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Metal/Metal-Oxide Interfaces: How Metal Contacts Affect
the Work Function and Band Structure of MoO;

Mark T. Greiner,* Lily Chai, Michael G. Helander, Wing-Man Tang, and Zheng-Hong Lu

When transition metal oxides are used in practical applications, such as
organic electronics or heterogeneous catalysis, they often must be in contact
with a metal. Metal contacts can affect an oxide’s chemical and electronic
properties within the first few nanometers of the contact, resulting in changes
to an oxide’s chemical reactivity, conductivity, and energy-level alignment
properties. These effects can alter an oxide’s ability to perform its intended

The low charge-injection barriers at
metal-oxide/organic-semiconductor inter-
faces are believed to be a result of favour-
able energy-level alignment between
metal-oxides and organic semiconducting
molecules, which is largely influenced
by the metal-oxide’s work function.’! As
depicted in Figure 1, metal-oxide buffer

function. Thus, the choice of contacting metal becomes an important design
consideration when tailoring the properties of transition-metal oxide thin
films or nanoparticles. Here, metal/metal-oxide interfaces involving a widely
used oxide in organic electronics, MoO;, are examined. It is demonstrated
that metal contacts tend to reduce the Mo®" cation to lower oxidation states
and, consequently, alter MoO;’s valence electronic structure and work func-
tion when the oxide layer is very thin (less than 10 nm). MoO; becomes semi-
metallic and has a lower work function near metal contacts. The observed
behavior is attributed to two causes: 1) charge transfer from the metal Fermi
level into MoO;’s low-lying conduction band and 2) an oxidation-reduction
reaction between the metal and MoO; that results in oxidation of the metal
and reduction of MoOjs. These results illustrate how interfaces are important

to an oxide’s ability to provide energy-level alignment.

1. Introduction

Metal-oxide thin films are commonly used in organic elec-
tronic devices to enhance charge-transfer between electrodes
and organic semiconductors. Oxides are coated onto electrodes,
such as metals or transparent conductive oxides (TCOs), to
improve the electrode’s charge-injection characteristics. In the
absence of a charge-injection buffer layer, metallic electrodes
tend to have very high energy barriers for charge injection into
organic semiconductors. With the incorporation a thin metal-
oxide film, charge-injection can be made Ohmic. Numerous
metal-oxides are used in organic electronic devices, some as
hole-injectors (e.g., MoO3;, WOj3, V,0s, NiO, CuO),!l and others
as electron injectors (e.g., ZnO, Zr0,, TiO,).d
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layers in organic devices are generally
between 1 and 10 nm thick, and are sand-
wiched between two interfaces: an inter-
face with a solid organic semiconductor,
and an interface with an electrode mate-
rial. Most electrode materials are either
metals or TCO’s. Over the past 15 years,
the organic electronics research commu-
nity has thoroughly examined the metal-
oxide/organic-semiconductor side of this
multijunction, yet relatively few papers
have focused on the metal-oxide/electrode
interface.[>®

Interfaces between metal-oxides and
metals have been studied for many dec-
ades, especially in the fields of corrosion
science, catalysis, and, more recently,
inorganic semiconductor device research.
However, within the context of organic electronics, the exami-
nation of metal-oxide/metal interfaces has only recently begun.
Little is known regarding how metal-oxide/metal interfaces
affect the oxide properties that are most relevant to organic
electronic devices, namely work function and electron band
structure.

When in contact with one another, oxides and metals can
exhibit chemical and electronic interactions that affect their
properties for several nanometers away from the metal/oxide
interface. These interactions affect how nanostructured oxides
perform in technological applications. For example, catalysis
research has shown that oxides in thin-film form can possess
enhanced catalytic activity compared to their bulk counterparts,
due to charge-transfer interactions between the metal substrate
and oxide on the nanometer length scale.”? On the other hand,
interfacial interactions can be detrimental to an application.
For example, in inorganic-semiconductor applications, such as
metal-oxide-semiconductor field-effect transistors (MOS-FETs),
chemical reactions and defects at a metal/oxide interface can
cause an oxide gate-dielectric to have high leakage current.l®!

In organic electronics devices, oxide layers are generally
no more than a few nanometers thick. Minimal thickness is
needed in order to decrease the series resistance oxides con-
tribute to a device. As an oxide’s properties can be affected for
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Figure 1. a) lllustration of a multilayered organic electronic device. b) Illustration of a metal-oxide buffer layer, demonstrating a typical thickness and
highlighting the oxide/organic and oxide/electrode interfaces. c) Schematic energy-level diagram for a metal-oxide buffer layer.

several nanometers away from a metal interface, an oxide’s
ability to provide favourable energy-level alignment may be
compromised by the near-by metal interface. Indeed, research
has shown that energy-level alignment between an oxide and
organic overlayers can change with oxide thickness.’>*!

In the present paper, we demonstrate how various electrode
interfaces can alter an oxide’s work function and electronic band
structure. We focus on an oxide that is commonly used as a
hole-injection layer in organic devices, MoOjs. Over the past sev-
eral years, the organic electronics community has thoroughly
studied M0Q;.>691011-131 Mo05’s very deep work function of
=~6.8-6.9 eV and its low-lying conduction band make it very
useful as a hole-injection layer and p-type dopant in organic
electronic devices.[113]

MoO; is a wide-band-gap semiconductor, with a band gap of
ca. 3.0-3.1 eV.LBI It is a d° oxide, meaning the Mo 4d-band is
considered empty, and its valence band is composed primarily
of O 2p states.*] A schematic energy-level diagram and valence
band photoemission spectrum of MoOj; is shown in Figure 2.

