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T
he ionic selectivity of biological
channels that regulate ion perme-
ation through cell membranes is a

basic mechanism of cell biology.1,2 In recent
years, the ability to create nanopores in ar-
tificial membranes has stimulated intense
fundamental and applied research in at-
tempts to replicate as well as enhance the
functionality of ion channels. Hence, the
properties of track-etched membranes have
been studied in comparison with the prop-
erties of various biological channels,3�5

while artificial nanopores in dielectric
membranes6,7 have been proposed as a
substitute for biological ion channels.8�10

As a key ingredient to their functional-
ity, the surface charge in and near the ends
of biological channels can be of either signs
or can even be spatially distributed in the
pore.1 Single nanopores decorated with
fixed local positive charges have been pro-
posed to operate as a “nanofluidic diode”
and ion current rectifier.11,12 Recently, coni-
cal nanopores in polymer membranes with
various (negative) surface charges have
been shown to act as ion rectifiers,13�15

while a microfluidic transistor operating by
modulation of surface charge in an ion
channel has been proposed16 and mod-
eled theoretically.17 In an artificial mem-
brane, the presence of a surface charge is
crucial for the use of nanopores for a single
molecule detection, ion/protein filtering,18

and potentially in DNA sequencing.19�21 In
general, it is very difficult to directly control
or change membrane charge once it was
deposited. In these designs, additional flex-
ibility can be obtained by manipulation of
the solution pH once the surface charge is
deposited or via chemical modification of
the membrane.22 The surface charge in
solid-state nanopores is usually negative
and results from the fabrication process.19

Therefore, nanopores controlled by ex-
ternal bias have obvious advantages over
the systems with fixed surface charge.
Voltage-controlled ion selectivity of gold
nanotubes was reported,23 while gate volt-
age modulation of the solution concentra-
tion to change the ionic conductance was
experimentally demonstrated.24

Advances in semiconductor technology
have enabled the fabrication of nanometer-
thick layers with arbitrary n- or p-doping
levels;25 recently, we showed that n-doped
semiconductor membranes can attract ei-
ther positive or negative ions at the nano-
pore surface26 and that nanopores in the
n��Si membrane can operate as an ion fil-
ter.18 Furthermore, we proposed to use pn-
double layer membranes as tunable ion fil-
ters and current rectifiers.27

In this paper, we predict by numerical
modeling that triple layer membranes
made of p- and n-type doped semiconduc-
tors, such as npn, can control the ionic cur-
rent through a nanopore in a way similar to
the electron current in conventional elec-
tronic transistors, with performance re-
gimes ranging from the “ionic switch” to
current blocking and rectification.

Membrane Electrostatics Model. Our Si mem-
brane is 23 nm thick (L � 23 nm) (see
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ABSTRACT We explore the possibility of using thin layered semiconductor membranes for electrical control

of the ion current flow through a nanopore, thereby operating like tunable ionic transistors. While single layer

semiconductor membranes can be voltage tuned to operate as ionic filters or “switches”, double layered

membranes can rectify the ion current flowing through the nanopore in addition to ion filtering. Triple layer

membranes exhibit enhanced functionality with characteristics similar to those of the single and double layer

membranes in addition to bidirectional current blocking and switching, thereby operating similar to tunable ionic

transistors.
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charge · voltage-gated ion channels

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 11 ▪ 2349–2355 ▪ 2008 2349



Figure 1) and consists of three layers of n-, p-type Si
with 7 nm thickness each (npn-membrane). The n-type
doping is Nd

n � 2 � 1020 cm�3,8 and is equal to the
p-type doping Nd

p for all membranes. We use two nano-
pore designs: one has a cylindrical shape with the diam-
eter D � 2 nm, while the other is a conical nanopore
with constriction diameter D � 1 nm (in the mem-
brane’s center) and various 3�10 nm openings at the
membrane surfaces. Such nanopore geometries are the
results of the electron beam fabrication process.19 The
surface of the membrane is covered by a 1 nm surface
layer of SiO2 containing a fixed negative charge � �

