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N
egative differential resistance (NDR)
is a technologically important elec-
trical phenomenon in which electri-

cal current decreases as an applied voltage
is increased. This behavior is different from
most electrical devices in which current is
observed to increasewith increasing driving
force. Various NDR behaviors have been
observed in solid-state devices, being pri-
marily associated with contact or junction
phenomena,1 among which the Esaki or
tunnel diode2 is especially well-known.
NDR investigations recently extend far
beyond traditional solid-state devices to
include single-molecule-based electronic
junctions, and graphene/carbon nano-
tube-based electronics.3�15

In this article, a simple and general meth-
od to produce NDR phenomena based on
solution ion conductivity within a confined
nanoscale geometry is demonstrated. Our
device is based on a ∼50 μm thick glass
membrane containing a single, electrically
charged, conical-shaped nanopore, which
has been developed in our laboratory
for nanoparticle detection,16�18 as well
as for the investigations of microgel19 and
liposome20 translocation in porous media.
In the NDR investigation reported here, the
membrane separates two electrolyte solu-
tions that possess significantly different
ionic conductivities, as shown in Figure 1a.
The external solution is a mixed DMSO/H2O
solution (v/v 3:1) containing 5 mM KCl that
has a relatively low conductivity; the inter-
nal solution is a 5 mM KCl aqueous solu-
tion which has an electrical conductivity
approximately 4 times larger than the ex-
ternal solution.
To observe the NDR behavior, a positive

constant pressure is applied inside the cap-
illary to which the membrane nanopore is
attached, resulting in the high-conductivity
internal solution being driven outward
through the pore. Simultaneously, a voltage

is applied across the membrane to induce
electro-osmotic flowof the external solution
in the direction opposite of the pressure-
driven flow, a consequence of the negative
surface charge of the glass. Although the
internal andexternal solutions are completely
miscible, the radius of the nanopore orifice
is sufficiently small (∼300 nm) to result in
steady-state convergent/divergent ion fluxes
and flows on the internal/external sides of
the orifice. Consequently, a well-defined and
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ABSTRACT

Liquid-phase negative differential resistance (NDR) is observed in the i�V behavior of a conical

nanopore (∼300 nm orifice radius) in a glass membrane that separates an external low-

conductivity 5 mM KCl solution of dimethylsulfoxide (DMSO)/water (v/v 3:1) from an internal

high-conductivity 5 mM KCl aqueous solution. NDR appears in the i�V curve of the negatively

charged nanopore as the voltage-dependent electro-osmotic force opposes an externally

applied pressure force, continuously moving the location of the interfacial zone between the

two miscible solutions to a position just inside the nanopore orifice. An∼80% decrease in the

ionic current occurs over less that a ∼10 mV increase in applied voltage. The NDR turn-on

voltage was found to be tunable over a ∼1 V window by adjusting the applied external

pressure from 0 to 50 mmHg. Finite-element simulations based on solution of Navier�Stokes,

Poisson, and convective Nernst�Planck equations for mixed solvent electrolytes within a

negatively charged nanopore yield predictions of the NDR behavior that are in qualitative

agreement with the experimental observations. Applications in chemical sensing of a tunable,

solution-based electrical switch based on the NDR effect are discussed.

KEYWORDS: negative differential resistance . nanopore . pressure . ion current .
electro-osmosis
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relatively sharp interfacial zone is established whose
position is determined by the balance of the constant
pressure force and voltage-dependent electro-osmotic
force. As demonstrated herein, by varying the applied
voltage at a constant applied pressure, the steady-state
interfacial zone can be positioned outside of the nano-
pore (Figure 1b, in the external solution), within the
nanopore (Figure 1d, in the internal solution), or directly
at the nanopore orifice (Figure 1c). Because the mass-
transfer resistance of the nanopore is largely localized
to the volume of solution immediately adjacent to the
sides of the pore orifice, the voltage-dependent electro-
osmotic force results in the interfacial zone passing
through the region of space most sensitive to the elec-
trolyte conductivity (the “sensing zone”) as the voltage is
varied; this movement of the transition zone results in a
sharp increase in the nanopore resistance when the low-
conductivity solution enters this region, which is reflected
as a sudden decrease in the current in i�V traces.
Experimental results and computer simulations demon-
strating these principles are presented herein.
Since the discovery of ion current rectification (ICR)

in a conical-shaped nanopore by Wei, Feldberg, and
Bard,21 the current�voltage response of asymmetric
charged nanopores and nanochannels has received
significant attention due to its departure from classic
linear ohmic behavior. Extensive research on the ex-
perimental and theoretical aspects of ion current
rectification (ICR) associated with nanopores with
asymmetric geometry or asymmetric charge distribu-
tion has been reported over the past twodecades.22�46

