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Abstract—We present novel light-emitting devices based on LUMO (HOMO) level of the polymer in order to achieve
several pyridine-containing conjugated polymers and copoly- efficient charge injection. The relatively low electron affinity of
mers in various device configurations. The high electron affin- ot conjugated polymers requires metals with very low work
ity of pyridine-based polymers improves stability and electron f . hi fici | s H
transport properties of the polymers and enables the use of qnctlons to ac 'eV? efficient electron injection. owev_er,
relatively stable metals such as Al as electron injecting con- Since low work function metals are generally oxygen reactive,
tacts. Bilayer devices utilizing poly(9-vinyl carbazole) (PVK) as devices with a low work function cathode are usually unsta-

ahoIe-transp_o_rting/electron_—blocking polymer show dra_matically ble. Thus, polymers with high electron affinities are highly
improved efficiency and brightness as compared to single layer desirable

devices. This is attributed to charge confinement and exciplex - .
emission at the PVK/emitting polymer interface. The incorpo-  PYridine-based conjugated polymers have been shown to be

ration of conducting polyaniline network electrode into PVK promising candidates for light-emitting devices [5], [6] due to
reduces the device turn-on voltage significantly while maintaining their high electron affinity. As compared to phenylene-based
the high eff_iciency. Two novel device configurations thgt enable analogs, the pyridine-based polymers are more resistant to
the use of high work function metals as electrodes are pointed out. __. =~ . .
oxidation and show better electron transport properties. Fig. 1
shows the structures of the pyridine-containing polymers and
|. INTRODUCTION copolymers used in this study, namely pehgdyridine) (PPy),
poly(p-pyridyl vinylene) (PPyV), and copolymers of PPyV
13nd PPV [PPyVP(R)] with various functional side groups

has been considered an important property with many potential= Ci2Hz2s, OCigHas, COOGH,;. With respect to the
applications. Electroluminescence combined with other unigfie€lectronic levels,—Ci»H,; is slightly electron donating;
properties of polymers, such as processibility, bandgap twn©CieHas is electron donating; ane-COOCoHy; is elec-
ability, and mechanical flexibility, make conjugated polymer&0n Wwithdrawing. The pyridine-based polymers are highly
excellent candidates for low-cost large area display appliddminescent, especially the copolymers. The internal photo-
tions. In addition to PPV, a variety of PPV derivatives anfyminescence quantum efficiencies of the copolymers have
other conjugated polymers and copolymers have been foupReN measured [7] under ambient environment to be 75-90%
to exhibit electroluminescent properties [2], [3]. Light-emitting? Solutions and 18-30% in films, with the exception of
devices incorporating these materials have demonstrated all#f® —OCisHss copolymer. The electron donating nature of
necessary colors needed for display applications. —0OC;6H33 makes the copolymer more susceptible to oxida-
Over the past few years, the performance of polymer badéen. For example, carbonyl formation has been identified in
light-emitting devices has been improved dramatically. e —OCisHs3 copolymer films. As a result, the PL quantum
number of techniques have been developed to improve @fficiency is only 2% in film even though it is high-80%)
quantum efficiency. One technique is to use a low worR solution. In contrast, the strapped copolymer containing
function metal, such as Ca, as the electron injecting electrodesH20 as a bridging group, Fig. 1(d), does not oxidize as
(cathode) [4]. The double charge injection mechanism &#adily. Also the strapped copolymer shows the effects of less
polymer light-emitting diodes (LED’s) requires the matchingggregation as compared to the “usual” copolymers.
of the cathode (anode) work function to the correspondingAnother common technique to improve device performance
is to incorporate charge transporting layers in a multilayer
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Fig. 2. Schematic structure of a bilayer device with conducting polyaniline
network electrode.

low work function metals as electrodes, potentially improving
R the device operating stability and shelf lifetime.

