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We report highly efficient, solid-state, white light-emitting electrochemical cells (LECs) based on

a double-doped strategy, which judiciously introduces an orange-emitting guest,

[Ir(ppy)2(dasb)]
+(PF6

�), into a single-doped emissive layer comprised of an efficient blue-green emitting

host, [Ir(dfppz)2(dtb-bpy)]
+(PF6

�), and a red-emitting guest, [Ir(ppy)2(biq)]
+(PF6

�), to improve the

balance of carrier mobilities and, thus, to enhance the device efficiency. Photoluminescence (PL)

measurements show that the single-doped (red guest) and the double-doped (red and orange guests)

host–guest films exhibit similar white PL spectra and comparable photoluminescence quantum yields,

while the device efficiencies of the double-doped white LECs are twofold higher than those of the single-

doped white LECs. Therefore, such enhancement of the device efficiency is rationally attributed to the

improved balance of carrier mobilities of the double-doped emissive layer. Peak external quantum

efficiency and peak power efficiency of the double-doped white LECs reached 7.4% and 15 lm W�1,

respectively. These efficiencies are amongst the highest reported for solid-state white LECs and, thus,

confirm that the double-doping strategy is useful for achieving highly efficient white LECs.
Introduction

White organic light-emitting diodes (OLEDs) based on polymers

and small-molecule materials have attracted intense attention

due to their potential applications in flat-panel displays and

solid-state lighting.1–4 Compared with conventional white

OLEDs,5,6 solid-state white light-emitting electrochemical cells

(LECs)7 possess several promising advantages. LECs generally

require only a single emissive layer, which can be easily processed

from solutions, and, conveniently, can use air-stable electrodes.

The emissive layer of LECs contains mobile ions, which can drift

toward electrodes under an applied bias. The spatially separated

ions induce electrochemical doping (oxidation and reduction) of

the emissive materials near the electrodes, i.e. p-type doping near

the anode and n-type doping near the cathode.7 The doped

regions induce ohmic contacts with the electrodes and conse-

quently facilitate the injection of both holes and electrons, which

recombine at the junction between the p- and n-type regions. As

a result, a single-layered LEC device can be operated at very 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. Furthermore, air-stable

metals, e.g. Au and Ag, can be used, since carrier injection in
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LECs is relatively insensitive to the work functions of the

electrodes.

Solid-state white LECs based on a phase-separated poly-

fluorene/poly(ethylene oxide) (PEO) mixture, exhibiting an

external quantum efficiency (EQE) of 2.4% photons/electron,

were reported by Yang et al. in 1997.8 Recently, white LECs

based on excimer emission of a fluorene–oxadiazole copolymer

with a current efficiency of 0.15 cd A�1 have been reported by Sun

et al.9 However, moderate efficiencies of polymer LECs showed

that the fluorescent nature of conjugated polymers limits the

eventual electroluminescence (EL) efficiency due to the spin

statistics. To improve device efficiencies, phosphorescent cationic

transition metal complexes (CTMCs) have been intensively

studied for use in solid-state LECs.10–50 Furthermore, compared

to conventional polymer LECs, no ion-conducting material (e.g.

PEO) is needed in CTMC-based LECs, since CTMCs are

intrinsically ionic. By employing a blue–green-emitting CTMC as

the host and a red-emitting CTMC as the guest, solid-state white

LECs with an EQE (power efficiency) of 4% (7.8 lm W�1) were

successfully demonstrated by Su et al. in 2008.35 Recently,

improving the EQE (power efficiency) of single-doped CTMC-

based white LECs up to 5.6% (11.2 lm/W) has been achieved by

He et al.41,45 However, further improving the device efficiency of

white LECs is still required for practical applications.

