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Manufacturing of AlI/K/OGC;, poly(p-phenylene vinylenéndium—tin—oxide light emitting diode
structures by physical vapor deposition of K onto the emissive polymer layer has been characterized
by electroluminescence and ion spectroscopy. Varying the deposited K areal density from 3.9
X 10* to 1.2<10* atomscm? the external efficiency rises from 0.01 to 1.2 Cd'ASpectra
obtained by ion scattering analysis demonstrate the overall absence of K at the polymer outermost
surface layer, and diffusion up to a depth of 200 A. Depth profiles have been derived, and were
modeled using an irreversible first order “trapping” reaction. Trapping may stem from confinement
of the electron at a conjugated segment, that was donated through charge transfer typical for
alkali/z-conjugated systems. This study demonstrates that evaporation of low work function metals
onto organic systems should not be depicted as simple layered stacking structures. The enhanced
electroluminescence with submonolayer K deposition is attributed to the shift of the recombination
zone away from the Al cathode, which is demonstrated to prevail over the known exciton quenching
mechanism due to the formation of gap states. 2@3 American Institute of Physics.

[DOI: 10.1063/1.1614864

I. INTRODUCTION tions are assumeld:** However, from thermodynamics it is
predicted that metals evaporated onto soft condensed layers

Conjugated organic materials have drawn much attentioare able to diffuse to extensive depths, depending primarily
for their properties and technological potential in electronicon chemical reactivity and kinetids.Experimental investi-
devices. Since the discovery of electroluminesce(fde in  gations are lacking, despite that one of the major improve-
poly(p-phenylene vinylene (PPV),' many investigations ments in performance has been achieved by the introduction
have focused on the development of efficipight emitting  of interfacial layers between the cathode and the conjugated
diodes(LEDs). An important aspect in this is the analysis of polymers. Here distinction can be made between dopant
metal/organic interfaces, which play a major role in the condayerd®” and insulating layer¥-?*where in the latter case
duction, efficiency and stability of the device. COﬂtribUtionScontroversy still exists about its operating mechanism.
in this field arose among others from ultraviolet photoelec-  Doping by physical vapor deposition of alkali metals has
tron spectroscopyUPS), which demonstrated the formation been established by UPS® The alkali metal acts as a strong
of gap states(bi)polarons;™ the failing of vacuum level reducing agent that donates its electrons to the conjugated
alignment}” and energy level bendifgBy photolumines-  system, which in turn leads to the generation of the earlier
cence(PL) experiments it was also shown that metal depo-mentioned (bi)polarons. These states in the previously for-
sition resulted in exciton quenching by either directly intro- bidden electronic band gap may effectivily reduce the barrier
ducing gap statésor opening a nonradiative decay channelheight for electron injection. Taking into consideration that
through energy transfer to a metal mirf8r:" Recently we  the efficiency in PPVs is restricted by an unbalanced charge
have shown that the amount of Ca diffusing into the polymetransport as a result of the lower electron mobility compared
during cathode deposition influences the electroto the hole mobility, alkalies are expected to enhance the
luminescenceé? device performance severely. In addition Gaal*® demon-

In order to estimate interface effects on the device perstrated an enhanced device stability with increasing alkali
formance, an important issue is its width. In typical model-cation size and suggested an increased diffusion barrier un-
ling studies interfaces are often neglected and abrupt junderlying this observation. Diffusion of K in both PPV and
poly(2-methoxy-5-(2-ethyl-hexyloxy-1,4-phenylene  vi-
3Author to whom correspondence should be addressed; electronic mailY!€n®@ (MEH—PPV) has in fact been identified by angle-

