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ABSTRACT

We demonstrate rectification of ionic transport in a nanofluidic diode fabricated by introducing a surface charge discontinuity in a nanofluidic
channel. Device current −voltage ( I−V) characteristics agree qualitatively with a one-dimensional model at moderate to high ionic concentrations.
This study illustrates ionic flow control using surface charge patterning in nanofluidic channels under high bias voltages.

Nanofluidic channels with dimensions comparable to the
Debye length exhibit unique transport characteristics due to
effects of surface charge. Surface charge-governed ionic
conductance,1-3 diffusion,4 pH-controlled protein transport,5

and field-effect flow control1,6 have been recently demon-
strated in nanofluidic devices. Spatial change in the effect
of surface charge along the length of a channel results in
ionic concentration enhancement and depletion7 and genera-
tion of space charge.8 Similar effects occur when there is a
spatial change in field effect inside a nanofluidic transistor.1

This effect also gives rise to rectification of ionic current,
which is a phenomenon well-known from its origins in
semiconductor device physics. In nanofluidic systems, this
occurs due to both asymmetric geometries and/or charge
distributions. For example, in conical nanopores with uniform
surface charge, asymmetric pore geometry results in recti-
fication of ionic current that can mimic biological ion
channels.9-11 Bipolar membranes consisting of a cation-
exchange membrane forming a junction with an anion-
exchange membrane similarly exhibit current rectification12,13

and find applications in production and recovery of acids
and bases, chemical separations, and fuel cells.14 However,
these unique properties of transport in nanofluidic channels

can be most effectively harnessed only through rational
design and integration with other microfluidic and nanoflu-
idic components, which is extremely difficult with current
nanopore or bipolar membrane systems. Here, we directly
pattern surface charge in nanofluidic channels to obtain a
nanofluidic diode that exhibits ionic current rectification.

We have recently developed nanofluidic devices for field-
effect flow control1,6 and sensing2 that are amenable to
fabrication of networks of channels and integration with
microfluidics, and the nanofluidic diode retains these. Daiguji
et al. recently proposed and modeled a current-rectifying
nanofluidic diode, consisting of opposite surface charges on
either half of a nanofluidic channel.15 Incorporation of such
devices on a fluidic chip may find applications in control of
ionic concentrations and pH, power generation from acidic
and basic solutions, and could lead to new separation
processes based on its unique transport properties. Further
coupling surface chemical equilibria may result in as yet
unexplored possibilities, as suggested by recent observations
of current oscillations in nanopores.16 While fabrication of
a nanofluidic diode is challenging, herein we realize a
nanofluidic diode using the newly developed method of
diffusion-limited patterning17 (DLP) to pattern the cationic
protein avidin inside biotinylated nanofluidic channels
(Figure 1). We demonstrate rectification of ionic current in
the device and study ionic transport through the nanofluidic
diode at various salt concentrations.

Nanofluidic channels 120µm long, 4µm wide, and∼30
nm in height were fabricated using a sacrificial polysilicon
process described elsewhere.1,2 The channel width was
estimated from micrographs, and the channel height was
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estimated from conductance measurements in 1 M KCl
assuming a conductivity18 of 11.13 Sm-1 (see Supporting
Information). Figure 1 shows a set of ten parallel channels
with an effective width of 40µm. Two microfluidic channels
were used to interface with the nanofluidic channels.

The channels were first modified with biotin and were
characterized using conductance measurements (see Sup-
porting Information). Biotin binds to the proteins avidin and
streptavidin, with interactions being among the strongest
noncovalent interactions known. To obtain asymmetric
surface charge distribution, the method of diffusion-limited
patterning17 (DLP) was used. Briefly, 1 mg/mL solution of
Alexa Fluor 488 labeled avidin (Invitrogen, Inc.) in 1×
phosphate buffered saline (PBS) at pH 7.2 was introduced
in only one of the microfluidic channels until half of the
channels were covered with avidin (Figure 1b) (see Sup-
porting Information). Because avidin is a highly cationic
protein,19-21 we expect a surface charge discontinuity in the
nanofluidic channel. The diode was characterized using
conductance measurements and current-voltage (I-V) curves
were obtained (see Supporting Information). Finally, avidin
was again introduced on both sides of the channels to obtain
complete coverage of avidin, and the device was again
characterized using conductance measurements.I-V curves
at low voltage bias ((50 mV) were linear and yielded
information on surface charge characteristics and channel
geometry, while those at high voltage bias ((10 V) exhibited
current rectification.

