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Generation of large indium clusters by sputtering

C. Staudt and A. Wucher
Institute of Experimental Physics, University of Essen, 45117 Essen, Germany

~Received 18 March 2002; published 26 August 2002!

We have investigated the yields of neutral and charged Inn clusters sputtered from a pure indium surface
under bombardment with 15-keV Xe1 ions. It is shown that large neutral clusters containing up to 200 atoms
can be detected. If the measured signals are corrected for size-dependent detection efficiency, an inverse
power-law yield distribution according ton2d is found which exhibits two decay exponents of23.9 for small
(n<20) and 22.1 for large (20<n<100) clusters. This finding closes the gap between published mass
spectrometric and electron microscopy data on the size distributions of sputtered clusters. It also indicates that
the generation of large clusters in sputtering is governed by hydrodynamical or even thermodynamical mecha-
nisms rather than the fast collisional processes leading to the emission of small clusters.

DOI: 10.1103/PhysRevB.66.075419 PACS number~s!: 79.20.Rf, 61.46.1w, 36.40.2c
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I. INTRODUCTION

If a solid is bombarded with keV ions, particles are r
leased from the surface due to mostly elastic collisions
process which is generally termed sputtering. It is w
known that the flux of particles ejected from the surface t
way may contain agglomerates of several atoms~besides
atomic species!.1 In particular, much interest has been d
voted to the detection of large clusters containing 100
more atoms, since the basic mechanisms leading to the
mation and emission of such large entities in sputtering r
resent one of the fundamental open questions in the fi
Most of the earlier work has been performed using the m
spectrometry of secondary ions—i.e., those particles
leave the surface in an electrically charged state. Using
technique, Katakuseet al.2 have been able to detect sputter
ionized metal clusters containing up to more than 200 ato
The physical mechanisms leading to the ionization of a sp
tered cluster, however, are not well understood. It is there
highly questionable as to what extent the flux of second
ions is actually representative of the total sputtered flux
the respective species. In fact, it has been demonstrated
the ionization probability of sputtered clusters may sign
cantly depend on the cluster size.3 In order to arrive at quan
titative conclusions regarding the contribution of clusters
the total sputtered flux, it is therefore mandatory to comp
ment the secondary-ion data by investigating those spe
which leave the surface in a neutral-charge state. In orde
render them accessible to mass spectral analysis, these
ticles have to be post-ionized subsequent to their emis
from the surface. Moreover, the post-ionization techniq
employed needs to be sufficiently soft to avoid significa
fragmentation of the sputtered species. While earlier p
ionization schemes involving electron impact ionization
stricted the size of detectable neutral clusters to about
atoms,4 laser-based photoionization methods have rece
evolved which allow the detection of much larger clusters
very promising technique in that respect is ‘‘single-phot
ionization’’ ~SPI!, where photoionization is achieved by no
resonant absorption of only one photon from an inte
pulsed laser beam, thus avoiding ultrafast fragmenta
losses from excited intermediate states which often acc
0163-1829/2002/66~7!/075419~12!/$20.00 66 0754
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pany multiphoton ionization schemes of molecular spec
In order to overcome the ionization potential, the use of S
requires use of UV or even VUV radiation which must b
produced with sufficient intensity to render the photoioniz
tion process efficient. Such photon fluxes can, for instan
be generated by excimer or F2 gas lasers emitting at wave
lengths of 248, 193, or 157 nm, respectively. Using that te
nique in combination with time-of-flight mass spectromet
sputtered neutral metal clusters containing up to about
atoms have been detected. Moreover, it has been dem
strated that the available photon flux density produced
such a laser often even suffices to drive the post-ioniza
process into saturation, a possibility which eliminates
need of knowledge about photoionization cross sections
order to arrive at a quantitative characterization of the flux
sputtered neutral particles.5,6

As a consequence, yields of sputtered clusters have b
determined for various metallic target materials bombard
with different projectile ions of varying kinetic energies.5–20

In practically all cases investigated so far, a monotonica
decreasing yield distribution is observed which closely f
lows an inverse power-law decay with increasing clus
size, the exponent of which is found to be correlated with
total sputtering yield. More specifically, the contribution
larger clusters is always enhanced if the sputtering conditi
are changed such as to lead to a higher sputtering yield
vice versa. So far, no theoretical model of cluster format
in sputtering has been published that describes this phen
enon. The only model calculations predicting power-la
cluster yield distributions are based on either a shock-wav21

or a thermodynamic equilibrium22 description of the cluster
formation process. In both cases, the predicted decay e
nent is fixed at values around22, whereas the exponent
measured in the mass spectrometric experiments vary
range from29 to about24. Most recently, Rehnet al. have
employed a very much different electron microscopic te
nique in order to determine the size distribution of very lar
clusters (n>500) sputtered from a gold surface by hig
energy rare gas ion impacts.23 Also in this work, an inverse
power-law distribution is observed with, however, a dec
exponent around22, which seems to be independent of t
sputtering yield. This finding suggests that the shock-wave
©2002 The American Physical Society19-1



