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ABSTRACT: Understanding and control of ion transport in a
fluidic channel is of crucial importance for iontronics. The present
study reports on quasi-stable ionic current characteristics in a SiN,
nanopore under a salinity gradient. An intriguing interplay between
electro-osmotic flow and local ion density distributions in a solid-
state pore is found to induce highly asymmetric ion transport to
negative differential resistance behavior under a 100-fold difference
in the cross-membrane salt concentrations. Meanwhile, a subtle
change in the salinity gradient profile led to observations of
resistive switching. This peculiar characteristic was suggested to
stem from quasi-stable local ion density around the channel that
can be switched between two distinct states via the electro-osmotic
flow under voltage control. The present findings may be useful for
neuromorphic devices based on micro- and nanofluidic channels.
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B INTRODUCTION

Ion transport in a fluidic channel has been intensively studied
for promising applications including energy harvesters,'™>
iontronics,® ™ artificial neurons,'! and single-molecule sens-
ing."”"” It implements electric field-driven ion and mass
transport in a confined space, wherein electrostatics and fluid
dynamics reflect rich properties of the wall surface to induce
pronounced ion selectivity and the associated unique ionic
current characteristics that cannot be expected in bulk systems.
According to this principle, nanofluidic devices demonstrated a
variety of ion transport properties such as ionic current
rectification (ICR) and negative differential resistance
(NDR)14’15 via geometric structure engineering,17 membrane
material designs,'®"? and molecular functionalizations'**°~**
to provide high-density surface charge to the walls'* and
increase the surface-to-volume ratio of fluidic channels. The
surface effects were, however, known to be effective only in a
small channel of sub-Debye length size because of screening of
the electrostatic field at the wall by the electrolyte ions.

In contrast, a salinity gradient across a conduit was recently
found to enable asymmetric ion transport with respect to bias
voltage polarity'>'”** even in channels of micrometer-scale
diameter.”* The peculiar ionic current characteristics were
explained by voltage-driven modulation of the cross-membrane
salt gradient under the influence of diffusio-osmotic and
electro-osmotic fluid flow.>>*° For instance, Rabinowitz et
al.>® observed ICR in 25 nm diameter glass pipettes with an
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ion concentration ratio between 10 and 21, which was ascribed
to electro-osmosis-induced Eddy current driving more or less
concentrated solution into the channel in a voltage-dependent
manner.”> Moreover, NDR was reported by Lin et al." for 100
and 400 nm-sized nanopores in a 12 ym thick PET membrane
under a concentration ratio between 10 and 1000, where the
authors found the influence of the interplay between electro-
osmotic and diffusio-osmotic contributions on the asymmetric
ion transport characteristics.”> Whereas these literatures found
the rectifying behavior in fluidic channels having a relatively
high length-to-diameter aspect ratio structure, we herein report
that such electrokinetic effects are observable even in low
thickness-to-diameter aspect-ratio micropores where any
surface charge effects were anticipated to become negligibly
small under the orders of magnitude larger space given for the
ion transport with respect to the Debye length. Surprisingly,
we found more pronounced electro-diffusio-osmotic contribu-
tions in the shallow channels that led to anomalous ionic
current characteristics from NDR to resistive switching.
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Figure 1. Measurements of the ionic current through a solid-state pore in a thin dielectric membrane. (a) Schematic model of a SiN, pore, both
sides filled with either electrolyte buffers of high (green) or low (blue) ionic concentration buffers. The voltage V}, is applied to the pore at the cis
chamber, and the resulting ionic current I, is measured at the other side using a pair of Ag/AgCl electrodes. The inset shows a scanning electron
micrograph of the 1 pm-sized micropore. (b) Equivalent circuit model. R, and R, u.ns are the access resistance in the cis and trans
compartments, respectively. R is the pore resistance inside the pore. (c) Typical current—voltage characteristics of a low thickness-to-diameter
aspect-ratio pore (1 ym diameter and SO nm thick) under the moderate (blue curve) and large (red curve) salt gradients. r,,, is the ratio of the bulk

salt concentrations at the cis and trans.
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Figure 2. Finite element analyses of ion transport in the salt gradient-applied low-aspect-ratio pore. (a) Calculated ionic current I, versus cross-
membrane voltage V;, characteristics of a 1 gm diameter and 50 nm thick SiN, pore. ¢, = 137 mM denotes the concentration of Na" and Cl” in the
electrolyte buffer used. Blue and red curves are the results when ., is 10 and 100, respectively. (b) Cross-sectional views of the two-dimensional
conductivity around the pore under different V.

B RESULTS AND DISCUSSIONS
A 1 pm diameter pore was fabricated in a 50 nm thick SiN,

ion concentrations (Figure 1a). Hereafter, we use r,. = chigh/
Clow to describe the salinity difference.

