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Abstract

The gas response of tungsten trioxide (WO3) based sensors strongly depends
on the surface properties. Reconstructed surfaces and oxygen point defects at
the surface of the monoclinic WO3 are studied using a self-consistent scheme
based on first-principle. The oxygen vacancy is found to be the predominant
defect independently of the oxygen partial pressure. Indeed, under rich oxy-
gen atmosphere the formation enthalpies are found to be 1.45 eV in LDA
(1.28 eV in GGA) for the oxygen vacancy instead of 2.70 eV (2.42 eV) for
the oxygen adatom. When the oxygen partial pressure is lowered, the oxygen
vacancy formation enthalpy decreases and becomes exothermic under very
O-poor condition (-1.65 eV in LDA and -1.36 eV in GGA). On the other
hand, the formation enthalpy of an oxygen adatom rises. Finally, the oxygen
vacancy formation acts as a n—doping by introducing negative charge carriers
at the bottom of the conduction band. All these results can be very helpful

in order to explain the electrical resistivity measurements.
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1. Introduction

Tungsten trioxide (WO3) is a wide band-gap (E, = 2.62 eV [1] or 2.7 eV [2])
n-type semiconductor. It shows numerous polymorphs [3]| derived from the
ReOj structure which involves a cubic array of corner-shared octahedra. At
room temperature the y—WO3 monoclinic phase of space group P2/, is ob-
served. For several years WO3 has been used as a sensitive element in gas
sensor devices, such as ammonia NHj [4, 5] or ozone Oj [6, 7, 8]. Detection
relies on phenomena of adsorption and catalysis, which modify the electrical
resistivity. For ozone detection, models based on adsorption/desorption have
been developed [9] in which adsorption energy is a crucial parameter. Un-
like WO3, SnOs — well-known and commonly used in commercial gas sensor
— has already been studied theoretically. Indeed the interaction of oxygen
with SnOy (110) surface has been studied by DFT calculations ten years
ago [10]. It has been underlined that oxygen vacancies play a major role in
the adsorption of neutral molecules since oxygen cannot be exothermically
adsorbed from the gas phase on the stoichiometric surface.

Tungsten trioxide is supposed to be similar to other oxides like tin oxide
for which point defects of oxygen play a major role in the ozone adsorption
by modifying the charge density near the surface. Furthermore the oxygen
vacancies are expected to be the preferential sites for the chemical reduction
of molecules, whereas oxygen adatom should be the preferential sites for the

oxidation of molecules. Due to the large anisotropy of the W-O bonds fol-



lowing the c crystallographic direction, the (001) plane is the easiest one for
cleaving the crystal. By consequence the (001) reconstructed surfaces are
found to be the most stable for the v~WO3 monoclinic phase [11].

In this paper we address the following question: what is the effect of the O
point defects on the electronic structure of WO3, in particular on the doping?
In addition, we investigate the key-role of the oxygen partial pressure on the
defect properties.

This article is organized as follows: in section 2 computational details are
reported. The (1 x 2), (2 x 1) and (/2 x v/2)R45° reconstructions of the
stoichiometric surface are studied in section 3. All calculations are performed
using supercells consisting in a slab of eight atomic planes and vacuum layer
in the ¢ direction. The surfaces are obtained by cleaving the crystal per-
pendicularly to the c cristallographic axis and by using the cell parameters
obtained in our previous work [12]. The convergence of the surface en-
ergy with respect to the size of the slab is presented and results obtained
using the local density approximation (LDA) and the generalized gradient
approximation (GGA) are compared. In section 4, the formation energy of
an O-vacancy (or an O-adatom) is investigated. In particular, the induced
modifications in the electronic density of states (DOS) are analyzed. In ad-
dition a simple thermodynamic model is introduced in order to take into
account the effect of the oxygen partial pressure. Finally, our results are
used to interpret the experimental measurements of the electrical resistivity

under different oxygen pressures.



