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1 Introduction

Recently, white organic light-emitting diodes (OLEDs)
have received considerable attention owing to their po-
tential applications in flat panel displays and solid-state
lighting.[1–5] However, sophisticated multilayered device
structures complicate fabrication processes and increase
costs, influencing their competitiveness with other white
light-emitting technologies. Compared with conventional
OLEDs, solid-state light-emitting electrochemical cells
(LECs)[6,7] have several promising advantages. Solid-state
LEC devices generally require only a single emissive
layer, which can be easily fabricated by solution process-
es. The emissive layers of LECs contain mobile ions,
which can drift toward electrodes under an applied bias.
The spatially separated mobile ions induce electrochemi-
cal doping (oxidation and reduction) of the emissive ma-
terials near the electrodes (i.e. , p-type and n-type doping
near the anode and cathode, respectively).[7] The electro-
chemically doped regions form ohmic contacts with the
electrodes and, consequently, facilitate the carrier injec-
tion, which recombines at the intrinsic layer between p-
and n-type regions.[8] Typically, a single-layered LEC
device can be operated at low voltages (close to Eg/e,
where Eg is the energy gap of the emissive material and
e is elementary charge) with balanced carrier injection,
giving high power efficiencies (lm W�1). Furthermore, air-
stable metals (e.g., gold and silver) can be used as elec-
trodes, since carrier injection in LECs is relatively insensi-
tive to work functions of electrode materials. Therefore,
LECs are good candidates for white light-emitting sour-
ces.

Solid-state LECs can be roughly divided into two cate-
gories, according to the emissive materials used. The first
type of material is fluorescent conjugated light-emitting

polymers.[6,7,9–19] In these LECs, the emissive layers con-
tain ionic salts for providing mobile ions. In addition, ion-
conducting polymers (e.g., poly[ethylene oxide] [PEO])
are incorporated, to avoid phase separation between non-
polar conjugated light-emitting polymers and polar salts.
The second type of LEC is relatively simpler, since only
single-component cationic transition metal complexes
(CTMCs) are utilized as the emissive materials.[20–45] No
ion-conducting material is needed in CTMC-based LECs,
since CTMCs are intrinsically ionic. Furthermore, electro-
luminescence (EL) efficiencies of CTMC-based LECs are
generally higher, due to the phosphorescent nature of
CTMCs. Since the first white LECs (WLECs) were re-
ported by Yang et al. in 1997,[46] WLECs based on fluo-
rescent conjugated light-emitting polymers and phosphor-
escent CTMCs have been intensively studied, and device
efficiencies have been significantly enhanced. This review
illustrates previous development of WLECs and high-
lights important achievements and technical challenges
for further improving device performance of WLECs.
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2 Fluorescent WLECs

2.1 WLECs Based on Phase Separation and Excimers

The first WLECs were demonstrated by incorporating
a small amount of PEO in the emissive layers based on
poly[9,9-bis(3,6-dioxaheptyl)-fluorene-2,7-diyl] (P1).[46] P1
is an efficient blue-green-emitting material and exhibits
a high photoluminescence quantum yield (PLQY) of
73% photon/photon in neat films. The polyether-type
side groups of P1 (Figure 1) were designed to promote
the ionic conductivity necessary for LEC operation. Blue-

green LECs based on a blend of P1 and LiCF3SO3

showed an external quantum efficiency (EQE) of 4 %
photons/electron and a power efficiency of 12 lm W�1 at
3.1 V. When PEO was additionally blended into the emis-
sive layer, phase separation between P1 and PEO took
place and the EL emission become white. The WLECs
based on phase separation exhibited a lowered EQE of
2.4 % and brightness of 400 cdm�2 under 4 V (Table 1).
The reduced device efficiency may result from an emis-
sive layer that is foggy and opaque due to phase separa-
tion. The EL emission of these WLECs showed a maxi-
mum at ca. 550 nm, and the intensity of the blue and red

emission was significantly lower than that of the central
yellow emission. The shift of EL emission of the LECs
containing PEO most likely also results from the phase
separation in the blend emissive layer and the consequent
change of the stacking pattern of the P1 polymer chains.
This pioneering work opened a new way to obtain white
EL under low biases and initiated the development of
WLECs in the following two decades.

