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ABSTRACT

We demonstrate a hierarchical self-assembly approach to the fabrication of planned nanostructures of colloidal gold particles on silicon,
comprising the initial assembly of a molecular template pattern with terminal amino functionality, which then guides the surface assembly and
site specific anchoring of gold nanoparticles from a colloidal solution. Well defined amino-terminated templates are obtained via a chemical
functionalization process whereby highly ordered bilayer nanopatterns produced by constructive nanolithography (Maoz, R.; Frydman, E.;
Cohen, S. R.; Sagiv, J. Adv. Mater. 2000, 12, 725−731) are in-situ modified to generate the top amine functions. This novel approach offers
promising performance in terms of the precision, reproducibility, and structural robustness needed for the advancement of a reliable bottom-
up nanofabrication methodology.

The planned assembly of surface-immobilized architectures
of metal nanoparticles and their effective electrical connec-
tion to addressable contact electrodes constitutes a main
challenge en route to the “bottom-up” fabrication of nano-
metallic components for future nanodevices.1,2 Research
efforts have thus been invested in devising methods for the
deliberate organization and immobilization of metal nano-
particles on solid surfaces. For example, it was shown that
gold nanoparticles bearing various organic ligands can be
anchored to solid surfaces functionalized with organic layers
exposing appropriate binding functions.1,3-5 Using patterned
organic layer coatings produced by a number of different
techniques, on different target surfaces, it was further possible
to demonstrate the assembly of some planned surface
arrangements of such nanoparticles.6,7 However, despite the
progress achieved in demonstrating these possibilities, the
organic linker systems so far utilized for this purpose cannot
provide the fine precision and high reproducibility needed
for the reliable fabrication of planned two- and three-
dimensional (2D, 3D) assemblies of metal nanoparticles that
could become useful nanodevice components. Advancing a
quantitative approach to the planned self-assembly of well-
defined molecular templates, the structure and properties of

which can be tailored and reproduced with molecular
precision, is therefore a prerequisite for their successful
utilization. This remains a challenging task to be yet
achieved. Another key issue that awaits to be addressed
within the context of device fabrication has to do with the
proper electrical insulation of the various nanometallic
functional assemblies positioned on a solid substrate, which
may limit the possible use of systems assembled on highly
conductive substrate materials such as gold.7

In a series of exploratory studies reported from this
laboratory, the potential of a generic methodology referred
to asconstructiVe nanolithographyhas been demonstrated,8-11

whereby quantitative techniques of hierarchical mono-to-
multilayer self-assembly and surface chemical modifica-
tion12,13 are combined with a novel monolayer patterning
technique that allows chemical information to be inscribed
on the outer surface of an organic self-assembled monolayer
on silicon.14 Constructive nanolithography exploits the
observation that top-functionalized monolayer nanopatterns
of any predefined geometrical design can be generated via
nondestructive local electrochemical surface transformations
carried out with the assistance of a conductive SFM (scanning
force microscope) tip.9,14,15Tip-mediated local oxidation of
the top-CH3 groups of a highly ordered monolayer of OTS
(n-octadecyltrichlorosilane) self-assembled on silicon was
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thus used to inscribe nanopatterns of active-COOH
functions on an inert background of unmodified-CH3

groups.9 Such tip-inscribed-COOH patterns have high
chemical, thermal, and mechanical stability, which makes
possible their use as templates in further template-assisted
assembly steps.9,10,16However, the mere use of the-COOH
terminal functionality generated in the initial patterning
process restricts the choice of useful post-patterning routes
for template-assisted assembly of diverse inorganic nanoen-
tities. Other functional groups of interest were therefore
installed via further chemical derivatization and development
of the initial tip-inscribed sites.9 Thus, the in-situ chemical
functionalization of an ordered vinyl-terminated overlayer
(NTS, nonadecenyltrichlorosilane) self-assembled on the
-COOH sites inscribed on a base OTS monolayer was
previously used to generate elevated-S-S- (disulfide) and
-SH (thiol) copies of the initial pattern.9-11 These sulfur-
functionalized patterns form templates capable of guiding
the subsequent surface self-assembly of inorganic species
such as nanoparticulate CdS,9,10 silver9 and gold,10,11 in-situ
generated on the template,9,10,17or ex-situ synthesized.11 We

