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Tailorable conductivity of 3D PEDOT-based
conductive nanostructures with pH-responsivity
via a direct femtosecond laser writing technique
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Although conductive polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT) are pivotal for flexible
organic electronics, achieving tunable conductivity in high-resolution micro/nanoarchitectures remains
a significant challenge. Conventional methods like inkjet writing and laser ablation not only offer limited
resolution but also fail to provide the dynamic conductivity control required for advanced applications.
To address these challenges, we developed a two-step nanofabrication strategy to produce PEDOT-
based nanoarchitectures with tunable conductivities. A femtosecond direct laser writing technique was
utilized to firstly create 3,4-ethylenedioxythiophene (EDOT)-based pH responsive nanostructures, and
subsequently chemical oxidation was employed to convert EDOT-based nanostructures into conductive
PEDOT-based ones, which enabled high-resolution conductive nanostructures with feature sizes as

1

small as 250 nm and conductivity of 679 S m™". Additionally, the structures exhibited tunable

conductivity ranging from 454 S m~ (pH = 13) to 1041 S m™* (pH = 1), due to the swelling/contraction
of the pH responsive acrylate-functionalized derivative matrix. This work demonstrates a scalable
strategy for creating high-resolution, pH-stimuli-responsive conductive polymer-based nanostructures

such as PEDOT nanostructures, offering significant potential for advanced applications in

rsc.li/rsc-advances nanoelectronics and biosensors.

Introduction

Conductive organic polymers such as polyacetylene, poly-
aniline,  polythiophene,  poly(3,4-ethylenedioxythiophene)
(PEDOT) and their derivatives, represent a unique class of
functional polymers distinguished by exceptional properties,
including plasticity, processability, light weight, low cost, and
the ability to switch between conducting and insulating states,
which endow them with broad application potential.’”> Driven
by advancements in organic electronics, these conductive
polymers have gained substantial traction in microelectronic
devices.®® While fabrication methods for devices based on
conductive organic polymers have been previously reported,'**>
certain limitations inherent to conventional approaches restrict
their applicability. For example, ink formulations containing
conductive organic polymers enable three-dimensional (3D)
writing of microelectronic devices with diverse geometries.**¢
However, the limitation imposed by nozzle size makes fabri-
cating structures with micro/nano feature size extremely chal-
lenging. Alternatively, direct laser writing (DLW) using
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femtosecond lasers is a leading technology for achieving sub-
micron resolution additive manufacturing, enabling the fabri-
cation of nanoscale conductive structures.'”>

A fundamental challenge in the DLW-based fabrication of
PEDOT micro/nanostructures lies in the inherent inability to
manipulate their electric conductivities after patterning, which
constitutes a primary limitation for applications requiring
adaptive or responsive performance.>*?® This constraint is
further exacerbated by two critical nanofabrication challenges.
First, the photopolymerization of EDOT typically requires high
laser power, leading to excessive thermal accumulation and
potential degradation of structural fidelity. Second, the intrin-
sically low crosslinking density of PEDOT hinders the realiza-
tion of robust, self-supporting 3D architectures. While
composite photoresist composed of poly(ethylene glycol) di-
acrylate (PEGDA) doped with EDOT enables the fabrication of
microstructures via DLW with a conductivity of approximately 4
S m~',*% such structures are generally limited to micron-scale
feature  sizes. In  contrast, PEDOT-based acrylate-
functionalized derivatives can allow for producing micro/
nanostructures via DLW technique with significantly high
conductivity, reaching up to 2.7 x 10> S m™',7®***” yet this
approach remains largely restricted to 2D microstructures.
Importantly, across all these existing approaches, the electrical
conductivities of the as-fabricated structures are fixed, lacking
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Fig. 1 Schematic of the nanofabrication of PEDOT-based nano-
structures with tunable conductivities via hybrid direct laser writing
technique.

the tunability essential for advanced functional devices.
Collectively, these limitations pose a significant barrier to the
development of dynamically reconfigurable or stimuli-
responsive PEDOT-based micro/nanosystems.

