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Abstract

Photophysics and light-emitting device applications of poly (p-pyridine)- and poly(p-pyridyl vinylene)-based polymers are presented.
Extensive time-resolved (ps to ms) photoluminescence, stimulated emission and photoinduced absorption studies of solutions, powders and
films demonstrate that the primary photoexcitation of these polymers is an intrachain singlet exciton. The presence of (n,7¥) states leads to
enhanced intersystem crossing to triplet excitons for the powder form, while aggregate formation plays a key role in the films. Polarons are
important at longer times. These polymers were used to fabricate ‘conventional’ polymer light-emitting diodes. In addition, these polymers
were used to demonstrate a novel light-emitting structure, the symmetrically configured a.c. light-emitting (SCALE) device. These new
devices have potential advantages in their use with high workfunction electrodes, such as gold, and also in their a.c. operation.
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1. Introduction

Recently, there has been extensive interest in understand-
ing the electronic ground state and the excitations of Cg ring-
containing polymers, especially poly (p-phenylene vinylene)
(PPV) and poly(p-phenylene) (PPP). The effects of Cou-
lomb interaction, electron—phonon interaction and interchain
interaction (including polymer chain conformations) in
determining the stable charge and neutral excitations of the
semiconducting polymers are under investigation. Establish-
ment of the roles for neutral singlet and triplet excitons and
charged polarons and bipolarons is important for the funda-
mental science of this class of materials, and for their potential
applications for devices such as light-emitting diodes
(LEDs) and symmetrically configured alternating current
light-emitting devices (SCALE devices). Though significant
progress has been made in determining the role of excitons
and polarons in PPV and PPP, important controversies
remain. Similarly, though there have been dramatic advances
in the brightness and lifetimes of LEDs prepared utilizing
PPV and PPP and their derivatives, important problems
remain to be resolved before widespread commercial appli-
cation is feasible [1].
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Here we present results of a study of nitrogen derivatives
of PPP and PPV, that s, poly (p-pyridine) (PPy) and poly(p-
pyridyl vinylene) (PPyV) (see Fig. 1). These materials dif-
fer electronically from PPP and PPV in that they contain a
nitrogen atom in the six-membered ring replacing a CH group
in the ortho or meta position. The presence of the nitrogen
atoms introduces two important advantages: (1) the charge
conjugation symmetry of the PPP and PPV systems is now
broken, allowing one to probe the relative importance of
Coulomb interaction and electron-phonon interaction; (2)
the presence of the N group with its lone pair of sp” electrons
enables processing of the PPy and PPyV polymers so that
they can be studied in a wide variety of forms, including
protonated at the N site in solution in formic acid, as powders
precipitated from N-methylpyrrolidinone (NMP), and as
spin-cast or drop-cast films prepared from formic acid. Gen-
erally there is no signature that formic acid remains, so that
the resulting films are unprotonated.

We have carried out photoinduced absorption (PA), stim-
ulated emission (SE) and time-resolved photoluminescence
(PL) studies of these polymers on a wide variety of time
scales ranging from picosecond through to seconds for mate-
rials in the form of solution, powders and films. By consid-
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R = CgHjs, COOC1pHas, OCy6H33
Fig. 1. Repeat units for (a) poly(p-phenylene) (PPP), (b) poly(p-phen-
ylene vinylene) (PPV), (c¢) poly(p-pyridine) (PPy), (d) poly(p-pyridyl
vinylene) (PPyV), and (e) copolymers of PPyV and PPV derivatives.

ering the evolution of the PA, SE and PL at ps and ns times
as PPyV samples are processed, we conclude that, in all three
morphologies of this polymer, the PA at early times is due to
intrachain singlet excitons, the same species that give the PL.
Furthermore, we observe a second, long-lived component of
the PA which we demonstrate originates from triplet excitons
created via intersystem crossing between the singlet and trip-
let manifolds. The observation of the triplet signal is sug-
gested due to the result of the effects of the non-bonding
states associated with the nitrogen atoms present in the con-
jugated backbone of PPyV which are not present in phenyl-
ene-based polymers such as PPV. Similar results are also
obtained for the PPy-based polymers.

