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Formation of secondary cluster ions during sputtering of silver and copper
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By simultaneous measurements of neutral and ionized clusters sputtered from polycrystalline
silver and copper, the absolute ionization probabilities a& for the formation of the corresponding

n

secondary ions X„+ (n =1, . . . , 4) are determined. The alternating abundance of Ag„and Cu„ is
discussed quantitatively in terms of microscopic models for surface ionization. At least for silver
clusters this effect is ascribed to an alternation of the ionization probability induced by the different
ionization potentials of the sputtered clusters, which were also measured.

I. INTRODUCTION

Secondary cluster ions of the type X„+ sputtered from
noble metals have been shown to exhibit a characteristic
abundance pattern. ' In particular, the intensities mea-
sured with secondary-ion mass spectrometry (SIMS) are
always high if the number of constituent atoms n is odd,
and low if n is even. On the basis of ab initio calculations
for both the neutral and charged clusters, Joyes attribut-
ed this alternation to the variation of the ionization po-
tential E, and the dissociation energy Ed of the diA'erent

clusters. More recently, corresponding E,- and Ed values
have been calculated by several authors. " In particu-
lar, a complete set of E, and Ed for silver and copper
clusters with n = 1, . . . , 4 is given in Ref. 12 which shows
a pronounced alternation of both values with cluster size
n. No attempt, however, has been made so far to under-
stand the alternating abundance of X„+ cluster ions in a
quantitative manner. The present paper is intended to re-
move this gap by interpreting the variation of the secon-
dary cluster ion yields with n in terms of theoretical mod-
els describing the ionization probability of sputtered par-
ticles. For this purpose the formation and ionization pro-
cesses have to be studied separately. Hence it is neces-
sary to determine the yields of both secondary ion and
neutral clusters. In addition, experimental values of the
ionization potentials are needed since the scattering of
the respective values calculated by the dial'erent authors is
too large to allow a quantitative evaluation. '

mA. In the SNMS mode a voltage of —120 V was ap-
plied between the target and the mass spectrometer en-
trance aperture in order to su

anciently

suppress the
secondary ions. By varying the electron energy in the vi-
cinity of the ionization threshold, the ionization poten-
tials of the sputtered clusters have been determined, too.
Details of these experiments and a comparison with exist-
ing theoretical calculations are given elsewhere. ' In the
present paper we utilize the corresponding results
presented in Table I.
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II. EXPERIMENTAL

The experiments were carried out with an ultrahigh-
vacuum SIMS-SNMS arrangement which is schematical-
ly shown in Fig. 1. The polycrystalline samples are bom-
barded with a 5-keV Ar+ beam. The sputtered particles
enter a quadrupole mass 61ter under an angle of 10' with
respect to the spectrometer axis in order to reduce the
signal background. While the secondary ions are directly
accessible to mass analysis, the ejected neutral species are
post-ionized by a crossing electron beam of 50 eV and 1.5

Target

FIG. 1. Experimental setup for in situ SIMS and SNMS.
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TABLE I. Ionization potentials E; (in eV) of neutral Ag„and Cu„clusters measured by electron-

impact ionization.

Ag2

7.25+0. 1

Ag3

6.2+0.2

Ag4

6.3+0.3

Cu2

7.45+0. 15

Cu3

6.1+1.0

Cu4

7.0+0.6

III. RESULTS AND DISCUSSION

N„(E) ~
(anE+ Uo)

( Uo is the surface binding energy) with a = 1 for Ag2 and
a =0.75 for Cu2 and Cu3. ' ' When assuming a similar
behavior for larger clusters, one obtains

(u ')(X„)=an(u ')(X) .

10

+
C)

X

1O'
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+
C3
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The intensities measured for sputtered clusters Ag„,
Cu„, Ag„+, and Cu„+ are plotted in Fig. 2. While the
secondary ion signals I (X+ ) can be assumed to be direct-
ly proportional to the respective ion yields Y(X+), the
intensities of post-ionized neutral particles I(X ) have to
be corrected for two effects.

(a) For stationary experimental conditions the electron
impact ionizer is sensitive to the neutral beam density
n =j(u ') rather than the Aux j. Hence, the velocity
distribution X(u) of sputtered particles is needed in order
to evaluate their average inverse velocity

(u ') = f v 'N(u)dv f X(v)du .
0 0

Experimental data on the respective energy distribution
are available for Ag and Ag2,

' and Cu, Cu2, and
Cu3. ' ' It can be shown that for the energy region im-
portant here the distribution for a neutral cluster consist-
ing of n atoms can be fitted by

Hence, the intensities measured for a post-ionized neutral
cluster X„must be divided by (an) to make the results for
the different species X„comparable.

