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ABSTRACT: Effects of the electronic structure of polymer/polymer interfaces on the electroluminescence
efficiency and tunable multicolor emission of polymer heterojunction light-emitting diodes were explored
by a series of 16 n-type conjugated polymers with varying electron affinities and ionization potentials in
conjunction with poly(p-phenylenevinylene). Efficiency and luminance of diodes of the type indium-tin
oxide/poly(p-phenylenevinylene)/n-type polymer/aluminum were maximized and were as high as 3%
photons/electron and 820 cd/m2, respectively, when the energetics at the polymer/polymer interface favored
electron transfer while disfavoring hole transfer. Energetic barrier to electron transfer at the polymer/
polymer interface was more important to electroluminescence efficiency and diode luminance than injection
barrier at the cathode/polymer interface. By a judicious choice of the relative layer thicknesses and the
components of the bilayer heterojunctions, the rate of both electron and hole transfer across the polymer/
polymer interface can be regulated by the applied voltage, resulting in continuous voltage tunability of
emission colors. The voltage tunable multicolor emission is exemplified by red (5 V) T yellow (9 V) T
green (12 V) and other intermediate color switching in poly(p-phenylenevinylene)/poly(2,6-(4-phenyl)-
quinoline) (PPQ) diodes. The multicolors obtained from a single heterojunction diode by varying the applied
voltage originated from the mixing of the component emission spectra in varying proportions facilitated
by interfacial charge transfer and finite size effects. Electroluminescence microscopy was used to directly
image the multicolor diodes. These results suggest that the electronic structure of polymer/polymer
interfaces and finite size effects dominate the emission features and performance of light-emitting devices
based on multicomponent polymers such as multilayered thin films, phase-separated blends, and block
copolymers. The results also have implications for photovoltaic cells and other optoelectronic devices using
conjugated polymers.

Introduction

Conjugated polymers in their native state are molec-
ular semiconductors which are of growing interest in
optoelectronic and electronic devices, including light-
emitting diodes (LEDs),1,2 lasers,3 photovoltaic cells,4
xerographic imaging photoreceptors,5 and thin-film
transistors.6 In the case of polymer LEDs, synthetic
manipulation of macromolecular architecture has made
available diverse light-emitting conjugated polymers
from which LEDs of various colors have been fabricated
and are now being optimized by a variety of device
engineering strategies. In efforts to design next genera-
tion electroluminescent (EL) materials with significantly
improved EL efficiency and to explore novel phenomena
(for example, multicolor emission,7,8 exciplex emission,9
and photon harvesting/energy transfer10) not feasible in
conjugated homopolymers, multicomponent conjugated
polymer systems, which include multilayered thin
films,8,11,12 blends,7,10,13,14 and block copolymers,15 are
of increasing interest. The present study focuses on the
electronic structure and properties of polymer/polymer
interfaces in view of their expected roles in the photo-
physics and charge-transfer processes in multicompo-
nent conjugated polymers and devices made from them.

In the simplest polymer LED, an EL polymer thin
film, such as poly(p-phenylenevinylene) (PPV), is sand-
wiched between two electrodes of different work func-
tions as schematically shown in Figure 1a. Such a
single-layer polymer LED is generally inefficient for two

principal reasons. First, there is poor charge injection
at one or both metal/polymer interfaces due to the
inability to simultaneously match the anode work
function (Φa) to the highest occupied molecular orbital
(HOMO) and the cathode work function (Φc) to the
lowest unoccupied molecular orbital (LUMO) of the
polymer. The energy barriers to hole and electron
injection at the anode and cathode are respectively ∆Eh
() Φa - IP) and ∆Ee () Φc - EA) where IP is the
ionization potential and EA is the electron affinity of
the polymer (Figure 1a). Second, there is a huge
disparity between hole and electron mobilities in semi-
conducting polymers,16 thus precluding balanced charge
transport in the devices. Commonly studied EL poly-
mers such as PPV,1a polyphenylenes,17 polyfluorenes,18

polythiophenes,7 and their derivatives are p-type (hole
transport) polymers which have hole mobilities that are
orders of magnitude larger than electron mobilities,
relatively small barriers to hole injection from indium-
tin oxide (ITO, Φa ∼ 4.7-4.8 eV),19a and very large
barriers to electron injection from air-stable cathodes
such as aluminum (Φc ∼4.0-4.3 eV).19b Two-layer
polymer/polymer heterojunction LEDs, schematically
shown in Figure 1b, have been found to have dramati-
cally improved EL efficiency and brightness,8a,8b,12

compared to the one-layer devices (Figure 1a), as also
found in multilayered organic/organic diodes.20

n-Type (electron transport) polymers used in such
two-layer heterojunction LEDs are thought to improve
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device efficiency through their high electron affinities
which reduce the barrier to electron injection at the
cathode/polymer interface.12c An increasing part of
current EL materials research effort is thus being
directed to the design and synthesis of n-type polymers
with improved properties.12 Both nonconjugated poly-
mers, such as the oxadiazole-containing side-chain
polymers,12a,b and π-conjugated polymers, such as poly-
(cyanoterephthalylidene)s (CN-PPVs),12c poly(phenyl-
quinoxaline)s,12d-f polypyridines,12g and polyquinolines,8a

have been reported as electron transport layers in two-
layer heterojunction LEDs. What is currently lacking,
however, is the understanding of the roles of the
electronic structures and sizes of the polymer/polymer
interfaces in such two-layer heterojunction LEDs. In
contrast, extensive studies of metal/polymer interfaces21

in LEDs have provided knowledge of their general
features and properties in relation to device perfor-
mance. For example, the ITO/PPV interface is believed
to be quasi-ohmic, if not ohmic, for hole injection,22a

whereas the cathode (Al, Ca, Mg)/PPV interface injects
electrons by tunneling and/or other complex processes.22b

The Al/PPV interface is known to exhibit Schottky
barriercharacteristics,leadingtophotovoltaicproperties.4a

In addition to their possible important roles in the
two-layer heterojunction LEDs (Figure 1b), polymer/
polymer interfaces can also play a critical role in even
single-layer LEDs (Figure 1a) if the polymer layer
consists of a phase-separated blend7 or a microphase-
separated block copolymer. More generally, polymer/
polymer interfaces mediate a variety of photophysical
and charge-transfer processes in multicomponent con-
jugated polymer systems exemplified by efficient energy
transfer in binary nanophase-separated blends10 and
block copolymers,15a exciplex formation9 in bilayers and
blends, ground-state electron transfer in binary blends,13a

photoinduced electron transfer in binary blends,13b and

tunable multicolor electroluminescence in bilayers8 and
blends.7 The coupling of finite size effects to the elec-
tronic structure and properties of polymer/polymer
interfaces in such multicomponent polymers has been
suggested from observed multicolor EL emission from
two-layer heterojunctions.8a Conjugated polymer bilayer
heterojunctions have also been extensively studied as
rectifying junctions (charge trapping electrodes, charge
storage) in electrochemical experiments.23

In this paper we report on studies focusing on the two-
layer polymer heterojunction LED structure of Figure
1b and addressing the question of what influence the
electronic structure of the polymer/polymer interface has
on the EL diode efficiency and luminance. Finite size
effects on the polymer/polymer bilayer heterojunctions
were also explored. We view this planar heterojunction
as an ideal model system for investigating the electronic
structure and properties of polymer/polymer interfaces;
well-defined planar heterojunctions of diverse conju-
gated polymers and layer thicknesses can be prepared
by a number of polymer processing techniques. We used
PPV on ITO as the model p-type EL polymer. A total of
16 conjugated polymers, which are known to exhibit
reversible electrochemical reduction24 and other n-type
(electron transport) characteristics,5,25 provided a range
of electron affinities and ionization potentials that
allowed the electronic structure of PPV/n-type polymer
interface to be varied and probed. These n-type semi-
conducting polymers whose molecular structures are
shown in Chart 1 include seven polyquinolines
(PQs),24a,26a six polyanthrazolines (PATs),24a,26a,b two
polybenzobisthiazoles (PBTs),24b,c,26c and one poly(ben-
zimidazobenzophenanthroline ladder) (BBL).13,24c The
layer thicknesses of PPV and the n-type polymer in a
bilayer heterojunction were varied to probe size effects
and multicolor EL emission. In addition to spectroscopic

Figure 1. Schematic illustration of (a) a single-layer polymer
LED and (b) a two-layer heterojunction LED and their
associated energy levels.

