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Efficiency Roll-Off in Light-Emitting Electrochemical Cells

Xiaoying Zhang, Joan Ràfols-Ribé, Jonas Mindemark, Shi Tang, Mattias Lindh,
Eduardo Gracia-Espino, Christian Larsen, and Ludvig Edman*

Understanding “efficiency roll-off” (i.e., the drop in emission efficiency with
increasing current) is critical if efficient and bright emissive technologies are
to be rationally designed. Emerging light-emitting electrochemical cells (LECs)
can be cost- and energy-efficiently fabricated by ambient-air printing by virtue
of the in situ formation of a p-n junction doping structure. However, this in
situ doping transformation renders a meaningful efficiency analysis
challenging. Herein, a method for separation and quantification of major LEC
loss factors, notably the outcoupling efficiency and exciton quenching, is
presented. Specifically, the position of the emissive p-n junction in common
singlet-exciton emitting LECs is measured to shift markedly with increasing
current, and the influence of this shift on the outcoupling efficiency is
quantified. It is further verified that the LEC-characteristic high
electrochemical-doping concentration renders singlet-polaron quenching
(SPQ) significant already at low drive current density, but also that SPQ
increases super-linearly with increasing current, because of increasing
polaron density in the p-n junction region. This results in that SPQ dominates
singlet-singlet quenching for relevant current densities, and significantly
contributes to the efficiency roll-off. This method for deciphering the LEC
efficiency roll-off can contribute to a rational realization of all-printed LEC
devices that are efficient at highluminance.

1. Introduction

Emerging electroluminescent technologies, in the form of the or-
ganic light-emitting diode (OLED) and the light-emitting elec-
trochemical cell (LEC), are praised for their thin and flexible
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form factor,[1] the vibrant and tunable
emission colors,[2] the non-glaring surface
emission,[3] and the potential for energy-
and cost-efficient fabrication.[4] A practi-
cal and sustainably relevant light-emission
technology should preferably also deliver
bright emission at high efficiency, but it
is unfortunately common that the emis-
sion efficiency of OLED[5] and LEC[6] de-
vices drops significantly with increasing
drive current and luminance in a pro-
cess generically termed “efficiency roll-off”.

A functional route toward suppression
of efficiency roll-off in OLEDs is through
the employment of a carefully designed
and exact multilayer device architecture,
with the different layers, separately or
in concert, providing for balanced injec-
tion of electrons and holes, facile elec-
tron and hole transport, unity electron
and hole recombination into excitons, ef-
ficient conversion of excitons into pho-
tons, and efficient escape or “outcoupling”
of the generated photons out of the de-
vice structure.[7] The excitons in organic
semiconductors (OSCs) are termed singlets
and triplets, and during electrical excitation

they are formed in a singlet:triplet ratio of 1:3. Particular focus[5c]

during OLED device design is on the attainment of balanced
injection of electrons and holes, suppression of different types
of exciton-exciton and exciton-polaron quenching (the electrons
and holes in OSCs are termed polarons since they polarize their
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soft environment),[8] and on the generation of the photons at
a position that enables efficient outcoupling. However, the un-
fortunate concomitant drawback is that the realization of such
an exact multilayer architecture commonly requires fabrication
by sequential thermal evaporation under high vacuum condi-
tions, which is both expensive and wasteful with materials and
energy.[9]

The LEC technology is formally distinguished from the OLED
by the existence of mobile ions in the active material, where they
are blended with the emissive OSC.[10] When a voltage is applied
between the two electrodes that sandwich the active material, the
mobile ions redistribute to enable the initial formation of electric
double layers (EDLs) at the electrode interfaces and the subse-
quent electrochemical doping of the OSC. The electrochemical
p-type (n-type) doping at the positive (negative) electrode consti-
tutes injection of holes (electrons) and electrostatic compensatory
motion of the mobile anions (cations) in the active material. The
p-type and n-type doping regions grow until they make contact
and form a p-n junction in the bulk of the active material. At
this p-n junction, the injected electrons and holes recombine into
excitons, which subsequently can decay under the emission of
photons.[11]

The in situ formation of a p-n junction doping structure by
electrochemical doping is attractive since it allows the utilization
of air-stabile electrodes and a single-layer active material, which
in turn has enabled energy- and cost-efficient printing and coat-
ing fabrication of complete LEC devices under ambient air.[12]

However, the drawback with this in situ transformation is that it
has rendered it difficult to pinpoint and quantify the different loss
channels in LEC devices for a rational design of improved devices
with suppressed efficiency roll-off. More specifically, although the
formation of the EDLs and the p-n junction makes the electron
and hole injection balanced and the electron and hole recombi-
nation to excitons perfect, respectively, in functional LECs, the
difficulties in directly studying the dynamic p-n junction doping
structure render it challenging to separate between, and quan-
tify, the different losses due to various exciton quenching modes
and poor outcoupling of the generated photons. Therefore, in or-
der to enable an analysis of the efficiency roll-off in LECs it has
been common to make the ad hoc assumption that the outcou-
pling efficiency of LECs is high (often 20%) and independent on
the current density, which is a very questionable simplification in
the light of recent results.[5c,6,13]

