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Abstract

We report a high performance polymer electroluminescent device based on a bi-layer structure consisting of a hole

transporting layer (poly(vinylcarbazole)) and an electron transporting layer poly(9,9-bis(octyl)-¯uorene-2,7-diyl) (BOc-

PF) doped with platinum(II)-2,8,12,17-tetraethyl-3,7,13,18-tetramethylporphyrin (PtOX). The devices show red elec-

trophosphorescence with a peak emission at 656 nm and a full width at half maximum of 18 nm, consistent with

exclusive emission from the PtOX dopants. BOc-PF emission is not observed at any bias. The required doping levels for

these phosphorescence-based polymer light-emitting diodes (PLEDs) are signi®cantly lower than for other reported

phosphorescence-based PLEDs or organic light-emitting diodes (OLEDs). A doping level of 1% or more give an LED

with exclusive PtOX emission, whereas related PLEDs or OLEDs doped with phosphorescent dopants require doping

levels of >5% to achieve exclusive dye dopant emission. The device external e�ciency was enhanced from 1% to 2.3%

when doped with PtOX. The lower doping level in BOc-PF/PtOX based PLEDs decreases triplet±triplet annihilation in

these devices, leading to quantum e�ciency that is only weakly dependent on current density. The luminescence

transient decay time for this device is �500 ls. Ó 2000 Elsevier Science B.V. All rights reserved.

Since the ®rst successful demonstration of
polymer light emitting diodes (PLEDs) from a
conjugated polymer in 1990, PLEDs have at-
tracted worldwide attention as a candidate for the
next generation of emissive ¯at panel displays.
However, there are several disadvantages associ-
ated with conjugated polymers as the active ma-
terials for the emissive display. The emission
spectra from conjugated polymers are often too
broad for the application as a full color display,

since the resulting emission is typically not satu-
rated. Moreover, the majority of PLEDs reported
to date emits from a ¯uorescent transition, severely
limiting the quantum e�ciency. The quantum ef-
®ciency of a device emitting from a ¯uorescent
material is limited by the low theoretical ratio of
singlet excitons (25%) compared to triplet excitons
(75%) which are formed upon electron±hole re-
combination in the electroluminescent process
[1,2]. Experimental results con®rm this low singlet
to triplet exciton ratio [3]. Recently, highly e�cient
organic light emitting diodes (OLEDs) doped
with phosphorescent dyes have been demonstrated
[4±7]. By employing phosphorescent dyes in which
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both the singlet and the triplet states participate
the emission process, highly e�cient red and green
OLEDs have been achieved. By doping a platinum
(II) porphyrin into aluminum (III) tris(8-hy-
droxyquinolate) (Alq3), saturated red emission can
be achieved with Commission International de
LÕEclairage (CIE) chromaticity coordinates at
(0.69, 0.30) [7]. Two di�erent platinum porphyrin
complexes have been used to fabricate red phos-
phorescent OLEDs, i.e. platinum (II) 2,8,12,17-
tetraethyl-3,7,13,18-tetramethylporphyrin (PtOX)
and platinum octaethylporphyin (PtOEP). OLEDs
made with the two phosphors give nearly identical
spectra and device characteristics [7]. By choosing
an iridium complex, Ir(ppy)3 as the green elec-
trophosphorescent dopant, a peak quantum e�-
ciency greater than 8% has been achieved with CIE
chromaticity coordinates at (0.27, 0.63) [6].

The use of phosphorescent dopants has been
applied to PLEDs. However, to our knowledge,
PLEDs using phosphorescent dyes as the dopant
have not reached the high quantum e�ciencies
reported for the phosphorescence based OLEDs
[8,9]. The cause of the low quantum e�ciency for
those PLEDs is not known, however, it may be to
incompatibility of the dopant with the polymer
system. In this paper, we demonstrate a PLED
employing poly(9,9-bis(octyl)-¯uorene-2,7-diyl)
(BOc-PF) as the host material doped with PtOX.
The chemical structures of PtOX and BOc-PF are
shown in Scheme 1. These BOc-PF/PtOX based
PLEDs give good external quantum e�ciencies,
comparable to recently reported small molecule
based OLEDs using the same dopant but at a
much higher concentration [5].