To address these interrelated challenges, we propose
a “write-then-oxidize” strategy to take advantage of high-
resolution femtosecond laser direct writing technique and
post-chemical oxidation, which could decouple the structuring
and conductive activation steps. Therefore, it enables the
fabrication of 3D micro/nanostructures with high resolution
and tunable conductivities. Our approach centers on a ratio-
nally designed composite photoresist incorporating EDOT
monomers within a polymer matrix of PEGDA and acrylic acid
(AAc). PEGDA component ensures mechanical stability and
enables complex 3D structuring, while the AAc imparts pH-
responsive swelling behavior that facilitates reversible modu-
lation of electrical conductivity. We further develop a sequential
“write-then-oxidize” fabrication protocol that leverages the high
chemical stability of EDOT monomers during laser writing. In
the fabrication, structures are first produced using nano-
fabrication parameters optimized for the PEGDA/AAc matrix at
substantially reduced power levels, thereby minimizing thermal
damage and achieving the feature size of sub-250 nm. Subse-
quently, the EDOT monomers entrapped within the crosslinked
polymer network are chemically oxidized to form conductive
PEDOT under mild conditions, completely eliminating the
requirement for high-energy in situ photopolymerization. This
decoupled fabrication strategy effectively overcomes the critical
limitations of conventional methods, enabling the realization of
mechanically stable, high-resolution 3D architectures with
dynamically tunable electrical properties that respond to
external environmental stimuli (Fig. 1).

Experimental
Materials

3,4-Ethoxylenedioxythiophene (EDOT), poly(ethylene glycol)
diacrylate (PEGDA) and acrylic acid (AAc) were purchased from
Sigma-Aldrich; 2-benzyl-2-(dimethylamino)-4'-
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morpholinobutyrophenone (Irgacure 369) and FeCl; were
purchased from TCI. All aqueous solutions were prepared using
ultrapure water (Smart2Pure, ThermoFisher).

Synthesis of photoresin

First, AAc constituting 38 wt% of the total mass was added to
PEGDA, which accounted for 50 wt%, and the mixture was
vortexed to homogenize. Next, EDOT, making up 10 wt% of the
total mass, was incorporated and thoroughly mixed. Finally,
Irgacure 369, representing 2 wt% of the total mass, was added
and vortexed until completely dissolved. The prepared photo-
resist was stored at 5 °C.

Three-dimensional DLW system

We employed a femtosecond laser (Carbide CB5, Light
Conversion; 515 nm, 1 MHz repetition rate, 190 fs pulse width)
as the writing beam. First, the beam was expanded and directed
into an oil-immersion objective (100x, NA = 1.4, Olympus) for
focusing into the photoresin. Subsequently, the desired
patterns were generated by controlling a piezo stage (P-563.3CD,
Physik Instrumente). The entire process was monitored in real-
time via a CCD camera (MER-132-43U3M-L, Daheng) that
provided a magnified bright-field view.

Characterizations

To assess the morphology, the structures were examined with
an optical microscope (Olympus BX53), a scanning electron
microscope (SEM; Apreo S, ThermoFisher), and a laser scanning
confocal microscope (1C STED 75 QUAU SCAN, Abberior
Instrument). The electrical conductivity of the printed line
nanostructures was determined by a four-point probe system
(Tech RTS-9).

Results and discussion

PEDOT, formed by the polymerization of EDOT, exhibits
intrinsically low crosslinking density due to its linear chain
structure, which precludes its ability to form freestanding 3D
micro/nanostructures. With the aid of the photopolymerizable
monomers PEGDA and AAc, EDOT can be formulated into the
laser printed three-dimensional architectures. We developed
a composite photoresin using EDOT, PEGDA, AAc, and Irgacure
369 at mass fractions of 10%, 50%, 38%, and 2% respectively. In
order to explore the fabrication properties of the composite
photoresin, a series of nanostructures were proposed including
wire array, dot array, conical structure, wire-bridge structure,
woodpile and polyhedral lattice framework. As presented in
Fig. 2(a), wire structures were produced under different laser
powers with fixed scanning speed of 30 um s~ '. Wire first
appeared at a laser power threshold of 0.8 mW, yielding an
initial linewidth of 254 nm. This minimal feature size confirms
the high spatial resolution achievable with our process. The
feature size was found to increase progressively with laser power
until saturation at 2.6 mW (Fig. 2(b)). A dot array (Fig. 2(c)) was
fabricated with a minimum dot diameter of 335 nm at an
exposure power of 1 mW and an exposure time of 50 us, and
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Fig. 2 The fabrication properties of laser printed structures. (a) SEM
image of nanowires fabricated at different exposure powers. (b)
Measured width of printed wire structures at different laser powers
with scanning speed of 30 um s~ (c) SEM image of the dot array. (d)
SEM image of the helical cone structure. (e) SEM image of the wire-
bridge structure. (f and g) SEM images of woodpile structure at top
view (f) and 45° side view (g). (h) SEM image of the polyhedral lattice
framework structure.