Chart 1
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and electrical measurements, we also used electrolu-
minescence microscopy to characterize the heterojunc-
tion LEDs.

Experimental Section
Materials. The molecular structures of PPV and all the

n-type semiconducting polymers used in this study are shown
in Chart 1. The sulfonium precursor of PPV (1) in ∼1 wt %
methanol solution was purchased from Lark Enterprises
(Webster, MA). Polyquinolines (2, 3a-3f),24a,26a polyanthrazo-
lines (4a-4f),24a,26a,b polybenzobisthiazoles (5g, 5h),24b,c,26c and
BBL (6)24c were synthesized in our laboratory. Their syntheses
and characterizations have been previously reported.24,26

Fabrication of Polymer/Polymer Heterojunction LEDs.
Figure 1b shows the schematic structure of the semiconducting
polymer heterojunction LEDs. In the heterojunction devices,
indium-tin oxide (ITO) was used as the anode, PPV (25-130
nm) was used as the p-type layer, the various n-type conju-
gated polymers (15-100 nm) shown in Chart 1 were each used
as an n-type layer, and aluminum (Al) was used as the cathode.
ITO-coated glass substrates (Donelly Corp., Holland, MI) were
cleaned sequentially in ultrasonic bathes of detergent, 2-pro-
panol/deionized water (1:1 volume) mixture, toluene, deionized
water, and acetone. PPV thin films (25-130 nm) were depos-
ited onto the ITO-coated glass substrates by spin-coating of
the sulfonium precursor from methanol solutions followed by
thermal conversion in a vacuum (220-250 °C for 1-2 h). For
PPV single-layer devices, the PPV film thickness was 70 nm.
Thin films of polyquinolines (PQs) and polyanthrazoline (PATs)
were spin-coated from their formic acid solutions onto the
vacuum-dried (converted) PPV layer and then dried in a
vacuum at 60 °C for 12 h to remove the solvent (formic acid).
Thin films of polybenzobisthiazoles (PBTs) and BBL were spin-
coated onto the PPV layer from their reversibly soluble Lewis
acid (GaCl3) coordination complexes in nitromethane.27 All
solutions were filtered with a 0.2 µm (pore size) Acrodisc 13
CR PTFE syringe filter (Pall Corp., East Hills, NY) before spin-
coating. The film thicknesses were measured by an Alpha-step
profilometer (model 200, Tencor Northern, San Jose, CA) with
an accuracy of (1 nm and confirmed by an optical absorption
coefficient technique. The film thickness was controlled by
adjusting the spin-coating speed (1000-3000 rpm) and poly-
mer solution concentrations (0.1-1 wt %). Finally, 100-130
nm aluminum electrodes were vacuum (<5 × 10-6 Torr)
evaporated onto the resulting polymer bilayers. The area of
each device was about 0.2 cm2 (5 mm diameter), and there
were nine devices per substrate.

Characterization of Polymer Heterojunction LEDs.
Electroluminescence (EL) spectra were obtained by using a
Spex Fluorolog-2 spectrofluorimeter. Current-voltage char-
acteristics of LEDs were measured by using an HP4155A
semiconductor parameter analyzer (Yokogawa- Hewlett-Pack-
ard, Tokyo). The luminance (brightness) was measured by
using a Grasby S370 optometer (Grasby Optronics, Orlando,
FL) equipped with a calibrated luminance sensor head (model
211). The model 211 sensor head can accurately measure the
luminance of LEDs of spot size as small as 0.8 mm diameter
when assembled together with a model 1220 reflex viewing
module with 5× microscope objective lens. The current-
voltage and luminance-voltage curves were recorded simul-
taneously by hooking up the semiconductor parameter ana-
lyzer together with the optometer.

The quantum efficiencies of the diodes were measured by
using procedures similar to those previously reported.28 Pho-
tons emitted from LEDs were detected with a calibrated
Grasby 221 photodiode (350-1100 nm, built into a Grasby
2550 integrating sphere). Quantum efficiencies reported in this
paper refer to internal efficiencies assuming a refractive index
of 1.6 for the semiconducting polymers used to fabricate EL
devices.29 Additional detailed procedures of measuring EL
efficiencies of polymer LEDs have been reported elsewhere.30a

Electroluminescence microscopy of the heterojunction LEDs
was done by using an Olympus model BX60 fluorescence/
optical microscope (Olympus America, Melville, NY) with an

attached digital camera which imaged the true colors of light
emitted from the LEDs. The electric-field-modulated photo-
luminescence (PL) spectroscopy on EL devices was performed
the same way as normal PL measurement30b except that an
electric field was applied to the EL device. The detailed
procedure of the electric field-modulated PL spectroscopy was
given elsewhere.14b,15b All the device fabrication and measure-
ments were performed under ambient laboratory conditions.

Characterization of Photophysical Properties of Bi-
layer Polymer Heterojunction Thin Films. Representative
bilayer polymer/polymer heterojunction thin films such as
PPQ/PPV, PPPQ/PPV, PBTPV/PPV, and BBL/PPV were also
probed by the optical absorption spectroscopy, steady-state PL
spectroscopy, and picosecond time-resolved PL decay dynamics
in order to understand better any photophysical processes
occurring at the polymer/polymer interfaces. For these mea-
surements, the bilayer heterojunction thin films were prepared
in the same way as for the LEDs except that the substrates
were silica instead of ITO-coated glass. Typically, the PPV
layer was 10-30 nm thick and the n-type layer was 15-30
nm thick.

Optical absorption spectra were obtained by using a Perkin-
Elmer Lambda 9 spectrophotometer. PL spectra were obtained
by using a Spex Fluorolog-2 spectrofluorimeter. The films for
steady-state PL studies were positioned such that the light
emission was detected at 22.5° from the incident beam. PL
spectra of single-layer thin films (such as PPV) were corrected
for the optical density (OD) of the film at the excitation
wavelength (λex) by a factor of (1 - 10-OD(λex,PPV)), where OD-
(λex,PPV) is the optical density of PPV thin film at the
excitation wavelength (λex). PL intensities of PPV in the
bilayers such as PPV/BBL were additionally corrected for the
absorption of the excitation light (λex) and the reabsorption of
the emission light (λem) by the n-type layer (such as BBL) by
factors of 10-OD(λex,BBL) and 10-OD(λem,BBL), respectively, where
OD(λex,BBL) and OD(λem,BBL) are optical densities of the BBL
layer at the excitation wavelength (λex) and the emission
wavelength (λem), respectively. Time-resolved photolumines-
cence decay measurements were performed by using the time-
correlated single-photon counting technique.5c,30b The excita-
tion system consists of a cavity pumped dye laser (Coherent
model 703D) circulating rhodamine 6G, synchronously pumped
by a mode-locked frequency-doubled Nd:YAG laser (Quant-
ronics model 416). The dye laser pulses were typically 10 ps
duration at a repetition rate of 38 MHz, and the samples were
excited at 420 nm. The PL decay was detected around the PL
emission peak of PPV (540 nm).

