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ABSTRACT
Titanium dioxide is a versatile material with ubiquitous applications, many of which are critically linked to either light
absorption or transparency in the visible spectral range in addition to electrical conductivity. Doping is a well-known way
to influence those properties in order to bring them into a desired range. Working towards a comprehensive understanding
of the electronic and optical properties of TiO2 (as well as of the link between them) we review and summarize electronic-
structure results that we obtained using cutting-edge theoretical spectroscopy techniques. We focus on the formation of
electron and hole polarons and we elucidate the influence of doping on the optical properties of TiO2. In addition, we
present new results for the reflectivity of pure TiO2.
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1. INTRODUCTION
Oxide semiconductors currently attract a lot of attention due to various existing and potential applications: with their
large band gap and high (mostly n-type) dopability they form the class of transparent conducting oxides (TCOs) and are
interesting for optoelectronics,1 photovoltaics,2 and other transparent electronics3 devices. In addition, oxide materials
have great potential for photocatalysis4 and water splitting.5

Titanium dioxide, TiO2, is an oxide semiconductor that commonly appears either in rutile or anatase phase, both of
which have large band gaps > 3 eV.6, 7, 8, 9 While a large (optical) gap fulfills merely the first of two requirements for TCO
applications, it actually hampers photocatalytic activity because the amount of harvested light is extremely low. Doping
offers a means of controlling the properties for both the TCO and photocatalysis applications. Depending on the dopants
that are used they can provide free carriers to increase the conductivity of TiO2 and enable applications in electronics.10

Alternatively, dopants can introduce defect levels and break the crystal symmetry, which increases the absorption of visible
light and paves the way for more efficient photocatalysis.

In order to achieve a thorough theoretical understanding of these aspects, our group has performed first-principles
calculations for TiO2, its defects, and different dopants.11, 12, 13, 14 Building on these results we investigated the formation
of small polarons in the presence of free electrons (n-doping) or holes (that can be created in the photoabsorption pro-
cesses).15, 16 Based on theoretical spectroscopy techniques we highlighted the influence of nitrogen (NO) substitutionals
as well as alloying with sulfur (S) on the optical absorption. In this work we summarize and discuss the key results. In
addition, we briefly highlight the optical anisotropy of pure rutile TiO2 based on new results for the reflectivity that we
derive from the dielectric function in this work.

The theoretical and computational approaches are briefly outlined in Sec. 2. Formation of small electron and hole
polarons in TiO2 is discussed in Sec. 3 and the optical properties in the presence of N or S are explored in Sec. 4. Section
5 concludes the paper.
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Figure 1. (Color online) Band structure of rutile TiO2 calculated with the HSE06 screened hybrid functional. The upper valence bands
are shown in blue and the conduction bands in red. The valence-band maximum is used as energy zero.

2. COMPUTATIONAL APPROACH
The results reviewed in this work are based on parameter-free electronic structure calculations that we performed for
TiO2 within generalized Kohn-Sham theory17 as well as many-body perturbation theory. For an accurate description of
TiO2 we go beyond the local-density approximation18, 19, 20 (LDA) for the exchange-correlation functional within density
functional theory18 (DFT): We use the non-local hybrid functional of Heyd, Scuseria, and Ernzerhof21, 22 (HSE06). In this
approach the exchange-correlation potential is divided into long- and short-range parts using a range-separation parameter
of 0.2 Å−1. A fraction (α=0.25) of Hartree-Fock exchange is combined with the generalized-gradient approximation
(GGA) [using the semi-local potential of Perdew, Burke, and Ernzerhof23 (PBE)] for the short-range part. The correlation
and the long-range part of the exchange potential are described by PBE as well.

The electron-ion interaction is described by means of the projector augmented-wave method24 and we employ a cutoff
of 400 eV for the plane-wave basis to study the electron and hole polarons. Supercells consisting of 216 atoms were used
for rutile TiO2 and the corresponding Brillouin zones were sampled by 2 × 2 × 2 Monkhorst-Pack25 k points (Γ only for
the electron polaron) for the relaxation of the structures. Afterwards, total energies were evaluated using just the Γ point to
obtain the correct occupation for free-electron or free-hole states. Spin polarization was included in our calculations and
all calculations were carried out using the VASP code.26, 27

Previous studies indicated that this approach provides lattice constants within 1 % of the experimental values as well
as accurate results for the band gaps,12, 13 as seen in the calculated band structure in Fig. 1. The inclusion of Hartree-Fock
exchange in the HSE functional mitigates the deficiencies of DFT-LDA/GGA for the description of the electronic structure,
hence, we do not solve a quasiparticle equation but use the HSE electronic structure instead as an approximation to include
quasiparticle effects.

