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White organic light-emitting diodes were fabricated by using a novel phosphorescence bis(1,2-dipheny11H-benzoimidazole)iridium(acetylacetonate)[(pbi)2 Ir(acac)] as sensitizer and a fluorescent dye of 4(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) codoped into a carbazole polymer of poly(N-vinylcarbazole) (PVK). Through characterizing the UV-Vis absorption spectra,
the photoluminescence spectra of (pbi)2 Ir(acac) and DCJTB, and the electroluminescence spectral properties of the WOLEDs, the energy transfer mechanisms of the codoped polymer system were deduced. The
results demonstrate that the luminescent spectra with different intensity of (pbi)2 Ir(acac) and DCJTB were
co-existent in the EL spectra of the blended system, which is ascribed to an incomplete energy transfer
process in the EL process. The efficient Förster and Dexter energy transfer between the host and the guests
enabled a strong yellow emission from (pbi)2 Ir(acac) and DCJTB, where (pbi)2 Ir(acac) plays an important
role as a phosphorescent sensitizer for DCJTB. With the blue emitting-layer of N,N’-diphenyl-N,N’-bis(1naphthyl)(1,1’-biphenyl)-4,4’-diamine, the codoped system device achieved white emission. The codoped
system showed that its Commissions Internationale de 1’Eclairage coordinates were more independent of the
variation of bias voltage than those of phosphorescent doped PVK systems.
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or ink-jet printing [19,20]. However, there is little research about phosphorescent sensitizer doped into polymers for white OLEDs so far [21,22].
In this work, using a novel green phosphorescent sensitizer of bis(1,2-dipheny1-1H-benzoimidazole)iridium
(acetylacetonate) [(pbi)2 Ir(acac)] and a red fluorescent dye of 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7tetra- methyljulolidyl-9-enyl)-4H-pyran (DCJTB) as
guest materials, and poly(N-vinylcarbazole) (PVK) as
a host, the WOLEDs were fabricated. Herein PVK was
chosen as host due to its high energy blue-emissive singlet excited state and the absence of low energy triplet
state [23]. By systematically analyzing the photoluminescence (PL) and electroluminescence (EL) spectra of
the codoped device at different bias voltages, the energy
transfer mechanism from host to guests and spectral
characteristics of the devices can be discussed.

I. INTRODUCTION

White organic light-emitting diodes (WOLEDs) have
been under active investigation in both academic and
industrial fields due to their potential application in
back-lights, full-color flat panel displays, and solid state
lighting [1-6]. Since the discovery of highly efficient
electrophosphorescence, the understanding of the mechanism and optimization of WOLEDs based on them
has been of major interest [7-12]. However, phosphorescence in organic molecules is rare at room temperature; the alternative radiative process of fluorescence
is common [13-15]. Baldo et al. reported the concept
of “phosphorescent sensitizer” for improvement of the
emission efficiency fluorescent dyes in small-moleculebased organic light-emitting diodes (OLEDs) [16]. It
has been demonstrated that the internal efficiency of
fluorescence can be as high as 100% by using a phosphorescent sensitizer to excite a fluorescent dye through
resonant energy transfer between triplet excitons in the
phosphor and singlets in the fluorescent dye [17,18].
Recently, most of WOLEDs based on the phosphorescent sensitizer used the small-molecule as the host.
WOLEDs based on a polymer have many manufacturing advantages over small-molecule electroluminescent
devices, such as the capability to form thin films using the low-cost techniques of spin-coating technique

II. EXPERIMENTS

The structure of WOLEDs is indium tin oxide (ITO)/
PVK:(pbi)2 Ir(acac)(5%):DCJTB(0.2%)/NPB(20 nm)/
bathocuproine(BCP)(20 nm)/tris(8-hydroxyquinolate)
-aluminum (Alq3 )(10 nm)/Mg:Ag (denoted as device
A). In order to compare the difference between the
PVK:(pbi)2 Ir(acac):DCJTB dual doping system and
PVK:(pbi)2 Ir(acac) single doping system, we also
fabricated a device with a structure of ITO/PVK:
(pbi)2 Ir(acac) (5%)/NPB (20 nm)/BCP (20 nm)/Alq3
(10 nm)/Mg:Ag (denoted as device B). The synthesis and characterizations of (pbi)2 Ir(acac) was reported
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FIG. 1 Molecular structures of organic materials and device architecture.

