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A b s t r a c tAbstract 

PassivePassive matrixmatrix displaysdisplays basedbased onon polymerpolymer andand organicorganic light-emitting diodesdiodes (LEDs)(LEDs) suffersuffer fromfrom crosstalk,crosstalk, thethe emissionemission ofoflightlight fromfrom pixelspixels 
otherother thanthan thosethose selected.selected. ThisThis articlearticle exploresexplores thethe topictopic ofof crosstalkcrosstalk bothboth withwith anan approximateapproximate butbut analyticanalytic modelmodel andand byby meansmeans ofofmoremore exactexact 
circuitcircuit simulationsimulation inin orderorder toto explainexplain thethe causescauses ofof crosstalkcrosstalk andand toto quantifyquantify thethe consequences.consequences. WeWe concludeconclude thatthat crosstalkcrosstalk hashas implicationsimplications 

light-emitting 

forfor displaydisplay powerpower consumption.consumption.
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1.1. I n t r o d u c t i o nIntroduction 

mole-TheThe discoverydiscovery ofof electroluminescenceelectroluminescence inin organicorganic mole­
[ 1]culescules [I] andand semiconductingsemiconducting polymerspolymers [2][2] hashas generatedgenerated 

considerableconsiderable interestinterest inin displaydisplay applicationsapplications basedbased onon thesethese 
materials.materials. TheThe materialsmaterials makemake light-possiblepossible efficient,efficient, light­
weight,weight, thin,thin, largelarge area,area, flat-panel,flat-panel, andand eveneven mechanicallymechanically 
flexibleflexible displaysdisplays [3 -5] .[3-5]. AlthoughAlthough low-information-contentlow-information-content 
indicatorsindicators andand displaysdisplays areare feasible,feasible, high-resolutionhigh-resolution passivepassive 

envi-matrixmatrix displaysdisplays areare amongamong thethe mostmost challengingchallenging usesuses envi­
sioned,sioned, andand severalseveral groupsgroups areare workingworking toto overcomeovercome thethe 

[ 6-10 ].technicaltechnical hurdleshurdles [6-10]. 
ImportantImportant technicaltechnical issuesissues mustmust bebe resolvedresolved toto createcreate eveneven 

semiconduc-aa prototypeprototype computercomputer monitormonitor basedbased onon organicorganic semiconduc­
syn-tortor materials.materials. TheThe topicstopics spanspan thethe gamutgamut fromfrom chemicalchemical syn­

thesis,thesis, solid-statesolid-state physics,physics, devicedevice physics,physics, andand fabricationfabrication 
processesprocesses toto packagingpackaging andand devicedevice degradation.degradation. AllAll ofof thesethese 

[ 10].areasareas areare thethe subjectsubject ofof activeactive researchresearch [10]. OneOne problemproblem 
thatthat hashas notnot receivedreceived muchmuch attentionattention isis thethe issueissue ofof crosstalk,crosstalk, 
meaningmeaning thatthat pixelspixels otherother thanthan thethe intendedintended pixelspixels emitemit light.light. 
TheThe goalgoal ofof thisthis articlearticle isis toto explainexplain thisthis so-calledso-called crosstalk.crosstalk. 
WeWe useuse circuit-modelingcircuit-modeling techniquestechniques toto uncoveruncover andand quantifyquantify 

light-severalseveral causescauses ofof crosstalkcrosstalk inin passivepassive matrixmatrix polymerpolymer light­
emittingemitting diodediode (LED)(LED) displays.displays. 

TheThe allureallure ofof thethe technologytechnology isis itsits simplicity.simplicity. AA polymerpolymer 
oror organicorganic LEDLED pixelpixel consistsconsists ofof multiplemultiple thinthin filmsfilms depositeddeposited 
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Fig.Fig. 1.1. CurrentCurrent (points)(points) andand l ightlight intensityintensity (sol id(solid curve)curve) asas aa funct ionfunction ofof 
voltagevoltage recordedrecorded forfor aa polymerpolymer LEDLED mademade f romfrom dia lkoxy-PPV.dialkoxy-PPV. TheThe insetinset 

current.illustratesillustrates thethe l inearlinear dependencedependence ofof l ightlight intensityintensity onon currenl. 

positivepositive voltagevoltage toto thethe anodeanode withwith respectrespect toto thethe cathodecathode 
causescauses currentcurrent flowflow inin thethe pixelpixel andand lightlight emissionemission fromfrom thethe 
pixel.pixel. TheThe devicedevice characteristicscharacteristics shownshown inin Fig.Fig. I1 werewere 
obtainedobtained underunder nitrogennitrogen atmosphereatmosphere fromfrom aa devicedevice withwith anan 

emis-ITOITO anode,anode, aa dialkoxy-polyphenylenedialkoxy-polyphenylene vinylenevinylene (PPV)(PPV) emis­
sionsion layer,layer, andand aa CaCa cathode.cathode. TheThe datadata areare similarsimilar toto thosethose 

availableavailable inin thethe literatureliterature [11-13] .[11-13]. EmissionEmission 
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1% photons/electronefficienciesefficiencies aboveabove I% photons / electron areare typical.typical. 
AA passivepassive matrixmatrix displaydisplay consistsconsists ofof anan arrayarray ofofpixelspixels withwith 

pixelspixels inin thethe samesame rowrow sharingsharing aa commoncommon cathodecathode electrodeelectrode 
asamesame columncolumn sharingsharing a commoncommon anodeanode 
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Fig.Fig. 2.2. PassivePassive matrixmatrix arrayarray ofof LEDs.LEDs. RowsRows I throughthrough 44 formform thethe cathodecathode 
electrodes,electrodes, andand columnscolumns AA throughthrough DD formform thethe anodeanode electrodes.electrodes. 

electrode.electrode. Fig.Fig. 22 illustratesillustrates thethe electricalelectrical connectionsconnections forfor aa 
44 X 44 pixelpixel display.display. InIn theory,theory, applyingapplying aa positivepositive voltagevoltage toto× 
aa columncolumn electrodeelectrode withwith respectrespect toto aa rowrow electrodeelectrode willwill tumturn 
onon thethe LEDLED locatedlocated atat thethe intersectionintersection betweenbetween thethe twotwo elec­
trodestrodes andand causecause lightlight emissionemission fromfrom oneone pixel.pixel. InIn practice,practice, 

elec-

1 inter-otherother pixelspixels emitemit lightlight asas well.well. ConsiderConsider LEDLED AA I atat thethe inter­
sectionsection ofof columncolumn AA andand rowrow 1.1. ApplyingApplying aa positivepositive biasbias toto 

A1columncolumn AA withwith respectrespect toto rowrow II shouldshould energizeenergize LEDLED A I 
only.only. ExperimentsExperiments showshow thatthat otherother pixelspixels inin columncolumn AA (A2,(A2, 
A3,A3, oror A4)A4) andand rowrow I (B(B I, CC I, oror DD1) cancan produceproduce unwantedunwanted 
light.light. 

