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Abstract

We report on high-efficiency polymer light-emitting diodes (PLEDs) based on poly [2-methoxy-5-(3 0,7 0-dimethyloc-

tyloxyl)]-1,4-phenylene vinylene (OC1C10) with LiF-modified cathodes. Devices with different cathodes are made and

characterized by the electroabsorption technique to measure their built-in voltage. Devices with a LiF/Al bilayer cath-

ode or a LiF:Al composite cathode, all show significantly improved performance as compared to those with bare Al

cathodes. The improvement is correlated with enhanced electron injection due to a decrease of the electron injection

barrier, which is also indicated by the electroabsorption measurements. The same effect is also observed with

LiF(0.6 nm)/Mg cathodes. However, inserting the same LiF thin film between Ag and OC1C10 does not improve

the device performance. Cathodes composed of ultra-thin films of LiF(0.6 nm)/Al(1 nm) or LiF:Al(2 nm) covered by

Ag (100 nm) show the same performance as LiF(0.6 nm)/Al bilayer cathode or a LiF:Al composite cathode, indicating

that the enhancement is specific to LiF and Al. Our experiments can be explained by assuming that Li-ions can disso-

ciate from LiF and diffuse into the OC1C10 layer, leading to an n-type zone close to the polymer/cathode interface. This

n-doped layer at the interface facilitates electron injection at the cathode/polymer interface and eventually leads to the

formation of an Ohmic contact.
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1. Introduction

The nature of the interface between active light-

emitting polymers and metal electrodes is of para-

mount importance for the efficiency and lifetime of
polymer light emitting diodes (PLEDs) [1,2]. The

polymer/metal interface is often treated in a rigid

band structure model in which the charge injection

efficiency is determined by the barrier height. In

devices where the anodic barrier is low, a major

improvement in device efficiency and lifetime is ex-

pected by reducing the cathodic barrier. Therefore

low work function metals such as calcium are com-
monly used as cathodes. However, calcium�s reac-
tivity creates reliability problems for handling

during both fabrication and encapsulation. It has

been shown that the use of an air-stable bilayer

LiF/Al cathode can increase the electron injecting

in the devices based on organic molecular semicon-

ductors, such as Alq3 [3,4], or polymeric semicon-

ductors such as a polyarylene derivative [5],
polyfluorenes (PFO) [6,7], and poly [2-methoxy-

5-(2-ethylhexoxy)-1,4-phenylenevinylene] (MEH-

PPV) [8,9]. Different mechanisms have been

proposed in the literature to explain the role of

LiF for the improvement on electron injection.

They include tunnelling [3], decrease of the surface

potential due to polarization of LiF under the Al

surface [9], disproportionation and dissociation
of LiF [8], and protection of the polymer from

damage during Al deposition [10]. However, the

dominant mechanism for the improved electron

injection in polymer LEDs in the presence of LiF

remains a subject of debate.

In this paper, we carry out a set of systematic

experiments to study the role of LiF in such LiF-

modified cathodes for PLEDs. Devices with differ-
ent cathodes are tested and electroabsorption

measurements are done to characterize thebuilt-

in voltage inside these devices. Poly [2-methoxy-

5-(30,70-dimethyloctyloxyl)]-1,4-phenylene vinylene

(OC1C10 in short) [11], an archetype light-emit-

ting polymer, is used as the active material in the

devices. We first examine the effect of inserting

LiF thin film between OC1C10 and different met-
als, such as Al, Mg and Ag. We then investigated

the dependence of device efficiency on LiF thick-

ness in the LiF/Al cathodes. Furthermore, we
compare LiF/Al and LiF:Al composite, both

covered by thick Al layers, with LiF/Al/Ag and

LiF:Al/Ag electrodes, both with ultrathin LiF/Al

bilayer or LiF:Al composite films, in terms

of PLED efficiency and built-in voltage. Our re-
sults lead to formulate a mechanism, which ex-

plains the observed role of LiF.

