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We demonstrate strong red electroluminescence in bilayer polymer light-emitting diodes with
poly(3-hexylthiophengand polyfluorene copolymers. The emission spectrum of the diode, peaked
at 612 nm, is different from either of the two polymer layers, and is attributed to the exciplex state
existing only at the heterojunction. The efficiency of this junction emission is very high for red
polymer light-emitting diodes. Peak luminance of 3500 cdWith yield 1.3 cd/A is achieved. The
emission color can be made more saturated by blending red-emitting polymers into the polyfluorene
to eliminate the small residual green emission. 2804 American Institute of Physics.

[DOI: 10.1063/1.1760599

Light-emitting diodes(LED) based on conjugated poly- blends®*! So far no strong red emission due to heterojunci-
mers cover the entire visible spectral range. Among the threens in either bilayer or blend is achieved. In this work we
primary colors, red electroluminescent polymers have theeport strong red emission, peaked between 612 and 652 nm,
lowest efficiency. In order to realize a solution processablén a series of bilayer LEDs made of p¢Bthexylthiopheng
polymer full-color flat-panel display, high efficiency red, (P3HT) and polyfuorene copolymers. Peak luminance of
green, and blue LEDs are all required. Small-molecule dye8500 cd/nd is achieved at 23 V with peak yield of 1.3 cd/A.
have been used as the energy-transfer dopants in the polplending  polyfluorene  with  poly (2-methoxy-5
mers to produce red emission, but the efficiency is still(2'-ethyl-hexyloxy -1,4-phenylene vinylene(MEH-PPV)
low.>2 Another way to enhance the polymer red emission isor red polyfluorene copolymer further improves the color
to incorporate the triplet emitters like the iridium complexessaturation. No hole-transport layer is needed for such bilayer
as the dopants* However, solution process does not conve-devices.
niently give a uniform dopant distribution and long-term sta- ~ Four devices A, B, C, and D are fabricated on cleaned
bility is a problem. Recently red electroluminescent copoly-indium-tin oxide(ITO) glasses. For device frig. 1), a layer
mers containing wide-band-gap blocks and red-emissiv@®f P3HT from Aldrich with thickness 500 A is spin-coated in
segments are synthesizé@ihe LED made of blends involv- toluene solution at 2500 rpm. The P3HT film is baked in

ing such copolymers shows saturated singlet red emissiof@cuum(40 mTorp for 100 min. A 1200 A layer of high-
with high efficiency at lower luminance of 100 cd/nThere

is, however, no report of saturated red emission at high uv- _ _ _ __ 2.9 eV
minance(>2000 cd/m) based on such copolymers. The dif- LA S e
ficulty with the bulk red emission from conjugated polymers, 3 -

with or without doping, leads us to the alternative of hetero-

junction emission. There have been many reports of junction 47 / 4.9

emission in bilayer polymer LEDs, in which the emission o Lt ¥ [ MER-FRV

spectrum is different from the spectra of each of the two P3HT 5.9

layers. The name “exciplex” is given to the interpolymer Green 1100

excited state responsible for the junction emis$iofhe

emission efficiency of the exciplex is, however, usually quite Device A

78 ; . ; ;
low. EXCIpleX emission is also present In polymer FIG. 1. The structure of device A, a bilayer polymer LED, is shown with the

EA and IP of the energy bands. The heterojunction emission is indicated by
an arrow. The EA and IP of MEH-PPV as a dopant are indicted by gray
dAuthor to whom correspondence should be addressed; electronic maibroken lines. Note the large hole barrier is removed by introducing MEH-
meng@cc.nctu.edu.tw PPV in Green 1100.
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104 (A P3HT / Green 1100 '... (’a) exciplex is indicated by an arrow_in Fig. 1 _The_residual 540

_ —a- Current density _¢® nm shoulder due to Green 1100 is also visible in the spectra.

