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Generation of large indium clusters by sputtering
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We have investigated the yields of neutral and charggecclnsters sputtered from a pure indium surface
under bombardment with 15-keV Xdons. 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 to ¢ is found which exhibits two decay exponents-63.9 for small
(n<20) and —2.1 for large (26sn<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.
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[. INTRODUCTION pany multiphoton ionization schemes of molecular species.
In order to overcome the ionization potential, the use of SPI
If a solid is bombarded with keV ions, particles are re-requires use of UV or even VUV radiation which must be
leased from the surface due to mostly elastic collisions, g@roduced with sufficient intensity to render the photoioniza-
process which is generally termed sputtering. It is welltion process efficient. Such photon fluxes can, for instance,
known that the flux of particles ejected from the surface thidbe generated by excimer op lgas lasers emitting at wave-
way may contain agglomerates of several atdfipssides lengths of 248, 193, or 157 nm, respectively. Using that tech-
atomic species’ In particular, much interest has been de-nique in combination with time-of-flight mass spectrometry,
voted to the detection of large clusters containing 100 osputtered neutral metal clusters containing up to about 50
more atoms, since the basic mechanisms leading to the foatoms have been detected. Moreover, it has been demon-
mation and emission of such large entities in sputtering repstrated that the available photon flux density produced by
resent one of the fundamental open questions in the fieldsuch a laser often even suffices to drive the post-ionization
Most of the earlier work has been performed using the masprocess into saturation, a possibility which eliminates the
spectrometry of secondary ions—i.e., those particles thateed of knowledge about photoionization cross sections in
leave the surface in an electrically charged state. Using thierder to arrive at a quantitative characterization of the flux of
technique, Katakuset al? have been able to detect sputteredsputtered neutral particlés.
ionized metal clusters containing up to more than 200 atoms. As a consequence, yields of sputtered clusters have been
The physical mechanisms leading to the ionization of a sputdetermined for various metallic target materials bombarded
tered cluster, however, are not well understood. It is thereforwith different projectile ions of varying kinetic energigs?
highly questionable as to what extent the flux of secondaryn practically all cases investigated so far, a monotonically
ions is actually representative of the total sputtered flux ofdecreasing yield distribution is observed which closely fol-
the respective species. In fact, it has been demonstrated tHatvs an inverse power-law decay with increasing cluster
the ionization probability of sputtered clusters may signifi-Size, the exponent of which is found to be correlated with the
cantly depend on the cluster sizé order to arrive at quan- total sputtering yield. More specifically, the contribution of
titative conclusions regarding the contribution of clusters tolarger clusters is always enhanced if the sputtering conditions
the total sputtered flux, it is therefore mandatory to comple-are changed such as to lead to a higher sputtering yield and
ment the secondary-ion data by investigating those speciedce versa. So far, no theoretical model of cluster formation
which leave the surface in a neutral-charge state. In order tm sputtering has been published that describes this phenom-
render them accessible to mass spectral analysis, these panon. The only model calculations predicting power-law
ticles have to be post-ionized subsequent to their emissioaluster yield distributions are based on either a shock-tfave
from the surface. Moreover, the post-ionization techniqueor a thermodynamic equilibriufh description of the cluster
employed needs to be sufficiently soft to avoid significantformation process. In both cases, the predicted decay expo-
fragmentation of the sputtered species. While earlier postrent is fixed at values around?2, whereas the exponents
ionization schemes involving electron impact ionization re-measured in the mass spectrometric experiments vary in a
stricted the size of detectable neutral clusters to about fourange from—9 to about—4. Most recently, Rehet al. have
atoms? laser-based photoionization methods have recentlgmployed a very much different electron microscopic tech-
evolved which allow the detection of much larger clusters. Anique in order to determine the size distribution of very large
very promising technique in that respect is “single-photonclusters =500) sputtered from a gold surface by high-
ionization” (SPI), where photoionization is achieved by non- energy rare gas ion impactAlso in this work, an inverse
resonant absorption of only one photon from an intensg@ower-law distribution is observed with, however, a decay
pulsed laser beam, thus avoiding ultrafast fragmentatioexponent around-2, which seems to be independent of the
losses from excited intermediate states which often acconsputtering yield. This finding suggests that the shock-wave or

0163-1829/2002/66)/07541912)/$20.00 66 075419-1 ©2002 The American Physical Society



C. STAUDT AND A. WUCHER PHYSICAL REVIEW B66, 075419 (2002

tered from the surface are post-ionized by single-photon ab-
sorption from an intense, pulsed UV laser beam operated at a

lager beam wavelength of 193 nm, pulse energies up to 150 mJ, and a
ion gun pulse duration of about 20 ns. In connection with the applied

focal conditions(beam cross-sectional area of about 1 9nm
lens reflector and the limited transmission of the optical components, this

i //|—| e I I results in peak power densities in the ionization volume, i.e.,
=] — : the volume where the ionization laser interacts with the sput-

AN — tered neutral species, up to abouk 30" W/cn?, which
I—' ’ e could be varied over several orders of magnitude by a set of
MCP two dielectric attenuators. The ions produced by the photo-
absorption process are swept into a reflectron-type time-of-

