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ABSTRACT: We used the ReaxFF reactive molecular
dynamics simulations to investigate the chemical mechanisms
and kinetics of thermal decomposition processes of silicon
surfaces grafted with different organic molecules via Si−C
bonds at atomistic level. In this work, we considered the
Si(111) surface grafted with n-alkyl (ethyl, propyl, pentyl, and
decyl) layers in 50% coverage and, Si−CH3, Si−CCCH3 and
Si−CHCHCH3 layers in full coverage. Si radicals primarily
formed by the homolytic cleavage of Si−C bonds play a key
role in the dehydrogenation processes that lead to the
decomposition of the monolayers. Contrary to commonly
proposed mechanisms that only involve a single Si atom center, we found that the main decomposition pathways require two Si
lattice atoms to proceed. The ability of surface silyl radicals to dehydrogenate the organic molecules depends on the flexibility of
the carbon backbones of the organic molecules as well as on the C−H bond strength. The dehydrogenation of n-alkyl chains
mainly involves the H atoms of the β-carbon (leading to 1-alkene desorption). However, as the surface coverage decreases, the
flexibility of the alkyl chains allows for the dehydrogenation of any methylene group and even the terminal methyl group of the
long decyl layer. On the contrary, the rigid carbon backbone of the Si−CCCH3 and Si−CHCHCH3 moieties hinders the
dehydrogenation of the terminal methyl group, which confers these layers a higher thermal stability. For all layers, the surface
ends up mostly hydrogenated as Si−C bonds break and new Si−H bonds are formed during the dehydrogenation reactions.
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■ INTRODUCTION

Silicon surface chemistry is of fundamental importance because
of the ubiquitous role of silicon in modern technology. In a
seminal paper, Linford and Chidsey showed that silicon−
carbon bonds may be formed by the hydrosilylation of alkenes
on hydrogen-terminated surfaces.1 Since then, monolayer
grafting has matured as a versatile method to tune the surface
properties of semiconductor surfaces. The high reactivity of
alkenes and alkynes toward silyl radicals has been employed as
a major route for the formation of covalently bound organic
monolayers on silicon.2−5 The high stability of Si−C bonds and
the versatile chemistry available for surface functionalization are
the basis for the development of a large number of applications
ranging from surface passivation6−8 to silicon nanoparticle-
based drug delivery,9,10 molecular electronics,11,12 pho-
tonics,13−15 biosensing,16,17 and photovoltaic devices.18

In microelectronics applications, the native silicon oxide has
proven problematic as the sizes of silicon devices decrease19

and there is a need of new chemical approaches toward the
passivation of silicon surfaces in replacement of silicon dioxide.
Passivation with organic monolayers has proved to be an
efficient method to inhibit the growth of interfacial SiO2 during

the chemical vapor deposition of high-dielectric-constant
oxides, such as HfO2.

20,21 As these applications require
processing at temperatures higher than ambient, the thermal
stability of the organic layers thus becomes an important issue.
The thermal stability of alkyl-grafted silicon surfaces has been

recently reviewed.22 The nature of surface species has been
identified using high-resolution electron energy loss spectros-
copy (HREELS), synchrotron X-ray photoelectron spectrosco-
py (SXPS) (Si 2p and C 1s emissions), and in situ infrared (IR)
spectroscopy (Si−H, C−H, and C−C stretching modes
together with CH2 rocking and CH3 umbrella modes).23 The
comparison of results reported by different groups is not
straightforward due to different heating protocols and possible
oxygen contamination. HREELS,23 IR,24 and SXPS25 studies
have shown that as Si−C bonds break during the thermal
desorption of alkyl layers, new Si−H bonds are formed. From
these observations, it has been inferred that the desorption
process occurs according to a β-elimination mechanism
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≡ ‐ ‐ ‐ → ≡ ‐ + = ‐Si CH CH R Si H CH CH R2 2 2 (1)

Equation 1 is reasonable as it is the reverse of the
hydrosilylation reaction in the reaction of alkenes with the
hydrogenated surface.1−3

An irreversible conformational disorder was observed for a
C18 monolayer above 440 K;26 however, the length of the alkyl
chain was not found to affect the desorption temperature,
except for the short C2 chain, which was reported to be more
stable.27 The appearance of a vibrational mode characteristic of
the Si−CH3 group has led to the conclusion that a secondary
desorption mechanism could be operative at high temperatures
for long alkyl chains according to

≡ ‐ ‐ ‐ ‐ → ≡ ‐ + = ‐Si CH CH CH R Si CH CH CH R2 2 2 3 2
(2)

as a consequence of the breakage of C−C bonds of the alkyl
chain.24,27 However, surface Si−CH3 groups were also detected
during the decomposition of a C2 layer, and it was proposed to
proceed according to25

≡ ‐ → ≡ ‐ +Si C H Si CH CH2 5 3 2(gas) (3)

Methylated surfaces have no SiH groups because the methyl
group is atop all surface Si atoms with the covalent Si−C bond
oriented normal to the surface.28,29 Its thermal stability is
higher than for longer alkyl chains,25,28 and at high temper-
atures, the formation of silicon carbide was observed.25,30 The
superior stability of the methylated silicon surface has been
attributed to the fact that the β-desorption mechanism (eq 1) is
not operative for methyl. In the only investigation of desorption
products reported, the CH3

+ and SiCH3
+ fragments were

detected in time-of-flight mass spectrometry experiments.31

Methyl groups were observed up to desorption temperatures of
1030 K, indicating the chemical robustness of the Si−CH3
surface.
The Si(111) surface can also be fully covered with

propynyl32 (−CCCH3) and 1-propenyl33 (−CHCHCH3)
groups. The Si−CCCH3 surface was reported to have a lower
thermal stability than the Si−CH3 surface. The reduction in the
C 1s signal intensity observed in SXPS upon heating was
interpreted as a reduction in the coverage of Si(111) surface
sites by propynyl groups.34 The Si−CHCHCH3 surface was
found to be more robust against surface oxidation and more
stable against water attacks than the Si−CCCH3 and Si−CH3
surfaces.33

