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Experimental results are presented regarding the influence of bubble formation on the capillary
filling speed of water in SiO2 nanoslits with heights ranging from 33 to 158 nm. The formation of
an isolated pinned bubble in a nanoslit with a height of 111 nm causes an immediate decrease in the
filling speed. In nanoslits with heights below 100 nm, pinned bubbles are continuously formed at the
advancing liquid meniscus. This observed increase in bubble density, which increases the fluidic
resistance, quantitatively coincides with an observed reduction of the filling speed during filling of
nanoslits with heights below 100 nm. © 2007 American Institute of Physics.
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Currently, passive nanofluidic structures are being
adopted in order to investigate the statics and dynamics of
confined double stranded DNA 共dsDNA兲. Recent work include real-time contour length measurements on stretched
dsDNA in nanochannels with cross sectional dimensions
comparable to the biomolecule persistence length of
50 nm,1–3 entropically induced filtering of multidisperse dsDNA samples,4 and diffusivity measurements in nanoslit
structures where only the height approaches the persistence
length.5
Incorporating nanofluidic structures in lab-on-a-chip applications provides a powerful method of addressing dsDNA
on a single molecule level, but also demands a thorough
fundamental understanding of liquid dynamics in nanoconfinements. Capillary forces are prominent in nanofluidic
structures due to the large surface-area-to-volume ratio. In
Ref. 6 capillary filling measurements were conducted using
microslits 共the height h ⬃ 1 m and the width w ⬎ h兲, and it
was shown experimentally that the liquid dynamics could be
described by the classical Washburn model modified to accommodate the rectangular cross section,7,8
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Here, L is the propagated length of the meniscus and ␥, ,
and  are the surface tension, viscosity, and advancing contact angle of the liquid, respectively. The term in the square
brackets is the theoretically predicted constant of proportionality at.
It has been shown in Refs. 9 and 10 that capillary filling
of fluidic structures with one or more dimensions of the order of 100 nm does not result in a qualitative deviation from
the proportionality between the square of the propagation
length and time proposed by the Washburn model. However,
the liquid is observed to fill at a slower rate than expected.
Thus, the measured constant of proportionality am is smaller
than at. The decrease in overall filling speed, which may be
a兲
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quantified by the ratio at / am, was in Ref. 10 interpreted as
the result of electro-viscous retardation. However, bubble
formation during capillary filling of nanoconfinements with
polar solvents, such as de-ionized water, has frequently been
reported,11–13 but the impact on the filling rate has not been
experimentally addressed.
We have experimentally investigated the influence of
bubble formation on the Washburn kinetics of de-ionized
water14 during capillary filling of 1-cm-long, 10-m-wide
SiO2 nanoslits with heights ranging from 33 to 158 nm by
recording the liquid progression L as a function of time t.
The nanoslits have been fabricated using a double thermal
oxidation scheme previously presented in Ref. 15. This technique makes it possible to fabricate devices with a nanoslit
height-variation below 1 nm and a surface roughness of approximately 0.5 nm over an entire 4 in. wafer. A fusion
bonding protocol15 was adopted in order to seal the fabricated devices using a Pyrex lid with sandblasted access holes
for liquid introduction. A schematic of the device is shown in
Fig. 1, along with an optical microscope image from a capillary filling experiment and a scanning electron microscope
image of a nanoslit cross section. The bulk liquid reservoirs
and ruler structures were defined using advanced silicon
etching.16

FIG. 1. 共a兲 Schematic of the device used for the capillary filling experiments. The nanoslits are bridging the reservoir structures. 共b兲 Microscope
picture from a measurement on the capillary filling of nanoslits with h
= 111 nm. By correlating the position of the liquid meniscus with tick marks
on the ruler structures, the temporal progression of de-ionized water may be
sampled. 共c兲 Cross-sectional scanning electron microscope image of a sealed
nanoslit with a height of 77 nm.
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During the capillary filling, a constant wetting force Fw,
provided by the Young-Laplace pressure drop across the
curved meniscus, is counteracted by an increasing frictional
contribution that is proportional to the propagated length L
and the filling speed dL / dt. In the absence of bubble formation, the capillary filling may therefore be modeled by the
first order differential equation,
Fw = ␥0L共t兲

dL共t兲
,
dt

共2兲

where ␥0 is a constant that depends on the viscosity and the
cross-sectional geometry. After imposing the proper boundary conditions, we obtain the analytical solution stated in the
following equation from which it is seen that at = 2Fw / ␥0 and
L2 ⬀ t;
L2共t兲 =

