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anoscale metallic structures pos-

sess unique properties, mainly de-

termined by the large surface-to-
volume ratio, which make them extremely
interesting for applications in several fields
of science and technology."? Chemically
synthesized colloidal nanoparticles have a
series of advantages over lithographically
prepared nanostructures: they can be eas-
ily produced in large amounts, broad range
of sizes, controlled shape, with a narrow
size and shape dispersion.3#

While investigating the size- and shape-
dependent properties of individual nano-
objects is useful from a fundamental point
of view,>® many practical applications
mainly rely on collective effects in assem-
blies of a large number of nanoparticles.”
For instance, one can cite chemiresistor sen-
sors based on changes in the electrical con-
ductivity of gold nanoparticle films® or opti-
cal bio(chemo)sensors based on surface-
enhanced Raman spectroscopy from arrays
of noble metal nanoparticles.” One major
challenge is thus to control the fabrication
of such assemblies of colloidal nanoparti-
cles on defined areas of surfaces in order to
obtain application-specific hierarchical
structures.

Convective self-assembly (CSA) is a col-
loidal assembly method based on particle
flux toward the substrate—liquid—air con-
tact line, caused by solvent evaporation in
this area, and attractive capillary forces.°
CSA was employed for producing mono- or
multilayer particle films from a large vari-
ety of colloidal micro- and
nanoparticles."' > However, the assembly
of small metallic colloids (<20 nm) remains
rather sparsely explored in CSA, with very
few reports being available.>'>'¢ In order to
direct and localize the assembly of colloids,
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ABSTRACT Ordered arrays of centimeter-long nanoparticle wires are fabricated by convective self-assembly

from aqueous suspensions of 18 nm gold colloids, on flat Si0,/Si substrates without any prepatterning. The

orientation of the wires can be switched from parallel to perpendicular to the substrate—liquid—air contact line

by controlling the substrate temperature. While the wires parallel to the meniscus are obtained by a stick—slip

process, a mechanism based on critical density-triggered particle pinning is proposed to explain the formation of

wires perpendicular to the meniscus. The geometry of the wire arrays is tuned by simply controlling the meniscus

translation speed. Wires are typically characterized by widths of a few micrometers (1.8-8.2 um), thicknesses of

mono- to multilayers (18-70 nm), and spacings of few tens of micrometers. The fabricated nanoparticle wires are

conductive, exhibiting a metallic resistive behavior in ambient conditions. Resistivity values of 5 X 10~%and 5 X

10~2 Qm are obtained on multilayer and monolayer nanoparticle wires, respectively. Such conductive
nanoparticle wire arrays, fabricated by a simple and low-cost bottom-up strategy, offer opportunities for

developing nanoparticle-based functional devices.

KEYWORDS: colloidal nanoparticles -

CSA has been applied on chemically or to-
pologically patterned surfaces.'” AFM oxida-
tion lithography or photolithography com-
bined with chemical functionalization,'®'?
and microcontact printing?® have been pre-
viously used to create hydrophilic/hydro-
phobic patterns, while other conventional
lithographic techniques?' have been used
to create relief surface patterns. Neverthe-
less, for many applications, the ability to
fabricate regular nanoparticle patterns on
chemically homogeneous and flat sub-
strates, implying no lithographic processes,
would considerably simplify device fabrica-
tion, reduce costs, and increase the flexibil-
ity on the substrate choice.

In this article, we show the capabilities
of CSA to fabricate conductive wire arrays
made of gold nanoparticles on flat, nonpat-
terned SiO,/Si substrates. The mechanisms
driving the formation of these nanoparticle
wire arrays and the selection of their orien-
tation relative to the meniscus are dis-
cussed. The evolution of the morphology
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Figure 1. (a) Schematic representation of the convective self-assembly (CSA) process. The meniscus is parallel to the Y direc-
tion. Optical microscopy images of (b) an array of Y-parallel nanoparticle wires (called Y-type wires) obtained at T; = 18 °C,
(c) island-like nanoparticle patterns obtained at T; = 15.5 °C, and (d) an array of X-parallel nanoparticle wires (called X-type wires)
obtained at T, = 12.5 °C. The meniscus speed v was kept constant at 1 pum/s during the whole experiment.

of the wire arrays with the meniscus translation speed
and the substrate temperature is studied. The impact of
the wire morphology on the electrical resistivity of the
nanoparticle wires is quantified.

