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ABSTRACT

We present a simple procedure to selectively deposit
gold nanoparticles using pure water. It enables pattern-
ing of nanoparticle monolayers with a remarkably high
degree of selectivity on flat as well as microstructured
oxide surfaces. We demonstrate that water molecules
form a thin capping layer on exposed thiol molecules
within mercaptan self-assembled layers. This reversible
capping of water molecules locally deactivates the thiol
groups, therewith inhibiting the binding of metallic gold
nanoparticles to these specific areas. In addition, we
show that this amazing role of water molecules can be
used to selectively metallize the patterned gold nanopar-
ticle arrays. Employing an electroless seeded growth
process, the isolated seeds are enlarged past the perco-
lation threshold to deposit conducting metal layers.
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1 INTRODUCTION

In the fabrication of general purpose devices based on
nanoparticles, one of the key challenges is the patterned
deposition of the nanoparticles on pre-defined areas by
simple, fast and low-cost methods. Various top-down
and bottom-up techniques with sophisticated equipment
and chemicals have been used to achieve nanoscale pat-
terning. The majority of nano- and micropatterning
techniques are in the former category, including pho-
tolithography, electron-beam lithography, microcontact
printing, dip-pen nanolithography and laser-based pat-
terning. Despite their enormous impact on modern tech-
nology, the top-down approaches have a number of dis-
advantages and limitations. For example photolithogra-
phy and electron-beam lithography techniques require
hazardous chemicals. Microcontact printing requires an
elastomeric stamp to fabricate heterogeneous structures
of typically micrometer dimensions, but use for a mixed
functionality surface fabrication is limited [1]. In princi-
ple, dip-pen nanolithography enables nanoscale pattern-
ing [2]. However, the relativity low transfer efficiency
hinders large scale fabrication.

The alternative bottom-up approaches resolve a num-
ber of drawbacks and limitations of the aforementioned

methods. Moreover, various combinations of both ‘top-
down’ and ‘bottom-up’ have also been suggested. An
example of such a combined approach is referred to as
microcontact deprinting [3] enabling hierarchical pat-
terning of nanoparticles on a wide range of substrates.
Although this is fast and versatile, it requires a plasma
system to burn off the polymer micelles together with
complicated procedures to apply and peel off the poly-
mer stamp at high temperature therewith increasing the
overall complexity.

Here we present a novel, simple, fast and low-cost
method to enable patterned deposition of nanoparti-
cles and demonstrate local metallization. In previous
work we attempted to locally derivatize the surface with
amino- and mercaptosilane molecules by microcontact
printing [4]. Although there was an apparent density
difference, the selectively was limited. The present ap-
proach does not require sophisticated equipment nor
does it involve harsh chemical procedures.

2 LOCAL NANOPARTICLE
DEPOSiTION

In Fig. 1 our method to pattern gold nanoparticle
deposits is schematically shown; for specific experimen-
tal details, we refer to our previous work [5]. First, a
cleaned Si/SiO2 substrate is functionalized with mer-
captosilane (MPTMS). In a next step, a specific area of
the substrate is treated by bringing it into contact with
pure water. Finally, gold nanoparticles are deposited by
immersing the substrate into a nanocolloidal gold solu-
tion. In Fig. 2(center) a photograph of the sample after
water treatment (bottom-right panel) using a droplet of
millimeter dimension and subsequent gold nanoparticle
deposition is shown. A circular spot can be identified
where the water has been in contact with the MPTMS
layer. A clear difference in reflective properties can be
discerned between the areas of the surface which have
been water-treated and the areas which have not been
in contact with water. We assume that the difference
in contrast in the macroscopic images arises from the
fact that gold nanoparticles do not attach to the water-
treated area, while the untreated surface is fully covered
with nanoparticles.

To verify this assumption, typical electron microscopy
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Figure 1: Schematic representation of the nanoparticle
patterning using water. After derivatization of the sur-
face with MPTMS, selective parts are defunctionalized
by water treatment, followed by site-selective deposition
of gold nanoparticles.

images are shown of silica coated with 50 nm gold nano-
particles at various places on the surface, as indicated
in Fig. 2. The untreated area (top-right) shows a dense
coverage of nanoparticles indicating the irreversible de-
position of these nanoentities as described previously [6].
The strong interaction between the exposed thiol groups
of the MPTMS molecules induces a strong affinity to
irreversibly bind the gold nanoparticles to the surface.
Surprisingly, on the area within the circle (top-left) where
the MPTMS was in contact with the water droplet, gold
nanoparticles do not adsorb. Remarkably, we did not
even find a single gold particle, revealing the high de-
gree of selectivity (bottom-left).

