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High-Color-Rendering and High-Efficiency White Organic
Light-Emitting Devices Based on Double-Doped Organic

Single Crystals

Ran Ding, Feng-Xi Dong, Ming-Hui An, Xue-Peng Wang, Mo-Ran Wang, Xian-Bin Li,

Jing Feng,* and Hong-Bo Sun*

Organic single crystals with much higher carrier mobility and stability com-
pared to the amorphous organic materials have shown great potential in
electronic and optoelectronic devices. However, their applications in white
organic light-emitting devices (WOLEDs), especially the three-color-strategy
WOLEDs, have been hindered by the difficulties in fabricating complicated
device structures. Here, double-doped white-emission organic single
crystals are used as the active layers for the first time in the three-color-
strategy WOLEDs by co-doping the red and green dopants into blue host
crystals. Precise control of the dopant concentration in the double-doped
crystals results in moderately partial energy transfer from the blue donor to
the green and red dopants, and thereafter, simultaneous RGB emissions with
balanced emission intensity. The highest color-rendering index (CRI) and
efficiency, to the best of the authors’ knowledge, are obtained for the crystal-

solid-state  lighting sources.'™3]  Tre-
mendous efforts have been made for
enhancing the efficiency and color quality
of the WOLEDs, which are key parameters
for their practical applications in lighting.
Three-color (red, green, and blue) or two-
color (blue and yellow) strategy is usually
used to realize the WOLEDs.*20 The
lack of green emission in the spectrum of
the two-color WOLEDs not only results in
poor color quality with the color-rending
index (CRI) of less than 70,'>1¢ but also
limits the luminous efficiency because of
the dip in the spectrum overlapping with
the response curve of the human eye.
Three-color strategy is preferred consid-

based WOLEDs. The CRI of the WOLEDs varies between 80 and 89 with the
increase of the driving current, and the luminance and current efficiency
reach up to 793 cd m~2 and 0.89 cd A", respectively. The demonstration of
the present three-color organic single-crystal-based WOLED promotes the

development of the single crystals in optoelectronics.

1. Introduction

White organic light-emitting devices (WOLEDs) have received
significant attention because of their great potential for
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ering the high CRI and efficiency.?!:?
Novel structures and materials have been
developed for high-performance WOLEDs.
Multi-emissive layers structure with sepa-
rate emission layers and multi-doping
structure by co-doping different emitters
into one common host are commonly
used three-color WOLED structures.[!823]
Amorphous materials including small molecules and polymers
have been widely utilized in the WOLEDs to realize the multi-
emissive layers or multi-doping structure.?*2°l However, impu-
rity and structural defects still exist in these materials, which
lead to low carrier mobility, and then sharply influence
device performance. The carrier mobility is only around
1073 cm? V7! S7! due to the random orientation of adjacent
molecules in an amorphous morphology, which increases
the energetic disorder in the thin-film phase, inducing
a principle limitation in the minimum required driving
voltage.l3%!

Organic single crystals with low impurity content and
long-range periodic order usually present higher mobility,
which can be attributed to the increase of the overlap between
m-orbitals of neighboring molecules.’**!l The state-of-the-art
mobility of organic single crystals is even higher than that of
the amorphous silicon (1-10 cm? V! §71).8738] For example,
rubrene single crystals on double-gate based-transistors
were demonstrated with a highest mobility of p-type carriers
~43 cm? V-1 S7L.3 High mobility is key point for the realiza-
tion of high injection current density, which is essential for
high-performance optoelectronic devices.’’~*!l Moreover, some
luminophore-based organic single crystals are also reported
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However, double-doped single crystals, i.e.,
co-doping the red and green emitters into
the blue host crystals, have not been success-
fully utilized in the WOLEDs due to the dif-
ficulties in growing the double-doped crystals
and precisely controlling the doping ratio to
obtain the white emission.

