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This article addresses O-atom vacancy defects in the d° transition metal (TM) oxides HfO, and TiO,, and Ti
substitutions for Sc in the d° complex oxide GdScOs. In each instance this results in occupied TM atoms
with d! state representations. These are important for different aspects of the ultimate scaling limits for
performance and functionality in nano-scale Si devices. The occupancy of d! states is cast in terms of
many-electron theory in order to determine the effects of correlation on device performance and func-
tionality. The first section of this article identifies equivalent d-state representations using on an ionic
model for the effective valence states of Ti and Hf atoms bordering on O-atom vacancy defects. Removal
of an O atom to create a neutral vacancy; this is equivalent to the bonding of two electrons to each
vacancy site. This give rise to two coupled d' states for a mono-vacancy defect. Transitions from these
occupied states generate spectroscopic features in the (i) pre-edge shake-up, and (ii) virtual bound state
(VBS) shake-off energy regimes in O K edge XAS spectra. The number of states confirm that these are
mono-vacancy defects. The second section addresses incorporation of Ti tetravalent impurities into triva-
lent GdScOs, forcing Ti into a Ti>* state and generating a d' electronic structure. Vacancy defect concen-
trations in HfO, are generally <10'® cm 3. However, the Ti solubility in GdScOs is higher, and relative
concentrations in excess of 16-17% lead to an insulator to metal transition with a ferri-magnetic elec-

tronic structure.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is well established that the ultimate limits of Si device scaling
with increased performance and functionality require the replace-
ment of SiO, and Si oxynitride alloy gate dielectrics with transition
metal oxides and silicates with higher dielectric constants in order
to continue Moore’s law scaling into the nano-scale regime of lat-
eral device dimensions [1]. Higher dielectric constants allow the
use of physically thicker films for the required levels of dielectric
capacitance while at the same time maintaining tunneling leakage
currents that do not degrade device performance. In addition, there
has been a need to increase chip functionality, e.g., by introducing
ferro-magnetic and ferroelectric thin film layers [2], and in partic-
ular multiferroic materials in which there are opportunities for no-
vel device configurations with coupled magnetic and ferroelectric
functionality [3]. These ferro-magnetic, ferroelectric and muliferro-
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ic films are generally complex oxides comprised of first row tran-
sition metals, and either lanthanide rare earth or normal metal
atoms. Both the intrinsic bonding defect states, as well as the mag-
netic and ferroelectric functionality generally involve occupied d-
states, and/or occupied f-states, and as such increased attention
must be given to the integration of a many-electron theory and
experiment in evaluating thin film materials for device applica-
tions on the one hand [2,4], and explaining device properties and
limitations imposed by intrinsic bulk and interface defects as well.

The requires the development of a new paradigm that takes into
account differences between this challenge, in particular recogniz-
ing that many of the theoretical and experimental approaches that
have underpinned the evolution of Si devices with SiO, and Si oxy-
nitride dielectrics, and poly-Silicon gate electrodes do not apply for
transitional metal oxides and silicates, and ferroelectric and ferro-
magnetic complex oxides.

This article incorporates a four level approach in which the
objective is to develop a science knowledge base that effectively
underpins device technology. These four levels are: (i) atomic struc-
ture and bonding, including intrinsic bonding defects; (ii) a theoret-


http://dx.doi.org/10.1016/j.sse.2009.10.012
mailto:lucovsky@ncsu.edu
http://www.sciencedirect.com/science/journal/00381101
http://www.elsevier.com/locate/sse

1274 G. Lucovsky et al./Solid-State Electronics 53 (2009) 1273-1279

ical approach for band edge electronic structure, and intrinsic bond-
ing defects consistent with the strongly correlated transition metal
d, and rare earth atom f states; (iii) spectroscopic approaches that
identify band edge electronic states, and the intrinsic bonding de-
fects; and (iv) intrinsic limitations of device performance and
reliability, as determined by the fundamental electronic structure
of elemental and complex, as well as intrinsic bonding defects,
associated primarily with O-atom vacancies.

