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A microfluidic ion exchange membrane hybrid chip is fabricated using polymer-based, lithography-free
methods to achieve ionic diode, transistor and amplifier functionalities with the same four-terminal design.

The high ionic flux (>100 pA) feature of the chip can enable a scalable integrated ionic circuit platform for

www.rsc.org/loc micro-total-analytical systems.

Introduction

Non-linear micro/nanofluidic circuit components like ionic
diodes and ionic transistors may allow precise control of ion
and biomolecule transport in integrated micro/nano total ana-
Iytical systems for various wearable/implantable automated
drug delivery, on-chip molecular analysis, point-of-care diag-
nostics and energy conversion applications.’ Like semicon-
ductor transistors and PN junction diodes that control
electron/hole transport by alteration of their local densities,*
ion-selective media, such as inorganic nanochannels,””” asym-
metric nanopores,® hydrated nanoporous dielectric layers,”*°
and polymer-based ion-selective membranes or polyelectrolyte
layers"'* can modulate ion concentrations in an electrolyte
environment to realize similar circuit functionalities for ions
and charged biomolecules. For example, an ion-selective sili-
con dioxide nanochannel coupled with electrostatic gating
can form a nanofluidic transistor for switchable DNA trans-
port;® a bipolar membrane junction can be operated as an
ionic Zener diode to split water and establish local pH gradi-
ents for protein separation;"*'* a permselective membrane
can exhibit a nonlinear resistance shift when capturing
charged biomolecules for ion current biosensing,'"'*> and can
be easily linked with other microfluidic techniques such as
on-chip surface acoustic wave lysis for rapid nucleic acid de-
tection from raw samples directly.'® If the aforementioned
ionic circuit elements can be further synthesized into large-
scale ionic circuits, massively multiplexed smart sensor arrays
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can then be integrated with different molecular separation
and concentration functionalities to analyze a large library of
disease biomarkers with minimum analyte loss.""*® Spatial
and temporal release of drugs using molecular delivery ele-
ments coupled to the detection platform can then be envisioned
in future autonomous transdermal and implantable therapeu-
tic devices."”'® Of course, soft matter-based ionic memory ele-
ments will also require similar large-scale integration.'®°

There is, however, a major hurdle in integrating ionic cir-
cuits. Almost all ionic diodes and ionic transistors to date re-
alize specific non-linear circuit functions by modulating ion
concentrations inside ion-selective media, such as within
nanochannels or assembled charged polyelectrolytes.®”"**> Be-
cause of the nanoscale Debye-length dimensions of channels/
pores within ion-selective media, these devices can only de-
liver low ion fluxes (less than a few hundred nanoamperes)
and do not permit significant fluid flows due to their large
hydrodynamic resistance. Furthermore, ionic transistors that
allow bistable switches (on/off) do not amplify the ion current.
Due to these low-flux limitations, current ionic circuit devices
do not provide sufficient power to sustain a long-range ion
current flux and feedback necessary for integrated circuits.
Low ionic fluxes and high fluidic resistance also limit the
possibility of using these ionic circuit elements to facilitate
smart free-flow electrophoretic chips for high-throughput bio-
molecule separation,”® and smart energy convertors for re-
verse electrodialysis platforms or electrical-to-mechanical en-
ergy conversion,*?>7*

Here, we report a simple but versatile method to build
high-flux ionic diodes and ionic transistors in a high ionic
strength environment by controlling the external rather than
the internal ion concentration of an ion-selective membrane
with two competing electric fields. An anion exchange mem-
brane (AEM), coupling a control/input fluidic channel and an
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output fluidic channel, can change the conductance of the
output channel in a proper field direction across the AEM.
With four electrode terminals for the two channels to control
the two competing electric fields so that a particular electric
field direction is imposed at the AEM, high-flux ionic diodes
and transistors can then result from the same two-channel
microfluidic anion exchange membrane hybrid design such
that the output channel current can be rectified, switched
on/off or amplified. Both the ionic diode and transistor can
deliver an ion current of up to hundreds of microamperes
with a few milliwatts of output power. No gel or polyelectro-
Iyte component is used in the fluidic channel that delivers
the output ion current; hence, the device is compatible with
any free-flow operation that can rapidly refresh aqueous
fluids and analytes for high-throughput operation. The fabri-
cation of the device does not require elaborate semiconduc-
tor fabrication steps, such as lithography and etching, and
can hence be massively produced for simple and low-cost
manufacturing.

