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Transition Metal Oxide Work Functions: The Influence
of Cation Oxidation State and Oxygen Vacancies

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

Transition metal oxides are capable of a wide range of work functions. This
quality allows them to be used in many applications that involve charge
transfer with adsorbed molecules, for example as heterogeneous catalysts, as
charge-injection layers in organic electronics, and as electrodes in fuel cells.
Chemical and structural factors can alter transition-metal oxide work func-
tions, often making their work functions difficult to control. Little is known
about the effects of the cation oxidation state and point defects on the oxide
work function. It is necessary to understand how such chemical and struc-
tural factors affect work functions in order to controllably tune transition
metal oxides for desired applications. Here, a correlation between the oxide
work function and cation oxidation state is demonstrated. This correlation

is attributed to the change in cation electronegativity with oxidation state. A
model is presented that relates the work function to the oxygen deficiency

for d° oxides in the limit of dilute oxygen vacancies. It is proposed that the
rapid initial decrease in work function, observed for d° oxides, is caused by an
increase in the density of donor-like defect states. It is also shown that oxides
tend to have decreased work functions near a metal/metal-oxide interface as
a consequence of the relationship between defects and work function. These
insights provide guidelines for tuning transition metal oxide work functions.

Many factors contribute to transition-
metal oxide chemical and electronic
properties. For instance, many transition
metals have more than one stable oxida-
tion state, and thus have multiple stable
oxides. The oxides can range from insu-
lating to semiconducting to metallic.”
Oxides also exhibit doping asymmetry, as
a result of their propensity for different
types of defects.®l Defects often give rise
to a change in cation valence state. These
cations can act as n- or p-type dopants.
Oxygen vacancies usually act as n-type
dopants. At very high oxygen vacancy
concentrations, oxides can be reduced
to form new stable phases that contain
only low-oxidation-state cations. It is well
known that defects and cation oxidation
state strongly influence a transition-metal
oxide’s electronic properties;” however, it
is not established how these factors affect
an oxide’s work function.

Work function is an important para-

1. Introduction

Transition metal oxides are useful in a wide range of applica-
tions. For example, they are used as: heterogeneous catalysts
in industrial chemical processing,!l photo-catalysts in artificial
photosynthesis,?l charge-injection layers in organic electronics
devicesP®! and as electrodes in fuel cells. In each of these appli-
cations, transition metal oxides are involved in charge exchange
with adsorbed molecules.

Charge exchange, between a solid and an adsorbed mole-
cule—’, depends critically on the solid’s work function (¢).[*°!
When tailoring solid materials for applications that involve
interfacial charge-exchange, understanding how to tune a solid
material's work function is paramount. Transition metal oxide
work functions can range from the extreme low (¢ = 3 eV for
Zr0,) to the extreme high (¢ = 7 eV for V,05).

Dr. M. T. Greiner, L. Chai, Dr. M. G. Helander,

Dr. W.-M. Tang, Prof. Z.-H. Lu

Department of Materials Science and Engineering
University of Toronto

184 College Street, Toronto, Ontario, M5S 3E4, Canada
E-mail: mark.greiner@mail.utoronto.ca

DOI: 10.1002/adfm.201200615

Adv. Funct. Mater. 2012, 22, 45574568

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

meter for charge-exchange because it

represents the energetic requirements

for adding or removing an electron to or
from a solid. Work function is defined as the energy required
for moving an electron from a material's Fermi level to the
local vacuum level. A material's work function has two contri-
butions: 1) electron chemical potential and 2) surface dipole,'”!
as illustrated in Figure 1. The electron chemical potential (L)
represents the Fermi energy (Ej) relative to the absolute vacuum
level (Ey.). The surface dipole (8) represents an additional
energetic barrier to removing an electron from the solid’s sur-
face. The dipole barrier can be caused by the electrostatic field
formed by electron density spilling from a solid’s surface, but it
can also be altered by adsorption of molecules to a surface.

The work function is a property that is difficult to control due
to its extreme sensitivity to a number of factors that are often
beyond a scientist’s control or awareness. Consequently, there
is a wide spread in the reported work functions for most mate-
rials.'12 Surface dipole can be affected by crystallographic
orientation, ¥ surface termination and reconstruction, surface
roughness!!*!4 and the presence of adsorbates.! There are also
many factors that can alter a solid’s electron chemical poten-
tial, such as impurities, crystal structure, defects, and chemical
state.

Transition-metal oxide work functions are especially difficult
to reproduce due to the additional influence of multiple cation
oxidation states and stoichiometry. As pointed out by Henrich
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Figure 1. lllustration of energy levels near the surface of a solid, indi-
cating work function (¢), Fermi level (Ef), surface dipole (J), electron
chemical potential (u,), local vacuum level (Ey, jo.1), and absolute vacuum
level (Ey..).

and Cox in their seminal book on metal oxide surfaces,'? there
is wild inconsistency in the work function values reported for
many transition metal oxides. This is primarily due to the many
different sample preparation procedures that are used.

While the inconsistency of reported work-function values
may lead one to the doubt the significance of absolute work
functions, it is important to realize that work function is more
a measure of a material's condition than a measure of a mate-
rial constant. However, reproducible work function values
can be obtained for some materials. For example, polycrystal-
line sputter-cleaned Au reproducibly has a work function of
5.35 £ 0.05 eV. Polycrystalline Cu has a work function of 4.66 £
0.05 eV. Polycrystalline MoOs, prepared by vacuum sublimation
of MoOj3, and without exposure to adsorbates, has a work func-
tion between 6.8 and 6.9 eV.

