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Dendritic Organic Electrochemical Transistors Grown by
Electropolymerization for 3D Neuromorphic Engineering

Kamila Janzakova, Mahdi Ghazal, Ankush Kumar, Yannick Coffinier,
Sébastien Pecqueur,* and Fabien Alibart*

One of the major limitations of standard top-down technologies used in
today’s neuromorphic engineering is their inability to map the 3D nature of
biological brains. Here, it is shown how bipolar electropolymerization can be
used to engineer 3D networks of PEDOT:PSS dendritic fibers. By controlling
the growth conditions of the electropolymerized material, it is investigated
how dendritic fibers can reproduce structural plasticity by creating structures
of controllable shape. Gradual topologies evolution is demonstrated in a
multielectrode configuration. A detailed electrical characterization of the
PEDOT:PSS dendrites is conducted through DC and impedance spectroscopy
measurements and it is shown how organic electrochemical transistors
(OECT) can be realized with these structures. These measurements reveal that
quasi-static and transient response of OECTs can be adjusted by controlling
dendrites’ morphologies. The unique properties of organic dendrites are used
to demonstrate short-term, long-term, and structural plasticity, which are
essential features required for future neuromorphic hardware development.

1. Introduction

Neuromorphic engineering is today attracting lots of atten-
tion as a potential direction to sustain artificial intelligence
revolution.[1–3] Indeed, if standard machine learning approaches
have reached unprecedented performances for complex comput-
ing tasks, their hardware implementation remains inefficient in
term of energy consumption. More importantly, there is no clear
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strategy to date that could bring their en-
ergy performances at the level of biolog-
ical systems for an equivalent comput-
ing performance. Alternatively, neuromor-
phic computing and engineering propose
to explore further the different ingredi-
ents used by biological systems to com-
pute and to reproduce them in hardware
for unlocking this energy consumption
limitation.[4,5] Neuromorphic approaches
rely on spike-based encoding of informa-
tion and bio-inspired learning rules for
computing time dependent signals gener-
ated from different sensory modalities.[6]

There are already great successes in this
field with the recent neuromorphic chips[7]

that have demonstrated record energy con-
sumption, but there still exist several chal-
lenges that require the development of
new solutions.[3,5,8] Firstly, biology relies
on a large variety of information carriers.
Signals are transmitted and processed by

the combination of several ions and various chemical messen-
gers acting in concert. For instance, neuronal action potentials re-
sult from the ion gating that features various metallic cations (K+,
Na+, Ca++) and inorganic anions (Cl−, HCO3

−) mostly among
many more ion traces information carriers. Additionally, synap-
tic transmission is based on various neurotransmitters dynamics
in between the pre- and postneurons such as neurotransmitters
binding rates and recovery, with additional contribution from het-
erosynaptic elements such as glial cells.[9] Such complex mech-
anisms provide a rich set of temporal dynamics for signal pro-
cessing that are a key ingredient of biology for computing time-
dependent signals.[10] At the opposite, conventional neuromor-
phic hardwares (i.e., CMOS-based technology) rely exclusively on
electrons as an information carrier. This results in complex sili-
con circuitries used to emulate each ingredient from biology indi-
vidually. Consequently, neuromorphic hardware needs to balance
hardware complexity with biological realism, which can be a lim-
itation for neuromorphic engineering.[7] Second, neural network
architectures in biology are 3D. This gives to biology an incred-
ibly large amount of parallelism for engineering neural circuits,
which is evident from the rough estimate of one pre-neuron pro-
jecting its signal on 10 000 postneurons. Reaching this level of
parallelism remains very challenging with 2D technologies that
are quickly reaching interconnection’s limitations.

Here, we capitalize on the recent progress of organic
mixed iono-electronic conductors (OMIECs) for implementing
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innovative neuromorphic devices and functions. In contact with
electrolytes or semiconductors, this class of materials embeds
both ionic transport through their ion-permeable bulk and elec-
tronic transport through their 𝜋-conjugated chains.[11] OMIECs
have been the foundation for organic electrochemical transistors
(OECTs) that use ionic gating of the electronic current through
doping / dedoping of the organic conductor. Interestingly, ion
dynamics in OECTs as well as their intrinsic volumetric capac-
itance are providing rich dynamics in their temporal response
for mimicking dynamics of synaptic plasticity. Along this line,
OECTs have been used to demonstrate various synaptic plasticity
mechanisms, from short-term memory, paired-pulse facilitation,
long-term memory, or dendritic integration.[12] More recently,
electropolymerization of OMIECs has been used to implement
long-term potentiation.[13] In this latter case, the physical mecha-
nism at work is oxido-reduction of monomers into polymers for
creating the synaptic connections. While reversibility reducing
them back to monomers remains challenging, some solutions
exist for dissolving or over-oxidizing the electropolymerized ma-
terial to ensure long-term depression. This approach has been
realized in various 2D configurations, from thin films, dendritic-
like structures to wire like.[14,15]