ht
rs

s.
m
or
rg
d

o
-
at
e

ct
g
th
a
a
o
re

-
-
ge

d
rs
d

ut
et
n
w
io

ith
p
ls

-

ab-
at a
d a
ied

his
.e.,
ut-

t of
to-
-of-
tric
ser

de-
v-
ex-
s
actly
the
val,
ing
d-
ili-
re-
st-
ill
gh
ion,

of
ion
it
with
all
ol-

er-
tral
ross

o
eak

lse
lay
as

loc-
e-
lu-

de-
a

of a

me
log
ro-

tro
te
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thermodynamic equilibrium cluster formation model mig
work to describe the yield distribution of very large cluste
containing several hundred up to several thousand atom
order to close the gap between the existing mass spectro
ric and electron microscopy data, it is therefore very imp
tant to extend the mass spectrometric experiment to la
cluster sizes. In the present paper, we describe correspon
results obtained for homonuclear Inn clusters sputtered from
a pure indium surface. In the rangen<32, this system has
already been investigated by Maet al.,9 who bombarded an
indium surface with normally incident 3.75-keV Ar1 ions
and found power-law yield distributions with exponents
25.6 and24.1 for neutral and ionic Inn clusters, respec
tively. Using higher-energy projectiles, we will show th
clusters containing up ton5200 are detectable. For thes
cluster sizes, the detection probability at the particle dete
used for registration of the cluster ions becomes increasin
important. In an attempt to correct the measured data for
cluster size dependence of the detection probability, we v
the impact energy of the ions onto the detector and comp
the resulting data with published model descriptions
secondary-electron multiplier detection efficiencies. The
sults will demonstrate that~i! the detection probability cor
rection is very important and~ii ! the shock-wave or thermo
dynamic formation models may indeed be valid for lar
sputtered clusters.

II. EXPERIMENT

The experimental setup used for mass spectrometric
tection of sputtered neutral and ionized atoms and cluste
sketched in Fig. 1. The setup and the procedures employe
obtain mass and kinetic energy spectra of sputtered ne
and charged particles have been described in much d
elsewhere6,24 and will therefore only be briefly touched upo
here. The investigated sample surface is bombarded
projectile ions generated by a commercial plasma gas
source~Atomica microfocus! delivering a Xe1 ion beam of
15 keV and 500 nA into a spot size of about 60mm diameter.
The primary ions impinge onto the surface under 45° w
respect to the surface normal. In these experiments, the
jectile ion source was operated in a pulsed mode with pu
lengths ranging from 100 ns to 10ms. Neutral particles sput

FIG. 1. Schematic setup used for time-of-flight mass spec
metric detection of sputtered neutral and ionized atoms and clus
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tered from the surface are post-ionized by single-photon
sorption from an intense, pulsed UV laser beam operated
wavelength of 193 nm, pulse energies up to 150 mJ, an
pulse duration of about 20 ns. In connection with the appl
focal conditions~beam cross-sectional area of about 1 mm2!
and the limited transmission of the optical components, t
results in peak power densities in the ionization volume, i
the volume where the ionization laser interacts with the sp
tered neutral species, up to about 33107 W/cm2, which
could be varied over several orders of magnitude by a se
two dielectric attenuators. The ions produced by the pho
absorption process are swept into a reflectron-type time
flight ~TOF! mass spectrometer by means of a pulsed elec
field that is switched on about 20 ns after the ionizing la
pulse. Secondary ions leaving the bombarded surface are
tected by simply switching off the ionization laser and lea
ing the remainder of the experiment unchanged. As
plained in detail elsewhere,24 this operation mode ensure
that secondary ions and neutrals are detected under ex
the same experimental conditions with respect to
sampled solid angle, the sampled emission velocity inter
and the mass spectrometer detection efficiency. Assum
similar emission angle and velocity distributions of secon
ary ions and neutrals, the secondary ion formation probab
ties can therefore be estimated by simply comparing the
spective signals of ions and neutrals, provided the po
ionization efficiency for the neutral species is known. As w
be illustrated below, the available laser intensity is hi
enough to drive the photoionization process into saturat
thereby eliminating thea priori unknown photoionization
cross section.

During the measurements determining the total yield
sputtered atoms and clusters, a relatively long projectile
pulse of severalms duration was chosen. More specifically,
was ensured that the measured signals did not increase
increasing pulse length, thus indicating that particles of
relevant emission velocities are present in the ionization v
ume and interact with the ionizing laser. In order to det
mine the emission velocity distributions of sputtered neu
particles, on the other hand, the laser was focused to a c
section of about 100mm3500mm @full width at half maxi-
mum ~FWHM!# with the short dimension being normal t
the surface. Moreover, the laser was attenuated to a p
power density of about 1 MW/cm2 and backed away from
the surface to a distance of 2.2 mm, the primary ion pu
width was reduced to 100 ns, and a controlled time de
between the projectile ion and the ionizing laser pulse w
introduced. This operation mode selects the emission ve
ity of the detected neutral particles via their flight time b
tween the surface and the ionization volume with a reso
tion of Dn/n'4.531022$11n ~km/s!%. The velocity
spectrum of sputtered neutral atoms and clusters is then
termined by following the respective photoion signal as
function of the delay time.

The mass selected ions were detected by means
Chevron stack of two microchannel plates~MCP’s!. During
registration of neutral atoms and small clusters, a flight ti
peak is composed of many ions, and therefore an ana
detection scheme was employed in which the charge p

-
rs.
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GENERATION OF LARGE INDIUM CLUSTERS BY SPUTTERING PHYSICAL REVIEW B66, 075419 ~2002!
duced by the MCP was directly digitized by means of a f
transient recorder. In order to avoid detector saturation,
gain voltage across the MCP was reduced such as to en
that the maximum recorded signal did not exceed a heigh
about 100 mV~at 50V termination!. For larger clusters, the
signals of abundant species were blanked from reaching
detector, and a pulse counting mode was employed where
MCP was operated at maximum gain and its output w
coupled into a discriminator. In this mode, each output pu
exceeding a height of about 1 mV was converted into a s
dard transistor-transistor logic~TTL! pulse of 5 V height and
20 ns width: the resulting pulse spectrum was again recor
using the transient digitizer. Time-of-flight spectra were
this mode achieved by averaging the recorded pulse s
trum over many instrument cycles~primary ion pulses and
laser shots!. In order to investigate the influence of th
cluster-size-dependent detection probability, different vo
ages were applied to the front electrode of the MCP wh
keeping the gain voltage constant. This way, the kinetic
pact energy of the ions onto the MCP surface was varied
range between 3.7 and 6.2 keV.

