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Ar, "

, 1 cluster ions (n = 6) produced during prolonged Ar* ion surface bombardment of various

sample materials at room temperature are shown to result from the ejection of neutral argon clusters
following the rupture of high-pressure subsurface gas bubbles. Subsequent ion formation is shown to
take place by resonant charge exchange with incident primary Ar™ ions in the gas phase up to at least
175 wm above the surface. Xe,* clusters are similarly produced from Xe*-bombarded solids. The ion
intensities of Ar,™ and Xe,* are found to have a characteristic second-order dependence on primary

Ar* or Xe' current density.
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High-dose ion implantation of gaseous species into
solids can result in the accumulation of subsurface
gas bubbles [1-3]. High-pressure inert gas bubbles in
ion-implanted solids were predicted theoretically by
Greenwood et al. in 1959 [1]. Transmission electron mi-
croscopy (TEM) images of He bubbles in a-irradiated Cu
and Al were reported by Barnes and Mazey in 1960 [2]. A
TEM study by Nelson in 1964 demonstrated for Ar*
implanted Cu that the average size of Ar bubbles in-
creases with elevated sample temperature [3]. Nelson
noted similar behavior for He, Ar, and Xe bubbles in
other metals after high-dose inert gas ion implantation.
The pressure in inert gas bubbles roughly scales inversely
with the radius [4,5] and can be high enough to form solid
Ar and Xe at room temperature [5]. Ion beam sputtering
leads to gas release due to rupture of the bubbles [3],
producing a forward-directed flow with high kinetic
energy. We show here that gas in this flow is cooled
sufficiently to form weakly bound inert gas clusters.

Emission of ionized Ar, " clusters from Ar"-sputtered
Al has indeed been detected [6—8], and fast neutral atom
flows have been seen from Ar*-sputtered Si [9,10].
However, there is disagreement about the origin of the
fast neutral flows and there has been little discussion of
the mechanism of formation of the ionized clusters. In
this Letter we elucidate the emission and ion formation
mechanisms leading to the observation of Ar," (n < 6)
and Xe,™ from sputtered surfaces and show that these
species arise from expansion cooling of gas from rup-
tured bubbles producing neutral clusters, followed by gas-
phase ionization by resonant charge exchange. Laurent
et al. in 1974 [6] first observed Ar,* in a secondary ion
mass spectrometry (SIMS) study of Ar*-sputtered heated
Al and noted that cluster ion formation must be due to
rupture of bubbles during material removal by sputtering.
Bernheim [7] suggested that formation of Ar,* and Kr,*
might be due to autoionization of long-lived excited
neutral Ar,” and Kr,” ejected from the Al surface, but
he did not indicate how such highly excited dimers might
be formed. In 1990, Katakuse ef al. observed Ar,™ from
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Ar*-bombarded Al without intentional sample heating [8]
and again attributed this to sputter-induced rupture of
bubbles, without referencing Laurent ef al [6] and with-
out discussing the ion formation mechanism. Katakuse
et al. also studied Xe™-bombarded Al but did not report
formation of Xe,* [11].

Prior to Katakuse’s work [8], a Dutch group [9,10]
studied the angle-resolved energy distribution of Ar
atoms reemitted from Ar"-sputtered Si using electron
impact ionization. Van Veen et al. observed two velocity
components, one due to Ar gas thermally effusing from
the surface, and a second, forward-peaked, with much
higher energies attributed to gas expanding from rup-
tured bubbles [9]. Van Zwol et al. [10] refined the inter-
pretation of [9] and attributed the second forward-peaked
distribution to the directed Ar flow in a supersonic jet
from ruptured bubbles. A Mach number of 1.6 was re-
ported in [10] as a measure of associated jet cooling; it
should be taken as a lower limit due to the microrough-
ness of the sputtered surface which broadens the angular
and velocity distributions. No attempt was made in [9,10]
to detect Ar,,.

