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Thin TiO2 films are prepared by dc magnetron sputtering as well as by the sol-gel technique, and the
optical band edge absorptionasvd is obtained from transmission spectroscopy. The electronic
structure and optical properties are studied employing a first-principle linearized augmented
plane-wave method within the local density approximationsLDA d, improved by an on-site Coulomb
self-interaction potentialsLDA+ USICd. We show that the correction potential, the polaronic
screening, and the spin-orbit interaction are crucial for determining the TiO2 effective electron and
hole masses. The dielectric function«svd=«1svd+ i«2svd and the high-frequency constant
«s0!v!Eg/"d show pronounced anisotropy. The electron-optical phonon interaction affects
«sv<0d strongly. ©2005 American Institute of Physics. fDOI: 10.1063/1.1940739g

The performance of low-scale TiO2 based devices, such
as dynamic random access memory and metal–oxide–
semiconductor field effect transistor1 is primarily determined
by the electronic band edges of the materials,2,3 i.e., the band
energy location, dispersion, and symmetry of the conduction
band sCBd and valence bandsVBd edges. The effective
electronmc and holemv masses are used in various analyses
and carrier transport simulations. Today, most theoretical
studies of condensed matter rely on the local density
approximationsLDA d, which overall yields very good elec-
tronic structures. However, LDA underestimates the band
gap energy Eg of semiconductors by,30–60%, and
EgsLDA d=0 with incorrect VB degeneracy for several
important materials like Ge and InN. This band gap error
DgsLDA d is attributed to a missing discontinuity in the
exchange-correlation potential and the LDS self-interaction
error. It has recently been shown that LDA consistently fails
to predict theG-point effective masses.4 This is evident for
GaAs where LDA yieldsmc=0.018m0, which is significantly
smaller than measured 0.067m0.

5 Thus, a proper correction
to LDA is essential for predicting band edge physics of semi-
conductors.

In this letter, we study the electronic band edge structure
of rutile sD4h

14d TiO2 by means of a fully relativistic, full-
potential linearized augmented plane-wavesFPLAPWd
method,6 using the LDA potentialVsLDA d in combination
with a modeled on-site self-interaction correctionsSICd
potential.7

VlsLDA + USICd = VsLDA d +
Ul

2 S1 − 2o
m,s

nm,sD , s1d

wherenm,s is the occupancy of thel orbitals. We show that
this LDA+USIC approach is suitable for studying the band-
edge properties of TiO2. We find that the optical phonon
screening affects strongly both the electron and hole masses.
This electron-optical phonon coupling has also strong influ-
ence on the optical properties, here represented by the static

«s0d and high-frequency«s`d;«1s0!v!Eg/"d limits of
the dielectric function«svd=«1svd+ i«2svd. The FPLAPW
optical absorption coefficientasvd is compared with mea-
sured transmission spectra of thin TiO2 films, prepared by dc
magnetron sputtering8 as well as by sol-gel.9 The transmis-
sion spectroscopy uses a halogen lamp as light source, and
the polychromatic beam is diffracted by plane gratings.
A first order bandpass filter has been used to avoid second
order contamination. The energy gap resolution is,2.8%.

LDA underestimates localization ofd states,10 and as
a consequence, the LDA cation-anion 3d2p hybridization
in ZnO disagrees with soft x-ray emission spectra.11 This
incorrect LDA hybridization was corrected within LDA
+USIC usingUdsZnd=6 eV.11 Our calculated LDA band gap
energy of rutile TiO2 is EgsLDA d=1.8 eV. The LDA+USIC

band gapEgsLDA+ USICd=2.97 eV usingUdsTid=10 eV fits
to the low-temperature absorption dataEg=3.0 eV by
Pascualet al.12 The FPLAPW/LDA+USIC electronic struc-
ture fFig. 1sadg reveals a CB minimum consisting of two
energetically close-lying bands; the energy difference is only
0.11 eV at theG point. These two CBs have rather flat energy
dispersions, especially in the transverses'd direction.
Higher lying CBs are 0.62–0.73 eV above the CB minimum
at theG point. In the longitudinalsid direction these bands

adElectronic mail: clas.persson@kth.se

FIG. 1. sad Electronic structure of rutile TiO2. sbd Close-up near theG-point
VB maximum. Notation of irreducible representationsGa

