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N
egative differential resistance (NDR)
is used to describe electrical behav-
ior where current decreases with

an increasing applied voltage. One well-
known NDR device is the Esaki or tunnel
diode, where electron tunneling between
the valence and conduction bands of a
heavily doped p�n junction leads to a de-
crease of conductivity as the voltage is
increased.1 In this report, we describe NDR
associated with a solid-state nanopore im-
mersed in an aqueous solution. We describe
the mechanism for this unusual electrolyte
behavior, and demonstrate how NDR can
be applied in chemical sensing.
The nonlinear current�voltage (i�V) be-

havior of geometrically asymmetric and
electrically charged nanopores has been
extensively investigated since the initial
report of ion current rectification in glass
pipettes by Wei, Bard and Feldberg.2�20

More recently, electroosmotic and pressure-
driven flows have been used to control
electrolyte21�24 or solvent flux9,25 and, thus,
alter the nanopore conductance, with ap-
plications in the resistive-pulse detection of
nanoparticles or macromolecules.26�34 A
solution flow-engendered NDR response in
a conical shaped glass nanopore separating
aqueous and dimethylsulfoxide (DMSO) so-
lutions containing equal concentrations of
dissolved KCl was previously demonstrated
by our laboratory.35 A decrease in the elec-
trical current in the nanopore was observed
with increased applied voltage, a result of
the voltage-dependent electroosmotic flow
(EOF) driving the external DMSO solution
into the nanopore; the ion mobilities are
lower in DMSO than water due to the
much higher viscosity of DMSO. By varying
the applied pressure across the nanopore,
the voltage where NDR occurs was found
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ABSTRACT A solid-state nanopore separating two aqueous solu-

tions containing different concentrations of KCl is demonstrated to

exhibit negative differential resistance (NDR) when a constant pressure

is applied across the nanopore. NDR refers to a decrease in electrical

current when the voltage applied across the nanopore is increased. NDR

results from the interdependence of solution flow (electroosmotic and

pressure-engendered) with the distributions of Kþ and Cl� within the

nanopore. A switch from a high-conductivity state to a low-conductivity

state occurs over a very narrow voltage window (<2 mV) that depends

on the nanopore geometry, electrolyte concentration, and nanopore

surface charge density. Finite element simulations based on a simultaneous solution of the Navier�Stokes, Poisson, and Nernst�Planck equations

demonstrate that NDR results from a positive feedback mechanism between the ion distributions and electroosmotic flow, yielding a true bistability in fluid

flow and electrical current at a critical applied voltage, i.e., the NDR “switching potential”. Solution pH and Ca2þ were separately employed as chemical

stimuli to investigate the dependence of the NDR on the surface charge density. The NDR switching potential is remarkably sensitive to the surface charge

density, and thus to pH and the presence of Ca2þ, suggesting possible applications in chemical sensing.

KEYWORDS: negative differential resistance . nanopore . sensor . finite element simulation . electrical feedback and bistability

A
RTIC

LE



LUO ET AL. VOL. 8 ’ NO. 3 ’ 3023–3030 ’ 2014

www.acsnano.org

3024

tunable over an∼1 V range. An NDR-like response with
ion current fluctuations was also reported by Siwy and
co-workers for a polymer nanopore when a divalent
cation (Ca2þ, Mn2þ) was present in solution and ad-
sorbed to the interior nanopore surface. In contrast
to EOF flow-induced NDR phenomenon described
herein, this latter behavior was tentatively ascribed to
voltage-dependent fluctuations in the local electro-
static potential resulting from transient binding of the
dication.36,37 In a related study from the same group,
Ca(HPO4)2 precipitation within a nanopore was shown
to lead to current blockages and oscillations.38