Results and Discussion

A. Structure and Properties of Semiconducting
Polymer/Polymer Interfaces. Very little is currently
known about the supramolecular structure or local
morphology, electronic structure, and electronic proper-
ties of the interfaces between conjugated polymer thin
films. In contrast, there is an extensive literature on
the chemical structure, composition, size, and mechan-
ical properties of the interfaces between conventional
flexible-coil polymers such as polystyrene/polyisoprene
and polystyrene/poly(methyl methacrylate).31 Because
of the extensive interdiffusion between such flexible-
coil polymers at an interface, the size of the interface
region can range from 5 to 100 nm.31 However, on the
ground of their stiff rodlike conformations, we propose
that the interfaces between π-conjugated polymers, such
as prepared by sequential spin-coating in the present
study, can be assumed to be relatively sharp as shown
by the schematic illustration of Figure 2. The lack of
solubility or swelling of PPV in the solvents from which
the n-type conjugated polymers were spin-coated is an
important factor in achieving the bilayer heterojunctions
with sharp interfaces. The fact that rodlike polymers
have much larger relaxation times or smaller diffusion
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constants, compared to flexible coil polymers, is an
additional factor favoring relatively sharp interfaces.31

Because chains of a rodlike polymer at or near an
interface can generally have only translational and
rotational Brownian motions, they tend to be confined
to their side of the interface.31 The macroscopic mor-
phology (planarity) of the conjugated polymer/conju-
gated polymer interfaces will, of course, depend on the
roughness or smoothness of the first polymer (PPV)
layer deposited. Highly planar interfaces can be ex-
pected because the spin-coating of Newtonian or non-
Newtonian polymer solutions does lead to quite planar
surfaces of deposited polymer thin films regardless of
any nonuniformity in the substrate.32 Despite the
expected sharpness of the PPV/n-type polymer inter-
faces, good adhesion between the sequentially deposited
layers was observed. We explain this as due to strong
van der Waals and π-π interactions across the interface
between the essentially rodlike π-conjugated polymers.

The energy level diagram shown in Figure 1b in terms
of the HOMO/IP and LUMO/EA of the two polymers in
a bilayer heterojunction assumes flat bands which are
commonly observed in organic/organic interfaces.33 To
characterize the electronic structure of the polymer/
polymer heterojunctions, we used the HOMO/IP and
LUMO/EA values established from the electrochemical
redox properties of the pure polymer thin films which
were referenced against the saturated calomel electrode
(SCE).24,34a Both the vacuum level and the SCE energy
level relative to it can be difficult quantities to measure
precisely in organic semiconductors and conjugated
polymers.33,34b,c An SCE energy level of 4.4 eV below
vacuum34b was used as the reference for establishing
the IP and EA values of these polymers13a,24 which are
collected in Table 1. The series of n-type polymers have
electron affinities in the range 2.36-4.0 eV compared
to 2.71 eV for PPV. Similarly, their ionization potentials
in the range 5.06-5.90 eV vary widely compared to PPV
(5.11 eV). The electronic structure of the series of PPV/
n-type polymer bilayer heterojunctions can thus be
expected to vary widely and provide insights into the
effects of such polymer/polymer interfaces on the per-
formance of LEDs and other optoelectronic devices.

A schematic of the HOMO/IP and LUMO/EA levels
of all the n-type semiconducting polymers and those of

PPV is shown in Figure 3. On the basis of these zero-
field energy levels, one sees that all the PPV/polyquino-
line (PQ) and PPV/polybenzobisthiazole (PBT) hetero-
junctions have interfacial energetics that favor electron
transfer from the n-type polymer layer while there is
barrier to hole transfer from the PPV layer. Bilayer
heterojunctions of the PPV/polyanthrazoline (PAT) type
have energetic barriers to both electron and hole
transfer except in PPV/PTDA where hole transfer from
PPV is feasible. The interface electronic structure of
PPV/BBL shows very large barriers to both electron and
hole transfer across the interface. For later use in
quantitative comparison of the effects of the interface
electronic structure on electroluminescence, we define
these barriers to hole and electron transfer as ∆IP )
IP(n-type polymer) - IP(PPV) and ∆EA ) EA(n-type
polymer) - EA(PPV), respectively. In the presence of
high electric fields additional considerations may enter
into the picture of charge transfer across the polymer/
polymer interface due to possible electric field-induced
charge-transfer processes.

The possible occurrence of photophysical processes at
the polymer/polymer interfaces in these bilayer hetero-
junctions may also be anticipated from the HOMO/
LUMO energy levels of Figure 3. For example, exciton
energy transfer seems feasible in the PPV/polyquinoline
heterojunctions. However, except in one case (PPV/
PBTPV) where there is some overlap between the
absorption spectrum of PBTPV (5g) and the emission
spectrum of PPV, the necessary absorption/emission
overlap for efficient exciton energy transfer10a was
nonexistent in all the bilayer heterojunctions. Exciplex
formation5a-d,9 or photoinduced electron transfer13b may
seem feasible particularly in PPV/BBL heterojunctions
and perhaps also in PPV/polyanthrazoline bilayers. We

Figure 2. Schematic model of the interface between sequen-
tially spin-coated amorphous thin films of two conjugated
polymers A and B which are assumed to be rodlike chains.

Figure 3. Schematic HOMO/IP and LUMO/EA levels of PPV
and all the n-type polymers studied.

Table 1. Electronic Structure Parameters and
Photophysical Properties of Conjugated Polymer Thin

Films

polymer
EA,
eV

IP,
eV

λmax
ABS,
nm

Eg
opt,

nm
λmax

PL ,
nm

1, PPV 2.71 5.11 408 515 528, 559
2, PPQ 2.62 5.35 414 468 578
3a, PPPQ 2.50 5.47 400 446 574
3b, PBPQ 2.42 5.49 405 441 571
3c, PBAPQ 2.47 5.48 407 456 564
3d, PSPQ 2.48 5.35 414 468 590
3e, PDMPQ 2.36 5.44 380 412 542
3f, PTPQ 2.56 5.27 471 498 622
4a, PPDA 2.83 5.27 443 505 618
4b, PBDA 2.86 5.34 415 485 600
4c, PBADA 2.89 5.36 428 482 628
4d, PSDA 2.81 5.27 451 504 644
4e, PDMDA 2.85 5.43 405 460 590
4f, PTDA 2.87 5.06 500 571 706
5g, PBTPV 2.70 5.20 475, 508 590 630
5h, PPyBT 2.76 5.60 440, 470 500 560
6, BBL 4.00 5.90 568 680 720
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investigated these possibilities in representative bilayer
heterojunctions by steady-state photoluminescence (PL)
spectroscopy and in some cases also by PL decay
dynamics. Optical absorption spectra of PPV/n-type
polymer bilayer heterojunctions were simple superposi-
tions of those of the component layers.

