Chapter 3
Static and Dynamic Capillarity in Silicon
Based Nanochannels

Niels Tas, Nataliya Brunets, Joost W. van Honschoten’, Jeroen Haneveld,
and Henri V. Jansen

Abstract In this chapter we review the fabrication of silicon based nanochannels
and their use in capillarity studies. Static capillarity measurements of the pressure in
isolated liquid plugs confined in hydrophilic nanochannels, confirm the existence of
capillary negative pressure, quantitatively in accordance with the Young-Laplace
equation. The negative pressure can be quantified through measurement of the
elasto-capillary deformation of the channel capping due to the pressure difference
with the atmospheric pressure. By measuring the capillary filling dynamics in
nanochannels of uniform and accurately defined height, different (apparent) vis-
cosity effects in confinement have been revealed. One effect (visible in insulating
sub-100-nm channels) is likely to be related to the influence of the electrical double
layer (an electroviscous effect), while the other effect (visible in conductive sub-
50 nm channels) seems to be related to a decrease in the effective channel due to a
thin immobile layer close to the polar or charged channel wall.

3.1 Introduction

We define capillarity as a change in the chemical potential of the liquid in a two
phase system, due to the curvature of the meniscus in confinement. Capillary action
plays an essential role in the retention of water in the unsaturated zone (the capillary
groundwater). Related phenomena, as for example cavitation and bubble formation
by enclosure of gas will have a large influence on transport in the unsaturated
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zone. Silicon-based nanotechnology offers techniques for precise fabrication of
artificial nano-pores. Often these channels are planar (in the plane of the substrate
wafer) facilitating microscope observation of liquid inside of these channels. The
combination of well-defined dimensions and observability makes silicon-based
nanochannels an ideal model system for fundamental studies in capillarity. In
Sect. 3.2 we will briefly review the main procedures to fabricate these nanochannels.
We will then move on to discuss measurements of static capillarity in nanochannels
and introduce the concept of capillary negative pressure (Sect. 3.3). Section 3.4 will
be devoted to discuss experiments of dynamic capillarity, i.e. the capillary filling
of nanochannels. These experiments give information on the (apparent) viscosity of
water and aqueous salt solutions in confinement, a topic which is relevant to water
transport in both the saturated and unsaturated zone.

3.2 Fabrication of Silicon Based Nanochannels'

Figure 3.1 illustrates the three main techniques for the creation of (1D-confined)
nanochannels: Sacrificial layer etching (left), bulk etching (middle), and spacer
layer technique (right). The sacrificial layer technique to produce nanochannels
is based on the thin film encapsulation of a strip of sacrificial material and the
subsequent selective removal of the sacrificial layer through access holes [1, 2]
Typical combinations of materials are silicon oxide as the sacrificial layer and
polysilicon as the structural material, or polysilicon as the sacrificial layer and
silicon oxide or silicon nitride as the structural material. The latter combination
provides optically transparent nanochannels. A practical issue in this fabrication
scheme is the finite selectivity of the etchant during removal of the sacrificial layer,
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Fig. 3.1 The three main techniques for the creation of (1D-confined) nanochannels: Sacrificial
layer etching (left), bulk etching (middle), and spacer layer technique (right)

!This section is based on: van Honschoten JW, Brunets N, Tas NR (2012) Capillary action in
silicon based nanochannels In: Ondarcuhu T, Aime JP (eds) Nanoscale liquid interfaces: wetting,
patterning and force microscopy at molecular scale. Pan Stanford Publishing, Singapore.
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resulting in a tapered channel height (in the length direction). In the bulk etching
technique [3] a trench is slowly and accurately etched into the silicon substrate.
Wet anisotropic etching can produce the required smoothness and uniformity [4].
An enclosed channel is formed by bonding of a second wafer to the substrate
wafer containing the trench. This second wafer can be a glass wafer producing
an optically transparent channel capping. Using wet etching [4] uniform channel
heights typically in the range of 20-100 nm can be produced, with an accuracy of
a few nanometer. To define the channel height for even smaller channels, the spacer
layer technique [5, 6] is particularly suitable. Uniform and well defined spacer
layers of silicon oxide can be created on a silicon substrate by thermal oxidation.
Their thickness can be accurately measured before wafer bonding by ellipsometry,
creating channels as small as 5 nm in height with a precision better than 1 nm [7].
Note that in both the bulk etching and the spacer layer technique, in practice, at
least a native oxide layer of 1— 2 nm silicon oxide is formed prior to wafer bonding,
ensuring complete silica-based channel walls.

