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Abstract

The room-temperature adsorption and thermal evolution of iso-, cis- and trans-dichloroethylene (DCE) on Si(111)7 · 7 have been
studied by vibrational electron energy loss spectroscopy and thermal desorption spectrometry (TDS). The presence of the Si–Cl stretch
at 510 cm�1 suggests that, upon adsorption, all three isomers dissociate via C–Cl bond breakage on the 7 · 7 surface to form mono-r
bonded chlorovinyl ðH _C@CHCl or Cl _C@CH2Þ, which could, in the case of iso-DCE, further dechlorinate to vinylidene (:C@CH2) upon
insertion into the back-bond. The higher saturation exposure for the Si–Cl stretch at 510 cm�1 observed for cis- and trans-DCE than iso-
DCE suggests that Cl dissociation via the@CHCl group in the cis and trans isomers is less readily than the@CCl2 group in iso-DCE. Our
TDS data show remarkable similarities in both molecular desorption near 360 K and thermal evolution of the respective adstructures for
all three isomers on Si(111)7 · 7. In particular, upon annealing to 450 K, the mono-r bonded chlorovinyl adspecies is found to further
dechlorinate to either vinylene ðH _C@ _CHÞ di-r bonded to the Si surface or acetylene to be released from the surface. Above 580 K, vinyl-
ene could also become gaseous acetylene or undergo H abstraction to produce hydrocarbon or SiC fragments. All three DCE isomers
also exhibit TDS features attributable to an etching product SiCl2 at 800–950 K and recombinative desorption products HCl at 700–
900 K and H2 at 650–820 K. The stronger Cl-derived TDS signals and Si–Cl stretch at 510 cm�1 over 450–820 K for trans-DCE than
those for cis-DCE indicate stronger dechlorination for trans-DCE than cis-DCE, which could be due to less steric hindrance resulting
from the formation of the chlorovinyl adspecies for trans-DCE during the initial adsorption/dechlorination process. Finally, our density
functional calculations qualitatively support the thermodynamic feasibility and relative stabilities of the proposed adstructures involving
chlorovinyl, vinylidene, and vinylene adspecies.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The interactions of chlorinated hydrocarbons and their
derivatives with silicon surfaces are of practical interest
to the semiconductor industry due to their important role
as common industrial chemicals for microelectronic device
fabrication and processing [1–3]. For example, trans-
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dichloroethylene (trans-DCE) and trichloroethylene
(TCE) have been used as a Cl source to reduce metal con-
tamination during Si oxidation [4,5]. Chlorinated hydro-
carbons also attract a lot of attention as potential
precursors in photochemical etching of semiconductor sur-
faces [6–9]. The combination of the simplest unsaturated
hydrocarbons (ethylene) with chlorine provides an impor-
tant family of chloroethylenes with a wide range of struc-
tural possibilities and chemical properties that are of
fundamental interest to organosilicon chemistry. Despite
a considerable amount of work on catalytic degradation
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of chlorinated ethylenes on metal surfaces [10–16], the
interactions of these compounds with silicon remain largely
unexplored. The studies on metal surfaces focus primarily
on multilayer (physi-)adsorption near liquid-nitrogen tem-
perature and chemisorption behaviour upon annealing to-
ward room temperature (RT). In particular, using
vibrational electron energy loss spectroscopy (EELS) and
thermal desorption spectrometry (TDS), Grassian and
Pimental showed that cis- and trans-DCE form di-r bonds
with Pt(111) in staggered, alkane-like geometries upon
monolayer and submonolayer adsorption at 110 K, and
undergo dechlorination above 200 K producing a vinylene
or ethene-1,2-diyl ðH _C@ _CHÞ adspecies1 [11]. Later, Cass-
uto et al. concluded from their XPS study that on
Pt(111) and Pt(110) DCE (cis, trans and iso isomers),
TCE and perchloroethylene (PCE) are weakly bonded at
95 K (with the molecular plane parallel to the surface)
and they could be desorbed molecularly above 120–130 K
[16]. Furthermore, Yang et al. studied the chemical bond-
ing and reactions of a series of chloroethylenes [including
monochloroethylene (MCE), cis- and trans-DCE, and
TCE] on Cu(100) using TDS and near-edge X-ray absorp-
tion fine structure technique [12], and they suggested that
molecular adsorption of these chloroethylenes at 95 K
could involve p-bonding interaction with the Cu surface.
With the exception of MCE that was found to desorb
molecularly upon annealing, enhanced dechlorination with
increasing Cl content in the adsorbate was observed for the
heavier chloroethylenes, and the resulting dissociated
hydrocarbon product (acetylene) could lead to benzene
evolution in the case of cis- and trans-DCE, and TCE
[12]. On Cu(110), however, Jugnet et al. proposed, on
the basis of their EELS data, a di-r bonded adstructure
for trans-DCE chemisorbed at 135 K, which could evolve
into acetylene-like adspecies by C–Cl bond cleavage upon
annealing to �200 K and to benzene at a higher tempera-
ture [13]. The formation of benzene could also be observed
by direct adsorption of trans-DCE at RT [13].

Unlike metal surfaces, low-Miller-index surfaces of sili-
con offer unique covalent bonding possibilities for surface
reconstruction and chemistry involving the directional sur-
face dangling bonds. The interactions of simple unsatu-
rated (p-bonded) hydrocarbons such as ethylene and
acetylene on Si(111)7 · 7 and Si(100)2 · 1 with one and
two directional dangling bonds per surface Si atom, respec-
tively, have been studied extensively [17–21]. Given that the
physical structures of chloroethylenes could be closely
matched to the separations among different dangling-bond
sites on the 7 · 7 or 2 · 1 reconstructed surfaces, the chlo-
roethylenes series provides an ideal platform for studying
various fundamental chemical effects, including the differ-
ences in the chemisorption and thermal evolution behav-
iours produced by different geometrical isomers of DCE
or by the heavier homologs with increasing Cl content.
1 We use ‘‘Æ’’ or ‘‘-’’ to denote an unpaired electron available for bonding
with a substrate atom.
Furthermore, chloroethylenes consist only of three basic
bonding components (C@C, C–H, and C–Cl), the vibra-
tional spectra of which have been well characterized in
the gas or liquid phase, making a comparative study of
their corresponding surface vibrational spectra manage-
able. Of special interests are the possible surface chemical
processes involving these basic bonding components upon
chemisorption, which include p-bond saturation, dehalo-
genation, surface etching and polymerization.

