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Abstract

X-ray absorption spectroscopy and vacuum ultra-violet spectroscopic ellipsometry are used to study the electronic structure of complex
oxides comprised of mixed TM/TM and TM/RE oxides. Experimental spectra for Hfai@ Gd(Dy)Sc@indicate multiple d-state features
in the O K; edge. These are compared with the empirical models for atomic d-state mixing. It is concluded that a mean field, virtual alloy
model does not apply, and that the effects associated with the differences in atomic coordination and deviations from ideal octahedral or
cubic bonding play a determinant role in d-state atom mixing. The results are applied band edge engineering optionk &helbighe
applications.
© 2005 Published by Elsevier B.V.
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1. Introduction feature with a spectral peak at approximately 543 eV is as-

signed to Hf and Ti 6s* and 4s* states. The respective TM

There has been an increasing interest in stoichiometric d*-state and s*-states are mixed with O-atom 2p* states.

complex oxides as higk-dielectrics for scaled Si CMOS. Fig. (b and c) are qualitatively similar with regard to the
In contrast to the TM and RE silicates and aluminates, thesemultiplicity of d*-states with each spectrum displaying rel-
oxides are binary alloys between TM and RE oxides, or two ative strong features at532, 536 and 542 eV as well as a
different TM or RE oxides in which there are equal num- weaker spectral feature at539 eV. The 539 eV feature has
bers of TM and/or RE atom pairs. This ensures that thesebeen confirmed by numerical differentiation of the spectra
atoms are connected through bonding to the same O-atomin Fig. 1(b and c).Fig. 1(d) displays the optical absorption
as in GdSc@, HfTiO4 and LaLu@. O K; edge spectra for  constant of GdSc&as determined from spectroscopic ellip-
HfTiO4, and DySc@ and GdSc@show multiple d-state fea-  sometry datfil]. The sharp feature at about 6 eV corresponds
tures which are addressed in terms of the empirical modelsto the 532 eV feature in the Ojkedgd1]. The feature marked
for d-state coupling. “lii” is an 4f to 4f* intra-atom transition characteristic of Gd

and the threshold markeq,ﬁ's the threshold for the absorp-

tion associated with an additional d*-state that is too weak to
2. Experimental results be detected in the XAS O Kedge spectrum.

Fig. 1(a—c) presents O Kspectra for HfTiQ, DyScQ
and GdSc@, respectively. The spectrumbig. 1(a) displays 3. Discussion
three features at530, 533 and 536 eV that are attributed to
the d-states derived from the Hf and Ti atoms. The broader A mean field model was initially proposed for the complex

oxides[1]. This model of d-state coupling predicts that the
* Corresponding author. band gaps and conduction band offset energies are the aver-
E-mail addressccfulton@unity.ncsu.edu (C.C. Fulton). ages of the constituent oxides. This model, showrign2(a),
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Fig. 1. XAS and VUV spectroscopic ellipsometry spectra: {eldges for (a) HTiQ, (b) DyScQ, (c) GdScQ@, and (d) band edge optical absorption constant
for GdScQ.

requires that the triad of atoms be collinear and that the cou-separated by >10eV, and two closely spaced “e” states that
pled pairs of d-states are relatively close in energy. This model are expected to contribute to only the features in the XAS
is not supported by high-resolution studies of the Qeldges spectra. A splitting of the triply degenerate “t-” states into a
of HfTiO4, DyScQ; and GdSc@in Fig. 1(a—c). Mean field doubly degenerate “e” state and a non-degenerate “a” state
theory predicts two pairs of d-states, one with doubly degen- introduces two additional states can result from a ferroelectric
erate e-symmetry and one triply degenerate with t-symmetry distortion at the 6-fold coordinated sites is showFig. 2(c).
whereas the spectra of the three complex oxides display three The XAS O K; edge for HfTiQ, displays three features.
strong d*-state features. The mean field model does not takeAs applied to this HfTiQ spectrum, the model iRig. 2(b)
into account the differences in local coordination and sym- predicts four features, two of which are closely spaced and
metry at the two metal atom sites. The multiplicity of final not observable in the XAS spectrum. Reduced local symme-
d-states in the O Kedge is the same as at the conduction try at the Ti-atom site can lead to the splitting of the “t” states
band edge, establishing that Q Kdge spectra and the the- and lead to band edge tails, however, these have not been
ory/model that explains its scaling with atomic d-state en- reported. When applied to OKspectra for GdSc@and
ergies is also applicable to band edge properties including DyScQ;, the model inFig. 2(c) accounts for the three strong
conduction band offset energigy. features, at approximately 531, 537 and 541 eV as well as the
Deficiencies in mean field theory are remedied in the en- substantially weaker feature-a639.5 eV. The lowest energy
ergy level diagrams dfig. 2(b and c¢). This approachincludes €-state of this model is not detected in the @ $pectrum
differences in the atomic coordination of the two atoms of the but is detected for GdSe{by optical transmission and by
complex oxide, e.qg., 8-fold for Hf and 6-fold for Ti, 12-fold  spectroscopic ellipsometry Fig. 1(d). This state is also re-
for Dy or Gd and 6-fold for Sc irfFig. 2(b) with distortions sponsible for band-tail effects in internal photoemission (IPE)
from octahedral symmetry as at Sc atom sites as added inand photoconductivity (PC) studi¢3].
Fig. 2(c) [2]. Relative energies of initial e and t d*-states for O Kj edges for non-crystalline and crystalline LaAIO
are approximated from XAS O Kspectra of elemental ox-  in which only the La atom as valence bonding d-states are
ides. The model ifrig. 2(b) predicts four states: two “t” states  qualitatively different. In general, non-crystalline complex
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Fig. 2. Empirical energy level schemes for d-state coupling in complex oxides: (a) mean field, virtual crystal model; (b) model that includesiffécen
coordinations only, and applies to HfTi{and (c) model that includes different atomic coordinations and a strong distortion at one atomic site and applies to
DyScQ; and GdSc@.

