Applied Physics
Letters

Influence of nanoscale geometry on the dynamics of wicking into a rough
surface
Chang Quan Lai, Trong Thi Mai, H. Zheng, P. S. Lee, K. C. Leong et al.

Citation: Appl. Phys. Lett. 102, 053104 (2013); doi: 10.1063/1.4790183
View online: http://dx.doi.org/10.1063/1.4790183

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v102/i5
Published by the American Institute of Physics.

Related Articles

Tunable nanowire Wheatstone bridge for improved sensitivity in molecular recognition
Appl. Phys. Lett. 102, 043112 (2013)

Revisiting the mechanisms involved in Line Width Roughness smoothing of 193nm photoresist patterns during
HBr plasma treatment
J. Appl. Phys. 113, 013302 (2013)

High performance broadband absorber in the visible band by engineered dispersion and geometry of a metal-
dielectric-metal stack
Appl. Phys. Lett. 101, 241116 (2012)

Selectively grown photonic crystal structures for high efficiency InGaN emitting diodes using nanospherical-lens
lithography
Appl. Phys. Lett. 101, 211111 (2012)

Lithographically defined low dimensional SiGe nanostripes as silicon stressors
J. Appl. Phys. 112, 094318 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT
7 1pm-thick LPCVD
\‘ e SURFACES AND
. . L INTERFACES
Ap pl Ied PhYSlcs Focusing on physmal,chenrﬁical’biolugipal.
Letters B e, o ..

EXPLORE WHAT'S 4o  ENERGY CONVERSION

N EW I N Ap L w O Focusing on all aspects of static and dynamic

energy conversion, energy storage, photovoltaics,

solar fuels, batteries, capacitors, thermoelectrics,

SUBMIT YOUR PAPER NOW! : : and more...

Downloaded 04 Feb 2013 to 137.132.123.69. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/233908216/x01/AIP/HA_Explore_APLCovAd_1640x440_Nov2012/APL_HouseAd_1640_x_440_r2_v1.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Chang Quan Lai&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Trong Thi Mai&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. Zheng&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=P. S. Lee&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=K. C. Leong&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4790183?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v102/i5?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4789994?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4773068?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4771994?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4767334?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4765009?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 102, 053104 (2013)

@ CrossMark
& click for update

Influence of nanoscale geometry on the dynamics of wicking into a rough

surface

Chang Quan Lai,"® Trong Thi Mai,>® H. Zheng,? P. S. Lee,® K. C. Leong,* Chengkuo Lee,?

and W. K. Choi'-%?

'Advanced Materials for Micro- and Nano-Systems Programme, Singapore-MIT Alliance, Singapore 117576
2Departrm:nt of Electrical and Computer Engineering, National University of Singapore, Singapore 117576
3Department of Mechanical Engineering, National University of Singapore, Singapore 117576
‘*GLOBALFOUNDRIES Singapore Pte. Ltd., Singapore 738406

(Received 22 November 2012; accepted 17 January 2013; published online 4 February 2013)

The dynamics of imbibition into the roughness of a surface was investigated with hexagonal arrays
of anisotropic nanofins fabricated with interference lithography and metal assisted chemical
etching. It was found that viscous drag caused by the nanofins is similar to that caused by open
nano-channels of equal length and height containing the same volume of liquid. In addition, the
energy dissipated by form drag for a given driving pressure was determined to be directly
proportional to the volume of fluid between nanofin planes that are flat and normal to the
imbibition direction. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790183]

Wicking or hemi-wicking, is essentially the imbibition
of fluid into the roughness of a surface under the influence of
capillary forces,' and is an important phenomenon that forms
the basis of many natural and engineering applications such
as water uptake,” moisture management,’ thermal manage-
ment,4 oil recovery,5 and surface functionalization of micro-
structures.’ The process can be observed when a drop of
liquid is placed on a rough surface; a thin film of the liquid
will seep into the surrounding surface roughness from the
base of the droplet, advancing ahead of the droplet and dark-
ening the area it covers.