We have fabricated LEDs from PPy and PPyV. Though
their electroluminescence (EL) efficiencies as yet are mod-
est, these easily processed polymers are potentially a basis of
fabricating a range of LEDs of colors varying from orange
through blue. Recently, we have utilized these materials and
related copolymer poly(phenylene vinylene pyridyl viny-
lene) to prepare a new type of light-emitting device, the
SCALE device. In these latter devices, ‘insulating’ layers of
an electroactive polymer such as emeraldine base (EB) or
nonelectroactive polymers such as poly(methyl methacry-
late) (PMMA) are added between the light-emitting polymer
layer and each of the two electrode layers. The resulting
device has lower threshold voltages with higher currents, and,
most importantly, operates equally well in forward and
reverse, nearly independently of the workfunction of the elec-
trode contacts. This enables use of high workfunction, non-
corroding gold as electrode contact material in these devices.

2. Experimental techniques

The syntheses of PPy [2], PPyV [3], the copolymers [4]
of PPyV and PPV polymers and emeraldine base polymer
(EB) [57 have been reported earlier. The optical absorption
measurements were performed on a Perkin-Elmer Lambda-
19 UV-Vis-NIR spectrometer. The fluorescence measure-
ments were recorded on a SPEX Fluorolog flourometer.
Millisecond PA measurements used mechanically chopped
(4 Hz—4 kHz) excitation from a cw argon laser and a tungsten
lamp as a broadband probe. The reported spectra were
acquired at 80 K with about 100 mW/cm? excitation. Time-
resolved fluorescence measurements involved excitation at 1
MHz from a Coherent 700 series cavity-dumped synchro-
nously pumped dye laser and utilized the time-correlated
single-photon counting technique (about 50 ps resolution).
Picosecond PA was detected with a second Coherent dye
laser, giving about 10 ps resolution. The time-resolved meas-
urements were performed at room temperature and excited
with 2 nJ pulses at 2.8 eV.

For these measurements, powder samples were dispersed
in KBr and pressed into 0.02% pellets. Powders were also
dissolved in formic acid (HCOOH) for solution study. Film
samples were prepared by spinning or dropping concentrated
solutions (about 10 mg/ml) onto quartz substrates. Note that,
while the powder samples were stored in an inert environ-
ment, the film samples were prepared under ambient
conditions.

Quantum chemical calculations were performed with com-
mercially available software. The PM3 technique was used
to optimize the geometries of various model oligomers, and
absorption spectra were calculated using single-excitation
configuration interaction.

The electroluminescent device fabrication procedures can
be found in other reports [ 6]. PPy and PPyV films were spun-
cast from formic acid while the films of EB and the copolymer
were spun-cast from NMP and xylene, respectively. PL and
EL were measured using a PTI fluorometer (model QM-1).
The current-voltage (I-V) characteristics were measured
simultaneously with EL using two Keithley 195A multime-
ters, while d.c. voltage was applied by a HP 6218 A d.c. power
supply. Undera.c. driving the sinusoidal voltage was supplied
by a HP 3311A function generator. The EL intensity was
measured using a photomultiplier (PMT, Hamamatsu Pho-
tonics, type R928) and a Tektronix 2430A oscilloscope.