h.h.p.gommans@tue.nl resolved x-ray photoelectron spectroscO¥PS).2? However
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the XPS probe depth is confined to a range of 5—20 atomiérom analysis of the kinetic energy of elastically backscat-
layers with a maximum sensitivity of 1 at % and while quali- tered noble gas ions, while efficient neutralization of the ions
tative information is readily available quantitave diffusion ensures the surface sensitivifyLEIS measurements were
profiles were not extracted. performed in an UHV system with a base pressure of 2
Although this brief overview points to a correlation be- x 10 % mbar. A monoenergetic 3 ke¥He" ion beam was
tween metal diffusion and conductivity and radiative recom-employed and the applied ion dose was typically between
bination in PPVs, no direct evidence has been established0'® and 13* atoms/cr. In the setup, the kinetic energy of
Also literature on alkali metals employed as electron injec-Hons scattered by 145° was analyzed and detected by a
tion electrode in LED¥?%is rather limited. In this article we double toroidal analyzer and position sensitive deté&amd
will focus on K deposited onto polgialkoxy-p-phenylene allowed for a detection limit of 200 ppm in the case of K.
vinylene OC,C;,PP\?* by physical vapor deposition. The By measuring the time of flightTOF) of the charged
interface formation is studied by inspection of the K distri- plus neutralized noble gas ions, the composition in deeper
bution in OGC,(PPV using ion scattering analysis tech- layers can be studied with NICIS&?° Passage through the
nigues and diffusion profiles are extracted. The results arenaterial induces additional inelastic loses due to small-angle
correlated to the LED performance derived from EL mea-scattering and electronic excitatidnuclear and electronic

surements. stopping power In order to obtain absolute concentration-
depth profiles, the stopping power in hydrocarbtfhhe de-
Il. EXPERIMENT tector sensitivity, and differential cross sections must be

determined®® NICISS measurements were conducted in a
high vacuum system with a base pressure of4
Indium—tin—oxide (ITO)-coated glass substrates were x 106 mbar. A monoenergetic 4.5 ketHe™ ion beam was
cleaned in ultrasonic baths of aceton and propanol for 30 mie@mployed with a maximum dose of>&10'2 atom/cnt. In
each. Subsequently they were introduced into the ultraviolethis setup, the scattering angle is fixed to 168° with the ana-
(UV)-ozone cleaning chamber, which is directly attached to @yzer detector orientation along the surface normal. The con-
glovebox (0,]<1 ppm and H,0]<1 ppm)* After 30 min  centration sensitivity is also close to 100 ppm for K. The
of UV-ozone treatment hydrocarbons were effectively re-depth resolution is best near the surface and decreases slowly
moved from the substrates, the chamber was evacuated, rgith depth(<10 A at 100 A depth31 By integration of a
filled with nitrogen, and the substrates were transferred intgNICISS spectrum we obtain the total amount of deposited K
the glovebox setup. An OC,,PPV 0.7 wt% toluene solu- up to a depth of 200 A.
tion was heated at 50 °Cifd h and dropcast at a spinrate of lon scattering methods generally induce modifications in
3100 rpm. Typical film thicknesses were determined to be&he chemical structure of polymer surfacé$ience in order
120+ 10 nm by an alpha-steppehlpha-step 200 Tencor In- to probe the intrinsic surface composition, a dose of
struments By means of a transfer chamber these samples-10'3 jons/cnf is required which allows for “static”
were introduced into an ultrahigh vacuutWHV) vapor  conditions®® Although such a dose already damages the
deposition chambefbase pressure 18 mbar) without be-  polymer, the spectra do not show any significant composition
ing exposed to air. The cathodes were deposited through @odification during the measurement. Surface charging ap-
shadow mask that defined six diodes per substrate with apeared to be negligible for the applied film thickness due to
active area of 24 mf K was deposited from an alkali metal the conducting property of PPV.
dispenser purchased from Saesgettefs800°C; 2
X 10~° mbar). For the LEDs an Al capping layé+80 nm)
was deposited by evaporatign-1 A/s) while the thickness
was monitored using a quartz crystaR50°C; 10 mbar).  A. Electroluminescence

Directly after lowering the temperature of the Al effusion The luminance and current versus bias are shown in

cell to 600 °C, EL measurements were conducted iriran Figs. 1 and 2 for different amounts of deposited K. A dra-

Situ setup in the evaporation chamber at a temperature 0rfnatic increase of more than 2 orders of magnitude in light

36°C. Several runs were repeatedly made with IncreaSIn8utput with increasing K deposition is observed. The light

g\rl]zrosrigt't?]r; t'i“rlnce:;or ilg' I:;o(r;?l\r/;c; 2?;‘;322 ;hn%'cs);ric?éfcvl%onset shifts from 4.50 down to 1.85 V, the latter correspond-
y pping fay P ﬁ1g to the lowest conceivable onset potential for radiative

transported in an airtight suitcase to the ion scattering SetUp%mission of the polymer layen(,..=630 nm: see Fig. 3
ax 1 .

