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Negative-ion formation in electron-stimulated desorption of CECI, adsorbed on RY(000J)
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Electron-stimulated desorption of and CI" from CF,Cl, adsorbed on R000J) at 25 K has been studied.
For an electron energy of 100 eV, the field exhibits a maximum at nearly the first monolayer, while the CI
yield is strongly quenched for coverages below 1 ML and remains much lower than tlyégeld for all
coverages measuréd—5 ML). A molecular orientation effect may explain the preferential quenching of Cl
for coverages<1 ML. However, trapping of low-energy Clions at the surface due to an image/polarization
potential and charge-transfer deexcitation of intermediate excited molecular states is most likely responsible for
the low CI” yield at all coverages. It is suggested that the decrease ahB CI" with higher coverages may
be connected with a decrease in secondary electron transmission to the outerp@istayer. Moreover, for
a multilayer covered surface, a broad peak associated withe@lission is observed at an electron energy
around 18.5-20 eV. This feature is assigned to a core-excited negative-ion resonance. This resonance is
believed to be formed via an electronic excitation of the molecule by an incident electron followed by capture
of a secondary electron from the substrate to the excited mold&0463-182@08)00948-5

[. INTRODUCTION resonance with an electronically excited state of the neutral
molecule(the “parent”).® For the latter case, the resonance
The study of chlorofluoromethangeons has received is a two-electron, one-hole configuration that is classified
continued interest because of their industrial applications angither as a Feshbach resonance or a core-excited shape reso-
their well-known association with the ozone depletion in thenance, dependent on its energy relative to the parent state. If
upper atmosphert? It has been proposed that these com-the lifetime of the TNI is comparable to the vibrational pe-

pounds released into the upper atmosphere destroy the ozofid of the molecule, then dissociation into a stable anion and
t& neutral fragment can take place. DEA processes occur gen-

layer via a halogen-oxygen-reaction chain with halogen a X >
oms created by photodissociation or electron-impact-inducefaly at electron energies less than 15 eV, while thresholds
or DD are higher, typically=15 eV.

. . . 2 _
dissociation of the freon's: Moreover, fre_on 11 (CFg) . Investigation of anion formation has been extended to
and freon-12 (CFCl,) have been used routinely as tracers N olecular films and adsorbed systeBIL E—. I, H-
studies of ocean circulation and mixing processgace the and D yields in electron-stimulated de.sorp'tic(ES'D) of
concentrations of freons in the upper atmosphere have rag<orped layers or films have been reported fog Bid
idly increased over the last three decatl@syestigation of CCl,, 12-14D,0(H,0), 15 CF,, CDCl,, CD,Cl,, CH,Cl, and

their dissociation by photoreactions or electron impact is % H,Br,® CFC, 1" CF,Cl,*® and in photon stimulated desorp-
matter of widespread concern. tion (PSD for CCl,, CHCl;, CH,Cl,, and CC}Br,® respec-
Negative ions are the dominant products observed Upofiely. The results are generally analogous to the gas-phase
low-energy electron impact with gas-phase, condensed-phaggta. In the condensed phase, however, DEA and DD pro-
and adsorbed halometharfesnegative ions are also ob- cesses can be significantly modified due to the existence of
served in photoinduced dissociation of halomethanes adsurrounding molecules and the metallic substrate. For in-
sorbed on metallic surfaces via attachment of photoexcitedtance, Sanche and co-workérs  observed

substrate electrorfsit is well establishet*° that the basic  features in electron-stimulated desorption of ffom a con-
processes for negative ion forma}tion on solid surfaces ardensed @ film, which involve symmetry-forbidden transi-
closely related to the corresponding processes known fromions in gas-phase nolecules. More recently, Meinke and

gas-phase reactions. For a diatomic mole@®B these pro-  |llenberget’ reported a preferential quenching of Ctle-
cesses are represented by sorption via DEA in ESD of condensed and adsorbed GFCI
in the electron energy range of 0—15 eV which was attrib-
e +AB—AB —A +B, (18 uted to the substrate-induced image potential and molecular-
orientation effects.
e +AB—AB*+e A +BT+e . (1b) When a metallic substrate containing an adsorbed layer of

molecules is irradiated by an electron beam of an energy
Equations 1a) and Xb) are referred to as dissociative elec- higher than tens of eV, a large number of low-energy sec-
tron attachmen{DEA) and dipolar dissociatioiDD), re-  ondary electrons can be created. The maxima of secondary
spectively. In DEA, an incident electron is temporarily cap-electron yields are around 1-2 for most transition-metal
tured by a molecule to form a transient negative {@NI)  substrate$® and may become higher with deposition of a
(AB™), which can involve either a single-electron resonancalielectric-molecular layel® The energy distribution of sec-
associated with the ground electronic state or a core-excitedndary electrons is normally rather broad and exhibits a
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maximum at a few eV. As a consequence, DEA may play ans CI~ for the gas phaséhe intensity ratio of Cl to F~ is
important role in negative ion formation even with an inci- approximately 8:1, while for the condensed phase the F
dent electron beam of an energy higher than the threshold fgjield is higher(Cl~: F~=1:8). The resonances near 0 eV
DD. This can be the case especially for adsorbed halognd at 3.0 eV are assigned to the formation of ground-state
methanes because they generally have resonance energy lgW|'s, i.e., single-electron resonancesloreover, they ob-

