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WeWe  reportreport  visiblevisible  lightlight emissionemission  fromfrom  metalpolymermetalpolymer diodesdiodes  mademade  fromfrom  semiconductingsemiconducting 
oxidepolymers,polymers,  withwith  indiumtinindiumtin oxid.e  asas  thethe  "ohmic""ohmic"  ~ o n t a c t ,~ o n t a c t ,   andand aa  varietyvariety ?f?f metalsmetals  asas  thethe 
whichbarrierbarrier  metal.metal.  OurOur  results,results,  whIch  confirmconfirm  thethe  dIscoverydIscovery  byby  thethe  CambndgeCambndge  groupgroup  [Na-[Na

tureture 347,347, 539539 (1990)],(1990)], demonstratedemonstrate thatthat lightemittinglight-emitting diodesdiodes cancan bebe fabricatedfabricated byby cast-cast
inging thethe polymerpolymer filmfilm onon indiumt.inindium-t.in oxideoxide f r ~ mf r ~ m   subseque:ntsolutionsolution ~ i t h .~ i t h .  nono subseque.nt polymerpolymer 
processingprocessing oror heatheat treatmenttreatment reqmred. ElectrIcalElectrIcal characterIzatIOn revealsreveals dlOde behav-behavreqUIred.  chara:terIzatI.on  dIOde 
iorior withwith rectificationrectification ratiosratios greatergreater thanthan 101055 atat sufficiently high voltages.voltages. UseUse of anansuffiCIently  hIgh  ?f 

magmtudeelectrodeelectrode materialmaterial withwith lowlow workwork functionfunction leadsleads toto moremore thanthan anan orderorder ofof magnitude 
roomtemperatureimprovementimprovement inin thethe r o o m - t e m p ~ r a t u r e e f f i c i e n ~ ye f f i c i e n ~ y   ?f?f thethe d e v i c e ~ .d e v i c e ~ .   ForFor e x a ~ p l e ~e x a ~ p l e ~   thethe mostmost 

calcium  rectIfymgefficientefficient devicesdevices mademade withwith calclUm asas thethe rectlfymg contactcontact dIsplaydIsplay effiCIencIeseffiCIencIes ofof 0.010.01 
photonsphotons perper electron.electron. 

KeyKey words:words: Barium,Barium, calcium,calcium, electroluminescence,electroluminescence, indium,indium, l i g h ~ - e m i t t i n gl i g h ~ - e m i t t i n g   d i o ~ ed i o ~ e   (LED),(LED), 
magnesium,magnesium, poly(2poly(2-methoxy,5(2'methoxy,5-(2' ethy-ethy11hexoxyhexoxy )1,4)-1,4-phenypheny lenevmylene-vmy lene),lene), semIconduct-semIconduct
inging polymerpolymer 

INTRODUCTION INTRODUCTION 

al. 1TheThe resultsresults ofof BurroughesBurroughes etet az.1 showshow thatthat semi-semi
conductingconducting polymerspolymers serveserve asas activeactive lightlight sources.sources. 
OurOur workwork withwith otherother polymerspolymers andand electrodeelectrode ma-ma
terialsterials demonstratesdemonstrates thatthat electroluminescenceelectroluminescence fromfrom 
conjugatedconjugated polymerpolymer diodesdiodes isis aa moremore generalgeneral phe-phe
nomenon.nomenon. WeWe reportreport lightlight emissionemission fromfrom diodesdiodes fab-fab
ricatedricated withwith MEHPPV,MEH-PPV, poly(2methoxy,5(2'ethyl-poly(2-methoxy,5-(2'-ethyl
hexoxy)1,4phenylenevinylene). 2  MEHPPVhexoxy)-1,4-phenylene-vinylene).2 MEH-PPV offersoffers 
thethe advantageadvantage ofof beingbeing solublesoluble inin thethe conjugatedconjugated formform 
inin organicorganic solvents.solvents. TheThe appropriateappropriate choicechoice ofof elec-elec
trodetrode materialsmaterials leadsleads toto significantsignificant improvementimprovement inin 
luminescenceluminescence efficiency.efficiency. WeWe describedescribe devicedevice fabri-fabri
cation,cation, simplifiedsimplified becausebecause ofof directdirect castingcasting ofof thethe 
semiconductingsemiconducting polymerpolymer fromfrom solution,solution, andand wewe 
presentpresent thethe resultsresults ofof electricalelectrical andand opticaloptical char-char
acterization.acterization. 

