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In this manuscript we report that an ultra-thin (~10 nm thick) molybdenum oxide/aluminum oxide layered-
metal-oxide (LMO) exhibits sufficient electrical conductance as a contacting electrode for organic light-emitting
diodes (OLEDs). Owing to its high optical transparency, the LMO device performance is found to be superior to
that of devices made with today's industrial staple material, indium tin oxide (ITO). The transmittances of the ITO
and LMO electrodes at 520 nm wavelength are 81.8% and 86.7%, respectively. Its excellent optical characteristics
and facile fabrication make LMO attractive for future flexible OLEDs and other optoelectronic devices. Analysis
using photoemission measurements revealed defect states near the Fermi level in the LMO films. Variable
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temperature current—voltage measurements show that the electron conduction process follows well the Mott
variable-range hopping theory. These findings demonstrate that the gap states in the LMO are Anderson—Mott
localized quantum states, which establish an efficient conduction pathway for electron conduction in the LMO
electrodes. It is noted that the simplicity of fabricating the LMO electrodes makes this material system extremely
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1. Introduction

Flexible organic-light emitting devices (OLEDs) are considered
a major technology for creating a variety of future disruptive
products such as foldable displays and illuminating wall
papers. Thus, the development of new and better materials
that will enable flexible OLED panels has been an extremely
active research subject."™ OLEDs have several unique features
such as their broad emission color band with tunable color
temperatures. These luminance features together with OLED’s
unique flexible form factor generate excellent lighting
environments.>* One critical technology in OLED fabrication
is the transparent-conducting electrode (TCE). Transparent
conducting oxide (TCO) films have been widely used as
window electrodes in optoelectronic applications due to their
unique combination of high electrical conductivity and optical
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attractive for other optoelectronic applications such as in solar cells.

transparency across visible wavelengths.'®'® The processing of

TCOs at room temperature is required for reducing energy
consumption and enabling compatibility with temperature-
sensitive flexible substrates.’” As reported by Lyubchyk,'®
ZnO-based TCOs grown at room temperature using magnetron
sputtering exhibit excellent electrical and optical properties,
which can be further enhanced through controlled postdeposi-
tion annealing. Room-temperature deposition techniques,
including sputtering and atomic layer deposition, have been
widely explored to achieve high-performance TCOs with low
defect densities and tunable properties.’®?° Indium-tin-oxide
(ITO) has been the industrial staple TCE for organic optoelec-
tronic devices due to its relatively low sheet resistance and high
optical transmission across the visible light spectrum.’™**?*
However, ITO has a few drawbacks limiting its broad applica-
tion for flexible OLEDs. For example, ITO films require high-
temperature deposition and are brittle. Relatively thick ITO
films on flexible substrates have poor mechanical integrity and
are susceptible to forming cracks upon bending.’>** Another
drawback is related to indium, which has been overly used for
fabricating solar and display panels and therefore its supplies
are getting exhausted and expensive.”* Hence, there have been
tremendous efforts to develop new alternative TCEs that are flexible
and can be easily made from chemically-stable and earth-abun-
dant materials. Numerous materials such as carbon nanotubes
(CNTs),** graphene®*>* and conducting polymers**=’ have been
reported. However, the fabrication processes of these carbon-based

This journal is © The Royal Society of Chemistry 2025
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TCEs are quite complex and are very sensitive to process
conditions. Another class of flexible TCEs is made from metal-
lic nanowires.**** However, uniform nanowire networks are
difficult to make.

In this paper, we report an ultra-thin transparent layered-metal-
oxide (LMO) electrode with exceptional optical characteristics that
is simple to fabricate. OLEDs made with LMO electrodes have
device characteristics comparable to those of OLEDs made with
ITO electrodes. Moreover, the LMO electrodes can be made by
simple physical-vapor deposition (PVD) of nanometer-thick oxides
at room temperature onto any type of substrate and thus the LMO
electrodes can be industrialized readily at low cost. To reveal the
working mechanism of the LMO electrodes, we studied the inter-
face energy structures using ultraviolet photoemission spectroscopy
(UPS) and X-ray photoemission spectroscopy (XPS). The existence
of gap states occupied near the Fermi level was detected directly in
the LMO electrodes. The mechanism of charge transport in the
LMO electrodes was investigated via variable temperature current—
voltage (I-V) measurement. As will be discussed, these gap states
behave like Anderson-Mott localized states, which are found to
form a conducting path in LMO electrodes. This electric conduc-
tion pathway explains LMO’s capability of functioning as a
metallic-like electrode for driving OLEDs.

