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Ion transport through a T-intersection of nanofluidic channels

Hirofumi Daiguji, Takuma Adachi, and Naoya Tatsumi
Institute of Environmental Studies, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa 277-8563
(Received 8 April 2008; published 1 August 2008)

Ton transport through a T-intersection of two silica nanochannels (a main channel, 5-um long and 30-nm
wide, and a subchannel, 5-um long and 15-nm wide) with a surface charge distribution was investigated based
on continuum dynamics calculations. The surface charge within 250 nm of the intersection in the main channel
and the entire subchannel was positive and that in the main channel outside this intersection region was
negative. This nanofluidic system is analogous to a p-n-p transistor. The calculation results revealed that, by
adjusting the electric potentials at the ends of the nanochannels, the ionic current could be (1) cut off, (2)
regulated in the main channel, (3) diverged into the main and subchannels, (4) turned from the main channel
to the subchannel, and (5) merged into the subchannel. A series connection of this nanofluidic system can
therefore be used in biotechnological applications for electrophoretic separation and for sorting of ions and

biomolecules.
DOI: 10.1103/PhysRevE.78.026301

I. INTRODUCTION

When the dimensions of a nanofluidic channel with sur-
face charge are comparable to the Debye length, ionic cur-
rent can be controlled by using the field effect because the
channel is substantially filled with a unipolar solution of
counterions due to ion screening at the channel entrance
[1-3]. Analogous to control in metal-oxide-semiconductor
field-effect transistors (MOSFETs), field-effect control of
ionic current has been demonstrated in nanofluidic devices
[4,5]. However, it is not a required condition for controlling
ionic current that the electrical double layers are overlapped
and the channel is substantially filled with a unipolar solution
of counterions [6]. If the channel has a junction at which the
surface charge is spatially changed from positive to negative
along the channel, an electric field applied along the channel
induces accumulation or depletion of ions at the junction,
resulting in ionic current control. This behavior is similar to
that observed in various p-n junction devices, such as semi-
conductor diodes and bipolar membranes [7,8]. We proposed
and modeled a current-rectifying nanofluidic diode in which
the two halves of a nanofluidic channel have opposite surface
charge [9], and the current rectification was demonstrated
experimentally in a nanofluidic diode with known channel
dimensions and surface charge [10] in which first the
nanochannel was fabricated using a sacrificial polysilicon
process [4,11] and then the surface charge was modified by
the diffusion-limited patterning (DLP) method [12]. The
measured ionic currents agreed well with the theoretical pre-
dictions except at ultralow ion concentration (<100 uM).
Ion current rectification also occurs in asymmetric nanopores
when the characteristic length scale is of the order of the
Debye length or smaller. Siwy and co-workers have studied
ion current rectification in a conically shaped system both
theoretically and experimentally [13,14].

Prior research on ion transport through nanochannels has
mainly dealt with straight nanochannels and the intersections
between a nanochannel and a microchannel [15-18], and
only a few have dealt with ion transport through an intersec-
tion of nanochannel [19-22]. To our knowledge, ion trans-
port through an intersection of nanochannels with surface
charge distribution has not yet been investigated even though
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such intersections are expected to have unique transport
characteristics advantageous for the control of ionic current.
For example, because surface charge affects the ion concen-
tration in a nanofluidic channel, if the surface charge is dis-
tributed around the intersection, then the ion concentration
could also be distributed around the intersection. Thus, non-
linear control of ionic current through an intersection should
be achievable by adjusting the electric potential at the end of
nanofluidic channels. The first step toward more complicated
nanofluidic circuits [23] is to clarify the transport character-
istics through such intersections.

In this study, we proposed and modeled a nanofluidic bi-
polar transistor consisting of a T-intersection of two silica
nanochannels with surface charge distribution. This model
system is equivalent to a p-n-p transistor used in a common-
emitter circuit. Semiconductor bipolar transistors are typi-
cally used in electrical applications for current amplification
and switching, whereas the nanofluidic bipolar transistor pro-
posed here might be used in biotechnological applications
for switching, regulation, and turn of the flow of ions and
biomolecules. Also in this study, we extended the model sys-
tem to a series connection of three nanofluidic bipolar tran-
sistors and a nanofluidic diode to determine its application to
multifunctional nanofluidic circuits.

