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WeWe reportreport visiblevisible lightlight emissionemission fromfrom ShottkyShottky diodesdiodes mademade fromfrom semiconductingsemiconducting polymers,polymers, 
confirmingconfirming thethe discoverydiscovery byby thethe CambridgeCambridge groupgroup [Nature[Nature 347,347, 539539 (1990)]. OurOur resultsresults( 1990>3. 
demonstratedemonstrate thatthat light-emittinglight-emitting diodesdiodes cancan bebe fabricatedfabricated byby castingcasting thethe polymer filmfilm fromfrom 
solutionsolution withwith nono subsequentsubsequent processingprocessing oror heatheat treatmenttreatment required.required. ElectricalElectrical characterizationcharacterization 

pollymer 

revealsreveals diodediode behaviorbehavior withwith rectificationrectification ratiosratios greatergreater thanthan 104
• WeWe proposepropose thatthat 

tunnelingtunneling ofof electronselectrons fromfrom thethe recitifyingrecitifying metalmetal contactcontact intointo thethe gapgap statesstates ofof thethe 
positivepositive polaronpolaron majoritymajority carrierscarriers dominatesdominates currentcurrent flowflow andand providesprovides thethe mechanismmechanism 

104, 

forfor lightlight emission.emission. 

WeWe confirmconfirm thethe resultsresults ofof BurroughesBurroughes etet al.al. I’ andand 
demonstratedemonstrate thatthat electroluminescenceelectroluminescence fromfrom conjugatedconjugated 
polymerpolymer diodesdiodes isis aa moremore generalgeneral phenomenon.phenomenon. WeWe reportreport 
lightlight emissionemission fromfrom diodesdiodes fabricatedfabricated withwith MEH-PPV,MEH-PPV, 
poly(2-methoxy,poly( 2-methoxy, 5-(2'-ethyl-hexoxy)-I,5- ( 2’-ethyl-hexoxy ) -1, 4-phenylene4-phenylene-
vinylene).’ soiu-vinylene).2 MEH-PPVMEH-PPV offersoffers thethe advantageadvantage ofof beingbeing solu
ble inin thethe conjugatedconjugated formform inin organicorganic solvents.solvents. WeWe describedescribe 
devicedevice fabrication,fabrication, simplifiedsimplified becausebecause ofof directdirect castingcasting ofof 
thethe semiconductingsemiconducting polymerpolymer fromfrom solution,solution, andand wewe presentpresent 
thethe resultsresults ofof electricalelectrical andand opticaloptical characterizationcharacterization ofof thethe 

Me 

devices,devices, includingincluding thethe temperaturetemperature dependencedependence ofof thethe elecelec-
troluminescencetroluminescence (EL)(EL) andand photoluminescencephotoluminescence (PL)(PL) spec
tra.tra. 

spec-

TheThe light-emittinglight-emitting diodesdiodes (LEDs) consistconsist ofof aa rectify
inging metalmetal contactcontact onon thethe frontfront surfacesurface ofof anan MEH-PPVMEH-PPV 
filmfilm onon aa glassglass substrate,substrate, partiallypartially coatedcoated withwith aa layerlayer ofof 

( LEDs) rectify-

indium/tin-oxideindium/tin-oxide (ITO),(ITO), thethe "ohmic" contact.contact. TheThe MEH
PPVPPV filmsfilms areare tetrahy-

“ohmic” MEH-
preparedprepared byby spinspin castingcasting fromfrom tetrahy

drofurandrofuran oror xylenesxylenes solutionssolutions containingcontaining 1%1% MEH-PPVMEH-PPV 
byby weight.weight. TheThe resultingresulting MEH-PPVMEH-PPV filmsfilms havehave uniformuniform 
surfacessurfaces withwith thicknessesthicknesses nearnear 12001200 A. MetalMetal contactscontacts (in.& (in-
diumdium oror calcium) areare depositeddeposited onon toptop ofof thethe polymerpolymer filmsfilms 
byby vacuumvacuum evaporationevaporation atat pressurespressures belowbelow 4 X4X 1010 -- 77 TorrTorr 
yieldingyielding activeactive areasareas ofof 0.040.04 cmcm’2. . AllAll processingprocessing stepssteps areare 

