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Electronic and optical properties of the doped TiO, system*
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Abstract: By the total energy pseudo-potential approach of plane wave, we study the electronic and optical properties
of the anatase TiO, systems with Sc-doped, oxygen vacancies included, and Sc and oxygen vacancies co-existing,
respectively. The obtained results show that the contribution by the doped Sc lies mainly in the valence band, and the
light absorption in the visible region is obvious. A Mott phase transformation takes place in the presence of oxygen
vacancies, and the light absorption in the visible region is also obvious. In particular, the absorption in the visible region
of the co-doped system is enhanced coherently due to the influences both from doped Sc and oxygen vacancies.
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1. Introduction

Titanium dioxide TiO, has three different crystal phases!!],
i.e., rutile, anatase and brookite. Among them anatase TiO5 is
widely used in the photocatalysed field because of its excellent
photocatalysis properties/?l. On the other hand, anatase TiO, is
a wide forbidden band semiconductor with a band gap of 3.23
eV, so only the ultraviolet (UV) light (A < 383 nm) can be used
to excite the electrons from the valence band to the conduction
band, and the application efficiency of the sunlight is very low.
In fact, the absorption edge can be moved to the red light by
impurity levels, so much effort has been paid to make anatase
TiO,’s band gap smaller by doping methods for the efficient
use of sunlight and improving the photocatalysis property of
the system.

The anatase TiO, has attracted more attention due to its
widespread applications in many fields, such as photovoltaic
solar cells and photocatalysis. Choi et al.’] studied TiO,
doped with transition metals systematically by experiments,
and found that the separation efficiency of the photoelectron
can be enhanced and the photocatalysis of the system can be
improved. Qian et al.[*! found that the photocatalysis of TiO,
can be improved by oxygen vacancies. Yang et al.l’! studied
Sc doped TiO, system, and their results show the light absorp-
tion in the short wave region increases with the increase in Sc
concentration.

In this paper, we study doped anatase TiO; in three differ-
ent cases, i.e. the substitution of Ti by Sc, oxygen vacancies,
and both of them co-existing; the electronic and optical prop-
erties of the systems are studied. The obtained results show
that the contribution by the doped Sc lies mainly in the va-
lence band, and the light absorption in the visible region is ob-
vious. A Mott phase transformation takes place in the presence
of oxygen vacancies, the system transforms into metal from
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semiconductor and the light absorption in the visible region is
also obvious. In particular, the visible light absorptions of the
two cases enhance coherently, and thus the photocatalysis of
the system can be improved greatly.

2. Model and calculation method

The anatase phase TiO, is tetragonal of space group
141/AMD. Ti*" cation is at the center of the octahedron
formed by six adjacent O?>~ anions, and an 0>~ anion is sur-
rounded by three Ti** cations, which are at the centers of the
three different octahedrons. The lattice constants are a = b =
0.3785 nm, ¢ = 0.9514nm; o = B = y = 90°[6]. The
2 x 1 x 1 supercell is used in this paper.

We use the total energy pseudo-potential approach of plane
wave, the ionic potential is substituted by pseudo-potential(”],
the electronic wave function is expanded by the plan wave base
cluster and the exchange and correlative potential of electronic-
electronic interaction is emendated by the generalized gradient
approximation (GGA)!® °1. In our calculation, the energy cut-
off is set to be 340 eV, the total energy is converged to less
than 2.0 x 107 eV/atom, and a 3 x 7 x 3 k-point mesh in the
brillouin zone is used.

Table 1. Comparison of the optimized results of the primitive cell of
TiO5 and experimental data.

Parameter This work Ref. [6] Ref. [10]
a(A) 3.785 3.785 3.692
¢ (A) 9.800 9.514 9.471
deq (A) 1.943 1.934 1.893
dap (A) 2.009 1.978 1.948
26 (°) 156.36 156.16 154.4
V (A3/ TiOy) 34.102 34.075 3227
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Fig. 1. Band structure and DOS of pure TiO3.
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Fig. 2. Band structure and DOS of Sc-doped TiO,.

3. Results and discussion

The supercell is optimized first in the calculation. The op-
timized results of the primitive cell of pure TiO, are shown in
Table 1. Here, deq and d,, are the lengths of the two different
Ti—O bonds, and 26 is the angle between the two bonds. As can
be seen, the optimized geometry parameters are in good agree-
ment with experiments!®), so we can say that our calculation is
reasonable.

3.1. Band structure and DOS

For comparison, we first calculate the electronic structure
of the pure TiO, system. The calculation results are shown in
Fig. 1, and Figures 2—4 are the corresponding results for the
different doped systems.

