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We report the design and fabrication of the nanofluidic mixer comprising hybrid hydrophobic/
hydrophilic micro-patterns on the top and bottom walls of the nanochannel. The unique feature of
such mixer is that, without any geometric structure inside the nanochannel, the mixing can be real-
ized solely by the hybrid surfaces. Besides, the mixing length in nanomixer has been significantly
shortened comparing to micromixer. We attribute the mixing achievement to be caused by the con-
vection and chaotic flows of two fluids along the hybrid surface due to the large surface-to-volume
ratio of the nanochannel. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898126]

Rapid mixing of two fluids in miniaturized devices has
attracted a great deal of attention because of its potential
applications in complex chemical reactions and biochemistry
analysis.' In general, micromixing devices have channels
with typical dimensions between 10 and 400 um.> Without
such devices, flow is considered essentially laminar at low
Reynolds number (Re < 100), in which the mixing process is
molecular diffusion dominated and requires unacceptably
long mixing lengths.? Microfluidic mixing usually can be di-
vided into active mixing and passive mixing.>® Active
mixer relies on external perturbation energy to achieve flu-
idic mixing, while the passive one relies on molecular diffu-
sion and the chaotic flow of two fluids caused by structural
configuration in microchannel. A number of works have
been carried out on microfluidic mixers,”” and great efforts
have been directed at increasing the mixing efficiency of
micromixers.'®'?

There has been no report regarding nanofluidic mixer to
date due to the difficulties in nanofabrications. Active mixers
require a more complex setup, passive mixers can be com-
pact but constructing geometric structure by delicate pattern-
ing in nanochannel is very difficult. When the channel depth
of a micromixer is scaled down to nanometer, in addition to
the omnipresence of laminar flow conditions, as the aspect
ratio (i.e., the height to width ratio) decreases, the effect of
wall shear increases rapidly, leading to poor mixing."? On
the other hand, an important feature of nanofluidics is the
extremely large surface-to-volume ratio in nanochannel and
the surface property becomes crucial comparing to micro-
channel. Therefore, the effect of channel walls becomes very
significant and should be taken into account in nanofluidic
mixing.

In this paper, we present an approach of nanofluidic
mixer based on the fluid flowing characteristics on the top-
bottom walls, which are decorated with alternating hydro-
phobic/hydrophilic patterns.

The nanofluidic mixer is Y-shaped, consists of nano-
channel for the mixing part and microchannel for the inlet
and outlet parts. Silicon and glass wafers are employed as
the top and bottom walls of the nanomixer, respectively, on
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which the hybrid patterns with alternating hydrophobic/
hydrophilic characteristics are prepared. The process flow of
the chip fabrication is depicted in Figure 1. First, hexame-
thyldisilazane (HMDS) vapor priming was performed to
make all the wafers hydrophobic. A Y-shaped channel with
the width of 200 um and a uniform depth of 640 nm was dry-
etched on a smooth silicon wafer using standard photolithog-
raphy technique. The designed length of the mixing part is
1 mm. After the similar HMDS pretreatment, a second pho-
tolithography process was conducted to transfer a series of
hydrophilic pattern to the mixing part. Plasma treatment was
performed before the removal of photoresist (PR) to make
the pattern area hydrophilic. The glass wafer was processed
similarly to form microchannel with the depth of 1 um by
buffered oxide etch (BOE) etching only for the inlet and out-
let parts and hydrophilic pattern was coated on the mixing
part. Hydrophilic pattern on the mixing part with diameter of
5 um dot array on both silicon and glass was designed to gen-
erate vortex disturbance and induce instability to enhance
mixing of the two fluids. Silicon wafer and glass wafer were
then bonded using the anodic bonding technique to form a
well-sealed nanofluidic device. It is noted that the hydro-
philic dots on silicon and glass were staggered patterned af-
ter careful alignment under microscope (Olympus SZX16,
Tokyo, Japan). The flow chart in Fig. 1 illustrates the fabri-
cation process in detail. Fig. 2(a) shows the surface morphol-
ogy of the top and bottom walls with staggered patterns in
bonded nanochannel. The whole nanomixer device was com-
pleted by attaching a cured polydimethylsiloxane (PDMS,
Dow Corning Corporation, Midland, USA) piece on the back
side of silicon substrate along with inlet and outlet tubes.