Under a uniform ion concentration condition (r.o,c = 1), the
ionic resistance R, complied with an analytical expression of

Rl = Ryee + Rporey Where R, and R, are, respectively, the
resistance outside and inside the pore (Figure 1b). Note that

membrane bias voltage (V;) characteristics in phosphate- for the present channel having a low thickness-to-diameter
buffered saline (PBS). The ionic strength was varied by aspect ratio structure, R, is an order of magnitude larger than
diluting the buffer with ultrapure water from 10 ¢, to 0.01 ¢, Rpore'31_33 Whereas I,,,—V;, characteristics were observed to be

membrane by electron beam lithography and reactive ion
etching. A pair of Ag/AgCl electrodes were used for

measurements of the ionic current (I- ) versus Cross-

on

where ¢, = 137 mM is the concentration of Na* and Cl™ in 1 X
PBS. A salt gradient was formed across the pore by filling the
cis and trans chambers with PBS of high (cyg) and low (¢q,,)

linear at r.,,. = 1, we found diode behavior when adding a 10-
fold difference between cyg and ¢ (reone = 10) with a
rectification ratio of 4.6 at +1 V. This ion transport asymmetry
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Figure 3. Voltage-dependent ion concentration distributions. (a—c) Simulation results of ion concentration isosorfaces around a 1 ym diameter
and S0 nm thick SiN, pore under (a) V;, = —0.5 V, (b) —0.8 V, and (c) — 1.5 V. Blue contrasts and purple arrows depict the electro-diffusio-

osmosis-driven fluid flow speed and directions, respectively.
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Figure 4. Pore structure-dependent ionic current characteristics. (a) COMSOL-simulated I, ,—V}, characteristics of a 1 ym diameter pore in a SiN,
membrane of various thicknesses from 1000 to 1 nm (cyyiicis = 1 €0y Cpulktrans = 0-01 ¢o). (b, ) Moving ion concentration isosurface at 0.1c, under

voltage sweep for (b) S0 nm and (c) 1 um thick pores.

was ascribed to voltage-dependent salt gradient modulations
by the electro-osmotic flow (EOF) that lowers (enhances) the
effective ion concentration around the micropore under the
positive (negative) V,..'”'® The plots were also confirmed to be
reproducible under repeated bias ramps, suggesting reversible
ion distributions under the Vj-driven hydrodynamic control.

Enlarging the salt gradient to r ., = 100 (red curve in Figure
1c), La—V,, characteristics became more asymmetric with the
rectification ratio as high as 24.8. Unexpectedly, it also revealed
NDR behavior at around V, = —0.56 V. Considering the
predominant role of EOF in the ion flow asymmetry,'® this
feature can be naturally interpreted as a consequence of the
augmented electro-diffusio-osmotic flow at critical V; that
diluted the local ion concentration at the pore orifice and
thereby led to a rapid increase in R,

To theoretically verify the mechanism underlying the NDR
behavior, we performed finite element analyses of the cross-
membrane ion transport by solving time-independent
Poisson—Nernst—Planck and Navier—Stokes equations in a
framework of a finite element method using COMSOL. The
model is constructed with a disk-shaped pore having a
diameter (d,o,) of 1 ym in a SiN, membrane of 50 nm
thickness (lpore).zg’30 The entire surface of the membrane was
considered as negatively charged at —15 mC/m’ The
simulation reproduced NDR and ICR when setting 7., =
100 (Ccis =1 Co Ctrans = 0.01 CO) and Tcone = 10 (Ccis =1 €05 Ctrans =

0.1 ¢), respectively, which are in good agreement with the
experimental results. Further calculations revealed an ICR-to-
NDR transition point at around r,,. = 14 (Figure S1).

The simulations also elucidated the important role of the
pore wall surface charge (Figure S2). It is found that
decreasing the amount of negative charges on the membrane
led to a weaker NDR. They also elucidated the profound
influence of the entire membrane surface, where we observed
no NDR behavior in cases when only a part of the surface was
set to be charged (Figure S3). This was confirmed in
experiments as well where we observed disappearance of the
NDR feature when we reduced the amount of negative charges
on the wall surface by coating the SiN, pore with 20 nm thick
AL, O, (Figure S4). These results manifest a crucial role of the
surface charge in the salt gradient-derived asymmetric ion
transport characteristics.

