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bstract

An instrument designed to investigate the chemical behavior of size selected metal clusters on semiconductor surfaces is described. The clusters
re formed using laser vaporization, mass selected in a magnetic mass analyzer and deposited on TiO2 substrates under UHV conditions with

+ +
mpact energies ranging from ≤1 to >100 eV/atom. Intensities of mass selected Aun and Agn clusters range from 0.03 to 3 nA. Intensity, beam
ocusing and deposition energy are discussed. Once deposited on the surface, the clusters are investigated using scanning tunneling microscopy
STM) and/or temperature programmed desorption (TPD). Examples are presented showing STM images of Au5 deposited on a clean rutile titania
urface and of the TPD of propene from TiO2.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As part of a long ongoing effort to unravel the intricacies
f metal particle catalysis, a large experimental effort has been
ndertaken in the last 15 years to examine directly the behavior
f metal clusters on surfaces. These experiments are typically
one under UHV conditions as a controlled first step toward
nderstanding actual catalysis that occurs under much more
omplex conditions. And, because the effect of cluster size
s fundamentally interesting and of probable catalytic impor-
ance, the effort has recently centered on size selected clusters.
he experimental challenges are substantial. These experiments

equire: (1) an ion source capable of producing 100’s to 1000’s
f pA of mono-dispersed clusters; (2) some means of size select-
ng the desired cluster; (3) a UHV deposition section where the
ons can be landed on a well characterized surface (preferably at

ow energy); (4) the appropriate surface science instrumentation
ecessary to examine those aspects of the cluster behavior that
re of interest. Different groups have taken different approaches
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n meeting these requirements, especially as to the cluster source
esign.

Heiz and co-workers [1–3] use a high frequency laser vapor-
zation source followed by a quadrupole beam bender and
uadrupole mass selector. The source (similar to that of Gan-
opadhyay and Lisy [4]) uses an eccentrically orbiting metal
ample disk and produces ∼1 nA of Nbn

+ (n = 2–20). Up to
nA of atomic Nb+ could be produced. The mass selected clus-

ers are deposited on semiconductor or metal surfaces which
ould be cooled to ∼100 K. Analysis probes include tempera-
ure programmed desorption (TPD), Fourier transform infrared
pectroscopy (FTIR), X-ray and UV photoelectron spectroscopy
XPS/UPS). Neither scanning tunneling microscopy (STM) nor
tomic force microscopy (AFM) is included. Very narrow kinetic
nergy distributions of the ion beam are observed (∼0.5 eV
WHM).

Anderson and co-workers [5,6] use laser vaporization and
agnetron sputtering sources. Here, the sample is rastered under

omputer control. Ions exiting the source are transported by

phase space compressing quadrupole beam line through a

uadrupole mass selector. Cluster ion KE distributions are nar-
ow (<1 eV FWHM, for Ar+ ions formed via electron impact).
in+ (n = 2–10) currents of ∼0.03–0.75 nA were produced at the

mailto:bowers@chem.ucsb.edu
dx.doi.org/10.1016/j.ijms.2006.05.020
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arget [7]. Analysis capabilities include TPD, XPS/UPS/Auger
nd low energy ion scattering spectroscopy (ISS).

Jödicke et al. [8] use a sputtering source in which high
nergy Kr+ ions (produced in a cold reflex discharge ion source
CHORDIS)) are focused onto a metal target. Cluster ion cur-
ents of 0.1–1 nA of Agn

+ (n = 1–20) are produced with a 20 keV
r+ primary beam. The quadrupole mass selected beam can be
eposited at temperatures down to ∼20 K and are examined with
hermal energy atom scattering (TEAS) and STM (also cryo-
enic).

Palmer and co-workers [9,10] use a magnetron plasma sput-
ering source to produce clusters from 2 to >8000 Ag atoms
>60,000 Cu atoms). Much smaller clusters of Au and Si are
ormed. Mass selected intensities are in the range of 10’s of
A. The selection is via a pulsed lateral time-of-flight (TOF)
rrangement (M/�M is constant and ∼25) [11]. The deposited
lusters are examined with room temperature STM. The ion
inetic energy spread is large with a FWHM in the range of 10’s
f eV.

