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Through the enhanced photothermal effect, which was achieved using a silver film, a low power weakly
focused continuous-wave laser (532 nm) was applied to create a vapor bubble. A convective flow was
formed around the bubble. Microparticles dispersed in water were carried by the convective flow to the
vapor bubble and accumulated on the silver film. By moving the laser spot, we easily manipulated the
location of the bubble, allowing us to direct-write micropatterns on the silver film with accumulated
particles. The reported simple controllable accumulation method can be applied to bimolecular

detection, medical diagnosis, and other related biochip techniques.

Introduction

The techniques for concentration and patterning of micro- or
nano-particles have received significant attention for the
development of artificial architectures, including accumulation
of analytes for enhanced sample detection and diagnosis or
colloidal crystals.! Over the last few decades, optical traps
(optical tweezers) and related techniques have been used
increasingly as tools for concentrating and patterning in biology
and other fields.>” However, for conventional optical tweezers,
high laser power is required for trapping analytes, although this
can bring possible damage to the trapped analytes. Furthermore,
the tweezing zone is limited to the small region illuminated by the
operating laser. Once the particles adhere to the surface of the
substrate through the van der Waals force, it is difficult for
conventional optical tweezers to manipulate them.

An improved technology developed in recent years is near-field
optical trapping by various nanotructures.®*'5 Due to the
spatially localized electric field and the enhancement of the local
energy around these nanostructures, near-field optical trapping
can be utilized as a useful tool for concentrating and patterning
of microsized/nanosized particles in very small regions. Another
accumulation technique is optically induced simultaneous
thermophoresis and convection,'®2! which has been used to
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T Electronic supplementary information (ESI) available: Movie S1
records a vapor bubble being created at the interface between water
and silver film; Movie S2 shows the particles being dragged by the
convective flow to the bubble; Movie S3 shows the vapor bubble being
dragged by the laser spot; Movie S4 illustrates the process of the
directly write micropattern with the accumulated particles on the silver
film by the vapor bubble. See DOI: 10.1039/c11c20478e

concentrate DNA' and direct assemble nanoparticles.’ Strong
drag force and long-range capturing are two main advantages of
this technology. Furthermore, by adjusting the location of the
heat source, it is possible to dynamically control the accumula-
tion location of microparticles.

In the present study, we propose a simple method to accu-
mulate microparticles on a silver film with a vapor bubble
induced by a low power continuous-wave (CW) laser. Due to the
efficient absorption of the laser power, the silver film is quickly
heated up, creating a vapor bubble at the laser spot. Then,
a thermal convective flow forms around the vapor bubble.
Particles in the water are long-range captured by the convective
flow, carried to the bubble, and then deposited on the surface of
the silver film. By moving the laser spot, we can dynamically
control the position of the bubble and the accumulated particles.
Thus, we can easily direct write any micropatterns with the
accumulated particles on the silver film.

Experimental setup

The experimental setup is illustrated in Fig. 1. It consists of three
parts: liquid chambers, Zeiss microscope system, and laser
system. A 120 um thick water sheet was sandwiched between
a glass coverslip and SiO, substrate covered by a sputtered silver
film. Red fluorescent polystyrene particles with 1 um diameter
(Duke Scientific, CA, USA) were dispersed in deionized water. A
green laser beam (operating at 532 nm) was expanded, colli-
mated, and focused (beam waist being 106 um) onto the surface
of the silver film. Here, the focusing spot can be moved manually
over a short range in the x—y plane. A white light source of an Hg
arc lamp (100 W, Zeiss) was used to visualize the bubble and
fluorescence particles. Their images were then projected to
a CCD camera by a microscope objective (Zeiss Epiplan 5x/0.13
HD Microscope Objective).
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Fig.1 Schematic representation of the experimental setup. The power of
the laser (operating at 532 nm) is regulated using an attenuator. After
passing through a telescope, the beam is weakly focused onto the sample
with a lens. The focusing spot can be moved manually over a shorter
range in the x—y plane. The ordinary image is formed by an Hg arc lamp
which illuminates the sample. The transmitted/reflected light is collected
by the Zeiss objective and imaged onto a camera via a color filter.

Vapor bubble generation

In our experiments, when a 250 mW laser beam was focused on
the interface between the silver film and water, the silver film
quickly heated up due to the efficient absorption of the laser
power. The temperature of water can be raised by the silver film
above the boiling point in a very short time. Once the superheat
limit of the liquid was reached, a violent phase explosion
occurred, and a vapor bubble was created at the interface
between water and silver film (see ESIT, Movie S1). The focusing
laser spot behaved like a heat point-source to expand and
manipulate the bubble. The bubble remained in contact with the
substrate throughout the process and displayed a truncated
sphere shape after it expanded to reach the cover glass. Recently
we were happy to read a latest paper (ref. 22), which reports that
the vapor bubble can indeed be created effectively through this
method.

