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Band-gap and correlation effects in the organic semiconductor Alq3
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We present a spectroscopic study of the electronic properties of a molecular organic semiconductor Alq3 ,
and its potassium intercalation compound KAlq3 . It is argued that both compounds are strongly correlated
materials with a band gap that is to a large extent determined by electron correlation effects. In particular, the
Coulomb repulsion energy for two electrons on an Alq3 molecule in the solids is about 1.4 eV that renders
KAlq3 a Mott-Hubbard insulator and causes a large exciton binding energy in solid Alq3 . The implications of
these results for organic devices are discussed.
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The class of organic semiconductors offers a wide ra
of potential applications in novel electronic or optoelectro
devices~e.g., Refs. 1–5!. In addition, field-effect devices on
the basis of molecular organic semiconductors such as
tacene, anthracene, or C60 have been used to demonstrate t
occurrence of the fractional quantum Hall effect6 and of
superconductivity7,8 with transition temperatures up to 52
~the latter in hole-doped C60! in such systems. The materia
used in organic devices are based upon variousp-conjugated
polymers and oligomers. A microscopic understanding
any device and its optimization requires a knowledge of
fundamental electronic properties of the system in quest
The performance of most devices is directly related to
transport properties, i.e., the nature, size, and dynamic
the charge carriers in the individual device components
central parameter to model the transport behavior of ma
als is the energy gap, which is the energy difference betw
a free electron in the conduction band and a free hole in
valence band. Directly connected to the transport relev
energy gap is the question of the binding energy~BE! of the
lowest lying optical excitation, which is defined as the e
ergy difference between the excitation energy as measure
optical experiments~optical gap! and the transport gap. De
spite more than a decade of intense research in the fiel
organic semiconductors there is still no consensus abou
relative size of these two gaps. For instance, exciton bind
energies ranging from 0.1 to 1.4 eV have been discus
previously for various systems.9–20 This—at least to some
extent—arises from the fact that the obvious presence
various effects like electron-phonon coupling and electro
correlations and their interplay are often not considered
propriately that makes the analysis and discussion of var
results less conclusive or ambiguous~see Refs. 15, 21 for an
instructive discussion!. The situation becomes even more u
clear comparing the results of actually equivalent exp
ments on one particular organic semiconductor, copper p
locyanine, where the reported transport relevant energy g
differ by more than 1 eV.20,22

In order to shed light on these important issues, we h
studied the electronic structure of solid Alq3 ~8-tris-
hydroxyquinoline aluminum! and its potassium intercalate
compound KAlq3 using photoemission spectroscopy. Taki
into account complementary results from the literature
demonstrate that the experimental observations are co
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tently rationalized within the framework of strong electro
correlations in solid Alq3 . In particular, the Coulomb inter
action between two electrons on one Alq3 molecule in the
solid is at least 1.4 eV. The large Coulomb repulsion cau
a large exciton binding energy in solid Alq3 of also about 1.4
eV and renders the intercalated compound KAlq3 insulating.
The latter compound thus has a Mott-Hubbard ground st

The photoemission experiments have been carried ou
an ultrahigh vacuum ~UHV! chamber ~base pressure
10210mbar! using a He discharge lamp providing photo
with 21.2 eV@ultraviolet photoemission spectroscopy~UPS!#
and a commercial PHI 5600 analyzer. The UPS spectra h
been corrected for the contributions from HeIb and HeIg
radiation. The total-energy resolution was 100 meV. Th
Alq3 films were prepared by evaporation under UHV con
tions onto a sputter-cleaned gold foil. To intercalate Alq3 ,
potassium was evaporated from standard, commercial SA
getter sources and the degree of intercalation has been d
mined using core-level photoemission spectroscopy~for fur-
ther details see Ref. 23!.

In Fig. 1 we show representative UPS spectra of so
Alq3 and KAlq3 down to a BE of 11 eV. The data are con
sistent with those from previous studies.23–27The spectra re-
veal several sharp features with a half-width of about 1 eV
smaller which arise from excitations of electrons that occu
different molecular orbitals of Alq3 . Typically, the band-
width in solids with delocalized electronic states is mu
larger than 1 eV. For instance, the width of the occupied p
of the p band in graphite is larger than 5 eV.28 In compari-
son, the well structured features in the spectra up to a b
ing energy of 10 eV in the spectra of Alq3 show that solid-
state broadening due to band formation is much smalle
Alq3 in agreement with other molecular, van der Waals-ty
solids~e.g., the fullerene C60

29! where one finds a bandwidt
of 0.5 eV or smaller of the bands related to the molecu
levels. The feature that represents emission from the hig
occupied molecular orbital~HOMO! of Alq3 is labeled H.
The HOMO and the lowest unoccupied molecular orbi
~LUMO! of Alq3 consist of three almost degenerate molec
lar levels that are not resolved in Fig. 1 and which repres
the three ligands of the Alq3 molecule30 ~see Fig. 1!.