± is according to
Ref. 13.
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are mixed with the two lowest CBs. Also the uppermost VBs
have flat energy dispersions, and the second and third VBs
are only 0.54 eV below theG-point VB maximum. The flat
enegy dispersions of these CBs and VBs favor a strong op-
tical absorption. However, flat energy dispersion normally
implies large conductive mass which affects the carrier life-
time.

The effective mass tensormnskd of the n:th eigenstate
Enskd is defined as 1/mnskdi j =]2Enskd /"2]ki ]kj. Both effec-
tive electron and hole masses of rutile TiO2 evince strong
anisotropic band curvaturesse.g.,mc1,' /mc1,i=2.35; Table Id.
Moreover, mc1,'=1.41m0 s1.12m0d and mv1,'=2.98m0

s4.27m0d including sexcludingd the SIC potential, and
thus this correction is very important. It has been
demonstrated13,14 that the effective masses can strongly
depend on the spin-orbit interaction even for light materials;
the heavy-hole mass in 3C-SiC is reduced from 15.0m0 to
1.32m0,

13 and theG-point hole mass of zinc-blende A1N
is negative unless spin-orbit interaction is included.14 This
effect is due to split of band degeneracy. In TiO2 the spin-
orbit coupling affects mainly the second and third VBs
due to theG5

−
^ D1/2⇒G6

−
% G7

− split with Dso=26 meV fFig.
1sbdg. For instance,mv2,'=0.54m0 s0.94m0d and mv3<mv2

smv3!mv2d including sexcludingd the spin-orbit interaction,
which is analogous to hexagonal SiC.13

Due to the ionic character of the Ti–O bonds, vibrations
of the longitudinal opticalsLOd phonons build up an electric
field which screens the carries. This is described as a
change in the effective masses. The resulting polaron
massmp is here estimated from the energy"vLO of the long
wavelength LO phonon and the dielectric constants, assum-
ing nondegenerate bands, harmonic oscillation, and the
effective mass approximation.15 mp=m/ s1−a /6d, where
a=Î2me4vLO"−1·f«s`d−1−«s0d−1g / f8p«s0d"vLOg is the
Fröhlich constant. We use the experimental neutron-
scattering phonon frequency"vLO=46 meV by Traylor
et al.16 The polaronic effect in TiO2 is very large se.g.,
mv1,'

p =4.53m0<2.5·mv1,', see Table Id which is due to the
low LO phonon frequency and the large ration«s0d /«s`d.
We suggest that the hopping transport in TiO2:Co seen by
Kennedyet al.17 can partly be explained by local polaronic
trapping.

The dielectric function«svd describes the electronic
response to a change in the charge distribution, and the
response is thus an important property for describing elec-
tronic screening near dopants, defects, and other structural
perturbations.«svd is here calculated within the linear re-
sponse theory from the joint density-of-states and the optical
momentum matrix in the long wave length limituk8−k u=0:

«2
i jsvd =

4p2e2

Vm0
2v2 o

k,n,n8s

kk,n,sup̂iuk,n8,sl

3kk,n8,sup̂juk,n,slfkns · s1 − fkn8sd

· dsEn8sskd − Ensskd − "vd s2ad

«1svd = 1 +
1

2p
E dv8«2sv8dS 1

v8 − v
+

1

v8 + v
D , s2bd

wherefkns is the Fermi distribution. The delta Dirac function
indicates the importance of describing the band gap
correctly. Electronic calculations exclude electron-phonon
interactions, however, for polar materials«s0d can only
be determined by including this screening. We model
the electron-optical phonon interactions with a delta-like
absorption at the transverse phonon frequencyvTO: «2

