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ABSTRACT: Molybdenum oxide is used as a low-resistance
anode interfacial layer in applications such as organic light
emitting diodes and organic photovoltaics. However, little is
known about the correlation between its stoichiometry and
electronic properties, such as work function and occupied gap
states. In addition, despite the fact that the knowledge of the
exact oxide stoichiometry is of paramount importance, few
studies have appeared in the literature discussing how this
stoichiometry can be controlled to permit the desirable
modification of the oxide’s electronic structure. This work aims to investigate the beneficial role of hydrogenation (the
incorporation of hydrogen within the oxide lattice) versus oxygen vacancy formation in tuning the electronic structure of
molybdenum oxides while maintaining their high work function. A large improvement in the operational characteristics of both
polymer light emitting devices and bulk heterojunction solar cells incorporating hydrogenated Mo oxides as hole injection/
extraction layers was achieved as a result of favorable energy level alignment at the metal oxide/organic interface and enhanced
charge transport through the formation of a large density of gap states near the Fermi level.

■ INTRODUCTION

Optoelectronic devices based on organic semiconductors
(OSCs), such as organic light-emitting diodes (OLEDs)1−4

and organic photovoltaics (OPVs),5−7 can exhibit the
remarkable combination of low-cost fabrication, flexibility and
exceptional performance characteristics. In these devices,
electrode interfacial layers are usually utilized to facilitate
charge injection into (or charge extraction from) the OSC
layers.8,9 Transition metal oxides (TMOs) have been
recognized as one of the most promising class of materials
that are widely used as anode/cathode interfacial layers to
enhance charge exchange with organic molecules.10−36

Molybdenum trioxide (MoO3) in particular has drawn
considerable attention,19−36 due to the significant improvement
that it induces in the performance of OLEDs and OPVs, which
is primarily attributed to the decrease of the hole injection/
extraction barrier at the anode/organic interfaces. The low
charge injection/extraction barriers at MoO3/OSCs interfaces
are believed to be a result of favorable energy level alignment
between the MoO3 and organic semiconducting molecules.37

This is a result of the oxide’s deep electronic energy levels and
high work function value that allow facile charge transfer to/

from the highest occupied molecular orbital (HOMO) of an
organic molecule. Indeed, it was recently demonstrated that
favorable energy-level alignment at the metal oxide/organic
interface occurs when the oxide work function is larger than the
ionization energy of the organic material.38 On the other hand,
substoichiometric molybdenum oxides (MoOx, x < 3), formed
mainly by thermal evaporation, were recently used to enhance
hole exchange in OLEDs,31−33 and OPVs,34−36 due to their
improved n-type conductivity originated from intrinsic oxygen
vacancies.38 However, a large increase in the density of oxygen
vacancies may disrupt the oxides’ favorable energy-level
alignment with an organic semiconductor as a result of the
decrease of the oxide work function.39

We have recently investigated the electronic structures of
representative TMOs, such as tungsten and molybdenum oxide
films. Deposition in reducing environments resulted in the
formation of oxygen-deficient (termed also as substoichio-
metric) metal oxide films that were used for organic
optoelectronic device applications.40−43 Motivated by various
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studies according to which hydrogen can act as a shallow donor
in several metal oxides (e.g., ZnO, VO2),

44−46 in this work we
use a simple, cost-effective method to prepare hydrogenated
Mo oxides and to clarify the beneficial role of hydrogenation in
tuning the electronic structure (i.e work function, position of
gap states) of Mo oxides for applications in organic
optoelectronic devices. We present evidence that both oxygen
deficiency and hydrogenation result in occupation of large
density of states lying within the forbidden gap, deeper for the
former (d−d bands attributed to metal−metal bond formation)
and shallower for the latter (π* band near the Fermi level).
Upon a certain degree of oxygen deficiency, occupation of the
antibonding d−d* band, located above the π* and within the
conduction band, results in a shift of the Fermi level toward
higher energies and a corresponding decrease in the oxide work
function. On the other hand, hydrogen reduction is advanta-
geous for these oxides as they maintain nearly the same high
work function for high degrees of reduction, whereas they
exhibit a high density of occupied gap states near the Fermi
level. These key characteristics, namely, high work function and
occupied gap states near the EF, are critical for the optimal
operation of organic optoelectronic devices. Upon the
implementation of hydrogenated Mo oxides as hole in-
jection/extraction (anode interfacial) layers in F8BT-based
OLEDs and P3HT:PCBM-71 bulk heterojunction OPVs,
improved device performance was achieved, compared to
devices with either stoichiometric MoO3 or oxygen-deficient
Mo oxide with equal work function, respectively. These findings
demonstrate the tremendous potential of hydrogenation of Mo
oxides, which creates an advanced class of TMO-based
functional materials with tailored electronic and physical
properties, and may pave the way for finding new oxide
formulations that can be used not only as highly efficient charge
exchange/electrode modification layers in a wide range of
optoelectronic/photonic devices, but also in other diverse
applications such as in photocatalysis and fuel cells.47,48

