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Non-doped white organic light-emitting diodes
with superior efficiency/color stability by
employing ultra-thin phosphorescent emitters†

Bo Zhao, *a Heng Zhang,a Ziqi Wang,a Yanqin Miao, a Zhongqiang Wang, a

Jie Li, *a Hua Wang, a Yuying Hao b and Wenlian Lic

Using a simple method employing ultra-thin phosphorescent emitters into bis(3-(9,9-dimethyl-9,10-

dihydroacridine)phenyl)sulfone (mSOAD) based on zig-zag acridine/sulfone derivative, high efficiency

and high color stability of non-doped white organic light-emitting diodes (WOLEDs) are realized. After

optimization of the location and quantity of the ultra-thin emitters, maximum current efficiency, power

efficiency and external quantum efficiency (EQE) of the WOLEDs of 31.9 cd A�1, 30.4 lm W�1 and 17.3%,

respectively, are achieved. The stable white spectra are also obtained with the Commission Internationale

de I’Eclairage (CIE) coordinates of (0.469 � 0.008, 0.382 � 0.004) from 4 V to 8 V. We find that efficient

confinement to carriers and excitons has a key role; the location and quantity of ultra-thin emitters also

have a large effect on device performance.

1. Introduction

White organic light-emitting diodes (WOLEDs) have received
more and more attention due to their suitability for application
in natural flat-panel light sources and flexible displays in solid
state lighting. In general, WOLEDs are constructed by a multi-
layer structure of blue/green/red or blue/orange emitting layers
and high efficiency WOLEDs with B20% external quantum
efficiency (EQE) are usually obtained using fluorescent/phos-
phorescent hybrid or full phosphorescent materials. But it is
undeniable that most of the WOLEDs are obtained using a
host–guest doped system.

The host–guest doped system has to be applied in the
emitting layer (EML) due to the high concentration quenching
of the emitter, including the traditional fluorescent, phosphor-
escent and thermally activated delayed fluorescent (TADF)
emitting materials.1–4 Moreover, the host–guest doped system

requires a multi-source heat deposition method, which also has
some problems. For example, the concentration of the dopant
is hard to control accurately and cross contamination would
occur inevitably between different evaporator sources during
the co-deposition process. Therefore, many research groups
tried to develop highly efficient non-doped small molecular
emitters.5–11 Adachi’s group exploited two non-doped pure
organic emitters of blue (bis[4-(9,9-dimethyl-9,10-dihydro-
acridine)phenyl]sulfone, DMAC-DPS) and green (bis[4-(9,9-
dimethyl-9,10-dihydroacridine)phenyl]methanone, DMAC-BP),
which almost achieved an internal quantum efficiency (IQE)
of 100%.7 Tang’s group also developed high-performance green
non-doped OLEDs based on dibenzothiophene-benzoyl-9,9-
dimethyl-9,10-dihydroacridine (DBT-BZ-DMAC) by combining
aggregation-induced emission (AIE) and TADF.8 The develop-
ment of these non-doped small molecular fluorescent emitters
provides a much larger platform to design high efficiency non-
doped WOLEDs. Although there were some previous reports on
the non-doped WOLEDs, they were focused on the application
of ultra-thin red/green/blue emitters in the common hosts
(TCTA, TPBi, Bepp2) or at the interface to form white light-
emitting diodes.12–20 Furthermore, the color stability based the
non-doped WOLEDs need to be improved and the influence of
the location and quantity of ultra-thin emitters on the device
efficiency and spectra is rarely researched and also needs to be
studied more.

In this work, we utilize a simple method instead of a host–
guest doped system by employing an ultra-thin red phosphores-
cent emitter of iridium(III) bis(2-phenylquinoline) acetylacetonate
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(Ir(pq)2acac) and a blue fluorescent emitter of bis(3-(9,9-
dimethyl-9,10-dihydroacridine)phenyl)sulfone (mSOAD) based
on a zig-zag acridine/sulfone derivative to construct non-doped
WOLEDs. By the optimization of different locations and quan-
tities of an ultra-thin Ir(pq)2acac emitter, the non-doped
WOLEDs with superior efficiency and color stability are finally
obtained. The maximum current efficiency, power efficiency
and EQE of 31.9 cd A�1, 30.4 lm W�1 and 17.3%, respectively,
are achieved. Meantime, the Commission Internationale de
I’Eclairage (CIE) coordinates with a high color stability of
(0.469 � 0.008, 0.382 � 0.004) from 4 V to 8 V are realized
simultaneously. The location and quantity of ultra-thin emitters
are also analyzed and we find they have a large effect on device
performance.