2Fw
t,
␥0

共3兲

as was the case in Eq. 共1兲.
If a single, isolated pinned bubble is formed, an extra
frictional contribution ␥b must be added, since the bubble
causes a local reduction of the nanoslit cross-sectional area
which gives rise to an increase in the fluidic resistance.
Hence, the wetting force can be written as
Fw = 关␥0L共t兲 + ␥b共t兲兴

dL共t兲
.
dt
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It may be assumed that ␥b scales with the bubble volume
Vb ⬇ Abh, where Ab is the area of the formed bubble projected into the xy plane defined in Fig. 1. Furthermore, Vb
will decrease as a function of time as the local pressure p at
the position Lb, where the bubble is formed, increases as the
liquid progresses in the nanoslit, i.e., Vb ⬀ p−1, and, furthermore, the entrapped air will be dissolved in the liquid. Consequently, ␥b is a decreasing function of time. In general, Eq.
共4兲 may not be solved analytically since the exact functional
expression of ␥b共t兲 is unknown. However, it is evident from
Eq. 共4兲 that the formation of a bubble should cause a temporary decrease in the measured slope am,b of the L2 versus t
data. As the liquid progresses in the nanoslit after the bubble
formation, ␥0L共t兲 will dominate ␥b共t兲 and am,b will asymptotically approach the slope am,0 measured before bubble formation. This effectively means that the temporal experimental signature of a single bubble may be revealed by analysis
of the recorded L2 versus t data immediately before and after
bubble formation.
Measurements were conducted on nanoslits with five
different heights of 33, 48, 77, 111 and 158 nm. During the
filling of nanoslits with h = 158 nm, no bubbles were formed.
Careful analysis of the recorded movies during the filling of
nanoslits with h = 111 nm revealed one preliminary case
where exactly one pinned and isolated bubble is formed during the entire filling of a nanoslit. This allowed for evaluating the subtle experimental bubble signature. For nanoslits of
h = 33, 48, and 77 nm, bubbles were observed to form frequently due to air enclosure at the liquid meniscus. To ensure
reproducibility, a strict protocol was adopted before initiating
measurements. The filling experiments were conducted by
dispersing a liquid droplet on an access hole and subsequently recording the meniscus progression L in the nanoslits
as a function of time t using a charge-coupled device camera
共Sony digital interface DFW-SX910兲 mounted on an upright

FIG. 2. 共Color online兲 共a兲 The pinned bubble, shown in the micrograph
insert, has an initial projected area Ab = 100 m2 and is formed during the
capillary filling of a nanoslit with w = 10 m and h = 111 nm at Lb
= 5.9 mm. The triangles and squares in the L2 vs t graph indicate measurements immediately before and after the bubble is formed, respectively. Notice the decrease in slope. Before bubble formation am,0 = 2.65 mm2 / s and
after am,b = 2.56 mm2 / s. 共b兲 The distance ⌬Lb between the meniscus position
in nanoslit 4 共with a bubble兲 and nanoslit 1 共without a bubble兲 as a function
of time. Notice the forward jump of approximately 7 m immediately after
bubble formation and the converging value of ⌬Lb = −5 m.

microscope fitted with a Leica ApoZoom 1:6 objective. In
analyzing the experimental signature of the bubble formed
during capillary filling of the nanoslit with h = 111 nm, the
slopes of linear regressions to eight consecutive data points
immediately before and after bubble formation 共i.e., am,0 and
am,b, respectively兲 were determined. Furthermore, the difference in propagated length ⌬Lb between the nanoslit in which
the bubble was formed and a reference nanoslit was monitored at 12 consecutive values of t immediately before
bubble formation and 37 values of t immediately after. The
overall values of am of the L2 versus t data for all nanoslit
heights were evaluated based on the average slope of a linear
regression to eleven data points in the interval 2 mm⬍ L
⬍ 8.5 mm in order to determine the ratio at / am central to this
study. For all heights the average slope was based on analysis of filling data from 24 individual nanoslits.
Initially we present results regarding the experimental
signature of the formation of an isolated pinned bubble in the
L2 versus t data obtained during capillary filling measurements in a nanoslit with h = 111 nm. The bubble has an initial
projected area Ab ⬃ 100 m2. Sampling the meniscus position inside the nanoslit in a continuous image sequence immediately before and after the bubble is formed allows for
determining the impact on the measured slopes am,0 and am,b
by performing linear regressions to the L2 versus t data, as
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FIG. 3. 共Color online兲 共a兲 The raw filling data L2 vs t sampled from randomly selected nanoslits with h = 33– 158 nm. No overall deviation from
L2 ⬀ t was observed. 共b兲 The ratio at / am as a function of nanoslit height h.
Notice how the ratio increases substantially for h ⬍ 100 nm. 共c兲 Still images
taken at L ⬃ 5.0 mm during capillary filling experiments. Notice how lowering the nanoslit height causes a more distorted meniscus shape in the
width direction and, furthermore, leads to an increase in bubble density.

