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Atom-resolved electronic spectra for Alg 3 from theory and experiment
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The electronic structure of Algis investigated using density functional theory-based calculations,
photoemission and near-edge x-ray absorption fine structure. The distinct features of the observed
spectra are understood in terms of contributions from the different atoms and molecular orbitals.
Fingerprints of the molecular bonding and of the individual atoms are identified. These results are
meant to be a reference for the monitoring of chemical processes that#lyg undergo during
fabrication or degradation of light-emitting devices, and for the understanding of the effects of
ligand or metal substitution. €998 American Institute of Physics.
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Tris-(8-hydroxyquinolatgaluminum (Algs) is the key  atomic pseudopotentidlsand plane waves up to 70 Ry. The
electroluminescent material currently used in organic light+esults we discuss here refer to the meridianal isomer in the
emitting devices(OLEDs) based on “small molecules”  optimized geometryFig. 1)°. This is the isomer observed in
Since the first report in 198f an OLED based on Alga  the crystal structures done so farand the one that is
great effort has been made to control and improve its effislightly lower in energy -4 kcal/mo). The properties we
ciency and durability, as well as to modify and extend thediscuss here are only marginally dependent on the specific
spectral range of light emissidfh Our understanding of the conformation of the molecule
electroluminescence mechanism and of the material-specific The spectral function of interest is the density of the
characteristics of the device is still poor. Here we present @ne-electron state®OS), which can be directly compared
joint theoretical and experimental characterization of thewith valence-band photoemission. Although Kohn—Sham
electronic structure of Alg both in the occupied and in the (KS) levels do not correspond to quasi-particle excitation
unoccupied portions of the spectrum. Calculated spectra aenergies, the DOS generally reproduces the photoemission
analyzed in such a way that all features are ascribed to indpectra of molecular solids and semiconductors reasonably
vidual atoms and/or groups of atoms. This offers the uniquavell and, in particular, their salient features in the range of a
possibility to use them as fingerprints of site-specific chemi-
cal reactions taking place in the deviceuch as degradation
processes at the electrode/organic interface.

The occupied electron states of Algvere investigated
with soft x-ray photoelectron spectroscofXPS measure-
ments performed with synchrotron radiation at a photon en-
ergy of 240 eV using an ellipsoidal mirror analyzer at the
undulator beam line 8 at the Advanced Light Soui&eS),
Berkeley. The unoccupied states were probed with near-edge
x-ray absorption fine structurdNEXAFS). Absorption was
measured for the C, N, Osllevels, via the total electron
yield mode at the ALS and at the Stanford Synchrotron Ra-
diation LaboratorySSRL. The Alg; films prepared by sub-
limation in ultrahigh vacuum were thick enough to suppress
substrate emission, but thin enough to prevent chafging

Calculations were based on density-functional theory us-
ing gradient-corrected exchange correlation functidhals

3E|ectronic mail: cur@zurich.ibm.com FIG. 1. Alg; structure of meridianal isomer.
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-25 -15 -5 molecular orbitalHOMO). Because Al is stripped of its va-

' ' ' lence electrons, its contribution to the DOS is negligible. The
weak orbital density in Fig. ®) around Al corresponds to
states on the ligands that are strongly polarized towards the
central ion. The highly ionic character of the ligands—Al in-
teraction accounts also for the instability of Aldgpwards
hydrolysis®. The peak at the highest binding energy in the
photoemission spectrum—28 to —22 eV) arises from the 2

s component of ther bonding between O and N and the
neighboring C's. The PDOS distinguishes between O and N
components that merge into a single peak in the observed
spectrum. The region between21 and—7 eV corresponds

to the remainingr backbone. In fact it is dominated by car-

25 15 s bons, and has contributions from hydrogen. More specifi-
Energy (eV) cally, this region is divided into C2(—21 to — 11 eV) and
FIG. 2. (a) SXPS spectrum of Algiand calculated valence DO%) Pro- c 2p. (=11 to —7 eV) components. Ther Statis St"_"rt to
jected valence DOS on the individual atomic species as labeled. contribute at—9.5 eV. The N and Gsp?- and sp*-derived

lone pairs pointing towards Al are at7 eV (right-hand
shoulder of the peak at 7.3 e\) and at—5.4 eV, respec-

few eV below and above the Fermi lev@). Moreover, a tively. Therefore, both features can be considered finger-

description of the electronic structure in terms of the KS . . : .
: - Iprlnts of the metal-ligands interactions.

orbitals bears the correct character and localization propef- Both the occunied and unoccupiedstates of Ala near

ties. By projecting the KS states onto the atomic wave func—the HOMO LUM(p) an arou int[z) setetr Iets”% that

tions, we decompose the DOS into the contributions of al — gap group P

iferent clemenforojctedcensty of taePDOS) Our 1 18 e ol caraete o each of e e i
calculations are for the isolated Algnolecule. For sake of y

comparison with the experiment, the discrete levels Weréhe ipfgjerr:]ml(lde ISIEer%];tg[?ELIJII\%%])dS, ;’\zr)e;?s t:?(e)]b\’\r’]ef; unoc-
broadened, using a Gaussian function witk-0.5 eV. The cugdel sigeec'll'Jh?s ?s reflected in ?Ee PDq%i sa Zg) ang
(P)DOS was also shifted so that the energy of the Ieadin@y .y ' g gs.