elsewhere [24]. PVK, DCJTB, NPB, BCP, and Alq3
were purchased from Sigma-Aldrich Co. and purified
by train sublimation twice before use except PVK. The
architecture of WOLEDs and molecular structures of
the materials used in this work are shown in Fig.1.
ITO-coated substrates with a sheet resistance of
∼10 Ω/¤ were ultrasonically cleaned with detergent
water, deionized water, ethanol, and acetone 10 min
each step, and then dried with nitrogen gas. Afterwards, they underwent oxygen plasma treatment for
5 min to enhance the work function of the ITO anode
[25]. The emitting layer of co-doped polymer matrix
was formed by spin coating from chloroform solution at
4000 r/min for 30 s. NPB, BCP, and Alq3 films were
subsequently deposited at a pressure of 0.01 mPa. The
metallic cathode was deposited at a pressure of 0.1 mPa.
The deposition rates were 1-2 Å/s for organic materials
and 11-13 Å/s for cathode, respectively. The deposition process was in situ monitored using a quartz crystal oscillator mounted close to substrate holder. Typical emissive area of the devices was 6 mm×6 mm.
The EL and PL spectral characteristics of the devices
were measured with an OPT-2000 spectrophotometer.
Ultraviolet-visible (UV-Vis) absorption was measured
with PharmaSpec UV-1700 apparatus (Shimazu). All
the measurements were performed at room temperature
in ambient circumstances.

III. RESULTS AND DISCUSSION

The UV-Vis absorption and PL spectra of
(pbi)2 Ir(acac) and DCJTB thin film, and PL spectra of
PVK host are shown in Fig.2. When measuring the PL
spectra, the wavelength of the excited light is 365 nm.
DOI:10.1088/1674-0068/21/06/510-514

FIG. 2 UV-Vis absorption and PL spectra of (pbi)2 Ir(acac)
and DCJTB dopant, and PL spectra of PVK host.

(pbi)2 Ir(acac) phosphor is a kind of benzimidazole
derivative, so the absorption peak at ∼300 nm is part of
benzimidazole π→π ∗ transition in the ligand complex.
Metal-ligand charge transfer (MLCT) transition can be
observed in the absorption spectra of (pbi)2 Ir(acac) in
the long-wavelength region due to the transition from
ground state to triplet MLCT excited state [24]. Also
there is a good overlap between the PL spectra of PVK
and the triplet MLCT absorption of (pbi)2 Ir(acac).
Therefore, fast intersystem crossing (ISC) to the triplet
state of iridium complex and subsequent emission from
this state is built-in feature [23]. Also, we can see
that the spectral overlap between the phosphorescent
emission band (529 nm) of triplet MLCT states in
(pbi)2 Ir(acac) and the absorption band of DCJTB
is very large. Therefore, we can predict that there
should be efficient energy transfer between PVK host
to (pbi)2 Ir(acac) molecules and the (pbi)2 Ir(acac)
c
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FIG. 3 Schematic energy-level alignment and proposed energy transfer mechanism and light-emission processes in the
WOLEDs. The single-excited states (S1 ), triplet-excited
states (T1 ), and single-ground states (S0 ).

