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Amorphous films of MoOyx have both structural disorder and also chemical disor-
der for x<3. We have shown that this disorder can introduce localised states in thin
films and have shown that the existence of localised states can be deduced from
the XPS data that identifies the relevant occupations of different ionisation states
of the Mo ions. This effect, which depends on both the oxygen concentration and
the method of fabrication, is more important than electron-electron interactions in
producing the observed localisation. We have also shown that magneto-optical dichro-
ism is also a powerful technique to determine the energy distribution of localised
and delocalised states. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5027399

I. INTRODUCTION

Transition metal oxides MoO3, WO3 V,05 and TiO; have become the subject of great interest
recently because of their use for charge injection and hole extraction in organic photovoltaic (OPV)
and light-emitting diode (OLED) devices. They have a high transparency for visible light, reasonable
carrier mobility, deep lying electronic states and high work functions which give them good overlap
with occupied levels of the organic molecules.'?> By chemically tuning the work functions to match
the energy of the charge transport state, it is possible to minimize losses that can occur at this
interface.’>>> Amorphous molybdenum oxide MoOj is one of the most promising metal oxides for
these applications and has been used extensively throughout the field both in OLEDs and OPV's 36810
It has been shown to give injection of holes without a barrier in OLEDs,’ and led to OPV devices
with 7.9% efficiency.!! MoOy has also been found to be very suitable for use as a hole injector in
inorganic devices.'?

The increased interest in amorphous MoOy makes it important to investigate the distribution
of the localised and extended states in the vicinity of the Fermi energy, both experimentally and
theoretically. This increased interest in the distribution of the energy of the occupied and empty
levels of MoOx has led us to study these states in more detail using a theoretical analysis of the
distribution of the molybdenum oxidation states and also magnetic circular dichroism MCD, which
is very sensitive to the existence of localised states, to complement the existing surface science
literature.

Bulk MoOj is a semiconductor with a band gap of 3eV.* It contains Mo®" which has an empty
d shell. The valance and conduction bands are predominantly composed of oxygen p states and Mo
d states respectively.!® The density functional theory gives a good description of the bulk material
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however correlation effects which are treated by adding a Hubbard U are necessary in order to get
a good understanding of the localised surface states.'> The other bulk oxide, MoO,, is a metal that
crystalizes in a monoclinic structure with four MoO; formula units per unit cell. The band structure
calculations show that there are two low lying orbitals in the conduction band that correspond to the
Goodenough f bands of the d—orbits.'* The Fermi level lies in the band of d states corresponding
to an average occupation of two d electrons per molybdenum giving an average configuration of d?
for the Mo** ions.!?

In amorphous films of MoOy where x<3 there are three energies that determine the ratios of
the occupancies of the different ionisation states of the Mo ions. These are the interionic transfer
between Mo ions that gives rise to the d electron band width W — this would give rise to extended
states. There are two effects that tend to give deviations from simple band theory and in some cases
localise the electrons: one is the spread of local energies, A, that occur due to the structural disorder
and the lack of oxygen stoichiometry in the amorphous film and the other is the repulsion between
electrons at the same Mo ion, the Hubbard U.'®!” If the structural disorder is important the Mo ions
in particularly favourable or unfavourable positions will have unusually low or high oxidation as
the electrons will cluster on the most favourable sites; whereas the electron—electron repulsion will
favour the configurations with low site occupancy.

In this work we bring together x-ray photo-electron spectroscopy, XPS, and magnetic circular
dichroism, MCD, measurements with a first principles statistical treatment of the occupancy of
Mo atomic energy levels in order to elucidate the nature of the electronic structure of differently
fabricated MoOx films.'® We find remarkable agreement with a model based on non-interacting band
electrons, valid for extended states, for certain films but large disagreements for others, indicating that
substantial numbers of localised states exist in some films. In the latter case, a small polaron method
becomes appropriate for an understanding of the transport and the optical properties.'® Support for
this comes from optical absorption and magnetic circular dichroism measurements which is crucial
for determining if the electrons at the Fermi level are in localised states.

