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ABSTRACT: We report on the quantitative effects of doping-induced self-absorption in
light-emitting electrochemical cells (LECs) as a function of active material (AM) thickness
and doping concentration. For state-of-the-art polymer LECs with optimized doping
concentration and comprising Super Yellow as the electroluminescent (EL) polymer and
poly(ethylene oxide)-KCF3SO3 as the electrolyte, we find that the self-absorption loss at the
EL peak wavelength is ∼10% for a 100 nm thin AM and >70% for a 1 μm thick AM. This
implies that the utilization of micrometer-thick AMs fit for fault-tolerant large-scale fabrication
can be concomitant with a notable penalty in device performance, and that spatial variations
in AM thickness will be manifested in a corresponding spatial light-intensity variation.
Moreover, we find that inclusion of a poly(ethylene oxide)-KCF3SO3 electrolyte can inhibit
the out-coupling of light and suggest that the culprit is light scattering from dispersed crystalline-electrolyte domains. Finally, we
demonstrate evidence for that the selected initial salt concentration in an LEC device dictates the maximum doping
concentration that can be attained at steady-state operation.

KEYWORDS: light-emitting device, organic electronics, electroluminescence, electrochemical doping, cyclic voltammetry,
conjugated polymer

The light-emitting electrochemical cell (LEC) is an
emerging emissive technology that operates under the

novel realm of in situ electrochemical doping.1−7 The active
material in an LEC comprises a blend of a luminescent
conjugated compound and mobile ions, which is sandwiched
between two charge-injecting electrodes.8,9 The ions redis-
tribute when a voltage is applied between the electrodes so that
electrochemistry can be initiated at the two electrode interfaces,
being electrochemical p-type doping at the positive anode and
n-type doping at the negative cathode.10−12 With time, the
conductive doped regions grow in size to eventually make
contact under the formation of a light-emitting p−n junction in
the bulk of the active material.13−18 This intriguing electro-
chemical doping process brings a number of important
advantages unique to the LEC technology, notably the
opportunity for the employment of air-stable and solution-
processable materials for both electrodes and the utilization of
thick and uneven active materials.19−23 These characteristic
LEC features in turn pave the way for a fault-tolerant, scalable,
and low-cost fabrication of large-area emissive sheets under
ambient air conditions, using, for example, roll-to-roll (R2R)
compatible coating and printing technologies.24,25

However, it has recently been realized that the electro-
chemical operation and in situ doping process can bring some
drawbacks, notably electrochemical side reactions at the
electrode interfaces26,27 and doping-induced exciton quenching
and chemical side-reaction at, or next to, the location of the p−
n junction.28−30 Fortunately, it has also been demonstrated that
these drawbacks can be effectively alleviated via a rational
device design, including the employment of electrochemically
stable electrode materials,26 the development of an appropriate
drive scheme,28,31,32 and the implementation of an optimized

salt-to-conjugated-compound ratio.28 The merit of these
procedures is clearly manifested in recent demonstrations of
LEC devices with distinctly improved lifetimes and efficien-
cies.28,32−34

In this article, we investigate an often overlooked loss
mechanism specific to LEC devices, namely, doping-induced
self-absorption. It originates in the well-established fact that
doping causes significant changes of the optical properties of
conjugated compounds, specifically a red-shift of the
absorption, with the consequence that the (here, undesired)
emission-absorption overlap of the device increases.35−37 By
utilizing a combination of cyclic voltammetry (CV) and
absorption spectroscopy (see Figure 1a), we are able to
establish the correlation between the doping concentration and
the absorption coefficient for the conjugated polymer Super
Yellow. By then measuring the in situ absorption changes in the
active material of Super Yellow-based LECs during operation,
we can determine the temporal evolution of the doping
concentration and, for example, establish that the maximum
doping concentration, as expected for a functional device,38,39 is
dictated by the initial ion concentration. We are also able to
establish a relationship between the self-absorption loss and the
active material thickness for a number of different LEC devices,
comprising different levels of doping. Specifically, we find that
for a doping-optimized ITO/{Super Yellow+PEO+KCF3SO3}/
Al device (for chemical structure of the compounds in the
active layer and the device structure, see Figure 1b and c,
respectively), the self-absorption loss at the Super Yellow
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electroluminescence (EL) peak is ∼10% for a 100 nm thick
active material and a staggering >70% for a 1 μm thick active
material. Importantly, these findings imply that the employ-
ment of thick active material films fit for, for example, R2R-
coating can be concomitant with a severe penalty in device
efficiency and also result in an uneven light emission.