■ EXPERIMENTAL SECTION
Molybdenum Oxide Films Preparation. Stoichiometric MoO3,

oxygen-deficient (reduced in nitrogen environment) MoO3−x1 and
hydrogenated HyMoO3−x films, were deposited in a homemade
system, consisting of a stainless steel reactor, similar to the one
previously presented.49,50 The sample was positioned on an aluminum
susceptor, 2.5 cm below a Mo filament heated by an (AC) current
flowing through two Cu leads. The new system51 also includes two fast
responding valves, similar to those used for atomic layer deposition
(ALD), through which small amounts of gases may be metered into
the reactor producing each time a jump (“pulse”) of the base pressure.
The pressure in the reactor (base pressure) was set by a diaphragm
pressure gauge (Baratron) and a PC-driven needle valve allowing the
flow of O2, N2, forming gas (FG, a mixture 90% N2−10% H2), or of
pure H2 through the reactor and thus setting the base pressure at the
desired value. For the deposition, after loading the substrate, the
reactor was evacuated down to 10−2 Torr. Then, the base pressure was
set to 0.1 Torr and the Mo wire was heated. Hot-wire Mo oxide films
were deposited by heating the molybdenum filament at 560 °C and at
base pressures of 5 mTorr. The deposition rates were measured at 0.5
nm/s for the stoichiometric, and 0.25 nm/s for the reduced and
hydrogenated Mo oxides. During deposition, the substrates remained
near room temperature, depending on the deposition time, but never
exceeding approximately 50 °C.
Raman, X-ray, and Ultraviolet Photoelectron Spectroscopy.

Micro-Raman spectra were obtained on a Renishaw inVia Reflex
microscope using an Ar+ ion laser (λ = 514.5 nm) as excitation source.
The laser beam was focused onto the samples by means of a 50×

objective and the laser power density was 0.4 mW/μm2. All the Raman
spectra of the samples were obtained on silicon wafers. To remove
background signal, the spectrum of a clean silicon wafer was subtracted
from all Raman spectra of the films. Cosmic ray lines were also
removed from the spectra. Overlapped bands in specific areas of the
Raman spectra were resolved using Gaussian functions to fit the data.

The valence band spectra of Mo oxides were evaluated after
recording the ultraviolet photoemission (UPS) spectra of 10 nm thick
films deposited on ITO substrate, taken from the same batch used for
OLEDs fabrication. For the UPS measurements, the HeI (21.22 eV)
excitation line was used. A negative bias of 12.28 V was applied to the
samples during UPS measurements in order to separate the sample,
analyze high binding energy (BE) cutoffs, and estimate the absolute
work function value from the high BE cutoff region of the UPS spectra.
The analyzer resolution is determined from the width of the Au Fermi
edge to be 0.16 eV. The unmonochromatized Mg Kα line at 1253.6 eV
(15 keV with 20 mA anode current) and an analyzer (Leybold EA-11)
pass energy of 100 eV, giving a full width at half-maximum (fwhm) of
1.3 eV for the Au 4f 7/2 peak, were used in all X-ray photoelectron
spectroscopy (XPS) measurements. The oxide stoichiometry was
estimated using the XPS-measured Mo 3d and O 1s core-level spectra.
To this end, the areas under the photoemission peaks were integrated
by fitting the O 1s and Mo 3d spectra with asymmetric Gaussian−
Lorentzian curves. The error is estimated at ±10% in all the XPS-
derived atomic percentages.

Film Optical and Electrical Characterization. Transmittance
and absorption measurements were taken using a Perkin-Elmer
Lampda 40 UV/vis spectrophotometer. The film resistance was
measured using the four-point probe method with a dedicated Keithley
meter.

Device Fabrication and Characterization. OLEDs and OPVs
were fabricated on ITO-coated glass substrates (2 × 2 cm) with a
sheet resistance 20 Ω/sq, which served as the anode electrode.
Substrates were ultrasonically cleaned with a standard solvent regiment
(15 min each in acetone and isopropyl alcohol). In OLEDs, the Mo
oxide layer was then deposited followed by an approximately 70 nm
thick emissive layer (EML) of the green-emitting copolymer
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1′,3}-thiadia-
zole)] (F8BT), spin-coated from a chloroform solution (at a
concentration of 6 mg/mL). After deposition, the EML layer was
annealed at 80 °C for 10 min in air. F8BT was purchased from
American Dye Source and used as received. Then, in some devices, a
thin polyoxometalate (POM) layer was deposited from a solution in
methanol, on top of the EML to serve as an electron injection/
transport layer. The devices were completed with a 150 nm thick
aluminum cathode, deposited in a dedicated chamber. Film thickness
was estimated with ellipsometry. The position of the F8BT HOMO
level on different stoichiometry oxides was extracted from near-Fermi
level UPS measurements of ultrathin F8BT films (less than 10 nm
thickness), deposited from very dilute (<1 mg/mL) solutions on top
of the oxide films. For OPVs, the active layer was a blend (1:0.8 wt %)
of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C71-butyric acid
methyl ester (PCBM-71), which was spin-coated from a 10 mg/mL
chloroform solution to form a 100 nm thick film. After deposition the
active layer was annealed at 125 °C for 10 min.