In this paper, we show how complex iono-electronic dynamics
in OMIECs as well as electropolymerization and oxido-reduction
can be further exploited to implement a rich set of synaptic plas-
ticities. We first evidence how 3D dendritic PEDOT:PSS fibers
grown by bipolar electropolymerization can replicate structural
plasticity observed in between neurons during the formation of
complex networks. Second, we show that dendritic fibers can be-
have as OECTs and how their morphologies are influencing in
depth their device behavior. We combine electrical DC character-
ization with electrochemical impedance spectroscopy to extract
the key electrical parameters of dendritic OECTs. Additional 3D
modeling of the dendritic structure is also used to explain the
evolution of the OMIECs properties with electropolymerization
conditions. Finally, these new material and device properties are
used to implement synaptic memory on the various time scale,
from permanent to short-term in an electropolymerized dendritic
network of PEDOT:PSS.

2. Results and Discussion

2.1. Bipolar Electropolymerization of Structural Plasticity
Implementation

Electropolymerization of PEDOT from EDOT monomers has
been largely investigated as a bottom-up technique for material
engineering.[17] This technique results in a large panel of ma-
terial properties depending on the oxido-reduction reactions in-
volved in the electropolymerization, electrolyte composition, and
electrical parameters use to drive the electropolymerization’s re-
action. More recently, bipolar electropolymerization of PEDOT
was proposed for conductive fibers engineering.[14] These differ-
ent works have shown the possibility to grow PEDOT in various
configurations, from thin film, dendritic-like to wire-like struc-
tures in between metallic electrodes on 2D substrates. We have
recently shown how electrical parameters can be used to con-
trol dendritic structures grown in 3D in between two Au wires.15

Here, bipolar electropolymerization setup consisted of two gold

wires immersed in an aqueous solution of 10 × 10−3 m EDOT
monomers, 1 × 10−3 m NaPSS, and 10 × 10−3 m benzoquinone
(Figure 1a). Bipolar square-shape signal of 10 Vpp and frequency
fp was applied in between the two electrodes resulting during
one half-cycle in oxidation of EDOT at one side and reduction
of benzoquinone on the other side (opposite reaction occurring
during the second half cycle). Figure 1b represents a typical time
evolution of the dendrite growth during electropolymerization.
With increase in time, dendrites grew from each electrode and
touched each other to form multiple connections. We used fre-
quency as a control parameter for tuning the shape of the den-
dritic PEDOT. Figure 1c shows different dendritic structures ob-
tained by increasing the electropolymerization frequency fp from
40 to 320 Hz. Larger frequency resulted in more wire-like struc-
tures in between the two electrodes, while lower frequencies fa-
vor more branches with larger sections. Based on our mesoscale
modeling, a charge-particle driven mechanism suggests that this
effect could be due to higher charged particle distribution at the
center of both the electrodes. For a signal with a short time pe-
riod (high frequency), the charged particles from the center of
the electrodes can only approach and attach to the tip of the
electrode, favoring wire-like morphology. While for long time
period (low frequency) the particles can transport over longer
distances from the center of the electrodes, enabling fractal-like
growth with multiple branches.[16] This effect can also be ex-
plained by the monomer permeation through the anodic dou-
ble layer that forms partially depending on the applied frequency
responsible for different dendrites’ growth. For high frequen-
cies and short time durations, the double layer can form only
near the tip, while at low frequency, the double layer is capa-
ble to be formed isotropically, leading to high dendrite growth.
[15] These different shapes resulted in well distinguishable con-
ductance when a linear sweeping of voltage was applied in be-
tween the two electrodes. The linear current-voltage character-
istics were a direct evidence of ohmic contact between the Au
wires and the PEDOT:PSS fibers (Figure 1d). Larger section and
more numerous branches naturally resulted in larger conduc-
tances for lower fp, which can be seen as a first level of ana-
log programming of the conductance between the two terminals
through dendritic shape engineering. Such creation of dendritic
connections in between the two terminals (i.e., equivalent to the
pre- and postneurons) is reminiscent of the ability of biological
neurons to establish connections with neighboring cells. During
network formation, neural cells activity is known to favor pref-
erential branching in between active cells.[18] Such a structural
plasticity mechanism presents the main advantage of limiting
the memory resources for building network topologies where
only useful connections are created. At the opposite, standard
top-down approaches require to define a priori all possible con-
nections and to set non-useful synaptic weights to zero, which
implies an overestimate of the memory required for construct-
ing artificial neural networks. Additionally, this structural plas-
ticity is not limited to a binary connection (i.e., 0 and 1 being
not connected/connected dendrites) and dendritic shape control
can result in analog weight definition where the resistive state
after connection defines the synaptic conductance. Inset of Fig-
ure 1d presents the evolution of conductance as a function of fp,
which can be used for synaptic weight definition during network
definition.
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Figure 1. Structural plasticity with dendritic PEDOT:PSS fibers. a) Schematic representation of the experimental set-up for dendritic growth with bipolar
electro-polymerization. A periodic square signal of Vpp with frequency fp of 40, 80, 160, and 320 Hz is applied in between the two freestanding Au wires.
b) Temporal evolution of the formation of PEDOT dendrites with fp = 160 Hz. c) Comparison of the morphologies achieved for different fp. d) Current–
voltage characteristics of the different dendrites. Inset: conductance evolution with fp. Error bars are calculated with three repetitions of the experiments.
e,f) SEM images of dendrites grown at 80 Hz. g) Normalized current density map for the dendrite obtained at fp = 160 Hz based on image analysis and
electrical simulations. h) Calculated value of resistivity from the experimental resistance value and image’s predicted resistance value.