It is obvious that pure TiO, is an indirect band gap semi-
conductor with a band gap of 2.17 eV, which is in agreement
with the theoretical results by others!'!], but is much smaller

072001-2



J. Semicond. 2010, 31(7) Zhao Wei et al.

4
2 -
V) o EyTee=
> ~
< T
% 3
5 2
g 2 Q
- a
.
4
e
6 ——
-8
G F Q Z G Energy (V)
Fig. 3. Band structure and DOS of TiO5 with oxygen vacancies.
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Fig. 4. Band structure and DOS of the doped TiO, with both Sc and oxygen vacancies.

than experimental results (3.23 eV). This problem is originated ~ contribution by the doped Sc mainly lies in the valence band

from GGA approximation adopted in the calculation process,  (Fig. 2).

and can be corrected by the scissors approximation. The presence of oxygen vacancies (Fig. 3) plays the role of
The valence band and the conduction band are primarily ~ n-type doping, which lifts the Fermi level of the system. The

contributed to by the 3d states of Ti (Tl3d) and the 2p states Fermi level lies within the conduction band. The system under-

of O (O2p). The valence band is mostly contributed to by O2p ~ goes the Mott phase transformation!!?].

states, and the conduction band is mostly contributed to by Ti3d In the Sc and oxygen vacancies co-existing case (Fig. 4),

states. The substitution of Ti by Sc is the p-type doping and the  the results are similar to that in the sole oxygen vacancies case,
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Fig. 5. Absorption spectra of pure TiO, and different doped systems.

the contribution by doped Sc is mainly in the valence band.
Compared with the sole Sc doped case, the contribution to the
valence band by the Sc in the co-existing case is enhanced.

3.2. Optical properties

For comparison with experiment, the scissor approxima-
tion must be taken into account during the calculation of opti-
cal properties. The corrected band gap of TiO, is set to be the
experiment result 3.23 eV, i.e. correction value is 1.06 eV (the
value is also used for the doped systems).

Absorption spectra of pure TiO, and different doped sys-
tems are shown in Fig. 5. The calculated absorption edge of
pure TiO; is at about 380 nm, which is in good agreement with
available experimental data. For all the systems, the absorp-
tions in the ultraviolet light (UV) region are similar. For the
doped systems, new absorption peaks in the visible region ap-
pear. In the Sc doping case, the absorption edge moves to the
red light direction. As a matter of fact, the radius of Sc is big-
ger than that of Ti, the relaxation takes place after Sc doping,
and the distance between Ti*T and 0%~ becomes smaller, so
the spectral response of the system is extended to the visible re-
gion. Another point, it can be seen from Fig. 2 that the contribu-
tion by the doped Sc mainly lies in the top valence band, more
electrons can be supplied to jump to the conduction band, thus
the absorption in the visible region is enhanced. In the pres-
ence of oxygen vacancies, the density of states near the Fermi
level is heightened, and more electrons from the valence band
can be accepted, so the absorption in the visible region is en-
hanced. In the visible region, absorption in the Sc doping case
and that in the oxygen vacancies case enhance coherently, the
absorption in the co-existing case is boosted greatly, absorp-

tion coefficient reaches 9.1 x 10* cm™!. Thus, photocatalysis
of the co-doped system is improved obviously.

4. Conclusion

We have studied the anatase TiO, systems with Sc-doped,
oxygen vacancies included, and Sc and oxygen vacancies co-
existing, respectively. The obtained results show that the con-
tribution by the doped Sc lies mainly in the valence band, and
the light absorption in the visible region is obvious. A Mott
phase transformation takes place in the presence of oxygen va-
cancies, the system transforms into metal from semiconductor,
and the light absorption in the visible region is also obvious.
Especially, the absorption in the visible region of the co-doped
system is enhanced coherently due to the influences both from
doped Sc and oxygen vacancies.

References

[1] Hagfeldt A, Gratzel M. Light-induced redox reactions in
nanocrystalline systems. Chem Rev, 1995, 95: 49
[2] Subramanian M, Vijayalakshmi S, Venkataraj S, et al. Effect of
cobalt doping on the structural and optical properties of TiO»
films prepared by sol-gel process. Thin Solid Films, 2008, 516:
3776
[3] Choi W, Termin A, Hoffmann M R. The role of metal ion dopants
in quantum-sized TiO;: correlation between potoreactivity and
charge carrier recombination dynamics. J Phys Chem, 1994, 98:
13669
[4] Qian L, Jin Z S, Zhang J W, et al. Study of the visible-excitation
luminescence of NTA-TiO(AB) with single-electron-trapped
oxygen vacancies. Appl Phys A, 2005, 80: 1801
[5] YangJ, QiuT, Nie H C, et al. Microstructure and optical properties
of scandium doped TiO3 nanoparticles. Journal of Rare Earths,
2006, 24: 72
[6] Howard C J, Sabine T M, Dickson F. Structural and thermal pa-
rameters for rutile and anatase. Acta Cryst B, 1991, 47: 462
[7] Vanderbilt D. Soft self-consistent pseudopotentials in a general-
ized eigenvalue formalism. Phys Rev B, 1990, 41(11): 7892
[8] Perdew J P, Wang Y. Accurate and simple analytic representation
of the electron-gas correlation energy. Phys Rev B, 1992, 45(23):
13244
[9] Perdew J P, Burke K, Ernzerhof M. Generalized gradient approx-
imation made simple. Phys Rev Lett, 1996, 77(18): 3865
[10] AsahiR, Taga Y, Mannstadt W, et al. Electronic and optical prop-
erties of anatase TiO,. Phys Rev B, 2000, 61(11): 7459
[11] Leel Y, Park J, Cho J H. Electronic properties of N- and C-doped
TiO3. Appl Phys Lett, 2005, 87: 11904
[12] Hou Qingyu, Zhang Yue, Chen Yue, et al. Effects of concentration
of oxygen vacancy of anatase on electric conducting performance
studied by first principle calculations. Acta Phys Sin, 2008, 57(1):
438

072001-4