EXPERIMENTALEXPERIMENTAL 

TheThe lightlight emittingemitting diodesdiodes (LEDs)(LEDs) consistconsist ofof aa rec-rec
tifyingtifying metalmetal contactcontact onon thethe frontfront surfacesurface ofof anan MER
PPVPPV filmfilm onon aa glassglass oror poly(ethylenepoly(ethylene terephthalate)terephthalate) 

MEH-

substratesubstrate, partiallypartially coatedcoated withwith aa layerlayer ofof indium-indium
tintin oxide (ITO),(ITO), thethe "ohmic""ohmic" contact.contact. FigureFigure 11 dis-dis
playsplays thethe devicedevice geometry.geometry. TheThe MEHPPVMEH-PPV filmsfilms areare 
preparedprepared byby spincastingspin-casting fromfrom tetrahydrofurantetrahydrofuran oror 
xylenesxylenes solutionssolutions containingcontaining 1%1% MEHPPVMEH-PPV byby 
weight.weight. TheThe resultingresulting MEHPPVMEH-PPV filmsfilms havehave UUl-

oxide' 

Ulll

formform surfacessurfaces withwith thicknessesthicknesses inin thethe rangerange ofof 500500 
to to 2000A.2000A. MetalMetal contactscontacts (barium,(barium, calcium,calcium, mag-mag
nesium,nesium, oror indium)indium) areare depositeddeposited onon toptop ofof thethe poly-poly-

mermer filmsfilms byby vacuumvacuum evaporationevaporation atat pressurespressures be-be
lowlow 1010- 66 TorrTorr yieldingyielding activeactive areasareas ofof 0.040.04 oror 0.10.1 

2cm cm2
•• AllAll processingprocessing stepssteps areare carriedcarried outout inin aa nitro-nitro

gengen atmosphere.atmosphere. SilverSilver paintpaint oror indiumindium soldersolder .pro-.pro
videsvides contactcontact betweenbetween electrodeselectrodes andand externalexternal WIres.WIres. 

SpectroscopicSpectroscopic measurementsmeasurements useuse aa singlegratingsingle-grating 
monochromatormonochromator followedfollowed byby aa photodiodephotodiode arrayarray oror aa 
photomultiplierphotomultiplier tubetube withwith aa lockinlock-in 3 : m p ~ i f i e r3 : m p ~ i f i e r   ~ s~ s   de-de

modulatIOntector.tector. ElectroluminescenceElectroluminescence modulatlOn ISIS achIevedachIeved 
byby applyingapplying aa sinusoidalsinusoidal voltagevoltage superposedsuperposed onon aa DCDC 
voltage.voltage. TheThe measurementsmeasurements areare carriedcarried outout withwith thethe 
LEDsLEDs inin aa nitrogennitrogen atmosphereatmosphere oror aa vacuumvacuum cryo-cryo
statstat atat pressurespressures belowbelow 1010- 44 Torr.Torr. IntegratedIntegrated inten-inten
sitysity isis determineddetermined withwith aa calibratedcalibrated siliconsilicon photo-photo
diodediode andand correctedcorrected forfor thethe spectralspectral responseresponse andand thethe 
solidsolid angleangle ofof thethe collectingcollecting optics.optics. 

LightLight fromfrom thethe LEDsLEDs appears yellow-orange, withwith 
thinnerthinner polymerpolymer filmsfilms producingproducmg  aa slightlyshghtly  moremore 
yellowyellow color.color. FigureFigure 22 comparescompares thethe roomroom temper-temper
atureature electroluminescenceelectroluminescence spectrumspectrum ofof anan LEDLED mademade 
withwith anan indiumindium toptop electrodeelectrode toto thatthat fromfrom aa calciumcalcium 

appears. y e l l o w - ~ r a n g e ,  

device.device. TheThe In/MER-PPV diodediode producesproduces lightlight be-be
lowlow thethe sensitivitysensitivity ofof thethe photodiodephotodiode array,array, soso wewe 
employemploy thethe modulationmodulation techniquetechnique with with 33 VV ACAC su-su
perposedperposed (at(at 681681 Hz)Hz) onon 1313 VV for,:"ardfor,:"ard b~as.b~as.   TheThe lu-lu
minescenceminescence peakspeaks belowbelow 2.12.1 eVeV WIthWIth aa hmthmt ofof aa sec-sec