Figure 1e,f presents a scanning microscope image of the den-
dritic PEDOT fibers grown at 80 Hz. The granular structure of
the electropolymerized material with grain size in the microme-
ter range was in agreement with the proposed mechanism con-
sisting of successive oxidation of monomers into oligomers be-
fore attaching to the surface. To evaluate the conductivity of the
electropolymerized PEDOT material, we modeled the dendritic
structure with a simple cylinder model reconstructing the 3D as-
pect of the 2D images (see Figures S1 and S2, Supporting In-
formation). As the wire width varies across the dendrite mor-
phology, the morphology is described as a collection of multiple
cylinders, each having a diameter equal to the morphology’s lo-
cal width. Figure 1g shows the resulting current density map ob-
tained from the 3D reconstructed dendrite images. The theoret-
ical resistance of the resultant image was first computed. Then,
resistivity for different dendrite morphologies based on the ra-
tio of the experimental and the theoretical resistance values was
calculated (Figure 1g). Bipolar electropolymerization frequency
resulted in a drop of resistivity for larger fp that could be asso-
ciated with different organizations and compositions of the PE-
DOT:PSS domains. Finally, the evolution of resistance with fP
(inset, Figure 1d) showed an opposite trend with respect to re-
sistivity (Figure 1h). The former trend can be explained by an in-
crease of the effective section at the macroscale (i.e., number of
branches, the width of dendrites) when fP is decreased while the
latter one results from a change in the material organization at

the microscale due to different electropolymerization conditions.
Interestingly, material engineering with bipolar electropolymer-
ization can result in different intrinsic electronic properties of the
OMIEC material for device engineering.

2.2. Heterosynaptic Plasticity of Dendritic PEDOT Fibers

Such structural plasticity presents the drawback of being ir-
reversible. Synaptic plasticity in biological networks is known
to present both depression and potentiation during learning.
Synaptic weight adjustment can be either controlled through ho-
mosynaptic mechanisms (i.e., synaptic weight are only depen-
dent on pre- and postneuron activities) or heterosynaptic mecha-
nisms (i.e., synaptic weight modulation in between pre- and post-
neurons is controlled by an external element such as glial cells).
This latter effect has been recent evidence as an additional key
element of learning in neural networks.[19] To mimic such het-
erosynaptic plasticity, we subsequently considered dendritic PE-
DOT connections as OECT devices. OECTs behavior is based on
the doping/dedoping of the PEDOT material when ions are in-
jected/extracted into/from the OMIEC material by an external
gate potential. Here, the source (S) and drain (D) electrodes cor-
responded to the two Au wires connecting the dendritic fiber
and the gate (G) electrode was an external Ag/AgCl electrode im-
mersed into the electrolyte (Figure 2a). Transfer characteristics
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Figure 2. Electrical characteristics of dendritic OECTs. a) Schematic of the OECT setup with Ag/AgCl as a gate electrode. b) Transfer characteristic of
the OECTs evidencing accumulation and depletion mode at negative and positive VG, respectively. c) Transconductance values for the forward (square
symbols) and backward (circle symbols) currents at VG = 0 V. d) Impedance spectroscopy of standard OECT deposited by spin-coating and dendritic
OECT at fp = 160 Hz. The n value, which is 0 for a perfect resistor, 1 for ideal capacitor and 0.5 for Warburg element.

were measured in between - 0.1 and 0.1 V in order to prevent any
further electropolymerization reaction but to ensure ionic gat-
ing only of the PEDOT:PSS (EDOT oxidation reaction and BQ
reduction reaction are expected to occur at potentials of 0.816
and -0.105 V). Dendritic fibers presented effective OECT behavior
with both depletion mode in the positive polarity and accumula-
tion mode in the negative polarity (Figure 2b).[20] This behavior
could be associated with partial PEDOT doping with PSS−. We
extracted the transconductance (see Figure S3 in the Supporting
Information) from the transfer characteristics at 0 V. The non-
monotonic trends of the transconductance with fp can be under-
stood in the light of the previous electrical characterizations and
simulations. Transconductance in OECT is proportional to 𝜇C
with 𝜇 is the effective electronic mobility and C is the total elec-
trical capacitance of the OMIEC material (i.e., C is proportional
to the amount of ions to be injected/repealed at a given gate po-
tential). In dendritic fibers, it is straightforward to expect an in-
crease of the bulk capacitance C at lower fp since the absolute
amount of material is larger (note that volumetric capacitance is
expected to hold for electropolymerized PEDOT). This would im-
ply a monotonic increase of transconductance when decreasing
fp. On the other hand, 3D electrical modeling has evidenced a
decrease in conductivity when decreasing fp. This translates into
a decrease of mobility 𝜇 when fp is decreased, which induces a
decrease of transconductance. Both C and 𝜇 were contributing
in opposite directions to transconductance and resulted in the
nonmonotonic evolution presented in Figure 2c. In other words,
transconductance was limited by effective mobility at low fp and

