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The authors report the enhancement of hole injection using an RhO, layer between indium tin oxide
anodes and 4,4'-bis[N-(1-naphtyl)-N-phenyl-aminobiphenyl in organic light-emitting diodes
(OLEDs). The operation voltage of OLEDs at 700 cd/m? decreased from 13 to 10 V as the Rh layer
changed to RhO, by surface treatment using O, plasma. Synchrotron radiation photoelectron
spectroscopy results showed that the work function increased by 0.2 eV as the Rh layer transformed
into RhO,. Thus, the hole injection energy barrier was lowered, reducing the turn-on voltage and
increasing the quantum efficiency of OLEDs. © 2005 American Institute of Physics.

[DOL: 10.1063/1.2012534]

Ever since the high efficiency organic light-emitting di-
odes (OLEDs) were reported, numerous efforts have been
made to improve OLED characteristics. The performance of
an OLED is influenced by the properties of the injecting
electrodes and the electrode-organic interfaces.' The poten-
tial barrier between electrodes and organic layers exists due
to the energy level difference. The barrier for electron injec-
tion subsequently reduced using electron injection promot-
ers, such as lithium and cesium fluorides.>> At the interface
of an indium tin oxide (ITO) anode with organic materials,
enhanced hole injection was also desired to increase internal
quantum efficiency by balancing charge carriers in the active
layer. One of the most well-known approaches for reducing
potential barriers for hole injection is the elevation of work
function of ITO anodes.*® Several approaches for achieving
an elevated ITO work function have been performed to
modify its surface chemical states, including surface plasma
treatment, the insertion of metal oxides with a high work
function between ITO and organic material, and the forma-
tion of a metal-doped indium tin oxide layer on an ITO
surface.®® Rhodium oxide (RhO,) is a transparent conduct-
ing oxide. The work function of RhO,(~5.0 eV) is higher
than that of ITO (~4.7 eV).” Thus, it is expected that the
interfacial layer of RhO, between ITO anodes and organic
materials could improve the injection of holes via enhanced
OLED electrical properties.

In this letter, we report the enhancement of electrical and
optical performance of OLEDs by using an interfacial layer
of RhO, between ITO anodes and the hole transport layer of
4'-bis[N-(1-naphtyl)-N-phenyl-amino |biphenyl ~ (a-NPD).
The RhO, layer was prepared by exposing a thin Rh layer to
O, plasma. The x-ray reflectivity method was used to exam-

examined using synchrotron radiation photoelectron spec-
troscopy (SRPES). From this, the effects of RhO, layers on
the enhancement of both electrical and optical properties of
OLEDs were discussed.

A glass coating with ITO (150 nm thick, ~20 /) was
used as the starting substrate. The ITO surface was cleaned
in sequence with acetone, isopropyl alcohol and deionized
water, and then dried with a high purity nitrogen gas. The
ITO surface was treated with O, plasma for 1 min under 100
mTorr (“ITO”). The plasma power was 150 W. A thin layer
of Rh with a thickness of 2 nm was deposited on the plasma-
treated ITO by an e-beam evaporator (“Rh/ITO”). The Rh
film was also exposed to the O, plasma for 1 min to produce
a RhO, layer (“O,-Rh/ITO”). The thickness of the thin layer
was deduced from the period of the oscillations in x-ray re-
flection, measured at the 3C2 beamline of the Pohang Accel-
eration Laboratory (PAL). These three types of samples were
loaded into a thermal evaporator and a-NPD with a thickness
of 70 nm, tris(8-hydroxyquinoline) aluminum (Algs, 60 nm),
and aluminum (Al, 150 nm) layers were deposited in se-
quence. During deposition, the base pressure of the chamber
was maintained as low as 107 Torr. The active area of the
device was 3X3 mm? The current density-voltage and
luminescence-voltage characteristics of the devices were
measured. The surface treatment conditions for the three
kinds of anodes are summarized in Table I.

X-ray reflectivity was used to measure the exact thick-
ness of the Rh layer and Rh surface morphology. In order to

TABLE I. Anode preparation methods for OLEDs.

OLED anodes

ine the thickness of the thin Rh layer and relative roughness. ITO ITO+0, plasma treatment
The change in work function with the formation of RhO, was RWITO ITO+0, plasma treatment + Rh deposition
ITO+0, plasma treatment + Rh deposition + O,
0,-Rh /ITO plasma treatment
“Electronic mail: jllee@postech.ac.kr
0003-6951/2005/87(7)/072105/3/$22.50 87, 072105-1 © 2005 American Institute of Physics
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FIG. 1. (a) Current density-voltage and (b) luminance-voltage characteris-
tics of OLEDs with different anodes.

investigate the chemical bonding states of ITO by inserting
the RhO, interfacial layer, the three samples were loaded into
a vacuum chamber, equipped with an electron analyzer, at
the PAL 4B1 beamline. An incident photon energy of 650 eV
was used to obtain Rh 3d, In 3d, Sn 3d, O 1s, and C 1s core
level spectra. The onset of photoemission, corresponding to
the vacuum level at the ITO surface, was measured with a
negative bias (—20 V) on the sample to avoid the work func-
tion of the detector. The incident photon energy was cali-
brated with the core level spectrum of Au 4f.

Figure 1(a) shows the current density-voltage character-
istics of the three types of devices. The turn-on voltage in-
creased from 7 to 25 V when the 2 nm thick Rh was depos-
ited on ITO. However, it was drastically decreased to 5 V as
the Rh layer was treated with O, plasma. The decrease in
turn-on voltage is a reflection of improved hole injection
efficiency. Luminance-voltage curves are shown in Fig. 1(b).
The operation voltage corresponding to 700 cd/m? was 13 V
for ITO and 10 V for O,-RWITO. The external quantum
efficiencies at 700 cd/m? are calculated at 1.1% for
0,-RW/ITO and 0.34% for ITO, respectively. The electrolu-
minescence spectra of the Rh/ITO sample could not be mea-
sured using our optical system because its intensity was very
low. It is thought that holes were effectively injected from an
anode to an organic layer, promoting internal quantum effi-
ciency.

