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Solution-processed single-emissive-layer WOLEDs
with high efficiency and ultra-high color
rendering index beyond 90†

Dongling Zhou,‡a Gang Cheng, ‡*abc Weiqiang Liu,ad Siping Wua and
Chi-Ming Che *abc

White organic light-emitting diodes (WOLEDs) have appealing applica-

tions in display technology. Developing WOLEDs based on cost-

effective manufacturing processes is critical to the commercial pursuits

of this technology. Solution-processed WOLEDs (SP-WOLEDs) con-

structed with a single emissive layer (EML) are a worthy candidate for

development. To achieve SP-WOLEDs with high efficiency and high

color quality, it is necessary to maximize the exciton utilization effi-

ciency and to regulate the energy transfer process. Herein, three-color

SP-WOLEDs were devised, with an EML containing blue and orange

luminescent Au(III) complexes and the deep-red emitter tetraphenyldi-

benzoperiflanthene (DBP). The optimized WOLED exhibited high max-

imum external quantum efficiency of 12.72%, attributable to the high

exciton utilization efficiency realized by doping a blue thermally acti-

vated delayed fluorescent Au(III) emitter and restraining exciton loss by

DBP. High-quality warm-white emission was attained, with Commission

International de l’Éclairage coordinates of (0.40, 0.40), correlated color

temperature of 3695 K, and color rendering index (CRI) of 93, fulfilling

the indoor lighting requirements. This result is among the best values for

the single-EML SP-WOLEDs with CRI 4 90 reported in the literature.

1. Introduction

Organic light-emitting diodes (OLEDs) have great potential
to be used in solid-state lighting and are presently used in

full-color displays as a result of the rapid improvements in
color quality, device efficiency, and operational stability of
OLED devices over the past decade. White OLEDs (WOLEDs)
emit a soft, diffused, and glare-free light that is more eye-
protective than LEDs, rendering them a better human-centric
light source.1 In comparison to other light sources such as
LEDs and fluorescent lamps, the prevalent fabrication techni-
que for high-efficiency WOLEDs is thermal deposition under
ultra-high vacuum, which suffers from high fabrication costs
due to the harsh fabrication conditions and complicated pro-
cedures required for sophisticated device architecture. In this
regard, solution-processed techniques, such as spin-coating,
inkjet printing, and roll-to-roll printing, could effectively lower the
cost of WOLED fabrication while allowing greater ease of
processing.2 The device structure of solution-processed WOLEDs
(SP-WOLEDs) is typically more simplified than that of vacuum-
deposited counterparts. A single emissive layer (EML) composed
of all host(s) and emitting dopants is usually employed in SP-
WOLEDs, being different from multiple EMLs (in a single cell or
tandem structure) with different emitters located in separated
EMLs that are often utilized in vacuum-deposited WOLEDs.1g The
simplified device fabrication could reduce manufacturing costs
and enable mass production of large-area displays.

The key factors in evaluating the performance of WOLEDs
include device efficiency and white color quality. The color
quality of a white-light source can be quantified using the color
rendering index (CRI), which is a measure of a light source’s
ability to manifest the true color of an object relative to a
natural light source.1g Both general CRI and specific CRI R9

values are decisive parameters for evaluating the color render-
ing performance of WOLEDs. For instance, the ENERGY STAR
program requires that the general CRI should be larger than 80
and the CRI R9 should be positive for Integral LED Lamps.3 One
simple strategy for developing white emission is to combine two
colors of blue with either orange or red light.4 The CRI values of
these two-color SP-WOLEDs are generally less than 80 due to
insufficient coverage of the visible region. The integration of
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three or more emission colors is effective to construct SP-
WOLEDs with CRI Z 90 by covering the entire visible range.5

For example, Bradley et al. developed a panel of blue-, green-,
and red-emitting polymers featuring electroluminescence (EL)
located at 455 nm, 535 nm, and 620 nm, respectively.5a Benefit-
ing from the broad EL spectra of green- and red-emitting
polymers, the three-color WOLED achieved Commission Inter-
national de l’Éclairage (CIE) coordinates of (0.36, 0.37) and CRI
of 91. However, due to the internal quantum efficiency of these
fluorescent polymers being limited to no more than 25%, the as-
fabricated WOLED showed a relatively low maximum current
efficiency (CEmax) of 9.8 cd A�1. To attain a continuous EL
spectrum across the whole visible range, Wong et al. applied
three iridium(III) phosphors and a blue-emitting polymer into a
single EML to realize SP-WOLEDs, where the polymer acted as
both a host and a blue dopant.5b The optimized hybrid device
exhibited maximum external quantum efficiency (EQEmax) of
12.6% and pure white emission with CIE coordinates of
(0.36, 0.33) and CRI of 90. Huang et al. demonstrated an SP-
WOLED with four iridium(III) complexes co-doped into an EML.5c