by capacitance at higher fp. Overall, external gate control can be
considered as an interesting opportunity to tune the dendritic
connections’ conductivity, as heterosynaptic mechanisms regu-
late synaptic conductances in biological networks.

In addition to static transfer characteristics, we performed elec-
trochemical impedance spectroscopy to gain insight into the ca-
pacitive properties of the dendritic OECTs. Figure 2d reports the
impedance modulus evolution with frequency in the low signal
regime (Vapply = 20 mV) for both conventional OECTs realized by
spin-coating of PEDOT:PSS and dendritic OECTs. Both devices
were fitted with the following electrochemical electrical model,
according to the equivalent circuit displayed in Figure 2d’s inset:

Z (𝜔) = 1
G

+
Rb

1 + i𝜔RbC
+

Ra

1 + RaQ0𝜔
nein𝜋∕2

(1)

With constant phase element (CPE defined by its pseudo-
capacitance Q0 and its constant phase -n𝜋/2) that models the
electrochemical charge/discharge behavior of the ionic device,
Ra the resistance of the device, 1/G the resistance of the elec-
trolyte (which depends on the electrolyte conductivity) and C par-
allel to Rb representing the capacitance and the resistance of the
Ag/AgCl gate electrode. Notably, CPE index close to unity was the
signature of quasi-ideal RC capacitive element from the conven-
tional OECTs and CPE index 0.51 < n < 0.55 was the signature
of non-ideal capacitive response for dendritic OECTs.

Electrochemical impedance models provide a broader defi-
nition of an electrode charge/discharge kinetics for transient
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currents that do not empirically decay as an exponential of
time upon step-voltage electrode polarization. Because ionic
charge carriers have a non-negligible mass (at the opposite of
electrons in a semiconductor) and also because redox processes
generate or consume matter at the vicinity of the charged
electrodes, diffusion, and Faradically driven mass transfers to
account additively to electrostatic forces upon operation of a
device governed by such elementary mechanisms. This yields
unique electrochemical impedimetric signatures such as the
one of CPE.[21] CPE is defined as passive dipole elements for
which the spectral definition of their admittance is generically
defined as 1/Z = Q0*(i𝜔)n. Their analytical expression showing
a power of i (i2 = -1) with n other than 0 or ±1 implies that their
expression in the time domain can add new functionalities than
RLC elements’ which depend only on two factors: Q0 > 0 and
0 < n < 1. Moreover, they relate to fractional derivatives of time
for which the contribution has been shown to be an essential
ingredient in some neural models to implement longer-term
volatility in the memory with power-law dynamics.[22] Such
phenomenon can arise from non-ideal charging/discharging
of an electrode/electrolyte interface that generically observes a
nonuniform electric field distribution across an electrode or all-
along it.[23] In the case of standard PEDOT:PSS OECT showing
both a potential distribution along the source-drain channel and
across the gated-material thickness, a minor contribution from
the Warburg element (CPE with n = 0.5) can be observed in
the Nyquist plot, in series with the main bulk capacitance.[24]

On the opposite, the main contribution in impedance spectra of
dendritic OECT was associated with the CPE element and could
be used to reveal inaccessible dynamics with standards OECTs.
More particularly, as we observe that the impedance signature
between gate and channel is drastically different from a thin-film
OECTs, we can extrapolate that their filtering property will also
be modified for the information propagation if seen as a synaptic
device (gate as presynaptic cleft, channel as postsynaptic cleft).
Moreover the fact that dendrites show simultaneously lower
impedance at low frequency and higher impedance at a higher
frequency than a thin-film device is a great perspective for them
to display less volatility in their charge–discharge: we therefore
investigated their behavior in the time domain.

