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ABSTRACT: This work reports on the performance of a segmented polymer
electrochromic display that was fabricated with solution-based processes in ambient
atmosphere. An encapsulation process and the combination of structured wells for the
polymer electrochrome and electrolyte layers as well as the use of a preoxidized counter
polymer yields high contrasts and fast switching speeds. Asymmetric driving—with
respect to time—of the display is investigated for the first time and the degradation
effects in the electrochrome layer are analyzed and addressed to yield a stable device
exceeding 100 000 switching cycles. A printed circuit board was integrated with the
display, allowing the device to be run as a clock, where the segments only required
short pulses to switch without the need for a constant current to maintain its state.
Such an application pairs well with the advantages of electrochromic polymers, drawing
on its high contrast, stability, and ability to maintain its colored or colorless state
without the need for a constant power supply, to demonstrate the promise as well as
the challenges of developing more sophisticated electrochromic devices.
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1. INTRODUCTION

In the last S years, there have been many advances in the field
of organic electrochromic polymers (ECPs) that have brought
the technology closer to realization. A complete color palette of
high-contrast and fast-switching soluble conjugated polymers
has been synthesized, and the ability to blend these colors to
access virtually any color has been demonstrated.'™ A
minimally color changing polymer has also been synthesized
that can serve as the frontplane counter electrode in a device
with minimal effect on the color of the active layer.* It has been
demonstrated that the power and energy requirements needed
to perform a complete switch are low and can be driven by
other organic electronic devices, making ECPs potentially
capable of integration into all-organic flexible devices.” The
processing of electrochromic films and devices using roll-to-roll
compatible techniques has recently been demonstrated.®’
Finally, it has been shown that after applying UV and oxygen
barrier layers to ECP films and devices, the operational lifetimes
can be greatly extended, and for some colors are comparable to
the stabilities achieved in inorganic materials, which have
traditionally held an advantage in this area.*” With these
advances, ECPs are poised to offer faster-switching and higher-
contrast films than their inorganic or small-molecule counter-
parts in virtually any color, as well as possessing lower power
and energy consumption, and the necessary stability after
encapsulation for a wide range of applications. Most of the
organic-soluble ECP-based devices constructed up to this point
in the literature have been small lab-scale window devices,
which can be easily fabricated and evaluated, with one notable
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exception demonstrating large area device switching.'’
However, given the many recent advances, the next step is to
begin incorporating ECPs into more sophisticated devices to
demonstrate their feasibility in a wide range of applications.

Segmented displays''~'® have been demonstrated for use in
simple low-power information type displays as well as active-
matrix displays for use in applications such as electronic
readers."*”'® While there is no need to structure the
electrochromic layer in window-type devices, structuring of
the active material must be introduced when working with
displays comprised of segments, pixels or logos. So far, device
patterning has been predominantly carried out by inkjet
printing,"”"'® coating through a shadow mask,'® or flexographic
printing.” A variety of techniques exist to pattern electrodes
and contacts, and several specifically for electrochromic displays
(ECDs) have been reviewed.*'

In this work, a high performance segmented electrochromic
clock display was fabricated. PProDOT-(CH,OEtHx), (first
synthesized by Reeves et al.**), which is magenta colored in its
neutral state and colorless in its oxidized state, was used as the
electrochromic polymer. This material has been widely
employed as the ECP in ECDs, due to its high contrast,
millisecond switching speeds between fully colored and fully
colorless states and robust switching stability.”> For optimal
device operation, a balanced amount of charges must be
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Figure 1. Principal structure of assembled devices and lamination of the counter electrode.
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Figure 2. Lift-off process: (2) Spray coating of (1) original substrate and (3) development of the photoresist, followed by (4) spray coating of the
ECP and (5) lift off yields (6) the finished substrate. Dimensions are not to scale: the height of the well is 15 ym, whereas its width is several

millimeters.

