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Efficient red- and orange-light-emitting diodes realized by excitation energy transfer
from blue-light-emitting conjugated polymers
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The emission color of polymer-light-emitting diodes~PLED’s! can be tuned by doping the active polymer
layer with certain dyes or other fluorescent polymers. We demonstrate the realization of red-orange PLED’s by
dopinga blue-light-emitting ladder-type poly~paraphenylene! ~m-LPPP! with a new red-light-emitting polymer
poly~perylene-co-diethynylbenzene! ~PPDB!. For PPDB concentrations far below 1 wt % the photo-~PL! and
the electroluminescence~EL! spectrum of them-LPPP/PPDB blend is already dominated by the PPDB emis-
sion because of an excitation energy transfer fromm-LPPP to PPDB. The reason for this efficient energy
transfer can be explained by the energetic position of the highest occupied and lowest unoccupied states in
PPDB relative to the corresponding levels inm-LPPP. Besides the change in the emission color by doping
PPDB into m-LPPP, a significant increase in the PL quantum efficiency~up to 41%! and even a more
pronounced improvement of the external EL quantum efficiency of these PLED’s~up to 1.6%! is observed.
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INTRODUCTION

One very promising application of organic light-emittin
diodes~LED’s! is their usage in self-emissive flat panel col
displays.1–9 Several principles for the realization of the re
green-blue~RGB! color dots building up the multicolor dis
plays have been suggested.10–12 One of the most attractive
methods, with respect to the ease of production, for fabri
ing RGB color dots is a color-conversion technique, which
based on efficient blue LED’s covered with suitable d
layers11,13,14 and dielectric filters and/or mirrors.15 This or-
ganic color-conversion technique allows one to generate v
efficient green light, by covering the blue EL emission with
green dye layer, which is excited by the blue EL emiss
and subsequently emits photoluminescence~PL! light in the
green spectral range. Using this principle one can ach
blue-green quantum conversion efficiencies up to 90%
sulting in a sixfold increased luminance value in the gre
compared to the blue emission.16 However, the color conver
sion from the blue into the red is more difficult and also le
efficient than the blue-green conversion, since the absorp
of red dyes in the blue is usually very low, so that the ma
mal achievable luminance of the red light is significan
below the luminance of the blue EL pumping light.15,16 One
alternative way to thisexternalcolor-conversion technique i
to convert the blue emissioninternally into efficient red
emission by blending the blue-light-emitting active lay
with red dyes or red-light-emitting polymers.17 This internal
color-conversion technique based on blue LED’s allows o
to realize all visible emission colors. However, the acco
plishment of red emission is of special interest, since
photoluminescence~PL! quantum efficiency of red light-
emitting homopolymers and hence the achievable electr
minescence quantum efficiencies of red homopolym
LED’s are comparably low.18,19 The internal color-
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conversion technique is based on an internal excitation
ergy transfer from the host to the guest material, so tha
down conversion of the emission color is achieved. In or
to realize efficient and stable LED’s with this techniqu
guest materials with a high PL quantum efficiency and
good charge transport properties are requested.20–24

We present EL devices based on a blend of blue-lig
emitting methyl substituted ladder-type poly~paraphenylene!
~m-LPPP! and a new red-light-emitting poly~perylene-co-
diethynylbenzene! ~PPDB!. For a concentration of around
wt % of PPDB in the LPPP/PPDB blend, an almost compl
excitation energy transfer fromm-LPPP to PPDB occurs an
the emission of the polymer blend consequently is domina
by the red-orange PPDB emission. The maximum EL qu
tum efficiency is observed, using active layers contain
only 0.2% wt % of PPDB inm-LPPP. In single-layer EL
devices these maximum values correspond to external
quantum efficiencies of 1.6%. When the energy transfer fr
the blue to the red is partly hindered by a charge-car
blocking material, efficient white LED’s based on this pol
mer blend can be obtained.25

EXPERIMENT

The polymers investigated in this work arem-LPPP and
PPDB, the synthesis is described in Refs. 26 and 27~Fig. 1!.
The EL devices were built in a simple single-layer config
ration using indium-tin-oxide~ITO! and Al as air stable elec
trodes. The active polymer layers of the EL devices w
produced by spincoating.

