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ABSTRACT Recently, tremendous engineering applications utilizing new physics of nanoscale
electrokinetics have been reported and their basic fundamentals are actively researched. In this
work, we first report a simple and economic but reliable nanochannel fabrication technique,
leading to a heterogeneously charged triangular nanochannel. The nanochannel utilized the
elasticity of PDMS when it bonded with a micrometer-scale structure on a substrate. Second, we
successfully demonstrated novel ionic transportations by tweaking the micrometer structures: (1)
the transition of nonlinear ionic conductance depending on the nanochannel properties and (2)
the ionic field-effect transistor. Nanochannel conductance has two distinguishable nonlinear

regimes called the “surface-charge-governed” and the “geometry-governed” regime and its only
individual overlooks were frequently reported. However, the transition between two regimes by adjusting nanochannel properties has not been reported
due to the difficulty of functional nanochannel fabrication. In addition, a gate voltage was comfortably applied to the triangular nanochannel so that the
field-effect ion transportation was reliably achieved. Therefore, presenting triangular nanochannels have critical advantages over its heterogeneous and
tunable surface properties and thus, could be an effective means as an active fundamental to control and manipulate the ion-electromigration through a
nanofluidic system.
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ecently, nanofluidic channels exhibit

new physics that has never been re-

alized in microfluidic systems such as
nonconventional ionic transport,’ nano-
capillarity,® entropic trapping for DNA sep-
aration,? and ion concentration polarization
due to electrical double layer overlap.*™8
These scientific findings contributed to de-
velop novel engineering applications in the
form of nanofluidic diodes,® DNA manipula-
tions in single nanochannels,'®'" molecular
preconcentrations'>'® and desalination.'®
In this sense, nanofluidic channels become
a fundamental and essential experimental
platform to study nanoscale-molecular, -fluidic,
and -ionic transport properties. In the begin-
ning of the nanofluidic era, most of these
nanofluidic channels were built on rigid sub-
strates such as glass or silicon, utilizing standard
microfabrication techniques in a clean room
facility.>'>'® However, numerous research
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groups have developed and fabricated differ-
ent types of nanochannels using poly-(dime-
thylsiloxane) (PDMS),"”~2° thermoplastic ma-
terials®™* and polymeric membranes,'**3~28
which can provide simple and cost-effective
structures.

Indeed, a polymeric nanostructure, mainly
Nafion (proton permeable membrane), has
received wide attention as an attractive
nanoporous material, since a nanoporous
membrane fabrication process using Nafion
does not require any nanolithographic tools
or sophisticated manufacturing processes.”®
Instead, the polymeric network inside Nafion
(randomly distributed pores at 1—100 nm)
can easily form a nanoporous structure which
would make it a perm-selective channel by
itself. With the aid of polymeric nanoporous
materials, various engineering applications
have been successfully accomplished such
as protein preconcentrator,”>~ 2 microfluidic

VOL.7 = NO.1 = 740-747 = 2013 K@LNM

* Address correspondence to
limmems@postech.ac.kr,
gates@snu.ac.kr.

Received for review October 30, 2012
and accepted December 5, 2012.

Published online December 17, 2012
10.1021/nn3050424

©2012 American Chemical Society

N
ANC) | 740

WL

WWwWW.acsnano.org



fuel cells,*® and desalination' in the microfluidic chip.
However, in this paper we reveal that nanofluidic
phenomena, occurred in Nafion polymeric nanojunc-
tion systems, do not predominantly result from poly-
meric nanostructures by discovering the existence of
hidden nanogaps; triangular shaped nanochannels
next to the polymeric membrane. Definitely, previous
researches using Nafion polymeric nanojunctions pro-
vide valuable results in points of science and engineer-
ing, even though their underlying mechanism for
unique nanofluidic phenomena is somewhat incorrect.

