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ABSTRACT: The capillary rise of liquid on a surface, or “wicking”,
has potential applications in biological and industrial processes such as
drug delivery, oil recovery, and integrated circuit chip cooling. This
paper presents a theoretical study on the dynamics of wicking on
silicon nanopillars based on a balance between the driving capillary
forces and viscous dissipation forces. Our model predicts that the
invasion of the liquid front follows a diffusion process and strongly
depends on the structural geometry. The model is validated against
experimental observations of wicking in silicon nanopillars with
different heights synthesized by interference lithography and metal-
assisted chemical etching techniques. Excellent agreement between
theoretical and experimental results, from both our samples and data

published in the literature, was achieved.

B INTRODUCTION

The wicking of fluids on micro/nano-textured surfaces is a
subject that has received much attention lately because of its
many engineering apylications, which include thermal manage-
ment for microchips, ~* biomedical devices,”™ sensors'®!! and
industrial processes such as oil recovery.'* Wicking is defined as
the imbibition of a wetting liquid into the space between
micro/nano- structures by means of a thin film that extends
from a reservoir of the wetting liquid (e.g, a droplet, beaker of
liquid etc.). Although wicking has been shown to take place on
both regular'®™'® and irregular patterns of structures,'’”"’
quantitative models have only been proposed on ordered array
surfaces, with square arrays of micropillars being the most
studied system due to the ease of fabrication and analysis.
There are a few publications on the conditions and effects of
structural geometry on the wicking phenomenon. For instance,
Martine et al."> studied the advancing contact angles of fluid
(60% NEB31A3/40% EC solvent) on silicon nanopillars based
on the theory of wicking, On the other hand, Extrand et al.'®
concentrated on the prediction of the maximum radius/
distance an oil droplet can spread on a superoleophilic surface
consisting of regular square pillars. However, none of these
works examined the dynamics or velocity of wicking.
Washburn®® predicted the wicking dynamics of capillary flow
in cylindrical tubes to follow a diffusive process such that the
impregnated length is proportional to the square root of time.
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Bico et al."’ examined wicking on silicon micropillars and
characterized the dynamics of invasion by balancing the
capillary and viscous forces. Bico et al.'® first treated the
viscous force on the wicking film as that sustained by a flow on
a flat plane without any structures, and then, to take into
account the effect of the micropillars, the viscous force was
enhanced by an empirical value 3. More recently, Hay et al.”!
attempted to explain the dynamics of wicking using a hydraulic
diameter approximation. However, in this model, a fitting
parameter, i.e., the tapered angle of the pillars, was introduced
in order to fit Bico’s data. Apart from those studies, Ishino et
al."* divided the wicking of liquid on silicon micropillars into 2
cases, namely, the short pillar (the height of the pillars is
smaller than the period of separation) and long pillar (pillar
height is larger than the period) regimes. For the short pillar
regime, the effect of viscous dissipation on the pillar walls is
ignored. For the latter, the viscous force is derived using an
approximation that the cutoff distance (the distance beyond
which the effect of the pillars is negligible) is equal to the
period. Although the resulting equations fitted the experimental
data in the second regime, the results in the first regime
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Figure 1. (a) Schematic diagram of the process flow for fabrication of Si nanopillars using the IL-MACE method. (b) SEM images of Si nanopillars
with heights of (i) ~2 pm, (i) ~4 pm, and (iii) ~7 pm, respectively. The insets are top-view SEM images of the respective samples. All samples in

part b have the same period of 1 pm.

deviated from theory. A comprehensive review on wicking can
be found in ref 22.

Recently, we have discovered a simple method of creating
ordered arrays of silicon nanopillars over large areas (1 cm”) by
means of interference lithography and metal-assisted chemical
etching (IL-MACE) method.**** The height of the nanopillars
can be easily varied by controlling the etching time. The
objective of the present work is to examine the effect of
nanopillar geometry on the dynamics of wicking theoretically
and to validate the theoretical predictions with experimental
results obtained from our samples prepared by the IL-MACE
method. We have also extended the comparison of theoretical
predictions to data published in the literature.