In/MEHPPV 

ondond peakpeak atat 1.91.9 eV.eV. BecauseBecause thethe C ~ / M E H - P P V diodediodeCa/MEHPPV 
shinesshines muchmuch brighter,brighter, thethe photodlOde arrayarray cancan rec-rec
ordord thethe spectrum.spectrum. NoteNote thatthat thethe brighterbrighter l u m i n ~ s l u m i n ~ s 
cencecence fromfrom thethe calciumcalcium devicedevice eveneven resolvesresolves thethe thIrdthIrd 
peakpeak belowbelow 1.81.8 eeV.V. TheThe peakspeaks a w ~ ea w ~ e   q';liteq';lite wellwell w i t ~w i t ~  

photodiode 

thosethose attributedattributed toto phononphonon emlSSlOn mm photolumI-photolumIemISSIOn 
MEHPPV.nescencenescence experimentsexperiments withwith MER-PPV.

33 

CurrentCurrent vsvs voltagevoltage characteristicscharacteristics areare shownshown forfor 
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Fig. 4 - Energy band diagram of the rectifying junction in for-
ward  bias,  suggesting  electron  injection  routes:  electrons  can 
overcome  the barrier thermally (1),  or electrons can tunnel from 
the  rectifying  contact  through  the  barrier  into  the  conduction 
band  (2)  or  directly  into  the polaron gap  states 13l. 

tive  injection  of positive  carriers  from  the polymer 
into  the  metal?  and nonradiative  recombination. 1 

Tunneling appears to be the more likely route for 
injection  of carriers of both polarities.  The current 
vs  voltage  characteristics change only slightly as a 
function  of temperature,  so  majority  carriers  are  not 
thermally  driven.  Independent  evidence  from  the 
temperaturedependence  of the  current  vs  voltage 
characteristics  also  suggests  that  in  diodes  fabri-
cated  from  semiconducting  polymers  carrier  injec-
tion  takes place via tunneling. 8  The band diagram 
of Fig.  4  also  ignores  the  very  likely  formation  of 
some  type  of interfacial  layer  at  the junction with 
the  rectifying metal.  If this boundary creates a  po-
tential barrier, there would be an additional reason 
to. suspect  tunneling.  At  low  temperature,  the  lu-
nunescence intensity increases, so electron injection 
has  the opposite temperature dependence of a  ther-
mally  driven  process.  The  trends  agree  with  the 
tunneling  explanation  and  are  incompatible  with 
thermal  activation. 

~ h i s scheme suggests that increasing the barrier 
h.elght for majority carriers and decreasing the bar-
tler height for electrons at the rectifying metal con-
tact would favor  the light emission channel. The data 
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Fig.  5  Light emission vs  current for  diodes  with  a  variety of 
top electrodes:  barium (dots),  calcium (open circles), magnesium 
(squares),  and  indium  (triangles).  Inset shows  barium and cal-
cium devices. 

of Fig. 5 verify this prediction. Figure 5 displays the 
electroluminescence  intensity  as  a  function  of cur-
rent  flow  under  increasing  forward  bias  for  LEDs 
made with four  different metals as  rectifying  elec-
trodes.  The  metals  with  lower  work  f r - ~ " ~ - - 1--_ •• 

ium  (2.7  eV)  and calcium  (2.87  eV 

ficient  LEDs  than  the  metals 
functions,  magnesium  (3.66 eV 
eV).9 The electroluminescence • 
LEDs with calcium electrodes c 
tact  exceeds  by  more  than  an 
the EL intensity emitted by LEI 
trodes.  The external quantum e 
=0.05%  for  indium  electrodes  l: 

cium electrodes. 
The modest electroluminf' 

from  the  competition  be 
cesses and the nonradiati 
plays  the  efficiency  as  a  J 

The  efficiency  increase  a 
quenching  of the nonradil: 
sibly due to  trapfilling. 

