Polymeric anodes for improved polymer light-emitting diode performance
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We have studied polyaniline and polyethylenedioxythiophene transparent electrodes for use as
hole-injecting anodes in polymer light emitting diodes. The anodes were doped with a variety of
polymer and monomer-based acids and cast from either water or organic solvents to determine the
effect of the dopant and solvent on the hole-injection properties. We find that the anodes with
polymeric dopants have improved device quantum efficiency and brightness relative to those with
small molecule dopants, independent of conductivity, solvent, or type of conducting polymer. For
the most conducting polymer anodes> 2 (Q cm) '], diodes could be made without an indium tin
oxide underlayer. These diodes show substantially slower degradatioh99® American Institute

of Physics[S0003-695097)00316-1

Since the discovery of electroluminescence inpolymer anodes, dopant type, solvent, conductivity, and ex-
polymers! substantial research has gone into improving theernal quantum efficienc§QE) at 7 V, radiance a7 V before
light output, power efficiency, and lifetime of electrolumi- aging, and radiancet& V after 200 h of aging. The two
nescent polymers in a diode device structure. Typically, théypes of conducting polymers studied were polyaniline
polymer light emitting diodgPLED) consists of a transpar- (PAni) and polyethylenedioxythiophed®EDT).” The PAni
ent hole-injecting anode, for example,®:Sn (ITO), and  materials were doped with two different polymer dopants,
electroluminescent conjugated polymer, and an electron inpolystyrenesulfonic acid and polyacrylamidopropane-
jecting cathode such as Ca or Al. The device quantum effisulfonic acid, and two monomer dopants, amidopropane-
ciency and driving voltage depend on the charge-injectiorulfonic acid and camphor sulfonic acid, for comparison.
properties at the interfaces between the electroluminescedie solvents used were ,B, n-methyl pyrrolidinone
polymer and electrod€s? Recent research has shown that(NMP), and fluorinated alcohols, the latter allowing the ad-
this interface also plays an important role in device lifetime:vantage of coating inside the glove bbx.
chain scission of the electroluminescent polymer is aided by !N Fig. 1, we show the radiance and current as a function
the chemical reaction of the vinyl carbon with oxygen con-Of applied voltage for the different PAni anodes. The behav-
tributed by the ITO anod@ These effects can be partially ior below 1.5V is due to extrinsic effects associated with the
mitigated by using polyaniline which is doped with conduct- leakage current and in general increases with increasing con-
ing polystyrenesulfonic acid(PSS-polyaniline (PAni)] as ~ ductivity of the polymer anode depending on the accuracy of
the transparent anodelhis material acts as a barrier to oxy- the patterning. The behavior above 1.5 V is intrinsic with

gen reaction and as a planarizing layer to inhibit electrical/ariances on the order of 20% depending on small changes
shorts and improve device lifetime; in addition, increases i diode area and thickness. The low-field behavior and the

device brightness and efficiencies are observed. These results _ .

suggest a thorough study is needed to understand hoWrBLE I. Performance of PLEDs with various polymer anodé80 nm
. . I}/IEH-PPV.a

changes in the polymeric anode and ITO underlayer affec

In this letter, we determine the effect that the dopant, solvent o(Qem)™! %QEat7V L (cd/nf) L (cd/n?)
solvent, and type pf c;ondU(_:tlng polymer have on the de_vlce at 7V fresh 200 hat 7V
performance and lifetime with and without ITO in the device pss.-paniHo 01 1.4 4000 30 WITO
structure. We show that device performance is improvedSs-PAni/NMP 0.1 1.0 1500

more markedly with polymer-based dopants independent dfAPS-PANI/HO discontinuous 11 1200

conductivity, solvent, or type of conducting polymer. More- APS-PANI/FA 100 0.4 13880W/Au 50 wiAs

over, we show_thfat device lifetime is .substantlally improved-sa_pani/Fa 200 0.3 1800

when ITO is eliminated from the device structure. PSS-PEDT/HO 2 1.3 4000 W/ITO 30 wW/ITO
The diodes were prepared using electrolumi- 300 w/Au 35 w/Au

nescent  polymer  pol(2-methoxy-5(2-ethy)hexoxy- 180 none 60 none

phenylen_evmylenéMEH-PP\O and Al-coated Ca Cathoqes 2All error bars arex20% of value. With ITO underlayer unless otherwise
as described elsewheté All measurements were done in a noted.

