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CHAPTER 1

Introduction

1.1 Lanthanides

Lanthanides (Ln) are the fifteen elements in the periodic table from lanthanum through
lutetium (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, and Lu), with atomic numbers
from 57 to 71. These lanthanides, along with the group 111B elements yttrium (Y) and scandium
(Sc), are collectively known as the rare earth elements.: 2 Due to the gradual filling of valence
electrons into the 4f orbitals across the series with the increase of the atomic number, lanthanides
are also recognized as 4f elements.? 3 In general, all of the lanthanides exhibit +3 as the most
common oxidation state, along with a few elements also having +2 and +4 valence states. As
presented in Table 1, the adoption of +2 and +4 stable oxidation states is believed to be governed
by the stability of the final electron configuration of the corresponding lanthanide ion (Ln"*).%
Accordingly, Ln™ with empty (4f %), half-filled (4f 7), or completely filled (4f 14) 4f levels show
stable +4 and +2 oxidation states with the exception of Pr** and Sm?*.2:3

Another important behavior of lanthanides is the steady decrease of the Ln** ionic radii
across the series from La through Lu. This is known as lanthanide contraction. Owing to the shapes
of the f orbitals, 4f electrons themselves and outer 5s and 5p electrons are less shielded from the
increased nuclear charge, and hence are attracted more towards the nucleus, decreasing the radii
as the nuclear charge increases.™ >4 As a consequence, the ionic radius of Y3* has a resemblance
to those of Ho®* and Er®*, leading to similar chemistries.® The 4f valence electrons of Ln®* are
located inside the 5s? and 5p® electrons. Therefore, the involvement of 4f orbitals in covalent
bonding with ligand orbitals is minimal and the bonding in lanthanide complexes is largely ionic.?

4 Accordingly, lanthanide ions (most commonly +3) and ligands can be considered as oppositely



charged particles where electrostatic interactions take place to make ionic bonds.? 4 As a result of
these electrostatic interactions, coordination numbers and the geometry of the lanthanide
complexes are mainly determined by the steric factors of the ligands and the resulting complexes
usually possess a wide range of coordination numbers (generally ~3-12) and irregular coordination
geometries.> ® Further, ionic bond strengths of Ln®* complexes increase moving from La* to Lu®*
as a result of the increased charge density caused by the decrease in ionic radii. Additionally,
lanthanide ions are strongly Lewis acidic and have a strong affinity towards ligands containing
highly electronegative donor atoms such as O and F.%> "8 Further, Ln®* ions are oxophilic. Hence,
lanthanide complexes with Ln-X bonds where X is a non-oxygen atom tend to react rapidly to

make Ln-O bonds.?



Table 1. Electronic configurations of lanthanide ions.

Lanthanide Electron configuration
Ln Ln3* Ln#* Ln?*

La [Xe] 5d* 652 [Xe] 5d° 6s°
Ce [Xe] 4f? 652 [Xe] 4f* 6s° [Xe] 4f° 6s°
Pr [Xe] 4f° 652 [Xe] 4f2 6s° [Xe] 4f* 6s°
Nd [Xe] 4f* 652 [Xe] 4f° 6s°
Pm [Xe] 4f° 652 [Xe] 4f* 6s°
Sm [Xe] 4f° 652 [Xe] 4f° 6s° [Xe] 4f° 6s°
Eu [Xe] 4f" 6s? [Xe] 4f° 6s° [Xe] 4f" 6s°
Gd [Xe] 4f" 5d'6s? | [Xe] 4f" 6s°
Tb [Xe] 4f° 652 [Xe] 418 6s° [Xe] 4f" 6s°
Dy [Xe] 4f1° 6s2 [Xe] 4f° 6s°
Ho [Xe] 4f! 6s2 [Xe] 41 6s°
Er [Xe] 42 6s? [Xe] 4!t 6s°
Tm [Xe] 4f* 652 [Xe] 4f*? 6s°
Yb [Xe] 44 652 [Xe] 4 6s° [Xe] 44 6s°
Lu [Xe] 414 5d* 6s? | [Xe] 4 6s°

1.2 Properties of Lanthanide Oxides
The characteristic valence state of all the lanthanides in the series is +3. These trivalent
lanthanides make lanthanide sesquioxides (Ln20s) with a 1:1.5 lanthanide to oxygen ratio.

Lanthanides oxides with 1:1 (LnO) and 1:2 (LnO2) Ln:O ratios are also known with +2 and +4



oxidation states, respectively.® Lanthanide oxides are hygroscopic in nature, and readily react with
ambient moisture (equation 1).1*4 This reactivity of lanthanide oxides with water decreases across
the series, where La>,O3z has the highest reactivity and Lu>Oz has the lowest reactivity. This
behavior is attributed to the increase in electronegativity when moving from left to right.t®
Furthermore, Ln,O3 are strongly basic and tend to react with atmospheric CO, forming the
corresponding carbonates (equation 2).% 13 Similar to the hygroscopicity, basicity also decreases

when moving from La,0s to Luz03.2

Ln,0; +2 H,0 —  Ln(OH); + LnO(OH) (1)

Ln,O;+3 CO, —  Lny(COy); (2)
Lanthanide sesquioxides (Ln2O3) are found in three distinct polymorphic forms denoted as
(1) A-type Ln.O3 with a hexagonal crystal structure, (2) B-type with a monoclinic structure, and
(3) C-type with a cubic crystal structure.*® ¥ Among the three polymorphs, A (hexagonal) and C
(cubic) type are most commonly observed at low to medium temperatures. Moreover, hexagonal

type structures are favored by early Ln,Os, whereas later Ln,Os favors cubic crystal structures. ©

17
1.3 Potential Applications of Lanthanide Oxide Films

Ln2O3 possess some important properties which make them materials with wide application
potential. Ln2O3z have high melting points in the range of 2230-2490 °C and are considered
refractory materials.*®%° Further, these oxides possess high dielectric constants (k between 10 and
30),2 large band gaps (between 2-6 eV),?? large conduction band offset (CBO) values on Si (CBO
of around 1.5-3.5 eV),?® good thermal stability on Si up to about 1000 °C,?* and high refractive

indices (~1.9-2.0).2% % Due to the aforementioned interesting properties of Ln2Os, they have gained



wide attention in a variety of fields such as optics, microelectronics, catalysis, and others. Herein,

the major areas of potential application for lanthanide oxides are discussed briefly.

1.3.1 Photovoltaic Cells

Photovoltaic (PV) cells, commonly known as solar cells, are devices that directly convert
sunlight into electricity. These devices are made of semiconductor materials such as silicon (Si)
that absorb the energy photons from sunlight. The performance of PV cells depends on the number
of photons absorbed by the semiconducting material. However, the efficiency of Si-based solar
cells is low due to the reflection of the light that strikes the PV cell (Figure 1).2” Hence, applying
antireflection coatings on the working surface of PV cells is necessary.?® Lanthanide oxides are
promising candidates for this purpose owing to their high refractive index values and good thermal

stability on Si.? 26 Several studies have proven the increased efficiency of Si-based PV cells with

the use of Ln,Os coatings (Ln = La, Ce, Er, Yb). 2932
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Figure 1. Basic view of a PV cell indicating the difference in photon absorption with and
without an antireflection coating.



1.3.2 Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETS)

Transistors are the building blocks of modern-day electronics. They act as small electrical
switches that turn on and off the current and control the current flow and voltage in circuits. Hence,
transistors are the most important components of electronic devices. MOSFET transistors consist
of a gate which is a metal, a semiconductor channel that connects the source and the drain that
allows passage of current, and a gate dielectric which is an insulator that covers the gate. SiO2 is
the gate dielectric that has been used since the invention of the MOSFET type transistors (Figure
2) due to its excellent electrical and thermal stability on Si. However, following Moore’s prediction
in 1965 (the number of transistors in a dense integrated circuit would double every two years),
miniaturization of the transistors has occurred to build smaller, faster, cheaper, and less power
consuming microelectronic devices.*® To continue this shrinkage of devices, the physical thickness
of the SiO> gate dielectric and the gate length in the transistors had to be decreased. However, in
transistors below 100 nm, the thickness of the SiO> dielectric should reduce below 1.5 nm to
achieve an effective dielectric constant (i) value. Instead, the very thin SiO; gate dielectric resulted
in leakage of current by direct tunneling of electrons through the gate dielectric.3*3" This problem
led to the investigation of new candidates as alternatives to replace SiO2. Among other limited
alternative oxide candidates such as HfO2 and ZrO», lanthanide oxides are also under consideration
due to their superior properties such as the high dielectric constant (x between 10 and 30), large

bandgap, good thermodynamic stability, and chemical stability on Si.?% 384
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Figure 2. Schematic diagram of a cross sectional view of a MOSFET structure.

1.3.3 Solid Oxide Fuel Cells (SOFCs)

SOFCs are devices that generate electricity by oxidizing fuels (hydrogen or reformed
hydrocarbons).*> SOFCs are composed of three main components, a porous anode, a porous
cathode, and a solid non-porous oxide electrolyte membrane that supports the porous electrodes
(Figure 3).%> 43 The cathode, which is also known as the air electrode, is composed of oxides and
it catalyzes the reduction of oxygen to oxygen anions. The solid oxide electrolyte act as the
mediator to diffuse these oxygen anions from cathode to anode.*? At the anode, these oxygen
anions are used to oxidize the fuels. All of the reactions in SOFCs take place at elevated
temperatures of around 1000 °C.43 44

Suitable oxide electrolytes in SOFCs must fulfill certain requirements. Major requirements
include having large ionic conductivity, high heat resistivity, and stability in both oxidizing and
reducing environments.** Most of the lanthanide oxides possess these properties and it has been

found that incorporation of Ln.Os increases the ionic conductivities of the electrolytes



considerably. Lanthanide-containing oxide materials such as yttria-stabilized zirconia (YSZ),*
gadolinium or samarium-doped ceria (CGO or CSO),*® 47 and strontium, magnesium-doped
lanthanum gallate (LSGM)* are a few of the lanthanide oxide-containing electrolyte materials that
have been widely investigated in SOFCs. Moreover, lanthanide oxide-doped materials are also

being studied as cathode and anode materials for SOFCs.*°

0, 0, 0, 0 0O, 0,

Figure 3. Schematic diagram of a typical SOFC adapted from ref. 43.

1.3.4 2-Dimensional Electron Gases (2-DEGS)

A 2-DEG is a structure that forms at the interface between two heterostructures with high
electron density. These electrons can move freely along the interface but are confined to a few
nanometers normal to the interface (2D movement).®® Perovskite-type (ABOs) oxide
heterostructures have gained significant interest due to the large electron density observed
(~10%*/cm?) at the interface.! The first 2-DEG at oxide heterojunction was observed in the
LaAIlO3/SrTiOs (Figure 4) system where dielectric LaAlIO3 films were grown epitaxially on a
single crystalline SrTiOs substrate.>> Extensive studies have shown the potential of this
LaAlOs/SrTiOs 2-DEG system for several novel applications, including pH sensors,>

superconducting devices,* > and nanoelectronics.>® Due to the interesting properties found in the



LaAlOs/SrTiOs 2-DEG system, the interest in studying ternary oxides containing other early

lanthanides (Ln = Pr, Nd) has increased.>’->°

#— Crystalline film
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e Single Crystal
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Figure 4. Structural illustration of a 2-DEG.

