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Abstract
A new paradigm of electronic devices with bio-inspired features is aiming to mimic the brain’s fundamental mechanisms 
to achieve recognition of very complex patterns and more efficient computational tasks. Networks of electropolymer-
ized dendritic fibers are attracting much interest because of their ability to achieve advanced learning capabilities, form 
neural networks, and emulate synaptic and plastic processes typical of human neurons. Despite their potential for brain-
inspired computation, the roles of the single parameters associated with the growth of the fiber are still unclear, and 
the intrinsic randomness governing the growth of the dendrites prevents the development of devices with stable and 
reproducible properties. In this manuscript, we provide a systematic study on the physical parameters influencing the 
growth, defining cause-effect relationships for direction, symmetry, thickness, and branching of the fibers. We build an 
electrochemical model of the phenomenon and we validate it in silico using Montecarlo simulations. This work shows 
the possibility of designing dendritic polymer fibers with controllable physical properties, providing a tool to engineer 
polymeric networks with desired neuromorphic features.

1 Introduction

Electropolymerization driven by alternated electrical signals has been recently proven to be an effective route to produce 
artificial synapses, hardware-based neural networks, and electronic devices with a variety of neuromorphic features 
[1–6]. The experimental setup is typically composed of metal electrodes separated by an electrolytic solution containing 
a monomer which, upon the application of a voltage higher than its oxidation potential, polymerizes and forms a con-
ductive polymer (CP). Direct current (DC) polymerization has largely been used to cover metal pads with polymeric films 
[7] for enhancing the devices’ electrochromic properties [8], for optimizing dye-synthesized solar cells [9], for enhanced 
sensing [10] and bioelectronics [11, 12], and evolvable circuitry [13, 14]. This DC electropolymerization results in closed 
films covering the electrodes. Conversely, dendritic networks are obtained using an AC signal. Here, the stochastic nature 
of the process can harm the stability of inorganic devices, like in the case of batteries [15], but it is especially useful for 
the fabrication of devices where non-linearity, stability in wet environment, and ease of processing are required, such 
as artificial synapses or organic electrochemical transistors (OECTs). Interesting demonstrations of synaptic processes 
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such as Pavlovian conditioning [5, 16] and nonlinear dynamics [17] that can be exploited for machine learning brought 
forth this in operando polymerization technique. Although the process is simple and fast, having precise control over 
the reaction dynamics and the polymerization direction is often hard: unraveling the details of the physical processes 
that control the growth is key for large-scale electronic implementation. To this end, we investigated the effect of field 
strength, frequency, electrode gap, and nature of the solvent on the direction and branching of fibers. Additionally, to 
confirm our observations, we developed a simplified numerical model based on Monte-Carlo simulations to study the 
reaction dynamics and the growth mechanism. The model uses electrode shape and distance, the composition of the 
electrolyte, frequency, and voltage applied to compute the features of the polymer network. We show that the experi-
mentally grown networks and simulation results exert the same properties under the same specified experimental condi-
tions. Therefore, the model captures the most relevant aspects of the growth and stands as a suitable tool for designing 
polymer-based synaptic networks.

2  Methods

Before any deposition, the substrates underwent 10 min of plasma cleaning. 50 nm Au electrodes were patterned glass 
substrates with a 3 nm Cr adhesion layer by photolithography and wet-etching using Standard Etchant Gold and Standard 
Etchant Chromium. The photo-resist used for gold lithography was nLof 2000. Passivation of the electrodes was obtained 
by SU-8 masking, leaving the tips exposed to the electrolyte. As a next step, the devices were gently rinsed in ethanol and 
baked at 110 °C for 10 min. Fibers of the conductive poly-3,4-ethylenedioxythiophene doped with hexafluorophosphate 
(PEDOT:PF6) were prepared by AC electropolymerization in an electrolyte solution under AC signals with an HP 8114A 
pulse generator between the gold electrodes. The electrolyte solution contained acetonitrile, sulfolane, or a mixture of 
the two as the solvent, with 1 mm TBAPF6 as the salt, and 50 mm EDOT as the monomer. The electrochemical imped-
ance spectroscopy and cyclic voltammetry measurement were conducted with Autolab PGSTAT302N. The impedance 
measurement was carried out by using a sinusoidal signal with VRMS: 20 mV. The simulated electrochemical cell used 
in the experiment is modeled with a box size of 250  unit2, electrodes with a width of 40 pixels, and electrode spacing of 
15 or 25 pixels. The time step unit equivalent of the simulations is 0.78 ms. Voltage measurements at the load resistor (1 
MΩ) were carried out with an oscilloscope and were simulated in LTSpice.