2. Computational details

DFT calculations are carried out using the SIESTA code [13, 14]. The
exchange—correlation potential is treated either within the local density ap-
proximation (LDA) using the Ceperley—Alder functional [15] or within the
generalized gradient approximation (GGA) using the Perdew—Burke—Ernzerhof
functional [16]. In all cases core electrons are treated within the frozen core
approximation using norm-conserving Troullier—-Martins [17] pseudopoten-
tials. Nonlinear core corrections are included for W pseudopotentials. The
wave—function of the valence electrons (2s?2p* for O and 6s?5d* for W) is
expanded on a localized basis set consisting in finite-range pseudo—atomic
orbitals [18]. A double-¢ basis set is used for all the atoms: each atomic
valence state is described by two localized wave functions. In order to allow
polarization, 3d and 6p orbitals are included for O and W species, respec-
tively. The optimized basis set for W and O atoms is taken from our previous
work on bulk properties [12]. All calculations are performed using supercell
consisting in slab of several atomic planes and vacuum of 15 A approxima-
tivelly along the ¢ direction. The slab is built from the atomic structure of
the monoclinic phase as shown on figure 1. The lattice parameters obtained
from LDA (GGA) calculations are a = 7.24 A, b = 7.45 A, ¢ = 7.61 A and
B =905 (a =748 A, b =767 A, ¢ =785 A and 3 = 90.4°). Experi-
mental values determined by neutron diffraction are a = 7.31 A, b= 7.54 A,
¢ =769 A and § = 90.9° [19]. Perpendicularly to the surface, mixed WO
planes alternate with pure O planes along the [001] direction,. When con-
vergence is studied as a function of the thickness of the slab, the periodicity

along a and b directions parallel to the surface remains the same as in the



Figure 1: Atomic structure of the monoclinic phase (GGA calculations). Tungsten atoms
are represented by yellow spheres and oxygen atoms by grey spheres. WO and O planes

are pointed out.

bulk. In this case the k—point sampling consists in a 8 x 8 x 1 k-mesh: eight
k-—points along a* and b* and one along c*.

To decrease the oxygen defect (vacancy or adatom) concentration at the
surface, the unit cell is doubled in the a and b directions. This leads to a
defect concentration of 1/8. In this case a 4 x 4 x 1 k—mesh grid is used in
order to ensure an equivalent k—point density. Finally, to keep the size of the
basis set constant, a so—called ghost atom is used when an oxygen atom is
removed or added. In all calculations, atomic positions are relaxed until the

forces on each atom converge to less than 0.02 eV/A.

3. Surface properties

3.1. Study of surface reconstructions

In this section, we present results obtained from ab initio calculations on

slabs consisting in two monoclinic unit cells superposed along the c cristal-



lographic direction. Each of them contains 64 atoms and consists in 4 WO
atomic planes alternating with 4 pure O planes. The reconstruction being
necessary to ensure both the stoichiometry and the neutrality of the surface,
one oxygen out of two has to be removed. Among the five reconstructions
reported for the cubic phase [11], only the three less energetically expen-
sive ones are here considered. They correspond to the (1x2), (2x1) and
(\/§ X \/§)R45° reconstructions, as represented in figure 2. In the case of
the (\/§ x v/2)R45° reconstruction, the oxygen atoms form rows along the
[110] direction, while in the case of the (1x2) and (2x1) reconstructions,

they form lines, respectively, along the [100] and the [010] directions. The

Figure 2: Top view of O-terminated surface for the reconstructions: (a) (v/2 x v/2)R45°,
(b) (2 x 1) and (c) (1 x 2). The surface oxygen atoms are represented by red spheres,
tungsten and other oxygen atoms are represented by yellow and grey spheres, respectively.

The atomic positions are obtained from GGA calculations.

surface energy, o, is then given by:

1

U:%[

Eslab(WnOZSn) - Ebulk(WnO?m)] 3 (1)

where Egq(W,,03,,) is the total energy of the relaxed slab, Fp,x(W,,03,) is

the total energy of the bulk, n is the number of W atoms in the supercell and



S = |ax bl is the surface unit cell (S = 57.36 A2 in GGA and S = 53.98 A?
in LDA). In equation (1) the presence of the one half prefactor denotes that

two surfaces are created due to the periodic boundary conditions.