In order to get dominant emission from a do-
pant in an organic thin ®lm the excitons formed by

hole±electron recombination in the matrix must
e�ciently be transferred to the dopant. Both
dipole±dipole (F�orster) and electron-exchange
(Dexter) energy transfer process require good
overlap between the host emission spectrum and
the dopant's absorption spectrum to be e�cient
[11]. Fig. 1 shows the absorption and photolumi-
nescence (PL) spectra of PtOX and BOc-PF. This
system shows a good spectral overlap between the
emission spectrum of BOc-PF and the Soret band
(kmax � 385 nm) and Q-bands (k � 500±575 nm) of
PtOX, suggesting that energy transfer from BOc-
PF to PtOX will be e�cient. Comparable spectral
overlap has not been reported for other Pt por-
phyrin doped PLEDs [8]. The e�ciency of energy
transfer from the host matrix to the dopant can be
examined by looking at the PL spectra of ®lms
with a range of dopant concentrations. An e�ceint
system will not require high dopant concentration
to give only dopant-based emission. The energy
transfer mechanism can involve either a F�orster or
Dexter process, but the F�orster transfer process is
expected to dominate, since photoexcitation gives
only singlet excitons. For these PL measurements,
thin ®lms of BOc-PF containing 0.1%, 1% and 5%
of PtOX were prepared. The corresponding PL
spectra are shown in Fig. 2. At a concentration of
0.1% PtOX, the energy transfer was not complete,
and the main PL was from BOc-PF. At a 1%
doping level, the energy transfer from BOc-PF to
PtOX was nearly complete. Residual BOc-PF
emission was observed on increasing the PtOXScheme 1.

Fig. 1. The emission spectrum of BOc-PF and PtOX.
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percentage further to 5%. This weak BOc-PF
emission was probably due to the fast ¯uorescent
transition within BOc-PF, and/or phase separation
between the BOc-PF and PtOX. When the doping
concentration of PtOX exceeded 1%, self-quench-
ing was observed, which is evident in the lower PL
e�ciencies for samples doped with 5% PtOX, as
shown in Fig. 2. The fact that nearly complete
quenching of BOc-PF emission is observed at a 1%
doping level shows that energy transfer from BOc-
PF to PtOX is also a very e�cient process. It
should be stressed, however, that PL measure-
ments do not address the e�ciency of triplet ex-
citon transfer from BOc-PF to PtOX. The energy
of the BOc-PF triplet is not known, so we cannot
a priori estimate the e�ciency of the triplet energy
transfer process. Assuming a normal Stokes shift
between the singlet and triplet energy levels [12] we
expect the BOc-PF triplet levels to line up rea-
sonably well with the PtOX Q-bands leading to
good Dexter energy transfer from BOc-PF to
PtOX.

OÕBrien et al. reported that the PL e�ciency of
PtOEP is higher in 4,40-dicarbazoyl-biphenyl
(CBP) than that in Alq3 [5]. Their conclusion was
based on the longer luminescent lifetime of PtOEP
doped in CBP (>90 ls) compared to PtOEP in
Alq3 (35 ls), indicative of more e�cient nonradi-
ative relaxation in Alq3. Emission from the CBP
exciton is blue, while the Alq3 exciton emits green
light. The energetic overlap of the excitonic states

of PtOEP overlap much more strongly with Alq3

than with CBP. The comparatively lower energetic
overlap of the PtOEP and CBP excitons leads to a
lower probability for exciplex formation and re-
verse energy transfer from PtOEP to the CBP host
matrix than for the Alq3 matrix. Since both exci-
plex formation and reverse energy transfer lead to
nonradiative quenching of the PtOEP exciton, one
would expect a higher luminance quantum e�-
ciency for PtOEP in CBP, as observed. Thus, we
expect that the highest electrophosphorescent e�-
ciency can be achieved by employing an e�cient
blue host polymer doped with platinum porphy-
rins such as BOc-PF. The measured luminescent
lifetime of PtOX doped at 1% in BOc-PF is 55 ls,
indicative of e�cient luminescence from PtOX.
Thus BOc-PF is an ideal candidate as the host
polymer for highly e�cient PLEDs with emission
from electrophosphorescent PtOX.

