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ABSTRACT: In this work, we present the fabrication of PEDOT−
PAH-based organic electrochemical transistors (OECTs), that are
employed to monitor the deposition of polyelectrolyte multilayers on
their surface. We first explore different synthesis conditions in order
to optimize the electrical characteristics of the devices, such as
threshold voltage and voltage of maximum transconductance. Next,
the transistors showing the desired features are chosen to investigate
the process of the layer-by-layer (LbL) assembly through (i) the
analysis of the transfer characteristics curves and (ii) the changes in
the registered drain−source current. It is demonstrated that the
OECTs are able to monitor the assembly of the different
polyelectrolyte layers in real time in both modes of operation, yielding information about conductivity and surface potential
changes in the channel. Next, the transient characteristics of the devices are studied upon the assembly of the different layers,
providing information about the changes in the ionic transport through the whole film during the ON and OFF switching. Finally,
the kinetic response of the OECTs toward the monitoring of charged macromolecules is fitted to a two-step adsorption model and
compared against graphene field-effect transistors and surface plasmon resonance. The monitoring of the LbL assembly by the
changes in the PEDOT−PAH OECT response illustrates the use of these transistors for sensing interactions with charged species in
solution and supports the development of sensing platforms by integration of specific recognition elements on the conducting
polymer channel.
KEYWORDS: organic electrochemical transistors, layer-by-layer, polyelectrolyte multilayers, PEDOT, polyamines

■ INTRODUCTION
The development of organic bioelectronic devices involves the
design of transducing platforms operating at the interface
between biological systems and data acquisition and processing
apparatuses.1 The fabrication of said devices is achieved
through the effective connection between organic semi-
conductors and biological entities of all sizes and shapes,
from small molecules, proteins, and membranes to cells,
tissues, organs, and living organisms.2,3 During the last
decades, the better understanding of mixed ionic/electronic
transport properties, the advancement of fabrication techni-
ques, and the innovation in the design and synthesis of novel
materials have driven remarkable progress in this field.4,5

Therefore, several devices such as biosensors,6 soft actuators,7

recording and stimulation probes,8 and organic electrochemical
transistors (OECTs)9 have been developed, allowing for the
detection of biomarkers, the recording of electrophysiological
signals, and the stimulation of cells, among other interesting
applications.10,11

In OECTs, particularly, source and drain electrodes are
connected through an organic semiconducting channel, whose
conductivity is modulated by the application of a gate voltage

(VG) through an electrolyte.12,13 OECTs can, therefore,
operate under two regimes: at a certain range of applied VG,
they behave as electronic conductors (ON state), whereas in
other VG range their conductivity is comparatively low (OFF
state). The rate of change of the conductivity with the gate
voltage is called transconductance (gm). The occurrence of ion
injection from the electrolyte to maintain charge balance in the
organic film makes these devices work as organic mixed ionic−
electronic conductors (OMIECs) and provides them with
record-high transconductance, whereas it also limits their
response time.14,15

During the last years , poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) has been
widely employed as a conducting channel for the fabrication of
OECTs.16 However, its intrinsic doping causes the operation
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of the devices in depletion mode, demanding high operating
currents and elevated gate voltages to maintain the channel in
the OFF state.17 Moreover, the application of these relatively
high voltages when operating through an electrolyte can
generate parasitic reactions with water and oxygen, causing the
deterioration of the transistors.4,18 In addition, concerning the
integration with biological systems, PEDOT:PSS exhibits some
disadvantages due to the acidity/toxicity of PSS and the
relatively low biocompatibility of PEDOT.19,20 Since PSS is
usually in excess in the conducting polymer−polyelectrolyte
complex, its overall negative charge limits its interfacing with
most of the cells, nucleic acids, and proteins, since they are also
negatively charged at physiological conditions.21,22

Regarding this aspect, the addition of polyamines to the
channel material of PEDOT-based OECTs has been reported
as an efficient method to overcome some of the above-
mentioned limitations.4,19 For instance, it has been demon-
strated that the operation voltage range of OECTs can be
simply modulated by dedoping with polyethylenimine (PEI)
and also with vapors of commercially available aliphatic
amines.18,23 Moreover, Cea et al. have recently developed
enhancement-mode ion-gated OECTs by making use of a
PEDOT:PSS/PEI blend as channel material.24 In addition, we
have recently shown that the threshold voltage (Vth) of OECTs
made of PEDOT and tosylate dopant (PEDOT:TOS) can be
easily modulated by the addition of poly(allylamine hydro-
chloride) (PAH) to the conducting channel, while also
allowing for the anchoring of enzymes on the surface through
the incorporation of amine moieties.9