Absolute work function values do have significance, but it is
necessary to understand the factors that affect work function
and how they affect it. There have been many studies on how
adsorbates affect surface dipole. Atmospheric gases adsorbed
to high-work-function oxides, such as MoOj; and NiO, tend to
cause a drop in work function.!'>1¢] However, far fewer studies
have appeared in the literature regarding to how work function
is affected by changing a solid’s electron chemical potential. In
the case of oxides, one would expect that their electron chem-
ical potentials should change with cation oxidation state and
electronic structure.

In the current report, we present work-function values for
several in situ prepared transition metal oxides. We have found
that there is a general correlation between cation oxidation
state and an oxide’s work function. Metal oxides in their more-
oxidized forms tend to have higher work functions than their
reduced forms. Furthermore, metal oxides tend to have higher
work functions than their elemental metals.

It is not obvious why a correlation between cation oxidation
state and work function should exist. Clearly high and low oxi-
dation-state forms of an oxide differ from one another in more
ways than just the cation oxidation state. Oxides also differ
from one another on terms of crystal structures, bond lengths,
types of bonding and degree of orbital overlap. All of these fac-
tors contribute to an oxide’s valence electronic structure, and
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thus should affect its Fermi level. The correlation between
cation oxidation state and work function implies that, aside
from the many factors that give rise to the fine details of an
oxide’s electronic structure, oxidation state plays a relatively
straight-forward role in determining an oxide’s electron chem-
ical potential.

Using the archetypal d° transition metal oxide MoO;, we
demonstrate how cation-oxidation-state point defects affect an
oxide’s work function in the limit of dilute defects. We con-
struct a model to explain the observed trend between MoOs’s
work function and O-vacancy concentration in the dilute limit.
The model stipulates that the work function drop that accom-
panies oxide reduction are: 1) the lower electronegativity of
low-oxidation-state cations alters the oxide’s electron chemical
potential and 2) occupied defect states within the bandgap that
act as donor levels cause a shift in the Fermi level position.

The first contribution (the effect of cation electronegativity)
is general to all metal oxides. The second contribution (the
effect of occupied defect states in the bandgap) is not general,
and only applies to oxides where gap states are formed upon
O-vacancy formation. However, the formation of O-vacancy
donor states is a property that is common to all d° oxides.

The d° oxides include many technologically important oxides,
such as TiO,, HfO,, V,0s, Zr0,, Ta,0s5, WO; and CrOs. The d°
oxides tend to be wide-band-gap materials, with valence-band
maxima composed primarily of O 2p states and conduction-
band minima composed mainly of metal d-states.'”] These
oxides contain fully oxidized transition metal cations, in which
the cation’s d-band is considered completely empty.

Several d° oxides (such as MoO;!"8 WO, TiO,, ZrO, and
V,05!%) have recently attracted considerable attention from the
organic electronics community, as these oxides can be used
as charge-injection buffer layers. Research in this field has
provided valuable insight into the electronic structure of d°
oxides and the role of defects in defining an oxide’s electronic
characteristics.[9-21]

The d° oxides have a tendency to form O-vacancy defects
that result in filling of the d-band and give rise to occupied
gap states.’? Measurements from ultraviolet photoemission
spectroscopy (UPS) and inverse photoemission spectroscopy
(IPES) show that these occupied states push the Fermi level
very close to the conduction band.[%181921] Consequently, these
oxides tend to be n-type semiconductors. Furthermore, their
low-lying conduction bands make them capable of accepting
electrons from the HOMO levels of many organic semicon-
ductors.®2324 Their electronic properties can also be tuned
by changing cation oxidation states. For example, by reducing
the metal cations, MoO3; and WO; can be made semi-metallic
due to filling of the d-band.*”! This improved conductivity can
be beneficial in organic devices; however, oxide reduction also
changes work function, which may affect energy-level align-
ment. Thus it is valuable to know how work function and oxida-
tion state are correlated.

The results in the present work show that small changes
in stoichiometry give rise to significant changes in work func-
tion. After presenting a model for describing dilute defects
we examine how MoO; behaves with high defect densities,
approaching the limit of complete reduction to MoO,. This situ-
ation is more complex because the oxide’s lattice and electronic
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il 7L o [ oxides in vacuum). Photoemission spectra of
g the metals and oxides are available in Sup-
6} -] 6} A 6} porting Information. It is apparent from
Figure 2 that there is a considerable scatter
56 A ocuo | 5f OMoO, 5@ in oxide work function values. The scatter
al ACu,0 435 AMOO, | 4] ONiO is caused by several factors. For oxide thin
oCu oMo ONi films, work function depends on oxide thick-
3 A L 3 . . . 3 . . ness, as a result of defects near the metal/
0 1 2 3 0 2 4 6 80 1 2 3 metal-oxide interface. After a certain thick-
% 7r e 7t 7 5] ness, work function plateaus at a maximum
= 6 5 6 o value. Thus, oxide films must be sufficiently

ST I thick to obtain reproducible values.
§ 5l X 5L 8 Scatter also results from the measure of
S OV.0, g OTiO, oOWO oxidation state. The oxidation state values
t AVO, | 4L ATIO | 4} oW ¢ that were used to plot Figure 2 are nominal
S oV ? OTi average oxidation states. The nominal oxi-
= 3 5 4 6 30 5 ] 5 30 4 6 g dation states were based on the core-level
binding energies from the principle XPS
/ 6 / 7 0Co,0, 8 peaks of the metal cations in each oxide (see
6 6 6L ACoO 8 Supporting Information). Thus, in deter-
oCo mining oxidation state, we did not account
5 2 ocro. | 8 e 5 for slight deviations from stoichiometry.
ACr Oa 0Ta0 A Small concentrations of lower-oxidation-state
2o | 4 25 | 4 cations may be present below the detection
A . . <>Cl)r 3 . <>lTa 3 . . limit of XPS, and give rise to scatter in the

0 2 4 6 80 2 4 6 0 1 2 3  work function values.

