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Abstract

The room-temperature (RT) adsorption of dibromoethylene on Si(1 0 0)2 · 1 has been investigated by X-ray pho-

toelectron spectroscopy (XPS) and temperature programmed desorption (TPD) mass spectrometry. The C 1s and Br 3d

XPS spectra indicate the presence of a mono-r bonded vinyl bromide adspecies (30%) and a di-r bonded vinylene

adspecies (70%) on Si(1 0 0)2 · 1, which suggests dehalogenation of dibromoethylene producing one or both Br atoms

upon RT adsorption. Annealing the sample to 645 K for 30 min completely removes the vinyl bromide adspecies,

leaving behind the di-r bonded vinylene. Recombinative desorption of HBr from the 2· 1 surface has been observed

over the temperature range 800–1000 K upon further annealing. The adsorption and desorption behaviour of di-

bromoethylene on Si(1 0 0)2 · 1 is found to be consistent with an insertion reaction mechanism, in marked contrast to the

cycloaddition reaction mechanism observed for ethylene or acetylene on Si(1 0 0)2 · 1. The present work illustrates the

surprisingly rich chemical activity of the 2· 1 surface in facilitating dehalogenation of prototypical halogenated alk-

enes.

� 2003 Elsevier B.V. All rights reserved.
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Cycloaddition reactions between unsaturated

organic hydrocarbons and the Si(1 0 0)2 · 1 sur-

face have been extensively studied by a variety of

surface sensitive techniques and computational
methods [1–5], due largely to their potential ap-

plications in microelectronics and organic sensors

and to their fundamental importance in under-
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standing organosilicon chemistry. As the simplest

unsaturated hydrocarbons with a double and triple

C–C bond respectively, ethylene and acetylene

have attracted considerable attention and their
di-r bonding interactions with the dangling bonds

of the Si dimer on Si(1 0 0)2 · 1 have been well

characterized, with carbon atoms undergoing re-

hybridization from sp2 to sp3 and sp to sp2, re-

spectively [6,7]. In addition, halogen chemistry (of

F, Cl, Br) on Si surfaces is of special interest

to the semiconductor industry because halogen

plasma etching is a critical processing step, on
ed.
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which the industry relies to assure the performance

and reliability of Si-based electronic devices. Stud-

ies of adsorption and desorption of atomic and

molecular chlorine on Si(1 0 0)2 · 1 and Si(1 1 1)-

7 · 7 surfaces have revealed that different processes

appear to greatly depend on the coverage [8–11].
In particular, Cheng et al. [12] and Koleske and

Gates [13] reported that halogen extraction from

Si(1 0 0) and Si(1 1 1) is driven by atomic hydrogen

via different reaction pathways following the Eley-

Rideal and hydrogen-transfer mechanisms, re-

spectively. The combination of the simplest

unsaturated hydrocarbon, such as ethylene, with

halogens would provide an important family of
haloethylenes with unique hybrid properties that

are of fundamental and practical interests to

silicon surface chemistry. Previous investigations

have mainly focussed on metal-catalysed degra-

dation of haloethylenes on low Miller index metal

surfaces, including Cu(1 1 0) [14,15], Cu(1 0 0) [16],

Pd(1 1 0) [17], and Pt(1 1 1) [18]. In particular,

Yang et al. have shown that cis-dichloroethylene
chemisorbs dissociatively on Cu(1 0 0) to atomic

chlorine that remains on the surface up to 900 K

and to acetylene that further trimerizes to benzene

upon thermal desorption [16]. In contrast, the

adsorption of chloroethylene on Pt(1 1 1) is found

to follow reaction pathways that resemble that of

ethylene on Pt(1 1 1) with the C–C bonds near-

parallel to the surface, while the chlorine is ob-
served to recombine with hydrogen to form HCl

that leaves the surface near 460 K [16,18].