■ RESULTS AND DISCUSSION

Mo Oxides Preparation and Electronic Structure
Evaluation Using Raman and Photoelectron Spectros-
copy. The first major challenge of this study was the
preparation and characterization of Mo oxide films of various
stoichiometries and hydrogen contents. To identify Mo oxides’
structure, Raman spectroscopy was performed on several films
formulated in different environments. From Figure 1 it is
deduced that deposition of Mo oxides in environment, with and
without hydrogen, produces different reduced oxides. The Mo
oxide film deposited in oxygen environment (curve a) shows
three main characteristic bands (deconvoluted peaks): at 956
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cm−1, assigned to the stretching vibration of terminal oxygens
(vOMo); at 875 cm−1, assigned to the stretching mode of
doubly coordinated oxygens (vO−Mo2); and at 751 cm−1,
attributed to the stretching mode of triply coordinated oxygens
(vO−Mo3).

52−56 By applying mild reduction conditions
(nitrogen environment, curve b), the band of the doubly
coordinated oxygens considerably shifts to lower wavenumbers
(875→850 cm−1; Δv = −25 cm−1) in relation to the smaller
shift observed for both terminal (956→967 cm−1; Δv = 11
cm−1) and triply coordinated oxygens (751→733 cm−1; Δv =
−18 cm−1). Furthermore, a new band at 342 cm−1 appears.
Raman spectra with similar but progressively larger band shifts
were obtained for films deposited in a forming gas (FG)-
containing environment (curve c) and especially when
hydrogen pulses were injected toward the filament (curve, e),
that is, the shift of the doubly coordinated oxygens band is Δv =
−125 and −132 cm−1 and of the terminal oxygens Δv = 14 and
13 cm−1, respectively. Also the new band at the region of 340−
350 cm−1 appears stronger in intensity. On the other hand, the
picture of the Raman spectrum is clearly different for a Mo
oxide film deposited in pure hydrogen (curve d), showing
similarities with the Raman spectrum of a hydrogenated film
with the spillover technique (see Supporting Information,
Figure S1). In particular, the band of the doubly coordinated
oxygens shows a considerably smaller shift to lower wave-
numbers (871→788 cm−1; Δv = −83 cm−1), whereas the band
of the terminal oxygens only decreases in intensity, without
presenting a significant shift. In addition, the band at ca. 350
cm−1 does not appear in this case. Moreover, a new band at ca.
1170 cm−1 attributed possibly to the deformation mode of
Mo−O−H bonds (δMo−O−H) appears, a result confirmed
also by FT-IR (Supporting Information, Figure S2) and in
agreement with the literature.69−74 The considerable shift of the

Mo−O−H band observed in this case is comparable to the
band position reported in literature (1170 vs 1267 cm−1,
respectively) and could be attributed to the more amorphous
structure of the molybdenum oxide films that are formed in the
present work.54

According to the above Raman spectra, a similar reduction
mechanism can be deduced for all films deposited in hydrogen-
poor environment (N2, FG) (curves b, c, and e). It is possible
that the reduction in these films proceeds primarily through the
formation of oxygen vacancies localized mainly in the doubly
coordinated oxygens, a mechanism that is responsible for the
increased substoichiometry of those films (vide infra). The
creation of the new band at 340−350 cm−1 could be attributed
to the stretching mode of Mo−Mo bonds, formed in the
distorted lattice of the oxygen-deficient oxides, as reported
previously.57,58 However, in hydrogen-rich environment (curve
d), the reduction mechanism proceeds probably, apart from the
formation of vacancies upon removal of bridging oxygens, also
through hydrogen incorporation in the terminal oxygens.69,74,75

Note that the Mo oxide deposited in FG with the simultaneous
injection of H2 pulses (curve e) was highly reduced, probably
through a two-step mechanism: First, hydrogenation and
sequential removal of neighbor hydroxyl groups in the form
of water, followed by the formation of highly reduced species
(e.g., MoO2), as reported previously in the literature.69,70

To further shed light on the reduction mechanism and
correlate their stoichiometry with their electronic properties
(such as work function and gap states), photoemission
measurements were performed. The percentage of the various
Mo oxidation states (Mo6+, Mo5+, Mo4+) in these films was
evaluated by XPS. The chemical composition of each film was
determined by analyzing the XPS spectra of the Mo 3d core
level peaks shown in Figure 2. Oxide identification is
accomplished from the shift of the Mo 3d core levels with
regard to its stoichiometric form and by calculating the ratio
between the Mo6+ component versus the Mo components with
lower oxidation states (5+ and 4+). A summary of the different
Mo oxides formulated in this study is shown in Table 1, along
with the percentage of various oxidation states of the Mo
cation. From these data, it can be deduced that the degree of
oxide reduction increases in the sequence MoO3 < MoO3‑x1 <
Hy1MoO3‑x2 < Hy2MoO3‑x3 < Hy3MoO3‑x4. Indeed, the Mo 3d
core level spectrum of the MoO3 (curve a) consists of a spin−
orbit doublet with peaks at 232.4 and 235.7 eV BE, associated
with Mo cations in the higher oxidation state (Mo6+);38,39,59

