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ABSTRACT

Theoretical modeling of ionic distribution and transport in silica nanotubes, 30 nm in diameter and 5 gm long, suggest that when the diameter
is smaller than the Debye length, a unipolar solution of counterions is created within the nanotube and the coions are electrostatically repelled.
By locally modifying the surface charge density through a gate electrode, the ion concentration can be depleted under the gate and the ionic
current can be significantly suppressed. It is proposed that this could form the basis of a unipolar ionic field-effect transistor.

Introduction. lon transport in nanoscale channels has RN <.
recently received increasing attention. Much of that has '
resulted from experiments that report modulation of ion
transport through the protein ion channelhemolysin, due

to passage of single biomolecules of DNA or protéins. ' -‘.v{ i
This has prompted research toward fabricating synthetic 3
nanopores out of inorganic materials and studying biomo- .
lecular transport through thetriRecently, Fan et &lreported 10

the synthesis of arrays of silica nanotubes with internal
diameters in the range of8.00 nm and with lengths-120

um (see Figure 1). While it is difficult to control the internal Figuresl. TEM of silica nanotube with internal diameter of about
structure and chemistry of synthetic nanotubes as precisel nm:

as that ofa-hemolysin and other biological ion channels,
nanotubes do offer an aspect ratio that is much higher than
that of protein ion channels. The fact that the nanotube
lengths fall within the resolution of optical microscopy and
optical lithography opens the possibility of imaging transport
of single biomolecules through the nanotube while control-
ling the charge distribution on the nanotube surface by
external microfabricated electrodes. This would allow new

ways of detecting and manipulating single biomolecules. To Or: a cf;]angelbls clharg(re]d f"‘”‘?' the height of S Channellllsdless
achieve this, however, it is critical to understand the ionic than the Debye length, lonic current can be controlled as

conditions and ion transport inside the nanotube. In view of well 'I_'he_purpos_e of the present study is deyelop a model
this, the purpose of the present study is to study the naturet© design inorganic nanopores and nanotubes in order to have

of ion transport through a silica nanotube under an external cpntrolled lon tra_nsport, and Fh?” study the effe-cts .Of
biomolecules on ion current, similar to that occurring in

bias and investigate the effects of the surface charge density. e h ash Vs
It must be noted that in most of the cases considered here,pro €ih NAnopores such asnemolysin.

. . o Governing Equations. The first simplification in the
the internal diameter of the nanotubes is in the range of or . o . . u
calculation of ionic current is in the modeling of the “Stern

layer”, th m lectri le layer adjacen
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smaller than the Debye length for the iohs# 1—100 nm).
Therefore, the phenomena studied here are significantly
different from that in microfluidic devices, which are
invariably larger than the Debye lendtt. In microfluidic
devices, electroosmotic flow is studied as a means to generate
fluid flow for pumping and biomolecular separation, but not
generally to control ionic current. If, however, the surface
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of the counterions that effectively balance the surface charge

are located in the first few angstroms from the surfate.
For the structural and dynamical properties of the ions within
the Stern layer, there are a number of theoretical stuéiés,

Lgx
vy,

LX

X

but there are still open questions. Here we assume that inside

the Stern layer the ions are rigidly held and they do not
contribute to the ionic current. If so, we do not need to

calculate the contribution from the Stern layer. The wall can
be regarded as the interface between the Stern layer and th

diffuse layer, and the surface charge density here is that of

the wall plus that of ions within the Stern layer.

