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Abstract

Tungsten trioxide (WO3) is a paradigmatic electrochromic material, whose pecu-
liar optical properties in the presence of oxygen vacancies or intercalated alkali atoms
have been observed and investigated for a long time. In this paper we propose a ratio-
nalization of experiments based on first-principles calculations of optical and electrical
properties of oxygen deficient (reduced) WOs3. Our approach is based on a parameter-
free dielectric-dependent hybrid density functional methodology, used in combination
with the charge transition levels formalism, for studying excitation mechanisms in the
presence of defects. Our results indicate that oxygen vacancies lead to a different
physics in y-monoclinic WO3, depending on the orientation of the W-O-W chain where
the vacancy is created, thus evidencing strong anisotropic effects rooted in the peculiar
structural properties of the original nondefective monoclinic cell. Different types of
oxygen vacancies can hence be classified on the basis of the calculated ground state
properties, electronic structure, and excitation/emission energies, giving a satisfactory

explanation to a range of experimental observations made on oxygen deficient WQOs.

Introduction

Electrochromism is the property by which a material changes its optical properties in re-
sponse to counterbalanced injection or extraction of charge and as a consequence of redox
processes occurring thereby.! Remarkably, this phenomenon is exhibited by transition metal
oxides, where metal cations can readily vary their oxidation state.? Among metal oxides,
tungsten trioxide (WOj3) certainly stands out as the most extensively studied electrochromic
material. In fact, the first observations of a change in the coloration characteristics of pure
WOs3 upon reduction in a stream of hydrogen gas date back to 1815.% Upon hydrogen or
alkali metal ions intercalation, WO3 shows a rise in coloration intensity, whose properties
depend on impurities type and concentration.* % Oxygen (O) deficiency has also been rec-

ognized as responsible for the emergence of electrochromism in undoped WO3, as well as for



its enhancement in ion-intercalated samples.”® Devices exploiting the electrochromic effect
have been conceived, starting from the pioneering work of Deb, ! and today include, among
others, smart windows and gas sensors. !

A commonly accepted view is that electrochromic properties of alkali doped and sub-
stoichiometric WO3 are intimately connected with formation of W>* (former case), or W°*
and W** (latter case) ionic species, arising from the localization of excess electrons intro-
duced by the impurity (alkali atom or O vacancy) on the 5d orbitals of the W5 cations of
pristine tungsten oxide. Several models have been proposed to rationalize the underlying
coloration mechanisms. Quite generally, these models are founded on the following picture:
absorption of a photon (hv) in the material is responsible for charge hopping from one W
site to the neighboring W% one (Wit + WSt + by — WSt + W5T), or from one W+ to
another W%, turning W species into W4+ (WiT + Wit + hy — WSt + Wit). The latter
is often referred to in the literature as the intervalence charge transfer model.%!? A more
realistic description should explicitly take into account formation of polarons as a result of
electron localization on 5d orbitals of W atoms in the presence of strong electron-phonon
coupling, which is often present in transition metal oxides.!? In this framework, coloration
may be explained in terms of photon assisted charge hopping accompanied by a large lattice
distortion (polaron hopping) between different W sites.!%15 From a quite different perspec-
tive, Deb attempted to explain optical absorption and electrical conductivity measurements
on undoped WO3 thin films in terms of formation of color centers, which he argued to be
due to positively charged O vacancies.'® More recently, the same author revisited the issue
suggesting a model in which the O vacancy in different charge states is assumed responsible
for the formation of defect states resonant with the valence band (neutral vacancy), with
the conduction band (doubly charged vacancy), or localized in the band gap (singly charged
vacancy).! According to Deb’s proposal, the defect state associated to a singly charged va-
cancy should be responsible for the peculiar optical features observed in nonoxidized WOj3

thin films.



The influence of substoichiometry on the electronic structure of WO3 has been widely in-

vestigated by means of various spectroscopic techniques: X-ray and UV photoelectron, ™2

716.20-26 45 well as photoluminescence (PL) spectra® 212736 have been

optical absorption,
reported in the literature for both amorphous and crystalline tungsten oxide. Most of these
studies essentially agree on recognizing the role of O vacancies as the origin of defect states
in the band gap of WO3, acting as optical centers involved in sub-gap electronic transitions.
However, an ultimate and unambiguous explanation of the fundamental excitation and decay
mechanisms has not yet been accomplished; for example, the origin of two emission peaks ob-
served in the blue and UV-vis regions of PL spectra have been interchangeably assigned to O
vacancies and band-to-band transitions in different experimental works.2?:3%:32 Apart from in-
terpretative controversies, electrochromic and related properties of WO3 have been reported
to be strongly dependent, e.g., on sample crystallinity (or lack thereof), microstructure and
defectiveness, which of course are influenced by growth conditions.?33"” Hence, comparison
between different measurements, as well as between experiments and theoretical calculations,
should be carried out with great care.

For the sake of simplicity, and because of its relevance to interpretation of room-temperature
measurements on this material, we will here limit our attention to the effects of substoichiom-
etry in the monoclinic crystalline phase of WO3 stable in the temperature range from 300
to 603 K (referred to as 7-WQ3).3® v-WO3 transforms into the § triclinic crystal structure
of WO3 below 300 K,? and there is indication that both phases can be formed in nanocrys-
talline films grown under certain conditions, thus possibly coexisting at room temperature;
however, the contribution from monoclinic v-WOj3 for substoichiometric films has been re-
ported to be predominant.*°

From the theoretical side, density-functional theory (DFT) has been widely applied to the
study of O deficient WO3 (WO3_,).4"%5 In particular, the hybrid functional DFT calculations
of Wang et al. showed that the electronic structure of WO;3_, is strongly dependent on the

concentration of O vacancies, as well as on their position and orientation in the monoclinic



cell;*3 the related optical properties were analyzed based on the computed positions of charge
transition levels (CTLs) in the band gap. Bondarenko et al. investigated polaron hopping
in O deficient and lithium doped v-WOs3 using the DFT + U method.*> Both methodologies
have proved to describe in at least a qualitatively correct way ground state properties (in
particular, charge localization) and the electronic structure. Calculations on alkali atom
intercalated WOj3 have also revealed the existence of a robust and profound correlation
between the electronic properties and the crystalline structure of this material.46-°°

In this paper, we employ DFT in combination with a self-consistent hybrid exchange-
correlation (xc) functional, 52 together with the CTLs approach,*5* to investigate neutral
and charged O vacancies in v-WQO3. At difference with commonly employed hybrid func-
tionals such as PBE0,%°6 B3LYP,°"%® or HSE06,% the xc functional used in the present
study features a nonempirical fraction of exact exchange a, which is computed from first
principles and in a self-consistent fashion by exploiting an approximate but rigorous rela-
tionship with the dielectric constant of the material.?**? In a recent work, we showed that
this computational methodology is suitable for a quantitative analysis of electronic and ther-
mal transitions in O deficient metal oxide materials.®® The goal of the present investigation
is to extend the work reported by some of us in Ref. 43 by considering a lower and more
realistic concentration of dopants and a more accurate exchange-correlation functional. Us-
ing supercell models of unprecedented size (at least 127 atoms), with the aim of minimizing
any periodic image defect interaction effects, we propose here for the first time a complete
rationalization of the complex experimental scenario concerning optical and electrical prop-
erties of substoichiometric v-WQj3, explaining why O vacancies are at the origin of both deep

sub-gap optical transitions and n-type conductivity in this material.
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Figure 1: Sample simulation cell employed for defect calculations (top), obtained from a
bulk 128-atom 7-WOj cell by removing an oxygen atom (here a Vg, vacancy is shown as an
example). Bond lengths and atomic distances along the defective W-O-W chain (bottom).

