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Determining the Width of the Dynamic Emission Zone in
Light-Emitting Electrochemical Cells

Xiaoying Zhang, Joan Ràfols-Ribé, Anton Kirch, Christian Larsen, and Ludvig Edman*

The light-emitting electrochemical cell (LEC) forms a p-n junction doping
structure by bipolar electrochemical doping during its initial operation. The
light emission originates from the p-n junction region through the formation
and radiative decay of excitons. The width of this emission zone (EZ) is
important since it strongly affects the emission losses by exciton quenching,
the outcoupling efficiency, and the drive voltage. The challenge is that it has
proven very difficult to determine the width of the dynamic EZ in LECs. Here,
this issue is addressed through the presentation of a method that fits
simulated angle-resolved emission spectra to measured spectra, using the EZ
width and position as the two free parameters. For improved accuracy, a linear
polarizer is employed for the selective detection of s-polarized emission and a
half-cylinder outcoupling structure for enhanced spectral output. The method
is finally employed on a common conjugated-polymer LEC, and it is derived
that its EZ width decreases during the initial operation, that the steady-state
EZ width is equal to ≈20% of the active-material thickness at a current
density of 10 mA cm−2, and that the steady-state EZ width appears to
decrease with increasing current density.

1. Introduction

The light-emitting electrochemical cell (LEC) is attracting in-
creasing interest since it can deliver bright area emission at low
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voltage from thin and flexible devices,[1–14]

and since it can be fabricated by energy-
and cost-efficient printing and coating un-
der ambient air.[15–17] An LEC essentially
consists of two electrodes that sandwich
a single layer of emissive active material,
with the latter comprising an electrolumi-
nescent organic semiconductor and mo-
bile ions.[18–21] When a voltage is applied
between the electrodes, the mobile ions
redistribute to form electric double lay-
ers (EDLs) at the two electrode interfaces,
which facilitates efficient and balanced in-
jection of electrons and holes into the or-
ganic semiconductor. The first injected elec-
trons and holes are electrostatically com-
pensated through the redistribution of the
remaining mobile ions in the active ma-
terial; in other words, electrochemical p-
type doping forms at the anode and electro-
chemical n-type doping at the cathode.[22]

These two doping regions grow and form
a p-n junction, where subsequently in-
jected electrons and holes recombine into

excitons; these excitons can decay radiatively through the emis-
sion of photons.[23]

The emission zone (EZ) is thus akin to the p-n junction,
and its detailed structure has been demonstrated to have a pro-
found impact on the LEC performance. For example, the EZ po-
sition determines whether the LEC is operating at constructive
or destructive interference,[24–26] the EZ width has a strong in-
fluence on the emission losses to exciton-polaron and exciton-
exciton quenching,[27,28] while the combined width and position
of the EZ determine the impact of the (typically lossy) coupling
of the excitons to surface plasmon-polariton modes at the elec-
trode interfaces.[29] In addition, a wider EZ is concomitant with a
higher drive voltage, since the p-n junction is the most resistive
part of the LEC structure (at steady state).
It is thus clear that it is highly desired and motivated to de-

velop methods for the determination of the EZ structure in LEC
devices, but also that this endeavor is rendered complicated by
the fact that the doping structure, and thereby the EZ, forms and
develops in situ during LEC operation. This is in contrast to the
situation in organic light-emitting diodes (OLEDs), where a de-
sired static doping structure is established during device fabrica-
tion, and where the EZ structure can be accurately determined
by spectrogoniometer measurements, optical simulations, and
fitting algorithms.[30,31] In LECs, the average EZ position has
been determined with high accuracy by the fitting of simulated
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Figure 1. a) Schematic presentation of the LEC device structure and the microcavity effect that is utilized for the determination of the EZ parameters;
note that the refraction at the interfaces has been excluded for clarity. b) Schematic presentation of the spectrogoniometer setup, with a half-cylinder
outcoupling structure attached on the transparent substrate of the LEC device, and a linear polarizer included before the detector. The emission angle
with respect to the device normal that is measured by the detector is 𝜃. c) The measured steady-state EL spectrum of an LEC device as a function of 𝜃

during steady-state operation at a current density of 50 mA cm−2.

