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ABSTRACT Ex-situ contact-mode atomic force microscopy (C-
AFM) was used to study the evolution of the topography
of nanoscale Au clusters, deposited onto SiO2/Si surfaces,
as a function of Ar+ beam irradiation. Various nanoscale Au
surface patterns were created, at an ion beam energy of 2.5 keV,
by controlling the ion beam conditions. These patterns include
ordered or disordered spheres as well as a nanoporous metal
layer. We found that the original (∼ 4 nm) clusters coalesced,
under the ion beam, to form both larger clusters (∼ 9 nm) and
a nanoporous interphase layer (∼ 6.5 nm). Under continued ir-
radiation, both the original clusters and the nanoporous layer
were absorbed into the larger clusters.

PACS 39.29+k; 81.16.-c; 61.46.+w

1 Introduction

Nanostructures are being intensively studied for
their size-dependent structural, electronic, physical and chem-
ical properties, which differ from those of bulk materials
having the same chemical compositions [1, 2]. Advances
in the fabrication of nanoscale devices will depend on im-
provements in the ability to synthesize, deposit, and position
nano-sized building blocks on suitably designed substrates.

Several techniques, employing different strategies, have
been used to create patterned nanostructures on surfaces.
Some more recent techniques include the electrochemical cre-
ation of nanopores [3], block copolymer lithographic tem-
plates [4], the localized deposition of material onto [5], or its
removal from [6], a scanning probe microscope (SPM) tip,
the direct manipulation of deposited nanoclusters using an
SPM tip [7, 8], the ion beam irradiation of surfaces [9], the
self-assembly of clusters or atoms on surfaces [10], and the
deposition of a few monolayers of metals on some substrate
surfaces [11]. Previously, we showed [12] that the surface
density and size of Cu nanoclusters on HOPG could be con-
trolled by choosing the proper Ar+ treatment conditions.

In this study, we demonstrate that a few monolayers of Au,
deposited onto native oxide Si surfaces, exist as clusters, and
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exhibit various surface patterns during low energy (2.5 keV)
Ar+ radiation. This is due to the competition among sev-
eral processes: the enhanced Au cluster coalescence under ion
bombardment, the interactions at the Au−Au and Au−SiO2

interfaces, as well the loss of Au during ion bombardment.
These interactions lead to the formation of both a nanoporous
layer and larger clusters; ultimately, the nanoporous film is
consumed by the clusters.

2 Experimental

n-type Si(100) was used as the substrate for the Au
deposition. The Si surface was first cleaned with ethanol; no
attempt was made to remove the native oxide since it would
be replaced during the O2 plasma treatment that would fol-
low. The Si was then treated for 2 min in an O2 plasma at
5 ×10−2 Torr and 100 W of power, removing the native oxide
and creating a new layer of SiO2 on the surface: FTIR spec-
tra (not shown) indicated the loss of both absorbed water and
carbon contaminant from the native oxide. The subsequent
deposition of Au was performed in situ, at a base pressure
of 1 ×10−7 Torr and a rate of 0.1 nm/s, by using an electron
beam evaporator.

Ar+ irradiation was performed in the preparation chamber
of our XPS instrument (VG ESCALab 3, Mk II), using a VG
EX-03 ion gun, at a base pressure of 10−9 Torr or lower. The
working pressure was 3 ×10−6 Torr, the Ar+ ion beam energy
was 2.5 keV and the beam diameter was ∼ 5 mm. The angle
between the ion beam and the surface normal was 57◦, and the
ion dose was held in the range of ∼ 1013−1015 /cm2 by using
the ion gun defocusing control and varying the gas pressure.

Ex situ contact-mode atomic force microscopy (C-AFM)
was carried out on a Digital Multimode scanning probe mi-
croscope. For these measurements, the integral gain was set at
two, the proportional gain was set at three and the deflection
set point (the feedback voltage controlling the pressure) was
set at zero. Commercially available silicon nitride cantilevers,
with a typical spring constant of 0.5 N m−1, a typical tip ra-
dius of 10−20 nm and tip half angle of 35◦, were used. The
scanning rate was 2 Hz, and 512 lines were used per image.

3 Results and discussion

On initial deposition, the Au does not wet the SiO2

surface, causing it to form clusters (Volmer–Weber growth),
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as found by TEM and STM [13]. Our own larger AFM study,
from which the present data are taken, shows that the clus-
ters formed on SiO2 are smaller than those formed on native
oxide under the same deposition conditions. Our previous
work on chemically modifying the Dow Cyclotene 3022 sur-
face, and its effect on the size of subsequently deposited Cu
clusters [14], indicates that this decrease in size signals an in-
creased interfacial adhesion, perhaps due to the presence of
surface free radicals on plasma treatment.