Feil et al [12] later withdrew the interpretations of
[9,10] and argued instead that the high-energy Ar flux
resulted from ejected Ar atoms that had acquired kinetic
energy in sputtering collision cascades. Feil et al. further
suggested that the forward-peaked angular distributions
of [9,10] were a result of the directional flow of Ar
diffusing thermally to the surface [12]. This cannot be
correct. First, there is no directed flow in diffusion, which
is a random process. Second, for an Ar atom to participate
in the sputtering collision cascade and to be ejected, it
must initially reside at the surface within the sputtered
atom escape depth. Up to ~85% of sputtered atoms
originate in the outermost atomic layer and almost all
the remainder originate from the second layer [13]. A
simulation by Harrison [14] showed that Ar in a copper
crystal is not stable against thermal ejection unless it is at
least three layers deep. Thus the fraction of Ar ejected by
a sputtering collision cascade is at most a few percent,
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rather than the ~50% high-energy fraction reported
in [9,10].

In this Letter we demonstrate that stable neutral Ar,
clusters are emitted from bursting Ar bubbles; ionized
clusters are created by a subsequent charge-transfer pro-
cess in the gas phase. A search for clusters of other inert
gases (Xe, He) was also made. Cluster formation was
studied for various materials: brittle semiconductors (Si,
GaAs, Ge), soft and hard metals (Li, Mg, Al, Ti, Mo, Ta,
Pb), and graphite. Positive ion data were obtained for
steady-state sputtering in a Cameca IMS 3f secondary
ion mass spectrometer. For Ar,* studies, the targets were
sputtered at room temperature by a mass-analyzed beam
of “°Ar™ (8 keV impact energy, ~2 uA current focused to
~100 um diameter). Background pressure in the sample
chamber was ~3 X 1073 torr. The sample potential U
could be varied over a few hundred volts around 4500 V.
An important feature of the mass spectrometer is the fact
that the strong ion accelerating field near the target sur-
face (~ 1 V/um) makes it possible to distinguish by
energy analysis between ions ejected from the surface
and ions formed in the gas phase in front of the target
[15]. The accelerated ions passed through a 90° spherical
sector electrostatic analyzer (ESA), set to transmit ions
with kinetic energies of 4500 eV = AE/2. Depending on
U, either secondary ions from the surface or ions formed
in the gas phase in front of the target could pass through
the ESA into the magnetic sector of the mass spectrome-
ter. For example, for U = 4500 V, an ion formed 150 pum
away from the target is accelerated through only 4350 V
by the remaining extraction field and has not enough
kinetic energy to pass through the ESA. To detect such
an ion, U must be raised to ~4650 V so that this ion
acquires a final kinetic energy of 4500 eV. Ion energy
distributions were measured by step scanning U from
4425 to 4675 V with an energy bandpass AE = 5eV.
Mass spectra were obtained at U = 4650 V and AE =
120 eV, corresponding to ions formed in the gas phase
~150 £ 60 pm in front of the surface.

Our study was stimulated by the observation of an
intense 40Ar2+ signal at m/z = 80 in mass spectra of
40Ar bombarded GaAs, using U = 4650 V to select ions
formed above the sample. With a Cs™ beam rather than
Ar?*, no signal was seen at m/z = 80. An analysis of a
variety of samples sputtered with Art under identical
conditions (U = 4650 V) revealed similarly intense
Ar," signals, ranging from ~1-4 X 10* counts per sec-
ond (¢/s) for GaAs, Ge, Si, Mo, Ta, and Pb up to
~5-13 X 10* ¢/s for Ti, Al, Mg, and Li, with the sole
exception of C, where Ar,™ was not detectable. The
atomic “°Ar™ ion signal was nearly identical ( ~ 0.8-2 X
10 ¢/s) for all samples studied, including C. Figures 1(a)
and 1(b) give two examples of such mass spectra for Mo
and Ti. Besides Ar,* at m/z = 80, the isotopic finger-
prints of Mo™ and Ti; are observed. Small signals due to
doubly ionized dimers MO%Jr [16—18] were also seen and
identified by their half-integer m/z values and isotopic
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FIG. 1. (a) Mass spectrum of “*Ar™ bombarded molybdenum

foil obtained with a primary current of 2 wA at a sample
potential of 4650 V (AE = 120 eV; see text for details). Ions
of ®*Ar,™, Mo™ as well as Mo,?* (inset) could be observed in
the mass region shown. (b) Mass spectrum of a *“°’Ar* bom-
barded titanium target. Measurement conditions were identical
to those used for (a). Ions of “Ar,*, Ti, ", as well as “Ar;*
(inset) could be observed in the mass regions shown.

