
Superwicking on Nanoporous Micropillared Surfaces
Deyin Zheng, Chang-Hwan Choi, Guangyi Sun, and Xin Zhao*

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 30925−30931 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Engineering surfaces with excellent wicking properties
is of critical importance to a wide range of applications. Here, we
report a facile method to create superhydrophilic nanoporous
micropillared surfaces of silicon and their applicability to super-
wicking. Nanopores with a good control of the pore depth are
realized over the entire surface of three-dimensional micropillar
structures by electrochemical etching in hydrofluoric acid. After
rinsing in hydrogen peroxide, the nanoporous micropillared surface
shows superhydrophilicity with the superwicking effect. The entire
spreading process of a water droplet on the superhydrophilic
nanoporous micropillared surface is completed in less than 50 ms,
with an average velocity of 91.2 mm/s, which is significantly faster
than the other wicking surfaces reported. Owing to the presence of
nanopores on the micropillar array, the wicking dynamics is distinct
from the surfaces decorated only by micropillar arrays. The spreading dynamics of a water droplet shows two distinct processes
simultaneously, including the capillary penetration between micropillars and the capillary imbibition into the nanopore’s interior.
The wicking dynamics can be described by the two stages separated by the time when the contact line starts to recede. The transition
between the two wicking regimes is due to the increasing effect of the imbibition of the bulk droplet by the nanopores. While a
similar transition of the wicking dynamics is shown on the surfaces with different pore depths, the nanopore structure with a greater
depth causes a greater amount of imbibition to slow down the spreading and promote superwicking.
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■ INTRODUCTION

Wicking is a dynamic wetting process during which a specific
liquid penetrates into a porous system under the drive of
capillary pressure. Through designing novel wicking structures
with diverse materials, the efficiency of liquid transportation
can be dramatically improved. In recent years, there is an
increasing attention on developing advanced wicking structures
because of their critical role in practical applications such as
micro heat pipes,1−3 nucleate boiling,4−8 and water harvesting
systems.9 The wicking structures reported previously can be
divided into three categories: microscale, nanoscale, and
hierarchical structures. Liquid wicking on microstructured
surfaces has been studied extensively, and the wicking length
(L, relative distance between the liquid pool and wicking front)
was found to follow a power law with respect to time (t) such
as L = k·t0.5, where k can be derived by the balance between the
capillary driving and viscous resistance.10,11 A dense wicking
structure possesses higher driving pressure, but it decreases the
permeability because of viscous resistance. Therefore, specific
wicking structures in practical applications are desirable based
on the trade-off between these two competing considerations.
In using nanostructured surfaces, the wetting and wicking
performance can also be improved because of the relatively
large surface roughness and capillary pressure. Liquid spread-

ing on surfaces with different kinds of nanoscale roughness
such as nanowires and nanopillars has been investigated both
experimentally and theoretically. On nanostructured surfaces,
the wicking length was also found to obey similar dynamic
behaviors as on microstructured surfaces.5,12−14 Although the
nanoscale roughness can increase the capillary driving pressure,
the liquid flow will also be compromised by the relatively low
permeability or large viscous dissipation. Therefore, liquid
transportation on nanostructured surfaces still experiences a
relatively slow spreading velocity, which is undesirable in
practical applications.
More recently, hierarchical structures with dual-scaled

roughness have been demonstrated to have outstanding
wicking speed compared to single-scaled structures.2,15−18