The electronic band structure of MoOs is highly dependent
on the molybdenum cation oxidation state.'”] The dominant
type of defect in MoOj is oxygen vacancies. Molybdenum cat-
ions in stoichiometric MoO; are Mo®!, but oxygen vacancies

cause Mo* cations to form, and result in a partially occupied
Mo 4d-band within the MoO; band gap. These gap states act as
n-type dopants and push MoOj’s Fermi level very close to the
conduction band minimum.'>!> As thermodynamics dictates
that there is always some equilibrium concentration of defects,
even “stoichiometric” MoOj is n-type. The gap state can clearly
be seen in the valence-band photoemission spectra of oxygen
deficient MoOj;, giving rise to a peak centered at =0.8 eV below
the Fermi level, as shown in Figure 2b,c.

With continued removal of oxygen, MoO; can be reduced
to the metallic oxide, M00,.>1%1 A schematic energy-band
diagram and valence band photoemission spectrum of MoO,
is shown in Figure 2. MoO,, is the lowest stable molybdenum
oxide, and it contains Mo*" cations. The Mo*" cations give rise
to a partially filled d-band, resulting in an additional valence
feature centered at =1.7 eV, as shown in Figure 2a. The gap
state that was present in oxygen-deficient MoO; remains; how-
ever, it becomes broadened and actually crosses the Fermi level,
making MoO, metallic.

In the present work, we show that metal contacts can cause
MoOj; to become semimetallic and have a decreased work func-
tion, as a result of molybdenum cation reduction at the metal/
MoOj; interface. These effects can persist for several nanometers
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Figure 2. a) Schematic energy-level diagram of MoO3, O-deficient MoO3, and MoO,. b) UPS valence band spectra and c) expanded view of the “defect”

feature of MoOj3, O-deficient MoO; and MoO,.
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Figure 3. Schematic layered structure of MoOs's oxidation states near
an interface (top), schematic energy-band diagram for MoOj; near an
interface (middle), and plot of work function versus MoQj thickness and
conductivity versus MoOjs thickness (bottom) for reactive (a) and non-
reactive (b) interfaces between MoOj; and electrode materials.

away from the metal interface. Consequently, MoOj’s work
function and electronic band structure exhibit thickness
dependence. The degree of MoO; reduction and the distance
from the interface, that MoOj is affected by the metal contact,
is related to the metal's reactivity and work function. These
interfacial interactions govern which thickness should be used
when MoO; is paired with a particular electrode material, in
order for to obtain an optimal balance of energy-level alignment
and conductivity.

The metals examined here include a noble metal (Au), a
high-work-function non-noble metal (Ni), the parent metal
of MoO3; (Mo), a reactive low-work-function metal (V), and
an alloying metal (Cu). We find that the various metal/MoOj;
interfaces differ in terms of their reactivity. At highly reac-
tive interfaces the Mo®" cation of MoOj are reduced to Mo®*
and Mo*" near the interface, while at less-reactive interfaces,
MoOs; is only slightly reduced. Figure 3 illustrates the band
structure profiles, work function profiles, and expected
conductivity profiles of MoOj; at reactive and non-reactive
interfaces.

At reactive interfaces, the reduction of Mo® to Mo®* and/
or Mo*" causes gap states to form in the MoOj; band structure,
which make the oxide more metallic or semimetallic near the
electrode interface. With increasing distance from the interface,
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the oxide becomes more stoichiometric and insulating. Reduced
cations also lower the oxide’s work function near reactive inter-
faces. All of the metal/MoOj; interfaces investigated here were
found to be reactive; however, they differ from one another in
terms of reactivity according to the following order: Au < Ni <
Mo < Cu < V. While we did not observe any metals that formed
non-reactive interfaces with MoOj3, non-reactive interfaces have
been observed at metal-oxide/MoOj; interfaces (such as CuO,
N10, Vzog, and ITO)

We propose that the factors that influence Mo®" reduction
at an interface are the oxygen potential and electron chemical
potential (i.e., Fermi energy) of the substrate relative to MoO;.
A large difference in oxygen potential between MoO; and the
substrate material can cause an oxidation/reduction reaction. A
large difference in electron chemical potential can also cause
Mo®" cations to become reduced via charge-transfer with the
substrate material.

2. Results

In stoichiometric MoO3, molybdenum cations have a formal
oxidation state of 6+. However, within the first few nanometers
of each metal/MoOj interface the molybdenum cations of MoO3
were found to be in a lower oxidation state, Mo>" and/or Mo**.
Note that molybdenum reduction may also be accompanied by
oxygen loss, in which case the molecular formula should be
written MoOs_,; however, for simplicity we will continue to use
the notation MoOj3; but we do not imply that the stoichiometry
is strictly 1:3.

Interfacial reduction of Mo® to Mo>* and/or Mo** is apparent
from the XPS spectra. Figure 4 shows the Mo 3d spectra of thin
MoO; films grown on several metal substrates. In an oxide,
Mo®* appears at a binding energy of =232.5 eV, Mo>* appears
at =231.0 eV, Mo*" at =229.5 eV and the Mo® of metallic molyb-
denum is at 228.0 eV. The precise binding energies of the oxi-
dized molybdenum cations can vary by £0.5 eV, depending on
the oxide’s Fermi level, which is influenced by the presence of
defects and cation impurities.

The various metal substrates used here, differ from one
another in terms of the amount of cation reduction they cause,
as gauged by the average molybdenum oxidation state, deter-
mined from the relative peak areas in the XPS spectra of the
thinnest MoO; films in Figure 4. The average oxidation state at
each metal/MoO; interface is summarized in Table 1.

Molybdenum is found to be in its 6+ and 5+ oxidation states
when MoOj is in contact with the metals Au, Mo, and Ni. While
molybdenum is found to be in its 4+ and 5+ oxidation states
when MoOs; is in contact with V. Copper is a unique electrode
metal in that it reacts with MoOj; to form a Cu-Mo-O alloy.l'7 18l
The alloy contains both Mo®" and Mo®* species.

