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The room-temperature (RT) adsorption and thermal evolution of 1,1-dichloroethylene (1,1-C2H2Cl2 or iso-
DCE) and monochloroethylene (C2H3Cl or MCE) on Si(111)7×7 have been studied by vibrational electron
energy loss spectroscopy and thermal desorption spectrometry (TDS). The presence of the SisCl stretch at
510 cm-1 suggests that upon adsorptioniso-DCE dissociates via CsCl bond breakage on the 7×7 surface to
form mono-σ-bonded 1-chlorovinyl (ClC˙ dCH2) and/or di-σ-bonded vinylidene (: CdCH2) adspecies. Upon
annealing to 450 K, the 1-chlorovinyl adspecies undergoes further dechlorination to vinylidene adspecies,
which may be converted to di-σ-bonded vinylene (HC˙ dĊH) before dehydrogenating to hydrocarbon fragments
above 580 K. TDS studies reveal both molecular desorption ofiso-DCE near 350 K and C2H2 fragments near
700 K, and the presence of the latter confirms the existence of the di-σ-bonded vinylene adspecies. Like the
other chlorinated ethylene homologues,iso-DCE also exhibits TDS features of an etching product SiCl2 at
800-950 K and a dehydrochlorination product HCl at 700-900 K. Unlikeiso-DCE, MCE is found to adsorb
on the 7×7 surface predominantly through a [2+ 2] cycloaddition mechanism at RT, with similar di-σ
bonding structure as ethylene. The thermal evolution of MCE however follows that ofiso-DCE, with the
formation of vinylene above 580 K. Despite the lack of TDS feature attributable to HCl, weaker SiCl2 TDS
feature could be observed at 800-950 K. For bothiso-DCE and MCE, strong recombinative desorption of
H2 is observed near 780 K. The differences in the Cl content amongiso-DCE, MCE, and ethylene therefore
play a key role in the RT chemisorption and thermally driven chemical processes on Si(111)7×7.

1. Introduction

The interaction of chlorinated hydrocarbons with silicon
surfaces is of practical interest to the semiconductor industry
because of their important role as common industrial chemicals
for processing and treatment of silicon wafers.1-4 Our group
has recently conducted a series of studies on the surface
chemical processes of chlorinated ethylenes on two model
silicon surfaces: Si(111)7×75 and Si(100)2×1.6 In particular,
dechlorination appears to be a common reaction on both
surfaces, and novel adstructures involving chlorinated derivatives
of vinyl, vinylene, and vinylidene adspecies could be produced
upon thermal excitation.5,6 Furthermore, the stabilities of these
chlorinated adspecies appear to be greatly affected by the
chlorine content. In the present work, we investigate the room-
temperature chemisorption and thermal evolution of 1,1-
dichloroethylene (1,1-C2H2Cl2 or iso-DCE) on Si(111)7×7 by
vibrational electron energy loss spectroscopy (EELS) and
thermal desorption spectrometry (TDS). These results are
compared with those obtained for vinyl chloride or monochlo-
roethylene (C2H3Cl or MCE) and ethylene (C2H4) to evaluate
the roles of chlorine and structural symmetry in the surface
chemistry of Si(111)7×7. The effects of different geometrical
isomers for dichloroethylene (includingcis-, trans-, and iso-
DCE) are also of interest, and these will be presented in a
follow-up work.7 The Si(111)7×7 surface provides a wide range
of different directional bonding possibilities, involving corner
and center adatoms, rest atoms, dimer-row atoms, and corner-
hole atoms as well as pedestal atoms as depicted in the dimer

adatom stacking-fault (DAS) model.8 In addition to the different
dangling bonds at the adatoms, rest atoms, and corner-hole
atoms, the Si-Si back bonds (between an adatom and a pedestal
atom) have also been found to be highly reactive,9 as, e.g., in
the oxidation of Si by the formation of the Si-O-Si species.10

An earlier study has also proposed various bonding possibilities
for acetylene and ethylene involving bonding with the pedestal
atom on the 7×7 surface, upon saturation of the adjacent
adatom-rest-atom pairs by cycloaddition reactions.11 The reac-
tivities and selectivities of these different bonding sites toward
chlorinated ethylenes are therefore of fundamental interest to
organosilicon chemistry.

To date, only a limited amount of work on the degradation
of chlorinated ethylenes catalyzed on metal surfaces has been
reported,11-18 and little is known about the interactions of these
compounds with silicon. In particular, CsCl dissociation has
been observed for adsorption of chloroethylenes on Ag(111),12

Cu(110),16 Cu(100),17 Pd(110),18 and Pt(111),19 similar to what
has been observed by us on Si(111)7×7.5 The formation of
metal-stabilized carbenoid (:CdCH2) on the surface upon
adsorption ofiso-DCE on Fe was proposed.14,15The formation
of an analogous adspecies such as vinylidene on a surface with
well-defined directional bonding, such as Si(111)7×7, would
therefore be of great interest.

