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Sub-10 nm transparent all-around-gated ambipolar ionic field
effect transistor

A versatile ionic field effect transistor (IFET) which has an
ambipolar function for manipulating molecules regardless of
their polarity was developed for the operation at a wide range of
electrolytic concentrations (107> M—1 M).
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Sub-10 nm transparent all-around-gated
ambipolar ionic field effect transistor+

Seung-Hyun Lee,$* Hyomin Lee, 1> Tianguang Jin,? Sungmin Park,?
Byung Jun Yoon,© Gun Yong Sung,® Ki-Bum Kim*® and Sung Jae Kim*°

In this paper, we developed a versatile ionic field effect transistor (IFET) which has an ambipolar function for
manipulating molecules regardless of their polarity and can be operated at a wide range of electrolytic con-
centrations (107> M—1 M). The IFET has circular nanochannels radially covered by gate electrodes, called
“all-around-gate”, with an aluminum oxide (Al,O3) oxide layer of a near-zero surface charge. Experimental
and numerical validations were conducted for characterizing the IFET. We found that the versatility origi-
nated from the zero-charge density of the oxide layer and all-around-gate structure which increased the
efficiency of the gate effect 5 times higher than a previously developed planar-gate by capacitance calcu-
lations. Our numerical model adapted Poisson—Nernst—Planck—Stokes (PNPS) formulations with additional
nonlinear constraints of a fringing field effect and a counter-ion condensation and the experimental and
numerical results were well matched. The device can control the transportation of ions at concentrations
up to 1 M electrolyte which resembles a backflow of a shale gas extraction process. Furthermore, while tra-
ditional IFETs can manipulate either positively or negatively charged species depending on the inherently
large surface charge of oxide layer, the presenting device and mechanism provide effective means to
control the motion of both negatively and positively charged molecules which is important in biomolecule
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Introduction

Recent advances in nano-fabrication methods enable the fabri-
cation of rigorous and definite nano-sized structures for
various scientific and engineering applications. Nano-
structures possess unique scientific and technological pro-
perties that microstructures cannot exhibit, especially since
decreasing the size of nanostructures below 100 nm, the struc-
tures have a perm-selectivity which let only counter-ions pass
through below a critical electrolyte concentration. The perm-
selectivity was reported to be dependent on the magnitude
and polarity of surface charge density and bulk electrolyte con-
centration. Thus, the active control of the surface charge
density at a wide range of electrolyte concentrations has drawn
significant attention in both the scientific and engineering
fields'® for manipulating the motion of charged species,
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transport through nanochannels, medical diagnosis system and point-of-care system, etc.

which has become one of the important fields in nanofluidics
research. The emerging fields of application of nanofluidic
systems are energy harvesting," biosensors,** backflow from
shale gas extraction ports® or desalination of seawater® which
will enable the creation of a huge market that never existed
before. Those applications were fundamentally originated
from controlling the motion of charged species passing
through a nanostructure and therefore, the cost-effective/on-
demand/sensitive control has become the most important
practical issue of nanofluidic research.

Various passive types of modulating the motion of a
charged species in nanofluidic systems were reported such as
changing the viscosity of the solution in the nanochannel,” uti-
lizing mechanical friction between DNA and the nanopore,®
coating an adhesive material on the nanochannel® and surface
treatment for changing the surface potential.'®'" Those plat-
forms employed passive methods which were unable to change
the behavior of charged species on-demand, once the devices
were fabricated. In contrast, IFET can provide an active method
which enables it to enhance, diminish or even reverse the be-
havior of charged species in situ by introducing gate potential.
However, traditional IFETs can manipulate either positively or
negatively charged species depending on the inherently large
surface charge of the oxide layer and they demand either high
gate voltage or low electrolyte concentration for changing