The EL spectrum of the WOLED encompassed the whole visible
region, generating warm white emission with CIE coordinates of
(0.45, 0.44) and CRI of 91. Nonetheless, a relatively low power
efficiency (PEmax) of 9.6 lm W�1 was recorded. Despite high-
quality white electroluminescence being achieved, the device effi-
ciencies of single-EML SP-WOLEDs reported so far are still signifi-
cantly lower than those of vacuum-deposited WOLEDs.1g,4h,5

The utilization of a blue thermally activated delayed fluores-
cent (TADF) material as both a sensitizer and an emissive dopant
is becoming a promising solution for high-performance
WOLEDs, since these WOLEDs would benefit from TADF emit-
ters having fast reverse intersystem crossing that enable the full
harvesting of singlet and triplet excitons, realizing theoretical
unitary internal quantum efficiencies, and from their broadband
emission with a large full-width-at-half-maximum (FWHM) of
E100 nm, allowing for high color rendering properties.4c,d,6 In
our previous study, a Au(III)-TADF sky-blue emitter, Au-1, was
reported to demonstrate decent EL performance.7 The SP-OLED
based on 6 wt% Au-1 exhibited EQEmax of 15.3% and CIE
coordinates of (0.16, 0.25). With increasing the concentration
of Au-1 to 12 wt%, the EQEmax was as high as 12.4%, revealing
that concentration-induced emission quenching of Au-1 at high
doping concentrations was minor. This is important for the use
of Au-1 as a blue sensitizer in WOLEDs, where the blue sensitizer
is always highly doped in order to achieve white emission.

To generate high-CRI white emission, besides the blue emis-
sion color, it is indispensable to have emission of two other
primary colors. In this work, Au-1 was used as an energy donor,
and an orange-emitting Au(III) complex Au-7 (or Au-8)8 and a deep-
red emitter tetraphenyldibenzoperiflanthene (DBP) were chosen
as energy acceptors (Scheme 1). These emitters were co-doped
into a single EML to construct three-color SP-WOLEDs. Although
the combined use of these emitting materials can guarantee a
broad EL spectrum over the whole visible region for high color
rendering performance, DBP is a conventional fluorescent emitter
with only singlet excitons (= 25% of total excitons) responsible for

the EL emission process, and triplet exciton generation in DBP
would sacrifice device efficiency. In such a single-EML structure,
Dexter-type triplet to triplet energy transfer from the sensitizer to
DBP is inevitable, and direct charge trapping on DBP might also
cause triplet exciton loss.

These issues may be circumvented by doping DBP at extremely
low concentrations (o1 wt%). As Dexter energy transfer relies on a
short-range electron exchange mechanism that requires signifi-
cant orbital overlap between adjacent molecules, reducing the
concentration of DBP could effectively increase the intermolecular
distance between DBP and the sensitizer, thereby suppressing the
undesired Dexter energy transfer process. Meanwhile, lightly
doped DBP could help to restrain charge recombination on
DBP. In this regard, efficient Förster resonance energy transfer
(FRET) from the Au(III) sensitizer to DBP is required so that white-
light emission could be accomplished by blending with lightly
doped DBP. The energy transfer from the Au(III) sensitizer to DBP
was studied in this work, and three-color WOLEDs have been
developed with a low concentration of DBP optimized to 0.25 wt%.
A high EQEmax of 12.72% and warm-white emission with CIE
coordinates of (0.40, 0.40), correlated color temperature (CCT) of
3695 K, and ultra-high CRI of 93 at 1000 cd m�2 were achieved for
the optimized WOLED with 10 wt% Au-1, 1 wt% Au-7, and
0.25 wt% DBP. Notably, the EQEmax of the three-color WOLED
(12.72%) is comparable to that of the monochromatic device based
on 10 wt% Au-1 (12.91%),7 indicative of a similar exciton utilization
efficiency being achieved in the current WOLED and the successful
suppression of DBP-related triplet exciton quenching.

