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We have experimentally investigated the control of Marangoni flow around a micro bubble using

photothermal conversion. Using a focused laser spot acting as a highly localized heat source on Au

nanoparticles/dielectric/Ag mirror thin film enables us to create a micro bubble and to control the

temperature gradient around the bubble at a micrometer scale. When we irradiate the laser next to

the bubble, a strong main flow towards the bubble and two symmetric rotation flows on either side

of it develop. The shape of this rotation flow shows a significant transformation depending on the

relative position of the bubble and the laser spot. Using this controllable rotation flow, we have

demonstrated sorting of the polystyrene spheres with diameters of 2 lm and 0.75 lm according to

their size. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906929]

Temperature gradient along a gas-liquid interface causes

surface tension differential along the surface, which results

in a liquid motion. This phenomenon has long been known

as the Marangoni or thermocapillary effect.1,2 Fluid manipu-

lation mediated by this Marangoni effect has been investi-

gated numerically3–6 and experimentally7–13 and its potential

for microfluidic control has been shown. Especially, a small

bubble of the order of 10 lm was shown to be capable of

developing a jet like Marangoni flow with a high velocity of

more than 100 mm/s using a thin wire heater of 0.1 mm di-

ameter.10 If we can manipulate this strong flow in a micro

channel, it could be a powerful driving force in microflui-

dics. A key issue in manipulating the Marangoni flow around

a micro bubble is the difficulty of controlling the temperature

gradient at a micrometer scale flexibly and precisely.

We have recently demonstrated the self-assembly of Au

nanoparticles/SiO2 nanocolumns/SiO2/Ag mirror multilay-

ered structure, i.e., the local plasmon resonator14–17 using a

dynamic oblique deposition (DOD) technique18–21 and have

shown its capability as a themoplasmonic22 heater. A re-

markable feature of the local plasmon resonators is strong

and highly localized optical absorption in the Au nanopar-

ticles layer (�97%).16 This feature allows them to convert

almost all of the incident light to heat within the thin surface

layer (�10 nm). Taking advantage of their localized photo-

thermal conversion, we demonstrate that their strong photoa-

coustic emission is eight times larger than that of a graphite

which has a high optical absorption of 85%.16 Another fea-

ture that makes the local plasmon resonators attractive as a

heater is the existence of a layer of SiO2 nanocolumns under

the Au nanoparticles. In our previous work, the photoacous-

tic emission was enhanced by a factor of three by inserting a

340-nm-thick porous SiO2 nanocolumn layer whose thermal

conductivity was about 3–4 times lower than that of a plane

SiO2 layer. This result suggests that the SiO2 nanocolumn

layer reduces in-plane and out-of-plane heat transfer from

Au nanoparticles to the substrate. Accordingly, the generated

heat is highly localized under the spot of the irradiated light.

In other words, a focused light on the local plasmon resona-

tor can be used as a localized and mobile point-heat-source

at the micrometer scale.

Some researchers have recently demonstrated using pho-

tothermal conversion to control the Marangoni flow around

micro bubbles.23–29 However, there are only a few studies

that have observed the detailed dependence of the

Marangoni flow on the relative position of the bubble and

the laser spot, i.e., the heat source. In this study, we demon-

strate drastic transformation of the Marangoni flow around a

micro bubble by controlling the heating position at a micro-

meter scale using a well-localized photothermal conversion

of the local plasmon resonator. In addition, we propose a

size-based particle sorting method as an application of the

controlled Marangoni flow around a micro bubble.

We prepared the local plasmon resonators with Au

nanoparticles/SiO2 nanocolumns/SiO2/Ag structures by

using DOD. Their preparation method is essentially the same

as that reported in prior publications.14–16 First, a smooth Ag

layer (200 nm) and a SiO2 layer (60 nm) were deposited on a

glass substrate. On the SiO2 layer, a 300 nm thick SiO2 nano-

column layer was prepared. During the deposition of the

nanocolumns, the deposition angle measured from the sur-

face normal was fixed at 80�, and the substrate was continu-

ously and rapidly rotated. An Au nanoparticle layer

(�8.5 nm) was then deposited at a deposition angle of 73.4�

on the nanocolumns. The optical reflection of the sample in

water was measured at an incidence angle of 2� using a

single-beam spectrophotometer. Finally, we obtained local

plasmon resonators with high optical absorption of 89% in

water at the wavelength of 785 nm, at which we performed

photothermal conversion.

Figure 1 shows a schematic of experimental setup for

microfluidic control. A shallow cell, of 50-lm height, was

created on the local plasmon resonator and filled with water

in which polystyrene (PS) spheres (R0200, Thermo

Scientific) with a diameter of 2 lm were dispersed. Although

these PS spheres are necessary to visualize the fluid motion,

their water suspension often contains a surfactant that con-

siderably weakens the surface tension. Therefore, we care-

fully chose a water suspension of PS spheres containing only
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a small amount of surfactant and diluted it with distilled

water to a ratio of 1:20 (particle number density: �1

� 108 cm�3). The prepared sample cell was observed using

an objective lens (50�, NA¼ 0.42) in an upright microscope

(M-scope, Synos) under white light illumination. The objec-

tive lens was also utilized to focus the laser for photothermal

conversion on the local plasmon resonator. The diameter of

the laser spot was less than 10 lm, and the laser power at the

sample surface was tunable from 0 mW to 13.5 mW. Fluid

motion visualized by the motion of PS spheres was recorded

by a CCD (DMK 41AU02, The Imaging Source), whose ex-

posure time was set at 5 ms. A short-pass filter was placed in

front of the CCD to eliminate the 785-nm laser source.

