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ABSTRACT: Capillary wicking drives liquid motion in miniature channels and capillaries, which are omnipresent in the human
body, nature, and technology; examples include the brain’s capillary network, plants, power systems, nanofluidics devices, and
cooling systems for electronics/photonics. Capillary force is inversely proportional to the radius of confinement and becomes the
dominant driving force for mass transport at smaller scales. Here, we demonstrate that capillary wicking breaks down at a sub-10 nm
scale for some fluids, changing the governing physics of the mass transport and leading to a quasi-static liquid—vapor interface
experiencing the dynamic process of wetting and liquid fracture in a cyclic manner. The scale of capillary breakdown is a function of
interfacial tension of the liquid and could be tuned based on the system requirements. Capillary breakdown results in surface tension
nanogates that are turned on/off via external stimuli such as minimal temperature actuation or applied voltage. These nanogates are
highly effective and tunable for ion transport, playing a critical role in the functionality of biological systems. The surface tension
nanogates promise platforms to govern nanoscale functionality of a wide spectrum of systems, and applications can be foreseen in
drug delivery, energy conversion, power generation, seawater desalination, and ionic separation.

KEYWORDS: nanochannels, capillary breakdown, nanogate, surface tension, ion/mass transport

B INTRODUCTION ters, hormone secretion, fever control, and brain func-

Capillary force drives liquid flow in small channels and is the tion, """ The capillary force (f,) is governed by interfacial

critical mechanism for mass transport in nature and energies at the solid—liquid—vapor contact line and is inversely

technology.' ™ In the human body, the brain’s capillary proportional to the dimension of the channel, d, and could be
network™ controls blood flow and monitors neuronal activity expressed as f, = F(c*,6°%6"",d), where ¢ is surface energy
and sweat glands’ function based on capillary flow to regulate and superscripts SV, SL, and LV denote the solid—vapor,
body temperature; in plants, transfer of water and nutrients solid—liquid, and liquid—vapor interfaces, respectively.34 That
from soil to the root and further to the leaves is possible is, for a given set of surface energies, this force becomes
through this governing force;””” on earth, transport of water dominant at small scale.>>*°

_from aquilfg£ 1t§) surfa'ce is.achieved through capillary wicking;"’ Here, we demonstrated that despite being a dominant force
N energy or biological systems such as proton-exchange at small scale, capillary force breaks down at sub-10 nm scale

membrane fuel cells'* and nanofluidics devices,">™"° fluid

transport in the confined channels is governed by this force;”’

in thermal management systems of electronics/photonics by —

heat pipes, spontaneous liquid transfer to the hot spot is also Received:  May 12, 2020

achieved through capillary force.”' ™ Accepted: May 19, 2020
On the other side, ion channels play a pivotal role in the Published: May 19, 2020

human body through the control of ion flux across protein

membranes™ for a wide range of functions such as signal

transduction, muscle development, release of neurotransmit-

for some liquids and does not play any role in mass transport.
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Figure 1. Capillary wicking in nanochannels. (a) Uniform profile of Si nanochannels probed with scanning probe microscopy (SPM). (b) Capillary
wicking is observed in 40 and 20 nm channels, but the liquid front stays at a quasi-static state in the 10 nm channel. Temporal coordinates of (c)
isopropanol and (d) ethanol wicking in 80, 40, and 20 nm indicate viscous motion in these channels. However, in the 10 nm channels, there is no

liquid transport in the channels for both fluids.

At these scales, mass transport is governed through diffusion in
the vapor phase, which is orders of magnitude slower than
liquid flow. Once a liquid wets the walls of a small channel and
forms a liquid—vapor interface, the formed net capillary force
drives the liquid flow in the channel. However, at sub-10 nm
scale, the liquid—vapor interface experiences a mechanically
unstable state and goes through a fracture to vapor phase. The
formed vapor phase is transported through diffusion, and the
rewetting and fracture phenomenon occurs with high
frequency for mass transport. We exploited this phenomenon
to introduce the concept of surface tension nanogates, which
are highly effective and tunable for ion transport. These
channels could be activated and deactivated through any
external stimulus that actuates surface tension, including
temperature, electrical potential, and chemical composition.
The ability to control mass and ion transport across
nanoconfinement plays a significant role in a broad range of
applications in biology, energy, and water systems.

