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ABSTRACT

In this paper, we discuss a method to transform traditional-
lithography micro patterns into nano-structures by self-
assembly of nano-beads. In our approach, the destined
substrate is prepared with hydrophilic micro patterns on
hydrophobic background. Colloid with nano-beads wets
exclusively the hydrophilic patterns due to interfacial forces
when passing through air-water interface. After evaporation
of water from the colloid, three-dimensional nano-bead
structures are formed. A geometric model is proposed to
describe this self-assembly process and its dependence on
bead size, concentration, and pattern geometry, which can
provide control over the aggregation of three-dimensional
nano-structures.

1. INTRODUCTION

With recent successful developments in functional nano-
structures, e.g. nano-bead or carbon-nanotube sensors, their
control and manipulation at the nano-scale becomes a
challenging problem. A variety of self-assembly methods
have been demonstrated by using biological, chemical,
electrical or magnetic driving forces [1-4]. All these
approaches require specific treatments or coatings of the
nano-devices. For example, single stranded DNA has been
attached to nano-beads to create the driving force from DNA
strand binding [1]. In this paper, we discuss a method to self-
assemble and arrange nano-beads by using surface tension.

At the micro-scale, surface tension driven fluidic self-
assembly techniques have been demonstrated successfully
with a wide variety of devices ranging from a hundred of
microns to several millimeters [5-7]. Different from prior
work at the micro-scale, we adapt this fluidic assembly
technique into the nano-domain by taking advantage of
colloid aggregation at the air-water interface [8,9]. By
controlling the colloid volume and dilution, the aggregation
of beads can be precisely arranged into nano-structures that
are one to two orders of magnitude smaller than the original
pattern. In addition, this technique can be applied to general
nano-devices without specific surface treatment. Presented
are the principles, models, methods and results of this
approach.

2. PRINCIPLE AND MODELS

Fig. 1 illustrates the self-assembly process. The substrate is
prepared with hydrophilic patterns on hydrophobic

background (Fig. la). When the substrate covered with the
colloid passes through the air-water interface, the excessive
colloid is removed from the substrate and the colloid wets
exclusively the hydrophilic areas (Fig. 1b). As a result of
surface tension force and dragging effect from the receding
air-water interface due to evaporation (Fig. 1c), the nano-
beads are arranged on the surface in predictable patterns (Fig.
1d).
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Figure 1. (a) A substrate prepared with hydrophilic
binding sites on hydrophobic background. (b) When the
colloid is applied, it wets the hydrophilic binding
pattern. (c) With the evaporation of water, the beads
are dragged towards the center of the droplet. (d) The
structure formed by the beads aggregating in the center
of the binding pattern.

With constant bead concentration C, we can estimate the
number N of beads deposited on the hydrophilic areas as:

N=CV/V, (D

where V and V, = nd’/6 are the respective volumes of the
colloid droplet and the bead with diameter d. More accurate
calculations of N will take into account the droplet shape on
the hydrophilic template. In this paper, we discuss models for
two basic template patterns: rectangles and circular shapes.

Rectangular pattern model

Suppose the hydrophilic rectangular pattern is LxW, with
L>>W. The number of beads per unit length can be
calculated by taking a segment of the colloid droplet with the
length of d, which is the diameter of the beads (Fig. 2a); the
area of the colloid droplet cross-section is 4 and the volume
of the droplet segment is ¥, which can be derived as:



A=W?(0/sin’0-cot 0)/4
V=A-d ()

where 0 is the contact angle of the colloid on the hydrophilic
area.

Beads of diameter d cannot occupy regions of the volume
that have a minimum dimension smaller than d. Therefore,
determining the number of beads simply by applying Egs. 2
would create a significant error. The effective volume V5 of
the droplet that can include beads is in general smaller than V.
As shown in Fig. 2b, the effective volume V,; which the
beads can occupy is V= A.;d, where the effective cross-
section area is Ay

A= W xd (8 sin%,-cot 0,)/4 ®
where
w,= 2\/( W —Kcote—d)( W +K°°te+d)
2sin® 2 2sinf 2
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Figure 2. (a) Three-dimensional model of the colloid
droplet segment formed on a rectangular pattern. (b)
The effective volume of the droplet. Ay is the effective
cross section area.

With the same rectangular binding sites, the effective area
A gvaries with respect to the bead size d, which is illustrated
in Table 1.