3  Results and discussion

3.1  Physical parameters influencing the growth

The system in exam is an electrolytic solution containing a monomer 3,4-ethylenedioxythiophene (EDOT) in concen-
tration [M], and salt in concentration [S]. As for the salt, we use tetrabutylammonium hexafluorophosphate  (TBAPF6), 
but other electrolytes can be used as dopants, e.g.  LiClO4 or poly(sodium4-styrenesulfonate). The solvents used are 
acetonitrile, sulfolene, or a mixture of those. The solution immerses the area between two metal plates. The electrodes 
are connected to a pulse generator: a square-wave signal V(t) of period T, variable duty cycle, and amplitude switching 
from  V0 to −  V0 is applied across the plates. Several works have reported similar scenarios [13, 18, 19]. The AC signal trig-
gers the branching of polymeric fibers out of both of the electrodes, that grow following the electric field lines until they 
bridge and connect the two electrodes. To understand the activity of monomers in the growth process, an equivalent 
circuit model is built (Fig. 1a). The electrode–electrolyte interfaces are represented by Randles circuits where the resis-
tive component captures the charge transfer of the monomer oxidation into a radical cation by losing one electron at 
the interface [20, 21]. The bulk solution is modeled with a resistor. To verify the validity of this model, a corresponding 
experiment is carried out in combination with the actual growth process, by combining a pulse generator connected 
to the electrochemical cell with two probes, and the impedance spectroscopy measurement connected to the electro-
chemical cell.To minimize the voltage needed for the electropolymerization, firstly a threshold voltage for polymerization 
initiation is obtained by shrinking the amplitude of the voltage to a small range and confirming the smallest voltage 
for growth with the pulse generator: at 2.5 V the fiber first branches out from the electrodes and starts advancing in the 
solution. Then, the voltage amplitude is further decreased to 2 V: the fibers grow progressively from the protrusion. This 
is a second threshold since with lower voltages the growth process stops. These two threshold voltages are employed as 
a DC offset voltage in impedance spectroscopy measurement in a frequency range that is compatible with the growth 
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(Fig. 1b–c). The corresponding Nyquist plots are obtained after impedance measurement (Fig. 1b). The semicircle in high 
frequency is the feature of the simplified Randles circuit. The shift of this semicircle on the x-axis from the origin can be 
taken as the solution resistance. As shown in Fig. 1b, the  45o slope followed by a semicircle in the low-frequency range 
can be modeled as the finite length Warburg element [21].

The growth process is established with the drift generated by the alternating voltage, as shown in Fig. 2a. On the 
positive electrode, anions accumulate and the monomer gets oxidized, while the cations drift to the other electrode. 
When the polarity changes, the process is reversed. For a duty cycle of 50% and equivalent amplitude for the two half-
cycles, the process is expected to be symmetric. To elucidate the mechanism, we grew fibers in asymmetric conditions i.e. 
changing the amplitudes, and using a frequency of 8 Hz and a duty cycle of 50% (Fig. 2b). The connection of fibers com-
ing from the two electrodes indicates the preferential direction of the growth (arrows in Fig. 2b). By setting the voltage 
at the counter electrode under or over a certain value, it is possible to guide the fiber growth in preferential directions. 
In particular, we observed that the fiber grows unidirectional from the working electrode to the counter electrode and 
attaches to the latter one when the bias of the counter electrode is lower than 3 V. Additionally when the biases of the 
two electrodes are all above 3 V, multiple fibers grow from the paired electrodes and connect at some point in the gap. 
The connecting points of the two fibers shift from the gap middle towards one electrode according to the degree of peak 
asymmetry to the horizontal axis. The differentiation between those two growing modes arises when the smaller bias in 
the square wave is set to 3 V. This value is close to the threshold oxidation voltage (2.5 V) which is obtained during the 
equivalent circuit modeling. It is considered as the threshold oxidation potential for such an electropolymerization setup 
(i.e., acetonitrile with 50 mM EDOT and 1 mM TBAPF6 solution). The overpotential with respect to the theoretical value 
for EDOT oxidation (1.46 V, as shown in Figure S3) is considered to overcome the energy barriers brought by electrode 
activation [22], the desolvation of reactants [23], and the charge transfer resistance crossing the electrode–electrolyte 