els in the range from zero to a few eV and have large elecserve an additional resonance associated with éhission

tron affinities’® As recently reviewed by Sanchenuch of  with a broad-energy width peaked at about 7.0 eV, uniquely
the damage caused by electron-beam irradiation of confor the condensed phase. The intensity of this resonance is
densed molecular layers may be due to DEA processegauch stronger than that of the low-energy resonance near 0
Moreover, desorption of negative ions in UV laser irradiationev_ The higher-energy resonance at 7.0 eV is attributed to an
at 193-248 nm4.4-6.4 eV of halomethanes adsorbed on jnyolvement of the first electronically excited state of the
Ag(111) provides direct evidence for DEA processes due tomolecule® based on the fact that the width and energy posi-
photoinduced transfer of substrate electrons to moleéules. tion of the CI yield resembles the first absorption band of

The presence of a metallic substrate also induces an ingg,Cl,.2
age potential on both the intermediadB~ state and the The present effort is part of a program to Study the de-
departingA™ fragment. The resulting ions can escape fromsorption mechanisms and the “depth of origin” for positive
the surface only if their kinetic energy surmounts the imageand negative halogen ions in ESD of halogen-containing
polarization pOtential that is typlcally of the order of 0.5-1.5 molecules on metal surfaces. In this paper, we present a
eV. In DEA, the conservation of energy and momentum forstudy of negative-ion formation in low-energ¥5—300 eV
the dissociation oAB™ [Eq. Xa)] gives the kinetic energy electron stimulated desorption from &, molecules ad-

Ey of the departing anionA~) fragment by sorbed on R(D001) with coverages from 0 to 5 ML. We find
that the F vyield exhibits a maximum at a coverage near 1
Ex=(1—w)[Ei—D(B—A)+E4(A)—E* +Eps]—Epal ML, while the CI” yield is strongly quenched for coverages
2 below 1 ML and remains much lower than the field even
up to 5 ML (less than 5% For a multilayer of CECl,, an
where u is the mass ratio of th&™~ fragment to the parent additional feature coupled with the desorption of @G ob-
AB molecule,E; is the energy of incident electrons at the served at an incident electron energy of 18.5—20 eV, which
resonance(the resonance energyE* is the total internal s attributed to the formation of a core-excited TNI state. The
energy retained by the fragmenB(B—A) the dissociation preferential quenching of Clon or near the metallic sub-
energy,E, is the electron affinity of the fragme® andE,,  strate is discussed in terms of molecular orientation, image
is the image/polarization potential induced by the substrateyotential, and charge-transfer effects. These effects are very
A large mass ofA will result in a unfavorable factor (1 important in electron-stimulated desorption, surface photo-
— u) for the departingA™; this has been proposed to be the chemistry, and interaction of ion/metastable atoms with solid
major factor leading to the low Clor Br~ yield in ESD of  surfaces.
CCl,, CDCl, CD,Cl,, CH,Cl, and CHBr on Pt> CFCl on
Au,'” and in PSD of CHCI on Ni(111) (Ref. 21 via DEA
processes associated with low-energy negative-ion reso-
nances. In contrast, the image potential effect should have a The experiments have been conducted, in an ultrahigh
minor effect on theA™ yield via DEA with higher-energy vacuum (UHV) chamber that has been described
resonances or via DD, since the higher kinetic energfof  previously'?~* The base pressure of the chamber is 5.0
is generally sufficient to overcome the image potential. Inx 10 ! torr. The chamber is equipped with Auger electron
any case, however, the image potential will modify the ki-spectroscopy (AES), low-energy electron diffraction
netic energy of the departiny™. (LEED), thermal desorption spectroscopyTDS), and

Furthermore, when an excited atomic or molecular state iglectron-stimulated desorption-ion angular distribution
on or near a metallic surface, strong quenching due to charg&ESDIAD) with time-of-flight (TOF) capability for mass-
transfer from the substrate is generally expected. Auger andnd angle-resolved ion detection. The ESDIAD/TOF detec-
resonant deexcitation are two typical charge-transfer protor is composed of four grids, five microchannel plates, and a
cesses, as have been demonstrated in metastable deexcitafpmsition-sensitive resistive-anode enc¢BAE). The RAE is
spectroscopy (MDS) (Ref. 22 and in surface photo- connected to a position-analyzing computer to obtain a direct
chemistry?® acquisition of two-dimensiondPD) digital data. This detec-

