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Abstract

A contad¢ forming phenomeno between avariety of
metal contact ard organt chargetransport layes has been
previousy reported wherebthe hole injectiorefficiency of
the contac evolves from blocking to ohmic over time
periodsof up to 1 month Two main processes, @nslow
and or rapid were foundto govern tle injection evolution
by usirg an experimental techniqu¢hat combine field-
dependent injection current measurementh viite-of-flight
drift mobility measurements othe samefilms. Results
regarding the rapid process3lrour9 are now presentedor
a variety of organic interfaces, includiagnoleculary doped
polymer d triarylamire (TPD) in polycarbonateevaporated
TPD films ard films of the electroluminescent polymer
MEH-PPV. The process occurswith evaporatd metal
contacts, wit metal substratesard with liquid Hg, ie.
independantlyof the contact fabrication method. Variations
of the intermoleculastructue by organt surface treatment
and by the usefcstericaly hinderel TPD isomes sugges a

reorganization at the organic surface on interface formation.

Introduction

Fundamenta questions concerning metal/organic
interfaces a receiving mub attention, stimulat by wide
application 6 organic material in electrophotograptyand
the rapidly expanding fieldof organic electronicdevices.
Contacts ©® metals to classich semiconductors ard
insulatos are understoodvithin the framework of band
theory, where charge injection cam diescribedas a function
of interfacial energy barriers, @s the Richardson-Schottky
theory d thermiont emissim or Fowler-Nordheim
tunnelling. However, direct correlation to engrbarriersis
difficult to rationalizein mog molecular material where a
distribution of energ states exists carriers are localizedrd
transport $ by hopping Notable models & injection ard
charge transpot gearedto hopping systes hawe been
recently proposed, such as by E. Conwell and coworkeds
by H. Bassler and coworkérgowever further development
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has bee limited by the dearth of experimental results
amenat# to theory.

An importan limitation to the experimenth study
of metal/organic interfaces is the lack of direeasurements
of the injectim efficiency of contacts, sine measured
injection currerd are also dependenbn the charg transport
properties b the material In the presen work, the
properties of the interface are isolated from ¢hafsthe bulk
following a techniqué tha combines trap-free spaceharge
limited currens with time-of-flight drift mobility
measurementsnoa modd system 6 a trap-free molecularly
dopeal polymer. The findings are furthermoe extendedto
other organic materials, both polymeric and oligomeric.

In previols work on metal-moleculast doped
polymer(MDP) interfaces, this technique revealed an
evolution n injection efficiency®” when Auwas sublimed
onto the MDP of a TPD-dopel polycarbonate.
Measurements from éhfirst minutes b several weeksifter
contact deposition show a contact that evelvem severely
injection limited to ohmic ove time. The initial blocking
nature was contrgrto expectatios accordingto the relative
workfunctions & Au ard this MDP(ca.5.5e¥ which are
close enoughto enable efficientinjection d holes The
analysis of the kinetiésfor the entire evolutio suggested
the operation 6 two processes, one which walow ard
accountd for approximately onenonth d evolution, and a
short-term process oatime scaleof 3-5 hours dependent
on temperatureThe possibility of Au penetratio into the
MDP was counterindicated in Transmission Electron
Microscopy studiesfothe Au/MDP interface ovetime & a
resolution & 10A. The long-tem process wasddentified
with repair of the MDP surface from thermal damaden a
single layer of metal B depositedat a given raté This
process can be largely eliminated by perfornarsgquential,
multilayered metal deposition, after which injeatioecomes
ohmic withn a few hours. Tle metal’s crystallinity ard
morphology did not change over time.

Mog significantly in the presen context it was
also shown that the short-term processat affectedby the
metal fabricationThis processis consideredto arise from
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the organicside of the interface and instigated by the
presence ofthe metal. Accordingly, the presenarticle
investigates factors affecting this processldemonstrates a
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Details of the rationale forthis quantitative
determination ofinjection efficiency have beerpreviously
discussed(5). The holedrift mobility, monitored at the Al

wider applicability to other types of organic material: acontact between successivg dneasurements in theame

molecular glass of TPD and a polymer film of MEH-PPV.
Experimental

The sample configurationgsed areshown in Fig.1a.
MDP films were solution coated onto a carbon-filled
polymer contact(MystR[) to thicknesses of 20-3@um
from a 4 wt% methylenehloride solution of TPD and
polycarbonatg40/60 wt% ratio). Filmswere slowly dried
in a local atmosphersaturatedwith methylenechloride,
cured for 30 minutes in a convection oven ovegradient of

temperatures ending in 110°C, and finally allowed to cool to

room temperature before evaporating titye metal contacts.

