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Core-level anionic photofragmentation of gaseous CCl,; and solid-state analogs
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The dissociation dynamics of anionic and excited neutral fragments of gaseous CCl, and CCl, adsorbed on
Si(100) ~90 K following CI 2p core-level excitations were investigated on combining measurements of
photon-induced anionic dissociation, x-ray absorption, and uv-visible dispersed fluorescence. The transitions of
core electrons to high Rydberg states or doubly excited states near Cl 2p ionization thresholds of gaseous CCly
remarkably enhance the production of excited neutral fragments (C* and CCI"); this enhancement is attributed
to the contribution from the shake-modified resonant Auger decay and/or postcollision interaction (PCI). The
CI” anion is significantly reinforced in the vicinity of the Cl 2p,, 3, ionization threshold of gaseous CCly,
originating from PCl-mediated photoelectron recapture. The Cl2p—7a] excitation for CCl,/Si(100) at
~90 K enhances the C1~ desorption yield at a submonolayer level. This resonant enhancement of CI~ yield at
the 7a) resonance in the Cl2p edge at a submonolayer level occurs through the formation of high-lying

molecular-ion states of CCl, adsorbed on a Si surface.

DOI: 10.1103/PhysRevA.80.033406

I. INTRODUCTION

Core-level spectroscopy, involving measuring the yields
of electrons, photons, or ions as a function of photon energy
in the region of a core-shell threshold, of gaseous molecules
and molecular adsorbates on surfaces using synchrotron ra-
diation have been subjects of extensive research because of
the scientific importance and technical applications [1-3].
On tuning the photon energy in the soft x-ray region, one can
excite selectively a specific atom or a specific site in a mol-
ecule. Inner-shell electrons of a particular element in a mol-
ecule can be excited selectively to a specific valence state or
a Rydberg orbital below the core ionization threshold, or
ejected into a shape resonance or a continuum above the
ionization threshold. De-excitation of these core-excited or
core-ionized molecules typically involves resonant Auger de-
cay or normal Auger processes, producing multiply charged
molecular ions that are unstable and that subsequently un-
dergo dissociation. The intricate fragmentation dynamics of
core-excited states of gaseous molecules and solid-state ana-
logs attract broad interest [4-7].

Most experiments have involved measuring positive ions,
whereas other fragmentation products, such as neutral frag-
ments or negative ions [4—11], are less investigated. Neutral
fragments might be detected for gaseous molecules and ad-
sorbates on surfaces via core-level excitations [12—15]. Neu-
tral photodissociation is difficult to investigate particularly
for gaseous molecules; but, if the neutral fragments are in an
excited state, dispersed fluorescence spectra prove to be a
powerful tool for the investigation of neutral photodissocia-
tion of molecules with excitation. Ultraviolet-visible fluores-
cence can provide valuable information regarding the de-
excitation and fragmentation of core-excited molecules
through its capability to probe both neutral and ionic frag-
ments [12,14,16].
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Anion formation of molecules following valence-shell ex-
citation is well studied. Under valence-shell excitation, one
decay path of a molecular superexcited state is polar photo-
dissociation to form an anion-cation pair that might then dis-
sociate into a positive ion and a negative ion. For core-level
excitation, the probability to produce ion-pair states of mol-
ecules that might yield an anion is diminished remarkably
relative to valence-shell excitation. Dujardin er al. [17] first
reported the observation of anion formation in the S 2p re-
gion of SO,. The negative ion was presumed to be emitted
from singly charged molecular-ion states produced by reso-
nant Auger decay of core-excited states.

The detection of negative fragment ions is a powerful
method of exposing high-lying molecular ion states from the
relaxed core-excited states. Such high-lying molecular ion
states might be weak in x-ray absorption spectra and
positive-ion yield spectra but might appear as strong reso-
nances in negative-ion yield spectra following core-level ex-
citation [17,18]. Little research has been devoted to these
high-lying molecular ion states and their role in ion desorp-
tion for molecular adsorbates on surfaces. Besides, the dis-
sociation channels of core-excited molecules in the solid
phase are strongly modified relative to the gaseous phase
because of electronic interaction with a substrate or neigh-
boring molecules in the solid phase [11,12]. To elucidate the
dissociation dynamics of core-excited molecules, coordi-
nated studies of gaseous-phase molecules and solid-state
analogs are accordingly indispensable. There exist few re-
ports of coordinated studies of anionic fragments and neutral
fragments produced by inner-shell excitation of gaseous and
condensed molecules.