Computational details

DFT calculations were performed within the linear combination of atomic orbitals approach
as implemented in the CRYSTALO9 code.%%2 An effective small core pseudopotential was
employed for modeling core electrons in the W atom, % while valence electrons were described
using the basis sets defined in Ref. 64 (5p, 5d, 6sp W electrons in the valence). Instead, the
O atom was treated at the all-electron level, using the basis set reported in Ref. 65.

A self-consistent hybrid functional was adopted for the treatment of exchange and corre-
lation; 52 the exchange fraction o was evaluated self-consistently with the computed average
dielectric constant e, % of pristine bulk WO3. The computed value of this quantity, which
is 4.56, is in good agreement with the experimental value for 7-WQO3, which is reported to be
4.81;57 the corresponding exchange fraction is given by the inverse of the dielectric constant,
and thus amounts at 21.9%.

The O vacancy was modeled in embedding y-monoclinic WO3 supercells comprising at

least 127 atoms (see Figure 1); atomic positions and lattice parameters were fully relaxed



Table 1: Distance (A) between W and O atoms along the W-O-W chain inter-
rupted by a neutral O vacancy, and between W atoms nearest neighbors to the
vacancy for the unrelaxed (Unrelax) and the relaxed (Relax) defective structure
(see Figure 1). The unrelaxed configuration corresponds to the equilibrium one
for the pristine supercell. The formation energy E; (eV) for a neutral O vacancy
in the relaxed structure is also reported.

Vo Vou Vo,

Unrelax Relax Unrelax Relax Unrelax Relax
(W-0); 1.88 1.86 2.11 2.04 2.21 2.08
(W-0), 1.90 1.92 1.77 1.75 1.74 1.73
W-W 3.75 3.61 3.84 4.34 3.88 4.49
(W-0)3 1.88 1.83 2.11 1.83 2.21 1.74
(W-0), 1.90 1.97 1.77 1.89 1.74 2.01
E¢ 5.0 4.6 4.2

for the pristine cell using the self-consistent hybrid functional. For the defective supercell,
further optimization of the atomic positions was carried out while keeping lattice parameters
fixed. Supercells were obtained by expanding the primitive y-monoclinic cell (32 atoms) along

its crystallographic axes a, b, and ¢, as detailed in the following:

e 2 X 2 x 1 expansion, when the vacancy is along the W-O-W chain oriented as the a

axis (Vo.a);

e 2 x 2 x 1 expansion, when the vacancy is along the W-O-W chain oriented as the b

axis (Vou);

e 2 x 1 x 2 expansion, when the vacancy is along the W-O-W chain oriented as the ¢

axis (Vo).

Optical CTLs were computed on the basis of the formalism illustrated in Refs. 53 and
54. In particular, total energy differences relative to defect charge state variations were
expressed in terms of defect Kohn-Sham (KS) eigenvalues evaluated at the I' point, follow-
ing the approach proposed in Refs. 68 and 69. Thermodynamic levels were obtained from
the corresponding optical ones by adding the relaxation energy computed in the final de-

fect charge state configuration.®® The 1s KS eigenvalue of oxygen was taken as reference



for aligning band structures in defect calculations. The spurious electrostatic interaction be-
tween charged image defects was accounted for by correcting the KS eigenvalues according to
the procedure illustrated in Ref. 70 and based on the Makov-Payne correction scheme; ™ the
correction formula was further simplified on the basis of the Lany-Zunger approximation.®*

The O vacancy formation energy was computed with reference to O rich conditions, i.e.
the total energy difference between defective and pristine supercells were compared with half

the ground state total energy of the Oy molecule (in the triplet configuration), computed

using the PBEO functional. %%

Results and Discussion

Ground state and electronic structure of v-WQO;3;_,: effect of the O

vacancy orientation

A sound description of the ground state and electronic structure of defective materials is
an essential starting point for properly understanding excitations. Localization of defect
donated charge carriers (excess charge) is often observed in these systems, either as due
to lattice distortion and consequent charge trapping (polaron formation) or to a purely
electronic effect. In either cases, local or semilocal DFT cannot properly capture such lo-
calization, mainly due to the self-interaction error.™ Exact-exchange hybrid functionals and
Hubbard-corrected DFT are two viable solutions to such issue, and have been successfully

applied to defective transition metal oxides. 4343737

In particular, we recently demonstrated
that the self-consistent hybrid functional employed in this study is able to correctly model O
deficient metal oxides® and proved to be largely self-interaction free even for a model solid
state system for which popular hybrid functionals are not. "

The primitive cell of room-temperature monoclinic WOj5 is constituted by a three-dimensional

network of corner-sharing WOg octahedra whose axes are tilted relative to each other and

where the central W atom exhibits an off-centering displacement along the three crystallo-
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Figure 2: O vacancy along the a axis (Vo,). (a) Isosurface plot of the charge density
associated with the excess electrons for a neutral vacancy. The yellow (large) and red (small)
spheres represent W and O atoms, respectively. Corresponding (b) electronic band structure,
and (c) density of states (DOS) computed at the equilibrium geometry.

graphic directions a, b and ¢. This determines a deviation from the ideal perovskite ABOj3
crystal structure of simple cubic WO3 (A-type atom missing), as a result of a pseudo Jahn-
Teller distortion.” The electronic structure is strongly dependent on the crystal structure, as
many previous theoretical calculations have evidenced. 1:46:48:52.64.77.78 \[ost notably, the band
gap drastically increases passing from the most symmetric cubic phase to the y-monoclinic
structure: this transition has been traced to a change in the hybridization properties of
the valence and conduction band edges as a consequence of the W-O bond length splitting

(occurring as the W atom moves off the WOg4 octahedron center along a, b, and ¢), as well
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Figure 3: O vacancy along the b axis (Voy). (a) Isosurface plot of the charge density asso-
ciated with the excess electrons for a neutral vacancy. The yellow (large) and red (small)
spheres represent W and O atoms, respectively. The blue (green) component of the charge
density is relative to the electron occupying the deepest (shallowest) defect level. Corre-
sponding (b) electronic band structure, and (c) density of states (DOS) computed at the
equilibrium geometry.

as to tilting of the octahedra.” ™ The bond length splitting shows up as an alternation of
long and short W-O bonds along the W-O-W atomic chains; in bulk v-WO3;, its magnitude
is more pronounced for the chains oriented as the b and ¢ axes (see Table 1). This structural
anisotropy reflects onto a different behavior of the O vacancy depending on the direction of
the W-O-W chain where it is created.*>*3% The electrochromic properties are also expected
to be affected by such anisotropy, as will be discussed in the next section.

From a DFT perspective, one may classify the nature of O vacancies on the basis of dif-

ferent exhibited features: (i) the density distribution of the excess charge in the ground state,

10



and the induced structural relaxation around the defect; (ii) the magnetic or nonmagnetic
nature of the ground state; (iii) the energy required to create an O vacancy in the pristine
material (formation energy, Ef); (iv) the electronic properties of the defect states formed
in the band gap. As we observe below, these features are in fact largely interconnected.
Clearly, results are affected by the atomistic model employed to study the defective system;
since we ideally aim at understanding the nature of isolated defects in an otherwise pris-
tine crystal, defect-defect quantum-mechanical, electrostatic, and elastic interactions should
be minimized.™ To this purpose, employed supercells were obtained by doubling the bulk
primitive v-WO3 cell along the direction of the W-O-W chain interrupted by a vacancy. As
evidenced in preliminary calculations, doubling the cell axis along a in the Vo and Vo,
cases is also necessary to reduce the overlapping of defect wavefunctions along this direc-
tion;! taking this fact into account, the core set of our calculations employs supercells of 127
atoms.