This journal is © The Royal Society of Chemistry 2015
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surface charge density."" " Traditional fabrication of IFET was
principally by using SiO, '***'>!¢ and a nanoporous mem-
brane."*'”'® While they had easy-fabrication and relatively
high uniformity, these materials had high surface charge
density which led to a unipolar behavior.''™*° The reason why
the unipolar behavior occurs is that induced surface potential
by gate voltage cannot overcome a polarity of inherent surface
potential. Due to this characteristic, a traditional IFET can
only control the same polarity of charged species with the
surface charge of the nanochannel. Additionally, in a planar
gate structure in which a gate electrode is installed, only one
wall of the nanochannel can modulate the surface charge
density at the wall and thus, the efficiency of applying gate
voltage would become lower than an all-around-gate structure
which had a gate electrode at the entire surface of the nano-
channels. Therefore, as previously suggested, “an ideal struc-
ture for field effect reconfigurable nanofluidic diodes would be
dual split-gates with a gate-all-around structure and a sub-10 nm
nanochannel of a neutral surface.”*®'® In this work, we have
developed a novel design of all-around-gate structure, with
7.5 nm radius nanochannels and minimal surface charge
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density using Al,O;, which has the surface charge density of
—1.5 mC m™2. Firstly, an all-around-gate structure was adapted
to increase the efficiency of the gate effect at least more than 5
times compared to planar-gate structure. This high efficiency
led to an ionic field effect at high electrolyte concentration up
to 1 M. Secondly, we deposited Al,O; which has low surface
charge density for enabling a polarity independent control. As
a result, our device showed an ambipolar behavior at In-Vg
measurement. The experimental ambipolar effects were vali-
dated by numerical simulations with a fringing field effect and
a counter-ion condensation which had not been considered as
major factors. The experimental and numerical results were in
line with our logical procedures and well-matched.

Materials and methods

While the all-around-gated IFET device was fabricated based
on a previously reported method,”*>" advanced features such
as transparency were upgraded in this work and its fabrication
process is summarized in Fig. 1(a). A detailed description can
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Fig. 1 (a) Schematics of the fabrication process. (b) The schematic diagram of all-around-gated IFET. Cross-sectional SEM images of (c) non-gated
region and (d) gated region. (e) Microscopic image of IFET device near nanochannel array.
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be found in ESL Fig. 1(b) showed schematics of fabricated
nanochannel. The nanochannel had a constricted area in the
middle because a gate electrode existed only at the center of
nanochannel. Fig. 1(c) and 1(d) showed the SEM image of the
cross section of non-gated region (~100 nm opening) and
gated region (~10 nm opening). Fig. 1(e) showed the assembly
device with magnified microscopic view near the nanochannel.
Note that the color of AZO electrode (a pink color) could be
observed through nanochannel array so that we confirmed the
nanochannels in this work had an optical transparency. We
measured the ionic current (I,) for different gate voltages (Vi)
with KCI buffer solution at pH 7 in the concentration range
from 107 M to 1 M. The fluidic chambers were covered with
PDMS and Ag/AgCl electrodes were connected on both sides of
the chambers. In order to infiltrate water into the thin nano-
channel, oxygen plasma was treated to enhance hydrophili-
city’® and ethanol was filled first and then it was replaced by
water to ensure wetting. We measured the electric data using
the parameter analyzer (Agilent 4156C) in the homemade dark
box which blocked the electrical noise. The current was
measured as follows. First, drain voltage (Vp) increased from
0V to +2 V at 0.25 V min~" for low concentration and 0.5 V
min~" for high concentration, respectively. After a 5 min delay
time, Vp decreased from 0 V to —2 V at the same voltage step.
For each concentration of KCI, the microchannel was refreshed
for 10 minutes with the same solution using a rotary pump.
The measurements without the application of gate voltage
were repeated until the results were reproduced. For a high
concentration case such as 107" M and 1 M, serious precipi-
tation occurred inside the microchannels. To prevent it, we
added a refresh step at each change of gate voltage. Leakage
current (a current from source to gate) was simultaneously
measured for confirming the proper operation.

