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Strong polaronic effects on rutile TIO 5, electronic band edges
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Thin TiO, films are prepared by dc magnetron sputtering as well as by the sol-gel technique, and the
optical band edge absorptiam(w) 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 approximatioDA ), improved by an on-site Coulomb
self-interaction potentialLDA+ US'C). We show that the correction potential, the polaronic
screening, and the spin-orbit interaction are crucial for determining the &fiective electron and

hole masses. The dielectric functios(w)=g4(w)+iey(w) and the high-frequency constant
e(0<w<Ey/h) show pronounced anisotropy. The electron-optical phonon interaction affects
e(w=0) strongly. ©2005 American Institute of PhysidDOI: 10.1063/1.1940739

The performance of low-scale Tiased devices, such &(0) and high-frequency () =&,;(0<w<Ey/#) limits of
as dynamic random access memory and metal-oxidethe dielectric functions(w)=g;(w)+iey(w). The FPLAPW
semiconductor field effect transistds primarily determined optical absorption coefficient(w) is compared with mea-
by the electronic band edges of the materfaise., the band  syred transmission spectra of thin Tifims, prepared by dc
energy location, dispersion, and symmetry of the conductiomagnetron sputterifigas well as by sol-gel.The transmis-
band (CB) and valence bandVB) edges. The effective sjon spectroscopy uses a halogen lamp as light source, and
electronm, and holem, masses are used in various analysesne polychromatic beam is diffracted by plane gratings.
and carrier transport simulations. Today, most theoreticah first order bandpass filter has been used to avoid second
studies of condensed matter rely on the local densityqger contamination. The energy gap resolution- 8%.
approximation(LDA), which overall yields very good elec- LDA underestimates localization af states® and as
tronic structures. However, LDA underestimates the band, consequence, the LDA cation-anio2p hybridization
gap energy E, of semiconductors by~30-606, and i, 7n0 disagrees with soft x-ray emission spedlrahis
E4(LDA)=0 with incorrect VB degeneracy for several i corect LDA hybridization was corrected within LDA
'm(pfgz';'t ,mattetr!ﬁlst ':jket Ge and InN. Jh|s bt?”qtgap ?rf]rou US'C usingU4(Zn)=6 eV Our calculated LDA band gap
A is attributed to a missing discontinuity in the Ha T - sic
egchange-correlation potential and the LDS self-interactio e;ﬁ;géaogznilg A‘_I':%Sllng:g(zL;)%A ;VtSir?g\L/j I_:;;azl_lt())Aeyﬁts
error. It has recently been shown that LDA consistently failsto the Iogv-temperature .absorption dgﬁg:S 0eV by
to predict thel'-point effective massesThis is evident for Pascuat al’2 The FPLAPW/LDA +US'C electrdnic struc-
GaAs where LDA yieldsn,=0.018m, which is significantly ture [Fig. 1(a)] reveals a CB minimum consisting of two

smaller than measured 0.067° Thus, a proper correction energetically close-lying bands; the energy difference is onl
to LDA is essential for predicting band edge physics of semi- 9 Y =>-1ying ' gy y
conductors. 0:11 e\( at thd” point. 'lrlhese t\t/\r/]o CtBS havesra';he(jr_flattgnergy
: . ispersions, especially in the transvergée) direction.
In this letter, we study the electronic band edge structur%|igher lying CBs are 0.62—0.73 eV above the CB minimum

of rutile (Dz) TiO, by means of a fully relativistic, full- ; g o
potential linearized augmented plane-wavEPLAPW) at thel” point. In the longitudinalll) direction these bands

method® using the LDA potentiaM(LDA) in combination
with a modeled on-site self-interaction correctig8IC)
potential’

V,(LDA + US') = V(LDA) + %(1 -2> nm,,,) : (1)

m,o

Energy [eV]

whereny, , is the occupancy of theorbitals. We show that
this LDA+US'C approach is suitable for studying the band-

edge properties of Ti©® We find that the optical phonon -6t —— . -1t
screening affects strongly both the electron and hole masse > o0 2 4
This electron-optical phonon coupling has also strong influ{(a) Wave vector [1/nm)] (b) Wave vector [1/nm]

ence on the optical properties, here represented by the static

FIG. 1. (a) Electronic structure of rutile Ti® (b) Close-up near th€-point
VB maximum. Notation of irreducible representatioii§ is according to
¥Electronic mail: clas.persson@kth.se Ref. 13.
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TABLE I. I'-point band energie6n units of electron-volts and referred to VB maximum, cf. Fig. I-point
effective bare electron and hole massgs units of my), and corresponding polaron masse% Spin-orbit
interaction is included.