Besides current voltage plots and luminescence

efficiency also the electroabsorption [11–13] was

determined. This technique is based on the in-

crease or decrease of the absorbance of a sample

in the presence of an electric field. In electroab-

sorption experiments this electric field has a static
and a dynamic component (EDC and EAC).

DAðxÞ / v2ðx; 0ÞðEDC þ EACÞ
þ v3ðx; 0; 0ÞðEDC þ EACÞ2: ð1Þ

For a centrosymmetric sample the v2 term may be

neglected compared to the v3 term [14,15]. This

leads to an electroabsorption signal DA propor-

tional to the square of the total applied field.

DAðxÞ / v3ðx; 0; 0ÞðEDC þ EACÞ2

¼ v3ðx; 0; 0ÞðE2
DC þ 2EDCEAC þ E2

ACÞ: ð2Þ

The component of DA which varies with the same

frequency as the applied AC field v3(x, 0, 0)-
EDEAC will disappear in the absence of the DC

field. In the presence of an internal electric field

in the sample (due to space charges or Schottky

barriers) an external bias voltage opposite and
equal to the built-in potential, has to be applied

to arrive at a (DC) field free sample bulk. In this

way the built-in potential difference over the sam-

ple can be determined.
2. Experiments

The details of substrate preparation are de-

scribed in [16]. All devices had a 25-nm layer

of poly-(3,4)-ethylenedioxythiophene-polystyrene-

sulfonate (PEDOT-PSS) film as a hole-injection

layer. OC1C10 material was synthesized by Gilch

route, and used as received [17]. OC1C10 was dis-

solved in chlorobenzene and spin coated on the

PEDOT-PSS layer to form a 110 ± 10 nm film at
room temperature. Top metal contacts were
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Fig. 1. I–V and luminance–voltage characteristics of device (I)

and device (II).
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consecutively thermally evaporated in a UHV

set-up with deposition rates of 0.1 Å/s for LiF

and 1.5–3.5 Å/s for metals at a base pressure of

5 · 10�9 Torr. LiF and Al composite electrodes

were realized by a co-deposition from separate
sources. The LiF content in such composite is

�3 wt%. We term the electrodes composed of

LiF/Al bilayer as ‘‘LiF/Al’’ where the LiF thick-

ness is 0.6 nm unless it is otherwise specified. The

electrodes composed of LiF and Al composite is

termed as ‘‘LiF:Al’’. Except for spin casting of

PEDOT-PSS, fabrication and characterization of

the devices were done in a nitrogen box.
Current–luminance–voltage characteristics were

measured using a HP 4145B parameter analyzer

coupled to a calibrated photodiode (Newport

8320). The efficiency and luminance of the devices

were measured by a calibrated silicon photodetec-

tor placed close to the bottom of the substrate. The

luminance (cd/m2) of PLEDs was converted from

the radiant power by assuming an angular distri-
bution of Lambertian emission. It is worth noting

that the efficiencies reported here are measured

for the light emitted in the viewing hemisphere

only. Therefore, the light output measured

with an integrating sphere could be larger than

the value reported in the present work [18,19].

Thus, all the quantum efficiencies reported here

represent the lower limits on the ‘‘true’’ gext and
a fortiori on the internal quantum efficiency (gint).
As all devices had a similar construction differ-

ences in the measured device performance will re-

flect changes in the internal quantum efficiency

(gint).
For the electroabsorption experiments, excita-

tion occurred at 590 nm (2.1 eV) which was

slightly to the red of the zero–zero transition of
the lowest absorption band. Taking into account

the existing electron phonon coupling this energy

corresponds to the bandgap energy of OC1C10.

