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Highly efficient polymer light-emitting devices using a phosphorescent
sensitizer
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Department of Materials Science and Engineering, University of California at Los Angeles, Los Angeles,
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Highly efficient single-layer polymer light-emitting diodes that employ Nile Red as a fluorescent
dye, with a green phosphorescent-sensitizer, bis~2-phenyl pyridinato-N,C28! iridium
~acetylacetonate! doped in a PVK/PBD host are demonstrated. The function of the phosphorescent
sensitizer is to convert the triplet exciton into a singlet exciton during the energy transfer process.
Therefore, ideally, all the excitons can be utilized. For comparison, devices with the same structure,
but using a fluorescent sensitizer instead of a phosphorescent sensitizer, were fabricated. The
efficiency of the phosphor-sensitized device is 6.4 cd/A, almost triple that of lumophor-sensitized or
nonsensitized devices. This result indicates that not only singlet excitons but also triplet excitons are
efficiently transferred from the host to the fluorescent dye when a phosphorescent material is used
as a sensitizer. ©2002 American Institute of Physics.@DOI: 10.1063/1.1502442#
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Polymer-based light-emitting diodes~PLEDs! have at-
tracted wide interest, partially because of their applicatio
in display technology.1,2 Conjugated polymers can be coat
onto large areas by simple low-cost wet coating proces
and form large-area thin films with high quality,3–7 which
makes them considerably attractive for many application8,9

However, due to the broad range of molecular weight dis
bution of polymers and electron–phonon interaction,
electroluminescence~EL! spectra are usually quite broa
This limits their applications in high quality full color fla
panel displays. In addition, the internal quantum efficien
of a PLED is limited to 25% of the fluorescence efficien
from the thin film, due to the requirement of spin-symme
conservation.10 To achieve higher quantum efficiency, pho
phorescent organic LEDs~OLEDs!, which harvest both sin-
glet and triplet excitons, have been demonstrated.11,12Similar
approaches have also been successfully demonstrate
PLEDs.13,14 However, phosphorescent dopants also h
some disadvantages, despite their high performance. T
are expensive to synthesize, the position of triplet is not
ways compatible with the host polymer, the device operat
lifetime is still not long enough, and there is possible triple
triplet annihilation at high brightness conditions.11 An alter-
native method by which to solve this problem is to trans
all the excitons, both singlet and triplet, from the host,
singlets and triplets on the phosphorescent intermediary.
singlets on the intermediary intersystem cross to triplets.
triplets on the intermediary are efficiently transferred to s
glets in the fluorescent dye. This approach is particula
attractive since many organic dyes have shown strong fl
rescence during the past 10 years of research on OLED

In this letter, we report high-efficiency red polymer
light-emitting devices using a phosphorescent sensitizer
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proach. The device fabrication process and material prep
tion are described. Poly~9-vinylcarbazole! ~PVK! Mw

;1 100 000 g/mol) was selected as the host material~and
hole-transport material!, and 2-~4-biphenylyl!-5-~4-tert-
butyl-phenyl!-1,3,4-oxadiazole ~PBD! as the electron-
transport molecule. Both compounds were purchased f
Aldrich and used as received. PVK and PBD were dissolv
in dichlorobenzene~DCB! with weight ratio of 1:1. Phospho
rescent dye, bis~2-phenyl pyridinato-N,C28! iridium ~acety-
lacetonate! ~PPIr!, and fluorescent dye Alq3 and Nile Red
were also dissolved in DCB, respectively. These solutio
were then mixed at various ratios to give the appropri
weight percentages. The mixed solution passed through
mm filters before spin coating. PPIr is a commonly us
green phosphorescent dye.15 The heavy metal atom Ir en
hances the spin–orbit coupling of the ligand and the trip
states gain additional singlet character. So triplet excit
can radiatively decay to ground states efficiently. Hence b
singlet and triplet excited states contribute to luminesce
and very high EL efficiency can be reached.11 When another
fluorescent dye, Nile Red, was added, the emission
dominated by fluorescent dye instead of PPIr. The dev
structure used was Indium tin oxide~ITO!/3,4-
polyethylenedioxythiophene-polystyrenesulfonate~PEDOT!/
polymer film/Ca/Al. The ITO substrates were precleaned
ultrasonic treatment in detergent, de-ionized water, acet
and isopropanol, respectively. The ITO substrates were
treated with UV ozone cleaner before coating a ho
injection layer of PEDOT~Bayer, Germany!, and then ther-
mally annealed at 120 °C for 2 h. The blend solution w
spin coated onto the PEDOT to form an emissive layer a
the film thickness was controlled by the solution concent
tion and the spin rate. Uniform, dense, pinhole free films
about 100 nm were routinely achieved at a typical spin r
of 2000 rpm. Finally, the cathode, a double layer of calciu
~Ca! and aluminum~Al !, was thermally evaporated with
pressure of;1026 Torr to finish device construction. UV–
visible absorption spectra were recorded with an HP 84