2. Experimental Section

The experimental apparatus and procedure used in the present
work have been described in detail elsewhere.20 Briefly, the
experiments were conducted in a home-built ultrahigh vacuum
system with a base pressure better than 5× 10-11 Torr. All of
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the EELS measurements were made with the sample held at
room temperature (RT) under specular reflection scattering at
45° from the surface normal. A routine energy resolution of
12-17 meV (or 97-136 cm-1) full width at half maximum
with a typical count rate of 100 000 counts/s for the elastic peak
could be achieved with our spectrometer operated at a 5-eV
impact energy. It should be noted that the calibration and tuning
of the EELS spectrometer typically limit the reproducibility of
the measured peak positions to(2 meV (or(16 cm-1) in the
present work. The TDS experiments were obtained by using a
differentially pumped quadrupole mass spectrometer (QMS) to
monitor the ion fragments, along with a home-built program-
mable proportional-integral-differential temperature controller
to provide a linear heating rate of 1 K s-1. The TDS data have
been smoothed by adjacent averaging, and the respective
monotonically increasing backgrounds with increasing temper-
ature have also been removed in order to more clearly identify
the desorption features. The Si(111) sample (p-type boron-
doped, 50Ω cm, 8× 6 mm2, 0.5 mm thick) with a stated purity
of 99.999% was purchased from Virginia Semiconductor Inc.
The sample was mechanically fastened to a Ta sample plate
with 0.25-mm-diameter Ta wires and could be annealed by
electron bombardment from a heated tungsten filament at the
backside of the sample. The Si(111) sample was cleaned by a
standard procedure involving repeated cycles of Ar+ sputtering
and annealing to 1200 K until a sharp 7×7 low-energy electron
diffraction (LEED) pattern was observed. The cleanliness of
the 7×7 surface was further verified in situ by the lack of any
detectable vibrational EELS feature attributable to unwanted
contaminants, particularly the Si-C stretching mode at 800-
850 cm-1. Liquid iso-dichloroethylene (99% purity) was
purchased from Sigma-Aldrich and was used (without further
purification) after appropriate degassing by repeated freeze-
pump-thaw cycles. The gaseous monochloroethylene (98%
purity) was purchased from Matheson. The clean Si(111) sample
was exposed toiso-DCE or MCE vapors at a typical pressure
of 1 × 10-6 Torr by using a variable leak valve.

3. Results and Discussion

3.1. Room-Temperature Adsorption of iso-DCE and MCE
on Si(111)7×7. Figure 1 compares the vibrational EELS spectra
obtained for saturation exposures ofiso-DCE, MCE, and
ethylene on Si(111)7×7 at RT. The generally broader peak
widths of the observed features suggest either a mixture of
contributing vibrational modes in the same location or a single
vibrational mode contributed from a mixture of plausible
adsorption structures,21 or both. To facilitate spectral assign-
ments, we compare the present vibrational EELS data with the
corresponding IR and Raman spectroscopic data obtained in the
gas or liquid phase.22-25 In Figure 2, we show schematic
diagrams of plausible surface structures of the adspecies upon
RT adsorption and their subsequent thermal evolution foriso-
DCE and MCE on the 7×7 surface. Evidently, all three
adsorbates exhibit a prominent C-H stretch feature near 2900
cm-1, with the higher frequency found foriso-DCE (2980 cm-1,
Figure 1a) than MCE and ethylene (2900 cm-1, parts b and c
of Figure 1). A second common but considerably weaker feature
at 1360 cm-1 can also be found. This mid-frequency feature
can be assigned to the CH2 scissoring mode, which indicates
the presence of the CH2 group in the adstructures for all three
molecules. In the low-frequency region, bothiso-DCE and MCE
exhibit an EELS feature at 510 cm-1 that can be assigned to
Si-Cl stretch (parts a and b of Figure 1), in accord with the
characteristic frequency for the Si-Cl stretching mode com-

monly found in 467-600 cm-1.26,27 In contrast, this feature is
clearly absent in the EELS spectrum of ethylene (Figure 1c).
The feature at 510 cm-1 can therefore be used to indicate the
relative Cl surface concentration and the degree of dechlorination
upon adsorption.

Figure 1 also shows that the EELS spectrum foriso-DCE is
discernibly different from those of MCE and ethylene, both of
which are found to be remarkably similar to each other. Unlike
iso-DCE and MCE, the EELS spectrum of ethylene has been
reported earlier by Yoshinobu et al.28 and is found to be in good
accord with our present measurement (Figure 1c). In addition
to the prominent C-H stretch feature at 2930 cm-1, several
weaker features observed in the 600-1300-cm-1 region, includ-
ing the C-C stretch at 1090 cm-1, CH2 bending modes at 1235
cm-1 (wag), 940 cm-1 (twist) and 710 cm-1 (rock), and Si-C
stretch at 625 cm-1 (symmetric mode) and 795 cm-1 (asym-
metric mode), led Yoshinobu et al. to propose that the adsorption
of ethylene on Si(111)7×7 involves a [2+ 2] cycloaddition
mechanism and the formation of a di-σ-bonded ethane-1,2-diyl
adstructure with near-sp3 hybridization for the C atoms.28 The
strong similarity between the EELS spectra for ethylene (Figure
1c) and MCE (Figure 1b) therefore suggests that MCE may
have a predominant adstructure similar to that of ethylene on
the 7×7 surface. In particular, a di-σ-bonded chloroethane-1,2-
diyl adspecies (Structure IV, Figure 2b) is proposed to account
for not only the C-H structure feature at a lower frequency
(2900 cm-1) due to C sp3 hybridization but also the weak band
at 600-1300 cm-1 (Figure 1b). Like ethylene, this weak band
could be attributed to a mixture of several modes including C-C
stretch, CH2 bending modes and Si-C stretch, as well as the
C-Cl stretch (found to be located at 705 cm-1 in the gas-phase
spectrum).22 However, the presence of a weak Si-Cl stretching
band at 510 cm-1 found for MCE (Figure 1b) suggests partial
dechlorination as a plausible minor adsorption channel, likely
involving a mono-σ-bonded vinyl adspecies, HC˙ dĊH2 (Struc-
ture V, Figure 2b). The lack of any substantial intensity near
1500 cm-1 commonly attributed to the CdC stretch24 therefore
confirms that the dechlorinated vinyl adspecies only plays a
minor role.