Based on a similar concept, combination of EL emis-
sion from individual polymer chains and excimers can
also generate white light from LECs. In 2010, Sun et al.
reported WLECs based on a fluorene-oxadiazole copoly-
mer.[47] This copolymer has a p-conjugated backbone con-
sisting of 75 mol % fluorene and 25 mol% 5,5’-diphenyl-
2,2’-bi-1,3,4-oxadiazole (P2, Figure 1). 2-(2-(2-Methoxye-
thoxy)ethoxy)ethyl, attached to C-9 of the fluorenes, was
introduced to enhance ionic conductivity necessary for
LEC operation. Polymer P2 showed deep blue photolu-
minescence (PL) in tetrahydrofuran solutions and in neat
films. The EL emission spectrum of polymer light-emit-
ting diodes (PLEDs) based on P2 resembled the PL spec-
trum of P2. However, the EL spectrum of the LEC devi-
ces containing P2 and LiCF3SO3 exhibited intense emis-
sion in the green and red spectral regions, rendering
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Figure 1. Molecular structures of the light-emitting polymers used for WLECs based on phase separation and excimers.
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Table 1. Summary of EL characteristics of WLECs

Emissive layer[a] Bias
(V)

J
(mA cm�2)[b]

CIE
(x, y)[c]

CRI[d] tmax

(min)[e]
Lmax

(cd m�2)[f ]
hext, max, hL, max, hp, max (%, cd A�1,
lm W�1)[g]

t1/2

(min)[h]

P1, PEO, LiCF3SO3

(10 :1 :2)[i] [46]
4[j] – – – – 400 (2.4, –, –) –

P2, LiCF3SO3

(5.2–5.6 : 1)[i] [47]
6.4[k] – (0.24,

0.31)
– – 257 (–, 0.15, –) –

P3B, P3G, P3R, TMPE,
LiCF3SO3

(100 :1 : 3 : 10.4 :3.12)[i] [48]

– 7.7[l] (0.39,
0.43)

83 ca. 180 ca. 240 (–, 3.1, 1.6) ca. 720

P4 [50] 3[j] – (0.36,
0.38)

72 17 13 (0.69, –, 1.56) 36

3.3[j] – (0.30,
0.34)

72 8 113 (0.66, –, 1.28) 13

3.5[j] – (0.31,
0.34)

71 5 231 (0.55, –, 0.95) 7

P5, TMPE, LiCF3SO3

(100 :10 :3)[i] [51]
– 5.7[l] (0.41,

0.45)
82 >360 >200 (–, 3.8, 1.2) –

C1B, BMIMPF6, C1R
(80.5 : 19.1 :0.4)[i] [52]

2.9[j] – (0.45,
0.40)

81 240 2.5 (4.0, 7.2, 7.8) 534

3.1[j] – (0.37,
0.39)

80 60 18 (3.4, 6.1, 6.2) 78

3.3[j] – (0.35,
0.39)

80 30 43 (3.3, 5.8, 5.5) 24

C2B, BMIMPF6, C2R
(100 :35: 0.4)[m] [53]

4[j] – (0.45,
0.44)

81 ca. 100 106 (4.7, 9.8, –) ca. 450

C2B, BMIMPF6, C2R
(100: 35: 0.2)[m] [53]

4[j] – (0.40,
0.45)

80 ca. 100 115 (4.4, 9.5, –) ca. 300

3.5[j] – (0.42,
0.44)

81 – 31 (5.2, 11.2, 10) –

C3B, BMIMPF6, C2R
(100: 100: 0.8)[m] [54]

3.2[j] – (0.37,
0.41)

80 ca. 25 7.9 (5.6, 11.4, 11.2) ca. 50

C4B, BMIMPF6, C4R
(100: 10: 1)[i] [55]

3.5[j] – – – 68 31 (4.5, 11.1, –) –

4[j] – – – 28 116 (5, 12.4, –) –
4.5[j] – – – 11 281 (3.4, 8.5, –) –

C5B, BMIMPF6, C1R, C5O
(79.85 : 20 :0.05 : 0.1)[i] [59]

2.9[j] – (0.53,
0.44)

84 280 1.2 (5.6, 9.2, 10) 446[n]

3.1[j] – (0.37,
0.45)

75 60 11.5 (7.4, 14.8, 15) 120

3.3[j] – (0.32,
0.43)

70 29 20.2 (6.3, 13.4, 12.8) 37

C5B :BMIMPF6 :C1R
(79.85 : 20 :0.15)[i] [64]

3.1[j] – (0.37,
0.40)

