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Interface formation in K doped poly „dialkoxy-p-phenylene vinylene …

light-emitting diodes
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The Netherlands

~Received 16 May 2003; accepted 10 August 2003!

Manufacturing of Al/K/OC1C10 poly~p-phenylene vinylene!/indium–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
31012 to 1.231014 atoms cm22 the external efficiency rises from 0.01 to 1.2 Cd A21. Spectra
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 Å. 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/p-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. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1614864#
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I. INTRODUCTION

Conjugated organic materials have drawn much atten
for their properties and technological potential in electro
devices. Since the discovery of electroluminescence~EL! in
poly~p-phenylene vinylene! ~PPV!,1 many investigations
have focused on the development of efficientp light emitting
diodes~LEDs!. An important aspect in this is the analysis
metal/organic interfaces, which play a major role in the co
duction, efficiency and stability of the device. Contributio
in this field arose among others from ultraviolet photoel
tron spectroscopy~UPS!, which demonstrated the formatio
of gap states,~bi!polarons,2–5 the failing of vacuum level
alignment,6,7 and energy level bending.8 By photolumines-
cence~PL! experiments it was also shown that metal dep
sition resulted in exciton quenching by either directly intr
ducing gap states9 or opening a nonradiative decay chann
through energy transfer to a metal mirror.10,11 Recently we
have shown that the amount of Ca diffusing into the polym
during cathode deposition influences the elect
luminescence.12

In order to estimate interface effects on the device p
formance, an important issue is its width. In typical mod
ling studies interfaces are often neglected and abrupt ju
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tions are assumed.13,14 However, from thermodynamics it is
predicted that metals evaporated onto soft condensed la
are able to diffuse to extensive depths, depending prima
on chemical reactivity and kinetics.15 Experimental investi-
gations are lacking, despite that one of the major impro
ments in performance has been achieved by the introduc
of interfacial layers between the cathode and the conjuga
polymers. Here distinction can be made between dop
layers16,17 and insulating layers,18–21 where in the latter case
controversy still exists about its operating mechanism.

Doping by physical vapor deposition of alkali metals h
been established by UPS.2–5 The alkali metal acts as a stron
reducing agent that donates its electrons to the conjugatep
system, which in turn leads to the generation of the ear
mentioned~bi!polarons. These states in the previously fo
bidden electronic band gap may effectivily reduce the bar
height for electron injection. Taking into consideration th
the efficiency in PPVs is restricted by an unbalanced cha
transport as a result of the lower electron mobility compa
to the hole mobility, alkalies are expected to enhance
device performance severely. In addition Caoet al.16 demon-
strated an enhanced device stability with increasing al
cation size and suggested an increased diffusion barrier
derlying this observation. Diffusion of K in both PPV an
poly~2-methoxy-5-(28-ethyl-hexyloxy!-1,4-phenylene vi-
nylene! ~MEH–PPV! has in fact been identified by angle
resolved x-ray photoelectron spectroscopy~XPS!.22 However
il:
6 © 2003 American Institute of Physics
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5757J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Gommans et al.
the XPS probe depth is confined to a range of 5–20 ato
layers with a maximum sensitivity of 1 at % and while qua
tative information is readily available quantitave diffusio
profiles were not extracted.

Although this brief overview points to a correlation b
tween metal diffusion and conductivity and radiative reco
bination in PPVs, no direct evidence has been establis
Also literature on alkali metals employed as electron inj
tion electrode in LEDs16,23 is rather limited. In this article we
will focus on K deposited onto poly~dialkoxy-p-phenylene
vinylene! OC1C10PPV24 by physical vapor deposition. Th
interface formation is studied by inspection of the K dist
bution in OC1C10PPV using ion scattering analysis tec
niques and diffusion profiles are extracted. The results
correlated to the LED performance derived from EL me
surements.

