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Abstract

The formation energies of oxygen vacancies at different surface and subsurface sites
of anatase (101), anatase (001) and rutile (110) surfaces are calculated by
screened-exchange (sX) hybrid functional method. Our results show that the oxygen
vacancy is more stable on the surface than subsurface for rutile (110), while it is more
stable subsurface than on the surface for anatase surfaces. These results are similar to
those found by simple density functional theory, but now the sX hybrid functional
gives the correct defect localizations. The defects introduce a gap state near the
conduction band edge. For the most stable oxygen vacancy site at each TiO, surface,

the +2 charge state dominates over a wide range of Fermi energies.



Introduction

Titanium oxide (TiO,) is a technologically important transition metal oxide' widely
used in photocatalysis®, solar energy conversion’, environmental cleanup®, and may
be in future resistive random-access memories (RRAM)*. The oxygen vacancy (Vo) is
the most important point defect in TiO, and it plays a crucial role in these
applications. Electron bombardment results confirm that oxygen vacancies rather than
Ti interstitials make the dominant contribution to the band gap states of TiO, surface’.
Oxygen vacancies also influence the absorption of water and other molecules on TiO,
surfaces in photocatalytic devices®. Similarly, oxygen vacancies form a conductive
filament across the TiO, film in RRAM devices*”®. In addition, the oxygen vacancy
usually forms at the surface region of TiO, in experiments so the surface defects are

more important than bulk ones”'°

. Therefore, it is of great significance to understand
the behavior of oxygen vacancies at TiO, surfaces and associate it with the behavior

of TiO, surfaces and devices.

While rutile is the thermodynamically most stable bulk phase of TiO,, anatase is
more stable for particles below ~14 nm in size due to its lower surface energies''.
Thus, anatase is more relevant to catalytic applications. There has been a continuing
interest in the properties of anatase and rutile surfaces'. Rutile (110), its most stable
surface, has a high surface energy (0.82J/m?), whereas anatase has a much lower
surface energy of 0.44)/m”* for its most stable (101) facet. The more reactive (001)

facet of anatase is calculated to have a surface energy of ~0.90 J/m?. However, this



surface can undergo a surface reconstruction to give the ad-molecule (ADM)
reconstruction, as confirmed by STM'%, with a calculated surface energy of 0.51 J/m?.
This minority TiO, facet has aroused much attention since it was fabricated by

stabilizing with a hydrofluoric acid morphology controlling agent'>.

(a) (b) (c)

Fig 1. Slab models of (a) the anatase (101) surface, (b) anatase (001) surface and (c)
rutile (110) surface. Oxygen is red, Titanium is grey. The various oxygen vacancy

sites are yellow.

As O vacancies mediate the reactivity of TiO, surfaces, it is expected that the
surface with the higher vacancy concentration might be the most reactive. However,
resonant photoemisssion experiments'® suggest that anatase has a relatively low

vacancy concentration. Cheng and Selloni'’

explained this by showing that the O
vacancy is more stable subsurface in anatase, whereas it is more stable on the surface

in rutile. Nevertheless, these results were obtained by the simple generalized gradient

approximation (GGA) version of density functional theory with rather small



supercells. It is well known that that local functionals such as GGA under-estimates
the band gap in semiconductors and insulators and does not handle the Coulomb
interaction in strongly correlated systems well'®!". In TiO, this has the effect that
local functionals under-estimate the d electron localization and the amount of lattice
distortions at vacancies. They under-estimate the depth of their defect states in the
band gap'®". Thus, it is unclear if predictions of vacancy behavior between the bulk
and surfaces in TiO, based only on GGA are fully reliable. It is therefore worthwhile
to check these results using advanced methods that correct these errors. The simplest
method would be to use DET+U which includes an on-site repulsion potential U
However, it requires rather unphysical values of U in the case of TiO; to give a correct
band gap. Thus, it is preferable to use hybrid functional such as B3LYP, the Heyd,
Scuseria, Erzernhof (HSE) functional®' or screened exchange (sX) functional®® which
give good representations of the electronic structure. They are also computationally
efficient for large supercells of 100-200 atoms needed for defect calculation. The sX
hybrid functional method was found to give the accurate band gaps of many
semiconductors and insulators and the correct localization of charge near

vacancies>> 2.