Fig. 1  Impedance characteri-
zation during the growth. a 
Equivalent circuit model. b 
Nyquist plots of a process with 
2.5 V offset and a process with 
2.0 V offset. c Corresponding 
Bode plots

Fig. 2  Direction and dimen-
sion of the fibers. a The 
experimental setup used for 
the growth process consists 
of two electrodes, a signal 
generator, and an electrolyte 
solution containing EDOT 
monomers. b The fibers meet 
in the gap with a symmetry 
dictated by the shape of the 
electrical field in the solu-
tion. Arrows: contact points 
between fibers coming from 
the two electrodes
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interface [24]. When the applied bias on the electrode cannot meet the threshold, the fiber growth on the electrode with 
a small amplitude is negligible. Therefore, we conclude that asymmetry of the applied signal influences the dynamics 
of the process, as visible from the different final morphologies (Fig. 2), and therefore can be used for setting a leading 
seed (electrode) for the growth.

Based on the aforementioned results, the fiber thickness is controlled by varying the electric field strength or limit-
ing the drift time of the charged species, by changing the frequency of the alternating signal (f ). We patterned a pair of 
electrodes by photolithography with defined gaps: 80 µm, 200 µm, 350 µm, or 880 µm, as shown in Fig. 3. This ensures 
a different field distribution for each of these geometries, although the excitation signal is the same (± 5 V). For the 
paired electrodes in each gap, the frequency varied from a threshold value above which fibers do not branch out to a 
small value at which the fibers are thick, which we found to be different for each gap. As summarized in Fig. 3a–c, the 
thickness of the fibers is following a decreasing trend with increasing frequency. It is possible to describe the action of 
the alternating signal as a signal of”growth-ON” and”growth-OFF” for each of the two electrodes in the system. During 
the”growth-ON” time (positive half-cycle), monomers are consumed upon polymer complex formation, which creates a 
concentration gradient to allow monomers to diffuse to the reaction sites. During the”growth-OFF” time, the diffusion is 
overcome by the ion motion set into place by the direction change of the ions generated by the electric field. Therefore, 
the monomer reaction is predominantly governed by half period of the square wave. Additionally, when the growth is 
stimulated under the same frequency, the fibers grow thicker in the smaller gaps, as in the case of 350 µm and 200 µm 
(Fig. 3d). Since the amplitude of the applied bias is constant, we conclude that this stems from the strengthened elec-
tric field in the smaller spacing. We then tested different solvents to understand their effect on the branching of fibers. 
We investigated acetonitrile, sulfolane, and their mixtures in different ratios. The amplitude of the AC is kept constant 
(± 5 V), while the frequencies are chosen for the different conditions (5 Hz for sulfolane, 60 Hz for acetonitrile, and 5 Hz 
for mixtures to account for their different viscosity).