In the investigation presented here, NDR in a
purely aqueous system is reported. A conical nanopore
in a ∼25 μm-thick glass membrane was used to
separate aqueous solutions with two different KCl
concentrations. In a typical experiment, the radius
of the small orifice of the nanopore is ∼300 nm; the
internal solution within the nanopore contains 50 mM
KCl, and the external solution contains 5 mM KCl, as
shown schematically in Figure 1a. After a pressure and
a negative voltage are applied across the nanopore, a
force balance is established, resulting in a steady-state
electroosmotic flow (white arrow) driving the lower
concentration KCl solution into the nanopore while the
pressure-driven flow (red arrow) pushes the higher
concentration KCl solution out of the nanopore. At
steady-state, the opposing pressure and electroosmo-
tic forces, along with the nanopore surface charge,
determine the distributions of Kþ and Cl� within the
nanopore and, thus, the nanopore conductivity. Qua-
litatively, and as shown in Figure 1b, by holding the
pressure constant while increasing the applied voltage,
the balance in flow within the nanopore shifts from an
outward pressure-driven dominated flow at low volt-
ages to an inward electroosmotic dominated flow at
high voltages. The change in flow direction results in a
decrease of total ion (Kþ and Cl�) concentration near
the nanopore orifice, which further enhances the elec-
troosmotic flow into the pore.Wedemonstrate that the
dependence of EOF on ion concentration creates a
strong positive feedback mechanism between the
nanopore flow and ion distributions, generating a
bistability in the nanpore conductance. The switch
from a high-conductance to low-conductance state at
a critical potential, Vλ, occurs over a very narrow voltage
range (<2 mV) as demonstrated by the experimental
results and finite element simulations described below.
Because electroosmotic flow depends strongly on the
surface electrical charge density, Vλ is also very sensitive
to thebinding of charged analytes to the nanopore. This
property of nanopore-based NDR is used to develop a
new method of chemical detection.

RESULTS AND DISCUSSION

Negative Differential Resistance (NDR) in Aqueous Solutions.
Glass membranes, ∼25 μm-thick and containing a

single conical nanopore with a half-cone angle of
∼10�, as schematically shown in Figure 2, were synthe-
sized at the end of a glass capillary. Aqueous solutions
with different KCl concentrations were placed inside
and outside the capillary, and a constant positive pres-
sure and varying negative voltage were applied across
the glass membrane. All values of applied pressure and
applied voltage reported herein correspond to the
values measured within the capillary relative to the
external solution and are designated below as “internal
vs external”. A lock-in amplifier interfaced to the poten-
tiostat enables simultaneous recording of the AC and
DC currents while slowly scanning the voltage across
the nanopore, as discussed in a later section. Details of
nanopore synthesis, instrumentation, and data acquisi-
tion are provided in the Experimental Section.

Figure 1. (a) Illustration of pressure-driven and voltage-
engendered electroosmotic flows that give rise to negative
differential resistance (NDR) in the i�V response of a
negatively charged, conical nanopore that separates high
and low ionic strength solutions. The color surface indicates
themagnitude of the net flow velocity; red and blue denote
higher and lower velocities, respectively. Pressure-driven
flow out of the pore occurs along the central axis of the
nanopore (red arrow), while an opposing electroosmotic
flow (EOF) into the pore occurs along the negatively charged
nanopore surface (white arrows). NDR observed in the i�V
response of the nanopore results from positive feedback
associated with an increase in EOF as the voltage is in-
creased: an increased flux of the external low-conductivity
solution into the nanopore orifice results in a decreased
ionic conductivity of solution in the nanopore causing a
further increase in EOF and a sudden drop in the nanopore
conductivity at a critical voltage, Vλ. (b) Profiles of the total
ion concentration (Kþ plus Cl�) in the nanopore for applied
voltages above (V > Vλ, high conductivity state) and below
(V < Vλ, low conductivity state) the conductivity switching
potential, Vλ.
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Figure 3a shows a series of typical i�V curves
exhibiting NDR for a 260-nm-radius nanopore contain-
ing a 50 mM KCl internal solution while varying the KCl
concentration in the external solution between 5 and
25 mM. A constant pressure of 10 mmHg was applied
across the nanopore while the voltage was scanned
slowly in the negative direction at a rate of 10 mV/s. In
general, the NDR switching potential is a strong func-
tion of the solution pH (vide infra); thus, the solutions
were buffered to 7.0 with an appropriate ratio of
K2HPO4 and KH2PO4, present at a combined concen-
tration equal to 10% of the KCl concentration. For
example, the 50 mM KCl solution contains 5 mM
K2HPO4 and KH2PO4 in total. All solution pHs were
measured using a pH meter. As shown in Figure 3a,
NDR behavior in the i�V response occurs between
�1.0 and �1.1 V, approximately independent of the
KCl concentration in the external solution. However,
the width of the potential range of the transition
between high and low conductance states increases
from less than 10 mV when the external solution
contained 5 mM KCl, to ∼100 mV at 20 mM, and to
∼200 mV at 25 mM.