CONCLll 

The recent invention
l 

of ( 
expands  the  possible  app 
polymers  into  the  area of 
ditional  work  with  polJIll 
trode  materials  should  J 

ments  in device  efficienc' 
PPV shown in the inset J 

able  versatility that ser 
vide. Adjustments in tl· 
bandgap  engineering  I 
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Fig.Fig. 11 - SideSide viewview ofof devicedevice geometry.geometry. UnderUnder forwardforward biasbias thethe 
lightlight emergesemerges fromfrom thethe bottombottom ofofthethe device.device. TheThe insetinset showsshows thethe 
structurestructure ofof MEHPPV.MEH-PPV. 

aa diodediode withwith indiumindium toptop electrodeelectrode inin Fig.Fig. 3A.3A. WeWe 
definedefine forwardforward biasbias asas aa positivepositive biasbias appliedapplied toto thethe 
p-typep-type polymer.polymer. WhileWhile rampingramping thethe appliedapplied bias,b ~ a s ,  

yelloworangeyellow-orange lightlight becomesbecomes visiblevisible toto thethe eyeeye just 
belowbelow 99 VV forwardforward biasbias (no(no lightlight isis observedobserved underunder 
reversedreversed bias).bias). AboveAbove 1515 V,V, thethe rectificationrectification ratioratio 
exceedsexceeds 101044

•• TheThe lightlight isis mostmost easilyeasily observedobserved inin aa 
darkdark room.room. TheThe efficiencyefficiency isis asas highhigh asas 55 xx 1010-44 

Just 

photonsphotons perper electron.electron. TheThe characteristicscharacteristics in Fig.Fig. 3B3B~ n  

ofof aa diodediode withwith calciumcalcium toptop electrodeelectrode display thethe 
higherhigher efficiencyefficiency andand lowerlower turnonturn-on voltagevoltage thatthat re-re-
sultsult fromfrom  usingusing  aa  lowerlower  workwork  functionfunction  electrode.electrode.  TheThe 
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Electroluminescence  intensityintensity  vsvs  photonphoton  energyenergy  atat  roomroom 
temperature.temperature.  SolidSolid  curvecurve  isis  Ca/MEHPPVCa/MEHPPV  diodediode  underunder  forwardforward 

of7.5  is 

Fig.Fig.  2 2  Electrolurninescence 

biasbias of 7.5  VV  dcdc  bias.bias.  DashedDashed  curvecurve is  In/MEHPPVIn/MEHPPV  diodediode  underunder 
a  forwardforward  biasbias  ofofa  1313  VV dcdc  withwith 3  VV  acac  superposedsuperposed  atat  681681  Hz.Hz.3 
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Fig.Fig.  33  .bias  light-CurrentCurrent flowflow  andand lightlight emissionemission vsvs  appliedapplied bias forfor light. 
( ~ )  a ~ d  c a l c l \ ~ m . e l e c t r o d eemittingemitting diodesdiodes withwith indiumindium electrodeelectrode (A)  and calcium electrode 

depIct  lIght emISSIOn.(B).(B).  SolidSolid  curvecurve  isis  current.current.  SymbolsSymbols depict light emission. 

lightlight isis clearlyclearly visiblevisible withwith roomroom  lightslights onon forfor  aa biasbias
5

aboveabove 44 volts,volts, andand thethe rectificationrectification ratioratio exceedexceed 10105
.. 

TheThe  efficiencyefficiency  improvesimproves  toto  0.010.01  photonsphotons  perper  elec-elec-
tron,tron,  aa  valuevalue comparablecomparable  toto  thosethose  achievedachieved  inin  IIIVIIIV 
visiblevisible  lightlight  emittersemitters  suchsuch  asas  GaP:GaP: N,N,  andand  Ga-Ga-
AsAsxx

PP 1l _
_
xx

:N.:N.
44 

DISCUSSIONDISCUSSION 

TheThe  bandband  diagramdiagram  ofof thethe  rectifyingrectifying  junctionjunction  pos-pos-
tulatedtulated  inin Fig.Fig.  44  showsshows  electronelectron  injectioninjection  inin  forwardforward 

i ~ j e c ~ i o n  .atbias,bias,  duringduring  lightlight  emission.emission.  ElectronElectron  injection  at  thethe 
recombmatlOn mrectifyingrectifying  contactcontact  cancan  leadlead  toto  recombination in  twotwo 

ways:ways:  thermionicthermionic  emissionemission  oror  tunneling.tunneling.  ThermalThermal 
excitationexcitation  ofof electronselectrons  fromfrom  thethe  metalmetal  wouldwould  enableenable 