RESULTS AND DISCUSSION

Convective Self-Assembly. A schematic representation
of the convective self-assembly process used to fabri-
cate nanoparticle wire arrays is given on Figure 1a. Fig-
ure 1b shows typical optical microscopy images of an
array of gold nanoparticle wires parallel to the menis-
cus, obtained by CSA at a meniscus speed v = 1 um/s
and a substrate temperature T; = 18 °C. We will denote
these nanoparticle wires, parallel to the meniscus, as
Y-type wires. By decreasing the substrate temperature
to 15.5 °C, the island-like patterns in Figure 1c were ob-
tained. By further reducing the substrate temperature
to T, = 12.5 °C, a dramatic change was observed in the
orientation of the wires, which had grown in this case in
the direction perpendicular to the moving three-phase
contact line, as seen in Figure 1d. We will denote these
nanoparticle wires, perpendicular to the meniscus, as
X-type wires.

Striped patterns parallel to the meniscus were previ-
ously obtained by convective assembly of polymer
micrometer-sized colloids?? and, more recently, of
nanometer-sized gold colloids.'®?* Similar patterns
have also been obtained by removal of a substrate
through a Langmuir—Blodgett monolayer.?* The mech-
anism governing the formation of these Y-type wire ar-
rays, parallel to the meniscus, is the “stick—slip” mo-
tion of the moving meniscus across a hydrophilic
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substrate.?>% Particles arrive toward the meniscus
within the convective flux caused by evaporation in
this region and are pinned to the substrate due to cap-
illary forces and friction to the substrate. A monolayer
of particles starts to deposit, and the meniscus remains
further attached to the growing wire; the “stick” stage
begins. The particles brought to the meniscus by con-
vective flow are embedded into the growing wire.
Meanwhile, the meniscus remains attached and starts
to be elongated. When this elongation reaches a criti-
cal point, the pinning force to the wire is not able to
compensate it, so the meniscus detaches and jumps to
a position determined by the receding contact angle;
this is the “slip” stage. The stick—slip process repeats
periodically, thus a highly ordered wire array is ob-
tained. Such deposition of colloidal particles along the
meniscus is a phenomenon that has been frequently
observed and discussed in the context of “coffee
rings”.%

One of the remarkable results of the present work
is the switching of the wire orientation from parallel
(Y-type wires) to perpendicular (X-type wires) to the
moving meniscus, by decreasing the substrate temper-
ature. In Figure 2, we present a series of optical micro-
scopy images, capturing the essential stages of the
growth of X-type wires and highlighting their mecha-
nism of formation. Initially, a well-defined, straight me-
niscus, free of nanoparticles, is translated across the
substrate (Figure 2a). Because of the aqueous solvent
evaporation, nanoparticles start to accumulate slowly
in the meniscus region, and this can be seen as a dark-
ening of this region in Figure 2b. A peculiar and critical
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Figure 2. Series of optical microscopy images showing the time evolution of the growing of X-type nanoparticle wires atv = 1

