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tability of complementary WOLED
with symmetrical doped phosphors in single host:
experimental verification and mechanism analysis

Kexiang Wang,ac Zhixiang Gao,b Yanqin Miao, *ac Long Gao,ac Bo Zhao,ac

Huixia Xu, ac Zhongqiang Wang, ac Hua Wangac and Bingshe Xuac

In this work, by symmetrically doping blue and orange phosphors in a single host, a complementary all-

phosphor white organic light-emitting diode (WOLED) was demonstrated. Compared with the reference

white device with blue-orange sequential cascade dopants in a single host, the proposed WOLED with

(blue-orange-blue) symmetrical arranged dopants shows an improved spectra stability with a change in

Commission Internationale de L'Eclairage (CIE) coordinates of less than (�0.020, �0.010) as the driving

voltage increases from 4 V to 9 V, corresponding to the luminance increasing from 100 cd m�2 to about

15 000 cd m�2. The improvement of color stability should be ascribed to the symmetric dopants in the

multi-doped single host being able to effectively offset the spectral change caused by the shift of carrier

recombination zone with the increase of driving voltage. This is confirmed by systematic probe devices,

where the shift of carrier recombination zone was observed to give a more detailed analysis.
1 Introduction

White organic light-emitting diodes (WOLEDs) have drawn
great attention for their potential applications in solid-state
lighting and at-panel display elds.1–6 Since both uorescent
and phosphorescent materials are used to fabricateWOLEDs, to
date, various congurations have been proposed to improve the
device performance.7,8 Among these approaches, all phosphor-
doped WOLED technology was demonstrated to be the most
effective method because phosphors can harvest both singlet
and triplet excitons and realize a theoretical internal quantum
efficiency of 100%.9–13 In terms of complexity and cost, the
single-host structure, i.e., using a large-band gap host doped
with two or more emissive dopants to generate white light,
suggests its great potential for mass production and commer-
cial reality in the future.14–16

During the past decades, many efficient single-host WOLEDs
have been developed, and the maximum external quantum
efficiency (EQE) have reached the theoretical limit of 20%.17

However, the more stable spectra, which is a crucial parameter
for the commercial applications of WOLEDs, still need to be
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further improved in single-host WOLEDs.18–20 For instance, Han
et al.18 reported a single phosphine oxide host for high-
efficiency complementary WOLED with extremely low oper-
ating voltage and reduced efficiency roll-off, but this white
device showed large Commission Internationale de L'Eclairage
(CIE) coordinates' variation with (0.45, 0.45) at 1482 cd m�2

shi to (0.42, 0.44) at about 10 000 cd m�2. Wang et al.19 re-
ported an efficient dual-emissive-layer WOLED with blue and
yellow phosphors doped in a single host, the resulting white
device showed a poor color stability with CIE coordinates'
variation above (�0.09, �0.04) from 4 V to 8 V. In short, the
voltage-dependent color shis exceeding a tolerable margin are
generally observed in these devices with multi-emission layers
structure in single host.

Until now, many reasons have been found to cause the poor
color stability for single-host WOLEDs.21 Among these reasons,
the shi of carrier recombination zone at different voltages is
widely considered to be one of the main factors.22–24 Since the
mobility of hole and electron in organic materials generally alters
with the change of applied electric eld in the devices, which
usually causes the shi of carrier recombination zone, leading to
a poor color stability for WOLEDs.25–27 Up to date, many efforts
have been made to overcome this problem.28–31 For example, the
interlayer is introduced between the adjacent emission layers to
suppress the variation of color by limiting carriers or excitons in
the individual emission zone.32 However, the introduction of the
interlayer frequently suppresses the power efficiency and
increases the complexity of mass production.33

In this paper, we successfully fabricated blue-orange
complementary all-phosphor WOLED without interlayer by
This journal is © The Royal Society of Chemistry 2017
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View Article Online
symmetrically doping two phosphors in single host (blue-
orange-blue) and found that the spectra stability of the
WOLED was greatly improved. Compared with the large CIE
coordinates' variation nearly above (�0.050, �0.010) of the
reference white device with blue-orange sequential cascade
dopants in single host, the proposed symmetrical doped white
device shows a more stable electroluminescence (EL) spectra
with CIE coordinates' variation less than (�0.020,�0.010) at the
same driving voltage range from 4 V to 9 V, corresponding to the
luminance increases from 100 cd m�2 to about 15 000 cd m�2.
Systematic probe devices were fabricated to detect the main
carrier recombination zone. Particularly, the shi of carrier
recombination zone was observed to give a more detailed
analysis. Furthermore, the resulting color stable WOLED also
shows a maximum current efficiency (CE), power efficiency (PE)
and EQE of 20.9 cd A�1, 16.8 lm W�1, and 12.2%, respectively.
2 Experimental