Based on the average molybdenum oxidation state detected
at each interface, the degree of Mo®" reduction increases in the
following order: Au, Ni, Mo, V. This trend follows the trend
of decreasing metal work functions: Au (5.3 eV), Ni (5.0 eV),
Mo (4.5 eV), V (4.2 eV); however, it also follows the trend of
decreasing metal oxidation potentials: Au—Au,0; (appox. —9
kJ/mol), Ni—NiO (—419 kJ/mol), Mo—MoO, (-528 kj/mol),
V—VO (-800 kj/mol).”) Thus, the degree to which Mo®* is
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Figure 4. i) Mo 3d XPS spectra for MoOjs films of various thicknesses deposited onto a) Au, b) Ni, ¢) Mo, d) V, and e) Cu substrates. ii) Peak fits of

the spectra in (i) showing the component from Mo®, Mo** and Mo**.

reduced at a metal interface appears to depend on how easily
electrons can be removed from the metal.

The average molybdenum oxidation state changes with
MoO; thickness. Reduction of Mo®" to lower oxidation states
is only observed in close proximity to the metal/MoO; inter-
face. Once the MoO; film is more than a few nanometers
thick, only the Mo®" cation can be detected by XPS. Note that
this does not imply that, away from the interface, only Mo®
cations are present in the MoOj film. Certainly Mo®>* cations
are also present due to a non-zero concentration of O-vacancies.
MoOj; always contains O-vacancy defects at temperatures above
0 K, as a result of thermodynamic requirements. However,

Table 1. Summary of oxidation states present in MoO; films near the
various metal interfaces.

Substrate Average Mo Mo®* Mo>* Mo**
Material Oxidation State

Au 5.6 60% 40% 0%

Ni 5.5 50% 50% 0%

Mo 5.4 45% 55% 0%

\ 4.5 7% 36% 57%
Cu 5.7 66% 34% 0%

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the O-vacancy concentration is too low for Mo>* detection by
photoemission.

MoO; work function increases with decreasing O-vacancy
concentration.” The highest work function that could be
obtained (i.e., for the most stoichiometric MoO;) was 6.97 eV,
regardless of whether the oxide was grown by Mo oxidation
or by MoOj evaporation in vacuum. Note that the vapor phase
over MoO; during sublimation consists of polymeric species
with the formula Mo,05,.?% Thus, in bulk MoOj; films depos-
ited by sublimation, MoOj retains its 1:3 stoichiometry (with
the exception of the small number of oxygen vacancies present
due to entropy).

Oxidation-state profiles of each of the metal/MoOj; interfaces
are shown in Figure 5a. These profiles represent the relative Mo
3d peak areas for Mo®", Mo’", and Mo*" peaks for each MoO5
film thickness, as determined from the peak fitting shown in
Figure 4. Note: due to the exponential dependence of XPS peak
intensity with depth, and the fact that some films are thinner
than the probing depth, these plots do not quantitatively repre-
sent the composition of the film at each given thickness. How-
ever, even after taking the depth sensitivity of XPS into account,
the plots do indicate that there is a gradient in average oxida-
tion state with distance from the metal interface. In contrast
to the interfaces between MoO; and Au, Ni, Mo and V, Cu is

Adv. Funct. Mater. 2013, 23, 215-226
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Figure 5. a) Oxidation state profiles and b) work function profiles for MoOj3 films grown on various metal substrates.

able to diffuse throughout the MoOj; film, due to formation of a
Cu-Mo-O alloy. Thus the oxidation state of Mo does not change
with MoOjs thickness, as shown in Figure 5a (v). The Cu-Mo-O
alloy and its composition will be addressed further in the dis-
cussion section.

From the oxidation-state profiles in Figure 5a, one can see
that the low-oxidation-state Mo cations persist further from the
interface on the more reactive substrates than on the less-reac-
tive substrates. As a figure-of-merit, we assign dggo, as the MoOs
thickness for which Mo®" peak is 90% of the total peak area.
Then from Figure 5a we get dgge, values of 6.4 nm for V, 6.0 nm
for Mo, 3.3 nm for Ni, and 2.8 nm for Au. Note that the Cu-Mo-
O alloy never reaches 90% Mo®*.

It was also found that work function depends on MoOj thick-
ness. Work function tends to increase with distance away from
the metal/MoOj; interface, and eventually plateaus at a value of
~6.85-6.9 eV. Figure 5b shows plots of work-function versus
MoO;-thickness for each of the interfaces. The work-function
profiles follow a similar trend to the cation-oxidation-state plots,
suggesting that average cation oxidation state and work func-
tion are correlated. Note that the Cu-Mo-O alloy work function
plateaus at ~6.25 eV.

Again we assign as a figure-of-merit, the thickness at which
the work function reaches 6.0 eV, dg.y. We get dg.y values of
1.1 nm for V, 0.85 nm for Mo, 0.79 nm for Ni, and 0.28 nm
for Au. Just as with the oxidation-state profiles, the MoO; work
function reaches a high value closer to the interface with less-
reactive metals. The fact that work function depends on MoOs
thickness demonstrates why oxide thickness and substrate
choice are important for energy-level alignment of molecular
adsorbates. If a work function of greater than 6 eV is needed
for Ohmic hole injection in an organic device, as is the case
for common hole-transport materials such as CBP, then one
must use a MoOjs layer that is at least as thick dg.y. Although
the MoO; work function will decrease with time, due to adsorp-
tion of atmospheric contaminants,['?! in ultrahigh vacuum the
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rate of work function decrease is slow (ca. 0.15 eV decrease over
24 h, see Supporting Information). In device fabrication condi-
tions (i.e., high vacuum), the rate of work function decrease is
expected to be faster, but will also depend on the composition
of the background gas (especially the carbon content).