1.3.5 Protective Coatings

High melting points and enhanced phase stability of lanthanide oxide doped coatings at
high temperatures make lanthanide oxides useful materials as thermal barrier coatings (TBC) and
high-temperature corrosion resistant coatings.'® %62 These TBCs should withstand strongly
oxidative environments at high operating temperatures that are generally found in industrial
applications such as chemical processing, petroleum refining, gas turbines, and jet engines. Also,
these TBCs should have low thermal conductivities. Yttria stabilized zirconia (YSZ) is the most
widely employed thermal barrier coating material with thermal conductivities around 1.2-1.8 Wm~
1K1 and new oxide coatings with thermal conductivities below the above value are being
investigated for future high-temperature barrier coatings. It has been reported that the
incorporation of lanthanide oxides such as Gd20s3, Sm20s, and La.Oz into zirconia (Ln2Zr207)
results in higher melting points above 2000 °C and lower thermal conductivities than YSZ.%3

Iron, cobalt, and nickel are the most commonly used metallic materials in industrial process

equipments. The surface oxides layers formed by iron, cobalt, and nickel under oxidizing
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conditions fail to provide protection to metal surfaces at high processing temperatures. Chromium
alloy formation is an approach that has been used to protect these iron, nickel, and cobalt surfaces
via the formation of thermally more stable oxides of chromium. These alloys of metals made with
the combination of chromium are commonly known as chromia former alloys.®® However,
chromium(V1) oxides have been identified as toxic and carcinogenic materials. Incorporation of
lanthanide oxides such as CeO2 and Y203 has shown improved thermal barrier properties and
adhesion properties of the protective coating along with reducing the amount of chromium needed
for alloy formation.*® &

In addition, lanthanide-doped oxides are reported to provide protection for metallic
surfaces against corrosion and increase the adhesion properties of the protective coating to
underlying metal substrates. Cerium-based oxide coatings have been largely investigated as
corrosion-resistant coatings on various alloy systems including aluminum, magnesium, tin, zinc,
and steel. Further, composite coatings of cobalt made with lanthanide oxides (Co-Nd2Os, Co-
La203, Co-Y203, and Co-CeO2) have shown superior corrosion resistance when compared to pure
Co metal coatings.%

1.4 Thin Film Deposition of Binary and Ternary Lanthanide Oxides

As mentioned in previous paragraphs, binary lanthanide oxides (Ln2Oz) and ternary
analogues containing other metal ions (LnMOs) are interesting groups of materials. These oxides
are associated with a wide range of applications potential from protective coatings to
microelectronic applications. Lanthanide oxides can be deposited using two major deposition
techniques, known as physical vapor deposition (PVD) and chemical vapor deposition (CVD)

(Figure 5).
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In PVD, vapors of the target materials in the form of atoms, ions, or molecules are
generated with the aid of physical processes such as evaporation or sputtering and then these
vapors are transported to the substrate where they undergo condensation to form the coating. In
PVD no chemical reaction takes place in the vapor phase and the type of the PVD method varies
depending on the method used to generate vapors of the target material.®® CVD is a process where
chemical precursor vapors react or decompose on or near a heated substrate to produce the desired
thin film material. In CVD, the reactions taking place between the precursors in the gas phase can
lead to non-conformal film deposition. Metalorganic CVD (MOCVD) is a term used when metal-
organic precursors such as metal S-diketonates and metal alkoxides are used as precursors.®
Among the PVD techniques, molecular beam epitaxy (MBE),®” sputtering,% electron beam
evaporation,®® and pulsed laser deposition (PLD)"® are commonly used to deposit lanthanide
oxides. MOCVD'*76 and ALD® are the generally used CVD techniques for this purpose. PVD is
a line-of-sight deposition technique and hence, it is difficult to control the thickness and achieve
uniform films in high aspect ratio features. Both MOCVD and ALD techniques can deposit
uniform films over large-surface areas on planar substrates. However, when it comes to high aspect
ratio nanoscale features, only ALD has the ability to deposit highly conformal Angstrom level thin

films with precise thickness control.”’
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Figure 5. Schematic diagram of a film deposion by sputter PVD (left) and CVD (right).
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1.4.1 Basic Principles of ALD

ALD is a vapor phase thin film deposition technique with the potential to deposit many
materials, including metals, metal oxides, and metal nitrides on different substrates.”®’® This
technique is unique compared to other film deposition techniques due to its cyclic nature and the
self-limiting surface reactions, which enable Angstrom level thickness control and highly
conformal thin films in high-aspect-ratio features.!* " ® ALD was first introduced by Tuomo
Suntola in 1974, by depositing zinc sulfide (ZnS) thin films for large-area electroluminescent
displays.2 Prior to the year 2000, the term atomic layer epitaxy (ALE) was used to describe ALD.
Over the years, ALD has gained increased attention in the research and development sectors for
thin film process development. This interest was further triggered in early 2000 when Intel
announced the use of ALD to deposit high-k dielectrics in complementary metal-oxide
semiconductor (CMOS) transistor technology.8! Especially, with the continuous need of scaling
down microelectronic devices following Moore’s law, ALD has become more and more important
because of its ability to produce thin conformal films with precise atomic-level thickness control
on nano-scale features.”

As depicted in Figure 6, an ALD process consists of four major steps. During the first step,
gas phase molecules of the desired metal precursor are introduced into the reaction chamber where
they react with the substrate surface reactive sites. In the second step, the reaction chamber is
purged with an inert gas (N2 or Ar) to remove excess precursor molecules and reaction byproducts
from the reaction chamber. These two steps complete the first half cycle of the ALD process.
During the third step, a vapor of a co-reactant is introduced into the reaction chamber and then
reacts with the new surface reactive sites evolved from the first half cycle to form a monolayer of

the desired material. For metal oxide ALD, usually this co-reactant is a small molecule containing
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oxygen such as water, oxygen, or ozone. Finally, the reaction chamber is purged again with an
inert gas to remove the excess co-reactants and reaction byproducts from the reaction chamber.
These purge steps after each precursor pulse and co-reactant pulse in an ALD cycle are important
to prevent any direct gas-phase reactions between the precursor and co-reactant before they reach
the surface reactive sites, which can add uncontrolled CVD-like growth to the ALD process. Also,
the removal of gaseous byproducts formed during the ALD half cycles through the purge step is

important to avoid contamination of the resulting thin-film material 82 8
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Figure 6. Schematic representation of a general ALD cycle.
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1.4.2 Self-Limited Growth Behavior

An ideal ALD process consists of unique growth characteristics. As mentioned before, the
key feature of ALD is the self-saturating or self-limited nature of the surface reactions, which give
rise to conformal thin films with precise thickness control. Hence, when designing new ALD
processes, it is very important to demonstrate the self-limiting behavior of each chemical precursor
used. Generally, this is done by conducting several ALD runs under the same growth conditions
with different amounts of metal precursor (or co-reactant) doses. In our ALD reactors, the amount
of precursor dose injected into the reaction chamber is controlled by changing the precursor pulse
times. Plotting the growth rate obtained from ALD runs against different precursor pulse lengths
can determine whether the process shows self-limited growth or not. If the growth rate becomes
constant for a plot after a particular pulse length as shown in Figure 7, that means the number of
precursor molecules introduced within that period (y seconds) is sufficient to react with all the
surface reactive groups on the growth surface. Beyond that pulse length, excess precursor
molecules do not affect the film growth. As described herein, the precursor saturation plot is
important to determine the amount of the precursor needed to obtain self-limited ALD growth

behavior.8
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Figure 7. Plot of growth rate versus precursor pulse length illustrating self-limited growth
behavior in ALD.

1.4.3 ALD Window

In ALD, the amount of energy required for surface reactions between the precursors and
the co-reactants primarily depends on the type of the metal precursor, the co-reactant, and the type
of the substrate being used.®® For thermal ALD, this energy is supplied through the deposition
temperature inside a heated reactor. Hence, for each thermal ALD process, deposition temperature
can change from room temperature to several hundred degrees Celsius or more. Some ALD
processes have a deposition temperature range in which a constant growth rate is maintained. This
temperature range is known as the ALD window, where the growth rate is independent of the
deposition temperature.®® The requirement for an ALD process is that self-limited growth (Figure
6) is observed at one temperature. So, not all ALD processes will exhibit ALD windows. However,
the presence of an ALD window is sometimes useful as it increases the reproducibility of the

process.®> 87
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As shown in Figure 8, at deposition temperatures below the ALD window, film growth rate
tends to deviate either due to not having sufficient energy to overcome the activation energy for
the surface reactions (growth rate decreases) or due to condensation of the precursor molecules
and co-reactants on the film material (growth rate increases). At deposition temperatures above
the ALD window, film growth rates can change either because of precursor decomposition inside
the reaction chamber (growth rate increase) or due to partial desorption/removal of the surface

reactive sites from the growth surface due to high temperature (growth rate decrease).
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Figure 8. Plot of growth rate versus deposition temperature representing the ALD window
and growth behavior outside the ALD window.

1.4.4 Linearity

The cyclic nature of the ALD process predicts a linear increase of film thickness with an
increase in the number of ALD cycles. For an ideal ALD process, the plot of the thickness versus
the number of cycles gives a straight line that passes through the origin as shown in Figure 9 (a).
However, some ALD processes have exhibited dependence on the substrate surface chemistry,
which either could enhance or inhibit the initial growth of the film up to a certain number of cycles

as illustrated in Figure 9 (b). The slope of the thickness versus the number of cycle graphs in ALD



17

gives the self-limited growth rate for the process and the x- and y-intercepts of the extrapolated

line give insights into the initial growth behavior of the film on the substrates.®
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Figure 9. Plots of thickness versus the number of cycles illustrating linear growth with (a)
and without (b) nucleation delay on the initial substrate surface during ALD.

1.4.5 ALD Precursor Requirements
1.4.5.1 Volatility

To be an ideal ALD precursor, chemical compounds (metal precursors and co-reactants)
used in ALD should meet certain requirements. Volatility is a critical requirement. Since ALD is
a vapor phase thin film deposition technique, chemical compounds used in ALD should be able to
volatilize for efficient transport of the precursor molecules. Gaseous and liquid precursors are
preferred because they usually provide a constant and repeatable flux of precursor vapors due to
maintaining a constant surface area. The particle size of solid precursors may change during
heating and from one batch to another. This may cause changes in the surface areas, hence solid
precursors might fail to provide a constant flux of precursor vapors. Further, contamination of the
precursor vapors with solid particles during sublimation can cause particle contamination to the

growing film. The volatility of liquid and solid precursors is determined by vapor pressure. VVapor



18

pressure is the pressure generated by volatilized part of the molecules which are in dynamic
equilibrium with the condensed phase. For ALD, 0.1 Torr is the typical acceptable lowest vapor
pressure at the highest typical evaporation temperature of around 300 °C.% The volatility of a
precursor is greatly influenced by the molecular weight and intermolecular interactions (hydrogen
bonding, electrostatic interactions) between the molecules in the solid or liquid phase.®® &
Typically, substances with low molecular weights, and weaker/lesser intermolecular interactions
are the most volatile.®% *© Accordingly, when pursuing metal precursors with the highest possible
volatility, attention should be given to formation of monomeric complexes. If the target complex
has polar bonds, ligands that can shield the metal-ligand bonds have to be selected to minimize
intermolecular interactions. At the same time, a balance between the molecular weight of the ligand
and shielding ability has to be maintained when selecting a suitable ligand to keep the molecular
weight low while preventing the oligomerization of the complex. Particularly, in metal ions with
large ionic radii, such as alkaline earth and lanthanides, metal-ligand bonds are highly polar due
to the low electronegativity of these metal centers. Monomeric complexes of these metals are often
coordinatively unsaturated due to the large ionic radii. These factors increase the tendency of these
complexes to oligomerize and become more reactive with the surrounding environment.
Saturation of the coordination sphere of large metal ions can be fulfilled by several
strategies. The addition of neutral donor Lewis bases to make adduct complexes (Figure 10a), the
use of multidentate ligands instead of monodentate ligands (Figure 10b), and the design of donor-
functionalized ligands containing extra neutral donor atoms (Figure 10c) are the most common
approaches. Coordinating donor atoms of the complexes made with these approaches can reduce
the polarity of the metal-ligand bonds via the transfer of charge from the donor atom to the metal.

This decrease in polarity of the metal-ligand bonds in the molecule can decrease the likelihood of
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making intermolecular interactions. Hence, an increase in the volatility of the resulting complexes
can be expected.®? Further, volatility can be tuned by varying the ligand substituents. Ligands with
aryl substituents tend to reduce the volatility because of higher molecular weights and n-stacking
interactions that increase the intermolecular packing forces.®® % Fluorinated ligand substituents
can enhance the volatilities of compounds by reducing intermolecular interactions because of lone
pair/lone pair repulsions between fluorine atom lone pairs of electrons.®* * However, fluorinated
ligands can have negative effects on film depositions, since they can afford corrosive and toxic

HF, which can etch the film and the reactor parts.®®
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Figure 10. Schematic illustrations of metal complexes with a Lewis base adduct (a),
multidentate ligands (b), and donor-functionalized ligands (c).

1.4.5.2 Thermal Stability

The second most important requirement for ALD precursors is thermal stability. The
thermal stability of a compound can be defined as its resistance to change in the properties caused
by heat.®8 The chemical precursors used in ALD should not undergo thermal decomposition at the
vaporization temperatures (delivery temperature) and the deposition temperatures. Decomposition
of the chemical precursors at the deposition temperature can lead to uncontrolled CVD-like
growth, which eliminates the benefits of self-limited growth characteristics of ALD.

