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Localized surface-tension-driven forces (microscale Marangoni effect) caused by a temperature inhomogeneity from the decay of optically
excited surface plasmons into phonons have been engaged in the actuation of adsorbed and applied liquid on a thin metal film. Microfluidic
operations of transport, separation, mixing, and sorting have been experimentally and theoretically demonstrated using this all-optical

modulation scheme. [DOI: 10.2971/j€05.2006.06030]
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1 Introduction

Thin films have played an important role in microfluidics,
where the management of micro- and nanoliter amounts
of fluids support the development of fast, inexpensive and
miniaturized processes, such as laboratories on a chip. Due to
the tremendous potential of such studies for fluid manipula-
tions at the microscale, several new works have been emerg-
ing, see Ref. [1]. Microfluidic systems can vary greatly with
their architecture and flow actuation schemes. One classifica-
tion of small volume systems is an open-surface configuration
that allows immediate access to the fluids under study:.

It is known that droplets are the results of a stretched (due
to gravity force) mass of liquid, that undergoes strong sur-
face tensions in order to reach the smallest surface area
for a constant volume. This explains the spherical geometry
adopted by the droplets. Moreover, the outside molecules of
the droplet, that compose the interface with the surrounding,
are subjected to an attraction force that is compensated by the
resistance of the liquid to compression, and justify the mini-
mization of the surface area. Furthemore, Marangoni [2] rec-
ognized that, when a droplet experiences a temperature gra-
dient along its surface, it attempts to minimize its surface en-
ergy by moving in the direction of the gradient away from the
higher temperature. Indeed, the surface energy S for a fluid
may be defined as such,

_ 9y
s=1-1(3), w

where T is the temperature of the fluid studied, y the sur-
face tension and P the surrounding pressure. In our case, the
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pressure is kept constant as we work in atmosphere. Equa-
tion 1 shows that when a positive thermal gradient of magni-
tude AT is applied to the droplet, its surface energy decreases,
and a surface tension gradient A<y is created. The relation be-
tween temperature and surface tension is only given by semi-
empirical equations, however, it is common to say that the
highest the T the lowest the <. The 7y can also be accessed by
contact angle measurements.

Convective flows due to surface tension gradients have been
utilized in microfluidic systems by employing various heat
sources. Different approaches currently being investigated
utilize resistive current sources [3] and references therein,
light sources [4], and optical excitation of surface plasmons
[5]-[8]. We introduce a new concept of surface plasmon (SP)
excitation [9] to optically establish a temperature gradient at
the bounded interface of a microdroplet [6]-[8]. Surface plas-
mons, the collective motion of conduction band electrons on
metals, have rich spectral qualities that can be exploited for
sensing, and exhibit quantum behavior that may be used to
shape the thermal signature. We present in Section 2 exper-
imental evidence of microdroplet Marangoni manipulations
and offer comparison with a computational model, in Sec-
tion 3, based on the Navier-Stokes equation. A conclusion is
given in Section 4.
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2 PLASMONIC
ACTUATION

MICRODROPLETS

In order to investigate our concept of SP-based microfluidics,
we devised an experimental setup that integrates a quartz
prism-thin gold (Au) film assembly in the Kretschmann con-
figuration and a scanning optical probing system, as illus-
trated in Figure la. A probe laser, of wavelength 635 nm and
output power P=1 mW, and a corresponding position sensi-
tive detector (PSD) are aligned in the z direction and navi-
gated systematically in xy directions to scan a region of the Au
film. For maximum resonance conditions, the Au film [e(w)]
was optimized at 34 nm thick for the 514 nm excitation laser
line of an Art ion laser beam (output power P=50 mW). A
mechanical chopper intensity-modulated the excitation beam
at a frequency of 100 Hz for the objective of generating a sat-
isfactory signal-to-noise ratio, and provided a reference signal
for a lock-in amplifier, which monitored the output of the PSD.
The SP dispersion relation for quartz-Au-air formulated an in-
cidence angle 65, of 52° for resonance excitation. The prism
and probe assemblies were each supported on precision x-y-
z stages to permit independent motion, allowing the position
of the heat source, i.e. the SP excitation region, with regard to
the droplet, without modifying the resonance conditions, see
Figure 1b, and allowing the study of the onset of Marangoni
actuation.
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FIG. 1 Experimental schemes based on the Kretschmann configuration. In (a), an ad-
ditional probe beam associated with a position sensitive detector (PSD) scans the
excitation region to highlight the existence of the plasmonic thermal gradient. The PSD
signal is collected via a lock-in amplifier locked on the modulation frequency of the
pump beam. In (b), a microdroplet is deposited in the vicinity of the thermal gradi-
ent, creating a surface tension gradient at the microdroplet interface, that will then

undergo Marangoni forces.

