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Abstract
The prominent surface species and their corresponding bonding structures of perchloroethylene (PCE, C2Cl4) and
trichloroethylene (TCE, C2HCl3) upon room-temperature adsorption and thermal excitation on Si(1 1 1)7 · 7 have been
examined by vibrational electron energy loss spectroscopy (EELS) and thermal desorption spectrometry (TDS). The
presence of the Si–Cl stretch at 510 cm1 shows that both PCE and TCE undergo dechlorination on Si(1 1 1)7 · 7, while
the presence of the C@C stretch near 1500 cm1 indicates that the C@C bond remains intact upon adsorption. The
_
_
mono-r bonded trichlorovinyl (ClC@CCl
2 ) and 1,2-dichlorovinyl (ClC@CHCl) adspecies have been proposed as plausible adsorption intermediates for PCE and TCE, respectively. Furthermore, the trichlorovinyl adspecies is found to further dechlorinate at 350 K, and becomes carbon clusters and/or SiC after complete dechlorination above 450 K. On the
other hand, further dechlorination of the dichlorovinyl adspecies above 350 K is found to produce a di-r bonded chlorovinylene adspecies that is stable up to 450 K. As supported by the presence of the C„C stretch at 3300 cm1, an addi_
tional adspecies in the form of acetylide (CBCH)
is also observed. Above 580 K, hydrocarbon fragments and/or SiC are
evident, likely due to dehydrogenation of the chlorovinylene and acetylide adspecies. In addition to these novel adspecies,
our TDS data reveal desorption of SiCl2 over 800–950 K and HCl over 700–900 K for both PCE and TCE, which supports thermal etching and recombinative dehydrochlorination reactions at a higher temperature. The TDS data also provide evidence for weak molecular adsorption, likely related to dative bonding as a result of inductive eﬀects.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Halogenated hydrocarbons are widely used in
semiconductor industry. For example, tetrachloroethylene or perchloroethylene (PCE, Cl2C@CCl2)
and trichloroethylene (TCE, Cl2C@CHCl) have
been used as precursor gases in SiC alloys formation by electron cyclotron resonance chemical vapour deposition to reduce the hydrogen content
and to improve the microstructure of the silicon
carbide ﬁlms [1]. Trans-dichloroethylene and
TCE have also been used as a Cl source to reduce
metal contamination during Si oxidation [2,3].
Chlorinated hydrocarbons also attract a lot of
attention not only as common industrial solvents
but also as potential precursors in photochemical
etching of semiconductor surfaces [4–7]. Although
the binding and surface chemistry of halobenzenes
on Si single-crystal surfaces have been investigated
[6–9], not much is known about the basic interactions of halogenated derivatives of the simplest
unsaturated hydrocarbon (halogenated ethylenes)
with the Si surface. Recently, our group has
started a series of systematic studies of surface
chemical processes of the halogenated ethylenes
on Si(1 1 1) and Si(1 0 0) surfaces by using vibrational electron energy loss spectroscopy (EELS)
[10], X-ray photoelectron spectroscopy (XPS)
[11], and thermal desorption spectrometry (TDS).
These studies led us to hypothesize the plausible
existence of novel adspecies involving unique
bonding structures, including vinylene and vinylidene [10]. As our continuing eﬀort to examine
the basic interactions of halogenated hydrocarbons with Si single-crystal surfaces and related
novel surface species, we now present a more
detailed study of the room-temperature (RT)
adsorption properties of PCE and TCE and the
thermal evolution of the resulting adspecies on
Si(1 1 1)7 · 7 by using vibrational EELS and
TDS. Given that PCE does not contain any H
atom while TCE contains only one H atom, the
diﬀerence in the H content provides easy identiﬁcation of the adspecies by comparing their corresponding EELS spectra. Furthermore, PCE (with
a D2h symmetry) has a higher molecular symmetry
than TCE (Cs), which makes these molecules a
good testing ground for studying the eﬀects of

molecular symmetry (and related structural dipole)
on the surface chemistry of silicon. Because both
PCE and TCE are popular industrial solvents
and common contaminants in drinking water, better understanding of the adsorption and surface
chemistry of PCE and TCE and the development
of new dechlorination methods [12] would also
be of practical interest to environmental studies
and groundwater research.