Comparing with the single-scaled structures, the wicking speed
for a liquid on hierarchical structures was enhanced
significantly. For hierarchically structured surfaces, the power
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law L = k·t0.5 has also been found to be valid for the wicking
length versus time but with a greater value for the pre-
exponential constant k. However, the secondary roughness is
not always found to be beneficial to liquid wicking, especially
as the primary structures are on the order of submicron.15,18 In
such a case, although the wetting ability can be improved by
adding the secondary roughness, the wicking channels are also
narrowed down by the presence of the secondary roughness.
As a result, an additional viscous loss associated with the
secondary roughness may be introduced. To date, most
superfast wicking phenomena have been realized on
hierarchical structures of metallic substrates composing of
micrometer-scale primary structures and nanoscale secondary
roughness.2,16−18 Recently, the development of advanced
silicon-based thermal management technology has brought
forward greater requirement of optimized wicking structures
for silicon substrates.19,20 In this study, nanopores rather than
nanowires are tested as the second level of roughness to the
microstructured surface of silicon. We expect that nanopores,
as opposed to nanowires, will not narrow the liquid channels
so that a droplet may not experience the significant viscous loss
associated with the additional roughness. Nanopores have
disconnected internal spaces which are distinct from the
nanowires or nanopillars conventionally employed in hier-
archical structures. Despite little viscous loss, the nanopores
will introduce the effect of liquid imbibition.21−23 Currently,
however, the effects of nanopores on the wicking dynamics in
the hierarchical structures have not been systematically
understood yet. In this study, we report a systematic
experimental test on droplet spreading and wicking dynamics,
using the micropillared surfaces of silicon which are further
hierarchically patterned with nanopores.

■ EXPERIMENTAL SECTION
Surface Preparation. The fabrication process of nanoporous

micropillared surfaces is illustrated in Figure 1a. A highly doped P-
type (100) Si wafer was first cleaned and spin-coated with a thin

photoresist layer (AZ 6130, MicroChemicals) of ∼3 μm thickness.
Then, photolithography was performed by exposing the coated
photoresist under UV (ultra-violet) light using a mask aligner (MA6,
Karl Suss, Germany). The exposed photoresist was then removed
using the developing solution (RZX-3038, Suzhou Ruihong CO.,
Ltd.), followed by baking at 110 °C for 2.5 min. The silicon deep
reactive ion etching process was performed with an inductively
coupled plasma etching machine (Surface Technologies Systems USA
Inc., Redwood, CA). The etched wafer was then cleaned thoroughly
and cleaved into 2 cm × 2 cm square pieces with 1.5 cm × 1.5 cm
effective micropillared area. Nanopore patterns were then created on
the micropillared surface by applying electrochemical etching. Before
this process, the gallium/indium (Ga/In) eutectic was uniformly
applied on the backside of the small chip to ensure homogeneous
current distribution during etching. A platinum plate with the same
size to the sample was used to serve as the cathode. Then, the
micropillared surface was decorated with nanopores by applying
electrochemical etching in hydrofluoric (HF) solution (10 wt % HF in
deionized water at 20 °C) under anodic bias conditions with a
constant current density (10 mA/cm2).

Figure 1b shows the distribution and internal details of the
nanoporous micropillar arrays. Field-emission scanning electron
microscopy (SU 8010, Hitachi) was used to examine the surface
morphology of the samples. The measurement of pore diameters and
pore depths was estimated by processing the SEM images in ImageJ
software. The micropillar arrays have a hexagonal distribution with a
diameter of 20 μm, pitch of 50 μm, and height of 50 μm. A
hierarchical structure is achieved after the decoration of nanopores,
consisting of a microscale pillar structure additionally featured with
nanoporous structures (pore diameters less than 50 nm). The pore
dimensions were estimated by processing the magnified SEM images
using ImageJ software. The pores grow perpendicular to the
micropillar surfaces, and the depths can be conveniently manipulated
by varying the etching times. The nanoporous micropillared surfaces
etched for 10, 30, and 50 min have pore depths of 1.5, 5.1, and 7.6
μm, respectively.

Surface Modification. After the electrochemical etching process,
the samples were rinsed in ethanol and then were dried with
compressed air. In order to make the surface hydrophilic, the as-
prepared samples were soaked in hydrogen peroxide solution (30 wt
%) with an addition of 5% ethanol at the temperature of 4 °C for 4 h.

Figure 1. (a) Schematic illustration of the process flow for fabrication of nanoporous micropillared surfaces. (b) SEM images of the nanoporous
micropillared surfaces. The view in (i) was acquired at an angle of 45°. (ii−iv) Represent the cross-sectional top-view of the details inside the
nanoporous micropillars with increasing pore depths, corresponding to the samples prepared by an etching time of 10, 30, and 50 min, respectively.
The images below (ii−iv) correspond to the close-up views of the nanoporous micropillars.
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The addition of ethanol into the hydrogen peroxide solution facilitates
the penetration of the solution into the interior of the porous surfaces.
After the treatment, the samples were rinsed by deionized water,
followed by being dried on a hot plate at a temperature of 100 °C for
2 min. Kumar et al. reported that the average pore diameter was
reduced by a limited amount of ∼1/3 after treatment by H2O2 for 10
h.24 In this study, a shorter treatment time (4 h) was applied so that
the reduction of the pore diameter was not significant. Nonetheless,
the average diameter of our samples should still be less than 50 nm,
falling into a mesopore regime.
Characterizations of Wetting and Spreading Properties.

