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Abstract; An efficient hole-injection contact was achieved for organic light-emitting diodes ( OLEDs) based on mo-

lybdenum oxide (MoQ;) as the buffer layer on indium tin oxide. The significant effect of MoO, is that the devices

show low operational voltage and high electroluminescence efficiency in a wide range of MoO, thickness. The device

with a 1 nm-thick MoO, layer shows the best performance, the current efficiency is enhanced by 1.6 times by compa-

ring with the control device. Capacitance-voltage measurement demonstrated that hole injection is enhanced in low

operational voltage through the addition of MoO,. Results of the hole-only devices revealed that ohmic hole injection is

formed at ITO/MoO,/NPB interface. Photovoltaic measurements confirmed that the improved hole injection is due to

the reduction of barrier height, which is resulted from the addition of transition metal oxide.
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1 Introduction

Organic light-emitting diodes ( OLEDs) have
been developed because of their potentials in cheap,
lightweight, mechanically flexible, large display and

U=4 " The fundamental

light source applications
process in organic electroluminescent devices in-
volves the injection of hole and electron from the
electrode into the emissive material in order to form
neutral bound excited states ( excitons) that can re-
combine through photon emission. Numbers of ex-
perimental results have demonstrated that the degra-
dation of OLEDs is directly related to the anode in-

[5.6]

terface stability One of the most used methods

is to introduce a buffer layer on the indium tin oxide
(ITO) to solve this problem, such as ALO,"
w0, Cu0,”, v,0,"° Pr,0,'"" and NiO"'"* |

etc. Although efforts have been made in various
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studies to improve electroluminescence efficiency by
introducing a p-type metal oxide into the hole trans-
port layer, a thorough understanding of the mecha-
nisms still waits to be attained.

Pervious reports revealed that MoO, is a wide-
gap material with a band gap of ~3.1 eV and a su-
perb hole-injection material for 1TO ( @y, = 4.8
eV). MoO, can be conveniently deposited by ther-
mal evaporation and the evaporated MoO, forms a
transparent and homogeneous film, making it rather
compatible with the OLED fabrication'*""*). Seki et
al. ') reported that a large downward energy shift
(1.0 eV) obtained by UV photoemission spectrosco-
py is observed at Alq;/Al interface due to the inter-
facial dipole, dramatically reducing the electron in-
jection barrier from Al cathode to Alqg; electron
transport layer. Nevertheless, a large hole injection

barrier generally exists between ITO and the hole
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transport layer N-N-diphenyl-N-N-bis ( 1-naphthyl ) -
1,1-biphenyl-4 ,4-diamine (NPB) , forming the im-
balance of the barrier height of hole and electron in-
jection. In this paper, we study the role of the inser-
tion of an ultra-thin MoO, between hole transport
layer and ITO in OLEDs. The efficient hole-injec-
ting and electron-blocking ( electron affinity = 2. 3
eV) by MoO, layer leads to significant enhancement
in device performance and efficiency. Capacitance-
voltage measurements demonstrated that the hole in-
jection is enhanced in low operational voltage
through the addition of MoO,. Results of the hole-
only devices revealed that ohmic hole injection is
formed at ITO/MoO,/NPB interface.

measurements confirm that the improved hole injec-

Photovoltaic

tion is due to the reduction of barrier height resulted

from the addition of transition metal oxide.

2 Experiments

OLEDs with the device structures of ITO/MoO,
(0,0.5, 1,3, 20 nm)/ NPB(40 nm)/ tris (8-
hydroxyquinoline) aluminum ( Alq; ) (60 nm)/Al
(100 nm) were prepared by conventional thermal
deposition in a vacuum chamber with a base pressure
of 4 x10 ™" Pa. LiF was not used as electron injec-
tion layer because of the low electron barrier between
Alg, and Al reported by Seki et al'"®’. ITO-coated
glasses used have a film thickness of 18 nm and
sheet resistance of about 40 ()/[]. The active emis-

sion area of the devices is 0. 36 ecm®. The devices

with the structure of ITO/Mo0O, (0, 1 nm)/NPB(80
nm)/MoO, (5 nm)/Al(100 nm) were prepared for
reference. The deposition rates for the organic mate-
rials, MoO, and Al layer is 0. 1 nm/s, 0.0l nm/s
and 0. 20 nm/s, respectively. All materials are
commercial grade and used without further purifica-
tion. Current density-voltage-luminance-current effi-
ciency (J-V-L-n) characteristics were measured by
using a Keithley source measurement unit with a cali-
brated silicon photodiode. The capacitance-voltage
(C-V) spectroscopy was made using an impedance
analyzer (HP4192A) under the condition of 1 kHz
frequency and the condition of oscillating voltage of

0.5 V during the direct current bias voltage scan-

ning. The photovoltaic measurements were carried

out under an illumination intensity of 100 mW,/cm’

(AM 1.5G).