In order to investigate the influence of dopants or alloying on the light absorption in the visible spectral range we
pursued two different approaches: (i) We performed impurity calculations for supercells of 72 atoms (rutile phase) or 108
atoms (anatase phase) to compute the lowest optical absorption and emission energies in the presence of nitrogen-related
defects.12 (ii) We computed the dielectric function for rutile TiO2(1−x)S2x alloys with compositions between 0 and 0.25
using supercells of 12 to 96 atoms.11

For different oxides28, 29 and their alloys30 it has been shown before that it is important to include excitonic and local-
field effects for a correct description of dielectric functions or optical absorption spectra; this goes beyond the framework
outlined above. We solved the Bethe-Salpeter equation (BSE) for the optical polarization function P 31, 32 based on a DFT-
LDA33 electronic structure.14 Optical transition matrix elements are calculated using the longitudinal approximation.34

This allows us to compute the macroscopic dielectric function in the optical limit of vanishing photon wave vector. In
order to keep the calculations tractable we again avoided the quasiparticle approach, which becomes very expensive for
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Figure 2. (Color online) Schematic isosurface (10 % of the maximum value) plot of charge density associated with (a) a free (delocalized)
electron and (b) a (localized) self-trapped electron polaron. Ti atoms are shown as blue (large) circles and oxygen atoms as red (small)
circles. The schematic configuration coordinate diagram (c) shows energy as a function of the lattice distortion for a free electron (e−)
and a localized electron (ξ−).
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Figure 3. (Color online) Schematic isosurface (10 % of the maximum value) plot of charge density associated with (a) a free (delocalized)
hole and (b) a (localized) self-trapped hole polaron. Ti atoms are shown as blue (large) circles and oxygen atoms as red (small) circles.
The schematic configuration coordinate diagram (c) shows energy as a function of the lattice distortion for a free hole (h+) and a
localized hole (η+).

large supercells. We used k-point meshes dense enough for calculating optical spectra, i.e., maximum k-point distances of
0.36 Å−1 (see Refs. 11 and 14 for details).

3. BEHAVIOR OF EXCESS ELECTRONS AND HOLES
When electrons or holes are created through doping or photoexcitation, they may remain delocalized [cf. Figs. 2(a) and
3(a)] or become localized [cf. Figs. 2(b) and 3(b)]. A thorough understanding of this potential localization is important
since it critically impacts conductivity. In the case of n-type TiO2 both high mobilities35 as well as formation of (localized)
small polarons36 have been reported. Many TCOs can be easily n-doped, however, it would be highly beneficial to achieve
p doping in one and the same material. Since the valence bands are derived from relatively localized O 2p states and exhibit
large effective masses, again the possibility of polaron formation arises.37

In order to investigate the formation of small electron (hole) polarons we add (remove) one electron to the conduction-
band minimum (from the valence-band maximum) in a supercell. The lattice is relaxed after introducing small random
displacements of atoms. In Figs. 2 and 3 the respective charge distributions of the localized and the delocalized config-
uration are shown. The stability of the self-trapped electron (hole) configuration ξ− (η+) with respect to the delocalized
carrier e− (h+) in an unperturbed crystal can be analyzed using the self-trapping energy EST,

EST = Etot[XmOn : e−/h+]− Etot[XmOn : ξ−/η+]−∆V̄ , (1)
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with Etot[XmOn : e−/h+] being the total energy of an unperturbed supercell containing an additional electron (hole),
Etot[XmOn : ξ−/η+] being the total energy of the relaxed cell containing the localized carrier, and ∆V̄ accounting for
the alignment of the average electrostatic potentials of both cells.

Using this approach we found15 that self-trapping (localization) of a delocalized electron in the conduction band leads
to a slight energy gain of about EST=0.15 eV (cf. Fig. 2). Hence, the formation of a small electron polaron is favorable in
TiO2. In addition, we computed a value for the migration barrier of these small polarons of about 0.03 eV. Although small
electron polarons in rutile are more stable than delocalized electrons, Hall measurements35 show high electron mobilities
that cannot be attributed to hopping of small polarons. We attribute this to the existence of a barrier for a delocalized elec-
tron to convert to a small polaron. This barrier prevents electrons injected during transport measurements from becoming
localized, so that Hall measurements probe mainly free, delocalized electrons. Optical spectroscopy measurements,38 on
the other hand, observe small polarons that have become stabilized. Self-trapped electrons in the form of small polarons
have also been detected by electron paramagnetic resonance (EPR).39, 40, 41, 42

For the self-trapped hole state (cf. Fig. 3) we found a localized wave function that resembles an O 2p orbital and is
mainly localized on one oxygen atom, with a significant extension of the surrounding Ti-O bonds.16 With EST=0.11 eV
the self-trapping energy is slightly smaller than in the case of the electron polaron and we compute a larger migration
barrier of 0.11 eV. Self-trapped holes have also been found in EPR experiments in rutile TiO2 when subjected to 2.81 eV
He-Cd laser illumination at low temperatures.39, 40 For both self-trapped holes and electrons, extended and point defects,
such as surfaces, vacancies,41 and impurities,41, 43, 44 can result in more stable trapping sites.

