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Femtosecond Direct Laser Writing of Conductive and
Electrically Switchable PEDOT:PSS Optical Nanostructures
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Microscale three-dimensional (3D)-printing, with its remarkable precision and
ability to create complex structures, has transformed a wide range of
applications, from micro-optics and photonics to endoscopy and quantum
technologies. In these fields, miniaturization plays a crucial role in unlocking
new capabilities. However, despite these advancements, most 3D-printed
optical structures have remained static, lacking dynamic behavior and
tunability. In this study, a novel approach is presented that combines direct
laser writing with the electrically switchable optical properties of the
conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS). This integration facilitates the creation of dynamic structures
directly on 3D-printed objects, marking a significant step toward adaptive
optical devices. The fabrication of electrically tunable structures is
demonstrated via direct laser writing using PEDOT:PSS on indium tin oxide
(ITO)-coated glass substrates, as well as beneath and atop static 3D-printed
structures. It is found that electrical conductivity as well as the greyscale
behavior of PEDOT:PSS remains intact after direct laser writing. The switching
speed, durability, and gradual tunability of the material are explored upon
complementary metal-oxide-semiconductor (CMOS)-compatible voltages
ranging from −3 to +2 V. In the future, this advancement opens exciting
possibilities in adaptive micro-optics, such as switchable apertures printed
directly onto micro-optical lenses.
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1. Introduction

The fabrication of micro- and nanoscale
devices via direct laser writing (DLW)
has become increasingly relevant for var-
ious applications in optics,[1–4] nanop-
hotonics,[5–7] biotechnology,[8–11] and
micro/nanofluidics.[12,13] Introduced in
1997, DLW offers high spatial resolution,
fast processing times, material flexibility,
and the capability to produce free-form
structures.[14] While alternative methods
such as inkjet printing and electron beam
lithography (EBL) offer specific advantages,
the combination of precision and versatility
makes DLW uniquely beneficial. The tech-
nique typically uses a pulsed femtosecond
laser beam (often at 𝜆 = 780 nm) to alter
material properties through polymeriza-
tion or solubility modulation, allowing
for the formation of complex structures.

Conventional photoresists utilized for
DLW are usually insulating and lack
electronic functionality, limiting a wider
range of applications. Moreover, even
though printed free-form optics are
considered to be the future of modern
optics,[15] these structures do not have

any dynamic character, resulting in static miniaturized devices
such as lenses,[2,3] fiber optics,[5–11] or diffractive optics.[4]

In general, there is a twofold interest in advancing the
DLW fabrication. First, there is a growing interest in printing
conductive structures, essential for applications in electronic
circuits,[16,17] sensors,[18,19] and nanophotonics.[20–22] There have
been different approaches to incorporate conductive materials
into rapid prototyping via DLW, most of them have focused pri-
marily on metal nanoparticles within photosensitive resists, or on
photoinitiated reduction of metal ions.[23–25] However, these ap-
proaches face challenges, such as slow growth rates, high surface
roughness, and in the case of silver nanoparticles susceptibility
to oxidation, which limits their applicability and resolution.

Recent efforts have explored alternatives, such as gold nanos-
tructures formed by photo-polymerization of water-based re-
sists or using light-sensitive gold nanoclusters.[26–28] While being
promising approaches, these methods still produce structures
with high surface roughness and limiting conductivity, still re-
quiring more effective strategies to create conductive and favor-
ably transparent structures that can be seamlessly integrated into
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optical systems. Other approaches, such as blending photopoly-
mers, photoinitiators, and conductive polymers have demon-
strated the ability to create conductive structures. However, these
methods necessitate the preparation of complex mixtures, adding
significant challenges to the fabrication process.[29]

In addition to creating conductive structures, another crit-
ical challenge in DLW is introducing dynamic functional-
ity into printed devices. To address both conductivity and
dynamic tunability, the conductive polymer poly(3,4-ethylen-
edioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is a pri-
mary candidate to be a solution for both issues.[30–32] This mate-
rial not only is conductive but also possesses the intrinsic prop-
erty of undergoing electrochemically induced refractive index
changes enabling dynamic optical control. The material exhibits
tunability in the infrared (IR) between a conductive (oxidized)
and insulating (reduced) state (for 𝜆 > 1.4 μm). However, already
in the visible the active behavior of the material becomes ap-
parent in its electrochromic change of the transmittance. Even
though the material behavior in the IR is usually at the center of
interest, the tunability in the visible is particularly attractive for
hybrid photopolymer systems. The polymer is usually used as
a conductive and transparent electrode that replaces indium tin
oxide (ITO) in applications such as AR/VR systems,[33–36] light-
emitting diodes,[37–39] or bioelectronics.[40–44] Moreover, the ma-
terial is particularly attractive due to its mechanical, thermal, and
oxidative stability.

