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Mechanisms of atomic and molecular ion emission during sputtering of condensed Gnolecules
on Pt(111) by He* and Ar* ion bombardment
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The mechanism of secondary ion emission from a condensganGlecule on a R111) substrate has been
investigated by He and Ar" ion irradiation. Fragments of GF (x=0-3) ions are emitted intensively from
multilayers, but are almost completely neutralized when adsorbed directly on the Pt substrate due to delocal-
ization of the valence holg). The F' ion, though almost absent by Abombardment, is absorbed intensively
by He" bombardment. The Fions consist of two components; one arises from a submonolayer coverage, and
the other comes from multilayers. The former is mainly due to potential sputtering initiated by tise F 2
core-hole state, while the latter is associated in part with kinetic sputtering as a consequencp bblg 2
creation during the He-F collision. The secondary ion emission from the surface is found to be rationalized in
terms of the physisorption and chemisorption of the parent molecule, which is closely related to the localization
and delocalization of the valence hole.
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. INTRODUCTION CF, molecule adsorbed on the(P11) surface. So far, very
few works have explored the GRdsorbed surface, but there
Secondary-ion-mass spectromefBIMS) has been estab- exist some ESD works on adsorption of F-containing mol-
lished as a powerful technique for surface compositional anécules, such as $Fand Pk, on transition-metal
structural analyses. Although its high surface sensitivity issurfaces? ** ESD of F' is believed to be initiated by the
ensured by the detection of ions which are emitted from théwo-hole-one-electron (2Le) or two-hole () states due to
topmost layer of solid surfaces, the mechanism of ion emisthe Auger decay of a deep core h¢luger-stimulated de-
sion from a surface is still not understood satisfactorily. lonssorption (ASD)], in which an antibonding configuration
capture valence electrons on a surface via Auger and reseémerges if the valence holes are created in the bonding or-
nance neutralization processes, and their contribution iital, and ionic desorption occurs provided that such holes
thought to be dependent on the energy position of the ioni@re localized for the considerably long time necessary for
levels relative to the valence band. If energetically possibledesorption. The same mechanism is suspected tf occur n
the most efficient process is resonance neutralization, jRetential sputtering of F during ion bombardmerit.* The

which the neutralization probability is determined by the na_Iocalized valence holes are known to induce dissociative ion-

ture of the valence band, especially by its width. This haézati(;n er;!}‘g‘ST'f]ha?g molecules ;_/ie:j t?e Cﬁulqmbbeéplosilon
been confirmed in studies of low-energy ion scatteringmec anism. IS 1dea was applied for physisorbed moi-

(LEIS):! reactive ions such as‘Hundergo almost a complete ecules on metal surfacé$Thus the Coulomb explosion and

neutralization on metal surfaces, but the neutralization robi-ts analogs seem to be accepted as a mechanism of potential
o . ' S P sputtering of ions from surfaces. However, the valence holes
ability is suppressed considerably on ionic-insulator surface

. ; _ are thought to be more delocalized for adsorption systems
with a narrow bandwidth and a large band gap. In this réy, 5, i isolated molecules, due to interactions with the sub-

spect, a layer of condensed-gas molecules on a metal surfaggte valence-band states. The purpose of this paper is to
is of interest, since the surface electronic properties argiscyss the lifetime of valence holes in adsorbed molecules
changed continuously from metallic to dielectric with in- jn comparison with their desorption or dissociation time, and
creasing coverage. ) ) i provides insight into the ionization and neutralization mecha-
In sputtering, ions are formed basically during atomic col-pismg of particles emitted from a surface through the sput-

lisions at a surfacékinetic sputtering, but it is also possible tering experiment of a GFmolecule adsorbed on a(BLl)
that the primary ions’ internal potential energy plays a role ing, f5ce.

the ejection of positive iongpotential sputtering The oc-
currence of potential sputtering was suspected for F

. . -7 . . . .
em|_SS|on2, since it has the !a_rgest free—atpm ionization po- Il EXPERIMENT
tential, ensuring the least efficiency for collisional ionization,
while the F" signal in electron-stimulated desorpti¢BSD) Experiments were made in an ultrahigh-vacuum chamber

is known to be fairly largé-' However, the conversion (base pressure 0110 °mbar) equipped with facilities for
mechanism of the primary ion’s potential energy into kineticstandard surface characterization. The ion beams were ex-
and potential energies of secondary ions is still a matter ofracted from a discharge, and were mass analyzed using a
controversy’~’ Wien filter. The surfaces were irradiated with Hand Ar"