The experiments were performed by applying a

2 V (peak to peak) oscillating voltage with a fre-

quency of 720 Hz to the sample, generated by

HP116A function generator. The component of

DA (Change of the Absorption) which varies peri-
odically with the applied oscillating voltage was

isolated using a lock in amplifier. The experiments

were executed at 77 K to obtain a better signal to
noise ratio related (besides other effects) to the nar-

rowing of the absorption bands at 77 K [20].
3. Results and discussions

Fig. 1 compares the current–voltage (I–V) and

luminance–voltage (B–V) characteristics of two

typical devices. Device (I) has a bare Al cathode

(50 nm) and device (II) has a LiF(0.6 nm)/

Al(50 nm) bilayer cathode. While the current den-

sity of device (II) corresponds to that obtained in

the literature for similar devices [11,21] or devices
with a low molecular active layer [22] the current

density observed for device (I) is about an order

of magnitude lower. Furthermore device (II)

shows a luminance which is several orders of mag-

nitude larger than that observed for device (I).

Taking into account that PPV is essentially a hole

transporting material, especially when using an

aluminum cathode, this would indicate improved
electron injection in device (II). Luminance of

100, 1000 and 10000 Cd/m2 can be achieved in de-

vice (II) at 3.2 V, 4.9 V and 8.2 V, respectively. The

external forward EL quantum yield (gel, photons
emitted into the viewing hemisphere per charge

flow) of device (II) was 2.0 ± 0.2%, at an applied

bias of �10 V which is 10 times higher than gel
of device (I) (0.22 ± 0.02%) at an applied bias of
�10 V. The performance of device (II) is compara-

ble to the performance of OC1C10-based devices
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with calcium cathodes reported in the literature

[17,21,24–26].

In order to get further insight into the improved

performance of the above PLEDs with LiF–Al

based cathodes, we have measured the built-in
potential (Vbi) of the devices by electroabsorption

(EA). EA is a non-destructive and direct technique

to measure the Vbi across the polymer layer and

any shift in the cathodic barrier height upon

changing contact material [5,11–13,23]. Fig 2

shows the electroabsorption spectrum and the

absorption spectrum of a device (I). The absorp-

tion spectrum resembles that observed by Liess
[15] and Campbell [12], however it rises faster at

low energy than the spectrum observed by Yoon

[13] The first maximum and zero transition of

the electroabsorption spectra are at similar energy

(±0.05 eV) as observed by other authors

[12,13,15,23]. In contrast to the spectrum obtained

by Campbell [12] the low energy positive wing is

much more intense than the high energy negative
wing. Such asymmetric features were also observed

by other authors [13,15,23]. While the maximum

and minimum are close to those of the second

derivative of the absorption spectrum, they are sit-

uated at lower energy than the same features of the

first derivative spectrum. On the other hand, in

agreement with the first derivative spectrum the

negative wing is much smaller than the positive
wing.
Fig. 2. Absorption and relative electroabsorption of an OLED

at a bias of �3 V at 77 K.
Fig. 3 shows the dependence of the electro-

absorption at 2.1 eV as a function of the applied

bias voltage Vbi. A LiF:Al or LiF/Al cathode re-

sults in an increase of Vbi of approximately 0.5 V

as compared to an Al cathode. An increased Vbi

indicates a significant decrease of the potential

barrier for electron injection at the polymer/cath-

ode interface and hence an improved electron

injection. As holes are majority carriers in devices

with Al cathodes, an improved electron injection

will lead to a more balanced density of electrons

and holes and hence an improved gel [21]. As ex-

pected following this line of thought replacing Al
by Ag leads simultaneously to a decrease of Vbi

and a decrease of gext (Table 2). We conclude that

the improved electron injection resulting from a

decrease of the effective work function of the cath-

ode lays at the origin of the improved performance

of PLEDs with LiF/Al cathodes [5,9]. Relating the

Vbi and the dependence of Vbi upon the device

configuration to the injection barrier and changes
of the injection barrier is based on the assumption

that the bulk of the PPV layer is free of space

charge as is assumed also by several authors

[5,12,13,27]. Strictly spoken such approach, which

is also advocated for single crystals of organic
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molecules with orbital energies close to those of

PPV [28], requires that the Fermi-level of the or-

ganic material is 0.8 V above or below that of

the anode and the cathode [29,30]. Such will be

the case for undoped PPV where the Fermi-level
will be midway between the HOMO and the