Despite its promising attributes, previous work expected PE-
DOT:PSS to be incompatible with direct photolithography due
to the lack of chemical orthogonality with photoresists.[45] Pre-
vious publications have addressed these limitations by mixing
acrylate-based photoresin (IP-L) with the conductive polymer or
have structured the PEDOT:PSS using a photolithographic etch
mask.[43,47] Even though these generated structures showed con-
ductive properties, yet only static behavior was investigated. We
address these limitations by demonstrating that PEDOT:PSS can
be directly structured using DLW due to photon-induced solu-
bility modulation retaining both its conductive and switchable
properties.

Compared to photolithography, inkjet printing, screen print-
ing, and roll-to-roll approaches can provide very high through-
put, but are strongly limited techniques in terms of resolution
and accuracy.[47–51] These methods are particularly advantageous
for large-scale objects but are incapable of generating small fea-
ture sizes of down to a few hundred nanometers. Even though
EBL can also be used to structure PEDOT:PSS directly, etch mask
approaches and direct patterning using electrons are incompati-
ble with photopolymer structures and require increased pattern-
ing time especially when mm-sized structures are needed.[52]

Additionally, EBL suffers from increased fabrication complex-
ity. Our three-dimensional (3D)-printing approach leverages the
strengths of DLW to enable rapid, high-resolution structuring of
PEDOT:PSS keeping the fabrication complexity low, and facilitat-
ing the fabrication of hybrid, multifunctional devices.

To the best of our knowledge, direct structuring of switch-
able materials using DLW has not yet been accomplished. We
demonstrate direct structuring of the conducting polymer PE-
DOT:PSS based on a photon-induced solubility modulation and
present the integration of this conductive polymer into hybrid
DLW-fabricated optical devices. This approach yields hybrid, dy-

namic structures with high spatial resolution (down to 400 nm),
robust conductive properties, and fast, reversible electro-optical
switching. The conductivity is measured at ≈1 S cm−1 using four-
point probe measurements and we present electro-optical func-
tionality operating at telecom wavelengths (𝜆 = 1.55 μm). Con-
cluding, we present greyscale operation, enabling precise control
over the light diffraction intensity.

2. Experimental Results

2.1. Direct Laser Writing of Conducting and Switchable
Structures

The fabrication of switchable conducting polymer structures via
DLW relies on photon-induced solubility modulation. The poly-
mer PEDOT:PSS exhibits conductive properties and water sol-
ubility in its as-cast state, making it suitable for spin-coating
and attractive for applications requiring conductive layers such
as electrodes. Upon laser irradiation, areas of PEDOT:PSS ex-
posed to the laser light experience a change in water solubility
due to radiation-induced crosslinking between polymer chains. It
is assumed that heat generated during the laser exposure drives
this solubility change, enabling direct patterning of the polymer
without restriction to the source of heat input. As a result, direct
structuring of the switchable material is achievable via femtosec-
ond laser irradiation or as previously shown via electron beam
lithography.[45]

The fabrication protocol is illustrated in Figure 1a. Initially, the
liquid PEDOT:PSS solution is drop-casted onto a cleaned, oxy-
gen plasma-treatedITO coated glass substrate and spin-coated to
form a homogeneous thin film. The ITO layer ensures electri-
cal accessibility. Spin-coating parameters are chosen to produce
a film thickness of 90 nm. Repeating the coating process for a
second time results in films with ≈180 nm used for the follow-
ing experiments. Thicker films can be achieved by lowering the
spin-coating speed or by increasing the concentration of the con-
ducting polymer in the liquid solution by partial solvent evapora-
tion. Films up to 500 nm thick were successfully switched using
our electrochemical approach, providing enhanced device func-
tionality. However, this benefit comes with the trade-off of slower
switching times. To balance these two factors, the thickness of
180 nm was chosen as the optimal compromise. The femtosec-
ond laser is focused through the glass substrate onto the poly-
mer film to define the desired patterns by locally altering the wa-
ter solubility. Subsequent development is achieved by immers-
ing the sample in water for 90 s where unexposed areas dissolve,
while irradiated regions remain intact, preserving the initial film
thickness.

PEDOT:PSS thus functions as a negative photoresist. Our pro-
posed photolithographic approach directly structures the con-
ducting polymer, in contrast to conventional methods that rely on
the generation of etch masks using photoresists. By eliminating
this additional step, our fabrication routine minimizes complex-
ity and keeps the process streamlined.