2. Results and discussion
2.1 Photophysical properties of Au-1, Au-7, and Au-8

Complexes Au-1, Au-7, and Au-8 were synthesized according to
established protocols7,8 and their characterization data are
given in the ESI.† Au-1 is an efficient blue TADF emitter,
featuring emission lmax at 484–495 nm with high emission

Scheme 1 Schematic device structure of single-EML SP-OLEDs with
proposed energy level diagrams and chemical structures of emitting
dopants and selected supportive materials used in the device fabrication.
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quantum yields (F) of E80% and sub-microsecond radiative
lifetimes (t) in toluene solution and PMMA thin film. Complex
Au-7 and Au-8 show TADF emission in the orange-red spectral
region with F of 2–8% and t of 0.2–0.3 ms in degassed toluene
solution. The emission properties of Au-7 and Au-8 in thin films
were also investigated. These two complexes showed stronger
TADF emission in 10 wt% 2,6-di(9H-carbazol-9-yl)pyridine
(PYD2) doped films than in toluene, showing broad emission
bands with emission maxima at 564–592 nm and large FWHM
of E100–120 nm, F of 28–63%, and t of 1.03–1.25 ms (Fig. S1
and Table S1, ESI†).

2.2 Electroluminescent properties of Au-7 and Au-8

As shown in Scheme 1, the solution-processed OLEDs based on
Au-7 (or Au-8) were fabricated with a simple configuration of
ITO/PEDOT:PSS/OTPD (4 nm)/PYD2: dopant(s) (60 nm)/DPEPO
(10 nm)/TPBi (40 nm)/LiF (1.2 nm)/Al (100 nm), where PEDOT:
PSS, OTPD, DPEPO, and TPBi refer to poly(3,4-ethylenedioxy-
thiophene):poly(styrene sulfonate), N,N0-bis(4-(6-((3-ethyloxetan-
3-yl)methoxy))-hexylphenyl)-N,N0-diphenyl-4,40-diamine, bis(2-
(diphenylphosphino)phenyl) ether oxide, and 1,3,5-tris(1-phenyl-1H-
benzo[d]imidazol-2-yl)benzene, respectively. In these devices, PYD2
was utilized as the host for the emitting dopant(s) by virtue of its wide
energy gap and high triplet energy level, while DPEPO and TPBi
functioned as the hole/exciton blocking material and electron trans-
porting material, respectively. An ultra-thin layer of cross-linkable
OTPD was applied to facilitate hole injection into the EML due to its
appropriate HOMO energy level of �5.3 eV lying between the hole
injection layer (PEDOT:PSS, �5.1 eV) and EML (PYD2, �5.7 eV), and
to prevent exciton quenching from the interface of PEDOT:PSS/EML.9

At 4 wt% of Au-7, the device showed a broad emission band
peaking at 600 nm with a large FWHM of 110 nm, rendering
orange emission with CIE coordinates of (0.45, 0.53) (Fig. 1a).
Increasing the doping concentration of Au-7 to 10 wt% resulted
in a red-shifted emission maximum by 11 nm, with CIE
coordinates of (0.50, 0.49). A higher EQEmax of 14.22% was
achieved for the 4 wt% Au-7-based device (Fig. 1b). A similar
broad EL spectrum with CIE coordinates of (0.44, 0.54) was
demonstrated in the device fabricated with 4 wt% Au-8. The
same device exhibited an inferior EQEmax of 10.87% relative to
the 4 wt% Au-7-based device, likely due to the lower emission
quantum yield of Au-8 doped in PYD2 thin films (Table S1, ESI†).
As portrayed in Fig. S1 (ESI†), the emission profiles of Au-7 and

Au-8 doped in PYD2 thin films are comparable to their respective
EL spectra. The broad emission bands and good device efficiency
featured by these Au(III) emitters in SP-OLEDs render them
suitable for use in SP-WOLED fabrication.