As shown in Fig. 4a–b, single fibers can be obtained in sulfolane, while multiple branched fibers can be obtained in 
acetonitrile. When these two solvents are mixed with a ratio of 1:1 or 1:3, only single fibers can be obtained (Fig. 4c–d). 
When these two solvents are mixed in a ratio of 3:1, single fibers are obtained with few cases in which branching occurs 
(Fig. 4e–f ). Such diversity led us to two major observations. Firstly, the different results could be explained by a different 
viscosity of the solvent, connected to the diffusion coefficient according to the Stokes–Einstein relation:

where k is the Boltzmann constant, T is the temperature, r is the radius of the particles and η is the solution viscosity. In 
acetonitrile (η = 0.34 cP at 300 K), once a concentration gradient is created by consuming monomers upon fiber forma-
tion, the fresh monomer can be supplied to the electrode/ protrusion quickly from all directions, giving rise to branched 
fibers. When sulfolane is used instead, (η = 1.00 cP at 300 K), the supply can be very slow, resulting in the growth of an 
individual fiber along the direction where the electric field is the strongest. The second observation comes from the 
shape of the leftover solution in the electrode gap, which is associated with branching uncertainty when acetonitrile 
and sulfolane are mixed in a 3:1 ratio. As shown in Fig. 4e–f, multiple branches can be found in the sphere shape leftover 
solution, whereas single fibers are found in a flat leftover solution. We speculate that this difference in the shape of the 
leftover solution is caused by the evaporation of volatile acetonitrile. As reported elsewhere [25], solvent evaporation 

(1)D =
kT

6πηr

Fig. 3  Fibers grown at dif-
ferent frequencies: 5 Hz (a), 
10 Hz (b), and 20 Hz (c). Fiber 
thickness measured at differ-
ent electrodes spacings (d)
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establishes a convective flux in the liquid phase and contributes to the single fiber growth. Since a variation in the shape 
of the leftover solution suggests the uneven mixing of sulfolane in acetonitrile domains, the uncertainty might also be 
explained by the electro-hydrodynamic flow in multiphase systems [26]. We believe that the suspension of weakly con-
ducting droplets (i.e., acetonitrile dissolved electrolyte) is along or perpendicular to the direction of the electric field in 
the immiscible weakly conducting solution (i.e., sulfolane dissolved electrolyte) due to the polarization effect. In most 
cases, acetonitrile evaporates very quickly, the leftover solution is flat and can only employ sulfolane as the solvent, so 
the formed structure is very similar to that of pure sulfolane. However, in a spherical leftover solution, a certain amount 
of acetonitrile droplets might be trapped and cannot escape quickly enough from the high viscous sulfolane dominant 
solution. This uneven distribution of acetonitrile droplets and their polarization results in branching when the fiber for-
mation propagates inside the acetonitrile-dissolved droplets and through the acetonitrile-sulfolane interface.

Fig. 4  Microscopic images of fibers grown in (a) sulfolane, b acetonitrile, c acetonitrile:sulfolane = 1:1, d acetonitrile:sulfolane = 1:3, e and f 
acetonitrile: sulfolane = 3:1. Illustration of the droplets in (e) and (f) were graphically enhanced to increase visibility
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3.2  Interface description

To make a simplified, yet effective model of the growth, we reduced the electrochemical equivalent of the system to 
an RC couple for each electrode–electrolyte interface, separated by a resistor, which models the electrolyte (Fig. 5a).

We then validated the model by simulating different experimental configurations. The AC applied voltage is a 
square wave signal with period T, 50% duty cycle, and amplitude ±  V0. A square wave can be expanded in its Fourier 
series as:

By applying Kirchhoff ’s voltage law to the circuit in Fig. 5a, V(t) is found to be:

where  Vi is the voltage drop across the interface and i(t) is the current injected into the system. Applying Kirchhoff’s cur-
rent law, and substituting with the constitutive equations for resistors and capacitors:

Therefore, Eq. (3) becomes:

which in turn, by defining � =  RsC and τ =  RsC(2 + Rs

Ri

)−1, the previous equation simplifies to:

(2)V(t) =
4

�
V0

∞∑
k=1

sin(2�(2k − 1)
t

T
)

2k − 1

(3)V(t) = 2Vi(t) + Rsi(t)

(4)i(t) = iRi(t) + ic(t) =
Vi(t)

Ri

+ C
dVi(t)

dt

(5)V(t) = 2Vi(t) + Rs(
Vi(t)

Ri

+ C
dVi(t)

dt
)