thus, the formulated oxide indeed corresponds to the fully
stoichiometric compound. The Mo 3d core level spectrum of
the substoichiometric oxide MoO3‑x1 (curve b) is considerably
broader and the initially, well-defined, doublet evolves to a less-
structured shape, whereas the presence of the Mo5+ lower
oxidation state (Mo 3d5/2 at 231.6 eV and Mo 3d3/2 at 234.9 eV
BE), accounting for 15% of the total Mo states, is evident. The
Mo 3d core level spectrum of the hydrogenated oxide
Hy1MoO3‑x2 (curve c) is similar to that of MoO3‑x1 but it
exhibits an increased ratio of Mo5+ oxidation states, now
accounting for 25% of the total Mo states, whereas for
Hy2MoO3‑x3 an even higher portion of 35% of the Mo cations
are in the Mo5+ state (curve d). Further reduction led to a
spectrum dominated by three overlapping spin−orbit doublets
(curve e). Apart from the initial Mo6+ (50% of the total Mo
cations) and the Mo5+ (accounting for the 30% of the total),
the appearance of the lowest oxidation Mo4+ state (peaks at

Figure 1. Raman spectra of the prepared molybdenum oxide films: (a)
MoO3, deposited in oxygen environment; (b) MoO3‑x1, deposited in
nitrogen; (c) Hy1MoO3‑x2, deposited in forming gas (90% N2 and 10%
H2, FG); (d) Hy2MoO3‑x3, deposited in pure hydrogen and (e)
Hy3MoO3‑x4, deposited in FG while injecting H2 pulses toward the
filament. The deposition time was set in order for all Mo oxide films to
have a thickness of 50 nm.
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229.1 and 232.3 eV BE),60,61 in a portion of 20% of the Mo
cations, can be observed.
The O 1s photoemission peaks (Figure 3) are not nearly as

useful in identifying oxides as are the Mo peaks. The O 1s BE
for all TMOs are generally between 529.5 and 530.5 eV. The
XPS O 1s spectra of MoO3 and MoO3‑x1 (curves a and b) are
found to peak at 530.4 eV BE and are assigned to the typical
Mo−O bond.60 However, the deconvolution process in the O
1s region of the hydrogenated Mo oxides reveal an extra peak
(beyond the typical oxide region) at 531.5 eV BE, which could
be assigned to hydroxyl groups (−OH) incorporated within the
lattice.60,74 Furthermore, the O 1s XPS spectrum broadens
(increasing fwhm) as the hydrogen content in the deposition
environment increases (i.e., the largest, by far, hydroxyl group
formation is observed for Hy2MoO3‑x3, which was deposited in
pure hydrogen). Moreover, a slight overall shift toward higher
BEs can be detected which may be indicative of oxygen removal
from the oxide lattice.
Further studies on the electronic structure of Mo oxides

prepared at different deposition environments were performed

by UPS. The valence band spectra are shown in Figure 4a,
whereas the expanded view of the valence band and the high
BE cutoff region are shown separately in Figures 4b and c,
respectively. The UPS spectrum of MoO3 is structureless and
exhibits only a single peak, as expected for amorphous
molybdenum trioxide.62 Its valence band consists mainly of O
2p orbitals with its edge located at about 3 eV below the Fermi
level. On the other hand, Mo oxide films prepared in reducing
environments exhibit very similar UPS spectra with an
increased fwhm compared to that of the stoichiometric film.60

The most striking difference between the UPS line shape in the
reduced Mo oxides versus the stoichiometric one is the
appearance of new broad features near the EF,

63 which are not
observed in the case of MoO3. A single new peak appears in the
case of oxygen-deficient MoO3‑x1 centered at 2.2 eV. However,
in the case of hydrogenated Mo oxides and especially in those
with the highest hydrogen content (namely the Hy1MoO3‑x2
and Hy2MoO3‑x3), apart from the peak at 2.2 eV, a second one,
closer to the Fermi level (centered at 1.1 eV) grows,
approaching in intensity/width the one at 2.2 eV. These
bands are indicative of new occupied states forming inside the
band gap with a relatively large density (the origin of which is
discussed below).
Figure 4c shows the evolution of the high BE cutoff region of

the UPS spectra for the above Mo oxides. The MoO3 work
function (WF) is about 6.2 eV, which is lower than that of
vacuum-deposited stoichiometric Mo oxide film,23 but in

Figure 2. XPS Mo 3d core level spectra of (a) MoO3, (b) MoO3‑x1, (c)
Hy1MoO3‑x2, (d) Hy2MoO3‑x3, and (e) Hy3MoO3‑x4. The oxides were
prepared under the same conditions (i.e., having the same thickness)
as in the Raman measurements.