The second simplification is that only the current due to
the electrophoresis is considered. In general, the ionic curren
is generated by electrophoresis and electroosmosis. Whe

the height of a channel is smaller than the Debye length, the

ionic current due to electrophoresis is dominant. But as the

surface charge density increases, the ionic current due to
electroosmosis increases and it cannot be neglected. We
address this issue in the Appendix and show when elec-

troosmosis can be neglected.
In the present study, the PoisseNernst-Planck (PNP)

equations are used to calculate ionic current across a channel,

The PNP theory of electrodiffusion has been applied to liquid
junctions and membrane electrochemiséy®> The PNP

equations consist of the Poisson equation (eq 1) and the

Nernst-Planck equations (eq 2) for all ionic species moving
through the channel. The electrostatic potetie calculated
with the Poisson equation

1
——> zen,

€EG

Ve (1)

where ¢, is the permittivity of vacuume is the dielectric
constant of solutionn, is the number density of ions of
species, andze is their charge. The flud, due to an ion
speciesa is provided by NernstPlanck equation, which
combines the diffusion due to a concentration gradient wit
that from a potential gradient

h

zen,

kT

J,= —Da(Vna + v¢) @)

whereDy, is the diffusivity of ion speciea. We are interested
in steady-state solution, which satisfies the continuity equa-
tion V-J, = 0, or equivalently:

zen,

V'(Vﬂa + WV(ﬁ) =0 3)

The boundary conditions for the Poisson equation are given
by

g

€€

¢

4

where ¢ is the surface charge density. The boundary
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Figure 2. Computational grid (316« 45) inside a silica nanotube
with height of 30 nm, length of am with 1 x#m x 1 um reservoirs

on either side. The gate is centered along the length of the nanotube
with a length,Lg = 2 um.

e

condition for the flux equation is zero current through the
wall, i.e.,J; = 0. The PNP equations (1) and (3) are solved
simultaneously using a finite difference algorithm, yielding
the electric potential and ionic density profiles in the
systemt®171f the electric potential and ionic density profiles
are known, the fluxJ, due to an ion speciesis calculated
with eq 2 and the ionic current is obtained by the following

equation:

l,=ze [J,dS (5)
whereSis a cross-sectional area of the channel. In this study,
KCI aqueous solutions were used. The dielectric constant
of KCl aqueous solutiorg, is 80, the diffusivities of of K

and CI, Dx+ and D¢, are 1.96x 10°° and 2.03x 10°°
m?/s, respectively®

Calculation System.Figure 2 shows the 2D domain for
the calculation, where the total length of the charlpat 5
um and the height,,, is 30 nm. Reservoirs gm x 1 um,
2um x 2 um, and 3um x 3 um in size are considered on
either side of the channel. We found that the predictions of
ion transport depend marginally on the reservoir size,
although the basic trends and conclusions in this paper do
not change with reservoir size. Hence, predictions for
reservoir size um x 1 um are presented in this paper. A
gate electrode is located at the center of the channel and the
length Ly is 2 um. The surface charge density inside the
channel ranged from 0 te-2 x 1072 C/m?, whereas the
surface charge density at the gate is different from that of
other parts due to the presence of the gate electrode. The
electric potentials and ionic densities at the boundaries are
given by constant values, except for the walls of the channel.
The boundary conditions at the walls are given by eq 4 and
Ja = 0. The surface charge densities at the walls that face
the reservoirs are zero. The grid spacing (see Figure 2)
outside the channel is 50 nm, whereas the minimum grid
spacing of 10 nm is assumed in thdirection near the inlets
and outlets of the channel, as well as the gate. The minimum
grid spacing in the direction is inside the channel and the
value is 2 nm. The bulk concentration of KCI aqueous
solution varies from 10* to 1072M.

Calculation Results. Calibration of 2D PNP CodeTo
calibrate the accuracy of the 2D PNP code, the potential and
ionic density profiles in the andy directions were verified
separately. These profiles in tlyedirection were checked
using the 1D system of which two negatively charged sur-
faces of surface charge density= —102 C/n¥ are separated
by a distancelLy, = 0.5 um in a KCI aqueous solution.
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When two surfaces are far apart, each surface can be regarded
as an isolated surface and the surface potegfiat an
isolated surface of charge densitys given by the Grahame
equationt®

L [ A—
e (BeegkTrkcio)

(6)
wherengcyo is the number density of KCl in the bulk solution.
The PNP equations were solved numerically using a grid
spacing of 2 nm for three different concentrated solutions,
104, 108, and 102 M. The surface potentials calculated
with the PNP equations are39.5,—13.7, and—4.56 mV,
respectively. In comparison, those calculated with the Gra-
hame equation are-39.5, —13.5, and—4.34 mV, respec-
tively, which indicate excellent agreement.

