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Abstract

Neutral aluminum clusters sputtered from polycrystalline aluminum
were analyzed by laser postionization time-of-flight (TOF) mass
spectrometry. The kinetic energy distributions of Al through Al6

were measured by a neutrals time-of-flight technique. The
interpretation of laser postionization TOF data to extract velocity and
energy distributions is presented. The aluminum cluster
distributions are qualitatively similar to previous copper cluster
distribution measurements from our laboratory. In contrast to the
steep high energy tails predicted by the single- or multiple- collision
models, the measured cluster distributions have high energy power
law dependences in the range of E"-* to E'4-5. Correlated collision
models may explain the substantial abundance of energetic clusters
that are observed in these experiments. The possible influences of
cluster fragmentation on the distributions are discussed.
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In t roduc t ion

It has been known for some time that when some solid materials are

sputtered, a significant fraction of the ejected particles are

molecules[l-16]. For some systems, such as the sputtering of large organic

molecules from a surface[10] or the sputtering of sulfur dimer from solid

sulfur[17, 18], the bonding of the molecule is strong compared to its bond

to the surface. For these systems, it is fairly easy to envision the ejection

of these molecules as the result of a collision with a recoil atom that

imparts sufficient energy to the molecule to break its weak bond to the

surface while the molecule remains intact. However, for the sputtering of

metal clusters, the bond energies of the ejected molecules are usually less

than the surface binding energy of even a single atom to the surface. The

mechanisms behind the ejection of these molecules are not yet well

understood.

Most of the experimental evidence for cluster emission front

metals[8, 16, 19-26] supports the recombination, or multiple collision,

models[27-32]. This evidence is mainly of two types: changes in the

yields of clusters with bombarding energy[16, 24, 26], as predicted by

Gerhard[32]; and kinetic energy distributions of the sputtered neutral

clusters[8, 19-23, 25, 33] following the predictions of multiple collision

models[27-31]. However, recently we reported kinetic energy

distributions of Cu2 and Cu3 that did not exhibit the behavior predicted by

the multiple collision models[l]. In additional experiments, we have

measured the energy distributions of Cu4, Cu5 and Cu6[34]. These data also

do not show the steep high energy tails predicted by the standard multiple

collision mechanisms. In all cases, we observed more high energy clusters



than are predicted. Elsewhere in this journal volume, other groups report

recent results on Ag-Ag3[35] and A1-A13[36] using similar time-of-

flight (TOF) techniques.

In this paper, we present the kinetic energy distributions of

sputtered neutral Al and Al clusters out to Al6. These distributions will be

compared to previous results from our lab, as well as to the traditional

collision cascade models for cluster formation. However, as was the case

for Cu clusters, it is clear that the traditional models are not adequate to.,

describe Al cluster data. In our previous paper[l], we speculated that

some form of correlated emission must be responsible for the increased

flux of high energy clusters that we observe. A model of this sort has been

proposed by Joyes[37] and Bitenskii and Parilis[38, 39]. In this model, the

atoms in the molecule undergo similar collisions with either the same

energetic recoil atom[37] or the primary ion[38, 39], respectively. The

similarity of the collisions imparts very little internal energy to the

molecule at the same time that it imparts high kinetic energy. We will

examine the ability of this model to describe the cluster energy

distributions.

Recently it has become apparent that there seem to be qualitative

differences in measured energy distributions which depend on the

experimental method used. Data obtained with charged particle (electron

or plasma) postionization and energy or momentum filtering [8, 19-23, 25,

33] have fewer high energy clusters, and thus are in agreement with the

predictions of multiple collision models. The data from our lab on copper

and aluminum clusters[l, 34], as well as recent data from other labs[35,

36], have the common feature of more high energy clusters than predicted

by the multiple collision models. All these data were measured by laser



postionization and time-of-flight analysis of the velocity. We will discuss

the influences of cluster fragmentation on each type of experiment as a

possible explanation for the differences in the results.

