
Ion Beam Induced Formation and Interrogation of Au Nanoclusters

P. Karmakar,1 G. F. Liu,1 Z. Sroubek,1,2 and J. A. Yarmoff1,*
1Department of Physics and Astronomy, University of California, Riverside, California 92521, USA

2Institute of Photonics and Electronics, Czech Academy of Sciences, Chaberská 57, 182 51, Prague 8, Czech Republic
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Low-energy ion bombardment of a Au thin film by 0.5 keV Ar� forms self-organized nanoclusters that
display quantum size effects. The reduction of Au coverage with sputtering time is quantified with x-ray
photoemission spectroscopy, and a decrease of both the rms roughness and correlation length is measured
by STM. Neutralization of scattered 3 keV Na� and K� alkali-metal ions is used to probe the electronic
states of the sputter-induced nanoclusters. The neutral fractions gradually increase as the cluster dimen-
sions decrease, indicating that the electronic structure is similar to that of clusters grown by deposition.
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Nanostructured materials have opened possibilities for
new technology and basic science research in areas ranging
from microelectronics to catalysis. Changes in electronic
structure that scale with the cluster dimensions, i.e., quan-
tum size effects, can strongly contribute to the chemical,
electrical, and optical properties of the materials [1,2]. A
formidable effort is therefore underway to develop experi-
mental techniques that are able to produce nanostructures
in a controlled manner, as well as to measure their elec-
tronic properties. Here, low-energy ion beams are shown to
be promising candidates for both the fabrication and char-
acterization of nanoclusters.

It has been reported that the interplay between sputtering
and surface diffusion during ion bombardment produces
well-defined nanostructures of semiconductor and metal
materials [3–7]. Such a process can lead to a low-cost,
large-scale method of nanomaterial production. By adjust-
ing the ion beam parameters, such as kinetic energy, ion
fluence, and projectile-target geometry, the size and shape
of the nanostructures can be controlled. There has been
much previous work investigating ripple and dot formation
on semiconductor materials, such as Si, GaSb, and InP [3–
5], but there has been relatively little work on metals [8,9].
In particular, metal clusters on transition metal oxide sur-
faces have not been produced by direct ion bombardment.
In addition, most of the work done on sputtering-induced
nanostructure formation was limited to investigations of
their morphological evolution, rather than their electronic
properties.

The characterization of the electronic properties of
nanostructures requires a technique that can probe elec-
tronic states while distinguishing between the nanocluster
and the support. The neutralization of scattered low-energy
alkali-metal ions is a function of the target Fermi energy
position, localized surface states [10,11] and the local
electrostatic potential at the scattering site [12]. The energy
of the scattered projectile can be used to separate the signal
from the nanocluster from that of the support. This tech-
nique has recently been able to detect the confined states of
vapor deposited Au [13,14] and Ag [15] nanoclusters.

In this Letter, we demonstrate for the first time that low-
energy ion beams enable simple, but efficient methods for
the controlled production and characterization of nano-
structures that exhibit quantum size effects. Low-exnergy
Ar� beams are used to produce and control the size and
shape of Au nanoclusters on a TiO2 substrate, while the
neutralization of scattered Na� and K� ions is used to
probe the electronic properties of the material.

The experiments were performed in an ultrahigh vac-
uum chamber with a base pressure of 1� 10�10 Torr. The
TiO2�110� single crystal substrate was attached to a Ta
holder, and loaded onto an XYZ rotary manipulator. An
infrared pyrometer was used to measure the sample tem-
perature, which was calibrated by a thermocouple attached
at the edge. The crystal surface was cleaned by cycles of
ion bombardment and annealing (500 eV Ar� for 10 min,
followed by a 10 min anneal at 975 K) until a sharp (1� 1)
low-energy electron diffraction pattern was obtained.
A thin Au film (� 60 ML) was deposited from an evapo-
rator consisting of Au wire (99.999%, Alfa Aesar) wrapped
around a W filament (Mathis). The deposition rate was
calibrated with a quartz crystal thickness monitor that was
placed precisely at the sample position.