III. RESULTS AND DISCUSSION

The major goal of the present work is to determine
relative yields—i.e., the partial sputtering yields normaliz
to that of emitted monomers, of large Inn clusters emitted
from an ion-bombarded indium surface. In doing so, we fi
show the TOF mass spectrum measured for sputtered ne
particles in order to demonstrate the mass-resolved dete
of clusters up to a fairly large size. As a second step,
investigate the dependence of the measured neutral sig
on the intensity of the ionizing laser. From the results,
will show that saturated post-ionization conditions can
achieved. By comparing the saturated neutral signal with
signal of the respective secondary ions, we then determ
the secondary-ion formation probability of the sputter
clusters in order to judge how closely the neutral yields r
resent the true partial sputtering yields. Since the TOF
periment performed here detects thenumber densityof sput-
tered neutral or charged particles in the ionization volu
rather than theirflux, an appropriate correction must be a
plied to the measured signals which, in turn, involves
velocity distribution of the detected species. In general, sp
tered particles are emitted from the surface with a relativ
broad velocity distribution, which may in principle be diffe
ent for every emitted species. We therefore measure
emission velocity distribution as a function of the cluster s
and use these data to perform the density-flux correction
dividually for each cluster size. The resulting corrected s
nals represent the partial yields of sputtered clusters su
imposed by the detection probability of the MCP io
detector. The latter quantity may in principle strongly depe
on the size of the detected cluster. In the last step, we th
fore try to tackle the question of the cluster-size-depend
detection probability. The resulting yield distributions
sputtered indium clusters are then compared with availa
literature data and discussed in terms of theoretical mo
descriptions of cluster formation in sputtering.
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A. Mass spectra

Figure 2 shows a mass spectrum of neutral atoms
clusters that are sputtered from a clean polycrystalline
dium foil. The spectrum was recorded under bombardm
with 15-keV Xe1 ions impinging under 45° using 193-nm
UV radiation with a laser power density around 105 W/cm2

for post-ionization. The mass spectrometer is operated
resolution of aboutm/Dm5500, which appears to be ap
proximately constant across the whole spectrum. The lo
two tracks in the first panel correspond to the analog de
tion mode, whereas the upper track as well as all data in
remaining panels were taken with the pulse counting mo
In order to achieve the displayed dynamic range of abou
orders of magnitude, the spectrum has been averaged o
number of 104 instrument cycles~primary ion pulses and
laser shots!. It is seen that neutral indium clusters up ton
5200 atoms can be identified in the mass spectrum.
cluster sizes in this range, the mass peaks of neighbo
clusters become indiscernible due to the limited mass re
lution combined with the inherent width induced by the is
tope distribution of indium~about 20 dalton at In200!.

It is of interest to note that particles of masses larger th
20 000 dalton can be identified in the spectrum. To o
knowledge, these are the largest neutral clusters detected
mass spectrometric sputtering experiment to date. From
results presented in Fig. 2, it is evident that the size rang
neutral clusters formed in sputtering extends to compara
large values as that ofionic clusters that have been detecte
for instance, by Katakuseet al.2,25,26 Although this finding

FIG. 2. TOF mass spectrum of neutral In atoms and Inn clusters
sputtered from a pure indium surface under bombardment with
keV Xe1 ions impinging under 45° with respect to the surfa
normal. The ionizing laser was operated at a wavelength of 193
and a power density of about 105 W cm22.
9-3
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C. STAUDT AND A. WUCHER PHYSICAL REVIEW B66, 075419 ~2002!
was in principle expected, a mass spectrometric verifica
of the occurrence of sputtered neutral clusters contain
more than 100 atoms has been lacking until now.

B. Post-ionization efficiency

In order to obtain quantitative information from ma
spectra like those displayed in Fig. 2, it is important to ge
feeling for the ionization efficiency achieved in the po
ionization process. If photoionization is employed in conn
tion with sufficiently intense lasers, the available phot
fluxes might even be sufficient to drive the post-ionizati
process into saturation. To demonstrate this effect also
the system studied here, Fig. 3 shows the dependence o
measured integrated mass peaks on the peak power de
of the ionizing laser. The numeric values depicted on
abscissa have been calculated assuming a rectangular te
ral laser pulse profile of 20 ns duration and a measured b
cross section of 1 mm2 in the ionization volume. The abso
lute uncertainty introduced by these assumptions m
amount to a factor of 2, but the relative values are free fr
this systematic error. First of all, it is seen that the photoi
ization efficiency observed for the indium atom perfec
agrees with the theoretically expected saturation behavior
cording to

S~PL!5SsatF12expS 2s
PL

hn
Dt D G , ~1!

with s being the photoabsorption cross section,hn being the
photon energy, andDt being the laser pulse duration, as se
by the respective least-squares fit, which is shown as a s
line. The observation of a true saturation plateau ensures

