
APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 5 31 JANUARY 2000
High luminescent efficiency in light-emitting polymers due to effective
exciton confinement

R. G. Sun, Y. Z. Wang, D. K. Wang, and Q. B. Zheng
Department of Physics, The Ohio State University, Columbus, Ohio 43210-1106

E. M. Kyllo and T. L. Gustafson
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210-1106

A. J. Epsteina)

Department of Physics and Department of Chemistry, The Ohio State University, Columbus,
Ohio 43210-1106

~Received 16 April 1999; accepted for publication 3 December 1999!

Highly efficient light-emitting polymers have become possible by molecular engineering.
Photoluminescence~PL! quantum yield above 90% in the solid state is reported for the alternating
block copolymer of distyrylbenzene. We conclude that the alternate arrangement of conjugated and
nonconjugated segments with surrounding side groups for chromophores effectively confine the
excitons for radiative emission. The effectiveness of the exciton confinement is confirmed through
the temperature independence of the PL quantum yield. The time-resolved PL decay measurement
supports this model through the independence of the PL yield on temperature and emission
wavelength. The synthesized copolymers have been employed for the fabrication of
electroluminescent~EL! devices, demonstrating high external EL efficiency with low operation
threshold. ©2000 American Institute of Physics.@S0003-6951~00!03405-7#
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The commercial potential of polymer light-emitting
diodes~PLEDs! has stimulated much work on the improv
ment of polymer functions,1 optimization of device
structures,2–5 and understanding of the photophysics.6–8

Polymers containing chromophores of phenylene vinyle
~PV! are well-studied light-emitting polymers common
used for the PLED fabrication.9 However, the relatively low
photoluminescence~PL! quantum efficiency~;25%! of poly
~p-phenylene vinylene! ~PPV!10 motivates further consider
ation of molecular engineering that can be used to impr
the optical and electric properties as well as other proper
such as the processibility of the polymers.

One approach to attaining high PL efficiency and so
bility is to design alternating rigid conjugated segments a
flexible nonconjugated segments along the polym
backbone.11 The interruption of thep conjugation will effec-
tively confine the exciton within the conjugated segmen
while the inserted flexible segments can improve the solu
ity of the polymer. These ideas have been employed to gu
synthesis of PPV-related alternating block copolymers,11,12

successfully demonstrating high performance of the e
troluminescent ~EL! and lasing devices based on th
copolymers.11–15 The EL quantum efficiency of PPV-relate
alternating block copolymer is much higher than the ref
ence PPV.

To characterize further the effect of exciton confinem
in PPV-related alternating block copolymers, in this letter
report the measurement of absolute PL quantum efficien
and investigate the effectiveness of the exciton confinem
of the design of the alternating block copolymer with subs
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tution of side chains on both sides of each phenylene r
By attaching methoxy side groups to different positions
the benzene rings, the interchain interaction can be fur
reduced to enhance the exciton confinement, in which
side groups act more or less similarly to a dilution effect
PV chromophores. As a result, the highest PL efficienc
achieved by us is 96%, one of the highest PL efficienc
ever reported for the solid state.

While fluorescent oligomers usually show high PL ef
ciency in dilute solution, for example, 90% for 1-4
distyrylbenzene in the blue region,16 they generally have low
PL efficiency in the solid phase~,10%!. The factors affect-
ing the PL yield in the solid state are mainly intermolecu
coupling of emitting states~through formation of aggre-
gates!, the twisting of the molecular units~nonplanarity!, and
migration of excitation energy to distortions and impuri
traps. By starting from the distyrylbenzene monomer wh
is an oligophenylenevinylene~2 1/2 PV!, efficient alternating
block copolymers were synthesized for blue light emission11

We have synthesized a series of green distyrylbenzene b
copolymers~GDBBCs! by attaching methoxy side groups t
2 1/2 PV. The attached methoxy side groups, not only r
shift the emission color to green, but also increase interch
distance, thereby decreasing interactions in the solid stat
this letter, we will mainly focus our attention on the dete
mination of the properties of the GDBBC, poly@1,6 -
hexanedioxy-2,6-dimethoxy-1,4-phenylene#-1,2-ethenylene-
@3,6-dimethoxy-1,4-phenylene# -1,2-ethenylene@-3,5-dimeth-
oxy-1,4-phenylene#, in which each phenylene ring has tw
methoxy substituents. With this configuration, the con
gated segments in the main chain can be effectively shie
from interchain interactions.

The GDBBC forms a green powder, has an average m
il:
© 2000 American Institute of Physics
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lecular weight (M̄w) of 1.53104 ~GPC!, dispersity of 2.05,
and contains 40 chromophores in an average molec
chain. It is easily dissolved in common solvents such as to
ene and chloroform and can be spin coated into thin films
good quality using a concentration 10 mg/ml of sample po
mer solution. The PL and absorption spectra were meas
using a PTI Quantamaster and a Perkin–Elmer Lam
spectrometer, respectively. The PL quantum efficiency w
measured using an integrating sphere~Newport 819-IS-4!;
the excitation light from a 100 W xenon lamp was detec
through a monochromator with a photodiode~UDT-UV100!.
The surface reflection of the integrating sphere and the qu
tum efficiency of the photodiode were provided by the ma
facturers. The cyclic voltamogram was recorded in 1 M h
drochloride aqueous electrolyte using a Pt working electr
and a saturated calmel electrode reference electrode.
time-resolved PL was measured by the time correlated si
photon counting technique. The excitation light was from
synchronously pumped dye laser~stilbene! at 3.02 eV~less
than 50 mW/cm2 on the sample! with ;5 ps pulse width.
The instrument response function from this system is;40
ps, providing access to lifetime components as short as;10
ps through curve fitting methods. The samples were m
sured by a profilometer~Alpha-Step 500! to be 100–300 nm
thin films on quartz substrates. The sheet resistance of
indium–tin–oxide~ITO! used is;20 V/square. The meta
electrode of the EL device was prepared by vacuum dep
tion at 131027 Torr. The EL intensity was measured by
calibrated photodiode.

