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Abstract

In this work, the oxygen vacancy in WO; has been studied by an ab initio pseudopotential method within the local density
approximation (LDA). It is shown that with the charge state change of the vacancy, a strong lattice relaxation, swing from one to
the other side of the un-relaxed position, is found for the nearest W ions, accompanied by large changes in the electronic
structure of the vacancy. It is found that an oxygen vacancy in WO; gives rise to three types of defect states: a donor-like state
near the fundamental band gap, derived from the top valence bands, a hyper-deep resonant state in the valence band and a high-
lying resonant state in the conduction band, derived from the oxygen 2s bonding and anti-bonding band, respectively. The
existence of the donor-like defect state offers a possible explanation for the dependence of the conductivity and the mid-gap

absorption on the O deficiency.
© 2003 Elsevier B.V. All rights reserved.

PACS: 31.15.Ar; 61.72.Ji; 71.00.00; 71.15.Ap; 71.15.Fv; 71.15.Mb; 71.20—b; 77.84.Dy; 78.20.]Jq; 74.25.Jb
Keywords: ABOj3 perovskites; Tungsten oxide; Electrochromism; Non-stoichiometry; Defects; Ab initio calculations; LDA; Pseudopotential

methods

Tungsten oxide is one of the most intensively
studied electrochromic materials because of its many
technologically important electro-optic, electrochro-
mic, ferroelectric, and semiconducting properties
[1-3]. Despite the three decades of intense studies,
the physical mechanism for the coloration still
remains controversial [1,4—6] and the origin of the
mid-gap optical transition is not clear. Deb’s vacancy
model [1] suggests that the oxygen vacancy (Vo) is
involved in the optical transition; while all the other
models suggest that the optical transition occurs via
the charge transfer between non-equivalent W sites in
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one way or the other [4—6]. It is found in Ref. [7] that
the electrochromic colouration efficiency and conduc-
tivity is enhanced, and the peak energy of the mid-gap
absorption shifts to the higher energy, with increasing
oxygen deficiency.

There have been numerous theoretical studies on
the electronic structure of WO;5; with and without ion
intercalation: non-self-consistent and/or semi-empiri-
cal calculations [8—11], and self-consistent first-prin-
ciples calculations [12—16]. However, no publications
on the theoretical study of Vg in WOj3 system either
with or without the intercalation have been found
except for one for amorphous WOj; [17]. Neverthe-
less, the properties of Vg in a related system, KNbO3,
have indeed been studied [18,19]. Here, we perform a
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theoretical investigation for the structural and elec-
tronic properties of Vg in a cubic WOj3;. Although in
the real world WO3; often appears in different struc-
tures with lower symmetry than cubic, we believe that
this simple structure is a logic starting point along the
line of approaching reality.

This investigation was carried out by an ab-initio
pseudopotential method within the local density ap-
proximation (LDA). Spin-orbit coupling was neglected.
Norm-conserving pseudopotentials have been gener-
ated using the conjugate gradient algorithm. Pulay—
Kerker scheme has been used for self-consistent
potential mixing. Also, real space Kleinman—
Bylander non-local pseudopotential implementations
have been used with a mask function scheme, with-
out the need for preprocessing for the pseudopoten-
tials. We have considered 5d, 6s and 6p as valence
states to build the pseudopotential, and 2s, 2p as
valence states for the O pseudopotential. The energy
cutoff for the plane wave basis was 70 Ry. “k-
projection” and ‘“‘band-projection” is performed for
identifying the character of any state of interest.