Regarding strategies for surface functionalization, the layer-
by-layer assembly (LbL) technique appears as a straightfor-
ward approach for the deposition of macromolecules with
multiple charges to form multilayers in a controlled manner.25

This technique was first described by Decher et al.,26 and,
although it was originally established for the construction of
polyelectrolyte multilayers, nowadays it has been expanded to a
great variety of materials and surfaces.27−29 When making use
of the LbL technique, the alternate deposition of building
blocks avoids undesirable consequences such as aggregation
and allows intimate contact between the different film
constituting elements, features that are crucial for efficient
transport properties.27,30 Therefore, LbL-interfacial nano-
architectures exhibiting the integration of diverse materials
into structurally stable and functional interfacial systems have
received increased attention from the scientific community,
showing great performance in applications related to energy
storage and conversion, catalysis, and biosensing technolo-
gies.31,32

While several interactions have been used for the
construction of multilayer thin-film architectures, such as
hydrogen bonding and/or van der Waals “soft” interac-
tions,32−34 the use of electrostatic forces to drive the assembly
of polyelectrolyte multilayer continues to be the most
employed strategy to fabricate films through the LbL
technique.29,35 In this context, it has been previously shown
that the alternated assembly of polyelectrolytes results in a
straightforward and useful proof-of-concept approach for the
development of biosensing FET-based devices, such as those
based on graphene field effect transistors.36−38

In this context, the monitoring of the adsorption of charged
molecules has been demonstrated to be of major importance
for the development of accurate biosensing devices.36,39

Particularly, in field-effect transistor-based biosensors, the

current transported by the conductive channel is sensitive to
the presence (and variation) of electric fields in the vicinity of
its surface, which constitutes the main signal transduction
mechanism of these devices.6,36 Then, through the adequate
design and use of surface coatings on the conductive channel,
it is possible to transduce a molecular phenomenon of interest
into changes of the electronic response of these devices. In this
regard, OECTs have been employed for the detection of a
wide range of analytes from single ions to proteins,40,41 protein
aggregates,42 and even virus particles.43 As far as we know,
there has been only one previous report for the deposition of
polyelectrolyte LbL assemblies on OECTs.44 In that work, the
authors employed PEDOT:PSS-based OECTs and studied the
LbL assembly of polyelectrolytes in diluted buffer (0.1× PBS
or 0.01× PBS). Nevertheless, the kinetic response during the
adsorption of the polyelectrolytes was not studied.

In this work, we fabricate polyamine-PEDOT-based OECTs
and study the assembly process of polyelectrolyte multilayer
thin films on these devices. First, we adjust the thickness of the
conducting channel with the aim of optimizing relevant OECT
features such as threshold voltage, transconductance, and
voltage of maximum transconductance. Next, the incorporation
of the polyamine in the conducting channel allows the direct
adsorption of polyelectrolyte layers onto the channel and the
monitoring in real time of the multilayer assembly process by
means of the changes in the recorded drain−source current.
Furthermore, the effect of the assembled multilayer film on the
transient response of the devices is studied, elucidating the
different ionic and electronic transport processes that
participate in the response of the devices. Lastly, a two-step
model is employed to fit the kinetic response of the OECTs
toward the monitoring of charged macromolecules and
benchmark them against graphene field-effect transistors and
surface plasmon resonance determinations. To the best of our
knowledge, this is the first time that the real-time monitoring
of the assembly of polyelectrolyte multilayers by organic
electrochemical transistors is reported, illustrating their
capability for the real-time monitoring of molecular events,
and having big implications in the development of OECT-
based biosensing devices.

■ MATERIALS AND METHODS
Reagents and Materials. Ethanol, KOH pellets, HCl, 3,4-

ethylenedioxythiophene (EDOT) (97%), poly(allylamine hydro-
chloride) (Mw ∼58 kDa), poly(sodium 4-styrenesulfonate) (Mw
∼70.000) (PSS), and poly(diallyldimethylammonium chloride)
solution (average Mw ∼100.000−200.000), 20% in H2O (PDDA),
were obtained from Sigma-Aldrich. Pyridine (99%) was purchased
from Biopack, and iron(III) p-toluenesulfonate (38−42% in n-
butanol) was obtained from Heraeus, while n-butanol (99.4%),
acetone, and KCl were purchased from Anedra. All solutions were
prepared with Milli-Q water. Interdigitated electrodes (IDEs) were
obtained from Micrux (ED-IDE1-Au, 10/10 μm electrode/gap).
OECT Fabrication and Synthesis Optimization. The OECTs

