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Abstract: Avalanche concentration, a rapid, long-range accumulation of
particles around a laser spot in a liquid sample, is demonstrated and
characterized for various nanoparticles (NPs). The effect is driven by a
convective flow in the sample, caused by efficient heating of NPs with high
absorption efficiencies. Several types of concentration behavior were
observed and characterized. Control of optical power and initial particle
density was found to be effective in determining the assembly process. VO,
nanowires, carbon nanotube (CNT), and quantum dot (QD) electrode gap
bridges were assembled with a variety of sizes and geometries to show the
utility of the method for nano-assembly. Bridges were assembled from as
many as thousands to as few as one NP and were found to form solid
electrical contact between the electrodes, as verified by measuring the
current - voltage (1-V) characteristic.
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1. Introduction

Nanoparticle (NP) assembly has been atopic of great interest in recent years. Thisisfirst due
to the unique physical properties of NPs such as carbon nanotubes, quantum dots, and metal
oxide nanorods and their potential for use in novel devices such as sensors and circuit
elements. In addition, novel nano-assembly methods are vital to the implementation of such
devices due to the NPs incompatibility with conventional |C fabrication processes. Liquid-
phase deposition has been redlized using AC dielectrophoresis with CNTs [1, 2]. These
processes generally aim to align asingle CNT between two electrodes. More recently, optical
trapping has been used to assemble semiconductor nanowires in liquid solution [3]. These
methods are generally used to precisely aligning a small number of NPs.

In addition to the unique properties of single NPs, it has been shown that larger systems of
NPs can achieve unique functions such as improved conductivity interconnects, biological
sensors, optical sensors and photovoltaics, and electronic gate and memory devices [1, 4-6].
Larger scale assembly of NPs has generally been realized using chemical methods [7, 8].
Among these, assembly in solution has been realized by optical methods in several instances.
These include ordered and disordered structures formed using surface plasmon polariton
excitation [9, 10], and convective flow with thermophoresis [11]. In this paper we explore a
new method of forming and precisely placing NP assemblies from nano-particles in solution.

2. Operating principle and modeling

The avalanche concentration process utilizes two main forces, the drag from the convective
flow of the liquid induced by alocalized temperature gradient and the optical forces caused by
the focused Gaussian optical beam (Figure 1). When NPs with large absorption cross-sections
are excited by optical radiation, they can produce large amounts of heat due to enhanced
absorption. This process has been well characterized for gold NPs for use in biologica
applications [12]. In our NP assembling experiments, the highly absorbing NPs are VO,
nanorods, multi-walled CNTs, and CdTe QDs in solution. The high absorption efficiency of
the NPs generates heat and elevates the temperature of the surrounding liquid. This produces a
localized temperature gradient which causes a convective flow to form in the solution. The
convective flow was modeled using FEMLAB to solve both the incompressible Navier-Stokes
equation and the combined conduction-convection heat transfer equation. The absorption of
the NPs under laser excitation was modeled as a heat flux source with Gaussian distribution
close to the no-dip lower boundary between water and glass. As shown in Figure 1a, the
steady-state flow pulls in colder liquid from along the bottom of the sample and pushes it
upward into the solution.

In addition to the convective flow, there are multiple optical forces which have much
shorter range. First is the gradient force, the driving force of optical tweezers, which acts to
pull the particle into the region of highest optical intensity of the Gaussian beam. Thereis aso
the scattering force, which pushes the particle in the direction of light propagation. These
forces have been well characterized [13] and will not be described here. To model the
interaction of the optical forces with the drag from convective flow, optical forces were
approximated for a weakly focused Gaussian beam acting on a dielectric sphere, namely
Feragee VI(r) and FegocKI(r), where Fgryg and Fey are the gradient and scattering force
vectors, respectively, I(r) isthe optical intensity and k is the unit wave vector. Fig. 1(b) shows
the expected trgjectory of a NP near a Gaussian beam with a 10 um beam diameter
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considering both optical forces and convective flow. Blue lines indicate trajectories where the
convective flow dominates the optical forces, while orange lines indicate the optical forces
dominating convective flow.

In addition to the gradient and scattering forces, other optical forces can be observed in the
system. As will be shown in the experimenta results for VO, nanorods (Fig. 2(d)), the NPs
remain trapped well outside of the optical beam spot, and therefore outside the range of both
the gradient and scattering forces. One likely explanation is a form of enhanced optica
binding force between the nanorods [ 14] through plasmonic effects.

Blue - Flow dominates
Orange - Trapping dominates
Red - Beam profile

Initial position

& ]
@) 7 (un) (b)

Fig. 1. (8 FEMLAB simulation of convective flow caused by a Gaussian-distributed heat
source along a glass-water interface located at the z = O plane, colors show change in
temperature (blue 5 degree kelvin, green 10K, yellow 15K, red 20K) and streamlines show
fluid velocity. (b) Simulated trajectories for a NP with combined effects from the convective
flow, optical scattering force and gradient force.

