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Abstract: The electronic band structure, effective masses and optical properties of rutile
phase of titanium dioxide TiO; are caiculated employing a fully relativistic, full-potential
lincarized augmented plane-wave (FPLAPW) method within the local density
approximation (LDA). The LDA is improved by an on-sitt Coulomb self-interaction
correction (SIC) potential as represented in the LDA+U™ approach. The calculated
fundamental band-gap energy E, agrees very well with photoacoustic speciroscopy
measurements. The effective masses are obtained directty from the curvature of the
electronic band structure, taken into account the spin-orbit interaction which has a very
strong affect on the band curvatures of the valence-band maximum. We also present the
anisotropic dielectric function &(@) = el(@) + isw), as well as the static &(0) and high-
frequency z(O<<m<<Eyh) dielectric constants. The calculated values are in good
agreement with the experimental results.



INTRODUCTION

TiO; is a promising oxide for fabricating thin dielectrics in for instance dynamic random
access memory (DRAM) storage capacitors [1], and as gate dielectrics of metal-oxide-
semiconductor field effect transistor (MOSFET) [2]. Transition-metal oxidies and TiO: is
also one of the major supports widely used in heterogeneous catalysis [3].

Many electronic and optical properties of TiQ, are determined by their electronic band-
edge structure, i.e., the energy position, the band curvature, and the band symmetry of the
conduction-band minimum and the valence-band maximum. The effective electron and
hole masses (ie., the curvatures of the band edges) are used in varnious measurement
analysis and transport simulations. Today, most theoretical studies of the electronic
structures of condensed matters rely on the local density approximation (LDA) which
generally yields overall accurate band structures for most materials. However, for
semiconductors LDA suffers from a major problem, namely that the band-gap energy E, is
strongly underestimated. Normally, this underestimate is about 50%, but for several
important semiconductors like Ge, InN and InAs the LDA band gap is even zero {4]. This
LDA failure will has also an affect on the calculated effective masses [4]. Thus, in order to
study details in the electronic band-edge structure like the effective electron and hole
masses, one needs to apply a proper correction to the LDA potential.

In this paper, we study the electronic band-edge structure of the stable high temperature
phase rutile of TiO, by means of a fully relativistic, full-potential linearized augmented
plane-wave (FPLAPW) method [5,6] using the LDA+U%C potential [7], i.e., the LDA
potential together with a modeled on-site self-mteractton correction {SIC) potential. This
correction potentiat is important to inciude for accurately calculating and predicting
electronic and optical properties near the electronic band edges of semiconductors. We
present the LDA+U electronic structure E{k) of the conduction-band minimum and the
valence-band maximum. It has been shown [4] that this LDA+USC approach yields very
good electronic and optical properties of sp-hybridized group-IVs, IH-Vs, and II-VIs
semiconductors. We show here that the potential yield an accurate band-edge structure also
for rutile TiO;. Using the LDA+U potential, the effective electron and hole masses as
well as the optical properties in terms of the dielectric function are presented. Both the
effective electron m, and hole m, masses show strong anisotropic electronic band edges.
The effective masses are screened by the electric field from vibrations of the longitudinal
optical (LO) phonons, and we therefore calculate also the corresponding polaron masses.
The optical properties are calculated within the linear response theory for |K'—k| = 0. We
present the anisotropic dielectric function (@) = &i(@) + iex®@), as well as the static &(0)
and high-frequency &1(0<<a<<E,/h) dielectric constants.

COMPUTATIONAL METHOD

The calculation of the electronic structure is based on the fully relativistic FPLAPW
method {5], using about 850 plane waves, and the modified tetrahedron k-space integration
with a I'-centered mesh of 30 k-points together. It is a well known fact, that the LDA



0.8
A1 L /’
1 1 1 1
0.2 ) 02 0.4 0.1 0 0.1 0.2
) Wave vector [A1]" (b} Wave vector [A1]

Figure 1. (a) Electronic band structure of rutile TiO;. (b) Close-up near the [-point
valence-band maximum,

The effective mass tensor m(k) is defined as l/m(k); =t 82E,(k)!hzakﬁfg where + (-) stands
for electrons (holes). Here, the effective masses are determined in three k-space directions
directly from the FPLAPW electronic energies. Due to the ionic character of the titanium
and oxide bonds, vibrations of the longitudinal optical (LO) phonons will build up an
electric field along the direction of vibration. This field will interact with elecirons and
holes (known as the polaron effect), resulting in a change in the effective masses. The
polaron mass m, can be estimated from the energy of the LO phonon, hwyo, and the
dielectric constants £(0) and &(e0), assuming non-degenerate bands, harmonic osciliation of
the ions, interactions only with long wavelength phonons (with constant frequency @yp),
and the effective mass approximation: [15,16]

m, =m-(l-af6)" (2a)
e \2mao, /h { 11 (2b)
" 87e(0)hw,, \&(@) &(0)

where a is the Frohlich constant. For the static (i.e., @ ~ 0) and the high-frequency (i.e.,
O<< @ << Epfh) dielectric constants we use the calculated values as given below. The
optical phonon frequency is taken to be the experimental neutron-scatiering value Ay =

46 meV by Traylor e al. [17], supported by the calculated phonon frequencies by Lee ef af
[18].