emission spectra to measured emission spectra.[32] However,
the determination of the EZ width suffers from a much poorer
accuracy and/or questionable assumptions, although we note
that some information has been gleaned from impedance spec-
troscopy measurements[25,33,34] and drift-diffusion modeling.[35]

Here, we address this issue by presenting a method for the
in situ determination of the evolution of the EZ width during
LEC operation. We specifically fit simulated angle-resolved emis-
sion spectra to corresponding measured spectra, with the EZ
position and the EZ width as the two free fitting parameters.
The simulated spectra were derived using previously established
electrochemical-doping-dependentmaterial properties, while the
measured spectra were recorded with a half-cylinder sphere posi-
tioned on the transparent part of the device for improved outcou-
pling and a linear polarizer positioned before the detector for the
selective detection of the s-polarized emission. By systematically
executing this method on a common conjugated-polymer LEC,
we could establish that the EZ width is decreasing during the ini-
tial turn-on process, that the steady-state EZ width is ≈20% for a

device with an active-material thickness of 300 nm when driven
by a constant current density of 10 mA cm−2, and that the steady-
state EZ width is decreasing with increasing current density.

2. Results and Discussion

Figure 1a presents a schematic of the employed LEC structure,
comprising a transparent indium-tin-oxide (ITO) anode on a
transparent glass substrate and a reflective Al cathode sandwich-
ing a single layer of active material. The active material con-
sists of an optimized blend of the electroluminescent conju-
gated polymer Super Yellow (SY), the salt KCF3SO3, and the
ion transporter hydroxyl-capped trimethylolpropane ethoxylate
(TMPE-OH).[23,33,35,36] The thickness of the active material (dAM)
is selected to be 300 nm, since this has been demonstrated to
result in that this particular device structure, as desired for the
herein utilized method, can be operated close to minimum opti-
cal outcoupling.[36,37] More details on the device fabrication can
be found in the Experimental Section.

Adv. Optical Mater. 2025, 13, 2501128 2501128 (2 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2025, 22, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202501128 by U
m

ea U
niversity, W

iley O
nline L

ibrary on [23/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

The EZ position in the active material (or interelectrode gap)
is indicated by the horizontal dotted black line in Figure 1a, and
it is normalized with respect to dAM, with 0 indicating the an-
odic interface and 1 the cathodic interface. Two light waves (wavy
red lines in Figure 1a) are presented that both originate in the
same spot in the EZ and that both exit the device structure with
the same emission angle 𝜃; but which are distinguished by that
the first wave is directed toward the transparent anode/substrate,
whereas the second wave first is reflected off the cathode. The
interaction of these two light waves visualizes part of the micro-
cavity effect, which can be prominent in thin-film devices.[31,38]

More specifically, in our system, the two light waves will interfere
constructively when the optical path difference is an integer mul-
tiple of the wavelength (i.e., the two waves are in phase). In con-
trast, they will interfere destructively when the optical path dif-
ference is a half-integer multiple of the wavelength (i.e., the two
waves are out of phase). The optical path difference is determined
by the distance between the EZ and the reflective (cathodic)
interface,[39,40] the refractive index of the active material,[41] the
phase shift of the light wave during reflection at the reflective
interface,[42] and the emission angle 𝜃.[43,44]

Figure 1b is a schematic of the custom-built spectrogoniome-
ter setup that was employed for the measurement of the angle-
resolved electroluminescence (EL) spectrum and intensity.[36]

The LEC device under study is placed on a goniometer stage, and
its rotation around the x-axis (in the green y-z plane) defines the
emission angle 𝜃 in air, with 0° corresponding to forward emis-
sion. A half-cylinder glass outcoupling structure, with its sym-
metry axis aligned with the rotation axis of the stage, is attached
to the glass substrate of the device with an index-matching oil to
suppress losses to substrate modes.[45]