A common feature characterizing the electronic structure of all the models of v~-WO;3_,
investigated here is the appearance of one or more defect states (according to the magnetic
nature of the ground state) in the range 0 — 1 eV below the conduction band (CB). The
band gap remains essentially unaltered with respect to that of stoichiometric v-WOj3, which
is computed to be 3.45 eV. This value is in good agreement with the one measured by means
of direct and inverse photoemission (3.38 £ 0.2 ¢V, Ref. 80; 3.39 + 0.2 eV, Ref. 81) which
has been interpreted as representative of the bulk, rather than the surface, band gap.™
The optical gap is substantially smaller, being measured in the broad range from 2.6 to
2.9 eV,%2% and has been shown to be reproduced by first-principles calculations once the
spin-orbit interaction and electron-phonon (finite temperature) renormalization effects are
included.®8

In the W-O-W chain along the a axis, W-O bond length splitting is only slightly devel-

!Such quantum-mechanical defect-defect interaction appears in the computed band structure as a large
dispersion of the corresponding defect states, which partially merge with the conduction band, leading to a
metallic system. At the hybrid DFT level, similar results were obtained in the previous study of Wang et
al., which evidenced the dependence of electronic properties on O vacancy concentration. 3

11
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Figure 4: O vacancy along the ¢ axis (Vo.). (a) Isosurface plot of the charge density
associated with the excess electrons for a neutral vacancy. The yellow (large) and red (small)
spheres represent W and O atoms, respectively. The blue (green) component of the charge
density is relative to the electron occupying the flat (dispersive) defect level. Corresponding
(b) electronic band structure, and (c) density of states (DOS) computed at the equilibrium
geometry.

oped, as shown in Table 1. This feature seems essential to prevent large structural distortions
to occur as the system reaches its equilibrium configuration in the presence of a neutral va-
cancy. In fact, the relaxed geometry configuration exhibits only small changes in the W-O

bond lengths with respect to the unrelaxed one, in contrast with what is observed for the

12



Table 2: Spin density at different W sites along the defective W-O-W chains for
the singly charged Vo, (at the neutral geometry), and for both neutral and singly
charged Vo, and Vo, vacancies (at the respective relaxed geometry). Neutral
and singly charged O vacancies are indicated as V) and Vgl, respectively. W
atoms are numbered according to Figures 2(a), 3(a), and 4(a), respectively.

Type of vacancy W: W, Wi W,
VELQVY | geometry  0.02 0.60 0.21  <0.01
Vo, 0.35 0.03 0.77  0.40
VL 0.02 0.03 040 0.34
Vo, 0.54 0.06 0.19  0.88
VL 0.59 0.08 <0.01 0.18

W-O-W chains oriented as b and c. The computed ground state for Vo, is a closed-shell
singlet (the triplet solution is ~ 0.2 €V higher in energy), and the excess electrons, which
localize in the vacancy void [see Figure 2(a)|, pair up in a bonding-like state between un-
dercoordinated W atoms (whose distance thus decreases with respect to the stoichiometric
structure). The behavior of Vo, is thus closely resembling that of O vacancies in nonre-
ducible transition metal oxides like zirconium dioxide,® in which vacancy sites similar to
color centers, typically observed in strongly ionic oxide compounds like magnesium oxide,
are formed;® in fact, the formation of this center requires an energy as large as 5.0 eV under
O rich conditions (see Table 1). Formation of a doubly occupied closed-shell defect state
deep in the band gap [see Figure 2(b)|, small structural relaxation around the defect (as
opposed to creation of large polaron configurations in other oxides), and higher formation
energy are all fingerprints of development of color centers in nonreducible oxides which also
characterize the Vg, center in 7-WOs.

When the properties of Vo, and Vg . are investigated, a remarkably different behavior
can be noticed. In fact, the ground state for both vacancy configurations is found to be
a triplet, the closed-shell solution being much higher in energy (~ 0.8 ¢V for Vo, and
~ 1.1 eV for Vo). The triplet ground state is characterized by peculiar features, which
mark the difference with the Vo, case. In fact, the excess electrons are now localized

on all the W atoms belonging to the chain interrupted by a vacancy, with a substantial

13
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Figure 5: (a) Electronic band structure calculated for a neutral Vo . vacancy embedded in
a large 2 x 2 x 2 supercell of 255 atoms. (b) Brillouin zone of y-monoclinic WO3: labeling
of the high-symmetry k points and directions (figure adapted from Bilbao Crystallographic
Server ).

contribution from the fully coordinated ones (see Figures 3(a) and 4(a), and Table 2). Such
charge redistribution comes with a considerable structural distortion around the defect, which
makes the undercoordinated W atoms move apart by as much as 0.5 A (Vg,) and 0.7 A
(Vo) with respect to the nondefective structure. The strong coupling between charge
localization and structural relaxation reflects the polaronic nature of these defects. The same
phenomenology is encountered in reducible oxide materials like titanium dioxide.%*%! Notice
that, as expected, this corresponds to a lower O vacancy formation energy for Vg, and Vo .
with respect to Vo 4, as reported in Table 1. Results of previous calculations using supercells
of at least 64 atoms are consistent with our finding that F[Vo .| > Ef[Voys] > Ef[Vo . #%
Hence, assuming a Boltzmann distribution of O vacancies in the material, Vo . centers are
expected to exhibit a larger concentration, as they are found to be more stable with respect
to Vo and Vo, by 0.4 €V and 0.8 eV, respectively; one should of course take account of the
predominance of Vg . vacancies when interpreting results related to optical and electrical
properties.

In comparison with Vg ,, the gap states introduced by Vo and Vo have overall shal-
lower character, spanning a region from 0 to 1 eV below the CB. In particular, in the case of
Vo, vacancies, one of these states clearly follows the dispersion behavior of the CB edge [see

Figure 4(b)|. The electron occupying this state partially delocalizes over the plane contain-

14



ing the a and b axes and perpendicular to ¢, as represented by the green component of the
isosurface charge density shown in Figure 4(a). One may wonder whether this picture has a
genuine physical basis or should instead be ascribed to a residual interaction between image
defects in neighboring cells. In order to rule out the latter possibility, we further investigated
the electronic structure of the neutral Vo . center using a supercell with a doubled b lattice
constant (255 atoms). As shown in Figure 5(a), the properties of the two gap states are
qualitatively the same as those calculated in the smaller supercell. The flat level retains the
nature of a defect state, being positioned 0.5 — 0.7 €V below the CB, whereas the dispersive
level has a clear conduction state character, which emerges even more apparently in this case.
In particular, the parabolic dispersion along the Y-I'-B and the D-Z-C Brillouin zone lines
lying in the plane perpendicular to ¢ [see Figure 5(b)| suggests a free-electron-like behavior
for the excess electron occupying this level. This in turn suggests that the neutral Vo . va-
cancy is unstable against transfer of an excess electron to the CB, making the singly charged
vacancy the stable configuration for Vg . in the absence of external optical excitations. It is
thus explained already in the DFT framework the experimental observation of O vacancies

87,92-94 The igsue

being at the origin of n-type band conductivity in substoichiometric WO3.
of how and what types of O vacancies can also give rise to deep optical transitions will be
dealt with in the following section.

