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Liquid layers adhered to solid surfaces and that are in equilibrium with the
vapor phase are common in printing, coating, and washing processes as
well as in alveoli in lungs and in stomata in leaves. For such a liquid layer in
equilibrium with the vapor it faces, it has been generally believed that,
aside from liquid lumps, only a very thin layer of the liquid, i.e., with a
thickness of only a few nanometers, is held onto the surface of the solid,
and that this adhesion is due to van der Waals forces. A similar layer of
water can remain on the surface of a wall of a microchannel after
evaporation of bulk water creates a void in the channel, but the thickness
of such a water layer has not yet been well characterized. Herein we
showed such a water layer adhered to a microchannel wall to be 100 to
170 nm thick and stable against surface tension. The water layer thickness
was measured using electron energy loss spectroscopy (EELS), and the
water layer structure was characterized by using a quantitative nano-
particle counting technique. This thickness was found for channel gap
heights ranging from 1 to 5 pm. Once formed, the water layers in the
microchannel, when sealed, were stable for at least one week without
any special care. Our results indicate that the water layer forms naturally
and is closely associated only with the surface to which it adheres. Our
study of naturally formed, stable water layers may shed light on topics
from gas exchange in alveoli in biology to the post-wet-process control
in the semiconductor industry. We anticipate our report to be a starting
point for more detailed research and understanding of the micro-
fluidics, mechanisms and applications of gas—liquid—solid systems.

1. Introduction

The macroscopic behaviors of liquids on solid surfaces, such
as those of coffee ring stains,"? tears of wine,’ lotus effects,*®
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and capillary action, have been investigated. When the characteristic
length scale is as small as a couple of millimeters, inertia and gravity
yield to surface tension” and interface adhesion® between liquid and
solid surfaces. At length scales of only a few microns, microfluidics
reaches its lower limit but is still a considerable distance from
nanofluidics.” We investigated fluid behavior at or below the
10 pm scale range, which approximates the average pore size of
alveoli in lungs and stoma in leaves. For example, in a micro-
channel, a void can form when there is insufficient liquid to fill
the entire volume. The void is sometimes referred to as a bubble
when it is completely surrounded by liquid. Often, the smallest
dimension of the microchannel is the gap height (defined in
Fig. 1), which confines and shapes the void with channel walls.
A residual layer of liquid may remain on the channel wall, held
there by van der Waals forces, but this force is known to weaken
quickly for distances between two substances larger than a few
nanometers.'’ For microchannels, where the channel heights
are typically much smaller than the channel widths and lengths,
the total liquid surface can be reduced if some of the void is
filled (or bridged) with liquid at the expense of the thickness of
the liquid residue. Surface tension, which plays a major role at
microscales, tends to reduce liquid layer thickness.

Liquid layers on solid surfaces are crucial in printing, washing
and coating processes.' Previously reported thicknesses of such
layers have been observed to be sub-nanometer (<1 nm) for
water adsorbed on gold"" or 1 nm when on silica,'* and 10 nm
for a water layer on a hydrophilic wall in which case this
thickness resulted from an increase in the viscosity of the water
that was induced by the hydrophilic wall.** A 140 nm-thick layer
of liquid lining the alveoli in the lung of a rat was reported;"*
and this water layer was attributed to a surface-active material
composed of phospholipids.'*>*® We here report the observation
of stable water layers approximately 100 to 170 nm thick on bare
silicon nitride surfaces. This range of thickness was found to
persist for channel gaps whose heights ranged from 1 to 5 um
and regardless of the nanoparticle size and concentration. Once
formed, the water layers in a sealed microchannel were stable
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Fig. 1 Schematics of (a) microchannels (K-kit) used in this work, (b) stable water layers with a void in between, and (c) top view and (d) side view of water
layers with nanoparticle tracers illustrating the relationship between the observed nanoparticle area density and the water layer thickness.

without any special care for at least one week (Note that one
week was the extent of our observation time.). We suggest that
the Casimir-Lifshitz'” force was responsible for maintaining the
water layer against surface tension, though proving this suggestion
is beyond the scope of the current study.

