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as field-effect transistors (FET) and bipolar 
transistors have been fabricated with 
amazing technological applications in fields 
such as biosensing or surface science.[7–11] 
For example, a device to sequence DNA 
strands based on nanopore resistors has 
recently been put on the market.[13] These 
first advances can be compared to the pro-
gress in electron conduction reached by the 
semiconductor technologies.

However, there is still a long way to 
achieve complete control over the trans-
port of molecules in integrated ionic 
circuits. Ionic diodes are very prom-
ising because they regulate the selective 
transport of ions in a voltage dependent 
manner, i.e., selectivity can be easily 
detected by ionic current rectification in 
current–voltage measurements.[14] Either 
cations or anions can be excluded as cur-
rent carriers depending on the net surface 
charge of the nanofluidic structure.[15]

Several attempts have been made to modulate the response 
of ionic diodes in a manner that allows changing the magni-
tude and direction of this rectification at will. Until now, this 
has been effectively obtained only by specific chemical stimuli 
in solution, such as the pH.[16–18] Aiming at implementing such 
nanofluidic devices in more complex designs, there is a strong 
interest in being able to modulate ionic currents by experi-
mental inputs that are easier to control, such as voltage, light, 
or temperature.[19] In this regard, our group has already demon-
strated that the combination of solid-state polymer nanopores 
and electrochemically synthesized conducting polymers is a 
promising starting platform.[20]

Herein, we present the fabrication of a field-effect tunable 
ionic diode by implementing the chemically synthesized con-
ducting polymer poly(3,4-ethylenedioxothiophene) (PEDOT) 
upon a solid-state polymeric nanopore. The PEDOT layer 
enhances the rectification properties of the nanopore and most 
importantly, acts as a field-effect nonmetallic gate electrode by 
changing its electrochemical state by applying different volt-
ages. A strong reversion and modulation of the surface charge 
and consequently the rectification efficiency is observed.

Poly(ethylene terephtalate) (PET) nanochannels were fab-
ricated by means of ion-track etching nanotechnology.[21] The 
technique is based on the irradiation of polymer foils with swift 

The design of an all-plastic field-effect nanofluidic diode is proposed, which 
allows precise nanofluidic operations to be performed. The fabrication pro-
cess involves the chemical synthesis of a conductive poly(3,4-ethylenedioxy-
thiophene) (PEDOT) layer over a previously fabricated solid-state nanopore. 
The conducting layer acts as gate electrode by changing its electrochemical 
state upon the application of different voltages, ultimately changing the 
surface charge of the nanopore. A PEDOT-based nanopore is able to discrimi-
nate the ionic species passing through it in a quantitative and qualitative 
manner, as PEDOT nanopores display three well-defined voltage-controlled 
transport regimes: cation-rectifying, non-rectifying, and anion rectifying 
regimes. This work illustrates the potential and versatility of PEDOT as a key 
enabler to achieve electrochemically addressable solid-state nanopores. The 
synergism arising from the combination of highly functional conducting poly-
mers and the remarkable physical characteristics of asymmetric nanopores 
is believed to offer a promising framework to explore new design concepts in 
nanofluidic devices.

Nanofluidic Diodes

Currently there is a growing interest in developing nanofluidic 
devices with the capacity to externally regulate the flow of dif-
ferent molecules within miniaturized integrated circuits. With 
the rise of nanofluidics starting approximately twenty years ago, 
large advances in the fabrication of devices that control ionic 
carriers have been achieved.[1–4] Nanofluidic devices may have 
similar functioning as biological ion channels that behave either 
as ionic resistor or diode.[5,6] Moreover, complex systems such 
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heavy ions followed by chemical etching of the ion tracks.[22] 
Special etching conditions allow the fabrication of channels 
with asymmetric conical geometry.[23] The surface of a mem-
brane containing one single conical pore was coated by a thin 
PEDOT layer. Experimental details of the track etching and 
coating procedure can be found in the experimental section. 
The PEDOT layer reduces the effective pore cross-section and 
partially fills the opening region. We thus started our experi-
ments with an initial small opening pore diameter of ≈150 nm 
and a large base diameter of ≈1000 nm. These values are sev-
eral orders of magnitude higher than the Debye length at salts 
concentrations between 10 × 10−3 –100 × 10−3 m (≈1 nm). As 
a consequence of this, the depletion of ionic carriers at the 
tip of the nanochannels, which ultimately produces the cur-
rent rectification, becomes negligible for large pores and the 
behavior becomes ohmic. In order to observe ionic rectifica-
tion in ion track-etched nanochannels fabricated using the 
surfactant assisted technique (bullet-like geometry), the use of 
nanochannels with tip diameters smaller than ≈50–70 nm is 
necessary.[22b,23]

The measurements were performed in an electrochem-
ical cell (Figure 1a and Figure S1, Supporting Information) 
employing an electrolyte concentration within the physiological 
range (100 × 10−3 m KCl). As evidenced by the linearity of the 
current–voltage curve (I–V) the pore showed Ohmic behavior 
prior to proceeding with the chemical modification (Figure 1b).