Analysis of the electronic density of states (DOS), shown in Figures 2(c), 3(c), and 4(c),
reveals that, as expected, the valence and conduction band edges retain the same character as
in stoichiometric WO3:%3 the top of the valence band (VB) mainly comes from 2p states of O
atoms, while the bottom of the CB is made up of W 5d states, with a major contribution from
the d,, orbital (d,. and d,, orbitals begin to play a role at higher energy). Instead, defect
states in the gap possess a different character depending on the O vacancy orientation.? In all

cases, however, the main contribution is from W 5d orbitals, although the O 2p contribution

is not negligible.

2See the Supporting Information.
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Singly and doubly charged O vacancies were finally considered, with the ultimate goal of
calculating CTLs (see the next section). When passing from a neutral to a singly charged
vacancy, the defect state closest to the CB (being in fact a conduction state for Vo) is
emptied and, upon lattice relaxation in the new charged state, merges with the CB. Thus,
only a single unpaired electron remains in the system, and the ground state is now a doublet.
Analysis of the spin population of the relevant W 5d orbitals along the defective W-O-W
chain (Table 2) allows one to understand quantitatively how excess electrons distribute in the
vacancy neighborhood and to what extent this modifies the oxidation state of the involved
W ions. In particular, it is observed that the excess electron localizes at multiple W sites
along the defective W-O-W chain for singly charged Vo, and Vo vacancies, as opposed to
the naive picture often implied in polaron absorption models where the electron is assumed
to be trapped at a single W site in the immediate proximity of the vacancy (thus reducing
the W oxidation number from +6 to +5). On the contrary, for the neutral Vo ,, both excess
electrons gets trapped in the vacancy void, even if a contribution from 5d orbitals of the
surrounding W atoms is still present (see the spin population analysis for a singly charged

Vo.. computed at the neutral vacancy geometry, Table 2).

Interpretation of electrical and optical properties of v-WQO3_, based

on CTLs

Electronic transitions involving defect electrons introduced by O vacancies in the material
lead to variations of the O vacancy charge state, and can be linked to optical processes
probed in absorption and PL spectroscopy.® Hence, the electrical and optical properties
of O deficient v-WOj3 can be analyzed on the basis of transition energies associated to
thermodynamic (adiabatic) and optical (vertical) CTLs, respectively.

Figure 6 reports computed CTL positions for all the possible defect related electronic
transitions and for differently oriented O vacancies. Firstly, it is noticed that CTLs are

generally shallower for Vo, and Vo . than for Vo ,. More specifically, the (+1/0) thermody-

16



namic level for Vg 3, is positioned above the CB minimum; hence, thermal energy fluctuations
at finite temperature can promote one of its defect electron into the CB. For the more abun-
dant Vo vacancy, one excess electron is predicted to be delocalized in the host crystal even
when considering a neutral vacancy, as discussed above.® In contrast, the (+2/ + 1) ther-
modynamic level for both Vo, and Vg is located deeper in the band gap (~ 0.9 eV and
0.75 eV below the CB minimum, respectively). Hence, analysis of charge state stability indi-
cates that, for both vacancy types, the defect center should be singly ionized, thus suggesting
that the O deficiency may be at the origin of a finite concentration of conduction electrons
in undoped substoichiometric v-WQO3. The presence of O vacancies hence effectively leads
to a semiconductor-metal transition which was already described in the previous theoreti-
cal investigation of Wang et al.** Such interpretation is corroborated by the experimental
evidence of n-type conductivity in y-monoclinic nanocrystalline WO3 films grown under dif-
ferent reducing conditions.®"%2% Amorphous WOj; films have also been reported to exhibit
metallic character in the presence of O vacancies.?>?® Theory and experiment thus agree
on recognizing the central role played by these defects in the determination of the electrical
properties of tungsten trioxide.

The previous analysis also helps identify charge transition mechanisms most likely con-
tributing to characteristic optical features that have been observed in several spectroscopic
studies. In the case of Vo ,, for which the stable charge state is the neutral one, all the
vertical transitions reported in Figure 6 are virtually possible. However, for the two other O
vacancy orientations, for which instead a singly charged state is favored at room temperature,
only the (+2/ + 1) vertical transition is expected to give a substantial contribution.

Intensive experimental work has been carried out in the characterization of the optical
properties of substoichiometric tungsten trioxide. Of course, obtained results are sensitive to

specific properties of the investigated samples, such as degree of crystallinity, structure at the

3Since for the neutral Vo . vacancy the shallowest defect state is in fact a delocalized conduction state,
calculation of the (+1/0) CTLs is of limited significance; instead, the (+2/ + 1) CTLs are well defined since
the gap state for the singly charged Vo . is a well localized defect level.

17
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Figure 6: Optical (solid, black) and thermodynamic (dashed, red) CTLs, computed for an
O vacancy oriented as (a) a, (b) b, and (c) ¢ crystallographic axes of v-WO3. Positions (eV)
are given with respect to the top of the VB.

micro- and nano-scale, and chemical composition. In a recent investigation, Johansson et al.
studied y-monoclinic nanocrystalline films using PL spectroscopy, performing measurements
on samples with a variable concentration of O vacancies.?! The obtained PL spectra exhibit
several emission peaks, which can be interpreted in light of the computed CTLs. In the most
substoichiometric samples, a peak at 537 nm (2.31 V) was observed which can be explained
as due to a (+2/+1) vertical transition involving Vo, and Vo . vacancies; the relevant CTLs,

positioned at 2.26 €V and 2.29 eV above the VB maximum, suggest the emission mechanism
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Table 3: Selected results obtained from photoluminescence (PL) spectroscopy
measurements performed on O deficient WQO3; samples of different chemical com-
position and/or micro- and nano-structure. Position of the most relevant ob-
served PL peaks are reported. Results reported in Refs. 21 and 27 constitute
the reference for comparison with our calculations (see text).

Sample composition PL peak position Reference
Nanocrystalline 7-WO3 600 nm (2.07 ¢V) 21
537 nm (2.31eV) 21
490 nm (2.53 ¢V) 21
465 nm (2.68 eV) 21
Polycrystalline WO3 550 nm (2.26 V) 27
Wi5049 nanorods 435 nm (2.85eV) 30
Wi5049 nanorods 437 nm (2.84 eV) 29
Hexagonal WOj3 nanowire clusters 420 nm (2.94 nm) 36
~v-WOj3 nanoparticles 421 nm (2.94¢V) 19
WO;_, nanowires 467 nm (2.65 eV) 32 ¢