On single-crystal silicon surfaces with unique

directional dangling bonds, the halogen atoms in

halogenated ethylenes could open up new reaction

pathways, in addition to the addition reactions

of alkenes, for potential functionalization of the

silicon surface in the development of molecular
devices [19]. Recently, we have provided a compre-

hensive study on the RT adsorption and thermally

induced chemistry of a family of chloroethyl-

enes on Si(1 1 1)7 · 7 by using vibrational electron

energy loss spectroscopy [20] and extended this

investigation to Si(1 0 0)2 · 1 surfaces by X-ray

photoelectron spectroscopy as a function of tem-

perature [21]. These studies investigate the effects
of molecular symmetry, halogen content, steric

effects resulting from different geometry isomer-
ism, etc. on the pertinent chemical processes. To

date, there has been no XPS study reported for

bromoethylenes on Si or metal surfaces. The pre-

sent work therefore provides the first study on

the thermal chemistry of dibromoethylene on Si-

(1 0 0)2 · 1 with the goal to identify the similarities
or differences in the reaction mechanisms as a re-

sult of the change in the halogen atoms, particu-

larly in view of the similarities in the average

covalent bond length (bond energy) between C–Br

at 1.94 �AA (288 kJ/mol) and C–Cl at 1.77 �AA (330 kJ/

mol) [22].

All the experiments were performed in a home-

built dual-chamber ultra-high vacuum system with
a base pressure better than 1 · 10�10 Torr [23]. The

sample preparation chamber was equipped with an

ion-sputtering gun and a four-grid retarding-field

optics for both reverse-view low energy electron

diffraction (LEED) and Auger electron spectro-

scopy. The analysis chamber housed a differentially

pumped 1–300 amu quadrupole mass spectrometer

for TPD studies and an electron spectrometer (VG
Scientific CLAM-2), consisting of a hemispherical

analyser (100 mm mean radius) and a triple-

channeltron detector, for XPS investigation with

unmonochromatic Al Ka radiation (with a photon

energy 1486.6 eV) from a twin-anode X-ray source.

A 14 · 7 mm2 substrate was cut from a single-side

polished p-type boron-doped Si(1 0 0) wafer (0.4

mm thick) with a resistivity of 0.0080–0.0095 X cm.
Details of the sample mounting and preparation

procedures were described elsewhere [23]. Di-

bromoethylene (97% purity) was purchased from

Aldrich and thoroughly degassed by repeated

freeze–pump–thaw cycles, prior to exposure to the

Si sample by backfilling the preparation chamber

to an appropriate pressure (as monitored by an

uncalibrated ionization gauge) with a variable pre-
cision leak valve. All exposures (in units of Lang-

muir, 1 L ¼ 1� 10�6 Torr s) were performed at

RT and with a saturation coverage unless stated

otherwise. A home-built programmable propor-

tional–integral–differential temperature controller

was used to provide linear temperature ramping at

an adjustable heating rate, typically set at 2 K/s for

the present TPD experiments [23]. XPS spectra
were collected with an acceptance angle of ±4� at
normal emission from the silicon substrate and
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Fig. 1. XPS spectra of the Br 3d and C 1s regions of a 50 L RT

exposure of dibromoethylene on Si(1 0 0)2· 1 (a) at 300 K and

(b) upon further annealing at 645 K for 30 min. Schematic di-

agrams of the local surface bonding arrangements for (c) the di-

r bonded vinylene adspecies and (d) the mono-r bonded vinyl

bromide adspecies.
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with a constant pass energy of 50 eV giving an

effective energy resolution of 1.4 eV full-width-

at-half-maximum (for the Si 2p photopeak). The

binding energy scale of the XPS spectra presented

in the present work has been calibrated to the Si 2p

feature of the bulk at 99.3 eV [24]. Spectral fitting
and deconvolution based on residual minimization

with the Gaussian–Lorentian peak shape was

performed by using the CasaXPS software. For

temperature-dependent XPS measurements, the

sample was flash-annealed to the preselected tem-

perature and allowed to cool to RT before col-

lecting the XPS spectra.