In experiments with CFCl,, lllenberger and co-worket§  tor permits a direct measurement of the total yield and the
have studied anion formation via DEA in electron impact ofangular distribution of a specific desorbing ion species. The
the gas and ESD of the condensed molecular film. For bothypical counting rate is & 10°/s.
phases, they observe a resonance at a very low-electron en-The Ry0001) crystal can be cooled to 25 K with a
ergy associated entirely with Tl formation; in earlier closed-cycle helium refrigerator and heated to 1600 K by
work,*8the CI” resonance was found at an electron of aboutlectron bombardment. After sputtering using 1-keV'Ar
0.8 eV, but a more recent studywith a higher-energy reso- and annealing in oxygen, the cleanliness of the surface is
lution shows that the low-energy resonance associated witbhecked by AES and LEED. Prior to being introduced into
CI™ desorption appears close to zero eV. Another resonandbe chamber, C[El is purified by several freeze-pump-thaw
is found for both phases around 3.0 eV coupled entirely withcycles. Its purity is checked by a quadrupole mass spectrom-
emission of F. However, the dominant negative ion product eter(QMS) as the gas is introduced into the chamber,Cf

Il. EXPERIMENT
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FIG. 1. TDS spectra of CEIl, on RY 0001 at ~25 K with  There is also a shoulder seen on the multilayer peak at high

increasing exposure, based on detection ofQF fragment. exposures, perhaps due to a decrease in binding energy upon
completion of the first physisorbed layer. The total peak area

and Xe(Matheson, 99.995%are dosed onto the surface at integrated with time as a function of @B, exposure is
25 K with two separate directional dosers. The exposure ishown in Fig. 2. One can see that the total peak area in-
measured by a Bayard-Alpert ionization gauge. Here, ougreases linearly with increasing gH, exposure in the range
dosing is not background exposure, but directional dosingof 0-5 ML, and the exposure “offset” on the extrapolated
Thus, the unit Langmuir (1£1x10 ° Torrs) is only used line is very small. These data indicate that dissociation of
as a relative exposure unit. The relative coverages gCGF CF,Cl, into fragments upon adsorption is very smdéss
and Xe are determined from TDS spectra measured using ttiban 0.1 M), that is, CKCl, is mainly molecularly adsorbed
QMS, 1 ML is defined as the coverage corresponding to then the surface. This conclusion is similar to that reported for
saturation of the monolayer peak in thermal desorption sped=HsCl on Ni(111) (Ref. 23 and A(111),® CHCl; CH,Cl,,
tra. For CRCl,, 1 ML corresponds to a measured exposureand CHCI on Ag(111),° all of which are found to adsorb in
of ~0.1 L. In TDS, the sample is heated by resistive heatingcompletely molecular form, but different from adsorption of
and the heating rate is4 K/s. CCl, on RU000)) (Ref. 13 and Ag111) (Ref. § for which

The electron-beam energy is adjustable from 15 to 100@nolecules are partially dissociated at fractional monolayer
eV with an uncertainty within 0.5 eV. The electron gun is coverages. Further, from the desorption temperature we can
typically pulsed at a repetition rate of 30 kHz and a pulseestimate the desorption energy corresponding to the
width of 100 ns. The beam size is about 1 farand the multilayer peak to be about 0.28.05 eV, in good agree-
incident electron flux for one measurement is4  ment with the value of 0.27 eV for the heat of vaporization
X102 cm 2. The low electron flux results in negligible of CF,Cl,.?° Based on the monolayer peak temperature of
damage to the molecular sample. The flight times fomRd 140 K, we estimate the desorption energy to be 0.36
Cl™ are 1.6 and 2.Jus, respectively, with a bias voltage of +0.05 eV, assuming first-order desorption kinetics and the
—100 V applied to the sample. preexponential factorv=10"s1. This indicates that
CF,Cl, is weakly bound to the surface.

From the gas-phase data, it is expected that low-energy
electron bombardment of a gEl,-adsorbed surface should

The adsorption of CfEl, on RU000Y) is first studied by lead to desorption of Fand CI', and both ions are observed
use of TDS and AES. The TDS spectra of Ck with vari-  in our experiments. As shown in Fig. 3, the 2D ESDIAD
ous exposures are shown in Fig. 1, based on the detection patterns exhibit only a central beam for both Bnd CI'
CF,CI* (atom mass85 amy, the dominant fragment in the emission, indicating that desorption trajectories are centered
CF,Cl, mass spectrum. It can be seen that a peak at aboalong the surface normal. The ion yields for &nd CI" as a
140 K grows from the lowest exposures, and becomes satditnction of CRCl, coverage are shown in Fig. 4 for bom-
rated for exposures more than 0.1 L. For exposures above Obiardment by 100 eV electrons. It can be seen that the F
L a second peak at110 K appears and grows with increas- yield increases from the lowest coverage, exhibits a maxi-
ing exposure. The first peak at 140 K and the second peak aum (~6x10 7 ions/electron) at about 0.8 ML, and then
110 K are assigned to the monolayer peak and the multilayetecreases with higher coverages. This behavior is quite simi-
peak, respectively. Between the peaks of the monolayer anldr to that for the CI yield in UV laser irradiation kv
the multilayer, a small peak appears-al20 K; this peak =4.4-6.4eV) of various chloromethanes adsorbed on
may be connected with a phase transition from the crowdedg(111), in which evidence for DEA via capture of photo-