Fig.Fig. 33 hintshints atat oneone likelylikely causecause ofof thethe crosstalk.crosstalk. Fig.Fig. 33 
containscontains thethe samesame matrixmatrix ofof LEDsLEDs asas Fig.Fig. 2,2, butbut thethe pixelspixels areare 

1 l, 1, 1) 

conduc-presentedpresented inin aa circuitcircuit topologytopology thatthat emphasizesemphasizes thethe conduc­
AI.  conduc-tiontion pathspaths parallelparallel toto thethe oneone selectedselected pixelpixel A1. TheThe conduc­

tiontion pathspaths consistconsist ofof threethree pixelspixels inin seriesseries withwith twotwo LEDsLEDs 
orientedoriented withwith thethe samesame polaritypolarity andand oneone orientedoriented withwith thethe 

A1oppositeopposite polarity.polarity. AA forward-biasforward-bias voltagevoltage acrossacross pixelpixel A I 
wouldwould appearappear acrossacross seriesseries combinationscombinations suchsuch asas A2,A2, B2,B2, andand 

1; 1;BB I; A2,A2, C2,C2, andand CC I; andand A4;A4; B4,B4, andand BB I.1. InIn eacheach case,case, twotwo 

A-..------.--~r------,A +A4 
Al1 

~ J 
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I-~--.e_---+-----'1 ­
Fig.Fig. 3.3. PassivePassive matrixmatrix arrayarray ofof LEDsLEDs drawsdraws soso asas toto emphasizeemphasize conductionconduction 
pathspaths parallelparallel toto oneone selectedselected LED.LED. 

LEDsLEDs areare forwardforward biasedbiased andand oneone isis reversereverse biased.biased. WithWith 
LEDsLEDs actingacting likelike idealideal diodes,diodes, thethe reverse-biasedLEDswouldwould 
notnot permitpermit anyany currentcurrent flow,flow, andand nono lightlight couldcould emergeemerge fromfrom 
thethe forward-biasedforward-biased LEDs.LEDs. RealReal LEDsLEDs dodo permitpermit somesomecurrentcurrent 
toto flowflow underunder reversereverse bias,bias, soso severalseveral reverse-biasedreverse-biased LEDsLEDs inin 
parallelparallel cancan passpass enoughenough currentcurrent toto allowallow lightlight emissionemission fromfrom 
anotheranother LEDLED inin series.series. ForFor example,example, pixelpixel A2A2 lieslies inin seriesseries 
withwith pixelspixels B2,B2, C2,C2, andand D2.D2. EvenEven aa low-information-contentlow-information-content 

reverse-biased LEDs 

displaydisplay wouldwould havehave moremore thanthan 44 X44 pixels,pixels, soso moremore parallelparallel 
conductionconduction pathspaths exist.exist. 

TheThe purposepurpose ofof thisthis workwork isis toto quantifyquantify processesprocesses thatthat 
contributecontribute toto crosstalkcrosstalk usingusing circuitcircuit simulationsimulation ofof aa passivepassive 
matrixmatrix basedbased onon thethe electricalelectrical propertiesproperties ofof aa singlesingle pixel.pixel. 
AlthoughAlthough opticaloptical crosstalkcrosstalk duedue toto thethe internalinternal reflectionreflection ofofthethe 
lightlight isis alsoalso ofof concernconcern [ 14], 

× 

[14], wewe considerconsider onlyonly electricalelectrical 
crosstalk.crosstalk. Additionally,Additionally, wewe assumeassume thatthat connectionsconnections betweenbetween 
pixelspixels areare formedformed fromfrom zero-resistancezero-resistance wires.wires. BeforeBefore obtain­
inging quantitativequantitative resultsresults fromfrom circuitcircuit simulation,simulation, however,however, itit 
isis usefuluseful toto anticipateanticipate resultsresults withwith aa heuristicheuristic approach.approach. 

obtain-

2.2. SourcesSources ofof crosstalk	 crosstaik 

ThereThere areare severalseveral potentialpotential sourcessources ofofd.c.d.c. crosstalkcrosstalk inin LEDLED 
matrixmatrix displays.displays. AfterAfter definingdefining thesethese sources,sources, wewe comparecompare 
theirtheir influenceinfluence onon crosstalkcrosstalk byby determiningdetermining thethe intensityintensity ofof 
straystray lightlight createdcreated byby otherother pixelspixels relativerelative toto thethe intensityintensity 
emittedemitted byby thethe selectedselected pixel.pixel. 
•• 	 DisplayDisplay resolution:resolution: thethe greatergreater numbernumber ofof pixelspixels requiredrequired 

par-forfor higher-resolutionhigher-resolution displaysdisplays createscreates moremore availableavailable par­
allelallel conductionconduction paths,paths, soso oneone wouldwould predictpredict moremore straystray 
lightlight inin higher-resolutionhigher-resolution displays.displays. 

•• 	 RectificationRectification ratio:ratio: oneone roughrough wayway toto characterizecharacterize diodediode 
qualityquality isis inin termsterms ofof thethe ratioratio ofofcurrentcurrent flowingflowing inin forwardforward 
biasbias toto thatthat flowingflowing underunder thethe samesame magnitudemagnitude reversereversebias.bias. 

cur-AA higherhigher rectificationrectification ratioratio indicatesindicates thatthat lessless leakageleakage cur­
rentrent flowsflows forfor aa givengiven magnitudemagnitude bias,bias, soso lessless straystray lightlight 
shouldshould occuroccur withwith higher-rectificationhigher-rectification devices.devices. 

•• 	 ReverseReverse leakageleakage current:current: anotheranother wayway toto characterizecharacterize thethe 
reverse-biasreverse-bias qualityquality ofof aa diodediode isis inin termsterms ofof thethe parallelparallel 
leakageleakage pathspaths thatthat compromisecompromise thethe diodediode actionaction underunder 
reversereverse bias.bias. LargerLarger reversereverse leakageleakage currentcurrentwouldwould increaseincrease 
thethe straystray lightlight generated.generated. 

