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ABSTRACT: Wicking, the absorption of liquid into narrow spaces without the
assistance of external forces, has drawn much attention due to its potential
applications in many engineering fields. Increasing surface roughness using micro/
nanostructures can improve capillary action to enhance wicking. However, reducing
the structure length scale can also result in significant viscous forces to impede
wicking. In this work, we demonstrate enhanced wicking dynamics by using
nanostructures with three-dimensional (3D) hierarchical features to increase the
surface area while mitigating the obstruction of liquid flow. The proposed structures

ZnO nanowires

were engineered using a combination of interference lithography and hydrothermal

synthesis of ZnO nanowires, where structures at two length scales were independently designed to control wicking behavior. The
fabricated hierarchical 3D structures were tested for water and ethanol wicking properties, demonstrating improved wicking
dynamics with intermediate nanowire lengths. The experimental data agree with the derived fluid model based on the balance of
capillary and vicious forces. The hierarchical wicking structures can be potentially used in applications in water harvesting

surfaces, microfluidics, and integrated heat exchangers.

B INTRODUCTION

The wicking of fluids in micro/nanostructures' > is an
interesting physical phenomenon and has many potential
applications in thermal management,” "’ moisture harvest-
ing,n_15 and biomedical devices.'®™*® In these materials, the
wicking behavior varies according to the fluid properties, the
surface treatment, and the structural geometry. In early work
nearly one hundred years ago, before the term “wicking” was
used to describe this phenomenon, Washburn predicted the
dynamics of penetration of liquids into cylindrical capillaries to
follow a diffusion relation where the penetrated distance is
proportional to the square root of time." More recently, Bico et
al” studied wetting behavior on silicon micropillars and
investigated its dynamics by balancing the capillary force that
drives liquid into small spaces and the impeding viscous force
due to fluid viscosity. Since wicking is defined as the flow of a
thin liquid film within the structure that extends from a
reservoir of fluid, such as a droplet, this phenomenon is driven
by the capillary pressure.

In recent work, engineered nanostructures with different
geometrical features have been investigated for wickin%
dynamics due to their increased surface roughness.'”™*
These include vertical arrays of synthesized nanotubes/
nanowires and lithographically patterned nano/microstructured
pillars, which demonstrated excellent wicking properties. For
example, liquid spreading and wicking on a zircaloy surface with
carbon nanotube forests were analyzed by measuring the
wicking speed and amount of absorbed water.”' The wicking
dynamics on silicon micro/nanopillars has also been studied
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and the wicking enhancement agrees with theoretical prediction
models.”” In these cases nanostructures with high surface
roughness increase the ratio of actual surface area to the
projected area, and therefore can improve wicking dynamics by
increasing the driving capillary pressure. However, finer feature
sizes and narrower channels give rise to a larger viscous force,
which obstructs the liquid flow. Therefore, nanostructures with
high surface roughness do not necessarily lead to better wicking
dynamics due to viscous friction effects.”

In this work we report on three-dimensional (3D)
hierarchical nanopillars with ZnO nanowires to increase surface
roughness without obstructing liquid flow. This approach
focuses on the balance between these two competing factors,
namely capillary action and viscous forces, to achieve better
wicking dynamics. The use of hierarchical texture to improve
wetting“_7 and heat transfer® has been studied, but wicking in
structures with nanoscale roughness approaching the micro-
scale channel size has not been studied. The proposed method
was centered on the use of a periodic array of silicon nanopillars
with 100 nm-scale features for the wicking channels, while
smaller ZnO nanowires with 10 nm-scale diameters were
synthesized on the substrate surface to increase surface
roughness. The hierarchical structure was fabricated using a
combination of interference lithography and hydrothermal
synthesis, allowing for the independent control of the
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nanopillars and nanowires geometries, respectively. The effects
of the nanowire length on the wicking dynamics were examined
using experimental testing and theoretical modeling.