Here, we report the unrevealed and hidden triangu-
lar nanochannel in polymeric nanofluidic systems and
investigate its electrical behaviors as a functional nano-
channel. Since the triangular nanochannel is com-
posed of three different surface materials, that is,
bottom glass substrate, top PDMS substrate, and thin
membrane material, one can simply acquire unique
and adjustable ionic transportation depending on
various surface charge densities by changing the
membrane materials as well as the geometry of the
nanochannel by modifying membrane thickness. For
example, the charge density of each surface would
be dominant to ionic conductance at low electrolyte
concentration (a.k.a. surface-charge-governed regime),
while the size of the nanochannel would be dominant
to ionic conductance at high electrolyte concentration
(ak.a. geometry-governed regime).">'® Thus we can
exhibit the nonlinear conductance transition between
two regimes at one time by modifying the thin mem-
brane material and thickness. Furthermore, a nanoflui-
dic field-effect-transistor, by depositing thin metal for
applying gate voltages instead of the membrane,
could be fabricated without any nanolithographical
tools. Such versatility of the heterogeneous triangular
nanochannel could provide an economic and reliable
nanofluidic platform for novel engineering applications
as well as fundamental researches.

RESULTS AND DISCUSSION

To visibly verify the structural nanogap, a simple and
typical microchannel—nanochannel junction is fabri-
cated as shown in Figure 1a (see Supporting Informa-
tion section 1). A PDMS microchannel is bonded to the
slide glass substrate after a straight micropattern of a
membrane with submicrometer thickness. The mem-
brane material is chosen to be generally used in most
researches concerning the polymeric nanochannel
such as Nafion, oxide layer, etc. During the bonding
process of the PDMS substrate with the glass substrate
that has a thin polymeric nanojunction, one can as-
sume that there is no structural gap or leakage at each
end of nanojunction since the thickness of polymeric
nanojunction is negligible (less than 1 um) and PDMS
has a unique flexibility (the shear modulus varies be-
tween 100 kPa and 3 MPa and the Young's modulus is
360—870 kPa; cf. the Young's modulus of PMMA is
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Figure 1. Triangular nanochannel scheme. Schematic illus-
tration of (a) micro-/nanofluidic chip and magnified view of
triangular nanochannel created by incomplete bonding
with PDMS substrate. (b) SEM image of triangular nano-
channel created by the membrane (500 nm height).

1800—3100 MPa).>° However, there must be an incom-
plete bonding at the edges of the membrane due to
the embossed pattern of the nanojunction. The created
gaps have a nanoscale dimension with triangular shape
as shown in the magnified schematics in Figure 1a.
Especially, each wall of the gap is made of three dif-
ferent materials, PDMS, glass substrate, and membrane
material. Figure 1b shows the SEM image of the tri-
angular nanochannel, confirming the existence of these
hidden nanochannels. Therefore, a prominent nano-
junction or nanostructure enclosed by the PDMS lump
could generate an unexpected structural nanogap, a so-
called heterogeneous triangular nanochannel, in micro-/
nanofluidic chips.

In the 2-dimensional micro-/nanohybrid system
shown in Figure 2a which has been used for most
applications, the electrical voltage was applied to two
(or one) north poles, while the south pole was elec-
trically grounded for flowing ionic current through
the nanobridge. The polymeric nanojunction is known
as the primary current path; however, the triangular
nanogap could be the alternative current path. There-
fore, on the basis of the additional existence of the tri-
angular nanochannel, it is necessary to investigate
whether the ionic current flows through either the
nanojunction or the triangular nanochannel or both.
To remove the inevitable triangular nanochannel and
let ions flow only through the polymeric nanojunction,
a portion of the PDMS substrate on the nanojunction
between the main and buffer microchannel was me-
chanically punched out. Then uncured PDMS solution
was poured into the hole so that the solution comple-
tely sealed around the membrane to prevent the
formation of the triangular nanochannel (see Support-
ing Information section 2) Basic nanofluidic devices
with and without triangular nanochannels were pre-
pared for measuring ionic conductance as shown in
Figure 2 panels b and ¢, respectively. Each nanojunction is
fabricated on the glass substrate using the Nafion solution
by the surface-patterned method,” but the device with-
out a triangular nanochannel (Figure 2c) has post-PDMS
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Figure 2. lon transport through the polymeric nanojunction and triangular nanochannel. (a) Schematiciillustrations of micro-/
nanohybrid systems. There could be two ionic current paths through the polymeric nanojunction or triangular nanochannel.
Schematics of prepared devices (b) with and (c) without the triangular nanochannel. A hole was made by mechanical
punching between microchannels and pouring post-PDMS into the hole with the intention of removing the triangular
nanochannel along the membrane material. Length and thickness of membrane across the microchannels is 5 mmand 1 um,
respectively. The diameter of the hole is 3 mm. (d) /—V characteristics of the device with/without triangular nanochannel;

