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Abstract

Molybdenum oxide (MoOg3) is an important material that is being considered for numerous
technological applications, including catalysis and electrochromism. In the present study, we apply
hybrid density functional theory to investigate O and Mo vacancies in the orthorhombic phase. We
determine the vacancy formation energies of the different defect sites as functions of the electron
chemical potential, addressing different charge states. In addition, we investigate the consequences
of defects for the material properties. Ultraviolet photoemission spectroscopy is employed to study
the valence band of stoichiometric and O defective MoO3. We show that O vacancies result in

occupied in-gap states.
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I. INTRODUCTION

MoOj is frequently used in Li-ion batteries, electrochromism, heterogenous catalysis,
and as cathode material [1-4]. Its ability to activate C-H bonds in alkanes and its role in
oxidation reactions in industrial processes, for example, are of great practical importance
[5-7]. On the other hand, the usability in electronics and optoelectronics is poor due to the
large and indirect band gap. Defects are known to be key for electronic applications of the
material, since charge transfer is not feasible in pristine MoOj3 [8]. They also govern the
interface and surface reactions in catalysis and electrochromism [9]. Indeed, the usability
of MoQOj in catalysis depends critically on O vacancies, as different Mo oxidation states are
provided [10-12]. Besides the possibility to modify the physical properties, the ability to
change the oxidation state affects the breaking and formation of bonds with reactants [13].
Furthermore, defects have been reported to enhance the extraction of holes when MoOs3 is
used as anode buffer layer in organic photovoltaics [14].

Orthorhombic MoOj (space group Pbmn) is a layered material, consisting of bilayers held
together by weak van der Waals forces along the [010] direction. The bilayers comprise MoOg
octahedra that share edges along the [001] direction and vertices along the [100] direction.
There exist three distinct O sites: symmetric, asymmetric, and terminal, refer to Figure 1.

The symmetric and asymmetric sites are also called bridging sites. The symmetric sites are
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FIG. 1: (Color online) Crystal structure of MoOg, showing the three O sites.



three-fold coordinated with two shorter (1.95 A) and one longer (2.33 A) distance to Mo,
the asymmetric sites two-fold coordinated with one shorter (1.73 A) and one longer (2.25
A) distance to Mo, and the terminal sites one-fold coordinated with the shortest distance
to Mo (1.67 A) Discrepancies exist in the literature concerning the relative stability of the
different O sites. There are experimental and theoretical reports that suggest it would be
easier to create O vacancies at bridging sites [15, 16], while controlled oxidation of MoOj
(110) films rather points to the terminal site [17].

Introduction of native defects can be employed to tune the electronic structure of MoOs3
and induce in-gap states with high density [8]. On the one hand such in-gap states can
dramatically enhance the electrical conductance, on the other hand they give rise to high
responsivity of photodetection in the visible light range. Since the vacancy formation in
MoOs3 and its influence on the material properties remains an open issue, the present study
aims at investigating the energetics of vacancies and the consequences of their presence. We
will employ density functional theory, as this methodology can provide important insights in
the formation of native defects in solid state systems [18]. The obtained electronic structure

data will be compared to photoemission experiments.

II. COMPUTATIONAL DETAILS

The following calculations refer to thermally stable orthorhombic MoOj3 and are per-
formed using the projector augmented wave method of the Vienna Ab-initio Simulation
Package [19]. A plane wave basis set with cut-off energy 500 eV and a 5 x 3 x 5 I'-centred
k-mesh are used for optimizing 3 x 1 x 3 supercells (144 atoms) of MoOj3 until the residual
forces have declined to less than 0.02 A/ eV. Larger supercells are investigated to control
finite size effects. In order to evaluate the role of electronic correlations in localized d and
f orbitals, both GGA (generalized gradient approximation) and GGA+U calculations are
performed, using different U values (Dudarev approach) [20]. Furthermore, for including the
interaction between bilayers and issues that will be discussed later, we employ the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional with van der Waals interaction term added.
Atomic charges are calculated by the Bader approach [21].