This article addresses twoissues in which this approach s crucial:
(i)intrinsic bonding defects in HfO, and TiO,, focusing on interpreta-
tion of spectroscopic data in the context of many-electron theory,
and (ii) atomically engineered functionality of complex oxides by
controlled introduction of occupied transition metal atom d", n > 1,
states and/or creation of mixed valence bonding by controlled intro-
duction of non-stoichiometric compositions. The thread that con-
nects these two issues is related to the theoretical approach used
to interpret spectra associated with occupied d- and f-states, and
thereby developing a science knowledge base for understanding
limitations imposed by intrinsic bonding defects in transition metal
oxide dielectrics, and the opportunities for creative materials engi-
neering targeting increased functionality in complex oxides.

2. Intrinsic defects in HfO, and TiO,

2.1. Experimental and theoretical approach

The TM elemental oxides addressed in this study, TiO, and HfO,,
are nano-crystalline thin films, typically 2-6 nm thick. These films
have been deposited by remote plasma-assisted CVD onto passiv-
ated Si and Ge substrates, and annealed in Ar at 700-900 °C [5-7].

X-ray absorption spectroscopy (XAS) has been used to obtain O K
edge spectra at the Stanford Synchrotron Radiation Lightsource on
Beam Line 10-1 [6,7]. Spectra were obtained in (i) the pre-edge
shake-of regime, <530 eV, below the conduction band edge, (ii) the
conduction band regime ~530-545 eV, and (iii) the vacuum contin-
uum shake-off regime, >545 eV, above the conduction band states, or
effective ionization potential (IP) of oxygen. Spectra were acquired
under conditions which were enabling for obtaining second deriva-
tive spectra which are important for identifying Jahn-Teller (J-T)
term splittings, as well as defect states features in these pre-edge,
and vacuum continuum regimes [5,6]. The number of features in
2nd derivative O K pre-edge and virtual bound state (VBS) regimes
that border on the conduction band distinguish between O atom
mono- and di-vacancies. When combined with soft-X-ray
photoelectron spectroscopy (SXPS), visible-vacuum-ultra-violet
spectroscopic ellipsometry (vis=VUV SE) and depth resolved
cathodoluminescence spectrosocopy (DRCLS), this approach demon-
strates that features in each of these spectra provide a self-consistent
many-electron description of the electronic structure that unambig-
uously distinguishes between mono- and di-vacancy defects.

The transition metal oxides of this section, and the complex oxi-
des of the next fall into a class of strongly correlated many-electron
systems in which the strong local repulsion between electrons
plays a crucial and determinant role [3,4,8]. This many-electron ap-
proach was introduced more than 60 years ago, and applied to the
spectra of many-electron atoms [9]. In this application, electronic
structure associated with electron transitions in the valence shells
was based on spherical symmetry. However when applied to tran-
sition metal and rare earth elemental and complex oxides, the
symmetry is determined by the nearest-neighbor, or more gener-
ally the ligand field [3,4,8] These symmetries play the determinant
role in defining the occupation and number of the discrete elec-
tronic initial and final states.

The electronic structure of Ti and Hf atoms bordering vacan-
cies is based on an implementation of this symmetrized many-

electron theory as applied to occupied d-states of TM atoms [6].
The notation developed below, and the character of the electronic
states is directly applicable to describing the electronic states of
the Hf or Ti atoms that border on a mono-vacancy (hereafter va-
cancy) site in CaF,-structured HfO, or rutile structured TiO, after
removal of a neutral O atom. There are several different oxides of
Ti, and TiO, Ti»O3 and TiO, are used to illustrate the d" notation.
In the ionic model, which is the starting point for applying
many-electron theory, the formal valence states for Ti atoms in
these oxides are obtained by setting the charge on O-atoms to -
2. Neutral atomic states of Ti and Hf are described by s-, p-, and
d-shell occupancies: Ti as 4s3d? and Hf as 6s25d? [1]. Since s-
states have the highest energies with respect to vacuum [10], they
are removed first in ion formation. Formal charges on the respec-
tive Ti oxide atoms above are Ti%*, Ti** and Ti%. TiO is a d? oxide
and a metal, Ti,O5 is a d! oxide and a narrow band gap semicon-
ductor, and TiO, is a d° oxide and an insulator. The ground state
electronic configurations for oxides with occupied d-states, d”,
with n>1, explain these very different properties. In each in-
stance the ground state configuration includes the required
strongly correlated character. The occupied electron states are
above the valence band edge and a are the source of the system-
atic changes in oxide character noted above [1]. The T, band in
TiO is partially occupied, hence metallic conductivity, and the nar-
row bandgap of ~0.5 eV in Ti,Os results from a symmetry split-
ting of the T,z state between a fully-occupied A; state and a
doubly degenerate E state. d° TiO, is an wide bandgap semicon-
ductor, Eg ~ 3 eV [2].