Unlike MCE (Figure 1b) and ethylene (Figure 1c),iso-DCE
exhibits a weak but well-defined feature at 1050 cm-1 (Figure

Figure 1. Vibrational EELS for saturation coverages of (a) 100 L of
iso-dichloroethylene, (b) 1000 L of monochloroethylene, and (c) 1000
L of ethylene exposed to Si(111)7×7 at room temperature.
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1a), which can be assigned to CH2 rocking modes in accord
with the value found for the liquid phase.24 The absence of a
discernible asymmetric Si-C stretch near 795 cm-1 as found
in ethylene (and MCE)28 is consistent with a C sp2 mono-σ
bonding to the Si substrate, with the corresponding Si-C stretch
expected below 700 cm-1. The relatively well-defined shape
of the feature at 1050 cm-1 is related to the absence of the other
CH2 bending features (twist and wag) due to the C sp2

hybridization for mono-σ-bonded adstructures ofiso-DCE
(instead of C sp3 hybridization as in the case of MCE and
ethylene) on the 7×7 surface.28 The blue shift of the C-H
stretch feature from 2900 cm-1 for MCE (Figure 1b) and
ethylene (Figure 1c) to 2980 cm-1 for iso-DCE (Figure 1a) is
consistent with the difference in the C hybridization (between
sp3 and sp2) involved in the respective adstructures. Furthermore,
iso-DCE also exhibits a new feature at 1510 cm-1 not found in
MCE and ethylene. Given that the C-C stretch in single, double,
and triple C-C bonds is generally found at 950, 1600, and 2100
cm-1, respectively,24 the shoulder at 1510 cm-1 (Figure 1a) can
therefore be assigned to CdC stretch, which again confirms
the C sp2 hybridization. Together with the strong Si-Cl stretch
at 510 cm-1 found in theiso-DCE spectrum (Figure 1a) that
clearly indicates dechlorination ofiso-C2H2Cl2 upon adsorption,
the presence of the CdC stretch provides strong evidence for
1-chlorovinyl adspecies (Structure I, Figure 2a) as the most
likely adstructure foriso-DCE, although we cannot rule out the
double-dechlorinated adstructure such as vinylidene (: CdCH2,
Structure II, Figure 2a), which would require more Si dangling
bonds.

It should be noted that we also collected EELS spectra for
our sample pre- and postexposed to O2 (not shown). In
particular, no EELS features attributable toiso-DCE are

observed for an oxidized Si(111) surface exposed to 20 L of
iso-DCE. Similarly, the EELS spectrum for 20 L ofiso-DCE
exposed to Si(111) is unchanged by postexposure with 200 L
of O2, and no Si-O-Si related feature is found. These results
show that dangling bonds are required for the initial adsorption
of both O2 and iso-DCE, and exposure of either adsorbate has
the effect of passivating the surface. These results are also
consistent with the conversion of the 7×7 LEED pattern for
the clean surface to a 1×1 pattern for the surface exposed to
either adsorbate. Furthermore, exposure ofiso-DCE to an argon-
sputtered Si(111) surface appears to produce broad features
below 1200 cm-1, while the prominent C-H stretch near 2980
cm-1 remains well defined. This EELS data (not shown)
suggests that the RT adsorption ofiso-DCE largely involves
molecular adsorption with a range of (weakly) bonding con-
figurations on the sputtered surface, in good accord with the
relatively stronger molecular desorption feature at 350 K
observed in the corresponding TDS experiment (not shown).

3.2. Thermal Evolution of iso-DCE and MCE on
Si(111)7×7. Figures 3 and 4 show respectively the TDS profiles
of selected mass fragments for 100 L ofiso-DCE and 1000 L
of MCE exposed to Si(111)7×7 at RT. For theiso-DCE
experiments, an apparently common desorption feature at 350
K can be observed for mass 98 (C2H2

35Cl37Cl+, Figure 3g), mass
96 (C2H2

35Cl2+, corresponding to the parent mass, Figure 3f),
and mass 63 (C2H2

37Cl+, Figure 3e). Because their correspond-
ing peak intensity ratios for these TDS features are found to be
in good accord with the respective ratios of the cracking pattern
of iso-DCE,29 the detected mass fragments could be attributed
to dissociation of molecularly desorbediso-DCE in the ionizer
of the QMS. Similarly, the TDS profile of the parent mass for
MCE, mass 62 (C2H2

35Cl2+), also exhibits a desorption peak

Figure 2. Schematic diagrams of plausible adsorption structures and thermal evolution products for (a)iso-dichloroethylene and (b)
monochloroethylene exposed to Si(111)7×7 at room temperature.
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near 350 K (Figure 4c). To ensure that the desorbed species
indeed come from the Si sample instead of the sample holder,
we positioned the front face of the sample as close as possible
(within 1 mm) to the entrance of the differentially pumped
housing of the QMS for the TDS experiments. Such an
arrangement has been found to be effective in lowering the
background and in preventing desorbed species in the surround-
ings from entering the ionizer region. Moreover, we conducted
the TDS experiments foriso-DCE on a Ni(110) surface using
the same sample holder setup, and we did not observe the same
desorption products, which affirms that the desorbed species
indeed come from the Si sample and not the sample holder.
The relatively low temperature of the desorption maximum for
the parent mass ofiso-DCE suggests that the molecularly

desorbed species originate from the as-deposited (intact)
molecules and not from recombinative desorption of adsorbed
dissociated fragments, which would require a higher desorption
temperature. However, unlike MCE (Structure IV, Figure 2b),
the bonding structure of the molecularly adsorbediso-DCE is
unclear. One bonding possibility may involve weak dative
covalent bonding between the Cl atoms and the substrate Si
atoms as a result of the inductive effect of the Cl atoms.