Enhancing the device efficiency of CTMC-based host–guest

white LECs can be realized by utilizing efficient CTMCs and by

improving the balance of carrier mobilities of devices. An effi-

cient blue-green emitting host, with superior steric hindrance to

avoid self-quenching in the condensed phase, and corresponding
J. Mater. Chem., 2011, 21, 9653–9660 | 9653
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efficient red emitting guests doped in host films to generate effi-

cient white emission are required to enhance the device efficiency.

On the other hand, the balance of carrier mobilities of host–guest

white LECs can be modified by varying the doping concentra-

tions of the guests, since offsets in the energy levels of the host

and guest molecules would induce carrier trapping and, thus,

alter the carrier mobilities of the host films. However, tuning the

doping concentration of the guest in single-doped white LECs

would simultaneously alter the white EL spectra, possibly

resulting in a significant color shift. In this work, we propose

a double-doping strategy, which additionally introduces an effi-

cient orange-emitting CTMC into a single-doped emissive layer

containing an efficient blue–green-emitting host and a red-

emitting guest, to improve the balance of the carrier mobilities

and, thus, to enhance the device efficiency of white LECs. Pho-

toluminescence (PL) measurements show that the single-doped

(red guest) and the double-doped (red and orange guests) host–

guest films exhibit similar white PL spectra and comparable

photoluminescence quantum yields (PLQYs), while device

efficiencies of the double-doped white LECs are twofold higher

than those of the single-doped white LECs. Therefore, such

enhancement of the device efficiency is rationally attributed to

the improved balance of the carrier mobilities of the double-

doped emissive layer. Peak EQE and power efficiency of the

double-doped white LECs reach 7.4% and 15 lm W�1, respec-

tively. These efficiencies are amongst the highest reported for

white LECs and confirm that the double-doping strategy is

a useful technique for enhancing the device efficiencies of

white LECs.
Results and discussion

Photophysical studies

The chemical structures of the host and guest materials used in

this study are shown in Fig. 1. All of the complexes were

synthesized according to the procedures reported in the

literature.23,30,35 The blue–green-emitting cationic Ir complex
Fig. 1 Molecular structures of [Ir(dfppz)2(dtb-bpy)]
+(PF6

�) (1),

[Ir(ppy)2(biq)]
+(PF6

�) (2) and [Ir(ppy)2(dasb)]
+(PF6

�) (3).

9654 | J. Mater. Chem., 2011, 21, 9653–9660
[Ir(dfppz)2(dtb-bpy)]
+(PF6

�) (1), where dfppz is 1-(2,4-difluor-

ophenyl)pyrazole and dtb-bpy is [4,40-di(tert-butyl)-2,20-bipyr-
idine], reported previously by Tamayo et al.23 was used as the

host. [Ir(ppy)2(biq)]
+(PF6

�) (2), where ppy is 2-phenylpyridine

and biq is 2,20-biquinoline, which was used as the red-emitting

complex in white LECs reported by Su et al.,35 was utilized

as the red-emitting guest. Efficient orange-emitting

[Ir(ppy)2(dasb)]
+(PF6

�) (3), where dasb is 4,5-diaza-9,90-spirobi-
fluorene, utilized as the guest in host–guest LECs to achieve an

EQE >10%31 was chosen as the additional guest for modifying

the balance of the carrier mobilities and, thus, enhancing the

device efficiency of the white LECs. The photophysical proper-

ties of complexes 1–3 in solution (dichloromethane, 10�5 M) and

in thin films are summarized in Table 1. The PL spectra of

complexes 1–3 in solution (dichloromethane, 10�5 M) and in neat

films are shown in Fig. 2. Complex 1 shows approximately the

same blue–green PL emission in solution and in neat films, which

may be associated with the reduced intermolecular interactions

induced by the sterically bulky di-tert-butyl groups of the

bipyridine ligand.23 The highly retained PLQY of 1 in neat films

(0.75) in comparison with that in solutions (1.00) further

confirms the reduced self-quenching in neat films, resulting from

the sterically bulky ligand of 1, suggesting its suitability for use as

the host of white LECs (Table 1). Complex 2 exhibits saturated

red PL emission in both solution and neat films and, thus, is

suitable for use as the red-emitting guest of white LECs.35

Complex 3 possesses orange PL emission covering part of the red

spectrum in solution and in neat films. Therefore, replacing some

portion of 2 in a host(1)–guest(2) film with a proper concentra-

tion of 3 would not significantly change the white PL spectrum.

