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uperhydrophobic surfaces on which

water droplets virtually form liquid

balls are a well-known example of
how design principles adopted from na-
ture can be used in technology. Superhy-
drophobicity in nature is most prominently
associated with the leaves of the lotus
flower, where it is used as part of their
cleaning mechanism.! The high water con-
tact angle above 160° achieved by the
leaves is due to their micro- and nano-
rough hydrophobic surface.? Both proper-
ties, a rough structure, which allows air to
be trapped underneath the liquid, and a low
surface energy, which makes the surface it-
self hydrophobic, are necessary for superhy-
drophobic surfaces with high mobility of
water droplets.

Artificial superhydrophobic surfaces are
generally produced by roughening or self-
assembly of nonwetting materials or by fab-
rication of a micro- and/or nanorough sur-
face followed by coating with a low surface
energy layer. Using either of these methods,
or a combination, a great variety of struc-
tures have been made.?

As the high apparent contact angle of
water on superhydrophobic surfaces is a
consequence of high surface roughness and
low surface energy, nature’s superior nano-
structuring abilities can be counterbalanced
in the fabrication of artificial surfaces by
the use of nonbiological lower surface en-
ergy fluorocarbons instead of waxes.* Such
artificial superhydrophobic surfaces or coat-
ings are, among other things, investigated
with respect to self-cleaning or corrosion
protected interfaces, water repellent tex-
tiles or their applicability in droplet-based
(or digital) microfluidic systems.>*

In digital microfluidic devices, reactant so-
lutions are confined as discrete droplets,
which are then moved, mixed, and analyzed

Www.acsnano.org

ABSTRACT Droplet-based microfluidic systems are an expansion of the lab on a chip concept toward flexible,
reconfigurable setups based on the modification and analysis of individual droplets. Superhydrophobic surfaces are
one suitable candidate for the realization of droplet-based microfluidic systems as the high mobility of aqueous
liquids on such surfaces offers possibilities to use novel or more efficient approaches to droplet movement. Here,
copper-based superhydrophobic surfaces were produced either by the etching of polycrystalline copper samples
along the grain boundaries using etchants common in the microelectronics industry, by electrodeposition of copper
films with subsequent nanowire decoration based on thermal oxidization, or by a combination of both. The
surfaces could be easily hydrophobized with thiol-modified fluorocarbons, after which the produced surfaces
showed a water contact angle as high as 171° = 2°. As copper was chosen as the base material, established
patterning techniques adopted from printed circuit board fabrication could be used to fabricate macrostructures
on the surfaces with the intention to confine the droplets and, thus, to reduce the system’s sensitivity to tilting and
vibrations. A simple droplet-based microfluidic chip with inlets, outlets, sample storage, and mixing areas was
produced. Wire guidance, a relatively new actuation method applicable to aqueous liquids on superhydrophobic
surfaces, was applied to move the droplets.
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on the chip surface. Most research in the
field is focused on devices either flowing
two nonmixable phases through closed
channels® or using actuation methods like
electrowetting on dielectric (EWOD)® or di-
electrophoresis’ to individually move drop-
lets on flat, conventionally hydrophobic elec-
trode arrays. Droplet control on
superhydrophobic surfaces could be
achieved by using a magnetic field with drop-
lets containing paramagnetic microparticles®
or direct mechanical contact of the droplet to
a guiding wire.? EWOD on superhydropho-
bic surfaces was demonstrated with water
droplets'® but failed in combination with bio-
logically relevant buffer solutions.!" Recently,
reversible electrowetting on a silicon nano-
wire surface was shown as a new approach
toward superhydrophobic EWOD systems.'?
Such systems are believed to be operable at
lower voltages in comparison to traditional
EWOD designs using flat interfaces.”
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Figure 1. (Top) copper surface tilted by 45°: (a) overview, (b) closeup at the spot indicated by the arrow, (c) deposited wa-
ter droplet. (Bottom) CuO surface after oxidization of the Cu surface tilted by 45°: (d) overview, (e) closeup at the spot indi-

cated by the arrow, (f) deposited water droplet.