3. Photophysics of pyridine-based polymers

Fig. 2(a) shows the measured optical absorption spectrum
of PPyV and PPy films on quartz substrates. The PPyV spec-
trum displays four peaks, in agreement with recent predic-
tions for systems with broken charge-conjugation symmetry
[7] and also the presence of Coulomb interactions [8]. The
PPy spectrum shows only two distinct features; however,
several unresolved features may be present in the background
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Fig. 2. (a) Measured optical absorption of PPyV and PPy films on quartz.
(b) PM3 +SCI calculated absorption spectra for four-ring oligomers of
PPyV (PyV4) and PPy (Py4). Cl space: 15X 11 and 12 X8, respectively.

between4 and 5.5 eV. Fig. 2(b) shows the calculated absorp-
tion spectra for four-ring oligomers of PPyV (PyV4) and
PPy (Py4). While the exact positions of the polymer absorp-
tion peaks are not well reproduced (especially in the case of
PPy), the ‘tetramer’ spectra are qualitatively similar to the
polymer spectra: the PPyV oligomer shows four prominent
peaks, the PPy oligomer only two. While the first transition
in each of the tetramer spectra is nearly 100% HOMO to
LUMO, the other transitions display strong mixing amongst
the various Hartree-Fock bands.

The pyridine-based systems differ from polymers such as
PPV and PPP in that they possess additional (n,7*) states
which result from the promotion of a lone-pair electron from
the nitrogen heteroatom to the 7* backbone. The quantum
chemical calculations also indicate that the lowest (n,m*)
states should be located more than 1 eV above the lowest
singlet (m,7m*) transitions in the planar polymer. This is an
important result, as systems where an (n,7*) state lies below
the lowest (w,m*) singlet generally display only weak lumi-
nescence, as intersystem crossing between (n,m*) and
(w,m*) states is allowed to first order in the spin—orbit inter-
action [9]. A dramatic example is pyridine itself, which
shows no detectable luminescence.

The first absorption band for the film, solution and solid
samples of both polymers is shown in Fig. 3. All spectrahave
broad features, suggesting a distribution of conjugation
lengths and ring-torsional ground states. In both cases the
powder absorption spectrum is nearly identical to the solution
spectrum. In contrast, the film spectra as compared with solu-
tion spectra show evidence for extra oscillator strength at low
energies. The PL spectra for each of the three forms of the
two polymers are shown in Fig. 4. Again, the powder and
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Fig. 3. Measured optical absorption spectra for (a) PPyV and (b) PPy

solutions in HCOOH (dotted), powders in KBr (dashed) and films on quartz
(solid).

solution spectra are quite similar, and are in fact identical
when self-absorption effects are taken into account. The film
spectrum, however, is strongly red-shifted. Additionally, the
PL excitation spectra (not shown) for the film samples are
also red-shifted versus the solution samples. In conjunction
with the change in the optical spectrum presented above, these
results argue for the presence of additional low-energy emit-
ting states in these systems.

We suggest that these low-energy states are aggregate sites,
where the ground-state and excited-state wavefunctions can
delocalize over several chains [10,11]. The formation of
aggregates has been recently suggested to occur in ladder-
like PPP analogues [12]. In support of a morphology-
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Fig. 4. PL spectra of (a) PPyV and (b) PPy solutions in HCOOH (dotted),
powders in KBr (dashed) and films on quartz (solid).
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Fig. 5. PL decay of (a) PPyV and (b) PPy solutions in HCOOH (dotted),
powders in KBr (dashed) and films on quartz (solid).

dependent mechanism such as aggregate formation, the red
shift in film emission is observed to be dependent on the
solvent from which the film is cast. Moreover, the aggregates
evidently do not form in powder samples, which preliminary
X-ray diffraction measurements [ 13] demonstrate to be more
disordered than film samples. The formation of luminescent
aggregates in PPyV is now confirmed in near-field scanning
- optical microscopy studies [ 14].

