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Preface

The technology for complementary metal-oxide-semiconductor (CMOS) is in-
tensely searching for candidates to substitute SiO, as gate dielectric enabling
the fabrication of small devices with low power consumption and high speed.
The suitable candidates must have a high dielectric constant (x between
15-40), be thermodynamically stable in contact with the semiconductor sub-
strate (Si, Ge, etc.) and with the metal gate, exhibit high conduction band
offset with the semiconductor (to minimize leakage currents), and have low
defect density both in the bulk and at the interfaces. Rare earth (RE, from
La to Lu)-based oxides are among the candidates to replace SiO, as gate
dielectrics first of all because of their predicted thermodynamical stability
on silicon. In addition, high-x dielectrics, and RE oxides in particular, show
potentials also for applications in nano-electronics, opto-electronics, and spin-
tronics. Advantages and disadvantages of RE-based oxides are often related
to the intrinsic properties of the RE elements:

1. the increasing 4f shell filling level (completely empty in La atoms, and
totally filled in Lu ones);

2. the number and the value of the oxidation states (3 for La, Nd, Pm, Gd,
Dy, Ho, Er, and Lu; 3 and 4 for Ce, Pr, and Th; 3 and 2 for Sm, Eu, and
Yb):

3. the decreasing ionic radius with increasing atomic number (from 0.123
nm for La to 0.092 nm for Lu), correlated with the decreasing Pauling
electronegativity with increasing atomic number (from 2.34 for La to
about 2.15 for Lu).

These intrinsic properties of the RE elements affect those of the corre-
sponding oxides, especially in the form of nano-scaled films, and might influ-
ence their eligibility as high-+ dielectrics. The main objective of this volume
is to address the various properties of RE elements and to understand how
to exploit them to obtain proper functionalities of their oxides.

The increasing 4f shell filling level could affect the trap density in the
RE oxides, as the different energy and occupancy of the d shells do in tran-
sition metal oxides. Moreover, it could determine the different reactivity and
moisture sensitivity of the RE oxides. It is noteworthy that only four RE
elements (i.e. La, Ce, Gd, and Lu, with respectively empty, mono-electron
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filled, half-filled and totally filled 4 f shell) have also one electron in the outer
5d shell.

The existence of two oxidation states induces various stoichiometries in
half of the RE elements (Ce, Pr, Sm, Eu, Th, Tm, and Yb). This fact com-
plicates the oxide chemistry and the electronic structure. The consequences
of having pure RE;03 oxides or a mixture of RE,O3 with REO or REO,
oxides on the film functional properties might be remarkable and must be
fully understood.

The mixed stoichiometries are expected to affect the band alignment. The
reason is that the higher the stoichiometric ratio between the RE element
and the oxygen in the oxide, the lower the height of the charge neutrality
level (CNL) in the band gap and, finally, the higher also the conduction band
offset (CBO) with Si, or another semiconductor substrate, e.g. Ge. Therefore,
oxidation states of 2 are more favourable than 4. It is not clear, however,
what are the consequences when thin films with mixed stoichiometries are
produced.

In addition to the band alignment, the mixed stoichiometries might also
affect the x value which is predicted to decrease as the atomic number of
the RE decreases. In reality, however, the measured values are scattered, and
sometimes anomalously high. Almost all RE elements with two oxidation
states generate oxides with low band gaps (< 4.0eV) and very high ~ values.
On the other hand, most RE elements with oxidation states 3 and 2 (Sm,
Tm, and Yb) or with just oxidation state 3 (La, Nd, Gd, Dy, Ho, Er, and
Lu) have a band gap around 5eV, and a medium « value (about 13).