Recently, our group has initiated a series of systematic
studies of the surface chemical processes of chloroethylenes
on Si(111) and Si(100) surfaces by using TDS, vibrational
EELS [22], and X-ray photoelectron spectroscopy (XPS)
[23]. The effects of increasing chlorine content in the chlo-
roethylene homologs on their surface chemistry on
Si(111)7 · 7 have been demonstrated in our recent studies
on ethylene, MCE, and iso-DCE [24] and on PCE and TCE
[25], which focus on the identification of novel adstructures
and their thermal evolution. We now present a compara-
tive study on the RT adsorption properties of the three
geometrical isomers of DCE (cis and trans 1,2-DCE, and
iso or 1,1-DCE) on Si(111)7 · 7 and compare the thermal
evolution behaviour of the resulting adspecies by using
vibrational EELS and TDS.

2. Experimental details

The experimental setup and procedure used in the pres-
ent work have been described in detail elsewhere [26].
Briefly, the experiments were conducted in a home-built
ultrahigh vacuum system with a base pressure better than
5 · 10�11 Torr. All of the EELS measurements were made
with the sample held at RT under specular reflection scat-
tering condition of 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 5 eV impact energy. It should
be noted that the calibration and tuning of the EELS spec-
trometer 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 dif-
ferentially pumped quadrupole mass spectrometer (QMS)
to monitor the ion fragments, along with a home-built pro-
grammable 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 temperature have also been removed in order
to more clearly identify the desorption features. The abso-
lute accuracy for the temperatures of desorption features
was found to be ±10 K. The Si(111) sample (p-type bor-
on-doped, 50 X cm, 8 · 6 mm2, 0.5 mm thick) with a stated
purity of 99.999% was purchased from Virginia Semicon-
ductor 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
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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 LEED pattern was observed.
The cleanliness of the 7 · 7 surface was further verified
in situ by the lack of any detectable vibrational EELS fea-
ture attributable to unwanted contaminants, particularly
the Si–C stretching mode at 800–850 cm�1. The liquid sam-
ples iso-DCE (99% purity), cis-DCE (98% purity), and
trans-DCE (98% purity) were purchased from Sigma-Al-
drich and used (without further purification) after appro-
priate degassing by repeated freeze–pump–thaw cycles.
All the exposures were conducted at a typical pressure of
1 · 10�6 Torr as monitored by an uncalibrated ionization
gauge by using a variable leak valve.

3. Results and discussion

3.1. Room-temperature adsorption of cis- and trans-DCE

on Si(111)7 · 7

Fig. 1 compares the vibrational EELS spectra for satu-
ration exposures of TCE, iso-DCE, cis-DCE and trans-
DCE on Si(111)7 · 7 at RT. To facilitate the spectral
assignments, the surface vibrational EELS data obtained
in the present work are compared with the corresponding
infrared and Raman spectroscopic data of chloroethylenes
obtained in the gas or liquid phase [27]. Evidently, all four
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Fig. 1. Vibrational electron energy loss spectra for (a) 100 L of trichlo-
roethylene, (b) 100 L of iso-dichloroethylene, (c) 1000 L of cis-dichloro-
ethylene, and (d) 1000 L of trans-dichloroethylene exposed to Si(111)7 · 7
at room temperature.
chloroethylenes exhibit a prominent feature at 2980 cm�1

characteristic of the C–H stretching mode [27], a well-
defined feature at 510 cm�1 attributable to the Si–Cl
stretching mode [28,29], and weak and broad bands in
the 600–1800 cm�1 region. In contrast to the C–H stretch-
ing mode found at 2900 cm�1 for ethylene, which is be-
lieved to be di-r bonded to the 7 · 7 surface (with Csp3

hybridization) as an ethane-1,2-diyl adspecies [24], the C–
H stretching mode found at the higher frequency
(2980 cm�1) indicates Csp2 hybridization, suggesting that
[2 + 2] cycloaddition does not play a major role. Further-
more, the presence of the Si–Cl feature at 510 cm�1 indi-
cates dechlorination and the corresponding peak intensity
can be used to indicate the relative Cl surface moiety.
The dissociation of Cl from all four chloroethylenes is also
supported by the evolution of the sharp 7 · 7 LEED pat-
tern of the clean Si(111) surface to a diffuse 7 · 7 and even-
tually 1 · 1 pattern upon a saturation exposure. On the
other hand, the lack of a Si–H stretching mode commonly
found near 2100 cm�1 [30] suggests that hydrogen abstrac-
tion of chloroethylenes does not play a prominent role on
Si(111)7 · 7. The mid-frequency regions for TCE
(Fig. 1a) and iso-DCE (Fig. 1b) have been previously as-
signed in our recent work [24,25]. Briefly, the well-defined
features observed at 1510 cm�1, 1150 cm�1, and 820 cm�1

for TCE (Fig. 1a) can be attributed to C@C stretching,
CH in-plane bending, and C–Cl stretching modes, respec-
tively. Similarly, the weak features at 1510 cm�1,
1360 cm�1 and 1050 cm�1 found for iso-DCE (Fig. 1b)
can be assigned to C@C stretching, CH2 scissoring, and
CH2 rocking modes, respectively. In the case of cis-DCE
and trans-DCE, the weak broad band at 1000–1700 cm�1

and the weak shoulder near 750 cm�1 can be attributed
to CH in-plane and out-of-plane bending modes and to
C–Cl stretching mode, respectively [27].