exchanged at the working electrode as well as at the counter
electrode. A minimally color changing polymer (MCCP) based
on poly(3,4-propylenedioxypyrrole) (PProDOP-Cig) that is
spray-processable, very stable over thousands of switches, and
allows switching the ECP in the order of seconds while being
almost colorless in the visible range was developed as the
charge storage layer.* The individual segments of a displays are
defined through the use of substrates with structured wells
formed on substrates before coating the ECP, thus permitting a
variety of film-coating or printing techniques. Additionally, the
device thickness can be precisely defined, and crosstalk between
segments can be controlled. A number of concerns unique to
segmented displays not encountered in window-type devices
will be explored, such as the need to structure the back
electrode. Finally, a clock demonstrator was assembled to
illustrate the contrasts and the lifetimes achievable in a
structured system. Although very high lifetimes have already
been achieved with numerical displays, this was done using a
liquid electrolyte filled by cafillary forces and an electrochemi-
cally polymerized material** With the methods presented in
this work, we were able to build the first structured polymer
electrochromic device using ambient, solution-based processes
yielding an all-solid state device and achieving lifetimes of
greater than 200 000 switching cycles.

2. RESULTS AND DISCUSSION

2.1. Process. Figure 1 illustrates the setup of our
electrochromic display, as well as the architecture and layers
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present in our device. For electrochromic display-type
applications other than electrochromic windows, there will be
the need to structure the electrochromic layer as well as the
electrode (ITO) to obtain individual segments, pixels or logos.
Because the ECP material used here is conductive in its
transparent oxidized state, it is not possible to pattern only the
ITO layer, as charges between transparent and colored magenta
segments would rapidly and uncontrollably equilibrate, leading
to partially colored states in both segments.

As mentioned before, structuring of the ECP is usually
carried out through various printing techniques. A drawback of
inkjet printing with our ECP is that formulation of the
appropriate ink to achieve high quality films (homogeneous and
optically dense) is nontrivial. In contrast, spray-coating using a
simple airbrush gun is a technique which reproducibly deposits
homogeneous and optically dense films over a wide range of
spraying parameters, such as variations in spraying pressure,
spray gun distance from substrate, and sweep rate, to name a
few. Additionally, it is a technique that can be adapted to large
scale roll-to-roll processes and spray coating yields porous
layers, which is ideal for adequate electrolyte penetration.”> To
structure spray-coated films, we paired the coating technique
with a lift off process (see Figure 2): before the ECP is applied,
the desired pattern is defined through the use of wells. These
wells were made from SU-8, a transparent epoxy-based
negative-tone photoresist with a high aspect ratio that is
chemically resistant when cured. Next, a negative tone
photoresist is spray-coated over both the SU-8 wells as well
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Figure 3. Display fabricated in this work (a) in its colored, magenta state; (b) in its colorless, transparent state; and (c) mounted to demonstrator
PCB. The demonstrator uses a microcontroller (and additional driving circuitry) to run a clock, show the current temperature and logos of the

partners involved in this work.
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Figure 4. (a) CV (scan rate: 0.1 V/s), (b) spectra (referenced to air), and (c, d) switching speed measurements for a symmetrically (0.1S Hz cycle
frequency, at +0.8 V and —0.4 V) driven EC display measured at A, (548 nm): initially and at 10 000, 100 000, and 200 000 cycles. The CV
measurement is done for the complete display while transmission measurements are from an individual seven-segment. Measurements in ¢ are
normalized to be comparable and values in d are the time to reach 90% of a full switch averaged over 4 segments on two different devices. The used

voltages are the same as during cycling.

as the ITO layer, followed by developing the photoresist,
leaving photoresist on the walls of the wells, while exposing the
ITO layer. After structuring of the photoresist, the ECP is
sprayed onto the substrate. Finally, the photoresist is removed
in an acetone ultrasonic bath, thereby also removing the ECP
on the SU-8 wells and only leaving the patterned magenta ECP.

The ECP itself is not soluble in acetone and therefore the
patterned segments should not be removed during this process.
Nevertheless, the mechanical stress of the ultrasonic bath can
cause the ECP to be partially removed when immersed too
long. We therefore limited the time in the ultrasonic bath to a
few seconds (<15 s). To examine the effects on the ECP during
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this process, we reviewed spectra of the displays before and
after the lift off and found that the change in transmittance is
less than 3% at 540 nm (see Figure S1 in the Supporting
Information). This demonstrates that the ultrasonic bath has a
minimal impact on the ECP layer and this structuring
procedure minimizes the stress endured by the ECP.

