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White organic light-emitting diodes (OLEDs) hold a highly significant position in the fields of display and lighting.
However, achieving both high efficiency and color stability in white OLEDs remains a persistent challenge. The recently
developed hybridized local and charge transfer (HLCT) material PPTAn2N maximizes exciton utilization due to the bipolar
nature of its PPI units and the efficient reverse intersystem crossing (RISC) from high-lying triplet states (7;,, n > 2) to the
singlet state (S;), suggesting its great potential for constructing high-performance white OLEDs. In this work, the blue
HLCT material PPIAn2N is employed as a sensitizing host to fabricate red fluorescent and yellow phosphorescent OLEDs
based on DCJTB and PO-01, respectively, by precise concentration control. The resulting devices achieve maximum
external quantum efficiencies (EQEs) of 6.88% and 25.08%. Notably, the red device surpasses the theoretical EQE limit
of 5% for conventional fluorescent OLEDs, and the yellow device exhibits negligible efficiency roll-off. Building upon
this, a strategically designed dual-emission layer architecture enables PPIAn2N, with its bipolar carrier transport property,
to function simultaneously as a blue emitter and as a sensitizing host for PO-01 in hybrid fluorescence/phosphorescence
white OLEDs. The resulting device exhibits a maximum EQE of 17.03% and a maximum luminance of 74098 cd/m?.
Furthermore, a stable electroluminescence (EL) spectrum is maintained over a wide voltage range. We believe this work
provides a new strategy for the development of high-performance doped monochromatic and color-stable white OLEDs.
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1. Introduction

In recent years, organic light-emitting diodes (OLEDs)
have become an indispensable part of modern life due to their
advantages such as self-emission, fast response, high color
quality, and flexibility.['~*!' White OLEDs are a pivotal branch
of OLEDs and show great promise for applications in full-
color displays and commercial lighting.[>®) Among the com-
ponents of white OLEDs, blue emitters are particularly criti-
cal, as they not only serve as one of the three primary colors
but also function as host materials to enable green, red, and
white emissions through energy transfer to longer-wavelength
dopants. "1 Moreover, blue emitters play a vital role in reduc-
ing power consumption and achieving high color gamut and
resolution in display and lighting applications.[!%1?] The lack
of efficient and stable blue emitters has become a major bot-
tleneck in the advancement of high-performance monochro-
matic and white OLEDs.
are fundamentally limited by the 5% theoretical upper limit

Traditional fluorescent materials

of EQE, where merely 25% of singlet excitons are utilized

(13,14

for light emission. 1 Phosphorescent OLEDs also typi-

cally suffer from severe efficiency roll-off, leading to short
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operating lifetimes at practical luminance levels.!'>! More-
over, the scarcity of stable blue phosphorescent materials crit-
ically hinders the development of all-phosphorescent white
OLEDs.['%17] The intrinsically long exciton lifetimes of ther-
mally activated delayed fluorescence (TADF) materials lead to
pronounced efficiency roll-off and short device lifetimes, pos-
ing new bottlenecks.!!8) Recently, OLED materials based on
the “hot exciton” mechanism have advanced rapidly. These
materials feature dual excited-state components, charge trans-
fer (CT) and localized excitation (LE), demonstrating practical
advantages in utilizing both singlet and triplet excitons. [!%-20]
This mechanism helps mitigate efficiency roll-off caused by
triplet excitons in non-doped OLEDs. In addition, in doped
OLEDs, the high efficiency roll-off of TADF materials as
sensitizing hosts is a critical issue, as the long exciton life-
time leads to an increase in exciton concentration with in-
creasing brightness. This, in turn, raises the probability of
molecular degradation processes, resulting in energy loss.
To date, monochromatic OLEDs employing HLCT materi-

als have achieved both high EQE and low efficiency roll-
off. [19-24]
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Host—guest doping serves as an effective and widely em-
ployed approach to improve the electroluminescent (EL) per-
formance of doped OLEDs.
transfer from host to guest in the emissive layer, an ideal

To maintain effective energy

host material should possess the following characteristics: (i)
higher singlet and triplet energy levels than the guest mate-
rial to ensure complete energy transfer and confine excitons
on the guest,[>! (ii) appropriate highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels to promote carrier injection into the emis-
sive layer, ' (iii) excellent bipolar carrier transport property
to maintain balanced carrier injection/transport, where broad-
ening the recombination zone facilitates exciton generation