The generally similar EELS spectra for all four chloro-
ethylenes (Fig. 1) suggest similarities in their adsorption
structures at RT. In particular, the vibrational spectra for
cis-DCE (Fig. 1c) and trans-DCE (Fig. 1d) on the 7 · 7 sur-
face are nearly identical to each other, while minor differ-
ences are found in the mid-frequency regions among
these two isomers and iso-DCE and TCE. In order to illus-
trate the similarities in the RT adsorption and thermal evo-
lution behaviours of these chloroethylene molecules on the
7 · 7 surface, we show in Fig. 2 schematic diagrams of
plausible adstructures at different temperatures for the
three isomers of DCE. A similar schematic diagram for
TCE has been given in our recent work [25]. The C–H
stretching mode at a relatively high frequency
(2980 cm�1, corresponding to Csp2 hybridization) along
with the presence of the weak C@C stretch at 1510 cm�1

strongly suggest a mono-r bonded 1-chlorovinyl adspecies
ðCl _C@CH2, Structure I, Fig. 2a) for iso-DCE [24] and 2-
chlorovinyl adspecies ðH _C@CHClÞ for cis-DCE (Structure
IV, Fig. 2b) and trans-DCE (Structure V, Fig. 2b). This
picture is consistent with the presence of the Si–Cl stretch
at 510 cm�1 as a result of dechlorination upon adsorption.
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Fig. 2. Schematic diagrams of plausible adsorption structures and thermal evolution products for saturation exposures of (a) iso-dichloroethylene, and
(b) cis- and trans-dichloroethylene to Si(111)7 · 7 at room temperature.
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In the case of iso-DCE [24] (and TCE [25]), double dechlo-
rination could also lead to di-r bonded vinylidene (Struc-
ture II, Fig. 2a). The preference for Cl dissociation over
H abstraction (as evidenced by the lack of Si–H peak near
2100 cm�1 [30] found for all four chloroethylenes shown in
Fig. 1) is in accord with the stronger bond strength of Si–Cl
(377 kJ mol�1) relative to that of C–Cl (339 kJ mol�1), and
the stronger C–H bond strength (414 kJ mol�1) relative to
the Si–H bond strength (314 kJ mol�1) [1,31,32]. Discern-
ible differences between the EELS spectrum of iso-DCE
and those of cis- and trans-DCE can be observed in the
mid-frequency region. In particular, the absence of a CH2

group in cis- and trans-DCE (and in their corresponding
adstructures on the 7 · 7 surface) is clearly reflected by
the weaker EELS intensity at 1360 cm�1 (Fig. 1c and d),
attributable to the CH2 scissoring mode, when compared
to their iso homolog (Fig. 1b). Furthermore, the discernible
C–Cl stretching mode near 750 cm�1 found for cis-DCE
(Fig. 1c) and trans-DCE (Fig. 1d) supports our earlier
hypothesis that mono-r bonded 2-chlorovinyl adspecies
(Structures IV and V, Fig. 2b) are preferred, in marked
contrast to the lack of intensity for this feature in iso-
DCE (Fig. 1b), which favours the di-r bonded vinylidene
adstructure (Structure II, Fig. 2a). The weaker intensity
of Si–Cl stretch (at 510 cm�1) relative to that of C–H
stretch (at 2980 cm�1) for cis- and trans-DCE than the cor-
responding intensity ratio for iso-DCE further supports the
2-chlorovinyl adstructures resulting from single dechlorina-
tion in the cis- and trans-DCE, instead of vinylidene pro-
duced by double dechlorination in iso-DCE.

Vibrational EELS spectra for the three DCE isomers
and TCE have also been obtained as a function of the
exposure. To illustrate the exposure dependence on the
RT adsorption, we compare in Fig. 3 the intensities of
the C–H stretching modes (at 2980 cm�1) of the four chlo-
roethylenes relative to the respective elastic peaks as a func-
tion of exposure. Evidently, the saturation exposures for
cis- and trans-DCE on the 7 · 7 surface (�200 L) are con-
siderably larger than that for iso-DCE (�10 L) and that for
TCE (�20 L). The C–H stretching mode could originate
from adstructures resulting from not only dissociative
adsorption as those shown in Fig. 2 but also molecular
adsorption. Our recent TDS studies on iso-DCE [24] (and
TCE [25]) suggest that these molecular adsorption species
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could occur as a result of weak inductive bonding and
therefore should exhibit relatively low desorption tempera-
ture (no greater than 400 K). However, the lack of any sig-
nificant change in the spectral intensity of the C–H
stretching mode upon annealing the sample to 450 K indi-
cates that these molecular adstructures do not play a sub-
stantial role in the initial adsorption at RT [24]. The
observed spectral intensity of the C–H stretch could there-
fore be attributed predominantly to the more stable disso-
ciative adstructures (such as the chlorovinyl adspecies)
shown in Fig. 2. It should be noted that the presence of
molecular adstructure due to [2 + 2] cycloaddition as in
the case of MCE and ethylene [24] is also not likely because
the location of the C–H stretch supports Csp2 and not sp3

hybridization. As we show in the next section, similar ther-
mal evolution patterns can also be observed for the spectral
intensity of the C–H stretching mode in cis- and trans-
DCE. The observed lower saturation exposure for iso-
DCE than the cis and trans isomers therefore suggests that
Cl dissociation via the @CCl2 group occurs more readily
than the @CHCl group. This result is consistent with the
observation that C–Cl bond cleavage is more facile in the
>CCl2 group than the >CHCl group found in the adsorp-
tion of multiply chlorinated hydrocarbons on Cu(100) by
Yang et al. [33]. In addition, the relative intensities of the
C–H stretch for the DCE isomers at saturation coverages
are found to be similar to one other and are more than
double that for TCE (Fig. 3), which is consistent with the
respective H stoichiometry in the corresponding adstruc-
tures and that dissociative adsorption does not involve
hydrogen abstraction.