The fabrication of our samples and the experimental techniques for measuring the distribution
of the ionisation states of the Mo ions and MCD are described in section II and in section III we
describe our understanding of the electronic states of MoOs, MoO, and amorphous MoQOy. These
can be understood in terms of band theory for the stoichiometric compounds and for amorphous
MoOy in terms of a disordered dominated regime in which a small polaron description is more
appropriate.!”> We discuss the possible types of density of states that would be expected for a film
with a mixture of occupied localised and extended states and relate this to the observed optical
properties in section IV. We find that the optical loss was dominated by the scattering but that the
MCD allowed us to determine whether a film had localised or extended states at the Fermi level. The
conclusions are given in Section V.

Il. EXPERIMENTAL METHODS
A. Deposition of amorphous molybdenum oxide films

The MoOy films studied here were deposited via reactive magnetron sputtering from a molyb-
denum metal target using a blend of argon (99.998%) and oxygen (99.9995%) on either sapphire
(for MCD experiments) or Si <100> (for XPS measurements) substrates. Prior to film deposition
substrates were cleaned in an ultrasonic bath with hot de-ionized water followed by isopropanol and
then UV/ozone treatment to remove organic residue. For most XPS measurements film thickness was
15 nm to mirror thicknesses used as electrode layers in solar cells. For MCD larger signals are needed
and film thickness of ~50nm were used. The argon:oxygen (Ar/O) ratios are given in Table I. An
overall deposition pressure of 5x107? mbar was maintained and the power coupled into the plasma
was kept at a constant value of 200 W.

B. Measurement of the oxidation states of Mo

The state of ionisation of the Mo ions in the films was deduced from the measured XPS from
the 3d levels. It is known from other work on epitaxial thin films that amorphous MoOx will contain
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TABLE I. The comparison of the occupations of the different oxidation states of the Mo ions in MoOy determined by XPS
and deduced from band theory for bands s bands. Data for films that fit the statistical theory within 5% are shaded green, those
with moderate deviation were shaded pink and those with very large deviations are shaded orange.

Method. Thickness. Growth % of

conditions. Number of each Mo Py Py Py P3 Py Ps Pg
Film  bands in model, s. [Source]. X n ion from:  Mo% Mo™* Mo** Mo’* Mo* Mo" Mo
1 Sputtering. 15 nm. Ar: Oy 2.87 0.26 Expt 74 25 1 0 0 0 0

ratio = 80:20 s= 2 [Griffin?’] Band 75 3 ) - i _ _
2 Sputtering. 15 nm. Ar: Oy 241 1.2  Expt 26 40 25 10 0 0 0

ratio = 85:15. § = 4. [Griffin>3] Theory 25 4l 2% 7 1 _ _
3 Deposited on V s = 2. 225 1.5  Expt 7 36 57 0 0 0 0

[Greiner] Theory 6 36 56 . - -
4 Sputtering. 15 nm. Ar: Oy 235 1.3  Expt 20 48 15 17 0 0 0

ratio = 85:15 s = 2 [Griffin?*] Theory 21 0 29 9 ) _ _
5 Evaporation. s =2. 27 0.7  Expt 50 30 20 0 0 0 0

[Vasilopoulou™] Theory 42 46 12 - - -
6 Sputtering. 15 nm. Ar:0, 221 158 Expt 26 IS 35 24 0 0 0

. _ . _ . 23

ratio = 90:10 s =4. [Griffin~’] Theory 13 - 34 15 2 ~ ~
7 Sputtering. 50 nm. Ar:0, 27 0.7  Expt 56 20 24 0 0 0 0

ratio = 87:13. s = 2. [This work]

Theory 42 [Eem 12 - - - -

8 Sputtering. 50 nm. Ar:0, 1.6 28  Expt 14 9 8 essm o o

ratio =17:3. s= 4. [This work] Theory 1 3 2% _ j j

a mixture of ionisation states with known doublet peak locations.!>?%>* However this procedure
of determining the state of ionisation from the XPS spectrum is controversial because if there is
substantial occupancy of free electron states then a doublet is seen due to there being both a screened
and an unscreened peak for a single value of the ionisation of the Mo ion.'* We believe that for values
of x in the range 2.3<x <3 the number of carriers is sufficiently small so that screening is ineffective
and for smaller values of x the substantial spatial disorder has rendered the screening from the Mo
4d electrons ineffective. Hence we are justified in assuming that each peak in the XPS spectrum
corresponds to a different ionisation state of the Mo ions.