Here, we address this issue through the development of a
methodology that first measures the evolution of the p-n junction
doping structure with increasing current density, thereafter deter-
mines the corresponding changes in the optical outcoupling ef-
ficiency, and finally quantifies different exciton quenching losses
as a function of the current density. We specifically investigate
four archetypical singlet-exciton emitting LEC devices, distin-
guished by the ion-transporter and the active-material-thickness
selection. We find that the general trend is that the emissive p-
n junction shifts toward the anode with increasing current den-
sity, and that this shift is manifested in markedly deviating trends
for the outcoupling efficiency between the different devices. With
this understanding and information at hand, we can determine
and separately quantify the losses due to singlet-polaron quench-
ing (SPQ) and singlet-singlet quenching (SSQ) as a function
of the current density. We specifically establish that SPQ dom-

inates SSQ at all relevant current densities by more than two or-
ders of magnitude, and that SPQ is increasing in a super-linear
manner with the current density. The latter finding is rational-
ized by that the polaron concentration in the critical exciton-
generating p-n junction region increases significantly with the
current density. Importantly, this results in that an increasing
fraction of the formed singlet excitons are impinging upon, and
being quenched, by the polarons with increasing current density.

2. Results and Discussion

The emission efficiency of electroluminescent devices, such as
OLEDs and LECs, is commonly quantified by the external quan-
tum efficiency (EQE), which is the ratio between the number of
photons exiting the device structure and the number of electrons
entering the driving circuit.[6a,14] The EQE can be described by
the following equation.

EQE = 𝜂exc,form ×
(
1 − 𝜂exc,loss

)
× 𝜂exc,rad × 𝜂′out (1)

The first 𝜂exc,form factor is the exciton formation efficiency, that
is, the ratio between the number of generated excitons in the ac-
tive material and the number of electrons in the driving circuit; it
specifically depends upon the electron and hole injection balance
and on the efficiency with which electrons and holes recombine
into excitons. The second (1 − 𝜂exc,loss) factor accounts for exciton
losses due to bimolecular interactions in the form of the quench-
ing of excitons by interactions with polarons or other excitons.
The third 𝜂exc,rad factor is the fraction of excitons that can emit
light, which is 0.25 for a singlet emitter and 1 for a triplet emitter.
The final 𝜂′out factor represents the product of the photolumines-
cence quantum yield (PLQY) of the emitter and the outcoupling
efficiency, with the latter being the quotient between the number
of photons that exit the device structure and can be detected by
an external observer and the number of photons generated in the
active material.

As discussed in the introduction, the LEC-characteristic in situ
formation of EDLs at the electrode interfaces and a p-n junction
doping structure in the active-material bulk results in that the
electron and hole injection are both efficient and balanced and
that the recombination efficiency of electrons and holes into ex-
citons is perfect. This in turn translates into that 𝜂exc,form is equal
to one (and independent of the drive current) for a functional LEC
device.

The “excitonic loss factor” 𝜂exc,loss accounts for losses due to, for
example, exciton-polaron quenching and exciton-exciton quench-
ing during the exciton lifetime. It has convincingly been demon-
strated, by measurements and simulations, that exciton-polaron
quenching is severe in single-OSC LEC devices, because of the
characteristic high concentrations of polarons (formed by the in
situ electrochemical doping) next to the p-n junction that results
in their frequent encounters with the mobile excitons formed in
the p-n junction region.[6f,15] It has further, more recently, been
demonstrated that this issue can be alleviated through the em-
ployment of well-designed host-OSC:guest-OSC systems, which
causes increased spatial separation of the exciton and polaron
populations and the immobilization of the excitons on the guest
OSC; but also that a correlated trade-off can be an increase in the
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drive voltage.[6f,16] However, it is notable that it is currently un-
clear whether exciton-polaron quenching is a contributor to the
efficiency roll-off, that is, whether the exciton-polaron quenching
rate is increasing in a superlinear manner with increasing cur-
rent density.

The third factor 𝜂exc,rad in Equation (1) is equal to 0.25 for
the herein investigated LEC devices, which employ the singlet-
emitting (fluorescent) conjugated polymer Super Yellow as the
OSC emitter. The final 𝜂′out factor is strongly dependent on the
position of the emissive p-n junction in the interelectrode gap,
since the radiative rate of the excitons, and thereby the PLQY,
is affected by the Purcell effect,[17] and because the outcoupling
of the generated photons in the active material is strongly influ-
enced by optical microcavity effects,[18] self-absorption,[19] and on
their proximity to doped regions and electrodes.

For our investigation of the efficiency roll-off in LECs, we have
fabricated and investigated four different devices, which all fea-
ture a thin layer of active material sandwiched between a reflec-
tive Al cathode and a transparent indium-tin-oxide (ITO) anode.
The active material is a blend of Super Yellow as the fluorescent
OSC and the salt KCF3SO3 dissolved in a star-branched trimethy-
lolpropane ethoxylate (TMPE) oligomeric ion transporter as the
electrolyte. The devices were encapsulated with a transparent bar-
rier in order to prohibit ambient-air-induced degradation,[20] and
they were positioned on a heat sink during measurements to
minimize obscuring effects from self-heating.[21] More details on
the device fabrication and characterization can be found in the
Experimental Section.

