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Resonant defect states and strong lattice relaxation of oxygen vacancies in WO3
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We find, from first principles calculations, that an oxygen~anion! vacancy in WO3 not only generates a
donorlike state near the fundamental band gap, derived from the top valence bands, but also gives rise to an
additional pair of defect states: a hyper-deep resonant state in the valence band and a high-lying resonant state
in the conduction band, derived froms-like bonding and antibonding bands, respectively. These states show
distinctively different properties from their counterparts in other conventional semiconductors. With a change
in the charge state of the vacancy, a strong lattice relaxation is found for the W ions nearest to the vacancy,
accompanied by large changes in the energies of all the defect states.
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Since the discovery of its electrochromism by Deb
1969,1 tungsten oxide (WO3) has emerged as one of th
most interesting and promising electrochromic materia
However, despite three decades of intense studies,2,3 the
physical mechanism for the coloration still remai
controversial.1,4–6Agreeably, the coloration is due to extrin
sic light absorption with energy below the intrinsic band g
of WO3 (Eg;3 eV), but the origin of the transition is not a
all clear. Deb’s vacancy model1 suggests that the oxyge
vacancy (VO) is involved in the optical transition; while al
the other models suggest that the optical transition occurs
the charge transfer between non-equivalent W sites in
way or the other.4–6 Also, another not well explained bu
important property of WO3 is the enhancement of the con
ductivity with the increase of O deficiency.2,3 There have
been numerous theoretical studies on the electronic struc
of WO3: non-self-consistent and/or semiempiric
calculations,7–10 and self-consistent first-principle
calculations.11–15 However, the properties ofVO have been
studied theoretically only in amorphous WO3,16 and a re-
lated system, KNbO3.17,18 Here, we perform a theoretica
investigation on the structural and electronic properties ofVO
in cubic WO3. Although in reality WO3 often appears in
different structures with lower symmetry than cubic, we b
lieve that this simple structure is a logical starting point
gaining an understanding of the coloration phenomenon.
one hand, this study results in valuable insights on the rol
VO in the electrochromism of WO3; on the other hand
WO3: VO serves as a model system for revealing some
triguing aspects of the vacancy which may be of gene
interests and importance forVO in oxides.

Since the pioneering work of Coulson and Kearsley,19 a
vacancy is commonly known to generate localized sta
near the fundamental band gap.19–26 While most studies on
vacancies have focused on the defect states near the
gap, it has been found that the vacancy in Si and GaAs
also generate a deep resonant defect state inside the va
0163-1829/2003/68~23!/233204~4!/$20.00 68 2332
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band,25,27 due to the dehybridization of the broken bonds
the nearest neighbor atoms. The situation is expected to
quite different for highly ionic crystals in which the couplin
of an anion with the nearest neighbor cations is usually w
for the deep valence band due to the large mismatch in
orbital energies. Through a first-principles calculation,
obtain a comprehensive picture for the formation of def
states associated with the anion vacancy in a highly io
crystal like WO3. We find that~1! contrary to the covalent o
mostly covalent semiconductor case, here thevacancy con-
figuration needs to involve atoms in the next shell of th
same type atoms as the missing anion.~2! Beside generating
a doublet donorlike state~to be calledE3) near the band gap
VO gives rise to a pair of singlet defect states: a hyperd
one~to be calledE1) associated with thes-like bonding va-
lence band~VB! and a high-lying one~to be calledE2)
mainly derived from thes-like antibonding conduction band
~CB!. The antibondingE2 state is located several eV abov
the first CB minimum~CBM!, compared to that in a typica
covalent, III-V or II-VI, semiconductor where such a state
below the CBM.~3! With a change in the charge state of th
vacancy, the lattice relaxation for the nearest cations exhi
a large swing from one side of the ideal position to the oth
which has not been reported before for similar systems.

A self-consistent first-principles pseudopotential meth
in the framework of density functional theory within the lo
cal density approximation~LDA !, is used in this study.28 The
5d, 6s, and 6p orbitals of W and 2s and 2p orbitals of O
are included as valence states for generating the corresp
ing pseudopotentials. Spin-orbit interaction is neglected
our calculation. The energy cutoff for the plane wave ba
was 70 Ry. In cubic WO3, the primitive unit cellV0 contains
four atoms: three O atoms at~0,0,0!, (a/2,0,a/2), and
(0,a/2,a/2) and one W atom at (0,0,a/2), wherea is the
lattice constant. The defect structure is simulated by a su
cell of sizen13n23n3 times ofV0 for which the O atom at
©2003 The American Physical Society04-1
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the origin is removed. The defect structure has a local s
metry of C4v ,17 with the symmetry axis along@001#. Three
supercell sizes, with 32, 48, and 64 atomic sites, respectiv
have been used to mimic the interaction of the vacancies
choosingn15n252 and n352, 3, and 4. Figure 1 show
schematically the structure of the (n1 ,n2 ,n3)5(2,2,4) su-
percell. All atomic configurations are obtained by minimi
ing the total energy. The calculated bulk properties,a
53.84 Å andEg50.43 eV, agree well with previous sel
consistent calculations:a53.73– 3.84 Å and Eg
50.3– 0.6 eV,11–15 and the experimental value ofa
53.71– 3.78 Å.12,29The band gap, however, is much smal
than the experimental value of 2.62 eV~obtained for the
monoclinic phase!30 due to the well known LDA error. The
dispersion curves and the bandwidths are also found to b
general agreement with those of previous calculations
shown in Fig. 2.11–15