From a theoretical point of view, the functionalization of
Si(111)-H has been investigated using density functional theory
(DFT) calculations.35−41 The radical chain reaction between
silicon dangling bonds on the hydrogenated Si(111) surface
and different alkenes was first investigated by Selloni and co-
workers.35,36 However, the thermal and chemical stabilities of
Si(111) functionalized with Si−C bonds have been much less
investigated. We have investigated the reactivity of Si(111)-H
and different Si−C−R surfaces toward oxidizing agents, such as
H2O and O2, at DFT level.37−39 The diffusion of H2O and O2
through the compact Si−CH3, Si−CCCH3, and Si−
CHCHCH3 layers occurs with higher-energy barriers than
through the Si−CH2CH2CH3 layer39 in agreement with the
experimental observation that the former are more efficient for
inhibiting the silicon oxidation.8

An important issue to understand the reactivity of surface
silicon atoms with grafting molecules is the ability of silicon to
form pentacoordinated complexes. This implies that surface

silicon atoms (already back-bonded to three Si atoms in the
second layer) can form two more bonds. As a consequence,
silicon surface reactions have many intermediates giving rise to
a rich chemistry.40,41 For the Si (111) surface, this also implies
that Si atoms in the second layer (coordinated to other four Si
atoms) may also be involved in the surface chemistry, usually
forming intermediates with diffusing molecules.40,41

Despite the importance of the surface chemistry of
functionalized silicon, the underlying chemical mechanisms
and kinetics of thermal decomposition of alkyl-grafted surfaces
have not been studied yet in atomistic detail. In this work, we
performed ReaxFF reactive molecular dynamics (MD) to
identify the nature of adsorbed as well as gas-phase species
during the thermal treatment of different alkyl layers on the
Si(111) surface. ReaxFF enables the modeling of bond
formation and breaking on the basis of a bond-order
formalism.42 Specifically, the goal of this work is to unveil the
mechanisms of thermal decomposition, which may be helpful
for a rational design of grafted surfaces with the best thermal
stability. We considered two types of grafting molecules: (a) n-
alkyl layers having a 50% of Si−C and 50% of Si−H coverage
and (b) full-Si−C-coverage Si−CH3, Si−CCCH3, and Si−
CHCHCH3 layers. We show that silyl radicals play a key role in
the dehydrogenation processes that lead to the decomposition
of the monolayers. The flexible n-alkyl chains can be easily
dehydrogenated at high temperatures, whereas the rigid
backbone of the full-coverage propynyl and 1-propenyl
monolayers imposes steric constraints that hinder H abstraction
by adjacent silyl radicals.

■ MOLECULAR DYNAMICS MODELING

The ReaxFF force field provides an accurate description of
bond breaking and bond formation during the MD simulations
by employing a bond-order/bond-energy relationship, which
was developed by van Duin, Goddard, and co-workers.43,44 In
this work, the Si/C/H force field parameters were optimized
from a large training set of DFT calculations containing the
main reactions involved in the decomposition of alkyl layers
grafted onto Si(111). It thus describes very well pentacoordi-
nated silicon, which is involved in many intermediates and
transition states in the surface chemistry of silicon. The details
of Si/C/H potential are described elsewhere.45 A Velocity-
Verlet algorithm was used with a 0.1 fs time step and a
temperature-damping constant of 100 fs. The NVT/MD
simulations were performed for 800 ps from 1500 to 2000 K.
Prior to each simulation, the grafted silicon slab was
thermalized at 300 K for 1 ps. All of the simulations were
performed with the ADF201646 and LAMMPS47 codes.
The Si(111) surface was represented by a slab with six silicon

bilayers. In the external silicon bilayers, half of the atoms are on
the surface plane. We will refer to them as the top atoms. They
are coordinated to three atoms in the second layer (with three
“backbonds”) and expose a silyl radical. The atoms in the
second layer are tetrahedrally coordinated to other Si atoms,
but they are also involved in the surface bonding via the
formation of pentacoordinated Si intermediates. We used 6 × 8
and 8√3 × 8 unit cells with 48 and 64 silicon top atoms,
respectively. The 6 × 8 cell was within a triclinic box with
dimensions of 30.72 Å × 20.11 Å. The 8√3 × 8 unit cell was
within an orthogonal box of dimensions of 30.72 Å × 26.60 Å.
The dimension along the z coordinate was 200 Å for both
boxes.
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The alkylated surfaces were constructed with a 50% of
hydrogenated Si top atoms and 50% of Si−alkyl groups. We
considered ethyl (C2), propyl (C3), pentyl (C5), and decyl
(C10) groups. SiH and Si−alkyl groups were randomly
accommodated in either the 6 × 8 or 8√3 × 8 unit cells. In
the case of the −CH3, −CCCH3, and −CHCHCH3 moieties,
all Si top atoms were functionalized to obtain 100%-coverage
monolayers. Silicon slabs were functionalized on both sides.
The desorption mechanisms were independent of cell size or
surface pattern produced by the random distribution of SiH
and Si−alkyl groups. The smaller 6 × 8 cell was used for the
long-term simulations (800 ps), whereas the larger 8√3 × 8
cell was used to evaluate different surface patterns with short
terms (200 ps). Figure S1 shows top and side views of the
initial structures of all of the monolayers investigated.
As the decomposition of the organic monolayers involves the