Numerical scheme
Domain definition

The numerical domain to describe the ion transport through
the IFET is depicted in Fig. 2. To reduce computational cost,
we simulated for single channel and then, multiplied the
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Fig. 2 (a) Schematic representation of numerical domain (not to scale).
A and B denote the non-gated and gated regions respectively. (b) The
actual numerical domain.
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number of fabricated nanochannels and each numerical quan-
tity to compare with the experimental results. A cylindrical
coordinate system was adopted for the circular cross-sectional
nanochannel. The gate electrode and the oxide layer were
omitted in our numerical domain, but they affected the
boundary conditions of the electrokinetic system. Thus, the
empty space of the gate electrode played as a geometrical con-
striction. The constriction of the nanochannel positioned
near the center of the channel (denoted as A) had 10 um
length and 7.5 nm radius. The rest of the nanochannel
(denoted as B) had 5 pm length and 50 nm radius, so that the
total length of the nanochannel was 20 um. Source and drain
reservoirs were connected at the left and right side of the
nanochannel, respectively. Note that the schematic in Fig. 2(a)
was exaggerated in aspect ratio and the actual domain was
shown in Fig. 2(b). Although the reservoir dimensions should
be larger than the length of the nanochannel for the consider-
ation of the entrance effect inside the reservoirs,”” our 1 pm
reservoirs were enough to simulate the system regardless of
the entrance effect by obtaining similar results with the reser-
voir size of 1 um, 5 pm and 20 um. This was because major
variations in electrokinetic quantities occurred near the gate
electrode. Governing equations for describing the gate modu-
lation such as the Poisson-Boltzmann equation and the
Laplace equation were independently solved as similar to
literature,”*~>¢ so that the number of degrees of freedom could
be reduced remarkably. The detailed Poisson-Nernst-Planck-
Stokes formulation and proper boundary conditions are shown
in ESL¥

General description for metal-oxide-electrolyte (MOE) system

In the usual MOE system, the surface charge density is
obtained from simple algebraic equations independent of gov-
erning equations. In various literature,”2® the MOE system
was approximated to series capacitors by equivalent electro-
kinetic circuit models. Using those models, zeta potential and
surface charge density modulated by gate voltage can be ana-
lyzed by solving simple algebraic equations. However, those
equations are only valid in the planar-type MOE system. There-
fore, those models should be reformulated to be applicable to
the cylindrical MOE system, which is our system. When the
Stern layer and the chemistry of oxide/electrolyte interface are
neglected,”?’ the charging behavior of the MOE system can
be described by the following set of 1D ordinary differential
equations based on Gouy-Chapmann theory in case of sym-
metric electrolyte.

1d ( d¢> _ 22Fc

—_— r_
rdr\ dr ef

ZF
sinh(—¢) at 0 <r <Ry, (1)
RT

and
——|r— ] =0 atR<r<gpRf+d (2)
1 1 f f ox-

In the above, ¢ is the electric potential in the electrolyte, @
is the electric potential in the oxide layer, ¢, is the bulk con-
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centration, F is the Faraday constant, &¢ is the electrical permit-
tivity of the electrolyte, R¢ is the radius of the nanofluidic
channel, d,, is the oxide layer thickness, and Z is ion valence.
Eqn (1) is the Poisson-Boltzmann equation expressed as
cylindrical form to describe the potential distribution inside
the nanochannel and eqn (2) is the Laplace equation describ-
ing the potential distribution within the oxide layer. Because
we neglect the Stern layer, zeta potential is approximately
equal to surface potential, { = ¢|g, directly given by gate
voltage, Vi. Thus, the modulated zeta potential corresponding
to Vi can be obtained by solving eqn (1) and (2) with the fol-
lowing boundary conditions.

d¢
E—O atr =0, (3)
p=® atr =Ry, (4)
d do
—sfd—ereOXE:ao atr = Ry, (5)
and
@ =V atr=R¢+do, (6)

where ¢,y is the electrical permittivity of the oxide layer and o,
is the inherent surface charge density on oxide/electrolyte
interface which is near-zero value in our ambipolar IFET
system, while the typical value of ¢, is high enough to have
unipolar electrical response.'>"® Eqn (3) is the condition for
axis of symmetry, eqn (4) and (5) describe oxide/electrolyte
interface, and eqn (6) is the voltage condition by gate elec-
trode. eqn (5) implies the discontinuity of electric displace-
ment field at the interface where Gauss’s law for electrostatic
field should be satisfied. Since the above formulation is valid
to a system where the full length of the nanochannel is com-
pletely covered by a gate electrode with low gate voltage (fully-
gated IFET), we need additional considerations for the partial
coverage of the gate electrode (partially-gated IFET) as shown
in Fig. 2(a) with high gate voltage. The considerations are a
fringing field effect and a counter-ion condensation as follows.