With the removal of one O atom, the number of valen
electrons remained in the system is 2 (N0-3), whereN0 is
the number of occupied valence states for the ideal struct
We find that for all the three supercell defect structures, th
are onlyN0– 4 states~including the localizedE1 defect state!
remaining in the VB, which is consistent with the fact th

FIG. 1. A schematic show of the 23234 supercell with theVO

~the large open circle! at the origin. Small solid and open circle
represent the W and O atoms, respectively.

FIG. 2. Band structure of a cubic WO3 . The energy reference i
at the top of the valence band~indicated by the dashed line!, and the
G conduction band minimum is at 0.43 eV.
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four oxygen orbitals have been removed. More specifica
one state is removed from the lowest VB which is known
the ‘‘a1g’’ band ~in the language of chemical bond descri
tion, see Fig. 2! mainly originating from the O 2s orbitals.2

The other three states are removed from the highest
which is known as the ‘‘t1g1t2u’’ band derived from the O
2p orbitals.2 Note that now the valence band has one st
short to accommodate all the valence electrons. We
show that the electronic structure critically depends on wh
excited state should the two ‘‘extra’’ electrons occupy.

The first intriguing result is the finding of ahyperdeep
defect stateE1 ~with a1 symmetry! near thea1g band which
is ;15– 17 eV below the top of the VB. The wave functio
of this defect state is found localized neither on the vaca
site nor on the nearest W sites, but on the nearby O s
along the@001# direction from the missing O atom. This sta
is characterized as a defect state primarily for the follow
two reasons: ~1! thek projection of its wave function has
nearly uniform distribution over thek points in the Brillouin
zone ~BZ!, while other bulklike states tend to have proje
tions only at a few specific symmetrically relatedk points;
and~2! the wave function has very little distribution at oth
O sites not along the@001# axis, despite their being closer t
the vacancy. Figure 3 shows the charge distribution~the
square of the wave function! of this defect state for the larg
est supercell.

Beside theE1 state, we have observed three addition
states, one singlet (E2 , also with a1 symmetry! and one
doublet (E3 , with E symmetry!, both lying above the CBM.
The primary contributors to the CB states are the Wd
orbitals:2,15 the first CB is commonly considered as an an
bonding band due to the hybridization of W 5dxy , 5dyz , and
5dxz with the O 2p ~known as the ‘‘t2g* ’’ band!, and the
second CB is viewed as an antibonding band due to
hybridization of W 5d(x2–y2) and 5d(z2) with the O 2s
~known as the ‘‘a1g* ’’ band!. TheE2 andE3 levels are found
located in between thet2g* anda1g* band. The wave function
of E2 is strongly localized at the vacancy site, or to be exa
between the vacancy and the nearest W’s, whereasE3 is
weakly localized at the closest O’s along the@100# and@010#
direction @i.e., (a,0,0), and (0,a,0)]. Figure 4 shows the
charge distributions typical for these defect levels for t
largest supercell.

We next discuss the origins of these defect sta
Roughly speaking, the high-lyinga1g* CB is an antibonding
band of the deepa1g VB. The band-projection analysis indi

FIG. 3. Charge distribution, in thex-z plane~see Fig. 1!, of the
hyperdeep bonding defect stateE1 for the 63-atom supercell befor
~left! and after~right! the high-lying antibonding stateE2 is occu-
pied ~i.e., in the VO