FIG. 3. Integrated signals of post-ionized sputtered neutraln

particles vs peak power density of the ionizing laser.
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the laser beam profile has been matched to the sensitive
ume of the mass spectrometer, and hence no expansion o
effective ionization volume occurs with increasing laser
tensity. This fact is important for the interpretation of th
dependences observed for clusters. From the satura
curves depicted in Fig. 3, it is seen that all cluster signals
linearly with increasing laser intensity in the regime of lo
intensity, a finding which is expected from Eq.~1!. At inten-
sity values around or below 106 W/cm2, all cluster curves
flatten due to saturation of the single-photon ionization p
cess. Since the saturation intensity apparently decreases
value of the absorption cross section must increase with
creasing cluster size, a finding which is in agreement w
similar data observed for other metal clusters.14 It should be
noted that fragmentation processes competing to ioniza
following absorption of a single photon lead to the sam
shape of the saturation curve and are included in the c
sections entering Eq.~1!. The relative importance of suc
processes cannot be determined from the measured data
must therefore be regarded as an unknown quantity. If
laser intensity is increased further, the measured signa
found to turn over and decrease again. This behavior mus
attributed to the onset of multiphoton fragmentation p
cesses which require the simultaneous absorption of m
than one photon and can therefore be assumed to play o
minor role at low laser intensities. In the limit of large las
intensity, the curves tend to level off and in some cases e
increase again. At first sight, this behavior appears surp
ing. Considering losses due to fragmentation alone, the
nal must of course always decrease with increasing lase
tensity. The fact that the measured signal either rema
constant or even increases must therefore be attribute
fragmentation of larger clusters starting to contribute to
signal of a given cluster size. With ever increasing laser
tensity, the signal will be shifted towards smaller and sma
clusters, until in the limit of very high laser intensities a
clusters are fragmented and only the atomic signal surviv
A quantitative discussion of this phenomenon, however,
quires precise knowledge of the various fragmentation ch
nels and the associated cross sections which is not avai
at the present time.

By applying a least-squares fit of Eq.~1! to the measured
data in the laser intensity range up to the observed sig
maximum, saturation intensities as well as photoabsorp
cross sections can be obtained for all cluster sizes. The
sulting fit curves have been included in Fig. 3, and the c
responding values of the single-photon absorption cross
tion are depicted in Fig. 4. Again, we note that the evaluat
leading to the assessment of the data assumes multiph
fragmentation influences to be small at all laser intensi
below the observed maxima and is therefore subject to s
uncertainty. Interestingly, it is found that the apparent a
sorption cross section of indium atoms is larger than tha
In2 dimers. This behavior is different from that observed f
other sputtered metals.14 For clusters containing more tha
two atoms, the cross section increases with increasing clu
size and reaches a constant value of about 10215 cm2. The
apparent structure at sizes of about 8, 17, and 38 atoms
not seem to be related to either magic shell closing numb
9-4
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GENERATION OF LARGE INDIUM CLUSTERS BY SPUTTERING PHYSICAL REVIEW B66, 075419 ~2002!
or similar structures in the measured ionization potentials
indium clusters.27 From the solid lines, it is seen that in a
cases the saturated signal evaluated from the fit practic
coincides with the signal maximum itself, thus indicatin
that saturation is complete before multiphoton fragmenta
starts to play an important role. We therefore regard the s
rated signal as representative of the number density of
respective neutral cluster in the ionization volume. It sho
be stressed once again, however, that the unknown rol
single photon fragmentation may lead to an underestima
of the true number densities which cannot be identified fr
laser power studies. The cluster yields that are derived f
the saturated signal must therefore rigorously be interpre
as lower limits of the true yields.

C. Charge-state distribution

If the measured signal of a neutral cluster is to be int
preted in terms of its partial sputtering yield, it is importa
to ask about the fraction of sputtered clusters that are em
as secondary ions—i.e., in an electrically charged state.
the specific case of clean metallic surfaces bombarded
rare gas ions, it is known that the yield of negatively charg
atoms and clusters is negligibly small. In order to determ
the fraction of positively charged clusters, the experim
was repeated with the ionization laser switched off, but un
otherwise identical conditions. As described in det
elsewhere,24 the secondary-ion formation probability of
sputtered species can then be determined from direct c
parison of the secondary-ion signal with the respective n
tral signal obtained under saturated post-ionization con
tions. The results are displayed as a function of cluster siz
Fig. 5. In agreement with similar data measured for ot
sputtered metal clusters,3 the secondary-ion formation prob
ability is found to increase with increasing cluster size a
tends to level off at sizes above approximately 40 atoms
value of several ten percent.

The saturation value observed in the limit of large clus
size is larger than that determined for Agn , but below those

FIG. 4. Single-photon absorption cross section of sputtered n
tral indium atoms and clusters at a wavelength ofl5193 nm vs
cluster size.
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determined for Tan and Nbn clusters. About the reason fo
this finding we can only speculate. It is conceivable that
ionization of a sputtered cluster involves thermionic em
sion of an electron—i.e., the conversion of internal vibr
tional energy originating from the sputter formation proce
into electronic excitation and ionization, after the cluster h
left the surface. In this picture, the ionization probability w
be determined by a balance between ionization potential
average internal energy imparted to the clusters in the co
of the sputtering process. The latter, on the other hand,
be related to the bond strength between the cluster ato
Tantalum and niobium clusters are known to exhibit bindi
energies per atom that are comparable to their ionization
tential. In this case ionization will be highly probable@up to
about 100%~Ref. 3!#. Silver clusters, on the other hand
possess ionization potentials that largely exceed their bind
energy per atom, and therefore ionization seems to be
probable~about several percent3!. The indium clusters stud
ied here possess lower binding energy, but also lower ion
tion potential than silver clusters, and must therefore form
intermediate case.

The signal of multiply charged secondary ions can in pr
ciple be identified as intermediate peaks in the mass s
trum arising, for instance, from doubly charged clusters w
an odd number of constituent atoms. In the present exp
ments, multiply charged secondary ions have not been
tected. Using the values depicted in Fig. 5, the satura
signals of sputtered neutral atoms and clusters can there
be corrected for the secondary-ion formation probabil
thus resulting in yield data that are independent of the cha
state of the emitted particles.