Average Cation Oxidation State

Figure 2. Plots of work function versus nominal average oxidation state of metal atoms in
several transition metals and transition metal oxides. The oxides were grown as thin films via
in situ oxidation. XPS and UPS spectra of each metal and metal oxide are available in Sup-

porting Information.

structure completely change upon reduction. However, the
same underlying trend is observed, where low-electronegativity
cations results in a work function decrease.

We finish by demonstrating how these findings affect an
oxide’s work function near-by a metal interface. Oxygen vacancy
defects that commonly form at metal/metal-oxide interfaces
give rise to reduced metal cations near the interface, and result
in a work function that is lower than that of a bulk stoichio-
metric oxide. These findings have implications for oxides used
as injection barriers in organic electronic devices and as catalyst
nano-particles in contact with metals.

2. Results and Discussion
2.1. Work Functions of Transition Metal Oxides

Plots of work function versus cation oxidation state for several
transition metals and transition metal oxides are shown in
Figure 2. These plots demonstrate that a general trend exists
between transition metal cation oxidation state and work
function.

The values used for Figure 2 are from photoemission meas-
urements of thin polycrystalline oxide films, grown by in situ
metal oxidation (low-oxidation state forms made by annealing
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Regardless of the scatter in Figure 2, a
general trend is still apparent: lower cation
oxidation states generally have the effect of
decreasing an oxide’s work function. This
trend is intriguing when one considers how
oxidation state is intimately related to several
other factors that affect electronic structure,
such as oxide crystal structure and stoichiometry. One cannot
independently change cation oxidation state without changing
several other properties. Therefore it is somewhat surprising
that lowering oxidation states leads to this general trend.

The fact that this trend is observed for materials with such
diverse properties implies that some common effect underlies
this behavior. We propose that, even though crystal structure
and electron band filling do affect the Fermi level position,
cation oxidation state has a dominating influence on the elec-
tron chemical potential of an oxide. The origin of this effect is
caused by cation electronegativity.

2.2. Electronegativity and Fermi Level

Electronegativity is a concept that was originally proposed
by Pauling in 1932. It has since proven to be very useful for
explaining and predicting many chemical properties. For
example, it can explain charge distribution in chemical
bonds,?®! Lewis acidity,””] dielectric properties of atoms,?®!
heats of formation,!?®! polarizabilities of semiconductors?”! and
even mechanical properties of materials such as hardness and
bulk modulus.B3%

Here we will discuss why an oxide’s Fermi level depends
on cation electronegativity. It has been known for many years
that a linear relationship exists between the work functions
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Fermi level of binary compounds to the elec-
tronegativities of the constituent elements by

E E Cation Compound Anion . L .
- “—; —_ T E.. calculating group electronegativities using
L N ——— ]"? S the postulate of geometric mean (i.e., xa3 =
| —— EA — (xaxs)t?).32 Accordingly, the Fermi level for
X X — ;
IE { Conduction - the binary compound A,,B,, where A and B
'E\\ l; 2 Conduction — represent elements and m and n represent
_____________ E. M™M= ===~ stoichiometric coefficients, can be written as
L__ - follows:
T TET
. . 1/(m+n)
—————— x0°  Er = (xix5) (2)

Valence
Band

Figure 3. lllustrations of relationships between electronegativity (), ionization energy (IE),
electron affinity (EA) and Fermi level (Ef). Schematic energy-level diagrams of a) an isolated
atom, b) a condensed solid semiconductor, and c) a binary oxide (Adapted with permission
from ref. [39]. Copyright 2004, Elsevier.). The electronegativity of an isolated metal cation is

labeled yM™* and an isolated oxygen anion labeled yO?%".

of metals and their electronegativities (known as the Gordy-
Thomas relation).! It was later realized that the work func-
tions of semiconductors and binary compounds are also related
to electronegativity values.323% It is understandable why work
function and electronegativity should be related. Work function
represents the minimum energy needed to remove an electron
of a solid, while electronegativity represents the attraction of a
valence electron to an ion core.33°]

Mulliken's concept of electronegativity is probably the most
convenient way of viewing electronegativity. Mulliken noted
that electronegativity should be proportional to the average of
an atom's first ionization energy and its electron affinity.(¢!

Where x is the Mulliken electronegativity, IE is ionization
energy and EA is electron affinity. Mulliken's concept of elec-
tronegativity is illustrated in Figure 3a. In 1978, Parr et al used
density functional theorem to confirmed Mulliken's concept of
electronegativity, and showed that electronegativity is equivalent
to the negative of electron chemical potential (i.e., the derivative
of energy with respect to number of electrons).”]

The electronegativity concept can also apply to solids. In a
solid, atomic energy levels form bands. The top of the valence
band is the ionization energy and the bottom of the conduction
band is the electron affinity. From Mulliken's definition, elec-
tronegativity is equivalent to the mid-gap position, as shown
in Figure 3b. In an un-doped semiconductor, the mid-gap is
equivalent to the Fermi level when hole and electron effective
masses are equal. When hole and electron effective masses
are not equal, the deviation from mid-gap is small, even if hole
and electron effective masses differ by several orders of magni-
tude.*® Thus, Mulliken electronegativity is a good approxima-
tion of the Fermi level for undoped semiconductors.

The electronegativity concept is not restricted to pure ele-
ments; it also applies to compounds. In a compound, electron-
egativities of the constituent elements equilibrate.?! This gives
rise to group electronegativity. In 1974, Nethercott related the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

This concept is depicted in Figure 3c.
Recently, Campet et al. applied the group
electronegativity concept to metal oxides,
but noted that the electronegativies of metal
cations and oxygen anions depend on the
oxidation states of the respective ions.%40
In general, an atom’s electronegativity is not
constant. It depends on the atom’s valence
state.*!] Electronegativity is proportional to
effective nuclear charge.®* As oxidation state
increases, so too does effective nuclear charge. Consequently,
electronegativity tends to increase with oxidation state, although
coordination environment also affects electronegativity.*!! Thus,
in an oxide one would expect that group electronegativity, and
therefore work function, should decrease with cation oxidation
state.

