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Phosphorescent white organic light-emitting devices with
color stability and low efficiency decay by using wide band-
gap interlayer
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High-performance phosphorescent white organic light-emitting devices (PhWOLEDs) with color stability and low effi-
ciency decay are demonstrated by inserting wide band-gap materials between emitting layers. The two devices with N,N’-
dicarbazolyl-3,5-benzene (mCP) and p-bis(triphenylsilyl)benzene (UGH2) as the interlayer exhibit both slight Commission
Internationale del’Eclairage (CIE) coordinates variations of (± 0.010, ± 0.005) and (± 0.013, ± 0.006) in a wide voltage range,
and low decay in current efficiency which shifts from the peak value 35.4 cd A-1 and 27.4 cd A-1 to 28.8 cd A-1 and
23.5 cd A-1 at 40000 cd m-2, respectively. The improvements are attributed to the charge carriers balance and  the
elimination of energy transfer loss by confining the carrier accumulation at the exciton formation interface through the
interlayer.
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The development of white organic light-emitting devices
(WOLEDs) is of central importance in scientific and indus-
trial area spanning from full-color flat panel display and solid-
state lighting[1]. White light emission can be obtained from
phosphorescent, fluorescent, or hybrid phosphorescent-fluo-
rescent materials[2-4]. Phosphorescent WOLEDs (PhWO-
LEDs) stand out because their internal quantum efficiency
(IQE) is possibile to achieve up to 100 %. However, the prob-
lems in this architecture remain, such as the undesired color-
shift over the entire process associated with the short opera-
tional lifetime of blue phosphor and the significant efficiency
decay at high brightness due to the strong triplet-triplet an-
nihilation or triplet-charge annihilation[5-7]. Accordingly, a lot
of endeavors have been made to solve these issues, such as
designing an exciton-confining structure[8], broadening the
exciton formation zone[9], pin junction[10] architectures and
manipulating singlet and triplet excitons within bipolar host[11].
However, we note that these methods need some compli-
cated fabrication processes, which limits their further practi-
cal applications. In general, highly efficient WOLEDs with
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high color stability and low efficiency decay based on a sim-
pler structure seem to be more promising.

Herein, we demonstrate PhWOLEDs with color stability
and low efficiency decay by simply inserting wide band-gap
interlayer between the blue and yellow emitting layers. The
interlayers are the nominal wide gap hole-transporting mate-
rial of N,N’-dicarbazolyl-3,5-benzene (mCP) and electron-
transporting  material of p-bis(triphenylsilyl)benzene (UGH2).
With the analysis of device characteristics, the influence of
the interlayer on the dynamics of charge carriers and triplet
excitons is investigated.

PhWOLEDs in this paper have the structure as shown in
Fig.1, which is ITO (150 nm)/1,1-bis[(di-4-tolylamino)phenyl]
cyclohexane (TAPC) (30 nm)/mCP: 8 % iridium (III) bis (4,6-
(di-fluorophenyl)-pyridinato-N,C2') picolinate (Firpic) (20 nm)/
interlayer (x nm)/4,7-diphenyl-1,10-phenanthroline (BPhen):
6 % [2-(4-tertbutylphenyl) benzothiazolato-N,C2'] iridium
(acetylacetonate) [(t-bt)2Ir(acac)] (15 nm)/BPhen (40 nm)/Mg:
Ag (10:1, 200 nm). The devices are marked by A (without
interlayer), B (interlayer stands for mCP, x= 3 nm) and C
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(interlayer stands for UGH2, x= 0.2 nm), respectively. The
mCP host doped with 8 % Firpic and the BPhen host doped
with 6 % (t-bt)2Ir(acac) are blue and yellow phosphorescent
emitting layers (EMLs), respectively. TAPC and BPhen were
used as hole transporting layer (HTL) and electron trans-
porting layer (ETL), respectively. The novel phosphorescent
material (t-bt)2Ir(acac) was synthesized by our laboratory[12].
The characteristics of current-voltage-luminance (J-V-L) and
electro-luminance (EL) spectra were measured with KEITHL-
EY-4200 semiconductor characterization system and an OPT-
2000 spectrophotometer. All the measurements were per-
formed at room temperature in ambient circumstances.

Fig.2 summarizes the comparison of EL spectra among
the PhWOLEDs. We can see that a major peak located at 470
nm and a shoulder peak at 494 nm are ascribed to Firpic
emission, and a major peak located at 560 nm and a shoulder
peak at 596 nm come from (t-bt)2Ir(acac). Generally, for the
devices with two or more emitters, sequential energy transfer
from the dopant with short wavelength to the dopant with
long wavelength always dominates the emission mechanism,
which exhibits weaker EL intensity in the short wavelength
emission[13]. It is interesting to reveal the color shift of device
A (without interlayer), which shows an obvious decrease in
the yellow emission compared with the strong blue emission
when the voltage is increased. Stable white emission is ob-

Fig.2 Normalized EL intensities of devices at the voltage
varying from 5 V to 13 V

Fig.1 Structure of the prepared PhWOLEDs

tained in both device B (with 3 nm mCP interlayer) and device
C (with 0.2 nm UGH2 interlayer). When the voltage is in-
creased from 5 V to 13 V, the Commission Internationale
del’Eclairage (CIE) coordinates shift from (0.373, 0.416) to
(0.363, 0.411) with variations of (± 0.01, ± 0.005) for device B,
and from (0.357, 0.410) to (0.344, 0.417) with variations of
(± 0.013, ± 0.006) for device C, which are comparable to or
even smaller than those of the high-performance single-EML
or multi-EML WOLEDs reported before[14,15].