Fringing field effect

Despite the difference in structure, the zeta potential modu-
lation of partially-gated IFET could be similar to that of fully-
gated IFET, in physical intuition. Here, we define ‘gated
region’ as a region of gate electrodes and ‘non-gated region’ as
a region of absence of gate electrodes. Gated and non-gated
regions correspond to ‘A’ and ‘B’ denoted in Fig. 2(a), respect-
ively. Typically, when voltage is applied to the gate electrode,
the electric field is thought to be generated only inside the
oxide layer of the gated region and the electric field abruptly
drops to zero in that of non-gated region. However, this is
impossible because of the conservative nature of the electric
field, V x E = 0.%® To satisfy the conservation, the electric field
should curve and extend outward into the non-gated region
which is called the fringing field effect or edge effect. Due to
this fringing field, the zeta potential on oxide/electrolyte inter-
face of the non-gated region can be modulated as similar to

This journal is © The Royal Society of Chemistry 2015
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the gated region. The impact of fringing field was researched
by Lin et al,*® using carbon nanotube FET (CNFET) where
fringing field affected the gating phenomena significantly. To
solve fringing field directly, it requires high-cost computation.
Numerical domain must be discretized into nearly zero sized
elements in the vicinity of each gate end, so that the number
of degrees of freedom diverges. To avoid this, we assumed that
the distribution of the modulated zeta potential along the
nanochannel wall followed the Gaussian distribution
expressed as

A x—p)?
70) = e[ -] o)
where A is an arbitrary constant, ¢ is the standard deviation,
and yu is the mean value of the arbitrary function f(x), respect-
ively. Using eqn (7), the modulated zeta potential along the
channel walls was set to be

I Lgate "
o 2 Lgate
ate €XP | ——— 5" at z < ——=—(region
gate EXP — t z< gz gion B
i i Lygat Lygat .
{(z) = { Cgate at — % <z< % (region A)
- L 2
i
Coate €Xp | — e at z> gza £ (region B)

In the above expressions, {gq is the modulated zeta potential
on the oxide/electrolyte interface by the gate electrode which is
calculated from eqn (1)-(6). o is defined as &® = (Lehannel —
Lgae)’/4In B in which Lepanner is the length of the nanochannel,
Lgace is the length of the gated region and f = (yae/Cmin is the
ratio of the modulated zeta potential and its minimum zeta
potential at the end of the nanochannel wall. Since f is a phe-
nomenological parameter, one can choose it in the range of 1 to
oo. For example, of the limiting cases, f is equal to 1, corres-
ponding to fully-gated system and f goes to infinity, diminish-
ing the fringing field effect. We postulated that $ is proportional
to the electrical conductivity of the electrolyte solution and its
values are summarized in ESI Table 2.}

Counter-ion condensation

Surface charge density, o, in ESI Table 11 can be determined
from the modulated zeta potential if charge-potential relation
in the electrokinetic system is known. In the classical view-
point, the Grahame equation based on the Poisson-Boltzmann
equation can be used to determine the surface charge density.
However, when the zeta potential exceeds the thermal voltage,
RT/F =~ 25 mV, the electric double layer starts to enter a non-
linear regime where the Grahame equation is expected to
break down.>*?%3! Under the conditions such as high zeta
potential or high electrolyte concentration, one should con-
sider the ion-ion interactions so that surface charge over-
screening and ion crowding are in the vicinity of the solid/
electrolyte interfaces. To elucidate those non-linear effects,
additional compact layer consisting of counter-ions has been

Nanoscale, 2015, 7, 936-946 | 939
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proposed.>®*? In the literature, counter-ions in the vicinity of
the highly charged surface are condensed in a narrow layer,
and then a new compact layer is formed beyond the Stern
layer. Consequently, the impact of the highly charged surface
to the electric double layer structure is reduced by condensed
counter-ions. To obtain charge-potential relation in that
non-linear regime, Kilic and coworkers established the analyti-
cal model based on the modified Poisson-Boltzmann equation
with a phenomenological parameter®® which we chose in this
work.