lll. RESULTS
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FIG. 3. ESDIAD patterns of F (left) and CI" (right) from
CF.Cl,-covered R(000)).

excited substrate electrons to molecules is repdrtéte
coverage dependence of From ESD of Pk adsorbed on
Ru(0001) at an incident electron energlf;=40¢eV also
shows a similar maximum at1 ML.* In addition, a similar
dependence of the Oyield on the Ar spacer thickness has
also been reported for a constant, @overage in the
O,/Ar/Pt system aE;=30 or 40 eV’ On the other hand, it
is observed that contrary to the gas-phase data whereésCl
dominant, the Cl yield from adsorbed CKl, is consider-
ably smaller than the Fyield at all coverages from frac-
tional monolayer to multilayers: an extremely low Cion
yield is detected for coverages below 1 ML, and the yield
remains much lower than the Fyield even for coverages as
high as 5 ML(Fig. 4). As mentioned in Sec. | the dominant
product is also F for the condensed pha&eThis result is
quite similar to that reported for ESD of CRQin Au in the
electron energy of 0-15 eV.

We have measured the  Fand CI' yields vs incident
electron energy for a multilayer of GEl, on RU0001). A
rare-gas(Xe) spacer layer predosed on the surface is com
monly used to isolate effects of the metallic substrate on th
molecular excitatiorf:**'*"~1°Shown in Figs. &) and 5b)
are the results for a 5-ML GEIl, with 2.5-ML Xe spacer.
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The lowest-energy electron beam that we could generati€nce of a resonance associated with the emission of Cl
with a beam current large enough for negative-ion detectiod his resonance can also be observed for a multilayer of

is 15 eV. A broad feature for Cldesorption is observed at
an electron energy of 18.5-20 eV, and the ratio of/ET

CFR,Cl, without a Xe spacer, but the intensity is lower than
that with a Xe spacer layer. The higher-energy structure at

exhibits a strong peak at about 19.4 eV. This indicates exisl8.5-20 eV has not been reported previously, even in the
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FIG. 4. F and CI intensities with 100-eV electrons incident
onto RY000)) as a function of CECl, coverage.

gas-phase experiments.

To elucidate the formation mechanism for this resonance
peak, the CI intensity as a function of incident-electron cur-
rent with the electron energy fixed at 19.4 eV is measured, as
shown in Fig. 6. It can be seen that the Ghtensity in-
creases linearly with the square of the incident-electron cur-
rent. The significance of this observation is discussed below.

IV. DISCUSSION

Before we discuss the ESD observations seen here, it is
useful to briefly summarize the electronic structure of
CF,Cl,. Photoelectron spect&® indicate that the highest
occupied molecular orbitals lie at binding energies of 12.3,
12.6, 13.2, and 13.5 eV, consisting of the four chlorine lone-
pair orbitals. Also, photoabsorption speéffashow that the
first absorption band is centered at nearly 7.0 eV, which has
been assigned to an electronic excitation from the chlorine
lone-pair orbitals to the lowest unoccupied molecular orbitals
(LUMO) of the C-ClI characte?® This implies that the C-Cl
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1.6x10° surface would be expected. If this is the c&ard we have
no direct evidence for or againstesorption along the sur-
face normal may be seen for both land CI in the first
monolayer, but F is expected to dominate. On the other
hand, a surface-induced orientation effect is generally sig-
nificant only for coverages up to 1 ML, as molecules adsorb
randomly in multilayers. The very low Clyield in compari-
son with the F yield even for coverages up to 5 ML indi-
cates that there exist other mechanisms in addition to pos-
sible molecular orientation leading to the preferential
quenching of CI ions near the surface.

(i) A second possible mechanism for quenching of ClI
involves an image/polarization potential effect. As discussed

1.2x105 1

8.0x10%1

" 4.0x10%

Cr Intensity (arb. units)

002 . ; ' —— in the Introduction, image-potential effects may strongly af-
0 100 200 300 400 500 600 fect the yield of a negative-ion species resulting from a low-
_ 12, I=Incident Electron Current (nA) energy ground-state resonance. For a,@§ molecule,

_ ~ D(CFCL-F)=4.93 eV} D(CF,CI-C)=3.58 eV? E,(F)
EIG. 6. CF_yleId at the electron energy of 19.4 eV as a function —3 »45 eV, andE,(Cl)=3.61 eV in Eq.(2). With the assump-
of I, wherel is the electron beam current. tion of Epy;=1.0 eV for adsorbed or condensedCh, Eq.