The PL emission spectra of a PPV/PPQ bilayer at
different excitation wavelengths are shown in Figure 4
along with the emission spectrum of a single-layer PPQ
thin film. The PL spectra corresponding to 360-440 nm
excitations of the bilayer were clear superpositions of
those of the component layers. Interestingly, excitation
of the PPV/PPQ bilayer from the PPQ side at 480 nm,
where PPQ does not absorb, gave a PL emission
spectrum identical in line shape, emission maximum
(510 nm), and intensity to that of a single-layer PPV
thin film. Similar results were obtained in other bilayer
heterojunctions. Even in the case of PPV/PBTPV where
there is some evidence of exciton energy transfer from
the PPV layer to the PBTPV layer, excitation-wave-
length-dependent PL emission spectra were obtained.
For example, excitation of the PPV/PBTPV bilayer
above the absorption edge of PPV (515 nm, Table 1) gave
a PL emission band that was characteristic of the single-
layer PBTPV (λmax ) 630 nm). Excitation of the same
bilayer at 400-480 nm gave PL emission bands with
multipeaks due to both PPV and PBTPV. These results
demonstrate that bilayer heterojunctions of fluorescent
conjugated polymers exhibit excitation wavelength tun-
able emission spectra. No evidence of new emission
bands that may indicate exciplex formation9 was found
in any of the bilayer heterojunctions.

Although the emission band of PPV which covers the
460-620 nm spectral range completely overlaps the
absorption spectrum of BBL which covers ∼440-720
nm, no indication of exciton energy transfer was ob-
served in the PPV/BBL bilayer heterojunction. This is
consistent with the HOMO/LUMO energy levels of this
pair of conjugated polymers (Figure 3). Instead, a factor
of 2.1-2.3 quenching of both the luminescence of PPV
and BBL was observed when the heterojunction was
excited at two different wavelengths (400 and 580 nm).
Photoinduced electron transfer from PPV to BBL at the
junction interface is consistent with the large lumines-
cence quenching and interface electronic structure. The
PL decay dynamics obtained by exciting a single-layer

PPV and a PPV/BBL bilayer at the same excitation
wavelength (420 nm) and monitored at the same wave-
length (540 nm) showed that the excited-state lifetime
was substantially shortened in the bilayer. Whereas the
single-layer PPV thin film had lifetimes of 130 and 500
ps, the PPV/BBL bilayer had lifetimes of 70 and 300
ps. These PL decay dynamics are also consistent with
photoinduced electron transfer at the interface between
PPV and BBL. Although the high electron affinity of
BBL can be beneficial to electron injection in LEDs,
efficient photoinduced electron transfer at the polymer/
polymer interface and associated luminescence quench-
ing suggest that the prospects for efficient LEDs from
PPV/BBL heterojunctions are not good whereas photo-
voltaic cells may be more promising.

B. Enhancement of Electroluminescence of Poly-
mer/Polymer Heterojunctions. The turn-on voltage,
luminance or brightness, electrical characteristics, and
electroluminescence efficiency of the 16 PPV/n-type
polymer bilayer LEDs (ITO/PPV/n-type polymer/Al)
were investigated in detail for comparison with the
single-layer ITO/PPV/Al diode. In particular, we aimed
to understand the role of the electronic structure of the
polymer/polymer interface compared to other factors
such as electron injection at the cathode (Al)/polymer
interface.

Figure 5a shows the current-voltage (I-V) charac-
teristics of three representative bilayer LEDs (PPV/
PBDA, PPV/PBPQ, and PPV/PPyBT) and the single-
layer PPV diode. The corresponding luminance-voltage
(L-V) curves of these LEDs are shown in Figure 5b.
For the single-layer PPV EL device (ITO/PPV(70 nm)/
Al), the turn-on voltage (Von) which we define as the

Figure 4. Optical absorption spectra of PPQ (1), PPV (2), and
bilayer PPQ/PPV (3) thin films on silica substrates. PL spectra
of PPQ (4, excited at 400 nm) and bilayer PPQ/PPV films (5-
8, excited at 360, 400, 440, and 480 nm, respectively).

Figure 5. Current density-voltage (a) and luminance-
voltage (b) characteristics of EL devices: ITO/PPV(70 nm)/
Al, ITO/PPV(35 nm)/PBDA(20 nm)/Al, ITO/PPV(35 nm)/PBPQ-
(30 nm)/Al, and ITO/PPV(60 nm)/PPyBT(15 nm)/Al.
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onset of visible light emission was 7 V (1.0 × 106 V/cm).
As seen in the I-V curve, the single-layer PPV diode
had a current spike at ∼3-5 V below the turn-on
voltage. This is similar to the space charge limited
transient current in organic semiconductors with traps.35

It may be an indication of space charge accumulation
at the Al/PPV interface, reflecting poor electron injection
in the single-layer diode. Such an effect was not
observed in the I-V characteristics of all the bilayer
LEDs as exemplified by those in Figure 5a. The turn-
on voltage (electric field) for the three bilayer LEDs
shown in Figure 5 was between 3.5 V (5.4 × 105 V/cm)
for PPV/PBPQ and 5 V (6.7 × 105 V/cm) for PPV/PPyBT.
The turn-on voltage (Von) for all the bilayer LEDs was
less than that of the single-layer PPV diode (Table 2).
The reduced turn-on voltage (electric field) of the bilayer
LEDs suggests improved electron injection and trans-
port compared to the single-layer PPV diode.

The luminance or brightness of the bilayer LEDs was
also substantially enhanced compared to the single-
layer PPV diode, as exemplified in Figure 5b. The
maximum luminance (Lmax) of the ITO/PPV/Al diode
was 18 cd/m2 at 15 V (2.1 × 106 V/cm). The Lmax values
for the PPV/PBDA and PPV/PPyBT bilayer LEDs at the
same voltage were 47 and 110 cd/m2, respectively. The
brightest bilayer LED was the PPV/PBPQ heterojunc-
tion with an Lmax of 820 cd/m2 (Figure 5b, Table 2).
Other very bright bilayer LEDs include PPV/PPQ and
PPV/PDMPQ with Lmax of 330-430 cd/m2 (Table 2).

The LED performance data, including the turn-on
voltage (Von), Lmax with corresponding operating voltage
(Vmax), current density (Imax), and EL efficiency are
summarized in Table 2 for the 16 bilayer heterojunc-
tions and the single-layer PPV. To facilitate easy
comparison, the luminance, operating voltage, and EL
efficiency corresponding to a current density of 220 mA/
cm2 are also given in Table 2. For example, at this
current density the luminance of the single-layer PPV
and the bilayers PPV/PDMPQ and PPV/PBPQ was 10,
350, and 826 cd/m2, respectively, showing enhancements
of 35-83 times. In general, the luminance of the bilayer
heterojunctions varied substantially among the different
classes of n-type conjugated polymers as shown in
Figure 3. Bilayers containing polyquinolines (PQs) were
the brightest and most enhanced, followed by the
polybenzobisthiazoles (PBTs), whereas the polyanthra-
zolines (PATs) resulted in the smallest enhancement
relative to the reference single-layer PPV diode. Light
emission was not obtained from the PPV/BBL diode.