(a)

Cathode (AI/LIF)

ETL (TPBi)

Bar (Al)

Substrate (GlasslPET)

(b)

(d)
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2. Methods

2.1. Device fabrication and testing

All devices were fabricated in a tri-chamber high-vacuum
thermal evaporation system with a base pressure of ~10’
Torr. Fig. 1(a) shows the detailed device structure of the LMO
OLEDs fabricated on glass and polyethylene terephthalate
(PET) plastic substrates for this study. A commercial ITO
electrode with a sheet resistance of 15 Q [~', was also
fabricated as a reference device and its performance compared
with that of the LMO OLEDs. The substrates were ultrasonically
cleaned with a standard regiment of Alconox™, acetone, and
methanol for 5 min in each step, followed by ultraviolet (UV)
ozone treatment for 15 min. To increase the power distribution,
100 nm-thick Al grid lines (0.1 mm wide and spaced 0.9 mm
apart) are deposited on the LMO. We used 4,4’-bis(carbazol-9-
yl)biphenyl (CBP) as an efficient hole transport layer, bis(2-
phenylpyridine) (acetylacetonate) iridium(m) (Ir(ppy).(acac))
doped with CBP as an emitting-layer and an electron transport
layer of 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene (TPBi).
Bi-layer LiF/Al was chosen as the cathode. The organic materi-
als were purchased from Luminescence Technology Corpora-
tion and used in as-received form for device fabrication. The

¢ ;
© . _
o g
£ <
S0t g
e N
8 &
= 2
[ 2 =
= 10°F 15
- a
g -
= g
= 10"k £
=
Q
O
10° L= o ,ZE e -Q=Q=Q='f’9| \ 0
2 4 6 8
Voltage (V)
60 [~ — 160 &
R e i e S
~ e S
= < T (N
2 50 /'>\<Qﬂ\a *d 50 \—E,
> \%@‘ -
Q9 >0 Q
= S N =
.g 40 + - e 440 .g
= —— R =
E —e—LMO %Q\Q\j E
= 30f 30 1
: 2
e 3
5 20t 120 &
Q
10 ' ' d 10
10° 10! 10 10°

Luminance (cd/m?)

Fig. 1 (a) Schematic OLED device structure. (b) A photographic picture of a flexible OLED (30 x 35 mm?) made with the LMO electrode on a plastic
substrate. (c) Luminance—current density—voltage characteristics of OLEDs made with ITO and LMO electrodes. (d) Current efficiency vs. luminance and
power efficiency vs. luminance characteristics of 2 x 12 mm? active area OLEDs made with LMO and ITO electrodes.
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deposition rate was 1.0 A s™* for the organics and Al layer in the
LMO, 0.1 A s* for LiF and 0.5 A s for MoOs. Finally, the Al
grid, Al bar and Al cathode were evaporated at a rate of 2 A s™*.,
All the organic layers were deposited in an organic chamber.
The Al layer was deposited in a separate metal chamber. The
thickness of each layer was measured by a quartz crystal
microbalance which had been calibrated using a spectroscopic
ellipsometer. The I-V characteristics were measured using a
HP4140B picoammeter. The luminance-voltage (L-V) measure-
ments were performed using a Minolta LS-110 Luminance
meter. The electroluminescence spectra were obtained using
an Ocean Optics USB4000 spectrometer. The electrical mea-
surements were performed in an ambient atmosphere at room
temperature.