Molybdenum cation reduction at the metal interfaces also
causes significant changes to the MoOj; valence band structure.
Figure 6a,b show the UPS spectra taken for each MoO; thick-
ness on each metal substrate. The MoO; thickness increases
from top to bottom in the figure. Note: substrate reference
spectra were subtracted from the spectra of the thinnest MoO3
films to remove the substrate signal. The resulting spectra rep-
resent primarily the MoOj; signal.

As MoO; is a d° oxide, the valence band maximum of stoi-
chiometric MoO3 is mainly composed of O 2p states. The
O 2p band can clearly be distinguished in all UPS spectra, at
binding energies ranging from about 5 eV to 3 eV. Note that for
extremely thin MoOjs films the O 2p band and higher-binding-
energy features appear distorted by the interface. These distor-
tions may be due to structural changes in the molybdenum-
oxide lattice or due to changes in the substrate spectrum. The
more significant features of the valence spectra are the addi-
tional states present in the band gap (between binding energies
of 0 eV and 3 eV) that appear in the spectra close to the metal/
MoO; interface. These gap states are observed at every metal/
MoO; interface examined.

An enhanced view of the shallow valence regions is shown
in Figure 6b. There are two distinct gap-state features, labelled
d; and d,. These states are known to arise in O-deficient d°
oxides.>?2 They arise due to electrons occupying the metal
d-band.?’] When Mo®" is reduced, excess electrons move into
the low-lying Mo 4d orbitals, and give rise to donor states within
the MoO; band gap, as illustrated in Figure 2. The d, feature
resembles the feature that is found in MoO; when it has dilute
O-vacancy defects, and the d, feature resembles the feature seen
in MoO3 when it has high O-vacancy defect concentrations and
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Figure 6. a) UPS valence band spectra and b) expanded view of the shallow valence features for MoO; films grown on various metal substrates. Gap

states at the metal/MoOj interfaces are labelled d; and d,.

is also seen in MoO, (compare with spectra shown in Figure 2).
The intensities of the two defect features diminish as the MoO;
film thickens, indicating that the oxide becomes less defective
away from the interface. The higher-binding-energy feature,
d,, diminishes first, followed by the d; feature. Eventually, the
valence spectrum of near-stoichiometric MoOj is obtained.

Due to the proximity of the observed gap states to the Fermi
level, “Mo00O3” would be expected to be metallic or semimetallic
close to the metal interface. Note, we place MoOs in paren-
theses here because it is likely not stoichiometric, due to molyb-
denum reduction. Further away from the interface, where the
gap states are no longer present, MoO; would be expected to
have its typical bulk resistivity.

While the above observations indicate that MoOs’s proper-
ties are strongly affected by the metal interface, the metal's
properties also may be affected by the interface. Figure 7
shows XPS spectra of the metal substrate main peaks for clean
substrate surfaces, spectra of substrates buried under =2 nm

(a) Au substrate (b) Ni substrate

(c) Mo substrate

of MoO3, and difference spectra (buried spectrum minus clean
spectrum). One can see that the Au spectrum is not affected
by the presence of MoOs; however, Ni, Mo, and V show evi-
dence of oxidation at the interface. The Cu spectra show that
Cu is oxidized to Cu™. Thus, the substrate spectra indicate that
an oxidation-reduction reaction occurs for Ni, Mo, V and Cu,
while there is no evidence of substrate oxidation in the case
of Au.

3. Discussion

In the following sections we discuss the causes of reactivity
at each interface in terms of oxidation thermodynamics and
energy-level alignment. We address the importance of 1) sub-
strate oxidation potential relative to overlayer oxidation poten-
tial and 2) substrate Fermi level relative to energy levels in
MoO;.

(d) V substrate (e) Cu substrate
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Figure 7. Core level XPS spectra of clean substrates and substrates buried under =2 nm of MoO;. a) Au 4f, b) Ni 2p;5, ¢) Mo 3d, d) V 2p, and

e) Cu 2p3/2
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3.1. Thermodynamic Considerations

One can predict whether a metal is capable of reducing an oxide
using classical equilibrium thermodynamics. For example, con-
sider two metals, M@ and M®), and their oxidation reaction:

MW 410, > MWO  AGYH =« (1)

M® + 10, - MPO  AGH = )

By subtracting Equation (2) from Equation (1), we get the case
where metal M reduces the oxide M(®)O:

MA + MPO - MAPO +MP®  AGuy=x—1y 3)

Thus we can see that metal M will spontaneously reduce
oxide M®)O if the free energy of oxidation for metal M® is
more negative than the free energy of oxidation for metal M(®),
Values for free energy of oxidation for various metals can be
determined from an Ellingham diagram. In Table 2 we have
compiled thermodynamic data for the reactions relevant to this
work.l'”) The reactions in Table 2 are ranked according to the free
energy of oxidation for each reaction. The lower down on the table
a reaction is, the more spontaneous it is. Thus VO is the most
easily formed oxide and Au,0; is the least easily formed one.
The thermodynamic data in Table 2 predicts whether a metal
oxide is stable in the presence of another metal; however, it
does not predict what concentration of defects will be stable
at a metal/metal-oxide interface. In the case of MoO; we are
interested in oxygen vacancy defects and cation oxidation-state
defects. Oxygen vacancy defects affect an oxide’s oxygen chem-
ical potential, so one would expect that the oxygen vacancy con-
centration at the metal/MoOj; interface would be such that the

Table 2. Thermodynamic data for selected metal oxidation reactions. All
values except Au,05 are from Reed?!l and are at 300 K. The values for
Au,0; are from.[?]