2. Experimental setup
The experimental apparatus and procedure
used in the present work have been described in
detail elsewhere [13]. Brieﬂy, the experiments were
conducted in a home-built ultrahigh vacuum
(UHV) system with a base pressure better than
5 · 1011 Torr. All of the EELS measurements
were made with the sample held at RT under specular reﬂection scattering condition of 45 from the
surface normal. A routine energy resolution of 12–
17 meV (or 97–136 cm1) full-width at half-maximum with a typical count rate of 100,000 counts
per second 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 spectrometer typically limited
the reproducibility of the measured peak positions
to ±2 meV (or ±16 cm1) 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 programmable proportional–integral–diﬀerential temperature controller to provide
a linear heating rate of 1 K s1. The Si(1 1 1) sample (p-type boron-doped, 50 X 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 Ta wires (0.25 mm diameter)
and could be annealed by electron bombardment
from a heated tungsten ﬁlament at the backside
of the sample. The Si 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
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in situ by the lack of any detectable vibrational
EELS feature attributable to unwanted contaminants, particularly the Si–C stretching mode at
800–850 cm1. Perchloroethylene (99.9% purity)
and trichloroethylene (99.5% purity) were purchased from Sigma-Aldrich and used without further puriﬁcation after appropriate degassing by
repeated freeze–pump–thaw cycles. The clean
Si(1 1 1) sample was exposed to the appropriate
chloroethylene vapours at a typical (uncalibrated)
pressure of 1 · 106 Torr by using a variable leak
valve. All exposures were reported in units of
Langmuir (1 L = 1 · 106 Torr s).

3. Results and discussion
3.1. Room-temperature chemisorption of PCE and
TCE on Si(1 1 1)7 · 7
Fig. 1 shows the vibrational EELS spectra of
PCE on Si(1 1 1)7 · 7 as a function of exposure at
RT. Evidently, the clean Si(1 1 1)7 · 7 surface is

510

x25

Si(111)7x7
Cl2C=CCl2

820

Relative Intensity (arbitrary units)

1490
(e) 100 L

(d) 40 L

(c) 20 L

(b) 10 L
120
(a) 7x7

0

500

1000

1500

2000

-1

Energy Loss (cm )
Fig. 1. Vibrational electron energy loss spectra for perchloroethylene exposed to (a) Si(1 1 1)7 · 7 at room temperature as a
function of exposure: (b) 10 L, (c) 20 L, (d) 40 L, and (e) 100 L.
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characterized by a loss continuum in the corresponding EELS spectrum (Fig. 1a). The loss continuum is mainly attributed to the excitations of
two-dimensional plasmons associated with the
dangling-bond electrons and to low-lying interband and intraband transitions with signiﬁcant
electron–phonon coupling [14–16]. Upon exposure
of the adsorbates, the loss continuum becomes reduced, indicating the involvement of the danglingbond electrons in the chemisorption process.
For PCE, three EELS features at 1490 cm1,
820 cm1, and 510 cm1 are evident and the intensities of these features become saturated above
40 L (Fig. 1). To facilitate spectral assignments,
we compare the surface vibrational EELS data obtained in the present work with the corresponding
infrared and Raman spectroscopic data of chloroethylenes obtained in the gas or liquid phase
[17–20]. The features observed at 1490 cm1,
820 cm1 and 510 cm1 can be assigned predominantly to the C@C, C–Cl, and Si–Cl stretching
modes, respectively. In accord with the characteristic frequency for the Si–Cl stretching mode
commonly found in 467–600 cm1 [21,22], the
prominent feature observed at 510 cm1 can therefore be used to indicate the relative surface Cl
moiety and the degree of dechlorination upon
adsorption. The presence of other vibrational
modes such as various lower-lying CCl2 bending
modes may obscure the feature observed at
510 cm1 [21]. The dissociation of Cl from PCE
is also supported by the evolution of the sharp
7 · 7 LEED pattern for the clean Si(1 1 1) surface
to a diﬀuse 7 · 7 and eventually 1 · 1 pattern upon
a saturation exposure. The plausible adspecies as
a result of single dechlorination of PCE could only
_
be the mono-r bonded trichlorovinyl (ClC@CCl
2)
adspecies, which could further dechlorinate to a
di-r bonded dichlorovinylidene (>C@CCl2) or
_ CCl)
_
dichlorovinylene (ClC@
adspecies.
Fig. 2 shows the vibrational EELS spectra of
TCE on Si(1 1 1)7 · 7 as a function of exposure
at RT, which exhibit exposure dependence and
change from a 7 · 7 to 1 · 1 LEED pattern similar
to those found for PCE upon saturation exposure
to above 40 L. In addition to the features at
1510 cm1, 820 cm1 and 510 cm1 which can be
assigned respectively to C@C, C–Cl and Si–Cl
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Fig. 2. Vibrational electron energy loss spectra for trichloroethylene exposed to (a) Si(1 1 1)7 · 7 at room temperature as
a function of exposure: (b) 5 L, (c) 10 L, (d) 20 L, (e) 40 L,
(f) 60 L, and (g) 100 L.

