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Current density—voltage (J-V) characteristics of hole-only devices using indium tin oxide (ITO)
anode and N,N’-diphenyl-N,N’-bis(1-naphthyl)-1, 1’-biphenyl-4,4’-diamine (a-NPD) layers were
measured with various thicknesses of a molybdenum trioxide (MoQj3) buffer layer inserted between
ITO and @-NPD. The device with a 0.75-nm-thick MoOj; layer forms Ohmic hole injection at the
ITO/MoO5/ a-NPD interfaces and J-V characteristics of this device are controlled by a
space-charge-limited current. Results of X-ray photoelectron and ultraviolet/visible/near-infrared
absorption studies revealed that this Ohmic hole injection is attributable to an electron transfer from
ITO and a-NPD to MoO;. © 2007 American Institute of Physics. [DOI: 10.1063/1.2825275]

Organic light-emitting diodes (OLEDs) are being devel-
oped due to their high potentials for use in low-cost, me-
chanically flexible, and lightweight display, and lighting
appli(:ations.l Multilayer OLEDs are typically composed of
an indium tin oxide (ITO) anode, an organic hole-
transporting layer (HTL), an emitting la%/er, an electron-
transporting layer, and a metal cathode.” N-N’-diphenyl-
N-N'-bis(1-naphthyl)-1, 1’-biphenyl-4,4’-diamine (a-NPD)
is a material that is widely used as a HTL in OLEDs.”® In
OLEDs with the ITO anode and the a«-NPD HTL, a hole
injection barrier of =0.4 eV at the ITO/a-NPD interface is
present7 and causes an increase in driving voltage. Various
organic and inorganic hole-injecting layers (HILs) have been
inserted between ITO and a-NPD to reduce the driving
voltages.S’g_13 Recently, Chu and Song reported that a quasi-
Ohmic contact was realized by inserting a 2.5-nm-thick C60
layer between ITO and «-NPD, which reduces the hole in-
jection barrier by the surface dipole formation.'*"? They ob-
served Schottky thermoionic currents at low voltages and
space-charge-limited currents (SCLCs) at high voltages. The
SCLC slope of 2.4 was slightly higher than that of the pre-
diction of the SCLC theory. Thus, Ohmic contacts have
never been achieved at the ITO/HIL/a-NPD interfaces to
date. If Ohmic contacts can be formed, further improvements
of driving voltages and power conversion efficiencies of
OLEDs are possible.

Besides the improvements in OLED performance, under-
standing carrier transport mechanisms in organic films is
very crucial as fundamental science.'*16 However, the car-
rier transport mechanisms have not yet been elucidated, and
must be further clarified to bring about maximum device
performance. Large carrier injection barriers at electrode/
HTL interfaces would make the carrier transport mechanisms
complex because observed currents are governed by both
carrier injection and transport.15 Therefore, the formation of
Ohmic contacts at the interfaces is indispensable to clarify-
ing the carrier transport mechanisms.

In this study, we found that insertion of an ultrathin mo-
lybdenum trioxide (MoOs3) HIL between ITO and a-NPD
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provides Ohmic hole injection at the interfaces. We fabri-
cated hole-only a-NPD devices with a glass substrate/ITO
anode (150 nm)/MoO; HIL (X nm)/a-NPD HTL
(L nm)/MoOj; electron-blocking layer (EBL) (10 nm)/Al
cathode (100 nm) structure. We investigated how the X’s and
L’s influence current density—voltage (J-V) characteristics of
the devices. MoOj; has alread(}/ been used as a HIL to reduce
driving voltages of OLEDs. = Although the thickness of
MoO; HILs previously used is in the range between 5 and
50 nm, the results in the present study clearly indicated that
such thick MoO5; HILs do not provide Ohmic hole injection.
We found that the optimized X is 0.75 nm, which is much
thinner than the previously reported values. The a-NPD de-
vice with a 0.75-nm-thick MoO5 HIL exhibited J o V>? char-
acteristics, indicating that this device achieves Ohmic hole
injection and that J-V characteristics of this device obey a
SCLC mechanism.

We fabricated the a-NPD devices according to the fol-
lowing procedure. Precleaned glass substrates coated with a
150-nm-thick ITO layer with a sheet resistance of 10 €}/sq
(SLR grade, Sanyo Vacuum Industries Co., Ltd.) were set in
a vacuum evaporator, which was evacuated to ~10* Pa. A
MoO; HIL (X nm), an @-NPD HTL (L nm), and a MoOj,
EBL (10 nm) were successively vacuum deposited on the
ITO surface at deposition rates of 0.05 nm/s for MoO5 and
0.1 nm/s for a-NPD. We varied the thickness of the MoO;
HIL (X) from 0 to 20 nm and varied the thickness of the
a-NPD HTL (L) from 50 to 300 nm. To complete the de-
vices, an Al cathode layer (100 nm) was vacuum deposited
on the MoO; EBL at a deposition rate of 0.3 nm/s through a
shadow mask to define the active area of the devices to be
4 mm?. High-purity MoO; (6N grade, Mitsuwa Chemicals
Co., Ltd), a-NPD (NN60615, Nippon Steel Chemical Co.,
Ltd.), and Al (AL-011480, Nilaco Co.) source materials were
purchased and used as received. The completed devices were
transferred to a nitrogen-filled glovebox (O, and H,O levels
less than 2 ppm) and encapsulated with a glass cap and an
ultraviolet curing epoxy resin. J-V characteristics of the de-
vices were measured using a semiconductor characterization
system (SCS4200, Keithley Instruments, Inc.) at room tem-
perature.