in-

calcium ) 

carriedcarried outout inin aa nitrogennitrogen atmosphere.atmosphere. SilverSilver paintpaint oror in
diumdium soldersolder isis usedused toto connectconnect wireswires toto thethe electrodes.electrodes. 
SpectroscopicSpectroscopic measurementsmeasurements useuse aa single-gratingsingle-grating mono-mono
chromatorchromator followedfollowed byby aa photomultiplierphotomultiplier tubetube (PMT)(PMT) asas 
detector.detector. TheThe modulatedmodulated signalsignal fromfrom thethe PMTPMT isis processedprocessed 
byby aa lock-inlock-in amplifieramplifier tunedtuned toto thethe modulationmodulation frequency.frequency. 
ForFor ELEL spectra,spectra, modulationmodulation isis achievedachieved byby applyingapplying aa sinusinu-
soidalsoidal voltagevoltage superposedsuperposed onon aa de voltage.voltage. ForFor PLPL spectra,spectra, 
thethe polymerpolymer isis pumpedpumped byby anan argonargon ionion laserlaser (457.9(457.9 nm);nm); 
PLPL modulationmodulation isis achievedachieved byby mechanicallymechanically choppingchopping thethe 
pumppump beam.beam. TheThe measurementsmeasurements areare carriedcarried outout withwith thethe 
LEDsLEDs inin aa vacuumvacuum cryostatcryostat atat pressurespressures belowbelow 1010 -- 44 Torr.Torr. 

FigureFigure 11 showsshows thethe ELEL spectraspectra obtainedobtained withwith 33 VV ACAC 

dc 

superposedsuperposed (at(at 681 Hz)Hz) onon 1313 VV forwardforward bias.bias. TheThe room68 1 room-
temperaturetemperature ELEL peakspeaks nearnear 2.12.1 eV withwith aa hinthint ofofaa secondsecond 
peakpeak aboveabove 1.91.9 eV.eV. AtAt 9090 K,K, thethe intensityintensity increasesincreases andand 

eV 

shiftsshifts toto thethe red,red, andand thethe twotwo peakspeaks becomebecome clearlyclearly re
solved.solved. FigureFigure 11 alsoalso comparescompares thethe ELEL andand PLPL spectraspectra atat 
lowlow temperature.temperature. TheThe twotwo spectraspectra areare essentiallyessentially identical.identical. 

re-

CurrentCurrent versusversus voltagevoltage (I-V) characteristicscharacteristics areare shownshown 
forfor thethe polymer/Inpolymer/In diodediode inin thethe insetinset toto Fig.Fig. 2.2. WhileWhile 

(1-V) 

rampingramping thethe appliedapplied bias,bias, yellow-orangeyellow-orange lightlight becomesbecomes vis
ibleible toto thethe eyeeye justjust belowbelow 99 VV forwardforward biasbias (no(no lightlight isis 

vis-

observedobserved underunder reversedreversed bias).bias). AboveAbove 1515 V,V, thethe rectifica
tiontion ratioratio exceedsexceeds 10104.4 tem-

rectifica-
• IndependentIndependent evidenceevidence fromfrom thethe tem

peratureperature dependencedependence ofof thethe I-VI-V characteristicscharacteristics suggestssuggests 
thatthat inin diodesdiodes fabricated fromfrom semiconductingsemiconducting polymers,polymers,fabrica.ted 
carriercarrier injectioninjection takestakes placeplace viavia tunneling.3 StandardStandard tuntunneling.3 tun-
nelingneling theorytheory predicts4predicts4 

I ex: V2 exp(exp( - b/V) , (1)(1)ia V2 - b/Y), 

wherewhere bb isis aa fittingfitting parameterparameter thatthat dependsdepends onon thethe shapeshape 
andand heightheight ofof thethe tunnelingtunneling barrier.barrier. ThermionicThermionic emissionemission 
theorytheory predicts4predicts4 