were fabricated based on a previously reported protocol,9 although
some variations were introduced in order to modulate the threshold
voltage of the devices (and, therefore, the voltage of maximum
transconductance). The protocol is described as follows: First,
commercial interdigitated gold electrodes (Micrux, ED-IDE1-Au,
10/10 μm electrode/gap, each IDE consisting of 90 pairs of
interdigitated gold electrodes) (IDEs) were cleaned with acetone
and ethanol and dried. Next, in situ chemical polymerization of
PEDOT−PAH on the interdigitated electrode area of the substrates
was performed. To this end, an oxidant solution containing 715 μL of
40% Fe(III) tosylate butanol solution, 220 μL of butanol, and 16.5 μL
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of pyridine was prepared. Later, this solution was mixed with 200 μL
of 15 mg/mL PAH (57 kDa) and homogenized. Next, 12.5 μL of the
EDOT monomer was added, and the solution was homogenized in a
vortex and filtered (0.2 μm). After the filtration step, different
dilutions with butanol were performed, either 1:2 (i.e., as used in the
previously reported protocol9), 1:5, or 1:10. Next, the diluted solution
was spin coated onto the array area of the substrates at 1000 rpm for 1
min applying an acceleration of 500 rpm min−1. Finally, the substrates
were heated at 70 °C for 15 min for producing the polymerization of
EDOT to PEDOT, rinsed with Milli-Q water, and dried with N2.
Layer-by-Layer Assembly Process. The layer-by-layer assembly

process was started by making use of the amino moieties of the
PEDOT−PAH OECTs as anchoring groups. For the real-time
measurements, the necessary volume of 2 mg/mL of PSS and PDDA
stock solutions in 0.1 M KCl was added to the measurement cell with
0.1 M KCl to reach a final polyelectrolyte concentration of 0.1 mg/
mL, and the transistors were incubated for 20 min (or 40 min in the
case of the first PSS layer). Next, for the study of the transfer and the
transient characteristics, the modified OECTs were rinsed with Milli-
Q water, dried with N2, and employed for the measurements.
QCM Measurements. Quartz crystal microbalance (QCM)

measurements were performed with a QCM200 setup (Stanford
Research Systems) using gold-coated quartz sensors (QCM25 5
MHz, sensitivity factor: 56.6 Hz cm2 μg−1). First, a PEDOT−PAH
film was deposited on previously cleaned QCM substrates (three-step
washing with acetone, ethanol, and Milli-Q water under sonication)
by making use of the same protocol employed for the OECT
fabrication (1:5 dilution). PSS and PDDA polyelectrolyte layers were
assembled by soaking the quartz sensor for 15 min in 0.1 mg/mL
polyelectrolyte solutions in 0.1 M KCl. After each assembled layer, the
QCM sensor was rinsed and dried under N2. Measurements were
conducted on dry conditions, thus avoiding viscoelastic contributions
from the media.

Electrical Measurements. The resistance of the channel of the
as-synthesized OECTs was measured with an Agilent Technologies
U1241A multimeter after the transistors were prepared. The output,
transfer, and transient characteristics of the transistors were obtained
employing a TEQ bipotentiostat. The electrochemical cell used
consisted of a batch add-on cell obtained from Micrux Technologies,
and a Ag/AgCl (3 M KCl) electrode was used as the gate. All the
measurements were performed in 0.1 M KCl, pH 7 electrolyte.

■ RESULTS AND DISCUSSION
OECT Fabrication and Optimization. The first step of

the work involved the fabrication of PEDOT-polyamine-based
transistors employing different synthesis conditions in order to
optimize their performance by adjusting a previously reported
protocol.9 It has been shown that the threshold voltage of
OECTs can be easily tuned by modulating channel parameters
such as width/length (W/L) ratio and thickness.45 In this
regard, lowering the threshold voltage reduces the power
consumption and may simplify the readout circuit design by
using only one power supply. Moreover, it also improves the
stability of the bioentities, such as proteins, lipid bilayers, or
cells, which could degrade at high applied voltages.46 More
importantly, the operation of the transistors at gate voltage
(VG) ≈ 0 V prevents the alteration of the deposition process of
the layer-by-layer assembly, since it is known that the process
could be distorted upon the application of high electrical fields
(the so-called electrophoretic LbL deposition).47

PEDOT−PAH OECTs were fabricated in situ by chemical
polymerization of the channel material on commercial IDEs by
spin coating (Figure 1(A) and (B)). In order to optimize the
threshold voltage of the transistors (and therefore the