In their model, parameter v represents the ratio of bulk
electrolyte concentration (c,) and maximum condensed con-
centration (Cmax) expressed by

2¢o
v =

=2a®Naco (9)
Cmax

where N, is the Avogadro number and a is the effective dia-
meter of an ion. Note that a is not necessarily the actual dia-
meter of an ion (the order of 1 angstrom); it just means ion-
ion correlation under phenomenological viewpoint. By defi-
nition of (9), v has a maximum value, 2 because ¢, cannot
exceed the maximum concentration, cyax. By their theoretical
derivation without the loss of generality, charge-potential
relation has the following form,

_ 2 o (2R
o5 = 2sgn(¢)ZFcolp \/u In [1 + 2v sinh (ZRT)} (10)
where Ap is the Debye layer thickness defined as

Ap = /(&RT)/(2Z%F?cy), sgn(¢) is the sign of the zeta poten-
tial, and ¢ is calculated from eqn (8). The oy is used as the
boundary conditions in ESI Table 1. Due to highly confined
nanostructure (radius in the order of 10 nm), ion-ion corre-
lations were expected to be strong. To capture the strong corre-
lation, the effective diameter of an ion, a, is fixed to be
7.5 nm,*° so that v is proportional to the bulk electrolyte con-
centration from eqn (9) of which values are summarized in ESI
Table 2.}

Ionic current

To obtain theoretical I-V characteristics of IFET, local ionic
current density, i, is defined by

) Z.FD;
i= ZZjF(ijch - ;QTJ ¢Vy + cju) (11)
J

and then total ionic current through IFET system (I) can be
calculated by

I= Nchj i-nds (12)
N

where N, is the number of nanochannel, S is arbitrary cross

section of the system, and n is normal vector on surface S.

Required field quantities in eqn (11) were obtained from eqn

(1)~(10) with governing equations and boundary conditions

shown in ESL.{
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Results and discussion
Ionic conductance at floating gate

Ionic transport in nanofluidic systems have the unique prop-
erty of surface-charge-governed regime as demonstrated by
D. Stein et al."® In a dilute limit, ionic conductance is indepen-
dent from the bulk properties of the system such as the elec-
trolyte concentration or the geometrical factor, so that the
conductance curve saturates below a specific concentration
value which is determined by surface charge density and
called ‘surface-charge-governed conductance’. Because the
plateau of the conductance curve is only revealed in a nano-
channel system, this property has been utilized to demonstrate
the validity of the device in the view point of nanofluidic appli-
cation. Beyond the specific concentration value, the conduc-
tance is proportional to the bulk concentration, called
geometry-governed regime. These two distinct regimes can be
plotted (ionic conductance as a function of bulk concen-
trations) simultaneously as shown in Fig. 3. In a cylindrical
nanochannel, the analytical expression of ionic conductance,
G, was derived®® as

4|0
(/400 + ,Ucounter)COF + Hecounter M (13)
dpore

2
T dnano

G =
4 Lnano

where d, ., is the diameter of a nanochannel, L,.,, is the
length of a nanochannel, and pu., and gcounter are the electro-
phoretic mobility of co- and counter-ions, respectively. The
first term in eqn (13) represents the bulk conductance and the
second term represents the surface-charge-governed conduc-
tance. Using eqn (13) and circuit theory, the total conductance

1 0_9 J L] L] L]
O Experiments (1)

= Analytical solution

D
G}
8
[ -10
& 10
[&]
S
S
c
3 C
@) surface-charge 4
-governed regime /
| p |
/
101" — ;

] J
10° 104 10% 102 10" 10°
Bulk concentration, ¢, (M)