�0.0256 C/m2. The nanopore membrane characteris-
tics: nanopore diameter D, membrane doping Nd,and
the nanopore fixed charge � are typical parameters
known from nanopore experiments.8,19 The mem-
branes thickness L is chosen to fulfill two contradictory
conditions: (1) the overall membrane should be as thin
as possible (to speed up the separation process), and at
the same time, (2) the individual membrane layers
should be thick enough to avoid the depletion of
charge carriers around the nanopore and at the n-type/
p-type interfaces. The membrane is immersed in an
electrolyte KCl solution with a concentration 0.1 M, un-
less otherwise noted. Each material is characterized by
its relative permittivity (i.e., �Si � 11.7, �SiO2

� 3.9), while
the dielectric constant of the electrolyte solution is cho-
sen �electrolyte � 78.

Ionic Current Model. The total ionic current through
the nanopore is given by the sum of the fluxes Ji from
all ion species:

I ) Fπr2∑
i

ziJi (1)

We assume that the ionic flux of individual species i, Ji,
is governed by the Nernst�Planck equation:28

Ji )-Di

dci

dy
- ziDici

F
RT

d�
dy

(2)

where the first term describes the ion diffusion through
the nanopore, while the second term is responsible for
the drift of charged ions caused by the electric field d�/
dy. The electrostatic potential �(y) is the sum of the
equilibrium potential �0(y) obtained from the solution

of the Poisson equation and the potential due to the
electrolyte bias V which is assumed to drop linearly
across the whole membrane thickness L: �(y) � �0(y)
� Vy/L. In eqs 1 and 2, F � qNA is the Faraday constant
(NA � 6.02 � 1023 mol�1), F/RT � q/kBT with the tem-
perature T � 300 K (q and kB are the elementary charge
and Boltzmann constant, respectively); zi, Di, and ci are
the charge number (zi � �1 in our case), the diffusion
coefficient Di � 2 � 10�5cm2/s and concentration of
the ion species i, respectively; r is the nanopore radius,
2r � 2(1) nm for the cylindrical (conical) nanopore.

At the top YT (bottom YB) membrane interfaces (L �

YT � YB � 23 nm; see Figure 1), the bulk ci
0 and nano-

pore ion concentrations ci(YT) [ci(YB)] are connected by
means of the Donnan equilibrium conditions:28,29

ci(YT) ) ci
0exp(-ziF

RT
∆�T

0) (3)

ci(YB) ) ci
0exp(-ziF

RT
∆�B

0) (4)

where 	�T
0 [	�B

0] is the difference between the elec-
tronstatic potential �0 in the bulk of the solution and
at the membrane interface YT(YB) and which is indepen-
dent of the external membrane bias V.

The flux Ji is calculated from the numerical solution
of the Nernst�Planck equation (eq 2) with respect to
the ion concentration ci as a fitting parameter to sat-
isfy the boundary conditions (eqs 3 and 4).

Single Layer Membrane: Ionic Filter and Switch. In order to
understand the complex behavior of the triple layered
membrane, we first discuss the characteristics of a
nanopore under different electrical biases applied to a
single layer 23 nm thick n�Si membrane and their ef-
fects on the ionic current�voltage characteristics.

Figure 2 illustrates the potential variations along the
nanopore axis for several membrane biases and the cor-
responding current�voltage characteristics (I�V
curves) and flux curves for the cylindrical (Figure 2A�C)
and conical (Figure 2D�F) nanopore geometries. As
the membrane layer bias varies from �1 to 1 V, the elec-
trostatic potential profile in the nanopore changes
from a potential well to a potential barrier (Figure 2A,D),
as the result of the combined effect of several sources
of charge in the membrane, such as dopant charges,
membrane charge �, and electron�hole charge.18,26

The current voltage characteristics for a cylindrical
nanopore with a single layer membrane is ohmic (Fig-
ure 2B), with the conductance depending on the total
charge accumulated in the nanopore. However, one no-
tices that irrespectively of whether the potential pro-
file in the nanopore is a barrier or a well the I�V curves
for Vn � �1 and 0.5 V or �0.5 and 0 V almost coin-
cide. Even though these I�V curves are almost identi-
cal, the contributions from the K� and Cl� fluxes are dif-
ferent as seen in Figure 2C, which shows specifically