® The authors attributed this peak to band-band transitions rather than to transitions
involving O vacancies.
to be related to electron-hole recombination involving the VB and the midgap defect level.
Similar mechanisms may give rise to the other PL features, whose positions were reported
at 490 nm (2.53 eV) and 600 nm (2.07 €V): in this case a major role should be played by the
less abundant Vg, vacancies, for which the (+1/0) and (+2/0) optical transition levels are
computed at 2.47 eV and 2.14 ¢V above the VB edge. A further peak at 465 nm (2.68 eV)
can be only explained in the framework of our calculations by considering a more complex
excitation pathway, in which an electron from the CB is initially trapped at a singly charged
Vo, or Vo . site, forming a neutral vacancy; then, simultaneous recombination of both defect
electrons with holes in the VB would lead to emission of a photon with an energy of about
2.6 €V |compare with computed values of the (+2/0) optical levels in Figures 6(b) and 6(c)].
Johansson et al. alternatively explained this feature in terms of a similar multistep (+1/42)
transition, in which a nonrelaxed singly charged vacancy decays into a doubly charged one.?!
Several other PL spectroscopy studies support the general conclusion that O vacancies
induce formation of midgap states in WO3, although their detailed position in the band

gap has been found to vary considerably depending on the properties of the investigated
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samples (see Table 3), thus making comparison with our calculations less straightforward.
In fact, some authors have proposed that O vacancies may even give rise to defect states
within the CB, which would thus be at the origin of PL emission features with an associated
energy exceeding the band gap value (i.e., in the range of wavelengths from 350 nm to
400 nm).3135 Such an interpretation may be consistent with the model proposed by Deb!!
(see Introduction), but is not in agreement with the picture suggested by our calculations,
since the computed optical CTLs are all located within the energy gap. In a comprehensive
experimental investigation on amorphous WOj3, Vasilopoulou et al.?° instead pointed out
that O vacancies may be responsible for the formation of deep (just above the VB) gap
states in amorphous WOQOs3; this finding is in agreement with the results of the theoretical
study of de Wijs and de Grott,” in which a clear correlation between the existence of
such gap states and the presence of shortened (smaller than 3 A, compare with Table 1)
W-W distances has been reported. It may be viewed as an extreme case of the closed-
shell Vo, configuration considered here for the crystalline material. Hence, the intimate
relationship between structural and electronic properties in substoichiometric WOj5 is once
again confirmed.

17,18,20,22

Evidence of defect states in the gap is also supported by photoemission and

7,16,20,21,23-26 gpectroscopy experiments on reduced WQO; samples in the

optical absorption
crystalline or amorphous phase. In particular, measurements on nanocrystalline y-WO3 re-
ported absorption bands with maxima at 0.73 eV and in the range from 0.96 to 1.16 eV,
depending on deposition pressure.?' The emergence of these features can be understood as
due to a (+1/0) excitation of an electron from the defect state to the CB for Vg, (calculated
transition energy 0.98 eV), or a (+2/ + 1) excitation for Vg, or Vo (calculated transition
energies are 1.19 eV and 1.16 eV, respectively). However, on the basis of the calculated
vacancy formation energies, we expect the strongest contribution to be given by Vo . va-

cancies. Amorphous samples also feature sub-gap absorption, although within a typically

higher energy range with respect to crystalline ones, 192324 due to widening of the band gap
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in going from the latter to the former structural phase. '6:96:97

Conclusions

We have performed a thorough DFT investigation of the effect of O deficiency on several
properties of y-monoclinic WO3, including charge localization and corresponding structural
distortion around the vacancy, electronic structure, electrical conductivity and optical tran-
sitions.

A different behavior has been identified for O vacancies, depending on the orientation
of the W-O-W chain where they are introduced. Such anisotropy can be related to the
corresponding structural anisotropy in the nondefective monoclinic cell: long and short W-
O bonds alternate along the W-O-W chain oriented as the b and ¢ axes, while bond lengths
along a are virtually the same. This results in a stiffer structure in the a direction with
respect to b and ¢, something which affects the properties of O vacancies in the relevantly
oriented chain: the possibility of a strong lattice distortion around the defect site makes
polaronic configurations favored, in a similar way as in reducible transition metal oxides,
with an evident impact on the related ground state and electronic properties.

In fact, O vacancies oriented as the a crystallographic axis (Vo,) tend to form color
center configurations, with the excess charge localized in the vacancy void to yield a closed-
shell singlet ground state (for the neutral vacancy), and a minimal lattice distortion in its
vicinity. Associated CTLs are found rather deep in the gap, suggesting the stable O vacancy
charge state to be the neutral one.

On the contrary, O vacancies oriented as the b (Vo,) and ¢ (Vo) axes give rise to
polaronic defect centers as a consequence of a strong lattice relaxation occurring along the
defective W-O-W chain. The excess charge primarily localizes on the 5d orbitals of the W
atoms along the chain, yielding, for a neutral vacancy, an open-shell triplet ground state.

Computed CTLs are generally shallower than in the Vo, case, suggesting singly charged
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vacancies to be more stable at finite temperature; this explains why experiments measure
a finite concentration of conduction electrons in O deficient WO3, making it an n-type
conductor. Moreover, the formation of Vo, vacancies has been found to be favored, due to
the lower formation energy, with respect to Vo, and Vg, For the neutral Vg . vacancy,
the DFT electronic structure features a delocalized band occupied by an excess electron
which is virtually belonging to the conduction band. Hence, for this specific type of vacancy,
the connection between substoichiometry and conductivity is already explained by standard
band structure calculations.

Notice that the size and shape of the employed model supercell crucially determines
the possibility of observing the complex phenomenology described above: in the previous

3 in which much smaller cells of 64 and 32 atoms were considered, the

work of some of us,?
excess charge was in fact inevitably constrained in a limited region of space surrounding the
vacancy. As a result, the structural relaxation evidenced in the present investigation could
not be captured, and consequently the formation energies for the three differently oriented
O vacancies were found to be essentially the same, at variance with what is found when
a more realistic structural relaxation and concurring charge localization are accounted for.
Interestingly, however, both studies do agree on the magnetic nature of the most stable
ground state for Vo, (closed-shell singlet), and Vo, and Vo (triplet). This indicates that
the amount of exact exchange in the hybrid functional used in Ref. 43 was indeed sufficient to
obtain the correct (with respect to the self-interaction error issue) spin polarized ground state.
However, the O vacancy gap states computed for Vo and Vo showed different dispersion
features from ours, due to the higher concentration of defects along those crystallographic
directions, which especially affects the electronic properties of large polarons. In contrast,
the excess charge for Vo, tends to remain trapped in the defect site, and hence a fine
description of the lattice distortion in its vicinity becomes less important. As a consequence,

our results for the electronic structure of Vg, closely agree with those reported in Ref.

43; the quantitative differences concerning the computed CTLs are due to the the higher
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amount of exact exchange built in the self-consistent hybrid functional used here, which
already influences the band gap value calculated for the pristine material.

Having achieved an accurate description of the electronic structure, and on the basis
of the related computed optical CTLs, photoluminescence and optical absorption spectra
have been interpreted in terms of a complex interplay of vertical excitations at inequivalent
vacancy sites, providing an overall satisfactorily clear picture of the optical mechanisms
occurring in O deficient WOj.

In conclusion, electrochromic properties and conductivity of this technologically impor-
tant material have been rationalized by means of a nonempirical DFT methodology able to
give quantitative insights into a wide spectrum of properties relevant to defective materials.
In particular, the attention has been focused on how structurally inequivalent O vacancies
give rise to a different phenomenology which may be described as typical of nonreducible or

reducible transition metal oxides.

Supporting Information Available

A detailed discussion of the electronic density of states for Vo ,, Vo, and Vo is reported.
The isosurface plot of the charge density associated to excess electrons for Vg ., as computed

using a 255-atom supercell, is shown.

Acknowledgement

This work has been supported by the Italian MIUR through the FIRB Project RBAP115AYN
“Oxides at the nanoscale: multifunctionality and applications”. The support of the COST
Action CM1104 “Reducible oxide chemistry, structure and functions” is also gratefully ac-
knowledged. C.DV. and G.P. acknowledge Cariplo Foundation for the Grant n. [2013-0615|.
G.O. acknowledges the ETSF-Italy®® for computational support. G.O. and M.G. acknowl-

edge useful discussions with Nicola Manini. M.G. thanks Elisa Albanese for help in running

23



calculations and for useful interactions.

References

(1) Mortimer, R. J. Electrochromic Materials. Annu. Rev. Mater. Res. 2011, 41, 241-268.