The conductance of the nanopore, as measured
from the slopes of the i�V curves in the high (V > Vλ)
and low conductance states (V < Vλ) (abbreviated here-
after as HCS and LCS, respectively) is plotted in
Figure 3b. The data indicates a HCS conductance of

∼90 nA/V, approximately independent of the external
KCl concentration. Conversely, the conductance of the
LCS increases linearly with the concentration of exter-
nal KCl bulk solution with a proportionality constant
of ∼1.8 nA/(V 3mM).

Steady-state finite element simulations were per-
formed in order to explore and understand the
mechanism of NDR and its dependence on the KCl
concentrations in the internal and external solutions,
pore geometry, and nanopore surface charge density.
The Nernst�Planck equation governing the diffu-
sional, migrational, and convective fluxes of Kþ and
Cl�, the Navier�Stokes equation for low-Reynolds
number flow engendered by the external pressure
and electroosmosis, and Poisson's equation relating
the ion distributions to the local electric field were
simultaneously solved to obtain local values of the fluid
velocity, ion concentrations, electric potential, and ion
fluxes. The electrical current in the nanopore was
obtained by integrating the ion fluxes over a cross-
sectional area of the nanopore. Simulation details
including boundary conditions, mesh, parameter and
constant setting are provided in the Supporting
Information.

A simulated i�V response for a 260-nm-radius
nanopore is shown in Figure 4, along with the volu-
metric flow rate (m3/s) at the orifice and the total ion
concentration profiles (CKþ þ CCl�) for applied voltages
between �0.4 and �1.4 V, while holding the pressure
constant at 10 mmHg. The internal and external

Figure 2. Schematic drawing of the experimental setup. A
glass nanopore membrane (GNM) at the end of a glass
capillary separates the high (internal) and low (external)
concentration KCl solutions. A positive pressure (inside vs
outside nanopore) is applied across theGNM to generate an
outward pressure-driven flow. A 1 kHz, 10 mV (rms) sine
wave superimposed on a slowly varying voltage (10mV/s) is
applied between the two Ag/AgCl electrodes located on
opposite sides of the nanopore. The lock-in amplifier is used
to analyze the AC component of the current.

Figure 3. (a) A series of NDR curves as a function of the
external KCl concentrationmeasuredusing a260-nm-radius
nanopore. The KCl concentration of the external solution
was varied between 5 and 25mMKCl, while the internal KCl
concentration (50 mM) was held constant; pH = 7.0. A 10
mmHg pressure (internal vs external) was applied. (b) Con-
ductance valuesmeasured from the slopes of i�V responses
at voltages positive and negative of the NDR switch-
ing potential as a function of the external solution KCl
concentration.
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solution KCl concentrations were initially set to 50 and
5 mM, corresponding to the experimental i�V result
(gray line) shown in Figure 3a. The simulation predicts
an NDR switch at �1.256 V for a 5 mM KCl external
solution, in reasonable agreement with the experi-
mental measurement (Vλ = �1.11 V). Figure 4c shows
that the total ion concentration in the nanopore

decreases from ∼70 mM at �0.4 V to ∼35 mM at
�1.4 V, dropping suddenly within a narrow potential
range between �1.256 and �1.258 V. Finite element
simulations of the nanopore system failed to converge
within this narrow voltage window, suggesting that a
stable intermediate fluid-flow and conductance state
does not exist between the HCS and LCS.