The PLEDs studied here were bilayer devices
consisting of a hole transporting layer of poly(vi-
nylcarbazole) (PVK) and an electron transporting
luminescent layer of BOc-PF, doped with PtOX.
Indium tin oxide (ITO) coated with a thin layer of
conducting polymer (PEDOT 3,4-polyethylenedi-
oxythiophene-polystyrenesulfonate) as a bilayer
electrode was used as an anode [10]. A PVK layer
was formed by spin-casting from a 1,2-dichloro-
benzene solution at 4000 rpm (ca. 200 �A). A layer
of BOc-PF doped with PtOX was deposited on top
of the PVK layer by spin-casting a toluene solu-
tion of BOc-PF/PtOX (ca. 1200 �A) on the pre-
formed and dried PVK ®lm. This method did not
perturb the recoated PVK ®lm. Thermal evapora-
tion of a calcium cathode (500 �A) was carried out
at a pressure of roughly 1� 10ÿ6 Torr followed by
an overcoating of a 1000 �A thick aluminum layer.
The device area for these PLEDs was 0.1 cm2.

Although the PL spectra in Fig. 2 shows minor
contributions from BOc-PF when it is doped with
1% of PtOX, the electroluminescene (EL) spectra
show exclusive emission from PtOX, Fig. 3. A
doping level of 1% is close to the values typically
used for ¯uorescence based OLEDs and PLEDs
[11]. Typically, phosphorescencebased OLEDs and
PLEDs must be doped at higher concentrations
(>5%) in order to get complete energy transfer at
all bias levels. The ability to dope BOc-PF based

Fig. 2. The PL emission spectra of BOc-PF ®lms doped with

0.1%, 1% and 5% of PtOX.
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PLEDs at low levels may be an indication that the
exciton di�usion length is very long in this poly-
mer, preventing dye saturation and resultant host
emission at low doping levels or high current
densities [3,7]. The EL spectra obtained from BOc-
PF doped with 1% PtOX is centered at 656 nm
with a small full width half maximum (FWHM) of
�18 nm. The shapes of the EL emission spectra
and CIE coordinates (0.68, 0.28) of PLEDs from
BOc-PF doped with PtOX (inset of Fig. 3) are
independent of the device bias. This is in contrast
to what has been observed in OLEDs utilizing
Alq3 doped with PtOX as the active medium [7],
which can show host emission in addition to PtOX
or PtOEP at higher bias levels.

Comparison of the EL spectra of the 1% PtOX
doped PLED and the PL spectrum of a ®lm of the
same composition (Fig. 3) shows that energy
transfer to PtOX is more e�cient in EL than in
PL. Weak BOc-PF emission is observed in the PL
spectrum, while only PtOX emission is observed in
the EL spectrum. The reason that the two spectra
are di�erent is related to the mechanisms used to
generate excitons at the PtOX dopants in the PL
and EL processes. In the PL experiment, only en-
ergy transfer processes (either F�orster or Dexter)
from BOc-PF to PtOX can give PtOX based ex-
citons. These energy transfer processes do not
show complete transfer even at a 5% doping level
(Fig. 2). In the PLED, however, both energy

transfer and carrier trapping can lead to exciton
formation at the PtOX dopant. The LUMO level
of PtOX is expected to be below that of BOc-PF,
making the dopant a reasonable electron trap in
this doped ®lm [7]. Hole±electron recombination
at the PtOX dopant will lead to exciton formation
at the dopant, without direct energy transfer from
BOc-PF. The injection current continues to de-
crease for LEDs with higher doping concentra-
tions; however, the device turn-on voltage, which
is determined by the injection of minority carriers,
remains more or less unchanged for di�erent
doping concentrations that we tested. This is a
clear evidence that the PtOX is an e�cient trap for
electrons, which is the majority carrier for poly-
¯uorene polymer. Subsequently, the trapped elec-
trons at the PtOX sites behave as the traps for the
in-coming holes, hence the exciton formation is
enhanced. (This is so-called ``the sequential carrier
trapping process''.)