We began the study by examining hydrophobic and
hydrophilic characteristics through vapor condensation and
evaporation. A silicon wafer contained designed pattern was
placed on a temperature-controlled stage and monitored by a
microscope (Keyence VHX-1000, Osaka, Japan). Vapor con-
densation was conducted by decreasing the temperature to
13 °C, followed by observation of evaporation process at this
fixed temperature. As the water on the wafer evaporated, the
contact line of the water receded to the pattern boundaries,

© 2014 AIP Publishing LLC
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FIG. 1. Schematic illustration of the fabrication process of nanofluidic mixer including photolithography, dry/wet etching, pattern coating, aligned anodic
bonding, and plasma bonding. Inset (i) and inset (ii) exhibit the longitudinal section and the optical image of the nanomixer device, respectively.
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FIG. 2. (a) Morphology of patterned nanochannel. Hydrophilic patterns on
the top and bottom hydrophobic walls were staggered arranged after anodic
bonding process (not drawn to scale). (b) Array of water droplets on pat-
terned silicon wafer during the evaporation process at 13 °C.

spontaneous dewetting of the hydrophobic domains and flow
into the hydrophilic domains created discrete water droplets
array, as shown in Fig. 2(b). These discrete droplets formed
in geometries dictated by the underlying wet/nonwet surface
topography, which clearly verified the hydrophobic and
hydrophilic characteristics on the patterned silicon wafer.

Fluid flows of DI water and DI water dyed with
Rhodamine B (10™% M, Sigma-Aldrich, USA) were injected
into the two branches of nanomixer through two inlets,
respectively, by syringe pumps (PHD2000, Harvard
Apparatus, USA), with the same pumping rate of 10 ul/h.
Under our conditions, the Reynolds number was Re < 0.1,
which indicates the domination of diffusion process at the
interface. The mixing process was monitored using an
inverted optical microscope (Olympus IX71, Tokyo, Japan)
and recorded by a CCD camera (Olympus DP73, Tokyo,
Japan).

When the two streams contacted with each other and
arrived at the beginning of the patterned nanochannel, the
two different-colored liquids flowed separately, remained
highly and poorly fluorescent, respectively. After flowing for
a distance of approximately 300 um along the nanochannel,
a notable and stable mixing was rapidly observed with an
obscured flow boundary as seen in Fig. 3(a). The flows
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FIG. 3. (a) Mixing performance in
hydrophobic nanochannel with hydro-
philic pattern. (b) Mixing performance
in hydrophobic nanochannel without
hydrophilic pattern. (c) Comparison
of mixing index in hydrophobic
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exhibited an effective mixing by comparing the inlet and
outlet flow boundaries. For comparison, mixing performance
was verified in completely hydrophobic nanochannel with no
hydrophilic pattern. In contrast, when the two fluids passed
through the nanochannel, laminar flows were kept all along
the nanochannel, as shown in Fig. 3(b).

The mixing characteristics of the images collected
from experiments were analyzed using ImageJ software.
From the fluorescent color intensity distribution, we

evaluated the mixing index,"* MI, using the equation

N 2
[i\,z (IZ#) , where I; is the intensity of pixel i,
i=1

while (I) and N are the average intensity and total number of
pixels, respectively. MI = 1 represents a nonmixing situation
and MI=0 defines a complete mixing of fluids. Fig. 3(c)
exhibits the calculation results of MI in our experiments. At
the beginning of the nanochannel, MI was almost equal to 1,
indicating the complete separation of two fluids before enter-
ing the nanomixer. When the two streams of fluids passed
through the nanochannel reaching a distance of ~300 um,
the patterned surface on the top and bottom substrates caused
a considerable decrease in MI, with the minimum value of
MI =0.67. On the contrary, after passing through the whole
nanochannel in the absence of hydrophobic/hydrophilic sur-
face decoration, MI remained almost equal to 1. These
results unambiguously indicate the remarkable enhancement
on mixing with hybrid surface.

