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1. Introduction

In the last decade, optical communication
paved its way more and more toward infor-
mation technology. While in the 20th
century, electronic signals were mainly
used as the information carrier, optical
fibers made with transparent dielectric
materials are nowadays replacing
metallic cables as the information-carrying
medium. Moreover, with their broad
bandwidth and low power consumption,
photonic integrated chips enabled by
structured light propagating waveguides,
became a competitive counterpart to tradi-
tional electronics.[1] In general, such pho-
tonic systems exploit light modulation
through phase, intensity, and polarization
to en- and decode information for signal
processing.[2] With specific topological
waveguide structures, mathematical opera-
tions such as differential functions, Fourier

transforms, and multiply-accumulate computations could be
realized in an analog fashion, for which electronics require a
large computational capacity.[3] Especially, optical neuromorphic
engineering is a promising candidate to surpass the von
Neumann-based neural network simulations due to their
advantages of large parallel operations and low power
consumption.[4] In such optical devices, addressing different
channels is one of the key parts affecting performance.
Therefore, various optical neuromorphic devices were reported
by using different optical multiplexing methods.[5] The most
common methods of addressing single channels optically are
wavelength division multiplexing (WDM) and time division mul-
tiplexing (TDM).[6] While WDM assigns single channels with dif-
ferent wavelengths by interference, TDM uses pulse timing by
designing different optical path lengths for each waveguide chan-
nel. However, both are subject to high requirements regarding
fabrication and output detection, since a spectral or time encod-
ing is needed respectively.

Therefore, in this work, we demonstrate a simple method for
optical multiplexing via intensity modulation to address each sin-
gle channel exclusively by using digital signals as schematically
shown in Figure 1a. By connecting two Y-branch layers in series
(layers 1 and 2), 2-bit (one-to-four) demultiplexing was demon-
strated. For this purpose, we utilized the coloring and bleaching
effect of electrochromic (EC) materials to control the intensity of
the propagating light in waveguides. Distinct to the phase mod-
ulation, electrochromic materials like PEDOT:PSS and tungsten
oxide (WO3) exhibit a broad absorption peak in the visible and in
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Photonic circuits attract much attention as promising candidates to overcome the
drawbacks of their electronic counterparts. By utilizing the broad bandwidth and
low energy consumption of optical communication, hybrid circuits can provide a
comprehensive platform for the era beyond Moore’s law. In particular, parallel
matrix operations, the heavy lifting behind neural networks, remain challenging
for traditional electronics due to high heat dissipation. To enable these parallel
computations optically, (de-)multiplexing is crucial to address the different
channels. Previously this has been accomplished with complex spectral or time
encodings in wave division or time division methods. However, herein, a simple
method to address parallel optical channels exclusively with 2-bit signals is
presented. By using PEDOT:PSS as electrochromic material for intensity mod-
ulation, light transmission or absorption is controlled by oxidation and reduction
with an electrolyte. Y-branch structures are used to design the multiplexing layout
and to assign the 2-bit states to the channels. This binary addressable optical
multiplexer, therefore, combines optical communication with electronic signals
into a hybrid circuit.
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the near-infrared region when reduced and are almost transpar-
ent when oxidized.[7] While already established in smart displays
and windows, electrolyte-controlled EC effects on waveguides
recently received more attention for novel applications in
photonics.[8] By coating optical waveguides with EC materials,
the intensity modulation is mediated by the evanescent field
which appears at the waveguide borders and interacts with the
surrounding materials. Furthermore, previous reports showed
that the intensity modulation of the guided light is additionally
enhanced by surface plasmon polariton (SPP) excitations. In
brief, SPPs are electron oscillations coupled to electromagnetic
fields, which propagate along a conductor–dielectric interface.
Thus, since reduction (coloring) and oxidation (bleaching) by
ion migration leads to a conductivity change of the EC material,
SPP excitations are switched on and off increasing the modula-
tion effect on the guided light.[8,9] In the presented device
described in Figure 1, we used PEDOT:PSS as the EC material
deposited on a 40 μmwide and 5 μm high-embedded SU-8 wave-
guide. As shown in Figure 1b, both arms of the same Y-branch
were paired up together by an ion gel electrolyte, which allowed
to address each arm exclusively with just one working electrode.
A well-known mixture of the polymer poly(styrene-block-
methylmethacrylate-block-styrene) (PS-PMMA-PS) and the ionic
liquid (IL) 1-Ethyl-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide ([EMIM][TFSI]) was used to shift the ions between
the optical arms.[10] To control the electric field, 50 nm thin gold
electrodes were structured on the waveguide with an open win-
dow to enable a direct interaction between the guided light and
the EC material PEDOT:PSS. For the measurement of the
(de-)multiplexing device, lensed fibers were used at the