1 mM KCl is used as buffer solution.

at the center of the device. For measuring ionic con-
ductance across the nanojunction, both main (top
microchannel) and buffer (bottom microchannel) chan-
nels are filled with 1 mM KCl solution, and DC voltage (V+
and ground) is applied between the microchannels with-
out external pressure. The applied voltage is step-changed
from —3 V to +3 V with a sweep rate at 0.5 V/3 s. All
experiments were repeated at least 20 times for accurate
measurement. Figure 2d presents /—V characteristics
to show different ionic conductance depending on the
existence of the triangular nanochannel. The conduc-
tance can be estimated from the slope of each /—V ine.
lonic conductance with a hole (0.35nS), that is, with a
triangular nanochannel, is significantly higher at more
than 7 times those with a post-PDMS (0.047 nS), that
is, without a triangular nanochannel. This result in turn
shows that most ionic transports in micro-/nanofluidic
chips using a polymeric nanojunction occur mainly
through the hidden triangular nanochannel, not through
the nanoporous polymeric junction. However, another
point which should be considered is that ions also flow
through the Nafion nanojunction though they are rela-
tively small. According to the above experiments, there-
fore, it could be assumed that previous researches, which
have studied various nanofluidic phenomena and effects
using polymeric nanojunctions in a PDMS microchip, are
based on ion transports not through the nanoporous
junction but through the triangular nanochannel.
Although the above results could suggest important
findings, additional investigation and crucial proof is
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still needed for the role of triangular nanochannels in
nanofluidic applications. The main reason that many
researchers use the polymeric nanojunctions is to take
advantage of its perm-selectivity (preferentially con-
ducting ions with one polarity over another) that leads
to a variety of nonlinear electrokinetic behaviors.>121331
Consequently the perm-selectivity of the triangular nano-
channel must be checked in addition to a comparison
of electrical conductance shown in the previous section.
Among the nanofluidic phenomena, an ion concentra-
tion polarization (ICP) could be an exact and direct clue of
perm-selectivity, because it can provide both quantitative
and qualitative values. The typical behavior of the ICP is to
significantly decrease (or increase) the ion concentration
in the anodic (or cathodic) end of the nanochannel so
that the ion depletion (or enrichment) zone could be
formed at the anodic (or cathodic) side in the case of
cation-selective nanojunction.’> With anion-selective
nanojunction, the locations where the ion depletion
occurs and the enrichment zone forms are switched.>?
By depositing a Nafion nanojunction with 1 um thickness
across two microchannels, a typical nanofluidic device for
the ICP experiment is fabricated as shown in Figure 3a.
A 1T mM KCl solution is filled in both the main (top)
and buffer (bottom) channels, and external DC voltage
is applied across the Nafion nanojunction. In addition,
1 ug/mL of fluorescein sodium salt solution (490 nm ex-
citation and 520 nm emission) is used to observe flow
field and ion behaviors. As expected, a fluorescent
image clearly shows both an ion-depletion zone and
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Figure 3. Perm-selectivity of the triangular nanochannel. Fluorescent images of the perm-selectivity test of ion concentration
polarization (ICP) phenomena using (a) Nafion, (c) oxide (SiO,), (e) nitride (SiNy) and (f) photoresist (AZ GXR 601) film with 1 zm
thickness as membrane materials. Panels b and d represent /—V characteristics using Nafion and oxide as membrane,
respectively. Fluorescent images show that perm-selectivity driving ICP phenomena arises from a triangular nanochannel.
Moreover, both |-V curves clearly show Ohmic, limiting and overlimiting region sequencially which is a unique ICP
characteristics. (g) Conductance measurement with various thicknesses of PDMS bumps to verify the repeatable nanochannel
formation. The standard deviation for each thickness is less than 10% showing good fabrication reliability; 1 mM KCl is used as

buffer solution in all experiments.