The spectral properties of CCly are imperative for its tech-
nical importance in the reactive ion etching of microelectron-
ics. CCl; and halomethanes adsorbed on single-crystalline
surfaces are model systems for studies of surface photochem-
istry. In this work, we investigated the dissociation dynamics
of anionic and excited neutral fragments of gaseous CCl, and
CCl, adsorbed on Si(100) ~90 K with variable coverage
following excitation of Cl 2p electrons to various resonances
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on combining measurements of anionic photodissociation,
x-ray absorption, and uv-visible dispersed fluorescence.

II. EXPERIMENTS

The experimental measurements were performed at the
high-energy spherical grating monochromator (HSGM)
beamline and the U5 undulator beamline coupled with a
spherical grating monochromator of National Synchrotron
Radiation Research Center (NSRRC) in Taiwan. For anionic
dissociation measurements in a condensed phase, an
ultrahigh-vacuum (UHV) chamber with a base pressure of
~1x% 1071 Torr was used. Before installation in the UHV
chamber, the substrate Si(100) crystal was treated with a
hydrogen-peroxide-based immersion cleaning procedure to
remove residual organic molecules and transition metals
from cutting. The crystal was then mounted on a liquid
nitrogen-cooled sample holder. The Si(100) surface was
cleaned by repeated resistive heating to ~1100 °C under
vacuum before the measurements. The highly pure CCly
(Merck, 99.9%) was degassed with several freeze-pump-
thaw cycles before use. The vapor of CCl, was then con-
densed through a leak valve onto a Si(100) surface at
~90 K. Solid-phase x-ray absorption spectra were recorded
in a total-electron yield (TEY) mode using a microchannel-
plate detector. Negative ions were mass selected with a quad-
rupole mass spectrometer with an off-axis secondary electron
multiplier (Balzers, QMA 410). The quadrupole detector was
oriented perpendicular to the substrate surface, and photons
were incident at an angle of 45° with respect to the substrate
normal. The surface coverage was determined with thermal
desorption spectra (TDS). The TDS spectra from
CCl,/Si(100) show a single molecular desorption at
~139 K with an exposure 4 L or less. For an exposure
above 4 L, an additional signal begins to appear at tempera-
ture ~132 K and its intensity increases with exposures. 4 L
exposure of CCl, on Si(100) thus corresponds to one mono-
layer (ML).

To measure anionic photofragments in the gaseous phase,
we formed an effusive molecular beam on expanding the gas
through an orifice (diameter 50 wm) into the experimental
chamber. The pressure in this chamber was maintained at
~2X 107 Torr. Negative fragment ions were selected by
mass with a quadrupole mass filter and detected with an off-
axis channel-electron multiplier (Hiden, EQS). To ensure that
detected negative ions were produced in unimolecular pro-
cesses, we measured anion-yield spectra at varied pressures
of gas. To obtain satisfactory statistics, anion yield spectra
were the sum of five recordings, each of which was sepa-
rately normalized. Ultraviolet or visible fluorescence was
dispersed with a 0.39 m spectrometer using a f/1.5 fused-
silica extraction lens located normal to and in the plane of
polarization of the synchrotron radiation. The fluorescence
was detected with a photomultiplier tube (PMT)
(Hamamatsu R928). During the measurement of dispersed
fluorescence, the pressure in the effusive-beam chamber was
kept at ~9X 107 Torr. Gas-phase absorption spectra were
measured with an ion chamber at pressure ~1X 10 Torr.