■ RESULTS AND DISCUSSION
Figure 2a presents CV scans recorded with the wprking
electrode being bare ITO (black line) and Super Yellow-on-

ITO (red line), respectively. The absence of current peaks in
the bare ITO reference trace demonstrates that all other
constituents than Super Yellow (i.e., electrolyte and ITO), as
desired, are electrochemically inert in the probed CV potential
range. The onset potential for p-type doping of Super Yellow is
+0.5 V versus Fc/Fc+, and this value as well as the qualitative
shape of the Super Yellow CV trace are in good agreement with
an earlier report.40

It is possible to calculate the doping level of an electroactive
compound as a function of CV potential by integrating the
current in the forward CV scan and by assuming that this
charge (Q = ∫ Idt) is consumed solely by electrochemical
doping. The doping concentration (σ) is then given by the
following equation:

σ ρ= × × × ×Q M V N e( )/( )EC EC EC A (1)

where MEC is the molar mass of the electroactive compound,
VEC is its volume, ρEC is its density, NA is Avogadro’s constant,
and e is the elementary charge. By including our specific values
of MEC = 350 g/mol (the molar mass of the average Super
Yellow repeat unit), VEC = 1.17 × 10−5 cm3, and ρEC = 1 g/cm3

(the estimated density of the Super Yellow film), we are able to
calculate the doping concentration of Super Yellow as a
function of CV potential, as shown in Figure 2b. The doping
concentration exhibits a superlinear increase with CV potential;
a trend that is in good agreement with earlier studies on the
conjugated polymers poly(2,5-diethoxy-p-phenylene vinylene)
and poly(1,4-naphtalene vinylene) by Onoda et al.41,42 We
further note that the doping concentration at the maximum
current point in the CV measurement (+0.9 V vs Fc/Fc+) is
very high at 2.5 dopants per Super Yellow repeat unit.
The absorption of the Super Yellow film was measured in

situ at different times during the CV measurement using the
setup shown in Figure 1a. By utilizing the Beer−Lambert law

α= − ×I I d/ exp( )0 (2)

where I and I0 are the measured light intensity with and without
the Super Yellow film included in the beam path, respectively,
and d is the Super Yellow film thickness (=120 nm); it is
possible to obtain the absorption coefficient (α) of Super
Yellow at different CV potentials. Figure 3a presents αSY as a
function of wavelength (λ) for a pristine Super Yellow film
(black solid squares) and a p-type doped Super Yellow film
(red open circles); the latter data were recorded at +0.5 V
versus Fc/Fc+. Anticipated consequences of doping Super
Yellow are a decrease (bleaching) of the π−π* absorption band
with a peak at 450 nm and an emergence of doping-induced
(polaron) absorption bands at longer wavelengths,36 as are
indeed observed in Figure 3a.
Figure 3a also includes the EL spectrum of a Super Yellow-

based LEC with a 70 nm thin active material (blue solid
triangles), and it is notable that the EL exhibits a strong overlap
with the absorption of p-type doped Super Yellow but much
less so with pristine Super Yellow. Sandwich-cell LECs are
commonly constructed so that the positive anode is the

Figure 1. (a) Combined CV-absorption spectroscopy setup: The numbers depict (1) the working electrode, (2) the reference electrode, and (3) the
counter electrode; (b) Chemical structure of the constituents in the LEC active material; (c) LEC device structure.

Figure 2. (a) Back-and-forth CV traces using Super Yellow-on-ITO
(red line) and bare ITO (black line) as the working electrode. The
scan rate was 25 mV/s. (b) Super Yellow doping concentration as a
function of CV potential.
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transparent electrode, which implies that the light always must
pass through a p-type-doped region formed at the anode before
exiting the device, regardless of whether the light is initially
directed toward the transparent anode or reflected off the
metallic cathode, as shown as scenario (1) and (2), respectively,
in Figure 3b. Moreover, we find significantly smaller changes in
the optical absorption of the Super Yellow film during n-type
doping, specifically a much smaller overlap between the
absorption of n-type-doped Super Yellow and the Super Yellow
EL. This asymmetry in the optical response to p-type doping
versus n-type doping corresponds to the findings in an earlier
study on another electroluminescent poly(para-phenylene
vinylene) polymer, namely, poly[2-methoxy-5-(2-ethylhexy-
loxy)-1,4-phenylenevinylene] (MEH-PPV).43 Importantly,
these observations suggest that p-type doping-induced self-
absorption can be a prominent and performance-limiting
feature during the operation of LEC devices, particularly for
devices featuring a thick active material as this self-absorption
will increase with the thickness of the active material, and it is
something we will investigate further below.
Figure 4a presents the combined results of the preceding CV

