torsion
angleφ ) 23 ( 3° (Figure 1). Since the van der Waals repulsions
between adjacent methyl groups are lowest forφ ) 30°, the
experimental result suggests a tendency of the methyl groups toward
the eclipsed configuration with respect to the surface. Steric
interactions between the C-H bonds of methyl and the Si-Si bonds
of the top two layers of the surface are expected to lead to a
preference for the staggered geometry (φ ) 60°). Consequently,
we carried out Quantum Mechanics (QM) calculations using the
B3LYP and PBE flavors of Density Functional Theory (DFT) and
extensive basis sets (Supporting Information section 1) on a series
of small molecules, including H3C-CH3, H3Si-SiH3, H3C-SiH3,
H3C-C-(CH3)3, H3Si-Si-(SiH3)3, and H3C-Si-(SiH3)3, finding
that all prefer strongly the staggered configuration (φ ) 60°).
Similar level periodic boundary condition DFT calculations using
PBE and both plane wave and Gaussian basis sets on Si(111)-
CH3 surface slabs giveφ ) 37.5°, distorting toward thestaggered
configuration and contradicting the experimental result from the 4
K STM data. Interestingly, the deviation with respect toφ ) 30°
is of comparablemagnitudefor theory and experiment, but in the
oppositedirection. The purpose of this work is to demonstrate that
the emergence of a stacking fault during the chlorination-alkylation
process is energetically favorable and would resolve this discrep-
ancy.

Extractingφ from the STM data requires (1) the orientation of
the unit cell relative to the overlayer, and (2) the registry of observed
spots in the STM image with the atop sites on the Si surface. We
believe that the registration of the spots relative to the Si atop sites
is robust because the Si-C bond length has been determined
independently from photoelectron diffraction measurements to be
1.85 Å.11 The orientation of the lattice planes relative to the imaged
STM spots was established by two independent methods.10 We also
verified through DFT calculations that the large electric field present
in the STM has a negligible effect on the CH3 orientation.

Since a single stacking fault between the 1st and 2nd Si layers
would have the effect of rotating the apparent torsion of the CH3

by 60° with respect to the bulk, we carried out DFT calculations
with stacking faults on Si(111)-H, Si(111)-Cl, and Si(111)-CH3

(a more detailed version of this discussion is included in section 5
of the Supporting Information). Indeed with a stacking fault, we
found that theapparenttorsion angle with respect to the bulk would

change from 37 to 23° (there was no effect on the H-C-Si-Si
torsion angle). However, the DFT results showed that a stacking
fault is not favored for any of these perfect surfaces (Table 1, 1st
column). Since no other geometrical explanation can reconcile the
experimental and theoretical results, we continued to consider how
a stacking fault could be stabilized.

Since ∼16% of the area on our Si(111)-CH3 surface was
covered by etch pits, we considered whether chemisorbed species
on the step edges might stabilize the stacking fault on the terrace.
To test this possibility, periodic DFT calculations were performed
on Si(111)-H, Si(111)-Cl, and Si(111)-CH3 models containing
an infinite 〈112h〉 or 〈1h1h2〉 step edge (Figure 2).12 The difference in
strain between these two step edges was calculated per edge site.
The strain energy difference was found to be small for Si(111)-
H, but not for Si(111)-Cl and Si(111)-CH3, which exhibit a strong
preference for〈1h1h2〉 (Table 1, 2nd column).

To understand these differences, consider first Si(111)-H. Here
the Si-Si bond lengths and Si-Si-Si bond angles are close to the

Figure 1. Si(111)-CH3 surface showing the H-C-Si-Si torsion angle,
φ, and the hexagonal 1× 1 unit cell; φ ) 60° is staggered,φ ) 0° is
eclipsed, andφ ) 30° minimizes the H‚‚‚H van der Waals repulsions. Purple
) hydrogen, red) carbon, green) first-layer silicon (directly below
carbon), and orange) second-layer silicon.

Table 1. Stacking Fault Energy Cost Per Surface Site of Perfect
Surfaces, Differential Strain Energy Per Edge Site (〈112h〉 - 〈1h1h2〉),
and Equivalent Faulted Sites Per Edge Site Differential Straina

surface
∆Estacking fault

b

eV/1 × 1 cell
δEstrain

eV/edge site
equivalent

faulted/edge sitesa

Si(111) 0.048 N/A N/A
Si(111)-H 0.031 0.05 1
Si(111)-Cl 0.033 0.58 17
Si(111)-CH3 0.034 0.67 19

a Obtained by dividing numbers in the 2nd column by those in the 1st
column and meaningful only ifδEstrain > 0 (i.e., favorable stacking fault).
b The calculated bulk Si value of∆Estacking faultis 0.015 eV/1× 1 cell.