However, the balance of the carrier mobilities of the host–guest

film would be altered in this way due to a modified carrier

trapping effect induced by the discrepancy between the energy

levels of 2 and 3.

To study the effects of replacing some portion of 2 in host(1)–

guest(2) films with 3 on the PL emission properties, the photo-

physical characteristics of the single-doped [2 (0.2 wt.%)] and the

double-doped [2 (0.05 wt.%) and 3 (0.1 wt.%)] host–guest films

were measured and are summarized for comparison in Table 1.

As shown in Fig. 3, these doping concentrations were chosen so

that both the single-doped and the double-doped films show

a similar amount of red PL emissions (l > 600 nm) when the

intensities of their blue–green PL emission peaks are normalized

to comparable values. Although the concentration of the red-

emitting guest (2) is lower in the double-doped films (0.05 wt.%),

additional red PL emission, provided by the orange-emitting

guest (3) in the double-doped films, enhances the total red PL

emission to be comparable to that obtained in the single-doped

films containing a higher concentration of 2 (0.2 wt.%). A slightly

higher PLQY of the double-doped films (0.64) in comparison

with that of the single-doped films (0.61) further confirms the

partial contribution of red PL emission from 3, since 3 is more

efficient than 2 at low doping concentrations (Table 1). These

results reveal that the white PL spectra of the double-doped films

can be tuned to resemble those of the single-doped films by

adjusting the doping concentrations of the two guests. Mean-

while, the balance of the carrier mobilities of the single-doped

films, which is affected by carrier trapping induced by offsets in

the energy levels of the host and guest molecules, would,
This journal is ª The Royal Society of Chemistry 2011
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Table 1 A summary of the photophysical properties of 1–3

Complex

lmax, PL (nm)a, Fb

Solutionc Neat film or host–guest film Film with BMIM+(PF6
�)d

1 492, 1.00 492, 0.75 —
2 656, 0.20 672, 0.09 —
3 558, 0.52 593, 0.32 —
2 (0.2 wt.%): 1 — (487, 600), 0.61 (485, 598), 0.64
2 (0.05 wt.%) and 3 (0.1 wt.%): 1 — (506, 592), 0.64 (505, 592), 0.69

a Peak or shoulder wavelength of PL spectra. b Photoluminescence quantum yields. c Measured in dichloromethane (10�5 M). d Films containing
20 wt.% BMIM+(PF6

�).

Fig. 2 PL spectra of 1–3 in dichloromethane solution (10�5 M) and in

neat films.

Fig. 3 PL spectra of the single-doped [2 (0.2 wt.%)] and the double-

doped [2 (0.05 wt.%) and 3 (0.1 wt.%)] host–host films with and without

BMIM+(PF6
�) (20 wt.%).
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therefore, be modified by introducing an additional guest. Since

in LECs, an ionic liquid BMIM+(PF6
�) (where BMIM is 1-butyl-

3-methylimidazolium) of 20 wt.% was added to provide addi-

tional mobile ions and to shorten the device response time,21 the

photophysical properties of the BMIM+(PF6
�) blended host–

guest films were also characterized and are summarized in Table

1. With the presence of BMIM+(PF6
�), both the single-doped

and the double-doped films show slightly blue-shifted PL spectra

and slightly higher PLQYs (Table 1), indicating the role of

BMIM+(PF6
�) in suppressing intermolecular interactions.31
This journal is ª The Royal Society of Chemistry 2011
EL characteristics of white LECs

