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Electronic structure of tris „8-hydroxyquinoline … aluminum thin films
in the pristine and reduced states

N. Johansson, T. Osada,a) S. Stafström, and W. R. Salaneck
Department of Physics (IFM), Linko¨ping University, S-581 83 Linko¨ping, Sweden

V. Parente, D. A. dos Santos, X. Crispin, and J. L. Brédas
Service de Chimie des Mate´riaux Nouveaux, Centre de Recherche en Electronique et Photonique
Moléculaires, Universite´ de Mons-Hainaut, Place du Parc 20, B-7000 Mons, Belgium

~Received 16 March 1999; accepted 28 April 1999!

The electronic structure of tris~8-hydroxyquinoline! aluminum (Alq3) has been studied in the
pristine molecular solid state as well as upon interaction~doping! with potassium and lithium. We
discuss the results of a joint theoretical and experimental investigation, based on a combination of
x-ray and ultraviolet photoelectron spectroscopies with quantum-chemical calculations at the
density functional theory level. Upon doping, each electron transferred from an alkali metal atom is
stored on one of the three ligands of the Alq3 molecule, resulting in a new spectral feature~peak!
in the valence band that evolves uniformly when going from a doping level of one to three metal
atoms per Alq3 molecule. © 1999 American Institute of Physics.@S0021-9606~99!50628-4#

I. INTRODUCTION

Since the first reports of efficient electroluminescence
from an organic thin film device using the metal chelate
tris~8-hydroxyquinoline! aluminum (Alq3) as the emissive
layer material,1 research and development on organic light
emitting diodes~OLED! have led to the point that products
are entering the market place. The chemical structure of the
Alq3 molecule is given in Fig. 1. Thin films of Alq3 are
among the most efficient electroluminescent molecular films
known to date, exhibiting excellent chemical stability and
high luminescence efficiencies.2–5 In addition, thin films of
Alq3 have been studied as electron transport layers~or hole
blocking layers!, in order to improve the performance of
multilayer devices where the light emitting material is a con-
jugated polymer.2,6

Previously, we have applied a combined experimental
and theoretical approach to studies of the interaction of so-
dium, potassium, or rubidium atoms with ultraclean surfaces
of thin films of polyparaphenylenevinylene~denoted PPV!,
substituted PPV’s, related model molecular solid systems, as
well as polythiophene derivatives.7–12 In most cases, it was
found that the alkali metal atoms donate electrons to the
p-electron system leading eventually to the formation of
self-localized states such as polarons or bipolarons. In the
case of the interaction of rubidium atoms with PPV, the tran-
sition from polaron states to bipolaron states was observed.13

The formation of polarons results in the generation of two
new energy levels within the original forbidden energy gap;
however, only the upper polaron level is clearly resolved
from the remainder of the valence band in the experimental
data. The generation of bipolarons, on the other hand, results
in the appearance of two resolvable in-gap peaks.

In this contribution, we present the results of a joint

experimental and theoretical study of the interaction of
lithium or potassium atoms with Alq3 molecules in molecu-
lar thin films. Our goal is to contribute to the general under-
standing of the nature of the interaction of metal atoms with
organic materials, as well as to clarify the nature of the nega-
tive charge storage states in the Alq3 molecule. The experi-
mental part consists of a combination of ultraviolet and x-ray
photoelectron spectroscopies, UPS and XPS. UPS is used to
study the valence electron energy distribution and changes
therein induced by charge transfer doping, while XPS is used
to address sample surface cleanliness and the degree of
charge transfer. The changes in both the density-of-valence-
states~DOVS!, and the magnitude of charge transfer can be
analyzed with help from the results of quantum-chemical
calculations.14 Here, calculations were performed at the den-
sity functional theory~DFT! level,15 in which estimates of
electron correlation effects are explicitly included. The DFT
approach has been successfully used in earlier descriptions of
the interactions of metal atoms with conjugated
molecules.16–20