II. METHODOLOGY

In the analysis of ion transport in a nanofluidic bipolar
transistor consisting of a T-intersection of two nanofluidic
channels, the governing equations are the Poisson-Nernst-
Planck equations and the Stokes equations as follows:

v%:-i, (1)
vV-J,=0, ()
V.-u=0, 3)

-Vp+uVu-p, V=0, (4)
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where ¢ is electrostatic potential, n, is concentration of ion
species a, p is pressure and u is the velocity vector, € is the
permittivity of vacuum, € is dielectric constant of the me-
dium, and u is fluid viscosity. Here, p, is the net charge
density and is given by p,=2,z,en,, where z, and e are the
valence of ion species a and electronic charge, respectively,
and J, is the flux of ion species a and is given by
J.==D[Vn,+(z,en,/kT)V ¢]+n,u, where D,, k and T are
diffusivity of ion species a, Boltzmann’s constant, and tem-
perature, respectively. The boundary conditions at the walls
of channels and reservoirs and at the ends of reservoirs are
given as follows:

VJ_¢=_£7 JaJ_=O7

€€
u=0 (at channel and reservoir walls), (5)

¢= oo Ma=Npus V, 0=0,
p=0 (at reservoir ends), (6)

where 1 and bulk denote the component normal to the
boundary and bulk value, respectively, and o is the surface
charge density. Equations (1)—(4) are solved under the
boundary conditions (5) and (6) using a finite difference al-
gorithm, yielding ¢, n,, p, and u in the system. If ¢, n,, p,
and u are known, the current of the ion species a can then
be obtained by integrating the current density over the cross
section

L= f 24eJ,dS, (7)
N

where S is the cross sectional area of the channel.

Figure 1(a) shows the 2D calculation system of a nano-
fluidic bipolar transistor consisting of two nanochannels (i.e.,
main channel, L, long and L, wide, and a subchannel, ly long
and [, wide) and three square reservoirs (i.e., emitter, base,
and collector reservoirs), one at each end of the main channel
and at the end of the subchannel. Because the real device is
3D, 2D approximation implies that the third dimension has
large value and either main or subchannel has two nanoscale
dimensions. In this study, 2D approximation is assumed to
simply understand the characteristics of this nanofluidic de-
vice. In the design of a practical device, constraints in the
third direction and/or complex structure could be needed.
However, the characteristics of ionic flow will not be
changed by further constraints and/or more complex struc-
ture because ionic flow inside nanofluidic channels is mainly
governed by its electrophoretic mobility and not governed by
the advection due to fluid flow, e.g., electroosmotic flow and
pressure-driven flow. The length of the base region in the
main channel is L, and the surface charge density o in the
base region, that is, in the middle part of the main channel
and in the entire subchannel, is +o (0>0) and that in the
main channel outside the base region is —o. At the wall faces
of the reservoirs, o=0. Figure 1(b) shows an equivalent
p-n-p transistor used in the common-emitter circuit. In a
semiconductor bipolar transistor, holes and electrons are the
major charge carriers in p- and n-type semiconductors, re-
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FIG. 1. (a) 2D calculation system and schematic of a nanofluidic
bipolar transistor consisting of two nanochannels (main channel
with length L,=5 um and width L,=30 nm) and a subchannel
(length /,=5 um and width /,=15 nm) with three 1X I um? reser-
voirs at the ends of the nanochannels and (b) an equivalent p-n-p
transistor used in the common-emitter circuit. Surface charge den-
sity is 2 mC/m? in the base region (cross-hatching area), and is
—2 mC/m? in the main channel outside the base region. Length of
base region in the main channel is L;,=500 nm.