B EXPERIMENTAL DETAILS

The process flow for the synthesis of Si nanopillars using the IL-
MACE technique is illustrated in Figure la. P-type (100) Si wafers
were first cleaned by standard RCA1 and RCA2 processes and dipped
in 10% HF for 1 min to remove native oxide. The Si wafers were then
coated with photoresist (Ultra-i 123) approximately 300 nm thick, and
cured at 90 °C for 90 s. The photoresist was exposed using a Lloyd’s-
mirror-type interference lithography setup with a HeCd laser source (4
= 325 nm).>® Two perpendicular exposures of 60 s duration were then
performed on the samples, which was followed by a postbake at 110
°C for 60 s. The exposed photoresist was removed using Microposit

MEF CD-26 developer and circular-shape photoresist dots were formed
on the Si surface. The samples were then subjected to an oxygen
plasma etch (power of 200 W, oxygen pressure of 0.2 mbar, etching
time of 30—4S5 s) to remove the residual photoresist on the Si surface,
and to reduce the size of the photoresist dots. Au was thermally
evaporated on the substrate to a thickness of ~30 nm, at a pressure of
107® Torr. The photoresist dots were lifted off by ultrasonic bath in
acetone for 15—20 min, leaving an Au mesh on the silicon surface. The
samples were etched in a solution of H,0, HF, and H,0, at room
temperature for 5—30 min. The concentrations of HF and H,O, were
4.6 and 0.44 M, respectively. The samples were then immersed in a
standard Au etchant for S min to remove Au and dried by a nitrogen
gun after rinsing in deionized water.

Figure 1b shows the scanning electron microscope (SEM) images of
silicon nanopillars obtained with an FEI NOVA SEM230 instrument.
All samples were fabricated with exactly the same conditions except for
the duration of etching (5—30 min), which gave the nanopillars
different heights on different samples. Note that nanopillars from
samples etched for S—20 min are perfectly straight (see Figure 1b, i
and ii). However, when the nanopillars become too tall (~7 pm), the
high aspect ratio causes the mechanical strength of the nanopillars to
be reduced significantly so that capillary forces can now overcome the
elastic forces and cause sufficient permanent deformation/clumping of
the nanopillars (see Figure 1b, iii).>®

To examine the wicking characteristics, the samples were placed
vertically, and a droplet (1 uL) of deionized water or silicone oil
(HIVAC F4) was placed at the bottom of the sample surface. The
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wicking process was recorded with a high speed camera (Photron
Fastcam SAS) operating at 1000 frames per second and analyzed by
means of software (Photron FASTCAM Viewer).

B MODEL

Bico et al."® previously established the condition for wicking to
take place as

1 —

S S

cos @ > cos . =
r—

S

(1)

where 6 is the contact angle the liquid makes with a flat surface
of the substrate material, 6. is the critical angle (0° <0.<90°),
r is the roughness of the textured surface (ratio of the actual
surface area to projected area) and ¢, is the ratio of the area of
the top of the nanopillars (which was assumed to remain dry)
to the projected area.

In the case of our nanopillars,

ndh

|
(d+s) @)
nd®
%= 4(d + s)* 3)

where d is the diameter and h is the height of the nanopillars,
and s is the spacing between nanopillars (i.e., the period of the
nanopillars is d + s).

The displacement of the wicking front with time was found
to follow the well-known diffusive relation

z = (Dt)"? (4)

where z is the displacement of the wicking front, D is a

coefficient independent of z and ¢, and f refers to the time after

the start of wicking. Bico et al. derived D by assuming Poiseuille

flow and equating the driving capillary pressure for wicking with

the retarding pressure associated with viscous losses, obtaining
2yh cos 8 — cos 0,

3up cos . ©)

where y is the surface tension of the liquid, y is the viscosity of
the liquid, and f is an empirically determined constant that is
multiplied with the viscous loss pressure derived from Poseuille
flow of a fluid of height h over a flat plane.'> The purpose of
this multiplication is to account for the enhancement of viscous
losses due to the presence of micropillars on the plane.