B RESULTS AND DISCUSSION

Nanochannels of Si with three selected depths of 40, 20, and
10 nm are developed through a nanofabrication process
discussed in the Methods. Each nanofluidic chip includes 11
groups of channels with nine channels in each group, and each
channel has a width of 5 ym and length of 500 ym. These
nanochannels connect two large microreservoirs with a depth
of 20 um. The profile of each individual channel is probed with
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scanning probe microscopy (SPM) and is shown in Figure la
and Supporting Information, Figure S1, 1-n, confirming depth
uniformity of the nanochannels. The nanochannels are sealed
on top with a borosilicate glass through anodic bonding. It
should be noted that, to prevent channel collapse due to high
electrostatic force during anodic bonding, a 300 nm oxide film
was thermally grown on silicon. After anodic bonding, the
nanochannel survival was checked through some approaches
discussed in the Methods. We chose isopropanol and ethanol
as two working fluids with total wetting behavior on Si
channels for this study. The flow of these liquids in the
nanochannels is shown schematically in Figure 1b. For
channels with depths of 40 and 20 nm, liquid wicks in the
nanochannels, but for 10 nm channels, the liquid remains
quasi-static at the channel’s entrance with no motion. The
temporal motion of liquids in these channels for isopropanol
and ethanol is shown in Figure 1lc,d and Supporting
Information, S2. As shown, for 40 and 20 nm channels, the
liquid is driven by capillary wicking, and its velocity is governed
by a balance of capillary force and opposing viscous force, i.e.,
Washburn’s equation. For these channels, the liquid motion
deviates slightly from Washburn’s equation”””** due to
interfacial viscosity,”~*' which is discussed in the Supporting
Information, S3. However, for 10 nm channels, capillary
wicking breaks down and there is no motion of liquid, even
after a long time.

https://dx.doi.org/10.1021/acsanm.0c01304
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Figure 2. Capillary breakdown in sub-10 nm channels. (a—c) High-speed imaging of isopropanol transport in various nanochannels shows that
there is no liquid flow in 10 nm channels and vapor phase fills the nanochannels between the microreservoirs. The scale bar is S0 ym. (d—f) The
flow of isopropanol in the nanochannels is visualized through fluorescence microscopy. Despite liquid flow in deeper nanochannels, liquid does not
transport in the 10 nm channels. The scale bar in (d, e) is SO ym and in (f) is 80 ym. (g) I-V curves across the nanochannels for isopropanol,
suggesting two distinct behaviors for the 40 and 10 nm channels. For 40 nm channels, the I-V curve suggests liquid conductance across the
channels. However, for 10 nm channels, there is a threshold of electrical potential (1.33 V) between the microreservoirs before any conductance
could be measured. As confirmed in another independent measurement, this threshold corresponds to electrical breakdown of the vapor phase, a
proof of capillary breakdown at these scales. (h) Similar characteristics of capillary breakdown are observed with ethanol as the working fluid. (i) By
tuning the surface tension of the working fluid, the threshold for electrical breakdown could be tuned. (j) As the surface tension of working fluid is
increased, the capillary breakdown disappears, suggesting that this breakdown is a surface tension-dependent phenomenon. The arrows in panels
g—i show the threshold of electrical potential (electrical breakdown of vapor).