The number of beads per length d can be estimated as:

N=C-Vy! Vy=C-Appd | Vyy= 6C-A 5/ nd" 4)

Table 1. Effective area Ay ratio changes with respect to
the bead size d. We assume the contact angle 6 to be 20°

Bead size ratio (d/W) | Effective area ratio (4.5/A4)
0.0100 0.9951
0.0200 0.9797
0.0300 0.9517
0.0400 0.9089
0.0500 0.8474
0.0600 0.7611
0.0700 0.6380
0.0800 0.4458

Circular pattern model

Fig. 3 shows the three-dimensional model of a colloid
droplet on a circular hydrophilic pattern. Similar to the
discussion of the rectangular pattern above, we determine the
number of beads deposited on a circular binding site with
diameter a as:

N=C-a’ ((1/sin6—cotb) (3+(1/sinf—cot)?) / 84" (5)

From Egs. 3-5, we can calculate the number of aggregated
beads on patterns of various sizes. Conversely, the control of
the nano-bead aggregate dimensions can be achieved by

specific design of the hydrophilic patterns with respect to the
bead size and bead concentration.

3. EXPERIMENTAL SETUP

-

Figure 3. A three-dimensional model of the colloid droplet
on a circular pattern with diameter a.

The substrate is prepared with a thermal oxidation layer of
400nm on a silicon wafer. Then a thin layer of TiW/Au
(30nm) is sputtered and patterned by photolithography and
Au/TiW etching for 20s to expose the hydrophilic silicon
oxide patterns. It is cleaned by two minutes of oxygen
plasma, followed by soaking in ImM ethanolic
octadecanethiol solution to make the Au background
hydrophobic. Colloid is then applied to cover the entire
substrate, before the substrate touches the air-water interface,
which removes the excessive colloid from the surface. In
this step, the colloid is cleared from the hydrophobic area.
Afterwards only the hydrophilic binding sites remain wetted.
After the water evaporates in air, nano-beads are patterned on
the binding sites. We use polystyrene nano-beads with the
size ranging from 100nm to 1pm.
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Figure 4. SEM images of nano-structures formed with
290nm beads on different patterns. Arrays of beads on a
rectangular shape with (a) W=10um and (b) W=6um. (c)
Beads arrange concentric to the circular binding site
with diameter of 7um. (d) A zoomed-in image of a
double-strand bead array.

4. RESULTS

Experimental results show agreement with our models. With
the same bead size and concentration, different three-
dimensional structures are observed. Fig. 4 shows results of
various nano-structures formed from colloid with 10 wt.%
290nm beads on different binding shapes and sizes. For
comparison, we calculated the number of beads based on the
models discussed in the previous section, with measured
contact angle 0 of water on silicon dioxide at approximately
20°. Table 2 shows both the calculated and experimental
values.

Table 2. Comparisons between calculated and experimental
data of nano-structure sizes formed from colloid with
10 wt.% 290nm beads.

Binding site | Rectangle | Rectangle | Circle

shape and size | W=10pm, W=6um, a=Tpm
L>W L>>W

Formula Eq. 4 Eq. 4 Eq.5
Cal. N 7 2 94
(# of beads)
Exp. N 5~6 2~3 101
(# of beads)

Figs. 5a-c show the different nano-structures formed on
identical patterns with 100nm, 290nm and 1um beads. For
similar binding site dimensions, different bead sizes and
concentrations can result in drastic changes in the nano-
structures: a discontinuous 1um single bead line in Fig. 6a
and multiple layered 100 nm nano-structures in Fig. 6b.

5. CONCLUSIONS AND DISCUSSIONS

In conclusion, we have investigated an approach to construct
nano-structures by colloidal aggregation, with accordant
simulation and experimental results. The advantages of this
technique include: (1) simple surface patterning techniques
suffice to construct the binding templates for nano-scale
structures; (2) no specific surface treatment is required for
the beads; (3) with the proposed models, we can predict and
control the shape of the three-dimensional structures.

This technique can be applied as an enabling technology for
building nano-systems, e.g. nano-bead based biochemical
sensing elements. More generally, it can be used as a
nanofabrication technique for transforming micro patterns
into nano-structures at one to two size scales below the
optical lithography limit. This could lead to new, low-cost
methods in the manufacture of nanoscale masks and circuits.
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Figure 5. Different nano-structures formed on identical
patterns by beads of different sizes: (a) 100nm (b) 290nm
(¢) 1lum in diameter. Note: the pattern in (a) is packed with
multiple layers of beads, showing as different shadows.
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