Label Cation Reaction equation AGo,
transition (kjemol™)

a Au/Au,04 0—+3 4/3 Au+ O, — 2/3 Au,0; -2.3t0-8.7

b VO,/V,05  +4 —+5 4VO, + O, — 2V,05 —68.15

c Cu0/CuO  +1 =5 +2 2Cu,0 + O, — 4Cu0 ~212.38

d Cu/CuO 0—+2 2Cu + O, —» 2Cu0 —-253.12

e MoO,/MoO3;  +4 — +6 2MoO, + O; = 2Mo0O3 -275.6

f Cu/Cu0 0+ 4Cu + 0, — 2Cu,0 ~293.87

g V.05V, 43 = +4 2V,0; + 0, — 4VO0, ~368.4
Ni/NiO 0—+1 2Ni+ O, = 2NiO —419.37

i Mo/MoOs 0—+6 2/3Mo + O, — 2/3Mo0O; —443.87

j Mo/MoO, 0—+4 Mo + O, = MoO, —528

k V/V,05 0—>+5 4[5V + 0O, — 2/5V,05 -539.87

[ InflnO;  0—+3 4/3In+ 0, — 2/3In,05 ~549.79

m V/VO, 0 +4 V+0, - VO, —657.8

n VO/V,0; +2 = +3 4VO + O, — 2V,04 —662

o V/[V,04 0—-+3 4/3V+ 0O, = 2/3V,04 —754.25

p V/VO 0—+2 2V+0, - 2V0 ~800.84
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oxygen potential in defective MoOjs equilibrates with the oxygen
potential of the substrate metal.

The chemical equation for oxygen vacancy formation is
(using Kréger-Vink notation):

OF + 2M3, = vg + 2My; + 10y (4)

Where Ogx represents an oxygen atom on its regular lattice
site, Mxy; represents a metal cation on its regular lattice site,
VG represents an oxygen vacancy with a charge of +2 relative to
the neutral lattice, and M/ represents a metal cation in a lower
oxidation state than it has in the stoichiometric lattice. In the
case of MoOj3, we can write:

5+ 2Mo®" = ug' 4+ 2Mo’" + 10y )

This equation shows that each oxygen vacancy gives rise to
two reduced Mo cations. In the case of dilute defects, we can
write the following equation relating Mo®* cation concentration
to the free-energy of formation of a vacancy (AG,):

—-AG
[Mo* ] = 2[v5] = 2" exp [W] po,” (6)

Note that AG, represents the free energy of reaction (5), in
which O, is the reaction product. It is also possible that oxygen
abstraction can occur via some other reaction product, in which
case the free energy of vacancy formation would be different.
However, Equation (5) makes the free energy of vacancy forma-
tion comparable to the metal oxidation reactions in Table 1.

It is also useful to note bulk MoOj; has three structurally dis-
tinct oxygen sites: asymmetric, symmetric and terminal sites.[2¢!
Furthermore, oxygen vacancies most likely form from surface
sites, and different surface sites are expected to have different
vacancy formation energies. The vacancy formation energy
experimentally measured from bulk MoO3, and the value used
in this work, likely represents the formation energy of the most
labile oxygen site. Theoretical calculations have shown bridging
oxygen to be the most labile oxygen site on the (010) surface.?’]

Equation (6) shows that, if a metal's oxygen potential (po,)
is lower than that of “stoichiometric” MoO3, then at the metal/
MoOj interface, MoO; will have more O-vacancies than it has in
its “stoichiometric” form. If the metal's po, is greater than that
of “stoichiometric” MoO; then MoOj; will have fewer O-vacan-
cies at the interface than it has in its “stoichiometric” form.

One can estimate the enthalpy of formation for oxygen
vacancies in MoOj; using the heat of atomization of MoO; and
an empirical relation proposed by Kofstad.?!! The relation is
AH, = 2(E, -167), where AH, is the vacancy formation enthalpy
in kcal/mol and E, is the heat of atomization of the oxide in
kcal/mol. This method of calculating vacancy formation energy
yields a value that is related to the average M-O bond energy.
This estimate results in a value of ca. 36 kJ/mol of oxygen
vacancies in MoOs.

3.2. MoOj; on Au

According to the thermodynamic data in Table 2, such as reac-
tions e and i, Au is not expected to reduce MoOj; to either
metallic Mo or MoO,. Furthermore, as oxygen potentials
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MoK

should equilibrate at a metal/metal-oxide interface, it is also
not expected that the Au/Au,0; reaction could cause any more
oxygen vacancy defects to form in MoO; than are already
present in “stoichiometric” MoO;. In agreement with the con-
clusion that MoO; cannot oxidize Au, we see no evidence of
chemical changes to Au at the buried interface, as shown in the
Au 4f XPS spectra in Figure 7. The Au 4f spectrum exhibits no
peak shift and no additional peaks in the buried spectrum.

Yet surprisingly we see from the XPS and UPS spectra in
Figure 4 and 6 that Au causes Mo®" to be reduced to Mo** within
the first few nanometers of the Au/MoOs interface. While this
is peculiar, it is not the first observation of this phenomenon.
In fact there have been several reports of inert metals exhib-
iting charge-transfer with metal-oxides on the nano-scale, such
as Au nanoparticles on MgO supports,?) MgO films on Au
surfaces,?” thin WO; films on Pt surfaces,?!] MoO; films on
Au surfaces,?233] Au nano-particles an TiO,,?* and V,0s films
on Au.l! Although this phenomenon has been modeled com-
putationally,323¢ and lattice strain appears to be closely related
to the charge-transfer process, this behaviour is still under
debate.’”) Nonetheless, it appears that, even though classical
thermodynamics does not predict it, in nanoscopic systems,
charge transfer is possible between Au and various metal-oxides
even though an interfacial chemical compound is not formed.