As shown in the top of Fig. 1, in this work, two types of white
device were mainly investigated, which are the white device with
sequential cascade dopants in single host and the white device
with symmetrical arranged dopants in single host, named as
W1 andW2, respectively. Detailed device structures were shown
in follows:

Device W1: ITO/MoO3 (3 nm)/NPB (30 nm)/TCTA (10 nm)/
CBP:Ir(pq)2acac 8 wt% (10 nm)/CBP:FIrpic 20 wt% (20 nm)/TPBi
(35 nm)/LiF (1 nm)/Al (100 nm).
Fig. 1 Top: Energy level diagrams and device configurations of W1 and
paper.

This journal is © The Royal Society of Chemistry 2017
Device W2: ITO/MoO3 (3 nm)/NPB (30 nm)/TCTA (10 nm)/
CBP:FIrpic 20 wt% (10 nm)/CBP:Ir(pq)2acac 8 wt% (10 nm)/
CBP:FIrpic 20 wt% (10 nm)/TPBi (35 nm)/LiF (1 nm)/Al (100
nm).

In these devices, N,N-bis(naphthalen-1-yl)-N,N-bis(phenyl)-
benzidine (NPB), 4,40,400-tri(9-carbazoyl)triphenylamine (TCTA)
and 1,3,5-tri(1-phenyl-1H-benzo[d]imidazol-2-yl)-phenyl (TPBi)
were used as the hole transporting layer (HTL), electron block-
ing layer (EBL) and electron transport layer (ETL), respectively;
4,40-bis(carbazol-9-yl)biphenyl (CBP) was used as a common
ambipolar host; bis(4,6-diuorophenyl-pyridine)(picolinate)iri-
dium(III) (Firpic) and bis(2-phenylquinolinato)-acetylacetonate
iridium(III) (Ir(pq)2acac) were selected as blue, orange phos-
phorescent emitters, respectively. Molybdenum trioxide (MoO3)
and lithium uoride (LiF) were used as hole inject layer (HIL)
and electron inject layer (EIL), respectively. The molecular
structure of the organic materials used in this paper were shown
in the bottom. All materials used for device fabrication were
obtained through commercial sources and used without further
purication.

All the devices were fabricated on the pre-patterned indium
tin oxide (ITO) glass substrate with sheet resistance of 10 U

,�1. ITO substrates were scrubbed and sonicated consecutively
with detergent water, deionized water, and acetone, dried in
drying cabinet, and then exposed to a UV-ozone environment
for 10 min. Aer these processes, the substrates were trans-
ferred into a vacuum chamber for sequential deposition of all
organic functional layers by thermal evaporation below
W2. Bottom: molecular structure of the organic materials used in this

RSC Adv., 2017, 7, 33782–33788 | 33783
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a vacuum of 5 � 10�4 Pa. The deposition rates for organic
materials, MoO3, LiF, and aluminum (Al) were about 1, 0.3, 0.1
and 5 Å s�1, respectively. The thickness and deposition rates of
the lms were controlled by a quartz thickness monitor. The
overlap between ITO anode and Al cathode is 3 mm � 3 mm, as
the active emissive area of the devices.

The current density–voltage–luminance (J–V–L) characteris-
tics of devices were measured by a computer-controlled BM-7A
luminance meter and a Keithley 2400 programmable voltage
current source. EL spectra and CIE coordinates of devices were
measured by a computer-controlled PR655 Spectra scan spec-
trometer. The organic lms for photoluminescence (PL) test
were deposited on the quartz substrate in the same way as the
devices, and the PL spectra of the lms were investigated by
a Fluoromax-4 luminescence spectrometer. The UV-Vis
absorption spectrum was recorded by a U-3900 spectropho-
tometer. All the measurements were carried out directly aer
fabrication without encapsulation in ambient atmosphere at
room temperature.
3 Results and discussion

Generally, due to the alteration of carrier recombination zone,
multi-doped single-host WOLEDs without interlayer show
unavoidable spectral variation at different driving voltages.19