a maximum diameter of 468 nm at 2 mW and 50 ps, demon-
strating precise control over feature dimensions via exposure
parameters. A helical cone structure (Fig. 2(d)) was fabricated at
an exposure power of 2.4 mW and a scan speed of 30 um s,
with a base diameter of 5 um and a height of 4 um. This complex
3D geometry showcases the method's excellent capability for
creating sophisticated non-planar architectures. A wire-bridge
structure (Fig. 2(e)) was also fabricated, featuring a span of 1.8
pm and a maximum height of 0.8 um. This free-standing
element highlights the sufficient mechanical strength and
structural stability of the polymerized material to form sus-
pended features. A 3D woodpile structure (Fig. 2(f) and (g)) was
fabricated under an exposure power of 1.6 mW and a scan speed
of 30 pm s~ ". The resulting structure exhibited a side length of
10 pm, a height of 5 pum, and a constituent line width of 410 nm,
demonstrating robust multi-layer integration capability and
structural integrity for complex 3D lattices. A polyhedral lattice
framework (Fig. 2(h)) was fabricated at an exposure power of 2.6
mW, with a side length of 100 um and height of 20 pm. This
large-scale, complex 3D architecture confirms the exceptional
structural stability and design flexibility achievable with our
fabrication approach. These diverse structures collectively
demonstrate the superior resolution, complex 3D formability,
and robust mechanical properties enabled by our hybrid fabri-
cation strategy.

The as-fabricated micro/nanostructures are endowed with
electrical conductivities through oxidizing and polymerizing
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EDOT into PEDOT. To characterize the electrical properties
achieved through chemical oxidation, large-area polymer films
with a thickness of 60 pm were prepared via flood exposure
using a 365 nm UV lamp and subsequently sectioned into 10
mm-long by 3 mm-wide strips for conductivity measurements.
When these film samples were immersed in a 0.3 mol L™ FeCl;
solution at 40 °C, it was observed that the EDOT-based film
gradually changed from its original colorless state to blue and
eventually turned black, as depicted in Fig. 3(a). Visual obser-
vation of the oxidation kinetics reveals a distinct chromogenic
progression correlating with PEDOT formation. The initial
transparent film underwent a color change to semi-transparent
blue within 0-3 minutes, signalling the onset of EDOT poly-
merization. The subsequent intensification of the blue color (3—-
9 minutes) suggests a progressive increase in PEDOT chain
length and concentration. The reaction reached completion
between 9-11 minutes, as the films transitioned to an opaque,
black state, confirming the predominant conversion of EDOT to
PEDOT and its dense integration within the PEGDA matrix.

As shown in Fig. 3(b), the oxidized film was connected to
electrodes for conductivity measurements; the corresponding
current-voltage (I-V) characteristics are shown in Fig. 3(c). The
conductivity for different oxidation durations was calculated
using the conductivity formula ¢ = L/(R-S), where R is the
measured resistance of the film strip, and L and S represent its
effective length and cross-sectional area, respectively, and the
calculated conductivity values were presented in Fig. 3(d). The
electrical conductivity of the polymer films exhibited a strong
dependence on the duration of chemical oxidation treatment.
Initially, the films were non-conductive, as the unoxidized
EDOT monomers had not yet formed the conductive PEDOT
network. With increasing oxidation time, EDOT progressively
converted to PEDOT, imparting initial conductivity to the films.
A peak conductivity of 648 S m ™" was achieved after 13 minutes
of oxidation, indicating the formation of a relatively continuous
and uniform conductive pathway by PEDOT within the PEGDA/
AAc polymer network. The conductivity of PEDOT is closely
related to its molecular weight and doping level, both of which
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Fig. 3 Chemical oxidation renders PEDOT-based polymers conduc-
tive. (a) Color evolution of PEDOT-based polymer films with oxidation
time. (b) Schematic of the four-point probe measurement for current
and voltage. (c) /-V curves of the polymer films at different oxidation
times. (d) Calculated electrical conductivities. (e) /-V curves of the
nanowire structure after oxidation.
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Fig. 4 Structural volume changes under different pH conditions. (a—qg)
optical micrographs of the woodpile structure under different pH
conditions. (h) pH-dependent dimensional changes of the woodpile
structure.