rm/s and T; = 12.5 °C. The arrows in (c) indicate the tips of wires.
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aspect for the formation of X-type wires is the fact that
nanoparticles are not deposited on the substrate at the
initial stages but are dragged along with the meniscus
(see the evolution from Figure 2a to c). As evaporation
rates are reduced with temperature, the flux of water
(and nanoparticles) in the drop toward the meniscus is
lowered. Since the area and shape of the meniscus are
not changed with temperature (the dependence of
contact angle on temperature is negligible for water in
this temperature interval), this means that the water
flux is lowered, and thus also the speed of nanoparti-
cles within. This behavior was previously confirmed and
sustained by simulations of water flux during CSA.?’
The low nanoparticle momentum does not allow them
to protrude the water—air interface and to get pinned
to the substrate, so they remain in the liquid at the me-
niscus. The local nanoparticle concentration at the me-
niscus continues to rise slowly, which causes the in-
crease of nanoparticle-nanoparticle and
nanoparticle—substrate interactions. When a critical lo-
cal density is achieved, the nanoparticles pin to the sub-
strate, and the tip of a wire protrudes perpendicularly to
the meniscus (marked by the arrows in Figure 2c). This
happens at apparently random locations along the me-
niscus. Subsequently, other X-type wires start to grow
in the spaces between already existing wires, specifi-
cally in the zones where the nanoparticle concentra-
tion continued to rise (see evolution from Figure 2c to
2e). Finally, the density of the growing X-type wires is
auto-optimized in order to accommodate involved lo-
cal nanoparticle densities and fluxes, and a pretty well-
organized array is obtained (Figure 2f). We assume that
the interwire distance d is determined by the given set
of experimental conditions (substrate temperature, am-
bient temperature and humidity, meniscus speed, con-
tact angle, suspension concentration) and is finally set
to an optimal distance D at which two neighboring
wires can grow at a steady rate. Three distinct cases
can be discussed: (i) when d > 2D, a region will exist be-
tween the two nanoparticle wires, where the nanopar-
ticle concentration can continue to increase, reach the
critical density, and a third wire will grow; (ii) when 2D
> d > D, after the third nanoparticle wire starts to grow,
the equilibrium growth of the two other wires is per-
turbed, and the incoming nanoparticle flux will not be
enough to sustain the growth of all three wires; (iii)
when D > d, two nanoparticle wires are too close to
each other, likewise, their growth cannot reach a steady
state. This interpretation is somewhat supported by Fig-
ure 2f, where it can be seen that some nanoparticle
wires are interrupted; this appears to happen mostly
when two wires are very close to each other.

By corroborating optical image analyses with atomic
force microscopy (AFM) measurements (below), one
can estimate the amount of nanoparticles deposited
per unit area of the substrate. By considering a pair set
of X-type and Y-type wires prepared with v = 1 pum/s,
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we estimated that the rate of particle deposition is
more than 5 times lower in the case of X-type wires
than for the Y-type wires. This is consistent with the
lowered evaporation rates invoked above in our expla-
nation of the mechanism of X-type wire formation.
Some other effects caused by the temperature gradi-
ents across the droplet, and which could influence the
assembling process, are the nonhomogeneous evapo-
ration rates and the Marangoni effect.?® Since the main
effect of decreasing the substrate temperature is to re-
duce the solvent evaporation rate, we can expect that
similar results would be obtained by controlling the hu-
midity and ambient temperature. Controlling the sub-
strate temperature, as in this work, seems anyway more
practical and easier to implement.

Arrays of wires perpendicular to the meniscus have
not been previously obtained by CSA, to our knowl-
edge. Such arrays of nanoparticle wires have only been
fabricated by another more complex technique,
namely, by vertical pulling of a substrate through a
Langmuir—Blodgett colloidal monolayer,?® and from
colloids dispersed in an organic solvent. Another re-
port®® showed the formation of both concentric rings
(parallel to the meniscus) and radial spokes (perpen-
dicular to the meniscus) by evaporation of a toluene
drop containing quantum dots in a sphere on flat con-
fined geometry. The two types of nanoparticle patterns
were obtained in the same experiment, during which
the temperature was not changed. In both refs 29 and
30, the formation of wire arrays perpendicular to the
meniscus was ascribed to the so-called “fingering insta-
bility” of the drying front.>'? While our X-type wires
are similar, to some extent, to those in ref 29, their
growing behaviors are rather contrasting because, in
our case, the nanoparticle wires start to grow one at a
time. Furthermore, in our experiments, the meniscus re-
mained straight and uniform during its translation.
This contrasts with the macroscopically visible deforma-
tions and slips of the contact line and fingering pat-
terns appearing some distance behind the dewetting
front, observed with fingering instability.3? With this ar-
gument, and in strength of the observations described
above (Figure 2) on the formation of X-type wires, we
believe that fingering instabilities do not play a crucial
role in the growth of the X-type nanoparticle wires. In-
stead, nanoparticle—substrate pinning is triggered
when the nanoparticle density at the meniscus locally
reaches a critical value.

Finally, the island-like nanoparticle patterns ob-
tained in the intermediate state (Figure 1¢), appear to
be due to a competition between the two mechanisms
governing the formation of Y- and X-type wires.

Morphology. Figure 3 presents some typical AFM ob-
servations of the fabricated nanoparticle wires, with
Y-type wires in Figure 3a—c and X-type wires in Figure
3d—f. The thickness of each Y-type wire is always asym-
metrically distributed, starting from 18 nm (ie a mono-
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metrically distributed with respect to
the mirror plane containing the axis of
the wire.