The described method offers significantly reduced fabrication
time compared to the initially utilized electron-beam lithogra-
phy. While these reductions are substantial, mass fabrication
remains unfeasible. Achieving true scalability would require
photomask exposure with an optimized dose. Nevertheless, the
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Figure 1. Fabrication of electrically switchable structures via DLW and combination with photopolymer structures. a) Schematic of the fabrication pro-
cess: A conducting polymer layer (PEDOT:PSS) is spin-coated on an ITO-coated glass substrate (thickness 180 nm). Direct laser writing is performed
utilizing a 780 nm femtosecond laser beam, followed by development in water for 90 s to remove unexposed areas. b) Absorbance spectrum for 180 nm
PEDOT:PSS from 380 nm to 2 μm, showing increasing absorbance at longer wavelengths measured by UV–vis–NIR spectrophotometry. In (c), the reso-
lution of optical nanostructures is shown. The periodicity of the optical gratings is 3 μm, as the width of the wires ranges from a minimum of 400 nm to
1.25 μm. d) Integration of switchable, conducting polymer wires with conventional photopolymer structures (IP-S). PEDOT:PSS wires are printed on the
ITO-coated glass substrate covered by an IP-S bridge. In the next step, conducting polymer wires are fabricated on top of the IP-S bridge. On the left, a
zoom-in of the SEM image is shown, on the right, microscope images depict the conducting (+2 V) and insulating state (−3 V).

proposed method greatly simplifies fabrication and lowers costs
by eliminating the need for additional evaporation or etching
processes.

Figure 1b displays the absorbance spectrum of a 180 nm PE-
DOT:PSS film, measured from 380 nm to 2 μm using a UV–vis–
NIR spectrophotometer. Absorbance increases with wavelength,
reaching ≈7.5% at 780 nm. Transmittance spectra of three differ-
ent film thicknesses are presented in Figure S1 for the metallic
and insulating state. Our approach enables high-resolution sol-
ubility modulation in the conducting polymer. To establish the
resolution limit, nanowires with a periodicity of 3 μm are fab-
ricated, reducing the wire width (w) from 1.25 μm to 400 nm.
Below 400 nm, adhesion to the ITO substrate is compromised,
thus affecting the required electrical connectivity. The observed
limit consequently lies at a width of 400 nm. No residual poly-
mer is observable between the nanowires even with filling fac-
tors up to 42%, demonstrating the precision of this fabrication
method.

To verify the retention of the electrical properties after pat-
terning, we measured the material conductivity using an estab-
lished four-point probe (4PP) method (Figure S2). Conductivity

measurements on unpatterned films (thickness of 90 and
180 nm) yielded values of ≈0.2 and 0.1 S cm−1 respec-
tively, aligning well with previously measured conductivity
benchmarks.[45,53] The conductivity increases to ≈1 S cm−1 for
patterned films with a film thickness of ≈170 nm. To obtain
these parameters, a 5 × 0.7 mm2 patch was patterned using the
prescribed fabrication method, and geometric correction factors
were applied as in previous studies.[54] Details can be found in
the corresponding methods section. The increased conductivity
in patterned samples remains unexplained and could be an in-
teresting focus for future research. This behavior can possibly
be explained by morphological changes of the conducting poly-
mer upon laser exposure, having a direct impact on direct current
(DC) conductivity. Thus, PEDOT:PSS retains its conductive prop-
erties post-patterning confirming that DLW is a viable technique
for structuring conductive polymer films. A further increase of
the DC conductivity is possible using treatment with for example
ethylene glycol (EG).[51] Higher conductivities can be achieved by
using films with higher crystallinity of PEDOT. However, for the
subsequent switching experiments based on the intrinsic redox
reaction, altering the electrical properties is not required.
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Figure 2. Electrical switching of direct laser written diffraction gratings. Demonstrating the electrical switching between the off-state at a negative voltage
(a), and the on-state at a positive voltage (b), by altering the optical properties of the conducting polymer. The center image depicts the electrochemical
cell required to drive the redox reaction in the PEDOT:PSS. The cell is formed by two ITO-coated glass substrates enclosing a gel electrolyte. Applying
a voltage between the two electrodes enables changes in the optical properties of the conducting polymer. In the on-state, a refractive index difference
between the polymer wires and the surrounding electrolyte causes the first diffraction order to appear at an angle of 31°, depicted on the IR camera
image on the bottom. The inset provides a cross-section of the image. The zeroth order is attenuated to avoid camera saturation.