in- and output together with a 730 nm light-emitting diode
(LED) source and a charge-coupled device (CCD) detector.

2. Results and Discussion

2.1. Modulation Characteristics

To exploit the intensity modulation in waveguides for (de-)
multiplexing, a single embedded SU-8 waveguide was first pre-
pared to characterize the modulation behavior. For this
purpose, PEDOT:PSS was deposited on a frame-like shaped gold
electrode, which was directly structured on the waveguide. To
control the coloring and the bleaching of the PEDOT:PSS, an
additional counter electrode (ground) was used to shift the ions
in and out of the EC material. As illustrated in Figure 2a, a posi-
tive bias triggers the TFSI anions to penetrate the EC material,
resulting in bleaching in the visible and coloring in the infrared
region through p-doping via oxidation of the PEDOT. The result-
ing radical cations and dications, or polarons and bipolarons,
respectively, act as charge carriers filling up the energy gap with
additional states in PEDOT, as shown in Figure S1, Supporting
Information.[11] Whereas, a negative bias conducts a dedoping
due to the reduction of the PEDOT, since the EMIM cations com-
pensate the sulfonate groups.[12] Exploiting these effects, the light
intensity of the waveguide can be modulated through the evanes-
cent field E2, as schematically shown in Figure 2a. In the colored
state, the field intensity of the guided light drops exponentially
with the overlap length between the EC material and the wave-
guide according to the Lambert–Beer law with an estimated

Figure 1. a) Schematic picture of the binary addressable optical (de-)multiplexer (BAOM) consisting of two layers of y-branches connected in series.
Channels can be addressed by applying voltages on V1 (first bit) and V2 (second bit) according to the 2-bit state. The microscope pictures show the
branches and the electrodes of the device. The Voffset is the logic supply, with which the voltage level of the 2-bit code is controlled. b) Cross-sectional
view of the paired waveguides. At the top, the chemical structure of the utilized ion gel electrolyte is presented. The picture at the bottom shows light
transmission of either the right or left waveguide depending on the coloring and bleaching of the electrochromic PEDOT:PSS according to the applied
voltage.
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extinction coefficient of 0.32mm�1 at 730 nm wavelength.[13] As
shown in Figure 2b, by alternating the voltage every 200 s
between 1.5 and �1.5 V against the grounded counter electrode,
an ionic current of about 15 μA at the peak was observed when
the electric field direction was reversed. Thereby, the normalized
transmission at 730 nm exhibited a modulation range of about
55% on a single device. The operation wavelength was chosen
based on absorption spectrum of bleached and colored state
in Figure S3, Supporting Information revealing the highest mod-
ulation at 730 nm wavelength in the visible region. As evident by
the ionic current decay, the transmission wasmainlymodulated in
the first 30 s of the field reversal thus showing a rectangular shape
in the transmission-time diagram. Furthermore, Figure S4,
Supporting Information exhibits device performance of 1,000

switches utilizing a sandwiched-sealed aqueous lithium triflate
electrolyte on the same waveguide structure, demonstrating the
high reliability of PEDOT:PSS in terms of transmission modula-
tion. This observation corresponds with various prior studies.[14]

2.2. Proof of Concept: Binary Addressable Optical (De-)
multiplexer (BAOM)

Applying the elaborated results of the single device (Figure 2)
toward a (de-)multiplexer device, as shown in Figure 1a, a
BAOM can be designed. As mentioned in the introduction, pair-
ing up the electrodes of both Y-branch arms by an electrolyte ena-
bles one to address each arm exclusively with just one working
electrode. As soon as a field direction is applied, one arm opens
up for light transmission while the other closes by absorption.
Therefore, by connecting such Y-branches in series and connect-
ing the electrodes of the same arms together (e.g., right arms),
binary addressing is possible by assigning one bit to each
Y-branch layer, as illustrated in Figure 1a.