In this paper, the mechanism of secondary positive iorions with an incidence angle of 20°, and the ions emitted
formation is discussed by Heand Ar" bombardment of a normal to the surface were detected using a hemispherical
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0 10 20 30 40 FIG. 2. Energy distributions of secondary ions ejected from the
TOF (us) CF, (15 L) adsorbed R111) surface by irradiation oEy=2 keV
He*. The sample was biased with 20 V to gain a better ion mass
FIG. 1. TOF ion mass spectra of positive ions ejected from theresolution.
CF, molecule(15 L) adsorbed on Pi11), obtained by 2-keV He
(solid lineg and Ar" (dotted line bombardment. Measurements tion, and the ions emitted perpendicular to the surface with
were made at kinetic energies of 20, 22, and 25 eV by applying &inetic energies of 20, 22, and 25 eV were detected. Some
bias voltage(20 V) to the surface. fragment ions such as GF, CF,", CF", and C" [denoted
hereafter as CF (x=0-3) iong are visible, together with
electrostatic energy analyz@ESA) operating with a constant the contaminant H ions, for both Hé and Ar' irradiation.
energy resolution of 0.5 eV. The ion beam was chopped byhe sputtered CF ion is unstable and readily dissociated
an electrostatic deflector into pulses with a width of 100 nsinto the CE* ions. It should be noted that the"Fon is
and a frequency of 40 kHz, so that the emitted ions weresputtered intensively by Heirradiation but it is almost ab-
detected by the time-of-flightTOF) technique using the sent by Af* irradiation, suggesting that the origin of thé F
same ESAa mean radius of 50 mmTo avoid sample dam- jon is completely different from that of the GF ions. A
age, the ion-beam current was reduced to below 5 nAlcm larger potential energy of He(24.6 e\j than that of AF
and each measurement was finished within 10 s. The cove[i5.6 e\ may be responsible for 'Femission. That the
age of the Cfrlayer was estimated from the decay curve ofheavier-mass GF ions are sputtered more efficiently by
the Pt surface-peak intensity in LEIS usingEg=100eV  Ar* than by He implies that the CF' ions are caused by
He" beam as a function of the exposure time. ThElPY)  kinetic sputtering during atomic collisions at the surface.
substrate was mounted on a sample holder cooled to 15 Kby The origin of the secondary ions has been investigated
means of a closed-cycle He refrigerator. The clean surfacfom their energy distributions, because kinetically sputtered
was obtained by Ar sputtering and heating in oxygen. The jons have much broader energy distributions than ions
cleanliness of the surface was confirmed from the spectra afaused by potential sputteriiglhe energy distributions of

TOF-SIMS and HeLEIS. sputtered secondary ions by Hand Ar" irradiation, respec-
tively, are shown in Figs. 2 and 3. The energy distributions
+ +
Il EXPERIMENTAL RESULTS of the CK" ions are rather narrow for both Fleand Ar

irradiation. The higher-energy tail, characteristic of kinetic
Figure 1 shows typical TOF-SIMS spectra obtained bysputtering, is conspicuous for the element ions such as C
He' and Ar" irradiation Ey=2 keV). The Ptl11) surface and F". The contaminant Hions are caused by kinetic sput-
was exposed to a Gas of 15 L (1 =1.3x10 *Pas). The tering. The energy distribution of ‘Fobserved in the ESD
measurements were made by applying a bias voltagZ)  experiment is usually as narrow as around 2 eV at full width
V) to the sample in order to gain a better ion-mass resoluat half maximumt’ The broader energy distribution of fin
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Energy (eV) FIG. 4. Evolution of the secondary ions from C&dsorbed on

the P{111) surface as a function of the exposure. The intensity of
the Pt surface peak in HelLEIS (E,=100eV) is shown by a
dotted line.

FIG. 3. Same as in Fig. 2, but for an irradiation E&§= 2 keV
Art.

Fig. 2 strongly suggests that both kinetic and potential sput-
terings contribute to the Fdesorption.