In these strongly correlated systems, the removal of a neutral O-
atom reduces the average ionic charge in TiO, and HfO, from +4 to
+4 - d(N), where N is the fractional concentration of O-atom vacan-
cies. This is better described by creating two populated Ti>* ionic
states per removed O. Based on the Pauli exclusion principle,
essentially Hund'’s rule [2], the lowest energy configurations is high
spin d! state within a T,g manifold of d-states. The formalism for
treating intra-atomic d-state transitions in the d" configurations
is well established [11] and will be used as a basis for defining
the electronic structure of the intrinsic bonding defects in HfO,
and TiO,. A mono-vacancy is represented by two inequivalent
and coupled d! states, and a di-vacancy by four coupled d'! states,
where the coupling removes the degeneracy of the respective pairs
or quartets of ground state electrons so that they are equivalent,
respectively, to high spin d? and d* configurations. The energy sep-
aration of this states is established by SXPS studies that indicate
two separate and distinct band edge features for both HfO, and
TiO, nano-grain films, essentially the same as those addressed be-
low [5-7,12].

2.2. Spectroscopic data and data reduction

Fig. 1a displays the 2nd derivative pre-edge O K edge XAS spec-
trum for a 6 nm thick textured nano-grain TiO, film of Ge(1 0 0)
[13]. This film displays four separate features consistent with a pair
of electronically inequivalent d! states. These are assigned to d-d’
intra-Ti-atom shake-up transitions associated with a mono-va-
cancy defect, hereafter simply a vacancy defect [1,3]. Two features
per d! state are consistent with the doublet character of the crystal
field split many-electron theory description.

Spectra for the same 6 nm thick TiO, film in VBS shake-off re-
gime reveal four d-d" transitions corresponding to two pair of dou-
blet virtual states above the ionization are IP limit for each d' state;
these are displayed in Fig. 1b. Similar pre-edge and VBS regime
spectra have also been obtained for TiO, 2 nm and 4 nm thick
films, also grown on Ge substrates. This confirms the textured in-
plane growth, and is consistent with the observed d-d’ and d-d* in-
tra-atom transitions.
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Fig. 1. Second derivative O K edge XAS spectra for a 6 nm thick textured nano-grain
TiO, film of Ge(100): (a) pre-edge regime for X-ray energies <530 eV, and (b)
virtual bound state regime for X-ray energies >545 eV.

Fig. 2 includes a comparison of the O K spectra of nano-grain
monoclinic (m-) HfO, and tetragonal (t-) HfO, in the spectral re-
gime of the conduction band states. The t-HfO, films is grown on
a nitrided SiOy, x < 2, interface on Si(1 0 0) and the m-HfO, film is
grown on Ge(100). In each instance, films must be more than
3 nm thick to show Jahn-Teller term splittings of Hf d-states [5-
7]. These two nano-grain morphologies are readily distinguished
by the band edge E, state structures, two distinct spectroscopic
features for the m-HfO, nano-grains, but only one for the t-HfO,
nano-grains. Fig. 3a displays the 2nd derivative pre-edge spectra
for the same two films in Fig. 2. Each of these shows the four fea-
tures assigned here to an inequivalent and coupled pair of d!
states, characteristic of d-d’ transitions for a vacancy defect. The
spectral width of the four features t-HfO, is larger compared to
the width in m-HfO,, and is associated with a larger crystal or li-
gand field splitting. This is consistent with the increased Hf coordi-
nation of eight in t-HfO,, as compared with the coordination of
seven in m-HfO,.
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Fig. 2. Comparison of O K spectra for nano-grain monoclinic (m-) HfO, and
tetragonal (t-) HfO, in the conduction band state spectral regime for X-ray energies
between 530 and 550 eV.