Figure 1. Scheme for the spin-coating process employed to fabricate the OECTs (A). Measurement setup employed for the characterization of the
OECTs and illustration of the channel structure (B). Resistance between source and drain electrodes measured in dry conditions immediately after
the fabrication of the transistors (C). Transfer characteristics (full lines, left axis) and transconductance (dotted lines, right axis) of the obtained
devices from different dilutions (VD = −100 mV, 0.1 M KCl) (D). Voltage of maximum transconductance for the transistors obtained employing
the different conditions (average of three devices, bars correspond to the SD) (E).
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maximum transconductance voltage, VG, gm max
45), the concen-

tration of the synthesis solution was varied by performing
different dilutions in butanol. Figure 1(C) shows the resistance
measured in air at room temperature between both source and
drain electrodes immediately after the fabrication of the
OECTs, while the transfer characteristics of the obtained
devices can be observed in Figure 1(D).

All the obtained OECTs show the typical features of
depletion mode transistors (i.e., in the absence of a gate
voltage, the devices display the ON state). However, significant
differences in terms of resistance and transfer characteristics
are observed depending on the dilution employed during
synthesis. First, the resistance of the as-prepared transistors
increases with the dilution of the synthesis solution. On the
contrary, the values of the drain−source current (IDS) of the
ON state decrease as the synthesis solution is diluted. These
results support the idea that OECTs with thinner conducting
channels are obtained while performing further dilutions of the
synthesis solution. On the other hand, the reproducibility of
the fabrication procedure decreases as the synthesis solution is
diluted; the transistors obtained with the 1:5 dilution preserve
a relatively low RSD of the measured resistance in the dry state
(6.5%), whereas this value increases for the 1:10 dilution
(14.4%). Moreover, the OECTs fabricated by making use of
the 1:10 dilution showed degradation over the repeated cycling
of the transfer characteristics, as shown in Figure S1, while this
effect was not observed for the OECTs synthesized employing
the 1:5 dilution.

Furthermore, Figure 1(D) also shows the transconductance
values for the transistors obtained for each synthesis condition.
It can be observed that the maximum transconductance of the
devices diminishes as the dilution increases (in line with the

diminution of ON IDS). This result is indicative of the
reduction of the thickness of the polyelectrolyte-conducting
polymer channel film. Similarly, the threshold voltage
decreases in a similar fashion to that observed for the VG, gm max
(Figure S2). The tuning of the threshold voltage (and
therefore the VG, gm max) by controlling the thickness of the
transistors (while keeping the channel length and width
constant) has been reported as an efficient way to obtain zero-
gate bias devices.45 Figure 1(E) shows the values obtained for
the VG, gm max for three different synthesis conditions. It can be
observed that the transistors fabricated by making use of the
1:5 dilution show a VG, gm max value close to 0 V. Together with
the relatively good reproducibility and stability, these out-
comes motivate the selection of the 1:5 synthesis dilution
fabricated transistors to evaluate the OECTs’ performance for
the monitoring of the charged macromolecules.
Layer-by-Layer Assembly Monitoring by OECTs. The

devices fabricated with the 1:5 dilution were subsequently
employed to monitor the assembly of polyelectrolyte multi-
layers constructed by the LbL method. The presence of the
polyamine in the conducting channel avoided the requirement
of an extra step to functionalize the channel, and the assembly
process therefore started with a layer of the polyanion
poly(sodium 4-styrenesulfonate) (PSS). Subsequently, the
polycation poly(diallyldimethylammonium chloride) (PDDA)
was assembled, and the bilayer assembly process was repeated
three times, yielding a (PSS/PDDA)3 assembly (Figure 2(A)
and Supporting Information). The transfer characteristics of
the devices were evaluated after each layer deposition, whereas
the assembly process was also monitored in real time by
registering the IDS current after the addition of the
polyelectrolyte solution. Figure 2(B) shows the transfer

Figure 2. Scheme of the layer-by-layer assembly process on OECTs (A). Transfer characteristics for an OECT upon the assembly of different
polyelectrolyte layers (VD = −0.1 V, KCl 0.1 M) (B). Real-time monitoring of the layer-by-layer assembly process by the OECTs measured as the
change in IDS (VG = 0 V, VD = −0.1 V, KCl 0.1 M) (C). Results for relative change in IDS upon the injection of polyelectrolyte solutions for two
different OECTs (bars correspond to the SD) (D). For both polyelectrolytes, the concentration during the assembly is 0.1 mg/mL and the
supporting electrolyte is 0.1 M KCl.
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characteristics of a PEDOT−PAH OECT upon the successive
polyelectrolyte layer depositions up to three assembled
bilayers, while Figure S3 shows the shift of the gate voltage
with respect to the bare OECT. For the transfer characteristics,
the values for the gate voltage shifting were computed as the
shift relative to the current value for VG = 0 V of the bare
PEDOT−PAH transistors (as described in the Supporting
Information). Regarding the real-time monitoring of the
assembly process, the values were computed as the relative
change (ΔIDS) with respect to the initial current value (I0) in
order to consider differences that could arise in these values for
the different devices.