2.3. Electronegativies and Work Functions
of Transition-Metal Oxides

We have calculated the group electronegativity values of var-
ious transition-metal oxides and compared with experimental
values of Fermi level. The comparison is plotted in Figure 4.
Group electronegativity yields the mid-gap position. However,
work function does not always represent the mid-gap position
because in many cases oxides are p- or n-type due to intrinsic
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Figure 4. The calculated mid-gap positions (using ionic electronegativi-
ties) versus the experimental mid-gap positions (determined from UPS
measurements and literature bandgaps) for several transition-metal
oxides. The dashed line shows the linear regression.
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Figure 5. a) Energy-level schematic of O-deficient MoQ3, with the Fermi level (Ef), O 2p band, Mo 4d band, and defect band indicated. b-d) UV
photoemission spectra of MoO; as oxygen vacancies are introduced: b) secondary-electron cut-off, c) valence band, and d) expanded view of the
shallow valence features. The gap state resulting from the oxygen vacancy defects is labeled d. €) Mo 3d XPS spectra of MoOj; as the oxygen vacancy
concentration is increased (from top to bottom). The peak components from Mo®" and Mo®" are indicated.

defects. In order to determine the mid-gap position of these
oxides, we used the valence band maximum position from UPS
measurements and added half of the electronic bandgap, using
literature reports of bandgap. The plot yields a reasonably linear
correlation. The linear regression shown in Figure 4 has an R?
0f 0.91 and follows the relation y = 0.925x + 2.83.

The cation electronegativity values were taken from Matar
et al.,l* which are related to the ionic electronegativity concepts
proposed by Zhang!*?l and Xue.** The oxygen anion electron-
egativity depends on the electronegativity of the coordinated
cations.l The oxygen anion electronegativities that were used
to calculate group electronegativity in Figure 4 are based on
Campet’'s method.?”! Electronegativity values were converted
to electronvolt units using equations from Matar et al.l*%l All
electronegativity values are tabulate in the supplementary
information.

We used nominal stoichiometry values for calculating the
oxides’ group electronegativities. Stoichiometry was determined
from the core-level photoemission spectroscopy, where cation
oxidation state was determined from the chemical shift of high-
resolution spectra of metal cation emission peaks and these
values were corroborated with peak area ratios from the O 1s
spectra. Compositions were also confirmed by comparison of
valence band spectra with literature reference spectrall®21:44-4
(see Supporting Information).

The experimental mid-gap positions represent the mid-gap
relative to the local vacuum level of the oxide. The experimental
mid-gaps were determined using the ionization energy of the
oxides’ valence band maxima by adding the binding energy
of the valence band edge (Eygy) to the measured work func-
tion, then adding half of the electronic bandgap. Electronic
bandgaps were taken from literature values of UPS and IPES
measurements (TiO,,* V,05,*] NiO, Cu,0, CuO Cr,0s,*0!
CrO3,1¥7] Co0, C0304,*8 M00O;,2! Ta,04*1 and WO3).1*) Note
that the accuracy of these bandgap measurements may vary,
as they involve IPES, which only has a resolution of =0.5 eV
and also can cause damage to the oxides during the prolonged
electron exposure required for the measurements. The
valence-band maxima positions are generally rather accurate
(0.1 €V).

Adv. Funct. Mater. 2012, 22, 4557-4568
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2.4. Dilute Defects in d° Oxides

By examining how an oxide’s work function changes when
defects are introduced in dilute concentrations we can examine
how low-oxidation-state cations affect an oxide’s work function
while causing minimal changes to the oxide’s crystal struc-
ture. We can then model the observed trend using the concept
of electronegativity and Nethercott’s postulate of geometric
mean.

We demonstrate the effect of dilute O-vacancies using the
prototypical d° oxide, MoO;. MoOj3 has valence and core-level
photoemission spectra that are rather straight-forward to inter-
pret. The Mo 3d XPS peaks for MoOj; are symmetric and Gaus-
sian-Lorenztian shaped. Lower oxidation-state forms of Mo
have significant chemical shifts and tend to be slightly asym-
metric.?°% The UPS spectrum of MoOs (Figure 5) consists
of a distinct O 2p band, centered at =3.5 eV (binding energy).
The presence of Mo cations causes filling of the Mo 4d band,
which gives rise to a distinct peak centered at =1eV (binding
energy).

Defects were introduced using noble gas ion sputtering
(see experimental section). Figure 5b—d shows how the sec-
ondary electron cut-off (used for determining work function)
and the UPS valence-band spectra and of MoO; change as
the O-vacancy concentration increases. The MoO; work func-
tion starts off at =6.9 eV for nearly stoichiometric MoO; and
it decreases as O-vacancy concentration increases. Meanwhile,
the O 2p valence band shifts to higher binding energy and a
new occupied state appears within MoOs’s bandgap, labeled d
in Figure 5. This gap state arises because, when an O%" ion is
removed, Mo® must be reduced to Mo>* in order for charge
neutrality to be maintained. As a result, MoOs’s previously
empty 4d band becomes partially occupied with electrons,!!
giving rise to the defect feature seen in the valence spectra. The
gap state gradually increases in size as the vacancy concentra-
tion increases.

Mo’* species are also evident in the core level spectra, as
shown in the Mo 3d XPS spectra in Figure Se. The main Mo
3d peak (at 232.50 eV) is from Mo®" species. As the O-vacancy
concentration increases, a shoulder from Mo>" appears at
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Figure 6. a) Plot of work function versus oxygen deficiency, x. The red circles are experimental measurements and the dashed blue curve is the pre-
dicted trend from Equation (13). The terms in the equation are: the measured work function of an O-deficient oxide, @; the work function of a reference
stoichiometric oxide, ¢; the change in work function caused by low electronegativity cations, Ag,; and the change in work function caused by donor
states, A@y. b) Plot of the electronegativity contribution and c) the donor state contribution to the work function versus O-deficiency trend.