. : . (b)]: only a weak contribution comes from N to the pho-
maximum matches that observed in the experiment. _ L

. toemission peak at the lowest binding energy, and from O to

The DOS and PDOS below and above &e illustrated he lowest peak in the spectrum of the unoccupied states

in Figs. 2 and 3, respectively. The former compares wel west p ' pectru u up! '

with the photoemission peaks: both shape and sequence his implies that oxidizing agents will attack the molecule at

: . hee phenoxide side of the ligands, reducing agents at the
reproduced for at least 10 eV below the highest OCCUple?jbyridyl side, The LUMO1 (Il) and LUMO=+3 (IV) sets are

more uniformly distributed on the two sid¢Big. 3@)]. In-
terestingly, the LUMG-1 set(ll) vanishes on both N and O,
whereas the LUM@ 2 (ll1), although more localized on the
phenoxide side, has a similar amplitude on both of them, Fig.
3(a). The contribution of Al to these unoccupied states is
vanishingly small. Thus no direct role of the metal atom can
(a) be claimed in light-emission processes of Alq

For the empty states the ideal experiment with which to
compare the DOS would be inverse photoemission. Unfortu-
nately, because of the low photoemission probability and
hence the high electron bombardment required g Alnder-
goes decomposition under experimental conditions. How-
ever, an atom-resolved spectroscopy for the unoccupied

(b) states is NEXAFS, as shown in Fig. 4 for C, N, and O. By

exciting electrons from a specific atomic core, NEXAFS
probes dipole-allowed transitions to the virtual states and the
localization of the latter. The position of the levels relative to
Er can be estimated by subtracting the binding energy of the
core state from the photon energy.

A rather detailed interpretation of the core photoabsorp-
tion function is provided by

I II
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FIG. 3. (a) Probability isodensity surfacé.001 a.u. of the LUMO (1),
LUMO +1 (Il), LUMO+2 (Ill) and LUMO+3 (IV) sets of orbitals. Only ~ C refers to & core states and the sum runs over all the atoms,
one ligand is shown(b) Projected DOS calculated for these empty states. Kk, of a given species and over the empty KS molecular or-
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4 -2 0 2 4 6 8 different one-electron transitions do not overlap, facilitating
the interpretation of NEXAFS. In the case of nitrogen, the
first intense peak is due to N4 LUMO transitions, the
less intense second and third features to thesN1
LUMO+2 (Ill) and N — LUMO+3 (IV), respectively,
whereas the Nd— LUMO+1 (Il) transition is missing.
This result agrees with the considerations above, namely that
the LUMO “triplet” (1) is mainly on the pyridyl side of the
rings and polarized towards N, whereas the LUMD(II)
states have components only on the C’s. The relative inten-
sities simply correspond to the relative participation of N in
the specific orbitals. In the case of oxygen, the two peaks
observed correspond to transitions to the LUMD and
Energy (V) LUMO+2 (lll), respectively. The transition to the
LUMO+1 (Il) is missing, as for N, and transitions to higher-
FIG. 4. 1s NEXAFS spectrunisolid) compared to calculate@ashedi pho- energyw* states are hidden in the spectral region. The
toabsorption[Eq. (1)], for C, N, and O. The labels |-V are as in Fig. 3. relative intensities can simply be explained in terms of the
relative amplitudes of the LUMQ@I) and LUMO+2 (l11) on
bitals, . Core atomic wave functiong! were derived from o
an all-electron calculatidA of the optimized structufe In conclusion, photoemission and NEXAFS data com-
Equation (1) neglects several many-body effects, €.9.pined with theoretical atom-resolved spectra and a detailed
electronic relaxation and electron-hole interaction. Compariyescription of the electronic states have provided a complete
son with experiment can be made easier by simply aligningyic1,re of the orbital structure of Alg This opens the way to
the first experimental and calculated peaks. The relativg precise monitoring of the organic through similar measure-
shifts of the C, N, and O first peaks result mainly fom aents | fact, on the basis of the spectra presented here, one
different strength of the electron—hole attractfbrThe larg- can now characterize site-specific reactions or interactions

est shift pertains to N, where the amplitude of the LUMO iSthat Alg, may undergo in a device, identify specific effects
higher. Examination of the individual orbitals and analysis ofof chemical substitutions. and uIti,mater help control and
the transitions in terms of couplings of all the different atomsenhance device performa,nce.
in the molecule provide a complete explanation of the exci-
tation spectrum over a range of5 eV (see Fig. 4 This The authors are grateful to H. W. Lee, K. Pakbaz, and G.
involves transitions to ther* states of the LUMO(l),  Fox for providing an Alg sample. The experimental work
LUMO+1 (II), LUMO+2 (lil), and LUMO+3 (IV) “trip-  was supported by the Director, Office of Energy Research,
lets.” We do not consider higher energies because ouDffice of Basic Energy Sciences, at LLNL under Contract
scheme becomes less accurate. Moreover, this portion of thgo. W-7405-ENG-48 and by the NSF under Award Nos.
excitation spectrum does not appear to be atom specific angMR-9632527 and DMR-9531009.
thus is of limited interest to the purpose of this work.

In the case of carbon, theslevels of the chemically
distinct atoms are spread overl.9 eV (about a center of
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