FIG. 1. Schematic setup used for time-of-flight mass spectrof!ight (TOF) mass spectrometer by means of a pulsed electric

metric detection of sputtered neutral and ionized atoms and clusterf€ld that is switched on about 20 ns after the ionizing laser
pulse. Secondary ions leaving the bombarded surface are de-

tected by simply switching off the ionization laser and leav-
ing the remainder of the experiment unchanged. As ex-
lained in detail elsewheré, this operation mode ensures

sample

thermodynamic equilibrium cluster formation model might
work to describe the yield distribution of very large clusters
containing several hundred up to Se"?rﬁ' thousand atoms. at secondary ions and neutrals are detected under exactly
qrder to close the gap between thg existing mass spectromefly o5 e experimental conditions with respect to the
ric and electron microscopy data, it IS therefor_e very Impor'sampled solid angle, the sampled emission velocity interval,
tant to gxtend the mass spectrometric experiment to Iarg_ nd the mass spectrometer detection efficiency. Assuming
cluster sizes. In the present paper, we describe correspondlg

its obtained for h | alust ttered f Hnilar emission angle and velocity distributions of second-
results obtained tor homonuciear, lolusters sputered from ary ions and neutrals, the secondary ion formation probabili-
a pure indium surface. In the range<32, this system has

i . ties can therefore be estimated by simply comparing the re-
already been investigated by Ma al,” who bombarded an spective signals of ions and neutrals, provided the post-
indium surface with normally incident 3.75-keV Arions P g : P P

d found I ield distributi h fionization efficiency for the neutral species is known. As will
and found power-law yield distributions with exponents of e jyjysrated below, the available laser intensity is high
—5.6 and—4.1 for neutral and ionic lpclusters, respec-

. . . o : enough to drive the photoionization process into saturation,
tively. Using higher-energy projectiles, we will show that

Y thereby eliminating thea priori unknown photoionization
clusters containing up ta=200 are detectable. For these .. <5 section.
cluster sizes, the detection probability at the particle detector During the measurements determining the total yield of

ysed for registration of the cluster ions becomes mcreaSi”QIXputtered atoms and clusters, a relatively long projectile ion
important. In an attempt to correct the measured data for th&/

. , " ulse of severalks duration was chosen. More specifically, it
cluster size dependence of the detection probability, we vary,q ensured that the measured signals did not increase with

the impact energy of the ions onto the detector and comparg .reasing pulse length, thus indicating that particles of all
the resulting data with published model descriptions of, ap g, g P

M . IR relevant emission velocities are present in the ionization vol-
secondary-electron multiplier detection efficiencies. The re

. . > ume and interact with the ionizing laser. In order to deter-
sults will demonstrate tha) the detection probability cor-  ine the emission velocity distributions of sputtered neutral
rection is very important anii) the shock-wave or thermo-  paicles, on the other hand, the laser was focused to a cross
dynamic formation models may indeed be valid for large

section of about 10@m>x500 uxm [full width at half maxi-
sputtered clusters. mum (FWHM)] with the short dimension being normal to
the surface. Moreover, the laser was attenuated to a peak
Il EXPERIMENT power density of gbout 1 MW/cfmand backe_d away from
the surface to a distance of 2.2 mm, the primary ion pulse
The experimental setup used for mass spectrometric devidth was reduced to 100 ns, and a controlled time delay
tection of sputtered neutral and ionized atoms and clusters isetween the projectile ion and the ionizing laser pulse was
sketched in Fig. 1. The setup and the procedures employed totroduced. This operation mode selects the emission veloc-
obtain mass and kinetic energy spectra of sputtered neutraly of the detected neutral particles via their flight time be-
and charged particles have been described in much detdiveen the surface and the ionization volume with a resolu-
elsewher€?* and will therefore only be briefly touched upon tion of Aw/v~4.5x10"2{1+v (km/9}. The velocity
here. The investigated sample surface is bombarded witbpectrum of sputtered neutral atoms and clusters is then de-
projectile ions generated by a commercial plasma gas iotermined by following the respective photoion signal as a
source(Atomica microfocug delivering a Xé& ion beam of  function of the delay time.
15 keV and 500 nA into a spot size of about &t diameter. The mass selected ions were detected by means of a
The primary ions impinge onto the surface under 45° withChevron stack of two microchannel plat@dCP’s). During
respect to the surface normal. In these experiments, the preegistration of neutral atoms and small clusters, a flight time
jectile ion source was operated in a pulsed mode with pulspeak is composed of many ions, and therefore an analog
lengths ranging from 100 ns to }&s. Neutral particles sput- detection scheme was employed in which the charge pro-
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duced by the MCP was directly digitized by means of a fast
transient recorder. In order to avoid detector saturation, the
gain voltage across the MCP was reduced such as to ensure
that the maximum recorded signal did not exceed a height of
about 100 m\(at 50} termination). For larger clusters, the
signals of abundant species were blanked from reaching the
detector, and a pulse counting mode was employed where the
MCP was operated at maximum gain and its output was
coupled into a discriminator. In this mode, each output pulse
exceeding a height of about 1 mV was converted into a stan-
dard transistor-transistor log{@ TL) pulse of 5 V height and
20 ns width: the resulting pulse spectrum was again recorded
using the transient digitizer. Time-of-flight spectra were in 8000 9000 10000 11000 12000 13000 14000
this mode achieved by averaging the recorded pulse spec- T ]
trum over many instrument cyclggrimary ion pulses and ’ f l 1% ]
laser shots In order to investigate the influence of the NWWWWMMWMMM
cluster-size-dependent detection probability, different volt- TR T 18000 :
ages were applied to the front electrode of the MCP while L AL P
keeping the gain voltage constant. This way, the kinetic im-
pact energy of the ions onto the MCP surface was varied in a
range between 3.7 and 6.2 keV. LI B o
19000 20000 21000
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IIl. RESULTS AND DISCUSSION

Th . | of th t Kis to det ine th FIG. 2. TOF mass spectrum of neutral In atoms angdclaosters
€ major goal of the present work IS 1o determine esputtered from a pure indium surface under bombardment with 15-

relative yields—i.e., the partial sputtering yields normalized, o\, yo* ions impinging under 45° with respect to the surface

to that of emitted monomers, of large,lielusters emitted a1 The ionizing laser was operated at a wavelength of 193 nm
from an ion-bombarded indium surface. In doing so, we firstyng 4 power density of about 1OV cm2.