The measurement of the absolute PL quantum efficie
was performed in an integrating sphere based on a me
described in Ref. 28. The EL spectra were recorded wit
CCD spectrometer 77400 LOT-ORIEL. The ionization p
tential of the polymers was determined by cyclic voltamm
4479 © 1997 The American Physical Society
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4480 56S. TASCHet al.
try measurements with a method described in Ref. 29.

RESULTS AND DISCUSSION

The optical and electronic properties of the conjuga
polymer m-LPPP, which has the most uniform conjugatio
length and the best environmental stability of all LPPP
presently available, are already thoroughly investigated.30–33

The absorption spectrum ofm-LPPP is characterized by
steep onset at 2.69 eV and by well-resolved vibrational s
maxima ~Fig. 2!. The PL spectrum is homologous to th
absorption spectrum and the dominant PL maximum is o
very slightly Stokes shifted ('0.04 eV). The high intrachain
order ofm-LPPP is reflected in a high PL quantum efficien

FIG. 1. Chemical structure of~a! LPPP and~b! PPDB (R
5phenoxy-t-butyl).

FIG. 2. Absorption of m-LPPP ~--!, photoluminescence o
m-LPPP~—!, absorption of PPDB~l!, and photoluminescence o
PPDB ~j!.
d
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hF up to 100% in solution and around 30% in films.32 This
comparably high solid-statehF is further increased by dop
ing the new red-light-emitting polymer PPDB intom-LPPP
~Figs. 1 and 2!. For very small PPDB concentrations th
absolute PL efficiency rapidly increases up to 41%~for
PPDB concentrations of 0.7 wt % in the blend!. For higher
doping concentrationshF then slowly decreases~down to
11% for 10 wt % PPDB in the blend! and approaches thehF
value of pure PPDB films, which is only 0.6%. The PL spe
tra of them-LPPP/PPDB blends were recorded at an exc
tion wavelength of 420 nm, where mainlym-LPPP is excited
because the absorption ofm-LPPP at this wavelength is
much stronger than that of PPDB~Figs. 2 and 4!. The PL
spectra of this blend, in which the concentration ofm-LPPP
is much higher than that of PPDB, however, are domina
by the red-orange PPDB emission due to an efficient ene
transfer fromm-LPPP to PPDB~Fig. 4!. Even at doping
concentrations of 0.2 wt % PPDB in the blend the maximu
of the red emission, which stems from PPDB, is alrea
twice as high as them-LPPP emission, so that the emissio
color of this blending concentration looks orange@CIE ~Ref.
34! coordinatesx50.46, y50.4#. For doping concentrations
above 3.5% PPDB them-LPPP emission component in th
PL spectrum has nearly vanished and the red PPDB emis
remains.

In order to understand the mechanisms in the polym
blend we first have to discuss the optical and electronic pr
erties of the PPDB polymer. The absorption and PL sp
trum of a PPDB film are depicted in Fig. 2. In the absorpti
spectrum the dominant peak resulting from thep-p* transi-
tion occurs at 554 nm and its vibrationally split shoulder
located at 525 nm. At around 390 nm an additional abso
tion peak is observed; which is attributed to an electro
excitation of the perylene group on the backbone of
PPDB. The shape of the PL spectrum is homologous to
absorption spectrum. The dominant emission maximu
which is located at 595 nm, is 0.16 eV Stokes shifted co
pared to the dominant absorption peak. The red PPDB em
sion color can be quantified in CIE coordinatesx50.61 and
y50.39. The absolute PL quantum efficiency of the PPD
in the solid state is very low ('0.6%). This lowhF value is
mainly due to interchain quenching effects, becausehF dras-
tically increases, when the polymer chains are isolated fr
each other as is the case in liquid or solid solutions. In
luted liquid solutions values forhF above 60% and in solid
solutions @3 wt % PPDB in poly~methylmethacrylat!# effi-
ciencies of 20% are observed. The interchain interaction
the solids results in a formation of weaker bound interch
excited states. The radiative recombination of these in
chain excited states is less efficient compared to the emis
of the intrachain excitons and is responsible for the devel
ment of a long-wavelength tail in the solid-state PL spe
trum, which is less significant in the PL spectrum of dilut
liquid or solid solutions~Figs. 2 and 4!.