stretching modes (as for the PCE case in Fig. 1),
the two additional features at 2980 cm1 and
1150 cm1 for the TCE sample can be attributed
to the C–H stretching and CH in-plane bending
modes, respectively. These assignments are in general accord with those for the gas-phase data [17–
19]. The presence of the C@C stretch at 1510 cm1
is clearly established for TCE (and PCE) without
the presence of neighbouring CH2 scissoring
modes that often obscure this region in the case
of other hydrocarbons [17,21]. Like the PCE case
(Fig. 1), the presence of the Si–Cl stretching mode
at 510 cm1 indicates Cl dissociation for TCE. On
the other hand, the absence of the Si–H stretching
mode near 2100 cm1 shows that C–H bond cleavage is not the preferred route upon RT adsorption
of TCE on Si(1 1 1)7 · 7. The plausible surface species could then include the mono-r bonded 2,2_
dichlorovinyl (HC@CCl
2 ) and 1,2-dichlorovinyl
_
(ClC@CHCl) adspecies (with two conformers).
The two conformers of the 1,2-dichlorovinyl
adspecies depend on whether the Cl atom on the
non-ipso (or beta) C atom is closer to the surface
(trans form) or not (cis form), which are similar

to the respective analogous adstructures for trans_
and cis-dichloroethylene (HC@CHCl)
[10]. These
2,2-dichlorovinyl and 1,2-dichlorovinyl adspecies
could undergo further dechlorination (but evidently not dehydrogenation) to chlorovinylene
_ CCl)
_
(HC@
and chlorovinylidene (>C@CHCl),
respectively. It should be noted that the preferred
Cl dissociation over H abstraction is generally
consistent with the stronger bond strength of Si–
Cl (377 kJ mol1) relative to C–Cl (339 kJ mol1)
[23–25]. The generally stronger C–H bond strength
(414 kJ mol1) relative to Si–H bond strength
(314 kJ mol1) [23–25] also supports the lack of
H abstraction in the present case. For the adsorption of multiply chlorinated hydrocarbons on
Cu(1 0 0), Yang et al. found that C–Cl bond cleavage is more facile in the >CCl2 groups than the
>CHCl group and that the scission of the ﬁrst
C–Cl bond is followed by rapid alpha or beta chlorine elimination near RT [26]. The observed preference for the initial adsorption via Cl dissociation
through the >CCl2 group by Yang et al. [26]
_
suggests that the 1,2-dichlorovinyl (ClC@CHCl)
adspecies would therefore be the preferred initial
adsorption structure on Si(1 1 1)7 · 7. This preference could also be understood in terms of the
polarity of the adsorbate and the relative electronegativity of the substrate Si atoms. However,
the follow-up chlorine elimination as observed
on Cu(1 0 0) [26] would not be feasible on
Si(1 1 1)7 · 7 at RT because the Si–Si bond distances between Si atoms with dangling bonds are
not physically compatible for further Cl abstraction from the non-ipso C. In particular, the distances between two adatoms (6.65–7.68 Å) and
between an adatom and a rest-atom (4.56 Å) on
the 7 · 7 surface [27,28] are considerably greater
than the molecular dimension of TCE with C@C
and C–Cl bond lengths of 1.34 Å and 1.73 Å
respectively [29]. Although breakage of the
back-bond (between an adatom and a pedestal
atom with a typical separation of 2.36 Å [28,29])
has been proposed earlier as a viable mechanism
for the adsorption of electronegative adsorbates
[30,31], such a process would be more likely at elevated temperatures. In our earlier work, we also
observed that the saturation exposures for cisand trans-dichloroethylene on the 7 · 7 surface
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surface, the corresponding EELS features of PCE
and TCE (not shown) generally become weaker
and broader, suggesting a multitude of bonding
sites with similar adsorption structures.
3.2. Thermal evolution of PCE and TCE
on Si(1 1 1)7 · 7
Figs. 3 and 4 show respectively the TDS proﬁles
of selected mass fragments for 100 L exposures of
PCE and TCE to Si(1 1 1)7 · 7. It should be noted
that the TDS data have been smoothed by adjacent averaging and the respective monotonically
increasing backgrounds with increasing temperature have also been removed. For the PCE experiments, the presence of a weak desorption feature
for mass 166 (C235Cl337Cl+, corresponding to the
base mass [32]) at 365 K (Fig. 3d), indicates molecular desorption. Of the other mass fragments monitored (masses 131, 129, 96, 94, 82, 59 and 47), the
TDS proﬁles for mass 131 (C235Cl237Cl+), mass
35 37 +
129 (C2 35 Clþ
3 ), mass 96 (C2 Cl Cl ), and mass
35 +
47 (C Cl ) (not shown) also follow that of the

