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Liquid metals as electrodes in polymer light emitting diodes
G. G. Andersson, H. H. P. Gommans, A. W. Denier van der Gon,a)

and H. H. Brongersma
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 30 August 2002; accepted 6 January 2003!

We demonstrate that liquid metals can be used as cathodes in light emitting diodes~pLEDs!. The
main difference between the use of liquid cathodes and evaporated cathodes is the sharpness of the
metal–polymer interface. Liquid metal cathodes result in significantly sharper metal–organic
interfaces than vapor deposited cathodes, due to the high surface energy of the metals. The sharper
interface inpLEDs with liquid metal cathodes is observed by neutral impact collision ion scattering
spectroscopy and low energy ion scattering spectroscopy measurements. The influence of interface
sharpness on device performance was studied by comparing current–voltage-light characteristics of
devices with OC1C10 paraphenylenevinylene~PPV! as electroluminescent polymer and indium tin
oxide~ITO! as hole injection electrode, and different cathodes. Comparison of devices using a liquid
Ga cathode and an evaporated Al cathode showed that light emission for the liquid Ga cathode is
two orders of magnitude larger than for the evaporated Al cathode, and that the external light
efficiency is increased by an order of magnitude. Since the work function of Ga and Al is nearly the
same, the poor performance for evaporated Al LEDs is attributed to the formation of an interfacial
layer where Al has diffused into, and reacted with, the PPV. This interfacial layer has poor electrical
conduction compared to pure PPV, and contains quenching sites which reduce light emission. Low
work function liquid metal cathodes were studied by using liquid Ca and Ba amalgams. The
improved performance of liquid amalgampLEDs is attributed to the different structure of the
metal–polymer interface. The enormous increase in light and current through the amalgam devices
compared to those using pure Hg demonstrate that less than 1 ML of a metal with a low work
function at the polymer-cathode interface can have a dramatic effect on the performance of the
devices. Devices with a liquid Ca amalgam cathode showed an increase of the current~by 50%! and
brightness~80%! compared to devices with an evaporated Ca cathode, which is ascribed to reduced
diffusion of Ca into the emissive PPV layer. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1556183#
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I. INTRODUCTION

Investigation of the properties of interfaces in polym
light emitting diodes~pLEDs! contributes to the fundamenta
understanding of the functioning of these devices, and
lead to device improvements. Previous research in this
has focused on the chemical interactions at interfaces as
as on charge transport over interfaces.1–3 Of special interest
is the interface between the electron injecting cathode
the organic emissive layer of thepLEDs. The majority of
pLEDs with a reasonable performance employs metals
cathodes, and the influence of different materials on the e
tron injection process has been investigated.4–6 In by far
most cases the metallic cathode is deposited by ther
evaporation or sputter deposition on the organic material
rectly onto the emissive organic layer, or onto an orga
charge transport and electron-injection layer. The deposi
is a crucial step in the fabrication process since the me
diffuse into,7–9 and interact with, the organic material.10–15

Such indiffusion is a general phenomenon in polym
metallization.16

a!Author to whom correspondence should be addressed; electronic
a.w.denier.van.der.Gon@tue.nl
3290021-8979/2003/93(6)/3299/9/$20.00
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Previous results on metal deposition on conducting po
mers give a picture of some of the processes that may o
upon metal deposition. Fahlman, Bre´das, and Salanek8 con-
cluded from x-ray photoelectron spectroscopy~XPS! mea-
surements that during thermal deposition of sodium
poly~2,5,28,58-tetrahexyloxy-8,78-dicyano-di-paraphenylene
vinylene! ~CN-PPV! the metal diffuses uniformly in the de
tection range of XPS into the polymer layer with the form
tion of electronic states within the gap. The formation of g
states is also reported for sodium and rubidium deposited
different organic compounds.10–13During thermal deposition
of Ca ona,v-diphenyltetradecaheptane~DP7, which can be
regarded as a model substance for PPV!, and DHPPV~a PPV
derivative!, a diffusive layer of the organic material with th
metal is formed with an estimated thickness of several
nometers. Also in this case new electronic states are form
in the gap between the highest occupied molecular orb
~HOMO! and the lowest unoccupied molecular orbit
~LUMO!. During the evaporation of potassium and rubidiu
on PPV and DP7 the metals diffuse deeper than the detec
range accessible with XPS. In these systems electronic s
are also formed within the energy gap of the organic ma
rials.
il:
9 © 2003 American Institute of Physics

