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State-selective fragmentation dynamics for excited fragments and ionic fragments of gaseous and
condensed Si�CH3�2Cl2 following Cl 2p and Si 2p core-level excitations have been characterized. The
Cl 2p ! 15a1

� excitation of Si�CH3�2Cl2 induces significant enhancement of the Cl� desorption yield
in the condensed phase and the Si�CH3�2

� and SiCH3
� yields in the gaseous phase. The core-to-

Rydberg excitations at both Si 2p and Cl 2p edges lead to enhanced production of the excited fragments.
These complementary results provide deeper insight into the origin of state-selective fragmentation of
molecules via core-level excitation.
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resonances have been investigated. The most striking gas to He carrier gas) �10%. Photoemission spectra were
X-ray induced molecular photolysis on surfaces
has recently received particular attention because the
understanding of this chemistry is essential for the devel-
opment of evolving technology in the fabrication of mi-
croelectronic devices into the nanometer range. With
synchrotron radiation of tunable energy, one can prepare
the molecule in a well-defined core-excited state and
investigate the associated electronic relaxation channels
and fragmentation pathways. An intriguing subject in the
photochemistry of surfaces is selective photoexcitation
and subsequent cleavage of a specific chemical bond in
an adsorbed molecule by tuning the photon energy to a
particular absorption resonance. The site-specific frag-
mentation via core-level excitation was identified in sev-
eral systems [1–5], but not observed in some molecules,
such as Fe�CO�2�NO�2 [6]. The complex relaxation pro-
cesses for site-selective fragmentation of core-excited
molecules are not fully understood and remain the subject
of extensive research [7,8]. The fragmented ions discussed
in previous reports were predominantly positive ions. The
investigation of excited ionic and neutral fragments pro-
duced by inner-shell photoexcitation of molecules is still
in its infancy [9–11]. At the solid surface, the dissociation
dynamics of core-excited molecules might be strongly
modified as compared with the gaseous-phase due to
electronic interaction with a substrate and/or neighboring
molecules [12,13]. Accordingly, to obtain profound in-
sight into the complex relaxation processes of molecular
adsorbates on surfaces following inner-shell photoexcita-
tion, coordinated studies of gaseous-phase molecules and
solid-state analogues using various experimental tech-
niques are indispensable.

In the present study, by combining the photon-induced
dissociation, resonant photoemission, x-ray absorption,
ion kinetic-energy distribution, and dispersed fluores-
cence measurements, the state-selective fragmentation
pathways for gaseous and condensed Si�CH3�2Cl2 follow-
ing the Cl 2p and Si 2p core-level excitations to various
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observation is that the Cl 2p ! 15a1
� excitation of

Si�CH3�2Cl2 induces significant enhancement of the Cl�

desorption yield in the condensed phase and the
Si�CH3�2

� and SiCH3
� yields in the gaseous phase. The

core-to-Rydberg excitations at both Si 2p and Cl 2p edges
lead to enhanced production of the excited fragments.
These complementary results are crucial for understand-
ing the origin of state-specific fragmentation of mole-
cules following core-level excitation.

The experimental measurements were carried out at
the high-energy spherical grating monochromator beam
line and the U5 undulator beam line of the National Syn-
chrotron Radiation Research Center (NSRRC) in Taiwan.
The experimental details for solid-state related measure-
ments are described elsewhere [14,15]. Highly pure
Si�CH3�2Cl2 (Merck) was degassed by several freeze-
pump-thaw cycles before use. The solid-state photoab-
sorption spectra were recorded in a total-electron yield
(TEY) mode. The ion kinetic energy (not calibrated) was
measured by a quadrupole mass spectrometer with a 45�

sector field analyzer (Hiden, EQS).
For measurements of gaseous-phase photodissociation

and dispersed fluorescence, an effusive molecular beam
produced by expanding the gas through an orifice
(100 �m) into the experimental chamber was used. Frag-
mented ion yields were mass selected through a quadru-
pole mass spectrometer (Hiden, IDP). Fluorescence was
detected with a 0.39-m spectrometer using a f=1:5 fused
silica extraction optic located normal to and in the plane
of polarization of the synchrotron radiation. Because
signal levels during dispersed fluorescence measurements
were small, the spectral resolution of the spectrometer
was set to �10 nm and the pressure in the effusive beam
chamber was kept at �9� 10	5 Torr. For gaseous-phase
photoemission experiments, a supersonic molecular beam
is generated by bubbling He gas through Si�CH3�2Cl2 in a
reservoir and directing it through a continuous-beam
nozzle with a seed ratio (concentration ratio of sample
 2004 The American Physical Society 243002-1



FIG. 1. (a) PSID spectra of condensed Si�CH3�2Cl2 via Cl 2p
core-level excitation along with Cl 2p-edge TEY spectrum.
(b) Photon-energy dependence of various fragmented ion yields
of gaseous Si�CH3�2Cl2 at the Cl 2p edge together with photo-
absorption spectrum.
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measured by a hemispherical electron energy analyzer
(VG, Clam4), employing a constant pass energy of 20 eV.