(261 and (iv) good thermal and morpho-

and recombination,
logical stability. Recent studies have demonstrated that blue
HLCT materials can serve as host materials for both fluo-
rescent and phosphorescent emitters, enabling high-efficiency
and low roll-off monochromatic and white OLEDs through en-
ergy transfer strategies.[>”-2! In 2023, Yang et al. employed
the HLCT blue emitter PAC as a sensitizer for the tradi-
tional blue fluorescent molecule DSA-ph to enhance the per-
formance of conventional blue fluorescent OLEDs. The result-
ing device exhibited efficient blue emission with a maximum
EQE of 6.2%.[%"1 In 2024, Liu et al. developed two HLCT blue
materials, PPyIM and PPIM. PPyIM was used as a non-doped
blue emitting layer, while a PPIM/PO-01 combination served
as the orange-emitting layer. The resulting dual-emission hy-
brid WOLED achieved an excellent EQE of 26.5% and with
a remarkably stable color over a practical brightness range of
400 to 10000 cd/m?, showing a CIE coordinate shift as small
as (0.004, 0.003).1?% Tn 2024, Li et al. employed pCzAnN si-
multaneously as a blue emitter and as a sensitizing host for the
fluorescent dopants C545T and DCJTB, realizing a fully fluo-
rescent three-colorwhite OLED. All three-color white devices
showed negligible roll-off (< 1% at 1000 cd/m? ) and a high
color rendering index (CRI) of 87.1%°]

In the present paper, the bipolar transport property
of .the blue hybridized local and charge transfer mate-
rial PPIAn2N is employed as a sensitizing host mate-
rial. By precisely controlling the doping concentration,
red fluorescent and yellow phosphorescent OLEDs based
on DCITB ((4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-
tetramethyljulolidin-4-yl-vinyl)-4H-pyran) and PO-01 (2-
(thieno[3,2-c]pyridin-4-yl)phenyl]iridium(III)) are fabricated,
achieving maximum EQEs of 6.88% and 25.08%. Building
on this, a strategically designed dual-emission layer structure
is developed, in which PPIAn2N serves simultaneously as the
blue emitter and the sensitizing host for PO-01 in a hybrid fluo-
rescence/phosphorescence white OLED. The resulting device
exhibits a maximum current efficiency (CE) of 38.67 cd/A, a
maximum power efficiency (PE) of 39.90 Im/W, a maximum
EQE of 17.03%, and a maximum luminance of 74098 cd/m?.

A stable EL spectrum is maintained over a wide voltage range,
highlighting its great potential for practical applications.

2. Results and discussion

Recently, our group reported a blue hot exciton material
PPIANn2N with HLCT characteristics, achieving notable EL
performance including a 452-nm emission peak and a 7.3%
maximum EQE as shown in Fig. 1(a). In addition, its LUMO
and HOMO are —2.55 eV and —5.55 eV, respectively, and it
exhibits strong absorption in the ultraviolet region. Crucially,
PPIANn2N exhibits a typical bipolar carrier transport prop-
erty with hole/electron mobilities of 4.75x107% cm?.V~1.s~!
and 1.70 x 1077 cm?-V~!.s71 .22 The low-temperature phos-
phorescence spectrum of PPIAn2N at 77 K is shown in the
supporting information Fig. S1, and the corresponding 77 is
2.35 eV. The above results reveal great potential for fabricat-
ing high-performance doped OLEDs.