P license or copyright; see http://jap.aip.org/jap/copyright.jsp



ic
th

ur
e-
s
e

Th
fo
et
th

ah
tio

-
r-
ls

e-

lo
he
ta
e
om
n

su
he
h
fa
t
e

w
ce

m
fi
rfo
rk

r-
ni

to
to
n
ve
s,
fo
f t
re

ar
ka
a

en
-

L is
h
to

the
or-

on
e as
ect
se
e

al-
e of
nal
re-
oly-
een
g a
er

etail

ated
-
c-
f
oly-
id
used
is-
er
ure-
tics
igh
ts
s
xy-
les
g in

d
on-
, a
to

lec-
etal

es
l in-
f a
di-
on-

plet
ade

3300 J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Andersson et al.
The reason for diffusion of the metals into the organ
layer during deposition is the high surface energy of
metal compared to that of the organic substrate~typically
several 100–1000 mJ/m2 for metals, and 20–50 of mJ/m2 for
organics!. Therefore, a metal atom arriving at a polymer s
face will rapidly be covered by the polymer in order to r
duce its surface energy. When subsequent metal atom
rive, they will also diffuse into the polymer, but may b
trapped by other metal atoms in the subsurface layers.
will reduce diffusion and eventually the metal can stay
long times at the outer surface. The arrival rate of the m
atoms and the temperature will influence the thickness of
distributed metal–polymer interface that is formed.

It has been shown by Greczynski, Salaneck, and F
man that a buffer layer can be used to hinder the interac
of metals with organic materials.17 Hasaklet al. showed that
a buffer layer of Al between lithium and tris~8-
hydroxyquinolino!aluminum (Alq3) enhances the perfor
mance ofpLEDs.4 Note, that after the deposition of an o
ganic material on a metal layer a diffusive layer has a
been observed. Huanget al. reported that a thin aluminum
oxide layer helps to hinder the diffusion of Al into the d
posited Alq3 layer.18

Here, we introduce an approach to control the meta
ganic interface formation. By contacting a liquid metal to t
organic layer to form the cathode, the diffusion of the me
into the organic material should be considerably reduc
since the metal does not arrive at the surface as single at
In the liquid cathode, the metal atoms are strongly bou
together which provides an energy barrier to leave the
face of the metal. Therefore the diffusion of metal into t
organic material is expected to be strongly reduced, wit
much sharper metalorganic interface as a result. Devices
ricated using this approach should thus better resemble
intrinsic materials properties. In addition, comparison of d
vices using liquid cathodes and evaporated cathodes
similar work functions allows us to determine the influen
of metal diffusion on device performance.

To demonstrate the use of liquid cathodes, and to co
pare liquid and evaporated cathodes for pure metals, we
use liquid Ga as cathode, and compare the device pe
mance with LEDs using thermally evaporated Al. The wo
functions of pure Ga and Al are almost the same~4.2 and 4.3
eV, respectively!, therefore differences in device perfo
mance will be dominated by differences in the metalorga
interface.

Only few pure metals are in the liquid phase close
room temperature, and the choice is effectively limited
gallium and mercury, which both have a high work functio
For a good light emission, cathodes are needed which ha
low work function. As an alternative for pure liquid metal
we have chosen alkali and earth alkali amalgams. The
mation of these amalgams is possible since the metals o
group I and II are soluble in Hg even at room temperatu
Since the surface energies of the alkali and alkaline e
metals are much lower than that of Hg, the alkali and al
line earth elements strongly segregate to the surface
interface.19 It can be estimated that already at a bulk conc
tration of about 231024 wt% of Ca and Ba, a surface cov
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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erage of these alkali and alkaline earth metals of 0.5–1 M
achieved.19 A coverage of 0.5–1 ML alkali or alkaline eart
metals is sufficient to obtain a work function that is close
the bulk material of the adsorbed metal,20 and the amalgams
can thus be used as low work function electrodes. Since
surface energies of metals are much higher than that of
ganic compounds, the enrichment of the low work functi
metals at the vacuum–metal interface is nearly the sam
that at the metal–organic interface. An important side eff
of the doping of the amalgams is that oxides do not diffu
easily through the metal. This will give a purification of th
alkali or alkaline earth metal on its way to the interface.

We have fabricated devices with liquid Ca and Ba am
gams, and compare the device characteristics with thos
LEDs fabricated using thermally deposited Ca. An additio
advantage of liquid metals is that they can easily be
moved, which enables surface studies of the remaining p
mer side of the interface. Ion scattering techniques have b
used to study the metal–organic interfaces, thus allowin
correlation between metal diffusion into the polymeric lay
and device performance.