Fig. 5  The equivalent circuit used to model the charge accumulation at the interface (a). The reaction mechanism considered to model the 
polymerization rate: The monomer is oxidized at the cathode-electrolyte interface, forming a radical monomer cation; Neutralization occurs 
via an anion. This stabilization process is key for the final conductive state of the polymer: the excess negative charge is given, in fact, by the 
dopant which determines the final conductivity of the network. Radical–radical reaction leads to the formation of large, insoluble oligom-
ers (b). The voltage transient at the interface (c). The dashed line indicates the oxidation potential, and the blue area is used to calculate the 
amount of reacting monomers
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The solution to Eq. (6) is a sequential charge and discharge equation with alternating signs, given by:

After a transient time that depends on the initial charge of the capacitors, the voltage oscillations reach an equilibrium 
in which the charge accumulated during the positive half-cycle is the same accumulated during the negative one, with the 
opposite sign. Our model uses the following equilibrium conditions:

• The positive interface voltage accumulated during one half-cycle is equal to the negative voltage accumulated during 
the following half:

• The solution has periodic boundary conditions:

By imposing these conditions on the general formula, the solution at the equilibrium is obtained:

where ∆ is a function of the signal’s frequency and it is defined as:

According to the Poisson equation:

the time-varying charge accumulation at the interface is described by the charge density ρi(t):

Considering an exponentially decaying spatial distribution of the potential, as expected in an electrolyte, the voltage can 
be written as:

where λ is the (Debye) screening length, defined as

with F being the Faraday constant. The charge density at the interface can be written as:

(6)
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By considering that V(t) =  V0 or V(t) = -V0 depending on the polarity of the pulse, and generalizing for a periodic 
function, Eq. (16) becomes:

with n being an integer number. Figure 5a shows the electrochemical equivalent of the system, that we described 
with two electrode–electrolyte interfaces represented by RC parallels, while the electrolyte solution with a resist-
ance  Rs. Figure S1 proves the validity of this model by comparing the transient analysis to a Spice simulation. Upon 
application of V(t), the time-dependent voltage  Vi(t) at the electrode/solution interface is described by the following 
periodic equation:

Notice that the form is the same as the charge density. A complete description of the reaction mechanism of elec-
tropolymerization should include the dimerization of EDOT upon the application of a voltage larger than its oxidation 
potential  Vox; dimerization is followed by oligomerization, and finally deposition at the interface. Although there is no 
general agreement on one reaction mechanism, different comprehensive descriptions are found in the literature [18, 
27, 28]. All proposed mechanisms have in common, that the monomer is initially oxidized by the oxidation potential 
and stabilized by a negative counterion. The radical monomer can then further react to form a polymer. From this 
simple picture, we assume that the reaction proceeds via three steps that occur at the electrode–electrolyte interface 
or polymer-electrolyte interface (Fig. 5b).

1. Electrochemical oxidation of a monomer M at the cathode-electrolyte interface, forming a radical monomer cation 
 M+;

2. Neutralization of the excess charge  M+ via an anion. This stabilization process is key for the final conductive state of 
the polymer: the excess negative charge is, in fact, the dopant, and its presence determines the final conductivity 
and volumetric capacitance of the network.

3. Radical–radical reaction leads to the formation of large, insoluble oligomers

The electrochemical oxidation of the EDOT is the fundamental step to generate the seed for a polymeric fiber. The volt-
age is expected to be the same along the electrolyte-exposed electrode. Therefore, oxidation can occur at each point of 
the electrode which is exposed to the electrolyte. On the other hand, we hypothesize that an anion has to neutralize the 
oxidated complex to generate the polymer. For this reason, both the oxidated monomer and the dopant drift towards the 
regions where the field is the highest, being the tip of a triangular electrode, or the edges of a rectangular electrode. When 
neutralization occurs at that point, the seed is established for other components to be transported and attached to it.

