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ABSTRACT

Planned nanopatterns of [Au55(Ph2PC6H4SO3Na)12Cl6] clusters are generated on smooth silicon surfaces using a “bottom-up” fabrication
methodology based on the selective self-assembly of the gold clusters on purpose-designed organic template patterns themselves fabricated
via a hierarchical layer-by-layer self-assembly strategy. The patterns are laterally defined by constructive nanolithography, a novel surface
patterning process utilizing conductive AFM tips as nanoelectrochemical “pens”, with which nanoscale chemical information is inscribed in
a nondestructive manner (in the form of a localized chemical transformation) on the top surface of a highly ordered organosilane monolayer
self-assembled on silicon. Development of the initial tip-imprinted information is achieved via further self-assembly and chemical derivatization
steps. This generic all-chemical approach offers attractive options for the advancement of nanofabrication capabilities that might have real
impact on future technologies.

Metal and semiconductor nanoparticles exhibit quantized
electrical and optical properties that might be advantageously
exploited in the design of future nanodevices. For example,
sufficiently small metal particles are particularly attractive
for applications such as quantum dots in “single electron”
devices operating at the ambient temperature.1,2 To material-
ize these prospects, it will, however, be necessary to advance
nanofabrication capabilities enabling both the reproducible
synthesis of particles with the required composition and size
and their reliable assembly into surface-immobilized struc-
tural units specifically designed for the desired purpose.
[Au55] denotes a family of ligand-stabilized gold clusters
ideally suited for such applications,2,3 each cluster represent-
ing a well defined gold “supramolecule” with a metal core
made of only 55 atoms (∼1.4 nm diameter) and an organic
ligand shell that can be engineered such as to confer variable
chemical and structural characteristics to the metal particle.2-6

Considerable research efforts have, therefore, been invested
in devising ways that would allow the deliberate organization
of [Au55] clusters into various surface-immobilized structural
motifs of interest.5 Using different procedures, both two-
dimensional and one-dimensional arrangements of such
clusters could be realized5-7 and the electrical behavior of
some of them studied;5,8 however, the advancement of a

reliable metal cluster assembly methodology that is poten-
tially useful for nanodevice fabrication remains a challenging
task.

Nanofabrication is one of the most complex basic problems
nanoscience faces today. The great promise of nanoscience
ultimately depends on our ability to organize matter on the
nanoscale so as to create planned functional assemblies that
not only display desirable properties but are also sufficiently
stable and can be accurately reproduced. How to reach this
goal is still a matter of considerable uncertainty and
controversy, which further complicates the problem and turns
it into an even more challenging one. Although a “bottom-
up” chemical approach appears inherently well suited for
the rational handling of nano- and subnanosize entities, there
are no obvious chemical routes to be pursued, and the
advancement of such a sufficiently general approach is still
in its infancy. Ongoing research efforts in this direction have
recently led to the development of a promising generic
methodology for the planned assembly of hybrid organic-
inorganic nanoscale architectures, based on processes of
surface chemical derivatization and guided self-assembly
taking place on well-defined organic template scaffolds,
themselves produced via a hierarchical layer-by-layer self-
assembly strategy.9,10 According to this methodology, tem-
plate patterns of any arbitrary design may, in principle, be
generated by a novel two-dimensional (2D) patterning
process, referred to as “constructive nanolithography”,
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whereby electrical pulses delivered by a conductive atomic
force microscope (AFM) tip induce local electrochemical
transformations, selectively affecting the top functions of a
highly ordered organosilane monolayer self-assembled on
silicon.9,10 When operated in this mode, the scanning tip
becomes a versatile nanoelectrochemical “pen” with which
nanoscale chemical information is inscribed in a nondestruc-
tive manner on the top surface of the patterned organic
monolayer. The initial tip-imprinted information can be
further developed in a predictable manner, by the application
of a rich menu of post-patterning surface chemical deriva-
tization and self-assembly steps.10 Proper planning and
optimization of the overall process are required to ultimately
realize the desired nanostructure. This approach was recently
applied to the in-situ surface generation of metal and
semiconductor nanosize features such as conducting silver
wires and arrays of CdS nanoparticles, the latter being further
converted to gold via a redox chemical process.11

Here we report a series of preliminary experimental results
demonstrating a different possible mode of template-guided
assembly of gold nanostructures on silicon, via surface import
of ex-situ synthesized [Au55] clusters and their spontaneous
organization on organic template patterns defined by con-
structive nanolithography. Using ex-situ synthesized gold
clusters with well-defined size and composition offers the
advantage that such metal species may serve as known
standards for both size calibration and in the electrical
characterization of the surface-generated metal features.