II. EXPERIMENT

The fabrication process of thepLEDs with an evaporated
metal electrode and the used equipment is described in d
in Ref. 21. Cleaning of the indium tin oxide~ITO! and spin
coating of the polymer layer forpLEDs with a liquid metal
cathode was done in the same way as for the evapor
metal LEDs. ThepLEDs were fabricated with a 170-nm
thick OC1C10-PPV layer in the case of the Al and Ga ele
trodes, and with a 130 nm OC1C10-PPV layer in the case o
the Ca, Hg and amalgam electrodes. Contacting of the p
mer layer and device characterization for LEDs with liqu
Ga as cathode was performed in the same glovebox as
for spin coating the PPV layer, which has oxygen and mo
ture levels below 1 ppm. Contacting of the polymer lay
with Hg and amalgam metal electrodes, and the meas
ments of the respective current–voltage-light characteris
was performed in a different glovebox, because of the h
vapor pressure of Hg~the high vapor pressure also prohibi
direct analysis of Hg samples in UHV analysis technique!.
This glovebox uses a flowing nitrogen stream to reduce o
gen and moisture levels to roughly 100 ppm. The samp
were transported to the second glovebox after spin coatin
a suitcase in order to exclude the contact with air.

In Fig. 1, contacting of the polymer layer with the liqui
metals is shown schematically. Four pins were used as c
tacts to the ITO anode. In order to form the liquid cathode
droplet of Ga heated to 35 °C or of pure Hg was attached
the PPV surface. Hg electrodes were used as liquid e
trodes, whereas Ga electrodes were used after the m
droplet was solidified, which occurred within a few minut
after attaching the droplet. To ensure a clean PPV-meta
terface, the droplets were extracted from the center o
larger liquid metal droplet using a pipette, and then imme
ately deposited on the PPV surface. For the amalgam c
tacts, a piece of Ca or Ba was immersed into the Hg dro
~after the contact between Hg and the PPV had been m!
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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until a strong reduction of the surface tension of the am
gam could be observed. Before immersing the metals
the Hg, the surface oxide layer of the Ca or Ba was remo
in order to enable solving of the metals. The electrical c
tact to the cathode was performed by immersing a pin i
the liquid metal. The active area of thepLEDs was about 24
mm2 in the case of the Ga and about 16 mm2 in the case of
the Hg or amalgam cathodes. We also tried to make
work function liquid contacts by using Ca and Ba in com
nation with Ga, but the solubility of the alkali and alkalin
earth elements in Ga proved to be too low.

Ion scattering techniques were used to investigate
modification of the surface and near surface area of the P
due to the different ways of forming the metal cathode.
study the incorporation of Ga into the PPV surface up
contacting with the liquid metal, low energy ion scatteri
~LEIS! measurements were conducted on the PPV sur
after removal of the Ga droplet. LEIS determines the co
position of the outermost atomic layer, however some in
cation concerning the composition in deeper layers can
be obtained by ion sputtering. The samples were transpo
in a suitcase under nitrogen atmosphere to the LEIS se
which is especially suited to study polymers, see, e.g., R
22 for a description. The Ga concentration at the PPV surf
was quantified by comparison with the LEIS signal from
liquid metal Ga drop.

Concentration depth profiles of Ca in the PPV after th
mal evaporation of the metal on the polymer and after
eration of LEDs with amalgam electrodes were determin
with neutral impact collision ion scattering spectrosco
~NICISS!. Concentration profiles up to a depth of seve
nanometers with a depth resolution of 0.5–1 nm can be
termined. The method and the setup are described in deta
Ref. 23. The applied dose during the measurement was
than 531013 ions/cm2, which ensures that the disorder an
damage induced is negligible. The PPV with deposited
layer were transported in the dark under nitrogen atmosp
to the NICISS setup and have been in contact with air o
for a few minutes during the mounting of the samples in
setup. The samples with an amalgam electrode were tr

FIG. 1. Schematic of application and electrical characterization of liq
metal cathodes forpLEDs. As liquid metals pure Ga, pure Hg, and Ca a
Ba amalgams were used.
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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ported in the dark, but in contact with air to the NICIS
setup.