Results and discussion

Fig. 1 presents the device configuration and the key mecha-
nism. As shown in Fig. 1a, the fluidic channel between the
“G” and the “B” terminal is the control/input fluidic channel,
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Fig. 1 (a) Schematics of the microfluidic anion exchange membrane
(AEM) hybrid device by coupling the “G-B” control fluidic channel and
the “D-S” output fluidic channel with an AEM. (b) Schematics of the
external ion concentration polarization of the AEM. (c) The actual im-
age of the device.
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with the “G” terminal in the reservoir above the channel
plane. A commercially-available AEM (see the ESI}) is sealed
and placed below the “G” terminal reservoir, connecting the
“G” terminal reservoir to the microfluidic channel in such a
way that any movement of ions from or to the “G” terminal
under an electric field always occurs through the AEM. The
output channel is designed to be between the “D” and the
“S” terminal. This output fluidic channel intersects with the
control/input fluidic channel in a perpendicular manner
right underneath the AEM. The ionic strength and conduc-
tance at this intersection region regulates the ion current
through the output fluidic channel. The geometrical relation-
ships between the AEM and the microfluidic plane and be-
tween the “G-B” control fluidic channel and the “D-S” output
fluidic channel are important to maintain the stability of the
designed ionic circuit platform, which will be discussed later.
Since only negatively charged ions can pass through the
AEM, the applied electric field across the membrane can in-
duce external ion concentration polarization, with either de-
pletion or enrichment on one side depending on the field di-
rection."" As illustrated in Fig. 1b, when the electrical
potential in the “G” terminal reservoir is sufficiently higher
than the potential under the membrane (in the channel), a
depletion zone with low ionic strength can be established in
the intersection region, with the electric field directed away
from the AEM. The depletion “blocks” the ion current
through the output fluidic channel. Conversely, when revers-
ing the polarities of the electrical potential in the “G” termi-
nal reservoir and the one under the membrane, such that the
electric field in the intersection region is towards the AEM,
an enrichment zone with high ionic strength emerges in the
intersection region, thus “enhancing” the ion -current
through the output fluidic channel. Ideally, both anion ex-
change membranes (AEM) and cation exchange membranes
(CEM) can be used to build such an ionic circuit platform.
Only the applied electric field direction needs to be reversed
to create similar ion depletion/enrichment conditions at the
intersection region if a CEM is used. In our chip design, an
AEM is chosen since AEMs have shown the capability to be
used in various biosensing applications, especially nucleic
acid detection, based on our previous studies.""'>'® An ionic
circuit platform built by AEMs can hence allow for direct inte-
gration with multiple AEM-based biosensing technologies.
Fig. 1c shows the actual device. The microfluidic channels
are built by three layers of polycarbonate sheets. The “D-S”
output fluidic channel is 28 mm in length, 2 mm in width
and 250 pm in height. The “G-B” control fluidic channel is
12 mm in length, 1 mm in width and 250 pm in height.
These two channels create a 1 mm x 2 mm intersection in
the channel plane, above which a 1.1 mm x 1.6 mm AEM
connects the “G” terminal reservoir and the intersection re-
gion. The AEM is embedded in a circular polyurethane resin
pellet and fabricated using a specific molding protocol.>> A
PMMA tubing glued to the resin pellet serves as the “G” ter-
minal reservoir. The reservoirs for the three electrical termi-
nals “D”, “S” and “B” are cut pipette tips and are separated
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from the channels by filter papers and a layer of 1% agarose
gel to prevent possible bubble entry into the channels. All the
electrical signals are transmitted into the microfluidic chan-
nel using platinum electrodes. Tygon tubings are glued to the
end of each channel as fluidic inlets and outlets. To demon-
strate that the device is robust under high ionic strength con-
ditions, we use 0.1x phosphate-buffered saline (PBS) solution
as the electrolyte in all the experiments. 100 uM Rhodamine
6G dye is added into the 0.1x PBS solution in the channel as
a fluorescence indicator to demonstrate the ion depletion
and enrichment process at the intersection region. The posi-
tively charged Rhodamine 6G molecule is selected as it is not
permeable to the AEM and also does not non-specifically ad-
sorb to the AEM, which helps maintain the integrity of the
membrane. All the fluorescence images are taken from the
bottom of the device. The material information, chip fabrica-
tion and all the electrical measurements are described in de-
tail in the ESLY