3.3. Analyt icAnalytic model ingmodeling resultsresults 

approx-Back-of-the-envelopeBack-of-the-envelope calculationscalculations cancan provideprovide anan approx­
imateimate understandingunderstanding ofof thethe influencesinfluences ofof displaydisplay resolutionresolution 
andand rectificationrectification ratioratio onon crosstalk.crosstalk. ForFor example,example, basedbased onon anan 
analyticanalytic expressionexpression forfor thethe electricalelectrical characteristicscharacteristics ofof eacheach 
pixel,pixel, circuitcircuit analysisanalysis cancan generategenerate aa meansmeans ofof determiningdetermining 
thethe straystray light.light. LetLet usus beginbegin byby findingfinding thethe straystray lightlight emittedemitted 

VA~asas aa functionfunction ofof positivepositive voltagevoltage VA I appliedapplied acrossacross pixelpixel AA II 
inin Fig.Fig. 22 (or(or Fig.Fig. 3).3). TheThe symmetrysymmetry ofof Fig.Fig. 33 showsshows thatthat anyany 
ofof thethe otherother forward-biasedforward-biased pixelspixels inin columncolumn AA andand rowrow I areare 1 
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candidatescandidates toto produceproduce straystray light,light, andand theythey areare equivalentequivalent 

candidates.candidates. ItIt isis safesafe toto assumeassume thatthat aa reverse-biasedreverse-biased pixelpixel 

doesdoes notnot emitemit light,light, soso wewe onlyonly reallyreally needneed toto calculatecalculate thethe 

straystray lightlight emittedemitted byby pixelpixel A2.A2. 
TheThe datadata ofof Fig.Fig. I1 cancan supplysupply anan approximateapproximate expressionexpression 

thatthat describesdescribes thethe electricalelectrical characteristicscharacteristics ofof eacheach pixel.pixel. TheThe 
currentcurrent versusversus voltagevoltage curvecurve ofof Fig.Fig. I1 consistsconsists ofof twotwo curvedcurved 
sections.sections. BelowBelow aa thresholdthreshold voltagevoltage ofof approximatelyapproximately 1.81.8 V,V, 
onlyonly aa leakageleakage currentcurrent flows.flows. AboveAbove thethe thresholdthreshold voltage,voltage, 
thethe currentcurrent increasesincreases asas aa powerpower lawlaw withwith respectrespect toto thethe volt­
age,age, andand thethe lightlight emissionemission isis proportionalproportional toto thethe current.current. IfIf 
thisthis pixelpixel sitssits atat thethe intersectionintersection ofof columncolumn CC andand rowrow RR ofof 
thethe matrix,matrix, thethe approximateapproximate expressionexpression forfor currentcurrent flowflow 
throughthrough thethe pixelpixel isis 

volt-

(1)IcR = loV ~"R ( 1) 

wherewhere 1CR isis thethe currentcurrent flowflow throughthrough thethe pixelpixel andand VCR isis thethe 
voltagevoltage dropdrop acrossacross thethe pixel.pixel. AA moremore accurateaccurate treatmenttreatment 
wouldwould accountaccount forfor thethe thresholdthreshold voltage,voltage, butbut wewe willwill useuse 

lcR VcR 

circuitcircuit simulationsimulation inin SectionSection 44 toto obtainobtain moremore exactexact quanti­quanti-
tativetative resultsresults basedbased onon thethe experimentalexperimental data.data. InIn orderto assessassess 
thethe influenceinfluence ofof rectificationrectification ratioratio onon thethe crosstalk,crosstalk, thethe 
roughestroughest andand leastleast conservativeconservative approximationapproximation wouldwould bebe toto 

order to 

assumeassume aa constantconstant rectificationrectification ratio,ratio, r,r, asas aa functionfunction ofof volt­
age.age. ThenThen thethe currentcurrent flowflow underunder reversereverse biasbias wouldwould havehave thethe 
expressionexpression 

volt-

10 1 VcRl1>lol VcRI ~' 
ICR == -- ,when VCR<Olc~ - - ,  when VcR < 0 (2)(2) 

rF 

(A)(A) ConsiderConsider thethe casecase withwith pixelpixel AA11 forwardforward biasedbiased 
(VAI >0 ) .( VA I > 0). ThenThen 

VAI = VA2-- VB2"FVBI ~--- 2 V A 2 - - V B 2  (3)(3) 

N rows ( N >  2),ForFor anan arrayarray withwith Nrows andand NN columnscolumns (N)2), 

VB2 -[V-- AI -2V-- A21== -VAI+2[(N-l)IB21I011/1>-- 1 ) l B J l o ][ VA, 2VA2 ] VAI "~- 2 [  ( N - libV B2 == 

1 / b
N - 1)11"

= - VAI -2 -r- VB2 (4)(4)
( 

SolveSolve forfor thethe voltagevoltage dropdrop acrossacross pixelpixel B2B2 toto obtainobtain 

--VA~ 
(5)(5)VB2-- [N 1] I/1'VB2 = (N-I )111>

1+2-­
r 

CombineCombine Eqs.Eqs. (3),(3), (4),(4), andand (5)(5) toto obtainobtain thethe voltagevoltage dropdrop 
acrossacross pixelpixel A2,A2, 

(6)VAo--2+( r ),/,, (6) 

TheThe currentcurrent flowflow throughthrough pixelpixel A2A2 isis 

I V I>loVL
1 -I V" - 0 AIlA2=l°V~2-[  - [ r ]l/h-]h (7)(7) 

A2 - 0 A2 - [ 2 +(N~ JI"r 

TheThe ratioratio ofof thethe straystray lightlight emittedemitted byby pixelpixel A2A2 toto thethe lightlight 

emittedemitted byby pixelpixel AA I isis proportionalproportional toto thethe ratioratio ofofthethe currents:currents:1 

1 
(8)LA--'-~2=/A2--[LA,IA, + (  r t l / b l  b ( 8 )  

2 J 

TheThe totaltotal straystray light,light, 0, emittedemitted byby thethe displaydisplay isis obtainedobtained 
fromfrom thethe sumsum ofof thethe lightlight emittedemitted byby pixelspixels inin columncolumn AA andand 
rowrow 11 otherother thanthan pixelpixel AI:AI: 

Lr, 

2(N-l)oLT = 2(N-- 1)IA22(N-1)/A2 2 ( N - 1) 
- - b (9)