D. Velocity distribution

In the yield determination experiment, the ionization las
beam cross section is large enough that transport of ne
particles into and out of the ionization volume during t
laser pulse is negligible for all velocities below approx
mately 50 km/s. Under these conditions, the laser po

u- FIG. 5. Ionization probability of sputtered In atoms and In

clusters for the formation of a singly charged positive secondary
during sputtering vs cluster sizen.
9-5
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C. STAUDT AND A. WUCHER PHYSICAL REVIEW B66, 075419 ~2002!
ionization experiment is sensitive to the number density
neutral particles that are present in the ionization volum
Sputtering yields, on the other hand, represent the flux
sputtered particles rather than their number density. In o
to determine the yield distribution of sputtered clusters,
experimental data must therefore be converted from den
to flux. For that purpose, the velocity of the post-ioniz
species must be known. Since sputtered particles em
from the surface with a relatively broad velocity distributio
the measured signal must be divided by the average inv
velocity defined by

^n21&5E
0

`

n21f ~n!dn ~2!

for correction. In principle, the velocity distributionf (n) can
be different for each sputtered species and must therefor
determined as a function of the cluster size. Figure 6 sh
corresponding data that have been measured using
method described in Sec. II. Note that the absolute scalin
the curves has been arbitrarily chosen to ensure good vis
ity and is therefore not representative of the relative clus
yields. Due to the fact that the laser beam was tightly
cused during the velocity distribution experiments, care m
be taken with regard to particle transport across the ion
tion volume during the laser pulse. In general, the Jacob
conversion between measured flight time distributionS(t)
and flux velocity distribution is given by20

f ~n!}
S~ t !t

Dr 1
r

t
Dt

, ~3!

whereDr denotes the spatial extension of the ionization v
ume in the direction along the surface normal,r is the dis-
tance between ionization volume and surface, andDt is the
temporal duration of the laser pulse. As shown in Ref. 20,

FIG. 6. Emission velocity distribution of neutral In atoms a
Inn clusters sputtered from a pure indium surface under bomb
ment with 15-keV Xe1 ions. The absolute scaling of the curves h
been arbitrarily chosen to ensure clear visibility and is therefore
representative of the relative cluster yields.
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second term in the denominator appears only if the po
ionization process is driven into saturation, a conditi
which in the present experiment is fulfilled for all detect
species.

The data depicted in Fig. 6 appear to agree well with
results of a similar experiment that has been performed
Ma et al.28 Moreover, the velocity distribution measured fo
In atoms can be compared to the prediction from linear c
cade sputtering theory,29

f ~n!}
n3

~n21nb
2!3 , ~4!

with nb being the velocity corresponding to the surface bin
ing energy. Approximating the latter by the sublimation e
ergy of indium~2.5 eV!, one obtains the dotted curve in Fig
6, which is in good agreement with the measured da
Evaluating the data depicted in Fig. 6 in terms of Eq.~2!, we
obtain average inverse velocity values which are displaye
a form normalized to that of the atoms in Fig. 7. Since t
signal of clusters larger than In20 is too low to permit a
meaningful determination of the velocity distribution, an e
trapolation must be used in order to correct the yield m
surements of larger clusters as well. For that purpose,
chose to perform a least-squares fit according to

^n21&}nb ~5!

to the data of Fig. 7. Due to the limited statistics of t
velocity distributions of larger clusters, only values up to
cluster size ofn513 have been included. This yields
power of b50.72: inclusion of all data depicted in Fig.
would reduce this value to 0.65. The resulting curves h
been included in the figure as a solid and a dotted line,
spectively. Equation~5! was then used to perform the flux
density correction by dividing the saturated signals byn0.72.

d-

ot

FIG. 7. Average inverse velocity of sputtered neutral indiu
clusters evaluated from the distributions of Fig. 6 and normalized
the respective value of indium atoms.
9-6
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E. Detection probability

The mass spectrum displayed in Fig. 2 reveals the de
tion of ions of masses up to about 22 000 dalton. At fi
sight, the mere registration of such heavy species wit
simple Chevron stack MCP detector without strong po
acceleration seems to be surprising. Under our normal op
tion conditions applied during acquisition of Fig. 2, the pa
ticles impinge onto the detector with a kinetic energy of 3
keV: the impact velocity of the largest detected ions is the
fore as low as 4.5 km/s, a value which is well in the range
typical straight line threshold@for definition see discussion o
Eq. ~7!# values measured for the velocity dependence of s
ondary electron yields.30 The detection probability and it
dependence on the size of the detected cluster ions m
therefore be an important issue with respect to the quan
tive determination of sputtered cluster yields. In order to
vestigate this problem, the kinetic impact energy onto
MCP detector was varied between 3.7 and 6.2 keV wh
keeping all other instrumental parameters including the g
voltage across the MCP constant. The resulting signal
hancement relative to that observed at 3.7 keV impact en
is depicted in Fig. 8. Since the impactvelocity is often re-
garded as the essential parameter rather than the kineti
ergy, the data have been plotted against velocity which—
order to be able to plot the data obtained for different clus
sizesn into one diagram—for each cluster was multiplied
An. Moreover, the solid symbols refer to analog detecti
whereas the open symbols refer to data taken in the p
counting mode. First, it is seen that the relative enhancem
increases with increasing cluster size. As expected, the in
ence of post-acceleration is therefore larger for heavier
tected species. A more detailed discussion of the detec
efficiency requires to distinguish between both detect
modes.

FIG. 8. Relative enhancement of detected ion signals vs
impact velocity onto the detector. The data were normalized to
signal measured with an impact energy of 3.7 keV. In order to p
different cluster sizesn into one diagram, the velocity axis of eac
cluster was multiplied byAn. The solid symbols refer to analo
detection, whereas the open symbols refer to the pulse coun
mode~for definition see text!.
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1. Analog detection

In the analog mode, the observed MCP gain is determi
by the ion-to-electron conversion efficiency upon impact
the ion at the front side of the detector and the second
electron multiplication factor. Due to the fact that a detec
flight time peak consists of many ions impinging simult
neously, the statistics of electron emission is not import
and only average electron yields are needed in order to
scribe the observed gain. For the simplified case of a mu
stage secondary electron multiplier, one finds31

gain5g1•gp , ~6!