show the TOF mass spectrum measured for sputtered neutral
particles in order to demonstrate the mass-resolved detection
of clusters up to a fairly large size. As a second step, we
investigate the dependence of the measured neutral signals Figure 2 shows a mass spectrum of neutral atoms and
on the intensity of the ionizing laser. From the results, weclusters that are sputtered from a clean polycrystalline in-
will show that saturated post-ionization conditions can bedium foil. The spectrum was recorded under bombardment
achieved. By comparing the saturated neutral signal with thevith 15-keV Xe" ions impinging under 45° using 193-nm
signal of the respective secondary ions, we then determingV radiation with a laser power density around® M¥/cnv

the secondary-ion formation probability of the sputteredfor post-ionization. The mass spectrometer is operated at a
clusters in order to judge how closely the neutral yields rep+esolution of aboutm/Am=500, which appears to be ap-
resent the true partial sputtering yields. Since the TOF exproximately constant across the whole spectrum. The lower
periment performed here detects thiember densitpf sput-  two tracks in the first panel correspond to the analog detec-
tered neutral or charged particles in the ionization volumeion mode, whereas the upper track as well as all data in the
rather than theiflux, an appropriate correction must be ap- remaining panels were taken with the pulse counting mode.
plied to the measured signals which, in turn, involves theln order to achieve the displayed dynamic range of about 7
velocity distribution of the detected species. In general, sputerders of magnitude, the spectrum has been averaged over a
tered particles are emitted from the surface with a relativelynumber of 16 instrument cyclegprimary ion pulses and
broad velocity distribution, which may in principle be differ- laser shots It is seen that neutral indium clusters uprto

ent for every emitted species. We therefore measure the200 atoms can be identified in the mass spectrum. For
emission velocity distribution as a function of the cluster sizecluster sizes in this range, the mass peaks of neighboring
and use these data to perform the density-flux correction inelusters become indiscernible due to the limited mass reso-
dividually for each cluster size. The resulting corrected sigdution combined with the inherent width induced by the iso-
nals represent the partial yields of sputtered clusters supetepe distribution of indium{about 20 dalton at k).

imposed by the detection probability of the MCP ion Itis of interest to note that particles of masses larger than
detector. The latter quantity may in principle strongly depend20 000 dalton can be identified in the spectrum. To our
on the size of the detected cluster. In the last step, we therénowledge, these are the largest neutral clusters detected in a
fore try to tackle the question of the cluster-size-dependentass spectrometric sputtering experiment to date. From the
detection probability. The resulting yield distributions of results presented in Fig. 2, it is evident that the size range of
sputtered indium clusters are then compared with availableeutral clusters formed in sputtering extends to comparably
literature data and discussed in terms of theoretical moddarge values as that @abnic clusters that have been detected,
descriptions of cluster formation in sputtering. for instance, by Katakuset al??>2% Although this finding

A. Mass spectra
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wfp o T T T g the laser beam profile has been matched to the sensitive vol-

- f the mass spectrometer, and hence no expansion of the
10° .l"ﬂj:r@*@'erfo*o A ume of the mass =he , .

A SOt eﬁegtlve |o_n|zat|or_1 vplume occurs W|th_ increasing laser in-
10°F r./' /,,@/ai,t‘* 44 aaZ tensity. This fact is important for the interpretation of the
10° E'%if/f ] dependences observed for clusters. From the saturation
10 ;ﬁf({ . A6 B &G E curves depicted in Fig. 3, it is seen that all cluster signals rise

g ] linearly with increasing laser intensity in the regime of low
£ 10 3 i I intensity, a finding which is expected from Ed). At inten-
S 10tk LasT e@OO T W auny sity values around or below f@V/cn?, all cluster curves
S L /./‘;@o@"fazg; < 9605004 flatten due to saturation of the single-photon ionization pro-
ii; 107 Fgu® o AQZMA 84 A::« < 43 cess. Since the saturation intensity apparently decreases, the
T 107 ;@QQ,,,ZQVK s #E B “ ] value of the absorption cross section must increase with in-
=3 54;}?’ <4 9 A 14 creasing cluster size, a finding which is in agreement with
D o8 [ HH— similar data observed for other metal clustértt should be
/_,u-“ my _Hd_!:_-ogi noted.that fragmgntation processes competing to ionization
.;"';;@igfff%i?ﬁ%%ig L following absorptlon'of a single photor_1 lead tolthe same
o0 A AT eIV K a ks M shape of the saturation curve and are included in the cross
g ,ga?“*ﬂ Ty MERSE D £ sectiono entering Eq.(1). The relative importance of such
s 22 O 30 A 45 . processes cannot be determined from the measured data and
B0 v 55 €759 91 ] must therefore be regarded as an unknown quantity. If the
10103 10° 10° 10° 10’ laser intensity is increased further, the measured signal is
_ _ » found to turn over and decrease again. This behavior must be
laser intensity (W/cm®) attributed to the onset of multiphoton fragmentation pro-

cesses which require the simultaneous absorption of more
than one photon and can therefore be assumed to play only a
minor role at low laser intensities. In the limit of large laser

. - . .. __.._Intensity, the curves tend to level off and in some cases even
was in principle expected, a mass spectrometric verification

..~ increase again. At first sight, this behavior appears surpris-

of the occurrence of sputtered neutral clusters containin 2 . .
. ! g. Considering losses due to fragmentation alone, the sig-

more than 100 atoms has been lacking until now. I ) :
nal must of course always decrease with increasing laser in-