Fig. 3 lonic conductance as a function of bulk concentration. Experi-
mental conductance and analytical solutions are denoted by open
circles and solid line, respectively. The plot clearly demonstrates a
nanofluidic characteristic of surface-charge- and geometry-governed
regime.
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of our IFET at floating gate, Gioa, Was calculated from Gioal =
80 x (Ggated X Gnon-gated)/ (ZGgated + Gnon-gated) in which Ggated and
Ghongatea are the ionic conductance of gated and non-gated
regions, respectively. We used values of y, = 7.853 x 10~° m?
V' s peounter = 7-582 X 1078 m?* V! 571 |gp| = 1.5 mC m 2,
dnano = 15 nm (gated region) and 100 nm (non-gated region),
and Lyan, = 10 pm (gated region) and 5 um (non-gated region).
Both theoretical (solid line) and experimental (circles) conduc-
tance as a function of bulk concentration are shown in Fig. 3.
In a low concentration range (c, < 10~* M), experiments were
saturated to the surface-charge-governed conductance and con-
sistent with analytical solution and the conductance fell into
the geometry-governed regime above the concentration.
However, in a high concentration range, ie. ¢, > 10™" M, the
experiments deviated from the theoretical calculation, while pre-
vious literature followed the theoretical calculation over
1 M.'*?*3* The discrepancy could be as a result of highly con-
fined microchannels. Our microchannels had the thickness of
1.5 pm, while previous studies usually provided the demon-
stration with an open reservoir. The thin microchannel could
provoke strong ion-ion interactions or ion-wall interactions in a
high concentration range so that KCI solution at 10~" M and
1 M concentration turned into a salt precipitate that hindered
the ionic current through the micro-nanochannel since the
precipitate acted as a physical obstacle (see the ESI} for the salt
precipitate formation). In spite of the discrepancy at high
concentration range, we concluded that our device was intact
because surface-charge-governed conductance as the unique
property of nanofluidic system was observed.

Ionic current with gate voltage

The ionic currents (I, vs. Vp) were measured as a function of
gate voltage (V) at the concentration range from 107> M to 1
M as shown in Fig. 4, demonstrating the ohmic (or linear)
relationship between I, and Vp within the voltage range of
|Vp| < 2 V. Over the range, one can have ion concentration
polarization phenomena which involve a non-linear current-
voltage relationship.>®?® At higher KCI concentration, we
obtained higher ionic current values. Upon the application of
gate voltage, ionic conductance increased regardless of the
polarity of gate voltage for the entire concentration range,
called ambipolar behavior. The terminology of ‘ambipolar’ in
MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor)
represents that the channel polarity strongly depends on the
polarity of gate voltage. For instance, negative gate voltage
induces abundant holes inside the channel, so that the
channel demonstrates positive polarity and vice versa. In case
of IFET, the same mechanism would hold with near-zero
surface charge. Thus, the increment of ionic current was pro-
portional to the absolute value of the gate voltage. On the con-
trary, the ionic current should increase with either positive or
negative gate voltage, if the IFET had unipolar characteristics.
The ambipolar behavior originated from the fact that the
nanochannel had extremely low surface charge density due to
the Al,O; layer and the gate electrode had a so-called “all-
around-gate structure” for the high sensitivity. The presenting
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devices had two distinguishing features; (1) sub-10 nm
channel size and (2) near-zero surface charge. The operation
even at high electrolyte concentration would benefit from sub-
10 nm channel size since thinner geometry retains stronger
perm-selectivity.>'® The presenting high efficiency of gate
modulation would be helped by the near-zero surface charge
since the small change in gate voltage can be relatively large in
the case of an extremely low surface charge.’®'* In order to
show the robustness of the system, we simultaneously
measured the leakage current from source to gate. ESI Fig. 37
showed that the leakage currents were below 4 pA and inde-
pendent of the bulk concentrations, leading to a judgment
that the leakage current would not affect the ionic currents.

