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Abstract. Doping of TiO, is a very active field, with a particularly large effort expended using density
functional theory (DFT) to model doped TiO,; this interest has arisen from the potential of doping to be
used in tuning the band gap of TiO, for photocatalytic applications. Doping is also of importance for
modifying the reactivity of an oxide. Finally, dopants can also be unintentionally incorporated into an
oxide during processing giving unexpected electronic properties. To unravel properly how doping
impacts on the properties of a metal oxide requires a modelling approach that can describe such
systems consistently. Unfortunately, DFT, as used in the majority of studies, is not suitable and in
many cases cannot even give a qualitatively consistent description. In this paper we investigate doping
of bulk rutile TiO, with trivalent cations, Al, Ga and In, using DFT, DFT corrected for on-site
Coulomb interactions (DFT+U, with U on oxygen 2p states) and hybrid DFT (HSE06 functional) to
better understand the performance of DFT in describing such fundamental doping scenarios and to
analyse the charge compensation process with these dopants. With all dopants, DFT delocalises the
oxygen hole polaron that results from substitution of Ti with the lower valent cation. DFT also finds an
undistorted geometry and does not produce the characteristic polaron state in the band gap. DFT+U and
hybrid DFT both localise the polaron, which is accompanied by a distortion to the structure around the
oxygen hole site. DFT+U and HSE06 both give a polaron state in the band gap. The band gap
underestimation present in DFT+U means that the offset of the gap state from both the valence and
conduction band cannot be properly described, while the hybrid DFT offsets should be correct. We

have investigated dopant charge compensation by formation of oxygen vacancies. Due to the large



number of calculations required, we use DFT+U for these studies. We find that the most stable oxygen
vacancy site has either a very small positive formation energy or is negative, so that under typical

experimental conditions, anion vacancy formation will compensate the dopant.

PACS: 68.43.Bc, 68.55.Ln, 71.15.Mb, 73.20.Hb, 82.65.+r,



1. Introduction
Titanium dioxide is a technologically important material [1] continuing to gather considerable attention as a
key material for clean energy production by photocatalytic water splitting [2-4]. Titania also has applications
in coatings [5] and sensors [6] and is gaining more interest as a material for novel electronic memory devices,
such as memristors [7].
In photocatalysis the relatively wide band gap of TiO,, on the order of 3.1 eV, lies in the ultra violet and is too
large for efficient use of solar energy, and there has been a tremendous amount of effort expended to examine
experimental and modelling strategies for reducing the band gap towards the visible region [8 - 20]. The most
widely used approach for what has been called “band gap engineering” has been to dope TiO, with another
species, which could be a metal cation on the Ti site [8-13] or C/N/P on the anion site [14-17] or co-doping at
cation and anion sites [18-20]. A single dopant introduces new states into the energy gap, in principle leading
to a reduction of the band gap of the host oxide; whether this occurs at the valence band or at the conduction
band depends on the dopant. It is assumed that these modifications of the electronic structure of the host oxide
should lead to improved visible light absorption by pushing the band gap of TiO, towards the visible region of
the electromagnetic spectrum. Improved photocatalytic efficiency will depend on how efficiently charge
carriers can be separated and their lifetime, which cannot be estimated from the type of calculations carried
out to date.
At the same time, many applications of TiO, require it not to be photocatalytically active [21-23], primarily in
its role as a pigment in white paint; the photocatalytic activity of TiO, eventually leads to the “chalking”
phenomenon, which is detrimental to the use of TiO, in pigments. In fact, it is worth recalling that the bulk of
TiO, produced is used in applications where photocatalytic activity is not desired. To reduce the photocatalytic
activity, some Al is added in small amounts to TiO, and can also be naturally present [21]. As a trivalent
dopant, AI’* has one less electron than Ti*", so that substituting one Ti*" for AI’* results in formation of an
oxygen hole, i.e. an O polaron state, rather than the closed shell O* in the oxide. A second charge
compensation mechanism can occur through oxygen vacancy formation, with one oxygen vacancy forming
for two AI’" dopants (similar to yttrium stabilised zirconia), giving the following defect reactions (in Kroger-
Vink notation)
ALO; > 2(Al 4 + (OF)) Oxygen polaron
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AL,O; 2> 2A1Ti‘ +306"+ Vo' Oxygen vacancy compensation