spectively, whereas in a nanofluidic bipolar transistor, cations
and anions are the major charge carriers in nanofluidic chan-
nels with negatively and positively charged walls, respec-
tively. When the dimensions of nanofluidic channels are in-
creased relative to the Debye length, the difference in
concentration between major and minor charge carriers de-
creases, although the ionic current in a straight nanofluidic
channel can still be controlled at the junctions between posi-
tively and negatively charged walls [9]. In the calculations,
we assumed L,=5 um, L£,=30 nm, ly=5 pm, =15 nm,
L,,=500 nm, o=2 mC/m-~, and each reservoir was 1
X 1 um?. Each reservoir was assumed filled with S mM KCI
aqueous solution (=5 mM) and the distribution and
transport of cations (K*) and anions (C17) in a nanofluidic
bipolar transistor were calculated as a function of the base
potential ¢, at fixed emitter and collector potentials ¢,
=5V and ¢.=0 V. The physical properties of the ions [24]
and fluid were assumed Dy+=1.96X 10" m?/s, D¢-=2.03
X107 m?/s, €=80, and u=10"3 Pas.

III. RESULTS AND DISCUSSION

A. Single nanofluidic bipolar transistor

Figures 2(a)-2(d) show the calculated ¢, n, and p profiles
along the main and subchannels at four different ¢,=7, 4, 0,
and —40 V. The ¢ and p profiles are along y=0 and x=0 and

026301-2



ION TRANSPORT THROUGH A T-INTERSECTION OF...

S st N 15 | ®
z 3z 0,=4V

0 o 1 0 0

L L R 1~ : i
g 10 REE g 10 K100
) CI of K = 0 K ]
= 25 25F {5 50 50
~
= 0'_\\/9'_/_\7 n“; O_Y_‘G\
S5 25t {250 -50

3 0 35 0 3 0 35

X (um) » (um) x (pm) » (um)

sf i 5 1 s " .
< (c) pov <o (d) G, =-40V.
by > 3 S
0 W 1% 40 ]
s 3 K30 o A5l 100 Ny
E : + £ o] <
S o NG K 12, = |
= 100F 100F 1 =500 500 ]
= SV e ) 0—/\9—/\
=100t a0k S500f, o s0ob
3 0 35 0 3 0 35 0
X (um) » (nm) X (um) » (nm)

FIG. 2. (Color online) Calculated electric potential ¢, ion con-
centration n, and pressure p profiles along the main and subchan-
nels at four different base potentials: (a) ¢,=7 V, (b) ¢,=4V, (c)
¢,=0V, and (d) ¢,=—-40 V. Electric potentials at emitter and col-
lector are ¢,=5 V and ¢.=0 V, respectively, and bulk ion concen-
tration is np, =5 mM. The ¢ and p profiles are along y=0 and x
=0 and n profiles are the averaged concentration (concentration
averaged in the channel cross section) profiles along the x and y
directions.

the n profile is the averaged concentration (i.e., concentration
averaged in the channel cross section) profile along the x and
y directions. At ¢,=7 V [Fig. 2(a)], two depletion regions
appear at two ends of the base region in the main channel
because at this ¢y, the system can be regarded as a combi-
nation of two reverse-biased nanofluidic diodes [9]. There-
fore, the ionic currents both in the main and subchannels are
near zero. At ¢,=4 V [Fig. 2(b)], depletion and accumula-
tion regions respectively appear at the left and right ends of
the base region in the main channel because at this ¢, the
system can be regarded as a combination of reverse- and
forward-biased nanofluidic diodes. However, ions are not
completely depleted from the left end because ions diffuse
from the accumulation region (right end) to the depletion
region (left end) across the base region in the main channel.
In the subchannel, the electric potential gradient is almost
zero, resulting in near-zero ionic current. Therefore, ionic
current flows only in the main channel. At ¢,=0 V [Fig.
2(c)], ions accumulate at such a high concentration at the
right end of the base region in the main channel that the
Debye length in the solution N becomes much smaller than
the channel width (A\=2.15 nm in 20 mM KCI aqueous so-
lution) and the potential barrier disappears at the left end and
ions flow without any potential barrier both in the main and
subchannels. Consequently, the emitter current /, splits into a
collector current I, and base current [,. At ¢,=—40 V [Fig.
2(d)], the electric potential gradient is near zero only in the
left side of the main channel, suggesting that /. is near zero
and I,=1,,.

