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Abstract

We presenta microscopictheoryof charge transportand
electrodeinjection in otganiclight emittingdiodeswhich
accountsfor mostof themolecularaspectsof thesemate-
rials.

The rational optimizationof classicalsemiconductor
optoelectronicsdevicesrequireda goodknowledgeof the
basic transportand light emissionprocesses.The same
work shouldbedonein organicdeviceswherechargetrans-
port andelectrodeinjection standas a crucial points for
deviceoptimization.

Until now, mostof thetransportmodelsusedin organic
light emitting diodesare directly derived from the semi-
conductorphysicsof analogoussilicon devices[1, 2].

We believe thatthephysicsof transportandchargein-
jection is very different in molecularandpolymer mate-
rials thenin inorganicsolids. The reasonfor this special
behavior arerelatedon onesideto the large polarisabili-
tiesof organicconjugatedmolecules[3] andto permanent
dipoleson part of thoseof interest[4], andon the other
handon the high electron-phononinteractionsleadingto
the presenceof clearly identifiedpolaronicstatein poly-
mers[5, 6, 7, 8].

Thepresenceof disorderin mostOLED(OrganicLight
Emitting Diode) materialsactsalso in synergy with both
Coulombinteractionsandelectron-phononinteractions:a
slow carrier in a disorderedmaterialinteractswith other
electronsanddipolesin a muchstrongerway thana fast
oneandrelaxesthelatticemoreefficiently thana fastone.

Insteadof applyingthetransportresultsestablishedfor
thesemiconductors,thework of ourgroupaimsto develop
truly molecularmodel applicableto soft matter. Someof
theaspectsof thiswork is illustratedbelow.

1. The nature of the charge excitations and
their transport

In conjugatedpolymerssuchaspolypara-phenyleneviny-
lene(PPV),extraelectronsandholesareundoubtlytrapped

by the lattice in theform of polarons[5, 6, 7, 8]. Thepo-
laroniccharacteris reinforcedby disorder[9]. Bandcon-
ductionis thusforbiddenin the polymericmaterials.Ex-
ceptat very high fields larger than1�����
	���
 , the trans-
portprocessesarelimited by thejumpsfrom chainto chain
inducedby thetemperatureandtheelectricfield.

In disorderedmolecularmaterialslike hydroxyquino-
linate Alq � , the charge carriersarealso localisedon sin-
gle moleculesdueto the the weakeffective transferinte-
gral from moleculeto molecule. This effect actsin syn-
ergy with disorder, molecularpolarizationand lattice re-
laxation. Charge transportalso occursthroughfield de-
pendenthoppingprocesses[10].

In nearlyperfectmolecularcrystalssuchasanthracene
or pentacene,extendedstatescontrol thetransportproper-
tiesat low temperatures.

2. Field dependence of the mobility in
polymers like PPV

The most widely useddependenceof the mobility with
temperatureandfield for holesin PPV[11, 13] is������������������� �"!$#%'&)(�*,+.-0/%1&�( ! /%'&)( �3254 �76

(1)
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 �O�QP . This dependencehasbeen“established”
by computersimulationsto accountfor mobilitiesof disor-
deredmaterialslikemolecularlydopedpolymersandamor-
phousglasses[15].

On theotherhand,wedevelopedamicroscopictheory
of the mobility of the chargecarriersin conjugatedpoly-
mersystemsbasedonpolarondrift alongthethechainand
hoppingfrom chainto chain[16]. Figure2 illustrateson
the samescalethe mobilities usedby the authorsadopt-
ing relation1 to accountfor low fields(curves + D and + 
 )
[11, 12] andhighfieldsdata(curves R D and R 
 ) [13, 14].

It is interestingto comparethe hypothesison which
bothmodelsarebased.Theworksof Bässlerandcowork-



ersS leadingto relation 1 are basedon the argumentthat
transportoccursby hopping throughGaussianmanifold
of localizedstatesthat aredistributed in energy anddis-
tance.Theprincipalassumptionof their formalismis that
electron-phononcouplingis sufficiently weakthat thepo-
laroniceffectsmy beneglected.

