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The effects of molybdenum trioxide (MoQOs) thickness on
the improvement of driving and operating voltages of
organic light emitting devices
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In this manuscript, the effects of molybdenum trioxide (MoOs3) thicknesses on the performance of organic light emitting
diodes (OLEDSs) based on indium tin oxide (ITO) as anode, MoOgs as hole injection layer (HIL), N-N-diphenyl-N,N-(bis(3-
methylphenyl)-1,10-biphenyl-4,40-diamine) (TPD) as hole transport layer(HTL), tris(8-hydroxyquinoline) aluminum (Algs) as
emission layer (EML) and electron transport layer(ETL), lithium fluoride (LiF) as electron injection layer (EIL), and
Aluminum(Al) as cathode have been analyzed. The results show that the MoOs leads to the improvement of turn on voltage,
current injection and luminance of the OLED devices. Also this material leads to decreasing of the operating and driving
voltages, so that the OLED devices with thickness of 5nm for HIL provide the best performance from the point of driving and
operating voltages view among all OLEDs fabricated in this work. Thus, this thickness could be considered as the optimal

layer thickness.
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1. Introduction

After the discovery of Organic light emitting diodes
(OLEDSs) by Tang and VanSlyke in the 1980s [1], these
devices have been studied extensively due to influence of
the organic fluorescent materials which lead to special
properties like high efficiency, light weight, flexibility,
potential application in flat panel displays and easy
fabrication [2]. Indium tin oxide (ITO) is considered as an
appropriate electrode material in such devices because of
its high transparency and large conductivity [3]. However,
a direct hole-injection from ITO into organic hole
transport material can be inefficient in most cases because
of a significant energetic mismatch in their interfaces
[3,4]. Many researchers have found that energy barrier at
the interface between an anode and a hole-transport layer
(HTL) is very important in fabricating highly efficient and
reliable OLED devices. The large barriers in injecting
electrodes of devices would result to higher driving and
operating voltage and lower efficiency [5]. The decreasing
of hole injection barrier from ITO electrode can solve this
problem and over the past two decades, most efforts have
been done for this purpose [6]. Among these efforts, the
use of transition metal oxides (TMOs) has been considered
to improve the OLED performance. For example, tungsten
oxide (WO3) [7], vanadium pent-oxide (V,0s) [8], iron
oxide (Fez0y4) [9, 10], nickel oxide (NiO) [11, 12], copper
oxide (CuQ) [13] and rhenium trioxide (ReOs3)[14], were
used as an inorganic hole-injection layer (HIL) between
anode (ITO) and organic HTL. Due to semiconducting
properties of these materials and other interesting
properties, such as high work functions and good

transparency, they are very important for using as HIL
which can lead to the reduction of holes injection barrier.
For example, The ITO work function (WF) is considered
as 4.7 eV (or 5.1 eV when it is influenced by oxygen
plasma or UV-zone) and the highest occupied molecular
orbital (HOMO) of organic hole-transport material such as
N-N-diphenyl-N,N-(bis(3-methylphenyl)-1,10-biphenyI-
4,40-diamine) (TPD) is considered as 5.4 eV [15-17], thus
there is a large injection barrier for hole injection in ITO /
TPD interface.

The WF of MoOs (6.9eV) is much lower than HOMO
level of TPD [18] and has interesting optical, electrical and
thermal properties such as transparency in visible range,
moderate conductivity (semiconductor) and relatively low
evaporation temperature. Also the existence of gap states
in MoO; and locating the HOMO level of TPD in the band
gap of MoO; leads to the reduced injection barrier for
holes from ITO to TPD layer. Thus, this semiconductor
can be used as HIL between anode (ITO) and HTL (TPD)
[19- 21].

In this work, to investigate about influence of the
MoO; thicknesses on the hole injection from ITO anode to
TPD (HTL) and consequently on the performance of
OLED devices, MoO; HILs with thicknesses of 1 nm, 5
nm and 20 nm with thermal evaporation technique have
been deposited. The results of current density- luminance-
voltage characteristics of these devices show that with
using a 5nm-thick MoO3 as HIL, the electrons would
transfer from ITO and TPD to MoQO; and in conclusion the
formation of an ohmic contact at 1TO/MoO,/TPD
interfaces would be possible. This would provide the
lowest driving and operating voltage compared to OLED
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devices with other MoQOj; thicknesses. Thus the best
thickness for MoO3; HIL in the proposed OLED devices is
5nm.