(b) The electron impact ionization cross section o I will
in general also depend on the cluster size. This effect can
be taken into account' ' by the approximation

oI(X„)=n ~ o.I(X) . (2)

For completeness we note that an additivity rule with
or(X„)=ncrl(X) has been employed alternatively to Eq.
(2). As seen below, however, the difference between
both approximations does not affect the conclusions
drawn from the present measurements.

In principle, the detection sensitivity for a sputtered
cluster may be also influenced by electron-induced frag-
mentation. Due to the moderate electron beam density
employed, the inhuence of dissociation processes in-
dependent from the ionizing collision can be readily es-
timated to be negligible as long as the respective cross
sections AD do not exceed the ionization cross section o.l
by at least 3 orders of magnitude. Hence, only dissocia-
tive ionization processes can play a significant role, but
again, when considering the rapid decrease of sputter
generated clusters X„with increasing n (Refs. 23 and 24)
the corresponding cross sections o.DI would have to
exceed O.I by several orders of magnitude. Experimental
data, however, taken, for instance, from Refs. 25 and 22
for gaseous molecules and homonuclear clusters, respec-
tively, clearly show that this is not the case.

To obtain the yields Y(X„) of the sputtered neutral
clusters the respective measured intensities must as a
consequence of (a) and (b) finally be corrected by an
with a= 1 for silver and a=0.75 for copper clusters.

The formation of secondary ions is usually described
by the ionization probability a~ defined by

Y(X+)=Yxax,
where Y~ denotes the partial sputter yield of particle X.
For the yield of sputtered neutrals we obtain

Y(X')= Yx(l —ax —ax) .
10

104

~ Ag„'

a Ag„' CUn

Since for clean metal surfaces ax, ax « 1 (Refs. 27 and
28) the value of ax is determined from the signals in Fig.
2 as

1 2 3 4 1 2 3 4 5 6 7 8 Y'(X„+ ) I(X„)
Y(X„) I(X„)

(3)

FICx. 2. Secondary ion and post-ionized neutral particle in-

tensities measured for metal clusters sputtered from polycrystal-
line Ag and Cu by 5-keV Ar+ ions.

Note that although the intensities I(X„+) might be
strongly infiuenced by mass discrimination in the mass
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TABLE II. Experimental ionization probabilities for sputtered Agn and Cu„clusters. Owing to the
uncertainty of the atom post-ionization probability, the absolute values for a& may contain an error by

n

a factor of 2 which is removed in the relative values.

~~+ F10-4

ax+ /a~+

Ag

0.3

Ag2

1.0

3.3

Ag3

11'
382

Ag4

26

86

1.3

CU2

2.2

1.7

Cu3

352

271

CU4

177

136

independent of vi for vi 510 cm/s. Since the average
velocity of sputtered atoms is clearly below this value and
the average velocity of sputtered clusters is even lower,
we therefore assume eo to be constant. The relative ion-
ization probabilities in Table II can then be readily com-
pared with the prediction of Eq. (4), i.e., with

E, (X) F.; (X„)—
(5)ln

Figure 3 shows the corresponding plot for sputtered Ag„
particles with n = 1, . . . , 4 using the respective ionization
potentials from Table I. Within the experimental error,
arising Inainly from the uncertainties of the ionization
potentials, the behavior expected from Eq. (5) is surpris-
ingly well con6rmed. It should be stressed that due to
the large variation of a& with increasing cluster size

n

(several orders of magnitude, Table II) this result is not
affected even if modified forms of Eq. (2) are employed
for the conversion of measured SNMS intensities into
cluster partial sputter yields. The slope taken from Fig. 3
yields eo =0.25 eV for silver. This agrees well with
so=0.25 —0.5 eV determined by Yu for atoms ejected
from various target systems, and with T, =3000—5000

spectrometer, these effects cancel in the calculation of the
ionization probabilities. Note also that the yields deter-
mined here represent only that fraction of sputtered par-
ticles which is ejected into the solid angle element AA ac-
cepted by the detection system. Although this fraction
may vary considerably with cluster size n, the evaluation
of o.z is not affected since both sputtered neutrals X,