ry,

il:
9 © 2002 American Institute of Physics
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spectrophotometer. Photoluminescence emission~PL! was
measured using a Jobin-Yvon Spex Fluorolog-3 doub
grating spectrofluorometer. And an ocean optics spectrom
with an optical fiber attachment was used to record electr
minescence of the devices.

Figure 1@curve ~a!# shows an absorption spectrum of
thin film of PVK:PBD:PPIr:Nile Red~100:100:1:1!. The ab-
sorption spectrum of the blends can be fitted by weigh
superposition of the spectrum of individual components, s
gesting no ground state interaction between the materia16

For the very low concentration of PPIr and Nile Red, th
absorption in the blend film can hardly be identified. Wh
pumped by light of 300 nm wavelength, however, emissio
mainly come from PPIr and Nile Red instead. Figure
@curve~b!# shows the PL spectrum of PPIr doped PVK~PBD!
excited at 300 nm. This wavelength was selected becaus
photon energy is above the PVK and PBD absorption on
energies while it contributes little to the emission of PP
Almost all emission is from PPIr even though all excit
energy is absorbed by PVK. Little host emission from t
photoluminescence indicates that the energy transfer f
host to dopant is nearly complete, i.e., the lifetime of ex
tons in the PVK is long enough so that they can trans
energy to the dyes before their radiative decay. The m
mum PL of PPIr is at about 520 nm, while thelmax of Nile
Red absorption is 550 nm. The good overlap between
spectra benefits the efficient energy transfer between
and Nile Red. The excitons created in the PVK can be tra
ferred to either the PPIr triplet or Nile Red singlet. Then P
triplets can be transferred to the Nile Red singlet again,
almost all emission from Nile Red was found.

However, energy transfer between triplet and single
usually prohibited for the requirement of spin-symmetry co
servation. There are two known energy transfer mechani
from the donor to the acceptor: Dexter transfer and Fo¨rster
transfer.17 Dexter transfer is a short-range process which
quires overlap of the molecular orbital of adjacent molecu
The symmetry of the donor and acceptor pair is preser
unless the donor exciton breaks up and reforms on the
ceptor by incoherent electron exchange. However, su
ciently high energy~sometimes;1 eV! is required to disso-

FIG. 1. ~a! Absorption spectra of thin film of PVK:PBD:PPIr:Nile Re
~100:100:1:1! blends and~b! PL spectrum of PPIr doped PVK~PBD! ex-
cited at 300 nm.
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ciate the exciton for most molecules.17 So this process is
considered unlikely for triplet–singlet energy transfer. T
alternative mechanism, Fo¨rster transfer, is instead a long
range process, which can occur between molecular ent
separated by distances considerably exceeding the sum
their van der Waals radii. It is described in terms of intera
tion between the transition dipole moments~a dipolar
mechanism!.