For a channel without surface charge, the distributions of
the electric potential and ionic density in thi@lirection are
negligible and the system can be approximated as a 1D
system in thex direction. In eq 2, the gradient of ionic density
in the x direction can be assumed to be zero, whereas that
for the electric potential can be assumed to be the constant
value of A¢/L«. Hence, the flux can be calculated as

_ A [ZSAg
Ja_ Da( kT Lx) (7)

where ny is the number density o& species in the bulk
solution andA¢ is the potential bias. When the bulk
concentration of KCI aqueous solution is™M and the
potential bias is 5 V, the ionic currents ofKand CI
calculated with eqs 5 and 7 are 21.9 and 22A/m,
respectively. The corresponding calculation results with the
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PNP equations are 20.9 and 2L&/m, respectively, again ~ Figure 3. For surface charge density, = —10"% C/n¥ on the

indicating agreement within 5%.

tube surface the effect of potential bias on (a) electric potential
profiles along the axis of the channel (top) and ionic density profiles

Absence of Gate Effed@efore considering the gate effect,  (nottom) in thex direction for five different potential biases; (b)
to clarify the nature of ion transport in nanofluidic channels, current-potential (—¢) characteristics of the charged channel of
the following three effects were studied: (a) applied bias; (solid lines) and the no charged channel (dashed lines). The bulk

(b) surface charge density; (c) bulk ion concentration.

(a) Effect of Applied Bias. Consider the concentration of
KCI aqueous solution to be 16M and the surface charge
density is—1073 C/m?. The potential at left reservoir is 0 V
and the potential at right reservoir varied fromd3 V at
an interval of 1 V. Figure 3a shows the electric potential
and ionic density profiles in the direction along the axis
of symmetry. Inside the channel the difference in ionic
density between Kand CI is determined by the surface
charge density. From the requirement of overall electroneu-
trality, the difference in ionic densityAn, is given by

concentration of KCI aqueous solution is assumed to b& M

inside the channel is about 0.69 mM in all cases independent
of the potential bias. If the bulk concentration is less than
An, there exists a large potential barrier for the @ns to
enter the channel, and the channel becomes essentially a
“unipolar” solution of K" ions that neutralize the negative
surface charge. As the potential bias increases, more ions
are accumulated inside the channel, although the potential
jump atx = 6 um increases and the electric field strength
inside the channel does not increase proportionally. Based
on the gradients of electric potential and ion concentration,

one can use eq 2 to calculate the ionic current. The cutrent
An = _20 (8) potential ( — ¢) characteristics of the channel with and
ely without surface charge are shown in Figure 3b. The ¢
characteristics foo = 0 are almost linear and almost equal
When the surface charge density4402 C/n? and the for K™ and CF. For charged channels the- ¢ character-

height of the channel is 30 nm, the differente = 4.17 x istics are nonlinear because of the fact that the potential
10”2 m~2 and the equivalent concentration is 0.69 mM. In gradient inside the channel does not increase proportionally
Figure 3a, the concentration difference betweérakd Ci to increasing applied potential difference.
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Figure 4. Effect of surface charge density on ionic current. The

bulk concentration of KCI aqueous solution is™1(M and the
potential bias is 5 V.
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10 10 10 Figure 6. Effect of surface charge density at the gatg,on ionic

np (M) current: (a)l — gy characteristics; (b) electric potential profiles at

the center of the channel (left) and ionic density profiles (right) in
Figure 5. Effect of the bulk concentration of KCl aqueous solution  the channel direction for six different surface charge densities (C/
on ionic current. The ionic current of the charged chanheis m?) at the gate, (A) 0, (B)-10"4, (C) —2.5 x 1074, (D) —5 x
normalized byl,o, which is the current when the surface charge 104 (E) —103 and (F)—2 x 1073. The charge densities on the
density,c = 0. The potential bias is 5 V, and the surface charge channel surface except for the gate region-akex 10-3 and—10-3
densities are-10"3 C/n¥. C/n (dashed lines ih—ay characteristics). The bulk concentration
of KCI aqueous solution is I6 M and the potential bias is 5 V.