Multidentate ligands are known to provide better thermal stability over monodentate

ligands via saturating the coordination sphere of the metal center with extra electron donor
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atoms.%® % Lewis base adduct complexes often tend to exhibit low thermal stabilities due to
dissociation of the neutral Lewis base ligands at elevated temperatures.® % In general, complexes
with strong metal to ligand bonds can be considered beneficial in designing thermally stable metal
precursors. Fluorinated ligands and ligands with highly electronegative donor atoms such as
oxygen make more thermally stable complexes by increasing the Lewis acidity of the metal center
and thereby increasing the metal-ligand bond strengths.88 %

Thermogravimetric analysis (TGA) is one of the most commonly used techniques to
evaluate the suitability of chemical precursors for ALD in terms of their volatility and thermal
stability. In TGA, the mass of a sample is measured continuously as a function of temperature or
time, while the sample is heated using a controlled temperature program.® Results of the TGA
experiment are displayed as a curve with temperature or time on the X-axis and weight percentage
on the Y-axis (Figure 11). Depending on the stability of the precursor being analyzed, TGA can
be carried out either inside a glove box (for air and moisture sensitive complexes) filled with inert
gas (N2 or Ar) or under ambient conditions (for air stable complexes). As depicted in the TGA
curves shown in Figure 11, a 100% drop in the weight with a single step (curve A) with zero non-
volatile residue indicates complete volatilization of the compound without undergoing any
decomposition up to the temperature where the TGA curve hits zero mass percent. A compound
that gives a single-step mass loss from the TGA curve but with a non-zero non-volatile residue
(curve B) means the compound undergoes some thermal decomposition along with the

volatilization.8 8
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Figure 11. Representation of TGA traces of compounds with different volatilities and thermal
stabilities.

Also, the temperature in the TGA curve where compounds start to lose/drop mass gives an
idea about the volatility of the compound. For example, compound C in Figure 11 starts to lose
mass at a relatively higher temperature than compounds A and B. Hence, compounds A and B are
more volatile than complex C. The onset temperature of volatilization (T1) for a compound can be
more accurately calculated by extrapolating the TGA curve of that compound as shown in Figure
12. Another important detail that can be abstracted from the TGA trace is the temperature where
50% weight loss takes place (T2). This temperature, T», is useful for a rough estimation of the
delivery temperature of a compound during ALD. Generally, the temperature that is about 100 °C
lower than the T, is approximately close to the delivery/volatilization temperature for that

compound.
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Figure 12. Obtaining onset of volatilization (T1) and temperature where 50% mass loss takes
place (T2) from a TGA trace.

1.4.5.3 Reactivity

As mentioned before, ALD takes place through self-limited surface reactions. Hence,
precursors being used in ALD must react with the surface reactive sites and with the co-reactants
effectively, and must not react with themselves or self-decompose.® Reactivity of metal precursors
during ALD can only be considered relative to the co-reactant being used. Metal to ligand bond
strengths, relative pKj, values of both the metal complex and the co-reactant, steric factors, and the
nature of the ligand substituents can be considered as the main factors that determine the reactivity
of precursors during ALD.X® Water is the most favorable co-reactant used in oxide ALD. Metal
complexes with ligands that have higher pKa values compared to that of water (pKa~14-15) react
with water and surface hydroxyl groups rapidly to give the corresponding metal oxides.!** For

example, the acetylacetone (acacH) ligand has a pKa value of about 9, which is lower than the pKa
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of water (pKa~14-15), and tert-butanol has a pKa value of around 19 at 298 K2 which is higher
than the pKa of water. Accordingly compared to water, Hacac is a stronger Bronsted acid (i.e.,
weak conjugate base) and tert-butanol is a weaker Bronsted acid (i.e., strong conjugate base).
Hence, deprotonated tert-butoxide in metal complexes rapidly reacts with water to give metal
oxide plus protonated tert-butanol ligand. In contrast, acetylacetonate (acac) metal complexes do
not react with water, since weakly basic deprotonated acetylacetonates cannot abstract protons
from relatively more basic water.®” 103104 |_jgands with electron withdrawing substituents such as
CF3 have relatively low pKa values compared to the non-fluorinated versions. For instance,
hexafluoroacetylacetone (hfacH) has a pKa of ~5'%, which is lower than the pKa of the non-
fluorinated version, acacH (~9). Accordingly, metal complexes with electron-withdrawing ligand
substituents are likely to have low reactivity with water compared to the complexes without
electron-withdrawing groups.

As described above, high volatility, high thermal stability, and high reactivity towards
surface reactive sites and co-reactants are the key requirements of ALD precursors. In addition,
chemical substances used in ALD have to be of low toxicity, easy to handle, easy to synthesize
and scale up, easily available, and the by-products formed during ALD have to be volatile so they
can be purged out from the reaction chamber.®
1.5 Lanthanide ALD Precursors

There is only a handful of lanthanide precursors available for Ln,O3 ALD. These known
lanthanide precursors can be categorized depending on the type of ligand being used to synthesize
the complexes. Lanthanide complexes containing p-diketonate, cyclopentadienyl,

bis(trimethylsilyl)amide, alkoxide, amidinate, and guanidinate ligands are the commonly
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encountered precursors in Ln,Os thin film deposition (Figure 13).8% 1% The following section

briefly describes the advantages and disadvantages of each of the above precursor classes.
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Figure 13. Volatile lanthanide precursors used for lanthanide oxide deposition by ALD.

1.5.1 p-Diketonate Ligands

Lanthanide complexes with p-diketonate ligands (Figure 13 (a)) have been studied
extensively for lanthanide oxide film depositions. Acetylacetonate (acac) is the smallest j-
diketonate ligand and three acac ligands fail to shield the large lanthanide centers effectively.
Hence, lanthanide acac complexes are generally oligomeric and non-volatile. Monomeric
lanthanide acac complexes can be achieved by the addition of Lewis bases such as bipyridyl (bipy)
and phenanthroline (phen).” tert-Butyl substituted $-diketonate ligand (thdH) is more sterically
demanding than acac ligands and provide better steric protection to the lanthanide center and make
stable lanthanide complexes. Early and mid lanthanide(l11) thd complexes crystalize as dimers.%”
108 | anthanide thd complexes possess high thermal stability, reasonable volatility, easy to
synthesize, and are stable in air.1% 1 Despite these favorable properties, Ln(thd)s shows no

reactivity with water and requires strong oxidizing agents such as ozone for oxide ALD film
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deposition.**112 This low reactivity of [Ln(thd)s]x towards H-O is attributed to the low basicity
(thdH pKa ~10) of the B-diketonate ligand compared to water (pKa 14 or 15.7)! and strong Ln-O
bonds.'® 4 Hence, strong oxidizing agents such as ozone and high growth temperatures are
required to afford oxide films.™> ®7 115 These conditions could be detrimental for semiconductor
device fabrication since strong oxidizing agents and high temperatures can damage the underlying
substrates and increase the carbon impurities in films. As a result, the use of [Ln(thd)z]x precursors
for high-x applications is limited.'® ** Further, the high melting points associated with these
complexes could fail to provide a constant flux of precursor vapors during the ALD process owing
to the constantly changing particle surface areas of solid precursors.!®
1.5.2 Cyclopentadienyl (Cp) Ligands

Compared to lanthanide complexes with g-diketonate ligands, lanthanide complexes with
cyclopentadienyl ligands (Figure 13 (b)) are highly reactive toward the water co-reactant.
However, lanthanide complexes with unsubstituted Cp ligands (Ln(CsHsR), R=H) tend to make
oligomeric and polymeric species in the solid state through bridging Cp ligands. Hence, lanthanide
complexes with unsubstituted Cp ligands are often less volatile and have high melting points.**”
119 The volatility of these complexes can be enhanced by introducing alkyl substituents on the Cp
ring. Large alkyl substituents such as iso-propyl and tert-butyl groups can sterically block the
bridging carbon atoms of the Cp rings and shield the lanthanide center effectively to favor
monomeric lanthanide complex formation, which leads to higher volatilities.*?*%2 When
compared with the melting points of the homoleptic early lanthanide complexes reported in this
chapter, early lanthanide cyclopentadienyl complexes with bulky substituents on the Cp ring have
lower melting points. For instance, La(CsH4iPr)z and Y (CsHstBu)s are liquids at room temperature

and Pr(CsH4iPr)z and Pr(CsH4Et)s are low melting solids with melting points around 53-54 °C and
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70-73 °C, respectively.’® 122122 As mentioned before, having low melting points is advantageous
to facilitate the constant flux of precursor vapor during ALD as they turn into liquids easily at the
delivery temperatures. Lanthanide Cp complexes react rapidly with water during ALD to deposit
L.n,Os, which can be attributed to the higher pKa of Cp ligands (pKa ~15.5 for CsHg)'?* compared
to water (pKa of 14 or 15.7) and oxophilic nature of Ln®". However, several Ln,Os ALD processes
using lanthanide Cp complexes have failed to provide self-limited growth behavior either for
lanthanide Cp precursor or for water co-reactant.>® 12> Further, some of the processes have reported
higher carbon contaminations of the Ln,Os films deposited with lanthanide Cp precursors.!?
1.5.3 Bis(trimethylsilyl)amide Ligands

Owing to the relatively large size of Ln®" ions, volatile lanthanide complexes with simple
dialkylamido ligands are unknown. Instead, bis(trimethylsilyl)amide ligands (Figure 13 (c)) are
bulkier and afford monomeric and volatile lanthanide complexes.*? Tris[bis(trimethylsilyl)amide]
lanthanide complexes (Ln[N(SiMes).]s) can be easily synthesized using a halogen-free route by
the treatment of lanthanide triflates instead of lanthanide chlorides with alkali earth
bis(trimethylsilyl)amides.!?® Halogen free routes for synthesis of ALD precursors are
advantageous since contamination of the final product with halides such as CIand Br~ can be
avoided. These halides contaminations in metal complexes can contaminate the films during film
deposition process and further can etch the film and substrate through the formation acidic
products such as HCI or HBr. Ln[N(SiMes)2]s complexes have been used for lanthanide oxide thin
film deposition with water as the co-reactant.?>*3! The higherreactivity of Ln[N(SiMes)2]s
complexes with water, compared to lanthanide complexes containing f-diketonate ligands, is
attributed to the more reactive Ln-N bonds present in the Ln[N(SiMez)2]s complexes and higher

pKa value of bis(trimethylsilyl)amine ligand (pKa of HN(SiMes). ~ 29)!32 compared to that of water
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(pKa of 14 or 15.7).29" However, several reports have claimed Si and H contamination in the
lanthanide oxide films deposited using Ln[N(SiMez3)2]s precursors. These Si and H contaminants
are believed to occur due to the thermal decomposition of Ln[N(SiMes).]s precursors during ALD,
since both Si and H are present in the precursor itself.?2%13! Some reports have also suggested that
silanol (Me3SiOH) can be formed due to the hydrolysis of Si-N bonds in bis(trimethylsilyl)amide
ligand [-N(SiMes)2] during the deposition processes, which can then react with surface-bound
M[N(SiMes)2]s precursors to form metal silicates (MSixOy).'?° For instance, metal silicate films
(MSixOy, M = La and Hf) have been deposited with the combination of metal alkylamides
(M(NR2)s) and alkoxysilanols, which suggests that Si contamination of Ln,Os films with
Ln[N(SiMez)2]s precursors could possibly be due to lanthanide silicate formation by the reactions
between silanols (possible hydrolyzed product of Ln[N(SiMes).]3) and bis(trimethylsilyl)amide
lanthanide precursors. 3% 134
1.5.4 Alkoxides