(2) Granqvist, C. G. Handbook of Inorganic Electrochromic Materials; Elsevier: Amster-
dam, 1995.

(3) Berzelius, J. J. Afh. Fys., Kemi Mineral 1815, 4, 293.

(4) Gérard, P.; Deneuville, A.; Courths, R. Characterization of a-“WQO3” Thin Films Before
and After Colouration. Thin Solid Films 1980, 71, 221-236.

(5) Brown, B. W.; Banks, E. The Sodium Tungsten Bronzes. J. Am. Chem. Soc. 1954, 76,
963-966.

(6) Dini, D.; Decker, F.; Masetti, E. A Comparison of the Electrochromic Properties of
WOj3 Films Intercalated with HY, Lit and Na™. J. Appl. Electrochem. 1996, 26, 647—
653.

(7) Deneuville, A.; Gérard, P. Influence of Substoichiometry, Hydrogen Content and Crys-
tallinity on the Optical and Electrical Properties of H,WO, Thin Films. J. Electron.

Mater. 1978, 7, 559-588.

(8) Yoshimura, T. Oscillator Strength of Small-Polaron Absorption in WO, (z < 3) Elec-

trochromic Thin Films. J. Appl. Phys. 1985, 57, 911-919.

(9) Niklasson, G. A.; Granqvist, C. G. Electrochromics for Smart Windows: Thin Films
of Tungsten Oxide and Nickel Oxide, and Devices Based on These. J. Mater. Chem.
2007, 17, 127-156.

(10) Deb, S. K. A Novel Electrophotographic System. Appl. Opt. 1969, 8, 192-195.

24



(11) Deb, S. K. Opportunities and Challenges in Science and Technology of WOj3 for Elec-

trochromic and Related Applications. Sol. Energy Mater. Sol. Cells 2008, 92, 245-258.

(12) Faughnan, B. W.; Crandall, R. S.; Heyman, P. M. Electrochromism in Tungsten (VI)
Oxide Amorphous Films. RCA Rev. 1975, 36, 177-197.

(13) Austin, I. G.; Mott, N. F. Polarons in Crystalline and Non-Crystalline Materials. Adv.

Phys. 1969, 18, 41-102.

(14) Schirmer, O. F.; Wittwer, V.; Baur, G.; Brandt, G. Dependence of WO3 Electrochromic
Absorption on Crystallinity. J. Electrochem. Soc. 1977, 124, 749-752.

(15) Salje, E. The Electrochromic Effect in Polar WO3. Opt. Commun. 1978, 2/, 231-232.

(16) Deb, S. K. Optical and Photoelectric Properties and Colour Centres in Thin Films of

Tungsten Oxide. Philos. Mag. 1973, 27, 801-822.

(17) Brigans, R. D.; Hochst, H.; Shanks, H. R. Defect States in WO3 Studied with Photo-

electron Spectroscopy. Phys. Rev. B 1981, 24, 3481-3489.

(18) Héchst, H.; Brigans, R. D. Electronic Structure of Evaporated and Annealed Tungsten
Oxide Films Studied with UPS. Appl. Surf. Sci. 1982, 11, 768-773.

(19) Szilagyi, 1. M.; Férizs, B.; Rosseler, O.; Szegedi, A.; Németh, P.; Kiraly, P;
Tarkanyi, G.; Vajna, B.; Varga-Josepovits, K.; Laszlo, K. et al. WO3 Photocatalysts:

Influence of Structure and Composition. J. Catalysis 2012, 294, 119-127.

(20) Vasilopoulou, M.; Kostis, I.; Vourdas, N.; Papadimitropoulos, G.; Douvas, A
Boukos, N.; Kennou, S.; Davazoglou, D. Influence of the Oxygen Substoichiometry
and of the Hydrogen Incorporation on the Electronic Band Structure of Amorphous

Tungsten Oxide Films. J. Phys. Chem. C 2014, 118, 12632-12641.

25



(21)

(22)

(27)

(28)

(29)

Johansson, M. B.; Zietz, B.; Niklasson, G. A.; Osterlund, L. Optical Properties of
Nanocrystalline WO3 and WO3_, Thin Films Prepared by DC Magnetron Sputtering.
J. Appl. Phys. 2014, 115, 213510.

Hollinger, G.; Minh Duc, T.; Deneuville, A. Charge Transfer in Amorphous Colored
WOj3; Films Observed by X-Ray Photoelectron Spectroscopy. Phys. Rev. Lett. 1976,
37, 1564-1567.

Ozkan, E.; Lee, S--H.; Tracy, C. E.; Pitts, J. R.; Deb, S. K. Comparison of Elec-
trochromic Amorphous and Crystalline Tungsten Oxide Films. Sol. Energy Mater. Sol.
Cells 2003, 79, 439-448.

Sato, R.; Kawamura, N.; Tokumaru, H. The Coloration of Tungsten-Oxide Film by
Oxygen Deficiency and Its Mechanism. Appl. Surf. Sci. 2008, 25/, 7676-7678.

Sato, R.; Sugiyama, M.; Kunugi, Y. Control of Electrical Conduction and Optical
Absorption of Tungsten-Oxide Films with Oxygen Deficiencies. T. MRS Jap. 2010,

35, 163-166.

Vourdas, N.; Papadimitropoulos, G.; Kostis, I.; Vasilopoulou, M.; Davazoglou, D. Sub-
stoichiometric Hot-Wire WO, Films Deposited in Reducing Environment. Thin Solid
Films 2012, 520, 3614-3619.

Paracchini, C.; Schianchi, G. Luminescence of WOg3. Phys. Status Solidi A 1982, 72,
K129-K132.

Manfredi, M.; Paracchini, C.; Salviati, G. C.; Schianchi, G. Conductive Processes in
Transparent WO3 Films Irradiated with Ultraviolet Light. Thin Solid Films 1981, 79,
161-166.

Lee, K.; Seo, W. S.; Park, J. T. Synthesis and Optical Properties of Colloidal Tungsten
Oxide Nanorods. J. Am. Chem. Soc. 2003, 125, 3408-3409.

26



(30)

(31)

(33)

(34)

(36)

(37)

Feng, M.; Pan, A. L.; Zhang, H. R.; Li, Z. A.; Liu, F.; Liu, H. W.; Shi, D. X.; Zou, B. S.;
Gao, H. J. Strong Photoluminescence of Nanostructured Crystalline Tungsten Oxide

Thin Films. Appl. Phys. Lett. 2005, 86, 141901.

Park, S.; Kim, H.; Jin, C.; Lee, C. Intense Ultraviolet Emission from Needle-Like
WO3; Nanostructures Synthesized by Noncatalytic Thermal Evaporation. Nanoscale

Res. Lett. 2011, 6, 1-6.

Luo, J. Y.; Zhao, F. L.; Gong, L.; Chen, H. J.; Zhou, J.; Li, Z. L.; Deng, S. Z.; Xu, N. S.
Ultraviolet-Visible Emission from Three-Dimensional WO;3;_, Nanowire Networks. Appl.

Phys. Lett. 2007, 91, 093124,

Lu, X.; Liu, X.; Zhang, W.; Wang, C.; Wei, Y. Large-Scale Synthesis of Tungsten Oxide
Nanofibers by Electrospinning. J. Colloid Interf. Sci. 2006, 298, 996-999.

Wang, J.; Lee, P. S.; Ma, J. Synthesis, Growth Mechanism and Room-Temperature Blue
Luminescence Emission of Uniform WOQOj3; Nanosheets with W as Starting Material. J.

