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Gold nanoparticles were immobilized on silicon dioxide (SiO2) surfaces by embedding them in a layer
of octadecylsiloxane (ODS) and also in SiO; layers created by deposition and oxidation of ODS layers. The
ODS and the SiO- layers form selectively around the nanoparticles. Analysis of the particles after several
deposition/oxidation cycles showed a decrease in measured height in accordance with the number of deposited
layers. Following one embedding cycle, the nanoparticles could not be moved with the tip of a scanning
force microscope operated in dynamic mode, whereas they moved in a controlled fashion prior to the
deposition of any layer. Depositing a second set of particles onto an ODS layer in contact with the substrate
allowed us to construct a two-particle column by placing one particle directly on top of another one.

1. Introduction

The synthesis, physical characterization, and manipu-
lation of nanometer-scale particles are very active research
areas today. Nanoparticles may be synthesized out of a
variety of materials,*? in very well-defined sizes, and with
a variety of properties (e.g., metallic, conductive, semi-
conductive, insulating, or magnetic).®~® They have po-
tential applications that range from optoelectronic devices®
to biological sensors.” For example, nanoparticles with a
diameter of 1-2 nm have been proposed as a basis for
future electronic digital circuits based on single-electron
tunneling.® In this and many other examples, potential
applications require positioning of nanoparticles in com-
plex two- and even three-dimensional structures. Several
methods ranging from self-assembly to nanomanipulation
with a scanning probe microscope (SPM) have been
proposed to achieve this goal.®~16 A crucial issue is the
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positional stability of particles on a surface, or in a
structure, after they have been positioned. Surface dif-
fusion and movement of the particles due to mechanical
stress or electric field have to be eliminated.

One useful approach to particle stabilization involves
the use of self-assembled monolayers (SAMs) to surround
the particles. SAMs have attracted considerable interest
during the last 2 decades and are formed spontaneously
by immersing substrates in dilute solutions of amphilic
molecules in appropriate solvents.'”'8 A variety of film/
substrate systems are known to lead to the formation of
these highly ordered monolayer films.1%~22 Among these
systems, alkylsiloxane SAMs on hydroxylated surfaces
have proven to be particularly versatile. These monolayers
are formed from precursor molecules such as alkyltrichlo-
rosilanes (RSiCl3), alkylaminosilanes (RSi(NR';)3), or
alkyltrialkoxysilanes (RSi(OR")3) having hydrolyzable Siy
groups.3~25

Organosilane SAMs have been used in several practical
applications, ranging from the modification of surface
properties (e.g., wetting stability) to reactive ion-etching
resists.?62” These organosilane SAMs may also play an
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important role in the construction of future electronic
devices because the hydrocarbon chain can be oxidized
and removed by a combined UV/ozone exposure to form
an ultrathin film of silicon dioxide (SiO,). A controlled,
layer-by-layer growth can be achieved because of the
self-limiting nature of the organosilane deposition.?®

In this paper, we present a strategy to immobilize gold
nanoparticles on SiO, surfaces by embedding them into
a layer of octadecylsiloxane (ODS) and multiple layers of
SiO, created by deposition and hydrocarbon oxidation of
ODS SAMs. This strategy was used to construct a two-
particle column by first depositing and embedding a set
of particles and then depositing a second set of particles
and placing one of these by directed nanomanipulation on
top of a previously embedded particle.