Figure 2(B) shows that the transfer curve shifts to more
positive gate potentials upon the deposition of the PSS layers,
while a shift to more negative gate potentials is observed upon
the deposition of the PDDA layers. Moreover, both effects
occur for all the assembled layers studied here (three bilayers).
These results can be explained as follows: the fabricated
OECTs are comprised of a channel material that contains a
blend of both PEDOT:TOS and PAH polymers. In this regard,
it has been widely demonstrated that polyamines such as PEI
and PAH, as well as vapors of commercially available aliphatic
amines, can dedope PEDOT-based OECTs, yielding notice-
able changes in the threshold voltage of the devices.23,48 Next,
when the first layer of the PSS polyanion is deposited, it
changes the electrostatic surface potential due to the creation
of negative surface charges. As a consequence, the effective
gate voltage on the electroactive film is also shifted. As recently
shown,9 the Vth of the PEDOT−PAH films does correlate with
the apparent redox potential of the film. The shifting in the
effective gate voltage on the electroactive film means a change
of the apparent redox potential when the Ag/AgCl gate
electrode is considered as reference. Then, higher gate voltages
are needed to produce the same reduction degree of the
PEDOT−PAH film, causing a shift of the transfer curve to
higher VG values.

In this regard, the effect of the zeta-potential of the film on
the apparent redox potential of an electroactive species inside
the film has been also reported for the LbL assembly of redox
polymers.49,50 In those cases, an alternating shift is observed
depending on the charge of the outermost layer. The surface
charge reversion has been extensively reported for the LbL
formation on flat surfaces or colloidal particles, and it yields an
alternation of the zeta-potential values between positive and
negative values.51,52 In the present case, when a PDDA layer is
subsequently assembled on the surface, the polycation
overcompensates the negative charges of PSS. The positive
surface charge now shifts the effective gate voltage in the
opposite direction. As a consequence, lower gate voltages are
required to produce a certain reduction degree and the transfer
curve moves toward lower VG values. A similar trend has been
reported for the LbL deposition of polyelectrolytes on
gFETs.37,53 Next, the sequential assembly of the multilayer
film is observed as an alternating positive and negative shift in
the gate voltage with respect to the gate voltage value of bare
OECTs. Moreover, similar outcomes are also observed when
performing measurements at a fixed gate potential (VG = 0 V),
as shown in Figure 2(C) and (D). In this configuration, an
increase of the current is observed upon the deposition of a
PSS layer, as it is expected considering the shift of the transfer
curve to more positive gate voltages (while the opposite is
observed for the deposition of PDDA layers).

In addition, it can be seen from Figure 2(C) and (D) that
the first layer of PSS generates a larger change in IDS compared
to those observed for the subsequent layers. Since the
conducting channel of the transistors is comprised of more
PAH than PEDOT (for the synthesis conditions employed the
PAH/PEDOT ratio has been determined as 1.349), the first
layer of PSS compensates the cationic charges of the polyamine
in the channel composite material and allows for more TOS−

anions to stabilize the hole-conducting state of PEDOT, which
results in a shift of the transfer curve to more positive gate
voltages.44,54 Thus, this doping effect would be additive to the
zeta-potential electrostatic effect. On the other hand, when the
subsequent PDDA layer is deposited, the positive charges only
compensate the negative charges in excess and do not affect
the PEDOT doping itself. In line with those findings, it can be
noticed that the change in the registered current for the
assembly of the first layer of PSS also takes more time to reach
the so-called plateau (while the curve with the complete time
scale is shown in Figure S4). For the deposition of the rest of
the layers, the layer assembly process reaches the plateau in a
time frame of up to 10 min, in good agreement with previously
reported results for the real-time study of the LbL assembly
process by making use of SPR and QCM techniques.32,36

Therefore, we hypothesize that the change in the conductivity
of the channel could be restricted to the deposition of the first
layer (PSS), which compensates the excess of PAH in the
polymer blend (molecular doping effect). In this regard, during
the first soaking in the PSS solution, the negatively charged
polyelectrolyte would interpenetrate into the PEDOT−PAH
channels as well as adsorb on the channels’ surface, causing a
bulk doping effect additional to the reversion of the surface
zeta potential.