Besides controlling the orientation
and axial symmetry of the nanoparticle
wires, a fine-tuning of their width and
thickness was achieved by controlling
the meniscus translation speed. Figure
4 summarizes the results obtained by
modifying the meniscus speed from
0.5 to 4 um/s for both types of nanopar-
Onm ticle wires. Interestingly, the wire width
dependence on meniscus speed follows

a similar trend for the two types of
nanoparticle wires, with widths of 2.3
and 1.8 um at the highest speed and up
to 6.4 and 8.2 wm at the lowest speed,
for the Y- and X-type wires respectively.
On the contrary, the thickness of
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Figure 3. (a,b) AFM top views of Y-type wires, (c) cross sections through the Y-type wires  that of X-type wires increases very

marked in (a) and (b). (d,e) AFM top views of X-type wires, (f) cross sections through
the X-type wires marked in (d) and (e). The arrows indicate the direction of meniscus

translation during the CSA process.

layer of nanoparticles) on one side (on the left in Fig-
ure 3a—c) and increasing in steps up to 70 nm, for the
largest wires, on the opposite side. The asymmetry in
the Y-type wires is related to the direction of meniscus
movement and the mechanism of the wire growth. The
thicker side is always facing the suspension droplet.
On the contrary, the X-type wires are always symmet-
ric, being either monolayers (as in Figure 3e) or bilay-
ers (as in Figure 3d). In bilayer wires, the top layer is nar-
rower and centered above the base layer (see Figure
3d,f). Since X-type wires are perpendicular to the mov-
ing meniscus, the nanoparticle flux created by convec-
tive flow toward the growing end of the wire is sym-
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Figure 4. Wire thickness vs width as function of the meniscus speed v,
for both Y- (blue triangles) and X-type (red circles) wires. The substrate
temperature was 18 °C for Y-type wires and 12.5 °C for X-type wires.
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slowly. At the highest speed (4 um/s),
the Y-type wires have a bilayer struc-
ture, while the X-type wires are com-
pletely formed by a monolayer of particles. The mono-
layer thickness (18 nm) is in good agreement with the
nanoparticle sizes measured by transmission electron
microscopy. Curiously, the bilayer thickness (~28 nm)
is smaller than a theoretical value (32 nm) estimated by
pure geometrical considerations. At the lowest menis-
cus speed (0.5 wm/s), the thickness of the Y-type wires
reaches 70 nm, which could correspond to approxi-
mately 5—6 nanoparticle layers, while the X-type wires
barely reach the bilayer thickness (28 nm).

Figure 5 presents typical scanning electron micro-
scopy (SEM) micrographs of a Y-type wire. A loosely
packed assembly, with cracks and voids, is observed all
across the wire width. One can identify two different
length scales on which these packing defects span: the
long-range order is clearly broken by the wide (10—30
nm), easily visible cracks, which appear to penetrate
from the top to the bottom of the nanoparticle wire,
reaching the substrate; then, the short-range order is
distorted from the close-packed hexagonal lattice, due
to the size dispersion (~15%) of the gold nanoparticles.
At a first look, the cracks (Figure 5c) appear similar to
those often observed in thick colloidal crystals,** where
the drying stage was identified as a cause. Solvent can
be trapped between the nanoparticles during the wire
growth, and its subsequent evaporation can induce
cracks. Moreover, we suspect that aggregates are
formed near the meniscus due to the increased concen-
tration of nanoparticles induced by the CSA process.
Such aggregates would then be integrated in the grow-
ing wire. In fact, some preliminary experiments on CSA
at higher substrate temperatures (20—22 °C) led to the
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observation of isolated nanoparticle aggregates in the
space between the Y-type wires. The mechanism of
cluster formation is beyond the purpose of this paper
and needs further investigations. Note that the same
types of packing defects were observed on both Y- and
X-type wires and independently of experimental condi-
tions (various v and Ty values). Typical SEM micrographs
of an X-type wire are available in the Supporting Infor-
mation.