II. EXPERIMENT

A. Sample preparation and electroluminescence

Indium–tin–oxide ~ITO!-coated glass substrates we
cleaned in ultrasonic baths of aceton and propanol for 30
each. Subsequently they were introduced into the ultravi
~UV!-ozone cleaning chamber, which is directly attached t
glovebox (@O2#,1 ppm and@H2O#,1 ppm).25 After 30 min
of UV-ozone treatment hydrocarbons were effectively
moved from the substrates, the chamber was evacuated
filled with nitrogen, and the substrates were transferred
the glovebox setup. An OC1C10PPV 0.7 wt % toluene solu
tion was heated at 50 °C for 1 h and dropcast at a spinrate
3100 rpm. Typical film thicknesses were determined to
120610 nm by an alpha-stepper~Alpha-step 200 Tencor In
struments!. By means of a transfer chamber these samp
were introduced into an ultrahigh vacuum~UHV! vapor
deposition chamber~base pressure 1029 mbar) without be-
ing exposed to air. The cathodes were deposited throug
shadow mask that defined six diodes per substrate with
active area of 24 mm2. K was deposited from an alkali meta
dispenser purchased from Saesgetters~;800 °C; 2
31029 mbar). For the LEDs an Al capping layer~;80 nm!
was deposited by evaporation~;1 Å/s! while the thickness
was monitored using a quartz crystal~1250 °C; 1027 mbar).
Directly after lowering the temperature of the Al effusio
cell to 600 °C, EL measurements were conducted in anin
situ setup in the evaporation chamber at a temperature
36 °C. Several runs were repeatedly made with increas
evaporation time for K. In order to perform the ion scatteri
analysis the Al capping layer was omitted and samples w
transported in an airtight suitcase to the ion scattering set
In order to conduct the neutral impact collision ion scatter
spectroscopy~NICISS! measurements, the samples had to
brought into contact with air for several minutes.

B. Ion scattering analysis

In order to study K diffusion into OC1C10PPV two dif-
ferent ion scattering techniques have been employed,
low energy ion scattering~LEIS! and NICISS.

LEIS probes the elemental composition of the topm
atomic layer: the mass of the surface atoms is determ
Downloaded 31 Mar 2008 to 129.96.237.230. Redistribution subject to AI
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from analysis of the kinetic energy of elastically backsc
tered noble gas ions, while efficient neutralization of the io
ensures the surface sensitivity.26 LEIS measurements wer
performed in an UHV system with a base pressure o
310210 mbar. A monoenergetic 3 keV3He1 ion beam was
employed and the applied ion dose was typically betwe
1013 and 1014 atoms/cm2. In the setup, the kinetic energy o
ions scattered by 145° was analyzed and detected b
double toroidal analyzer and position sensitive detector27 and
allowed for a detection limit of 100 ppm in the case of K

By measuring the time of flight~TOF! of the charged
plus neutralized noble gas ions, the composition in dee
layers can be studied with NICISS.28,29 Passage through th
material induces additional inelastic loses due to small-an
scattering and electronic excitation~nuclear and electronic
stopping power!. In order to obtain absolute concentratio
depth profiles, the stopping power in hydrocarbons,30 the de-
tector sensitivity, and differential cross sections must
determined.31 NICISS measurements were conducted in
high vacuum system with a base pressure of;4
31026 mbar. A monoenergetic 4.5 keV4He1 ion beam was
employed with a maximum dose of 531013 atom/cm2. In
this setup, the scattering angle is fixed to 168° with the a
lyzer detector orientation along the surface normal. The c
centration sensitivity is also close to 100 ppm for K. T
depth resolution is best near the surface and decreases s
with depth ~<10 Å at 100 Å depth!.31 By integration of a
NICISS spectrum we obtain the total amount of deposited
up to a depth of 200 Å.

Ion scattering methods generally induce modifications
the chemical structure of polymer surfaces.32 Hence in order
to probe the intrinsic surface composition, a dose
;1013 ions/cm2 is required which allows for ‘‘static’’
conditions.33 Although such a dose already damages
polymer, the spectra do not show any significant composit
modification during the measurement. Surface charging
peared to be negligible for the applied film thickness due
the conducting property of PPV.

III. RESULTS

A. Electroluminescence

The luminance and current versus bias are shown
Figs. 1 and 2 for different amounts of deposited K. A dr
matic increase of more than 2 orders of magnitude in li
output with increasing K deposition is observed. The lig
onset shifts from 4.50 down to 1.85 V, the latter correspo
ing to the lowest conceivable onset potential for radiat
emission of the polymer layer (lmax5630 nm; see Fig. 3!.
Already at a deposition of 2.031013 atoms/cm2 the current
onset has shifted from 1.0060.05 to 1.2560.05 V, resulting
in a reduced current at low bias, which converges to its or
nal value with increasing bias. This effect will be explain
by an increase in built-in potential in the subsequent disc
sion. The maximum efficiency increases from 0.01 to 1
Cd/A and saturates at higher amounts of deposition~Fig. 4!.
Moreover the bias at which this maximum is obtained d
creases with K coverage to almost 2.0 V, which is close
the light onset. Obviously, the amount of K deposition d
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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5758 J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Gommans et al.
tates the device performance and hence, this regime is
evant in order to study the associated depth profiles.