Simple monodentate alkoxide ligands (-OR), such as tert-butoxide (OBuY),™® iso-
propoxide (OPr'),*® and neo-pentoxie (ONep)'®, often form multinuclear lanthanide(lIl)
complexes through bridging alkoxide ligand interactions (#-OR) to saturate the coordination
spheres of the large Ln®* centers. Hence, most of the lanthanide complexes with simple alkoxide
ligands are associated with low volatilities and thermal stabilities.™®” Tricoordinate monomeric
Ln(111) alkoxide complexes can be achieved with bulky alkoxide ligands such as 2,6-di-tert-butyl
phenoxide (DBP), but such complexes are presumably non-volatile due to the large molecular
weight of the resulting complex and presence =m-stacking interactions between the phenoxide
groups.’® To address the low volatilities of lanthanide complexes containing simple alkoxide

ligands, donor functionalized alkoxide ligands (Figure 13(d)) have been designed to block the
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vacant coordination sites on the lanthanide center via two or more donor atoms to minimize the
tendency of oligomerization.®” 3% 140 1.Methoxy-2-methyl-2-propanol (HOCMe2CH2OMe,
Hmmp) is a donor functionalized alcohol commonly used to synthesize lanthanide complexes.
Late lanthanides form dimeric mmp complexes, where dimeric [Lu(mmp)s]. has been
characterized by single-crystal XRD.*® It has been observed that early lanthanide mmp complexes
undergo condensation to form oxo-bridged oligomers with low volatilities and thermal
stabilities.!*! Hence, the use of [Ln(mmp)s] alkoxide precursors for conventional ALD is limited.
Further, it has been also found that the formation of oxo bridges in early lanthanide mmp
complexes can be suppressed by the addition of 3 mol equivalence of tetraglyme to one
equivalence of [Ln(mmp)s] in toluene solution.}*? Hence, solutions of [Ln(mmp)setetraglyme]
have been used to deposit Ln2Os films (Ln = La, Pr, Nd, Gd) using liquid injection MOCVD and
ALD in which a solution of a metal precursor (usually in pentane, toluene, or THF) is used instead
of the neat solid/liquid precursor.”* 42143 |n general, the strongly basic nature of alkoxide ligands
(pKa ~16-17)#4 145 compared to water (pKa of 14 or 15.7)! makes the reaction between water
and the precursor feasible to deposit lanthanide oxides.
1.5.5 Amidinate and Guanidinate Ligands

Lanthanide complexes containing amidinate and guanidinate ligands (Figure 13 (e) and (f))
with the general formula [RC(NR’)2] and [R2NC(NR')2], respectively, are the most recent classes
of precursors introduced for the ALD of lanthanide oxides. Both ligand systems afford Ln-N bonds
and bidentate coordination to the Ln®** center via two N atoms. Also, the volatility and thermal
stability of these complexes can be tailored by varying the ligand substituents on C and N atoms
in the ligand backbone.!#6-14¢ Both amidine and guanidine ligands have higher pKa values (pKa

~27' for amidine and pK,~17"%° for guanidine) than that of water (pKa of 14 or 15.7).1°1 Hence,
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lanthanide complexes with amidinate and guanidinate ligands have the potential to deposit Ln,O3
films with the mild oxygen source water.

The synthesis and characterization of a series of lanthanide complexes with the amidinate
ligand [MeC(N'Bu).] have been reported.*>! These Ln[MeC(N'Bu)2]s (Ln =, La, Ce, Nd, Eu, Er,
Lu) amidinate complexes have revealed monomeric structures by single-crystal X-ray diffraction
and high thermal stabilities above 300 °C. However, sublimation of these complexes requires high
temperatures of around 180-200 °C at 0.05 Torr, indicating the low volatility of these complexes.
Further, these precursors do not react with water to give Ln2Oz films during ALD and required
strong oxidants such as ozone for the growth of Ln,Os films.®®* On the contrary, lanthanide
amidinate complexes with the formula Ln[RC(N'Pr).]s, (R=H, CHs, CH,CHs) have shown high
reactivity towards the water during ALD to give Ln,Os films.?*21% However, some Ln,O3 ALD
processes have not shown self-limited growth behavior with Ln[RC(N'Pr).]s amidinate precursors
and water co-reactant.'*®

The ALD of Ln,Os with guanidinate precursors is less studied so far. Lanthanide
guanidinate complexes with the formula Ln[Me2NC(N'Pr)]s (Ln(DPDMG)s) are the most studied
group of lanthanide guanidinates for ALD. The ALD of Ln2Osfilms (Ln=Gd, Dr, Er, Y) has been
reported recently with the use of Ln(DPDMG)sz and water co-reactant.!%® 156 157 The Ln,Os films
deposited with Ln(DPDMG)s precursors have given pure films, and the ALD processes have
shown self-limited growth behavior for both water and Ln(DPDMG)3 precursors.1%% 156 157 The
ALD windows of the Ln,Os processes with Ln(DPDMG)s were reported to be 175-275 °C, 200-
275 °C, 150-275 °C, and 175-250 °C for Gd20s, Dy20s, Er,03, and Y203, respectively.103 156 157

The upper temperature limit of the ALD window is often close to the decomposition temperature
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of a precursor.®® 1° Hence, it is safe to say that Ln(DPDMG); complexes are thermally stable up

to temperatures close to 250-275 °C.

1.6 Thesis Problem

As described earlier in this chapter, lanthanide oxide thin films have a wide range of
potential applications in a vast variety of areas including microelectronics, optics, catalysis, and
protective coatings. These applications are based on the fascinating properties associated with
lanthanide oxide films such as high dielectric constants, large band gaps, large conduction band
offset values on Si, good thermal stability on Si, and high refractive indices. Among the different
application directions, the use of lanthanide containing oxides as alternative high dielectric gate
oxide materials in transistors is the most compelling application.5® 6% 161 With the continuous
shrinkage of the dimensions of semiconductor devices, the topology of the transistors has evolved
from traditional planar source and drain type architecture (Figure 2) to new three-dimensional (3D)
topologies. Fabrication of defect-free uniform and thin gate dielectric materials on these new high-
aspect-ratio nanoscale 3D topologies is challenging. Compared to the conventional thin film
deposition techniques (PVD and CVD), ALD is a promising technique with the potential to
produce pinhole-free thin films with high conformality and Angstrom level thickness control on high-
aspect-ratio features, owing to the self-limited growth mechanism in ALD. Hence, increased attention
is being given to the lanthanide oxide thin films grown by ALD.

However, the number of ALD processes reported for the deposition of lanthanide oxide
thin films is limited due to the limited availability of suitable lanthanide ALD precursors. Even the
limited number of lanthanide precursors that are currently available are associated with limitations
such as low thermal stability, low volatility, need for strong oxidants such as ozone, Si

contamination of films with Si-containing ligand systems, and lack of self-limited growth. Hence,
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the development of new lanthanide ALD precursors is crucial for the advancement of Ln,O3z ALD
and to expand the applications associated with Ln2Oz thin films. As previously mentioned in this
chapter, for a chemical substance to be qualified as an ALD precursor, it should have high
volatility, high thermal stability, and high reactivity towards co-reactants and surface reactive sites.
The synthesis of lanthanide(l11) complexes comprising all of the above mentioned properties is
challenging due to the large ionic radii of Ln®*". Many lanthanide(l1l) complexes tend to form
non/less-volatile oligomers to saturate the large coordination spheres of the Ln®* centers.

Hence, the main goal of this dissertation is to develop new classes of volatile, thermally
stable, and reactive lanthanide complexes to afford high pure lanthanide oxide films via ALD with
mild co-reactants such as water. To achieve this goal, priority was given to ligand systems with
higher pKa values than water to promote high reactivity with water during ALD and for bidentate
ligand systems to endow appropriate thermal stability for the resulting lanthanide complexes.
Accordingly, this dissertation introduces two new classes of lanthanide(l11) complexes containing
hydrazonate and enaminolate ligand systems. The structural aspects and ALD precursor properties
of these new complexes were thoroughly evaluated.

Complexes were synthesized using a salt metathesis approach and were purified by
sublimation and solvent crystallization. Characterization of the complexes was carried out using
NMR, IR, single-crystal XRD, and elemental analysis. Precursor properties were evaluated using
TGA, sublimation temperature, melting point, and thermal decomposition temperature studies.
Er.O3 film deposition by ALD was carried out using a selected Er precursor to probe the suitability
of the newly synthesized precursors for water-based ALD of Ln.Os. Films were characterized for

thickness, crystallinity, roughness, density, and composition using spectroscopic ellipsometry,
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scanning electron microscopy, grazing incident x-ray diffraction, x-ray reflectivity, atomic force

microscopy, and x-ray photoelectron microscopy.
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CHAPTER 2

Synthesis and Characterization of Lanthanide(111) Complexes Containing Hydrazonate
Ligands, and Evaluation of Their Volatility and Thermal Stability

2.1 Introduction

The chemistry of new lanthanide complexes unveils more opportunities to explore the
fascinating properties and applications associated with lanthanide-containing materials.
Particularly, oxide films of lanthanides exhibit a wide variety of interesting applications ranging
from catalysis to semiconductors.'® 161163 Faprication of lanthanide oxide films through vapor
phase deposition techniques, namely CVD and ALD, requires lanthanide complexes that are
volatile and thermally stable. In general, ALD precursors must be more thermally stable than CVD
precursors because CVD is often thought to involve the thermal decomposition of precursors to
deposit films, whereas ALD does not. In addition to the volatility and thermal stability, ALD
requires lanthanide complexes that have high reactivity with a second co-reactant to deposit
lanthanide oxides. Halides of lanthanide complexes are non-volatile and hence cannot be used as
precursors for film deposition. Volatile alkoxide complexes are known for lanthanides but their
use in  ALD is  limited due to  poor  thermal  stabilities.?*14
Tris[bis(trimethylsilyl)amido]lanthanide(I1l) complexes have also been used in a few ALD
studies.!?®13! These complexes show good reactivity with mild oxygen sources such as water to
give oxides. However, several reports have demonstrated Si contamination in the films deposited
with these silylamido precursors. The Si contamination is believed to arise from precursor
decomposition during the film depositions due to the insufficient thermal stability.'* 1 For
lanthanide oxide ALD, the most commonly used precursors contain f-diketonate ligands. As
indicated in the previous chapter, lanthanide complexes with S-diketonate ligands possess good

thermal stability yet require strong oxidizing agents for the growth of oxide films. This low
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reactivity may be attributed to the low pKa (~10) of 1,3-diketones compared to water (pKa 14 or
15.7).1% The strong bonds between the highly electronegative oxygen donor atoms and strongly
Lewis acidic Ln®" centers in lanthanide p-diketonate complexes are predicted to lower the
reactivity of these complexes further towards mild co-reactants.*64 16°

The main objective of the work described in this chapter is to design and synthesize a new
class of lanthanide complexes that can adequately address the limitations and drawbacks existing
in currently available precursors. As mentioned in Chapter 1, owing to the large ionic radii of Ln®*
ions, simple monodentate ligands fail to encapsulate the Ln3* centers. Hence, oligomerization of
the complexes takes place through bridging ligands to saturate the coordination spheres of the Ln**
centers, which often results in nonvolatile multi-nuclear complexes. With less sterically bulky
ligands, solvent molecules often tend to coordinate to the Ln3* centers, which can dissociate during
heating, making the complexes thermally unstable.'%® Hence, the challenge is to discover a ligand
system that can lead to volatile and thermally stable lanthanide complexes with appropriate
reactivity towards mild co-reactants such as water. After screening a wide variety of ligand systems
that did not provide desirable properties, attention was drawn towards hydrazonate ligands
(RHNN=CR’CR”=0, R = tBu, R’ = H, CHs, R” = tBu, iPr) that our lab has previously studied.
These hydrazone ligands have shown potential ALD precursor properties for complexes of the mid
to late first-row transition metals, but no study has been conducted with lanthanides.®’

Herein, the synthesis, structure, volatility, and thermal stability of lanthanide complexes
that contain a tert-butyl hydrazone ligand (RHNN=CR’CR”=0, R = tBu, R’ = H, R” = tBu)
(Scheme 1) are described. This ligand makes a six-membered chelate ring via bidentate

coordination to the lanthanide center through oxygen and nitrogen donor atoms. This six-

membered chelating ring, along with the bulky tert-butyl substituent groups in the ligand
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backbone, provides steric protection to the metal center, which could lead to volatile and thermally
stable monomeric lanthanide complexes. The pKa value for the hydrazone ligand reported here is
not well documented. Hence, it is difficult to predict the reactivity of the proposed lanthanide
hydrazonate complexes towards water co-reactant during ALD to deposit Ln2O3 based on the pKa

argument.

Scheme 1. Deprotonation of a tert-butyl hydrazone to obtain the anionic tert-butyl
hydrazonate ligand used in this study.