This hypothesis is supported by the two facts previously
mentioned, i.e., the longer time necessary to reach the plateau
for this layer compared to the rest of the assembly as well as
the larger change in IDS. This explanation is also consistent
with a higher amount of PSS deposited in the first modification
step as compared with the following polyelectrolyte layers as
revealed by QCM (see the Supporting Information).
Subsequently, after the adsorption of the first PSS layer, the
shift in the gate voltage caused by the deposition of the
subsequent charged polymer layers could be ascribed to a shift
in the surface potential of the transistor’s channel, which
depends on the nature of the charged species. Next, the
adsorption of both charged polyelectrolytes is observed as the
LbL assembly continues, yielding alternated increases and
diminutions for the registered IDS at VG = 0 V (Figure 2(C)
and (D)). In this regard, the adsorption of charged polymer
layers has been reported to shift the surface potential of
different FET-based devices, such as graphene field-effect
transistors and Si-based ISFETS.37,54

In addition, the continuous monitoring of the IDS changes
upon the different deposition cycles was performed by
injecting the polyelectrolytes under flow conditions, until a
six-bilayer assembly was obtained (Figures S5 and S6). The
results of this experiment were very similar to those obtained
in the static condition, showing alternate increases and
decreases in IDS upon PSS and PDDA adsorption, respectively.

It is worth noting here that the low threshold voltage of
these transistors (and therefore their apparent redox potential)
allows to carry out the polyelectrolyte adsorption process
without significantly modifying the electric field on the surface
of the channel. Thus, the polyelectrolyte assembly can be
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monitored without a significant alteration of the growth
behavior, which is important since it is known that electric
fields can affect the deposition of polyelectrolyte multi-
layers.29,47 In addition, since the devices present almost
optimal transconductance at 0 V gate voltage, they could be
further employed for the highly sensitive monitoring of surface
processes.

In order to characterize the assembled multilayer films on
the OECTs, we followed the LbL assembly process on
PEDOT−PAH-modified QCM substrates. From the results in
Figure S7 it is inferred that the assembly effectively grows on
the PEDOT−PAH-modified substrate, and the thicknesses
values of the multilayer assembly are in good accordance with
previously reported works.55 In addition, it is observed that the
mass change for the first layer of PSS is markedly higher than
the subsequent ones, exhibiting a similar tendency to the one
observed in Figure 2(D) and supporting the previously
described hypothesis.

It is also relevant to mention that, although the Debye length
in the employed electrolyte solution (0.1 M KCl) is 0.96 nm,
the fabricated devices displayed responses up to the assembly
of the sixth bilayer, which correlates to a film thickness of
around 22 nm. A similar phenomenon was reported for
polyelectrolytes assembled on graphene-FETs, and it was

ascribed to the decrease of effective mobile ions inside the
polymer interface onto the semiconducting channel.56

Effect of Polyelectrolyte Multilayers on the Transient
Behavior. Next, the influence of the multilayer assembly
buildup on the transient characteristics of the devices was also
studied. With this aim, the reiterated switching of the
transistors between the ON and OFF conditions was
implemented by the application of a square-wave applied
gate potential at a constant drain voltage, while simultaneously
recording the drain−source current. As explained else-
where,9,57 the ton and toff values were obtained for each
modification step by fitting the IDS response of the transistors
to an exponential decay. Figure 3(A) and Figure S8 show the
transient response for PSS1-modified and PDDA1-modified
PEDOT−PAH OECTs, respectively, together with the
exponential fitting curve result for the ON response.
Furthermore, ton and toff values are shown in Figure S9, and
the average of both values (taverage = (ton + toff)/2) are shown in
Figure 3(B).

