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Soft landing and fragmentation of small clusters deposited in noble-gas films

) S. Fedrigo, W. Harbich, and J. Buttet
Institut de Physique Expienentale, Ecole Polytechnique Federale de Lausanne, PHB-Ecublens, CH-1015 Lausanne, Switzerland
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The collision between small silver clustdisgy , N=2-7) and rare-gas films is investigated experimentally
as a function of kinetic energ§2.5—50 eV per cluster atopcluster size, and film materighr, Kr, and Xe.
Cluster ions are produced by sputtering and size selected by a quadrupole mass spectrometer prior to deposi-
tion. The products are studied by UV-visible optical spectroscopic methods. The cluster fragmentation rate is
found to decrease with the kinetic energy and when changing the film material from Xe to Kr and Ar. This
agrees with previous molecular-dynamic predictions of larger clusters impinging on noble-gas films. In addi-
tion we find that the dimer fragmentation rate decreases when the binding energy increases. In order to explain
the unexpectedly low dimer fragmentation observed at high kinetic energy, we suggest that after fragmentation
partial reaggregation occurs by diffusion of the fragments within the hot region around the impact point.
[S0163-182698)00735-9

I. INTRODUCTION fragmentation rate when very small metal clusters are depos-
ited in a rare-gas solid film as a function of the kinetic en-
The synthesis of nanostructured material, which can bergy of depositiorEy, the cluster size, the binding energy of

seen as solids composed of small units that conserve some tfe atoms forming the clusters, and the rare gas composing
their individual properties after being assembled, is of pri-the film. UV-visible optical spectroscopy is used as a means
mary technological importancePreparation of such material for the identification of the resulting products. It is shown
can be achieved by controlled growth of the elementary unitghat the fragmentation rate increases with the kinetic energy
on a substrate or by depositing the already formed smalf deposition and decreases when the cluster size increases.
units onto a support. In the last case it is crucial to controWe also find that the fragmentation rate decreases when
the deposition process because it is essentially responsibiéanging the rare gas from Xe to Kr and from Kr to Ar, and
for the structure of the material obtained. One major goal igvhen the cluster binding energy per atom increases. These
to find and understand the conditions that allow cluster deporesults are compared to the collision of particles with a bare
sition without fragmentatiosoft landing and without dam- metal surfacé. MD calculations of Cheng and Landntah
aging the partly built material. For example, it has beenserve as a guideline in the discussion.
shown experimentally and by molecular-dynami@dD)
simulations that the deposition of Agon a bare Pd100)
surface leads to strong fragmentation, and to implantation of
some of the cluster atoms, for incident kinetic energies as The experimental setup has previously been described in
low as 2.8 eV per atorf® Similarly, the MD study of Hsieh  detail” Briefly, positive metal cluster ions are produced by
et al. of Cuy3 deposition on a Cu surface at 1 eV kinetic sputtering, size selected by a quadrupole mass spectrometer,
energy per atom indicated that 10% of the cluster atoms engnd codeposited with the matri&lm) gas on a cold12 K)
up embedded into the substrate, modifying locally the surCaF, window. lon currents are in the nA range and decrease
face structuré. However, MD simulations of Cheng and strongly when increasing the cluster size. The deposition
Landman suggested that the addition of a thin rare-gas filnarea is shown in Fig. 1.
on top of the surface should help to deposit the particles The incoming ions are neutralized with a low-energy
nondestructively. They studied the impact of (Naglknd
Cuy4; With various rare-gas films® and examined in detail
the variation of the cluster internal temperature during colli-

Il. EXPERIMENT

70 K cold screen
10 K cryostat

sion. Soft landing of metal clusters in van der Waals matrices ion trajectory %

has been obtained by our grolipnd it has since been con-

firmed and applied in several experimefits Very recently \ 7] NH

the soft landing of metal clusters on a metal surface hasbeen __ ==l | CaF, window
successfully demonstrated experimentalifthe addition of ;;;J = :

a thin Ar film on top of a RtLl11) surface allowed us to %—;7—%}/7 Y . | —
deposit Ag* without fragmentation or implantation for an —— | B

impact energy of 2.8 V per atom. The use of a rare-gas film filament
to softly land metal clusters on a surface seems a promising %

technique; however, the physical aspects of the process need ams griﬁ 2 cm

to be more deeply investigated.
In this paper we present an experimental study of the FIG. 1. Detail of the experimental setup in the deposition area.
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FIG. 2. Excitation spectra of AJ deposited in a Kr matrix at FIG. 3. Silver dimer fragmentation rate as a function of the
20, 80, and 55 eV total kinetic energies. kinetic energy per atom, when deposited in Ar, Kr, and Xe films.

