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Sputtering of tin and gallium-tin clusters

Th. Lill, W. F. Calaway, M. J. Pellin

Materials Science, Chemical Technology, and Chemistry Divisions

Argonne National Laboratory

Argonne, IL 60439

ABSTRACT

Tin and gallium-tin clusters have been produced by 4 keV Ar+ ion bombardment

of polycrystalline tin and the gallium-tin eutectic alloy and analyzed by time-of-

flight mass spectrometry. The sputtered neutral species were photoionized with

193 nm (6.4 eV) excimer laser light. Neutral tin clusters containing up to 10

atoms and mixed gallium-tin clusters Ga(n-m)Snmwith n_<4for the neutrals and

n<3 for the sputtered ionic species have been detected. Laser power density

dependent intensity measurements, relative yields, and kinetic energy

distributions have been measured. The abundance distributions of .the mixed

clusters have been found to be nonstatistical due to significant differences in the

ionization efficiencies for clusters with equal nuclearity but different number of

tin atoms. The results indicate that Ga2Sn and Ga3Sn like the all-gallium

clusters have ionization potentials below 6.4 eV. In the case of Sns, Sn6, GaSn

and Ga(n-m)Snmclusters with n=2 to 4 and re>l, we detect species that have

sufficient interqal energy to be one photon ionized despite ionization potentials

that are higher 6.4 eV. The tin atom signal that is detected can be attributed to

photofragmentation of dimers for both sputtering from polycrystalline tin and

from the gallium-tin eutectic alloy.
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1. Introduction

Cluster emission during ion bombardment of solid and liquid metal surfaces has

become the object of intense investigation over the last few years. There are

several reasons for this increased interest in metal cluster sputtering. First, the

ejection mechanism for clusters appears to be different from that of atomic

species. The linear collision cascade model (1, 2, 3) that has been proven to

describe atom sputtering very satisfactorily, has only limited applicability to
cluster sputtering (4). Therefore, the study of cluster sputtering is anticipated to

provide new insights into sputtering, a key process in many leading edge

technologies. Second, sputtered metal clusters have been found to play a

significant role in laser secondary-neutral-mass-spectrometry of metal thin film

interfaces (5, 6). and semiconductor materials (7). Third, cluster sputtering could

find important applications in material science, for instance for the growth of
nanomaterials.

Until recently, most of the information about sputtered clusters was based on ion

cluster experiments, even though most clusters are ejected in the neutral state

(8). These species have to be ionized prior to detection. Recently

photoionization by means of UV lasers combined with very sensitive detection

techniques led to a breakthrough in the experimental accessibility of large

sputtered neutral metal clusters. Thus, clusters as large as Cu2o (9), Ag18 (8),

AI12 (10), In32 (11), Ga14 (12) and mixed clusters Ga(n-m)lnmwith n<10 (13) and
Ga(n-m)AIm with n<14 (14) have been detected. Relative cluster yields and
kinetic energy distributions have been measured for these clusters.

The mixed cluster experiments have revealed new and unique information

about the sputtering process including the depth of origin of clusters (13, 14). An

increasing depth of origin was found for increasing cluster size in sputtering

experiments on the liquid gallium-indium and gallium-aluminum eutectic alloys

(13). While 94% of the sputtered atoms originate from the first atomic layer when

the gallium-indium eutectic alloy is bombarded with 4 keV Ar+ ions, only 68% of

the atoms comprising clusters containing 8 atoms come solely from this

outermost layer. The observation of statistical abundance distributions of the

mixed gallium-indium and gallium-aluminum clusters was crucial for deriving

information about the depth of origin of metal clusters from the experimental
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data. It has been proposed that statistical abundance distributions can be

observed, if chemical effects play a minor role and photoionization probabilities

for all species are nearly equal. Since aluminum, gallium and indium are

located in the same column of the periodic table of elements and atoms as well

as clusters of these elements are one photon ionizable using an ArF-excimer

laser, these conditions were fulfilled in the previous experiments.