We used three independent approaches to demonstrate
capillary breakdown at a sub-10 nm scale. In the first approach,
as shown in Figure 2a—c, we probed the motion of liquid in
these nanochannels through coupled high-speed imaging and
an optical microscope system, Supporting Information, S2.
One of the microreservoirs was filled, and liquid transport was
visualized in the nanochannels. Despite liquid flow in the 40
and 20 nm channels, no fluid motion was observed in the 10
nm channels. To achieve high-resolution imaging of the liquid
phase in the 10 nm channels, we used wafers coated with 200
nm of Si;N, through chemical vapor deposition;” see
Supporting Information, S4. The Si;N, shows a strong
Fabry—Perot resonance in reflection, resulting in a sharp
contrast between ultrathin liquid and vapor phase.”” In the
second approach, we used fluorescence microscopy to visualize
liquid motion in the nanochannels; see Supporting Informa-
tion, SS. As shown in Figure 2d—f, the liquid flow is evident in
the 40 and 20 nm channels, but no liquid flow occurs in the 10
nm channel. In the third approach, we used I-V curves to
examine the liquid motion in the nanochannels. In these
experiments, one microreservoir was filled, and liquid was
allowed to wick to the other microreservoir. The other
microreservoir was then completely filled. For the case of 10
nm channels, both microreservoirs were filled with the working
fluid. Two electrodes were placed in the microreservoirs, with
no contact with the walls of the microreservoirs, and I-V
curves in the channels were measured; see Supporting
Information, S6. The I-V curve for pure isopropanol is
shown in Figure 2g, which indicates two distinct characteristics
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for 40 and 10 nm channels. The calculated electrical
conductivity of both 40 and 10 nm channels is 1 X 107°—
2.7 X 107'° S/m. However, for the 10 nm channel, there is a
threshold of electrical potential before any current in the
channels could be measured. That is, an insulator phase exists
in these channels. We conducted these experiments for
ethanol, Figure 2h, and the same behavior for 40 and 10 nm
channels were observed with electrical conductivity of 1.7 X
107'°-2.3 x 107'° S/m. One common physical property of
these two liquids is their low surface tension (22.1-23 mN
m™")." In the next set of experiments, we tuned the surface
tension of the working liquid to the value of 24 mN m™
through a mixture of 80% ethanol—20% water, Figure 2i.
Similar characteristics were observed for the 40 and 10 nm
channels. The surface tension of the liquid was further
increased to 38 mN m™' through a mixture of 20% ethanol—
80% water, Figure 2j. Interestingly for this working fluid, the
I=V curves of 40 and 10 nm channels overlap, with electrical
conductivity of 5.7 X 107'°—=6.2 x 107'° S/m. That is, the
existence of an electrically insulating phase in these channels is
a function of the surface tension of the working fluid. To
understand the threshold electrical potential in I-V curves, we
designed an experimental setup to determine electrical
breakdown of ethanol and isopropanol vapor phases; see
Supporting Information, S7. These independent experiments
suggest electrical breakdown of 2.7 and 1.91 kV m™ for
isopropanol and ethanol vapor, respectively. As nanochannels
are 500 pm in length, the breakdown voltage in 10 nm
nanochannels is 1.35 V for isopropanol and 0.955 V for
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Figure 3. Scale-dependent mass transport mechanism. (a) The liquid pressure in different nanochannels for studied fluids. The experimental limit
of liquid fracture as a function of surface tension (i.e., ~o4?) is depicted by a dashed line. For the scenarios in which the liquid pressure in
nanochannels falls below the limit of liquid fracture, wicking breakdown is observed. The mass flux for different length scales is shown for (b)
isopropanol and (c) ethanol. Although for 40 and 20 nm channels capillary wicking is the transport mechanism, at 10 nm channels vapor diffusion

governs mass transport, with several orders of magnitude lower flux, 0.001 kg m™

2 2

s™! for isopropanol and 0.005 kg m™> s™" for ethanol.

ethanol. These voltage breakdowns are consistent with the
measured breakdowns in Figure 2gh. That is, the capillary
wicking breaks down at these channels with only vapor phase
between microreservoirs. Note that we just used I-V
characteristic as a precise method to explore the existence of
liquid—vapor phase in the nanochannels and not to drive
wetting™ (i.e., electro-wetting). As suggested by Figure 2j, the
length scale for capillary breakdown is a function of surface
tension of the liquid. To further analyze this effect, we studied
deionized (DI) water flow in the nanochannels, due to its high
surface tension, through fluorescence microscopy, Supporting
Information, S8. The results suggest that atm 10 nm
nanochannels, water wicks in the channels. However, the
liquid flow may not be as uniform as the other liquids due to
partial wetting of the channel walls with DI water. Capillary
wicking of water in sub-10 nm confinements has been also
observed by other researcher.” ”?**>*® These experiments
confirm that the surface tension of the liquid plays a critical
role in capillary wicking breakdown. This fact has been also
demonstrated in a study performed by Duan et al.*’ They
measured electrical conductivity of 2 nm silica nanochannels
filled with ethanol and DI water, and observed that ethanol-
filled nanochannels provided nearly zero conductance, while
water-filled nanochannels showed quite high values. Since the
electrical conductance values of bulk ethanol and DI water are
in the same order of magnitude (are almost similar), and the
conductance mechanism in both liquids is the same, one can
conclude that the small conductance value of ethanol-filled
nanochannels comes from vapor phase occupying the nano-
channels.

We determined the liquid pressure at the wicking front
through the Laplace equation (see Supporting Information, S9
and Table S2) for nanochannels with different depths and for
five studied types of liquids, as shown in Figure 3a. As shown,
the value of liquid pressure falls in the absolute negative
pressure domain'®~>” due to the high curvature of the liquid—
vapor interface. The state of negative liquid pressure is a
thermodynamically unstable state, but could be a mechanically
stable state up to a spinodal decomposition limit. The limit of
negative pressure for liquids, given by Fisher,> is proportional
to o34%; see Supporting Information, S10. Although the
theoretical limit of liquid fracture is at extreme negative
pressures, the measured experimental values are at moderate
negative pressures. The measured experimental limits of liquid
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fracture for ethanol and water’>>* are depicted in Figure 3a,