Kaiser et al. [12] use a pulsed arc expansion source to pro-
uce antimony clusters from Sb2

+ to Sb13
+. No information

s given as to intensity. Mass selection is done with a (rather
lever) TOF/pulsed electrostatic mirror arrangement. Both scat-
ering from, and deposition on, highly oriented pyrolitic graphite
HOPG) were done. The deposited clusters were examined with
oom temperature STM. The Meiwes-Broer group [13] also uses
pulsed arc discharge source to form clusters which are exam-

ned by STM. No mass selection is performed, however.
Klingeler et al. [14] make dosed fullerene clusters with a

malley type laser vaporization source. The laser enters through
he exit nozzle (as in the Lisy–Heiz source). A magnetic sector
s used for cluster selection (M/�M ∼ 1000–3000). Deposition
s normally on HOPG and the clusters are studied with room
emperature STM. Cluster currents on the order of 1 pA were
eported. Deposition energies of ∼180 meV/atom for Cs@C60

+

ere used.
Binns and co-workers [15,16] use a continuous flow gas

ggregation source (heated crucible in He) to produce nanometer
ized clusters (200–600 atoms). A quadrupole with axial ionizer
roduces mass selected ionic clusters which are deposited on
ooled metal substrates (40 K). Neutral clusters can be deposited
irectly without size selection. Ion currents are “considerably
ess” than laser vaporization sources. The KE spread in the dis-
ersed clusters is large in absolute terms (∼50 eV FWHM) but
mall on a per atom basis (∼0.25 eV/atom).

In the design of Laaksonen et al. [17], the output from
pulsed laser vaporization disk source is quadrupole mass

elected and then either deposited or further analyzed in a linear
OF. A quadrupole bending lens directs the beam. Currents of
5–10 pA (Si12

+) were observed. The ion KE distribution was
ot discussed.

In the following sections, we first describe the design and,
econd, the performance of a new instrument for depositing mass

elected metal clusters on semiconductor surfaces under UHV
onditions. In our first experiments, room temperature STM and
emperature controlled desorption are utilized to interrogate the
ystem. An example of each will be given.
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. The instrument

In general terms, the present instrument consists of a pulsed
aser vaporization source, a magnetic sector, an intermediate
ollector and finally, UHV chambers for deposition and STM
maging. The cluster ions move through five stages of differential
umping. An overview is shown in Fig. 1; the individual sections
re discussed below.

.1. Ion source

The laser vaporization ion source is shown in Fig. 2. The
perating principles of these sources have been discussed else-
here [18] and only the details relevant to the present design

re presented here. The sample format is a rotating translating
mm × 50 mm rod. The rod is mounted vertically directly in

he “waiting room” (∼1 cm3), directly in front of the pulsed
alve orifice (General Valve, Series 9). Ions exit through an
xpansion nozzle insert of variable bore and length (typically
.5 mm × 20 mm). In contrast to other reports [1,4], we do not
nd that these dimensions greatly affect the cluster distribution
r intensity. Argon is used as the expansion gas (rather than
he more commonly used Helium) as it seems to result is sig-
ificantly greater clustering. Neon and Krypton were also tried
ith no apparent improvement. The valve open time and the
elay time between valve and laser are variable and are critical
djustments. The Ar backing pressure is not critical, perhaps
ecause the valve open time is adjustable. The metal samples
ast about 8 h and are easily replaced (about 1–2 h from working
xperiment to working experiment).

The green line (532 nm) of a Nd-YAG laser (SpectraPhysics
ab Pro 290; 500 mJ/pulse, 50 ± 5 Hz.) is focused on the sample

hrough the nozzle orifice. A 1500 mm focal length plano-convex
ingle lens is used and gives a spot size of ∼0.4 mm. The avail-
ble laser power is far greater than optimal and a polarization
otator/splitter cube combination is used to adjust the power
ncident on the sample. This is a critical adjustment.

The ion beam exits the source vacuum chamber through
3 mm diameter skimmer (Beam Dynamics). The distance

etween nozzle exit and skimmer is adjustable (0–50 mm) which
as a small effect on the cluster size distribution. A focusing lens
s mounted between the nozzle orifice and skimmer and applica-
ion of −10 to −20 V (with respect to the nozzle) on this lens has
substantial effect on the ion intensity (despite the high pres-

ure in this region). The source/nozzle assembly is electrically
iased (∼150 V) with respect to the skimmer (0 V). This is also
critical parameter. The total ion current out of the source is

ead on the skimmer and used for rough tuning of the source
arameters.