This is not the case for the gallium-tin system reported herein. Since gallium is a

group IliA and tin a group IVA element, chemical effects likely play a role in the

mixed system. The ionization potential (IP) of tin atoms is 7,34 eV and hence

exceeds the photon energy of the available laser light (6.4 eV). Furthermore,

ionization potentials that are higher than 6.4 eV have been reported for

internally cold Snn clusters up to a nuclearity n=6 (15). The aim of this paper is

to demonstrate that our conclusions regarding cluster sputtering obtained from

experimental results for the gallium-indium and gallium-aluminum eutectic

alloys are more general and can be applied to the more complex gallium-tin

system. Emphasis will be put on the photoionization process. Key questions,

this paper is concerned with, are: (i) the changes in the ionization efficiencies

for subsequent substitution of gallium atoms with tin atoms for clusters with a

given nuclearity, (ii) the influence of the internal energy of the sputtered clusters

on the photoionization process, (iii) the relevance of relative cluster yield

measurements for tin when 6.4 eV photons are used, and (iv) the influence of

photofragmentation processes on kinetic energy distribution measurements for
sputtered tin atoms and clusters.

2. Experimental

The experiments have been performed in the SARISA IV instrument developed

in this laboratory and described in detai! elsewhere (16). This ultra high vacuum

apparatus is equipped with an angle- and energy-refocussing time-of-flight

mass spectrometer especially designed for high detection efficiencies of

photoionized particles. For sample preparation, pure gallium ingots and tin foil

(AESAR)were used. The gallium-tin eutectic alloy (8.5 at.% Sn) was prepared

by dissolving the proper amount of granular tin (Mallinckrodt) in molten gallium

at about 100 °C overnight. The experiments have been performed near room

, ,,,, ,11,I
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temperature, where the gallium-tin eutectic alloy is liquid (melting point 20.5

°C). As in the experiments with the gallium-indium and gallium-aluminum

eutectic alloys, a piece of cobalt was used to support the liquid sample vertically
in the instrument (13).

The samples were bombarded with 4 keY Ar+ ions at normal incidence, the ion

current being about 3 I_A and the beam diameter at the sample about 300 l_m.

The SARISA IV instrument allows measurements of either sputtered neutral or

ionized particles. The primary ion pulse length is chosen to be different for both

modes. We used 160 ns and 2000 ns when detecting sputtered ions and

neutrals, respectively (12). The ion pulse width is kept small in the secondary

ion mode to achieve sufficient mass resolution, while in the secondary neutral

mode the mass resolution is defined by the laser pulse width (typically 25 ns).

The larger ion pulse width in the secondary neutral mode gains signal intensity

since the ionization volume can be completely filled with species that represent
the true velocity distribution. In other words, a long primary ion pulse duration is

necessary for correct velocity integrated measurements of the sputtered
neutrals.

In order to clean target surfaces, a continuous argon ion beam was _astered

over a surface area of approximately 2 mm x 2 mm. The samples were cleaned

for 1 to 2 hours before every experimental session. No sputter cl6_ning was

necessary between single experimental runs as revealed by comparing spectra

taken from the freshly rastered surface and from surfaces that have been kept in

the vacuum chamber for several minutes without rastering.

The sputtered neutral atoms and clusters were ionized with 193 nm light from

an ArF (6.4 eV) excimer laser that intersected the sputtered particle flux about 1

mm above the target surface with a cross section of 1 mm width and 2 mm

height. Laser power dependent measurements have been performed by

attenuating the laser beam with up to 7 partially absorbing quartz plates. Thus

the laser power density could be varied in a range between 0.05 to 3 MW/cm2.

By changing the delay time between when the ion puise struck the sample

surface and when the laser pulse ionized the neutrals, distributions of the flight

times of the sputtered species could be measl._red.This procedure is described
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in detail in Ref. (9). In these experiments the distance between the sample

surface and the midpoint of the cross section of the laser beam was 6 mm. The

pulse duration was shortened to 200 ns and the laser cross section was

decreased to 0.1 mm x 2 mm in order to provide well defined start conditions. It

has been shown for this experimental arrangement that the intensity- flight time

distributions can be transformed into flux - velocity and flux- kinetic energy
distributions (9).

