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We have fabricated light-emitting diodes with poly(p-phenylenevinylene) as the emissive layer, 
and with an electron-transporting layer formed from a solid state dispersion of 
2- (4-biphenylyl ) -5- (4-tert-butylphenyl ) - 1,3,4-oxadiazole in poly (methyl methacrylate) , placed 
between this and the negative electrode. These structures show typically a tenfold improvement 
in efficiency in the low-voltage regime and an eightfold improvement in the high-voltage regime 
over devices without the electron-transporting layer. Typical efficiencies are about 0.8% 
photons/electron. We consider that the role of the electron-transport layer is to confine holes to 
the emissive layer. 

Electroluminescence (EL) in organic semiconductors 
has been known for some considerable time,lt2 but recent 

interest has been stimulated by the discovery that sublimed 
molecular films can show high efficiencies. Several groups 
have demonstrated efficient EL devices by confining the 
injected charge carriers to the light-emitting layer.3-7 How- 
ever, due to crystallization of the thermally sublimed mo- 
lecular layers, these devices have relatively short operating 
lifetimes. We have recently shown that conjugated poly- 
mers, and in particular poly(p-phenylenevinylene) (PPV), 
can be used as the emissive layer, since these materials can 
exhibit high solid state photoluminescent efficiencies with 
emission in the visible part of the spectrum.*-I0 

The ability to form thermally stable thin films of con- 
jugated polymers such as PPV which have high photolu- 
minescence yields makes these materials attractive for 
large-area visible light-emitting diodes (LEDs) . Since our 
initial reports there has been much interest in conjugated 
polymers for this application. ‘l-i3 The LEDs incorporating 
conjugated polymers reported so far have had the conju- 
gated polymer sandwiched directly between high and low 
work function metals, which act as hole and electron in- 
jecting contacts, respectively, as shown schematically in 
Fig. 1 (a). In these devices, the injected positive and neg- 
ative charges move through the conjugated polymer under 
the influence of the applied electric field. The charges ei- 
ther annihilate one another to form a triplet or a singlet 
exciton, of which only the singlet may decay radiatively, or 
they pass through the conjugated polymer layer to the elec- 
trode of opposite charge. 

Unless both contacts form junctions with identical (or 
zero) barrier heights, one carrier will be preferentially in- 
jected. If the two junction barrier heights are not identical 
higher electric fields are required near the junction with the 
greater barrier height in order to equalize the injected cur- 
rent density from each contact. For the three layer sand- 
wich structure the current is likely to be carried predomi- 
nantly by one charge carrier species; this species, therefore, 

‘)Present address: Toshiba Cambridge Research Centre, 260 Cambridge 
Science Park, Milton Road, Cambridge, CB4 4WE, UK. 

has a high probability of crossing the EL layer without 
forming an exciton with an oppositely charged carrier, thus 
reducing the device efficiency. The EL efficiency may also 
be reduced by formation of excitons close to the contact 
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FIG. 1. Schematic band diagrams of EL diodes under a forward bias of 
voltage V, without (a) and with (b) an ECHB layer of PBD between the 
PPV and the low work function electron injecting contact. AEf is the 
energy difference between the high work function contact, of work func- 
tion & and the PPV valence band, and AE$ the difference between the 
low work function contact, of work function &, and the PPV or PBD 
conduction band. 
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providing the less efficient carrier injection, which is an 
area in which a larger number of defect sites may be Io- 
cated.‘4*‘5 To increase the efficiency of the device the “ma- 
jority” charge carrier must therefore be confined within the 
EL layer and exciton migration inhibited. There is some 
considerable scope for optimization of the polymer 
through chemical modificationi and for a given polymer 
there are various methods to achieve carrier confinement: 
by utilizing apin junction or a Schottky barrier junction, or 
to use conduction and valence band offsets at semiconduc- 
tor heterojunction interfaces. We follow the latter course 
here. 

From our work, using PPV sandwiched between trans- 
parent indium tin oxide (ITO), the high work function 
contact, and low work function contacts such as alumi- 
num, magnesium, or calcium, we llnd that IT0 is the more 
efficient carrier injector. We learn from this that there is a 
barrier at the PPV/Ca interface; if we use values for the 
IT0 and Ca work functions of 4.6 and 2.89 eV, respec- 
tively, and 2.5 eV for the PPV band gap, we can set a lower 
limit for this barrier of 0.4 eV, and an upper limit on the 
PPV electron athnity of 2.5 eV. 