The formation of aggregates has a strong effect on the PL
dynamics as well. This is demonstrated in Fig. 5, where the
PL decays are shown for all morphologies of both polymers.
The powder and film samples show strong spectral diffusion
(PL decay depends on wavelength); therefore, the PL decays
shown are numerically integrated over energy, and thus rep-
resent the decay of the total exciton population. The powder
decay closely follows that of the solution decay, indicating
that spectral diffusion in powder samples is due to exciton
migration. On the other hand, the film samples initially show
a reduction in PL lifetime, corresponding to emission from
intrachain excitons, followed by a slow component, ascribed
to aggregate emission,

The reduction in PL intensity evident in Fig. 5 is matched
by the reduction in internal quantum efficiency. For PPyV,
the solution decay corresponds to a quantum efficiency of
22% (versus a Rhodamine standard). The internal quantum
efficiency predicted for the film, found by comparing the
integrated area under the PL decay to that of the solution, is
about 10%. The measured external quantum efficiency for
the film PL is 3%. For a refractive index of 1.9 (from Kra-
mers—Kronig analysis of the reflection spectrum) the meas-
ured internal quantum efficiency of the film is 11%, in close

agreement with that predicted from the PL decay. This result
argues strongly against direct photogeneration of competing
species such as ‘polaron pairs’ [15] in our samples. The
reduced efficiency of our samples is accounted for by an
increase in nonradiative decay.

We now consider the results of our PA studies. The PA
spectra at 0 ps (with 10 ps resolution) and at ms time scales
are shown for both polymers in powder form in Fig. 6. We
demonstrate below that the 0 ps spectrumrepresents a singlet—
singlet transition. The cross section for this transition is
extremely large (on the order of the ground-state cross sec-
tion), reminiscent of earlier observations for trans-stilbene
[16]. The 0 ps PA spectrum is approximately the same in all
forms for both polymers. In addition to PA, in PPyV powders
and solutions stimulated emission (SE) is observed at the
edge of the detection window (2.2 eV), as is evidenced by
the negative signal at this energy. For solution samples, we
have extended the probe range to 3.8 eV using broadband
femtosecond PA measurements, and we observe stimulated
emission across the entire PL spectrum in both polymers
[10,11]. In contrast, no stimulated emission is seen below
2.2 ¢V in films, which we ascribe to strong absorption and
scattering at these wavelengths due to the aggregate sites.

The ms PA feature corresponds to a triplet-triplet transition
[13] in both polymers, as is evidenced by its linear intensity
dependence and monomolecular decay dynamics. In addi-
tion, optically detected magnetic resonance experiments con-
firm the presence of triplets in the powder samples [17].
Unlike the ps PA spectrum, the ms PA spectrum is strongly
dependent on morphology, as is demonstrated for PPyV in
Fig. 7. The film spectrum shows a two-peaked feature which
has sublinear intensity dependence, power-law decay kinetics
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Fig. 6. Picosecond PA spectra at 0 ps delay with 10 ps resolution (circles)
and millisecond PA spectra (solid line) for (a) PPyV and (b) PPy powder
in KBr.
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Fig. 7. Millisecond PA spectra for PPyV powder in KBr (solid) and film on
quartz (dashed).

and accompanying infrared-active vibrations. We assign this
feature to polaron absorption. The persistence of a two-fea-
ture polaron spectrum, despite the breaking of inversion sym-
metry due to the nitrogen heteroatom, is also borne out in our
quantum chemical calculations [11]. We argue below that
the difference in the powder and film spectra is due to
enhanced intersystem crossing in the powder samples.

! The dynamics of the ps PA are compared with those of the
PL for all three morphologies of PPyV in Fig. 8. The results
for PPy are similar, though they are not presented here. In
sblution (Fig. 8(a)), the PA at 1.4 eV (the peak of the ps
PA band) closely follows the PL decay, indicating that the
PA band originates from singlet excitons. At 1.9 eV, an addi-
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Fig. 8. Picosecond PA decay at 1.4 eV (circles), at 1.9 eV (triangles) and
energy-integrated photoluminescence decay (dotted lines) for (a) PPyV in
HCOOH, (b) PPyV powder in KBr, and (c) PPyV film on quartz. Solid
line in (c) is the exciton density obtained from the PL decay.

tional long-lived PA is evident. The contribution of the long-
lived state is independent of solution concentration, and we
therefore suggest its origin to be triplet excitons.