breaking of the strong Si−C, Si−H, and C−H bonds, high
temperatures are required to allow chemical reactions to occur
within a reasonable time scale in the MD simulations. It is
known that the higher temperature is helpful to increase the
decomposition reaction rate, but it might also lead to different
reaction mechanisms. To make sure all of the reactions can be
observed at more realistic temperatures, we first took the
ethylated surface, which is the smallest model system, as an
example to investigate the decomposition reactions in a wide
temperature range of 1200−2200 K. We found that the same
reaction processes were observed in this wide range but at very
different time scales: nanosecond scale at temperatures lower
than 1500 K, whereas picosecond scale at higher temperatures
(>1500 K). At 1200 K, for example, the desorption of the first
ethene molecule is observed after 3.5 ns, whereas several
molecules desorb in less than 1 ns at the highest temperatures.
The main reaction mechanism in the decomposition of the
ethylated surface involves the desorption of ethene molecules,
as shown in Figure S2, in the 1200−2200 K temperature range.
Therefore, considering the computational cost, we simulated all
of the other systems in the temperature range of 1500−2000 K,
which can also capture the same chemical reactions as in a real
experiment at lower temperatures. It should be mentioned that
the melting point of silicon occurs at around 1600 K in
experiment, which is lower than some of our simulation
temperatures. However, we found that the silicon substrate
remains crystalline in the present picosecond time scale. For
example, the Si−Si pair correlation functions show the
characteristic pattern for crystalline silicon, with the typical
broadening of the peaks with increasing temperature (Figure
S3). In addition, our previous studies showed that, on the
picosecond scale, the temperature for silicon bulk melting with
ReaxFF is up to around 3000 K (Figure S4); as such, on this
time scale, the use of a temperature higher than the formal
silicon melting temperature is justified.

■ RESULTS AND DISCUSSION
50%-Coverage n-Alkyl Monolayers. Figure 1 shows the

variation of surface and gas-phase species during the
decomposition of an ethylated surface at 1800 K. The decrease
in the concentration of Si−CH2CH3 groups correlates with the
increase of SiH groups. During the whole simulation, there is a
small amount of silyl radicals that remains approximately
constant (not shown here). Three species desorb to the gas
phase: the ethyl radical and ethane and ethylene molecules.
Figure 1 shows that the major gas-phase product is ethylene
(26 molecules), followed by ethane (12 molecules). The Si−C

bond cleavage leads to either the direct desorption of the ethyl
radical or the formation of an ethane molecule by abstraction of
a H atom from an adjacent SiH group. Figure 2 illustrates that
the formation of an ethylene molecule occurs when an adjacent
silyl radical abstracts a H atom from the methyl group of Si−
CH2CH3. The snapshots in Figure 2 show a silyl radical close to
Si−CH2CH3 group (Figure 2a), where the ethyl rotates so that
the terminal methyl faces the silyl radical (Figure 2b). After the
H abstraction (Figure 2c), ethylene is desorbed, leaving a SiH
group and the newly formed silyl radical (Figure 2d). This
mechanism can also be confirmed from Figure 1, where the
formation of ethylene occurs after the ethyl and ethane
desorption. This is because it requires the presence of silyl
radicals, which are formed by the previous cleavage of Si−C
bonds. In summary, the decomposition of the ethyl monolayer
occurs as the following reaction pathways

≡ ‐ → ≡ +• •Si CH CH Si CH CH2 3 2 3(gas) (4)

≡ ‐ + ≡ → ≡ +•Si CH CH SiH 2 Si CH CH2 3 3 3(gas) (5)

≡ ‐ + ≡ → ≡ + ≡ +• •Si CH CH Si Si SiH CH CH2 3 2 2(gas)

(6)

We remark that two silicon atoms are involved in reactions 5
and 6. Reactions 4 and 5 occur during the initial steps of the
simulation (Figure 1), and they produce a small number of Si
radicals, which remain approximately constant during the
simulation. They are involved in the dehydrogenation of the
ethyl species according to reaction 6. Then, the newly
generated Si radical in reaction 6 dehydrogenates another
ethyl species and thus reaction 6 occurs many times consuming
the Si−CH2CH3 moieties, which finally produces a hydro-
genated surface.
There are also other less likely reactions that were observed

during the simulations. For example, when the ethyl radical is
produced, it sometimes rotates above the Si• radical, which thus
may abstract a H atom from the methyl group, also leading to
the formation of ethylene (Figure S5)

≡ ‐ → ≡ + →

≡ +

• •Si CH CH Si CH CH

SiH CH CH

2 3 2 3(ads)

2 2(gas) (7)

In the literature, it has been proposed23−25 that desorption of
alkyl chains as 1-alkenes involves only one Si atom as in eq 7

Figure 1. Variation in the amount of surface groups (SiH and Si−
C2H5) and gas-phase products (C2H4, C2H6, and C2H5) for a silicon
slab with a 50% coverage on both surfaces, having initially 48 SiH and
48 Si−C2H5 groups. Simulations were performed in a 6 × 8 unit cell at
1800 K.
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Figure 2. Snapshots during the reaction of an ethyl group with silyl radical (1800 K). (a) Ethyl group with an adjacent silyl radical formed by direct
breakage of the Si−C bond; (b) terminal methyl group facing the silyl; (c) hydrogen abstraction; and (d) new SiH group formation and a CH2CH2
molecule leaving the surface.

Figure 3. Number of molecules desorbed into the gas phase after the thermal treatment of C2, C3, C5, and C10 monolayers with a 50% surface
coverage: (a) alkene, (b) alkane, and (c) alkyl radical species. Both sides of the silicon slab were functionalized. There are 48 SiH and 48 Si−alkyl
groups in total initially. Simulations were performed in a 6 × 8 unit cell.
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(or more generally as in eq 1). However, we remark that
desorption of ethylene mainly occurred according to reaction 6,
which involves two Si atoms. The analogue of reaction 7 for
longer alkyl chains was never observed.
In addition, although the Si−C and Si−H bonds are strong

bonds,37 we observed that both the alkyl chains and H atoms
diffuse during the course of the simulations. In the case of H
atoms, this gives rise to the formation of dihydrides, which may
eventually lead to desorption of H2

≡ + ≡ → ≡ + ≡ •SiH SiH SiH Si2 (8)

≡ → ≡ +•SiH Si H2 2(gas) (9)

Equation 8 is a minority source of silyl radicals, whereas eq 9 is
the main source of H2. The formation of the SiH2 species is an
example of pentacoordination in the chemistry of silicon, as
outlined in the Introduction section. Reaction 9 occurs within
3−5 ps, whereas the formation of the dihydride in eq 8 takes
longer times (around 100 ps). This is consistent with the
activation energy barriers of these reactions. Reaction 8 is the
rate-limiting step with a barrier of 45.9 kcal/mol, whereas
reaction 9 has a barrier of 23.4 kcal/mol (Figure S6). Our
findings are consistent with the experimental observation that
hydrogen desorption kinetics from H−Si(111) surfaces is
second order in the high-coverage range.48