III. RESULTS

A. Comparison of liquid Ga and evaporated Al
cathodes

In Fig. 2 we show the current density and luminance
a pLED with a liquid Ga cathode as measured under forw
bias. The smoothI–V and light V curves and low leakage
currents at low voltages directly show that good contacts
be made using liquid metals as cathodes. For comparison
measurements on apLED with an evaporated Al cathode ar
also shown in Fig. 2. Despite the almost identical work fun
tions for pure Ga and Al, there is a dramatic difference b
tween the current density and light output of the two devic
The current density for the liquid Ga cathode is roughly
factor of 10 higher than for the evaporated Al cathode. S
ond, whereas for an evaporated Al cathode almost no l
emission occurs up to 10 V, the luminance of the liquid G
pLED becomes significant above 5 V, and at 10 V it is almo
a factor of 100 more than for the evaporated AlpLED.

d

FIG. 2. I–V ~a! and lightV ~b! characteristics ofpLEDs with cathodes of Ga
and Al. Ga was brought into contact as a liquid, while Al was therma
evaporated.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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To investigate in more detail the difference between
devices, theI–V curves were fitted using the model d
scribed by Davids, Campbell, and Smith in Ref. 24. T
model was especially developed to describeI–V characteris-
tics in which one charge carrier is dominant. The model ta
into account charge injection~both tunneling and thermionic
emission!, transport and space charge effects. Image fo
barrier lowering and interfacial recombination are also
cluded. The fits are shown in Fig. 2, and apparently a g
description of theI–V curves is obtained using this mode
We use a dielectric constante53 and assumed that the e
fective mass of both holes and electrons equals the elec
rest mass. The density of conjugated chain segments t
the number of ways that a chain can be occupied,n0 , is set
equal to 1021 cm23.24 The parameters used for fitting ou
device currents were the hole energy barrierFh , built-in
potential Vbi , the hole mobilitym0 and the termg which
accounts for the field dependence of the mobility of the fo
m5m0 exp(gAE), with E the electric field strength. Com
pared toFh the energy barrier for electron injectionFe was
much higher and therefore the model electron current is n
ligible. The remaining parameters describing the elect
current are only important as far as they effect the hole
rameters just mentioned. For Ga we obtainedFh50.460.1
eV, Vbi51.060.1 V, 10logm0529.861 (m0 in m2 /Vs! and
10 logg523.360.3 ~g in @m/V#1/2) and for Al Fh50.4
60.1 eV,Vbi51.260.1 V, 10 logm0521061 (m0 in m2/Vs!
and10 logg523.760.3 ~g in @m/V#1/2). The resulting values
are in reasonable agreement with those available in litera
for similar systems.

In order to study the interface between the liquid G
cathode and the PPV, we removed the Ga droplet and ex
ined with LEIS the PPV surface which was previously
contact with Ga. In case the metal is highly reactive, dir
bonding to the polymer as well as the formation of carbi
or oxidic compounds is possible25 and its residue after bulk
removal should be detected at the surface. In Fig. 3 we s
the LEIS spectra obtained after removal of the Ga drop

FIG. 3. LEIS spectra of clean OC1C10 -PPV~center! and partly covered with
Ga ~periphery!. The inset depicts a LEIS spectrum of Ga, which is partia
covered with oxygen. All spectra are recorded using 3 keV3 He1 ions. The
Ga coverage on the PPV surface is almost negligible after removal of th
droplet. The spectrum marked with periphery was measured close to
periphery of the Ga droplet, where oxidation of the Ga has occurred.
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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and in the inset a Ga reference spectrum is also shown
the center of the contact area the Ga signal could hardly
detected, indicating an extremely small Ga concentration
the PPV surface after contact, which was estimated by c
bration to be less than,0.5 at %. The LEIS spectra als
indicate that very little Ga has diffused into the PPV, sin
this would show up as intensity below the surface peak
ergy in the LEIS spectra. The carbon and oxygen intensi
were identical to that of a clean OC1C10 PPV surface, also
indicating that the PPV surface after contact was not d
rupted. However, at the periphery of the droplet we inde
observed macroscopic remnants by eye, and a large Ga
nal was observed in the LEIS spectrum obtained from t
area. The large signal just below the surface peak energ
Ga ~,2500 eV! indicates that a significant amount of Ga
incorporated into the PPV surface in the peripheral ar
Thus, in the area close to the N2 atmosphere in the glovebox
the Ga has reacted, presumably due to the presence of
gen and/or moisture at the level of 1 ppm. These levels
still high enough to cause considerable oxidation over tim
It should be noted that the light emission mainly originat
from the center of the droplet contact area, and thus the l
emission is not caused by this reacted area.