The source chamber (Fig. 1) consists of a 6′′ (tube diameter)
ve-way cross. The ion source assembly is mounted entirely
n one ISO160 flange for ease of removal. Source alignment
s maintained by four locating rods mounted on the skimmer

ange which plug into the source assembly. The chamber is
umped with a helical grooved molecular pump (440 l/s, Osaka
S440) backed by a 44 m3/h rotary pump (Edwards E2M40).
his arrangement maintains a constant pumping speed up to
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Fig. 1. Overall view of instrument (drawn to scale). The absolute dimension of the laser vaporization source and associated pumping/expansion region is indicated: (1)
source chamber; (2) cluster source (see Fig. 2); (3) first einzel/steering lens; (4) diffusion pump chamber; (5) second einzel/steering lens; (6) acceleration chamber; (7)
a 0) las
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cceleration/focus lens (see Fig. 3); (8) ceramic break; (9) magnet flight tube; (1
hamber; (13) moveable detector; (14) z focus/steering lens; (15) turbo pump; (
ocus lens; (20) Auger; (21) microscope chamber; (22) microscope.

ource chamber pressures of almost 10−2 Torr and can handle
ource chamber pressures in the Torr range. The base pressure
n the chamber is in the low 10−7 Torr range.

.2. First differential pumping section
We use four stages of differential pumping to maintain nine
ecades of pressure differential between the ion source and UHV
eposition regions. The first comes directly after the skimmer

ig. 2. Ion source: (1) sample drive rotary motion feed through; (2) source linear
osition feed through; (3) ISO160 source mounting flange (all source connec-
ions are made here); (4) source linear position guide rods; (5) source locating
osts (on skimmer flange); (6) rotation/translation mechanism; (7) pulsed valve;
8) source body; (9) focusing lens; (10) skimmer; (11) skimmer flange.
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er entrance window; (11) deceleration/y focus lens; (12) deceleration/collector
ryo-manipulator; (17) deposition chamber; (18) sample holder stage; (19) final

nd consists of a 10′′ chamber pumped by a 2400 l/s diffusion
ump (Edwards 250 M) backed by a 20 m3/h rotary pump. The
ase pressure is ∼2 × 10−9 Torr which rises to ∼2 × 10−5 Torr
uring deposition. This chamber contains the first einzel/steering
ens and ends with a 1.5′′ gate valve. The valve allows the source
o be removed without venting the rest of the instrument. A solid
opper gasket with a 6 mm hole is used between the chamber and
alve to provide additional pressure isolation when the valve is
pen. The laser and ion beams are far smaller than this diameter
nd no loss of intensity results.

.3. Acceleration chamber

The next section consists of an 8′′ chamber pumped by a
100 l/s Turbo Pump (Osaka TG1133M) backed by a 20 m3/h
otary pump. The chamber provides another level of pressure iso-
ation with a base pressure of ∼1 × 10−9 Torr (∼1 × 10−8 Torr
uring deposition). The chamber also contains a second
inzel/steering lens and the acceleration slit/optics for the mag-
etic sector. Up to this point, the ion optics has cylindrical
ymmetry. However, because the magnetic sector has different
and z focusing properties, the acceleration lens must have a

eparate lens element for each dimension (Fig. 3).
The ions must be accelerated prior to entering the magnet. To
void biasing the source (and sample substrate) at high voltage,
he magnet flight tube is instead biased (800–1000 V typically).
eramic breaks are used for isolation and the acceleration volt-
ge is carried through the break on an internal tube. The sector
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Fig. 3. Acceleration slit optics: (1) initial orifice (0 V, cut away to show accel-
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described above (with the moveable detector) and the deposition
energy varied with the same interposed voltage (now applied to
the sample). The sample holder mount is electrically isolated but
thermally connected to the cryo-manipulator via sapphire wash-
ration slit); (2) acceleration slit; (3) z steering plates; (4) y focus plates; (5) z
ocus plates; (6) high voltage shield. The beam direction is in the x direction and
right-handed coordinate system defines the y- and z-directions.

as optimized for transmission rather than resolution and a
mm × 10 mm acceleration slit is used.

