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nd low operating voltage yellow
phosphorescent organic light-emitting diodes with
a simple doping-free structure

Jie Hua, *ab Jiaxin Li,ab Zhuolin Zhan,b Yuan Chai,ab Zeyuan Cheng,b Peiding Li, b

He Dongab and Jin Wang ab

Yellow phosphorescent organic light-emitting diodes (PhOLEDs) with high efficiency and a low operating

voltage were reported through using a simple doping-free structure. The structure of the PhOLEDs was

ITO/C60/MoO3/mCP/PO-01-TB/PO-T2T/Liq/Al. The np-type C60/MoO3 heterojunction acted as hole

injection layer, and the ultrathin PO-01-TB layer (0.1 nm) was inserted at the interface between mCP and

PO-T2T to serve as yellow phosphorescent emitter. Detailed investigation suggested that the complete

energy transfer occurred from the mCP/PO-T2T interfacial exciplex to yellow PO-01-TB. Furthermore,

the np-type C60/MoO3 heterojunction could supply more free charge carriers, giving rise to further

enhanced PhOLED efficiency. By adjusting the thickness of the C60/MoO3 heterojunction, a yellow

PhOLED with a power efficiency of 71.6 lm W�1 was demonstrated with an extremely low operating

voltage of 3.79 V at 1000 cd m�2.
1. Introduction

Much endeavor has been made to pursue high performance
organic light-emitting diodes (OLEDs) in the past three decades
because of their huge potential applications in solid state
lighting and full color at panel displays.1–4 According to the
different types of emitting materials used in devices, OLEDs are
divided into uorescent OLEDs (FlOLEDs) and phosphorescent
OLEDs (PhOLEDs). As compared with traditional uorescent
emitters, phosphorescent emitters can harvest both singlet S1
and triplet T1 excitons for electroluminescence (EL) owing to the
heavy-atom effect, so that they can realize 100% internal
quantum efficiency (IQE), showing a great potential for devel-
oping high-performance OLEDs.5–8 To avoid the concentration
quenching effects between phosphorescent molecules induced
by strong intermolecular interaction, a host-guest doping
system is normally adopted in PhOLEDs. This means that
choosing a proper host for a phosphorescent emitter is a key
strategy to achieve high efficiency PhOLEDs.

Traditional PhOLEDs usually use hole transport materials
as host matrix. Unfortunately, this type host can render
unbalance charge transport,9 thus worsening the exciton
quenching effects.8,10 To address those issues, PhOLEDs
utilizing neutral exciplex as co-host have attracted more
attentions recently. The exciplex is formed through the charge
transfer between electron transporting material (electron
hysics and Chemistry of the Ministry of

6000, China. E-mail: huajie@jlnu.edu.cn

rmal University, Siping 136000, China

939
donor) and hole transporting material (electron acceptor),
showing obvious bipolar charge transport as well as high
triplet energy, which reducing the polaron accumulation to
restrain exciton quenching. Moreover, owing to small orbital
overlap between the excited state and the ground state, most
exciplex possess a small DEst (S1–T1 energy splitting), which
promotes the energy transfer process changing from Dexter
energy transfer to Förster energy transfer in host-guest doping
system.8,11–17 For example, Park et al.16 doped bis(2-
phenylpyridine)(acetylacetonato) iridium(III) (Ir(ppy)2acac)
into the exciplex co-host formed by 4,40,400-tri(N-carbazolyl)
triphenylamine(TCTA) and bis-4,6-(3,5-di-3-pyridylphenyl)-2-
methylpyrimidine (B3PYMPM) to achieve green PhOLED
with low turn-on voltage of 2.4 V and high external quantum
efficiency (EQE) of 29.1% as well as low roll-off. Wang et al.17

employed interfacial exciplex of (N,N0-di(naphth-1-yl)-N,N0-
diphenyl-benzidine (NPB)/1,3,5 tris[N-(phenyl)
benzimidazole]-benzene (TPBi) as co-host to fabricate a red
PhOLED showing a high EQE of 17.2% and a low turn-on
voltage of 2.6 V simultaneously. These results suggest that
the exciplex with unique photophysical properties become
a potential alternative for developing high performance
PhOLEDs.