In this work, three-color WOLEDs with
high CRI and efficiency based on the double-
doped organic single crystals are demon-
strated for the first time. The double-doped
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crystals are grown by co-doping the red and
green dopants of tetracene (Te) and penta-
cene (Pe) into the blue crystal of 1,4-bis(4-
methylstyryl)-benzene (BSB-Me). Precise
control of the doping concentration in
the double-doped crystals is crucial for the
white light generation. Moderately partial
energy transfer from the donor molecule to
the acceptor molecules results in simulta-
neous blue, green, and red emissions with

Abs. of Te
— -Abs. of Pe
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Figure 1. The top-view photograph of a) BSB-Me, b) Te, and c) Pe single crystals through a
fluorescence optical microscope, respectively. d) Absorption and PL spectra of Te and Pe in THF
solution and PL spectra of BSB-Me crystal under 400 nm laser excitation.

with high luminescent quantum efficiency, which are strongly
relevant to the ordered molecular arrangement.l3**#1l Kanazawa
et al. have estimated the fluorescent quantum efficiency of
o, o-bis(biphenylyl)terthiophene crystals, which reached up
to 80% at room temperature.’>l Because of these significant
advantages, organic single crystals have been considered as one
of the promising candidates for optoelectronic applications.
However, organic single crystals have been rarely used as active
materials in the WOLEDs, especially the three-color WOLEDs.
The multi-doping structure by co-doping different emitters
into one common host, by contrast, is a more feasible strategy
to realize the single-crystal-based WOLEDs. Single-doping
crystals have been intensively studied by doping the emitters
into the host molecule crystals, and applied in light-emitting
devices, such as light-emitting organic field-effect transistors
(OFETs) and OLEDs.[*2%3 Adachi and co-worker have attempted
tetracene-doped p-distyrylbenzene crystals in ambipolar light-
emitting OFETs obtaining tunable light emission with high
electroluminescence (EL) quantum efficiency.*?) Later, typical
ambipolar output characteristics combining with bright yellow
EL were also realized in thiophene/phenylene co-oligomer
(TPCO)-doped  oligo(p-phenylenevinylene) crystals.*l  Most
recently, a novel concept of molecular self-doping that dopants
emerging as byproduct during the host material synthesis was
introduced into TPCO crystals with improved excitonic trans-
port and energy transfer.**! In addition, efficient alkali metal
and electrolyte doping of organic single crystals have been
exerted to develop high-performance organic semiconductors
for optoelectronic functional devices.>*l OLEDs with green
or red emission and even color-tunable devices based on the
single-doped organic single crystals have been obtained relying
on the partial energy transfer from host to guest molecules.*7~>3!
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balanced emission intensity for the white
light emission. The double-doped crystals
with the appropriate doping concentration
are applied to the three-color WOLEDs. As
a result, highest CRI and efficiency, to the
best of our knowledge, are obtained for the
crystal-based WOLEDs. The CRI is varied between 80 and 89
with the increasing of the driving current, which is sufficient
for the lighting applications. The luminance and current effi-
ciency reach up to 793 c¢d m™2 and 0.89 cd A™!, respectively,
which are the highest EL performance for the WOLEDs based
on the organic single crystals.