.4. Magnetic sector

A magnetic sector was chosen as the dispersion element for
everal reasons. (1) Magnet sectors have high mass capabil-
ty. At 1 kV accelerating potential, the mass range extends to

8000 amu. Even higher masses can be transmitted at lower
oltages (with lower resolution). (2) First order spatial focusing.
he accelerating slit is reimaged at the deceleration slit provid-

ng excellent transmission and ease of focusing. (3) The curved
ight tube provides an obvious path for the laser beam down

he ion beam axis (Fig. 1). Neutral clusters are also naturally
ejected. The actual sector used has a 55◦ included angle and a
adius of 298.5 mm. The flight tube is not separately pumped but
unctions as a differential pumping orifice due to its low con-
uctance (8.5 mm × 50 mm cross section). As noted above, the
ight tube is floated 800–1000 V above ground to provide the
ccelerating potential.

.5. Deceleration and intermediate collector chamber

Following the magnetic sector, the ions enter the collec-
or chamber. Here, they pass through the deceleration slit
3 mm × 10 mm) and a y focus/steering lens. At this point, they
an be collected on a moveable disk and the ion current read on
n electrometer (Keithly 6517A). Mass spectra and ion kinetic
nergy distributions are measured here. The KE distributions
re measured by interposing a highly isolated, variable voltage
ource between the electrometer and the collector. Since the elec-
rometer input is a virtual ground, the added potential measures

he effective source voltage with respect to ground.

In order to deposit clusters on a sample substrate, the collector
s moved out of the beam path. The ions then pass through a z
ocus/steering lens and on to the deposition chamber.

F
s
t
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The collector chamber is a 6′′ (tube dimension) five-way
ross. It is pumped by a 430 l/s turbo pump (Osaka TG413M)
acked by a 20 m3/h rotary pump. The base and deposition
ressures are both ∼1 × 10−9 Torr. The chamber ends with a
.5′′ gate valve which allows the UHV sections that follow to
e isolated when deposition is not underway. A welded bel-
ows/differentially pumped rotary coupling assembly is used to
onnect to the deposition chamber. This is necessary to allow
or both rock and pitch of the UHV chambers on the air table
see below).

.6. Deposition chamber

The next two sections (deposition and microscope chambers,
espectively) constitute the UHV portion of the instrument. They
re joined with a 6′′ gate valve and ride together on an air flota-
ion, vibration isolation table. Connection with the rest of the
nstrument (which is not floated) is through the flexible rotary
oupling noted above. Samples are moved from chamber to
hamber and held for deposition (and other UHV experiments)
n a long-reach, four axis, cryogenic manipulator (VG Helitran
000) which is temperature variable from ≤10 to 300 K.

The sample substrates (usually TiO2) are mounted in a uni-
ersal sample holder (OFHC copper; Fig. 4), which can be
ransferred from station to station (via the manipulator) and to the
TM for imaging. Along with the substrate, the sample holder
ontains a silicon resistance heater and a thermocouple (TC) for
ample temperature readout.

During deposition, the ion clusters enter the deposition cham-
er and pass immediately through a final focusing lens inside the
hamber. The sample substrate is positioned directly behind this
ens. The current on the sample is read in the same manner as
ig. 4. Sample holder: (1) retainer clips; (2) sapphire washer; (3) sample sub-
trate; (4) silicon heater; (5) sapphire washer; (6) sample holder body; (7)
hermocouple connection.
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rs. The manipulator can cool the sample holder to ∼10–20 K
llowing low temperature deposition and ultra soft landing on
n Argon or Krypton film.

The deposition chamber itself is a 12′′ cylinder with three
xperimental tiers. It also houses the temperature programmed
esorption (TPD) experiment and the XPS/Auger diagnostics
see below).

The chamber is pumped with a 500 l/s ion pump (Varian
acIon) together with a Ti sublimation pump and liquid N2
affle. A 285 l/s UHV rated turbo pump (Osaka TH261M)
acked by a 36 m3/h scroll pump (Edwards GVSP30) is used
uring pump down and bake out. The base pressure is below
× 10−10 Torr.