B. Comparison of liquid amalgam cathodes and
evaporated Ca cathodes

In Fig. 4, I–V and lightV characteristics are shown fo
pLEDs with an evaporated Ca cathode, a pure liquid
cathode, and a liquid Ca amalgam cathode. The charact
tics for the liquid Hg cathode are similar to that of devic
with an evaporated gold cathode,26 where the current is
dominated by holes. The work function of Hg is 4.49 e
which, although lower than for gold, is apparently still hig
enough to prevent the injection of electrons into the PPV, a
as a consequence luminescence is not observed for volt
up to 14 V.

The characteristics of the device with liquid Ca amalga
are very different from those using a pure liquid Hg catho
indicating that the Ca is indeed dissolved into the Hg, a
segregates to the interface~as also observed from the surfac
tension of the liquid drop!. The onset of the current for liquid
Hg is 0.75 V, which increases to 1.35 V for the Ca devic
Also, the slope of theI–V characteristic is much higher fo
the Ca amalgam cathode. Finally, the LEDs with a pure
uid Hg cathode did not emit light at voltages below 14
whereas liquid Ca amalgam devices show a light onset
ready around 2 V. These observations are consistent wi
high work function of the liquid Hg cathode, and a subs
quent lowering of the work function upon segregation of
to the interface.

The onset voltage for current and for light emission
nearly the same for the liquid Ca amalgam and the eva
rated Ca cathode, although closer inspection shows tha
onsets for current and light emission are both 0.25 V low
for the Ca amalgam. Although the lower current-onset vo
age would indicate a slightly higher work function for th
liquid Ca amalgam cathode, the lower onset for light em
sion points in the opposite direction, and the difference c

a
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3303J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Andersson et al.
thus not simply be attributed to a different work function, b
must be related to the interface formation.

The current for the devices with Ca amalgam is ab
50% higher than for those with an evaporated Ca cathod
the same time, the brightness is about 80% increased. T
the slopes of the external efficiency, which are shown in F
5, are also similar but the values for the Ca amalgam de
are higher than that of the evaporated Ca layer. At volta
lower than the light- emission onset voltage the Ca amalg
devices have a reproducible but unusual high current.
high current is found not to depend on if the current is
duced from higher voltages to zero, or if it is increased fro
zero voltage.

In Fig. 6 the characteristics of Ca amalgam and Ba am
gam devices are shown. Clearly, the Ba amalgam device
a much higher current for low voltages, which increases
early with voltage below 4.5 V, see inset in Fig. 6. This line
increase at low voltages is an indication for leakage curre
which may be induced by Ba diffusion into the PPV. F
higher voltages, the increase in current for the Ca amalg
becomes larger, and finally the current for the Ca amalg
devices is higher than for the Ba amalgam.

FIG. 4. I–V ~a! and lightV ~b! characteristics ofpLEDs with evaporated Ca
pure liquid Hg, and liquid Ca amalgam cathodes. The onset for the emis
of light of the LEDs with pure Hg as cathode was at about 14 V.
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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In contrast to the strong difference inI–V characteristics,
the shape of the lightV characteristics of the Ba amalga
device is not very different from the Ca amalgam devic
This shows that the formation of an amalgam and low-wo
function interface formation also works for the Ba.

It is worth noting that the Ba and the Ba amalgam o
dized much faster than the Ca and the Ca amalgam, due

on

FIG. 5. Efficiency ofpLEDs with cathodes of Ca amalgam, Ba amalga
and an evaporated Ca layer.

FIG. 6. Upper panel:I–V and light V characteristics ofpLEDs with cath-
odes from Ca amalgam and Ba amalgam. Lower panel:I–V characteristics
on a linear scale.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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higher reactivity with oxygen and water. During operatio
the Ca amalgam devices showed a decrease of the cu
density some time after performing the contact of the am
gam with the polymer layer. At the same time the area fr
which light was emitted was shrinking due to oxidation
the amalgam in that area. The oxidation of the amalg
would be strongly reduced in a glovebox with a much low
oxygen and moisture level, or a suitable encapsulation.
found that the shrinking of the active area of the Ba amalg
devices was faster than that of the Ca amalgam devices,
sistent with faster oxidation of the Ba from the gloveb
environment.