We have previously presented the results for oxygen vacancies in bulk rutile by
sX*®. Similar results using B3LYP, HSE and GW methods are also available '*'*%3,
Here we present the results for the surface oxygen vacancies in TiO; by sX. To this

end, we calculate the formation energy of oxygen vacancies at three surfaces, anatase



(101), reconstructed anatase (001), and rutile (110) by the sX hybrid functional to find
out the relative stability of the surface and subsurface positions. In this paper we also
include the results of GGA** for comparison. It should be noted that B3LYP gives
band gaps larger than experiments for rutile'’, which might have lead to stronger
defect state localization. Similarly, HSE gives the correct distortions around the bulk
O vacancy in rutile. But the defect level lies at the conduction band edge rather than
deeper into the gap as seen experimentally”’. In contrast, sX gives the correct band
gap for rutile and gave the correct vacancy distortions and a deep state for the

vacancy™.

Methods

The GGA and screened exchange hybrid functional calculations are carried out
using the CASTEP plane wave pseudopotential code™. For k sampling we use the I
point scheme due to the large supercell. The geometry optimization is carried out until

the residual force is smaller than 0.01eV/A.

The three TiO, surfaces we constructed are shown in Fig 1. We used slabs of four
TiO, layers containing 144 atoms for the anatase (101) surface (2x3 surface
supercell), and slabs of four TiO, layers containing 192 atoms for the rutile (110)
surface (4x2 surface supercell). For the anatase (001) surface, we took the ADM
model'? as introduced above, with five TiO, layers containing 189 atoms (4x3 surface

supercell). All of the supercell lattice constants are larger than 11A in all of the three



directions. Our previous study showed that the O vacancy in TiO, has strong
polaronic effects®® and thus requires a larger supercell to suppress the defect image
interaction®®. Further calculations of the O vacancy with a larger 3x3x4 supercell of
rutile than in Lee et al”® find that the V™' state distorts such that the unpaired electron
is localized on one of the 3 adjacent sites, and therefore in agreement with recent
electron spin resonance data’’. All surfaces were modeled using the periodic boundary

conditions with a vacuum of ~ 11A.

The defect properties are represented by their formation energies as a function of
Fermi energy and chemical potential. The charge correction follows Lany and

38

Zunger’s scheme™. The formation energy Hy of defect with charge q can be

calculated by following expression’®

Hq(Er,1) = [Eq — En] + q(Ev + AEF) + 2 n5(1a) (1)
where Eq and Ey are the total energy of a defect cell and a perfect cell with charge q
respectively, AEr is the Fermi level energy with respect to valence band maximum, n,
is the number of atoms of element a, and i, is reference chemical potential of element
a. The chemical potentials satisfy the following equation (experimental value),

pri + 2po = H{Ti0,) =-9.73 eV 2)

The O-rich limit is at po = 0 eV, and pr; = -9.73 eV. The O-poor limit (or Ti-rich
28,29

limit) is not the usual Ti:TiO, equilibrium but the Ti,05:TiO, equilibrium™*”,

2umi + 3po = H(Ti,03) = -15.39 eV 3)



Therefore, po=-Hi{(Ti,03)+2H{(TiO,) and pr; = 2H{(Ti,03)-3H{Ti0;), which gives

o= -4.07 eV and pr; = -1.59 V%,

Results

The local density of states (DOS) of the three kinds of TiO, surfaces are shown in
the Fig. 2 and compared to the bulk TiO, DOS. The calculated bulk TiO, band gaps
are 3.02eV for rutile and 3.17eV for anatase, close to the experimental value. The
dangling bonds on the surface introduced the gap states expanding into the band gap
of bulk TiO,. The surface band gaps are thus smaller than the bulk value, 3.11eV for
anatase (101), 2.76eV for anatase (001) and 2.90eV for rutile (110). Our simulation

results are consistent with the experimental surface band gap values in previous

39, 40

studies
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Fig 2. DOS of (a) anatase (101) surface, anatase (001) surface and bulk anatase; (b)
rutile (110) surface and bulk rutile, calculated by sX-LDA method. The dashed line

marks the conduction band minimum and valance band maximum of bulk TiO,. The



O 2s orbital at -20eV below Fermi level is used as a reference level to align the bulk

and interface DOS.

We have calculated the formation energy of various surface or subsurface neutral
oxygen vacancies on all three surfaces in the O-rich condition, as labeled in Fig. 1, in
both GGA and screened exchange. The most stable ones are listed in Table 1. The
formation energy of the oxygen vacancy in bulk TiO, is also listed there for

comparison.