It should be noted that we also collected EELS spectra
for our sample pre- and post-exposed with O2 (not shown).
In particular, no EELS features attributable to cis- and
trans-DCE are observed for an oxidized Si(111) surface ex-
posed to 200 L of DCE. Similarly, the EELS spectrum for a
saturated exposure of cis- or trans-DCE to Si(111) is
unchanged by post-exposure 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
O2 or cis- and trans-DCE, and exposure of any of these
adsorbates (like iso-DCE) produces the effect of passivating
the surface. These results are also consistent with the con-
version of the 7 · 7 LEED pattern for the clean surface to a
1 · 1 pattern for the surface exposed with cis-DCE or
trans-DCE.

3.2. Thermal evolution of cis- and trans-DCE on

Si(111)7 · 7

Figs. 4 and 5 show respectively the TDS profiles of se-
lected mass fragments for 1000 L of cis-DCE and trans-
DCE exposed to Si(111)7 · 7 at RT. With the exception
of minor changes in the intensity ratios of the desorption
features, the TDS profiles for the two adsorbates are very
similar to each other. In particular, for both cis-DCE
(Fig. 4) and trans-DCE (Fig. 5), a common desorption fea-
ture for mass 98 (C2H2

35Cl37Clþ, Curves f), mass 96
(C2H2

35Clþ2 , corresponding to the parent mass, Curves e)
and mass 63 (C2H2

37Clþ, Curves d) with a desorption max-
imum at 360 K can be observed. These peaks at 360 K fol-
low the same intensity ratios for both cis- and trans-DCE.
Since these intensity ratios are found to be in good accord
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with the respective ratios in the cracking patterns of cis-
and trans-DCE [34], the detected mass fragments could
be attributed to dissociation of molecularly desorbed cis-
and trans-DCE in the ionizer of the QMS. The low temper-
ature found for the desorption maxima of the parent
masses of cis-DCE (Fig. 4f and e) and trans-DCE (Fig. 5f
and e) suggests that the molecularly desorbed species are
from as-deposited (intact) molecules and not from recomb-
inative desorption of adsorbed dissociated fragments,
which would require a higher desorption temperature.
One possible bonding arrangement may involve dative
covalent bonding (between Cl atoms and the substrate Si
atoms) as a result of the inductive effect of the Cl atoms.
However, the bonding structures for such type of molecu-
lar adspecies of cis- and trans-DCE remain unclear. It
should be noted that careful efforts have been made to as-
sure that the desorbed species indeed originated from the Si
sample and not the sample holder. In particular, the front
face of the sample was positioned as close as possible (with-
in 1 mm) to the entrance of the differentially pumped hous-
ing of the QMS during the TDS experiments, in order to
effectively minimize the background and the amount of
desorbed species originating from the surroundings [26].
Moreover, TDS experiments for cis- and trans-DCE on a
Ni(110) surface performed using the same sample holder
setup have not revealed the same desorption products,
which further supports that the desorbed species indeed
come from the Si sample and not the sample holder.
In addition to these low-temperature molecular desorp-
tion features found for mass 98, mass 96 and mass 63, an
intense desorption peak of mass 26 is also observed at
380 K for both cis-DCE (Fig. 4b) and trans-DCE
(Fig. 5b). The observed mass 26 desorption intensity rela-
tive to the parent mass (mass 96) is found to be consider-
ably greater than that found in the respective gas-phase
cracking patterns of cis- and trans-DCE, confirming that
the observed feature is likely due to desorption of acetylene
[34]. A possible mechanism for the apparently enhanced
production of acetylene is the double dechlorination of
the inductively bonded cis-or trans-DCE, in which two Cl
atoms are transferred from the molecularly bonded cis-or
trans-DCE to the substrate releasing the acetylene. This
mechanism is generally consistent with the propensity of
cis- and trans-DCE to dechlorinate on the Si surface,
likely because of the stronger bond strength of Si–Cl
(377 kJ mol�1) than that of C–Cl (339 kJ mol�1) [1,31,32].
In contrast, this mass 26 TDS feature at 380 K is not ob-
served in the case of iso-DCE on Si(111)7 · 7 [24]. The lack
of this low-temperature mass 26 TDS feature for iso-DCE
could be attributed to the presence of a production path-
way for vinylidene (Fig. 2a), which provides a strong
adsorption structure that in turn prevents the formation
of acetylene at this temperature [24].