Going from Alq3 to KAlq3 the valence-band feature
show a constant shift to higher binding energy that is rela
to a shift of the chemical potential upon intercalation. T
©2001 The American Physical Society04-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 033204
constant energy shift is indicated by the same spectral sh
of the two curves shown in Fig. 1 except the lowest bindin
energy feature in the case of KAlq3 . Moreover, also all core
levels show the same energy shift23 that can only be under
stood in terms of a shift of the chemical potential upon
tercalation. The new structure in the spectrum of KAlq3 ,
labeledL1, is observed at about 2.4 eV BE~onset at 1.5 eV
BE! which arises from emission from the LUMO of Alq3 ,
which is filled as a result of the charge transfer of the pot
sium 4s electrons to the Alq3 molecule upon intercalation
From Fig. 1 it is obvious that both compounds do not sh
emission from the Fermi energy~50 eV BE!; i.e., both com-
pounds are insulating. While this is expected for prist
Alq3 with a closed-shell electronic structure, the insulati
ground state of solid KAlq3 contradicts expectations withi
an independent electron consideration where a charge tr
fer of one electron to the LUMO-derived conduction ba
would result in a partially filled band, i.e., in a metallic b
havior.

In the following, we will address the different mech
nisms, that could render intercalated KAlq3 films insulating,
and discuss their consequences for charge transport thr
Alq3 thin films as used in organic devices.

~i! It has been argued that the introduced counterion
intercalated films of organic semiconductors might imp
the electronic structure of the individual molecules. Th
could, in principle, lead to a localization of the charge ca
ers to a part of the molecule and thus to a reduced spe
weight at the Fermi level as a function of a reduced trans
integral between the molecules. However, it is very unlik
that the counterions push the electronic states more than
eV away from the Fermi energy andsimultaneouslysplit the
LUMO-derived features into an occupied and an unoccup
part. Indeed, theoretical considerations of alkali-metal in
actions in Li-Alq3 or K-Alq3 complexes predict a stabiliza
tion of the LUMO of the order of half an eV but no splittin

FIG. 1. Photoemission~UPS! profiles of solid Alq3 and its po-
tassium intercalation compound KAlq3 . The low binding-energy
spectral features that are derived from the highest occupied mo
lar orbital ~HOMO! and the lowest unoccupied molecular orbit
~LUMO! of Alq3 are labeled H andL1, respectively. For compari
son, the spectrum of KAlq3 is offset iny direction. Also shown is a
schematical representation of the molecular structure of Alq3 .
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is reported.26,31Moreover, related systems such as K3C60
29 or

Li intercalated poly~9,9-dioctyl-fluorene!32 also contain
counterions but do show emission from the Fermi lev
Consequently, we rule out that the potassium counteri
play a major role in the determination of the ground state a
the energy gap of KAlq3 .

~ii ! It is well established that the introduction of charg
into molecules like Alq3 results in a relaxation of the mo
lecular structure, i.e., there is considerable electron-pho
coupling in these organic semiconductors. This alone,
course, cannot lead to a metal-insulator transition for KA3
but only renormalizes the charge-carrier properties, like
effective mass, and thus results in the formation of polaro
If, however, the formation of a bipolaron state, i.e., a bou
pair of polarons, was energetically more favorable, one co
imagine a redistribution of the electronic density of sta
such that an energy gap at the Fermi level shows up. T
would then correspond to a charge-density wave insula
While bipolarons have been predicted to be stabilized
small molecules33,34 the virtual threefold degeneracy of th
LUMO level in Alq3 contradicts the formation of bipolarons
Instead, as a function of electron transfer to Alq3 , the three
ligands are negatively charged successively with a very sm
interaction between them.26 In addition, the energy gap o
more than 1.5 eV as observed in Fig. 1 is far too large to
explained by a bipolaron formation.16,35

