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An experimental setup for nondestructive deposition
of size-selected clusters
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An experimental setup for the deposition of mass-selected clusters using a laser vaporization source
and a magnetic field mass selector is presented. Nondestructive deposition and a coverage of 1% of
a monolayer withi 5 h are achieved for mass-selected metallofullerene clusters as demonstrated for
deposited Ce@gg on highly oriented pyrolytic graphite. @002 American Institute of Physics.
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I. INTRODUCTION studied upon size-selective depositfénFinally, gathering
all the information could be used to tailor new nanoscopic

One of the main interests in cluster physics is the atommaterials with unique chemical, magnetic, or metallic prop-
by-atom investigation of material properties when goingerties. In order to apply surface sensitive techniques a cluster
from the atom towards the bufkFor example, the monitor- density of about 1% of a monolayer corresponding~tt
ing of the band gap closure in Hg clusters as a function otluster per 100 nfis needed. These challenging objectives
cluster size has been a milestone in cluster phy’s@s.far,  require extremely intense cluster sources combined to high
most experiments on mass-selected clusters are limited to theansmission mass spectrometers. Furthermore, the landing
gas phase, e.g, mass spectrosCdpyjon mobility  of mass-selected clusters on the surface needs to be as soft as
measurement¥® and laser photoelectron spectroscopy onpossible to reduce the distortions of the clusters and surfaces
anions’® While the study of clusters in the gas phase pro-to a minimum.
vides invaluable information on isolated systems the investi-  So far, different cluster deposition setups regarding the
gation of supported clusters is essential for almost any appliype of cluster source and mass selection have been realized.
cation. The chemical reactivity of size-selected supported Pt clusters

One of the main motivations is a microscopic under-has been investigated by Heét al® These samples have
standing of chemical reactions and catalytic proce$sesbeen produced using a laser vaporization source and a quad-
There is a worldwide activity to develop more efficient and, rupole mass selectét.Quantum confinement effects of size-
particularly, more selective catalysts in order to enhance theiselected supported Pt clusters have been measured by the
chemical efficiency. For a systematic investigation the elecMeiwes—Broer  group  using  scanning  tunneling
tronic structure and geometry of individual clusters must bespectroscop$ They produced the clusters in an arc dis-
explored, e.g., to analyze the chemically active centers of theharge source, the mass selection has been achieved using a
cluster, the interacting orbitals, the vibrational frequenCieSmagnetiC sector field. The same combination has been ap-
bond orders and bond Strengths, and the valence eleCtrqﬂied by the Ganté'fngroup for X-ray spectroscopy on size-
density. Particularly the cluster—surface interaction needs tgelected supported Al clusteéisA time-of-flight mass spec-
be carefully examined because the substrate might totallifometer has been adapted to an arc discharge cluster ion
reshape the geometry and electronic structure of the clustegoyrce by Kaiseet al. in order to investigate the mobility of
On surfaces additional spectroscopic tools become availablg clusters on  surfaces using scanning tunneling
like photoelectron and photoabsorption spectroscopy usinghicroscopy?® The above experiments take advantage of the
UViis radiation and x rays or infrared and Ramanfact that laser vaporization and arc discharge sources are ca-
spectroscopy’ " Essential information on charge transfer, pable of producing clusters of metals and semiconductors
density of states, orbital interaction, hybridization, chemicaknat are hard to vaporize. They usually provide good condi-
information, Jahn—Teller distortion, and intermolecular clus-tions for cluster aggregation. An adiabatic expansion of the
ter interaction are revealed from these techniques. Furthegster-helium mixture provides ions with a narrow kinetic
more, using scanning tunneling spectroscopy the density Qfnergy distribution which are then mass-selected. Due to this
states both below and in particular above the Fermi level cagarrow energy distribution a magnetic or quadrupole mass
be monitored®~*! The latter information is not available sejection has the advantage of an optimal control over the
from gas phase experiments. Moreover, the gradual changggposition energy within-1 eV. The overall transmission is
of the properties from individual clusters to two- and three-ygaly petter for the gridless time-of-flight method, yet it
dimensional cluster assemblies as well as the properties ¢fas to overcome problems arising from the spatial extension
clusters on different substrates could be spectroscopicallys ihe cluster beam.
Principally different from the soft-landing method via
3Electronic mail: m.neeb@fz-juelich.de electrostatic deceleration fields is the deposition into a rare
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gas matrix at low temperatures. This method has been sutighter source since no additional channel is needed. The
cessfully employed by Laet al. who have investigated the focusing lens doublet is located about 2 m away from the
electronic structure of smallBBmetal clusters using synchro- target rod. A plano-convex and a plano-concave lens with
tron radiatior®’?® Their clusters are produced via ion sput- focal lengths of 300 ané-200 mm have been used, respec-
tering which principally lacks the advantage of cluster con-ively. In order to achieve a small beam spot on the sample
densation inherent to the other sources. The advantage {ge requirements to the laser beam divergence are essential.
higher cluster intensity, especially for small ones. MatrixThe second harmonit532 nm of a Q-switched Nd:YAG
deposition from a sputter source along with a quadrupol§ser(Coherent Infinity 40—100has been used as the vapor-
mass selection has also been used by Haréidl. in order  j;a4ion |aser. The 0.7 mrad beam divergence allows excellent
to perform scanning tunneling microscogTM) and fluo-  ¢,0,5ing conditions. The laser pulse energy is typically set to