whereg1 denotes the average ion-induced electron emiss
yield at the conversion electrode andg denotes the
secondary-electron emission yield at each of thep subse-
quent amplification dynodes. In principle, this expression c
be generalized for an MCP detector as well, wherep now is
not a unique value but is a statistical average of the num
of electron induced amplification events at the chan
wall.32 While the second term in Eq.~6! is solely governed
by the gain voltage applied across the MCP, the influence
the ion impact energy is contained in the value ofg1 . Ex-
perimentally, it is often found that—at least in the limit o
high velocities—kinetic ion-induced electron emission yiel
depend linearly on the ion impact velocity.30 It is seen that
this behavior is also found for In and In5 in Fig. 8. In order
to account for the deviations that are generally observe
low velocities, Gilmore and Seah32 introduced a semiempir
ical formula

g15AnF12S 1

11~n/n0!kD 1/kG , ~7!

with a scaling itemA, the usual ‘‘straight line threshold’
velocity n0 , and a powerk as fitting parameters, and dem
onstrated that Eq.~7! provides excellent fits to various sets
available experimental data. Moreover, they assume that
yield for a polyatomic ion is simply the sum of the constit
ent yields, and thereforeA5an for the Inn clusters investi-
gated here. Equation~7! then predicts a factor ofA5 between
the slopes of In and In5 in Fig. 8, which is reasonably clos
to the observed slope ratio of about 1.7. For simplicity,
therefore assume the total MCP gain of all detected clus
in analog detection mode to be described by Eq.~7! with a
common set of parametersa, n0 , andk, which still have to
be determined.

2. Pulse counting

In the pulse counting mode, single-ion impact events
registered and, hence, the statistics of the electron emis
process induced by the impinging ion becomes importa
The theory describing the efficiency of secondary-elect
multipliers in this mode is already well established.31 Fol-
lowing the description by Seah,31 we assume a Poisson prob
ability distribution

P~m,g!5
gm

m!
e2g ~8!

n
e
t

ng
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C. STAUDT AND A. WUCHER PHYSICAL REVIEW B66, 075419 ~2002!
for the emission ofm electrons in an event with averag
electron yieldg. The probability for detection of an ion im
pinging with energyE is then given by

D~E!512P01~11correction terms!, ~9!

where P01 denotes the probability that zero electrons a
emitted in the first~ion impact! event and the correction
terms in the brackets account for the summed probability
the electron amplification cascade dies in one of the su
quent~electron-induced! events. If the detector is operated
maximum gain, the correction terms can be assumed to
small compared to unity, and thereforeD(E)>12P01. In-
serting Eq.~8!, this yields

D~E!>12exp~2g1!. ~10!

As long asg1!1, Eq.~10! reduces to the linear dependen
already described by Eq.~6!. For the detection of large clus
ters, however, this condition may not be fulfilled. On t
other hand, the impact velocity of large clusters will beco
comparable to or even smaller than the straight line thresh
n0 . In order to evaluate the detection probability in this r
gime, we must therefore insert Eq.~7! into Eq. ~10!. In prin-
ciple, this can be done for each detected cluster size at
ferent impact energies, and the resulting dependence ca
fitted to the set of measured data. In order to illustrate t
Fig. 9 shows the measured relative signal enhancement u
increase of the ion impact energy from 3.7 to 6.2 keV a
function of the detected cluster size. Again, the solid a
open symbols refer to analog detection and pulse count
respectively. The solid line depicts a least-squares fit of
detection probability enhancement evaluated as descr
above to the pulse counting data in a cluster size range
<n<30. It is seen that up ton530 the measured data can b
nicely approximated by a combination of Eqs.~7! and ~10!
using one set of parametersa53.131022 s/km, n0

FIG. 9. Relative signal enhancement between detector im
energies of 3.7 and 6.2 keV, respectively, vs size of the dete
cluster ions. The solid symbols refer to analog detection, whe
the open symbols refer to the pulse counting mode~for definition
see text!.
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523.1 km/s, andk54.6. These values compare well wit
those obtained by Gilmore and Seah32 from a fit of Eq.~7! to
various sets of experimental electron yield data. Their va
ity can be further examined by predicting the signal enhan
ment for analog detection as given by Eq.~6!. The resulting
curve as a function of cluster size is included as a dashed
in Fig. 9. Note that this curve is fully determined by th
parameter set evaluated from the pulse counting data: i.e
fit to the analog data has been performed. The excel
quantitative agreement with the measured signal enha
ment therefore indicates that Eqs.~6!–~10! provide a consis-
tent picture of the post-acceleration data.

We can therefore use the parameter set in order to ca
late the detection probability for In atoms and Inn clusters as
a function of the cluster size. The results, normalized to
value of In atoms, are presented in Fig. 10. First, it is se
that the detection probability of small clustersincreaseswith
increasing cluster size, the magnitude of the effect be
more pronounced for analog detection than for pulse cou
ing. This finding is consistent with the electron yield data
Hofer30 who studied the electron emission due to impact
vanadium cluster ions. In principle, such an increase is
pected from Eq.~7! in the limit of large impact velocity,
where the term in brackets approaches unity and there
g1}n0.5. In the low-velocity limit, on the other hand, th
asymptotic behavior of Eq.~7! leads tog1}n12(k11)/2, and
large clusters are thus discriminated asn21.8. The magnitude
of this discrimination reaches about a factor of 30 atn
5100.