In addition to assisting in the structuring of the ECP layer,
wells made from SU-8 afford several additional advantages to
device performance. The SU-8 wells also serve to embed the
electrolyte for each display segment and to act as a passivation
layer for the underlying ITO tracks leading to the individual
segments. This prevented leakage of the electrolyte from the
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segments and device failure due to degradation and/or
decomposition of the ITO. Furthermore, in the assembled
device the SU-8 layer is also used to define a uniform and small
electrolyte layer thickness in the electrochemical cells. Thick-
ness control has been shown to have an effect on the
performance of electrochemical devices, with thinner electro-
lyte layers leading to the highest device contrasts.”® This is
especially important when employing a flexible substrate, such
as the polyether sulfone (PES) front plane, which would
otherwise have a tendency to bend and deform, leading to
inhomogeneous thicknesses throughout the device. Although
transparent spacers have been used in LC displays to define
precise device thicknesses, here the SU-8 wells are able to
perform that role while simultaneously affording other
advantages to the performance of the device.

Device assembly was accomplished through lamination of the
front and backplanes, followed by UV-curing of the electrolyte.
Lamination is a key step not only for assembling the device but
also for depositing the electrolyte layer into the defined
segments. During electrolyte loading, due to poor wetting of
the SU-8 (hydrophobic) by the electrolyte (hydrophilic), there
is a tendency for the electrolyte to be repelled from the edges of
the wells, leading to the formation of droplets within the wells.
This makes alternative processes such as blade coating or
printing of the electrolyte unsuitable. Instead, this was
overcome by using an excess of electrolyte in conjunction
with lamination, a process that forces the electrolyte into wells
while simultaneously pressing out the excess electrolyte.
Additionally, this leads to the presence of a thin electrolyte
on top of the SU-8 layer which, after UV-curing, helps to
adhere the device together. In general, UV-curable electrolytes
have ionic conductivities below 1 mS/ cm,27 and at thicknesses
at over 1 mm can often produce unwanted optical effects. In
particular, thick layers of our electrolyte become a translucent
yellow solid. However, for the small electrolyte thicknesses
employed here, after UV-curing the electrolyte was transparent
and colorless, as can be seen in Figure 3. UV-curing of our
electrolyte could be completed in 1 min, or under white light
over the course of hours, with no noticeable degradation
occurring to the ECP or MCCP layers. This illustrates that the
lamination and UV-curing steps offer a simple route toward
device assembly that can readily be incorporated into a high-
throughput roll to roll process.

2.2. Performance. The as-fabricated display is shown in its
colored and colorless states (compare Figure 3a, b), where the
color saturation and the colorlessness in the two states are
readily apparent; additionally, the device was highly trans-
missive because of the thin electrolyte layer and the good
optical transparency of the substrates. The devices were
quantitatively evaluated based on their electrochemical,
spectroelectrochemical, and kinetic switching speed perform-
ance. Switching times are stated for 90% of a full switch. An
emphasis was placed on examining the long-term stability of the
device by switching the segments for up to 200000 cycles
between the colored and colorless states. The performance of
the segments was reevaluated after 10 000, 25 000, 100 000, and
200 000 cycles. All optical measurements are taken at one of the
seven-segments comprising each numerical display visible in
Figure 3, whereas the cyclic voltammetry (CV) is taken from
switching all segments of the display simultaneously.

Figure 4 shows the result of the above-mentioned tests,
demonstrating complete switching of the device when sym-
metrically cycled (for 3.3s in each state) between a narrow

voltage window of +0,8 V (colorless, L* = 89, a* = 1, b* = 7)
and —0,4 V (colored, L* = 70, a* = 22, b* = —7). These
properties are preserved even after 200 000 cycles. The narrow
voltage window, rapid switching, and device stability are due to
several factors. First, both ECP and MCCP are polymers that
themselves have low oxidation potentials that directly
contribute to the low operational voltages. Second, the
charge-balanced magenta and MCCP layers allow the magenta
segments to rapidly achieve a full switch. Finally, the
preoxidation of the MCCP layer prior to device assembly
leads to a device with both electrodes already in its
appropriately charged state. It is possible to assemble the
device with both magenta and MCCP in their neutral “as-
sprayed” state, but then overpotentials are needed to “break in”
the device, leading to overoxidation and poorer device
stabilities.