Figure 3 shows the calculated I, I;,, and I, as a function of
¢y, All three curves intersect the x axis (/=0) once, that is,
1., I, and I, become zero at ¢,(.0=—4O Vv, d),b0=4 V, and
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FIG. 3. (Color online) Calculated collector current /.., base cur-
rent /,, and emitter current /, as a function of base potential ¢,,.
Electric potentials at emitter and collector are ¢,=5V and ¢,
=0V, respectively, and bulk ion concentration is ny,; =5 mM. In-
sets show curves at =50 V<¢, <7 V on an expanded scale. Re-
gions I, II, III, respectively, correspond to the “cutoff,” “forward
active,” and “saturation” regions in a semiconductor bipolar
transistor.

¢,€0=6 V, respectively, and ¢,€0< ¢1b0< qb,eo. When ¢,
> (;S,eo, all three currents are near zero (region I). When ¢,
~ ¢y, (around 2 V< ¢, <around 5 V), I,~0 and I,~1,
and both |I,| and |1,| increase with decreasing ¢, (region II).
The gradients of ., I,, and I, with respect to ¢, change
drastically at ¢, =2 V, when n at the intersection becomes
so large that the potential barrier disappears and ions begin to
flow without any potential barrier both in the main and sub-
channels. When ¢, <2V, all three currents (|1,|, |1,|, and
|1.|) increase with decreasing ¢, (region IIT). However, with
further decrease in ¢, |I,|, and |I,| increase, whereas |I]
decreases and then intersects the x axis (|/I./=0) at b=¢1,
(see inset of Fig. 3). Regions I, II, IIT correspond, respec-
tively, to “cutoff,” “forward active,” and “saturation” regions
in a semiconductor bipolar transistor.

Figure 4 shows the calculated transport factor a(=I./1,)
and current gain B(=[./1,) as a function of base potential
¢, (squares and circles, respectively). a and B go to infinity
at ¢b:¢1e0 and ¢,b0, respectively. At ¢, > qS,eO, a<( and
B<0, suggesting that both of the nanochannels between
emitter base and collector base can be regarded as a reverse-
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FIG. 4. (Color online) Calculated transport factor a(=1,/1,) (C)
and current gain B(=I./1,) (O) as a function of base potential ¢,
Insets show curves at =50 V< ¢, <7 V on expanded scale.
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FIG. 5. Calculation system of series connection of three nanofluidic bipolar transistors and a nanofluidic diode consisting of a main
channel w1th length L,=17.5 um and width L,=30 nm and three subchannels of length l ,=5 um and width /,=15 nm, and with three 1
X 1 um? reservoirs at the ends of nanochanneli Surface charge density o is 2 mC/ m in the base region of the nanofluidic bipolar
transistors and in the left part of a nanofluidic diode (crosshatched area), and is =2 mC/m? in the remainder of the main channel. Length of
base region in the main channel is L;,,=500 nm and that of left part of a nanofluidic diode is L;,=2.5 um.

biased nanofluidic diode. Consequently, all currents could be
cut off by increasing ¢, to above qb,eo. At ¢,b0< hp< ¢,€O,
a>0, and B<<0, suggesting that /, goes across the base re-
gion toward the collector reservoir but the nanochannels be-
tween collector base can still be regarded as a reverse-biased
nanofluidic diode. At ¢1 < ¢b<¢1 " a>0, and >0, sug-
gesting that 1, splits mto 1. and Ib At ¢,>2 V, a is near
unit, the nanofluidic bipolar transistor can be used to regulate
the ionic current along the main channel. Whereas at ¢,
<2V, a and B decrease rapidly with decrease in ¢,. At
¢b=¢,c0, a==0, that is, I, completely turns to [,. At ¢,
<¢1C0, a<(0, and B<0 again. But this time, both of the
nanochannles between emitter base and collector base can be
regarded as a forward-biased nanofluidic diode, and both 7,
and /. flow toward the base reservoir. In summary, there are
five operation modes of ionic current in a single nanofluidic
bipolar transistor: (1) cutoff, (2) regulation, (3) diversion,
(4) turn, and (5) merge.