an ion-preconcentration plug around the anodic end
of the nanojunction as shown in Figure 3a. Along with
an observation of ion-depletion and the preconcen-
trated plug, /—V characteristics for ICP phenomenon
could also be found as shown in Figure 3b with linearly
increased voltages at 0.5 V/5 s from 0 to 12 V. In
general, when a perm-selective nanojunction leads
ICP, a limiting and overlimiting current region should
appear next to the Ohmic range due to initiation and
development of an ion depletion zone which imposes
a dynamic change of electrical resistance.” However, it
could not be concluded whether Nafion or the trian-
gular nanochannel has the perm-selectivity because
Nafion is a highly conductive and proton permeable
material as well. For identifying exclusive effects of a
triangular nanochannel on ICP behaviors, an oxide
(SiO,) layer known as nonconducting material with
1 um thickness is deposited on the slide glass substrate
by PECVD instead of a Nafion nanojunction, while the
other experimental conditions are kept to be the same.
Figure 3c shows a fluorescent image presenting an
oxide nanojunction that also exhibits ICP phenomena
like a Nafion nanojunction. Moreover, as shown in
Figure 3d, the |-V characteristics of the oxide nano-
junction are almost similar (slightly lower current level)
with those of Nafion clearly showing a limiting and

KIM ET AL.

overlimiting current region after 6 V. Since an ionic
current still can be passed through the Nafion itself, the
overall current level shown in Figure 3b should be
higher than that of Figure 3d. These results absolutely
can explain that a dominant perm-selectivity for ICP
should be originated from not polymeric nanojunction
but triangular nanochannel since it is impossible to
generate ICP behaviors through nonconductive oxide
nanojunction. Finally we repeated the above experi-
ments with a thin nitride (SiNy) membrane and thin
photoresist (AZ GXR 601) pattern under the same
experimental conditions and acquired comparable
results as shown in Figure 3e and 3f, respectively. Thus,
one can conclude that the role of the triangular nano-
channel is significant to initiating ICP (perm-selectivity)
regardless of membrane materials. To verify the repeat-
able nanochannel formation, the conductance with
various membrane thicknesses is measured as shown
in Figure 3g. These tests utilize PDMS bumps for vary-
ing the membrane thickness. The standard deviation
for each thickness is less than 10%, showing good fab-
rication reliability. Therefore, any quantification study
could be done using the heterogeneous nanochannel
regardless of the flexibility of PDMS material.
With regard to ion transport in nanofluidic channels,
it is revealed that the conductance through the
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Figure 4. lonic conductance characteristics of a triangular
nanochannel. Conductance of various membrane materials
and their height as a function of buffer concentration. The
conductance of the nanochannel created by a 500 nm oxide
membrane follows the surface-charge-governed region at
low electrolyte concentration, while it reaches the geometry-
governed region at high electrolyte concentration.

nanochannel is governed by surface charge at low
ionic concentrations, while nanochannel geometry
and bulk ionic concentration determine the conduc-
tance at high ionic concentration because of more
severe electrical double layer overlap in lower ionic con-
centration.'>'® Since the triangular nanochannel that
we have found is enclosed by heterogeneous surface
materials (PDMS, glass, and nanojunction material as
shown in the inset of Figure 4), it is favorable to in-
vestigate the electrical behaviors by manipulating the
membrane properties such as thickness and material
itself. Nafion and oxide membranes with 500 nm thick-
ness are prepared for surface charge effects at low
electrolyte concentration, while a 100 nm thickness
oxide membrane is prepared for nanochannel geometry
effects at high electrolyte concentration simultaneously.
KCl bulk concentrations are swept from 0.01 mM to 0.1 M
for measurement of the /—V curve in the Ohmic regime,
and each experiment was repeated at least five times for
reproducibility. Figure 4 clearly shows the effect of
membrane properties on the nanochannel conduc-
tance. The thickness of electrical double layer is inversely
proportional to the square root of the electrolyte con-
centration and typically is ~1 nm at 100 mM concentra-
tion of a 1:1 electrolyte solution.®® Thus, the electrical
double layer overlaps should be obtained below 0.1 mM
and 0.001 mM for the 100 nm and 500 nm nanochannels,
respectively. However, the transition could occur around
1 mM concentration in real situations since (1) the partial
perm-selective ion transportation can initiate an elec-
trical double layer overlap and it accelerates perm-
selectivity as a positive feedback loop® and (2) a thinner
nanochannel can be created at the corners of the tri-
angular cross-section and this promotes the electrical
double layer overlap. In a comparison of the triangular
nanochannel created by 100 nm oxide membrane (red
dots) and 500 nm membrane (black dots), the conduc-
tance is almost similar at a low ionic concentration
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Figure 5. Nanofluidic field-effect-transistor using a triangu-
lar nanochannel. Schematic illustration of (a) nanofluidic
FET system. (b) Representative current/bias (Ips/Vps) curves
recorded at different gate voltage, V. Inset plot shows a
linear relationship between gate voltage and ionic conduc-
tance through the triangular nanochannel; 1 mM KCl is used
as buffer solution.