The Au/MoO; system has been examined before using pho-
toemission spectroscopy (PES)®* and scanning tunnelling
microscopy (STM) supported with density-functional theory
(DFT) calculations.?” The PES study found evidence of Mo®* at
the interface, and it was suggested that electrons are donated to
the Mo cations that have near-by oxygen vacancies. In the STM
study, it was found that the MoOj lattice is strained at the inter-
face. DFT calculations suggested that this strain allowed Au
electron density to transfer to MoO;. The DFT calculations also
suggested that MoO; becomes semimetallic near the Au/MoO,
interface. From Figure 6a-i and b-i we can see that indeed MoO;
takes on a semimetallic MoO,-like band structure at the Au/MoOs
interface. This is due to partial filling of the Mo 4d band.

Our findings are consistent with the hypothesis of electron
transfer from Au to Mo. But if Au transfers charge to Mo, without
itself being oxidized, then what drives the charge-transfer
process? MoOj is clearly reduced at the Au/MoOj; interface. The
XPS and UPS spectra do resemble oxygen-deficient MoO3, but
does this necessarily imply that Au has caused
MoO; to become oxygen deficient? The law of
mass action does not allow for excess oxygen 2
vacancies in MoOj; unless either Au forms and
oxide or O, is released. There is no evidence
of Au oxidation; however, it is possible that
oxygen is lost as O, when MoOs condenses on
the Au surface. The MoOj; stoichiometry could
not conclusively establish whether MoOj; is
oxygen deficient at the Au/MoO; interface, as
XPS peak areas for such thin films could only
determine the stoichiometry with a precision
of no better than £1%.

While O, removal may be possible, DFT
calculations from Quek et al. suggest that
electron transfer from Au to Mo is accom-
panied by a lattice distortion in MoOj3, while

Energy eV
© o N
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o
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maintaining its stoichiometry.?! So if the Mo® — Mo®* reac-
tion can occur without forming oxygen vacancies at all, what is
the driving force? This reaction may be a result of gold’s Fermi
level being higher in energy than MoOs’s conduction band
minimum. Thus an electron would come from the Au Fermi
level, leaving a hole in the Au valence band, which stabilizes
Mo>* cations. One could therefore consider another defect reac-
tion (again using Krdger-Vink notation):

evB —+ MxM = h’\./B —+ M{/{ (7)

Where eyp represents an electron at the metal Fermi level,
My represents a metal cation in the oxide on its regular lattice
site, hyp represents a hole in the metal valence band, having a
charge of +1 relative to the neutral metal, and M/ is a reduced
metal cation in the oxide. In the case of the Au/MoOj; interface,
one can write:
e(Au) —+ M06+ —> h’(.Au) + M05+ (8)

Where e, represents an electron at the Au Fermi level, and
W (ay represents a hole at the Au Fermi level. We then get the
following equilibrium constant:

B [ | [M0*]
K Fol 07T .

As the denominator in this equation will be =1, and [h'(z,)] =
[Mo°*], one can write the following equation for [Mo**]:

[Mo™*] = [hi | = exp [_fTG ! } (10)

Where AGy is the energy needed to move an electron from
the Au Fermi level to a Mo site. One can approximate AGyas
the difference between the Au work function and the MoO; con-
duction band minimum, resulting in the following equation:

_(¢Au_ EAMoO;)] (11)

547
[Mo ]_exp|: T

Figure 8 shows a schematic band diagram of the Au and
MoO;. The energy-level positions represent the valence bands,

MoOQO, Mo | MoO, V | MoQ,

Figure 8. Schematic energy-band diagrams (vacuum-level alignment condition) for the metal/
MoO; interfaces examined in this work. The shaded areas represent valence bands and white
areas represent conduction bands. The dashed lines represent Fermi levels. The numbers rep-
resent valence band, conduction band, or Fermi level positions relative to the vacuum level.
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conduction bands and Fermi levels of each material prior to
contact. This analysis implies that Mo®" is reduced to Mo>*
because of the position of Au’s Fermi level relative to MoO3’s
conduction band minimum, and that charge compensation
is provided by the screening from the Au Fermi level, not by
oxygen vacancies. Such charge compensation would not persist
further away from the Au/MoO; interface. Indeed, the defect
states in the valence spectrum become undetectable after about
2 nm of MoOj have been deposited. Likewise, the MoO; work
function plateaus rather quickly.

Note that the reason why Au does not exhibit a peak shift
is likely because any charge donated to MoO; is immediately
replenished, as the Au sample is grounded. Au binding energy
shifts have been observed previously when Au was present as
nano-particles on an oxide support.3438l In these cases the Au
particles become charged, but not oxidized or reduced.

3.3. MoO; on Ni

Nickel is similar to gold in that they are both high work function
metals (Ni: ¢ = 5.0 eV; Au: ¢ = 5.3 eV). However, Ni can be oxi-
dized much more easily than Au, with the formation enthalpy
of NiO being ca. =419 kJ/mol, and the formation enthalpy of
Au,0; reported at ca. =3 to =9 kJ/mol.l?! Therefore, there is
the possibility of not only electron transfer from Ni to MoOs
from the Ni Fermi level, but also the possibility of Ni becoming
oxidized by MoOs;, and subsequent removal of oxygen from
MoO;.

At room temperature, the free energy of the reaction: 2Ni
+ 0, — 2NiO, is AGg, = —419 kJ/mol. While the free energy
of the MoOj; reduction reaction: 2MoO; — 2MoO, + O,, is
AGg,; =+275 kJ/mol. Therefore, Ni can reduce MoO; according
to the reaction: Ni + MoO3; — MoO, + NiO, AG = -72 kJ/mol.
Thus Ni oxidation provides a driving force for Mo®" reduction
that is in addition to electron transfer from the Ni Fermi level.