Figure 1. Geometry of the modeled nanopore in a triple lay-
ered npn-membrane.A
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the ionic fluxes for Vn � �1 and 0.5 V. It can be seen

that the total current flowing through the nanopore in

the former case is carried mostly by Cl� ions, whereas

main contribution to the current in the latter case

comes from K� flux. This is due to the fact that the

two types of ions have opposite charge and the same

mobility, and the potential barrier for cations is a poten-

tial well for anions, and vice versa. Thus, a single layer cy-

lindrical membrane can operate as an ion filter, which,

depending on the membrane bias, lets through ions of

one charge and blocks the flow of the oppositely

charged ion species.

The conical geometry of the nanopore results in an

effective decrease of the membrane thickness mani-

fested in smaller overall extensions of the membrane

potential well as shown in Figure 2D, while the nar-

rower nanopore in the center of the membrane (1 nm)

results in a larger value of the potential in this region

compared to the 2 nm cylindrical nanopore case (Fig-

ure 2A).

Figure 2E shows that the I�V characteristics of coni-

cal pores exhibit a larger conductance at low bias

(switching) than at high bias, mostly visible in the 1�3

nm conic pore (dark green curve). Unlike the I�V char-

acteristics of cylindrical pores, which are ohmic for the

whole bias range (for the chosen membrane param-

eters). In a conical pore, this conductance variation is

due to the shape of the nanopore, which induces a

large potential as well as carrier density variation (Fig-
ure 2B).

Within our transport model, we find that low electro-
lyte bias cannot “shift” K� ions accumulated in the
nanopore (large K� concentration), while a larger bias
pulls them from that region, leading to a saturation-like
slow increase in the flux with applied bias (decreased
ionic concentration in the nanopore; Figure 2E,F). In this
voltage interval, Cl� flux is small as there is no substan-
tial presence of these ions in the nanopore. At even
higher biases, only drift term in the current density sur-
vives, which eventually leads to a linear (ohmic) I�V de-
pendence. This is reminiscent of the triple layered mem-
brane (see below) where two n�p diodes are
connected in reverse, resulting in the transistor-like
I�V curves with a switching region (abrupt, step-like in-
crease in the current) at small solution biases.

We should emphasize here that the nascent
transistor-like behavior of the current is very sensitive
to the geometry of the pore as well as to the charge dis-
tribution on the surface and inside the membrane. For
example, as can be seen in Figure 2E,F, the switching re-
gion is not observable for the cylindrical pores and
greatly diminished for the conical pores with very large
membrane openings because of the smaller central bar-
rier/well for these nanopore geometries.

Double Layer Membrane: Ionic Rectifier. Next, we briefly
consider a double (np) layer semiconductor mem-
brane with a cylindrical 2 nm nanopore. Figure 3 dis-

Figure 2. Single layer n-type semiconductor membrane (the solution concentration is 0.1 M) with cylindrical (A�C) and conical (D�F)
nanopores with different opening diameters at the membrane surface (see legend, Vn � �1 V): (A and D) Electrostatic potential along
the axis through the center of the nanopore; (B and E) I�V curves for potential profiles in (A); (C and F) ionic fluxes through the
nanopore.
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plays the potential variation along the nanopore axis

for several membrane biases (Figure 3A) and the corre-

sponding I�V curves (Figure 3B). Unlike the electro-

static potential profile produced by the single layer

n�Si membrane (Figure 2A) that exhibits a single po-

tential extremum (which can be either positive or nega-

tive) for all considered membrane biases, the potential

along the channel in a np-membrane produces either a

single dominant minimum or two extrema (one mini-

mum and one maximum) as a function of applied bias

between the n- and p-layers (Figure 3A). This feature of

the np-membrane to produce asymmetric potential

profile in the channel is the direct cause for ionic cur-

rent rectification properties of the double layered nano-

pore membranes. Thus, the maximum current rectifica-

tion is obtained for membrane biases n�Si at Vn � 1 V

and p�Si at Vp � 0 V (see Figure 3B), for which there is

a maximal potential variation.