Shown in Fig. 4 is the evolution of the sputtered second-
ary ion intensitiegat E=20eV, with a sample bias of 20
V) as a function of exposure obtained Ey=2 keV He"
irradiation. The amount of the adsorbed GRolecules can

be estimated from the decay curve of the Pt surface peak

intensity in HE LEIS (E,=100eV), as shown by the dotted

line. This method is useful for determining the 1 ML cover-
age if the multilayer starts to grow after the completion of
the first monolayer. This is in fact the case forgSEO, Ar,

Kr, and Xe adsorption on Pt11),'® where the appearance of

the secondary ions and the disappearance of the Pt surface%
peak intensity occur at the same exposure, corresponding to 3 399000

the completion of the first monolayer or the beginning of the

multilayer formation. In the present case, the Pt peak inten-
sity decreases rapidly in the low-coverage regime, but does
not go to zero even for prolonged exposure. On the other
hand, the evolution curves of the CFions exhibit a thresh-

Intensity (arb.

old exposure at around 5 L. These results show that the
three-dimensional island of the molecules starts to grow

at arouml 5 L before completion of the first monolayer. The
absence of the fragment CF ions from the two-
dimensional layer is due to the occurrence of efficient neu-
tralization of the sputtered ions. In this context, theién is
rather exceptional, as it increases steeply in intensity at the
initial adsorption stage, forms a peak, and then exhibits a
second onset at around the same coverage as for the emer:
gence of the CF ions. Almost the same evolution curves of

the CR," intensities are observed by Atombardment as

125420-3

500000

400000

200000

100000

—e—C’ (x10)
—s—CF'
—v—CF,
—e—CF,’ (x1/3)

Expo

20 30

sure (L)

FIG. 5. Same as in Fig. 4, but for irradiationBf=2 keV Ar".
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ciated in thick layers by irradiation of the HaJV light,

whereas Sfis hardly dissociated in the first monolayer if it

108 —e—C’ - is adsorbed directly on the metal substrate. They suggested
; ——F" ] that the excitation of the nonbonding 5t 4, orbital electron

—v—CF" ] to the unoccupied 2 orbital is responsible for the molecu-

} —eCF' 1 lar dissociation. The breakdown of the molecular dissocia-

: ——cE | tion in the lower coverage regime was ascribed to the delo-

. \\ calization of such an excitation.

10F Qt\ 3 The interaction of molecules with a metal surface was

e

— 1 addressed in terms of chemisorption and physisorption. The
\' ] covalency in bonding, realized for chemisorption systems, is
I \\,%\A:+\ 1 defined as a quantum-mechanical sharing of valence elec-
/,\A/A \\\‘§~\$ trons as a consequence of the overlap of wave functions. The
\ e, T 3 resonance neutralization is correlated to chemisorption of
— T ] ions and, therefore, its probability should be a good measure
\‘s \ ] of covalency in bonding. In LEIS, in fact, the ion neutraliza-
h T ] tion event was elucidated successfully according to this
N ] schemé:?° Reactive ions such as™{ N*, and O, with
10k \ J open-shell valence orbitals undergo resonance neutralization
£ \ 1 during transient chemisorption and, hence, the ions are neu-
— ] tralized almost completely on a metal surface due to a delo-
calization of the ionic hole. On the other hand, noble-gas
N T T S T ions can survive neutralization even on metal surfaces be-
0 50 100 150 200 250 300 cause the ionic hole tends to be localized during transient
physisorption. Similarly, the neutralization of sputtered sec-
ondary ions in SIMS should be related to the nature of the
FIG. 6. Effects of the prolonged He(2 keV) ion irradiation on bonding of parent adsorbates. In fact, p_hysisorbed noble-gas
the yields of sputtered secondary ions from the @ L) adsorbed ~ 210MS such as Ar can be sputtered as ions from a very low-

. PP . . . 8
Pi(111) surface. The experiments were made by a sequence of if-0Verage regime, even when it is in direct contact with°Pt.
tense Hé irradiations E,=2 keV, 10 uAlcm? followed by a |t should be noted that valence orbitals of the,@fkolecule

TOF-SIMS measuremenEg=2 keV, 5 nA/cn?) for 10 s. are located as deep as 16.2-25.1 eV below the vacuum
level 2! which are deeper than the binding energy of the Ar

shown in Fig. 5, where the Fintensity was too small to be 3P State(15.8 eV. Despite this fact, an almost complete
plotted. neutralization of the sputtered CFions occurs in the sub-

In Fig. 6 we show the effects of prolonged ion-beam ir-monolayer coverage regime. This is probably because some
radiation on the yields of the secondary ions from the, CF chemical interactions, such as donation and backdonation of
(50 L) adsorbed R111) surface. The experiments were made valence electrons, exist between Gid the Pt substrate, by
by the sequence of Heirradiation(10 uA/cm?) followed by ~ Which the valence holes created in the molecule can diffuse
measurements of the TOF-SIMS spedBaA/cn?) for 10s.  into the band. In the multilayer regime, ion neutralization is
All of the ions except for E decay in intensity by almost suppressed due to localization of the valence hole in the phy-
two orders of magnitude upon Heébombardment for 300 s, Sisorbed Ckmolecule. In this context, the behavior of the
whereas the Fyield is relatively unchanged for this sputter- F ion is significantly unusual. A Fion can be created
ing time. The Hé irradiation causes not only dissociation Kinetically during He-F collision via the electron promotion
but also desorption of the adsorbed Qfiolecule and its Mechanisnf. The second onset of Fin Fig. 4 (7 L), corre-
fragments. The decay of the CFions by He irradiation ~ SPonding well to the onset of the CFions, can be ex-
indicates that they originate due to the molecularly adsorbe@l@ined in terms of kinetic sputtering as a consequence of the