3.3 Static Capillarity in Nanochannels?

In sufficiently narrow lyophilic capillaries the negative Laplace pressure can exceed
the atmospheric pressure (often 1 bar in absolute value), and a negative absolute
pressure can develop in the liquid. Liquids can withstand a considerable tension due
to the cohesive forces between the molecules. The tensile stress developed when
the liquid is stretched is isotropic normal stress, therefore it is justified to refer to
it as a negative pressure. Reports about liquids under tension date back as far as
the late seventeenth and early eighteenth century, and originate from some of the
greatest scientists of all time, including Huygens [8] and Newton [9]. They address
the phenomenon that when a tube of a Torricelli barometer is completely filled with
mercury and then perfectly purged of air and inverted, the mercury inside sometimes
stayed top-full in the tube, suspended to heights as much as 75 in. [8]. This is
much higher than the expected 29 inches caused by the weight of the atmosphere.
In particular the explanation of Newton is remarkably accurate, referring to the
cohesion of the liquid particles to each other and to the glass composing the tube [9].
Tension in water plays a central role in the cohesion-tension theory of sap ascent in
trees as first proposed by Dixon and Joly [10], and has therefore drawn the interest
of plant physiologists. Classical laboratory methods to induce negative pressures
in liquids are the Berthelot tube method [11] based on isochoric cooling, and the
rotating capillary technique introduced by Briggs [12].

Bulk liquid at negative absolute pressure is superheated, which is a metastable
state. It is a metastable state because the system can move to a state of lower free
energy by creating cavities filled by vapour, however to create a cavity (vapour
bubble) an energy barrier has to be overcome [13]. If the liquid is at a pressure

2This section is based on: van Honschoten JW, Brunets N, Tas NR (2010) Chem Soc Rev 39: 1096.
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Fig. 3.2 Longitudinal section of a partially filled flat rectangular capillary. The pressure in the
liquid is equal to the ambient pressure po plus the negative Laplace pressure pp,,. The channel
height is & the contact angle of the liquid to the channel walls is represented by 6

p, then the work required to create a bubble of volume V and surface area A, filled
with vapour at a pressure py is given by [13]:

4
W =yA+ (p—py)V =dar’y + gﬂr3 (»—pv) (3.1)

where r is the radius of the bubble, and y is the surface tension of the liquid.
Assuming that the magnitude of p is much larger than p,, the work required to
create the bubble has a maximum 16 )/3/3172 for a critical radius [13]:

Terit = —2y/p (3.2)

The capillary action in narrow lyophilic tubes, in open communication with the
surrounding atmosphere, can easily be stronger in magnitude than the surrounding
absolute atmospheric pressure. Figure 3.2 shows a longitudinal section of such a
capillary, partially filled with liquid. The absolute pressure in the liquid is given by
the sum of the ambient pressure po and the negative Laplace pressure prap.

Assume in Fig. 3.2 that we have a thin rectangular capillary (height & << width).
Neglecting the meniscus curvature in the lateral plane, the pressure of the liquid
phase py;q is given by:

Plig = po— (2ycost) /h (3.3)

where h is the channel height, y the surface tension of the liquid, and 6 the
contact angle of the liquid to the channel walls. If the liquid partially filling the
hydrophilic channel is water, capillarity induced negative pressure will occur when
the channel height is below approximately 1 pwm. The first notion that capillary
action in narrow tubes can induce tension in the liquid was probably by Kelvin when
he derived what is now known as the Kelvin equation [14]. Experimental proof of
the existence of capillary negative pressure was provided by Wiig and Juhola [15]
through the measurement of a reduced density of water condensed in nano-porous
activated charcoal, though quantitative interpretation was hampered by the unknown
compressibility of water in the negative pressure regime as well as lack of exact
knowledge of the pore diameter.
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Fig. 3.3 Top view of a silicon oxide nanochannel (flat rectangular cross section) partially filled
by water [17]. The channel capping is a silicon oxide thin film which deforms under the negative
pressure load. This deformation can explain the peculiar shape of the meniscus [17, 18]