The Au film was sputtered by normally incident 0.5 keV
Ar� (current density � 1 �A=cm2) at various ion fluen-
ces. All depositions, sputtering and ion scattering measure-
ments were performed with the sample at room
temperature. Images of the Au clusters after each deposi-
tion and sputtering cycle were collected with an in situ
scanning tunneling microscope (STM, Park Scientific
Autoprobe VT). The images were collected in constant
current mode with a tunneling current of 1 nA and a sample
bias of �1:5 V. The surface roughness and correlation
length, which are related to the vertical and lateral
dimensions of the nanostructures, respectively, were
quantitatively determined from the STM images. The
purity and Au coverage were measured with x-ray
photoelectron spectroscopy (XPS) immediately after
cleaning and again following each deposition and sputter-
ing cycle.
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Time-of-flight was used to measure the charge state-
resolved kinetic energy distributions of scattered Na�

and K� ions, as described elsewhere [14]. A thermionic
emitter ion gun (Kimball Physics) generated 3 keV alkali-
metal ion beams, which were deflected across a 1:0 mm2

aperture to produce pulses (� 10 ns) at a rate of 80 kHz.
The beams were incident normally to the surface, and the
ions and neutrals scattered at 150� were detected by a
microchannelplate (MCP) array after traveling through a
0.55 m long flight tube containing a pair of deflection
plates. ‘‘Total Yield’’ spectra were collected with the de-
flection plates held at ground, while ‘‘Neutrals Only’’
spectra were collected by placing 300 V between the plates
to remove the scattered ions.

STM topography of the thin Au film is presented in
Fig. 1(a). The morphology of the thick film is rough and
contains large-scale features. Zhang, et al. studied the
growth and the surface morphology of Au on TiO2�110�
with high resolution scanning electron microscopy [16].
They observed that at 300 K, the Au film morphology
evolves with coverage from hemispherical islands initially,
to partially coalesced wormlike island structures, and fi-
nally to a continuous rough film. Similar structures also
were observed for thin films grown by sputter deposition
[9,17].

The surface morphology and Au coverage changes as a
function of Ar� ion fluence. Figure 1(b) shows a typical
STM image collected after Ar� sputtering at a fluence of
5� 1016 ions=cm2. The rms roughness and correlation
length of the features on the surface decrease with ion
fluence, as shown in Fig. 2(a). Figure 2(b) presents the
XPS intensity of the Au 4f and Ti 2p core levels as a
function of ion fluence. It shows a decrease of the Au and
an increase of the Ti signal with Ar� sputtering, which
indicates that Au is removed thereby revealing the TiO2

substrate. From the STM and XPS measurements, it can be
concluded that both the lateral and vertical dimensions of
the structures decrease as the Au is sputtered, leading to the
formation of nanoscale clusters.

The shape and size of the Au clusters formed by depo-
sition on TiO2 depend largely on the condition of initial
surface [18], while the clusters formed by sputtering de-
pend on the ion beam parameters. Tersoff predicted that
self-organized growth of nanostructures during deposition
is driven by the misfit strain in heteroepitaxial systems
[19]. Nanostructures formed by ion sputtering are instead
produced by a temporally and spatially correlated creation
of vacancies and adatoms [20]. The morphology of
sputtered-induced nanoclusters can be controlled with ion
beam parameters such as kinetic energy, flux, fluence, and
the target geometry. Ion sputtering could also be used to
reduce the dimensions of prefabricated nanostructures,
such as aluminum nanowires and aluminum single electron
transistors [21].

The morphology and time evolution of ion sputtered
surfaces have been described by a continuum equation
[5] based on Sigmund’s sputtering theory [22]. The theory
for amorphous or polycrystalline targets assumes that most
of the energy of the incident ion is transferred at a distance
(penetration depth) below the surface and distributed via
collisions into a Gaussian ellipsoid with specific longitu-
dinal and lateral widths. The probability that a surface
atom is ejected is proportional to the energy transferred
to that point from all atoms that participate in the collision
cascade. Bradley and Harper (BH) [23] predicted that the
overall amount of deposited energy, and therefore the
number of emitted atoms, is sensitive to the local surface
curvature. Surface atoms are sputtered preferentially from
valleys, whereas emission from the top of mountains is
inhibited, which leads to formation of self-organized nano-
structures. Recently, a generalization of the BH linear
theory has been introduced to describe other effects of