Experiments have shown incorporation of Al onto Ti sites in TiO, [21, 22] and in particles, Al prefers to
segregate to the surface. There have been some recent modelling studies of Al doped TiO,, primarily using
density functional theory [23-25]. As part of a study of defects in TiO,, Islam et al. briefly noted that Al-
doped into TiO, rutile with the hybrid PW1PW exchange-correlation functional (in the CRYSTAL code)
results in formation of a localised oxygen hole [24]. Steshmans et al [25] showed with Hartree-Fock that Al-
doping of TiO, produces an oxygen hole polaron. While HF does describe localised polarons, there are other
issues with HF such as the overestimated band gap. Finally, Shirley ef al. [23] used standard DFT to study Al
doped anatase and rutile TiO,, with no discussion of the electronic structure of the doped systems.

Other trivalent dopants have been less studied. This includes Ga’*, which has been studied in a number of
papers [26-29], and according to ref. 29, shows a small red shift in the band gap of TiO, after doping.
Experimental results indicate that oxygen vacancies form to charge compensate the dopant [27]. Indium is
another possible trivalent dopant for TiO, and in ref 30, Wang et al. claim that nanoparticles of TiO, doped
with In show enhanced photocatalytic activity, consistent with earlier studies [31, 32].

For these dopants, there is a notable lack of first principles modelling studies to understand the fundamental
microscopic aspects of these material systems. For TiO, in general, density functional theory (DFT) using
approximate local exchange-correlation functionals is widely used, but this approach has some severe
deficiencies. Two major problems with DFT are the band gap underestimation and the inability to properly
describe localised defect states in oxides; refs 33-35 provide useful discussions of these issues. For the
trivalent dopants, Al, Ga and In, Al doping, as noted above, has been treated with DFT [23] and hybrid DFT
[24], without discussing the shortcomings of DFT for these systems and how to improve on the DFT
description.

These issues with DFT are not solely confined to the question of doping in TiO,, but are also of fundamental
importance in the field of metal oxides. There are many other well known systems where the DFT description
is entirely incorrect, such as reduced cerium dioxide [36 - 38], reduced vanadium pentoxide [39], and reduced
TiO, [40 - 42]. These systems have reduced metal cations, which are localised on two metal centres, but for
which DFT delocalises the electrons over all metal centres. Aliovalent doped oxides further highlight the

inability of DFT to describe localised states; these include Li-doped MgO [43, 44] Al-doped SiO, [45, 46] and
4



La doped CeO, [47]. In these examples, the dopant has an oxidation state smaller than the cation it replaces so
that oxygen ions near the dopant cannot achieve a closed shell O® configuration and instead an O species
with a 2s2p’ electronic configuration is formed; this oxygen shows features consistent with a polaron — a
defect with a localised charge, coupled with a structural distortion.

Since the description of the example systems mentioned above is extremely challenging to DFT, we must go
beyond this approach to even begin considering these systems. DFT corrected for on-site Coulomb
interactions, DFT+U [48-50], in which a Hubbard U term is added to the DFT energy expression to describe
localised electronic states, has been widely used to provide a reasonable and consistent description of the
systems describe above [36-47]. However, there are many issues with DFT+U, not least of which is the
empirical nature of the U parameter and the dependence of material properties on the value of U [51]. Finally,
DFT+U persists in having an underestimation of the band gap, unless very large values of U are used [52],
which in turn can deteriorate the other properties of the system. Despite this, DFT+U remains a useful,
pragmatic approach to study problematic metal oxide systems, having the computational cost of a standard
DFT calculation.