2. Experimental section
2.1 Device fabrication

Device fabrication and performance characterization were per-
formed following our previous reports.21 All the WOLEDs were
fabricated on glass substrates coated with indium tin oxide

(ITO) and the sheet resistance was 10 O sq�1. Before the ITO
substrates were loaded into a high vacuum chamber (approxi-
mately 3 � 10�4 Pa) for subsequent deposition, the ITO
substrates were cleaned with acetone, deionized water, acetone
in sequence and then treated with ultraviolet-ozone for 15 min.
After completion of the deposition of organic layers, the
Al cathode with a shadow mask defining a device area of
3 � 3 mm2 was deposited in the end.

2.2 Characterization

The photoluminescence (PL) and UV-Vis absorption spectra
were measured using a FluoroMax-4 fluorescence spectrometer
(HORIBA Jobin Yvon) and a Hitachi U-3900 scanning spectro-
photometer, respectively. The electroluminescence (EL) spectra
were measured using a PR-655 spectra scan spectrometer. The
current–voltage–luminance curves were measured using a mea-
suring system of a Keithley 2400 power supply combined with a
BM-7A luminance colorimeter. EQE was calculated from the
current density–voltage–luminance curve and EL spectra data.
All the organic materials except for mSOAD were procured
commercially without further purification. All the measurements

Fig. 1 The molecular structure, PL spectra and absorption spectra of
mSOAD and Ir(pq)2acac.

Fig. 2 The EL spectra of devices at 7 V. (a) ITO/MoO3 (3 nm)/mCP
(30 nm)/Ir(pq)2acac (B0.5 nm)/mSOAD (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al.
(b) ITO/MoO3 (3 nm)/mCP (30 nm)/mSOAD (20 nm)/Ir(pq)2acac (B0.5 nm)/
TPBi (40 nm)/LiF (1 nm)/Al.
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were carried out at room temperature and under ambient
conditions without any protective coatings.

3. Results and discussion

An mSOAD based acridine/sulfone derivative is designed and
synthesized by our group by combining a diphenylsulfone core
with bi-9,9-dimethyl-9,10-dihydroacridine substituted at the
3,30-positions, which is a blue fluorescent emitter with an
emission peak around B490 nm. The molecular structure, PL
spectra and absorption spectra of mSOAD and Ir(pq)2acac are
shown in Fig. 1. The synthetic route and other thermal, optical
and characterization data of mSOAD are described in another of
our papers.22 A large overlap between the PL of mSOAD and
absorption of Ir(pq)2acac could be observed, which indicates that
a highly efficient energy transfer from mSOAD to Ir(pq)2acac
could occur. The PL spectra of mSOAD and Ir(pq)2acac, which
have emission peaks around B490 nm and B600 nm, respec-
tively, also demonstrate that white light-emission could be
achieved by employing two complementary colors.

In order to confirm the carrier transport characteristics
of mSOAD and the location of the exciton recombination zone,
we design firstly the device structure as follows: ITO/MoO3

(3 nm)/mCP (30 nm)/Ir(pq)2acac (B0.5 nm)/mSOAD (20 nm)/
TPBi (40 nm)/LiF (1 nm)/Al and ITO/MoO3 (3 nm)/mCP (30 nm)/
mSOAD (20 nm)/Ir(pq)2acac (B0.5 nm)/TPBi (40 nm)/LiF
(1 nm)/Al. The m-bis(N-carbazolyl)benzene (mCP) and 1,3,5-
tris(N-phenyl-benzimidazol-2-yl)benzene (TPBi) are the hole and
electron transport layers, respectively. mSOAD and Ir(pq)2acac act
as blue and red emitters, respectively. The EL spectra of the two
devices are displayed in Fig. 2. Strong blue light-emission is
observed when Ir(pq)2acac is in front of the mSOAD layer, while
strong red light-emission from Ir(pq)2acac appears when it is at the
back of the mSOAD layer. The results suggest that the exciton
recombination zone is at the interface of mSOAD/TPBi. In the
meantime, strong recombination emission at the mSOAD/TPBi
interface could also confirm the good hole transport capability of
mSOAD. Because if mSOAD exhibits better electron transport
capability, the strong red light-emission of Ir(pq)2acac could be
observed when Ir(pq)2acac is in front of the mSOAD layer. The
ultra-thin red emitter is like a probe to indicate the recombination
zone at the interface of mSOAD/TPBi, which also confirms that the
hole transport capability is preferable to the electron transport
capability in the mSOAD material. Then we combine the ultra-thin
red emitter (B0.5 nm) and the mSOAD blue light-emitting layer to
construct a series of non-doped WOLEDs by tuning the location
and quantity of ultra-thin Ir(pq)2acac emitters in the devices.