resc:ance slpectrgsTéopyl r?n small Agd clusfl%r’Q.Ver%.lre- ¢ 20 mJ during operation. Higher ion currents were achieved
cently, von Issendorét al. have reported on the possibility of | - " target rod is slightly out of focus.

soft cluster deposition combining a magnetron sputtering To increase cluster condensation, a thermalization cham-

2Sggreom2rt1e%l a newly developed time-of-flight maSSber with 10 mm diameter and 12 mm length is used. For
' Jnost efficient fullerene production, this is followed by a drift

In the present article a cluster deposition machine fo : )
soft landing is described, which combines a pulsed Iaseri-Ube of 20 mm length with a nozzle of 3 mm diameter. The

vaporization source and a magnetic cluster ion sel@@tor. Nelium inlet nozzlg1 mm diameter, 6 mm lengtfs directed
The performance of the machine is illustrated by mass spe@t0 the laser spot on the target rod, and it can be either
tra of metal—carbon clusters and STM pictures of Ce@C pulsed or continuous. In the pulsed operation mode, a sole-

on h|gh|y oriented pyro|yt|c graph|té—|OPG) noid Valve(General Valve, SerieS)QS used which is driven
by a homemade power supply at 220 V. A variable opening
Il. EXPERIMENTAL SETUP time between 30 and 60@s is possible, and the optimal

source performance is achieved for opening times of 90—-140

Figure 1 shows an overview of the experimental setup,,s depending on the helium pressure applied and the desired
The machine combines a laser-vaporation source, a magne{iGerene. TheQ-switch of the laser is the master trigger of

field mass selector, and a soft-landing deposition stage. Ttme whole system. Using a built-in pretrigger a typical delay

clusters_are deposned at l.JHV cond_mons. _Sample; can bf;rme of 510us between the helium inlet and the laser shot is
loaded into various experiments without interrupting the

- . applied. The helium(He 6.0 is injected into the system at

UHV conditions using an UHV transport chamber. backing pressures ranging between 0.5 and 20 bar. In the
A. Cluster source continuous operation mode proper cluster condensation is

Our design follows the one proposed by Heitzal2? only ppssible when the helium pressure is adjusted-f
The principles of a laser-vaporation source are describefiPar in the source chamber. While the pulsed mode of op-
elsewheré? It has been modified in order to gain high ion €ration supplies slightly higher ion yields, the continuous
currents of doped fullerenes along with a long-term stabilitymode guarantees a more stable overall performance of the
of the cluster source. Target rods with diameters between gource. Before entering the mass spectrometer the molecular
and 15 mm and lengths of 50 mm are used. During operatioR€am is skimmed twice passing a differential pumping stage.
the rod rotates at a variable frequency of typically 0.2 Hz,The diameter of the skimmers is 5 mm each. The naturally
and the rotation is superimposed by a translation in order téonized clusters present in the cluster beam are accelerated to
avoid hole burning. 4 KkeV kinetic energy prior to mass selection.