2. Experimental Section

Colloidal gold particles (EM.GC15, Ted Pella Inc.) with a
nominal diameter of 5 nm were chemically modified with
hexanethiol and transferred to a toluene phase. A 2 uL portion
of dodecanthiol was added to a two-phase system of 10 mL of
aqueous, colloidal solution and 10 mL of toluene. After the flask
was shaken for 2 min, the red color of the aqueous phase was
transferred to the organic phase indicating the replacement of
the chloride ion shell of the gold particles by a nonpolar thiol
shell. Subsequently, a 10 uL gold particle solution was added to
the two-phase system to minimize the amount of “free” thiols in
the organic phase. Treatment with hexanethiol changed32°20 the
average diameter of the particles to approximately 5.4 + 1.4 nm
as determined by scanning force microscope (SFM) height
measurements.3! In general, the size uniformity of the particles
changes and the average particle size exhibits a larger deviation
than the original, chlorine-stabilized particles (coefficient of
variation <15% as analyzed by the manufacturer). The modi-
fication of particles following this recipe also results in the
formation of agglomerates of particles in solution, and the
appearance of agglomerates becomes pronounced with time (due
to “aging of the solution”). Therefore, a fresh solution of thiolated
colloids, usually diluted by a factor of 20—50, was prepared before
every experiment.

The Si substrates were treated prior to deposition in an UV/
ozone chamber for 15 min to ensure a sufficiently thick, clean
SiO; layer for silane deposition. Subsequently, a drop of 10 uL
of the particle solution was placed onto the Si/SiO, substrates
and the toluene was evaporated. After evaporation of the solvent,
the samples were rinsed with an excess of toluene and “blow-
dried” with nitrogen. The deposition of ODS was achieved by
immersing the substrates into a 5 x 1074 M solution of
octadecyltrichlorosilane (OTS, Aldrich, 95%) in toluene. Subse-
quently, the samples were rinsed with toluene, acetone, and
ethanol and then dried in a stream of pure nitrogen. The ODS
layer on the sample was subsequently oxidized by exposure in
an UV/ozone chamber for 10 min.

Imaging and manipulation experiments were carried out by
using an Autoprobe CP atomic force microscope (AFM) (Park
Scientific Instruments) operated in a dynamic mode in air using
triangularly shaped silicon cantilevers (Park Scientific Instru-
ments, 13.0 N m~! spring constant, and 340 kHz resonance
frequency). The setup that we use for nanomanipulation with a
SFM has been previously described.32-34 It is based on Probe
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Figure 1. Sequence of 500 x 500 nm? SFM images displaying
areas of a SiOz/nanoparticle sample: A, after deposition of an
ODS layer; B, after oxidation of the hydrocarbon present in
ODS. The change in the height of the particles is displayed in
the corresponding linescans C and D. The scan sizeis 1 x 1 um?
and the height scale in the images is (A) 2 nm and (B) 3.5 nm
from black to white, respectively.

Control Software (PCS) developed in our group and built upon
the application programming interface (API) provided by PSI.

3. Results and Discussion

Gold nanoparticles were initially deposited in arandom
manner at a low coverage (density) on the SiO, substrate.
Although there are techniques known for the deposition
of gold particle monolayers®”3 and multilayers® with
controlled interparticle distances on derivatized surfaces,
the interparticle distance is largely irrelevant for our
purposes except that a low density is crucial for precise
manipulation.

Because the particles are electrically neutral and no
adhesive layer is used,®3 there is no chemical or
electrostatic interaction between the substrate and the
particle, i.e., they are physisorbed on the surface. Close-
packed arrays of alkanethiol-capped gold nanoparticles
on a “naked” SiO, substrate have been shown to be
mechanically stable.*® However, as a result of the weak
interaction between the substrate and single particles in
experiments, imaging with the SFM even in dynamic mode
requires carefully selected setup parameters.

The randomly deposited gold nanoparticles had a height
of ~5.4 + 1.5 nm as measured by the SFM (images not
shown). Figure 1 shows SFM images of the sample after
deposition of an ODS layer, panel A and after oxidation
of the ODS layer by a UV/ozone treatment for 10 min,
panel B. The scan areawas 500 x 500 nm? in both images.
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Figure 2. SFM image showing the effect of OTS deposition on
ananoparticle/SiO; substrate in high humidity (80%) conditions.
This image reveals large islands of ODS and agglomerations
of particles in areas where no ODS was deposited. The arrows
mark individual particles that were found in areas where ODS
was present.