B. Ion scattering spectroscopy

Figure 5 shows two LEIS spectra of OC1C10PPV/ITO
substrates with different amounts of K deposition. The C a
O surface peaks are the main features in the spectrum.
absence of a peak at 2265 eV, indicated by the arrow in
figure, shows that K completely diffuses into the polym
We also observe a continuous background starting at 2
eV due to reionization of the neutral atoms which were sc
tered in deeper layers. The extent of this signal indicate
diffusion up to at least 100 Å, but possibly much deeper. T
increasing background at ion energies below 1000 eV or
nates from detection of ionized hydrogen recoils. In orde
compare the C and O signals for different K coverage
LEIS spectrum with pristine OC1C10PPV is shown in the
inset. After a correction for the increased background du
the diffusion of K, both surface peaks remain similar, co
firming the absence of K at the outermost surface layer.

FIG. 2. I –V characteristics on Al/K/OC1C10PPV/ITO LED structures with
varying deposition coverage: 3.931012 ~triangles! and 1.231014 ~squares!
atoms/cm2 and without K ~thick solid curve!. At a coverage of 3.4
31013 atoms/cm2 or more the current onset remains at 1.45 V.

FIG. 1. EL vs bias on Al/K/OC1C10PPV/ITO stacking structures with vary
ing deposition coverage: 3.931012 ~diamonds!, 2.031013 ~circles!, 3.4
31013 ~triangles!, and 1.031014 K ~squares! atoms/cm2 and without K
~thick solid curve!.
Downloaded 31 Mar 2008 to 129.96.237.230. Redistribution subject to AI
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Figure 6 shows two NICISS spectra: one for the prist
OC1C10PPV substrate and one for the K/OC1C10PPV system.
In these spectra each compositional element is identified
step in the TOF signal and can be traced until the next
ment~with lower mass number! appears. The step due to th
presence of K is clearly visible in the uppermost spectru
The photon peak shown in the spectrum is produced by
elastic processes that involve outer shell electrons from i
dent and target particles34 and is employed for time calibra
tion. The NICISS signal starting at 3ms increases as a resu
of hydrogen recoils that contribute to the spectrum in b
ionized and neutral form. Their presence in the spectr
remains over the complete time scale.31

In order to obtain the depth profiles for K, the NICIS
signal of pristine PPV is subtracted from the referen
OC1C10PPV/K spectrum. The depth scale for K is derive
from the time of flight scale taking into account the stoppi
power of the projectiles in the hydrocarbons.30 The inelastic
loss of energy during backscattering of K was assumed to
10 eV. Since it was not measured during the experiments
leading mark of the depth scale can be determined only w
an accuracy of62 Å. The K concentration is determined b

FIG. 3. EL spectrum normalized to its peak height for 1
31014 K atoms/cm2. Inset gives the chemical structure of OC1C10PPV.

FIG. 4. Efficiency of Al/K/OC1C10PPV/ITO LED structures with varying
deposition coverage: 3.931012 ~diamonds!, 2.031013 ~circles!, 3.431013

~triangles!, and 1.031014 K ~squares! atoms/cm2 and without K~thick solid
curve!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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5759J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Gommans et al.
relating the count rate to the C signal including correctio
for the C atomic fraction (FC539%) and the differentia
cross sections.

Figure 7 shows the concentration-depth profiles
K/OC1C10PPV structures with increasing amounts of
deposition. The profiles show that the K concentration
creases from negligible at the surface to a maximum a
depth of 16 Å. For depths larger than 16 Å the K concent
tion decreases. The profiles are not significantly influen
by the depth resolution: deconvoluted depth profiles as
culated using an an algorithmic deconvolution procedure
a Gaussian distribution function with full width half max
mum of 9.3 Å for K, are nearly identical to the measur
data. Comparing the concentration profiles together with
time difference between manufacturing and analyzing
substrates~see caption Fig. 7! it is evident that the diffusion
profiles are irrespective of time. Thus at the moment
conduct the ion scattering investigations the K concen
tions are metastable and diffusion has stopped. Therefore
must include a trapping mechanism in order to describe
diffusion.