dry nitrogen glove box. In Table I, we list the conducting "PSS=polystyrenesulfonic acid, PARSolyacrylamidopropanesulfonic
acid, APS=acrylamidopropanesulfonic acid, CS&amphor sulfonic acid,
NMP=n-methyl pyrrolidinone, FA=fluorinated alcohol.

3E|ectronic mail: sacarter@cats.ucsc.edu SW/TTO=with ITO, w/Au=with thin Au stripes, nos-polymer anode only.
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FIG. 1. Main figure shows current-radiance-voltage curves for ITO/PAni/
MEH-PPV/Ca/Al, with different PAni dopants, polystyrenesulfonic acid FIG. 2. Main figure shows current-radiance—voltage curves for PLEDs
(PSS-circlg and acrylamido-propanesulfonic aci&PS-up triangle dop- ~ with different conducting anodes: PAnicircles, polyethylenediox-
ants. Insert shows radian@&/mn®) vs current densityA/mm?) at 7 V for ~ Ythiophene (PEDT-triangle and ITO (squarg. Insert shows radiance
two polymer dopants, polyacrylamidopropane-sulfonic 4BPS-solid up  (W/mn?) vs current densitfA/mm?) at 7 V for different polymer anode
triangle and polystyrenesulfonic aci@®SS-circley and two monomer dop- ~ underlayers, ITO(open or Au stripe (closed. Device structures are
ants, acry]amidopropanesu|fonic a(ﬂqps.open up triang)eand Camphor underlayer/conducting ponmer/MEH-PPV/Ca/AI Solid lin&% external
sulfonic acid(CSA-squark The solvents are watéH,0O-closed symbols quantum efficiency.
n-methylpyrrolidinone (NMP-open or fluorinated alcohols(FA-oper).
Solid line=1% external quantum efficiency.

fluorinated alcoholFA), the most conducting material with
steep exponential rise at 1.8 V in the IV curves is indepen? ~200 ((2cm) g performs similarly to materials with over
dent of the anode materidITO, PAni, PEDT), suggesting tWo orders of magnitude lower conductivitfable ). We
that this regime is cathode limitédFor the high-field behav- note that this material is significantly less transparent which