Fig. 3b displays the corresponding 2nd derivative VBS O K edge
spectra, also displaying four features associated with shake-off d-
d* transitions to states above the effective IP for transitions from
the O 1s state as defined by the top of the conduction band. Each
of the spectral traces for these vacancy defect states is bracketed
on the low eV side by the conduction band, and the high energy
side of anti-bonding different symmetry f-state features associated
with a shallow HFf 4f shake off process as well [14,15]. It is signif-
icant to note that the spectral features are at essentially the same
energies in both nano-grain materials, while the respective crystal
field splittings of the molecular orbital anti-bonding states within
the conduction band is different. [6].

2.3. Band edge defects in HfO,

Conduction band edge traps in HfO, have been attributed by the
Robertson and Shlugger groups to O-atom monovacancies as dis-
tinct from di-vacancies [16,17], and by the energy level diagram
from the Pasquarello group as well [18]. Papers by the Lucovsky
group initially attributed the spectral features addressed above to
di-vacancies [5-7]. This assignment was based on the multiplicity
of occupied states at the valence band edge detected by soft X-ray
photoelectron spectroscopy (SXPS) [5,6,11], and by assuming that
the calculations of Refs. [16-18] which did not indicate band edge
defects where characteristic, and correct for mono-vacancy defects.
A examination of the similar energy states of neutral and charged
O-atom vacancies in Refs. [16-18], in each instance obtained by
density functional theory (DFT) methods with modifications tar-
geted to address correlation issues, indicated a significant problem.
In each calculation the doubly charged negative vacancy state was
a degenerate doublet that is excluded by many-electron theory for
strongly correlated oxides. The issue relates on the one hand to
fundamental problems with the application of DFT to impurity
states in transition metal oxides [19], and by the result of the cal-
culations in which electrons occupying the vacancy states were
distributed statistically over the Hf d-states bordering the vacancy.
In point of fact it was stated in Ref. [16] that the ground state for
the vacancy was a singlet 'A state. Additionally, these energy level
diagrams implied that transitions into these O-atom vacancy states
were possible from the top of the valence band, rather than from
the occupied d-state levels associated with the vacancy structure.
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Fig. 3. Second derivative pre-edge spectra for m-HfO, and t-HfO, films in Fig. 2: (a)
pre-edge regime for X-ray energies <530 eV, and (b) Schematic representation of d-
state orbitals of (a) virtual bound state regime for X-ray energies >545 eV.

Fig. 4 is energy level diagram for HfO, that will be applied to va-
cancy defects in HfO,. There is a serious and common misinterpre-
tation of spectroscopic ellipsometry features assigned to defect
transitions associated with intrinsic bonding defects, whether they
be mono- or di-vacancies. These are intra-impurity state transitions
as shown in the panel on the right, rather than transitions from the
top of the valence to empty impurity states as suggested in the left-
hand panel and obtained by simply inserting the spectroscopic
transition energies into an energy band diagram and referencing
them to the top of the valence band. The incorrect assignment on
the left gave final states in the gap that supported the calculations
of the Robertson, Gavartin and Pasquarello groups [16-18], and was
assumed to be correct. However, it did not account for the band
edge trapping discussed in Ref. [20], and this had to be attributed
to a different defect state. However when the transition energies
are referenced to the occupied vacancy sites obtained from SXPS,
the final states corresponding to the shallow and deep trapping
states reported in electrical measurements are obtained [20]. This
agreement lends additional support to the energy levels for the cou-
pled pair of d! states as proposed in this paper.

intra impurity;

- defects

energy relative to top of valence band (eV)

Fig. 4. Initial and final empty states for intra-Hf-atom d-d ' transitions on the right,
and on the left, for transitions originating at the top of the valence band.