The average time (as well as the ON and OFF values)
increases with the subsequently deposited polymeric layers,
and the values reach a plateau for the PDDA3 polyelectrolyte
layer. This result accounts for a hindered/worsened ion
transport across the film as a result of successive polyelec-
trolyte incorporation, as previously reported.9 In this regard, an

Figure 3. Transient characteristics of a PSS1-modified OECT (VD = −0.1 V, KCl 0.1 M) (left) and zoom and fitting to an exponential dependence
(right) (A). Average time obtained for PEDOT−PAH OECTs upon subsequent assembling of bilayers. Average of two measurements performed
for each switching process (B). Scheme of the different ionic (green arrows) and electronic (yellow arrows) transport occurring during the
operation of the OECTs (C).
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electronic circuit comprised of a resistance (electronic
transport within the channel) and an ionic circuit along the
gate and the channel can be employed in order to describe the
behavior of OECTs (Figure 3(C)).9,57 Therefore, the
deposition of each polyelectrolyte layer incorporates a further
capacitance to the ionic circuit between the gate electrode and
the channel, causing a decrease in the electronic transport
efficiency and, consequently, an increase in both ton and toff in
the devices, as previously reported.9,44

Results observed in Figure S8 show that the nature of the
charge of the polyelectrolyte does not affect the shape of the
transient behavior of the devices; that is, there is no effect
ascribed to the charge exclusion, showing that the process is
governed by the exchange of both type of ions. Moreover, it is
important to note that, compared to other recently reported
OECTs,58 the obtained taverage of 41 μs (for 1:5 dilution
OECTs) is remarkably lower. A detailed comparison with
previously reported OECTs is presented in Table S1.
Interestingly, even when the whole multilayer assembly is
deposited on the OECTs, the obtained time (62 μs) continues
to be considerably lower than most of those for reported
PEDOT-based OECTs, showing that PEDOT−PAH-based
OECTs can be modified without significantly affecting their
features. Importantly, both obtained times are sufficiently fast
for capturing neural activity.59

Finally, it can also be noted that the ON and OFF times for
the first PSS layer show a similar increase to the ones observed
upon the deposition of the subsequent four polyelectrolyte
layers, until the plateau is reached for the last one. This average
change in the ON and OFF times while assembling the bilayers
means that the capacitance (or the blocking effect) added up
by each bilayer is almost constant. In contrast, it was shown
that the assembly of the polyelectrolyte layers shows different
outcomes in IDS values in the real-time measurements, which
can be explained by either the change in the conductivity of the
channel arising from the doping/dedoping of the PEDOT
conducting phase or an electrostatic effect on the surface
potential, depending on the assembled layer. These results
evidence that the two different electrical measurements yield
complementary information from the assembly process taking
place on the organic transistors.
Comparison with FET-Based State-of-the-Art Tech-

nologies. Since the past decade, graphene field-effect
transistors (gFETs) have shown remarkable features for the
monitoring of charged macromolecule interactions.36,37,60

Although OECT technology presents some similarities (i.e.,
the modulation of a semiconducting channel through the
application of a gate voltage through an electrolyte solution),
the use of different materials to bridge the source and drain
electrodes could lead to differences on the sensing perform-
ance. Therefore, the comparison between both devices
regarding the monitoring of charged macromolecule adsorp-
tion is of great importance toward the developing of biosensing
devices.

With this in mind, the results obtained for the real-time
monitoring of the LbL assembly of PSS and PDDA by
PEDOT−PAH-based OECTs were compared to those
previously reported by Scotto et al.53 by employing gFETs as
a sensing platform. For gFETs, it has been demonstrated that
the variation of the drain−source current during the
adsorption process of a polyelectrolyte layer at a distance d
from the surface correlates with the adsorbed mass density, Γ,
following the expression ΔIDS = A′Γ e−d/λ, where λ is the
Debye length inside the film. Employing this expression, the
extended Debye length inside the assembly was estimated,
obtaining a value of 9 nm (see the Supporting Information).
This value is in very good agreement with the one found for
the same assembly on gFETs53 and explains the capability of
the OECT for sensing the polyelectrolyte deposition at
distances from the surface 1 order of magnitude greater than
the solution Debye length.

Next, through the fitting of the real-time monitoring curves
of the LbL assembly, it is possible to study the kinetic features
of the polyelectrolyte adsorption with high reliability. The
characteristic times associated with the two processes
occurring during the polyelectrolyte deposition (one associated
with fast adsorption driven by electrostatic interactions
between polymer chains with opposite charges and a second
one involving an internal reorganization of the film) can be
obtained by fitting the FET response to a simple model,
considering that ΓT = Γ1(1 − et/τ1) + Γ2(1 − e−t/τ2),61 where Γ1
and Γ2 correspond to the maximum mass densities adsorbed in
each process and τ1 and τ2 are the corresponding characteristic
times. Moreover, Γ1 + Γ2 = ΓT, where ΓT is the total adsorbed
mass density at equilibrium (see the Supporting Information
for more details).