ICR in a charged conical-shaped nanopore results
from the accumulation and depletion of ions near
the orifice of the nanopore and has been detailed
elsewhere.23,30,32,42 Siwy and co-workers reported
NDR gating behavior in a conical nanopore upon sur-
face charge reversal due to voltage-dependent bind-
ing of calcium ions to the nanopore surface.47,48 The
NDR phenomenon reported here builds on this re-
search base. Specifically, in a recent article, Yusko and
Mayer described a borosilicate glass membrane con-
taining a single nanopore that separated the same
DMSO/H2O and aqueous electrolyte compositions em-
ployed in this report; these researchers reported that
the degree of ICR could be enhanced by drawing the
external low-conductivity solution into the nanopore
by electro-osmosis.49 Conversely, our laboratory re-
cently demonstrated that ICR can be eliminated by
pressure-driven flow.50 These two results are com-
bined to create a nanopore exhibiting NDR.
Similar to the use of NDR-based solid-state switches

in electronics, a nanopore exhibiting NDR can poten-
tially be employed to amplify small electrical perturba-
tions. In the present report, we demonstrate that a
small change in the voltage across the nanopore (a few
millivolts) can result in large change (∼80%) in the
electrical current. Such highly nonlinear electrical re-
sponses may be especially suitable for solution-phase
chemical sensing.

RESULTS AND DISCUSSION

Negative Differential Resistance (NDR). Figure 2a shows
the i�V response of a 380 nm radius GNM containing
an aqueous internal solution and immersed in a mixed
DMSO/H2O (v/v 3:1) external solution; both solutions
contained 5 mM KCl. The family of curves corresponds
to different constant positive pressures applied inside
the capillary, ranging between 0 and 50 mmHg. The
applied voltage corresponds to the potential of the
internal Ag/AgCl electrode versus the external Ag/AgCl
electrode.

At nonzero applied pressures, a large reversible

decrease in the current occurs as the potential is
scanned to negative values (Figure 2a). The decrease
in current, as the electrical driving force is increased,
corresponds to a region of NDR. Prior to and following
the potential at which NDR occurs (referred to as the
“turning point”), the nanopore exhibits quasi-ohmic
behavior, but the conductance of the nanopore
at potentials positive of the turning point (∼2 �
10�8 Ω�1) is approximately 1 order of magnitude
larger than at negative potentials (∼2 � 10�9 Ω�1)
(determined from the slopes of the i�V curves). As the
applied pressure is increased, the turning point shifted
to more negative voltages. The NDR i�V curve was
reversible and repeatable as the voltage was swept
between �2 and 2 V, as shown in Figure 2b. The i�V

response of a 330 nm radius GNM exhibiting nearly

Figure 1. (a) Schematic illustration of the NDR experiment
and the glass nanopore membrane (GNM). A potential
difference is applied between the two Ag/AgCl electrodes.
The internal solution is an aqueous 5 mM KCl solution,
and the external solution is a 3:1 (v/v) DMSO/H2O mixture
containing 5 mM KCl. (b�d) Interfacial zone outside, right
on the orifice, and inside the nanopore orifice.
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identical NDR behavior as a function of pressure is
presented in Figure SI4 and includes both forward and
reverse scans, which give some indication of the
hysteresis in the NDR turning point (10 to 100 mV at
different pressures for the data in Figure SI4). The
degree of hysteresis observed in the NDR turning point
varied from nanopore to nanopore and increased with
increasing scan rates but has not been fully explored.
Presumably, the hysteresis arises from the relatively
slow redistribution of solvent and ions.37,38