Exper imenta l

The experiments were performed using Surface Analysis by

Resonance Ionization of Sputtered Atoms (SARISA). The SARISA IV

secondary neutral mass spectrometer used in these experiments has been

described in detail previously[40, 41]. Briefly, a pulse of 3.9 keV Ar*" ions

is focussed and directed onto the polycrystalline aluminum target at

normal incidence. The secondary ions produced by the sputtering are a

source of noise and are suppressed. The pulsed laser is fired into the

region above the target surface, ionizing a portion of the neutral sputtered

flux. These ions are extracted through the TOF mass spectrometer" to be

detected by microchannel plates in a chevron arrangement. The signal

from the channel plates is either digitized directly or pulse counted,

depending on the signal level.

The laser used for the Al cluster measurements was an ArF ~Acimer.

This excimer wavelength (193 nm) is in resonance with an autoionizing

state of Al atoms[42, 43]. This is of critical importance, since we have

found that for Cu and Al, the atom signal in a non-resonantly ionizing

experiment is virtually all from fragmented dimers[44]. The pulse

duration of the excimer laser is 20 ns. The delay of the laser was

controlled by an optical feedback circuit (Questek 9200) that eliminated

long-term drift. The energy transmission function of our TOF mass



spectrometer in this experiment has a plateau approximately 40 eV wide.

The transmission was determined before each experiment, and the

extraction potential was adjusted so that the slowest photoions were

accelerated to an energy at the low energy edge of the transmission

plateau. This insures that photoions with energies of 0 to 40 eV are on

the plateau of the transmission function and minimizes the instrumental

effect on the measurement of the energy distribution.

Figure 1 shows a schematic diagram depicting the experiment. The

energy distributions of the sputtered neutral clusters were measured by

time-of-flight from the target to the laser ionization volume. The target-

to-laser distance, r, was typically 3 to 6 mm. The ion pulse duration, T,

was 50 or 100 ns. The size of the laser volume was typically 0.6-1.0 mm

in the direction normal to the surface (R), and 3-4 mm in the direction

parallel to the surface (H). Ideally for these experiments, the ionization

volume would be infinitely small, and the ion pulse would be infinitely

short. Integration of the theoretical atom distribution[45-47] over the ion

pulse duration and the laser volume size shows that no appreciable

broadening of the distribution occurs because of the finite nature of these

parameters. TOF mass spectra of the photoionized neutral sputtered flux

were taken while varying the delay time, t, between the ion pulse striking

the target and the firing of the laser. The signal intensity for each species

at each laser delay time was referenced to the intensity at some arbitrarily

chosen delay time near the maximum of the distribution. This minimizes

the effect of instrument drift on the data by providing a "standard" signal

to normalize to. In this way, plots of signal intensity for each species

versus time-of-flight to the laser volume were obtained. By knowing the



target-to-laser distance, r, one can calculate the velocity component, v, in

the direction normal to the surface by r divided by t.

Data Analysis

In a previous paper[l], we described the signal as an integration of

the particle density distribution over a spread of energies. Implicit in that

analysis was the assumption of an integration over a constant ionization

volume, which cancelled out for all measurement times. We have since

discovered that because of the finite duration of the ion pulse and laser

pulse, the integration over volume is not a constant, but varies with the

laser delay time. We now present the correct analysis for pulsed laser

post-ionization time-of-flight energy distribution measurements.

The signal intensity is proportional to the number of particles in the

laser ionization volume. This is determined by the length of the ion pulse,

the size of the laser beam, the distance from the target to the laser volume,

and the time after the ion pulse at which the laser fires. The laser pulse is

sufficiently short that transport into or out of the laser volume is

negligible. Angular effects are neglected, since they have been shown to

be unimportant[48]. In an appendix to ref. [49], the expected measured

density distribution functions for the steady state sputtering limit and the

short ion pulse limit (T « t) were derived. In particular, for the short ion

pulse limit, this formalism predicts that

Signal - v f(v) (1)

where f(v) is the flux distribution and v is the velocity of the particles.