'\,lﬁ(tBu " l}lf;\\‘(tBu

_NH O 7 . N O

tBu -H, tBu”  K*
tert-butyl tert-butyl
hydrazone hydrazonate

2.2 Results and Discussion
Synthetic Aspects

The tert-butyl hydrazone ligand (L®“"9H) was synthesized by following a literature
procedure that involves the treatment of tert-butyl glyoxal with tert-butyl hydrazine hydrochloride
and potassium hydroxide.*®” The potassium salt of L™ was prepared by treatment of one
equivalent of L'®"H with one equivalent of potassium hydride (KH) in tetrahydrofuran (THF).
These freshly prepared solutions (3 equivalents) were treated directly with one equivalent of
anhydrous LnCls (Ln = La, Pr, Gd, Er, Lu, and Y) suspended in THF to afford complexes 1-6, by
the salt metathesis approach outlined in equation 3. Sublimation of the crude reaction mixtures
obtained upon treatment of KL®d (3 equiv) with LnCls (Ln = La, Pr, Gd, Er, Lu, and Y) at
155—185 °C (0.5 Torr) afforded the homoleptic complexes 1-6 in 31-42% yields. Ln®* ions were
selected from early (La, Pr), mid (Gd), to late (Er, Lu) lanthanide ions to cover the lanthanide ions

with different ionic radii in the lanthanide series. Additionally, Y3* was also selected due to its
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similarity in ionic radii and chemistry to later Ln®* ions and the wide application potential of Y203

films 1,168-171

N
THF, 24 h tB“{ N=Bu g, ; t” ='E,a’§§://°
-3 KClI ER y SN 90 7o

3 NXCBY Lo, 28 N[O 3,Ln=Gd,42% (3
N oK' BU TN 4,Ln = Er, 42%
tBu NT = N-N 5, Ln = Lu, 36%
N'. .0 tBu 6.Ln =Y, 42%

tBu

Complexes 1—6 were characterized by a combination of X-ray crystallography (1, 2, 4, 6),

'H nuclear magnetic resonance (NMR) spectroscopy (1, 5, 6), 23 C{*H} NMR spectroscopy (1, 5,
6), infrared spectroscopy, melting points, and CHN microanalyses. The X-ray crystal structures
are presented below, and the line drawings in equation 3 represent the molecular structures that
were observed for 1, 2, 4, and 6.

The ambient temperature *H and C{!H} NMR spectra of diamagnetic lanthanide
hydrazonate complexes 1, 5, and 6 in benzene-ds showed the expected resonances for the LBuHd
ligands. The L®d [igands in 1, 5, and 6 share common vinyl C-H and tBu moieties. The vinyl
C-H resonances were observed as a broad singlet in each spectrum between & 7.65 and 7.70. *H
NMR resonances of the tBu groups attached to the N atoms of the ligands (N-tBu) appeared as a
broad singlet in each spectrum in the narrow range of & 1.38 to 1.42, while the tBu groups on the
carbonyl carbon atoms (C-tBu) appeared as a broad singlet in each spectrum in the narrow range
of & 1.13 to 1.14. The *H and *C{*H} NMR spectra of 1, 5, and 6 are shown in Figures 12, 13,

and 14.
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Variable Temperature (VT) 'H NMR Studies

Broadening of the *H NMR resonances was observed with diamagnetic lanthanide
hydrazonate complexes 1, 5, and 6 in the spectra recorded at room temperature (23 °C). This
behavior could be attributed dynamic processes such as monomer-dimer equilibria, arm on-arm
off equilibria in solution at a given temperature, or to the independent existence of two different
species or structural isomers with approximately similar chemical shifts in the given solvent and
at the given temperature. Hence, to further analyze the solution state behavior, variable
temperature *H NMR spectra of the La (1) and Y (6) complexes in toluene-ds were carried out in
the temperature range from -70 to +40 °C and the data are summarized below.

The behavior of La complex 1 was determined first (Figure 17). At 20 °C, the *H NMR
spectrum of 1 recorded in toluene-ds exhibits resonances only for a single type of hydrazonate
ligand at & 7.60 (C-H), 1.41 (N-tBu), and 1.12 (C-tBu). When the *H NMR spectrum was recorded
at 40 °C, resonances were observed at & 7.55 (C-H), 1.39 (N-tBu), and 1.12 (C-tBu), which are
very similar to the chemical shifts observed at 20 °C. However, when the temperature was
decreased below 0 °C, the emergence of new resonances was visible. This observation remained
approximately constant thoroughout the temperature range from -20 to -70 °C, and hence only the
spectral data at -70 °C will be discussed in detail here. The *H NMR spectrum of 1 recorded at -
70 °C (Figure 18) consisted of two N-tBu resonances at 6 1.45 and 1.36, and two C-tBu resonances
at 8 1.20 and 1.13. The C-H resonance of 1 at -70 °C consisted of a less intense resonance at 6 7.49
and two slightly overlapped resonances at & 7.77 and 7.78. The integration ratio between the

resonances at 6 7.77 and 7.49 were close to 2:1.
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Figure 18. *H NMR spectrum of 1 recorded at -70 °C in toluene-ds with the zoomed-in CH
resonance region. The resonances at around & 7.2-7.0 and & 2.09 are from toluene-ds solvent
residual protons.

According to the single-crystal X-ray structure determination, the solid-state structure of
1 was determined to be a monomer with octahedral geometry around the La®* center. In octahedral
systems where the two donor sites within a bidentate ligand are dissimilar, the metal-centered
coordination can result in the formation of two geometric stereoisomers, namely the meridional
(mer) and facial (fac) isomers.}”? The final ratio of the fac and mer isomers are determined mainly
by the change in the electronic behavior between the two donor atoms in the bidentate ligand,
steric interactions, and secondary interactions.}’> Based on the variable temperature *H NMR
spectral data described above and the solid-state structure of 1 being a monomer with octahedral
geometry, it can be proposed that broadening of the *H NMR resonances occurs due to the presence

of facial (fac) and meridional (mer) geometrical isomers of 1 in solution. The mer isomer has no
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planes of symmetry, or axes of rotation, making the three coordinated ligands non-equivalent.
The fac isomer has a Cz axis of rotation giving full equivalence of all three ligands (Figure 19).
Hence, in fac isomers, all three ligands show a single set of resonances and in mer isomers, each

ligand shows a separate set of resonances.’2
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Figure 19. Schematic representation of fac/mer isomerism in octahedral complexes.

Based on the proposed mer and fac geometric isomers of 1 in solution, it can be suggested
that resonances at 6 1.13, 1.45, and 7.78 at -70 °C represent the C-tBu, N-tBu, and C-H protons of
the fac isomer, respectively. Proton resonances at 6 1.20 (C-tBu), 1.36 (N-tBu), 7.49 (C-H), and
7.77 (C-H) can be considered to emerge from the mer isomer. Ideally, as mentioned before, the
mer isomer is expected to give three sets of resonances for each chemically non-equivalent ligand.
However, the C-H protons of the proposed mer isomer of 1 gave only two resonances with the
integration ratio of ~2:1 due to the overlapping of the C-H resonances of two of the ligands of the
mer isomer with each other. Further, due to the less resolved and broadened nature of the NMR
resonances, only one set of C-tBu and N-tBu resonances (6 1.20, 1.36) of the mer isomer were
distinguishable. The remaining two sets of C-tBu and N-tBu resonances of the mer isomer may be
overlapped with the C-tBu and N-tBu proton resonances of the fac isomer located at 6 1.13, and
1.45, respectively. In 2016, Lima and coworkers reported the NMR spectra of mer isomers of two
tris(8-hydroxyquinolinate)aluminum(l11) complexes (Figure 20). They observed the presence of

two sets of proton resonances for 8-hydroxyquinolinate ligands of the mer isomer with a 2:1
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integration ratio, suggesting two of the resonances for the 8-hydroxyquinolinate ligands of the mer
isomer are superimposed due to having similar chemical environments.”® This observation is
similar to what we observed for C-H resonances of the mer isomer of 1. Additionally, the ratio
between the proposed fac and mer isomers of 1 in toluene-ds remained constant (~1:1) within the
-40 to -70 °C temperature range. This behavior suggests that at temperatures below 0 °C, the rate
of interconversion between the mer and fac isomers of 1 becomes slow. As a result, separate proton
resonances for proposed mer and fac isomers can be seen. When the solution is warmed to above
0 °C, the rate of mer and fac isomer interconversion becomes faster in the NMR time scale. Hence,

only one set of broad resonances appears at temperatures above 0 °C.

R=H,R=Cl

Figure 20. Structural representation of unsubstituted and chlorine substituted tris(8-
hydroxyquinolinate) Al(111) complexes.
The variable temperature *H NMR spectra of yttrium complex 6 were studied next (Figures
21). The room temperature *H NMR spectrum of 6 recorded in benzene-ds exhibited broad
resonances, especially for the proton resonance of N-tBu moiety. Similar to the lanthanum complex
1, broadening of the NMR resonances for 6 can be explained based on the possibility of the
presence of fac and mer geometrical isomers in solution. The *H NMR spectrum of 6 recorded at

20 °C in toluene-ds shows only one set of resonances at 6 7.63 (C-H), 1.36 (N-tBu), and 1.13 (C-
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tBu), which are in close resemblance to the *H NMR resonances observed at 40 °C (6 7.59 (C-H),
1.35 (N-tBu), 1.12 (C-tBu)). With the decrease of the temperature below 0 °C, the emergence of
new resonances was evident. The *H NMR of 6 recorded at -60 °C in toluene-ds (Figure 22)
consisted of four C-tBu resonances at ¢ 1.25, 1.21, 1.15, and 1.09 and three N-tBu resonances at ¢
1.52, 1.43, and 1.34. The ligand backbone C-H groups of 6 showed four less well resolved C-H
resonances at ¢ 7.85, 7.80, 7.73, and 7.41.

As mentioned earlier, the fac isomer should give one set of resonances for all of the three
ligands, since they are equivalent. The mer isomer should give three sets of resonances for the
three ligands, since they are chemically non-equivalent and spatially different. Hence, it can be
proposed that resonances of 6 observed at -60 °C at 6 7.73 (C-H), 1.43 (N-tBu), and 1.15 (C-tBu)
represent the fac isomer and C-H resonances observed at 6 7.85 (C-H), 7.80 (C-H), 7.41 (C-H), N-
tBu resonances observed at ¢ 1.52, 1.34, and C-tBu observed at ¢ 1.25, 1.21, and 1.09 represent
the mer isomer. As expected for the mer isomer of 6, three sets of resonances were observed for
C-H and C-tBu protons for the three chemically non-equivalent L™ [igands. However, for N-
tBu groups only two resonances were distinguishable due to the broad and less resolved nature of
the N-tBu region. It can be speculated that the remaining N-tBu resonance of the mer isomer is
overlapped with the N-tBu resonance of the fac isomer that appeared at ¢ 1.43. Further, due to the
broad and overlapped nature of the proton resonances, accurate integration of the proton
resonances of the mer and fac isomers were difficult. However, approximate integration values

suggest ~1:2 mer to fac integration ratio in solution.
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Figure 21. VT 'H NMR spectra of complex 6 in toluene-ds. The resonances at around & 7.2-
7.0 and 2.09 are from toluene-ds solvent residual protons.
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Figure 22. 'H NMR spectrum of 6 recorded at -60 °C in toluene-ds. The resonances at around
0 7.2-7.0 and 2.09 are from toluene-dg solvent residual protons.

Elemental Analysis

The elemental analysis results of 1-6 were evaluated to determine the bulk purity and
compositions of these new lanthanide hydrazonate complexes. Complexes 2-6 gave H and N
values that were within +£0.4% of the calculated values. However, the C microanalysis values for
1-3 and 6 were slightly lower than the calculated values. The lower C values in microanalyses
could arise from refractory metal carbide formation, which has been previously observed for
lanthanide complexes with oxygen-containing ligands.!3® 141 174176 |nfrared spectra of 1-6 show
medium to strong absorptions between 1481-1514 cm™ for C=C bonds and 1327-1333 cm™* for

the C—O single-bond stretches in hydrazonate ligand.
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Structural Analysis

Single crystal X-ray diffraction studies were carried out for 1, 2, 4, and 6. Crystals were
obtained either by sublimation or slow evaporation in hexane under argon atmosphere at room
temperature. According to the single-crystal X-ray structure determination data collected, 1, 2, 4,
and 6 showed similar diffraction patterns, and the tert-butyl groups of the hydrazonate ligands
were highly disordered.