The formation energy of a defect is related to the Fermi level puy and charge ¢, being



defined as [22]
Epq,=Ep+ Znaﬂa +q(Bvem + ,uf) - F, (1)

where F and Ep are the total energies of supercells without and with defect, respectively.
Moreover, n, is the number of atoms of species a removed from or added to the supercell
and p, is the corresponding chemical potential. The energy of the valence band maximum
in the perfect supercell is denoted by Eypas. Since py is measured with respect to Ey g,
it ranges from O to the value of the band gap. We find that the value of Ep, varies only
within 0.05 eV between supercells containing 144 and 258 atoms, which does not affect the
trends reported in the following. The growth conditions are defined by pu,, ranging from
O-poor (Mo-rich) to O-rich (Mo-poor). The O chemical potential of MoO3 cannot exceed
that of an O atom in the Oy molecule in gas phase and the Mo chemical potential cannot

exceed that of a Mo atom in the bulk metal.

III. EXPERIMENTAL DETAILS

MoOsj films are deposited in a home-made deposition system [23, 24| consisting of a
stainless steel reactor in that the sample is positioned on an Al susceptor, 2 cm below a
heated W filament. The filament temperature is set to 660 °C, controlled by the current
using calibration data obtained with a tiny thermocouple mechanically fixed to it. The
deposition time is used to control the film thickness. Note that the substrate remains near
room temperature during deposition. The base pressure is set to 80 mTorr. We use a
commercial pressure stabilization system with diaphragm pressure gage (Baratron) and PC-
driven needle valve, allowing for the flow of either Oy or forming gas (90% No and 10% Ha)
through the reactor, thus setting the deposition environment.

The valence band spectra of 10 nm thick MoOj films deposited on InSnO substrate
either in oxidizing or reducing environment are recorded by ultraviolet photoemission mea-
surements, using the He I (21.22 eV) excitation line. A negative bias of 12.28 V is applied
to the samples in order to analyze the high binding energy region and derive the absolute
work function. The analyzer resolution is determined from the width of the Au Fermi edge,
resulting in 0.16 eV, and the oxide stoichiometry from X-ray photoemission spectra of the
Mo 3d core level. The unmonochromatized Mg K, line at 1253.6 ¢V (15 keV with 20 mA
anode current) and an analyzer (Leybold EA-11) pass energy of 100 eV, giving a full width

4



at half maximum of 1.3 eV for the Au 4f;/; peak, are used in all X-ray photoemission
measurements. Finally, the Mo 3d spectra are fitted with asymmetric Gaussian-Lorentzian

curves.

IV. RESULTS AND DISCUSSION

TABLE I: Lattice parameters and Mo-O distances in MoOs.

GGA |GGA+U (4.3 eV)|GGA+U (6.3 eV)|Experiment
a (A) 3.92 3.89 3.88 3.96
b (A) 13.67 13.66 13.67 13.86
c (A) 3.70 3.73 3.75 3.70
Mo-O4(A)[1.95 (2x) 1.96 (2x) 1.96 (2x) 1.95 (2x)
2.40 2.39 2.39 2.33
Mo-O,(A)||  1.76 1.79 1.80 1.73
2.18 2.14 2.11 2.25
Mo-O;(A)||  1.70 1.70 1.70 1.67