CF,. On the other hand, a*Fion can be emitted efficiently Creation éa F 2p valence hole during the He-F collision.
even from the fragment species. The decrease in the*Fyield with a further increase in the

coverage may be caused by the blocking effect of the over-
layer on the energetic Heatoms backscattered from the Pt
substrate.

Secondary ion emission occurs provided that the valence As already described, the potential energy of the primary
holes are localized for the time necessary for desorptiomon plays a role in F emission. In fact, unique behaviors of
(10 *-10 *s). The absence of GF ions from the first the F" emission, such as the emergence of the low-coverage
monolayer indicates that the valence holes tend to delocalizeeak(Fig. 4) and the very small change in intensity by He
on the P§111) surface. It is known that the dissociation prob- bombardment(Fig. 6), may be explained in terms of the
ability of physisorbed molecules is closely related to the life-potential sputtering. It might be presumed that the Coulomb
time of the valence holes: Klekamp and UmbXcshowed  explosion, resulting from two valence holes due to the Auger
that a S molecule on the NiL11) surface is readily disso- decay of the Hé 1s hole or a deeper core hole, might be

Intensity (arb. units)

He” bombardment time (s)

IV. DISCUSSION
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responsible for the Fion emission. In this case, however, by the valence holes. The valence holes created in thp F 2
strong localization of the valence holes in a,@Folecule is  resonance state due to the Auger decay of a deep-core hole
required so that the Fion should be emitted efficiently from (Which is assumed in the ASD mechanjsane so short lived

the thick, physisorbed GHayer rather than from the first (10 '°S), in comparison with the time necessary for mo-
monolayer which is chemisorbed directly on the Pt substratdecular  dissociation or desorption from the surface

—14_ 1013 : e
The decay of the F yield with increasing coverage is not (10" -10 _S)' that no I'—*_|0p emission OCCW?“‘G band
explainable by this picture. effect). Judging from the lifetime, the desorption of & 2

core-excited F atom is more likely to initiate the event. The

For a better understanding of the neutralization mecha : :
. . L . . F 2s hole can be created due to the nonadiabatic hole ex-
nism of the CE™ ions, it might be interesting to make con- . X o8
change with the primary Heion.”

tac(; W|tthhe expelrlnltre]nt:?;;'e;sults 0:: ngscat_termg{hat n;?:tzlE Since there is no experimental evidence for dissociative
and perfluoro-polyethe( B surfaces since the adsorption of CFon the P{111) surface, F desorption is

might act like a frozen CFgas?” Recently, Kleyn and co- thought to occur from the chemisorbed Qfolecule. For a
workers revealed that essentially all £Fons are neutral- gas-phase GFmolecule, the mechanism of CF ion cre-
ized on the AgL1l) surface, whereas the neutralization is ajon is studied from the measurement of the appearance po-
suppressed on the PFPE surfat& The results are similar tential in photofragmentatiof? the CR,* ion is produced
to the present sputtering experiment. However, some fragrom the excitation of the t, (binding energy 16.2 e\ 4t,
ment ions such as CFand C' are ejected without neutral- (17.4 eV, and % (18.5 eV} orbitals; the CE ion from the
ization during the CE" scattering from the A@11) surface. 3t, (22.1 e\) orbital; the CF ion from the 4v; (25.1 eV}
Probably, this is due to the higher kinetic energy in the scatprhital: and the F and C" ions from the 2, (40.3 eV} and
tering experimen(100-500 eV than the energy of the sput- 34, (43.3 eV} orbitals. The 2, and 3, orbitals, respec-
tered ions(<10 eV). It should be noted that no fragment of tively, have F 2 orbital characters of 82% and 69%Thus
F" ions is observed either for the AtLY) surface nor the the creation of the F @related core hole is responsible for
PFPE surface during scattering of the primary’CEF,",  F* desorption from the CFmolecule as well. The branching
and CR" ions. This result may suggest that holes in theratio of the F and C" ions is almost comparable in the
primary ions(ionization potential of 8.9, 11.4, and 9.11 eV photofragmentatio”® The same tendency is observed when
for CF;, CF,, and CF are hardly accommodated in(E7.4  the CF, molecule is excited by a 900-eV Hédon in the gas
eV) after dissociation. It is possible that thé Fon, if cre- phase® the product distribution is 54% GF, 24% CR*,
ated, is neutralized completely as it moves away from the oo, CF, 5% F', and 4% C. The C" emission is hindered
surface. This fact also suggests that the creation of a shallogy, CF, on the Pt111) surface in the submonolayer cover-
valence hole in Cfmay not lead to kinetic sputtering of F age, suggesting that the dissociation pathway is different be-
which is consistent with a sputtering experiment using théyyeen F and C". The absence of the 'Cions implies that
primary Ar" ion. The sputtering of F may require the cre- they are neutralized efficiently on the(Pt1) surface. The
ation of a deeper hole associated with the potential energy Qfame should occur for the*Fon if it is ejected after the
the primary HE ion (24.6 eV). _ . Auger decay of the @ or 3a; hole in the chemisorbed GF