Table 1. Synopsis of Electronic Properties of the Mo Oxides Deposited at Different Conditions

deposition environment (%) XPS Mo 3d core levels (%) XPS O 1s peak

O2 N2 H2 Mo6+ Mo5+ Mo4+ OH−/O2
− oxide work function (eV)

MoO3 100 − − 100 0 0 0 6.2
MoO3‑x1 − 100 (1O2 pulse) − 85 15 0 0 5.9
Hy1MoO3‑x2 − 90 10 75 25 0 0.22 5.9
Hy2MoO3‑x3 − − 100 65 35 0 0.38 5.9
Hy3MoO3‑x4 − 90 (+2H2 pulses) 10 50 30 20 0.13 5.4

Figure 3. O 1s XPS spectra of (a) MoO3, (b) MoO3‑x1, (c)
Hy1MoO3‑x2, (d) Hy2MoO3‑x3, and (e) Hy3MoO3‑x4.
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accordance with values reported in the literature for samples
that have been exposed to ambient.25 For the Mo oxides
prepared in reducing environment, lower WF values were
measured (results shown in Table 1), depending on both the
degree of reduction (the highly reduced Hy3MoO3‑x4 film
exhibits the lowest WF equal to 5.4 eV) and the hydrogen
content (the highly hydrogenated Hy2MoO3‑x3 exhibits WF
equal to the substoichiometric, MoO3‑x1, despite the fact that
its degree of reduction is higher).
To correlate the main differences observed in Raman, XPS

and UPS spectra of the different Mo oxides with their
preparation conditions, a short discussion regarding the oxides
band structure is necessary. According to the band structure
based on the one developed by Goodenough for ReO3

64−67

and adapted to MoO3, in a discrete MoO6 unit the Mo 4d
orbitals with eg symmetry overlap with six sp hybrid orbitals of
the oxygen atom to give a set of six bonding σ and six
antibonding σ* molecular orbitals. In the extended lattice, the
discrete energy levels arising from this unit structure will
broaden into bands (see Supporting Information, Figure S3 for
the detailed schematic representation of the MoO3 band
structure). The Mo 4d orbitals with the lower t2g symmetry can
overlap with three of the surrounding oxygen pπ orbitals per
octahedron to form bonding π and antibonding π* bands. The
π and σ bands are filled and constitute the valence band
separated by a large gap (3.2 eV in our case, see also Supporting
Information, Figure S4) from the conduction band constituted
of π* and σ* bands. The conduction band is empty in MoO3,
so this material is a wide bandgap semiconductor, practically an
insulator (Figure 5a, left). In the case of oxygen-deficient
(MoO3‑x) Mo oxides, a portion of the electrons coming from
the oxygen vacancies (two electrons per oxygen vacancy) are
transferred to the initially empty π* band, located partially at
the edge of the conduction band and partially within the band

Figure 4. UPS photoemission spectra of the Mo oxides prepared in
this study: (a) valence band spectra, (b) near EF region valence band
and (c) secondary-electron cutoff region.

Figure 5. (a) Band structure of MoO3 where occupied orbitals with dominant O 2p character comprise the VB, while empty orbitals with mainly Mo
4d character comprise the CB. The d−d bands attributed to Mo−Mo bonds formed in the distorted lattice of the oxygen-deficient Mo oxides are
also shown. (b) Schematic illustration of the evolution of gap states occupation and Fermi level movement toward higher binding energy in Mo
oxide (I) with the progress of oxygen vacancy formation in hydrogen-poor reducing environments and (II) with the evolution of hydrogenation.
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gap, near the Fermi level.65 However, for a portion of the freely
vibrating electrons, an increased probability exists to be found
near the neighboring Mo atoms and, thus, to be transferred to
the Mo−Mo (with d−d character) bands.65,67,68 These bands
are formed upon oxygen removal from the lattice, which
permits the direct overlapping of the Mo 4d orbitals, and they
are lying within the bandgap, the bonding one, and near the
edge and within the conduction band, the antibonding one.
For low degrees of reduction, the bonding d−d band is

partially occupied by electrons (this effect results in the
appearance of gap states at 2.2 eV BE), so the Fermi level is
positioned within the band gap (Figure 5a, middle). At higher
degrees of reduction, electrons start to occupy the antibonding
d−d band and the Fermi level is shifted within the conduction
band, resulting in a considerable decrease of the oxide work
function (Figure 5a, right). In the case of oxide reduction using
atomic hydrogen, except for oxygen vacancies, the formation of
hydroxyl groups has also been reported.69−74 Hydrogen atoms
can form strong covalent bonds with bridging72 and mainly
with terminal oxygen atoms.73−75 As a result, intervalence
electron transfer in the previously empty π* band, located near
the CB edge (depicted as gap states appearing at 1.1 eV BE),
occurs. Upon increasing the degree of hydrogenation, which
results in progressive occupation of the π* band, no significant
shift of the Fermi level is expected and the oxides work function
remains nearly identical to that of MoO3 (Figure 5 b). Indeed,
this is the case for the highly hydrogen doped Hy2MoO3‑x3,
which maintains a high WF of 5.9 eV (only 0.3 eV lower than
that of MoO3), despite the fact that its degree of reduction is
much larger than that of the oxygen-deficient MoO3‑x1 film with
the same WF value. However, it should be mentioned that since
all Mo oxide films are exposed to air before having their work
functions measured, alterations in the measured WF should be
expected (e.g., an error of no better than ±0.2 eV is possible).
Conductivity and Transmission Measurements in Mo