B EXPERIMENTAL METHODS

The fabrication process of 3D ZnO hierarchical nanostructures is
illustrated in Figure 1. The silicon substrates were spin-coated
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Figure 1. Schematic diagram of the fabrication process of ZnO 3D
hierarchical nanostructures using a combination of interference
lithography, ALD, and hydrothermal synthesis.

sequentially with an antireflection coating (ARC i-CON-16, Brewer
Science, Inc.) and a positive photoresist (Sumitomo PFi88A7) with
500 nm thickness. The thickness of the ARC layer was designed to be
around 100 nm thick to minimize the reflection from the resist and
ARC interface. The samples were exposed using a Lloyd’s mirror
interference lithography setup”>** with a He—Cd laser source (1 =
325 nm), as shown in Figure 1(a). The pattern period can be
controlled by alternating the interference angle, and two orthogonal
exposures were performed to generate a square array of nanopillars
with period of S00 nm, as shown in Figure 1(b). The exposure dose
(~40 mJ/cm?) was controlled by the exposure time, and the exposed
photoresist was developed using 2.4% tetramethylammonium
hydroxide (TMAH) solution (Microposit MF-CD-26). The pillar

diameter and height can be controlled by the exposure dose and initial
resist thickness, respectively. The pattern can also be transferred into
the silicon substrate using oxygen and hydrogen bromide (HBr)
reactive ion etching (RIE) for more robust structures (see Supporting
Information A).

To further increase the surface area, the nanopillars were used as a
surface template to grow 1D ZnO nanowires by chemical synthesis.
First, the nanopillars were conformally coated with a ZnO seed layer
using atomic layer deposition (ALD),*>*° as shown in Figure 1(c).
This was performed in a custom-built hot-wall reactor at 100 °C and
pressure of ~2 Torr. Diethyl zinc (95%, STREM Chemicals) and
deionized water were sequentially dosed to the reactor chamber for 2
s, with 60 s of N2 purge between the precursor doses. 200 cycles of
ALD ZnO (~36 nm thickness) were coated onto the nanostructures
before hydrothermal synthesis of ZnO nanowires. ZnO nanowires
were then grown using hydrothermal synthesis in an aqueous solution
of Zn(NO,),e6H,0 and (CH,)¢N, at 80 °C. The thickness of the
ZnO ALD layer and the length of nanowires were independently
controlled by the number of ALD cycles and the duration of
hydrothermal synthesis, respectively. A schematic of the resulting
hierarchical structure consisting of ZnO-coated nanopillars and ZnO
nanowires is illustrated in Figure 1(d).

To examine the effect of ZnO nanowire length, the same nanopillar
geometry was used for different nanowire synthesis times. The key to
examining the hierarchical effect was to keep the pillar geometry
constant while controlling the nanowire length, which simultaneously
increased roughness and reduced channel width. Figure 2 shows
scanning electron microscope (SEM, JEOL 6400F) images of ZnO 3D
hierarchical nanostructures with 60 nm, 90 nm, 120 and 170 nm
nanowire length on 500 nm period pillars. The samples were
fabricated under the same conditions except for the duration of
hydrothermal synthesis, which gave rise to the difference in ZnO
nanowire lengths for different samples. It can be seen from the SEM
images that the ZnO nanowires formed perpendicularly on the surface
of not only the nanopillars, but also the base of the substrate.

The fabricated hierarchical 3D structures with four different lengths
of nanowires were tested for wicking characteristics by placing a
droplet of deionized water or ethanol on the sample surface. The
droplet penetration processes were recorded using a high-speed
camera operating at 100 frames per second. Each individual frame was
analyzed to determine the wicking dynamics in different samples and
fluids. To understand the wicking dynamics better, a theoretical
wicking model examining how the capillary pressure and viscous force
are affected by the structural geometry is presented (see Supporting
Information B), and the diffusion constant can be derived:

ZnO NW
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ZnO ALD layer
(a)

500 nm

Figure 2. SEM images of ZnO 3D hierarchical nanostructures with nanowire length from 0 to 170 nm length. Cross-sectional images of samples with
length of (2) 0 nm, (b) 60 nm, (c) 90 nm, and (d) 120 nm. Top-view images of samples with length of (e) 60 nm, (f) 90 nm, (g) 120 nm, and (h)

