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In order to understand the characteristics of ohmic hole-contacts for the inverted/conventional
organic light emitting devices, a hole-only device with all ohmic contacts, which is composed
of glass/ITO/MoOx /4,4,4-tris[2-naphthyl-phenyl-amino]triphenylamine (2-TNATA)/MoOx /Al, the elements of the electronic structures of MoOx -on-2-TNATA interface and 2-TNATA-on-MoOx interface
were investigated by photoemission spectroscopy, with regards to interface energetics, formative
mechanism, and a potential charge carrier injection. The electronic structures revealed that the
behavior of the interface between MoOx and 2-TNATA was different whether MoOx was deposited
on (2-TNATA) or vice versa. The bottom interfaces of 2-TNATA-on-MoOx in this hole-only devices
showed no hole-injecting barrier height (Bh  when the thickness of 2-TNATA was deposited in the
range of 0.1 to 5.0 nm on the 10.0 nm-thick MoOx thin ﬁlms. This has been explained to be attributed
to both metal-induced gap states and a chemical reaction at the interfaces. The top interfaces of
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complexes as well as interdiffusion
of MoOx into the 2-TNATA ﬁlm in these interfaces.
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1. INTRODUCTION
Recently, organic light-emitting diodes (OLED) have
emerged as promising candidates for use in energy-efﬁcient
solid-state lighting and for cheap light sources produced
on ﬂexible foils as well as on ﬂat panels.1–3 Therefore,
in regards to OLED devices, electronically functional
organic materials have been intensively investigated with
respect to various other applications. In many cases, the
function originates at the interfaces4 and the efﬁciency
of OLEDs is extremely dependent on the carrier-injecting
ability, which is related to the formation of resistance-free
or ohmic contacts at the metal-organic interfaces. First,
this carrier-injecting probability is strongly inﬂuenced by
both the carrier-injecting barrier height, which is deﬁned
as the energy difference between the Fermi levels (EF 
of the corresponding electrodes and the relevant levels
for conduction in the OLED.4 5 Therefore, appropriate
∗
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aligning for the relevant levels in organic (or inorganic)metal contact is necessary in order to maximize the luminous efﬁciency and to minimize the power consumption
by developing a low-voltage carrier-injecting layer.6 Second, a phenomenon occurring through the metal-organic
(inorganic) contacts can be explained by interface mechanisms, relating to not only the interface dominated by gap
states but also the interfaces free of gap states.4 5 The interfaces free of gap states are well known to be dependent on
both the Schottky-Mott model and pillow effect. Also, the
interfaces dominated by the gap states have diverse origins
such as both defect and chemistry-induced gap ones and
metal-induced gape ones (MIGSs).
The recent reports on several materials that yield
extremely low-voltage devices have excited renewed interest in developing the next generation of contacting
electrodes.7 As a p-type dopant, transition-metal oxides
such as molybdenum oxides (MoO3 5 6 8–10 tungsten
oxides (WO3 11 vanadium oxides (V2 O5 ,12 and ReO13
3 are
promising candidates to replace the previous generation
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of organic hole injection layers at the anode, due to
(approximately 5 × 10−10 Torr) and a sample preparation
their stability and their high work function (WF). Among
chamber (approximately 5 × 10−9 Torr). For the analysis,
these p-type carrier-injecting layers, MoO3 is frequently
all samples were prepared in-situ by sequential thermal
used as a hole-injecting layer (HIL) between a tin-doped
evaporation on a p-type Si wafer in the ultra-high vacindium oxide (ITO) layer and a hole-transporting layer
uum system, which was connected to the beam line in
(HTL).5 6 8–10 The MoOx and MoOx -doped HTLs lead to
vacuum. Also, all thicknesses were determined by timed
ohmic contacts when they are inserted between the ITO
depositions calibrated using a quartz-crystal microbalance.