Fig. 3 The EL spectra of Device A–Device D from the operation voltage 5 V to 9 V. (a) Device A. (b) Device B. (c) Device C. (d) Device D.
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Based on the good hole transport capability of mSOAD and
the exciton recombination zone at the interface of mSOAD/TPBi,
we insert firstly the single ultra-thin phosphorescent emitter into
the interface and the electron transport layer (ETL) of TPBi to
study the influence of ultra-thin emitter location on device
performance. The WOLEDs designed are based on the non-
doped device structure mentioned above: ITO/MoO3 (3 nm)/
mCP (30 nm)/mSOAD (20 nm)/TPBi (x nm)/Ir(pq)2acac
(B0.5 nm)/TPBi (40 � x nm)/LiF (1 nm)/Al. The x = 0, 2, 4
and 6, are denoted as Device A, Device B, Device C and Device D,
respectively. The key device structure parts are also shown in
Fig. 4a. The EL spectra of Device A–Device D under different
voltages are shown in Fig. 3. We can see that all the devices
achieve white light-emission with two emission peaks of
B470 nm from mSOAD and B600 nm from Ir(pq)2acac. More-
over, when the ultra-thin phosphorescent emitter shifts from
the interface of mSOAD/TPBi to the TPBi layer, the blue
intensity is enhanced gradually, which indicates the existence
of energy transfer from mSOAD to Ir(pq)2acac. The singlet and
triplet exciton energies of mSOAD (S1 = 2.92 eV, T1 = 2.9 eV) are
higher than the triplet exciton energies of TPBi (T1 = 2.74 eV)
and Ir(pq)2acac (T1 = 2.1 eV), which ensures the occurrence of
efficient energy transfer. The energy transfer efficiency decreases

because of the increased distance when the Ir(pq)2acac emitter
moves away from the mSOAD layer gradually, which results in
the enhancement of blue light-emitting intensity. But the color
stability is poor with the increase of voltage. The blue light-
emitting intensity decreases gradually with the increase of
voltage because of the invalid confinements of TPBi to holes
and excitons, which may induce the recombination zone shift
from the interface to the TPBi layer, and even produce the TPBi
excitons and then transfer to the phosphorescent emitter. So
more and more exciton energies are transferred to low energy
red emitters and result in the reduced blue emission intensity
with increasing voltage. Although the location of the ultra-thin
emitter in the TPBi layer could change the shape of the white
light-emitting spectra, the poor color stability with increasing
voltage should be improved further.

The EL efficiencies of Device A–Device D are shown in Fig. 4.
The maximum EQEs of the four devices are 16.8%, 20.1%,
16.9% and 15.5%, respectively. A very high EQE above 20% is
achieved with Device B; the corresponding current efficiency
and power efficiency reach 36.6 cd A�1 and 30.0 lm W�1,
respectively. The high efficiency could be attributed to the fact
that the 2 nm thin TPBi layer reduces the exciton concentration
to some degree and balances the blue and red light-emitting
intensity. While severe exciton concentration quenching may

Fig. 4 The EL efficiencies of Device A–Device D. (a) The EQE–current
density curves; inset shows the key device structure parts. (b) The current
efficiency–current density–power efficiency curves.

Fig. 5 The EL efficiencies of Device E–Device H. (a) The EQE–current
density curves; inset is the EML structures. (b) The current efficiency–
current density–power efficiency curves.
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happen when Ir(pq)2acac is inserted into the interface of
mSOAD/TPBi because of the formation of numerous excitons
and radiative transition at the interface.12,23 But the thicker
TPBi layer in Device C and Device D decreases the number of
excitons that could be transferred to Ir(pq)2acac, which leads to
low device efficiency. Therefore, the location of the ultra-thin
emitter would have a large influence on the device efficiency
and high efficiency could be realized by locating the ultra-thin
emitter in the 2 nm TPBi layer away from the mSOAD/TPBi
interface.