Following deposition, samples were briefly (5 minutes) exposed to air while being transferred
to a Kratos ultra AXIS photoelectron spectrometer and XPS measurements were taken of the Mo3d
and Cls peaks using the Al k-a emission line at 1486.6 eV. The Mo 3d peak was fitted with doublet
peaks with a fixed spacing of 3.15 eV. Following Shirley background correction the intensities of
the doublets were fitted to the different oxidation states of Molybdenum, the first peak for the Mo®*,
Mo>*, Mo*, Mo>*, Mo?* and Mo!* are at 235.9 eV, 234.7 eV, 233.5 eV, 232.8 eV, 231.6 eV and
230.9 eV respectively. The results of the fitting of are given in Table I and example XPS fits for samples
are given in figure 1. We note that there is an error of ~5% in the estimation of the concentrations of
the ionisation states of the Mo ions.

C. Optical techniques

The absorption spectra of the films between 1.7 and 4.5 eV were taken by measuring the trans-
mission using chopped light from a xenon lamp and a monochromator with a photo-multiplier tube
detector. This was analysed in terms of the intensity lost in the film to give a loss coefficient, a;
this incorporates real absorption, scattering from the front and back surfaces and also from grain
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FIG. 1. Examples of fitted XPS spectra for thin films of MoOx where x = 2.41 (left plot) and x = 2.21 (right plot). The data is
are-analysis of samples described in reference 23. The contributions to the overall spectra from Mo ions of different oxidation
state are shown offset below the measured spectra.

boundaries in the film. MCD spectra were taken in the same energy range using a photoelastic
modulator.?>?% The measurements were taken at room temperature in an applied magnetic field of
1.8 T and we detect a signal from the occupied states that are spin polarised by this applied magnetic
field.”” The upper limit of the energy on our MCD plots was determined by the point where the
films begin to absorb strongly; at this point the total transmitted intensity is too low, and we can-
not record the MCD accurately. The data from the sapphire substrates was also recorded. Sapphire
is transparent and therefore has a very low MCD when measured in degrees/cm. However, as it is
so much thicker than the film, its contribution is very important and it is subtracted from all our
measurements.”’>8

lll. STATISTICAL MODEL AND COMPARISON WITH XPS DATA

As oxygen is removed from MoOs a defect band is formed below the conduction band.* This is
made up predominantly of the two #; Goodenough bands that are seen in the band structure of the
ordered compounds, MoO3 and MoO,.!*!% These bands are formed from localised Mo-O bonds so
have a small dispersion over most of the Brillouin zone. Localisation occurs when the fluctuations in
the local potential become comparable with the band width!'® and so amorphous films of MoO, are
particularly prone to having a localisation transition.

If the electrons are in band states then the occupation of the states is given by a statistical model.'®
This model assumes that electrons move independently in extended states that are occupied up to
the Fermi level. The model is valid if the band width is large compared with the variation in the
local potentials and the one-site electronic repulsion. In the statistical model the probability of local
occupancy of r non-interacting electrons on a given site, P“*_ is given by the binomial formula in
terms of the average occupancy, n, and the total number of available atomic states, s.

e i N (S M

In this work we investigate the validity of this model when electrons are in extended states in
amorphous MoOy. The local occupations of the Mo ions, P, ", are measured using XPS where
measurements indicating Mo%* correspond to r = 0, Mo>* correspond to r = 1, etc. so that the state
with 7 electrons is characterised by Mo%”. We consider the whether the observed distribution of
the occupation numbers of Mo ionic states correspond to those expected for a band containing s
delocalised electrons. The total number of occupied states, n, is given below;
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N
n= Z PP, )
r=1

The value of n depends on the method of fabrication, the thickness of the films as well as the amount
of oxygen used in the deposition as is clear from the results from the literature and the current study
shown in Table I. The oxygen content in MoO,, given by x, is related to the total number of electrons
in the Mo d states, n, by x = %(6 - n).