170 nm.
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2yh cos 6 — cos 6,
3up (1)

The constant D (units of mm?/s) determines the wicking speed within
the structure, where y is the liquid surface tension, g is the liquid
viscosity, h is the height of the channel, § is the equilibrium liquid
contact angle on an ideal flat surface of the same chemical
composition, 6, is the critical angle for wicking to occur, and f is a
geometric parameter of the nanostructure and nanowires.

cos 6

B RESULTS AND DISCUSSION

The fabricated hierarchical samples using silicon substrates
were experimentally characterized to examine their wicking
properties. To examine the hydrophilicity of the nanostruc-
tures, the apparent contact angles of water on samples with
different lengths of nanowires (I) were measured using a
goniometer, as shown in Figure 3. The contact angles declines
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Figure 3. Apparent water contact angle of fabricated hierarchical
structures with (a) no (b) 90 nm, (c) 120 nm, and (d) 170 nm
nanowire length.

continuously with the increase of nanowire lengths and were
16.6°, 8.5°, 5.5° and ~0° for I = 0, 90, 120, and 170 nm,
respectively. These results indicate that the hydrophilicity
improved as the surface area of hierarchical nanostructures
increased, as expected. It is important to note that hydro-
philicity of the fabricated nanostructures was not stable due to
the high surface energy. The contact angles of all samples were
observed to increase with time. This is believed to be due to
contaminations from the ambient environment reacting with
the structure surface.””>” A variety of hydrocarbon compounds
from air adsorb onto the sample surfaces, which cause surface
contamination and reduced hydrophilicity. To keep the samples
free of contamination in order to retain the wicking
characteristics, the samples were stored in deionized water
before tests. Ultraviolet (UV) illumination and oxygen plasma
were also applied to the nanostructures to remove surface
contamination, which resulted in improved surface wetting.”>*'

To examine the wicking dynamics, droplets of water (y =
7.28 X 107>N/m, u = 8.9 X 10™*Pa-s) and ethanol (y = 2.24 X
1072N/m, i = 9.8 X 10™*Pa-s) with a volume of 1.5 uL were
dispensed onto samples with five different nanowire lengths (!
= 0, 60, 90, 120, and 170 nm) using pipettes. The spreading
process was recorded using a high-speed camera (Phantom v4.3
from Vision Research, Inc.), and the snapshots of ethanol
wicking on the sample with 170 nm ZnO nanowires are shown
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in Figure 4. The droplet spreads quickly and continues the
wicking process over more than 20 mm during the initial 30 s.
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Figure 4. Snapshots of ethanol wicking experiments on 3D
hierarchical nanostructures. The wicking front is marked by the red

dashed lines.

The water and ethanol contact angles on a flat ALD deposited
ZnO surface were determined experimentally to be 6, = 65°
and 6, = 10°. The fabricated 3D hierarchical nanostructures
satisfy the wicking condition for both water and ethanol (see
Supporting Information B). In the case of wicking ethanol, the
contact angle was very small and there was only one liquid front
that could be observed and measured. As for water, it can be
observed from the videos that there were two separated liquid
fronts (see Supporting Information C). The inner one was the
contact front of the water reservoir spreading on top of the
structure surface, which marched slower than the outside
wicking front marking the liquid penetration into the narrow
spaces in the hierarchical nanostructures.