In order to conduct the neutral impact collision ion scatteringAlready at a deposition of 22010 atoms/crf the current

spectroscopyNICISS) measurements, the samples had to beOnset has shifted from 1.60.05 to 1.25-0.05 V, resulting
brought into contact with air for several minutes. . ' ' ’

in a reduced current at low bias, which converges to its origi-

nal value with increasing bias. This effect will be explained

by an increase in built-in potential in the subsequent discus-
In order to study K diffusion into OgZ;gPPV two dif-  sion. The maximum efficiency increases from 0.01 to 1.2

ferent ion scattering techniques have been employed, viZZd/A and saturates at higher amounts of deposifi€ig. 4).

low energy ion scatterin@_EIS) and NICISS. Moreover the bias at which this maximum is obtained de-
LEIS probes the elemental composition of the topmostreases with K coverage to almost 2.0 V, which is close to

atomic layer: the mass of the surface atoms is determinethe light onset. Obviously, the amount of K deposition dic-

A. Sample preparation and electroluminescence

Ill. RESULTS

B. lon scattering analysis
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FIG. 3. EL spectrum normalized to its peak height for 1.0
FIG. 1. EL vs bias on AI/KIOGQC,,PPV/ITO stacking structures with vary- < 10 K atoms/cni. Inset gives the chemical structure of GIGPPV.
ing deposition coverage: 3910'? (diamond$, 2.0x10' (circles, 3.4
X 10" (triangles, and 1.0< 10" K (squareys atoms/cmd and without K

(thick solid curvg. Figure 6 shows two NICISS spectra: one for the pristine

OC,C;PPV substrate and one for the K/QG PPV system.
tates the device performance and hence, this regime is reld these spectra each compositional element is identified as a

evant in order to study the associated depth profiles. step in the TOF signal and can be traced until the next ele-
ment(with lower mass numbgappears. The step due to the
B. lon scattering spectroscopy presence of K is clearly visible in the uppermost spectrum.

. The photon peak shown in the spectrum is produced by in-

Figure 5 shows two LEIS spectra of QCoPPV/ITO  g|astic processes that involve outer shell electrons from inci-
substrates with different amounts of K deposition. The C an@jent and target particl¥sand is employed for time calibra-
O surface peaks are the main features in the spectrum. Thgn The NICISS signal starting at/as increases as a result

absence of a peak at 2265 eV, indicated by the arrow in thgf nydrogen recoils that contribute to the spectrum in both

figure, shows that K completely diffuses into the polymer.jonized and neutral form. Their presence in the spectrum
We also observe a continuous background starting at 226gmains over the complete time scile.

eV due to reionization of the neutral atoms which were scat- | order to obtain the depth profiles for K, the NICISS

tered in deeper layers. The extent of this signal indicates Kijgnal of pristine PPV is subtracted from the reference
diffusion up to at least 100 A, but possibly much deeper. ThGOClcloppV/K spectrum. The depth scale for K is derived
increasing background at ion energies below 1000 eV origifrom the time of flight scale taking into account the stopping
nates from detection of ionized hydrogen recoils. In order toyower of the projectiles in the hydrocarbdfisThe inelastic
compare the C and O signals for different K coverages goss of energy during backscattering of K was assumed to be
LEIS spectrum with pristine OfC,gPPV is shown in the 10 eV, Since it was not measured during the experiments the
inset. After a correction for the increased background due t@ading mark of the depth scale can be determined only with

firming the absence of K at the outermost surface layer.
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FIG. 2. 1-V characteristics on AI/K/OQZ,,PPV/ITO LED structures with  FIG. 4. Efficiency of Al/KIOGC,,PPV/ITO LED structures with varying
varying deposition coverage: %90 (triangleg and 1.2<10™ (squares  deposition coverage: 3:910'? (diamond, 2.0x 10" (circles, 3.4x 10"
atoms/crmi and without K (thick solid curvg. At a coverage of 3.4 (triangles, and 1.0< 10" K (squaresatoms/cr and without K(thick solid
X 10" atoms/cr or more the current onset remains at 1.45 V. curve.
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FIG. 5. LEIS spectra obtained from K/QC,PPV/ITO stacking structures. FIG. 7. K diffusion profiles determined by NICISSmoothed over ten data