C. Concentration depth profiles of Ca in PPV

We studied the interface formation for evaporated
layers on PPV by depth profiling with NICISS. In Fig. 7 w
show NICISS spectra and the resulting Ca depth profiles
different amounts of Ca deposited onto the PPV, and also
a pure PPV film. Note that the spectrum with a deposited
thickness of 200 Å is multiplied by 0.5. In the spectrum
pure PPV a small amount of chlorine is visible, which is
impurity of about 0.2 at. % left during the fabrication proce
in the PPV.27 The Ca signal increases with increasing amo
of evaporated metal, as expected. The shape of the Ca fe

FIG. 7. Time of flight NICISS measurements of a pure PPV layer and th
with Ca of different thickness deposited on PPV~a!, and the related concen
tration depth profiles of Ca~b!. The spectrum of the sample with 200 Å C
deposited on PPV is multiplied with a factor of 0.5. Offsets are added to
curves in~a! for clarity.
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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shows that for deposited amounts of up to 30 Å the Ca
located in the outermost region of the PPV. The increase
the oxygen signal in the outermost region with increasing
deposition is attributed to reaction of Ca with air durin
sample mounting in the NICISS setup. For the high
amount of deposited Ca~200 Å!, the Ca signal is a step with
approximately constant height, which indicates that the
formed a closed overlayer for this thickness. The Ca sig
corresponds to a concentration of about 20 at. % which
consistent with the reaction of the Ca with air to CaCO3. In
contrast, the spectra up to 30 Å Ca indicate that a closed
layer has not been formed, as evidenced by the significa
lower Ca signal height compared to the spectrum for 200
In addition, the depth of maximum Ca concentration sh
from about 15 Å for a deposited amount of 5 Å, to 25 Å f
a deposited amount of 30 Å, while at the same time the
width at half maximum of the Ca concentration increases

NICISS spectra of PPV after contact~and operation as
LED! with Ca amalgam are shown in Fig. 8~a! for different
positions with respect to the center of the amalgam con

e

e

FIG. 8. Time of flight NICISS measurements~a! of PPV layer after the
operation in apLED with an amalgam electrode and concentration de
profiles ~b! of Hg and Ca derived from the spectra in~a!. The Hg depth
profile is nearly constant with respect to the depth and the Ca depth pr
shows a pronounced maximum close to the PPV surface at a depth of a
10 to 20 Å. The amalgam was in contact with the polymer in an area wi
radius of approximately 3 mm. The measurements were performed on
with the center in the middle of the area which was in contact with
amalgam. The coincidence of the center of the ring and the middle of
amalgam contact area was about 1 mm. Offsets are added to the curv
~a! for clarity.
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area, and also for a pure PPV sample. The spectra for a
gam contacted PPV show features due to Hg and Ca atom
the sample, which are not present in the untreated PPV fi
In Fig. 8~b! we show the Hg and Ca depth profile as me
sured in the center of the amalgam contact area. The
concentration reaches a maximum at a depth of about 2
which is similar to the case of evaporated Ca. However
this depth the concentration is only about 2 at. %. Since
Ca in this case has also reacted to CaCO3, the Ca coverage
corresponds to 10% of a closed monolayer. The differe
between the concentration depth profiles for both method
contacting the polymer is thus mainly in the amount of me
penetrating into the polymer. The Ca concentration is ab
an order of magnitude lower for the liquid metal contact th
for the thermally deposited electrode. The Hg concentra
in the PPV varies much less with depth, and shows a ne
constant concentration of about 0.1 at. % up to a depth of
Å. A few Hg droplets were observed with an optical micr
scope on the Hg contacted PPV samples, and we attribut
Hg features in the spectra to these droplets.

IV. DISCUSSION

A. Liquid Ga versus evaporated Al cathodes

Comparison in LED performance between liquid Ga a
evaporated Al devices reveals almost two decades of di
ence in luminance intensity and one decade in efficien
both in favor of the liquid Ga cathode. It is generally b
lieved that enhanced efficiencies are obtained by balan
the electron and hole currents, since this will shift the reco
bination zone away from the cathode where quench
might26 occur. The small difference in the work function o
Ga and Al has little influence on the current balance, a
thus cannot explain the huge increase in luminance and
ciency.~Calculations according to the model described ab
in Ref. 24 show that a decreased electron injection bar
even results in a slightly diminished current as a result of
increased built-in potential.!