The laser beam is fed into the source on the axis of the  While for metal targets, e.g., Pt, the evaporation of mat-
outgoing cluster beam, which gives the advantage of der is almost negligible yielding a quite stable source perfor-
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mance and high target lifetimes in the range of 1000 h, thallows a nondestructive cluster deposition. The ion current
graphite or mixed metal—graphite targets burn more rapidlyon the substrate is measured using a Keithley analog elec-
In this case, the lifetime of the target is limited+dl0 h, and  trometer. When removing the sample the ions can also be
the substantial removal of matter from the target rod leads tenonitored using a channeltron that is located right behind the
an unstable cluster source performance on a time scale slbstrate.

several minutes. Moreover, the deposition of carbon soot in-  Highly oriented pyrolytic graphitédHOPGQ was mainly

side the cluster source generally blocks the nozzle after somgsed as substrate, which is a standard surface in scanning
time which usually needs to be cleared hourly. The maxitunneling experiments. Moreover, it is inert with respect to
mum deposition rate was achieved at a background pressurest gas contamination and is simple to prepare. Along with
of 2—4 bar He and an opening time of the pulsed valve oits electrical conductivity it is a very suitable substrate for
90-140us. A background pressure of less than 1 bar hagluster deposition. At low coverage, the substrate for x-ray
been of advantage to produce larger metallofullerene clugshotoelectron spectroscopy must be chosen in a way that the
ters. The pressure in the cluster source chamber was usualijuster-related core level lines are not masked by any sub-

held within the 10# mbar range during deposition. strate peaks. The clusters are deposited at room temperature.
The cluster-covered samples can be transferred to the
B. Mass selection STM without interrupting the UHV conditions. Using a por-

table UHV suitcase they can be loaded into various other

Fo_r masz sTerI1ect|on a mag:ljngtlc f|eldbanaly®r;elng In- surface investigation machines such as x-ray photoelectron
tectrg is used. The mass resolution can be pushed to a MaXy, 4 IR spectrometers.

mum m/Am~ 1000, but for the sake of higher transmission
the system has been operatedréts m~ 300 during deposi-
tion. The overall transmission of the mass selector has been

determined to be 60% for Cscations produced by a cesium

oven. One of the main requirements for nondestructive depo. vacuum system
sition is the energy control of the incoming cluster ions. As
the width of the kinetic energy distribution of the monodis-
persed cluster ion beam is typically about 1 eV when using

magnetic sector field, a proper deceleration prior to deposi: ) , ,
tion is possible. five differential pumping stages are used. Moreover, the pres-

The cations in the expanding cluster beam are accelerY’® in the source chamber m_ust not _exce_e‘d3]rﬁbar._ Oth-
ated to 4 keV kinetic energy immediately behind the seconfrwise, the conditions are unfit for adiabatic expansion, and a
skimmer. In order to minimize the ion loss the field lines of SCattering-free molecular beam cannot be formed. The source
the accelerating field end on the surface of the skimmer. Thghamti)er Iks gut:nped byl/a 3200 Ik/)T turboputffeiffer TPU
accelerated ions are focused into the entrance slit of the mag209 Packed by a 300 I/s roots blowefeiffer WKP 1000

) and a 36 I/s rotary vein pumfPfeiffer DUO 120 A.

netic sector field and are deflected by 58° in a field with Wh i he d helium
magnetic flux density up to 1.2 T. An electron multiplier W"eN operating the cluster source at constant helium flow,
he pressure in the source chamber is in the low"lf@bar

behind the exit slit enables us to record mass spectra b‘&

scanning the magnetic flux density of the deflection field ai ange. Two skimmers with 5 mm diameter each t?order a
constant acceleration voltage chamber pumped by a 920 I/s turbo drag putRbeiffer
' TMU 1001 D). The chambers containing the entrance and

C. Cluster deposition exit slits of the mass analyzer are pumped by a 18(Pfs-
: iffer TPU 180 and a 220 l/gPfeiffer TMU 260 turbopump,

