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Exciton quenching in the recombination zone close to electrochemically doped regions
would be one of the bottlenecks for improving device efficiencies of solid-state white
light-emitting electrochemical cells (LECs). To further enhance device efficiencies of white
LECs for practical applications, we adjust the emissive-layer thickness to reduce exciton
quenching. In white LECs with properly thickened emissive-layer thickness, the recombi-
nation zone can be situated near the center of the emissive layer, rendering mitigated exci-
ton quenching and thus enhanced device efficiencies. High external quantum efficiencies
and power efficiencies of optimized devices reach ca. 11% and 20 lm/W, respectively, which
are among the highest reported for white LECs. These results confirm that tailoring the
thickness of the emissive layer to avoid exciton quenching would be a feasible approach
to improve device efficiencies of white LECs.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction Some works of fluorescent solid-state white LECs based
Recently, white organic light-emitting diodes (OLEDs)
have attracted intense attention due to their potential
applications in flat-panel displays and solid-state lighting
[1,2]. Compared with conventional OLEDs, solid-state
light-emitting electrochemical cells (LECs) [3,4] possess
several superior advantages. In LECs, electrochemically
doped regions, i.e. p-type doping near the anode and
n-type doping near the cathode, are formed by spatially
separated ions under a bias. Such doped regions signifi-
cantly reduce carrier injection barriers at electrodes, giving
balanced carrier injection, low operating voltages, and con-
sequently high power efficiencies. Therefore, LECs gener-
ally require only a single emissive layer, which can be
easily deposited by solution processes and can conve-
niently utilize air-stable electrodes.
on conjugated polymers have been reported [5–9]. How-
ever, moderate device efficiencies of polymer white LECs
showed that the fluorescent nature of conjugated polymers
limits the eventual electroluminescence (EL) efficiency due
to the spin statistics. To improve device efficiencies, phos-
phorescent cationic transition metal complexes (CTMCs)
have been intensively studied for use in solid-state LECs
[10–32]. By employing a blue-emitting host and a red-
emitting guest, solid-state white LECs based on host-guest
CTMCs have been demonstrated to exhibit efficient white
EL emission [19,21,22,25,32] and an external quantum effi-
ciency (EQE) up to ca. 8% was achieved [32]. Recently, blue-
emitting LECs combined with red-emitting color conver-
sion layers have also been shown to exhibit efficient white
EL emission with an EQE of ca. 6% [29]. Further improve-
ment in device efficiency is highly required for practical
applications. In single-layered LECs, p-doped/intrinsic
(undoped)/n-doped (p–i–n) structure is formed under
electrical driving and the intrinsic layer thickness reduces
due to extension of doped layers [27]. Electrochemically
doped layers adjacent to the intrinsic emitting layer result
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in exciton quenching as the intrinsic layer thickness de-
creases over time [27]. Thus, adjusting the thickness of
the active layer for keeping the recombination zone away
from doped layers would be a feasible way to mitigate
exciton quenching and to improve device efficiency conse-
quently. In this work, we compare EL characteristics of
white LECs with various thicknesses of active layers and
the corresponding recombination zone positions are esti-
mated by employing microcavity effect, i.e., fitting the
measured EL spectrum and the simulated one with prop-
erly adjusted recombination zone positions [33]. As com-
pared to thinner devices (<200 nm), the recombination
zones in thicker devices are closer to the center of the ac-
tive layer, resulting in lesser exciton quenching. Hence, a
high EQE of 11%, which is among the highest reported in
white LECs, can be achieved in white LECs with an ac-
tive-layer thickness of 270 nm. However, further increas-
ing the active-layer thickness to 400 nm leads to
deteriorated device efficiency. In such over-thick devices,
off-center recombination zones, which may be attributed
to modified carrier mobilities under lower electric fields,
would induce severer exciton quenching and cause lower
device efficiencies as well. These results show that opti-
mizing the active-layer thickness to minimize exciton
quenching in the proximity of the doped layers would be
an effective way to improve device efficiencies of white
LECs.