Whether the device works as an ionic diode or an ionic
transistor depends on the electrical operation method, i.e.
the potential relationship at the four terminals and the net
field at the AEM due to the competition between the two
resulting electric fields. The ionic diode is configured as
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Fig. 2 (a) Schematics of the electrical operation method and the
rectification mechanism of the ionic diode. The fluorescence images
show the ion depletion in the reversed output current direction (the
upper panel) and the ion enrichment in the forward output current
direction (the lower panel) in the intersection region. (b) The output
-V characteristics under two different V values show that the output
current rectification can be achieved when Vg = -20 V. V is swept
from -14 V to 14 V for Vg = =20 V, while from -10 V to 10 V for Vp =
-10 V. (c) The output |-V characteristics on the conductive side under
three different Vg values show the modulation of the “on” threshold
voltage of the ionic diode. Vp is swept from 0 V in each measurement.
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shown schematically in Fig. 2a. The “G” terminal and the “S”
terminal are co-grounded as a reference potential of the de-
vice. The applied voltage at the “B” terminal, Vi, works as a
control voltage to regulate the ion concentration at the inter-
section region. The key design of the ionic diode involves
lowering the ion conductance at the output fluidic channel
by ion depletion with the output current in one direction and
increasing the ion conductance by weakening the ion deple-
tion when the output current is in the opposite direction.
Here, the ion depletion is generated by setting the control
voltage Vi as a negative potential (due to the AEM used) to
ensure an ion depletion zone under the membrane through
the “G-B” control fluidic channel, with the field direction
away from the AEM.

As illustrated in the upper panel of Fig. 2a, when V3 is set
as —20 V and the applied output potential V, at the “D” ter-
minal is lower than the potential at the “S” terminal - gnd,
as well as the “G” terminal, the ion concentration at the
intersection region remains depleted. The ion depletion after
applying a negative Vp, is indicated by the low fluorescence
intensity at the intersection region (in the highlighted frame)
shown in the upper panel of Fig. 2a. The output fluidic chan-
nel therefore maintains a low ionic conductance so that a
very small output ion current I,y can flow in the direction
from the “S” terminal to the “D” terminal. However, as illus-
trated in the lower panel of Fig. 2a, when the polarity of Vp, is
reversed and is above a sufficiently high positive value, the
ion depletion at the intersection region is weakened. The pos-
itive Vp, reverses the field direction as it renders the local po-
tential under the AEM higher than gnd - the potential at the
“G” terminal, even though Vy still keeps the same negative
value. This field direction enriches the ion concentration at
the intersection region and dramatically increases the current
Iouepue in the output fluidic channel in the direction from the
“D” terminal to the “S” terminal. The transformation from
ion depletion to ion enrichment at the intersection region
can be seen from the much higher fluorescence intensity at
the intersection (in the highlighted frame) in the lower panel
of Fig. 2a. It is worth noting that the fluorescence intensity in
the rest of the “G-B” control fluidic channel remains low be-
cause the ion enrichment is confined to the intersection re-
gion that turns the output fluidic channel on.