This was further conrmed in our work.
Fig. 2 depicts the normalized EL spectra of the reference

device W1 at different driving voltages. Clearly, two intense
emission peaks at 470 nm and 600 nm were observed, which
were assigned to the emissions from FIrpic and Ir(pq)2acac,
respectively. In addition, it can be seen that the relative inten-
sity of blue emission decreases obviously as the driving voltage
increases from 4 V to 9 V (corresponding to luminance increases
from 100 cd m�2 to about 15 000 cd m�2), especially at high
driving voltages, i.e., 8 V and 9 V, leading to a poor color
stability. Meanwhile, the CIE coordinates of device W1 shi
from (0.424, 0.365) to (0.473, 0.376), showing large variation of
above (�0.050, �0.010). The drastically weakened blue emis-
sion should be attributed to less exciton recombination and
Fig. 2 The normalized EL spectra of device W1 at different driving
voltages.

33784 | RSC Adv., 2017, 7, 33782–33788
blue emission in FIrpic-doped area with the increase of driving
voltage, which may be caused by the change of main carrier
recombination zone in device W1. Detailed reasons were given
in the next discussion.

In order to explore the main carrier recombination zone and
further prove the shi of carrier recombination zone in device
W1, by incorporating an ultra-thin 4-(dicyanomethylene)-
2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran
(DCJTB) layer in the different positions of blue emitting layer
(EML), a series of probe devices were fabricated. Detailed
structures for probe devices are as follows: ITO/MoO3 (3 nm)/
NPB (30 nm)/TCTA (10 nm)/CBP:FIrpic 20 wt% (30 � x nm)/
DCJTB (0.5 nm)/CBP:FIrpic 20 wt% (x nm)/TPBi (35 nm)/LiF
(1 nm)/Al (100 nm), where x was set as 0 nm, 5 nm, 10 nm,
15 nm, 20 nm, 25 nm, 30 nm, respectively. DCJTB is a typical
red uorescent emitter, possessing high uorescent quantum
yield.34 Here, it was used as a probe with it's emission intensity
in EL spectra represents the exciton density of different posi-
tions. Fig. 3 shows the normalized EL spectra of all probe
devices at a voltage of 7 V, and the inset is the simplied
structure diagram for probe devices. It can be seen that the EL
spectra for all probe devices contain two emission peaks
located at 470 nm and about 630 nm, which are typically
derived from the emissions of FIrpic and DCJTB, respectively.
Obviously, the probe device with x ¼ 0 nm, corresponding to
an ultra-thin DCJTB layer located at CBP/TPBi interface, shows
the strongest intensity of red emission. And with the increases
of x from 0, 5, 10, 15, 20, 25, to 30 along with the ultra-thin
DCJTB layer away from CBP/TPBi interface, the correspond-
ing probe devices exhibit gradually reduced the relative
intensity of red emission. This phenomenon proves the main
carrier recombination zone is located at the CBP/TPBi inter-
face at 7 V. And the exciton density decreases with the increase
of the distance to CBP/TPBi interface. In addition, with the
increase of x, the EL spectra for corresponding probe devices
display a blue-shi red emission peak. This is because that the
emission wavelength for DCJTB is closely related to its doping
concentration, which has been widely conrmed.35 Here, the
Fig. 3 The normalized EL spectra of all probe devices measured at 7 V,
and inset is the simple structure diagram of probe devices.

This journal is © The Royal Society of Chemistry 2017
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spectral shi of DCJTB should be attributed to the different
magnitudes of exciton density in different positions of EML
where the ultra-thin DCJTB layer was inserted.

Fig. 4 represents the normalized EL spectra of the probe
devices (x ¼ 0 nm, 10 nm, 20 nm, 30 nm) at different voltages
from 4 V to 9 V, and the inset is the amplifying EL spectra of red
wavelength at different driving voltages. From Fig. 4(a) and (b)
(devices with x ¼ 0 nm and 10 nm, where the ultra-thin DCJTB
layer is close to the side of cathode in EML), clearly, the emis-
sion wavelength of red light from DCJTB shows a slightly blue
shi along with the enhancement of blue emission intensity
with the increase of driving voltages. The change of EL spectra
clearly indicates the shi of carrier recombination zone. That is,
the main carrier recombination zone is located at CBP/TPBi
interface and the surrounding area near the CBP/TPBi inter-
face in EML, and will slightly move to the direction of anode
because electron mobility increases faster than hole mobility
with the increase of applied voltage due to the different electric
eld-dependent mobility for organic materials used in these
devices, leading to a decreased exciton density at CBP/TPBi
interface and the surrounding area in EML under high driving
voltages. With the ultra-thin DCJTB layer arranged in the EML
close to the TCTA/CBP interface, corresponding to the devices
with x ¼ 20 nm and 30 nm, as shown in Fig. 4(c) and (d), both
Fig. 4 The normalized EL spectra of probe devicesmeasured at different
the amplifying EL spectra of red wavelength at different driving voltages