To clarify the modified balance of the carrier mobilities of the

double-doped films in comparison with that of the single-doped

films, EL characteristics of white LECs based on single- and

double-doped emissive layers were measured and are summa-

rized in Table 2. The white LECs have the structure of indium tin

oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene

sulfonate) (PEDOT:PSS) (30 nm)/emissive layer (200 nm)/Al

(100 nm), where the emissive layer contains 1 (79.8 wt.%), 2

(0.2 wt.%), and BMIM+(PF6
�) (20 wt.%) for the single-doped

Device I and 1 (79.85 wt.%), 2 (0.05 wt.%), 3 (0.1 wt.%) and

BMIM+(PF6
�) (20 wt.%) for the double-doped Device II. The

ionic liquid, BMIM+(PF6
�) of 20 wt.%, was added to provide

additional mobile ions and to shorten the device response time.21

The EL spectra of Device I and Device II under various biases,

along with the PL spectra of the emissive layers for comparison,

are shown in Figs 4(a and b), respectively. Compared with PL,

the relative intensity of the orange and red emission with respect

to the blue–green emission is larger in EL and increases as the

bias decreases for both devices. Similar phenomena were also

observed in previously reported white LECs based on host–guest

CTMCs.35,41 This could be understood by energy level align-

ments (estimated by cyclic voltammetry) of the host and guests

shown in Fig. 5.23,31,35 For host–guest white LECs, electro-

chemically doped regions of the emissive layer result in ohmic

contact with the metal electrodes and, consequently, facilitate

carrier injection onto both the host and the guest. Hence, both

exciton formation on the host followed by host–guest energy

transfer and direct exciton formation on the guest, induced by

charge trapping, contribute to the guest emission. At lower bia-

ses, such energy level alignments (Fig. 5) favor carrier injection

and trapping on the smaller gap guests (2 and 3), resulting in

direct carrier recombination/exciton formation on the guest

(rather than host–guest energy transfer). For guest 3, the host–

guest energy offset in the highest occupied molecular orbital

(HOMO) levels (0.37 eV) is much larger than that in the lowest

unoccupied molecular orbital (LUMO) levels (0.07 eV). Guest 3

would, therefore, lead to more significant hole trapping than

electron trapping, altering the balance of the carrier mobilities of

the emissive layer. Furthermore, direct exiton formation on guest

3would take place due to carrier trapping. On the other hand, for

the guest 2, comparable large host–guest energy offsets in the

HOMO (0.39 eV) and the LUMO levels (0.46 eV) would result in

more pronounced hole and electron trapping and, consequently,

more significant direct exiton formation on guest 2. Therefore,
J. Mater. Chem., 2011, 21, 9653–9660 | 9655
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Table 2 A summary of the EL characteristics of white LECs

Devicea Bias (V) CIE (x, y)b CRIb tmax (min)c Lmax (cd m�2)d
hext, max, hL, max, hp, max

(%, cd A�1, lm W�1)e t1/2 (min)f

I 2.9 (0.576, 0.382) —g 397 0.2 (1.7, 1.7, 1.9) 1312h

3.1 (0.391, 0.440) 83 95 3.7 (3.2, 5.4, 5.4) 227
3.3 (0.328, 0.423) 76 80 6.0 (3.2, 6.2, 5.9) 102

II 2.9 (0.532, 0.444) 84 280 1.2 (5.6, 9.2, 10.0) 446h

3.1 (0.365, 0.451) 75 60 11.5 (7.4, 14.8, 15.0) 120
3.3 (0.318, 0.427) 70 29 20.2 (6.3, 13.4, 12.8) 37

a ITO/PEDOT:PSS (30 nm)/emissive layer (200 nm)/Al (100 nm), where the emissive layer contains 1 (79.8 wt.%), 2 (0.2 wt.%), and BMIM+(PF6
�)

(20 wt.%) for Device I and 1 (79.85 wt.%), 2 (0.05 wt.%), 3 (0.1 wt.%) and BMIM+(PF6
�) (20 wt.%) for Device II. b Evaluated from the EL spectra.

c Time required to reach the maximum brightness. d Maximal brightness achieved at a constant bias voltage. e Maximal external quantum
efficiency, current efficiency and power efficiency achieved at a constant bias voltage. f The time for the brightness of the device to decay from the
maximum to half of the maximum under a constant bias voltage. g Undefined CRI for this spectrum. h Extrapolated.