(b) Effect of Surface Charge Density. To study the effect
of surface charge density ionic current, the bulk concentration V and surface charge densities ©fLl0~2 C/m?. The ionic
of KCI aqueous solution is assumed to be ™ and the current of the charged channgl,is normalized by that of
applied potential bias is fixed at 5 V. Figure 4 shows the an uncharged channdl,,. As the bulk ion concentration
ionic currents for surface charge densities varying betweenincreases, the vertical axi$/l,o, approaches unity, i.e.,
0 and—2 x 1073 C/m?. As the magnitude of negative surface suggesting that the walls are effectively neutralized by the
charge density increases, the ionic current ofikcreases ions within a length scale much shorter than the channel
monotonically, whereas that of Clremains largely un-  height, such that the channel behaves like an uncharged one.
changed. The main reason for the increase ofckrrent is Gate Effect.To study the effect of a voltage bias on the
due to the increase of Kconcentration inside the channel. gate electrode, ion transport was studied under bulk KCI
But when K’ ions are accumulated inside the channel, an concentration of 10* M and the potentials at left and right
opposing diffusion current is produced due to a higher reservoirs are 0 and 5 V, respectively. The surface charge at
concentration gradient. Therefore, the ionic current does notthe gate gy, varied from 0 to—2 x 10~ C/m? and, except
increase proportionally with the ionic density, such that for the gate region, the surface charge densities,—1073
|{dI}/{ do}|decreases with increasing. and —2 x 1073 C/n? were assumed. Figure 6a shows the

(c) Effect of Bulk lon Concentration. Figure 5 shows the ionic currents of K and CI as a function ofsg. The curves
ionic current of K" and CI” as a function of bulk concentra-  are substantially similar to those in Figure 4. For both cases
tion of the KCI aqueous solution under a potential bias of 5 ¢ = —10"23and—2 x 103 C/n¥, asgy— 0, the ionic current
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is blocked almost completely. However, whep~ o, the
magnitude of the ionic current approaches the value at
more rapidly in comparison with those in Figure 4, suggest-
ing that the effect oiyy on the ionic current is nonlinear.
The ionic current of Cl decreases monotonically with
decreasing the surface charge density at the gate, and the
value is smaller than that in Figure 4. &n the remaining
surface increases from103 to —2 x 102 C/n¥, the
unipolar nature of charge transport appears more clearly. To
understand thé—oy behavior, one needs to carefully study
the potential and ion concentration distribution, which are
shown in Figure 6b along the channel direction. Since the
ionic density Cf is much smaller than that of Kinside the
channel, the channel can be considered a unipolar solution.
Hence, what is important for ionic current is the distribution
of K*. Whenagy increases from-2 x 103 C/n¥ to O, the
K* ions are depleted from under the gate such that the Figure 7. Ratio of the currents due to electroosmotic flow and
concentration drops to that of CIAs a result, most of the  electrophoretic flow as a function of the surface charge density in
potential drop occurs at the gate. Sidge is constant along  the unipolar channel of K.
the channel, its value anywhere along the channel is
determined by the depleted concentration under the gate. Dugvhereu is the streamwise velocity; is the viscosity pe is
to the unipolar nature of charge transport and the effect of the net electric charge density, aBig= —dg/dx. Using the
gate bias on the charge depletion, and consequently decreasBoisson equation fose, we obtain
of charge transport, it is fair to compare such as device to
that of a metal-oxide-semiconductor field effect transistor 92U Fo
(MOSFET). W = wax (10)
Conclusions.The PoissorrNernst-Planck (PNP) equa-
tions were used to calculate ionic current along a nanofluidic
channel 5um long and 30 nm high. The surface charge
density ranged from 0 to-2 x 103 C/m¥, the bulk
concentration of KCl aqueous solution ranged from“1to uly) = EOGEX{ o(y) — & (11)
1072 M, and the potential bias ranged from 0 to 5 V. The u
following conclusions can be drawn from this study. (1)
When the channel size is smaller than the Debye length andwhere{ is the zeta potential, the potential at the shear plane
the channel surface is charged, the channel becomes &t which velocity is zero. If the channel isipolar of K*,
unipolar solution of counterions at a concentration that the current due to electroosmotic flow is given by
neutralizes the surface charge. The co-ions are essentially