~iii ! So far, we have not considered that Alq3 forms a
molecular solid with relatively small interactions betwe
the molecules. In other words, the wave function of t
charge carriers are rather localized to the molecular un
This situation is reminiscent of other molecular solids bas
upon smallp-conjugated molecules such as anthracene
C60. In these cases it is well established that the electro
properties cannot be described on the basis of an indepen
electron approach but that strong electron correlation effe
have to be taken into account in order to rationalize the e
tronic behaviors. Here, strong electron correlation effe
means that the Coulomb repulsion of two electrons~or holes!
on the same molecule in the solid is significantly larger th
the bandwidth of the corresponding one-particle bands. T
suppresses charge fluctuations, i.e., transport, thus enhan
the band gap of the pristine materials and rendering do
materials insulating. For instance, the transport relevant b
gap of anthracene is about 4.15 eV~Ref. 36! while the en-
ergy of the lowest lying singlet exciton is only about 3.13 e
i.e., the exciton binding energy is 1 eV.21 Within a simple
Mott-Hubbard approach this exciton binding energy now i
direct measure of the difference of the Coulomb repuls
energyU, and the bandwidthW: Ũ5U2W. The equivalent
situation is found in C60, where Ũ is about 0.5 eV.29,37 In
addition, Ũ in C60 intercalation compounds is large enoug
to drive K4C60, which has a partially filled conduction
band, insulating.38 Consequently, since the size of the Alq3
molecule and the interaction in the solid is very similar
those of anthracene and C60 we conclude that solid Alq3 and
its intercalation compound KAlq3 as well are strongly corre
lated materials. The correlations lead to a splitting of t
partially filled conduction band in KAlq3 . The insulating
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BRIEF REPORTS PHYSICAL REVIEW B 65 033204
ground state of KAlq3 is thus best described as a Mo
Hubbard insulator and the onset of the lowest BE feature
Fig. 1 gives an estimate of the size of the effective Coulo
energyŨ, which is about 1.5 eV or even larger.

This conclusion now has important consequences for p
tine Alq3 . The transport relevant energy gap of Alq3 should
exceed the energy gap as measured by optical experim
by as much asŨ;1.5 eV. Indeed, while the onset of th
optical absorption is at about 2.7 eV,23 the transport gap a
measured by a combination of photoemission and inve
photoemission spectroscopy is about 1.4 eV larger20 in al-
most perfect agreement with the inference above. A sc
matic summary of the energy levels that are relevant
transport through Alq3 or KAlq3 solids is presented in Fig. 2
The HOMO- and LUMO-derived bands are denoted as
andL, respectively. We note that the bandwidth in molecu
solids is small that allows one to discuss the energy-le
diagram on the basis of the molecular states. In pristine A3
the ground-state energy difference of the HOMO and
LUMO ~denotedL̃ in Fig. 2! is about 2.7 eV as seen i
transient photoemission studies39 or as the onset in optica
absorption23,40 where the latter measures the lowest sing
exciton in Alq3 . The binding energy of this lowest single
exciton is about 1.4 eV~Ref. 20! and one thus arives at
transport relevant energy gap of about 2.7 eV11.4 eV
54.1 eV. The ionization potential of solid Alq3 is 5.8 eV.
Adding one electron to the Alq3 molecules via potassium
intercalation reduces the ionization potential to 4.2 eV a
results in a splitting of the LUMO-derived bands into a

FIG. 2. Schematic energy level diagram for solid Alq3 and its
potassium intercalation compound KAlq3 . The energy levels are
labeled H for the HOMO-derived bands, andL (Alq3) or L1 and

L2 (KAlq3). L̃ denotes the ground state position of the LUMO
Alq3 , which has no relevance as regards transport propertiesEv
andEF denote the vacuum level and the Fermi energy, respectiv
K.
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occupied (L1) and unoccupied (L2) lower and upper Hub-
bard band, respectively. In addition, the introduction
charges and counter ions leads to a work function of 2.7
and causes an energy relaxation of the energy levels wi
resulting difference of H andL1 of 1.5 eV.

The numbers given in Fig. 2 underline that the use
optical methods to access the energy position of the LUM
derived conduction band in molecular organ
semiconductors—as has been often carried out in the pa
inherently leads to a large error and renders the conclus
on, for instance, injection barriers or other interface prop
ties, that are relevant for organic devices, questionable.
thermore, the presence of strong electron correlations an
a consequence strongly bound excitons should be taken
account when choosing the appropriate material for orga
devices, e.g., light emitting diodes or solar cells. While in t
latter a large exciton binding energy is very unfavorable
the device performance as one has to separate the charg
can help to optimize the quantum yield efficiency in t
former.

The very large exciton binding energy in solid Alq3 con-
trasts with reports of exciton binding energies in vario
polymers of only about 0.3–0.4 eV~e.g., Refs. 15 and 19!.
Most probably the size of the molecules harbors the exp
nation for this difference. The larger the molecules becom
the smaller is the Coulomb repulsionU, as the two charges
can better delocalize and thus avoid each other.

Lastly, the situation schematically drawn in Fig. 2 rais
the question on the spin order in solid KAlq3 . Usually, Mott-
Hubbard insulators exhibit an antiferromagnetic ground s
that is a direct consequence of the electronic correlatio
This, however, can be altered by other mechanisms
electron-phonon coupling or a particular crystal symme
leading to frustration and further studies are necessary
decide this question.