The simulated i�V curve suggests that NDR repre-
sents a sudden transition between high and low con-
ductance states that is associated with a bistability in
the electrolyte flow within the nanopore. As schema-
tically illustrated in Figure 1, the ion concentration
distribution is determined by the combination of
the constant outward pressure-driven flow and the
voltage-dependent inward electroosmotic flow. The
simulated flow rate at the orifice shown in Figure 4b
provides a more quantitative view of the voltage-
dependent flow within the nanopore. At potentials
positive of∼�1.1 V, the flow is directed outward from
the nanopore (represented by a positive sign) and
its magnitude is linearly correlated with the potential,
a consequence of increasing electroosmotic flow off-
setting pressure driven flow. Between �1.1 V and
�1.256 V (the latter potential corresponding to the
NDR switching potential, Vλ), the flow switches direc-
tion, and the external solution flows into the nanopore
at a low flow rate. In this range, the ion concentration at
the orifice decreases gradually while the current con-
tinues to increase (Figure 4a,c). A further increase of
voltage beyond�1.256 V, however, results in a sudden
and significant decrease in the ion concentration, and
a large sudden increase and decrease, respectively, in
the inward electroosmotic flow and electrical current.

We propose that the discrete jumps in flow and
current result from a feedback mechanism between
the ion concentrations and electroosmotic flow, as
qualitatively depicted in Figure 5. At potentials positive
of the NDR switching potential, Vλ, scanning the ap-
plied voltage to more negative potentials results in
elecroosmotic flow bringing in external solution, re-
sulting in a decrease in the ion concentration within

Figure 4. (a) Simulated i�V curve of the 260-nm-radius
nanopore with an external KCl concentration of 5 mM and
an internal KCl concentration of 50 mM (corresponding to
the experimental data (gray line) in Figure 3a). A pressure of
10 mmHg and a surface charge density of �12.5 mC/m2

were used in the simulation. (b) The corresponding solution
volumetric flow rate at the orifice as a function of the
applied voltage. Negative values of flow rate correspond
to solution flow from the bulk solution into the nanopore.
(c) The total ion concentration profiles (CKþ þ CCl�) as a
function of applied voltage.

Figure 5. Positive feedbackmechanism associated with the
NDR switch.
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the nanopore orifice. This decrease in ion concentra-
tion results in an increased thickness of the electrical
double layer, generating to a more negative potential
of the nanopore surface if the surface charge density σ
remains constant, as described by the Grahame equa-
tion, eq 1.39

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8c0εRT

p
sinh

eψd

2kBT

� �
(1)

In eq 1, ψd is the diffuse layer potential near the
charged surface, c0 is the bulk concentration of a
symmetric monovalent electrolyte, e is the absolute
value of elementary charge (�1.60 � 10�19 C), R is the
gas constant, ε is the solution permittivity, T is the
absolute temperature of 298 K, and kB is the Boltzmann
constant.

The electroosmotic velocity, u, in turn, is propor-
tional to the value of zeta potential, ζ, at the velocity
slip plane located adjacent to the nanopore surface.
The Helmholtz�Smoluchowski equation relates the
effective slip electroosmotic velocity to ζ,

u ¼ � εζE

η
(2)