Hybrid DFT in a plane wave basis set has become the approach of choice for defects in metal oxides [53, 54]
and has given for the first time a proper description of the band gap and the defect properties of oxides such as
Cu,0 [55] and ZnO [56] and some multiferroic materials [57]. While hybrid DFT contains two parameters
(exchange contribution and screening length), these are considered to be universal. With its recent successes,
it is thus reasonable to assume that hybrid DFT will be useful for characterising doped metal oxides, and we
have presented results of hybrid DFT calculations of ceria in refs. 58 and 59. However, hybrid DFT has an
extremely large computational cost compared to standard DFT, ca. 50 times, which makes its application to
large structures impossible and having extremely large time requirements even for systems of the size studied
in this paper. We take a pragmatic approach, whereby we investigate the material with hybrid DFT and
DFT+U, e.g. the formation of an oxygen hole polaron upon doping, and having established the consistency of
the hybrid DFT and DFT+U approaches, we use DFT+U for subsequent calculations, such as charge
compensating oxygen vacancies, where a large number of calculations are required.

Thus, this paper presents the results of a series of calculations of the trivalent metal dopants AI’", Ga’ and

In** in bulk rutile TiO,. With a 3+ oxidation state, substituting a dopant onto a Ti*" site, which is established
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from experiments [21, 22, 27], will result in formation of an oxygen hole polaron and we demonstrate the
inability of DFT to describe this defect, showing that DFT+U and hybrid DFT lead to polaron formation. The
primary difference between DFT+U and hybrid DFT is in the position of the hole state in the TiO, band gap
and we discuss this question. Finally, we investigate the energetics of oxygen vacancy compensation of the

trivalent dopants.

2. Methodology

All calculations are carried out in the framework of periodic plane wave density functional theory (DFT)
using the VASP code [60]. In this approach, the valence electronic states are expanded in a basis of periodic
plane waves, with an energy cut-off of 400 ¢V, while the core-valence interaction is treated using PAW
potentials [61], with an [Ar] core on Ti, [He] core on oxygen, [Ne] core on Al, [Ar] core on Ga and [Kr] core
on In. The PW91 exchange-correlation functional [62] is used for DFT and DFT+U calculations; in the
DFT+U calculations, U is applied to the O 2p states to describe the O polaron and has a value of 7 eV [43, 45,
46, 47]; useful discussions of these polarons are given in refs [63 — 67]. For hybrid DFT, the screened
exchange HSEOQ6 functional [53, 54] is used, with the exchange contribution set at 25% and the screening
parameter set to 0.2 / A.

The bulk lattice parameter of rutile TiO, is relaxed with DFT and HSE, giving a = b = 4.638 A and ¢ = 2.973
A (DFT) and @ = b =4.593 A and c= 2.948 A (HSE06), which are in reasonable agreement with experiment.
A bulk (2 x 2 x 3) supercell expansion has been used in the DFT, DFT+U and hybrid DFT calculations. This
cell expansion helps to reduce periodic defect-defect interactions. k-point sampling uses a (4 x 4 x 4)
Monkhorst-Pack sampling grid for the bulk unit cell. The Methfessel-Paxton smearing scheme with a
smearing parameter of 0.1 eV is used; this smearing parameter allows resolution of the peaks in the electronic
density of states. All structures are fully relaxed until the forces are less than 0.02 eV/A. No symmetry
constraints are applied to the doped structures. For oxygen vacancy compensation we firstly added a second
dopant to find the most stable dopant distribution. Next we remove one oxygen atom from several different
sites in the structure with two dopants - as discussed in Sec. 3.3, 5 oxygen vacancy sites were considered - and

calculate the formation energy from:



Y€ = E(MTi1402.) + 1/2E(0,) — E(MTi,40,) (D
Where E(M,T1,40,.) is the total energy of two dopants in bulk TiO, with one oxygen vacancy, E(M,Ti,.\O,)
is the energy of two dopants in bulk TiO, and we reference to half the total energy of an O, molecule. A
positive energy shows that there is a cost to form the oxygen vacancy. We use DFT+U to investigate dopant
compensation, as the results below will show that it is a reliable approach when compared with hybrid DFT.
As a further example of the reliability of the DFT+U results, we compute with DFT+U and Hybrid DFT the
energy of incorporation of the dopant using the bulk metal as a reference. This energy is presented in table 1
and indicates that the trends in the energy of dopant incorporation is the same with both DFT approaches, with
the larger ionic radius dopant requiring a higher energy for incorporation. The absolute values of the energies

are also consistent between the two approaches.

Dopant Al Ga In

Eloping / oy [ gloping / oy [ goPing / o3/

DFT+U +1.46 +4.53 +5.57

Hybrid DFT | +2.37 +5.65 +6.81

Table 1: Energy to incorporate the trivalent dopants in bulk TiO, using the bulk metal as a reference,

computed with DFT+U and Hybrid DFT.

3. Results

3.1 Atomic Structure of Doped Bulk Rutile TiO,

Figure 1 shows the (2x2x3) bulk rutile unit cell, with the position of the dopant atom indicated by the blue

sphere. Figure 2 (a) — (i) shows the local geometry around the dopant site for each dopant, from the three DFT

approaches, while figure 3 shows the local geometry around the polaron site for each dopant, again with the

three DFT approaches.



Figure 1: The bulk rutile (2 x 2 x 3) supercell. In this figure Ti is the grey sphere, oxygen is the red sphere and

the dopant is generically indicated by a bulk sphere.

Firstly we point out that there are two general solutions for the structure and electronic structure of these
doped systems. The first solution is symmetric, in which there is little distortion to the structure apart from
changes in dopant-O distances due to the different sizes of the dopant and Ti. Therefore, the four equatorial
dopant-O distances are equal and the two apical dopant-O distances are equal, but different to the equatorial
dopant-O distances. The asymmetric solution has a geometrical distortion around the dopant so that the
dopant-O distances are no longer the same.

We find with DFT that only the symmetric solution is stable, even when starting from a distorted solution, but
with DFT+U and hybrid DFT, both symmetric and asymmetric solutions are stable. With DFT+U and hybrid
DFT, the asymmetric solutions are the more stable, by ca. 0.4 eV and we will not discuss the symmetric
solutions for these approaches any further.

The structural images in figure 2 show dopant-O distances in the immediate vicinity of the dopant from DFT,
DFT+U and hybrid DFT for doping with Al (figure 2(a)-(c)), Ga (figure 2(d)-(f)) and In (figure 2(g)-(i)). In
the DFT solution, figure 2(a), (d) and (g), the geometry around the dopant site is indeed symmetric. In bulk
rutile the equatorial and apical Ti-O distances are 1.96 A and 2.00 A. The resulting dopant-O distances

13+

correlate with dopant ionic radius — the shortest dopant-O distances are found with A" (the smallest ionic

radius cation) and the longest distances with In®" (the largest ionic radius cation) as dopant. A’ and Ga®**
g g p



have been studied since it is thought that the similarity of their ionic radii to Ti*" makes dopant incorporation
favourable.

With DFT+U the symmetry around the dopant site appears to be broken for In but not, apparently, for AI**
and Ga’* doping, figure 2(b), (¢) and (h). For AI’" and Ga’* doping, the pair of equatorial dopant-O distances

and the four apical dopant-O distances show a small degree of symmetry breaking and are consistent with the

dopant ionic radius. With In there the equatorial In-O distances are similar but the apical In-O distances show

a distortion, with one In-O distance of 2.16 A and the other being 2.08 A.