In contrast to other applications of superhydropho-
bicity, microfluidic systems are special in that they re-
quire the droplets to stay controllably on the surface.
Consequently, the advantage of high droplet mobility
connected to low roll-off angles comes at the expense
of high sensitivity to tilting and vibrations. This sensitiv-
ity can be partially compensated with the introduction
of structural features on the surfaces, which guide or
confine the droplets.

Here we present a cheap and easy copper based ap-
proach, which allows controlled structuring from the
millimeter length scale needed for droplet guidance of
microliter-sized droplets down to the micro and nano-
meter length scales needed for superhydrophobicity.
Copper is an omnipresent material in microelectronics,
for example, as interconnects in integrated circuits or
the base material for printed circuit boards (PCBs). Con-
sequently, a diversity of copper patterning techniques
for varying length scales have been developed.™

Copper-based surfaces are rather easily rendered su-
perhydrohobic, and a huge variety of such systems
have been published. This includes CuO microcabbag-
es' and Cu(OH), nanowires'® created by solution-
immersion, electrochemically fabricated Cu foams,"”
electroless galvanic deposition of silver or gold on Cu
surfaces,® or etching. Etching was demonstrated using
a modified Livingston’s etchant,' or a potassium per-
sulfate solution?® on copper foils as well as a combina-
tion of nitric acid and hydrogen peroxide on copper al-
loys containing tin.?'

Our approach is based on the etching of low grain
size polycrystalline copper plates using cupric chloride,
a standard etchant in the PCB industry,? or on elec-
trodeposition of copper on copper foils. With both ap-
proaches macroscopic as well as microscopic structures
can be produced. To further modify surface roughness
and topography, both types of copper surfaces can be
decorated with CuO nanowires by simple oxidization in
air at elevated temperatures.?®
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RESULTS AND DISCUSSION

Surface Fabrication. Polycrystalline copper plates were
used as the base material for surfaces made by etching
(Figure 1a and b). Rough surfaces as well as dimples
used for droplet confinement were created by etching
through a resist mask using a solution of cupric chlo-
ride, hydrochloric acid, and water (see experimental
methods). This was followed by subsequent mask re-
moval using acetone and incubation in hydrochloric
acid in an ultrasonic bath. In the etching step, un-
masked copper is removed as cuprous chloride is
formed from cupric chloride:??

Cudl, + Cu — 2Cudl

Cudl is insoluble in pure water, so depending on the
HCI concentration in the etchant, some of it may stick
to the etched surface, forming a slightly green layer.
During the final incubation in hydrochloric acid, these
remains are dissolved owing to complex formation:**

Cucl + 3¢~ — [CuCl,*~

As the droplet guiding patterns are comparatively
broad (a 5 pL drop has a diameter of about 2 mm), a
mask based on a conventional laser printer printout
could be used.?* An equivalent patterning approach
has been recently presented for copper-based, flat, con-
ventionally hydrophobic digital microfluidic devices.?
After the first etching, mask removal, and cleaning in
HCI, the process was repeated to achieve a similar sur-
face topology at all parts of the chip (also those covered
by the mask in the first etching step). As shown in Fig-
ure 1a,b, the surface roughness is caused by the shape
and size of the copper grains exposed on the surface.
If intended, the roughness can be further modified
by oxidizing the produced structures in air at 500 °C to
allow for the spontaneous growth of CuO nanowires,
see Figure 1d,e. During the oxidation, a three layer sys-
tem of Cu, Cu,0, and CuO is formed.?” Because of the
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high surface mismatch be-
tween copper and its ox-
ides, the oxide layer tends
to flake off, so processing
time, temperature, and
heating and cooling steps
have to be carefully con-
trolled. This is especially im-
portant for large homoge-
neously nanowire covered
surfaces.

Surfaces based on elec-
trodeposition (Figure 2)
were produced in a two
electrode electrolytic cell.
An electrolyte based on

Figure 2. Surfaces created by thermal oxidization on electrodeposited substrates. (Top row) nanowire
coated surface tilted by 45°: (a) overview, (b) closeup, (c) after incubation in HDFT. (Bottom row) 45° tilted
view of nanowires on a surface with pores: (d) overview, (e) closeup, (f) after incubation in HDFT; (right) (g)
high angle annular dark-field STEM image of a coated wire.