Figures 1(a) and 1(b) show fragmented ion yields fol-
lowing Cl 2p core-level excitation for condensed and
gaseous Si�CH3�2Cl2, respectively, with the Cl L23-edge
x-ray absorption spectrum for comparison. The absorp-
tion peaks labeled 1, 10 and 2, 20 in Fig. 1 are ascribed to
the Cl 2p ! 15a1

� (Si-Cl) antibonding orbital and Cl
2p ! 10b1

� (Si-Cl) antibonding orbital transitions, re-
spectively. Excitations to Rydberg orbitals are responsible
for the absorption peaks labeled 3, 30. The broad band
labeled 4 is attributed to the shape resonance [14]. As
shown in Fig. 1(a), the photon stimulated ion desorption
(PSID) spectra of H�, CH3

�, SiCl�, and Si�CH3�2Cl
�

follow the Cl L23-edge TEY photoabsorption curve of
solid Si�CH3�2Cl2. In contrast, a significant dissimilarity
of the Cl� PSID spectrum and the Cl L23-edge TEY
spectrum of condensed Si�CH3�2Cl2 is observed. The
Cl� desorption yield shows significant enhancement
following the Cl 2p ! 15a1

� excitations when compared
to the excitations of Cl 2p ! 10b1

� and Cl 2p !
shape resonance. Besides, the Cl 2p ! 15a1

� excitation
effects a slightly enhanced production of SiCH3

�

and Si�CH3�2
�, as compared to excitations to Rydberg

orbitals.
As shown in Fig. 1(b), the photon-energy dependence

of various fragmented ion yields, except Si�CH3�2
�,

SiCH3
�, and Si�, of gaseous Si�CH3�2Cl2 resembles the

Cl L23-edge photoabsorption spectrum. Especially note-
worthy is that the Cl 2p ! 15a1

� excitation of gaseous
Si�CH3�2Cl2 generates significant enhancement of the
Si�CH3�2

� and SiCH3
� yields, but scarcely any enhance-

ment of the Cl� yield, as opposed to the condensed phase.
Comparison of the Si� yield spectrum and the Cl
L23-edge absorption spectrum in Fig. 1(b) shows that
Rydberg excitation produces enhancement of the Si�

yield. It is clearly demonstrated from Fig. 1 that there
are significant differences in the efficiency for producing
fragmented ions, even when these transitions arise from
the same atomic site. Hence the character of a bound
terminating orbital plays a vital role in determining the
photodissociation processes. The ion desorption channels
for the condensed phase differ notably from the ion
dissociation pathways for the gaseous phase. Accord-
ingly, the comparative studies are clearly imperative for
elucidating the detailed photofragmentation dynamics of
molecular adsorbates on surfaces.

In Figs. 2(a) and 2(b), the photoemission spectra of
condensed and gaseous Si�CH3�2Cl2 excited with various
photon energies in the vicinity of Cl 2p adsorption edge
are reproduced. The kinetic-energy scale in Fig. 2 has as
reference the vacuum level. The photoemission peaks
labeled A, A0 , B, and B0 are attributed to spectator
Auger peaks, whereas feature D corresponds to the nor-
mal Auger peak. The most striking feature in Fig. 2 is the
pronounced intensity of the spectator Auger peaks
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labeled A, A0 , B, and B0, when the photon energies
vary through the core-to-valence resonances. This result
reveals that the spectator Auger transitions are the domi-
nant decay processes following core-to-valence excita-
tion, which produce dominantly two-hole, one-electron
(2h1e) states. In contrast, the shape-resonance excitation
was followed by the normal Auger decay. In addition, for
Rydberg excitations, feature C in Fig. 2(b) exhibits the
same kinetic energy as the normal Auger peak. As noted
from Fig. 2, the spectator Auger peaks via core-to-
valence excitation have two components. The spectator
Auger peaks marked A, A0 and B, B0 correspond to the
spectator Auger transitions following the Cl 2p ! 15a1

�

and Cl 2p ! 10b1
� excitations, respectively. This implies

that the spectator electron is localized at the respective
valence orbital during the Auger decay. Accordingly,
a close resemblance of the photon-energy dependence of
various fragmented ion yields and the Cl L23-edge ab-
sorption spectrum of gaseous and condensed Si�CH3�2Cl2,
as shown in Fig. 1, is attributed to the Auger decay of
core-excited states and the subsequent Coulomb repulsion
of multi-valence-hole final states.
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FIG. 3. Cl� kinetic-energy distributions of condensed
Si�CH3�2Cl2 following Cl 2p core-level excitation. The photon
energy used for excitation is indicated in each spectrum. The
number indicated in each spectrum corresponds to an absorp-
tion peak marked in the TEY spectrum in Fig. 1(a).