Reconstruction LDA GGA
(V2 x v2)R45° 413 21.0
(2 x 1) 448  23.2
(1 x2) 476 259

Table 1: Surface energy, o, given in meV/A? of the (v/2 x v/2)R45°, (2 x 1) and (1 x 2)

reconstructions. Comparison between LDA and GGA.

For the three reconstructions, the values of the surface energy obtained
from the LDA are nearly two times as large as the ones obtained from the
GGA. This difference can be rationalized by significant effects of structural
relaxation, which convert long W-O bonds into short ones and vice-versa
along the c direction. Let us note that surface energies (LDA or GGA)
obtained without any relaxation only display a difference of less than 10
percent. For (\/§ X \/§)R45° reconstruction, the unrelaxed surface energies
amount to 227.6 meV/A? in LDA and 207.5 meV/A? in GGA. Nevertheless
in all cases the (\/§ X \/§)R45° reconstruction is energetically the most favor-
able (Table 1). Therefore, the values of o obtained for the (2 x 1) and the
(1 x 2) reconstructions — respectively 23.2 meV/A? (44.8) and 25.9 meV /A2
(47.6) in the GGA (LDA) — are a little larger than the ones obtained for
(V2 x v/2)R45° reconstruction, 20.9 meV/A? (41.3). The GGA values are
in good agreement with those obtained by Yakovkin and Gutowski on the

cubic phase (22 meV/A?) and on the monoclinic € phase (19 meV/A?), us-



ing the VASP code [20]. Semi-empirical calculations performed by Oliver
and co-workers [11] have given the same order in surface energies for these
three reconstructions. Experimentally, STM and LEED observations made
by Dixon and co-workers [21] have shown that the (v/2 x v/2)R45° recon-
struction is usually observed on weakly reduced surfaces and, consequently,

this coroborates our numerical results.

3.2. Effect of the slab thickness

The effect of the slab thickness on the value of ¢ is studied by increasing
the number of WO atomic planes along the [001] direction. The slabs are
noted W,,03,,, where n is the number of W atoms per cell. In all calculations,
the translation vectors parallel to the surface correspond to the a and b
vectors of the monoclinic unit cell. The thickness of the slab varies from 3

WO planes (W12034 supercell) to 10 WO planes (W 490120).

n  number of WO planes LDA GGA

12 3 40.2  20.2
16 4 41.3  21.0
24 6 426 21.3
32 8 439 214
40 10 44.1 218

Table 2: Surface energy, o, given in meV/ A2 for the (v/2 x v/2)R45° reconstruction as
a function of the number of WO planes within the slab. Comparison between LDA and

GGA calculations.

As shown in table 2, the values of o slightly increase with respect to the

number of WO planes. From 3 to 10 WO planes, the value of ¢ increases by

8



9 % (LDA) and 5 % (GGA). To conclude the W150,5 slab containing 4 WO
planes seems to be a good compromise between the size of the slab and the

precision of the calculations.

3.3. Electronic structure

In comparison with the electronic structure of the bulk, the band gap of
the (\/§ X \/§)R45° surface is reduced by a factor two. Let us recall that the
band gap is usually underestimated, both in GGA than in LDA, by a factor
of 2.5 (1 eV in the bulk instead of 2.5 eV experimentally [12]). Similarly
the atomic Mulliken charges do not depend on the choice of the exchange-
correlation functional. In comparison with oxygen in the bulk, the negative
charge carried by the surface O atoms is two times lower: —0.26 e instead of
—0.50 e (e = 1.6 x 107 C). The positive charge carried by the surface W
atoms is slightly lower than its bulk value: +1.63 e instead of +1.68 e within
the GGA and +1.52 e instead of +1.56 e within the LDA ones. These results
are consistent with the fact that one W-O bond is broken for each O atoms

at the surface when cleaving the crystal.