Fig. 1 shows the XPS spectra of the Br 3d and C
1s regions of 50 L of dibromoethylene adsorbed on

Si(1 0 0)2· 1 at RT and upon annealing to 645 K for

30 min. No significant change in the intensity ratio

of the C 1s to Si 2p photopeaks has been found for

exposure above 10 L, suggesting that a saturation

coverage has been reached for the 50 L exposure.

The C 1s feature is fitted to two Gaussian lineshapes

centered at 284.0 and 286.0 eV (Fig. 1a), which are
found to be at the same locations with similar rel-

ative intensities as those for dichloroethylene ad-

sorbed on Si(1 0 0)2· 1 at RT (not shown) [21]. The

similarities in these C 1s spectra suggest that a

similar C backbone for the adsorption structures of

both dibromoethylene and dichloroethylene on

Si(1 0 0)2· 1. Using synchrotron-radiation XPS at

391 eV photon energy, Fink et al. also observed
two well-resolved C 1s peaks at the same binding

energies for 1,2-dichloroethylene adsorbed on

Si(1 0 0)2· 1 at 80–100 K followed by annealing to

150–200 K [25], but with reverse relative intensities

for the two peaks. In spite of the attempt to remove

multilayer adsorption by annealing the sample to

150–200 K before XPS measurement, we believe

that the stronger intensity found for the peak at
286.0 eV by Fink et al. could be due to physisorp-

tion [25]. On the other hand, we hypothesize that the

C 1s peaks observed at 284.0 and 286.0 eV corre-

spond to different C local environments with and

without direct bonding to a Si surface atom, re-

spectively. In particular, Fig. 1c shows a di-r bon-

ded vinylene structure with total dehalogenation

(with the insertion of two Si surface atoms into the
C–Br bonds) giving rise to one type of C local en-

vironment (Ca), while Fig. 1d depicts a mono-r
bonded vinyl bromide structure with a single Si

surface atom insertion and two different C types (Ca

and Cb). The proposed bonding model is similar to

that reported for acetylene on Si(10 0)2· 1 by

Taylor et al. [3]. Assuming that the Ca 1s photopeak

at 284.0 eV and the Cb 1s feature at 286.0 eV have

similar ionization cross sections and that geometric

effects with respect to detection are unimportant, we

estimate that the relative moiety of the vinylene

adspecies (70%) is considerably higher than that of
the vinyl bromide adspecies (30%). Upon holding

the sample at 645 K for 30 min, the Cb 1s photopeak
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has evidently been removed (Fig. 1b) while the

overall intensity of the C 1s envelope has only been

slightly reduced (by 13%). The reduction in the Cb

1s intensity could be attributed to either thermal

desorption of the vinyl bromide adspecies or con-

version of vinyl bromide to vinylene adspecies. The
latter conversion process from a mono-r bonded

structure to a di-r bonded structure has also been

reported for 3-pyrroline adsorbed on Si(10 0)2· 1
by Liu and Hamers [27]. Evidently, the thermal

desorption behaviour of C 1s peak is consistent with

the higher stability of the di-r bonded vinylene

adspecies relative to the mono-r bonded vinyl

bromide adspecies, which is also in general accord
with the stability of the di-r bonded structure of

acetylene [3].

It should be noted that the LEED pattern re-

mained essentially unchanged from the sharp 2 · 1
reconstruction (of the clean Si(1 0 0) surface) upon

exposure of 50 L of dibromoethylene, which sug-

gests that the adsorption does not affect the dimer

row of the 2 · 1 surface in accord with the pro-
posed adsorption structures (Fig. 1c and d).