II. EXPERIMENT

Thin films of Alq3 were prepared by thermal evaporation
from a Knudsen cell onto optically flat Si~110! substrates.
XPS and UPS were carried out in Linko¨ping in an instrument
of our own design and construction, with a base pressure of
10210mbar. Unfiltered Mg(Ka1a2) radiation ~1253.6 eV!
was used for XPS, while ultraviolet HeI ~21.2 eV photon
energy! radiation was obtained from a differentially pumped
helium resonance lamp. The resolution of the electron energy
analyzer was set to 0.2 eV for XPS, such that the full-width
at half-maximum for the Au 4f 7/2 line is 0.9 eV. For UPS,
the analyzer resolution was set to 0.1 eV. Energy calibration
was performed on gold, with the Au 4f 7/2 line at 83.8 eV
below the Fermi level in XPS, and using the Fermi level of
Au at 0 eV in UPS. The work function of the samples, both

a!Permanent address: Sumitomo Chemical Co. Ltd., Tsukuba Research
Laboratory, Kitahara 6, Tsukuba 300-32, Japan.
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in the pristine state and following the deposition of metal
atoms, was estimated from the cut-off of the secondary elec-
tron distribution in the UPS spectra.21

Lithium or potassium atoms were depositedin situ from
SAES® getter sources. The deposition rate was controlled,
through precalibrated steps, to essentially monolayer equiva-
lent doses. Deposition steps were monitored with XPS. In the
case of potassium atoms, the atomic concentrations were es-
timated from the intensity ratio of the K(2p) intensity to the
C(1s) intensity. On the other hand, the very low value of the
cross section of the Li 1s core level does not allow the de-
termination of the lithium concentrations using XPS; instead,
the lithium metal concentrations were estimated by compari-
son with the potassium concentration at the corresponding
deposition steps~same current and same total time of metal
deposition!; the changes in the UPS spectra at the estimated
similar stages of metal coverage were consistent with these
estimates. The changes in the electronic structure of Alq3

were studied up to a concentration of three metal atoms per
Alq3 molecule. Although all of the core level spectra were
recorded, only the evolution of the nitrogen 1s core levels is
shown below, since only small changes were observed in the
other core levels.

III. THEORETICAL METHODOLOGY

The Alq3 molecule and its complex with one K atom
were investigated theoretically using DFT calculations per-
formed with the DMol software.22,23 The geometrical struc-
tures of both the single molecule, and of its complex with
one potassium atom, were estimated by full molecular geom-
etry optimization at the local spin density approximation
~LSDA! of DFT, using the Vosko–Wilk–Nusair~VWN!
exchange-correlation potential,24 with a DNP ~double
numerical1polarization) basis set and a fine grid.25 The
LSDA approximation provides reliable estimates of molecu-
lar geometries for conjugated oligomers interacting with
metal atoms.19 Using the LSDA-optimized geometrical
structures as input, the electronic structure~energy eigen-
states and charge population analysis! was refined using the
gradient-corrected Becke–Lee–Yang–Parr ~BLYP!
exchange-correlation functional.26,27

The UPS spectra, both of the pristine Alq3 molecule as
well as of the molecule interacting with potassium, were
simulated from the DFT eigenenergies using the generalized
transition state~GTS! method.28,29 We recall that at the

Hartree–Fock~HF! level, the valence band binding energies
are often estimated by simply taking the negative of the
eigenenergies calculated for the neutral parent system
~Koopmans’ theorem!; in the low binding energy region, it
usually turns out that there occurs compensation between the
relaxation and electron correlation effects, neither of which
being taken into account explicitly in HF calculations. In
contrast, since DFT calculations include estimates of elec-
tron correlation effects, the calculated orbital energies cannot
be used directly to approximate binding energies, because of
the lack of inclusion of relaxation effects. In the transition
state model, the valence band binding energies are derived
from the DFT eigenenergies obtained for the neutral mol-
ecule and for a partly ionized system. Within the GTS for-
malism, the binding energy of a given molecular orbital
k, I k , is given by

I k5 1
4@ek~1!13ek~1/3!#,

where ek(n) is the eigenenergy of the molecular orbitalk
with an electronic occupation ofn. Thus,ek(1) andek(1/3)
are thek orbital eigenenergies of the parent neutral system
and of a partly ionized system corresponding to a removal of
2/3 of one electron from thek orbital in thea spin manifold
~while leaving an occupation of 1 for thek orbital in theb
spin manifold!, respectively.28 This technique requires a se-
ries of additional self-consistent field~SCF! calculations,
equal to the number of valence orbitals to be studied, to
obtain the theoretical UPS spectrum. In the present work, we
have applied the approximation of Duffy and Chong,30

wherein the partial electron removal is distributed over the
whole set of valence molecular orbitals, allowing the deter-
mination of all of the valence band binding energies in a
single computational run~in addition to the SCF calculations
for the neutral system!. This corresponds to the so-called
diffuse ionization approximation; its use has been reported
for a series of organic molecules and provides results that
agree remarkably well with experimental data.30