The four LEC devices are distinguished by two different end
groups on the oligomeric TMPE-based ion transporter, being ei-
ther a hydroxyl (TMPE-OH) or an octyl carbonate (TMPE-OC),
and two different thicknesses of the active material.[22] The two
LEC devices comprising TMPE-OH have an active-material thick-
ness of 180 or 400 nm and are termed L1-thin and L1-thick, re-
spectively, while the two LECs based on TMPE-OC feature an
active-material thickness of 130 or 260 nm and are designated
as L2-thin and L2-thick, respectively.

The motivation for the ion-transporter selection is that the
change from TMPE-OC to TMPE-OH in a similar LEC device has
been demonstrated to result in a marked shift of the steady-state
position of the emissive p-n junction from close-to-the-anode to
the center of the active material.[23] This cathodic shift was ratio-
nalized by that the polar hydroxyl end groups of TMPE-OH in-
duce electron traps on nearby Super Yellow polymer segments,
which selectively lowers the electron mobility of Super Yellow.[23]

The motivation for changing the thickness of the active material
is that it is anticipated to result in a correlated change in the dis-
tance between the emissive p-n junction and the reflective elec-
trode surface. Both the shift of the ion transporter and the adjust-
ment of the active-material thickness can accordingly result in
that the emissive p-n junction changes between positions of con-
structive and destructive interference within the optical micro-
cavity defined by the two electrodes, which in turn will result in
that the outcoupling efficiency (𝜂′out in Equation (1)) will change
significantly.[18d,24]

Figure 1a–f presents the initial evolution of the driving voltage
V (a,d), the forward luminance L (b,e), and the EQE (c,f) with time
for pristine L1-thin (a-c) and L1-thick (d-f) devices during driving
with different constant current densities of 10, 25, 50 mA cm−2

(see inset in Figure 1a). The corresponding transients for L2-thin
and L2-thick are depicted in Figure S1, Supporting Information.
We mention that a much smaller solid collection angle for the
photons of 0.007 sr (in the normal direction of the device plane)
was used for the measurement of the forward luminance and the
electroluminescence (EL) spectrum in comparison to the entire
forward hemisphere (i.e., ≈2𝜋 sr) for the EQE.

The square markers in Figure 1a,d and Figure S1a,d, Support-
ing Information indicate the time at which the minimum voltage
was measured. We assign this as the time of “steady state”, that is,
the time at which the net ionic motion is zero and the ionic drift
and diffusion currents are of equal magnitude but of opposite
direction.[25] The consistent observation for all investigated LECs
is that the driving voltage decreases during the initial constant-
current operation up to the time of steady state. This is in agree-
ment with that the initial voltage-induced ion redistribution first
resulted in the formation of injection-facilitating EDLs at the elec-
trode interfaces and subsequently in transport-enhancing elec-
trochemical doping of the Super Yellow OSC. Accordingly, all
four devices fulfill the baseline requirements of functional LEC
operation.

Figure 1b,c shows that both the forward luminance and the
EQE of L1-thin increase with time during the initial operation.
This temporal improvement is in line with that the electron/hole
injection balance improves (to become perfect) during the
EDL formation and that the electron-and-hole-recombination-to-
exciton efficiency thereafter improves (to become perfect) during
the p-n junction formation. However, we call attention to that
a deviating temporal behavior for the luminance and EQE tran-
sients is observed for L1-thick (Figure 1e,f), L2-thin (Figure S1b,c,
Supporting Information), and L2-thick (Figure S1e,f, Supporting
Information).

Figure 1g–i summarizes the steady-state values for the min-
imum drive voltage, the forward luminance, and the EQE as a
function of the current density for the four LEC devices. The min-
imum drive voltage does, as expected, increase with both increas-
ing current density and increasing active-material thickness. The
steady-state forward luminance (Figure 1h) also exhibits the ex-
pected increase with increasing drive current density, but the
very weak dependence for L1-thick (solid blue squares) is no-
table. Figure 1i presents the decrease of the EQE with increasing
current density, that is, the emission-efficiency roll-off. We find
that the efficiency roll-off is most severe for L1-thick (solid blue
squares) at 64%, but that it is much smaller, and essentially zero
at the higher current densities, for L2-thick (solid orange circles).

Figure 1j presents the normalized steady-state forward EL
spectra of L1-thick at three current densities, with the corre-
sponding data for the other three LEC devices depicted in Figure
S2, Supporting Information. The trend is that the shape of the
EL spectrum changes with the current density, as exemplified by
that the EL peak of L1-thick redshifts by 17 nm, and that the full
width at half maximum (FWHM) of its emission envelope in-
creases from 99 to 149 nm, when the current density is increased
by a factor of five. Figure S3, Supporting Information shows that
the luminous intensity is highly non-Lambertian, that is, strongly
dependent on the viewing angle, in particular for the L1-thick and
L2-thin devices.