Iex:exp( -eV/nKT),Iaexp( - eV/nK‘T), (2)(2) 

wherewhere ee isis thethe electronelectron charge,charge, KK isis thethe BoltzmannBoltzmann con
stant,stant, andand nn isis thethe qualityquality factor.factor. FigureFigure 22 displaysdisplays thethe data,data, 
plottedplotted asas ln(l/V’In(l/V) 2

) l/V; consis-

con-

vsvs lIV; thethe linearlinear behaviorbehavior isis consis
tenttent withwith thethe tunnelingtunneling modelmodel ofof Eq.Eq. (1). TheThe temperaturetemperature 
dependencedependence ofof thethe ELEL shownshown inin Fig.Fig. 11 isis consistentconsistent withwith thethe 

( 1). 
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FIG.!. ElectroluminescenceElectroluminescence intensityintensity vsvs photonphoton energyenergy atat 300300 KK (do!.FIG. 1. (dot-
ted)ted) andand 9090 KK (solid)(solid) forfor ir.dium/MEH·PPV diodediode underunder aa forwardforward biasbiasirdium/MEH-PPV 
ofof 1313 VV dcdc withwith 33 VV acac superposedsuperposed atat 681681 Hz;Hz; photoluminescencephotoluminescence spec
trumtrum (dashed)(dashed) atat 9090 KK shownshown forfor comparison.comparison. 

spec-
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FIG.FIG. 2.2. In(l/V) vsvs l/Vfor thethe indium/MEH-PPVindium/MEH-PPV diode;diode; thethe solidsolid curvecurveIn (Z/V) I/ V for 
isis thethe bestbest fitfit toto thethe tunnelingtunneling expressionexpression [Eq.[Eq. (I)]; thethe dasheddashed curvecurve isis thethe 
bestbest fitfit toto thethe expressionexpression forfor thermionicthermionic emissionemission [Eq.[Eq. (2)].(2)]. TheThe insetinset 
showsshows thethe currentcurrent vsvs voltagevoltage characteristiccharacteristic overover thethe fullfull voltagevoltage range.range. 

(l)]; 

tunnelingtunneling model;model; anan increaseincrease inin luminescenceluminescence efficiencyefficiency atat 
higherhigher temperaturestemperatures wouldwould bebe expectedexpected withwith aa thermallythermally 
activatedactivated process.process. 

ExtensiveExtensive studiesstudies ofof thethe spectralspectral featuresfeatures andand thethe an
isotropyisotropy ofof thethe PLPL fromfrom spin-castspin-cast filmsfilms ofof MEH-PPVMEH-PPV andand 
fromfrom MEH-PPVMEH-PPV orientedoriented byby mesoepitaxymesoepitaxy inin blendsblends withwith 
polyethylenepolyethylene revealreveal thatthat thethe PLPL observedobserved inin orientedoriented 

an-

MEH-PPY isis highlyhighly polarizedpolarized parallelparallel toto thethe chainchain orienMEH-PPV orien-
tationtation axisaxis (( >> 60: 1 ratio),ratio), soso thethe luminescenceluminescence centercenter isis anan6O:l 
intra-chain excitonexciton (alternately(alternately describeddescribed asas aa neutralneutral biintro-chain bi-
polaron)polaron) formedformed fromfrom aa positivepositive andand aa negativenegative polaron.polaron.S 
SinceSince thethe spectraspectra obtainedobtained fromfrom PLPL andand ELEL areare identical,identical, 
thethe luminescentluminescent centercenter isis thethe samesame inin thethe twotwo cases.cases. TheThe 

’ 

opticaloptical propertiesproperties ofof conjugatedconjugated polymerspolymers havehave beenbeen alteralter-
nativelynatively describeddescribed inin termsterms ofof anan interbandinterband transitiontransition (fol(fol-
lowedlowed byby structuralstructural relaxation) 6 oror inin termsterms ofof aa correlatedcorrelatedrelaxation)6 
excitonexciton modeI.7 SinceSince thethe lineline shapeshape ofof thethe absorptionabsorption specmodel.7 spec-
trumtrum ofof orientedoriented MEH-PPY inin polyethylenepolyethylene isis accuratelyaccurately 

q-rr* transitiontransition inin aa 
MEH-PPV 

describeddescribed byby thatthat predictedpredicted forfor thethe 1T-1T* 

quasi-one-dimensionalquasi-one-dimensional semiconductor,S wewe approachapproach thethe 
mechanismmechanism ofof lightlight emissionemission fromfrom thethe bandband model.model. 