(typically 1 eV) electron bgam situated near the cold win- matrices are highly diluted we have not observaadd do not
dow. We believe for two different reasons that cluster neu- :
tralization occurs when the ions are already inside the matriprecl. any features coming from clusters larger than those
or on the rare-gas surface, rather than in the gas phase befoq'g?os't(ejd' di he f . defi

reaching the matrix. First, in the case of the dimers, the ion-h n order to discuss the rr]agmentga)tlon procr:-zss, we gefine
ization potentials are large compared to bond energies. Cor%—e fragmentation ratié as the ratio between the number of

sequently, all the incident dimers would be fragmented ifparent clusters that fragment during deposition and the total

they were neutralized in the gas phase, but this is not wh umber of parent clusters deposited. In the particular case of

we observe. Second, it has been shown in an experiment ergedne?ﬁjgfgawen dﬂs?hge;{g;thgaffc?;gsthtged.?gob d
setup similar to the one used here that the deposition of F under peaxs imer ban

ions in nitrogen matrices leads to complexes that were no@rea(centered at 4'55. eVof the excitation spectraQ ?S
9 b elated toF by the relationF = (1+2Q,/Q) ! whereQ, is

obtained in earlier attempts from neutral deposits. This hal‘ﬁ1 | Id obtain f | taining th
been attributed to the ionic nature of the precursor, whic e value ofQ one would o ain for a slamp € containing the
same number of atoms and dimeFs= 3). In principle, Qg

remains charged for a while in the mattfkThe electron . . e
current has always been maintained far above the minimurfio’ be determined using the excitation spectrum of a sample

current necessary to neutralize the positive charges brougﬁfmta'.nmg only atoms, _knowmg the OSC'""?“.W stre_n_gth Qf the
transitions, and assuming that the deposition efficiencies are

by the clusters. We also find that no influence on the depo- v th for at d di : ice th
sition is detected when changing the electron energy in th early the same for atoms and dimers. In practice the uncer-
0.5-5-eV range. tainties on the particle densities in the matrix lead to a very
The deposition kinetic energy is defined Bg=e(U yq ImpreciseQo vglue. Another method to determing, is to
—~U,) whereU 4 and U, are the voltages applied, respec- use an excitation spectrum obtained after the deposition of
tively, to the last electrodégrid) prior to the deposition, and tdr.|mers: ?t h'gh k||n§t|c ()e(nirg)zj(y, z_all_?]s'urr?lng :]hat' the only
to the sputtered targeg being the electron charge. Notice, Issoclation channel 85— Xp+ X, . This hypothesis Is sup-
however, that the kinetic energy of ions produced by sputporte.OI b_y the fagt that the excitation spectra did not change
tering is a distribution centered around 10 eV with a fuIIfor kinetic energies of deposition comprised between 50 and
width at half maximum(FHWM) of typically 15 eV lead- 100 eV. In the case of silver in Kr matrices, the mean value
ing to a kinetic energy a few eV greater thﬁa,. High of QO optainfg f:com the t\(/jvo methods QO:L&. O'?}' The
kinetic ener articles are deflected from the ion beam by Stmation ofQq for Arand Xe matrices, done in the same
ay p ay, givesQg(Ar) =1.1+0.5 andQq(Xe)=1.3+0.6, show-

an energy filteBessel boxwhich also acts as a stop for the 4 . :
neutral clusters. In order to avoid any aggregation in the"9 that the relative fluorescence yield of'ﬁgnd A, 1.€.,
may depend on the matrix gas.

sample, cluster densities in the matrices are kept close td'€ Value 0fQq,

1/10°. Matrix samples are studied situ using standard Uv- N Fig. 3 we show the fragmentatidhas a function of the
visible absorption and excitation spectroscopy. kinetic energy per cluster atoEf;=E4/N obtained from the
excitation spectra of Ag deposited in Ar, Kr, and Xe ma-

trices. It clearly demonstrates that the fragmentation in-
creases WittE] for the three matrix gases. Approachikg