o o tensity. The fact that the measured signal either remains
B. Post-ionization efficiency constant or even increases must therefore be attributed to
In order to obtain quantitative information from mass fragmentation of larger clusters starting to contribute to the
spectra like those displayed in Fig. 2, it is important to get asignal of a given cluster size. With ever increasing laser in-
feeling for the ionization efficiency achieved in the post-tensity, the signal will be shifted towards smaller and smaller
ionization process. If photoionization is employed in connec-clusters, until in the limit of very high laser intensities all
tion with sufficiently intense lasers, the available photonclusters are fragmented and only the atomic signal survives.
fluxes might even be sufficient to drive the post-ionizationA quantitative discussion of this phenomenon, however, re-
process into saturation. To demonstrate this effect also foguires precise knowledge of the various fragmentation chan-
the system studied here, Fig. 3 shows the dependence of thels and the associated cross sections which is not available
measured integrated mass peaks on the peak power dens#ythe present time.
of the ionizing laser. The numeric values depicted on the By applying a least-squares fit of E() to the measured
abscissa have been calculated assuming a rectangular temgtgta in the laser intensity range up to the observed signal
ral laser pulse profile of 20 ns duration and a measured beafaximum, saturation intensities as well as photoabsorption
cross section of 1 mfnin the ionization volume. The abso- Cross sections can be obtained for all cluster sizes. The re-
lute uncertainty introduced by these assumptions maypulting fit curves have been included in Fig. 3, and the cor-
amount to a factor of 2, but the relative values are free fronfesponding values of the single-photon absorption cross sec-
this systematic error. First of all, it is seen that the photoiontion are depicted in Fig. 4. Again, we note that the evaluation
ization efficiency observed for the indium atom perfectly leading to the assessment of the data assumes multiphoton
agrees with the theoretically expected saturation behavior adragmentation influences to be small at all laser intensities
cording to below the observed maxima and is therefore subject to some
uncertainty. Interestingly, it is found that the apparent ab-
sorption cross section of indium atoms is larger than that of
' @ In, dimers. This behavior is different from that observed for
other sputtered metaté.For clusters containing more than
with o being the photoabsorption cross section,being the  two atoms, the cross section increases with increasing cluster
photon energy, andt being the laser pulse duration, as seensize and reaches a constant value of about'16n?. The
by the respective least-squares fit, which is shown as a solidpparent structure at sizes of about 8, 17, and 38 atoms does
line. The observation of a true saturation plateau ensures thabt seem to be related to either magic shell closing numbers

FIG. 3. Integrated signals of post-ionized sputtered neutral In
particles vs peak power density of the ionizing laser.

PL
S(P)=Ss4 1—exy{ —a’h—VAt)
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FIG. 4. Single-photon absorption cross section of sputtered neu- FIG. 5. lonization probability of sputtered In atoms ang, In
tral indium atoms and clusters at a wavelengthhef193 nm vs  clusters for the formation of a singly charged positive secondary ion
cluster size. during sputtering vs cluster size

or similar structures in the measured ionization potentials ofietermined for Taand Nk, clusters. About the reason for
indium cluster$’ From the solid lines, it is seen that in all this finding we can only speculate. It is conceivable that the
cases the saturated signal evaluated from the fit practicallnization of a sputtered cluster involves thermionic emis-
coincides with the signal maximum itself, thus indicating sion of an electron—i.e., the conversion of internal vibra-
that saturation is complete before multiphoton fragmentationional energy originating from the sputter formation process
starts to play an important role. We therefore regard the satunto electronic excitation and ionization, after the cluster has
rated signal as representative of the number density of theft the surface. In this picture, the ionization probability will
respective neutral cluster in the ionization volume. It shouldhe determined by a balance between ionization potential and
be stressed once again, however, that the unknown role eiverage internal energy imparted to the clusters in the course
single photon fragmentation may lead to an underestimatiof the sputtering process. The latter, on the other hand, will
of the true number densities which cannot be identified frombe related to the bond strength between the cluster atoms.
laser power studies. The cluster yields that are derived fronfantalum and niobium clusters are known to exhibit binding
the saturated signal must therefore rigorously be interpretednergies per atom that are comparable to their ionization po-

as lower limits of the true yields. tential. In this case ionization will be highly probatjigp to
about 100%(Ref. 3]. Silver clusters, on the other hand,
C. Charge-state distribution possess ionization potentials that largely exceed their binding

energy per atom, and therefore ionization seems to be less

lI tc:"? rr:easurefd_t&gnalt.olf a ngutral clgslaer_tls_, tq be '?te{'probable(about several percett The indium clusters stud-
preted in terms ot 1ts partial sputtering yield, 1t 1S important oy e possess lower binding energy, but also lower ioniza-

to ask about th_e fract_lon qf sputtered_clusters that are emitte, on potential than silver clusters, and must therefore form an
as secondary ions—i.e., in an electrically charged state. Fcﬁltermediate case
the specific case of clean metallic surfaces bombarded with ™ signal of mﬁltiply charged secondary ions can in prin-

rare gas ions, it is known that the yield of negatively Chargedciple be identified as intermediate peaks in the mass spec-

atoms and clusters is negligibly small. In order to determin rum arising, for instance, from doubly charged clusters with
the fraction of positively charged clusters, the experimentan odd num,ber of consti,tuent atoms. In the present experi-
was repeate_d Wit_h the ioniz_a}tion Iaserswitch_ed Oﬁ’.bUt und.efnents, multiply charged secondary ibns have not been de-
gltgg\:mzfé“I?r?g“scglcor?gg;jﬁiggs.forAn‘?ati?)(ra\S(p:)rrlgggbiIlirt]y g?tzntgcted. Using the values depicted in Fig. 5, the saturated
’ i . . signals of sputtered neutral atoms and clusters can therefore
sputtered species can then be determined from direct co )e corrected for the secondary-ion formation probability,

parison of the s_econdary-lon signal with the_z respective nely, o resulting in yield data that are independent of the charge
tral signal obtained under saturated post-ionization condi

tions. The results are displayed as a function of cluster size iﬁtate of the emitted particles.
Fig. 5. In agreement with similar data measured for other
sputtered metal cluste?she secondary-ion formation prob-
ability is found to increase with increasing cluster size and In the yield determination experiment, the ionization laser
tends to level off at sizes above approximately 40 atoms at beam cross section is large enough that transport of neutral
value of several ten percent. particles into and out of the ionization volume during the
The saturation value observed in the limit of large clusterdaser pulse is negligible for all velocities below approxi-

size is larger than that determined for Adout below those mately 50 km/s. Under these conditions, the laser post-

D. Velocity distribution
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FIG. 7. Average inverse velocity of sputtered neutral indium

FIG. 6. Emission velocity dlstrlb_utu_)n of neutral In atoms and clusters evaluated from the distributions of Fig. 6 and normalized to
In, clusters sputtered from a pure indium surface under bombardg, respective value of indium atoms

ment with 15-keV Xé& ions. The absolute scaling of the curves has

been arbitrarily chosen to ensure clear visibility and is therefore not

representative of the relative cluster yields. second term in the denominator appears only if the post-
ionization process is driven into saturation, a condition

ionization experiment is sensitive to the number density ofvhich in the present experiment is fulfilled for all detected

neutral particles that are present in the ionization volumeSpecies.