Figure 3 compares the three main gas-phase products (alkyl
radical, alkane and alkene molecules) for different alkyl chain
lengths and temperatures. In general, equivalent mechanisms
are observed as for the Si−CH2CH3 layer case, as discussed
above.
Irrespective of the alkyl chain length, the MD simulations

showed that the 1-alkene molecule is the main desorption

product, which is formed when an adjacent silyl radical
abstracts a H atom from the β-carbon

≡ ‐ ‐ ‐ + ≡ → ≡ + ≡ ‐ +

= ‐

• •Si CH CH R Si Si Si H CH

CH R
2 2 2

(gas) (10)

The reaction mechanism of eq 10 is equivalent to that of eq 6
for ethyl-modified surface. An example of the formation of
propene when a silyl radical abstracts a H atom from the β-
carbon of a propyl group is shown in Figure S7. Therefore, the
alkene formation involves two silicon atoms and not only one
as proposed in the literature (see eq 1).22−24 A reaction
involving only one silicon atom would have a very low
probability for long alkyl chains because after the breaking of
the Si−C bond, the molecule is pushed away from the surface.
As shown in eq 7, only for the ethyl monolayer we rarely
observed the formation of an ethylene molecule involving only
one Si atom.
In the case of the long C10 alkyl chain, desorption of decane

molecules involves two steps

≡ ‐ ‐ ‐ → ≡ + ‐ ‐• •Si CH CH R Si CH CH R2 2 2 2 (monolayer) (11)

‐ ‐ + ≡ → ‐

‐ + ≡

•

•

CH CH R SiH CH CH

R Si

2 2 (monolayer) 3 2

(gas) (12)

After the cleavage of the Si−C bond, the radical stays within the
monolayer (eq 11) and it may either recombine with the silyl
radical (reverse of eq 11) or diffuse until it reacts with a SiH
group to yield the alkane (eq 12). This is a clear example of the
influence of the alkyl chain length on the desorption
mechanism. The MD simulations showed that the interactions

Figure 4. Number of surface species during the thermal treatment of C2, C3, C5, and C10 monolayers with an initial 50% surface coverage: (a) Si−
alkyl groups (initially 48), (b) Si−C bonds, and (c) SiH groups. Simulations were performed with a 6 × 8 unit cell.
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among the long alkyl chains decrease the probability of Si−C
bond breakage (eq 11) as well as the H abstraction from the β
carbon (eq 10). In the latter case, a long alkyl chain imposes
steric constraints that hinder favorable configurations for the H
abstraction by an adjacent silyl radical. This explains the much
lower 1-decene and decane desorption rates at 1500 and 1800
K (Figure 3) as compared to the shorter alkyl chains. However,
at 2000 K, the initial desorption rate is independent of the alkyl
chain length (the plots have approximately the same slope
during the first 100 ps) indicating that the molecules have
enough vibrational energy to overcome steric barriers.
Figure 4 shows the number of intact alkyl species bound to

the surface (Si−alkyl), the number of SiH groups, and the
number of Si−C bonds at different temperatures and for
different alkyl chain lengths. Initially, the number of Si−alkyl
groups (Figure 4a) and Si−C bonds (Figure 4b) is the same
because every alkyl chain is bound to the surface by a Si−C
bond. As the initial surface coverage is 50%, the number of Si−
alkyl and SiH groups is also the same. However, as the
dehydrogenation of the alkyl chains takes place, they may be
coordinated to the surface by more than one Si−C bond. The
decrease in the number Si−C bonds (Figure 4b) correlates with
the increase in the number of SiH moieties (Figure 4c), which
implies that the surface becomes progressively more hydro-
genated as a consequence of Si−C bond cleavage. At the lowest
temperature of 1500 K, the number of C10 molecules is higher
than for the other chains (Figure 4a), whereas at the highest
temperatures, a continued decrease in the number of alkyl
chains is observed for all species.

Figure 4b shows that the number of Si−C bonds has an
unexpected dependence with the chain length. The propyl
layer, for example, has nearly the same number of Si−C bonds
as the decyl layer at 1500 K, but at 1800 and 2000 K, it
generates more Si−C bonds than the other layers. The fact that
the C3 chains remain on the surface at the highest temperatures
is due to the formation of bicoordinated Si−CH2CH2CH2−Si
moieties. We observed a competition between the dehydrogen-
ation of the β-carbon (Figure S7) and the terminal −CH3

group of propyl

≡ ‐ + ≡ → ≡ + =

‐ + ≡

• •Si CH CH CH Si Si CH CH

CH SiH
2 2 3 2

3(gas) (13)

≡ ‐ + ≡ → ≡ ‐

‐ + ≡

•Si CH CH CH 2 Si Si CH CH CH

Si SiH
2 2 3 2 2 2

(14)

Equation 13 corresponds to the dehydrogenation of the β-
carbon producing desorption of propene, whereas eq 14 refers
to the formation of the bicoordinated moiety. Equation 14 is
not an elementary reaction step, and the initial steps of this
reaction are shown in Figure 5. The proximity of a silyl radical
to a propyl group (Figure 5a) induces the rotation of the
molecule so that the terminal methyl group approaches the silyl
radical (Figure 5b). Then, the hydrogen abstraction occurs
yielding the Si−CH2CH2CH2−Si−H intermediate, where a Si
atom is temporarily pentacoordinated (Figure 5c). Next, the H
atom diffuses to an adjacent silyl radical (Figure 5d).