We sweep Vp, from -14 V to 14 V while keeping Vg at 20 V
to demonstrate ion current rectification of the ionic diode, as
shown by the hollow circular data points in Fig. 2b. The out-
put ion current Ioypye is close to zero in the reversed direc-
tion (from terminal “S” to “D”), while it increases rapidly in
the forward direction (from terminal “D” to “S”) when the
positive Vp, exceeds a threshold value (~ 4 V). Ioygpue Shows a
176 rectification factor at +10 V. In contrast, Ioypue Measure-
ment with a Vp sweep from —10 V to 10 V at V3 = -10 V does
not show appreciable rectification, as shown by the cross
data points in Fig. 2b, indicating that the potential difference
between the “G” terminal and the “B” terminal is not enough
to fully generate the ion depletion zone at the intersection re-
gion. Thus, the “D-S” output fluidic channel maintains a high
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and similar ionic conductance for both directions of I yepue
Unlike most nanofluidic diodes or polyelectrolyte diodes
which produce ion current rectification by ion enrichment
and depletion within nanochannels or polyelectrolytes, our
ionic diode employs external ion depletion and enrichment
at the intersection region adjacent to the ion-selective nano-
porous membrane. Hence, this ionic diode allows a much
higher ion current flowing through the “D-S” microchannel
when enrichment occurs at the intersection region (up to
tens to hundreds of microamperes). Other than offering a
high flux with the microfluidic channel, the ion exchange ca-
pacity of the selected AEM is not affected by the electrolyte
ion concentration, since the 1 nm pore size within the AEM
provides a strongly overlapped Debye layer over a wide range
of buffer ionic strengths (see the ESIt)."® Hence, the external
ion depletion can be established even at high ion concentra-
tions, ensuring that the rectification factor of the ionic diode
is not hindered by high ionic strength buffers, which is diffi-
cult to achieve with nanofluidic diodes due to Debye
screening.”®

We can also control the threshold in the forward direction
of the ionic diode by choosing different Vi values. The con-
ductive side of the ionic diode shown in Fig. 2c demonstrates
that the “on” threshold is roughly 4 V for Vz = -20 V, 6 V for
Vg = -30 V and 10.5 V for Vi = —40 V. It is because a higher
forward potential (a higher Vp) is needed to induce ion en-
richment at the intersection region when a larger potential
drop is applied in the “G-B” control fluidic channel (a lower
Vg) to generate ion depletion.

A solid state transistor, such as a bipolar junction transis-
tor (BJT) or a field-effect transistor (FET), can realize electron
current switching using a control signal through the base ter-
minal (BJT) or the gate terminal (FET) and electron current
amplification from an input to an output. Current efforts on
ionic transistors allow small ion current switching (nano-
ampere range);>”'> however, independent amplification of
the ion current is required. Here, by changing the electrical
connection to the terminals, our device can be operated as
an ionic transistor which can allow both large ion current
switching and ion current amplification through the “D-S”
output fluidic channel. As schematically shown in Fig. 3a, the
“B” terminal and the “S” terminal are co-grounded to config-
ure an ionic transistor. The applied voltage at the “G” termi-
nal Vg serves as the control voltage to render the ionic tran-
sistor either an ion current
amplifier.