Sputtering yields, on the other hand, represent the flux of The data depicted in Fig. 6 appear to agree well with the

sputtered particles rather than their number density. In orddiesults of a similar experiment that has been performed by

to determine the yield distribution of sputtered clusters, théMa et al?® Moreover, the velocity distribution measured for

experimental data must therefore be converted from densityy atoms can be compared to the prediction from linear cas-

to flux. For that purpose, the velocity of the post-ionizedcade sputtering theofy,

species must be known. Since sputtered particles emerge

from the surface with a relatively broad velocity distribution, 3

the measured signal must be divided by the average inverse f(v)o v (4)
velocity defined by ) (v2+ vp)
(v H= J'wy_lf(v)dy 2 with v, being the velocity corresponding to the surface bind-
0

ing energy. Approximating the latter by the sublimation en-
for correction. In principle, the velocity distributici{) can €9y of indium(2.5 eV), one obtains the dotted curve in Fig.
be different for each sputtered species and must therefore K& Which is in good agreement with the measured data.
determined as a function of the cluster size. Figure 6 show§Valuating the data depicted in Fig. 6 in terms of E2), we
corresponding data that have been measured using tpbtain average inverse velocity values whlch_are d|splayed in
method described in Sec. II. Note that the absolute scaling ¢t form normalized to that of the atoms in Fig. 7. Since the
the curves has been arbitrarily chosen to ensure good visibifignal of clusters larger than jnis too low to permit a
ity and is therefore not representative of the relative clustef@aningful determination of the velocity distribution, an ex-
yields. Due to the fact that the laser beam was tightly fo-trapolation must be used in order to correct the yield mea-
cused during the velocity distribution experiments, care musgurements of larger clusters as well. For that purpose, we
be taken with regard to particle transport across the ionizachose to perform a least-squares fit according to
tion volume during the laser pulse. In general, the Jacobian
conversion between measured flight time distributig(i) (v~ Yyocnb

5

and flux velocity distribution is given ©
S(t)t to the data of Fig. 7. Due to the limited statistics of the
f(v)= r 3 velocity distributions of larger clusters, only values up to a
Ar+¥At cluster size ofn=13 have been included. This yields a

power of b=0.72: inclusion of all data depicted in Fig. 7
whereAr denotes the spatial extension of the ionization vol-would reduce this value to 0.65. The resulting curves have
ume in the direction along the surface nornmrals the dis-  been included in the figure as a solid and a dotted line, re-
tance between ionization volume and surface, Ahds the  spectively. Equatiort5) was then used to perform the flux-
temporal duration of the laser pulse. As shown in Ref. 20, thelensity correction by dividing the saturated signalsnBy?
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3.0 —r— 1. Analog detection
- .7:7 :: g In thg analog mode, the obs.erved _I\/I_CP gain is d_etermined
o o |n5 / by the |on-to-electr0n_conversmn efficiency upon impact of
g 25 ’707| 10 v/ ] the ion at the front side of the detector and the secondary
3 SN Mis 7 electron multiplication factor. Due to the fact that a detected
g Ny B /5 flight time peak consists of many ions impinging simulta-
< 20 Ving /V/v / /g 1 neously, the statistics of electron emission is not important
2 ™ v O‘OM ] and only average electron yields are needed in order to de-
g v/ 5 o scribe the observed gain. For the simplified case of a multi-
% 15 A T _g="" 4 stage secondary electron multiplier, one fittds
— égé@/ ;Q/O:D/ _o—]
e J o e ' gain=7y;- ", 6)

rop A i wherey, denotes the average ion-induced electron emission

RN U E S E E—— yield at the conversion electrode ang denotes the

75 80 8 90 95 100 secondary-electron emission yield at each of pheubse-
impact velocity * n°® (km/s) quent ampl_ification dynodes. In principle, this expressiqn can
be generalized for an MCP detector as well, whereow is
FIG. 8. Relative enhancement of detected ion signals vs iomot a unique value but is a statistical average of the number
impact velocity onto the detector. The data were normalized to thef electron induced amplification events at the channel
signal measured with an impact energy of 3.7 keV. In order to plotyall.32 While the second term in Ed6) is solely governed
different cluster sizes into one diagram, the velocity axis of each py the gain voltage applied across the MCP, the influence of
cluster was multiplied by/n. The solid symbols refer to analog the ion impact energy is contained in the valueyqf Ex-