IV. RESULTS AND DISCUSSION

A. Electronic structure of Alq 3

The ground-state electronic structure of Alq3 has been
reported previously.31–33Therefore, it is not discussed in de-
tail here. Some aspects, however, are worth recalling in order
to facilitate the discussions below. The topmost feature in the
UPS valence spectrum of Alq3 corresponds to~nearly! triply
degenerate orbitals, which originate in the highest occupied
molecular orbital ~HOMO! of each of the 8-quinolinol
ligands. The HOMO in Alq3 is characterized by a strong
localization to the phenoxide side of the ligands, whereas the
LUMO is mainly localized on the pyridyl side. Allp-type
orbitals occur in groups of three, each ligand contributing
one orbital; this means that, e.g., the LUMO-1 and LUMO-2
orbitals display a character similar to the LUMO, but are
located on the other two ligands. Note that, to a first approxi-
mation, the characteristics of the LUMO can be taken to
estimate where additional negative charges will be stored.

FIG. 1. Chemical structure of tris~8-hydroxyquinoline! aluminum (Alq3).
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B. Potassium and lithium doping

Figure 2 illustrates the evolution of the XPS N(1s) spec-
trum in Alq3 as a function of deposition of potassium or
lithium atoms. The lower curves correspond to the N(1s)
spectrum in pristine Alq3 films, while the upper curves cor-
respond to a metal concentration of three metal atoms per
Alq3 molecule. In pristine Alq3, the N(1s) binding energy is
402.8 eV ~60.2 eV! relative to the vacuum level. Upon

deposition of either lithium or potassium, a new spectral
peak appears at lower binding energy in the N(1s) spectrum,
indicating that charge has been transferred from the metal
atoms to the nitrogen atoms. In addition, the original N(1s)
peak gradually disappears during the course of metal depo-
sition. The next-to-the-lowest curves correspond to an ap-
proximate metal concentration of one metal atom per Alq3

molecule. The relative intensity ratio of the higher to lower
binding energy components is 2:1, indicating that the metal
atoms, at this stage, donate charge to only one of the three
ligands of the Alq3 molecules.

The continued increase in intensity of the new, lower
binding energy N(1s) peak with additional metal atom depo-
sition is consistent with the fact that the subsequent electrons
are not transferred to the same ligand to result in paired
electrons; indeed, such a process would mean a more nega-
tive charge on that specific nitrogen atom, and, therefore an
additional energy shift to even lower binding energies. The
second electron thus obviously goes to one of the other two
ligands. This is confirmed in the N(1s) spectrum by the
corresponding simultaneous decrease of the higher binding
energy component. Eventually, at the level of three metal
atoms per Alq3 molecule, each of the three different ligands
has received one extra electron charge, resulting in just one
corresponding peak in the N(1s) spectrum. This analysis is
in agreement with recently reported cyclic voltammetry data
on a new sulfonamide derivative of Alq3, which shows three
successive, chemically reversible, one-electron reductions,
that are consistent with the reduction of each of the quinolate
groups by one electron.34 Note that the position of the new
lower binding energy peak is slightly different for each of
the two metals; the new peak appears at 401.0 eV for potas-
sium deposition and 401.5 eV for lithium deposition. This
difference is in agreement with the higher ionization poten-
tial of lithium atoms vs potassium atoms, 5.39 eV vs 4.34
eV;35 as a consequence, less net charge is expected to be
transferred from the lithium atoms to the Alq3 molecules
than in the case of potassium doping, which results in a
smaller shift of the peak in the N(1s) spectrum for lithium
deposition.