For the PhOLEDs, the efficient charge injection is another
key factor for achieving high performance. For hole injection,
P-type transition metal oxides-molybdenum trioxide (MoO3)
with high transparency and work function shows strong hole
injection ability, and has been widely used as hole injection
layer (HIL) to reduce the injection barriers of hole from anode
ITO and attain transport balance of the charge carriers.18–20 As
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Photoluminescence (PL) spectra of mCP and PO-T2T pure
films, and mCP:PO-T2T doping film on crystal substrates with exci-
tation wavelength of 325 nm. (b) Energy level diagram showing the
exciplex formation process between mCP and PO-T2T interface.
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for as n-type C60 semiconductor, owing to its signicant
exciton dissociation behavior, it has been used as electron
acceptor in photogalvanic cells,21 while in OLEDs it acts as
modier for electrodes to enhance hole injection.22–24 Recently
organic heterojunction consisting of n-type C60 and p-type
pentacene (or CuPc), exhibits excellent charge generation
effect and is used as charge generation layers (GGLs) in
tandem OLEDs to improved power efficiency.25,26 Based on the
charge generation effect, Chen et al.27 utilized C60/pentacene
heterojunction as HIL to achieve highly efficient OLEDs. This
discovery allows the np-type heterojunction to explore novel
HIL architecture in OLEDs.

In this work, we reported a yellow PhOLED with high
performance through employing np-type C60/MoO3 hetero-
junction as HIL and interfacial exciplex as co-host system. The
interfacial exciplex was formed at the interface between 1,3-
bis(9H-carbazol-9-yl)benzene (mCP) and (1,3,5-triazine-2,4,6-
triyl)tris(benzene-3,1-diyl))tris(diphenylphosphine oxide (PO-
T2T). An ultrathin layer of Iridium(III)bis(4-(4-tert-butyl-
phenyl)thieno[3,2-c]pyridinato-N,C20) acetylacetonate (PO-01-
TB) was inserted at the mCP and PO-T2T interface to serve
as yellow phosphorescent emitter. The resulting yellow
PhOLED exhibited high current efficiency (CE) of 56.7 cd A�1,
power efficiency (PE) of 71.6 lmW�1, and EQE of 17.5%, as well
as an extremely low operating voltage of 3.79 V at 1000 cd m�2.
The achievement of such high performance was mainly
attributed to the highly efficient carrier injection based on the
np-type hole injector and efficient energy transfer between
interfacial exciplex based on the interfacial exciplex co-host
and phosphorescent guest.

2. Experimental details

All OLEDs were fabricated on clean glass substrates pre-coated
indium tin oxide (ITO) with a sheet resistance of 15 U per
square. Before evaporation, ITO substrates were cleaned
sequentially with acetone, alcohol, and deionized water by
scrubbing and sonication, and then dried at 130 �C and treated
in an ultraviolet-ozone for 15 min before it was loaded into
a deposition chamber. All layers were grown on ITO substrate in
succession by conventional thermal deposition with the rates of
�0.1 nm s�1 at high vacuum condition (�4.0 � 10�4 Pa). Aer
the deposition of an Al cathode with a rate of >0.1 nm s�1, the
devices were completed. All the thicknesses and deposition
rates for each layer were monitored in situ quartz crystal
monitors. The active emission area was determined as 4mm2 by
the overlap between Al cathode and ITO anode. The photo-
luminescence (PL) spectra and transient PL decay curves were
collected by a Horiba JobinYvon Fluorolog-3 spectrometer with
a time-correlated single-photon counting (TCSPC) spectrom-
eter. The current density–voltage–luminance characteristics of
all devices were recorded by Keithley 2400 constant current
source and SpectraScan PR-655 spectrometer. The CE, PE, and
EQE of the OLEDs were calculated from the current density,
luminance, and EL spectrum, assuming a Lambertian distri-
bution. All measurements were formed at ambient atmosphere
conditions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 The formation of exciplex between mCP and PO-T2T