(2) gives the final kinetic energf,<1.1 eV for F desorp-
orbitals lie at approximately 6.0 eV in binding energy. Oncetion at E;=3.0 eV andE,<—-0.3 eV for CI" at E;~0 eV.
occupied, the C-CI orbitals are highly dissociative due toThe kinetic-energy maximum corresponds to the assumption
their strongly localized antibonding charactéihere is also  that the total excess energy liberated in the dissociation is
a broad photoabsorption band centered at 19.2 eV observedmpletely transferred into the translation energy of the frag-
with higher photon energi€¥. Interpretation of this elec- ments, that is, the internal energy retained by the fragments
tronic excitation is somewhat difficult since there are no phois zero E* =0). These evaluations indicate that the image/
toelectron spectra reported for &H, at binding energies polarization potential leads to trapping at the surface of Cl
greater than 22 eV. If we simply ascribe the absorption bangons corresponding to the dissociation of the negative-ion
to a transition from a deep-valence orbital to the lowest unresonance near 0 eV. However, most of theiéns resulting
occupied C-Cl orbitals, then the deep-valence orbital shoultkrom the dissociation of the resonance at 3.0 eV can over-
lie at about 25.2 eV. This is very likely, as it has been ex-come the attractive potential and desorb from the surface.
pected that deeper valence orbitals are connected to fluorinenis prediction is in good agreement with the results ob-
lone-pair orbitals or C-F bonding orbital$*° For a free F served in condensed phase experiments, wheregah ratio
atom, the binding energy of the 52Zevel is 31 eV. The F&  of F/Cl™ is seerf The condensed phase results also shows a

binding energy is expected to be smaller in aClz mol-  CI~ peak atE;=~7.0 eV, whose intensity is much stronger
e_cule. Moreover, the following ESD results support this asthan that of the Cl peak at nearly 0 eV. A higher Clyield
signment. would be expected from resonances at 7.0 and 19.4 eV if

only the image potential were effective. In the present ex-
periments, the fact that the Clield remains very low even
for coverages up to 5 ML and for an incident electron energy
First, let us discuss the mechanisms for the preferentiabf 19.4 eV suggests the existence of another mechanism re-
guenching of CI on or near the metallic substrate. This is sponsible for the preferential quenching of Gbns.
illustrated in Fig. 4, which shows that FESD is consider- (i) As mentioned in the Introduction, for DEA connected
ably more intense than CIESD over a large range of cov- with a core-excited resonance or for DD, the formation of
erage; in particular, for less than 1 ML the Csignal is negative ions involves an intermediate excited-molecular
barely detectable. One can generally expect that the presenstate. This leads to the suggestion that charge-transfer pro-
of a metallic substrate will induce such effects(@gnolecu- cesses may affect the lifetime of the excited-molecular state.
lar orientation,(ii) image potential, andiii) modification of ~ Auger and resonant charge-transfer processes are two prob-
the lifetime of excited moleculé®1117:18 able interactions between an electronically excited neutral
(i) In the gas phase, molecules are oriented randomlymolecule and a metallic substrate, as schematically shown in
while for molecules adsorbed on a surface, the moleculeFig. 7. For a simplifying approximation, the excited mol-
substrate interaction may cause specific orientations of adecule is assumed to have two nondegenerate electronic lev-
sorbed species. Tetrahedral molecular,@F is weakly els. The hole is located in a deep valence orbital, while the
bonded to R(D00Y), as discussed in Sec. lll and is expectedexcited electron occupies the LUMO of the molecule. The
to adsorb with three ligands close to the surface, and onexcited molecule may be deexcited via an Auger transition of
pointed away. A random distribution of F and Cl among thea metal electron to the hole with emission of the excited
ligands would lead to equal probability for F and CI to be electron into the vacuunfjAuger deexcitation(AD)]. An
pointed away from the surface. If, however, the CI-Ru inter-equivalent process is that the excited electron decays into the
action energy is stronger than that for F-Ru, there would be &ole in the deep valence level of the molecule, while one
relatively larger fraction of C-Cl bonds pointed towards theconduction electron in the metal is emitted into the vacuum
surface; a larger fraction of C-F bonds pointed away from thewith the excess energy. Resonant deexcitation proceeds via

A. Mechanisms for preferential quenching of CI
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A there have been several reports of coverage-dependent
€l e negative-ion yields, which display a maximum atl ML,
Ey I — - with different interpretations. Negative ion formation from
@=5.5 eV ,AN(2 AN« wv v E, molecules adsorbed on a metallic substrate with an incident
! et n- electron energy greater than tens of eV has been attributed

primarily to DD processes, and the appearance of the yield
maximum at one monolayer was interpreted as due to a
substrate-induced increase of the kinetic energy of the de-