77 250 1.8 (11.1, 17.6, 17.4) 110

3.3[j] – (0.32,
0.39)

74 112 5.7 (10.7, 18.6, 19.5) 89

3.5[j] – (0.30,
0.38)

73 77 9.9 (10.4, 19.5, 17.5) 57

C5B :BMIMPF6 (80 : 20)[i]

CCL (PMMA :DCJTB)
(99.6 : 0.4)[i] [60]

3.1[j] – 129 2.9 (5.9, –, 15.3) 111

3.3[j] – (0.37,
0.44)

66 103 9.5 (5.5, –, 13.4) 47

3.5[j] – 66 16.2 (5.5, –, 12.7) 23
C5B :BMIMPF6 :SR101
(79.7 :20 :0.3)[i] [71]

3.6[j] – (0.32,
0.30)

72 90 12.6 (7.5, –, 13.7) 120

3.8[j] – (0.30,
0.31)

73 60 19.4 (7.9, –, 15.6) 90

[a] Components of the emissive layer and the references of the data. [b] Current density. [c] CIE 1931 chromaticity coordinates. [d] Color ren-
dering index. [e] Time required to reach maximum brightness. [f ] Maximum brightness. [g] Maximum external quantum efficiency, current ef-
ficiency, and power efficiency. [h] Time for the brightness of the device to decay from the maximum to half of the maximum. [i] Mass ratios.
[j] Under constant bias voltage. [k] Voltage at maximum current efficiency. [l] Under constant current density. [m] Molar ratios. [n] Extrapolat-
ed.
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a white EL spectrum with a full width at half-maximum
of 160 nm. The green and red emission may result from
excimers formed when the ionic species are present. The
EL characteristics of WLECs based on P2 are summar-
ized in Table 1. This work is the first demonstration of
WLECs employing a single polymer in the emissive layer.

2.2 Trichromatic Host-Guest WLECs

It is difficult to tailor the EL spectra of WLECs based on
phase separation and excimers to achieve high-quality
white light for applications. To obtain white EL with
good color rendering properties, in 2011, Tang et al. re-
ported trichromatic WLECs based on blue, green, and
red-emitting polyspirobifluorene-based copolymers (P3B,
P3G, and P3R, Figure 2).[48] The ion-transport material
trimethylolpropane ethoxylate (TMPE) and the salt
LiCF3SO3 were mixed as the electrolyte in the emissive
layer. White EL spectra can be easily tailored by adjust-
ing the mixing ratios of blue, green, and red copolymers.
With an optimized mixing mass ratio (P3B :P3G :P3R=
100 : 1 :3), white EL spectra with Commission Internatio-
nale de l��clairage (CIE) coordinates (0.39, 0.43) and
a color rendering index (CRI) value of 83 were obtained.
The peak current efficiency and power efficiency ach-
ieved in these optimized WLECs were 3.1 cdA�1 and
1.6 lm W�1, respectively. It is noted that polyspirobifluor-
ene-based copolymers exhibited superior electrical stabili-
ty and, thus, long device lifetimes, which are defined as
the time it takes for the brightness of the device to decay
from the maximum to half of the maximum; device life-
times of up to 12 hours were measured for these WLECs.
This work was the first demonstration of polymer
WLECs employing the host-guest strategy.[30,34,49]

2.3 Single-Component Multiple-Chromophore WLECs

In comparison to multiple-component WLECs, single-
component WLECs require relatively easier fabrication
processes. In 2013, Tsai et al. reported single-component
WLECs based on a fluorene-benzoselenadiazole copoly-
mer (P4, Figure 3).[50] Polymer P4 is composed of a blue-
emitting polyfluorene (PF) main chain incorporated with
yellow-emitting 2,1,3-benzoselenadiazole moieties
(0.25 %). The PL of thin films of P4 dispersed in poly(-
methyl methacrylate) (PMMA) showed clear emission
bands around 560 nm even when the doping concentra-
tion of P4 was low (1 %). Thus, the yellow emission band
results from the presence of 2,1,3-benzoselenadiazole
along the PF main chain and is not related to aggregates
of fluorene segments. The WLECs based on P4 showed
bias-dependent EL spectra. At a lower bias, carrier injec-
tion and trapping on the smaller-gap 2,1,3-benzoselena-
diazole was favored and, thus, direct exciton formation
on the lower-gap chromophore led to more significant
yellow emission (Figure 4a). When the bias was increased,
carrier injection and exciton formation on the higher-gap
fluorene was facilitated, and subsequent partial energy
transfer dominated the yellow emission, resulting in less
significant yellow emission (Figure 4a). The emissive
layer thickness also affects the EL spectra of WLECs. A
lower electric field in a thicker device impedes carrier in-
jection onto the higher-gap fluorene, and thus, direct exci-
ton formation on the lower-gap chromophore is pre-
ferred, resulting in more significant yellow emission (Fig-
ure 4b). In contrast, a higher electric field in a thinner
device facilitates carrier injection onto the higher-gap flu-
orene. Yellow emission results mainly from partial energy
transfer from blue excitons on the fluorene, and thus, re-