LA-"-'~LAI = IAI ~[2+'(~/---~)[ r,I/b~I AI (91 

Eqs.Eqs. (8)(8) andand (9)(9) indicateindicate twotwo trends.trends. AAhigherhigherrectificationrectification 
ratio,ratio, r,r, increasesincreases thethe denominatorsdenominators andand decreasesdecreases thethe amountamount 
ofof straystray lightlight emitted.emitted. ForFor largelarge r,r, forfor example,example, thethe straystray lightlight 
ratioratio isis proportionalproportional toto 1/r, soso itit payspays toto useuse highlyhighly rectifyingrectifying 
devices.devices. TheThe moremore rowsrows andand columns,columns, N,N, thethe moremore straystray lightlight 
isis emitted,emitted, becausebecause moremore parallelparallel pathspaths existexist toto supplysupply currentcurrent 

1/r, 

toto pixelspixels inin columncolumn AA andand rowrow 11 (other(other thanthan pixelpixel AA I). Figs.Figs. 44 
andand 55 plotplot thesethese analyticalanalytical resultsresults alongalong withwith thosethose obtainedobtained 
fromfrom simulation,simulation, soso thethe discussiondiscussion isis deferreddeferreduntiluntilSectionSection 4.4. 

1). 

(B)(B) ConsiderConsider thethe casecase AIwithwith pixelpixel A1 reversereverse biasedbiased 
VA~ SO(( VA I <<0),0), so pixelspixels inin rowrow I1 oror columncolumn AA areare reversereverse biased.biased. 

StrayStray lightlight couldcould leakleak fromfrom thethe pixelspixels inin otherother rowsrows andand 
columns,columns, whichwhich wouldwould bebe forwardforward biased.biased. Eq.Eq. (4)(4) nono longerlonger 
applies,applies, ratherrather 

- [VAl -2VA2 ] = - VAl - 2[r(N - I )/B2 /10] III>VV B 2B2 = = - - [ V A I  - - 2VA2] = - V A 1  - - 2 [ r ( N - 1)lB2/Io] lib 

= - - V A 1  - - 2 [ r ( N - - 1 ) ] I/bVB2= -VAI-2[r(N-I)]lIbVB2 

--VAt 
( 10)-- l + 2 [ r ( N - - l)] l /b1+2[r(N-I)]lIb (10) 
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Fig.Fig. 4.4. StrayStray lightlight perper pixelpixel asas aa functionfunction ofof displaydisplay sizesize withwith rectificationrectification 

r = 4. StrayStray lightlight isis quantifiedquantified asas thethe unwantedunwanted lightlight intensityintensity emittedemittedratioratio r= 10104 
.
 

byby oneone pixelpixel normalizednormalized toto thethe lightlight intensityintensity emittedemitted byby anan addressedaddressed pixelpixel
 
+5 AIbiasedbiased toto +5 V.V. RoundRound datadata pointspoints areare simulationsimulation resultsresults forfor pixelpixel A I 

A2,forwardforward biasedbiased withwith lightlight emittedemitted fromfrom pixelpixel A2. andand thethe solidsolid curvecurve isis thethe 
least-squaresleast-squares fitfit toto Eq.Eq. (8)(8) withwith bb = = 5.11.5.11. SquareSquare datadata pointspoints areare simulationsimulation 

A1resultsresults forfor pixelpixel AI reversereverse biasedbiased withwith lightlight emittedemitted fromfrom pixelpixel B2,B2, andand thethe 
=5.11.dasheddashed curvecurve isis Eq.Eq. (( 1111 )) withwith bb = 5.11. 

X 
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Fig,S. StrayStray lightlight perper pixelpixel asas aa functionfunction ofof rectificationrectification ratioratio forfor aa displaydisplay 
withwith 1010 rowsrows andand 1010 columns.columns. RoundRound datadata pointspoints areare simulationsimulation resultsresults forfor 
pixelpixel AA1I forwardforward biasedbiased withwith lightlight emittedemitted fromfrom pixelpixel A2,A2, andand thethe solidsolid 
curvecurve isis Eq.Eq. (8)(8) withwith bb == 5.11.5.11. SquareSquare datadata pointspoints areare simulationsimulation resultsresults forfor 

Fig. 5. 

pixelpixel Al reversereverse biasedbiased withwith lightlight emittedemitted fromfrom pixelpixel B2,B2, andand thethe dasheddashed 
curvecurve isis Eq.Eq. (II)( 11 ) withwith bb == 5.11.5.11. 

A1 

Then,Then, sincesince thethe reverse-biasedreverse-biased pixelpixel Al wouldwould notnot emitemit 
light,light, itit isis moremore usefuluseful toto comparecompare thethe straystray lightlight emittedemitted fromfrom 

A1 

pixelpixel B2B2 toto thethe lightlight thatthat wouldwould bebe emittedemitted fromfrom pixelpixel A I 
underunder thethe samesame magnitudemagnitude forwardforward bias:bias: 

A1 

LB~ IB2 1 (( II1 1))
LA----~j=IAI-- { 1 + 2 [ r ( N - 1) ] ]/b}b 

TheThe totaltotal straystray lightlight emittedemitted byby allall ofof thethe forward-biasedforward-biased 
pixelspixels inin thethe display,display, thatthat is,is, allall ofof thethe pixelspixels outsideoutside ofof columncolumn 

1,AA andand rowrow I, becomesbecomes 

(N-I)zLrLT (N-I)zI( N - BZ ( N ­1);IB2 1) 2 
(12)(12)

{1+2[r(N-I)]l/b}bLA I IIA I { 1 + 2 [ r ( N - 1)]~:"}bLAI AI 

( l  l )TheThe trendstrends thatthat emergeemerge fromfrom Eqs.Eqs. (II) andand (12)(12) differdiffer 
slightlyslightly fromfrom thethe trendstrends underunder forwardforward bias.bias. AsAs inin forwardforward 
bias,bias, thethe straystray lightlight decreasesdecreases forfor largerlarger rectificationrectification ratios.ratios. 
UnlikeUnlike inin forwardforward bias,bias, thethe straystray lightlight perper pixelpixel alsoalso decreasesdecreases 
asas thethe numbernumber ofof columnscolumns andand rowsrows increases,increases, becausebecause moremore 
rowsrows andand columnscolumns createcreate moremore parallelparallel pathspaths thatthat connectconnect 
columncolumn AA toto rowrow 1.1. TheThe resultresult isis lessless currentcurrent (and(and light)light) perper 
path.path. 