2.3. Short-Term Memory Effect Engineering with Dendritic
Structures

Capacitive response in OECTs corresponds to the ability of
OMIECs to accumulate ionic charges inside the bulk of the
material and has been used to define the notion of volu-
metric capacitance.[25] Interestingly, volumetric capacitance and
the associated ionic dynamics when the gate voltage is charg-
ing/discharging the OMIECs have been used to mimic short-
term memory effect in OECTs mimicking synaptic plasticity of
biological synapses. Here, we were interested in using the non-
ideal capacitive response to engineer short-term memory effects
in dendritic OECTs. Square-shape pulses in between -0.4 and
0.4 V and 10 s duration were applied at the G terminal of the
OECT while a constant SD bias of 100 mV was recording the cur-
rent response (Figure 3a). Gate current contribution was system-
atically removed from the SD current in order to analyze only

the electronic response of the device. The same gate current was
also used to evaluate power consumption during programming
(Figure S5, Supporting Information). Energy consumption was
directly correlated to the macroscale geometry of the dendrites,
with higher energy consumption obtained for bulkier and more
voluminous dendrites. For low fp, dendritic OECTs displayed
nonsymmetrical response for both positive and negative voltages
(Figure 3c) suggesting a preferential doping of the PEDOT ma-
terial. This was consistent with the lower conductivity suggest-
ing lower doping level at low fp. At the opposite, high fp dendritic
OECTs (Figure 3c) displayed equivalent response in magnitude at
positive and negative voltages consistent with higher doping level
from conductivity modeling. We note that doping mechanism is
more likely to occur through positive ions removal. Negative ions
injection in the bulk of dendrites is less likely to occur because
of PSS− large molecular weight but cannot be ruled out without
further analysis. A second important feature evidenced in Fig-
ure 3f was the nonmonotonic response of charging for high gate
voltage potential. This effect implied a competitive phenomenon
other than the gating effect taking place at Vp < -0.3 V, induc-
ing a decrease of current for tp > 1 s. Possible reasons for such
nonlinear phenomenon with the voltage can lie at the molecu-
lar level (possibly Faradaic processes in the presence of benzo-
quinone and hydroquinone which was electrogenerated in par-
allel of the dendritic growth) or/and at the material level (elec-
troactivity of PEDOT:PSS and ability to stretch or shrink with the
voltage polarity). Interestingly, such nonmonotonic response has
been reported in short-term plasticity of biological synapses[26]

and cannot be emulated with discrete electrostatic capacitor el-
ements. This result suggests that considering complex electro-
chemical response of the whole system (i.e., dendritic OECT and
electrolyte) could pave the way to new strategies to mimic com-
plex biological synapses’ dynamics.

Temporal footprints of both charging and discharging were
subsequently analyzed (Figure 3e–g) in order to evaluate the
short-term memory effect obtained with dendritic OECTs. As the
morphologies have variable local widths represented with multi-
ple cylinders, thus, variable local capacitance and in turn, a com-
bination of time scales can be expected from dendritic OECTs.
Since time response cannot be described with a simple exponen-
tial, we report only the linear fitting of the charging /discharg-
ing curves at t <1 s. For both charging and discharging, increas-
ing fp resulted in a shorter time constant in agreement with the
lower ionic capacity of thinner and less arborized dendrites. No
clear tendency was observed for a given fp except for the lowest
fp one, which suggested different dynamics for charging at pos-
itive and negative voltages. Overall, dendritic shape engineering
with fp resulted in the possibility to tune the short-term response
of dendritic OECTs and could be a useful strategy for synaptic
plasticity engineering. For instance, the realization of short-term
plasticity can be used to create transfer function in neuromorphic
computation. Since the amplitude of the signal is dependent on
the interpulse duration, the OECTs can offer dynamical gain in
the signal, wherein the signal of various frequencies can be sup-
pressed with different effectiveness. The variable values of time
scales of the dendrites can also be explored for the applications
of reservoir computing, where the multiple time scales of den-
drites can be used to store the time history of the signal needed
for efficient classification.[27]
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Figure 3. Short-term plasticity effect demonstrated for various dendritic morphologies. a) Square-shaped pulses of 10 s were applied to the gate with
continuous recording of source–drain voltage of 0.1 V. b) Typical SD current response to a square shape pulse. c,d) Source–drain current responses
for dendritic OECTs grown at c) fp = 40 Hz and d) fp = 320 Hz with pulse amplitude from -0.4 to 0.4 V with step of 0.1 V. Potentiation (depression) is
observed at negative (positive) gate voltages. e) Normalized responses for dendritic OECTs grown at 40, 80, 160, and 320 Hz with gate pulses of 0.4
and -0.4 V. f,g) Variation in time constant of charging/discharging regions.

2.4. Long-Term Memory Effect

Learning in biological neural networks relies on a combina-
tion of both short-term and long-term memory effects.[28] Such
long-term memory effects have been recently implemented in
OECTs.[29] This proposition relies on the capacity of the gate elec-
trode and channel of the OECT to permanently store charges
when the electronic circuit (i.e., S, D, and G electrical connec-
tions) is in an open-circuit configuration. This mechanism is
an interesting option for implementing long-term heterosynap-
tic plasticity that we implemented here in dendritic OECTs. Fig-
ure 4a shows how bipolar electropolymerization can be used to
create additional connections in a dendritic network. Same bipo-
lar signal as previously was applied to the gate terminal with
S and D terminals grounded. Effective dendritic growth from
the Au gate terminal was observed showing the possibility to
engineer multiples nodes in a 3D configuration. No significant
changes such as increase of width, additional branches growth
or dendrites displacement in between SD connections were visu-
ally observed, but additional electropolymerization on it cannot
be ruled out (eventually, SD dendrites showed modification when
gate dendrite was about to touch the SD connection). Figure 4b,c
shows the programming strategy used to induce long-term mem-
ory effect into the SD dendritic connection. During program-
ming, the gate potential was swept in between 0 and (±) VG in
order to induce potentiation or depression of the channel. Again,
no structural modification of the SD connection was observed
during programming (note that the redox potential of EDOT is
0.8 V with respect to Ag/AgCl reference electrode). Other redox