3. Results and discussion

A typical composite mass spectrum of sputtered neutrals from a polycrystalline

tin surface and postionized at a laser power density of about 0.3 MW/cm2 is

shown in Fig. 1. Tin clusters up to Snlo are clearly vasible. The scaling factors

reflect the rapid decrease of the cluster intensity with increasing cluster size.

The rate of change of the cluster yield varies throughout the distribution. In

particular, there is only a weak intensity change when comparing dimers and
trimers. The relative cluster intensities will be discussed in more detail below.

Ion bombardment of the gallium-tin eutectic alloy leads to the ejection of all-

gallium and all-tin clusters as well as mixed clusters making the spectrum more

complex. Therefore in Figs. 2 and 3, the mass spectra are split into parts

showing clusters with equal nuclearity separately. Figure 2 depicts mass
spectra of the neutral atoms and clusters, which have been postionized at a

laser power density of 1 MW/cm 2. Clusters containing up to 4 atoms are

presented, although very low pentamer signals have also been detected. The

atom and dimer spectra are dominated by the all-gallium species. Among the

trimers and tetramers, the most intense peaks belong to Ga2Sn and Ga3Sn,

respectively. At a first glance, gallium seems to be the major constituent at the

surface of the gallium-indium eutectic alloy. Thermodynamics calculations

predict, however, a strong tin surface segregation with a concentration of 87 at.

% tin in the first atomic layer. Such a surface segregation of the minor

constituent is known in the gallium -indium system (13, 17, 18, 19), where the
indium surface concentration was measured to be 94 at. %.
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There is evidence that tin is surface segregating from the spectrum in Fig. 2. For
the dimers, for instance, an uniform tin concentration of 8.5 at. % for the bulk

and the surface would result in an 116 - fold stronger Ga2 intensity compared to

Sn2 (assuming a statistical formation process and equal photoionization

efficiencies). This is an order of magnitude more than observed in the

experiment. In Fig. 2, the abundance distributions of the clusters with equal

nuclearity are clearly not statistical. The measured photoion intensities drop

significantly for clusters containing equal numbers of tin and gallium atoms and

for clusters in which tin atoms are the majority. Thus, for the trimers, there is a

distinct intensity drop when going from Ga2Sn to GaSn2. For the tetramers, the

measured intensity decreases gradually from Ga3Sn to Ga2Sn2 and to GaSn3.

The question arises as to what extend the departure from a statistical behavior

is caused by chemical bonding differences and/or ionization efficiency

variations. We have strong reason to believe, that differences in the ionization

efficiencies play a major role here. (i) The gallium atoms (IP=6.0 eV) and all

sputtered gallium clusters are one photon ionizable (12). In contrast, tin atoms

and internally cold tin clusters containing up to 6 atoms are reported to be not

one-photon ionizable with 6.4 eV photons (15). (ii) In laser vaporization

experiments, statistical as well as nonstatistical combinations of component

elements have been found for mixed clusters (20, 21, 22, 23, 24). For mixed

clusters composed of group IVA- group VA and group IliA - group VA metal

combinations, the valence-electron-counting model, the so called "Wade's

rules" (25), predict the pattern of the observed nonstatistical distributions. In this

model, cluster bonding involves only p orbitals, and a cluster with nuclearity n

has a stable bonding for configurations of 2 n+2, 2 n+4, or 2n+6 p-electrons.

As can easily be shown, for the group IliA - group IVA system studied in our

sputtering experiments, these configurations do not exist and therefore

particular stable clusters are not expected. Furthermore, gallium and tin form an

alloy in the bulk. Therefore the tendency to produce statistical distributions of

mixed clusters would be anticipated. (iii) Further evidence for the decisive role

of the ionization process comes from the cluster ion distributions shown in Fig.
3. Here, the abundance distributions for the dimers and trimers differ

dramatically from those of the photoionized sputtered neutral clusters shown in

Fig. 2. Thus, for the Ga2Sn cluster, the measured photoion signal is larger than

that of Ga3, but in the secondary ion mode the Ga2Sn signal is only about 25 %
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compared to the all gallium trimer. The GaSn2 and Sn3 ion clusters signals

were very low, and therefore, are not visible in the mass spectrum in Fig. 4.

