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harge transfer hexaarylbenzene
dendrimers with thermally activated delayed
fluorescence and aggregation-induced emission
for efficient solution-processed OLEDs†

Xingdong Wang, Shumeng Wang, Jianhong Lv, Shiyang Shao, * Lixiang Wang, *
Xiabin Jing and Fosong Wang

Through-space electron interaction plays a critical role in determining the optical and charge transport

properties of functional materials featuring p-stacked architectures. However, developing efficient

organic luminescent materials with such interactions has been a challenge because of the lack of well-

established prototypical molecules. Here we report the design of through-space charge transfer

hexaarylbenzenes (TSCT-HABs) containing circularly-arrayed electron donors (acridan/dendritic

triacridan) and acceptors (triazine), which exhibit both thermally activated delayed fluorescence (TADF)

and aggregation-induced emission (AIE) effects for high-efficiency solution-processed organic light-

emitting diodes (OLEDs). Spatial separation of donors and acceptors in the TSCT-HABs induces a small

singlet–triplet energy splitting of 0.04–0.08 eV, leading to delayed fluorescence with microsecond-scale

lifetimes. Meanwhile, the TSCT-HABs display the AIE effect with emission intensity enhanced by 6–17

fold from solution to the aggregation state owing to their propeller-shaped configuration. Solution-

processed OLEDs based on the TSCT-HABs show maximum external quantum efficiency up to 14.2%,

making them among the most efficient emitters for solution-processed TADF OLEDs.
1 Introduction

Charge transfer (CT) is a fundamental and crucial process in p-
conjugated systems and p-stacked systems.1,2 Organic lumi-
nescent materials with charge transfer emission have enabled
important applications such as organic light-emitting diodes
(OLEDs),3–11 chemical sensors,12,13 and bioimaging.14,15 So far,
the charge transfer process can be divided into two categories
according to the electron interaction pattern. One is through-
bond charge transfer (TBCT) which is mediated by conjugated
bonds,16–21 and the other is through-space charge transfer
(TSCT) which occurs through spatial p–p interaction.22–24

Different from TBCT emitters that feature strong electron
coupling through covalent bonds, the TSCT ones provide
a scaffold for weak electron interaction between donors and
acceptors through space.25,26 This character provides us a new
viewpoint to design novel organic luminescent materials with
promising properties.
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Hexaarylbenzene (HAB) derivatives,27 in which six aromatic
rings are arranged around the central phenyl ring in close
proximity, can be considered as a desired model to investigate
the TSCT process. Because of the steric hindrance of the six
aromatic rings, HAB has a nonplanar structure with a propeller-
shaped conguration in which the peripheral aromatic units
are almost perpendicular to the central phenyl ring.28 This
conformation forces the aromatic units to face each other,
enabling the through-space electron interactions between the
aromatic rings in the periphery.29 By decorating the hex-
aphenylbenzene core with suitable donors and acceptors, HABs
with redox chromophores have been constructed to show
interesting properties and applications such as uoride ion
probing and organic amine recognition in recent years.26,30

Here we demonstrate through-space charge transfer hex-
aarylbenzenes (TSCT-HABs) with circularly-arrayed donors
(acridan/dendritic triacridan) and acceptors (triazine) in the
periphery of the hexaphenylbenzene core, exhibiting both the
thermally activated delayed uorescence (TADF) property and
aggregation-induced emission (AIE) effect for high-efficiency
solution-processed organic light-emitting diodes (OLEDs)
(Fig. 1). This molecular design is expected to have the following
features. First, unlike conventional TBCT emitters where the
electron clouds of donors and acceptors can overlap around the
linkages, those of TSCT-HABs are physically separated, which is
Chem. Sci., 2019, 10, 2915–2923 | 2915
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Fig. 1 Molecular design and chemical structures of the TSCT-HABs and the control compounds.
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favorable for reducing the singlet–triplet energy splitting (DEST)
and producing the TADF effect. Second, because of the relatively
close distance between adjacent donors and acceptors in the
TSCT-HABs, through-space electron interaction can occur to
facilitate the radiative transition needed for efficient emission.
Finally, the nonplanar, propeller-shaped structures of TSCT-
HABs allow them to exhibit the AIE property through the
restricted intramolecular motion (RIM) mechanism,31 which is
favorable for enhancing their solid-state emission efficiencies.
Therefore, the TSCT-HAB framework could provide a unique
platform for us to design highly-emissive materials featuring
both the TADF property and AIE effect that are desired for the
development of high-efficiency OLEDs.
2 Results and discussion
2.1 Molecular design and synthesis

