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Band-gap and correlation effects in the organic semiconductor Alg
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We present a spectroscopic study of the electronic properties of a molecular organic semiconductor Alq
and its potassium intercalation compound KAIdt 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 Ahgolecule in the solids is about 1.4 eV that renders
KAlq; a Mott-Hubbard insulator and causes a large exciton binding energy in solid Alee implications of
these results for organic devices are discussed.
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The class of organic semiconductors offers a wide rangéently rationalized within the framework of strong electron
of potential applications in novel electronic or optoelectroniccorrelations in solid Alg. In particular, the Coulomb inter-
devices(e.g., Refs. 1-p In addition, field-effect devices on action between two electrons on one Alaolecule in the
the basis of molecular organic semiconductors such as pesolid is at least 1.4 eV. The large Coulomb repulsion causes
tacene, anthracene, ogfhave been used to demonstrate thea large exciton binding energy in solid Algf also about 1.4
occurrence of the fractional quantum Hall effeeind of eV and renders the intercalated compound KaAlesulating.
superconductivity® with transition temperatures up to 52 K The latter compound thus has a Mott-Hubbard ground state.
(the latter in hole-doped &) in such systems. The materials ~ The photoemission experiments have been carried out in
used in organic devices are based upon variegsnjugated an ultrahigh vacuum(UHV) chamber (base pressure
polymers and oligomers. A microscopic understanding ofl0 ®mbap using a He discharge lamp providing photons
any device and its optimization requires a knowledge of thewith 21.2 eV[ultraviolet photoemission spectroscofiyPS |
fundamental electronic properties of the system in questiorand a commercial PHI 5600 analyzer. The UPS spectra have
The performance of most devices is directly related to thébeen corrected for the contributions from Beand Hely
transport properties, i.e., the nature, size, and dynamics d¢fdiation. The total-energy resolution was 100 meV. Thin
the charge carriers in the individual device components. AAlg; films were prepared by evaporation under UHV condi-
central parameter to model the transport behavior of materitions onto a sputter-cleaned gold foil. To intercalate sAlq
als is the energy gap, which is the energy difference betweepotassium was evaporated from standard, commercial SAES
a free electron in the conduction band and a free hole in thgetter sources and the degree of intercalation has been deter-
valence band. Directly connected to the transport relevanmined using core-level photoemission spectrosodpsy fur-
energy gap is the question of the binding enei@§) of the  ther details see Ref. 23
lowest lying optical excitation, which is defined as the en- In Fig. 1 we show representative UPS spectra of solid
ergy difference between the excitation energy as measured #lg; and KAlg down to a BE of 11 eV. The data are con-
optical experimentsoptical gap and the transport gap. De- sistent with those from previous studiés?’ The spectra re-
spite more than a decade of intense research in the field ofal several sharp features with a half-width of about 1 eV or
organic semiconductors there is still no consensus about tremaller which arise from excitations of electrons that occupy
relative size of these two gaps. For instance, exciton bindinglifferent molecular orbitals of Alg Typically, the band-
energies ranging from 0.1 to 1.4 eV have been discussedidth in solids with delocalized electronic states is much
previously for various systenis?° This—at least to some larger than 1 eV. For instance, the width of the occupied part
extent—arises from the fact that the obvious presence off the 7 band in graphite is larger than 5 &¥YIn compari-
various effects like electron-phonon coupling and electronicson, the well structured features in the spectra up to a bind-
correlations and their interplay are often not considered aping energy of 10 eV in the spectra of Alghow that solid-
propriately that makes the analysis and discussion of varioustate broadening due to band formation is much smaller in
results less conclusive or ambigudsse Refs. 15, 21 for an Algs in agreement with other molecular, van der Waals-type
instructive discussionThe situation becomes even more un-solids(e.g., the fullerene 5529) where one finds a bandwidth
clear comparing the results of actually equivalent experi-of 0.5 eV or smaller of the bands related to the molecular
ments on one particular organic semiconductor, copper phtdevels. The feature that represents emission from the highest
locyanine, where the reported transport relevant energy gamgscupied molecular orbital HOMO) of Alqs is labeled H.
differ by more than 1 e¥°?2 The HOMO and the lowest unoccupied molecular orbital

In order to shed light on these important issues, we havéLUMO) of Alg; consist of three almost degenerate molecu-
studied the electronic structure of solid Alq(8-tris- lar levels that are not resolved in Fig. 1 and which represent
hydroxyquinoline aluminumnand its potassium intercalated the three ligands of the Ajgmolecule® (see Fig. 1
compound KAlg using photoemission spectroscopy. Taking Going from Alg; to KAlg; the valence-band features
into account complementary results from the literature weshow a constant shift to higher binding energy that is related
demonstrate that the experimental observations are consit a shift of the chemical potential upon intercalation. The
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is reported®3*Moreover, related systems such agl?° or

Li intercalated poly9,9-dioctyl-fluoreng? also contain
counterions but do show emission from the Fermi level.
Consequently, we rule out that the potassium counterions
play a major role in the determination of the ground state and
the energy gap of KAlg.