Contact angles of droplets on surfaces were measured by using a
home-made contact angle meter at room conditions (25 °C,
atmospheric pressure, RH = 50%). The captured images were
processed using DropSnake Plugin for ImageJ software. The contact
angles were measured at three different locations of each samples. The
values of the contact angles reported are the mean and standard
deviation. As for the measurement of droplet spreading on the
nanoporous micropillared surfaces, a high-precision microsyringe
pump system was used to generate microdroplets (Figure 2). A high-

speed camera (Photron UX 50) was used to capture the dynamics
with a resolution of 1280 × 1024 at a recording speed of 1000 fps.
The sample was mounted horizontally on the stage. To minimize the
gravity and inertial effect when applying droplets onto the samples,
the syringe tip was placed at a distance of ∼2 mm (less than the
capillary length of water, ∼2.73 mm) above the sample. During the
injection, the droplet collapses and spreads on the surface
simultaneously when the diameter of a water droplet increases to
∼2 mm and contacts with the surface.

■ RESULTS AND DISCUSSION
Wetting Property of Nanoporous Micropillared

Surfaces. Because the wettability is determined by surface
roughness and chemistry, hierarchical structures that can
provide multiscale roughness have been used to promote
hydrophobicity as well as hydrophilicity of surfaces.25,26 As
shown in Figure 3, the as-prepared nanoporous micropillar
arrays initially showed hydrophobicity with an apparent
contact angle of ∼146° with low contact angle hysteresis,
regardless of the pore depths (see Table S1 in Supporting
Information). For comparison, the contact angle on a flat
silicon substrate and a micropillared silicon, which was soaked
in a HF solution (10 wt %), was also measured. Soaking in HF
solution was to remove the oxide layer on the surface, making
the surface hydrogen-terminated, exhibiting hydrophobic-
ity.27−30 As shown in Figure 3, the apparent contact angle
on the HF-treated flat silicon substrate is approximately 89°. It
increases to approximately 145° on the HF-treated micro-
pillared substrate. Theoretically, the transition or critical
contact angle of a flat surface to determine between the
Cassie−Baxter and Wenzel state is 90°.11,31 However, in
practice, an advancing contact angle rather than the theoretical

equilibrium contact angle determines the transition. Previous
studies showed that the surfaces with an as-deposited contact
angle of less than 90° (usually between 70 and 80°) could
provide the Cassie−Baxter state with roughness.32,33 The as-
deposited contact angle of the HF-treated flat surface was 89°,
which is much greater than the typical critical angle reported
(70−80°), suggesting that the advancing contact angle should
be much more than 90°. Thus, the HF-treated microstructured
surface exhibits the Cassie−Baxter state. For the nanoporous
micropillar arrays, the secondary nanoporous structures grow
inward instead of outward from the micropillar surface.
Therefore, the nanoporous micropillar array is a kind of a
recessive hierarchical structure which is distinct from the
typical protruding hierarchical structures using nanopillars or
nanowires as secondary structures. While protruding nano-
structures usually provide additional sites for trapping the air
layer and hence promote the hydrophobicity (e.g., increase in
contact angle), the result shows that the recessive nanopore
structures do not significantly enhance the hydrophobicity
becausee of the recessive nature of the porous surface
topography.

Surface Hydrophilization. In contrast to the hydrophobic
nature of the HF-treated silicon surface, the silicon surface
treated by soaking in hydrogen peroxide (H2O2) exhibits
hydrophilicity. Soaking in H2O2 solution makes the surface
hydrophilic because of the presence of silanol groups (Si−
OH).27−30 In a hydrophilic regime, the hydrodynamics of the
droplet deposited on a rough surface depends significantly on
the intrinsic wettability and surface morphology. The intrinsic
wettability (i.e., equilibrium contact angle θe) and surface
morphology determine an apparent contact angle θ* and a
critical angle θc. The critical angle θc can be expressed as
follows11

rcos ((1 )/( ))c
1θ φ φ= − −−

(1)

where r is the surface roughness, and φ is the top area fraction
of the liquid−solid interface (so-called solid fraction). When θc

Figure 2. Experimental setup for characterization of droplet
spreading.