All metal contactswere evaporated byesistive heating of
the metal, producing contacts 220-250 A thick.
TOF  hy Injection
— Al | awagmg]
Source-
TPD-polycarbonate Measure
Myst-RO Unit

|

Y

Fig.1la: Sample configuration and experimental arrangement

5-20 um thick films of 100% TPD werevaporated at a
rate of 300A/s under avacuum of1x10° Torr. MEH-PPV
was synthesized according to Hsieh et ahd coatedrom a
1%wt. solution in Methylene Chloride; samples of 64l
were maintained and measured in a dpyathosphere.

The small signal hole drift mobility, is obtained by
measuring the time (t requiredfor a photoinducedcharge

packet totransit the sample thickness in a conventional

time-of-flight (TOF) experimenf. The measurement of
mobility enables the calculation of thiap-free spaceharge
limited current, the maximuraurrentthat may besustained
by the bulk, of thickness d, according to Child’s Law

1)

wheree is the relativedielectricconstantand €, is the
permittivity of vacuum. Ameasuredcurrent densitythat
coincideswith the calculated 4, ¢ classifies a material as
trap-free.The ratio of theinjected current densitfrom an
evaporatednetal contact toJsc ¢ is defined aghe contact
injection efficiency (illustrated henceforth for Au),

Jrrscic= 9/8 eg, UE?/ d,

Injection Efficiency x,0Jcscic

(2)
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film, remains invariant with time, ensuring that achanges
in J,, arenot due to achange inbulk transport properties.
The injectioncurrent from the bottomMystRO contact,

which is ohmic for hole injection, is alsmonitored and
serves as another control measurement.

Contact ohmicity of MystR® is shown in Fig. 1b,
where the calculated TFSCLC densities, sc o coincide
with the measured dark injection current from MystR®, J
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Fig.1b: Ohmic injection from Myst{R

An equivalent measure oinjection efficiency for a
contact on the present transport system is therefore

3

Injection efficiency was computed at a&common field,
1x1C V/cm for all comparisons.

Injection Efficiency 5J J,, = Ja./ Jiescic

Results

Fig.2 shows typicaturrentvs. voltageparametric in
time for a Au/MDP/MystRO device, wherethe top Au
contact wasdepositedsequentially. Thecurrent appears
severely injection limited immediately following contact (10
minutes after contact depositionand increaseswith time.
The injection becomes ohmigithin 12 hours, which is
shown by its close coincidence to the injectomrent from
the bottom contactMystRO, alsoindicated inFig.2. This
is representative of contacts tlae evaporatedequentially.
However, while the conditions of evaporation of the metal
virtually eliminate long-term evolution, variation imetal
fabricationproduced nceffect oneither theinitial blocking
behavior or on the short-term process seen in figure 2.
Fig.3 shows results of a manipulation of thrganic
material’s surface that does affect both the initial blocking
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Fig.2 Dark current versus voltage parametric in time for a
sequentially deposited Au contact on gu2€@Im of 40/60wt%
TPD/polycarbonate; shows short-term injection evolution.

natue ard the early injection behaviar After casting
and plasticizing the MDP it was exposedo the vapos of
its solvent, methylene chloride. Up 30 minutes exposure
producedno changein either the TGF mobility or the
injection from the lower contact suggesting that ghbulk
material has not become significantly wetted.
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Fig.3 a) Injection efficiency for vapor-doped 40/60 wt%
TPD/polycarbonate with sequentially evaporated Au contact,
compared to b) equivalent sample not exposed to solvent.