For iso-DCE (and MCE), the respective TDS profiles of
masses 98 and 63 (mass 62) also exhibit a broad feature located
at 800-950 K, which could be attributed to desorption of SiCl2

+

and SiCl+, respectively (Figures 3 and 4). An earlier chemi-
sorption study of SiCl4 and SiH2Cl2 on Si(100) and Si(111)
surfaces has suggested that these higher-temperature TDS
features may correspond to disproportionation of two monochlo-
ride species.30 The nearly identical profile shapes of these higher-
temperature features of masses 98 and 63 (with an intensity
ratio of 1.8 for mass 63 to mass 98) foriso-DCE also indicate
that they originate from the same desorption product. Because
SiCl2+ (mass 98) and SiCl+ (mass 63) are found to be in
comparable amounts from electron impact studies of gaseous
SiCl2,31,32 the parent desorption species is likely SiCl2. In our
TDS experiments foriso-DCE and MCE, we have also
monitored but found no mass 133, corresponding to SiCl3

+ of
the heavier etching product SiCl4, confirming SiCl2 as the main
etching product. Furthermore, two broad additional desorption
features of mass 36 (HCl+, Figure 3d) and mass 35 (Cl+, Figure
3c) at 700-900 K are also observed foriso-DCE, which
indicates recombinative desorption of HCl upon thermal evolu-
tion. In contrast, no disernible TDS features of mass 36 (HCl+)
and mass 35 (Cl+) are detected for MCE, which confirms our
EELS observation that the relative Cl surface concentration for
MCE (Figure 1b) is considerably less than that ofiso-DCE
(Figure 1a) as indicated by the relative intensities of the
respective SisCl stretch features at 510 cm-1. For both iso-
DCE (Figure 3a) and MCE (Figure 4a), an intense broad feature
of mass 2 (H2+) is also observed at 650-850 K (with the
desorption maximum at 780 K), in good accord with the
recombinative H2 desorption from Si monohydrides (with the
desorption maximum commonly observed at 770-810 K).33,34

Given the lower Cl concentration found for MCE adsorption,
the faster kinetics of recombinative desorption for H2 than
HCl30,31,32may explain the absence of any discernible features
of mass 36 (HCl+) and mass 35 (Cl+) for MCE. In addition,
both iso-DCE and MCE also exhibit a broad TDS feature of
mass 26 (C2H2

+) at 550-820 K (with the desorption maximum
near 710 K, Figures 3b and 4b), in good accord with acetylene
desorption from di-σ-bonded vinylene (HC˙ dĊH) on a Si surface
that is generally observed with a desorption maximum at 750
K.35 It should be noted that we also monitored but found no
desorption feature for mass 27, which belongs to the cracking
pattern of and could therefore be used as a signature for ethylene
(the parent mass of ethylene, mass 28, was not monitored due
to the high background). The evolution of the mass-26 TDS
feature therefore indicates the plausible formation of di-σ-
bonded vinylene upon annealing of adsorbediso-DCE and MCE
on Si(111)7×7 (Figure 2).

To further investigate the nature of the surface products during
thermal evolution, we record EELS spectra for a 100-L exposure
of DCE (shown in Figure 5) and a 200-L exposure of MCE
(shown in Figure 6) to the 7×7 surface upon annealing the
respective samples to different temperatures. In particular, upon
annealing theiso-DCE/Si(111)7×7 sample to 450 K, we observe
discernible increase in the intensity of the SisCl stretch at 510

Figure 3. Thermal desorption profiles of (a) mass 2 (H2
+), (b) mass

26 (C2H2
+), (c) mass 35 (Cl+), (d) mass 36 (HCl+), (e) mass 63

(C2H2
37Cl + or Si35Cl+), (f) mass 96 (C2H2

35Cl2+), and (g) mass 98
(C2H2

35Cl37Cl + or Si35Cl2+) for 100 L of iso-dichloroethylene exposed
to Si(100)7×7 at room temperature.

Figure 4. Thermal desorption profiles of (a) mass 2 (H2
+), (b) mass

26 (C2H2
+), (c) mass 62 (C2H3

35Cl+), (d) mass 63 (Si35Cl+), and
(e) mass 98 (Si35Cl2+) for 1000 L of monochloroethylene exposed to
Si(100)7×7 at room temperature.
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cm-1, along with minor weakening of the CH2 scissoring feature
at 1360 cm-1 and of the prominent CsH stretch feature at 2980
cm-1 (Figure 5b). Further enhancement in the SisCl stretch at
510 cm-1 and continual reduction in the CH2 scissoring mode
at 1360 cm-1 are found upon further annealing the sample to
580 K, while the CsH stretch feature at 2980 cm-1 appears to
undergo a red shift to 2900 cm-1 (Figure 5c). These intensity
changes are consistent with thermal dechlorination of the
1-chlorovinyl adspecies (ClC˙ dĊH2, Structure I, Figure 2a) to
vinylidene (: CdCH2, Structure II, Figure 2a) and/or vinylene
(HĊdĊH, Structure III, Figure 2a). Furthermore, the nearly
complete reductions of the weak CH2 rocking mode at 1050
cm-1 and of the CdC stretch at 1510 cm-1 follow that of the
CH2 scissoring mode at 1360 cm-1, which are consistent with
the conversion of the adstructures to vinylene above 450 K
(Figure 2a). It should be noted that in addition to the change in