3. Alloy atoms in complex oxides
3.1. Dopant atom electronic states

The incorporation of a tetravalent dopant or alloy atom such as
Ti for trivalent Sc in normally trivalent GdScOs, forces Ti into a Ti>*
state, producing a d' electronic structure [2]. This is a general as-
pect of substituting a transition metal atom dopant or alloy atoms
with a larger number of d-states in their neutral atoms for transi-
tion metal (TM) atoms in the complex oxide host. Since both the
alloy and host TM atoms must have the same charge state, the sub-
stitution for d° Sc by d! Ti> changes the GdScO; d° host to a d!
complex oxide at the site of the Ti alloy atoms. The Ti for Sc substi-
tution satisfies this condition and this results in a singly occupied
Ti 3d d' Ty, state above the valence band edge. Whereas vacancy
defect concentrations in HfO, are generally <10'° cm >, there are
essentially no limits of Ti solubility in GdScOs3 for a composition re-
gime that extends from a doping regime up to 10'8-10'" cm—3,
well into an alloy regime where the properties of the Gd(Sc,Ti)O;
are modified in a significant way. For example, concentrations of
Ti in excess of the local volume percolation threshold of 16-17%
with respect to Sc, would be expected to lead to an insulator to me-
tal transition with a ferri-magnetic electronic structure, and this is
the discussed in sub-sections 3.2 and 3.4. [21].

3.2. Experimental methods: film deposition and X-ray spectroscopy

Gd(Scy_«Tiy)03 alloys >5 nm thick with x = 0.0, 0.01, 0.05, 0.18
and 0.25 were deposited at room temperature in an ultra-high vac-
uum system onto (i) LaAlOs; substrates to promote epitaxial
growth, and onto (ii) superficially oxidized Si(00 1) to produce
nano-grain films. The Ti for Sc substitution results in a Ti>* ionic
state, and as such the complex oxide is changed from a d° to a d!
oxide with an occupied Ti T, state above the valence band edge.
Nano-grain dimensions in as-deposited films are <2-2.5 nm, and
the coupling between primitive unit cells is too weak to produce
Jahn-Teller (J-T) distortions and the subsequent ordering of Ti
atoms on the Sc sub-lattice [5,6]. On the other hand, an exchange
correlation energy for final states can be estimated from the energy
difference between the localized Ti band edge alloy atom state and
the first d-state feature of Sc [2]. An insulator to metal transition
for the alloy single crystal films grown on LaAlOs; and SrTiOs
(STO) substrates films with x = 0.18 and 0.25, a first for intentional
doping of a d® complex oxide, GdScOs.
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The crystal structure in the epitaxial films does not require
annealing to promote chemical ordering of the Ti atoms on the
Sc sub-lattice sites, and this results in an insulator to metal transi-
tion in these as-deposited films for the x=0.18 and 0.25 alloys
films. This transition has been confirmed directly by electrical
measurements. The same transition has been confirmed by a novel
application of X-ray absorption spectroscopy, XAS, using numerical
integration of O K edge spectra that extends into the in the pre-
edge, and vacuum continuum regimes for X-ray energies
<530 eV, and >545 eV, respectively.

3.3. X-ray spectra and data reduction

Fig. 5 displays O K edge spectra for the epitaxial films that intro-
duces a novel way to detect the insulator to metal transition. High
levels of charging in the insulating films, x=0.0, x=0.01 and
x = 0.05 reduce the signal level by more than factor of 30 with re-
spect to substantially higher signal levels with no evidence for
charging in the metallic films with x = 0.18 and 0.25. The total en-
ergy yield, TEY, detection method relies on current flow through
the surface of the epitaxial film to balance positive charge associ-
ated with photoelectron emission during X-ray irradiation, so that
it can easily distinguish between insulating and metallic films.

The significant aspect of the O K edge spectra in Fig. 6 is related
to the insulator to metal transition that reveals differences be-
tween the energy of the Ti defect/alloy atom state for the 0.25 al-
loys that are (i) epitaxial films on an STO substrate, and (ii) as-
deposited nano-grain films on oxidized Si substrates. The energy
difference between the Ti alloy atom states and the lowest energy
T, band edge states is deeper in the gap and shifted to lower en-
ergy by ~1 eV with respect to the Ti alloy atom defect in the X-ray
amorphous film.

