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The electronic-structure and optical properties of aluminium-doped rutile and anatase TiO2 have been
investigated using density-functional theory with plane-wave basis sets and pseudopotentials. This was done
using the periodic supercell method as implemented within the CASTEP software package with Al concentra-
tions approaching the very low levels present in industrial samples of rutile TiO2. Defect states involving
substitution of a titanium atom for an aluminium atom were studied along with the more stable configuration
of two adjacent aluminium substitutions with an oxygen vacancy in between. In the latter case, aluminium does
not introduce band-gap states but leads to an increase in the band gap in both anatase and rutile. This suggests
that aluminium doping pushes the absorption edge further into the UV and therefore reduces the photocatalytic
activity. Single oxygen vacancies in anatase were also studied. Reactions to form the most stable defects are
exothermic for both phases. Finally, migration of aluminium in both phases is investigated. Migration transition
states are found to have a significantly lower energy in rutile. At industrially relevant temperatures, overcoming
the barrier to migration is probably only possible in rutile.
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I. INTRODUCTION

Titanium dioxide �TiO2� is widely used as a pigment, as a
catalyst support, and as a photocatalyst. The combustion of
titanium tetrachloride �TiCl4� to synthesize TiO2 nanopar-
ticles is a multimillion ton per year industrial process.1 In
this “chloride” process, purified titanium tetrachloride is oxi-
dized at high temperatures �1500–2000 K� in a pure oxygen
plasma or flame to produce TiO2 particles.2–5 In many indus-
trial reactors, a small amount �less than 1% by mass� of
vaporized AlCl3 is also added. This is done to promote the
formation of the rutile phase of TiO2 and to increase the
photostability of the resulting particles. Al is believed to act
as a low-concentration dopant within the TiO2 crystal but the
reason it influences crystal mode is not known. It seems as
many authors have suggested it hinders the anatase-rutile
transformation6,7 as say the opposite.8,9 Shirley et al. inves-
tigate the early stage gas phase chemistry to see if phase
might be determined by the nucleation process but there
seems to be very little chemical interaction.10

TiO2 crystallizes in three different forms: rutile, anatase,
and brookite. Rutile and anatase are the two most stable
forms and are both produced on an industrial scale. They are
both investigated here. Both systems are tetragonal and fully
described by three parameters: a, c, and u. The parameters a
and c are shown in Fig. 1, u defines the fractional coordinate
of the O atom. The formal space groups are given in Table II.

Steveson et al.11 presented a theoretical study into the
defect states of Al-doped TiO2. A later theoretical study by
Islam et al.12 went on to investigate some of the physical
properties of the doped rutile phase. However, this work did
not present the optical properties of this doped rutile and did

not consider the anatase phase at all. While Al is added in
order to promote the rutile phase, it only completely stops
anatase formation at relatively high concentrations. Manu-
facturing aluminium-doped anatase is therefore a possibility
but an understanding of the effect of Al on this phase is still
lacking. There do exist a number of experimental measure-
ments of the electronic and optical properties of TiO2. These
include total electron yield spectroscopy,13 electron energy-
loss spectroscopy,14–17 x-ray absorption spectroscopy,18–20

x-ray emission spectroscopy,21 x-ray photoelectron
spectroscopy,14,22,23 wavelength-modulated transmission
spectroscopy,24 ultraviolet photoelectron spectroscopy,25

photoluminescence spectroscopy,26 and resonant ultraviolet
photoelectron spectroscopy. With recent increases in compu-
tational power, ab initio methods such as density-functional
theory �DFT� �Ref. 27� and Hartree-Fock �HF� have become
available. These calculations have been performed with DFT
and the local-density approximation �LDA�,15,22,28–33 and us-
ing the HF approach.34 There have also been some self-
consistent calculations done with the linear muffin-tin orbital

FIG. 1. Unit cells of rutile and anatase phase TiO2. Titanium
atoms are white and oxygen atoms are black. Note that this anatase
cell is not the primitive cell. This unit cell is shown because it is the
standard representation.
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method,13,21,35–37 with tight-binding models38–40 and with the
extended Huckel molecular-orbital method.17 A full overview
of work done in the field is given in Ref. 27.