Electrokinetics of the ambipolar IFET

Because the IFET system involves a fluid with electricity, an
analysis of electrokinetic fields such as electrostatic potential
(w), averaged concentration distribution (¢, = (cx + ¢c1)/2) and
flow field (u) should be required for the characterization of the
system. As we described in the numerical scheme section,
those fields can be obtained by solving the coupled governing
equations with the consideration of a fringing field effect and
counter-ion condensation. Fig. 5-7 depict electrostatic poten-
tials, concentration fields, and flow fields inside the ambipolar
IFET at the bulk concentration of 107> M and the applied
drain voltage of 2 V. As shown in Fig. 5, the electrostatic poten-
tial inside the nanochannel (=10 pm < z < 10 pm) varied
according to the applied gate voltage. When the applied gate
voltage was —2 V, a large potential drop occurred around z = 8
pm because of the depletion of the charge carrier. In contrast,
a large potential drop occurred near z = —8 um when Vg = +2
V. When V; was 0.2964 V (x0.3 V), the electrostatic potential
was linearly dropped through the whole nanochannel because
the nanochannel was modulated to zero polarity. These results
were important since the application of gate voltage can drop
the strength of the electric field (a slope of electrostatic poten-
tials) around the gate electrode so that one can possibly lower
the translocation velocity of charged molecules through the
gated nanochannel. Especially, since the gated regions of the
nanochannels were transparent in our system, one can
measure the speed in situ. Averaged concentration distri-
butions were shown in Fig. 6 in which each section (divided by
breaks) denoted nanochannel regions in the range of —8.1 um
<z <=8 um, —5.07 pm < z < —4.97 pum, 4.97 um < z < 5.07 pm,
and 8 pm < z < 8.1 pm, respectively. As mentioned earlier, the
depletion zone of the charge carrier was formed around z = 8
pm at Vg = —2 V, depicted as a white region in Fig. 6(a), and
vice versa (Fig. 6(c) of Vg = +2 V). Because the nanochannel
became zero polarity at Vg = 0.2964 V, the electric double layer
cannot be built up and concentration distributions should be
uniform as shown in Fig. 6(b). The flow fields depicted in
Fig. 7(a) and (c) demonstrated that vortical flows were gener-
ated adjacent to the gated regions which were similar to the
nanoporous membrane system.>>® As one can predict from
the concentration distribution (Fig. 6), a strong vortex (thick
arrows) was formed at the depletion zone, while a weak vortical
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Fig. 4 Experimentally measured Ip—Vp characteristics in the concentration range of 10~ M to 1 M. The conductance increased as a function of the

absolute value (regardless of the polarity) of V.

motion (thin arrows) was observed at the other side. This was
because the lower concentration led to higher electric field
(Fig. 5) and strong electrokinetic flows. In Fig. 7(b), any electro-
kinetic flows were nonexistent because of the absence of the
electric double layer. Consequently, electrokinetic fields such
as concentration distributions and flow fields can be inverted
by the applied gate voltage.

Ambipolar characteristics (I-Vg as a function of Vp):
Numerical matching

In an ambipolar IFET device, In-Vs characteristics become
V-shaped curves since the ionic current should be modulated

942 | Nanoscale, 2015, 7, 936-946

regardless of the polarity of gate voltage. On the contrary, a
unipolar IFET has a diode behavior. The measured In-Vg
characteristics were plotted in Fig. 8 for different electrolyte con-
centrations with numerical results. The measured I;,-Vg charac-
teristics were ambipolar (V-shaped curve) since an inherently
low surface charge density of Al,O; (=1.5 mC m~?) and higher
capacitance of an all-around-gate structure (~5 times) than that
of a planar-gate effectively reflected the gate polarity.

In a low (107> M-10"* M) and an intermediate (107> M-
107> M) concentration range, numerical results were well-
matched with experimental data. For 10~> M and 10~* M, the
extent of the ionic current modulation appeared in the same
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0

order of magnitude because those concentrations were in
surface-charge-governed regime'® where ion transport through
the nanochannel is affected only by the surface charge density
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Fig. 7 Spatial distribution of electrokinetic flow fields. Voltage
configuration and bulk concentration are the same as Fig. 6. Solid lines
represent the stream lines and arrows represent flow directions and
strengths.

of nanochannel rather than bulk property. Meanwhile, devi-
ations between measured and numerical results occurred in the
high concentration range (10~ M-1 M). Higher bulk concen-
tration gave larger deviation. Nevertheless, the measured In-Vg
characteristics plotted in Fig. 8 were ambipolar. Consequently,
more constraints in theoretical considerations would be needed
to describe the ion transport at extremely high concentration.

