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ABSTRACT: Two types of light-emitting electrochemical
cells (LECs) are commonly distinguished, the polymer-based
LEC (p-LEC) and the ionic transition metal complex-based
LEC (iTMC-LEC). Apart from marked differences in the
active layer constituents, these LEC types typically show
operational time scales that can differ by many orders of
magnitude at room temperature. Here, we demonstrate that
despite these differences p-LECs and iTMC-LECs show
current, light output, and efficacy transients that follow a

Aluminium | 3 N — o @
iTMC 213
or 3 % :
polymer s g 1%
ITO 2 sesssss polymer-LEC E §
SUDStrate I NUrﬂ;aIIZef; llmel

universal shape. Moreover, we conclude that the turn-on time of both LEC types is dominated by the ion conductivity because
the turn-on time exhibits the same activation energy as the ion conductivity in the off-state. These results demonstrate that both
types of LECs are really two extremes of one class of electroluminescent devices. They also implicate that no fundamental
difference exists between charge transport in small molecular weight or polymeric mixed ionic and electronic conductive
materials. Additionally, it follows that the ionic conductivity is responsible for the dynamic properties of devices and systems
using them. This likely extends to mixed ionic and electronic conductive materials used in organic solar cells and in a variety of

biological systems.

B INTRODUCTION

Two decades ago, Pei et al' introduced a polymer light-
emitting diode (pLED) admixed with ions, showing attractive
properties like a strongly reduced dependence on the active
layer thickness and bipolar charge carrier injection from air-
stable electrodes, the polymer “light-emitting electrochemical
cell” (LEC). A year later, a small molecule alternative was
reported using an intrinsically ionic semiconductor: a cationic
ruthenium complex from now on referred to as ionic transition
metal complex (iTMC).>* For recent reviews of both types of
LECs, the reader is referred to Sun et al. and Costa et al.*> The
advantages of both types of devices are significant. In general,
LECs have a single organic layer that can be deposited from
solution. In addition, during operation, carrier transport and
injection are enhanced by the ions in the active layer, allowing
for low operating voltages and leading to rather good power
conversion efficiencies. These features make LECs an
interesting type of electroluminescent devices for low-cost
large scale production.

The advantage of having a single active layer also proved to
be a disadvantage because of its complexity. This is evidenced
by a long-standing debate regarding the operational model.’®
Recent work however has convincingly identified the operating
model that describes both types of cells during steady-state
operation.®”'° According to this model, the salt in the active
layer dissociates under the influence of an applied electric field
into ions that form electric double layers (EDLs) at the
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electrode interfaces. These EDLs enhance the injection of
electronic carriers that oxidize or reduce the semiconductor in
the active layer. These redox reactions are electrostatically
stabilized by the ions, leading to the formation of highly
conductive p- and n-doped regions. These two doped regions
are separated by an intrinsic or nondoped region where
electron—hole recombination and light emission occur. The
large carrier density in the doped regions just next to the
intrinsic region results in a significant exciton quenching.'”
Despite the similarity in steady-state operation, large
differences exist in key properties such as lifetime, turn-on
time, brightness, and efficiency. For comparison, state-of-the-art
p-LECs exhibit lifetimes of ~5600 h at a brightness of >100 cd
m~2'77>' i{TMC-LECs have similar lifetimes at higher bright-
ness (>600 cd m~2).*** Furthermore iTMC-LECs consist of
triplet-emitters that intrinsically allow for higher quantum
efficiencies. Of all of the key properties, the turn-on time shows
the largest difference between both types of devices. Biased at
3—4 V at room temperature, p-LECs typically turn-on within a
second, whereas iridium-based iTMC-LECs frequently need
hours.>”**™*” These dynamic differences are the main reason
that these two types of LECs are considered as different classes.
Here, we report on a comparative study on the transient
behavior of stacked LECs based on either the polymer MDMO-
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Figure 1. Device layout and the structural formulas of the active layer constituents of (a) the iTMC-LEC and (b) the polymer LEC.
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Figure 2. Current, luminance, and efficacy transients of (a,c) pristine Ir-iTMC LECs and (b,d) pristine MDMO-PPV LECs biased at 3.5 V. The

temperature during operation is shown at the top of each graph.