From eq S, it can be seen that aside from topographical (k, f3,
0.) and chemical parameters (@) of the surface, the properties
of the liquid (y, p¢) also play a role in determining the wicking
velocity. Because the driving pressure for wicking is propor-
tional to y and the viscous pressure retarding wicking is
proportional to u, wicking velocity is dependent on y/u. This
dependence can be intuitively verified by considering the two
extreme cases, y > U (e.g., water) and ¥y < p (e.g.,
polydimethylsiloxane (PDMS)), which will result in very high
and very low velocities, respectively.

However, unlike values of y and y, which are readily available
for a wide range of liquids, # has to be experimentally
determined and as a result, D in eq S cannot be fully predicted
with theory alone. Thus, it is difficult to gain a full insight of
how geometrical parameters of the nanopillars affect D, which
in turn determines the wicking kinematics. In this paper, we

attempt to derive an analytical solution for # and verify that
with experimental data.

To simplify the derivation, we start by approximating the
flow of fluid through the nanopillars as flow through open
nanochannels that are of the same height, 4, and length, (d + ),
as a unit cell of nanopillar as shown in Figure 2. A unit cell of
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Figure 2. Approximating a unit cell (indicated by dashed black lines)
of nanopillars as a unit cell of nanochannel that holds the same volume
of liquid. (a) Top view of a unit cell; (b,c) top view and side view of a
nanochannel. The yellow regions indicate the top of the nanostruc-
tures at y = h, which remain dry throughout the wicking process, while
the violet regions indicate the bottom regions at y = 0. Flow of fluid is
in the z-direction in all cases.

<
x
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nanochannel can hold the same volume of fluid as a unit cell of
nanopillar and, thus, the width of the nanochannel, w, can be
calculated to be

[(d + ) — gdz]h
(d + s)h

(4 - n)d® + 8ds + 4
a 4(d + ) (6)

w =

For steady state, incompressible flow in the z-direction
through an open channel such as that shown in Figure 2¢ and
ignoring gravitational effects, which are relatively insignificant at
the scale of our experiments," the Navier—Stokes’ equation can
be reduced to

AP _(o’U | o'U
e |l T o
e Lo " oy )

where AP is the capillary pressure driving the flow and U(x,y) is
the velocity profile. Following Bico et al.’s derivation, (AP)/z is
independent of x and y and, thus, when eq 7 is solved with the
boundary conditions

U0, y) =0 (8.1)
U(x,0) =0 (82)
U(w,y) =0 (8.3)
U(x,2h) =0 (84)

the velocity profile can be given as
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Details of the derivation of eq 9 can be found in SL1 of the

Supporting Information. Averaging U(x,y) over the area of (w
x h) to find the mean velocity U,,,,, we obtain

B fohfowU(x,y)dxdy

mean
wh
o

_ Z 64AP

2 2
mn=0 [M + %](Zm +1)2(2n + 1)*7%z

(10)
Since the value of each term in the summation series in eq 10
decreases exponentially with increasing m or n, we can
approximate U,,,, by considering only the first term (m = 0,
n = 0) of the summation series which contributes the most to
the value of U,,,. We have carried out a systematic analysis of
the effect on the contribution of other terms (where m > 1 and
n > 1) in eq 10 and found that our assumption to only consider
the first term in the summation series is justified. Details of this
analysis can be found in SI.2 of the Supporting Information.
To take into account the value added to U,,,, by the rest of
the terms, we multiply by a constant C to approximate the value

of U, enn- Thus, we have
64AP
Unean ® Crr—T7 2
[+ e (11)

To find C, we consider the extreme case where w approaches
infinity. In this instance, the flow of fluid is equivalent to flow
on a flat plane, and, thus, eq 11 will be reduced to Poiseuille
flow over a flat plane, which is given by"

_ APK
mean 3/42 ( 1 2)

Equating eq 11 when w — oo and eq 12, we find that C = 7%/
768. Substituting this into eq 11 we obtain

APH*w?