© 2007 American Institute of Physics
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FIG. 1. Current density—voltage characteristics of hole-only @-NPD devices
with various X’s and L of 100 nm at (a) forward bias and (b) reverse bias.
The solid and dotted lines represent SCLC and Ohm current, respectively.

In our devices, we inserted the high-work-function
MoO; EBL (-5.68+0.03 eV’) at the a-NPD/ Al interface to
prevent electron injection from Al. In fact, since we observed
no electroluminescence from the devices, we confirmed that
holes are dominant charge carriers. The J-V characteristics of
the devices with various X’s and a constant L of 100 nm are
shown in Fig. 1(a).

The J’s markedly increased when increasing the X’s
from 0 to 0.75 nm. The device with a X of 0.75 nm exhib-
ited the highest J and a square law (Jo V20). Reversely, the
J’s decreased when increasing the X’s from 0.75 to 2 nm.
The J-V characteristics became unchanged in the X range
between 2 and 20 nm. From these results, we conclude that
the device with an X of 0.75 nm can achieve Ohmic hole
injection and that the J-V characteristics of this device are
controlled by a SCLC. We confirmed that an electron transfer
from ITO and a-NPD to MoO; occurs. The evidence of the
charge transfer is presented later. The charge transfer must
induce matching among the Fermi levels of MoO; and ITO
and the hole transport level of a-NPD, resulting in the for-
mation of the Ohmic contact. On the other hand, we specu-
late that a strong interfacial dipole layer (IDL), i.e., nega-
tively charged MoO; and positively charged a-NPD, is
gradually formed at the MoO;/ a-NPD interfaces as increas-
ing the X’s from 1 to 20 nm. This IDL may lower carrier
injection at the interfaces.'”

We prepared a device with a glass substrate/ITO anode
(150 nm)/MoOj layer (100 nm)/ Al cathode (100 nm) struc-
ture. The J’s observed in the MoOj; device were much higher
than those observed in the a-NPD devices [Fig. 1(a)]. More-
over, this device exhibited an Ohmic current. The electrical
conductivity of the MoO; layer was calculated to be
1.0£0.1X 107 S/cm from the J= V!0 region [the dotted
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FIG. 2. Current density—voltage characteristics of forward biased hole-only
a-NPD devices with constant X of 0.75 nm and various L’s. The solid lines
represent calculated J-V curves based on SCLC theory. The inset shows
effective hole-mobility-thickness characteristics.

line shown in Fig. 1(a)], which is in the semiconductorlike
range and is about seven orders of magnitude lower than
that of a radio-frequency magnetron-sputtered MoO; layer
(=80 S/cm) having a nearly stoichiometric composition.
This low electrical conductivity is perhaps caused by the
difference in composition and grain size between the
vacuum-deposited and sputtered films.

We operated the a-NPD devices with various X’s and a
L of 100 nm in the reverse bias direction. While the J-V
characteristics of the forward biased devices were markedly
dependent upon X [Fig. 1(a)], the J-V characteristics of the
reverse biased devices were independent of X [Fig. 1(b)]. We
attribute the unchanged J-V characteristics to (1) insertion of
the MoOj; layer with a constant thickness of 10 nm between
a-NPD and Al and (2) the use of the MoOj; layers, which
may work as electrodes in the devices.

We found that the J-V characteristics of the devices with
an X of 0.75 nm are well described by a SCLC mechanism,"*
whose equation is given by, J=(9/8)e,equer(VZ/L?) (1),
where ¢, is relative permittivity, g, is vacuum permittivity,
and . is effective carrier mobility. Fitting the J-V charac-
teristics using Eq. (1) with a &, of 3.0 (Ref. 12) provides a
tegr Of (1.0£0.1)X 107 cm?/V s [the solid line shown in
Fig. 1(a)].

We investigated how the L’s influence hole transport in
the devices with a constant X of 0.75 nm. The J’s decreased
as the L’s were increased and all devices had a square law
(Fig. 2). The pu.'s were calculated to be (2.2+0.5)
X 107 ecm?/V s for L=50 nm, (4.2+0.4) X 10™* cm?/V s for
L=200 nm, and (8.8+0.2) X 10™* ¢cm?/V s for L=300 from
the Jo V20 regions (the solid lines in Fig. 2). The observed
tesr’s markedly depended on the L’s (the inset in Fig. 2).'*
Although the w.¢ for L=50 nm was much smaller than those
of thick a-NPD layers measured by a time-of-flight (TOF)
technique [(3.0—10.0) X 10™* cm?/V s (Ref. 4 and 5)], the
Mer for L=300 nm was in excellent agreement with the TOF
mobilities. Similar thickness-dependent mobilities were re-
cently reported by Chu and Song12 They attributed the
thickness-dependent mobilities to the change of hole trap
concentrations in the @-NPD films.