envision a number of different useful routes for the template-
guided assembly of gold nanoparticles, each of which
offering specific advantages for different specific applica-
tions. For example, ex-situ synthesized [Au55] clusters
representing well defined gold “supramolecules” with a metal
core made of only 55 atoms (∼1.4 nm diameter) were
successfully organized by guided self-assembly on such thiol-
terminated bilayer template patterns, the specific adherence
of [Au55] to the thiolated surface sites relying on a mechanism
of ligand exchange.11

Scheme 1. Hierarchical Self-assembly of a Planned Gold
Nanostructure via the Template-Guided Self-assembly of Gold

Nanoparticles from a Colloidal Solution on a Preassembled
Organosilane Bilayer Template Pattern with In-situ Generated

Top Amino Functionality (see text)

This schematic sketch (not drawn to scale) emphasizes some of
the salient features of the investigated system that bear direct
relevance to the present nanofabrication strategy; it does not
represent a real chemical-structural model, particularly as far as
the exact molecular arrangement and intermolecular bonding are
concerned.13,20

Figure 1. Monolayer and bilayer patterns produced by the stepwise
assembly process depicted in Scheme 1. (A) Topographic and
simultaneously acquired friction (lateral force) contact-mode SFM
images (left and right side, respectively) of an array of 9×9 dots,
corresponding to step (b) in Scheme 1. The pattern inscription was
done with 400×400 raster-scanned points/patterned area, by ap-
plying 3.0 ms/point voltage pulses, at a positive surface bias of 8.8
V relative to the tip (W2C-coated conductive probes with normal
spring constants of 0.15-1.5 N/m, operated in the contact mode
in a controlled humidity atmosphere of∼60% relative humidity).21

(B) Semicontact mode SFM topographic image of the dot array
shown in A and distance-height profiles along the marked line, taken
after the assembly of the bilayer pattern (step (c) in Scheme 1).21

(C) Image of the bilayer pattern and the corresponding distance-
height profiles as shown in B, after the generation of the top amino
functionality (step (d) in Scheme 1).19 A SOLVER P47 instrument
(NT-MDT, Moscow, Russia) was used for both patterning and
imaging. The contact mode images were acquired immediately after
the inscription of the pattern, with the same W2C-coated probe
(without electrical bias and minimal contact force), and the
semicontact mode ones with regular silicon probes (Silicon-MDT),
in the ambient atmosphere. Lateral dimensions were estimated from
the half-height widths measured across the distance-height or
distance-friction (not shown) profiles of the various features of
interest.
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Here we examine a different process for the site-defined
surface self-assembly of prefabricated gold nanoparticles, via
electrostatic attraction between negatively charged colloidal
[Au-citrate] particles and positively charged bilayer template
patterns with top-NH2 functions3,4 (Scheme 1). To generate
well-defined amino-terminated template patterns, the struc-
ture and properties of which can be reproduced and controlled
with molecular precision, we adopted an approach analogous
to that previously used for the generation of sulfur-terminated
templates,9-11 consisting of the in-situ chemical functional-
ization of a high quality precursor overlayer assembled on
the tip-inscribed monolayer pattern of interest. This was
accomplished by photoreacting the terminal vinyl groups of
a precursor NTS overlayer with formamide, which adds a
terminal amide group to the hydrocarbon tail of NTS,18 and
its further reduction with BH3‚THF to the terminal amino
functionality. Based on previous results obtained in this
laboratory,19 it was expected that this synthetic route (cf d
in Scheme 1) should preserve the high molecular order of
the precursor NTS overlayer while effecting the conversion
of NTS to the corresponding amino-terminated C20 silane19

and the reduction of the interlayer-COOH groups (gener-
ated in the initial pattern inscription process) to-CH2OH.19,20

The overall fabrication process depicted in Scheme 1
explores the organization of water-soluble [Au-citrate] col-
loidal particles on amino-terminated template patterns pro-
duced by the present in-situ chemical functionalization of

preassembled NTS bilayer patterns.19,21[Au-citrate] colloidal
particles were synthesized by the reduction of AuCl4