2. Results and Discussion

2.1. Growth and Characteristics of Double-Doped Crystals

BSB-Me, a host molecule, is arranged layer by layer in herring-
bone crystal structure with intense blue emission (the inset
of Figure 1a). Both Te and Pe possess the polycyclic aromatic
hydrocarbons with linearly fused benzene rings and are com-
posed of four and five benzene rings, respectively (the inset of
Figure 1b,c). All the organic single crystals were obtained based
on the crystal growth method of physical vapor transport.”*
The growth apparatus is presented in Figure S1 (Supporting
Information). The molecular sizes of Te and Pe are similar to
that of the host BSB-Me molecule. It means that host and guest
molecules could freely diffuse onto the crystal surface from
vapor, and then combine with neighboring molecules through
intermolecular interactions to form an intact layer.”” The subli-
mation temperatures of Te, Pe, and BSB-Me are determined to
be 240, 260, and 270 °C, respectively.”® The similar tempera-
tures make the growth of the double-doped crystals feasible.
Before crystal growth, the host and guest materials are simulta-
neously milled together in a mortar for a few minutes, resulting
in a uniform formation of the mixed powder that will ensure
homogeneous sublimation of both host and guest molecules.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Then the mixed powder was kept at the apparatus source region
with a high temperature of 260 °C. The molecules will sublime
and transport through the high-purity argon gas, and the grown
crystals can be found at the growth region where the tempera-
ture is 220 °C. The crystals of BSB-Me, Te, and Pe all have the
slice-like shapes, smooth surfaces, and large sizes of several
millimeters (Figure la—c). Figure 1d shows the photolumines-
cence (PL) spectrum of pure BSB-Me crystal, and the absorp-
tion/PL spectrum of Te and Pe in tetrahydrocortisol (THF).
There is a big overlap between the PL spectrum of BSB-Me
crystal and the absorption spectra of Te and Pe, which ensures
the efficient energy transfer from the donor to the acceptor
molecules. For doped crystals, the host and guest materials were
mixed together at a controlled mass ratio. The double-doped
crystals were grown by this mixed powder, exhibiting a bright
white-emission as shown in Figure 2a. The emission spectrum
of the doped crystal (BSB-Me:Te:Pe = 20:1:0.78) is shown in
Figure 2b, where the 0-0/0-1 transition emissions of BSB-Me,
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Figure 2. a) Optical photograph of the double-doped crystal under the
UV light. b) The PL spectrum of the double-doped crystal. c) XRD pattern
spectra of pure BSB-Me and double-doped crystals.
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Te, and Pe are at =460/496, 532/574, and 608/662 nm, respec-
tively. Other double-doped crystals at different doping concen-
tration were also attempted, which have been presented in
Figure S2 (Supporting Information) with their corresponding
spectra. And the proposed molecular stacks of the double-
doped crystals are illustrated in Figure S3 (Supporting Informa-
tion). In the doping system, both BSB-Me and Te/Pe molecules
in the crystals are arranged in similar herringbone type struc-
ture in ab-plane. To investigate the molecular arrangement in
the doped crystals, out-of-plane X-ray diffraction (XRD) spectra
of the pure BSB-Me and double-doped crystals were measured.
The diffraction peaks of pure BSB-Me and double-doped crys-
tals are both located at 26 of 14.06° and 14.08°, respectively
(Figure 2c). The coincident peaks indicate that the long axis
of the molecules is arranged vertical to the crystal face and
the ordered layer-by-layer structures of BSB-Me crystals are
retained after being doped with Te and Pe.P%%3] Furthermore,
the diffraction patterns of the double-doped crystals illustrate
no evident diffraction peaks corresponding to Te or Pe single
crystals, revealing that the aggregated domain structures of
the dopant molecules did not emerge in the host crystal.”® The
XRD spectra of Te and Pe crystals are also measured and pre-
sented in Figure S4 (Supporting Information). In our previous
reports, the stacking mode of guest molecules in host crystal
was clarified with a substitutional doping mechanism based on
polarized PL spectra measurements and first-principles calcu-
lations.*® From the polarized PL spectra, the intensity varia-
tion of the angle-dependent polarization at the emission peak
of the host and guest molecules exhibited the same and oppo-
site trends. And first-principles calculations with four typical
rotational routes for the host-guest doping system demon-
strated that the most energy-favorable configuration was pro-
vided by the substitutional site. According to experimental and
theoretical measurements, the microscopic picture of guest
molecules was confirmed to be substitutionally doped inside
the host crystal lattice by replacing the original molecules
without distorting the molecular packing.?]

The energy transfer process in this doped system was investi-
gated through time-correlated single photon counting (TCSPC)
measurements, as shown in Figure 3. PL decay curves of
BSB-Me, Te doped BSB-Me (BSB-Me:Te = 20:1), and the double-
doped crystals (BSB-Me:Te:Pe = 20:1:0.78) were monitored at
the peak of 460 nm of the donor molecular emission wave-
length (Figure 3a). By fitting these decay cures, the decay time
of the donor BSB-Me within these three different doped crystals
can be calculated to be 6.01, 3.74, and 0.58 ns, respectively. The
decay time of BSB-Me in the double-doped crystal decreases
much more than that in the Te doped BSB-Me and pure BSB-
Me, which indicates the simultaneous energy transfer from
BSB-Me to both Te and Pe. According to the previous reports,
the energy transfer process in the doped crystals was inferred
to be dominated by Férster energy transfer.® And the energy
transfer efficiency (ngr) can be given by the equation of ngr =
1 — 1pa/To- The 75 and 7p, are expressed as the donor lumi-
nescence decay times while are in the absence and presence
of acceptor molecules, respectively. Then the energy transfer
efficiency from BSB-Me to Te in the Te doped BSB-Me crystals
can be calculated based on this equation with a value of 37.8%.
For the double-doped crystals, the total energy transfer from
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Figure 3. a) Time-resolved fluorescence decay curves of pure BSB-Me single crystals, Te doped crystals (BSB-Me:Te = 20:1), and double-doped crystals
(BSB-Me:Te:Pe = 20:1:0.78) monitored at emission wavelength of 460 nm. b) Time-resolved fluorescence decay curves of Te doped (BSB-Me:Te = 20:1)
and double-doped crystals (BSB-Me:Te:Pe = 20:1:0.78) monitored at emission wavelength of 532 nm.

