PHYSICAL REVIEW B, VOLUME 63, 165104

Electronic structure of K-intercalated 8-tris-hydroxyquinoline aluminum studied by photoemission
spectroscopy
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We have studied the electronic structure of potassium-intercalated 8-tris-hydroxyquinoline aluminum using
valence-band and core-level photoemission spectroscopy. It is shown that low K intercalation leads to a rigid
shift of the chemical potential to higher energies. This shift allows the determination of a lower limit of the
transport energy gap of pristine 8-tris-hydroxyquinoline aluminum of 3.05 eV. This number is significantly
larger than the gap measured using absorption techniques that shows that the optical excitation is excitonic.
The energy levels of 8-tris-hydroxyquinoline aluminum are considerably modified upon further intercalation
that is assigned to a combination of structural relaxation and the impact of the alkali counter ions.
DOI: 10.1103/PhysRevB.63.165104

PACS number共s兲: 71.20.Rv, 79.60.⫺i

I. INTRODUCTION

Recently, there has been growing interest in the properties
of organic semiconductors and their application in various
devices such as organic light emitting diodes.1 Alq3 共8-trishydroxyquinoline aluminum兲 is one of the organic materials
that is often used as an electron transport and emission layer
in such devices and thus can be regarded as a model substance for the understanding of the functionality of these devices. Figure 1 schematically shows the molecular structure
of Alq3 . A detailed knowledge of the electronic structure and
the injection as well as the transport of charge carriers in the
organic devices is essential for a microscopic understanding
of the different properties of the device components.
Intercalation with potassium represents one way to study
negatively charged Alq3 and thus can provide information
about its properties in an electron-transport layer. We therefore studied the electronic structure of K-intercalated Alq3 at
various K concentrations up to three potassium atoms per
Alq3 molecule. Previously, various investigations on
metal/Alq3 interfaces have been carried out 共Ca, Mg, Ga兲.2–4
These contribiutions mainly deal with the change of Fermi
and/or vacuum levels due to the interface formation, which is
important for the determination of injection barriers in organic devices. Johansson et al.5 recently discussed the results
of a joint theoretical and spectroscopic study of the
occupied-electronic states in K- and Li-intercalated Alq3 .
Curioni and Andreoni6 have presented an overview of the
results of their discrete Fourier transform 共DFT兲 calculations
on metal 共Li, Al, Ca兲-Alq3 complexes and Treusch et al.7
published an analysis of the unoccupied states of pristine
Alq3 using x-ray absorption spectroscopy. The results presented in this contribution aim at a deeper insight into the
electronic structure of K-intercalated Alq3 . We discuss the
changes of the valence band electronic structure, the distribution of the additional charge on the molecules and the
changes in the work function with intercalation.

troscopy 共XPS兲. For both UPS and XPS a commercial PHI
5600 system was used, which was equipped with an unmonochromatized He-discharge lamp providing photons
with 21.2 eV for UPS and a monochromatized Al K ␣ x-ray
source 共1486.6 eV photons兲 for XPS. The UPS spectra have
been corrected for the contributions from He I␤ and He I␥
radiation. The total energy resolution of the spectrometer
was determined by analyzing the width of a Au Fermi edge
to be 100 meV 共UPS兲 and 350 meV 共XPS兲, respectively. In
order to obtain thin films, Alq3 was evaporated in a preparation chamber at a base pressure of 3⫻10⫺10 onto a clean,
argon-sputtered gold foil. After the Alq3 deposition the
sample was transfered to the analysis chamber 共base pressure
1⫻10⫺10), were the UPS and XPS measurments were carried out. The thickness of the respective Alq3 film was determined to be 7 nm by monitoring the attenuation of the
intensity of the Au 4 f photoemission peak before and after
the deposition. We used the formula by Seah and Dench8 for
organic molecules to calculate the mean free path length of
electrons in Alq3 and arrived at 34.3 Å for electrons with a
kinetic energy of 1402.6 eV 共Au 4 f 7/2). In order to intercalate the films, we evaporated potassium with a commercial
SAES potassium getter source. The potassium concentration
in the Alq3 films was derived from a comparison of the rela-

