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Abstract: The effect of dipole layer of Alq3 and metal on organic electroluminescence in organic light-emitting diodes (OLEDs) was 
discussed. The relations among energy level alignment, interface charge transfer and dipole layer formation were well analyzed. An 
interface dipole layer and charge transfer were observed by XPS and UPS. As for Alq3 with metallic film such as Al and Mg, N 1s, O 
1s and C 1s all move to low binding energy. Both Alq3/Al and Alq3/Mg have different electron spectrum from that of simple Alq3 
film. It is really the reason of the interface energy change that the metal atoms located near the interface move to organic layer and 
then chemically interact with O and C of Alq3. The injection voltage barrier heights of electrons at Alq3/Al and Alq3/Mg interface 
are 0.1 eV and 0.2 eV, respectively. Charge transfer lowers electrons injection voltage barrier height and forms good electrons 
injection interfaces. The width of dipole layer is about 5 nm. The knowledge of such interface dipole layer is essential for a proper 
understanding of the physical processes at the metal/organic interface. 
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1 Introduction 
 

The metal/organic interface properties of organic 
light-emitting diodes (OLEDs) have been intensively 
investigated since the electroluminescence (EL) of 
8-hydroxyquinoline aluminum (Alq3) was reported by 
TANG[1]. After an OLED is applied on voltage, charges 
move to organic materials near the interface. Part of 
charges, which are hindered by voltage barrier, will stay 
at the interface. These trap charges form dipole layer 
near the interface. The polarons, mirror image potential 
and electric field force near the interface will affect 
energy of electron, which makes Fermi level of metal 
drift and energy band of organic materials bend[2−4]. 

If dipole momentum points to organic layer, hole 
injection potential barrier h∆  reduces and its injection 
ability rises, and verse visa. The dipole layer formed on 
surface by chemical adsorption or physical adsorption 
can heighten carriers injection ability. Many references 
reported that electron injection ability on the interface 
can be increased by proton injection or constructing 

molecule dipole layer[5−6]. Fig.1 shows that the 
formation of dipole layer has effect on the level array of 
metal/organic material interface, and the level bend of 
organic material is not considered. In Fig.1, EFA, EFC 
represent Fermi levels of the anode and cathode, 
respectively. If work function of metal or Fermi level 
changes, dipole layer will be formed on the interface. If 
molecule has higher dipole momentum, we can easily 
adjust the whole dipole layer by changing molecule 
dipole momentum by chemical ways. 

Dipole layer has two contributions from the 
interface: one is the change of work function of metal, 
and the other is the charge transfer between metal and 
adsorbent[7−10]. Energy level array on the interface 
includes a serial of physical and chemical process, such 
as charge transfer, chemical reaction, and interface 
diffusion[11−14]. By molecule vibration spectrum, the 
dynamics phenomenon of charge transfer at the interface 
of Ag/organic and dipole modes of 1 563 cm−1 and 1 287 
cm−1 were observed[10]. This describes the formation of 
dipole layer and energy level array, and finally affects 
the injection efficiency of electrons. The two tangible 
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Fig.1 Interface formation of dipole layer and energy level array 
 
metal/organic interfaces are research in this work. 
 
2 Experimental 
 

Indium-tin-oxide (ITO)-coated glass substrate was 
cleaned in ultrasonic baths of acetone and propanol for  
1 h. Then they were introduced into the transferred 

ultraviolet (UV)-ozone cleaning chamber. After 30 min 
of UV-ozone treatment, hydrocarbons were effectively 
refilled with nitrogen, and the substrates were turned to 
the glove box. Alq3 was heated at 50 ℃ for 1 h and 
drop cast at a spin rate of 3 300 r/min. Typical film 
thickness was determined by an alpha-stepper. Then the 
cathodes (Al/Mg) were deposited through a shadow 
mask that defined two diodes per substrate with an active 
area of 25 mm2. And 60 nm Alq3 film, 80 nm Alq3/Al 
and 80 nm Alq3/Mg were obtained, while the thickness 
was monitored using a quartz crystal. The interface 
formation was studied by electron XPS gamma spectrum 
and UPS spectrum. XPS and UPS measurements were 
carried out under ultra high vacuum environment with 
base pressure less than 10−7 Pa. A un-monochromatized 
Mg Kα photon source with 1 486.6 eV photon energy 
was used for XPS and UPS measurements. The 
resolution of the spectrometer was set to 0.5 eV. 
 