B. Series connection of nanofluidic bipolar transistors
and a nanofluidic diode

Figure 5 shows the calculation system of three nanofluidic
bipolar transistors and a nanofluidic diode connected in se-
ries. The surface charge of the left end of the main channel
can be changed from negative to positive within a range of
L, and thus this part of the main channel is regarded as the
left part of a nanofluidic diode. The right part of a nano-
fluidic diode is overlapped by the collector side of the main
channel in the left nanofluidic bipolar transistor. The main
channel is L,=17.5 um long and L,=30 nm wide, each of
the three subchannels is /,=5 um long and /,=15 nm wide,
and each of the five reservoirs at the ends of the nanochan-
nels is 1X 1 um?. In this series connection, =2 mC/m? in
the base region of the nanofluidic bipolar transistors and in
the left part of the nanofluidic diode, and o=-2 mC/m?
the remainder of the main channel. The length of the base
region in the main channel is L;,=500 nm and that of the left

part of the nanofluidic diode is L;=2.5 um. In this study,
the ionic current in this series-connection system was calcu-
lated for three of the five operation modes (cutoff, regulation,
and turn) in a single nanofluidic bipolar transistor.

In the cutoff mode, the ionic current in the main channel
is cut off by increasing one of the base potentials ¢y,
(i=-1,0,1), above ¢, when the potential bias is applied be-
tween the emitter and collector reservoirs (¢, < ¢,). In prac-
tical applications, if several channels share common emitter
and collector reservoirs and the ionic current is controlled to
flow in some channels and not to flow in the others, this
operation mode can be used. Figure 6 shows the calculated
¢, n, and p profiles along the main channel and three sub-
channels at ¢,=5V, ¢.=0V, ¢,_;=0V, ¢,0=7V, and
¢p1=5 V, and ny,;, ;=5 mM. The profiles in the main channel
are similar to those of a single nanofluidic transistor [Fig.
2(a)] and the gradients of ¢ in the subchannels are near zero.
The calculated ionic currents are near zero in all the chan-
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FIG. 6. (Color online) Calculated electric potential ¢, ion con-
centration n, and pressure p profiles along the single main and three
subchannels for cutoff mode in the series-connection system of
three nanofluidic bipolar transistors and a nanofluidic diode. Elec-
tric potential at the reservoirs are ¢,=5V, ¢.=0V, ¢,_=0V,
¢po=7V, and ¢,;=5V, and bulk ion concentration iS 7y
=5 mM. The ¢ and p profiles are along y=0 and x;=iX (L,
+2Lg,) (i=—1,0,1) and n profiles are the averaged concentration
(concentration averaged in the channel cross section) profiles along
the x and y directions.

026301-4



ION TRANSPORT THROUGH A T-INTERSECTION OF...

regulation mode (forward-biased) i=-1 =0 =1

s @
by

o 15

= 10 K | CC cr cr

E s - —% Fe—=——
=0 oK K >

~ 50

§ Om//
E sub-channels
L i
-10 -5 0 5 5 0-5 0-5 0

-50 main-channel

X (um) »y(um) y (um) y (pm)
regulation mode (reverse-biased) i=-1 i=0 i=1
5
S (b)
<
0
s 10 Kler |a o
R N = —— sy, | W W
N Kk K K
~ 50
&
< 0 — |
2 _50) main-channel sub-channels
-10 -5 0 -5 0-5 0-5 0
x (um) y(um) y (um) y (um)

FIG. 7. (Color online) Calculated electric potential ¢, ion con-
centration n, and pressure p profiles along the single main and three
subchannels for cutoff mode in the series-connection system of
three nanofluidic bipolar transistors and a (a) forward- and (b)
reverse-biased nanofluidic diode. Electric potential at the reservoirs
in the forward-direction are ¢,=5V, ¢.=0V, ¢, ;=0.617 V,
bpo=1.564 V, and ¢,;=4.482 V, and those in the reverse direction
are ¢,=0V, ¢.=5V, ¢,_1=0.510V, ¢,,=0.303V, and ¢,
=0.107 V, bulk ion concentration is ny,;, =5 mM. The ¢ and p
profiles are along y=0 and x;=i X (L, +2Ly,) (i=—1,0,1) and n
profiles are the averaged concentration (concentration averaged in
the channel cross section) profiles along the x and y directions.

nels. These calculation results indicate that the middle inter-
section is in the “off” state and the other two are in the “on”
state, resulting in the zero ionic current. This situation is
analogous to the “AND gate” in a logic circuit.