II. EXPERIMENT

Our studies have been carried out using ultraviolet photoemission spectroscopy 共UPS兲 and x-ray photoemission spec0163-1829/2001/63共16兲/165104共5兲/$20.00

FIG. 1. Schematic representation of the molecular structure of
Alq3 .
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FIG. 2. Evolution of the C 1s and K 2p core levels with increasing potassium intercalation of Alq3 . The inset shows the energy shift of the C 1s structure versus increasing potassium content
of the sample.

tive intensities of the K 2p and the C 1s, N 1s as well as O
1s core-level intensities. As sensitivity factors we used 1.3
for K 2p, 0.296 for C 1s, 0.477 for N 1s, and 0.711 for O
1s, which take the spectrometer sensitivity into
consideration.9 Taking into account the uncertainty of these
factors and other sources of deviation from the ideal conditions, one arrives at an error of the intercalation level of
about 15%. The work function of the films was extracted
from the linear extrapolation of the low-energy cutoff after
applying a bias of 5 eV to the sample that allows all photoexcited electrons to leave the sample. For calibration purposes we measured the work function of gold to be 5.15 eV,
which is in good agreement with literature values.10 All film
preparation steps and the measurements themselves were
carried out at room temperature.
III. RESULTS AND DISCUSSION

Intercalation with potassium results in negatively charged,
n-type doped-Alq3 molecules. In a simple approximation,
one might expect the additional electron to occupy the
LUMO 共lowest unoccupied molecular orbital兲 of Alq3 . Theoretical investigations predict this LUMO to be concentrated
on the pyridyl side of the Alq3 ligands with the main contributions to the LUMO arising from the carbon and nitrogen
atoms.11 In the following, we first discuss our results from
the core-level studies as a function of intercalation before we
turn to the valence-band features.
A. Core-level spectroscopy

We have measured the O 1s, N 1s, K 2p, C 1s, and Al
2 p core-level photoemission spectra of Kx Alq3 . In Fig. 2 the
evolution of the C 1s and the K 2p core levels with increasing potassium intercalation is shown. The C 1s peak of pristine Alq3 is a broad feature situated at 285.6 eV binding
energy 共BE兲 with a linewidth of 1.9 eV. We attribute the
linewidth to the presence of inequivalent carbon sites in the
Alq3 molecule. The corresponding fine structure of the C 1s

FIG. 3. N 1s core level of potassium intercalation of Alq3 as a
function of potassium intercalation.

peak cannot be resolved. The K 2p spin-orbit doublet appears at a binding energy 共294.8 eV and 297.6 eV兲 that is
consistent with other intercalated  conjugated systems such
as the fullerides.12 This shows that the potassium atoms really transfer their outer s electron to the Alq3 molecules. No
vertical gradient in the distribution of the potassium atoms in
the Alq3 film could be observed when changing the emission
angle of the photoelectrons. With increasing potassium concentration we observe a shift of 0.7 eV of the C 1s structure
to higher binding energies until a concentration of 0.8 potassium atoms per Alq3 molecule is reached. At higher potassium concentrations we find a slight backshift peak maximum to lower binding energies 共see inset Fig. 2兲 that might
be related to a change of the underlying C 1s fine structure.
This will be discussed in more detail below.
In Fig. 3 the evolution of the N 1s core-level spectra with
increasing potassium intercalation is plotted. In the case of
pristine Alq3 a single line at a binding energy of 400.4 eV is
visible, consistent with only one nitrogen site per quinoline
ligand. Intercalation with potassium leads to an appearance
of a second component at 2.0 eV lower BE. This means that
the new component results from an N site that is more negatively charged than that leading to the original N 1s peak. In
addition, a broadening of the original N 1s line of approximatly 0.15 eV can be observed with intercalation that is most
probably caused by intercalation-induced inhomogeneity in
the film. The formation of the second component is connected with a decrease of spectral weight of the original N
1s structure. Both the decrease of the original peak and the
increase of the new component scale with the potassium concentration in the sample up to a potassium concentration of
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FIG. 4. Energy shift of the peak position of the Alq3 N 1s and
O 1s core levels, the main features of the valence band and the
work function of the sample. Since the work function decreases
with increasing potassium concentration, we draw the negative shift
of the work function in order to compare the data. E B denotes the
binding energy of the photoemission features and W the work function.