Since the difference in the LED performance cannot
explained by the different electronic properties~work func-
tions! of the metals, the method of interface formation is t
most likely cause. Not much is known about the interact
between Ga and PPV, but it was shown by photoelect
spectroscopy that Ga exhibits only weak reactivity w
Alq3.28 The LEIS measurements on the PPV surface after
contact show that very little Ga diffuses into the PPV s
face, indicating formation of a sharp, well-defined interfa
In contrast, it was shown by photoelectron spectroscopy
Ga diffuses into the organic material after bei
evaporated.28 For evaporation of Al onto PPV, it is known
that significant diffusion and interaction between the Al a
PPV occurs.29 Our I–V characteristics also point in this d
rection. In case of Ga, the built-in potential calculated as
difference in Fermi level between the positive and nega
electrode amounts to 0.6 eV, which corresponds reason
well to the current onset of 0.860.1 V. In this calculation the
Fermi level of ITO was taken as 4.8 eV30 and vacuum level
alignment between ITO and PPV was assumed. This s
gests that even if the Ga and PPV interact, the interf
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pinning is negligible. In contrast, for Al the calculate
built-in potential and experimentally observed current on
are 0.5 and 1.060.1 V respectively. The discrepancy b
tween these values we attribute to the formation of a poo
conducting interfacial layer near the cathode, which crea
an extra barrier for charge carrier transport, for instance, b
shift of the vacuum level of the PPV with respect to that
the cathode. The assumption of a barrier for the charge tr
port is supported by angle-resolved XPS measurements
thermally evaporated Al at PPV and MEH-PPV surfaces29

where the formation of an Al oxide layer was observed in
initial stages of evaporation. Only upon further depositi
this was followed by formation of metallic Al. The author
proposed that oxygen atoms of the alkoxy side chains ca
the interfacial reaction with Al. Interface pinning cannot e
plain the difference in the observed currents and merely
duces the built-in potential.31 From the angle dependence
the XPS signals, it was concluded that Al fairly diffuses in
the PPV for the first 10 ML.29

Fitting the I–V curves the only parameter that accoun
for a major distinction in current isg, which is 231024

(m/V)1/2 for Al and 531024 (m/V)1/2 for Ga. The value of
the Ga devices resembles the commonly quoted value
intrinsic conduction in OC1C10 PPV,32 whereas that of the Al
devices is significantly smaller. This seems surprising, si
the size ofg normally scales with the amount of disorder, b
it is unlikely that evaporation of an aluminum layer induc
ordering within the polymer layer. In addition, a reducedg
should be accompanied by an increase of the conductivi33

due to a reduction in the distribution of the energy levels
the HOMO. In contrast we find in our devices a reduc
conductivity. In our opinion the reason for this contradictio
is based in a shortcoming of the device model, since it
sumes only one, homogeneous, polymer layer. The inten
of our article is to emphasize that, due to the penetration
the metal into the polymer, an interface layer is forme
which has different properties than the pure polymer its
and strongly influences the device properties. Thus
smallerg may be regarded only as an indication for the
duced conductivity due to the formation of a poorly condu
ing interface layer between the Al and the PPV. An attemp
derive the cause for the reduced conductivity would requ
an extended model including at least an additional laye
the interface, and in addition temperature dependent m
surements. The much lower luminescence of the Al devi
is most likely caused by quenching sites formed during
reaction of the Al with the PPV in the interfacial layer.

B. Ca and Ba amalgam electrodes versus evaporated
Ca cathodes

The LEDs with amalgam and evaporated Ca conta
differ very little in work function of the electrode, since th
work function of a single alkali or alkaline earth layer a
sorbed on other metals is close to that for a thick laye20

Consequently, the observed differences in device chara
istics must be caused by the interface formation. The NIC
measurements showed that Ca diffuses several nm into
PPV layer, when the Ca is deposited by thermal evaporat
For the Ca amalgam contact we found the same depth di
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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bution but the total concentration of Ca in the PPV
strongly reduced. We conclude that higher current, brightn
and efficiency for the Ca amalgam LEDs must be attribu
to the lower Ca concentration into the PPV.

The observation that also for the Ca amalgam conta
there is still diffusion of Ca into the PPV needs some co
sideration, since the diffusion of the metal atoms is not
pected based on the differences in the surface energies.
indicates that the cost in surface energy of the metal is c
pensated by a gain in energy when the Ca penetrates int
polymer. The formation of Ca carbide as described in Ref.
presents a possible reaction mechanism for this. The
thalpy for the formation of calcium carbide is262.7
kJ/mol,34 whereas the Ca–Hg binding energy is 57 kJ/mo35

Thus there is a small gain of energy for the formation
calcium carbide. The much lower Ca concentration for
Ca amalgam cathode thus indicates that there is a signifi
energy barrier to overcome for this reaction hindering the
carbide formation, which is the Ca–Hg binding energy.