U, 2 2
3uz[w” + 4h°] (13)

‘mean "

Finally, by comparing eq 13 with the mean velocity derived by
Bico et al. (U,., = (APK?)/(3fuz)),"> we arrive at an
expression for f as
4k

p= 2 +1 (14)

From eqs 6 and 14, it can be seen that when the surface
approaches a flat topography (s > d and s > h; h < d and h <
s), B approaches 1, i.e., the flow approaches Poiseuille’s flow on
a flat plane. On the other hand, when the surface approaches a
very rough texture (h > d and h > s), f§ approaches infinity,
which is to be expected, taking into consideration the enormous
viscous losses associated with very tall or very dense arrays of
pillars. Note that this does not necessarily mean that wicking
speed will be very low, as the geometric parameters also

influence the driving pressure for wicking. This will be
discussed in more details later in the paper. For now, we
consider another case, d >> s, for which £ will become inversely
related to d. This can be explained by considering the
interstitial spaces formed when a rectangular array of cylindrical
pillars join up; as the size of these pillars increase, the interstitial
spaces for wicking to take place become more spacious and
deterrence to wicking falls. In the extreme case where d > h,
approaches 1 as viscous losses to the sidewalls of the pillars
become negligible and the flow returns to one on a flat plane.
Extending eq 6 to square pillars so that w = (ds/(d + 5)) + s, it
is easy to see that for the same case of d > s, # is now inversely
related to s instead. This is not surprising because unlike
cylindrical pillars, there are no interstitial spaces when square
pillars join up. As a result, the flow becomes more constricted
(higher f3) as s decreases, and in the extreme case where s = 0, 8
approaches infinity, which is consistent with the expectation
that wicking cannot occur on a flat surface.'”” The above
considerations show that eq 14 supports common, intuitive
knowledge of wicking for limiting cases, thereby providing a
preliminary verification of the validity and versatility of eq 14.
We will revisit eq 14 later in this paper when we compare the
theoretical to experimental values of f.

B RESULTS AND DISCUSSION

On the basis of eqs 1—3, we have calculated the critical contact
angles for our samples, and the values are listed in Table 1.

Table 1. Critical Contact Angle (6.) for Silicon Nanopillars
Fabricated by the IL-MACE Method

etch time diameter height
(mins) (pm) (um) 2 r 0. (°)
pillar A S 0.275 0.75 0.043 1.897 59.62
pillar B 10 0.300 2.00 0.064 2.710 69.28
pillar C 20 0.300 4.20 0.064 4.590 78.07
pillar D 30 0.300 7.00 0.064 6.984 82.23

Having found that the contact angles for water and silicone oil
on flat silicon substrate are 6,,. = 56.3° and 6 = 18.0°
respectively, we are able to verify that Bico et al.’s condition for
wicking (0. > 0) agrees with our experiments. Water and
silicone oil were able to wick in all the samples except sample A
(for water only), which had a critical angle that is fairly close to
the contact angle of water on a flat silicon surface. Since the
driving pressure for wicking' is proportional to (cos @ — cos
0.)/cos 0, it is not surprising to find that wicking may not
occur at all when cos 8 % cos 6, especially in the presence of
slight surface defects or impurities, which tend to raise the
energy cost of wicking.