=231.5 eV and the Mo®" peak shifts towards higher binding
energy (0.15 eV). We have used the Mo 3d and O 1s peak areas
to determine the O-vacancy concentrations. Note that even near-
stoichiometric MoO3 contains some O-vacancies, simply due to
the thermodynamic equilibrium concentration of vacancies at
ambient temperatures; however, the O-vacancy concentration
of near-stoichiometric MoOj is too small to be accurately deter-
mined by XPS.

Figure 6a shows a plot of work function versus O-deficiency
as determined from the UPS spectra in Figure 5. The trend
shows an initial rapid decrease in work function, followed by
a more gradual and almost linear decrease. In next section we
derive a model to explain this behavior. The dashed line shown
in Figure 6a is based on the model (see Equation (13)).

The model stipulates that the work function decrease that
accompanies O-deficiency is a result the formation of lower
electronegativity cations, and an increase in the density of occu-
pied states close to the Fermi level. It could be argued that the
observed work function changes are a result of surface dipole
changes. However, changes to the surface dipole would result
in work function changes only; surface dipole would not affect
the oxide’s core or valence binding energies (discussed further
in the Supporting Information). As shown in Figure 5c¢, the
work function change is accompanied by a shift in the O 2p
binding energy.

Similar experiments were performed on two other d° oxides
(TiO, and WO3) and discussed in the Supporting Information.
The behavior is similar in both cases, where cation reduction
is accompanied by an initial rapid work function decrease, fol-
lowed by a sustained decrease. In the case of TiO,, we used a
thin TiO, film such that both the oxide peak (Ti*") and under-
lying metal peak (Ti% could be observed simultaneously. In this
case we find that the Ti** peaks shift with work function, while
the Ti® peak remains constant. This observation implies a shift

wileyonlinelibrary.com
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in the Fermi level of the oxide rather than a change in the sur-
face dipole.

2.5. Work Function, Cation Electronegativity and Donor States

From the relationship between ¢ and O-deficiency (x in MoO;_,)
shown in Figure 6a, we propose that that there are two main
factors contributing to the change in MoO;’s work function: 1)
increased concentration of cations with low electronegativity
and 2) increased concentration of donor states. This yields the
following expression for work function:

¢ = o+ Ady + Ay 3)

where ¢ is the measured work function, ¢y is the work function
of the stoichiometric oxide, A¢y is the change in work function
caused by an increase in the concentration of low electronega-
tivity cations, and A¢, is the change in work function cause by
increase in density of donor states. The term A¢, accounts for
the gradual linear decline in work function and the term Ag,
accounts for the initial rapid decrease in work function with
O-deficiency.

In order to derive expressions that relate A¢, and A¢; to the
degree of non-stoichiometry, we start by writing the O-vacancy
formation reaction using Kréger-Vink notation:

x o e .

OO+2MM_) Vo +2MM+EOZ(g) (4)
where Oy represents an oxygen ion on its regular lattice site,
M*\, represents a metal ion on its regular lattice site and with
the charge it would have in the stoichiometric lattice, vo6 repre-
sents a doubly positive charged oxygen vacancy, and M/, repre-
sents a metal cation on its regular lattice site, but with an extra
electron relative to what it would have in the stoichiometric

Adv. Funct. Mater. 2012, 22, 4557-4568



M \ll'/‘"§

www.MaterialsViews.com

oxide. In the case of MoO;, we can rewrite this reaction as
follows:

0f + 2Mo*" — vy + 2Mo" (5)

For MoOj;_,, where x represents the degree of oxygen defi-
ciency, we have the equality [Mo®*] = 2x. From this expression,
we see that each O-vacancy gives rise to two Mo®* cations, and
the disappearance of two Mo® cations

1
+ 502

2.5.1. Electronegativity

As Mo’ has a lower electronegativity than Mo®, the work
function of O-deficient MoO; will decrease with increasing
Mo°" concentration. Using Nethercott’s postulate of geometric
meanB? to write the group electronegativity of MoO;_,, we
can write an expression for the Fermi level dependence on
non-stoichiometry (x). This yields the following equation for
the Fermi level of MoOs;_,:

3oy 1/(4—2)
") (©)
where Xmot+, Xmos+ and xpx- are the electronegativities of
Mo®, Mo>* and O%7, respectively. This equation gives a linear
relation between Ep and O-vacancy concentration, as shown in
Figure 6b.

Er = (Otmos+)' ™ (Xaos+)™ (X0

2.5.2. Donor States

While the linear contribution of Figure 6a can be accounted
for using electronegativity arguments, the work function
versus O-deficiency trend also exhibits an initial rapid decrease
in work function. This rapid initial work-function decrease
was also seen for TiO, and WO; (see Supporting Information).
We propose that the initial decrease is caused by an increase
in donor-state concentration with increasing O-vacancy
concentration.

In the UPS valence-band spectra, one can see that O-vacan-
cies in MoOj; give rise to donor states near the Fermi level.
Donor states close to the conduction band will ionize, increasing
the density of carriers in the conduction band, and give rise to
an upward Fermi-level shift,1® as illustrated in Figure 7. Donor
states from O-vacancy defects are also present in the near-
stoichiometric oxide; however, they are present at a concen-
tration that is below the detection limit of UPS (we estimate,
using a O-vacancy formation energy of =0.55 eV,2%3 that x in
near-stoichiometric MoOj_, is =5 x 1077).