The molecular structures of the red fluorescent emitter
DCIJTB and the yellow phosphorescent emitter PO-01 are dis-
played in Fig. 1(b). The molecular structures of other materials
involved in this work are provided in Fig. S2. Prior to device
fabrication, the photophysical properties of the three emitters
were investigated. It is evident from Fig. 1(c) that the photo-
Iuminescence (PL) spectrum of PPIAn2N exhibits significant
spectral overlap with the UV-Vis absorption spectra of both
DCIJTB and PO-01, indicating the feasibility of Forster en-
ergy transfer (FRET) from PPIAn2N to DCJTB or PO-01.130]
The PL spectra of films doped with 0.8-wt% DCJTB and 8-
wt% PO-01 in PPIAn2N are depicted in Fig. 1(d), from which
it can be seen that a very weak emission peak appears at
448 nm and a main emission peak is observed at 608 nm in
the PPIAn2N:DCIJTB co-doped film. For the PPIAn2N:PO-
01 co-doped film, two emission peaks of nearly equal inten-
sity are observed at 448 nm and 595 nm. These major emission
peaks correspond to the intrinsic emissions of DCJTB and PO-
01, respectively, confirming the occurrence of energy transfer
from PPIAn2N to the guest emitters. The shortwave emis-
sion observed in the doped films (peak at 448 nm) is attributed
to incomplete energy transfer from the PPIAn2N host. These
results provide preliminary evidence for the feasibility of em-
ploying PPIAn2N as a host material in doped OLEDs.

Based on the above analysis, a series of red fluores-
cent OLEDs are fabricated by doping the fluorescent ma-
terial DCJTB in PPIAn2N, experimentally validating the
feasibility of PPIAn2N as a fluorescent host. The de-
tailed device configuration is indium tin oxide (ITO)/MoO3
(3 nm)/TAPC (40 nm)/TCTA (10 nm)/PPIAn2N: DCITB (x
wt%, 10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm)
(x=20.5, 0.8, and 1.0 correspond to devices R1, R2, and
R3). As is well known, FRET is a long-range energy trans-
fer process, and efficient energy transfer from the host ma-
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terial to the fluorescent dopant can be achieved by control-

ling the doping concentration within 2 wt%.13!]

According
to previous studies, efficient energy transfer and optimal de-
vice performance in DCJTB-doped OLEDs typically occur
when the doping concentration is maintained below 1.0%, as
higher concentrations often lead to concentration quenching
and reduced emission efficiency.!*”! Different doping concen-
trations are employed to manipulate the energy transfer pro-
cess from PPIAn2N to DCJTB, aiming to optimize EL per-

formance. In this structure, ITO and Al serve as the an-

ode and cathode, respectively; MoOj3 and LiF act as the hole
4,4’-Cyclohexylidenebis [N,
N-bis(p-tolyl)aniline] (TAPC) is the hole-transporting layer;

and electron injection layers;

tris(4-carbazoyl-9-ylphenyl)amine (TCTA) serves as the ex-
citon blocking layer (EBL); PPIAn2N: DCJTB is the emit-
ting layer (EML) and 1,3,5-tri[(3-pyridyl)phen-3-yl]benzene
(TmPyPB) is used as the electron-transporting layer (ETL).
The detailed structure and energy-level diagram are depicted
in Fig. 2(a).
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Fig. 1. (a) Schematic diagram of the molecular structure and properties of PPIAn2N, (b) molecular structures of DCJTB and PO-01, (c) UV—
vis absorption spectra of DCITB/PO-01 and normalized PL spectra of PPIAn2N in neat film, (d) normalized PL spectra of PPIAn2N:0.8-wt%

DCITB and PPIAn2N:8-wt% PO-01 films.
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Fig. 2. (a) Schematic device structure and energy level diagram for red devices, (b) normalized EL spectra for red devices at 5 V, (c) current density—
voltage—luminance (J-V-L) curves; (d) current efficiency—luminance—power efficiency (CE-L-PE) curves, (¢) EQE—Iluminance (EQE-L) curves and CIE

coordinates of R2 device at 5V, (f) transient PL decay curves of PPIAn2N:0.8-wt% DCJTB and mCP:0.8-wt% DCIJTB films.
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Table 1. Summary of key performance parameters for red and yellow devices in this work.

CE (cd/A)/PE (Im/W)/EQE (%)

Device Von (V) Linax (cd/m?) CIE(x,y) Roll off (%)
Maximum At 1000 cd/m?
R1 32 9242 5.11/5.01/2.89 4.06/2.12/2.21 (0.684,0.315) 235
R2 3.0 27982 11.64/12.04/6.88 10.49/6.10/6.02 (0.686,0.314) 12.5
R3 3.1 21008 10.08/10.20/5.89 8.78/5.52/4.96 (0.685,0.315) 15.8
RR 3.6 2965 3.83/3.35/4.48 1.84/0.85/2.03 (0.677,0.319) 54.7
Y1 24 55422 49.45/56.89/16.82 49.37/53.48/16.70 (0.526,0.462) 0.7
Y2 2.4 93975 63.65/72.38/25.08 63.59/66.59/25.03 (0.533,0.459) 0.2
Y3 24 77279 62.21/71.30/21.99 61.49/62.32/21.10 (0.537,0.457) 4.0

Von: the voltage at the luminance of 1 cd/m?; Liay: the maximum luminance of the devices; CIE(x, y): CIE coordinates obtained at.a-voltage of
5 V: Roll off: roll off value = (maximum EQE — EQE@ 1000 cd/m?)/maximum EQE.