In addition to fluid manipulations in microfluidics, from
gas exchange in alveoli in biology'®'® to post-wet-process control
in the semiconductor industry,”>*® the possibility of forming
and maintaining such a thick liquid layer on wall surfaces has
not been considered in fields where such a stable sizable liquid
layer would be important.

2. Experimental
2.1 Description of the microchannel used

We used a micro-electro-mechanical systems (MEMS) micro-
channel chip called K-kit, shown in Fig. 1(a). This liquid sample
holder for transmission electron microscopy (TEM) was first
developed by this group®® and commercialized by Bio MA-Tek,
who provided the K-kit in this study. The liquid channel used
was 120 pm wide, approximately 1.5 mm long, with various
channel gap heights available. In this study, we used channel
gaps with heights of 1, 2, and 5 pm, measured from inside two
observation windows made of 100 nm-thick Si;N,.

To remove organic or metallic contamination, the microchannels
were cleaned by soaking them sequentially in acetone, ethanol,
and deionized (DI) water for 5 min. Subsequently, the micro-
channels were cleaned with H,SO,/H,0, (3:1 by volume, and
with original H,SO, and H,0, concentrations of 97% and 30%,
respectively) at 90 °C for 20 min, and then soaked thrice in DI
water for 5 min to remove the H,SO,/H,0,. Finally, the micro-
channels were baked on a hot plate at 140 °C for 10 min, and
then cooled at room temperature for 10 min.

The Si3N, surface was highly hydrophilic after cleaning.
The contact angles of DI water and PS beads in water on the
blank Si;N, surface were measured to be 8° and 6°, respectively
(Fig. S1, ESIf).
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2.2 Polystyrene (PS) beads in water

Two types of 1 wt% PS beads in water, one with a bead diameter of
100 nm and the other with a bead diameter of 60 nm, were
purchased from Thermos Scientific and are certified as traceable
to the standard meter of the National Institute of Standards and
Technology. The 1 wt% 100 nm PS beads in water were diluted in
DI water to 0.5 wt% and 0.1 wt% and then dispersed by using an
ultrasonicator for 10 min.

2.3 Loading water into the microchannel

A 1 L liquid sample (PS beads in water) was dropped on a glass
and then transferred into a microchannel by touching the
channel opening to the droplet for 1 s. When the microchannel
touched the liquid sample, the liquid loaded into the microchannel
by the capillary effect. To obtain a fully filled microchannel, it
was sealed immediately after loading.

2.4 Forming the void (and water layers)

To obtain water layers, the microchannel was exposed to the air
for as much time as was needed for the liquid to evaporate.
In our preparation protocols, the gap was filled with water.
Then, the water was allowed to evaporate off to form a void.
This process left behind water layers. The void between the water
layers was likely directly exposed to the atmosphere outside of the
channel, and should thus not be characterized as a bubble.
Notably, once the water layers form, if not sealed, they
continue to vaporize and dry in a matter of minutes. However,
during this vaporization process, there is no flow in the water,"
and the particles remain in place when water layers initially form.

3. Results and discussion

In this study, we characterized water layers, as depicted in Fig. 1(b),
in a microchannel (the K-kit). First, we directly measured the water
thickness by using electron energy loss spectroscopy (EELS). To
further study the water layer structure, we added PS beads
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as nanoparticle tracers, as illustrated in Fig. 1(c) and (d). By
comparing images at different tilt angles, we observed two
similar water layers associated with each wall surface. By counting
nanoparticles on the TEM images, we determined the water
layer thickness quantitatively, which is also an independent
confirmation of the EELS measurement.