LUMO. In this case the electric field over the bulk

of the semiconductor, where the largest part of the

electroabsorption occurs will be the same every-

where. Even if the Fermi-level of PPV is lowered

to 5.2 eV [5,12,27,31,32] a solution of the

Poisson–Boltzmann problem [29,30] shows that

unless a large concentration of dopants is assumed
[32] this will only lead to deviations from a con-

stant field close to the anode. Hence it will only

lead to minor changes of the overall electroabsorp-

tion signal. It should be reported that sometimes

[13] the dependence of Vbi upon the electrode can-

not be explained in the framework of a nearly

charge free polymer bulk. In this case there must

be significant doping of the polymer [32].
We then examined the dependence of device

efficiency upon the thickness of the LiF layer in

LiF/Al cathodes. The results of the average values

of maximum efficiency (gel) and built-in voltage

Vbi of devices with the different LiF thicknesses

are shown in Table 1. The efficiency is almost inde-

pendent of LiF thickness from 0.6 nm (gel = 2.0 ±

0.2%) up to 4 nm (gel = 1.8 ± 0.2%). However, gel
starts to drop from 4 nm to 8 nm (gel = 0.60 ±

0.06%). We wish to emphasize that the change of

gel is in clear correspondence with the change of

Vbi. The efficiency-LiF thickness relationship re-

ported in this work is similar to reports on

MEH-PPV based device with LiF/Al cathodes
Table 1

Average values of maximum efficiency (gel) and built-in voltage

of devices based on LiF/Al cathodes with the different LiF

thicknesses

LiF thickness (nm) gel Vbi (V)

0 0.22 ± 0.02% 1.35 ± 0.050

0.6 2.0 ± 0.2% 1.85 ± 0.070

1.0 2.0 ± 0.2% 1.86 ± 0.10

2.0 1.9 ± 0.2% 1.80 ± 0.070

4.0 1.8 ± 0.2% 1.75 ± 0.070

6.0 1.5 ± 0.1% 1.69 ± 0.10

8.0 0.60 ± 0.06% 1.50 ± 0.10
[8,9]. It differs with reports from Brown et al. [5],

where PFO is used as the active polymer or from

Jabbour et al., where the current, luminance and

quantum yield increased with increasing thickness

of the LiF layer deposited on an electron transport
layer [22]. We attribute this difference to different

types of emissive materials used in their devices

and different preparations of the PLEDs.

In a further set of experiments, we varied the

metal in LiF/metal cathodes to verify to what ex-

tent the covering metal plays a role. We choose

Mg, a more chemically active metal than Al, and

Ag, an inert metal for comparison. Devices with
bare Mg and Ag as cathodes have gel of 0.63%,

0.060% respectively. The gel of the device with

LiF(0.6 nm)/Mg and LiF(0.6 nm)/Ag cathodes

are 1.7% and 0.00070%, respectively. We conclude

that apparently, the chemical reactivity or work

function of the covering metals does play a role.

The smaller relative increase of efficiency upon

inserting a LiF layer below a Mg electrode com-
pared to the insertion below an Al electrode corre-

sponds to results obtained for other PLEDs [27]

and low molecular weight OLEDs [22].

The question arises whether Al plays an active

role in LiF/Al cathode. To elucidate this point,

we have fabricated devices with other fluoride

cathode configurations. Namely, (1) cathodes con-

sisting of a 2 nm thick layer of co-deposited LiF
and Al composite layer, topped by another

50 nm of Al as protecting layer, and (2) cathodes

composed of ultra-thin films of LiF(0.6 nm)/

Al(1 nm) or LiF:Al (2 nm) covered by 100 nm

Ag. The average values of maximum efficiency

(gel) and built-in voltage Vbi of devices with the

above cathodes, as well as Ag and LiF/Ag
Table 2

Average values of maximum efficiency (gel) and built-in voltage

Vbi of devices with the different cathodes

Cathodes gel Vbi (V)