~ o l y m e rinjectioninjection  intointo  thethe  conductionconduction  bandband  ofof  thethe  polymer 
surmountmg  ~ h e(mechanism(mechanism  11  inin  Fig.Fig.  4).4).  AfterAfter  surmounting  the 

barrier  formatlOnbarrier,  selflocalizationselflocalization  willwill  leadlead  toto  thethe  formation 
a  aofof a  negativenegative  polaron,polaron,  whichwhich  recombinesrecombines  withwith a  pos-pos-

itiveitive  polaronpolaron  toto  formform  thethe  excitedexcited  statestate  ofof thethe  neutralneutral 
polaronpolaron  exciton,exciton,  aa  statestate  withwith  lowerlower  totaltotal  energyenergy  thanthan 
thethe  twotwo  oppositelyoppositely  chargedcharged  polaronspolarons  becausebecause  ofof  thethe 
CoulombCoulomb  attraction.attraction.55

•
6•
6  TheThe  excitedexcited  statestate  decaysdecays  ra-ra-

~ u n n : e ldiatively.diatively.  Alternatively,Alternatively,  electronselectrons  cancan  tunnel fromfrom 
barner mtothethe  rectifyingrectifying  contactcontact  throughthrough  thethe barrier  into  thethe 

orconductionconduction  bandband  (2)(2)  or  directlydirectly  intointo  thethe  polaronpolaron  gapgap 
a  d e c ~ y ,statesstates  (3).(3).  AllAll  pathspaths  cancan  leadlead  toto  a  radiativeradiative decay, 

nonradia-butbut  thesethese  mechanismsmechanisms  competecompete  withwith  thethe nonradia-
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Fig. 1 _ Side view of device geometry. ynder fo.rward bias the 
light emerges from the bottom of the devIce. The mset shows the 

structure of MEH-PPV. 

1e with indium top electrode in Fig. 3A. We 
"nward bias as a positive bias applied to the 
lolymer. While ramping the applied bias, 
,range light becomes visible to the eye just 
V forVl'~---1 bias (no light is observed under 

I\.· e 15 V, the rectification ratio 
t is most easily observed in a 

ciency is as high as 5 x 10-
4 

. The characteristics in Fig. 3B 
calcium top electrode display the 

>Dcy and lower turn-on voltage that re-
usin  work function  electrode, The f" 
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Fig.  2  Electroluminescence intensity  vs photon energy at room 
temperature.  Solid curve is  Ca/MEHPPV  diode  under forward 
bias of 7.5 V dc bias. Dashed curve is In/MEHPPV diode under 
a  forward bias of 13  V dc  with 3 V ac  superposed at 681  Hz. 
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Fig.  3  Current flow  and light emission vs applied .bias for light- 
emitting diodes with indium electrode  ( ~ ) aJ?d  calCIUm.electrode  
(B).  Solid curve  is current. Symbols depIct  light emISSiOn.  

light is clearly visible with room lights on for a bias  
above 4 volts, and the rectification ratio exceed 10

5
.  

The  efficiency  improves  to  0.01  photons  per  elec- 
tron, a  value comparable to  those achieved in IIIV  
visible  light  emitters  such  as  GaP:N,  and  Ga- 