As shown in the EL spectra in Figs. 2(b) and S3, de-
vices R1-R3 exhibit red emission with a peak located at
625 nm, corresponding to the intrinsic emission of DCJTB. 3!
As displayed in Fig. 2(c), the turn-on voltages of devices
R1-R3 range from 3.0 V to 3.2 V, which can be attributed
to the well-aligned energy levels for hole and electron injec-
tion as illustrated in Fig. 2(a). The EL performance of de-
vices R1-R3 is closely correlated with the doping concentra-
tion of DCJTB. As the doping concentration increases, the de-
vice performance first improves and then declines (Figs. 2(c)—
2(e)). For example, the maximum luminance, CE, PE, and
EQE of device R1 are 9242 cd/m?, 5.11 cd/A, 5.01 Im/W,
and 2.89%, respectively; those of device R2 are 27982 cd/m?,
11.64 cd/A, 12.04 Im/W, and 6.88%, and those of device R3
are 21008 cd/m?, 10.08 cd/A, 10.20 Im/W, and 5.89%. No-
tably, R2 (0.8-wt% doping) achieves optimal performance,
with EQE significantly exceeding the 5% theoretical limit for
conventional fluorescent OLEDs.!33-3*] An appropriate dop-
ing concentration is crucial for efficient FRET energy trans-
fer. When the doping concentration of DCJTB is too low,
the carrier injection efficiency. and spatial distribution be-
come less uniform;>! and the emission sites of DCJTB are
easily saturated by FRET energy transfer from PPIAn2N.
These factors collectively lead to lower luminance and ef-
ficiency.
creases to. 1 wt% or higher, the intermolecular distance be-
tween PPIAn2N and DCJTB becomes small enough to fall
within the Dexter transfer radius (0.5 nm-1 nm), triggering
direct triplet energy transfer from PPIAn2N to DCJTB. 3%
This process causes triplet excitons on DCJTB to relax non-
radiatively to the ground state, resulting in significant exciton
loss and a corresponding decline in device performance (see

Conversely, ‘when the doping concentration in-

Fig. S4). A control device (RR) employing conventional host
mCP (1,3-bis(N-carbazolyl)benzene) confirms PPIAn2N’s su-
periority as a host material. With the structure: ITO/MoO3
(3 nm)/TAPC (40 nm)/TCTA (10 nm)/mCP: DCJTB (0.8 wt%,
10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm). Remark-
ably, devices R2 and R3 exhibited substantially higher lumi-
nance and efficiency compared to the reference device RR. In
addition, all red devices R1-R3 display significantly reduced

efficiency roll-off. The roll-off is 12.5%-23.5% at the lumi-
nance of 1000 cd/m?2, whereas the reference device RR suffers
a severe efficiency roll-off of 54.7% at the same luminance
level. These key performance parameters are summarized in
Table 1.

Compared to the reference device RR employing the con-
ventional host mCP, PPIAn2N-based devices R1-R3 exhibit
outstanding EL performance. This enhancement is profoundly
attributed partly to PPIAn2N’s bipolar carrier transport prop-
erty, which improves carrier recombination efficiency and
broadens the recombination zone.?% In addition, two differ-
ent emission mechanisms are shown in Fig. 3. From Fig. 3(a),
when HLCT PPIAn2N is employed as the host, because of the
hot exciton mechanism, high-lying triplet excitons (7;) can
rapidly transfer energy to its singlet (S;) through the ARISC
process, which increases the proportion of singlet excitons
on PPIANn2N.[?237] Tt enables more singlet state excitons on
PPIAN2N to transfer energy to DCJTB for emission, boosting
luminance and device performance. However, in the mCP-
hosted device as shown in Fig. 3(b), the injected hole and elec-
tron carriers form excitons on mCP. Only singlet excitons, ac-
counting for 25% of the initially formed excitons, transfer en-
ergy to DCJTB for lighting through the FRET process, result-
ing in insufficient exciton utilization and lower performance.