Figure 3. Apparent contact angles of water droplets on different
samples. From left to right: as-prepared (AP), nanoporous micro-
pillared silicon (PSi) surfaces with increasing pore depths
(corresponding to Figure 1b), HF-treated micropillar array (MA),
HF-treated flat silicon, H2O2-treated flat silicon, H2O2-treated
micropillar array, and H2O2-treated nanoporous micropillared silicon
surfaces with increasing pore depths.
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< θe < 90°, the hydrophilicity is enhanced with a reduced
contact angle θ* predicted by Wenzel’s model.11,31

rcos cos eθ θ* = · (2)

Figure 4. Water droplet wicking on the nanoporous micropillared surfaces. (a) Illustration of droplet wicking on nanoporous micropillared
surfaces. (b−d) Snapshots of water droplet wicking on nanoporous micropillared substrates with increasing pore depths of 1.5, 5.1, and 7.6 μm,
respectively. The scale bar in each image represents 10 mm. Videos are attached in the Supporting Information.

Figure 5. Spreading and wicking dynamics of water droplets on the nanoporous micropillared silicon surface with different pore depths. (a) Pore
depth of 1.5 μm. (b) Pore depth of 5.1 μm. (c) Pore depth of 7.6 μm. (d) Spreading curves of droplets on nanoporous micropillared surfaces with
different pore depths. From left to right, the insets show the final spreading areas on the nanoporous micropillared surfaces with increasing pore
depths.
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On the other hand, when θe < θc, hemi-wicking will occur. In
this case, the droplet will penetrate spontaneously into the
roughness, and the droplet will eventually sit on a hybrid
surface composed of water and silicon. The main difference
between the Wenzel state and hemi-wicking is that in a Wenzel
state the structured surface is wetted only immediately
adjacent to the liquid drop, whereas in hemi-wicking the
surface is wetted in an area beyond the extent of the drop. The
corresponding contact angle of the equilibrium state in hemi-
wicking can be expressed as follows11

cos 1 (1 cos )eθ φ θ* = − · − (3)

For the micropillared surface, the critical contact angle,
surface roughness, and solid fraction are 68°, 2.45, and 0.14,
respectively. Meanwhile, the apparent contact angle on the flat
substrate is ∼39°, which can approximate the equilibrium
contact angle θe. Thus, the hydrodynamics on the micro-
pillared surface should fall into hemi-wicking. However, the
apparent contact angle measured on the micropillared
substrate was ∼32°, which is much higher than the predicted
value of 14° by eq 3. This is due to the significant pinning of
the contact line by the micropillar structures. Thus, the droplet
does not spread out completely (i.e., does not show hemi-
wicking), and its base takes the orthohexagonal shape, which
conforms to the hexagonal distribution of micropillars. As
opposed to the micropillared surface, the nanoporous micro-
pillared surfaces with a rinse in H2O2 displayed extreme
superhydrophilicity with an apparent contact angle of 0°,
regardless of the pore depths. This result indicates that the
created nanoporous layer combined with proper surface
modification could enable superhydrophilicity of the micro-
pillared surfaces, guaranteeing hemi-wicking.
Superwicking Properties. Figure 4 shows the spreading

and wicking behaviors of water droplets measured on the
H2O2-treated nanoporous micropillared silicon surfaces. We
analyze the kinetics of the wicking process for the radius of the
wicking front (Rf), the radius of contact line (Rc), and the
wicking distance (L = Rf − Rc), as illustrated in Figure 4a.
Figure 4b−d shows images taken from the droplet spreading
video with increasing time. Because of the superhydrophilic
nature of the substrates, the droplets collapse instantly upon
touching the surfaces. The superhydrophilic nature of the
nanoporous micropillars (i.e., capillarity) facilitates the super-
fast spreading of droplets on the surface. The spreading areas
increase rapidly and display a rounded hexagonal shape. The
droplet on the micropillared surface can be divided into two
parts: the fringe layer formed by the wicking of water and the
remaining bulk droplet. During the spreading, the fringe is
driven by the capillary pressure provided by the space between
the micropillars, and the bulk droplet acts as the reservoir to
supply the expansion of the fringe.
To investigate the effects of the nanoporous layer on the