seen in Fig. 2共a兲. Moreover, the difference ⌬Lb of the meniscus position in a nanoslit with a bubble and one without is
monitored as a function of time 关see Fig. 2共b兲兴. The experimental signature of the presence of a bubble has three distinct characteristics: 共i兲 The measured slope decreases temporarily by 4% 关see Fig. 2共a兲兴, 共ii兲 an abrupt forward-jump
⌬Lfj of approximately 7 m in the position of the meniscus
is evident 关see Fig. 2共b兲兴, and 共iii兲 approximately 5 s after the
bubble formation the liquid progresses at the same speed as
the liquid in the reference nanoslit. The latter is indicated by
a converging value of ⌬Lb ⬇ −5 m seen in Fig. 2共b兲. The
decrease in slope is due to a local increase in friction induced
by the formed bubble as it narrows the nanoslit, whereas the
size of the forward jump of the meniscus is approximately
related to the initial size of the bubble as Ab ⬇ ⌬Lfjw. The
effect of the bubble formation is local in time and is gone
after approximately 5 s. However, the net impact of the formation of a single isolated bubble will be a minute increase
in the overall nanoslit filling time.
Next, the correlation between observed bubble density
and the experimentally determined ratio at / am is considered.
From the graph of at / am as a function of nanoslit height h
shown in Fig. 3共b兲, it is evident that for h ⬍ 100 nm a large
and systematic increase in the ratio is observed. Furthermore,
it should be noted that L2 and t remain proportional 关refer to
Fig. 3共a兲兴 also when filling occurs at a slower rate, as indicated by the nonunity values of at / am. Both of these empirical observations support and reproduce the work presented
in. Refs. 10 and 15. During filling experiments of nanoslits
with h ⬎ 100 nm, bubble formation occurred rarely and the
meniscus shape in the y direction 共refer to coordinate system
in Fig. 1兲 was undistorted except for minor fluctuations. As
evident from the image sequence in Fig. 3共c兲, decreasing h
below 100 nm results in a distorted meniscus shape and, furthermore, a quantitative increase in pinned bubble density.
Decreasing the height has the effect of increasing the YoungLaplace pressure drop and lowering the mean velocity of the
propagating liquid. This is observed to promote the formation of pinned bubbles. It is far from being trivial to evaluate
how this increased bubble density influences the overall filling rate since this would call for a model implementing the
stochastic bubble formation and also possible synergetic or
collaborative effects between multiple small scale bubbles.

However, based on the findings regarding the experimental
significance of a single bubble, it is plausible that the increased density of pinned bubbles will lead to an overall
increase in the fluidic resistance of the nanoslit and this ultimately results in a reduced filling rate. It is important to
distinguish this effect from an increase in effective/apparent
viscosity of the liquid caused either by dynamic bubbles
moving along with the propagating liquid or by other effects,
e.g., electroviscous retardation. The increase in fluidic
resistance, caused by small scale pinned bubbles, might provide an alternative or complementary explanation to the increase in at / am, observed experimentally for nanoslits with
h ⬍ 100 nm, an increase which has primarily been interpreted
as the result of electroviscous retardation.10
In conclusion it has been shown experimentally that the
formation of an isolated pinned bubble in a nanoslit with
h = 111 nm causes a short-time reduction of the filling speed
and is accompanied by a forward jump of the meniscus. We
have also established a quantitative correlation between
the increased bubble density observed in nanoslits with
h ⬍ 100 nm and the decrease in the significant ratio
at / am. Considering the impact of a single bubble on the liquid dynamics, the increased bubble density will result in an
overall increase in fluidic resistance. In our experiments the
filling rate has been high compared to the diffusion coefficient of air in water. However, one should be aware of the
fact that as h is lowered into the sub-10 nm regime, diffusion
of entrapped air into the liquid could result in an overall
reduction of the bulk viscosity. Clearly this would effectively
serve as to increase the filling rate.
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