In order to prevent the exciton energy loss to the TPBi layer
and further study the influence of ultra-thin emitters on device
efficiency and white light-emitting spectra, we design another
series of non-doped device structures with different locations
and quantities of ultra-thin emitters as follows: ITO/MoO3

(3 nm)/mCP (30 nm)/EML/DPEPO (2 nm)/TPBi (40 nm)/LiF
(1 nm)/Al. The EML structures are shown in the inset of
Fig. 5a. Device E–Device F are designed to further study the
effect of single emitter location, while the influence of ultra-
thin emitter quantity on device performance is explored in
Device G–Device H. Bis(2-(diphenylphosphino)phenyl)ether
oxide (DPEPO) is applied to the exciton block layer to confine
excitons in the mSOAD layer due to the ultra-high singlet and
triplet exciton energy (S1 = 3.94 eV, T1 = 2.98 eV).24–26 The EL
efficiencies of Device E–Device H are shown in Fig. 5. Device E

(EQE: 15.4%) possesses a higher EQE than Device F (EQE:
13.1%), which demonstrates that higher efficiency could be
achieved when the single ultra-thin emitter is located at a
shorter distance to the mSOAD/DPEPO interface. The results
are analogous to Device B–Device D with ultra-thin emitters in
the TPBi layer. Device G–Device H realize higher efficiency,
especially power efficiency, showing a larger improvement
compared to Device E–Device F (Device G: 29.4 lm W�1, Device
H: 30.4 lm W�1 vs. Device E: 25.0 lm W�1, Device F: 21.6 lm W�1).
The improvement of power efficiency stems from the lower
turn-on voltage (B2.7 V vs. B3.3 V), shown in Fig. S1 and S2
(ESI†), which further results from the better carrier recombina-
tion properties because of the higher current density at the
same voltage shown in Fig. S2 (ESI†). The higher efficiency of
Device G–Device H than that of Device E–Device F, especially
the power efficiency, illustrates that more ultra-thin emitters
contribute to improve the energy transfer efficiency and recom-
bination efficiency. Device H with three ultra-thin phosphores-
cent emitters achieves the maximum current efficiency, power
efficiency and EQE of 31.9 cd A�1, 30.4 lm W�1 and 17.3%,
respectively. The sufficient energy transfer could be realized in
Device H due to the uniform distribution of the three emitters in
the mSOAD layer. The application of a small quantity of ultra-
thin emitters in a non-doped system helps in simplifying the
fabrication process and improves the repeatability compared to

Fig. 6 The EL spectra of Device E–Device H under various voltages. (a) Device E. (b) Device F. (c) Device G. (d) Device H.
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the host–guest doped system. Although the large quantity of
ultra-thin phosphorescent emitters (43) may improve the
efficiency further, in contrast it would increase the complexity
of the devices and also breach our original design for the non-
doped WOLEDs.

The EL spectra of Device E–Device H are shown in Fig. 6. In
contrast to the poor color stability of Device A–Device D with
ultra-thin emitters at the interface and the TPBi layer, all the
white light-emitting EL spectra of Device E–Device H exhibit
high color stability in a wide voltage range, which corresponds
to the brightness from B100 cd m�2 to 5000 cd m�2. The high
color stability could be explained by the existence of DPEPO
which blocks the exciton leakage to the TPBi layer and all the
excitons are well confined in the EML. When the single ultra-
thin emitter is inserted into the mSOAD layer, Device F has a
higher blue intensity than Device E, which demonstrates again
that the exciton recombination zone is nearby the mSOAD/
DPEPO interface. The farther distance to the interface results in
the stronger blue intensity due to the decrease of energy
transfer efficiency. However, for Device G–Device H with two
and three ultra-thin emitters, respectively, the more ultra-thin
emitters obtain the stronger red light-emitting intensity, which
demonstrates that the more efficient energy transfer from
mSOAD to Ir(pq)2acac could occur. The high color stability of
Device E–Device H indicates that the location and quantity of
ultra-thin emitters in the mSOAD layer have no large effect on
the spectral stability and the high color stability at enhanced
voltages is mainly derived from the efficient confinement to
excitons.