spreading dynamics, we measured the spreading distances (Rf),
droplet radii (Rc), and wicking distances (L) with respect to
time on the nanoporous micropillared surfaces with different
pore depths, as shown in Figure 5. During the evolution of the
droplet spreading, the contact line and wicking front were
found proceeding separately from the beginning. In the early
stage, the wicking front propagates ahead of the contact line,
both of which increase monotonously with time. Then, the
contact line starts to recede gradually until the droplet is
exhausted. It can be found clearly that evolution of Rf follows a
power-law behavior Rf ∝ tn for the entire spreading process.

Specifically, the power-law fitting of Rf on the nanoporous
micropillared surfaces with the different pore depths gives the
exponent values of nf = 0.305, 0.286, and 0.274 for the pore
depths of 1.5, 5.1, and 7.6 μm, respectively. While the
nanopore structure with a greater depth slows down the
spreading, which is attributed to the greater amount of
imbibition of water into the pore structures, the values of nf fall
in the range of spreading on pillar-arrayed surfaces, on which
the exponent nf ranged from 0.108 to 0.33 in the
literature.34−36

For the wicking length L, we divided the process into two
stages separated by the time when the contact line starts to
recede. In stage I, the power-law fitting gives nL1 = 0.542,
0.548, and 0.563 for the pore depths of 1.5, 5.1, and 7.6 μm,
respectively. The kinetics generally follows the power-law
relation L ∝ t1/2, which is consistent with the droplet wicking
shown on traditional hierarchical structures.16−18 In stage II,
the slope of the fitting curve increases to nL2 = 0.911, 0.866,
and 0.876 for the pore depths of 1.5, 5.1, and 7.6 μm,
respectively. The increase in the value of nL from stage I to
stage II indicates the more significant effect of the nanoporous
layer on the spreading behavior in stage II. The transition of
wicking dynamics can be interpreted in a manner of surface
energy analysis. Because the drop size (4 μL, ∼1 mm in radius)
is less than the capillary length (∼2.7 mm for water), the
inertial effect such as gravity can be neglected. When the
droplet comes into contact with a surface, the surface energy is
lowered by being wet by water. The energy change associated
with the wicking length L can be expressed as

E r r R Rd ( ) ( ) d( )SL SG SL SG f
2

c
2π γ γ γ γ γ= ·[ + · − + ′· − ]· −
(4)

where γ, γSL, and γSG are interfacial tensions between liquid and
air, solid and liquid, and solid and air, respectively, and r′ is the
surface roughness introduced by nanopores.34 The driving
capillary force can be calculated by Fc = −dE/dL. For stage I,
the wicking distance L is relatively small and Rc = Rf − L.
Then, the capillary force in stage I can be reduced to be

F R r r2 ( ) cos 1c1 f eπ γ θ= · · ·[ + ′ · − ] (5)

For stage II, the wicking distance L cannot be neglected.
Then, the capillary force in stage II can be reduced to be

F r r R L2 ( ) cos 1 ( )c2 e fπ γ θ= · ·[ + ′ · − ]· − (6)

Meanwhile, the viscous resistance scales as

F R R r L h R L L r L h( ) / (2 ) /r f
2

c
2

fπ μ π μ∼ · − · · · ̇ ∼ · − · · · · ̇
(7)

where μ is the dynamic viscosity of the liquid, and h is the
pillar height.34 Balancing the driving capillary force and the
viscous resistance leads to two distinct wicking dynamics for
the two different stages. For stage I, by balancing eqs 5 and 7,
the wicking distance can be characterized as

L
h r r

r
t

( ) cos 1e 1/2γ θ
μ

∼
· ·[ + ′ · − ]

·
·

(8)