- with
trisodium citrate, according to the procedures described by
Frens22 and Natan.23 By varying the conditions of the
synthesis, it was possible to obtain different size distributions
of such particles. The template-guided assembly of the gold
particles was carried out by immersing the silicon wafer
specimens bearing the template patterns into the colloidal
solutions (for periods of time of 10 min or 6 h), followed
by ∼5 min rinse in a flow of pure water. Colloidal gold
particles synthesized by this process acquire negative charge
due to the adsorption of citrate and chloride anions present
in the colloidal suspension, while protonation of the surface
amino groups results in positive charging of the template.3

Therefore, the spontaneous assembly of the [Au-citrate]
particles on the amino-terminated template patterns appears
to be driven by the electrostatic attraction between oppositely
charged template and metal particles. It may thus be expected
that post-assembly removal or exchange of the thin citrate
ligand shell would eventually allow the formation of densely
packed arrangements of gold nanoparticles on the template
sites.3

SFM images demonstrating the successful fabrication of
amino-terminated bilayer templates and the subsequent
template-guided assembly of nanoparticulate gold structures
with different predefined geometrical shapes (dots, wires,
pads) are given in Figures 1-4. Figure 1 shows images of

Figure 2. Semicontact mode SFM topographic images (acquired as in Figure 1) of gold nanostructures representing colloidal gold particles
self-assembled on amino-terminated bilayer template patterns (step (e) in Scheme 1). (A) Left side,∼17 nm [Au-citrate] particles22 self-
assembled on the dot array shown in Figure 1C (6 h immersion in the colloidal gold solution). Middle, detailed scan of the marked square
area in the left side image. Right side, distance-height profiles along the marked line in the middle image. (B) As in A, showing 2-6 nm
[Au-citrate] particles23 self-assembled on a similarly prepared array of 81 dots (10 min immersion in the colloidal gold solution). Lateral
dimensions were estimated from the corresponding distance-height profiles, as indicated in Figure 1.
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an array of 9×9 dots, corresponding to steps (b), (c), and
(d) of Scheme 1. As expected,9 the array pattern inscribed
on the OTS base monolayer displays high friction contrast
in the lateral force image (with an apparent lateral dot size
of ca. 40 ( 4 nm) while being weakly visible in the
corresponding topographic image (Figure 1A). Although the
nondestructive tip-induced oxidation of the top monolayer
surface does not affect significantly the surface topography
(Scheme 1b), the dots are weakly visible also in the
topographic image, albeit with a small negative contrast of
2-3 Å below the background of the unmodified monolayer.
This is an artifact of the SFM imaging process, caused by
friction-topography “crosstalk” and spot-to-spot force varia-
tions arising from the different hydration and adhesion

properties of the polar (modified) and nonpolar (unmodified)
regions in such heterogeneous surfaces.24 The selective self-
assembly of NTS on the oxidized surface sites of the OTS
base monolayer (bf c in Scheme 1), gives rise to an
elevated overlayer copy of the initial dot pattern inscribed
by the tip (Figure 1B). It is expected that patterns in which
the oxidation of the top-CH3 groups of OTS to-COOH
is complete correlate with the formation of a complete, well
ordered overlayer of densely packed and perpendicularly
oriented NTS molecules, with a height of∼2.7 nm,25 whereas
a partial reaction would result in an incomplete and less
ordered top layer, with significantly lower height.26 The
SFM-measured heights of each of the 81 dots, before and
after the conversion of the NTS overlayer to the amino-
terminated template (Figure 1B and 1C, respectively), are
2.7( 0.3 nm and 3.0( 0.3 nm, respectively. These average
and standard deviation values are in good agreement with
the layer thickness and roughness parameters determined
from X-ray scattering data of well-ordered monolayer films
of NTS25 and other long tail organosilanes with top polar
functions derived from NTS,13,19,20the∼3 Å height increase
upon the amination of NTS (compare the height profiles in
Figure 1B and 1C) being a reasonable value, expected from
the addition of one carbon atom and the amino group
(Scheme 1).19 Several of the extreme observed dot heights
fall, however, within the range 2.1-3.4 nm and respectively
2.4-3.8 nm, for the unreacted and the amino-terminated
overlayer. Taking into account the typical observed roughness
of the base OTS/Si monolayers in the present SFM images
(peak-to-peak features within ca. 0.5 nm),27 these larger
variations may reflect possible variations in the patterning,
overlayer assembly, and amination processes, the precise
control of which needs still to be improved. This analysis
allows us to conclude that the synthetic route depicted in
Scheme 1 is indeed compatible with the planned assembly
of high quality bilayer features that preserve their structural
integrity and molecular organization upon the quantitative
in-situ generation of the top amino functionality. It further
suggests that the apparent lateral broadening of the dots from
ca. 40( 4 nm in Figure 1A to ca. 64( 11 nm in Figure 1B
and 1C (as estimated from the half-height widths of the
corresponding friction and topographic cross-section profiles)
has to do with the common SFM artifact caused by the
convolution with the tip, rather than with an inexplicable
real broadening of the initially inscribed features.