To qualitatively explain rectifying behavior in our system,
we use a one-dimensional model considering only electro-
phoretic and diffusive fluxes and the quasielectroneutrality
condition. Local Donnan equilibrium22 is assumed in order
to relate ionic concentrations and potentials across the

discontinuity in surface charge inside the channel and
between the channel end and reservoir.

Consider a 1:1 electrolyte, and denote the cations and
anions byn+ andn-, respectively. Further assume that the
ions are nonreacting, and the (constant) fluxes of cations and
anions along the channel areJ+ and J-, respectively. For
unit channel width, the mass conservation equations for each
ionic species are

D is ionic diffusivity, µ is ionic mobility,h is channel height,
æ is electric potential, andx is the distance coordinate along
the length of the channel. For a surface charge density ofσ,
the quasielectroneutrality condition gives

We use the Donnan equilibrium condition22 to relate electric
potentials and concentrations at the channel end and the
reservoir as well as across the discontinuity in surface charge
within the channel. Subscripts A and B refer to points on
either side of the discontinuity.

Equation 1 was integrated analytically, and in conjunction
with eqs 2-3, yielded a set of transcendental equations that
was solved using Matlab (see Supporting Information). Ionic
mobility was assumed to be 7.8× 10-8 m2/Vs for both K+

and Cl- ions.18 Channel height and width were assumed to
be 30 nm and 40µm, respectively, and half of the total 120
µm length was assumed to be patterned with avidin.

The assumptions of one-dimensional transport, local
Donnan equilibrium at the junctions, and electroneutrality
are the major simplifying assumptions used in our model.
Similar models were found to be sufficient to qualitatively
explain rectification of transport in bipolar membranes23 and
nanopipettes24 and do not significantly compromise the
accuracy of results compared to the full Poisson-Nernst-
Planck model of a nanofluidic diode, at least under forward
bias15 (see Supporting Information). Similarly, under reverse
bias, the model yields concentration depletion and near-zero
current, agreeing qualitatively with the full solution.15 The
one-dimensional assumption is reasonable because time for
diffusion of ions across the channel is much smaller than
transit time of the ions through the channel, and the ionic
concentrations are reasonably described by a uniform
potential across the channel (see Supporting Information).
The assumption of local Donnan equilibrium has been
justified in the case of a bipolar membrane.23 The assumption
fails if the potential drop due to ionic current between two
points is comparable to the potential difference between those

Figure 1. (a) Schematic diagram of a nanofluidic diode consisting
of avidin patterned in half the channel. The other half has biotin
moieties, which result in a close to neutral surface charge. (b)
Epifluorescence image of the fabricated nanofluidic diode, showing
fluorescently labeled avidin in half the channel. Scale bar 20µm.
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two points. Under forward bias, there is no depletion region
at the junction, and the potential drop is small compared to
the applied voltage bias. Under reverse bias, there is almost
zero ionic current, and the potential drop due to ionic current
is small compared to the potential drop across the depletion
region that forms at the junction.15 Moreover, this current
being close to zero does not affect our subsequent arguments
or comparison with experimental results. Our model and full
solutions of the Poisson-Nernst-Planck equations15 suggest
that a depletion region does not form in the channel if the
surface charge changes in (nonzero) magnitude across a
junction but not in sign. We have incorporated here the
simplest possible model that gives some intuition and
succeeds in qualitatively explaining the current rectification
phenomenon.

Experimental and theoreticalI-V curves obtained at KCl
concentration of 10 mM in(10 V bias range show
rectification of ionic current (Figure 2).I-V curves obtained
in the (50 mV bias range were linear. Experimental data
are denoted by dark circles, while the dashed lines have
slopes equal to conductance measured in the low bias regime
((50 mV). Relative to current extrapolated linearly from
low-bias measurements, there is current enhancement when
the biotin side is at a positive potential (forward bias) and
current depletion under reverse bias. Theoretical predictions
(solid lines) show qualitative agreement with experimental
results. Figure 2a shows theoretical predictions with a surface

charge of 3 mC/m2 on the avidin side and-1, 0, and 1 mC/
m2 on the biotin side. Current rectification occurs even when
the surface charge on either half is of the same sign; however,
rectification is enhanced when one-half of the channel has
no charge or charge of the opposite sign. Figure 2b shows
theoretical predictions with a surface charge of 2, 3, and 5
mC/m2 on the avidin side and 0 mC/m2 on the biotin side.
As the surface charge on the avidin side increases, current
enhancement increases. It is also worth noting that the
direction of current enhancement is consistent with a higher
surface charge on the avidin side (σavidin - σbiotin > 0), which
is expected due to the highly cationic nature of avidin.