and optical absorption measurements as the Super Yellow
absorption coefficient at λ = 550 nm (αSY,550) as a function of
Super Yellow doping concentration (σ). We selected to focus
on αSY,550, since the peak EL wavelength of the Super Yellow-
based LEC is positioned at λ = 550 nm (see dotted line in
Figure 3a). It is noteworthy that αSY,550 is found to be highly
sensitive to σ at low doping concentrations (<0.1 dopants per
Super Yellow repeat unit) but less so at higher values. Indeed,
during the forward CV sweep, the Super Yellow film is

observed to rapidly turn from yellow color into dark green
promptly above the onset voltage for p-type doping, while at
higher voltages and doping concentrations, the color change is
less significant. A similar qualitative change in the optical
absorption of other conjugated polymers can be deduced from
the work by Onoda et al.41,42

A closer inspection of Figures 3a and 4a reveals that the
pristine and undoped Super Yellow polymer exhibits a minor
absorption (0.03 × 105 cm−1) at λ = 550 nm. In order to attain
information on the changes in absorption induced exclusively by
doping, we have in Figure 4b subtracted this baseline value for
the presentation of σ as a function of the change in Super
Yellow absorption at λ = 550 nm, Δ(αSY,550). We were able to
attain a good fit to our experimental σ versus Δ(αSY,550) data
with the following function (included as the solid line in Figure
4b):

σ α= × Δ −0.003 [exp( ( )/5500) 1]SY,550 (3)

We now shift our attention to the doping-induced self-
absorption in LEC devices and its influence on device
performance. We have previously shown that the maximum
attainable average doping concentration in an LEC device at
steady-state is dictated by the selected initial ion concentration
in the active material, based on the insight that each ion is
effectively neutralized (“consumed”) by one dopant during the
in situ doping process.28,38 By rearranging the terms in the
equation derived in ref 28, we are able to attain the dependence
of the maximum average steady-state doping concentration
(xdoping) on the mass ratio between the salt and the electroactive
compound (msalt/mEC), the thickness of the active material

Figure 3. Absorption spectra of a pristine Super Yellow film (black solid squares) and a doped Super Yellow film (red open circles), as measured in
the CV setup. EL spectrum from a thin-active material LEC (blue solid triangles). (b) Schematic representation of two scenarios for the out-coupling
of light from an LEC, with the p−n junction doping structure in place: (1) depicts light out-coupled directly via passage through the p-type doped
region and the transparent anode and (2) depicts light that is first reflected off the reflective cathode and, thereby, in addition, is passing through the
n-type doped region twice.

Figure 4. (a) Absorption coefficient of Super Yellow at λ = 550 nm as a function of doping concentration. (b) Doping concentration of Super Yellow
as a function of the change in the absorption coefficient. The solid line represents a fit to the measured data. The inset shows the same plot in a
semilogarithmic scale.
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(dAM), the molar mass of the salt (Msalt), and the estimated
thickness of the p−n junction (dpn):

= × × ×

× − ×

x m d M

m d d M

(2 )

/( ( ) )

doping salt AM EC

EC AM pn salt (4)

By including selected and measured values of msalt/mEC = 0.1,
dAM = 70 nm, MEC = 350 g/mol (the molar mass of the average
Super Yellow repeat unit), Msalt = 188 g/mol, and an estimated
value of dpn ∼ 10 nm, we find that the maximum average
steady-state doping concentration is xdoping = 0.4 dopants per
Super Yellow repeat unit for our herein studied LEC devices.
We note that this value is relatively independent of the
estimated value for dpn within a reasonable dpn range. We also
emphasize that we have selected to employ a higher value for
the electrolyte concentration than required for optimum device
performance,28,40 with the motivation being that it will allow for
a higher doping level so that the effects of the doping-induced
self-absorption will be corroborated; we will however include a
discussion on the effects of self-absorption for performance-
optimized devices at the end of this article.
We measured the in situ absorption of the active material in