(C)(C) PixelsPixels withwith leakageleakage currentcurrent underunder reversereverse bias.bias. 
TheThe simplesimple modelmodel usedused aboveabove doesdoes notnot accountaccount forfor anyany 

reverse-biasreverse-bias leakageleakage currentcurrent otherother thanthan thatthat allowedallowed byby thethe 
rectificationrectification ofof thethe diode.diode. If,If, forfor example,example, eacheach reverse-biasedreverse-biased 
pixelpixel behavesbehaves asas aa resistorresistor withwith resistanceresistance R,R, thenthen thethe ratioratio ofof 
straystray lightlight willwill alsoalso dependdepend onon thethe appliedapplied voltage.voltage. 

TheThe derivationderivation proceedsproceeds inin thethe samesame mannermanner asas thatthat leadingleading 
( l  1),upup toto Eqs.Eqs. (8)(8) andand (II), andand thethe pixelpixel modelmodel assumesassumes anan 

1infiniteinfinite rectificationrectification ratio.ratio. ForFor pixelpixel AA I forwardforward biased,biased, itit cancan 
for-bebe shownshown thatthat thethe ratioratio ofof straystray lightlight generatedgenerated inin otherother for­

1ward-biasedward-biased pixelspixels inin columncolumn AA oror rowrow I isis 

ForFor pixelpixel AA I reversereverse biased,biased, itit cancan bebe shownshown thatthat thethe ratioratio 
ofof straystray lightlight generatedgenerated inin otherother forward-biasedforward-biased pixelspixels notnot inin 
columncolumn AA oror rowrow I1 isis 

1 

L~ ~z V~ ILB2 IB2 V BI'2 l 
( 14)

LA 1 = 1A I = V L = [ I + 2R(N -- I )10V ;z- I] hhLA'--~]=IAI--VbAI--[I+2R(N b-I ] (14)1)loV B2 

AsAs lessless currentcurrent flowsflows underunder reversereverse biasbias (greater(greater R),R), lessless 
straystray lightlight results.results. Also,Also, thethe influenceinfluence ofof displaydisplay resolutionresolution 
followsfollows thethe samesame trendtrend asas before.before. TheThe straystray lightlight ratioratio 
increasesincreases withwith thethe voltagevoltage dropdrop acrossacross thethe relevantrelevant pixels,pixels, butbut 
thethe ratioratio ofof straystray lightlight toto intendedintended lightlight decreasesdecreases atat higherhigher 
voltagevoltage levels.levels. 

4.4. CircuitCircuit s imula t ionsimulation resultsresults 

quali-WhileWhile thethe equationsequations derivedderived inin SectionSection 33 cancan makemake quali­
tativetative predictions,predictions, circuitcircuit simulationsimulation cancan obtainobtain moremore exactexact 
resultsresults byby workingworking fromfrom aa moremore accurateaccurate versionversion ofof thethe elec­
tricaltrical datadata ratherrather thanthan aa numericalnumerical approximation.approximation. TheThe 
approachapproach usedused isis toto insertinsert thethe electricalelectrical datadata forfor I1 cmcm2z LEDsLEDs 

1 Pstar T M  

elec-

fromfrom Fig.Fig. I directlydirectly intointo thethe circuitcircuit simulationsimulation tooltool Pstar™ 
N × Nandand enterenter aa circuitcircuit netnet listlist consistingconsisting ofof anan N X N arrayarray ofof 

pixelspixels likelike thatthat shownshown inin Fig.Fig. 2.2. 
Fig.Fig. 44 showsshows thethe straystray lightlight ratioratio perper pixelpixel asas aa functionfunction ofof 

A1 _+5arrayarray size.size. TheThe voltagesvoltages appliedapplied toto pixelpixel A I areare ±5 V.V. TheThe 
pixelspixels havehave thethe forward-biasforward-bias characteristicscharacteristics shownshown inin Fig.Fig. I1 

104. AsAs inin Eq.Eq. (8)(8) forfor thethe forward­forward-andand aa rectificationrectification ratioratio ofof 104 
.
 

biasbias case,case, thethe straystray lightlight ratioratio increasesincreases inin higher-resolutionhigher-resolution
 
( 11 )arrays.arrays. TheThe reverse-biasreverse-bias casecase reflectsreflects thethe trendtrend ofof Eq.Eq. (II) 

withwith thethe straystray lightlight perper pixelpixel decreasingdecreasing withwith arrayarray size.size. NoteNote 
mag-thatthat thethe reverse-biasreverse-bias straystray lightlight isis aboutabout twotwo ordersorders ofof mag­

nitudenitude smallersmaller thanthan thethe forward-biasforward-bias straystray light,light, mainlymainly forfor 
twotwo reasons:reasons: 

1(( I )) EachEach conductionconduction pathpath inin parallelparallel withwith thethe selectedselectedpixelpixel 
A1A I containscontains twotwo diodesdiodes biasedbiased withwith thethe samesame polaritypolarity andand 
oneone biasedbiased withwith oppositeopposite polarity.polarity. Forward-biasForward-bias straystray lightlight 
arisesarises whenwhen onlyonly oneone ofof thethe threethree pixelspixels isis reversedreversed biased,biased, 
andand reverse-biasreverse-bias straystray lightlight arisesarises whenwhen twotwo ofofthethe threethreepixelspixels 
areare reversereverse biased.biased. ForFor thethe samesame magnitudemagnitude biasbias onon pixelpixel AA I,1, 
moremore reversereverse currentcurrent cancan flowflow throughthrough thethe straystray lightlight pathpath 
whenwhen onlyonly oneone pixelpixel isis blockingblocking current.current. 