The observed trends in the luminance data were also
evident in the EL efficiency data (Table 2). The PPV/
PBPQ and PPV/PDMPQ bilayer diodes had EL efficien-
cies of 3% and 1.4% photons/electron, respectively.
Except for the PPV/PTPQ bilayer which was more
efficient by a factor of 2.7, all the PPV/polyquinoline
heterojunctions had EL efficiency enhancement of 5-100
times relative to the single-layer PPV diode. Bilayers
of PPV/polybenzobisthiazoles and PPV/polyanthrazo-
lines had EL efficiency enhancements of factors of 3-6
and 2-3, respectively. No light emission was observed
from the PPV/BBL LED. As electron transport layers
for PPV-based LEDs, these results show that the
polyquinolines as a class, and particularly the members
PPQ, PDMPQ, and PBPQ, are the best and superior to
prior reported materials such as the polyoxadiazoles,12b

poly(phenylquinoxalines),12d and polypyridine.12g

The observed enhancement of EL efficiency and LED
brightness in these bilayer heterojunctions, particularly
their variation with n-type polymer structures, are very
difficult to understand in terms of improved electron
injection and transport. Insertion of an n-type polymer
or electron transport layer (ETL) between PPV and
aluminum cathode is supposed to improve LED perfor-
mance by reducing the barrier to electron injection at
the cathode ∆Ec () Φc - EA) (Figure 1b) through its
higher electron affinity relative to PPV.12c However, our
finding with the series of 16 n-type polymers is that
those with the highest EA values had the worst bilayer
LED performance relative to the PPV single layer
(Tables 1 and 2). For example, the ITO/PPV/BBL/Al
diode has an essentially ohmic contact at the BBL/Al
interface with an almost perfect match of EA (4.0 eV)
to the work function of Al (∼4.0-4.3 eV).19b Yet this
bilayer had no light emission and hence was worse than
the single-layer PPV diode. From these results we
conclude that because the bilayer LED performance
does not improve with increasing electron affinity but
instead decreases, the size of the electron injection
barrier at the aluminum/n-type polymer interface is not
an important factor in the observed variation of EL
efficiency and luminance with bilayer heterojunction
composition. A likely reason for this is that electron
injection at the Al/n-type polymer interface is equally
efficient, regardless of the specific polymer in the series,
due to a reaction at the interface which mediates the
injection process. Such metal/conjugated polymer inter-
facial reactions are known to always occur upon evapo-
rative deposition of metal atoms onto a conjugated

Table 2. Performance of Bilayer Heterojunction LEDs

device thickness, nm Von, V Lmax, cd/m2 Vmax, V Imax, mA/cm2 efficiency, %

PPV 70 7 18 (10)a 15 (12)a 500 0.03 (0.04)a

PPQ/PPV 35/35 4.5 330 (324) 13 (12.5) 250 1.05 (1.20)
PPPQ/PPV 30/35 6 138 12 230 0.48
PBPQ/PPV 30/35 3.5 826 9.5 220 2.99
PBAPQ/PPV 35/35 5.5 154 (99) 12 (10.5) 410 0.30 (0.36)
PSPQ/PPV 35/35 5.5 88 (54) 14 (11.5) 500 0.14 (0.20)
PDMPQ/PPV 30/35 5.5 430 (350) 16 (14) 460 0.75 (1.41)
PTPQ/PPV 40/35 3.5 52 (27) 8 (6) 500 0.08 (0.10)
PPDA/PPV 20/35 5 46 (32) 14 (11) 460 0.08 (0.12)
PBDA/PPV 20/35 4.5 46 (26) 9.5 (7.5) 500 0.07 (0.09)
PBADA/PPV 20/35 4.5 47 (26) 12 (7.5) 490 0.08 (0.09)
PSDA/PPV 25/35 5.5 26 (14) 10 (8.5) 450 0.05 (0.05)
PDMDA/PPV 25/35 6.5 22 13 200 0.09
PTDA/PPV 25/35 6.5 19 (9) 15 (12) 500 0.03 (0.03)
PBTPV/PPV 15/60 6 48 (24) 12.5 (10) 500 0.08 (0.09)
PPyBT/PPV 15/60 5 110 (50) 11.5 (8) 500 0.18 (0.18)
BBL/PPV 30/35 b b

a The values in parentheses correspond to the current density of 220 mA/cm2. b No light at all.
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polymer.21 In the case of the series of n-type polymers
under investigation here (Chart 1), their electron-rich
heteroatoms can be expected to make formation of an
interface Al/polymer reaction product more facile. We
also expect that such an interfacial aluminum/polymer
complex would be similar in structure and function to
an n-type doped polymer, facilitating efficient electron
injection regardless of the electron affinity value of the
polymer. We propose that the electronic structure of the
polymer/polymer interfaces rather than electron injec-
tion at the Al/polymer interface is the key to under-
standing the observed electroluminescence enhance-
ment and trends in these bilayer heterojunctions as
discussed below.

C. Roles of Polymer/Polymer Interfaces in Het-
erojunction LEDs. A critical examination of the above
electroluminescence efficiency (φEL) and luminance data
suggests that they are strong functions of both ∆EA and
∆IP which characterize the electronic structure of the
polymer/polymer interface (Figure 1b). A 3-D plot of φEL
or Lmax as a function of the variables ∆EA and ∆IP best
quantifies these dependencies as shown in Figure 6. A
combination of energetic barrier to hole transfer (∆IP
> 0) and favorable electron transfer (∆EA < 0) at the

interface appears to be the necessary requirement for
enhanced EL emission in the bilayer LEDs. On this
basis all the observed trends of EL efficiency and diode
luminance in the bilayer heterojunctions can be fully
rationalized.

The interface energetics of PPV/polyquinoline hetero-
junctions is such that there is no barrier to electron
transfer from the PQs to the PPV layer while there is
about a 0.16-0.38 eV barrier to hole transfer across the
interface from the PPV layer. Provided that the align-
ment of the LUMO levels at the interface favors electron
transfer (∆EA < 0) for a given bilayer, then the largest
energy barrier to hole transfer gives the best EL
performance as exemplified in PPV/PDMPQ and PPV/
PBPQ, which have ∆IP of 0.32-0.38 eV and the highest
efficiencies and brightness among the polyquinolines.
Although the polybenzobisthiazoles (PBTs) have 0.09-
0.49 eV barrier to hole transfer from PPV, they also
have small barriers to electron transfer (∆EA ) 0.05
eV for PPyBT) which appears to account for the poorer
performance of PPV/PBT LEDs compared to the poly-
quinolines. The superior EL results for PPyBT relative
to PBTPV can be traced to its larger hole confinement
energy (∆IP ) 0.49 eV). The polyanthrazolines combine
unfavorable barrier to interface electron transfer (∆EA
∼0.1-0.18 eV) with small barriers to hole transfer,
resulting in only marginal EL enhancement. In fact, in
PPV/PTDA there is no barrier to hole transfer, and not
surprisingly no EL enhancement was observed com-
pared to the PPV single layer. Although PPV/BBL
bilayer LED has a large barrier to hole transfer (∆IP )
0.8 eV), however, it also has a large barrier to electron
transfer (∆EA ) 1.29 eV) at the interface which
precludes any light emission.

To understand why the energetics of the polymer/
polymer interface can dominate the EL efficiency φEL
and luminance, we consider the main factors that
determine EL diode efficiency. In organic LEDs, in
general, φEL ) γηφPL where γ is the charge injection
efficiency, η is the efficiency of singlet exciton generation
from electron-hole recombination, and φPL is the fluo-
rescence quantum yield of the emissive polymer layer.1a,36

Focusing on the emissive PPV layer which is a constant
in all the bilayer heterojunctions, one sees that φPL does
not vary with heterojunction composition. As previously
discussed, since the bilayer LED performance (e.g., φEL)
did not increase with increasing electron affinity, the
electron injection efficiency γ is likely to be very high
and about the same in all the heterojunctions. Thus,
what varies widely in these heterojunctions is the
singlet exciton generation efficiency of charge recombi-
nation η. For example, although the charge injection
efficiency γ of the ITO/PPV/BBL/Al diode is near unity
because of ohmic contacts, the fact that φEL ∼ 0 can be
understood to arise from the negligible radiative recom-
bination (η ∼ 0) due to interfacial photoinduced electron
transfer and charge separation facilitated by the inter-
facial electronic structure.