To summarize, we have shown that a consistent ratio
ization of the experimental results on the electronic prop
ties of solid Alq3 requires the consideration of strong ele
tron correlation effects. In particular, the Coulomb repulsi
of two charges on an Alq3 molecule in the solid is larger tha
or equal to 1.4 eV, which also defines the exciton bind
energy of the lowest lying singlet exciton. The electron
correlations are responsible for the insulating ground stat
KAlq3 .

We thank G. Paasch and M. S. Golden for fruitful discu
sions and R. Hu¨bel, K. Müller, and D. Müller for technical
assistance.
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H. Kurz, V. I. Arkhipov, H. Bässler, and E. O. Go¨bel, Phys. Rev.
Lett. 73, 1440~1994!.

14L. M. Blinov, S. P. Palto, G. Ruani, C. Taliani, A. A. Tevosov,
G. Yudin, and R. Zamboni, Chem. Phys. Lett.232, 401 ~1995!.

15J. L. Brédas, J. Cornil, and A. J. Heeger, Adv. Mater.8, 44 ~1996!.
16I. H. Campbell, T. W. Hagler, D. L. Smith, and J. P. Ferrar

Phys. Rev. Lett.76, 1900~1996!.
17S. Barth and H. Ba¨ssler, Phys. Rev. Lett.79, 4445~1997!.
18M. Knupfer, J. Fink, E. Zojer, G. Leising, U. Scherf, and K

Müllen, Phys. Rev. B57, R4202~1998!.
19S. F. Alvarado, P. F. Seidler, D. G. Lidzey, and D. D. C. Bradl

Phys. Rev. Lett.81, 1082~1998!.
20I. G. Hill, A. Kahn, Z. G. Soos, and R. A. Pascal, Jr., Chem. Ph

Lett. 327, 181 ~2000!.
21B. Schweitzer and H. Ba¨ssler, Synth. Met.109, 1 ~2000!.
22S. F. Alvarado, L. Rossi, P. Mu¨ller, and W. Riess, Synth. Met

122, 73 ~2001!.
23T. Schwieger, H. Peisert, M. Knupfer, M. S. Golden, and J. Fi

Phys. Rev. B63, 165104~2001!.
24K. Sugiyama, D. Yoshimura, T. Miyamae, T. Miyazaki, H. Ish

Y. Ouchi, and K. Seki, J. Appl. Phys.83, 4928~1998!.
25R. Treusch, F. J. Himpsel, S. Kakar, L. J. Terminello, C. Heske
03320
d

,

,

,

.

,

.

van Buuren, V. V. Dinh, H. W. Lee, K. Pakbaz, G. Fox, and
Jimenez, J. Appl. Phys.86, 88 ~1999!.

26N. Johansson, T. Osada, S. Stafstro¨m, W. R. Salaneck, V. Parente
D. A. dos Santos, X. Crispin, and J. L. Bre´das, J. Chem. Phys
111, 2157~1999!.

27M. G. Mason, C. W. Tang, L.-S. Hung, P. Raychaudhuri, J. M
dathil, L. Yan, Q. T. Lee, Y. Gao, S.-T. Lee, L. S. Liao, L. F
Cheng, W. R. Salaneck, D. A. dos Santis, and J. L. Bre´das, J.
Appl. Phys.89, 2756~2001!.

28M. S. Dresselhaus and G. Dresselhaus, Adv. Phys.30, 139~1981!.
29M. Knupfer, Surf. Sci. Rep.42, 1 ~2001!.
30A. Curioni, M. Boero, and W. Andreoni, Chem. Phys. Lett.294,

263 ~1998!.
31A. Curioni and W. Andreoni, J. Am. Chem. Soc.121, 8216

~1999!.
32G. Greczynski, M. Fahlman, W. R. Salaneck, N. Johansson, D

dos Santos, and J. L. Bre´das, Thin Solid Films363, 322 ~2000!.
33A. J. W. Tol, Chem. Phys.208, 73 ~1996!.
34J. A. E. H. van Haare, E. E. Havinga, J. L. J. van Dongen, R.

J. Janssen, J. Cornil, and J. L. Bre´das, Chem. Eur. J.4, 1509
~1998!.

35S. Irle and H. Lischka, J. Chem. Phys.103, 1508~1995!.
36N. Sato, H. Inokuchi, and E. Slinish, Chem. Phys.115, 269

~1987!.
37R. W. Lof, M. A. van Veenendaal, B. Koopmans, H. T. Jonkma

and G. A. Sawatzky, Phys. Rev. Lett.68, 3924~1992!.
38M. Knupfer and J. Fink, Phys. Rev. Lett.79, 2714~1997!.
39M. Probst and R. Haight, Appl. Phys. Lett.71, 202 ~1997!.
40A. Niko, C. Hochfilzer, T. Jost, W. Graupner, and G. Leisin

Mater. Res. Soc. Symp. Proc.488, 713 ~1998!.
4-4


