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Many advances have been made in developing light
emitting diodes (LEDs) of various colors from many
π-conjugated polymers.1-6 However, nearly all of the
electroluminescent conjugated polymers investigated to
date, such as poly(p-phenylenevinylene) (PPV), poly-
thiophenes, poly(p-phenylenes), and their numerous
derivatives, are p-type (hole transport) materials.1,4-6

Dramatic improvements of polymer LED performance
(lower turn-on voltage, higher efficiency, and higher
luminance) and stability have been achieved by adding
an n-type (electron transport) layer which typically
consists of small molecules dispersed or covalently
incorporated into nonconjugated polymers1d,6 or a vapor
deposited film. These improvements in bilayer or
multilayer LEDs arise from the balanced injection and
transport of both electrons and holes which are essential
to the efficient production of singlet excitons. A few
recent reports have also explored n-type conjugated
polymers,2,3 poly(diphenylquinoxaline) (PDPQ)3 and
poly(cyanoterephthalylidenes) (CN-PPVs),2 as electron
transport and emissive layers in bilayered electrolumi-
nescent devices. Electroluminescence emission from
such n-type/p-type semiconducting polymer heterojunc-
tions occurred from only the n-type layer,2,3 and the lack
of emission from both layers was attributed to the
existence of a large barrier at the polymer/polymer

interface or possible excitation energy transfer from the
higher to the lower energy layer.2

We recently reported the observation of finite size
effects on the photoconductivity of semiconducting
polymer thin films.7 It was shown that the quantum
efficiency for charge photogeneration in a bilayer het-
erostructure containing a light absorbing semiconduct-
ing polymer thin film was increased by a factor of 3
when the film thickness of the conjugated polymer layer
was reduced from 100 to 10 nm. Such a spatial
confinement effect on photoconductivity originates from
the small exciton diffusion lengths (∼5-20 nm) and the
interfacial nature of the charge photogeneration process
in the organic materials. Here, we report on several
new n-type/p-type nanoscale semiconducting polymer
heterojunctions and demonstrate novel finite size effects
on electroluminescence and the electronic properties of
the polymer/polymer heterojunction interfaces. The
electroluminescence (EL) color from these polyquinoline/
PPV heterojunctions was found to switch reversiblywith
the applied voltage; at low voltages, EL emission occurs
from the n-type layer only whereas at higher voltages
simultaneous EL emission from both layers is observed.
Improved turn-on voltage, EL efficiency, and brightness
were also observed in the heterojunction LEDs with
bilayer emission compared to heterojunction devices
with single-layer emission or to single-layer devices. The
observed finite size effects on electroluminescence and
interfacial charge transfer in the heterojunctions are
accounted for in terms of the small and electric field-
dependent charge carrier ranges in semiconducting
polymers.
Several conjugated rigid-rod polyquinolines whose

structures are shown in Figure 1 were used as the n-type
(electron transport) layer. Their synthesis,8 character-
ization,8 and electrochemical,9 optical10 and nonlinear
optical properties11 have previously been reported. In
particular, these and other conjugated polyquinolines
were recently shown to exhibit excellent n-type (electron
transport) properties.9 The polyquinolines are also
excellent high-temperature materials,8 suggesting the
possible improvement of stability and lifetime of LEDs
if used as electron transport layers.6

The semiconducting polymer heterojunctions were
prepared and investigated as sandwich structures be-
tween aluminum and indium-tin oxide (ITO) electrodes
(Figure 1): Al/polyquinoline/PPV/ITO. The PPV thin
films (25-130 nm) were deposited onto ITO-coated glass
by spin coating of the sulfonium precursor1a-d in metha-
nol solution followed by thermal conversion in vacuum
(250 °C for 1.5 h). Thin films (30-100 nm) of the
polyquinolines (PPQ, PPPQ, PBPQ, and PTPQ)12 were
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spin coated from their formic acid solutions onto the
PPV layer and dried at 80 °C in vacuum overnight.
Because PPV does not dissolve or swell in formic acid,
heterojunctions with relatively sharp polymer/polymer
interfaces were obtained. The film thicknesses were
measured by an Alpha-step profilometer (Tencor North-
ern) with an accuracy of (1 nm and confirmed by an
optical absorption coefficient technique. These film
thicknesses of bilayers relative to single layers of the
component polymers further confirmed that the polymer/
polymer interfaces were relatively sharp. Additional
reasons for achieving such sharp interfaces include: the
relatively short solution contact time (<30 s) and high
solvent evaporation rate during spin coating, and the
rodlike nature of the polyquinolines which preclude
ready diffusion into the underlying PPV film. Finally,
100-130 nm aluminum electrodes were vacuum (10-5