2.2. Direct Laser Writing of Switchable PEDOT:PSS Structures on
Static 3D Polymers

The miniaturization of optical components is a pivotal focus of
optical science. A significant advancement in this domain has
been the development of 3D nanofabrication techniques for opti-
cal components using DLW with photosensitive polymers. Struc-
tures such as lenses and fiber-integrated optics have been suc-
cessfully fabricated using this technology. We envision that the
next crucial progression in this field involves the incorporation
of active dynamics into these miniaturized optical components.
Consequently, we establish the integration of switchable struc-
tures based on the conducting polymer PEDOT:PSS with static
photopolymer structures, specifically fabricated from IP-S (Nano-
scribe GmbH). Figure 1d illustrates this integration in scanning
electron microscopy images of the fabricated hybrid structure.
PEDOT:PSS wires are first fabricated on an ITO-coated glass
substrate, following the established DLW method. Subsequently,
these wires are overlaid with an IP-S bridge, created via DLW
using the Nanoscribe Photonic Professional GT. In the conclud-
ing fabrication step, the IP-S bridge is coated with PEDOT:PSS
through dip-coating and the additional PEDOT:PSS wires on top
of the bridge are generated using DLW. Using this 3-step process
enables the fabrication of wires underneath the static photopoly-
mer structures as well as wires on top of the IP-S bridge.

The entire PEDOT:PSS structure can be switched repeatedly
between the conductive and insulating states, as demonstrated
in the images on the right by applying voltages from −3 to +2 V.

The conducting polymer is especially interesting due to its intrin-
sic electrochemically driven metal-to-insulator transition, which
allows for the electrical manipulation of the charge carrier den-
sity of the material. To control the switching mechanism, a two-
electrode electrochemical cell is created based on two ITO-coated
glass substrates for electrical access embedding a gel polymer
electrolyte in between. A schematic of the cell is presented in the
center of Figure 2.[55] The gel electrolyte required for the elec-
trochemical redox reaction providing charge neutrality consists
of lithium perchlorate (LiClO4) dissolved in polyethylene oxide
(PEO) and acetonitrile (ACN) (see methods). Although smaller
voltages may already be sufficient, the applied voltages are cho-
sen to ensure that the intrinsic redox reaction is fully driven while
remaining in a CMOS-compatible range.

The mixed conductor PEDOT:PSS can reversibly couple ionic
and electronic charges, resulting in significant alterations in its
doping state, charge carrier density, and, consequently, its op-
tical properties. Applying a negative voltage induces the reduc-
tion process of the conducting polymer. The ions from the sur-
rounding electrolyte compensate for the changed charge state re-
sulting in the depletion of hole charges and in the neutral state.
This complete dedoping is connected to the loss of delocalized
electrons along the polymer backbone. This transition results in
a reduced PEDOT:PSS charge carrier density, combined with a
modification of the band structure. Changing the applied voltage
to a positive voltage, the electrochemical redox reaction leads to
an oxidized material state where a high charge current density
is present. This observed reaction leads to a significant change
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in the dielectric function which can be utilized for tunable and
dynamic applications.

In the upper image of Figure 1d, a voltage of +2 V is ap-
plied, placing the polymer in its conducting and fully doped state.
In this state, the material remains nearly completely transmis-
sive in the visible spectral range. In contrast, applying a voltage
of −3 V transitions the polymer into its insulating state. This
change in the material state becomes apparent due to a signif-
icant color change from transparent to dark blue. Interestingly,
the switching is not limited to the material in direct contact with
the electrolyte or the ITO but also extends to structures under-
neath and on top of the insulating IP-S bridge. The IP-S bridge
remains barely visible in the two images due to the similar refrac-
tive indices of the photoresist and the gel electrolyte. At an inci-
dent wavelength of 656 nm, the refractive index of IP-S is nIP-S
= 1.508 compared to nelectrolyte = 1.393 for the gel electrolyte.[56]

The switching process is fully reversible and operates at CMOS-
compatible voltages.

2.3. Electrically Switchable Diffraction Grating for Telecom
Wavelengths

This switching mechanism, combined with the fabrication
method based on DLW, can now be applied to create an opti-
cal diffraction grating, exhibiting functionality at telecom wave-
lengths (𝜆 = 1550 nm). PEDOT:PSS has its plasma wavelength
approximately at 1.4 μm, meaning that for larger wavelengths
the material behaves optically metallic. Consequently, at telecom
wavelengths, PEDOT:PSS exhibits metallic properties, allowing
for strong interactions between the grating and the incident light.

The optical diffraction grating is composed of wires with
1.5 μm width with a periodicity of 3 μm, resulting in a first-order
diffraction angle of 31.1°. The electrical tunability of this diffrac-
tion grating is demonstrated in Figure 2, where transmitted and
first-order diffracted beams are captured using an IR camera.