The diffusion process was thus modeled by assum
Fickian diffusion in a semi-infinite plane from an instant

FIG. 5. LEIS spectra obtained from K/OC1C10PPV/ITO stacking structures
Two spectra are shown with different quantities of deposited K atoms/2

~black: 0.7131014; gray: 1.231014) and one with pristine OC1C10PPV ~in-
set!.

FIG. 6. NICISS on an OC1C10PPV/ITO stacking structure with K depositio
~upper! and without ~lower!. For clarity the upper spectrum is raised b
2000 counts.
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neous source with an irreversible first order ‘‘trapping
reaction35

]C/]t5D]2C/]x22kC, ~1!

which equals zero in case we consider the steady state
ation. We assume this diffusion to begin at the observ
maximum ~16 Å below the surface!. Here k and D are the
trapping and chemical diffusion constant, respectively, a
C(x) the K concentration as a function of depthx. The so-
lution to this differential equation is

C~x!5Mq exp~2qx! for ~x.0!, ~2!

where M is the total amount of diffusing substance andq
5(k/D)1/2. From the resulting fits shown in Fig. 7 the cha
acteristic decay length, 1/q, is determined to be independe
of K concentration and amounts to 62 Å.

In short, we note that in K/OC1C10PPV systems both
subsurface and bulk diffusion are substantial. Moreover
comparison with the emissive layer of 1000 Å, the 200 Å
which K is detected, is significant. The depth profile is a
proximated by an exponential decaying concentration w
its maximum below the polymer surface at;16 Å.

IV. DISCUSSION

A. Diffusion profile

In the following section we differentiate between tw
diffusion processes, which we refer to as subsurface di
sion and bulk diffusion. In order to minimize the free ener
the main contribution stems from the surface energy:
component with highest surface energy will diffuse into t
other component until it is completely screened from t
vacuum and the surface energy is minimized: we will refer
this as subsurface diffusion. A minor contribution to the fr
energy originates from the increase in entropy by lower
the concentration gradient in the system, which results
bulk diffusion. In addition, the free energy is also lowered
the decrease in chemical potential through charge tran
between the components.

FIG. 7. K diffusion profiles determined by NICISS~smoothed over ten data
points!. The total deposition is calculated by integration of the spectra
amounts~from top to bottom! to 1.231014, 7.131013, 3.531013, and 3.9
31012 atoms/cm2. The time between manufacturing and conducting the
scattering measurements is 2, 18, 18, and 6 days, respectively. The
curves through the spectra are fits to an exponential decay function w
characteristic decay length of 62 Å.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The driving force for subsurface diffusion is the diffe
ence in surface energy between the metal particles,gM , on
one side and the polymer surface energy,gP , and the inter-
facial energy,gMP, on the other. Subsurface diffusion occu
in case the inequalitygM.gP1gMP holds. In general the
surface energy for polymers is much lower than that for m
als (gP'1022 J m22 and gM'1021– 100 J m22). An esti-
mate for the interfacial energy for a range of polym
inorganic material combinations is given for instance
Fowkes36 and the inequality holds for most systems. In ge
eral, kinetics, determined by substrate temperature and d
sition rate, may prevent diffusion in the polymer leading
aggregation.37

The K depth profiles shown in Fig. 7 clearly indicate th
the subsurface concentration is higher than the surface
centration. The LEIS spectrum even demonstrates the c
plete absence of K at the outermost surface layer within
detection limit of 100 ppm and therefore subsurface diffus
has been established. Whether the atoms at the surface
fuse by available vacancies within the polymer matrix
whether they are immediately covered by alkoxy side gro
in order to lower the surface energy cannot be deduced f
these experiments. It should be noted that the maximum
concentration does not occur just below the surface,
somewhat deeper~16 Å!. As soon as the K is situated mor
than roughly 4 Å below the surface, the surface free ener
has already been significantly reduced. The observation
the maximum K concentration occurs deeper than this, in
cates that the position of this maximum must result from
details of the diffusion and trapping mechanisms.