Il. EXPERIMENT

The synthesis of the pyridine-containing polymers has
been reported earlier [11]-[13]. For single layer devices, the
emitting layer was spin-cast at 1000-2000 r/min from solutions
in formic acid (for PPy and PPyV) or xylenes (for copolymers)
(with a concentration of~10 mg/ml) onto precleaned patterned
ITO substrates with a sheet resistance of {1/square. For
bilayer devices, the PVK layer was spin-coated onto the
ITO substrate from solution in tetrahydrofuran (THR10

() mg/ml) at ~3000 r/min. The emitting layer was then spin

Fig. 1-| Struq&qres cgppyridibne bi’ised C_gnljugattled polsggefi and COPO:ym%%jated on top of the PVK layer from appropriate solutions.
() pobpyine) 03 ) o pircy veyiene) (P2, (0copol s the solvent for the emitting layer can not dissolve PVK,
side groups? = Cy2Has, OCigHss, COOG 2 Has, and (d) strapped copoly- NO significant intermixing of the two polymers is expected.
mer (@PPyVPV). The conducting polyaniline network electrode was formed by

spin-casting from a blendl( 4 ratio) of camphor sulfonic

acid doped polyaniline (PAN-CSA) and a low molecular
device configurations. One advantage of the pyridine basedight host polymer poly(methyl methacrylate) (PMMA)
polymers is the high electron affinity. For example, thérom Aldrich Chemical Company) inm-cresol. The host
electron affinity of PPy is~3.5 eV [9], which is~0.78 eV polymer PMMA was subsequently washed away by xylenes.
higher than its phenylene based analog poly(p-phenyle& xylenes is an excellent solvent for PMMA but a poor
(PPP) and is~0.9 eV higher than the most widely used PP\éolvent for PAN-CSA, the extraction of the PMMA left a
[2]. The high electron affinity of pyridine based polymerporous network of PAN-CSA. The PVK and emitting layers
enables the use of relatively stable conductors such as wére subsequently coated as in the bilayer device. The PVK
as electron injecting contacts and the development oflayer is expected to partially fill the PAN-CSA network,
number of novel device configurations. Taking advantagesulting in a structure schematically illustrated in Fig. 2.
of the better electron transport properties of the pyridin&imilar effects have been found for the formation of PAN-CSA
containing polymers, we fabricate bilayer devices utilizingetwork within a PPV derivative [14]. All the spin coating
poly(9-vinyl carbazole) (PVK) as a hole transporting/electroprocedures were carried out inside a class 100 cleanroom. The
blocking layer, which improves the device efficiency angolymer films were not annealed. The top metal electrode was
brightness significantly due to the charge confinement addposited by vacuum evaporation at a pressure belovw 10
exciplex emission at the PVK/emitting polymer interface. Thrr. To prevent damage to the polymers, the substrate was
incorporation of a conducting polyaniline network electrodmounted on a cold-water cooled surface during evaporation.
within PVK reduces the device turn-on voltage significantly Absorption spectra were measured on spin-cast films using a
while maintaining the high efficiency. The high electrofPerkin—Elmer Lambda 19 UV/VIS/NIR spectrometer. Photolu-
affinity of the pyridine-based polymers enables the use of IT@inescence (PL) and EL were measured using a PTI fluorom-
as an electron injecting contact (instead of an hole injectirger (model QM-1). The current-voltagé-{’) characteristics
contact as in typical polymer light-emitting diodes) to fabricaterere measured simultaneously with EL using two Keithley
inverted light-emitting devices [10]. A metal with much highemodel 195A multimeters while dc voltage was applied by
work function, such as Au, is used as a hole injecting contaet.HP model 6218A DC power supply. Quantum efficiency
By inserting an “insulating” layer on both side of the emittingnd brightness were measured using a calibrated photodiode
polymer, we fabricated symmetrically configured AC lightfUDT UV100). We note that all the device testing proce-
emitting (SCALE) devices [6] which work under both forwarddures were performed in air on as-made devices without any
and reverse DC bias as well as in AC modes. Both the invertedcapsulation. The lifetimes for most devices were modest,
and the SCALE devices are capable of eliminating the use ajfproximately 3 h at initial brightness e$200 cd/n¥. The

R;=0CsHss, R, =(CHa)io
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Fig. 3. Comparison of (a) light-voltage and (b) light—current characteristics
for a single layer device (square), a bilayer device (circle), and a bilayer
device with PAN-CSA network (triangle).

lifetimes were substantially longer when the devices were
operated under low power conditions.