The effective hole masses depends strongly on the spin-orbit interaction. Tt has been
demonstrated that the effective hole masses can be affected by as much as 15 times [19],
and in cubic AIN the hole mass is negative unless spin-orbit interaction is taken into



account [20]. It is primarily the hole masses that are affected by the spin-orbit interaction,
since the main effects are due to lifting band degeneracies [19,20]. In Table I we present the
calculated effective bare electron and hole masses, as well as the comesponding polar
masses, using the fully relativistic Hamiltonian (i.e., including the spin-orbit interaction).
The anisotropy of the electronic band curvature can be represented by the ratio between
transverse and longitudinal masses, and for the lowest conduction band m /my = 2.35. The
large polaron effect is due to low phonon frequency, and the large difference between &(0)
and &(w) [see Eq. (2)).

mass (mg) 2™ CB, m, 1¥CB, m, I* VB, m, 2" VB, m, 3" VB m,;
————— n mp m mp m e m My i3 m,,-“
my 088 1359 141 252 1.74 453 054 082 0354 082
my .14 179 060 0.97 298 638 094 133 09 133

Table 1. Transverse (1) and longitudinal (]|} effective electron »2, and hole 2, masses (in
units of mo) and the corresponding polaron masses m, of the two lowest conduction bands
(CBs) where ¢ 1s the lowest CB, and the three uppermost valence bands (VBs).

The dielecinic function 8 @) = &1(@) + i&(@) of the semiconductors describe the response of
the material due to a change in the charge distribution. The dielectric function is thus an
important property for describing the screening of the semiconductor near dopants, defects,
and other structural perturbations of the crystal. Within the linear response theory the
dielectric function in the long wave length limit ([k'~k] = 0) is calculated directly from the
electronic structure via the joint density-of-states and the optical momentum matrix
elements. The imaginary part of the dielectric function is obtained as

2.2
£7(0) = g;;)z Tl solp i sro ) s o,k s.0) ®

x fig (= fi)- S, () - E, (k) ~ 1)

Here, e is the electron charge, my its mass, Q is the crystal volume and f, is the Fermi
distribution. Moreover, [kjo) is the crystal wave function corresponding to the j:th
eigenvalue £{k) with crystal momentum k and spin o The k-space summation is
calculated using the modified tetrahedron interpolation with a k-mesh containing about
uniformly distributed 432 k-points in the irreducible part of the Brillouin zone. The delta
Dirac function in Eq. (3) indicates that a correct description of the fundamental band-gap
energy is important to obtain dielectric function. The real part of the dielecinc function is
obtained from the Kramers-Kronig transformation relation

| 1 1
g (w)=1+—|do's,(®’ + 4
(@) 27:[ 2 )[m'—a) a)'+a)] @
The electronic structure calculations do not include electron-phonon interactions. However,
in polar semiconductors the optical phonons play an important role for the low-frequency
dielectric function. The static £(0) dielectric constant can in polar materials be determined
only by taking into account the electron-phonon interactions. The screening from the



electron-optical phonon (ep) interaction can approximately be taken into account through a

deita function in &(@) at the transverse phonon frequency o assuming constant optical
phonon frequency distribution {21]

2 2
(@ —@r)

Doy

&¥ (w) = (@ - wpy, Y7e, ()

(5

We employ the experimental values [17,18] of the two phonon frequencies @0 and @ro.
The calculated imaginary part of the dielectric function [Fig. 2(a)} show onset to absorption
at about 3.2-3.5 eV, associated with the direct transitions at the I'-point, corresponding to
the fundamental band gap of 3.0 eV. The peak around 5 eV is associated with transition
along the (001) direction. The Delta Dirac peak at Aorp = 23 meV [cf. Eq. (3)] is not
visible. The real part of the dielectric function [Fig. 2(b)] show the anisotropy of the
dielectric function. At low energies (i.e., at and below the optical phonon frequencies) the
effects due to the electron-phonon coupling {i.e., £77(w)] are obvious [see nset in Fig.

2(b)]. The calculated static £,(0) = 144 and &(0) = 171 as well as the mgh-frequency & ()
= 6.4 and g(w) = 7.4 dielectric constants are in good agreement with the experimental
results of & (0) = 111, g(0) = 257 [22], &1(w) = 6.8 and g} = 8.4 {17]. Our calculated
dielectric tensor a somewhat less anisotropic that the experimental findings. The calculated
&oo) is obtained as the zero-frequency dielectric function when the electron-phonon
coupling is excluded, and one should therefore expect that the theoretical &(«0) is somewhat
lower than the experimental value [cf. Fig. 2(b)} obtained from the full spectrum at 0<<
how<<E, Furthermore, the calculated &(0) depends for TiO; strongly on variations in the
electronic dispersion and phonon frequencies, which is in accordance with the strong
temperature dependence of the measured £(0) [22].
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Figure 2. Transverse (L) and longitudinal (||) components of the (a) imaginary & and the
(b) real & parts of the dielectric function &) = s{(w) + i @) of rutile TiO,.



SUMMARY

As demonstrated in this study, the LDA+U™ potential describes accurately the electronic
band-edge structure of rutile TiO, The calculated fundamental band-gap energy
Eg(LDA+U&'C) = 2.97eV is similar to the previous room temperature measured value of 3.0
eV {6,14] . The advantage of the present LDA+UY“ method is that the computational time
is of the same order as the ordinary LDA calculations. The calculted effective electron and
hotes masses show strong anisotropic electronic band edges. We present both the bare
effective masses and the corresponding polaron masses, where values of effective hole
masses depends strongly on the spin-orbit interaction [19,20]. The optical properies of
rutile TiO; are calculated in terms of the dielectric function. By taken into account the
absorption of the optical phonons we calculate both the static &0) = [2&.(0) + g(0))/3 =
153 as well as the high-frequency &oo) = [2&1(0) + g))/3 = 6.7 dielectric constants.
These results are in good agreement with the experimental findings of &0) = 159.6 [22]
and &(o0) = 7.3 [17] respectively.
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