AsxP1_ x :N.4 

DISCUSSION 

The band diagram of the rectifying junction pos- 
tulated in Fig. 4 shows electron injection in forward  
bias,  during  light emission.  Electron  i ~ j e c ~ i o n .at the  
rectifying contact can lead to recombmatlOn m  two  
ways:  thermionic  emission  or  tunneling.  Thermal  
excitation of electrons from the metal would enable  
injection  into  the  conduction  band of the  ~ o l y m e r   
(mechanism  1  in  Fig.  4).  After  surmountmg  the  
barrier  selflocalization will  lead to  the formation  
of a negative polaron, which recombines with a pos- 
itive polaron to form the excited state of the neutral  
polaron exciton,  a  state with lower total energy than  
the two  oppositely charged polarons because of the  
Coulomb  attraction,5,6  The excited  state decays  ra- 
diatively.  Alternatively,  electrons  can  tunnel from  
the rectifying contact through the barrier  into  the  
conduction band (2)  or directly into the polaron gap  
states  (3).  All  paths can lead to  a  radiative  decay,  
but these mechanisms compete with the nonradia-
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Fig.Fig. 44 - EnergyEnergy bandband diagramdiagram ofof thethe rectifyingrectifying junctionjunction inin for-for-
wardward  bias,bias,  suggestingsuggesting  electronelectron  injectioninjection  routes:routes:  electronselectrons  cancan 
overcomeovercome  thethe barrierbarrier thermallythermally (1),(1), oror electronselectrons cancan tunneltunnel fromfrom 
thethe  rectifyingrectifying  contactcontact  throughthrough  thethe  barrierbarrier  intointo  thethe  conductionconduction 
bandband  (2)(2)  oror directlydirectly  intointo  thethe polaronpolaron  gapgap statesstates  (3).(3). 

tivetive  injectioninjection ofof positivepositive  carrierscarriers  fromfrom  thethe polymerpolymer 
intointo  thethe meta1metal77  andand nonradiativenonradiative  recombination.recombination. 1I 

TunnelingTunneling appearsappears toto bebe thethe moremore likelylikely routeroute forfor 
injectioninjection ofof carrierscarriers ofof bothboth polarities.polarities.  TheThe  currentcurrent 
vsvs  voltagevoltage characteristicscharacteristics changechange onlyonly slightlyslightly asas aa 
functionfunction  ofof temperature,temperature,  soso  majoritymajority carrierscarriers areare notnot 
thermallythermally  driven.driven.  IndependentIndependent  evidenceevidence  fromfrom  thethe 
temperaturedependencetemperaturedependence  ofof thethe  currentcurrent  vsvs  voltagevoltage 
characteristicscharacteristics  alsoalso  suggestssuggests  thatthat  inin  diodesdiodes  fabri-fabri-
catedcated  fromfrom  semiconductingsemiconducting  polymerspolymers  carriercarrier  injec-injec-
tiontion  takestakes placeplace viavia  tunneling.tunneling.ss TheThe bandband diagramdiagram 
ofof Fig.Fig.  44  alsoalso  ignoresignores  thethe  veryvery  likelylikely  formationformation  ofof 
somesome  typetype  ofof interfacialinterfacial  layerlayer atat thethe junctionjunction withwith 
thethe  rectifyingrectifying metal.metal.  IfIf thisthis boundaryboundary createscreates  aa po-po-
tentialtential barrier,barrier, therethere wouldwould bebe anan additionaladditional reasonreason 
toto  suspectsuspect  tunneling.tunneling.  AtAt  lowlow  temperature,temperature,  thethe  lu-lu-
minescenceminescence intensityintensity increases,increases, soso electronelectron injectioninjection 
hashas thethe oppositeopposite temperaturetemperature dependencedependence ofof aa  ther-ther-
mallymally  drivendriven  process.process.  TheThe  trendstrends  agreeagree  withwith  thethe 
tunnelingtunneling  explanationexplanation  andand  areare  incompatibleincompatible  withwith 
thermalthermal activation.activation. 

ThisThis schemescheme suggestssuggests thatthat increasingincreasing thethe barrierbarrier 
heightheight forfor majoritymajority carrierscarriers andand decreasingdecreasing thethe bar-bar-
rierrier heightheight forfor electronselectrons atat thethe rectifyingrectifying metalmetal con-con-
tacttact wouldwould favorfavor thethe lightlight emissionemission channel.channel. TheThe datadata 
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Fig.Fig.  55  LightLight emissionemission  vsvs  currentcurrent forfor  diodesdiodes  withwith aa  varietyvariety ofof 
toptop electrodes:electrodes: bariumbarium (dots),(dots),  calciumcalcium (open(open  circles),circles), magnesiummagnesium 
(squares),(squares),  andand  indiumindium  (triangles).(triangles).  InsetInset  showsshows  bariumbarium andand cal-cal-
ciumcium devices.devices. 