2.2. Physical properties

The optical transmittance and reflectance measurements were
made using a Hitachi U-4100 UV-vis-NIR Spectrophotometer.
The Fourier transform infrared (FTIR) spectra were obtained on
a Thermo Scientific Nicolet iS10 infrared spectrometer with an
attenuated total reflectance technique. The acquisition of all
spectra was carried out by 16 scans per spectrum and in the
range of 4000-600 cm ™' with a resolution of 4 cm™". A back-
ground spectrum was recorded before collection of the spec-
trum of the new sample. The optical constants of the LMOs in
the optical model were measured at the incident angles of 70°
and 75° by an ELLIP-SR-I spectroscopic ellipsometer and Wool-
lam RC2 ellipsometer. The 2 nm MoOj;, 2 nm Al and MoO;
(2 nm)/Al (2 nm)/MoO;3 (5 nm) (LMO) composite layer were
thermally evaporated onto formvar stabilized with carbon sup-
port films, which were carried out by transmission electron
microscopy (TEM). Transmission electron microscopy experi-
ments were conducted using a Tecnai G2 TF30 S-Twin micro-
scope operated at 300 kV, using monochromated Al Ko
radiation (hv = 1486.7 eV) for XPS spectra and non-mono-
chromated He Io radiation (hv = 21.22 eV) for UPS spectra.
XPS spectra were collected using a take-off angle of 75°. UPS
spectra measurements were made at a take-off angle of 88°.
During UPS measurement, the sample was held at a negative
bias of —15 V relative to the spectrometer. The instrument is a
PHI 5500 system.

2.3. Charge transport

Variable temperature I-V measurements were performed by
using a high and low temperature vacuum probe station
(Cindbest CGO-4). The LMO was made with embedded finger
electrodes to measure the lateral conductance.

3. Results and discussion

Fig. 1(a) shows a schematic of the OLED device structure using
the LMO electrode. The device structure consists of various
functional layers stacked sequentially as: substrate/Al contact
bar/LMO/CBP (20 nm)/CBP:Ir(ppy).(acac) (8 wt%, 30 nm)/TPBi
(65 nm)/LiF (1 nm)/Al (100 nm). The LMO is made by sequential
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deposition of 2 nm MoOj3, 2 nm Al, and 5 nm MoOj;. As will be
discussed in the following text, spontaneous interfacial
chemical reduction reactions lead to the formation of the
Mo**/AI**/Mo**/Mo®" structure in the LMO. Details on optimiz-
ing the various MoO;/Al/Mo0Oj layer thicknesses are provided in
Fig. S1 (ESI).t The thickness of TCO was critical in achieving
the desired balance between optical transparency and electrical
conductivity.

Thinner films risk compromising conductivity, while thicker
films reduce transparency.” The LMO structure with a thickness
of ~10 nm optimizes the trade-off between optical transpar-
ency and electrical conductivity, achieving a performance
superior to today’s industrial staple material ITO. The LMO
electrode’s simple fabrication process, cost-effectiveness,
superior optical and electrical properties, unique conduction
mechanism and compatibility with flexible substrates position
it as a promising solution for optoelectronic devices. To make
electrical contact with the LMO, 100 nm-thick Al grid lines
(0.1 mm wide and spaced 0.9 mm apart) are deposited, as
schematically shown in Fig. 1(a). To illustrate the LMO’s facile
scale up potential, Fig. 1(b) shows a large area 30 x 35 mm?>
flexible OLED made on a LMO-coated PET plastic substrate.
For quantitative study of the LMO electrodes, we made rela-
tively small area (2 x 12 mm? active area) OLEDs. As shown in
Fig. 1(c) and (d), the LMO-based OLEDs show excellent elec-
trical characteristics, similar to those of regular ITO-
based OLEDs.