In this context, we remember that both the luminance, EQE,
and EL spectral properties can change drastically by shifting

Adv. Mater. 2024, 2310156 2310156 (3 of 10) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202310156 by Statens B
eredning, W

iley O
nline L

ibrary on [22/02/2024]. 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.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 1. The temporal evolution of a,d) the voltage, b,e) the forward luminance, and c,f) the external quantum efficiency for representative pristine a–c)
L1-thin and d–f) L1-thick devices, when driven by three different constant current densities, as identified in the inset of (a). The square markers in (a,d)
indicate the time of minimum voltage, which is defined as the achievement of steady state. The steady-state values for g) the minimum voltage, h) the
forward luminance, and i) the external quantum efficiency as a function of the current density for the four LEC devices, as identified in the inset of (g).
j) The steady-state forward electroluminescence spectrum of L1-thick at three different current densities, as identified in the inset. The arrow indicates
the spectral shift with increasing current density.

interference effects in thin-film devices, such as LECs and
OLEDs. Figure 2a schematically visualizes this interference effect
by presenting two light rays (solid red lines) that both originate
from the same spot in the emissive p-n junction (the horizontal
dotted black line), but which are distinguished by that one ray is
directed so that it exits the device directly (through the transpar-
ent electrode and the transparent substrate) whereas the second
ray is directed so that it is first reflected off the reflective electrode.
If the optical path difference (including the phase shift during the

reflection) between the two rays is equal to an integer (one-half
or one-half plus an integer) of the emission wavelength, then the
two rays will experience constructive (destructive) interference.

We have determined the position of the emissive p-n junc-
tion by a combined measurement and simulation of the EL spec-
trum and the EL intensity as a function of the viewing angle 𝜃.
The measurement was performed with a home-built spectrogo-
niometer setup (see Figure S4, Supporting Information), with
the LEC device positioned on a temperature-controlled heat sink
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Figure 2. a) Schematic presentation of the optical interference between two light rays that originate from the same spot in the emissive p-n junction
(horizontal dotted black line) in a thin-film LEC device, and which are solely distinguished by that one ray is directed directly out of the device through
the transparent electrode and substrate, whereas the other ray is directed toward the reflective electrode and first after specular reflection exiting the
device. Left part: the p-n junction position is defined to be 0 when located at the transparent electrode interface, and 1 when located at the reflective
electrode interface. b) The measured (solid lines) and the best-fit simulated (dashed lines) EL spectra as a function of the viewing angle 𝜃 for L1-thin,
as recorded at steady state with the device driven by a current density of 10 mA cm−2. The derived best-fit value for the p-n junction position is 0.59. c)
The steady-state position of the emissive p-n junction as a function of the current density for the four LEC devices, as identified in the inset.

to maintain a constant operational temperature of 298 K. The
same viewing-angle dependent EL data was thereafter simulated,
with the essential free parameter being the position of the emis-
sive p-n junction. The left part of Figure 2a informs that a posi-
tion value of 0 corresponds to a p-n junction at the transparent-
electrode (ITO anode) interface, while a position of 1 represents
a p-n junction at the reflective-electrode (Al cathode) interface.
Thus, by identifying the set of simulated data that yields the best
agreement with the measured data, it is possible to determine
the position of the emissive p-n junction in the active material
with high accuracy.[18d,23,24,26] The observed excellent agreement
between the measured and the best-fit simulated data, as exem-
plified by a comparison of the solid lines with the dashed lines in
Figure 2b, yields support for the validity of the procedure. More
details on the measurement, simulation, and fitting procedures
can be found in the Experimental Section.

Figure 2c presents a summary of the steady-state position of
the emissive p-n junction as a function of the current density,
with the different LECs identified in the upper inset. Interest-
ingly, we find that the p-n junction position exhibits a signifi-
cant dependency on the current density for all four LECs, with
the general trend being that the p-n junction shifts toward the
positive anode with increasing current density. It has previously
been established that the steady-state position of the emissive
p-n junction is determined by the electron/hole mobility ratio
(while its initial position is determined by the cation/anion mo-

bility ratio).[23,26] For instance, the steady-state p-n junction will
be positioned in the center of the active material at equal electron
and hole mobility, and shift toward the positive anode (negative
cathode) if the electron (hole) mobility is higher. This yields that
the emissive OSC Super Yellow in the herein investigated LECs
exhibits a larger increase of the electron mobility than the hole
mobility with increasing current density (and therefore electric
field). We speculate that this asymmetry can be caused by that
the electron traps are deeper than the hole traps.[27]

The observed positional shift of the emissive p-n junction with
increasing current density (cf., Figure 2c) is important in the
context of an emission-efficiency analysis since a change of the
p-n junction doping structure can significantly affect 𝜂′out and
thereby EQE (see Equation (1)). We have therefore performed
a systematic simulation of the effects of the changing p-n junc-
tion doping structure on 𝜂′out, and Figure 3a presents one specific
simulated doping structure (L1-thin at a drive current density of
25 mA cm−2) as a visual guideline of the employed procedure.