Torr) evaporated onto the resulting polymer bilayers.
Electroluminescence spectra were obtained by using a
calibrated Photo Research Model PR-60 photocolorim-
eter. The brightness of LEDs was measured by using
a silicon avalanche photodiode. The quantum efficien-
cies of the diodes were estimated by using procedures
similar to that previously reported.13 All the fabrication
and measurements were done under ambient laboratory
conditions. The photoluminescence (PL) spectra of the
single layers and bilayers whose electroluminescence is
reported here were also investigated. The PL spectra
of polyquinolines/PPV bilayers were found to be mere
superpositions of those of the components, implying
absence of excitation energy transfer or exciplex forma-
tion.

The electroluminescence from a PPQ(67 nm)/PPV(25
nm) heterojunction was orange/red (Figure 2a) at all
forward bias voltages in the range of 10-30 V; the turn-
on voltage of the diode was 10 V. This EL spectrum
was identical with that of the single-layer device (ITO/
PPQ/Al). This means that the emission zone of this
bilayer LED is located in the n-type layer and that
charge transfer across the PPQ/PPV interface is uni-
polar at all bias voltages. However, the characteristics
of a similar PPQ(40 nm)/PPV(25 nm) heterojunction
device were dramatically different when the PPQ layer
thickness was reduced from 67 to 40 nm. At forward
bias voltages of 8-10 V an orange emission character-
istic of PPQ electroluminescence is observed (Figure 2b).
At higher voltages (13-20 V), a relatively broadband
emission from both layers is observed and because the
PPV emission (λmax ) 504, 544 nm) is dominant the color
perceived was green. These EL observations on the
PPQ(40 nm)/PPV(25 nm) heterojunction imply that at
low bias voltages the emission zone is confined to the
n-type layer and hence that charge transfer across the
PPQ/PPV interface is unipolar (hole transfer) at low
voltages. However, at higher voltages charge transfer
at the PPQ/PPV interface becomes bipolar (both holes
and electrons cross the interface), facilitating bilayer EL
emission.
A PPQ(33 nm)/PPV(62 nm) heterojunction device with

a thicker p-type layer exhibited characteristics that were
different from the two previous PPQ/PPV bilayers. At
low bias voltages, an orange EL characteristic of PPQ
layer is observed (Figure 2c). However, a shoulder at
∼506 nm due to emission from the PPV layer is already
evident in the EL spectra at low voltages (10-15 V). At
higher voltages (>16 V), emission from the PPV layer
increases and eventually becomes dominant, giving rise
to green color electroluminescence. A further increase
of the PPV layer thickness while keeping the PPQ layer
at 33 nm gave the EL spectra shown in Figure 2d for
the PPQ(33 nm)/PPV(117 nm) heterojunction device. In
this case, simultaneous emission from both layers is
observed at all forward bias voltages. A relatively broad
emission band (yellowish green EL color) with about
equal emission intensities from PPQ and PPV layers is
observed at 20 V. Green electroluminescence is seen
at higher voltages as the contribution of the PPV layer
to the EL intensity becomes dominant. Only green
electroluminescence characteristic of the PPV EL spec-
trum was observed from a PPQ(30 nm)/PPV(130 nm)
heterojunction at all forward bias voltages (20-27 V),
suggesting that the limiting case of unipolar electron
transfer at the PPQ/PPV interface and hence of a single-
layer emission from a bilayer device has been reached
with the relatively thick PPV layer. The EL color
switching of the heterojunction LEDs with applied
voltage was reversible as confirmed by identical EL
spectra and intensity obtained with increasing or de-
creasing forward bias voltages (Figures 2b-d). Similar
results of voltage tunability of electroluminescence color
were obtained with PPPQ/PPV and PBPQ/PPV hetero-
junctions in which reversible orange to green switching
was observed at ∼15-17 V when the n-type layer
thickness was in the range of 30-40 nm. With thicker
films (75-85 nm) of PPPQ and PBPQ the heterojunc-
tions showed only orange color EL which is character-
istic of the n-type layer in these devices.