FIG. 1 (color online). 3D STM topographies of (a) a �60 ML
Au thin film deposited on TiO2, and (b) after 0.5 keV Ar� ion
sputtering at a fluence of 5� 1016 ions= cm2. The images show
an area of 398 nm� 398 nm, while the z dimension is scaled to
the size of the largest feature.
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FIG. 2 (color online). (a) The correlation length and rms
roughness and (b) the ratio of the Au and Ti XPS signals shown
as a function of Ar� ion fluence.
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ion bombardment, such as dot and hole formation and the
variation of structures with ion energy or fluence [5–7].

The formation of dotlike structures by 0.5 keV Ar�

sputtering on Au=TiO2 is consistent with the existing
theory, but the theory cannot explain the decrease of the
rms roughness and correlation length with ion fluence
[Fig. 2(a)]. Note, however, that Chen, et al. [24] bom-
barded Ge on Si with 300 eV Ar� and Krishna, et al.
[25] bombarded zinc oxide films on Si(100) with 15 keV
Ar�, and both observed that the rms roughness and the
diameter of the clusters decrease with ion fluence similar to
the results reported here. Interestingly, nanodots of Si on Si
[26] and Pt nanostructures on Si [27] produced by ion
sputtering also decrease their dimensions with further
sputtering. The existing theory predicts that the rms rough-
ness would initially increase and saturate after a certain
time tx, called the crossover time. This theory fits some
experimental observations well, such as when the surfaces
of bulk materials or very thick films are sputtered, but it
cannot explain a decrease of rms roughness during thin
film or nanostructure sputtering. A possible explanation
may be that the dynamic balance between growth and
erosion is not same when ions bombard a nanostructure
or very thin film instead of a flat, uniform surface. It may be
possible to include an extra smoothing term in the contin-
uum equation, however, to explain the decrease of rms
roughness and correlation length during ion sputtering of
such thin films and nanoclusters.

The electronic properties of the Au nanoclusters pro-
duced by sputtering are investigated via the neutralization
of scattered low-energy Na� and K� ions. When an alkali-
metal atomic particle is in the vicinity of a surface, its
ionization level shifts up due to the image charge interac-
tion, while it also broadens due to interaction of the ion and
surface wave functions [28]. The neutralization probability
of a scattered alkali-metal ion is determined along the
outgoing trajectory by a nonadiabatic resonant charge
transfer process, typically within about 5 a.u. of the sur-
face. The measured neutral fraction (NF) depends on the
ionization potential, the degree that the level shifts near the
surface, and the local electrostatic potential at the point
where the charge state distribution is frozen in.

Figure 3 shows the neutral fractions of scattered Na�

and K� ions as a function of Ar� ion fluence. The NF for
Na� scattered from the thick Au film is �3% which is the
expected value for scattering from bulk Au [13]. As the
Ar� bombardment produces nanoclusters and reduces their
dimensions, the NF increases and eventually reaches a
value of �48%. Similarly large values of the NF for
scattered Na� were obtained previously from the smallest
Au clusters formed by vapor deposition onto TiO2�110�
[13]. Figure 3 also shows the same measurement with K�

ions, where in this case the NF for the Au film is zero, and
gradually increases to 20% with Ar� sputtering.

It should be pointed out that changes in the roughness of
the Au film with sputtering could possibly contribute to the
alkali-metal ion scattering NF changes. To study the effects

of roughness, a clean polycrystalline Au foil was sputtered
with Ar� under the same experimental conditions used for
sputtering the Au film on TiO2, but no concurrent changes
in the scattered alkali-metal ion neutralization were ob-
served. It was also previously observed that Ar� sputtering
of a Au foil [13] and Au(111) [15] does not change the
surface work function or increase the neutralization during
alkali-metal ion scattering. Therefore, the increase of NF
with sputtering of Au clusters on TiO2 cannot be explained
simply by a change of surface roughness.