For both cis-DCE (Fig. 4) and trans-DCE (Fig. 5), the
respective TDS profiles of mass 98 (Curves f) and mass
63 (Curves d) also exhibit a broad feature located at 800–
950 K, which could be attributed to the desorption of
SiClþ2 and SiCl+, respectively. Earlier chemisorption stud-
ies of SiCl4 and SiH2Cl2 on Si(100) and Si(111) surfaces
show that these higher-temperature TDS features may cor-
respond to disproportionation of two monochloride species
[35]. The nearly identical profiles of these higher-tempera-
ture features of mass 98 and mass 63 (with an intensity
ratio of 1.8 for mass 63 to mass 98) indicate that they orig-
inate from the same desorption product. Because SiClþ2
(mass 98) and SiCl+ (mass 63) are found to be in compara-
ble amounts from electron impact studies of gaseous SiClþ2
[36,37], the parent desorption species is likely SiCl2. We
have also monitored mass 133, corresponding to SiClþ3 of
the heavier etching product SiCl4, but found no desorption
feature, which therefore further confirms SiCl2 as the main
etching product. Furthermore, a broad desorption band of
mass 36 (HCl+, Curves c) [and of mass 35 (Cl+, not
shown)] at 700–900 K is also observed for both cis-DCE
(Fig. 4) and trans-DCE (Fig. 5), which indicates recombin-
ative desorption of HCl upon annealing to these tempera-
tures. Like mass 98 and mass 63, the band intensity of
mass 36 (Fig. 4c) relative to the parent mass (mass 96)
for cis-DCE is considerably lower than that for trans-
DCE. Assuming the degree of molecular desorption is
similar for both cis- and trans-DCE, the differences in the
Cl-derived TDS signals are consistent with the stronger
dechlorination observed for trans-DCE than cis-DCE,
likely due to less steric hindrance (and therefore greater
adsorption) resulting from the formation of 1-chlorovinyl
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adspecies in the trans-DCE case (Structure V, Fig. 2b).
Stronger dechlorination for trans-DCE than cis-DCE is
also evident from their respective mass 98 and mass 63 pro-
files. In particular, the intensity ratios of the higher-temper-
ature feature at 800–950 K (corresponding to SiClþ2 ) to the
lower-temperature feature near 380 K (corresponding to
molecular desorption) for both mass 98 and mass 63 for
trans-DCE are found to be 13 while those for cis-DCE
are estimated to be 6. This large difference could only be
due to stronger chlorination in trans-DCE than in cis-
DCE and not to any run-to-run variations in our TDS
experiments. Moreover, both cis-DCE and trans-DCE also
exhibit an intense broad TDS feature of mass 2 (Hþ

2 ) at
650–820 K (with desorption maximum near 750 K), in
good accord with the recombinative desorption of H2 (with
desorption maxima commonly observed at 650–710 K for
dihydrides and at 770–810 K for monohydrides [38,39]).
The presence of the mass 2 TDS features confirms H
abstraction and the formation of hydrocarbon fragments
upon annealing the sample to these higher temperatures.
In addition to the intense peak at 380 K, desorption inten-
sity over a wide temperature range of 450–820 K can also
be observed in the TDS profiles of mass 26 (Curves b)
for both cis-DCE (Fig. 4) and trans-DCE (Fig. 5). The
broadness of these bands is related to various desorption
channels of acetylene generated from different adstructures
as a result of annealing to different temperatures (Fig. 2b).
In particular, the mass 26 TDS intensity over the 450–
580 K region could be attributed to dechlorination of
the mono-r bonded chlorovinyl adspecies (Structures IV
and V) to form a gaseous acetylene molecule that is re-
leased from the surface. The mass 26 TDS intensity found
at 580–820 K could be assigned to acetylene released from
the di-r bonded vinylene adspecies (Structure VI, Fig. 2b)
upon further annealing to these temperatures. It is of
interest to note the TDS profiles of mass 26 (C2H

þ
2 ) for a

saturation exposure of cis- and trans-DCE on an argon-
sputtered Si(111) surface do not exhibit the broad intensity
in the 450–580 K as found in those for the 7 · 7 surface
(Figs. 4 and 5), which suggests that the sputtered Si surface
is more reactive and tends to promote dissociation of
the adspecies. 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, is not monitored due to high background).

In order to further investigate the nature of the sur-
face products during thermal evolution, we record EELS
spectra for 1000 L of cis-DCE (Fig. 6) and trans-DCE
(Fig. 7) exposed to Si(111)7 · 7 at RT as a function of
the annealing temperature. These temperature-dependent
EELS spectra are found to be similar to each other for both
cis- and trans-DCE, suggesting similar thermal evolution
patterns for the adspecies of these adsorbates. In parti-
cular, upon annealing cis-DCE (Fig. 6b) or trans-DCE
(Fig. 7b) on Si(111)7 · 7 to 450 K, we observe discernible
strengthening in the Si–Cl stretch at 510 cm�1 and minor
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weakening of the CH bending band with maximum at
1150 cm�1, along with a red shift in the prominent C–H
stretch feature at 2980–2900 cm�1. The intensity of the
Si–Cl stretch at 510 cm�1 is found to level off upon anneal-
ing to 550–580 K (Figs. 6c and 7c) and become totally
diminished upon further annealing to above 900 K (Figs.
6f and 7f). This change is consistent with the thermal
dechlorination of 2-chlorovinyl adspecies above 450 K
(Fig. 2b) and the on-set of Cl removal channels above
580 K via recombinative desorption of HCl at 700–900 K
and formation of SiCl2 at 800–950 K as supported by our
TDS data (Figs. 4 and 5). The CH bending modes in the
800–1400 cm�1 region are also found to be completely re-
duced upon annealing the samples above 580 K (Figs.
6c,d and 7c,d), which is consistent with our picture of total
breakdown of the vinylene adspecies (Structure VI, Fig. 2b)
to hydrocarbon fragments above 580 K. Furthermore, the
observed red shift in the C–H stretch at 2980 cm�1 (Figs.
6a and 7a) to 2900 cm�1 upon annealing the samples to
450 K for cis-DCE (Fig. 6b) and trans-DCE (Fig. 7b) is
consistent with our proposed thermal evolution pathway
of 2-chlorovinyl adspecies (Structures IV and V) to vinyl-
ene (Structure VI) shown in Fig. 2b. In particular, in
addition to the change in the C hybridization from sp2 to
sp3, the red shift in the C–H 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.
The C–H bond in the ð@C�H

SiÞ group as in vinylene (Struc-
ture VI, Fig. 2b) is slightly weaker than that in the ð@C�H

ClÞ
group as in 2-chlorovinyl adspecies (Structures IV and V,
Fig. 2b) due to the lower electronegativity of Si (1.8 in
the Pauling scale) relative to H (2.1) and C (2.5) [40]. It
is of interest to note that the red shift in the C–H stretch
at 2980 cm�1 has been observed in the thermal evolution
of iso-DCE on Si(111)7 · 7 but at a slightly higher temper-
ature than 450 K [24], which indicates that the presence of
the pathway involving vinylidene (Structure II, Fig. 2a) ap-
pears to delay the on-set of the vinylene formation (with
the characteristic red shift in the C–H stretch). For the
annealing temperature from 450 K to �700 K, the intensi-
ties of the red-shifted C–H stretch feature at 2900 cm�1 for
the cis-DCE and trans-DCE samples are found to gradu-
ally reduced and become totally extinct upon further
annealing to 820 K (Figs. 6b–e and 7b–e), which marks
the completion of hydrogen abstraction and the formation
of SiC.