Comparison of experimental data with theoretical predic-
tions suggests that the charge on the biotinylated side is close
to neutral or negative. However, conductance measurements
of the biotinylated channels before patterning avidin and of
the fully avidin-coated channels indicate that the magnitude
of surface charge of the avidin-coated surface is ap-
proximately 2 mC/m2, while that of the biotinylated surface
is approximately 1 mC/m2. Experiments on another device
showed that surface charge was positive for both avidin-
coated and biotinylated surfaces (see Supporting Informa-
tion). For surface charges of 2 mC/m2 on the avidin side
and 1 mC/m2 on the biotin side, our model predicts mild
current rectification, with some current depletion under
reverse bias but almost no current enhancement under
forward bias (Figure 2). This is in contrast to the observed
current enhancement under forward bias and marked current
depletion under reverse bias. The assumptions of the one-
dimensional model have been examined by comparison with
the full solution of the Poisson-Nernst-Planck equations,15

and it has been found to be valid at least in the forward bias
case. It makes it unlikely that the one-dimensional transport
assumption or the Donnan local equilibrium assumption can
account for the discrepancy in surface charge. The most
likely reason for the observed discrepancy is that surface
properties being difficult to control, surface charge may have
changed in the avidin patterning step or in the final step of
coating the entire surface with avidin. Conductance measure-
ments (see Supporting Information, Figure S1) reveal that,
while diode conductance lies in between those of the
biotinylated channel and the fully avidin coated channels,
its conductance deviates by approximately 50% from the
expected value calculated using conductance of the biotiny-
lated and avidin-coated channels. It may also indicate that
characterization of transport in such systems based only on
surface charge is inadequate. It must be noted that modeling
of current rectification in bipolar membranes13,22,23 and
nanopores25 shows that quantitative prediction of transport
in such systems is difficult and only qualitative agreement
may be expected.

To gain some insight into the mechanism of current
rectification, ionic concentration profiles and corresponding
electric potential predicted theoretically are shown for 10
mM KCl at bias voltages of+5 and -5 V, respectively
(Figure 3). The left half of the channel is assumed to have
a surface charge of 3 mC/m2 (avidin-coated), while the right
half is assumed to be neutral (biotinylated). When there is

Figure 2. Diode I-V characteristics at 10 mM KCl. Solid circles
represent experimental data, while the dashed line has slope equal
to the conductance measured using a voltage bias range of-50 to
50 mV. Solid lines are theoretical predictions for a 120µm long,
40 µm wide channel with a height of 30 nm and a surface charge
of 1, 0, and-1 mC/m2 in the biotin half of the channel and 3
mC/m2 in the avidin half of the channel (a), and a surface charge
of 0 mC/m2 in biotin half the channel and 2, 3, and 5 mC/m2 in the
avidin half of the channel (b). Theoretical predictions for experi-
mentally measured surface charges (see Supporting Information)
of 1 mC/m2 on the biotin half and 2 mC/m2 on the avidin half
(dotted lines) exhibit current decrease under reverse bias, but no
significant current enhancement under forward bias in (a) and (b).
Biotin side is at a higher potential under forward bias.
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no electric field along the channel, negative chloride ions
accumulate in excess in the avidin half of the channel to
neutralize the positive charge on avidin. When a positive
voltage bias is applied to the biotin side, chloride ions from
the avidin side travel to the biotin side. It results in
concentration enhancement in the channel, and the magnitude
of the axial electric field varies accordingly such that a
constant current of chloride ions is maintained. The electric
potential varies smoothly along the channel, there is high
ionic current, and the diode is in forward bias. However,
when the biotin side is at a negative voltage bias, chloride
counterions in the avidin side are driven away from the biotin
side. It results in concentration depletion inside the channel,
and the electric potential drops sharply across the avidin-
biotin junction. Under this condition, very little ionic current
flows through the channel, and the diode is in reverse bias.
This mechanism is similar to that of current rectification in
conical nanopores and bipolar membranes, in that current
enhancement is associated with concentration enhancement
and current depletion is associated with concentration deple-
tion.