reaction may occur below 0.5 V such as benzoquinone reduc-
tion but does not involve any oxidation of EDOT. In between pro-
gramming events, the gate terminal was electrically disconnected
from the SD terminals through high impedance switching ma-
trix in order to avoid electronic charges exchange. A constant SD
potential of 0.1 V was maintained in order to read the dendritic
OECT channel conductance. Figure 4d presents the evolution of
the conductance during successive programming events with in-
creased amplitude. While relaxation is still evident in between the
positive and negative polarity programming, much longer reten-
tion was observed with respect to short-term dynamics reported
in Figure 3 (note that the timing in between two programming
events was > 30 s). Relaxation could be explained by leakage in
the electronic circuit but could be potentially circumvented by us-
ing larger ON/OFF ratio switches as did Fuller and co-workers,[30]

or by engineering ionic intercalation in the dendritic materials
such as Winther-Jensen and co-workers.[31] The long-term mem-
ory phenomena between the two dendrite structures, controlled
by the third dendrite morphology, mimic heterosynaptic mech-
anisms, wherein, astrocytes control the synaptic plasticity value
between two neighboring neurons.[32]

3. Conclusion

We have demonstrated in this paper how bipolar electropolymer-
ization could open the way to new neuromorphic engineering
strategies. The bottom-up nature of electropolymerization com-
bined with the 3D nature of the dendrites was used to implement
structural plasticity, which is reminiscent of neurogenesis in

Adv. Sci. 2021, 8, 2102973 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102973 (6 of 9)



www.advancedsciencenews.com www.advancedscience.com

Figure 4. In situ network evolution and long-term memory effects. a) Formation of a third dendrite using the electropolymerization process with fp
= 80 Hz. b) Schematic of the read operation with gate terminal disconnected. c) Schematic of the programming of the dendritic OECTs with posi-
tive/negative sweep applied on the gate. d) Successive program/read sequences with e) Vsweep increased from (±) 0.1 to 0.4 V (step of 0.1 V) in between
each sequences. Long term potentiation (Depression) is obtained at negative (positive) bias. Time interval in between two successive programming
was around 30 s.

biological networks. We note that the integration aspect of
these 3D objects remains an unexplored direction that will
require to rethink the standard circuit engineering approaches.
Notably, dendritic OECTs are offering the possibility to engineer
multiterminal devices that could help to solve the large fan-
in/fan-out issue required for neuromorphic circuit engineering.
Interestingly, 3D microfabric with printable structures could be
an interesting technic that could be associated with bottom-up
electropolymerization for creating new 3D circuit concepts.
Furthermore, dendritic PEDOT:PSS fibers have shown unique
electrical characteristics with capacitive response largely dom-
inated by a CPE element. Combination of this unconventional
circuit element with OECT properties of the dendritic fibers is
offering new options for designing neuromorphic hardware,
notably by offering unconventional temporal responses. In this
work, such dynamics associated with electrolyte properties were
used to demonstrate short-term plasticity. Future work should
explore in more detail how various electrolyte composition can
impact the dendritic growth and the material properties of the
organic fibers. Finally, the combination of structural plasticity
with synaptic plasticity should be used for demonstrating actual
neuromorphic functions and to evaluate the benefit of bottom-up
engineering of neuromorphic circuits.

4. Experimental Section
Materials and Instrumentation: Dendrites’ growth was carried out by

alternating current bipolar electropolymerization technique in an aque-
ous solution containing 1 × 10−3 m of poly(sodium-4-styrene sulfonate)
(NaPSS), 10 × 10−3 m of 3,4-ethylenedioxythiophene (EDOT), and 10 ×
10−3 m of 1,4-benzoquinone (BQ). All chemicals were purchased from
Sigma Aldrich and used without any further modification. Two 25 μm di-

ameter Au wires (purchased from GoodFellow, Cambridge, UK) serving as
working and grounded electrodes were immersed into a 20 𝜇L electrolyte’s
drop placed onto a parylene C covered glass substrate. Both electrodes
were equally elevated on a controlled height from the substrate and posi-
tioned at a distance of 240 μm from each other. Bipolar square-wave sig-
nals of 10 Vpp amplitude, fixed duty cycle, and voltage offset values were
generated from a 50 MS s−1 Dual-channel arbitrary waveform generator
(Tabor Electronics) with consistent variation of applied frequency (f) pa-
rameter. Each growth of individual dendrite morphology was carried out
with fresh gold wires and daily-prepared solutions. Electropolymerization
process was recorded with a VGA CCD color Camera (HITACHI Kokusai
Electric Inc).