The optimized lattice parameters of the MoOjs unit cell (calculated for a 7 x 3 x 7 I'-
centred k-mesh) reproduce the experimental values within 2%, see Table I, and the Mo-O
distances obtained by the GGA and GGA+U (U = 4.3 eV, 6.3 eV) methods within 3.1%,
4.9%, and 6.2%, respectively (8, 25]. Figure 2 addresses the density of states obtained by the
GGA, GGA+U (4.3 V) and HSE06 (relaxed GGA structure) methods. We find in all three
cases a valence band of about 6 eV width (in agreement with the experimental situation
[8]) that contains primarily the O states, with Mo contributions clearly below the Fermi
level. On the other hand, the conduction band is dominated by the Mo states and reflects
the covalent nature of the bonding in MoQOj3 by a significant hybridization with O states.
Despite similar shapes of the density of states, the size of the band gap varies strongly with
the calculational approach used. While a value of 2.1 eV is obtained for the GGA method,
the GGA+4U method yields 1.9 ¢V and the HSE06 method 3.1 eV (which agrees well with
the experimental value of 3.3 eV [25]). Also, the HSE06 method results in a wider valence
band than the other two methods (6.3 eV versus 5.8 eV). The GGA and GGA+U methods
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FIG. 2: (Color online) Densities of states of MoOs obtained by the GGA (top), GGA+U (4.3 eV)
(middle), and HSE06 (bottom) methods.

are well known to underestimate band gaps in related materials.

For the GGA functional we obtain Bader atomic charges of 2.67 for Mo, —1.06 for Oy,
—0.93 for O,, and —0.68 for Oy, all notably lower than the formal charges (Mo®" and O%7).
As expected, the Bader charge is more negative when an O atom is involved in more Mo-O
bonds. The O vacancy formation energy is calculated using the HSE06 functional and turns
out to depend not only on the availability of O in the environment (O-poor or O-rich) but
also on the coordination number. It is calculated by removing one O atom from the supercell
and adjusting the charge state. The results are presented in Fig. 3 as a function of py. It
turns out that the O vacancy formation energy is almost identical for the O, and Oy sites
(irrespective of the charge state of the defect), which is due to the fact that in both cases
one short Mo-O double bond is formed, see Table I. On the other hand, we obtain for the
Oy site an O vacancy formation energy that is about twice as high. The reason is that we
have in this case two Mo-O single bonds instead of one double bond. It previously has been
reported for neutral defects on the MoO3 (010) surface that the difference in the O vacancy
formation energy is 0.08 eV between the O, and Oy sites [9, 26]. The similarity of the
two sites is further supported by results from X-ray absorption experiments for the MoOj3

(010) surface [27]. The fact that we obtain not exactly the same values as Ref. [26] can be

6
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FIG. 3: (Color online) Vacancy formation energies for the (a) symmetric, (b) asymmetric, and (c)

terminal O sites. The top row refers to O-rich and the bottom row to O-poor environment.

attributed to the different functionals (GGA and GGA+U) used in the previous work as
well as to surface effects. Our value of 3.6 eV for the neutral O, vacancy agrees reasonably
well with the 3.98 eV obtained by Guo and Robertson [28] by the HSE06 functional, given
the fact that these authors have used the experimental lattice constants.

For both O-poor and O-rich environment, +2, 41, and 0 charged O, vacancies form for
growing jy. For the neutral state and O-rich environment we obtain O vacancy formation
energies of 5.18 eV, 3.60 eV, and 3.63 eV for the symmetric, asymmetric, and terminal sites,
respectively. O vacancies thus slightly favor asymmetric sites over terminal sites, whereas

they are difficult to form on symmetric sites. While the O vacancy formation energies in
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FIG. 4: (Color online) Mo vacancy formation energy in Mo-rich (left) and Mo-poor (right) envi-

ronment.

O-poor environment are lower, as to be expected, we observe similar trends as in O-rich
environment, with the lowest value for the O, site in the +2 charge state. This conclusion
is in qualitative agreement with Ref. [9], however, our values are smaller, because, as stated
earlier, the previous study has addressed the MoO3(011) surface and used the GGA+U
functional. In other words, it is more difficult to create an O vacancy on the MoO3(011)
surface than in the bulk [26]. The reduction of metal oxides requires redistribution of the
charge of the removed O atoms. In the present case, the released electrons occupy localized
Mo d,, in-gap states, see Fig. 5, leaning to the conduction band edge (n-type defect).
Charge states from —6 to 0 are considered for the Mo vacancy both in Mo-poor and
Mo-rich environment. As expected, the Mo vacancy formation energies are lower in Mo-
poor environment for all charge states. While in a wide range of py the —6 charge state is
favorable, see Fig. 4, the —2 charge state is favorable below 0.7 eV and the neutral state
below 0.1 eV. For transition metals with octahedral coordination, the crystal field splits the
d states into ty, and e, manifolds, the former giving rise to the conduction band edge and
the latter being located at higher energy. Hence, the size of the band gap is determined
by the ty, states [29]. Figure 5 (left/middle) shows that the formation of a Mo vacancy