Figure 3a shows a photo of the fabricated BAOM with two
layers of Y-branches connected in series with two contact pads
for each layer and a single contact for the offset voltage as the
logic supply. To keep some carry-over to traditional electronics
and thus to offer an interface between the electronics and optics,
the voltage offset was set to 1.5 V to run the BAOM device with 3
and 0 V for the binary value 1 and 0, respectively. In this 2-bit
driven device (22= 4 states), the four channels can be thus
addressed exclusively.

Figure 3b shows the utilized voltage sequences for V1 and V2
and the related current flow. The 2-bit state signals are marked as
I, II, III, and IV, and each state was applied for 30 s. The sche-
matic pictures on the left-hand side in Figure 3c identify the open
channel regarding the applied 2-bit state. As chosen, the Roman
numbers of the state coincide with the channel number
(e.g., II= ch. 2).

On the right-hand side, the normalized transmission for each
output channel is shown when BAOM was used as a demulti-
plexer. Channel 1 opened up when a voltage of 3 V was applied
on both contacts, V1 and V2 (state I), and closed when a different
2-bit state (II, III, or IV) was used. The emphasized solid black
line in the diagram exhibits the time progress of the measured
transmission in channel 1 regarding the applied voltage
sequence in Figure 2b. The normalized transmission reached
100% when the channel opened and fell down at least under
40% when closed. The transmission progress of channel 2
(red), channel 3 (dark-blue), and channel 4 (green) are also shown
in Figure 3c and exhibits a similar behavior upon the same
applied voltage sequence. Thus, for all four channels, sufficient
light transmission was only observed when the channel was
exclusively addressed. It is also worth mentioning that the
presented device is appropriate to operate in near-infrared region
commonly used in photonic communication. However, contrary
to the results in the visible region, bleaching and coloring in the
infrared region are reversed due to the polaron and bipolaron
formation as mentioned in the prior section. Moreover, the
proven functionality of the presented demultiplexer initially
includes the function of a multiplexer when exchanging the
input with the output (four-to-one).

Figure 2. a) The chemical structure of the PEDOT:PSS when bleached
(oxidized) by TFSI and colored (reduced) by EMIM cations. A cross-
sectional view along the propagation direction of the waveguide illustrates
the intensity progress of the propagating light in the bleached and colored
state. b) Transmission modulation diagram at 730 nm wavelength upon
the applied voltage sequence and the corresponding current.
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Particularly, in optical neuromorphics, controlling the inten-
sity of several optical channels by fewer digital bits can reduce the
complexity during synaptic weights adjustments. A higher mod-
ulation speed of the presented device can be generally achieved

by using shorter but higher voltage pulses or an electrolyte with
higher ionic conductivity. However, a higher voltage comes with
the risk of electrochemical water splitting in the electrolyte and
degradation of the PEDOT:PSS.[7d,15]

To date, various organic electrochemical transistors with
PEDOT:PSS as the semiconductor material were reported in
which the devices were switched on the milli- to microsecond
scale by using aqueous solutions.[16] Although it is well-known
that aqueous solutions with small ions like sodium (Naþ) or
lithium (Liþ) cations exhibit a high ion mobility,[17] aqueous elec-
trolytes are hard to handle due to the low viscosity and ambient
factors like evaporation. In contrast, the chosen ion gel electrolyte
in this work enables to operate in the atmosphere over a
longer time period. Nevertheless, using smaller sodium or
lithium-based salt molecules can also increase the ion mobility
in ion gel electrolytes.[18] Also, geometrical factors like device
miniaturization can improve the speed performance of the
device by shortening the distance between the electrodes.
Furthermore, by modifying the waveguide shape down to single-
mode sizes, the modulation range can be drastically enhanced. A
higher total internal reflection density, which confines and
guides light through dielectric materials, increases the extinction
coefficient, facilitating a significantly smaller interaction area
between the waveguide and the EC material. Considering these
parameters, the proposed BAOM device can become a serious
candidate for optical exclusive (de-)multiplexing.