This journal is © The Royal Society of Chemistry 2017
spectra show dominant blue emission. However, it is inter-
esting that with the applied voltage increases, the intensity of
red emission decreases at rst and then rise. It can be explained
as follows: DCJTB molecule usually shows a strong ability to
capture carriers followed by direct exciton formation and emit
red emission, especially at low voltages.36 And with the voltage
increases, the red emission based on this mechanism will be
weakened, resulting in a decreased intensity of red emission.
But, the enhancement of red emission at high voltages, i.e., 8 V
and 9 V, implies more excitons be used by DCJTB molecules,
which is a direct evidence to prove the shi of carrier recom-
bination zone at high driving voltages.

On the basis of the above discussion, a more detailed
explanation can be given about the poor color stability for
device W1. That is, the carrier recombination zone of W1 will
slightly shi to anode with the increase of driving voltage,
especially at high voltages, which will inevitably lead to
a reduction of exciton that be used in the FIrpic-doped zone. In
order to overcome this problem and further improve the spectra
stability, the white device W2 without additional interlayer was
successfully fabricated by symmetrically doping the blue and
orange phosphorescent dopants in single host. The normalized
EL spectra of device W2 at different driving voltages was shown
in Fig. 5(a). Compared with the device W1, the spectra stability
voltages, (a) x¼ 0 nm; (b) x¼ 10 nm; (c) x¼ 20 nm; (d) x¼ 30 nm. Inset:
.

RSC Adv., 2017, 7, 33782–33788 | 33785
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Fig. 5 (a) The normalized EL spectra of device W2 at different driving
voltages; (b) CE-L-PE characteristic for device W2, inset: J–V–L
characteristic for device W2; (c) EQE-L characteristic for device W2.

Fig. 6 The normalized absorption spectra of FIrpic and Ir(pq)2acac
(dissolved in tetrahydrofuran solvent) and the normalized PL spectra of
CBP, CBP:FIrpic (20 wt%) and CBP:Ir(pq)2acac (8 wt%) (in thin solid
films).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
28

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of device W2 is greatly improved, with CIE coordinates' varia-
tion less than (0.020, 0.010) as the driving voltage increases
from 4 V to 9 V, which corresponds to the luminance increases
from 100 cd m�2 to about 15 000 cd m�2. Notably, within the
luminance range of lighting or backlight applications, this
WOLED exhibits a negligible CIE coordinates' variation of
(�0.003, �0.000) from 1000 cd m�2 to 5000 cd m�2. The
enhanced spectra stability is mainly attributed to symmetrical
doped blue phosphorescent dopants in single host that can
effectively compensate for the loss of blue light caused by the
shi of carrier recombination zone, thus inducing almost
constant intensity of blue light.
33786 | RSC Adv., 2017, 7, 33782–33788
Fig. 5(b) and (c) show the CE-luminance-PE (CE-L-PE) char-
acteristic and EQE-luminance (EQE-L) characteristic of device
W2, and the inset of Fig. 5(b) is J–V–L characteristic. It can be
seen that the device W2 shows the maximum CE, PE and EQE of
20.9 cd A�1, 16.8 lm W�1 and 12.2%, respectively. All the device
efficiency tested in this work were only recorded in the forward
direction and without the use of outcoupling technology. Here,
it should be demonstrated that the efficiency of device W2 is
relatively low, which may be caused by CBP is not an ideal host
for FIrpic for its low triplet energy level (T1), and the more
efficient white device may be anticipated by selecting suitable
ambipolar hosts with higher T1.

In doped OLEDs, host–guest energy transfer and direct
charge trapping followed by an exciton formation on guest are
two main emission mechanisms.16,37 In order to clarify the
emission mechanism of proposed white device, rstly, the
absorption spectra of FIrpic and Ir(pq)2acac, and PL spectra of
CBP were investigated.

