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ABSTRACT

We have found evidence that water plugs in hydrophilic nanochannels can be at significant negative pressure due to tensile capillary forces.
The negative pressure of water plugs in nanochannels induces bending of the thin channel capping layer, which results in a visible curvature
of the liquid meniscus. From a detailed analysis of the meniscus curvature, the amount of bending of the channel capping can be calculated
and used to determine the negative pressure of the liquid. For water plugs in silicon oxide nanochannels of 108 nm height, a negative
pressure of 17 + 10 bar was found. The absence of cavitation at such large negative pressures is explained by the fact that the critical radius
for seeding cavities (bubbles) is comparable to the channel height. Scaling analysis of capillarity induced negative pressure shows that
absence of cavitation is expected at other channel heights as well.

Nanofluidics, the study of fluid behavior in nanoconfinement,
is still in its infancy. An important aspect of nanofluidics is
the extremely large surface-to-volume ratios, leading to the
prominence of surface forces. A clear example is the filling |
of nanochannels by capillarity, where the wetting properties § /4

of channel walls play a crucial role. Dujardin et al. studied
this for carbon nanotubes and showed that they can be filled
by low surface tension substances such as liquid sulfur,
selenium, and cesiufnOn a slightly larger scale, capillarity
was studied by Sobolev et dlwho measured the capillary  Figure 1. Optical micrograph of a water plug in a k0n wide
pressure of water in quartz capillaries with radii ranging from nanochannel during drying (top view). The channel height is
200 to 40 nm. Their results indicate that the Yougplace approximately 100 nm. Not_e the remarkable shape of the menisci.
. . . . The channel ends on the right, where a remnant of the sacrificial
equation is valid on 1_00 nm Ieng'Fh scale, and that on th"?’ polysilicon can just be seen. Water vapor exits on the left, where
scale the surface tension of water is equal to its macroscopicihe channel is open.
value. Silicon micromachining techniques can be used to

create nanochannels, which, due to the composition of the gigyre 3) were filled with water, and the excess water was
channel walls (silicon oxide, silicon nitride), are hydrophilic o 1oved from the channel entrariéeSubsequently, the

in nature3~8 We use thege nanochannels to ;tudy capillarity \\ater plugs remaining in the channels during drying were
and use surface tension effects to manipulate aqueouypserved. We have made a detailed analysis of the meniscus
solutions on a picoliter scafeln our study of capillarity,  ¢ynature, to estimate the pressure of the water plug in Figure
we observed a peculiar shape of the meniscus of water plugs| |nerestingly, it shows that the tensile capillary forces are

in nanochannels (Figure 1), which we attribute to a down- g gtrong on this scale that the water plugs are at a significant
ward bending of the (thin) channel capping under influence negatie pressure.
of the capillary forces (Figure 2). The analysis is based on application of the Yotng

To obtain these water plugs, hydrophilic silicon oxide [aplace equation, which relates the pressure drop across a
nanochannet8 with an approximate height of 100 nm liquid meniscus to its curvature:

water plug
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of z yields the center deflection, = 7.5+ 4.0 nm of the
channel capping caused by the pressure differapucacross
it.1* Elastic mechanics can be used to relage with the
center deflectiorg,:

64-E-t*z,
Ap=p,—p= W (5)

whereE = 70 + 7 GPa is the Young’s modulus of the
capping layerw = 10.2 £ 0.3 um is the width of the
channel, and = 832+ 40 nm is the thickness of the capping
layer. Equation 5 produces a pressure differefpe= 18

+ 10 bar!* which implies that there exists a significant
negative pressurp = —17 4+ 10 bar in the water plug.

A simple model for the capillary action can be used for a
Figure 2. Artistimpression of the shape of the meniscus as related theoretical prediction of the negative pressure. The tensile
to the bending of the channel capping. Part of the capping has beencapillary forcesFeap (Figure 5) are found from the change
left out to show the meniscus more clearly. . P .