To further validate the energy transfer mechanisms in
these distinct doping systems, transient photoluminescence
(PL) spectra of mCP and PPIAn2N films doped with 0.8-wt%
DCIJTB were measured. Fitting results confirm that PPIAn2N:
DCIJTB exhibits a significantly shorter emission lifetime (7 =
2.18 ns) than mCP: DCJTB (7 = 2.98 ns). According to the
following formula:

T= %, (1)
KFET + Kt + Kar

where 7T is the emission lifetime, xggr is the FRET rate, x;
is the radiative rate, and K, is the nonradiative rate. Clearly,
T and kpgr are inversely related. The emission lifetime 7 of
PPIANn2N: DCIJTB is shorter than that of mCP: DCJTB, in-
dicating a more efficient energy transfer from PPIAn2N to
DCJTB compared to mCP.[3%3%1 The above discussion out-
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lines the fundamental physical mechanisms underlying the en-
hanced EL performance of PPIAn2N-based devices.

(a)
25% 75%

FRET.
e
o 2 1
S \’\?\/ |
1 X Si
1Cx DET
v
Ty T
PPIANn2N DCJTB
(b)
25% 75%
FRET

! }

— Sh

T,

X
DET Ty

mCP DCJTB

Fig. 3. Schematic emitting mechanism diagram for HLCT PPIAn2N (a)
and mCP (b) hosted red devices with the doping concentration of DCJTB
dopants < 0.8 wt%. FRET: Forster energy transfer, DET: Dexter energy
transfer; hRISC: Reverse intersystem crossing from high-lying triplet state
(T, n > 2) to singlet state (S7); IC: Internal conversion.

The above experimental results clearly demonstrate
the feasibility of using the HLCT material PPIAn2N as
Motivated by these find-

ings, in this paper, we further explore its potential as a

a fluorescence-doped host.

host for the phosphorescent dopant in the following sec-
tions. Based on the above photophysical analysis, the
phosphorescent emitter PO-01 is employed as a dopant to
fabricate yellowOLEDs with the structure: ITO/MoOs3
(3 nm)/TAPC (40 nm)/TCTA (10 nm)/PPIAn2N: PO-01(x-
wt%, 10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm) (x =
5, 8, and 12, corresponding to devices Y1, Y2, and Y3, re-
spectively); the detailed device structure is shown in Fig. 4(a).
As anticipated, the EL performance of devices Y1-Y3 exhib-
ited a strong 'dependence on the doping concentration. As
depicted in the EL spectra of Fig. 4(b), all devices success-
fully achieve yellow emission with an emission peak at ap-
proximately 573 nm. The J-V-L curves in Fig. 4(c) demon-
strate that the fabricated OLEDs exhibit turn-on voltages as
low as 2.4 V and reach a luminance of 10000 cd/m? at volt-
ages of 4.2 V4.8 V, which can be comparable to that based

5.1%1 Interestingly, as shown in Figs. 4(c)—

on p—i—n junction
4(e), the EL performance of devices Y1-Y3 first increases and
then decreases with increasing PO-01 doping concentration.
This behavior may result from inefficient energy transfer from
PPIANn2N to PO-01 at lower concentrations, where the trans-