2.3 Complementary two-color WOLEDs based on Au(III)
complexes

Combination of emitters with complementary emission colors,
typically blue and orange ones, has been a strategy used in the
fabrication of WOLEDs.4c,h,i In this study, Au-1, a reported
Au(III)-TADF blue emitter, was incorporated into the single
EML of Au-7- or Au-8-based devices to construct complementary
two-color WOLEDs. As the emission spectrum of Au-1 has good
spectral overlap with the absorption spectrum of Au-7 (or Au-8)
(Fig. S3, ESI†), ET from Au-1 to Au-7 (or Au-8) would take place.
To quantify the effectiveness of the ET process, the Förster
distances (RFRET) of the investigated donor–acceptor systems
were calculated using the equation given in the ESI.† The large
RFRET of 3.02 nm for Au-1/Au-7 and 2.28 nm for Au-1/Au-8
reveals that the FRET from Au-1 to Au-7 (or Au-8) is efficient at
low acceptor concentrations. To develop WOLEDs, the doping
concentration of Au-1 was fixed at 10 wt% relative to the PYD2
host, while those of Au-7 and Au-8 were optimized to 0.5 or
1 wt%. Fig. 2a depicts the EL spectra of the devices based on
Au-1 and Au-7 (or Au-8) at varying doping concentrations. These
devices showed white-light electroluminescence with broad EL
spectra spanning from 410 to 780 nm, with the blue emission at
470 nm from Au-1 and the orange emission at around 550 nm
from Au-7 (or Au-8). By tuning the doping concentration of Au-7
(or Au-8) from 0.5 to 1 wt%, the orange emission became

Fig. 1 (a) EL spectra and (b) EQE–luminance characteristics of devices
based on Au-7 (or Au-8) at different doping concentrations.

Fig. 2 (a) Normalized EL spectra and (b) EQE–luminance characteristics
of complementary two-color WOLEDs based on Au-1 and Au-7 (or Au-8)
at different doping concentrations; (c) normalized EL spectra of the
Au-1 : Au-7-based WOLED at different driving voltages; (d) schematic
diagram of the proposed emission mechanisms of two-color WOLEDs at
low and high voltages. The blue and orange hollow circles represent high-
energy and low-energy emitters, respectively; the orange solid circle at high
voltage stands for the low-energy emitter with saturated excited states.
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stronger relative to the blue emission, with CIE coordinates
shifting from (0.30, 0.40) to (0.37, 0.47) for the devices with Au-7
and from (0.26, 0.35) to (0.32, 0.42) for the devices containing
Au-8. At the same doping concentration, the Au-1 : Au-7-based
devices afforded higher orange emission intensity in the result-
ing white emission than the devices with Au-8, indicating more
efficient ET from Au-1 to Au-7 than to Au-8. The CRI of the
devices fabricated with 0.5 wt% Au-7 (71), 0.5 wt% Au-8 (72),
and 1 wt% Au-8 (71) was higher than that of the device with
1 wt% Au-7 (63) (Table 1). The higher CRI is attributed to a more
even distribution of the intensity of blue and orange emission.

The EQE–luminance and key performance characteristics of
these complementary WOLEDs are shown in Fig. 2b and
Table 1. Among them, a better performance was obtained for the
device made from 10 wt% Au-1 and 0.5 wt% Au-7, showing EQEmax

of 17.84%, PEmax of 49.78 lm W�1, and Lmax of 17 300 cd m�2. The
PEmax was close to that of fluorescence lamps (40–70 lm W�1).
Moreover, at a high luminance of 1000 cd m�2, the EQE still
remained at 16.45%, corresponding to a small efficiency roll-off of
7.79%. For comparison, a device containing 0.5 wt% Au-7 only was
also fabricated. In this single-dopant device, the emission arising
from the PYD2 host was observed with an EL peak at 380 nm
(Fig. S4a, ESI†), revealing that the ET from PYD2 to Au-7 was
inefficient; a low EQEmax of 8.32% was therefore recorded (Fig. S4b,
ESI†). When 10 wt% Au-1 was introduced, the PYD2 emission
vanished, indicative of a cascade ET process from PYD2 to Au-7
through Au-1. Such ET was also evidenced by the PL decay curves of
co-doped films monitored at the emission peak (482 nm) of Au-1.
As shown in Fig. S5b (ESI†), when compared with the emission decay
time of 10 wt% Au-1-doped PYD2 thin film, a sharp decrease in emis-
sion lifetime was observed for the blended films of Au-1 (10 wt%) :
Au-7 (0.5–1 wt%), validating the ET process from Au-1 to Au-7.