To obtain the x-ray absorption spectrum at high reso-
lution, the HSGM beamline was set to a photon resolution
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FIG. 1. Yields of CI~ anion fragment and excited neutral frag-
ments (C* and CCI¥) from gaseous CCly following Cl 2p core-level
excitation, with the Cl L-edge x-ray absorption spectrum. The
Cl (2p3) and CI (2p,,,) ionization thresholds of gaseous CCly
(206.9 and 208.5 eV, respectively [20]) are marked with vertical
dashed lines.

~0.1 eV at the CI 2p edge. Because of small signal levels in
measurements of dispersed fluorescence, the US undulator
beamline was operated with a 100 um entrance slit and a
300 wm exit slit (resolution=~0.3 eV at 200 eV), whereas
the spectral resolution of the spectrometer was set to
~10 nm. The incident photon intensity (/;) was monitored
simultaneously with a Ni mesh located after the exit slit of
the monochromator. All anion-yield spectra, x-ray absorption
spectra, and fluorescence excitation spectra were normalized
to the incident photon flux at the CI 2p edge. The photon
energies were calibrated within an accuracy of 0.1 eV using
the Cl 2p absorption peak at 201.7 eV in gaseous SiCl, [19].

III. RESULTS AND DISCUSSION

The major product of anion fragments for gaseous CCly
via Cl 2p core-level excitation is C1". We monitored also the
uv-visible dispersed fluorescence of gaseous CCly via Cl 2p
core-level excitation. The main features in the dispersed
fluorescence spectrum for photoionization of a Cl 2p elec-
tron of gaseous CCl, were identified as emission from ex-
cited CCI** ions (A 'TI-X 'S* at 240 nm), excited C* atoms
(at 240 and 254.9 nm), excited CCI* fragments (A 2A-X °I1
at 278.2 nm), and excited CI™™ ions (at 384.5, 480, and 521
nm) [15]. In Fig. 1, the CI~ fragment yield for gaseous CCl,
following CI 2p core-level excitation is reproduced with the
Cl L-edge x-ray absorption spectrum. The yields of excited
neutral atomic C* fragment (emission recorded at 254.9 nm)
and excited neutral diatomic CCI* fragment (emission re-
corded at 278.2 nm) as a function of photon energy in the
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TABLE I. Energy positions and the assignments of absorption
peaks in the Cl L-edge absorption spectra of gaseous CCl, [15,20].
The energies are expressed in eV.

Peak Peak position Assignment
1 200.3 7a}
1 201.9 7a}
2 202.9 81
3 203.9 Rydberg state
2! 204.6 81,
3’ 205.5 Rydberg state
4 208.3 Delay onset and shake-up
4’ 209.9 Delay onset and shake-up
5 216 Shape resonance

Cl 2p edge of gaseous CCly are depicted in Fig. 1 for com-
parison. The absorption features labeled 1 and 1’ are as-
signed to the transition Cl 2p —7a). The features labeled 2
and 2’ correspond to the C1 2p — 8¢5 excitations. Excitations
of Cl 2p electrons to the Rydberg states are responsible for
the absorptions labeled 3 and 3’. The absorptions labeled 4
and 4’ are ascribed to a delayed onset of a Rydberg transition
or a shake-up transition involving simultaneous excitation of
a Cl 2p electron and a valence electron to unoccupied orbit-
als [15,20]. The broad peak at ~216 eV labeled 5 is attrib-
uted to a shape resonance. In Table I we list the energy
positions and the assignments of absorption peaks in the
Cl L-edge absorption spectra of gaseous CCly.

Discernible in Fig. 1, the relative intensities of CI~ yield
spectrum and fluorescence excitation spectra of excited neu-
tral fragments (C* and CCI*) differ notably from those of
ClI Lys-edge absorption spectrum of gaseous CCly. Excita-
tions of the Cl 2p electrons to Rydberg orbitals and doubly
excited states (absorptions labeled 3’ and 4) near the Cl 2p
ionization threshold of gaseous CCl, enhance both the ex-
cited neutral atomic fragments C* and excited neutral di-
atomic fragments CCI", relative to the ratio of intensity of
the corresponding transition to the core-to-valence excitation
(absorption labeled 1) in the CI Ly;-edge X-ray absorption
spectrum. In particular, excitations of Cl2p electrons to
higher Rydberg orbitals near the Cl2p;, threshold (at
~207 eV) or doubly excited states (at ~208.2 eV) of gas-
eous CCl,; remarkably enhance the production of excited
neutral fragments. The CI™ anion is significantly reinforced
in the vicinity of the Cl 2py, 3/, ionization threshold of gas-
eous CCly. The maximum anion enhancement about 207.5
eV is just above the threshold, 206.9 eV, for Cl 2p5,, ioniza-
tion of gaseous CCl,. The C1~ anion might thus be enhanced
by the same dissociation channels that produced the excited
neutral fragments.