Shown in Fig. 2(a) are LMO and ITO OLED emission spectra
taken at various viewing angles. More detailed spectra at
various viewing angles are provided in Fig. S2 (ESIt). Amaz-
ingly, the LMO-based OLED has emission spectra invariant of
viewing angles. This is in stark contrast to typical OLEDs which
show a relatively strong angular variation of the emission
spectra. Theoretical optical calculations for various types of
OLEDs at various viewing angles are provided in Fig. S2 (ESIf).
The theoretical optical modeling analysis indicates that this
unique optical output characteristic is related to LMO’s excel-
lent optical constants that match well with those of the OLED
organic materials. The LMO’s optical constants were measured
using a spectroscopic ellipsometer and are provided in Fig. S3
(ESIT). As the optical characteristics of an OLED stack depend
on the refraction index of the anode,* the strong viewing angle
dependence of the ITO device spectrum is related to an optical
microcavity effect due to ITO’s relatively high reflectance, as
shown in Fig. 2(b). Fig. 2(b) shows the measured optical
transmittance and reflectance spectra of the ITO-coated glass
and the LMO (with Al grids)-coated glass. The LMO electrode
structure exhibits excellent optical properties, the transmit-
tance is higher and the reflectance is lower than that of the
ITO film across the visible spectra. The transmittances of the
ITO glass and the LMO electrode at 520 nm wavelength are
81.8% and 86.7%, respectively. It is noted that the opaque Al
grids account for 9.2% of the total LMO electrode area.

To investigate the chemical structure of the LMOs, photo-
electron spectroscopy (XPS/UPS) and FTIR spectra measure-
ments have been conducted. Fig. 3(a) shows the Mo 3d and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Normalized emission spectra of LMO and ITO OLEDs at various

viewing angles. (b) Optical transmittance and reflectance spectra of
ITO-coated glass and LMO (with Al grid)-coated glass.

Al 2p core level spectra recorded from samples at various stages
of deposition. Here heavily p-doped silicon substrate is used to
prevent charging during XPS measurement. For Mo 3d, the
d-shell spin-orbit splitting doublet peak, ds; 3/, is clearly
resolved. For Al 2p, the p-shell spin-orbit split, ps/ 1/, iS not
resolved due partially to the XPS’s energy resolution. Fig. 3(a)
shows that the first 2 nm MoOj; remains in 6+ oxidation states,
as expected. Upon deposition of the 2 nm Al, this 2 nm Mo 6+
film converts to 4+. This spontaneous reduction reaction is
somewhat expected, as the Gibbs free energy change for this
reaction is —281.39 kcal mol ' (for details see the ESIY).
Fig. 3(a) also shows that this reduction reaction has converted
metallic Al into alumina 3+. More detailed XPS tracking on the
reaction is provided in the ESIf (Fig. S4 and S5). Molybdenum
cation reduction at the interfaces also causes changes to the
MoO; valence band structure, as shown in the UPS spectra with
various MoOj thicknesses on Al substrate. Fig. S6 (ESI{) shows
the valence regions near the Fermi levels for MoO; films of
various thicknesses on Al substrates. The above observations
indicate that the interface reaction has converted the nominal
Mo®*/A1°/Mo®" into the Mo**/AI**/Mo**/Mo®" LMO structure.
Fig. 3(b) shows the FTIR spectra of the LMO and 9 nm MoOj3;
thin films formed on glass substrates. The samples show absorp-
tion peaks in the wave number range of 4000-600 cm ™" corres-
ponding to stretching and bending vibrations of metal-oxygen
characteristic bonds. It is noteworthy that there are three

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Mo 3d and Al 2p core level XPS spectra recorded from samples
at various stages of deposition. (b) Fourier transformed infrared spectra of
LMO and MoOs films.

absorption peaks in the FTIR spectra of LMO with the char-
acteristic vibration bands at about 803 cm ™', 1030 cm ™! and
1182 ecm™". The peak of 1030 cm™" corresponds to aluminum
oxide films and the two other peaks belong to molybdenum
oxide films. The small shoulder-shaped peak observed at
1182 cm™ ' is assigned to the ending vibration of O atoms in
Mo-O-Mo units and indicates the existence of Mo®" in both
LMO and MoO; films.***® The medium intense peak of
803 cm ! corresponds to the asymmetric stretching vibration
of O-Mo-O short-length bonds in M00,.***® The new most
intense peak of 1030.81 cm ™ is associated to the Al-O bonds in
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Fig. 4 Transmission electron microscopy (TEM) micrographs of 2 nm
MoOs, 2 nm Al and the LMO films. TEM diffraction of the LMO is also
shown.

Al,0,.°'7® The presence of these peaks provides clear evidence
that the redox reaction does occur in the LMO structure. The
FTIR results are in excellent agreement with the findings
derived from the analysis of the XPS spectra.