.7. Microscope chamber

This final chamber contains the microscope unit as well as
etal vapor deposition sources and the argon ion gun used to

repare the substrate surfaces. As noted, samples are moved into
his chamber with the long-reach manipulator. There is a separate

oad lock/manipulator entrance to introduce new samples and

icroscope tips.
The microscope (RHK STM100/AFM100) has both STM

nd AFM capabilities. The sample stage (where the sample

i
a
o

ig. 5. (a) Agn
+ mass spectrum, 0–2000 amu; (b) Aun

+ mass spectrum, 0–8500 amu; (
istribution.
ass Spectrometry 254 (2006) 202–209

older is mounted) can be cooled to ∼25 K to allow temper-
ture dependent studies of cluster behavior. The microscope
erformance is discussed below, but one point is worth noting:
he entire instrument is housed on the fourth floor and building
ibration clearly occurs. Despite this, the standard air suspension
ibration isolation table provides sufficient isolation for routine
tomic resolution.

For largely historic reasons, sample preparation (Ar+ bom-
arding and annealing) is done on the microscope stage. This
s clearly not optimal since it entails back filling the chamber
ith Argon gas as well as flashing impurities off the sample. A

eparate preparation chamber is planned.
The chamber is pumped with a 300 l/s ion pump (Varian

acIon) together with a Ti sublimation pump and liquid N2 baf-
e. The base pressure is ∼5 × 10−11 Torr. A second, UHV rated

urbo pump (Osaka TH261M) is used during pump down and
ake out. It is also used to evacuate the load lock.

.8. General features
Bake out in the ion source through collector chambers is with
nternal quartz-halogen lamps. Heating tapes and band heaters
re used on the UHV chambers and the magnet flight tube. Bake
ut of the microscope is limited to 120 ◦C. Either positively

c) Pbn
+ mass spectrum, 0–8500 amu. Note the resolution and bimodal intensity
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r negatively charged clusters can be deposited. To date, the
ositive clusters have been more intense.

. Instrument performance

.1. Cluster source

.1.1. Intensity and resolution
Fig. 5a shows a typical mass scan of silver clusters Agn

+

n = 1–16). Intensities range from 1.5 nA to ∼20 pA (Ag16
+).

he source tuning here is a compromise between high and low
tom numbers, and Ag+ and Ag2

+ currents an order of mag-
itude larger can be produced. The peak at 150 amu is AgAr+.
ig. 5b shows an extended mass scan of gold clusters from 0 to
500 amu. Intensities for Au1–4

+ range from 0.4 to 1.6 nA while
hose for Au5–40

+ are roughly 30 pA. Fig. 5c shows a similar
can of Pbn

+ clusters with better resolution. From this scan, the

ass resolution (M/�M) is seen to be ≥40 at 8500 amu, allowing

election of individual clusters up to Au40. The low mass/high
ass, bimodal intensity distribution seen in Fig. 5c is seen with
gn

+ as well. It would seem to indicate that clustering is too

p
t
u
i

ig. 6. (a) Kinetic energy distribution of Ag+ at the collector. With a deceleration p
bout 0–4 eV. (b) Ag2

+ KE distribution. Similar results with a range of deposition e
rom ∼0 to 9 eV. (d) Same as (a) except with He as the expansion gas. Note the lack o
ass Spectrometry 254 (2006) 202–209 207

fficient in the present source; however, attempts to “push” the
on intensity at high atom numbers to smaller sizes have not yet
een successful.

The present cluster intensities of 0.1–1 nA for Agn
+ and Aun

+

orrespond to deposition times of ∼10–100 min (for ∼0.02 ML)
nd are adequate.

.1.2. Ion kinetic energy distribution
In the absence of collisions, the cluster ion deposition energy

s given by the difference between source and substrate poten-
ials. When gas is present, energy is added in the expansion
nd subtracted by collisions in the acceleration region between
he nozzle and skimmer. The velocity added in the expansion is
airly uniform while a Poisson’s distribution of collision num-
ers (ranging from 0 to several) governs the energy lost. The
xpected result is a KE distribution with some fraction of clus-
ers having a uniform maximal energy equal to the acceleration

otential (i.e., source to ground potential, ∼150–200 eV) with
he energies of the remainder of the ions tailing off to lower val-
es. This is in fact what is found. Fig. 6a shows a plot of Ag+

on current versus detector stopping potential for an acceleration

otential of 167 V, about 50% of the ions are collected and have a KE range of
nergies from 0 to 5 eV. (c) Ag3