Figure 2: Structure around the dopant site for (a) Al DFT, (b) Al DFT+U, (c) Al HSE06, (d) Ga DFT, (e) Ga

DFT+U, (f) Ga HSE06, (g) In DFT, (h) In DFT+U, (i) In HSE06
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These results show that there are two types of distortion around the dopant, which can depend on the dopant
ionic radius. The first is simply a distortion to the dopant-O distances compared to the Ti-O distances, due to
the dopant ionic radius - in this case, the In dopant has the largest ionic radius and shows the longest cation-O
distances. The second distortion is in the cation-O distances connected with the polaron. For In, the
asymmetry in the apical In-O distances highlights this distortion, with one In-O distance appreciably
lengthened, consistent with a longer bond between In and an oxygen polaron, as found in other materials [43-
45,63-67]; we shall see in section 3.2 that electronic structure analysis confirms this picture. This particular
distortion is not present for Al and Ga doping. With hybrid DFT, the distances are similar to DFT+U result, so
that the same distortions around the dopants are present. This gives confidence in the DFT+U description of
these systems.

If a polaron is present for Al and Ga, then it must be found on an oxygen not directly neighbouring the dopant
site. We have examined the cation-O distances near the dopant site and figure 3 shows cation-O distances in
the vicinity of the polaron site — the geometry is consistent with the presence of an oxygen polaron [43-47, 62-
67]. For Al and Ga doping, the polaron is not directly bound to the dopant, but is instead in a next-nearest
neighbour position, but for In, the dopant is directly bound to the polaron oxygen. Hence in figure 3, the Al
and Ga sites are not shown, but the In site is shown.

Figure 3 shows for Al and Ga doping, the distortion of the cation-O distances around the polaron. For Al,
there is one equatorial Ti-O distance of 2.15 A (DFT+U) and 2.14 A (HSE06), with a correspondingly shorter
equatorial Ti-O distance of 1.85 A (DFT+U) and 1.84 A (HSE06) to another oxygen. With Ga, similar Ti-O
distances are found and it is interesting to see that DFT+U and HSE predict the polaron site to be on different
oxygen atoms. To examine the energetics of different solutions to the dopant-polaron distribution, we have
used the DFT+U structure as input to a HSE06 calculation and_vice versa. We have found that the hybrid DFT
dopant-polaron distribution is essentially degenerate with the original DFT+U solution in DFT+U and the
DFT+U dopant-polaron distribution is 22 meV higher in energy with hybrid DFT. Thus, similar to CeO, [37,
38] there are a number of stable polaron solutions that lie close in energy. Thus, an experimental investigation
of such systems would observe an averaging over energetically accessible defect configurations, as has been

discussed recently for TiO, [68].
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Figure 3. Structure around the polaron for (a) Al DFT+U, (b) Al HSE06, (¢) Ga DFT+U, (d) Ga HSE06, (e) In
DFT+U, (f) In HSE06. The blue sphere indicates the position of polaron. For Al and Ga, the polaron is not
bound directly to the dopant, but for In the dopant and polaron are directly bound. Therefore, it is only for the

case of In that the dopant is visible.
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3.2 Electronic Structure of Doped TiO,

To examine the destination of the oxygen hole (polaron) state resulting from doping with a trivalent dopant,
figures 4 — 6 show the electronic density of states (EDOS) projected onto the O 2p states for Al doped TiO,,
Ga doped TiO, and In doped TiO,, from the three DFT methods,. Also shown beside the EDOS plots is the
excess spin density (defined as the difference between the spin up electron density and the spin down electron
density). The spin density is used to show where the oxygen hole state is found in the structure.

For each dopant, DFT delocalises the oxygen hole over all oxygens in the structure for each dopant, while
with DFT+U and HSEQ6, the hole is primarily localised on one oxygen ion near the dopant. This shows that
the DFT+U approach, as used in this work, provides at least a consistent description of the formation of the
polaron state in these doped systems, when compared to HSE06, which is known to provide a proper
description of polaronic systems [54-56, 58].