Further evidence for this assignment is found in Fig. 8(b).
Again, the PA decay at 1.4 eV closely follows the PL at early
times, suggesting that the PA is due to a singlet-singlet tran-
sition in powder samples as well. After about 1 ns, however,
the PA at 1.4 eV is dominated by a long-lived signal, similar
to that seen at 1.9 eV in the solution. The powder PA decay
at 1.9 eV is entirely dominated by this long-lived state, and
a definite rise to the long-lived response is noticeable. The
rise of the long-lived state nearly exactly matches the decay
of the PA due to singlet excitons. The spectral response of
the PA at 1 nsidentifies the long-lived state as a triplet exciton
in these samples. The linear intensity dependence, the cor-
relation of the rise of the long-lived state with the decay of
the singlet and a pump wavelength dependence that follows
the PL excitation spectrum demonstrate that the triplets are
produced by direct intersystem crossing from the singlet man-
ifold, and not by other means, such as singlet-singlet fusion
or two-photon absorption. Note that triplet generation in solu-
tions is about 10 times smaller than in powders, a point to
which we return below.

The dynamics of the film PA are shown in Fig. 8(c). In
this case, the PL dynamics are highly non-exponential, and
the PA and PL cannot be expected to have the same relation-
ship as in solution. If the quantum efficiency for emission is
approximately independent of time, then the PL is propor-
tional to the rate of change of the exciton density, dn/dz. On
the other hand, the PA is directly proportional to the exciton
density, n, leading to the relationship PL~d(PA)/d¢
[18,19]. Indeed, this is what is seen in PPyV films for the
PAat1.4eV. Thesolid linein the figure represents the exciton
density obtained by fitting the PL decay and integrating the
fit analytically. The close agreement between the PA and the
exciton density indicates that the early PA is due to singlet
excitons in film samples, as well as in solutions and powders.
Again, this observation argues against substantial photoprod-
uction of competing species such as ‘polaron pairs’ [15] in
our samples.

The film samples also show evidence for triplet generation,
as is evidenced by the PA decay at 1.9.eV. Again, a long-
lived state is indicated in the PA at this energy. Note, however,
that the contribution of the long-lived state is again 10 times
smaller than is observed for the powder samples. The sug-
gested origin of the morphology-dependent intersystem
crossing rate is based on our quantum chemical calculations,
which demonstrate that strong mixing occurs between
(n,m*) and (m,m™) states when ring-torsional disorder is
introduced into the polymer. In particular, for a PPyV tetra-
mer with a 90° ring torsional defect, a triplet state of strong
(n,m™*) character falls below the lowest (,7*) singlet, pro-
viding an additional route for intersystem crossing. We sug-
gest that our powder samples contain somewhat higher levels
of these ring-torsional defects than the films or solutions. This
conjecture is consistent with the higher degree of disorder of



258 A.J. Epstein et al. / Synthetic Metals 78 (1996) 253-261

the powder samples as detected in X-ray diffraction meas-
urements [13]. As extensive exciton migration is suggested
by the spectral diffusion observed in the PL measurements,
a small density of ring-torsional defects could very easily
lead to a large enhancement in intersystem crossing in these
morphologies.

4. Light-emitting devices

We have made light-emitting devices from PPy, PPyV and
copolymers of PPV and PPyV. Similar to devices based on
PPV and most other electroluminescent conjugated polymers
and/or copolymers [20-22], which have been shown to be
tunneling diodes [23] and can only operate under forward
d.c. driving field, the pyridine-based devices in their simplest
sandwich structure also show diode behavior [24]. Fig. 9
shows a typical I-V characteristic for such a PPy device in
the ITO/PPy/Al configuration. Light is emitted at the same
voltage as the current begins to increase rapidly, and then
varies with the current. The inset of Fig, 9 shows the I-V
characteristics on a log-log scale. At low voltages, a power
law behavior is observed, / ~ V*, with n.~ 2, indicating space-
charge limited current transport [25] withJ = (9/8) €V 2/
&®. Here €is the dielectric constant, .. the effective mobility
and d is the thickness of the film. Assuming e~ 4, from the
slope of J versus V2, we estimate o~ 107° cm?/(V s).
Similar -V characteristics were observed for PPyV and
copolymers of PPyV and PPV. The use of hole-transporting
material such as poly (vinylcarbazole) (PVK) and the use of
anetwork electrode such as the emeraldine salt of polyaniline
with camphor sulfonic acid as the counterion (PAN-CSA)
blended with the emitting polymer [26] improve the device
performance dramatically.