(surface charge dominant region) because of the same
oxide wall (i.e, the same surface charge), while the dif-
ference becomes larger at higher ionic concentration
(channel geometry and bulk concentration dominant
region) due to the different nanochannel scale. On the
other hand, in a comparison of the triangular nanochan-
nel created by 500 nm oxide membrane (black dots) and
500 nm Nafion membrane (green dots), the conduc-
tance of Nafion is almost twice higher than that of oxide
at low ionic concentration since Nafion has a higher
surface charge than the oxide layer (see Supporting
Information section 3), while they have similar conduc-
tance at high ionic concentration due to the same geo-
metrical feature of a triangular nanochannel. Conse-
quently, the nanochannel with a 500 nm oxide wall acts
like a nanochannel with a 100 nm oxide wall at low con-
centration, whereas it acts like a 500 nm Nafion wall at
high concentration. This is the first demonstration to
definitely show the transition behavior of ionic conduc-
tance from surface-charge-governed regime to geome-
try-governed regime simultaneously and rigorously with
the aid of the effective and easy control of nanochannel
properties. Additionally it can be a direct clue showing
that most ionic transport occurs through the triangular
nanochannel composed of heterogeneous surface ma-
terials. On the basis of our results, it would be possible to
achieve functional nanochannels with various conduc-
tance characteristics by changing the membrane materi-
als and controlling channel geometry.
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Moreover, the nanofluidic field-effect-transistor,
which is capable of actively controlling the ion trans-
portation by applying a gate voltage, is fabricated
utilizing the heterogeneous nanochannel. Instead of
a membrane on a glass substrate, gate electrodes are
deposited with a dielectric layer as shown in Figure 5a.
The heterogeneous triangular nanochannels are formed
by the same manner, but the surface charge density
(or zeta potential) on the dielectric layer can be easily
controlled by applying the gate voltage at the gate
electrode.>2*%> A typical fabrication process of an ionic
field-effect transistor usually requires submicrometer
nanochannel fabrication, gate electrode patterning,
insulation layer deposition, and integration of all com-
ponents which are critical nuisances for the advance of
nanofluidic researches. On the contrary, our heteroge-
neous nanochannel dramatically reduces the process
time/cost to accelerate researches in this field. In addition
to this, since the gate electrode spans along the entire
nanochannel surface, more accurate controls could be
achieved in the heterogeneous nanochannel than the
device which can control a surface charge only at specific
locations along the nanochannel. As shown in Figure 5b,
Ips, the ionic currents from source to drain, are precisely
controlled by Vg, the gate voltage at the subnano ampere
level and the conductance of the nanochannel as well
(see Supporting Information sections 4 and 5 for the
experimental diagram of ionic field-effect-transistor and
monitoring gate leakage current, respectively.)

CONCLUSION

Here, we have unveiled the existence of a triangular
nanochannel in a polymeric nanojunction system with
a PDMS-enclosed micro/nanofluidic system. In addi-
tion, we have investigated nonlinear ionic conductance
and perm-selectivity of a heterogeneous triangular
nanochannel concluding that the unique nanoscale
electrokinetic phenomena in a polymeric nanojunction
platform mainly arise not through the nanoporous
structure but through the triangular nanochannel. Fi-
nally on the basis of the nanochannel enclosed by the
heterogeneous materials, we have clearly exhibited the
nonlinear conductance transition from surface-charge-
governed regime to geometry and bulk concentration

METHODS

Device Fabrication. We fabricated Nafion nanojunction on the
glass slide using previously published surface patterning
methods.? First, using a dummy straight microchannel, Nafion
solution (Nafion perfluorinated resin solution, 20 wt %, Sigma-
Aldrich) was allowed to flow into the microchannel by applying
negative pressure. After remove the microchcannel, the Nafion
stripe on the glass slide was annealed for 5 minutes at 95 °C on
the hot plate to evaporate solvent immediately. Microchannel
molds for Nafion patterning had dimensions of 100 um (width) x
15 um (depth) and 100 um (width) x 50 um (depth) for Nafion
membrane thicknesses of 500 nm and 1 um, respectively.
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dominant regime at one time. Also, we have repeated all
experiments, shown in this paper, with sodium phos-
phate, dibasic (Na,HPO,) buffer solution in order to
verify whether our results are applicable to general ionic
solutions other than monovalent ionic solution. Lastly,
we demonstrate the basic function of the ionic field-
effect-transistor in an effective and economic manner
using the gate electrode instead of sophisticated nano-
lithographical facilities. Conclusively these demonstra-
tions confirm that a major electrical variation in one
surface would control the whole device operation,
though each surface has different surface charges. More
importantly, the presenting triangular nanochannel has
heterogeneous and tunable surfaces to archive this
critical controllability.