To verify our proposed assignment of the C 1s

features, we have independently re-measured the

XPS spectrum for a saturation coverage of ethylene

on Si(1 0 0)2· 1 at RT using our aforementioned

experimental setup. The corresponding C 1s region

reveals a single feature centered at 284.3 eV (not

shown), which is characteristic of the di-r bonded
1,2-ethanediyl adspecies with sp3 hybridization for

the C atoms. Evidently, the C 1s binding energy for

vinylene (284.0 eV) shown in Fig. 1 is found to be

lower than that for the 1,2-ethanediyl adspecies

(284.3 eV) (for ethylene adsorption), which is also in

good agreement with that found for acetylene and

ethylene adsorption as reported by Fink et al. [25].

The small energy difference of 0.3 eV can be at-
tributed to the difference in the C hybridization

between sp2 (vinylene) and sp3 (1,2-ethanediyl ad-

species). In contrast, the C 1s binding energy for

sp2-hybridized hydrocarbons (such as ethylene) is

higher than that for sp3-hybridized hydrocarbons

(such as ethane) in the gas phase [26], in which the

type of C hybridization is not as important for the

core-level binding energy shift as the electroneg-
ativity of the attaching ligands [26]. Apparently,

hybridization plays a more prominent role for the
C 1s binding energy shift for adsorbed species di-

rectly bonded with the surface atoms. It should be

noted that Liu and Hamers reported almost the

same C 1s binding energy for acetylene (284.1 eV)

and ethylene (284.0 eV) adsorption on Si(1 0 0)2· 1
with reference to the Si 2p3=2 peak at 99.4 eV [27], in
disagreement with the data of Fink et al. [25] and

the present result.

Fig. 1 also shows that there is only one broad

feature corresponding to the Br 3d5=2 and 3d3=2

photopeaks at 69.2 and 70.3 eV respectively, which

indicates no discernible chemical shift arising from

the C–Br or Si–Br bond in general accord with the

stronger electronegativity of the Br atom (2.8) than
that of the C (2.5) or Si atoms (1.8) [28]. The ad-

sorption of Br can be inferred by comparison with

our earlier study on ethylene adsorption on

Si(1 0 0)2 · 1. In particular, the present work shows

that the corresponding dibromoethylene adsorp-

tion gives a similar C 1s to Si 2p intensity ratio,

indicating that the saturation moiety of dibromo-

ethylene is also similar to that of ethylene (i.e., one
molecule per Si dimer) [29]. Given that there is no

vacant dimer site remaining upon formation of the

vinylene adspecies, the dissociated Br atoms could

only occupy the back dangling bond sites of the Si

dimer, as indicated in Fig. 1c. The Si atoms of the

dimer could therefore be considered as undergo-

ing an insertion reaction into the C–Br bonds to

effect dehalogenation, upon the adsorption of di-
bromoethylene. It should be noted that a saturation

exposure of dibromoethylene to a Si(1 0 0) surface

terminated with H or O does not produce any

adsorption (not shown), which further supports

the aforementioned bonding picture that Si dan-

gling bonds are required. Furthermore, the Br 3d

feature does not appear to be greatly affected by

annealing to 645 K for 30 min (Fig. 1b) and only
minor reduction in its intensity relative to Si 2p is

observed. In accord with our proposed bonding

model, the mono-r bonded vinyl bromide adspe-

cies would have undergone desorption at 645 K,

reducing the C 1s to Br 3d intensity in a 2:1 pro-

portion. The discernibly less proportional reduc-

tion observed in the overall C 1s intensity suggests

that conversion from the mono-r bonded vinyl
bromide adspecies to di-r bonded vinylene ad-

species cannot be ruled out.
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In order to investigate the desorption process in

greater detail, XPS spectra of Br 3d and C 1s

regionswere collected atRTafter sequentially flash-

annealing the sample up to a preselected temper-

ature as shown in Fig. 2. In contrast to the earlier

result shown in Fig. 1, no detectable change in the
C 1s region is observed over the 300–620 K region

(Fig. 2b and c). The lack of any intensity reduction

in the Cb 1s feature (at 286.0 eV) in the present

flash-anneal experiment suggests that desorption

of vinyl bromide is a slow process. (This observa-

tion is in marked contrast to the small reduction in

the Cb 1s intensity found after the prolonged an-

nealing at 645 K, as shown in Fig. 1.) Between 620
and 800 K, a 20% reduction is found in the overall