leads to localized O p, in-gap states leaning to the valence band edge (p-type defect), which
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FIG. 6: (Color online) X-ray photoemission Mo 3d core level spectra of MoO3s and MoOj3_, films.

accomodate the introduced holes.

Mo 3d core level spectra are shown in Fig. 6. The spectrum of the film deposited in
O, environment (termed as MoOj3) consists of a spin-orbit doublet with peaks at 232.6 eV
and 235.7 eV binding energy, associated with the Mo®" cations of the fully stoichiometric
(oxidized) compound [30-32]. The spectrum of the film deposited in reducing environment
(termed as MoOs_,) is considerably broader and the doublet evolves to a less structured
shape. The presence of Mo cations is evident (Mo 3d5/; at 231.5 eV and Mo 3ds/» at 234.6
eV binding energy) [33, 34]. It is therefore reasonable to assume that deposition in reducing

environment yields an under-stoichiometric sample with O vacancies. Note that it is not
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FIG. 8: (Color online) Energy band scheme of MoOs.

possible to obtain samples containing Mo vacancies by our deposition method.

Ultraviolet photoemission (valence band) spectra of the MoOs and MoOj3_, films are
shown in Fig. 7. The spectrum of the MoQOj film consists of a single broad peak, as expected
for an amorphous sample [35]. The MoOj3_, film shows an increased spectral width as well
as a new peak appearing above the valence band edge, being indicative of the formation
of occupied in-gap states [36], in agreement with our numerical predictions. Comparison of
experiment and theory leads to the energy band scheme displayed in Fig. 8. According to
the chemical formula, each anionic orbital is to be weighted by a factor three. By symmetry,
the anionic p, orbitals are stabilized relative to the p, orbitals by both the electrostatic

crystalline field and the covalency of the o-bond. Therefore, the top of the s-p valence band
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has anionic O 2p, character, as predicted by our calculations. The bottom of the conduction
band, on the other hand, has cationic character, consisting of Mo 3d states that are split into
eq and ty, manifolds. The latter have lower energy and thus form the conduction band edge.
Absorption measurements for MoOjs (empty conduction band) demonstrate a wide band
gap of 3.0 eV. This value agrees excellently with the results of our hybrid density functional
calculations, see Fig. 2. In the case of MoOj_, the additional charge occupies the initially
empty to, states, which partially split off the conduction band edge and give rise to the

in-gap states predicted by theory and measured by ultraviolet photoemission spectroscopy.

V. CONCLUSION

We have employed first-principles electronic structure calculations to investigate the for-
mation of O and Mo vacancy defects in MoOs, using the GGA, GGA+U, and HSE06
functionals. In addition, we have conducted photoemission experiments on stoichiometric
and O defective films. The HSE06 functional reproduces the experimental value of the band
gap with a deviation of only 0.2 eV and therefore is used for analyzing the defect energetics.
It turns out that O is removed much easier from the asymmetric and terminal than from
the symmetric sites, which is understood in terms of the involved Mo-O bonds and their
respective lengths. As a function of py, +2, +1, and 0 charge states are found to be favorable
for O vacancies, while Mo vacancies realize only 0, —2, and —6 charge states. We find that
O vacancies are formed easier in bulk MoOs than on the MoO3(011) surface. Both O and
Mo vacancies in MoOj result in localized in-gap states (n or p-type defects, respectively),

while the size of the fundamental band gap is hardly affected.
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