The electrical conductivity of Nafion is known to be
superior to that of the bulk solution used in this work.>®
Thus, it is still valid that most of the current tends to
flow through the polymeric networks inside Nafion as
shown in previously published papers.'*?>~2% How-
ever, ionic conductance inside the triangle nanochan-
nel (because the conductance of electrical double layer
is higher compared to the bulk solution where an
electroneutrality is held) is higher than that of Nafion
as confirmed in Figure 2. Therefore, the nonlinear
electrokinetic flow generated along the Nafion mem-
brane in most of the Nafion-based nanofluidic devices
(see Figure 2 of ref 26) is coming from the fact that the
ionic current from bulk solution should flow through
the Nafion porous membrane first and then switch the
current path along the triangular nanochannel.

We note that the triangular nanochannel is a highly
attractive research subject for nanofluidic phenomena
due to its cross-sectional geometry. Unlike a rectan-
gular nanochannel, one triangular nanochannel is
considered to be composed of various-sized parallel
nanochannels (i.e., a thin nanochannel at the corner of
the triangle and a thick nanochannel at the center of
triangle), which could give us controllability for ion
transport and perm-selectivity by the scale of electrical
double layer. Therefore, the functional triangular nano-
channel that we have found must provide diverse
challenges for nanofluidic phenomena in future appli-
cations such as nanofluidic integrated circuit, etc.

The thicknesses of Nafion membrane were confirmed by Alpha
step. All microchannels used in this work had dimensions of
50 um (width) x 15 um (depth). To fabricate the oxide and
nitride nanojunctions, the oxide layer and nitride layer (thickness
of 100, 500, or 1000 nm) were deposited on slide glass by PECVD
and a straight pattern (width of 100 um) was created by RIE. The
photoresist strips were photolithographically patterned after spin
coating AZ GXR 601 on the slide glass. The test microchannels in
PDMS were then bonded with the slide glass by plasma treatment
(Cute-MP, Femto Science, Korea). Assembled chips were baked for
1 hat 70 °C on the hot plate for a secure bond. The main and buffer
microchannel had dimensions of 50 um (width) x 15 um (depth)
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and the distance between two channels was 60 um, except for
that in the experiments shown in Figure 2 (distance was 5 mm).
We mechanically punched the hole shown in Figure 2 before
the PDMS was bonded to the glass substrate. For a field-effect
transistor, aluminum of 700 nm thickness was deposited on
Pyrex glass by sputtering, followed by 10 nm of a dielectric
insulation layer (HfO,) by atomic layer deposition (NCD Corp.,
Lucida D100). After deposition, the PDMS microchannels were
bonded.

Materials. The main buffers of KCI (Sigma Aldrich) and
Na,HPO, (Sigma Aldrich) were prepared at various concentra-
tions. For visualizing flow patterns and the depletion zone,
fluorescein sodium salt (1 «g/mL, Sigma Aldrich, 490 nm ex-
citation and 520 nm emission) was added to the main buffers.

Methods. lonic currents through fabricated triangular nano-
channels were measured using a source measurement unit
(Keithley 238) from —3 V to 3 V at 0.5 V/3 s rate. lonic con-
ductance at each electrolyte concentration was calculated from
the slope of this IV curve. For tracking the depletion zone and
concentrated plus, we used an inverted fluorescent microscope
(Olympus IX71) and a CCD camera (Olympus DP 72). Open source
software, ImageJ was used for image analysis. IV sweep plots were
obtained by the same power source from 0to 12V at 0.5 VV/5 s rate.
All measurements were repeated at least 20 times for confirming
repeatability. For FET tests, a dual channel source measurement
unit (Keithley 2636A) was used for applying voltages to drain,
source, and gate and measuring each current. The specific experi-
mental setup is shown in Supporting Information section 4.
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