the BSB-Me to Te and Pe is calculated to be as high as 90.4%;
however, the separated energy transfer from BSB-Me to Te or
Pe cannot be determined. The energy transfer between the two
dopants, i.e., from Te to Pe, occurs in the double-doped crys-
tals, which can be verified by the PL decay curves of Te doped
BSB-Me (BSB-Me:Te = 20:1) and the double-doped crystals
(BSB-Me:Te:Pe = 20:1:0.78) monitored at the peak of 532 nm
of the Te emission wavelength (Figure 3b). The calculated
decay times of the acceptor Te in the above double-doped crys-
tals exhibit to be about 7.27 and 2.91 ns, respectively. From the
observation, the decay time of Te in the double-doped crystal
is much shorter than that in the Te doped BSB-Me crystals,
which also indicates efficient energy transfer from Te to Pe in
the double-doped crystal. The transfer efficiency from Te to Pe
in the double-doped crystals is calculated to be 60%. Table S1
(Supporting Information) presents the summary of transient
decay time for the doped crystals. The above results demon-
strate that the energy transfer occurs not only from the donor
BSB-Me to the acceptors Te and Pe but also from the acceptor
Te to the acceptor Pe in the double-doped crystal. Herein, by
controlling the doping concentrations of Te and Pe in BSB-Me
crystals, partial energy transfer from donor to acceptor will be
of great benefit to the realization of white light emission from
the double-doped organic single crystals and the crystal-based
WOLEDs. In addition, the photoluminescence quantum yield
(PLQY) of the double-doped crystals is measured and esti-
mated to be 70% * 4%, which will guarantee a high EL perfor-
mance to the double-crystal-based devices.

2.2. WOLEDs Based on Double-Doped Crystals

WOLEDs based on the double-doped crystals were fabricated
using an improved template stripping method with a multilay-
ered device structure of Ag (200 nm)/MoO; (10 nm)/double-
doped crystals/TPBi (70 nm)/Ca (10 nm)/Ag (20 nm), as shown
in Figure 4a,b. The relative energy-level diagram of this device
is schematically drawn in Figure 4c. In order to promote car-
rier transport and injection, a transition metal oxide MoO,
was chosen as anodic modified layer with work function of
5.3 eV,>% which provided a gradient energy level alignment
for the hole injection from the anode to the crystal.’”] TPBi,
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with a highest-occupied molecular orbital (HOMO) of 6.1 eV
and lowest-unoccupied molecular orbital (LUMO) of 2.8 V8>
was utilized as electron-transporting layer and even hole-
blocking layer, by considering the HOMO and LUMO levels of
the BSB-Me crystal (5.6 and 2.7 eV, respectively).l®)l Here, MoO;
acting as strong electron acceptor has been extensively investi-
gated in organic semiconductor/MoO; interfaces.[®!l According
to previous reports, MoO; has been introduced to rubrene and
P5V4 single crystals, which can give rise to free charge carriers
accumulated at the interface between the crystal and MoOj;
layers.[®263] Furthermore, holes were found to diffuse inside the
crystal and significantly reduced the hole injection barrier at the
interface of the metal electrode/crystal. An effective enhance-
ment of hole injection can be expected in view of the function
of MoO; layer in the resulting devices. The thickness of the
employed crystals was chosen to be less than 300 nm, which can
be determined by atomic force microscope (AFM) (Figure S5,
Supporting Information). The EL photographs of the operating
crystal-based WOLEDs at different driving voltages are illus-
trated in Figure 5. Bright and homogeneous white light emis-
sion can be observed from the surface of the WOLEDs with an
area of 200 x 300 um?. The corresponding EL spectra are shown
in Figure 6a with an increase of current density. The EL spectra
exhibit a broad wavelength with five peaks centered at 460, 498,
558, 608, and 663 nm, which cover the whole visible light wave-
length range. The variation of the EL spectra from the PL of
the double-doped crystals can be attributed to the microcavity
effect and the charge-trapping mechanism, which exist in the
current-driving devices and influence their EL spectra. As dem-
onstrated in our previous reports, the peak wavelength of the
EL spectra related to the cavity resonant wavelength is strongly
dependent on the crystal thickness.®%! The distinct EL peak
at 558 nm corresponds to the microcavity modes, which is
in coincidence with the simulated absorption spectra at a
crystal thickness of 274 nm. A series of simulation of absorp-
tion spectra for the crystal-based OLEDs with different thick-
ness are given in Figure S6 (Supporting Information) using a
transfer matrix method. The current density—voltage charac-
teristics of the double-doped crystal-based WOLEDs reveal that
the current increases with an onset of around 2 V as shown in
Figure S7 (Supporting Information), due to the perfect energy-
level matching and carrier injection.?% And the luminance can
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Figure 4. a) Schematic of the fabrication process for the crystal-based WOLEDs based on the improved template stripping technique. b) Device struc-
ture of the crystal-based WOLEDs. c) Energy level diagram of the double-doped crystal-based WOLEDs.