The first aim of this paper is to investigate the influence
that Al doping has on the energetics, electronic structure, and
optical properties of both the rutile and anatase phases of
TiO2. The second aim is to understand the processes by
which Al atoms move around the lattice in both phases. This
is vital for a proper understanding of the material itself and
also of the processes used for its production on a large scale.

II. COMPUTATIONAL METHOD

The CASTEP �Ref. 41� density-functional software package
is used throughout, this is widely used for a variety of crystal
systems and has been successfully applied to TiO2.42,43 Spe-
cifically, it has been used for investigating the impact of
dopants on electronic structure.44,45 The generalized gradient
approximation �GGA� as proposed by Perdew, Burke, and
Ernzerhof �PBE� was applied,46 combined with Vanderbilt
ultrasoft pseudopotentials.47 The plane-wave basis set was
truncated at a kinetic energy of 380 eV. This value was cho-
sen after a full convergence study from 100 to 700 eV. The
electronic energy of the rutile unit cell falls by less than 1
kJ/mol between a cutoff of 380 and 700 eV. Equally, enthal-
pies of formation calculated by various reaction schemes do
not differ by more than 1 kJ/mol over the same interval.
Most importantly, the band gap is not greatly sensitive to
cutoff; for pure rutile the band gap calculated using a 380 eV

cutoff is 0.002 eV lower than that calculated using 700 eV.
The errors due to basis-set truncation are therefore small
compared to inherent errors associated with DFT. Computa-
tional time goes up linearly with the cutoff. For the smallest
anatase supercells, a 7�7�3 Monkhorst-Pack grid48 is used
for Brillouin-zone sampling, which is also within conver-
gence. For the larger supercells, a 3�3�3 grid is used,
again well within convergence. All calculations are spin po-
larized in order to describe magnetic effects correctly. In or-
der to minimize the errors due to interaction of defects mod-
erately large periodic supercells were used up to Ti16O32 �see
Fig. 2�.

One Ti32O64 supercell was investigated but it took over 64
cpu days to relax the geometry and only reduced the inter-
action between defects by 10 kJ/mol. Even with these rela-
tively high Al concentrations compared to the industrially
produced material there seems to be little interaction be-
tween adjacent defect states; the energy of a single defect
differed by 24 kJ/mol between a Ti8O16-sized and a
Ti16O32-sized supercell. In order to calculate the energies of
atomic Ti, Cl, O, and Al and of the molecules TiCl4, AlCl3,
O2, and Cl2, the species are placed in the center of a
15�5�15 Å cell in order to ensure negligible interaction
between neighboring molecules. Supercells were used for
molecular energies in order to use the same method �with the
same cutoff energies, etc.� throughout and to maximize can-
cellation of errors.

Enthalpies of formation are calculated for one unit cell
using Eq. �1� and any comparisons are made between
equivalent size supercells. The error with respect to experi-
ment in Table I is partly due to the zero-point vibrational
energy, which was only calculated here for pure anatase and
rutile and is shown in brackets in Tables I and II. The en-
thalpy of reaction calculated from Eq. �2� provides an
equivalent comparison of stability as the defect formation
energy, which we will use later as a useful measure of the
stability of a defect,

xTiCl4 +
y

2
O2 + zAlCl3 � TixOyAlz�s� + �2x +

3

2
z�Cl2,

�1�

TABLE I. Comparison between computational methods and experiment for bulk properties of rutile �point
group D4h

14, space group P4 /mnm�. The brackets after the enthalpy show the zero-point vibrational energy as
calculated using norm-conserving pseudopotentials.

GGAPBE PWGGA �Ref. 12� PW1PW �Ref. 12� MSINDO �Ref. 11� Expt.

a �Å� 4.67 4.63 4.59 4.49 4.594a

c 2.97 2.98 2.98 2.88 2.958a

u 0.305 0.305 0.305 0.299 0.305a

Ea �kJ/mol� −1932 �+20� −2054 −1929 −1875 −1915a

Eg �eV� 1.86 1.90 3.54 3.03b

aReference 49.
bReference 26.