The EL performances of all the WOLEDs in this paper are
summarized in Table 1. Combining the efficiency and white
light-emitting spectra, Device H possesses the best perfor-
mance, with the high power efficiency of 30.4 lm W�1 and the
EQE of 17.4%. Besides, Device H also achieves the stable white
light-emitting spectra and the variation of CIE coordinates is
only (�0.008, �0.004) from 4 V to 8 V. We consider that the
high exciton energies of mCP and DPEPO contribute to confine
excitons in the EML and stabilize the light-emitting zone,27,28

which are the reasons for the excellent device performance.
To further clarify the light-emitting mechanism of the best

WOLEDs of Device H, the schematic diagram is plotted in
Fig. 7. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels of

mSOAD (HOMO: 5.76 eV, HOMO: 2.79 eV) are well confined
between mCP (HOMO: 6.1 eV, LUMO: 2.4 eV) and DPEPO
(HOMO: 6.8 eV, LUMO: 2.6 eV), which help to confine the
injected electrons and holes in the EML and achieve a high
recombination efficiency. Moreover, the singlet and triplet
exciton energies of mCP (S1 = 3.5 eV, T1 = 3.0 eV) and DPEPO
(S1 = 3.94 eV, T1 = 2.98 eV) are higher than that of mSOAD
(S1 = 2.92 eV, T1 = 2.9 eV), so all the singlet and triplet excitons
would also be confined in the EML, which results in high light-
emitting efficiency. Although the triplet exciton energy of TPBi is
lower than that of mSOAD as mentioned above, the introduction
of DPEPO prevents successfully the leakage of mSOAD excitons.
On the other hand, the HOMO and LUMO energy level and
triplet excitons energy of Ir(pq)2acac (HOMO: 5.2 eV, LUMO:
3.1 eV, T1 = 2.1 eV) are also well confined by mSOAD. Therefore,
the high energy excitons produced on mSOAD would be trans-
ferred partly to the phosphorescent emitter through the Förster
and Dexter process by controlling the quantity of ultra-thin
phosphorescent emitters. The direct radiative transition of
mSOAD singlet excitons and triplet excitons of Ir(pq)2acac, trans-
ferred from mSOAD, produces white light-emission. We consider
that carrier trapping may not exist due to the very few phosphor-
escent emitters and almost the same current density–voltage
curves of the devices with two and three ultra-thin phosphores-
cent emitters,29,30 which are shown in Fig. S2 (ESI†). Above all,
the sufficient energy transfer from mSOAD to Ir(pq)2acac and the
efficient confinement to carriers and excitons are responsible for
the stable spectra and high efficiency of Device H.

Table 1 Summary EL performances of all the WOLEDs in this paper

Zc,Max./Zp,Max./EQEMax.
a

[cd A�1/lm W�1/%]
Zc,1000/Zp1000/EQE1000

b

[cd A�1/lm W�1/%] EQEMax.–EQE1000
c [%] CIE/CRI [7 V] DCIE coordinates

Device A 30.7/24.7/16.8 23.1/12.9/12.7 24 (0.522, 0.392)/67 (�0.076, �0.007)
Device B 36.6/30.0/20.1 27.9/15.6/15.2 24 (0.514, 0.392)/69 (�0.087, �0.008)
Device C 32.2/27.6/16.9 23.0/13.0/12.1 28 (0.467, 0.392)/76 (�0.085, �0.012)
Device D 31.2/25.5/15.5 19.5/10.6/9.7 37 (0.419, 0.393)/80 (�0.043, �0.014)
Device E 29.7/25.0/15.4 19.2/10.8/10.0 35 (0.429, 0.383)/78 (�0.026, �0.005)
Device F 26.3/21.6/13.1 15.1/7.5/7.5 42 (0.367, 0.393)/79 (�0.011, �0.008)
Device G 30.5/29.4/15.6 18.1/10.7/9.2 41 (0.404, 0.388)/79 (�0.009, �0.011)
Device H 31.9/30.4/17.3 21.1/12.9/11.5 33 (0.469, 0.382)/73 (�0.008, �0.004)

a Maximum current efficiency (Zc), power efficiency (Zp) and EQE. b Zc, Zp and EQE at 1000 cd m�2. c EQE roll-off ratio from maximum to 1000 cd m�2.

Fig. 7 The schematic diagram of white light-emitting mechanism in Device H.
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4. Conclusion

A simple method is adopted to construct highly efficient and
color stable non-doped WOLEDs. By modulating the location
and quantity of ultra-thin phosphorescent emitters, high current
efficiency, power efficiency and EQE of 31.9 cd A�1, 30.4 lm W�1

and 17.3% are achieved, respectively. Moreover, a high color
stability of (�0.008, �0.004) is also obtained simultaneously.
The high energy transfer efficiency and efficient confinement to
carrier and excitons are the main reasons for the excellent
performance. The influence of ultra-thin emitters with different
locations and quantities on device performance is also researched.
Moreover, the non-doped technology provides a simple and high
repeatability approach to construct highly efficient and color
stable WOLEDs.
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