Two kinds of TSCT-HABs are designed and prepared by intro-
ducing three electron donors and three electron acceptors into
the periphery of the hexaphenylbenzene core. One is Ac3TRZ3
containing acridan (Ac) as the donor and triazine (TRZ) as the
acceptor. The other is TAc3TRZ3 that consists of dendritic ter-
acridan (TAc) with a stronger electron-donating ability as the
donor and TRZ as the acceptor, aiming to investigate the
inuence of charge transfer strength on the photophysical
2916 | Chem. Sci., 2019, 10, 2915–2923
properties. Moreover, to explore the origin of the charge transfer
emission, two kinds of model compounds are also designed:
one is Ac6 and TRZ6 that contain six Ac donors or six TRZ
acceptors around the hexaphenylbenzene core, while the other
is o-AcTRZ containing one pair of the Ac donor and TRZ
acceptor in ortho-positions of the central phenyl ring (Fig. 1b).
The synthesis procedure of the compounds is given in Schemes
1 and 2. The synthesis was initiated with 2-chloro-4,6-diphenyl-
1,3,5-triazine (1) which underwent Suzuki reaction with (4-(tri-
methylsilyl)phenyl)boronic acid and then deprotection of the
trimethylsilyl group to afford the iodide 2. Selective Sonogashira
coupling between 2 and 1-bromo-4-ethynylbenzene produced
the arylacetylene 3 in an acceptable yield (54%). The key tri-
bromohexaarylbenzene intermediate 4 for Ac3TRZ3 and
TAc3TRZ3 was synthesized by a cobalt-catalyzed cyclo-
trimerization procedure32,33 from the arylacetylene precursor 3,
which then went through palladium-catalyzed Buchwald-
Hartwig coupling with acridan 5 or teracridan 6 to produce
the compounds Ac3TRZ3 and TAc3TRZ3 inmoderate yields (34–
47%). For Ac6 and TRZ6, the direct cyclotrimerization of the
diarylacetylenes 8 and 10 containing acridan or 2,4-biphenyl-
triazine units at each terminal gives the desired products.
The synthesis of o-AcTRZ was based on a mono-
bromohexaphenylbenzene derivative 12 produced from aryla-
cetylene 3 and tetraphenylcyclopentadienone 11 via Diels–Alder
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of the through-space charge transfer hexaarylbenzenes Ac3TRZ3 and TAc3TRZ3.
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reaction, which was coupled with acridan under palladium
catalysis. Both Ac3TRZ3 and TAc3TRZ3 show excellent thermal
stability with decomposition temperatures (Tds) higher than
380 �C and glass transition temperatures (Tgs) of 175–181 �C
(Fig. S1, ESI†). In addition, they exhibit good solubility in
common organic solvents such as toluene, tetrahydrofuran
(THF), chloroform, chlorobenzene and so on, implying that they
are suitable for solution processing.

To simulate the geometry conguration and frontier
molecular orbitals of the TSCT-HABs, density functional theory
(DFT) calculations were performed at the b3lyp/6-31g(d) level
(Fig. 2). In the optimized ground-state congurations of
Ac3TRZ3 and TAc3TRZ3, the peripheral phenyl rings of the
hexaphenylbenzene moieties are almost orthogonal to the
central phenyl ring, which is the typical geometry for HABs.27