semiconductor,5 

InIn thethe LEO configuration,configuration, carriercarrier injectioninjection atat thethe rec
tifyingtifying contactcontact cancan leadlead toto neutralneutral (bipolaron)(bipolaron) excitonsexcitons inin 
twotwo ways.ways. ThermalThermal excitationexcitation ofof electronselectrons fromfrom thethe metalmetal 
enablesenables injectioninjection intointo thethe conductionconduction bandband ofof thethe polymerpolymer 

LED rec-

(mechanism(mechanism 22 inin Fig.Fig. 3).3). AfterAfter thermionicthermionic emission,emission, self
localizationlocalization willwill leadlead toto thethe formationformation ofof aa negativenegative polaronpolaron 

self-

whichwhich recombinesrecombines withwith aa positivepositive polaronpolaron toto formform thethe ex
citedcited statestate ofof thethe neutralneutral bipolaronbipolaron exciton;exciton; aa statestate withwith 

ex-

lowerlower totaltotal energyenergy thanthan thethe twotwo oppositelyoppositely chargedcharged po
laronslarons becausebecause ofof thethe CoulombCoulomb attraction.attraction. TheThe excitedexcited statestate 

po-

decaysdecays radiativelyradiatively asas sketchedsketched inin insetinset AA ofof Fig.Fig. 3.3. Alter
natively,natively, whenwhen positivepositive polaronpolaron majoritymajority carrierscarriers diffusediffuse toto 
thethe depletiondepletion layer,layer, electronselectrons fromfrom thethe rectifyingrectifying contactcontact 
cancan tunneltunnel throughthrough thethe barrierbarrier directlydirectly intointo thethe polaronpolaron 
gapgap states.states. TunnelingTunneling intointo thethe upperupper gapgap statestate (mechanism(mechanism 
11 inin Fig.Fig. 3)3) isis followedfollowed byby structuralstructural relaxationrelaxation toto thethe 
excitedexcited statestate ofof thethe neutralneutral bipolaronbipolaron withwith radiativeradiative decaydecay 
(inset(inset AA ofof Fig.Fig. 3).3). TunnelingTunneling intointo thethe lowerlower gapgap statestate 
resultsresults inin anan unstableunstable configurationconfiguration (inset(inset B);B); nonradiativenonradiative 
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FIG.FIG. 3.3. ChannelChannel forfor luminescenceluminescence andand possiblepossible currentcurrent fiowfiow mechanisms:mechanisms: 
thethe bandband diagramdiagram illustratesillustrates electronelectron injectioninjection eithereither byby thermionicthermionic emis
sionsion (2)(2) intointo conductionconduction bandband andand subsequentsubsequent relaxationrelaxation oror byby directdirect 

emis-

tunnelingtunneling (I) intointo upperupper polaronpolaron level.level. InsetInset AA showsshows decaydecay ofof thethe excitedexcited 
statestate ofof thethe neutralneutral bipolaronbipolaron throughthrough radiativeradiative recombination,recombination, andand insetinset 

( 1) 

BB showsshows thethe finalfinal statestate ofof thethe neutralneutral bipolaronbipolaron whichwhich decaysdecays nonradia
tively.tively. 

nonradia-

structuralstructural relaxationrelaxation causescauses thethe gapgap statesstates toto mergemerge intointo thethe 
valencevalence andand conductionconduction bands.bands. WeWe propose,propose, therefore,therefore, thatthat 
thethe tunneling-injectiontunneling-injection mechanismmechanism depicteddepicted inin Fig.Fig. 33 domdom-
inatesinates inin thethe conductingconducting polymerpolymer LEOs. 

BasedBased onon thethe diagramsdiagrams sketchedsketched inin Fig.Fig. 3,3, thethe modestmodest 
LEDs. 