The polymer formation dP/dt depends on both the monomer concentration [M] and the anion concentration at the 
interface [ Si(t) ]. Hence, it can be described as a second-order polymerization reaction:

where k is the equilibrium constant. The monomer concentration [M] is assumed to stay constant during electropo-
lymerization. The salt concentration at the interface varies with time and is defined as [Si(t)] =

ρi(t)

F
 . The potential at the 

metal-electrolyte interface has to exceed  Vox in order for the reaction to occur.  Vi(t) is going to rise above  Vox only if  V0 >  Vox 
and if the period is long enough for the interface to charge. During the positive half-cycle, this threshold is reached at 
t =  tth+ that is evaluated as:
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Similarly, in the half period with negative polarity, the interface voltage decreases below  Vox after a time  tth− defined as:

The available time window for the polymer to form is proportional to the integral shown in Fig. 5c, between  tth+ and 
 tth−. By defining Tth =

T

2
− (tth+ + t

th−
) , the integral reads:

The circuit parameters are evaluated with LTSpice and reported in Figure S1 and referred to the case of a couple of 
flat gold electrodes. Plugging Equation ( 22 ) into Equation ( 19 ) gives the amount of polymer formed in each period. 
Table 1 reports all the parameters relevant to the description. 

Two important comments must be made: i) the reaction never occurs without an applied voltage or a voltage below 
 Vox and ii) an electric field has to support the growth: in fact, bifurcation only happens at the extremities, and never a 
fiber branches out laterally from existing fibers. V >  Vox is a necessary condition but not sufficient for the process to start: 
if no electric field is built up, the reaction does not occur. This scenario is common during the growth where, while the 
rate is high at the electrodes extremities due to the high field (tip effect), the polymerization does not occur in the area 
between two already existing fibers. Here the potential is enough to form  M+, but  [Si] is too little due to the negligible 
field (Faraday cage effect). Figure S2 shows the integral value with varying voltage amplitude and pulse frequency.

3.3  Growth modeling

To validate the model, we developed a simulation platform based on the Montecarlo method that captures the follow-
ing features:

1. the motion of charged species in the liquid;
2. deposition of charged species on the electrode;
3. evolution of electric map due to the modified electrode and time-variant signal.

Figure 6a–b show the schematic representation of the process and the corresponding flow chart. Herein, a 2D box 
is simulated to model the region of interest (ROI) in the electrolytic environment. We used different geometries (gray 
shapes) to account for potential shapes of interest for the electrodes (Fig. 6c). The specific number of charged particles 
(white points) are distributed in the box at random locations.

The potential map in the complete region of interest is evaluated with the boundary conditions of the applied sig-
nal onto the electrodes. The particles’ motion is evaluated based on the gradient of the electric field and the Brownian 
motion. A certain probability of being incorporated by the metal or the pre-existing polymeric fiber is associated with 
the particles touching the electrodes from any of the available directions. In particular, the probability of attachment 
is considered to be sigmoidal, with the probability value depending on the potential difference between the particle 

(20)tth+ = τln(Δ
V0τ

V0τ − V0xθ
)

(21)tth− = τln(Δ
V0τ

V0τ + V0xθ
)

(22)∫
tth−

tth+

[Si(t)]dt =
ρmax

F

(
Tth + τΔ

(
e
−

T

2τ − e
−

tth+

τ − e
−

tth−

τ + 1

))
.

