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Acceptor modification of diindolocarbazole embedded multiple-
resonance emitters for efficient narrowband deep-blue OLEDs 
with CIEy ≤ 0.08 and alleviated efficiency roll-off
Shuxin Wang,a,b Jianping Zhou,c Jibiao Jin,a,b Minqiang Mai,c Chui-Shan Tsang,a Lawrence Yoon Suk 
Lee,a Lian Duan*c and Wai-Yeung Wong*a,b

Diindolocarbazole embedded multiple-resonance emitters have shown their unique advantages for narrowband deep-blue 
organic lighting emitting diodes (OLEDs). However, the severe efficiency roll-off still challenges their further applications. 
Herein, two efficient narrowband deep-blue emitters, pICz-PPO and pICz-2PPO, were designed and synthesized via acceptor 
modification strategy to optimize the charge carrier mobility and thus the efficiency roll-off issue was addressed. Both 
emitters show narrowband deep-blue emission with narrow full width of half maximum (FWHM), high efficiency, and 
excellent color purity. The pICz-2PPO device exhibits high maximum external quantum efficiency (EQEmax) of 17.7% and pure 
deep-blue emission peaking at 441 nm with a narrow FWHM of 24 nm and CIE coordinate of (0.16, 0.07). More importantly, 
the significantly alleviated efficiency roll-off is achieved by taking advantages of the balanced charge carrier mobility 
introduced by the PPO unit with excellent electron-transporting ability, manifesting that the appropriate charge carrier 
mobility modification can validly suppress efficiency roll-off without the sacrifice of the efficiency and color purity. 
Surprisingly, pICz-2PPO device exhibits the highest EQE of 12.8% amongst all the reported deep-blue devices based on pICz 
derivatives (below 10%) at the equivalent brightness of 100 cd m-2. This work provides a guidance to develop efficient 
multiple-resonance materials for OLEDs with low efficiency roll-off.

Introduction
Achieving high-performance pure deep-blue organic light-
emitting diodes (OLEDs) remains a formidable challenge for 
contemporary ultrahigh-definition (UHD) displays applications.1 
Currently, commercialized displays typically adopt color filters 
and optical microcavities to compensate for the relatively broad 
emission of conventional organic emitters, which inevitably 
suppresses the light extraction, resulting in the depressed 
external quantum efficiency (EQE).2–4 Therefore, the 
development of pure deep-blue emitters with narrowband 
emission and high efficiency is increasingly prevalent due to 
their good potentials to reduce power consumption and realize 
wide color gamut for UHD displays.5–7 Recently, multiple-
resonance (MR) organic emitters have emerged as promising 
candidates to overcome the drawbacks of conventional OLEDs 
driven by their efficient narrowband emission character.8–20 By 

integrating an opposite resonance effect of electron-donating 
unit and electron-withdrawing unit in a fused polycyclic 
framework, the MR effect could be triggered, which minimizes 
the bonding/antibonding character and suppresses the vibronic 
coupling between the ground (S0) and the lowest excited singlet 
(S1) states, giving rise to the guaranteed sharpened spectra. 

Inspired by the outstanding properties of DABNA-1, the first 
ultrapure blue MR emitter reported by Hatakeyama in 2016,21 
numerous blue MR materials have been developed in recent 
years.22–28 Till now, most of the MR materials are based on the 
fused polycyclic π-skeleton with mutually ortho-positioned 
electron-withdrawing boron (B) and electron-donating nitrogen 
(N) atoms. Such molecular structure can induce the atomically
separated frontier molecular orbitals (FMOs), which generally
contributes to the small singlet-triplet energy gap (ΔEST) and
high oscillator strength, enabling the efficient narrowband
thermally activated delayed fluorescence (TADF) emission.29

Albeit breakthroughs have been achieved with high maximum
external quantum efficiencies (EQEmax) of over 30% and
narrowband emission with full width at half-maximum (FWHM)
as small as 14 nm,13 B,N-MR emitters still suffer from
sophisticated synthesis procedures relying on initial lithiation by
alkyllithium to introduce the boron atom with low yields.30,31

Additionally, B,N-MR emitters usually exhibit emission peaking
beyond 460 nm with CIEy > 0.1, which hardly meet the standard
deep-blue Commission International de I’Eclariage (CIE)
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coordinate of (0.14, 0.08) by the National Television System 
Commission (NTSC).7,13,21,32    