2. Experiment

2.1. Materials

The chemical structures of host (1) and guest (2) mate-
rials used in this study are shown in Fig. 1a. Both com-
Fig. 1. (a) The molecular structures of host (1) and guest (2) materials, (b) the
spectra of 1 in dichloromethane solutions (10�5 M).
plexes were synthesized according to the procedures
reported in the literatures [15,19]. The blue-emitting cat-
ionic Ir complex [Ir(dfppz)2(dtb-bpy)]+(PF�6 ) (1) (where
dfppz is 1-(2,4-difluorophenyl)pyrazole and dtb-bpy is
[4,40-di(tert-butyl)-2,20-bipyridine]) reported previously
by Tamayo et al. [15] was used as the host. Highly retained
photoluminescence quantum yield of complex 1 in neat
films (0.75) [25] in comparison with that in dilute solu-
tions (1.00) [25] reveals reduced self-quenching in neat
films possibly resulting from the sterically bulky di-tert-
butyl groups of the bipyridine ligand [15], suggesting its
suitability for use as the host material of white LECs. Fur-
thermore, complex 1 also exhibits superior carrier balance
and a high EQE > 14% was achieved in LECs based on com-
plex 1 [29]. [Ir(ppy)2(biq)]+(PF�6 ) (2) (where ppy is 2-phen-
ylpyridine and biq is 2,20-biquinoline), which was used as
the red-emitting complex in white LECs reported by Su
et al. [19], was utilized as the red-emitting guest. The en-
ergy level alignments (estimated by cyclic voltammetry)
of the host and guest are shown in Fig. 1b [25]. The PL spec-
trum of host and the absorption spectrum of guest in
dichloromethane solutions (10�5 M) are shown in Fig. 1c.
The blue-emitting host exhibits PL emission centered at
490 nm. The guest possesses broad absorption band
extending from �400 nm to the emission band of host,
facilitating Förster energy transfer from host to guest.

2.2. LEC device fabrication and characterization

Indium tin oxide (ITO)-coated glass substrates were
cleaned and treated with UV/ozone prior to use. A thin
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) layer (30 nm) was spin-coated at 4000 rpm
onto the ITO substrate in air and baked at 150 �C for
energy level diagram of 1 and 2 and (c) absorption spectrum of 2 and PL
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30 min. The emissive layer contains 1 (79.85 wt.%), 2
(0.15 wt.%) and 1-butyl-3-methylimidazolium hexafluoro-
phosphate [BMIM+(PF�6 ) ] (20 wt.%). The ionic liquid
[BMIM+(PF�6 ) ] was added to enhance the ionic conductivity
of thin films, resulting in reduced turn-on time of the LEC
devices [13]. The concentrations of the solutions used for
spin coating of the emissive layers for Device I, II and III
are 120, 150 and 150 mg/mL, respectively. The emissive
layers of Device I, II and III were spin-coated from the ace-
tonitrile solutions under ambient conditions at 3000, 3000
and 1500 rpm, respectively. The thicknesses of the emis-
sive layers for Device I, II and III are 190, 270 and
Fig. 2. Time dependent EL spectra of Device (a) I, (b) II and (c) III under
3.3 V.
400 nm, respectively. After spin coating, the samples were
then baked at 70 �C for 10 h in a nitrogen glove box, fol-
lowed by thermal evaporation of a 100-nm Ag top contact
in a vacuum chamber (�10�6 torr). Thicknesses of thin
films were measured by profilometry. The electrical and
emission characteristics of LEC devices were measured
using a source-measurement unit and a Si photodiode cal-
ibrated with the Photo Research PR-650 spectroradiome-
ter. All device measurements were performed under
constant bias voltages (3.1, 3.3 and 3.5 V) in a nitrogen
glove box. The EL spectra were taken with a calibrated
CCD spectrograph.

3. Results and discussions

The time-dependent EL spectra of Devices I, II and III
under 3.3 V are shown in Fig. 2a–c, respectively. As shown
in Fig. 2a, for Devices I, the relative amount of red emission
with respect to blue emission significantly decreased with
time. It would be attributed to carrier trapping effect in-
duced by the offsets between energy levels of host and
guest molecules (Fig. 1b). In host–guest white LECs, both
exciton formation on the host followed by host–guest en-
ergy transfer and direct exciton formation on the guest in-
duced by carrier trapping contribute to the guest emission.
At the early stage of operation, doped layers have not well
established yet and high energy barriers for carrier injec-
tion into the host are still present. Such energy level align-
ments (Fig. 1b) favor carrier injection and trapping on the
smaller-gap guests, resulting in direct carrier recombina-
tion/exciton formation on the guest (rather than host-
guest energy transfer). Thus, red emission was more pre-
dominant during the initial 50-min operation (Fig. 2a).
After the doped layers had been gradually formed, energy
barriers for carrier injection into the host reduced signifi-
cantly and exciton formation on the host and subsequent
host-guest energy transfer dominated, rendering increased
relative amount of blue emission with time. Finally, the EL
spectra were approaching stable (t > 175 min) due to well
established doper layers. EL spectra of Device II under
3.3 V also exhibited similar time-dependent evolution
trend. However, slightly enhanced red emission as com-
Fig. 3. Time dependent EL spectra of re-biased Device II under 3.3 V after
a 24-hr idle time.