4. Formation of neutral oxygen defects on the WQOj3 surface

In this section the formations of neutral oxygen point defects at the sur-
face are studied. We first focus on the convergence of the vacancy formation
energy as a function of the number of planes in the calculation cell. Indeed as
shown in our previous study in the bulk [12], an oxygen vacancy formation at
the surface is expected to induce significant structural relaxation effects. Fi-
nally we show the n(p)—doping effect of the oxygen vacancy (oxygen adatom)

on the electronic structure of WOs.



4.1. Formation energies

Assuming that the formation of an oxygen vacancy (V) at the surface

involves dioxygen (O2) by mean of the following reaction:
1
Wno?m B 502 + Wno3n—17 (2)
and neglecting entropy, the formation enthalpy;, H{;, is given by:

HY = Ew,05,1) + 1o — Ew,04), (3)

where Ew,0,, ) and Ew,0,,) are the total energies of the supercell with
and without an oxygen vacancy, respectively, and uo is the oxygen chemical
potential. In the same manner, the formation reaction and the formation

enthalpy of an oxygen adatom are given by:
1
W, 03, + 502 —W,,03,,41, (4)

and

H}‘l - E(Wno3n+l) - /’Lo - E(Wno3n)7 (5>

where Ey, ) is the total of the supercell with an oxygen adatom. Since

Osnt1
1o depends on the partial pressure of O, two limiting cases are considered:
(¢) under ambient atmosphere (O-rich condition), po reaches an upper limit
corresponding to the chemical potential of O atom in Os; (i) under O low
partial pressure (O-poor condition), po reaches a lower limit corresponding
to the chemical potential of O atom in WO3 bulk. This leads to the relation:

WOs3
f

1
Ho, + = < po < Ho,, (6)

3
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where po, is half of the total energy of the triplet state (S = 1) of O,

1
po, = 5E(0,)- (7)

The formation enthalpy of WOj3 is given by:
3
H{'% = B, — 5 E©:) — By (8)

In this equation Eé’{;‘é&) is the total energy of the monoclinic v~-WO3 and

Ef’\%;‘ is the total energy of the bee phase of W.

4.2. Ozygen vacancy formation

Let us measure the elastic effects due to the finite size of the slab along
the perpendicular direction to the surface. The formation enthalpy, HJY, is
calculated by varying the number of WO planes from 2 to 8. Note that
in these calculations the oxygen vacancy concentration at the surface, Cy,
amounts to 1/2 which corresponds to a high concentration. Indeed oxygen
vacancies form rows which alternate with oxygen rows along [100] and [010]
directions, as schematized on figure 4. This kind of extended defects has
been experimentally observed by STM under ultra high vacuum [22]. This
corresponds to O-poor conditions with uo = po, +1/3 HJYVO3. The transla-
tion parameters parallel to the surface correspond to those of the monoclinic
phase. For n = 24 (i.e. slab with 6 WO planes), H}/ converges to the value
of —1.4 eV using LDA (see figure 3).

When the W;50,4g supercell is doubled along the directions parallel to the
surface, Cy decreases from 1/2 to 1/8. Now the oxygen vacancy is surrounded
by oxygen atoms in all directions as shown on figure 4 and the interaction

between point defects is weakened. Due to this dilution, the formation en-
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Formation energy (eV)
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1 2 3 4 5 6 7 8 9 10
Number of WO plans

Figure 3: Formation enthalpy of an oxygen vacancy, H}/, given in eV, under O-poor
condition (po = po, + %H}}VO3). Lower abscissa: as a function of the number of WO
planes. Upper abscissa: as a function of the number n of W atoms in the cell. LDA

results.

thalpy of an oxygen vacancy calculated in the WgsOq9 cell decreases from
—1.40 to —1.65 eV under O-poor condition and from 1.70 to 1.45 eV under
O-rich condition, within the LDA.