Figure 1A shows an area of the sample which is
completely covered with an ODS layer. The linescan in
Figure 1C indicates that the height measured for the
particles above the coated substrate decreased to 2.8 +
1.0 nm. This is consistent with our other experiments,
since the height of one monolayer of ODS is ~2.7 nm.2842
Parts B and D of Figure 1 show that the measured height
of the particles increased to 5.2 + 1.3 nm after hydrocarbon
oxidation of the ODS layer. Again, this result is as
expected, because the thickness of one layer of SiO; is
~2.75 A 24 Furthermore, the fact that these particles could
not be moved subsequently by SFM manipulation indicates
that they were embedded in a SiO; layer generated by the
oxidation treatment.

Toensure that the ~5 nm features in Figure 1 were not
OTS aggregates, we used the same deposition procedure
to deposit an ODS monolayer on a clean Si substrate
without gold nanoparticles on it. The modified substrate
was analyzed by contact angle measurements to show
that the SAM deposition took place. We imaged the sample
by using the SFM (images not shown) after the ODS
deposition, and we did not see any nanometer-scale
features on the substrate. These results are also supported
by the previous work by Vallant et al.*?> and Resch et al.*3
who investigated the ODS/Si system using SFM, IR, and
ellipsometry in situ and ex situ.

Special consideration has to be given to sample prepa-
ration, e.g., to the amount of surface water and water
content of the OTS solution. Recently, it has been shown
that the deposition of ODS is influenced by the amount
of water in the solution.*? In general, higher water content
leads to the deposition of larger islands of ODS. The same
trend was observed with the deposition of the ODS layer
on a SiO; surface in high humidity. Figure 2 shows a SFM
image of a nanoparticle/SiO; substrate treated with OTS
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Figure 3. SFMimage, A, and corresponding line scans, B and
C, recording the embedding of Au nanoparticles in layers of
SiO; by successive ODS deposition and oxidation cycles. The
maximum height difference between uncovered and covered
areas was measured to be 1.6 nm, corresponding to six layers
of SiO,. The scan size is 500 x 500 nm?2, and the height scale
is 3 nm from black to white.

for 40 sin 80% humidity. This image reveals large islands
of ODS and agglomerations of particles in areas where no
ODS was deposited. Very few individual particles were
found in areas where ODS was present (as marked by the
arrows), and the density of particles decreased as well.
This indicates that most of the nanoparticles were
displaced from their original positions by the deposition
and formation of large ODS islands.

Figure 3A shows a SFM image of an Au-nanoparticles/
SiO, sample that has undergone six ODS deposition/
oxidation cycles according to Chart 1. In each cycle, the
sample was immersed in the OTS deposition solution for
2 h. The area displayed was found close to the edge of the
Si substrate where the ODS deposition was not homo-
geneous, probably because of handling of the substrate
between cycles. In these areas the thickness of the oxidized
ODS layer on the original SiO, can be measured. The
height of the layer according to the line scan displayed in
Figure 3Bwas 1.6 nm, in good agreement with the expected
thickness of 1.65 nm, i.e., 6 times the thickness of one
layer of SiO, (2.75 A2%). The particles marked as “a” and
“b” are located in an “uncovered” area and exhibit the
same height of ~6.0 nm. Particle b is close to the edge of
the deposited SiO,. The particles marked as “c” and “d”
are located in the middle of this layer and have a height
of ~4.5 nm as shown in the line scan displayed in Figure
3C.

Additionally, the growth of the ODS layer was monitored
with external reflection infrared spectroscopy and ellip-
sometry. Results from these studies are given in Table 1
and reveal a uniform layer-by-layer growth with each
deposition/oxidation cycle. Previously, Brunner et al.?®
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Chart 1. Schematic View of the Embedding
Procedure of Nanoparticles in a SiO, Matrix As
Presented in Figure 3
A Au nanoparticles

e

o SiISID2 substrate

B Deposition of OTS layer

4+ Hydrocarbon chain
Silylgroup

C  Oxidation of hydrocarbon chain

o New layer of Si0,

D  Repetition of steps B, C

<« Multilayer of Si0,
. AN 48

Table 1. Thickness of SiO; Layers after Several
Successive Deposition/Oxidation Cycles As Measured by