n

and secondary ions X„+ are detected with the same AA.
The proportionality constant in Eq. (3) is given by the

a priori unknown post-ionization probability Pz of neu-
tral atoms X in the electron impact ionizer. By compar-
ison with the absolute ionization probability
ac„=1.3 X 10 measured in Ref. 29 for secondary ion
emission from a sputter cleaned copper surface and the
measured absolute atomic SIMS and SNMS signals for
Cu, a value of /4„-—5X10 is obtained. In order to
roughly estimate /3A as well, we use the Lotz formula30

to predict o, (Ag)/cri(Cu)=1. 4 for an electron energy of
50 eV. With the velocity correction accounting for the
difFerent masses of Cu and Ag, this yields /3~s/Pz„- 1.8. —
Then with the value for P~„, the absolute ionization prob-
abilities for sputtered Ag„and Cu„clusters are obtained
from Eq. (3), and are displayed in Table II.

These values can now be compared with theoretical
predictions of uz . The present state of the microscopic

n

models describing the formation of secondary ions is re-
viewed in Refs. 31 and 32. It is seen that most of the
models proposed so far yield an expression given by

az =C exp
Gp

(4)

where C is always close to unity, E; is the ionization po-
tential of the sputtered particle, and P is the work func-
tion of the surface. In general, the physical meaning of
the parameter eo in Eq. (4) depends on the particular
model employed. In the excitation model, eo is set equal
to kT, with T, being the electron temperature induced by
a collective excitation of surface conduction electrons.
The electron tunneling model, on the other hand, pre-
dicts eo to be proportional to the component v~ of the
sputtered particle's velocity along the surface normal.
While an exponential velocity dependence of o.+ was
demonstrated at high velocities ( v i & 10 cm/s) for a
number of systems, a much weaker dependence was
shown to occur in the low-velocity regime. For details,
the reader is referred to the review articles cited above.
In particular, measurements of Yu show eo to be nearly

100
CD

CD

10

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
ionization-Energy Shift (eV)

FICx. 3. Logarithm of relative ionization probabilities of
sputtered metal clusters and atoms vs ionization potential
difference between metal atom and cluster.
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K given by Sroubek and Hulek for various secondary
cluster ions sputtered from III-V compounds. Hence,
we conclude that the emission of secondary silver cluster
ions can be understood quantitatively in terms of Eq. (4).
For copper clusters, the experimental error of the ioniza-
tion potentials in Table I is obviously too large for a
definitive conclusion of the same kind, though the present
results are not contradictory to an exponential E,- depen-
dence as described in Eq. (4). The predictions of Eq. (5)
would, however, not hold, if other E, values for Cu„mea-
sured recently are correct.

IV. CONCLUSION

It is shown that the alternating abundance of sputtered
silver cluster ions can be understood quantitatively by
means of the odd-even alternation of the ionization po-
tentials for the neutral clusters. According to the exist-
ing models we assume a homonuclear cluster X„ to be
formed by simultaneous emission of the constituent
atoms, if their relative energy does not exceed the cluster
dissociation energy. At this stage, most of the clusters
are assumed to be neutral and, hence, the stability of the
neutral clusters rather than that of the cluster ions is im-
portant. The charge state of the sputtered particle is as-
sumed to be determined at a distance of several

angstroms above the surface. As shown above, at least
for Ag„ the ionization probability can be described either
by the electron tunneling model (if eo is assumed to be in-
dependent of the cluster size) or by the electronic excita-
tion model. For Cu„+, more reliable data on the ioniza-
tion potentials of neutral Cu„molecules are still needed
for clarification.

In addition to the cluster ion formation mechanism
outlined above, several authors observed the abundance
pattern measured for secondary ions L„+ to be strongly
influenced by unimolecular decomposition of larger meta-
stable clusters X (with m )n). "' ' While the impor-
tant role of such processes was clearly demonstrated for
larger silver and copper cluster ions (n) 6), the data
show that for the small clusters investigated here the con-
tribution of unimolecular fragmentation to the measured
cluster ion intensities remains negligibly small (see, for in-
stance, Fig 5.in Ref 4).. Hence, we conclude that al-
though fragmentation may dominate the intensity distri-
bution measured for larger cluster ions, it presumably
plays only a minor role in the present study.
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