These observations can readily be explained by the exponential dependence of

the secondary ion signal on the ionization potential of the atom (26) or cluster

(8). From the comparable secondary ion intensities of the Ga3 and Ga2Sn

clusters, it becomes clear that they should have similar IP within a few tens of an

electron-volt (estimated less than 0.3 eV) and that there is a significant change

in the IP when going to GaSn2 and Sn3. Since Ga3 can be ionized with one 6.4

eV photon, it is very likely that this is also the case for Ga2Sn. For GaSn2 and

Sn3 a significant larger ionization potential is expected. For the tetramers, the

secondary ion intensities are unfortunately very low. The high photoion signal

intensity for Ga3Sn suggests however that this cluster also has an IP below 6.4

eV. We note, that for sputtered neutral and ionic gallium - indium clusters, nearly

identical abundance distributions have been found (13).

To estimate the tin concentration of the first atomic layer of the liquid gallium-tin

alloy, we assume that the observed departures of the measured abundance

distributions from the statistical picture are mainly caused by significant

variations of the photoionization efficiencies for different species• Furthermore

we assume that Ga3Sn is, like Ga4, one photon ionizable and that the
measured intensities therefore reflect the true concentrations in the neutral flux.

Using a binomial distribution as described in Ref. (12, 13), the tin concentration

of the volume from where the tetramers are ejected (the effective tin

concentration) is calculated from the Ga4 and Ga3Sn intensities to be about 55

at. %. Based on the experimental result that the fraction of sputtered atoms from

the first atomic layer comprising neutral tetramers is 85 % for the gallium-indium

system (12), we estimate the tin concentration of the first atomic layer for the

gallium-tin system to be approximately 60 at. %. Thus, the experimental data

indeed confirm the theoretical prediction of strong tin surface segregation.

Using the effective tin concentration one can now estimate the relative Ga2Sn2,

GaSn3 and Sn4 concentrations in the neutral flux. It turns out, that for laser

power densities between 0.06 and 3 MW/cm 2 the ionizability of Ga2Sn2, GaSn3

and Sn4 are 4.3, 9.9 and 6.4 times, respectively, iower than for Ga4 or Ga3Sn.

The tin surface concentration as derived from the experimental results under the

above assumptions is significantly lower (about 60%) than predicted by theory
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(87 %). An eight times lower photoionization efficiency of Ga3Sn compared to

Ga4 in our measurements would eliminate this discrepancy. Then, the

ionization efficiencies for Ga2Sn2, GaSn3, and Sn4 would be 40, 330, and 700

times smaller than for Ga4. The relevance of these numbers depends, however,

on the accuracy of the calculations and will be viewed in the following as an
upper limit.

Photoion signals have been measured as a function of laser power density in
order to obtain more information about the ionizability of tin and mixed gallium-

tin clusters with 6.4 eV photons. Fig. 4 depicts the results of a power study for

clusters containing up to 4 atoms sputtered from polycrystalline tin. Similar data

have been obtained for tin atoms and all-tin clusters sputtered from the gallium-

tin eutectic alloy. The tin atom data follow closely a line with the slope of 2 on a

log - log plot of the photoion signal intensity versus laser power density. This

indicates a two-photon ionization process. As will be shown below, however,

the atomic photoions originate almost exclusively from photofragmentation of tin

dimers. For the dimers and trimers the slope is less than one for laser power

densities below 1 MW/cm 2 and for higher values the photoion signal saturates

and starts to decrease. This behavior does not necessarily indicate a single

photon process. A two photon process can give similar results when

photofragmentation processes are significant or when there is a resonance
transition accessed.

A more valid criterion for single photon absorption is that relative ion intensities

do not change for low laser power densities (15), especially when they are

compared to a cluster that is known to be one photon ionizable. Fig. 5 shows

the photoion intensities of the Ga2Sn, GaSn2 and Sn3 clusters normalized to

the one photon ionizable Ga3 cluster as a function of the laser power density.