fer efficiency is insufficient. At higher doping concentrations,

the reduced intermolecular distance between PO-01 molecules
leads to strong concentration quenching, causing significant
non-radiative exciton loss and consequently compromised de-
vice performance.*!l Therefore, the optimal EL performance
is achieved in device Y2 when 8 wt% of PO-01 is doped
into the PPIAn2N and exhibits the maximum luminance of
93975 cd/m?, CE of 63.65 cd/A, PE of 72.38 Im/W, and EQE
of 25.08%. Notably, devices Y1-Y3 exhibit negligible effi-
ciency roll-off at a practical luminance of 1000 cd/m?. These
key performance parameters are summarized in Table 1. Such
excellent luminescent properties are attributed to the high and
balanced hole and electron mobility of PPIAn2N, which pro-
motes efficient carrier transport-and broadens the exciton re-
combination zone.!??}.In addition, as shown in Fig. S5, the
EL characteristics of the reference device YR (mCP: 8-wt%
PO-01) are evaluated. Device Y2 exhibits superior EL per-
formance compared with YR, suggesting that the triplet exci-
tons of PO-01 are efficiently confined within the HLCT host
and suffer negligible quenching, which facilitates FRET en-
ergy transfer from PPIAn2N to the PO-01 dopant, facilitates
the ARISC (7,—S1) process, and reduces the accumulation of
triplet excitons on PPIAn2N significantly (Fig. 5(a)). This
suppression of triplet—triplet annihilation (TTA) and triplet—
polaron quenching (TPQ) is a key factor enabling the device
to maintain a high EQE even at high luminance.*”) Mean-
while, as shown in Figs. 4(f) and S6, all devices exhibit stable
yellow emission. Specifically, device Y2 shows CIE coordi-
nates of (0.533, 0.459) at an applied voltage of 5 V. These
results collectively demonstrate that PPIAn2N is an excellent
host material for the yellow phosphorescent PO-01. Some rep-
resentative Ph-OLEDs based on PO-01 are shown in Table S1.

The charge carrier trapping and energy transfer are two
important mechanisms in doped OLEDs.[*3! The charge car-
rier trapping behavior of the guest molecule PO-01 is eval-
vated based on the analysis of the energy levels of the
HOMO/LUMO, which shows that PO-01 has an LUMO level
similar to that of PPIAn2N, but a significantly shallower
HOMO level, suggesting the presence of a hole trapping ef-
fect. The single-carrier devices are fabricated with the fol-
lowing structures: ITO/MoOs3 (3 nm)/TAPC (40 nm)/EML
(10 nm)/TAPC (40 nm)/Al (100 nm) for hole-only devices (H1
and H2) and ITO/TmPyPB (40 nm)/EML (10 nm)/TmPyPB
(40 nm)/LiF (1 nm)/Al (100 nm) for electron-only devices (E1
and E2). The EML consists of PPTAn2N or PPIAn2N:8 wt%
PO-01. As evident from the J-V curves in Figs. S7(a) and
S7(b), device H2 exhibits lower current density than HI,
whereas E1 and E2 demonstrate comparable current densities,
which indicates that PO-01 exhibits a more pronounced hole
trapping effect. These findings provide an important founda-
tion for the structural design of high-performance dual-EML
white OLEDs.

107804-5


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1f01
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1f01
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1f01
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1f01
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1f01

Chin. Phys. B 35, 107804 (2026)

(a) £ (b) (©) 400
—2 23 = 04 ! 1.9k — Device Y1 o —— Device Y1 {105
: '2-525 27 5 — Device Y2 g —— Bev@ce Y2 =
—~ B2 5 o N 3 —
S 3 L £ 1.0} Device ¥3 | = 300} v Jie £
o %) Z iF/Al g 35
8 < > = E o
5 _4 2|l 2 | & z Z o0sf ) o
> = O 2l m g S 1103 @
8 FlEE & g £ 200¢ 0" g
© _s] 1O % E 06} Z =
8 1 51 B = pevice Y2 @5 v g 1102 £
g 53 54 555 Boo04r = ! g
5 —6- 57 3 2 100 3
S 02t £ j10!
—7 6.7 g =3
5 0 L L O 0 .
[l I I I I P 400 500 600 700 2 4 6 8
3nml 40 nm 10 nnd 10nm | 40 nm | Wavelength (nm) Voltage (V)
d 4 102 ()
2 (@) —— Device Y1 10 . (e) —— Device Y1 0.8 it 0.8
J ) —— Devgce Y2 3 —— Device Y2 OF 540 .
T 10 —— Device Y3 ~ —— Device Y3 ¥1(0.527,0.462)
~ = g 3 g ¥2(0.533,0.460)
B 10° = g\o\ 0.6 ¥3(0.537,0.457) 0.6
5 10tk > 500
) $ m 10} =
is) 1025 C 0.4} 0.4
[5) & M|
+ k)
5 100F
2 . ) 0.2} 0.2
£ 100 g
O &
101 . . . . . 100 . . X . , k
100 10! 10% 10° = 10% 10° 100 10' 102 10° 10% 107 0 0.1 0203 0.4 05 06 0.7 0.8
Luminance (cd/m?) Luminance (cd/m?) x

Fig. 4. (a) Schematic device structure and energy level diagram for yellow devices, (b) normalized EL spectra for yellow devices at 5 V, (c) J/-V-L curves;
(d) CE-L-PE curves, () EQE-L curves, (f) CIE coordinates of yellow devices Y1-Y3 at 5'V.