1_

1+(V/V0)K

detection, wk_le_r(_aas the open symbols refer to the pulse Countinﬁerimentally, it is often found that—at least in the limit of
mode (for definition see text high velocities—kinetic ion-induced electron emission yields
E. Detection probability depend linearly on the ion impact velocifylt is seen that
. - this behavior is also found for In andglin Fig. 8. In order
tior]—rlﬁ Egﬁzsosfpri(g;gglsd&SplgyZ%c')th'zgz' go[)e‘éil?tlgnthitdﬁ:gﬁb account_ for th_e deviations tha_t are generally opservgd at
. . P 7 >Yow velocities, Gilmore and Sedhintroduced a semiempir-
sight, the mere registration of such heavy species with a
simple Chevron stack MCP detector without strong post—ICaI formula
acceleration seems to be surprising. Under our normal opera- Uk
tion conditions applied during acquisition of Fig. 2, the par- y1=Av } (7)
ticles impinge onto the detector with a kinetic energy of 3.7
keV: the impact velocity of the largest detected ions is therey ity 4 scaling itemA, the usual “straight line threshold”
fore as low as 4.5 km/s, a value which is well in the range Ofvelocity v, and a powerk as fitting parameters, and dem-
typical straight line thresholffor definitiqn see discussion of onstrated t’hat Ed7) provides excellent fits to vari,ous sets of
Eq. (7)] values measured for the velocity dependence of secyyzijaple experimental data. Moreover, they assume that the
ondary electron yield® The detection probability and its yield for a polyatomic ion is simply the sum of the constitu-
dependence on the size of the detected cluster ions mug t yields, and therefora=an for the In, clusters investi-
therefore be an important issue with respect to the quantitagated heré Equatiaf?) then predicts a factor of5 between
tive Qetermination of sputtere(_j CIL_‘St.er yields. In order to in'the slopes .of In and kin Fig. 8, which is reasonably close
vestigate this problem,_ the kinetic impact energy onto th(?to the observed slope ratio of about 1.7. For simplicity, we
MCP. detector was varied between 3.7 and 6'2. kev Wh'l.e[herefore assume the total MCP gain of all detected clusters
keeping all other instrumental parameters including the gair, analog detection mode to be described by &y.with a
voltage across the MCP constant. The resulting signal N mmon set of parametess v, and x, which still Have to
hancement relative to that observed at 3.7 keV impact energy. yetermined o '
is depicted in Fig. 8. Since the impaetlocity is often re- '
garded as the essential parameter rather than the kinetic en- 2. Pulse counting
ergy, the data have been plotted against velocity which—in
order to be able to plot the data obtained for different cluster [n the pulse counting mode, single-ion impact events are
sizesn into one diagram—for each cluster was multiplied by registered and, hence, the statistics of the electron emission
Jn. Moreover, the solid symbols refer to analog detectionProcess induced by the impinging ion becomes important.
whereas the open symbols refer to data taken in the pulsEh€ theory describing the efficiency of secondary-electron
counting mode. First, it is seen that the relative enhancemerultipliers in this mode is already well establisiedFol-
increases with increasing cluster size. As expected, the inflloWing the description by Seafiwe assume a Poisson prob-
ence of post-acceleration is therefore larger for heavier deability distribution
tected species. A more detailed discussion of the detection m
efficiency requires to distinguish between both detection _Y
modes. P(m.) m! © ®
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FIG. 9. Relative signal enhancement between detector impact FIG. 10. Detection probability of In atoms and,lolusters vs
energies of 3.7 and 6.2 keV, respectively, vs size of the detecteflUSter size at “normal” operation of the MCP detectémpact
cluster ions. The solid symbols refer to analog detection, wherea8n€rgy 3.7 key. The data have been calculated from E@, (7),
the open symbols refer to the pulse counting m@de definition ~ @nd(10) using the parameter set given in the test.
see text

=23.1km/s, andk=4.6. These values compare well with
those obtained by Gilmore and Séafiom a fit of Eq.(7) to
various sets of experimental electron yield data. Their valid-
ity can be further examined by predicting the signal enhance-
D(E)=1—Pg(1+correction termg (99  ment for analog detection as given by E6). The resulting
curve as a function of cluster size is included as a dashed line
where Py, denotes the probability that zero electrons arein Fig. 9. Note that this curve is fully determined by the
emitted in the first(ion impac) event and the correction parameter set evaluated from the pulse counting data: i.e., no
terms in the brackets account for the summed probability thafit to the analog data has been performed. The excellent
the electron amplification cascade dies in one of the subsgantitative agreement with the measured signal enhance-

quent(electron-inducedevents. If the detector is operated at ment therefore indicates that Eq€)—(10) provide a consis-
maximum gain, the correction terms can be assumed to bgt picture of the post-acceleration data.

small compared to unity, and therefd¥E)=1—Py,. In- We can therefore use the parameter set in order to calcu-
serting Eq.(8), this yields late the detection probability for In atoms ang biusters as

a function of the cluster size. The results, normalized to the
value of In atoms, are presented in Fig. 10. First, it is seen
As long asy;<1, Eq.(10) reduces to the linear dependencethat the detection probability of small clusténgreaseswith
already described by E@6). For the detection of large clus- increasing cluster size, the magnitude of the effect being
ters, however, this condition may not be fulfilled. On the more pronounced for analog detection than for pulse count-
other hand, the impact velocity of large clusters will becomeing. This finding is consistent with the electron yield data of
comparable to or even smaller than the straight line thresholtiofer’® who studied the electron emission due to impact of
vg. In order to evaluate the detection probability in this re-vanadium cluster ions. In principle, such an increase is ex-
gime, we must therefore insert E) into Eq.(10). In prin-  pected from Eq.(7) in the limit of large impact velocity,
ciple, this can be done for each detected cluster size at difwhere the term in brackets approaches unity and therefore
ferent impact energies, and the resulting dependence can hgxn®5. In the low-velocity limit, on the other hand, the
fitted to the set of measured data. In order to illustrate thisasymptotic behavior of Eq7) leads toy;on'~ (** 12 and

Fig. 9 shows the measured relative signal enhancement updarge clusters are thus discriminatedras-® The magnitude
increase of the ion impact energy from 3.7 to 6.2 keV as af this discrimination reaches about a factor of 30nat
function of the detected cluster size. Again, the solid and=100.