be obtained at the voltage of 5 V and reaches up to 793 c¢d m™
at the current density of 196.7 mA cm™2 (Figure 6b). And the
maximum current efficiency and EL external quantum effi-
ciency (EQE) are about 0.89 cd A™' and 0.48%, respectively
(Figure 6¢ and Figure S8, Supporting Information). The EQE
values of crystal-based WOLEDs are calculated based on the
measured EL spectra and luminance.[%¢!

Top-contact OFETs based on undoped BSB-Me and double-
doped crystals are constructed to determine the hole and elec-
tron mobilities. Figures S9 and S10 (Supporting Information)
show the measured charge-transport characteristics of OFETs

based on undoped BSB-Me and double-doped crystals, respec-
tively. The calculated hole and electron mobility values of
undoped BSB-Me are about 9.08 x 1072 cm? V! s and 8.19 x
10™* ecm? V7! s71, respectively. For the double-doped crystals,
the values are estimated to be 4.3 x 107 cm? V! s and 9.09 x
10 cm? V! s71. The measured hole and electron mobilities of
double-doped crystals are slightly lower than those of undoped
BSB-Me crystals. The LOMO levels of Te and Pe are 2.85 and
3.2 eV, respectively, and HOMO levels are 5.4 and 5.0 eV.[*24347]
Both values are located within the band gap of the BSB-Me, as illus-
trated in Figure 4c. It is suggested that Te and Pe molecules inside

Figure 5. Photographs of the operating crystal-based WOLEDs with various driving current of a) 36 mA cm=2 and b) 196 mA cm™?, respectively.
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Figure 6. EL performance of the double-doped crystal-based WOLEDs. EL spectra a) under different driving current, b) current density—luminance—
voltage, c) current efficiency-voltage characteristics, and d) CIE coordinates varied with the increasing of the current density from 3.3 to 196.7 mA cm™2.

the BSB-Me host crystal lattice will act as both hole and electron
trapping sites, which consists with the measured charge-transport
characteristics.*2*34748] This would lead to direct carrier recom-
bination at the Te and Pe molecules, resulting in direct exciton
formation and significantly promotion of EL quantum efficiency.
The WOLEDs emit an ideal white light with corresponding the
International Commission on Illumination (CIE) color coordinate
of (0.32, 0.34). Furthermore, the double-doped crystal-based
WOLEDs exhibit high color quality and stability. The CRI is
varied between 80 and 89 with the increasing of the driving
current. The CIE coordinates are varied from (0.32, 0.36) to
(0.32, 0.34) with the increasing of the driven current density
from 3.3 to 196.7 mA cm™ (Figure 6d). The high color quality
and stability of the WOLEDs are important for the practical
applications of the organic single crystals. However, the perfor-
mance of the crystal-based WOLEDs is still below that of the
amorphous organic film-based devices. It might stem from sev-
eral major aspects such as the thick crystal layer >300 nm and
the imbalanced carrier transport arising from different hole and
electron mobility of organic single crystals.’~1 It is expected
that the maximum current efficiency, luminance, and EQE can
be improved further by decreasing the crystal thickness less than
100 nm and designing balanced ambipolar transport in organic
single crystals.