For all three species, the dependences are week (note that the x-axis is

logarithmic). The relative intensity of Ga2Sn is nearly constant for laser power

densities up to 0.5 MW/cm2 and decreases by a factor of 1.5 wt_en the laser

power density is further increased by an order of magnitude. For GaSn2 and

Sn3, the relative ion intensities decrease very s'lowly over the entire range of
laser power densities. Similar dependences have been found for all tetramers.
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A typical cross section for a two-photon process lies in the order of 10-30 cm4 W-

1molecule q (27). For indium atoms, a one-photon cross section of 8x10-17 cm2

atom "1 is reported (28). For laser power densities of 104 to 106 W/cm-2, we

would therefore expect signal intensities that are lower by many orders of

magnitude for clusters that are two-photon ionized when compared to one

photon ionizable clusters. In our experiment, the ionization efficiency for mixed

gallium-tin tetramers containing more than one tin atom is lower by a factor 5 to

10 compared to Ga4 or Ga3Sn when assuming that the measured Ga4 and
Ga3Sn photosignals reflect the concentration in the neutral flux. These numbers

would exclude a two photon ionization process for any detected gallium-tin
tetramer. As mentioned above, calculations based on the theoretical value for

the surface tin concentration predict that the measured photoion signals of the

tin containing clusters are 8 (for Ga3Sn) to 700 times (for Sn4) lower than in the

neutral flux. Thus, even for this upper limit of the surface tin concentration, we

obtain the result that Ga3Sn should certainly be one photon ionizable. Since

the photoion signals of all tetramers containing more than one tin atoms behave

similar to the one-photon ionizable Ga4 cluster when the laser power density is

changed over almost two orders of magnitude (see Fig. 5), we exclude a two-
phot.on ionization process for these clusters too.

We, therefore, conclude that all sputtered gallium-tin clusters that we have

detected are mainly one-photon ionized and that the internal energy provided

by the sputtering process is sufficient to allows this process. It is reasonable that

the internal energies of sputtered clusters are significant. Recent molecular

dynamics (MD) simulations on sputtered silver clusters revealed an internal

energy content of roughly 1 eV per constituent atom (29). Unimolecular

decomposition on a time scale of several tens of picoseconds after the ejection

results in fragments that are internally colder than nascent clusters but certainly

contain more internal energy than clusters produced in a pulsed nozzle source.

We believe, that in the case of GaSn2, Sn3, Ga2Sn2, GaSn3, and Sn4, we

detect clusters that have sufficient internal energy to be one-photon ionized.

Their lower intensities compared to Ga3, Ga2Sn, Ga4, and Ga3Sn observed in

the experiment can be attributed to the fact that we probe only the high energy

portion of the internal energy distribution. According to the Franck-Condon

principle for vertical transitions from vibrationally excited states (30), small
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overlap integrals for transitions with small energy changes would cause furth3r
lowered intensities.

Figure 6 shows a log - log plot of the relative yields for clusters sputtered from

polycrystalline tin, which have been ionized with different laser power densities,

as a function of cluster nuclearity. As first demonstrated in Ref. (4) for aluminum

and copper clusters, the yields of sputtered neutral and ionic clusters show a

power law dependence on cluster nuclearity. As visible in Fig. 6, the relative

intensities of tin clusters containing more than tllree a_oms can also be fit by a
power law. The slopes are -9.0, -9.5, -9.3, and -8.6 for laser power densities of

1.9, 1.1, 0.7, and 0.3 MW/cm 2, respectively. Thus, the slope of the power law

appears to be independent of the laser power density used for photoionizationo

An average value of -.9.1 + 0.4 has been determined. The values of the relative

cluster yields, however, are laser power density dependent. They decrease with

increasing laser power density due to the quadratic tin atom intensity

dependence on the laser power density (see Fig. 4).

We believe that the measured power law slope is similar to the value that would

be obtained if the entire cluster yields were measured (i.e., if the cluster

photoion signals were saturated without fragmentation) for the following

reasons. First, the relative intensities of the Sn7 and Sn8 clusters, which have

been reported to have IP's below 6.4 eV when generated in a pulsed nozzle

source, lie nicely on the power law fits. This result supports our conclusion that

a significant part of the sputtered tin trimers and tetramers has sufficient internal

energy to be one-photon ionized and extends this finding to clusters containing

five and six tin atoms. Second, the observed slope is in very good agreement

with results on other materials. In previous studies, a linear dependence of the

power law exponent on total sputtering yield was identified (4). The value for tin

falls on this linear dependence and is very close to the value for aluminum. For

aluminum, the total sputtering yield is 3.0 for 4 keV Ar+ ion bombardment and
the slope of the power law dependence was found to be -9.3. For tin, the

sputtering yield is 2.5. Therefore the obtained slope of -9.1 is reasonable.