While Mo>* is certainly evident in the Mo3d spectra, there
is no detectible Mo**. Thus it appears that Ni does not com-
pletely reduce MoO; to MoO, at the interface, and perhaps only
oxygen vacancies are formed. Complete reduction of MoO, may
be possible at higher temperatures, where solid-state diffusion
becomes more rapid.

In contrast to Au/MoOs, the Ni 2p;, XPS spectrum shows
evidence of Ni oxidation at the interface, as expected based on
thermodynamic data. The Ni 2p;,, XPS spectrum shown in
Figure 7 compares a clean Ni surface with Ni buried under ca.
2 nm of MoOjs. By subtracting the clean Ni spectrum from the
buried-interface spectrum, one can see that an additional peak
is present at a binding energy of ca. 853.0 eV, as well as a pos-
sible satellite feature at ca. 856.0 eV.

3.4. MoO3; on Mo

In the case of the Mo/MoOj; interface, the metal substrate and
the metal cation in the oxide are the same element, in con-
trast to the other interfaces examined in this work, where the
cation in the oxide is a different element than the metal sub-
strate. This is the same type of interface that is relevant to metal
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oxidation and corrosion. However, in the present case we have
grown MoO; on Mo by evaporating MoO; rather than by oxi-
dizing Mo, simply for direct comparison with the other sam-
ples. MoO; grown by Mo oxidation yields essentially the same
results (see Supporting Information).

From corrosion studies it is known that, if a metal has more
than one stable oxide, a layered oxide structure is possible. For
example, when Fe is oxidized in dry oxygen, the structure of
Fe/FeO/Fe;0,/Fe,0; is obtained.’ In this case, the layers
are ordered according to increasing oxygen potential, from
the metal outward. Layered structures can be predicted using
metal-oxygen phase diagrams. If there is no boundary on the
phase diagram showing equilibrium between an oxide and
its metal, then that particular oxide will not equilibrate with
the metal, and some lower-oxidation-state oxide must exist in
between. Often, the intermediate oxides are non-stoichiometric,
defective oxides.

Based on the Mo-O phase diagram, MoOj; is not expected to
equilibrate directly with Mo.*%) There are several intermediate,
non-stoichiometric phases with mixed oxidation states that are
stable in between MoO; and Mo. The oxide that equilibrates
directly with Mo is MoO,. Although we cannot discern a Mo**
peak from the XPS spectra, we cannot eliminate the possibility
that it exists, because the intense metal substrate obscures the
ability to peak-fit the spectrum.

As molybdenum’s Fermi level sit above MoOs’s conduction
band minimum, as shown in Figure 8, we expect that the inter-
facial reduction of Mo®" is a consequence of both molybdenum
metal oxidation and charge transfer from the Mo Fermi level.

3.5. MoO3z on V

Vanadium is the most reactive metal examined in this study.
It very easily oxidizes, first to VO, then to V,0s3;, VO,, and
V,0s. Based on the thermodynamic data in Table 2, vanadium
is expected to reduce MoO;. In fact most of the vanadium
oxides are expected to reduce MoOs, according to the following
reactions:

V+Mo0O; - MoO, + VO AG =— 262.6 kJ/mol

2VO + MoO; — MoO, + V,03 AG = — 193.2 kJ/mol

V203 + MOO3 — MOOZ + 2V02 AG = —464 k]/mol

Indeed, the photoemission spectra show severe MoO; reduc-
tion at the interface. The V/MoOs interface is the only one
where significant amounts of Mo*" are detected. In fact, very
little Mo®" is found at the interface.

The energy-level diagrams of V and MoOj; also suggest that
electrons can transfer from the V Fermi level to the MoO; con-
duction band, as shown in Figure 8. The severe MoO; reduction
at the V/MoO; interface also causes major changes to MoOj’s
band structure, causing its valence band to become similar to
that of MoO,. Based on the UPS spectra in Figure 6 iv, ‘MoO3’
remains semimetallic even up to 6 nm from the V/MoO; inter-
face. Note that the probing depth of UPS is extremely small (on
the order of 1 A), making these spectra very surface sensitive.
Thus there is minimal contribution from buried layers.
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3.6. MoOj; on Cu

While Cu is a good electrode material due to its very low sheet
resistance and its relatively low optical absorbance, the fact that
Cu alloys with MoOj restricts MoOj’s ability as a buffer layer to
provide energy-level alignment, because it cannot reach as high
a work function as pure MoO; can. The maximum work func-
tion that the Cu-Mo-O alloy could achieve was =6.3 eV. This is
likely due to the fact that the alloy always has a mix of Mo** and
Mo®* regardless of the oxide thickness; the low electronegativity
of Mo>* decreases the oxide’s work function.

The Cu-Mo-O alloy that was formed has a rather interesting
composition. The Mo 3d spectra (Figure 4 e) indicate that it
contains Mo>* and Mo®, with binding energies of =231.1 eV
and 232.0 eV, respectively. The Cu 2p3,, spectrum (Figure 7 e)
gives a peak centered at =932.0 eV, which is indicative of Cu*.
However, as the Cu 2p;), peaks for Cu’ and Cu* species are
very close in proximity for copper oxides, we also examined the
Cu LMM spectrum (Figure 7 e). This spectrum clearly shows a
peak at 570.7 eV, which identifies the Cu species as Cu*.

On examining the UPS spectra (Figure 6 v), one finds that
the valence band resembles that of MoO; except that the gap-
state bands d; and d, are present. This valence structure sug-
gests that when Cu is oxidized to Cut, it reduces Mo®" to Mo’",
donating electrons to the MoO; conduction band, resulting in
a partially filled Mo 4d-band. The oxide retains its MoOs-like
structure. Thus, Cu acts similar to an n-type dopant in MoOs.
While the Cu-Mo-O alloy’s band structure has the d; and d, gap
states, similar to MoO,, the valence band maximum of Cu-Mo-
O does not cross the Fermi level, but sits =0.4 eV below it.