Figure 3 shows the evolution of the HeI valence band
spectrum, as well as a blow up of the low binding energy
portion of the same spectrum, during potassium deposition
~again, the lower spectrum corresponds to pristine Alq3,
while the top spectrum corresponds to a metal concentration
of three potassium atoms per Alq3 molecule!. At low doping
levels, one new peak appears within the original energy gap;
this peak evolves uniformly in intensity, up to a doping level
of three potassium atoms per Alq3 molecule. At all levels of
doping, the new peak is separated from the peak that con-
tains contributions from the original HOMO by 1.6 eV and is
located at 5.0 eV below the vacuum level. The evolution in
the valence band region is consistent with the evolution of
the N(1s) spectra and confirms that, up to a doping level of
three electrons per Alq3 molecule, each of the electrons pre-
fers to reside on separate ligands. Note especially that during
the doping sequence the Fermi level is never coincident with
the new peak. This is true despite the fact that, for example,
at the doping level of one potassium/lithium atom per Alq3

FIG. 2. Evolution of the N(1s) spectrum as a function of doping with~a!
potassium and~b! lithium.
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molecule, the new gap state is singly occupied and that, at
the doping level of three potassium/lithium atoms per Alq3

molecule, the three topmost orbitals are all singly occupied.
Actually, in the latter situation, it is no longer relevant to
discuss the electronic structure in the simple orbital picture,
i.e., at the single particle level of theory. The electronic
structure becomes here a result of electron correlation ef-
fects. These effects are important in the case of (Alq3)

32,
since the set of orbitals that becomes occupied upon doping
shows almost no hybridization among the ligands and the
excess electrons gain very little energy by delocalizing over
the whole system; they remain therefore localized to a single
ligand. Since the ligands are fairly small, there is a substan-
tial Coulomb repulsion energy associated with putting a sec-
ond charge on a single ligand. This repulsion thus leads to

the situation in which the added electrons are localized to
separate ligands; in a condensed-matter physics context, this
situation corresponds to the opening of a Coulomb gap
around the Fermi energy. This explains why in the experi-
mental data of the K3Alq3 system, the Fermi energy lies
about 2 eV above the doping-induced peak. The evolution of
the valence band spectrum as lithium atoms are deposited on
the surface is found to be essentially identical to that for
potassium deposition and is therefore not shown here.

Figure 4 illustrates the DFT optimized geometries of the
Alq3 molecule~where the three ligands are labeled A, B, and
C! and of the complex with one potassium atom. The results
in Fig. 4 are presented for the meridianal isomer, which has

FIG. 3. Evolution of the full valence band spectrum as a function of potas-
sium doping ~a! and blow up of the uppermost part of the same
spectrum~b!. FIG. 4. Sketch of the DFT-LSDA optimized geometry of the Alq3 molecule

~top! and of the K/Alq3 complex~bottom!. The atom and ligand labeling is
shown in the top panel.
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the lowest ground-state energy;33 this is the only isomer that
has been observed in the crystalline state.36,37 As shown in
Fig. 4, Alq3 is an organometallic complex in which the metal
atom has a distorted octahedral coordination; in the meridi-

anal isomer, only one oxygen has a nitrogen atom located at
the opposite position, in contrast to the facial Alq3 geometri-
cal isomer~illustrated in Fig. 1!, in which the three oxygens
and the three nitrogens are located on the opposite vertices of
the distorted octahedron.

The potassium atom interacts mainly with one of the
ligands~A!, but also to a lesser degree with the oxygen atom
of another ligand~B!. In fact, a detailed analysis of the mo-
lecular orbitals of the K/Alq3 complex indicates that a spe-
cific interaction takes place between the K atom and a lone
pair of the oxygen atom in ligand B. This interaction leads to
a stabilization by' 0.6 eV of the molecular orbital built
from this oxygen atom lone pair with respect to the corre-
sponding molecular orbital in pristine Alq3. This aspect of
the Alq3 doping is in agreement with the voltammetric be-
havior of the sulfonamide derivative of Alq3,

34 characterized
by three successive reduction processes; the spacing between
the waves was suggested to be an indication of the fact that
the reduction of the first quinolate affects the reduction po-
tential of the successive electron-transfer events. Table I

TABLE I. DFT optimized bond lengths~Å! in Alq3 and the complex with
one K atom.a The values in bold indicate the bonds that undergo the largest
changes. A, B, and C refer to the three ligands, as labeled in Fig. 4. The
table is divided into five sections; the first deals with the aluminum–ligand
bonds; the following three sections deal with the ligands themselves; the last
section deals with the new bonds formed between the K atom and the Alq3

molecule.