abundance [linear inset in Fig. 1(a)]. **Ary at m/z = 120
was detected for Ti, as shown in the linear inset in
Fig. 1(b). Ar, ™ cluster ions with 3 = n = 6 were observed
only for Li, Mg, Al, and Ti targets. Cluster ions larger
than Ar; or Xe; were beyond the mass range limitation
of the mass spectrometer. Weak signals due to mixed
clusters of Ar,, X" (X = Mg, Al, Ti) were also observed.
The abundance distribution of Ar,, " is shown in Fig. 2. To
our knowledge, Ar,” production was previously only
reported for an Al target [6—8]. The abundance patterns
of Ar,™ for Al in [6], in [8], and in Fig. 2 are very
different. In our room temperature study, Ar," is much
more intense than bigger cluster ions. Laurent et al. state
that the abundance distribution shifts to larger Ar,™ at
elevated target temperature [6]. These differences most
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FIG. 2. Molecular argon ion abundance distributions of
40Ar,™ (normalized to the atom signal of “°Ar*). Data are
shown for “°Ar™ bombarded Li, Mg, Al, and Ti metal targets
analyzed at room temperature. Data were obtained for ions
formed in the gas phase about 150 = 60 um in front of the
sample surfaces.

likely are due to the temperature dependence of the
average Ar bubble size [3]. High-pressure, small bubbles
form at room temperature while the faster argon diffusion
at elevated temperature leads to formation of larger bub-
bles with a lower pressure [4—6]. Since the average size of
small bubbles at room temperature is larger for softer
materials [4,5] and the projected range of implanted
Ar* is larger for lighter elements, our inability to observe
Ar,™ with n = 3 in hard or in heavy materials suggests
that larger clusters are formed only when Ar bubbles
exceed a critical size and contain sufficient gas for a
well-developed supersonic expansion to occur. In con-
trast, Ar2+ could be observed for all materials analyzed
in this study, with the sole exception of C, and its for-
mation does not seem to depend critically on material
properties and bubble dimension. In carbon the high
mobility of Ar diffusing between the graphitic carbon
planes apparently allows Ar to escape rather than accu-
mulate into bubbles.

The key to understanding the formation of Ar, " is the
measurement of ion energy distributions under conditions
of a strong ion extraction field, together with the depen-
dence of ion signal on primary Ar* current density J.
Figure 3 shows the results of such a study for Ar,”
production from Ar* bombarded Ge. lons sputtered
from the sample surface with excess energies would
appear at U <4500 V; no signal above background
(~1c¢/s) is seen in this region. This shows that Ar,™ is
not a sputtered ion. The usual explanation for ion signals
at U > 4500 V is that the ions acquire their charge in the
gas phase above the sample. We conclude that neutral Ar,
therefore must have been emitted from the surface and
remained intact over a distance of up to 175 pm prior to
ionization. Energy distributions of Ar;™ and Ar* from
Ar* bombarded Mg showed that ion formation of these
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FIG. 3. Energy distributions of argon dimer ions of “°Ar,*
measured for a “*Ar* bombarded Ge wafer (AE = 5 eV, see
text for details). Ar,™ ions are formed exclusively in the gas
phase in front of the sample surface. Data are shown for
primary currents of 2000 and 200 nA, respectively. The
corresponding intensity ratio is also shown and demonstrates
a second-order dependence of Ar,* signal on primary Ar"
current density.

two bigger clusters also takes place exclusively in the gas
phase at a distance of up to 175 um from the surface.
Energy distributions confirmed that Ar* [7,19,20] and
Ar’" were also formed by gas-phase ionization of re-
emitted Ar atoms. Similarly, all of the other cluster
species shown in Fig. 2 were detected as ions formed in
the gas phase about 150 = 60 wm in front of the sample
surface.