PPV or the ionic iridium complex bis(2-phenylpyridine)-2,2-
bipyridine-iridium(III) hexafluorophosphate, [Ir(ppy), (bpy)]*
[PF¢]™. These were studied by determining the current and
luminance transients at different cell temperatures. The shape
of the transients is found to be independent of operating
temperature and more importantly independent of the type of
semiconductor used. The turn-on time, however, varied over
several orders of magnitude with temperature and could be
described by an Arrhenius-type activation energy. The same
activation energy was found in the thermal activation of the ion
conductivity in the unbiased state: the turn-on time is inversely
proportional to the ion conductivity. Together these results
prove that next to the steady-state operation, also the transient
behaviors of iTMC and polymer LECs are qualitatively the
same. Hence, pLECs and iTMC-LECs are really one class of
electroluminescent devices. These results also demonstrate that
the ionic conductivity is responsible for the dynamic properties
of devices and systems using mixed electronic and ionic
materials.

B EXPERIMENTAL SECTION

For the conjugated polymer in the active layer of our sandwich LECs,
poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene vinylene]
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(MDMO-PPV, M,, > 10° g mol™", American Dye Source) was used.
Poly(ethylene oxide) (PEO, M,, = 5 X 10° g mol™", Aldrich) was used
as received. The salt potassium trifluoromethanesulfonate (KCF;SO;,
98%, Aldrich) was dried at a temperature T = 473 K under vacuum
before use. MDMO-PPV (10 mg mL™") was dissolved in chloroform
(>99%, anhydrous, Aldrich). PEO and KCF;SO; were dissolved
separately (10 mg mL™') in cyclohexanone (>99%, anhydrous,
Aldrich). These solutions were mixed together in a weight ratio of
PPV/PEO/KCF;SO; = 1:1.35:0.25. This stock solution was thereafter
stirred on a magnetic hot plate at T = 323 K for S h.

Cleaned glass/ITO substrates were spin-coated with the stock
solution (at 800 rpm for 60 s, followed by 1000 rpm for 10 s) after
which they were dried at T = 323 K for at least 1 h on a hot plate. The
thickness of the active layer was ~230 nm as determined by
profilometry. Al electrodes were deposited by thermal evaporation
under high vacuum (p &~ 107 mbar) on top of the spin-coated films.
All of the above-mentioned procedures, save for the cleaning of the
substrates, were done in a glovebox under N, atmosphere ([O,] < 1
ppm and [H,0] < 1 ppm) or in an integrated thermal evaporator.

For the iTMCs-LECs, the devices were made as follows. The
emitting complex, [Ir(ppy),(bpy)]*[PF¢]~, was synthesized according
to methods described previously.*® Indium tin oxide ITO-coated glass
plates were patterned by conventional photolithography (www.
narajosubstrates.com). The substrates were cleaned by sonication in
successively water-soap, water, and 2-propanol baths. After being
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dried, the substrates were placed in an UV-ozone cleaner (Jelight 42—
220) for 20 min. An 80 nm layer of PEDOT:PSS (CLEVIOS P VP Al
4083, aqueous dispersion, 1.3—1.7% solid content, Heraeus) was spin-
coated on the ITO glass substrate to improve the reproducibility of the
devices and to prevent the formation of pinholes. A 100 nm
transparent film of the emitting complex [Ir(ppy),(bpy)]*[PF¢]~ was
then spin-coated from 30 mg mL™" acetonitrile solution at 1000 rpm
for 20 s. Unless stated otherwise, the ionic liquid (IL) 1-butyl-3-
methylimidazolium hexafluorophosphate, [BMIM]*[PF¢]~ (>98.5%,
Sigma-Aldrich), was added in a 4:1 molar ratio (iTMC:IL). The
thickness of the films was determined with an Ambios XP-1
profilometer. After the films were coated, the substrates were
transferred to an inert atmosphere glovebox (<1 ppm O, and H,O,
M. Braun). The Al electrode (70 nm) was thermally vacuum-
evaporated using a shadow mask (<3 X 107 mbar) with an Edwards
AutoS00 evaporator integrated in the glovebox. The area of the device
was 6.5 mm?® The devices were not encapsulated and were
characterized inside the glovebox.