ofof Fig.Fig. 55 verifyverify thisthis prediction.prediction. FigureFigure 55 displaysdisplays thethe 
electroluminescenceelectroluminescence  intensityintensity asas aa  functionfunction  ofof cur-cur-
rentrent  flowflow  underunder  increasingincreasing  forwardforward  biasbias  forfor  LEDsLEDs 
mademade withwith fourfour  differentdifferent metalsmetals asas  rectifyingrectifying  elec-elec-
trodes.trodes.  TheThe  metalsmetals withwith  lowerlower  workwork  function,function,  bar-bar-
iumium  (2.7(2.7  eV)eV)  andand calciumcalcium  (2.87(2.87  eV)eV)  makemake moremore  ef-ef-
ficientficient  LEDsLEDs  thanthan  thethe  metalsmetals  withwith  higherhigher  workwork 
functions,functions,  magnesiummagnesium  (3.66(3.66  eV)eV)  andand  indiumindium  (4.12(4.12 
eV).9eV).9  TheThe electroluminescenceelectroluminescence  intensityintensity emittedemitted byby 
LEDsLEDs withwith calciumcalcium electrodeselectrodes asas thethe rectifyingrectifying con-con-
tacttact  exceedsexceeds  byby  moremore  thanthan  anan  orderorder  ofof magnitudemagnitude 
thethe ELEL intensityintensity emittedemitted byby LEDsLEDs withwith indiumindium elec-elec-
trodes.trodes. TheThe externalexternal quantumquantum efficiencyefficiency  atat 11 rnArnA  isis 
=0.05%=0.05%  forfor  indiumindium  electrodeselectrodes  andand  =1.0%=1.0%  forfor  cal-cal-
ciumcium electrodes.electrodes. 

TheThe modestmodest electroluminescenceelectroluminescence efficiencyefficiency resultsresults 
fromfrom  thethe  competitioncompetition  betweenbetween  thethe  radiativeradiative  pro-pro-
cessescesses andand thethe nonradiativenonradiative processes.processes. FigureFigure 66 dis-dis-
playsplays  thethe efficiencyefficiency  asas  aa  functionfunction  ofof forwardforward  bias.bias. 
TheThe  efficiencyefficiency  increaseincrease  atat  higherhigher  biasbias  suggestssuggests 
quenchingquenching ofof thethe  nonradiativenonradiative  recombinationrecombination  pos-pos-
siblysibly duedue  toto  trapfilling.trapfilling. 

CONCLUSIONCONCLUSION 

TheThe recentrecent inventioninvention1i ofof conductingconducting polymerpolymer LEDsLEDs 
expandsexpands  thethe  possiblepossible  applicationsapplications  forfor  conductingconducting 
polymerspolymers  intointo  thethe  areaarea ofof activeactive  lightlight sources.sources.  Ad-Ad-
ditionalditional  workwork  withwith  polymerpolymer  preparationpreparation  andand  elec-elec-
trodetrode  materialsmaterials  shouldshould  provideprovide  furtherfurther  improve-improve-
mentsments  inin devicedevice  efficiency.efficiency.  TheThe  structurestructure ofof MER-MER-
PPVPPV shownshown  inin thethe insetinset toto  Fig.Fig.  11 revealsreveals thethe desir-desir-
ableable  versatilityversatility  thatthat semiconductingsemiconducting polymerspolymers  pro-pro-
vide.vide.  AdjustmentsAdjustments inin thethe chemicalchemical structurestructure allowsallows 
bandgapbandgap  engineeringengineering  controlcontrol  ofof electronicelectronic  andand  op-op-
ticaltical  featuresfeatures  whilewhile  enablingenabling  independentindependent  controlcontrol 
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Photoreflectance (PR) was used to study SIMOX materials produced under various fab
rication conditions. The position, amplitude and shape of the 3.4 eV PR response were 
monitored for three different sets of samples which provided information about the crys
talline quality of the top silicon layer. Each sample of the first set underwent different 
annealing conditions. A second set of six samples was arranged such that one sample 
was removed at a different step of the process involving three implantation-anneal cycles. 
A third set of four samples was implanted with different doses of oxygen. In the first 
case the PR signal improved with longer annealing times and higher temperatures; in 
the second case the PR signal appeared to deteriorate with each cycle undergone by the 
samples, while in the third case the degradation of the structure increased with the 
increased implantation dosage. Transmission electron microscopy (TEM) was also per
formed in the last two cases, and its results supported the PR conclusions. 
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con layer after several annealing procedures, after 
each step of a process involving three implantation
annealing cycles, and after implantation of four 
wafers with different doses. These data provide in
formation about the quality of the silicon overlayer 
after each process; for the multiple-cycle case, they 
allow an evaluation of the damage produced by each 
implantation and of the effectiveness of the subse
quent anneal in repairing such damage. 