(2)(2) InIn forwardforward bias,bias, eacheach forward-biasedforward-biased pixelpixel thatthat couldcould 
( N - 1)emitemit lightlight receivesreceives itsits currentcurrent fromfrom (N - I) reverse-biasedreverse-biased 

forward-biasedpixelpixels,pixels, whereaswhereas underunder reversereverse bias,bias, eacheach forward-biased pixel 
isis sandwichedsandwiched betweenbetween twotwo reverse-biasreverse-bias pixelspixels andand isis oneone ofof 
( N - 1)I) pixelspixels vyingvying forfor thethe meagermeager currentcurrent available.available.(N ­

Fig.Fig. 55 illustratesillustrates thethe effecteffect ofof rectificationrectification onon straystray lightlight 
generation.generation. InIn forwardforward bias,bias, therethere isis anan exponentialexponential incentiveincentive 
toto increaseincrease thethe rectificationrectification ofofeacheach pixel.pixel. ReverseReverse biasbias allowsallows 
lessless straystray lightlight withwith lowlow rectificationrectification ratios,ratios, andand reasonablereasonable 
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rectificationrectification ratiosratios suppresssuppress thethe straystray lightlight byby additionaladditional 

ordersorders ofof magnitude.magnitude. 
NoteNote thatthat thethe calculationscalculations inin partpart (A)(A) treattreat eacheach pixelpixel inin 

thethe arrayarray identically,identically, whichwhich isis aa worthwhileworthwhile goalgoal inin produc­produc-
tion.tion. ItIt isis moremore realisticrealistic toto considerconsider thatthat faultsfaults occuroccur inin occa­
sionalsional pixels.pixels. TheThe goalgoal isis toto determinedetermine thethe symptomssymptoms causedcaused 
byby certaincertain faultsfaults suchsuch asas shortshort circuitscircuits withwith anan eyeeye toto designingdesigning 
teststests thatthat couldcould diagnosediagnose thethe faults.faults. WeWe considerconsider thethe effecteffect ofof 
oneone short-circuitedshort-circuited pixelpixel inin Figs.Figs. 66 andand 77 andand thethe effectseffects ofof 
twotwo shortsshorts inin Fig.Fig. 8.8. AllAll short-circuitshort-circuit simulationsimulation resultsresults useuse aa 

occa-

1010 X 1010 pixelpixel arrayarray ofof LEDsLEDs havinghaving thethe electricalelectrical character­
isticsistics shownshown inin Fig.Fig. 11 andand rectificationrectification ratiosratios ofof 101044.. NoteNote thatthat 

> A.U.) 

× character-

simulationsimulation datadata atat highhigh lightlight intensitiesintensities (( > 25002500 A.U.) areare 
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wtlues 

extrapolatedextrapolated fromfrom datadata expectedexpected forfor pulsedpulsed LEDLED operationoperation 
[[ 15]15] ratherrather thanthan fromfrom thethe d.c.d.c. characteristicscharacteristics ofof Fig.Fig. 1.1. 

Fig.Fig. 66 showsshows thatthat oneone shortshort circuitcircuit inin thethe selectedselected rowrow 
causescauses littlelittle straystray lightlight generation,generation, becausebecause atat leastleast oneone pixelpixel 
inin eacheach undesiredundesired conductionconduction pathpath remainsremains reversereverse biasedbiased toto 
blockblock current.current. TheThe datadata areare calculatedcalculated withwith oneone pixelpixel inin thethe 

( B I )selectedselected rowrow (B 1) replacedreplaced byby aa resistor.resistor. EachEach otherother pixelpixel 
4.hashas aa rectificationrectification ratioratio ofof 10104 

. WithWith aa forwardforward biasbias appliedapplied 
A 1,toto thethe selectedselected pixelpixel AI, pixelspixels suchsuch asas A2A2 inin thethe samesamecolumncolumn 

asas thethe selectedselected pixelpixel maymay generategenerate light.light. WithWith aa reversereverse biasbias 
1,appliedapplied toto thethe selectedselected pixelpixel AA I, thethe straystray lightlight comescomes fromfrom 

pixelspixels suchsuch asas B2B2 inin otherother rowsrows andand columns.columns. TheThe effecteffect isis 
minimalminimal whenwhen thethe shortshort circuitcircuit occursoccurs inin aa pixelpixel thatthat wouldwould 
bebe forwardforward biased.biased. 

Fig.Fig. 77 showsshows thatthat aa shortshort circuitcircuit inin aa non-selectednon-selected rowrow cancan 
allowallow straystray lightlight byby disablingdisabling thethe blockingblocking actionaction ofof thethe 
reverse-biasedreverse-biased pixel.pixel. TheThe datadata areare calculatedcalculated withwith oneone pixelpixel 
inin aa non-selectednon-selected rowrow (B2)(B2) replacedreplaced byby aa resistor.resistor. WithWith aa 
forwardforward biasbias appliedapplied toto thethe selectedselected pixelpixel AA 1,I, thethe straystray lightlight 
comescomes fromfrom pixelspixels inin thethe samesame columncolumn (A2).(A2). WithWith aa reversereverse 

A1,biasbias appliedapplied toto thethe selectedselected pixelpixel A I, thethe straystray lightlight comescomes 
fromfrom pixelspixels inin otherother rowsrows andand columnscolumns (B2).(B2). 

Fig.Fig. 88 showsshows thethe dramaticdramatic effecteffect ofof shortshort circuitscircuits occurringoccurring 
simultaneouslysimultaneously inin twotwo rows.rows. ForFor thethe selectedselected pixelpixel (A(A l)I) 

1forwardforward biased,biased, oneone shortshort circuitcircuit inin thethe selectedselected rowrow (B(B I)) 
combinedcombined withwith oneone shortshort circuitcircuit inin anotheranother rowrow (B2)(B2) allowsallows 
thethe thenthen forward-biasedforward-biased pixelpixel inin thethe selectedselected columncolumn (A2)(A2) toto 
emitemit aa significantsignificant amountamount ofof straystray light.light. TheThe disastrousdisastrous resultresult 
forfor thethe selectedselected pixelpixel (A(A 11)) reversereverse biasedbiased occursoccurs whenwhen shortsshorts 
occuroccur bothboth inin thethe selectedselected rowrow (B(B l)I) andand inin thethe selectedselected 
columncolumn (A2).(A2). TheThe oneone pixelpixel thatthat connectsconnects thethe twotwo shortsshorts 
(B2)(B2) emitsemits significantsignificant amountsamounts ofof light,light, becausebecause itit findsfinds itselfitself 
forwardforward biased.biased. StrayStray lightlight emittedemitted withwith thethe desireddesired pixelpixel 
reversereverse biasedbiased willwill likelylikely bebe visible,visible, becausebecause thethe desireddesiredpixelpixel 
emitsemits nono lightlight underunder reversereverse bias.bias. TheseThese datadata explainexplain unusualunusual 

r/1 
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situationssituations observedobserved inin thethe laboratory.laboratory. ForFor example,example, withwith aa 
negativenegative voltagevoltage appliedapplied toto pixelpixel AA I, pixelpixel D4D4 shinesshines brightly.brightly.l, 