Complex 4 (Figure 23) crystallizes as a six-coordinate monomer with three «?-tert-butyl
hydrazonate ligands coordinated to the Er center in an octahedral geometry. The molecular
structure of the crystallized complex 4 exists as the mer isomer, in which the two axial positions
of the octahedron are occupied only by N atoms. The hydrazonate ligands of 4 were highly
disordered over several sites making overall eight possible conformations of the mer isomer
(Figure 24) and all of the eight conformations are equally likely. Hence, the overall crystal
structure of 4 is a combination of all eight conformations. As a result, several constraints and
restraints on bond lengths and angles were imposed in order to refine the final structure. Bond
lengths and angles of the cobalt(Il) version of this complex already published in the Cambridge
Crystallographic Database (Ref. NIQKOP) were used for this purpose.®” Hence, bond lengths and
angles obtained for 4 do not give exact values for this particular complex. However, Er-O and Er-
N bond lengths are unique for this complex but cannot say definitively to which isomer these
values belong. Qualitatively, the Er-N bond lengths (2.443(12), 2.450(12), 2.486(14) A) and Er-O
bond lengths (2.118(10), 2.115(10), 2.125(11) A) for 4 are in good agreement with the Er-N (2.545
(6), 2.615 (6), 2.532 (6) A) and Er-O (2.150 (5), 2.141 (5), 2.141 (5) A) bond lengths observed for
the six coordinate piperidine substituted Er-enaminolate complex (Figure 25) described in the

Chapter 3.7 Figure 23 illustrates the ORTEP image of one of the eight possible isomer
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confirmations obtained for 4. Similarly, 1, 2, and 6 also gave highly disordered structures and are

six coordinate monomers with three «2-tert-butyl hydrazonate ligands bound to the Ln®* center.

Figure 23. ORTEP image of Er(*®'Hyd)s (4) with displacement ellipsoids at the 50% level
showing only one of the eight possible isomer conformations.
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Figure 25. Line drawing of the structure of piperidine substituted Er-enaminolate complex
reported in Chapter 3.
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Precursor Properties

The primary goal in synthesizing these new lanthanide hydrazonate complexes was to use
them as precursors for lanthanide oxide film depositions, especially by ALD. As described in detail
in Chapter 1, ALD precursors must fulfill key requirements such as sufficient volatility, sufficient
thermal stability, and high reactivity with co-reactants and surface reactive sites. Accordingly, the
volatility and thermal stability of 1-6 were examined using sublimation and solid-state
decomposition temperature measurements, respectively. As summarized in Table 2, 1-6 sublimed
between 155-185 °C at 0.5 Torr to afford yellow to orange products, indicating the volatility of the
complexes. A general trend is that the volatility decreases with the increasing molecular weights
of the complexes.t’” However, 1 and 2 have slightly higher sublimation temperatures despite
having lower molecular weights than 3-6. These higher sublimation temperatures of 1 and 2,
compared to 3-6, can be explained based on the size of the Ln3* center and the bulkiness of the
LBuHd Jigand. La®* and Pré* have larger ionic radii than the Gd®*, Er®*, Lu®*, and Y®* ions. Hence,
the L®BUHI Jigand may not have the correct steric profile to shield the large La®* and Pr* metal
centers completely from the surroundings. As a result, the tendency of La®>* and Pr¥* in 1 and 2 to
make intermolecular interactions with the neighboring molecules is higher than in 3-6. These
intermolecular interactions can decrease the volatility of 1 and 2, making their sublimation

temperatures higher than 3-6.
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Table 2. Sublimation temperatures and decomposition temperatures for 1-6

Sublimation temperature Decomposition Molecular Weight of
Complex
(°C, 0.50 Torr) temperature (°C) Ln("®“Hyd)s (g/mol™?)
1, La(®'Hyd)s 185 259 688.73
2, Pr(®®“Hyd)s 170 293 690.73
3, Gd(*®'Hyd)3 160 290 707.08
4, Er(®“Hyd)s 165 289 717.08
5, Lu(®'Hyd)s 170 276 724.79
6, Y(®BUHyd)s 155 285 638.73

Thermal decomposition temperatures of 1-6 were determined by heating a few milligrams
of each complex in a sealed capillary tube, using a melting point apparatus with a ramp of 5 °C/min.
The complexes were then visually examined for signs of decomposition upon heating. Complexes
2-6 turned reddish-brown between 275 and 290 °C, indicating their gradual thermal
decomposition, while La complex 1 showed the same color change at a slightly lower temperature
(~260 °C). The lower thermal stability observed for La complex 1, compared to 2-6, could arise
due to the differences in the charge to size ratio of Ln®*" in 1-6. As mentioned before, La** has the
largest ionic radius across the lanthanide series and Lu®* has the smallest ionic radius. For Ln*",
the charge to size ratio increases from La** to Lu*. Hence, Lewis acidity of Ln®" increases across
the lanthanide series from La®* to Lu®*. As a result, for Ln(*®“Hyd)s complexes, the metal to ligand
bond strengths can be expected to increase from La3* to Lu®*. Accordingly, the Ln-L®""d honds
in La(®®'Hyd)s 1 are expected to be weaker and longer than the Ln-L®""9 bonds in 2-6, making 1

less thermally stable than 2-6. This gradual decrease of Ln-X (X=Lewis basic donor atom such as
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O and N) distance across the lanthanide series from La* to Lu®* is expected for lanthanide
complexes due to the lanthanide contraction and has been confirmed by a few studies with different
classes of lanthanide complexes.'’® 1® Further, ligands that do not have the correct steric profile
to shield the Ln®" ions can also lead to less stable complexes. As mentioned earlier, the inability
of the LB |igand to protect the La®* center from interacting with the neighboring molecules can
increase the decomposition of the 1 at low temperatures.'® Complexes 2-6 possess decomposition
temperatures that are about 100 °C above their corresponding sublimation temperatures. This is a
favorable sign that these complexes have the potential to be delivered into the deposition chamber
during ALD with minimal or no thermal decomposition.

To obtain more insights into the volatility and thermal behavior of 1-6, TGA analyses were
carried out inside an argon-filled glove box with a ramp of 10 °C/min using a few milligrams of
each complex obtained by sublimation. Representative TGA traces recorded for 1-6 are given in
Figure 26. The TGA traces show clean volatilizations of 1-6 with single-step weight losses.
Volatilizations start at around 250 °C and result in low nonvolatile residual masses (1, 11%, 2,
10%, 3, 12%, 4, 8%, 5 and 6, 10%) after 500 °C. As previously mentioned in the introduction
chapter of this thesis, the presence of a single step weight loss is important for an ALD precursor
since it indicates the volatilization of one type of a species (preferably the targeted metal
complexes). Volatilization without decomposition is helpful to prevent contamination of the films
from other volatile products and to maintain self-limited ALD growth. Table 3 summarizes the
percent of nonvolatile residues after 500 °C, the onset of volatilization where complexes start to
lose weight at atmospheric pressure, and the temperatures where 50% weight losses take place
(Tso%) for 1-6. The 50% weight losses of 1-6 take place at a temperature of around 270 °C. This

temperature is important in calculating the delivery temperature for the ALD process development
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as previously explained in the introduction chapter, and for 1-6, a delivery temperature in the ALD

reactor of around 170 °C can be suggested.
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Figure 26. TGA Traces of lanthanide tert-butyl hydrazonate complexes 1-6.

Table 3. Percent nonvolatile residue, onset temperature of volatilization, and temperature at 50%
weight loss for 1-6.

Residual mass Onset of Temp. where 50% mass
Complex
% volatilization (°C) loss takes place (°C)
1, La(®UHyd)s 11 250 278
2, Pr(®'Hyd)s 10 250 270
3, Gd(®Hyd)s 12 240 268
4, Er(®“Hyd)s 8 245 270
5, Lu(®'Hyd)s 10 250 275
6, Y(B'Hyd)s 10 255 280
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To broaden the understanding of the thermal behavior of these lanthanide hydrazonates, 1
(La(®UHyd)s) and 6 (Y (B“Hyd)s) were subjected to heating for 24 h in sealed glass ampoules at
two temperatures: a) corresponding sublimation temperatures at low pressure and b) upper limit
of the ALD delivery temperature in our ALD system (190 °C). To evaluate the complex stability,
'H NMR spectra were recorded before and after each heat experiment and observed for any
changes in the chemical shifts or emergence of new resonances due to thermal decomposition.
Accordingly, 1 and 6 were heated under atmospheric pressure for 24 h at 180 °C and 160 °C,
respectively, which are close to their sublimation temperatures. Complex 6 was also heated for 24
h at 190 °C, which is close to the upper temperature limit of the precursor delivery system in our
ALD reactor. Interestingly, as depicted in Figure 27, the *H NMR spectra of 6 recorded before and
after heating did not show any significant changes in the chemical shifts or in the number of proton
resonances at both temperatures. These observations suggest that 6 can maintain a good thermal
stability for a long period of time at its expected delivery temperature of ~170 °C in an ALD
reactor. By contrast, La complex 1 was completely decomposed after heating for 24 h at 180 °C,

showing no proton resonances corresponding to the parent compound (Figure 28).
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Figure 27.*H NMR spectra of 6 before and after heating for 24 h at 160 and 190 °C.
The resonance at around 6 7.16 is from the benzene-ds solvent residual protons.
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Figure 28.'H NMR spectra of 1 before and after heating for 24 h at 180 °C. The resonance at
around o 7.16 is from the benzene-ds solvent residual protons.

Since Y complex 6 showed a good thermal stability at its delivery temperature, we sought
to evaluate its long-term thermal stability at 275 °C for 1 h, which is a common ALD deposition
temperature for Ln,O3 thin films in the literature.%” 12% 181182 Dyring the heating process, 6
underwent a slight color change from bright yellow to pale orange. However, the *H NMR of 6
(Figure 29) remained unchanged before and after the heat treatment. This observation further

confirms the possibility of using 6 as a precursor for yttrium oxide ALD.
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Figure 29. 'H NMR spectra of 6 before and after heating for 24 h at 275 °C. The resonance at
around o 7.16 is from the benzene-ds solvent residual protons.

2.3 Conclusions

This chapter introduces a new class of lanthanide complexes containing tert-butyl
hydrazonate ligands. La, Pr, Gd, Er, Lu, and Y complexes were synthesized to cover the whole
lanthanide series, representing early, mid, and late lanthanides. Complexes 1-6 sublimed in the
155-185 °C temperature range at 0.5 Torr, demonstrating their volatility at reduced pressure. TGA
traces of 1-6 show single-step weight losses with <12% non-volatile residues, indicating clean
volatilization and minimal thermal decomposition. Compared to lanthanide p-diketonate
complexes, which are stable in air, 1-6 are reactive in the presence of air and moisture, suggesting
their possible reactivity towards mild oxygen sources such as water for the ALD of LnOs. Further,
the absence of unwanted atoms such as Si and F in the tert-butyl hydrazone ligand backbone is
another advantage of these precursors, because complexes with Si containing ligands can
incorporate Si impurities into the films and complexes with F containing ligands can form HF that

can etch the films and reactor parts.'?® 13 Hence, these lanthanide tert-butyl complexes will be a
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useful addition to the limited volatile lanthanide ALD precursors available so far to obtain high

purity Ln.Oz films with enhanced electrical properties.

2.4 Experimental Section
General Consideration

All reactions and manipulations for the synthesis of lanthanide complexes included in this
chapter were carried out under an inert atmosphere of argon or nitrogen using standard Schlenk
and glove box techniques, except that the hydrazone ligand was synthesized under ambient
atmosphere. Tetrahydrofuran and diethyl ether were distilled from purple colored solutions of
sodium/benzophenone ketyl under an argon atmosphere and hexane was distilled from sodium
under an argon atmosphere. Anhydrous powders of LaCls, GdCls, ErCls, LuCls, and YClIs were
purchased from Strem Chemicals, Inc. and anhydrous PrCls was purchased from Sigma Aldrich
and ProChem Inc. The anhydrous lanthanide chlorides were used as received. Potassium hydride
(30 wt % dispersion in mineral oil) was purchased from Sigma Aldrich and was washed with
hexane and dried under reduced pressure before use. Tert-butyl hydrazine hydrochloride and
pinacolone were purchased from Across Organics, and SeO2 was purchased from Sigma Aldrich.
3,3-Dimethyl-2-oxobutanal (tert-butyl glyoxal) was prepared following a published procedure,
except that a neat reaction mixture of pinacolone and SeO> was refluxed for 24 h without adding
methanol and water as solvents,183

'H and *C{*H} NMR spectra were recorded using an Agilent 400 MHz spectrometer at
400 and 100 MHz, respectively, in benzene-ds or toluene-ds. NMR spectra were referenced to the
residual proton and carbon resonances of the corresponding NMR solvent. All spectra were
recorded at ambient temperature unless otherwise noted. Infrared spectra were acquired using a

Shimadzu IRTracer-100 spectrometer. Melting points and solid-state thermal decomposition
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temperatures were determined using an Electrothermal-1A-9000 series digital melting point
apparatus with a heating rate of 5 °C/min. TGA data were obtained using a TA Instruments TGA
Q-50 apparatus inside an argon-filled glovebox with a ramp of 10 °C/min. Elemental analyses
were performed by Midwest Micro Lab, LLC., Indianapolis, IN.