By adjusting the applied voltage, the diffraction properties can
be toggled between on (metallic state) and off (dielectric). In
Figure 2a, a voltage of −3 V is applied, placing the material in its
dielectric state where the refractive index of the conducting poly-
mer closely matches that of the surrounding PEO-based gel elec-
trolyte. When a voltage of +2 V is applied, the system is switched
on as the electrochemical oxidation is triggered, shifting the re-
fractive index of the polymer. This results in a refractive index
contrast between the grating material and the electrolyte, lead-
ing to diffraction of the incident laser beam and a visible diffrac-
tion pattern. The IR camera images at the bottom of Figure 2
depict the purely transmitted beam and the first-order diffracted
beam. In the dielectric state, no diffraction is observed while in
the metallic state, a first-order diffraction peak becomes appar-
ent at the expected angle of 31.1°. Highlighted by the inset, the
profile through the center of the images indicates the same ob-
servations. To avoid camera saturation, the zeroth order of the
beam is attenuated. The switching of the diffraction properties is
repeatable and stable.

Figure 3 illustrates three full switching cycles, with a square
wave voltage (15 s per cycle) turning the first diffraction order
off (−3 V, white) and on (+2 V, grey) multiple times (Figure 3,
bottom).

The counts in the first diffraction order (Figure 3, top) demon-
strate rapid switching and a direct correlation between the ap-
plied voltage and the intensity of the diffracted beam. The current
flow through the electrochemical cell (Figure 3, middle) quickly
stabilizes, indicating consistent reduction and oxidization over
multiple cycles.

2.4. Switching Speed and Sample Longevity

To gain deeper insights into the switching behavior and elec-
trochemically induced carrier density modulation in DLW-
fabricated conducting polymer structures, we investigated the
switching speed of these optical devices, displayed in Figure 4a,b.
Switching off occurs when the voltage is adjusted from +2 V to
−3 V while switching the system on is achieved by applying a
positive voltage. The laser setup for measuring the switching per-
formance is illustrated in Figure 4c. A helium-neon laser (𝜆 =
632 nm) is focused through an optical chopper wheel operating at
6.4 kHz. The modulated beam is adjusted in size by a telescope to
fully illuminate the conducting polymer sample while a potentio-
stat is used to externally control the redox state of the conducting
polymer. The transmitted and modulated signal is then captured
by a photodiode and analyzed using a lock-in amplifier.

Examining individual switching events allows us to determine
the switching speeds present in the reduction and oxidization of
the material.

The fall and rise times, defined as the time span required for a
90% to 10% modulation and vice versa of the transmitted inten-
sity, are highlighted by the grey areas in Figure 4a,b. We observe
a rapid, fully reversible switching of the device. The fall time cor-
responds to a switching speed of 𝜏 fall = 0.18 s, and the rise time
to 𝜏rise = 0.085 s, resulting in a total duty cycle of 0.265 s or a max-
imum switching frequency of 3.8 Hz. The slower fall time during
reduction indicates a delayed depletion process of the hole charge
carriers in the polymer backbone, compared to the faster oxida-
tion process. This aligns with previous observations that the con-
ducting polymer PEDOT:PSS preferentially is present in its oxi-
dized state.[57] Enhancing the switching speed is feasible through
various methods as it directly depends on the properties of the
conducting polymer thin film and the choice of the electrolyte.
For instance, a reduced conducting polymer film thickness di-
rectly decreases the switching time. Additionally, switching to a
liquid electrolyte could further accelerate the switching due to
the increased ion mobility compared to the gel-like electrolyte, al-
though this would add complexity to the electrochemical cell de-
sign. In addition, the film treatment and choice of the resistivity
of the ITO-coated substrate have a direct impact on the switching
speed. Previous studies have found that heat treatment of the PE-
DOT:PSS film results in increased film stability however leading
to the drawback of increased switching times.[55]

We further assessed device durability by performing 250
switching cycles, equivalent to a total switching time of 50 h.
Figure 4d presents the transmitted intensity over cycles 1 to 10,
185 to 195 (middle), and 240 to 250 (right), with the correspond-
ing applied voltage displayed below. During each cycle, voltages
of −3 and +2 V were applied for 6 min each to allow for full
switching of the device. Although the switching time, in the be-
ginning, is significantly shorter than 6 min, this time span for
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Figure 3. Repeated electrical switching of the diffraction pattern. The diffraction pattern generated by the optical grating can be repeatedly switched on
and off by adjusting the applied voltage. (Top) IR camera zoom-in on the first diffraction order, showing the presence or absence of the spot. Underneath
the camera images, the counts in the first diffraction order averaged over 2 s are displayed. No counts are detected in the off-state (white), while a
clear increase is observed in the on-state (grey). (Middle) Current flow through the electrochemical cell during the switching process, showing a stable
switching between the off- and on-state across multiple cycles. (Bottom) The applied voltage is shown, alternating between −3 V (off-state) and +2 V
(on-state), each applied for 15 s.