Next, we study the wetting properties of the silicon
nanopillars surfaces by examining the wicking dynamics of
silicone oil (y = 3.399 X 107> N/m, i = 3.94 X 107* Pas, 0, =
18°)*” and water (y = 7.28 X 1072 N/m, u = 8.9 X 107> Pas,
Opvater = 56.32°). Figure 3 shows photographs of the spreading
of 1 yL oil droplet pipetted onto an upright silicon substrate
with nanopillar texture on its surface. The liquid reached the
top of the sample (which is about 8 mm in height) in about 300
s. For water, the wicking was much faster, and it reached the
end of the sample in about 10s. The videos of the wicking of
water and silicone oil are provided in the Supporting
Information as “Video-Water” and “Video-Oil”, respectively.
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Figure 3. Snapshots of the wicking process of silicone oil on silicon nanopillar surface (sample B). The red dotted line marks the liquid front.

The difference in the wicking speed can be accounted for by the
difference in y/u (see eq S) of the two liquids.

Figure 4 shows plots of distance traveled by the wetting front
versus the square root of time (ie., z vs t/2) for all our samples.

7

A Sample A (h=0.75pm)

z (mm)

x Sample B (h = 2.00 pm)
+ Sample C (h =4.20 pm)

= Sample D (h =7.00 ym)

0 5 10 15 20 25 30
112 (s172)

Figure 4. Plot of distance traveled by the wetting front against the
square root of time for nanopillars wetted with silicone oil (y = 3.399
X 1072 N/m, p = 3.94 X 1072 Pas, 6, = 18°).

As with previous studies,">'®'? the linear trendlines do not

continue through the point of origin. This deviation in the early
stages of wicking may be due to the influence of other processes
that are observed to take place right before or during the onset
of wicking (e.g, droplet spreading). Note that the viscous
enhancement factor f# can be obtained by measuring the
gradient of this plot (i.e., the value of D"/?) and substituting the
value into eq S.

The calculated (from eq 14) and experimentally determined
values of f are plotted in Figure 5. As can be seen from this
figure, our theoretical values for f agree very well with the
experimental data over a wide spectrum of h/w values. Note
also that the empirical values of B obtained with water and
silicone oil are very close, thus proving that f is independent of
fluid properties, as predicted by eq 14. The only exception to
this is the data point at h/w = 7.1 where f§ (water) deviates
from f (silicone oil). This difference is likely due to the
deformations of the mechanically weak, high aspect ratio (~23)
nanopillars caused by capillary forces during the wicking
process (see Figure 1b, iii).

In Figure 5, we also show the # values calculated for our
samples based on the models proposed by Ishino et al."* and
Zhang et al.' We have taken U,,,, reported in these papers and
compared with Bico’s expression (Upe,n = (APH*)/(3fuz)) to
obtain f. This will give

350

B Experimental  (silicone oil) o
300 - A Experimental B (water)

O B (Ishino's model)
250 |

< B (Zhang's model)

200 = (Our model)

Figure S. Experimental and calculated values of f. Data points for
(silicone oil) and f3 (water) are obtained with silicone oil and water,
respectively. Calculation based on our method is represented by a solid
line. Also shown in this figure are the calculated S values of our
samples based on the models of Zhang et al." and Ishino et al.**

p= ! for h<(d+s)
1-¢ (15.1)
2
f= 47th for
3(1 - ¢)(d + s)z[ln(@) - 1.31]
h>(d+s) (15.2)
for Ishino et al’s** derivation, and
4dn*
p=—"71
(d+s) (16)

for Zhang et al.’s' derivation.

It can be observed that Zhang et al’s approximation for f
underestimates its true value for all #/w, while Ishino et al.’s
expressions overestimate the experimental f at high h/w (>4)
but underestimate it at low h/w (<2). The reason for the
deviations can be attributed to the models that were
considered. For instance, Zhang et al. estimated the flow
between the pillars to be Poiseuille’s flow between two parallel
plates (the pillars being the plates) and ignored the
contribution to the viscous losses by the floor at y = 0. In
addition, viscous losses were only considered to occur when the
flow occurs between two pillars. However, the velocity profile
when the flow proceeds past the channels between adjacent
pillars is not expected to be spatially constant, and thus there
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should also be shear losses involved in those regions. For these
reasons, the f# values determined from Zhang et al.’s model are
lower than the experimental values. As for Ishino et al’s
method, when h < (d+s), the flow between micropillars is
assumed to be similar to flow over a flat plane. In this case, it is
expected that the calculated /3 values should be smaller than the
experimental values because the effect of micropillars on
viscous losses was not considered. For h > (d+s), Ishino et al.
suggested that the micropillars can be considered to be infinite,
and thus the calculated f values are anticipated to be larger than
the actual values.