1 AN2) parting ion via DD, and hence the escape probabifii/.It
I was also assumél?’ that at low coverages, deexcitation of
-%-_L_ the intermediaté B* ~ in DEA is more effective than that of
T r el 2526V the neutralAB* state in DD as the image potential attracts
Ru(0001) CF,Cl, the former towards the substrate. Consequently, strong

quenching of negative-ion formation via DEA would be ex-

molecule near a metal surf bv RT and AD or An AEgected at coverages1l ML. On the other hand, it has also
olecule near a metal surtace by a processes. een observed that the negative iad™ () yield via DEA
process can be either a transition of a metal conduction electron to

the hole in the deep valence level of the molecule followed byexthItS a rnaXImgm at the fl_rst-molecular monolayer in
emission of the excited electron into the vacuftine solid lines, (YY) laser irradiation of a series of halometharn&x X
AN(1)] or a decay of the excited electron into the hole with emis- = halogen such as CGl CHCl;, CH,Cl,, and CHCI ad-
sion of a metal electron into the vacudthe dashed linesAN(2)]. sorbed on metallic surfac&sThis has been attributed to the
Also shown is the shift of the affinity levet,, of the molecule. addition of extra kinetic energy to the desorbing ion from the
chemical reaction oR with the substrate, thus enhancing the
resonant tunnelingRT) of the excited electron to the sub- escape probability oK .
strate, accompanied by an Auger neutralization of the result- opyiously, there is disagreement between the above two
Ing_ton. The work function of the clean RR00D is ~5.5 = achanisms. In considering the former mechanism, we note
ev.™ Thus, the T'rSt excited levéLUMO) lies about_ 0.5ev that (i) it is difficult to explain the strong preferential
below the F_erml _Ievel for a free GEl, molecule. Th|s level, quenching of Cl even for coverages up to 5 ML. As men-
however, will shift upwards when the molecule is near thejo e above, desorption via DD should not lead to a prefer-
metallic substrate because of the image potential effect. ential quenching of either For CI-. (i) For incident

Besides the shifting, the excited level is also broadened dugi.ctron-beam energies higher than tens of eV, DD is not the
to o_verlgg) between the metallic and ”?O'ecu_'af _Waveonly process, but rather DEA may make a significant contri-
functions?® Both effects are shown schematically in Fig. 7.

R td itati hen th ited lovel bution to the desorbing ion yield due to the existence of a
esonant deexcitation can occur when tne excited 1evel 15, o nymper of secondary electrofig.) In DD or in DEA
above the Fermi level. Consequently, both Auger an

ith core-excited resonances, strong quenching of the inter-
resonant-electron transfer processes may lead to the deexﬁlfediate excited neutrdlB* state at or near a metallic sub-
tation of the excited molecule prior to attachment of an extr

lectron to f five-i SEA bef %trate can be expected, without the necessity of an image-
S_ec ro_nt_o (I)Drlrjn aT?]_egaflfve-tl(i]n resonar( h) or g_ore potential attraction towards the substrate. This, in fact, has
fallf:zomt?olt(g::(herr)listrésltesﬁguI daze iirt]ezr?ﬁaﬁlozrea 't?]iz’ll(’r'been well verified in metastable deexcitation spectroscopy
molecpular—la er covéred substrate, RT is strongly su gxpgriments_using a metasta}blg partigleg., Hé) as pro-

yer . ’ gly pJectlle, in which strong deexcitation occurs when the projec-

pressed, but AD involving electron transfer from the moIecu—t”e is rather far(3—5 A) from the adsorbed 0ver|ay%2r33
lar film is still effective?® The charge-transfer deexcitation For DEA with a ground-state single-electron resoﬁance
should lead to no preferential quianghmg of @r F n DD. however, the lifetime of AB at a metallic substrate can be
processes. In DEA, however, thé Field is assomatgd with longer than ofAB* or AB* -, since its electron affinity is
the_ grpund—stat{aCcmIz] resonance at-3.0 eV, while the increased by the image potentigke Fig. 7 and there is no
Cl™ yield may result from not only the ground-state reso-

: 0 0 eV but th ted L7 le in the valence levéthus, no AD, unlike a core-excited
hance close 1o © eV but the core-excited resonances al /gipe Thys, DEA with a ground-state resonance can lead to a
and 19.4 eV. All these resonances are probable for inciden

t 2 hiah | b b fth ducti gh negative-ion yield at low coverages, if the kinetic en-
of a high-energy electron beam because of the production rgy of the departing ion is sufficient to overcome the image
secondary electrons that have a broad-energy distributio