The velocity of the wicking front is generally accepted
to follow a diffusive-like trend such that its displacement
increases linearly with respect to the square root of time.””
In the seminal work by Bico et al.,’ it was proposed that this
diffusive relationship arises out of a balance between the
capillary energy that is providing the pressure to drive the
flow and the viscous losses associated with fluid flow past
the micro-/nano-structures. Based on this energy balance,
Bico et al. obtained the displacement-time relationship of the
wicking process as’

2yh cos 0 — cos 0, 2 |
zZ = _— 1‘27
3up cosO.

)]

where & refers to the height of the micro-/nano-structures, 0
is the contact angle the liquid makes with a flat surface of
the substrate material, 0, is the critical angle (0° < 0,.<90°),
v and p are the surface tension and viscosity of the experi-
menting liquid, respectively.

The role of micro-/nano-structures in retarding the rate
of wicking, however, was generalized to an empirically
determined coefficient, f5, which represents the drag
enhancement factor, i.e., the mean velocity of wicking flow
in between micro-/nano-structures is slower than the mean
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velocity of Poiseuille’s flow over a flat plane by a factor
of f5.

Previous efforts to shed light on the impedance to wick-
ing flow caused by surface asperities have relied on hydrau-
lic diameter'® and 2-dimensional approximations® and have
proven to be difficult without the introduction of fitting
parameters or separation of the flow into discontinuous
regimes. Our recent work® had been able to circumvent such
difficulties and provided a more comprehensive analysis of 8
but, like most other studies,”® focused on square arrays of
circular nanopillars. Although such symmetrical geometry
simplified our analysis, it also restricted the amount of
insights that could be gained.

A better approach, therefore, would be to investigate the
dynamics of wicking in different directions on a surface dec-
orated with anisotropic micro-/nano-structures. To do so, we
make use of interference lithography and metal assisted
chemical etching to produce hexagonal arrays of nanofins on
flat P-type (100) silicon substrates.'’'* A total of eleven
samples with widely varying dimensions were fabricated for
this study.

Figure 1(a) (i)-(iii) show the SEM pictures of some of
these nanofins. A schematic diagram and details of the im-
portant dimensions of the nanofins are given in Fig. 1(b) and
Table I, respectively. Note that Fig. 1(b) also depicts an area
A where the mean flow velocity is zero for the case of wick-
ing in z (normal) direction—this will be explained in greater
detail later. 1 ul of silicone oil was then deposited at one end
of the sample surface and the entire wicking process was
recorded at 1000 frames per second using a high speed cam-
era. The experiment was performed in both z (parallel) and z
(normal) directions for each sample. These fabrication and
experimental procedures are similar to those used in our pre-
vious study.’

Figure 2 shows typical z vs. £/ plots for wicking in the
z (parallel) and z (normal) directions on the same sample. As
expected from analysis of Bico ef al.,’ the plots exhibit a lin-
ear relationship between z and 1'2. The linear trend does not
extend to the origin, however, which is consistent with the

© 2013 American Institute of Physics
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FIG. 1. (a) SEM pictures of Si nanofins of height (i) 1.47 um, (ii) 2.63 um,
and (iii) 3.1 um. Top views of the respective nanofins are shown in the
insets. All scale bars represent 2 um. (b) Schematic diagram of the nanofins.
The area of the dark blue region is given by A and the mean velocity of the
fluid in this area is assumed to be zero to represent the loss of driving pres-
sure due to form drag when wicking occurs in z (normal) direction. Note
also that p" < p for all our samples. The dotted line demarcates a unit cell of
the nanofin.

results presented in previous studies.”” One of the reasons
for this may be due to the influence of droplet spreading dur-
ing the early stages of wicking. More specifically, when a
liquid droplet contacts the nanostructured surface, it can be
observed that the droplet rapidly adopts a spherical cap shape
on the surface and spreads before the wicking film emerges
from the base of the spherical cap. As a result, the dynamics
in the initial stages of the wicking process become affected
by the inertia of this droplet spreading.