Electrical Characterization: Was conducted on Agilent B1500A Semi-
conductor Device Analyzer coupled with B2201A Switching Matrix.

Electrochemical Impedance Spectroscopy: EIS was performed from
1 MHz to 10 mHz on a system from two gold wires serving as Vin and
Ag/AgCl gate serving as Vout with using a Solartron Analytical (Ametek)
impedance analyzer. After electropolymerization dendrites’ functionaliza-
tions obtained at different frequencies were studied by impedance spec-
troscopy with a constant bias (VDC = 0 V, Va = 10 mVrms) in the same elec-
trolyte environment containing supporting electrolyte NaPSS as well as
EDOT, BQ, and HQ. Additionally, under the same conditions impedance
spectroscopy was implemented for microfabricated OECT devices pre-
sented on a substrate by a pair of gold electrodes and a layer of ePEDOT
in between.

Circuit Impedance Modeling: Was realized through the fitting of the raw
data spectra without digital-filter preprocessing. As an instrument, there
was employed an open-source EIS Spectrum Analyzer software.[33] The
RC parameter fitting was manually adjusted at the visual appreciation of
the simultaneous comparison of the Nyquist plots, Bode’s modulus, and
Bode’s phase plots.

Growth of Third Dendrite: Preliminary in between two wires a structure
of dendrites at 10 Vpp, 80 Hz, 50% duty cycle and 0 V offset was formed.
After their interconnection, a third Au wire was immersed into the sys-
tem, lifted up at the same height, and placed at 240 μm distance from a
place of dendrites completion. Similar aforementioned signal was applied
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from the third Au wire electrode while one of the connected electrodes
was grounded and another one left floating. For signal generation, 50 MS
s−1 Dual-Channel Arbitrary Waveform Generator (Tabor Electronics) was
employed.

Statistical Analysis: Conductivity Evaluation: The optical images of den-
dritic OECTs were considered to be 2D projections of 3D morphology, with
the rectangular wire structure in 2D images corresponding to a cylindrical
structure in 3D (see Figure S1 in the Supporting Information). Because
the dendrite width varies across the morphology, the morphology was de-
scribed as a collection of multiple cylinders, each having a diameter equal
to the morphology’s local width.

Dendrite and nondendrite pixels were assigned conductance values of
1 and 0. The image representation was then transformed into a network
representation, with each pixel of the image corresponding to the individ-
ual network node. The theoretical resistance of the resultant network was
computed with unit of 1/resistivity. The value of resistivity was calculated
based on the ratio of experimental and theoretical resistance values.

Data processing was implemented with Origin program. ID–VG curves
were plotted taking into account gate current IG. Source–drain potential
was neglected and gate current was considered splitting equally in be-
tween source and drain. So the total current was calculated as the sum-
mation of drain current and 50% of gate current.

The same protocol was applied to gate voltage pulses treatment with
subsequent extraction of transient current.

Transconductance graphs were obtained by smoothing ID–VG curves
with Savitzky-Golay filter and further taking first order of derivative. Exact
transconductance values shown in Figure 2c were substracted at VG = 0 V.

Time constant values were extracted from responses of dendritic
OECTs to gate pulses (applied from -0.4 to 0.4 V) by utilizing nonlinear
fitting of charging and discharging regions with single exponential decay
function and normalization of obtained numbers.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Masquelier, R. Naud, E. O. Neftci, M. A. Petrovici, F. Scherr, D. F. M.
Goodman, Neuron 2021, 109, 571.

[7] a) P A. Merolla, J V. Arthur, R. Alvarez-Icaza, A S. Cassidy, J. Sawada,
F. Akopyan, B L. Jackson, N. Imam, C. Guo, Y. Nakamura, B. Brezzo,
I. Vo, S K. Esser, R. Appuswamy, B. Taba, A. Amir, M D. Flickner,
W P. Risk, R. Manohar, D S. Modha, Science 2014, 345, 668; b)
M. Davies, N. Srinivasa, T.-H. Lin, G. Chinya, Y. Cao, S. H. Cho-
day, G. Dimou, P. Joshi, N. Imam, S. Jain, Y. Liao, C.-K. Lin, A.
Lines, R. Liu, D. Mathaikutty, S. McCoy, A. Paul, J. Tse, G. Venkatara-
manan, Y.-H. Weng, A. Wild, Y. Yang, H. Wang, IEEE Micro 2018, 38,
82.

[8] J. Tang, F. Yuan, X. Shen, Z. Wang, M. Rao, Y. He, Y. Sun, X. Li, W.
Zhang, Y. Li, B. Gao, He Qian, G. Bi, S. Song, J. J Yang, H. Wu, Adv.
Mater. 2019, 31, 1902761.