The electric field dependence of electron-hole recom-
bination and the competing process of exciton (electron-
hole) dissociation in these bilayer heterojunctions, and
hence η, can also be expected to depend on the composi-
tion and interfacial electronic structure of the bilayer.39

An unusual maximum appearing in the luminance-
voltage curves of the heterojunction LEDs provided
additional evidence of the critical role of the polymer/
polymer interface in the net η and diode performance.

Figure 6. A 3-D plot of (a) the EL efficiency (φEL) and (b) the
maximum luminance (Lmax) of the bilayer heterojunction LEDs
and the PPV single-layer diode as a function of ∆EA and ∆IP.
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The luminance of the previously discussed ITO/PPV/
PBPQ/Al diode was found to have a maximum at 9.5 V
(Figure 5b). Above this bias voltage, the luminance
decreased with increasing voltage even though the
current was increasing monotonically. The bias voltage
(electric field) where the luminance peaked varied with
bilayer composition (Table 2). Such a peak in the
luminance-voltage curve has not been observed in
either single-layer diodes or bilayer LEDs involving a
nonconjugated polymer layer.1,30a The most likely ex-
planation for this peak in the luminance-voltage curve
is electric field-induced quenching of luminescence due
to increasing electron-hole (exciton) dissociation with
increasing electric field.15b,39 We applied electric field
modulated PL spectroscopy15b to investigate the ITO/
PPV/PBPQ/Al diode under reverse bias voltages that
does not give rise to EL emission. The relative PL
intensity, IPL(E)/IPL(0), is seen to decrease with increas-
ing electric field, reaching a value of 0.4 at ∼1.6 × 106

V/cm (Figure 7). This result shows that there is a 60%
quenching of luminescence by a high electric field (>10
V). The efficiency of charge photogeneration at the
polymer/polymer interfaces at comparable electric fields
is known to be strongly dependent on the bilayer
composition and particularly the interface electronic
structure (∆EA, ∆IP).5

D. Voltage-Tunable Multicolor Electrolumines-
cence from Bilayers. A key observation in our
preliminary8a,b and present studies of the bilayer het-
erojunction LEDs of the type ITO/PPV/n-type polymer/
Al (Figure 1b) was the dramatic effect of the layer
thicknesses on the EL color and its voltage dependence.
We have found that if the thickness of the PPV layer
was in the range 60-120 nm and that of the n-type
polymer was thinner, green light emission which is
characteristic of the single-layer PPV diode was ob-
tained at all applied bias voltages. Similarly, an emis-
sive n-type polymer layer of 60-120 nm in combination
with a thinner PPV layer always resulted in orange or
red emission which is characteristic of the n-type
polyquinoline layer at all bias voltages. In contrast to
these conventional single-color polymer LEDs, we have
found that the bilayer heterojunction LEDs exhibit
novel voltage-dependent multicolor EL emission if the
layer thicknesses are in the range 25-50 nm. In the
following, results of studies aimed at the understanding
of the mechanisms of such a voltage-tunable EL emis-

sion from the bilayer heterojunctions, size effects, and
the roles of the polymer/polymer interfaces are pre-
sented and discussed.

The photoluminescence (PL) and optical absorption
spectra of single-layer thin films of PPV, PPQ (2), and
PSPQ (3d) are shown in Figure 8. The PPV thin film
has a broad absorption band with a peak at 408 nm and
absorption edge at ∼515 nm. The PL spectrum of PPV
is highly structured with vibronic peaks at 528 and 559
nm. The PPQ thin film has an absorption peak at 414
nm and a PL emission peak at 578 nm. In the case of
the PSPQ thin film, the absorption and PL emission
peaks are at 414 and 590 nm, respectively. The photo-
physical data (absorption maxima λmax

ABS, absorption
edge gap Eg

opt, and PL emission maxima λmax
PL ) for all the

polymers are collected in Table 1. The photophysical
data, exemplified by those in Figure 8, show that there
is little or no overlap between the absorption of PPV
and the emission of the n-type polymers listed in Table
1. Therefore, light emitted from the n-type polymer layer
in a ITO/PPV/n-type polymer/Al diode can exit from the
ITO side without any significant reabsorption by the
PPV layer. This fact together with the different emission
colors of the p-type (PPV) and n-type polymer layers
facilitated the observed multicolor EL emission from the
bilayer heterojunction diodes.

Voltage-tunable multicolor EL emission of the bilayer
heterojunction LEDs is exemplified by the ITO/PPV(35
nm)/PPQ(35 nm)/Al diode which switches reversibly
from red (7 V) to yellow (9 V) and to green (12 V). These
multicolor switchings by the applied bias voltage were
observed visually and also by EL microscopy. Typical
EL micrographs of a color tunable PPV/PPQ diode are
shown in Figures 9 and 10. In addition to the three main
colors (red/orange T yellow T green) (Figure 9) seen at
7, 9, and 12 V, continuous variation of the bias voltage
within the range 6-13 V gives rise to more than 8
shades of color (Figure 10). The dark spots seen in the
EL micrographs are very similar to those previously
observed in organic LEDs37 and are nonemissive areas
due to defects. An important difference between the
dark spots seen here in the EL micrographs of polymer/
polymer bilayer LEDs and those reported in small
molecule organic/organic LEDs37 is that the size and
distribution of dark spots in the present diodes (Figures
9 and 10) do not grow with increasing voltage or time.

Figure 7. Electric-field-induced quenching of PL in the ITO/
PPV/PBPQ/Al diode under reverse bias. The excitation wave-
length was 470 nm.

Figure 8. Optical absorption (ABS) and photoluminescence
(PL) spectra of PPV (solid line), PPQ (dotted line), and PSPQ
(dashed line) thin films on silica substrates. The excitation
wavelength was 400 nm for all three polymers.
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This suggests that the dark spots seen here are preex-
isting defects associated with the device fabrication and
are not evidence of EL diode degradation sites.

The EL spectra of single-layer ITO/PPV/Al and ITO/
PPQ/Al diodes are shown in Figure 11a. The single-layer
PPV diode emits green light with peaks at 527 and 559
nm; the single-layer PPQ diode emits orange/red light
with a broad band and peak at 589 nm. The voltage-
tunable EL spectra corresponding to the EL micro-
graphs of Figure 9 for the PPV/PPQ bilayer diode are
shown in Figure 11b. The EL spectrum at 7 V has a
peak at 615 nm, showing the characteristic red/orange
PPQ emission. The EL spectrum at 9 V has a shoulder
at 530 nm and a peak at 570 nm, which is completely
different from that of either component. The 9-V EL
spectrum is actually a superposition of those of the
component polymers as demonstrated by its deconvo-
lution which showed 25% contribution from the PPV
layer and 75% from the PPQ layer. The EL spectrum
at 12 V has peaks at 529 and 566 nm. Although the 12

V EL spectrum and green color are very close to the
single-layer PPV diode, the EL spectrum has some
contribution from the PPQ layer as shown in the
simulation of Figure 11c. These results clearly show that
muticolor EL emission from the bilayer heterojunction
diodes originates from the mixing of light colors emitted
from the two different emissive layers.

The performance of the voltage-tunable multicolor
ITO/PPV/PPQ/Al diode was also substantially enhanced
compared to the single-layer devices. The current-
voltage and luminance-voltage characteristics of this
color-tunable diode are shown in Figure 12. The turn-
on voltage was 4.5 V. The maximum luminance was 324
cd/m2 at a current density of 220 mA/cm2 (12.5 V), and
the EL efficiency was 1%. These results show that
voltage-tunable multicolor light emission from the bi-
layer heterojunction diodes is both efficient and bright.