First we discuss the most stable oxygen vacancies at the anatase (101) surface. The
surface defect site Vo, corresponds to the removal of an O,c, while Vg, the
subsurface defect site, corresponds to the removal of an O3;c. Both GGA and sX find
that Vo, is more favorable, with an energy difference of 0.3eV for sX and 0.4eV for
GGA. This result is consistent with the quite low surface energy of anatase (101).
Thus it takes more energy to create a surface vacancy in anatase. In addition, the
subsurface oxygen vacancy formation energy is only 0.17eV less than that in bulk
anatase from sX. Hence the oxygen vacancy is more likely to form at anatase (101)

subsurface rather than at the surface or bulk site.



Table 1. Formation energies of neutral oxygen vacancy defect at different sites of
anatase (101), anatase (001), and rutile (110) surfaces. Positive value stands for the

extra energy needed to form defect.

Formation Energy |Vacancy Site GGA(eV) [sX-LDA(eV)
Vo, (Surface) 4.37 5.08
anatase (101) Vo, (Subsurface) 3.99 4.78
Vg in bulk 4.27 4.95
Vo, (Surface) 4,74 5.07
Vo, (Surface) 4.38 5.12
anatase (001)
Vo3 (Subsurface) 4.21 4.96
Vo in bulk 4.27 4.95
Vo1 (Surface) 3.71 4.39
rutile (110) Vo, (Subsurface) 4.10 4.98
Vo in bulk 4.79 5.70

The bold denotes the most stable defect site for each surface. The values are
compared with oxygen vacancy in bulk TiO,. Site labels are given in Fig. 1.

We then analyze the three most stable oxygen vacancies on anatase (001). Vo, is at
the ridge part of the surface, which is originally bonded to two Ti atoms. Vog,
corresponding to the removal of an Osc, is at the terrace part of the surface, and Vo3 is
at the subsurface, which is originally bonded to three Ti atoms. Both GGA and sX
show that the subsurface oxygen vacancy Vo3 is most stable, similar to anatase (101).
In addition, the formation energy of the oxygen vacancy in bulk anatase is 4.95¢V,
which is nearly the same as that of Vo3 in anatase (001) surface, while the formation
energy of Vo, in anatase (101) is 0.2eV smaller. Thus, the subsurface oxygen vacancy
in anatase (001) experiences an environment similar to the bulk TiO; and the oxygen

vacancy is likely to form at subsurface and bulk site rather than surface. Furthermore,
9



we can also conclude that O vacancies slightly prefer to form at the subsurface rather

than the top surface of anatase (101) and (001).

For rutile (110), Table 1 lists the two most stable oxygen vacancies that we find in
our calculations. Vo, is at the surface, which is originally bonded to two Ti atoms
while Vo, is a subsurface defect corresponding to the removal of an Osc atom. Both
GGA and sX show that Vg, is the most stable defect with a formation energy of
1.3eV lower than Vg in bulk rutile. Thus, oxygen vacancies are more likely to form at
the rutile surface. This result can be interpreted as that it is only necessary to break
two Ti-O bonds to create an oxygen vacancy at the rutile (110) surface rather than to
break three Ti-O bonds at subsurface or bulk. This is quite different from anatase

(101) or (001) where the subsurface defect is quite similar to the bulk case.

Removal of an oxygen atom in the TiO, surface structure creates two unpaired
electrons (for the neutral defect) and dangling bonds on adjacent Ti atoms. Fig. 3(a)
shows that on the anatase (101) surface removal of the oxygen atom at Vo, shifts the
adjacent Ti atoms away from the defect and nearby oxygen atoms towards the defect.
The Ti-Ti distance increases from 3.20A to 3.70A and from 4.00A to 4.75A and a
Ti-O bond near the defect breaks due to the distortion. Fig. 3(b) shows that on anatase
(001) surface the removal of an oxygen atom at the Vo3 site also causes adjacent Ti
atoms to move apart and O atoms to move closer to defect. The Ti-Ti distance
between adjacent Ti atoms increases from 3.77A to 4.12A and from 3.08A to 3.43A

10



and the O-O distance between nearby O atoms decrease from 3.74A to 3.34A. Fig.
3(c) shows that for the rutile (110) surface, the lowest cost O vacancy is at the surface.
Removing an oxygen atom only forms two Ti dangling bonds. This not only causes
the adjacent Ti atoms to move away from defect, increasing the separation from
2.96A to 3.37A, but also triggers these two Ti atoms to move 0.40A downwards into
bulk. However, the next-nearest Ti atoms stay nearly unchanged, thus the oxygen

vacancy only leads to a local deformation in TiO5.

11



(a)

Fig 3. Side view of atomic spacing of (a) anatase (101) surface, (b) anatase (001)

surface and (c) rutile (110) surface. The figures on the left are perfect slabs without

12



defect, and the figures on the right are the surface structure with an oxygen vacancy

after geometry relaxation.