Optical excitation with sufficiently energetic light can create electron-hole pairs that lead to self-trapped excitons. The
EPR experiments illustrate that excitation with below-band-gap light can also lead to self-trapped electrons or holes.39 In
the case of hole polarons, an electron from the valence band may be excited to an unoccupied defect-related state within
the gap, leaving a hole that can self-trap at low temperatures. Similarly, an electron can be promoted to the conduction-
band minimum from an occupied defect state within the band gap, and may subsequently self-trap. Regardless of how
the holes in the valence band are created, small hole polarons may recombine with free electrons in the conduction band,
resulting in a luminescence band at energies significantly smaller than the band gap. In rutile, we predicted a broad
emission peak to occur at 2.04 eV for isolated small hole polarons that recombine with free electrons in this manner.16 In
an analogous process, electron polarons may recombine with free holes in the valence band, which we find leads to a broad
luminescence peak at 2.50 eV. Therefore for excitations that generate electron-hole pairs, both types of luminescence peaks
may be observed at temperatures low enough to allow for self-trapping. Such recombination events may account for the
green luminescence in Al-doped rutile excited with ultraviolet light at low temperatures.44

4. ABSORPTION IN THE VISIBLE SPECTRAL RANGE
4.1 The role of nitrogen doping
The incorporation of N has been shown to enhance visible-light absorption, leading to improved photochemical activ-
ity.45, 46, 47, 48, 49 Despite the abundance of literature on N in TiO2,45, 50, 51, 52 a number of the reports were conflicting and the
fundamental mechanisms underlying the behavior of N remained largely unresolved. It has been generally accepted that
transitions from N-related states in the band gap lead to visible-light absorption; questions such as whether the N atoms
predominantly incorporate at interstitial sites or on substitutional O sites (NO), and whether the behavior of N in rutile
is different from that in anatase, were still unanswered. Here we describe our recent work to evaluate the stability of the
relevant N-related defects in both polymorphs,12 finding that impurity-band transitions from NO are the origin of the lower
absorption threshold in N-doped titania.

The initial experimental work established the correlation between N incorporation and visible-light absorption and
photocatalytic activity via x-ray photoelectron spectroscopy measurements.45 Since then, two main peaks attributed to the
N 1s state have been correlated with photocatalytic activity, one existing at ∼396 eV and the other at ∼400 eV.45, 51, 52, 53

While the ∼396 eV was identified as NO in molecular-beam-epitaxy grown anatase,53 different groups have suggested
alternative explanations for the peaks, with NO, interstitial NO, and N-H complexes as proposed sources.45, 51, 52, 54 Without
an experimental consensus of the species responsible for the peaks, the nature of the N-related defect(s) associated with
visible-light absorption has remained ambiguous.
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Figure 4. (Color online) Formation energy diagram for N-related defects in (a) rutile and (b) anatase phases of TiO2. Configuration
coordinate diagram (c) for N-related defects in TiO2. Adapted from J. B. Varley, A. Janotti, and C. G. Van de Walle, Adv. Mater. 23,
2343 (2011).

Previous computations have further complicated the picture, predicting that NO leads to the observed red-shift in
anatase, but would result in a blue-shift in rutile,55 an observation not compatible with recent experiments on single crys-
tals.47, 48 Subsequent theoretical reports suggested that in addition to substitutional NO, N as an interstitial56 and as a
complex with O vacancies (VO)57 could also play a role in visible-light absorption.

These unresolved issues regarding visible light absorption in TiO2 motivated us to investigate the role of N impurities
in bulk rutile and anatase using the advanced first-principles calculations outlined in Sec. 2.12 We focused on two aspects of
nitrogen doping that could resolve the discrepancies in the literature: (i) how N affects the electrical and optical properties
of TiO2, and (ii) possible sources that could compensate effects of N incorporation. For the former, we calculated formation
energies for substitutional and interstitial configurations of N impurities in TiO2, and analyzed their thermodynamic and
optical transition levels. For the latter, we focused on the interaction of N with H, a ubiquitous impurity that is likely to be
incorporated along with N in N-doped TiO2, since H is present in common precursors such as NH3.