The coating with PEDOT was performed selectively on the 
small opening side of the conical channel by spin-coating using 
an iron (III) tosylate solution as oxidant and stabilizer.[25] After 
the coating, the I–V curve shows a remarkable rectification of 
the ionic current (Figure 1c) presumably caused by increased 
asymmetry and higher confinement of the electrolyte solution, 
both caused by reduced channel opening. Ellipsometry measure-
ments showed that a layer of ≈60 nm was deposited after each 
cycle of spin-coating and polymerization of PEDOT (Figure S2,  
Supporting Information). This kind of top-down approach for 
the synthesis of nanofluidic diodes is very promising for devel-
oping devices from non-nanometric architectures.[26] In order 
to characterize the PEDOT films deposited on the PET foils, 
Raman spectroscopy and contact angle measurements were 
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Figure 1. a) Scheme of the electrochemical set-up used for the experiments, constituting two hollow cells halves that are connected through a single 
nanochannel-containing membrane. One of the compartments has attached a solution isolated copper ring that connects electrically with the PEDOT 
layer acting as gate and allows applying different gate voltages Vg. Vt denotes the transmembrane potential applied between the two cell compartments. 
The enlarged scheme of the membrane shows the PEDOT/tosylate-coated-nanochannel (blue) and its electrochemical conversion when applying a 
voltage that ultimately produces a change of the I–V behavior. b,c) Current–voltage curves before (Ohmic) (b) and after (c) PEDOT coating (rectifica-
tion). The reduction of the ionic conductance in (c) indicates partial closure while the increase of the rectification efficiency indicates the asymmetric 
modification of the nanochannel.
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performed (Figure S3, Supporting Information). The Raman 
spectra presented all the features assigned to PEDOT while the 
wetting data showed a slight increase in the hydrophobicity of 
the foil after the deposition.

Once the polymeric gate electrode was fabricated, its electro-
chemical performance was studied by cyclic voltammetry (CV) 
in 100 × 10−3 m KCl. The electrochemical potential was scanned 
between −2 and 2 V (Figure S3, Supporting Information). Two 
oxidation peaks (0.2 and 1.6 V) and one reduction peak (−0.5 V) 
were observed, which is in agreement with previously reported 
electrochemical data of PEDOT.[27,28] The oxidation is known to 
produce a conducting form, due to the emergence of polarons, 
which are cationic radicals that transport the current as holes 
(p-type).[29,30] Therefore, oxidizing the polymer is sometimes 
referred to as p-doping although it is also known as anion-doping 
due to the inclusion of anions within the polymer to compen-
sate the positive charges.[31] On the other hand, the reduction of 
the polymer is known as n-doping or cation doping for similar  
reasons. It is important to mention that for the n-doping, the 
negative charges stem from counter ions included during the 
synthesis for electrostatic neutralization, for these experiments 
the molecule was tosylate.

The type of doping of the PEDOT film becomes essential 
for nanofluidic applications as it modifies the nature of the 
counter ions around the channel walls and, concomitantly, the 
type of carrier shuttling the ionic current through the nano-
channel. In this way, the doping level of the polymer deter-
mines the type and magnitude of the ionic conductance of the 
nanochannel. Additionally, this doping level can be easily and 
reversibly tuned by electrochemical (voltage-driven) reactions, 
constituting an analogous of the gate electrode in field-effect 
devices.

We explored this field-effect control over the ionic carriers 
in the same configuration shown in Figure 1a, by applying 
different gate voltages (Vg) to the polymer film (oxidizing 
or reducing the PEDOT) and simultaneously recording the 
I–V curves by applying a transmembrane voltage (Vt) scan 
(Figure 1). The use of a bipotentiostat allowed the application of 
different and independent voltage routines for both Vg and Vt.