A linear polarizer is placed in front of the detector, and it is
oriented to only allow s-polarized light waves (with their electric-
field component in the yellow x-z plane) to reach the detector.
This procedure simplifies the analysis of data and improves the
accuracy of the method, since the s-polarized light wave only
includes a contribution from the horizontally oriented emitters
(emissive dipoles or excitons) in the active material, whereas the
p-polarized light wave includes a contribution fromboth horizon-
tally and vertically oriented emitters.[36] Thus, the selective detec-
tion of the s-polarized light waves eliminates the requirement of
identifying the relative proportions of the horizontally and verti-
cally oriented emitters in the active material.
Figure 1c presents an example of the measured s-polarized EL

spectrum and intensity from the LEC device (dAM = 300 nm)
as a function of the emission angle 𝜃 during steady-state oper-
ation at a current density of 50 mA cm−2. The observed strong
dependency of the EL spectral shape and intensity on 𝜃 is a
manifestation of that the LEC device, as desired, is shifting be-
tween destructive and constructive interference by amere change
of 𝜃.[40,46]

The angle-resolved EL spectrum and intensity of the LEC de-
vice were also simulated by the commercial software Setfos, us-
ing the EZ position and the EZ width as the two free parameters.
Figure 2a presents the simulated LEC structure, which, in agree-
ment with the measured LEC, comprises a 300 nm thick layer of
active material sandwiched between a 100 nm thick Al cathode
and a 145 nm thick ITO anode; the latter is positioned on top of
a transparent and infinitely thick (and incoherent) glass layer to

mimic the combined effects of the glass substrate and the half-
cylinder glass outcoupling structure in the measurements.[36]

Figure 2b displays the simulated steady-state doping concen-
trations and exciton generation profile in the active material as
a function of the normalized interelectrode position. The exci-
ton generation profile is simulated as a Gaussian function (which
was shown to be a good approximation in ref. [28]):

f (x) = 1

𝜎

√
2𝜋

e−
1
2 (

x−x0
𝜎
)2 (1)

where x is the normalized interelectrode position, x0 the Gaus-
sian center position, and 𝜎 its standard deviation. x0 is thus equal
to the “EZ position” at which peak exciton generation takes place,
whereas the “EZ width” is herein defined to be equal to 6𝜎. The
latter results in that <0.5% of the excitons are generated outside
of the EZ in the simulation, and this minor fraction of excitons is
removed from further analysis because of a fundamental require-
ment of the simulation software. The exciton emission spectrum
is set equal to the measured photoluminescence spectrum of a
17-nm-thin Super Yellow film.[23]

The doping regions are divided into a ten-sublayer p-type dop-
ing region and a ten-sublayer n-type doping region, which sand-
wich the EZ. The overall doping gradients are constant, with
the highest doping concentration at the corresponding inject-
ing electrode and zero doping concentration at the EZ inter-
face. Each of the doping sublayers exhibits constant doping con-
centration, with the doping- and wavelength-dependent complex
refractive index of each such sublayer gleaned from previous
measurements.[47,48] The total number of p-type dopants in the p-
doping region is set equal to the total number of n-type dopants in
the n-type doping region because of charge conservation, and the
average doping concentration in the active material is set equal
to the initial ion concentration in the experimental devices (i.e.,
9.6 × 1019 cm3).
Figure 2c presents the simulated s-polarized EL spectrum and

intensity as a function of the emission angle 𝜃 for an LEC device
during steady-state operation at a current density of 50 mA cm−2,
with the simulated EZ position being 0.59 and the simulated EZ
width being 0.16. The EL spectrum and intensity exhibits a strong
dependence on 𝜃, and we call attention to the resemblance be-
tween the simulated angle-resolved EL data in Figure 2c and the
measured angle-resolved EL data in Figure 1c.
The values for the EZ position and width can now be deter-

mined by identifying the global minimum of the mean absolute
error (MAE) between the measured EL spectral data and the sim-
ulated EL spectral data. More specifically, we calculate MAE as a
function of the EZ position (=x0 ) and the EZ width (w0 = 6𝜎)
with the equation:

MAE
(
x0, w0

)
= 1

N
𝜃

∑
𝜃

1
N

𝜆

∑
𝜆

|||I
meas
𝜃,𝜆 − Isim

𝜃,𝜆

(
x0, w0

)||| (2)

where Imeas
𝜃,𝜆 is the measured EL spectral intensity as a function

of emission angle 𝜃 and Isim
𝜃,𝜆 (x0, w0) is the simulated EL spectral

intensity as a function of 𝜃. Both the measured and simulated
EL intensity are normalized to the maximum EL intensity at 0°.
N