5.5. DiscussionDiscussion 

WhileWhile thethe absoluteabsolute magnitudemagnitude ofof straystray lightlight generatedgenerated perper 
pixelpixel inin mostmost ofof thethe casescases consideredconsidered doesdoes notnot appearappear 
alarming,alarming, thethe eyeeye isis aa sensitivesensitive detector.detector. AtAt sufficientsufficient bright­
nessness thethe datadata inin Figs.Figs. 77 andand 88 showshow thatthat unintentionallyunintentionally 

bright-

addressedaddressed pixelspixels cancan emitemit straystray lightlight atat easilyeasily visiblevisible inten­inten-
sitiessities aboveabove 1% ofof thethe desireddesired pixel's intensity.intensity. Also,Also, thethe totaltotal 

( N - 1)1) 
1% pixel' s 

straystray lightlight emittedemitted byby thethe arrayarray isis anotheranother factorfactor ofof (N ­

( N - I)1) 22 greater.greater. TheThe straystray lightlight cancan representrepresent aa significantsignificanttoto (N ­

powerpower draindrain onon aa display.display.
 
FollowingFollowing thethe reasoningreasoning ofof SectionSection 33 providesprovides roughrough esti­

matesmates ofof thethe powerpower dissipation.dissipation. BeginningBeginning withwith Eq.Eq. (8),(8), wewe 
esti-

obtainobtain thethe totaltotal powerpower dissipationdissipation PT asas aa functionfunction ofof rectifi­
cationcation ratioratio andand displaydisplay resolutionresolution forfor thethe casecase withwith thethe 
selectedselected pixelpixel AA 11 forwardforward biased:biased: 

PT rectifi-

TableTable I1 

PowerPower dissipationdissipation inin wattswatts asas aa functionfunction ofof rectificationrectification ratioratio 

+ l0 SelectedSelected pixelpixel @@ -- l0RectificationRectification ratioratio SelectedSelected pixelpixel @@ + 10 VV 10 VV 

101 19.3919.39 × 10°IO J 1.391.39 X 10" 
101022 18.3518.35 2.25 X IO-2 .25×  10 JI 

10'103 17.9317.93 2.63 X2 .63×  1010- 22 

101044 17.8217.82 2.89X2 .89×  1010-'3 

105 17.8017.80 2 .96×  10 -4lOS 2.96X 10- 4 

106 × 10 -5106 17.8017.80 2.972.97 X IO- s 

TableTable 22 
AI tbrward +PowerPower dissipationdissipation inin wattswatts forfor selectedselected pixelpixel A I forward biasedbiased toto + 1010 VV 

Short-circuitShort-circuit resistanceresistance ShortShort inin selectedselected rowrow ShortShort inin blockingblocking pixelpixel 

IOn10 [~ 17.8217.82 18.7118.71
 
100 f~
lOon 17.8217.82 18.1018.10 

I1 kf~k!l 17.8217.82 17.8617.86 
IOkn10 k ~  17.8217.82 17.8317.83 

100kn100 kl~ 17.8217.82 17.8217.82 
xzc 17.8217.82 17.8217.82 
SeeSee FigureFigure 66 77 
PixelPixel BIBI B2B2 

TableTable 33 
PowerPower dissipationdissipation inin milliwattsmilliwatts forfor selectedselected pixelpixel A I reversereverse biasedbiased totoA l  -- 10 VVl0  

Short-circuitShort-circuit resistanceresistance ShortShort inin selectedselected rowrow ShortShort inin blockingblocking pixelpixel 

10 ~]Ion 9.369.36 2.902.90 
100 OlOon 9.149.14 2.902.90 

1 kO 2.902.90Ikn 7.667.66
 
10 k12 4.504.50 2.902.90
10kn
 

kO 3.083.08 2.892.89
100100 kD. 
x~c 2.892.89 2.892.89 
SeeSee FigureFigure 66 77 

BIPixelPixel B1 B2B2 

= VAllAI + (N- I) VA IlA2 =loV 1't 1+ (N -1) VAlloV 1'2VAIIA1 4- ( N - - _PTPT = 1)VAIIA2--1oVAjb+ J 4- (N-- 1)VAIIoV~2 

h+1 (N-I)IoV1't ' = I o V A b + ,  + ( N - - 1 ) l o V ~ - '  
=loV AI +[2+(N~ J/br 

(15)(15) 

J 

Similarly,Similarly, withwith thethe selectedselected pixelpixel AA I reversereverse biased:biased:1 

PT = VAllAI + (N - I )2VAl l B2Pv = VA~IAj + (N - 1)2VA,IB2 

l o V e ? '  ( N  - 1 ~ 2 'L ]  1 0 V A i  ' "  b + '  '=loV1't ' + (N-I)%V1't- - q  (16)
rr ­{ l + 2 [ r ( N - - 1 ) l J / b }  h(l + 2 [r( N I ) ] 1/h} b (16) 

TheThe datadata inin TableTable 1,1, obtainedobtained fromfrom thethe simulationsimulation resultsresults 
ofof SectionSection 44 onon aa lOX 1010 pixelpixel arrayarray withwith aa totaltotal pixelpixel areaarea 
ofof 100100 cmcm2,2 

, bearbear outout thethe predictionspredictions ofof Eqs.Eqs. (15)(15) andand (16).(16). 
WithWith thethe selectedselected pixelpixel forwardforward biased,biased, thethe rectificationrectification ratioratio 
doesdoes moderatelymoderately changechange thethe powerpower dissipation.dissipation. WithWith thethe 
selectedselected pixelpixel reversereverse biased,biased, thethe rectificationrectification ratioratio effectseffects 
quiescentquiescent powerpower dissipationdissipation withwith thethe powerpower dissipationdissipation 
almostalmost proportionalproportional toto thethe reciprocalreciprocal ofof thethe rectificationrectification ratio.ratio. 