100 L Cl2C=CCl2 on Si(111)7x7

Relative Intensity (arbitrary units)

(>600 L) to be considerably higher than that for
iso-dichloroethylene (10 L) [10], which suggests
that the structure of the latter 1,2-dichlorovinyl
_
(ClC@CHCl)
adspecies is likely the more prominent structure, conﬁrming the preference for
adsorption via Cl dissociation on the CCl2 side.
The intensity ratio of the Si–Cl stretch feature
at 510 cm1 relative to the C@C stretch feature
at 1510 cm1 for a 100 L exposure of TCE (3.9,
Fig. 2g) is discernibly larger than the corresponding intensity ratio of the feature at 510 cm1 to
that at 1490 cm1 for a 100 L exposure of PCE
(2.0, Fig. 1e). The intensities of individual features
have been estimated by using a least-square curveﬁtting routine with Gaussian lineshapes. This difference in the relative intensity ratios indicates
either enhanced dechlorination for TCE or the
presence of a plausible molecular adsorption channel for PCE (see below). However, the relative
amounts of dechlorination for both TCE and
PCE are expected to be similar due to the preference for single dechlorination at the CCl2 side
upon the initial adsorption, which is supported
by the similar peak intensities found for the Si–
Cl stretch features relative to the respective elastic
peaks for both TCE (Fig. 2g) and PCE (Fig. 1e).
On the other hand, diﬀerences in the amounts of
molecularly adsorbed species could account at
least in part for the observed diﬀerences in the
relative intensities. Without knowledge of the
molecular adsorption structures and the respective
dipole moments for the constituent bonding
components in the molecular and dechlorinated adstructures, it is diﬃcult to further ascertain the respective surface moieties of these
adstructures.
It should be noted that post-oxidation of the exposed samples does not aﬀect the respective EELS
spectra (not shown), which indicates that the
adsorption of PCE and TCE on Si(1 1 1)7 · 7 appears to have passivated the 7 · 7 surface, likely
due to the Cl abstraction. Furthermore, exposure
of PCE and TCE on an oxidized Si(1 1 1) surface
at RT does not produce any EELS features attributable to PCE (Fig. 1) and TCE (Fig. 2), which
suggests that the dangling bonds of the clean
7 · 7 surface are required for the initial adsorption
of PCE and TCE. For an argon-sputtered Si(1 1 1)
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Fig. 3. Thermal desorption proﬁles of (a) mass 35 (Cl+), (b)
þ
mass 63 (SiCl+), (c) mass 98 (SiClþ
2 ), and (d) mass 166 (C2 Cl4 )
for 100 L of perchloroethylene exposed to Si(1 0 0)7 · 7 at room
temperature.
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Fig. 4. Thermal desorption proﬁles of (a) mass 35 (Cl+), (b)
mass 60 (C2HCl+), (c) mass 63 (SiCl+), (d) mass 98 (SiClþ
2 ), and
(e) mass 130 (C2 HClþ
3 ) for 100 L of trichloroethylene exposed
to Si(1 1 1)7 · 7 at room temperature.

base mass (Fig. 3d), indicating that these fragments originate from cracking of the desorbed parent mass in the ionizer of the QMS. Similarly, the
TDS proﬁle of the parent mass for TCE, mass 130
(C2 H35 Clþ
3 ), also exhibits a desorption maximum
at 340 K (Fig. 4e). The TDS proﬁles for the other
monitored mass fragments of TCE (mass 97
(C2H35Cl37Cl+) and 95 (C2 H35 Clþ
2 )) (not shown)
also follow that of the parent mass. Considerable
eﬀorts have been made to assure that the desorbed
species come indeed from the Si sample instead of
the sample holder, by positioning the front face
of the sample as close as possible (within 1 mm)
to the entrance of the diﬀerentially pumped housing of the QMS. Such an arrangement has been
found to be eﬀective in lowering the background
and preventing the desorbed species in the surrounding from entering the ionizer region of the
QMS. To eliminate the ﬁlament used for electron-beam sample heating of the backside of the
sample as a possible source of the desorbed species, we irradiated the front face of the sample with
low-energy electrons (50 eV kinetic energy) emit-