A crucial point for the development of applications
is the substantial length of these nanoparticle wires
which can reach centimeters. The success in obtaining
very long and homogeneous wire arrays strongly de-
pends on the stability and homogeneity of the CSA
deposition system; temperature heterogeneity, air cur-
rents, humidity variations, and vibrations can hamper
the fabrication. Another source of heterogeneity is the
variation of the nanoparticle concentration in the sus-
pension drop during the experiment. Our samples gen-
erally contain 1 cm long Y-type wires, with this length
being dictated by the size of our substrates. Note, how-
ever, that for the case of X-type wires this length is
harder to obtain, due to the mentioned difficulties in
maintaining unchanged experimental conditions over
long time scales.

Another notable result of this work is that the pre-
pared gold nanoparticle wires are arranged in a regu-
lar array (Figure 1b,d). The Y-type wire arrays are highly
ordered because their growth is dictated by the
stick—slip motion, which is periodically repeated. For
the highest meniscus speed, the obtained period is be-
tween 18 and 19 pm, while for the lowest speed, the
period is about 25—26 wm. However, the period can-
not be adjusted independently of the other wire
parameters. This is, in fact, inherent to the stick—slip
mechanism of formation of the nanoparticle wires. By
decreasing the meniscus speed, the stick time is in-
creased, and this increases also the width and thick-
ness of the nanoparticle wires. When a thicker wire is
formed, the pinning force of the meniscus is also larger,
which will allow the liquid film to elongate more dur-
ing the stick stage. Consequently, after the depinning
moment, the triple contact line has to move a longer
distance in order to find its equilibrium position, thus
the slip stage, and distance to the next wire will be
larger. Therefore, a modification of the Y-type wire array
period is always accompanied by a modification of the
wire geometry. The X-type wires are also regularly ar-
ranged, although in this case a lower degree of order-
ing is attained. The growth mechanism plays again a
key role in establishing the period of the array. As we
have pointed out, the X-type wires start to grow one at
a time when the local nanoparticle density at the
meniscus reaches a critical value. The ordering is
achieved subsequently, as a consequence of an auto-
optimization process, with the nanoparticles arriving at
the meniscus by convective flow having the role to
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Figure 5. (a) SEM micrograph of a Y-type nanoparticle wire.
(b,c) SEM zoomed-in images marked in (a) by rectangles (1)
and (2), respectively, showing the nanoparticle packing on
the thin side and the thick side of the nanoparticle wire (see
also Figure 3c).

maintain constant the growth rate of wires. Thus, the
main effect of modifying the meniscus speed is to
modify the geometry of the X-type wires, and their pe-
riod remains in the rather broad interval of 35—50 pm.
In both Y- and X-type wires, the extensions of the array
in the direction perpendicular to the wires can also
reach centimeters. For Y-type wires, this parameter is
determined by the distance on which the meniscus is
translated, while for X-type wires, it is determined by
the lateral dimensions of the substrate.

Note that although this study was focused on SiO,/Si
substrates and gold colloids, the proposed techniques
could be generalized to other types of substrates and
colloids. As preliminary results, we have already ob-
tained similar arrays of gold or silica nanoparticle wires
on polyethylene terephthalate and cyclo-olefin polymer
flexible substrates.

Electrical Properties. As seen in the above paragraphs,
arrays of gold nanoparticle wires of different geometri-
cal parameters can be obtained during CSA by varying
the meniscus translation speed and by changing the
substrate temperature. Notably, adjustment of these
parameters allows obtaining wire cross-sectional areas
that vary within 1 order of magnitude, from 3.5 X 1072
to 45 X 1072 um?. Therefore, one could expect that this
will allow tuning the electrical resistance of the wires.

To verify this idea, we performed electrical conduc-
tivity measurements at room temperature on selected
samples possessing strongly contrasting morphologies:
multilayer Y-type wires (T, = 18 °Cand v = 0.5 um/s)
and monolayer X-type wires (T, = 125 °Cand v =
1 wm/s). The typical configuration of the wire arrays
connected by gold electrodes is shown in Figure 6a. In
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Figure 6. (a) Optical microscopy image showing the typical config-
uration of electrodes connecting an array of nanopatrticle wires. (b)
Current vs voltage curves at room temperature for multilayer Y-type
(blue) and monolayer X-type (red) wire arrays. The inset shows the
current vs voltage curve for the X-type wires, with an appropriate
current scale.

both types of wires, the current follows a characteristic
Ohmic behavior, as seen in the current versus voltage
curves in Figure 6b.