Oxide Films. To examine electron transport in oxygen-
deficient and hydrogenated Mo oxide films, we investigated the
temperature dependence of their electrical resistivity in 10 nm
thick films, and the results are shown in Figure 6a. A gradual
decrease of the resistivity with the degree of reduction can be
clearly seen. At room temperature, the resistivity drops nearly 3
orders of magnitude for the hydrogenated Mo oxides with the
highest hydrogen content (namely, Hy1MoO3‑x2 and
Hy2MoO3‑x3), resulting in enhanced conductivity and improved
charge transport properties. Moreover, the highly reduced
Hy3MoO3‑x4 oxide film seems to be nearly metallic, with its
resistivity at room temperature almost 4 orders of magnitude
lower than the corresponding value of the stoichiometric one
(6 × 10−2 vs 5 × 102 Ω·cm). The progressive transition from
semiconducting to metallic behavior is evidenced by the
dependence of the oxide resistivity on temperature. The
resistivity of the highly reduced Mo oxide increases with
temperature, which is evidence for metallic-like behavior, while
for MoO3 and MoO3‑x1, semiconducting dependence was
observed (i.e., decrease with temperature).
Despite the creation of bandgap states, all Mo oxide films

were found to be highly transparent in thicknesses less than 10
nm, as one can see in Figure 6b, and, thus, appropriate for use
as interfacial layers at the anode side of optoelectronic devices,
where the light extraction/insertion occurs. We chose though
to keep the thickness of all Mo oxide films fixed at 5 nm in
order to achieve an optical transparency of more than 90% in
the visible spectrum region. (More characterization results

regarding other optical parameters such as the dispersion of
their refractive indices and extinction coefficients are given in
Supporting Information, Figures S5 and S6.) It should also be
mentioned that hydrogenated films exhibited smoother
morphologies than the stoichiometric and the oxygen-deficient
ones (see Supporting Information, Figures S7 and S8). Since
the surface morphology of films used at the interface with an
electrode and organic material may affect the charge injection/
transport process, smooth surface can be beneficial for the
performance of optoelectronic devices. Furthermore, the
environmental stability of the oxygen-deficient and hydro-
genated films was also tested in a period of 900 h. It was found
that the incorporation of hydrogen within the lattice may play a
stabilizing role in oxide stoichiometry and structural integrity,
since the reduction in the absorbance of Hy2MoO3‑x3 was less
than 20% within this period of time, whereas for the MoO3‑x1
film, the corresponding changes reached 50% (see Supporting
Information, Figure S9). Nevertheless, further investigation is
needed to evaluate this behavior.

Performance of Organic Optoelectronic Devices with
Different Mo Oxides as Anode Interfacial Layers.
a. OLEDs. Having now a direct correlation of the Mo oxide
films preparation conditions with their electronic structure and
physical properties, we employed these oxides as anode
interfacial layers in OLEDs. The fabricated device structure
was ITO/Mo oxide/F8BT (as the emissive layer)/POM/Al,
where POM is the 12-phosphotungstic acid (H3PW12O40),

76 a
polyoxometalate previously reported from our group as a highly
efficient electron injection layer (EIL), which can be cast from
alcohol-based orthogonal solvents with regard to the polymeric
layer underneath. In Figure 7a, the current density−voltage−
luminance (J−V−L) characteristics for devices with a 5 nm thin

Figure 6. (a) Resistivity measurements vs temperature and (b)
transmission spectra of 10 nm thin Mo oxide films.
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Mo oxide film as HIL and a ∼2 nm thin polyoxometalate
(POM) EIL are shown. Results are summarized in Table 2 and

detailed efficiencies are depicted in Figure S10 in Supporting
Information. In the MoO3-based device, a rather large turn-on
voltage (voltage where light emission is equal to 10 cd/m2) of
about 3.5 V and overall low light emission (with a peak
luminance of 5000 cd/m2) is observed. On the contrary, in the
oxygen-deficient and especially in the hydrogenated Mo oxide-
based devices, almost 1 order of magnitude higher peak
luminances are obtained, accompanied by a large decrease in
the device turn-on and operating voltage. In particular, the
device with the Hy2MoO3‑x3 reaches luminance up to 45 000
cd/m2 and current densities of 4300 A/m2, while it also exhibits
a low turn-on voltage of 2.5 V. The peak current efficiency of
10.5 cd/A represents one of the best values reported for thin
(<100 nm) F8BT-based OLEDs.77,78 However, the device with
the Hy3MoO3‑x4 (with the largest degree of reduction and the
lowest work function) exhibited rather poor performance, as
expected, since the oxide work function has become ∼0.45 eV
lower than the F8BT’s ionization energy (∼5.85 eV, see next
paragraph), and thus, the previously favorable interfacial energy
alignment, originated from the high WF of the other Mo oxides,
is disrupted.37,38 It should be mentioned that the stability of the
devices operating in air was tested in a period of 700 h and was
excellent for all the Mo oxide-based devices (see Supporting
Information, Figure S11).
To clarify the origin of high efficiencies and low voltages