our LEC devices using the setup presented in Figure 5a. In
order to translate the measured I and I0 values to an absorption
coefficient, we needed to know the effective thickness, d, to
include in eq 2, which is the distance the probing beam has
traversed during the absorption measurement. By employing
Snell’s law, n1 sinθ1 = n2 sinθ2, setting nair = 1, nAM = 1.9,44 and
measuring θair = 45°, we find that θAM = 22°. With a measured
active material thickness of 70 nm for our devices, and taking
into account that the probing beam is reflected off the Al
cathode before entering the detector and, thus, passing through
the active material twice during the measurement, we find that
the effective thickness to be included in eq 2 is d = 151 nm.
With this information at hand, we were able to attain the

absorption coefficient for a pristine {Super Yellow/PEO/
KCF3SO3} active material film as a function of wavelength as
the black line in Figure 5b. We find that the peak absorption
coefficient at λ = 450 nm for the pristine {Super Yellow/PEO/
KCF3SO3} active LEC material is αLEC,450 = 1.3 × 105 cm−1,
which is 36% lower than for the pure Super Yellow film (see
Figure 3a). This is in good agreement with what could be
anticipated, based on that the active material film is “diluted” by
33% electrolyte by mass. Importantly, we further find that the
absorption spectrum of the pristine active material features a
broad shoulder with significant magnitude at 550−700 nm (as

indicated by the dotted rectangle in Figure 5b), which is absent
in the pure Super Yellow absorption spectrum. The finding of a
shoulder is supported by an independent measurement on the
same active material at normal incidence. We assign this
shoulder to the existence of the electrolyte in the active
material; more specifically, we propose that it stems from light
scattering by crystalline PEO or PEO:KCF3SO3 domains,
which can be prominent features at room temperature.45,46 The
value for the effective absorption coefficient of the pristine
active material at λ = 550 nm is αLEC,550 = 0.19 × 105 cm−1, and
it stems primarily from the dispersed electrolyte component but
also from a minor absorption of pristine Super Yellow (see
Figure 4a and accompanying discussion). By subtracting the
contribution of the latter, the absorption coefficient of the
electrolyte in our LEC devices is found to amount to
αLEC‑Elec,550 = 0.16 × 105 cm−1.
At this point, it is relevant to remind ourselves that the active

material of an LEC device comprises three different regions
during light-emission: a p-type doped region next to the anode,
an n-type doped region next to the cathode, and a p−n junction
sandwiched in between the two doped regions (see Figure 3b).
In order to delineate the effects from these different regions, we
choose to focus on the absorption at λ = 550 nm, since our CV-
absorption measurements disclosed that it is primarily p-type
doped (and not pristine or n-type doped) Super Yellow that
absorbs light at this wavelength. To estimate the thickness of
the p-type doped region, we assume: (i) a symmetric doping
profile and (ii) that the p−n junction is 10 nm thick. With these
assumptions in place, we find that the thickness of the p-type
doped region in the herein studied LEC devices is 30 nm. By
using Snell’s law as detailed above and taking into account the
double pass of the probing beam through the active material,
we find that the value for the effective thickness to be plugged
into eq 2 is d = 65 nm. Moreover, in order to separate out the
effects of the electrolyte-induced background in LEC devices
(see Figure 5b and accompanying discussion), we have selected
to focus on the change in the absorption coefficient at λ = 550
nm with respect to the pristine active material, that is,
Δ(αLEC,550).
Figure 6 presents the measured Δ(αLEC,550) as a function of

time during LEC operation in the form of solid black squares.
We find that the changes in absorption of the active material in
the LEC are most prominent during the early stages of device
operation. By approximating the changes in absorption in the
LEC film at λ = 550 nm with that of the electrolyte-free Super
Yellow film, and thereafter, importing these values into the
herein derived translation table (see Figure 4b), we are able to