FIG. 2. Standard-size rutile supercell �Ti16O32�. Titanium atoms
are white and oxygen atoms are black.
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�x + z�TiO2�s� + zAlCl3 +
z

2
Cl2

� TixOyAlz�s� + zTiCl4 + �x + z −
y

2
�O2. �2�

There is good agreement between the method used here
and experiment and indeed with the other theoretical calcu-
lations performed on anatase50,51 and rutile.11,12,26,49 This
strong agreement for bulk properties is encouraging. The sig-
nificant underestimation of the band gap is a concern. How-
ever, it does seem to be well behaved, consistently underes-
timating the gap by 50%.

The transition state searches reported in Sec. IV D were
carried out using a full linear synchronous transit/qudratic
synchronous transit search with intermediate conjugate gra-
dient refinements. This method is described in detail by
Govind et al.55 Refinement is considered complete when the
forces on every atom are under 0.05 eV /Å.

III. DEFECT STRUCTURES

The defect structures investigated here are the most stable
defect states as found by Steveson et al.11 using semiempir-
ical quantum calculations on large clusters of TiO2. All these
structures are shown in Fig. 3. While the errors associated
with Steveson’s calculations are large �up to 50 kJ/mol�, the
most stable crystal structures were over 500 kJ/mol more
energetically favorable. These states consist of either direct
substitution of a titanium atom for an aluminium atom �ana-
tase model 1 and rutile model 1� or double substitution of
two titanium atoms with an oxygen vacancy in between �ana-
tase models 2–3 and rutile model 2�. Interstitial defects were
found to be comparatively unstable in agreement with Ref.
11 and so physical properties were not calculated for them.
This is in agreement with Ref. 56 where experimental
nuclear-magnetic-resonance studies suggest the prevalence
of Ti substitution in Al-doped rutile. It is not entirely clear
how mobile an Al defect is. The diffusivity of Al through the
TiO2 lattice is unknown. A study into this process would be
helpful in determining the likelihood of two Al defects com-
ing together with an O vacancy at the temperatures involved
in commercial synthesis. If this process is slow and these

interstitial states are present in the lattice then the nucleation
seed must be responsible for the crystal structure.

IV. RESULTS

A. Band structures

While DFT is known to underestimate band gaps by up to
50% �Ref. 57�, it is possible to make qualitative statements
regarding the influence of dopants.58 See Table II in Ref. 12
in which the band structures from a pure DFT calculation
agree with the hybrid calculations and differ only by a con-
stant value across k space. The LDA+U method59 is known
to be able to correct band-gap errors by applying a potential
to the outer d electrons of transition metals. It is possible to
theoretically calculate the on-site coulomb potential U �Ref.
60� but it is more common to vary it empirically depending
on the property of interest.

This method was investigated but the relationship be-
tween band gap and the Hubbard U potential was found to be
dependent on the crystal phase �see Fig. 4�. Since we do not
have accurate experimental measurements of the band gaps
of the Al-doped system and because we are interested in the

TABLE II. Comparison between computational methods and experiment for bulk properties of anatase
�point group D4h

19, space group I4 /amd�. The brackets after the enthalpy show the zero-point vibrational
energy as calculated using norm-conserving pseudopotentials.

GGAPBE HF �Ref. 50� LDA �Ref. 51� MSINDO �Ref. 11� Expt.

a 3.80 3.763 3.697 3.785a

c 9.67 9.851 9.006 9.514a

u 0.207 0.202 0.2057 0.2066a

Ea �kJ/mol� −1940 �+22� −1904 −1895b

Eg �eV� 2.25 2.04 3.20c

aReference 52.
bReference 53.
cReference 54.