and the HTL. Numerous studies have been reported to
For the UPS measurements, the He I (21.2 eV) line from
understand why ohmic contacts can be formed. The studa UV source was used. In addition, the photoemission
ies include the identiﬁcation of charge transfer (CT) comonset reﬂecting the WF at the surface of all samples was
plexes by using both the untraviolet-visible-near-infrared
measured by biasing the samples at −5 V. The incident
absorption measurements8 and Fourier transform infrared
photon energy was calibrated by measuring the Au 4f
absorption measurements.8 14 Also, there has been a study
level of a clean Au surface. In the NEXAFS analyses,
on positive charge transfer at ITO/MoOx interfaces through
carbon K-edge (270.0∼320.0 eV) and nitrogen K-edge
the use of X-ray photoemission spectroscopy (XPS),6
(385.0∼425.0 eV) spectra were measured at a photon incia study on a hole-injecting barrier height (Bh  between
dent angle of 45.0 .
the highest occupied molecular orbital (HOMO) level and
The hole-only device was separately fabricated with
an anode in addition to a study on the formation of new
the structure of glass/tin-doped indium oxide (ITO;
MIGSs below the EF through the use of ultraviolet phoabout 10 /square, Geomatec Co. Ltd.)/MoOx (5.0 nm)/2toemission spectroscopy (UPS).5
TNATA (10.0 nm)/MoOx (x nm)/Al (150.0 nm). The top
Meanwhile, the interface studies in the HTL-MoOx conlayer of MoOx was 0.1, 1.0, 3.0, and 5.0 nm, respectively.
tact have been concentrated rather on the HTL-on-MoOx
Each layer was sequentially vacuum-deposited by using a
layer (being used in a conventional OLED structure) than
thermal evaporator system. The active area of the devices
on the MoOx -on-HTL (being used in an inverted OLED
was 20 × 20 mm2 . The current density (J )–voltage (V )
15 16
structure).
Therefore, understanding the differences in
characteristics were measured using a source-measure unit
the electronic structure between a metal oxide and an
(4145A, Hewlett Packard Co.).
organic layer with respect
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the
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facial stability. Hwang et al. reported that the electronic
Investigating the energy level alignments of the interfaces
structure and electrical behavior between organic-on-metal
with respect to whether MoOx was deposited on 2-TNATA
and metal-on-organic are also dependent on the degree of
or vice versa was important in order to understand the
metal surface contamination during the interface formamechanisms associated with the Bh near the HIL/anode
tion, and which could cause an asymmetry of the interface
interface within the OLED structure. Figure 1 shows the
properties for the different deposition order.5
UPS spectra of the pristine 2-TNATA and MoOx -on-2In this study, the key elements of electronic strucTNATA thin ﬁlms with an incremental MoOx thickness on
ture, which include the MoOx -on-2-TNATA (the interface
the 2-TNATA layer 10 nm-thick. The MoOx -on-2-TNATA
formed by MoOx deposition onto a 2-TNATA surface) and
layers were in-situ fabricated by sequentially depositing
2-TNATA-on-MoOx (the interface formed by 2-TNATA
MoOx after pre-forming the 10 nm-thick 2-TNATA layer
deposition onto a MoOx surface) interfaces, with regards to
on a p-Si wafer. Figures 1(a) and (b) show the valence
interface energetics, formative mechanism, and a potential
band (VB) spectra and the region around the EF of the
charge carrier injection, were investigated by using photoeMoOx -on-2-TNATA layers, respectively. The HOMO level
mission spectroscopy (PES). Also, the correlation between
and the vacuum level (VL) appear not reached to a comthe ohmic characteristics of a hole-only device, which has
plete saturation even at 20 nm of MoOx on 2-TNATA.
an ITO/MoOx /2-TNATA/MoOx /Al structure, and the interThis is possibly related to the permeation of metal into
facial electronic features was discussed.
2-TNATA relatively deep during the deposition of MoO
x

2. EXPERIMENTAL DETAILS
The electronic structures of the MoOx -on-2-TNATA and
2-TNATA-on-MoOx layers were examined by using UPS
and NEXAFS spectroscopy at the 4D beam line in the
Pohang Accelerator Laboratory in Korea. All measurements and depositions were performed in an ultra-high
vacuum system, consisting of a main analysis chamber
8026

due to the chemical reaction and an interdiffusion with
2-TNATA of soft and relatively open organic matrix like
the example of the Mg-on-tris(8-quinolinolato)aluminum
(III) (Alq3  interfaces.17
As shown in the bottom curve of Figure 1(b), the Bh ,
the energy difference between the EF of the anode and the
edge of the HOMO of 2-TNATA, was 0.9 eV. The ionization potential (IP) of pristine 2-TNATA, which is the
WF energy level (4.2 eV) plus the HOMO energy level
J. Nanosci. Nanotechnol. 13, 8025–8031, 2013
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Fig. 1. UPS spectra of the pristine 2-TNATA and MoOx -on-2-TNATA
interfaces. The thickness of 2-TNATA was ﬁxed at 10.0 nm. (a) The
valence spectra, (b) the region around the EF , and (c) the onset of the
valence band, representing the WF on the surface, at the 2-TNATA-onMoOx interfaces. The region around the EF in (b) was magniﬁed by
approximately 2000 times. The nanometers in the ﬁgures indicate the
thicknesses of MoOx . The bar indicates the onset of the HOMO and WF
in (b) and (c), respectively.