Thermal-induced convective flow and accumulation of
microparticles

Generally, while creating a vapor bubble, heat from strong
absorption of the laser power by the silver film induces a temper-
ature gradient in the liquid simultaneously. This temperature
gradient then drives a local convective flow around the bubble.
The direction of convection flow is presented in Fig. 2(d). The
movement of particles in the convection flow can be described
using a simple 1D model: the flux of moving particles is described
by j = w(r)c — DV¢ — DreVT,2* where v(r) is the flow velocity, ¢ is

the concentration, Ve and VT are concentration and temperature
gradients, D is the diffusion coefficient, and D is the thermal
diffusion coefficient. The interpretation of each term in this 1D
model is very straightforward: the first term corresponds to the
convective drag effect, and the last two terms correspond to free
diffusion and thermophoretic process, respectively. When we
input a lower power laser (about 100 mW), neither convection nor
bubble is created, and we observed the slow motion of the particle
(1-2 pm s7') induced by the thermophoretic effect from the laser
spot to the cold region. For this case, as no convection flow is
formed, v(r) = 0, we could have j = — DV¢ — D1V T, which means
that only diffusion and thermophoretic effects contribute to the
motion. However, after the bubble is created and convection is
formed v(r) # 0, the motion of particles will be determined by
three forces simultaneously. In this process, the direction of
motion induced by convection is contrary to the motion by the
diffusion and thermophoretic effect. As the force by convection
flow is much larger than other two forces, the motion of particles is
dominated by the convection process. Therefore, particles will be
carried by the convection flow to the bubble (see Fig. 2(d)). In our
experiments, we did observe that the particles moved to the bubble
and accumulated around it (see Fig. 2(a—c) and Movie S2 in the
ESIt). Furthermore, the observation shows that the moving speed
by convection is much faster (about 25 um s~') than the motion by
diffusion and thermophoretic effects (about 1-2 pm s7").

Due to the strong upward convection flow along the surface of
the bubble, the flow was pushed away from the bubble at the
ceiling (cover glass slip) and squeezed to the bubble at the floor
(silver film). As a result, the fluorescent particles were dragged by
the flow to the bubble. At the corner between the bubble and
silver film (see Fig. 2(d)), being very close to the silver film, they
are attracted to the silver film by the short-range van der Waals
force. In the experiment, for a particle with the diameter of
1.0 um immersed in water, we estimated that the gravity is about
12 fN, the buoyancy is about 5.2 fN, and the convection force is
about 0.24 pN when the convection velocity is 25 um s~'. All the
three forces are long-range forces which are dominant when the
distance between the particle and film is large. However, when
the distance between the particle and film is below 10 nm, the van
der Waals force is above 6 pN which is much larger than the
above three forces. Then the van der Waals force is dominant at
the corner between the bubble and Ag film (see Fig. 2(d)). As
a result, a ring was formed on the surface by deposited particles
around the bubble (see Fig. 2(e)). At ten hours after the heating
laser being turned off, we still observed the stable accumulation
pattern in the microscopy. In order to give direct evidence, the
movement of particles was recorded. The results are given in
Fig. 2(a—) and Movie S2 in the ESI{. With incident laser power
being 250 mW, the range of convection flow was above 500 um,
which meant that the particles from a distance of above 500 um
away from the laser spot can be captured by the convective flow
and carried to the bubble. In the process, the maximal moving
speed of the particle reached 25 pm s,

Manipulation of the vapor bubble with the laser

As the bubble was created by the laser, we were able to change
the position of the bubble through moving the focusing spot. In
the above experiment, the bubble adhered to the laser spot on the
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Fig.2 (a—c) Pictures showing the movement of particles near the bubble (marked by different color circles) at different moments, which are captured by
the flow and dragged to the bubble; (d) a cartoon showing the convective flow and movement of particles around the bubble; and (e) a picture showing

a ring formed by accumulated particles around the bubble.

silver film, and the focused laser spot supplied energy to the
bubble continually. When we changed the location of the laser
spot on the film, the bubble was dragged by the laser spot and
moved as a result. This is an interesting phenomenon that has not
been reported previously based on our knowledge. In our
following experiments, we kept the laser spot unchanged and
moved the object stage of the microscope in all directions. As
a result, the location of the laser spot on the film is shifted
through this way. The process is described in Fig. 3(a—f) and
Movie S3 in the ESIF. At the beginning, with the laser turned on,
a bubble was created on the silver film, with the green laser spot
located at the center of the bubble-film interface, as shown in
Fig. 3(a). Then we shifted the focusing spot on the film in various
directions. The direction of relative motion of the laser spot on
the film is presented as white arrows in the figures. Simulta-
neously, the bubble was moved by the focusing spot in the
process (see Fig. 3(b-e)). Because of the time delay between
the laser heating and the increased localized temperature in the
movement, the laser spots were not located at the center of the
bubble-film interface, but at the forefront of the movement
direction. In the experiment, the moving speed of a 300 um
bubble reached 300 pm s~! (see ESIT, Movie S3). This is denoted
as the green spot in Fig. 3(b—e). However, when the focusing spot
moved exceedingly fast (above 320 um s7'), the temperature of
the silver film was not rapidly increased to boiling point before
the laser spot left; thus, the bubble was thrown back, as shown in

Fig. 3().