(13) Greenham, N. C.; Friend, R. H.; Bradley, D. D. C. Adv. Mater.
1994, 6, 491-494.

Figure 1. Electroluminescent p-type/n-type semiconducting
polymer heterojunction device and chemical structures of
emissive p-type and n-type π-conjugated polymers.
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These heterojunction EL spectra, which can be de-
convoluted into the EL spectra of the constituent layers,
demonstrate that the recombination and emission zones
within the polymer heterojunctions, and hence the colors
from the LEDs, can be regulated by the relative layer
thicknesses (Lp, Ln) of the n-type/p-type bilayers (Figure
1). In this way heterojunction LEDs can be designed
to exhibit one-color electroluminescence from either the
p-type or the n-type layer or bilayer EL emission or both.
These remarkable finite size effects in the nanoscale
region (25-130 nm) are related to the intrinsic charge
transport properties of the semiconducting polymers as
well as the behavior of the n-type/p-type polymer/
polymer heterojunction interface. The fact that charge
transfer at the heterojunction interface of the same pair
of semiconducting polymers can vary from unipolar hole
transfer at all fields to unipolar hole transfer/bipolar
(electron and hole) transfer depending on the applied
field to unipolar electron transfer at all fields by varia-
tion in layer thicknesses suggests that energy band edge
offset due to differences in electron affinity (EA) and
ionization potential (IP) of PPV and the n-type polyquin-

olines cannot account for the spatial confinement effects.
EA values of the series of polymers based on estimates
from cyclic voltammetry were in the range 2.42-2.62
eV9 which are smaller than the 2.7 eV reported for
PPV.14 Similarly, estimated IP values of the polymers
were in the range 5.05-5.28 eV9 compared to 5.1 eV
for PPV.14 Based on these zero-field band edge offsets
there are no barriers to electron transfer at the polyquin-
oline/PPV heterojunction interfaces whereas barriers to
hole transfer are small (∆IP ∼ 0.13-0.18 eV).
We propose that the observed finite size effects on the

electroluminescence of these nanoscale polyquinoline/
PPV heterojunctions arise from limitations imposed on
charge transport by the charge carrier ranges in the
semiconducting polymers. The range of a charge carrier
injected into a material is the mean distance traveled
before trapping or recombination. Although the ranges
of electrons (xe) and holes (xh) in semiconducting poly-
mers are rarely known, just as the related mobilities of

(14) Eckhardt, H.; Shacklette, L. W.; Jen, K. Y.; Elsenbaumer, R.
L. J. Chem. Phys. 1989, 91, 1301-1315.

