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Frequency-dependent electroluminescence and electric current response spectroscopy were applied
to polymeric light-emitting electrochemical cells in order to obtain information about the operation
mechanism regimes of such devices. Three clearly distinct frequency regimes could be identified: a
dielectric regime at high frequencies; an ionic transport regime, characterized by ionic drift and
electronic diffusion; and an electrolytic regime, characterized by electronic injection from the
electrodes and electrochemical doping of the conjugated polymer. From the analysis of the results,
it was possible to evaluate parameters like the diffusion speed of electronic charge carriers in the
active layer and the voltage drop necessary for operation. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752438]

Light-emitting electrochemical cells (LECs) are optoelec-
tronic devices which had been proposed’ as an alternative to
organic/polymeric light-emitting diodes (OLEDs/PLEDs) due
to advantageous characteristics like low operation voltage,
simple device structure, and bipolar electroluminescence
behavior almost irrespective to the work-function of the met-
als used as electrodes. The device structure usually comprises
a single active layer made of a blend of a polymer electrolyte
and a organic semiconductor sandwiched between two elec-
trodes which, differently from OLEDs/PLEDs, do not need
matched work-functions to provide balanced charge-carrier
injection enough to produce high electroluminescence at low
voltages. The main explanation for this behavior is that, when
the device is biased, ionic charges in the solid electrolyte are
separated by the external electric field and drift towards each
respective electrode, accumulating at the interfaces and facili-
tating the injection of electronic charge carriers into the or-
ganic semiconductor. The injected electronic charge carriers
will then diffuse/drift and undergo recombination in the bulk,
giving rise to the electroluminescence.

However, despite their advantages, LECs present also
some drawbacks like slower electric and electroluminescence
response, relative shorter lifetime, and lower stability, espe-
cially under excessive applied bias. Another key aspect that
should be also mentioned is that there is still a lot of discus-
sion about the main processes which govern the operation of
LECs. The debate about the operating mechanisms of LECs
can be summarized by considering the existence of two diver-
gent models: an electrodynamic model (ED)? and an electro-
chemical doping model (ECD)."** The former predicts the
formation of two electric double layers (EDL), which occurs
due to the accumulation of uncompensated ions in the vicinity
of both electrodes and screening the bulk material from the
external applied field. As a consequence, the entire voltage
drop is confined at the metal/active-layer interfaces, lowering
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the energy barrier for injection of electronic charge carriers in
the organic semiconductor and resulting in a diffusion-
dominated electronic transport in the bulk.”> On the other
hand, in the ECD model, the ionic accumulation at the interfa-
ces intermediates the electrochemical doping of the organic
semiconductor, forming ohmic contacts and enhancing the
further injection of electronic charge carriers in the bulk. The
injection of electrons (holes) from the cathode (anode) pro-
motes the electrochemical n(p)-doping of the organic semi-
conductor in the bulk, giving rise to, in the steady-state, a n-
doped semiconductor region and a p-doped region separated
by an intrinsically undoped region (a p-i-n junction).* In the
undoped semiconductor region, the electric field is more
intense than in the rest of the active layer and is where the
recombination of electronic carriers mainly takes place.

Since the establishment of the controversy about the
operating mechanism of LECs, several theoretical studies as
well as experimental data have been presented as a conclusive
proof to support one or the other model.”'° Recently, a unify-
ing model'" has been proposed assuming that both ED and
ECD models are simply operating regimes that differs by the
injection rate (or the ability to form, or not, ohmic contacts),
which will determine the dominant process in the device oper-
ation. In the same sense, previous works'>!3 have shown clear
evidences that the ED model is actually only a transitory pro-
cess that preludes the electrochemical doping and the junction
formation processes, which are the basis of the ECD model.

In this paper, we present an analysis of the current and
the electroluminescence (EL) amplitude and phase as a func-
tion of the frequency of a modulating voltage to obtain infor-
mation about the operating mechanisms of polymer LECs in
a sandwich structure. From the obtained results, we conclude
that depending on the applied voltage amplitude, and the fre-
quency region that the device is operated, the ED or the ECD
model can be used to explain the device characteristics.