However, Fig.3a shows that injection efficiencyachu
conta¢ deposited aftevapor dopingis ca. 2 orders of
magnitude higher than without vapor dopiag canbe seen

741

Copyright 1999, IS& T

by comparig to Fig.3b where the injection efficiency for
the untreatedfilm of Fig.2 is also shown. Similarly the
injection efficiency in Fig.3a evolve to ohmic within 4
hours. Vapor doping after Au deposition has the same effect.
These resudt would suggest that -either/bot the
swelling of the MDP surface accelerates theyearbcessor
there is solvent chemisyr at the Au-organic interface,
especially as methylene chloride can release @lpossible
metal-MDP chemical reaction was however not detected by
XPS studies performed over a monising both Au and Ag
top contacts. Also, thuse of othe solvents chlorobenzene
and THF, produced a similar effect. Solvehemisty at the
metal-organic interface is thus not supported by the results.
Finally, the resuls below in Fig.4 experimentally
preclude the possibility of any residual thermal daereffpct
to the organic surfaceylsequentiametal evaporatignsince
injection evolutim is also observe for Ag substratesie.
where the organic film is coated onto preformed metal films.
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Fig.4 Injection efficiency as a function of time for Ag substrate
and sequentially evaporated Ag top contact on a film of 40/60
wt% TPD/polycarbonate - isolating the “short-term” process.

In the case of Aghe evolution processs mud slower
than for Au ard injection maximizes, ah non-ohme level,
only after 300 hours.These resudt then indicate that the
nature of the metal affects the rate of the processsibhwer
evolution enablel capturing tle effed when usiig a metal
substrate, as the proeds still in operation &athe time of
first measuremednafter substrate contact3(hrs, cf 10
minutes when measugrafter evaporatetbp contacts)The
process has also been observed with a Hg (liquid) céntact

Consideratio of the abowe resuls in conjunction with
earlie work®® eliminates a wide variety d mechanismsrd
raises tlk possibility tha the injection evolution appearing
immediately followirg contact tothe metd arises fron a
molecular reorganization atdlorganc surface If suc were
the casethen intermolecula interactiors shoutl affect the
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process. Swelling thesurface byvapor doping may be
expected tadecreasenolecular interactiomndthe results of
Fig.3 thenindicate that this decreasehas the effect of
acceleratingthe process.Indeed, the converse effect is
observable by increasing the concentration ofntiméecular
dopant, TPD, thus increasing the molecular interactions.
The extremecase isshown in Fig. 5wherethe process is
dramatically slower for evaporated Au on a sublirfied of
100% TPD. At the same time, the use of a sublirfikeal
precludes now any possibility of a solvent effect.
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Conclusion

Experimental manipulationgeared toisolating and

characterizingthe short-term component of a previously
identified injection evolution phenomendnmave now been
presented.The short-term evolution
independent of contact manufacturing and not specific to one
metal, though the rate of evolution affected bythe choice
of metal. The functional form of the process, illustrated in
Fig.5, is the samacrossdifferent metals, differing in time-
constantand prefactor. The rate of the processand indeed

is shown to be

10° whether ornot ohmic injection isachieved, isstrongly
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dependant onhe state of the organ&urface during contact
formation. Surface treatmentand concentration variations
geared at varying
suggested that there is a reorganization at the orgarface
when it is placed in contact with the metal.This
reorganization is facilitated bweakerinteractions(greater
volume fraction per molecule) and inhibited when shgface
molecular interaction strength iscreased inthe same
material. Finally, theprocess is shown toperate inthree
different types of organifilm — a solution-coatedVIDP, an
evaporated molecular

intermolecular interaction strength

glass and a solution-coated

time (hours)

electroluminescent polymer. Theharacterization ofthis
process suggestsurfacetreatment optionsfor improving

Fig.5 Injection efficiency evolution for sequentially evaporated injection efficiency and a previously unsuspected mechanism

Au on a 1@« glassy film of evaporated 100% TPD.

that may factor into aging phenomena in organic devices.

In addition, preliminary measuremenising sterically
hindered TPD, where methyl substituents on theentral
rings hinder rotation, do not show injection evolution. Thus
molecular rotational freedom is implicated in the process. 2.

Finally, the same process is found to operate raetal-
polymerinterface, illustrated inFig.6 for a 61 sample of
AU/MEH-PPV/Myst-R. This theremoves thepossibility — ,
of a TPD-specific procesand expandgshe scope tanclude 5.
not only a molecularly doped polymer and a smadlecule 6
glass but also an (undoped) electroluminescent polymer.
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