The EDOS for the three doped systems are very similar. There is no state in the band gap with DFT,
consistent with the delocalisation of the oxygen hole. Instead the hole state is found at the top of the VB,
which is consistent with earlier findings for other oxides with these oxygen hole polarons [43, 45, 66, 67].
With DFT+U and hybrid DFT, a defect state is present in the TiO, band gap, which arises from the localised

oxygen hole state shown in the spin density.
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Figure 4: EDOS plots for Al doped bulk TiO,. The right hand panel shows the spin density. (a) DFT, (b)

DFT+U, (c) Hybrid DFT. The dopant is the purple sphere and the spin isosurfaces are set to 0.02 electrons /
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Figure 5: EDOS plots for Ga doped bulk TiO,. The inset shows the spin density. (a) DFT, (b) DFT+U, (c)

Hybrid DFT. The dopant is the purple sphere and the spin isosurfaces are set to 0.02 electrons / A’
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Figure 6: EDOS plots for In doped bulk TiO,. The inset shows the spin density. (a) DFT, (b) DFT+U, (c)
Hybrid DFT. The dopant is the brown sphere and the spin isosurfaces are set to 0.02 electrons / A’

However, the precise position of the defect state in the band gap is clearly dependent on the DFT approach
used, with table 2 presenting the offsets of the polaron state from the valence and conduction band edges.
Firstly, DFT+U predicts the offset of the polaron state from the valence band (VB) to within 0.35 eV of the

hybrid DFT offset, with both methods placing the polaron state well inside the band gap of the oxide. But the

15

15



16

offset to the conduction band states is where there is a large difference: DFT+U predicts offsets no larger than
0.65 eV, while hybrid DFT predicts much larger offsets. The difference arises from the poor position of the

conduction band states with DFT+U and the underestimated band gap, which are remedied by using hybrid

DFT.
Dopant Al Ga In

EB/ev E®/ eV EVB/ev E®/ev EVB/ev E®/ eV
DFT+U 1.30 0.45 1.25 0.45 1.05 0.65
Hybrid DFT 1.65 1.55 1.55 1.65 1.25 1.95

Table 2: Offsets of the oxygen polaron defect state from the VB and CB for bulk TiO, doped with Al, Ga and
In from DFT+U and Hybrid DFT. E" is the offset to the valence band and E® is the offset to the conduction

band

The offset of the defect state to the VB should be well described with DFT+U since U is applied to the O 2p
states and the defect state comes out of a previously O 2p-derived VB state. This value of U was determined
by obtaining the position of the polaron state relative to the VB in Li-doped MgO [43], but can also be found
from experimental data [69]. Since U has no effect on the conduction band states, which derive from Ti 3d
orbtials, then DFT+U, as used here, cannot give the correct band gap and hence the correct offset of the defect
state to the conduction band. One could envisage using a +U correction on Ti, but this would entail two +U
corrections in one calculation, which has its own issues; see however ref. [70] where this approach was used
successfully for defects in TiO,. We expect that the hybrid DFT results will be correct and these results can
provide a good check on the DFT+U findings.

Finally, if we consider the effect of U in the DFT+U calculation, then we have shown in ref. 45, that a smaller
value of U on O 2p states moves the defect state away from the CB, but correspondingly reduces the offset to
the VB edge, and leads to icnreased delocalisation of the oxygen hole. A larger value of U on O2p states
would move the defect state closer the CB, so that we can highlight a key issue with DFT+U, namely that

since the correct band gap cannot be obtained, then the position of defect states relative to the valence and
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conduction bands cannot be obtained. Despite this, DFT+U provides a useful approach for doped systems

such as considered herein.