Figure 2. Molecular structures of the blue, green, and red light-emitting copolymers used for trichromatic WLECs.
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duced yellow emission is present (Figure 4b). As a result,
the EL spectrum of single-component multiple-chromo-
phore WLECs can be tailored by adjusting the bias and/
or the thickness of the emissive layer. The peak EQE and
power efficiency achieved in WLECs based on P4 are
0.69% and 1.56 lm W�1, respectively.

An alternative way to achieve white EL emission from
LECs is to impede energy transfer between the blue-
emitting and red-emitting chromophores in multiple-chro-
mophore copolymers . In 2013, Tang et al. proposed a mul-
tifluorophoric conjugated copolymer (P5, Figure 3) and
an electrolyte designed to inhibit energy-transfer interac-
tions and, thus, to obtain white EL from WLECs based
on these mixtures.[51] The OLEDs containing P5 without
electrolytes and salts, which provide mobile ions, showed
narrow-band red emission. This result reveals that poly-
mer chains of P5 are in the aggregated state and that the
excitons created on the higher-energy blue and green
chromophores are funneled to the lower-energy red chro-
mophores via efficient energy transfer. However, polymer
chains of P5 would be efficiently separated if LiCF3SO3-
TMPE electrolytes were added in the emissive layer, and
the energy transfer rate would be reduced. Hence, some
residual blue emission took place, along with red emis-

sion, and the WLECs based on P5 and LiCF3SO3-TMPE
electrolytes exhibited white EL spectra with CIE coordi-
nates (0.41, 0.45) and a CRI value of 82. Notably, the
white EL spectrum was unchanged across a wide current
density range (5.7–46.2 mA cm�2). This is an important
feature for practical solid-state lighting applications.

3 Phosphorescent WLECs

3.1 Dichromatic WLECs

The above mentioned studies of fluorescent solid-state
white LECs based on conjugated light-emitting polymers
generally showed moderate EL efficiencies, due to the
limitation of fluorescent spin statistics. To improve device
efficiencies, in 2008, Su et al. reported the first WLECs
based on phosphorescent CTMCs.[52] By employing
a blue-emitting host complex (C1B, Figure 5) and a red-
emitting guest complex (C1R, Figure 6), the host-guest
WLECs showed a high EQE of 4 % and power efficiency
of 7.8 lm W�1 (Table 1). Since the LECs based on CTMCs
showed slow device response, the ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate [BMIM+(PF6

-)]
was added to the emissive layer to provide additional

Figure 3. Molecular structures of the light-emitting copolymers used for single-component, multiple-chromophore WLECs.
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anions, which shortened the device response time.[32] The
host-guest WLECs based on C1B and C1R also showed
bias-dependent EL spectra. As shown in Figure 7, the red
emission increased relative to the blue emission, as the
bias decreased. This increase could be caused by energy
level alignments of the host C1B and guest C1R (inset of
Figure 7). At a lower bias, such energy level alignments
prefer carrier injection and trapping on the lower-gap
guest, resulting in direct carrier recombination and exci-
ton formation on the guest. Therefore, a larger fraction of
guest emission was observed at a lower bias. When
a higher bias is applied, carrier injection onto the higher-
gap host is facilitated, and the guest emission comes
mainly from subsequent host-guest energy transfer, ren-
dering a reduced fraction of guest emission. This first
demonstration of WLECs based on CTMCs boosted sig-
nificant enhancement in device efficiencies of WLECs
achieved by several groups in the following few years.