Figure 5. (a) Schematic of the experimental setup for the in situ measurement of absorption in operating LEC devices. (b) Absorption spectrum of
the pristine active material in an LEC device. The dotted rectangle indicates the contribution assigned to the electrolyte component in the active
material.
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obtain information on the temporal development of the Super
Yellow doping concentration in an LEC device. More
specifically, by setting Δ(αSY,550) = Δ(αLEC,550) and importing
these discrete data into the fit function disclosed in eq 3, we
could track the evolution of the average p-type doping
concentration as a function of time, as presented by the open
red circles in Figure 6.
We observe a superlinear increase of the average p-type

doping concentration with time during the first few hours of
operation and note that this observation is in agreement with
that the speed of the p-type doping front in planar surface cells,
which provides an estimate on the p-type doping concentration,
has been found to also increase with time during the early
stages of device operation.47 We further note that the p-type
doping concentration saturates at a value of 0.4−0.5 dopants
per Super Yellow repeat unit after 6 h of operation, which is
close to our calculated value for the maximum steady-state
doping concentration in this particular LEC device, xdoping = 0.4
dopants per Super Yellow repeat unit, as dictated by eq 4. We
wish to point out that the performance of this device is inferior
to that of optimized devices with a lower electrolyte
content28,40 and that we as expected find that the device
performance begins to deteriorate during the early stages of
operation; specifically, we find that the current density levels off
already at ∼0.1 h and that the luminance and the power
conversion efficacy begins to decrease at t > 0.5 h. We suggest
that the early degradation in performance can be attributed to
the attainment of a too-high doping level (xdoping > 0.128) at this
point in time, which will cause doping-induced and undesired
exciton-quenching and side reactions, as discussed in detail in

refs 28 and 29 but also, notably, significant doping-induced self-
absorption.
To better illustrate the consequences of doping-induced self-

absorption for LECs with different doping concentration and
thickness, we have selected to present data for a number of
relevant scenarios in Figure 7. We have assumed that the light is
directed at normal incidence toward one of the two electrode
interfaces and thereafter coupled out of the device directly (i.e.,
the light is only passing through the p-type region once); the
presented data in Figure 7 thus represent a lower limit on the
effects of self-absorption. Moreover, for clarity we have only
presented data for the self-absorption at λ = 550 nm.
Figures 7a and b present the transmittance (I/I0) of the p-

type doping region as a function of the p-type doping layer
thickness, as calculated using eq 2. In scenario (i), the
transmittance is derived from a doping concentration of 0.4
dopants per Super Yellow repeat unit (α550 = 0.28 × 105 cm−1;
see Figure 4a); whereas in scenario (ii), the transmittance is
derived for a lower doping concentration of 0.1 dopants per
Super Yellow repeat unit (α550 = 0.22 × 105 cm−1; see Figure
4a). In Figure 7b, we consider the total transmittance-blocking
effect of the p-type doped region, by also including the loss
contribution from the dispersed PEO-based electrolyte. In
scenario (iii), we consider a doping concentration of 0.4
dopants per Super Yellow repeat unit, and the existence of a
scattering electrolyte component, i.e. α550 = (0.28 + 0.16) × 105

cm−1 = 0.44 × 105 cm−1. Scenario (iv) then depicts the
transmittance that will occur with a doping concentration of 0.1
dopants per Super Yellow repeat unit and the existence of a
scattering electrolyte. Note that the contribution by the
electrolyte has been divided by four in this latter scenario, as
a lower maximum doping concentration by a factor of 4 is
concomitant with a decreased electrolyte (strictly the salt) mass
ratio by the same factor; see eq 4. Thus, for scenario (iv), α550 =
(0.22 + 0.25 × 0.16) × 105 cm−1 = 0.26 × 105 cm−1.
If we again assume that the p−n junction is 10 nm thick and

symmetrically placed in the middle of the active material and
neglect the effects of self-absorption of the n-type region, we
can replot the transmittance data as the self-absorption (= 1 −
transmittance) as a function of the total active material
thickness. These data are displayed in Figure 7c. We note
that the self-absorption loss at steady-state operation for an
LEC comprising a thin active material film of 100 nm thickness
is 11% at λ = 550 nm for an optimized low doping
concentration (0.1 dopants per Super Yellow repeat unit)

Figure 6. Measured change in the absorption coefficient of the LEC
active material at λ = 550 nm as a function of time (solid black
squares). The temporal evolution of the Super Yellow p-type doping
concentration in an operating LEC device (open red circles).