The NDR phenomenon can be qualitatively under-
stood by considering the position of the interfacial
zone between the internal high-conductivity solution
and external low-conductivity solution, relative to the
location of the electric potential drop at the nanopore
orifice. First, it is important to note that, because the
pore is conical-shaped, the fluxes of ions and solvent
molecules are radially convergent (or divergent, de-
pending on the direction of the current and applied
pressure), resulting in a steady-state i�V response
at slow scan rates and a steady-state distribution of
ions and molecules. Consequently, a well-defined and
relatively sharp interfacial zone exists between the
solutions, with a location that is determined by the
balance of the constant pressure force and the voltage-
dependent electro-osmotic force. Conversely, the loca-
tion of electric potential drop across the nanopore is

largely voltage-independent and is distributed over a
region of solution on both sides of the orifice; thewidth
of this sensing zone is of the same order of magnitude
as the pore radius, as previously demonstrated51 (see
Figure SI5 for an example of the potential distribution
across a 400 nm nanopore). By varying the applied
voltage at a constant applied pressure, the variable
electro-osmotic force can be used to scan the position
of the interfacial zone between the internal and ex-
ternal solutions across the sensing zone. Qualitatively,
a high nanopore conductance state exists at low
negative voltages or at high applied pressures, corre-
sponding to the interfacial zone located on the ex-
ternal side of the orifice and the internal aqueous 5mM
KCl solution occupying the sensing zone; conversely, a
low nanopore conductance state exists at high nega-
tive voltages or at low applied pressures, correspond-
ing to the interfacial zone located on the internal side
of the orifice and the external DMSO/H2O 5 mM KCl
solution occupying the sensing zone. For a particular
combination of applied pressure and voltage, the NDR
turning point occurs when the interfacial zone passes
through the orifice.

Finite-Element Simulations of the Nanopore NDR Phenom-
enon. Steady-state finite-element simulations using
COMSOL Multiphysics were performed to provide a
more quantitative description of the experimental
results. The internal solution was modeled as a 5 mM
KCl aqueous solution and the external as a 5 mM KCl in
DMSO/H2O mixture (volume fraction of DMSO = 0.8).
DMSO is treated as a solute that is transported from
the external DMSO/H2O solution to the internal aqu-
eous solution. The 2D axial-symmetric geometry and
boundary conditions are provided in Figure SI6. The
radius of the nanopore opening was set as 400 nm and
the thickness of the GNM as 20 μm, corresponding
approximately to the nanopore geometry used in the
experiments. A surface charge of �26 mC/m2 was
assumed (see Figure SI6 for details).41,50

A description of ion and solvent transport in the
nanopore begins with the Navier�Stokes equation,
describing pressure and electric force-driven flow.

uru ¼ 1
F
( �rpþ ηr2u � F(∑

i

zici)rΦ) (1)

In eq 1, u and Φ are the local position-dependent
fluid velocity and potential, F and η are the density
and viscosity of the fluid, respectively, ci and zi are
concentration and charge of species i in solution, p
is the pressure, and F is the Faraday's constant.
For computational simplicity, we assume a constant
value for F of 1000 kg/m3. However, ion diffusivities
and mobilities are strongly dependent on η; thus,
literature values of η for DMSO/H2O mixtures52 were
used in the simulation, as detailed in the Supporting
Information file.

Figure 2. (a) i�V response of the 380 nm radius GNM as a
function of the applied positive pressure (internal vs
external). The voltage was scanned from 2 to�2 V at a rate
of 200 mV/s. Internal and external solutions were an aqu-
eous 5mM KCl solution and a DMSO/water (v/v 3:1) mixture
containing 5 mM KCl, respectively. (b) i�t recording of the
380 nm radius GNMwhen a 20mmHgpositive pressurewas
applied across the nanopore, and the voltage was cycled
between �2 V (point A) and 2 V (point C) at a scan rate of
200 mV/s. Point B is the voltage where NDR occurs.
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The ion fluxes are modeled by the Nernst�Planck
equation, including the diffusion, migration, and con-
vection terms.

Ji ¼ � Dirci � Fzi
RT

DicirΦþ ciu (2)

In eq 2, Ji and Di, are, respectively, the ion flux vector
and diffusion coefficient of species i in solution, and T

is the absolute temperature. The ion diffusion coeffi-
cients Di in DMSO/water mixtures were estimated by
Stokes�Einstein equation, eq 3, using the composi-
tion-dependent value of η (see Figure SI7).