The values of P2 is calculated using the experimentally determined value of n, obtained using
equation (2) and the experimental values P; " and the smallest value of s consistent with the observed
occupations obtained by XPS. (Actually the values of P2“* are actually rather insensitive to the value
of s that was used as a larger value of s gives a very similar fit.)

In Table I data from our samples are compared with data from other films taken from the literature.
For each film we give the experimentally measured values of P;"" and the values of n and x deduced
using equation (2).

We did not include data for films with low occupation n < 0.2 because they only have a very
small probability of occupation of Mo** and if there is only occupation of two states, Mo>* and
would Mo** the results would be fitted by any theory. The agreement for the films 1-3 with the model
including bands with four or two fold degeneracy are really surprisingly good, bearing in mind that
the expected accuracy of the occupations found from XPS data is +5%. We can conclude that the
films of MoOxy 1,2,3 have substantially all the electrons in extended states.

By contrast if there are strong local attractive potentials at some Mo sites these can have a large
number of bound states so the values of occupation, P; ¥, will not be given by equation (1) but
will be substantially larger. Substantial deviations between the experimentally observed occupation
numbers and those predicted by band theory are seen for films 4-8, those with deviations between
6% and 19% are shaded pink and those with deviations greater than 19% are orange. We see that the
experimentally observed occupation of ions in the states with the highest number of d electrons are
larger than predicted by the statistical theory. Our observations also exclude the possibility that the
localisation is due to electron-electron repulsion because this interaction would tend to inhibit the
states with higher electron occupation which is the reverse of what is observed here. We conclude
that the occurrence of localised states are due to the random potentials. This is not surprising in view
of the fact that these films were both amorphous and non-stoichiometric.

Since deviations from the band model are caused by the random nature of the films, it is not
surprising that it depends on the non-stoichiometry but also the method of deposition. Films § and 7
have a small carrier density but appear to have some localised states. It is significant that film 5 was
grown by a different technique and that film 7 was very much thicker than films 1-6. The fact that
the film quality depends on thickness was seen for films on MoO, where x ~2.9.%

Note that while films 2 and 4 appear to have been deposited under the same conditions the films
have slightly different values of x and values of P;' " particularly for =2 and 3. In the regimes using
15 —20% partial pressure of oxygen in the sputtering the history of the target is critical in determining
the properties of the film.??

IV. USING OPTICAL PROPERTIES TO INVESTIGATE THE ELECTRONIC
STATES OF MoOy

A. Absorption: Theoretical considerations

We first consider the nature of the states in films with a substantial number of localised states
in the low energy portion of the band. There will be a definite energy separating the localised states,
€1, occurring in a low energy tail of the density of states and extended states that occur at higher
energies. The occupied states lie below the Fermi energy, €, so there are two possible scenarios
corresponding to situations where there are extended states at the Fermi level for which &7, < eF, and
where &7 > e so that the states at the Fermi level are localised. These are shown schematically in
Fig. 2.

The different optical transitions in which an electron is transferred from below to above the Fermi
level for the densities of states shown in figure 2 are: (i) from one localised state to another localised
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FIG. 2. Schematic density of states for the defect states showing the position of the Fermi level relative to the localisation
edge for film 7 where there is less disorder and the Fermi level lies above the localisation edge and film 8 where there is a
large amount of disorder and the Fermi level lies below the localisation edge.

state — this can only occur for films of the type of film 8 shown above; (ii) from a localised state to
an extended state and (iii) from one extended state to another extended state— this can only occur for
films of the type of film 7 shown above.