It should be noted at this point that for clusters contain
more than 30 atoms deviations from the fit are observed
Fig. 9. Interestingly, the experimentally observed signal
hancement upon transition from 3.7 to 6.2 keV impact e
ergy seems to become independent of cluster size in the
of large size. Although such a leveling off is in princip
expected from the theory described above, the saturated

ct
ed
as

FIG. 10. Detection probability of In atoms and Inn clusters vs
cluster size at ‘‘normal’’ operation of the MCP detector~impact
energy 3.7 keV!. The data have been calculated from Eqs.~6!, ~7!,
and ~10! using the parameter set given in the test.
9-8
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GENERATION OF LARGE INDIUM CLUSTERS BY SPUTTERING PHYSICAL REVIEW B66, 075419 ~2002!
hancement would be predicted from the low-velocity asym
tote of Eq.~7! to amount to a factor of

S E2

E1
D ~k11!/2

54.2, ~11!

instead of about 2.8 as observed, and should also be rea
only at larger cluster sizes. Apart from the severe statist
scatter of the data, a possible cause of the deviation ma
related to the assumption of a Poisson electron emission
tistics in Eq.~8!. From the experiments of Lakitset al.33 it is
known that this assumption may become worse with decr
ing average electron yield. In fact, they demonstrated that
probabilityP01 may be underestimated at low average yiel
thus leading to an overestimation of the detection probab
in Eq. ~10!. It is not known how such an effect would modif
the relative detection efficiency of different cluster sizes, a
more data—particularly at much larger impact energies—
therefore certainly needed in order to clarify this point.

F. Cluster yields

With the corrections described above, it is now possible
convert the measured signals of sputtered neutral In at
and Inn clusters into partial sputtering yields. Since the a
solute value of the total sputtering yield has not been m
sured here, we present the relative yield distribution norm
ized to that of the atoms in Fig. 11. In order to put the resu
into context with available literature data, it should
stressed that none of the previously published experim
on sputtered clusters have been corrected for the cluster-
dependent detection probability. Therefore, the data ev
ated with all corrections except for detection probability a
also included in the figure for comparison. It is immediate
apparent that the detection probability plays an import
role with respect to the interpretation of the data.

FIG. 11. Relative yields of Inn clusters sputtered from a pure
polycrystalline indium surface under bombardment with 15-k
Xe1 ions. The data have been normalized to the partial yield o
atoms.
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First, it is seen that the ‘‘yield distribution’’ evaluate
without the detection probability correction can be very a
curately approximated by a power-law decay according t

Y~n!5n2d, ~12!

with an exponentd53.9. This finding is in good agreemen
with a number of mass spectrometric experiments on clu
yield distributions of mostly metal clusters sputtered fro
the respective clean metal surfaces that have been
lected by several groups throughout the p
decade.7–10,13–15,18,34–36In all cases, the resulting yield dis
tributions could be well approximated by a power-law dist
bution with, however, largely varying exponentsd, the val-
ues of which were found to depend on the sputter
conditions employed. More specifically, it was establish
that the value ofd decreases if the sputtering conditions~i.e.,
the choice of target material, primary ion species, and kin
energy! are varied such as to result in a higher total sputt
ing yield and vice versa. The apparent slope of our unc
rected data fits well into that picture. This is seen best i
compilation of exponentsd that have been determined in ou
group plotted against the total sputtering yield as shown
Fig. 12. Unfortunately, the sputtering yield of indium und
bombardment with Xe1 ions has not been measured expe
mentally and was therefore calculated using theSRIM2002
program package.37

The picture changes drastically if the correction for t
cluster-size-dependent detection probability according to
data presented in Fig. 10 is invoked. Now, two different s
regimes can be identified in which the yield distribution c
still be approximated by power laws with, however, large
different exponents. For cluster sizes belown520, the cor-

n FIG. 12. Compilation of power-law exponents extracted fro
cluster yield distributions determined in our group vs total sputt
ing yield Ytot . The In data~solid symbols! have been determined in
this work: the remaining exponents~open symbols! corresponding
to Ag, Cu, Al, Ge, Nb, and Ta are taken from previous publicatio
For comparison, the Au data of Rehnet al. ~Ref. 23! have been
included.
9-9
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C. STAUDT AND A. WUCHER PHYSICAL REVIEW B66, 075419 ~2002!
rection is small and the distribution is roughly the same
the uncorrected one. For larger clusters, however, the yi
are underestimated by Eq.~12! using d53.9. Instead, a
gradual change to a different power-law dependence with
exponent ofd52.1 is observed. This finding is importan
with respect to the theoretical understanding of cluster
mation in sputtering. Although the experimental results co
in some cases be qualitatively reproduced by molecular
namics~MD! computer simulations of the cluster sputteri
process, a rigorous theoretical explanation of the obser
power-law size distributions has never been found. The
ticular problem is the strong variation of the exponentd,
which cannot be accounted for in any theoretical mode
cluster formation in sputtering published to date. In fa
there are only two published model descriptions of clus
formation in sputtering that predict power-law cluster s
distributions. The first, put forward by Bitensky and Parilis21

treats the cluster emission process as the result of a s
wave which is initiated by the primary ion impact, expan
inside the solid, and fractures the surface, thus resultin
fragmentation into gas phase clusters. In fact, indication
shock waves have been found in MD simulations
sputtering.38 The resulting size distribution of ejected spec
is predicted to be a power law with a fixed decay expon
around d52. The second model published by Urbasse22

describes the cluster emission process as a thermodyn
expansion of the near-surface irradiated volume through
liquid-gas coexistence regime. Also in this model, a pow
law size distribution is predicted with a fixed exponentd
57/3. In both pictures, the sputtering conditions do not en
the exponent other than that they have to be chosen suc
to warrant the validity of the model.

The data depicted in Fig. 11 now present the first indi
tion that the observation of a unique power-law distributi
over the whole cluster size range that has been characte
of previous mass spectrometric experiments may be
stricted to small- and medium-sized clusters only. In fact,
data suggest that different size ranges of sputtered clu
must be described by different model descriptions. In
limit of large cluster size, collective atomic motion dom
nates and both the shock-wave or thermodynamic mo
describe the measured cluster yields. This finding is in ex
lent agreement with the results of a recent experiment
formed by Rehnet al.,23 who studied the emission of ver
large clusters (n.500) in a transmission sputtering expe
ment by bombarding a thin gold foil with high energy~400–
500 keV! rare gas ions. In their setup, the sputtered clus
were collected on a graphite foil and identified using a hig
resolution transmission electron microscopy, thereby avo
ing the detection efficiency problem of mass spectrome
experiments. It was found that the observed cluster size
tribution could in all cases be nicely approximated by
power-law distribution withd;2, regardless of the tota
sputtering yield.