The primitive unit cell with volume €, for the
cubic WO; contains four atoms: three O atoms at
(0,0,0), (0,a/2,a/2), and (a/2,0,a/2) and one W at
(0,0,a/2) (Fig. 1), where a is the lattice constant. The
defect structure is simulated by a supercell of size
ny X ny X n3 Qg with the O atom at the origin removed.
Here n,, n, and n3 are the number of the primitive unit
cells along [100], [010] and [001] directions, respec-
tively. The defect structure has a local symmetry of Cys,
[18], with the symmetry axis along [001]. Three super-
cell sizes, with 32, 48 and 64 atomic sites (Fig. 1),
respectively, have been used to mimic the interaction
of the vacancies, by choosing n3;=2, 3, and 4 and
ny =np=2. All atomic configurations are obtained by
minimizing total energy. For the three supercell struc-
tures, we used these special k points in 2n/a: (1/4,
1/4,1/4), (1/4,1/4,1/2) and (1/4,1/4,1/2), respectively,
for the self-consistent calculations. The band structure
calculation is performed using the charge distribution
obtained in the self-consistent calculation.

To test the reliability of the method and establish the
reference, we have first performed a detailed calcula-
tion for the ideal WOs;. The results of a=3.84 A and
E,=0.43 eV agree quite well with those of previous
self-consistent calculations: ¢=3.73-3.84 A and
E,=0.3-0.6 eV [12-16], as well as the experimental
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Fig. 1. Schematic presentation of the primitive four-atom unit cell
and 32-, 48- and 64-atom supercells.

value of a=3.71-3.75 A [20]. The band gap, howev-
er, is much smaller than the experimental value of 2.62
eV (for monoclinic phase) [21] due to the well-known
LDA error. Fig. 2 shows the dispersion curves, which
are in general agreement with those of previous
calculations [12—16].

The maximum of the valence band is situated at the
R point in the Brilloin zone and the minimum of the
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Fig. 2. Electronic band structure of the four-atom primitive cell of
cubic WOj along several high symmetry lines in the Brillouin zone.
The energy reference is at the top of the valence band (R-point), and
the I' conduction band minimum is at 0.43 eV.

conduction band is at the I'-point. The width of the
valence band is 7.29 eV and the direct band gap is
1.2265 eV. The valence band is composed of 12
levels, which can be divided into four bands: three
bonding and one non-bonding bands of hybridized O
2s, 2p, and W 5d and 6s states. A charge distribution
analysis shows that the lowest three states form the a;,
band, which mainly originates from the O 2s orbitals
slightly hybridizing with W 5d(x*~y*) and 5d(z%)
states. The next three states form the e, band, which
is due to hybridization of W 5d(z*) and 5d(x*—?)
orbitals with O 2p orbitals. This band is lower in
energy than the t,, band, because the overlapping of
the d orbitals for this band with O 2p orbitals is
stronger than that for the t,, band arising from the
interaction between W 5 (d,, d,., d,;) and O 2p
orbitals. Respectively, in the conduction band the tp,
antibonding band is lower in energy than the e¥ anti-
bonding band. Note that between these two bands it is
the af, anti-bonding band. The rest three levels at the
top of valence band form t;, +t,, non-bonding band
due to nearest O—O interactions.

For a given supercell structure of the ideal cubic
WO3, the number of occupied valence states equals to

No=24 (ny X ny X n3)/2, the factor 2 is due to the spin
degeneracy. With the removal of one O, the number of
occupied states is expected to be N=N, — 3. We find
that for all the three supercell defect structures, there
are only Ny — 4 states remaining in the valence band
(VB). More specifically, one state is removed from the
lowest VB, the ““a;,” band. The other three states are
removed from the highest VB, the t;,+t,,. Note that
now the valence band has one state short to accom-
modate all the valence electrons. Thus, which excited
state should the two “extra” electrons occupy is an
interesting issue.

After the oxygen atom has been removed, the super-
cells have been relaxed and optimal atomic positions
have been found via a search of the total energy
minimum for the double positively charged vacancy
Vo " andneutral V§. Fig. 3 presents displacement of the
atoms near the vacancy, which exhibits the largest shift
from the equilibrium position. We find that for V', the
nearest two W ions move outward from their ideal
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Fig. 3. The dependences of atomic relaxation, along the z and x
directions, for the O and W ions nearest to the vacancy on the
supercell size and the vacancy charging state.
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positions, due to the loss of the Coulomb attraction
from the O ion used to be at the origin; while the eight
nearest O ions move towards the vacancy, due to the
loss of the balancing repulsion from the O ion. For V3,
we find that the nearest W ions now move towards the
vacancy, due to the attraction of the two added elec-
trons at the “vacancy site”; and those nearest O ions
move back slightly, due to the restored repulsion. Note
that the largest displacements have been shown along
the [001] direction, while those along other directions
[010] and [100] are much smaller.
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Analysis of Fig. 3 shows that the displacements
depend on not only the charge state of the vacancy,
but also the supercell size. The reason is that the larger
is the supercell size, the more free space is available
for displacements.

