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Organic light emitting devices �OLEDs� with a fluorescence-interlayer-phosphorescence emission
layer structure �FIP EML� has been proposed to solve the efficiency roll-off issue effectively.
Efficient green OLED based on FIP EML exhibiting only 26% roll-off in the luminance efficiency,
which is lower than the typical roll-off of 51% for conventional phosphorescent OLEDs with single
EML operated at 5–150 mA /cm2 range, has been demonstrated. Such enhancement should be
attributed to the improved carrier balance, the exciton redistribution in recombination zone, the
suppression of nonradiative exciton quenching processes, and the elimination of energy transfer loss
offered by the FIP EML structure. © 2009 American Institute of Physics. �doi:10.1063/1.3241079�

Highly efficient organic light emitting device �OLED�
has been studied extensively because it has great potential to
save energy for lighting applications by improving energy
efficiency for several times higher than that of conventional
incandescent and fluorescent lamps.1–3 With the development
of phosphorescent emitters, theoretically, OLED with 100%
internal quantum efficiency can be realized, and now various
device architectures have been proposed to demonstrate this
concept with peak external quantum efficiency around 20%
in experimental levels.4–7 However, device efficiency drops
rapidly from the peak value with increasing current, and thus
device has a much lower efficiency at high current, which is
called efficiency roll-off effect.8–10 Such inherent effect is
quite severe in phosphorescent OLEDs and detrimentally de-
grades the device working performance for practical applica-
tions particularly at high luminance.

Fundamental studies have indicated that the origin of
efficiency roll-off should mainly be attributed to the deterio-
ration of charge carrier balance and the increase of nonradi-
ative quenching processes including triplet-triplet annihila-
tion �TTA�, triplet-polaron annihilation �TPA�, and electric
field induced dissociation of excitons at high current
density.11–13 To solve the efficiency roll-off issue, several
measures can be taken: �i� the used phosphorescent emitter
should have a short decay lifetime and a small TTA rate,
which are more dependent on materials properties, �ii� device
architectures should be optimized to get carrier balance and
minimize charge accumulation in emission layer �EML�,2,6

and �iii� the generated excitons should be confined and man-
aged effectively by tailoring EML. In view of the above
considerations, it is very critical to engineer OLED structure
for reducing efficiency roll-off effect. Although some meth-
ods have been proposed presently, for instance, the adoption
of mixed host,13 doubled EML,8,9 using new electron trans-
port layer with high mobility,14 and the introduction of exci-
ton blocking layer,10 etc., further improvement and alterna-
tive strategies are desirable.

In this letter, we report an OLED architecture by doping
fluorescent- and phosphorescent-type emitters, respectively,
into two different hosts to form a fluorescence-interlayer-
phosphorescence structure �FIP� as EML. Green OLED with
FIP EML exhibits a much lower luminance efficiency roll-off
value of 26% compared with the value of 51% for conven-
tional phosphorescent OLED with single EML in the
5–150 mA /cm2 range. The mechanism of such improve-
ment will be discussed.

All devices were fabricated onto indium tin oxide �ITO�
coated glass substrates by thermal evaporation and the
processing steps can be found elsewhere.15 OLEDs
with FIP EML have a structure of ITO�120 nm�/
NPB�45 nm�/NPB: C545T�10 nm,x wt %� /CBP�10 nm� /
CBP:Ir�H-Cz-py�3�20 nm,7 wt %�/TPBi�40 nm�/LiF�1 nm�/
Al�100 nm�. The devices are named as FIP1 �x=0.5 wt %
C545T�, FIP2 �1 wt %�, FIP3 �1.5 wt %� and FIP4 �2 wt %�.
Here, NPB, C545T, CBP, Ir�H-Cz-py�3, and TPBi
are N,N�-diphenyl-N,N�-bis�1-naphthyl�-�1,1�-biphenyl�-
4 ,4�-diamine, 10–2-�benzothiazolyl�-2,3,6,7-tetrahydro-
1,1,7,7-tetramethyl-1H,5H,11H-�1� benzopyropyrano�6,7,-8-
ij�quinolizin-11-one, 4 ,4�-bis�9-carbazolyl�-1 ,1�-biphenyl,
fac-tris�2-�9-phenylcarbazolyl�-2-pyridyl�iridium, 1,3,5-
tris�N-phenylbenzimidazol-2-yl�benzene, respectively. The
synthesis of Ir�H-Cz-py�3 has been described in Ref. 16. Two
control devices �Control 1 and 2� with single EML of NPB
doped with 1.5 wt % C545T and CBP doped with 7 wt %
Ir�H-Cz-py�3, respectively, were also fabricated with a struc-
ture of ITO�120 nm�/NPB�45 nm�/EML�30 nm�/TPBi�40
nm�/LiF�1 nm�/Al�100 nm�. The characteristics of current-
voltage-luminance �J-V-L� and electroluminance �EL� spec-
tra were measured by a Keithley 2400 source, a calibrated Si
photodiode, and an Oriel spectrometer, and the absorption
and the photoluminescence �PL� spectra were recorded by
Hewlett-Packard 8452A and Spex Fluorolog-2 F111 spectro-
photometers, respectively.