In principle, it would be of interest to determine wheth
the shock wave or the thermodynamical model provide
better description of the measured data. On the basis o
numeric value of the decay exponents determined here an
Ref. 23, it is not possible to discern between both mod
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Apart from the uncertainty of the experimental expone
~60.1!, this is primarily related to the fact that two differen
exponents~5/3 or 7/3! are given in Ref. 21, which, as explic
itly stated by the authors, are moreover only approximate
principle, MD simulations can be invoked in order to disti
guish between both mechanisms. Unfortunately, the rang
cluster sizes tractable by such simulations is limited by
statistics of the calculation, and the yield distribution of clu
ters containing more than about ten atoms therefore ca
be directly predicted. The simulations reveal, however,
interesting aspect related to the time scale on which the
mation and emission of larger clusters proceeds. On the
erage, it is consistently found that larger clusters are form
at later stages of the collision cascade initiated by the p
jectile impact,39–41 the emission of the largest clusters bei
observed at several picoseconds or even longer after the
jectile impact. At least for the case of backward sputteri
this observation points towards a thermodynamical desc
tion, since a shock wave generated at a depth of sev
angstroms should propagate to the surface on a faster
scale. Anyway, it is apparent that the emission of large cl
ters must be governed by different mechanisms than the
collisional processes leading to the ejection of small p
ticles.

On the other end of the observable size range, the m
spectrometric yield distributions of very small clusters co
taining only a few atoms can often be approximated by
ponential size distributions.4,5,15,42Distributions of this kind
are predicted by statistical models that treat the cluster em
sion as a more or less uncorrelated ejection of the constit
atoms.1 Since the statistical probability for independent eje
tion of many atoms into essentially the same phase sp
interval becomes exceedingly small, it is apparent that c
ters containing more than a few atoms cannot be formed
such a way. The formation of medium-sized species m
therefore already be the result of collective atomic motion
or below the surface. The underlying mechanisms—thou
difficult to describe in an analytic model—can be inves
gated by MD simulations. Such calculations reveal that
formation of medium-sized clusters is coupled to the occ
rence of large, rare events where many atoms are set in
tion and ejected.39,40,43The probability of such events, on th
other hand, is connected with the average number of s
tered atoms and increases with increasing total sputte
yield. In fact, the MD simulations predict nascent clus
yield distributions which closely follow a power-law distr
bution with exponents varying as a function of the sputter
conditions in a similar manner as those observ
experimentally.41 It should be noted, however, that the n
scent clusters identified immediately above the surface
highly vibrationally excited and therefore decompose by u
molecular fragmentation processes on their flight away fr
the surface.44 In fact, a constant internal energy of the ord
of 1 eV/atom is frequently found in the simulations41 and
could also be verified experimentally.45,46Since most experi-
mental detection schemes are sensitive to the metas
~‘‘final’’ ! products of such fragmentation reactions, t
weight of the observed size distribution is pushed towa
smaller fragments, an effect which acts to increase the m
9-10
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GENERATION OF LARGE INDIUM CLUSTERS BY SPUTTERING PHYSICAL REVIEW B66, 075419 ~2002!
sured power law exponent. The correlation with the sput
ing conditions remains, however, unchanged.

IV. CONCLUSION

The present experiment extends the observable size r
of neutral clusters that are generated by sputtering beyo
cluster size of 200 atoms. In order to investigate the dis
bution of partial sputter yields as an important quantity ch
acterizing the cluster formation process, the mass spec
metric signals of different clusters are corrected for po
ionization efficiency, charge-state distribution, veloc
distribution, and cluster-size-dependent detection probab
The results demonstrate that for clusters containing m
than about 20 atoms the detection probability becomes
exceedingly important parameter that needs to be chara
ized in order to arrive at a quantitative determination of
true cluster size distribution. While the uncorrected data
hibit the simple inverse power-law size distribution that h
already been observed in previous experiments on other
tallic systems, the corrected distribution reveals a separa
into different size regimes. For clusters containing less t
about 20 atoms, the yield distribution is found to decay w
increasing cluster size according to an inverse power
with an exponent of23.9. For clusters composed of mo
than 20 atoms, on the other hand, the yield distribut
changes towards a different power law with a decay ex
nent of 22.1, a behavior which is in good agreement w
electron microscopic results on the yield distributions of ve
large clusters containing more than 500 atoms.
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It is apparent that the present work closes the gap betw
the different types of experimental data on cluster format
in sputtering that have been collected in mass spectrom
experiments on the one hand and electron microscopic in
tigations on the other. From the results, a consistent pic
with respect to the size distribution of sputtered meta
clusters emerges. Forsmall clusters in the size range up t
several ten atoms, the measured yield distribution is cha
terized by a power-law exponent which largely depends
the sputtering conditions. This behavior is also reproduce
computer simulations of the cluster sputtering process
comprehensive theoretical approach explaining the po
law in this size range and, in particular, the dependence
the decay exponent on the sputtering conditions is, howe
still lacking. Large clusters, on the other hand, are charac
ized by a weaker size distribution, which agrees well w
that predicted by hydrodynamical or thermodynamical mo
els of cluster formation. In accordance with similar indic
tions from MD simulations, these species must therefore
formed in a very late stage of the collision cascade initia
by the impinging projectile, where the energy has been s
ficiently redistributed to permit a local thermodynamic d
scription of particle motion inside the volume from whic
the desorbed particles originate.
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