𝜃
and N

𝜆
are the number of measured and simulated emission

angles (= 17) and emission wavelengths (=176), respectively.
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Figure 2. a) The simulated steady-state LEC structure, comprising an active material divided into a p-type doping region, an intrinsic emission zone
(EZ), and an n-type doping region. b) The simulated 10-sublayer p-type doping region, the 10-sublayer n-type doping region, and the Gaussian-shaped
exciton generation profile in the EZ as a function of the normalized interelectrode position. The presented EZ peak is located at 0.59 and the EZ width is
0.16. c) The simulated s-polarized EL spectrum as a function of 𝜃 for the LEC device (dAM = 300 nm) during steady-state operation at a current density
of 50 mA cm−2.

Figure 3a presents the derived MAE as a function of the sim-
ulated values for the EZ position (horizontal x-axis) and the EZ
width (vertical y-axis) for an LEC device that is operating at steady
state when driven by a current density of 25 mA cm−2. Steady
state is defined to be reached at the time of minimum voltage in
the measurement. The identified global minimum for MAE (as
indicated by the red star in Figure 3a thus reveals that, for this
particular device and operational condition, the best-estimated
EZ position is at 0.62 and the best-estimated EZwidth is 0.18. For
the device with an active-material thickness of dAM = 300 nm, this
translates into an EZ center position that is 186 nmaway from the

transparent anode (and 114 nm away from the reflective cathode)
and an EZ width of 54 nm.
Figure 3b shows the local minimum of the MAE as a function

of the simulated EZ position, while Figure 3c presents the local
minimum of the MAE as a function of the simulated EZ width.
Figure 3d finally compares the measured angle-resolved EL spec-
tra (solid lines) with the simulated angle-resolved EL spectra us-
ing the derived best estimator values for the EZ position of 0.62
and the EZ width of 0.18 (dashed lines). The observed good repli-
cation of the angle-resolved measured EL spectra by the simula-
tion provides confirmation of the validity of the procedure.

Adv. Optical Mater. 2025, 13, 2501128 2501128 (4 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) 2D color graph of the mean absolute error (MAE) as a function of the simulated values for the EZ position (horizontal x-axis) and the EZ
width (vertical y-axis) for an LEC device operating at steady state while driven by a current density of 25 mA cm−2. The red star indicates the global
minimum of MAE, which identifies the best-estimated values for the EZ position and the EZ width. b) The local minimum of MAE as a function of the
simulated EZ position. c) The local minimum of MAE as a function of the simulated EZ width. d) The measured (solid lines) and best-estimated (dashed
lines) EL spectra as a function of 𝜃 for the device at steady state when driven with a current density of 25 mA cm−2.

However, a few words of caution are in place, which can serve
as inspiration for future research and development. First, the de-
rived value for the global minimum of MAE (EZ position = 0.62,
EZ width = 0.18) is 0.05, while it – in the ideal case of a perfect
model and a perfect measurement – should be 0. In this context,
we mention that the quality of the simulation will be improved
when more detailed information on the shape of the doping pro-
files and the exciton generation zone in the active material be-
comes available. Second, a comparison between Figure 3b,c re-
veals that the method identifies the EZ position with a higher
accuracy than the EZ width. This can be exemplified by that a
small change of the EZ position from 0.62 to 0.64 results in a
20% increase of MAE (see Figure 3b), while the same increase
of MAE is concomitant with an increase of the EZ width from
0.18 to 0.35, as gleaned from Figure 3c. Third, we have chosen
to, somewhat arbitrarily, define the EZ width as being six times
the standard deviation of a Gaussian-shaped exciton generation
zone; it is thus important to keep this definition in mind when
comparing the herein derived values for the EZ width with val-
ues derived with other methods (that plausibly have adopted a
different definition). Moreover, direct observations of the EZ in
planar surface cells, with much larger interelectrode gaps of 0.1-
1 mm, established that the EZ can have a jagged shape with re-
spect to the electrode surface plane,[49–51] which would imply that
the herein derived value represents the “average EZ width” while
the “local EZ width” is thinner.
We now utilize the presented method for the study of the tran-