Fig. 4. Simulated output EL spectra of Device III when the recombination
zone position, as measured from the cathode, varies from 380 to 280 nm.

Fig. 5. Stabilized EL spectra of Device (a) I, (b) II and (c) III under various
biases.
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pared to blue emission was observed in thicker Device II
(Fig. 2b). It results from a reduced electric field in a thicker
device, which relatively facilitates direct exciton formation
on the guest and thus more red emission is present. For De-
vice III, the evolution of EL spectra is significantly different
from that of Devices I or II. The blue emission peak was
blue-shifted and the full width at half maximum (FWHM)
was reduced at t < 200 min (Fig. 2c). Then the EL spectrum
shifted to green region and the FWHM enhanced
(t = 400 min, Fig. 2c). Finally, a white EL spectrum was
reached but the relative amount of red emission was lower
than that of Devices I or II (t > 700 min, Fig. 2c). This
abnormal evolution phenomenon should not be attributed
to carrier trapping effect since not only the relative amount
of blue and red emission but also the FWHM of EL spec-
trum was significantly altered. It would be a typical feature
of microcavity effect [34], which has also been observed in
thicker LEC devices [32,33].

To examine the possibility of side reactions responsible
for the time-dependent EL evolution, the time dependent
EL spectra of re-biased Device II under 3.3 V after a 24-hr
idle time were measured and are shown in Fig. 3. The EL
evolution trend of the re-biased device is similar to that
of the pristine device (cf. Figs. 3 and 2b). It reveals that side
reactions would not be significant and the EL evolution
shown in Fig. 2b mainly comes from carrier trapping effect.

The emission properties of the emissive layer can be
modified in a microcavity structure, which alters the opti-
cal mode density within it and spectrally redistributes the
EL spectrum. The output EL spectrum of a bottom emitting
OLED device can be calculated approximately by using the
following equation [34]:

jEextðkÞj2¼
T2

1
N
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where R1 and R2 are the reflectance from the cathode and
from the glass substrate, respectively, u1 and u2 are the
phase changes on reflection from the cathode and from
the glass substrate, respectively, T2 is the transmittance
from the glass substrate, L is the total optical thickness of
the cavity layers, jEint ðkÞj

2 is the emission spectrum of the
organic materials without alternation of the microcavity
effect, jEextðkÞj2 is the output emission spectrum from the
glass substrate, zi is the optical distance between the emit-
ting sublayer i and the cathode. The emitting layer is di-
vided into N sublayers and their contributions are
summed up. Since the width of p–n junction estimated
by capacitance measurements when p- and n-type layers
were fully established was shown to be ca. 10% of the
thickness of the active layer of LECs [35], the emitting layer
width is estimated to be tenth of the active layer thickness.
Thickness of each emitting sublayer of 1 nm was used and
thus N = thickness of the active layer/10. The photolumi-
nescence (PL) spectrum of a thin film of the emissive layer
of white LECs coated on a quartz substrate was used as the
emission spectrum without alternation of the microcavity
effect since no highly reflective metal layer is present in
this sample. Simulation was performed by implementing
the equation shown above through the MATLAB codes.



Fig. 6. (a) Brightness (solid symbols) and current density (open symbols)
and (b) external quantum efficiency (solid symbols) and power efficiency
(open symbols) as a function of time for Device II under 3.1–3.5 V.

2428 Y.-P. Jhang et al. / Organic Electronics 14 (2013) 2424–2430
Iterative loops have been carried out for summation of
contribution of each emissive sublayer. Based on this sim-
ulation method, the simulated output EL spectra of Device
III when the recombination zone position, as measured
from the cathode, varies from 380 to 280 nm are shown
in Fig. 4. Simulation of output EL spectra predicts the evo-
lution of measured EL spectra of Device III well (cf. Figs. 2c
and 4), confirming that measured EL spectra resulted from
dynamic recombination zone and microcavity effect. Simi-
lar evolution of EL spectra has rarely been observed in thin-
ner devices (<200 nm) since the spacing of cavity modes is
larger in thinner active layers and significant interference
effect would more possibly take place at ultraviolet or near
infrared spectral regions, rendering relatively unaffected
visible spectra.