In the regulation mode, each base potential, ¢, (i
=-1,0,1), should be nearly the same as the potential at each
intersection between the main and subchannels, ¢y, (i
=-1,0,1), because the ionic current in the subchannel is
near zero if the gradient of ¢ in the subchannel is zero [see
Fig. 2(b)]. Each ¢,; was determined as follows. First, the
governing equations were solved only for the main channel
under the following boundary conditions at the entrance of
the subchannels: V,¢=0, V,ng+=V ne-=0, V,p=0, u=0 at
x;=0.5l, <x<x;+0.5[,, and y=-0.5L,, where x;=iX (L,
+2L,,) (i=—1,0,1). Then, each ¢,; was set to the calculated
¢ at the middle of the entrance of the subchannel, i.e., ¢y;
= ini=$(x;,-0.5L,), and the governing equations were
solved for the entire calculation system. Note that a zero
gradient of ¢ is not a sufficient condition for zero ionic cur-
rent, and the value of ¢;,; in the main-channel calculation is
not the same as that in the entire system calculation. How-
ever, in the above procedure, the ionic current in the sub-
channel can be assumed near zero. Figures 7(a) and 7(b)
show the calculated ¢, n, and p profiles along the main chan-
nel and three subchannels for the forward and reverse direc-
tions in the nanofluidic diode, respectively. The electric po-
tentials in the forward direction are ¢,=5V, ¢.=0V,
¢p_1=0.617 V, ¢,o=1.564 V, and ¢, =4.482 V, and those
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in the reverse direction are ¢,=0V, ¢.=5V, ¢,
=0.510 V, ¢,0=0.303 V, and ¢;,;=0.107 V. The bulk ion
concentration is ny,; =5 mM. In the forward direction, the
calculated ionic currents are I,=1.=-0.52 mA/m. (I g+
=I.x+=-0.29 mA/m, I,c;-=I,c-=—0.23 mA/m) and all base
currents are near zero. In the transistor, the profiles in the
main channel are similar to those of a single nanofluidic
transistor [Fig. 2(b)]. The gradients of ¢ in the subchannels
are near zero, resulting in /,=0. In the diode, ions accumu-
late and ¢ changes smoothly at the junction (x=-7.5 um).
In a straight nanofluidic bipolar transistor shown in our pre-
vious report [9], I is saturated with increasing potential bias
between the emitter and collector |¢,—¢,|. However, in a
nanofluidic bipolar transistor connected in series to a nano-
fluidic diode, I is not saturated due to the series connection
of a forward-biased diode. In the reverse direction, the cal-
culated ionic currents are 1,=1,=0.08 mA/m (I g+=1I g+
=0.05 mA/m, I,¢-=1.c;-=0.03 mA/m) and all base currents
are near zero. The depletion region appears at the junction of
the diode (x=-7.5 wm), resulting in the suppression of 1. In
the regulation mode, the nanofluidic diode plays a role in the
rectification of 1.