The effects of fringing field and counter-ion condensation

We had adopted two additional constraints which were a fring-
ing field effect and a counter-ion condensation to describe the
ionic transportation through the partially-gated IFET. Com-
pared to the Poisson-Nernst-Planck-Stokes formulation
without any constraints (dashed line in Fig. 9), our modified
formulation (solid line) was well-matched with experimental
results. With a view point of the PNPS formulation without
constraints, a positive gate voltage changed the polarity of the
gated region only, and then, the nanochannel behaved as the
npn nanofluidic transistor for negatively charged nanochan-
nels. For the npn nanofluidic transistor, the application of a
drain voltage could cause a reverse bias in one of the two pn
junctions and hence the ionic current should be saturated,*
leading to a unipolar behavior. Moreover, numerical results
with negative gate voltage had non-negligible error compared
to the experimental results. Therefore, the two constraints
should be included in the PNPS formulation to correctly
describe the ambipolar behavior of the presenting partially-
gated IFET. The fringing fields which were generated in the
non-gated region to satisfy V x E = 0 could modulate the whole
nanochannel and hence, the polarity of the entire nanochan-
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nel became positive or negative depending on the gate voltage,
while the gate voltage was applied only near the center of the
nanochannel. Additionally, the condensed layer formed by
counter-ions in the vicinity of the highly charged oxide/electro-
lyte interfaces let over-modulated surface charge drop down,
so that the non-negligible numerical error at larger gate vol-
tages was resolved. Therefore, fringing field effect and counter-
ion condensation were essential constraints in IFET analysis.

Sensitive polarity inversion

The presenting IFET had lower threshold voltage to inverse the
polarity of the nanochannel than previously reported

944 | Nanoscale, 2015, 7, 936-946

IFETs.">'® We defined the threshold voltage Vg, as required
gate voltage to regulate the zero-polarity of the nanochannel.
When gate voltage was higher than V;;,, the nanochannel had
the positive polarity and vice versa. Using the condition of ¢, = 0
at Vg = Vi, we derived the simplified equation for Vy, related to
oxide capacitance C, and inherent surface charge density o, as

4]
Cox

Vih = — (14)

Eqn (14) presented that IFET with higher oxide capacitance
and lower inherent surface charge density had lower threshold
voltage, leading to a sensitive polarity inversion. Since Al,O;
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used in this work had near-zero surface charge density
(=1.5 mC m™?) and capacitance of all-around-gate structure
(5.06 mF m™2) was 5 times higher than planar-gate structure,
the threshold voltages of our device were calculated to be
0.2964 V from eqn (14) and 0.2967 V from numerical simu-
lations which were superior to other IFET’s Vy,'*"°
in Fig. 10.

as shown

Conclusion

In this work, we developed a transparent all-around-gated
ionic field effect transistor (IFET) which has an ambipolar
characteristic and can be operated at a wide range of electro-
lyte concentrations (107> M-1 M). Due to the relatively low
oxide capacitance of a planar-gate structure and the inherently
high surface charge density, a traditional IFET can only
control the same polarity of charged species as the surface
charge of the nanochannel. To enable the polarity-indepen-
dent control, an all-around-gate structure was adapted to
increase the efficiency of the gate effect compared to the
planar-gate structure, and we used Al,O3 as the oxide layer
which has lower surface charge density than SiO,. As a result,
ambipolar behavior was obtained by experiments and was vali-
dated by numerical simulations with a fringing field effect and
a counter-ion condensation which had not been considered as
major factors before. The numerical results demonstrated that
the application of gate voltage can drop the strength of the
electric field around the gated region so that one can possibly
lower the translocation velocity of charged molecules through
the nanochannel. In addition, the fabricated all-around-gated
IFET had the lowest threshold voltage as required gate voltage
to regulate the zero-polarity of the nanochannel. The use of
this ambipolar IFET would provide significant advantages to
cost-effective/on-demand/sensitive control of charged species
such as ions (negative or positive), DNA (negative), RNA (nega-
tive), and proteins (negative or positive) regardless of their
polarity which is important in a biomedical analysis such as
biomolecule transport through nanochannels, medical diagno-
sis system, and point-of-care system, etc.
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