As shown in Fig.3, the current efficiency (CE) and power
efficiency (PE) of device A are relatively high at low brightness,
but they drop rapidly to the lowest values among the three
devices at high brightness, which exhibits the highest effi-
ciency decay. For example, the CE of device A drops sharply
from the maximum of 31.7 cd A-1 to 14.2 cd A-1 at 40000
cd m-2, exhibiting decay in CE of 55% (calculated from the
maximum to the value at 40000 cd m-2). The peak CE val-
ues of device B and device C are 35.4 cd A-1 and 27.4
cd A-1, which slightly shift to 28.8 cd A-1 and 23.5 cd
A-1 at 40000 cd m-2, with the decays of only 18 % and 14 %.
These results demonstrate that the introduction of interlayer
definitely improves device performance, which will be dis-
cussed as follows.



CHEN et al. Optoelectron. Lett.  Vol.9  No.1 

Fig.3 Current and power efficiencies of the PhWOLEDs

Fig.4 shows the external quantum efficiency (EQE) of the
three devices and a blue (mCP: 8 % Firpic) OLED. Inset is
the energy level diagram which is extracted from Refs.[12-
16]. According to the energy level diagram, when there is no
interlayer between the emitting layers, as the lowest unoccu-
pied molecular orbital (LUMO) level difference between
Bphen and Firpic (0 eV) is lower than that between Bphen
and mCP (0.6 eV), most of the electrons can be resonantly
transferred from Bphen to Firpic[16]. It has been demonstrated
that the primary emission mechanism of mCP: Firpic host-
guest system is energy transfer process[17], which indicates
that energy-transfer process combining with direct exciton
formation contributes to Firpic emission in our configuration.
In addition, because of the dominant hole and electron trans-
port characteristics of mCP[18] and Bphen[19], respectively, it
can be assumed that the recombination zone is located in a
narrow region near the blue emitting layer (B-EML)/yellow
emitting layer (Y-EML) interface. Due to the hole blocking
property of Bphen host and the higher-lying highest occu-
pied molecular orbital (HOMO) (5.2 eV) of (t-bt)2Ir(acac)
compared with the HOMO (6.5 eV) of Bphen, deep hole trap
can be formed on (t-bt)2Ir(acac) dopant. Thus, the trapped
holes combined with the scattered electrons on (t-bt)2Ir(acac)

Fig.5 Fraction of trapped holes ( trap) as a function of ap-
plied voltage

YtrapBext )1(                                           ,                                                   (1)

where çB is the EQE of Firpic-doped device, çY is the quan-
tum efficiency originated from yellow emission, and ÷trap is
the fraction of all electrically excited excitons which are formed
directly on the (t-bt)2Ir(acac) sites. By fitting the spectra of
devices A C to the EL spectra of the two individual dopants,
we give the ratio of yellow and blue photon numbers (R
(P)yellow/blue) of our PhWOLEDs at various voltages, as shown
in the inset of Fig.5. Combining the performance characteris-
tics (çB) (Fig.4) of Firpic-doped blue device and R(P)

yellow/blue
,

we calculate a series of ÷trap of our PhWOLEDs with the volt-
age from the first term in Eq.(1). Fig.5 shows ÷trap plotted
versus voltage.

According to the emission mechanism of our deivces, it
can be seen that the change of spectra in emissive intensity
of (t-bt)2Ir(acac) with bias voltage should be related to how
many hole carriers are directly trapped by (t-bt)2Ir(acac) mol-
ecules at different electric fields. Obviously, ÷trap of device A
becomes smaller with increasing applied voltage, for example,
from 67 % at 5 V to 39 % at 11 V, which leads to the unbal-
anced hole-electron on (t-bt)2Ir(acac) and the less yellow emis-
sion compared with blue emission, consistent with the ex-
perimental results shown in Fig.2(a). It indicates that a lower

Fig.4 EQE values of the PhWOLEDs and blue (mCP: 8 %
Firpic) OLED

result in the formation of exciton and the emission from (t-bt)2

Ir(acac). Combining all the reasons, we conclude that the
main exciton formation zone of device A is located close to
the B-EML/Y-EML interface. It is rather possible that the
large number of excitons and polarons accumulated at this
interface can result in strong triplet-triplet annihilation (TTA)
and triplet-polaron annihilation (TPA)[20], leading to high ef-
ficiency decay of device A.