Di ¼ kBT

6πηr
(3)

In eq 3, kB is Boltzmann's constant and r is the solvated
radius of the species i. A value of r = 1.5� 10�10 m was
employed for both Kþ and Cl�.

The relationship between the local ion distributions
and potential is described by Poisson's equation, eq 4

r2Φ ¼ � F

ε∑i
zici (4)

Here, ε is the dielectric constant ofmedium,which is also
dependent on themolar fraction of DMSO in theDMSO/
water mixture (see Supporting Information file).53

Equations 1�4 are coupled with an additional
equation describing the flux of DMSO.

JDMSO ¼ DDMSOrcDMSO þ cDMSOu (5)

In this model, to simplify the computations, we
assumed DDMSO to be independent of the solution
composition (1.25 � 10�9 m2/s), and the interfacial
tension54 between the external and internal solution
was not taken into consideration. The interface be-
tween the external and internal solutions was initially
set at the nanopore orifice.

Nonpressure Condition for Electro-osmosis-Induced

ICR Behavior. Figure 3a shows the simulated i�V re-
sponse of the nanopore in the absence of an applied
pressure across the GNM. The simulation captures the
electro-osmosis-induced enhancement of ICR, first re-
ported by Yusko et al.49 (We also verified the experi-
mental results of Yusko and Mayer; see Figure SI8).
As seen in Figure 3a, at potentials more positive than
∼0.2 V and at negative potentials, the i�V responses
are approximately ohmic. Between these two zones,
there is a short transition range where nonlinear i�V

behavior is observed. Figure 3b shows plots of the
simulated DMSO volume fraction distribution at 1 V
and�1 V. At V = 1 V, the DMSO distribution gradient is
pushed out of the nanopore, resulting in the high-
conductivity internal solution occupying the sensing
zone of nanopore. At V =�1 V, the DMSO/H2O solution
is driven into the nanopore by electro-osmosis, form-
ing an interfacial zone below the orifice; the solution at
the sensing zone has essentially the same composition

as the external bulk solution, resulting in a low-con-
ductivity state. In summary, the finite-element simula-
tions are in good agreement with the experimental
results of Yusko and Mayer and indicate that the
enhanced ICR results from electro-osmosis-driven
positioning of the interfacial zone below (negative
potentials) or above (positive potentials) the nanopore
orifice.

Simulation of Nanopore Exhibiting NDR under an

Applied Pressure of 5 mmHg. Figure 4a shows the
numerically simulated i�V response in the absence
(blue line) and presence of 5 mmHg applied pressure
(red line), for the same GNM as described above.
The simulation qualitatively captures the existence of
the nanopore NDR phenomenon at negative potentials
when a pressure is applied across the GNM. A sudden
decrease in the current is observed between �0.770
and �0.778 V, similar in shape, albeit smaller, than that
observed in the experiments. Given the several approx-
imations employed in the simulation, the qualitative
agreement between these preliminary simulations and
experiment is considered to be reasonable.

Figure 3. (a) Simulated steady-state i�V response of a
400 nm radius GNM in the absence of an applied pressure.
In the simulation, the external solution (z > 0) initially
contained a solution of 5 mM KCl in DMSO/water mixture
(volume fraction of DMSO = 0.8), while the internal aqueous
solution (z < 0) initially contained 5 mM KCl. The surface of
the nanopore is negatively charged (�26 mC/m2). (b) Simu-
lated steady-state volume fraction distributions of DMSO
at�1 and 1V (internal vs external); r=0 is the symmetry axis
of the GNM geometry, while z = 0 corresponds to the
nanopore orifice.
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Figure 4b shows the distribution of DMSO across
the nanopore as a function of the applied potential.
Similar to the results presented in the preceding sec-
tion, the interfacial zone between the external DMSO/
H2O and internal H2O solutions is a function of the
applied potential, a consequence of the electro-osmo-
tic forces driving the external solution inward through
the nanopore. However, as the potential is varied
from �0.770 to �0.778 V in the simulated i�V curve
(Figure 4a), the results in Figure 4b show that the onset
of NDR is accompanied by a discontinuous jumpdue to
the positioning of the interfacial zone from the external
solution to a position within the nanopore. This abrupt
change in position results in the nanopore switching
from a high-conductivity state to a low-conductivity
state.