As an electron beam passes through a material, some of the
electrons undergo inelastic scattering with the atoms in the
material, thus losing energy. By considering known scattering
probabilities, one can deduce the thickness of the material
from the energy loss spectrum. Fig. 2 shows three EELS spectra
corresponding to an empty K-kit (in black), a K-kit with water layers
(in blue), and a fully filled K-kit (in brown). Additional details on our
EELS data can be found in Fig. S2 (ESIt). The EELS data showed
that the amount of water in the water layers in the channel was
equivalent to a total thickness of 203 + 25 nm of water. This
amount was substantially less than the amount of water necessary
to fill the 2 pm channel gap height where the 0-loss peak was
diminished because of the scattering of 2 pm-thick water.

The water could not be imaged using TEM; however, nano-
particles dispersed in the water could. To investigate the distribution
of this amount of water in the channel, we used PS beads as
tracer particles. We used PS because it is an organic compound
that provides favorable TEM contrast but whose properties do
not differ excessively from water. (For example, in contrast to
gold nanoparticles, PS is similar to water in specific density and
dielectric and optical properties). Using a microchannel in a K-kit
is convenient because the observation windows on a K-kit are
designed for the TEM observation of nanoparticles in liquid.

A TEM image can be considered a top view projection of the
specimen. Rotating the specimen (i.e., a tilted image) yields a
different perspective of the specimen. The parallax effect of
nano-objects reveals the relative height in the thickness dimension
in the specimen. According to the image analyses shown in
Fig. S3(a)-(d) (ESIt), we conclude that in our experiment there
were two water layers; one adjoining each window wall. Additional
details on calculating the relative heights of water layers are
provided in ESL¥
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Fig. 2 The TEM EELS spectra of K-kits with channel gap heights of 2 um.
K-kit only (nitride window films only), K-kit with water layers (nitride
window films and water layers), and K-kit fully filled with water (nitride
window films and 2 pm-thick water).
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From the known weight concentrations of the materials we
used, and from the known sizes of the nanoparticles we used,
we derived the number of particles per unit volume that we
added into the water. By then counting the number of particles
in the TEM images, we derived an area density, which is the
particle number per unit area. An effective water layer thickness
was obtained according to the ratio of area density to volume
density, assuming that the nanoparticles were uniformly, or
more precisely randomly, distributed in the liquid at all times
(or, at least until the formation of a void). The thickness obtained
from tracer particles is referred to as the “effective thickness” to
distinguish it from the thickness obtained using EELS.

Fig. 3(a)-(c) show TEM images of nanoparticles in water
layers from K-kits with different channel gap heights, of 1, 2,
and 5 pm. The nanoparticle area densities were observed to be
very similar despite the different channel gaps. This indicates
that, despite different thicknesses of filled water, which are the
gap heights, once a void formed, the water layers on the
channel walls had similar thicknesses. Fig. 3(d) and (e) show
TEM images for PS bead weight concentrations of 0.5 wt% and
0.1 wt% respectively, compared with the 1 wt% weight concentration
in Fig. 3(b). The observed nanoparticle area density was found
to be proportional to weight concentration, indicating the same
effective water layer thickness. Fig. 3(f) shows an image of the
same weight concentration but with a different particle size,
60 nm versus 100 nm in Fig. 3(b). Again, the observed nano-
particle area density was consistent with the same effective
water layer thickness resulting from both particle sizes.

Fig. 4 presents a summatry of the effective water layer thicknesses
we tested with the aforementioned protocol. Regardless of the
values of the various parameters, including channel gap height,
particle concentration, and particle diameter, the thicknesses of
all water layers were determined to fall within the 100-170 nm
range, except for a few outliers that are not shown here. This result
is consistent with the results from the EELS measurement.

@) * *+ A1 particlestym? ¢ .48 pariclesjum? () ¢ 59 particles
@ L particiedian’ (b} Spaniciediin: I8 Sl |

b '.' (4 .o * o.. .- . % 2 o ne
2 .- . 1759 . . o\ 89 i . .

. . . . .
.‘ & ‘ '-. o Atie s iy

(RS

-t
.
.. L -t s 9. e . ‘.
[y

PARS .
. .
.. . . oY e,

-

.