Given the distinct emission nature of each dopant in the
devices, the EQE (çext) of the PhWOLEDs can be simply de-
scribed by the following equation[15]
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electric field is more favorable for the hole-trapping effect on
(t-bt)2Ir(acac). The decrease of ÷trap on (t-bt)2Ir(acac) can be
explained by the enhanced electron mobility with increasing
applied voltages. As Firpic is a well-known electron-trans-
port triplet emitter[21], which means that more electrons could
arrive at the B-EML through the BPhen channel to combine
with the free holes, the amount of holes reaching the (t-bt)2Ir
(acac) dopant can be reduced. The overall result is the con-
tinuous shift of the recombination distribution away from
the main exciton formation zone towards the TAPC/B-EML
interface, which results in a decrease in yellow emission rela-
tive to the strong blue emission with increasing voltage.

Considering the emission changing trend and the energy
level offset among different materials, we suppose that con-
trolling the charge carrier transport and exciton distribution
by modifying the energy level alignment between the B-EML
and Y-EML is the most important point. Because mCP is a
good hole transporting material, and the LUMO offset (0.6
eV) between the mCP and BPhen can efficiently hinder the
electron transporting into the B-EML, we introduce a thin
mCP layer as the interlayer.

Device B with mCP interlayer exhibits an increasing trend
on ÷trap under high electric field, and the variation of ÷trap is
much smaller than that of device A. It suggests that the car-
rier distribution in the EMLs is controlled, and balanced hole-
electron is obtained through the interlayer. When the 3 nm
mCP is employed between the emitting layers, the large LUMO
level difference can effectively limit the electrons from travel-
ing to the B-EML, and then more electrons can be confined
on the Y-EML side to balance the hole-electron ratio and
increase the formation of excitons on (t-bt)2Ir(acac). At last,
the efficient exciton recombination results in a stabler and
stronger yellow emission. The balanced and stable white
emission obtained in device B suggests that the main exciton
formation zone has been broadened at both the B-EML/mCP
interface and mCP/Y-EML interface. The broadened exciton
recombination zone plays a role of suppressing the TTA ef-
fect due to the reduced exciton accumulation, leading to re-
duction of efficiency decay. Another probable reason for the
low efficiency decay is an effective suppression of TPA ef-
fect at the B-EML/mCP interface for the decreased amount of
electron polarons at this exciton formation zone[22]. However,
as there is no difference of HOMO offset between the B-
EML and the mCP interlayer, and the triplet energy of Firpic is
higher than that of BPhen[23], a large amount of excitons in B-
EML can facilely penetrate through the interlayer into the Y-
EML, which increases the chance of non-radiative recombi-
nation and energy transfer loss. To further suppress the non-
radiative recombination, we use a wider band-gap UGH2 as
the interlayer to control the exciton diffusion.

In device C, the thin UGH2 layer plays a role of blocking
hole trapped directly on (t-bt)2Ir(acac), since the HOMO level
of UGH2 is much higher (1.1 eV) than that of mCP. But there
is no influence on electron transport for the small LUMO
level offset introduced by UGH2. Arguably, the higher in-
jection barrier introduced by UGH2 can account for the dif-
ference in device performance. Given the large hole injec-
tion barrier, we introduce a much thinner UGH2 interlayer
compared with mCP interlayer to guarantee hole carriers to
arrive at the Y-EML. The EL spectra and the calculated ÷trap

of device C indicate that efficient excitons are formed on (t-
bt)2Ir(acac). The hole injection barrier introduced by UGH2
can decrease the hole accumulation on (t-bt)2Ir(acac) which
can help to balance electron-hole ratio and reduce the accu-
mulation of hole polaron in the Y-EML at low voltage. Cons-
equently, exciton quenching by hole polaron is suppressed,
and the decrease of the yellow emission is prevented, which
leads to stable white emission. On the other hand, electrons
reaching the B-EML can be increased with increasing voltage.
It is an effective way to increase the exciton formation and
reduce the accumulation of polarons at the B-YEL/UGH2 in-
terface by smartly increasing the amount of holes at this
interface. Thus, the suppressed TPA effect is responsible for
the reduced efficiency decay of device C. In addition, due to
the large energy barrier (1.1 eV) between the B-EML and the
much higher triplet energy level of UGH2 (3.5 eV), the exciton
diffusion is well limited, and energy transfer loss is prevented,
which results in a lower efficiency decay (around 14 %) com-
pared with that of device B (around 18 %).

In summary, we fabricate two color-stable and low effi-
ciency decay PhWOLEDs with mCP and UGH2 as the
interlayer between the emitting layers, respectively. They
exhibit stable white emission with slight CIE coordinates varia-
tions of (± 0.01, ± 0.005) and (± 0.013, ± 0.006) in a wide
voltage range, respectively. The peak CE values of the two de-
vices are 35.4 cd A-1 and 27.4 cd A-1, which are slowly
decreased to 28.8 cd A-1 and 23.5 cd A-1 at 40000 cd m-2.
The work promotes a simple device configuration and an inge-
nious way to realize high-performance and color-stable WOLEDs.
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