In this study we explored the organization of the water-
soluble derivative [Au55(Ph2PC6H4SO3Na)12Cl6]2 on bilayer
template patterns with top thiol (-SH) functionality. It was
anticipated that a mechanism of ligand exchange2,12 would
drive the specific adherence of the gold clusters to the
thiolated template sites. The overall fabrication process,
depicted schematically in Figure 1, starts with the tip-induced
nanoelectrochemical inscription of the desired pattern of
carboxylic acid (COOH) groups on the top surface of a highly
ordered OTS (C18,n-octadecyltrichlorosilane) monolayer
self-assembled on the entire surface of a silicon wafer

substrate (af b).10,11,14Subsequent exposure of the patterned
OTS surface to a solution of NTS (C19, nonadecenyltrichlo-
rosilane) results in the selective self-assembly of a monolayer
with terminal ethylenic functions (-CHdCH2) on the tip-
inscribed sites (bf c).10,11,13Photochemical radical addition
of H2S to the reactive ethylenic functions of NTS and further
reduction (with BH3‚THF) of the fraction of disulfide (-S-
S-) groups produced in the process10,11,15effect the conver-
sion of NTS to a fully thiolated overlayer copy of the initial
pattern of carboxylic acid groups (cf d).10,11 Finally, the
formation, on the thiolated bilayer template, of a pattern of
surface immobilized gold clusters is completed with the
exposure (for∼12 h) of the silicon wafer specimen to a dilute
(5 × 10-5 M) aqueous solution of [Au55], followed by
copious rinse (∼4 min overflow) with pure water (df e).16

A number of representative examples of planned patterns
of gold clusters fabricated by the present method are given
in Figures 2-5. These include different geometrical shapes,
with lateral dimensions in the range between∼10 nm to 2000
nm, which serve to illustrate some apparent aspects of the
mode of organization of [Au55] on the organic template. In
all cases, the anchoring of the clusters to the surface is seen
to faithfully follow the initial tip-inscribed patterns, thus
confirming the validity of the hierarchical step-by-step
assembly strategy outlined in Figure 1. Besides structural
robustness,16 these gold/template composite nanoarchitectures
also exhibit good thermal stability, virtually identical AFM
images17 being obtained before and after 12 h of thermal
annealing in vacuum (∼10-9 Torr), first at a temperature of
80°C and then at 120°C (Figures 2-5). X-ray photoelectron
spectroscopic (XPS) data obtained from unpatterned [Au55]/
thiolated bilayer template samples produced on large-area
Si substrates by an analogous experimental procedure reveal
the presence of phosphorus on the surface, in addition to
that of the other expected elements (Au, S, C, Si, and O).
This suggests that the initial phosphine ligand shell is only
partially lost (as indicated in the illustration of Figure 1, e)
in the exchange process effecting the attachment of the gold
clusters to the thiolated surface.

Figure 1. Schematic representation of the fabrication of an organosilane template pattern with top thiol functionality and the selective
self-assembly of [Au55] clusters on the template (see text). This sketch (not drawn to scale) emphasizes some of the salient features of the
investigated system that are of direct relevance to the present study; it is not to be construed as representing a real structural model.13
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A comparative analysis of the AFM images of the different
fabricated patterns reveals the deposition of a single layer
of gold particles on most of the template surface. Larger
features, possibly formed by the coalescence of two or more
clusters (in solution or/and on the surface), are evident at
isolated surface spots and represent only a small fraction of
the total gold covered area. There is good agreement between
the apparent size of individual particles as derived from
images of different patterns, or images of the same pattern
taken at variable magnifications, before and after thermal
annealing, and with different probes; observed heights are
in the range 3.0-3.6 nm (Figure 2), and lateral dimensions
vary between 10 and 16 nm (Figures 3-5). Considering the
rather uniform size of most of the individual particles
distinguishable in Figures 3-5, and the apparent preservation
of the protecting ligand shell (as indicated by the XPS data)
on the outer surface of the template bound particles, we can
rule out the possibility that these are actually larger gold
aggregates formed on the surface by the coalescence of
several ligand-depleted [Au55] clusters. This would imply
the existence of a rather improbable aggregation mechanism,
whereby a fixed number of [Au55] clusters participate in the
formation of each surface bound gold particle. It is well
known that AFM tends to overestimate lateral dimensions,
because of the convolution with the tip.18 Systematic
deviations may, however, also affect the accuracy of height
measurements if surface forces vary from spot to spot, for
example, when images of objects made of soft and hard
materials, or displaying different adhesion and hydration
properties, are simultaneously acquired.19 The systems pre-
sently investigated are highly heterogeneous in this respect;