In addition, it is clear that /5, which is inversely propor-
tional to the square of the gradient of the z vs '/ graphs, is
distinctly different for z (parallel) and z (normal), even when
the experiments are conducted on the same sample surface.
This implies that nanoscale geometry and the forces retard-
ing the wicking flow, as caused by the nanostructures, are
strongly correlated. These retardation forces are essentially
viscous drag, which arises due to shear stresses between fluid
layers as a result of the “no-slip” condition at the fluid-solid
interface, and form drag, which is related to the pressure dis-
tribution around the solid body. The magnitude of form drag

TABLE 1. Geometrical parameters of nanofins used in this study where &
refers to the height of the nanofins, and definitions of p, ¢, m, and n can be
found in Figure 1(b). All dimensions are in um.

A B C D E F G H I J K

3.00 147 095 0.74 117 0.74 1.12 121 1.13 1.00 0.85
0.60 0.69 1.00 0.72 092 1.15 1.06 1.08 1.05 0.63 0.63
026 0.19 0.19 021 025 0.16 025 028 027 0.18 0.15
0.67 0.81 0.64 055 057 058 0.71 0.69 0.64 031 0.32
233 191 220 1.77 329 335 3.10 210 1.15 234 1.85

3 3%
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FIG. 2. Representative z vs. t"? plots obtained experimentally for wicking

of silicone oil on a single sample surface. Best fit lines were drawn through
the data points.

experienced by a flow is influenced by how streamlined the
solid body is.

To establish this correlation theoretically, we first ap-
proximate the viscous dissipation associated with a unit cell
of the nanofin to be roughly the same as that caused by an
open channel of the same height and length (in the direction
of the flow) holding the same volume of actively flowing
fluid. This approximation has previously been proven to work
very well for micro- and nanopillars,9 giving the expression

e
B=—5+1, (2)
w

where w is the width of the channel which can be easily com-
puted by dividing the volume of actively flowing fluid in a
unit cell of nanofin by the height and length of the unit cell.

Next, to account for the energy lost to form drag, we
designate a certain volume of fluid in a unit cell of nanofin to
be stagnant. In other words, this particular volume of fluid,
Viorms 18 assumed to have lost all its capillary driving pres-
sure, AP, due to form drag and therefore, its mean velocity
has fallen from U,,.,, to zero, while the remaining fluid in
the unit cell retains AP and continues to flow at U,,..,. The
energy loss per unit cell due to form drag caused by a single
nanofin, AEj,,,,can, therefore, be written as

AEform = VformAP~ (3)

Furthermore, we will assume that AE,,,, is only signifi-
cant if the nanostructure possesses flat planes that are normal
to the capillary flow direction, as such geometry tends to cause
the overall structure to be considerably non-streamlined, i.e.,
there is substantial form drag for wicking in z (normal) due to
the presence of the plane of area p/ but there is no significant
form drag for wicking in z (parallel) because the rounded ends
of the nanofins of length, p’, and width, m, offer no flat normal
planes to impede capillary flow in z (parallel). This also
implies that V/,,,, can only occupy a space within the area pn
when wicking takes place in z (normal). Therefore, with refer-
ence to Fig. 1(b), Vy,,, = Ah = kpnh, where 0 < k < 1.

The expression for f after taking into account both vis-
cous and form drag can then be derived as

1 452
= (ﬁ) (W 1)’ @

Downloaded 04 Feb 2013 to 137.132.123.69. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



053104-3 Lai et al.
where
A
T2 0= 000+ ©
wp = (1= ¢;)(m+n), (6)
Wn:(l _f)(1_¢s)(p+Q)v (7

¢, represents the ratio between the area of the top of a nano-
fin to the area of a unit cell and f represents the fraction of
fluid that is stagnant. w,, and w, represent w calculated for
wicking in z (parallel) and z (normal) directions, respec-
tively.'® Note that for wicking in z (parallel) direction, f=0
because of our above assumption that AEj,,,,, and therefore,
Viorm (from Eq. (3)), is insignificant due to the rounded ends
of the nanofins. This applies for circular micro-/nanopillars
too, with the consequence that Eq. (4) will be returned to
Eq. (2). Thus, it can be seen that the theoretical treatment of
f presented here is a generalized version that is consistent
with the theory presented in our previous study of wicking in
circular micro-/nanopillars.’