The total density of electronic states g(¢) is represented on figure 5 for the
clean surface and for the surface with a concentration of vacancies Cy = 1/8.
We notice that the oxygen vacancy acts as a n-doping: the bottom of the
conduction band, which mainly consists in 5d states of W, is partially filled.
As already mentioned for the bulk [12], this results from the shift of the Fermi

level towards higher energies. Due to the underestimate of the band gap (1 eV
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& o-vacancy
@ O-adatom
Oatom,z=d

O Watom,z=0
e Oatom,z=0

c, =112

Figure 4: Schematic representation of the surface for oxygen vacancy concentration Cy =0
(stoichiometric surface), Cy = 1/2 and Cy = C4 = 1/8. Tungsten atoms (yellow circles)
and oxygen atoms (small red circles) belong to the WO plane at z = 0; surface oxygen
atoms (large circles colored in red gradient) and adatom (large bleu circle) are located at

d~1.7A.

instead of 2.5 eV in the bulk), the n-doping effect of oxygen vacancies is cer-
tainly overestimated. But as discussed hereafter, our results are sufficiently

accurate in order to interpret qualitatively the resistivity measurements.

4.3. Ozxygen adatom formation

The formation of adatom under O-rich condition (2.70 eV in LDA and
2.42 eV in GGA) requires more energy than the formation of oxygen vacancy
independently of the choice of the exchange-correlation functional. In com-
parison with the vacancy formation, the formation of an oxygen adatom at

the stoichiometric (001) surface (see Fig. 4) requires twice energy. This result
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— - clean surface
—_ GV=118

I ! | !
— - clean surface

g(e) a.u.

Figure 5: Total density of electronic states g(g). Left: comparison between clean surface
(dashed line) and surface with vacancy concentration Cy = 1/8. Right: comparison
between clean surface (dashed line) and surface with adatom concentration C4 = 1/8.
The density of states are obtained from a GGA calculation in the supercell containing

n =64 W atoms. In all cases the Fermi level, e, is chosen as reference energy (0 eV).

is in agreement with experiments for which it is usually observed that WOj3
is sub-stoichiometric in oxygen independently of the oxygen partial pres-
sure [8, 23, 24, 25]. The total density of electronic states g(e) is represented
on figure 5 for the clean surface and for the surface with a concentration of
adatoms C4 = 1/8. In contrast with the n-doping effect due to the vacancy,
a p-doping is observed when an adatom is created: the top of the valence
band which consists mainly in 2p states of O is partially emptied, leading to

a shift of the Fermi level towards lower energies.

4.4. Effect of the Oy partial pressure

Let us take into account the effect of the partial pressure of oxygen at the
surface on the formation enthalpy of oxygen vacancy and adatom, by plotting

H]Y and H Jf‘ as a function of uo — po,, the relative chemical potential of O

14



LDA GGA
HY -9.30 -7.92
1o po, | to, + 3HY | po, | po, + $HP®
HY | 145 -1.65 1.28 -1.36
H{ | 2.70 5.80 2.42 5.06

Table 3: Formation enthalpies (given in eV) of the WO3 bulk (HJYVO3)7 oxygen vacancy
(H}/) and adatom (Hj’ﬁl)7 under O-rich (po = po,) and O-poor (po = po, + %H}/V%)
conditions. Calculations are performed for WgsO192 supercell within the LDA and the

GGA.

atom. The value of HJWO?’ and the values of H}/ and H }4 are reported on
table 3 for the two limit conditions of pp. The energy differences between
LDA and GGA do not exceed twenty percent and the interpretation of the
results is qualitatively the same. Under O-rich condition the values of H}/
(1.45 eV within the LDA and 1.28 eV within the GGA) are almost half of
those obtained in the bulk (3.39 eV and 2.87 eV respectively). Figure 6
represents the linear variation of the formation enthalpies of oxygen defects
with respect to po — po, for a constant concentration of defect Cyy = Cy =
1/8. For any value of uio, H} is found to be lower than H{ (table 6). This
indicates that the oxygen vacancy is the dominant defect at the surface.
When the partial pressure of oxygen decreases, H}/ decreases, while H Jf‘
increases.