PLEDs with doping levels of 0.1% and 5%
PtOX were also tested, and they gave lower e�-
ciencies than observed for the 1% doped PLED.
Two layer PLEDs prepared with undoped BOc-PF
give blue EL emission, with an external quantum
e�ciency of 1%. When 1% of PtOX is added to the
BOc-PF, the device peak quantum e�ciency in-
creased by 2.3% at 11 cd/m2. Fig. 4 illustrates a
typical current±light±voltage (I±L±V) characteris-

Fig. 3. The PL and EL spectra for BOc-PF PLED doped with

1% PtOX. The inset shows the CIE chart of the corresponding

EL emission.

Fig. 4. The I±L±V curves of the PLED. The inset shows the

quantum e�ciency at di�erent injection current intensities. The

device area is about 0.1 cm2.
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tic of the PLEDs used in this study. This device
turns on at 3.7 V and reaches a brightness of
100 cd/m2 at close to 9 V. To our knowledge, this
is signi®cantly higher than any other reported
quantum e�ciency for a PLED doped with a
phosphorescent dye.

An important characteristic of our phospho-
rescence based polymer LED is that the device
quantum e�ciency remains at a relatively high
value even at high device brightnesses, see the
inset to Fig. 4. For example, our PLED has a
1.6% quantum e�ciency at 100 cd/m2, this is a
signi®cant improvement over the previously re-
ported polymer LEDs [9]. OLEDs prepared with
PtOEP or PtOX dopants show a signi®cant de-
crease in quantum e�ciency as the current density
is increased [3±7]. This decrease has been attrib-
uted to luminescence quenching by triplet±triplet
annihilation (TTA), which becomes progressively
more severe as the current density is increased
[5,7,13±16]. Pt porphyrin based OLEDs were
typically doped at the 4±6% level. By lowering the
doping level to 1% in the PLEDs reported here,
the average dopant±dopant distance has been in-
creased, leading to a signi®cant decease in TTA
and a fairly constant e�ciency as a function of
current density. If the Pt porphyrin doping level
in Alq3 or CBP based OLEDs is decreased to 1%,
TTA is decreased, however, substantial host
emission is observed at the lower doping level
[3,5,7,13].

One of the concerns in using phosphores-
cent dopants in PLEDs is the response time. For
display applications, it is required to have a su�-
ciently fast response time, usually in the millisec-
ond range or shorter. Fig. 5 shows the transient
response of the electrophoresence from our de-
vices. Pulsed voltage was applied to the device and
the optical signal was sent to an oscilloscope. As
shown in Fig. 5, a decay time of 0.5 ms was ob-
served, which is su�ciently small for most display
applications. This 0.5 ms decay time is consistent
with a phosphorescent emission process. Curi-
ously, the half-life of this decay is 150±200 ls,
which is signi®cantly longer than the lifetime ob-
tained from the PL measurement on an identical
®lm of BOc-PF/PtOX (�55 ls). We are currently
investigating the origin of this di�erence.

In conclusion, we have demonstrated the use of
a platinum (II) porphyrin as an e�cient red elec-
trophosphorescent dopant in poly¯uorene poly-
mer based PLEDs. Excellent device performance is
achieved. Saturated red emissive light is obtained,
and a 2.3% peak quantum e�ciency is achieved at
a 1% PtOX doping level. This comparatively low
doping level decreases TTA quenching, leading to
a quantum e�ciency that is only weakly dependent
on current density. To our best knowledge, this is
by far the best performance polymer LED doped
with phosphorescent emitters. Our data suggests
that the phosphorescent dopant creates a new di-
rection for achieving high performance PLEDs
and displays.
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