the voltage application was chosen to ensure complete switching
even during later cycles, as the switching speed decreases with
prolonged operation. Over the time of 50 h, only minor degra-
dation was observed, with a slight decrease in switching con-
trast (21% modulation reduction). This degradation likely arises
from factors such as volume expansion in the conducting poly-
mer, incomplete switching, and gas bubble formation within
the ion-gel electrolyte. Nevertheless, the sample maintains ho-
mogeneous switching behavior and supports continuous oper-
ation of the diffraction grating with no significant decrease in
device performance in the solid-state gel polymer setup. More
details on the sample durability can be found in Figure S3,S4,
and S5, analyzing the transmittance, the current flow through
the electrochemical cell, and the switching speed after cycle 1 and
cycle 250.

2.5. Greyscale Intensity Tuning

Finally, we examined whether intermediate states between the
reduced (−3 V) and oxidized (+2 V) states could be achieved by
applying voltages between these endpoints. Successive electro-
chemical doping would ideally allow for partial electrochemical
reactions, leading to gradual changes in the refractive index of the
conducting polymer. As the refractive index becomes greyscale-
tunable, the diffraction properties directly related to the refractive
index difference to the surrounding electrolyte should also ex-
hibit incremental adjustability. This interesting behavior would

enable the device not only to toggle between on and off but also
to achieve intermediate intensity levels by finely tuning the ap-
plied voltage.

In Figure 5, this predicted behavior is demonstrated. In
Figure 5a, the applied voltage is varied from −1 to +2 V, cy-
cling back to −1 V in steps of 0.5 or 0.25 V. Observing the IR
camera images reveals an increase in the intensity of the first
diffraction order starting ≈+1.25 V as the material transitions
to a more oxidized state, reaching its peak intensity at +1.5 V.
This effect enables the control over the amount of light diffracted
into the first order. The entire voltage range (−3 to +2 V) was
cycled, though only selected IR camera images are shown. The
voltages at which the images were captured are marked by the
red dots in Figure 5b. The full switching cycles, spanning −3 to
+2 V and back, required 500 s. In Figure 5c, a cyclic voltammetry
diagram displays the current flow against the applied voltage over
four complete cycles to illustrate the electrochemical behavior of
the material. In this diagram, the reduction and oxidation points
are identifiable, with the cycling direction indicated by the two
black dotted arrows. The starting point is at ≈0.5 V cycling toward
−3 V indicated by the black point. Upon increasing the potential
from −3 to +2 V, the oxidation process is observed. Decreasing
the potential to −3 V in the backward scan shows two distinct
reduction processes at ≈+0.5 and −1.25 V, which likely involve
charge trapping effects, as especially the peak at −1.25 V gains
in current during continuous cycling. The behavior is compara-
ble to the electrochemistry of planar PEDOT films in acetonitrile
electrolytes.[53,57]
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Figure 4. Investigation of the switching speed and sample longevity. The switching speed for turning the diffraction pattern a) off and b) on is presented.
The fall and rise curves of the switching process are displayed, with the switching speed defined as the time required to achieve a 90–10% modulation
of the transmitted signal. c) The laser setup used to measure the switching speed and the longevity behavior is shown. A 632 nm helium-neon laser,
modulated at a frequency of 6.4 kHz by an optical chopper, is focused on the PEDOT:PSS sample. A photodiode detects the transmitted signal, which
is analyzed using a lock-in amplifier to assess the switching behavior. d) Longevity is evaluated by examining the transmitted intensity during cycles 1 to
10 (left), 185 to 195 (middle), and 240 to 250 (right). Voltages are applied for 6 min each resulting in a full switching time of 50 h.

Figure 5. Greyscale intensity tuning. The intensity of the first diffraction order can be gradually adjusted by varying the applied voltage. a) IR camera
zoom-in on the first diffraction order, showing a visual increase in intensity as the voltage is changed. b) The applied voltage is changed between −3 V
(off-state) and 2 V (on-state) to control the diffraction intensity. The red dots indicate the specific voltages at which the images shown in (a) were
captured. c) Cyclic voltammetry diagram for four cycles between −3 and 2 V indicating stable switching behavior. The cycling direction is indicated by
the black dotted arrows, the starting point at +0.5 V with the black point. d) The diffracted intensity is plotted as a function of the applied voltage. For
voltages <1 V, little to no intensity is detected in the first diffraction order. At higher voltages, a clear increase in the intensity is observed.

Adv. Optical Mater. 2025, 2403271 2403271 (7 of 10) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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In addition, the depicted IR camera images, the measured in-
tensity in the first diffraction order is presented as a function of
the applied voltage in Figure 5d. At voltages below +1 V, barely
any intensity is detected by the IR camera. However, as the volt-
age increases, the diffraction intensity rises, corresponding to a
growing refractive index contrast between PEDOT:PSS and the
surrounding electrolyte. This results in an enhanced diffraction
efficiency.