ted from a heated tungsten ﬁlament located 5 cm
away. The follow-up TDS experiments showed
that the desorption features for the parent mass
near 350 K are no longer present, which conﬁrms
that the desorbed molecular species are originated
from the surface and not from the ﬁlament used
for sample heating. The low desorption temperatures of the parent masses for both PCE and
TCE (near 350 K) suggest that the molecularly
desorbed species are from as-deposited (intact)
molecules and not from recombinative desorption
of dissociated adsorbed fragments, which would
require a higher desorption temperature. In addition, the molecular desorption proﬁle for PCE
(Fig. 3d) is found to be considerably broader than
that for TCE (Fig. 4e), suggesting the presence of a
larger number of more dissimilar molecular
adsorption states for PCE than TCE. This diﬀerence could be related to the diﬀerence in the molecular dipole resulting from diﬀerent adsorption
structures of the adsorbates. Evidently, the nonpolar PCE appears to have a less well-deﬁned
adsorption state on the Si(1 1 1)7 · 7 surface, in
contrast to that for polar TCE.
We have also monitored the lower mass fragments, particularly mass 94 (C2 35 Clþ
2 ) and mass
60 (C2H35Cl+) for PCE and TCE respectively. In
marked contrast to PCE for which no discernible
desorption feature is found for mass 94 (not
shown), an intense desorption feature of mass 60
at 360 K is clearly evident for TCE (Fig. 4b),
which indicates the formation of chloroacetylene
(C2HCl) upon low-temperature annealing. This
mass-60 desorption feature at 360 K (Fig. 4b) also
appears to be considerably more intense than and
it closely follows the molecular desorption peak at
340 K (Fig. 4e). It should be noted that the observed mass-60 desorption intensity relative to
the parent mass (mass 130) is also greater than that
found in the gas-phase cracking pattern of TCE
[32]. A possible mechanism for the apparently
enhanced production of chloroacetylene is the
double dechlorination of the inductively bonded
TCE, in which two Cl atoms are transferred from
the molecularly bonded TCE to the substrate
releasing the chloroacetylene. This mechanism is
generally consistent with the propensity of TCE
to dechlorinate on the Si surface (see below), likely
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is attributed to dissociation of residual water commonly present in UHV chambers [36].
In order to further investigate the decomposition products remaining on Si(1 1 1)7 · 7 upon
thermal evolution of the adsorbed PCE and TCE
molecules, we record EELS spectra for a 100 L
RT exposure of PCE (shown in Fig. 5) and of
TCE (shown in Fig. 6) on the 7 · 7 surface upon
annealing the respective samples to diﬀerent temperatures. We also provide in Fig. 7 a summary
of our proposed thermal evolution pathways for
PCE and TCE on the 7 · 7 surface, to better facilitate our discussion below. Evidently, both the
C@C stretching mode at 1490 cm1 and C–Cl
stretching mode at 820 cm1 for the PCE sample
are found to be weaken upon annealing to 350 K
(Fig. 5b) and they become essentially extinct at
450 K (Fig. 5c). On the other hand, the Si–Cl
stretching mode at 510 cm1 is found to be
strengthen considerably upon annealing to 450 K
(Fig. 5c). The reduction in the intensity of the C–
Cl feature at 820 cm1 and the corresponding
increase in that of the Si–Cl feature at 510 cm1

820

Si(111)7x7
Cl2C=CCl2

x25
510

Relative Intensity (arbitrary units)