Fig 4 shows the calculated formation energies of most stable oxygen vacancies at
these three surfaces for both O-poor and O-rich conditions by sX, as a function of the
Fermi energy. Defect charge states from -2 to 2 have been calculated. Possible spin
polarization is also included. The Ec and Ey here refer to the conduction band and
valence band edge of the TiO, surface system. The surface band gap is smaller than
bulk value. The charge transition levels correspond to the Fermi energy at which the
charge q and q’ defect states have the same formation energy. The defect charge state
would change at these energies.

On the anatase (101) surface, the most stable oxygen vacancy Vo, is mostly
dominated by the +2 charge state, and the calculated Vo'/Vo>" charge transition is just
0.1eV below the conduction band minimum (CBM). At the O-rich limit, the
formation energy of Vo' is 4.60 eV. On the anatase (001) surface, the formation
energy of Vo3’ is 4.96 eV when Eg is near the conduction band edge. The Vo'/Vo*
charge transition is at 0.2eV below the conduction band. The +1 charge state is
unstable. So it is a negative U system®'. For the rutile (110) surface, the most stable
surface defect V010 has the formation energy of 4.39 eV when Ep is near the
conduction band edge, while the 2+ charge state is most stable for Er lying lower in

the band gap.

13



Anatase (101) O-rich Anatase (101) O-poor

8 ~~
S ?
s
c 5
O +1 =
:.g 21 1 ]
£ . E
o
g of | =
T T T T T T -1|vlv]|v|'|||||'||||]|lvl|llvl|
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Ev Fermi level(eV) Ec Ev Fermi level(eV) Ec
(b)
Anatase (001) O-rich 5 Anatase (001) O-poor
| ENLEN S S B L R -é' LIEEN D E A S A |
8
S 3
9’6 B =1 ] \;
= >
2 — 0]
) 0 =
sS4t i )
< ¥ S
57 2 -
g S of 1 .
So ] L 1 &
00 05 10 15 20 25 00 05 10 15 20 25
Ev Fermi level(eV) Ec Ev Fermi level(eV) Ec
(©)
§ Rutile (110) O-rich . Rutile (110) O-poor
g/e L 23 B
> S ¢ 2
[ (o) 2+
8 4+ 0 ] c
i c
Saf . ] 8 ! |
— @©
4]
5 " Eof °
cof .
o T +1 )
— T T T T T T '1 T T T T T
00 05 10 15 20 25 00 05 10 15 20 25
Ev Fermi level(eV) Ec Ev Fermi level(eV) Ec

Fig 4. The oxygen vacancy formation energy against Fermi level at O-rich and

O-poor conditions, calculated by sX-LDA for (a) anatase (101), (b) anatase (001), and
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(c) rutile (110) surface. Ec and Ey refer to the conduction band and valance band edge

of TiO, surface. Negative charge states are also shown for completeness.

Fig 5 shows the partial density of states (PDOS) of the most stable defect sites for
Vo' charge state on the three surfaces. Here we compared the total DOS, the PDOS
on Ti atoms near defect and in the bulk, as well as the PDOS on O atoms in bulk. In
sX, the oxygen vacancy gives rise to a defect state just above CBM on anatase (101)
and anatase (001) surface, while a defect state appears below CBM on rutile (110)

surface.
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Fig 5. The partial density of states (PDOS) of the three TiO, surfaces with an oxygen
vacancy at +2 charge states, (a) anatase (101) surface, (b) anatase (001) surface, and
(c) rutile (110) surface, by sX-LDA method. The PDOS on Ti atom near the defect,
on Ti atom away from defect and on O atom are shown here and compared with total
DOS. The VBM and CBM are calculated from the perfect surface slab model and
aligned to the PDOS of defect system. The defect peak is indicated with red circle in

each figure.

The charge density for Vozo, Voo, and Voo?' defects on anatase (101) are shown in
Fig 6. (a), (b), (c) separately from the same direction. Different charge states of the
defect trigger different lattice distortions on adjacent sites. Interestingly, the charge
density is localized on two Ti atoms rather than the defect site. One of the Ti atoms is
the nearest neighbor and the other is the next-nearest neighbor. Both of them are at the
surface. This 1s different from that in bulk TiO, as described in refzg, due to the
influence of the surface. However, this localization scheme is consistent with the
B3LYP and PBE+U results of Di Valentin ef a/'’. Recent studies on the anatase (101)
surface show that the surface induced 5-fold Ti can introduce a strong polaronic effect
and localize the excess electrons near the surface™*. We have also calculated the
charge density of defect level on anatase (001) and rutile (110) surface. Both of them

are delocalized and not shown here.