(0.9 eV), was measured as 5.1 eV in Figure 1(b). In addition, the 2-TNATA has a band gap of about 3.0 eV.18
This IP value was consistent with the previous report.18 19
When MoOx of 0.1 nm to 5.0 nm was vacuum-evaporated
on the 10.0 nm-thick 2-TNATA, the main features in VB
band spectra of 2-TNATA were still clearly detected, but
the position of HOMO as reference to that of pristine
2-TNATA shifts toward the EF by 0.2 and 0.8 eV, respectively. The result indicated that the Bh from anode to
the MoOx -on-2-TNATA interfaces decreased from 0.9 eV
to 0.7 and 0.1 eV with depositing MoOx of 0.1 and
5.0 nm-thick on 2-TNATA, respectively. The decrease
of Bh implies that a hole concentration can increase in
the MoOx -on-2-TNATA interfaces. Figure 1(c) shows the
onset of the VB band spectra, representing WF on the surface. When compared to the VL of pristine 2-TNATA, the
WF increased signiﬁcantly with the deposition of MoOx
to 5.0 nm on the 2-TNATA layer. This change is expected
to be due to an interfacial dipole effect as well as a
J. Nanosci. Nanotechnol. 13, 8025–8031, 2013

Fig. 2. UPS spectra of the pure MoOx and 2-TNATA-on-2-MoOx interfaces. The thickness of MoOx was ﬁxed at 10.0 nm. (a) the valence spectra, (b) the region around the EF , and (c) the onset of the valence band,
representing the WF on the surface, at the 2-TNATA-on-MoOx interfaces.
The region around the EF in (b) was magniﬁed by about 1000 times. The
nanometers in the ﬁgures indicate the thicknesses of 2-TNATA. The bar
in (c) indicates the onset of WF.
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weak chemical reaction in MoOx -on-2-TNATA ﬁlm. Also,
as the thickness of MoOx increased further from 10.0 to
20.0 nm, the WF increased continuously up to 6.9 eV20
by a stronger interface dipole. By the shifts in the HOMO
level, at the MoOx -on-2-TNATA interfaces, the Bh was
signiﬁcantly reduced and the carrier concentration could
be increased in the organic ﬁlms.
Figure 2 shows the UPS spectra of the pristine MoOx
and 2-TNATA-on-MoOx thin ﬁlms with an incremental 2-TNATA thickness on the MoOx layer of 10.0 nm.
Figures 2(a) and (b) show VB band spectra and the region
around the EF of the 2-TNATA-on-MoOx layers, respectively. In Figure 2, the intensities regarding all curves are
normalized to the incident photon ﬂux. A peak at approximately 4.2 eV below the Fermi level in the pristine MoOx
spectra in Figure 2(a) is the oxygen 2p related states in
O Mo bonding.21 The HOMO edge of pristine MoOx was
observed at roughly 3 eV below the EF in Figure 2(a) and
clear MIGSs were observed near 1.2 eV below the EF in
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Figure 2(b). As shown in Figure 2(a), after the deposition
of a few tenths of a nanometer for 2-TNATA on MoOx ,
the intensity of O Mo bonding decreased, indicating the
loss of oxygen in MoOx ﬁlms. The MIGS peak intensities below the EF shown in Figure 2(b) were observed to
gradually grow to strong intensities with more 2-TNATA
molecules deposited on MoOx .