To further validate our theory, we calculate the 8 values for
the micropillars reported by Ishino et al.'* The theoretical
predictions by Ishino et al. and Zhang et al. are presented
alongside our calculated 8 values and the experimental data for
comparison purposes. The results are plotted in Figure 6. It can

45
A Experimental 8 (u = 4.6 mPa)
40 % Experimental B (4 = 9.5 mPa)
+ Experimental g (4 = 19 mPa)

35
®  Experimental B (4 = 48 mPa)

30 ® Experimental B (u = 97 mPa)
B (Ishino's model; h<(d+s))
25 -~ . -B(Ishino's model; h>(d+s))
Q 20 ====p (Zhang's model)
——— (Our model) [
x

Figure 6. Comparison of  values obtained by our method and other
models for the experimental data presented in Ishino et al’s paper.
Experimental and theoretical values are plotted as points and lines,
respectively. Our model is represented by the solid blue line. Five
different test liquids (y = 2 X 107> N/m) were used, and their
respective viscosities are given in the legend. d = 2 ym and s = 8 um
remained constant for all experiments.

be seen that our model fits Ishino et al.’s experimental data very
well, and shows a significant improvement over Ishino et al.’s
theoretical estimation of # values when h is small. Interestingly,
our theory (eq 14) and Ishino et al.’s model (eq 15.2) converge
when h increases. However, this is only coincidental as it can be
proven mathematically that this is not true for all d and s values.
In addition, Ishino et al.’s results agree with our conclusion that
B is independent of the properties of the test fluid.

Our model (eq 14) can also be employed to solve an
observation previously made by Ishino et al, namely, the
diffusion coefficient D becomes increasingly independent of
nanopillar height, h, as h becomes very large. By considering h
> d, s, win eqs 1-3 and 14, it can be shown that (cosd — cos
0)/cos 0. ~ h and p ~ h Therefore, from eq S, D will
approach a constant value. This means that when the micro/
nanopillars are short, the capillary driving force for wicking is
increased more than viscous losses (represented by f) with
increasing pillar height, thus resulting in faster wicking velocity.
However, as the pillars become taller, the viscous force is
increasing as fast as the capillary driving force with increasing
height, and therefore a maximum speed will be reached. The
understanding that wicking velocity cannot be endlessly

improved by increasing h has important implications for the
designing of engineering applications based on wicking and is
one of the many insights that can be derived from this model.

B CONCLUSIONS

We presented in this paper a theoretical study and an
experimental validation of the wicking dynamics on a square
array of silicon nanopillars. The enhancement factor of viscous
losses, 3, due to the presence of nanopillars was investigated
and was found to depend on the ratio of h/w where w is the
width of the channel that is used to approximate the wicking
flow through nanostructures. Our expression for f was also
found to be applicable to published results obtained by other
groups.

The success in describing the dynamics of wicking explicitly
without any empirical parameters means that the wicking
property (i.e, speed) of a particular material can be adjusted by
simply controlling the geometry (e.g., height) of the textured
surface. However, there is a limit when using the height of
micro/nanostructures to do so, as the wicking speed will
approach an asymptotic value when the height of the structures
becomes much greater than the other dimensions. These
insights are most valuable for the designing of future wicking
applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information provides derivations of the
equations in the text as well as additional analysis. Videos in
AVI format showing the wicking of silicone oil and water are
available. This information is available free of charge via the
Internet at http://pubs.acs.org.
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