This energy difference is also revealed in the second derivative
O K edge spectra in Fig. 7a and b, for two different spectral regimes
that include the pre-edge and conduction band energy regimes.
These are 528-539 eV in Fig. 7a, and 528-532 eV in Fig. 7b. Con-
sider first the spectra in Fig. 7(a) in the conduction band regime be-
tween ~531 eV and 539 eV. These spectra compare the epitaxial
films with the nano-grain films in samples that have been annealed
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i N i film chargwiﬂnrg
1Gd(Sc,Ti)Oz 0n - jnsulator to
i metal transition
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Fig. 5. XAS O K ege spectra of epitaxial Gd(Sc;_,,Tix)O3 alloys on STO substrates.
Films are sufficiently thick so that there are no spectral features due to X-ray
absorption in the substrate. Spectra are for films with different Ti concentration: an
insulating film with x = 0.05 (5%), and two metallic films with x=0.18 (18%) and
0.25 (25%).
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Fig. 6. XAS O K edge spectral for Gd(Scq 7s,Tio25)03 alloy films. Highlighted are the
Ti 3d T,g feature in the pre-edge regime <531 eV, Sc 3d T,4 and E, features centered
at ~532 eV, and Gd molecular orbital features centered at ~535 eV. Solid dots are
for an epitaxial film, and open dots for abas-deposited X-ray amorphous film on an
Si.

to 900 °C. The Gd atoms are in a distorted six fold coordinated site,
and the Gd atoms in a 12-fold coordinated and distorted environ-
ment as well. The O atoms are six fold coordinated with two differ-
ent bond lengths for the Sc and Gd neighbors. Grain growth in
these annealed nano-grain films is sufficient to reveal the Jan-Tell-
er term splittings in the E; feature in the nano-grain film [5,6],
whereas these splittings are readily evident in the epitaxial films.
Specifically, the Sc 3d T, and Eg, triplet and doublet multiplets
are completely resolved in the epitaxial film whereas, the T, trip-
let is better resolved in the nano-grain film. These term splitting of
the T, state is consistent with the band edge m-bonding, and E,
doublet splitting with one component of the o-bonding which also
includes Sc 4s and 4p states that overlap the features associated
the twelve Gd o-bonding states, which includes a mix of Gd 6s,
6p, 5d and 5f states. We will not attempt to deconvolve the spectra
features between 533 and 539 eV that include a mix of Sc 4s and 4p
states and the twelve Gd c-bonding states as well. Instead the fo-
cus will be on the Ti alloy states at the band edge.

Moving onto the second derivative XAS spectra in Fig. 7(b),
which display the pre-edge region as well as the Sc T, states. Con-
sider first the annealed nano-grain spectrum for the alloy with 25%
Ti and 75% Sc, and focus on the second derivative minima at
~529.8 eV. The first point is indicated by the lower arrow, labeled
“1”. This indicates the energy difference, of ~1 eV between the Ti
impurity level and the Sc T, feature that has been already noted
in Fig. 6. The value of 1 eV is a final state correlation energy, but
from the perspective of the transition energies for excitation of
electrons out of occupied states, rather than a spectroscopically
determined energy difference between occupied spin states with
“up” and “down” character [2]. This energy difference is addressed
in Fig. 8, which displays the SXPS spectrum of the epitaxial film.

Returning to Fig. 7b. the upper arrow, labeled “2” indicates the
energy difference between the strongly correlated spin band at
lower eV, and the weaker opposite spin band in the epitaxial film.
This energy difference is also ~1 eV, and the energy difference be-
tween the average of this two bands coincides with the position of
the center correlation energy defined by the difference in energy
between the occupied alloy atom state and the lowest energy Tog
Sc d-state. The equality of these two energy differences, each of
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Fig. 7. Second derivative XAS O K edge spectra for the x = 0.25, Gd(Sco.75,Tip.25)03
alloy conduction band and band edge defects states. Arrows 1 and 2 indicate
respectively a transition exchange correlation energy: (1) between the energy of the
Ti 3d defect state and the lowest Sc 3d T, state, and (2) between the energy of a
correlated majority spin band at ~529.5 eV and the minority spin band at 531 eV:
(a) in the spectral range from 528 eV to 539 eV, and (b) from 528 eV to 532 eV.

which is equal to an effective exchange correlation energy, is dis-
cussed in the next section, and its very existence is an important
consequence of the double exchange mechanism for ferro-, or fer-
ri-magnetism which may be present in these films [21].