Ion and solvent diffusion, electro-osmosis, and
pressure-driven flow each contribute to the position
of the interfacial zone. A complete understanding of
how these highly coupled factors lead to the NDR
behavior is beyond the scope of this report. However,
the following discussion presents our preliminary un-
derstanding of the phenomenon. Figure 5 shows the
simulated steady-state DMSO convective and diffusive
flux vectors at the orifice of the nanopore at �0.770 V,
just prior to the nanopore entering the low-conductiv-
ity state. This figure shows that the convective flux
(black arrows) due to the applied pressure engendered

force is largest across the central region of the nano-
pore orifice and is directed outward, while the diffusive
flux of DMSO (red arrows) and the convective flux due
to electro-osmosis are directed inward along the cir-
cumference of the orifice. At steady-state, the outward
directed pressure-driven convective flux must balance
the inward directed diffusive flux and electro-osmosis-
driven convective flux, resulting in a stationary inter-
facial zone that is located external to the nanopore
(Figure 4b, �0.770 V). As the voltage is shifted to
a slightly more negative value, the electro-osmotic
force increases, resulting in a larger inward electro-
osmosis-driven convective DMSO flux and the move-
ment of the interfacial zone toward the nanopore
interior. We speculate that the very nonlinear NDR
behavior results from the increase in the viscosity
of the solution as the DMSO concentration increases
at the orifice, resulting in a further decrease in the
outward convective flow. The resulting decrease in
outward flow would result in even higher DMSO con-
centrations within the nanopore, and the process
would continue until the nanopore entered the low-
conducting state; at that point, the electro-osmotic
forces would decrease and a new steady-state inter-
facial zone between the external and internal solutions
would be established. Additional numerical simula-
tions of this system are required to better understand
the positive feedback process that leads to NDR.

The computational results indicate that the transi-
tion between high- and low-conductivity states in the
nanopore can occur over a very narrow potential range
(<8 mV). This behavior corresponds to a nanopore
electrical switch and has potentially interesting appli-
cations in chemical sensing. For instance, because the
NDR behavior is a function of the electro-osmotic force
generated within the nanopore, the potential at which
the turning point is observed will be a function of
the electrical charge density on the nanopore surface.

Figure 4. (a) Simulated i�V curves of a 400 nm radius
nanopore at 5 mmHg pressure (red line) and in the absence
of pressure (blue line). The other initial settings are the same
as Figure 3. (b) Volume fraction distributions of DMSO at
selected voltages ranging from �0.2 to �1 V.

Figure 5. Simulated steady-state DMSO flux in the 400 nm
radius GNM at an applied voltage of �0.77 V (internal vs
external). The color surface indicates the net DMSO flux
magnitude. The flux vectors at the opening of nanopore
indicate the directions and relative magnitudes of the
convective (black arrows) and diffusive DMSO fluxes (red
arrows).
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Thus, by modifying the nanopore surface with recep-
tors that bind charged analytes, it appears plausible to
build a nanopore “on/off” switch that allows detection
of the presence of a small amount of analyte. In a
preliminary experiment, we constructed a GNM with a
smaller orifice (230 nm radius) and measured the i�V

response at a slow scan rate (10 mV/s) to estimate how
sharp of a conductivity transition can be realized,
and whether or not the simulated prediction of an
8 mV wide transition window is reasonable. Figure 6
shows the i�V response for this experiment, recorded
under the same conditions as in previous experiments.

The current decreases by ∼80% over a 7 mV range,
demonstrating that very sharp NDR transitions can be
obtained using smaller nanopores and slow scan rates.

Finally, we note that the NDR behavior reported
here can, in principle, be realized using solvents other
than DMSO and water. The only requirements of our
proposedmechanismare that the external and internal
solutions are miscible and that they have significantly
different ionic conductivities. Thus, it is likely that
charged nanopores employed with other appropriate
solution compositions will also exhibit NDR behavior.