oxides with stoichiometric compositions in which both spectra of TiQ, ZrO, and HfQ, and Zr and Hf titanate
the atoms have valence band d-states display qualitativelyalloys.
different O K; edge spectra without the strong d-state The following points summarize the research results of
coupling of their crystalline counterparts. Off stoichiometry Ref.[4]. Thin films of (i) TiOy, ZrO, and HfQ; (i) complex
non-crystalline compositions are dominated by the oxide scandate oxides; including LaSe¢@yScQ; and GdSc@;
with the smaller bandgap, leading to markedly different and (iii) Zr and Hf titanate alloys are nano-crystalline, on de-
properties for TiQ-rich and HfQ-rich alloys of the position when chemically pure. The lowest conduction band
HfO,-TiO, alloy system. Finally, the bottom line is that states in these oxides are Jahn-Telégm splitd-states as-
non-crystalline complex oxides yield only marginal small sociated withintrinsic bonding distortionsThese term-split
improvements with respect to their constituent elemental states have also been detected in band edge spectroscopy mea-
oxides, and crystalline complex oxides are expected to showsurements, including spectroscopic ellipsometry and pho-
increased trapping due to symmetry reductions and thetoconductivity, confirming larger differences in matrix ele-
formation of deep trapping states. ments for optical absorption between octahedrally coordi-
nated Ti and Sc atoms, and eight-fold coordinated Zr and
Hf atoms. Localizechand edge trapsesulting fromaddi-
tional bonding distortionsit grain boundaries are observable
in band edge absorption and photoconductivity and contribute

We have refined our interpretation of the results presentedto trap assisted tunneling and Frenkel Poole electrical trans-
in this paper, and at the VUV conference in Cairns. port for substrate injectiofirom n-Si.

A d-state coupling mechanism has been proposed to ac-
count for the multiplicity of features the XAS spectra for
Gd and Dy scandates iRig. 1 Subsequent studies, sum- Acknowledgements
marized in Ref[4], have identified the correct mechanism
that accounts for the multiplicity of scandate spectral fea-  This research has been supported by ONR, SRC and the
tures, as well as the multiplicity of XAS features in the SRC/ISMT Front End Processing Center.

Note added in proof



916 C.C. Fulton et al. / Journal of Electron Spectroscopy and Related Phenomena 144-147 (2005) 913-916

References [3] V.V. Afanas’ev, A. Stesmans, in: M. Houssa (Ed.), HiglGate Di-
electrics, Institute of Physics, Bristol, 2004, p. 217.
[1] G. Lucovsky, J.G. Hong, C.C. Fulton, Y. Zou, R.J. Nemanich, H. Ade, [4] G. Lucovsky, et al., IEEE Trans. Mater. Device Reliab. (2004) in
J. Vac. Sci. Technol. B 22 (2004) 2132. press.
[2] G. Lucovsky, Y. Zhang, C.C. Fulton, Y. Zou, R.J. Nemanich, H. Ade,
J.L. Whitten, 144-147 (2005) 917.



	Studies of the coupling of final d*-states in mixed Hf and Ti oxides (HfO2)x(TiOx)1-x and other complex oxides
	Introduction
	Experimental results
	Discussion
	Acknowledgements
	References