where E is the electric field parallel to the surface, and η
is the viscosity of the fluid. The parameters ψd and ζ
have slightly different physical interpretations as
discussed by Probstein,40 but approximately similar
values and a similar dependence on electrolyte con-
centration. Thus, the increase in ζ (and ψd) resulting
from the decrease in ion concentration at the orifice
(resulting from the inward electroosmotic flow) further
enhances the inward electroosmotic flow of the low
conductivity solution into the nanopore. This depen-
dence of the inward electroosmotic flow on the ion
concentration, via the electrical double layer structure,
forms a positive feedback loop between conductance
and electroosmotic flow, Figure 5, leading to a sudden in-
creaseofflowrate (from�5� 10�22 to�20� 10�22m3/s),
a drop of concentration (from ∼50 to ∼30 mM), and a
decrease in current (�46 to �30 nA) between �1.256
and �1.258 V, as shown in Figure 4. We note that the
use of the Helmholtz�Smoluchowski equation to de-
scribe electroosmotic flow in a conical nanopore is, of
course, approximate, and is used here as a semi-
quantiative predictition of the dependence of flow
velocity on ion concentration.

For an external KCl concentration of 25 mM, the ion
concentration gradient at the nanopore orifice is smal-
ler, and the total ion concentration decreases gradu-
ally, resulting in a slightly curved i�V response rather
than exhibiting a sharp NDR response (experimental:
black line in Figure 3a; the corresponding simulated
result is provided in the Supporting Information).
For extremely low external KCl solution concentrations
(e.g., < 1 mM), an NDR switch was not consistently
observed. The reason remains unclear, and a similar

finite element simulationwas conducted to investigate
this scenario, also given in the Supporting Information.
These results indicate that an appropriate concentra-
tion difference between the external and internal
solutions is essential to generate a sudden NDR switch
between high and low conductance states.

NDR-Based Chemical Sensing. As described above, the
NDR conductivity switch originates from the inter-
dependence of ion concentration and electroosmotic
flow at the nanopore orifice. Thus, the electroosmotic
flow in a nanopore is a function of ζ-potential or
surface charge density of the glass nanopore (σ),
suggesting a dependence of the NDR switching volt-
age (Vλ) on the surface charge density. Figure 6 shows
simulated NDR curves for different surface charge
densities, σ, demonstrating that Vλ is indeed strongly
dependent on σ, shifting to more positive voltages
with increasing negative charge density. Physically, a
larger negative charge density leads to stronger elec-
troosmotic flow at less negative voltages, leading to
the shift in NDR.

Experimentally, the nanopore surface charge den-
sity can be adjusted by adsorption of ions, e.g., the
addition of multivalent ions to the solution, or by
adjusting the pH of the solutions due to the acid/base
equilibrium of the silanol groups at the glass surface.
These chemistries are employed to demonstrate
potential applications of solid state nanopore NDR in
chemical sensing.

Because Ca2þ binds more strongly than Kþ to the
dissociated silanol group,37,41 the addition of Ca2þ to
the KCl solutions reduces the negative surface charge
density at the glass nanopore surface, resulting in a
predicted shift of the NDR curve to a more negative
voltage based on Figure 6. To rule out any interference
from the change in the electrolyte concentration as
Ca2þ is added to the solution, both the internal and
external solutions contained relatively high concentra-
tions of KCl (1 M and 100 mM, respectively). When
2 mM CaCl2 was added to the external 100 mM KCl
solution, the NDR curve shifted ∼1 V to a more

Figure 6. Simulated NDR curves for a 260-nm-radius nano-
pore at 5 mmHg pressure as a function of nanopore surface
charge density. The simulation corresponds to 50 (internal)
and 5 mM (external) KCl solutions.
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negative potential as shown in Figure 7. The NDR curve
recovered to the original position when the solution
containing Ca2þ was replaced by the original solution
containing only KCl. The shift recorded with and with-
out Ca2þwas reproduced over several cycles. Although
the addition of Ca2þ results in a slight decrease in the
solution pH from 7.8 to 7.5 due to the hydrolysis of
Ca2þ, the shift in the NDR switching potential is mainly
caused by the Ca2þ binding and not to the small
change in solution pH; as shown below, NDR is weakly
dependent on the solution pH in neutral or slightly
basic solutions.

Similarly, as the pH of the solution increases, the
silanol acid�base equilibrium shifts toward the disso-
ciated state leading to an increase of surface charge
density. This increase in surface charge density results
in a stronger electroosmotic flow and, thus, should
cause a positive shift in Vλ.

