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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.
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I. INTRODUCTION troscopy(XPS). For both UPS and XPS a commercial PHI
5600 system was used, which was equipped with an un-
Recently, there has been growing interest in the propertiesionochromatized He-discharge lamp providing photons
of organic semiconductors and their application in variouswith 21.2 eV for UPS and a monochromatized K\ x-ray
devices such as organic light emitting diodeslq, (8-tris-  source(1486.6 eV photonsfor XPS. The UPS spectra have
hydroxyquinoline aluminurnis one of the organic materials been corrected for the contributions from He &and He ly
that is often used as an electron transport and emission layeadiation. The total energy resolution of the spectrometer
in such devices and thus can be regarded as a model sulvas determined by analyzing the width of a Au Fermi edge
stance for the understanding of the functionality of these deto be 100 meMUPS and 350 meM(XPS), respectively. In
vices. Figure 1 schematically shows the molecular structurerder to obtain thin films, Algwas evaporated in a prepara-
of Algs. A detailed knowledge of the electronic structure andtion chamber at a base pressure of B0~ 1° onto a clean,
the injection as well as the transport of charge carriers in thargon-sputtered gold foil. After the Alqgdeposition the
organic devices is essential for a microscopic understandingample was transfered to the analysis chanib&se pressure
of the different properties of the device components. 1x 10719, were the UPS and XPS measurments were car-
Intercalation with potassium represents one way to studyied out. The thickness of the respective Afijm was de-
negatively charged Algand thus can provide information termined to be 7 nm by monitoring the attenuation of the
about its properties in an electron-transport layer. We thereintensity of the Au 4 photoemission peak before and after
fore studied the electronic structure of K-intercalateds4dt;  the deposition. We used the formula by Seah and Dfuzh
various K concentrations up to three potassium atoms pesrganic molecules to calculate the mean free path length of
Alg; molecule. Previously, various investigations on electrons in Alg and arrived at 34.3 A for electrons with a
metal/Alg, interfaces have been carried ¢@a, Mg, Ga.>*  kinetic energy of 1402.6 eVAu 4f-.,). In order to interca-
These contribiutions mainly deal with the change of Fermilate the films, we evaporated potassium with a commercial
and/or vacuum levels due to the interface formation, which iSSAES potassium getter source. The potassium concentration
important for the determination of injection barriers in or- in the Alg; films was derived from a comparison of the rela-
ganic devices. Johanssehal? recently discussed the results
of a joint theoretical and spectroscopic study of the
occupied-electronic states in K- and Li-intercalated AAlq
Curioni and Andreofii have presented an overview of the \
results of their discrete Fourier transfof@FT) calculations N
on metal(Li, Al, Ca)-Alg; complexes and Treuscét al.’
published an analysis of the unoccupied states of pristine
Algs using x-ray absorption spectroscopy. The results pre-
sented in this contribution aim at a deeper insight into the
electronic structure of K-intercalated AlgWe discuss the
changes of the valence band electronic structure, the distri- N
bution of the additional charge on the molecules and the \ Y/
changes in the work function with intercalation.

Il. EXPERIMENT

Our studies have been carried out using ultraviolet photo- FIG. 1. Schematic representation of the molecular structure of
emission spectroscogWPS and x-ray photoemission spec- Algs.
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FIG. 2. Evolution of the C & and K 2p core levels with in- ZO ad ’;! ".l b e |
creasing potassium intercalation of Aldrhe inset shows the en- s N X203
ergy shift of the C % structure versus increasing potassium content e’ i *..W
of the sample. ‘,.’. %

; .‘s. pristine Alq,
tive intensities of the K p and the C %, N 1s as well as O S ——
1s core-level intensities. As sensitivity factors we used 1.3 U
for K 2p, 0.296 for C 5, 0.477 for N 1s, and 0.711 for O 402 401 400 399 398 397
1s, which take the spectrometer sensitivity into Binding energy (eV)

consideratiori. Taking into account the uncertainty of these

factors and other sources of deviation from the ideal condi- FIG. 3. N 1s core level of potassium intercalation of Alas a
tions, one arrives at an error of the intercalation level offunction of potassium intercalation.