the C hybridization from sp2 to sp3, the red shift in the CsH
stretch feature could also be caused by a change in the
immediate chemical environment (i.e., the attached ligands or
groups) of the host C atom. In particular, the CsH bond in the
(dC<Si

H) group as in vinylene (Structure III, Figure 2a) is
slightly weaker than that in the (dC<H

H) group as in 1-chlo-
rovinyl adspecies (Structure I, Figure 2a) due to the lower
electronegativity of Si (1.8 in the Pauling scale) relative to H
(2.1) and C (2.5).36 The observed red shift in the C-H stretch
at 2980 cm-1 (Figure 5b) to 2900 cm-1 (Figure 5c) upon
annealing the sample to 580 K is therefore consistent with our
proposed thermal evolution pathway shown in Figure 2a.

From 580 K (Figure 5c) to 720 K (Figure 5e), the intensity
of the red-shifted C-H stretch feature at 2900 cm-1 remains
relatively stable but undergoes considerable reduction leading
to total extinction upon further annealing to 840 K (Figure 5g).
A new feature at 820 cm-1 attributable to Si-C stretch emerges
above 840 K (Figure 5g), and it becomes a prominent well-
defined peak upon further annealing to 950 K (Figure 5i). These
spectral changes in the higher temperature regime are in good
accord with the breakdown of the hydrocarbon fragment
adspecies and the formation of SiC above 840 K. In addition,
two new features at 880 and 2080 cm-1 attributable primarily
to SiH2 scissoring mode and Si-H stretch, respectively,21 are
found to emerge at an annealing temperature of 580 K (Figure
5c), which marks the onset of dehydrogenation of the adspecies
and the formation of hydrocarbon fragments, likely in the form
of CCH radicals with the characteristic CH bending modes at
850-900 cm-1 16 (Figure 5a). The formation of the dihydrides
is consistent with the majority of the active sites (i.e., with
unoccupied dangling bonds) having already been occupied by
dissociated Cl atoms and hydrocarbon fragments at this tem-
perature. The intensities of the features at 880 and 2080 cm-1

appear to reach a maximum near 720 K (Figure 5e) and
completely disappear above 770 K (Figure 5f), in good accord
with the TDS profile of recombinative H2 desorption at 650-
850 K (Figure 3a). Upon reaching maximum intensity at an
annealing temperature of 580 K, the Si-Cl stretch at 510 cm-1

is found to gradually weaken upon further annealing to 950 K
(Figure 5i), which is in accord with the reduction in the relative
Cl surface concentration due to the desorption of SiCl2 at 800-
950 K and HCl at 700-900 K (Figure 3).

Similar observations for the thermal evolution of the SisCl
stretch at 510 cm-1, the CH2 scissoring feature at 1360 cm-1,
and the prominent CsH stretch feature at 2900 cm-1 can be
made for a 200 L exposure of MCE (Figure 6) as those for
iso-DCE on Si(111)7×7 at RT (Figure 5). In particular, a minor
increase in the intensity of the SisCl stretch at 510 cm-1, and
minor decreases in those of the CH2 scissoring feature at 1360
cm-1 and the prominent CsH stretch feature at 2900 cm-1 are
observed, upon annealing the MCE sample to 580 K (Figure
6c). These intensity changes are again in good accord with the
proposed continued breakage of the CsCl bonds and the transfer
of the Cl atoms onto the surface above 450 K (Figure 2b). The
intensity reductions in the CH2 scissoring feature at 1360 cm-1

and the CsH stretch feature at 2900 cm-1 observed in this
annealing temperature range appear to coordinate with a
concomitant increase in the intensity of the Si-H stretch at 2080
cm-1. Such a correlation strongly suggests that H abstraction
of the predominant di-σ-bonded chlorovinylene adspecies
(HClĊdĊH2, Structure IV, Figure 2b) by the substrate Si atoms
upon annealing the sample to 580 K. It is of interest to note
that, unlike the CsH stretch feature for theiso-DCE adstructure
that is found to undergo a red shift from 2980 to 2900 cm-1

Figure 5. Vibrational EELS for 100 L ofiso-dichloroethylene exposed
to (a) Si(111)7×7 at room temperature and upon annealing to (b) 450
K, (c) 580 K, (d) 670 K, (e) 720 K, (f) 770 K, (g) 840 K, (h) 890 K,
and (i) 950 K.