This conguration leads to reduced electron interaction of the
donor and acceptor through the central phenyl ring. In addi-
tion, the highest occupied molecular orbitals (HOMOs) of
Ac3TRZ3 and TAc3TRZ3 are distributed over the electron
donors (Ac and TAc units), while the lowest unoccupied
molecular orbitals (LUMOs) are mainly localized on the electron
accepting TRZ units (see Fig. S2† for all the degenerate orbitals).
Accordingly, it can be deduced that charge transfer occurs
mainly through space mediated by spatial p–p interaction of
the neighboring donors and acceptors, which is consistent with
the electron cloud distributions observed in o-AcTRZ. On the
other hand, since the HOMO and LUMO distributions are well
This journal is © The Royal Society of Chemistry 2019
separated, small DEST values could be expected for the TSCT-
HABs. According to the time-dependent density functional
theory (TD-DFT) calculations, Ac3TRZ3 shows very close singlet
state (S1) and triplet state (T1) energy levels with the DEST esti-
mated to be only 0.0007 eV, which is similar to that of o-AcTRZ
(0.0006 eV). For TAc3TRZ3, an even smaller DEST value of
0.0002 eV is obtained. The small DEST values make these
emitters promising candidates with the TADF property.
2.2 Through-space charge transfer (TSCT) emission

PL spectra of the TSCT-HABs in toluene with a concentration of
10�5 mol L�1 are shown in Fig. 3. It is clear that Ac3TRZ3 shows
a broad featureless emission as o-AcTRZ does with the peak
(lem,max, 486 nm) red-shied by 72 nm and 106 nm relative to
Ac6 (lem,max ¼ 414 nm) and TRZ6 (lem,max ¼ 380 nm), respec-
tively, which is assigned to the charge transfer emission
between the electron-donating Ac and electron-accepting TRZ
unit. Compared with Ac3TRZ3, TAc3TRZ3 exhibits a longer
emission wavelength at 508 nm, implying that the stronger
electron-donating ability of dendritic teracridan induces
a much stronger charge transfer effect. Moreover, the emission
of the TSCT-HABs shows a strong positive solvation effect
(Fig. 3c and S4†). Taking Ac3TRZ3 as an example, as the solvent
goes from cyclohexane to THF, the lem,max shis from 440 nm to
542 nm. This observation implies that the TSCT-HABs have
a small dipole moment in the ground state and a high dipole
moment in the excited CT state. To get insight into the excited
Chem. Sci., 2019, 10, 2915–2923 | 2917

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc04991b


Scheme 2 Synthesis of the control compounds Ac6, TRZ6 and o-AcTRZ.

Fig. 2 HOMO/LUMO distributions of Ac3TRZ3, TAc3TRZ3 and o-
AcTRZ calculated at the b3lyp/6-31g(d) level. S1/T1 energies are
calculated according to the TD-DFT method at the same level.

2918 | Chem. Sci., 2019, 10, 2915–2923
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state, the Stokes shi (va � vf) of the TSCT-HABs against solvent
orientation polarizability (Df) is plotted according to the Lip-
pert–Mataga equation.34,35 As shown in Fig. 3d, both Ac3TRZ3
and TAc3TRZ3 obey the linear relationship predicted by the
Lippert–Mataga equation. Notably, the slope of the tted curve
for Ac3TRZ3 is very close to that of o-AcTRZ, conrming that the
lowest excited state of Ac3TRZ3 is localized within one donor–
acceptor pair similar to the situation in o-AcTRZ. In a solid-state
lm, Ac3TRZ3 and TAc3TRZ3 show similar charge transfer
emissions as in solution with the peaks located at 505 nm and
518 nm, respectively. The photoluminescence quantum yield
(PLQY) determined by integrating sphere is 20% for an Ac3TRZ3
neat lm, which is increased to 54% by doping in Ac6 (10 wt%)
to reduce the intermolecular exciton quenching. In comparison,
TAc3TRZ3 with dendritic teracridan exhibits higher PLQYs of
36% and 63% for neat and doped lms, respectively, indicating
that charge transfer transition mediated by spatial p–p inter-
action is more efficient in TAc3TRZ3 than in Ac3TRZ3. To
determine the triplet energy levels, phosphorescent spectra of
Ac3TRZ3 and TAc3TRZ3 were measured in toluene at 77 K
(Fig. S5, ESI†). According to the highest vibronic emission
peaks, the triplet energy levels of Ac3TRZ3 and TAc3TRZ3 are
determined to be 2.69 eV and 2.66 eV, respectively, giving
experimental DEST values of 0.08 eV for Ac3TRZ3 and 0.04 eV for
TAc3TRZ3. Such DEST values are small enough to facilitate the
reverse intersystem crossing (RISC) process and produce the
TADF effect.3,36
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Steady-state photophysical properties of the TSCT-HABs. PL spectra of the TSCT-HABs in toluene (10�5 mol L�1) (a) and in the film state
(b), PL spectra of Ac3TRZ3 in solvents with different polarity (c), and the linear correlation of orientation polarization (Df) of the solvent with the
Stokes shift for the TSCT-HABs (d) (see Table S1† for data).
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2.3 Thermally activated delayed uorescence (TADF) effect