Fig. 3a illustrates the switching mechanism of the ionic
transistor. Due to the high conductivity of the 0.1x PBS solu-
tion, the “D-S” output fluidic channel can conduct a high ion
current even without a control voltage, indicating that the
ionic transistor is usually at the “ON” state, as the ion con-
centration at the intersection region is not depleted. In addi-
tion, under a negative Vg (for example, -10 V), the ion con-
centration at the intersection region is enriched, giving rise
to an even higher output current I,y for the “ON” state.
The ion enrichment by the negative control voltage is sche-

ion current switch or an
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Fig. 3 (a) Schematics of the electrical operation method and the
switching mechanism of the ionic transistor. The fluorescence images
show the ion depletion at the “OFF” state (the upper panel) and the
ion enrichment at the “ON” state (the lower panel) in the intersection
region. (b) The output currents under different control voltage Vg
values show the switching of the ionic transistor. Ioupue is measured
for 10 min in each measurement. (c) The output |-V characteristics
show the effective “switching-off” region for different Vg values of the
ionic transistor. Vp is swept from 0 V to 20 V in each measurement.

matically shown in the lower panel of Fig. 3a, and verified by
the high fluorescence intensity observed at the intersection
region (the highlighted frame). To switch off the ionic tran-
sistor, as seen from the schematics in the upper panel of
Fig. 3a, a positive control voltage V; is applied (for example,
20 V). It generates an ion depletion zone at the intersection
region to switch off Iy With a low conductance in the ion
depletion zone that “blocks” the “D-S” output fluidic channel,
as confirmed by the low fluorescence intensity at the intersec-
tion region (the highlighted frame on the right).

To show the switching operation of the ionic transistor,
the output current is measured for 10 minutes when Vy, is set
at 10 V, under different control voltage (V;) conditions
(Fig. 3b). Without applying Vg, the I,ypye is 40 pA which is
the intrinsic “ON” state current of the “D-S” output fluidic
channel. When a negative Vi (=10 V) is applied, which in-
duces ion enrichment at the intersection region, the “ON”
state Iouepue i enhanced to 114 pA. In contrast, when a suffi-
ciently positive Vs is applied to induce ion depletion, the
“OFF” state Ioyepue is below 10 uA, which is 5 pA for Vg =10V
and 0.27 pA for Vg = 20 V. The on-off ratio of the ionic tran-
sistor can hence be as high as 422 between the “ON” and
“OFF” state, and the “ON” state can deliver a current larger
than 100 pA. Since a positive Vg with respect to ground is
needed to generate the ion depletion zone, too high an
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output voltage drop (positive V, compared to gnd) may con-
vert the local potential at the intersection region close to or
higher than Vg, which undermines the ion depletion and re-
sults in loss of the “OFF” state. Fig. 3c shows the effective
“switching-off” range at different Vg values. The I,y is
measured at different V, values from 0 V to 20 V under fixed
positive control voltage values of Vi =5V, 10 V and 20 V. The
Ioupue under no applied Vg shows the intrinsic “ON” state
current. It can be seen that, for Vy, values larger than 6 V
when Vg =5 V or for V, values larger than 17 V at Vg = 10 V,
the I,yepue starts to rise which means that the ionic transistor
fails to be switched “OFF”. Whereas for Vg = 20 V, the ionic
transistor is successfully maintained at the “OFF” state for
the entire range of output voltage drops. These data indicate
that an appropriate control voltage Vs needs to be chosen for
the specific output voltage difference of each application.

It is well known that a semiconductor field-effect transis-
tor can amplify an input signal when it works in the “satura-
tion mode”, where a carrier depletion zone “pinches off” the
conductive channel due to a decrease in the potential differ-
ence between the gate terminal and the drain terminal (which
is similar to the potential at the “G” terminal and the “D” ter-
minal in our fluidic device).? By changing the potential of
our terminals and controlling the two competing fields, we
show an analog “saturation mode” for our ionic transistor,
which is similar to those observed in semiconductor field-
effect transistors, indicating the capability of our device to
amplify the ion current through the AEM to the output flu-
idic channel (the “D” terminal).