Fig. 4 The EL spectra of (a) Device I and (b) Device II under various

biases compared with the PL spectra of the emissive layers.

Fig. 5 The energy level diagram of the host (1) and guest (2 and 3)

molecules.
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larger fractions of guest emission, especially for 2 are observed at

lower biases. However, white EL emission with Commission

Internationale de l’Eclairage (CIE)51 coordinates of (0.328,

0.423) and (0.318, 0.427) could be achieved at higher biases for

Device I and Device II, respectively (Table 2). Furthermore, both

of the white LECs, under 3.1–3.3 V, exhibit good color rendering

indices (CRI) (>70),52 which are essential for solid-state lighting.

It is noted that, compared with the EL emission of single-doped

Device I, that of double-doped Device II containing 3 shows an

enhanced intensity in the yellow spectrum (around 550 nm)

(Fig. 4) and thus renders higher lumen values due to better
9656 | J. Mater. Chem., 2011, 21, 9653–9660
matching between its EL spectrum and the luminosity function.53

Such EL emission characteristic of the double-doped Device II

may be advantageous in raising the power efficiency (lm/W),

which is an important figure of merit of white light-emitting

devices for solid-state lighting.

The time-dependent brightness and current density under

constant biases of 2.9–3.3 V for Device I and Device II are shown

in Figs 6(a and b), respectively. Both devices showed a similar

trend in the time-dependent brightness and current density. After

the bias was applied, the current first rose and then stayed rather

constant. On the other hand, the brightness first increased with

the current and reached maxima of 0.2, 3.7 and 6.0 cd m�2 for

Device I and 1.2, 11.5 and 20.2 cd m�2 for Device II under biases

of 2.9, 3.1 and 3.3 V, respectively. The brightness then dropped

with time, with a rate depending on the bias voltage (or current).

The corresponding time-dependent EQEs and power efficiencies

of Device I and Device II are shown in Fig. 7(a and b), respec-

tively. When a forward bias was applied, the EQE was rather low

due to poor carrier injection. During the formation of the doped

regions near the electrodes, the capability of the carrier injection

was improved and, thus, the EQE rose rapidly. The peak EQEs,

current efficiencies and power efficiencies are (1.7%, 1.7 cd A�1,

1.9 lmW�1), (3.2%, 5.4 cd A�1, 5.4 lmW�1) and (3.2%, 6.2 cd A�1,

5.9 lm W�1) for Device I and (5.6%, 9.2 cd A�1, 10.0 lm W�1),

(7.4%, 14.8 cd A�1, 15.0 lm W�1) and (6.3%, 13.4 cd A�1, 12.8 lm

W�1) for Device II at 2.9, 3.1 and 3.3 V, respectively (Table 2).

The device efficiencies of single-doped Device I are similar to
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 The brightness (solid symbols) and current density (open

symbols) as a function of time under a constant bias voltage of 2.9–3.3 V

for (a) Device I and (b) Device II.

Fig. 7 The external quantum efficiency (solid symbols) and power effi-

ciency (open symbols) as a function of time under a constant bias voltage

of 2.9–3.3 V for (a) Device I and (b) Device II.
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those of previously reported single-doped CTMC-based white