As-synthesized PEDOT is in the conducting oxidized state 
(p-doped). By electrochemical reduction at Vg = −0.2 V, the I–V 

curves become almost linear. The absence of rectification effects 
indicates that the polymer film is mainly neutral (Figure 2). The 
application of more negative gate voltages (Vg) – below −0.2 V 
(further electrochemical reduction, n-doping) – induces nega-
tive rectification, related to higher cation selectivity. In contrast, 
oxidation or p-doping of the PEDOT film increases the positive 
rectification, related to the anion selectivity. For Vg higher than 
0.8V the film starts to degrade due to over-oxidation reactions. 
The large peak observed in the CV at 1.6 V is related to this 
degradation process (Figure S3, Supporting Information and 
insets in Figure 2).[32]

Rectification factors (frec) were calculated as the quotient of 
the currents at Vt = ±1 V, with the numerator being the larger 
current value. In order to clearly observe the behavior of frec at 
different gate voltages, frec was multiplied by a factor −1 if the 
larger current was positive. In this way it is possible to qualita-
tively relate each frec to a certain surface charge: negative recti-
fication means a negative surface charge and vice versa. Below 
the over-oxidation potential, frec shows a linear trend on the 
applied voltage (Vg) (Figure 3a), meaning that the concentration 
of positive species, i.e., polarons, within the PEDOT film grows 
monotonically with the oxidation of the PEDOT layer. Electron 
paramagnetic resonance experiments have shown a similar 
response, with the difference that after 0.2 V the concentration 
of paramagnetic species decreases as they pair forming diamag-
netic species.[33] Since the frec value is related to the net charge 
on the surface instead of magnetic properties we are able to 
observe the increment of the concentration of positive centers, 
a feature never reported before.

The behavior of frec with doping charges is also illustrated 
in Figure 3b showing that changes in the nanochannel selec-
tivity are strongly regulated by the type of doping of the PEDOT 
film acting as gate electrode. PEDOT gated nanochannels 
show cation selectivity for n-doping (<−0.2 V) and anion selec-
tivity for the p-doping (>0.2 V). Our approaches thus allow us 
to transduce a pure electronic input signal into an iontronic 
output.[34] Doping charges were calculated from the integration 
of the current–time curves at different applied voltages to the 
gate as explained in the Supporting Information.

For a given Vt, the application of different gate voltages 
can directly be transduced into changes in the nanochannel’s 
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Figure 2. Current–voltage curves for a PEDOT-modified nanochannel at three different gate voltages (Vg), a) −0.6 V, b) −0.2 V, and c) 0.8 V evidencing 
cation selectivity, neutralization, and anion selectivity, respectively. Insets show regions of the cyclic voltammetry of PEDOT affected by each Vg.
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ionic conductance, resembling a typical FET measurement 
(Figure 4a).

The ionic conductance of the nanochannel at Vt = 1 V is pre-
sented in Figure 4a as a function of the gate voltage Vg applied 
to the PEDOT layer. The two regimes of high and low con-
ductance suggest that the gate voltage can be employed as an 
“on-off” trigger as it is able to enhance or restrict the passage 
of ions through the nanochannel. Here, it can be observed that 

there is no significant difference for the conductance at dif-
ferent negative gate potentials within the off-state (−0, 2, −0.4, 
and −0.6 V). This feature was further corroborated by meas-
uring the ionic currents at Vt = 1 V for different voltages within 
the off-regime (Figure S5, Supporting Information).

As illustrated in Figure 4b, we observe the “ON–OFF” effect 
on the ionic current by alternately switching Vg from on-state 
(Vg = 0.2 V) to off-state (Vg = −0.2) region. Ionic currents 
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Figure 3. a) Rectification factor frec versus gate voltage for a PEDOT coated PET nanochannel. The inset shows the complete curve including Vg ≥ 1 where 
the oxidative degradation of the PEDOT layer takes place. b) Rectification factor versus doping charge of the PEDOT layer yielding clear evidence of 
the correlation between type of doping and rectification behavior.