ior, we observe similar currents for all sample studies; how&ccounts for some of the reduced efficiency. These results
ever, the polymeric-based anodes have greater light Outpgpggest that the variance in performance is due to differences
than the monomer-doped anodes, resulting in larger quantufi "ow the polymer and monomer-dopants affect charge in-
efficiencies(Table |). This effect is displayed graphically in jection into the MEH-PPV. A possible explanation is that the
the insert to Fig. 1 where radiance versus current ¥ is free monomer acids which remain in the material after dop-
plotted for each sample. Points above and left of the solid"d are significantly more mobile under an applied electric
line represents external quantum efficiencies greater than ofgld than the polymer acids and therefore can diffuse into
percent. the MEH-PPV to act as traps and/or luminescence quench-
The device performance does not depend on the solveng!s:
we observe similar behavior for the monomer-doped acryla-  TO test the dependence on the type of conducting poly-
midopropanesulfonic acidAPS)-PAni in fluorinated alco- Mer, we also studied polyethyldioxythiophei®DT) doped
hols and NMP, organic solvents with different boiling tem- With polystyrenesulfoni¢PSS acid and dissolved in watér.
peratures(59 and 82 °C, respectively In addition, we Comparisons between PSS-PAni(® and PSS-PEDT/4O
observe only a slight reduction in performance for the PSSare shown in Fig. 2. Current, radiance, and quantum effi-
PAni in NMP compared to kD which may be accounted for ciency are the same within the20% error bars. The PEDT
by additional quenching introduced by residual LiCl which is @anode has an order of magnitude higher conductivity than the
added to the NMP solution for stabilization. The solventPAni anode, resulting in large leakage currents which are
does affect surface roughness; high resolution optical mistrongly dependent on the patterning of the PEDT. All the
croscopy shows that the PSS-PAni films dissolved in NMPpolymer-based anodes perform consistently better and more
have a surface roughness comparable to the thickness of thepeatably than our best ITO samples in which we observe
film (i.e., the film was noncontinuousvhile the films from  order of magnitude changes based on differences in the ITO
H,O appear smooth and continuous over the entire substratgurface preparation; ITO is known to have problems with
Similar measurements on the camphorsulfonic acid films rewater absorption and oxidation at the surface. Differences in
vealed spots where the polymer coagulated. Nonetheless, ttige work function of the polymer anode materials could ac-
initial performance of the device did not appear to dependount for the improved charge injectisfiHowever, device
substantially on the morphology of the polyaniline film, sug- structures consisting of inorganic transparent anodes that
gesting that planarization is not the main mechanism byave different(lower) work functions, such as ZnO:Al and
which the polymeric anodes improve the device perfor-InN, reveal very similar performance to ITO indicating that
mance. This may account for similarities in the continuouswork function of the anode cannot be the critical factor in
and network PAni films observed by previous workérand  determining the low-voltage performant®! Since the im-
implies that the increase in the surface area from networklikgproved results do not depend strongly on film conductivity,
electrodes may not substantially aid hole injection. morphology, or dopant, our results suggest that the main
The device performance also does not depend on th&nction of the polymer anode is to create a clean repeatable
anode conductivity. The monomer-doped APS-PAni/surface, devoid of oxidation or water, to which the MEH-
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ture continued to decay more rapidly even when the current
densities were below that of the devices without ITO in the
[TO/PARi structure. In the next 200 h, the light output in non-ITO
A 1 devices decayed less than 20% while the ITO-based diodes
PEDT lost nearly another order of magnitude. This effect is also
observed if the diodes are aged at a much lower dc voltage
V) and current densit}’ These results indicate that the long-
A term device failure is accelerated by the presence of ITO,
“Q‘J:c%‘ caused by photo-oxidation of the light-emitting polymer via
oy oxygen evolved from the ITO. The mechanism for the short-
: term aging is currently under further investigation.
‘ } \ o T We have shown that devices made with transparent or-
0 100 200 300 400 500 ganic polymer anodes yield improved performance over in-
time (hours) organic anodes independent of type of polymer, solvent, or
conductivity. These results imply that the improvement is
F_IG. 3. _Radiance I_ifetime stu'dies for different PLED device structures. De-q e to the ability of the polymer anode to make a repeatable
vices without ITO in the device structure have improved long lifetime be- . . . L .
havior. 1 W/mni=7.3x 10 cd/n?. clean interface with good adhesion and hole injection into
the electroluminescent polymer. Both polyaniline and
polythiophene-based polymers can be made sufficiently con-
PPV polymer can more effectively adhere to. In addition, thegucting and transparent so that device structures without ITO
ions in the polymeric anodes can partially dope the interfacgan be assembled. Devices made without ITO have greatly
providing more Ohmic contacts and better injection. reduced long-term decay suggesting a possible path to mak-
The conductivities are sufficiently high in both APS- ing long-lasting MEH-PPV polymer light-emitting diodes
PANI/FA and in PPS-PEDT/D that light emission can be (LEDs).
achieved without using an ITO underlay@tig. 2). Similar S.A.C. and J.C.S. acknowledge support from the NSF-
results using camphore sulfonic adidSA)-PAni dissolved funded Center for Polymer Interface and Macromolecular
in m cresol have been observed previouélythe (APS-  Assembly (CPIMA). This work was completed by S.A.C
acrylamidopropanesulfonic acid PAni/hyperfine-structureduring her tenure as a CPIMA Young Investigator Fellow.
(HFS) sample, witha~200 (2 cm)~ %, has an initial device The authors also thank J. Salem and J. Gorgia who helped in
performance that is weakly dependent on the presence of 4Re assembly of the devices and Bayer Corp. for providing us
ITO underlayer. The PEDT-based device has two orders ofith the PEDT.
magnitude lower conductivity, and as such we observe sig-
nificant IR loss across the device, resulting in greatly re-
duced light output at higher voltages, but the same quantum
efficiency. This effect can be mitigated by incorporating very 15 {. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K.
thin (0.2 mm Au stripes into the device structure to mini- Mackey, R. H. Friend, P. K. Burns, and A. B. Holmes, Nat(rendon)
mize the current drop across the sample, yielding a dewcgﬁ“& izﬁz?% Appl. PhyaZs, 1656(1994.
with the same efficiency and only slightly reduced light out- sp “grayn and A. J. Heeger, Appl. Phys. Leig, 1982(1991).
put than for the ITO-based samples. This method gives usR. N. Marks, D. D. C. Bradley, R. W. Jackson, P. L. Burn, and A. B.