Next, we consider the possible influence of Ca diffusi
into the PPV on the LED performance. Ultraviolet phot
electron spectroscopy experiments have shown that
states are formed in the gap between HOMO and LUM
upon Ca penetration into PPV.15,36 These gap states wer
attributed to the interaction of Ca with the PPV. Since g
states are able to act as traps for electrons, they reduc
electron transport in the diffusive layer. Blom and deJon26

have shown that charge transport in PPV based LED
space charge limited and that the density of traps for e
trons is an important parameter. By modeling of the e
ciency of the devices they found that the electrons
trapped in a layer of about 10 nm thickness close to
electron injection contact, i.e., the Ca–PPV interface. T
the reduction of the number Ca atoms interacting with
PPV, as observed for the liquid Ca amalgam cathodes, sh
increase the current, in agreement with our observations

Another explanation for the higher current for the C
amalgam electrodes can be found in the possible oxidatio
the PPV upon reaction of Ca with the polymer. We ha
recently observed the formation of Ca carbide during de
sition of Ca on PPV, which is chemically unstable and able
react with oxygen.25 This reaction causes a loss of th
p-conjugated structure of the polymer backbone, which a
reduces the charge transport in the PPV layer close to
metal–polymer interface. Possible sources of oxygen
oxygen solved in the PPV during the processing of the po
mer, or oxygen present during the evaporation process.
ducing the number of Ca atoms in the PPV is thus expec
to reduce the loss of thep-conjugated structure, which coul
also explain the increase in current. However, since a str
reduction of the charge transport occurs only if the Ca–P
interface is exposed to a high oxygen dose, the creatio
gap states and traps for electrons is probably the most im
tant cause for the reduced current for thermally evapora
Ca.

The brightness for Ca amalgam cathode devices
creased more than the current, compared to LEDs w
evaporated Ca cathodes. A major influence of a differenc
reflectivity between Hg and Ca on the brightness of the
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vices can be excluded, since the reflectivity is even sligh
smaller for Hg than for Ca.37,38The reason for the differenc
in the brightness is in the difference of the number
quenching sites in the devices. It has been shown that
states act as quenching sites, and reduce the brightne
LEDs.15 Thus the reduced number of Ca atoms in the P
for the Ca amalgam cathode should increase the bright
of the devices by decreasing the number of nonradiative
combinations of charge carriers. Since the recombina
zone of the charge carriers is close to the metal–polym
interface, reduction of the number of quenching sites in t
area will increase the brightness significantly.

Finally, we would like to point out that the influence o
Ca diffusion into PPV on LED performance cannot be ov
come by simply exposing the PPV–Ca interface to oxyg
Although this reduces the number of quenching sites
shown by Parket al.15 in photoluminescence experiments,
also causes a loss of thep-conjugated structure. Thus th
oxidation of the quenching sites leads not to an increas
brightness in the electroluminescence of devices, but to
total device failure as we have shown recently.21

V. CONCLUSIONS

We have demonstrated that it is possible to fabric
pLEDs using liquid metals as the electron injection ele
trode. Comparing the depth profiles measured in the n
surface area of the PPV on devices after attaching the liq
metal with those obtained after thermal evaporation of
metal, we found that the diffusion of metal atoms into t
PPV is much less for the liquid metal contacts, as expec
on the basis of surface energy considerations. This give
the opportunity to study the influence of the formation of g
states on the charge transport. Until now, this could not
studied since the there was no fabrication method which
able to suppress the penetration of the metal atom into
PPV without introducing a new layer of a different mater
at the metal-PPV interface.

A comparison of liquid metal cathodes with devices e
ploying evaporated metal cathodes with similar work fun
tions shows that the liquid metal cathodes in general h
better characteristics, as evidenced by increases in cur
brightness and efficiency. This was found both for high wo
function cathodes~liquid Ga versus evaporated Al! as well as
for low work function cathodes~Ca amalgams versus evap
rated Ca cathodes!. We have shown that the interaction of th
metal atoms with the polymer can lead to the formation of
interfacial layer with poor conductivity and quenching site
Therefore, minimizing the diffusion of metal atoms into th
polymer increases current and brightness forpLEDs.

For future research, it should be pointed out that the
of liquid metal electrodes is in general a promising conc
to study in more detail the influence of the metal polym
interaction on the characteristics and electronic propertie
pLEDs. Liquid metal electrodes may be removed after
LED has been operated for some time, which offers the p
sibility of studying the metal-polymer interface using surfa
science techniques.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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9M. Stöbel, G. Wittmann, J. Staudigel, F. Steuber, J. Bla¨ssing, W. Roth, H.
Klausmann, W. Rogler, and J. Simmerer, J. Appl. Phys.87, 4467~2000!.

10T. Osada, P. Barta, N. Johansson, Th. Kugler, P. Bro¨ms, and W. R.
Salaneck, Synth. Met.102, 1103~1999!.
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