25 Ses %~
4 gap, 3 e gaps A

2 pin o°  Sumgap’ .
AwWt% Y00 nm o e *5008M 4y % 100 nm & 5%00M qwt% 1000 sofnm

e
(d) "3 particles/um? (g) 0.5 partioles/um? ()" 7% *'s 21 particles/ym?z
. $ L -
-t * ¥ . O (. . ) .
| LY S
. e & I
- &
&% )

® .

et Sihre G o : e
2pmgap % S * | 2umgap Qumgap ol
'9.5)4358106 fme  5%00M 0.1 wt% 100 Aim S000M 1 wt%.60nmg oo -00nm

Fig. 3 TEM images of 1 wt% 100 nm PS beads in water layers inside K-kits
with the gap heights of (a) 1 um, (b) 2 pm, and (c) 5 um. TEM images of (d)
0.5 wt% and (e) 0.1 wt% of 100 nm PS beads, and (f) 1 wt% of 60 nm PS
beads in water layers inside K-kits with gap heights of 2 um. Results of the
particle density calculations indicated the presence of a 100-170 nm-thick
water layer, which was found to be independent of channel gap heights
and of particle sizes and concentrations.
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Fig. 4 Effective water layer thickness under different sample conditions,
including channel gap heights, and particle sizes and concentrations.

We have observed a consistent water layer thickness. The
persistence of this thickness, regardless of changes in the
channel gap height, particle concentration, and particle size,
rules out the scenario in which particles were drawn to the
windows and remained there while the void formed (again,
the amount of water is insufficient to fill the gap). Because the
channel gaps were different, there were different numbers of
particles at the beginning, before the void formed. The particle
concentrations were obtained by diluting the purchased solution
in DI water; the surfactant therein was diluted simultaneously.
Thus, the layer thickness was not sensitive to the surfactant
concentration either. Moreover, in our previous investigations,
the LB solution®® (1 wt% tryptone, 0.5 wt% sodium chloride,
and 0.5 wt% yeast extract in DI water) and the 24 mM CuSO,
solution yielded water layer thicknesses of approximately 180 nm
and 200 nm, respectively. These results provide evidence for the
water layer thickness being independent of PS beads and its
surfactant. The results also imply that the force holding the water
layers to the walls was not Coulombic (e.g., electrical double layer
and surface charge) since the strength of such interactions would
have shown a strong dependence on electrolyte concentration.

Water layers dry out when exposed to air. However, if properly
sealed, water layers were stable without any special care for at least
one week. The detailed observation of the formation of water layers
will be the subject of future reports. We have here reported the
distinct possibility of water layers of consistent thickness being
markedly thicker than previously expected.

4. Conclusions

On the basis of the presented observations, we conclude that
there is genuine 100-170 nm-thick stable water layer in our
microchannel. Liquid surface tension and adhesion between
liquids and solids have been asserted to be the dominating
forces in microfluidics. We have determined that neither of
these two forces favors any thickness beyond the normally
short-ranged van der Waals forces. Water surface tension would
minimize the surface area for a given amount of water. A thinner
water layer would not diminish adhesion energy but free the water
to bridge the gap, eliminating two surfaces in the bridged area
and reducing the total surface area. A long-ranged (i.e., >100 nm)
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interaction must have supported the maintenance of the observed
thickness in our experiments against surface tension. We speculate
that this thick water layer could have been a manifestation of the
Casimir-Lifshitz effect. However, a proof of this relationship is
beyond the scope of this study. Whether water cluster theory®*
supports or disfavors a thick layer remains unclear.

Our results indicate that a water layer naturally forms and
associates closely with the adjacent solid surface. The possibility
of such a thick water layer on a solid surface might open new
possibilities in the mechanistic understanding of physical,
chemical, and biological processes or in designing engineering
systems that may take advantage of such a water layer or avoid
its side effects.
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