() (@@
25% 7~ T5%
- *  FRET

[
-

PPIAn2N

v (@@ | (@)
25% 7 T5% 1 25% 7 75%

?\\50 Ty

Sl “/ 1
Ik

PO-01

|
S, N

{
Blie _T

PPIAn2N PPIAn2N PO-01

Fig. 5. Working mechanisms of the resulting yellow OLED and dual-EML
hybrid WOLED.

As for the complementary two-color white OLEDs, it
requires the synergistic luminescence from PPIAn2N and
PO-01 to cover the whole visible region as much as possi-
ble. The spectral complementarity between the PPIAn2N-
based blue device and the aforementioned yellow device, with
their CIE coordinates just connecting across the white re-
gion (see Figs. S8(a)-S8(b)), demonstrates the feasibility of
developing high color quality two-color white OLEDs. [#443]
Therefore, incorporating a blue-emitting layer alongside the
existing yellow-phosphorescent structure enables straight-
forward fabrication of dual-EML white OLEDs with yel-

low/blue complementary emission. Compared to single-EML
WOLEDs, the dual-EML architecture offers significant ad-
vantages, including enhanced flexibility in layer configura-
tion and precise control over charge and exciton distribu-
tion. These advantages enable a highly promising pathway to-
ward high-performance hybrid WOLEDs with low efficiency
roll-off through the full utilization of both singlet and triplet
excitons.!'% To mitigate the impact of the hole trapping ef-
fect, a series of two-color white OLEDs are strategically de-
signed with the following structure: ITO/MoO3 (3 nm)/TAPC
(40 nm)/TCTA (10 nm)/PPIAn2N (x nm)/PPIAn2N: PO-01
(8 wt%, 10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm),
where x = 5, 10, and 15 nm correspond to devices W1, W2,
and W3. Varying the x value is intended to adjust the inten-
sity of blue emission to achieve balanced white emission. The
complementary emitting mechanism and detailed device struc-
ture are illustrated in Figs. 5(b) and 6(a).

As anticipated, all devices in Fig. 6(b) exhibit white light
emission with two wavebands corresponding to the intrinsic
emissions of PPIAn2N and PO-01. The significantly stronger
yellow emission intensity relative to blue indicates predomi-
nant confinement of the exciton recombination zone within the
yellow-emitting layer. As shown in Fig. 6(c) and Table 2, de-
vices W1-W3 exhibit higher turn-on voltages than the afore-
mentioned yellow devices. This is attributed to the introduc-
tion of additional carrier injection barriers caused by the in-
corporation of the blue layer. As the thickness of the blue
layer PPIAn2N increases from 5 nm to 15 nm, the device ef-
ficiency gradually decreases. W1 shows the maximum lumi-
nance of 74098 cd/m?2, CE of 38.67 cd/A, PE of 39.90 Im/W,
and EQE of 17.03%. W2 delivers 43685 cd/m?, 24.17 cd/A,
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26.65 Im/W, and 10.79%, while W3 shows 39575 cd/m?,
15.10 cd/A, 13.77 Im/W, and 7.11%. W1 demonstrates op-
timal EL performance, maintaining a high EQE of 15.82% at
1000 cd/m? with merely 7.1% efficiency roll-off (Figs. 6(c)—
6(e)). This results from a slight anode-ward shift of the ex-
citon recombination zone with increasing blue-layer thick-
ness, which elevates the electron—hole recombination proba-
bility in the blue-emitting layer, thereby enhancing blue emis-
sion. However, due to the intrinsic efficiency limitations
of the PPIAn2N-based blue device, more excitons emit in
the blue layer but are wasted, which leads to a decline in
white device performance.?”! For comparison, a white refer-
ence device (WR) with inverted layer sequence: ITO/MoQO3
(3 nm)/TAPC (40 nm)/TCTA (10 nm)/PPIAn2N: PO-01
(8 wt%, 10 nm)/PPIAn2N (10 nm)/TmPyPB (40 nm)/LiF
(1 nm)/Al (100 nm) is fabricated, where the blue-emitting
layer is positioned adjacent to the electron-transport layer.