Moreover, mapping the local ion density at around the pore
(Figure 2), we detected a rapid decrease in the cation and
anion concentrations when lowering V}, below —0.55 V. This
tendency is in qualitative accordance with the expected
influence of the EOF streaming from trans to cis to make
R, or equivalently R, for the present low-aspect-ratio
micropore, larger by diluting the ions in the pore region at V}, <
—0.55 V. NDR can thus be explained as a consequence of the
faster voltage-driven fluid speed vg,;4 in more dilute electrolyte
solution due to the extensive surface charge effects under the
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Figure S. Example of an experimental data set of resistive switching recorded by a 1 ym diameter and 50 nm thick pore when r,,. = 100 (cis = 10
co and trans = 0.1 c;). (a) Repeated I,,,—V; measurements with little hysteresis under positive and negative sweeps. The ionic current changed
smoothly under the V;, sweeps. The inset shows the results of five cycles of the I,,,—V;, measurements. (b) Voltage at I, minima in (a) during the
positive (VP) and negative (V,) voltage sweeps. (c) I,,—V; curves with large hysteresis. The inset shows the results of five cycles of the
measurements. The conductance tends to jump from high to low states during the voltage sweeps in a negative direction at V4 (blue).
Subsequently, the conductivity was reset to the original state at V,, when scanning back the voltage (red). (d) Change in V,, and Vg during several
cycles of V;, sweeps, demonstrating smaller hysteresis by repeating the voltage scans. (e) Result of the fifth measurement with no resistive switching
but a clear NDR feature (the inset is a magnified view), almost identical to that in (a). (f, g) Schematic models describing (f) symmetric and (g)
asymmetric ion density distributions responsible for the stable NDR and quasi-stable resistive switching behaviors.

longer screening length,'” which eventually causes the ionic
current to decrease with increasing 1V, |.

How about the EOF velocity then? Figure 3 shows the fluid
velocity contours at Vi, = —0.5 V, —0.8 V, and — 1.5 V under
feone = 100. At —0.5 'V, the flow speed is fast only near the wall
surface because of the short Debye length under the high in-
pore ion concentration condition, as depicted by the ion
density isosurfaces (Figure 3a). Enlarging the voltage to —0.8
V (Figure 3b), on the other hand, the flow speed suddenly
becomes more significant in the entire channel. This
characteristic feature is revealed as stemming from the
concomitant weakening of the diffusio-osmotic effect for the
stronger EOF, which makes the ion density in the channel
more homogeneous (Figure S5)."> It is perhaps this self-
catalytic effect that depletes ions at the channel openings more
significantly than the current gain by larger [V;, thus bringing
about NDR at the specific range of negative voltage.
Meanwhile, further voltage sweep (Figure 3c) led to a linear
decrease in I, with a slope close to 1/R under cpg, = Cioy =
0.01 ¢y, as the ion concentration at the cis and trans orifices is
already close to ¢,. These findings elucidate the important

52178

roles of electro-diffusio-osmosis on the highly asymmetric ion
transport in low-aspect-ratio pores (Figure S6).

Both the experimental and simulation results consistently
suggest the predominant role of EOF in the NDR character-
istics. Interestingly, as we increased the channel length I,
from S0 to 1000 nm in the numerical simulations (Figure 4a,
see also Figure S7), the NDR features were found to occur at a
smaller Vj,. This is an intriguing result that reflects the relative
influence of R, and R,,. on the pore conductance as well as
the different voltage dependences of the EOF. For example,
R, tends to determine the open pore resistance of channels
having lower-aspect-ratio structures, which also suggests a
more moderate potential gradient at the orifices’*** and hence
a weaker electric field across the membrane. The resulting EOF
during the voltage sweep is therefore expected to be also weak
compared to that in the channels of higher-aspect-ratio motifs.
Moreover, R, will be affected only when the ion
concentration at the pore orifices is changed appreciably by
the fluid flow, which was found to take place only under
relatively large voltages in the simulations (Figure 4b). On the
other hand, the cross-membrane electric potential tends to
drop more sharply inside the channels in the case of higher-

https://dx.doi.org/10.1021/acsami.0c15538
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aspect-ratio pores. The resulting stronger EOF induces more
facile change in the in-pore ion concentrations by the cross-
membrane voltage (Figure 4c). Meanwhile, unlike the shallow
channels, such a change in the ion density causes a large impact
on the resistance of the high-aspect-ratio conduits because
Ryore > Ry and hence gives rise to NDR features at lower V;,
compared to the lower-aspect-ratio pore counterparts.