The amplification mechanism is shown in Fig. 4a and the
IoupurVp characteristics under different Vi inputs are shown
in Fig. 4b. For our current experimental set-up with the AEM,
a relatively low negative input voltage Vg (-1 V, 2.5V, -5 V
or -7 V) and a negative output voltage V), are applied in mea-
suring the I,upueVp characteristics. Two distinct regions are
observed: the amplification region and the linear region of
the ionic transistor. When the absolute value of Vy, is smaller
than or comparable to the absolute value of the input Vg, the
ion concentration at the intersection region remains at a
high buffer value or is slightly enriched. This is because the
potential above the AEM V; is lower than the potential at
both the grounded “S” and “B” terminals and the potential
drop from “G” to “D” is either negative or not sufficiently
positive to generate ion depletion underneath the membrane.
Hence, the “D-S” output fluidic channel behaves like a linear
conductive channel, resulting in a linear region, as shown in
Fig. 4b. However, once the absolute value of V, becomes
high, for example, when V, < -11 V at Vg = -1 V, the poten-
tial difference between Vg and Vp, is high enough to render
the local potential at the intersection region Vjuncton suffi-
ciently lower than V; to generate depletion at the intersection
region through the “G-D” channel instead of the “G-B” chan-
nel. This ion depletion zone “pinches off” the “D-S” output
fluidic channel, giving rise to the limiting output current
Ioupue Which does not change with increasing |Vp|.>'! The
ionic transistor therefore functions in the amplification re-

This journal is © The Royal Society of Chemistry 2016

Paper

1Y
T

0f_~ Amplification region
4 & it

L7 wl

Anion Exchange
Membrane

'loutput (nA)

+ Vg=Av
120} S o V =-25V
G /a8 Linearregion  x v, =-sv
1.,”,, mmsf" a v =av
mpticaon louput 160 L—t
s ‘ + ‘ D 25 20 15 10 5 )

Anion Exchange
Membrane

Power (mW)

S: gnd D: Vo = -20V

Pouput = [Vorloutpa]

Fig. 4 (a) Schematics of the amplification mechanism of the ionic
transistor. (b) The /ouput-Vp characteristics under different Vg values
show the linear region and the amplification region of the ionic
transistor. Vp is swept from 0 V to -20 V for Vg = -1V and -2.5 V, and
from -5 V to -25 V for Vg = -5 V and -7 V. (c) Real-time fluorescence
images show the current amplification from the “S” terminal adding to
the output current. 1: t =600 s; 2: t = 856 's; 3: t = 1519 s; 4: t = 1821 5;
5:t=2077s; 6:t=2228s; 7:t = 2349 s; 8: t = 2454 s. (d) Experiment
set-up for measurement of the input and amplified output power. (e)
The comparison between the input and output power shows the am-
plification and the output power control by the input potential Vg. The
average power amplification factor is 45.

gion, as shown in Fig. 4b. Since Vjunction is even lower than
the potential at the “S” terminal (gnd) when ion depletion oc-
curs, an amplification current Iypiification flows from the “S”
terminal to the intersection region and is added onto the in-
put current from the membrane fj,,y, thus resulting in an
amplified output current Iy to the “D” terminal (Fig. 4a).
A higher |Vg| produces a lower Vjuncton in the amplifica-
tion region. Hence, a larger potential drop between the “S”
terminal and the intersection region leads to a higher
| Lamplification|, and consequentially, a larger amplified |Iouepue|-
As shown in Fig. 4b, a Vg of =7 V can achieve a larger than
140 pA |Ioueput|- Fig. 4c verifies the amplification mechanism.
Vg is set as —2.5 V, while Vp, is —20 V. The ion depletion zone
with low fluorescence intensity is developed from the inter-
section region to the “D” terminal 600 s after the start of the
experiment, as seen from the 1 and 2 fluorescence images. As
time evolves, the fluorescence intensity in the highlighted
frame decreases as the positively charged fluorescent dye is
transported from the “S” terminal side to the “D” terminal
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side, demonstrating that Lmpiification 15 added to Ioyepue tO
achieve amplification. The real-time fluorescence video show-
ing the Lmpiification €an be found in the ESL} We characterize
the amplification capability of this first prototype of our ionic
transistor by comparing the input and output power
(Fig. 4d). The input power is expressed as Pinput = |V X Tinput|
and the output power is expressed as Pouput = |Vb X Toutput|-
We fix Vp at —20 V and measure the input and output power
at Vg = -1V, -3V, and -5 V. The results in Fig. 4e show that
the ionic transistor can deliver an output power of more than
1 mW, and achieve power amplification by a factor of 45. The
output power is regulated by the input voltage V. This fea-
ture allows us to further proportionally amplify small ion cur-
rents or potential inputs to larger ion current outputs to ac-
quire better signals or to drive downstream ion current
circuits. Since the amplified output current is invariant with
respect to output potential drops (Vp) in the amplification
region, the ionic transistor can drive a wide range of ionic
circuit loads in series or in parallel, thus enabling integrated
ionic circuits.