In addition, three new features at 820 cm�1, 880 cm�1

and 2080 cm�1 are observed at different annealing temper-
atures above 450 K for both cis-DCE and trans-DCE on
Si(111)7 · 7. The new feature at 820 cm�1 that emerges
above 820 K (Figs. 6e and 7e) and becomes a prominent
well-defined peak above 950 K (Figs. 6g and 7f) can be as-
signed to the Si–C stretch. 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 820 K, as was commonly ob-
served for other chlorinated ethylene adspecies in our re-
cent studies [24,25]. In accord with the early work [30]
and our recent study [24], the new features at 880 cm�1

and 2080 cm�1 could be primarily attributable to the
SiH2 scissoring and Si–H stretching modes, respectively.
It should be noted that the SiH2 scissoring mode at
880 cm�1 can be used to indicate the presence of dihydrides
while the broad Si–H band at 2080 cm�1 cover contribu-
tions from both dihydrides and monohydrides. Discernible
intensities of these features are found at an annealing tem-
perature near 550 K (Figs. 6c and 7c) and appear to in-
crease at 650–720 K (Figs. 6d and 7d), which marks the
on-set of hydrogen abstraction of the adspecies onto the
surface and the formation of hydrocarbon fragments, likely
in the form of CCH radicals with characteristic CH
bending modes at 850–900 cm�1 [14]. Furthermore, these
features at 880 cm�1 and 2080 cm�1 become totally dimin-
ished above an annealing temperature of 820 K (Figs. 6e
and 7e), which is consistent with the recombinative desorp-
tion of H2 from dihydrides at 600–750 K and monohy-
drides at 700–820 K and of HCl at 700–900 K as
observed in our TDS experiments (Figs. 4 and 5). It should
be noted that the weak OH stretch feature near 3600 cm�1

found in Figs. 6d–f and 7e,f could be attributed to minor
water contamination during the long time required for
sample recooling to RT before the EELS spectra were
recorded.

Although the overall change for trans-DCE during ther-
mal annealing is similar to that for cis-DCE, there are some
notable differences. In particular, a broad feature near
900 cm�1 is clearly observed in the cis-DCE spectrum
(Fig. 6b) but not the trans-DCE spectrum (Fig. 7b) after
the 450 K anneal. Given that both the SiH2 scissoring
mode and the CCH bending modes of the vinylene adspe-
cies may contribute to the broad feature at 900 cm�1, the
presence of this weak feature in the cis-DCE spectrum
but not the trans-DCE spectrum therefore suggests that
thermal evolution of the 2-chlorovinyl conformer for cis-
DCE (Structure IV, Fig. 2b) to the di-r bonded vinylene
(Structure VI, Fig. 2b) occurs at a lower temperature than
that for trans-DCE (Structure V, Fig. 2b). Such a difference
may be related to the different conformations for the
mono-r bonded 2-chlorovinyl adspecies, which provide
different proximities of the Cl atom to the surface. Another
discernible difference is the stronger relative intensity of the
Si–Cl feature at 510 cm�1 over the desorption temperature
range of 450–820 K for the trans-DCE sample (Fig. 7b–e)
than that for the cis-DCE sample (Fig. 6b–e). For example,
the intensity ratio for the Si–Cl feature at 510 cm�1 relative
to the C–H stretch at 2900 cm�1 at 450 K for trans-DCE
(Fig. 7b) is estimated to be 1.2, which is larger than the
corresponding intensity ratio at 450 K for cis-DCE
(0.7, Fig. 6b). The notable difference is therefore not due
to run-to-run variations in our EELS experiments. This
difference is in good accord with our TDS data and could
be caused by different steric effects exerted by the geo-
metrical isomers in the initial adsorption/dechlorination
process.
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3.3. Feasibility of vinylidene and vinylene on Si(111)7 · 7

To further investigate the feasibility of the formation of
vinylidene and vinylene on the 7 · 7 surface, we perform
ab initio density functional calculations for selected
adsorption structures for iso-DCE, cis-DCE and trans-
DCE on the surface of a Si9H12 cluster, used for simulating
part of the Si(111)7 · 7 surface [41]. The hybrid function-
als consisting of Becke’s 3-parameter non-local exchange
functional and the correlation functional of Lee–Yang–
Parr (B3LYP) [42] along with the 6-31G(d) basis set are
employed in our calculations using the Gaussian 03 pro-
gram [43]. The Si9H12 cluster is constructed to provide a
small section of the simulated 7 · 7 surface that contains
a corner adatom and a neighbouring restatom, using the
geometry parameters for the Si atoms deduced from the
LEED data of Tong et al. [44]. In this dimer adatom stack-
ing-fault model of the 7 · 7 surface, the separation between
an adatom and a restatom and that between an adatom
and a pedestal atom are 4.6 Å and 2.4 Å, respectively
[44]. Following the approaches used by Wang et al. [41]
and Petsalakis et al. [45], 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 coordinates provided
by Tong et al. [44]. 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 calcula-
tions, in which only the positions of the nine Si atoms
and the atoms in the adsorbate are allowed to be opti-
mized. It is important to note that the present calculations
are only intended to illustrate some of the structures pro-
posed in the thermal evolution pathways shown in Fig. 2.
More extensive calculations that cover many other combi-
nations of different bonding sites on the 7 · 7 surface
should be considered to provide a more complete picture
in future computational work. The use of a larger basis
set, however, is not expected to significantly change the
general observations inferred from the present calculations.