Figure 2. The〈112h〉 (a) and〈1h1h2〉 (b) step edges for the Si(111)-H surface.
The 〈1h1h2〉 structure (b) has reconstructed to have its substituents perpen-
dicular to the edge surface and to lower its energy.12
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bulk value for 〈112h〉 (Supporting Information section 4), and all
H‚‚‚H nearest neighbors distances are>2.97 Å, causing no sig-
nificant unfavorable interactions (compare to 2.51 Å for poly-
ethylene). In contrast, for Si(111)-Cl, some of the nearest neighbor
Cl‚‚‚Cl distances are∼3.23 Å for 〈112h〉, but >3.84 Å for 〈1h1h2〉.
Since the van der Waals radius of Cl is∼3.95 Å,13 substantial steric
repulsions are expected for〈112h〉. Indeed the calculations indicate
that the Si-Cl bond on〈1h1h2〉 is 0.58 eV stronger than that on〈112h〉
(Table 1, 2nd column). The contribution of thereconstructed〈1h1h2〉
step edge (Figure 2b) to the energy of the bare Si(111) surface is
lower than that of theunreconstructed〈1h1h2〉 edge by 0.81 eV/site
and lower than that of〈112h〉 (Figure 2a) by 0.56 eV/site (Supporting
Information section 4). For Si(111)-CH3, the nearest neighbor
H‚‚‚H distance on〈112h〉 is 2.07 Å (0.44 Å shorter than in
polyethylene!), whereas the shortest distance on〈1h1h2〉 is 2.29 Å,
resulting in a Si-CH3 bond with significantly lower strain energy
on 〈1h1h2〉 than on〈112h〉 (by 0.67 eV).

The samples in the 4 K STM experiments used the Si(111)-H
surface as an intermediate step in preparing the methylated surface.
The step edges around the etch pits were verified to be in the〈112h〉
family, and their orientation did not change during the subsequent
chlorination and alkylation steps (using PCl5 and CH3MgCl in
THF).10 Hence, relief of the strain for Si(111)-Cl and Si(111)-
CH3 through the formation of the more favorable step edge
termination shown in Figure 2b requires the introduction of a
stacking fault between the 1st and 2nd Si layerson the terraces
[note that when the step edge orientation is〈112h〉, thenormalcrystal
has the structure in Figure 2a, while thefaulted crystal has the
structure in Figure 2b]. Taking the difference in strain energy
between the two types of step edges as the driving force for the
formation of the stacking fault, and dividing this by the stacking
fault energy cost, yields the number of equivalent faulted sites
(Table 1, 3rd column) that this strain energy is able to induce
(neglecting the energy of the rows of Si dimers at the borders
between faulted and unfaulted regions12). Thus, allowing one edge
site to transform from the structure of Figure 2a to that of Figure
2b would compensate for∼17 faultedsites on Si(111)-Cl and for
∼19 faultedsites on Si(111)-CH3. This ratio is greater than the
ratio of terrace to edge sites on the experimental Si(111)-CH3

surface (∼13), indicating that a full stacking fault on the terraces
is energetically possible.

The theory-derived conclusion that there is a stacking fault in
the Si(111)-CH3 surface is consistent with the STM experiments
of Ithckawitz et al.,12 who observed stacking faults on terrace
regions adjacent to〈112h〉 steps on Si(111)-Cl. They didnot ob-
serve full stacking faults, but with their method (exposure of a DAS
7 × 7 Si(111) surface to Cl2 gas at 673-773 K), the (7× 7) f
(1 × 1) transformation occurs predominantly along step edges.12

In some cases, they may have also examined the surface structure
before it transformed fully into a 1× 1 Si(111)-Cl. Since the CH3-
MgCl Grignard reagent in our experiments is appreciably larger
than Cl2, it is plausible that steric interactions would play an even
more significant role in the formation of a stacking fault in our
Si(111)-CH3 samples.

The Si(111)-CH3 surfaces were prepared at THF reflux tem-
perature (∼65 °C), at which Si(111) surface reconstructions donot
occur spontaneously, but we believe they could be induced to
accommodate the sterically hindered transition states expected
for the Grignard conversion of the Cl surface to the CH3 surface.
This process is very exothermic (DFT leads to∆G298° ) -41.0
kcal/mol, after including solvation using the Poisson-Boltzmann
continuum model), so that the local temperature may increase the
mobility of the atoms on the surface.

The emergence of a stacking fault during the chlorination-
alkylation of Si(111)-H to produce Si(111)-CH3 would resolve
the discrepancy between theory and experiment. Thus the experi-

mental torsion angle of 23° with respect to the bulk crystal would
correspond to 37° with respect to the second Si layer on the terraces.
On the other hand, the calculations indicate that the CH3 groups in
the etch pits would have the normal angle of 37.5° with respect to
the bulk. Measuring this would provide an excellent validation of
the model, but current low-temperature STM experiments can only
observe the top layer.10

Despite the consistency of our stacking fault model in explaining
the apparent discrepancy between theory and experiment, some
questions remain. The theory suggests that there wouldnot be a
stacking fault if there were no etch pits. Currently, the best
experimental surfaces exhibit etch pits and step edges, and it is not
clear whether unfaulted Si(111)-CH3 surfaces can be produced
through chlorination-alkylation methods or by different synthetic
routes. Also, we have not yet predicted the reaction barriers for
the formation of stacking faults on the terraces. Hence, our estimate
of the ratio of faulted sites to edge sites is an upper bound. We
have also not examined whether the methylation process starts at
the edges at already faulted sites and propagates toward the terraces,
or occurs randomly on the terraces and edges simultaneously.
Experimental studies using LEED to examine the orientation of
the etch pit CH3 and STM studies of asymmetric substituents on
Si(111) (such as CH2F) might test our predictions. In addition,
theoretical study of the reaction barriers for the chlorination-
methylation would provide more insight into the formation mech-
anism, structure, and energetics of the Si(111)-CH3 surface.

Summarizing, we use QM to show that in the presence of etch
pits the introduction of a CH3 on each surface Si can induce the
formation of a stacking fault between the 1st and 2nd Si layers.
This would explain the unexpected experimental CH3 torsion angle
of 23°, reconciling it with the theoretical value of 37.5°. Thus the
experimental value of 23° measured with respect to the bulk crystal
would correspond to 37° with respect to the 2nd Si layer.
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