WeWe useuse thethe simulationsimulation resultsresults withwith rectificationrectification ratioratio rr == 104104 

short-

10× 

toto determinedetermine thethe powerpower dissipationdissipation asas aa functionfunction ofof short­
circuitcircuit placementplacement andand resistance.resistance. TablesTables 22 andand 33 containcontain thethe 
powerpower dissipationdissipation forfor thethe selectedselected pixelpixel forwardforward biasedbiased andand 
reversereverse biasedbiased forfor thethe casescases consideredconsidered inin Figs.Figs. 6-8.6-8. TheThe 

for-powerpower dissipationdissipation ofof thethe displaydisplay withwith thethe selectedselected pixelpixel for­
wardward biasedbiased doesdoes notnot dependdepend significantlysignificantly onon thethe short-circuitshort-circuit 
resistance,resistance, exceptexcept forfor thethe mostmost extremeextreme casecase ofof twotwo 

reverse-low-resistancelow-resistance shortsshorts inin series.series. TableTable 33 showsshows thatthat thethe reverse­
resis-biasbias selectionselection dependsdepends moremore stronglystrongly onon short-circuitshort-circuit resis­

tancetance andand placement.placement. WithWith twotwo blockingblocking diodesdiodes inin thethe 
majoritymajority ofof thethe parallelparallel conductionconduction paths,paths, thethe totaltotal powerpower 

ShortsShorts inin selectedselected rowrow ++anotheranother ShortsShorts inin selectedselected rowrow ++columncolumn 

20.0020.00 17.8317.83 
18.1318.13 17.8317.83 
17.8517.85 17.8317.83 
17.8217.82 17.8217.82 
17.8217.82 17.8217.82 
17.8217.82 17.8217.82 
88 88
 

BIBI & B2&B2 & A2 
BIBI &A2 

ShortsShorts inin selectedselected rowrow ++ anotheranother ShortsShorts inin selectedselected rowrow ++columncolumn 

10.310.3 21902190 
10.010.0 320320 
8.238.23 39.839.8 
4.634.63 6.866.86 
3.083.08 3.253.25 
2.892.89 2.892.89 
88 88
 

BIBI && B2B2 BI & A2 
Bl &A2 
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dissipationdissipation isis muchmuch lowerlower thanthan inin thethe situationsituation underunder forwardforward 
biasbias inin whichwhich atat mostmost oneone blockingblocking diodediode sitssits inin seriesseries toto 
reducereduce leakageleakage current.current. 

TheThe desiredesire toto facilitatefacilitate testingtesting providesprovides anotheranother motivationmotivation 
toto modelmodel floatingfloating electrodeelectrode matrices.matrices. BecauseBecause ofof thethe largelarge 
numbernumber ofof electricalelectrical connectionsconnections involvedinvolved forfor eveneven aa mod­mod-
erateerate resolutionresolution display,display, oneone wouldwould likelike toto findfind anan experi­
mentalmental techniquetechnique toto characterizecharacterize NN XX MM pixelpixel displaysdisplays withoutwithout 

experi-

havinghaving toto formform N +M electricalelectrical connections.connections. InIn aa squaresquare 
matrix,matrix, itit mightmight bebe possiblepossible toto testtest thethe displaydisplay forfor faultsfaults withwith 

N + M  

fewerfewer thanthan NN measurements.measurements. AfterAfter thethe testingtesting processprocess deter­
minesmines thatthat eacheach pixelpixel functionsfunctions properly,properly, imageimage uniformityuniformity 
becomesbecomes thethe primaryprimary concern.concern. BecauseBecause ofof thethe crosstalkcrosstalk issuesissues 

deter-

outlinedoutlined aboveabove forfor aa displaydisplay havinghaving floatingfloating electrodes,electrodes, con­
trollingtrolling thethe imageimage onon aa displaydisplay usuallyusually entailsentails controllingcontrolling thethe 
potentialpotential atat allall electrodes.electrodes. WhileWhile beyondbeyond thethe scopescope ofof thisthis 
article,article, aa similarsimilar analysisanalysis ofof imageimage uniformityuniformity isis inin progressprogress 

con-

forfor imagesimages formedformed usingusing aa line-scanline-scan techniquetechnique inin whichwhich driv­
ersers selectselect oneone rowrow ofof pixelspixels atat aa time.time. 

driv-

6.6. 	ConclusionsConclusions 

MuchMuch interestinterest inin polymerpolymer andand organicorganic light-emitting diodesdiodes 
(LEDs)(LEDs) derivesderives fromfrom theirtheir potentialpotential toto deliverdeliver thethe nextnext 
generationgeneration ofof flatflat passivepassive matrixmatrix displays.displays. TheThe devicesdevices areare 
relativelyrelatively easyeasy toto make,make, becausebecause theythey consistconsist ofof anan 

light-emitting 

usu-electroluminescentelectroluminescent layerlayer sandwichedsandwiched betweenbetween anan anode,anode, usu­
allyally transparent,transparent, andand aa cathode.cathode. AA passivepassive matrixmatrix displaydisplay 
resultsresults byby patterningpatterning thethe anodeanode intointo columnscolumns andand thethe cathodecathode 
intointo rowsrows toto formform anan arrayarray ofof pixelspixels fromfrom thethe intersectionsintersections 

posi-betweenbetween thethe cathodecathode andand anodeanode electrodes.electrodes. ApplyingApplying aa posi­
tivetive biasbias toto oneone anodeanode andand aa negativenegative biasbias toto oneone cathodecathode 

elec-causescauses lightlight emissionemission fromfrom thethe pixelpixel sharedshared byby thethe twotwo elec­
trodes.trodes. InIn manymany cases,cases, lightlight alsoalso emergesemerges fromfrom otherother pixelspixels 
inin thethe matrix.matrix. TheThe crosstalkcrosstalk hashas severalseveral origins.origins. ViewingViewing thethe 

con-largelarge numbersnumbers ofof pixelspixels inin aa matrixmatrix asas potentialpotential parallelparallel con­
ductionduction pathspaths hintshints atat howhow crosstalkcrosstalk cancan arise.arise. ThisThis workwork hashas 

crosstaikanalyzedanalyzed howhow crosstalk dependsdepends onon displaydisplay resolution,resolution, thethe 
degreedegree ofof rectificationrectification ofof thethe individualindividual LEDs,LEDs, and,and, mostmost 

significantly,significantly, onon thethe reversereverse leakageleakage currentcurrent ofofthethe pixels.pixels. OneOne 
faultyfaulty pixelpixel cancan causecause crosstalk,crosstalk, andand crosstalkcrosstalk cancan bebe quitequite 
severesevere withwith asas fewfew asas twotwo faultyfaulty pixels.pixels. TheThe reverse-biasreverse-bias 
characteristicscharacteristics ofof thethe LEDLED holdhold oneone keykey toto suppressingsuppressing cross­cross-
talk,talk, soso lowlow currentcurrent fiow inin reversereverse biasbias isis essential.essential.ltow 
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