In the m-LPPP/PPDB films no phase separation can
detected within the resolution (.10 nm) of an atomic force
microscope. The efficient excitation energy transfer in
m-LPPP/PPDB blends can therefore be understood, when
compare the energetic levels of the two polymers. The i
ization potential and the lowest excited states of PPDB
located inside the energy gap ofm-LPPP~Fig. 3!. An effec-
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tive excitation energy transfer therefore occurs fromm-LPPP
to PPDB. In a particle picture this excitation energy trans
can be described as a transfer of electrons~negatively
charged polarons!, holes ~positively charged polarons!, or
entire excitons fromm-LPPP into energetically preferabl
PPDB states. The charge carriers, which are transfere
PPDB, are subsequently confined to PPDB, as PPDB
gether with surroundingm-LPPP forms a ‘‘quantum well’’
for the charge carriers. Thee-h pairs, which are created in
m-LPPP by photoexcitation, therefore migrate to the PP
polymer chains, where they recombine with a high proba
ity, so that the PL efficiency is higher compared to pu
m-LPPP films~Fig. 3!. The upper limit of the PL quantum
efficiency in them-LPPP/PPDB polymer blend is given b
the PL quantum yield in PPDB solution ('60%). For PPDB
concentrations above 0.7% in the blendhF decreases, due t
the fact that PPDB interchain quenching processes are
coming dominant~Fig. 3!.

m-LPPP is a very suitable material as a blue-lig
emitting layer in EL devices due to its high PL quantu
efficiency, good charge transport properties, and high e
ronmental stability.32 The values for the external EL effi
ciency of the best devices in an ITO/m-LPPP/Al configura-
tion are currently around 1% due to a recent improvemen
the preparation condition compared to cw operation val
of around 0.1%, which were reported earlier.32 By using ac-
tive layers ofm-LPPP doped with a small amount of PPD
the blue EL emission can be converted into orange and
EL emission and the considerable high EL efficiency of
m-LPPP devices can be significantly increased. The m
mum external EL efficiency of 1.6% is obtained at very lo
doping concentrations of only 0.2 wt % PPDB inm-LPPP

FIG. 3. Absolute electroluminescence quantum yieldhEL ~j!,
relative photoluminescence quantum yieldhF ~d!, and the effi-
ciency of singlet exciton formationhR ~m! @obtained from Eq.~1!
using the experimental data forhEL andhF , under the assumption
thatg5const# of them-LPPP/PPDB blend depending on the PPD
concentration~in wt %! in the blend. Inset: scheme of the ene
getic levels ofm-LPPP and PPDB. The values for the highest o
cupied states were deduced from cyclic voltammetry~Ref. 29!. The
position of the excitonic levels was obtained by adding the ene
gap to the ionization potential. The difference between exc
states (ES) and the lower edge of the unoccupied states correspo
to the exciton binding energyEB'0.5 eV form-LPPP~Ref. 38!.
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~Fig. 3!. This value of the absolute EL efficiency is superi
or at least comparable to that reported for red and ora
homopolymer LED’s in comparable configurations up
now.19 The increased EL efficiency can be explained by
good confinement ofe-h pairs at PPDB sites, where the
have a high probability for radiative recombination, as w
be pointed out below.