The small number of defects in near-stoichiometric MoOj is
sufficient to push the Fermi level close to the conduction band.
However, based on experimental values of valence and conduc-
tion band positions,’>?1%3 as well as calculations of Fermi level
position (shown below), the Fermi level of near-stoichiometric
MoOj; should not yet be pinned to the conduction band.

The reported electronic bandgap of MoOj is between 3.0 and
3.2 eV (based on UPS and IPES).>2L23 Therefore, from our
UPS spectrum of near-stoichiometric MoOj3, where the valence
band maximum (VBM) is 9.5 eV below the vacuum level, the
conduction band would be between 6.5 eV and 6.3 eV below the
vacuum level. With a work function of 6.89 eV, the Fermi level
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Figure 7. Schematic energy-level diagrams of a stoichiometric d® oxide
(left) and an O-deficient d° oxide (right), illustrating how ionized donor
states shift the Fermi level (Ef) closer to the conduction vacuum level
(E,ae), resulting in a decrease in work function (). E¢, and E¢ are the
Fermi levels of the stoichiometric and defective oxides. E, and E, are
the conduction band minimum and valence band maximum energies,
respectively.

Donor
states

of near-stoichiometric MoO3; would be =0.39-0.59 eV below the
conduction band minimum (CBM). An accurate representation
of MoOj3’s band positions based on UPS and IPES is provided
in the Supporting Information.

In the following discussion, we argue that near-stoichio-
metric MoO; having a very high work function (=6.89 eV), has
a defect density such that a slight increase in defect density
results in a steep decrease in work function. We start by writing
an equation that relates the electron density in the conduction
band to the position of the Fermi level (relative to the conduc-

tion band):**!
ne
N (7)

where Ey is the Fermi energy, E, is the energy of the conduction
band minimum, n° is the concentration of electrons in the con-
duction band, N, is the effective density of states of the conduc-
tion band minimum, k is the Boltzmann constant and T is the
absolute temperature.

The concentration of free carriers in the conduction band
would be the sum of contributions from the VBM (the O 2p
band) and the defect band. The free carrier concentrations can
be calculated using the following equation.®!

Er — E; =—kT1n<

E

where N, is the effective density of states of the valence level,
N, is the effective density of states of the conduction band, E,
is the bandgap. By combining Equation (8) and (9) we arrive at
the following equation for Fermi level position relative to the
conduction band:
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where N, is the effective density of states of the O 2p band, N,
is the effective density of states of the defect band, E,® is the
energy gap between the O 2p band and the conduction band
(ca. 3-3.2 eV), and E,@ is the gap between the defect band and
the conduction band (ca. 0.8 eV).

The density of donor states, N, will be proportional to the
density of Mo>* cations, so we will substitute [Mo>*] for Ny in
Equation (9). A plot of work function versus non-stoichiometry
(xin MoO;_,) from Equation (9) is shown in Figure 6¢c. We have
used E, = 6.3 eV, E,¥ =3.2 eV and E/) = 0.8 eV.

In order to estimate where near-stoichiometric MoO;
should be on this curve, we need estimate the Mo’ concen-
tration in near-stoichiometric MoOj3. Using the defect reaction
shown in Equation (5), we can write the following equilibrium
constant:

_ [v3] [M°5+]2 112
S osl o T "

In the case of dilute defects, the denominator of the above
equation will be approximately unity. Furthermore, we can use
the relation [Mo>*] = 2[v0] to obtain the following equation for
Mo®* concentration:

—AH, -
[Mo™] = 2" exp [ T O] ro," (11)
where AH, is the enthalpy of formation for oxygen vacan-
cies, and Po, is the oxygen partial pressure. One can estimate
AH, o, using the approximation proposed by Kofstad, which
uses sublimation and formation enthalpies.’? From this
approximation, we get a value for AH,, of =0.55 eV, and an
Mo’* atomic concentration of 1 x 107* (or x = 5 x 107). For this
calculation we used T = 850 K (the MoO; deposition tempera-
ture). Note that we have used Po, =1 in this estimate, as the
equilibrium with background oxygen in the vacuum chamber
is expected to be slow relative to our preparation and measure-
ment time.

According to these calculations, the increase in donor-state
density can account for an initial rapid drop in work function
of ca. 0.15 eV. This is consistent with the experimental valence
band and conduction band positions, within experimental
error. The near-stoichiometric oxide is on the steep region of
the logarithmic relationship shown in Figure 6¢. Thus, for near-
stoichiometric oxides, the work function decreases very rapidly.
Once the defect states are within the detection limit of UPS
(i-e., at x = 0.01) the work function is already on the shallow-
slope region of the logarithmic curve in Figure 6¢ and Fermi
level becomes insensitive to donor-state concentration.

In order to obtain a complete equation relating MoOs3 work
function to non-stoichiometry we can make one further approx-
imation. The conduction band is much further from the O 2p
band than it is from the defect band. Thus the carriers contrib-
uted from the O 2p band will be several orders of magnitude
less than those contributed from the defect band. Thus we can
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neglect the carriers from the O 2p band to arrive at an equation
relating Ag with [Mo>*]:

1 [Mo”]m

where [Mo**]@ is the concentration of Mo’ in the defective
oxide and [Mo>*]¥) is the Mo®* concentration in the near-stoichi-
ometric oxide. Note that the terms N and E, from Equation (8)
have cancelled each other out to get Equation (10). We have also
made the assumption that the donor-state energy, valence band
energy, and conduction band energy remain constant as [Mo>*]
increases. This assumption does not hold at high O-vacancy
concentrations.

We can now write a complete equation that relates work
function to oxygen deficiency by using Equation (6), (11), and
(3), and by changing [Mo®>*] to O-deficiency (x).