are controlled by the oxidation process.”®** The conductivity
peak at 13 minutes likely corresponds to an optimal molecular
weight and polymer chain connectivity. PEDOT synthesized
using FeCl; oxidation possesses a high molecular weight, which
contributes to better conductivity. However, prolonged oxida-
tion beyond 13 minutes led to a decline in conductivity,
reaching 485 S m™"' after 17 minutes. This decrease was
attributed to the hydration-induced swelling of the PEGDA/AAc
polymer network in the aqueous solution, which enlarged the
network's pores, causing the large cross-sectional area S and the
exudation of oxidized PEDOT nanofibrils from the matrix.
Consequently, the overall PEDOT content reduced, and there-
fore, conductivity fell. Subsequently, a nanowire resistor was
fabricated between gold electrodes via DLW technique. Its
electrical conductivity was characterized after the oxidation
treatment. The resulting current-voltage (i-v) characteristics are
shown in Fig. 3(e), yielding a measured resistance of 1.26 x 10°
Q. With an effective length between electrodes of 80 pm and line
width of 488 nm, yielded a calculated electrical conductivity of
679 Sm .

The poly(acrylic acid) (PAAc) network, which forms the
structural scaffold of the micro/nanostructures, exhibits excel-
lent pH-responsive swelling and contraction that directly
modulates the electrical conductivity of the composite. This
behavior originates from the anionic polymer network's
strongly hydrophilic carboxyl groups (-COOH). Under alkaline
conditions, these groups deprotonate to form carboxylate
anions (-COO™), increasing negative charge density and
enhancing electrostatic repulsion between polymer chains. This
forces the chains apart, leading to volume expansion and
pronounced swelling, while the increased density of -COO™
groups also promote additional hydrogen bonding with water
molecules, further amplifying water uptake and swelling.
Conversely, in acidic environments, the carboxylate anions are
progressively protonated back to neutral -COOH groups. This
reduces negative charge density, diminishes electrostatic
repulsion, allows polymer chains to move closer together, and
decreases hydrogen bonding with water, collectively resulting in
volume contraction and water expulsion. To quantitatively
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correlate this pH-dependent dimensional change with the
resultant electrical properties, the volumetric behavior was first
characterized across a range of acidic and alkaline conditions.

A woodpile structure with an expected length of 40 pm and
height of 12 um was fabricated. Immersion in deionized water
for 5 h allowed the polymer material to fully hydrate, inducing
significant swelling and expanding the structure to a side length
of 47.3 um (Fig. 4(d)). To investigate its behavior under acidic
conditions, this hydrated/swollen structure was immersed in
HNO; solutions of varying pH, and its dimensional changes
were monitored. After immersion in a pH = 5 HNO; solution for
1 h, the side length contracted to 44.4 pm. Subsequent transfer
to a pH = 3 HNO; solution for an additional 1 h resulted in
further contraction to 41.4 um. Finally, immersion in an
extreme acidic environment (pH = 1) for 1 h caused a marginal
contraction to 40.7 um (Fig. 4(a-c)). Conversely, after rinsing
and rehydrating in deionized water, immersion in a pH = 9
NaOH solution for 1 h caused the side length to swell from 47.3
um to 49.7 pm. Transfer to a stronger alkaline environment (pH
=11) for 1 h induced further expansion to 52.4 pm, and finally,
immersion in an extreme alkaline solution (pH = 13) for 1 h
resulted in the maximum side length of 53.5 pm (Fig. 4(e-g)).
The dimensions of the woodpile structure under different pH
environments are shown in Fig. 4(h). The dimensional response
of the structure exhibited a clear dependence on environmental
pH: under acidic conditions, increasing acidity progressively
contracted the structure, while under alkaline conditions,
increasing alkalinity induced significant swelling. Within the
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Fig. 5 Variations in dimensions and electrical conductivity of the
nanowires under different pH conditions. (a) Schematic illustration of
the contraction and expansion of the polymer network within the
nanowire structure under varying pH conditions. (b) SEM images of the
nanowire. (c) Confocal microscopy images of the nanowire under
different pH conditions. (d) Variation in nanowire width under different
pH conditions. (e) -V curve of the nanowire under different pH
conditions. (f) Electrical conductivity of the nanowire structure at
different pH values and the corresponding solutions.
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PH ranging from 3 to 11, the dimensional changes followed an
approximately linear relationship with pH. At the extreme
acidity of pH = 1, the structure contracted to its minimum size
of 40.7 pm.