As shown in Table 2, device WR exhibits a maximum CE
of 16.51 cd/A, a PE of 14.32 Im/W, and an EQE of 7.75%,
respectively, which are significantly lower than those of W2.
Due to the strategic positioning of the hole-trapping layer

away from the hole injection side, which partially mitigates
the hole trapping effect of PO-01 and prevents excessive hole
aggregation in the yellow-emitting layer. Consequently, bal-
anced carrier transport is achieved within the dual-emission
layers, highlighting the crucial role of precise emission layer
tuning in developing high-performance HLCT-WOLEDs. As
evidenced by Figs. 6(f)-6(i) and S7, all devices exhibit sta-
ble warm white emission, highlighting their significant po-
tential as health-compatible light sources:1 ¢! Crucially, De-
vice W1 maintains exceptional color stability under high-
luminance conditions with minimal CIE coordinate shifts of
(0.005, 0.005) as the driving voltage increases from 7 Vto 9 V.
This performance matches that of three-color white OLEDs
reported in the literature,”*8] demonstrating promising ap-
plication prospects. Notably, such stable white emission at
high brightness is one of the notable outcomes among recently
reported hybrid white OLEDs (Table S2). These results con-
firm the feasibility and advantages of simultaneously employ-
ing an HLCT material as both the blue emitter and the host
for the phosphorescent dopant in the complementary long-
wavelength for white OLED development.
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Fig. 6. (a) Schematic device structure and energy level diagram for white devices W1-WR, (b) normalized EL spectra for white devices WI-WR at 6 V, (c)
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corresponding results for WR at 6 V-8 V.
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Table 2. Summary of key performance parameters for white devices in this work.

CE (cd/A)/PE (Im/W)/EQE (%)

Device Von (V) Linax (cd/m?) CIE(x,y) Roll off (%) CRI
Maximum At 1000 cd/m?

Wi 2.6 74098 38.67/39.90/17.03 35.62/28.69/15.82 (0.440,0.351) 7.1 47

w2 2.6 43685 24.17/26.65/10.79 20.23/14.44/9.03 (0.440,0.352) 16.3 47

W3 2.7 39575 15.10/13.77/7.11 14.39/9.42/6.72 (0.426,0.340) 5.5 48

WR 2.9 20992 16.51/14.32/7.75 15.51/9.55/7.24 (0.427,0.340) 6.6 49

Von: the voltage at the luminance of 1 cd/m?; Lyax: the maximum luminance of the devices; CIE(x, y): CIE coordinates obtained at a
voltage of 7 V; Roll off: roll off value = (maximum EQE — EQE@ 1000 cd/m?)/maximum EQE. CRI: CRI obtained at a voltage of 8 V.

3. Conclusion and perspectives

In this work, the blue emission PPIAn2N with HLCT
excited state and bipolar carrier transport properties is em-
ployed as a sensitizing host. By precisely controlling the dop-
ing concentration, high-performance red fluorescent and yel-
low phosphorescent OLEDs based on DCJTB and PO-01 are
successfully fabricated, achieving maximum EQEs of 6.88%
and 25.08%, respectively. The yellow phosphorescent device
shows negligible efficiency roll-off, attributed to enhanced
FRET energy transfer from PPIAn2N to PO-01 facilitated by
the ARISC process. On this basis, PPIAn2N is further utilized
as both the blue emitter and the sensitizing host for PO-01
to construct a fluorescent/phosphorescent hybrid white OLED
through rational dual-EML structure arrangement. The result-
ing white device obtains ideal white emission with a maxi-
mum CE of 38.67 cd/A, PE of 39.90 Im/W, EQE of 17.03%,
and luminance of 74098 cd/m?. Notably, the CIE coordinates
remain highly stable with a variation of only (0.005,-0.005)
under driving voltages from 7 V to 9 V, demonstrating huge
potential for practical applications. This work-not only fur-
ther confirms the feasibility of using HLCT materials simul-
taneously as host and emitter for both monochrome and white
OLEDs, but also offers a new strategy for the development of
high-performance doped OLEDs.
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