Figure 5. Snapshots showing the dehydrogenation of the terminal methyl group of Si-CH2CH2CH3 (ball-and-stick model) by a silyl radical (dark
yellow) to yield the bicoordinated Si−CH2CH2CH2−Si species: (a) silyl radical adjacent to propyl group; (b) methyl group on top of silyl radical
before the hydrogen abstraction; (c) formation of pentacoordinate Si atom with SiC and SiH bonds; and (d) hydrogen diffusion to adjacent silyl
radical to yield SiH group.
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A less likely observed reaction is the cleavage of the C−C
bond and the transfer of the methyl group to an adjacent silyl
radical (Figure S8)

≡ ‐ + ≡ → ≡ + +

≡ ‐

• •Si CH CH CH Si Si CH CH

Si CH

2 2 3 2 2(gas)

3 (15)

Instead of abstracting a H atom from the terminal methyl
group, the silyl radical promotes the cleavage of the C−C bond,
giving rise to ethylene in the gas phase and the stable Si−
CH3 moiety. The presence of small amounts of surface methyl
groups has been reported experimentally during the decom-
position of both long24,27 and short alkyl chains,25 and the
proposed mechanisms involved one silicon atom, as given by
eqs 2 and 3. However, we observed that an adjacent silyl radical
is responsible for the breakage of the C−C bond according to
eq 15. The mechanism in eq 15 may also be operative for long
alkyl chains, as they have the flexibility to form lying-down and
U-loop configurations, in which the terminal methyl group may
approach silyl radical to yield Si−CH3 moiety.
Figure 6 shows snapshots of the surface structure after

thermal treatment at 1800 K for the C3, C5, and C10 layers
with an initial surface coverage of 50% (32 Si−alkyl and 32 SiH
groups for this unit cell). Figure 6a shows the surface structure
of the propyl layer after 184 ps. There are nine bicoordinated
molecules (ball-and-stick model), nine monocoordinated
propyls (stick model), one Si−CH3 species (red circle), and
only four silyl radicals (dark yellow) out of a total of 64 Si
surface atoms.
Figure 6b shows the surface structure of a pentyl layer after

228 ps at 1800 K. MD trajectories showed that silyl radicals
may dehydrogenate any methylene group as well as the
terminal −CH3. The molecules represented with balls and
sticks in Figure 6b are bicoordinated to the Si surface via Si−C
bonds that involve different C atoms in the alkyl chain. The
dehydrogenation of the fourth atom produces an unstable
intermediate (Figure S9) whose methyl group releases a H
atom to yield a stable terminal vinyl group (Figure S10)

≡ ‐ ‐ ‐ + ≡ → ≡

‐ ‐ ‐ + ≡

•

•

CH

CH

Si CH CH CH CH Si Si

CH CH CH ( ) CH SiH
2 2 2 2 3

2 2 2 3 (16)

≡ ‐ ‐ ‐ → ≡ ‐

‐ = +

•

•

CH CH

CH CH

Si CH CH CH ( ) Si CH CH CH

H
2 2 2 3 2 2 2

2 (gas) (17)

The red circles in Figure 6b,c show chains exposing a vinyl
group. We remark that the presence of vinyl groups is an
interesting feature, which appears for monolayers with four or
more carbon atoms.
The snapshot of the C10 layer at 153 ps shows a lying-down

species coordinated at both ends (Figure 6c). Even for this
long-chain molecule, silyl radicals may abstract H atoms from
the terminal methyl group as the molecule may either lay down
or form a U-loop. Dehydrogenation of intermediate methylene
groups leads to the breakage of C−C bonds. This is the reason
for the appearance of a bicoordinated Si−CH2CHCH2−Si
species (lower left in Figure 6c), an ethyl group (next to
center), a hexyl species (upper right), and a bicoordinated Si−
CH2CH(R)CH2−Si species (upper left) with R = (CH2)5CH3.
Dehydrogenation of the β-carbon by a silyl radical not only
produces desorption of the alkene but sometimes induces the
breakage of a C−C bond according to

≡ ‐ ‐ ‐ + ≡ → ≡ ‐

‐ = + ‐ + ≡

•

•

CHSi CH CH (CH ) CH Si Si CH

CH CH (CH ) CH SiH
2 2 2 2 6 3 2

2 2 6 3(gas) (18)

This reaction originated the Si−CH2CHCH2 moiety shown
in Figure 5c (which is temporarily bicoordinated due to the
proximity to a silyl radical).
The fact that more bicoordinated structures are observed for

the C3 layer than for the C5 and C10 layers is due to steric
constraints. The MD simulations showed that the rotations of
the propyl species around the Si−C and C−C bonds
periodically located the terminal −CH3 group very close to
adjacent top Si atoms, which favors the hydrogen abstraction in
the case of a silyl radical. For the longer alkyl chains, the

Figure 6. Surface composition at different simulation times for (a)
propyl, (b) pentyl, and (c) decyl monolayers. Only the last Si bilayer is
shown (8√3 × 8 unit cell with 64 silicon top atoms). Radical silicon
atoms are shown in dark yellow. (a) Bicoordinated molecules are
shown explicitly, whereas intact propyl groups are shown as a
wireframe. The red circle shows a methyl group. (b) In bicoordinated
pentyl molecules, the C atoms involved in Si−C bonds are marked in
dark blue. Intact pentyl species are shown as a wireframe. The red
circle shows a terminal vinyl group. (c) Bicoordinated molecules are
shown explicitly, with the C atoms marked with dark blue. Intact decyl
species are shown as a wireframe. The lower red circle shows a SiH2
intermediate.
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dehydrogenation of non-β C atoms occurs when the molecules
are in lying-down or U-loop configurations, which is less likely.
In the case of a Si(111) surface grafted with a C18

monolayer, it was observed experimentally that the layer
changed irreversibly after heating at high temperatures.26 Under
the light of our results, it becomes clear that the irreversible
behavior originates from the partial dehydrogenation of the
alkyl chains, which triggers the cleavage of C−C bonds, giving
rise to shorter alkyl chains adsorbed on the surface, as shown in
Figure 6c.
During the simulations, there is an approximately constant