Alternatively, Lee et al. demonstrated that the MR effect can 
also be triggered by different electronegativities of carbon and 
nitrogen atoms.33 By fusing two indolo[3,2,1-jk]carbazole (ICz) 
units with nitrogen atoms at the meta-position (mICz), the 
separation of the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO) on 
different carbon atoms can be triggered, giving rise to a 
narrowband violet emission peaking at 393 nm with a small 
FWHM of 14 nm. Based on this work, several reports 
successively proposed that further modification of the fusing 
strategy with nitrogen atoms at the para-position (pICz) can 
shift the emission to the blue region.34–36 To date, high 
efficiency with EQEmax over 30% has been achieved for this easy-
to-be-synthesized blue pICz-based emitters.34 However, pICz 
derivatives generally suffer from severe efficiency roll-off 
(above 70% at 100 cd m-2) and CIEy > 0.8 (Figure 1). Therefore, 
more investigation on the structural modification for pICz 
derivatives is of great importance for realizing their potential 
applications on high-performance pure deep-blue OLEDs. 

In this work, a new molecular design strategy towards 
efficient narrowband deep-blue emitters with alleviated 
efficiency roll-off was developed. To modify the charge carrier 

mobility, triphenylphosphine-oxide (PPO) unit with excellent 
electron-transporting ability is introduced into the pICz core, 
and thus two narrowband deep-blue emitters pICz-PPO and 
pICz-2PPO were designed and successfully synthesized. The 
physical properties were investigated in details through 
ultraviolet-visible (UV-Vis) absorption and photoluminescence 
(PL) spectroscopy, theoretical calculations, and 
thermogravimetric analysis (TGA). The pICz-2PPO devices 
exhibit not only significantly alleviated efficiency roll-off but 
also pure deep-blue emission peaking at 441 nm with a narrow 
FWHM of 24 nm, and CIE coordinate of (0.16, 0.07). Surprisingly, 
pICz-2PPO device exhibits the highest EQE of 12.8% amongst all 
the reported deep-blue devices based on pICz derivatives 
(below 10%) at the equivalent brightness of 100 cd m-2. This 
work attests to the effectiveness of the charge carrier mobility 
modification approach in improving the efficiency roll-off 
without the sacrifice of the color purity for MR emitters.

Results and discussion
Molecular design and synthesis

Figure 1. Chemical structures of the reported blue emitters based on pICz units (upper) and the design strategy for pICz-
PPO and pICz-2PPO in this work (lower).
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The efficiency roll-off in OLEDs has been proved to be directly 
related to the charge carrier mobility of the emitters.37 Since it 
is reported that 2-(3-(dibenzo[b,d]thiophen-4-yl)phenyl)indolo 
[3,2,1-jk]carbazole (ICphth) unit, in which the HOMO and LUMO 
are mainly distributed over the ICz unit, exhibits a much higher 
hole mobility (5.5*10-6 cm2/V) than the electron mobility 
(2.1*10-7 cm2/V),38 it is reasonable to infer that the charge 
carrier mobility in pICz is unbalanced with inferior electron-
transporting ability. Therefore, in this work, the PPO group with 
excellent electron-transporting ability39–42 is introduced to pICz 
to construct the configurations with more balanced charge 
carrier mobility, aiming to relieve the efficiency roll-off of the 
corresponding device. In order to further attest to the 
effectiveness of PPO unit, two molecules are designed based on 
pICz moiety with one and two PPOs, respectively, named as 
pICz-PPO and pICz-2PPO, as shown in Figure 1. In addition, the 
introduction of PPO with peripheral phenyl rings provides 
sufficient steric hindrance to enable the rigid pICz derivatives 
with better solubility and suppress the formation of the 
excimer.

The synthesis procedure is free of reactive alkyllithium 
reagent with high yields. The pICz-Br was synthesized according 
to the reported method,34 and then reacted with diphenyl(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphine 
oxide of different stoichiometric proportions to synthesize the 
targeted products pICz-PPO and pICz-2PPO by the Suzuki-
Miyaura coupling reaction. The two emitters were 
characterized by 1H/13C NMR spectroscopy and mass 
spectrometry. The thermal properties were investigated by TGA 
measurements. pICz-PPO and pICz-2PPO exhibit excellent 
thermal stability with high decomposition temperatures (Td, 
corresponding to 5% weight loss) at 514 ℃  and 552 ℃ , 
respectively (Table 1, Figure S1). Owing to the large steric 
hinderance introduced by the PPO group, pICz-PPO and pICz-
2PPO exhibit good solubility in common organic solvents such 
as toluene, dichloromethane, and chloroform. It is noteworthy 
that pICz-PPO shows better solubility than pICz-2PPO due to its 
asymmetric structure.