Another important aspect of the 25% Ti alloy epitaxial film, that
is also evident in the 18% Ti alloy film, is the energy difference be-
tween the Ti 3d strongly correlated spin state band and the Fermi
level. This is indicated in the SXPS spectrum in Fig. 8. The Ti 3d cor-
related spin band at ~616eV and is below the Fermi level at
~621 eV, and this is a characteristic signature of ferro- or ferri-mag-
netic behavior in general, and therefore present in metal films, as
well as in complex oxides of this article in which there is an insu-
lator to metal transition [2]. This energy difference is about two
times the T,g-E, crystal field (C-F) splitting for TiO,, and for octa-
hedral complexes in general [2,5,6]. It is important to note that
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Fig. 8. SXPS valence band spectrum for the x=0.25, Gd(Sco7s,Tip25)03 alloy
epitaxial film. The occupied Ti,, strongly correlated spin band feature and the
Fermi level are marked with arrows.

the Fermi level position in the GdScOs; host is determined by the
occupied 4f states of Gd, whereas the edge of the valence band is
closer to 618 eV.

3.4. The insulator to metal transition

There are two different mechanisms for coupling of electron
spins for occupied d", n > 1 transition metal atoms in TM elemental
and complex oxides. The super exchange mechanism prevails in
most d" TM elemental oxides, with n > 1, and is which may be
present in these films based on the inherent symmetry of TM d=
- 0 atom pnt - TM d= coupling or equivalently, TM dc - O atom
pc - TM do coupling. This produces a d-p-d generic symmetry
determined anti-ferromagnetism in the vast majority of first row
TM elementals [22]. There are at least two noteworthy exceptions:
CrO,, and the mixed valence oxide Fe304. A double exchange
mechanism prevails in the mixed valence oxide Fe304. This derives
from a homogeneous alloy mixture of FeO and Fe,03; with formally
divalent and trivalent Fe, respectively [2]. A similar mechanism
also prevails in CrO,, but the quantitative and qualitative aspects
of the magnetic behavior are different [23].

The objective of the research described in this part of the article
is to demonstrate that the insulator-metal transition required for
the double exchange mechanism could be achieved in an “intelli-
gently-designed” complex oxide and detected spectroscopically
as well. The double exchange mechanism is dynamic and based
on many-body theory in which the metallic state is a mixture of
multiple ionic states with different formal valence [2,21]. The alloy
system that we have chosen was anticipated to have an insulator
to metal transition when the concentration of Ti>** on the Sc sub-
lattice exceeded a volume percolation threshold of 16% [24]. The
means that the occupied Ti d-states in the d' configuration experi-
ence a substantial degree of connectedness so that a strongly cor-
related spin up (or spin down) band is generated. This is indeed the
case as illustrated in the spectra in Figs. 7 and 8. The magnitude of
the exchange correlation energy determines whether ferro- or fer-
ri-magnetic behavior prevails. In this system that energy is ~1 eV,
and comparable to width of the occupied strongly correlated spin
band, so that ferri-, rather than ferro-magnetism prevails.

Summarizing the results presented in Section 3. Nano-grain and
epitaxial thin films of Gd(Sc;_,Tix)Os alloys >5nm thick with



G. Lucovsky et al./Solid-State Electronics 53 (2009) 1273-1279 1279

x=0.0,0.01, 0.05, 0.18 and 0.25 have been prepared and studied by
XAS and XPES. These studies have identified an insulator to metal
transition for films with x=0.18 and 0.25, consistent with a
strongly correlated Ti 3d state metallic conductivity band. Future
studies will oxides, and combine XAS, XPES spectroscopic studies
with electrical and magnetic measurements as well, and be ex-
tended to other alloys in which d" states with n > 1 result.

4. Discussion: strongly correlated transition metal states:
intrinsic bonding defect in HfO, and Ti d! states in GdSc,_,Ti,O3

As already note, it has been recognized for at least ten years that
the ultimate limits of Si device scaling with increased performance
and functionality require the replacement of thermally grown and
deposited SiO, and Si oxynitride alloy gate dielectrics with transi-
tion metal oxides and silicates with higher dielectric constants [1].
Higher dielectric constants allow the use of physically thicker films
for the required levels of dielectric capacitance while at the same
time maintaining tunneling leakage currents that do not degrade
device performance. Therefore it is important to understand both
experimentally, and theoretically, science base differences be-
tween defect and band edge states in SiO, and transition metal oxi-
des and silicates. This has been addressed in Section 2, where these
differences were demonstrated by a mix of spectroscopic methods,
and explained in the context of many-electron theory [2].