Through pull-off force measurements in a surface forces apparatus [16] con-
sistency with Young-Laplace equation could be confirmed in nanometric gaps,
however in this method the conversion from forces to pressures requires application
of the Kelvin equation. A direct indication for the existence of capillary negative
pressures was recently found by measuring the elasto-capillary deformation of
silicon based nanochannels [17]. Figure 3.3 shows a microscope image of the
typical shape of the meniscus (top view of a flat rectangular channel). The peculiar
curvature of the meniscus in the lateral plane can be explained by a downward
bending of the flexible channel cover. The downward bending can be quantified by
detailed analysis of the meniscus shape [17, 18]. Together with the known stiffness
of the channel cover it was possible to estimate the negative pressure of the liquid
to be, depending on the method to analyse the meniscus curvature, —17 & 10 bar
[17] or —14 £ 8 bar [18]. Taking into account the measurement accuracy, this is in
accordance with Eq. (3.3) (—12 bar).

Liquid plugs like the one shown in Fig. 3.3 are remarkable stable and can
(depending on their volume and the speed of evaporation) exist for several minutes
up to hours. The explanation for this observation [17] is that when we substitute Eq.
(3.3) in the expression for the critical bubble size (Eq. (3.2)) we find (neglecting pg
with respect to the negative Laplace pressure) r,;, = h/cos(6). This shows that for
capillary negative pressure the critical bubble size for cavitation is larger than the
size of the channel, so the liquid at negative pressure is in a stable state. Note also
that we have implicitly considered channels of uniform cross section.

A related technique to measure capillary negative pressure is to look at the critical
width of total collapse for nanochannels capped by an elastic cover plate [19].
Using this technique we measured capillary negative pressure in 80 nm channels
for different liquids (as a function of their surface tension). Figure 3.4 shows the
measured mechanical deformation pressure needed for total collapse (vertical) as a
function of the applied capillary pressure (horizontal). Although limited in accuracy
these results are indicative for the validity of the Young-Laplace equation in the
sub-100 nm regime.
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3.4 Dynamic Capillarity in Nanochannels®

This section addresses the dynamics of filling of capillaries of arbitrary, though
uniform cross section, typically in the 10—100 nm size range. For simple liquids at
this length scale the continuum framework of hydrodynamics based on application
of the Navier-Stokes equations is still valid, as is discussed in detail in the review
by Bocquet and Charlaix [20]. Also the macroscopic contact angle and Young-
Laplace equation can be applied without modifications. For smaller cross sections
(hydrodynamic diameters less than roughly 10 nm) the influence of the disjoining
pressure on the microscopic contact angle and the meniscus curvature can be
become noticeable (in particular for water where the electrostatic contribution to
the disjoining pressures can be relative long ranging) and care should be taken
by applying the macroscopic Young and Young-Laplace equations The systematic
study of capillary filling of sub-10 nm channels is still in its infancy and will most
likely be subject of study of several groups in upcoming years.

3.4.1 Lucas-Washburn Equation for Infinite Stiff Channels

The filling dynamics of capillaries driven by the negative Laplace pressure was first
modeled by Washburn [21]. The filling speed is determined by the surface tension
y of the liquid filling the capillary, its (advancing) contact angle 6 to the channel
walls, the channel diameter d (or in the case of a rectangular cross section by the
width w and the height %) and finally by the viscosity 71 of the liquid. For sufficiently
long and narrow capillaries the flow of the liquid entering the capillary may be

3This section is based on: van Honschoten JW, Brunets N, Tas NR (2010) Chem Soc Rev 39: 1096.
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nanochannels
and rulers

Fig. 3.5 Top view of a chip (appr. 1 x 1 cm?) used in capillary filling experiments (lef?) [23]. Zoom
in showing a still image of the filling of 30 nm channels (right) [7]

considered laminar and fully developed and the hydraulic resistance R = (pressure
drop Ap)/(volume flow ¢) follows from the Poiseuille flow model. Taking the
negative of the Laplace pressure for the pressure drop and realizing that the change
of the position x of the moving meniscus is related to the volume flow through dx
/dt = ¢/A (where A is the cross sectional area of the channel) the following general
expression for the position of the moving meniscus as a function of time results:

—PLap
dx = dt 34
xdx A (3.4

where R* is the hydraulic resistance per unit length of the liquid plug (R = xR*). As
the hydraulic resistance is proportional to the liquid plug length x, it follows that the
filling velocity decreases in time. More precisely, after integration the result is x> ~
t or x ~ t"2. For example for a flat rectangular channel (w > > h) by substitution of

R*and py,p we find:
0)h
x=‘/—y°"s() 1 (3.5)
3n

In recent years this expression has been experimentally verified in silicon based
nanochannels with a perfectly defined rectangular cross section, and down to
channel heights of 5 nm [6, 7, 22-25] the qualitative x = at'”> dependence has been
confirmed for water and aqueous solutions as well as for some organic liquids.
Figure 3.5 shows a photograph of a chip used in such experiments. Liquid can be
introduced in the access holes and fills the chip by capillary action, first through the
inlet microchannel, then through the nanochannels. Rulers have been etched next to
the nanochannels to follow the filling process in time.
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Fig. 3.6 Measured position of the moving meniscus as a function of ¢ for filling of 5, 11, 23, and
47 nm deep nanochannels with DI water at temperatures of 22.7, 22.2, 21.6, and 20.8 + 0.5 °C,
respectively [7]

3.4.2 Results of Capillary Filling Experiments
in Nanochannels

Figure 3.6 shows an example of the measured position of the moving meniscus vs.
time in capillary filling of hydrophilic nanochannels by de-ionized water (silicon-
dioxide channel bottom and boro-silicate glass channel roof, rectangular cross
section 1 << w). Note that down to the level of =15 nm the moving meniscus
can be observed by optical microscopy, for the smallest channel heights using
differential interference contrast (DIC) [7] or an embedded interferometer [25] to
enhance the contrast. In the analysis of the filling dynamics usually macroscopic
contact angles and surface tension values are used, which for small molecules should
be correct when channel hydraulic diameters are in the order of 10 nm or more.
While the qualitative agreement with the Washburn model is good, several
significant quantitative deviations have been observed. As they all concern slower
than expected filling they are usually described by a dimensionless apparent
viscosity napp/n larger than 1 (Where n,p,/1 = 1 refers to the situation described by
Eq. (3.5)). Figure 3.7 shows the results as reported by Tas et al. [23] for filling of
silica channels (20 nm SiO,, boroslicate glass channel cover), by de-ionized water
(DI water) and aqueous 0.1 M NaCl solution. A significant slower than expected
filling for DI-water was attributed to the electroviscous effect, as the values of
Napp/1 returned to one when filling the channels by aqueous NaCl solutions. The
electroviscous effect is related to the electrical double layer that is formed when
the capillary walls in contact with the liquid are charged (see Schoch et al. [26]
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Fig. 3.7 Ratio of the
apparent viscosity over the
bulk viscosity of de-ionized
water (blue) and aqueous
NaCl solution (red) as
derived from capillary filling
experiments [23]
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for an extensive review of electrokinetic effects in nanochannels). Due to the flow
a net displacement of charge and an induced streaming potential results, which
results into a counter electro-osmotic flow in a part of the electrical double layer
that is closest to the channel walls [27]. A comparison [28] of the observed value
of napp/n with the theory of Levine, however, is not easy because of deprotonation
of the hydroxylated channel walls during filling [29], leading to a modified and
possibly axially non-uniform ionic composition of the solution filling the channels.
In addition, it is likely that the constant potential assumption should be replaced by
some form of charge regulation.

An important aspect of capillary filling, especially in channels having sharp inner
corners, is the formation of bubbles [30]. In sharp inner corners a strong capillary
suction develops, which leads to capillary “fingers” possibly proceeding in front of
the main meniscus. The length of these fingers depends on the filling time and the
“consumption” at the back by the proceeding main meniscus. As the main meniscus
slows down in time the length and volume of the fingers tends to increase and
eventually can lead to bubble formation through enclosure of air in front of the main
meniscus. It has been suggested [30] that the presence of bubbles can be responsible
for the sometimes observed slower than expected filling as shown in Fig. 3.7.
However, the Washburn model is derived for filling without bubbles and should
therefore only be applied up to the length where the first bubbles are formed [23].