The photoionization dynamics of an atom or a molecule
near an inner-shell threshold and the subsequent relaxation
are known to involve many-electron correlations. When the
inner-shell electron of an atom or a molecule is ionized near
the ionization threshold, a slowly moving photoelectron is
ejected into the continuum. For atoms in a molecule of small
or medium mass, the resulting core-ionized state relaxes pre-
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dominantly via an Auger decay and a rapid Auger electron is
emitted. The Coulomb interaction between a slowly moving
photoelectron and a more energetic Auger electron, a so-
called postcollision interaction (PCI), causes an energy loss
of the slow photoelectron and a corresponding gain of energy
of the Auger electron. The postcollision interaction manifests
itself through changes in ion-yield spectra. The PCI effect is
well studied for free atoms and molecules [21-28].

The resonant core-excited states of an atom or a molecule
with an excited electron in unoccupied states decay predomi-
nantly by a spectator or participant Auger transition [29]. The
spectator Auger decay yields a two-hole one-electron (2h1e)
final state in which two holes are formed in valence orbitals
and one electron is excited into an antibonding valence or-
bital or a Rydberg orbital. For excitation of a specific core
electron of an atom or a molecule into the lowest unoccupied
Rydberg states, the resonant Auger processes are dominated
by the spectator Auger decay; i.e., the excited electron re-
mains in the same Rydberg orbital during the decay. For
excitations to higher Rydberg states, the shake-modified
resonant Auger transition with an excitation of the outer elec-
tron to a valence shell or a Rydberg orbital, so-called shake
up, plays a crucial role in resonant Auger processes [30-35].
The shake-modified resonant Auger decay yields multiple-
hole multiple-electron (mhme) final states. According to
resonant photoemission studies of gaseous CCly, the width of
spectator Auger peaks via higher Rydberg excitations at the
peak labeled 3’ (FWHM ~ 10 eV) near the Cl 2p ionization
threshold is much broader than that via valence-band excita-
tion (FWHM~35 eV) and the width of a normal Auger peak
(FWHM ~7 eV), likely due to contributions of shake-up or
shake-down of spectator Auger electrons at higher Rydberg
states [15].

In contrast, when the molecule is photoionized just above
the specific core-shell ionization threshold, the slowly mov-
ing photoelectron is still near the molecular ion when Auger
decay occurs. Through the postcollision interaction, the slow
photoelectron is retarded and can become recaptured by the
molecular ion into a Rydberg orbital, so-called shake down.
The photoelectron recapture results in singly charged ions in
high-n Rydberg states. The gradual evolution of a transition
from the regime of shake-up modified resonant Auger decay
induced by core-level excitation below the threshold to the
regime of PCI-mediated shake-down just above the threshold
has been studied both theoretically and experimentally for
several systems [36—41].

Shake-up modified resonant Auger decay and PCI-
mediated shake down near the ionization threshold accord-
ingly produce highly excited ionic Rydberg states, efficiently
producing excited neutral fragments, because the wave func-
tion of a diffuse Rydberg electron has less overlap with the
molecular-ion core; consequently the 2ile or mhme states
dissociate to produce the excited-state fragments before the
excited Rydberg electron can relax. Recapture of a PCI-
mediated photoelectron increases the probability of capture
by the departing Cl atom during dissociation and then en-
hances the CI~ yield near the Cl 2p ionization threshold of
gaseous CCly. Similar observations are reported for several
small molecules following core-level excitation [14,42-47].
The detection of excited neutral particles and anion frag-
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TABLE II. Proposed mechanisms for the enhanced production of anionic and excited neutral fragments of

gaseous CCly following Cl 2p excitation.