2. Experimental

The ITO-coated glass as anode, TPD as HTL and Algs
as EMLand ETL are provided from sigma Aldrich
Company and MoOj; as HIL, LiF as EIL and Al as cathode
are provided from other companies. Then, OLEDs are
fabricated at various thicknesses of the MoOg, based on
the following steps: All OLED devices are prepared on
ITO-coated glass substrates with a resistance of 20
Q/square with the structure of ITO/MoOs (x nm, where
x=0, 1, 5, 20)/TPD (40 nm)/Algs(38 nm)/LiF(0.5
nm)/Al(100 nm). Before fabrication of devices, the ITO
substrates are patterned into two stripes using hydrochloric
acid, and zinc powder for etching. They are then
ultrasonically cleaned using detergent, acetone, ethanol
and de-ionized water, each with a 15 min interval. In the
subsequent step of the ITO cleaning process, the N, gas is
used to obtain dried substrates. The cleaned substrates are
set in a thermal evaporation system at base pressure of
3x10® mbar. At this pressure, all layers are successively
vacuumed and deposited on the ITO anode layer. For
controlling the Deposition rates, a quartz crystal located
above the thermal boats, is used which controls the values
of 0.1 A°/s for MoO3, 0.1-0.7 A°/s for TPD and Alqgs,
0.1A°/s for LiF and 1-5A°/s for Al. The active area of the
OLED devices was about 50 mm® For measuring the
Current density—voltage—luminance (3-Vv-L)
characteristics of the OLED devices in ordinary
conditions, an |-V meter connected to a computer and
commercial light meter prepared with a calibrated silicon
photodiode is used.
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Fig. 1. the schematic view of Energy band diagram of OLED

3. Results and discussions

Current Density-Voltage (J-V) and Luminance—
Voltage (L-V) characteristics of EL devices are shown in
Figs. 2 and 3, respectively. These figures show that the
presence of MoO3 buffer layer (1 nm, 5 nm and 20 nm)
leads to shift of J-V and L-V curves toward lower voltages
compared with the reference device (without MoO; buffer
layer). In Fig. 2, the shift of J-V curves for an OLED
device with MoOs;=5 nm is the highest, while for other
device with MoO; =20 nm is the lowest. In Fig. 3, the shift
of L-V curves for an OLED device with MoOs=5 nm is
the highest, while for other device with MoOs;=1 nm is the
lowest. In Fig. 4, the turn-on voltage (operating voltage at
1cd/m?) of the reference device is 4V while for other
devices (MoOs;=1 nm, 5 nm and 20 nm) is decreased to a
lower value of 3.5V which is due to the energy barrier
reduction at the anode/HTL interface. Also, this figure
shows that the operating voltages of MoO; devices at three
values of luminance (78,120 and 135cd/m?) are lower than
the reference device. The device with MoO3=5 nm shows
the lowest operating voltage, whereas the device with
MoOz;=1 nm represents the highest operating voltage
among MoO; devices. In Fig. 5, the driving voltages of
MoOj; devices (1 nm, 5 nm and 20 nm) at three values of
current density (27A/m?, 37 A/m? and 50A/m?) are lower
than the reference device. The device with MoO3;=5nm has
the lowest driving voltage, while the device with
Mo05;=20 nm has the highest driving voltage among all
MoO; devices. These results indicate that the optimized
value for MoQ; buffer layer thickness would be 5 nm and
the superior holes injection and transportation, resulting
from insertion of MoO; HIL, has been led to EL
enhancement of devices.

1000 T T T T T T T T T

750 4

500 +

Current d cnsity(/\fmz)

N

w

(=]
1

T T
0 2 4 6 & 10 12 14 16 18 20
Voltage (v)

Fig. 2. Current density-Voltage characteristic of the OLED
devices with MoO; thicknesses varying from 0 to 20 nm
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Fig. 3. Luminance -Voltage characteristic of the OLED devices with MoOj; thicknesses varying from 0 to 20 nm
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Fig. 4. The turn-on voltage (operating voltage at Luminance of 1 cd/m?) and operating voltages of OLED devices in
terms of MoO; thickness at three values for luminance (L=78, 120, 153cd/m?)
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Fig. 5. The driving voltage of OLED devices in terms of MoOj thickness at three value for current density (J=27,37,50A/m?)
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The Figs. 6 and 7 show that the insertion of MoO; (1
nm, 5 nm and 20 nm) buffer layer leads to decreasing of
current efficiency and power efficiency of OLED devices
with respect to reference device at two values of current
density (30 A/m? and 40 A/m?). The devices with MoO3=5
nm and MoO;=20 nm have the lowest and highest current
and power efficiencies among MoO; devices respectively.