Two spectra are shown with different quantities of deposited K atords/cm POINts. The total deposition is calculated by integration of the spectra and

(black: 0.72x 10 gray: 1.2< 10) and one with pristine OEC,,PPV (in- amounts(from top to bottom to 1.2<10*, 7.1x 10", 3.5x 10", and 3.9

seb. X 10'2 atoms/crA. The time between manufacturing and conducting the ion
scattering measurements is 2, 18, 18, and 6 days, respectively. The solid
curves through the spectra are fits to an exponential decay function with a
characteristic decay length of 62 A.

relating the count rate to the C signal including corrections

for the C atomic fraction ®.=39%) and the differential

cross sections. neous source with an irreversible first order “trapping”
Figure 7 shows the concentration-depth profiles forreactiort®

K/IOC,C;oPPV structures with increasing amounts of K N2 2

deposition. The profiles show that the K concentration in- dCIat=Da"Clox"~kC, @

creases from negligible at the surface to a maximum at avhich equals zero in case we consider the steady state situ-

depth of 16 A. For depths larger than 16 A the K concentraation. We assume this diffusion to begin at the observed

tion decreases. The profiles are not significantly influencednaximum (16 A below the surface Herek and D are the

by the depth resolution: deconvoluted depth profiles as caltrapping and chemical diffusion constant, respectively, and

culated using an an algorithmic deconvolution procedure foC(x) the K concentration as a function of depthThe so-

a Gaussian distribution function with full width half maxi- lution to this differential equation is

mum of 9.3 A for K, are nearly identical to the measured _

data. Comparing the concentration profiles together with the COO=Mgexp—ax) for (x>0), @

time difference between manufacturing and analyzing thavhere M is the total amount of diffusing substance amd

substrategsee caption Fig. )7t is evident that the diffusion = (k/D)Y2 From the resulting fits shown in Fig. 7 the char-

profiles are irrespective of time. Thus at the moment weacteristic decay length, 4/ is determined to be independent

conduct the ion scattering investigations the K concentraof K concentration and amounts to 62 A.

tions are metastable and diffusion has stopped. Therefore, we In short, we note that in K/O,,PPV systems both

must include a trapping mechanism in order to describe théubsurface and bulk diffusion are substantial. Moreover, in

diffusion. comparison with the emissive layer of 1000 A, the 200 A at
The diffusion process was thus modeled by assumingvhich K is detected, is significant. The depth profile is ap-

Fickian diffusion in a semi-infinite plane from an instanta- proximated by an exponential decaying concentration with

its maximum below the polymer surface atl6 A.

14 [ IV. DISCUSSION
A. Diffusion profile

]

o~

it
O

In the following section we differentiate between two
diffusion processes, which we refer to as subsurface diffu-
sion and bulk diffusion. In order to minimize the free energy
the main contribution stems from the surface energy: the
component with highest surface energy will diffuse into the
other component until it is completely screened from the
vacuum and the surface energy is minimized: we will refer to

: : : . 1 this as subsurface diffusion. A minor contribution to the free
2 0 2 4 6 8 10 energy originates from the increase in entropy by lowering

TOF [1s] the concentration gradient in the system, which results in
FIG. 6. NICISS on an O, ,PPV/ITO stacking structure with K deposition bulk diffusion. I.n addlthn’ the free_energy is also lowered by
(upped and without (lowen). For clarity the upper spectrum is raised by the decrease in chemical potential through charge transfer
2000 counts. between the components.