E —o— Luminance o AAAA F10° PhotoluminescencéPL) spectrum of the bilayer device is

2 40 /Q,AAA % also shown. The shoulder is larger in PL than in EL. This
%‘ ./'AA L indicates that EL is dominated by the junction while PL is
5 o’ 10" S determined by both the junction and the bulk. This is quite

; 10° s £ reasonable because carrier accumulation at the junction only
g ﬁf g occurs in EL. As the LED voltage increases, the maximum

3 10 /A/ E10" - wavelengthh . is fixed at 612 nm. However the 540 nm

—ae . — shoulder rises with the voltage. The growth of the 540 nm

0 5 10 15 20 25 shoulder can be understood as follows. Because of the large
Voltage (V) hole barrier of 0.8 eV between P3HT and Green 1100, virtu-

1.2 (A) P3HT Groen 1100 y ally all the holes are blocked at P3HT side of the junction at
1.04 . ®) i lower voltage. Recombination only occurs when the elec-
trons reach the junction from the Green 1100 side and form

35 0.8+ 1 an exciplex with the holes. As the voltage increases, the
S o6l ) strong field in the junction makes tunneling through the bar-
> rier possible and holes start to be injected into the highly
Q 0.4 . luminescent Green 1100. Surprisingly even with the highest
:‘é 0.2 ) voltage the exciplex still dominates the emission despite the
- high efficiency of Green 1100, suggesting efficient energy
0.04 - transfer from the Green 1100 exciton to the exciplex. As
shown in Fig. 2a), the peak luminance of device A reaches

500 600 700 800

Wavelength (nm)

300 400 as high as 3500 cdfmat 23 V with yield 1.3 cd/A reached at
19 V. 100 cd/m is reached at 12 V. While the turn-on voltage
FIG. 2. (a) Current density and luminance are plotted as functions of voltagds relatively high, the peak luminance and yield are among
for _device A. (b Normalized_ PL and EL spectra for various voltages of the highest for red polymer LED witk ., longer than 600
device A are shown. EL of single-polymer LEDs made of P3HT and Greennm. Without synthesizing any new material, these results are
realized by simply combining two commercially available
conjugated polymers. The 612 nm emission in device A is
the strongest exciplex emission ever reported in polymer bi-
copolymet? from The Dow Chemical Company Light Emit- layer LEDs. P3HT by itself is only weakly luminescent,
ting Polymer(LEP) is then deposited over P3HT by spin- therefore our results demonstrate that efficient junction emis-
coating in toluene solution at 4000 rpm. The bilayer is bakedsion does not require both of the layers to be of high effi-
in vacuum for 60 min. Ca/Al cathode is evaporated and thesiency. It appears that the particular interchain morphology
device is packaged in a glove box. The electron affitBf)  of these two polymers happens to give an electronic structure
and ionization potentia({lP) of the polymers in the device whose lowest interchain excited state is strongly coupled to
are indicated in Fig. 1. For device B, the pure Green 1100 inhe ground state radiatively.
device A is replaced by a blend of Green 1100 and The residual green 540 nm shoulder has to be removed
LUMATION*? Red-B polyfluorene LEP from The Dow from the spectrum in order to obtain a saturated red emis-
Chemical Company? The Red-B to Green 1100 blending sion. For this purpose we add some low-energy dopants into
ratio is 9 wt %. For device C, pure Green 1100 in device A isthe Green 1100, such that the excitons formed in Green 1100
replaced by a blend of Green 1100 and MEH-PPV withcould be transferred to a lower-energy excited state. In de-
MEH-PPV to Green 1100 blending ratio 12 wt %. Device D vice B we add Red-B polyfluorene copolymer as the dopant
is not a bilayer device. Instead we blend P3HT and Greelinto the Green 1100 host, with weight percentage of 9%. In
1100 to form a single-layer device, which uses [(8)¢- device C, MEH-PPV is used as the dopant with weight per-
ethylenedioxythiophene(PEDOT) doped with polystyrene centage of 12%. The Pk, for Red-B and MEH-PPV are
sulphonated acid as the hole-transport layer. Note that the®56 and 590 nm, respectively. The current—voltage—
is no such hole-transport layer in devices A, B, and C. luminance characteristics for devices B and C are shown in
The current—voltage—luminance characteristics of theFig. 3. The normalized EL spectra are shown in Fig. 4. As
P3HT/Green 1100 bilayer device A are shown in Figg)2 expected the 540 nm shoulder is significantly reduced for
The normalized electroluminescen@d.) spectra for various both of the device$Figs. 4a) and 4b)]. Unfortunately the
LED voltages are shown in Fig.(l®. The EL spectra for introduction of the dopants also causes a degradation of the
P3HT and Green 1100 alone are shown for comparison. TheeD efficiency. The peak luminance of devices B and C are
spectrum of device A is dominated by an emission peaked atlightly lower than 2000 cd/fain contrast to 3500 cd/fof
612 nm, which results from neither P3HT nor Green 1100the undoped device A. The vyield is reduced to less than half
This new emission must come from the excited state existingf device A(1.3 cd/A). The maximum yield is 0.61 cd/AL8
only between P3HT and Green 1100, i.e., an exciplex. Th&/) for device B, and 0.43 cd/A&L8 V) for device C. Device
exciplex can be viewed as an interchain exciton whose ele® is the best in terms of emission coldr,,,, is at 652 nm
tron is in Green 1100 and hole in P3HT. The decay of thewhiie the Commission Internationale de L'EclairagélE)