about 15%. The work function of the films was extracted . .

from the linear extrapolation of the low-energy cutoff after P€ak cannot be resolved. The K Zpin-orbit doublet ap-
applying a bias of 5 eV to the sample that allows all photo-P€ars at a binding energ94.8 eV and 297.6 eMthat is
excited electrons to leave the sample. For calibration purconsistent with 02ther_mtercalatedconjugated systems such
poses we measured the work function of gold to be 5.15 eV@S the fuIIerldeé. This shows that the potassium atoms re-
which is in good agreement with literature vald@sll film ally transfer their outes electron to the Alg molecules. No

preparation steps and the measurements themselves wafgrtical gradient in the distribution of the potassium atoms in
carried out at room temperature. the Alg; film could be observed when changing the emission

angle of the photoelectrons. With increasing potassium con-
centration we observe a shift of 0.7 eV of the € structure
to higher binding energies until a concentration of 0.8 potas-

Intercalation with potassium results in negatively chargedsium atoms per Algmolecule is reached. At higher potas-
n-type doped-Alg molecules. In a simple approximation, Sium concentrations we find a slight backshift peak maxi-
one might expect the additional electron to occupy themum to lower binding energieisee inset Fig. Rthat might
LUMO (|owest unoccupied molecular Orbi):ajf ,A|q3 The- be related to a Change of the Underlying €flne structure.
oretical investigations predict this LUMO to be concentratedThis will be discussed in more detail below. .
on the pyridyl side of the Algligands with the main contri- I Fig. 3 the evolution of the N d core-level spectra with
butions to the LUMO arising from the carbon and nitrogenincreasing potassium intercalation is plotted. In the case of
atoms! In the following, we first discuss our results from pristine Alg; a single line at a binding energy of 400.4 eV is
the core-level studies as a function of intercalation before weisible, consistent with only one nitrogen site per quinoline
turn to the valence-band features. 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 nega-
tively charged than that leading to the original N fdeak. In

We have measured the G&,IN 1s, K 2p, C 1s, and Al addition, a broadening of the original Nsline of approxi-
2p core-level photoemission spectra ofAdqs. In Fig. 2the  matly 0.15 eV can be observed with intercalation that is most
evolution of the C & and the K 2 core levels with increas- probably caused by intercalation-induced inhomogeneity in
ing potassium intercalation is shown. The €deak of pris- the film. The formation of the second component is con-
tine Algs is a broad feature situated at 285.6 eV bindingnected with a decrease of spectral weight of the original N
energy (BE) with a linewidth of 1.9 eV. We attribute the 1s structure. Both the decrease of the original peak and the
linewidth to the presence of inequivalent carbon sites in théncrease of the new component scale with the potassium con-
Algs; molecule. The corresponding fine structure of thesC 1 centration in the sample up to a potassium concentration of

Ill. RESULTS AND DISCUSSION

A. Core-level spectroscopy

165104-2



ELECTRONIC STRUCTURE OF K-INTERCALATED 8. . . PHYSICAL REVIEW B 63 165104

/ UPS
=
/""';. SN

»
8k X 3
/ —@—N 15 [E4(K,Alq,)-E,4(Alg,
»

<E )
0 1s [E,4(K,Alg,)-E4(Alq,)
/ UPS [E,(K,Alg,)-E,(Alq,)
—l— Workfunction [W(Alqg,)-W

06} T )W (K,
A A A A il A A A A

0.0 0.5 1.0 1.5 20 25
Potassium concentration (x)

EELS

Loss function (arb. units)

Energy shift (eV)
o
[ec]

FIG. 4. Energy shift of the peak position of the Aly 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 daig, denotes the
binding energy of the photoemission features #the work func-
tion.