3. Controlled concentration of VO, nanorods

To demonstrate controlled avalanche concentration, VO, nanorods were used with TiO, NPs
as a control. The VO, nanorods ranged from 2-15 um in length with a diameter of 150 to 250
nm. The control TiO, NPs were at anatase phase, about 2 um in diameter, roughly shaped,
with an aspect ratio less than 1:1.3. Samples with several concentrations of NPs in water were
prepared. The solutions were placed on a glass dlide, with glass spacers and coverdlip. A
25mW 633nm HeNe laser was used as the excitation source focused by a 20x objective lens
with a low numerical aperture (N.A.) of 0.22, producing a spot diameter of 10 um. The laser
power measured on the sample could be adjusted from 0 to 5 mW using a neutral density
attenuator. Tests were performed with NPs that had settled onto the water-glass interface.

Fig. 2. Avalanche concentration with VO, nanorods. (a) Laser excitation is initiated, at first
nothing happens until a nanorod enters the spot by optical trapping or brownian motion. (b)
Convective flow begins and nanorods adjacent to the spot are pulled in (2 seconds). (c)
Avalanche clustering reaches full strength as the laser spot is filled with nanorods. Convective
flow pulls in nanorods from over 150 um away (5 seconds). (d) System reaches steady-state as
accumulation around the spot disrupts the convective flow and the process stops (30 seconds).

The concentration results differed based on the NP material, the incident power, and the
initial density of the NPs. For TiO,, no concentration was observed at any configuration of
the latter two parameters. This was presumably because TiO, has minimal absorption
efficiency at 633 nm wavelength. Therefore, very little optical energy was transferred to heat
and no convective flow was formed. For VO,, once at least one NP entered a laser spot of
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sufficient intensity a weak convective flow was formed, pulling other adjacent nanorods into
the laser spot (Fig. 2(a) and 2(b)). As more NPs were concentrated at the laser spot, the
absorption increased, thus increasing the heat and the convective flow, pulling in even more
NPs. This positive feedback system led to an avalanche effect, where a very strong convective
flow was formed within seconds, pulling in particles from more than 200 um away (Fig. 2(c)).

Once the convective flow was formed, several different behaviors were observed. For
VO, nanorods, similar system behaviors were classified into regions defined by incident
power and mean initial separation distance of the nanorods (see Fig. 3). The system behaviors
could be explained by the interplay of the forces present in the system. For low to mid-range
incident powers and mid-range mean separations, stable concentration was observed. In this
regime, a convective flow was established as described above and continued until the area
around the light spot was saturated with nanorods. This saturation blocked the inward flowing
water from reaching the laser spot and the convective flow stopped. Thisis the result shown in
Fig. 2(d) (corresponding to P = 2mW and d = 8.5um in Fig. 3). Stable trapping was enabled
by the optical forces dominating the convective flow at the final state (see Fig. 1(b)).

At the highest incident powers and lowest mean particle separations the process became
unstable. In this regime, the effect of convective flow is significantly larger than the optical
forces. The convective flow became very strong, to the point that it swept the nanorods
through the laser spot region without being trapped by the optical forces (See Fig. 1(b)).
Between the stable and unstable trapping regions was a region of metastable concentration in
which characteristics of both stable and unstable processes were observed.
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Fig. 3. Stability diagram for avalanche concentration with VO, nanorods versus mean initial
particle separation (d) and incident power (P). Stable concentration is represented by circles,
metastable — diamonds and down pointing triangle, unstable — up pointing triangle, weakly
stable — squares.

The final behavior, observed in VO, nanorod solutions with high incident powers and
large mean separations, was weakly stable concentration. In this regime, adjacent nanorods
were pulled into the laser spot area but no long-range convective flow was formed. This was
due to the scattering force repelling the rods from the center of the spot, causing adjacent
nanorods to form a loose ring around the spot (this repulsion was not observed with TiO,
NPs). With only small amounts of the rods in the spot, not enough heat was generated to form
the previously described positive feedback. This repulsive scattering force was also observed
in stable concentration as is clearly visible in Fig. 2(d). All avalanche concentration processes
were observed to be reversible — rods that were concentrated quickly disperse back into the
solution when the laser was turned off. The processes were found to be repeatable as well.

4. Assembling of NPs

To demonstrate large-scale assembly of NPs using the avalanche concentration process,
electrode gap bridges were fabricated from a variety of absorbing NPs. The previously
mentioned optical setup was used, only without a cover slip to allow the solution to evaporate.
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It was found that adding isopropyl alcohol (IPA) to the solution served to both decrease the
solution viscosity, leading to better mixed and dispersed NPs, and increase the rate of
evaporation. As the IPA evaporated before the water, the IPA did not affect the final stages of
assembly. In place of a glass substrate a Si/SiO, substrate with patterned gold electrodes was
used.