Fig. 8 shows some of the plausible adstructures involv-
ing di-r bonded [2 + 2] cycloaddition species (top row),
mono-r bonded dissociated products (second row), and
double-dissociation products involving di-r bonding be-
tween the adatom and the pedestal atom (bottom three
rows). Except for the di-r bonded [2 + 2] cycloaddition
products, we have also determined the related (less stable)
conformer adstructures, obtained by transposition of the
dissociated Cl atom with the chlorovinyl fragment in A2,
B2 and C2 (Fig. 8) and with the dissociated H atom in
A3, B4, C3, and C4 (Fig. 8). Two conformers for vinyli-
dene-related adstructures of iso-DCE (A4 and A4 0) and
for vinylene-related adstructures of cis-DCE (B3 and B3 0)
are also shown in Fig. 8. The corresponding total-energy
changes with zero-point energy corrections, DH, for the
adstructures and the aforementioned conformer adstruc-
tures (values shown in parentheses) are also included in
Fig. 8. The magnitudes of the energy differences among dif-
ferent DH values obtained for the di-r bonded molecular
adstructures, mono-r bonded dissociated chlorovinyl
adstructures, and the double-dissociation adstructures
involving di-r bonding into the back-bond (vinylidene
and vinylene and their chlorinated derivatives) are evi-
dently related to the energy balances involved in the break-
age of the C–Cl (with a typical bond energy DHB of
339 kJ mol�1) and C–H bonds (DHB = 414 kJ mol�1) and
the formation of the Si–Cl (DHB = 377 kJ mol�1), Si–C
(DHB = 347 kJ mol�1) and Si–H bonds (DHB = 314
kJ mol�1) [1,31,32]. Evidently, the di-r bonded [2 + 2]
cycloaddition products (A1, B1, C1) are considerably less
thermodynamically favourable (with the least negative
DH values) than the dissociated adstructures, in good
accord with our experimental observations. Furthermore,
the DH values obtained for the adspecies involving double
dechlorination (A4 0, B3 0) are more negative than those
involving dehydrochlorination (i.e., single dechlorination
and single H abstraction) (A3, B4, C3, C4) and those
involving just single dechlorination (A2, B2, C2), which
are in turn more negative than those involving double
dehydrogenation (A4, B3). In particular, the DH value
obtained for double dechlorination of iso-DCE involving
insertion of a vinylidene adspecies into the back-bond
between an adatom and a pedestal atom (A4 0 with DH =
�510.2 kJ mol�1) is the most negative, which suggests that
vinylidene is physically viable through the breakage of the
back-bond and appears to be the most thermodynamically
stable adspecies for iso-DCE [24]. On the other hand, de-
hydrochlorination of cis-DCE involving insertion of a
chlorovinylidene adspecies (a chlorinated derivative of
vinylidene) into the back-bond (B4 with DH = �382.9
kJ mol�1) is found to be less thermodynamically favour-
able than double dechlorination involving insertion of
vinylene into the back-bond (B3 0 with DH = �478.4
kJ mol�1). In the case of trans-DCE, the latter adstructure
involving vinylene insertion into the back-bond for cis-
DCE (i.e., B3 0) could also be made viable by an interme-
diate step involving sequential Cl abstraction and the
formation of acetylene-like intermediate adspecies. The
formation of the dehydrochlorination adstructure involv-
ing insertion of chlorovinylene into the back-bond for
trans-DCE (C3 with DH = �349.3 kJ mol�1) is also found
to be less thermodynamically favourable than that of the
double-dechlorination vinylene adstructure (B3 0 with
DH = �478.4 kJ mol�1). Unlike the chlorovinylidene
adstructures (B4 with DH = �382.9 kJ mol�1 and C4 with
DH = �394.3 kJ mol�1), the formation of the vinylene
adstructure (B3 0) is more compatible with the evolution
from the single-dechlorination adstructures involving 2-
chlorovinyl adspecies, B2 for cis-DCE and C2 for trans-
DCE (Fig. 8), as depicted in Fig. 2b.

In Fig. 9, we compare selected adstructures of the dou-
ble-dissociation products involving insertion into the
back-bond (A3, B3, B3 0 and C3) in Fig. 8 with the same
products di-r bonded to an adatom–restatom pair (similar
to the [2 + 2] cycloaddition adstructures). For the latter
adstructures, the corresponding DH values are estimated



Fig. 8. Adsorption geometries and adsorption energies DH of selected adstructures obtained by density functional calculations involving B3LYP/6-31-
G(d) for (A) iso-dichloroethylene, (B) cis-dichloroethylene, and (C) trans-dichloroethylene on a model surface of Si9H12. The DH values of related
conformer structures obtained by transposition of the dissociated atoms are given in parentheses.
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by considering the changes in the total energies (with zero-
point energy corrections) of the chlorohydrocarbon adspe-
cies on a Si9H12 cluster and of the dissociated Cl and/or H
atoms on a second Si9H12 cluster. The DH values for the
conformer adstructures involving transposition of the dis-
sociated Cl and H atoms on the second Si9H12 cluster for
A5 and C5 are indicated in parentheses in Fig. 9. It should
be noted that the geometry for the Si9H12 cluster for these
latter adstructures (A5, B5, B5 0 and C5) is very similar to
that found for the [2 + 2] cycloaddition adstructures (A1,
B1 and C1 in Fig. 8). However, the bond lengths of the
back-bonds of the adatom (2.8–2.9 Å) [and restatom