A layer introduced to confine holes to the emissive 
layer, the electron-conducting/hole-blocking (ECHB) 
layer, should have the valence band lower in energy than 
the corresponding level of the EL layer and an electron 
affinity equal to or greater than the electron affinity of the 
EL layer, as indicated schematically in Fig. 1 (b). Thus 
holes are confined within the PPV layer at the interface 
between the PPV and ECHB layer, and the space-charge 
set up in this way causes a larger electric field across the 
ECHB layer. This leads to increased electron injection and 
consequently an improved quantum yield. We have used in 
this role 2- (4-biphenylyl) -5- (4-tert-butylphenyl) - 1,3,4- 
oxadiazole (butyl PBD ) . i7 To inhibit crystallization, we 
have made a solid state dispersion of butyl PBD (band gap 
-4 eV) in the insulating polymer, poly(methy1 methacry- 
late) (PMMA) which has a band gap of about 6 eV. By 
dissolving a mixture of butyl PBD and PMMA in chloro- 
form, very thin and uniform clear films were obtained by 
spin coating. 

Two polymer LED arrays, with pixel areas of 1 mm2, 
were fabricated with (type 1) and without (type 2) the 
ECHB layer sandwiched between the PPV and the low 
work function metal. Figures 1 (b) and 1 (a) show sche- 
matic band diagrams of types 1 and 2 under forward bias. 
The tetrahydrothiophene leaving-group precursor polymer 
to PPV” in methanol solution was spin coated onto IT0 
glass with a resistivity of 30 0/O, giving a final film thick- 
ness of 3500 A after thermal conversion (220 “C for 12 h at 
1 X 10m5 mbar) . In type 1 devices the PMMA/butyl PBD 
solution [PMMA (0.02 g) and butyl PBD (0.06 g) in 

2.5 3.0 3.5 

Energy (eV) 

FIG. 2. Absorption spectra of PPV and butyl PBD doped PMMA, and 
PL and EL from PPV. The PL spectrum has been displaced for clarity. 
The EL spectrum is from a type 1 device, with light collected through the 
IT0 layer and glass substrate; the EL spectra of type 2 devices are similar. 

chloroform (10 ml)] was then spin coated (2000 rpm) 
within the glove box (0, and H,O content < 10 ppm) to 
give a film thickness of about 300 A on top of the PPV 
layer. Each sample was then mounted onto a hotplate and 
the low work function metal contact area was defined using 
a metal mask. Prior to calcium evaporation the sample was 
heated to 70 “C for 20 min to ~promote water desorption 
from the sample surface, and then allowed to cool to room 
temperature. The calcium contacts were completely en- 
cased in a thick layer of gold to inhibit oxidation. Solution- 
processible conjugated polymers such as poly (dialkox- 
yphenylenevinylenes) I2 were also investigated as the light- 
emitting layer; however, as they are soluble in chloroform, 
smooth interfaces between the EL layer and the ECHB 
layer were difficult to obtain. 

The absorption spectra for PPV and butyl PBD, to- 
gether with photoluminescence (PL) and EL spectra of 
the PPV EL device incorporating the butyl PBD layer are 
shown in Fig. 2. The butyl PBD absorption peak is at 
about 4 eV, significantly above the PPV emission peak. The 
EL spectrum, viewed through the IT0 contact, shows 
more self-absorption than the PL spectrum (measured on a 
sample of the same thickness). This indicates that EL is 
generated on the far side of the PPV layer. 

EL for both types of device is seen at drive voltages 
above 15-20 V. Luminance levels of 5 cd/m2 are obtained 
for both devices at around 25 V, and values up to 500 
cd/m2 were obtained for type 2 devices at higher voltages. 
The currents drawn by these devices are, however, very 
different; the type 1 devices require currents that are about 
10 times lower to produce the same light output. We mea- 
sure values of luminance/current density of 0.017 and 0.85 
cd/A for the type 2 and type 1 devices, respectively, at low 
values of current density. We find that the type 1 devices 
show a falloff at higher current densities; this saturates at a 
value of 0.6 cd/A by 1 mA/cm2 and that the type 2 devices 
show an increase, which saturates at a value of 0.034 cd/A 
above 15 mA/cm2. These figures give efficiencies 
(photons/electron) with and without the ECHB layer of 
about 1.1% and 0.07%, respectively, in the low-current 
regime and 0.8% and 0. I%, respectively, in the high- 
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current regimes. The voltages required to drive devices 
with only PPV present scale with the thickness of the PPV 
and can be reduced to below 6 V for thinner devices.‘2’19 
As we find here, the devices with the PBD/PMMA require 
a higher voltage to achieve the same current density. 

We consider that there is accumulation of injected 
holes at the PPV/ECHB interface, which partially screens 
the electric field in the PPV layer and thus forces an in- 
creased voltage drop across the ECHB layer, giving a rel- 
ative enhancement of the electron injection efficiency at 
low bias voltages. For type 2 devices (without the ECHB 
layer) holes injected at low biases pass through the PPV 
layer and are collected by the calcium contact. The en- 
hanced efficiency for type 1 devices is therefore a direct 
result of the confinement of the holes within the PPV layer 
and a step towards the equalization of the hole and elec- 
tron currents. 