Figure 6. Vibrational EELS for 200 L of monochloroethylene exposed
to (a) Si(111)7×7 at room temperature and upon annealing to (b) 450
K, (c) 580 K, (d) 700 K, (e) 820 K, and (f) 950 K.
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upon annealing to 580 K (Figure 5c), the corresponding CsH
stretch in the proposed vinylene product (HC˙ dĊH, Structure
VI, Figure 2b) is expected to be similar to that in chloroethane-
1,2-diyl adspecies. The absence of the red shift in the CsH
stretch feature at 2900 cm-1 is therefore consistent with the
proposed thermal evolution pathway (Figure 2b). Upon further
annealing of the sample to 820 K (Figure 6e), the CsH stretch
feature at 2900 cm-1 is found to be completely diminished,
which indicates total thermal breakdown of the vinylene
adspecies into SiC and/or hydrocarbon fragments. The SisCl
stretch feature at 510 cm-1 is found to gradually diminish over
the annealing temperature of 700-820 K (parts d and e of Figure
6), which is in good accord with the desorption of the etching
products SiCl2 over 800-950 K found for the masses 63 and
98 TDS profiles (Figure 4). Furthermore, a similar reduction in
the intensity of the SisH stretch at 2080 cm-1 is also observed
at 700-820 K, which is in good accord with the desorption of
H2 at 700-850 K (Figure 4d). Moreover, although the intensity
of the weak band at 600-1300 cm-1 appears to be relatively
stable upon annealing to 580 K, the nature and composition of
this band (which has been previously attributed to a mixture of
CsC stretch, CH2 bending modes, and SisC stretch as well as
the CsCl stretch) may undergo complex changes. This band
emerges into a well-defined SisC stretch feature at 820 cm-1

upon further annealing to 950 K (Figure 6f), which can be
attributed to the decomposition of the adspecies to SiC adspecies
(and/or other hydrocarbon fragments) at these higher temper-
atures.

3.3. Thermal Evolution and Feasibility of Vinylidene and
Vinylene on Si(111)7×7.The thermal evolution of the adspecies
as illustrated by the respective temperature-dependent EELS
spectra are therefore found to be very similar for bothiso-DCE
(Figure 5) and MCE (Figure 6). One notable difference is the
onset of the SisH stretch (at 2080 cm-1) at 450 K for MCE, in
contrast to the higher-temperature onset (580 K) foriso-DCE,
which suggests that the CsH bonds are generally stronger than
CsCl bonds in the adspecies ofiso-DCE in this temperature
range. Above 580 K, both dechlorination and dehydrogenation
are found to occur for the adspecies of both MCE andiso-DCE.
Furthermore, the removal channels of Cl as SiCl2 and of H as
H2 from the surface are also found to be similar for both
adsorbates (although our EELS data cannot be used to implicate
the HCl recombinative desorption channel). To better identify
the plausible decomposition products, we compare our results
with the previous studies of the decomposition of acetylene and
ethylene on Si(100) and Si(111) surfaces.37,38 In particular,
acetylene has been hypothesized to adsorb on the Si surfaces
as a di-σ-bonded vinylene adspecies (similar to, e.g., Structure
III, Figure 2a), which could dehydrogenate to form hydrocarbon
complexes with one and/or two C atoms and eventually SiC.38

The corresponding EELS spectrum reported by the same group39

does not reveal any CdC stretching feature at 1510 cm-1. The
lack of any discernible intensity for the latter feature found by
Yoshinobu et al. is consistent with the near-surface-parallel
orientation of the CdC bond of the vinylene adspecies. In the
present case ofiso-DCE adsorption on Si(111)7×7, we propose
the thermal evolution of the 1-chlorovinyl adspecies (Structure
I, Figure 2a) and a novel vinylidene adspecies (: CdCH2,
Structure II, Figure 2a) to vinylene (HC˙ dĊH, Structure III,
Figure 2a) above 450 K. The persistent presence of notable
intensity of the CdC stretch feature at 1510 cm-1, together with
the continued enhancement of the SisCl stretch at 510 cm-1,
with increasing annealing temperature up to 580 K (Figure 5c)
therefore not only supports the proposed thermal dechlorination

pathway of 1-chlorovinyl adspecies to vinylidene but also
illustrates the remarkable thermal stability of the vinylidene
adspecies. At 580 K, the increase in the intensity of the SisH
stretching mode near 2080 cm-1 suggests that partial decom-
position of the vinylidene adspecies likely to hydrocarbon
fragments may occur. It is also of interest to note that the
evolution ofiso-DCE to vinylene adspecies appears to continue
at a higher temperature (580 K) than the evolution of trichlo-
roethylene to chlorovinylene adspecies (400 K) as observed in
our recent work,40 which is in accord with the presence of an
additional reaction step involved in the H rearrangement in the
former case. Furthermore, the considerably smaller intensity of
the SisH stretch feature at 2080 cm-1 relative to the CsH
stretch at 2900 cm-1 for iso-DCE (Figure 5) than that for MCE
(Figure 6) during the thermal evolution suggests that H
abstraction from the hydrocarbon fragments is likely inhibited
by the presence of a larger amount of dissociated Cl atoms
occupying the active surface sites in the case ofiso-DCE. As
the iso-DCE sample is annealed above 580 K, both vinylidene
and vinylene may evolve into different hydrocarbon fragments,
including a “tetra-σ-bonded” ethylylidyne-like (: C˙ sĊH2) ad-
species similar to the intermediate proposed for ethylene
adsorption on Pt(110)41 and Pt(311)42 and/or a “tri-σ-bonded”
acetylide (: CdĊH) adspecies. In the case of MCE, there is no
direct evidence for thermal evolution to vinylene (Structure VI,
Figure 2b) above 450 K due to the absence of any CdC stretch
feature at 1510 cm-1 as a result of the near-surface-parallel
orientation of the CdC bond. However, the TDS feature of mass
26 at 700 K (Figure 4b) indicates the formation of acetylene,
which suggests the formation of vinylene type adspecies (i.e.,
with a CdC double bond). The formation of vinylene from the
di-σ-bonded chloroethane-1,2-diyl (Structure IV, Figure 2b)
above 450 K for MCE is in marked contrast to the thermal
evolution of ethylene, for which the di-σ-bonded ethane-1,2-
diyl adspecies is found to break down into CH2 and CH
fragments predominantly and eventually to SiC.37 This differ-
ence could be attributed to the presence of the Cl atom in the
chloroethane-1,2-diyl adspecies, which favors a 1,2-elimination
(dehydrohalogenation) reaction pathway. The observed spectral
changes are consistent with our proposed thermal evolution
models for the two molecules (Figure 2).