the ability to eliminate ITO as a source of oxygen from the _Holmes, Synth. Met55-57 4128(1993. .
devi J. C. Scott, J. Kaufman, P. J. Brock, R. DiPietro, J. Salem, and J. A.
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7
; 13 Bayer Corp., Germany.
were driven at large constant dc voltag@sV)™ and large 8The PAni in NMP solvent had to be dried substantially longtd h) to

initial light output (~ 1000 cd/m) to induce more rapid ag-  remove all of the solvent.
ing in order that comparisons could be made between differ-’Y. Yang, E. Westerweele, C. Zhang, P. Smith, and A. J. Heeger, J. Appl.

_ ” e L. ;. Phys.77, 694 (1995.
ent diodes on month time scales. Average lifetime k:)eha'VIOIOWork functions for the conducting polymers are currently under further

on samples With and With_OUt ITO are shown in Fig. 3. We investigation. For ITO, work functions can vary as much ast-0&% eV
note that devices made with an ITO layer only, typically fail depending on the method of preparation and state of oxidation; however,
in a few days and are not shown on this graph for Clazrity. the “turn-on” voltage remains near 1.8 V for most of MEH-PPV diodes

; S P studied independent of the anode. S. A. Carter, M. Angelopoulous, P. J.
There are two regimes of aging: a short-term aging where Brock, J. Salem, and J. C. Scott, unpublished results. See also Ref. 13.

the current drops an order of magnitude within the first fewlwe note that different cathode materignd cathode work functiops
hours and “long-term” aging where the current drops much result in several order of magnitude changes in the low-voltage perfor-

more slowly over hundreds of hours. By 200 h of continuous mance providing further evidence that the low-voltage behavior is mainly
: limited by the electron injection. Similar results have been found previ-

aging, all diodes, independent of the underlayer, have de-oysly by H. Suzuki, Appl. Phys. Let69, 1611 (1996, and references
cayed to luminances on the order of 40 c/at current therein.
densities | ~10"3 A/cm?. In general, the brightest di- 12G. Gustafsson, Y. Cao, G. M. Treacy, F. Klavetter, N. Colaneri, and A. J.

. . .. Heeger, Natur@57, 477 (1992.
odeswith the higher current densities decayed the most rapepiodes aged in constant current mode show large increases in the driving

idly; however, the diodes with the ITO in the device struc- voltage.
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