In the turn mode, /, is controlled to flow toward one of the
three base reservoirs. Here, we considered one example,
where I, flows toward the middle base reservoir (i=0). In
this example, ¢,=1V, ¢.=0V, and ¢,_, was set at 0 V.
The base potentials ¢ and ¢,; were set so that /, did not
flow toward the left and right base reservoirs (i=—1 and 1).
Specifically, ¢;; was set to ¢, so that ionic current flowed
only in the main channel, and ¢,, was set so that the ionic
current did not flow toward the collector reservoir. First, ¢,
was determined using a procedure similar to that used in the
regulation mode by assuming ¢, that is, the governing
equations were solved except for the right subchannel, where
the boundary conditions at the entrance of the right subchan-
nel were assumed to be the same as those in the regulation
mode. If the calculated ionic current in the main channel
between the left and middle intersections, 1,,_;9, was zero,
¢y Was set to ¢y, and the governing equations were solved
for the entire calculation system. If 7,,_;,# 0, the same pro-
cedures were repeated by assuming another value of ¢.
Figure 8 shows the calculated ¢, n, and p profiles along the
main channel and three subchannels at ¢,=1V, ¢.=0V,
¢b—l=0 V, ¢b0=_1'1 V, and ¢b1=0.568 V and Npulk
=5 mM. The calculated ionic currents are /,=—0.76 mA/m
(IeK+:IeC1_:_O'38 mA/m), Ib():—0.76 mA/m (Ib()K"'
2—0.35 mA/m and IbOCl_:_O'41 mA/m), Im—l()
=0.00 mA/m (Im—10K+:_O'03 mA/m and Im—lOCl_
=0.03 mA/m), and I, I,,_;, I,; and their ionic currents of K*
and CI™ (ICK+, ICCI_’ Ib—lK+5 Ib—lCl_? Ib1K+’ and IblCl_) are near
zero. The profiles in the main channel and the middle sub-
channel are similar to those of a single nanofluidic transistor
[Fig. 2(d)]. The electric potential ¢ is constant in all the
channels except for those between the emitter and middle
base reservoirs, suggesting that /., I,_;, and I,; are near zero
and that I, completely turns into /,,. Furthermore, the ion
concentration inside the channels is higher than the bulk ion
concentration. In such conditions, ionic current cannot be
controlled by the on-off states that are analogous to the states
in a logic circuit, but it can be controlled by satisfying the
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FIG. 8. (Color online) Calculated electric potential ¢, ion con-
centration n, and pressure p profiles along the single main and three
subchannels (top) and the current directions of K*, CI~, and K*
+CI~ (bottom) for turn mode in the series-connection system of
three nanofluidic bipolar transistors and a nanofluidic diode. Elec-
tric potentials at the reservoirs are ¢,=1V, ¢,=0V, ¢,_;=0V,
¢po=—1.1 V, and ¢,,;=0.568 V, and the bulk ion concentration is
npuk=5 mM. The ¢ and p profiles are along y=0 and x;=i X (L,
+2Lg,) (i=—1,0,1) and n profiles are the averaged concentration
(concentration averaged in the channel cross section) profiles along
the x and y directions. Symbols “b—1," “b0,” “b1,” “c,” and “e”
denote left-base, middle-base, right-base, collector, and emitter res-
ervoirs, respectively, and “d” denotes the diode.

conservation of ionic current at intersections (Kirchhoff’s
current law). Furthermore, the conservation of ionic current
must be satisfied for each ion because the direction of each
ionic current differs depending on diffusion, electroosmotic
and pressure-driven flow, as shown in the lower panel of Fig.
8. The total ionic current (K*+Cl7) is in the turn mode,
whereas the ionic currents of K and CI~ are in the diversion
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and merge modes, respectively. In a series-connection nano-
fluidic system, the control of ionic current is complex if ions
are concentrated inside the channels. In this study, the chan-
nel dimensions and the operation conditions have not yet
been optimized, but three operation modes (cutoff, regula-
tion, and turn) were demonstrated.

IV. CONCLUSIONS

In this study, ion distribution and transport in a single
nanofluidic bipolar transistor and a series connection of three
nanofluidic bipolar transistors and a nanofluidic diode were
investigated. In a single nanofluidic bipolar transistor, the
emitter, base, and collector ionic currents can be nonlinearly
controlled by adjusting the base potential. There are five op-
eration modes of ionic current in a single nanofluidic bipolar
transistor: (1) cutoff, (2) regulation, (3) diversion, (4) turn,
and (5) merge. In a series connection of three nanofluidic
bipolar transistors and a nanofluidic diode, three operation
modes were demonstrated: (1) cutoff, (2) regulation, and (3)
turn. In the regulation mode, ionic current can be rectified by
a nanofluidic diode. At low ion concentration [i.e., KiLy=1,
where the Debye length of a KCI aqueous solution at the
intersection \; (=1/k;) is on the same order as the channel
width L\,], ionic current can be controlled by the on-off states
analogous to those in a logic circuit. In contrast, at high ion
concentration (i.e., x;L,> 1), ionic current can be controlled
by satisfying the conservation of ionic current at each inter-
section (Kirchhoff’s current law).
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