obtained in OLEDs with the hydrogenated Hy1MoO3‑x2 and,
especially, Hy2MoO3‑x3 films as anode interfacial layers and
unravel the hole injection mechanism, we conducted UPS
measurements for the determination of the HOMO position of
a thin F8BT layer (less than 10 nm) on each one of the Mo
oxides. The energy difference between the EF and the HOMO
edge of F8BT on each oxide corresponds to the hole injection
barrier at the HIL/F8BT interface.38 These UPS results are
shown in Figure 7b (upper), where the expanded valence band
region (middle) and the high BE cutoff region (lower) are also
shown. As it can be seen, the position of the F8BT HOMO
edge with regard to the EF depends on the composition of the
oxide underlayer. The F8BT HOMO on MoO3 is located about
0.85 eV below the EF, resulting in a very large hole injection
barrier. The HOMO of F8BT on the oxygen-deficient MoO3‑x1
shifts about 0.2 eV closer to the EF (BE ∼0.65 eV), and on the
Hy1MoO3‑x2 shifts 0.3 eV further (BE ∼0.35 eV), whereas that
on the Hy2MoO3‑x3 is only 0.15 eV below the EF, leading
essentially to a close to zero barrier for hole injection (i.e.,
ohmic contact).30 However, on Hy3MoO3‑x4 (the Mo oxide with
the highest degree of reduction and the lowest work function),
the HOMO of F8BT is shifted away from the EF again, ∼0.65
eV below it, thus resulting in a significant energy level offset
and a large hole injection barrier. Note that a large interfacial
dipole (∼1.2 eV) is initially formed in the MoO3/F8BT
interface which generally decreases with the evolution of
reduction. From the work function and the HOMO position,
the ionization energy of F8BT was calculated to be 5.85 eV, in
accordance with literature values.78

The above results provide comprehensive evidence for the
decrease of the hole injection barrier in the hydrogenated,
moderately reduced, Mo oxide/F8BT interfaces which results
in a highly favorable interfacial energy alignment. In addition,
the creation of the gap states near the Fermi level is expected to
be beneficial for charge transport. Thus, the Hy2MoO3‑x3 oxide
(deposited in pure hydrogen) exhibiting both the highest work
function and the largest density of occupied gap states near the
Fermi level is proposed to result to near barrierless hole

Figure 7. (a) Current density−voltage (solid symbols) and
luminance−voltage (open symbols) characteristic curves of OLEDs
with the structure ITO/Mo oxides (5 nm)/F8BT/POM (2 nm)/Al
devices. (b) UPS spectra of thin (∼5 nm) F8BT layers deposited on
top of the different Mo oxides (upper), near the EF valence band
region (middle), and at the high BE cutoff region (lower). (c) Energy
level alignment at the ITO/Mo oxide/F8BT interface in the case of
the stoichiometric (left), oxygen-deficient (middle), and hydrogenated
(right) Mo oxides. Hole injection barriers and interfacial dipoles are
also shown; the hole injection mechanism is also illustrated in the
latter case. Blue cycles are symbols for holes.
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injection and largely enhanced charge transport at the Mo
oxide/F8BT interface. In Figure 7c, the energy level alignment
at the Mo oxide/F8BT interface in the case of stoichiometric,
oxygen-deficient (MoO3‑x1), and hydrogenated (Hy2MoO3‑x3)
Mo oxide films is shown. Moreover, the nearly zero barrier for
hole injection in the case of the Hy2MoO3‑x3/F8BT interface
through favorable energy alignment and the enhanced hole
transport via the gap states near the EF are also illustrated.
b. OPVs. Finally, we investigated the effect of incorporating

the Mo oxide-based formulations described previously as hole
extraction/transport (HEL/HTL) layers in P3HT:PCBM[71]
(1:0.8 wt/%) bulk heterojunction solar cells. Current-density−
voltage (J−V) characteristics under simulated 1.5G solar
irradiation are shown in Figure 8a, while Table 3 summarizes
the device operational characteristics. A significant improve-
ment in the short circuit current (Jsc), the open circuit voltage
(Voc), the fill factor (FF), and the cell power conversion
efficiency (PCE) was achieved for substoichiometric Mo oxides,
compared to the stoichiometric MoO3 HEL. In particular, Voc
increases from 0.53 V for MoO3 to 0.69 V when the
hydrogenated Hy2MoO3‑x3 oxide is used as the HEL. This
represents a 30% improvement for the device incorporating the
substoichiometric Mo oxide with the highest amount of
hydrogen approaching the theoretical limit of ∼0.7 V for a
P3HT:PCBM solar cell with ohmic contacts.79,80 This large
increase in Voc is attributed to a more favorable energy
alignment obtained at the ITO/Mo oxide/polymer blend
interface via the formation of an ohmic contact, as a result of
the higher work function of this oxide compared to the
ionization energy of P3HT, that enhances the cell built-in
potential and facilitates barrier-free hole extraction. Similarly,
the Jsc increases by a factor of 2 (from 5.68 to 11.64 mA/cm2)
and the FF increases from 0.32 to 0.54 (almost a 70%
improvement). The large enhancement of both the Jsc and the
FF is reflected in the considerable reduction of the series
resistance (Rs from 50 to 7.5 Ω·cm2) and the moderate increase
of the shunt resistance (Rsh from 202 to 300 Ω·cm2) of the
substoichiometric Mo oxide modified cell, clearly suggesting a
reduced contact resistance, improved hole transport through
gap states, and reduced leakage currents, respectively. The
significant improvement of all the solar cell parameters results
in a dramatic increase of the PCE to 4.34%, compared to only
0.96% for the MoO3-based cell (a more than a factor of 4
enhancement). However, device efficiency is reduced signifi-
cantly to 1.19% when the highly reduced, lower work function,
Hy3MoO3‑x4 oxide is used. This is primarily reflected as a
significant reduction of the FF of the solar cell to 0.24 (a ∼55%
decrease) whereas a smaller decrease of the Jsc (8.43 mA/cm2)
and Voc (0.59 V) also occurs. The large decrease of the FF is
attributed to the huge increase of the cell series resistance and
the significant decrease of its shunt resistance, whereas the
appearance of a slight kink in the J−V curve in the fourth
quadrant becomes evident. The reduction of Jsc and Voc is