The jump rate is calculatedaccordingto Miller and
Abrahams[17] who have developeda weakcouplingsin-
gle phonon,hoppingtheory. Themaindifferencebetween
thatmodelandtheoursis thatourmodelis essentiallymul-
tiphonon,basedon hopping theoriesdevelopedby Hol-
steinandEmin[18] andaccountsfor thepolymercharacter
of thesegments.
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Figure 1: Field dependentmobilities for different conjugation
lengthsof the polymers. Theminimumin the mobility for long
chainsis tightly relatedto theanisotropyof thecharge transport.
It correspondsto a zoneof fieldswherethevelocityof thecharges
is ratherindependentof thefield.

3. Charge injection from an electrode

The difference T � betweenthe electrodework function
andthe electronaffinity or the ionizationpotentialof the
molecularmaterialis theorigin of theinjectionbarrier. But
the charge accumulationat the interfacedue to the pres-
enceof thecoulombimageforceresultsintostrongmodifi-
cationsof thebarebarrier. Fig. 2 representstheactualbar-
rier U � asafunctionof barebarrier T � . Pointscorrespond
to dataobtainedby theexperiment[19] in Alq � , while the
linesarethetheorydevelopedin references[20, 21]. The
only parametersof the model is the distanceV D between
theelectrodeandthefirst conjugatedsiteof thepolymer.
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Figure 2: Field dependentmobilitiesobtainedfromequation(1)
for differentsetsof parameters usedin the literature: WYX corre-
spondsto reference[11], W[Z to reference[12], \]X corresponds
to reference[13] and \^Z to reference[14].

4. Organic-organic interface

Charge accumulationat interfacesis both due to oxydo-
reductionpotentialdifferencesbetweenthemolecularspecies
andmobility variationscloseto the interfaces.The study
of theseeffects,whichcanbeverydestructivefor theOLED’s
and shouldbe kept under control, requireda numerical
codedescribedin section5.

5. The numerical code

Most of the transportand injection elementshave been
includedinto a numericalcodeableto describetransport
into multilayerOLED’s. Transportis describedby multi-
phononhopping[18] betweendiscretesites_ � _ �E����� � ! � U * # �'` � 
U % & ( 6ba _[c ����� - ! #% & ( 2
where U is the depthof the moleculartrap and # is the
energy differencebetweenthesites.

The field dependenceof the mobility is includedinto_ c
andcanbechangedaccordingto any empiricalor cal-

culatedrelation ���d��� throughtherelation�������)� _ cfe � 
% & ( g�hGikj;lnmpoqm
sr�tvumpo�m
Hr t u w
Injection is treatedvery carefully by including ther-

moionicinjection,imageforce,electricaldoublelayerand
directtunnelingto any site.

Although this codeis very completeandaccountsfor
the molecularaspectsof the system,it containsa reason-
ablenumberof parameters.



Figure 3: The internal workfunctionas a function of the barex)y{z|x�}�~��7����x��
for ��X���� Å (full line) and ��X���

Å (dashedline) (seetext). Points correspondto data obtained
by theexperiment,Ref. [19].

Apart from the mobilities andenergy levels, five pa-
rameters(two percontactandoneto relatetheexternaland
the internalefficiency) wererequiredto fit the multilayer
dataof figure 4. The data included the voltage-current
and voltage-lightexperimentalcurves for several related
devices(with differentETL/HTL layerthicknesses).���
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7507(1999); V.I. Arkhipov, U. Wolf, and H. Bässler,
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andH. Bässler, AdvancedMaterials,6, 199(1994)andrefer-
encestherein

[16] M.N.BussacandL. Zuppiroli, Phys.Rev B54,4674(1996)

[17] A. Miller andE. Abrahams,Phys.Rev 120,745(1960)

[18] D. Emin,Phys.Rev B43,11720(1991)

[19] I.H. Campbelland D.L. Smith, Appl.Phys.Lett.74, 561
(1999)
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