To demonstrate the formation of exciplex betweenmCP and PO-
T2T, we rstly fabricated mCP (20 nm), PO-T2T (20 nm) pure
lms and mCP:PO-T2T (molar ratio of 1 : 1, 20 nm) doping lm,
and measured their PL spectra under excitation wavelength of
325 nm as shown in Fig. 1(a). The PL peak of mCP lm is located
at 375 nm companying with shoulder peak at 395 nm. The PO-
T2T lm exhibits strong emission peak at 384 nm and a weak
board emission band at 534 nm. The weak peak is assigned to
excimer emission. Compared to the pure mCP and PO-T2T
lms, a broad emission at 472 nm can be observed in
mCP:PO-T2T doping lm. Fig. 1(b) depicts the energy level
diagram to show the exciplex formation process between mCP
and PO-T2T. The emission peak energy 2.63 eV (472 nm) of the
mCP:PO-T2T doping lm is nearly closed to the energy offset
2.6 eV between the lowest unoccupied molecular orbital
(LUMO) level of PO-T2T (3.5 eV) and the highest occupied
molecular orbital (HOMO) level of mCP (6.1 eV), suggesting that
the broad emission band arises from the mCP:PO-T2T-forming
exciplex. In addition, we measured the EL spectra of mCP/PO-
T2T and mCP:PO-T2T as shown in Fig. 1(a). The exciplex can
also be formed at the mCP/PO-T2T interface. Compared the
mCP/PO-T2T double lms with mCP:PO-T2T doping lm, no
obvious change in their EL spectra are observed. In addition,
the EL spectrum of the exciplex is almost the same as its PL
spectrum.
3.2 Exciton distribution in mCP/PO-T2T co-host system

In order to simplify the fabrication process, the double layer
structure mCP/PO-T2T was used to replace the doping structure
mCP:PO-T2T to fabricated PhOLEDs. Firstly, we fabricated
PhOLEDs by introducing yellow phosphor PO-01-TB to elucidate
the exciton distribution in mCP/PO-T2T system. The structure
of device A1 is illustrated as follows: ITO/mCP(60 nm)/PO-
T2T(10 nm)/PO-01-TB(0.1 nm)/PO-T2T(30 nm)/Liq(2 nm)/Al,
and the architecture of other devices is ITO/mCP (60�x nm)/
PO-01-TB(0.1 nm)/mCP(x nm)/PO-T2T(40 nm)/Liq(2 nm)/Al,
where x ¼ 0, 10, 20, and 30 nm corresponding to the device
RSC Adv., 2022, 12, 21932–21939 | 21933
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Fig. 3 The transient PL decayed curves of the PO-T2T/mCP and PO-
T2T/PO-01-TB/mCP films at 300 K.
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A2, A3, A4, and A5, respectively. Here, the emitting layer PO-01-
TB is so extremely thin (0.1 nm) that it would insignicantly
affect the electrical properties of the resulting device.

Fig. 2(a) shows the normalized EL spectra of the devices A1–
A5 at a current density of 20 mA cm�2. It can be observed that
the emission peak of devices A1–A5 shows signicant differ-
ence. In detail, as PO-01-TB is employed into PO-T2T layer
(device A1), the EL spectrum exhibits two emission peaks. The
strong emission at 472 nm should originate from the mCP/PO-
T2T-forming interfacial exciplex, while the weak emission at
560 nm can be attributed to PO-01-TB. Fig. 2(b) presents the
schematic diagram and the energy levels of the devices A1–A5
with different position of ultrathin PO-01-TB layer. Owing to the
large energy barrier for electrons (1.1 eV) and holes (1.4 eV) at
the mCP/PO-T2T interface, it is difficult for carriers to cross over
the interface. Hence, most holes and electrons should accu-
mulate at the mCP/PO-T2T interface area and generate the
interfacial exciplex. Weak emission from PO-01-TB reveals a few
exciton can form in the PO-T2T layer. When the PO-01-TB layer
is located at the interface of mCP/PO-T2T (device A2), the EL
spectrum only shows pure yellow emission at 560 nm with
subpeak at 596 nm from PO-01-TB, while the peak of the exci-
plex is disappear.