The geometrical design of the microfluidic channel-AEM
coupled chip (Fig. 1a) ensures the stable output of the ionic
circuit platform for both diode and transistor operations.
Since electroconvection vortices may grow from the mem-
brane surface under a high DC electric field to diminish the
depletion zone, we design the microfluidic channel plane to
be parallel to the depletion side of the membrane with a
small separation (250 pm). The resulting large hydrodynamic
resistance has been shown to be very effective in suppressing
the vortex instability.””*® Stable ion depletion or enrichment
can hence be sustained along the microfluidic channel even
under a relatively high applied voltage (e.g., 20 V). In addi-
tion, the output ion conductance of the output fluidic chan-
nel is only regulated by the ion concentration at the intersec-
tion region, and is not affected by the growth of the ion
depletion and enrichment zones in the perpendicular “G-B”
control fluidic channel outside the intersection region. There-
fore, the output current and the diode/transistor functionali-
ties remain stable once the ion concentration condition is
established in the intersection region after around a hundred
seconds. As a result of this geometrical design, the ionic cir-
cuit chip can operate at a high input voltage of up to 50 volts
to meet the goal of high-flux operations. We choose a lower
value of 25 volts as our upper limit to ensure that the buffer
pH is not affected by electrolysis reactions at the electrodes.
If the buffer pH is not an issue, stable operation at up to 50
volts is possible. The ionic circuit chip is also robust in com-
plex electrolytes with different ions, because the AEM we
choose, with 1 nm pores, has a high ion exchange capacity of
1.8 mval g™* that remains stable at high ionic strengths and
in the presence of multivalent ions (see the ESIT)."> We inten-
tionally use a complex high ionic-strength electrolyte system
(PBS) containing various single and multi-valent ions to dem-
onstrate the versatility of our chip. The same chip is tested
repeatedly over four months with no obvious changes in
functionalities, indicating the robustness of the design.
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Conclusions

We report a high-flux multifunctional ionic circuit chip that
can be used either as an ionic diode or an ionic transistor,
depending on the electrical operation method. The ion cur-
rent output of the device can exceed a hundred microam-
peres, which is two to three orders of magnitude higher than
those of other reported ionic circuits. However, it offers a rec-
tification factor of 176 for the ionic diode, an on-off ratio of
422 and a 45-fold power amplification for the ionic transistor
in high ionic strength buffers (0.1x PBS). Since the output
ionic flux is not restricted by the ion-selective medium
(AEM), an arbitrary dynamic range can be designed with dif-
ferent channel dimensions to achieve scalability. These char-
acteristics make our chip suitable as the basic element for
integrated and scalable large-scale ionic circuits. The
lithography-free fabrication process is amenable to low-cost
polymer-based mass manufacturing processes. The relatively
long response time of a few hundred seconds can be im-
proved if we scale down the channel dimension to tens of
microns, with a corresponding trade-off in current flux. How-
ever, for most biomedical applications, a response time of a
few minutes is more than adequate. Hence, we believe that
the chip can lead to a new ionic circuit platform for a variety
of applications.
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