Interestingly, the peak intensity is observed at +1.5 V on the
return cycle to −3 V corresponding to the displayed IR camera
images. While a decrease in the first-order diffraction intensity
would typically be expected, the increased intensity at this point
is most likely due to a hysteresis effect seen in the polymer switch-
ing behavior. This hysteresis implies that the transition from re-
duced to the oxidized state does not strictly follow the same route
as the other way round, leading to small differences in the refrac-
tive index and thus to different diffraction intensities depending
on the cycling direction. A similar behavior has been reported for
switchable PEDOT:PSS in an earlier publication.[32]

3. Conclusion

In summary, we successfully demonstrated a robust, direct fab-
rication process for electrically switchable, conducting structures
of commercially available polymer PEDOT:PSS, utilizing direct
laser writing. The rapid patterning method achieves high spatial
resolution and retains the electrical, optical, and switchable prop-
erties of PEDOT:PSS, reliably producing polymer nanowires with
feature sizes down to 400 nm. In contrast to other fabrication
techniques for PEDOT:PSS, this approach allows for the integra-
tion of switchable elements with conventional static photopoly-
mer structures, such as IP-S bridges with conducting polymer
wires placed both underneath and on top. We consequently es-
tablish a new route toward multifunctional miniaturized optical
devices.

We further leveraged the technique to fabricate a compact and
electrically switchable device for optical beam switching effective
at telecom wavelengths. This functionality in combination with
greyscale intensity tuning of the diffraction power by accessing
intermediate states demonstrates the versatility of PEDOT:PSS
for dynamic control of light. Switching speed and long-term sta-
bility tests revealed stable and fast switching performance across
extensive switching cycles with minimal degradation in modula-
tion contrast.

This work lays the foundation for more complex multifunc-
tional optical systems – such as printed optical lenses with tun-
able apertures for adjustable brightfield and darkfield imaging, or
the integration of switchable materials for the realization of active
metasurfaces on optical fibers. Future investigations may explore
structuring using continuous wave lasers to further reduce the
fabrication time or materials optimized for visible wavelengths,
aiming to enhance charge carrier concentrations to enable effi-
cient switching in the visible. Additionally, incorporating a suit-
able photoinitiator into the switchable material combined with
two-photon polymerization facilitates true 3D-printing of stable,
switchable structures.

4. Experimental Section
Materials: The samples were prepared using commercially available

PEDOT:PSS (Clevios PH 1000, Ossila) with a weight ratio of 1:2.5.
Switching experiments were conducted in a home-built electrochemical
cell, which encapsulated a gel electrolyte between two ITO-coated 15 ×
15 mm2 glass substrates. The gel electrolyte was composed of polyethy-
lene glycol (PEO, 100 kg mol−1) and lithium perchlorate (LiClO4) in
an 8:1 PEO to LiClO4 ratio, dissolved in acetonitrile (ACN) at a con-
centration of 0.4 g ml−1. All required chemicals for the gel electrolyte
were bought from Sigma-Aldrich. No reference electrode was used in
this setup. A potentiostat (BioLogic SP-200) was utilized to control
the applied voltage. Furthermore, cyclic voltammetry was carried out
over four cycles with a voltage range of −3–+2 V at a scan rate of
20 mV s−1.

Thin Film Preparation: The conducting polymer films were generated
on ITO-coated glass substrates via spin-coating. The substrates (CEC020T,
Präzisions Glas & Optik GmbH) measuring 15 × 15 mm2 have a thickness
of 175 μm. The substrates were cleaned with acetone and isopropyl alcohol
(IPA), dried under nitrogen flow, and treated with oxygen plasma for 2 min.
The plasma treatment increased the substrate hydrophilicity, enhancing
the PEDOT:PSS adhesion and improving the resulting thin film quality.

After substrate cleaning, the conducting polymer PEDOT:PSS was spin-
coated. The material was deposited on the sample, spin-coated with
2500 RPM for 5 s, followed by 3000 RPM for 55 s. This procedure was
repeated a second time to obtain an increased film thickness. For most of
the measurements, the films had a thickness of 180 nm, measured with
a contact stylus surface profilometer (Dektak 150 Veeco, Bruker). A sin-
gle spin-coating cycle yielded a film thickness of ≈90 nm, which was used
for the additional conductivity measurement. For the conductivity and ab-
sorbance measurements, samples were prepared on glass substrates with-
out the ITO layer.