Similar voltage-tunable multicolor EL emission was
observed in many other ITO/PPV/polyquinoline/Al di-
odes. Typical voltage-tunable EL spectra of PPV/PBAPQ
and PPV/PSPQ diodes are shown in Figure 13. For the
PPV/PBAPQ diode, the color switching was orange (6-9
V) T yellow (12 V) T green (15 V); the color switching
in the PPV/PSPQ diode was orange/red (6 V) T yellow
(9 V) T green (12 V). Interestingly, in the case of the
PPV/PBTPV diode the low-voltage (5 V) color was green
and the highest-voltage (19 V) color was orange/red. The
detailed results for these and other bilayer heterojunc-
tion LEDs are summarized in Table 3.

The main features of these results suggest that the
basic mechanism of voltage-tunable multicolor EL emis-
sion is the spatial variation of the recombination and
emission zone within the bilayer LED. If recombination
and emission occur exclusively in one layer, the LED
color obtained is that characteristic of that layer.
However, if recombination and emission occur in both
layers, the EL color results from a physical mixing of
those of the two components of the heterojunction LED.
The spatial location of charge recombination and hence
where light emission occurs and ultimately the EL color
of a bilayer heterojunction LED of the type anode/p-type/
n-type/cathode is thus controlled by charge transfer
across the polymer/polymer interface. All the experi-
mental results suggest that the nature of the charge
transfer at a p/n polymer/polymer heterojunction inter-
face can be one of three types: (i) unipolar electron
transfer, (ii) unipolar hole transfer, and (iii) combined
unipolar (at low electric fields) and bipolar (at high
electric fields) charge transfer. These interfacial charge-
transfer processes are controlled by three main inter-
related factors: (a) the sizes of the layers forming the
heterojunction interface, (b) the bias voltage or electric
field, and (c) the electronic structure or energetics (∆EA,
∆IP) of the interface. To understand how these factors
control interfacial charge transfer and EL color of a
bilayer LED, we consider the physical parameters
defined in Figure 14.

The p-type and n-type layer thicknesses of a bilayer
diode are denoted Lp and Ln, respectively. To achieve
EL emission, charge carriers injected at the electrodes
migrate under the influence of electric field until they
are trapped, or they encounter energy barriers (∆EA,
∆IP) at the interface, or they recombine. The range of a
charge carrier injected into a semiconductor is the mean
distance traveled before trapping or recombination.16a,38

The ranges of electrons (xn) and holes (xh) in the
semiconducting polymer heterojunction are illustrated

Figure 9. EL micrographs (×40) of the ITO/PPV(35 nm)/PPQ-
(35 nm)/Al diode at 7, 9, and 12 V. The corresponding EL
spectra are shown in Figure 11b.
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in Figure 14. The range of holes in a semiconducting
polymer is approximately the product of hole mobility
(µh), carrier lifetime (τh), and electric field (E): xh )
µhτhE.16a Similarly, the range of electrons is approxi-
mately given by xe ) µeτeE. These ranges are for the
respective majority carrier in the semiconductor. Al-
though the ranges of electrons and holes in semicon-
ducting polymers are rarely known, they are expected
to be in the nanoscale region. We propose that the
observed finite size effects on the EL emission of the
bilayer heterojunctions arise from the limitations im-
posed on charge transport by the charge carrier ranges
in semiconducting polymers. Depending on the relative
layer thicknesses (Lp, Ln) of a bilayer LED and the
applied electric field, two limiting situations correspond-
ing to unipolar charge transfer across the interface
arise. If the n-layer thickness is less than the electron
range (Ln < xe) and the p-layer thickness is greater than
the hole range (Lp > xh), unipolar electron transfer
across the polymer interface occurs, and EL emission
from only the p-layer is observed at all bias voltages.
Heterojunction LEDs with relatively thick PPV layers
(see Table 3) fall into this category. On the other hand,
if the n-layer thickness is greater than the electron
range (Ln > xe) and the p-layer thickness is less than
the hole range (Lp < xh), unipolar hole transfer across
the polymer/polymer interface occurs, and EL emission
from only the n-layer is observed at all bias voltages.
This is the case of the ITO/PPV(25 nm)/PPQ(67 nm)/Al
diode which emits orange/red, which is characteristic
of PPQ, at all bias voltages.

The most interesting case of combined unipolar and
bipolar charge transfer across the polymer/polymer
interface and associated voltage-tunable multicolor EL
emission arises when both the n-layer and p-layer
thicknesses are comparable to or less than the electron
and hole ranges (Ln e xe, Lp e xh). At low voltages either
unipolar hole transfer, and hence emission from the
n-type layer, or unipolar electron transfer and emission
from the p-type layer is observed depending on the
composition of the bilayer heterojunction. At high volt-
ages bipolar charge transfer takes over, facilitating EL
emission from both layers. The PPV(25 nm)/PBTPV(35

nm) diode exemplifies the switch from unipolar electron
transfer to bipolar charge transfer with green (5 V) T
orange/red (19 V) reversible switching of colors. All the
other bilayer LEDs switch from unipolar hole transfer
to bipolar charge transfer similar to the previously
discussed PPV(35 nm)/PPQ(35 nm) diode (Table 3). The
reason for this is likely due to the much higher mobility
of holes in PPV than the mobility of electrons in the
n-type polymers (µh > µe), except perhaps in PBTPV.
The strong electric field (bias voltage) dependence of EL
color (spectra) arises mainly from the strong and sensi-
tive dependence of the charge carrier ranges in semi-
conducting polymers on electric field since both the
mobility (µi) and carrier lifetime (τi) appearing in the
expression xi ) µiτiE, where the subscript i denotes
either h (holes) or e (electrons), are also strong functions
of the electric field.

The observed critical dependence of the electronic and
optical properties (e.g., EL emission spectrum, ef-
ficiency, and luminance) of polymer/polymer hetero-
junctions on the relative nanoscale sizes of the bilayer
components constitutes an interesting class of finite size
effects which are yet to be fully explored in organic
semiconductors. In the present context we see that there
is a coupling between the properties of polymer/polymer
interfaces (e.g., ∆EA, ∆IP) which can be achieved
through molecular design and synthesis and those due
to finite size effects which must be controlled through
nanoscale materials processing.

E. Design and Applications of Multicomponent
Organic EL Systems. The above results on bilayer
semiconducting polymer heterojunctions demonstrate
the potential of multicomponent EL polymer systems
for developing efficient and bright light-emitting devices.
The novel feature of continuous voltage-tunable multi-
color emission from the heterojunction LEDs suggests
full-color displays, color-switchable panels, and other
applications. Pixels of multicolors could be easily fab-
ricated by using conventional photolithography, micro-
contact printing, or ink-jet printing techniques.1 Al-
though the present PPV/polyquinoline heterojunctions
had voltage-tunable colors in the range red T yellow T
green, other bilayer (red + blue, blue + green) and

Figure 10. EL micrographs (×30) of the ITO/PPV(35 nm)/PPQ(35 nm)/Al diode at various bias voltages showing continuous
voltage tunability of EL emission color.
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trilayer (red + green + blue) heterojunctions involving
p-type polymers such as poly(p-phenylene) (PPP)17 and
polyfluorene (PF)18 can readily extend the accessible
multicolors througout the CIE diagram. The combina-
tion of three EL polymers having three different pri-
mary colors (red, green, blue) could also be achieved in
a bilayer heterojunction LED if one of the layers is a
binary blend. In addition to blue T green T red type of
color switching, such heterojunction LEDs may also be
capable of white light emission.