Polymer light-emitting electrochemical cells (PLECs)
were obtained by spin-coating the active layer comprising a
blend of a conjugated polymer (poly(9,9-dioctylfluorene-2,7-
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diyl)-co-(1,4-vinylene phenylene), known as ADS_GE) and
a polymeric electrolyte (poly(ethylene oxide), PEO, mixed
to lithium trifluoromethanesulfonate, CF;SOsLi) onto ITO
covered glass substrates. The blend solutions were prepared
in such a way that the final weight ratio of ADS_GE:-
PEO:CF;SO;Li was 10:10:1. The obtained blend films were
about 300 nm thick, and aluminum top-electrodes (150 nm
thick and 10 mm?® in area) were thermally evaporated in a
high-vacuum deposition system inside an inert gas glove-
box. All the device preparation steps (described in detail in
Ref. 14) and characterization experiments were carried out
in inert atmosphere conditions, avoiding any exposure to ox-
ygen and moisture.

Two different experimental setups were used to charac-
terize the LEC devices: (i) electrical impedance/admittance
measurements using a Solartron Instruments gain/phase fre-
quency response analyzer (FRA) model 1260 A and (ii) EL
frequency response measurements using a function/signal syn-
thesizer (Hewlett-Packard HP3325 model) to drive the device
current and a calibrated silicon fast photodiode coupled to the
transimpedance amplifier input of a Keithley 610 C electrome-
ter in which analog output was connected to the input of a
500 MHz bandwidth oscilloscope (Agilent HP54610B model)
to register the EL light output and its respective phase-shift to
the applied voltage and drive current. All the measurements
were carried out with the ITO electrode biased by a sinusoidal
signal varying from 0 V (the lowest value in a complete cycle)
up to a definite positive value.

Figure 1 shows the applied voltage, device current, and
EL output signal as a function of the time for different modu-
lation frequencies from 0.5 Hz up to 200 Hz. The applied
peak-to-peak voltage is 8 V. From these results, one can see
that, in the considered frequency range, the current presented
a practically in-phase response relative to the excitation volt-
age, which can be clearly noticed by the coincidence in the
current and voltage valleys. Such a behavior is characteristic
of systems where the conductive nature overcomes the
capacitive nature. At the lowest observed frequency (0.5 Hz,
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Fig. 1(d)), a slight deformation of the current from a sinusoi-
dal signal occurs, due, probably, to the time needed to form
the steady state electrochemical junction. At the highest fre-
quency shown (200 Hz, Fig. 1(a)), the EL output is practi-
cally constant in time, showing that charge recombination
still takes place when the applied voltage is null and the cur-
rent drops to its lowest value. For lower frequencies, EL out-
put amplitude modulation becomes more evident and, at
sufficiently low frequencies (Figs. 1(c) and 1(d)), it is possi-
ble to distinguish when the device is on or off. It is important
to notice also that the EL amplitude (or rms value) increases
considerably when the modulation frequency decreases. In
these cases, it is possible to define the phase-shift between
the EL and the device current from the time delay between
the EL peak and the current peak.

In the same sense, the EL efficacy (which is proportional
to the EL efficiency) was defined as the ratio between the
maximum luminance intensity and the maximum value of
the current in a cycle. The modulus of the EL efficacy (L")
and the phase-shift relative to the device current (¢) are
shown as a function of the voltage modulation frequency in
Fig. 2. It is important to notice that, for frequencies higher
than 100 Hz, the phase-shift could not be practically defined
anymore, since the EL output becomes constant in time.

In Fig. 2, one can identify three different frequency
regions where the modulus of the EL efficacy presents dis-
tinct behaviors: (i) at frequencies below 5 Hz, where the
phase angle is non-null and practically constant (about —n/8
rad) and the modulus of L" has an empirical /%> dependence
with the frequency; (ii) between 5 Hz and 50 Hz, where the
modulus is practically frequency independent and the angle
phase presents a linear dependence with the frequency; and
(iii) at frequencies above 50 Hz, where the EL efficacy mod-
ulus starts to decrease with frequency, following approxi-
mately an empirical f~%** dependence and the EL stops to
follow the voltage modulation.

In regime (i), one can observe that the EL efficacy
achieves relatively high values in the low-frequency region
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FIG. 2. Frequency dependence of the amplitude and phase shift relative to
the modulation voltage of the device luminous efficacy.