Figure 2 shows the x-ray reflectivity curves of Rh/ITO
and O,-Rh/ITO samples. The thickness of the Rh layer esti-
mated from the x-ray reflectivity data was 2 nm. The film
thickness is given by 27/Agq, where Agq is the period of the
intensity oscillations in the reflectivity curves.'’ The ampli-
tude of the intensity oscillation in the O,-Rh/ITO sample is
higher than that in the Rh/ITO sample. The intensity oscilla-
tion reflects the interference pattern of x rays reflected from
the surface and the interface. Therefore, it is considered that
the Rh surface became smoother after O, plasma treatment.
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FIG. 2. X-ray reflectivity data of O,-Rh/ITO and Rh/ITO.

Figure 3(a) shows O 1s SRPES spectra for three kinds of
samples. In order to separate the chemical bonding states
including those in the spectra, the spectral line shape was
simulated using a suitable combination of Gaussian and
Lorentzian functions. The O 1s peak was separated into two
components. The P1 peak centered at 532.2 eV in ITO was
due to residual surface contaminants.'’ The P2 peak centered
at 530 eV was assigned to O>" ions in the tetrahedral inter-
stices of face-centered cubic In** ion arrays.12 In the case of
RW/ITO, the peak intensity of O ls decreased. The photo-
emission flux 7; penetrating a film decreased exponentially
with the increase of thickness d, expressed as I;=
Iy exp(=d/\), where I, is the flux emitted by the clean back-
ing material and A is the inelastic mean-free path of an elec-
tron traveling within a solid.”® The reduction of O 1s peak
intensity in the Rh/ITO is due to the exponential decrease of
photoemission flux. In O,-Rh/ITO, a new P3 peak centered
at 529.5 eV appeared, indicating the O-Rh bond. Therefore,
it is thought that O, plasma treatment transformed the Rh
layer into a transparent RhO, layer. The Rh 3d core level
spectra of Rh/ITO and O,-Rh/ITO are shown in Fig. 3(b).
The Rh 3ds;, and Rh 3d5,, peaks shifted about 1.5 eV toward
a higher binding energy after O, plasma treatment. It is re-
ported that the binding energy of the Rh-O bond is 1.4
~1.6 eV higher than that of the Rh-Rh bond."* Thus, the
shift of Rh 3ds;, and Rh 3d5,, peaks is due to the formation
of RhO, layers.

The relative change of the work function was measured
using secondary electron emission spectra, as shown in Fig.
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FIG. 3. (a) O 1s and (b) Rh 3d core level spectra for three kinds of anodes.
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FIG. 4. (a) Secondary electron-emission spectra and (b) relative change of
valence band maximum for the samples.

4(a). The onset of secondary electrons was determined by
extrapolating two solid lines from the background and
straight onset in the spectra.15 The onset of a secondary elec-
tron for O,-Rh/ITO shifted to the higher kinetic energy by
0.2 eV with respect to the onset for ITO. This result means
that the work function of RhO,-coated ITO is higher by 0.2
eV than that of O, plasma-treated ITO. Figure 4(b) shows the
relative change in the valence band maximum (VBM) with
the formation of a RhO, layer. The VBM was calibrated with
a clean Au surface. The VBM at the ITO surface is located
3.0 eV apart from the Fermi level. After the Rh layer depo-
sition on the ITO surface, the VBM of RhITO coincided
with the Fermi level, showing the metallic valance band.
However, the VBM of O,-Rh/ITO is located at 0.4 eV, apart
from the Fermi level. This means that the bandgap was pro-
duced due to the formation of RhO,. This is in good agree-
ment with the result of Fig. 3.

Based on these experimental observations, the reduction
in operation voltage could be explained as later. The electron
concentration of ITO is about 102°-102! cm™3.'® Thus, the
Fermi level of ITO is close to the conduction band maximum
due to its high electron concentration. After O, plasma treat-
ment, surface band bending increased, as shown in Fig. 5(a).
This could be due to the formation of the Sn-deficient and
O-rich surface by the treatment.® When the Rh layer changed
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FIG. 5. Schematic band diagram: (a) O, plasma-treated ITO and (b) O,
plasma-treated Rh layer on ITO.

Appl. Phys. Lett. 87, 072105 (2005)

to a transparent RhO, layer by O, plasma treatment, the
work function increased [Fig. 4(a)], leading to the increase in
band bending, as shown in Fig. 5(b). The injection barrier for
holes from anodes to organic materials corresponds to the
energy difference between the work function of anodes and
ionization energy of organic materials. Thus, the hole injec-
tion barrier of ITO, ®,, decreased to ®,-0.2 eV with O,
plasma treatment. Therefore, the interfacial layer of RhO,
plays a role in lowering the potential barrier between ITO
and organic materials, reducing the turn-on voltage of
OLED:s.

In conclusion, we have reported the advantage of inter-
facial RhO, layers between anodes of ITOs and hole trans-
port layers of @-NPD on the electrical properties of OLEDs.
The turn-on voltage of OLEDs decreased from 7 to 5 V and
the operation voltage at 700 cd/m? decreased from 13 to 10
V as the RhO, layer exists between ITO and «-NPD. The
RhO, layer had a higher work function than ITO by 0.2 eV.
Thus, the RhO, layer lowered the potential barrier for hole
injection from ITO to a-NPD, reducing the turn-on voltage
of OLEDs and increasing quantum efficiency.
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