As observed experimentaly, lowering the oxygen partial pressure favors
the formation of oxygen vacancy [8, 24, 25]. Thus under O-poor conditions
the formation enthalpy of oxygen vacancy is exothermic (-1.65 eV within

the LDA) whereas the energy cost for the formation of an adatom becomes
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(a)A o vacancy A (b)A 0 adatom A

1.45eV (1.28) 5.80eV (5.06)

~
~

\Cb /’” ~ ~ c
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S uo— Hoz ~

4

surface| clean

-3.10eV [(-2.64) OeVv ~J
5 2.70ev | (2.42)

surface| clean Ho=Uo,
-3.10eV|(-2.64) OeVv

-1.65eV |(-1.36)

Figure 6: Formation enthalpies in eV: (a) for an oxygen vacancy and (b) for an oxygen
adatom as function of po — po,, the relative chemical potential of O atom. o, is the
chemical potential in O molecule (O-rich condition). The lower limit of uo — e, corre-
sponds to the chemical potential of O in WO3 (O-poor condition). The reference energy
is the total energy of the clean surface, i.e. without any defect. Comparison between LDA

and GGA (GGA results are shown in brackets).

extremely large (+ 5.70 eV within LDA).

5. Conclusion

Among the reconstructed (001) surfaces of the monoclinic v~WOj3 phase,
the (\/§ X \/§)R45° reconstruction is found to be the most stable for the
reconstructed (001) surfaces in the cubic phase [11]. The detailed study of the
neutral point defects (vacancy and adatom) reveals that the difference in the
formation enthalpies do not exceed twenty percent between LDA and GGA.
By introducing a thermodynamic model, the partial pressure of oxygen is

taken into account by the variation of the chemical potential ;1. We highlight
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that the oxygen vacancy is the dominant defect whatever the oxygen partial
pressure. Between the two extrem limits — from O-rich condition to O-poor
condition — the formation enthalpy of an oxygen adatom rises from 2.70 eV
to 5.50 eV within the LDA. On the other hand, the formation enthalpy of
an oxygen vacancy decreases from 1.45 eV to —1.65 eV. This indicates that
the well-known sub-stoichiometry in oxygen of WOj3 is favored by decreasing
oxygen partial pressure. Moreover point defects modify the doping of the
WOj3; sensitive layer of gas sensor device. We show that the formation of an
oxygen vacancy leads to the filling of the bottom of the conduction band,
by increasing the number of negative charge carriers. The formation of an
adatom acts in an opposite way, since it leads to the creation of positive
charge carriers at the top of the valence band.

All these results can be strongly correlated to the experiments [24, 25, 26],
which have shown that the electrical resistivity of WO3 depends not only on
the temperature but also on the oxygen partial pressure. So at room temper-
ature, the resistivity rises by one order of magnitude when the air pressure
increases from 0.01 to 1 bar. Under vacuum after annealing at 673 K, the con-
ductivity is almost constant with temperature, 5 (2 cm)~! approximatively.
So, the concentration of vacancies reaches a maximum and consequently, the
conductivity too. These characteristics indicate that the WOj3 thin film has
a metallic behaviour. This can be interpreted by our calculations as fol-
lows. Thermodynamically, when the partial pressure of oxygen decreases,
the formation enthalpy of an oxygen vacancy, H}/, decreases. Within the
Boltzmann description, the concentration of vacancy, Cy, depends on the

ratio —H}/ /kT. Thus, when increasing the temperature or when decreasing
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the oxygen partial pressure, the number of negative charge carriers rises due
to the increase of Cy. Under vacuum, our thermodynamic model shows that
the vacancy formation enthalpy from a stoichiometric surface is exothermic.
Therefore the vacancy concentration should reach a maximum (probably 1/2
as observed in reference [22]). Consequently the number of negative charge
carriers and the electrical conductivity reach a maximum. To conclude, the
energy quantities deduced from ab initio simulations can be introduced in
analytical models developed in order to quantitavely describe the sensor re-

sponse as a function of partial pressure of toxic gases [8].
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