3. Conclusion

In this work, a novel kind of device for simple optical (de-)
multiplexing was demonstrated by combining the electrochro-
mic material PEDOT:PSS with waveguides. The utilized layout
consisted of two layers of Y-branches which were connected
in series enabling a split into four channels. Two electrodes
deposited with PEDOT:PSS on each arm of a Y-branch were
paired up together by an ion gel electrolyte. By controlling just
one of the paired electrodes, it was possible to address each chan-
nel exclusively through coloring and bleaching. The evanescent
field thereby interacted with the electrochromic material PEDOT:
PSS causing an in- and decrease of the light transmission in
waveguides accordingly. Applying this effect on the proposed
layout, a new method of optical multiplexing was demonstrated
in which each channel can be exclusively addressed with a binary
2-bit signal.

4. Experimental Section

Fabrication of the Planar-Embedded Dielectric Waveguide: To fabricate a
planar-embedded waveguide, a strip-off method was used. First, P3HT
(Sigma-Aldrich, regioregular, Mw= 20–45 kgmol�1) was dissolved in
chlorobenzene with a concentration of 20mgmL�1 and spin coated on
a silicon substrate as the sacrificial layer. After activating the P3HT surface
via O2 plasma for few seconds, SU-8 TF6005 resist (Kayaku Advanced
Materials Inc.) was spin coated on the P3HT layer to achieve a 5 μm thick
and 40 μm wide waveguide structure via photolithography. Afterward,
UV-curable epoxy (Ossila Inc.) was poured on the silicon substrate with
the waveguide structure and then sandwiched with ozone-treated
soda-lime glass substrate. After curing the epoxy through the glass sub-
strate with UV (<400 nm) light for 2 hours, the sample was immersed in

Figure 3. a) Photo of the fabricated BAOM device. b) Applied voltage
sequence for V1 and V2 with the corresponding 2-bit states (I, II, III,
and IV). c) (Left) Schematic pictures of the BAOM at different states,
showing different constellations of the bleached (gray) and colored
(purple) PEDOT:PSS with the corresponding opened channels. (Right)
Transmission progress of channel 1 (black), channel 2 (red), channel 3
(blue), and channel 4 (green) upon the applied voltage sequence.
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chloroform to dissolve the P3HT sacrificial layer. Subsequently, the
soda-lime glass with the planar embedded waveguide was detached off
the silicon substrate and treated with O2 plasma to remove P3HT residues.

Electrodes Structuring: The electrodes were structured via lift-off
processing. For this purpose, the negative resist AZ nL of 2035
(MicroChemicals GmbH) was spin coated on the planar embedded wave-
guide and structured via photolithography. Afterward, 50 nm thick gold
was evaporated on the structured sample. Subsequently, the gold was
lifted-off by putting the sample in the remover (Technistrip NI555,
MicroChemicals GmbH) for 12 h.

Preparation of the Ion Gel Electrolyte: Adapted from previous work,[10]

the ion gel was prepared by combining the ionic liquid (IL) 1-ethyl-3
methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI], from
IOLITEC) with the triblock copolymer poly(styrene-block-methylmethacrylate-
block-styrene) (PS-PMMA-PS, from Polymer Source. Inc., Product ID:
P18602-SMMAS, Mw= 21.1 kgmol�1) using ethyl propionate (Sigma-
Aldrich, 99%) as solvent. A 33mgmL�1 polymer solution in ethyl propio-
nate was prepared and the IL was added with an IL to polymer weight ratio
of 75 wt%. To prepare the ion gel film, the solution was drop casted on the
sample, followed by a drying step in a vacuum oven at 70 °C overnight.
Subsequently, the electrolyte film was structured with a water-soaked
cotton swab to pair up the electrodes together.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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