3. Conclusion

Double-doped organic single crystals with a precise control of
the doping ratio have been fabricated and successfully applied
to realize WOLEDs for the first time. The results of time-
resolved fluorescence indicate that the energy transfer occurs
not only from the donor BSB-Me to the acceptors Te and Pe
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but also from the acceptor Te to the acceptor Pe in the double-
doped crystals. By taking advantage of this obtained white-light-
emitting crystal, high-performance WOLEDs can be realized
with a maximum luminance, current efficiency, and EQE of
793 cd m2, 0.89 cd A}, and 0.48%, respectively. The EL emis-
sion exhibits an ideal white light with the corresponding CRI
of 89 and CIE color coordinates of (0.35, 0.36) at the driving
current of 196.7 mA cm™2. The high color quality and efficient
WOLEDs demonstrate the great potential of organic single
crystals for use in a wide variety of high-performance optoelec-
tronic devices.

4. Experimental Section

Preparation of Double-Doped Crystals: (BSB-Me), and the purchased Te
and Pe powders were from Tokyo Chemical Industry Co., Ltd. First, Te,
Pe, and BSB-Me materials were mixed in an agate mortar. The mixture
was adequately milled by adding acetone solution for about an hour.
Then, the mixed sample was transferred to a horizontal tube furnace for
crystal growth. High-purity argon gas with a rate of 40 mL min~' was
used to transport the organic molecules from source zone to growth
zone. The sublimation temperature of 260 °C and the crystallization
temperatures of 220 °C were used for doped crystal growth.

Fabrication of the WOLEDs: The crystal-based WOLEDs can be
fabricated by temple stripping technique, as shown in Figure 4a. A
Si/SiO, substrate was cleaned by acetone, ethanol, and deionized water,
subsequently, and modified by octadecyltrichlorosilane (OTS) to obtain
a hydrophobic surface. The high-quality double-doped crystals were
transferred onto this substrate (step 1). Then a 10 nm MoO; and a
200 nm thick Ag anode were deposited onto the crystal using thermal
evaporation, respectively (step 2). A little droplet of photopolymer
(NOA®63, Norland) was dropped onto the center of the multilayer-coated
substrate (step 3). And a piece of glass was placed on the photopolymer.
Under the pressure of the glass, the photopolymer began to spread and
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covered the whole multilayer-coated substrate (step 4). After exposed
to a UV light for 15 min, the cured photopolymer with the multilayer
of Ag/MoO;/crystal could be peeled off due to the hydrophobicity of
the OTS pretreated Si/SiO, substrate (step 5). Then the multilayer of
Ag/MoOs/crystal successfully transferred onto the glass substrate was
deposited with a 70 nm TPBi and a 10/20 nm Ca/Ag cathode onto the
opposite side of the crystal (step 6). The thermal evaporation rate of the
electrodes could be kept at 1 A s~ at a typical pressure of 5 x 107* Pa.
The final active area of the device was 200 x 300 um? through the metal
mask.

External Quantum Efficiency Calculation: The EQE values of crystal-
based WOLEDs were calculated based on the following equation!®®l

[AP(6,2) dA
[AP©,2) (1) dA

e

— 1
EQE = 5 i)

r
JZ | L. (6)sin26

where K., represents the conversion constant based on the maximum
sensitivity of the eye (683 Im W), e is the quantity of the electron
charge, ¢ corresponds to the velocity of the light, h is the Planck constant,
and V(A) is the normalized photopic spectral response function. Here
the current density J, the relative spectral power distribution of device
P(6, A) at viewing angle 6, and spectral luminance L,(6) at 6 according
to the experiment data were taken into the equation.

Characterizations and Measurements of the Double-Doped Crystals
and WOLEDs: The top-view photographs of crystals were obtained
under a widefield fluorescence microscopy. The PL spectra were
dispersed to a spectrometer equipped with a charge coupled device
detector (Andor iDus) through an optical fiber. The excitation source
in the TCSPC system is a 290 nm nanosecond pulsed diode light
source (HORIBA Scientific 12262, the pulse duration is less than
1 ns). The PLQY was measured by using an integrating sphere
(C-701, Labsphere Inc.) with a 405 nm Ocean Optics LLS-LED as
the excitation source, and the laser light was introduced into the
sphere through the optical fiber. The emission was tested through
a photomultiplier tube (HORIBA Scientific DSS-15VP) with a TCSPC
board (HORIBA ASC-RSC-01). The thicknesses of the double-doped
crystal were determined by AFM (Digital Instruments Nanoscope
I11A) in tapping mode. The current density—voltage characteristics
and brightness of the WOLEDs could be obtained through a Keithley
2400 programmable voltage—current source assisted Photo Research
PR-655 spectrophotometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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