Our key conclusions are summarized in Fig. 4. In Fig. 4(a) and (b) we plot the formation energies of N-related defects,
where it can be seen that N prefers to occupy the O site in n-type TiO2, as opposed to interstitial sites such as (NO)O or
(N2)O. Qualitatively, it can be seen that N behaves similarly in rutile and anatase in terms of the electronic transition levels.
The calculated optical transitions [cf. Fig. 4(c)] for N−

O + h̄ω→N0
O + e− are also similar in both polymorphs, and result in

a defect-mediated absorption onset in the visible range, in good agreement with experimental observations. Finally, from
Fig. 4 it can also be seen that H bonds to NO, forming stable N-H complexes with significant binding energies.12 The
hybridization between the Hi and NO states removes the NO impurity state from the band gap, thereby eliminating the
advantageous effects of N in enhancing visible-light absorption and reducing the amount of nitrogen that N contributes to
the photocatalytic activity.

4.2 Effects of sulfur alloying
As outlined above, it is a central goal to modify TiO2 such that a larger part of the solar spectrum can be harvested for
photochemical applications. Many efforts were undertaken to extend the optical absorption into the visible spectral range.
Both experimental as well as theoretical studies investigated doping, e.g., with N, F, C, Se, P, or S.12, 14, 45, 47, 58, 59, 60, 60, 61, 62

In addition, co-doping60, 62 and the engineering of disordered phases63, 64 were also explored.

We computed the optical absorption properties (including excitonic and local-field effects) of TiO2(1−x)S2x alloys with
varying composition, using the techniques outlined in Sec. 2.11 In Fig. 5(a) these results are illustrated for the dielectric
function in the vicinity of the absorption edge. Since optical transitions from the uppermost valence states into the lowest
conduction states are forbidden by dipole selection rules, the first strong absorption peak in pure rutile TiO2 only occurs at
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Figure 5. (Color online) Imaginary part of the dielectric function averaged over all polarization directions (a) of TiO2(1−x)S2x for
different compositions x. In (b) the reflectivity of pure rutile TiO2 is shown for E ⊥ c (solid black) and E||c (dashed red).

about 4.0 eV. Consequently, all the peaks visible in Fig. 5(a) arise exclusively from S doping. This shows that even a very
small S concentration in the alloy of about 1.5 % is enough to significantly increase the absorption in the visible spectral
range.

We found that two effects contribute: (i) Replacing one oxygen atom by an S atom leads to defect levels in the band
gap and optical transitions from these defect levels into the lowest conduction-band states have large oscillator strengths.
(ii) In addition, the alloy no longer has ideal rutile lattice symmetry; this causes transitions from TiO2 valence states into
the conduction band to also acquire appreciable oscillator strength. The latter effect is the reason for increased optical
absorption in the near-ultraviolet spectral region and occurs for all the different S concentrations that we investigated. We
speculate that the small perturbations of the ideal rutile lattice that inevitably occur in real samples have a similar impact
and contribute to the usefulness of TiO2 as a photocatalyst, in spite of its fundamental gap being dipole-forbidden.

We have also used our results for the dielectric function of pure rutile TiO2 to study the optical anisotropy. By means
of the relation

R(ω) =

∣∣∣∣∣
√
ε(ω)− 1√
ε(ω) + 1

∣∣∣∣∣
2

(2)

we compute the reflectivity from the dielectric function. The results are shown in Fig. 5(b). For both polarization directions
there is a broad peak feature (with a reflectivity of almost 50 %) centered around 4 eV. The reflectivity in the visible spectral
range is less than half as large as around the maximum of the peak. Except in a narrow range between 5 and 6 eV, the
reflectivity for extraordinary (E||c) is higher than for ordinary light polarization.

5. SUMMARY AND OUTLOOK
We reviewed some of our earlier work on electronic structure calculations for rutile and anatase TiO2. We reported that
both electrons and holes in rutile TiO2 show a tendency to localize and form small polarons. This seems to be a common
phenomenon in many oxides, with important consequences for applications, hence it deserves further theoretical as well
as experimental attention. Theoretical approaches that are capable of accurately describing the physics of localized states
and excited electronic states remain a challenge, in particular for complex materials, due to their large computational cost.
At the same time, additional experiments are called for to study carrier and polaron mobilities as well as the barriers that
separate localized and delocalized configurations.

To explore pathways to increase absorption of visible light for photocatalysis, we discussed our work on the influence
of nitrogen and sulfur doping and also reported new results for the reflectivity of undoped rutile TiO2. We showed that both
the defect-induced states themselves as well as the modified crystal symmetry contribute to increased absorption. Future
work should address identifying dopants that not only efficiently increase the absorption of visible light, but also facilitate
spatial separation of electron-hole pairs created in the optical absorption process. Joint experimental and theoretical efforts
will be required to address this important issue.
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