Th he ab h fer d itation d f otential. This turns out to be the case for the UV irradiation
us, the above ¢ a}rge-trans er deexcitation does not.a € l5<periments of Ref. 6 and may be the explanation for the
the formation of F via DEA, but does affect the formation

fol iated with ited We theref Ipresent results of Ffrom ESD of adsorbed GEl,. As for
0 assoclated with core-excited resonances. We therefolige cpemjcal reaction enhanced mechanism, the extra kinetic
conclude that the charge-transfer deexcitation may be r

&nergy from the reaction with the substrate could be impor-
sponsible for the preferential quenching of Gbns associ- 9y P

d with ited St tant for heavier desorbing ior(e.g., CI), but it should be
ated with core-excited negative ion resonances. less efficient for light ions such as Rhat have a kinetic

energy large enough to escape even without the extra energy.
B. Coverage dependence of Fand CI™ Moreover, this mechanism cannot explain the dependence of
Now, we discuss the dependence of thedhd CI” yields  the O yield on the Ar spacer thickness in the,@r/Pt
on CRCl, coverage, as shown in Fig. 4. In the literature, systen?’ which also shows a maximum atl ML Ar.

FIG. 7. Schematic energy diagram for the decay pE&,Cl,]*
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As discussed above in Sec. IV A, the appearance of thelectrons in the lowest unoccupied:3a, orbital. In fact,

F~ yield maximum at nearly one monolayer may be due to aore-excited negative-ion resonances associated with elec-
molecular orientation effect caused by the metallic substrateronic excitations from nearly all occupied valence levels to
For the first monolayer, one F atom in an adsorbedGLF the lowest unoccupied s34a,; level of D,O (H,O) have
molecule may be directed outwards and along the surfackeen found®'® Using a similar model, we attribute the
normal. The F ion has, therefore, a larger probability for higher-energy structure at 18.5-20 eV to a resonance asso-
departure from the surface. With coverages more than oneiated with the electronically excited state of LT, at 19.2
monolayer, the average orientation of molecules becomesV.*° This is described as a core-excited negative-ion reso-
random and is expected to decrease the desorption efficiencyance with a hole in a deep valence orbital probably okF 2
of F~, and increase the desorption of ClHowever, it is character, and two electrons in the lowest unoccupied C-ClI
seen that the Clyield peaks at about 2 ML and then de- orbital. Like the resonance at7.0 eV, this higher-energy
creases with increasing coverage. Moreover, for chloresonance is highly dissociative and leads to emission of Cl
romethanes such as GCICHCIL;,, CH,Cl,, and CHCI ad- ions from the surface due to the strong antibonding character
sorbed surfaces, more Cl atoms may be oriented towards thaf C-Cl orbitals. Also, it is observed that the Tyield at an
substrate for the first monolayer than for higher coverdges.electron energy of-19 eV is proportional to the square of
The orientation effect would result in a lower desorption ef-the incident current,? (Fig. 6).

ficiency of CI” for coverages less than one monolayer and a After identifying the higher-energy resonance-at9 eV,

high efficiency for coverages more than one monolayer. Thisve discuss several possible scenarios for the formation of
is inconsistent with what is observed for these molecules. [CF,Cl,]* ~. First, we note that the formation of higher-

If DEA processes contribute significantly to the formation energy negative-ion resonances has been associated with
of CI~ and F ions even for irradiation by 100 eV electrons, multiple scattering of incident electrofi. This process
then the decrease of the and CI” yields at higher cover- could proceed by inelastic scattering of an incident electron
ages may be due to a lowering in transmission of low-energyt a molecule on the surface, and then the scattered electron
secondary electrons to the resonance levels in the topmogtith an energy loss is resonantly attached to a second mol-
CF,Cl, layer. The appearance of the Cyield maximum at ecule that dissociates. The reaction path can be expressed as
the coverage of nearly 2 ML can be explained as due to a
competing result between the substrate-induced quenching e (E;)+CF,Cl,—~CF,Cl5 +e™ (E;—E*), 3
effect discussed above and the transport of secondary elec-
trons to the molecular layer. This suggestion can give a redollowed by
sonable explanation not only for the present results, but for _ ~ B
the similar results on adsorbed halomethanes in UV e (Ei—E*)+CRClL—[CFRLClL] —CI"+CFCl. (4)

irradiation? This suggestion, however, is not conclusive, an(.jHere, it is worth noting that the resulting Cvould have a

IQ/ery low escape probability due to the image/polarization
potential effect, since it is known that th€F,Cl,]|~ reso-
nance is close to 0 eV. Moreover, the above processes would