Preparation of La(®®“Hyd)s (1).

A 100 mL Schlenk flask was charged with a magnetic stir bar, tert-butyl hydrazone
LH®""d (0.800 g, 4.34 mmol), and tetrahydrofuran (30 mL). The stirred solution at ambient
temperature was slowly added to solid KH (0.209 g, 5.21 mmol), and the resulting mixture was
stirred for 18 h at ambient temperature. The KL®!""d solution was then slowly added dropwise to
a stirred suspension of anhydrous LaCls (0.355 g, 1.45 mmol) in tetrahydrofuran (10 mL). The
resultant bright yellow solution was stirred for 24 h at ambient temperature. The volatile
components were removed under reduced pressure, and resultant yellow powder was subjected to
sublimation at 185 °C/0.5 Torr to afford 1 as a yellow solid (0.309, 31%): mp 259 °C dec; *H NMR
(benzene-ds, 23 °C, 8) 7.65 (s, 3 H, CH), 1.42 (s, 27 H, NC(CH3)3), 1.13 (s, 27 H, C(CH3)a);
BC{*H} NMR (benzene-ds, 23 °C, §) 175.12 (s, C-O), 119.29 (s, CHN), 64.43 (s, NC(CHz)s3),
38.60 (s, CC(CHs3)s), 28.99 (s, NC(CHs3)s), 28.45 (s, CC(CHs3)3); IR (cm™) 2959 (m), 1481 (m),
1329 (s), 1179 (s), 1101 (s), 982 (m), 876 (m), 799 (m), 500 (s). Anal. Calcd for C3oHs7LaNgOs:
C, 52.32; H, 8.34; N, 12.20. Found: C, 51.08; H, 7.70; N, 11.62.

Preparation of Pr(®®UHyd)s (2).

In a fashion similar to the preparation of 1, treatment of anhydrous PrClz (0.358 g, 1.45
mmol) with a solution of KL®'" (prepared from LH®Hd (0.800 g, 4.34 mmol) and KH (0.209
g, 5.21 mmol) in tetrahydrofuran (30 mL)) afforded 2 (0.377 g, 38%) as an orange solid upon

sublimation at 170 °C/0.5 Torr: mp 293 °C dec; IR (cm™) 2959 (m), 1510 (m), 1333 (s), 1179 (s),
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1101 (s), 984 (m), 876 (m), 799 (m), 501 (s), 422 (m). Anal. Calcd for C3oHs7PrNsO3: C, 52.16;
H, 8.32; N, 12.16. Found: C, 51.46; H, 8.28; N, 11.98.
Preparation of Gd("®“Hyd)s (3).

In a fashion similar to the preparation of 1, treatment of anhydrous GdCls (0.381 g, 1.45
mmol) with a solution of KL®WI (prepared from LH®'™ (0.800 g, 4.34 mmol) and KH (0.209
g, 5.21 mmol) in tetrahydrofuran (30 mL)) afforded 3 (0.428 g, 42%) as an orange solid upon
sublimation at 160 °C/0.5 Torr: mp 290 °C dec; IR (cm™) 2959 (m), 1512 (m), 1327 (s), 1179 (s),
1105 (s), 984 (m), 878 (w), 800 (m), 799 (m), 503 (s), 405 (m). Anal. Calcd for C3oHs7GdNgOs:
C, 50.96; H, 8.12; N, 11.89. Found: C, 50.47; H, 8.05; N, 11.58.
Preparation of Er("®YHyd)s (4).

In a fashion similar to the preparation of 1, treatment of anhydrous ErClz (0.396 g, 1.45
mmol) with a solution of KL®"? (prepared from LH®!™ (0.800 g, 4.34 mmol) and KH (0.209
g, 5.21 mmol) in tetrahydrofuran (30 mL)) afforded 4 (0.432 g, 42%) as an orange solid upon
sublimation at 165 °C/0.5 Torr: mp 289 °C dec; IR (cm™) 2959 (m), 1514 (m), 1331 (s), 1177 (s),
1107 (s), 984 (m), 879 (w), 802 (m), 505 (s), 401 (m). Anal. Calcd for C3oHs7ErNeOs: C, 50.25;
H, 8.01; N, 11.72. Found: C, 49.99; H, 8.00; N, 11.49.
Preparation of Lu(®'Hyd)s (5).

In a fashion similar to the preparation of 1, treatment of anhydrous LuCls (0.407 g, 1.45
mmol) with a solution of KL®™ (prepared from LH®Hd (0.800 g, 4.34 mmol) and KH (0.209
g, 5.21 mmol) in tetrahydrofuran (30 mL)) afforded 5 (0.374 g, 36%) as a yellow solid upon
sublimation at 170 °C/0.5 Torr: mp 276 °C dec; *H NMR (benzene-ds, 23 °C, §) 7.67 (s, 3 H, CH),
1.39 (s, 27 H, NC(CHa)3), 1.14 (s, 27 H, C(CHs)3); *C{*H} NMR (benzene-ds, 23 °C, §) 176.75

(s, C-0), 119.22 (s, CHN), 65.08 (s, NC(CHs)s), 38.66 (s, CC(CHa)3), 29.39 (s, NC(CHs)3), 28.38
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(s, CC(CHa)s); IR (cm™) 2965 (m), 1514 (m), 1333 (s), 1173 (s), 1109 (m), 982 (w), 879 (W), 804
(m), 505 (s), 405 (m). Anal. Calcd for C3oHs7LuNeOs: C, 49.71; H, 7.93; N, 11.60. Found: C,
49.54; H, 7.89; N, 11.30.
Preparation of Y (*®UHyd)s (6).

In a fashion similar to the preparation of 1, treatment of anhydrous YClIs (0.283 g, 1.45
mmol) with a solution of KL®WI (prepared from LH®'™ (0.800 g, 4.34 mmol) and KH (0.209
g, 5.21 mmol) in tetrahydrofuran (30 mL)) afforded 6 (0.386 g, 42%) as a yellow solid upon
sublimation at 155 °C/0.5 Torr: mp 285 °C dec; *H NMR (benzene-ds, 23 °C, §) 7.70 (s, 3 H, CH),
1.38 (s, 27 H, NC(CH3)3) 1.14 (s, 27 H, C(CHa)s; *C{*H} NMR (benzene-ds,23 °C, ) 176.05 (s,
C-0), 118.74 (s, CHN), 64.67 (5, NC(CHs)s), 38.65 (5, CC(CHa)s), 29.29 (s, NC(CHa)s), 28.38 (s,
CC(CH3)3); IR (cm™) 2965 (m), 1508 (m), 1333 (s), 1175 (s), 1086 (s), 1009 (m), 877 (w), 804
(m), 507 (s), 405 (m). Anal. Calcd for C3oHs7YNsOs: C, 56.41; H, 8.99; N, 13.16. Found: C, 55.94;

H, 9.01; N, 12.93.
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CHAPTER 3

Evaluation of Volatility and Thermal Stability in Monomeric and Dimeric Lanthanide(l11)
Complexes Containing Enaminolate Ligands
Reprinted (adapted) with permission from Jayakodiarachchi, N.; Evans, P. G.; Ward, C. L.; and
Winter, C. H. Organometallics 2021, 40, 1270—1283. Copyright © 2021, American Chemical
Society.

3.1 Introduction

Binary lanthanide(III) oxide thin films and ternary analogs containing other metal ions are
of interest for applications as high dielectric constant (k) materials in transistors and memory
devices, since their k values can be higher than currently used materials such as HfO,.3% 184187
Oxide thin films of the formula LnAlO3 (Ln = La, Pr, Nd) grown on single crystal SrTiOs3 substrates
have been studied in detail for their two-dimensional electron gas properties, where the electrical
resistivities at the LnAlO3/SrTiOs interfaces are very low.% 3% 37 188191 For both high-« dielectric
applications and two-dimensional electron gas materials, the interfaces between the oxide
materials and the substrates need to be atomically smooth for optimum performance. 3% 3% 57 188-
192 Other applications of lanthanide-containing oxides include luminescent materials, optical
materials, materials for quantum computing, superconductors, catalysis, and materials for
advanced microelectronics.'?*"” While many methods can be used to deposit oxide films, atomic
layer deposition (ALD) can afford films that are atomically smooth, in addition to providing
Angstrom-level thickness control and perfect conformal coverage in high aspect ratio nanoscale
features.” ' Increasingly, synthesis and crystallization methods are taking advantage of three-
dimensional nanoscale features in which conformality and thickness uniformity of ALD are
advantageous. The scope of applications of oxides created using ALD includes a range of optical

and electronic devices incorporating nanoscale crystalline features.””® The conformality and

precision are possible because of the self-limited growth mechanism in ALD.
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ALD requires chemical precursors that are volatile, thermally stable at the deposition
temperatures, and highly reactive toward a second reagent.’®> '! Many different ligands have been
employed to create volatile and thermally stable lanthanide precursors for film growth by ALD.%

89, 201-203

Ligands in previously reported precursors have included f-diketonate, cyclopentadienyl

89,206 and

and substituted cyclopentadienyl,®® 3% 126 204, 205 1yig(trimethylsilyl)amide,® alkoxide,
amidinates and guanidinates.®® 103 125, 207, 208 A(ditionally, volatile lanthanide complexes
containing N,N-dimethylaminodiboranate ligands have been recently reported, but have not been
tested in ALD growth.2%2!! Currently available lanthanide precursors have exhibited several
problems in ALD growth, including the low reactivity of f-diketonate precursors towards water as
a co-reactant, substrate oxidation when using ozone as a co-reactant, low thermal stability, and

lack of true self-limited growth. As a result, there is ongoing need for volatile, thermally stable

lanthanide precursors for ALD that address these issues.

In envisioning new structures that might lead to new volatile and thermally stable
lanthanide complexes, we focused our attention on bidentate ligands that contain very strong bonds
within the ligand backbones to promote high thermal stability. Enaminolate ligands L'-L* (scheme
2) are obtained upon deprotonation of f-amino ketones and contain a strong central C=C bond that
should contribute high thermal stability to lanthanide complexes. The tert-butyl group is present
to confer steric bulk, which should disfavor solvent coordination and may encourage monomeric
complex formation. Moreover, there is only one acidic hydrogen atom site for enolate formation
in ketones of the formula tBuC(=O)CH:NR>, thereby eliminating the formation of isomeric
enolates. Finally, the f-amino ketone PhC(=0)CH,NMe: has a pKa value of 23.55,%'? which
)‘101

ensures that the deprotonated enaminolates will react rapidly with water (pKa 14.00 or 15.7

This situation should allow use of water as a co-reactant in ALD processes. There have been
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several reports of structurally characterized K, Ni, Zr, Zn, and P complexes containing enaminolate
ligands that are similar to L'-L3.213-21® No lanthanide complexes containing enaminolate ligands
have been described to date. Herein, we report the synthesis, structure, volatility, and thermal
stabilities of lanthanide complexes containing enaminolate ligands.

Scheme 2. Enaminolate ligands used in this study.

H tBu

RN O

L', NR, = NMe,
L2, NR, = N(CH,),
L3, NR, = N(CH,)s

3.2 Results and Discussion
Synthesis of New Complexes.

The p-amino ketones L'H-L?H were prepared upon treatment of the bromomethyl ketone
with secondary amines, as described in the experimental section. The potassium salts of L!-L?
(Scheme 2) were prepared by treatment of L'H-L°H with one equivalent of KH in THF. These
freshly prepared solutions were treated directly with anhydrous LnCl3 to afford complexes 7-21,
as outlined in equations 4-8 and in the experimental section.