the gold clusters (a composite material made of a hard metal
core and a soft organic shell) reside on top of elevated
organic bilayer regions with hydrophilic top chemical
functionality, surrounded by a hydrophobic monolayer
background. Thus, the expected artifactal nature of the AFM
height determinations under such conditions may explain the
discrepancy between the present derived figures (3.0-3.6
nm) and the characteristic size (2.3-2.4 nm) of [Au55]
obtained from TEM6,20 and X-ray diffraction20 data.

It follows from this analysis (also considering the quasi-
spherical geometry of [Au55]), that, in general, we may not
expect to see well resolved individual particles in AFM
images of closely packed arrangements of such clusters. This
implies that the rather well resolved 2D arrangement of
particles in Figure 3 is actually less dense than it may appear.
A somewhat higher local particle density is apparent in the
array of dots in Figure 4. Here, a small number (2-5) of
partially resolved clusters are seen to have assembled on each
template dot with an apparent lateral size of 30-50 nm. The
assembly on the wire templates gave rise to an even higher
local density of gold clusters. While no details are distin-
guishable in the low resolution image of the four wires shown
in Figure 2, magnified views of limited portions of the same
wires clearly indicate (Figure 5, b and d) that the gold clusters
are arranged in two densely packed parallel rows. As each
wire has an apparent total width of the order of 30 nm,
(Figures 2 and 5, a and c), the preferred organization of the
clusters seems to be such that they concentrate at the
periphery of the template, leaving a gap narrower than the
size of one cluster (ca. 1/3 of the apparent total width of the
wire) in its center. Finally, the assembly of planned

Figure 2. AFM semicontact mode topographic images of a pattern of parallel wires (inscribed in the vector mode14), and distance-height
profiles along the marked lines, taken (top image) after the assembly of the bilayer pattern (step c in Figure 1), and (bottom image) after
the final assembly of [Au55] on the thiolated template (step e in Figure 1) and further annealing at 80°C for 12 h (see text). The size of
the deposited gold particles is evaluated from the difference between the measured wire heights in the two images.
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architectures combining several different structural elements
of possible relevance to the future realization of certain types
of single electron devices was also examined. For example,

a 2D arrangement of wires connected to contact pads, with
isolated metal clusters placed in predefined intrawire gaps,
is shown in Figure 5 (e and f). Due to the particular
experimental conditions and presumably sharper tip em-
ployed in the inscription of this pattern, it was possible to
achieve here the desired assembly of a single gold cluster
on each template dot, as well as that of wires made of single
rows of gold clusters. This suggests that lateral confinement
is indeed a major factor determining the mode of organization
of the gold clusters on the template.

The template guided self-assembly of metal clusters
demonstrated with the present preliminary results shows great

Figure 3. AFM semicontact mode phase images of (a) as-fabricated
pattern of four [Au55]/thiolated bilayer rhombuses (structure as in
Figure 1e), (b) enlarged scan of the left-side rhombus after annealing
at 80 °C for 12 h, (c) enlarged scan of the upper rhombus after
annealing at 80°C and then at 120°C for 12 h (see text). The
isolated larger features observed near the lower right side of
rhombus b and within rhombus c, near its upper left side, are not
gold features, as they also appear in the corresponding images of
the bilayer pattern acquired before the assembly of the gold
particles. These may represent structural irregularities induced by
defects in the underlying substrate surface.

Figure 4. AFM semicontact mode images showing (top) an as-
fabricated array of 16 [Au55]/thiolated bilayer dots (topography),
and simultaneously acquired topography (middle) and phase (bot-
tom) enlarged scans of the marked four dots area after annealing
at 80°C for 12 hours (see text).
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promise as a viable “bottom-up” approach to the realization
of planned functional components for future nanodevices.
To reach the level of control and reproducibility demanded
for such applications, research efforts will have to be directed
toward the basic understanding of the factors governing the
tip-induced nanoelectrochemical patterning of monolayer
surfaces and the mechanism of self-assembly on spatially
confined template sites.
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