These MIGSs at about 1.2 eV below the EF may have
diverse origins.5 21 First, they could be produced by defects
and chemistry-induced gap states,5 and which corresponds
to the formation of chemical bonds and/or defects between
2-TNATA and MoOx . The formation of metal-induced
defects in the organic materials or the formation of an
organometallic complex, which exhibit ﬁlled or empty
electronic states that overlap with the original gap of the
semiconductor, can be occurred when MoOx is vacuumevaporated on a molecular ﬁlm similar to the reaction
between aluminum or magnesium and Alq3 22 Second, the
origin of these gap states could be also related to the
defects due to the deﬁciency of oxygen and Mo–Mo metallic bonding in the 2-TNATA-on-MoOx ﬁlms.21
Furthermore, when the thickness of 2-TNATA on the
Fig. 3. Onset of the energy levels of (a) the MoOx -on-2-TNATA interMoOx ﬁlm was increased from 0 to 5.0 nm, all formed
faces and (b) the 2-TNATA-on-MoOx interfaces. The bottom layers are
MIGS peaks were closely connected to the HOMO levels
ﬁxed at a thickness of 10.0 nm. WF, HOMO, MIGSH levels were deteras well as the EF at the 2-TNATA-on-MoOx interfaces,
mined by UPS. Here, the MIGSH level indicates the highest energy level
among the MIGSs.
which implies a greater transition of insulating MoOx to
metallic MoOx . The reduction in oxidation states of MoOx
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interfaces was negative with the deﬁciency of electrons at
peaks generated from these processes at the 2-TNATA-onthe vacuum side, as shown in Figure 3(b).
MoOx interfaces form a hole-ohmic contact without the
To ﬁnd out the chemical reaction and electronic interBh because the HOMO level and the EF can be conaction between MoOx and 2-TNATA, the NEXAFS specnected to each other through the top MIGSs at these intertra were measured at the interfaces of MoOx -on-2-TNATA
faces. Figure 2(c) shows the onset of the VB band spectra.
and 2-TNATA-on-MoOx , respectively. The NEXAFS specThe VL of MoOx was 5.5 eV20 in the bottom curves of
troscopy measured the absorption of X-rays that excite
Figure 2(c). Compared to the WF of pristine MoOx , the
electrons from the initial state (core level) to the ﬁnal
WF was lowered to approximately 1.1 eV as the thickness
state (vacant level). Also, the shape of NEXAFS spectra
of 2-TNATA on MoOx was increased from 0 to 5.0 nm.
depends strongly on the molecular orientation. For examThe WF, HOMO, and MIGSH levels obtained from the
ple, in a planar  conjugated carbon system, the excitation
results in Figures 1 and 2 were summarized in Figure 3.
from C to  ∗ orbital is allowed for the electric vector (E)
Here, the MIGSH level was indicated as being the highest
h
vertical to the molecular plane (parallel to 2pz , whereas
energy level among the MIGSs. The B in the MoOx -onthe transition to ∗ is allowed for E parallel to the molec2-TNATA interfaces was reduced from 0.9 to 0.1 eV with
ular
plane and to the chemical bond.24
increasing MoOx from 0 to 10.0 nm on the 2-TNATA layer
Figure 4(a) shows the NEXAFS spectra, which were
in Figure 1 while the Bh in the 2-TNATA-on-MoOx intermeasured at a photon incident angle of 45.0 , at the carbon
faces did not exist regardless of the 2-TNATA thickness
K-edge in the MoOx -on-2-TNATA interfaces with increasdeposited on the MoOx layer in Figure 2. This uncoming MoOx on the 2-TNATA layer of 10.0 nm. The highest
mon behavior regarding the interfaces between MoOx and
resonance peak of pristine 2-TNATA in Figure 4(a) is the
2-TNATA indicated an asymmetry in the interface characcarbon K-edge 1s →  ∗ (C C resonance) of 285.5 eV,
teristics with respect to whether MoOx was deposited on
which was the transition to the conjugated plane of the 22-TNATA or vice versa. Meanwhile, as the result of the
TNATA backbone.25 The peaks of about 289.1 and about
VL Shift ( (that is, the change of WF) in Figure 3, some
294.3 eV exhibit a transition of 1s → ∗ (C H resonance)
electrons could move from 2-TNATA to MoOx , leading to
and 1s → ∗ (C C resonance), respectively.24 When
the negative and positive charging of metal oxide as well
MoOx was deposited on 2-TNATA from 0 to 10.0 nm, the
as the organic layer, respectively. With interfacial dipole,
∗
∗
∗
main features of C=C
, C–H
, and C–C
, in the NEXAFS
the sign of  at the MoOx -on-2-TNATA interfaces was
8028
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Fig. 5. NEXAFS spectra at the N K-edge of both (a) the MoOx on-2-TNATA interfaces and (b) the 2-TNATA-on-MoOx interfaces. The
nanometers in the ﬁgures indicate the thicknesses of (a) MoOx and
(b) 2-TNATA, respectively.