(i) It is well established that the introduction of charges
into molecules like Alg results in a relaxation of the mo-
lecular structure, i.e., there is considerable electron-phonon
coupling in these organic semiconductors. This alone, of
course, cannot lead to a metal-insulator transition for KAIlq
but only renormalizes the charge-carrier properties, like the
T —— effective mass, and thus results in the formation of polarons.
0 8 6 4 2 0 If, however, the formation of a bipolaron state, i.e., a bound

Binding energy (eV) pair of polarons, was energetically more favorable, one could

FIG. 1. PhotoemissiofUPS profiles of solid Alg and its po-  iImagine a redistribution of the electronic density of states
tassium intercalation compound KAlg The low binding-energy ~ Such that an energy gap at the Fermi level shows up. This
spectral features that are derived from the highest occupied molecivould then correspond to a charge-density wave insulator.
lar orbital (HOMO) and the lowest unoccupied molecular orbital While bipolarons have been predicted to be stabilized on
(LUMO) of Algs are labeled H andl *, respectively. For compari- small molecule®* the virtual threefold degeneracy of the
son, the spectrum of KAlgis offset iny direction. Also shown isa LUMO level in Alg; contradicts the formation of bipolarons.
schematical representation of the molecular structure of Alg Instead, as a function of electron transfer to Aldghe three

e ligands are negatively charged successively with a very small
constant energy shift is indicated by the same spectral shaq eraction between thefd.In addition, the energy gap of

of the two curves shown in Fig. 1 except the lowest binding-,4a than 1.5 eV as observed in Fig. 1 is far too large to be
energy feature in the case of KAlgMoreover, also all core explained by a bipolaron formatidfi:®®
levels ;how the same energy s?ﬁfthat. can only t_Je under? (i) So far, we have not considered that Altprms a
stood in terms of a shift of the chemical potential upon in-p,q1ecy1ar solid with relatively small interactions between
tercalation. The new structure in the spectrum of KAIG e mojecules. In other words, the wave function of the
labeledL ", is observed at about 2.4 eV BBnsetat 1.5 eV charge carriers are rather localized to the molecular units.
BE) which arises from emission from the LUMO of Alg  Thjs sjtuation is reminiscent of other molecular solids based
which is filled as a result of the charge transfer of the potasupon small 7-conjugated molecules such as anthracene or
sium 4s electrons to the Algmolecule upon intercalation. ¢ |n these cases it is well established that the electronic
From Fig. 1 it is obvious that both compqt_mds do not showyrgperties cannot be described on the basis of an independent
emission from the Fermi enerdy-0 eV BE); i.e., both com-  gjectron approach but that strong electron correlation effects
pounds are insulating. While this is expected for pristinenaye o pe taken into account in order to rationalize the elec-
Algz with a closed-shell electronic structure, the insulatingygnic behaviors. Here, strong electron correlation effects
ground state of solid KAlg contradicts expectations within  ,eans that the Coulomb repulsion of two electréorsholes
an independent electron consideration where a charge trangp the same molecule in the solid is significantly larger than
fer of one electron to the LUMO-derived conduction bandihe pandwidth of the corresponding one-particle bands. This
would result in a partially filled band, i.e., in a metallic be- ghnresses charge fluctuations, i.e., transport, thus enhancing
havior. _ _ _ the band gap of the pristine materials and rendering doped
_In the following, we will address the different mecha- materials insulating. For instance, the transport relevant band
nisms, that could render intercalated KAlms insulating, gap of anthracene is about 4.15 éRef. 36 while the en-
and discuss their consequences for charge transport throughyy of the lowest lying singlet exciton is only about 3.13 eV,
Algg thin films as used in organic devices. ~i.e., the exciton binding energy is 1 é¥Within a simple
~ (i) It has been argued that the introduced counterions if\jott-Hubbard approach this exciton binding energy now is a
intercalated films of organic semiconductors might impactyjrect measure of the difference of the Coulomb repulsion

the electronic structure of the individual molecules. Th'.senergyU, and the bandwidthV: U=U —W. The equivalent
could, in principle, lead to a localization of the charge carri- "

ers to a part of the molecule and thus to a reduced spectrdltuation is found in G, whereU is about 0.5 eV?* I
weight at the Fermi level as a function of a reduced transfefddition,U in Cg, intercalation compounds is large enough
integral between the molecules. However, it is very unlikelyto drive K,Cg, which has a partially filled conduction
that the counterions push the electronic states more than 1Bnd, insulating® Consequently, since the size of the Alqg
eV away from the Fermi energy amsimultaneouslgplit the = molecule and the interaction in the solid is very similar to
LUMO-derived features into an occupied and an unoccupiedhose of anthracene angdve conclude that solid Algand
part. Indeed, theoretical considerations of alkali-metal interits intercalation compound KAlgas well are strongly corre-
actions in Li-Alg; or K-Alg; complexes predict a stabiliza- lated materials. The correlations lead to a splitting of the
tion of the LUMO of the order of half an eV but no splitting partially filled conduction band in KAlg The insulating