and the data are interpolated through a 6342 curve. This limit
for liquid fracture falls above the liquid pressure in 10 nm
channels for isopropanol, ethanol, and 80% ethanol—20%
water. That is, the liquid in these channels experiences an
unstable mechanical state and goes through fracture to a vapor
phase. In other words, no stable liquid—vapor interface could
be formed for these fluids in 10 nm channels. The kinetics of
wetting of these channels is governed by interfacial energies
and viscous dissipation at the meniscus region; see Supporting
Information, S11. As the liquid from microreservoirs wets the
channels’ wall, curvature of the liquid—vapor interface
increases, pushing the liquid pressure to lower negative values
until it reaches the fracture limit. Through the kinetics of
wetting, we determined the time scale required to reach the
fracture limit, which is approximately 28 ns—the process of
wetting and fracture occurs so fast! The frequency of liquid
fracture is not sensitive to the fracture pressure and could be as
low as 1 fs. We could not detect this frequency with high-speed
ima%ing. Both wicking and diffusion have time dependence of
£'/23° The diffusion coefficient for vapor self-diffusion is on the
order of 10~ m”/s, and interestingly this coefficient for the
wicking process is on the same order; see Supporting
Information, S12 and Table S3. That is, the volumetric
transport by both processes is the same, but the mass transport
is different based on the density ratio of liquid and vapor. As
there is no equilibrium for the liquid wetting and fracture, this
process occurs in a cyclic fashion for mass transport in these
channels. We determined the mass flux in these channels for
the discussed length scales, as shown in Figure 3b,c and
Supporting Information, S13, for both isopropanol and
ethanol. As indicated, mass flux can be reduced by a few
orders of magnitude due to capillary breakdown at sub-10 nm
scales.

As the capillary breakdown leads to a change of the mass
transport mechanism from liquid wicking to vapor diffusion,
we explored this physical concept to develop a new generation
of ion channels. The currently known ion channels are ligand-
gated, mechanically gated, and voltage—gated.SG_58 Ion transfer
through the liquid phase could be significantly faster than that
through the vapor phase. To demonstrate these novel ion
channels, we chose temperature as the external stimulus to
actuate surface tension. A fluid mixture of 50% ethanol—50%
water was chosen for these nanogates, as a transition between

https://dx.doi.org/10.1021/acsanm.0c01304
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Figure 4. Surface tension nanogates. (a) Experimental setup for demonstration of nanogates performance. (b, c) Transport of ions is activated and
deactivated in 10 nm channels through temperature modulation. Initially, microreservoir (1) is a liquid solution with 0.1 M NaCl, and
microreservoir (2) is a pure fluid. The conductance in microreservoir (2) is shown as a function of temperature. At ambient temperature, the
nanochannels are closed for ion transport and conductance is minimal. As the temperature of the nanochannels is reduced to a threshold value,
surface tension increases, leading to opening of the gate and capillary wicking between the microreservoirs, and consequently ion transport from
microreservoir (1) to microreservoir (2). This leads to a sharp rise in conductance. As the temperature of the nanochannels is increased back, the
gates are closed again with no further ion transport. (d, e) Surface tension gate characteristics are demonstrated for KCl solution at different applied

voltages.

liquid fracture and wicking could occur by small surface
tension changes; see Supporting Information, S14. A set of Si
nanochannels with a depth of 10 nm was chosen for these
nanogates. Microreservoir (1) was filled with a solution of 0.1
M NaCl, and microreservoir (2) was filled with a pure liquid.
We used ionic conductance measurements in microreservoir
(2) to demonstrate the performance of these surface tension
nanogates, as shown in Figure 4a. At room temperature, the
nanogates are closed as the vapor phase exists in these
nanochannels. We incrementally decreased the temperature of
the nanochannels from room temperature to 11 °C, as shown
in Figure 4b,c. There was a minimal change in conductance of
microreservoir (2), but no ion transport was detected. As the
temperature of nanochannels was decreased to 8 °C, there was
a sharp boost in the conductance of microreservoir (2),
indicating open nanogates and transport of ions by diffusion.
Once the temperature of the nanochannels was increased
again, the conductance became approximately constant, with
no further change, indicating closed nanogates. The further
slight increase in conductance is due to a temperature effect, as
shown in the Supporting Information, S14 and Figure S9b.
These ion nanogates could be activated and deactivated by any
means that could tune surface tension. To further show these
nanogates, we show the transport of K™ and CI~ across these
ion gates in Figure 4d,e. Similar to Na® ions, the gating
characteristics could be achieved by temperature modulations.
The activation of nanogates is also demonstrated through
fluorescence microscopy in the Supporting Information, Figure
S10.