Utilizing the described process a variety of electrode gap bridges was assembled (Fig. 4).
The process was found to be most rapid in the final stages of evaporation, with decreased
liquid volume and formation of a stronger convective flow. Once the avalanche concentration
process was initiated, the laser spot was slowly moved across the electrode gap. Concentrated
NPs adhered to the gold electrodes. The low power laser light was found to generate sufficient
heat to melt the NPs due to their high absorption and the vanishing liquid volume, alowing
the laser spot to be used as atype of pen, drawing an arbitrary shape of fused NPs.

Unlike in bulk solution, when liquid volumes were low the avalanche concentration was
no longer a reversible process. Assemblies of NPs did not disperse after the laser was turned
off. Observation under SEM showed two ways in which NPs were kept from diffusing,
presumably dependent on the generated heat. As shown in Figure 4, in lower temperature
situations (lower laser power, fewer NPs) the individual NPs maintained their shape but
appeared fused together (Fig. 4(c)). In higher temperature situations (higher power, more NPs)
they appeared to melt into a solid block (Fig. 4(€)). This was unexpected, considering the
melting temperature of VO, is 1967°C [15] and CNTsis>2000°C [16].
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Fig. 4. Optical microscopy images of an assembled VO, bridge pre-rinse (a), and post-rinse(b).
(c) SEM image of same bridge showing fused nanorods. (d) SEM image of a single nanorod
aligned and fused between two electrodes. () SEM image of a melted VO, cluster. I-V plots
for asingle nanorod bridge (f) and a bridge contai ning about 100 nanorods (g).

After evaporation, annealing was used to strengthen the bridges by assuring the NPs were
fused together and to the substrate. This was done by slowly passing the laser spot over the
bridge, thus further heating the NPs. After annealing, the samples were ultrasonicated in
acetone and rinsed in IPA and water to help remove undesired NPs deposited on the substrate.
In most cases only the annealed sections of the sample remained after rinsing (Fig. 4(a) and
4(b)). Using this method NP electrode bridges were assembled composed of thousands of NP
(Fig. 4(c)) or asfew as one (Fig. 4(d)).

VO, nanorods were found to be easier manipulated using this process than CNTs. The
rigid shape and size of the VO, nanorods was ideal for producing assemblies with highly
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controllable sizes and shapes. CNTs assembled very efficiently but were much less
controllable, mostly due to their non-rigid form, causing the final assemblies to be tangled
bundles of CNTs. Despite this, CNT assemblies could still be produced with very repeatable
sizes and precise positioning (see Fig. 5(a)). QDs were also found to efficiently assemble,
however the assemblies were unstable and tended to break apart, most likely due to lack of
adhesive forces between the QDs (Fig. 5(b)).

I | O

(b)

Fig. 5. (8) SEM of an assembled CNT bridge showing fused NPs. (b) SEM image of a cluster
of CdTe QDs assembled using avalanche concentration. (inset) Fluorescence image of same
QD cluster.

Finally to confirm that the VO, and CNT bridges successfully contacted the electrodes and
form good conduction paths, the |-V characteristics of the electrodes with and without bridges
were compared (see Fig. 4(f) and 4(g)). The electrodes bridged with any number of VO,
nanorods were found to have an exponential current to voltage relationship. This implies that
tunneling plays a role in conduction between the electrode or perhaps a heat driven insulator-
metal transition is occurring in the VO, nanorods [17]. The single-rod bridge also shows
good conduction, although the current through the device was found to fluctuate as much as
an order of magnitude over time under a constant voltage bias. This fluctuation was possibly
due to the conduction path changing as the single rod changed phase with changing
temperature. Larger bridges were found to have much larger and more stable currents. CNT
bridges showed linear 1-V characteristics with much higher currents than VO,. A bridge
containing approximately 100 CNTs had a measurable resistance of 60 Q. The open
electrodes had a linear current to voltage relationship with currents several orders of
magnitude below the bridged gaps (Fig. 4(f) and 4(g)).

5. Conclusion

We have demonstrated a new opto-fluidic phenomenon which we cal avalanche
concentration. This method was used to concentrate large assemblies of absorbing NPs with
high controllability and requires only a microscope with a weakly-focused, low-power laser
beam. It has aso been shown that by controlling the process and micro-fluidic condition,
avalanche concentration is capable of assembling electrode gap bridges using a variety of
nano-particles. These bridges have been found to be stably fused and well contacted to the
electrodes. Due to its ability to assemble NP structures of arbitrary shape over a wide range of
sizes, avalanche concentration may find many potential applications involving assembling
NPs across the field of nanotechnology.
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