Normalized intensity (arb.units)

x=2.5 (K,Algs). Beyond this degree of intercalation we ob-
serve a low-energy component in the ® dore-level spectra
(not shown that indicates a surface contamination of the N I T BT O B
sample as a consequence of surface oxidation. The formation
of oxide species on the surface farlarger than approxi- 1210 8 6 4 2 O
mately 2.5 suggests that the maximal intercalation level is T
x=3. Binding energy
The second component in the ¢ tore-level spectra is a . ,
clear sign for a change of the chemical surrounding of the FIG. 5, Valence'ba.md photoe_mus§|0n spectra of/dg various .
. L . . _potassium concentrations. The line is a guide for the eye to point
nitrogen site in Alg caused by doping of the molecules. This : ; .
d trates that the f LUMO of Aldhat b out the evolution of the first main feature of the valence band. The
emor_13 ra ?S a . € _ormer . of Algha . ECOMES iqet shows the loss function of pristine Alqbtained by electron
occupied W|.th _dopmg is partly. derived frqm .nltrogerpz energy-loss spectroscopy in transmission.
states, confirming the calculations of Curiosiall! The

original N 1s line vanishes when the potassium concentraysicantly. This additionally means that the ionization poten-
tion reaches one potassium atom per quinoline ligand of thgy) for a1 electronic levels remains unchanged upon interca-
Algs molecule. Additionally the binding energy of the M1 |5i0n. We note that the changes in BE observed in Fig. 2 for
features increases with increasing intercalation up=d.8  the C 15 core level are slightly different from what has been
and th.en. stays constaqt at 0..85 eV BE higher thqn in the Cagfiscussed above as the @ tore-level binding energy de-
of pristine Alg. This will be discussed in detail ¢reases at higher intercalation levels. We attribute this differ-
later. _ _ ence to variations of the underlying fine structure of thesC 1
In Fig. 4 we depict the energy shifts of the ¥ and O Is eak as a result of doping as is more clearly illustrated for
core levels together with the shift of the main valence banqhe N 1s core-level data shown in Fig. 3. This again indi-
features and the work function of the corresponding film.cates that both the carbon and nitroggndbitals contribute
The Work.functlon drops about 0.9 gV at low intercalationy the molecular states near the energy gap of Altpe fact
and remains constant aboxe-0.8 while the core level and 4+ the fine structure changes of the € dore level is not

valence band binding energies increase by the same amouptc,ived in the data of Fig. 2 however suggests a smaller

Note that for comparison we show in Fig. 4 the negativ.echemical shift of the individual C 4 contributions as com-

change of the work function. Since all energy shifts shown '"Eared to the N & core level and thus a strong nitrogen char-

Fig. 4 agree quantitatively, we assign them to a variation o cter of the LUMO of Alg.
the energy position of the chemical potential as a function o
intercalation. In pristine Alg the chemical potential lies
within the energy gap between the HOMRighest ocuppied
molecular orbital and the LUMO. Intercalation then leads to  In Fig. 5 we show the valence-band spectra of pristine and
a pinning of the chemical potential at the LUMO of pristine intercalated Alg. The data for pristine Alg are in good
Algs. Higher doping fills the LUMO with more electrons but agreement with the literature® The electronic states be-
does not change the position of the chemical potential sigitween the Fermi energy and 6 eV BE arise from thetates

B. Valence-band spectra
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that control the transport properties of AlA\bove 6 eV BE From Fig. 5 it is also clear that none of the intercalated
one can see emission from tlederived states. Potassium films are metallic as there is no emission from the Fermi
intercalation causes the appearance of a feature in the enertgyvel independent of the intercalation level. The binding en-
gap of Alg. This structure increases in intensity with in- ergy of the intercalation related feature is about 2.5 eV and
creasing intercalation. This feature is attributed to the fillingits separation from the former AJcHOMO is about 1.5 eV.

of the LUMO of Algs. Theoretical calculationspredict that  In view of the energy gap discussed above, these numbers
the wave function of the LUMO of Alg and that of the show that intercalation with potassium leads to the formation
singly occupied molecular orbital of K-intercalated Alare  of significantly relaxed electronic levels in AlgThis energy
nearly identical. These calculations also predict an energyelaxation is most probaly due to a combination of two ef-
separation of the intercalation related feature to the HOMQects. First, the addition of electrons to molecular orbitals
of Algs that is in good agreement with the experimental re-ysyally causes a structural relaxation of the molecules and
sults. . ) . thus a energy shift of the electronic levels. This is also ex-