The p-type and n-type doping regions were simulated
with constant doping gradients, with the highest doping
concentration at the electrode interfaces and zero concen-
tration at the boundaries to the emissive p-n junction re-
gion. The total p-type and n-type doping concentrations were
set equal because of charge conservation, which resulted in
a larger gradient for the thinner doping region. The dop-
ing regions were discretized into ten layers with constant
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Figure 3. a) The simulated steady-state electrochemical p-type and n-type doping profiles and the exciton decay rate profile of L1-thin, with its p-n
junction positioned at 0.55. b) The simulated outcoupling efficiency as a function of the position of the p-n junction for the four LEC devices. The thick
black solid lines with arrows at the end indicate the observed shift of the steady-state p-n junction position (derived from Figure 2c) with increasing
current density from 10 to 50 mA cm−2.

doping concentration, and the associated wavelength- and
doping-dependent complex refractive index of the emissive or-
ganic semiconductor Super Yellow was gleaned from ref. [28].
The electrons and holes recombine into excitons in the p-n junc-
tion, with a width of dpn given by Equation (3) in the Experimen-
tal Section. The exciton decay rate as a function of position in
the p-n junction region was modeled as a Gaussian, with a stan-
dard deviation of dpn/3.[18d] This resulted in the formation of a mi-
nor (≈1%) fraction of excitons outside the transparent p-n junc-
tion region, which were removed from the simulation.[18d] The
simulation of the four LECs at different drive current densities
was adjusted as regards to the utilized active-material thickness
and the observed center position of the emissive p-n junction (as
gleaned from the data in Figure 2c). Figure 3a specifically displays
the simulated doping structure for L1-thin with a steady-state p-n
junction position of 0.55 (as resulting from it being driven by a
current density of 25 mA cm−2, see Figure 2c). Additional details
on the simulation procedure can be found in the Experimental
Section and in refs. [24,29].

Figure 3b presents the derived dependency of 𝜂′out on the p-n
junction position for the four different LECs, and the observed
strongly undulating behavior is a direct manifestation of the in-
terference (microcavity) effect depicted in Figure 2a. The thick
black lines with an arrow at the end, positioned on top of the
simulation traces, indicate the changes in 𝜂′out that result from
the observed shift of the position of the p-n junction, which in
turn originated in the increase of the current density from 10 to
50 mA cm−2 (see Figure 2c). The importance of this shift is exem-
plified by that 𝜂′out of L1-thick (dashed blue line) drops by a drastic
42% during the current-density increase, while L2-thick (dotted
orange line) in contrast exhibits an increase in 𝜂′out of 21% for the
same change of the current density. Figure S5, Supporting Infor-
mation presents a detailed 2D plot of the dependency of 𝜂′out ,
as well as the substrate, self-absorption, waveguided, evanescent,
and non-radiative modes, on both the active-material thickness
and the p-n junction position.

Figure 4a,b summarizes the steady-state values for the mea-
sured EQE and the derived 𝜂′out, respectively, as a function of the
current density for the four LECs. With the aid of Equation (1),
and by remembering that 𝜂exc,form is equal to 1 at steady state for
an LEC device (with a fully formed p-n junction) and that 𝜂exc,rad is
equal to 0.25 for the herein investigated singlet-emitting LECs, it

is straightforward to derive the dependency of 𝜂exc,loss on the cur-
rent density for the four LECs, as displayed by the symbol graphs
in Figure 4c.

We first note that the four derived 𝜂exc,loss traces are notably
more similar, from both a qualitative and a quantitative perspec-
tive, than the corresponding EQE and 𝜂′out traces. More specif-
ically, we find that 𝜂exc,loss increases monotonically with the cur-
rent density for all four LECs, starting at 44–64% at the lowest
current density of 10 mA cm−2 and reaching 61–76% at the high-
est current density of 50 mA cm−2. We call particular attention to
two important findings: i) 𝜂exc,loss is very high and thereby severely
limits the EQE of the four LEC devices already at the relatively
low current density of 10 mA cm−2, and ii) 𝜂exc,loss exhibits a sig-
nificant increase with increasing current density, which means
that it is a major contributor to the efficiency roll-off in our LEC
devices.

For a more detailed analysis, we remember that 𝜂exc,loss repre-
sents exciton losses due to bimolecular quenching interactions
with polarons and other excitons during the exciton lifetime, and
that it is only the singlet excitons that are emissive in the herein
investigated LEC devices. In order to identify the main culprit of
the quenching of the singlet excitons, we have performed a drift-
diffusion simulation, with the two steady-state ion-concentration
gradients being modeled as constants (cf., Figure 3a), the p-n
junction being centered, and the other parameter values being
gleaned from the scientific literature, as exemplified by the elec-
tron and hole mobility being 4 × 10−7 cm2 V−1 s−1, the singlet-
polaron rate constant being 9 × 10−10 cm3 s−1,[30] and the singlet-
singlet rate constant being 2.8 × 10−8 cm3 s−1.[31] Additional in-
formation on the parameter selection and the simulation proce-
dure can be found in Table S1, Supporting Information, and the
Experimental Section.