Based on the same concept, in 2009, He et al. reported
WLECs employing blue-emitting host C2B (Figure 5)
doped with red-emitting host C2R (Figure 6).[53] When
biased at 3.5 V, the WLECs containing C2B, BMIMPF6,
and C2R (molar ratio=100 : 35 : 0.2) had a peak EQE,
current efficiency, and power efficiency of 5.2%,
11.2 cdA�1, and 10 lmW�1, respectively. These WLECs
also exhibited white EL spectra with CIE coordinates
(0.42, 0.44) and CRI values up to 81. To further enhance
device efficiencies of WLECs, the same group proposed
a blue-emitting CTMC, C3B (Figure 5), with the sterically
bulky 4-tritylphenyl group on the ancillary ligand, which

Figure 4. Comparison of EL spectra of WLECs based on P4 (a)
under different bias voltages (3 and 3.5 V), at constant emissive
layer thickness (370 nm) and (b) for different emissive layer thick-
nesses (170 and 380 nm), under constant bias voltage (3 V).

Figure 5. Molecular structures of blue-emitting CTMCs used in WLECs.
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reduces the intermolecular interactions and excited-state
self-quenching of C3B in neat films.[54] Therefore, com-
plex C3B showed high PLQYs of 54 and 67% in neat
films and in thin films mixed with BMIMPF6 (molar
ratio=1 : 1), respectively. The peak EQE, current efficien-
cy, and power efficiency of the WLECs containing C3B,
BMIMPF6, and C2R (molar ratio=100 : 100 : 0.8) reached
5.6 %, 11.4 cdA�1, and 11.2 lm W�1, respectively. These
works successfully illustrated improvement of WLEC
device efficiencies via proper design of molecular struc-
tures of CTMCs.

Recently, Chen et al. proposed WLECs based on
a higher-gap host, C4B (Figure 5), and a lower-gap guest,
C4R (Figure 6).[55] The peak EQE and current efficiency
reached in the WLECs containing C4B, BMIMPF6, and
C4R (mass ratio=100 :10 :1) were 5 % and 12.4 cdA�1,
respectively, which are similar to those obtained for previ-

ously reported dichromatic WLECs based on host-guest
CTMCs.[52–54] These results imply that improvements to
CTMCs alone are not sufficient to further enhance device
efficiencies of WLECs. Device engineering for improving
carrier balance is required to optimize device per-
formance of WLECs.

3.2 WLECs with Improved Carrier Balance

Adjusting carrier balance has a significant effect on host-
guest LECs,[40,56–58] since offsets in energy levels of host
and guest molecules induce carrier trapping, and variation
of the doping concentrations of guests alters the balance
of carrier mobilities of the host films. Balanced electron
and hole mobilities would be beneficial for keeping the
recombination zone near the center of the emissive layer
and, thus, would prevent exciton quenching and enhance
the device efficiency. In 2011, Su et al. reported adjusting
the carrier balance of host-guest WLECs to improve
device efficiencies by employing a double-doped strat-
egy.[59] The blue-emitting CTMC used in this work (C5B,
Figure 5) has been reported by Tamayo et al. ,[31] and the
red-emitting CTMC is the same one used in the first dem-
onstration of WLECs based on CTMCs[52] (C1R,
Figure 6). Complex C5B shows approximately the same
PL spectra in solution as in neat films, likely due to re-
duced intermolecular interactions in the presence of the
sterically bulky di-tert-butyl groups of the bipyridine
ligand.[31] Highly retained PLQY of C5B in neat films
(75 %), in comparison to that in solution (100%), further
confirms the reduced self-quenching in neat films due to
the sterically bulky ligand, suggesting C5B is suitable for
use as the host of WLECs.[59] The blue-emitting LECs
based on C5B exhibited high EQEs, up to 14.5%.[60]

These efficiencies reveal superior carrier balance in the

Figure 6. Molecular structures of red and orange-emitting CTMCs used in WLECs.

Figure 7. Bias-dependent EL spectra of WLECs (mass ratio
C1B : BMIMPF6 : C1R = 80.5 : 19.1 : 0.4). Inset: energy level diagram of
C1B and C1R.