spectra at the carbon K-edge, remain clearly unchanged.
the deposition of 0.4 nm MoOx on the 2-TNATA layer.
This implies that carbon species composing of 2-TNATA
The peaks at 393.5 and 398.1 eV, which were induced
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∗
Figure 4(b) shows the NEXAFS spectra at the carbon
reacted with MoOx  and unrea (species of N atom unreK-edge at the 2-TNATA-on-MoOx interfaces with increasacted with MoOx , respectively. The difference for 4.6 eV
∗
∗
ing 2-TNATA on the MoOx layer of 10.0 nm. At the
in the large photon energy between rea
and unrea
could
∗
initial 2-TNATA coverage of 0.05 nm on MoOx , C=C
be caused by the changes due to the effect of an electronresonance of 285.9 eV shows a very weak intensity. This
accepting MoOx or an excitonic effect.25 As the deposited
indicates a chemical reaction, breaking the -conjugation
thickness of MoOx on the 2-TNATA layer is increased,
∗
∗
system of 2-TNATA molecules on the MoOx layer.
the ratio of rec
/unrea
rapidly increased at the MoOx /2∗
Although -conjugation of 2-TNATA molecules recovTNATA interfaces. Meanwhile, such rea
peak is caused
ers with increased deposition of 2-TNATA, the decompoby the formation of CT complexes (MoOx − /2-TNATA + 
sition of 2-TNATA molecules was still clearly detected
that is generated between MoOx as an electron acceptor
even for the 2-TNATA deposition of 2.0 nm. On the other
and 2-TNATA as an electron donor.8 27 These contribute
∗
(288.5 eV) and
hand, the intensities associated to both C–H
to an increase in the cationic charge carrier density in
∗
the MoOx -on-2-TNATA ﬁlm and facilitate the injection of
C–C (285.5 eV) resonances remained nearly unchanged at
all coverage from 0.05 to 5.0 nm. In term of the chemical
holes from anode to MoOx -on-2-TNATA.
reaction, a carbon species composing of the 2-TNATAFigure 5(b) shows the NEXAFS spectra at the nitrogen
on-MoOx interfaces showed strong chemical reaction of
K-edge of the 2-TNATA-on-MoOx interfaces with increas2-TNATA during the deposition of 2-TNATA on MoOx
ing the 2-TNATA thickness from 0.05 to 5 nm on the
while the MoOx -on-2-TNATA interfaces showed the forMoOx of 10.0 nm. At the initial coverage of 0.05 nm-thick
∗
mation of a unreactive interfaces during the deposition of
2-TNATA on the MoOx , the strong rea
resonance peak
MoOx on 2-TNATA.
at 393.1 eV was observed. Furthermore, as the 2-TNATA
Figure 5(a) shows the NEXAFS spectra at the nitrogen
deposition increased from 0.1 to 5.0 nm, although the inten∗
K-edge of the MoOx -on-2-TNATA interface with increassity of a rea
resonance was reduced, the feature of the
∗
ing the MoOx thickness from 0 to 10 nm on 10 nm
rea resonance was not fully recovered compared to that
thick 2-TNATA. The peak at 398.1 and above 403.5 eV
of the pristine 2-TNATA indicating the partial destruction
in pristine 2-TNATA of Figure 5(a) can be assigned as
of the conjugated backbone in the 2-TNATA molecule
 ∗ resonance and many ∗ , respectively.26 Interestingly,
for the 2-TNATA-on-MoOx interfaces. Therefore, the
a new resonance peak of  ∗ appeared at 393.5 eV after
chemical reaction at the 2-TNATA-on-MoOx interfaces
J. Nanosci. Nanotechnol. 13, 8025–8031, 2013
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Fig. 4. NEXAFS spectra at the C K-edge of both (a) the MoOx on-2-TNATA interfaces and (b) the 2-TNATA-on-MoOx interfaces. The
nanometers in the ﬁgures indicate the thicknesses of (a) MoOx and
(b) 2-TNATA, respectively.