Figure 4d presents the simulated steady-state concentration
profiles for the hole-polarons (dotted lines to the left) and the
electron-polarons (dashed lines to the right), as well as the singlet-
exciton generation rate (solid lines), for the three current den-
sities. As expected, we find that the exciton generation rate
scales linearly with the current density and that the hole-polaron
and electron-polaron concentration profiles are relatively inde-
pendent of the current density (note the logarithmic y–axes).
The latter is due to that the high polaron concentrations are
effectuated by the electrostatic screening of the (invariant) ion

Adv. Mater. 2024, 2310156 2310156 (6 of 10) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) The measured external quantum efficiency, b) the outcoupling efficiency, and c) the derived (symbols) and the simulated (dashed line)
excitonic loss factor as a function of the current density for the four LECs, as identified in the inset of (a). d) The simulated steady-state concentration
profiles of the electron and hole polarons (left y–axis) and the exciton generation rate (right y–axis) at three different current densities, as specified next
to the corresponding traces. e) The simulated exciton generation rate (solid red line), exciton decay rate (dashed red line), SPQ rate (dotted black line),
and SSQ rate (dash-dotted black line) for a current density of 23 mA cm−2. f) The simulated steady-state SPQ and SSQ rates as a function of the current
density. The simulated LECs featured a centered p-n junction and an active-material thickness of 100 nm.

concentration profiles. We do however call attention to the
marked increase of the (non-ion-compensated and thereby space-
charge forming) electron and hole concentrations within the p-n
junction region with increasing current density.

Figure 4e focuses on the singlet-exciton action in the p-n junc-
tion region, specifically the singlet-exciton generation rate (solid
red line), the singlet-exciton decay rate (dashed red line), the SPQ
rate (dotted black line), and the SSQ rate (dash-dotted black line)
for a current density of 23 mA cm−2. The fact that the generation
rate does not exactly equal the combined decay and quenching
rates is due to that the generated excitons diffuse to new loca-
tions during their lifetime. Figure 4f presents the simulated SPQ
rate (solid blue line) and the SSQ rate (dashed orange line) on
a log scale as a function of the current density; the correspond-
ing data on a linear scale are displayed in Figure S6, Supporting
Information.

Figure 4f reveals that SPQ dominates SSQ by two orders of
magnitude for all device-relevant values for the current density.

The notion that losses due to SSQ are insignificant is further sup-
ported by an estimate of the average distance between the emis-
sive singlet excitons in the p-n junction region by:

dss ≈

(
e × dpn

j × 𝜏s

)1∕3

(2)

where e is the elementary charge, dpn is the effective width of
the emissive p-n junction, j is the current density, and 𝜏s is the
singlet-exciton lifetime. By implementing values of dpn = 20 nm,
j = 50 mA cm−2, and 𝜏s = 2 ns, we find that dss is ≈150 nm,
which is much larger than the typical diffusion length of ≈10 nm
for singlet excitons in organic semiconductors.[32] Thus, the short
lifetime of the emissive singlets in Super Yellow prohibits the ac-
cumulation of SSQ-detrimental singlet-exciton densities at prac-
tical current densities.

Adv. Mater. 2024, 2310156 2310156 (7 of 10) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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SPQ is in contrast found to be a severe efficiency limiter. We
present the spatially integrated SPQ losses as a function of the
current density in the form of the dashed black line in Figure 4c.
Interestingly, we find that the simulated SPQ loss trace replicates
the four derived 𝜂exc,loss traces in Figure 4c with good accuracy.
This implies that SPQ is the dominant exciton quenching mech-
anism in the four investigated singlet-emitting LECs.

The observation that remains to explain is why SPQ is becom-
ing increasingly important with increasing current density, and
a significant contributor to the efficiency roll-off (cf., Figure 4c).
In other words, why is the SPQ rate increasing in a superlinear
manner with the current density (cf., Figure S6, Supporting In-
formation)? The mechanistic origin of SPQ is the excitation of a
polaron to a higher energy state through the absorption (i.e., the
loss) of a singlet exciton. The superlinear increase of SPQ with
the current density thus yields that the polaron concentration at
the exciton locations, that is, the p-n junction region, must in-
crease with increasing current density. Interestingly, a detailed
inspection of Figure 4d reveals that the simulated polaron con-
centration in the p-n junction region actually does increase (al-
beit from a modest value) with increasing current density. This
qualitative argumentation is supported by that Figure 4e shows
that the SPQ quenching is most prominent at the edges of the
p-n junction region, at which the product of the polaron concen-
tration and the exciton generation is at its highest values, and that
the simulated SPQ trace in Figure 4f was best fitted with a ∝j1.1

(and not a ∝ j) equation (see Figure S6, Supporting Information).
We finally note that the two devices with the p-n junction posi-

tioned closest to the positive anode, that is, L2-thin and L2-thick
(see Figure 2c), feature higher overall 𝜂exc,loss values in Figure 4c,
and note that this is in agreement with that p-type doped Su-
per Yellow has been measured to be a stronger singlet-exciton
quencher than n-type doped Super Yellow.[19a,28,33] However, this
mechanistic detail was, for clarity, not implemented in the simu-
lated SPQ trace in Figure 4c (dashed line), which considered the
SPQ rate constants for hole- and electron-polarons equal. Regard-
less, the major take-home message is that SPQ is both an overall
limiting factor of the emission efficiency in singlet-emitting LECs
and a significant contributor to the efficiency roll-off.