Direct-write microparticle patterns

As discussed above, the particles were first accumulated under
the bubble. Then, when the bubbles were moved, the particles
were deposited along the route in which the bubble passes
through. Afterwards, we directly wrote any micropatterns with
the accumulated particles on the silver film. The process is
described in Fig. 4(a) and Movie S4 in the ESIf. Two micro-
patterns written by this method are given in Fig. 4(b and c¢).

Actually, many other complicated patterns could be possibly
fabricated with this method. The statistical data show that the
average linewidth of the pattern was about 26.4 um and the

laser motion
—_—
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Fig.3 Manipulating a vapor bubble by a laser spot. (a) A bubble created
by laser; (b—e) pictures showing the bubble moved by the laser spot in
various directions (white arrows representing the relative moving direc-
tions of the laser spot on the film); and (f) the laser spot is moving too fast
and the bubble is thrown off.

3818 | Lab Chip, 2011, 11, 3816-3820

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1lc20478e

Published on 28 September 2011. Downloaded by NANJNG UNIVERSITY on 07/07/2016 13:15:52.

View Article Online

=
e’
©
=
—
(1]
173
~

Fig. 4 (a) A picture showing the particles accumulated along the route
the bubble passes through (white arrows presenting the relative moving
direction of the bubble on the film); two micropatterns of particles
written by the bubble: (b) square lattice and (c) Swiss roll.

standard deviation was 3.1 um. In the writing process, there are
some factors that determine the minimal resolution of the write
field. The first one is the size of particles. When the size of
particles was too large, they were hardly driven by convection
flow. Due to the van der Waals force, they fell down and adhered
to the film quickly. On the other hand, if the size of particles was
too small, the strong Brownian motion results in quick and
random movements of particles. They were not easily accumu-
lated by the bubble. As a result, these reduced the quality of the
pattern. Appropriate particles diameter will heighten the quality
of the pattern. The second one is the size of vapor bubbles: the
smaller the vapor bubbles, the higher the precision. The third one
is the stability of the microscope specimen stage: the higher the
stability of the stage, the higher the precision. In order to give
more details about our experiment, the data of some experi-
mental parameters are provided in Table 1.

Further discussion

Compared with other accumulation techniques reported before,
there are some advantages of the method proposed in this work.
Firstly, in some reported experiments, a thermophoretic effect
plays a crucial role in the accumulation. However, in our
experiment, convection plays a more important role in the
accumulation process. Generally the thermophoretic effect
induced moving speed is usually slow (0.04-0.55 um s7"). In our
experiment, the moving speed of particles carried by convection
flow is about 25 um s~!, which is much faster than the movement
by the thermophoretic effect. Secondly, in our experiments, the
position of accumulated particles is decided by the vapor bubble.
When we move the bubble, the accumulation spot is moved
correspondingly. Thirdly, water does not absorb light in the

Table 1 Data of some experimental parameters

Parameters Values
Thickness of the water sheet 120 pm
Thickness of the Ag film 100 nm

Diameter of particles 1 pm

Laser power 250 mW
Laser wavelength 532 nm

Laser beam waist 106 um

The range of convection flow >500 pm
Accumulation speed of particle <25 pm s™!
Moving speed of the bubble <300 pm s~!
Average line-width of the pattern 26.4 £+ 3.1 um
Accumulation last time >10 hours

visible region as readily as it does in the near infrared region.*
However, the metal film can absorb the visible light and transfer
the energy to water. In the present work, the efficient light
absorption of the silver film enhanced the photothermal effect
and played a key role in creating strong convective flow and
vapor bubble. Without the silver film, the vapor bubble cannot
be created even with the maximum power of our laser (400 mW).
Finally, the reported method in this work was simple and easy to
manipulate. Only a weakly focused visible laser was needed,
without any other complex experimental techniques, such as an
active feedback control system, a micro-flow system, etc. More-
over, this simple method can be applied to accumulate various
kinds of microparticles, such as silica, latex, polystyrene, and
biomolecules. In this work, we only write some simple patterns
with the technique in this work. It is also possible to fabricate
more sophisticated patterns with higher resolution if the method
is improved in the future.

Conclusion

In conclusion, we have found a simple and efficient way to
directly write micropatterns with accumulated particles. Due to
the enhanced photothermal effect from the silver film, a low
power CW laser was used to create a vapor bubble and a thermal
convection flow around it. With the help of thermal convection
flow, microparticles were captured and accumulated around the
bubble. Manipulating the vapor bubble allowed us to create
a micropattern on the silver film formed by the accumulated
microparticles. This technique has prospective applications in
microfluidics, drug delivery, virus detection, and other biochip
techniques. For example, fast concentration and patterning of
live viruses on metal surfaces can enhance the sensitivity of their
detection from biological media without damaging the virus
structure.* Another example is that concentration and
patterning of live cells by this technique can be used for the
development of artificial architectures, live cells lithography and
to create synthetic tissue. Especially, it is possible to create
a synthetic colony. Assembling a synthetic structure that
resembles a real-world bacterial colony could be the key to
tuning the behavior of bacteria or discovering an antibiotic for
inhibiting infection.?
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