3 PATTERNED
FUNCTIONALIZATION

To address the effect of water on the MPTMS-coated
area, we have considered various possible scenarios. A
first assumption involves removal of the layer of MPTMS
from the water-treated area by washing off. This would
explain why gold nanoparticles are not adsorbed in the
water-treated areas since removal of MPTMS also leads
to the absence of free thiol groups available for gold
binding. A second possibility is that by water treatment
the free thiol end-groups are oxidized to form sulfate
ions. Therewith the functionality to irreversibly bind
gold nanoparticles is lost. It is well-documented in liter-
ature that the presence of physisorbed water and oxygen
at the MPTMS surface may lead to the oxidation of mer-
captan [7–9]. In another possible oxidation process the
thiol end groups are transformed into disulfide S-S enti-
ties with a low reactivity [10]. The replacement of thiol
by disulfide groups could also account for the strongly
reduced affinity to irreversibly bind gold nanoparticles.

In view of the aforementioned possible explanations
for the effect of water on MPTMS monolayers, and to

Figure 2: Macroscopic view and electron microscopic
images of gold nanoparticle patterning on a flat Si/SiO2

substrate. The bottom-right and center images are pho-
tographs during water treatment and after patterned
nanoparticle deposition. Electron microscopy images
show three areas: (i) non-water treated (top right), (ii)
water-treated (top left), and (iii) border region [5].

elucidate the potential mechanism, we performed an es-
sential experiment, which in fact rules out any of the
aforementioned models. As described above, after water
treatment the affinity to bind gold nanoparticles is com-
pletely destroyed. However, when samples are heated
to approximately 120◦C for a short period of time, typi-
cally 20 minutes, the functionality of the thiol molecules
appears to be fully restored. As with non-water-treated
samples, nanoparticle deposition is again possible after
heating water-treated samples. In all cases, we did not
observe any notable difference in deposition character-
istics between situations (i) before water treatment and
(ii) after water treatment and subsequent heating. This
indicates the complete reversibility of the water treat-
ment by simply heating the samples. None of the models
described above can account for this observation. The
washed-off MPTMS molecules are not restored during
heating, while possibly oxidized states (either sulfate or
disulfide entities) will not be restored to their reduced
states simply by heating in an oxidizing environment.

An alternative explanation for the reversible disap-
pearance of the gold binding functionality of the thiol
groups follows from considering the electronegativities
of oxygen, sulfur and hydrogen (3.44, 2.58 and 2.2, re-
spectively) [11]. The differences between values for the
constituting elements in water and thiol entities indicate
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Figure 3: Schematic illustration (a) of the water
molecule binding to the MPTMS molecule due to the
electronegativity difference between O, S and H, and (b)
the capping of water molecules shielding exposed thiol
molecules, therewith hindering gold-sulfur bonding after
water treatment on MPTMS and thus inhibiting gold
nanoparticle deposition.

that both the OH and the SH bonds are polarized. As
such, there will be an attractive electrostatic interaction
between the water on one side and the thiol entities on
the other. As such, we envisage that a bonding between
the OH and SH bonds occurs (see Fig. 3), giving rise
to hydrogen-bond type binding of a water monolayer to
the MPTMS self-assembled monolayer.

Evidence for weak hydrogen bonds in thiols has also
been derived from magnetic resonance experiments. Cole-
brook and Tarbell state that previous literature reviews
indicate that thiol-based hydrogen bonds can be formed
with strong donor groups such as oxygen. But they
also suggest the possibility that the sulfur atom can act
as a donor in hydrogen bonding [12]. In a more re-
cent paper Yadav et al. [13] discuss the possible effect
of water on the Michael addition. The proposed mecha-
nism involves a double hydrogen bond between the wa-
ter molecule and quinone compounds. The ‘capping’ of
water molecules produces a thin layer of water on the
thiol entities, which inhibits the effective binding of gold
nanoparticles to the available sulfur groups on the sur-
face. Simply stated, the water molecules effectively act
as a ‘resist’ enabling patterning of whatever binds to the
thiol-terminated MPTMS molecules.