Al 0.22 ± 0.02% 1.35 ± 0.05

LiF(0.6 nm)/Al 2.0 ± 0.2% 1.85 ± 0.07

LiF:Al(50 nm)/Al 1.8 ± 0.2% 1.82 ± 0.07

Ag 0.060 ± 0.06% 0.75 ± 0.10

LiF(0.6 nm)/Ag 0.00070 ± 0.0001% 0.78 ± 0.10

LiF(0.6 nm)/Al(1 nm) Ag 1.9 ± 0.2% 1.80 ± 0.07

LiF:Al (2 nm)/Ag 1.8 ± 0.2% 1.82 ± 0.07



Fig. 4. Proposed energy-level diagram of the organic film without (a, b) and with LiF-incorporation (c, d). The positions of the highest

occupied (labeled as VB), the lowest unoccupied orbital (labeled as CB) and the Fermi levels of the electrodes are shown respectively.

While (a) and (c) correspond to equilibrium (no applied bias), (b) and (d) correspond to an applied bias of �3.3 V. The mismatch

between the aluminum Fermi-level and the conduction band is 1.3 eV, while the energy difference between the cathode and the anode

(PEDOT) is 1.0 eV. The band gap amounts to 2.4 eV.
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cathodes are summarized in Table 2. All these LiF-

modified devices show, in agreement to earlier re-

sults [9] comparable efficiency to device (II), which

is also in correspondence with the almost identical

values of the measured built-in voltage. It is inter-
esting to notice that the value of gel of the device

with LiF(0.6 nm)/Ag cathode drops to two orders

of magnitude less than that of device with a bare

Ag cathode, while the Vbi remains almost the same

in these two devices. This indicates that LiF re-

mains as an insulator in the interface between the

polymer and Ag and hinders the electron injection

while not changing the band structure of the inter-
face. By inserting ultra-thin films of LiF:Al or LiF

between the Al-electrode and the polymer film this

decrease of the current is not observed, either be-
cause LiF no longer behaves as an insulator or be-

cause the decreased electron transmission is

overruled by other phenomena. This was also sug-

gested by XPS spectra of Alq3 covered by LiF and

an Al layer with increasing thickness [4].
In order to discuss the role of LiF one has first

to consider the details of profile of the energy lev-

els and the charge injection process. In the absence

of LiF and an externally applied field the profile of

the energy levels taking into account the electro-

static potential is given in Fig. 4(a) and with more

details for the interface where the electron injec-

tion occurs in Fig. 5(a). The energy levels calcu-
lated by solving the Poisson–Boltzmann equation

in the absence of an externally applied field, take

into account both the image potential [36] and



Fig. 5. Proposed energy-level diagram of the lowest unoccupied orbital in the organic film in the cathode region without (a) and with

LiF-incorporation (b). ––, and - - - - correspond to no bias, a bias of �3.3 V and a bias of �10.9 V of the aluminum electrode. The

mismatch between the aluminium Fermi-level and the conduction band of the solid is 1.3 eV.

Y.D. Jin et al. / Organic Electronics 5 (2004) 271–281 277
the space charges due to injected charge carriers

[29,30,33–36] assuming a valence and conduction

band at �5.4 V [12] and �3.0 V [12], and a Fermi

energy for PEDOT and Al at respectively �5.3 [37]

and �4.3 eV [12]. Under those conditions where

no net current flow occurs, the electric field is

mainly over the bulk of the sample. This situation
corresponds to a difference of the electrostatic

potential of 1.0 V, which is close to the opposite

of the bias applied to the aluminum electrode

(�1.35 V) necessary to eliminate the electroab-

sorption. When a net potential of �3.3 V is ap-

plied at the aluminum electrode (corresponding

to a field of 2.4 · 105 V cm�1 in the bulk of the

sample) the energy levels are in a first approxima-
tion (a superposition of the applied potential on

the built-in potential) given by the energy dia-

gramma in Figs. 4(b) and 5(a). As the barrier for

electron injection at the level of Fermi-potential

of aluminum is still more than 50 nm wide, injec-

tion is still largely a temperature assisted hopping

process [33–40]. Under those conditions electron

injection can be considered as a primary injection
step followed by an escape over the image charge