Phase-sensitive detecting using a lock-in amplifier
was used to measure the change in AC conductivity of
the pH-dependent NDR curves and locate the Vλ.

42�46

A 1 kHz low amplitude (rms = 10 mV) sine wave was
applied to the slowly varying DC voltage (10mV/s), and
the AC component iAC at 1 kHz was recorded. Figure 8
shows the AC and DC NDR signal simultaneously
recorded for a 470-nm-radius nanopore at 8 mmHg
pressure. Physically, iAC corresponds to the magnitude
of the differential change in conductance, yielding a
sharp peak in the AC conductivity at the NDR switching
potential of ∼3.7 V as shown in Figure 8. The iAC peak
current of 4500 nA is approximately equal to the
decrease of ∼4200 nA observed in the DC NDR i�V

response, indicating that the redistribution of the ion
concentrations between a high conductivity state and
a low conductivity state tracks the 1 kHz modulation.

Figure 9a shows the AC conductance of the nano-
pore at different solution pHs (the corresponding pH-
dependent DC i�V curves are provided in the Support-
ing Information). The NDR switching potential (Vλ)
shifts from �2.83 ( 0.03 V at pH = 8.9 to �6.1 ( 0.5 V
at pH = 4.9 (standard deviation of Vλ is based on more
than 3 measurements at each specific pH). As seen
from the data, the conductivity switching potential
Vλ is extremely sensitive to pH, obtaining a sensitivity
of ∼4 V per pH in slightly acidic solutions.

Figure 7. Reversible NDR response to Ca2þ in the external
electrolyte solution for a 270-nm-radius nanopore. Experi-
mental conditions: 54 mmHg; 1 M internal and 100 mM
external KCl solutions; pH = 7.8; Ca2þ concentration (when
present in solution) = 2 mM; scan rate: 100 mV/s.

Figure 8. DC and AC NDR signals recorded simultaneously
usingapotentiostat and lock-inamplifier for a 470-nm-radius
glass nanopore at pH7.2, 8mmHgand a scan rate of 10mV/s.
KCl solution concentrations: 0.1 M external and 1 M internal.
On the right is the expansion of the NDR switching region.

Figure 9. (a) pH-dependent NDR behavior for a 370-nm-
radius nanopore. Pressure: 80 mmHg; KCl solution concen-
trations: 0.1 M external and 1 M internal; 10 mV/s scan rate;
1 kHz and 10 mV (rms) sine wave. (b) Dependence of
conductivity switching potential on surface charge density,
estimated from eqs 1 and 3.
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To quantify the relation between Vλ and pH, the
interfacial model of Behrens and Grier was used to
estimate the glass surface charge density based on
solution pH.47 Surface charge density was obtained by
solving eq 3 derived from the Stern layer's pheno-
menological capacity, the Poisson�Boltzmann equa-
tion and the surface silanol dissociation equilibrium,
and the Grahame equation, eq 1.

ψd(σ) ¼
RT

F
ln

�σ

eΓþ σ

� �
� (pH� pK )

RT

F
ln10� σ

C
(3)

ψd, as defined in eq 1, is the diffuse layer potential,
which is a function of surface charge density σ, Γ is the
surface concentration of silanol groups on the glass
chosen as 8 per nm2, pK is the dissociation constant of
7.5, C is the Stern layer's phenomenological capacity
of 2.9 F/m2, and F is Faraday's constant. All values
listed above were reported and derived by Behrens
and Grier.47