Based on XPS peak areas, the oxide alloy has an atomic
composition of =71.4% O, 3.5% Cu and 25.1% Mo. From these
numbers, it appears that Cu* displaces O%~. But if one Cu* dis-
places one O%, then the lattice becomes charged +3 relative
to the neutral MoOj lattice. This would require three Mo® —
Mo’* reductions. Therefore, we propose the following general
formula: Cu,Mo"", 5, Mo;,05,,. Using the atomic composi-
tions determined from XPS peak areas, we arrive at a formula
of CuyMo(,Mo);0,,. This composition is similar to compo-
sition ranges reported previously for Cu-Mo-O alloys.[741]

Although this compound does not have as high a work func-
tion as stoichiometric MoOj3, its work function is still reason-
ably high and it could still be used as an anode material for
many hole-transporting organic semiconductors. It also has a
high density of states close to the Fermi level, which may make
it more conductive than stoichiometric MoOs.

3.7. Work Function and Cation Oxidation State

While molybdenum oxidation state follows a gradient with
MoOj; thickness, we have also pointed out in Figure 5b that
work function also changes with MoOj; thickness. The fact that
average Mo oxidation state and work function follow similar
trends with MoOj; thickness suggests that an oxide’s work func-
tion is related to cation oxidation state in a rather simple way,
i.e., that lower cation oxidation state results in lower work func-
tion. This has been proposed before,*?l and recently shown
experimentally for several transition metal oxides.™ The cause
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Figure 9. Plot of work function versus average Mo oxidation state in
MoO; for MoQ; films grown on various metal substrates.

of the relationship is believed to be due to the fact that lower-
oxidation-state cations are less electronegative than higher-oxi-
dation-state ones, and electronegativity directly affects a solid’s
Fermi energy.

Figure 9 shows plots of average molybdenum cation oxida-
tion state, versus measured work functions for the metal/MoOs
interfaces examined in this study. This figure illustrates that
a positive correlation between cation oxidation state and work
function. Thus, due to the presence of lower oxidation state cat-
ions near the metal/MoOj; interfaces, MoOj;’s work function is
decrease within the first few nanometers of the interface. This
behaviour affects how thick of an oxide one should use in an
organic device in order to achieve optimal energy-level align-
ment. These effects may also alter the catalytic properties of
metal oxide nanoparticles on metal supports, since ultra-high
work function metal oxides would be needed to enable oxida-
tion of molecules that have very large ionization energies.

4. Summary

We have examined several metal/MoO; interfaces using pho-
toemission measurements of layer-by-layer grown MoOj; films.
We examined several metals (Au, Ni, Mo, V and Cu), which
differ from one another in their work functions and their oxi-
dation potentials. We find that when MoOj; is grown on any of
these metal substrates, Mo®* cations are reduced to lower oxida-
tion states (Mo>" and Mo*") close to the metal/MoO; interface.
The degree of Mo®" reduction differs for each metal. We explain
the interfacial MoOj; reduction with two proposed mechanisms:
1) charge transfer from the metal Fermi level to the oxide con-
duction band, and 2) reduction of MoO; driven by oxidation of
the metal substrate. With these mechanisms, we can explain
why a noble metal, such as Au can reduce Mo®" within the first
few nanometers of the Au/MoOj; interface, and why a reactive
metal, such as V can cause severe reduction of Mo®" for several
nanometers from the interface.

We have also found that the interfacial reduction of Mo®
results in changes to the MoOj valence band structure, making
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the oxide semimetallic close to the metal interface. The valence
band changes are explained in terms of electrons filling the pre-
viously empty Mo 4d states of MoOjs, resulting in donor states
close to the Fermi level.

The presence of reduced molybdenum cations also results in
a lower work function for MoOjs close to the metal/MoOj inter-
face. The work function increases as the average cation oxida-
tion state increases. This implies that more reactive interfaces
will require thicker oxide buffer layers before the maximum
work function is achieved; however, more reactive interfaces
will also be more conductive near the interface. This finding has
implications to organic electronic device design and choosing
the right oxide buffer thickness for the optimal balance of work
function and conductivity.

5. Experimental Section

Photoemission spectra were collected using a Physical Electronics 5500
Multi-Technique system, using monochromated Al Ko radiation (hv =
1486.7 eV) for XPS spectra and non-monochromated He low radiation
(hv =21.22 eV) for UPS spectra and work function measurements. XPS
spectra were collected using a take-off angle of 75°. UPS spectra and
work function measurements were measured at a take-off angle of 88°.
During UPS and work function measurements, the sample was held at a
negative bias of =15 V relative to the spectrometer.

All MoOs films were grown by vacuum sublimation. 99.99% pure
MoO; powder was placed into 10 cc cone-shaped alumina crucibles
and placed in a Knudsen cell. MoO3; was evaporated at a temperature of
550°C to obtain a deposition rate of <0.2 A/s at the sample surface, as
determined using an oscillating quartz thickness monitor. The samples
were =1 ¢cm X 1 cm. The evaporation source was positioned 31 cm
away from the sample, at an angle of 35° (K-cell axis relative to sample
normal). The pressure during deposition was =5 x 107 torr.

Metal substrates were prepared by magnetron sputter deposition from
99.99+% pure metal targets onto epi-polished, degenerately p-doped Si
substrates. Metal films were =200 nm thick. All metal films were sputter
cleaned in the XPS chamber to remove atmospheric contamination and
native oxide films prior to MoOs deposition.
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Supporting Information is available from the Wiley Online Library or
from the author.
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