From Egs. (3)—(7), it can be seen that other than k (em-
bedded in A), all of the variables can be determined directly
by measuring the dimensions of the nanofins using SEM pic-
tures. To obtain an empirical value of k£ and investigate how
it varies for different samples, we used Egs. (4) and (5) and
experimental values of f§ (normal), that is, f§ for wicking in
the z (normal) direction, to determine A before plotting A
against pn.

From Fig. 3, it can be seen that A and pn follow a linear
relationship and therefore, k, which corresponds to the gradi-
ent of the plot, is constant for all samples with an approxi-
mate value of 0.912. The physical interpretation of this,
according to our model, is that 91.2% of the fluid in the area
of pn between two consecutive fins has completely lost its
driving capillary energy to form drag.

More generally, we can now express f (from Eq. (5)) as

0.912pn
(1=0)p+q) (m+n)

With Eq. (8), f in Eq. (4) can now be fully predicted based
on the geometry of the nanofins alone.

f=

®)
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FIG. 3. Plot of A vs. pn. Best fit line is drawn through the data points. Note

that the best fit line, which has a gradient value of 0.912, passes through the
origin.
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FIG. 4. Experimental values of (1 —f) f§ vs. h/w. Note that f =0 for wicking
in z (parallel).

In Fig. 4, the computed values of f§ are validated against
experimental results and it can be observed that Eq. (4) pro-
vides excellent predictions of f in both z (normal) and z
(parallel) directions, indicating that our model accurately
reflects the dynamics of wicking in nanostructures.

Other than providing a means of estimating /3 theoreti-
cally, Eq. (4) also reveals insights about the wicking process
that may not be obvious at first glance. An example of this is
the fact that f§ (parallel) may not always be necessarily
smaller than f§ (normal) even though wicking in z (parallel)
is subjected only to viscous drag whereas wicking velocity
in z (normal) is retarded by both viscous and form drag. To
see how this can be, let us consider the simplified case where
4h*w* > 1 for wicking in both z (normal) and z (parallel)
directions. It can be easily shown that

B(parallel) w2
Bnormat) — 1 =) (w_) | ©

The relationship of f (parallel) and f (normal) is, therefore,
dependent on the values f, w, and w),, which can combine in
the form shown in Eq. (9) to give a value greater than or
equal to 1. Plotting the experimental values of f (parallel)/f
(normal) against (1 — ]‘)(w,,/wp)2 for samples where h/w > 2, it
can be seen in Figure 5 that Eq. (9) is a valid approximation

25

B (parallel)/ B (normal)

2 3
(1-F)(wiiw,)?

FIG. 5. Plot of 8 (parallel)/f (normal) vs. (1 7.)‘)(w,,/wp)2. B (parallel) >
(normal) in the orange region and f (parallel) < 8 (normal) in the smaller
green region. No data points were expected to reside in the white regions.
Only data from samples with i#/w > 2 for both z (normal) and z (parallel)
were used in this plot.
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for predicting the relative magnitudes of f (parallel) and 8
(normal).

In conclusion, the dependence of wicking dynamics on
the geometry of nanoscale surface structures was investi-
gated with ordered arrays of anisotropic nanofins and it was
found that nanostructures dissipate flow energy through vis-
cous and form drag. While viscous drag is present for every
form of nanostructure geometry, form drag is only associated
with nanostructure geometries that have flat planes normal to
the wicking direction. It was also discovered that viscous dis-
sipation for a unit cell of nanofin can be effectively approxi-
mated with a nano-channel of equivalent height and length
that contains the same volume of liquid, while energy dissi-
pation by form drag per unit cell of nanofin is proportional to
the volume of the fluid between the flat planes of the nano-
fins and the driving capillary pressure. With these findings,
we are able to establish the dependence of f, the drag
enhancement factor, on the geometrical parameters of the
nanostructures. This is important as it provides a precise
method for adjusting /3, and therefore wicking velocity, for a
given direction on a surface through the selection of appro-
priate nanostructure geometries.
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