Ellipsometry

no. of depn/ thickness of increase in thickness
oxidn cycles SiOy layer (A) of SiOx layer (A)

0 19.2

1 21.9 2.7

2 24.4 2.5

3 275 3.1

4 305 3.0

5 334 2.9

6 36.1 2.7

Chart 2. Schematic View of the Construction of a
Two-Particle, Upright Column As Displayed in Figure
4

A Au nanoparticles
S
e SIJfSiO2 substrate
B Deposition of OTS layer

+ Hydrocarbon chain

B A SR siygou

Cc Deposition of 2™ set of particles

2

B S NN

D  SFM manipulation

2

grew SiO, films with complete and uniform layer-by-layer
growth using up to 23 deposition/oxidation cycles.

In principle, it should be possible to build 3-D nano-
structures by using a strategy of embedding and im-
mobilizing nanoparticles. Chart 2 illustrates the con-
struction of a vertical column by utilizing layers of
particles. Figure 4 shows a demonstration experiment
along these lines. A series of SFM images show the same
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Figure4. SFMimages and corresponding line scans displaying
the successful construction of a two-particle, upright column
by pushing particle “1” on top of particle “2”. The scan size is
600 x 600 nm?, and the height scale is 6 nm from black to
white.

areabefore, A, and after manipulation, C and E, of asecond
set of nanoparticles that was deposited onto a modified
SiO; substrate containing nanoparticles and ODS. The
areas where the ODS layer was not complete show a
smaller film thickness. Thisis recorded in the SFM image
in Figure 4A where a few uncovered areas of the SiO,
substrate, mostly around the particles, can be observed.
The particle marked “2” with the black arrow is embedded
in the ODS layer, while the particles marked “1” and “3”
were deposited subsequently and sit “on top” of the ODS
layer. The height of particle “2” is 4.0 nm with respect to
the ODS layer (Figure 4B) and 5.3 nm with respect to an
uncovered area. This establishes (i) that the ODS layer
was not complete because its thickness is smaller than
the 2.7 nm value for a complete layer and (ii) that the
particles were not substantially modified by the ODS since
their height was essentially unchanged. Then, particle
“1” was manipulated with the SFM and placed on top of
particle “2”, forming a vertical column as recorded in
Figure 4C. The line scan displayed in Figure 4D gives the
height of this column as 9.5 nm with respect to the ODS
layer. Afterward, the particles comprising the column were
again separated by manipulation, as recorded in Figure
4E.

4. Concluding Remarks

The mechanical stability of nanoparticles deposited on
a surface is a crucial issue for potential applications of
nanoparticles as active components of future devices. The
strategy presented in this paper successfully immobilizes
gold nanoparticles on SiO; surfaces by embedding them
in a layer of ODS. Mechanical nanomanipulation experi-
ments with an SFM showed that the embedded particles
were not movable under the same manipulation conditions
that were successful prior to the embedding. Furthermore,
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by exploiting the chemical selectivity of self-assembled
monolayers used as anchoring layers, the simplest 3-D
nanostructure, a two-particle, vertical column, was con-
structed. Alternatively, the gold nanoparticles can be
embedded into a matrix of SiO; layers by successive ODS
deposition and oxidation cycles to form stable patterns on
the surface. This strategy of embedding nanostructures
in a very stable matrix in combination with prior SFM
nanomanipulation can be used, in principle, to construct
positive-tone or negative-tone nanomasks comparable to
lithography processes or as nanomolds for imprint tech-
niques. With the OTS replaced with a silane molecule

Resch et al.

containing a terminal hydroxyl group (masked, for ex-
ample, as an ester group), multiple layers may be
constructed. This would enable the construction of taller
and more complicated nanostructures. In general, these
results should not be limited to the siloxane/SiO, system.
Such a strategy should work with any other appropriate
substrate/particle/layer system.
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