x⫽2.5 (Kx Alq3 ). Beyond this degree of intercalation we observe a low-energy component in the O 1s core-level spectra
共not shown兲 that indicates a surface contamination of the
sample as a consequence of surface oxidation. The formation
of oxide species on the surface for x larger than approximately 2.5 suggests that the maximal intercalation level is
x⫽3.
The second component in the N 1s core-level spectra is a
clear sign for a change of the chemical surrounding of the
nitrogen site in Alq3 caused by doping of the molecules. This
demonstrates that the former LUMO of Alq3 that becomes
occupied with doping is partly derived from nitrogen 2p
states, confirming the calculations of Curioni et al.11 The
original N 1s line vanishes when the potassium concentration reaches one potassium atom per quinoline ligand of the
Alq3 molecule. Additionally the binding energy of the N 1s
features increases with increasing intercalation up to x⫽0.8
and then stays constant at 0.85 eV BE higher than in the case
of pristine Alq3 . This will be discussed in detail
later.
In Fig. 4 we depict the energy shifts of the N 1s and O 1s
core levels together with the shift of the main valence band
features and the work function of the corresponding film.
The work function drops about 0.9 eV at low intercalation
and remains constant above x⫽0.8 while the core level and
valence band binding energies increase by the same amount.
Note that for comparison we show in Fig. 4 the negative
change of the work function. Since all energy shifts shown in
Fig. 4 agree quantitatively, we assign them to a variation of
the energy position of the chemical potential as a function of
intercalation. In pristine Alq3 the chemical potential lies
within the energy gap between the HOMO 共highest ocuppied
molecular orbital兲 and the LUMO. Intercalation then leads to
a pinning of the chemical potential at the LUMO of pristine
Alq3 . Higher doping fills the LUMO with more electrons but
does not change the position of the chemical potential sig-

FIG. 5. Valence-band photoemission spectra of Alq3 at various
potassium concentrations. The line is a guide for the eye to point
out the evolution of the first main feature of the valence band. The
inset shows the loss function of pristine Alq3 obtained by electron
energy-loss spectroscopy in transmission.

nificantly. This additionally means that the ionization potential for all electronic levels remains unchanged upon intercalation. We note that the changes in BE observed in Fig. 2 for
the C 1s core level are slightly different from what has been
discussed above as the C 1s core-level binding energy decreases at higher intercalation levels. We attribute this difference to variations of the underlying fine structure of the C 1s
peak as a result of doping as is more clearly illustrated for
the N 1s core-level data shown in Fig. 3. This again indicates that both the carbon and nitrogen 2p orbitals contribute
to the molecular states near the energy gap of Alq3 . The fact
that the fine structure changes of the C 1s core level is not
resolved in the data of Fig. 2 however suggests a smaller
chemical shift of the individual C 1s contributions as compared to the N 1s core level and thus a strong nitrogen character of the LUMO of Alq3 .
B. Valence-band spectra