FIG. 2. Auger decay spectra of (a) condensed and (b) gaseous
Si�CH3�2Cl2 excited with various photon energies near the Cl
2p edge. The photon energy used for excitation is indicated in
each spectrum. The number indicated in each spectrum corre-
sponds to an absorption peak marked in the absorption spec-
trum in Fig. 1.
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The ion kinetic-energy distribution for an adsorbate on
a surface via core-level excitation is related to the steep-
ness of the potential energy curves of the precursor core-
excited states or the electronically relaxed states [16]. In
Fig. 3, the Cl� kinetic-energy distributions of condensed
Si�CH3�2Cl2 following Cl 2p core-level excitations are
reproduced. As noted, the Cl� ion energy distribution via
the excitation Cl 2p ! 15a1

� is shifted to greater energy
(�0:3 eV) compared to that following the excitations Cl
2p ! 10b1

� and Cl 2p ! shape resonance. Because of
smaller rates of ion reneutralization, the greater Cl�

kinetic energy at the Cl�2p�	115a1
� resonance of con-

densed Si�CH3�2Cl2 leads to significant enhancement of
Cl� desorption yield. Because Si�CH3�2

� and SiCH3
� are

more massive than Cl�, the slower departure speed of
Si�CH3�2

� and SiCH3
� from the surface and rapid ion re-

neutralization greatly diminish the ion yield. Accord-
ingly, unlike the Cl� spectrum, the Cl 2p ! 15a1

�

excitation of condensed Si�CH3�2Cl2 leads to only a slight
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enhancement of the Si�CH3�2
� and SiCH3

� yields. In the
gaseous phase, the ion reneutralization rate is much
smaller. As a result, the Cl 2p ! 15a1

� excitation of
gaseous Si�CH3�2Cl2 induces a substantially enhanced
production of Si�CH3�2

� and SiCH3
�, and presumably

neutral Cl radicals. Besides, excitations of Si 2p to the
15a1

� state of gaseous Si�CH3�2Cl2 also produce signifi-
cant enhancement of Si�CH3�2

� and SiCH3
� yields [17].

Accordingly, after spectator Auger decay of resonant Si
2p and Cl 2p core-excited states of gaseous Si�CH3�2Cl2,
the subsequent electronically relaxed 2h1e final states
with a spectator electron localized in a strong anti-
bonding orbital lead to significant enhancement of spe-
cific ion fragments. A similar phenomenon was found for
Si�CH3�4	nCl1 (n � 1; 3), SiHCH3Cl2 (Si 2p and Cl 2p
edges), etc. [17].

In Fig. 4(a), the dispersed fluorescence spectrum of
gaseous Si�CH3�2Cl2 obtained from excitation with 230-
eV photons is displayed. The sharp peaks between 200 and
300 nm are due to emission from excited Si atoms [18].
The emission peak at 431 nm is identified as the CH(A-X)
(0,0) band [19]. The 656-nm peak corresponds to the
H�n � 3� ! H�n � 2� transition. The 390-nm peak is
ascribed to overlapping emission of excited Si� and CH
fragments [18,19]. Some emission features are due to a
second-order light contribution, as indicated in Fig. 4(a).
Figures 4(b) and 4(c) show yields of the most intense
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FIG. 4. (a) Dispersed fluorescence spectrum of gaseous
Si�CH3�2Cl2 following excitation with 230-eV photons.
Photon-energy dependence of various excited fluorescing frag-
ments and total fluorescence yield at the (b) Si 2p and (c) Cl 2p
edge with the corresponding photoabsorption spectrum.
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excited fluorescing fragments observed in Fig. 4(a) fol-
lowing Si 2p and Cl 2p core-level excitations, respec-
tively. For comparison, the Si 2p and Cl 2p edges
absorption spectra and total fluorescence yield spectra
of gaseous Si�CH3�2Cl2 are plotted in Figs. 4(b) and
4(c), respectively. The absorption features labeled A and
B in Fig. 4(b) correspond to excitations of Si 2p to Si-Cl
and Si-C antibonding states, respectively. The higher-
energy peak in feature C is due to excitation to Rydberg
orbitals.

As noted from Figs. 4(b) and 4(c), the excitation spec-
tra of various excited fluorescing fragments and total
fluorescence yield spectra differ significantly from the
corresponding photoabsorption spectrum. In contrast to
previous reports [9,10], excitations to Rydberg orbitals for
both Si 2p and Cl 2p core levels lead to a noteworthy
production of excited atomic fragments, neutral and ionic
(Si�; Si��), and excited diatomic fragments (CH�). In
243002-4
particular, the excited neutral atomic fragments Si� are
significantly reinforced. This result indicates that, after
spectator Auger decay of resonant core-excited mole-
cules, the subsequent 2h1e states with an excited
Rydberg electron, as opposed to an excited valence
electron, are more likely to dissociate into excited-
state fragments. A similar phenomenon was found for
Si�CH3�4	nCln (n � 1; 3; 4) (Si 2p and Cl 2p edges),
CH4	nCln (n � 2–4) (Cl 2p edges), etc. [17]. Thus, this
finding seems to be of a general nature. It also explains
why the Rydberg excitation leads to an enhancement in
the Si� yield given in Fig. 1(b), which is consistent with
the enhanced fluorescence yield of Si��.

In conclusion, the complementary results of gaseous
and condensed Si�CH3�2Cl2 obtained with various detec-
tion techniques shed new light on the process of selective
bond breaking of molecules via core-level excitation.
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