With the laser at the maximum power of 13.5 mW

focused on the local plasmon resonator, a micro bubble with

a diameter of 40–50 lm was generated because of the highly

localized photothermal conversion. The laser power was

tuned down to 12 mW and the irradiated spot moved to a

position near the created bubble. When the laser position

was set next to the bubble, a unique and rapid flow devel-

oped around the bubble. Figure 2(a) shows an optical image

of the typical flow around the bubble, whose motion is

described in Fig. 2(b). The flow pattern basically consists of

a strong main flow towards the bubble and two symmetric

rotation flows on either side of it. The velocity of the flow is

at least of the order of mm/s since the images of the PS

spheres are elongated in the direction of the flow. We assert

that this rapid flow is driven by the Marangoni effect because

of the following reasons. Due to the localized photothermal

conversion of the local plasmon resonator, a portion of the

bubble surface near the laser spot is heated up. The surface

tension of the heated point is significantly weakened and

generates a strong shear force along the bubble surface that

drags the surrounding fluid and induces rapid flow. Here, we

provide a rough estimation of this Marangoni effect. When

the temperature varies along the bubble surface from Th at

the hot pole near the laser spot to Tc at the cold pole, the av-

erage shear force on the bubble surface is given by

�s ¼ ðrðTcÞ � rðThÞÞ=pr. In this equation, r(T) is the surface

tension of water at temperature T and r is the radius of the

bubble. If the fluid was simply a Newtonian fluid with con-

stant viscosity, l, the balance of the viscous stress and the

shear force is given by �s ¼ lrv, where rv is the gradient of

the flow velocity around the bubble. Assuming that the flow

velocity is zero on the cell wall, we have rv ’ vp=h, where

vp is velocity of the observed PS spheres and h is the distance

between those PS spheres and the cell wall. In our experimen-

tal conditions, h ’ 2 lm because the observed PS spheres

were distributed �2 lm above the bottom surface of the cell

considering the depth of focus. In addition, r ’ 30 lm and vp

was at least 10–20 mm/s near the bubble surface. The values

of l and r(T) of water at around room temperature can be

found in the literature.30,31 By using the equations above, the

temperature gradient along the bubble surface is estimated to

be rT¼Th – Tc ’ 5 K around room temperature. This result

suggests that it is reasonable to classify the observed rapid

flow as Marangoni flow. A more precise analysis would

require the determination of the temperature distribution

around the bubble at a micrometer scale. Instead, we investi-

gated qualitative changes in the developed flow around the

bubble by systematically varying the relative position of the

laser spot and the bubble because the Marangoni effect is

known to be very sensitive to the temperature gradient.

Figure 3 shows the transformation of the flow around

the micro bubble at different positions of the laser spot.

Please note that all these images were obtained by a

sequence of observations on the same bubble. When the laser

spot was located at or near the center of the bubble, there

was no distinct flow (Fig. 3(a)). However, when the laser

position was moved slightly away from the center (Fig.

3(b)), a rapid flow was suddenly observed to develop. This

flow also consists of a strong main flow towards the bubble

and two symmetric rotation flows with a distinct appearance

FIG. 1. Schematic of the experimental setup used in the study.

FIG. 2. (a) Microscopic image of the rapid flow around the micro bubble induced by the photothermal conversion of the local plasmon resonator. The red

crosses show the laser position, the small black dots are the PS spheres, and the big black circle is the micro bubble with a diameter of �65 lm, respectively.

Scale bar: 50 lm. (b) Sketch of the flow around the bubble. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4906929.1]
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change from that of Fig. 2(a). In Fig. 3(a), the rotation flow

drives and mixes the PS spheres rather than trapping them.

As the laser position is gradually moved away from the bub-

ble center (Figs. 3(c)–3(e)), the shape of the rotation flow

undergoes a significant transformation. The distinguishing

characteristic of the rotation flow was observed at the laser

position of Figs. 3(c) and 3(d), where the PS spheres are

tidily ranged in two symmetric circular shapes. The radius of

the circle was tunable by the laser position. Just before the

laser moved out from the bubble (Fig. 3(f)), there was a

region where the PS spheres could not be driven. When the

laser spot was moved to the edge of the bubble (Fig. 3(g)),

the rapid flow developed again and the PS spheres collected

and concentrated near the bubble. As the distance of the laser

FIG. 3. (a)–(j) Series of microscopic

images showing dependence of the

transformation of the flow around the

micro bubble on the position of the

laser spot. The red crosses show laser

positions, the small black dots are PS

spheres, and the big black circles are

the micro bubble, respectively. Scale

bar: 50 lm.