This prediction agrees well with the fitting exponents (nL1)
for the correlation between the wicking distance (L) and time
(t) obtained in the experiments. Equation 8 also suggests that
the secondary roughness (r′) should facilitate the wicking
speed. Although the difference in the fitting exponents with
respect to the pore depth is not prominent, the apparently
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increasing trend of the fitting exponents nL1 from 0.542 to
0.548 to 0.563 for the pore depths from 1.5 to 5.1 to 7.6 μm
supports the theoretical model. For stage II, balancing eqs 6
and 7, we obtain

L
t

M R L
R L L

d
d

( )
(2 )

f

f
=

· −
− · (9)

where M = N·h·γ·[(r + r′)·cos θe − 1]/(μ·r) is the coefficient
determined by the physical parameters of the liquid (i.e.,
water) and the geometrical parameters of surface roughness,
and N is a scaling factor. Although eq 9 cannot be analytically
solved, eq 9 shows that the wicking dynamics in stage II is
distinctive from that in stage I. It also suggests that the effect of
a pore depth (i.e., r′ in M) on L should be more significant in
stage II, supporting the experimental results shown in Figure 5.
Because of the highly porous nature, the porous layer acts as

an absorber and sucks water. Because of the secondary effects
of the nanopore structures for water to fill, in addition to the
improved wetting behavior by micropillars for wicking, the
entire spreading of a water droplet on the nanoporous
micropillared surface completed within less than 50 ms with
an average spreading velocity of 91.2 mm/s, which is
significantly faster than that of a droplet having the similar
volume (1−5 μL) on the other wicking surfaces reported so far
(see Table S2 in Supporting Information).36−39 During stage I,
the absorbed volume of water is insignificant compared with
that of the bulk droplet. With the increase in the spreading
area, a considerable amount of volume is sucked to fill the
pores of the nanoporous layer. Thus, the effect of the
additional nanoporous layer in the micropillar structures starts
to become crucial in stage II, compared to stage I. The
estimated time scales of the imbibition process by nanopores
are on the order of 0.01−0.1 ms (see Supporting Information).
The entire spreading time of the droplet is in the order of 10
ms, which is about 2−3 orders of magnitude greater than the
filling time of the nanopores. This indicates that the time scale
of the nanopore imbibition is much faster than that of the
micropillars, implying that the effect of water imbibition to the
secondary nanopores should trigger the distinctive transition of
the wicking and spreading dynamics across the micropillars in a
timely manner. The significance of the imbibition of water can
also be verified by the comparison of the spreading distance
(Rf) on the nanoporous micropillar surfaces with different pore
depths, as shown in Figure 5d. It shows a clear trend that the
greater the pore depth, the more the absorbed volume of water
and hence the smaller the spreading area and spreading
velocity.

■ CONCLUSIONS
In this work, we have studied the spreading and wicking
dynamics of nanoporous micropillared surfaces systematically.
Wetting transition from original hydrophobicity to super-
hydrophilicity was realized by the modification of surface
chemistry as well as the addition of the secondary nanopore
structures to the initial micropillar structures. The secondary
nanopore structures allowed the micropillared surface to show
the superwicking effect. Water droplets on the nanoporous
micropillared surfaces show distinct wicking dynamics resulting
from the joint effects of capillary driving by the micropillars
and the imbibition of liquids into the nanopore’s interior. The
nanopore structure with a greater depth causes a greater
amount of imbibition so that it slows down the spreading.

Nonetheless, the spreading velocities on the nanoporous
micropillared surface are still significantly faster than the other
hierarchical wicking structures reported so far. Although this
method cannot be easily expanded to a wide spectrum of
materials, we envision that this hierarchical silicon structure
can be integrated flexibly into the silicon-based thermal
management devices. The distinct surface roughness can help
prevent dry-out and facilitate the reflow of coolants.
Considering such advantages and unique effects of a secondary
nanoporous layer on the spreading and wicking behaviors, the
demonstrated approach will be of great significance in the
applications of silicon-based heat pipes and microchannel heat
sinks. In addition, the proposed nanoporous micropillared
surfaces will serve as a feasible candidate for the advanced
intrachip level cooling technology.
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(30) Muñoz, E. C.; Díaz, C.; Navarrete, E.; Henríquez, R.; Schrebler,
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