As an example, excitation spectra obtained after deposi=0, F does not decrease down to zero but seems to have a
tion of Ag,” in Kr matrices atE4=20, 30, and 55 eV are minimum between 5 and 10 eV. This is due to the fact that
shown in Fig. 2. The triple structure centered around 3.95 e\the cluster beam has a kinetic energy distributeHWM of
corresponds to the knowfS— 2P excitation of neutral sil- around 15 ey and part of the low-energy side of the distri-
ver atoms in a Kr matrix, whereas the band centered nedsution is cut off wherEg is under 15 eV.
4.55 eV was assigned to thé—B,C absorption of Ag.’ Figure 3 suggests that the fragmentation ratio grows when
The presence of silver atoms in the matrix is due to thechanging the matrix gas as from Ar to Kr and from Kr to Xe.
fragmentation of dimers during the deposition. The spectrd he absorption spectra give, however, more reliable informa-
clearly show that increasing the deposition energy increasdfn since the absorption oscillator strengths are less sensi-
the atomic signal with respect to the dimer one. Since outive to the medium than the fluorescence response. Figures

Ill. RESULTS
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FIG. 4. Absorption spectra ofia) Ag," deposited at 20 eV

kinetic energy; andb) Ag,* deposited at 30 eV kinetic energy, in FIG. 6. Fragmentation rate of various dimers deposited in Ar
Ar, Kr, and Xe films. films at a kinetic energy of 10 eVexcept F§, which has been

deposited in a CO film at 20 eWs (a) the neutral dimer binding

A(a) and 4b) display the absorption spectra of Agand energy, andb) the ionic dimer binding energgsee Table)l

Ag;" deposited at, respectivelfE4=20 and 30 eV, in Ar,
Kr, and Xe matrices. In both cases, the ratio of the integrate
atom signal to the integrated parent absorption increase[ﬁ

from Ar to Kr matrices, and from Kr to Xe matrices. This The cluster binding energy is obviously a parameter that

gonfirms the measurements presented in Fig. 3. . should also influence the deposition process. Several metal
In our previous work we have shown that the absorption

) dimers, size selected prior to deposition, have been studied in
bands observed in the 225-500-nm wavelength range f Ag : . : :
. . . In Fig. I he f f
(N=1-39) embedded in Ar matrices are related to the pla:smatrlces n Fig. &) are plotted the fragmentation ratio o

) X - . those metal dimerdisted in Table ) deposited in Ar aEy
mon resonance predicted by classical thédry® The inte-  _ . g ; n
grated spectra correspond on average to 90% of the tot I10 eV vs their neutral binding energidexcept Fg',

fhich has been deposited in a CO matrixEf=20 eV)
oscillator strength of the electrons and therefore scale with . .. T . o
N. In Fig. 5 we present the absorption spectra of AgN This figure clearly indicates that the fragmentation ratio de

2,3, 5, and 7 deposited in Ar matrices 4 — 20 eV for creases as the neutral dimer bond becomes stronger. The

- - - binding energies of the corresponding positive dimer ions are
N=2,3 andE =30 eV forN=5,7. The Ag spectrum shows only known for Ca*, V,*, Ni,*, and Fg* (see Table)l As

clearly a weak atomic feature while the dimer absorption i - - :
difficult to identify. The atomic absorption is also discerniblesa%\geuﬂgg ;?ol;:gt'hgo)r’] é:?rztla ;?rl:]ref Eligginzgreer? e\r,élit Qsths Ottr s r:ﬁ at
'r?eﬂ:zn?;nta?neg speA(;t;ur;,_nbut Iif:;tCO\t/fe](;ed Egagﬁlgf 'lth‘?hey would be better aligned if the fragmentation rate of Fe

P ) uming N9 had been scaled fdE3=5 eV according to Fig. 3, and cor-

—Ag+Ag-1) is the only effective one, a fragmentation X . :
ratio can be extracted from those spectra for the four sizes b&ecged by the energy gained from the exothermic reaction of
6" deposited in CO.