The EL spectrum of the device based on 10 wt% Au-1 and
0.5 wt% Au-7 was found to vary significantly with the applied

voltage. As shown in Fig. 2c, with increased driving voltage, the
blue emission showed an increase in intensity relative to the
orange emission, leading to a color shift. Such a voltage-
dependent spectral change in single-EML devices could be
rationalized by the competition between charge trapping and
energy transfer through the EML (Fig. 2d).10 Since Au-1 and Au-7
have lower LUMO and higher HOMO energy levels than the
PYD2 host (Scheme 1), the EL process allows direct trapping of
holes and electrons and subsequent exciton formation on these
Au(III) emitters. In such a charge-trapping-controlled device,
charges are prone to being trapped by Au-7 at low voltage due
to the lower LUMO level of Au-7 (�3.3 eV) compared with Au-1
(�2.7 eV). Both direct charge trapping and ET should be the
emission mechanisms contributing to the resulting EL spectra.
As depicted in Fig. S6 (ESI†), the current density decreased with
increasing doping concentration of Au-7 at the same driving
voltage, which is usually an indicator of charge trapping on low-
energy emitters.11 With further increase of the driving voltage,
the low-energy traps of Au-7 may become saturated with injected
carriers, resulting in the hindered ET from Au-1 to Au-7; mean-
while, the possibility of charge trapping on Au-1 is increased.
Both effects might lead to a stronger blue emission of Au-1 with
increased driving voltage.

2.4 Three-color WOLEDs with high color quality

As the CRI of two-color WOLEDs is still below the requirement
for indoor-lighting applications (CRI Z 80)1c and their CRI R9

values are far from satisfaction, compensation for red color in
the visible spectral region is necessary for achieving high-color-
quality white emission. In this work, a deep-red emitter DBP
was embedded in the EML of Au-1 : Au-7-based devices in the
fabrication of three-color WOLEDs having expanded coverage
in the visible spectral region. Although DBP emission could

Table 1 Key parameters of SP-OLEDs studied in this work

Concentration of
Au-1 : Au-Ya : DBP (wt%) Lmax

b (cd m�2) Von
b (V)

EQEc (%)
CEmax

d (cd A�1);
PEmax

d (lm W�1) CIE (x, y)e CRI f; CRI R9
fMax At 1000 cd m�2

0 : 4 (Au-7) : 0 10 500 3.5 14.22 11.30 41.84; 30.49 0.45, 0.53 50; �69
0 : 10 (Au-7) : 0 15 500 3.0 13.26 10.18 33.50; 26.30 0.50, 0.49 N/A
0 : 4 (Au-8) : 0 3720 4.0 10.87 5.25 34.48; 21.67 0.44, 0.54 44; �92
0 : 10 (Au-8) : 0 5750 3.8 8.48 5.07 23.61; 14.85 0.47, 0.51 49; �60
10 : 0.5 (Au-7) : 0 17 300 3.7 17.84 16.45 49.78; 30.63 0.30, 0.40 71; �49
10 : 1 (Au-7) : 0 14 000 3.7 15.21 13.83 45.83; 27.96 0.37, 0.47 63; �85
10 : 0.5 (Au-8) : 0 6330 3.7 13.15 8.89 36.17; 25.01 0.26, 0.35 72; �42
10 : 1 (Au-8) : 0 4330 3.7 9.00 7.12 26.90; 16.89 0.32, 0.42 71; �50
0 : 1 (Au-7) : 0.25 5500 3.6 8.76 7.80 22.58; 16.20 0.48, 0.49 65; �35
0 : 4 (Au-7) : 0.25 7920 4.0 9.05 8.15 22.27; 16.12 0.50, 0.49 63; �33
0 : 10 (Au-7) : 0.25 10 800 3.4 10.34 9.53 21.59; 15.67 0.54, 0.45 69; �37
0 : 10 (Au-7) : 1 4500 3.8 5.68 4.50 8.82; 5.54 0.59, 0.41 N/A
10 : 0 : 0.25 4120 3.6 11.51 6.10 19.73; 13.76 0.19, 0.23 N/A
10 : 0.5 (Au-7) : 0.25 8400 3.5 9.74 6.08 20.84; 16.09 0.34, 0.37 91; 59
10 : 1 (Au-7) : 0.25 9430 3.6 12.72 9.95 28.51; 22.28 0.40, 0.40 93; 66
10 : 2 (Au-7) : 0.25 20 800 3.5 12.15 11.33 28.44; 17.82 0.46, 0.46 82; 10
10 : 1 (Au-8) : 0.25 6400 5.0 8.54 6.30 18.97; 16.70 0.38, 0.40 94; 47