In certain cases, more information about photoionization and photofragmen-

tation processes can be obtained from the velocity distribution of sputtered

atoms and clusters (5, 6, 31, 32). For instance, it was observed that for
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nonresonant multiphoton ionization of sputtered copper and aluminum species

in the laser power density regime up to at least 108 W/cm 2, the atom signal

detected is due to photofragmentation of dimers (31). This conclusion was

based on the observation that the measured atomic velocity distributions

peaked at the same velocity as the respective dimer distributions. Fig. 7 shows

kinetic energy distributions of tin atoms sputtered from polycrystalline tin and

ionized at two different laser power densities, 0.14 and 1.40 MW/cm2. Both

distributions are nearly identical and peak at about 1 eV. According to the linear

collision cascade theory, the peak of the kinetic energy distribution is predicted

to be located at U/2, with U being the surface binding energy, which is often

equated to the heat of sublimation of the material. For tin, the bulk sublimation

energy is 3.16 eV (33), i.e. U/2 is about 1.6 eV. The fact that the experimental

value for U/2 is significantly lower than predicted by theory :ndicates that we

may be detecting atoms that originated as dimers. In Fi_ 7, the energy

distribution of tin atoms sputtered from the gallium-tin eutectic alloy is plotted for

comparison. This distribution is shifted towards even lower kinetic energies and

peaks at about 0.5 eV.

The nearly identical distributions for tin atoms sputtered from polycrystalline tin

and photoionized at low and high laser power densities as shown in Fig. 7 give

strong evidence that those photoions are produced only by one process, either

they represent two-photon ionized tin atoms or they are the result of tin dimer

photofragmentation. The comparison of the atom and dimew: velocity

distributions reveals that the photofragmentation process is the source for the

photoions. For a laser power density of 0.14 MW/cm2, the atom and dimer

velocity distributions peak at the same velocity. The velocity distribution of the

dimers is slightly shifted to lower velocities for a laser power density of 1.4

MW/cm2. The observation that the atomic photoions in multiphoton ionization of

neutrals sputtered from polycrystalline tin are predominantly the result of tin

dimer photofragmentation is in agreement with experimental results obtained by

Husinsky, Nicolussi and Betz for sputtering of a polycrystalline aluminum-tin

alloy (32).

The change of the kinetic energy distribution of the dimers with laser power

density is illustrated in Fig. 8. For the higher laser power density, the data points

are shifted towards lower kinetic energies. Several processes have to be
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considered here. As shown in Ref. (31), the increasing amount of low energy
dimers for increasing laser powers could be due to an enhanced

photofragmetation of trimers. The assumption of a correlation between the

internal and kinetic energy of the dimers (34) offers an additional explanation

since either the ionization efficiencies and/or the fragmentation probabilities of

the dimers could have different laser power dependences for species with

different internal energies.

Finally, the dramatic difference in the kinetic energy distributions for neutral

atoms sputtered from polycrystalline tin and from the gallium-tin eutectic alloy
shall be discussed. The same effect has been ebserved for neutral indium

atoms sputtered from polycrystalline indium and from the gallium-indium

eutectic alloy. This was explained by considering the strong indium surface

segregation for the alloy. In most cases, indium atoms are ejected from the

surface after being struck by a gallium atom from below since gallium is the
major bulk constituent. From momentum transfer considerations, there is less

energy transferred to an indium atom from a collision with a gallium atom than

from a collision with an indium atom. Since tin surface segregates in the

gallium-tin eutectic alloy, the same argumentation can be applied here.

Interestingly, the shift in the kinetic energy distribution is much stronger for the

gallium-tin alloy compared to the gallium-indium alloy. Since we have found

that tin atoms detected in the experiment are fragmented tin dimers, this could

indicate that the tin dimers are sputtered as an entity since momentum transfer

would be even less effective for gallium atom - tin dimer collisions.