The morphology and microstructure of the LMOs, the 2 nm
MoOs; film, 2 nm Al film and the LMO film were studied by
TEM. The high-resolution TEM images in Fig. 4 show that the
LMO forms a featureless amorphous film.

Fig. 5 shows UPS spectra of the MoO; thin films deposited
on various substrates. New occupied electronic states are
detected between the Fermi level (0 eV binding energy) and

View Article Online
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the valence band edge (~2.5 eV). The formation of these gap
states is related to the aforementioned interfacial redox-
reaction. The expanded views of the gap state features for
MoO; films grown on Si and Al substrates are shown on the
right panel of Fig. 5, which reveal two distinct gap-state features
(d; and d,). The lower binding energy feature, d,, occurs when
only a small number of defect states exist, while the higher
binding energy feature, d,, occurs when a large number of
defect states exist in the band gap.>* The left panel displays the
secondary electron cutoff used to derive the work function. For
the MoO; film on Si substrate, the d; state, which is due to the
oxygen vacancies, is always detected in MoOj;, and has a work
function of 6.36 eV. For the MoO; film deposition on Al
substrate, a strong charge transfer generates a significant
amount of oxygen defect states at the interface, leading to clear
UPS spectra of both d; and d,. The work function of MoO;
deposition on Al substrate was determined as 6.00 eV. This UPS
data corresponds well to the observation of a strong reduced
oxide state Mo*" in the XPS spectrum shown in Fig. 3(a) and the
FTIR spectra shown in Fig. 3(b). These data suggest that the
presence of gap states around the Fermi level may serve as
conduction pathways for electron conduction in the LMO
electrodes, as will be shown in the following text.

To study the mechanism of charge transport in the LMO
electrode, we have made a test device structure with embedded
finger electrodes to measure the conductance with temperature
variation. We have measured the I-V characteristics of the
Glass/Al finger electrode (100 nm)/MoO; (2 nm)/Al (2 nm)/
MoO; (5 nm)/protective coating (100 nm NPB) with temperature
varied from 180 K to 360 K. To avoid disruptive changes caused
by the protective coating layer, it is essential to control the
sample’s temperature below 375 K, due to the glass transition
temperature of NPB being about 375 K.>>°® The measured I-V
data show simple linear lines, like a classic Ohmic resistor with
high conductivity (shown in Fig. S7, ESIt). The lateral electrical

SE Edge VB
Si sub/2 nm MoOj3
- WEF — Al sub/3 nm MoO; 1
= d,
S 6.00 eV
=y 3 q,
Z : :
= ! !
2 3 ‘
=5 | :
- lexpanded view | !
- ! :
6.36 eV ! |
18 16 14 0 3 2 1 0
Binding Energy (V) Binding Energy (eV) Binding Energy (eV)

Fig. 5 The UPS spectra of the 2 nm MoOs film grown on Si substrate and 3 nm MoOs3 film grown on Al substrate. Gap states at various interfaces are

labelled d; and ds.
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roles in hopping transport, the blue balls represent electrons, the blue dotted circle represents a hole, and the gray lines represent localized gap states around the
Fermi level. (c) Electrical conductivity as a function of temperature in the LMO. The red line indicates theoretical data generated using the Mott variable range
hopping conduction formula. The blue line was computed using the Efros—Shklovskii variable range hopping conduction formula.

I-1
T d (Sm™'). The
temperature variable conductivity (black solid squares) is
shown in Fig. 6(c), the experimental conductivity is fitted
(red solid line) with the Mott variable range hopping
conduction formula (Mott-VRH) and (blue solid line) the
Efros-Shklovskii variable range hopping conduction formula
(ES-VRH), respectively.