(below 5 Hz, which means a cycle period higher than
200 ms). In a recent report,'> we have shown results support-
ing that the steady-state of devices with similar characteris-
tics than the ones presented here is reached about 300 ms
after the application of a voltage step. The present results
corroborate that the electrochemical doping (oxidation close
to the anode and reduction close to the cathode) of the conju-
gated polymer and the subsequent formation of a p-i-n junc-
tion” need a time of about few hundred milliseconds to take
place. Moreover, in this regime, since the phase-shift is con-
stant (about —22.5°), the EL reaches its maximum value
always at the same voltage (or current) value (here, at about
5.7V). From Fig. 1(d), it is possible to see that the maximum
of the EL has an almost constant delay of 50 ms from the
onset of the EL, which occurs at an approximate voltage of
4.0V. This onset voltage is frequency independent in this re-
gime and is in accordance to the expected onset voltage of
about 3.5V for this kind of device."’

For higher frequencies, in regime (ii), the EL efficacy is
almost constant with the frequency and the EL phase-shift
behavior changes dramatically, varying linearly with the fre-
quency. This behavior can be explained if we consider that,
for times shorter than 300ms, the injection of electronic
charges from the electrodes is lower than in the quasi-d.c. re-
gime and the electrical response of the device is mainly domi-
nated by interfacial accumulation of charges, giving rise to
electric double layer formation close to each electrode.'®"'" In
this regime, the internal electric field in the bulk is negligible,
due to screening from the accumulated ionic charges at the
polymer/electrode interface. As a result, the transport of the
injected electronic charges in the bulk is carried out by diffu-
sion, which does not depend on the modulating frequency and
on the external applied voltage. In this frequency region, the
EL does not fall down to zero when the applied voltage
decreases down to zero because of the independence of the
diffusion process from the external voltage (Fig. 1(b)). How-
ever, the EL output still presents some modulation with the
excitation signal because the injection of the electronic
charges that undergo diffusion is a voltage-dependent process.
Another interesting point is that the phase angle has a linear
dependence with frequency, with an angular coefficient
equal to 2 x 1072 s, obtained from Fig. 2. This time can be
associated to the time needed for the charge carriers to diffuse
from the electrodes to the recombination region. Considering
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that the recombination occurs about the center of the
polymeric film, one can obtain a diffusion speed of 7.5
x 10~* cmys.

For even higher frequencies (above 100 Hz), the period
of the modulating voltage becomes shorter than the diffusion
time, eliminating the injection limitation for the electrolumi-
nescence and making the light output time-independent, as
shown in Fig. 1(a). However, as the frequency increases, a
greater number of cycles will be contained in a same time
frame in such a way that the contribution of the injection to
the total device current will decrease and, consequently, the
EL efficacy will also decrease (Fig. 2).

To corroborate the previous analysis, electric impedance/
admittance measurements in the frequency domain were per-
formed using a gain/phase frequency response analyzer. Fig.
3 shows the modulus of the complex conductivity, the modu-
lus of the complex dielectric function, and the phase-shift
between the modulating voltage and the corresponding cur-
rent, as a function of the frequency, for a device biased by a
sinusoidal signal with the amplitude varying from OV up to
+0.5V, +1V, and 43V, respective to the ITO electrode.
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FIG. 3. Voltage amplitude dependence of different complex frequency
response electric functions. (a) Modulus of the complex conductivity; (b)
modulus of the complex dielectric function; (c) phase-shift of the electric
current to the excitation voltage.
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For low voltages (V,,=0.5V), the phase-shift has val-
ues close to —n/2 for high frequencies (>10* Hz) and also
for low frequencies (<20 Hz). A —n/2 phase-shift can be
interpreted as a capacitive system in which conduction is
almost negligible. The modulus of the dielectric function, at
frequencies above 10* Hz, is about 3, which is a reasonable
value for polymeric dielectrics. This means that the ionic
transport does not take place in the high frequency region
and the device behaves like a dielectric capacitor. Moreover,
in this frequency region, the electrical conductivity and the
dielectric function do not show any dependence on the
applied voltage, as expected for a purely capacitive system.
Hence, we say that, in this frequency region, the PLEC is
operating in its “dielectric regime.”