EL Intensity (a.u.)

I1l. RESULTS AND DISCUSSION

Fig. 3 compares the electroluminescence-voltage VBL—
and electroluminescence-current (EL-characteristics for a
single layer device, a bilayer device, and a bilayer device with
PAN-CSA network electrode using the strapped copolymer
as emitting layer. As compared to those of the single layer
devices, the internal quantum efficiencies of the bilayer deviegy. 5. Normalized EL spectra of the single layer device (dashed line), the
increase more than two orders of magnitude, reackif@%. bilayer device (solid line), and the bilayer device with network electrode
The brightness of the bilayer device follows closely with th§@sh-dotted fine).

current density (not shown), reaching50 cd/n? at ~0.2 h the devi i it duced sianificantl
mMA/MM? (~22 V) and~300 cd/n? at ~2 mA/mn? (~27 V). ere, the device operating voltage reduced significantly [see

Fig. 4 shows an operating seven-bar numeric display usiﬁ. . 3(a)]. The brightness of the bilayer device with network

the bilayer structure. PVK is a well known hole transporiectrode reaches50 cd/nt at only~9 V, instead of~22 V

ing/electron blocking polymer. In addition to the effects 0§or bilayer devices without network electrode. Since the incor-

enhancing the transport of holes injected from the anode, PARration of the PAN-CSA network electrode does not modify
blocks the transport of electrons injected from the cathode sy PVK/copolymer interface, the high quantum efficiency and
that the electrons accumulate at the PVK/copolymer interfad¥ightness of the bilayer device are maintained [see Fig. 3(b)].
This charge confinement greatly enhances the probability Bus the incorporation of the network electrode to the bilayer
radiative recombination. In addition, the PVK layer separaté§vice dramatically improves the power efficiency (light out-
the recombination zone from the metal electrode so that tRet power/electrical input power) from:0.04% to~0.13%.
radiative recombination is protected against the nonradiatiV8€ bilayer devices with and without PAN-CSA network elec-
quenching at the metal/polymer interfaces. trode show similar EL spectra, which are blue shifted as com-
A side effect of using the PVK layer is that it increaseBared to that of the single layer device, see Fig. 5. The slightly
the device operating voltage substantially. One effective wagduced intensity at high energy tail for the device with net-
to reduce the device turn-on voltage is to use a high surfagerk electrode is probably due to absorption by the PAN-CSA.
network electrode [14]. The concept behind the network elec-The species that are responsible for the light generation
trode is that a rough electrode will create a nonuniform high the bilayer device is attributed to exciplexes formed at
electric field that enhances the charge injection. This technicire PVK/copolymer interface, and are identified by the PL
has been successfully applied to PPV based devices [14]. Bgasurements [17]. Fig. 6 compares the PL of pure copolymer,
applying this technique to the PVK layer, the device opepure PVK, and bilayers of PVK/copolymer. The PL of PVK
ating voltage decreased significantly. For the devices shotilm (dotted lines) excited at 3.6 eV shows an emission peak

1.5 2.0 2.5 3.0
Energy (eV)
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Fig. 6. Photoluminescence of a single layer of PVK (dotted line), a singlgg. 7. Absorbance of a single layer of PVK (solid line), a single layer of
layer of copolymer (dashed line), and a bilayer of PVK/copolymer (solidopolymer (dotted line), and a bilayer of PVK/copolymer (dashed line). (a)
“”e)-l(a) PPYVP(G2H25)2V, (b) PPYVP(COOG2H25)2V, and (c) strapped ppyvP(COOG:H:5)2V, (b) PPYVP(G2Hss)2V, and (c) strapped copoly-
copolymer. mer.