6983

B CONCLUSIONS

In summary, despite being the dominant force at small scale,
capillary wicking breaks down at sub-10 nm scale and plays no
role in mass transport. The breakdown length depends on the
interfacial tensions at the solid—liquid—vapor contact line. As
the liquid contact line advances in sub-10 nm channels to wet
the surface, the liquid could experience an unstable state of
negative pressure due to the high curvature of the liquid—vapor
interface and fracture to vapor phase. The liquid—vapor
interface adopts a quasi-static state in which the processes of
wetting and fracture occur in a cyclic fashion. The mass flux at
these scales is governed by vapor diffusion, which is orders of
magnitude slower than capillary wicking. This breakdown leads
to the concept of surface tension nanogates. These gates could
be turned on/off by any means that actuate surface tension.
The transport of Na' and K' ions across these gates is
demonstrated. This new type of efficient and tunable ion gate
offers a new avenue for controlled mass transport and promises
extensive implementation in drug delivery, molecular separa-
tion, energy conversion, power generation, and seawater
desalination.

B METHODS

Device Fabrication. The fabrication process consists of four main
steps, including patterning, etching, thermal oxide growing, and
anodic bonding, as presented in the Supporting Information, Figure
S1, a—k. First, a positive photoresist was uniformly dispersed on a
silicon wafer by using a spin coater (Brewer Cee 200) and then baked
on a hot plate at 130 °C for 90 s. In order to create an optical mask,
the geometric pattern of the nanochannels was designed in
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SolidWorks (Dassault Systemes) and transferred onto a chrome mask
with a resolution of 1 ym. The optical mask was utilized to pattern the
photoresist by exposing it to UV irradiation through a mask aligner
(ABM). Afterward, the sample was immersed into a photoresist
developer, washed with DI water, and dried with nitrogen flow. Our
structure includes nine sets of nanochannels bridging two micro-
reservoirs. Each set of nanochannels consists of 11 individual
nanochannels. The width and length of each nanochannel are S and
500 pm, respectively. The nanochannels’ patterns were etched into
the silicon wafer with different depths using controlled reactive ion
etching (Oxford Plasma Lab ICP 180 RIE). To remove the
photoresist after etching, the sample was washed with acetone,
alcohol, and DI water, and then dried with nitrogen flow. The
channels height is in the range of 10—500 nm, which can be defined
by the etching recipe of silicon. All the steps of standard
photolithography and reactive ion etching were repeated to pattern
and etch two microreservoirs perpendicularly located at the two ends
of nanochannels. The microreservoirs are squares with length of 4 mm
and height of 20 um. In the next step, 300 nm oxide was thermally
grown on the developed micronanochannels. This thermal oxide acts
as an insulating layer which decreases the high electro-static forces in
nanometer distances between silicon and glass and prevents channel
collapse during anodic bonding. We confirmed the thickness of the
thermal oxide layer through an ellipsometry method. The last step of
nanofluidic device fabrication is sealing the developed micro-
nanochannels with borosilicate glass through an anodic bonding
process. Initially, two holes were drilled on the glass in order to
facilitate the introduction of liquid to the microreservoirs. Next, the
silicon wafer and borosilicate glass were dipped into piranha solution
(H,SO4:H,0, = 3:1) for 15 min. After cleaning, the silicon wafer and
borosilicate glass were bonded together by an anodic bonding process
carried out for 10 min at 400 °C with a voltage of 300 V. To check
nanochannels’ survival after anodic bonding, first we observed the
bonded nanofluidic chip with an optical microscope. The successful
bonding was indicated by a uniform color across the whole length and
width of the nanochannels (an example of partially collapsed channels
is shown in the Supporting Information, Figure S1, p). We also
measured the electrical conductance of nanochannels filled with liquid
to further explore the channels’ survival. In open channels, changing
current as a function of voltage was observed, while no current could
be detected for the blocked channels. It should be noted that 300 nm
thermal oxide prevented current leakage through our nanofluidic chip
during conductance measurements.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.0c01304.

Characterization of nanochannels, capillary wicking
experimental setup, Washburn’s equation, silicon nitride
nanochannels, fluorescence (confocal) microscopy -
isopropanol flow, electrical conductance measurement
setup, electrical breakdown measurement setup, fluo-
rescence microscopy - water flow, calculation of liquid
pressure through the Young—Laplace equation, fracture
of liquid, kinetics of wetting in nanochannels, coefficient
of wicking process and determination of mass flux, vapor
transport in 10 nm nanochannels and its mass flux
calculations, and surface tension nanogates (PDF)
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