integrating the area under the absorption peaks. WeHind
=0.3, 0.2, 0.15, and 0.1 for, respectively=2, 3, 5, and 7,
indicating that for similar kinetic energies the fragmentation
ratio goes down when the cluster size increases. This is not The deposition process of a particle on a surface is a

surprising, considering that the energy per atBfnis de-  complex dynamic phenomenon. It can be schematically de-
creasing. We find that the cohesive energy per atom of @omposed into three steps, as MD simulations have shown.
The first corresponds to the initial impact between the cluster
and the surface, which involves at least one surface and one
cluster atom. Then the clustef®r their fragments are
strongly decelerated by friction with the medium as does a
bullet into a target. During the deceleration time the cluster
temperature increases drastically. Finally, the immobilized

W clusters(or fragmentg start to cool down at a slow rate com-
ot pared to the heating rate.

%uster increases with siZe(beside some modulation in the
w-size range due to shell effegtsvhich tends to amplify
e effect.

IV. DISCUSSION

Agp

Ags

Absorption

A possible approach is to consider these processes as a
general reaction in which the reactants are the metal cluster

T y ' T ' ions, the neutralization electrons, and the matrix atoms; the
3.0 3.5 4.0 4.5 5.0

Photon energy (eV)

Agy

products being the matrix containing metal clustérag-
mented or ngtand some sputtered matrix atoms leaving the

FIG. 5. Absorption spectra of Ag and Ag," deposited at 20 SurfaceX’ In order to predict what will be the reaction prod-
eV kinetic energy, and Ag and Ag" deposited at 30 eV kinetic UCts, it is important to understand the process pathway. For a
energy, in an Ar film. The three dotted lines indicate the position ofgiven matrix and cluster chemical composition, the cluster
the atomic absorption peaks. incident kinetic energy per atoigj=Eg4/N is the main pa-
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TABLE I. Fragmentation ratid= of metal dimers deposited in the cluster temperature and its penetration into the substrate
Ar matrices at 10 eV kinetic energigxcept Fg*, which has been gre given forE§=1.3 and 5.3 eV. However, no cluster frag-
deposited in a CO matrix &;=20eV), Do neutral andD, ionS mentation has been revealed by the simulations. The results
are, respectively, the experimental neutral and positive ions blndlnghow that the cluster temperature grows during the decelera-

energies. . . i
tion and reaches roughly a maximum when the particle stops.
Species F (%) D, neutralseV) Dy ions (eV) Then the cluster temperat.ure starts to _deprgase. The time
scale of the warmup is typically 1 ps while it is one to two
Va 12.5 (Ref. 8 2.75 (Ref. 17 3.14(Ref. 18 orders of magnitude larger for the cooling. The highest tem-
Re, 15.0 (Ref. 19 4.0 (Ref. 20 peratures attained by the cluster when deposited in an Ar
Co, 175 (Ref. 2)  0.95 (Ref. 20 ~ 2.76(Ref. 18 film were 850 and 2000 K foE3=1.3 and 5.3 eV, respec-
W, 1.25 (Ref. 22 5.0 (Ref. 20 tively, and 1150 and 4000 K when deposited in a Xe film.
T 0.1 (Ref. 23 4.0 (Ref. 20 Interestingly, the proportion of the initial kinetic energy that
Hf, 5.0 (Ref. 24 3.4 (Ref. 20 is converted into cluster thermal energy is about the same for
Ni, 275 (Ref. 25  2.07 (Ref. 20  2.08(Ref. 26 the twoE§ studied, but roughly doubles from Ar to Xe. They
Nb, 0.5 (Ref. 27 5.0 (Ref. 20 also studied the collision of a 32-molecule NaCl cluster with
Zr, 1.5 (Ref. 28 3.2 (Ref. 20 a bare NaCl surface and covered with an adsorbed neon or
Ag 225 1.65(Ref. 20 argon film, at a kinetic energy of 2.72 eV per molecule.
Fe 30.0 (Ref. 10  1.14 (Ref. 29  2.74(Ref. 29 Here again, the highest temperature reached by the cluster