Band En(I) m, mf m, mp
CBs
TS 3.08 0.88 1.59 1.14 1.79
Tau 2.97 1.41 2.52 0.60 0.97
VBs
IS 0.00 1.74 453 2.98 6.38
. ~0.54 0.54 0.82 0.94 1.33
T -0.57 0.54 0.82 0.94 1.33
are mixed with the two lowest CBs. Also the uppermost VBs . A72e? R )
have flat energy dispersions, and the second and third VBs €2(®) = Q? 2 (kn,alplk.n’, o)
are only 0.54 eV below th&-point VB maximum. The flat o o
enegy dispersions of these CBs and VBs favor a strong op- X(k,n', alpilk, N, ) fng - (1= i)
tical absorption. However, flat energy dispersion normally
implies large conductive mass which affects the carrier life- (B oK) = Eng(K) = fro) (2a)
time.
The effective mass tensan,(k) of the n:th eigenstate 1 1 1
En(k) is defined as Ih,(K);;=?E,(k) /% 9k; 9k;. Both effec- e1(w) =1 +ZJ dw’f-:z(w’)< oo w), (2b)

tive electron and hole masses of rutile Fi®vince strong
anisotropic band curvaturés.g.,my; | /my=2.35; Table).  wherefy,, is the Fermi distribution. The delta Dirac function
Moreover, my ; =1.41m; (1.12ny) and m,; ,=2.98n, indicates the importance of describing the band gap
(4.27my) including (excluding the SIC potential, and correctly. Electronic calculations exclude electron-phonon
thus this correction is very important. It has beeninteractions, however, for polar material$0) can only
demonstrated!* that the effective masses can stronglybe determined by including this screening. We model
depend on the spin-orbit interaction even for light materialsthe electron-optical phonon interactions with a delta-like
the heavy-hole mass in 3C-SiC is reduced from .60  absorption at the transverse phonon frequeagy: 5% w)
1.32m,"% and theI-point hole mass of zinc-blende AIN =8(w—wro)me (%) -(wPy—w20)/ 2wro. The imaginary part
is negative unless spin-orbit interaction is includédhis  of the dielectric functior{Fig. 2(@)] shows a small onset to
effect is due to split of band degeneracy. In Jithe spin-  absorption at 3.0-3.5 eV, associated with the direct transi-
orbit coupling affects mainly the second and third VBstions near thel’ point. The strong onset at-Ey+0.5
due to thel';® D, ,,0 I'g@I'7 split with A,=26 meV[Fig.  =3.5 eV is due to absorption involving higher lying CBs and
1(b)]. For instancem,, , =0.54m, (0.94mny) and m,3=m,,  lower lying VBs (cf. Fig. 1). These bands are thus outmost
(m,3<m,,) including (excluding the spin-orbit interaction, important for band edge absorption in rutile TiG\t low
which is analogous to hexagonal Sit. photon energies, the effect due to the electron-phonon
Due to the ionic character of the Ti-O bonds, vibrationscoupling is evidenfinset in Fig. 2Zb)]. The calculated static
of the longitudinal optica(LO) phonons build up an electric &,(0)=144; ¢(0)=171 and high-frequencye, («)=6.4;
field which screens the carries. This is described as aj(«)=7.4 constants agree well with experimental results:
change in the effective masses. The resulting polarom, (0)=111;¢,(0)=257 (see Ref. 18ande  ()=6.8; g/()
massmP is here estimated from the enerfiy, o of the long  =8.4(Ref. 16. Calculatece, ;(0) depends strongly on varia-
wavelength LO phonon and the dielectric constants, assumions in the electronic dispersion andfim, o, which also are
ing nondegenerate bands, harmonic oscillation, and thgeflected by the strong measured temperature dependence
effective_mass approximatioi. mP=m/(1-a/6), where and growth dependen%%.T heoretically,s | (=) is obtained
a=\2méew ofit-[e()1-£(0)1]/[8me(0)iw o] is the
Frohlich constant. We use the experimental neutron:
scattering phonon frequencyiw =46 meV by Traylor
et al’® The polaronic effect in TiQ@ is very large(e.g.,
mp; , =4.53my=2.5-m,; |, see Table)lwhich is due to the
low LO phonon frequency and the large ratiefD)/s(x).
We suggest that the hopping transport in Qb seen by
Kennedyet al!’ can partly be explained by local polaronic sl
trapping.
The dielectric functione(w) describes the electronic 0 005 01 Vi
response to a change in the charge distribution, and th % 0 2 4 6 & 10
response is thus an important property for describing elec(a) Energy [eV] (b) Energy [eV]
tronic screening near dopants, defects, and other structural o o
perturbationss(w) is here calculated within the linear re- F'G: 2 Transversel) and longitudinall) components of the) imaginary
L . - &, and(b) real &; parts of the dielectric function of rutile T The inset
sponse theory from the joint density-of-states and the opticadhows (with same units as for the main figaréhe strong effects om;
momentum matrix in the long wave length linji¢’ —k|=0: arising from absorption dtwro=26 meV due to electron-phonon coupling.
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' ' ' [2¢,(0)+¢,(0)]/3=153 and high-frequency [2¢ ()
8o . i +g/()]/3=6.7 dielectric constants agree well with mea-
g surede(0)=159.6(see Ref. 18ande(<)=7.3 (Ref. 16.
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