barrier in competition with recombination with

empty energy levels above the Fermi-level of the

metal [39]. Increasing the applied potential at the

aluminum electrode to �10.9 V increases the field

in the bulk of the sample to 9.4 · 105 V cm�1 and

reduces the width of the energy barrier to about

10 nm. Under those conditions. the image charge
barrier experienced by the injected charge carriers
becomes so low and thin that all injected charges

will escape and contribute to the current [39], how-

ever the primary injection step remains a thermally

assisted process.

In this framework one could describe the

dependence of the electron current on the barrier

DU between the energy of the LUMO and the
Fermi-energy of the aluminum electrode in a very

crude way by exp(�DU/kT). In this case the elec-

tron current should increase by a factor of

3 · 108 when the LiF layer is applied, as this bar-

rier is reduced by 0.5 eV. This is clearly not ob-

served. In the absence of LiF the electron current

is at least 0.2% of the hole current at the applied

bias voltage where gext is maximal, as gext amounts
under those conditions to 0.2%. With LiF the total

current has increased one order of magnitude,

hence the electron current is now ten times the hole

current (assuming an LiF layer at the cathode does

not influence the hole current). Hence the whole

current has increased at maximum by a factor

5000 (and probably much less). This is no surprise

as the naı̈ve dependence of the hole current on the
Schottky barrier does clearly not correspond to

reality at the complex interface between an organic

charge transport material and a metal [36,39]. We

should also remark that the increase of gext is even
more modest than that of the electron current. gext
depends upon more factors than just the balance

between the electron and the hole current, further-

more as soon as this balance is reached any further
increase of the electron current will decrease rather
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than increase gext (although it can still increase the

luminance).

In this framework we will now proceed with a

critical review of the mechanisms that have been

proposed to explain the role of LiF in the cathode
of PLEDs, and relate them to our set of experi-

ments on the role of LiF on the injection recombi-

nation and escape processes.

Tunneling through an insulating LiF layer over

which a voltage drop is created has been proposed

earlier as the mechanism for the injection enhance-

ment [3]. Such insulating layer will at the same

time reduce the back flow current [38–43] and in-
crease the escape rate of the injected electron over

the image charge barrier by increasing the distance

between the starting position of the thermally as-

sisted electron hopping and the electrode. The lat-

ter effect was observed upon covering anthracene

crystals with insulating Langmuir Blodgett films

[43]. On the other hand for electric fields up to

�106 V cm�1 the initial electron injection will be-
come more endergonic and require tunneling over

a larger distance in the presence of LiF barrier.

Hence, such a theory predicts a strong dependence

on the thickness of the LiF layer, which is contra-

dicted by the result of Table 1. Furthermore this

model cannot explain the change of the built-in

field observed by electroabsorption (Table 1) or

why an LiF layer causes no change in gext for an
Ag cathode (Table 2). The most effective argument

against this model is however that a ‘‘mixed’’

LiF:Al electrode yields the same results as a two

layer system LiF/Al.

Other authors [9,41,44] propose that polariza-

tion of the LiF layer occurs at the interface under

the influence of metal, which leads to a reduction

of the effective work function. A different adsorp-
tion behaviour of LiF on aluminium and silver

could explain why the LiF layer has a different ef-

fect upon both electrodes. Although such model

can also explain the change of the built-in field ob-

served by electroabsorption, it is not clear why or

how LiF molecules could align to produce a bulk

dipole moment as in case of self-assembling layers

[45,46] unless they adsorb preferentially by the flu-
oride ion. Furthermore, in our experiment with

composite cathodes, the LiF content is very

small and it is hard to believe that LiF will form
a separate layer that can be polarized. Moreover,

such polarization effect would reach its maximum

with a monolayer coverage, and drop rapidly with

increasing layer thickness, which also contradicts

our results as well as those of other authors [8,9].
Greczynski et al. [10] proposed that the main

role of the LiF interfacial layer is to protect the

polymer from damage during Al deposition. This

theory, again, is compromised by our experiments

with LiF:Al composite cathodes, as during the

evaporation of the composite cathode the polymer

remains in direct contact with the Al vapor and is

not be protected by the LiF. Such model can
again not explain the influence of LiF on the

electroabsorption.