Electrochemical properties and theoretical calculations

To investigate the electrochemical properties of the emitters, 
cyclic voltammetry (CV) measurements were conducted. As 
shown in Figure S2, the oxidation onset against 
ferrocenium/ferrocene (Fc+/Fc) redox couple for pICz-PPO and 
pICz-2PPO is 0.95 eV and 0.98 eV, respectively, thus the 
corresponding HOMO energy is calculated to be -5.34 eV and -
5.37 eV. Combined with the bandgap (Eg) energy of 2.8 eV for 
both pICz-PPO and pICz-2PPO, estimated from the onset of the 
absorption spectra (Figure 3a), the LUMO energy is calculated 
to be -2.54 eV and -2.57 eV, respectively (Table 1).

To gain insight into the geometric and optoelectronic 
properties, the density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations were conducted using 
Gaussian program with b3lyp/6-31g(d) basis set. The optimized 
molecular configurations are shown in Figure S3. pICz-PPO and 
pICz-2PPO exhibit twisted geometry with large dihedral angles 
of 81-90° between pICz core and peripheral PPO unit, which not 
only enables their better solubility but also suppresses the 
formation of the excimer. The calculated frontier molecular 

Figure 2. Frontier molecular orbital distribution and energy 
levels of pICz-PPO and pICz-2PPO.

Table 1. Physical properties of pICz-PPO and pICz-2PPO.

Emitters
λem

a 

(nm)

FWHMb

(nm)

PLQYc

(%)

Lifetime

(ns)

CIEd

(x, y)

Eg
e

(eV)

HOMO/LUMOf  

(eV)

Td
g 

(℃)

pICz-PPO 438 20 42 7.56 (0.15, 0.03) 2.80 -5.34/-2.54 514

pICz-2PPO 439 19 42 6.02 (0.15, 0.03) 2.80 -5.37/-2.57 552

a Emission peak, b full width at half maximum, c absolute photoluminescence quantum yield, d Commission Internationale de l’Eclairage 
(CIE) coordinates, and e optical energy gap measured from the absorption onset in 10-5 mol L-1 toluene. f HOMO calculated from cyclic 
voltammetry; LUMO derived from HOMO and Eg. g Decomposition temperature.
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orbital distribution and energy levels of pICz-PPO and pICz-2PPO 
are shown in Figure 2. For both molecules, the atomic 
localization of HOMO and LUMO was observed over the pICz 
core with a small fraction extended to the peripheral skeleton, 
validating its strong MR effect. The singlet-triplet energy gap 
ΔEST is calculated to be 0.38 eV, which indicates their non-TADF 
characters.

Photophysical properties

The UV-Vis absorption, fluorescence (Fl, 300 K) and 
phosphorescence (Phos, 77K) spectra of pICz-PPO and pICz-
2PPO in toluene (10-5 mol L-1) are shown in Figure 3a and Figure 
3b, respectively. Two emitters exhibit similar absorption 
properties, which are also in agreement with the previous 
reports of pICz-based molecules.34–36 The absorption bands 
below 370 nm are assigned to the π-π* transitions of the fused 
molecular structure,43 whereas those between 370 nm and 450 
nm are attributed to the n-π* transitions of the ICz part.44 The 
Fl spectra of pICz-PPO and pICz-2PPO exhibit narrowband deep-
blue emission peaking at 438 nm and 439 nm, respectively. 
Owing to the rigid molecular structure with the MR effect, pICz-
PPO and pICz-2PPO show small FWHM of 20 nm and 19 nm, 
respectively, contributing to their pure deep-blue emission with 
CIE coordinate of (0.15, 0.03). In addition, small Stokes shifts of 
pICz-PPO and pICz-2PPO were characterized to be 8 nm and 9 
nm, respectively, which indicate the pretty small reorganization 
energy between the ground and excited states.45 The Fl spectra 
of two emitters in doped thin films with dibenzo[b,d]furan-2,8-
diylbis(diphenylphosphine oxide) (PPF) as the host were also 
tested. They show similar emission characters (Figure 3c) with 
their toluene solutions, peaking at 441 nm and 442 nm with 
FWHM of 21 nm and 20 nm for pICz-PPO and pICz-2PPO, 
respectively. As shown in Figure S4, both emitters exhibit 
negligible bathochromic shift in different solvents from low-
polarity hexane to high-polarity dichloromethane, 
demonstrating their MR properties.32 Furthermore, according 
to the fluorescent and phosphorescent spectra (Figure 3a, 
Figure S5) detected at 77 K, the singlet/triplet energy levels are 
estimated to be 2.83/2.47 eV for pICz-PPO and 2.82/2.46 eV for 

pICz-2PPO. The corresponding ΔEST for both emitters is 
calculated to be 0.36 eV, which is consistent with the theoretical 
calculation results. Both emitters exhibit photoluminescence 
quantum yield (PLQY) of 42% in toluene. The transient PL decay 
curves were also measured for the two emitters in toluene. As 
shown in Figure 3d, pICz-PPO and pICz-2PPO present mono-
exponential profiles with the lifetime of 7.56 ns and 6.02 ns, 
respectively, and there is no delay component detected. To 
verify this, the transient PL decay curves were further 
investigated in doped thin films with PPF as the host. As shown 
in Figure S6, there is only prompt lifetime detected without any 
delay component, which further manifests their non-TADF 
characters. 