Counts [10°

O N bh O ©
—————+—1
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The driving force for subsurface diffusion is the differ- trapping may be found in the density of defects which limits
ence in surface energy between the metal partiglgs, on  the conjugation length. The electrons will be localized to
one side and the polymer surface energy, and the inter- typically 6—10 monomer units and due to electrostatic forces
facial energy,ymp, On the other. Subsurface diffusion occurs the ion diffusion is restricted. The length of such a conju-
in case the inequalityyy,> yp+ ywp holds. In general the gated segmerestimated at 50 A using the length of 6.3 A
surface energy for polymers is much lower than that for metfor one monomer unjitand their random orientation with
als (yp~102Jm 2 and yy~10"1—=1F Jm ?). An esti-  respect to the surface, is in reasonable agreement with the
mate for the interfacial energy for a range of polymer/characteristic length of 62 A for the decaying exponential we
inorganic material combinations is given for instance byobtained for fitting. This of course only holds when charge
Fowkes® and the inequality holds for most systems. In gen-transfer results on a time scale much smaller than diffusion.
eral, kinetics, determined by substrate temperature and depo-

sition rate, may prevent diffusion in the polymer leading to
aggregatiort! B. Electroluminescence

The K depth profileS shown in F|g 7 Clearly indicate that Here the effect of Chemicaﬂcharge transferdoping
the subsurface concentration is higher than the surface COfsading to the enhanced performance is discussed in terms of
centration. The LEIS spectrum even demonstrates the comhe electronic transport.
plete absence of K at the outermost surface layer within the Generally, the built-in potential is approximated by the
detection limit of 100 ppm and therefore subsurface diﬂ:USiorHifference in work function of anode and Cath&aassum_
has been established. Whether the atoms at the surface diﬁ-g vacuum level a|ignment at the meta|_p0|ymer
fuse by available vacancies within the polymer matrix orinterfaces'® However, the overall absence of K at the surface
whether they are immediately covered by alkoxy side groupsFig. 5) rules out the explanation of matching the lowest
in order to lower the surface energy cannot be deduced frominoccupied molecular orbitdLUMO) of OC,C,4PPV to the
these experiments. It should be noted that the maximum Kyork function of a metallic K layer. This is confirmed by
concentration does not occur just below the surface, buyps studie$:® a decreasing work function due to alkali
somewhat deepdfi6 A). As soon as the K is situated more deposition is exclusively measured at alkali densities much
than roughy 4 A below the surface, the surface free energyhigher than used herel0 and 40 at. % for Rband N&,
has already been significantly reduced. The observation thagspectively. The formation of(bi)polaron states leads to a
the maximum K concentration occurs deeper than this, indishift of the Fermi energy level to lower binding energy close
cates that the position of this maximum must result from theo the polymer surfacéThe Fermi level of Al will be able to
details of the diffusion and trapping mechanisms. align to this Fermi energy level and consequently we ascribe
Bulk diffusion of K extends over a range of 200 A and the increase in built-in potential of 250 mV to a transition
detection beyond this depth is limited by our experimentalfrom vacuum level to Fermi level alignment as has been
method. As the diffusion profiles do not seem to be affectedbserved before by Greczynski al.**
by time, we assume a stationary K distribution, from which  The enhanced luminescence could partly be explained
the importance of trapping then immediately can be conby the increased built-in potential, for the alignment of the Al
cluded. In absence of trapping the depth profiles should hawaork function to the increased polymer Fermi energy level
converged to a spatially homogeneous distribution over timewill lower the barrier for electron injection. However, this
which we do not observe. cannot explain the concentration dependent luminescence
UPS measurements have clearly shown that chargepon further deposition as the current onset remains unaf-
transfer occurs between the K and the conjugated backborfected.
of the polymer, resulting in doping induced gap st4t@he It was experimentally determined that as a consequence
maximum doping level occurred at one K atom per monomenf difference in carrier mobility in PPVs, current—voltage
repeating unit, which assures that complete charge transfét—V) characteristics for double injection structures are
occurs in the samples studied here. This charge transfer witlominated by the hole current densifyTherefore, electron—
also have an immediate affect on diffusion: since cationsiole recombination occurs close to the polymer/cathode in-
repel each other their diffusion is not impeded by the formaterface as was shown by model calculations feilL&D with
tion of immobile clusters and in addition, as bulk diffusion is either ohmic or tunneling contact$#®In addition nonradia-
generally considered to proceed through the mechanism dive energy transfer for emitting dipoles as a function of dis-
vacancy hopping, the smaller ion size compared to their neudance from a metallic mirror has been experimentally dem-
tral form promotes diffusion as welf. onstrated and its impact on the radiative recombination
The repulsive Coulomb interaction between cations doesfficiency for MEH—PPYV ranged up to 60 nm from the Al
not significantly affect the observed depth profiles, as eleceathode! Accordingly we attribute our increase in Eeffi-
trons donated to ther-conjugated system will attempt to ciency with increasing K deposition to a shift of the recom-
screen these positive sites and freely rotating dipoles arkination zone away from the cathode.
formed. The average potential energy decays aS and Chemical doping of the polymer surface layer by K
compared to the kinetic energy term of P, becomes neg- deposition may lead to three physical mechanisms, each of
ligible at length scales in the order of Angstis. Herer is  which is able to account for this shiftl) an enhanced elec-
the distance between two dipoldsjs the Boltzmann con- tron injection;(2) an increase in electron mobility due to the
stant, andT the temperaturé=293 K). An explanation for newly formed electronic states close at the LUMO; &8d
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the presence of donor electrons that are available for recom- The complete absence of K at the polymer surface and
bination in the polymer layer through dopirithrough the bulk diffusion up to 200 A aa K concentration of 1.2
formation of recombination centers X 10'* atoms cm? was established by ion scattering analy-