We conclude with a number of general comments and recom-
mendations. First, it is a common practice to drive LEC devices
with quickly pulsed current or voltage schemes in order to at-
tain maximized EQE values.[6a,34] As these on-off schemes will
prohibit the attainment of a steady-state doping profile, it is plau-
sible that the polaron density in the exciton-generating p-n junc-
tion regime will be suppressed. This will, according to the herein-
derived findings, result in a lowering of the SPQ and thereby ex-
plain the improved EQE and suppressed efficiency roll-off. How-
ever, the concomitant drawbacks are that the drive voltage is ex-
pected to increase when the polaron concentration decreases in
the most resistive part of the device (viz., the p-n junction) and
that a pulsed driving protocol can be challenging to practically
implement in portable applications. Nevertheless, it is our am-
bition to return with a corresponding analysis of the efficiency
roll-off in pulsed LECs using the herein-derived methodology.

Second, the efficiency roll-off is commonly quantified by the
parameter J0, which is the critical current density at which the
EQE has dropped to half its peak value, EQEpeak.[35] This param-
eter is both practically relevant for applications and yields valu-

able input on the exciton quenching mechanism in OLED de-
vices with stabile doping profiles. The latter analysis is however
not recommended for LECs since their doping profile can fea-
ture a very strong dependency on the driving current or voltage.
This is exemplified by that Figure 4a shows that the directly de-
rived J0 value for L2-thick is much higher (>50 mA cm−2) than
that of L1-thick (at ≈25 mA cm−2), despite the exciton quenching
mechanism being similar.

3. Conclusions

We introduce a generic methodology for the analysis of the dif-
ferent loss channels in effect in LEC devices during operation
and exploit this new tool for the detailed analysis of the effi-
ciency roll-off in common conjugated-polymer LECs. We specif-
ically find that the position of the emissive p-n junction in
these devices shifts markedly with increasing current density,
and, through combined experimentation and modeling, show
that these shifts are concomitant with largely deviating changes
in the outcoupling efficiency. We further verify that the LEC-
characteristic high electrochemical-doping concentration ren-
ders singlet-exciton-polaron quenching significant already at low
drive current density. We finally find that this loss factor increases
in a super-linear manner with increasing current density, and
thereby is a major contributor to the efficiency roll-off, because
of increasing polaron concentration in the emissive p-n junction
region. We anticipate that this method development and elucida-
tion of the primary LEC loss channels can help enable a rational
lowering of the efficiency roll-off, and thereby pave the way for
the design and development of LEC devices that deliver bright
emission at high efficiency.

4. Experimental Section
Materials and Inks: The electroluminescent organic semiconduc-

tor 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,
Darmstadt, GER), the salt was KCF3SO3 (purity > 98%, Sigma-Aldrich,
USA), and the ion transporter was trimethylolpropane ethoxylate (TMPE),
which was end-capped with either hydroxyls (TMPE-OH, Mn = 450 g
mol−1, Sigma-Aldrich, USA) or n-octyl carbonates (TMPE-OC, Mn = 918 g
mol−1). The synthesis of TMPE-OC is described in ref. [36]. The salt and
the ion transporters were dried in a vacuum oven at 190 and 50 °C, respec-
tively, for 12 h before the preparation of inks, while Super Yellow was used
as received. The active-material constituents were separately dissolved in
cyclohexanone (purity ≥99.5%, Sigma-Aldrich, USA) in the following con-
centrations: KCF3SO3 and TMPE-OH/TMPE-OC: 10 g l−1; Super Yellow:
10–15 g l−1; the higher Super Yellow concentration resulted in a thicker
active-material film. These master solutions were stirred on a magnetic
hot plate at 70° for ≥12 h before further processing. The active-material
inks were prepared by blending the master inks in a mass ratio of Super
Yellow:TMPE-OH:KCF3SO3 = 1:0.1:0.03 for L1-thin and L1-thick and Su-
per Yellow:TMPE-OC:KCF3SO3 = 1:0.2:0.03 for L2-thin and L2-thick. The
active-material inks were stirred on a hot plate at 70 °C for ≥ 6 h before
further use.

Device Fabrication: The LEC devices were fabricated on transparent
ITO-coated glass substrates (ITO thickness = 145 nm, Rs = 20 Ω □−1,
glass thickness = 0.70 mm, substrate area = 30.0 × 30.0 mm2, Thin Film
Devices, USA). The ITO substrates were cleaned by sequential ultrasonic
treatment in detergent (Extran MA 01, Merck, GER), deionized water, ace-
tone, and isopropanol, followed by drying in an oven at 120 °C for ≥1 h. The
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active-material ink was spin-coated (ramp-up time = 1 s, spinning time =
120 s) on the ITO, and thereafter dried at 70 °C for 1 h. The dry thick-
ness of the active material (dAM), as measured with a stylus profilometer
(DektakXT, Bruker), was controlled by the spin speed and the Super Yel-
low concentration as follows: L1-thin = 10 g L−1 and 2300 rpm; L1-thick =
15 g L−1 and 2000 rpm; L2-thin = 10 g L−1 and 3000 rpm; L2-thick = 15 g
L−1 and 2700 rpm. 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 defined four independent 2.0 × 2.0 mm2 LEC devices
on each substrate. The LECs were finally protected from the ambient air
by attaching a thin glass lid on top of the Al cathodes, using either a UV-
curable epoxy (E132, Ossila) that was cured for 15 min (UV-Exposure Box
1, Gie-Tec GmbH) (L1-thin, L1-thick, L2,-thick),[20b] or a 12-micrometer-
thick PSA film (L2-thin). The ink preparation and device fabrication were
performed in N2-filled gloveboxes ([O2] < 1 ppm, [H2O] < 1 ppm).