In the device CV, two main peaks related to the
electrochromic redox switching of the device are observed at
approximately +0.6 V and —0.1 V (compare Figure 4a). At
potentials beyond this, other peaks are observed. Switching at
these larger potentials was found to degrade the material and
lower the display’s contrast when cycled continuously. In
choosing a voltage window to switch the device, a trade-off is
made between more rapid switching at larger potential
windows but higher stability at narrower potential windows.
The voltages used for testing were chosen at slight over-
potentials beyond the observed redox peaks.

The device CV and spectroelectrochemistry in Figure 4a, b
offer additional insight into the stability of the device. After
200 000 cycles, no discernible change in the absorption of the
oxidized or reduced states is visible (minimal deviations can be
attributed to placing each segment in a slightly different
position in the spectrophotometer beam for each measure-
ment). Throughout the 200000 cycles, the contrast of the
entire device (i.e., measuring also the substrate, electrolyte, etc.)
is maintained at AT = 38% at A, (548 nm) and L*a*b*
coordinates remain almost the same (colorless: L* = 89, a* = 1,
b* = 7 and colored: L* = 70, a* = 21, b* = —9). Looking at the
device CV, a drop in current and a shift in the position of the
main redox peaks is clearly noticeable over the course of
200 000 switches. This suggests the redox process is becoming
more irreversible, although the onset of the redox peaks
remains unchanged. Curiously, secondary peaks at —ca. —0.8 V
and ca. —1.5 V in the CV emerge with repeated cycling. This is
unexpected, as these potentials are outside the potential
window used to stress test the device. During repeated cycling,
we qualitatively observed that the smaller elements (e.g., logos,
colon) of the display seem to visually degrade faster during
cycling, whereas larger elements (e.g, seven-segments) are
stable throughout all 200 000 cycles. The progression of the
degradation can also be observed in microscopic images of the
ECP layer. In smaller segments (see Figure S2 in the
Supporting Information), this effect is very visible, but
negligible for larger segments. We also relate the evolution of
the CV curves to these degradations, as with increasing
numbers of cycles it becomes more difficult to insert charges
into these elements of the display, making the process less
reversible. The reason for the faster degradation of the smaller
elements is unknown at this point and needs further study, but
most likely stems from inefficient charge consumption as
described by other groups.”*

Although no degradation is visible in the spectroelectro-
chemistry of the larger elements, their switching speed
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Figure 5. (3, b) CV (scan rate: 0.1 V/s) and (c, d) spectra for asymmetrically switched devices ((a, c) 6.6 s transparent, 3.3 s magenta; (b, d) 3.3 s
transparent, 6.6 s magenta). The CV measurements are done for the complete display, whereas transmission measurements are from individual

seven-segments.

decreases slightly over 200 000 cycles, as summarized in Figure
4d. After 10 000 cycles, the change in switching speed is within
the margin of error of the measurement, whereas after 100 000
cycles the switching times increase by approximately 10%, up to
an increase of more than 20% for 200 000 cycles with respect to
the initial state. This occurs simultaneously with the trend in
the device CVs over 200 000 cycles. As the redox peaks become
more irreversible with increasing numbers of cycles, they also
gradually drift outside of the applied voltage window of device
switching, which leads to slower device kinetics. Increasing the
potential window to encompass the redox peaks leads to faster
switching, but at the expense of device stability. Nevertheless,
the switching times even after 200 000 cycles are fast enough
for full switching to be realized within the 3.3 s per switch.
These results illustrate high long-term stability for symmetri-
cally driven devices built with the presented process, which
motivated us to test how the device performed as a clock
(compare Figure 3c). A driver printed circuit board (PCB) was
attached which updates the clock, temperature and other
display elements once every minute. This is done by applying
+1.1 V for 3 s to the individual segments followed by 57 s
without a voltage applied. The application of a larger voltage
window stems from the driver chip’s limitation to a minimum
voltage interval of 2.2 V. The ability to run the display in this
fashion highlights an advantage of ECPs, which can remain in
their oxidized or neutral states for a period of time after the
applied voltage has been removed, thus lowering power
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consumption. When running displays in this demonstrator,
again certain segments degrade faster than others. As the
segments fail, the switching speed becomes progressively slower
until the segment no longer switches. One likely reason for this
is the larger potential window applied to drive the clock. A
second possibility is also the asymmetric switching of each
segment, where segments are no longer switched at regular
intervals between the colored and colorless states. For example,
the upper right element of the seven-segment displaying single
minutes is driven to its transparent state two times every 10
min—at numbers S and 6— whereas it is driven to its colored
magenta state for all other numbers, i.e., eight times every 10
min.