primarily attributed to the disruption of the favorable energetic
alignment at the oxide/P3HT blend interface, as a result of the
significantly lower work function of this Mo oxide that is
pinned close to the P3HT HOMO.
Therefore, the degree of oxide reduction (expressed by the

ratio of lower Mo oxidation states Mo5+and Mo4+ in the film)
and the amount of hydrogen doping are highly critical for
optimal solar cell performance as shown in Figure 8b, where the
Jsc and Voc values are plotted versus the degree of reduction of

Table 2. Device Characteristics of OLEDs Having the Structure ITO/Mo Oxide (HIL)/F8BT/POM (EIL)/Al

HIL
Vturn‑on (V)

(at 10 cd/m2)
J

(A m−2)
Lmax

(cd m−2)

max current
efficiency (cd A−1)

[at voltage]

max power
efficiency (lm W−1)

[at EQE]

MoO3 3.5 1500 5000 3.0 (5.0 V) 1.9 (1.0%)
MoO3‑x1 3.0 2500 11500 4.6 (5.0 V) 2.9 (1.5%)
Hy1MoO3‑x2 2.5 4000 35000 8.5 (4.5 V) 6.5 (3.0%)
Hy2MoO3‑x3 2.5 4300 45000 10.5 (4.5 V) 7.3 (3.5%)
Hy3MoO3‑x4 3.0 4400 3500 3.2 (5.0 V) 2.0 (1.1%)

Figure 8. (a) Current density versus voltage characteristics for
P3HT:PCBM[71] BHJ devices embedding 5 nm Mo oxide hole
extracting layers. (b) Variation of Jsc and Voc with the degree of
reduction (the portion of Mo atoms with oxidation states 5+ and 4+
relative to the total Mo cations, as derived from 3d Mo XPS
measurements) and the hydrogen content (the amount of Mo−OH
relative to Mo−O bonds, as derived from O 1s XPS results),
respectively.
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Mo atoms and the hydrogen content, respectively. Both Jsc and
Voc show a monotonic increase with regard to the hydrogen
doping content in the hydrogenated film. On the other hand, a
significant progressive enhancement of both Jsc and Voc as the
degree of reduction of Mo atoms increases is followed, after
both reaching maxima values for ∼30% ratio of (Moδ+,δ<6)/
Mo6+ atoms, by a large decrease when this ratio increases
further. These results provide unambiguous evidence for the
significant role of oxide work function, hydrogen incorporation
in the metal oxides’ lattice and degree of oxide reduction and
their critical influence in solar cell performance.

■ CONCLUSIONS
In summary, we have shown that hydrogenated Mo oxides
exhibit desirable electronic properties. The tuning of their
electronic structure was achieved as a result of hydrogen
incorporation within their lattice, evidenced through the
hydroxyl group formation. Electrons from hydrogen dopant
atoms are transferred to the π* band located near the Fermi
level in the energy gap, resulting in a small decrease of the
oxides’ work function. In the case of oxygen-deficient Mo
oxides, electrons coming from oxygen vacancies occupy partly
the bonding d−d band located deep in the forbidden gap, while
in highly reduced oxides, the antibonding d−d* band
occupation results in a large upward shift of the Fermi level
and, thus, in a substantial decrease of the oxides’ work function.
As a consequence, the favorable energy alignment at the metal
oxide/organic interface may be disrupted. The beneficial role of
hydrogenation versus oxygen vacancy formation in Mo oxides
for application in efficient organic electronic devices was
demonstrated and attributed to (1) maintaining a large enough
oxide work function, after its hydrogenation and (2) the
occupation of gap states near the Fermi level, for highly
efficient charge transfer to/from organic molecules. These
findings demonstrate the tremendous potential of hydrogen
incorporation in transition metal oxides and pave the way for
new oxide formulations that can be used not only in organic
optoelectronics, but also in additional diverse applications such
as in photocatalysis and fuel cells.
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