Normalized intensity
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Alg, KAlg;, occupied (") and unoccupiedl(~) lower and upper Hub-
bard band, respectively. In addition, the introduction of
charges and counter ions leads to a work function of 2.7 eV
4.2 2.7 and causes an energy relaxation of the energy levels with a
| P rem—— resulting difference of H anl* of 1.5 eV.
1.4 T 10 The numbers given in Fig. 2 underline that the use of
N ¥ optical methods to access the energy position of the LUMO-
it It Bl derived conduction band in molecular organic
27 58 ) e c— | b semiconductors—as has been often carried out in the past—
1.5 inherently leads to a large error and renders the conclusions
HI ] C————H on, for instance, injection barriers or other interface proper-
FIG. 2. Schematic energy level diagram for solid Aland its ties, that are relevant for organic devices, questionable. Fur-
potassium intercalation compound KAlqThe energy levels are thermore, the presence of strong eI_ectron correlations an(_d as
labeled H for the HOMO-derived bands, ahdAlgs) or L* and @ consequence strongly bound excitons should be taken into
L~ (KAlg3). L denotes the ground state position of the LUMO in aCC?“”t Whenlchoosn_ﬁg. the .approprlate material folr o_rganlc
Algs, which has no relevance as regards transport propefies. devices, e.g., light emitting diodes or solar cells. While in the

andE denote the vacuum level and the Fermi energy, respectively@tter a large exciton binding energy is very unfavorable for
the device performance as one has to separate the charges, it

ground state of KAlg is thus best described as a Mott- can help to optimize the quantum yield efficiency in the
Hubbard insulator and the onset of the lowest BE feature irfiormer.

Fig. 1 gives an estimate of the size of the effective Coulomb The very large exciton binding energy in solid Algon-
energyU, which is about 1.5 eV or even larger. trasts with reports of exciton binding energies in various
This conclusion now has important consequences for prisPolymers of only about 0.3—-0.4 elé.g., Refs. 15 and 19
tine Algs. The transport relevant energy gap of Ashould ~ Most probab_ly t_he size of the molecules harbors the expla-
exceed the energy gap as measured by optical experimerfigtion for '[h.IS difference. The Iarg(_ar the molecules become,

by as much adJ~1.5eV. Indeed, while the onset of the the smaller is the Coulomb repulsidh as the two charges

optical absorption is at about 2.7 &the transport gap as can better delocalize and thus avoid each other.

measured by a combination of photoemission and inverSﬁ]eLajgg’ti;meoﬂt%?'gniﬁgcgg?ziﬂ%dgz\{vr&éﬂaﬁl'g'I\iort?_'ses
photoemission spectroscopy is about 1.4 eV ldfyer al- q P q Y

most perfect agreement with the inference above. A S‘Chelﬂubbard insulators exhibit an antiferromagnetic ground state

matic summary of the energy levels that are relevant fo hr?t |sha direct cons%que?tce gf ;he (;.}I]ectron|chcor_relat|(?_rl1<s.
transport through Alglor KAlg5 solids is presented in Fig. 2. | 'S,E owr?ver, can I? aitere yt_o Ier me(t: lamsms tl €
The HOMO- and LUMO-derived bands are denoted as ectron-phonon coupling or a particuar crystal symmetry

andL, respectively. We note that the bandwidth in moleculareac.ilng to frustrqﬂon and further studies are necessary to
gemde this question.

solids is small that allows one to discuss the energy-leve To summarize. we have shown that a consistent rational-
diagram on the basis of the molecular states. In pristing Alq.__.. P .
zation of the experimental results on the electronic proper-

the ground-state energy difference of the HOMO and th ies of solid Alg requires the consideration of strong elec-

LUMO (denotedL in Fig. 2) is about 2.7 eV as seen in 4y correlation effects. In particular, the Coulomb repulsion
transient photoemission studi@or as the onset in optl_cal of two charges on an Algmolecule in the solid is larger than

absorptiod™*® where the latter measures the lowest singlety equal to 1.4 eV, which also defines the exciton binding
exciton in Algs. The binding energy of this lowest singlet gnergy of the lowest lying singlet exciton. The electronic

exciton is about 1.4 eVRef. 20 and one thus arives at a ¢ relations are responsible for the insulating ground state of
transport relevant energy gap of about 2.A#eM4eV KAIq 5.

=4.1eV. The ionization potential of solid Algs 5.8 eV.

Adding one electron to the Ajgmolecules via potassium We thank G. Paasch and M. S. Golden for fruitful discus-
intercalation reduces the ionization potential to 4.2 eV andsions and R. Hiel, K. Mtller, and D. Miller for technical
results in a splitting of the LUMO-derived bands into an assistance.
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