Bulk diffusion of K extends over a range of 200 Å an
detection beyond this depth is limited by our experimen
method. As the diffusion profiles do not seem to be affec
by time, we assume a stationary K distribution, from whi
the importance of trapping then immediately can be c
cluded. In absence of trapping the depth profiles should h
converged to a spatially homogeneous distribution over ti
which we do not observe.

UPS measurements have clearly shown that cha
transfer occurs between the K and the conjugated backb
of the polymer, resulting in doping induced gap states.4 The
maximum doping level occurred at one K atom per monom
repeating unit, which assures that complete charge tran
occurs in the samples studied here. This charge transfer
also have an immediate affect on diffusion: since catio
repel each other their diffusion is not impeded by the form
tion of immobile clusters and in addition, as bulk diffusion
generally considered to proceed through the mechanism
vacancy hopping, the smaller ion size compared to their n
tral form promotes diffusion as well.38

The repulsive Coulomb interaction between cations d
not significantly affect the observed depth profiles, as e
trons donated to thep-conjugated system will attempt t
screen these positive sites and freely rotating dipoles
formed. The average potential energy decays as 1/r 6 and
compared to the kinetic energy term of 3/2kT, becomes neg-
ligible at length scales in the order of Angstro¨ms. Herer is
the distance between two dipoles,k is the Boltzmann con-
stant, andT the temperature~5293 K!. An explanation for
Downloaded 31 Mar 2008 to 129.96.237.230. Redistribution subject to AI
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trapping may be found in the density of defects which lim
the conjugation length. The electrons will be localized
typically 6–10 monomer units and due to electrostatic for
the ion diffusion is restricted. The length of such a con
gated segment~estimated at 50 Å using the length of 6.3
for one monomer unit! and their random orientation with
respect to the surface, is in reasonable agreement with
characteristic length of 62 Å for the decaying exponential
obtained for fitting. This of course only holds when char
transfer results on a time scale much smaller than diffus

B. Electroluminescence

Here the effect of chemical~charge transfer! doping
leading to the enhanced performance is discussed in term
the electronic transport.

Generally, the built-in potential is approximated by th
difference in work function of anode and cathode,39 assum-
ing vacuum level alignment at the metal–polym
interfaces.40 However, the overall absence of K at the surfa
~Fig. 5! rules out the explanation of matching the lowe
unoccupied molecular orbital~LUMO! of OC1C10PPV to the
work function of a metallic K layer. This is confirmed b
UPS studies:2,3 a decreasing work function due to alka
deposition is exclusively measured at alkali densities m
higher than used here~10 and 40 at. % for Rb3 and Na2,
respectively!. The formation of~bi!polaron states leads to
shift of the Fermi energy level to lower binding energy clo
to the polymer surface.3 The Fermi level of Al will be able to
align to this Fermi energy level and consequently we asc
the increase in built-in potential of 250 mV to a transitio
from vacuum level to Fermi level alignment as has be
observed before by Greczynskiet al..41

The enhanced luminescence could partly be explai
by the increased built-in potential, for the alignment of the
work function to the increased polymer Fermi energy le
will lower the barrier for electron injection. However, th
cannot explain the concentration dependent luminesce
upon further deposition as the current onset remains u
fected.

It was experimentally determined that as a conseque
of difference in carrier mobility in PPVs, current–voltag
(I –V) characteristics for double injection structures a
dominated by the hole current density.14 Therefore, electron–
hole recombination occurs close to the polymer/cathode
terface as was shown by model calculations for apLED with
either ohmic or tunneling contacts.42,43 In addition nonradia-
tive energy transfer for emitting dipoles as a function of d
tance from a metallic mirror has been experimentally de
onstrated and its impact on the radiative recombinat
efficiency for MEH–PPV ranged up to 60 nm from the A
cathode.11 Accordingly we attribute our increase in EL~effi-
ciency! with increasing K deposition to a shift of the recom
bination zone away from the cathode.

Chemical doping of the polymer surface layer by
deposition may lead to three physical mechanisms, eac
which is able to account for this shift:~1! an enhanced elec
tron injection;~2! an increase in electron mobility due to th
newly formed electronic states close at the LUMO; and~3!
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the presence of donor electrons that are available for rec
bination in the polymer layer through doping~through the
formation of recombination centers!.