As seen in Figure 3¢, the regions of the display outside of the
Magenta segments develop a pink hue over time. This hue
arises from a partially oxidized MCCP layer. Although the
MCCP backplane is fully oxidized and colorless prior to
assembly, over time the film discharges. This is not an issue for
the MCCP segments in the region across from the magenta
segments, which undergo full charging and discharging as the
clock updates, and as a result regions like the rectangle in the
middle of the device are able to achieve a more colorless hue
during switching. One possible solution then would be to
segment the MCCP backplane as well to remove the
extraneous counter electrode material and the unwanted
coloration. We attempted to segment the MCCP backplane
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as well, however, this was unsuccessful as the device stability
was worse for these devices.

To better understand the effects of asymmetric switching on
device stability, we assembled devices and switched them
asymmetrically for 3.3 s in one state and 6.6 s in the other state.
Figure S shows the results of these tests where we demonstrate
two cases of asymmetric switching. It is quite noticeable that
applying a voltage of +0.8 V for 6.6 s (transparent state) and a
voltage of —0.4 V for 3.3 s (magenta state) degrades the devices
very fast, whereas in the opposite case we observe a much less
pronounced degradation. To begin with, we discuss the case of
rapid degradation. The colored state deteriorates heavily over
200000 cycles, increasing about 13% in transmission (see
Figure Sc). This can again be observed in microscopic pictures
of the ECP layer with degradation effects similar to those
mentioned before (compare Figure S2 in the Supporting
Information). The device CV (see Figure Sa) also illustrate this
behavior: as mentioned before, secondary peaks at —0.8 and
—1.5 V increase dramatically over 200000 cycles while the
main redox peaks decrease rapidly in intensity, especially after
100000 cycles. In addition, the secondary peaks seem to
degrade again at 200 000 cycles as well. Compared to the initial
state, the switching times increase on average by more than 30,
120, and 200% after 25000, 100000, and 200000 cycles,
respectively (see Figure S3a, ¢ in the Supporting Information).

For the inverse asymmetric drive, applying a voltage of +0.8
V for 3.3 s and a voltage of —0.4 V for 6.6 s, the degradation is
not as pronounced. Although smaller elements (e.g, colon)
degrade as before, the ECP layer of larger elements (e.g., seven-
segment) shows little change in its spectroelectrochemistry
over 200 000 cycles, as shown in Figure 5d, where the magenta
state increases by 1.5% and transparent state decreases by 2% in
transmission over 200 000 cycles. Microscope images of ECP
films of these asymmetrically driven devices show slightly more
signs of degradation compared to the symmetrically switched
devices. In the device CV, we again observe the redox peaks
drifting apart and decreasing in intensity, with increasing
number of switches. Switching times increase, but not as
dramatically as for the other asymmetrically driven device.
Although there is almost no change after 25000 cycles, larger
increases in switching times by around 30 and 65% on average
are observed at 100 000 and 200 000 cycles, respectively (see
Figure S3b, d in the Supporting Information). From these
results, symmetric driving of the device leads to the most stable
devices, while between the two asymmetrically driven devices,
the most severe device failure is observed when the device is
held in the colorless state at +0.8 V for 6.6 s and in the colored
state at —0.4 V for 3.3 s. This seems to suggest that driving the
device into the colorless state, where the magenta ECP is
oxidized and the MCCP layer is neutralized, is more
detrimental to device stability than driving the device into the
colored state.

To effectively drive electrochromic devices as a clock,
asymmetric switching of the device must be stable both during
prolonged segment switching in the colored state as well as in
the colorless state. As mentioned previously, decreasing the
voltage window is expected to improve the device lifetime. To
assess whether this strategy would prolong the lifetime of
devices switched under the most unfavorable asymmetrical
conditions (3.3 s magenta, 6.6 s transparent), we employed
lowered voltages of +0.6 and —0.3 V and the device was
switched for more than 100000 cycles. In these devices,
deterioration does occur, again, especially for smaller elements,

but the device performance is otherwise comparable to the
previously presented device switched asymmetrically with
prolonged application of a negative voltage. Although the
reduced voltage slows down the switching speed from the
magenta to the transparent state to around 4 s, applying a
narrower voltage window allows for stable asymmetric device
operation over at least 100 000 cycles (see Figure S4a—d in the
Supporting Information).