Transitions of type (i) require the proximity of two ions with localised states with one below
and one above the Fermi level so that polaron transitions of the type d'd> — d’d', an electron is
exchanged between two localised states, or d*d® — d'd*, where the final state contains differently
charged ions. These are all polaron transitions'® because the radius of a Mo ion depends on its charge
so the lattice is involved in the transition.

Transitions of type (ii) between a localised state at low energy to a higher energy extended
state can occur readily, these correspond to the ionisation of a localised defect and these intensities
will be strong because the localised states will have extended states, at a higher energy, in their
locality.

Transitions of type (iii) are between two extended states; this would be between two different
bands and conserve wavenumber with in a uniform system but here the condition on the wave number
is relaxed because of the disorder.

If the Fermi level occurs within the localised states then transitions are of type (i) for energies E
satisfying 0 < E < g1, — € and of both type (i) and type (ii) for E > 1 — £f. A different scheme occurs
if the Fermi level lies above the localised states in the region of extended states; for low energies all
the transitions are of type (iii) for 0 < E < &r — &, and of both type (ii) and (iii) for E > ¢ — &f.

We have made optical measurements on the two films with thicknesses ~50nm; films 7 and 8.
Both of these film may be identified as having some localised states because the occupation numbers
show significant deviations from those predictions by band theory as shown in Table I. The deviations
for film 8 are considerably larger than for films 7 and involve a higher number of electrons.

If the Fermi level occurs within the localised states then transitions are of type (i) for energies
E satisfying 0 < E < g1 — ¢ and of both type (i) and type (ii) for E > ¢; — eF. A different scheme
occurs if the Fermi level lies above the localised states in the region of extended states; for low
energies all the transitions are of type (iii) for 0 < E < &r — &1 and of both type (ii) and (iii) for
E > EF — &EL.

The loss coefficient, a, is shown in Figure 3(a): this includes both absorption and scattering. We
see that the value of a is small and almost independent of temperature for film 7 and but considerably
larger for film 8 where there is a much larger number of carriers 2.8 compared with 0.7 for film 7. The
absorption gets very strong above E=3.7eV and 3.9¢eV for films 8 and 7 respectively — this corresponds
to the region where the optical conductivity rises sharply in MoO,.3%3! Both the absorption and the
scattering are larger for the film 8 because it has a higher density of oxygen defects and a larger
number of carriers in gap states. From this data it is not possible to separate the effects of absorption
from scattering however this is done when we consider the MCD where scattering does not contribute
to the result.
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FIG. 3. (a) The loss coefficient, a, of films 7 and 8 (b) the MCD of the films as corrected for contributions from the substrate
and from the polar Kerr effects as explained in Ref. 28.

B. Magnetic circular dichroism (MCD) spectra

An applied magnetic field will split of all the electronic states in the material by energies of
the order of pgIBI. This results in an induced magnetisation due to the unequal populations of the
spin and orbital states in the partially occupied levels. The spin orbit coupling produces unequal
orbital polarisations as a result of this spin polarisation. The intensities of the absorption observed
along a direction parallel to the direction of the field will be polarised o, or o_ due to this unequal
orbital population which affects the oscillator strength for Am = +1 in electric dipole transitions.*”
Historically this type of MCD spectrum is known as ‘paramagnetic’ and the MCD spectrum follows
that of the absorption spectrum modulated by the strength of the Zeeman splittings and the spin orbit
interaction in the electronic states that are involved in the transition. In a nonmagnetic material in
an induction of 1.8 T, as used in our experiments, at room temperature the population imbalances
are small, of the order of 1073, so this MCD signal is weak but observable. Observation of a ‘para-
magnetic’ MCD signal does not imply that a measurement of the bulk magnetisation would yield a
paramagnetic response because the small paramagnetism from the gap states might be overwhelmed
by the diamagnetic response of the rest of the sample.