'rEU F"I"rEFF

10 1 10
—a(mCim’)

The velocity profile is obtained by the integration of eq 10:

repelled from the channel. (2) Under an applied bias, the | =

ionic current through the nanochannel depends on the surface cor = J ek ()u(y) dy

charge density. (3) As the bulk concentration increases, the _ €€k _

ionic current becomes less sensitive to the surface charge ou an* X () — C} dy

density. (4) The currentpotential { — ¢) characteristics of 12)

the charged channel are nonlinear, which arises from the ) _

nonlinear change in the electric field inside the channel with From the requirement of electroneutrality, the total charge
applied electric potential bias. (5) By controlling the surface of ions is equal to the surface charge on the both side walls:
charge density in a region along the length of the channel,

the ion current can be; modulated, similar to modulation'of —20= ferk+ (y) dy (13)
charge transport in a field effect transistor due to a gate bias.
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Appendix. The velocity profile due to electroosmotic flow
was shown earlier by Burgreen and Naka¢hm the case lepr= ferk+ (Y)Ugerdy
of zero net pressure gradient, the streamwise momentum DyeE,
. . . K
equation is given by = —2¢ T (14)
2
qu_ _ pE, 9) Figure 7 shows the ratio of the currents due to electroosmotic
ay* flow and electrophoretic flow as a function of the surface
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charge density in the unipolar channel of Krhe height of
the channel is 30 nm and the viscosity is AMWs/n?. As
the surface charge density increases, the rati/lerr

increases. Now the zeta potential of the glass microchannel

filled with 10~ M aqueous solution is assumed to 80

mV.2! The surface charge density calculated with the Graham

equation (eq 6) is-1.34 x 103 C/m?. Note that this surface

charge density is the surface charge density of wall plus that
of ions within the Stern layer. As the height of the channel

(5) Fan, R.; Li, D.; Majumdar, A.; Yang, Rl. Am. Chem. So2003
125 5254-5255.

(6) Harrison, D. J.; Fluri, K.; Seiler, K.; Fan, Z. H.; Effenhauser, C. S.;
Manz, A. Sciencel993 261, 895-897.

(7) Jacobson, S. C.; Hergenroder, R.; Koutny, L. B.; Ramsey, Arl.
Chem.1994 66, 1114-1118.

(8) Schasfoort, R. B. M.; Schlautmann, S.; Hendrikse, J.; van den Berg,
A. Sciencel999 286, 942—945.

(9) Israelachvili, Jintermolecular and Surface Forc2nd ed.; Academic
Press: London, 1992.

(10) Brett, C. M. A,; Brett, A. M. OElectrochemistry, principles, methods,

and applications Oxford University Press: Oxford, 1993.

decreases less than the Debye length, the density of Coun'(ll) Lyklema, J.; Rovillard, S.; Coninck, J. D. Surf. ColloidsL994 14,

terion inside the channel increases, and that inside the Stern

5659-5663.

layer also increases. Therefore, the surface charge density(12) Qiao, R.; Aluru, N. RNano Lett.2003 3, 1013-1017.

|o| is estimated to be less than 1.8410°2 C/n®. In Figure
7, thelgodlgrrat —o =1.34 x 1073 C/n?is 0.07. When the
surface charge density]| is smaller than 2x 103 C/n?,
the leodlerr is less than about 10 percent.
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