In addition, it is possible that the projected band gap and
surface states that exist in noble metal (111) surfaces could
influence the measured neutral fractions [10]. The produc-
tion of Au (111) facets by vapor deposition at room tem-
perature is not impossible, but they would be deformed in
the early stages of ion bombardment before the nanoclus-
ters are produced. Since changes of the NF during the early
stages of ion bombardment were never seen, it can be
concluded that any contribution of (111) surface states to
the NF can be neglected.

The increase of both the Na and K NF’s with sputtering
can be explained by the size-dependent electronic structure
of the nanoparticles. As the Au film is sputtered, the
morphology of the surface is strongly modified and iso-
lated Au clusters are produced. Ion sputtering decreases
both the lateral and vertical dimensions of the Au clusters
(see Fig. 2), so that quantum confinement is possible in
either direction. In the case of sputtering, 2D confinement
is more probable as the cluster’s vertical dimension is
smaller than the lateral dimension, as observed from
STM [Fig. 2(a)]. Hövel and Brake [29] presented size-
dependent dI=dV curves of STS measurements of small
Au clusters on graphite, and found that the peak position
changes with cluster height. STS spectra of Ag clusters on
alumina showed discrete electronic states along the vertical
direction [30]. Accordingly, occupied or partially occupied
confined states may appear and shift towards vacuum level
with lowering of the cluster dimensions with Ar� sputter-
ing. These states can contribute directly to the neutraliza-

40

30

20

10

0

N
eu

tr
al

 F
ra

ct
io

n 
(%

)

4x10
16

3210
Ar

+
fluence (ions/cm

2
)

 3 keV Na
+

and K
+

scattered from Au/TiO2

Na
+

K
+

FIG. 3 (color online). Neutral fractions of 3 keV Na� and K�

ions singly scattered from a sputtered Au film shown as a
function of the Ar� ion fluence.
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tion of the scattered alkali-metal ion, as described previ-
ously [13].

An additional contribution to the size-dependent neu-
tralization may be the dependence of the magnitude of the
image charge potential on the cluster size. It can be shown
from classical electrodynamics [31] that the image charge
potential is reduced when the clusters become smaller,
leading to less of an upward shift of the ionization level.
At typical distances of 5 a.u. from the image plane of a flat
metal surface, where charge exchange between the projec-
tile and the substrate typically occurs, the image charge
potential shift is 1.7 eV, whereas the shift induced by
clusters with diameters of 20 a.u is only 0.7 eV.

Thus, there are two contributing factors that act to raise
the NF as the cluster dimensions decrease with sputtering
time. The appearance and upward shift of the confined
states and the reduction of the image charge potential
each lead to an increased overlap of the alkali-metal ion-
ization levels with the occupied cluster states. The higher
NF observed for Na than for K is understandable because
the K ionization level is always positioned above the
ionization level of Na.

It should be mentioned that presence of the support
material could influence the characteristics of the Au nano-
clusters. The NF does not increase when a bulk Au foil is
sputtered, even though it may form a similar surface mor-
phology as the sputtered Au film on TiO2. This suggests
that isolated quantum confined systems are not produced
when nanometer sized quantum dots are supported on the
same material. Facsko et al. also observed confined states
in sputtered-induced GaSb dots when they were supported
on AlSb, but not on GaSb [3]. Note that there is evidence in
the literature that the support material affects the catalytic
properties of Au nanoclusters, which may also be related to
their electronic structure [2]. Clearly, experiments with
different substrates are essential in order to clarify the
intrinsic nature of the confined states. The techniques of
ion bombardment and ion scattering are sufficiently flexi-
ble to make such studies feasible.

In conclusion, the work reported here shows that low-
energy ion sputtering produces Au nanoclusters in a con-
trollable manner, and that these clusters exhibit electronic
size effects. The combination of keV ion sputtering and
alkali-metal ion scattering provides a unique method for
producing and probing nanomaterials. In particular, the
sensitivity of low-energy alkali-metal ion scattering to
the potential and electronic density of states makes this
technique suitable for studying specific features of the
electronic structure of spatially confined systems.

This material is based upon work supported by, or in part
by, the U. S. Army Research Laboratory and U. S. Army
Research Office (Contract/Grant No. 46686-PH-H).
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