epsvd
=dsv−vTOdp«1s`d ·svLO

2 −vTO
2 d /2vTO. The imaginary part

of the dielectric functionfFig. 2sadg shows a small onset to
absorption at 3.0–3.5 eV, associated with the direct transi-
tions near theG point. The strong onset at,Eg+0.5
=3.5 eV is due to absorption involving higher lying CBs and
lower lying VBs scf. Fig. 1d. These bands are thus outmost
important for band edge absorption in rutile TiO2. At low
photon energies, the effect due to the electron-phonon
coupling is evidentfinset in Fig. 2sbdg. The calculated static
«'s0d=144; «is0d=171 and high-frequency«'s`d=6.4;
«is`d=7.4 constants agree well with experimental results:
«'s0d=111; «is0d=257 ssee Ref. 18d and«'s`d=6.8; «is`d
=8.4 sRef. 16d. Calculated«',is0d depends strongly on varia-
tions in the electronic dispersion and in"vLO, which also are
reflected by the strong measured temperature dependence18

and growth dependence.19 Theoretically,«',is`d is obtained

TABLE I. G-point band energiessin units of electron-volts and referred to VB maximum, cf. Fig. 1d, G-point
effective bare electron and hole massessin units of m0d, and corresponding polaron massesmp. Spin-orbit
interaction is included.

Band EnsGd m' m'
p mi mi

p

CBs
G7s4d

+ 3.08 0.88 1.59 1.14 1.79
G6s1d

+ 2.97 1.41 2.52 0.60 0.97
VBs
G7s3d

+ 0.00 1.74 4.53 2.98 6.38
G7s5d

− 20.54 0.54 0.82 0.94 1.33
G6s5d

− 20.57 0.54 0.82 0.94 1.33

FIG. 2. Transverses'd and longitudinalsid components of thesad imaginary
«2 and sbd real «1 parts of the dielectric function of rutile TiO2. The inset
shows swith same units as for the main figured the strong effects on«1

arising from absorption at"vTO=26 meV due to electron-phonon coupling.
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from «',isv→0d excluding the electron-phonon coupling.
This yields somewhat lower value compared to the experi-
mental«',is0!"v!Egd value. Overall, the dielectric func-
tion of TiO2 shows strong anisotropy, and the large ratio
«s0d /«s`d<23 demonstrates the importance of the electron-
phonon coupling.

The absorption coefficientasvd is obtained from«1
2svd

+«2
2svd=f«1svd+a2svdc2/2v2g. The LDA+USIC absorption

coefficient and the transmission spectroscopy absorption
spectrum of sputtered rutile TiO2 agree wellsinset in Fig. 3d,
although the measured absorption is shifted slightly to
lower photon energies, reflecting temperature effects. The
absorption peak at 4.15 eV agrees with reflection measure-
ments by Cardona and Harbeke.20 The very weak absorption
at 3.0–3.5 eV is a consequence of the symmetry-forbidden
optical transitionsG7s3d

+ →G6s1d
+ G7s4d

+ at the G-point. Away
from theG-point, transitions are allowed, but low since wave
functions vary continuously. Thus, density-of-states cannot
alonesi.e., without optical matrix elementsd be used in analy-
ses of optical properties of TiO2. The weak linear band
edge absorption allows identification of nonlinear optical
absorption.21 Amorphous TiO2 sol-gel films show absorption
shifted,0.2–0.3 eV towards lower energiessFig. 3d.

We conclude that the LDA+USIC potential describes
the band edge properties of rutile TiO2 fairly accurately.
The advantage of LDA+USIC is a computational time in
the same order as LDA. The SIC correction, the polaronic
screening, as well as the spin-orbit interaction are crucial
for determining the effective masses. The total static

f2«'s0d+«is0dg /3=153 and high-frequency f2«'s`d
+«is`dg /3=6.7 dielectric constants agree well with mea-
sured«s0d=159.6ssee Ref. 18d and«s`d=7.3 sRef. 16d.
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