number of silyl radicals on the surface. Figure 6 shows that 4
top Si atoms are radicals (marked in dark yellow) from a total
of 64 top Si atoms. In a previous work, we showed that these
radicals are very reactive toward O2 and H2O, which leads the
oxidation of the silicon backbonds.38 This fact outlines the
importance of avoiding oxygenated species in studies of the
thermal stability of alkylated Si surfaces. In the case of a decyl
monolayer, a limited oxidation of the Si surface was observed
even under reducing atmosphere.24 We suspect that many
thermal studies may be affected by partial oxidation of Si, with
the corresponding influence on the alkyl desorption kinetics.
Besides the desorption processes discussed so far, the

diffusion of surface species also plays an important role in the
monolayer dynamics. The mono- and bicoordinated alkyl
chains as well as the H atoms of SiH groups diffuse until they
react with silyl radicals. During this diffusion process, the alkyl
chains may temporarily bind to hydrogenated Si atoms or to Si
atoms in the second layer, producing pentacoordinated Si
intermediates (R−CH2−Si(Si)3−H and R−CH2−Si(Si)4, re-
spectively). The same holds for the diffusion of H atoms
(yielding H2Si(Si)3 or H−Si(Si)4 moieties). Figure S11 shows

an example of the formation of pentacoordinated Si
intermediates during the dehydrogenation of the terminal
CH3 group of a propyl molecule. During the formation of these
intermediates, the silicon lattice dynamics plays an important
role. The MD simulations show that Si atoms in the second
layer (coordinated to other four Si atoms) eventually have
strong upward displacements during the lattice vibrations,
which makes them more reactive toward the formation of some
of the pentacoordinated intermediates mentioned above.
Similarly, the hydrogen abstraction by silyl radicals usually
occurs after an upward displacement of the Si radical. This
illustrates the ability of ReaxFF to handle the coupling of
molecule−lattice vibrations, an effect with important con-
sequences on the dynamics of chemical reactions on surfaces,
which is very difficult to consider with ab initio methods.49

Full-Coverage Si−CH3, Si−CCCH3, and Si−CHCHCH3
Monolayers. Figure 7 compares the amount of intact
molecules bound to the Si surface (Si−CH3, Si−CCCH3, and
Si−CHCHCH3), dehydrogenated moieties, and surface SiH
groups for the methyl-, propynyl-, and 1-propenyl-grafted
silicon at three different temperatures. Figure 7a shows that the
amount of intact molecules rapidly decreases, except for 1-
propenyl. However, unlike the alkylated surfaces discussed
above, it is found that the gas-phase desorption is considerably
lower. The dehydrogenation processes produce the bicoordi-
nated Si−CH2−Si, Si−CCCH2−Si, and Si−CHCHCH2−Si
surface species. Figure 7b shows that these moieties remain on
the surface even at the highest temperature. The number of
−CH2− moieties shows a peak at 1800 and 2000 K and then it
decreases to zero, which corresponds to further dehydrogen-
ation processes accompanied by the formation of silicon
carbide.

Figure 7. Comparison of the number of surface species for full-coverage Si−CH3, Si−CCCH3, and Si−CHCHCH3 layers: (a) intact molecules; (b)
dehydrogenated CH2, CCCH2, and CHCHCH2 species; and (c) SiH groups appearing within the Si−CH3, Si−CCCH3, and Si−CHCHCH3 layers.
Simulations performed with a 6 × 8 unit cell with both sides of the silicon slab functionalized (96 molecules in total).
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Silyl radicals are involved in the dehydrogenation processes

as for the alkylated surfaces, which originates an increase in the

number of SiH groups (Figure 7c). Initially, there are no SiH

groups as all of the Si top atoms are involved in Si−C bonds. At

1500 K, there are still no SiH groups for the Si−CHCHCH3

monolayer because it does not decompose at this temperature.

At 1800 K, SiH groups are generated by the dehydrogenation

of the Si−CHCHCH3 monolayer but the number is lower than

Figure 8. Side views of the silicon slab at different simulation times at 1800 K for the (a) Si−CH3, (b) Si−CCCH3, and (c) Si−CHCHCH3
monolayers. Simulations were performed with a 6 × 8 unit cell.

Figure 9. Most frequent dehydrogenation mechanism of the methyl group observed in the MD simulations. (a) A methyl group atop a Si atom (b)
tilts toward a Si atom in the second layer until (c) a C−H bond is broken and a Si−H bond is formed. (d) Finally, the CH2 group breaks the Si−Si
backbond. All of these processes occur in 0.18 ps at 1500 K. Only part of the surface is shown for clarity.
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for the other monolayers (Figure 7c). At 2000 K, a maximum of
around 75 SiH groups are observed for the methyl and
propynyl monolayers out of a total of 96 top Si atoms,
indicating that most surface Si atoms are hydrogenated. The 1-
propenyl monolayer produces more SiH groups than the
number of top Si atoms because some H atoms diffuse into
silicon.
Figure 8 shows snapshots at different simulation times at

1800 K comparing the stability of the Si−CH3, Si−CCCH3,
and Si−CHCHCH3 layers. At 15 ps, the monolayer structure is
still preserved for all surfaces, except a just desorbed propynyl
radical in the gas phase (Figure 8b). The decomposition of the
methylated surface begins at 150 ps with an important
dehydrogenation of CH3 groups to yield CH2 moieties,
whereas the formation of SiC begins at 400 ps (Figure 8a).
Overall, these processes are delayed in the time scale for the
propynyl and 1-propenyl surfaces: the dehydrogenation of
these monolayers begins at 400 ps, whereas a small amount of
SiC begins to form at 800 ps for the propynyl surface (Figure
8b).
The snapshot at 400 ps for the methylated surface (Figure

8a) shows that the surface becomes nearly fully hydrogenated
(as also shown in Figure 7c at 1800 K). The excess hydrogen is
eliminated as H2 and as different methyl silane species with
formula (CH3)xSiH4−x. Desorption of bare methyl radicals was
not observed. Only a small fraction of the initial carbon content
of the methylated surface is lost as methyl silanes and as
methane. Our MD results for the methylated surface are in
agreement with experimental results, which show the formation
of silicon carbide at high temperatures25,30 as well as desorption
of silicon moieties.31

