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Mechanisms of Enhanced Hole-injection in 
Organic Light-emitting Devices with MoO3

Layers

We demonstrate that the inserted hole injection layer MoO3 between anode and Hole-Transport Layers, N,N-

diphenyl-N,N-bis(1-naphthyl)-1,1-biphenyl-4,4"-diamine (NPB) effectively reduces the difference of NPB Fermi level to 

HOMO about 1eV than pristine NPB on ITO. The electronic structures and the interface chemistry studied by ultraviolet 

photoemission spectra (UPS) and core-level x-ray photoemission spectra (XPS) data show that the enhanced hole 

injection is associated with strong  p-doping effects and the increases of hole concentration in the hole-transport 

layer is induced by MoO3. All of the films are compared using density current-voltage (J-V)) measurement.
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In our experiments, devices with structure ITO / 

MoO3(0~20 Å) / NPB(20 Å) and ITO / NPB:MoO3 are fa-

bricated. UPS are taken before and after deposition of those 

thin films. The valence bands of UPS spectra evolve with 

the deposited MoO3 thickness on NPB. The spectra then 

allow us to investigate energy structures and chemical 

reactions at the interfaces. The nominal thickness is 

obtained from the quartz oscillator calibrated with densities 

and geometric factors. As shown in Fig. 1(a) and 1(b), for 

pristine NPB, the edge of HOMO is about 1.25 eV below the 

Fermi level and the ionization energy was 5.4 eV, which is 

consistent with the reported data. With MoO3 deposited 

on NPB, the position of EF to HOMO between ITO and 

NPB decreases from 1.25 eV to 0.25 eV, resulting in p-type 

doping effects in NPB. When co-evaporating NPB with 

MoO3 (5%, 20%) on ITO, we also find that the hole injection 

barrier from ITO to NPB decreases from 1.25 eV to 0.25 eV 

for NPB:MoO3 20%. From Fig. 1(c) to compare with device 

Fig. 1: (a)UPS valence band spectrum of ITO / NPB / MoO3 (b)UPS 
valence band spectrum of ITO / NPB:MoO3 (5%, 20%) (c)I-V 
characteristics of devices with various HIL design based on 
structure B.



7

Surface and Thin Film
s

performance, four sets of structures with device a, b, c and 

d are fabricated respectively. Device a: ITO / m-MTDATA 

(30 nm) / NPB(20 nm) / Alq3 (60 nm) / LiF (0.5 nm) / Al (150 

nm), Device b: ITO / MoO3 (5 nm) / NPB (45 nm) / Alq3(60 

nm) / LiF (0.5 nm) / Al (150 nm), Device c: ITO / MoO3 (30 

nm) / NPB (20 nm) / Alq3(60 nm) / LiF (0.5 nm) / Al (150 nm), 

Device d: ITO / MoO3: NPB (30 nm, vol. 1:4) / NPB (20 nm) / 

Alq3 (60 nm) / LiF (0.5 nm) / Al(150 nm). It is clear that the 

J-V  measurement is most effective as MoO3 is inserted. As 

a result, it can be realized that holes are easily transported 

from ITO to NPB, resulting in the reduction of energy barrier 

for holes injection with MoO3 interlayer or co-evaporating 

and therefore lower the operation voltage. 

There is another point worth to be clarified. What is 

the reaction between MoO3 and NPB. Fig. 2 offers the key 

to an understanding of variation of MoO3. When NPB keeps 

deposited on MoO3, the UPS spectra indicate that the NPB-

deposited MoO3 usually loses O and gradually grows a 

defect band about -2.1 eV and -0.8 eV under the Fermi level. 

That is evidence in support of structure transition from 

MoO3 to MoO2. Once MoO3 is reduced to MoO2, it means 

that NPB is oxidized, resulting p-type doping effect. Viewed 

in this light, NPB-incorporated MoO3 can be regard as 

metallic MoO2.

The next step is to find out the variation of conductivity 

of the devices. It is reported that the conductivity of MoO3

layer is higher than those of organic layers because of Non-

stoichiometric MoO3, the operating voltage of devices drops 

as the thickness of the MoO3 layer increases, which can also 

be seen by comparing the I-V characteristics of device b and 

c. As discussed above, we conclude that the conductivity 

enhancement is because MoO3 transits to MoO2. It would 

then be possible to optimize the MoO3 thickness to achieve 

a most effective device. As for enhancing hole injection, we 

believe that the effect of thin MoO3 can also be applied to 

other organic hole transport materials.

In order to further check the reaction of MoO3

transiting to MoO2, the chemistry of MoO3 and NPB was 

investigated by XPS. Fig. 3(a) shows the XPS Mo 3d core-

level spectra of MoO3 deposited on Au. The presence of 

mixed oxidation states of Mo are obviously deduced from 

the shape of XPS spectrum. We fit the spectrum with six 

overlapping Gaussian peaks which represent different 

oxidation states of Mo4+ 3d5/2, Mo5+ 3d5/2, and Mo6+ 3d5/2. 

When NPB deposits on MoO3 shown in Fig. 3(b), it is 

Fig. 2: (a) The onset and (b) valence band of photoemission spectra 
as a function of incremental deposition of NPB on MoO3.

Fig. 3: (a) XPS of Mo 3d in Au / MoO3 structure (b)XPS of Mo 3d in 
Au / MoO3 / NPB
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apparent that the increase of Mo5+ 3d5/2 states indicates the 

partial structure transition of MoO3 to MoO2. Thus we can 

conclude the detailed interaction of MoO3 / NPB interface.

Current-voltage characteristics and quantum-eff-

iciency measurements show the improvement of device 

performance with the insertion of thin MoO3 between ITO 

and NPB. UPS and XPS data show that MoO3 would catch 

electrons from NPB and results in p-type doping in NPB. The 

reason is that insulating MoO3 transits to metallic MoO As a 

result, high work function MoO2 not only plays an excellent 

role as an anode but also p-type dopes NPB.  
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