In our system, a possible energy transfer mechanism
proposed~Fig. 2!. After the injection of electrons and hole
from the cathode and anode, respectively, excitons form
the host material PVK with a ratio of 25% singlet to 75
triplet. Then, the singlet excitons and triplet excitons a
transferred to the singlet states and the triplet states in P
by a combination of Fo¨rster and Dexter processes along w
carrier trapping. In the PPIr, the singlet excitons transfer
the triplet states through the intersystem crossing~ISC! pro-
cess. With the presence of Nile Red dopant, the triplet e
tons in the PPIr can transfer to the singlet exciton in N
Red through Fo¨rster transfer by dipole–dipole coupling. Th
Nile Red singlets then decay radiatively and give out ligh

Of course, there are some other energy transfer proce
involved. First, the PVK host singlet excitons can direc
transfer to Nile Red singlet states and host triplet excito
can directly transfer to Nile Red triplet states by Dex

FIG. 2. Energy diagram and proposed energy transfer mechanism in
blend system.

FIG. 3. EL spectra of the doped devices.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



a
s
u
us
u
in

fe

w

ls

e
si
th
r
d

th
le
in

L

en
g
y

in
t

m
es

the
two
ffi-
sen-
es-
ent
ere

s as

red
ng
res-
cy
y,
lts
sin-

ent

the
r-

e-
nal

ce
d

.

. J.

r, J.

ys.

.

B.

rg.

n,

nd

E.

l-

nt

1511Appl. Phys. Lett., Vol. 81, No. 8, 19 August 2002 He et al.
transport. And the triplet excitons on the phosphor m
transfer to Nile Red triplet states too. The last two proces
are sources of emission loss since the triplet excitons in fl
rescent dye cannot efficiently radiatively decay. They m
be avoided to increase the emission efficiency. Here we
low concentrations of phosphor and fluorescent dye to
crease the distance between them. Hence Dexter trans
prohibited while little influence results from Fo¨rster transfer.

To verify the proposed energy transfer mechanism, t
controlled devices were fabricated: ITO/PEDOT/PVK~PBD!
11% Nile Red/Ca/Al and ITO/PEDOT/PVK~PBD! 11%
Alq311% Nile Red/Ca/Al. Here Alq3 is used for compari-
son because Alq3 and PPIr are both green-emitting materia
and have similar spectra except that Alq3 is a fluorescent dye
whereas PPIr is a phosphorescent dye. Figure 3 shows th
spectra for these two devices. That there is no host emis
observed in either case indicates full energy transfer from
host to fluorescent dyes. The host singlet excitons transfe
both fluorescent sensitizer singlet states and fluorescent
by the Förster process. Having gotten the energy from
PVK host, Alq3 singlets would rather transfer energy to Ni
Red again than decay to their ground states directly, s
there is good overlap between Alq3 emission and Nile Red
absorption. Hence, Alq3 emission was not shown in the E
spectrum of the device using PVK~PBD!:Alq3 :Nile Red
blends as active materials.

Figure 4 shows the current efficiency versus current d
sity curves for these two devices plus a third device usin
phosphorescent dye, PPIr, as a sensitizer. The efficienc
ITO/PEDOT/PVK~PBD!11% Nile Red/Ca/Al device is
about 2.2 cd/A. When another fluorescent dye Alq3 was
added to the system, the efficiency of the device rema
almost unchanged. However, dramatic enhancement of
EL efficiency was observed after adding phosphorescent
terial, PPIr. PPIr was used just like a sensitizer, and harv

FIG. 4. EL efficiency~cd/A! of the devices in different structures vs curre
density.
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both singlets and triplets of the host and then transfers to
fluorescent dye. The efficiency of the device increased
times than that of the controlled devices. Ideally, the e
ciency of the device in the presence of phosphorescent
sitizer should be quadruple that without it if the phosphor
cent sensitizer transfers all host excitons to the fluoresc
dye. The insufficiency of the enhancement shows that th
is still some energy loss during the whole transfer proces
discussed above.

In summary, we have demonstrated a highly efficient
emission single layer polymer light-emitting diode by dopi
1% PPIr phosphorescent sensitizer and 1% Nile Red fluo
cent dye and have considerably improved the EL efficien
of a PLED. The device exhibits 6.5 cd/A external efficienc
which is nearly triple that of controlled devices. The resu
show that the phosphorescent sensitizer can harvest both
glet and triplet excitons and then transfer to the fluoresc
dopant.
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