From Fig. 1, the photophysical properties of
NPB:C545T and CBP:Ir�H-Cz-py�3 favor the energy trans-
fer in the host-guest systems.1 It can be seen that a large
overlap exists between the emission peak of NPB at 446 nm
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and the absorption band of C545T at 482 nm. Meanwhile, for
CBP:Ir�H-Cz-py�3 system, the metal-to-ligand charge trans-
fer bands �either singlet �1MLCT� at 390 nm or triplet
�3MLCT� at 426 nm� can be covered in the fluorescence
band between 350–500 nm of CBP. Therefore, such host-
guest combinations can facilitate energy transfer through
Forster- �S1,NPB-S1,C545T, S1,CBP-S1,Ir, and S1,CBP-T1,Ir� and
Dexter-type �T1,CBP-T1,Ir� interactions.

Figure 2 shows the J-V-L characteristics of all devices.
When the entire EML is doped with C545T in Control 1, the
luminance efficiency ��L� is quite low due to the initial limi-
tation of singlet exciton quantity, but it exhibits a very low
efficiency roll-off analogous to typical fluorescent-type
OLEDs over the whole range of applied current.17 For in-
stance, �L decreases only by about 15% between 5 and
150 mA /cm2. However, for phosphorescent OLED of Con-
trol 2, although it has a high peak �L of 18.5 cd/A at
1.22 mA /cm2, its �L drops rapidly with increasing J, and

51% of roll-off in �L can be observed over 5–150 mA /cm2,
which generally is attributed to the enhanced TTA process
induced by a large amount of excitons at high J.18

By introducing FIP EML structure in FIP 1–4, the peak
�L becomes lower at J�50 mA /cm2 and then higher at J
�50 mA /cm2 compared with the performance of Control 2,
Thus, the efficiency roll-off of FIP OLED improves signifi-
cantly with only 26% reduction within 5–150 mA /cm2

range which is comparable to that of Control 1 �fluorescent
OLED�. Interestingly, the device efficiency is not affected
severely and around three times higher than that of Control
1. We also verify this concept in red phosphorescent OLEDs
with similar FIP structure. The results show that an improve-
ment of more than 20% in the efficiency roll-off as compared
to that of the phosphorescent OLEDs with single EML.
When we increase the doping concentration of C545T from
0.5 to 2 wt %, FIP 1–4 have similar efficiency roll-off levels.
But their �L show two differences. First, the lower the dop-
ing concentration, the higher the peak �L; Second, at high J
�J�5 mA /cm2�, �L increases with doping level from 0.5 to
1.5 wt %, i.e., maximized at FIP 3, and then �L reduces
quickly in FIP 4 with 2% C545T. These results demonstrate
that the doping of C545T and formation of FIP EML struc-
ture definitely influence device performance which will be
discussed as follows.

According to the J-V curves in Fig. 2�b�, the carrier
transport ability of FIP 1–4 is better than that of Control 2
but lower than that of Control 1. Furthermore, an increasing
C545T doping level leads to the reduction of J at a fixed V.
In order to understand the mechanism, another group of
hole- and electron-only devices are fabricated to study the
function of C545T. They have structures of ITO/NPB�45
nm�/NPB�30 nm�/Au�10 nm�/Al�100 nm� and ITO/NPB�45
nm�/NPB:C545T�30 nm, 1.5 wt %�/Au�10 nm�/Al�100 nm�
for hole-only devices, and ITO/Al�20 nm�/NPB�45 nm�/
NPB�30 nm�/TPBi�40 nm�/LiF�1 nm�/Al�100 nm� and ITO/
Al�20 nm�/NPB�45 nm�/NPB:C545T�30 nm, 1.5 wt %�/
TPBi�40 nm�/LiF�1 nm�/Al�100 nm� for electron-only
devices. From Figs. 2�c� and 2�d�, we can see that both the
hole and electron currents are reduced upon doping C545T,
especially for the electron current. Therefore, C545T mol-
ecules serve as hole and electron traps simultaneously in FIP
1–4.