molecules to DCJTB accordingly. Furthermore, the
small spectral overlap between the fluorescence band
of PVK and the absorption band of DCJTB suggests
that the Förster transfer from the single-excited states
in PVK to DCJTB weakly occur.
Figure 3 shows the schematic energy-level alignment
of single-excited states (S1 ), triplet-excited states (T1 ),
and single-ground states (S0 ) energy diagram and proposed energy transfer mechanism and light-emitting
processes in the WOLEDs. It can be inferred that after
the injection of electrons and holes from two opposite
electrodes, excitons form in the host material of PVK
with a ratio of 25% singlet to 75% triplet. Then, the
singlet excitons and triplet excitons are transferred to
the S1 and T1 in (pbi)2 Ir(acac) molecules by a combination of Förster and Dexter processes along with carrier
trapping [22]. In (pbi)2 Ir(acac) molecule, the singlet
excitons transfer to the triplet states via ISC process.
With the presence of red fluorescent DCJTB dopant,
the triplet exciton in (pbi)2 Ir(acac) can transfer to the
singlet exciton in DCJTB through Förster transfer by
dipole-dipole coupling. Then, the singlets of DCJTB
decay radiatively and give out of light. With the blue
emitting-layer of NPB, the co-doped device can yield
white emission. From the above analysis, it can be inferred that the white light-emitting process may be as:
S1 (PVK) → S1 [(pbi)2 Ir(acac)] → T1 [(pbi)2 Ir(acac)]
→ S0 [(pbi)2 Ir(acac)] → 529 nm
T1 (PVK) → T1 [(pbi)2 Ir(acac)] → S1 (DCJTB)
→ S0 (DCJTB) → 606 nm
S1 (PVK) → S1 (DCJTB) → S0 (DCJTB) → 606 nm
S1 (NPB) → S0 (NPB) → 442 nm
To investigate energy transfer mechanism of this
polymer codoped system further, the normalized PL
and EL spectra of the devices at a bias voltage of 20 V
are shown in Fig.4. Firstly, we can see that there are
DOI:10.1088/1674-0068/21/06/510-514

FIG. 4 (a) The PL and EL spectra of devices A and B. (b)
The magnification of the PL spectra of devices A and B.

two components in the PL profiles of blends A and B.
One is centered at 413 nm ascribed to the light emission
of PVK host, and the other is at 529 nm with a shoulder
peak at 550 nm corresponding to MLCT triplet emission
of (pbi)2 Ir(acac) dopant in PVK:(pbi)2 Ir(acac) blending system. However, compared to the device using
phosphorescent sensitizer, which was doped by fluorescent DCJTB dye, a minor peak at 413 nm originating
from PVK host disappears in the PL spectra of device
A (Fig.4(b)). There is a minor peak at 529 nm from the
MLCT triplet emission of (pbi)2 Ir(acac) molecule, and
the other is at 604 nm corresponding to DCJTB dopant
in PVK:(pbi)2 Ir(acac):DCJTB blending system.
Secondly, in the EL spectra of the devices, there is
no PVK emission in the polymer doped system in devices A and B. It can be inferred that energy transfer from PVK to (pbi)2 Ir(acac) is thorough. Device
A emits white light with broad EL spectra ranging
from 400 nm to 700 nm. In addition, the EL spectra exhibit two primary peaks at 442 and 570 nm and
a minor peak at 529 nm. The EL spectra of device
B without DCJTB doping shows two primary emission peaks maxima at 442 and 529 nm. According
to the spectral characteristics of these materials discussed above, the minor peak at 529 nm is attributed to
the residual phosphorescent emission of (pbi)2 Ir(acac)
and the primary peak at 570 nm is due to the phosphor sensitized fluorescent emission of DCJTB. Here,
we can determine that the emission peak at 442 nm
comes from NPB. This difference may be explained
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as follows: in PLEDs (polymer light-emitting diodes)
made of PVK:(pbi)2 Ir(acac), the injected holes and
electrons can recombine either on the main chain of
PVK to produce blue emission, or then can be trapped
by (pbi)2 Ir(acac) with an emission of green light from
the triplet of (pbi)2 Ir(acac). In WOLEDs consisting of
PVK:(pbi)2 Ir(acac):DCJTB blends, the injected holes
and electrons recombine by two processes, i.e., direct
energy transfer from main chain PVK to (pbi)2 Ir(acac)
or electron and hole directly trapped on (pbi)2 Ir(acac)
molecules to produce green emission, and parallel energy transfer from (pbi)2 Ir(acac) phosphorescent sensitizer to DCJTB fluorescent dye for red light emission.
Thirdly, there is a significant difference in the relative emission intensity of the polymer doped devices
between PL and EL spectra. As shown in Fig.4, the EL
spectra of device A consists of contributions from three
emitting centers of NPB, (pbi)2 Ir(acac), and DCJTB,
which are quite different from the PL characteristics.
The (pbi)2 Ir(acac) contribution has been increased in
the EL spectra compared to the PL spectra. The
mechanism for exciton formation and emission in the
WOLEDs can be deduced from this observation, i.e. exciton formation in PVK, partial PVK-to-dopant energy
transfer, and direct exciton formation at the dopant
are cooperative in EL as well as in PL process. However, for PL excitation, not only PVK but also the
dopants of ((pbi)2 Ir(acac) and DCJTB) can be directly
excited at 365 nm as all the components have significant absorption in this wavelength region. On the other
hand, comparison of the EL spectra with the corresponding PL spectra reveals that the EL contribution
of (pbi)2 Ir(acac) units is larger than that of PL. This
is due to the charge-trapping effect of (pbi)2 Ir(acac) in
EL process [26].
The emission spectra obtained from devices A and
B at different applied voltages from 15 V to 23 V are
shown in Fig.5. It can be inferred that the different
applied voltages of the codoped devices also affect the
spectra of emissive light. In device A, the DCJTB emission peak at 570 nm increases relatively more than NPB
emission at 442 nm with the increased bias voltage, and
the device achieved a white light at different bias voltages as shown in Fig.6. In contrast, in device B, the
NPB emission peak at 442 nm decreases less than the
(pbi)2 Ir(acac) emission with the enhanced bias voltage.
As a result, the emissive color (shown in Fig.6) changed
from yellowish white to yellow emission when bias voltage increased.
According to the Fowler-Nordheim tunneling model
[27], the relationship between electric field and the tunneling probability of electrons RateT can be expressed
as:
µ
¶
π 2 Eg p
RateT ∝ E exp −
2mEg
(1)
h qE
where E is electric field intensity, Eg is bandgap between the highest occupied molecular orbital (HOMO)
DOI:10.1088/1674-0068/21/06/510-514
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FIG. 5 EL spectra of the device A (a) and B (b) at different
bias voltages.