To investigate the TADF effect, transient PL decay characteris-
tics of the TSCT-HABs were measured. As shown in Fig. 4a and
b, both the Ac3TRZ3 and TAc3TRZ3 doped lms (10 wt% in Ac6)
show biexponential decay curves consisting of a prompt
component and a delayed component. The lifetimes of the
delayed components (sd) are calculated to be 3.54 ms and 3.16 ms
Fig. 4 Transient PL decay of the TSCT-HABs. PL decay curves of the Ac3T
N2 or O2 saturated toluene (10�5 mol L�1) (d), and the Ac6 and TRZ6 ne

This journal is © The Royal Society of Chemistry 2019
with weight ratios of 77% and 87% for Ac3TRZ3 and TAc3TRZ3,
respectively. Consequently, RISC rate constants (kRISC) of the
Ac3TRZ3 and TAc3TRZ3 doped lms are calculated to be 1.0 �
106 s�1 and 2.1 � 106 s�1, respectively, suggesting a favorable
RISC process from the T1 state to S1 state.37,38 Compared with
the doped lms, the neat lms of Ac3TRZ3 and TAc3TRZ3 show
more complicated multi-exponential decay curves with the tail
extending to 20 ms, probably because the intermolecular
RZ3, TAc3TRZ3 and o-AcTRZ in neat or doped films (a–c), TAc3TRZ3 in
at films (e and f).

Chem. Sci., 2019, 10, 2915–2923 | 2919
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Fig. 5 Aggregation-induced emission effect of the TSCT-HABs. PL
spectra and the relative emission intensity of Ac3TRZ3 (a) and
TAc3TRZ3 (b) in THF/water mixed solvents at a concentration of 1 �
10�5 mol L�1; inset: PL images with different water fractions (fw) under
UV light (365 nm).
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interactions in neat lms result in an extra deactivation
pathway for the excitons. Similar delayed emission behavior is
also observed for o-AcTRZ where the charge transfer emission
from the neighboring donor–acceptor pair exhibits both
prompt and delayed components as Ac3TRZ3 does (Fig. 4c). To
conrm that the delayed emission comes from the triplet state,
PL decay curves of TAc3TRZ3 in O2 or N2 saturated toluene were
Fig. 6 Device performance of the solution-processed OLEDs. EL spect
a function of luminance (d) of the TSCT-HABs.

2920 | Chem. Sci., 2019, 10, 2915–2923
recorded (Fig. 4d). It was found that the delayed emissions only
exist in O2 free toluene, indicating that they originated from
triplet excitons that can be quenched by O2 molecules. Finally,
PL decay characteristics of Ac6 and TRZ6 containing only
donors or acceptors were also measured for comparison. As
shown in Fig. 4e and f, both Ac6 and TRZ6 show only prompt
uorescence emission with lifetimes at the nanosecond scale
(10–12 ns), proving that the delayed emissions observed in
Ac3TRZ3 and TAc3TRZ3 come from the electron interactions
between the donors and the acceptors.
2.4 Aggregation-induced emission (AIE) effect

The AIE behavior of Ac3TRZ3 and TAc3TRZ3 was observed by
measuring their PL spectra in THF/water mixed solvents via
varying the water fraction (fw). As indicated in Fig. 5, Ac3TRZ3 in
pure THF solution (fw ¼ 0) shows a relatively weak emission at
�540 nm. As fw increases to 0.4, the emission is slightly red-
shied which is accompanied by a gradually reduced intensity,
probably because adding water to THF can increase the solvent
polarity, leading to an enhanced charge transfer character and
lower quantum yield. However, further increasing fw from 0.4 to
0.95 produces a dramatic increase of emission with an intensity of
�6 times higher than that of the initial THF solution. Similar
behavior is also observed for TAc3TRZ3, which shows an even
greater enhancement of emission intensity by �17 fold as the fw
increases from 0 to 0.95. Since the TSCT-HABs form aggregates in
large water fractions, nonradiative channels induced by intra-
molecular motions can be suppressed, leading to enhanced
uorescence emission. This behavior is consistent with that of the
propeller-shaped AIE emitters (such as hexaphenylsilole,39,40 pen-
taphenylpyrrole41 and tetraphenylethene42,43 derivatives) where the
ra at 7 V (a), J–V (b) and L–V characteristics (c), together with EQE as

