
Abstract
To understand the electronic charge transfer from 
cathode to an ETL in the TEOLED, the pristine Alq3
thin film and the interfaces of both Alq3/Ba and 
Alq3/Au were investigated by using the NEXAFS 
spectroscopy. The unoccupied energy state of each 
interface using the NEXAFS Analyses at the C and O 
K-edges was assigned and charge transfer from Ba to 

* of Alq3 was investigated in detail. 

1. Introduction

Top-emitting organic light-emitting diode 
(TEOLED) has generated considerable interest in 
recent years, owing to their use in the active matrix 
displays.[1] Significant research trend has been 
concentrated on the development of thin 
semitransparent cathodes (STCs),[2] to keep the 
intrinsic characteristic of a top emission which should 
satisfy two conflicting requirements simultaneously, a 
high electrical conductivity and a high optical 
transmittance. To understand an electron injection 
from cathode to an electron-transporting layer (ETL) 
composing the TEOLEDs, the investigation for 
electronic charge transfer (CT) from cathode to each 
unoccupied-energy level of the ground state in an ETL 
is very important. This CT can be quantitatively 
explained through the near edge x-ray absorption fine 
structure (NEXAFS) spectrum.   

In this study, we report that the quantitative effect of 
electronic CT in the tris(8-quinolinolato)aluminum 
(III) (Alq3)/Ba and Alq3/Au interfaces through 
analyses of NEXAFS spectra at the C and O K-edge, 
as Ba coverage ( Ba) on Alq3 is increased. Also, 
assignments of each unoccupied energy level in 
NEXAFS spectra were performed with theoretical 
calculation in paper, taking account of atom-reserved 
unoccupied states that was calculated by the partial 
density of unoccupied states (PDOUS) based on 

density functional theory (DFT).[3] 

2. Experimental  

The electronic structures of the Ba-on-Alq3 and Au-
on-Alq3 interfaces were examined using NEXAFS 
analyses at the 4B1 beam line in the Pohang 
Accelerator Laboratory (Korea). All the measurement 
and depositions were performed in an ultrahigh 
vacuum system (UHV), consisting of a main analysis 
chamber (approximately 5 10-10 Torr) and a sample 
preparation chamber (approximately 5 10-8 Torr). 
All samples used in interfacial analyses of the 
electronic structures were prepared in-situ by 
sequential thermal evaporation on a Si (100) wafer, 
and all thickness were determined by timed 
depositions calibrated using a quartz-crystal 
microbalance. In addition, before collecting 
photoemission spectra, the absence of charging effects 
in the samples was confirmed by observing the 
reproducibility of the O 1s peak position of the-10 
nm-thick Alq3. The incident photon energy was 
calibrated by measuring the Au 4f level of a clean Au 
surface. In NEXAFS analyses, the carbon K-edge 
(270 ~ 320 eV) and oxygen K-edge (520 ~560 eV) 
spectra were measured at a photon incident angle of 
20, 45, and 90o, respectively. 

3. Results and discussion 

NEXAFS spectroscopy shows the transitions from 
the initial state (core level) to the final state (vacant 
level), and can be used to obtain information on the
unoccupied state. In addition, it is strongly affected by 
changes such as the electrical surrounding 
environment and the core-excitonic effect.[4] The 
electronic CT of an Alq3 film and its interfaces with 
Ba and Au (M/Alq3) was investigated using NEXAFS 
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spectroscopy. Knowledge of CT from the 1s core 
level to the * unoccupied states in the NEXAFS 
spectra at the O K-edge in the Alq3 molecule is very 
important because the breaking of Al-O bonding 
(ionic bonding) rather than the breaking of Al-N 
(coordinate covalent bonding) has a significant 
information on the decomposition of the Alq3
molecule structure.  

The interpretation of the NEXAFS spectra at the C 
and O K-edges may be explained by theoretical 
calculation of the partial density of unoccupied states 
(PDOUS) taking into account the transition effect. 
Curioni et al. examined the electronic structures of the 
unoccupied states of Alq3 using DFT-based theoretical 
calculations and an experimental NEXAFS 
spectrum.[4] In addition, they defined each energy level 
of the unoccupied * state by decomposing the 
density of one-electron states (DOS) into the 
contributions of all the different elements (the 
projected density of states (PDOS) of C, O, N, and Al) 
in the molecular orbitals composing Alq3. The 
molecular models of the unoccupied * state (LUMO, 
LUMO+1, LUMO+2 and LUMO+3 levels) were also 
assigned by these calculations.[4] In the atom-resolved 
electronic spectra of the * unoccupied states of the 
pristine Alq3 by PDOS, the C atoms are first evenly 
distributed among these unoccupied states. Second, O 
atoms are mainly distributed only in the LUMO and 
LUMO + 2 levels. In the PDOS intensity, the LUMO 
+2 shows stronger intensity than the LUMO, which 
indicate a larger contribution from the oxygen atom at 
the LUMO +2 level in the molecular model of each 
energy state than at the LUMO level.