The first two mechanisms can potentially be observed bis. Depth profiles have been extracted from the NICISS
electrical characterization. However, the analytical solutiorspectra, and bulk diffusion was modeled by introducing a
to the problem of double injection into an insulator in steadytrapping parameter. We determined a characteristic decay
staté* shows that the hole current prevalence over the totalength of 62 A, and we speculate that the confined conjuga-
current remains even for an increase of electron current by on length is the source for trapping and determines the
orders of magnitud& Thus in order to demonstrate the va- decay length.
lidity of either of these two possibilities one should attempt ~ EL measurements clearly demonstrate a concentration
to reduce the hole current by increasing its injection barriedependent behavior: with increasing deposition an enhance-
or, better, by manufacturing an electron only device. ment in luminescence and efficiency was obser¢edre

For the luminescence properties the exact concentratiorthan 2 orders in magnitugle The observed increase in
depth profile will be important and should be taken into ac-built-in potential can at most partially account for this effect.
count in case the second and third mechanism apply: in geWe propose that the deposition of K actually results in a shift
eral the bandwidth of the density of states introduced byof the recombination zone, which can be either due to an
doping is concentration dependent and should be reflected improved charge balance or the presence of recombination
the electron mobility. Also, the position of the donated elec-centers in the interfacial layer. This will be pursued in further
trons, where excitons may be formed, will closely corre-investigations.
spond to that of the K cations in the interfacial region and In contrast to the common assumption in modeling
hence may dictate the non-radiative energy transfer to the Adharge carrier dynamics ipLEDs, this study clearly indi-
mirror. The data presented here do not allow for any discates that physical vapor deposition of alkali metaad
crimination between these mechanisms and further qualificggresumably earth alkaline metals as weadhto soft con-
tion of the electronic transport is thus omitted. densed systems cannot generally be depicted as simple lay-

The above mentioned mechanisms responsible for thered stacking structures. Moreover, we demonstrate that the
increase in EL are based on the occurrence of charge transfiErmation of gap states in the polymer layer results in an
and subsequently the formation of gap states. At first glancexcreased EL for deposition coverage up to 1.2
this is in contradiction with former reports where in fact x 10** atoms/cmi and that the gap state induced quenching
these gap states were assigned to quench the PL in PRWechanism as was pointed out by Patlal.’ is of second-
derivatives’ Moreover it was demonstrated that by removingary importance compared to the nonradiative decay by en-
these states by oxidation the Phroperty could recover. ergy transfer to the Al mirror.
However, since it is known that Al neither diffudésnor
introduces these gap statesmd merely opens a nonradiative ACKNOWLEDGMENTS
decay channéft we propose that for the EL a shift of the

recombination zone away from the Al cathode is dominant The authors gratefully thank Professor H. Morgner for
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