Figure 3. The normalized UV-Vis spectra, fluorescence spectra, 
phosphorescent spectra (77 K) of (a) pICz-PPO and (b) pICz-
2PPO in toluene solution (10-5 mol L-1). (c) The normalized 
fluorescence spectra of doped films of PPF: 1% pICz-PPO and 
PPF: 1% pICz-2PPO. (d) photoluminescence decay curves of 
pICz-PPO and pICz-2PPO in toluene solution (10-5 mol L-1).

（ a（ （ b（

（ c（ （ d（

Table 2. Critical parameters for the EL performance of OLEDs with PPF: 30 ωt% m4TCzPhBN: 1 ωt% pICz-PPO / pICz-2PPO as emitting 
layer.

Device
a𝝀𝑬𝑳

(nm)

FWHM

(nm)

CIE

(x,y)

EQE (%)b
Von

c

(V)

PEmax
d

(lm·W-1)

CEmax
e

(cd·A-1)Max 10 cd m-2 100 cd m-2

pICz-PPO 442 27 (0.16,0.08) 12.1 10.2 7.1 3.6 8.5 8.7

pICz-2PPO 441 24 (0.16,0.07) 17.7 16.5 12.8 3.6 10.4 12.6

a EL emission peak. b Maximum external quantum efficiency, and external quantum efficiency at the practical brightness of 10 and 
100 cd m-2, respectively. c Turn-on voltage at the luminance of 1 cd m-2. d Maximum current efficiency. e Maximum power efficiency. 
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Electroluminescence properties 

To evaluate the potential application of pICz-PPO and pICz-
2PPO for OLEDs, the devices were fabricated to investigate their 
electroluminescence properties. As shown in Figure S7a, the 
devices were fabricated with the structure of ITO / TAPC (30 nm) 
/ TCTA (5 nm) / mCP (5 nm) / EMLs (20 nm) / PPF (5 nm) / Bphen 
(30 nm) / LiF (0.5 nm) / Al (150 nm), in which TAPC, TCTA, mCP, 
PPF and Bphen denote 1,1-bis[4-[N,N’-di(p-
tolyl)amino]phenyl]cyclohexane, 4,4’,4’-tris (carbazol-9-yl)-
triphenylamine, 1,3-di-9-carbazolylbenzene, 2,8-
bis(diphenylphosphoryl)dibenzo[b,d]furan and 4,7-diphenyl-
1,10-phenanthroline, respectively. As for the emitting layer, a 
binary system was adopted with PPF as the host and pICz-PPO / 
pICz-2PPO as the emitters (PPF: 1 ωt% pICz-PPO / pICz-2PPO). 
The EL performances of the fabricated OLEDs are shown in 
Figure S7 and Table S1. Both devices exhibit narrowband deep-
blue emission peaking at 441 nm with a narrow FWHM of 20 nm 
and CIE coordinate of (0.16, 0.04). However, these two devices 
suffer from low EQEmax with 1.9% and 3.2% for devices based on 
pICz-PPO and pICz-2PPO, respectively, which indicates that 
triplet exciton cannot be efficiently harvested through TADF or 
hot reverse intersystem crossing (RISC) channel. 

Given that pICz-PPO and pICz-2PPO can only utilize single 
excitons for radiative emission, a ternary system for emitting 
layer was further constructed by employing 2',4',5',6'-
tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)-[1,1':3',1''-
terphenyl]-4,4''-dicarbonitrile (m4TCzPhBN) with high reverse 
intersystem crossing rates and appropriate energy levels46 as 
the TADF sensitizer to harvest the triplet excitons and thus 
enable the devices with efficient exciton utilization (Figure 4a). 
The PL spectra of PPF: 30 ωt% m4TCzPhBN, PPF: 1 ωt% pICz-PPO 
/ pICz-2PPO, and PPF: 30 ωt% m4TCzPhBN: 1 ωt% pICz-PPO / 
pICz-2PPO are shown in Figure S8. The PL spectra of PPF: 30% 
m4TCzPhBN: 1% pICz-PPO / pICz-2PPO are nearly identical to 
that of PPF: 1% pICz-PPO / pICz-2PPO, demonstrating the 
complete energy transfer from the m4TCzPhBN sensitizer to the 
pICz-PPO / pICz-2PPO emitters. The transient PL decay curves of 
PPF: 30% m4TCzPhBN: 1% pICz-PPO / pICz-2PPO are also 
recorded and shown in Figure S9. Different from PPF: 1% pICz-
PPO / pICz-2PPO (Figure S6), an obvious delay component is 
detected for PPF: 30% m4TCzPhBN: 1% pICz-PPO / pICz-2PPO, 
further attesting the efficient sensitizing process described 
above.