Figure 1 shows the C-AFM image evolution of a nomi-
nal 3 nm of Au, deposited onto the plasma-treated SiO2/Si
surface. The size distributions of the Au clusters after the
ion beam irradiation, found in Fig. 2, were obtained as their
AFM-measured heights. This evolution occurred under Ar+
bombardment as the ion dose was varied. The figures indi-
cate that (1) the as-deposited samples exhibit small, densely
packed clusters (Figs. 1a and 2a); (2) they are converted to
a porous film (Fig. 1e) before retracting (Fig. 1g); (3) the ef-
fective size of the Au clusters, on retracting, shows an increase
over the original deposition (Fig. 1g,h); (4) these latter clus-
ters are ellipsoidal, more uniform in size and oriented in the
Ar+ beam direction (Fig. 1g,h); (5) the Au cluster density de-
creases with continued ion beam irradiation, as material is
sputtered.

In order to confirm the surface morphological changes of
the Au nanoparticles under Ar+ beam irradiation, field emis-
sion SEM (FESEM) was employed. This necessitated the use
of a slightly thicker Au layer (∼ 10 nm), capable of being
resolved by the FESEM; the morphological changes were
identical to those of the thinner deposit, seen in Fig. 1. Fig-
ure 3a shows the FESEM images of as-deposited Au nanopar-
ticles and, Fig. 3b, after nanoporous layer formation. Both
the nanoporous layer and larger (∼ 9 nm) nanoparticles are
clearly seen.

Figure 4 shows the average cluster size as a function of
the irradiation time. It is clear that the average size of the Au
clusters first increases with ion beam irradiation, as coales-
cence and nanoporous film formation occur, before ultimately
decreasing, as material loss on sputtering becomes evident.
Since sputtering occurs throughout the irradiation, the obvi-
ous decrease in size signals that a maximum porous layer size
has been attained under the irradiation conditions used.

The morphological changes in Fig. 1 are typical of the
ion beam-enhanced cluster surface coalescence process, as we
previously demonstrated for Cu clusters on HOPG [12], using
the XPS core level intensity ratio technique we developed [15]
to evaluate mean cluster size and density. The mean size of the
Au clusters, in the present case, depends on the wettability (in-
terfacial interaction) of Au on the surface under the deposition
parameters used here.

The enhanced coalescence on short term (a few seconds)
irradiation results from the increase in both cluster kinetic and
thermal energies on ion impact [12]. The magnitude of this en-
ergy increase is very difficult to estimate, due to factors such
as the efficiency of energy transfer from the irradiating beam
to the cluster, its subsequent fractional transfer to the sub-
strate, beam scattering, the effect of the competing sputtering,
and the fact that the partial surface coverage by the clusters
changes continuously. However, we can attempt to estimate
the energy deposition during Ar+ irradiation. To do this, we

FIGURE 1 Contact-mode AFM images, 2 µm on a side, of clusters formed
on the evaporation of a nominal 3 nm of Au onto the SiOx surface, show-
ing their evolution as a function of beam dose for 2.5 keV Ar+ for 10 s: a as
deposited, b ∼ 2×1013 /cm2, c ∼ 4×1013 /cm2, d ∼ 7×1013 /cm2, e ∼
1×1014 /cm2, f ∼ 2×1014 /cm2, g ∼ 5×1014 /cm2, h ∼ 7×1014 /cm2.
The arrow indicates the ion beam incidence direction

must ignore energy deposition directly to substrate and energy
losses due to ion etching. We may then obtain the morpholog-
ical changes of the Au clusters, during the ion irradiation, as
a function of estimated energy deposition, which is shown on
the upper abscissa of Fig. 4. We note that the morphological
changes can be separated into three region: (1) the coales-
cence region, below ∼ 0.2 eV (about 8 kT, with T at room
temperature), in which the energy transferred from the ion to
the Au cluster marks the beginning of coalescence; (2) the
porous layer region, ∼ 0.3 to ∼ 3 eV; (3) the reclustering re-
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FIGURE 2 Au cluster size distributions,
as obtained from AFM-determined heights.
Experimental conditions correspond to
those in Fig. 1

gion, above ∼ 4 eV, where the porous layer retracts to become
larger clusters. Even considering further partial energy loss
due to processes not considered, this estimate is still reason-
able. This energy transfer causes an increase in kinetic energy,
leading to an increase in the cluster coalescence through en-
hanced surface diffusion, which permits smaller clusters to
coalesce more easily [16].