Together with the core-level and work—functlon dapa d's'pected in the case of Alf"® Second, intercalation means the

cussed above, the valence-band spectra shown in Fig. 5 C@fyoqyction of counterions into the structure that guarantee

be used to estimalue the transport energy gap between thg. harge balance. These counterions now induce an impu-
HOMO-derived valence and the LUMO-derived conduction i, notential for the electronic states, especially concerning

band of Alg. In the first step, we note that the energy dis-y,q loosly bound valence electrons. We thus attribute the

tance of the HOMO onset and the chemical potential in pris’considerable energy relaxation of the AlGUMO upon in-

tine Algz is 2.15 eV. We then consider the valence-bandig c|ation partly to this effect. This conclusion is in agree-

spectrum for a low-K doping level for which one can reason-peny \ith previous studies of the impact of alkali ions on the
ably expect that the electronic levels themselves to be €ssefacironic structure of intercalated oligonfetd®2 and

tially unpeturbed by doping. Now, the energy distance bey estions the interpretation of intercalated-induced features
tween the HOMO onset and the chemical potential is 3.0%, the basis of polarons or bipolarons alone.

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 Is binding energies as well with the down-
ward shift of the work function, thus putting it beyond doubt
that this shift is due to a change in the position of the chemi- We have presented a photoemission study of potassium-
cal potential. Thus assuming a pinning of the chemical pointercalated Alg films as a function of the intercalation
tential at the base of the LUMO of undoped Alfigr the low  |evel, which reaches its maximum atKlqg,. Our data indi-
K-doping case, one can give the value of 3.05 eV as a lowegate that the wave function of the lowest unoccupied molecu-
bound for the transport gap in pristine AldVe emphasize |ar orbital of Algg is composed of both carbon and nitrogen
that this figure is a lower bound, both pinning of the chemi-2p states. Intercalation leads to a rigid shift of all electronic
cal potential at in-gap impurity states and the presence dkvels consistent with a constant ionization potential for all
electronic-correlation effects would mean that the true transstates. From this shift at a low K-doping level we have ob-
port gap would be greater than 3.05 eV. Nevertheless, evefained an estimate of the lower limit of the transport energy
this lower-bound value contrasts with that observed in excigap of pristine Alg (3.05 eV}, which is significantly larger
tation measurements. The inset to Fig. 5 shows the results ghan the gap observed with absorption or excitation tech-
electron energy-loss investigations of Algarried out in  niques(2.7 e\). Consequently, the optical excitation across
transmission. The quantity measur@te loss functionis  the energy gap in Algis excitonic with an exciton binding
related to the electronic excitations of the system and showsnergy of at least 0.35 eV. This not only implies a singlet-
an onset at 2.7 eV, in agreement with optical absorptiorriplet splitting of the gap excitation, but also invalidates ap-
studies:* Thus, the difference between the optical gap ancproaches where the optical gap is used to derive transport
the (lower bound transport gap derived here of 0.35 eV properties such as electron-injection barriers across a metal-
indicates the excitonic nature of the excitations giving rise toAlq, interface. Finally, intercalation with potassium at a
the measured optical gap, and gives a lower estimate for thgigher level causes a considerable relaxation of the electronic
binding energy of an electron-hole paiexciton in solid  states of Alg that is due to both structural modifications of

Algs, in qualitative agreement with recently reported resultshe molecule and the impact of the alkali counter ions.
of a combined PES-IPES study.

We stress that the difference between the two sets of gap
measurements demonstrates anew that optical studiemtare
suitqble to probe the transport-relgvan_t energy gap qf organic ACKNOWLEDGMENTS
semiconductors such as AlgDespite this, the excitonic, op-
tical gap value continues to be used in energy level schemes This work was supported by the BMBF under 05 SF8 BD
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IV. SUMMARY
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