Alternative explanations for the observation of energy-
deficient Ar,™ clusters can be ruled out. Bernheim’s sug-
gestion of autoionization of long-lived highly excited
states of emitted Ar,” [7] would require unusual lifetimes
of several hundred nanoseconds, and so is unlikely to be
correct. Energy-deficient ions could also result from in-
flight dissociation of larger vibrationally excited cluster
ions formed at the surface. Such larger cluster ions might
nucleate on primary Ar" ions impacting, and being ther-
malized in, the initial high-pressure expansion from the
ruptured bubbles; however, such a process should also
produce Ar,* directly and give rise to a peak at 4500 V
sample potential. The absence of such a peak, and the
identical shapes of the energy distributions for Ar* and
Ar,™ show that such a process does not contribute sig-
nificantly to the observed cluster ions. A three-body
(Ar* + Ar + Ar) associative collision in the gas phase
could form Ar,* without the need of a preexisting Ar,
parent or high-pressure bubbles and gas jets. The non-
observation of Ar,™ from C, when the reemitted total
argon flux must have been identical to the other targets
(and the Ar' ion signal was nearly identical) argues
strongly against such association. Similarly, when Ar
gas was admitted to the ion extraction region at a pressure
sufficient to produce a gas density in front of the target
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comparable to that resulting from ion bombardment and
reemission, the Ar," signal from Ar" bombarded GaAs
dropped by a factor of ~2.5, and disappeared completely
when the Ar* beam was redirected into a small hole in
the target holder. Also, increased collisional dissociation
in this case should have increased the Ar," signal if this
arose from dissociation of larger clusters.

The ionization process is presumed to be electron trans-
fer between Ar, and an incident primary Ar™" ion (e.g., for
n=2,Ar" + Ar, — Ar + Ar,"). Since the equilibrium
internuclear distance is larger for neutral Ar,, vertical
ionization produces Ar, " ions excited to high vibrational
levels (v’ ~ 30-40 [21]) in a process that is nearly reso-
nant. Resonant capture can take place in a relatively
distant collision without atomic momentum transfer, so
that weakly bound Ar,, is not dissociated. Confirmation of
this gas-phase ionization process comes from the deter-
mination of the current density dependence. Figure 3
shows the ratio of two energy spectra obtained at currents
of 2000 and 200 nA for about the same Ar' beam size,
i.e., for current densities J differing by a factor of 10. For
Ar,*, and for Ar* and Ar*", over the entire energy range
sampled, the signals varied almost exactly as the square
of J; a reduction of J by a factor of 10 caused these ion
energy distributions to be a factor of 100 less intense.
Given any steady-state concentration of subsurface bub-
bles, the number of bubbles opened per unit time due to
sputter erosion, and therefore the argon cluster flux, must
be directly proportional to J. The ionization probability
of Ar, is also directly proportional to J, leading to the
observed J? dependence of the Ar,* signal. The total
argon flux leaving the surface at steady state is identical
to the primary Ar™ flux. Since the ionization probabilities
of atomic Ar are proportional to J, the ion signals of Ar™
and Ar?* also scale with ~J2.

These findings are not restricted to argon. We also
observed intense signals of the molecular isotopes of
Xe, " for Al and Si bombarded with Xe* (5.5 keV impact
energy) at room temperature. Xe,” was also ionized
exclusively in the gas phase up to 175 pm above the
surface, and also with a square dependence on J. The
unique isotope signature for Xe* provided additional
confirmation of the identity of Xe, ™. An attempt to detect
“He, " from a Si surface bombarded with a 75 nA “He™
beam at room temperature revealed a peak with a few
counts/s intensity, but this signal increased dramatically
when oxygen was admitted to the target region and was
almost certainly due to formation of '°0%**. *Hes* was
not detectable in a mass window free of possible interfer-
ing species at m/z 20. Observation of “*He, would be
surprising because this dimer is very weakly bound,
with a dissociation energy 5 orders of magnitude smaller
[22] than those of Ar, (10.5 meV [21]) and Xe, (24 meV).

The Ar,™ data in Fig. 3 and analogous results for Xe,
demonstrate that stable, ground-state neutral Ar, and Xe,
are formed and survive in the gas phase up to at least
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175 pm from the target surface prior to ionization. This
corresponds to flight times of = 0.3 us for velocities
~500 m/s. The existence of such ejected neutral inert
gas dimers and of larger Ar, (n = 6) for Li, Mg, Al, and
Ti is very strong evidence that supersonic expansion and
cooling associated with rupture of high-pressure bubbles
in vacuum is a general phenomenon. This explanation is
consistent with all our experimental data and with the
results by other groups [6—11] and provides a conclusive
two-step mechanism to understand the emission and ion-
ization of inert gas clusters from sputtered surfaces.
Sputtering, e.g., of Li with 2 wA Ar* produces a steady-
state flux of neutral Ar, clusters consisting of ~10'3 Ar/s
and roughly ~10'? Ar,/s and ~10'° Ar,/s. This process
may be useful as an inexpensive continuous source of
neutral inert gas clusters.
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