Our results are not meant to be a complete study 
of the SIMOX system and processing; we believe, 
however, that they constitute an indication of the 
effectiveness of PR as a characterization tool for SI
MOX, either as a complementary or alternative 
technique (depending on the circumstances) to other 
characterization techniques. 

I. INTRODUCTION 

Silicon on insulator (SOl) structures, described by 
a silicon film with thickness of a few microns or less 
sitting on an insulating layer, are widely studied as 
an alternative to bulk silicon in the fabrication of 
electronic circuits. SOl structures allow the fabri
cation of high density, fast electronic devices with 
low power dissipation. These devices are also radia
tion hard for single event upsets, transient effects 
and neutron fluence. 1 

SIMOX (Separation by Implantation of Oxygen) 
is an SOl structure obtained by the implantation of 
a silicon substrate with a beam of oxygen ions. The 
implantation is followed by annealing in order to 
repair the crystallinity of the top layer, to improve 
the silicon-silicon oxide interface, and to reduce the 
size and amount of oxide precipitates. Several im
plantation-annealing cycles can be applied to a sin
gle substrate. III. APPARATUS AND PROCEDUB 

Photoreflectance (PR)2-6 is a contactless and non The PR instrumentation has been describ 
destructive method for optical studies of the energy 
levels, crystalline structure, impurities and stress 
in semiconductors. We present here the continua

where. 8 In our case the signal modulati 
achieved by chopping the 5145A line of ai. 
ion laser at a frequency of 700 Hz; the pow€:. 

tion of our studies on the application of PR to SOl 
structures,7 together with some points to be re
solved. 

sity at the sample was approximately 250 mW 
The probe light source was a 75 W xenon lamp, 
light was focused by an ellipsoidal mirror ont 
entrance slit of a 30 cm focal length Czerny-Tl 
monochromator. Photoluminescence and scat 

II. PURPOSE OF OUR WORK laser light were minimized with a combinati 

PR was applied to the SIMOX samples in order 
to monitor the crystalline condition of the top sili

glass filters. The detector used was an U, 
hanced Si photocell. 

We monitored the position, amplitude ano 
width of the 3.4 eV PR structure, which we I 

lated with sample parameters. The optical stru 

*Present address: Naval Research Labor9.tory, Code 6861, 4555 
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associated with the transitions in the vicinity, 
first Si direct gap originates mainly from the J 
E 1 + ..11 critical points along the 11 direction 
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Fig.Fig. 66 - ElectroluminescenceElectroluminescence efficiencyefficiency [photons[photons perper electron]electron] 
Ca/MEH-PPVvsvs forwardforward biasbias forfor CajMEH-PPV diode.diode. 

overover chemicalchemical qualities.qualities. ForFor example,example, thethe additionaddition 
ofof alkoxyalkoxy sideside groupsgroups toto poly(1,4-phenylene-vinypoly(1,4-phenylene-viny
lene)lene) reducesreduces thethe energyenergy gapgap andand makesmakes thethe semisemi
conductorconductor soluble.soluble. 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 

10colors.colors. lo Moreover,Moreover, becausebecause ofof processingprocessing advanadvan
actagestages ofof semiconductorssemiconductors castcast fromfrom solution,solution, largelarge ac-

tivetive areasareas cancan bebe envisioned.envisioned. Thus,Thus, LEDsLEDs fabricatedfabricated 
fromfrom conductingconducting polymerspolymers offeroffer aa numbernumber ofof potenpoten
tialtial advantagesadvantages toto futurefuture technology.technology. 
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