For frequencies between 20 Hz and 10 kHz, the modulus
of the phase-shift clearly diverges from n/2, presenting a min-
imum around 500 Hz (for V,,, = 0.5V, Fig. 3), which indicates
an increase of the conductive contribution to the total electric
current. Moreover, an increase of almost two orders of magni-
tude in the dielectric function is observed in this frequency
range, which means that the increase in the conductive contri-
bution to the current is probably due to the establishment of
the ionic transport in the polymeric electrolyte. Another evi-
dence for this effect is due to ionic transport at frequencies
below 10 Hz, the phase-shift tends back to —m/2, and the
dielectric function becomes again almost constant; what is
consistent if we consider that the electrodes are blocking for
ions. Therefore, the formation of the electric double layer
takes place mainly in this frequency range, which defines the
“ionic transport regime” illustrated in Fig. 3. When the ampli-
tude of the voltage is increased (1V,, and 3V,,,), the modulus
of the phase-shift decreases very fast in the low frequency
region, evidencing that another conductive contribution to the
total current takes place. This conductive contribution comes
from the injection of electronic charge carriers from the elec-
trodes, which is facilitated by the accumulation of the ionic
charges at the polymer/metal interfaces. As a result of the
higher electronic carrier injection, the modulus of the complex
conductivity increases, assuming, for V,,=3V, an almost
constant value at low frequencies (Fig. 3(a)), which is charac-
teristic of a conductive system in the d.c. regime. For
V,» = 0.5V, the slope of the conductivity at frequencies below
20 Hz recovers the same value than for frequencies above 10
kHz, showing that after the ionic transport saturates, due to
the ion-blocking electrodes, the device behaves again almost
like a capacitor, with low d.c. conductivity.

A further increase in the dielectric constant is observed
in the low frequency region and at higher applied voltage
amplitude (Fig. 3(b)). This effect is related to the higher
electronic charge-carrier injection and the subsequent elec-
trochemical doping of the conjugated polymer. With the for-
mation of a steady-state p-i-n junction, the complex
conductivity becomes practically constant with the fre-
quency (equal to the d.c. conductivity value) and, since
|6"| = w?|¢"|, the complex dielectric function will show a fast
increase as the frequency decreases.

Figure 4 shows the dependence of the d.c. conductivity
on the amplitude of the applied voltage, obtained from the
low-frequency value of the modulus of the complex conduc-
tivity (Fig. 3(a)). For V,,,=0.5V, the d.c. conductivity could

Appl. Phys. Lett. 101, 113305 (2012)
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FIG. 4. Behavior of the d.c. conductivity on the amplitude of the applied
voltage. The data were obtained from the low-frequency value of the real
part of the complex conductivity (Fig. 3(a)). The red circle indicates the
value for 0.5 V which had to be extrapolated using a Debye fitting.

not be obtained directly from the graph and was determined
by extrapolation using a single Debye relaxation fitting. An
increase of about two orders of magnitude is observed in the
voltage range from OV to 3V, due to the increase in the
charge carrier injection and also to the electrochemical doping
of the conjugated polymer. For voltages higher than 3V, the
d.c. conductivity shows a trend to become constant, which is
consistent with the picture that the electrochemical doping
process is accomplished and that the d.c. current assumes a
quasi-linear dependence on the applied voltage, as reported
previously, %1316

The proposed experimental methods and analysis intro-
duced here enabled us to identify the different operation
regimes of light-emitting electrochemical cells and their rela-
tionships with the modulating frequency and the amplitude
of the applied voltage. At high frequencies (above 10 kHz), a
dielectric regime was observed, where the electrical charac-
teristics of the devices are similar to a dielectric capacitor,
with low ionic and electronic conductivity, independence on
the applied voltage, and very low EL efficiency. At interme-
diate frequencies (between 20 Hz and 10kHz), a regime
characterized by the drift of ions in the polymer electrolyte
and diffusion of electronic charge-carriers in the conjugated
polymer was observed, with relative increase in the EL effi-
ciency and huge increase of the modulus of the complex
dielectric constant. At frequencies below 20 Hz and for vol-
tages higher than the device onset voltage (about 3.5V), a re-
gime characterized by higher values of EL efficiency and of
d.c. conductivity is achieved, as a consequence of the estab-
lishment of an electrochemical p-i-n junction. Therefore, the
obtained results can be used to corroborate that the electric
double layer formation and electronic diffusion processes are
merely transitory and preliminary conditions necessary for
the electrochemical doping of the conjugated polymer and
subsequent formation of the p-i-n junction, as predicted by
the ECD model,lz’13 since only after the establishment of the
junction, the LECs present high electroluminescence effi-
ciency values.
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