Let us point out that typical potential variations in

the pore are �50 mV (Figure 3A) and are larger than

the thermal voltage kT/e � 25 mV; we obtain larger po-

tential variations at lower ion concentrations [KCl] 


0.1M due to reduced screening of the nanopore walls

by ions and, consequently, improved selectivity and

rectification function. The complete discussion of the

np-membrane system can be found in ref 27.

Triple Layer Membrane: Current Blocking and Switching. Fi-

nally, we consider semiconductor membrane with three

(npn) layers (Figure 1). Electrostatic potential variations

through the nanopore center for different membrane

biases are shown in Figure 4A,C,E, while the corre-

sponding current�voltage characteristics are pre-

sented in Figure 4B,D,F.

Figure 4. Triple layer npn semiconductor membrane (solution concentration is 0.1 M): (A,B) electrostatic potential along the nanop-
ore axis and corresponding I�V curves for varying bias on the lower n�Si layer: [Vn(top)/Vp/Vn(bottom)] � [1/0/1], [1/0/0], and [1/0/�1];
(C,D) the same for varying bias on the p�Si middle layer: [1/1/1], [1/0/1], and [1/�1/1]; (E,F) the same for varying bias on the bottom and
the top n�Si layers in sync: [�0.25/�1/�0.25], [�0.1/�1/�0.1], and [0/�1/0].

Figure 3. Same as in Figure 2A,B, but for the double layer
np semiconductor membrane.
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We first vary the membrane bias at the bottom
n�Si layer between �1 and 1 V, keeping the biases at
the top n�Si and the middle p�Si layer constant at Vn

� 1 V (top layer) and Vp � 0 V, respectively (Figure 4A).
The electrostatic potential in the nanopore evolves
from the three extrema profile (as in double-humped
camel) for membrane layer biases [Vn(top)/Vp/Vn(bottom)]
� [1 V/0 V/1 V] (short notation: [n/p/n] � [1/0/1]) to the
asymmetric profile with two extrema for [n/p/n] � [1/0/
�1], which is qualitatively similar to the results for the
np double layered membrane at [n/p] � [1/0] (Figure
3A). In this case, the current�voltage characteristics
(Figure 4B) becomes diode-like, that is, rectifying, for
[n/p/n] � [1/0/�1], while for membrane layer biases
[n/p/n] � [1/0/1] and [n/p/n] � [1/0/0], they result in bi-
directional current blocking over the voltage window
��50 to �150 mV. At larger electrolyte voltages, the
current through the nanopore grows linearly. The cur-
rent slope for positive voltages changes with applied
membrane bias until the I�V curve becomes flat, which
corresponds to full current rectification (red curve).
The direction of the current blockade can be inverted
if membrane layer biases are changed from [n/p/n] �

[1/0/�1] to [n/p/n] � [�1/0/1]. Thus, the triple layered
structure allows control over the ionic flow in both di-
rections without membrane treatment, electrolyte pH
adjustment, etc.

Hence, the potential at the top and bottom n�Si lay-
ers in the triple layered membrane controls the transi-
tion of the I�V curves from either bidirectional block-
ing or switching to a diode-like behavior obtained with
the double layered membrane. Also, the electrical po-
tential in the nanopore can be further adjusted to form
a single extremum similar to that of a single layer mem-
brane (not shown).

In Figure 4C, we show the effect of the membrane
layer bias on the middle p�Si layer (biases at the top
and the bottom n�Si layers are fixed at Vn � 1 V) on the
I�V characteristics. The depth of the potential in the
middle layer regulates the extent of the bidirectional
current blocking (Figure 4D), where one can see that
deeper potentials in the membrane middle layer result
in a wider voltage window of current blocking.