At a constant magnetic flux density a certain clusterrespectively. The ion tube between the poles of the deflection
mass is selected to pass the exit slit of the mass selectianagnet separates the ion source optics and the deposition
stage and to enter the deceleration optics. The 4 keV kinetioptics efficiently. A low cross section~5x 30 mnt) of 50
energy of the ions is reduced using three subsequent electrom length results in a high flow resistance. The pressure in
static lenses. The cluster beam is focused onto a circuldhe chamber immediately behind the magnet is about 5
aperture of 3 mm diameter located about 1 mm in front ofx 10”8 mbar during operation. This chamber also contains
the substrate. As the cluster source is connected to grouritie ion detector. The deposition chamber is pumped by a 390
potential, the voltage applied to the substrate determines thés turbopump(Pfeiffer TPU 450 H, a titanium sublimation
deposition energy of the ions. In order to combine the lowespump, and a liquid nitrogen trap. This chamber is separated
possible deposition energy with a minimum ion loss due tdrom the previous chamber by an ion drift tube of 25 mm
stray fields, the substrate voltage is adjusted according to thdiameter and 350 mm length. The tube is mobile in order to
mass of the selected cluster ions. After adiabatic expansioallow the closure of a gate valve when not operating the
in helium the clusters have a narrow velocity distributiondeposition. Thus the contamination of the deposition cham-
about a mean value of 1600 m/s. Clusters with differenter is limited, e.g., when recording mass spectra. During
masses have different kinetic energies. For example, whedeposition the pressure is in the high 20mbar range,
depositing Ce@g "~ (mass=861amu) onto a grounded mainly due to helium gas. The transfer system is equipped
substrate, the kinetic energy of the cluster is 11 eV resultingvith a battery-driven ion getter pump in order to warrant
in a kinetic energy per atom of 180 meV. For fullerenes thisSUHV conditions during sample transfer.

In order to overcome the nine orders of magnitude in
ressure between the cluster source pres&immba) and
ihe desired pressure in the deposition chamber { 10bar)
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FIG. 2. Abundance spectra of lanthanum-doped carbon cluster cations take%
at different source conditions. At low helium backing pres9@@0 mbay,
the size regime of doped fullerenes La@Qn=36) is prominent. In con-
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shows mass spectra of lanthanum-doped carbon cluster cat-
ions taken at different helium pressure conditions. As shown
previously, the mass spectra obtained from metal-doped car-
bon rods(doping concentration 1%, metabc, Y, La, Ce,
and Gd usually start at the metal monon#ér® At low he-

lium backing pressuré€00 mbay, the abundance of the clus-
ters in the cage regime La@Q(n=36) is strongly en-
hanced with respect to smaller clusters. At a backing pressure
of 2 bar the main intensity switches to lower masses, and
LaC,™ clusters with up to 20 carbon atoms gain intensity. At
all pressures applied, LgC clusters withn=0, 2, 3, and 4
appear in the spectra, whereas clusters win5<20 disap-
pear at still higher pressures.

B. Mass resolution

Figure 3 shows a mass spectrum of pure carbon cluster
cations in the mass range up to 2714 amu. The onset, bf C
cluster intensity is found around= 30, which is also sup-
posed to be the onset of cage structures. The overall distri-
bution peaks aroundi=140, and clusters with more than
200 carbon atoms are produced in considerable amounts. As
only even-numbered clusters show up in the spectrum,
fullerenes are the most likely structures in the cluster beam.
This spectrum has been recorded in the pulsed valve mode at
particularly low helium background pressure of 540 mbar
and moderate laser power. The inset shows an enlargement
of the mass region between 1420 and 1550 amu. The peak

trast, at higher pressuf@000 mbay LaC," clusters with less than 20 car- \yidth at half maximum is about 6 amu yielding a mass reso-

bon atoms gain intensity with respect to the low-pressure spectrum.

[ll. RESULTS

A. Production of carbon clusters

lution of M/Am~300. This spectrum has been taken with

both the entrance and exit slits wide open in order to get
maximum ion throughput. The mass resolution can be im-
proved by narrowing the entrance and exit slits, however, at
the cost of a reduced transmission.

The cluster condensation process depends crucially on

the applied helium pressure. A general trend can be o
served: at low helium pressure the production of fullerenes™

b-

C. Deposition

and cage structures is preferred, whereas at higher helium Figure 4 shows scanning tunneling pictures of a HOPG
pressure small clusters are produced preferentially. Figure Qurface covered witlia) Ce@G, and (b) Cgq clusters, the
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FIG. 3. Mass spectrum of pristine car-
bon cluster cations with masses up to
2600 amu, taken at a helium back-
ground pressure of 540 mbar. The in-
set shows the mass peaks of
Cia0' —Cizs' . An analysis of the peak

widths yields a mean resolution

m/Am~300.

212
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thermally evaporated & molecules:®>*! Moreover, an over-

all agreement between the measured peak positions and cal-
culated local-density-approximation eigenvalues has been
found.
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