UV irradiation experiments, the variation of the Cyield
does not simply follow the change of the photoemission

yield.” However, it is known that photoemission from a solid also lead to a much lower cross section for the Gak due

can be well described as a three-step model: photoexcitatiot% a higher-electron energy “resonance” than that for the

in solid, transport of the photoexcited electron to the surface,~, - X .
C|™ peak resulting directly from the ground-state resonance
and escape of the electron across the surface-vacuum

barrier3* Thus, the yield of photoelectrons emitted into theW'th a I_ow-energy incident electron. The reason Is th_at '_[he
former involves the cross section of the electronic excitation

vacuum may not exactly correspond to the true flux of pho Eq. (3)]. However, the condensed phase results show that

toexcited electrons transferred to the outermost molecul .
layer. Indeed, the adsorption of a molecular overlayer mayhe Cl" peak at 7.0 eV is much stronger than that close to 0

8 . . . . .. .
lead to a decrease of the vacuum barffegyen formation of 2?{& mdrlggct;:\]gnz:lathézea (Iir I%rr] easr(':ing frr%g]aé?li higher-
a negative-electron-affinity surfad®.This can greatly en- 9y 9 e p Y

hance the photoelectron or secondary-electron yield due toXA:ri:rLtgrnnatt';:: iﬁiﬁgslt?ctgt?;t:re]reinlncz;néﬂgc;:fecrtsr%?érgﬂseurr-
an increase of the escape probability, but it does not mea P 9 9,

that the flux of substrate electrons transferred to the molecys ”r.‘ding molecules, e_md _finqlly_inter_act_s further With the first
lar laver must increase excited molecule during its limited lifetime, forming an ex-
y ' cited negative-ion resonance, that is,

C. Formation of a core-excited negative ion resonance e (Ej) +CRCl,—[CRClLI* 7, )

at~19ev if the intermediate process is omitted. It should be noted that

Finally, we discuss the newly observed higher-energyin the above two reaction paths, only one incident electron is
resonance at-19 eV. ldentification of negative-ion reso- involved in formation of g CF,Cl,]~ or [CFCl,]* ~ tran-
nances in ESD at energiesl5 eV is not well established. sient state. This would lead to a linear dependence of the
Recently, Orlando and co-workérd® observed a broad resonance intensityand, thus, the Cl yield) on incident-
structure centered at about 25 eV both in theyi2ld and in  electron current. This is inconsistent with the quadratic cur-
the D™ yield in ESD of amorphous D ice. They attributed rent dependence of the Clield, as shown in Fig. 6. This
the higher-energy feature to a negative-ion resonance assodamplies that two electrons are involved in the ion formation
ated with a hole in the deepa? valence orbital and two and desorption. Here, a likely process is that following the
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inelastic scatterin§Eq. (3)], the excited CF,Cl,]* molecule  strong F yield shows a maximum around 1 ML of @&,

captures one secondary electron, i.e., while the yield of CI' is strongly quenched below 1 ML and
. Y remains much lower than the Fyield even for coverages up
CFRCl; +e" (seq—[CRCl]* ™. (6)  to 5 ML. This behavior is contrary to the gas-phase data,

This event should have a high probability due to the large/here the dominant product is Cl We suggest that the
number of secondary electrons available at the surfacéPpearance of the Fyield maximum at nearly the first
Moreover, dissociation of the core-excited negative-ion respMonolayer may be due to a decrease in transmission of sec-
nance will produce a Clion of a higher-kinetic energy and ©ndary electrons to the topmost £H, layer with higher

thus of a higher-escape probability than that from a groundcoverages, if F ions result mainly from attachment of sec-
state resonance. Most significantly, this mechanism is sug2hdary electrons to the molecules via DEA. Furthermore, we
ported by the fact that the Clintensity at the resonance observe that a broad structure appears at an incident elect_ron
energy depends linearly on the square of the incident curref@nergy of 18.5-20 eV for a multilayer covered surface. This
(Fig. 6). One can expect that the probability of Cflesorp- ~ Structure is attrlbuted to a core-excited negative-ion reso-
tion is proportional to the product of the rate of production of"@nce resulting from a two-step process: a direct excitation

a CRCI% times the rate of attachment of a secondary elecOf the molecule by an incident electron and a subsequent

tron. Since each quantity depends linearly on incident elecSaPture of a secondary electron from the substrate. The na-

tron currentl, the product is proportional t?. This sugges- ture of the_ quenching phenomenon has be?“ d|s_cussed n
tion is also consistent with the observation that the géld some detail. At low coverages, a molecular orientation effect

is enhanced by the Xe spacer layer. The spacer layer m ay Ie_ad to a low-desorption efficiency of_CIThe image
decrease the transmission of secondary electrons from t Itent|al effect can also cause the trapping of low-energy

substrate to the molecular layer, but it can greatly decreas ~lons arising from the ground-state single 'electron reso-
the quenching of CF,Cl,]* and[CF,Cl,]* ~ by the metallic nance at the surface. However, the substrate induced charge-

substrate, and hence increases the yéld. transfer processes may also be responsible for the quenching
of core-excited negative-ion resonances.

V. CONCLUSIONS
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