In light of the present results, the goals of molecular
design and synthesis of semiconducting polymers for EL
devices should include the electronic structure of polymer/
polymer interfaces in addition to high solid-state PL
efficiency and good charge transport. For single-color
LEDs, this means that if the p-type layer of a bilayer
heterojunction is to serve as the emissive layer, the

desired interfacial electronic structure is ∆EA < 0 and
∆IP . 0. Similarly, the EL emission of the n-type layer
would be maximized if the bilayer heterojunction is such
that ∆IP < 0 and ∆EA . 0. Coupled to these molecular
parameters (IP/HOMO, EA/LUMO) is the choice and
manipulation of the nanoscale layer thicknesses (Lp, Ln).
If either Lp or Ln is relatively large compared to the
charge carrier ranges in the component semiconducting
polymers, single-color LEDs would be obtained. If the
relative layer thicknesses are comparable to the charge

Figure 11. (a) EL spectra of single-layer ITO/PPV(70 nm)/
Al diode at 8 V and ITO/PPQ(30 nm)/Al diode at 8 V. (b) EL
spectra of ITO/PPV(35 nm)/PPQ(35 nm)/Al diode at forward
bias voltages of 7, 9, and 12 V. (c) Deconvolution of the EL
spectrum of ITO/PPV(35 nm)/PPQ(35 nm)/Al diode at 12 V.

Figure 12. Current density-voltage and luminance-voltage
characteristics of the color-tunable ITO/PPV(35 nm)/PPQ(35
nm)/Al diode.

Figure 13. EL spectra of (a) the ITO/PPV(35 nm)/PBAPQ-
(35 nm)/Al diode at 6, 9, 12, and 15 V and (b) the ITO/PPV(35
nm)/PSPQ(35 nm)/Al diode at 6, 9, and 12 V.
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carrier ranges, voltage-tunable multicolor EL emission
is to be expected. Clearly, control of the finite size effects
in heterojunction LEDs is largely through appropriate
nanoscale materials processing. The relative sizes of
layered polymer/polymer heterojunction devices can be
readily controlled during the fabrication process. How-
ever, the scale of phase separation in blends of EL
polymers is more difficult to control, particularly at the
nanoscale level.7 Although microphase separation of
block copolymers generally results in nanostructures
and hence would ideally allow the control of finite size
effects, there are currently only few examples of lumi-
nescent block conjugated polymers15 for possible use in
LEDs.

The ability to predict the EL emission color of a
multicomponent polymer system from those of the
component EL spectra also depends on the extent of any
intermolecular photophysical processes such as energy
transfer,10 exciplex formation,9 or photoinduced electron
transfer.13 Tunable multicolor EL emission from the
bilayer heterojunction LEDs investigated here was best
controlled in the absence of any intermolecular photo-
physical processes. Bilayers with significant photoin-
duced electron transfer, such as the PPV/BBL system,
had very poor light-emitting properties. Knowledge of
the electronic structures (IP/HOMO, EA/LUMO) and
photophysical properties of the components can be used
to estimate the likelihood of intermolecular photophysi-

cal processes across the polymer/polymer interfaces in
layered thin films, phase-separated blends, or mi-
crophase-separated block copolymers. Although energy
transfer and exciplex formation are undesirable com-
plications in tunable multicolor EL polymer systems,
each can separately be used to enhance emission in
single-color devices.9,10,14

Conclusions

Our systematic investigation of the electrolumines-
cence of bilayer heterojunctions of PPV (p-type layer)
and a series of n-type conjugated polymers, with electron
affinities in the 2.36-4.0 eV range and ionization
potentials in the 5.06-5.90 eV range, has shown that
the electronic structure of the polymer/polymer interface
plays a more important role in EL efficiency and diode
brightness than injection barrier at the cathode/polymer
interface. For a p-type emissive layer, such as PPV, our
results show that both efficiency and diode brightness
are maximized when the energetics of the bilayer
heterojunction interface favors electron transfer (∆EA
< 0) while disfavoring hole transfer (∆IP > 0). A similar
requirement of favorable hole transfer (∆IP < 0) and
unfavorable electron transfer (∆EA > 0) across the
interface of a bilayer LED with an n-type emitter also
follows. Therefore, although synthesis of n-type (electron
transport) polymers with large electron affinities is of
broad interest per se, for applications in LEDs the
absolute LUMO/EA and HOMO/IP energy levels of the
n-type polymer are not the most critical, but these
energy levels relative to those of the p-type (hole
transport) polymer in a heterojunction are. Our results
have demonstrated that the series of n-type conjugated
polymers investigated, including the polyquinolines,
polyanthrazolines, and polybenzobisthiazoles, are good
electron transport materials, but the polyquinolines
gave the best results with PPV.

Voltage-tunable multicolor emission was observed in
bilayer heterojunction LEDs containing emissive p-type
and n-type layers with sizes in the range 20-50 nm.
However, bilayer heterojunction LEDs of similar com-
position but having thicker layers had conventional

Table 3. Single-Color and Voltage-Tunable Multicolor Polymer Heterojunction LEDs

device thickness (nm) Von (V) EL colors and peaksa at applied voltages

PPV 70 7 green (531/564 nm)
PPQ/PPV 35/35 4.5 red/orange (6 V, 607 nm) T yellow (9 V, 578-600 nm) T

green (12 V, 566/529) T green (>12 V, 526/561 nm)
67/25 10 orange/red (at all voltages, 610 nm)
40/25 7 orange/red (8-10 V, 614 nm) T green (13-20 V, 507/544 nm)
33/62 10 orange (10-15 V, 592 nm) T green (18-20 V, 508/544/588 nm)
33/117 14 green (548 nm)

PPPQ/PPV 85/25 15 orange (580 nm)
35/25 8 yellow/orange (10 V, 572 nm) T green (20 V, 511/549 nm)
35/60 10 green (508/544 nm)
30/35 6 green (528/559 nm)

PBPQ/PPV 30/35 3.5 green (3.5-5 V, 563/528 nm, >5 V, 528/563 nm)
40/25 10 yellow/orange (10 V, 566 nm) T green (20 V, 510/544 nm)
50/25 12 orange (580 nm)

PBAPQ/PPV 35/35 5.5 orange (6-9 V, 600 nm) T yellow (12 V, 530-600 nm) T
green (15 V, 526/561 nm)

PSPQ/PPV 35/35 5.5 orange/red (6 V, 606 nm) T yellow (9 V, 567/530 nm) T
green (12 V, 530/558 nm)

PPyBT/PPV 15/60 5 green (510/545 nm)
30/25 6.5 green (510/545 nm)
40/25 10 orange (13 V, 510-700 nm band) T green (15 V, 544 nm)

PBTPV/PPV 15/60 6 green (510/545 nm)
35/25 3.5 green (5 V, 510/550 nm) T orange/red (19 V, 572 nm)
50/25 12 red/orange (620 nm)

a If two peaks were shown in EL spectra (p1/p2 nm), p1 is the one with higher intensity.

Figure 14. Schematic illustration of layer thicknesses (Ln,
Lp) and charge carrier ranges (xn, xh) in p-type/n-type polymer
heterojunction LEDs.
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single-color emission. These results show that the
electronic and optical properties of polymer/polymer
heterojunctions critically depend on the relative sizes
of the bilayer components. These finite size effects
originate from the small charge carrier ranges in
semiconducting polymers. Our observations on the roles
of polymer/polymer interfaces and on the associated
finite size effects on the electroluminescence of bilayer
heterojunctions are expected to be applicable to other
multicomponent conjugated polymer systems.
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