Isr. J. Chem. 2014, 54, 855 – 866 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 861

Review

http://www.ijc.wiley-vch.de


C5B host films, compared to the maximal EQE achieva-
ble in devices with the typical layered light-emitting struc-
ture, for which PLQY is 75% and optical outcoupling ef-
ficiency is ca. 20%. However, the single-doped WLECs
(mass ratio C5B : BMIMPF6 : C1R=79.8 : 20 : 0.2) showed
low EQEs of 3.2 %, in spite of the high PLQY of the
emissive layer (61 %).[59] As the energy levels in Figure 8

show, the single-doped emissive layer has a slightly larger
energy offset between host (C5B) and guest (C1R) in the
lowest unoccupied molecular orbital (LUMO) levels
(0.46 eV) than it does in the highest occupied molecular
orbital (HOMO) levels (0.39 eV). This may lead to more
pronounced electron trapping and, thus, deterioration of
carrier balance in the host-guest films. If an orange guest
(C5O, Figure 6) with a higher LUMO level (Figure 8) is
incorporated to reduce electron trapping, carrier balance
improves. The double-doped WLECs (mass ratio
C5B : BMIMPF6 : C1R : C5O=79.85 : 20 : 0.05 : 0.1) showed
high EQEs and power efficiencies, up to 7.4 % and
15 lmW�1, respectively (Table 1). These results confirm
that the double-doping strategy is a useful technique for
realizing highly efficient WLECs.

Since carrier balance is critical in optimizing device ef-
ficiencies of WLECs, technology for providing direct evi-
dence of altered carrier balance is highly desired. Recent-
ly, Wang et al. propose a novel technique to dynamically
probe the position of the temporal recombination zone of
sandwiched LECs by utilizing the microcavity effect.[61]

Microcavity structures of sandwiched LEC devices
modify wavelength-dependent optical outcoupling effi-
ciencies[62] and, thus, result in tailored EL spectra when
the recombination zone is moving in the emissive layer.
Therefore, the recombination zone positions of sand-
wiched LECs can be estimated by fitting measured EL
spectra to simulated EL spectra based on the microcavity
effect and properly adjusted emitting zone positions. The
equation used for simulation is shown below.[62]

EextðlÞj j2¼
T2

1
N

PN

i¼1
1þ R1 þ 2

ffiffiffiffiffiffi
R1

p
cos 4pzi

l þ f1

� �h i

1þ R1R2 � 2
ffiffiffiffiffiffiffiffiffiffiffi
R1R2

p
cos 4pL

l þ f1 þ f2

� �� EintðlÞj j2

Here, R1 and R2 are the reflectances from the cathode
and from the glass substrate, respectively; f1 and f2 are
the phase changes on reflection from the cathode and
from the glass substrate, respectively; T2 is the transmit-
tance from the glass substrate; L is the total optical thick-
ness of the cavity layers; jEint(l) j 2 is the emission spec-
trum of the organic materials without incorporation of
the microcavity effect; jEext(l) j 2 is the output emission
spectrum from the glass substrate; and zi is the optical
distance between the emitting sublayer i and the cathode.
The emitting layer is divided into N sublayers, and their
contributions are summed up. Since the width of the p-n
junction was estimated—by capacitance measurements,
when p- and n-type layers were fully established—to be
ca. 10 % of the thickness of the active layer of LECs,[63]

the width of the emitting layer is estimated to be one
tenth of the thickness of active layer. A thickness of 1 nm
for each emitting sublayer was used, and thus, N= thick-
ness of the active layer/10. The PL spectrum of a thin
film of the emissive layer of WLECs coated on a quartz
substrate was used as the emission spectrum, without in-
corporation of the microcavity effect, since no highly re-
flective metal layer is present in this sample. With
this tool, Jhang et al. studied the effects of emissive
layer thickness on carrier balance and device efficien-
cies of WLECs (mass ratio C5B : BMIMPF6 : C1R=
79.85 : 20 : 0.15).[64] As shown in Figure 9a, for a thinner
WLEC (190 nm), the stabilized recombination zone was
relatively closer to the anode, and exciton quenching near
the p-type doped layer reduces device efficiencies. There-
fore, a moderate EQE (7.5 %), which is comparable to
that of previously reported WLECs based on the same
emissive materials with similar thicknesses,[59] was ob-
tained. Increasing the emissive layer thickness ensured
enough spacing between the recombination zone and the
doped layers, resulting in mitigated exciton quenching
and improved device efficiencies. The stabilized recombi-
nation zone of WLECs with a thicker emissive layer
(270 nm) was close to the center of the emissive layer
(Figure 9b), and consequently, the peak EQE and the
power efficiency were enhanced to ca. 11 % and 20 lm/W,
respectively (Table 1). These device efficiencies are the
highest values among reported WLECs. Further increas-
ing the emissive layer thickness resulted in an asymmetric
recombination zone position (Figure 9c), possibly due to
deteriorated balance of carrier mobilities under a lowered
electric field. Exciton quenching near the p-type doped
layer took place, as well, and significantly deteriorated
EQEs (<5%) were measured. This work demonstrates
that device efficiencies of WLECs can be significantly im-
proved by adjusting the emissive layer thickness to avoid
exciton quenching near the doped layers.