Fig. 3 presents the transient PL (TRPL) decay behavior at
room temperature for the PO-T2T/mCP and PO-T2T/PO-01-TB/
mCP lms. Typical two lifetimes of prompt and delayed are
observed under 472 nm with mCP/PO-T2T-forming interfacial
exciplex. The TRPL signal was tted by a double-exponential
decaying function. The prompt and delayed lifetime of the
PO-T2T/mCP lm were measured to be longer than that of the
PO-T2T/PO-01-TB/mCP lm, which is presumably due to the
energy transfer process from mCP/PO-T2T-forming interfacial
exciplex to PO-01-TB. Considering the T1 energy level (T1 ¼ 2.69
eV) of the mCP/PO-T2T-forming interfacial exciplex28 higher
than that of PO-01-TB (T1 ¼ 2.20 eV), and lower than that of
mCP (2.90 eV) and PO-T2T (2.99 eV), the efficient energy transfer
process can be occurred from the mCP/PO-T2T-forming inter-
facial exciplex to PO-01-TB emitter, resulting in yellow phos-
phorescent emission.29–31 As for as the devices A3–A5, the
ultrathin PO-01-TB layer is inserted into mCP layer (i.e. x ¼ 10,
20, 30) away from the interface of mCP/PO-T2T, two emission
Fig. 2 (a) EL spectra of the devices A1–A5 at 20 mA cm�2. (b) The struct
materials. The bottom gives the distance of PO-01-TB to the interface o

21934 | RSC Adv., 2022, 12, 21932–21939
peaks from the exciplex (472 nm) and PO-01-TB (560 nm)
appears simultaneously. Because of its shallower HOMO levels
than that of mCP, PO-01-TB can act as a hole trap for carriers
when doped in mCP and recombine at the PO-01-TB layer. With
increasing the values of x, the decreasing hole carrier concen-
tration results in the decrease in the relative emission intensity
from PO-01-TB.
3.3 PhOLED based on np-type C60/MoO3 composited HIL

According to the discussion above, inserting the ultrathin PO-
01-TB layer in mCP/PO-T2T interface can benet to realize
pure yellow emission through complete energy transfer. In
order to achieve high efficiency of PO-01-TB based PhOLEDs, we
proposed to employ np-type C60/MoO3 heterojunction as HIL
and interfacial exciplex as host. The device conguration is as
follows: ITO/HIL/mCP(60 nm)/PO-01-TB(0.1 nm)/PO-T2T (40
nm)/Liq(2 nm)/Al. For a conventional device HIL is MoO3(5 nm)
(device B1). For np-type devices, HIL is C60(1 nm)/MoO3(y nm),
where y¼ 4, 3, 2, and 1 nm corresponding to devices B2, B3, B4,
and B5, respectively. Fig. 4 shows the energy diagram and the
normalized EL spectra of the devices B1–B5. The ve devices
exhibit almost same EL spectra with the emission peak at
560 nm from PO-01-TB, indicating that the change in HIL
structure could not affect the emission property of the devices.
ures of the devices A1–A5 and the detailed energy level diagram of the
f mCP/PO-T2T in devices A1–A5.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Structure and the energy diagram and (b) EL spectra of the devices B1–B5.
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From Fig. 5(a), the current density of the devices B2–B5
fabricated utilizing a np-type C60/MoO3 HIL is higher than that
of the device B1 fabricated with a MoO3 HIL at the same oper-
ating voltage. This could be attributed to enhancement of hole
injection ability of np-type C60/MoO3 HIL. The main EL
performances of all devices are summarized in Table 1. The
Fig. 5 Comparison of the EL performances of devices B1–B5: (a) Curre
characteristics; (c) Current efficiency–current density (CE–J) characteris

© 2022 The Author(s). Published by the Royal Society of Chemistry
turn-on voltage (at 1 cd m�2) of the device B1 and the devices
B2–B5 are 2.70 V and about 2.46–2.55 V. The rather low turn-on
voltage of 2.46 V for device B3 is very close to the thermody-
namic limit, indicating that almost no potential barrier for hole
injection is presented due to the introduction of C60 layer. In
addition, the voltage of the devices B2–B5 decrease signicantly
nt density–voltage (J–V) characteristics; (b) Luminance–voltage (L–V)
tics; (d) Power efficiency–luminance (PE–L) characteristics.