The stabilized white EL spectra are bias dependent. As
shown in Fig. 5a–c, the relative intensity of the red emis-
sion with respect to the blue emission is larger in EL spec-
tra of white LECs under lower biases. Under lower biases,
energy level alignments of host and guest (Fig. 1b) favor
carrier injection and trapping on the smaller-gap guest,
resulting in more red emission. When the bias increases,
carrier injection onto the host would be preferred and sub-
sequent energy transfer from host to guest leads to rela-
tively more pronounced blue emission. Furthermore,
thicker Devices II relatively exhibited more red emission
than Devices I since a lower electric field in a thick device
preferably facilitates carrier trapping effect (cf. Fig. 5a and
b). However, even thicker Device III did not show further
enhanced red emission as compared to Devices I and II
(Fig. 5c). It would be attributed that microcavity effect in
Device III significantly reduces red emission due to
destructive interference, eliminating enhanced red emis-
sion in a thicker device.

White LECs with various thicknesses showed similar
time-dependent EL characteristics under constant-bias
operation. Fig. 6a and b shows the time-dependent bright-
ness/current density and EQE/power efficiency, respec-
tively, for Device II under constant biases of 3.1–3.5 V.
Table 1
Summary of EL characteristics of white LECs.

Devicea Bias (V) CIE (x, y)b CRIb tmax (min)c Lmax

I 3.1 (0.305, 0.429) 68 231 3.6
3.3 (0.274, 0.421) 60 104 8.6
3.5 (0.266, 0.417) 58 68 14.7

II 3.1 (0.365, 0.401) 77 250 1.8
3.3 (0.318, 0.386) 74 112 5.7
3.5 (0.302, 0.376) 73 77 9.9
5.0 (0.216, 0.400) 44 9 68
6.0 (0.220, 0.387) 48 7 95

III 3.1 (0.274, 0.485) 40 690 0.5
3.3 (0.284, 0.401) 61 385 1.4
3.5 (0.266, 0.404) 55 354 2.4

a ITO/PEDOT:PSS (30 nm)/emissive layer/Ag (100 nm), where the emissive la
thicknesses of the emissive layers for Device I, II and III are 190, 270 and 400 n

b Evaluated from the EL spectra.
c Time required to reach the maximal brightness.
d Maximal brightness achieved at a constant bias voltage.
e Maximal external quantum efficiency, current efficiency and power efficien
f The time for the brightness of the device to decay from the maximum to ha
g Extrapolated.
After the bias was applied, the device current, brightness
and device efficiency increased due to enhanced carrier
injection induced by gradually formed p- and n-type doped
layers near electrodes [27]. The brightness and device effi-
ciency first increased with the device current and reached
the maximum values. The peak EQEs and the peak power
efficiencies of Device II at 3.1, 3.3 and 3.5 V are (11.1%
and 17.4 lm/W), (10.7% and 19.5 lm/W) and (10.4% and
(cd/m2)d gext, max, gL, max, gp, max (%, cd/A, lm/W)e t1/2 (min)f

(7.5, 14.5, 14.6) 106
(6.8, 14.0, 13.4) 42
(6.5, 14.5, 13.0) 22
(11.1, 17.6, 17.4) 110
(10.7, 18.6, 19.5) 89
(10.4, 19.5, 17.5) 57
(9.0, 18.7, 11.7) 5
(6.4, 13.4, 7.0) 3
(4.5, 16.1, 16.3) 146g

(4.3, 14.5, 13.8) 87
(4.2, 10.5, 9.5) 55

yer contains 1 (79.85 wt.%), 2 (0.15 wt.%) and BMIM+(PF�6 ) (20 wt.%). The
m, respectively.

cy achieved at a constant bias voltage.
lf of the maximum under a constant bias voltage.



Fig. 7. Simulated (solid symbol) and measured (open symbol) stabilized
EL spectra of Device (a) I (b) II and (c) III under 3.5 V. The recombination
zone position (zi) estimated from fitting of simulated and measured EL
spectra is shown in the inset of each subfigure.
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17.5 lm/W), respectively. These results are among the
highest reported values for solid-state white LECs [5–
9,19,21,22,25,29,32]. Then they dropped with time with a
rate depending on the bias voltage (or current). The drop
of brightness and device efficiency after reaching the peak
value may be associated with exciton quenching near
doped layers due to dynamic recombination zone [27]
and/or degradation of the emissive material during LEC
operation [11].