There is another type of MCD signal known as a ‘diamagnetic’ signal which can occur in materials
with and without partially filled shells. This signal results from the differences in energies of the o
and o_ transitions because of the Zeeman effect.>> A diamagnetic MCD signal is dispersive over an
energy range of ugIBI; for the maximum induction used in these experiments, 1.8T, this corresponds
to an energy of the order of 10eV. This energy is much smaller than the resolution of our apparatus
which is about 10?eV and hence it is not observed in our measurements. This type of spectrum may
be observed using a large value of IBI.

Hence we are concerned with the polarisability of the occupied states. The susceptibilities of
unpaired electrons in localised states will follow a Curie law; whereas the susceptibility of the extended
states will be due to Pauli paramagnetism which is proportional to the density of states at the Fermi
level. This means that the MCD due to transitions from localised states will be larger than that due to
transitions from the extended states. Hence it is important to consider which of the localised states
will have an uncompensated spin.

Obviously any localised state on a Mo>* will be magnetic with spin 1/2. If the Mo ions were in
perfect octahedra then the lowest state is an orbital triplet, 75,. This means it would be in a state S =1
for Mo™ and S =3/2 for Mo>*. If the crystal field energies due to the distortion of the octahedron are
large compared with the atomic exchange then the spins will become S =0 for Mo** and S =1/2 for
Mo**. The size of the octahedral crystal field determines if the spin state of the Mo?* ion is high, 2,
intermediate, 1, or low, 0. Thus all the Mo>* and Mo>* ions will have magnetic localised states and
it is likely that most of the Mo** and some of the Mo?* will be magnetic too.

We consider first the relation between the loss coefficient and the MCD for film 7 (2.2<x<2.4)
as shown in Figs. 2(a) and (b). The loss coefficient, o, includes the scattering from the back and front
surfaces of the film and from inhomogeneities in the film as well as the real absorption of the film.
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There is a small rise in a between 2eV and 3.6eV, while the MCD is close to zero for 2.0 < E <
2.5 eV and then drops to a value of ~ —4 deg/cm at an energy of 3.6eV. Thus it appears that the
transitions are of type (iii) for E <2.5eV and type (ii) for E >2.5eV which implies that the Fermi
level lies in a region of extended states in film 7 as shown in Fig. 1(b). The strong MCD in the range
E >2.5eV in spite of the rather weak absorption is an indication of the strongly magnetic localised
states implying that the Mo** ions are in S=1 states rather than S=0.

‘We now consider the absorption and MCD for film 8. The absorption is considerably larger than
for film 7 as expected because of the much larger number of the occupied states in the gap. The
MCD is finite but approximately independent of energy for E <2.3 eV and then falls rapidly to —8
degrees/cm for E >2.3 eV. The region for E <2.3 eV will be type (i) showing that the density of states
is approximately independent of energy as occurs in other disordered systems>*3* and the weaker
effect when transitions are of the polaron type. In the higher energy region, E >2.3 eV the strong
MCD with a similar energy dependence indicates that this is a type (ii) transition. This indicates that
film A has localised states at the Fermi level.

V. CONCLUSIONS

Through careful analysis of XPS data from existing studies and from samples prepared for this
study we have shown that MoOx can be prepared with either localised or extended electronic states.
We base our conclusion on the exceptional precision with which the statistical model fits for a subset
of samples. We found that for x between 2 and 2.8 the level of oxidation did not solely determine the
electronic regime with films of both types being found. Our findings open the door for more detailed
understanding of the electronic structure and functions of amorphous MoOx.

In this study we have compared two films of MoOy made via reactive magnetron sputtering. The
two films had different oxygen content both less than 3 with occupations of the Mo d states of 0.6
and 2.8.

The technique of MCD enabled us to distinguish between a loss of transmission due to scattering
and one due to real absorption in these samples where the photoluminescence signal is quenched due
to disorder.

We used the different occupations of the ionisation states to show that both films had some
occupancy of localised states — although this was much larger for the film with d occupancy of 2.8.
The MCD measurements were used to show that in the case of the film with d occupancy of 0.6
the localised states were in the band tail well below the Fermi energy. However in the film with d
occupancy of 2.8 the localised states persisted above the Fermi energy.
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