As an alternative method one could consider

the formation of mixed Li–Al alloy which will be

characterized by a lower work function [47–49].

Here we should remark that it was observed that

deposition of a monolayer of alkali atoms on

noble metals reduced the work function signifi-
cantly even for a coverage below 10% of a mono-

layer [50,51]. Further increasing the coverage only

introduced very small changes of the electrode

work function. Such model can explain the ob-

served effects of a LiF layer and of changes of

the thickness of the LiF layer (Table 1) on the

injection efficiency and the build-in bias. It further-

more explains why the same effects can also be ob-
served with a LiF:Al alloy and why no effect is

observed with an Ag electrode (Table 2). However

to the extent this formation of an alloy requires the

occurrence of the reaction Al + 3LiF ! AlF3 + 3

Li, it is problematic from a thermodynamic point

of view [52]. Although the reduction of LiF by

Al is thermodynamically highly unfavorable in a

bulk phase, the presence of less stable LiF-clusters
at the surface as well as the possibility to reduce

the polymer close to the interface could change

this thermodynamical aspect [4,52]. It is

however questionable if the latter aspects

would be sufficient to permit the reaction

Al + 3LiF ! AlF3 + 3Li.

Another approach resides in the diffusion of

Li+-ions, obtained by dissociation of LiF into the
polymer. Those ions will build a space charge. In

the next example we will try to evaluate what

charge density and thickness of the space charge
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layer built by those Li+-ions is necessary to explain

the experimental results. For e.g. a 5 nm space

charge layer with a density (q) of 6 · 1018 cm�3

we would get the potential profile of Fig. 4(c) in

the absence of an applied field. Comparing Fig.
4(a) and (c) shows that this space charge layer in-

creases the built-in field over the bulk of the

110 nm polymer layer, which requires a larger neg-

ative bias on the aluminum electrode to get field

free conditions in the bulk of the polymer layer.

This corresponds to our experimental observa-

tions. As we have no direct information on the

concentration profile of the Li+-ions we must real-
ize that a thinner space charge layer with a higher

Li+-ion concentration (or thicker space charge

with a lower Li+-ion concentration) will lead to

an identical change of the built-in bias. Actually

if we assume a rectangular space charge with thick-

ness d, all combinations of d and q yielding the

same value for d2q/2 will yield the same change

in Vbi. The only limits are that when d gets too
small the space charge density q and the total

space charge qd gets too large. On the other hand

if q gets too small, d gets very large and the injec-

tion barrier will remain too broad. Superimposing

(for the case of Fig. 4(c)) an applied field of

2.4 · 105 V cm�1, due an external bias, on the

internal field yields the energy levels depicted in

Figs. 4(d) and 5(b). Fig. 5(b) shows that the field
of the space charge nearly levels the energy barrier

due to the image charge. Furthermore for an elec-

tron in an energy level 0.9 eV above the

Fermi-level the energy the barrier is less than

2 nm wide and 0.2 eV high allowing for an efficient

combination of thermal assisted hopping and tun-

neling. At 9.4 · 105 V cm�1 the energy barrier has

a width of less than 10 nm at the Fermi-level of
aluminum and a height below 1.0 eV. This will al-

low for an efficient combination of thermal excita-

tion to empty levels above the Fermi level and

tunneling through the residual barrier. Hence the

space charge of Li+-ions will lead to much higher

injection rate at the Al electrode. The space charge

layer of 5 nm with 6 · 1018 Li+-ions cm�3 corre-

sponds to 3 · 1012 ions cm�2, which is less than
0.5% of a monolayer. As only a tiny fraction of