Some representative examples of planned patterns of
colloidal gold particles (17( 2 nm and 2-6 nm) fabricated
by the present method are given in Figures 2-4. These
include different sizes and geometrical shapes, which serve
to illustrate the organization of the [Au-citrate] on the amino
template. The anchoring of the gold nanoparticles to the
surface is seen to faithfully follow the initial tip-inscribed
patterns, thus confirming the validity of the template-guided
self-assembly strategy depicted in Scheme 1. A comparative
analysis of the SFM images of the different fabricated
patterns reveals the deposition of a single layer of gold
nanoparticles on the amino template patterns. The individual
particles distinguishable in Figures 2A and 3A are rather

Figure 3. Semicontact mode topographic images of colloidal gold
nanostructures (fabricated and imaged as those shown in Figure
2). (A) ∼17 nm [Au-citrate] particles self-assembled on a bilayer
pad pattern with four unmodified OTS rhombuses (same specimen
as in Figure 2A). (B) 2-6 nm [Au-citrate] particles self-assembled
on a bilayer letter pattern (same specimen as in Figure 2B). The
pattern inscription conditions were as in Figure 1, with applied tip-
surface biases of 6.5 V in A and 7.5 V in B. (C) Detailed scan
showing both topographic (left side) and phase images of the first
“N” in a letter pattern of small particles such as that in B above
(produced with 6 h immersion in the colloidal gold solution), after
Scotch-tape treatment.
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uniform, with measured heights of∼17( 2 nm and apparent
lateral dimensions of∼32 ( 3 nm. Since these colloidal
particles have approximately spherical shapes3,4 and there is
good agreement between their SFM-measured heights and
the average metal core diameter derived from X-ray scat-
tering data of such particles assembled on unpatterned amino-
terminated monolayer surfaces prepared by the present
method (15.5-16.1 nm),19 we may safely conclude that, as
observed before,4 the SFM-measured lateral dimensions are
exaggerated by the convolution with the imaging tip. This
conclusion is further corroborated by the observation that
each template dot in Figure 2A accommodates between two
to four apparently touching particles, their added lateral size
(∼70 nm) correlating well with the apparent lateral size of
the respective dot templates (∼64 nm, Figure 1C). However,
estimating the real lateral size of the dots on the basis of the
actual diameters of the template-anchored gold particles (∼17
nm) gives values closer to 40 nm, i.e., similar to the size of
the initial tip-inscribed dot features (Figure 1A). The good
agreement between the lateral dimensions of the tip-inscribed
features estimated from either the half-height widths of the
corresponding friction cross-section profiles (not shown) or
the added diameters of the anchored metal particles (i.e., their
SFM-measured heights) may thus be taken as a further

indicator of the validity of the estimates based on these
considerations.

The small particles assembled on dots (Figure 2B) and
on the more complex line patterns (Figures 3B, 3C and 4)
are seen to have less uniform size, occasionally forming also
coalesced aggregates. With individual particles sizes in the
range 2-6 nm (as estimated from their SFM-measured
heights) and apparent lateral dimensions of the order of∼25
nm, the resolution of closely located such particles becomes
difficult. While the presence of more than one particle per
dot is generally apparent in the 9×9 dot array in Figure 2B,
a reliable determination of the average number of particles
assembled on each dot is thus not possible.