[9] a) G. Voglis, N. Tavernarakis, EMBO Rep. 2006, 7, 1104; b) P. Bezzi,
A. Volterra, Cell 2011, 144, 644; c) A. Suzuki, S. A. Stern, O. Bozdagi,
G. W. Huntley, R. H. Walker, P. J. Magistretti, C. M. Alberini, Cell 2011,
144, 810; d) G. Perea, M. Navarrete, A. Araque, Trends Neurosci. 2009,
32, 421.

[10] a) F. Zenke, E J. Agnes, W. Gerstner, Nat. Commun. 2015, 6, 6922; b)
L. F. Abbott, S B. Nelson, Nat. Neurosci. 2000, 3, 1178.

[11] a) Y. Van De Burgt, A. Melianas, S. T. Keene, G. Malliaras, A. Salleo,
Nat. Electron. 2018, 1, 386; b) M. Berggren, M G. G. Malliaras, Science
2019, 364, 233; c) B D. Paulsen, K. Tybrandt, E. Stavrinidou, J. Rivnay,
Nat. Mater. 2020, 19, 13.

[12] a) C. Qian, L-An Kong, J. Yang, Y. Gao, J. Sun, Appl. Phys. Lett. 2017,
110, 083302. b) P. Gkoupidenis, D A. Koutsouras, T. Lonjaret, J A.
Fairfield, G G. Malliaras, Sci. Rep. 2016, 6, 27007. c) P. Gkoupidenis,
N. Schaefer, X. Strakosas, J A. Fairfield, G G. Malliaras, Appl. Phys.
Lett. 2015, 107, 263302. d) P. Gkoupidenis, N. Schaefer, B. Garlan, G
G. Malliaras, Adv. Mater. 2015, 27, 7176.

[13] J Y. Gerasimov, R. Gabrielsson, R. Forchheimer, E. Stavrinidou, D T.
Simon, M. Berggren, S. Fabiano, Adv. Sci. 2019, 6, 1801339.

[14] a) M. Eickenscheidt, E. Singler, T. Stieglitz, Polym. J. 2019, 51, 1029.
b) M. Akai-Kasaya, N. Hagiwara, W. Hikita, M. Okada, Y. Sugito, Y.
Kuwahara, T. Asai, Jpn. J. Appl. Phys. 2020, 59, 060601; c) J. Ji, M. Li,
Z. Chen, H. Wang, X. Jiang, K. Zhuo, Y. Liu, X. Yang, Z. Gu, S. Sang, Y.
Shu, Nano Res. 2019, 12, 1943; d) Y. Koizumi, N. Shida, M. Ohira, H.
Nishiyama, I. Tomita, S. Inagi, Nat. Commun. 2016, 7, 10404; e) N.
Hagiwara, S. Sekizaki, Y. Kuwahara, T. Asai, M. Akai-Kasaya, Polymers
2021, 13, 312.

[15] K. Janzakova, A. Kumar, M. Ghazal, A. Susloparova, Y. Coffinier, F.
Alibart, S. Pecqueur, (Preprint). arXiv preprint arXiv:2102.0078, sub-
mitted: 2021.

[16] A. Kumar, K. Janzakova, Y. Coffinier, S. Pecqueur, F. Alibart, (Preprint).
arXiv preprint arxiv.org/abs/2107.03372, submitted: 2021.

[17] a) E. Smotkin, A. J. Bard, A. Campion, M. A. Fox, T. Mallouk, S. E.
Webber, J. M. White, J. Phys. Chem. 1986, 90, 4604. b) C. Ulrich, O.
Andersson, L. Nyholm, F. Björefors, Angew. Chem., Int. Ed. 2008, 47,
3034. c) Y. Koizumi, H. Nishiyama, I. Tomita, S. Inagi, Chem. Com-
mun. 2018, 54, 10475.

Adv. Sci. 2021, 8, 2102973 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102973 (8 of 9)



www.advancedsciencenews.com www.advancedscience.com

[18] C. Von Der Malsburg, D. J. Willshaw, Proc. Natl. Acad. Sci. USA 1977,
74, 5176.

[19] C H. Bailey, M. Giustetto, Y.-Y. Huang, R D. Hawkins, E R. Kandel,
Nat. Rev. Neurosci. 2000, 1, 11.

[20] J T. Friedlein, R R. Mcleod, J. Rivnay, Org. Electron. 2018, 63, 398.
[21] M. E. Orazem, B. Tribollet, Electrochemical Impedance Spectroscopy,

2nd ed., Wiley, New York 2017.
[22] a) W. Teka, T M. Marinov, F. Santamaria, PLoS Comput. Biol. 2014, 10,

e1003526; b) W W. Teka, R. K. Upadhyay, A. Mondal, Neural Networks
2017, 93, 110.

[23] a) B. Hirschorn, M E. Orazem, B. Tribollet, V. Vivier, I. Frateur, M. Mu-
siani, Electrochim. Acta 2010, 55, 6218; b) B. Hirschorn, M E. Orazem,
B. Tribollet, V. Vivier, I. Frateur, M. Musiani, J. Electrochem. Soc. 2010,
157, C452
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