C 1s intensity (Fig. 2c), which is indicative of
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Fig. 2. XPS spectra of (a) the Br 3d and (b) C 1s regions of a 50

L RT exposure of dibromoethylene on Si(1 0 0)2 · 1 as a func-

tion of flash-annealing temperature. The overall intensities of

the Br 3d and C 1s XPS features relative to the Si 2p peak in-

tensity as a function of temperature is shown in (c).
plausible desorption of vinyl related species. Fur-

ther flash-annealing to 1230 K does not signifi-

cantly reduce the overall peak intensity (Fig. 2c)

but discernible changes to the peak location are

observed (Fig. 2b). In particular, the Ca 1s peak

maximum originally located at 284.0 eV (with
predominant contribution from vinylene, Fig. 1c)

appears to shift to 283.0 eV, which is characteristic

of SiC [30], while the weaker Cb 1s shoulder at

286.0 eV (predominantly attributed to vinyl bro-

mide) has now relocated to 284.5 eV, which could

be assigned to carbon clusters (Fig. 2b) [31]. These

changes are therefore consistent with thermal

cracking of the vinylene adspecies and the pro-
duction of silicon carbides and carbon clusters

above 800 K [32]. In addition, unlike the C 1s

feature, significant intensity reduction is not ob-

served for the Br 3d feature until the flash-

annealing temperature exceeds 800 K as shown in

Fig. 2c. Between 800 and 1000 K, the Br 3d peak is

found to diminish in intensity by almost 85% and

is completely removed above 1200 K, suggesting
the total removal of Br-containing adspecies.

Fig. 3 shows the TPD profiles of m=z 80, 28, 26,
and 2, corresponding to the parent ions of HBr,

C2H4, C2H2 and H2 respectively, for a 50 L ex-

posure of dibromoethylene on Si(1 0 0)2 · 1 at RT.

Evidently, the 20% reduction in intensity for the C

1s feature at 284.0 eV observed at 800 K (shown in

Fig. 2) is in good accord with the strong desorp-
tion peak of m=z 26 at 770 K (Fig. 3c), which in-

dicates the desorption of acetylene arising from

vinylene or dehalogenated vinyl bromide adspe-

cies. The desorption temperature for m=z 26 (770

K) is also found to be in agreement with that for

acetylene desorption (750 K) reported by Taylor et

al. [3]. The weaker TPD feature of m=z 26 at 630 K

(and 580 K) (Fig. 3c) is found to occur at the same
temperature as the corresponding TPD feature of

m=z 28 (Fig. 3b), which suggests a common de-

sorption species. In particular, the m=z 28 TPD

features could be attributed to the removal of

ethylene likely produced by hydrogenation fol-

lowing a hydrogen exchange reaction with Br in

the vinyl bromide adspecies. Given that m=z 28

is one of the most commonly found fragments
in any ultra-high vacuum chamber, we cannot

rule out the possibility of minor contributions of
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hydrocarbon species from the sample environment

(e.g. manipulator) during the TPD experiment.

The TPD maximum of m=z 2 at 800 K (Fig. 3d) is

found to be in good accord with recombinative

desorption of H2 arising from silicon monohydride

[32].

The present work also shows for the first time

recombinative desorption of HBr via two possible
reaction pathways as indicated by the m=z 80 TPD

features at 830 K and 950 K (Fig. 3a). In partic-

ular, given the similarity of its desorption maxi-

mum to that of the m=z 2 TPD feature at 800 K

(Fig. 3d), we propose that the m=z 80 TPD feature

at 830 K (Fig. 3a) could correspond to recomb-

inative desorption of the Br atoms (dissociated

upon dibromoethylene adsorption, Fig. 1a and b)
with the surface H atoms. The H atoms on the

surface could be due to dissociative adsorption of

resident water in the UHV chamber on the Si
sample [33] during the sample preparation stage.