Figure 1 shows the NEXAFS spectra at the C K-
edge, as Ba on the 100 Å-thick Alq3 layer was 
increased from 0 to 4 Å. In the NEXAFS spectra of 
the pristine Alq3 at the C K-edge, the peaks at 
approximately 285.5 (weak shoulder), 286.7, 288.7, 
and 289.7 (weak shoulder) eV correspond to the 
transitions to the LUMO, LUMO + 1, LUMO + 2, and 
LUMO + 3, respectively, when an electron is excited 
from the C 1s level to the * unoccupied states. The 
peak at 295.5 eV correspond to the transitions to many 

* in the C K-edge. The Alq3 molecule consists of 
three 8-quinolinolato ligands and a centered Al atom. 
Therefore, the unoccupied molecular orbitals of Alq3
is consisted of * and *orbitals derived from the 8-
quinolinolato ligands. The inset in Fig. 1 shows the 
intensity ratios for 1* / * and 2* / * in the 
NEXAFS spectra at the C K-edge. 1* and 2* exhibit 
transitions to the LUMO +1 (and LUMO) and LUMO 
+ 2 (and LUMO + 3), respectively. The relative 
number of electrons that transited to each of the 
LUMO levels of Alq3 might be affected by an electron 

donating Ba. In order to compare these intensity ratios 
in the NEXAFS spectra, the orbital position of the K-
edge core level of each atom should always be equal, 
and the surrounding environment should be kept same 
before the measurement. As Ba increased from 0 to 4 
Å, the intensity ratio of 1*/ * decreased to 16 % but 
that of 2*/ * increased to 11 %. This means that 
electronic CT at the ground state is increased to the 
LUMO + 2 (and LUMO + 3) level rather than the 
LUMO + 1 (and LUMO) level of Alq3. These 
phenomena suggest electronic CT through different 
chemical interaction while forming a radical anion of 
Alq3. In addition, increasing electronic CT to a higher 

2* unoccupied state than the 1* state suggests that 
enhanced electronic CT and the hopping of an 
electron carrier from the interfacial Ba/Alq3 to Alq3 is 
favored.
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Fig. 1. NEXAFS spectra at C K-edge as Ba on Alq3
is increased from 0 to 0.4 nm. The inset shows 
ratios for I 1*/I * and I 2*/I * as a function of 

Ba on Alq3.

Figure 2 shows the NEXAFS spectra at O K-edge, 
as Ba on the 100 Å-thick Alq3 layer was increased 
from 0 to 4 Å. The shoulder peak and the peak at 
approximately 533.4 eV excited from the O 1s level to 
the * unoccupied states were assigned to the 
excitation energy to the LUMO and LUMO + 2 level, 
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respectively. The peak at 538.6 eV corresponds to 
many *. The O atom does not contribute to either the 
LUMO + 1 or LUMO + 3 level. These assignments 
are consistent with those reported elsewhere, which 
were based on a comparison with PDOS.[4]

Fig. 2. NEXAFS spectra at O K-edge as Ba on 
Alq3 is increased from 0 to 0.4 nm. The inset shows 
ratios for I 1*/I * and I 2*/I * as a function of the 
tilt angle (o), at Ba from 0 to 0.4 nm on Alq3.

The inset of Fig. 2 shows the effect of electronic CT 
for Ba onto Alq3 in the O K-edge NEXAFS spectra. 
The rate of electronic CT from an electron donating 
Ba to the O atom of Alq3 increased with increasing 

Ba. In addition, there was increased CT to the *
state (corresponding to LUMO and LUMO+2 level) 
compared with that to the * states. At an incident 
angle of 90o, * / * at Ba= 4 Å increased 2.4 times 
compared with Ba= 0 Å. In view of the driving 
performance of the OLEDs, it is expected that a 
barrier height for electron injection ( B

N) at the Ba-
on-Alq3 interface decreases with increasing Ba, as 
electronic CT is increased saliently. However, a 
destructive chemical reaction may occur with 
increasing high Ba on Alq3. The angle-reserved
electronic CT disappeared with increasing Ba when 

the incident angle was changed to 20, 45, and 90 ,.
However, at low Ba, CT is dependent on the incident 
angle to some extent.  

Figure 3 shows the changes in electronic CT in the 
O 1s K-edge NEXAFS spectra as Au is deposited onto 
a 100 Å-thick Alq3 layer. The inset of Fig. 3 shows the 
decrease in the intensity ratios of * (533.2 eV)/ *
(538.8 eV) with increasing Au. This indicated a 
decrease in electronic CT to * when a high work 
function metal such as Au is used as the cathode layer 
contacting with an ETL such as Alq3. These trends for 
both Ba and Au affecting CT is similar to the 
characteristic of B

N examined by UPS (not shown in 
this manuscript). 

Fig. 3. NEXAFS spectra at O K-edge as Au on 
Alq3 is deposited from 0 to 0.2 nm. The inset shows 
the relative ratio for I */I  as a function of Au.

                             
4. Summary

NEXAFS spectra are important to study the 
interfacial electronic structures because it gives the 
information on atom-reserved electronic CT from the 
core level to unoccupied state. The O K-edge 
NEXAFS spectra of the Ba-on-Alq3 interfaces showed 
a significant increase in CT to * of Alq3 by an 
electron of Ba when Ba is increased from 0.5 to 4.0 Å
In contrast, CT was decreased in the case of O K-edge 
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NEXAFS spectra of the Au-on-Alq3 interfaces. This 
indirectly exhibits that if the thickness of metal 
deposited is equal, the Ba-on-Alq3 interface have 
more low electron-barrier height than that of the Au-
on-Alq3 interface during the transition of electron 
from 1s O core level to unoccupied state. Also, the 
study on CT in the metal/Alq3 interface will role very 
important, to investigate whether an electron injection 
by CT is easy or not (or to understand a driving 
performance in the OLEDs through a quantitative 
comparison of CT). 
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