RSC Adv., 2022, 12, 21932–21939 | 21935
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Table 1 Summary of EL performances of devices B1–B5 and C1–C3

Device

Voltage (V) Maximum @1000 cd m�2 @5000 cd m�2

@1a/1000/5000 cd m�2 EQEb/CEc/PEd (%/cd A�1/lm W�1)

B1 2.70/5.92/— 12.5/39.1/45.5 10.0/32.8/17.4 —
B2 2.55/5.24/6.85 16.4/51.0/62.9 13.4/44.0/26.9 10.6/35.3/16.1
B3 2.46/3.99/5.06 16.5/52.6/67.2 13.7/46.4/36.4 11.4/38.8/24.1
B4 2.47/4.13/5.33 14.4/47.5/59.2 11.6/39.3/30.0 9.5/32.2/19.1
B5 2.53/4.05/5.28 11.5/36.3/44.7 9.0/34.1/24.0 7.2/24.6/14.7
C1 2.48/4.24/5.41 14.2/47.9/55.2 12.7/43.1/31.4 10.5/34.9/20.7
C2 2.43/3.86/4.76 17.5/56.8/71.6 15.1/52.1/41.5 12.7/43.6/29.1
C3 2.51/4.59/5.92 16.0/51.1/62.4 14.3/48.3/32.1 11.7/38.4/20.9

a Turn-on voltage at a brightness of 1 cd m�2. b External quantum efficiency. c Current efficiency. d Power efficiency.

Fig. 6 Current density–voltage (J–V) characteristics of hole-only
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compared with the device B1 at the same luminance as shown
in Fig. 5(b). The operating voltages (at 1000 cd m�2) of devices
B1, B2, B3, B4, and B5 are 5.92, 5.24, 3.99, 4.13, and 4.05 V,
respectively. The operating voltage of the device B3 is reduced
by 32.6% compared to that of device B1. Therefore, compared
with the device B1, the current density and luminance of device
B2–B5 with C60/MoO3 as HIL are obviously improved.

Considering the low hole mobility (2.8 � 10�7 cm2 Vs�1)32

and high HOMO energy level (6.2 eV),33 the C60 layer may block
parts of the holes injection from the anode ITO to MoO3 in the
devices B2–B5, and one can predict that the current density
should decreases and the turn-on voltage increases. However, in
our work, the C60-containing devices B2–B5 show lower turn-on
voltage and higher current density than the device B1. This
means that the hole injection efficiency is signicant enhanced
due to the introduction of np-type C60/MoO3 HIL, which is
consistent with the reported results for C60/pentacene as the
hole injector in ref. 27. According to the “p–n junction” char-
acteristic of C60/MoO3 heterojunction, free carriers can be
effectively generated at the C60/MoO3 interface. Then, under the
applied electrical eld, the generated electrons can be extracted
from LUMO of C60 to the ITO, while the generated holes are
easily injected from HOMO of MoO3 into mCP, and combine
with the electrons injected from the cathode to form the exci-
plex at mCP/PO-T2T interface. Subsequently the exciplex
transfer its energy to PO-01-TB and then achieving yellow
phosphorescent emission. From Fig. 5(c), (d) and Table 1, the
device B3 exhibits a high CE, PE, and EQE of 52.6 cd A�1, 67.2
lm W�1, 16.5%, respectively, which are increased by approxi-
mately 34.5%, 47.7%, and 32% compared to that of the device
B1 (only MoO3 as HIL). It is vital to point out that the efficiency-
luminance roll-off of the device B3 is relatively mild with respect
to the device B1. With the luminance rising to 1000 cdm�2 (2.16
mA cm�2), the CE, PE, and EQE could be kept at 46.4 cd A�1,
36.4 lm W�1, and 13.7%, respectively. Thus, the further
enhanced EL performances of the device B3 should be ascribed
to the increasing electric eld on C60/MoO3 heterojunction due
to the decreasing thickness of MoO3 lm.