In further analyzing the results, the introduction of
C545T improves the balance of the electrons and holes in
CPB layer. Our results show that the blocking of hole carri-
ers by the introduction of C545 contributes to this improve-
ment and it is considered that holes should be the majority.19

Moreover, we know that TTA and TPA processes play a
dominant role at large exciton number, i.e., high J, to quench
the radiative emission of excitons. However, these two ef-
fects can be improved in FIP OLED. For TTA effect, FIP
EML can broaden the recombination zone inside the OLEDs
to reduce the density of generated triplet excitons that leads
to a reduced TTA behavior.

Concerning the exciton distribution, it is considered that
a large amount of excitons should be generated in CPB �as
the energy transfer between CBP and Ir�H-Cz-py�3 is effi-
cient and the EL emission from Ir�H-Cz-py�3 is strong� and
localize and decay near the interface of EML/electron trans-
port layer, as indicated by Arrow A in Fig. 3. As reported for
some typical OLEDs,10,20,21 the width of recombination zone

FIG. 1. �Color online� The absorption and photoluminescence spectra of
two guests and two hosts, respectively. Inset: the chemical structure of
Ir�H-Cz-py�3.

FIG. 2. �Color online� Luminance efficiency-current density �a� and current
density-voltage �b� characteristics of FIP and two control OLEDs; J-V
curves of hole-only device �c� with structures of ITO/NPB/NPB/Au/Al
�square� and ITO/NPB/NPB:C545T/Au/Al �triangle�, and electron-only de-
vices �d� with structures of ITO/NPB/NPB/TPBi/LiF/Al �square� and ITO/
NPB/NPB:C545T/TPBi/LiF/Al �triangle�.
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is �10 nm. However, some excitons could diffuse into the
neat CBP interlayer due to the small energy gap �0.15 eV�
between the triplet energies of CBP �2.56 eV� and
Ir�H-Cz-py�3 �2.41 eV�, as shown in Fig. 3. It is possible that
the excitons would mitigate into CBP:Ir�H-Cz-py�3 zone and
contribute to the emission finally because the diffusion
length of triplets can be as large as about 10 nm �Ref. 22� as
illustrated by the Arrow B in Fig. 3. Thus, the CBP interlayer
has dual functions. One is to help extend the distribution
zone of excitons to reduce TTA behavior. Another is to act as
a barrier layer to block the mitigated excitons and to allow
the excitons back to the CBP:Ir�H-Cz-py�3 region for light
emission from Ir�H-Cz-py�3. Without the CPB interlayer, ex-
citons can easily diffuse into NPB:C545T region which may
result in non-radiative recombination of excitons and reduc-
tion of �L. For TPA behavior, because the reduction of hole
transport mobility caused from C545T lowers the formation
of h+ polarons, the quantity of triplet-polaron pairs is small
which leads to a reduced TPA effect.

Furthermore, due to the carrier suppression role of
C545T �i.e., trap carriers in NPB:C545T region�, the number
of excitons created in FIP 1–4 at low J becomes slightly
smaller compared with that of Control 2, which results in a
lower peak �L, and such effect is more noticeable with in-
creasing C545T doping concentration. However, for �L at
high J, the effect of the carrier suppression role of C545T
becomes less important. In fact, a higher �L for FIP 1–4 was
obtained as compared to Control 2.

Finally, C545T shows light emission which can provide
evidence that electrons and holes are trapped in C545T. As
shown in Fig. 4, the emission of C545T in FIP 1–3 is not
obvious because the spectra is pretty similar to that of Con-
trol 2, i.e., the spectra of Ir�H-Cz-py�3. When the doping

concentration of C545T increases to 2 wt % in FIP 4, the
spectrum stretches to the long wavelength side, indicative of
the emission from C545T. The emission should come from
direct recombination of holes and electrons, as indicated by
Arrow C in Fig. 3, other than energy transfer from the exist-
ing triplet excitons due to the barrier of CBP layer.

In summary, we have developed an effective OLED ar-
chitecture with a FIP structure as EML by doping
fluorescent- and phosphorescent-type emitters respectively
into two different hosts, which can greatly help reduce effi-
ciency roll-off behavior. Green OLED based on this architec-
ture exhibiting a much lower luminance efficiency roll-off
value of 26% compared with 51% for conventional phospho-
rescent OLED with single EML in the 5–150 mA /cm2

range has been demonstrated. The reasons of the enhance-
ment have been described in detail. The scheme can be used
as an effective strategy to develop efficient OLED with re-
duced efficiency roll-off behavior.
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FIG. 3. �Color online� Energy level scheme of the FIP OLED, and three
arrows represent the possible paths of exciton movement in recombination
zone.

FIG. 4. �Color online� Electroluminescence spectra of the FIP OLEDs and
two control devices. Inset: image of FIP3 device driven at 8 V.
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