the deposited LiF (as separate layer or mixed with

Al) is necessary to build this space charge layer it is
no surprise that the way the LiF is added (mixed

with Al or as a separate layer) or the thickness

of the LiF layer have only a marginal influence

on the properties of the device. Due the potential

difference over this space charge layer the mini-
mum of the LUMO energy (Figs. 4(c) and 5(b))

will get closer to the Fermi-level of the aluminum

electrode. This will at equilibrium lead to a higher

concentration of injected electrons in molecules

close to the bottom of the potential well formed

by combination of the intrinsic bias, the image

charge and the space charge. Hence considering

the charge carriers, the Li-ions lead to a (modest)
n-doping of the organic layer close to the Al-elec-

trode. From a purely formal point of view the

interface resembles that between an organic layer

with a thin modestly n-doped layer close to the

surface and a metal electrode.

The n-doping of the organic layer close to the

cathode we also find back in the model proposed

by Mason et al. [4] and Piromreun et al. [8]. Based
on the similarity of XPS spectra of Alq3/LiF/Al

and Alq3/Li/Al multilayers they suggest that elec-

trons are injected into Alq3 upon deposition of Al

on LiF leading to the formation of Alq3-radical an-

ion. Whether this process requires the intermediate

formation of Li-atoms is highly uncertain. An argu-

ment in favor of diffusion of Li atoms resides in the

fact that co-evaporating of Alq3 and Li followed by
deposition of an Al-electrode leads to similar re-

sults as consecutive deposition of a LiF layer and

an Al-electrode on an Alq3 layer [53,54]. However,

as long as the conduction band of the organic layer

is above that of the electrode, Alq�
3 anions formed

by Li-atoms possibly diffusing in the organic will

rapidly yield their electrons to the electrode until

the electric potential difference over the space
charge layer created by the remaining Li+-ions

matches the energy difference between the Fermi

level of the electrode and the LUMO of Alq3.

Whether the formation of Li atoms and their

diffusion into the OC1C10 layer is followed by dis-

sociation and equilibration of the electrons be-

tween the Al-electrode and the polymer or

whether the diffusion of Li+-ions and the forma-
tion of a space charge is followed by a redistribu-

tion of the electrons in this potential profile, an

identical ion-and potential profile will be obtained.
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The equilibration of the electrons between

OC1C10 and the bulk electrode explains also

why, as observed by us and other authors [53],

the effect of the LiF layer depends on the nature

of the underlying electrode (Al versus Ag). Com-
pared to models involving the formation and diffu-

sion of Li-atoms the diffusion of Li+-ions does

however not requite the thermodynamically unli-

kely reduction of Li+-ions by aluminium.

Recent reports of secondary ion mass spectros-

copy (SIMS) depth profile analysis reveals that

the evaporation of Al on LiF leads to a spatial sep-

aration of Li and F induced by a chemical reaction
of Al with LiF, where Li diffuses into the underlying

organic layer while F is located mainly near the Al

cathode [52]. The model proposed here, is not in

contradiction with the SIMS experiments of Van

Gennip et al. [55]. As only dissociation of a minor

part of a monolayer of LiF is necessary there will

still be an intense SIMS signal of LiF while only a

very limited amount (if any) of AlF3 will be formed.
4. Conclusions

We demonstrated that LiF/Al bilayers and

LiF:Al composite layers facilitate efficient electron

injection in PLEDs. The built-in potential in de-

vices with these cathodes was found to be in-
creased by 0.5 V as compared with Al. Our

findings backs up the evidence for the hypothesis

that evaporation of Al onto LiF produces a space

charge close to the cathode/polymer interface due

to doping with Li+-ions. This space charge leads

to modest n-doping, and a shift of the built-in

potential in the same direction as indicated by

the electro-adsorption experiments and decreases
(height and width) barrier for electron injection.

While compatible with the analytical and (opto)-

electrical data on OLEDS or model systems

incorporating LiF the present approach does not

involve the thermodynamical unfavorable reduc-

tion of LiF by aluminum.
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