Figure 8b shows that some CCCH3 and HCCCH3 species
eventually desorb. However, the number of such gas-phase
species is much lower than that for the alkylated surfaces. The
snapshot at 800 ps for the 1-propenyl surface (Figure 8c) shows
that the monolayer structure is better preserved than for the
propynyl surface. Very few CH2CHCH3 molecules desorb,
whereas the surface species are a mixture of Si−CHCHCH3
and bicoordinated Si−CHCHCH2−Si moieties.
Dehydrogenation Mechanisms of Full-Coverage

Monolayers. The mechanism of dehydrogenation of the full-
coverage monolayers remains still unclear in the literature. The
MD simulations show that for the methylated surface, the most
frequent dehydrogenation mechanism occurs when the methyl
group jumps from the atop Si atom to an adjacent Si atom in
the second layer, leaving behind a silyl radical. Figure 9 shows
detailed snapshots of this process. The methyl group originally
bound to the atop Si atom (Figure 9a) tilts toward an adjacent
Si atom in the second layer (Figure 9b). This induces the
simultaneous breakage of a C−H bond and the formation of a
Si−H bond with the atop Si atom (Figure 9c). Finally, the CH2
group cleaves the Si−Si backbond (Figure 9d). Globally, the
reaction may be expressed as

‐ ‐ → ‐ ‐CH Si Si HSi CH Si3 (2nd) 2 (2nd) (19)

where Si(2nd) stands for the Si atom in the second layer. The
cleavage of Si−Si backbond by CH2 is responsible for the
desorption of some Si atoms as methyl silanes (Figure 8a).
For the Si−CCCH3 surface, silicon radicals are created when

the propynyl moieties diffuse and bind to Si atoms of the
second layer (Figure 10a) leaving behind a silyl radical. This
diffusion step is equivalent to that of the methylated surface
(Figure 8). However, silicon backbonds are not broken in this

process. Surface SiH groups are created when the silyl radical
dehydrogenates the terminal methyl group (Figure 10b). As in
the initial stages all of the top Si atoms are bound to propynyl
groups (Si−CCCH3), the Si−CCCH2 species thus produced
can only bind to the surface by forming pentacoordinted silicon
intermediates Si−CCCH2−Si−CCCH3, which sometimes
induce the desorption of the •CCCH3 radical leaving on the
surface the bicoordinated Si−CCCH2−Si moiety. The
•CCCH3 radical thus produced may either desorb directly to
the gas phase or it may abstract a H atom from a SiH group or
from the terminal methyl groups of the monolayer.
In the case of the 1-propylene monolayer, we observed that

silyl radicals never abstracted the H atoms bound to the sp2 C
atoms. The hydrogen abstraction only occurred from the H
atoms of the terminal methyl group. However, in this full-
coverage monolayer, the Si−CHCHCH3 species are in the
trans configuration, which leaves the terminal methyl group
away from the surface (Figure 11a). The hydrogen abstraction
only takes place after a transition from trans to cis
configuration, which leaves the methyl group closer to a silyl
radical (Figure 11b). This transition was only observed at the
highest temperature. It does not occur at 1500 K and
consequently the monolayer is preserved at this temperature
as shown in the first panel of Figure 7a. The dehydrogenation
of the methyl group produces the bicoordinated Si−
CHCHCH2−Si moiety, as shown in Figure 11c. Therefore,
the dehydrogenation of the 1-propylene monolayer involves
two steps

≡ ‐ → ≡ ‐Si CHCHCH Si CHCHCH3(trans) 3(cis) (20)

≡ ‐ + ≡ → ≡ ‐ ‐ ‐•Si CHCHCH Si Si CHCHCH Si H3(cis) 2

(21)

Figure 10. Dehydrogenation of the terminal CH3 group of propynyl
species by a silyl radical. (a) A CCCH3 species originally bound to
atop Si atom diffuses to adjacent positions (ball-and-stick model)
leaving a silyl radical (dark yellow). (b) SiH group produced after the
abstraction of a H atom from the terminal methyl group. Simulation
was performed at 1700 K with a 8√3 × 8 unit cell with 64 Si−CCCH3
groups. Only part of the surface is shown for clarity.
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In the last step, a pentacoordinated Si atom is formed (see
Figure 11c). In the initial stages of the simulation, when all top
Si atoms are involved in Si−C bonds, the H atom in the
pentacoordinated Si atom diffuses to other top Si atoms until it
eventually induces a molecular desorption process

≡ ‐ ‐ ‐ + ≡ ‐ → ≡

‐ ‐ ≡ + ≡ +•

Si CHCHCH Si H Si CHCHCH Si

CHCHCH Si Si HCHCHCH
2 3

2 3 (gas) (22)

Irrespective of the simulation temperature, we observed that
silyl radicals only induce the breakage of the C−H bonds of the
terminal methyl groups. This correlates with the fact that the
C−H bond strength of C atoms with sp3 hybridization is
weaker than for sp2 C atoms.50 In summary, the outstanding
stability of the 1-propylene monolayer is due to the presence of
a rigid backbone with sp2 C atoms, which (a) make the trans/
cis transition very costly and (b) have strong C−H bonds.
Unlike the −CCCH3 monolayer, steric constraints preclude

the formation of pentacoordinated intermediates for the
−CHCHCH3 monolayer because the −CHCHCH3 moieties
are more tightly packed than the −CCCH3 moieties. For the
linear −CCCH3, the carbon backbone of adjacent molecules is
separated by 3.84 Å, which is the distance between adjacent top
Si atoms (Figure S1f). However, the −CHCHCH3 moieties
have a nonlinear carbon backbone, which leads to lower
distances between the C atoms and H atoms of adjacent
molecules (lowest C···C and H···H distances of 3.21 and 2.0 Å,
respectively; see Figure S1g). The steric constraints within the
−CHCHCH3 layer are also evidenced during the MD

simulations. This monolayer has lower fluctuations in the
distance between the C atoms of adjacent molecules than the
−CCCH3 monolayer.
Our results are in agreement with the trends in stability