1100 are also shown for comparison. G 1100 denotes Green 1100.

efficiency LUMATION!? Green 1100 polyfluorene
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10 5= @ P Greon 10 FertS '(a)‘ 5 T TABLE I. The performance of all the devices are summarized. The lumi-
LA () PGHT Gréen 1100 : NEHFFY' (b) nance and yield are peak values,,, is at the peak luminance.
-0 (Dy PEDOT/ Grsen 1100 : PaHT E
g w0 " - Yield Luminance A pa CIE
% %‘ Device (cd/A) (cd/m?) (nm) at 100 cd/m
e
§ 5 1 A 13 3500 612 (0.59, 0.40
E g B 0.61 1720 628 (0.64, 0.35
30 5 C 0.43 1871 612 (0.60, 0.40
© D 0.90 869 612 (0.59, 0.40
0 '

FIG. 3. Current density and luminance of devices B, C, and D are plotted as The CIE coordinate for device A deviates from the satu-
functions of voltage. rated red because of the emergence of the small green shoul-
der with the increasing voltage. The strong red emission it-

coordinate is(0.64, 0.35 (saturated redat 100 cd/m. The  self does not spectrally shift with the voltage. The dominant
performance of device B is among the best for saturated re@mission at 612 nm with peak luminance 3500 Cdisnvery
polymer LEDs. One of the possible reasons for the efficiencytigh for singlet red emission in conjugated polymers. Sur-
degradation of devices B and C is that the large hole energprisingly it comes from the exciplex at the junctions instead
barrier at the junction is removed by the dopants, as indiof exciton in the bulk. It is interesting to note that no hole-
cated by the broken gray lines in Fig. 1. The IP of the redtransport layer like PEDOT is used between ITO and P3HT
emitting Red-B and MEH-PPV are much smaller than Greerfor such a high efficiency LED. This is because the hole
1100, so the holes can easily go through the junction anénjection barrier between ITO and P3HT is small.

there is no longer a large number holes accumulated at the In conclusion, strong red emission is obtained from junc-
junction to form the exciplex. In addition to bilayer devices, tions of bilayer LEDs made of P3HT and green polyfluorene
we also fabricated single-layer device with Green 1100c0polymers. Our results open a possibility to overcome the
blended with P3HT6 wt %) as the emissive layer. Similar to difficulty in synthesizing new polymers for red emission by
the bilayer devices the EL spectrum is dominated by théhe exciplex emission at the heterojunction between existing
exciplex. The yield is not Iow0.9 cd/A), but the peak lumi- polymers.

nance is further reduced_ to 870 cdlrithe hole dlstrl_butlon The authors thank The Dow Chemical Company for sup-
in the single-layer blend is expected to be more uniform than

: ) - : .~ plying the LUMATION'? Green 1100 and Red-B polymers.
in the bilayers. Combining the results of bilayer and single This work is supported by the National Science Council of

layer blend we conclude that the spatial accumulation OEhe Republic of China under Grant No. 92-2112-M009-012
holes at the junction is necessary for the efficient exciple>% e Industrial Technology Research Ins:titute of ROC, and th,e

emission. The perfp_rmance for devices A-D are summarize OC Ministry of Education through Project No. 91-E-FAO4-
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nearly white LED by adding a layer of blue emitting poly
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