For PPDB concentrations above 0.2% in them-LPPP ma-
trix the EL efficiency first rapidly decreases and then slow
approaches the value for pure ITO/PPDB/Al devices, wh
is only 0.01%. A qualitatively similar dependence of the E
efficiency on the guest-host concentration was observed
other doped organic metal complexes and other semic
ducting polymer blends.20,35

The shape of the EL spectra of the polymer blend is v
similar to the PL spectra, reflecting the efficient energy tra
fer from the m-LPPP into the PPDB~Fig. 4!. For doping
concentrations of only 0.2 wt % PPDB inm-LPPP the spec-
trum is already dominated by the red component and
PPDB concentrations higher than 3.5% the blue part in
spectrum has nearly vanished. The energy transfer can
controlled, when a hole-blocking material is inserted into t
polymer blend.36 In this case the color can be controlled wi
the magnitude and the polarity of the applied bias volta
and it is also possible to produce efficient white LED’s.25

The dependence of the EL efficiency on the PPDB c
centration is similar to the concentration dependence of
PL efficiency. However, the EL efficiency reaches its ma
mum at lower doping concentration~0.2 wt % PPDB in
m-LPPP! and decreases more rapidly for increasing dop
concentration than the PL efficiency~Fig. 3!.

In organic LED’s the EL quantum efficiencyhEL has been
described using following equation:37

-

y
n
ds

FIG. 4. Electroluminescence~EL! ~recorded from ITO/
m-LPPP:PPDB/Al devices with a bias voltage of 15 V
dpolymer'85 nm! and photoluminescence~PL! (lexcitation5420 nm)
spectra of them-LPPP/PPDB blend depending on the PPDB co
centration in the blend.
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hEL5ghRhF , ~1!

whereg is a double-charge injection factor,hR is the effi-
ciency of singlet exciton formation, andhF is the quantum
efficiency of fluorescence.

The EL and PL efficiencies depend in a different way
the PPDB concentration in them-LPPP matrix~Fig. 3!, so
that at least one of the two other parameters in Eq.~1!, be-
sideshF , strongly depends on the PPDB concentration
the blend. The charge-carrier injection and implicitlyg are
only slightly influenced by dopingm-LPPP with PPDB~for
PPDB concentrations up to 3.5%!, as the threshold electri
field and the slope of the current and of the EL intensity
these EL devices is not significantly different compared
homopolymerm-LPPP devices.

In contrast, the third factor in Eq.~1!, the efficiency of
singlet exciton formationhR , is strongly altered by the
amount of PPDB~Fig. 3!. For low concentrations of PPDB
in the polymer blend the charge transport in the EL devic
mainly provided bym-LPPP. PPDB acts as an effective tra
for electrons and holes in the blend and therefore enha
the singlet exciton formationhR and also the EL quantum
efficiency~Fig. 3!. When the concentration of PPDB furthe
increases, the trapping of the charge carriers is a drawba
achieve efficient EL because in the EL device the cha
carriers are injected from opposite sides of the device
then have to drift through the device in order to meet e
other, interact, and form the emitting species.
m-LPPP/PPDB blends containing a high PPDB concen
tion many charge carriers are trapped by PPDB near the e
trodes, where they have been injected. Especially ho
which are captured near the anode, have only a low proba
ity to interact with electrons~as the recombination zone fo
T
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m-LPPP devices is located near the cathode33! and therefore
the exciton formation yieldhR in the blend decreases. Add
tionally the efficiency for radiative recombinationhF of the
created emitting species decreases for higher PPDB con
trations, so that according to Eq.~1! the EL efficiency is
strongly reduced for high PPDB concentrations in the ble
~Fig. 3!.

CONCLUSION

We discussed the optical properties of a polymer ble
consisting of the blue-light-emitting polymerm-LPPP,
which is slightly doped with a new red-light-emitting poly
mer PPDB and we presented the application of this polym
blend in LED’s. The optical properties of them-LPPP/PPBD
polymer blend are characterized by a very effective exc
tion energy transfer fromm-LPPP into the states of PPDB. I
the quantum well-like structure of them-LPPP/PPDB poly-
mer blend a maximum PL efficiency of 41% for only 0
wt % PPDB in m-LPPP is obtained. In LED’s, using th
m-LPPP/PPDB blend as the active layer, highly efficient E
emission with external quantum efficiencies up to 1.6%
obtained. The presented internal color-conversion techni
will be applied to realize efficient polymer LED’s of use
defined emission color.
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