open symbols refer to analog detection and pulse counting, It should be noted at this point that for clusters containing
respectively. The solid line depicts a least-squares fit of thenore than 30 atoms deviations from the fit are observed in
detection probability enhancement evaluated as describegig. 9. Interestingly, the experimentally observed signal en-
above to the pulse counting data in a cluster size range 1Rancement upon transition from 3.7 to 6.2 keV impact en-
=<n=30. It is seen that up to= 30 the measured data can be ergy seems to become independent of cluster size in the limit
nicely approximated by a combination of Eq8) and (10)  of large size. Although such a leveling off is in principle
using one set of parametera=3.1x102s/km, v,  expected from the theory described above, the saturated en-

for the emission ofm electrons in an event with average
electron yieldy. The probability for detection of an ion im-
pinging with energ)E is then given by

D(E)=1—exp— ). (10
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FIG. 11. Relative yields of |nclusters sputtered from a pure, total sputter yield Y, ,

polycrystalline indium surface under bombardment with 15-keV .
Xe" ions. The data have been normalized to the partial yield of In  F!G- 12. Compilation of power-law exponents extracted from
atoms. cluster yield distributions determined in our group vs total sputter-

ing yield Y. The In data(solid symbol$ have been determined in
this work: the remaining exponentspen symbolscorresponding
to Ag, Cu, Al, Ge, Nb, and Ta are taken from previous publications.
For comparison, the Au data of Relat al. (Ref. 23 have been
included.

hancement would be predicted from the low-velocity asymp
tote of Eq.(7) to amount to a factor of

E2 (k+1)12
(E—l) =42, (11 First, it is seen that the “yield distribution” evaluated

without the detection probability correction can be very ac-

instead of about 2.8 as observed, and should also be reach(éldrately approximated by a power-law decay according to

only at larger cluster sizes. Apart from the severe statistical Y(n)=n~?, (12)
scatter of the data, a possible cause of the deviation may be
related to the assumption of a Poisson electron emission st#ith an exponent=3.9. This finding is in good agreement
tistics in Eq.(8). From the experiments of Lakitt al®®itis ~ with a number of mass spectrometric experiments on cluster
known that this assumption may become worse with decreagtield distributions of mostly metal clusters sputtered from
ing average electron yield. In fact, they demonstrated that ththe respective clean metal surfaces that have been col-
probability Py, may be underestimated at low average yields/ected _ by  several —groups throughout the past
thus leading to an overestimation of the detection probabilitylecade. 1913715183434 || cases, the resulting yield dis-
in Eq. (10). It is not known how such an effect would modify tributions could be well approximated by a power-law distri-
the relative detection efficiency of different cluster sizes, andution with, however, largely varying exponenisthe val-
more data—particularly at much larger impact energies—argles of which were found to depend on the sputtering
therefore certainly needed in order to clarify this point. ~ conditions employed. More specifically, it was established
that the value ob decreases if the sputtering conditigns.,
the choice of target material, primary ion species, and kinetic
energy are varied such as to result in a higher total sputter-
With the corrections described above, it is now possible tang yield and vice versa. The apparent slope of our uncor-
convert the measured signals of sputtered neutral In atonrected data fits well into that picture. This is seen best in a
and In, clusters into partial sputtering yields. Since the ab-compilation of exponenté that have been determined in our
solute value of the total sputtering yield has not been meagroup plotted against the total sputtering yield as shown in
sured here, we present the relative yield distribution normalFig. 12. Unfortunately, the sputtering yield of indium under
ized to that of the atoms in Fig. 11. In order to put the resultdbombardment with X& ions has not been measured experi-
into context with available literature data, it should be mentally and was therefore calculated using &mev2002
stressed that none of the previously published experimentsrogram packag¥.
on sputtered clusters have been corrected for the cluster-size- The picture changes drastically if the correction for the
dependent detection probability. Therefore, the data evalwsluster-size-dependent detection probability according to the
ated with all corrections except for detection probability aredata presented in Fig. 10 is invoked. Now, two different size
also included in the figure for comparison. It is immediatelyregimes can be identified in which the yield distribution can
apparent that the detection probability plays an importanstill be approximated by power laws with, however, largely
role with respect to the interpretation of the data. different exponents. For cluster sizes below 20, the cor-

F. Cluster yields
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rection is small and the distribution is roughly the same asApart from the uncertainty of the experimental exponents
the uncorrected one. For larger clusters, however, the yieldst0.1), this is primarily related to the fact that two different
are underestimated by Ed12) using §=3.9. Instead, a exponentg5/3 or 7/3 are given in Ref. 21, which, as explic-
gradual change to a different power-law dependence with aitly stated by the authors, are moreover only approximate. In
exponent of§=2.1 is observed. This finding is important principle, MD simulations can be invoked in order to distin-
with respect to the theoretical understanding of cluster forguish between both mechanisms. Unfortunately, the range of
mation in sputtering. Although the experimental results couldtluster sizes tractable by such simulations is limited by the
in some cases be qualitatively reproduced by molecular dystatistics of the calculation, and the yield distribution of clus-
namics(MD) computer simulations of the cluster sputtering ters containing more than about ten atoms therefore cannot
process, a rigorous theoretical explanation of the observede directly predicted. The simulations reveal, however, an
power-law size distributions has never been found. The paiinteresting aspect related to the time scale on which the for-
ticular problem is the strong variation of the exponéht mation and emission of larger clusters proceeds. On the av-
which cannot be accounted for in any theoretical model okrage, it is consistently found that larger clusters are formed
cluster formation in sputtering published to date. In fact,at later stages of the collision cascade initiated by the pro-
there are only two published model descriptions of clustejectile impact®®~**the emission of the largest clusters being
formation in sputtering that predict power-law cluster sizeobserved at several picoseconds or even longer after the pro-
distributions. The first, put forward by Bitensky and Parifis, jectile impact. At least for the case of backward sputtering,
treats the cluster emission process as the result of a shogkis observation points towards a thermodynamical descrip-
wave which is initiated by the primary ion impact, expandstion, since a shock wave generated at a depth of several
inside the solid, and fractures the surface, thus resulting imangstroms should propagate to the surface on a faster time
fragmentation into gas phase clusters. In fact, indications ofcale. Anyway, it is apparent that the emission of large clus-
shock waves have been found in MD simulations ofters must be governed by different mechanisms than the fast
sputtering® The resulting size distribution of ejected speciescollisional processes leading to the ejection of small par-
is predicted to be a power law with a fixed decay exponenticles.
around §=2. The second model published by Urbagdek  On the other end of the observable size range, the mass
describes the cluster emission process as a thermodynangpectrometric yield distributions of very small clusters con-
expansion of the near-surface irradiated volume through theaining only a few atoms can often be approximated by ex-
liquid-gas coexistence regime. Also in this model, a powerponential size distributior’s>**Distributions of this kind
law size distribution is predicted with a fixed exponeht are predicted by statistical models that treat the cluster emis-
=7/3. In both pictures, the sputtering conditions do not entesion as a more or less uncorrelated ejection of the constituent
the exponent other than that they have to be chosen such atoms! Since the statistical probability for independent ejec-
to warrant the validity of the model. tion of many atoms into essentially the same phase space