Enhanced fragment yields Excitation

Proposed mechanisms

Excited neutral fragments
(C* and CCI")

High Rydberg states

Shake-up modified resonant Auger decay
and/or PCI-mediated shake-down

In the vicinity of the

Anionic fragments (CI7)

ionization threshold

PCI-mediated photoelectron recapture

ments is demonstrated to be a sensitive probe for investigat-
ing shake-modified resonant Auger decay, doubly excited
states embedded in core-shell ionization continua, and PCI
dynamics [42-49]. In Table II, we summarized the proposed
mechanisms for the enhanced production of anionic and ex-
cited neutral fragments of gaseous CCl, following Cl 2p ex-
citation.

As noted from Fig. 1, a prominent production of anion
yield in the shape resonance region of Cl 2p edge of gaseous
CCl, is observed, similar to other large molecules (SF;, SiF,,
and SiCly), and at variance with many smaller molecules
(CO, CO,, NO, and N,0) for which the shape resonance is
almost completely suppressed [49-54]. Many authors
showed that multiple scattering of photoelectrons by neigh-
boring atoms is crucial in interpreting the shape resonance
features in the x-ray absorption spectrum, particularly for
large molecules and the solid phase [55-57]. Accordingly,
the shape resonance of the Cl2p edge of gaseous CCly
shows a more delocalized character, and the resonant inten-
sity of anions is greater in the shape resonance regime.

CI” was the only anion observed in the negative-ion de-
sorption of CCl,/Si(100) following Cl 2p core-level excita-
tion. To elucidate the mechanism of negative-ion desorption,
we measured the C1™ yield as a function of CCl, exposure on
Si(100) at ~90 K, as shown in Fig. 2. Especially notewor-
thy there is that the Cl 2p — 7a] excitation notably enhances
the CI~ desorption yield at submonolayer (1 L), as shown in
the insert of Fig. 2. We found also that the CI~ yield at a
shape resonance (~216 eV) shows a monotonic increase
with CCl, exposure and is closely correlated with electron
yield. The possible desorption mechanism of CI” from
CCl,/Si(100) at shape resonance was hence likely due to
dissociative attachment to molecules of secondary electrons
produced by photoabsorption of molecular adsorbates. This
desorption mechanism was called dissociative electron at-
tachment (DEA) [58].

If the enhanced CI~ yield at the 7a] resonances is due to a
DEA process, the CI™ yield at the 7a; resonance would be
expected to show a trend like that at the shape resonance
because the energy distribution of the secondary electrons
becomes indistinguishable for photoexcitation at a shape
resonance and at other photon energies. The CI~ yield at the
7a; resonance is hence expected to increase monotonically
with CCl, exposure. In contrast, the CI~ yield at the 7a)
resonance shows a notable enhancement at submonolayer
and exhibits a nonlinear change with CCl, exposure, as
shown in Fig. 2. Moreover, the observed 7aT resonances
have the same energies and widths between CI~ yield and
TEY spectra. We therefore propose that the enhanced CI™

yield from CCl,/Si(100) at the 7a; resonance is due not to
DEA but to a unimolecular process.

Based on resonant photoemission of CCly, the spectator
Auger transitions prevail predominantly following the C1 2p
core-to-valence and Cl 2p core-to-Rydberg excitations, pro-
ducing an excited ionized state of the parent molecule with
the originally excited electron acting as a spectator. Some
highly excited molecular-ion states might decompose into an
ion-pair channel producing a negative ion and an associated
doubly charged fragment. Negative-ion formation might pre-
sumably originate from some high-lying molecular-ion states
that are predissociated by an ion-pair or that directly disso-
ciate [17]. Based on a model proposed by Dujardin er al., the
intensities of resonances in the negative-ion yield spectrum
are closely correlated with the probability of spectator elec-
trons becoming attached to the electronegative atom during
fragmentation of the molecules [17]. From multiple-
scattering X« calculations on CCly, the spectator electron in
the 7a) orbital is localized slightly more at the CI side,
whereas the 875 orbital is delocalized between Cl and C at-
oms [59]. The Cl2p—7a] excitation is thus expected to
enhance the CI~ yield at a small coverage, relative to transi-