The optical absorption spectrum of the GDBBC thin fil
in Fig. 1 shows a structureless broad absorption band f
2.67 to 3.35 eV, which resembles those of alkoxy-substitu
2 1/2 PV oligomers.16,17 The maximum absorption coeffi
cient is 3.83104 cm21 at 3.17 eV. The energy gap~taken as
the absorption edge! of the GDBBC is 2.6 eV. From the
cyclic voltamogram, the ionization potential of the GDBB
is 5.6 eV. The electron affinity energy of 3.0 eV is calculat
by subtracting the ionization potential from its energy ga

The GDBBC excited at 3.1 eV~Fig. 1!. shows a green
emission consisting of peaks at 2.45, 2.31, and 2.17 eV, w
vibronic structure typical of PPVs and PPV oligomers. T
absolute PL efficiency was measured by the methods
scribed in Ref. 10. The PL efficiencyh is defined as

FIG. 1. Chemical structure of the GDBBC and optical absorption and
spectra of the GDBBC solid thin film.
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h5X/Y, ~1!

whereX5@ I sample2(12A)I sphere)]/AIex, andY is a calibra-
tion factor determined by system parameters.10 HereI sampleis
the PL intensity of the sample;I sphereis the intensity of the
sample with nondirect sample illumination,A is absorbance,
and I ex is the intensity of excitation light. We measured th
quantum efficiencies for a series of GDBBC samples

h590– 96%.

Generally, there are a number of factors such as imp
ties, structural order, and temperature that may affect the
quantum efficiencies. To demonstrate the effectiveness of
citon confinement in our samples, we measured the temp
ture dependence of the PL of the GDBBC from 77 to 300
When the temperature was decreased to 77 K, the vibrati
features narrowed slightly, however, the integrated inten
of the spectrum did not change significantly as compa
with that at room temperature~Fig. 2!. Thus the thermal
deactivation of excitons is effectively limited, due to the a
ternating block design with surrounding side groups.

To verify the effectiveness of exciton confinement, w
also studied the time-resolved PL decays of the GDBB
The PL decays of the GDBBC at different emission wav
lengths and different temperatures are shown in Figs. 3~a!
and 3~b!. The results are insensitive to the emission wa
lengths and temperature. In all the cases fort,3 ns shown in
Figs. 3~a! and 3~b!, the decay of the PL is approximatel
single exponential, i.e.,

I 5I 0 exp~2t/t!, ~2!

with a time constant oft51.2460.05 ns, reflecting no obvi-
ous nonradiative decay channels. Fort.3 ns a small slower
decay component becomes apparent. This component is
emission wavelength and temperature independent, dem
strating that it is not due to~temperature dependent! exciton
migration to aggregated segments~with subsequent slowe
emission! or energy transfer from high energy excited sta
to low energy excited states. We suggest that the nonco
gated segments and the methoxy groups have effecti
confined the excitons to single chromophores; this slow
component is likely due to small variation in the chr

L
FIG. 2. Temperature dependence of integrated PL intensity of the GDB
~Inset! Photoluminescence spectra of the GDBBC at different temperatu
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mophore environment. The dominantt of 1.24 ns is short,
supporting the importance of exciton confinement in achi
ing high efficiency.

As compared to the previous GDBBC reported in R
15, the GDBBC with two methoxy substituents attached
all the phenylene rings is 10%–20% higher in PL efficien
This shows that the larger number of surrounding meth
side groups further shields the PV chromophores from in
chain interactions.

GDBBCs with high PL efficiency are expected to b
used in LED fabrication. To this end, electroluminescent
vices were constructed using the GDBBC as the lig
emitting layer. In order to facilitate the hole transport, a lay
of hole-transporting poly@1-phenyl-2-~p-n-carbazolylphenyl!
acetylene# ~PDPA-Cz!,18 which has a 5.3 eV ionization po
tential, is also inserted to bridge ITO~4.8 eV! and the
GDBBC ~5.6 eV!. We employed 8-hydroxyquinoline alum
num as an electron injection layer to fabricate a structure
ITO/PDPA-Cz ~40 nm!/GDBBC ~40 nm!/Alq ~35 nm!/
MgAg. The threshold of electroluminescent emission for
device was 2.5 V, and the brightness reached 1650 cd/m2 at
7 V operated in air. The luminance–voltage (L –V) and
current–voltage (J–V) characteristics are shown in Fig.
The external EL quantum efficiency is;1%.

In conclusion, the distyrylbenzene alternate block c
polymers designed with side groups surrounding ch

FIG. 3. PL decay of the GDBBC~a! at different emission bands at 298 K
~A! 2.48 eV;~B! 2.38 eV; and~C! 2.1 eV.~b! At different temperatures for
emission at 2.48 eV:~A! 77 K; ~B! 125 K; and~C! 298 K.
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mophores were synthesized. These PL quantum yields
proach unity. The high PL quantum efficiency of th
designed polymers is attributed to the confinement effect
the nonconjugated segments and the moieties around
chromophores, which together act as confinement cages
fectively preventing the diffusion of the excitons and d
creasing the interchain interactions. With a heterostructur
ITO/PDPA-Cz/GDBBC/Alq/MgAg, we have shown an effi
cient green triple-layer LED~1% of external EL efficiency!
with a low threshold voltage~2.5 V!.
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