Prior to introducing the fluids in our setup, we investigated
the plasmonic thermal gradient AT installed in the Au film
to justify the use of the surface plasmon decay as a thermal
source. By measuring the deflection of the probe beam linked
to a PSD above the SP excitation region, as depicted in Fig-
ure la, plasmonic thermal gradient are observed, as shown in
Figure 2, and bring to light the existence of a thermal gradi-
ent, even for low excitation laser powers. A larger deflection
is measured at the edges of the excitation region, that may be
referable to the thermal expansion of the thin film. In fact, the
variations of the film expansion are expected to be more pro-
nounced at the edges of the excitation region where the ther-
mal gradient is created. This latter belongs to the microscale
realm as it is linked to the decay length of the SP, that depends
strongly on the material used and the working wavelength.
As an example, tenths of micrometers can be achieved in the
visible range for gold thin films. These considerations allow
us to confirm the presence of the plasmonic thermal gradient
necessary for Marangoni manipulation at the microscale.
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FIG. 2 A typical scan of the surface plasmons excitation region of a 34 nm gold film.
The contours clearly demonstrate the formation of a temperature gradient emanat-
ing from the center of the excitation region. The profile was obtained by measuring
the deflection of the probe beam, locked on the modulation frequency of the Art

excitation laser beam. See Figure 1a.

After confirming the existence of the plasmonic thermal gra-
dient, droplets of silicone oil (SO) and glycerol (Gl), with in-
dex of refraction n;, surface tension +y;, viscosity v;, i = 1,2, ...,
were applied onto the Au film to be linked to the plasmonic
thermal gradient of magnitude AT. The range in size of the
droplets is recapitulated in Table 1.

- Thickness (ym) | Length (ym) | Width (#m)
Minimum 20 30 30
Maximum 50 250 150

TABLE 1 Range in size of the deposited microdroplets

By controlling the location of the SP excitation region, we were
able to manipulate the microdroplets, as demonstrated in Fig-
ure 3 and Figure 4 for SO and Gl droplets respectively. In both
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figures, the scattered light from SP excitation region (delim-
ited bright spot) allows us to localize the plasmonic thermal
gradient AT with respect to the droplets. Due to surface ten-
sion and viscosity, energy requirements for affecting SO is less
than for G, allowing the discrimination of fluid types by tun-
ing laser intensity as reported in Refs. [7, 8] (data not shown).
An optimized AT is thus scanned toward the droplets to in-
stall the Marangoni-based convective flow inside the droplets
inducing motions of the fluids as illustrated in Figure 3 and
Figure 4. In the case of SO in Figure 3, the actions of split-
ting [Figure 3b] and transport [Figure 3c] are achieved, where
the two parts of the deposited droplet (D; and D») are sepa-
rated by more than 200 ym, with a speed of the droplet around
100 pm/s, as previously reported [8].

FIG. 3 Silicone oil droplet division and transport. By precisely locating the SP excitation
region (marked with the black oval) near the microdroplet (yellow marked regions),
the liquid is divided into two and one sub-microdroplet (D,) is driven away from the
stationary part (D1). The droplet used is 240 um x 90 um with a contact angle 6. of

o

10°.

In the case of Gl in Figure 4, the mechanism of mixing is also
performed [Figure 4c;—c3], together with the splitting [Fig-
ure 4a;—a3] and transport [Figure 4b;-bs] processes. Indeed,
one droplet is transported and approached to a motionless
second one, see Figure 4c;, until they coalesce to form only
one droplet in Figure 4cs.

Splitting 100 um | Transport 100 um | Mixing 100 um

FIG. 4 Division, transport and merge of a Glycerol droplet. The plasmonic gradient is

scanned independently over the Au thin film without modifying the resonance condi-
tions, creating Marangoni forces in different zones of the microdroplet. Depending on
the position of the thermal gradient, we carried out droplet division (a;-as), transport
(b1-b3), and merging (c1-c3). The used droplet is 120 yum X 110 um with a contact

angle 6, of 50°.

Also noteworthy is that these various mechanisms are feasible
if the AT is extended enough with respect to the droplets, ren-
dering this method really suitable for micro- and nanoscale

objects. Indeed if the droplet is much larger than the AT re-
gion then no flow is observable, the same if the AT is placed
just underneath the fluids. Moreover, a measurement of the
thermal gradient threshold showed that the onset of droplet
actuation takes place when the AT is at 30 ym away from the
droplet.