FIG. 3. Defect states of rutile and anatase phase TiO2 that are
considered in this paper. Titanium atoms are white, oxygen atoms
are black, and aluminium atoms are gray. Minimum-size supercells
are shown to aide clarity. The rutile models are included primarily
for validation of the method since they have already been studied
by Islam et al. �Ref. 12�.
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qualitative impact of dopants on the band gap it was decided
that the LDA+U method was not useful here. The effect of
U on the band gap of both phases is included here in order
that other researchers who are studying the undoped system
might benefit from these calculations. Additionally, the band
gap is closest to the experimental value at around 7 eV. This
is worryingly large and implies that there may be some
physical process that cannot be explained by adding a fixed
potential to the titanium d electrons. A similar value of 8.1
eV was found by Perebeinos et al.61 in their study of TiF3.
Clearly, this method is not well suited to the Ti 3d orbital.

Band structures are calculated along the path with the
most high-symmetry points, which are labeled as in Ref. 62.
The PBE functional predicts rutile to have a direct gap at �
in agreement with Islam.12 Interestingly the same computa-
tional method implies that anatase has an indirect gap with
the top of the valence band at M and the bottom of the
conduction band at �. This is in agreement with the linear
muffin-tin orbital calculations of Mo and Ching51 and with
GGA calculations on pure anatase by Qiang.63 Table III
shows the minimum direct and indirect band gaps for the
standard-size supercells of anatase models 1–4. In the case of
anatase model 4, the solitary oxygen vacancy causes the
Fermi energy to move into the conduction band, which ex-
plains the observed coloring of oxygen-deficient anatase.27

B. Optical properties

CASTEP calculates optical properties from the dielectric
function, the imaginary part of which can be calculated di-
rectly from the full many-electron wave function. The real

part is then determined via a Kramers-Kronig transform. The
imaginary and real parts of the refractive index are calculated
in the polarization direction �1 0 0�. Other directions were
investigated and it was found that trends, with respect to
defect states, in the value of the refractive index were main-
tained in different polarizations. The dielectric functions of
both rutile and anatase are highly anisotropic in the pure and
defect states. The real part of the refractive index of rutile
ranged from having a maximum of 3.5 in the polarization
�1 0 0� to having a maximum of 4.5 in the polarization
�1 1 1�. The optical properties are determined by the band
gap and so its underestimation by DFT will lead to signifi-
cant errors. The refractive index will be overestimated. These
can be removed by correcting the gaps empirically. However,
here we are interested in trends due to the defects so we will
not correct band gaps. For this reason our calculations will
all predict an absorption edge at unrealistically high wave-
lengths. In both anatase and rutile, the defects lead to a low-
ering in the refractive index across the visible range. The
unpaired electron introduced by direct substitution of Ti for
Al will turn the material into an n-doped semiconductor and
this electrical conductance leads to a nonzero imaginary re-
fractive index �absorption� at higher wavelengths.

C. Aluminium-doped anatase

The calculations performed on rutile show that the
method here is in agreement with Islam et al.12 Identical
calculations were repeated on all the anatase models pre-
sented in Fig. 3. Table IV gives an overview of the relative
stability of the various defect states. Most significantly it
shows no significant thermodynamic bias between the
phases. We will now discuss each model in turn. The CASTEP

output files for all of the models discussed are available from
the electronic physics auxiliary publication service �supple-
mentary material�.64

1. Anatase model 1

A single substitution site will lead to a valence-band hole
and will have an effect on the conductivity and color. These
defects are not as stable as models 2 and 3 according to the
PBE calculations presented here �see Table IV�. The defect
formation energy is 26 kJ/mol. The reaction in which two Al
substitutions �as in anatase model 1� would come together
and release one oxygen atom as molecular O2 forming one
anatase model 2 is exothermic and would release 76 kJ/mol.
This is in contrast with rutile where the single substitution

TABLE III. Energy gaps of direct and indirect transitions in the defective anatase states from
GGA-PBE.