3.4.3 The Viscosity of Water in nm-Confinement

Since the early 1970s there is a notion that water near polar or charged surfaces
is somehow ordered or structured, leading to a so called structural component
of the disjoining pressure. The first indications came from interpretation of the
disjoining pressure isotherms of wetting films of water on hydrophilic substrates
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[31], while unambiguous experimental proof came through application of the so
called Surface Forces Apparatus (SFA) [32-36] showing short range repulsion
forces between charged surfaces brought in close proximity (<5 nm), in addition
to the double layer repulsion and van der Waals attraction as described by the
DLVO theory. Despite the enormous importance of water as a liquid in nature as
well as engineering systems, the exact nature of this hydration force as it is called
for water has still not been conclusively determined. The main mechanisms that
have been discussed in literature are related to the compression of hydrated ions
(ionic surface groups, adsorbed ions, or counter-ions in the electrical double layer),
orientation of water dipoles in the strong electric field near a charged wall, or the
hydrogen bonding nature of water. An important question that emerges is if and
how the supposed interfacial “structuring” of water affects its local viscosity. In
the early 1970s measurements of the flow velocity of liquid plugs in quartz micro-
capillarities driven by a disbalance between the capillary pressure and an applied
external pressure revealed an elevated viscosity of water up to 40 % in capillaries
of 0.04 wm [37]. These results could not be reproduced in nanometer thin films
in the SFA. A dynamic SFA technique revealed a viscosity of water equal to the
bulk viscosity, even in 2 nm thin films and under high salt concentrations necessary
to induce a strong repulsive hydration force between the mica surfaces [38]. A
similar conclusion was reached by SFA squeeze out experiments of thin water films
between silica surfaces [36]. More recently, in a SFA where also shear force can be
induced and measured, Raviv et al. [39] found that the viscosity of demineralized
water when confined to films of 3.5+ 1 to 0.0 £0.4 nm between mica surfaces
remains within a factor three of its bulk value. Similar experiments with aqueous
salt solution (in the presence of repulsive hydration forces) show that the bounded
water molecules in the hydration layers retain the shear fluidity characteristics of
bulk water, with an upper limit estimated for the viscosity of 0.08 Pa - s (maximum of
80 times the bulk viscosity) [40]. Remarkably, recent AFM experiments, measuring
directly and simultaneously the normal and lateral forces of a nano-sized silicon tip
approach a solid hydrophilic surface, reveals orders of magnitude increase in the
viscosity of water with respect to bulk water in sub-nanometer confinement [41].
Capillary filling of silica nanochannels by water and aqueous salt solutions, reveals
a significant slower than expected filling in channels with heights in the range of 10—
50 nm [6, 7]. If interpreted as a viscosity effect, the averaged effective viscosity is up
30 % higher for 11 nm channels [7] (Fig. 3.8). The red line is a fit to the experimental
data assuming a highly viscous layer next to the hydrophilic channel walls. The best
fit is found for a thickness of this immobile layer of 0.9 nm at each interface. Filling
experiments under different conditions are currently carried out in our lab to test the
hypothesis that it is indeed the enhanced viscosity of hydration layers that causes
the observed slower than expected filling. Based on all experimental data available,
one must conclude that the question if and how hydration forces are connected to
viscosity changes of interfacial water has still not been completely answered.
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3.5 Conclusions

Planar silicon based nanochannels offer a unique platform for experimental studies
of capillarity in extreme confinement. In many cases processes inside the nanochan-
nels can be observed by standard optical microscopy. In lyophilic nanochannels the
extreme confinement can easily lead to large negative pressures in the liquid. These
can be measured by quantifying the elastic deformation of the channels. Dynamic
capillarity studies using water or aqueous salt solutions revealed an increased
apparent viscosity during capillary filling of nanochannels. The increased apparent
viscosity is attributed to an electroviscous effect in the case of insulating channels.
For channels well below 50 nm there is an additional effect leading to a strong
increase of the apparent viscosity. It is unclear if this is a real increase in the viscosity
of water strongly confined in hydrophilic channels. Alternatively, it could be caused
by the combination of the properties of water and immobile adsorbed ions.
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