Figure 4. a) Ionic conductance of nanochannel versus gate voltage for a fixed transmembrane voltage, Vt = 1. The plot displays two well-defined con-
ductance states, “ON” and “OFF”. b) Transmembrane ionic current measured at Vt = 1 V and cycled between Vg = −0.2 V (“OFF” state) and Vg = 0.2 V 
(“ON” state). A good reversibility is observed for repeated cycling. c) Current–time plot for a PEDOT-modified nanochannel showing the reversible 
gating of the ionic current. d) Chronoamperometric response of the PEDOT film (red) and ionic current–time plot for the nanochannel (blue) measured 
simultaneously under the same gate voltage (−0.2 V). (a–d) were measured using different sets of nanochannels.
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increase between the on and off state by about 2500% as a 
consequence of the change in the nanochannel conductance. 
One interesting point that needs to be underlined is that the 
response of the PEDOT film and its corresponding nanofluidic 
effect occurs almost immediately after the application of the gate 
voltage, a feature that can be clearly observed from current–time 
plots showing the reversible gating of the ionic current upon 
applying a voltage routine between on- and off-states (Figure 4c). 
This dynamic behavior of the PEDOT-modified nano  channel is 
very interesting because it allows a fast switching of the ionic 
current. A comparison between the chronoamperometry of 
the PEDOT film at a certain gate voltage (e.g., −0.2 V) with its 
corresponding ionic current–time behavior allows observing 
the coupling between the electrochemistry of the gate film 
and the control of the ionic transport of the nanofluidic diode 
(Figure 4d). It is important to point out that the results presented 
in panels (a), (b), and (c,d) of Figure 4 are highly reproducible 
and correspond to experiments performed using different nano-
channels (Figure S6, Supporting Information).

In conclusion, we have demonstrated the fabrication of a 
fully tunable field-effect nanofluidic diode by chemically poly-
merizing the conducting polymer PEDOT and coating it onto 
the surface of a PET membrane containing a single conical 
nanochannel. The PEDOT layer behaves as a gate electrode 
allowing the precise control over both the direction and the 
magnitude of the rectified ionic current. Combining different 
transmembrane and gate voltages complete control of the ionic 
current passing through the nanochannel is evidenced. To our 
knowledge, this is the first time that an electrochemically gated 
nanofluidic diode is shown to work under physiological saline 
conditions; previous works reported systems performing recti-
fication only at concentrations below 1 × 10−3 m.[19] Our results 
reveal that PEDOT is a very promising electrochemically-
responsive platform fully compatible with future nanofluidic 
devices displaying complex functional features, such as those 
demanded by strategic areas such as sensing or energy conver-
sion.[35] It is important to remark that no metallic electrodes 
were involved neither in the PEDOT synthesis nor in the device 
fabrication which makes this procedure simple, more biocom-
patible, and cost-effective. We believe that this proof-of-concept 
system is a promising prototype for the next generation of 
integrated nanofluidic circuits.

Experimental Section
Materials: The monomer 3,4-ethylenedioxythiophene (EDOT), iron 

(III) p-toluenesulfonate hexahydrate, and potassium chloride were 
purchased from Sigma–Aldrich and used as received.

Etching Procedure: PET foils of 12 µm of thickness were irradiated with 
one individual swift heavy ion (e.g., 2 GeV Au) at GSI Helmholtzzentrum 
für Schwerionenforschung. The damage induced material along the ion 
trajectory was removed by selective chemical etching of the irradiated 
membrane, thus converting the ion track in an open nanochannel. To 
obtain an asymmetric conical pore shape, the etching procedure was 
performed in a conductivity cell where one compartment was filled 
with 6 m NaOH at 60 °C for 7–8 min while the other side contained 6 m 
NaOH plus a small amount of anionic surfactant Dowfax 2a1 (0.05%). 
The surfactant is used to protect one face of the membrane from the 
alkali attack. After the etching the membranes were rinsed several times 
and stored in deionized water.[23]

PEDOT Synthesis: To produce PEDOT, the EDOT monomer (24.2 µL) 
was dissolved in butanol (440 µL) along with pyridine (33 µL) and 
a 40% solution of iron tosylate in butanol (1.43 ml). The as prepared 
solution was cleaned with a 0.22 µm filter for organic solutions and spin 
coated at 1000 rpm (Laurell, model WS-650MZ) on top of the face of the 
etched PET foil containing the small aperture of the conical channel. The 
membranes were dried in ambient conditions. The polymerization takes 
place at this point by oxidation of the monomer promoted by Fe (III) 
ions. This procedure was repeated 3 times. To remove remaining iron 
ions, the samples were finally rinsed several times with deionized water.

Field-Effect Measurements: A bipotentiostat setup constituted 
of two Reference 600 potentiostats (Gamry Instruments) was 
used to independently apply transmembrane and gate voltages 
and simultaneously measure transmembrane ionic currents. One 
potentiostat was used to measure the current–voltage curves of the 
nanochannel using a four electrode configuration whilst the other 
potentiostat was simultaneously used to apply different gate voltages 
using a typical three-electrode electrochemical configuration. A detailed 
picture of the home-made electrochemical cell used for the field-effect 
measurements is shown in the supporting information (Figure S1, 
Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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