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An MoOj; buffer layer prepared by thermal evaporation as hole injection layer was investigated in
organic light emitting diodes. The MoO; film inserted between the anode and hole transport layer
decreased the operating voltage and enhanced power efficiency. Introduction of 1 nm MoO; film,
which was found to be the optimum layer thickness, resulted in 45% increase in efficiency compared
with traditional ITO anode. Results from atomic force microscopy and photoemission spectroscopy
showed that smooth surface morphology and suitable energy level alignment of ITO/MoQ; interface
facilitated hole injection and transport. The hole injection and transport mechanism at the ITO/MoOj;
interface in thin and thick buffer layers were analyzed. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4852835]

. INTRODUCTION

Organic light emitting diodes (OLEDs) have attracted
much attention in the past two decades because of their high
efficiency, light weight, flexibility, and easy fabrication.'”’
Achieving efficient hole injection is a fundamental topic in
OLEDs. Indium tin oxide (ITO) is usually used as transpar-
ent conductive anode in OLEDs. The work function (WF) of
as-grown ITO is 4.4eV to 4.7¢V.5'% After oxygen plasma
or UV-zone treatment, the WF of ITO anode can be
increased to ~5.1eV.'"" However, the highest occupied mo-
lecular orbital (HOMO) for hole-transport organic material
is mostly >5.0eV. For example, the HOMO of N,N'-[di
(1-naphthyl)-N, N'-diphenyl]-1,1’-biphenyl-4,4’-diamine (NPB)
is 5.4eV. Therefore, the holes, which are injected from the
ITO anode, have to overcome a large injection barrier. This
barrier can be calculated from the energy level offset between
the ITO Fermi level (Er) and the HOMO of the hole transport
layer (HTL). A large barrier results in high driving voltage and
undesirable efficiency. Hence, modification of ITO electrode is
needed to solve this problem.

Recent studies have reported that transition metal oxides
(TMOs), including MoO3,'? W03, V,05,"* and Fe;0,,"
which are used as anode buffer layers, enhance device per-
formance and long-term stability.” MoOs, which has deep-
lying energy band structure, is an n-type wide-bandgap
TMO. Direct measurements, which were performed using
UV photoemission spectroscopy (UPS) and inverse photo-
emission spectroscopy (IPES), of evaporated MoOj films
showed that the edges of the conduction band (CB) and val-
ance band (VB) of MoOs are 6.7 and 9.68 eV, respectively.
The WFE of MoOs film is adequately high (6.9 eV).'®%-*
With the insertion of ultra-thin MoQOj5 film between the ITOs
and the HTL, the hole injection barrier was significantly
reduced because of the high WF of MoOs films." Some
reports have analyzed the gap states in MoOs films to explain
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the injection barrier reduction. Given the appearance of
reduced Mo atoms around the O vacancies in both evapo-
rated and annealed MoQOs films, the HOMO of NPB is at the
highest gap state level of MoOs, which is slightly under EF,
thereby leading to a small barrier.'” Several schematic
energy level diagrams at the interfaces have been established
to elucidate the hole injection enhancement mecha-
nism.>'"'®17 However, previous reports have considered a
thin MoOj; buffer layer. The hole injection process of thick
MoOj; buffer layer should be investigated further to fully
understand the hole injection mechanism.

In this study, the MoOs buffer layer, which was used as
an efficient hole injection layer (HIL), was prepared by ther-
mal evaporation in OLEDs. With an optimized thickness of
MoOs; films, a 45% increase in efficiency was achieved com-
pared with traditional ITO anode. Atomic force microcopy
(AFM) and X-ray photoelectron spectroscopy (XPS) results
show that smooth surface morphology and suitable energy
level alignment of ITO/MoOj; interface leads to efficient
hole injection, thereby enhancing the performance effi-
ciency. The hole injection and transport mechanism at the
ITO/MoQj interface under thin and thick buffer layer condi-
tions are discussed.