Figure 8. Energy level diagram of C5B, C5O, and C1R.
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4 Fluorescent and Phosphorescent Hybrid
WLECs

4.1 WLECs Employing Color Conversion Layers

Single-layered host-guest WLECs usually suffer bias-de-
pendent color shifts (cf. Figure 7), which are undesired
for practical applications.[52–55,59,64] This phenomenon is at-
tributed to excitons formed by direct carrier trapping on

the guest, under relatively lower biases, due to significant
energy offsets in the energy levels between the host and
the guest. Direct exciton formation on the lower-gap
guest, due to charge trapping, dominates EL emission
under lower biases, while exciton formation on the
higher-gap host, followed by host-guest energy transfer,
tends to be more significant under higher biases. Hence,
the EL emission of the single-layered host-guest WLECs
typically changes from red to white as the bias slightly in-
creases. Color stability under varying bias conditions is
also a critical issue in white OLEDs, and the combination
of blue-emitting devices with red color conversion layers
(CCLs) was reported to reach stable white EL.[65] This ap-
proach can be implemented by easy fabrication tech-
niques and can provide better color stability, since only
one emitter is present in the emissive layer, eliminating
the carrier trapping effect induced by the low-gap red-
emitting dye. Based on the same concept, Wu et al. dem-
onstrated color-stable WLECs by combining single-lay-
ered blue-emitting LECs with red-emitting CCLs on the
inverse side of the glass substrate.[60] The device structure
is schematically shown in Figure 10. The emissive layer of

the blue-emitting LECs is composed of C5B and
BMIMPF6 (mass ratio 80 : 20), and the CCL is a thick
(6 mm) PMMA film doped with 0.4 wt.% 4-(dicyano-
methylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-
enyl)-4H-pyran (DCJTB). The EL spectra of WLECs em-
ploying red CCLs were approximately the same under
biases of 3.1 to 9.0 V, which correspond to device current
densities and maximum brightnesses of 0.04 to
16.17 mAcm�2 and 2.87 to 184.92 cdm�2, respectively.[60]

The CIE coordinate migration (Dx, Dy) in such a broad
range of bias conditions was less than (�0.009, �0.005).
High EQEs of up to 5.9 % were obtained in these
WLECs, in spite of some energy loss into side emission
from CCLs (Table 1). This work demonstrated a feasible
way to achieve stable white EL from WLECs.

Figure 10. Schematic diagram of the device structure of a WLEC
employing a CCL.

Figure 9. Simulated (solid circles) and measured (open circles) sta-
bilized EL spectra of WLECs (mass ratio C5B : BMIMPF6 : C1R =
79.85 : 20 : 0.15) with emissive layer thicknesses (a) 190, (b) 270, and
(c) 400 nm. The recombination zone position estimated from fitting
of simulated and measured EL spectra is shown in the inset of
each subfigure.
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4.2 WLECs Based on Phosphorescent Sensitized Fluorescence

Improvement in device efficiency of WLECs is impeded
by the low PLQYs of the red-emitting CTMCs (<20%,
even in dilute solutions) used in CTMC-based
WLECs.[52,53] Fluorescent LECs based on phosphorescent
sensitization constitute an alternative way to reach effi-
ciencies similar to those of phosphorescent LECs.[56,66,67]