Bonds Alq3 Alq31K

Al–O1 ~A! 1.868 1.866
Al–O2 ~B! 1.839 1.912
Al–O3 ~C! 1.864 1.860
Al–N1 ~A! 2.019 1.963
Al–N2 ~B! 2.019 2.003
Al–N3 ~C! 2.051 1.999

O1– 1 ~A! 1.310 1.319
1–2 ~A! 1.388 1.398
2–3 ~A! 1.402 1.395
3–4 ~A! 1.379 1.389
4–5 ~A! 1.406 1.407
5–6 ~A! 1.407 1.420
5–9 ~A! 1.414 1.414
6–7 ~A! 1.376 1.397
7–8 ~A! 1.401 1.385
8 – N1 ~A! 1.322 1.357
N1– 9 ~A! 1.353 1.378
9–1 ~A! 1.424 1.416

O2– 1 ~B! 1.306 1.319
1–2 ~B! 1.390 1.387
2–3 ~B! 1.400 1.402
3–4 ~B! 1.380 1.377
4–5 ~B! 1.405 1.405
5–6 ~B! 1.405 1.407
5–9 ~B! 1.415 1.411
6–7 ~B! 1.375 1.376
7–8 ~B! 1.400 1.397
8 – N2 ~B! 1.321 1.323
N2– 9 ~B! 1.354 1.352
9–1 ~B! 1.425 1.421

O3– 1 ~C! 1.307 1.315
1–2 ~C! 1.390 1.390
2–3 ~C! 1.401 1.401
3–4 ~C! 1.379 1.381
4–5 ~C! 1.406 1.406
5–6 ~C! 1.407 1.410
5–9 ~C! 1.415 1.412
6–7 ~C! 1.377 1.380
7–8 ~C! 1.401 1.396
8 – N3 ~C! 1.324 1.331
N3– 9 ~C! 1.352 1.357
9–1 ~C! 1.423 1.421

K–Al ~A! ¯ 3.483
K–O1 ~A! ¯ 3.563
K–O2 ~B! ¯ 2.496
K–N1 ~A! ¯ 2.709
K–1 ~A! ¯ 3.176
K–9 ~A! ¯ 2.711
K–8 ~A! ¯ 3.118

aThe optimized DFT coordinates can be obtained from the authors by simple
e-mail request to D. A. dos Santos: Doni@averell.umh.ac.be

TABLE II. Mulliken atomic charges~in ueu! in the Alq3 molecule and the
complex with one potassium atom, as obtained from DFT calculations using
the BLYP gradient-corrected exchange-correlation functional, with a DNP
basis set.

Atom Alq3 Alq31K Dq

Al 0.805 0.798 20.007
O1 ~A! 20.615 20.629 20.014
O2 ~B! 20.587 20.675 20.088
O3 ~C! 20.594 20.615 20.021
N1 ~A! 20.331 20.473 20.142
N2 ~B! 20.327 20.321 0.006
N3 ~C! 20.367 20.392 20.025

1 ~A! 0.256 0.228 20.028
2 ~A! 20.296 20.324 20.028
3 ~A! 20.224 20.259 20.035
4 ~A! 20.272 20.275 20.003
5 ~A! 20.011 20.065 20.054
6 ~A! 20.211 20.279 20.068
7 ~A! 20.289 20.326 20.037
8 ~A! 20.065 20.128 20.063
9 ~A! 0.208 0.097 20.111

1 ~B! 0.272 0.257 20.015
2 ~B! 20.293 20.281 0.012
3 ~B! 20.229 20.234 20.005
4 ~B! 20.266 20.262 0.004
5 ~B! 20.006 20.015 20.009
6 ~B! 20.210 20.209 0.001
7 ~B! 20.293 20.284 0.009
8 ~B! 20.034 20.027 0.007
9 ~B! 0.197 0.201 0.004

1 ~C! 0.249 0.249 0.000
2 ~C! 20.306 20.315 20.009
3 ~C! 20.214 20.229 20.015
4 ~C! 20.271 20.275 20.004
5 ~C! 20.010 20.008 0.002
6 ~C! 20.214 20.212 0.002
7 ~C! 20.298 20.285 0.013
8 ~C! 20.081 20.083 20.002
9 ~C! 0.188 0.192 0.004