Model Eg /eV �direct� k point Eg /eV �indirect� k points �VB→CB�

Pure anatase �Ti4O8� 2.25 � 2.11 M→�

Anatase model 1�Ti15Al1O32� 1.99 � 1.99 �→�

Anatase model 2 �Ti14Al2O31� 2.30 � 2.30 �→�

Anatase model 3 �Ti14Al2O31� 2.33 � 2.33 �→�

Anatase model 4 �Ti16O31� 2.26 � 2.26 �→�
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FIG. 4. Relationship between band gap of rutile �solid line� and
anatase �dashed line� phases and the Hubbard U parameter. Hori-
zontal lines indicate the experimental values for rutile �Ref. 26� and
anatase �Ref. 54�.
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state is thermodynamically favored to the pure phase. Ana-
tase model 1 is therefore the only system investigated here
that is less stable than the pure phase. In the systems with an
unpaired electron, the up-spin and down-spin bands no
longer overlap due to the differing interaction between the
two spin states and the outermost band. This defect leads to
relatively small changes in the atomic positions compared to
the states involving an oxygen vacancy. This means the re-
laxation energies are not very large. This is expected simply
because the bonding structure does not change. Figure 5�c�
shows the band structure of anatase model 1; the Fermi

energy lies within the band and hence the material is conduc-
tive according to our calculations.

2. Anatase model 2

Substitution of one Ti4+ by Al3+ leads to a formal charge
of −1 per unit cell but in anatase models 2 and 3, two Al
substitutions combine with the oxygen vacancy to maintain
overall charge. Models 2 and 3 represent the most stable
defect structures by 50 kJ/mol per Ti16O32 supercell. It is
significantly more stable than lone oxygen vacancies; by 520
kJ/mol per Ti16O32 supercell. This extreme thermodynamic
prejudice would cause the Al defects to “mop up” the oxygen
vacancies and reduce coloring exactly as is predicted for
rutile by Islam et al.12 It is interesting to observe that many
trends are identical across both phases of TiO2. The refrac-

TABLE IV. The total electronic energy, Etot, enthalpy of forma-
tion using reaction 1, �Hreac 1

0 K , and enthalpy of defect formation
using reaction 2, �Hreac 2

0 K . Also included are the interstitial models
shown in Figs. 7 and 8. Values for the pure states that were calcu-
lated using smaller supercells are shown above a numerator in order
to aid comparison. Precise energies and geometries for all these
models are included as supplementary material �Ref. 64�.

Model
Etot

�eV�
�Hreac 1

0 K

�kJ/mol�
�Hreac 2

0 K

�kJ/mol�

Pure rutile �Ti2O4� −39703 /8 −2296 /8 0

Rutile model 1 �Ti15Al1O32� −38154 −2306 −9

Rutile model 2 �Ti14Al2O31� −36171 −2325 −28

Rutile model I1 �Ti16Al1O32� −39762 −1913 527

Pure anatase �Ti4O8� −39705 /4 −2425 /4 0

Anatase model 1 �Ti15Al1O32� −38155 −2399 26

Anatase model 2 �Ti14Al2O31� −36172 −2456 −31

Anatase model 3 �Ti14Al2O31� −36172 −2450 −25

Anatase model 4 �Ti16O31� −39265 −1934 492

Anatase model I1 �Ti16Al1O32� −39762 −1944 633

Anatase model I2 �Ti16Al1O32� −39761 −1901 676
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FIG. 5. Band structures calculated with one dopant site in a Ti16O32 supercell. The dashed horizontal line shows the Fermi energy, which
is set as zero. �a� Pure rutile, �b� pure anatase, �c� anatase model 1, �d� anatase model 2, �e� anatase model 3, �f� anatase model 4.
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part. �a� Pure rutile, �b� rutile model 2, �c� pure anatase, �d� anatase
model 2.
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tive index for model 2 is given in Fig. 6�d�. The refractive
index is lower across all wavelengths for each of the
aluminium-doped states.

3. Anatase model 3

The impact of this defect state is very similar to that of
anatase model 2 owing to the structural/electronic similarity.
The band gap is increased due to the increase in the bottom
of the conduction band. The relaxation energy associated
with this defect is 380 kJ/mol. The second closest oxygen
atoms move 1.6 Å from their positions in the pure phase.
The titanium atom closest to both of the aluminium atoms
moves closer to the closest aluminium atom by 0.1 Å.
This stabilization shows that aluminium doping in anatase is
not thermodynamically prohibited. This implies that Al is
more likely to influence phase during the nucleation
process.