a Au-Y stands for Au-7 or Au-8; these emitters were doped into the PYD2 host in the EML. b Maximum luminance; turn-on voltages at a luminance
of 1 cd m�2. c External quantum efficiency. d Maximum current efficiency and power efficiency. e Commission International de l’Éclairage
coordinates at 1000 cd m�2. f The general CRI is calculated as the average of R1 to R8, and the scale of CRI is 0–100; the specific index CRI R9

demonstrates the extent of spectral coverage of a light source in the red region; general CRI and CRI R9 values were recorded at 1000 cd m�2.
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make up for the deficiency in the red spectral region and
broaden the coverage of the EL spectrum, the limitation of
DBP in having only up to 25% internal quantum efficiency
would reduce the EQEs of the resulting WOLEDs. To achieve
high device efficiencies, DBP-involved triplet exciton quenching
processes should be avoided, and the DBP emission should
primarily come from the FRET process. Hence, efficient FRET
from the Au(III) sensitizer to DBP is thus essential for high-
efficiency WOLEDs. The ET from the Au(III) sensitizers to DBP
was therefore investigated. Given that the spectral overlap
between the emission spectrum of Au-7 and absorption spec-
trum of DBP is larger than that between Au-1 and DBP (Fig. S7,
ESI†), the calculated RFRET for Au-7 and DBP (5.13 nm) is larger
than that for Au-1 and DBP (3.72 nm), suggesting ET from Au-7
to DBP to be more efficient. Two comparable devices of blending
0.25 wt% DBP with either 10 wt% Au-1 or 10 wt% Au-7 in an EML
were first examined. As shown in Fig. 3a, the Au-1 : DBP device
exhibited primarily blue EL corresponding to the emission from
Au-1 and its EQEmax of 11.51% was slightly lower than that of
the device with 10 wt% Au-1 only (EQEmax = 12.91%).7 For the
Au-7 : DBP-based device, a broad EL spectrum was recorded, with
an emission peak at 610 nm from DBP and a shoulder at
E550 nm from Au-7. A high EQEmax of 10.34% was achieved,

which exceeded the theoretical upper limit of EQEmax (E 5%) for
conventional fluorescence-based OLEDs without the use of any
light out-coupling enhancement technique.

A more detailed investigation of the ET from Au-7 to DBP
was then performed. Fig. 3b and c depict the EL spectra and
EQE–luminance curves of the devices with different blend
ratios of DBP and Au-7. When the concentration of Au-7 was
increased from 1 to 10 wt%, the EL intensity of Au-7 gradually
decreased relative to that of DBP whose concentration was fixed
at 0.25 wt%; meanwhile, there was an increase in EQEmax from
8.76 to 10.34%. For the device based on 10 wt% Au-7 and 1 wt%
DBP, the DBP emission with lmax at 610 nm dominated the EL
spectrum and the EQEmax dropped to 5.68%. The largely
sacrificed EQE may be due to exciton loss via mechanisms like
direct charge trapping on DBP molecules and Dexter energy
transfer involving highly doped DBP. These mechanisms would
lead to DBP having more triplet excitons, hence resulting in
more severe non-radiative depletion. The following findings are
supportive of the described exciton loss mechanisms: (1) as
shown in Fig. S8 (ESI†), the PL spectrum of the Au-7 (10 wt%) :
DBP (1 wt%) doped film was different from the respective EL
spectrum; only DBP emission could be observed in the PL
profile; and (2) the current density dropped at a given voltage
with increasing DBP concentrations from 0.25 wt% to 1 wt%
(Fig. S9a, ESI†). On the one hand, since energy transfer was the
main mechanism responsible for DBP emission during the PL
process, the difference in the PL and EL spectra is indicative of
the contribution of charge trapping to the EL process; on the
other hand, the reduced current density at high DBP concen-
trations reveals that the charges injected into the EML were
more likely to be trapped by DBP.