K 0 0.866 0.866

2161J. Chem. Phys., Vol. 111, No. 5, 1 August 1999 Electronic structure of thin films
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shows the calculated bond lengths of pristine Alq3 as well as
those in its complex with one potassium atom. The three
shortest bonds involving the potassium atom are in increas-
ing order, to the oxygen atom of ligand B~2.50 Å!, to the
nitrogen atom of ligand A~2.71 Å!, and to carbon atom
number 9 of ligand A~2.71 Å!. The complexation with one
potassium atom also results in fairly large changes in three of
the six aluminum-ligand bond lengths, i.e., the aluminum to
oxygen bond in ligand B and the two aluminum to nitrogen
bonds in ligands A and C. Within the ligands, the bonds in
the vicinity of the nitrogen atom in ligand A experience the
largest changes in length; the bonds in ligands B and C are
hardly affected at all. Table II illustrates the Mulliken atomic
charges in the Alq3 molecule and its complex with potas-
sium. The potassium atom is calculated to lose about 0.866
ueu; most of this charge is transferred to ligand A~0.63 ueu!,
whereas ligands B and C are calculated to share nearly
equivalent parts of the rest of the transferred charge~' 0.11
ueu each!. Within the ligands, the nitrogen atom in ligand A
receives the largest amount of negative charge~0.142ueu!; the
oxygen atom in ligand B as well as some of the carbon atoms
in ligand A also receive some significant negative charge.
These calculated charge transfers are fully consistent with
what is expected from inspection of the LUMO wave func-
tion of the Alq3 molecule; the largest changes are observed
for the pyridyl side of the ligand, where the LUMO is mainly
located. This is clearly seen in Fig. 5, where the new singly
occupied MO~SOMO! of potassium-doped Alq3 is shown to
be almost identical to the original LUMO of Alq3.

Figure 6 shows a comparison of the top~lowest binding
energy! portion of the valence region, where the experimen-
tal and theoretical density-of-valence-states~DOVS! are
compared, both for a doping level corresponding to one po-
tassium atom per Alq3 molecule. It can be seen that there is

an excellent agreement between experiment and theory. The
theoretical calculation predicts a slightly larger splitting
~about 1.9 eV!, between the new state in the original forbid-
den energy gap and the peak corresponding to the old
HOMO, than what is measured experimentally~about 1.6
eV!. This difference can, at least partly, be attributed to the
fact that the calculation is performed in the ‘‘gas phase’’
with no polarizing medium surrounding Alq3. Therefore, in
the calculation, the extra electron that is added to the system
is more strongly repelled by the other electrons in the mol-
ecule than in the real material where this repulsion is reduced
by screening due to electrons on neighboring molecules. In-
spection of the wave functions indicates that the new peak
corresponds to the LUMO of pristine Alq3, and that the pre-
vious HOMO has become HOMO-1. Additional discussions
of the modeling, corresponding to higher doping levels, are
not necessary, since the evolution of both the N(1s) spec-
trum and the UPS spectrum is consistent with the notion that
the subsequent two potassium atoms react with the two re-
maining ligands, up to a doping level corresponding to three
potassium atoms per Alq3 molecule. Thus, upon charge
transfer doping, the Alq3 molecule behaves as if the three
ligands were nearly independent of each other.

A final important point is that, according to angle-
dependent XPS data, the K-atoms are uniformly distributed
throughout the near surface region of the condensed molecu-
lar films, that is, within the depths accessible to XPS, on the
order of 50–100 Å.

FIG. 5. Sketch of pristine Alq3 LUMO and of potassium-doped Alq3 SOMO
as calculated at the BLYP gradient-corrected DFT level.

FIG. 6. Comparison between the experimental~UPS HeI! DOVS ~upper
curve! and the theoretical DOVS~lower curve!, obtained from a generalized
transition state calculation on the basis of the DFT formalism, corresponding
to a doping level of one potassium atom per Alq3 molecule.
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V. SYNOPSIS

The electronic structure of Alq3 has been investigated in
the reduced state followingin situ deposition of lithium or
potassium atoms onto ultrathin films of the condensed mo-
lecular solid. Both K and Li atoms are found to donate elec-
trons to the Alq3 molecule. The results indicate differences
between the two metals, associated with the differences in
chemical reactivity; potassium atoms donate slightly more
charge than lithium atoms to Alq3 molecules. Both the ex-
perimental spectra and the theoretical modeling show that at
a doping level of one potassium atom per Alq3 molecule, the
potassium atom interacts mainly with one of the ligands; in
addition, there is a weaker interaction with a lone pair of one
of the oxygen atoms of a neighboring ligand. In the presence
of the counterions, each Alq3 molecule accepts one electron
per ligand, up to three electrons per molecule. Coulomb re-
pulsion prevents placing a second electron on a ligand that
already contains one excess electron, which leads to a Cou-
lomb gap around the Fermi energy in the electronic structure.
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