because of the stronger bond strength of Si–Cl
(377 kJ mol1) than that of C–Cl (339 kJ mol1)
[23–25]. The absence of any mass-94 desorption
feature for PCE could be due to the lack of a dipole moment for PCE, in which case the inductive
bonding of PCE to the Si surface is too weak to
allow transfer of the Cl atoms to the surface and
only molecular desorption is observed.
Figs. 3 and 4 also show the respective TDS fea+
tures of mass 98 (SiClþ
2 ) and mass 63 (SiCl ) for
both PCE and TCE. The main peak at 860 K
and the shoulder at 900 K for these TDS proﬁles
evidently correspond to two possible desorption
states for these etching products. Earlier chemisorption studies of SiCl4 and SiH2Cl2 on Si(1 0 0)
and Si(1 1 1) surfaces have suggested that a
lower-temperature state at 700 K could correspond to desorption of dichloride surface species
while a higher-temperature state at 900 K may
correspond to disproportionation of two monochloride species [33], although the nature of these
states remain unclear in the present case. The similarity in the desorption temperatures for the two
TDS features observed in the present work (i.e.,
860 K and 900 K) therefore suggests that these features are more likely due to similar disproportionation processes of Cl atoms at two diﬀerent sets of
surface sites. The nearly identical proﬁles with similar desorption maxima for the mass 98 and mass
63 TDS features (with an intensity ratio of 1:1.8)
also indicate that they originate from the same
+
desorption product. Because SiClþ
2 and SiCl are
found to be in comparable amounts from electron
impact studies of gaseous SiCl2 [34,35], the parent
desorption species is likely SiCl2. Furthermore, we
have also monitored mass 133, corresponding to
SiClþ
3 of the heavier etching product SiCl4, but
found no desorption feature, conﬁrming SiCl2 as
the main etching product. In addition, a weak
and broad desorption peak of mass 35 (Cl+) at
810 K is also observed in the TDS proﬁles for both
PCE (Fig. 3a) and TCE (Fig. 4a), which indicates
recombinative desorption of a small quantity of
HCl upon thermal evolution. Although mass 36
(HCl+) was also monitored, the weak feature was
found to be easily obscured by the high background. In the case of PCE, the existence of a
small amount of H atoms found on the Si surface
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Fig. 5. Vibrational electron energy loss spectra for 100 L of
perchloroethylene exposed to (a) Si(1 1 1)7 · 7 at room temperature, and upon annealing to (b) 350 K, (c) 450 K, (d) 800 K,
(e) 850 K, (f) 910 K, and (g) 960 K.
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Fig. 6. Vibrational electron energy loss spectra for 100 L of
trichloroethylene exposed to (a) Si(1 1 1)7 · 7 at room temperature, and upon annealing to (b) 350 K, (c) 400 K, (d) 450 K,
(e) 580 K, (f) 700 K, (g) 850 K, (h) 920 K, and (i) 970 K.

conﬁrm total dechlorination of the adspecies upon
annealing to 450 K. Moreover, the extinction of
the C@C stretching feature at 1490 cm1 upon
annealing to 450 K suggests the conversion of the
_
mono-r bonded trichlorovinyl (ClC@CCl
2 ) adspecies (Structure III, Fig. 7b) to the dichlorovinylene
_ CCl)
_
(ClC@
adspecies (Structure IV, Fig. 7b),
which becomes transparent to dipole excitation
due to its near surface-parallel adsorption geometry (and the surface selection rule). Dechlorination
of the trichlorovinyl adspecies to the surface-perpendicular dichlorovinylidene (>C@CCl2) adspecies is not likely because such an adspecies would
exhibit a strong C@C stretching mode, which is
absent above 450 K. It is also of interest to note
that the presence of the molecularly adsorbed
PCE (Structure I, Fig. 7a) is also transparent to
the EELS analysis due to its near surface-parallel
adsorption conﬁguration. Clearly, we cannot rule
out the possibility of breakage of the C@C bond
(with a bond energy of 611 kJ mol1 [24,25]) and
the formation of carbon clusters on the Si surface
at the higher temperature.