Device Characterization: The LEC devices were positioned on a
temperature-controlled heat sink, comprising an Al-plate/thermal-
paste/soft-thermal-pad three-layer structure on top of a Peltier element,
which established a device temperature of 298 K also at the highest driving
current density.[37] The LEC devices were driven by a constant current
density, with the compliance voltage set to 21 V, and with ITO biased
as the positive anode. A source-measure unit (Keithley 2400) supplied
the current and recorded the corresponding voltage. 33 independent
devices were measured in total, and the presented data were for the
representative devices within this set.

The angle-resolved electroluminescence (EL) intensity and spectrum
of the LEC devices were measured with a custom-built, automated spec-
trogoniometer setup, as schematically depicted in Figure S4, Supporting
Information. The device under study was placed in a connection jig, which
aligned the emission area of the device with the rotation axis of a step-
per motor. This rotation defined the viewing angle of the device, with 0°

corresponding to the forward emission. The viewing angle was controlled
by a Python-based virtual instrument and varied between −80° and 80° in
steps of 5° or 10°. A fraction of the device emission was collected by a col-
limating lens (∅ = 7.2 mm, F230 SMA-A, Thorlabs, Germany) positioned
75 mm away from the device, resulting in a small and constant solid col-
lection angle of 0.007 sr. An optical fiber delivered the collected light to
a CCD-array spectrometer (Flame-S, Ocean Optics, US). More details on
the measurement setup and procedure can be found in ref. [18d].

Modeling: The modeling was executed with a commercial software
(Setfos, versions 5.1/5.3 Fluxim AG, CH). The simulated LEC device struc-
ture comprised, from top to bottom, the glass substrate (thickness d =
0.70 mm), the ITO anode (d = 145 nm), the active material (thickness
dependent on experiment), and the Al cathode (d = 100 nm). The exci-
tons were modeled as emissive electrical dipoles. The simulation of the
EL spectra and the EL intensity, for the determination of the emissive p-n
junction position, was executed with the exciton distribution being a delta
function, positioned in a transparent and non-doped active material using
the wavelength-dependent refractive index of pristine Super Yellow.[28] It
has been demonstrated that the accurate determination of the p-n junction
position is effectively invariant to these simplifications in refs. [23,29].

For the simulation of the outcoupling efficiency and optical losses, the
active material was divided into three sublayers: a p-type doped region and
a n-type doped region that sandwiched an emissive and transparent p-n
junction region. The doped regions were modeled with constant doping
gradients, and the total number of dopants in the p-type and n-type regions
was set equal because of charge conservation. The doping regions were
discretized into ten layers with constant doping concentration, and the
associated wavelength- and doping-dependent complex refractive index of
the emissive organic semiconductor Super Yellow was gleaned from refs.
[24,28,29]. The p-n junction width (dpn) was determined by:

dpn = K(c1 + c2dAM)2∕3 (3)

where the derived values of the constants are K = 17.4 nm V−2/3, c1 =
0.12 V and c2 = 0.011 V nm −1.[24] The electrons and holes recombine into

excitons in the p-n junction, and the exciton formation distribution in the
p-n junction region was modeled as a Gaussian with a width determined by
its standard deviation of dpn/3. This resulted in the generation of a minor
(≈1%) fraction of the excitons outside the transparent p-n junction region,
and these were removed from the simulation.[18d] The modeling of the
four LECs at different drive current densities was adjusted as regards to
the derived center position of the emissive p-n junction, as gleaned from
the data in Figure 2c.

The drift-diffusion simulations, for the determination of the steady-
state spatial profiles for the hole-polarons, the electron-polarons, the ex-
citon generation rate, the exciton decay rate, the SPQ rate, and the SSQ
rate as a function of the current density, were performed with an active-
material thickness of 100 nm and a centered p-n junction. The p-n junction
width was determined with Equation (3). The steady-state ion profiles were
implemented in the form of immobile donor/acceptor distributions, with
constant and symmetric gradients. All excitons were formed and remained
in the singlet state, which excludes polaron and exciton interactions with
the (dark) triplet state. The SPQ and SSQ rates were integrated over the
width of the p-n junction and were accordingly presented with the unit of
per square centimeter and second. The ohmic injection of electrons and
holes that result from the EDL formation at the two electrode interfaces in
LEC devices was mimicked by using small and symmetric injection barriers
of 0.1 eV. The detailed parameter selection is listed in Table S1, Supporting
Information and is similar to those reported in refs. [23,26].

Statistical Analysis: In total, 33 different LEC devices were prepared
and measured. The observed variation of the optoelectronic and spectral
behavior of the four different device categories (L1-thin, L1-thick, L2-thin,
and L2-thick) was very minor. The displayed and discussed optoelectronic
and spectral data were for the typical device of each category. The elec-
troluminescence spectra in Figure 1f and the exciton generation rate in
Figure 3a have been normalized.

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