Due to the efficient ET processes from Au-1 to Au-7 and from
Au-7 to DBP, a cascade energy transfer from Au-1 to DBP
through Au-7 is proposed for the three-color WOLEDs. The
suggested energy transfer process was confirmed by the shor-
tened emission lifetime recorded at 482 nm, from 0.19 ms for
the Au-1 (10 wt%) : DBP (0.25 wt%) co-doped film to 0.14 ms
after co-doping with 1 wt% Au-7 (Fig. S10, ESI†). The DBP
concentration in the WOLEDs was set at 0.25 wt% in order to
control the exciton loss induced by unwanted charge trapping and
Dexter energy transfer processes involving DBP. Manipulating the
concentration of Au-7 was used to tune the EL spectrum for white
emission by influencing the ET rate of Au-1/Au-7 and Au-7/DBP. As
expected, for the devices with a single EML of Au-1 (10 wt%) : Au-7
(0.5–2 wt%) : DBP (0.25 wt%), increasing the concentration of Au-7
from 0.5 to 2 wt% resulted in a decrease of the emission intensity
of Au-1 at 470 nm relative to that of DBP at 610 nm (Fig. 3d),
accompanied by moving the CIE coordinates and CCT from a
cool-white region of (0.34, 0.37) and 5231 K to a warm-white
region of (0.46, 0.46) and 3058 K. Such a color shift is attributed to
more efficient ET from Au-1 to DBP through Au-7 upon increasing
the Au-7 concentration, leading to a reduction of the blue-
emission intensity in the resulting EL spectra.

Table 1 and Fig. 3e show the key EL performance of these
three-color WOLEDs. Among these devices, the WOLED with
1 wt% Au-7 demonstrated superior device efficiency and white

Fig. 3 (a) The EL spectra of devices with 0.25 wt% DBP and 10 wt% Au-1
(or Au-7); (b) the EL spectra of devices with different blend ratios of DBP
and Au-7 and (c) their respective EQE–luminance characteristics; (d) the
EL spectra of devices with different concentrations of Au-1, Au-7, and DBP
and (e) their corresponding EQE–luminance characteristics; (f) EQEs as a
function of luminance for the device based on 10 wt% Au-1, 1 wt% Au-8,
and 0.25 wt% DBP (inset: the EL spectrum of the studied device).
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emission quality with EQEmax of 12.72%, CIE coordinates of
(0.40, 0.40), CRI of 93, and CRI R9 of 66. Notably, this optimal
WOLED showed a comparable EQEmax as the monochromatic
device with 10 wt% Au-1 (EQEmax = 12.91%),7 revealing that a
similar exciton utilization efficiency has been achieved and
triplet exciton quenching by DBP might be largely suppressed
in a single-EML device structure under the optimized dopant
concentrations. Another WOLED with an EML of Au-1 (10 wt%) :
Au-8 (1 wt%) : DBP (0.25 wt%) was fabricated, and its EL
spectrum and EQE–luminance curve are plotted in Fig. 3f.
The device exhibited high-quality white-light emission with
CIE coordinates of (0.38, 0.40), CCT of 4163 K, and CRI of 94,
but it showed a lower EQEmax of 8.54% compared with the
three-color WOLED with 1 wt% Au-7. The performance of the
three-color WOLED with 1 wt% Au-7, to the best of our knowl-
edge, is one of the best results among the reported single-EML
SP-WOLEDs with CRI 4 90 (Table S3, ESI†).5 Even when
compared with vacuum-deposited multiple-EML WOLEDs hav-
ing CRI above 90, the EQEmax achieved by this SP-WOLED is
among the best values (Table S4, ESI†).12

Fig. 4a shows the variation of the EL spectra with increasing
driving voltage for the device based on 10 wt% Au-1, 1 wt% Au-7,
and 0.25 wt% DBP. When the driving voltage was increased from
6 to 10 V, the relative intensity of the emission at 470 nm slightly
increased, with CIE coordinates shifting from (0.40, 0.40) at
1000 cd m�2 to (0.42, 0.42) at 9500 cd m�2 and CRI remaining
above 90. These CIE coordinates lie within the warm-white-light
region with CCT of 3400–3700 K (Fig. S13, ESI†). The considerable
color stability might be attributable to the short emission lifetime
and low doping concentration of DBP, which could mitigate the
effect of charge trapping on DBP. The phase morphology and
film-forming capability are also important parameters that affect
the device performance of SP-OLEDs, particularly in host–guest
systems. Fig. 4b shows 10 � 10 mm2 top-view atomic force
microscope (AFM) images of a co-doped film made with 10 wt%
Au-1, 1 wt% Au-7, and 0.25 wt% DBP in the PYD2 host. There was
no obvious phase separation or aggregation observed. The uni-
form profile with small and similar average roughness (Ra =
0.31 nm) and root mean square roughness (RMS = 0.39 nm) is
indicative of satisfactory film-forming properties in the doping
system. This may be attributed to the good compatibility and

morphological stability between the host and emitting dopants at
the respective concentrations used. The homogeneous morphol-
ogy might contribute to the high device efficiency and color-stable
white electroluminescence of the optimized WOLED.