Il. EXPERIMENTAL

All electroluminescence (EL) devices were fabricated
using commercially purchased ITO substrates with sheet re-
sistance of 10 Q/LJ by thermal evaporation. The configura-
tion of EL devices was ITO/MoOs (x nm, where x=0, 1, 3,
5, 10, 20)/NPB (40 nm)/tris(8-hydroxyquinoline) aluminum
(Algs, 60 nm)/LiF (2.5 nm)/Al (100 nm). ITO substrates were
sequentially ultrasonically cleaned using acetone, ethyl alco-
hol, and deionized water. After cleaning, the ITO substrates
were dried using high-purity N, gas and baked for 15 min
under ambient condition. EL devices were fabricated in
the ultrahigh-vacuum (UHV) evaporation chamber at
2 x 10" ® Torr. Film thickness was monitored using a quartz
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TABLE I. Performance of the EL devices with different MoOj thicknesses.

Thickness of Turn-on voltage Operating voltage  Power efficiency

MoO; film (nm)  at 1 cd/m> at 1000cd/m>  (Im/W) at 50 mA/cm?
0 (ref.) 43 8.5 1.31
1 24 47 1.92
3 24 5.2 1.78
5 24 55 1.78
10 24 5.6 1.65
20 24 6.0 1.42

crystal microbalance. The evaporation rates were carefully
controlled at 1 and 0.2 A/s for organic and inorganic materials,
respectively. The EL properties were determined in ambient
environment at room temperature without encapsulation. The
current density—voltage—luminance (J—-V-L) characteristics
were measured using a Keithley SMU 236 source measure
unit. The luminance characteristics were measured using a
commercial luminance meter (ST-86LA, Photoelectric
Instrument Factory of Beijing Normal University, China),
which was equipped with a calibrated silicon photodiode. The
key parameters of EL properties are summarized in Table 1. In
this study, the turn-on and operating voltages were defined as
the applied voltage at 1 and 1000 cd/m?, respectively.

The surface morphology was characterized using
Benyuan CSPMS5500 AFM under tapping mode at a scanning
scale of 30 x 30 um”. The surface roughness was calculated
using Benyuan image analysis software.

To elucidate the chemical structure of MoOj5 films, XPS
measurement was performed using VG ESCALAB 250 with
monochromatic Al Ko (hv =1486.6¢V) radiation. The XPS
spectral resolution was 0.05eV. WF measurement was
applied at a bias of —5V to obtain the secondary-cutoff
region. The MoOj; films with varying thicknesses, which
were prepared on ITO substrates, were transferred from the
EL device fabrication chamber to the XPS analysis chamber.
The transfer allowed air exposure for ~15 min.

lll. RESULTS AND DISCUSSION

The current density—voltage, luminescence—voltage, and
power efficiency—current density characteristics of the EL
devices are shown in Fig. 1. In Fig. 1(a), the turn-on voltage
of the reference device (ITO only) is 4.3 V. Compared with
the reference device, the turn-on voltages of the MoO; devi-
ces with thicknesses from 1 nm to 20 nm maintained a con-
stant value of 2.4 V. The operating voltage of the reference
device is 8.5V [Fig. 1(b)]. When the MoOs5 thickness is
increased from 1nm to 20nm, the operating voltages first
decreased from 8.5V to 4.7V, and then increased from
47V to 6.0V. Furthermore, the power efficiencies also
increased from 1.311m/W to 1.92Im/W [Fig. 1(c)] and then
decreased from 1.92Im/W to 1.421m/W at a current density
of 50mA/cm?. Introduction of 1 nm MoQj3, which is the op-
timum value, results in 45% improvement in power effi-
ciency. However, the turn-on voltage of MoO; modified
devices fixed at 2.4V shows that the similar energy level
alignment is formed at anode/HTL interface, which will be
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FIG. 1. (a) Current density—voltage, (b) luminance—voltage, (c) and power
efficiency—current density characteristics of the devices.

presented later. On the other hand, a strong interfacial dipole
layer (IDL) is formed at the MoOs/NPB interface, which
may lower the carrier injection, results in increase in operat-
ing voltage and decrease in power efficiency beyond the
optimized buffer layer thickness.>'""'’> Table I summa-
rizes the performance parameters for the EL devices with
varying thicknesses from Onm to 20 nm. These results indi-
cate that superior hole injection and transport, caused by the
introduction of MoQO; buffer layer, results in considerable
enhancement in EL device performance.