17



LR

‘{YQ

(a) (b) (c)
Fig 6. The charge density contour for oxygen vacancy near CBM of anatase (101)

surface: (a) Voo's (b) Voo, (¢) Voo™

Discussion

Various experimental studies have confirmed the existence of oxygen vacancies on
the surface of rutile (110), which are in good agreement with our simulation results.
Fukui ez al’ directly observed the oxygen vacancies on rutile (110) surface by AFM .
Wendt ef al ' also confirmed the existence of oxygen vacancies on this surface by
STM. Both AFM and STM figures of surface oxygen vacancies support our
simulation results that oxygen vacancies are more likely to form on the surface of
rutile (110), since the formation energy of oxygen vacancy at rutile (110) surface is

smaller than that at subsurface and much smaller than that in bulk rutile.

We compare our sX simulation results of the neutral Vo formation energy with the

GGA results by Cheng ef al'®. Both GGA and sX show that subsurface Vo is the most
18



stable for the two anatase surfaces, while the surface V¢ is the most stable for rutile

(110) surfaces.

We also take larger supercells for all three surface models than in Cheng et al'. In
our simulation, a distance of at least 10A is ensured between the defect and its image
in all directions and the slab model is thick enough along z direction to eliminate the
influence of the bottom surface. Our cell size tests indicate that a smaller supercell
can lead to an incorrect order of formation energies. For the anatase (001) surface, the
four slabs supercell we have tested is not thick enough that the subsurface Vo3 could
be influenced by both the top surface and the bottom surface in the model, which

results in an unreasonable charge distribution and formation energy.

We also compare our results of Vo on the surface and in the bulk with other
advanced methods beyond GGA such as GW. It is widely agreed that the neutral Vo
formation energy in bulk rutile at O-poor limit is around 1.8eV, which is also
confirmed by our simulation. However, the +2 charge state of Vo formation energy
differs largely in different work. The HSE result given by Janotti e al*’ suggests this
value to be -5.1eV while the GW result of Malashevich et al*® gives the formation
energy of -3.7eV. Our sX results give -4.30eV, which is in the reasonable region. By
comparing the oxygen vacancy formation energy on the surface and in the bulk, we
find that anatase has a similar formation of Vo on surface as it is in bulk, while rutile
Vo on the surface is thermodynamically much preferred than in bulk Vo. Thus, Vo is

19



likely to form in the surface area, while for the anatase surface the oxygen vacancy

tends to form at the subsurface and bulk region.

Our simulation also shows that formation energy of oxygen vacancy at anatase
(101) subsurface is smaller than that at anatase (001). The O vacancy formation
probability is roughly the same for all sites (including the surface ones) with only
slight preference for sub-surface or bulk regions of anatase(101) or (001) surfaces. So
the surface and subsurface region does not possess any advantage over bulk for the
oxygen vacancy’s formation. These two mechanisms jointly explain the reason for a
much lower oxygen vacancy concentration on the anatase (001) surface than the

anatase (101) surface as indicated by resonant photoemission data'?.

It is also interesting to use our results for interpreting oxygen vacancy behavior in
RRAM. In this case, a scavenging metal layer is usually included, so that the system
is in the O poor limit. In addition, the electrode metals are chosen to set the resting
Fermi energy. Er will tend to lie in the range of 4.3 eV to 5.3 eV below vacuum, or
0.4 — 1.4 eV below the bulk conduction band edge. In the O-poor limit, the neutral O
vacancy formation energy becomes quite low, below 1 eV. When Ep is lowered to that
the vacancy enters its 2+ charge state, its formation energy becomes negative. The
Fermi level cannot move further towards the lower part of band gap*. This is indeed
what happens in the devices, and the vacancies then coalesce to form the conductive
filament.
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Conclusions

We calculate the electronic structure of oxygen vacancies with different charge
states on three TiO; by screened exchange functional. On all of the three surfaces, the
+2 charge state is the most stable for oxygen vacancy in most part of band gap. The
formation energy of Vo is negative near VBM at O-rich limit so that O vacancy could
form spontaneously at low Fermi level or O poor condition. This is favorable to the
formation of the conducting channel in RRAM. The energy differences among
various sites are small in anatase with slightly preference for sub-surface while the
rutile surface site has much lower formation energy. For all three TiO, surface
models, oxygen vacancies introduce a gap state near the conduction band edge. The
defect orbital is localized on a neighboring Ti atom and a next-nearest Ti atom, which

is different from bulk TiO, defect.
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