The weaker m=z 80 TPD feature at 950 K (Fig. 3a)

could then be attributed to recombinative de-

sorption of dissociated Br atoms with H atoms

dissociated from the hydrocarbon adspecies (vin-

ylene).
The evolution of HBr is found to occur in the

same temperature range (800–1000 K) as that for

SiBrx (x ¼ 1–4) found in the Si etching process

[34], indicating both of these desorption path-

ways (i.e. HBr evolution and SiBrx desorption)

are thermodynamically viable in this temperature

range. However, since no etching products such as

SiBrx is observed in the present work, recombin-
ative desorption of HBr is evidently favoured ki-

netically likely due to a lower activation barrier. In

addition, the mechanism for HBr evolution is

different than those reported for atomic H ex-

traction of Br-terminated Si(1 0 0) and Si(1 1 1)

surfaces [12,13]. In particular, Cheng et al. pro-

posed an Eley-Rideal mechanism in which a gas-

eous H atom recombines with an adsorbed Br
atom on Si(1 0 0) to form the desorbed HBr [12],

while on the Si(1 1 1) surface a more-complex hy-

drogen-transfer mechanism for HBr evolution has

been proposed by Koleske and Gates [13]. In the

present case, since both H and Br atoms are

available on the surface upon dibromoethylene

adsorption, we believe that the Langmuir–Hin-

shelwood mechanism (i.e., following second-order
kinetics) is more consistent with our present data.

In summary, the present work illustrates the

general similarity in the RT chemisorption and

thermal chemistry involving dibrominated and

dichlorinated ethylenes on Si(1 0 0)2 · 1. Both di-r
bonded vinylene and mono-r bonded vinyl bro-

mide adspecies are observed upon dehalogenated

adsorption on the 2 · 1 surface at RT, with the Si
dimers likely undergoing insertion reactions. The

weakly bonded vinyl bromide adspecies is found to

desorb upon prolonged annealing at 645 K while

further annealing of the more strongly bonded

vinylene adspecies leads to the desorption of

acetylene at 770 K and the formation of silicon

carbide above 800 K. Furthermore, recombinative

desorption of the dissociated Br atoms with resi-
dent surface H atoms and with H atoms dissoci-

ated from vinylene or other cracked hydrocarbon
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adspecies has also been observed. The present

work therefore provides the first experimental

evidence for the thermal evolution of HBr on

Si(1 0 0)2 · 1. Like dichloroethylenes [21], no sur-

face etching product is found for dibromoethyl-

enes on the Si(1 0 0)2 · 1 surface.
Acknowledgements

This work was supported by the Natural Sci-

ences and Engineering Research Council of Can-

ada.
References

[1] J.S. Hovis, H. Liu, R.J. Hamers, Surf. Sci. 402–404 (1998)

1.

[2] K. Hamaguchi, S. Machida, K. Mukai, Y. Yamashita, J.

Yoshinobu, Phys. Rev. B 62 (2000) 7576.

[3] P.A. Taylor, R.M. Wallace, C.C. Cheng, W.H. Weinberg,

M.J. Dresser, W.J. Choyke, J.T. Yates Jr., J. Am. Chem.

Soc. 114 (1992) 6754.

[4] S.F. Bent, Surf. Sci. 500 (2002) 879.

[5] J.H. Cho, D.H. Oh, L. Kleinman, Phys. Rev. B 64 (2001)

241306.

[6] F. Matsui, H.W. Yeom, A. Imanishi, K. Isawa, I.

Matsuda, T. Ohta, Surf. Sci. 401 (1998) L413.

[7] M.P. Casaletto, R. Zanoni, M. Carbone, M.N. Piancas-

telli, L. Aballe, K. Weiss, K. Horn, Phys. Rev. B 62 (2000)

17128.

[8] R.D. Schnell, D. Rieger, A. Bogen, F.J. Himpsel, K.