The operational lifetimes of two WOLEDs based on 10 wt%
Au-1, 1 wt% Au-7 (or Au-8), and 0.25 wt% DBP were measured
under our laboratory conditions using the device architecture
shown in Scheme 1. As depicted in Fig. S16a and S17a (ESI†), at
an initial luminance (L0) of 1000 cd m�2, the 1 wt% Au-7-based
WOLED demonstrated an operational lifetime at 50% of the
initial luminance (LT50) of 8.3 min. For the 1 wt% Au-8-based
WOLED, LT50 was measured to be 10.2 min at an L0 of 900 cd m�2.
The low operational stability may be due to the instability of
PEDOT:PSS during continuous operation and the lack of optimiza-
tion of the device structure for lifetime evaluation.4d,13 Considering
that WOLEDs with an operationally stable EL spectrum would
appeal to lighting applications, the EL spectra of the aforemen-
tioned two WOLEDs were recorded before and after the device
lifetime measurement. The normalized EL spectrum of the WOLED
containing Au-7 remained identical before and after the measure-
ment (Fig. 5), whereas for the device with Au-8, the relative intensity
of DBP emission became stronger after the lifetime evaluation
(Fig. S17b, ESI†). The unchanged EL spectrum of the Au-7-based
WOLED can be rationalized by the suppression of charge trapping
on DBP and energy transfer as the primary emission mechanism.
For the Au-8-based WOLED, the enhanced intensity of DBP
emission may be due to the significant charge trapping on DBP
on the basis of the less efficient ET from Au-8 to DBP (RFRET =
4.39 nm, Fig. S18, ESI†) compared with the ET from Au-7 to DBP
(RFRET = 5.13 nm).

3. Conclusions

In summary, complementary two-color SP-WOLEDs with a
single EML containing blue and orange emissive Au(III) emitters
were devised. High-efficiency cool-white-light emission was attained
with EQEmax of 17.84%, PEmax of 49.78 lm W�1, CIE coordinates of

Fig. 4 (a) Normalized EL spectra of the device based on Au-1 (10 wt%),
Au-7 (1 wt%), and DBP (0.25 wt%) at different driving voltages (inset: the
photo of the device taken at 6 V); (b) 2D AFM image (10 � 10 mm2) with Ra

and RMS values of the 10 wt% Au-1 : 1 wt% Au-7 : 0.25 wt% DBP blend film.

Fig. 5 Normalized EL spectra of the device based on Au-1 (10 wt%), Au-7
(1 wt%), and DBP (0.25 wt%) recorded before (black line) and after (red line)
the device lifetime evaluation.
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(0.30, 0.40), CCT of 6620 K, and CRI of 71. Three-color SP-WOLEDs
have also been developed by incorporating a deep-red emitter DBP.
A high exciton utilization efficiency was realized by impeding the
DBP-related exciton quenching processes, and a high EQEmax of
12.72% was achieved for the optimized WOLED. High-quality
warm-white emission was demonstrated for the same device, with
CIE coordinates of (0.40, 0.40), CCT of 3695 K, CRI of 93, and CRI R9

of 66, which meets the requirements for indoor lighting. In addi-
tion, this optimal WOLED exhibited considerable white emission
stability with a small CIE deviation DCIE of (0.02, 0.02), CRI above
90, and CCT of 3400–3700 K over a wide range of luminance. The
performance of three-color WOLED achieved in this work is among
the best values for single-EML SP-WOLEDs having CRI 4 90
reported in the literature. The present work unlocks the potential
for the simultaneous realization of high device efficiency, high
white emission quality, and high color stability in single-EML SP-
WOLEDs.
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A. Köhnen and K. Meerholz, Adv. Mater., 2011, 23, 233–248;
(d) S. Reineke, M. Thomschke, B. Lüssem and K. Leo, Rev. Mod.
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