Further annealing the PCE sample to 800 K is
found to strengthen the Si–Cl stretching mode at
510 cm1 slightly while a broad peak near
820 cm1 attributable to Si–C stretching mode
reappears (Fig. 5d). The Si–Cl stretching mode at
510 cm1 continues to reduce in intensity upon
continued annealing to 960 K (Fig. 5g), which
indicates that the dissociated Cl atoms are being
removed from the surface, in good accord with
the desorption of the SiCl2 species (mass 98) over
800–950 K (Fig. 3c) and HCl over 700–900 K
(Fig. 3a) as observed in our TDS experiment. Concurrently, the intensity of the Si–C stretching mode
at 820 cm1 is found to increase dramatically upon
annealing to 960 K (Fig. 5g), which indicates that
only C atoms remain likely in the form of SiC
(and/or carbon clusters) upon total dechlorination
at these high temperatures (Fig. 7b).
Similar observations can be made for the thermal evolution of the Si–Cl stretch at 510 cm1,
C–Cl stretch at 820 cm1 and C@C stretch at
1510 cm1 for a 100 L exposure of TCE on
Si(1 1 1)7 · 7 at RT (Fig. 6). In particular, the
reduction in the intensity of the C–Cl stretch at
820 cm1 along with a concomitant increase in that
of the Si–Cl stretch at 510 cm1 (Fig. 6a–d) indicates that the proposed mono-r bonded 1,2-dichlo_
rovinyl (ClC@CHCl)
adspecies, with two
conformer structures represented by Structures VI
and VII in Fig. 7d, continues to dechlorinate to
_ CCl,
_
chlorovinylene (HC@
Structure VIII, Fig.
7d) and chlorovinylidene (>C@CHCl, Structure
X, Fig. 7d) upon annealing to 450 K. However,
the total elimination of the C@C stretch feature
at 1510 cm1 upon annealing to above 400 K
(Fig. 6c) again suggests that the dipole-inactive surface-parallel bonded chlorovinylene (Structure
VIII, Fig. 7d) is the preferred product over the dipole-active surface-perpendicularly bonded chlorovinylidene adspecies (Structure X, Fig. 7d). The
intensity for the Si–Cl stretch feature at 510 cm1
continues to grow upon annealing to 580 K (Fig.
6e), eﬀectively in concert with the reduction in
intensity of the C–Cl stretch at 820 cm1, which
suggests breakage of the C–Cl bonds and the transfer of the Cl atoms onto the surface. Upon further
annealing the sample to 970 K (Fig. 6i), the Si–Cl
stretch feature at 510 cm1 gradually diminishes,
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Fig. 7. Schematic diagrams of plausible adsorption structures and thermal evolution products for (a,b) perchloroethylene and (c,d)
trichloroethylene exposed to Si(1 1 1)7 · 7 at room temperature.

which is in good accord with the desorption of the
etching products SiCl2 over 800–950 K (Fig. 4d)
and HCl over 700–900 K (Fig. 4a) as shown in
the corresponding TDS proﬁles. On the other
hand, the feature at 820 cm1 re-emerges as the
Si–C stretch and becomes a well-deﬁned peak upon
annealing to 970 K (Fig. 6i), suggesting decomposition of the adspecies to SiC adspecies (and/or other
hydrocarbon fragments) at these higher
temperatures.

In addition, the C–H stretch feature at
2980 cm1 (Fig. 6a) is found to gradually
strengthen and evidently undergo a small red shift
to 2900 cm1, while the CH bending feature at
1150 cm1 weakens and becomes totally diminished, upon annealing to 450 K (Fig. 6d). These
spectral changes are consistent with the thermal
evolution of the proposed 1,2-dichlorovinyl adspecies to chlorovinylene (Structure VIII, Fig. 7d).
The intensity of the red-shifted C–H stretch at
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2900 cm1 (Fig. 6d) remains essentially unchanged
upon annealing to 700 K (Fig. 6f). At 850 K, however, this feature completely disappears, which is
in accord with the breakdown of the chlorovinylene adspecies and the formation of the SiC adspecies (Fig. 7d) as reﬂected by the onset of the Si–C
stretch feature at 820 cm1 (Fig. 6g). Furthermore,
the (trans-)1,2-dichlorovinyl adspecies (Structure
VI, Fig. 7d) also appears to undergo direct double-dechlorination to acetylide (–C„C–H, Structure IX, Fig. 7d) upon annealing to 450 K, which
gives rise to the emergence of the C„C stretch feature at 2080 cm1 and the corresponding C–H
stretch at 3300 cm1. The latter assignments are
in good accord with similar frequencies observed
for the model compound Si(C„CH)4, in which
the C„C stretch and C–H stretch are found to
be at 2053/2063 cm1 and 3315 cm1, respectively
[37]. To the best of our knowledge, this represents
the ﬁrst observation of this novel acetylide adspecies on a semiconductor surface, although the
presence of a surface-parallel acetylide as an intermediate structure has been proposed earlier in the
case of metal surfaces [38–40]. Further annealing
the sample to above 450 K appears to gradually reduce these intensities, suggesting thermal evolution
of the acetylide adspecies to Si monohydrides and
unknown hydrocarbon fragments (Fig. 7d). The
Si–H stretch feature at 2080 cm1 completely disappears upon annealing to above 700 K (Fig. 6f),
conﬁrming its assignment as monohydride. At
the highest annealing temperature accessible in
the present experiment (970 K), only the SiC
adspecies remains, as indicated by the presence
of the Si–C stretch at 820 cm1 (Fig. 6i), and the
Si sample exhibits a diﬀuse (partly reconstructed)
7 · 7 LEED pattern.