Next, following the above-described model, the OECT
responses for the third assembled bilayer were fitted to a
double-exponential decay (Figure 4(A)). The comparison of
the results obtained for the time-resolved responses for the

Figure 4. Experimental data and fitting for the monitoring of the third assembled bilayer by OECTs (A). Characteristics times for the third bilayer
assembly process obtained from the fitting to the two-step adsorption model and comparison with the same process studied by gFETs (data
obtained from ref 53) (B).
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adsorption of PDDA and PSS for the two types of FET devices
is shown in Figure 4(B) (while the comparison with the gold
standard technique SPR is shown in Figure S10). It is observed
that both gFET and OECT devices show similar characteristic
times for both steps of the polyelectrolyte adsorption process.
For both FETs, the first step of the adsorption process (that
involves the electrostatic-driven adsorption of the polyelec-
trolyte) shows τ1 values lower than 12 s. It is also noted that
the second process is faster on OECTs than on gFETs.
Therefore, it is evidenced that it is possible to monitor and
study the kinetics of the polyelectrolyte adsorption process by
employing PEDOT−PAH OECTs in a similar way that it can
be done with gFETs, and without the requirement of
functionalizing the channel surface with, for instance, pyrene-
like molecules.62

■ CONCLUSIONS
We have shown the fabrication of PEDOT−PAH-based
OECTs and the monitoring of the LbL assembly process on
their surface. To this end, different synthesis conditions were
first evaluated in order to optimize the electrical features of the
transistors. Next, the OECTs prepared with the 1:5 dilution
were chosen, and the polyelectrolyte multilayers assembly
process was monitored through the study of the transfer
characteristics curves and the change in the drain−source
current at constant gate voltage. It was demonstrated that it is
possible to detect the assembly of the different layers in real
time due to the variations in the effective gate potential upon
the deposition of each layer. Subsequently, the study of the
transient characteristics upon the assembly of the different
layers provided information about the ionic transport through
the film during the ON and OFF switching. Taken together,
the investigation via the different electrical measurements
provided information about the different electronic and ionic
transport processes that take place upon the multilayer
assembly on the OECTs. Lastly, the real-time response of
the OECTs for the assembly of charged macromolecules was
fitted to a two-step adsorption model and compared to
graphene field-effect transistors and surface plasmon reso-
nance, showing similar results. The monitoring of the
alternated assembly of polyelectrolytes results in a straightfor-
ward and useful proof-of-concept for the further development
of a biosensing FET-based device. By making use of this
strategy and through the use of proper bioconjugation
techniques, OECT-based sensing devices could be developed
toward the real-time detection of analytes ranging from small
molecules to a broad variety of biomacromolecules, such as
proteins and nucleic acids.
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Rodríguez-Pérez, L.; Guldi, D. M.; Hirsch, A.; Martín, N.; D’Souza,
F.; Torres, T. Chemical Functionalization and Characterization of
Graphene-Based Materials. Chem. Soc. Rev. 2017, 46, 4464−4500.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.2c01124
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1016/j.bios.2019.111796
https://doi.org/10.1002/adma.201603610
https://doi.org/10.1088/2058-8585/aad0cb
https://doi.org/10.1088/2058-8585/aad0cb
https://doi.org/10.1021/acsnano.0c09893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2018.01.081
https://doi.org/10.1016/j.snb.2018.01.081
https://doi.org/10.1021/acsami.6b15522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201303080
https://doi.org/10.1002/adma.201303080
https://doi.org/10.1021/acsami.1c13009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c13009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c13009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma102112a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma102112a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1218829
https://doi.org/10.1126/science.1218829
https://doi.org/10.1021/la0209740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0209740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0209740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020107h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020107h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0927-7757(98)00213-1
https://doi.org/10.1016/S0927-7757(98)00213-1
https://doi.org/10.1021/cr400531v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400531v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.2c00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.2c00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.2c00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.2c00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2006.04.013
https://doi.org/10.1016/j.snb.2006.04.013
https://doi.org/10.1016/j.snb.2006.04.013
https://doi.org/10.1021/ma1015984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1015984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1015984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1015984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1015984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b11128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b11128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b11128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.orgel.2017.03.021
https://doi.org/10.1016/j.orgel.2017.03.021
https://doi.org/10.1002/adts.202100563
https://doi.org/10.1002/adts.202100563
https://doi.org/10.1063/1.3652912
https://doi.org/10.1063/1.3652912
https://doi.org/10.1002/admi.202102526
https://doi.org/10.1002/admi.202102526
https://doi.org/10.1002/admi.202102526
https://doi.org/10.1021/jp811178a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp811178a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp811178a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CS00229G
https://doi.org/10.1039/C7CS00229G
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c01124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