The [Au-citrate] assembly on the amino bilayer template
patterns, apparently driven by electrostatic interactions only,
results in gold/template structures displaying rather high
stability under exposure to different organic solvents, acids,
and bases, such as 5% aqueous HCl or HNO3, 5% NaOH or
KOH, the RCA silicon cleaning method, and sonication.
Particles below a certain size also show high stability with
respect to Scotch-tape peeling, contrary to larger particles
that may be removed by such treatment from the surface.
For example, a comparative inspection of Figure 3B and 3C
clearly indicates that nanoparticles left on the surface of a

Figure 4. Example of more complex metal-organic nanoarchitecture fabricated via the template-guided hierarchical self-assembly route
depicted in Scheme 1. Created by Picasso in 1962, the poster entitled “World Without Weapons” was downloaded from an Internet site
(upper-left) and then translated into an input signal to the conducting SFM tip that inscribes (contact mode, line width∼30 nm) a corresponding
pattern of-COOH groups on the top surface of an OTS/Si monolayer specimen (step (b) in Scheme 1)- the Friction (monolayer) image.
Topography (bilayer): semicontact mode image of the bilayer pattern resulting from the self-assembly of an NTS overlayer on the patterned
monolayer (step (c) in Scheme 1). Topography (colloidal gold pattern): semicontact mode images of the final metal-organic composite
nanostructure resulting from the self-assembly of 2-6 nm [Au-citrate] particles (same specimen as in Figure 2B) on the amino-terminated
bilayer template (lower left sketch, corresponding to step (e) in Scheme 1). Individual gold particles specifically deposited on the dove
wing and tail are clearly seen in the lower-right image, showing a detailed scan of the marked square area in the full-size image (middle).
The pattern inscription and imaging were carried out as described in Figure 1, with 800×800 raster-scanned points (3.3 ms/point), at a
tip-surface bias of 8.5 V.
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Scotch-tape treated sample (Figure 3C) are smaller and their
size distribution more uniform, with measured heights of
∼2.2 ( 0.5 nm and apparent lateral dimensions (estimated
from the phase image) of∼15 ( 5 nm.

In conclusion, the template-guided self-assembly of col-
loidal gold nanoparticles on bilayer template patterns pro-
duced by the present hierarchical assembly approach offers
significantly improved performance in terms of the structural
precision, the reproducibility and the overall stability needed
for the reliable chemical fabrication of functional components
for future nanodevice applications. The results obtained
suggest that further improvements in the control of the lateral
dimensions of tip-inscribed features should make possible
the reproducible positioning of single gold nanoparticles on
preselected template dots, as well as the assembly of single
rows of such particles on template line patterns designed for
this purpose. To achieve this, the lateral size of the selected
dot or line template should not exceed the size of the particles
to be immobilized, which, for spherical particles, can be
reliably estimated from their SFM-determined heights. Future
efforts in this direction will have to focus on the use of
sharper tips and the exploration of patterning conditions that
may lead to a reduction in the lateral size of the inscribed
features. A conceptually more advanced “self-patterning”
approach, based on templates with active/inert mixed func-
tionality, would allow achieving lateral dilution and spon-
taneous phase-separation of the binding functions within
laterally confined surface domains, thus enabling fine-tuning
of pattern formation below the lowest limits characteristic
of the tip-induced patterning process itself.28 We should
finally emphasize that the use of well defined molecular
templates, the vertical extensions of which can be adjusted
with subnanometer precision, offers rather unique capabilities
for fine-tuning of distances between surface anchored na-
noobjects such as colloidal metal particles, via their precise
vertical positioning above the substrate surface. This attrac-
tive feature of the present approach, demonstrated here for
the simple case of a single molecular overlayer with a
characteristic height of the order of 3 nm, suggests interesting
possibilities for the advancement of a 3D chemical nano-
fabrication methodology based on the hierarchical self-
assembly of planned multilayer molecular templates.29
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