Conclusions

Sputtering of neutral and ionic clusters under 4 keV Ar+ ion bombardment from

the gallium-tin eutectic alloy and of neutral tin clusters from polycrystalline tin

has been studied. Neutral clusters as large as Ga(n-m)Snm with n<4 and Snl0

as well as ionic clusters Ga(n-m)Snmwith n<3 have been detected. The gallium-
tin eutectic alloy (tin bulk concentration 8.5 at.%) was found to be surface

segregated, the tin concentration in the first atomic layer being at least 60 at. %.

The abundance distributions of the sputtered neutral clusters ejected from the

gallium-tin eutectic alloy and post-ionized with 6.4 eV photons are found to be
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nonstatistical due to different photoionization efficiencies of the various clusters.

Overall, substitution of gallium atoms by tin atoms leads to decreasing
photoionization efficiencies for clusters of given nuclearity. Among the mixed

clusters, Ga2Sn and Ga3Sn exhibit photoion intensities that indicate they are

one-photon ionized with 6.4 eV photons. This is supported by secondary ion
measurements. An estimate of the relative ionization efficiencies for the mixed

and all-tin tetramers and laser power density dependent studies of the trimers
and tetramers indicate that in the case of GaSn2, Sn3, Ga2Sn2, GaSn3, and

Sn4, we mainly detect clusters that have sufficient internal energy to be one

photon ionized. The relative cluster yield distributions for these clusters can be
fi', with a power law dependence, the slope 5 being -9.3 +0.4, a value that lies

on the general linear dependence of _ on the total sputtering yield whictl was

discovered previously for a variety of metals. Finally, the measured neutral tin

atom signal can be unequivocally attributed to be the result of the dimer

photofragmentation process.
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Figure captions

1. Typical mass spectrum of neutral clusters ejected from polycrystalline tin

during 4 keV argon ion bombardment and postionized with 6.4 eV

photons at a power density of 0.3 MW/cm2. Portions of the spectrum are

magnified by the indicated scaling factors.

2. Typical mass spectrum of neutral clusters ejected from the liquid gallium-

tin eutectic alloy during 4 keV argon ion bombardment and postionized

with 6.4 eV photons at a power density of 1 MW/cm2. The four pangls

show mass peaks corresponding to clusters with equal nuclearity. The

scaling factors are indicated.

3. Typical mass spectrum of positively charged clusters ejected f"om the

liquid gallium-tin eutectic alloy during 4 keV argon ion bombardment.

The tt_ree panels show mass peaks corresponding to clusters with equal

nuclearity. The scaling factors are indicated.

4. Intensities of neutral tin clusters ejected from polycrystalline tin during 4

keV argon ion bombardment and postionized with 6.4 eV photons as a

function of the laser power density. The dashed line indicates a quadratic

dependence.

5. Intensities of neutral GanSn(3-n) clusters for n=0 to 2 normalized to the
intensity of the neutral Ga3 cluster as a function of the laser power

density used for postionzation with 6.4 eV photons. The clusters are

produced by 4 keV argon ion bombardment of the liquid gallium-tin

eutectic alloy. The circles represent the normalized intensity for the

Sn3 cluster, the triangles for the GaSn2 cluster and the open

square for the Ga2Sn cluster.

6. Relative yields of neutral clusters sputtered from polycrystalline tin and

postionized with 6.4 eV photons at 1.9 MW/cm2 (circles), at 1.1 MW/cm2

(triangles), at 0.7 MW/cm2 (squares), and at 0.3 MW/cm2 (diamonds) as a

function of cluster nuclearity. The lines represent least square fits to a
power law.
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7. Kinetic energy distributions (flux versus kinetic energy) for neutral tin

atoms sputtered from the gallium-tin eutectic alloy and postionized with

6.4 eV photons at 0.90 MW/cm2 (solid line), and for neutral tin atoms from

polycrystalline dn postionized at 1.40 MW/cm2 (dashed line) and 0.14

MW/cm2 (dotted line).

8. Kinetic energy distributions (flux versus kinetic energy) for neutral dimers

sputtered from polycrystalline tin and postionized at 1.40 MW/cm2

(circles) and 0.14 MW/cm2 (triangles).
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