ELEL efficiencyefficiency resultsresults fromfrom thethe competitioncompetition betweenbetween thethe ra
diativediative processprocess (tunneling(tunneling intointo thethe upperupper gapgap state)state) andand 
thethe nonradiativenonradiative processprocess (tunneling(tunneling intointo thethe lowerlower gapgap 
state).state). SinceSince thethe chemicalchemical potentialpotential inin thethe p-typep-type polymerpolymer isis 
setset byby thethe partialpartial occupancyoccupancy ofof thethe lowerlower polaronpolaron level,level, thisthis 

ra-

asymmetryasymmetry maymay bebe anan intrinsicintrinsic featurefeature ofof thethe metal
polymerpolymer diodes.diodes. ThisThis schemescheme suggestssuggests thatthat increasingincreasing thethe 

metal-

barrierbarrier heightheight forfor majoritymajority carrierscarriers andand decreasingdecreasing thethe bar
rierrier heightheight forfor electronselectrons atat thethe rectifyingrectifying metalmetal contactcontact 
wouldwould favorfavor thethe lightlight emissionemission channel.channel. 

bar-

TheThe datadata ofof Fig.Fig. 44 verifyverify thisthis prediction.prediction. FigureFigure 44 dis
playsplays thethe ELEL intensityintensity asas aa functionfunction ofof currentcurrent flowflow underunder 

dis-

increasingincreasing forwardforward bias.bias. TheThe ELEL intensityintensity emittedemitted byby LEOsLEDs 
4withwith calciumcalcium electrodeselectrodes (work(work functionfunction = = 33 eyeV4)) asas thethe 

rectifyingrectifying contactcontact exceedsexceeds byby almostalmost anan orderorder ofof magnitudemagnitude 
thethe ELEL intensityintensity emittedemitted byby LEOs withwith indiumindium electrodeselectrodesLEDs 
(work(work functionfunction == 4.24.2 ey4 ). TheThe quantumquantum efficiencyefficiency (as(aseV4). 
determineddetermined withwith a calibratedcalibrated siliconsilicon photodiodephotodiode andand cor
rectedrected forfor thethe spectralspectral responseresponse andand thethe solidsolid angleangle ofof thethe 

a cor-

collectingcollecting optics)optics) atat 11 rnA isis :::::: 55X 1010 - 4 photonsphotons perper elecmA s x - 4 elec-
trontron forfor indiumindium electrodeselectrodes andand ::::::0.01 photonsphotons perper electronelectron-0.01 
forfor calciumcalcium electrodes.electrodes. TheThe emissionemission fromfrom thethe calcium!calcium/ 
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FIG.FIG. 4.4. EmittedEmitted lightlight intensityintensity recordedrecorded byby calibratedcalibrated SiSi photodiodephotodiode vsvs 
currentcurrent flowingflowing throughthrough polymerpolymer LEDsLEDs withwith calciumcalcium electrodeselectrodes (dots)(dots) 
andand indiumindium electrodeselectrodes (circles).(circles). 

LEDsMEH-PPVMEH-PPV LEOs isis easilyeasily seenseen inin aa lightedlighted roomroom atat 44 VV 
forwardforward bias.bias. 

TheThe recentrecent inventioninvention’I ofof conductingconducting polymerpolymer LEOsLEDs 
expandsexpands thethe possiblepossible applicationsapplications forfor conductingconducting polymerspolymers 
intointo thethe areaarea ofof activeactive lightlight sources.sources. ControllingControlling thethe energyenergy 
gapgap ofof thethe polymer,polymer, eithereither throughthrough thethe judiciousjudicious choicechoice ofof 
thethe conjugatedconjugated backbonebackbone structurestructure oror throughthrough side-chainside-chain 

functionalization,functionalization, shouldshould makemake possiblepossible aa varietyvariety ofof colors.colors. 
Moreover,Moreover, becausebecause ofof processingprocessing advantagesadvantages ofof semiconsemicon-

envi-ductorsductors castcast fromfrom solution,solution, largelarge activeactive areasareas cancan bebe envi
sioned. Thus,Thus, LEOs fabricatedfabricated fromfrom conductingconducting polymerspolymerssioned, LEDs 
offeroffer aa numbernumber ofof potentialpotential advantagesadvantages toto futurefuture technoltechnol-
ogy.%Y-
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