Low brightnesses of these white LECs result from low
device current densities under 3.1–3.5 V. Our previous
experimental results show that even with electrochemi-
cally doped layers, ohmic contacts (barrier free) for carrier
injection could be formed only when carrier injection bar-
riers are relatively lower [36]. For LECs based on complex 1
(Fig. 1a), large injection barriers for hole (�1 eV) and elec-
tron (1.2 eV) still result in some residual voltage drops near
electrodes since carrier injection layers were shown to sig-
nificantly enhance device current densities [36]. Therefore,
even with much reduced intrinsic layer when the doped
layers are well established, device current densities or
brightness are still lower under lower biases (3.1–3.5 V).
Higher device current densities or brightness can only be
obtained under even higher biases.

Higher brightness of LECs can be obtained at the ex-
pense of device stability. When the bias voltage is in-
creased to 5 and 6 V, the brightness of white LECs is
enhanced to 68 and 95 cd/m2, respectively (Table 1). How-
ever, the device efficiencies and lifetimes under higher
voltages deteriorate accordingly (Table 1). To mitigate the
device degradation and thus to obtain the best device effi-
ciencies for clarifying the beneficial effect of adopting the
strategy of adjusting device thickness, the bias voltages
of the white LECs were chosen to be 3.1–3.5 V since the
electrochemical band gap of the host material was deter-
mined to be 3.08 eV (Fig. 1b). Better device efficiencies
can usually be obtained at lower bias voltages (or current
densities), as commonly observed in conventional OLEDs
[1,2]. Further studies for improving electrochemical stabil-
ity of the host materials are still required to achieve high
device efficiency at adequate brightness for practical
applications.

Peak device efficiencies of white LECs are highly thick-
ness dependent (see Table 1). To clarify the physical insight
of such phenomenon, the stabilized recombination zone
position (zi, as measured from the cathode) was estimated
from fitting of simulated and measured stabilized EL spec-
tra for each white LEC device under 3.5 V. For thinner De-
vices I (190 nm), the stabilized recombination zone was
relatively closer to the anode and exciton quenching near
the p-type doped layer would lower the device efficiencies
[37] (Fig. 7a). Hence, a moderate EQE (7.5%), which is com-
parable with that of previously reported white LECs based
on the same emissive materials in a similar thickness [25],
was obtained in Devices I (Table 1). Increasing the thick-
ness of the emissive layer would ensure enough spacing
between the recombination zone and the doped layers,
resulting in mitigated exciton quenching and improved de-
vice efficiencies. As shown in Fig. 7b, the stabilized recom-
bination zone of Device II (270 nm) was close to the center
of the emissive layer and consequently the peak EQE and
the peak power efficiency were enhanced to ca. 11% and
20 lm/W, respectively (Table 1). These device efficiencies
are among the highest reported for white LECs [5–
9,19,21,22,25,32]. Further increasing the thickness of the
emissive layer would not necessarily lead to even higher
device efficiencies. For instance, the stabilized recombina-
tion zone of thicker Device III (400 nm) was rather close to
the anode and severe exciton quenching near the p-type
doped layer would take place as well. Therefore, signifi-
cantly deteriorated EQEs (<5%) were measured for Device
III (Table 1). Highly asymmetric recombination zone posi-
tion in thicker Device III would come from deteriorated
balance of carrier mobilities under a lowered electric field.
These results confirm that device efficiencies of white LECs
could be significantly improved by tailoring the thickness
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of the emissive layer to avoid exciton quenching near the
doped layers.

4. Conclusions

In summary, we have demonstrated improving device
efficiencies of white LECs by optimizing the thickness of
the device emissive layer. When the thickness increases
from 190 to 270 nm, the recombination zone would be
shifted toward the center of the emissive layer and en-
hanced distance between the recombination zone and
doped layers ensures mitigated exciton quenching. There-
fore, significant enhancement in device efficiency (1.5�)
can be obtained and a high EQE (power efficiency) of ca.
11% (20 lm/W) can be achieved. However, further increas-
ing the thickness to 400 nm results in deteriorated balance
of carrier mobilities, rendering asymmetric recombination
zone position in the emissive layer. Exciton quenching in
recombination zone near the doped regions limits device
efficiencies as well as that takes place in thinner devices.
These results indicate that device efficiencies of white LECs
can be optimized by adjusting the thickness of the emis-
sive layer to minimize exciton quenching in close proxim-
ity of the doped regions.
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