CuSO, and H,S0, in water
was used to deposit a copper layer on copper foil. In
the deposition process, macroscopic features might be
fabricated by limiting the electrodeposition to areas not
covered by a mask. Two types of surfaces were made:
One consisting of a flat electrodeposited layer and the
second consisting of a flat layer with pores deposited
on top of it. Such porous layers can be produced by
electrodeposition under a high potential, where the
copper deposition at the cathode competes with hy-
drogen evolution. The emerging hydrogen bubbles act
as temporary templates for the fabrication of porous
copper structures.?® These structures were themselves
used to create superhydrophobic surfaces.'” Both types
of electrodeposited surfaces were then decorated with
CuO nanowires by thermal oxidization. In the case of
the flat surface, uniform growth of nanowires is ob-
served, whereas for the porous surface nanowire
growth is limited to the areas in and around the pores
(Figure 2e/f). This is probably because the copper struc-
tures, which make up the pore walls, are too small to es-
tablish the Cu, Cu,0O, CuO layer needed for nanowire
growth. Because of flaking of the oxide layer as de-
scribed above, it proved to be difficult to fabricate a ho-
mogeneous nanowire layer on the cm? scale in a stan-
dard lab oven without control of the cooling process.
In a final step, the surface energy of all samples was
reduced by incubation in a solution of fluorinated thi-
ols (HDFT, see Experimental Methods). Thiols are known
to form self-assembled layers on copper and cupric ox-
ide either directly or because of the reduction of CuO to
Cu or Cu,0 under disulfide formation.?®?° For surfaces
covered with nanowires, this process introduced a
modification of the shape and orientation of the wires
as can be seen in Figure 2. This is probably due to the
partial reduction of CuO to Cu or surface-tension-
induced bending. The main part of the nanowires re-
mained nevertheless unreduced as CuO as confirmed
by electron diffraction and electron energy loss spec-
troscopy data presented in the Supporting Information.
An energy dispersive X-ray spectroscopy line scan
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across the wire depicted in Figure 2g showing a copper-
and oxygen-containing core with a sulfur-containing
layer around it is given in the Supporting Information
as well.

Surface Characterization. Because of the simpler fabrica-
tion process, etching-based surfaces were used for fab-
rication of digital microfluidics test chips. Both the
etched Cu and the etched and nanowire-decorated
CuO surfaces showed similar high water contact angles
of 171° = 2° and 169° = 2°, respectively, as shown in
Figure 1¢f. As the presence of biomolecules tends to in-
fluence the contact angle, a cell culture medium (CellM:
minimum essential medium with complements of fetal
bovine serum, nonessential amino acids and
L-glutamine, Invitrogen), a solution of 2 mg/mL BSA in
water as well as 1 M Tris buffer (Sigma-Aldrich) and PBS
(10 mM phosphate buffer, 2.7 mM potassium chloride,
137 mM sodium chloride, from tablets, Sigma-Aldrich)
were additionally tested. The results are shown in Table
1. All of the solutions were movable by wire guidance
as described below, both directly following the droplet
deposition and after a 10 min waiting period.

Chip Components and Droplet Movement. Images of 7.5 pL
droplets colored with food color on the structured sur-
faces are shown in 4. The figure shows a simple chip de-
sign consisting of an array of droplet confining dimples
for the CuO surface as well as a slightly more complex
layout for the Cu surface, where inlet and outlet holes
were added. Droplet control on both surfaces could be

TABLE 1. Contact Angles for Different Solutions on the
Surfaces Based on Etching”

solution
water Tris (1M) PBS CellM  BSA (2 mg/mL)
contactangleon 171° = 2° 169° = 4° 170° = 3° 166° = 3° 168° + 3°
Cu surface
contactangle on 169° == 2° 169° == 2° 170° = 2° 165°+= 1° 168° * 3°
CuO surface

“Errors represent standard deviations based on six measurements on different
positions.
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(b)

Superhydrophobic surfayce

Figure 3. Principle of droplet motion (a) and inlet (b).

performed using a wire guidance approach with an op-
tical fiber, which might be used as a readout device in
future applications.