3.3 Oxygen Vacancy Compensation

To study charge compensation of the dopant oxidation state by oxygen vacancy formation, we consider the
defect formed by two dopants and an oxygen vacancy. In figure 7 we show four structures for dopant pairs
with different dopant-dopant distances. We find that upon relaxation, the highest energy dopant distribution,
relative to the most stable dopant pair structure, is less stable by only 0.5 eV. This small energy difference
indicates that in a real system, there will be a distribution of these dopant pair configurations. Thus, for Al and
In we show results for the most stable configuration and for Ga we present results for two dopant pair

configurations. Thus our results can be considered representative for a typical dopant pair configuration.

Figure 7. Doped TiO2 bulk with different dopant-dopant distances: (a) 2.97 A, (b) 3.60 A, (c) 5.54 A, (d) 7.20

A. The dopants are indicated with blue spheres.
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Figure 8. Oxygen vacancy positions for (a) Al, (b) Ga (with a Ga-Ga distance of 5.55 A), (c) In.

From the structures with two dopants, we determine the most stable site for a compensating oxygen vacancy.
For the oxygen vacancy calculations the Al-Al distance is 2.97 A and the Ga-Ga distances are 2.97 A and 5.55
A, while the In-In distance is 3.60 A. The oxygen vacancy sites are given in figure 8.

Table 3 presents the formation energies of the compensating oxygen vacancy in each doped structure from
DFT+U. We find that the formation energies are generally very small and positive, with a number of dopant-
vacancy configurations given negative formation energies. The latter configurations will therefore show
spontaneous charge compensation via oxygen vacancy formation. Given that the present calculations are at
0K, the very low cost of forming the compensating oxygen vacancy in the other dopant-vacancy
configurations means that under typical experimental conditions, dopant compensation through oxygen
vacancy will occur. Thus, one would not expect to find a signature of an oxygen hole polaron defect state in
experimental characterisation of trivalent doped TiO,. For Al-doped TiO,, experimental studies show that Al
doping is compensated by oxygen vacancies [21, 22], while for Ga and In doping, the present results also
indicate that charge compensation will occur. For each dopant, we have also computed the oxygen vacancy
formation energy of the most stable vacancy compensated structure with HSE06, as a further check on the
DFT+U findings. The formation energies are as follows: -0.85 eV (Al), -1.31 eV (Ga) and 1.21 eV (In). While
hybrid DFT is more favourable towards oxygen vacancy compensation than DFT+U, the results of the
DFT+U calculations are at least consistent with hybrid DFT, providing reasonable confidence in using
DFT+U for these systems. However, when possible, a check on DFT+U results with hybrid DFT would be

recommended for increased confidence.
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Al Ga® Ga" In
O vacancy site E%"/eV
oVl 0.27 0.05 -0.25 0.14
ov2 0.45 0.13 -0.27 0.32
ov3 0.75 0.38 0.22 0.12
ov4 0.75 0.18 -0.50 0.23
oVs 0.46 0.47 -0.50 -0.31

Table 3. Formation energies (E°** / eV) of compensating oxygen vacancies for Al, Ga and In doped TiO,. All
results are from the DFT+U method.

* for a Ga-Ga distance of 5.55 A, * for a Ga-Ga distance of 2.97 A

4. Conclusions

We have investigated doping of bulk TiO, with trivalent ions using standard DFT, DFT+U (with U on
oxygen) and hybrid DFT (HSE06). We confirm that the DFT description of the oxygen hole is incorrect and
find that both DFT+U and hybrid DFT give a solution with a localised oxygen hole and a distorted structure
around the dopant site. The extent of distortion increases with an increase in the ionic radius of the dopant.
The density of states shows a localised feature in the band gap characteristic of the oxygen hole. The DFT+U
offset to the valence band is consistent with the hybrid DFT offset, but due to the band gap underestimation in
DFT+U, the offset to the conduction band is too small. Oxygen vacancy compensation calculations show

oxygen vacancy compensation of these dopants should occur.
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