For characterization of the p-LECs, a Keithley 2636a sourcemeter
was used to drive the devices and measure the current. The brightness
was measured with a luminance meter (LS-110 Konica-Minolta). A
Solartron 1260 was used to perform complex admittance measure-
ments on the LECs in the glovebox. Each point (from 10 MHz to 1
Hz) was measured during an integration time of 1 s. The rms value of
the AC voltage was 0.01 V. The temperature of the device was
controlled by use of a Peltier element, and the temperature was
measured by a thermocouple.

For characterization of the iTMC-LECs, transients were measured
by applying constant voltages and monitoring the current and
luminance by a True Color Sensor MAZeT (MTCSiCT Sensor)
using a Botest OLT OLED Lifetime-Test System. The conductance
spectrum was determined by using a fast Fourier transform of the
derivative of the transient current after setting a small step in the
voltage (from 0 to —0.5 V to prevent carrier injection) by monitoring
the current flow using a Keithley 2400 source meter via a Labview
controlled custom-made protocol. The temperature of the device was
controlled by use of a Peltier element, and the temperature was
measured by a thermocouple.

Atomic force microscopy images of the active layer blends of both
the polymer- and the iTMC-LEC are provided in the Supporting
Information (Figures E.1 and 2).

B RESULTS AND DISCUSSION

The layouts of the iTMC- and polymer-based LECs as well as
the structural formulas of the active layer constituents are
shown in Figure la and b. Figure 2 shows the typical transient
behaviors of the luminance, current, and efficacy in pristine
iTMC- and p-LECs after application of 3.5 V at two different
temperatures. In all measurements, the same is observed:
current, luminance, and efficacy start to increase after which
first the efficacy rolls off followed by the luminance. These
typical transients can be rationalized by electrochemical doping
of the active layer assisted by the mobile ions. Initially, upon
application of a bias voltage, ions start moving and form EDLs
at the electrode interfaces. This initiates injection of electrons
and holes. Consequently, an electron—hole current arises that
overtakes the ion current in magnitude. These electrons and
holes recombine radiatively before reaching the other electrode.
This explains the initial increase of current and luminance. The
initial increase in efficacy results from the decreasing relative
contribution of the ionic current with respect to the electronic
current. Additionally, it may be related to a transition from
unipolar to bipolar current due to more balanced carrier
injection. After some time, the efficacy is observed to reach a
maximum. The following decrease can be related to exciton
quenching. This exciton quenching sets in after EDL formation
when the semiconductor is being electrochemically doped: the
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carrier density in the doped regions increases, and the n- and p-
doped regions grow toward each other. The high polaron
density in the doped regions close to the recombination region
can cause significant exciton—polaron quenching*® Further-
more, the enhanced recombination current leads to an
enhanced triplet exciton density in the iTMC-LEC. This is
likely accompanied by triplet—triplet exciton annihilation.*
After extended operation times, the current density reaches a
maximum (not shown) followed by a decrease attributed to
irreversible degeneration.'”

For comparison, the transients in Figure 2a—d were all
normalized and plotted in one graph, shown in Figure 3.
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Figure 3. Normalized current, luminance, and efficacy transients of
polymer and iTMC-LECs at two temperatures each and biased at 3.5
V.

Normalization of the transients was performed by division of
the efficacy and luminance with their respective peak values.
The time and current at which the luminance peaked was used
to normalize these quantities, respectively. The good overlap of
the transients in Figure 3 indicates that all four devices behave
qualitatively the same, despite differences in semiconductor,
ion-type, operational temperature, turn-on time, and magnitude
of current, luminance, and efficacy. The invariance of the shape
by temperature in particular indicates that a single process or
property determines the turn-on behavior of these cells in this
temperature range, most likely thermal activation of the “slow”
ions. The fact that the use of different semiconductors and ions
only leads to minor qualitative differences in the transients
further proves that both types of devices operate according to
the same operational model.*”'"'* Processes such as ion
dissociation and transport, exciton quenching, and electro-
chemical doping are (anticipated to be) active in both types of
LECs. The large differences in the magnitude of the current,
luminance, and efficacy can be related to differences in the type
of emitting material and salt used as well as to the ratio in
which they are mixed. For example, the Ir-iTMC is a
phosphorescent emitter, whereas the PPV is a fluorescent
emitter. Furthermore, the doping dependence of the carrier
mobility is likely different, which may lead to differences in the
thicknesses of the doped and intrinsic regions and as a
consequence in the current density. The maximum efficacy of
both types of LECs was however found to be independent of
the operating temperature (see Supporting Information Figures
A2 and A.3).