Wire guidance is based on the direct contact be-
tween the droplet and a guiding rod, either being
moved manually or connected to a stage.® If the adhe-
sion between the droplet and the rod is larger than be-
tween the droplet and the surface, the droplet follows
the rod when it is moved.

The adhesion W4, of a liquid to a surface is a func-
tion of the liquids surface tension vy, as well as of its ap-
parent contact angle 6" and the apparent interface
area As (see Figure 3a). It is given by the Young-Dupre
equation:**!

W,qn = v.(1 + cos 0)A¢ )]

Using 73 mJ/m? as the surface tension of water and
a contact radius of about 0.75 mm as obtained experi-
mentally for a 7.5 pL drop, and a contact angle of 170°,
the adhesion to the surface can be calculated to about
2 nJ. The adhesion to an optical fiber used as a guiding
rod depends on its material, its diameter, and the im-
mersion depth into the droplet. For the fibers at hand,
which were made of fused quartz, the water contact
angle is known to depend on their chemical and ther-
mal history.3? To make sure that droplet guidance is
possible, a comparatively high value of 30° is used in
the calculations. With a fiber diameter of 250 wm (with-
out the protective jacket) and an immersion depth of
1 mm, the adhesion can be calculated to 60 nJ. Conse-
quently, the droplet is mobile on the surface when the
fiber is moved. Achieving high contact angles is crucial
for this approach.

For the Cu-based chip, a simple inlet and outlet de-
sign was adopted from Torkkeli:'" Because of limited ad-
hesion and weight, the deposition of droplets from
the top becomes increasingly difficult with smaller vol-
umes and higher contact angles.®® In an alternative ap-
proach, loading can be conducted through a hole from
the bottom as depicted in Figure 3b. For this purpose,
0.5 mm sized holes were drilled prior to the second
etching step and subsequent hydrophobization. When
the liquid is injected through the channel, it forms a

droplet on the surface, which can be picked up by the
fiber.

To detach the droplets from the inlet, the adhesion
of the liquid to the fiber has to overcome the sum of
the cohesion of the liquid W, and its adhesion to the
surface W,qh. Approximating a flat separation interface
between the droplet and the liquid in the hole, this can
be calculated based on the apparent liquid—solid inter-
face around the inlet Ais and the central hole opening
A

w,

coh

+ Woqn = 2v AL+ 7.(1 + cos0)A (2)

Using a total contact radius of about 1 mm and a
hole diameter of 0.5 mm, the total interfacial energy
can be calculated to 32 nJ. The energy largely depends
on the water/water contact area and can be further re-
duced by using smaller holes. As the adhesion to the fi-
ber is larger than the combined adhesion and cohe-
sion at the outlet, the droplet can be transferred onto
the chip. Because of the comparatively large interaction
with the fiber, bigger holes than demonstrated in
EWOD systems could be employed.!

To inject the sample solutions, tubing was glued to
the bottom side of the inlets and connected to syringes.
The outlet was made by filling the holes with absorb-
ing tissue paper from below. For additional confine-
ment during storage and mixing, dimples are etched
in the surface. In- and outlet holes are positioned in
dimples as well (see Figure 4a). The chip proved to be
functional and a short video of its manual operation
showing repeating steps of droplet loading, droplet
motion and mixing, and fiber washing is available as
Supporting Information.

Storage
dimples

Inlet hole

Mixing area Outlet hole

5 mm

Figure 4. (a) Chip based on etched polycrystalline copper,
inset showing chip layout; (b) Array of dimples on a surface
made of nanowire decorated etched polycrystalline copper.