Figure 9b shows the dependence of Vλ on the
corresponding pH values, and the computed values
of σ from the Behrens and Grier model. As the pH
decreases from 5.5 to 4.9, the surface charge density
decreases from 9.5 to 2.9 mC/m2. Electroosmotic flow
in the nanopore is dominated by electric forces gen-
erated by the charged surface at the nanopore orifice,
as shown in Figure 1, and, for the purpose of analytical
sensing, this region is defined as the sensing zone
surface. On the basis of finite element simulations, we
estimate this region to have an area of ∼1.5 μm2 for a
370-nm-radius nanopore (detailed in the Supporting
Information). Thus, as the pH is lowered from 5.5 to 4.9,

the computed decrease in surface charge density from
9.5 to 2.9mC/m2 corresponds to a decrease of∼60 000
elementary surface charges responsible for the ob-
served shift in Vλ of 2.29 V. Assuming the ability to
measure a 10 mV change in Vλ, the NDR measurement
sensitivity is on the order of ∼300 elementary charges.

Although approximate, this calculation suggests a
future application of nanopore NDR for the detection
of a very small number of analyte molecules.

CONCLUSIONS

In summary, we have reported NDR behavior in the
i�V response of a charged glass nanopore membrane
that separates two solutions containing different con-
centrations of KCl. NDR results from a competition
between an inward (voltage-independent) pressure-
driven flow and outward (voltage-dependent) electro-
osmotic flow, leading to a voltage-dependent ion dis-
tribution at the nanopore orifice. A very narrow NDR
response, indicating a bistability between high conduc-
tivity and low conductivity states, was achieved by
adjusting the relative concentrationsofKCl in theexternal
and internal solutions. The narrow NDR switch between
conduction states was shown to result from positive
feedback between electroosmotic flow and the surface
potential of the nanopore. The switching potential where
NDR occurs (Vλ) was also shown to be very sensitive to
the surface charge density by finite element simulations
and experimentally demonstrated by measurement of
thedependenceofVλonpHandCa2þ concentration. The
high sensitivity of Vλ on surface charge suggests possible
applications of NDR in chemical sensing.

EXPERIMENTAL SECTION
Chemicals and Materials. KCl, K2HPO4, KH2PO4, and CaCl2 (all

from Mallinckrodt chemicals) were used as received. All aque-
ous solutions were prepared using water (18 MΩ 3 cm) from a
Barnstead E-pure H2O purification system. Solution pH was buf-
fered to a selected value with an appropriate ratio of K2HPO4

and KH2PO4, present at a combined concentration equal to 10%
of the KCl concentration. For example, 100 mM KCl contains
10 mM K2HPO4 and KH2PO4 in total. All solution pHs were
measured using a pH meter.

Experimental Setup and Data Acquisition. A schematic diagram of
the experimental setup is presented in Figure 2. A glass capillary
containing a glass nanopore membrane (GNM) at one end
was used, as illustrated in the insert of Figure 2. The fabrication
and sizing of GNMs followed procedures previously reported.48

Five GNMs with orifice radii ranging from 260 to 470 nm
were used in the experiments described herein. Pressure was
applied across the nanopore using an airtight syringe con-
nected to the capillary. A voltage was applied across the
nanopore using two Ag/AgCl electrodes; one electrode is
placed in the internal solution of the capillary, and the other
in the external solution. The voltage between the two elec-
trodes was scanned at a constant rate (10 mV/s) while
measuring the current using a Dagan 2-electrode Voltammeter/
Amperometer with a 10 kHz bandpass. A LabVIEW program
was used to sample the current at a frequency of 10 kHz, and
every 500 data points were averaged and used to construct
DC i�V curves. For AC conductance measurements, a 1 kHz

small-amplitude (10 mV) sine wave was superimposed on the
slowly varying DC voltage. The sine wave was supplied by a
Stanford Research Systems SR830 lock-in amplifier, whichwas also
used to separate the AC component from the total current. The
root-mean-square (RMS) amplitude of the AC component was
simultaneously recordedby the sameLabVIEWprogramdescribed
above.

Finite Element Simulations. The finite element simulations
were performed using COMSOL Multiphysics 4.1 (Comsol, Inc.)
to study the mechanism of NDR response as well as its sensi-
tivity to surface charge density. Simulation details are provided
in the Supporting Information.
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