Table 1  Growth parameters Parameter Symbol Value Source

Dielectric constant acetonitrile 37.5 [29]
(dis)Charging time constant τ 1.3 ms Figure S1
Damping factor Θ 4.8 ms Figure S1
Monomer concentration [M] 50 mM Experiments
Salt concentration [S] 1 mM Experiments
EDOT oxidation potential Vox 1.46 V Figure S3
Debye length λ 6.5 nm Eq. (15)
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and the electrochemical double layer. Therefore, the attached morphologies (shown in black), are considered integral 
parts of electrodes to compute the electrical field distribution in the successive simulation steps. While the structure 
keeps evolving, the amount of deposited material is calculated over time. Figure 6c shows the growth of morphology 
with V-shaped and square electrodes. For a significant time (1500 simulation time steps), there is no growth on the 
V-shaped electrodes. The charged particles are dragged near the tips of the electrodes. Interestingly, the charged 
particles move towards the center of the electrodes and converge near the tip. From that point, the growth initiates, 
and a dendritic morphology from the tip of the electrode is obtained. The density of the particles continues to rise 
in the centers of the electrodes. In the case of a tip electrode on the left and a flat electrode on the right, at t = 1500 
steps, there is a linear-shaped growth at the left electrode which moves from the tip of the electrode towards the 
flat electrode. On the other hand, at the right electrode, a quasi-uniform growth is established on the flat electrode. 
The particle dispersion also forms a contour around the tip, migrating from the tip towards the central part of the 
flat electrode. At t = 2500 steps, the density of the deposited morphologies at both electrodes increases. On the tip 
electrode, the evolving dendritic morphology starts branching towards the flat electrode, following the field lines. 
Next, we studied the growth process by analyzing two important parameters: electrode spacing and applied signal 
frequency. Figure 7a shows the images of dendritic morphologies at 20 Hz and 5 Hz respectively, exerting distinct 
characteristics, as already described in the experimental equivalent. The morphology features a thinner growth for 
the case of signals with higher frequencies, while it possesses thick dense morphology with branching behavior at 
lower frequencies. This property is preserved for the whole duration of the growth (2500 steps).

Fig. 6  Schematic representation of the mesoscale modeling for the dendritic growth (a). Flow chart of major steps used in the modeling (b). 
Modeling results with two V-shaped electrodes and a V-shaped against a flat electrode (c)

Fig. 7  Modeling of the 
dendritic growth process at 
5 Hz and 20 Hz at different 
simulation steps (a). Fre-
quency sweep of the growth 
in geometries with big and 
small electrode gap (b). 
Area occupied by the pixels 
associated with the fibers for 
different frequencies in the 
case of small (c) and big (d) 
electrode gap
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The growth for both frequencies occurs at the tips, and dendritic morphology advances towards the opposite 
electrode. In the case of higher frequency, the morphology shows more directionality towards the opposite electrode, 
and a thinner dendritic structure advances towards the other electrode. In the case of lower frequency growth, the 
morphology possesses a transversal component and high divergence leading to more dense morphology. Figure 7b 
shows the morphologies at variable frequencies for two different electrode spacings (15 pixels and 25 pixels). An 
increase in the period promotes random walks. Thus, instead of an ideal thin line formed at high frequencies, a broad 
thicker dendritic morphology is obtained in the configurations with longer stimulation periods. Figure 7c and Fig. 7d 
show the variations of deposited material as a function of the time steps for small and big electrode gap, respectively. 
It is known that the capacitance of films composed of CPs is directly proportional to their area. Our model shows 
that lower frequencies result in denser films which should in turn translate into larger capacitances, in agreement 
with previous observations [5]. The growth process is slower for high frequencies (320 Hz) and becomes faster for 
lower frequencies. Here, the probability to touch thin wires by the particles is lower, and hence the dendritic growth 
is kinetically slower with high signal frequency. Another reason is that for a high switching rate of the voltage, fewer 
particles have the chance to reach far regions before being pulled back to the other electrode.

4  Conclusions

In this paper, we looked at how organic dendritic networks made of the semiconductor PEDOT:PF6 grow by varying 
different physical parameters, and studied their different emerging features. We revealed the effects of field strength, 
asymmetry of the electrical stimuli, the geometry of the gold pads, electrode pitch, and charging and discharging 
times on the size, branching, and direction of the fibers. We then developed a simplified model to describe the 
electrode–electrolyte interface. This model maps the device pattern and foresees the spatial–temporal evolution 
of the growth by computing the electrical field distribution at every iteration, taking into account the distortions 
introduced by the newborn polymeric seeds or fibers. With this model, we were able to validate the main features of 
the growth with good precision and therefore confirm our hypotheses. To unlock the full potential of the technique, 
and therefore of the model, a generalized study on the effect of AC polymerization should be carried out on multiple 
electrodes and extended on more complex geometries such as pillars, micro-ridges, and micro-grooves, in order to 
account for the possibility of three-dimensional growth. In the future, the mentioned settings could be applied to 
the design of conductive polymeric scaffolds with adjustable neuromorphic properties.
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