Diode characteristics for different KCl concentrations are
shown in Figure 4, along with theoretical predictions for a
surface charge of 3 mC/m2 on the avidin side and 0 mC/m2

on the biotin side. TheoreticalI-V curves are used with the
intention of qualitatively illustrating general trends predicted
by the model. It is seen that current rectification is prominent
at intermediate concentrations of 1 mM and 10 mM KCl,
but not at higher or lower concentrations. At higher
concentrations of KCl, the effect of surface charge is small
due to high bulk ionic concentration (σ/eh< nbulk). At 1 M

KCl, surface charge effects are negligible and the theoretical
and experimentalI-V curves exhibit linear characteristics.
The effect of surface charge is evident at 100 mM KCl.
Theory predicts a slight current rectification at 100 mM KCl,
which is also observed experimentally, although current
enhancement is not seen.

While the experimental results match closely with theo-
retical predictions at KCl concentrations of 1 mM and above,
there is a large deviation at lower KCl concentrations of 10
and 100µM. Surprisingly, experimental data show current
decrease under forward bias instead of the expected current
enhancement and do not exhibit the expected current
depletion under reverse bias. In addition, current saturation
observed at 1 mM under forward bias is not expected from
theoretical predictions. There are several factors that affect
ionic transport and complicate the system at lower KCl
concentrations that could account for high current under
reverse bias. Enhanced water dissociation in bipolar mem-
branes results in a large current under reverse bias,22,26which
may also be expected to occur in our device and may explain
the high current under reverse bias. This water dissociation
could also lead to pH changes resulting in variation of surface
charge on the biotinylated surface, which could further
increase the current. However, under forward bias, concen-
tration polarization effects arising near the channel entrance27

may play a role in the observed current decrease (see
Supporting Information). Solution of the full Poisson-
Nernst-Planck equations in the case of a nanofluidic diode

Figure 3. Theoretical predictions of the ionic concentration and
electric potential profiles along nanofluidic diode calculated using
the one-dimensional model. The avidin half of the channel has a
positive charge of 3 mC/m2, and the biotin half is neutral. (a) Under
forward bias of 5 V, there is concentration enhancement in the
channel. (b) Under a reverse bias of-5 V, there is concentration
depletion in the channel, and the electric potential drops sharply at
the junction of positive and neutral surface charge. Channel height
is 30 nm, and KCl concentration is 10 mM.

Figure 4. DiodeI-V characteristics at different KCl concentrations
(a-f). Solid circles represent experimental data, while the dashed
line has slope equal to the conductance measured using a voltage
bias range of-50 to 50 mV. Solid lines are theoretical predictions
for a 120µm long, 40µm wide channel with a height of 30 nm
and a surface charge of 3 mC/m2 in the avidin half of the channel
and 0 mC/m2 in the biotin half of the channel. Biotin side is at a
higher potential under forward bias.
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exhibits a significant potential drop and concentration
depletion in the reservoir,15 which may decrease the ionic
current. These results point to the importance of the
microfluidic-nanofluidic interface, which is poorly under-
stood and difficult to model. It is clear from the above
discussion that, while rectification can be qualitatively
explained, a complete understanding of ion transport in the
nanofluidic diode will require further study. However, there
is clear evidence for rectification of ionic transport at higher
KCl concentrations, which agrees qualitatively with theoreti-
cal predictions of the one-dimensional model.

In this work, we have demonstrated a current-rectifying
nanofluidic diode using the method of diffusion-limited
patterning. DeviceI-V characteristics agree qualitatively
with a one-dimensional theoretical model at moderate to high
ionic concentrations. At low ionic concentrations,I-V
characteristics suggest that effects at the channel entrance
and water dissociation play a significant role in transport
through the diode. This study illustrates flow control using
surface charge patterning in nanofluidic channels in the
regime of high voltage bias. This device can be rationally
designed and is amenable to integration with other nano-
fluidic and microfluidic channels. Our experiments suggest
that the nanofluidic diode or devices based on similar
principles could find applications in control of pH and ionic
concentrations and separation processes.
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