The strong lattice relaxation significantly changed
the electronic structure of the supercells. Three defect
states have been found. A state is characterized as a
defect state primarily because the k-projection of its
wavefunction has a nearly uniform distribution over
the k points in the Brillouin zone, while other bulk-
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Fig. 4. Charge distribution (|{s|?), in the z-x plane, of the hyper-deep state E, for 31-atom supercell (upper row), 47-atom supercell (middle row),

and 63-atom supercell (bottom row), before (left column) and after (right column) the high-lying singlet state is occupied (i.e., in the V5"

state). Note that the vacancy is at the origin (0,0,0).
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like states tend to have the projection only at a few
specific symmetrically related k points.

One of the intriguing results is the finding of a
hyper-deep defect state near the a;, band, since a;,
band is ~ 15—17 eV below the top of the VB. Fig. 4
shows the charge distribution (the square of the wave-
function) of this defect state. The wavefunction of this
defect state (to be called E; hereafter) is found to be
localized not on the vacancy site but on the nearby O
sites along the [001] direction along which the re-
moved O used to bond with two W atoms. Wave-
function has very little distribution at other atomic
sites, which are not in the [001] axis, even though
some of them are closer to the vacancy.

Beside this hyper-deep defect states, we have found
two additional states, one singlet (E,) and one doublet
(E3), in resonance with the conduction band (CB). The
E, and E; levels are found to be located in between the
t§, and af, band. Fig. 5 shows the charge distributions
typical for these defect levels in the two larger super-
cells. The wavefunction of E, is mostly localized at
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vacancy site, to be exact, between the vacancy and the
nearest W’s; while E; is mostly localized at the closest
O’s along the [010] and [100] direction (i.e., (0,a,0),
and (a,0,0)). Note that E5 is in fact similar in nature to
what normally been discussed vacancy states near the
band gap in many other materials [22-29], i.e., a
normal excited state of the vacancy. However, E,
should be viewed as an anti-bonding state of the
vacancy configuration. The hyper-deep defect state is
then a bonding state of the vacancy configuration. The
formation of this bonding state can be understood as:
The removal of the O at the origin effectively creates a
repulsive potential for the electron at the core of the
vacancy [25], which drives the “extra” electron of the
nearest W away from the vacancy site along the lowest
energy direction [001]. With the analogy to the situa-
tion of two off center potential wells, E; may be
viewed as a bonding state and E, an anti-bonding
state. To some extent, the appearance of the E; state
here is similar to the case of an isoelectronic impurity,
which was also found to have a hyper-deep bonding
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Fig. 5. Charge distribution (|{s]?), in the z—x plane, of the high-lying defect state (E,, left column) and the donor-like defect state (E,, right
column) for the 47-atom supercell (upper row) and 63-atom supercell (bottom row), with the vacancy at the V§ state. Note that the vacancy is at

the origin (0,0,0).
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and a high-lying anti-bonding localized state [30]. The
band-projection analysis indicates that E; is primarily
constructed from the states of the a;, band, E; has the
largest contribution from the high-lying af, anti-bond-
ing band, but with a significant amount from the a;,
bonding band. Thus, this analysis further corroborates
the bonding—anti-bonding relation of the E; and E,
state.

According to the conventional description of a
vacancy, when the E, state or the Vg site is unoccu-
pied, Vg is in a charge state of V3" (positive biva-
lent); when occupied, in a charge state of V§ (neutral).
These notations are conventionally adopted for de-
scribing the change in the number of electrons at the
Vo site with respect to the ideal crystal. However, at
the Vg site, there is actually no charge distribution for
the Vo' state but there is for the V§ state, when
inspecting the total charge distribution of the system.