0 = 00 [(Ctas ) s P (o))" ]
kTIn (2 (13)
+[—EkT1n <%>]

where ¢ is the work function of the O-deficient oxide,
@ is the work function of the reference near-stoichiometric
oxide, x is the O-deficiency of the defective oxide, x, is the
O-deficiency of the reference oxide and Ax = x—x,. Equation
(14) is shown in Figure 6a as the dashed blue line. We used
ionic electronegativity values from Campet et al.’% and
converted to units of eV. Electronegativity values of 6.4 eV
for Mo®", 5.4 eV for Mo®*, and 11.3 eV for 0% were used.
The non-stoichiometry of the near-stoichiometric oxide was
calculated to be x, =5 x 1077, using an O-vacancy formation
energy of 0.55 eV and a T, of 850 K (the MoOj; deposition
temperature).

The range for which the dilute-defects model applies depends
on the details of the oxide. Defects interact with one another,
and cluster together and form line defects or shear planes that
can eliminate some of the oxygen vacancies.’ For example,
MoO; forms Magnéli phases via shear planes.”>! Consequently,
it is not trivial to determine the O-vacancy and Mo** concentra-
tion from the Mo:O ratio.

Furthermore, as oxygen is continually removed additional
oxidation states form and new phases become stable. The sta-
bility ranges for oxides differ from one to another. The equa-
tions presented that relate O-vacancy concentration and work
function apply when reduction gives rise to only one new oxi-
dation state (i.e., Mo®" — Mo™*). To construct an equation that
relates non-stoichiometry to work function when additional oxi-
dation states begin to form, one must incorporate a relationship
between oxygen vacancy concentration and the concentrations
of other oxidation states.

2.6. Non-Dilute Oxygen Vacancies

At very high O-vacancy concentrations, an oxide can become
completely reduced to a new stable phase. The oxide’s crystal
structure and electronic structure completely change from what
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they were in the fully oxidized form. The relationship between
electron chemical potential and O-deficiency at high O-vacancy
concentrations becomes more complex.

In the cases of dilute O-vacancies, the donor state energy
stays constant as the O-vacancy concentration increases; how-
ever, in the cases of high O-vacancy concentrations, changes
to the oxide’s crystal structure result in different metal-oxygen
bond lengths and coordination symmetries. These structural
changes result in changes to the valence band positions. Fur-
thermore, the metal cations become reduced and thus become
occupied with additional electrons. The additional electrons fill
additional valence states, and result in new occupied valence
features.

Figure 8 shows photoemission spectra of MoO; as it is
reduced to MoO,. MoO; has orthorhombic crystal symmetry
and is a wide-bandgap semiconductor, while MoO, has mono-
clinic crystal symmetry and is a metallic oxide.

Fully oxidized MoOj; contains only Mo®" cations. O-vacancy
defects cause Mo®* to appeat, and after a certain vacancy con-
centration, Mo*" cations begin to form, as seen in Figure 8a.
One can consider the Mo®>* cations to have singly occupied
d-bands, and Mo*" cations to have doubly occupied d-bands.

(a) (b) ()

www.afm-journal.de

The valence spectra in Figure 8c show that the appearance of
Mo™* coincides with the appearance of the valence state labeled
d;. The appearance of Mo*" coincides with an additional valence
state labeled d,. As the O-vacancy concentration increases, these
valence features broaden and shift to lower binding energy.
These changes are likely the result of the different crystal struc-
ture and Mo-O bond lengths of the MoO,-like structure. Even-
tually the d, feature crosses the Fermi level, and thus the oxide
becomes metallic.

The changes to an oxide’s valence structure at high O-vacancy
concentrations complicate the considerations for calculating the
effects of donor states on work function. An accurate relation-
ship between O-deficiency and work function at high O-vacancy
concentrations is not expected to be simple, as one must incor-
porate a relationship between M-O bond length, coordination
geometry and O-deficiency in order to account for the changes
in donor state densities and binding energies. However, the rela-
tionship between work function and electronegativity remains
straight-forward, and is expected to follow a linear trend. The
lower electronegativity of the reduced cations still has the domi-
nating effect of decreasing the oxide’s work function, as seen in
Figure 8d.

2.7. Work Function and Defects Near

B vio°
B mo*
[T Mo
[ Tmo*

300°C

Normalized Intensity / Arb. Units

an Interface

In many applications that use oxides, oxides
take the form of thin films or nanoparticles
that are in contact with a metal. We have
observed that, for oxide thin films grown on
metal substrates, an oxide’s work function
depends on its thickness. In general, oxide
work function increases with distance from a
metal/metal-oxide interface. Here we demon-
strate this behavior using MoO; films grown

6 7
o (eV)

(d)

Binding Energy / eV

by oxidation of Mo. Photoemission spectra of
these films are shown in Figure 9. The XPS
spectra show that, as the film thickens, the
Mo®" signal increases, the Mo® peak dimin-

2 0

Normalized Intensity / Arb. Units

Work Function / eV

407

ishes and there is evidence of Mo®>* species
within the first few nanometers of the Mo/
MoOj interface.

The UPS spectra show further evidence of
reduced Mo. The valence spectra in Figure 9b,c
show that donor states are present at the Mo/
MoO; interface (labelled d; and d,). The d,
feature, which is associated with doubly occu-
pied Mo 4d states, is only present within the
first =1 nm of the interface. The d; feature,
which is associated with singly occupied Mo

'2;,5' '2|30" - 0 2
Binding Energy | eV

Figure 8. Photoemission spectra of an MoO; film as it is thermally reduced to MoO,: a) Mo
3d XPS spectra, with components from Mo®, Mo>*, Mo*", and Mo® indicated; b) secondary-
electron cut-off; ¢) UPS valence spectra; and d) plot of work function versus average Mo oxida-
tion state for MoOs. The labels d; and d, in (d) indicate gap states from filling of Mo 4d states.
The arrows in (c,d) indicate the direction of increasing temperature. The Fermi level is labeled