Fig. 9. Comparison of the adsorption geometries and adsorption energies DH of selected adstructures of double-dissociation products involving insertion
into the back-bond (A3, B3, B30 and C3 in Fig. 8) with those involving di-r bonding to an adatom–restatom pair (A5, B5, B5 0 and C5). The adsorption
geometries and DH are obtained by density functional calculations involving B3LYP/6-31-G(d) on a model surface of Si9H12. The DH values of related
conformer structures obtained by transposition of the dissociated atoms are given in parentheses.
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(2.4–2.5 Å)] upon the addition of the (chloro)vinylene
adspecies are found to be discernibly longer than that of
the pristine surface, i.e., without the adspecies (2.3–
2.4 Å). These bond lengths are however shorter than the
separations between the adatom and the pedestal atom
in the A3, B3, B3 0 and C3 adstructures (3.3–3.4 Å), in
which the back-bonds are considered to be broken. As evi-
denced from the slightly more negative DH values for the
A5, B5, B5 0 and C5 adstructures than the corresponding
A3, B3, B3 0 and C3 adstructures shown in Fig. 9, insertion
of the (chloro)vinylene adspecies into the adatom–rest-
atom pair appears to be more thermodynamically favour-
able than insertion of the corresponding adstructure into
the back-bond. Unlike vinylidene and its chlorinated
derivatives that favour insertion into the back-bond
(A4 0, B4 and C4 in Fig. 8), vinylene and its chlorinated
derivatives favour di-r bonding between the adatom and
the restatom (A5, B5, B5 0 and C5 in Fig. 9). Using a typ-
ical Si–C bond length of 1.9 Å [46] and a bond angle be-
tween C@C 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 an
adatom and a neighbouring restatom (4.6 Å) than the
smaller separation between an adatom and its pedestal
atom (2.4 Å) that would require the breakage of the
back-bond [19,24].

It should be noted although the calculated DH values for
all the adstructures shown in Figs. 8 and 9 are negative, the
present calculations have not considered kinetic effects. The
present results should therefore only be used to indicate
their thermodynamic feasibility. For example, in spite of
having the least negative DH value, the [2 + 2] cycloaddi-
tion product is generally accepted to be the preferred
adstructure for ethylene on Si(111)7 · 7 [17]. For the three
geometrical isomers of DCE, our EELS and TDS data are
more consistent with the proposed dissociation surface
products, which suggests that their corresponding adstruc-
tures are more critically controlled by their thermodynamic
stabilities as illustrated by the DH values estimated in the
present calculations.
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4. Summary

The effects of different geometrical isomeric structures
on the RT adsorption and thermal evolution of iso, cis-
and trans-DCE on Si(111)7 · 7 have been investigated by
vibrational EELS and TDS, as well as density functional
calculations. Both cis- and trans-DCE exhibit similar RT
adsorption properties, which are notably different from
iso-DCE. In particular, the presence of the Si–Cl feature
at 510 cm�1 for all three isomers indicates that all three
adsorbates undergo dechlorination on Si(111)7 · 7 upon
adsorption at RT. The lower saturation exposure observed
for iso-DCE than the cis and trans isomers suggests that Cl
dissociation via the @CCl2 group as in iso-DCE occurs
more readily than the @CHCl group as in the cis and trans

isomers, in accord with the earlier observation for C–Cl
bond cleavage in multiply chlorinated hydrocarbons on
metal surfaces [12]. It should be noted that for cis-DCE ad-
sorbed on Cu(100), the corresponding TDS data obtained
by Yang et al. [12] suggests that once the first C–Cl bond
breakage occurs (at 185 K), the second C–Cl bond cleavage
could follow promptly. This preference of double dechlo-
rination on metal surfaces over single dechlorination is
different from the behaviour of cis- and trans-DCE on
Si(111)7 · 7 surface at RT (Structures IV and V,
Fig. 2b), which could be related to the nature of directional
surface dangling bonds of the 7 · 7 surface. For iso-DCE,
further dechlorination via insertion of vinylidene into the
back-bond (Structure II, Fig. 2a) is found to be plausible
[24]. The presence of the TDS feature near 360 K attribut-
able to molecular desorption suggests that, in addition to
the dechlorination adstructures, molecular adstructures
also exist upon the initial adsorption of all three isomers
on the 7 · 7 surface at RT. This molecular adsorption
may also serve as the precursor step to the aforementioned
dissociative chemisorption through dechlorination.

Despite the minor differences in the adsorption proper-
ties between iso-DCE and its cis- and trans isomers, ther-
mal evolution of the respective adstructures for all three
isomers on Si(111)7 · 7 are found to be remarkably similar
to one another (Fig. 2). In particular, the commonly ob-
served mono-r bonded chlorovinyl ðH _C@ _CHClÞ adspecies
(Structures I, IV and V, Fig. 2) is found, upon annealing to
450 K, to undergo further dechlorination to either vinylene
di-r bonded to the Si surface (Structures III and VI, Fig. 2)
or acetylene to be released from the surface. Upon anneal-
ing the sample above 580 K, the di-r bonded vinylene
could also become acetylene to be released from the surface
or undergo H abstraction to produce hydrocarbon or SiC
fragments. Furthermore, our TDS data show not only sub-
strate etching involving the production of SiCl2 at an
annealing temperature of 800–950 K, but also recombin-
ative desorption of HCl and H2 over the annealing temper-
ature ranges of 700–900 K and 650–820 K, respectively.
Although the overall change for the trans-DCE products
during thermal annealing is similar to the case of cis-
DCE, there are some discernible differences. In particular,
the Cl-derived TDS signals and Si–Cl stretch feature at
510 cm�1 over the desorption temperature of 450–820 K
for trans-DCE are found to be more intense than those
for cis-DCE, which indicates stronger dechlorination for
trans-DCE than cis-DCE. This difference is likely due to
less steric hindrance resulting from the formation of the
2-chlorovinyl adspecies for trans-DCE during the initial
adsorption/dechlorination process. Finally, our density
functional calculations qualitatively support the thermody-
namic feasibility and relative stabilities of the proposed
adstructures involving chlorovinyl, vinylidene, and vinyl-
ene adspecies.
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