4. Anatase model 4

It is well known that TiO2 is usually slightly reduced27

and so lone oxygen defects were also considered in anatase.
This leads to an unpaired electron in the primitive cell and in
the absence of additional defects will turn the material into a
conductor and color the material. An effect observed in many
experimental studies.65 Our calculations suggest this state
will overlap with the top of the valence band as opposed to
the situation in rutile in which isolated states are introduced
into the band gap. It is not clear why this is the case. Some
relaxation takes places in the case of lone oxygen vacancies
�38 kJ/mol�. The adjacent oxygen atoms move toward the
vacancy with the adjacent titanium atoms moving away. This
suggests that the vacancy is relatively positive as might be
expected given the removal of the oxygen with formal nega-
tive charge. It is well known that these oxygen vacancies
form recombination centers that reduce photocatalytic activ-
ity. The lack of electronic charge may be responsible for the
defects interaction with excitons.

D. Dopant migration

If we are to believe that two aluminium atoms might be
present in adjacent substitutional sites, we must convince
ourselves that aluminium can migrate through the lattice at
the temperatures that exist during combustion. Unless it was
true that dimers could enter the lattice, aluminium atoms
must be able to travel through the lattice until they collide
with titanium vacancies or other aluminium atoms. It would
therefore be instructive to investigate the likelihood of such a
migration process taking place, where aluminium is expected
to migrate through the lattice as an interstitial Al3+ cation.
For this reason interstitial sites in both anatase �Fig. 7� and
rutile �Fig. 8� were investigated as were the transition states
between adjacent sites. These states were originally investi-
gated as both doublets and quadruplets in order to confirm
that interstitial aluminium indeed exists as an Al3+ cation.
Figure 9 shows the relative energies of the interstitial
states and the transition states as calculated in Ti16O32
supercells.

1. Anatase

In anatase, two stable interstitial sites were found. Figure
7 shows these two sites. Anatase model I1, where Al is half-
way between two oxygen atoms, is more stable than anatase
model I2, where Al is at the furthest point from any adjacent
atoms. Anatase model I1 is very close to an equivalent site of
identical energy between the two next-closest oxygen atoms.
There is a negligible energy barrier between these sites
��0.05 eV�. For this reason migration around the entire ana-
tase lattice can occur by traversing this one transition state.
Unlike in rutile there is no favored orientation of travel. The
anatase transition state is 78 kJ/mol higher in energy than
anatase model I1. The anatase transition state is 34 kJ/mol
higher in energy than anatase model I2.

2. Rutile

As opposed to the work by Steveson et al.,11 we found
that in rutile there is effectively only one interstitial site after
the lattice is allowed to relax �see Fig. 8�. This implies that
there are two likely transitions between adjacent sites. Un-
surprisingly the barrier to migration in the �110� direction
�left and into the page in Fig. 8� is significantly higher than
in the �001� direction �up in Fig. 8�. Simply put, this is be-
cause the latter involves motion through a larger hole. Rutile

Anatase model I1

Anatase model I2

FIG. 7. Interstitial sites in anatase phase TiO2. The arrows point
to the location of the Al atoms. Titanium atoms are white and oxy-
gen atoms are black. The Al atom in anatase model I1 is positioned
vertically midway on the front face, in anatase model I2 it is posi-
tioned 1/4 of the way through the cell and vertically midway. The
figure does not show relaxation due to the presence of Al. Precise
geometries are provided as supplementary material �Ref. 64�.

Rutile model I1
FIG. 8. Interstitial site in rutile phase TiO2. The arrow points to

the location of the Al atom. Titanium atoms are white and oxygen
atoms are black. The Al atom in rutile model I1 is located directly
in the center of the front face. The figure does not show relaxation
due to the presence of Al. Precise geometries are provided as
supplementary material �Ref. 64�.
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transition state 1 is 39 kJ/mol higher than rutile model I1.
Rutile transition state 2 is 309 kJ/mol higher than rutile
model I1. It should be noted that the interstitial site of Al in
rutile is effectively that point furthest from any atoms in the
lattice. The triplet state of Al is marginally lower in energy
than the singlet state �0.002 eV�. The same value is found in
both of the anatase interstitial models. This is analogous to
Al in a vacuum.