sient evolution of the EZ in an LEC during its initial operation.
Figure 4a,b present the temporal evolution of the voltage and the
forward luminance, respectively, for three different current den-
sities, as identified in the inset of Figure 4a. The time of steady
state (i.e., minimum voltage) is indicated by the solid squares.
The derived time evolution of the best-estimated EZ position and

the best-estimated EZ width are displayed in Figure 4c,d, respec-
tively; the temporal resolution of slightly more than 1 min is de-
termined by the time required to measure one complete set of
angle-resolved EL spectra.
Figure 4c shows that the EZ position is formed closer to the

negative cathode (at 0.65–0.70) and thereafter is migrating to-
ward the center of the interelectrode gap during the first hour
of operation. The figure also discloses that the entire transient
is shifted toward the center of the active material with increas-
ing current density. The corresponding analysis of the EZ-width
data in Figure 4d results in two findings: i) the best-estimated EZ
width decreases during the initial LEC operation, and ii) the best-
estimated steady-state EZ width narrows with increasing current
density (and voltage).
In order to investigate whether these observations are con-

sistent, we have characterized nine devices from three different
batches. The complete set of characterization data is presented in
Figures S1 and S2 (Supporting Information). It is reassuring that
the device-to-device variation is rather minor and that the above-
identified trends for the best-estimated EZ position and width
hold for all devices. We have also investigated the sensitivity of
the derived values for the EZ position and the EZ width using the
error calculation method presented in ref. [29]. Figure S3 (Sup-
porting Information) confirms that the presented method pro-
duces a more exact determination of the EZ position than the EZ
width.
Figure 4e,f summarize all derived steady-state values for the

best-estimated EZ position and the EZ width, respectively, as a
function of the current density. The red horizontal line markers
show the mean of all these values for the EZ position and the EZ
width, while the black rectangles show the corresponding popu-
lation standard deviation. It is clear that this summary plot con-
firms the trends presented above.

Adv. Optical Mater. 2025, 13, 2501128 2501128 (5 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. The temporal evolution of a) the voltage, b) the forward luminance, c) the best-estimated EZ position, and d) the best-estimated EZ width for
typical LEC devices of batch 2 when driven by a constant current density, as identified in the inset of (a). The solid squares indicate the time of steady
state, i.e., minimum voltage. e) The steady-state values for the best-estimated EZ position and f) the best-estimated EZ width for the three different LEC
batches as a function of the current density. The red horizontal line markers show the mean value and the black rectangles show the population standard
deviation, as calculated from the best-estimated EZ position and the best-estimated EZ width of the three batches. g–i) The temporal evolution of the
best-estimated EZ position (line) and the best-estimated EZ width (shaded area) at three different current densities, as indicated in the insets.

Adv. Optical Mater. 2025, 13, 2501128 2501128 (6 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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To facilitate a discussion of the collected data, Figure 4g–i visu-
alize the combined temporal evolution of the EZ center position
and the EZ width at the three current densities. For the analysis,
we first call attention to that it has been demonstrated that the ini-
tial EZ position will form closer to the negative cathode when the
cation mobility is higher than the anion mobility; whereas a ca-
thodically displaced steady-state EZ position originates in that the
hole mobility is higher than the electron mobility.[23,35] Thus, the
observation that the initial EZ position invariably forms closer to
the cathode shows that the cations are more mobile than the an-
ions, whereas the steady-state formation of the EZ position closer
to the cathode is due to that the holes are more mobile than the
electrons. Moreover, the observed shift of the steady-state EZ to-
ward the positive anode with increasing current density (and volt-
age) implies that the positive dependency on the E-field is higher
for the electron mobility than the hole mobility.
We further rationalize the observed decrease of the EZ width

during the initial LEC operation by that the electrochemical dop-
ing processes are still ongoing in this time window, which will be
manifested in a gradual increase of the overall doping concentra-
tion and a gradual thinning of the EZ (and the p-n junction).[52]