Absorbance Measurement: The absorbance of a 180 nm thick PE-
DOT:PSS film was measured from 380 nm to 2 μm using an Agilent
CARY 7000 UV–vis–NIR spectrophotometer. The measurements were con-
ducted in double-beam mode with a fixed spectral bandwidth of 2 nm and
vertical as well as horizontal apertures of 2°V, ensuring a focused and small
beam size on the sample. To maintain accuracy, a data interval of 1 nm and
a scan rate of 600 nm min−1 were used. PEDOT:PSS was spin-coated on
a pre-cleaned and plasma-treated glass substrate resulting in a 180 nm
film thickness. The empty substrate itself served as the reference for the
measurement.

Four-Point Probe Measurement: The electrical conductivity 𝜎 of DLW
PEDOT:PSS structures was measured using a four-point probe system
(SP4-40045TBS probe head, Signatone, and 2636 system sourcemeter
electrometer, Keithley). The conducting polymer was spin-coated as ex-
plained before on a pre-cleaned, oxygen plasma-treated glass substrate
resulting in films with thicknesses of 90 and 180 nm. A 5× 0.7 mm2 square
pattern was created to enable the four-point measurement. For compari-
son, the same measurement was performed on unpatterned 15 × 15 mm2

PEDOT:PSS to obtain a reference. The conductivity of both patterned and
unpatterned samples was calculated using established empirical geomet-
rical correction factors. The conductivity 𝜎 is determined by using 𝜎 = 𝜌−1.
The resistivity 𝜌 can be calculated as 𝜌 = 𝜌s · t, where 𝜌s is the sheet resis-
tance and t the film thickness. The sheet resistance 𝜌s is determined via
𝜌s = (U/I) · C, where C is the geometrical correction factor (Cfilm = 4.3882,
Cstructured = 0.7).[49]

Sample Fabrication by Direct Laser Writing (DLW): The DLW of spin-
coated PEDOT:PSS films was performed utilizing a Nanoscribe Photonic
Professional GT (Nanoscribe GmbH) with a femtosecond laser at 780 nm
with a repetition rate of 80 MHz. All structures were fabricated in oil im-
mersion configuration using a 63x objective. Most of the samples were
written with a laser power of 6% (corresponding to 1.3 mW output power
after the objective) and a scan speed of 5000 μm s−1. The structures were
created by printing 2D lines with 2 μm slicing and a hatching distance of
0.2 μm.
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After laser structuring, the sample backside was cleaned with IPA to
remove any residual immersion oil. The sample was developed in water for
90 s to remove unexposed areas, leaving only the laser-exposed structures
on the ITO-coated glass substrate for switching experiments.

For the bridge structure depicted in Figure 1d, the ITO-coated glass sub-
strate was pre-cleaned and plasma-treated before spin-coating the 180 nm
conducting polymer film. The lower conducting polymer wires were fabri-
cated as explained in the main text. After developing the sample in H2O,
the photoresist IP-S was deposited on top of the PEDOT:PSS wires. The
bridge was written in oil immersion mode. The bridge has a width of 50 μm,
a length of 80 μm, and a total height of 5 μm. Structuring the IP-S used a
slicing of 0.1 μm and a hatching of 0.2 μm to ensure smooth curvature of
the bridge surface. The sample was developed for 12 min in mrDev-600
(micro-resist technology GmbH) followed by 3 min in IPA.

To obtain the PEDOT:PSS wires on top of the bridge, the sample was
dip-coated in the conducting polymer. After structuring the upper PE-
DOT:PSS wires via DLW, the samples were developed in water for 90 s
and dried using nitrogen flow, resulting in fully structured samples.

Electrochemical Switching of the Optical Diffraction Grating at 1550 nm:
The fabricated diffraction gratings were analyzed at a telecom wavelength
of 1550 nm. A tunable IR laser (Stuttgart Instruments Alpha HP) was ad-
justed to the desired wavelength. The diffraction pattern was captured us-
ing an IR beam profiler (Pyrocam IV, Spiricon). The Beam Gage software
was used for image acquisition, and the individually captured images were
averaged during post-processing to reduce noise. To prevent saturation of
the IR camera, the zeroth order transmitted through the samples was at-
tenuated using a filter.

Switching Speed and Longevity Measurement: The switching speed and
sample longevity of the diffraction gratings were evaluated using a helium-
neon (HeNe) laser (LHP-151, Melles Griot) at 632.8 nm in an optical chop-
per setup. The chopper was set to a modulation frequency of 6.4 kHz and
the signal was detected using a switchable gain detector (PDA100A2, Thor-
labs). The detected signal was analyzed with a lock-in amplifier (MFLI,
Zurich Instruments). For switching speed measurements, a time constant
of 1 ms was applied, while a time constant of 5 ms was used for longevity
tests (Figure S1).
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