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appeared to be stronger than that at the MoOx -on-2TNATA interfaces.
With regards to the electronic features, the electrical properties of the hole-only device, which is composed of a glass/ITO/MoOx /2-TNATA/MoOx /Al structure,
were investigated. This hole-only device contains not only
the 2-TNATA-MoOx interface but also the MoOx -on-2TNATA interface. The thickness of bottom MoOx in the
2-TNATA-on-MoOx interface was ﬁxed to 5.0 nm for the
formation of an ohmic contact as revealed in the UPS
results of Figure 2 and the thickness of top MoOx was
changed in the MoOx -on-2-TNTA layer. Figure 6 shows
the J –V characteristics of the hole-only device, which has
Fig. 7. Proposed energy band diagrams for the Bh at the bottom (a) and
a glass/ITO/MoOx (5.0 nm)/2-TNATA (15.0 nm)/MoOx
top (b) interfaces in the hole-only devices. The bottom interface is the
(x nm, x = 01, 1.0, 3.0, and 5.0 nm)/Al (150 nm) struc2-TNATA-on-MoOx one and the top interface is the MoOx -on-2-TNATA
ture. The bias voltage was applied to the bottom electrode
one.
in reference to the top grounding electrode. In Figure 6, the
hole injection as shown in the ﬁgure on the right-side of
hole-only device was improved as top MoOx was increased
Figure 7(a), regardless of the thickness of MoOx . Also,
from 0.1 to 3.0 nm at the MoOx-on-2-TNATA interface
the top interfaces of the hole-only device which was the
and showed the non-linear curves. Meanwhile, the device
MoOx -on-2-TNATA ones did not include any Bh when a
with MoOx of 0.5 nm-thick on the MoOx -on-2-TNATA
hole is injected from 2-TNATA (or MoOx -on-2-TNATA)
interface exhibited perfectly linear J –V characteristics that
to cathode of Al, irrelevant to the thickness of MoOx . This
were characteristic of a true ohmic contact at both the top
indicates that the hole-injecting properties of the top interMoOx -on-2-TNATA interface and the bottom 2-TNATAfaces more strongly depend on the concentration of CT
MoOx interface.
complexes as well as the Bh as shown in Figures 1 and
Figure 7 shows the proposed energy band diagrams for
h
5(b).
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diode-type device such as both a conventional and inverted
ITO (WF = 47 eV) to 2-TNATA (IP = 51 eV). However,
OLEDs.
the bottom interface which MoOx was inserted between
ITO and 2-TNATA, did not observe any barrier for the

4. CONCLUSION

Fig. 6. Current density–voltage characteristics of the hole-only devices,
which have a glass/ITO/MoOx (5.0 nm)/2-TNATA (10.0 nm)/MoOx
(x nm)/Al (150 nm) structure. Here, x is 0.1, 1.0, 3.0, and 5.0, respectively. The bias voltage was applied to the bottom electrode in reference
to the top grounding electrode.

8030

The interfaces of MoOx -on-2-TNATA and 2-TNATA-onMoOx showed an asymmetric behaviour, which was different in the electrical structures of WF, Bh , HOMO
level, etc. due to the differences in the interfacial chemical
reaction and an interdiffusion of MoOx into the 2-TNATA
ﬁlms. The energy level studies by UPS showed that,
as the MoOx thickness increased at the MoOx -on-2TNATA interface, the Bh of the MoOx -on-2-TNATA interfaces were reduced while, at the 2-TNATA-on-MoOx
interface, an insigniﬁcant Bh as well as zero variation regarding Bh was observed for all thicknesses of
2-TNATA used in this study by the formation of MIGSs.
NEXAFS spectra showed that the MoOx -on-2-TNATA
interfaces were much more stable formation of charge
transfer complex than 2-TNATA-on-MoOx interfaces at
around EF . On the base of these interfaces, a hole-only
device composed of a glass/ITO/MoOx (5.0 nm)/2-TNATA
(15.0 nm)/MoOx (5.0 nm)Al (150.0 nm) structure was fabricated and the device showed a hole ohmic property.
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