The final observation, that the steady-state width of the EZ is
decreasing with increasing current density, is at this stage less
straightforward to explain, but we note with interest that ear-
lier investigations, using impedance spectroscopy,[53,54] have re-
ported on a similar thinning of the EZ with increasing current
density.
We conclude with a short discussion of the implications of our

specific findings. First, the observed temporal shift of the EZ po-
sition toward the center of the interelectrode gap results in the
outcoupling efficiency for this particular device structure is de-
creasing with operational time, as displayed in Figure S4a (Sup-
porting Information). This observation explains, in part, why the
forward luminance of the LEC driven by the two higher current
densities in Figure 4b is decreasing during the initial operation.
Similarly, the shift of the steady-state EZ position toward the cen-
ter of the gap with increasing current density also results in a sig-
nificant relative lowering of the outcoupling efficiency by ≈30%,
as displayed in Figure S4b (Supporting Information).
Finally, the observation of a decreasing EZ width with increas-

ing current density is highly relevant in the context of the LEC
emission efficiency and the efficiency roll-off. More specifically,
a narrowing of the EZ will result in an increase of the emis-
sion losses to exciton-exciton quenching and exciton-polaron
quenching,[28] and therefore result in an increased efficiency roll-
off. Thus, the presented method for the determination of the dy-
namic EZ width and position in operating LEC devices can con-
tribute to the appropriate and more exact identification of loss
channels, and, as such, enable for a rational design of improved
devices.

3. Conclusion

We present a method for the in-situ determination of the tempo-
ral evolution of the EZ width during LEC operation, which con-
stitutes a fitting of simulated angular-resolved EL spectra to the
correspondingmeasured EL spectra, using the EZ width as a free
parameter. For improved accuracy, the measurements utilize an
outcoupling structure and the selective detection of s-polarized

EL, while the simulation considers the wavelength- and doping-
dependent refractive index. We test the presented method on a
common conjugated-polymer LEC with an active-material thick-
ness of 300 nm and establish that the EZ width decreases during
the initial operation. We further find that the EZ width is ≈20%
of the active-material thickness during steady-state operation at a
current density of 10mA cm−2, but that the steady-state EZ width
appears to decrease with increasing current density. We note that
such a decrease of the EZ width can be expected to be concomi-
tant with increased exciton quenching. Thus, we anticipate that
the presented method for determining the elusive EZ width in
sandwich-cell LECs can contribute to a better understanding of
the LEC operation and to the rational design of improved devices.

4. Experimental Section
The electroluminescent organic semiconductor was a phenyl-substituted
poly (paraphenylene vinylene) conjugated copolymer termed “Super
Yellow” (average repeat unit: 338 g mol−1, Mn >400,000 g mol−1,
Mw >1 300 000 g mol−1. trade name: PDY-132, Merck), the salt was
KCF3SO3 (purity: 99.5%, SOLVIONIC), and the ion transporter was
hydroxyl-capped trimethylolpropane ethoxylate (TMPE-OH, Mn = 450 g
mol−1, Sigma–Aldrich). The salt and the ion transporter were dried for
12 h in a vacuum oven at 190 and 50 °C, respectively, while Super Yellow
was used as received. The active-material constituents were separately dis-
solved in cyclohexanone (purity ≥ 99.5%, Sigma–Aldrich) in the following
concentrations: KCF3SO3 and TMPE-OH: 10 g l−1; Super Yellow: 12 g l−1.
These master solutions were stirred on a magnetic hot plate at 70° for ≥

12 h. The salt solution was additionally filtered through a 0.1 μm polyte-
trafluoroethylene syringe filter (Whatman Puradisc 25, Cytiva). The active-
material ink was prepared by blending the master inks in a mass ratio of
Super Yellow:TMPE-OH:KCF3SO3 = 1:0.1:0.03, followed by stirring on a
hot plate at 70 °C for ≥ 6 h before further use.

The LEC devices were fabricated on transparent indium-tin-oxide (ITO)
coated glass substrates (ITO thickness = 145 nm, Rs = 15 Ω □−1, glass
thickness = 0.70 mm, substrate area = 30.0 × 30.0 mm2, Kintec). The
ITO substrates were cleaned by sequential ultrasonic treatment in deter-
gent (Extran MA 01, Merck), deionized water, acetone, and isopropanol,
followed by drying in an oven at 120 °C for ≥ 1 h. The active-material ink
was spin-coated (ramp-up time = 1 s, spinning speed = 1500–1600 rpm,
spinning time = 120 s) on the ITO, and the deposited active-material film
was dried at 70 °C for 1 h. The dry thickness of the active material was 300
± 10 nm, as measured with a stylus profilometer (DektakXT, Bruker). The
reflective Al top electrode (thickness = 100 nm) was deposited by thermal
evaporation under vacuum (p < 8 × 10−6 mbar) through a shadow mask.
The overlap of the transparent ITO anode and the reflective Al cathode de-
fined four independent 2.0 × 2.0 mm2 LEC devices on each substrate. The
LECs were protected from the ambient air by attaching a thin glass plate
on top of the Al cathodes with a UV-curable epoxy (E132, Ossila), which
was cured by exposure to UV light for 30 min (UV-Exposure Box 1, Gie-Tec
GmbH). The ink preparation and the device fabrication were performed in
N2-filled gloveboxes ([O2] < 1 ppm, [H2O] < 1 ppm).