in the surface free energy by wetting of the channel walls.
They are counterbalanced by the pressure drop across the

wherep.y = p. — py is the pressure difference between the jq,iq meniscus (the capillary pressyse,), which for a flat
liquid side (atp.) and the vapor side (@) of the meniscus,  qrophilic channel of rectangular cross section is givefi by:
y is the surface tension of the liquid, angl r, are the radii

of curvature of any two normal sections of the meniscus
perpendicular to one anothBrThe radii of curvature are
taken negative for a concave curvature of the liquid surface.
As the pressure inside as well as outside of the meniscus is
uniform along the meniscus, the Laplace pressure should bevherey is the surface tension of the liquitlis the channel
equal at different positions at the meniscus. For two positions height, andd is the contact angle of the meniscus with the
at the meniscus, one at the center of the channel (position channel walls. For water at room temperature, a channel
Figure 4a) and one at the edge of the channel (posigjon height of 108 nm and a contact angle of18q 6 predicts

2ycogy)
Peap= _hL (6)

Figure 4a). We can therefore write: a capillary pressure of 13 bar. For an ambient presgsire
1 bar this implies that the water plug is at a pressure b2
bar. This compares well with the measured value, taking into
1,1 1,1 . .
—t ===+ 2 account its error margin.

r:I.c r2c rle rZe . . . .
The experimentally obtained negative pressure is large,

. ) but is well below the theoretical tensile strength of water,
whereryc. are the radii of curvature in they-plane, and  yhich is estimated between 500 and 3000 ¥afhe
r2cein thexzplane (Figure 4a,b). Simple geometry applied presented method is a new and relatively easy way to induce
to Figure 4b relates the curvature in theplane to the  negative pressure in liquid, as compared to the traditional

channel heightéc andhe at positionsc ande: isochoric cooling methd@”or the centrifugal methot The
large negative pressure in the water plug (at least 7 bar) raises
—hee the question why cavitation of the water does not occur.
r2c,e:m @) Liquid at a pressure below the vapor pressure is in a

metastable staté.Small gas bubbles may act as seeding
gpoints for cavitation. There is a critical radius of cavitf@s!

beyond which they grow virtually unlimitedRei = 2y/—p,

wherep is the (negative) pressure of the liquid surrounding

Combining eqgs 2 and 3 gives an expression for the cappin
deflectionz = he — h. at the center (positior) of the

channel. . L Lo
the cavity and the absolute pressure inside of the cavity is
neglected. At the limit, the work p dV of the growing cavity
z=h,—h,=h,+ % 4) equals the worlky dA needed to create the extra area of the
- == meniscus. FOR < Ry the ratio dVdV = 2/R s larger than
Me he M at the limit, and cavities do not grow. At = —17 bar in
water at room temperaturBe i = 0.9 x 10 nm. The critical
Using the measured radii., contact angled and initial radius is comparable to the height of the channel, and it is

channel heighhe, a center deflectiom = 11.0+ 2.8 nm therefore likely that the number of bubbles of critical size
resultst®14 This value includes the initial center deflection and larger that enter the channel during filling is small. This
z = 3.5+ 3.0 nm already present in the empty channel, might explain why cavitation did not occur, although we did
caused by internal stresses in the capping layer. Subtractiomot degass the water and evacuate the channels prior to
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Figure 3. Cross section (SEM) of a hanochannel used in the experiments. The channel height is approximately 100 nm.

ce

Figure 4. Meniscus curvature at positiongcenter) anc (edge).
(A) In the xy-plane, top view of the channel. Herg andr. are
the radii of curvature, and is the contact angle. (B) In thez
plane, side view of the channel. Helng and h. are the channel
heights and . andr, the radii of curvature at positiorsande,
respectively.

Figure 5. Representation of a water plug in a flat hydrophilic
channel (side view), wherb is the channel height and is the
contact angle. The tensile capillary fordes, result in a lowering
of the pressure of the water plug pys, the capillary pressure.

filling.?? Since the capillarity-induced negative presspre
scales with 4 and the critical radius scales withplithe
critical radius scales proportional tg so the absence of

cavitation is expected also for other channel heights. This
means that the developed method may offer a unique
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opportunity to induce even larger negative pressures without
the risk of the occurrence of cavitation.

The observed effect, liquid at negative pressure due to
tensile capillary forces, is of general importance for under-
standing the behavior of liquid in nanopores and cracks.
Capillarity in submicron gaps is an issue in the field of
microstructure fabrication, where microstructure collapse
during drying and the consequent permanent adherence
(“stiction”) is a notorious probler®~25 It will be important
for nanotribology2® in order to understand the properties of
lubrication films in nanoconfinement.
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