In the case of Y-type wires, a current of about 8.7
mA (at 500 mV) was measured, which corresponds to a
resistance Ry on the order of 57 ). Remarkably, in the
X-type wires, the current is 5 orders of magnitude lower
(0.3 A at 500 mV; inset in Figure 6b) than in the Y-type,
which yields a resistance Ry of 1.5 M(). Control measure-
ments on substrates without nanoparticles gave no de-
tectable current (<1 pA) up to =1 V. Since the wire ar-
ray acts as a set of parallel-connected resistances, the
measured overall resistances, Ry and Ry, are determined
by the number of wires N, their length L, and cross-
sectional areas A. The typical number of connected wires
is 50—80, with electrode gaps in the range of 150—200
wm, and average cross-sectional areas of 35 X 1072 and
8 X 1072 um?for Y- and X-type wires, respectively. The re-
sistivity was estimated by p = RNA/L, and values of py ~
5% 107° Om and py ~ 5 X 1072 Qm for Y- and X-type
wires, respectively, were obtained. The attained py resistiv-
ity is only 2 orders of magnitude larger than that of bulk
gold (~2.3 X 1078 (m). This indicates that a very low tun-
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neling barrier exists between gold nanoparticles, due to
the presence of some citrate ions. As far as we know, few
works report the same order of resistivity for nanoparti-
cle wires a few micrometers wide.3* In ref 35, a resistivity
of 107°—10"% (0m was attained with wires of a much
larger cross section (100 wm X 100 nm). On gold nano-
particle monolayer assemblies similar to our X-type wires,
a resistivity of 2 X 10" Om, which falls in the range of
our py, has been previously observed, but under UHV con-
ditions.

In our samples, both Y- and X-type wires are
formed by the same gold nanoparticles separated
by a citrate ligand dielectric medium and deposited
on a 1 wm insulator SiO; layer. Then, at ambient con-
ditions, electrical transport across the assembly re-
sults mainly from the thermal activation energy of
the charge carriers and the current percolation paths
defined by the disorder of the assembly. The ob-
served 4-order difference in resistivity between Y-
and X-type wires could be most probably ascribed
to the dimensionality of each type of wires (2D or
3D) and the defects in the nanoparticle assemblies.
Previous experiments with highly ordered nanopar-
ticle arrays indicate that the conductance in multi-
layers is several orders of magnitude larger than in
monolayers.3%%” A strong interlayer coupling was
proposed to account for the observed differences.
Additionally, it was shown that the percolation of
current paths can be relevant for the overall trans-
port behavior in nanoparticle assemblies.3®3 In
these papers, the difference in number of percola-
tion paths is generated by Coulomb blockade-
mediated tunneling. However, in our study, the dif-
ference in number of percolation paths is only due to
geometrical difference: the measured X-type wires
are predominantly monolayers, in contrast with the
Y-type wires that possess a multilayered morphol-
ogy. Furthermore, the loose-packing observed by
SEM (Figure 5) could play a more drastic role in re-
ducing the density of available current paths in the
X-type wires than in the Y-type wires. Thus, more
current paths can be expected in the 3D Y-type wires
than in the 2D X-type wires, which can explain the
4-order magnitude difference of resistivity between
X-type and Y-type wires. In fact, given the high de-
gree of disorder observed in the SEM images (Figure
5), it is rather surprising that both types of nanopar-
ticle wires exhibit a metallic behavior, even if the re-
sistivity of the X-type wires is 6 orders of magnitude
larger than that of bulk gold. This observation can
have a strong impact on practical applications: a
highly ordered and compact nanoparticle packing
does not appear to be a strict requirement for fabri-
cating conductive nanoparticle wires, useable for in-
stance as interconnections in microelectronics.
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CONCLUSIONS