Erin (d). The dashed line in (d) is a guide to the eye.
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3 4d states persists for several nanometers from
the interface, and eventually diminishes. The
decrease in defect-state intensity is concur-
rent with an increase in work function.
Figure 9d shows a plot of work function
versus oxide thickness. This plot shows that
the work function can vary by =1 eV simply
by changing the oxide’s thickness. This
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Figure 9. Photoemission spectra of various MoOjs film thicknesses for a MoOj3 film grown by oxidation of Mo: a) Mo 3d spectra, b) UV photoemis-
sion valence spectra, and c) expanded view of the shallow valence features. The labels d; and d; indicate defect states. d) Plot of work function versus

MoO; film thickness.

observation can explain some of the variation in reported work
function values in the literature. The work function of MoOs
eventually reaches a plateau of =6.9 eV. This value is expected to
be the upper limit for MoOj3, as O-vacancy defects and atmos-
pheric adsorbates will decrease the work function.

We have observed similar behavior, that work function
increases with oxide thickness, for all the oxides examined in
this work. The work function values shown in Figure 2 are
measured from oxide films that are thick enough such that the
underlying metal signal cannot be detected with XPS (implying
film thicknesses of >10 nm in most cases).

For most transition metals that have multiple stable oxides,
the high-oxidation-state form is not thermodynamically stable
in contact with the parent metal. In such scenarios, low oxida-
tion-state oxides are expected to be present at the metal/metal-
oxide interface. For example, in the Mo-O phase diagram, one
will find that there is no region where MoO; and Mo are in
equilibrium together. Instead, MoO, and Mo equilibrate, and
as a result, MoOj; thin films grown on Mo have an interfacial
layer that is MoO,-like. This type of behaviour is expected for
many other metal/metal-oxide systems, such as Cu/Cu,0O/
CuO, Ti/TiO/TiO,, V/VO/V,0;/V,0s. Indeed there have been
previous reports of reduced metal cations at metal/metal-oxide
interfaces. We expect that these reduced cations also result in
work function lowering, and influence the oxide thicknesses
needed for certain applications.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In applications such as organic electronics, where oxide
layers need to be thin in order to minimize series resistance, the
decreased work function of an oxide near a metal/oxide interface
may forfeit the oxide’s favourable energy-level alignment with
organic semiconductors. In this case, it may be necessary to make
a thicker oxide film or change to a different oxide altogether.

3. Conclusion

We have shown that transition metal oxide work functions are
correlated to average cation oxidation state. As cation oxida-
tion state is also related to point defect concentrations—such
as oxygen vacancy concentrations—transition metal oxide work
functions can be altered by small deviations from stoichiom-
etry. We have found that work functions tend to decrease with
decreasing cation oxidation state. Consequently, removal of
oxygen results in a decrease in work function. We attributed
this behavior to two main contributions: 1) the lower electron-
egativity of lower-oxidation-state cations and 2) the increase
in valence donor states with decreasing cation oxidation state.
Using these concepts, we have presented a model that describes
the relationship between work function and oxygen vacancy con-
centration for d° oxides in the dilute limit. In the case of high
O-vacancy concentrations, where the oxide approaches complete
reduction, we have discussed why changes to the oxide’s crystal
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structure cause the valence state contribution to work function
to complex, yet the cation electronegativity contribution still has
a dominant effect on an oxide’s work function.

These findings have implications to oxide thin films used in
devices and oxide nanoparticles in contact with metals.

4. 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.

The MoO; films used for the dilute defects experiments were grown
by vacuum sublimation of 99.99% pure MoO; powder from a 10 cc
cone-shaped alumina crucible and placed in a Knudsen cell. MoO; was
evaporated at a temperature of 550 °C to obtain a deposition rate of
=0.3 A/s at the sample surface, as monitored by an oscillating quartz
thickness monitor. Substrates were =1 cm X 1 cm Si wafers coated with
200 nm of Mo metal. The MoO; 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 10~ torr.

The oxide films used for the work function measurements (shown
in Figure 2) were prepared by metal oxidation. Metal films were initially
coated onto polished, degenerately-doped p-type Si wafers by magnetron
sputter deposition from 99.99% pure metal targets. The metal films were
=200 nm thick. All metal films were sputter cleaned in the XPS chamber
to remove atmospheric contamination and the native oxide films prior
to oxidation. The sputter-cleaned metal films were then moved (without
exposure to air) to an attached oxidation chamber, having a base pressure
of =5 x 107 torr. The oxidation chamber was back-filled with =760 torr
of high-purity O, and oxidized for 3-5 hours. During oxidation, samples
were heated up to ~ 300 °C using a 600 W halogen light bulb, positioned
~2 cm away from the sample surface. Ultraviolet light was shone through
a quartz window during oxidation to increase the oxidizing power of the
gas by generating O;. This allowed more rapid oxide growth and high-
oxidation-state oxides to be obtained. This procedure provided carbon-
free and hydroxide-free oxide thin films between 5 nm and 15 nm thick
(depending on the metal’s oxidation rate).

Reduced oxides were prepared by vacuum annealing the oxidized
metals. The pressure during annealing ranged from =5 x 10~ to 1 x
1078 torr. The samples were heated using a 600 W halogen light bulb.
Temperatures ranged from 100 °C to 400 °C depending on the oxide.
Oxides were annealed for 6-12 h.

Oxygen vacancy defects were induced by Xe* ion bombardment using
a Physical Electronics 04-303 lon Gun, using a Physical Electronics
11-065 controller. The ion beam was set to a 1 mm diameter spot
size and raster area of 8 mm X 8 mm. For MoO; and TiO,, a beam
voltage of 0.5 kV was used. The ion current at the sample was =0.5 pA.
Samples were sputtered in 5 s intervals. Due to the faster sputter rate
of 07", differential sputtering occurs and results in a gradual increase in
O-vacancy concentration.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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