2650 @%\K) VOL.3 = NO.9 = MUMM ET AL. www.acsnano.org



CONCLUSIONS

In conclusion, a simple approach to produce su-
perhydrophobic surfaces mainly using polycrystal-
line copper samples and thiol chemistry has been
presented. Using these surfaces in combination with
developed structuring techniques from printed cir-
cuit board fabrication, a droplet-based superhydro-
phobic chip was produced and tested. The whole
fabrication process consisting of etch mask deposi-
tion, etching, cleaning, and hydrophobic modifica-
tion took less than 4 h and was feasible without spe-

EXPERIMENTAL METHODS

Surface Fabrication. Polycrystalline 6 X 9 X 0.8 cm? large cop-
per plates (Polymetaal, The Netherlands) were used as the base
material for surfaces obtained by etching. The etching masks
consisted of mirror images of the desired structures printed on
transparencies using a standard laser printer with 1200 dpi reso-
lution. The transparencies were placed on top of the plates, and
the toner was transferred by heating to 200 °C under a load of
about 5 kg. After 5 min, the plate was cooled down in a stream
of water and the transparency could be detached while leaving
the toner on the plate. Potential defects could be corrected with
a water insoluble permanent marker. The plates were then
etched in a solution of 25 g CuCl, and 25 mL HCI (37%) in 75
mL of water for 0.5 h followed by ultrasonification in 1 M HCI
for several minutes. To change the surface morphology, CuO
nanowires could be grown by oxidizing the samples in a pre-
heated oven at 500 °C in air for 20 min. The samples were then
cooled down on a heat resistant surface while covered with a
Petri dish. As described earlier, flaking of the oxide layers from
the copper base is a common problem in thermal growth of CuO
nanowires, so a better control of this process is desirable. For
the surfaces based on electrodeposition, copper foil was used
as the substrate. To achieve a dense nanowire layer, Cu was de-
posited from an electrolyte containing 0.2 M CuSO, - 5H,0 and
1.5 M H,SO, in water under a potential of 0.3 V in a two electrode
electrolyte cell with a Cu counter-electrode for 45 min. The
samples were then washed with 1 M HCl and water and dried un-
der a nitrogen stream. Nanowire growth was obtained by incu-
bation in a preheated oven at 500 °C in air for 45 min. To obtain
a nanowire-coated porous surface, a second electrodeposition
step was applied between deposition of the homogeneous Cu
layer and thermal oxidization. In the second electrodeposition, a
high potential of 10 V was used at a current density of about
1.5 A cm™ for 10 s using a graphite rod as the counter elec-
trode causing simultaneous Cu deposition and H, evolution. All
samples were finally incubated in a 1 mM 1H,1H,2H,2H-
perfluorodecanethiol (HDFT) solution in ethanol for 30 min fol-
lowed by washing in ethanol for 30 min and repeated washing
with ethanol thereafter.

Contact-Angle Measurements. Contact angles between the differ-
ent solutions and the fabricated surfaces were determined us-
ing the sessile drop method and a KSV Instruments CAM 200
contact-angle meter.

Electron Microscopy. A Zeiss SUPRA 55 VP FESEM was used for
scanning electron microscopy and a JEOL 2010F TEM for trans-
mission and scanning transmission electron microscopy. The
TEM was equipped with an INCA EDS system (Oxford Instru-
ments) and a GIF 2000 energy filter (Gatan, Inc.).

Acknowledgment. The authors thank Dr. S. Volden (Depart-
ment of Chemical Engineering, NTNU) for assistance with
contact-angle measurements. F.M. acknowledges NTNU Nano-
Lab for financial support.

Supporting Information Available: A video showing the
manual operation of the droplet microfluidic chip shown in
Figure 4a; analysis of the coated nanowires by transmission elec-
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cialized equipment. A water contact angle of 171°
+ 2° was obtained. Further decoration of the sur-
face with CuO nanowires by thermal oxidization was
tested as an approach to further modify the surface
roughness and resulted in an equally high water
contact angle of 169° = 2°. Wire guidance with an
optical fiber was demonstrated as a suitable method
for droplet movement on the patterned surfaces.
For use in future applications, surface structuring,
wire guidance, and possible readout from the opti-
cal fiber can be automated.

tron microscopy. This material is available free of charge via the
Internet at http://pubs.acs.org.
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