+ KE distribution. Similar results with a range
f tailing to low energy. The range of deposition energies here is from 0 to 7 eV.
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otential of ∼180 V. Superimposed on the data is an integrated
ormal distribution (fit to the high energy side of the data) as well
s its derivative. Note that the high energy half of the distribution
s quite sharp (∼1–2 eV wide) with an energy corresponding to
he source acceleration potential. This narrow distribution is crit-
cal because it is the high energy side of the distribution which is
eposited after retardation to 50% ion loss. The low energy part
f the distribution – although broad – is lost when the cluster ions
re decelerated before deposition. We can thus deposit ions with
2–3 eV/cluster. The KE range does increase with cluster size
Fig. 6b and c) but the maximum KE/atom is roughly constant.

Fig. 6d shows the result when He is used as an expansion gas.
he low energy tail essentially disappears, presumably because
f the much lower energy Ag+/He collisions. The overall width
f the distribution is wider than that found with Ar, however.
he reason for this is unclear.

The degree of tailing does depend on the expansion gas pres-
ure and at high enough pressures the low energy tail could
heoretically overtake the entire distribution. Under actual exper-
mental conditions, however, about 50% of the ions fall in the
arrow, high energy part of the distribution.

.1.3. Ion beam focusing
The size of the ion beam as it is focused on the sample directly

ffects the deposition time. In the present experiment, this size
as measured by simply moving a small target through the beam

nd found to be ∼4 mm diameter after deceleration. No masks
re used. The focusing for minimal size at the sample has not
een fully optimized due to problems with electrical isolation
etween the sample and sample holder and we anticipate being
ble to reduce this spot size further. Although the beam density
as not been characterized in detail, from STM observations we
nd the cluster density to be fairly uniform across the surface.

.2. TPD experiments

Temperature programmed desorption experiments are carried

ut in the deposition chamber using a quadrupole mass spec-
rometer (Stanford Research Systems RGA200). During these
xperiments, the sample sits in a custom designed fork on the end
f the cryogenic manipulator, positioned ∼1 mm below a 3 mm

l
c
r

ig. 8. STM images of: (a) a clean rutile titania (1 1 0)-(1 × 1) surface and (b) a titan
re 85 Å × 85 Å.
ig. 7. Temperature programmed desorption spectra of propylene, adsorbed at
00 K, from a reduced titania surface.

iameter orifice nose cone which covers the mass spectrome-
er filament. The titania sample (Princeton Scientific Corp.) is
cm in diameter, and is electrically isolated from the sample
older with sapphire washers. A K-type thermocouple is pressed
etween backside of the sample and a sapphire window. Below
his window is a doped silicon wafer, which can be resistively
eated to temperatures >1300 K. Fig. 7 shows an example TPD
pectra (mass 41, 1 K/s) taken of propylene exposed at 110 K on
lean titania. The peak at ∼200 K matches well with previous
PD studies by Ajo et al. [19]. Exposures reported here have not
een corrected for doser enhancement or ion gauge sensitivity,
nd are therefore only accurate to within a factor of two (at best).
he low temperature peak at ∼125 K which emerges at higher
xposures is likely due to multilayer formation. TPD experi-
ents on surfaces decorated with size-selected Au clusters will

e published elsewhere.

.3. STM experiments
We use STM to examine the titania surface prior to and fol-
owing the deposition of mass-selected clusters. Fig. 8a shows a
lean image of the titania surface (85 Å × 85 Å), in which bright
ows correspond to titanium atoms, and dark rows to oxygen

ia surface following the deposition of mass-selected Au5 clusters. Both images



l of M

a
c
o
s
t
c
s
o

A

O
0
a

R

[
[
[

[

[

[

[
[

[

[
[

[

[

[

[

P. Kemper et al. / International Journa

toms [20]. Bright features visible between titanium atom rows
orrespond to oxygen atom vacancies [20]. A tunneling current
f 0.1–0.2 nA is typical, with a sample bias of +1 to +2 V. Fig. 8b
hows the surface following the deposition of Au5

+, in which
hree bright features are observed, which we assign as intact Au5
lusters on the surface [21]. Information can be extracted from
uch images about the size, shape, adsorption site and mobility
f mass-selected clusters as shown elsewhere [22–26].
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