Cryst. Growth 2009, 311, 316-319.

Niederberger, M.; Bartl, M. H.; Stucky, G. D. Benzyl Alcohol and Transition Metal
Chlorides as a Versatile Reaction System for the Nonaqueous and Low-Temperature
Synthesis of Crystalline Nano-Objects with Controlled Dimensionality. J. Am. Chem.
Soc. 2002, 12/, 13642-13643.

Rajagopal, S.; Nataraj, D.; Mangalaraj, D.; Djaoued, Y.; Robichaud, J.;
Khyzhun, O. Y. Effect of Alkali Metals Interstitial Doping on Structural and Electronic

Properties of WO3. Nanoscale Res. Lett. 2009, 4, 1335-1342.

Kubo, T.; Nishikitani, Y. Deposition Temperature Dependence of Optical Gap and Col-
oration Efficiency Spectrum in Electrochromic Tungsten Oxide Films. J. Electrochem.

Soc. 1998, 145, 1729-1734.

27



(38) Loopstra, B. O.; Boldrini, P. Neutron Diffraction Investigation of WOs3. Acta Crystal-

logr. 1966, 21, 158-162.

(39) Woodward, P. M.; Sleight, A. W.; Vogt, T. Ferroelectric Tungsten Trioxide. J. Phys.
Chem. Solids 1995, 56, 9-17.

(40) Johansson, M. B.; Niklasson, G. A.; Osterlund, L. Structural and Optical Properties of
Visible Active Photocatalytic WO3 Thin Films Prepared by Reactive DC Magnetron
Sputtering. J. Mater. Res. 2012, 27, 3130-3140.

(41) Chatten, R.; Chadwick, A. V.; Rougier, A.; Lindan, P. J. D. The Oxygen Vacancy in
Crystal Phases of WOs3. J. Phys. Chem. B 2005, 109, 3146-3156.

(42) Lambert-Mauriat, C.; Oison, V. Density-Functional Study of Oxygen Vacancies in Mon-
oclinic Tungsten Oxide. J. Phys.: Condens. Matter 2006, 18, 7361-7371.

(43) Wang, F.; Di Valentin, C.; Pacchioni, G. Semiconductor-to-Metal Transition in WO3_,:

Nature of the Oxygen Vacancy. Phys. Rev. B 2011, 84, 073103.

(44) Lambert-Mauriat, C.; Oison, V.; Saadi, L.; Aguir, K. Ab Initio Study of Oxygen Point
Defects on Tungsten Trioxide Surface. Surf. Sci. 2012, 606, 40-45.

(45) Bondarenko, N.; Eriksson, O.; Skorodumova, N. V. Polaron Mobility in Oxygen-
Deficient and Lithium-Doped Tungsten Trioxide. Phys. Rev. B 2015, 92, 165119.

(46) Bullet, D. W. Bulk and Surface Electron States in WO3 and Tungsten Bronzes. J. Phys.
C: Solid State Phys. 1983, 16, 2197-2207.

(47) Stachiotti, M.; Cora, F.; Catlow, C. R. A.; Rodriguez, C. O. First-Principles Investiga-
tion of ReO3 and Related Oxides. Phys. Rev. B 1997, 55, 7508-7514.

(48) Stashans, A.; Lunell, S. Semiempirical Calculations on WO3 and M, WO3 Crystals (M
= H, Li, Na). Int. J. Quantum Chem. 1997, 63, 729-735.

28



(49)

(50)

(51)

(52)

(55)

(56)

(57)

(58)

Walkingshaw, A. D.; Spaldin, N. A.; Artacho, E. Density-Functional Study of Charge
Doping in WOs. Phys. Rev. B 2004, 70, 165110.

Tosoni, S.; Di Valentin, C.; Pacchioni, G. Effect of Alkali Metals Interstitial Doping on

Structural and Electronic Properties of WOg. J. Phys. Chem. C 2014, 118, 3000-3006.

Skone, J. H.; Govoni, M.; Galli, G. Self-Consistent Hybrid Functional for Condensed
Systems. Phys. Rev. B 2014, 89, 195112.

Gerosa, M.; Bottani, C. E.; Caramella, L.; Onida, G.; Di Valentin, C.; Pacchioni, G.
Electronic Structure and Phase Stability of Oxide Semiconductors: Performance of
Dielectric-Dependent Hybrid Functional DFT, Benchmarked against GW Band Struc-

ture Calculations and Experiments. Phys. Rev. B 2015, 91, 155201.

Van de Walle, C. G.; Neugebauer, J. First-Principles Calculations for Defects and Im-

purities: Applications to III-Nitrides. J. Appl. Phys. 2004, 95, 3851.

Lany, S.; Zunger, A. Assessment of Correction Methods for the Band-Gap Problem
and for Finite-Size Effects in Supercell Defect Calculations: Case Studies for ZnO and
GaAs. Phys. Rev. B 2008, 78, 235104.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Rationale for Mixing Exact Exchange with
Density Functional Approximations. J. Chem. Phys. 1996, 105, 9982-9985.

Adamo, C.; Barone, V. Toward Reliable Density Functional Methods without Ad-

justable Parameters: The PBEO Model. J. Chem. Phys. 1999, 110, 6158-6170.

Becke, A. D. Density Functional Thermochemistry. III. The Role of Exact Exchange.

J. Chem. Phys. 1993, 98, 5648-5652.

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio Calculation
of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional

Force Fields. J. Phys. Chem. 1994, 98, 11623-11627.

29



(59)

(60)

(62)

(63)

Heyd, J.; Scuseria, G. E.; Ernzerhof, M. Hybrid Functionals Based on a Screened
Coulomb Potential. J. Chem. Phys. 2003, 118, 8207-8215.

Gerosa, M.; Bottani, C. E.; Caramella, L.; Onida, G.; Di Valentin, C.; Pacchioni, G.
Defect Calculations in Semiconductors through a Dielectric-Dependent Hybrid DFT
Functional: The Case of Oxygen Vacancies in Metal Oxides. J. Chem. Phys. 2015,

143, 134702.

Dovesi, R.; Saunders, V. R.; Roetti, C.; Orlando, R.; Zicovich-Wilson, C. M.; Pas-
cale, F.; Civalleri, B.; Doll, K.; Harrison, 1. J., N. M. Bush; D’Arco, P. et al. CRYS-
TAL09 User’s Manual; University of Torino: Torino, 2009.

Dovesi, R.; Orlando, R.; Civalleri, B.; Roetti, C.; Saunders, V. R.; Zicovich-
Wilson, C. M. CRYSTAL: A Computational Tool for the Ab Initio Study of the Elec-
tronic Properties of Crystals. Z. Kristallogr. 2005, 220, 571-573.

Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for Molecular Calculations.
Potentials for K to Au Including the Outermost Core Orbitals. J. Chem. Phys. 1985,

82, 299-310.

Wang, F.; Di Valentin, C.; Pacchioni, G. Electronic and Structural Properties of WOs5:

A Systematic Hybrid DFT Study. J. Chem. Phys. C' 2011, 115, 8345-8353.

Ruiz, E.; Llunell, M.; Alemany, P. Calculation of Exchange Coupling Constants in Solid
State Transition Metal Compounds Using Localized Atomic Orbital Basis Sets. J. Solid

State Chem. 2003, 176, 400-411.

Ferrero, M.; Rérat, M.; Orlando, R.; Dovesi, R.; Dovesi, R. The Calculation of Static
Polarizabilities of 1-3D Periodic Compounds. The Implementation in the CRYSTAL

Code. J. Comput. Chem. 2008, 29, 1450-1459.