The angle-dependent EL spectrum and intensity were measured with a
custom-built and automated spectrogoniometer setup, as controlled by a
computer (Raspberry Pi 400) and a Python-based virtual instrument.[36]

The LEC device under study was placed at the center of a goniometer
stage, which rotation defined the emission angle. An emission angle of 0°

corresponds to the forward direction, and the EL data were recorded for
angles ranging from −86.4° to 86.4° in increments of 5.4°. A half-cylinder
glass lens (radius = 20 mm, focal length= 40 mm), with its symmetry axis
aligned with the rotation axis of the stage, was attached to the glass sub-
strate of the device by an index-matching oil (n = 1.516, OIL-8CC, Olym-
pus). The device was electrically driven and measured by source-measure
unit (Keithley 2400), with the compliance voltage being 21 V. A fraction
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of the emitted light was collected by a collimating lens (∅ = 7.2 mm,
NA = 0.38, F110SMA-532, Thorlabs), with a collection angle of 0.004 sr
and placed 100 mm away from the device surface. An optical fiber (∅ =
600 μm, NA = 0.39, M29L01, Thorlabs) delivered the collected light to a
CCD-array spectrometer (FLAME-S-XR1-ES, Ocean Optics). A linear polar-
izer (LPVISE100-A, Thorlabs), which only allowed s-polarized light to pass
through, was placed in front of the detector.

The optical modeling was performed with a commercial software (Set-
fos, versions 5.2/5.3 Fluxim AG, CH). The simulated LEC device struc-
ture, as displayed schematically in Figure 2a, comprised an Al top cath-
ode (thickness = 100 nm), the active material (thickness = 300 nm), an
ITO anode (thickness = 145 nm), and an infinitely thick glass substrate.
The simulated doping and exciton generation profiles in the active ma-
terial during steady-state operation are presented in Figure 2b, and the
doping profiles are described in detail in the accompanying text. The ex-
citon generation profile was simulated as a Gaussian function (see Equa-
tion 1), with the peak position at x0 and the standard deviation being 𝜎.
The EZ position was equal to x0, while the EZ width, w0, was set equal to
6𝜎. Since the model does not permit emission to take place in absorbing
(here doping) regions, the EZ was modelled as being non-absorbing (i.e.,
transparent). Since only the s-polarized light was detected in the angle-
dependent experiment, information on the optical anisotropy of the emit-
ter was irrelevant.[36] The restriction was finally imposed in the modeling
that the EZ width could not exceed 50% of the active material thickness,
since this resulted in a doping concentration at the electrode interfaces
that was larger than the available density of the states of the organic semi-
conductor Super Yellow. The two free parameters in the fitting of the sim-
ulated EL data to the measured EL data are x0 and w0 = 6𝜎 (as normal-
ized to the active-material thickness of 300 nm); and x0 was changed from
0.005 and 0.995 in steps of 0.005, whilew0 was varied between 0.01 to 0.50
in steps of 0.01, which resulted in a set of 199×50 solutions for Isim

𝜃,𝜆 (x0, w0)
in Equation (2). By using the solution landscape at the expense of a finite
resolution of the free parameters, the speed of the fitting procedure was
improved, the risk of reaching a local minimum was suppressed and es-
pecially the goodness of the fit was visualized in a very clear way.

5. Statistical Analysis

Nine nominally identical LEC devices were fabricated and mea-
sured, and the observed variation in the spectral and optoelec-
tronic performance were veryminor, as detailed in Table S1 (Sup-
porting Information).
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