In phosphorescent sensitized fluorescence,[68] the heavy-
metal center of the phosphorescent host facilitates rapid
intersystem crossing for efficient intramolecular singlet-
to-triplet energy transfer and, thus, subsequent effective
Fçrster energy transfer[69] from triplet excitons of the
phosphorescent host to singlet excitons of the fluorescent
guest, harvesting both singlet and triplet excitons in the
host molecules. Hence, device efficiencies of phosphores-
cent sensitized fluorescent LECs can approach those of
phosphorescent LECs. Since various efficient red-emitting
fluorescent dyes[70] (PLQYs>90% in dilute solutions) are
commercially available, phosphorescent sensitization is
also a feasible way to achieve efficient host-guest
WLECs. In 2012, Su et al. reported WLECs based on
a blue-emitting phosphorescent CTMC (C5B), as the
host, and a red-emitting fluorescent dye (Sulforhodamine
101), as the guest.[71] Sulforhodamine 101 (SR101), as
shown in Figure 11, is commercially available and exhibits
a high PLQY of up to 95�2% in solution.[72] The maxi-
mal EQE achieved from the phosphorescent sensitized
WLECs (mass ratio C5B : BMIMPF6 : SR101=
79.7 :20 :0.3) reached 7.9% (Table 1). Furthermore, the
emissive layer thickness was properly chosen, such that
the full width at half maximum of the blue EL emission
was significantly reduced due to destructive interference
of the green part of the emission spectrum in a microcavi-
ty device structure (Figure 12). Tailoring the output EL
spectrum via the thickness-dependent microcavity effect
is especially useful for enabling CTMC-based WLECs to
achieve white EL with CIE coordinates approaching
(0.33, 0.33), since saturated deep blue-emitting CTMCs
are currently still scarce. Reported WLECs based on sky
blue-emitting CTMCs generally exhibit greenish white
EL, even when combined with saturated red CTMCs (cf.
Figures 7 and 9). Without saturated deep blue-emitting

CTMCs, suppressing green emission of sky blue-emitting
CTMCs by employing the microcavity effect represents
a feasible way to obtain more saturated blue emission
and, thus, purer white EL emission.

5 Summary and Outlook

This paper reviewed the development of WLECs based
on conjugated polymers and CTMCs. White EL from
polymer LECs was easily obtained by utilizing phase sep-
aration or excimer emission in a single-component emis-
sive layer. To improve the spectral quality of white EL of
polymer WLECs, an emissive layer with a properly ad-
justed mixing ratio of blue, green, and red-emitting co-
polymers was employed. Furthermore, polymer WLECs
based on a single polymer with multiple chromophores
were proposed to simplify device fabrication processes.
Device efficiencies of fluorescent polymer WLECs were
generally limited by spin statistics, and thus, WLECs
based on phosphorescent CTMCs were reported to en-
hance EL efficiencies. In addition to typical WLECs
based on host-guest CTMCs, a double-doping strategy
and adjustment of the emissive layer thickness were pro-
posed to improve carrier balance, rendering even higher
device efficiencies. WLECs composed of red CCLs at-
tached to blue-emitting LECs were demonstrated to im-
prove temporal spectral stability of white EL. Since
highly efficient fluorescent red-emitting dyes are commer-
cially available, phosphorescent sensitized WLECs, based
on a blue-emitting phosphorescent CTMC and a fluores-
cent red-emitting dye, were shown to exhibit high device
efficiencies.

Enormous enhancement in device efficiencies of
WLECs has been made in recent years thanks to the
design and synthesis of efficient materials, most of them
based on CTMCs. In addition, deeper understanding of
device physics has facilitated improvement of the carrier
balance of WLECs, resulting in further increased device

Figure 12. EL spectrum of phosphorescent sensitized WLEC (mass
ratio C5B : BMIMPF6 : SR101 = 79.7 : 20 : 0.3) under 3.6 V.

Figure 11. Molecular structure of the red-emitting fluorescent dye
SR101.
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efficiencies. However, the state-of-the-art power efficien-
cy of WLECs is ca. 20 lm W�1,[64] which is still not ade-
quate for solid-state lighting. Further improvement of
PLQYs of emissive materials, especially for the red-emit-
ting CTMCs, will be necessary to meet the requirements
of applications. Moreover, the trade-off between device
response and stability is an important issue for commerci-
alization of WLECs. Pulsed-current driving of LECs was
proposed to simultaneously obtain rapid turn-on and
stable EL.[41] Nevertheless, device characteristics of
WLECs under pulsed-current driving should be further
examined. Since higher-gap, blue-emitting CTMCs gener-
ally contain electron-withdrawing substituents (e.g., fluo-
rine [cf. Figure 5]), they are typically much less stable
than their lower-gap red counterparts.[73] Detailed under-
standing of the processes of electrically driven chemical
degradation of blue-emitting CTMCs is essential for syn-
thesizing robust host materials for WLECs. In spite of
challenges ahead, continuous improvements in device per-
formance of WLECs is expected in the future, making
them promising candidates for power-efficient lighting
sources.
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