V. DISCUSSION

We have demonstrated that DFT simulations give reliable
results for the energy, geometry, and bulk properties of TiO2.
While this theory is known to underpredict band gaps we
have shown that it gives qualitatively similar answers to the
hybrid functionals used by Islam et al.12 Hybrid functionals
have not been entirely embraced by the solid-state commu-
nity because they are more expensive with plane-wave basis
sets than with the Gaussian-type orbitals used for molecular
calculations. It is instructive to see how calculated properties
depend on the assumed defects. The calculations reported
here involve far higher Al concentrations than those in indus-
trially produced TiO2. However, we have shown that the in-
teraction between adjacent defect states in our supercells is
low; around 20 kJ/mol. Going to lower concentrations would
therefore not be the best use of resources.

It is assumed that Al doping reduces photoactivity not just
because it pushes the absorption edge further in to the UV
but also because the defects act as recombination centers.
The question of why these defect states are such effective
recombination centers remains. Doping with nitrogen, car-
bon, or boron tends to involve substitution with an oxygen
atom and has been shown to reduce the band gap and to
increase photoactivity. It may be that the aluminium acts to
stabilize the oxygen vacancies and that it is the oxygen va-
cancies and not merely the presence of a defect that increases
recombination.

Results suggest that, at industrially relevant temperatures,
migration of Al takes place in rutile but not in anatase. The
energy of the anatase transition state �78 kJ/mol� corresponds
to the thermal energy at around 9300 K. This is essentially
insurmountable whereas in rutile, the lower transition state is
at 39 kJ/mol corresponding to around 4600 K; still high but

possible to overcome at industrial temperatures of 3000 K.
Additionally, the relaxed interstitial sites are significantly
less stable in anatase, by over 100 kJ/mol. This may be im-
portant for phase determination because Al migration is re-
quired in order for the more stable defect states with two
adjacent Al atoms to form. The states will form faster in
rutile than in anatase because the Al will be able to hop from
site to site until it collides with a Ti or O vacancy.

VI. CONCLUSIONS

The electronic structure of both anatase and rutile TiO2 is
calculated using the CASTEP DFT software package. After a
convergence study with respect to the electronic energy and
band gap, a PBE functional is chosen with a basis-set cutoff
energy of 380 eV. The effect of aluminium doping on the
band gap of the anatase phase has been determined. Calcu-
lations of optical properties of the defect states of rutile and
anatase have also been carried out. Results are displayed for
various defect states of anatase including oxygen vacancies.
Calculations of rutile defects have also been made in order to
validate the method applied here. Additionally, the transition
of interstitial aluminium atoms through the anatase and rutile
latices is investigated.

�1� The lowest energy of the conduction band is raised by
aluminium doping in both anatase and rutile TiO2. Although
in single substitution states aluminium effectively inserts an
electronic state above the top of the valence band leading to
a reduction in the band gap and turning the material into a
conductor.

�2� Aluminium doping leads to a lowering of the refrac-
tive index overall across the visible. This trend is the same
for both rutile and anatase phase TiO2. Single substitution
will turn the material into a conductor and the absorption
will be nonvanishing at long wavelengths.

�3� Both phases are stabilized by aluminium doping. In
order to understand the reasons for it promoting rutile during
the combustion synthesis it is necessary to understand more
about the nucleation process.

�4� Migration of aluminium atoms in rutile is significantly
easier than in anatase. Al migration is unlikely in anatase at
industrially relevant temperatures. Migration in rutile has a
favored direction of travel, �001�, in anatase there is no such
preference.
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FIG. 9. Transitions states for migration of Al atoms in both the �a� rutile and �b� anatase phases. Precise geometries and energies are
provided as supplementary material �Ref. 64�.
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