To gain insight into the mechanism of the potential Sput-yolecule. F emission is more likely to result if the
tering, a survey of the related phenomena in ESD and PSD is.core-excited E atom is initially ejected and intra-atomic
instructive. Recently, Madey and co-workers* performed Auger decay follows. The creation of the & Bole may not
a number of experiments in the ESD of fons from metal e syfficient to induce the C-F bond breakage, and a subse-
surfaces covered with ultrathin films of condensed gases, artﬁhent rearrangement of the valence orbitals into the anti-
di_scu_ssed the charge exchange of desorbing !ons through “B%nding configuration may be required. Such a rearrange-
thin film. It was reported that the ESDIALESD ion angular  ment of the valence electrons, caused by a screening of the
distribution pattern of F from the Sk adsorbed W110)  cqre hole, is more likely to take place on a metal surface than
surface at 80 K showed a single spot normal to the surfacgyn a physisorbed molecular surface, thereby leading to the
and that no pattern with the threefold symmetry expecteqy eferential F emission in the submonolayer coverage re-
from the molecularly adsorbed §Bpecies was obtained. gime, as seen in Fig. 4. A similar dissociation channel is
Moreover, the F signal persists without significant change shown to occur in gaseous molecules using synchrotron
until a higher surface temperatufe 1600 K) is attained. I yagiation?2-3'the resonant excitation of a core-level electron
more recent ESDIAD studies of the P&dsorbed R®000) g the antibondings* orbitals of HBr, HCI, and CFmol-

Surfacel-_g'm a large enhancement of the" Fyield was ob-  gcyles induces bond cleavage prior to the Auger decay of the
served if the surface was damaged by the electron bearggre hole.

These results are consistent with the behavioro&mission
seen in Fig. 6. Moreover, it is known that the Fon is

ej_ected from the chemi_sor_bed F adatom on the metallic V. CONCLUSION
TiC(111) surface by excitation of a 2-keV Heion due to
potential sputtering® The mechanism of the secondary ion emission has been

As already described, the potential sputtering 6fffom  investigated in sputtering of a Gfadsorbed R111) surface
strongly chemisorbed F adatoms or dissociatively chemiduring He" and Ar" bombardment. Secondary ions except
sorbed species on the metal surfaces should not be initiatéfdr F* undergo efficient neutralization in the first monolayer,
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but their yields increase rapidly in the multilayer regime. Thestate, but the emission of a™Cion is hindered for Cr
covalency of Cl in bonding with the Rtl11) substrate is chemisorbed on a Pit11) surface due to resonance neutral-
responsible for the delocalization of the valence hole. Thézation. Thus the F emission is thought to be initiated by the
valence hole tends to be localized in physisorbed multilayersore-hole state rather than by the valence-hole state. A core
from which the CK" ions are emitted considerably. Thé F  hole in a chemisorbed GRnolecule may induce a rearrange-
ion is sputtered efficiently even in the submonolayer coverment of the valence electrons into an antibonding state,
age regime, and can be emitted not only from the @Bl-  thereby leading to emission of a core-excited &om. The
ecule but also from F adatoms or the chemisorbed fragmenobnization occurs via intra-atomic Auger decay after break-
species on the surface. Photofragmentation or ion-inducedge of the chemisorptive bond and, hence, the resulting F
fragmentation experiments with a gaseous, GRolecule ions can survive resonance neutralization even on a metal
showed that F and C" emission occurs fim a F 2 hole  surface.
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