The decrease of the ionic radius with increasing atomic number of the
RE elements accompanies the decrease of their Pauling electronegativity in a
range that determines a constant oxygen coordination of 4 on all RE oxides.
Such an oxygen coordination correlates with the disruption of the covalent
network bonding, and leads to structures that readily crystallize at temper-
atures of interest in microelectronic processes (500-1000°C ). Ternary com-
pounds based on RE atoms usually should exhibit lower oxygen coordination
than the corresponding oxides, thus higher crystallization temperatures. They
are therefore suitable alternatives to RE binary oxides. The electronegativity
differences in the RE elements might also explain the different hygroscopic
behaviour of the corresponding oxides.

The systematic investigation of the previously outlined issues is challeng-
ing because in first place good-quality thin films are needed. Several depo-
sition techniques are currently being considered for nano-scale film fabri-
cation, mainly on semiconductors: atomic layer deposition (ALD), electron
beam evaporation, molecular beam epitaxy (MBE), metal-organic chemical
vapour deposition (MOCVD), and pulsed laser deposition (PLD). Strength
and weakness of these techniques are discussed in this volume, with a careful
consideration of the growth mechanisms involved. Special attention is de-
voted to the synthesis and the properties of RE complexes used as precursors
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(e.g. for ALD and MOCVD). Methods to handle hygroscopicity in RE oxide
films are considered.

In this volume, the structural and compositional properties of both the
interface layer and the film are considered in detail, together with the crys-
talline or amorphous nature of the thin films, their roughness and homogene-
ity, and the interfacial layer between thin RE oxide layers and the substrate.
These factors must be evaluated in order to proceed to a reliable electrical
characterization and assess the potential of RE oxides for the various appli-
cations. The relationship between micro-structural and electrical properties
is also considered. Finally, the real effectiveness of RE oxides in applications
as high-r dielectrics for logic and memory devices, as active materials in laser
technology, and in spintronics is discussed.

A significant investigation on RE oxide thin films is only at the beginning
and requires expertise in many fields: growth methods, growth modeling and
chemistry, physical-chemical characterization, and device technology. The ef-
fort naturally calls upon the convergence of many research groups on the
same topic, whose attention we hope to catalyze through this volume.
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Abstract. Significant research effort is currently being devoted to study deposi-
tion, dielectric, and electronic properties of binary rare earth oxides, as well as of
complex oxides based on rare earth elements. Most of the motivations justifying
this effort are found in the field of microelectronics — especially in the search of
high dielectric constant oxides as candidates to substitute SiO» — and these will be
mostly discussed. Open problems and issues from the scientific and technological
point of view are discussed, and applications in fields other than microelectronics
(such as spintronics) are also mentioned.

1 Introduction

The rare earth (RE) elements are the 15 elements of the Periodic Table (La,
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) with atomic
numbers from 57 through 71. Among them, Pm is radioactive and does not
occur naturally, but might be prepared synthetically. In the outer electronic
configuration of the RE element row, the 652 shell is always occupied, the 5d'
configuration appears in La, Ce, Gd and Lu, and finally the 4f shell is pro-
gressively filled as the atomic number increases. The degree of filling of the
4f shell is therefore the distinctive characteristic of the RE elements. In par-
ticular, the half-filled (Gd, with 7 electrons in the 4f shell) [1] and the totally
filled (Lu, with 14 electrons in the 4f shell) configurations seem particularly
stable. In the solid state, all 15 RE elements have the oxidation state +3, but
some are stable also in the oxidation state +4 (Ce, Pr, and Tb), and others in
the oxidation state +2 (Sm, Eu, Tm, and Yb). The classification of di-, tri-,
and tetravalent RE elements and the RE-O bond lengths are summarized
in Table 1. It is noteworthy that the +4 oxidation state appears in elements
that follow one with a stable configuration, whereas the +2 oxidation state
appears in elements that precede one with a stable configuration. These ob-
servations suggest that there might be “periodic” properties in the RE oxides.
The stability of the tetravalent dioxides, trivalent sesquioxides, and divalent
EuO and YbO, as well as the intermediate valent character of SmO are sup-
ported by self-interaction corrected total energy calculations [1-4] (see also
the Chapter by Petit etal. in this volume).
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