30



(67)

(68)

(71)

(72)

(73)

(74)

(75)

Hutchins, M.; Abu-Alkhair, O.; El-Nahass, M.; El-Hady, K. A. Structural and Opti-
cal Characterisation of Thermally Evaporated Tungsten Trioxide (WO3) Thin Films.
Mater. Chem. Phys. 2006, 98, 401-405.

Gallino, F.; Pacchioni, G.; Di Valentin, C. Transition Levels of Defect Centers in ZnO
by Hybrid Functionals and Localized Basis Set Approach. J. Chem. Phys. 2010, 133,
144512.

Alkauskas, A.; Pasquarello, A. Alignment of Hydrogen-Related Defect Levels at the
Si-Si0, Interface. Physica B 2007, 401, 670-673.

Chen, W.; Pasquarello, A. Correspondence of Defect Energy Levels in Hybrid Den-
sity Functional Theory and Many-Body Perturbation Theory. Phys. Rev. B 2013, 88,
115104.

Makov, G.; Payne, M. C. Periodic Boundary Conditions in Ab Initio Calculations. Phys.
Rev. B 1995, 51, 4014-4022.

Di Valentin, C.; Pacchioni, G.; Selloni, A. Electronic Structure of Defect States in Hy-

droxylated and Reduced Rutile TiO5(110) Surfaces. Phys. Rev. Lett. 2006, 97, 166803.

Di Valentin, C.; Pacchioni, G. Spectroscopic Properties of Doped and Defective Semi-
conducting Oxides from Hybrid Density Functional Calculations. Acc. Chem. Res.
2014, 47, 3233-3241.

Morgan, B. J.; Watson, G. W. Polaronic Trapping of Electrons and Holes by Native
Defects in Anatase TiOs. Phys. Rev. B 2009, 80, 233102.

Gerosa, M.; Di Valentin, C.; Bottani, C. E.; Onida, G.; Pacchioni, G. Communication:
Hole Localization in Al-Doped Quartz SiOy within Ab Initio Hybrid-Functional DFT.
J. Chem. Phys. 2015, 145, 111103.

31



(76)

(77)

(80)

(82)

(83)

(84)

Bersuker, I. B. Pseudo-Jahn—Teller Effect—A Two-State Paradigm in Formation, De-
formation, and Transformation of Molecular Systems and Solids. Chem .Rev. 2013,

113, 1351-1390.

de Wijs, G. A.; de Boer, P. K.; de Groot, R. A.; Kresse, G. Anomalous Behavior of the
Semiconducting Gap in WO3 from First-Principles Calculations. Phys. Rev. B 1999,
59, 2684-2693.

Ping, Y.; Galli, G. Optimizing the Band Edges of Tungsten Trioxide for Water Oxida-
tion: A First-Principles Study. J. Phys. Chem. C' 2014, 118, 6019-6028.

Freysoldt, C.; Grabowski, B.; Hickel, T.; Neugebauer, J.; Kresse, G.; Janotti, A.; Van de
Walle, C. G. First-Principles Calculations for Point Defects in Solids. Rev. Mod. Phys.
2014, 86, 253.

Meyer, J.; Kroger,; Hamwi, S.; Gnam, F.; Riedl, T.; Kowalsky, W.; Kahn, A. Charge
Generation Layers Comprising Transition Metal-Oxide/Organic Interfaces: Electronic

Structure and Charge Generation Mechanism. Appl. Phys. Lett. 2010, 96, 193302.

Kroger, M.; Hamwi, S.; Meyer, J.; Riedl, T.; Kowalsky, W.; Kahn, A. Role of the Deep-
Lying Electronic States of MoOj3 in the Enhancement of Hole-Injection in Organic Thin
Films. Appl. Phys. Lett. 2009, 95, 123301.

Kleperis, J.; Zubkans, J.; Lusis, A. R. Nature of Fundamental Absorption Edge of WO3.
Proc. SPIE 1997, 2968, 186-191.

Koffyberg, F. P.; Dwight, K.; Wold, A. Interband Transitions of Semiconducting Oxides

Determined from Photoelectrolysis Spectra. Solid State Commun. 1979, 30, 433-437.

Salje, E. A New Type of Electro-Optic Effect in Semiconducting WO3. J. Appl. Cryst.
1974, 7, 615-617.

32



(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

Hardee, K. L.; Bard, A. J. Semiconductor Electrodes X. Photoelectrochemical Behavior
of Several Polycrystalline Metal Oxide Electrodes in Aqueous Solutions. J. Electrochem.

Soc. 1977, 12/, 215-224.

Davazoglou, D.; Leveque, G.; Donnadieu, A. Study on the Optical and Electrochromic
Properties of Polycrystalline WO3 Thin Films Prepared by CVD. Solar Energ. Mater.
1988, 17, 379-390.

Berak, J. M.; Sienko, M. J. Effect of Oxygen-Deficiency on Electrical Transport Prop-
erties of Tungsten Trioxide Crystals. J. Solid State Chem. 1970, 2, 109-133.

Ping, Y.; Rocca, D.; Galli, G. Optical Properties of Tungsten Trioxide from First-
Principles Calculations. Phys. Rev. B 2013, 87, 165203.

Pacchioni, G. In Defects at Ozide Surfaces; Jupille, J., Thornton, G., Eds.; Springer

Series in Surface Sciences; Springer International Publishing, 2015; Vol. 58; pp 1-28.

Aroyo, M. I.; Orobengoa, D.; de la Flor, G.; Tasci, E. S.; Perez-Mato, J. M.; Won-
dratschek, H. Brillouin-Zone Database on the Bilbao Crystallographic Server. Acta
Crystallogr. A 2014, 70, 126-137.

Deék, P.; Aradi, B.; Frauenheim, T. Quantitative Theory of the Oxygen Vacancy and
Carrier Self-Trapping in Bulk TiO,. Phys. Rev. B 2012, 86, 195206.

Gillet, M.; Lemire, C.; Gillet, E.; Aguir, K. The Role of Surface Oxygen Vacancies
Upon WO3; Conductivity. Surf. Sci. 2003, 532, 519-525.

Gillet, M.; Aguir, K.; Lemire, C.; Gillet, E.; Schierbaum, K. The Structure and Electri-
cal Conductivity of Vacuum-Annealed WO3 Thin Films. Thin Solid Films 2004, 467,
239-246.

Aguir, K.; Lemire, C.; Lollman, D. B. B. Electrical Properties of Reactively Sputtered
WO3; Thin Films as Ozone Gas Sensor. Sensor Actuat. B-Chem. 2002, 84, 1-5.

33



(95) Vemuri, R. S.; Bharathi, K. K.; Gullapalli, S. K.; Ramana, C. V. Effect of Structure
and Size on the Electrical Properties of Nanocrystalline WO3 Films. ACS Appl. Mater.

Inter. 2010, 2, 2623-2628.

(96) de Wijs, G. A.; de Groot, Structure and Electronic Properties of Amorphous WOj3.
Phys. Rev. B 1999, 60, 16463-16474.

(97) Nakamura, A.; Yamada, S. Fundamental Absorption Edge of Evaporated Amorphous
WOj3 Films. Appl. Phys. 1981, 2/, 55-59.

(98) Matsuura, A.; Thrupp, N.; Gonze, X.; Pouillon, Y.; Bruant, G.; Onida, G. The ETSF:
An E-Infrastructure that Bridges Simulations and Experiments. Comp. Sci. Eng. 2012,
14, 22-32.

34