3 Results and discussion 
 
3.1 Changes of structure of electrons at interface of 

Alq3/Al and Alq3/Mg 
Fig.2 shows electron XPS gamma spectra of Al 2p, 

O 1s, C 1s and N 1s in clean Alq3, Alq3/Al and Alq3/Mg. 
The peak values of binding energy in clean Alq3 are  
74.4, 531.5, 284.6 and 399 eV, respectively, which are in  

 

 
Fig.2 Electron XPS spectra of Al 2p(a), O 1s(b), C 1s(c) and N 1s(d) in Alq3, Alq3/Al and Alq3/Mg 
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good accordance with the results measured by NGUYEN. 
At the interface of Alq3/Al and Alq3/Mg, the location 
and shape of spectrum are changed. When metallic film 
was plated on the Alq3 film, it is shown that N 1s, O 1s 
and  C 1s all move to low binding energy, which 
indicates there exists MOX at Alq3 near the interface. 
Besides, on the interface of Alq3/Al and Alq3/Mg, rump 
electron gamma spectrum appears another acromion at 
72.6 eV and 72.8 eV, respectively. It is intensively shown 
that Al or Mg has spread in the organic layer. Alq3 has 
no peak values at 72.6 eV and 72.8 eV, that is to say, 
there is no simple substance of Al and Mg. So the 
appearance of acromion shows that the metal atoms 
located near the interface have penetrated into the 
organic layer and chemically reacted with O and C to 
produce complexes of metallic carbide or metal- 
oxygen-carbon, which shows a great deal of charge 
transfer at the interface. 
 
3.2 Energy level distribution for interface dipole layer 

of Alq3/Al and Alq3/Mg 
UPS measurement also indicates that there exists a 

great deal of charge transfer on the interface plated on 
the Alq3 film. It is shown that N 1s, O 1s and C 1s all 
move to low binding energy, which indicates there exists 
MOX at Alq3 near the interface. The change of electrons 
energy level Vb=1.1 eV, generally reflected the change of 
Alq3 energy level. The level of dipole layer Vdipole was 
decided by the gap between the change of work function 
of metal and the difference of electrons level. Suppose 
the change of work function of metal is Φ∆ . ∆  is the 
height of electron injection voltage barrier before the 
energy level drifts. ФAlq3 is the work function of Alq3. 
The height of electron injection voltage barrier becomes 
 

=′−=′ Alq3LUMO∆ ΦH  
bdipoleAlq3LUMO ∆)∆( VVΦΦH +−=+−      (1) 

 
where  Vdipole= Φ∆ −Vb. For Alq3/Al, Vdipole=0.2 eV; and 
for Alq3/Mg, Vdipole=0.4 eV. Electrons injection voltage 
barrier heights at two interfaces were ∆ =0.1 eV and 0.2 
eV, respectively. Charge transfer lowered electrons 
injection voltage barrier height and formed good 
electrons injection interfaces. The width of dipole layer 
was about 5 nm. Fig.3 shows level array of Alq3/Al. 

First, Al-N sigma bond formed at Alq3/metal, and 
then Al interacted with O until Alq3 ions formed. This 
intensively indicates that dipole layer was mainly 
restricted with organic molecule/metal interface. 
According to charge transfer and metal/organic material 
thermo-mechanics balance model, we could calculate the 
voltage barrier caused by dipole layer: 
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Fig.3 Array of energy level of Alq3/Al 
 
where  Vdipole is negative relative to metal reference area, 
deff=min(a, dMs), a is effective distance of carrier jump in 
organic molecules, dMs is average distance between metal 
molecules and organic molecules, NB is chemical bond 
density led by chemical transform, ФM is work function 
of metal, χs is affinity of electrons, Eg is band gap of 
organic material, εIT is specific inductive capacity of 
interface area, k is the sum of coulomb reciprocity at the 
interface, F is electrical field strength, and e is 
fundamental electricity quantity of charge. When NB＝0, 
there was no dipole layer. To some organic material, 
when NB and dMs are constant, Vdipole presented linear 
relation. On the other side, if Fermi level is close to some 
high density state, HOMO, LUMO or interface state may 
be approximately equal to affinity; while Fermi level was 
pinned at some high density state. Fermi level pinning at 
LUMO or HOMO in organic material is very important 
for device work, because it offers an injection interface 
for a zero voltage barrier. For materials that have low 
work function such as Ga, Mg and Na, the level analysis 
of XPS and UPS indeed indicates that Fermi level was 
pinned at Alq3 track. When the pinning phenomenon 
happens, relevant to Fermi level, organic materials level 
will not change any more. Any change of work function 
of metal will be made up by potential energy. 
 
4 Conclusions 
 

1) The injection barrier is not simply given by the 
difference of the electrode work function. As for Alq3 
with metallic film such as Al and Mg, N 1s, O 1s and   
C 1s all move to low binding energy. 

2) Both Alq3/Al and Alq3/Mg have different 
electron spectrum from that of simple Alq3 film. It is 
really the reason of the interface energy change that the 
metal atoms located near the interface move to organic 
layer and then chemically interact with O and C of Alq3. 

3) Injection voltage barrier heights of electrons at 
Alq3/Al and Alq3/Mg interface are 0.1 eV and 0.2 eV, 
respectively. Charge transfer lowers electrons injection 
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voltage barrier height and forms good electrons injection 
interfaces.  

4) The width of dipole layer is about 5 nm. The 
change of chemical bond structure is another important 
factor deciding electrons characteristics near the 
interface, and the chemical reaction can largely change 
molecules characteristics. 
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