Because the short pulse limit is only exact as T approaches zero, we have



examined the validity of using the short pulse limit distribution to describe

the signal measured in our experiments. As a test case, we performed a

numerical integration of the theoretical atomic distribution[45-47] over the

experimental conditions to calculate the functional dependence of the

number of particles in the laser volume on time. The integration can be

expressed as

Signal - J L(v) n(v) dv (2)

where n(v) is the steady state density distribution, and L(v) is a weighting

function defined as the fraction of the laser ionization region filled by

velocity v. The steady state density distribution function assumes that the

laser volume is completely filled by all velocities. Fig. 2 shows that this is

not the case when the ion pulse is of finite duration and the laser is pulsed.

This picture describes the spatial distribution of particles in the ionization

region at some particular time, t, when the laser fires. The horizontal lines

are the boundaries of the laser ionization region of width R at position r.

The nominal velocity of particles is r/t. The diagonal lines represent the

spatial boundaries of sputtered particles with different velocities produced

by the ion pulse of duration T, centered on time zero. The upper diagonal

line is for particles sputtered at the beginning of the ion pulse, which have

therefore travelled for the longest time. The lower diagonal line is for

particles sputtered at the end of the ion pulse, which have travelled for the

shortest time. The velocities labelled vs and vf are the slowest and fastest

velocities that can be in the ionization region when the laser fires,

respectively. All velocities from vs to vf contribute to the density of

particles in the ionization region, but they do not contribute equally. This

is the reason for the weighting function in eq. 2 above. The L(v) function

is shown graphically in fig. 3 for the characteristic time (tc = r T/ R);
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times shorter than tc; and times longer than tc. Of course, the values

vf, Vj and v2 will be different for each time chosen. To evaluate the

suitability of eq. 1 to describe the signal is these experiments, the

integration in eq. 2 for several laser delay times is shown in fig. 4 with the

function v f(v), where

and vfc is the binding velocity calculated from the surface binding energy,

Eb , which is usually taken to be the heat of sublimation. It is easily seen

that the short pulse limit (eq. 1) is an excellent approximation to the signal

in these experiments. Other results related to the short pulse limit

approximation are presented elsewhere in this journal volume[35, 48].

Note that eq. 1 is valid for any flux distribution, and therefore can be

used to extract the flux distribution for each cluster from its measured

distribution. Having shown that the measured signal corresponds t o a

definite functional form, v f(v), it is obvious that

f(v) - SJf^ (4)
To obtain the flux energy distribution, we use the relationship

Jf(v) dv = Jf(E) dE (5)

Since there is a one-to-one correspondence between v and E,

f(E) = f ( v ) ^ « ^ (6)

Therefore,

The density distributions as a function of velocity and energy are obtained

by dividing their respective flux distributions by v, since density is



proportional to flux divided by velocity. By using this relationship and

eqs. (4) and (7), one may transform the signal into flux or density

distributions as a function of velocity or energy. For this paper, we display

signal as a function of time or velocity and the flux (signal divided by v2)

as a function of energy.

Results and Discussion

The relative signal intensities of the clusters that have been

observed are a monotonically decreasing function of cluster size, with each

cluster's signal being at least one order of magnitude less intense than the

next smaller cluster's signal. In contrast to the Cu clusters[l], no

alternation in signal intensities was observed. The energy of the ArF

excimer (6.4 eV) is above the ionization potential of Al (5.984 eV)[50] and

Al2 (5.989 eV)[51], and the lack of alternation in the intensities; indicates

that the larger clusters are also one-photon ionized by ArF. One-photon

ionization is presumed to minimize the effect of photofragmentation on the

measured energy distributions. Fig. 5 shows the signal (normalized to a

maximum of 1) as a function of time-of-flight from the target to the laser

for Al, Al2, Al3, Al4, Al5 and Al6. Smoothed fits are drawn through the data

to make viewing easier. The amount of noise in the data is dependent on

the relative signal intensity; therefore, the Al atom distribution has the

least noise and the Al6 distribution has the most. All the data in fig. 5 was

obtained at a target-to-laser distance of 6.1 mm. As expected, the

maximum in the signal moves to longer times as a function of increasing

cluster size. The larger a sputtered cluster is, the slower it moves.
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It is well known that the sputtering of atoms from a clean metal

follows the predictions of the collision cascade model[45-47]. The atom

signal as a function of velocity is shown in fig. 6, along with the theoretical

distribution[45-47] according to eq 1.