To further investigate the feasibility of the formation of
vinylidene and vinylene on the 7×7 surface, we performed ab
initio density functional calculations for selected adsorption
structures ofiso-DCE, MCE, and ethylene on the surface of a
Si9H12 cluster used for simulating part of the Si(111)7×7
surface.43 The hybrid functionals consisting of Becke’s three-
parameter nonlocal exchange functional and the correlation
functional of Lee-Yang-Parr (B3LYP)44 along with the
6-31G(d) basis set were employed in all our calculations using
the Gaussian 03 program.45 The Si9H12 cluster was constructed
to provide a small section of the 7×7 surface that contains a
corner adatom and a neighboring rest atom, using the geo-
metrical parameters for the Si atoms deduced from the LEED
data of Tong et al.46 In the DAS model of the 7×7 surface,8

the separation between an adatom and a restatom and that
between an adatom and a pedestal atom are 4.6 and 2.4 Å,
respectively.46 Following the approaches used by Petsalakis et
al.47 and Wang et al.,43 we first optimize the positions of the H
atoms used to cap the cluster at the boundaries with the nine Si
atoms frozen at the Cartesian coordinates reported by Tong et
al.46 The optimized positions of the H atoms are then frozen to
provide an effective cage to maintain the structure of the model
surface for the subsequent calculations, for which only the
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positions of the nine Si atoms and the atoms in the adsorbate
are allowed to be optimized. It is important to note that the
present calculation is only intended to illustrate some of the
plausible structures in the proposed thermal evolution pathways
shown in Figure 2. More extensive calculations that cover many
other combinations of different bonding sites on the 7×7 surface
are beyond the scope of the present study and should be

considered in future computational work. Improved calculations
involving a larger basis set, however, are not expected to
significantly change the general observations inferred from the
present calculation.

Figure 7 shows some of the plausible adstructures involving
di-σ-bonded [2+ 2] cycloaddition species (top two rows),
mono-σ-bonded dissociated products (middle two rows), and

Figure 7. Schematic diagrams of the adsorption geometries, with the corresponding adsorption energies∆H obtained by a density functional
calculation involving B3LYP/6-31-G(d) for (A)iso-dichloroethylene, (B) monochloroethylene, (C) acetylene, and (D) ethylene on a model surface
of Si9H12.
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double-dissociation products involving di-σ bonding into the
back bond (bottom two rows). Except for the double-dissociation
products, different conformer structures involving the different
arrangements of the adspecies on the adatom and rest atom for
the former adstructures are also indicated. The corresponding
enthalpy changes with zero-point energy corrections,∆H, for
the adsorption/dissociation process are included in the Figure.
Evidently, the∆H values obtained for the vinylidene adspecies
di-σ bonded to the adatom and the pedestal atom are the most
negative ones foriso-DCE, MCE, and ethylene (A6, B6, D5,
Figure 7), which suggests that vinylidene is physically viable
through the breakage of the back-bond between the adatom and
the pedestal atom and the particular arrangement appears to give
the most thermodynamically stable adstructure. The∆H values
for the respective vinylene adspecies involving similar insertion
into the back bond are slightly less negative (A5, B5, D4, Figure
7) than those for the corresponding vinylidene adspecies,
indicating that the insertion of vinylene between the adatom
and pedestal atom is nearly as thermodynamically stable as that
for vinylidene. It is of interest to note that the∆H values
obtained for vinylene di-σ bonded to the adatom and restatom
(averaged over the conformer configurations) are found to be
more negative than those involving insertion into the back bond
by 24.1 kJ mol-1 for iso-DCE (-509.6 kJ mol-1), 31.7 kJ mol-1

for MCE (-365.0 kJ mol-1), and 28.8 kJ mol-1 for ethylene
(-243.3 kJ mol-1) (not shown), which therefore suggests that
the adsorption of vinylene, unlike vinylidene, favors this
arrangement and not the scission of the back bond. Indeed, the
vinylene in this adsorption configuration (not shown) is almost
as stable as that for vinylidene foriso-DCE (-510.2 kJ mol-1)
but more stable than vinylidene for MCE (-356.0 kJ mol-1)
and ethylene (-237.7 kJ mol-1) (Figure 7). This difference is
likely due to the compatibility of the physical separations among
different surface sites and the dimensions of the adspecies. By
use of a typical Si-C bond length of 1.9 Å48 and a bond angle
between CdC and Si-C of 121°, the required separation for
the two Si atoms is estimated to be 3.3 Å, which is more
compatible with the larger Si-Si separation between the adatom
and the rest atom (4.6 Å) instead of the smaller separation
between the adatom and the pedestal atom (2.4 Å) that would
require breakage of the back bond.11,49 Furthermore, the two
conformations of the mono-σ-bonded chlorovinyl adspecies for
iso-DCE (A3, A4, Figure 7) and vinyl adspecies for MCE and
ethylene (B3, B4, D2, D3, Figure 7) and their corresponding
dissociated atoms are found to exhibit∆H values that are
generally less negative than those of their respective vinylidene
and vinylene adstructures. They are however more negative than
those for their [2+ 2] cycloaddition adstructures (A1, A2, B1,
B2, D1, Figure 7). The magnitudes of the energy differences
among different∆H values obtained for the di-σ-bonded
molecular adstructures, mono-σ-bonded dissociated chlorovinyl
and vinyl adstructures, and the double-dissociation adstructures
involving di-σ bonding into the back-bond (vinylidene and
vinylene) are evidently related to the energy balances involved
in the breakage of the C-Cl (with a typical bond energy∆HB