1L Cr

TEY

25L
200 204 208

%

Intensity (arb. units)

1L x5

200 205 210 215 220
Photon Energy (eV)

FIG. 2. CI” yield spectra of CCl,/Si(100) at ~90 K with vari-
able coverage following Cl2p core-level excitation, with the
Cl L-edge TEY spectrum of solid CCl,. The inset shows an en-
larged pre-edge regime of the C1~ yield spectrum at 1 L.
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tions, Cl 2p—>8t; and CI 2p — Rydberg states, as observed
in Fig. 2.

We compare anion formation between condensed CCly
and gaseous CCl, following Cl 2p core-level excitation. The
Cl 2p — 7a] excitation for CCl,/Si(100) at ~90 K enhanced
the CI~ desorption yield at a submonolayer level, whereas the
CI” anion was significantly reinforced near the CI 2p,, 3,
ionization threshold of gaseous CCly,. At a small coverage of
CCl,/Si(100), polarization induced by the substrate lowers
the potential-energy surface of the high-lying singly charged
molecular-ion state and imparts translational energy to CI~,
accordingly permitting it to escape from its image potential
[60]. At a large coverage, the CI~ yield spectrum for
CCl,/Si(100) is dominated by dissociative electron attach-
ment and thus strongly resembles the Cl L,;-edge x-ray ab-
sorption spectrum. For the gaseous phase, the notably en-
hanced CI™ anion in the vicinity of the CI 2p,, 5, ionization
threshold of CCl, is mediated by the PCI-mediated photo-
electron recapture.

The detailed dissociation dynamics for the formation of
anionic and excited neutral fragments require sophisticated
calculations of potential-energy curves for high-lying mo-
lecular CCI} states and a comprehensive analysis of the reso-
nant Auger spectra of CCl, at high resolution for high Ryd-
berg resonances near the Cl2p ionization threshold [61].
An intricate measurement such as threshold electron-
fluorescence coincidence spectra is crucial to elucidate these
detailed dissociation mechanisms [62]. However, the poten-
tial energy surfaces of a large molecule such as CCly,
particularly for high-lying molecular CCIj states, are quite
complex to present-day theoretical calculation. Hopefully,
our results will stimulate further theoretical development
in the dissociation dynamics for excited neutral and
anionic fragments of gaseous molecules near the ionization
threshold.
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IV. CONCLUSION

We investigated the dissociation dynamics of anionic and
excited neutral fragments of gaseous CCl,; and CCl, ad-
sorbed on Si(100) ~90 K with variable coverage following
Cl 2p core-level excitations on combining measurements of
photon-induced anionic dissociation, x-ray absorption, and
uv-visible dispersed fluorescence. The Cl2p— 7a] excita-
tion for CCl,/Si(100) enhances the CI~ desorption yield at a
submonolayer level, whereas the CI™ anion is significantly
enhanced near the CI 2p,, 3/, ionization threshold of gaseous
CCly. The transitions of core electrons to high Rydberg states
near Cl 2p ionization thresholds and doubly excited states of
gaseous CCl, greatly enhance excited neutral fragments (C*
and CCI), originating from shake-modified resonant Auger
decay or/and postcollision interaction. The notably enhanced
CI” anion near the Cl 2p, 3/, ionization threshold of gaseous
CCly is affected by PCI-mediated photoelectron recapture.
The resonant enhancement of the CI™ yield at the 7aj reso-
nance in the Cl2p edge at a submonolayer level occurs
through a formation of high-lying molecular-ion states for
CCl, adsorbed on a Si surface, mediated by polarization in-
duced by the substrate. Our experimental results provide im-
portant insight concerning the roles and relative importance
of dissociative electron attachment and high-lying molecular-
ion states on dissociation dynamics of negative ion for ad-
sorbates on surfaces. These complementary results provide
insight into the anionic and excited neutral fragmentations of
gaseous molecules and solid-state analogs via core-level ex-
citation.
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