Figure 7. (a) Transmittance at λ = 550 nm as a function of p-type doping layer thickness for (i) 0.4 dopants per Super Yellow repeat unit (black
line) and (ii) 0.1 dopants per Super Yellow repeat unit (red line). (b) Transmittance at λ = 550 nm for (iii) the high (black line) and (iv) the low
(red line) doping concentration, taking into account also the loss effects from the electrolyte. (c) LEC self-absorption at λ = 550 nm as a function of
active material thickness for (iii) the high (black line) and (iv) the low (red line) doping concentration. The blue line depicts the self-absorption loss
in a doping- and electrolyte-free Super Yellow-based OLED.
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and 18% at a high doping concentration (0.4 dopants per Super
Yellow repeat unit). However, the situation turns much more
problematic for LECs comprising active material films of larger
thickness. A 500 nm thick LEC film features a self-absorption
loss of 47% at the low doping concentration and 66% at the
high doping concentration, whereas micrometer-thick LEC
films exhibit self-absorption losses in excess of 70% also for an
optimized low doping concentration. These results imply that
significant self-absorption losses are a common feature in thick
LEC films fit for fault-tolerant and scalable R2R fabrication and
that it is not realistic to anticipate peak efficiencies from such
thick-film devices, which are using the same conjugated
compound for both charge transport and light emission.48

In Figure 7c, we have for comparison also included the self-
absorption data for a Super Yellow-based OLED, as calculated
using the absorption coefficient for pristine Super Yellow
(αSY,550 = 0.03 × 105 cm−1; see Figure 3a). As expected, we find
that the effects of self-absorption is comparatively minor for this
polymer OLED, and note that the self-absorption for such a
polymer OLED with a practical active material thickness of 100
nm is a mere 1% at λ = 550 nm. Thus, it again becomes clear
that the OLED and LEC are two distinctly different device
technologies, each with its own specific set of pros and cons.
Importantly, the presented results suggest that the efficiency

of LEC devices with thick active layers, that is, the typical
outcome of a scalable and low-cost R2R fabrication process, is
going to be subpar unless appropriate measures are employed.
Such procedures could involve the employment of host−guest
systems to decrease the overlap between the emission of the
guest and the absorption of a doped host or the utilization of a
transparent cathode, so that half of the light generated in the
p−n junction only passes through a weakly absorbing n-type
doped regions before exiting the device; see Figure 3b for
schematic. Moreover, it is important to point out that the
performance of thin-film light-emitting devices, such as LECs
and OLEDs, also can be heavily influenced by other factors,
such as microcavity effects and optical waveguiding, as
discussed, for example, in refs 22 and 49. We are currently
working on an expanded study on LEC devices that
incorporates these effects as well and hope to be able to
present these results in a future publication.
Finally, we wish to point out that our findings predict that

undesired variations in the EL intensity and color over the
device area can be a prominent feature from LEC devices
comprising thick films with a spatial variation in thickness. First,
as the thinner regions will exhibit a smaller self-absorption loss,
they will feature a corresponding higher EL intensity than the
thicker regions. Second, if the self-absorption exhibits a
wavelength-dependency, one can compare the doped region
with a filter, which allows certain wavelengths to pass more
easily. Two manifestations of this latter phenomenon are (i)
that thicker active material films will feature a different EL color
(and lower intensity) than thinner films and (ii) that uneven
films will display color variations over the device area.

■ SUMMARY
We demonstrate that doping-induced self-absorption can be an
undesired prominent feature in conventional LECs. Specifically,
we show that a subpar device efficiency results from the
employment of thick active materials, and that a spatial
variation in EL intensity is anticipated from devices featuring
uneven thickness for the active material. We specifically
investigate a Super Yellow-based LEC and show that the loss

due to self-absorption can amount to 66% for a 500 nm thick
active material at steady-state operation. Moreover, we also
establish the relationship between the absorption and doping
concentration for Super Yellow and demonstrate that the
maximum doping concentration that can be attained in an LEC
device is dictated by the initial salt concentration.