of 339 kJ mol-1) and C-H bonds (∆HB ) 414 kJ mol-1) and
the formation of the Si-Cl (∆HB ) 377 kJ mol-1), Si-C
(∆HB ) 347 kJ mol-1), and Si-H bonds (∆HB ) 314 kJ
mol-1).1,50,51The changes in the∆H values are consistent with
our proposal that the adspecies resulting from dechlorination
are more thermodynamically favorable than the molecularly
adsorbed adstructures, particularly foriso-DCE. However,
although the calculated∆H values for all the adstructures shown
in Figure 7 are negative, the present calculations have not

considered kinetics effect. The present results should therefore
only be used to indicate their thermodynamic feasibility. For
example, despite its least negative∆H value, the [2+ 2]
cycloaddition product is generally accepted to be the preferred
adstructure for ethylene on Si(111)7×7 (D1, Figure 7).28 For
comparison, we also show the [2+ 2] cycloaddition adstructure
for acetylene (C, Figure 7). In the case of the adsorption of
ethylene (and MCE) on the 7×7 surface, kinetic effects therefore
play a predominant role. Foriso-DCE, our EELS and TDS data
are more consistent with the proposed dissociation surface
products, which suggests that the presence of their respective
adstructures is more critically controlled by their thermodynamic
stabilities. It should be noted that the present calculations also
have not taken into consideration of adsorption on defect sites,
which could be plausible given the weak intensities of some of
the spectral features. More elaborate calculations will be needed
to further clarify the details of these local adsorption geometries.

4. Summary

In the present work, we investigate the RT adsorption of
chlorinated derivatives of ethylene and their thermally driven
surface chemistries on Si(111)7×7 by comparing the EELS and
TDS data of ethylene, MCE, andiso-DCE. In particular, MCE,
like ethylene, is found to adsorb on the 7×7 surface predomi-
nantly intact as di-σ-bonded chloroethane-1,2-diyl adspecies
(Structure IV, Figure 2b). The formation of vinyl adspecies
(Structure V, Figure 2b) through dissociative dechlorination is
also observed as a minor adsorption channel. In contrast, the
primary RT adsorption channel foriso-DCE on Si(111)7×7 is
dissociative single- and double-dechlorination to chlorovinyl
(Structure I, Figure 2a) and vinylidene adspecies (Structure II,
Figure 2a), respectively. The presence of a weak molecular
desorption feature at 350 K for bothiso-DCE and MCE suggests
that molecular adsorption involving dative Cl bonding (likely
as a precursor state to other adstructures) also plays a minor
role. The presence of two Cl atoms iniso-DCE instead of just
one Cl in MCE therefore has a dramatic effect on the adsorption
on the 7×7 surface at RT. Indeed, like the cis and trans isomers
of DCE5 and the heavier homologues including trichloroethylene
and tetrachloroethylene,40 dissociative adsorption via dechlori-
nation appears to be the preferred channel foriso-DCE instead
of the [2+ 2] cycloaddition pathways found in the case of MCE
and ethylene. The formation of the novel vinylidene adspecies
for iso-DCE has been supported by the persistence of the CdC
stretch feature at 1510 cm-1 with increasing annealing temper-
ature up to 580 K, together with the thermal evolution behavior
of other EELS features. Our DFT calculation of model adstruc-
tures also demonstrates vinylidene as the more thermodynami-
cally stable adspecies than vinylene and chlorovinyl adspecies
for iso-DCE.

There are however greater similarities found in the subsequent
thermal evolution of the adstructures for both MCE andiso-
DCE. In particular, the formation of vinylene (Structure III and
VI, Figure 2) by further dechlorination above 450 K and of the
hydrocarbon fragments including an ethylylidyne-like (: C˙ sĊH2)
adspecies and/or an acetylide (: CdĊH) adspecies above 580
K are found to be plausible thermal decomposition pathways
common to both adsorbates. Recombinative desorption of H2

near 780 K and the formation of the etching product SiCl2 at
800-950 K are also observed for both MCE andiso-DCE. For
iso-DCE, additional recombinative desorption of HCl at 700-
900 K is also found, likely due to the ready availability of
dissociated Cl atoms. Furthermore, the desorption of acetylene
near 700 K is observed for both MCE andiso-DCE, which
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supports our hypothesis that the di-σ-bonded vinylene is a
feasible intermediate adspecies. Further annealing the sample
to above 950 K eventually converts all the remaining adspecies
to SiC. The differences in the molecular structures of chlorinated
ethylenes with different degrees of chlorination therefore
produce dramatic effects on the formation of various novel
adstructures on Si(111)7×7 at RT, many of which are found to
follow similar thermal evolution pathways.
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