LECs.35 On the other hand, the device efficiencies of double-

doped Device II are twofold higher than those of single-doped

Device I and are among the highest reported for white

LECs.8,9,35,41,45 The significantly enhanced device efficiencies of
This journal is ª The Royal Society of Chemistry 2011
double-doped (2 and 3) Device II in comparison to those of

single-doped (2) Device I confirm that the addition of a CTMC

(3) improves the balance of the carrier mobilities of white LECs,

since the emissive layers of both devices show similar PLQYs

(Table 1) and the doped regions near the electrodes of the LECs

ensure balanced carrier injection.7–50 As the carrier injection at

both electrodes becomes balanced, the carrier recombination

zone may consequently locate near one of the electrodes due to

discrepancies in the electron and hole mobilities of the emissive

layer. The recombination zone in the vicinity of an electrode may

cause exiton quenching such that the EQE of the device would

decrease. Balanced electron and hole mobilities would be bene-

ficial in keeping the recombination zone near to the center of the

emissive layer and, thus, would prevent exiton quenching,

enhancing the device efficiency. The measured EQE of single-

doped Device I (3.2%) is much lower than that (ca. 13%) esti-

mated from the PLQY of its emissive layer (0.64, Table 1) when

considering a perfect balance of carrier mobilities and a �20%

optical outcoupling efficiency from a typical layered light-emit-

ting device structure. It implies a poor balance of the carrier

mobilities in the emissive layer of single-doped Device I. The

single-doped films possessing a slightly larger energy offset in the

LUMO levels (0.46 eV) than in the HOMO levels (0.39 eV)

between the host (1) and guest (2) may lead to more pronounced

electron trapping and, thus, would reduce the ratio of the elec-

tron to hole mobility compared to neat host films (Fig. 5).

Compared with the single-doped films, a much smaller energy

offset in the LUMO levels (0.07 eV) between 1 and 3 (Fig. 5) may

reduce electron trapping in the double-doped films in which part

of 2 is replaced with 3 and, consequently, would increase the ratio

of the electron to hole mobility, producing an opposite adjust-

ment of the balance of the carrier mobilities with respect to

the single-doped films. Such a modification in the balance of the

carrier mobilities results in considerable enhancement of the

EQE of double-doped Device II (7.4%). These results confirm

that the device efficiencies of the single-doped white LECs can be

significantly improved through tailoring the balance of the

carrier mobilities induced by adding a second guest with the

proper energy levels. The drop in efficiencies and brightness after

reaching the peak value, as commonly seen in solid-state

LECs,7–50 may be attributed to a few factors. Before the current

reaches a steady value, the carrier recombination zone may keep

moving closer to one electrode due to discrepancies in the elec-

tron and hole mobilities, which would induce exciton quenching.

Furthermore, the decrease in the brightness and efficiencies

under a constant bias was irreversible and, thus, may be ratio-

nally associated with the degradation of the emissive material

during the LEC operation.15

The peak brightness and turn-on time (the time required to

reach the maximal brightness) as a function of bias voltage for

both white LECs are shown in Fig. 8(a). An electrochemical

junction between p- and n-type doped layers of LECs is formed

during device operation. As the bias voltage increases, the

junction width decreases due to extension of the doped layers,17

consequently leading to a higher current density and a higher

brightness (Fig. 6). Device I exhibited a lower peak brightness

than Device II under the same bias voltage due to a lower current

density (Fig. 6) and a lower device efficiency (Fig. 7). The lower

current density of Device I is attributed to more pronounced
J. Mater. Chem., 2011, 21, 9653–9660 | 9657
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Fig. 8 (a) The peak brightness (circles) and turn-on time (triangles) and

(b) the peak external quantum efficiency (circles) and lifetime (triangles)

as a function of the bias voltage for Device I (open symbols) and Device

II (solid symbols).
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carrier trapping induced by smaller-gap guests (2) at a higher