There have been some reports of the observation of EL in
reverse bias for certain systems in the simple sandwich struc-
ture [27-29] and for some multiple bilayer structures pre-
pared by a dip-coating technique [30], although some of
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Fig. 9. I-V characteristic for a typical ITO/PPy/Al device. Inset: same I~V
characteristic plotted on a log-log scale.
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these devices show unstable EL and/or need much higher
driving voltage under reverse bias. Recently, we have
reported the fabrication of SCALE devices based on PPy and
PPyV by introducing two insulating (I) layers, such as the
emeraldine base (EB) form of polyaniline, sandwiching the
emitting layer [6]. The SCALE devices emit light under both
forward and reverse d.c. bias, as well as under a.c. driving
voltage. This unusual behavior is attributed to the effects of
charge accumulation at the polymer/polymer interfaces [6].
The SCALE device structure, ITO/I/emitter/I/M, has been
shown to be quite general and can be applied to a variety of
electroluminescent polymers (emitter), insulating polymers
(I) and electrode materials (M),

Here we summarize and compare the performance of
SCALE devices fabricated with different emitters (e.g. PPy,
PPyV and copolymers of PPyV and PPV derivatives (Fig.
1)), insulators (e.g. EB and poly (o-toluidine) (POT)), and
electrode materials (e.g. Al and Au).

Fig. 10 shows the current-voltage-electroluminescence
(I-V-EL) characteristics for the ITO/EB/copolymer
(R=COOC,H,5) /EB/Al device. The device emits light
symmetrically in both forward and reverse d.c. bias with
similar I~V and EL-V characteristics, Under low frequency
a.c. (sinusoidal) driving voltage, light pulses with double the
driving frequency were observed. The inset of Fig. 10 shows
the EL~I characteristics of the device. The EL intensity
depends linearly on current in both forward and reverse bias
although the EL is slightly more efficient in the forward bias.
Similar behaviors are observed for ITO/EB/PPy/EB/Al,
ITO/EB/PPyV/EB/Aland ITO/POT/copolymer/POT/Al
devices.

Fig. 11 compares the I-V characteristics for ITO/EB/
PPy/EB/electrode SCALE devices utilizing Al and Au as
the top electrode. The two devices emit light under both
forward and reverse bias, and show similar I-V characteristics
with similar turn-on voltages despite the fact that Al and Au
have very different workfunctions (4.2 versus 5.3 eV, respec-
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tively) [21]. Note that the thickness of the EB layers in the
Au device is thicker than those in the Al device, which may
account for the slightly higher threshold voltage for the Au
device. (The motivation for thicker EB in the Au device is
reduction of diffusion of Au into the emitter layer.) Under
low frequency a.c. (sinusoidal) driving voltage, light pulses
with twice the driving frequency were observed. Fig. 12
shows the variation of the EL intensity of a ITO/EB/PPy/
EB/Al device driven by a 60 Hz sinusoidal voltage. A similar
result was observed for ITO/EB/PPy/EB/Au devices.