Wandelt, W. Steinmann, Phys. Rev. B 32 (1985) 8057.

[9] J.A. Martin-Gago, E. Roman, M.C. Refolio, J.M. L�oopez-

Sancho, J. Rubio, L. Hellner, G. Comtet, Surf. Sci. 424

(1999) 82.

[10] M.A. Mendicino, E.G. Seebauer, Appl. Surf. Sci. 68 (1993)

285.

[11] P. Gupta, P.A. Coon, B.G. Koehler, S.M. George, Surf.

Sci. 249 (1991) 92.
[12] C.C. Cheng, S.R. Lucas, H. Gutleben, W.J. Choyke, J.T.

Yates Jr., J. Am. Chem. Soc. 114 (1992) 1249.

[13] D.D. Koleske, S.M. Gates, J. Chem. Phys. 98 (1993) 5091.

[14] Y. Jugnet, N.S. Prakash, J.C. Bertolini, S.C. Laroze, R.

Raval, Catal. Lett. 56 (1998) 17.

[15] S.C. Laroze, S. Haq, R. Raval, Y. Jugnet, J.C. Bertolini,

Surf. Sci. 433–435 (1999) 193.

[16] M.X. Yang, P.W. Kash, D.H. Sun, G.W. Flynn, B.E. Bent,

M.T. Holbrook, S.R. Bare, D.A. Fischer, J.L. Gland, Surf.

Sci. 380 (1997) 151.

[17] L.H. Bloxham, S. Haq, C. Mitchell, R. Raval, Surf. Sci.

489 (2001) 1.

[18] V.H. Grassian, G.C. Pimental, J. Chem. Phys. 88 (1988)

4478.

[19] R.J. Hamers, Nature 412 (2001) 489.

[20] Z.H. He, X. Yang, X.J. Zhou, K.T. Leung, Surf. Sci.,

submitted for publication.

[21] X.J. Zhou, K.T. Leung, submitted for publication.

[22] R.C. Weast (Ed.), CRC Handbook of Chemistry and

Physics, 64th ed., CRC Press, Baton Raton, 1983.

[23] Q. Li, K.T. Leung, Surf. Sci. 479 (2001) 69.

[24] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben,

Handbook of X-ray Photoelectron Spectroscopy, Perkin-

Elmer Corporation, Minnesota, USA, 1992.

[25] A. Fink, W. Widdra, W. Wurth, C. Keller, M. Stichler, A.

Achleitner, G. Comelli, S. Lizzit, Phys. Rev. B 64 (2001)

045308.

[26] K. Siegbahn et al., ESCA Applied to Free Molecules,

North-Holland, New York, 1969.

[27] H.B. Liu, R.J. Hamers, Surf. Sci. 416 (1998) 354.

[28] L. Pauling, The Nature of Chemical Bond, Cornell

University Press, Ithaca, 1960.

[29] M.P. Casaletto, R. Zanani, M. Carbone, M.N. Piancastelli,

L. Aballe, K. Weiss, K. Horn, Phys. Rev. B 62 (2000)

17128.

[30] L.J. Huang, W.M. Lau, H.T. Tang, W.N. Lennard, I.V.

Mitchell, P.J. Schultz, M. Kasrai, Phys. Rev. B 50 (1994)

18453.

[31] C. Czosnek, J.F. Janik, Z. Olejniczak, J. Cluster Sci. 13

(2002) 487–502.

[32] N.N. Waltenburg, J.T. Yates Jr., Chem. Rev. 95 (1995)

1589.

[33] C. Poncey, F. Rochet, G. Dufour, H. Roulet, F. Sirotti, G.

Panaccione, Surf. Sci. 338 (1995) 143.

[34] C.M. Aldao, J.H. Weaver, Prog. Surf. Sci. 68 (2001) 189.


	Dissociative adsorption and thermal desorption of dibromoethylene on Si(100)2times1: surface mediated dehalogenation and recombinative evolution of HBr
	Acknowledgements
	References