reported for these layers experimentally.33 The Si−CHCHCH3
layer was found to show the best passivating behavior as it
inhibits silicon oxidation even after more than 2 months of
exposure to air,33 whereas the Si−CCCH3 monolayer oxidized
after 25 days and the Si−CH2CH2CH3 layer oxidized much
faster.33 The MD simulations show that the compact
monolayer structure of Si−CHCHCH3 is the most stable of
all layers investigated. Consequently, the diffusion of oxy-
genated species through this monolayer is expected to be
hindered by steric factors. This process has high diffusional
energy barriers as we showed in previous work.39 The fact that
the Si−CCCH3 monolayer oxidizes faster than the Si−
CHCHCH3 monolayer correlates with the fact that the
disordering of the propynyl layer is higher than that of the 1-
propenyl layer at the same temperature (Figure 8). For a more
disordered monolayer, an easier diffusion of oxidizing species
toward silicon atoms is expected. For the same reason, for Si−
CHCHCH3 or Si−CCCH3 surfaces with a lower surface
coverage (also having SiH groups), we would expect a lower
thermal (and also passivating) resistance, as the decrease in
surface coverage increases the degrees of freedom, which favor
the disordering and finally the decomposition of a layer.
The integrity of organic monolayers is usually evaluated by

following the C 1s emission in XPS experiments. We therefore
compared the percentage of C atoms remaining on the surface
after a simulation time of 800 ps for the different monolayers
(Table 1). The stability of the alkyl layers (from C2 to C10)

rapidly decreases with temperature. Only at 1500 K, there is
some correlation between the percentage of carbon and the
chain length (except for the C3 layer), whereas at the highest
temperatures, the C3 layer is the most stable, even more than
the C10 layer. This is in agreement with experimental results in
which no correlation with the alkyl chain length was
observed.26 As we discussed above, the high stability of the
C3 monolayer is due to the presence of stable bicoordinated
Si−CH2CH2CH2−Si moieties (Figure 6a).
Table 1 shows that the full-coverage monolayers have a

higher thermal stability than the n-alkyl monolayers. The
methylated layer is a special case because the dehydrogenation
of the methyl group leads to carbon species, which insert into
the Si−Si bonds to finally yield SiC. Even at simulation times
longer than 800 ps, the Si−CHCHCH3 layer remains intact at
1500 K. At the highest temperature, all of the full-coverage
monolayers produce different amounts of SiC.

■ CONCLUSIONS
Using ReaxFF reactive molecular dynamics simulations, we
have presented a complete picture of the mechanisms of
thermal decomposition of the Si(111) surface grafted with n-

Figure 11. Dehydrogenation of the terminal CH3 group of a 1-
propenyl species by a silyl radical. (a) Silyl radical (dark yellow)
adjacent to CCCH3 species (ball-and-stick model) with trans
configuration, (b) CCCH3 species with cis configuration, and (c)
bicoordinated Si−CHCHCH2−Si. Table 1. Percentage of C Atoms Remaining on the Surface

after a Simulation Time of 800 psa

T (K) C2 C3 C5 C10 CH3 CCCH3 CHCHCH3

1500 50 73 64 94 93 92 100
1800 25 40 17 25 100b 84 66
2000 12 17 15 8 100b 96b 85b

aThe reference is the intact monolayer. bFormation of SiC.
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alkyl chains (50% surface coverage), as well as with the full-
coverage methyl, propynyl, and 1-propenyl layers. Our results
provide a detailed atomistic interpretation of experimental
results by identifying the nature of adsorbed species as well as
the desorption products. The structure of the organic chain, the
nature of the surface bonding, and the presence of silyl radicals
mainly dictate the thermal stability of the grafted surfaces.
Si radicals play a key role in the dehydrogenation processes

that lead to the decomposition of the monolayers. Initially, they
are produced by the breakage of Si−C bonds, which leads to
direct desorption of the corresponding organic radical to the
gas phase. The number of silyl radicals remains approximately
constant during the simulations with a concentration of less
than 10% of the top Si atoms.
The dehydrogenation pathways depend on the nature of the

organic molecule. Silyl radicals may abstract H atoms from any
methylene group of n-alkyl chains due to their flexibility.
However, the most common pathway is dehydrogenation from
the β carbon, which leads to desorption of the corresponding 1-
alkene. This process involves two surface Si atoms rather than
one, as proposed in the literature.23−25 Dehydrogenation of
other methylene groups produces bicoordinated molecules on
the surface, cleavage of C−C bonds, or formation of terminal
vinyl groups. This suggests that controlled thermal treatments
of long-chain alkyl layers could be used to introduce reactive
functionalities, such as the vinyl group. The alkylated surfaces
finally end mostly hydrogenated with the silicon surface
keeping its 111 periodicity.
Silyl radicals are also involved in the dehydrogenation of the

full-coverage methyl, propynyl, and 1-propenyl monolayers,
yielding stable bicoordinated Si−CH2−Si, Si−CCCH2−Si, and
Si−CHCHCH2−Si moieties. Consequently, the desorption of
carbon-containing gas-phase products is considerably lower
than for the n-alkyl monolayers. The rigid carbon backbone of
the 1-propenyl layer keeps the terminal methyl group away
from adjacent silyl radicals, which considerably delays the
dehydrogenation of this monolayer.
In summary, the thermal stability of an organic layer bound

to silicon via Si−C bonds depends on the rate of dehydrogen-
ation reactions. Any process retarding the dehydrogenation can
improve the thermal stability of the layer. Molecules having a
rigid backbone close to the Si surface are expected to have a
higher thermal stability as is the case for the 1-propenyl
monolayer. On the contrary, the flexibility of the n-alkyl chains
favors the dehydrogenation and rapid decomposition of these
monolayers.
The ability of the Si/C/H ReaxFF potential to describe the

rich chemistry of functionalized silicon surfaces opens new
avenues to investigate functionalized silicon nanostructures,
such as quantum dots. Future extensions including the O atom
will allow reactive molecular dynamic investigations, involving
the environment (H2O and O2), reactive terminal groups
(−COOH, −OH, etc.), and silicon grafting via the Si−OR
bond.
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