The efficiency of the EL process does depend on where 
the electron-hole capture to form excitons takes place. As 
mentioned above, there is evidence for self-absorption of 
the luminescence at the band edge when viewed through 
the IT0 contact, and we attribute this to the formation and 
radiative decay of excitons near the PPV/ECHB interface. 
Loss of efficiency can arise through direct carrier transport 
from one electrode to the other, and from the position of 
the EL generation in the device; we consider that electrons 
do not reach the IT0 contact. By the same token, exciton 
migration to and then quenching at the IT0 interface 
would appear to be unlikely. 

We comment, finally on the falloff in efficiency at 
higher current densities of the type 2 devices. We identify 
two possible causes. First, at the PPV/ECHB layer we get 
buildup of space-charge, and consider that this might re- 
sult in formation of doubly charged bipolarons.20*21 We 
consider that polarons are likely to be the predominant 
charge carriers in the EL structures, and that formation of 
bipolarons is the first step in a nonradiative pathway. Bi- 
polarons, here presumed to be positively charged, will also 
act as quenching centers for both excitons and electrons. 
The second mechanism that may reduce efficiency is that 
of tunneling or thermally assisted tunneling of accumu- 
lated holes through the ECHB layer, especially as the elec- 

tric field across the ECHB layer is large. 
We thank R. W. Jackson for assistance in preparing 

the polymers. We thank the United Kingdom Science and 
Engineering Research Council, Christ’s College Cam- 
bridge (PLB), the Deutsche Forchungsgemeinschaft 
(AK), and Cambridge Research and Innovation Limited 
for financial support. 

’ M. Pope, H. Kallmann, and P. Magnante, J. Chem. Phys. 38, 2024 
(1963). 

‘W. Helfrich and W. G. Schneider, Phys. Rev. Lett. 14, 229 (1965). 
‘C. W. Tang and S. A. VanSlyke, Appl. Phys. Lett. 51, 913 (1987). 
4C. W. Tang and S. A. VanSlyke, J. Appl. Phys. 65, 3610 (1989). 
5 C. Adachi, S. Tokito, T. Tsutsui, and S. Saito, Jpn. J. Appl. Phys. 27, 59 

(1988). 
‘C. Adachi, T. Tsutsui, and S. Saito, Appl. Phys. Lett. 55, 1489 (1989). 
‘C. Adachi, T. Tsutsui, and S. Saito, Appl. Phys. Lett. 56, 799 ( 1989). 
‘5. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, R. H. 
Friend, P. L. Burn, and A. B. Holmes, Nature 347, 539 (1990). 

9P. L. Burn, A. B. Holmes, A. graft, D. D. C. Bradley, A. R. Brown, 
and R. H. Friend, J. Chem. Sot. Chem. Commun. 1992, 32. 

“D. D. C. Bradley, P. L. Burn, R. H. Friend, A. B. Holmes, and A. 
Kraft, edited by H. Kusmany, International WinterSchool on Elec- 
tronic Properties of Conjugated Polymers, Kirchberg, Austria, 1991, 
Springer Series on Solid State Sciences (unpublished). 

“T. Nakano, S. Doi, T. Noguchi, T. Ohnishi, and Y. Iyechika (Sumit- 
omo Chem. Co. Ltd.), European Patent Application, EP 443 861, 28 
August 1991. 

12D. Braun and A. J. Heeger, Appl..Phys. Lett. 58, 1982 (1991). 
“Y. Ohmori, M. Uchida, K. Muro, and K. Yoshino, Solid State Com- 

mun. 80, 605 (1991). 
“D. D. C. Bradley and R. H. Friend, J. Phys. Condensed Matter 1. 3671 

(1989). 
“K. E. Ziemelis, A. T. Hussain, D. D. C. Bradley, R. H. Friend, J. Rtihe, 

and G. Wegner, Phvs. Rev. Lett. 66, 2231 ( 1991). 
16P L. Burn-A. B. Holmes, A. Kraft, D. D. C. Bradley, A. R. Brown, R. 

H. Friend, and R. W. Gymer, Nature 356, 47 ( 1992). 
“C. Adachi, T. Tsutsui, and S. Saito, Appl. Phys. Lett. 57, 531 ( 1990). 
‘*P. L. Burn, D. D. C. Bradley, A. R. Brown, and A. B. Holmes, Synth. 

Met. 41-43, 261 (1991). 
19R. H. Friend, D. D. C. Bradley, A. R. Brown, S. C. Graham, D. A. 

Halliday, P. L. Burn, A. graft, and A. B. Holmes, Mol. Crvst. Lia. 
Cryst. (in press). 

“A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W. -P. Su, Rev. Mod. 
Phys. 60, 781 (1988). 

“K. Fesser, 4. R. Bishop, and D. K. Campbell, Phys. Rev. B 27. 4804 
(1983). 

‘*N. F. Colaneri, D. D. C. Bradley, R. H. Friend, P. L. Burn, A. B. 
Holmes, and C. W. Spangler, Phys. Rev. B 42, 11671 (1990). 

2795 Appl. Phys. Lett., Vol. 61, No. 23, 7 December 1992 Brown et al. 2795 
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.102.82.176 On: Fri, 23

Sep 2016 02:42:52