The variable range hopping (VRH) is a basic mechanism of
charge transport in Anderson disordered systems with localized
electronic states at low temperature. This VRH mechanism was
initially proposed by Mott®>” who assumed that the electronic
states at the Fermi level are constant, and electrons can hop
between localized states. Generally, electrons hop from site i to
site j by the overlap of their localized wave functions, and the
hopping from site i to site j is further assisted by thermal
energy.”® Electron conduction will take optimized hopping
paths. Thus, the probability P for hopping will be modulated
with the phonon energy and is expressed as:

conductivity is calculated using: ¢ =

P = vpp exp(—|E; — Ej|/ksT)exp(—2R/a) (1)

where vy, is the characteristic frequency of phonons, E; — Ej is
the energy difference between sites i and j, kg is the Boltzmann
constant, R is the distance between sites i and j, a is the
localization radius of states near the Fermi level. At any
temperature there is an optimum hopping distance R, which
maximizes the hopping probability, and it leads to a depen-
dence of electrical conductivity on temperature as 7~ ** law
(Mott-VRH). The temperature dependence of the conductivity
can be expressed as:

1
To\ 4
g =o0pexp|— <?0) (2)

This journal is © The Royal Society of Chemistry 2025

where the pre-factor g, is a fitted constant, and 7, is also a
fitted constant. Theoretically, T, = B/(kng(t)a®), where g(u)
represents the density of states at the Fermi level and
f represents a numerical coefficient.

The Mott-VRH model occurs by phonon-assisted tunneling
which is based upon the assumption that the density of states
near the Fermi level is constant, and does not take into account
electron-hole interactions. Considering the electron-hole Cou-
lomb interaction, Efros and Shklovskii pointed out that a
depletion of states near the Fermi level appeared.>® The elec-
tron hopping conduction has to overcome the Coulomb energy,
and the derived conductance follows a 7~ > law (ES-VRH). The
temperature dependence of the electrical conductivity is
based on:

1
T\ 2
g=a1exp|— (%) (3)
with
2
e
= (rcakpg) )

where the pre-factor ¢, and T are fitted constants, x is the
dielectric constant of the material, kg is the Boltzmann con-
stant, e is an electron charge and a is a characteristic localiza-
tion length.

For the ES-VRH model, the Coulomb energy plays an impor-
tant role as hopping conduction requiring electrons to over-
come Coulomb interaction energy. In principle, both Mott-VRH
and ES-VRH laws for the same sample in different ranges of
temperature can be observed.®® In some amorphous semicon-
ductors, the transition from Mott’s law to the ES-VRH law
always occurs at very low temperatures.®"*>
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As illustrated in Fig. 6(c), we apply the ES-VRH and
Mott-VRH charge transport models fitted to the experimental
data. It was found that the Mott-VRH provides a slightly better
fitting with the pre-factor ¢, = (2.29 # 0.22) x 10* S m™* and
To = (1.23 £ 0.18) x 10" K. Fig. 6(a) shows the UPS density of
states spectrum relating the shallow valence band edge
features. The energy schematic of the localized gap states is
shown in Fig. 6(b). These localized gap states around the Fermi
level effectively introduce new conduction pathways for elec-
tron conduction in the LMO which shows Mott behavior. This
Mott transport mechanism has been experimentally shown in
other amorphous systems.**

As shown above, the presence of defect states around the
Fermi level was detected directly by UPS in the LMO and they
act like Anderson-Mott localized states, serving as a hopping
conduction channel. This high electric conductivity explains
LMO’s capability of functioning as a metallic-like electrode for
driving OLEDs.

4. Conclusions

Ultra-thin molybdenum oxide/aluminum oxide stacked LMO
can be made by simple vapor-phase deposition, and can be
used as a transparent conducting electrode in OLEDs. Through
the photoelectron spectroscopy (XPS/UPS) and FTIR spectro-
scopy measurements, the existence of gap states near the Fermi
level is detected directly in the LMO film. Variable temperature
charge transport measurements of the LMO show that these
gap states behave like Anderson-Mott localized states, which
are found to form a conducting path in the LMO electrode. The
LMO was investigated for use as a transparent anode to replace
ITO in OLEDs. The transmittances of the ITO glass and the
LMO electrode at the 520 nm wavelength are 81.8% and 86.7%,
respectively. OLEDs with LMO electrodes have overall device
characteristics better than those of OLEDs with ITO electrodes.
Moreover, the LMO can be readily made on any type of
substrate by simple physical-vapor deposition and thus this
electrode technology has a high potential to be industrialized
for fabricating future flexible OLEDs and other flexible optoe-
lectronic devices.
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