The data depicted in Fig. 11 now present the first indicainterval becomes exceedingly small, it is apparent that clus-
tion that the observation of a unique power-law distributionters containing more than a few atoms cannot be formed in
over the whole cluster size range that has been characterisiitich a way. The formation of medium-sized species must
of previous mass spectrometric experiments may be retherefore already be the result of collective atomic motion at
stricted to small- and medium-sized clusters only. In fact, theor below the surface. The underlying mechanisms—though
data suggest that different size ranges of sputtered clustetffficult to describe in an analytic model—can be investi-
must be described by different model descriptions. In theyated by MD simulations. Such calculations reveal that the
limit of large cluster size, collective atomic motion domi- formation of medium-sized clusters is coupled to the occur-
nates and both the shock-wave or thermodynamic modelsence of large, rare events where many atoms are set in mo-
describe the measured cluster yields. This finding is in excelion and ejected®*°*3The probability of such events, on the
lent agreement with the results of a recent experiment pefmther hand, is connected with the average number of sput-
formed by Rehret al,?® who studied the emission of very tered atoms and increases with increasing total sputtering
large clusters{>500) in a transmission sputtering experi- yield. In fact, the MD simulations predict nascent cluster
ment by bombarding a thin gold foil with high ener@400—  yield distributions which closely follow a power-law distri-
500 keV) rare gas ions. In their setup, the sputtered clustergution with exponents varying as a function of the sputtering
were collected on a graphite foil and identified using a high-conditions in a similar manner as those observed
resolution transmission electron microscopy, thereby avoidexperimentally?! It should be noted, however, that the na-
ing the detection efficiency problem of mass spectrometrigeent clusters identified immediately above the surface are
experiments. It was found that the observed cluster size didighly vibrationally excited and therefore decompose by uni-
tribution could in all cases be nicely approximated by amolecular fragmentation processes on their flight away from
power-law distribution withs~2, regardless of the total the surfacé? In fact, a constant internal energy of the order
sputtering yield. of 1 eV/atom is frequently found in the simulatidhsand

In principle, it would be of interest to determine whether could also be verified experimentaff/*® Since most experi-
the shock wave or the thermodynamical model provides anental detection schemes are sensitive to the metastable
better description of the measured data. On the basis of th&final” ) products of such fragmentation reactions, the
numeric value of the decay exponents determined here and imeight of the observed size distribution is pushed towards
Ref. 23, it is not possible to discern between both modelssmaller fragments, an effect which acts to increase the mea-
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sured power law exponent. The correlation with the sputter- It is apparent that the present work closes the gap between

ing conditions remains, however, unchanged. the different types of experimental data on cluster formation
in sputtering that have been collected in mass spectrometric
IV. CONCLUSION experiments on the one hand and electron microscopic inves-

] i tigations on the other. From the results, a consistent picture

The present experiment extends the observable size rangth respect to the size distribution of sputtered metallic
of neutral clusters that are generated by sputtering beyond dsters emerges. Famall clusters in the size range up to
cluster size of 200 atoms. In order to investigate the distriseveral ten atoms, the measured yield distribution is charac-
bution of partial sputter yields as an important quantity charyerized by a power-law exponent which largely depends on
acterizing the cluster formation process, the mass Spectrgne sputtering conditions. This behavior is also reproduced in
metric signals of different clusters are corrected for postcomputer simulations of the cluster sputtering process, a
ionization  efficiency, charge-state distribution, velocity comprehensive theoretical approach explaining the power
distribution, and cluster-size-dependent detection probabilitylayy in this size range and, in particular, the dependence of
The results demonstrate that for clusters containing morgye decay exponent on the sputtering conditions is, however,
than about 20 atoms the detection probability becomes agij| |acking. Large clusters, on the other hand, are character-
exceedingly important parameter that needs to be charactqbed by a weaker size distribution, which agrees well with
ized in order to arrive at a quantitative determination of theinat predicted by hydrodynamical or thermodynamical mod-
true cluster size distribution. While the uncorrected data eXg|s of cluster formation. In accordance with similar indica-
hibit the simple inverse power-law size distribution that hastjons from MD simulations, these species must therefore be
already been observed in previous experiments on other Mgsrmed in a very late stage of the collision cascade initiated
tallic systems, the corrected distribution reveals a separatiofy the impinging projectile, where the energy has been suf-
into different size regimes. For clusters containing less thafciently redistributed to permit a local thermodynamic de-
about 20 atoms, the yield distribution is found to decay withscription of particle motion inside the volume from which
increasing cluster size according to an inverse power lawhe desorbed particles originate.
with an exponent of-3.9. For clusters composed of more
than 20 atoms, on the other hand, the vyield distribution
changes towards a different power law with a decay expo- ACKNOWLEDGMENT
nent of —2.1, a behavior which is in good agreement with
electron microscopic results on the yield distributions of very  One of the authoréC.S) would like to thank the Univer-
large clusters containing more than 500 atoms. sity of Essen for financial support.
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