In Fig. 5 we show the valence-band spectra of pristine and
intercalated Alq3 . The data for pristine Alq3 are in good
agreement with the literature.7,13 The electronic states between the Fermi energy and 6 eV BE arise from the  states
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that control the transport properties of Alq3 . Above 6 eV BE
one can see emission from the  -derived states. Potassium
intercalation causes the appearance of a feature in the energy
gap of Alq3 . This structure increases in intensity with increasing intercalation. This feature is attributed to the filling
of the LUMO of Alq3 . Theoretical calculations5 predict that
the wave function of the LUMO of Alq3 and that of the
singly occupied molecular orbital of K-intercalated Alq3 are
nearly identical. These calculations also predict an energy
separation of the intercalation related feature to the HOMO
of Alq3 that is in good agreement with the experimental results.
Together with the core-level and work-function data discussed above, the valence-band spectra shown in Fig. 5 can
be used to estimate the transport energy gap between the
HOMO-derived valence and the LUMO-derived conduction
band of Alq3 . In the first step, we note that the energy distance of the HOMO onset and the chemical potential in pristine Alq3 is 2.15 eV. We then consider the valence-band
spectrum for a low-K doping level for which one can reasonably expect that the electronic levels themselves to be essentially unpeturbed by doping. Now, the energy distance between the HOMO onset and the chemical potential is 3.05
eV, which is 0.9 eV greater than in the pristine case. This
agrees perfectly with the upward shifts of 0.9 eV observed in
the N 1s and O 1s binding energies as well with the downward shift of the work function, thus putting it beyond doubt
that this shift is due to a change in the position of the chemical potential. Thus assuming a pinning of the chemical potential at the base of the LUMO of undoped Alq3 for the low
K-doping case, one can give the value of 3.05 eV as a lower
bound for the transport gap in pristine Alq3 . We emphasize
that this figure is a lower bound, both pinning of the chemical potential at in-gap impurity states and the presence of
electronic-correlation effects would mean that the true transport gap would be greater than 3.05 eV. Nevertheless, even
this lower-bound value contrasts with that observed in excitation measurements. The inset to Fig. 5 shows the results of
electron energy-loss investigations of Alq3 carried out in
transmission. The quantity measured 共the loss function兲 is
related to the electronic excitations of the system and shows
an onset at 2.7 eV, in agreement with optical absorption
studies.14 Thus, the difference between the optical gap and
the 共lower bound兲 transport gap derived here of 0.35 eV
indicates the excitonic nature of the excitations giving rise to
the measured optical gap, and gives a lower estimate for the
binding energy of an electron-hole pair 共exciton兲 in solid
Alq3 , in qualitative agreement with recently reported results
of a combined PES-IPES study.15
We stress that the difference between the two sets of gap
measurements demonstrates anew that optical studies are not
suitable to probe the transport-relevant energy gap of organic
semiconductors such as Alq3 . Despite this, the excitonic, optical gap value continues to be used in energy level schemes
designed to explain transport data.16,17

From Fig. 5 it is also clear that none of the intercalated
films are metallic as there is no emission from the Fermi
level independent of the intercalation level. The binding energy of the intercalation related feature is about 2.5 eV and
its separation from the former Alq3 HOMO is about 1.5 eV.
In view of the energy gap discussed above, these numbers
show that intercalation with potassium leads to the formation
of significantly relaxed electronic levels in Alq3 . This energy
relaxation is most probaly due to a combination of two effects. First, the addition of electrons to molecular orbitals
usually causes a structural relaxation of the molecules and
thus a energy shift of the electronic levels. This is also expected in the case of Alq3 .5,6 Second, intercalation means the
introduction of counterions into the structure that guarantee
the charge balance. These counterions now induce an impurity potential for the electronic states, especially concerning
the loosly bound valence electrons. We thus attribute the
considerable energy relaxation of the Alq3 LUMO upon intercalation partly to this effect. This conclusion is in agreement with previous studies of the impact of alkali ions on the
electronic structure of intercalated oligomers5,6,18–20 and
questions the interpretation of intercalated-induced features
on the basis of polarons or bipolarons alone.

IV. SUMMARY

We have presented a photoemission study of potassiumintercalated Alq3 films as a function of the intercalation
level, which reaches its maximum at K3 Alq3 . Our data indicate that the wave function of the lowest unoccupied molecular orbital of Alq3 is composed of both carbon and nitrogen
2 p states. Intercalation leads to a rigid shift of all electronic
levels consistent with a constant ionization potential for all
states. From this shift at a low K-doping level we have obtained an estimate of the lower limit of the transport energy
gap of pristine Alq3 共3.05 eV兲, which is significantly larger
than the gap observed with absorption or excitation techniques 共2.7 eV兲. Consequently, the optical excitation across
the energy gap in Alq3 is excitonic with an exciton binding
energy of at least 0.35 eV. This not only implies a singlettriplet splitting of the gap excitation, but also invalidates approaches where the optical gap is used to derive transport
properties such as electron-injection barriers across a metalAlq3 interface. Finally, intercalation with potassium at a
higher level causes a considerable relaxation of the electronic
states of Alq3 that is due to both structural modifications of
the molecule and the impact of the alkali counter ions.
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