In order to deeply understand the hole transporting prop-
erties of np-type C60/MoO3 HIL, the hole-only single-carrier
devices with structure of ITO/C60(1 nm), MoO3(5 nm), or C60(1
21936 | RSC Adv., 2022, 12, 21932–21939
nm)/MoO3(3 nm)/mCP(60 nm)/PO-01-TB(0.1 nm)/PO-T2T(10
nm)/mCP(30 nm)/Al were fabricated. The J–V characteristics of
these devices are displayed in Fig. 6. A comparison of the
current density at the same operating voltage of the hole-only
devices clearly indicates that the hole current in the np-type
C60/MoO3 HIL device is higher than that in the C60 and MoO3

HIL devices, which can be attributed to the improved conduc-
tivity of the HIL with the np-type C60/MoO3. The results clearly
demonstrate that the np-type C60/MoO3 heterojunction does be
an effective hole injector to realize high performance OLEDs.

One key design of device B3 is the introduction of C60/MoO3

composite as HIL. To optimize the EL properties of device B3,
the comparable devices were fabricated with structure of ITO/
C60 (x nm)/MoO3(3 nm)/mCP(60 nm)/PO-01-TB(0.1 nm)/PO-
T2T(40 nm)/Liq(2 nm)/Al, while x ¼ 0.5, 2, 3 nm corresponds
to devices C1–C3, respectively. Except of the thickness of C60

layer, other layers are kept the same as the device B3. Fig. 7
shows the J–V, L–V, CE–J, and PE–L characteristics of devices
C1–C3 and B3, and the key performance parameters are
summarized in Table 1. The resulting OLEDs performance in
operating voltage and efficiency exhibits the dependence on the
thickness of C60 layer. The current density rst increases with
the thickness x of C60 from 0.5 to 2 nm, and then it decreases as
further increasing x to 3 nm. Moreover, at the luminance of
devices.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EL performances of devices C1–C3 and B3 with the different thickness of C60 layer. (a) Current density–voltage (J–V) characteristics. (b)
Luminance–voltage (L–V) characteristics. (c) Current efficiency–luminance (CE–L) characteristics. (d) Power efficiency–luminance (PE–L)
characteristics.
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1000 cd m�2, the operating voltages are 4.24, 3.99, 3.86, and
4.59 V for the devices with x ¼ 0.5, 1, 2, and 3 nm, respectively
(shown in Fig. 7(b)). These results indicate that properly
increasing the thickness of C60 is benecial to the formation of
excellent np-junction C60/MoO3 for the efficient charge gener-
ation and injection. However, the low hole mobility and high
HOMO energy level of C60 will inferior for hole injection and
transport,23 which results in low current density and high
operating voltage in device C3 with 3 nm-C60 layer. The device
C2 (x¼ 2 nm) shows the best performance with a maximum CE,
PE, and EQE of 56.8 cd A�1, 71.6 lm W�1, and 17.5%, respec-
tively. Notably, the CE still keep as high as 52.1% at 1000 cdm�2

(1.97 mA cm�2), showing extremely low efficiency roll-off of
8.3%.
4. Conclusion

We have achieved a high performance yellow PhOLEDs with
doping-free structure by using ultrathin PO-01-TB layer inserted
in mCP/PO-T2T interface as emitter and np-type C60/MoO3

composite lm as HIL. More free charge carriers could be
© 2022 The Author(s). Published by the Royal Society of Chemistry
supplied in np-type C60/MoO3 heterojunctions. The yellow
emission was originated from the completely energy transfer
from mCP/PO-T2T-forming interfacial exciplex to PO-01-TB. By
optimizing the thickness of C60, high-performance PhOLED
with C60 (2 nm)/MoO3 (3 nm) as HIL was achieved with
maximum CE of 56.7 cd A�1, PE of 71.6 lm W�1, and EQE of
17.5%, as well as low operating voltage of 3.79 V (at 1000 cd
m�2) and a lower CE efficiency roll-off of 8.3%. The work
provides a simple structure design for fabricating highly effi-
cient PhOLEDs with low operating voltage simultaneously.
Moreover, doping-free structure can satisfy the requirement on
the large-scale industrialized requirement.
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