Figure 2. Electroluminescence spectra of PPQ/PPV heterojunction devices as a function of layer thicknesses and forward bias
voltages: (a) EL spectra from a PPQ(67 nm)/PPV(25 nm) diode; (b) EL spectra from a PPQ(40 nm)/PPV(25 nm) diode; (c) EL
spectra from a PPQ(33 nm)/PPV(62 nm) diode; (d) EL spectra from a PPQ(33 nm)/PPV(117 nm) diode.
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electrons (µe) and holes (µh), they can be expected to be
in the nanoscale-size region and also field-dependent
since the range is approximately the product of mobility,
carrier lifetime, and electric field (xe ) µeτeE, xh )
µhτhE).15,16 By comparing the ranges of the majority
carriers in the polyquinolines (electrons) and PPV
(holes) to the layer thicknesses (Ln, Lp) of the hetero-
junctions, the finite size effects can be clearly under-
stood. The observed unipolar hole transfer and associ-
ated emission from the n-type layer at all fields (e.g.
Figure 2a) arise from the combination of an n-layer
thickness that is greater than the electron range and a
p-layer thickness that is less than the hole range (Ln >
xe, Lp < xh). Similarly, the observed unipolar electron
transfer and associated EL emission from the p-layer
at all fields in PPQ(30 nm)/PPV(130 nm) heterojunction
are consequences of the combination of an n-layer that
is thinner than the electron range and a p-layer that is
thicker than the hole range (Ln < xe, Lp > xh). It is when
the n-layer and p-layer thicknesses are comparable or
less than the electron and hole ranges, respectively (Ln
e xe, Lp e xh), that the novel feature of combined
unipolar and bipolar charge transfer and associated
voltage tunable electroluminescence colors are obtained.
From these considerations and our results we estimate
the range of holes in PPV to be ∼120 nm and the range
of electrons in the polyquinolines investigated here to
be between 40 and 70 nm. These values of carrier
ranges in semiconducting polymers are orders of mag-
nitude smaller than carrier ranges in typical inorganic
semiconductors.16,17 The qualitative features of these
p-n semiconducting polymer heterojunctions are also
dramatically different from inorganic semiconductor
p-n heterojunctions.17
Because our initial focus on these semiconducting

polymer heterojunction LEDs has been on exploring
their unusual emission characteristics and the underly-
ing finite size effects, the quantitative performance of
the devices such as quantum efficiency, brightness, and
current density has not been optimized. Nevertheless,
all the heterojunction LEDs with voltage tunable colors
had significantly better performance than the single-
layer devices or even bilayer LEDs with only a single-
layer emission. For example, the single-layer devices
Al/PPQ(40 nm)/ITO and Al/PPV(62 nm)/ITO had EL
efficiency and luminance of 0.007 and 0.006% and 0.32
and 7 cd/m2, respectively. The EL efficiency and
luminance of various PPQ/PPV heterojunction LEDs
were respectively 0.13% and 40-100 cd/m2. In general,
we found that the EL efficiency and luminance of the
heterojunction devices were about factors of 10-40

enhanced compared to the single-layer devices. Also,
the heterojunction LED performance for a given pair of
emissive semiconducting polymers, e.g., PPQ/PPV, were
found to vary by factors of up to 10-15 as the layer
thicknesses were varied. The turn-on voltages and the
corresponding electric fields of the polyquinoline/PPV
heterojunctions were up to a factor of 2 smaller than
the single-layer polyquinoline diodes (Figure 3). These
results suggest that finite size effects also strongly
influence the performance of the heterojunction devices.
In summary, we have prepared several new nanoscale

(25-130 nm) n-type/p-type heterojunctions of semicon-
ducting polymers and observed finite size effects on their
electroluminescence. Our results demonstrate that
π-conjugated polyquinolines can be used as both emis-
sive and electron transport layers in light-emitting
devices. The polyquinolines/PPV heterojunction light-
emitting diodes with appropriate nanoscale layer thick-
nesses were found to switch colors (orange/red T green)
reversibly with applied forward bias voltage and to
exhibit enhanced performance compared to the single-
layer devices or bilayer devices with only single-layer
emission. The finite size effects on these heterojunc-
tions were explained in terms of charge carrier range-
imposed confinement of charge carriers in the semicon-
ducting polymers. These results suggest that p-n
heterojunctions of semiconducting polymers are quali-
tatively different from those of inorganic semiconduc-
tors. Finite size effects in semiconducting polymer
heterojunctions also have implications for other elec-
tronic and optoelectronic applications such as photovol-
taic cells, field-effect transistors, and photodetectors.
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Figure 3. Luminance versus electric field for some n-type/
p-type semiconducting polymer heterojunction LEDs with
voltage tunable colors along with some single-layer devices.
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