The charge injection mechanism for polymer LEDs is usu-
ally represented by a very simplified model, within which the
emitting polymer/electrode interface is assumed to be an
abrupt separation between two media with no localized elec-
tronic states (interface states). As a consequence, the I-V
characteristics for most polymer LEDs have been proposed
to be controlled by a workfunction-related tunneling mech-
anism [23]. However, a vast amount of work on semicon-
ductors has shown that it is common that interface states exist
at the metal/semiconductor interface [31,32]. The symmet-
ric I-V curves, which are not sensitive to the electrode work-
function for the SCALE devices, suggest that interfaces play
an important role in the device operation. The introduction
of the EB layers into the device dramatically changes the
distribution of charge injection barriers.

To study the role of the EB layer in the SCALE device
operation, we fabricated the following device structures:
ITO/PPy/Al, ITO/EB/PPy/Al, ITO/PPy/EB/Al, ITO/
EB/PPy/EB/Al and ITO/EB/ALl Fig. 13 compares the I-V
characteristics for these devices. The light intensity follows
closely with the corresponding -V curve, except for the ITO/
PPy/EB/Al device in reverse bias, in which case no light
was observed although there was significant current flow. It
is noted that the turn-on voltage for the multilayer device
ITO/EB/PPy/EB/Al s lower than the corresponding single
layer device ITO/PPy/ Al with the same thickness of the PPy
layer, despite the extra thickness of EB layers. The unusual

behavior suggests that charge injection from either metal
electrode through EB to PPy is easier than to PPy directly.
Similar behavior has been observed for the SCALE devices
based on other polymer systems when EB is used as the
insulating polymer [33]. This behavior is attributed to EB
being a redox polymer, able to accept electrons or holes easily
to vary its oxidation states reversibly. The nearly linear I-V
characteristic for the ITO/EB/ALl structure under low for-
ward and reverse bias voltages (Fig. 13 inset) suggests that
very small, if any, barriers exist in the EB/electrode
interfaces.

The available negative and positive polaron levels within
the emeraldine base polymer band gap may play an important
role in charge injection and transport. Specifically, under low
bias voltages, electrons and holes can be injected from the
electrodes to the quinoid and benzenoid levels of EB and
form negative and positive polarons, respectively. Because
the polarons levels are within the band gap of EB, and are
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Fig. 12. A.c. response of a SCALE device ITO/EB/PPy/EB/Al driven by
a 60 Hz sinusoidal voltage.
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also likely within the band gap of PPy, the barriers for charge
injection from electrodes to polaron levels of EB are signifi-
cantly reduced as compared to injection directly to conduc-
tion and valence bands of PPy. Within this model, the limiting
barriers for charge injection are changed from the electrode/
polymer contacts as proposed for conventional polymer
LED:s to the polymer/polymer (EB/PPy) interfaces of the
SCALE devices.

We point out that the significant reduction of barrier height
at the electrode/EB interface enables the use of stable high
workfunction metals (such as Au) as electrodes, which
reduces the problems of aging of contacts in polymer light-
emitting devices. Due to the inter-penetrating network nature
of the polymer/polymer interfaces, non-uniform electric
fields may be created facilitating charge injection and, hence,
reducing the effective barrier. This non-uniform electric field
effect was demonstrated in PPV devices using high-surface
area network conducting polyaniline as the hole injection
electrode [34].

While ITO/EB/PPy/EB/Al and ITO/EB/PPy/Al
devices emit light in both forward and reverse bias, no light
(or very weak light) was observed for ITO/PPy/Al and
ITO/PPy/EB/Al devices under reverse bias, indicating that
electron injection from ITO to PPy is the main efficiency
limiting step in the device operation under reverse bias. The
current flow in the ITO/PPy/EB/Al is essentially hole cur-
rent under reverse bias. By adding the EB layer in between
ITO and PPy, however, the electrons are able to inject into
PPy through EB, and recombine with holes injected from the
Al electrode through the EB layer. Therefore, emission can
be observed in ITO/EB/PPy/EB/Al devices under reverse
bias. The fact that light was also observed at higher voltage
for the ITO/EB/PPy/Al device under reverse bias indicates
that holes can be injected from Al into PPy at high enough
field, probably due to the existence of a thin Al,O, oxide
layer.