11 and VO
0 state, respectively!. Note that the

vacancy is at the origin~0,0,0!.
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cates thatE1 is primarily constructed from the states of th
a1g band,E2 has the largest contribution from the high-lyin
a1g* band, but also with some components from thea1g band.
ThusE1 can be viewed as abondingstate, andE2 an anti-
bondingstate of thevacancy configuration. The formation of
this bondingstate can be understood as follows. The remo
of the O at the origin effectively creates a repulsive poten
for the electron at the core of the vacancy,22 which drives the
‘‘extra’’ electron of the nearest W away from the vacancy s
along the lowest energy direction@001#. An actual examina-
tion of the potential profile indeed qualitatively confirms th
intuition. These states are analogous to bonding and a
bonding states generated by two off-center potential we
Also, to some extent, the appearance of theE1 state here is
similar to the case of an isoelectronic impurity, which w
also found to have a hyperdeepbonding and a high-lying
anti-bonding localized state.31 For E3 , the band-projection
analysis reveals that it is mainly derived from the two hig
est VB’s (t1g1t2u and t2g). Considering their difference in
origins, one can expect that a hypothetic correction to
LDA error would shift theE2 state up with the whole CB by
a value roughly given by the difference between experim
tal and LDA band gaps, but theE3 state would be influenced
to a very small extent only. Thus, in reality theE3 state is
expected to behave as a donor state. There are certain di
differences between (E2 , E3) in WO3 and their counterparts
(a1 , t2) in a typical III-V or II-VI semiconductor, in terms of
their relative position and origins. In the latter, they are b
lieved to originate from the VB, anda1 is typically lower
than t2 , because thes-like VB is typically lower than the
p-like VB.27,32 In contrast, in WO3, the E2 state has an an
tibonding nature associated with the high-lying antibond
s-like CB, and is energetically above the VB derivedE3
state. On one hand, such a reversal in the order of de
levels could result in a partially filledE3 state, and, thus
offer a plausible explanation for the unusual dependenc
the conductivity on O deficiency. On the other hand,
optical transitions involving theE3 state could be related t
the below band gap absorption believed to be responsible
the coloration effect in WO3. Further exploration of these
issues will be left for a future study.

The second intriguing finding emerges from the issue
garding how to allocate the two ‘‘extra’’ electrons. One o
tion is to allow them to occupy an extended state, say,
bottom of the CB, and the corresponding vacancy is con
ered to be a positive bivalent state (VO

11), following the
convention. This option is similar to the commonly adopt

FIG. 4. Charge distribution, in thex-z plane, of the high-lying
antibonding defect state (E2 , left! and the donorlike defect stat
(E3 , right! for the 63-atom supercell, with the vacancy at t
charge stateVO

0 .
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procedure of using a uniform background for calculating
charged defect, but more relevant to the optical transiti
Another option is to have them occupy one of the def
states, say, theE2 state. This option is similar to the commo
practice of occupying ana1 defect state for calculating a
neutral defect, i.e.,VO

0 , though such ana1 state is normally
located near the fundamental band gap. We will focus on
two most commonly studied vacancy states:VO

11 andVO
0 ,

and leave the results for other possibilities~e.g., occupying
the E3 state! in a future paper. Switching the occupatio
between these two options results in not only a large sw
of the nearest W atoms from one side of the ideal position
the other, as shown in Fig. 5, but also brings about hu
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 w
functions can also be seen in Fig. 3 for theE1 state. Note that
the relaxation magnitudes forVO

0 are similar to those found
in the previous study in KNbO3,17,18but that there the relax
ations for the positively charged state were found to ha

FIG. 5. The dependences of atomic relaxation on the supe
size and the vacancy charge state, along thez andx direction for the
O and W ion nearest to the vacancy, at (a/2,0,a/2) and (0,0,a/2),
respectively.

FIG. 6. Dependences of the energy levels on the supercell
and the vacancy charge state for three defects states.
4-3



he
a

t
e
is
s
i-
fo
a

th
t
n

de
e
rg

gy
he
s

and
the

he

ike

e a
ncy

e

with
he
ith

ch a
her

ful
.S.
at
-

-

,

ev

en

w

ys

s.

d

on,

,

ifer,

n.

s.

BRIEF REPORTS PHYSICAL REVIEW B68, 233204 ~2003!
very little difference from the neutral state. However, t
phenomenon of the swing in relaxation has been gener
observed in III-V and II-VI semiconductors.33

Note that the notationsVO
11 and VO

0 introduced above
only offer a very crude description for thechange in the
number of electrons, reduced by 2 for theVO

11 and no
change for theVO

0 , at theVO site with respect to the perfec
crystal. In fact, at theVO site, there is actually no charg
distribution for theVO

11 state~because the vacancy itself
neutral! but there is for theVO

0 state~because two electron
occupy theE2 state!, when inspecting the total charge distr
bution of the system. Microscopically, as shown in Fig. 5,
VO

11 , the nearest two W ions move outward from their ide
positions, due to the loss of the Coulomb attraction from
O ion that used to be at the origin; while the eight neares
ions move toward the vacancy, due to the loss of the bala
ing repulsion from the O ion. ForVO

0 , the nearest W ions
move instead inward, due to the attraction of the two ad
electrons at the ‘‘VO site;’’ and those nearest O ions mov
back slightly, due to the restored repulsion. As the cha
state changes fromVO

11 to VO
0 , the E1 level moves from

below thea1g band to above it, and concurrently the ener
of the E2 state lowers significantly, as shown in Fig. 6. T
changes in the energy levels can be understood in term
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