The second intriguing finding comes from how to
allocate the two “extra” electrons. One natural option
is to allow them to occupy the lowest available excited
state, i.e., the bottom of the LDA CB; another one is
to have them occupy the high-lying defect state, say,
the E, state. We find between these two options not
only a large swing of the nearest W atoms from one
side of the ideal position to the other, as shown in Fig.
3, but also huge changes in the energies of the defect
states (as large as 1-2 eV), as shown in Fig. 6. The
effects on the defect state wavefunctions can also be
seen in Fig. 4 for the E, state.

The analysis of Fig. 6 shows that for V4" the E;
level is lower than the a;, band by ~ 0.5 eV. For Vg,
we find that the E, level moves from below the a,,
band to above. The reason can be related to inward
displacement of the nearest W ions due to the attraction
of the two added clectrons at the “V site”; and those
nearest O ions move back slightly, due to the restored
repulsion. In the mean time, the charge distribution of
E; at the nearby O sites along the [001] chain enhances
for the 32- and 48-sites supercell and is pushed further
away to the next O site along the chain for the 64-sites
supercell (see the right column of Fig. 4).

As the charge state of V(, changes from V' to V§,
the energy of the E, state itself also alter significantly
(see Fig. 6). The separation between E; and E,
reduces significantly, because of the drop of the
electrostatic energy at the vacancy site and the raise
of the electrostatic energy at those O sites along the
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Fig. 6. The dependences of the energy levels on the supercell size
and the vacancy charge state for three defects states. The energy
reference is at the top of the valence band (R-point).

[001] chain. Associated with the change, the other
defect state E; also experiences major changes both in
its energy (see Fig. 6). Also, energy levels of the
defects can be altered not only with the change in the
charge state of the vacancy, but also the change of the
supercell size, which is related to that of the displace-
ments shown in Fig. 3.

Next, we attempt to correlate our results to those
controversial issues in WO;. Since the E, state is
largely composed of states of the high-lying af, anti-
bonding band, the LDA error in band gap is not
expected to change the fact that it is a deep resonant
state in the CB. However, the band-projection analysis
for the E; state reveals that this state is mainly derived
from the two highest VBs (t;, 1y, and t,). Thus, if
the CB moves up after the LDA error being corrected,
this state should drop into the band gap and behaves
as a donor state. If this situation does occur, because
of its double degeneracy, in the ground state of the
defect structure E; will be half filled, according to the
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state counting described earlier. On one hand, this
state is less localized in the real space, compared to E,
and E,; and on the other hand, it has a finite
dispersion in k space even for the largest supercell.
With these properties, the existence of this defect state
offers a possible explanation for the observed depen-
dence of the conductivity on the O deficiency [7].
Also, the optical transition from this bound state to
conduction band states above the CB edge or the E,
state is naturally a plausible candidate for the exper-
imentally observed mid-gap absorption [7]. Note that
the 31, 47 and 63 atom supercells correspond to the
oxygen deficient WO,, with different values of the
index m=2.875, 2.917 and 2.9375, respectively. So,
one can relate the change of energy levels of the
defects with the supercell size in Fig. 6 to that of the
oxygen deficiency. This can serve as possible expla-
nation for the experimentally observed shift to lower
energies of the peak value of the absorption coeffi-
cient of WO,, with decreasing the oxygen deficiency
[7]. However, a quantitative comparison with exper-
imental data is hindered by both the LDA error and
the use of ordered structure.

In summary, we have found that the oxygen
vacancy in WOj3 can generate three types of defect
states: a hyper-deep one associated with the bonding
band of the oxygen 2s states, a high-lying one
associated with the anti-bonding band of oxygen 2s
states, and a donor-like state associated with the
valence bands near the fundamental band gap. Such
a finding is expected to be general for other related
oxides. The relevancy of the results is discussed with
respect to the dependence of the coloration efficiency,
mid-gap optical transition, and the conductivity on the
oxygen vacancy in WOj;.
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