Comparison of Figure 2a and b with, respectively, Figure 2¢
and d shows a strong temperature dependence of the turn-on
time in both types of LECs: for the iTMC-LEC, the turn-on
time changes from hours to tens of seconds by an increase of
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the temperature from 27 to 60 °C (see Figure 2a and c). For
the p-LEC, similar turn-on times are obtained in a different
temperature range, —10 to 30 °C (see Figure 2b and d).
Similarly shaped turn-on transients were reported in other
LECs, for example, in iTMC-LECs based on ruthenium with!
and without®” the addition of PEO. Polymer LECs without
PEO have also been described; however, no constant voltage
turn-on transients were reported.”*>* Therefore, we prepared
similar LECs comprising PPV and the salt tetrahexylammonium
hexafluorophosphate. Again, similarly shaped turn-on transients
were obtained despite a relatively large turn-on time in the
order of hours (see Supporting Information Figure D.1),
supporting our claim that the qualitative operation of
semiconductor—electrolyte systems is universal despite poten-
tially large differences in performance and response times.
The transients shown in Figure 2 originate from four
different cells, which do show a variation in performance that is
typical for LECs. To study the temperature dependence more
carefully, more measurements were done on a single p- and
iTMC-LEC. Again, the temperature had no effect on the shape
of the current, luminance, and efficacy transients (see
Supporting Information Figure A.1). When normalized, the
transients at different temperatures collapse on top of each
other. Therefore, the turn-on time can be quantified by an
arbitrary point on the transients. Here, we take the time at
which the efficacy reaches a maximum value. The invariance of
the shape of the transients, the temperature independent peak
efficacy, as well as additional PL quantum yield experiments on
iTMC LECs (see Supporting Information Figure B.1) indicate
that the EL efficacy is roughly temperature independent. In
Figure 4, the natural logarithm of the inverse turn-on time was
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Figure 4. Arrhenius plots of the inverse maximum efficacy time iTMC-
LECs with and without the ionic liquid BMIM PF4 and an MDMO-
PPV-based LEC. The activation energies determined from the fits are
1.03 and 0.78—0.8S eV for the p- and iTMC-LECs, respectively.

plotted against 1000/T. A linear decrease could be observed in
both types of devices, hinting at an Arrhenius-type activation in
this temperature range. The activation energy was determined
to be ~0.8 eV for the iTMC-LEC and ~1.0 eV for the p-LEC.
Arrhenius plots for iTMC-LECs without ionic liquid gave
similar values for the activation energy (~0.8 eV) despite an
order-of-magnitude slower response.

The transient behavior during turn-on is determined by the
slowest charge carriers in the LECs: the ions. A way to study
the transport of the ions is by looking at the ion conductivity at
sub-bandgap voltages. For the p-LECs, the temperature
dependence of the ion conductivity was measured by
impedance spectroscopy.'" For the iTMC-LECs, step response
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experiments were performed because of the relatively slow ionic
response.” Here, the voltage was stepped from 0.0 to —0.5 V.
The relatively large size of the step was necessary to obtain a
reasonable signal-to-noise ratio. The negative polarity of the
voltage prevents any carrier injection from the electrodes at the
used sub-bandgap voltages. More details on the actual method
that was used can be found in Supporting Information section
C.