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc04991b


Table 1 Summary of the EL performance of the solution-processed OLEDs

EML Von
a (V) Lmax

b (cd m�2)

LEc (cd A�1) EQEd (%)

CIE (x, y)e @ 7 V
Maximum value/at 100 cd m�2/
at 1000 cd m�2

Ac3TRZ3 3.4 6910 11.4/11.4/9.5 3.5/3.5/3.0 (0.30, 0.54)
TAc3TRZ3 2.9 7860 10.2/9.9/8.0 3.1/3.0/2.4 (0.26, 0.48)
Ac6 : Ac3TRZ3 (10 wt%) 2.9 6175 30.3/28.6/18.1 11.0/10.4/6.6 (0.22, 0.42)
Ac6 : TAc3TRZ3 (10 wt%) 2.9 9689 40.6/38.7/29.9 14.2/13.5/10.4 (0.25, 0.47)

a Voltage at 1 cd m�2. b Maximum luminance. c Luminous efficiency. d External quantum efficiency. e CIE coordinates.
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emission can be enhanced in the aggregation state through the
restriction of intramolecular motion (RIM) mechanism.31

2.5 Solution-processed organic light-emitting diodes
(OLEDs)

To investigate the EL performance, two kinds of solution-
processed OLEDs were fabricated with the conguration of
ITO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (40 nm)/emissive layer (EML) (40 nm)/diphenyl(4-
(triphenylsilyl)phenyl)phosphine oxide (TSPO1)44 (8 nm)/1,3,5-
tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB)45 (42 nm)/LiF (1 nm)/
Al (100 nm) (Fig. S7†). One is a non-doped device with EMLs of
Ac3TRZ3 or TAc3TRZ3 neat lms, the other is a doped device
with EMLs of Ac3TRZ3 or TAc3TRZ3 doped in Ac6 at a concen-
tration of 10 wt%. In the non-doped device, Ac3TRZ3 shows EL
emission peaked at 520 nm, which is red-shied to 538 nm for
TAc3TRZ3 because of its stronger charge transfer effect
(Fig. S8†). For the doped device, the EL emission of Ac3TRZ3
and TAc3TRZ3 is blue-shied to 492 nm and 503 nm respec-
tively, indicating that intermolecular interactions of the emit-
ters are reduced. The emission from Ac6 is not observed in the
doped devices, implying that the energy transfer from Ac6 to
Ac3TRZ3 and TAc3TRZ3 is efficient in the EML (Fig. 6a).

Fig. 6b and d show the current density (J)–voltage (V) and
luminance (L)–voltage (V) characteristics, as well as the lumi-
nance dependence of external quantum efficiency (EQE) for the
two kinds of devices. The device performance is summarized in
Table 1. The non-doped devices show a maximum luminous
efficiency (LE) of 11.4 cd A�1 and 10.2 cd A�1, as well asmaximum
EQEs of 3.5% and 3.1% for Ac3TRZ3 and TAc3TRZ3, respectively.
Interestingly, the doped devices show much higher device
performance with themaximum LEs increased to 30.3 cd A�1 and
40.6 cd A�1 for Ac3TRZ3 and TAc3TRZ3, respectively, corre-
sponding to the maximum EQEs of 11.0% and 14.2%. At lumi-
nances of 100 and 1000 cd m�2, the EQEs remain at 10.4% and
6.6% for Ac3TRZ3, and 13.5% and 10.4% for TAc3TRZ3, respec-
tively. These efficiencies make these TSCT-HABs among the most
efficient emitters for solution-processed TADF OLEDs.4,46,47