at 3.06 eV, agrees well with the value reported in the literatubdlayer film in each case is the sum of that of each individual
[15], [16]. The PL of the copolymers witlk = C;»H,; and component. No new ground to excited state transitions are
COOCG»Hy5 peaks at~2.15 and~2.03 eV, respectively. In present. The shape of the photoluminescence excitation (PLE)
contrast, the PL of strapped copolymer film shows a shouldegrsus energy curve (not shown) is nearly the same as the
at 2.25 eV, in addition to the main peak-22.03 eV. The peak absorbance versus energy curve.
of the film PL is clearly red-shifted as compared to solution We note that a shoulder at 2.2 eV appears in both single and
PL for all the copolymers, which has been attributed to tHalayer PL for the strapped copolymer (Fig. 6). Although the
aggregate formation in the film [18], [19]. strapped and the corresponding unstrapped copolymer show
The solid lines in Fig. 6 are the PL spectra for theimilar features in solution PL, no shoulder was found in
PVK/copolymer bilayer films excited at 3.6 eV, an energthe film PL for the unstrapped copolymer. We attribute the
that is greater than the band gap of PVK. In each case, msf®ulder to the partial break-up of the aggregate formation
prominently in Fig. 6(b) and (c), there is PL emission at th@ue to the wrap-around of the;§Hso chains. This assign-
same energy as the PVK PL emission (3.1 eV). However, theent is supported by the PL measurements of the blends of
main feature in the PL of the bilayer films is located at 2.8he strapped copolymer in PMMA. When the concentration
eV for the copolymers withR = C;sHs5 and COOG,H,; of the strapped copolymer decreases, the strength of the
and 2.4 eV for the strapped copolymer. Emission at theskoulder grows and is blue shifted toward the solution PL.
energies is not observed for individual films of either PVKt eventually becomes the dominant feature, indicating that
or the copolymers indicating that the emission is due tothe PL is dominated by unaggregated sites in the dilute
completely different species, and is attributed to the excipldsdlend. The same shoulder also appears in the bilayer film
When the excitation energy is lowered below 3.4 eV (baraf PVK/strapped copolymer indicating that in addition to
gap of PVK) the emission due to the exciplex is drasticallgxciplexes, unaggregated sites of pure strapped copolymer
reduced. In addition, varying the concentration or thicknes$so contribute to the PL of the bilayer film. The EL of
of the copolymer or PVK films in the bilayer configuratiorthe PVK/strapped copolymer bilayer device follows closely
will change the relative strengths of the exciplex peak andth the PL of the bilayer film suggesting that both the
PVK peak. exciplex and unaggregated sites of pure strapped copolymer
The assignment of exciplex emission is supported by opticantribute to the light generation unlike the case of other
absorption and photoluminescence excitation (PLE) measufesual” copolymers [17] in which the exciplex is responsible
ments. Fig. 7 shows the optical absorbance for the single amtirely for EL emission.
bilayer systems. Each of the plots show the absorbance of &he high electron affinity of the pyridine-based polymers
single layer of PVK, a single layer of the copolymer, and thenables novel device configurations such as inverted light-
bilayer PVK/copolymer films. The onset of PVK absorption iemitting devices [10] that are capable of eliminating the use
at 3.5 eV and shows two spectral features at 3.6 and 3.75 elvlow work function metals. Polytpyridine) (PPy) has an
similar to previous reports [15], [16]. The absorbance of theectron affinity of~3.5 eV [9], which allows metals with
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and brightness significantly due to the charge confinement and
exciplex emission at the PVK/emitting polymer interface. The
incorporation of the conducting polyaniline network electrode
within PVK reduces the device turn-on voltage significantly
while maintaining the high efficiency and brightness of the
bilayer device. The high electron affinity of the pyridine-based
polymers enables the fabrication of novel devices such as
inverted light emitting devices and SCALE devices which are
capable of eliminating the use of low work function metals as
electrodes, potentially improving the device operating stability
and shelf lifetime.
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