CONCLUSIONS

We have demonstrated that liquid-phase NDR was
observed in the i�V behavior of a negatively charged
conical nanopore in a glass membrane that separates
an external low-conductivity solution from an internal
high-conductivity aqueous solution. NDR results from
the voltage-dependent electro-osmotic force oppos-
ing an externally applied pressure force, continuously
moving the location of the interfacial zone between
the two miscible solutions through the nanopore
orifice until a potential of interfacial instability is
reached. The NDR curve is reversible and can be tuned
by adjusting the pressure across the GNM. Preliminary
numerical simulations support the proposed mechan-
ism and are able to semiquantitatively capture theNDR
response. Current work is being directed toward devel-
oping a better understanding of the NDR behavior,
as well as applying this phenomenon in chemical
analyses.

EXPERIMENTAL SECTION
Chemicals. KCl (99.8%, Mallinckrodt) and DMSO (99.9%, EMD

Chemical) were used as received. All aqueous solutions were
prepared usingwater (18MΩ 3 cm) from a Barnstead E-pure H2O
purification system.

Glass Nanopore Membrane (GNM) Fabrication. GNMs were fabri-
cated according to previous reports from our laboratory.55

Briefly, a Pt wire attached to the tungsten fiber was electro-
chemically sharpened in a NaCN solution and then sealed
in a glass capillary (Dagan Corp., Prism glass capillaries, SB16,
1.65 mm outer diameter, 0.75 mm inner diameter, softening
point 700 �C) using a H2/air flame. The capillary was then
polished until a Pt nanodisk was exposed, as indicated by
an electronic feedback circuit. Optical images of the capillary
showing the polishing process are presented in the Supporting
Information. The Pt nanodisk was then partially etched in a
20% CaCl2 solution by applying a 6 V ac voltage between the
Pt nanodisk and a large Pt wire counter electrode, and then
the remaining Pt wire was gently removed by pulling out
the tungsten fiber. The orifice radius of the resulting conical
nanopore was determined from the resistance of the pore in
1.0 M KCl solution as previously described (see Supporting
Information). Experimental results were obtained using
three GNMs with orifice radii ranging from 240 to 380 nm.
However, the NDR phenomena described in this report
have been reproduced using other nanopores with similar size
orifice radii. A GNM with a much larger orifice radius (857 nm)
did not exhibit NDR, as reported in the Supporting Informa-
tion file.

Cell Configuration and Data Acquisition. A Dagan Cornerstone
Chem-Clamp potentiostat and a Pine RDE4 (used as the wave-
form generator) were interfaced to a computer through a PCI
data acquisition board (National Instruments). Current�voltage
(i�V) curves were recorded by in-house virtual instrumentation
written in LabVIEW (National Instrument) at a data acquisition
rate of 10 kHz. A 3-pole Bessel low-pass filter was applied at
a cutoff frequency of 1 kHz. TheGNMwas filled and immersed in
a 5 mM KCl aqueous solution and the i�V curve measured to
ensure the cleanness of the nanopore by checking the depen-
dence of ICR response on applied pressure-driven flow. Clean
nanopores showed agreement with expectations that ICR dis-
appears with pressure applied based on the results in ref 50.
The GNM was then removed from solution, and excess surface
liquid was wiped off. The GNMwas then immersed in the 5 mM
KCl DMSO/watermixture (v/v 3:1) containing 5mMKCl, and i�V
measurements were recorded. Electrical contact to the solu-
tions was made using Ag/AgCl electrodes. Pressure was applied
across the GNM (Figure 1) using a 10 mL gastight syringe
(Hamilton Co., Reno, Nevada) and measured with a Marshall-
town-Tempco, Inc. pressure gauge with a sensing range be-
tween 0 and 300 mmHg.

Finite-Element Simulations. The finite-element simulations
were performed using COMSOL Multiphysics 4.1 (Comsol, Inc.)
on a high-performance desktop PC.

Conflict of Interest: The authors declare no competing
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Figure 6. Experimental NDR behavior for a 230 nm radius
GNM with a scan rate of 10 mV/s and 20 mmHg pressure
applied across the membrane. NDR behavior occurs over a
potential difference of ∼7 mV (from �0.852 to �0.859 V).
Internal and external solutions were an aqueous 5 mM KCl
solution and a DMSO/water (v/v 3:1) mixture containing
5mMKCl, respectively. The volume fraction distributions of
DMSO before and after the NDR point are taken from
Figure 4 (�0.770 and �0.778 V) to reiterate the origin of
the NDR behavior.
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