Typical ion conductivity spectra at different temperatures of
the iTMC- and p-LEC are shown in Figure Sa and b,
respectively. All spectra contain a conductivity plateau that
spans roughly 2 decades in the frequency range."' At higher
frequencies, an increasing conductivity is observed that can be
related to the response of the dielectric. At lower frequencies, a
decreasing conductivity is observed related to EDL formation
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Figure 5. Conductivity spectra for (a) an iTMC LEC as determined by
step response measurements from 0 V to —0.5 V and for (b) a
polymer LEC as determined by impedance spectroscopy. (c) Fits of
the ion conductivity by o(T) = 6, e 2/*T where the activation energy,
E, was chosen equal to the activation energy determined in Figure 4.
To fit the data, the values of 6, used were 1.6 X 10* and 4.3 x 10" S
m™! for the iTMC- and p-LEC, respectively.
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that effectively decreases the electric field in the bulk. The
minimal value of the measured conductance is ~107'° S m™
below which leakage current starts to dominate the experiment.
From the conductivity plateau, an estimate of the ion
conductivity could be extracted as indicated by the arrows.
These values are plotted in Figure Sc against 1000/T. The
linear decrease of the two semilog plots hints again at an
Arrhenius-type activation. Note that the ion conductivity in the
iTMC-LEC (see Figure Sa) at room temperature or below
could not be determined because of the leakage current.
Therefore, this data point was ignored in the fitting. The curves
were fitted with the same activation energies as extracted from
the activation in turn-on time in Figure 4. This shows that the
ion conductivity and turn-on time have the same activation
energy and thus are likely related. This strongly suggests that
the turn-on time in both p- and iTMC-LECs is determined by
the ionic conductivity, that is, the product of ion density and
mobility. This process can be accelerated by, for example, (i)
increasing the temperature, (ii) use of other (smaller) ions, (iii)
addition of ion-solvating materials like PEO,"***' or (iv)
increasing the applied bias voltage.

So far, the actual value of the determined activation energy
has not been discussed. As ion conductivity is the product of
ion density and mobility, its activation may also be split in these
two components. The activation in ion density is then related
to salt dissociation into ions, while the activation in ion mobility
can be regarded as activation of viscosity. In polymer LECs, the
equilibrium between the ion density n; and salt density ng can
be described by the following expression:'"**

”12 = nK e E/KT

(1)

Here, K is the mass action law constant. Ej is the binding
energy that is generally estimated to lie between 0.2 and 0.6
eV.'" For this range of binding energies at the used
temperature range, n, can be estimated to be much larger
than n,. As the sum of associated and dissociated salt is
constant, the thermal activation of the ion density can be
roughly described by n;, ~ exp(E,/2kT). So effectively 0.1—0.3
eV of the 1.0 eV obtained in Figure 3d arises from the
activation in mobile jon density. That means that the ion
mobility has an activation energy of roughly 0.8 eV. The
Arrhenius-type activation indicates that the ion conduction can
be described by a simple ion hopping model. A barrier of ~0.8
eV must be overcome by the ion to reach an adjacent site. This
hopping is then facilitated by the motion of PEO chains.** In
literature, activation energies of ~0.9 eV are reported in high
molecular weight PEO admixed with LiCF;SO5.>> These values
are comparable with the energies found in this work. In the
iTMC-LECs, the salts are of a different nature as they consist of
the large iTMC cation and a rather small anion. These ions are
not very tightly bound, and therefore the dissociation energy is
expected to be low. The activation energy observed for the
iTMC-LECs may therefore be only related to the activation
energy of the ionic mobility. The addition of ionic liquid only
decreased the turn-on time as shown in Figure 4, whereas the
activation energy remained more or less the same. This effect
could originate from an increase in the prefactors of the
mobility and carrier density. These prefactors may also explain
why a higher activation energy is found in the polymer LEC,
despite having a smaller turn-on time.

Mixed electronic and ionic conductive materials are used in a
variety of systems and devices, such as organic photo-
voltaics,>**” ‘and electrochemical,*® biological, and organic
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bioelectronic***® systems and devices. Therefore, the results

obtained here can be of use to establish the dynamic operation
of these devices.

B CONCLUSIONS

Despite large quantitative differences, the transient behavior of
iTMC- and p-LECs after switch-on is shown to be qualitatively
equal. This further confirms the identical operational behavior
in both types of LECs. The qualitative transients are
independent of semiconductor- and ion-type and also of the
temperature. The thermal activation of both the turn-on time
and the ion conductivity in the unbiased state was found to be
proportional and could be described by Arrhenius-type
activation with an activation energy of ~0.8—1.0 eV. These
results clearly demonstrate that p-LECs and iTMC-LECs are
really behaving as one class of device.

B ASSOCIATED CONTENT

© Supporting Information

Non-normalized transients, temperature-dependent quantum
yield in Ir-iTMC-LECs, details regarding the step response
method to determine the ionic conductivity, turn-on transients
of a polymer LEC without PEO, and AFM images of the active
layer blends. This material is available free of charge via the
Internet at http://pubs.acs.org.
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