The first two mechanisms can potentially be observed
electrical characterization. However, the analytical solut
to the problem of double injection into an insulator in stea
state44 shows that the hole current prevalence over the t
current remains even for an increase of electron current b
orders of magnitude.45 Thus in order to demonstrate the v
lidity of either of these two possibilities one should attem
to reduce the hole current by increasing its injection bar
or, better, by manufacturing an electron only device.

For the luminescence properties the exact concentrat
depth profile will be important and should be taken into a
count in case the second and third mechanism apply: in g
eral the bandwidth of the density of states introduced
doping is concentration dependent and should be reflecte
the electron mobility. Also, the position of the donated ele
trons, where excitons may be formed, will closely cor
spond to that of the K cations in the interfacial region a
hence may dictate the non-radiative energy transfer to th
mirror. The data presented here do not allow for any d
crimination between these mechanisms and further qualifi
tion of the electronic transport is thus omitted.

The above mentioned mechanisms responsible for
increase in EL are based on the occurrence of charge tra
and subsequently the formation of gap states. At first gla
this is in contradiction with former reports where in fa
these gap states were assigned to quench the PL in
derivatives.9 Moreover it was demonstrated that by removi
these states by oxidation the PL9 property could recover
However, since it is known that Al neither diffuses46 nor
introduces these gap states4 and merely opens a nonradiativ
decay channel,11 we propose that for the EL a shift of th
recombination zone away from the Al cathode is domin
over the exciton quenching mechanism by the formation
gap states at submonolayer deposition.

Cao et al.16 discussed the relation between device p
formance and the extension of the alkali doping region: th
speculated that the diffusion rate is a much more impor
factor than the alkali work function during degradation. O
results confirm this, since we observe that even submono
ers at room temperature result in a diffusion region of ab
200 Å. Caoet al. did not observe such concentration depe
dent behavior as reported here, but demonstrated that d
alkali deposition beyond 100 Å the PL efficiency severe
decreased, which they attributed to quenching. We did
observe a decrease in EL efficiency, however it should
pointed out that our K coverage was far below this 100 Å

V. SUMMARY AND CONCLUSION

The introduction of K onto poly~dialkoxy-p-phenylene
vinylene! (OC1C10PPV) by physical vapor deposition ha
been applied in polymer LEDs, using ITO and Al as t
anode and cathode, respectively. The stacking struct
were characterized by LEIS, NICISS, and EL in order
study the interface of the alkali/PPV system in relation to
performance.
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The complete absence of K at the polymer surface
bulk diffusion up to 200 Å at a K concentration of 1.2
31014 atoms cm22 was established by ion scattering ana
sis. Depth profiles have been extracted from the NICI
spectra, and bulk diffusion was modeled by introducing
trapping parameter. We determined a characteristic de
length of 62 Å, and we speculate that the confined conju
tion length is the source for trapping and determines
decay length.

EL measurements clearly demonstrate a concentra
dependent behavior: with increasing deposition an enha
ment in luminescence and efficiency was observed~more
than 2 orders in magnitude!. The observed increase i
built-in potential can at most partially account for this effe
We propose that the deposition of K actually results in a s
of the recombination zone, which can be either due to
improved charge balance or the presence of recombina
centers in the interfacial layer. This will be pursued in furth
investigations.

In contrast to the common assumption in modeli
charge carrier dynamics inpLEDs, this study clearly indi-
cates that physical vapor deposition of alkali metals~and
presumably earth alkaline metals as well! onto soft con-
densed systems cannot generally be depicted as simple
ered stacking structures. Moreover, we demonstrate that
formation of gap states in the polymer layer results in
increased EL for deposition coverage up to 1
31014 atoms/cm2 and that the gap state induced quench
mechanism as was pointed out by Parket al.,9 is of second-
ary importance compared to the nonradiative decay by
ergy transfer to the Al mirror.

ACKNOWLEDGMENTS

The authors gratefully thank Professor H. Morgner f
providing access to the NICISS setup. This research
supported by grants from the Dutch Foundation for Mate
Research~FOM!.

1J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K
Mackay, R. H. Friend, P. L. Burn, and A. B. Holmes, Nature~London!
347, 539 ~1990!.

2M. Fahlman, D. Beljonne, M. Lo¨gdlund, R. H. Friend, A. B. Holmes, J. L
Brédas, and W. R. Salaneck, Chem. Phys. Lett.214, 327 ~1993!.
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