3 Results and Discussion

3.1 Device Performances

The J-V characteristics of ITO/MoO, (0, 0.5,
1, 3, 20 nm)/NPB/Alq,/Al devices were measured
with various thickness of MoO; buffer layer inserted
between ITO and NPB, as shown in Fig. 1(a). The
current initially increases with the increase of MoOj
thickness, and significantly reaches a maximum value
at 1 nm MoOj, thickness, then decreases with the in-
creasing of MoO; thickness. For the case of the de-

vice with the MoO; buffer layer, the injection of hole
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Fig.1 (a)J-V, (b) L-J and (c¢) n-J characteristics for the
devices with different MoO; thickness.
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from ITO into the hole transport layer becomes more
effective. The L-J and %-J characteristics of the de-
vices are presented in Fig. 1 (b) and Fig 1 (¢).
Compared to the ITO control device (2.2 c¢d/A and
a luminance of 941 c¢d/m’), the device with the
thickness of 1 nm MoO, layer provides the highest
current efficiency of 3.5 ¢d/A and a luminance of
4 413 ¢d/m’. The current efficiency improvement as
much as 1.6 times is achieved. Even for the 20 nm
thick MoO, device, the current efficiency of 2. 3
cd/A and a luminance of 2 909 c¢d/m” are reached
at a current density of 130 mA/cm”. Such effect can
be explained by the enhancement of the hole injec-
tion and the electron block by MoO,.
3.2 Injection Mechanism
3.2.1 Capacitance-voltage performance

Fig.2 shows the C-V curves of the ITO/MoO,
(0, 1 nm)/NPB/Alq,/Al devices under forward
bias voltage. All devices exhibit more capacitance
increase with bias voltage. It can be seen that the
inflexion of maximal hole injection for the 1 nm
MoO, device begins at 10 V, much lower than the
ITO control device which begins at 19 V. The ca-
pacitance increase after the inflexion indicates the
injection of hole majority carriers. However, the ca-
pacitance increase for device without MoO; between
10 V and 13 V indicates the injection of electron
majority carriers, then it decreases for the hole car-
riers begin to inject from the anode. These results
clearly illuminate that the ultra-thin MoO; layer can

substantially improve the hole injection from the ITO

anode.
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Fig.2 C-V characteristics for ITO/MoO; (0, 1 nm)/NPB/
Alq,/Al devices

3.2.2 Hole-only device performance
To examine the efficient hole-injection charac-
teristics at the ITO/MoO,/NPB interfaces, we pre-
pared two hole-only devices. As shown in Fig. 3,
the J-V characteristics are plotted. It is observed
that the ITO/ MoO, anode (1 nm)/NPB (80 nm)/
MoO, (5 nm) /Al device has the higher current den-
sity, whereas the ITO anode/NPB (80 nm)/ MoO,
(5 nm) /Al device displays the lower current densi-
ty. It is found that the current density is proportional
to the square of the voltage (Joc V) for the MoO,
anode device, which means that ohmic hole injection
can be achieved at the ITO/MoO,/NPB interfaces
and the J-V characteristic of this device is controlled
by a space-charge-limited current ( SCLC) theo-
ry' ). In the case of the ITO anode device, the J-V
characteristic is well controlled by a trap-charge-
limited current (TCLC) theory, whose equation is
given by
J o< K(V"™/d™hy | (1)
where K is a constant in relation to the material,
m =E /kT(k is Boltzman constant, T is the device
operating temperature, and E, is the distance of trap
isolated from the energy level of conduction band).
Fitting the J-V characteristic provides that m is equal
to 2.5. The higher slope for the ITO anode device is
associated with the deeper trap energy below the
quasi-Fermi level £, in the band gap of the organic
layer. The improvement in the J-V characteristics
with the introduction of the MoO, layer suggests the
formation of efficient hole injection at the ITO/MoO,/
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Fig.3  J-V characteristics for ITO/MoO, (1 nm)/NPB (80
nm)/MoO; (5 nm)/Al device and ITO/NPB ( 80
nm)/ MoO, (5 nm)/Al device. The solid lines re-
present SCLC and TCLC, respectively.
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NPB interfaces.
3.2.3 Photovoltaic performance

To further study the actual mechanism of MoO,
layer in enhancing the device performance, photo-
voltaic experiments were conducted to measure the
open circuit voltage. As shown in Fig. 4, V  drasti-
cally increases from 0.25 V to 1.1 V as the thick-
ness of MoO, film increases from 0 to 20 nm. This
means that built-in potential increases between ITO
anode and Al cathode with the introduction of MoOj,.
The V,, reaches 0.8 V for the device with the inser-
tion of only 1 nm MoO, layer. It is demonstrated that
the work function of ITO can be changed by an ultra-
thin layer due to interfacial dipoles, which enable
modification of the electrode contact property, redis-
tribute the electronic state at the interface and lead
to a significant shift of the vacuum level. The con-
clusion may refer to the reports of Campbell et al '
and Peisert et al "' The V,, value of 1.1 V is close
to the maximum value estimated from the energy
difference between the ionization potential 5.4 eV of
MoO; and the work function 4.3 eV of Al metal for
the 20 nm MoO, device. In addition, although inser-
tion of a MoOj, layer can effectively lower the barrier
energy for hole injection, thicker MoO, layer ( >20
nm) may introduce series resistance into the device,

leading to lower V_ and efficiency after being beyond
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4 Conclusion

In summary, OLEDs based on MoOj, as a buffer

layer on ITO were fabricated. The device with 1 nm-
thick MoO, shows the best performance, that is, the
efficiency improvement as much as 1.6 times is ob-
served. Capacitance-voltage measurements demon-
strate that the hole injection is enhanced in low ope-
rational voltage through the addition of MoO,. Re-
sults of the hole-only devices reveal that ohmic hole
injection is formed at ITO/MoO,/NPB interface.
Photovoltaic measurements confirm that the improved
hole injection is due to the reduction of barrier
height, which is resulted from the addition of transi-

tion metal oxide.
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