4. Summary
Unlike Si(1 0 0)2 · 1, the Si(1 1 1)7 · 7 surface
provides a more challenging surface for exploration of silicon surface chemistry due to the large
number of diﬀerent bonding sites (adatoms, restatoms, dimer rows, corner holes, and pedestal
atoms) on the surface [41]. In the present work,
we employ EELS and TDS to investigate the RT

chemisorption and plausible thermally driven
chemical processes of PCE and its hydrogensubstituted homolog TCE on the Si(1 1 1)7 · 7 surface. In particular, molecular desorption near RT
(350 K) has been observed as a minor pathway
for the thermal evolution of PCE and TCE on
the 7 · 7 surface, which provides support for the
presence of dative covalent bonding (between Cl
and the substrate Si atoms) as a result of the inductive eﬀect of the Cl atoms (Structures I and V, Fig.
7). However, unlike the non-polar PCE adsorbate,
the polar nature of the TCE molecule appears to
provide suﬃcient adsorbate–substrate interaction
to facilitate further double Cl abstraction by the
substrate atoms (Fig. 7c), which leads to the thermal evolution of chloroacetylene (Fig. 4b). These
molecular adsorption processes are plausible because the typical Cl-to-Cl separations along the
C@C bond (3.1 Å) and diagonally across the molecule (4.4 Å) for PCE and TCE are physically
compatible with the adatom-to-rest-atom separation (4.6 Å) and adatom–adatom separation
across the dimer row (6.7 Å) on the 7 · 7 surface
[28]. Furthermore, dechlorination of PCE and
TCE is found to be the major pathway at RT on
Si(1 1 1)7 · 7 (Fig. 7b and d). Although the complex mechanisms of these processes are beyond
the scope of the present study, our data reveal
the formation of novel products and intermediates
upon annealing the samples. In particular, the
observation of C@C stretch (near 1500 cm1)
upon RT adsorption/dechlorination supports
the presence of mono-r bonded trichlorovinyl
_
(ClC@CCl
2 ) adspecies for PCE (Structure III,
_
Fig. 7b) and 1,2-dichlorovinyl (ClC@CHCl)
adspecies for TCE (Structures VI and VII, Fig.
7d) as possible surface intermediates for further
thermal evolution. Diﬀerences are also observed
between PCE and TCE for the eventual evolution
products upon annealing the samples above 450 K.
For PCE, the absence of C–Cl stretch at
820 cm1 (Fig. 5c) suggests total dechlorination
above 450 K, while the emergence of the Si–C
stretch at 820 cm1 (Fig. 5g) conﬁrms the formation of SiC and C clusters adspecies (Fig. 7b).
On the other hand, the small red-shift in the C–
H stretch at 2980 cm1 to 2900 cm1 and the emergence of a new C–H stretch at 3300 cm1 in the
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TCE spectra (Fig. 6) indicate the presence of di-r
_ CCl,
_
bonded chlorovinylene (HC@
Structure VIII,
Fig. 7d) and mono-r bonded acetylide (–C„C–H,
Structure IX, Fig. 7d) adspecies. In addition to
these novel adspecies, there are other viable pathways involving, e.g., the formation of chlorovinylidene (>C@CHCl, Structure X, Fig. 7d) that
cannot be ruled out. All of these dechlorinated
adspecies are found to undergo dehydrogenation
upon further annealing the TCE sample to above
580 K, consistent with the increase followed by
reduction in the Si–H stretch at 2080 cm1 (Fig.
6) and the presence of mass 2 TDS feature commonly observed at 770–810 K from Si monohydrides [42,43]. The resulting adspecies undergo
eventual formation of the SiC and C-containing
clusters above 920 K, as for the PCE case (Fig.
6h). It should be noted that we cannot rule out
more complicated surface processes involving
multi-centers interactions and intermediate adspecies that are parallel to the surface, because these
adspecies would escape detection by the specularreﬂection EELS technique used in the present
experiment. Despites these notable diﬀerences in
the adsorption species, the Cl atoms dissociated
from both PCE and TCE are found to desorb predominantly as an etching product SiCl2 over 800–
950 K and recombinatively with H as HCl over
700–900 K. Finally, the diﬀerences observed for
the thermal evolution of PCE and TCE on
Si(1 1 1)7 · 7 are clearly related to the adsorption
geometries and symmetries of the adsorbates,
which ultimately control the intricate site-speciﬁc
surface chemistry of these novel adspecies on the
7 · 7 surface.
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