How robust are the NDR characteristics? Because the salt
gradient was created by merely injecting electrolyte buffers of
different dilutions into the trans and cis chambers without
careful manipulations, it was not guaranteed that there will
always be a symmetrical ion concentration difference with
respect to the SiN,, plane as modeled in the simulations. In fact,
whereas stable NDR features were often observed persisting
under a number of V, sweeps, as shown in Figure Sa,b (see also
Figures S8 and S9), we also found completely different
characteristics demonstrating V}-controlled bimodal conduc-
tance switching (Figure Sc). When this was the case, the I,,—
V,, curves showed no clear rectification behavior, keeping the
high conductance state even at the negative voltage regime
(Figure S8b,c). Meanwhile, the current tended to drop sharply
under a large negative voltage. After the switching from high-
to low-conductance states at Vg there was another current
jump taking place at V,, upon reversing Vj, to zero. The
unipolar conductance switching behavior contained hysteresis
characterized by the difference between V, and V g During
several cycles of voltage sweeps, this hysteresis became smaller
and eventually disappeared, as displayed in Figure Sd.
Thereafter, it showed stable NDR features (Figure Se) similar
to those shown in Figure Sa. The results can be understood as
a consequence of nonsymmetrical salt gradient along the pore
axis formed before the measurements. More specifically, the
fact that the conductance at negative V}, was similar to that in
the positive regime suggests a certain extent of intrusion of
high-concentration buffer into cis during the liquid injection
(Figure Sf). However, the salt gradient was presumably quasi-
stable under the repeated EOF processes, so that it gradually
deformed into the symmetric one after several cycles of I,,,—Vj,
recordings (Figure Sg). This not only proves the robustness of
the ionic NDR but also indicates a possible application as
memristors' *°~** by adding a control over the quasi-stable
salt gradient across the membrane.

The presence and absence of resistive switching behavior are
thus attributed to the varying initial salt gradient conditions
that were not controllable under the experimental procedure
used where the high-concentration electrolyte buffer was
injected to one side of the membrane and then the low-
concentration one to the other side using a syringe. As a
consequence, the ion distribution around the micropores was
presumably asymmetric in some cases at the first point,
resulting in the resistive switching behavior, as shown in Figure
Sc. Otherwise, when the ion distribution was symmetric, the
L=V, curves showed stable NDR characteristics under the
repetitive voltage sweeps (Figure Sa).

B CONCLUSIONS

In summary, we observed asymmetric ion transport character-
istics in a low-aspect-ratio solid-state pore under the applied
100-fold salt concentration difference across the membrane.
We found mutual roles of diffusio-osmosis and electro-osmosis
in rapidly decreasing the local ion density at the channel
orifices under negative voltage sweeps and thereby causing
NDR behavior. This characteristic was also suggested to take
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place only under a symmetric salt gradient across the channel.
Otherwise, the electro-diffusio-osmotic effects induce con-
ductance switching until the asymmetric local ion density
distribution becomes symmetric via EOF under the repeated
voltage ramps. The present results may provide a guide to
design micro- and nanofluidic memristors.

B METHODS

Fabrications of Solid-State Pores. The micropore fabrication
processes were based on electron beam lithography and reactive-ion
etching, as reported in previous literatures.”” A 50 nm thick SiN,-
coated silicon wafer was used as a substrate. By two-step etching via
reactive ion etching using CF, and wet etching in KOH solution, a 0.1
mm X 0.1 mm square free-standing membrane was formed. Then, we
spin-coated electron beam resist (ZEP520-A) on the membrane. A 1
um-sized circle was delineated by electron beam lithography (Elionix,
Weca$). Using the residual resist layer as a mask, a micropore was
drilled by reactive ion etching.

lonic Current Measurements. The micropore device was
pretreated with oxygen plasma to adhere polydimethylsiloxane
(PDMS; SYLGARD 184, Dow Corning) blocks created by imprinting
on a SU-8/Si mold of microchannels. To obtain the I, ,—V,
characteristic data, PBS aqueous solution of 10c, was purchased
from Wako co., Itd. without further purification, which was diluted to
specific ion concentrations with deionized water (Milli-Q IQ 7000
ultrapure water system). Pouring the buffer into the cis and trans using
a syringe, the cross-membrane ionic current was measured using a pair
of Ag/AgCl electrodes. Here, bias voltage V}, was swept from —1.5 to
+1.5 V (=3 to +3 V for the measurement given in Figure 5) with 0.0S
V steps, and I, was recorded using Keithley 6487 (Keithley). All the
experiments were performed at room temperature in a Faraday cage.

Finite Element Simulations. The geometry and boundary
conditions used in finite element simulations are shown in Figure
S10 and Table S1. A cylindrical pore was defined in a 2D
axisymmetric model. The cross-pore ion and fluid transport was
then simulated by solving Poisson—Nernst—Planck and Navier—
Stokes equations using COMSOL 5.4 software with AC/DC and
chemical species transport and fluid flow modules. In the model,
surface charge at the SiN, membrane was assumed to be —15 mC/ m?.
The4%hambers at both the sides were modeled as cylinders of 12.5 ym
size.
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