To obtain more information on the effect of MoOj3 buffer
layer on the performance enhancement, AFM tests were per-
formed on the surface of the ITO and ITO/MoO; films. The
AFM images of the MoOj films, which show the surface for-
mation and roughness, are depicted in Fig. 2. MoOj grains are
found on the ITO/MoQO; substrates. Each ITO/MoO;5 film
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FIG. 2. AFM images of MoOjs films with different thicknesses.

shows a uniform surface, with root mean square (RMS)
roughness values ranging from 1.26 nm to 2.27 nm. Compared
with MoOj surface, the ITO substrate shows an RMS rough-
ness of 2.68 nm. The difference in the RMS values of the ITO
and ITO/MoOj surfaces implies that the deposition of MoO3
results in a homogeneous film surface. Therefore, the depos-
ited MoOs films are smooth enough to improve the interfacial
contact between ITO and HTL.

To determine the energy level alignment, the relations
between MoOj thickness and binding energy of vacuum
level (VL), CB minimum (CBM), raising edge of gap states,
and VB maximum (VBM) from the XPS VB spectra and
secondary-cutoff spectra are summarized in Fig. 3. The

CBM was calculated using the VBM and the band gap of
MoO; (3.2 eV).lg’21 The observed data of VBM, in which
the edge of gap states and CBM are increased, are consistent
with the references.!”?*?* The WF values of MoOj; films,
which were calculated from the offset of VL and Eg, remark-
ably increased from 4.5eV to 5.2 eV. This result implies that
the hole injection barrier at the anode/HTL interface can be
considerably decreased by the improvement of WF. Given
that air exposure lowers the measured WF of evaporated
MoOs5 films, the observed WF values are slightly lower than
that in the references.?>** However, in EL device fabrica-
tion, the MoOs buffer layer maintains a high WF at UHV
without breaking the vacuum to achieve little hole injection
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FIG. 3. Binding energy versus MoOj3 layer thickness for the energy level
alignment at vacuum level (blue triangle), CBM (green triangle), increased
edge of gap states (red circle), and VBM (black square).

barrier. Moreover, CBM is very close to Ef, and the increase
in edge of gap states is slightly lower than the Ef, thereby indi-
cating that electrons at gap states are easily excited to CBM.
The energy level alignment implies that holes can be transfer-
red via gap states and electrons can be transferred via CB.'®!’

To elucidate the chemical structures of the evaporated
MoO; films, XPS measurements of the MoOs films depos-
ited on ITO substrates were performed. The MoO; thickness
dependence of the XPS spectra is shown in Fig. 4. The Mo
3d core level spectra are shown in Fig. 4(a). The doublet of
Mo3d5 and Mo3d3, which are attributed to the Mo +6 spe-
cies,'”1%* are observed at 233.2 and 236.3 eV, respectively.
The binding energies of Mo +6 doublet are almost constant
in the core level spectra, regardless of film thickness, which
indicates that the change in MoQO; thickness does not cause
charge transfer. In the 1 nm spectrum, a shoulder, which indi-
cates another species of Mo in evaporated MoOs films,
appears at low binding energies. A secondary Mo 3d doublet
(Mo3d5 at 232 eV and Mo3d3 at 235.2 eV) indicates that Mo
+5 species are obtained as determined by the fitting analysis
for all of the MoOs films.'**® This phenomenon indicates
that oxygen vacancies exist in the evaporated MoOj3 films,
resulting in reduced Mo atoms. From the fitting data, the cal-
culated Mo—O ratios are 2.95, 2.96, 2.97, 2.97, 2.97, and
2.98, which correspond to the film thickness. The reduced
Mo atoms lead to gap states caused by the partial filling of
unoccupied Mo 4d levels.'""'” The In 3d core level spectra,
which indicate the MoOs film cover, are shown in Fig. 4(b).
The signal areas in In 3d are considerably diminished with
increasing MoQOj thickness. This result suggests that continu-
ous film formations are achieved in >10-nm thick MoO;
films. Thinner MoOs films are discontinuous because of the
formation of grains or clusters, without covering all of the
ITO substrates.