In summary, we fabricated regular arrays of
centimeter-long nanoparticle wires on a perfectly flat,
nonpatterned substrate, by CSA of 18 nm gold colloids.
The array period is tens of micrometers, while the width
and thickness of the wires are tuned on the micrometer
and nanometer scales, respectively, by controlling the
meniscus translation speed. Notably, we demonstrated
that the orientation of the wires parallel to the meniscus
(Y-type wires), resulting from a known stick—slip pro-
cess, can be switched to perpendicular to the menis-
cus (X-type wires) by decreasing the substrate tempera-
ture. Real-time observations of the meniscus dynamics
during the growth of X-type wires led us to propose a
previously not discussed mechanism of formation. The
decrease of the substrate temperature reduces solvent
convective flow, thus nanoparticles move toward the
meniscus with a lowered momentum. As a conse-
quence, they cannot protrude the water—air interface
and are not pinned to the substrate, causing the in-
crease of the nanoparticle concentration at the menis-

METHODS

Synthesis of Gold Colloids. Gold colloids were synthesized in
aqueous phase by the standard citrate reduction (Turkevich
method*') as described in a previous work.'® An average diam-
eter of 18 nm with a standard deviation of 15% was determined
by transmission electron microscopy. By the absorption spectra
and Mie theory calculation, we determined the nanoparticle con-
centration of the colloidal suspension to be about 3 X 10'%/mL.
For convective assembly described hereafter, the as-synthesized
suspension was concentrated by centrifugation to 1.2 X 103 /mL
(corresponding to ~0.004% vol).

Convective Self-Assembly. Silicon wafers covered by a 1 wm thick
layer of thermally grown silica (SiO,) were used as substrates.
These were cleaned with trichloroethylene and acetone, rinsed
with ultra-high-quality water (18 M(}), and dried in a stream of
nitrogen followed by UV treatment (15 min) to render them
hydrophilic. A low contact angle between 10 and 15° was then
attained. A homemade CSA deposition system in a horizontal
configuration, as previously described,** was used. Briefly, a glass
deposition plate is placed in close vicinity (250 pm) to the sub-
strate, at a 30° angle, and a droplet (20 pL) of gold colloids is in-
jected into the formed wedge (see Figure 1a). The substrate is
fixed on a copper plate, by which the temperature T is regulated.
By translating the substrate, the meniscus formed by the colloi-
dal suspension with the substrate can be dragged over the sub-
strate at speeds v ranging from 50 nm/s to 1 mm/s. This is re-
ferred to as meniscus speed in the article. All experiments were
performed in ambient air, at room temperature (23—24 °C), and
a relative humidity RH = 40—45%. The setup was mounted un-
der an Olympus BXFM optical microscope to allow real-time
observations.

Morphological Characterization. The morphology of the fabri-
cated nanoparticle wires was investigated in tapping mode by
atomic force microscopy (AFM) in ambient medium using a
Nanoscope llla Multimode scanning probe microscope from
Veeco Instruments. To observe more closely the packing in the
nanoparticle assemblies, we further performed scanning elec-
tron microscopy (SEM) using a Hitachi S-4800 microscope.

Electrical Measurements. The fabricated nanoparticle wires were
electrically connected by gold electrodes defined by stencil
lithography. The obtained electrodes were 50 nm thick with a
separation of 150—200 pm. This technique was chosen in favor
of conventional lithographic processes, which imply the use of
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cus. When a critical local density is achieved, the
nanoparticle—substrate pinning is triggered, and the
tip of a wire protrudes perpendicularly to the menis-
cus. The event is stepwisely multiplied, and a well-
organized X-type wire array is obtained. These observa-
tions could be fundamental for further understanding
of meniscus-mediated self-assembly of nanoparticles.

The fabricated nanoparticle wires exhibit a metal-
lic resistive behavior in ambient conditions. Despite
the organization defects evidenced by SEM, resistiv-
ity values of 5 X 107¢ and 5 X 1072 Om for multi-
layer and monolayer nanoparticle wires, respec-
tively, are obtained.

Such tunable conductive wire arrays offer new op-
portunities for developing nanoparticle-based applica-
tions, such as sensors for chemical or biological species,
electronic components, or electrical connections.*°
More generally, our results extend the current capabili-
ties of CSA, as a low-cost bottom-up technique, for the
customized patterning of nanoparticle wire arrays on
large-area nonpatterned substrates.

resists and solvent and can contaminate the nanoparticle assem-
bly. All DC current versus voltage characteristics measurements
were performed in ambient conditions (23 °C, RH = 45%) with a
Keithley 6430 electrometer. The bias voltage V was swept in the
range of 0.5 V with a rate of 10 mV/s.
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