doping concentration (Fig. 5). The higher electric field in the

device induced by a higher bias voltage accelerates the redistri-

bution of mobile ions, which facilitates the formation of ohmic

contacts with the electrodes and, thus, quickens the device

response (Fig. 8(a)). The less pronounced carrier trapping of

Device II increases the effective bias voltage across the device

and, consequently, leads to a higher electric field, producing

a faster device response compared to Device I under the same

bias voltage (Fig. 8(a)). A higher brightness and faster response

are obtained at the expense of device stability. As shown in

Fig. 8(b), the peak EQE and device lifetime (the time for the

brightness of the device to decay from the maximum to half of

the maximum under a constant bias voltage) of both of the white

LECs deteriorate under a high bias voltage (3.3 V). This may be

associated with the higher electric field or current density accel-

erating the degradation (multiple oxidation and subsequent

decomposition)21 of the CTMC. It is noted that the lower EQEs

obtained in both white LECs at 2.9 V result from the predomi-

nant red EL spectra (Fig. 4), which exhibit lower EL efficiencies.

Compared with Device II, Device I exhibits lower current

densities and, thus, lower degradation rates, resulting in longer

device lifetimes (Fig. 8(b)). Detailed degradation mechanisms of

white LECs based on CTMCs remain unclear and further studies

are still needed to achieve practical device lifetimes.

To clarify the importance of this work, we compare our results

with those published in previous literature. Several previous

demonstrations of solid-state white LECs based on host–guest

CTMCs have been reported to exhibit moderate EQEs

(4–5.6%).35,41,45 All of them are single-doped devices, which are
9658 | J. Mater. Chem., 2011, 21, 9653–9660
composed of a blue–green emitting host doped with a red-emit-

ting guest. The doping concentration of the guest was chosen to

appropriately tune the energy transfer rate to achieve a good

quality white EL spectrum, e.g., a proper CIE coordinate and

a high CRI. However, the balance of the carrier mobilities (and,

thus, the device efficiency) and the quality of the white EL of the

single-doped devices would not generally be optimized simulta-

neously by tuning the doping concentration of a single guest,

which concurrently affects carrier trapping and energy transfer.

Such a phenomenon was revealed in previous reports on single-

doped white LECs, for example, in ref. 41 and ref. 45.

The PLQYs (in acetonitrile solutions) of the host materials and

the EQEs of the host-only LECs used in ref. 41 and ref. 45 are

(0.24, 3.4%) and (0.54, 7.6%), respectively.41,45 Enhancement of

the EL efficiency of the host material used in ref. 45 compared to

that used in ref. 41 (2.24 times) predominately results from

improvement of the PLQY of the host material (by 2.25 times).

This, therefore, implies a similar degree of balance of the carrier

mobilities of both host materials. However, when doped with the

same red-emitting guest, enhancement of the EQEs of the white

LECs in ref. 45 (5.6%), compared to those in ref. 41 (5.2%), is

only ca. 8%, which is much lower than the improvement in the

EQEs of the corresponding host-only LECs (224%).41,45 These

results indicate that the altered balance of the carrier mobilities

induced by the guest dominates the EQE of the single-doped

white LECs, even when they contain an efficient host, precluding

further enhancment of the device efficiencies. Therefore,

a double-doping strategy to simultaneously achieve good-quality

white EL and improvement of the balance of the carrier mobil-

ities is required to enhance the device efficiencies of host–guest

white LECs. However, to the best of our knowledge, no such

demonstration has yet been reported. In this work, we propose

a double-doping strategy, which additionally introduces an

orange-emitting CTMC into a single-doped emissive layer con-

taining an efficient blue–green emitting host and a red-emitting

guest, to improve the balance of the carrier mobilities and, thus,

to enhance the device efficiency of white LECs. Compared with

the single-doped white LECs, the EQEs of the double-doped

white LECs (7.4%) were indeed significantly enhanced and these

results are better than those of previously reported single-doped

white LECs.35,41,45 Thus, the research results of this work

successfully demonstrate a novel technique for enhancing the

device efficiencies of white LECs.
Conclusions

In summary, we have reported efficient solid-state white LECs

based on a double-doping strategy, which introduces an orange-

emitting guest (3), [Ir(ppy)2(dasb)]
+(PF6

�) along with a red-

emitting guest (2), [Ir(ppy)2(biq)]
+(PF6

�) in an emissive layer

containing an efficient blue–green emitting host (1),

[Ir(dfppz)2(dtb-bpy)]
+(PF6

�). PL measurements show that the

single-doped (2) and the double-doped (2 and 3) host–guest films

exhibit similar white PL spectra and comparable PLQYs, while

the device efficiencies of the double-doped white LECs are

twofold higher than those of the single-doped white LECs.