In addition to extending the performance of gate dielectrics be-
low an equivalent oxide thickness of 1-1.5nm, and therefore
requiring high-k transition metal dielectrics, there has been also
a desire to increase chip functionality, e.g., by introducing ferro-
magnetic and ferroelectric thin film layers [2], and in particular
multiferroic materials in which there are opportunities for novel
device configurations with coupled magnetic and ferroelectric
functionality [3]. This article has demonstrated in Section 3 that
an insulator to metal transition can be introduced into a d® com-
plex oxide, GdScOs, by introduction of a normally tetravalent tran-
sition metal, Ti, onto trivalent Sc sites, thereby creating a d!
electron state for each substituted Ti atom.

The spectroscopic studies reported in Sections 2 and 3 have
demonstrated the importance of occupied TM atoms in under-
standing limitations in one case, the electronic structure of vacancy
defects in HfO,, and opportunities in another, the introduction of a
insulator to metal transition by alloying into a normally insulating
and non-magnetic complex oxide, GdScOs.

The electronic structures associated with the vacancy defects,
and the alloy substitution discussed in Sections 2 and 3 could only
be explained by using a theory that applies to strongly correlated
systems [2,4,8,19], and is different in many important qualitative
ways that the theories have addressed SiO, gate dielectrics, and
the Si-SiO, interface. This requires the development of a new par-
adigm that takes into account differences between this challenge,
and in particular recognizing that many of the theoretical and
experimental approaches that have underpinned the evolution of
Si devices with SiO, and Si oxynitride dielectrics, and poly-Silicon
gate electrodes do not apply for transitional metal oxides and sili-
cates, and ferroelectric and ferro-magnetic complex oxides.

Note added in proof

This note presents an additional example of how interpretation
of spectroscopic data using many-electron theory provides signifi-
cant insights into the electronic states in complex oxides. Experi-
mental verification of mixed valency has been obtained by
comparing O K edge spectra of LaMnOs and Lag gSryp>,MnOs. Newly
obtained XAS O K edge spectra have indicated changes characteris-
tic of an insulator to metal transition for the 20% Sr for La atom

substitution, as well as mixed valency. These include (i) a change
from a distorted perovskite structure in LaMnOs to a cubic perov-
skite in Lag gSrg.MnOs, (ii) pre-edge shake-up, and vacuum contin-
uum shake-off features consistent with the d* character of Mn>* in
LaMnOs, and (iii) additional sharp features in the shake-up and
shake-off regimes in Lag gSro>MnO5 consistent with the d* charac-
ter of the Mn**. Additionally, These spectral changes confirm that
E, symmetry electron of the d* configuration contributes to the
metallic conductivity consistent with a schematic representation
of double exchange by Cox in Ref. [2]. The mixed valency is also
confirmed by the multiplicity and relative energies of features in
the MnlL,,3 specturm.

Lag gSro>MnOs3 alloy and Fes04 are examples for the double ex-
change mechanism applied to La;_yCa,MnO3 by De Gennes [21] and
proposed originally by Zener [22]. This mechanism predicts the rel-
ative ease of electron exchange between two transition metal d",
n>1 ion states, each with different values of n, such as Mn?* d*
and Mn*" d® in LaggSro>MnO3. The mechanism relies on electron
transport in which the exchanged electron does not change spin,
preserving the Hund'’s rule occupancy that is crucial for ferromag-
netism. This leads to ferromagnetic alignment in LaggSrg,MnOs,
where metallic behavior results from the Sr concentration of 20%
exceeding a percolation threshold, ~17% [23].

Whereas double exchange mechanism relies on mixed valency
to promote ferromagnetic behavior, not all mixed valence materi-
als display double exchange and/or ferromagnetism [24,25]. Ferro-
magnetism in La;_ 4Ca,MnOs5 alloys, which are isolectronic analogs
of La;_,Sr,MnOs, is dependent on both composition, x, and temper-
ature, demonstrating that additional factors are important for this
cooperative behavior.

There is no spectroscopic evidence for mixed valency in
GdSco.75Tig2503 alloy of this article. This has been established by
recently obtained L, 3 spectra which confirm the d' configuration
for substituted Ti>*, and the d° configuration for host Sc3*. It unli-
kely that a double exchange process would derive from a mixing
of the Ti d' state with occupied Gd {7 states.
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