We propose the following mechanism for the SCALE
device operation [6]. Under low bias voltage, electrons and
holes are injected from the electrodes to the gap states of EB
and form negative and positive polarons, respectively. These
polarons transport to the EB/PPy interfaces via a hopping
mechanism and populate the EB/PPy interfaces. When the
applied electric field is high enough, the stored charges begin
to tunnel into the conduction and valence bands of PPy. When
they meet, the injected charges may form intrachain excitons
and decay radiatively to emit photons or follow other non-
radiative decay paths. If the charge injection is not balanced,
as is the case for most polymer LEDs, the excess charge
carriers may migrate through the PPy layer without decaying.
Most of these charges may be trapped in interface states at
the opposite PPy/EB interface. When the bias voltage is
reversed, the shallow trapped charges will be released from
the interface states and contribute to the recombination cur-
rent. The deep trapped charges which act as quenchers or
injection limiters in d.c. devices will be neutralized. We point
out that the use of stable high workfunction metals, such as

Au, as electrodes to inject both electrons and holes for the
SCALE devices may reduce the problems of aging of contacts
of polymer light-emitting devices. Also, continuous reversal
of the sign of the driving voltage under a.c. operation may
reduce degradation.

The SCALE devices have a number of potential advantages
over the ‘conventional’ polymer LEDs:

(1) The limiting barriers for charge injection are moved
from the electrode/polymer interfaces (where the barriers
are difficult to reduce and control) to the redox polymer/
emissive polymer interfaces, which dramatically reduces the
overall charge injection barriers, thereby lowering operating
voltages, and allows control using a full range of organic/
polymer chemistry. This could lead to significant improve-
ment in charge injection efficiency by choosing appropriate
redox polymers.

(2) The charge injection from the electrodes to the redox
polymer is nearly ohmic for a variety of metals. Thus, the
SCALE device performance is not sensitive to the electrode
materials used. This enables the utilization of stable high
workfunction metals (including gold) as an electrode, poten-
tially reducing the aging problems associated with ‘conven-
tional’ polymer LEDs which must use reactive low
workfunction metals to achieve efficient electron injection.

(3) The SCALE devices can operate equally well under
both forward and reverse d.c. bias. The relatively fast
dynamic response enables the device operation in a.c. modes.
As the electrochemical reactions that may occur at the inter-
faces can be partially reversed when the bias is changed, a
longer lifetime is expected when the devices operate in a.c.
modes.

5. Conclusions

The photophysics of the pyridine-based systems is similar
to that of PPV; however, the addition of (n,7r*) states into
the electronic structure leads to interesting new behavior,
such as a morphology-dependent intersystem crossing rate.
An enhancement of intersystem crossing in powder samples
has allowed us to resolve directly the production of triplet
excitons in these polymers, and we conclude that the triplets
are created directly from relaxed singlet excitons.

The reasonably high internal PL quantum efficiencies for
these samples (about 10%) indicate that they should be good
candidates for light-emitting device applications. The film
samples show a tendency towards the formation of aggregate
states, and it is possible that higher PL efficiencies may be
achieved through control of aggregate formation. In partic-
ular, disordered samples (i.e. powders) do notappear to show
aggregate formation.

We have successfully fabricated both LEDs and SCALE
devices using PPy, PPyV, and copolymers of PPyV and PPV
derivatives. The introduction of EB layers within SCALE
devices significantly reduces the effective charge injection
barrier, therefore enhancing the charge injection efficiency
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from the electrodes to the emitting polymer. As aresult, stable
high workfunction metals, e.g. Au, can be used as charge
injection electrodes, which may reduce the problems of aging
of contacts of polymer light-emitting devices. As suggested
by the important roles played by the interfaces in the device
operation, the SCALE device structure is quite general. It can
be applied to a variety of electroluminescent polymers in
conjunction with suitable polymers to fabricate SCALE
devices.
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