Through analyzing the wicking videos frame by frame, the
experimental wicking distance (z) traveled by the wicking front
was obtained. Since the model indicated that the wicking
process follows the diffusion law described in Equation 1, the
wicking distance was plotted versus the square root of time for
water and ethanol, as shown in Figure 5. It was observed that
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Figure 5. Plot of (a) water and (b) ethanol wicking distance z vs
square root of time for 500 nm-period nanopillar structures with
nanowire lengths of 0, 60, 90, 120, and 170 nm. The dashed lines are
linear fits with corresponding color.
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the wicking speed for both liquids improve as the nanowire
length is increased from 0 to 90 nm. This trend agrees well with
the understanding that increased structure roughness can
improve capillary action and wetting, leading to a higher
wicking speed. However, the wicking speed decreased when the
nanowire length was increased further to 120 and 170 nm, with
the latter sample performing even worse than nanopillars
without any nanowires. The decrease in wicking speed can be
attributed to the increase in viscous forces associated with the
narrower wicking channels, which can be visually observed in
the SEM images shown in Figure 2(d) and 2(h). Therefore,
while longer nanowires can enhance roughness and lower
contact angle, they also obstruct flow and limit wicking
behaviors. This trend can be observed for both water and
ethanol, indicating this wicking behavior is a result of the
structure geometry and not fluid properties.

To analyze the data further, a linear fit was applied to all five
series of data to determine the diffusion constant D, which can
be calculated to be the square of the slopes (for raw data see
Supporting Information C). It can be seen that the plot of
experimental data from wicking videos conforms to the linear
fit well, demonstrating that the diffusion law could be used to
describe the wicking dynamics. Figure 6 compares exper-
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Figure 6. Experimental data and theoretical prediction of the diffusion
constant D versus nanowire length [ for (a) water and (b) ethanol.

imentally calculated with theoretical D derived from the
proposed model. Here the model is based on a pillar height
of 750 nm, diameter of 180 nm, and spacing of 350 nm with a
nanowire diameter of 30 nm (see Supporting Information B).
In comparison to nanopillars without any nanowires, the
wicking coefficients improve by a factor of 3 for both water and
ethanol when the nanowires were 90 nm. It can be observed
that the wicking constant D initially increases with nanowire
length, reaching a maximum before decreasing when the
nanowires are too long. These results confirm that when the
nanowires are relatively short compared with the pillar spacing,
the increase in surface roughness leads to faster wicking.
However, when the nanowires are long enough so that the
wires grown on adjacent nanopillars cross, the fluid flow will be
obstructed inside the nanostructures. While there are some
differences in the absolute values, the overall data trends for
both water and ethanol agree well with the theoretical model.
The disagreement in the model may be a result of the
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difference in nanowire geometry and density on top, side, and
base of the nanopillars, which were assumed to be uniform in
the model. As a result the local wetting and wicking might
behave differently. The removal of contamination might also be
more effective on pillar top surface than the base, leading to
nonuniform surface properties that are not included in the
model.

These results indicate that the addition of nanoscale
nanowires on larger surface structures can improve wicking
dynamics, but the improvement is limited by the obstruction of
fluid flow for longer nanowires. The key parameter to consider
is the spacing between the pillars, which determines the
effective channel width in our model. When the nanowire
length approaches roughly half of the pillar spacing the channel
width is effectively reduced to zero, which limits fluid flow and
wicking. The limitation here can be mitigated by using
nanopillars with larger spacing, in which case longer nanowire
length can be used to further increase surface roughness. The
key parameter to consider in the optimization of wicking
dynamics in hierarchical nanostructures is the relative length of
the nanowires for different pillar spacing.

B CONCLUSION

In this work, we presented the fabrication of 3D ZnO
hierarchical nanopillars with nanowires and investigated their
wicking properties. We found that the introduction of
nanowires can successfully improve the wicking properties of
nanopillars by up to a factor of 3, until the wire length
approaches half of the pillar spacing and starts to obstruct flow.
We also proposed a wicking model based on the balance of
capillary and viscous forces, which agrees well with the
experimental data collected from the dynamic wicking tests
for both water and ethanol. The geometry of the two-tier
structures can be independently controlled by interference
lithography and hydrothermal synthesis, allowing for the
effective control of wicking dynamics. The independent control
of parameters is useful in optimizing the nanostructure and
nanowire geometry, and exploring other factors for better
wicking behavior. The proposed hierarchical nanostructures
could be utilized in broad applications for humidity harvesting,
microfluidic devices, and integrated heat exchangers.
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