The EL performances of the fabricated OLEDs are shown in 
Figure 4, and some critical parameters are summarized in Table 
2. Both devices exhibit a low turn-on voltage (3.6 V), indicating 
the high carrier mobilities of the emitters and the small injection 
barriers in the devices. The pICz-PPO device exhibits a 
narrowband deep-blue emission peaking at 442 nm with a 
narrow FWHM of 27 nm, which is smaller than the FWHM of the 
previously reported devices based on pICz (41 nm) and pICz-TTA 
(30 nm) emitters.34 It can be attributed to its structure with a 
large steric hinderance introduced by the peripheral PPO unit, 
which impedes the molecular interactions, leading to the 
maintained narrowband deep-blue emission. The

corresponding CIE coordinate is (0.16, 0.08), which is pretty 
close to the standard deep-blue CIE coordinate of (0.14, 0.08). 

The pICz-PPO device shows the EQEmax of 12.1%. Although 
higher EQEmax (> 20%) was observed for the previously reported 
deep-blue devices with pICz derivatives as emitters at very low 
brightness, their efficiency roll-off was severe with only 3%-10% 
EQE at 100 cd m-2 (Table S2).34,36 By evaluating the device 
performance at the equivalent brightness, our pICz-PPO device 
exhibits comparable overall performance with the previously 
reported work. Strikingly, the device performance can be 
dramatically improved through the introduction of another 
peripheral PPO unit. The pICz-2PPO device exhibits an even 
better performance with narrower FWHM of 24 nm and higher 
EQEmax of 17.7%. Moreover, it presents greatly suppressed 
efficiency roll-off with 28% efficiency roll-off at 100 cd m-2, 
which is significantly alleviated compared to the previously 
reported deep-blue devices based on pICz derivatives with 
above 70% efficiency roll-off at the equivalent brightness (Table 
S1). The suppressed efficiency roll-off can be attributed to the 
more balanced charge carrier mobility of pICz-2PPO introduced 
by the peripheral PPO unit with excellent electron-transporting 
ability, indicating that acceptor modification could serve as an 
effective strategy towards alleviating the efficiency roll-off 
problem. At the equivalent brightness of 100 cd m-2, pICz-2PPO 
device is more efficient with higher EQE of 12.8% than that of 
the previously reported deep-blue devices based on pICz 
derivatives (below 10%).34,36

Conclusions

Figure 4. (a) Energy level diagram; (b) electroluminescence 
spectra (inset shows the corresponding CIE coordinates); (c) 
luminance-voltage-current density plots and (d) efficiency-
luminance characteristics of the OLEDs with PPF: 30 ωt% 
m4TCzPhBN: 1 ωt% pICz-PPO / pICz-2PPO as emitting layer.
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In summary, a molecular design strategy towards efficient 
narrowband deep-blue pICz derivatives with alleviated 
efficiency roll-off was demonstrated by a simple acceptor 
modification. Through introducing PPO units with excellent 
electron-transporting ability into the pICz core, two 
narrowband deep-blue emitters pICz-PPO and pICz-2PPO were 
successfully designed and synthesized with narrow FWHM, high 
efficiency, and excellent color purity. The pICz-2PPO device 
exhibits not only significantly alleviated efficiency roll-off but 
also high EQEmax of 17.7% and pure deep-blue emission peaking 
at 441 nm with a narrow FWHM of 24 nm, and CIE coordinate 
of (0.16, 0.07), manifesting that the appropriate modification 
towards balanced charge carrier mobility contributes to the 
alleviated efficiency roll-off without the sacrifice of the 
efficiency and color purity. At the equivalent brightness of 100 
cd m-2, pICz-2PPO device exhibits the highest EQE of 12.8% 
amongst all the reported deep-blue devices based on pICz 
derivatives (below 10%). Our work attests to fact that 
modulating the charge carrier mobility is an effective strategy 
to suppress the efficiency roll-off, paving a new path towards 
high-performance narrowband deep-blue OLEDs.
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