where v is the velocity of the particles, and vb is the binding velocity

calculated from the surface binding energy, Eb, which is usually taken to be

the heat of sublimation. The quality of agreement at the peak of the

distribution is good, but the data are under the theoretical curve at high

velocities. This may be due to the variation in the extraction potential

across the laser ionization region. This variation has been estimated to be

as much as 150 V/mm. The effect on the signal is determined by the

intersection of the laser ionization region with the region in space in which

photoions are created with the appropriate energy to pass the . '

hemispherical analyzers in the TOF mass spectrometer. This intersection

volume becomes smaller for higher energy neutrals. In addition, at high

energies, there is a greater spread in the energies of the neutrals that are

in the laser volume. As the energy increases, a greater proportion of the

neutrals will be off the plateau of the instrument transmission. These

energy filter effects can be minimized by shrinking the size of the laser

beam in the normal direction.

To compare experimental results with collisional theories, it is most

convenient to display the data on a log-log plot. This has been done in

fig. 7. The most striking aspect of the cluster distributions is their
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similarity to one another and to the atom distribution. Fits of the high

energy portion (from approximately 10 eV to 80 eV) of the distributions to

a power law were performed. The results are displayed in table 1, along

with the predictions of the collision cascade models[31, 45-47]. It should

be noted that the Al4 distribution does not extend to very high energy, and

thus the exponent has probably not reached its asymptotic value. These

data are in contrast to the predictions of the multiple collision models for

molecule sputtering[28-31]. The asymptotic slopes[31] of the multiple

collision models for dimers and trimers are shown in fig. 7 along with the

expected atom slope[45-47]. One can see that the high energy tails of the

cluster data are not as steep as those predicted by the models.

Additionally, from examining the atom distributions in figs. 6 and 7, it is

apparent that the slope of the measurement is too steep when compared

with the theory. Since we believe this difference to be an experimental

artifact, this indicates that, if anything, the true energy distributions for

the clusters are even less steep than the measurements show. As^-in the

case of Cu clusters, the multiple collision models fail to describe the Al

cluster data well. Further, as described in our previous paper[l], the single

collision models can be ruled out since there are no sharp changes in the

slopes of the energy distributions of any of the clusters. It appears that

none of the traditional collision cascade models agree satisfactorily with

our data.

Of several alternate models[37-39, 52-55], the correlated collisions

mechanisms[37-39] may produce the sort of energy distributions that we

observe for AI and Cu clusters. The model of Joyes[37] describes the atoms

of clusters as being emitted from correlated collisions with the same recoil

atom. Bitenskii and Parilis[38, 39] also modeled correlated collisions, but
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with the primary ion. In these models, a high energy particle strikes the

molecule in such a fashion as to impart roughly the same momentum to

each atom. Collisions of this type result in enhanced stability for high
rnergy clusters because of the low relative kinetic energy of the atoms in

the cluster. Joyes, for instance, calculated an average energy of sputtered

diatomics that was greater than the surface binding energy. These

mechanisms produce significant amounts of high energy clusters;

however, since the form of the energy distribution is not explicitly stated,

direct comparison with our results is difficult. In bombardment along the

normal to a perfect surface, one would not expect these mechanisms to

dominate; however, in our experiment, surface defects and roughness may

make these collisions much more likely than for a perfect surface. It

should be noted that molecular dynamics simulations of cluster

sputtering[56-66] do not show this to be a dominant mechanism, but these

calculations are for a perfect surface.

When our previous paperfl] was published, the kinetic energy

distributions were among the first ones ever measured for sputtered metal

clusters with laser postionization TOF mass spectrometry. The lack of

agreement with theoretical models and with other experiments was

puzzling. Considering the possibility that our data was in error in some

way, we thoroughly explored the effects of various machine parameters on

the measured distributions. None of the effects studied could account for

the differences between our results and those of others. We have now

measured the energy distributions of clusters of 2 to 6 atoms for two quite

different metals, and the results are qualitatively similar. In addition,

other groups, also using laser postionization time of flight, have measured

distributions for metal clusters that show the same features[35, 36]. Our



13

interpretation is that the results of experiments employing laser

postionization and TOF velocity analysis[l, 34-36] are qualitatively-

different from the distributions measured by charged particle (electron or

plasma) ionization and energy or momentum analysis[8, 19-23, 25, 33].