This tentative mechanism would explain why gold
nanoparticles are absent on water-treated regions. Also,
it accounts for the restoration of the affinity to bind
gold simply by heating the samples. Nevertheless, a
surprising aspect of this tentative model is that in the
case of non-water-treated samples, which exhibit a high
affinity for gold, the nanoparticles are deposited from
aqueous solutions. Why do gold particles not bind to
previously water treated MPTMS layers, while they do
adsorb in the presence of water?

4 SELECTIVE METALLIZATION

Following the localized gold nanoparticle deposition
described in the previous section, selective metallization
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Figure 4: (left) Electron microscopy images showing the
morphology of the samples for different electroless plat-
ing times after 5, 10 and 20 minutes. (right) Measured
thickness (a) and conductivity (b) of electroless grown
gold films as a function of plating time. Dashed lines
are a guide to the eye; the dotted line in (b) represents
the conductivity value for bulk gold [16].

can be achieved by electroless gold deposition on the
patterned arrays which act as seeds for the electroless
plating. A previously reported method was employed to
grow continuous metal layers [14, 15]. The growth solu-
tion essentially consists only of the precursor HAuCl4
and NH2OH as reducing agent. Typically within 20-30
minutes at room temperature, a continuous gold layer
is formed specifically on the pre-patterned areas.

Electron microscopy images as shown in Fig. 4 of
pre-patterned samples after seeded gold growth reveal
a remarkable contrast between water-treated and non-
water-treated areas. The boundary between the dif-
ferent regions appears to be very sharp, clearly distin-
guishing between areas where gold nanoparticles were
present and where they were absent. The electroless
deposition process gives rise to enlargement of the iso-
lated seed particles past the percolation threshold (a se-
quence of images is shown in the left part of Fig. 4), to
ultimately give rise to thick, conducting gold films [16].
The morphology of the thick metallic layer in the non-
water-treated area is characterized by a large number
of densely packed grains of different sizes. Owing to
the absence of nanoparticles in the water-treated area
such a metallic layer could not develop. However, af-
ter prolonged deposition, typically up to 30-40 minutes,
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randomly distributed islands of different sizes in the low
micrometer range develop within the water-treated ar-
eas; the initial stage is shown in the bottom-left image
of Fig. 4. Our initial assumption was that these rela-
tively large clusters form in solution and subsequently
sediment onto the surface under the influence of gravity.
However, changing the orientation of the substrate dur-
ing seeded growth, even turning it upside down, reveals
that the clusters are still formed. So apparently, these
islands somehow nucleate within the defunctionalized
regions, and grown into large entities with prolonged
growth.

Further characterization and analysis of the electro-
less growth of gold on the patterned seed particle arrays
reveals that the process is similar to what has been re-
ported for silver growth [4, 17]. Using a combination
of optical tools (spectroscopic ellipsometry) and macro-
scopic conductivity experiments (right part of Fig. 4),
we have identified different regimes during the seeded-
growth. During the first few minutes, the electroless
deposition gives rise to enlargement of the individual
seed particles into large, but still isolated islands. Con-
sequently, the macroscopic conductivity remains unde-
tectably low. After approximately 10 minutes growth
a percolating network of interconnected gold islands is
formed, as is also confirmed by the fact that a finite, but
small conductivity can be measured, which rises with
growth time. Prolonged seeded growth eventually gives
rise to a fully developed continuous layer (shown in the
bottom-left image of Fig. 4). For films with a thick-
ness up to a micrometer, the conductivity was found to
saturate at approximately 30% of the bulk conductivity.

5 CONCLUSIONS

We show that pure water can be used to selectively
defunctionalize MPTMS coated surfaces. We propose
that water molecules form a thin ‘capping’ layer on ex-
posed thiol molecules within the mercaptan layer. This
reversible capping locally ‘deactivates’ the thiol groups,
therewith inhibiting the binding of gold nanoparticles
to these specific areas. The remarkably high degree
of selectivity in the self-assembled formation of these
nanogold monolayers is demonstrated. Since MPTMS
is used as a binding agent not only for gold but also for
other materials, the method described here can in princi-
ple be extended to enable patterning of other nanoscale
materials.

In addition to the localized nanoparticle deposition,
we studied the selective metallization by electroless gold
deposition on the patterned seed particles. The latter
gives rise to enlargement of the isolated seeds past the
percolation threshold, to ultimately lead to conducting
metal structures. The obtained patterned gold films ex-
hibit macroscopic conductivity values approximately a
factor of three lower than that of bulk gold.
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