Recently, a SCLC with electric-field-, temperature-, and
charge-carrier-concentration-dependent carrier mobilities for
disordered hopping transport in organic films has been mod-
eled by Pasveer et al."® We su pose that the difference be-

Downloaded 21 Oct 2008 to 150.65.7.70. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



253504-3 Matsushima, Kinoshita, and Murata

920 ©20

€ [(@@mh3d € [(b)Mo3d

g - - - - (A) Glass/ITO (150 nm) g F—— (B) Glass/ITO (150 nm)
%15 [ —— (B) Glass/ITO (150 nm) & 15 - MoOs (1 nm)

-~ Tk MoOz (1 nm) ~ T —--= (C) Glass/ITO (150 nm)
2 2 MoOs (50 nm)

g [ 3"15/2 g [ 3d
S1.0F . S8 10F 3d .y x o

= [ 3d3/2 £ B N

o F o F i

o L o N 4 B

> 0.5~ x 0.5 h W

he) - ] L . '

ot L o L Vo

N L N L L

T N\ ® 0.0k A

= 0 11 Lol Ju N £ 0. -

5 4960 455 450 445 4405 245 240 235 230 225
Z z

Binding energy (eV) Binding energy (eV)

FIG. 3. XPS spectra: (a) In 3d peaks observed in (A) glass substrate/ITO
layer (150 nm) and (B) glass substrate/ITO layer (150 nm)/MoO; layer
(1 nm), and (b) Mo 3d peaks observed in (B) and (C) glass substrate/ITO
layer (150 nm)/MoOj5 layer (50 nm).

tween the experimental data and Eq. (1) at high current den-
sities (Fig. 2) is caused by Pasveer’s mobility effect.

To investigate the origin of the formation of the Ohmic
hole injection, we measured x-ray photoelectron spectra
(XPS) using an ESCA5600 spectrometer. We prepared three
samples for XPS: (A) glass substrate/ITO layer (150 nm),
(B) glass substrate/ITO layer (150 nm)/MoOj; layer (1 nm),
and (C) glass substrate/ITO layer (150 nm)/MoO; layer
(50 nm). We only observed XPS peaks originating from ITO
in (A) and XPS peaks originating from MoOj in (C). On the
other hand, there were XPS peaks originating from both ITO
and MoOj in a XPS spectrum of (B) due to the preparation
of an ultrathin MoOj; layer on ITO. The In 3d peaks shifted
to higher energies [Fig. 3(a)] and the Mo 3d peaks shifted to
lower energies [Fig. 3(b)] in the XPS spectra of (B) when
compared with those in the XPS spectra of (A) and (C).
Since a negatively charged atom has a higher binding energy
of electrons, these spectral shifts mean an electron transfer
from ITO to MoOs.

We prepared 50-nm-thick films of a-NPD, MoOs, and a
composite of @-NPD and MoO; (1:1 by mole) on quartz
substrates, and measured their ultraviolet/visible/near-
infrared (UV-vis-NIR) absorption spectra using a V-570
spectrometer (JASCO Co.). Compared with the absorption
spectra of the @-NPD and MoOj; films, a broad absorption
peak appeared at around 1350 nm in the absorption spectra
of the composite film (Fig. 4). A similar result was reported
by Ikeda et al."® The observation of this peak is proof of an
electron transfer from low-ionization-potential-energy
a-NPD (-5.02+0.02 eV’) to high-work-function MoOs
(=5.68+0.03 eV’). From the results of the XPS and UV-vis-
NIR absorption studies, we conclude that an electron transfer
from ITO and a-NPD to MoO;3; occurs and induces the shifts
among the Fermi levels of MoO; and ITO and the hole trans-
port level of @-NPD, leading to the Ohmic hole injection at
the ITO/MoO;/ a-NPD interfaces.

In summary, we investigated J-V characteristics of hole-
only a-NPD devices with a MoO; HIL with various thick-
nesses. Results of extensive J-V, XPS, and UV-vis-NIR ab-
sorption studies demonstrated that (1) the device with a
0.75-nm-thick MoOz HIL can achieve Ohmic hole injection,
(2) J-V characteristics of the device with a 0.75-nm-thick
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FIG. 4. UV-vis-NIR absorption spectra of a-NPD layer (50 nm), MoO;
layer (50 nm), and 50 mol %-MoO;-doped @-NPD layer (50 nm) prepared
on quartz substrates.

MoO; HIL are controlled by a SCLC with thickness-
dependent hole mobilities, and (3) the formation of the
Ohmic hole injection is attributable to an electron transfer
from ITO and a-NPD to MoO;. Finally, we emphasize that
this Ohmic hole injection effect by using the ultrathin MoO;
HIL is not only valuable in reducing driving voltages of or-
ganic electronic devices but also clarifying the underlying
mechanisms of carrier transport in organic films.

The authors are grateful to the New Energy and Indus-
trial Technology Development Organization (NEDO) of Ja-
pan for financial support of this work.
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