FIG. 6 The CIE (1931) chromaticity diagram with coordinates of devices A and B at various driving voltages from
15 V to 23 V.

and lowest unoccupied molecular orbital (LUMO), m
is effective electron mass, and q is electronic charge.
As is well known, with the increasing of bias voltage,
the electric field intensity of the devices will increase
abruptly. From Eq.(1), we can deduce that RateT is
directly proportional to E. Therefore, this indicates
that it is much easier for electrons to tunnel into the
codoped system in a high electric field. This leads to
more efficient direct exciton formation (carrier recombination) on dopant molecules in EL process due to there
being more balance between hole and electron charge
carriers with gradually increased bias voltage.
Figure 6 shows the CIE (1931) chromaticity diagram,
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with coordinates corresponding to light emission from
the polymer doped system devices; data points are
shown for both devices A and B biased at different applied voltages. For device B, the CIE coordinates shift
from (0.32, 0.36) to (0.36, 0.45), corresponding yellowish white to yellow color. For device A, the CIE coordinates shift from (0.31, 0.29) to (0.34, 0.33), which are
very close to the CIE coordinates for pure white light
at (0.333, 0.333). The stability of the CIE coordinates
as a function of applied voltage of WOLEDs is much
higher than those for the case of no fluorescent dye in
the polymer doped system device. This provides us an
effective way to stabilize the WOLEDs’ color purity.
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IV. CONCLUSION

In summary, we fabricated phosphorescent WOLEDs
using (pbi)2 Ir(acac) phosphorescent sensitizer and a
fluorescent dye DCJTB doped PVK system as emitting layer. The characteristics of these copolymer devices indicate that the EL spectra consists of different
intensities of (pbi)2 Ir(acac) and DCJTB dopant light
emission, and (pbi)2 Ir(acac) acts as not only an acceptor but also a donor in the incomplete energy transfer process between PVK and DCJTB. It also showed
that the introduction of a phosphorescent sensitizer of
(pbi)2 Ir(acac) can efficiently stabilize the CIE coordinates as well as EL spectra. More importantly, energy transfer in organometallic doped polymeric system is important for material design and device process
to achieve high performance phosphorescent WOLEDs.
Further investigation of white-emitting polymers based
on phosphorescence is still in progress.
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