3. CONCLUSION

In this study, we have demonstrated the use of SU-8 wells to
simultaneously offer individual ECP cells as well as to optimize
electrolyte layer thickness in electrochromic devices. Moreover,
the deposition of the ECP, counter electrode, and electrolyte, as
well as the lamination and UV curing/sealing of the device,
were all performed under ambient conditions. This device
architecture, combined with the inherently stable polymers
used, afforded rapid segment switching within a narrow voltage
window as well as exceptional long-term stability over 200 000
cycles. We addressed unique challenges encountered while
operating the device as a clock using a PCB, where asymmetric
switching leads to more rapid device failure than observed in
symmetrically switched devices. By using narrower voltage
windows, the device switching speeds were slightly slower,
whereas the stability was greatly improved. These results offer
an attractive outlook on the performance, stability, and
processability of electrochromic devices, while outlining some
of the novel challenges ahead as these devices become more
sophisticated.

4. EXPERIMENTAL SECTION

Polymers. PProDOT-(CH,OEtHx), was used as the ECP on the
active layer and synthesized according to a previously reported
procedure.”” The ECP’s M,, is about 13 kDa and the sprayed layer’s
thickness is in the range of 200—250 nm. A PProDOP minimally color
changing polymer (MCCP) was used as the charge collecting layer on
the counter electrode, and was also synthesized according to a
previously reported procedure.* The MCCP has an M, value of
around 60 kDa and the sprayed layer’s thickness is around 150—200
nm.
Electrolyte. A faint-yellow UV-curable electrolyte was formulated
consisting of 0.5 M LiCF;S0j; in propylene carbonate (PC) with 3-wt
% PMMA (M,, = 996 000 g/mol) as a thickener and additional cross-
linking agents (26-wt % monomer 1,6-hexanediol diacrylate
(HDODA) cross-linked with 6-wt % Irgacure 2022 and 0.5-wt %
Irgacure 184). Cross-linking agents, monomers and additional
polymers for the UV-curable electrolyte were provided by BASF.

Well Material. The well material (SU-8) was purchased from
Microchem Corp.

Substrates. Glass substrates were purchased from Corning, ITO-
coated polyether sulfone (PES) foil substrates from Sumitomo
Bakelite.

Device Manufacture. The backplane consists of an ITO layer that
is sputtered onto the glass substrate. Then, SU-8, which acts as
encapsulation and spacer, is spin coated and structured litho-
graphically. To pattern the ECP material a lift off process is used.
Therefore, a negative tone photoresist (maN-1420 from micro resist
technology GmbH) is applied via spray coating (pressure 1.5 bar, 0.4
mm nozzle) onto the substrates and structured by standard
lithographic processes. After this, the ECP is deposited by spray
coating from a toluene solution (pressure 1.5 bar, 0.2 mm nozzle).
After the ECP layer is sufficiently dried, the substrates are immersed
into an acetone ultrasonic bath and thereby the photoresist and the
ECP are stripped (lift off process). Substrates are then baked at 80 °C
for 30 min to remove residual solvent. The frontplane substrate serves
as the device counter electrode, consisting of a PES foil coated with
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ITO, and an additional MCCP layer, deposited by spray coating from
toluene, serving as a charge-storage layer. Afterward, the MCCP layer
is electrochemically oxidized in a separate electrochemical cell setup
prior to device assembly. After the fabrication of back- and frontplane,
the 2-electrode electrochromic device is assembled using a simple
lamination process. First, a line of the uncured electrolyte is deposited
along one edge of the backplane. Starting at that edge, the flexible PES
foil is then rolled onto the backplane and electrolyte with a laminator
as depicted in Figure 1, thereby filling the electrolyte into the SU-8
wells, and sealing the device at the same time. A thin layer of residual
electrolyte remains on top of the SU-8 layer, which serves as an
adhesive between the two substrates after UV-curing for 1 min at
approximately 8 mW/cm?. Finally, a chemically resistant polymer
adhesive is applied at the edges of the PES foil.

Instrumentation. A SpectraScan PR-650 from Photo Research
was used for spectral transmission measurements. Cyclic voltammetry
measurements were done by a Keithley 4200-SCS. Switching speeds
were measured with a custom-made setup. A Wavetek model 295 was
used to cycle the devices.
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