almost doubles when changing the gas film from Ne to Ar. In

- . the case of the Ne film, they give the spatial gradients of the
rameter that ca(l)ntrqls the collision outcome. In our experi-;, density, pressure, and temperature when the cluster tem-
ments, wheree, varies between 2.5 and 50 eV, it representsye aqre has reached its maximum value. At this point the
the principal part of the energy involved in the process. Nevhighest temperature reached by the Ne atoms surrounding

ertheless, other energy contributions have also to be taketﬂe cluster is close to 1600 K, and it decreases to 200 K 10 A

into account: the neutralization ener@ypically a few eV, away. Cheng and Landman propose a simple model that cor-

the chemical energy due to the bonding of the metal atoms t R )
the matrix atomgnegligible in rare gasesthe clusters initial rglates _the energy transfer _and redlsfmbunon desc_nt_)ed by the
simulation with macroscopic properties of the collision part-

thermal energytypically 0.1 eV per atom when created by a ners, such as mass densities and sound velocities
sputtering source and the Coulomb energy between the |on|_ One essential parameter given by the MD simulations is

and its mirror charge in the substrate, which tends to aCCthe temperature reached by the cluster, which is determined
erate the incoming cluster ions. The Coulomb energy is dif; P y !

ficult to estimate in the case of deposition and neutralizati0ripsyctlr;i;nE’;ggtggrgter:;?ﬂZzfsnudrégefr'gCﬁig;;{'igit'fafge;%'vl\;{e
in a matrix; it is very likely negligible. For direct deposition y 9 !

on a metal surface it is of the order of 2 eV. The clusterSha" assume here that it increases when the cluster tempera-

potential energy may also change when the cluster fragmen{ ersclgcgf aseefsr.aurr;deirt;?iIc?nars;[:rgﬁnt%r; rtr:]aetr(i];alelitsag\;ed %ipfhr;
or/and modifies its structure. This also may affect the depo- 9 9

- a
sition process, although for small sizes the energy involve(ﬁjeﬁosr']t'on enlerg)EdeShhown bi; tLhe gweas.urk;amr:en:]s ag:ljrees
should not exceed some eV. During collision, the kineticV't" the results of Cheng and Landman: both the cluster

energy is converted into cluster vibrational enexgjuster temperature and the measured fragmentation rate increase

o ) .
heating and thermal energy in the matrix. Part of the energy?ith Eq and changing the matrix gas from Ar to Kr and from

can also be taken out of the system by sputtered film atom&' t0 Xe. In addition, the dependence shown by the dimer
The relative importance of the energy conversion ratd'agmentation rate on the binding energfig. ) is easily
through the different channels is determinant on the issue gixPlained within this approach. For the same cluster tem-
the process. Another important parameter is the cooling ratBerature, weakly bonded clusters have more chance to frag-
of the cluster and the matrix atoms in its neighborhood; it isT€nt than strongly bonded ones. _ o
related to the heat transport efficiency, and may depend on,However, some observations are not compatible with this
other processes, such as the evaporation of the matrix. [RiCture. Intriguingly our measurements indicate that the pro-
addition, the cooling channels are interdependent. For exRortion of nonfragmented dimers after deposition is nonneg-
ample, a strong evaporation of the matrix affects the healigible even at kinetic energy per atoEf as high as 50 eV
transport efficiency. (see Fig. 2 This cannot be explained by taking into account
The only way of gaining a detailed insight into the differ- the width of the kinetic energy distribution in the cluster
ent processes occurring during deposition is to refer t@eam. Speaking in terms of temperature; K0is a conser-
molecular-dynamic simulations, using effective potentials.vative estimate of the highest temperature reached by the
The theoretical work closest to our measurement has beefimer for such higteg. Another approach is to estimate the
done by Cheng and LandmAnyhich describes in detail the energy transferred to the cluster during collision assuming an
collision between a copper cluster made of 143 atoms and agnergy transfer ratio similar to the ones given by the simu-
Ar or Xe liquid film. Although the cluster size in this simu- lations, which are typically 12% in Ar and 24% in Xe. Hence
lation is large compared to the sizes involved in our studthe energy transferred to a dimer during the collision with a
the qualitative aspects of the collision process revealed be film at E{=50 eV would be 24 eMextreme case At
these calculations remain valid in our experimental conditiorsuch internal energy, it seems clear that a silver ditherd-
and are important to interpret our results. The evolution ofing energy=1.65 e\} will definitely fragment even if the
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time at disposal is very shofbf the order of 1 ps, which the simulation indicates that the freezing temperattypi-
corresponds to typically 10 dimer vibratigns cally under 100 K is reached after more than 20 ps.