This is related to driving voltage of MoO; devices. In
devices with MoOs;=5 nm, due to the lowest driving
voltage and increasing of the hole injection, the balances
of charge carrier would destroy but in device with
Mo0O3=20 nm, due to highest driving voltage, this situation
would improve.
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Fig. 6. The current efficiency of OLED devices in terms of MoOj; thickness at two value of current density
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Fig. 7. The power efficiency of OLED devices in terms of MoOj thickness at two value of current density

Fig. 8 shows that in MoO; (1 nm and 5 nm) devices,
the values of area roughness for ITO/MoO; (1 nm) and
ITO/M0O; (5 nm) films (R;=2.23 nm and R,=2.64 nm
respectively) do not increase highly with respect to area
roughness of ITO film (R,=2.12 nm) in reference device.
This shows the formation of uniform layer of MoO; on
the ITO substrate as the formation of uniform layer of
ITO on the glass substrate. Thus the enhancement of
performance for MoO; (1 nm and 5 nm) devices, could be
related to decreasing of the hole injection barrier with
maintaining the smooth morphology of the deposited

MoO; films which improve the interfacial contact between
the ITO anode and HTL. But the performance of MoOj
(20 nm) device is destroyed in compared with other MoOj;
devices, due to high value of area roughness (R,=5.84 nm)
and formation of non uniform MoO; films (the existence
of grains). However, the performance of this device is
better than the reference device despite higher value for
area roughness of ITO/MoO;3 (20 nm) film (R,=5.84 nm)
in this devise with respect to area roughness of ITO films
(R=2.12 nm) in reference device due to reduced hole
injection barrier in MoOg devices.
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Fig. 8. AFM images of ITO and ITO/MoO; films with different thicknesses of MoO3

In continuation of this study, the reasons of these
experimental observations have been investigated with
considering the HOMO level of TPD (5.4 eV), work
function of ITO (4.7 eV), effective work function of MoOs
(5.2 eV) and the existence of gap states in MoO; as
follows:

The gap states of MoO; contribute in hole injection
and transportation from ITO anode to TPD (HTL) and
formation of dipole layers at the ITO/MoO; and
MoO,/TPD interfaces. These dipoles lead to decreasing of
the work function of MoO; from 6.9 eV to effective value

of 5.2 eV. This value which is located between work
function of ITO (4.7 eV) and HOMO level of TPD (5.4
eV) leads to decreasing of the hole injection barrier from
ITO anode to TPD (HTL) and in conclusion decreasing of
the driving and operating voltages. However for devices
with thicker MoO; buffer layer (MoO;=20 nm), the
formation of strong interfacial dipole layers with respect to
devices with MoOs=5 nm leads to increasing of the
driving and operating voltage [22-24]. For devices with
thinner MoOj; buffer layer (MoO3=1 nm), the gap states do
not contribute in hole injection and transportation and in
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this case, the hole injection has been occurred through the
tunneling mechanism [25, 26].

4. Conclusions

The insertion of MoO3 (1 nm, 5 nm and 20 nm) as
HIL leads to shift of J-V and L-V curves toward lower
voltages (decreasing of the turn-on, operating and driving
voltages) in comparison with reference device (without
MoQO; buffer layer). The device with MoO3;=5 nm, has the
lowest driving and operating voltage, the device with
Mo0O3;=20 nm has the highest driving voltage and the
device with MoOs=1nm has the highest operating voltage
among MoOj; devices. Thus the device with MoO;=5 nm
has the best performance among all OLED devices from
the point of operating and driving voltage view. Also, the
insertion of MoO; as HIL has been led to decreasing of
current efficiency and power efficiency for MoO; devices
in comparison with reference device. The devices with
MoO5;=5 nm and Mo00O;=20 nm have the lowest and
highest current and power efficiencies among MoO;
devices respectively. These results are related to the
HOMO level of TPD, work functions of MoO; and ITO,
gap states in MoOj, interfacial dipoles and morphology of
the MoO; films.
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