As a possible explanation for the differences between the charged

particle- and laser-ionizing experiments, let us consider the effects of

fragmentation of clusters in the postionization step on the measured

kinetic energy distributions in each of the two types of experiments. If,

for instance, the charged particle ionized distributions are considered to be

accurate representations of the true distributions, that would mean

photoionization preferentially cracked low energy clusters. This not what

one would expect intuitively, and there is experimental evidence against it.

Recent data[44] on two-photon ionization of Al clusters show that, as two-

photon laser intensity increases, the high energy portion of the Al2

distribution remains unchanged, essentially following the AI3 one-photon

distribution. However, the low energy portion of the distribution -only

shifts toward the Al3 distribution as laser intensity increases, due to an

increasing amount of the lower energy Al2 signal coming from

fragmentation of Al3. This indicates that there is some energy dependent

fragmentation occurring, and the high energy clusters are more affected

than the low energy clusters. On the other hand, if the photoionized

distributions are considered to be accurate, then the charged particle

ionization must be preferentially fragmenting high energy clusters. It has

been calculated[27] and there is experimental evidence for S2[67] that high

kinetic energy clusters also have high internal energy. It is possible that

these high internal energy clusters fragment more readily than less

energetic molecules. Much further work needs to be done to fully explain
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the differences between photoionization and charged particle ionization

results.

Conclusions

In this paper, kinetic energy distributions for sputtered neutral Al

through Al6 have been presented. The distributions are qualitatively

similar to those that we obtained for Cu clusters. The high energy

dependences of the distributions are not as steep as those predicted by the

multiple collision model of cluster sputtering. The correlated collisions

mechanisms may be responsible for the production of at least the high

energy clusters. The differences between laser postionization results and

those obtained by charged particle ionization seem to be systematic. There

is no easy explanation for the discrepancies, although some arguements

can be made that charged particle fragmentation of clusters could* distort

the measured energy distribution.
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Table 1

Exponent of power law dependence fit to the high energy tail of the energy

distribution for various sputtered Al species

Species Measured exponent Collision cascade model

Al -2.6 -2 [45-47]

Al2 -3.3 -5 [31]

Al3 -4.4 -8 [31]

Al4 -2.8

Al5 -4.1

A U - 3
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Figure Captions

Fig. 1 Schematic diagram of laser postionization time-of-flight velocity
distribution measurement. Note the two different time-of-flight
stages, the first being for velocity distribution measurements and
the second for mass separation.

Fig. 2 Schematic depiction of the spatia' distribution of particles in the
laser ionization region. Horizontal lines indicate the boundaries of
the laser volume. Diagonal lines indicate the boundaries of the
particle flux. Signal is proportional to the number of particles in
the region enclosed by the horizontal and diagonal lines.

Fig. 3 Weighting function L(v), defined as the fraction of the laser volume
filled with particles of velocity v. L(v) is shown here for the
characteristic time, tc; t < tc; and t > tc.

Fig. 4 Comparison of the short pulse limit approximation from eq. 1 (line)
to the calculated signal from eq. 2 (open circles). See text for
discussion.

Fig. 5 Relative signal (normalized to a maximum of 1) vs. time-of-flight
for Al and clusters through Al6. Circles-Al; Squares-Al2;
Diamonds-Al3; Triangles.-Al4; Crossed squares-Al5; Slashed
squares-Alg. Target-to-laser distance was 6.1 mm.

Fig. 6 Aluminum atom relative signal vs. velocity (filled circles) with the
theoretical distribution (Jine). See text for discussion.

Fig. 7 Flux energy distributions of Al and Al clusters through Alg.
Straight lines indicate asymptotic dependences of the theoretical
atom distribution[45-47] and the multiple collision dimer and
trimer distributions[31].
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