As shown in Fig. 6, a large spectra overlap between the PL
spectra of CBP and the absorption bands of FIrpic and
Ir(pq)2acac were observed, indicating that the host–guests
energy transfer process from CBP to FIrpic and Ir(pq)2acac
can effectively happen in device W2.38 In addition, from the
PL spectra of CBP:FIrpic (20 wt%) lm and CBP:Ir(pq)2acac
(8 wt%) lm, it can be seen that the emission from CBP is
completely quenched by FIrpic and Ir(pq)2acac, suggesting
an efficient energy transfer from host to the dopants under
such optimized doping concentrations. Therefore, there
should exist the host–guests energy transfer process for blue
and orange emissions in device W2. Besides, incomplete
energy transfer from FIrpic molecules to Ir(pq)2acac
molecules is inevitable since the former has a higher triplet
energy than the latter, and there is no interlayer between
them.29

Further, a series of single carrier devices were fabricated to
examine the possibility of trapping mechanism in the blue and
orange emitters. Detailed device structures are shown in
follows:
This journal is © The Royal Society of Chemistry 2017
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The hole-only devices: ITO/MoO3 (3 nm)/TCTA (10 nm)/CBP
or CBP:FIrpic (20 wt%) or CBP:Ir(pq)2acac (8 wt%) (40 nm)/
TCTA (10 nm)/Al (100 nm).

The electron-only devices: ITO/TPBi (10 nm)/CBP or
CBP:FIrpic (20 wt%) or CBP:Ir(pq)2acac (8 wt%) (40 nm)/TPBi
(10 nm)/LiF (1 nm)/Al (100 nm).

Fig. 7(a) and (b) depict the J–V characteristics of the single
carrier devices, where we can see that the doped FIrpic mole-
cules have a negligible impact on hole transport, but FIrpic
molecules can effectively trap electrons, meaning that the direct
carrier trapping should exist in the emission process of blue
light. Meanwhile, it can be seen that the doped Ir(pq)2acac
molecules can trap holes and electrons simultaneously,
demonstrating the direct carrier trapping also exists in the
emission process of orange light.39 Synthetically, as discussed
above, the emission processes of blue and orange dopants
should include both energy transfer and direct carrier trapping.

Actually, the charge trapping was reported to have a deterio-
rated effect on the color stability of WOLEDs.38,40 The reason are
as follows: in multi-doped WOLEDs, if the direct charge trap-
ping dominates the emission of emitters, especially for red
emitting materials with narrow energy gap, the spectra of cor-
responding WOLED is unstable since the narrow-energy gap
emitters can efficiently capture charges and emit at low volt-
ages, thus inducing a relative high emission intensity. As the
Fig. 7 (a) J–V characteristics of hole-only devices; (b) J–V charac-
teristics of electron-only devices.

This journal is © The Royal Society of Chemistry 2017
driving voltage increases, more carriers will be injected, and the
trapped sites will be lled followed by declined relative emis-
sion intensity. However, in our color stable WOLED, though the
effect of charge trapping exists, the main emission mechanisms
of two emitters are host–guest energy transfer which the
majority of excitons generated on CBP and then transferred to
blue/orange emitters. Thus, in this work, the charge trapping
has a negligible effect on the color stability. The resulting color
stable WOLED can be obtained via symmetrical arranged
dopants in single host as the above mentioned, which can
efficiently offset the spectra shi caused by the shi of carrier
recombination zone. This novel design concept further proves
the signicant potential of symmetric dopants in enhancing the
color stability of single-host WOLEDs.

4 Conclusions

In this work, by symmetrically doping the blue and orange
phosphorescent dopants in single host, the spectra stability of
a blue-orange complementary all-phosphor WOLED was devel-
oped successfully. The proposed white device exhibits extremely
improved color stability with CIE coordinates' variation less
than (�0.020, �0.010) at the driving voltage range from 4 V to
9 V, corresponding to the luminance increases from 100 cd m�2

to about 15 000 cd m�2. It is demonstrated that, with the
increase of driving voltage, symmetrical dopants in multi-doped
single host can effectively offsets the spectral change caused by
the shi of carrier recombination zone. Our work may provide
a simple method for realizing high color stability WOLEDs.
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