Numerical simulations were also performed by Comsol
Multiphysics (COMSOL 4.3a) to confirm our experimental
results. The concentration distribution of two different fluids
flowing through nanochannel with and without pattern is pre-
sented in Figs. 4(a) and 4(b), respectively (not drawn to
scale). These figures demonstrated that a diffusion mixing
layer was developed at the interface of the two fluids in both
cases as the two fluids with different initial concentrations
were brought into contact. The width of this mixing layer
increased along the flow direction in nanochannel. However,
in the case of hydrophobic nanochannel with hydrophilic
patterns, the mixing process was comparatively enhanced as
the flow encounters the patterned region, and the concentra-
tion variation in the yellow dashed circle area apparently
indicates the mixing enhancement by pattern on the bottom

wall, which validates the benefit of containing patterns on
both the top and bottom walls for mixing performance.

We propose that, due to the staggered hydrophilic and
hydrophobic patterns on surfaces, disturbance induced by
this pattern will push the two flows to spin either clockwise
or anti-clockwise and form a vortex-mixing in nanochannel.
Consequently, the presence of hybrid patterns in nanochan-
nel induces advection inside the fluid to provide a cross-
stream component of velocity, which results in a better
penetration of the fluids into each other to further enhance
the mixing effect.

What is worth mentioning, previously reported micro-
mixers have the typical mixing length of several to many
millimeters'> for moderate flow rates, and in a micromixer
with hydrophobic/hydrophilic patterns only on the bottom
wall of the microchannel,'® effective mixing was observed
after flowing for a distance of 20mm in the microchannel.
However, stable mixing phenomenon was clearly observed

Concentration
(mol/m3)

(a) Mixing performance in nanochannel with pattern

10
8
Chaotic mixing

6
(b) Mixing performance in nanochannel without pattern

4
B ——

Interface diffusion 2
0

FIG. 4. (a) Simulation results of fluid concentration distribution during mix-
ing in nanochannel with pattern (not drawn to scale). Mixing was distin-
guished by the variation of concentration distribution (yellow arrows).
Concentration distribution affected by one of the patterns on the bottom wall
was marked by a yellow dashed circle. (b) Simulation results of fluid con-
centration distribution during mixing in nanochannel without pattern.
Development of the interface diffusion layer was marked by black arrows.
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in only ~300 um in our design, which indicates a significant
reduction in mixing length. This is because, in our nano-
mixer, alternating hydrophilic patterns were fabricated on
both the top and bottom walls of the nanochannel, which
effectively increase the contact between flows and surface
patterns, especially under large surface-to-volume ratio in
nanochannel. For potential future work, better mixing per-
formance is conceivable by decreasing nanochannel depth to
further increase the domination of surface-related phenom-
ena, and thus it is possible to reach a target mixing index.
The limitation, however, may come from the device owing
to the extremely huge pressure drop inside the nanofluidic
chip.

In conclusion, using photolithography, dry/wet etching,
and aligned anodic bonding techniques, we have demon-
strated the nanofluidic mixer by coating hydrophilic patterns
on both top and bottom walls in hydrophobic nanochannel.
This nanomixer offers rapid and stable mixing performance,
and has eminently shortened the mixing length comparing to
micromixer. This behavior is consistent with the result of nu-
merical analysis. Our approach provides a simple design and
process for nanofluidic mixing, which should be a promising
candidate for the controlled fabrication of more sophisticated
nanomixer devices.
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