The hole injection and transport mechanism of MoOj;
buffer layer are discussed under thin or thick buffer layer
conditions. Based on the characteristics of the EL devices
and XPS results, the schematic energy level alignment of the
MoOj; buffer layer is shown in Fig. 5. The XPS results show
that the hole injection enhancement is due to the high WF
and n-type semiconducting property of MoOs;. When MoOj;
buffer layer is introduced in EL devices, the high WF causes
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FIG. 4. XPS spectra for (a) Mo 3d and (b) In 3d of MoOs films with differ-
ent thicknesses.

dipoles at the ITO/MoO; and MoOs;/NPB interfaces.' "'’
The interfacial dipole rearranges the energy level alignment
of anode and HTL to benefit hole injection and transport.
The CBM and gap states of MoOs3, well as the HOMO of
NPB, are very close to Eg, which is suitable to the hole injec-
tion from anode to HTL. Several studies have reported on
the relative interfacial energy level alignment using XPS
measurements.'®1® Therefore, the hole injection barrier is
significantly reduced by the energy level rearrangement.
When a thin MoOs5 buffer layer is used (Fig. 5, left), the
holes are directly injected into the HOMO of NPB via tun-
neling from anode through MoOj; buffer layer. By contrast,
when a thick layer is used, the injection passes through the
CBM and gap states (Fig. 5, right). First, the electrons are
transferred from the HOMO of NPB to CBM of MoOj3 by
the internal electric field, which is due to the MoO;/NPB
interfacial dipole. Given the external bias, the electrons at
CBM of MoOj3 and the holes at the HOMO of NPB are
driven towards the corresponding opposite electrodes.
Moreover, the process repeats at positive bias. This process
is also called charge generation and separation.'®** Through
this process, the hole injection current is converted to elec-
tron current by the MoO3/NPB interface. Even though MoO;
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FIG. 5. Schematic energy level alignment of the hole injection and transport
of MoOj buffer layer in thin or thick model.

is once considered to have an insulator-like property with a
large forbidden gap of 3.2eV, the EL devices can achieve
enough driven current using a thick MoO;5; layer.
Furthermore, while using optimized buffer layer thickness,
an appropriate charge generation rate occurs at MoO3;/NPB
interface, results in the best charge injection and power effi-
ciency. On the other hand, while using thicker buffer layer,
an excess charge generation rate is generated due to the effi-
cient charge transfer, results in a strong space charge layer in
NPB, which may lower the charge injection and reduce the
power efficiency.?” Second, the gap states in MoOj5 are also
important in hole injection and transport. The holes are trans-
ferred from the ITO anode to the HTL via gap states.
However, according to the XPS fitting results, an increase in
Mo-O ratios results in maintained low density of gap states
in MoOs films. Thus, the hole injection current through gap
states is restricted in thick MoOs films. This result suggests
that the hole injection current is maintained partially by the
charge generation and separation process at the MoO3;/NPB
interface and partially by the charge transfer passing through
the gap states in MoOs.

IV. SUMMARY AND CONCLUSIONS

The MoO; buffer layer is analyzed in Alg-based
OLEDs. The J-V-L characteristics of the MoO5; devices
show reduced operating voltage and enhanced performance
in terms of power efficiency. Introduction of 1 nm MoOj;
film, which is the optimum film thickness, results in 45%
increase in efficiency compared with that of traditional ITO
anode. AFM tests show that smooth morphology may result
in better interfacial contact between ITO and HTL. The XPS
measurements also demonstrate that high WF and suitable
energy level alignment of ITO/MoOj; interface are beneficial
for the hole injection in MoO; devices. According to the
energy level alignment, we suggest a hole injection mecha-
nism of MoOj3 buffer layer in thin and thick buffer layers.
Direct hole injection via carrier tunneling is the main process
when thin MoOj buffer layer is used. By contrast, hole
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injection paths pass through the CBM and gap states when a
thick layer is used. The charge generation and separation
process at the MoOs/NPB interface and gap states of MoO;
are important in hole injection and transport.
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