This method permits fluid manipulations by tailoring solely
the threshold of the AT. Indeed, this may be adapted to one
specie that can be moved while the other present ones remain
stationary. However, a number of parameters of the optical
excitation may be altered, in the point of view of the incident
laser beam, by different incident polarization, wavelength
and/or angle. Moreover, these modifications may come from
the thin metallic film with distinct thicknesses/roughness
and/or materials, from the material (different index of refrac-
tion) of the substrate supporting the coupling to SP, or from
the index of refraction of the surrounding. Any variations of
one of these parameters would allow the tuning of the ther-
mal gradient to be adapted to each specie under consideration
for Marangoni actuation. Nevertheless, although we have nu-
merous degrees of freedom that may permit a great number
of actions, the optimization of each remains a complex task
that play an important role for the efficiency of the coupling.
This latter is accessible through reflected spectrum measure-
ment, as in SP resonance technique, introducing this microflu-
idic process in the field of sensing.

3 COMPUTATIONAL RESULTS

In order to ensure that the observed effect is directly linked
to Marangoni convective flow, we studied the internal flow
of a SO droplet of cross-section 220 ym x 220 um, thickness
20 ym and contact angle, 6., of 10 degrees, numerically. As a
first approximation, the shape of the droplet is assumed to be
unchanged and the flow of an incompressible viscous fluid in-
side the section of the sphere is considered. Within the body
of the droplet, the time independent Navier Stokes equation,
convective heat transfer and the continuity equation were con-
sidered. These equations will be closed together with appro-
priate boundary conditions as follows.

On the surface of the gold film, the temperature was assumed
to vary linearly with x with a gradient of 10 degrees per mil-
limeter and all velocity components were set to zero. The in-
terface between the droplet and the air was assumed to be
adiabatic and the velocity component normal to it was set to
zero. Otherwise, we assumed that the viscous forces acting
from the liquid side balanced the effect of variations of the
surface tension caused by temperature differences. As the po-
sition of the free surface is fixed, this set of conditions results
in a closed and well-posed set of equations that can be solved
numerically [10].

The complete set of nonlinear equations was discretized us-
ing second order elements in a finite element methodology,
linearized and solved iteratively until convergence was ob-
tained. It was found beneficial to solve first the conduction
equation once with the velocity field kept constant and then
solve the hydrodynamic equation once with the temperature
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field kept constant before the normal iterative procedure was
applied. Exact equations and more details about the proce-
dure can be found in [8]. Although the nonlinear terms were
included in the Navier Stokes equation, numerical experi-
ments indicate that they do not influence the results much
and can be neglected. This is not a surprising observation
but an important one if approximative analytical solutions are
sought.

The computational numerical results for SO are presented in
Figure 5.

100 um/s

FIG. 5 Internal flow of a silicone oil droplet taken to be 220 gm x 220 um. (a) Velocity
component in the direction of the thermal gradient AT together with the pressure
gradient sets in the opposite direction. A maximum speed of the droplet is found to
be 100 um/s. (b) and (c) illustrate the streamlines inside the droplet, related to the
thermal gradient for (b) and to the pressure gradient for (c), linked to the internal

flow of the microdroplet leading to its actuation.

The model of the internal flow inside a droplet predicts a max-
imum droplet flow velocity of 100 ym/s that is in a good
agreement with our experimental observations. It is clearly
shown that due to the positive thermal gradient AT, the
droplet is disturbed and the flow field is set up. In the numeri-
cal simulations, due to the fixed shape of the droplet, this flow
results in a pressure variation, AP, in the opposite direction.
This would change the shape of the droplet and role it in the
inverse direction of the temperature gradient, as observed ex-
perimentally. To conclude, this investigation demonstrates the
Marangoni-based process experimentally observed, and justi-
fies the use of SP as an energy source for convective flows.

4 CONCLUSION

We have uniquely applied the nonradiative decay of surface
plasmons as the thermal vehicle for Marangoni-based fluid
actuation. Fundamental studies in surface tension and inter-
face phenomena can be explored with the microfluidic opera-
tions offered by this technique. Furthermore, the application
of surface plasmons opens up possibilities in simultaneous
fluid manipulation and sensing, currently under investigation
[11]. For example, the numerous changes, monitored via the
optical coupling efficiency, cited in Section 2, may direct to
chemical reactions at the micro and nano scale as the mixing
of several droplets of different chemical compositions is ren-
dered achievable. We anticipate that future studies of surface
plasmon assisted Marangoni forces in thin films will encour-
age plasmonic applications in the fields of micro and nano-
fluidics, opto-fluidics, and biological and chemical sensing.
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