Finally, as illustrated in Figure 4E,F, the transition
from current “blocking” to “switching”, that is, onset of
a step-like current increase in the I�V curves around V
� 0, is regulated by simultaneously lowering the height
of the potential barriers at the top and bottom layers
of the membrane, while keeping the bias at the middle
layer constant, thereby making the triple layer mem-
brane potential behave in a similar way to the single
layer membrane analyzed before (Figure 2). This effect
is magnified for smaller diameter pores as shown in Fig-
ure 5 for a 1 nm diameter cylindrical pore. Note that
the switching behavior is more pronounced in triple
than in the single layer membranes (Figure 2E) because
of the thin central p-doped region responsible for domi-

nant potential well (7 vs 21 nm thick single layer mem-

brane).

In Figure 6, the I�V curves computed for different

solution concentrations in the case of the triple lay-

ered membrane under bias [n/p/n] � [�0.25/�1/

�0.25] are shown. One can see that, as expected, the

conductance increases with the solution concentration.

The magnitude of the “step” in the I�V curves near V

� 0 first increases with the electrolyte concentration,

but eventually smoothes over to a linear dependence

as the larger concentration effectively screens out the

membrane-induced potential. This behavior is similar to

recent experimental observations.22 The relative size of

the steps depends on the depth of the potential in the

membrane middle layer: The deeper this well, the larger

the step in the I�V curve. Lower electrolyte concentra-

tions lead to reduced membrane screening and to a

larger influence of the membrane bias on the ion cur-

rent. Thus, the switching region in the current is more

pronounced for 0.01 M electrolyte concentration.

CONCLUSIONS
Doped semiconductor membranes are of particular

interest in nanofluidics due to their electrical tunabil-

ity. In this work, we focused on the electrical proper-

ties of nanopores in doped Si membranes consisting of

Figure 5. Triple layer npn semiconductor membrane:
current�voltage characteristics for three membrane biases
(see legend) for a 1 nm diameter cylinder nanopore and elec-
trolyte concentration 0.1 M.

Figure 6. Triple layer npn semiconductor membrane:
current�voltage characteristics for bias [n/p/n] � [�0.25/
�1/�0.25] for a 2 nm diameter cylinder nanopore and differ-
ent electrolyte concentrations.
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single n, double np, and triple npn layers. It was
shown18 that single layer membranes can function as
ionic filters but also exhibit an additional regime of cur-
rent switching which is caused by the shape of the elec-
trical potential in the nanopore. This regime was not re-
ported in our work previously. While, double layered
membranes can be biased to perform ion current recti-
fication,27 the addition of the third layer allows one to
broaden the device functions to include such regimes
as bidirectional current blocking and current switching,

while retaining such regimes as current filtering and
rectification at certain membrane biases. It is expected
that future applications of these membranes might in-
clude ionic current control, biomolecule separation, and
DNA nanofluidic systems. Multilayered membranes
can be used to provide much needed control over the
DNA translocation through a nanopore, for example, to
slow down DNA translocation and facilitate back-and-
forth as well as stop-and-go DNA translocation to in-
crease molecule sampling time in the nanopore.

METHODS
To obtain the ion charge distribution in the nanopore, the

Poisson equation is solved self-consistently by a multigrid
method in the electrolyte�membrane system,8 assuming the
ions in the electrolyte are fully dissociated and obey the Boltz-
mann distribution, whereas electrons and holes in the semicon-
ductor are governed by the Fermi�Dirac statistics. The model
details are described elsewhere.8,27 We use virtual solid-state pa-
rameters for the solution, which enables us to formulate an all-
semiconductor model for the charge and electric potential in the
electrolyte and solid-state materials.30

We model the bias potentials applied to the membrane lay-
ers with respect to the electrolyte by varying the quasi-Fermi lev-
els of the Si n- (Vn) and p (Vp)-layers of the membrane sepa-
rately over the �1 to 1 V range; we refer to these as “membrane
layer biases” further on. Note that they should be distinguished
from the “electrolyte bias” V that is applied between the top and
the bottom electrolyte chamber located above and below the
membrane (see Figure 1).
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