Although both the kinetic and thermal energies transferred
by the ion beam impact contribute to cluster coalescence, they
may be distinguished, in that only the kinetic energy (deliv-
ered at 57◦) causes orientation while the thermal energy is
random across the surface. We note that the orientation evi-
dent in Fig. 1h could only be caused by a transfer of kinetic
energy.
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FIGURE 3 FESEM photomicrographs of 10 nm Au on the SiOx

It is informative to consider the details of the coalescence
behavior as a function of irradiation time: low radiation doses
result in a slight increase of the cluster dimension and a nar-
rowing of the cluster size distribution (Fig. 2b); greater ir-
radiation doses cause the appearance of three size distribution
peaks, located at ∼ 4, 6.5 and 9 nm in height (an example of
the peak deconvolution is seen in Fig. 2e), corresponding to
the formation of both larger clusters and a nanoporous inter-
phase layer. The evolution of the average height is found in
Fig. 4, while the individual peak evolutions are seen in Fig. 5,
with the size distribution progressively shifted to the largest
size. This is clear evidence for cluster growth by coalescence
rather than through Ostwald ripening.

The behavior of the size evolution in Fig. 5 may be under-
stood as follows: (1) lower irradiation doses result in Au clus-
ter surface diffusion, and some sputtering and coalescence,
showing a small size change and a narrowing of the size dis-
tribution; (2) the new peaks, appearing at∼ 6.5 and 9 nm, indi-
cate the onset of coalescence, and the absorption of the ∼ 4 nm
clusters into porous film formation (∼ 6.5 nm) and larger clus-
ters (∼ 9 nm); (3) the ultimate growth of the larger clusters,
under continued irradiation, absorbs both the remaining ori-
ginal clusters (∼ 4 nm) and the nanoporous film (∼ 6.5 nm).

We may make some crude estimates from these data. Sup-
posing we have hemispherical Au nanoparticles, we find that a

FIGURE 4 Average Au cluster size as a function of Ar+ beam irradiation
dose. The abrupt rise near 7×1013 /cm2 signals cluster contact

FIGURE 5 Relative percentages of the components of the Au cluster size
distributions as a function of Ar+ beam irradiation dose. Note that the new
components appear near 7×1013 /cm2, the onset of cluster contact

6.5 nm nanoparticle is composed of about four 4 nm nanopar-
ticles, and a 9 nm nanoparticle is composed of about eleven
4 nm particles. The relative number density of the 6.5 nm
nanoparticles changes little during ion beam irradiation
(Fig. 5) suggesting that what is measured at 6.5 nm is truly
a phase, rather than a convolution of 4 and 9 nm nanoparticles.

The ion bombardment may also increase the interfacial in-
teraction between Au clusters and the SiO2 surface; e.g., the
irradiation of evaporated Au atoms was found to promote the
reduction of SiO2 to form Si–Au bonds [17, 18]. We shall ex-
plore this in a subsequent paper.

As we previously showed [19], the abrupt increase in clus-
ter dimensions shown in Fig. 4, at an irradiation dose of about
7 ×1013 /cm2, indicates cluster contact. Thus, both enhanced
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cluster coalescence and enhanced cluster–substrate interfacial
interaction play important roles in the formation of surface
patterns. The enhanced cluster–substrate interfacial interac-
tion observed may be attributed to the increase in defect sites
in the substrate (the preferential loss of O introduces Si dan-
gling bonds). Thus, there is a competition between the ion-
induced enhanced coalescence of the Au clusters and their
reduced surface diffusion due to increased interaction with
the substrate surface (as well as material loss on sputtering).
As previously shown [12], only cluster coalescence and sput-
tering occur if there is no change in cluster/substrate surface
interaction during ion beam irradiation.

Although some thermal energy, from the ion beam irradi-
ation, may be present to enhance surface diffusion and co-
alescence, its effect is relatively weak, compared to that of
the kinetic energy contribution. For example, coalescence, on
annealing Au clusters on SiO2 has been reported by Arai et
al. [20], who found such coalescence to be relatively weak,
compared with ion beam-induced coalescence. Further, we
previously found that the time-dependent coalescence of Cu
clusters, both on annealing and on ion beam irradiation, fol-
lowed the equation, d = d0tα, where d0 is the initial cluster
mean size, and α is a constant equal to 0.15 for annealing
and 0.33 for ion beam irradiation [14, 21], indicating the in-
creased efficiency of ion beam irradiation over annealing.
This has been further confirmed by our recent experimental
results on Au clusters on SiO2 processed by excimer laser ir-
radiation [22], where only thermal energy is transferred: we
do not observe nanoporous layer formation, since there is no
enhanced Au cluster−substrate interfacial interaction.

4 Conclusions

Our ex situ AFM studies of the surface morpho-
logical behavior of Au clusters, on low energy Ar+ beam
bombardment, have demonstrated that various surface pat-
terns can be achieved by ion beam irradiation. Nanoscale sur-
face pattern formation is due to the competition between ion
beam-enhanced cluster coalescence and enhanced interfacial
interaction. This technique has been shown to be useful for
manipulating cluster dimensions, creating nanoscale patterns,
making cluster size more uniform, controlling cluster density,
and orienting cluster assemblies.
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