■ METHODS
For the preparation of CV experiments, the following
procedure was used. A glass substrate partially covered with
indium tin oxide (ITO; Thin Film Devices, U.S.A.) was washed
with acetone and isopropanol and thereafter dried in an oven at
T = 120 °C for t > 3 h. The electroluminescent phenyl-
substituted poly(para-phenylene vinylene) copolymer (“Super
Yellow”, Merck)50 was dissolved in cyclohexanone and
thereafter spin-coated onto the cleaned ITO-coated glass
substrate; for the chemical structure of Super Yellow, see
Figure 1b. The Super Yellow film was dried on a hot plate at T
= 70 °C for t > 12 h, and the thickness of the dry film was 120
nm, as measured with a stylus profilometer (Dektak XT,
Bruker). The electrolyte comprised the salt KCF3SO3 (dried
under vacuum at T = 200 °C, Aldrich) dissolved in acetonitrile
(anhydrous, Aldrich) in a molar concentration of 0.04 M. Bare
ITO or Super Yellow-on-ITO was used as the working
electrode (WE), and the active area of the WE was 1.50 ×
0.65 cm2. A quartz glass crucible was filled with electrolyte
solution and enclosed with a PTFE lid. The WE (1), a
platinum-rod counter electrode (3), and a silver-rod quasi-
reference electrode (2) were immersed into the electrolyte
solution, as depicted in Figure 1a. All sample fabrication was
done in a N2-filled glovebox ([O2], [H2O] < 1 ppm). The CV
measurements were driven by an Autolab PGSTAT302
potentiostat and controlled by the GPES (EcoChemie)
software. The voltage step and scanning speed were 10 mV/
step and 25 mV/s, respectively. At the end of each CV
measurement, a small amount of ferrocene (Fluka) was added
to the electrolyte solution, and a calibration scan was performed
in order to determine the potential of the ferrocene/
ferrocenium ion (Fc/Fc+) redox couple, which established the
reference potential.
The absorption spectra of Super Yellow were recorded in situ

during the CV measurements, as illustrated schematically in
Figure 1a. The light source was a tungsten halogen lamp (HL-
2000-HP-RS-232, Ocean Optics), and the probing light was
coupled onto the WE via an optical fiber (Ocean Optics). The
detection was carried out by coupling the transmitted light into
a second optical fiber, which carried the transmitted light to the
detector being a high-resolution spectrometer (HR 4000,
Ocean Optics). The integration time for one scan was 4 ms,
and 100 such scans were averaged for each presented spectrum.
The recorded data were analyzed using the SpectraSuite
software (Ocean Optics).
The device structure for the LEC sandwich cells is shown in

Figure 1c, and they were prepared as follows. Precleaned ITO-
coated glass substrates were used as the anode. The active
material comprised a blend of Super Yellow, the ion-dissolving
and ion-transporting polymer poly(ethylene oxide) (PEO, MW
= 5 × 106, Aldrich), and the salt KCF3SO3 (Aldrich), with
chemical structures depicted in Figure 1b. The PEO and
KCF3SO3 were dried under vacuum at T = 50 °C and T = 200
°C, respectively. The active-material constituents were
separately dissolved in cyclohexanone (Aldrich) in a concen-
tration of 7 g/L (Super Yellow) and 10 g/L (PEO and
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KCF3SO3), and these master solutions were thereafter mixed
together in a mass ratio of {Super Yellow/PEO/KCF3SO3} =
(1:0.4:0.1). The blend solution was spin-coated onto the ITO
anode at 2000 rpm for 60 s and, thereafter, dried on a hot plate
at T = 50 °C for t > 16 h. The thickness of the dry active
material was 70 nm, as measured with the stylus profilometer.
On top of the active material, an Al cathode was deposited by
thermal evaporation at p < 2 × 10−6 mbar through a shadow
mask. The light-emitting area, as defined by the size of the Al
cathode, was 0.80 × 0.80 cm2. The LEC devices were
encapsulated by attaching a glass plate onto the Al-side of the
device using a UV-curable single-component epoxy adhesive
(Ossila). More details on the encapsulation procedure have
been reported elsewhere.51 All LEC device preparation took
place in two interconnected N2-filled glove boxes ([O2], [H2O]
< 1 ppm).
The LEC devices were driven at constant voltage V = 4 V by

an Agilent E3647A DC power supply, with ITO biased as the
positive anode. The absorption spectra of the active material
were recorded in situ during LEC operation by collecting the
remaining probing light reflected from the Al cathode, as
illustrated in Figure 5a. The absorption spectroscopy setup was
identical to that described above, with the exceptions being that
the light source and detector were placed at an angle of 45°
with respect to the LEC surface, and that a polarizing filter was
placed in front of the detector. The EL spectrum was recorded
normal to the LEC surface using a high-resolution spectrometer
(HR 4000, Ocean Optics). The encapsulated LECs were
operated and probed under ambient air.
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