We propose that the kinetic energy dependence of the Reliable quantitative estimates of the collision of very
measured fragmentation rate is due to a process that includemall metal clusters with rare-gas films are very difficult be-
some reaggregation. At high kinetic energy, most of thecause it is a highly nonequilibrium system. Thermodynamic
dimers fragment at the beginning of impact. The atomsvariables such as temperature, pressure, heat conductivity,
propagate independently from each other, but are stronglgnd diffusion constant are not well defined in the nanometer
decelerated by the “friction” against the matrix that warms and picosecond scales. In addition, even if the system could
up locally to reach a supercritical staferessure and tem- be described by quasiequilibrium states, the value of the
perature are of the order of gigapascals andl KOrespec- thermodynamic variables are generally unknown for super-
tively, as shown by the simulatipnFinally, the hot matrix critical states. Therefore, a MD simulation of the collision
volume containing the two atoms cools down at a low rateperformed in our experimental conditions are needed to un-
(compared to the warmypallowing the two fragments to derstand more deeply the collision process.
recombine. Assuming that all the energy is used to vaporize
the matrix, the gas bubble formed around the clusteiEpr V. SUMMARY AND CONCLUSIONS
=50 eV should not contain more than*1@re-gas atoms for
Ar and 5x 107 for Xe. Hence, considering the low cluster
density in the matriX1:1%), reaggregation can occur only

between atoms of one given cluster. X ! . : )
9 gas forming the film(Ar, Kr, and Xe. Silver dimer deposi-

Direct deposition of metal clusters on a metal surface ha X : ; .
been studied by MD simulations and experimentally. In thetion shows that the fragmentation rate increases with the ki-

case of Ag™ colliding on a bare RA00) surfacé? it has netic energy and changing the film material from Ar to Kr
been shown that implantation of the cluster atoms into thé'@md Xe. Experimental studies of different dimers deposited

substrate is crucial to explain the experimental dataEjt In Ar also _|nd_|cate that fche fragmentation rate decreases
. when the binding energy increases. The observed trends are
=13.6 eV, about four atoms of the heptamer silver cluster

ion are imolanted into the first Pd laver and remain arou edconsistent with microscopic descriptions of the collision be-
P Y 9rouP€Gy, een medium-size clusters and rare-gas films previously ob-

the other threeaatoms being spread in the adlayer_ over Iargtg\ined by MD simulations. We also propose that the unex-
distances. AlE,=2.9 eV most of the atoms remain n the ected low fragmentation rate observed at high kinetic
adlayer and are well separated from each other. In this cas

: ergy can be explained by a reaggregation mechanism
unless we heat the substrate, the reaggregation process,rg‘ Jy P y goreg

We present an experimental study of the collision be-
tween small metal clusters and rare-gas films as a function of
the cluster kinetic energ{2.5-50 eV per atopp and the rare

. . - imilar to the mechanism that occurs in a cluster aggrega-
fective when clusters are deposited into rare gases, does

0 hand. th f fthe cl 9 th ; n source). We suggest that most of the dimers fragment at
occur. On one hand, the cooling of the cluster and the neigiy, q beginning of the impact. As revealed by MD simulations,
boring substrate atoms is very rapid, and, on the other han

h I £ th . h I e fast deceleration of the fragments overheats locally the
the mﬁ tlngftempelratl;\re of the rarle gacshes IS mch srga &lim to form a high pressure, temperature, and density region,
than that of metals. As an example, Cheng and Landmag,q iffysion of the fragments inside this hot area gives them
have shown that the temperature of g guluster that col-

; X some opportunity to recombine.
lides a bare C(111) surface aE§=5.3 eV, increases up to

6500 K in around 0.2 ps and then decreases down to 2000 K
(considered as the freezing temperatireless than 1 p§;

the temperature of the substrate Cu atoms surrounding the This work has been supported by the Swiss National
cluster evolves in the same way. In the case of rare-gas filmsund, Contract No. 20-28913 90.
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