In order to further explore the influence of the swelling/
contraction of the nanostructure under pH stimuli, as illus-
trated in Fig. 5(a), a nanowire structure was fabricated to
characterize the relationship between cross-sectional area and
electrical conductivity. The SEM image in Fig. 5(b) depicts
a representative nanowire. After sequential immersion and
equilibration in solutions of varying pH, the pH-responsive
dimensional changes of the polymer wire were quantified
using confocal microscopy (Fig. 5(c)). When the pH = 1, the line
width contracted to 474 nm. It then increased monotonically
with rising pH, reaching 597 nm at pH = 13. This volumetric
change directly modulates electrical conductivity. Current-
voltage (I-V) measurements (Fig. 5(e)) reveal that the calculated
conductivity (Fig. 5(f)) increases under acidic conditions and
decreases under alkaline conditions. It should be noted that the
intrinsic conductivities of the pH = 1 and pH = 13 solutions are
3.9 S m" and 2.2 S m™’, respectively, which are negligible
compared to the measured values of the nanostructure and thus
do not compromise the validity of the conductivity results.
Specifically, the conductivity reaches 1041 S m™~ " at pH = 1,
compared to 663 Sm™ ' at pH = 7 and 454 Sm " at pH = 13. The
underlying mechanism of this phenomenon originates from
a multilevel structural response and reorganization within the
material, orchestrated by pH regulation. In acidic environ-
ments, the PAAc network contracts and densifies the matrix
through protonation. This process not only reduces the inter-
chain distances within the conductive PEDOT network but also
drives conformational reconstruction and microstructural
ordering of the PEDOT chains themselves.***" Specifically, the
protonating environment induces a transformation of the
PEDOT chains from their initial, lower-energy “coil-like” ben-
zoid structure with weaker conjugation to an “extended”
quinoid structure possessing higher conjugation length and
superior charge delocalization capability, thereby significantly
enhancing their intrinsic charge transport capacity. Simulta-
neously, following post-acid treatment, the more regularized
PEDOT chains can assemble more effectively, forming
conductive pathways with a higher degree of alignment and
order. Consequently, acid treatment enhances charge transport
efficiency not merely by compressing the matrix to reduce
physical transport distances but, more fundamentally, by opti-
mizing the molecular conformation and long-range ordering of
the conductive filler. Conversely, in alkaline environments,
ionization of PAAc induces electrostatic repulsion and network
expansion, creating greater barriers for charge transport and
diminishing conductivity. The observed geometric cross-
sectional changes further contribute to the magnitude of the
calculated conductivity shifts.

Conclusions

We developed a composite photoresist doped with EDOT for the
fabrication of 3D micro/nanostructures vie DLW technique.
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Post chemical oxidation converts the polymerized network into
a conductive PEDOT matrix. The resulting structures exhibit
a feature size of 250 nm. These structures exhibit pH-responsive
behavior, allowing their electrical conductivity to be reversibly
modulated from 679 S m™" to a range of 454 S m™" at pH = 13
and 1041 S m™ " at pH = 1, in tandem with corresponding line
width changes from 488 nm to 597 nm and 474 nm, respec-
tively. This performance demonstrates the efficacy of our
method for producing high-quality PEDOT nanostructures.
This approach provides a viable pathway for implementing
PEDOT in advanced tunable nanodevices, with particular
promise for applications such as biosensing and neuromorphic
computing systems.
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