FIG. 4. (a) Cross-sectional view of the

cell with the optical paths (black lines)

indicated. The scale is normalized to

the bubble radius. (b) Red line repre-

sents the photothermal conversion

position, xc, as a function of the laser

irradiated position, xi. Letters over the

figure correspond to Figs. 3(a)–3(j)

whose relative positions of the bubble

and the laser spot are shown as blue

dots.
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spot from the bubble edge was increased, the shape of the

rotation flow varied again (Figs. 3(g)–3(i)). Finally, when the

distance of the laser spot from the bubble exceeded �28 lm,

the rapid flow stopped. These results suggest that by tuning

the relative position of the laser spot and the bubble, we can

develop a rapid flow with a wide variety of functions such as

driving, mixing, ranging, and collecting the PS spheres. For

better understanding of the transformation of the flow, we

focused our attention on light refraction and reflection at the

bubble surface and evaluated the actual photothermal con-

version position.

Figure 4(a) corresponds to a cross sectional view of the

sample cell whose scale is normalized by the bubble radius.

The black lines in Fig. 4(a) show ideal light paths going

through a spherical vapor-water boundary. Although a ray of

light splits into a number of rays after experiencing multiple

refractions and/or reflections, we only consider the dominant

light path for the photothermal heating of the bubble.

Depending on the position of the laser irradiation, the posi-

tion where the local plasmon resonator absorbs light varies

significantly. Thus, we plot the photothermal conversion

position, xc, as a function of the laser irradiated position, xi

(Fig. 4(b)). At around xi¼ 0.75, the value of xc has a distinct

peak indicating that the photothermal conversion position is

far away from the bubble due to total reflection although the

laser spot is placed on the bubble.

The evaluated photothermal conversion positions for the

observed flows in Fig. 3 are represented in Fig. 4(b). We nor-

malized the laser position by the cross sectional bubble ra-

dius assuming that the contact angle of the sample cell wall

with water is much lower than 90�. The laser position for

Figs. 3(a)–3(j) is shown by vertical black lines in Fig. 4(b).

Among them, position (f) shows the farthest photothermal

conversion position from the bubble, followed by the posi-

tion (j). Therefore, absence of the rapid flow in Figs. 3(f) and

3(j) is explained by their photothermal conversion position,

which is too distant to present a significant temperature gra-

dient around the bubble. Positions (e) and (h) are similar in

the photothermal conversion position (xc¼ 1.3 for (e) and

xc¼ 1.2 for (h), respectively), whereby their rotation flows

are equivalent in shape (Figs. 3(e) and 3(h)). There is a tend-

ency for the PS spheres to concentrate near the bubble as the

value of xc becomes larger, except for the position (g). The

high concentration of PS spheres observed in Fig. 3(g) may

be due to the width of the actual laser spot, which results in a

widespread value of xc from 1 to �2 because of its rather ex-

ponential change around xi¼ 1 (Fig. 4(b)). Although the pho-

tothermal conversion position is shown to be right

underneath the bubble for the laser position (a), no

significant flow was observed in Fig. 3(a). This is because

the water contact angle in the actual sample is not exactly

zero and there is little water to drive at the center of the bub-

ble. These results suggest that the flow development around

the bubble can be characterized qualitatively by the position

of the photothermal conversion. Further investigation of the

transformation of the rotation flow requires numerical analy-

sis that we plan to undertake in the future.

Here, we experimentally demonstrate the sorting of the PS

spheres with different diameters as one of the applications of

the photothermally controlled Marangoni flow around a micro

bubble. We prepared and filled the sample cell with a 1:1 mix-

ture of the water suspension of PS spheres with a diameter of

2 lm (R0200, Thermo Scientific, diluted to 5% by water, parti-

cle number density: �1� 108 cm�3) and of 0.75 lm (42742,

Alfa Aesar, diluted to 2% by water, particle number density:

�2� 109 cm�3). Fig. 5(a) shows the uniformly dispersed PS

spheres with diameters of 2 lm and 0.75 lm before the laser

irradiation. Following the experimental methods described

above, we created a micro bubble and developed Marangoni

flow around it using localized photothermal conversion of the

local plasmon resonator. By optimizing the relative position of

the laser spot and the micro bubble, the PS spheres with differ-

ent diameters are trapped in the rotation flows with different

radius (Fig. 5(b)). Figure 5(c) clearly shows that the PS spheres

with diameters of 2 lm and 0.75 lm are segregate to different

areas after the laser irradiation.

In conclusion, we have demonstrated drastic transforma-

tion of the Marangoni flow around a micro bubble by using

highly localized photothermal conversion of the local plas-

mon resonator. The highly localized photothermal conver-

sion of the local plasmon resonator allowed us to create a

micro bubble in the sample cell and to control the tempera-

ture gradient around the bubble at a micrometer scale. As a

result, a rapid flow towards the bubble and two rotation flows

develop around the bubble and the shape of the rotation flow

was proved to be controllable by the relative position of the

bubble and the photothermal conversion position. Using pho-

tothermally controlled Marangoni flow, we demonstrated

sorting of the PS spheres with diameters of 2 lm and

0.75 lm according to their size.
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