3 Conclusions

In summary, we proposed a new strategy to design through-
space charge transfer hexaarylbenzenes (TSCT-HABs) with
both TADF and AIE effects for high-efficiency solution-
This journal is © The Royal Society of Chemistry 2019
processed OLEDs. Two kinds of TSCT-HABs containing acri-
dan (Ac3TRZ3) or dendritic teracridan (TAc3TRZ3) as donors
and triazine as acceptors in the periphery of the hex-
aphenylbenzene center were prepared. Spatial p–p interactions
between the donors and acceptors give efficient through-space
charge transfer emission for these TSCT-HABs. As a result of
the physical separation of donors and acceptors, the TSCT-
HABs show small DEST of 0.04–0.08 eV, leading to distinct
delayed uorescence with lifetimes of 3.16–3.54 ms in a solid-
state lm. Meanwhile, the TSCT-HABs with propeller-shaped
architecture display AIE behavior in the THF/water mixed
solvents with emission intensity enhanced by 6–17 fold from
solution to the aggregation state. Compared to Ac3TRZ3 with
acridan as the donor, TAc3TRZ3 containing the stronger
dendritic teracridan donor shows higher PLQYs of 36% and
63% in neat and doped lms, respectively. Consequently,
solution-processed OLEDs using the TAc3TRZ3 doped lm as
the emissive layer show the best device performance with
a maximum EQE of 14.2%, which is among the highest values
reported for solution-processed TADF OLEDs. We postulate that
this molecular design will provide us a promising strategy for
developing highly-emissive materials compatible with TADF
and AIE properties in the future.

4 Experimental
4.1 Synthesis of the TSCT-HABs

The TSCT-HABs were synthesized according to procedures
described in ESI† in moderate to good yields. Their chemical
structures were characterized by nuclear magnetic resonance
(NMR) spectroscopy (1H and 13C, BrukerAvance 400 NMR
spectrometer), matrix-assisted laser desorption/ionization time
of ight (MALDI-TOF) mass spectrometry (AXIMA CFR MS
apparatus), and elemental analysis (Bio-Rad elemental analysis
system).

4.2 Fitting procedure for solvation effect

The inuence of solvent polarity on the photophysical proper-
ties of the TSCT-HABs was studied using the Lippert–Mataga
equation, a model that describes the interactions between the
solvent and the dipole moment of the solute:

hc
�
va � vf

� ¼ hc
�
va

0 � vf
0
�
� 2

 �
me � mg

�2
a3

Df ð3; nÞ
!
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where h is the Planck constant, c is the light speed in vacuum, na
� nf corresponds to the Stokes shi, na

0 � nf
0 is the Stokes shi

when Df(3, n) is zero, me is the excited-state dipole moment, mg is
the ground-state dipole moment, a is the Onsager cavity radius
of the molecules, and Df(3, n) is the orientational polarizability
of the solvents that can be calculated from the solvent dielectric
(3) and the solvent refractive index (n) as follows:

Df ð3; nÞ ¼ 3� 1

23þ 1
� n2 � 1

2n2 þ 1

4.3 Fabrication of solution-processed OLEDs

To fabricate OLEDs, glass substrates coated with ITO (indium
tin oxide) having a sheet resistance of 15 U per square were
rst treated with ultraviolet ozone. Then PEDOT:PSS (Clevios P
AI4083) was deposited on the substrates with a lm thickness
of 30 nm, which were baked at 120 �C for 45 min and then
transferred to a glove box lled with N2. Solutions of the
compounds in chlorobenzene were spin-coated on top of the
PEDOT:PSS layer to give an emissive layer with a thickness of
40 nm. Aer the lms were annealed at 100 �C (30 min), the
devices were transferred into a vacuum chamber where an
exciton-blocking layer (TSPO1, 8 nm) and electron-
transporting layer (TmPyPB, 42 nm) were evaporated succes-
sively on top of the emissive layer at a pressure less than 4 �
10�4 Pa. Finally, LiF (1 nm) and Al (100 nm) were deposited as
the cathode.

4.4 Optoelectronic characterization

The J–V–L characteristics of the OLEDs were measured under
ambient atmosphere using a Keithley 2400/2000 source meter
equipped with a calibrated silicon photodiode. EL spectra were
measured using a PR650 spectral colorimeter. The EQEs of the
devices were calculated based on the J–L characteristics and the
corresponding EL spectra assuming a Lambertian emission
distribution.
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