Therefore, such an enhancement of the device efficiency is

rationally attributed to an improved balance of the carrier

mobilities of the double-doped emissive layer. The peak EQE
This journal is ª The Royal Society of Chemistry 2011
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and peak power efficiency of the double-doped white LECs

reached 7.4% and 15 lm W�1, respectively. These efficiencies are

among the highest reported for white LECs and confirm that the

double-doping strategy is a useful technique for realizing highly

efficient white LECs.
Experimental

Photophysical measurements

Photophysical characteristics of 1–3 in solution were collected at

room temperature by using 10�5 M dichloromethane solutions of

all complexes, which were carefully purged with nitrogen prior to

measurements. The neat films of 1–3 and mixed host–guest films

for photophysical studies were spin-coated at 3000 rpm onto

quartz substrates (1 � 0.5 cm2) using mixed solutions (in aceto-

nitrile) of various ratios. The mass ratios of the solute component

(1:2:3) in acetonitrile solutions for spin-coating of the single-

doped and the double-doped host–guest films were 99.8 : 0.2 : 0

and 99.85 : 0.05 : 0.1, respectively. Since in LECs an ionic liquid

BMIM+(PF6
�) of 20 wt.% was added to provide additional

mobile ions and to shorten the device response time,21 the pho-

tophysical properties of the BMIM+(PF6
�) blended host–guest

films were also characterized. The mass ratios of the solute

component (1:2:3:BMIM+(PF6
�)) in acetonitrile solutions for

spin-coating of the single-doped and the double-doped host–

guest films containing BMIM+(PF6
�) were 79.8 : 0.2 : 0 : 20 and

79.85 : 0.05 : 0.1 : 20, respectively. The concentrations of all of

the solutions for spin-coating were 70 mg mL�1. PL spectra were

measured with a fluorescence spectrophotometer (HITACHI

F9500). PLQYs for solution and thin-film samples were deter-

mined with a calibrated integrating sphere system (HAMA-

MATSU C9920).
Fabrication and characterization of LEC devices

ITO-coated glass substrates (2 � 2 cm2) were cleaned and treated

with UV/ozone prior to use. The PEDOT:PSS layer was spin-

coated at 4000 rpm onto the ITO substrate in air and baked at

150 �C for 30 min. The emissive layer (�200 nm, as measured by

profilometry) was then spin-coated at 3000 rpm from the

acetonitrile solutions under ambient conditions. To reduce the

turn-on time of the LEC device, the ionic liquid [BMIM+(PF6)
�]

of 20 wt.% was added to enhance the ionic conductivity of the

thin films.21 The mass ratios of the solute component and the

concentrations of the solutions for spin-coating of the single-

doped and the double-doped emissive layers were the same as

those used for spin-coating of the single-doped and the double-

doped host–guest films containing BMIM+(PF6
�) for the pho-

tophysical studies described above. After spin coating, the thin

films were then baked at 70 �C for 10 h in a nitrogen glove box

(oxygen and moisture levels below 1 ppm), followed by thermal

evaporation of a 100-nm Al top contact in a vacuum chamber

(�10�6 torr). The electrical and emission characteristics of the

LEC devices were measured using a source-measurement unit

and an Si photodiode calibrated with the Photo Research PR-650

spectroradiometer. All device measurements were performed

under a constant bias voltage (2.9–3.3 V). The EL spectra were

taken with a calibrated CCD spectrograph.
This journal is ª The Royal Society of Chemistry 2011
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