Initial synthetic efforts explored the treatment of PrCls, ErCls;, and YCIz with three
equivalents of KL' in THF. Workup, followed by crystallization from diethyl ether, led to slow
crystallization of the L'H adducts 7-9 in low, variable yields, apparently through partial hydrolysis
and then formation of highly crystalline 7-9. After obtaining X-ray crystal structures (vide infra),
the syntheses of 7-9 were optimized by treatment of KL' (3 equiv) and L'H (1 equiv) with LnCls
(Ln = Pr, Er, Y) to afford 7-9 in 30-36% yields after crystallization from diethyl ether (equation
4). The yields of 7-9 are low because of their high solubilities in diethyl ether. By contrast,

sublimation of the crude reaction mixtures obtained upon treatment of KL' (3 equiv) with LnCls
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(Ln=Pr, Er, Y) at 100 to 120 °C (0.5 Torr) afforded the homoleptic complexes 10-12 in 36-56%
yields. Complexes 10-12 were also accessed upon sublimation of 7-9 in 42-52% yields, with loss
of coordinated L'H, as shown in equation 5. Sublimation of 7-9 was also accompanied by some
decomposition to afford non-volatile residues, thus leading to the moderate yields. The remaining
complexes 13-21 were obtained in 37-56% yields upon treatment of KL', KL?, or KL? (3 equiv)
with LnCl3 (Ln = La, Pr, Nd, Er, Lu, Y) in THF (eqs 4-8), followed by sublimation at the

temperatures described in the experimental procedures.

H H, THF, 20 h
Me. _C tBu Me.. _C tBu -3 KCI
3 l}l Y + [}j \”/ + LnCly ————— tBu )
Me oOK* Me (e} N
tBu Me,N
NMeg o_(
RVAT e,
tBu Oln--Pr;;“‘NMeZ iB LH—N
tBu \/ 0= 2 tBu
NMe, tBu y
tBu
7,Ln =Pr, 30% 8,Ln=Er 33%
9,Ln=Y, 36%
sublimation
100-120 °C
7-9 0 T |_1H= [Ln(l-1)3]n (5)
-5 Torr, - 10, Ln = Pr, 42%
11, Ln =Er, 44%
12, Ln =Y, 52%
tBu l/\/le
Me = BU~ZN-me
B4 Me\}\, Me;N, O h(leMe O\‘: o -Bu
N s, ~ T
3n M N/\/tB“ + nlLnCl; THF, 20h_ 0, //QI‘F?HWNQ”N M . ]/
Mo oKt -6 KCl IN?Nd o~ S~o NP (6)
Vo | \BuS NMe BU Me=NT 2y Ty
® 0 NMe, Me §(
— 13, Ln = Nd =
tBu , Ln , tBu 14, Ln = Lu,

n=2,37% n=1,40%
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/,, O
o TH6F,K2C0| h tBu o f’\l/\w/tBu"," I N
tBu - s ", ‘\\OI ............... La"‘\
6 @‘/\/ + 2 LaCls —penSublime. L (—La ool

oK’ 160 °C/0.5 Torr Q/ \QJ&NQ tBu
0

tBu— ~ O 16, Ln = La, 39%
”@ o Tz
3 Ol/\(tB“ + LnCl THg }fé‘rlh G 19, Ln = Er, 50% (8)
oK* - 5 20, Ln = Lu, 40%
21, Ln=Y, 56%
tBu

Complexes 7-21 were characterized by a combination of X-ray crystallography (7-9, 13-
15, 19, 20), 'H nuclear magnetic resonance (NMR) spectroscopy (9, 12, 14-16, 20, 21), *C{'H}
NMR spectroscopy (9, 12, 14-16, 20, 21), infrared spectroscopy, melting points, and CHN
microanalyses. The X-ray crystal structures are presented below and the line drawings in equations
4-8 represent the molecular structures that were observed for 7-9, 13-15, 19, and 20. 'H and
BC{'H} NMR spectra of the diamagnetic La, Lu, and Y complexes 9, 12, 14-16, 20, and 21 at
ambient temperature in benzene-ds showed the expected resonances for L!, L'H, L?, or L? ligands,
as appropriate (Figure 30 to 36). The L'-L? ligands in 9, 12, 14-16, 20, and 21 share common vinyl
C-H and tBu moieties. The vinyl C-H resonances were observed as a sharp singlet in each spectrum
between 5 4.55 and 4.96. The tBu groups appeared as a sharp singlet in each spectrum in the narrow

range of 5 1.24 to 1.29. In the "H NMR spectrum of 9 at ambient temperature, separate resonances

were observed for the L' and L'H ligands, in a 3:1 ratio (Figure 30).
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Figure 30. *H NMR Spectrum of 9 in benzene-ds at 23 °C.
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Figure 32. 'H NMR Spectrum of 14 in benzene-ds at 23 °C.
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The variable temperature '"H NMR spectra of 9 are described below. The infrared spectra
of 7-21 each show a medium to strong absorption between 1575 and 1618 cm™! for the L!, L?, or
L* C=C bonds and C-O single bond stretches between 1325 to 1337 cm™’. For comparison, the
C=0 double bond stretches in L'H-L*H appear at 1717-1718 cm™ and L'H-L*H do not show C=C
or C-O single bond stretches. In addition to the L' C-O single bond stretches, the C=0 double bond
stretches for the coordinated L'H ligands in 7-9 appear between 1678 and 1686 cm™! (Figure 37).
Complexes 7-16 and 18-21 gave H and N microanalysis values that were within £0.4% of the
calculated values. However, the C microanalysis values for 7-13, 15, 16, and 18-21 were up to a
few percent lower than the calculated values, despite multiple sample submissions and use of
combustion enhancement. The lower C values in microanalyses might arise from refractory metal
carbide formation. Several previous reports have reported similar low C microanalysis values in
lanthanide complexes containing oxygen-based ligands.!®- 174 175 217. 218 Dyegpite multiple
submissions, 17 did not afford CHN microanalysis values that were within +£0.4% of the calculated

values. To understand the solution structures of adducts 7-9, variable temperature 'H NMR spectra
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L 40
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Figure 37. Infrared Spectrum of 7.
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were recorded for the diamagnetic Y complexes 9 and 12 in toluene-ds. The behavior of 12 was
determined first (Figure 38). At 20 °C, sharp singlets were observed at § 4.52 (C-H), 2.39 (NMe>),
and 1.20 (¢Bu). The '"H NMR spectrum at 60 °C revealed sharp singlets at 5 4.52 (C-H), 2.40
(NMe»), and 1.17 (tBu), which are essentially identical to the chemical shifts at 20 °C. Upon
cooling to -60 °C, the spectrum was very similar to those at 20 and 60 °C, with chemical shifts at
5 4.55 (C-H), 2.36 (NMe), and 1.31 (¢Bu). The solid state structure of 12 was not determined
because X-ray quality crystals could not be grown, but it is likely a monomer (by analogy with 14)
or a dimer (by analogy with 13). Observation of sharp resonances between —60 and +60 °C and
minor chemical shift changes with temperature are consistent with either a monomeric structure
or a dimeric structure where the exchange rate between the bridging and terminal L' ligands is

rapid on the NMR time scale.
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Figure 38. Variable Temperature *H NMR Spectra of 12 in toluene-ds. The resonance at
around 6 2.09 is from toluene-ds solvent residual protons.

The variable-temperature 'H NMR spectra of 9 were explored next (Figure 39). At 20 °C
in toluene-ds, 9 exhibited resonances at & 4.52 (C—H), 2.39 (NMe.), and 1.21 (tBu) for the L'
ligands and at § 3.01 (CHz), 2.21 (NMe»), and 0.95 (¢Bu) for the L'H ligand. The L!:L'H integration
was 3:1. Interestingly, the L! resonances in 9 at 20°C had exactly the same chemical shifts as for
12 at the same temperature. Moreover, the chemical shifts of pure L'H in toluene-ds at 20 °C (5
2.98 (CHz), 2.16 (NMe,), and 0.96 (tBu)) were very close to those exhibited by the L'H ligand in
9 at 20 °C. These chemical shift values suggest that L'H is weakly bound to the Y ion in 9 at 20
°C and that the equilibrium 9 < 12 +L'H lies to the right under these conditions. Increasing the
temperature to 60 °C led to resonances at § 4.52 (C—H), 2.40 (NMe), and 1.16 (¢Bu) for the L!

ligands and at § 2.99 (CHz), 2.18 (NMe>), and 0.98 (¢Bu) for the L'H ligand. These chemical shifts
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are essentially identical to those observed at 20 °C. The 'H NMR spectrum at —60 °C consisted of
three tert-butyl resonances at 6 1.49, 1.37, and 0.67, in a 2:1:1 ratio. The resonance at 6 0.67 arose
from the L'H ligand and showed an upfield shift of § 0.28 upon cooling from +20 to —60 °C. The
resonances at 0 1.49 and 1.37 existed as a single resonance at 6 1.39 at —40 °C and coalesced into
two resonances at —50 °C. The NMe; resonances at —60 °C consisted of a sharp resonance at 6
2.68 and broad resonances at 6 2.60 and 2.44. These resonances overlapped too much to allow an
accurate relative integration. The enolate C—H resonance appeared at —60 °C as a slightly
asymmetric singlet at § 4.63. When these data are taken together, the '"H NMR spectrum of 9 at
—60 °C is consistent with the solid-state structure described below and shown in eq 4, since this
structure would exhibit three fert-butyl resonances in a 2:1:1 ratio. When the temperature was
increased to above —50 °C, the rate of exchange between the x*-L! and x'-L! ligands became rapid
on the NMR time scale and only a single tert-butyl resonance was observed for the L! ligands. The

L'H ligand retains separate resonances over the =60 to +60 °C temperature range.
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3.3 X-ray Crystal Structures

X-ray crystal structures were determined for 7-9, 13-15, 19, and 20 to understand the
molecular structures (Figure 40 to 46). The data for 15 were of lower resolution and are not
discussed herein but were sufficient to establish the overall dimeric structure and ligand

connectivity. Crystallographic data are summarized in Tables 4 and 5.

Table 4. Crystal Data and Data Collection Parameters for 7-9 and 13-14.

7 8 9 13
Formula Cs2HesN4O4Pr | CaaHesErNsO4 | Cs2HesNsO4Y | CasHosNsNd206
FW 710.79 737.14 658.79 1141.78
space group | C2/c P21/n P21/n P21/n
a(A) 30.5956(19) | 11.7598(4) 11.7855(5) 11.1563(12)
b (A) 17.0132(8) 16.0023(6) 16.0308(6) | 12.9057(14)
c(A) 15.9490(8) 20.3810(7) 20.3944(7) | 39.627(4)
V(A3 7542.1(7) 3721.5(2) 3737.0(2) 5655.8(10)
Z 8 4 4 4
Temp (K) 100(1) 100(1) 100(1) 100(1)
Pealed (g €M) | 1.252 1.316 1.171 1.341
A (A) 0.71073 0.71073 0.71073 0.71073
i (mm) 1.328 2.291 1.597 1.862
R(F)(%) 4,58 2.67 3.26 6.89
WR(F)(%) 11.60 5.27 7.09 11.81

R(F) =Y [|Fo |-

Fe|| /3| Fo|; wR(F) = [Yw(Fo? - Fc?)2/yw(Fo?)?]Y2 for 1 > 25(]).
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Table 5. Crystal Data and Data Collection Parameters for 14, 15, 19 and 20.

14 15 19 20
Formula C24H4sLUN3O3 | CeoH10sLa2NsOs | C33HeoErN3Os | CasHeoLUN3O3
FW 601.62 1287.34 714.10 721.81
space group | P21/n C2/c P2; P2;
a(A) 9.7510(6) 21.6485(9) 9.8447(7) 9.8745(5)
b (A) 21.5897(13) 16.9744(8) 15.9493(11) | 15.8943(8)
c(R) 14.4442(8) 17.2690(8) 11.6776(8) | 11.6918(6)
V(A3 2889.8(3) 6316.3(5) 1729.8(2) 1732.24(15)
Z 4 4 2 2
Temp (K) 100(1) 100(1) 100(1) 100(1)
peaied (g cm®) | 1.383 1.1.354 1.371 1.384
A (A) 0.71073 0.71073 0.71073 0.71073
u (mm?) 3.441 1.385 2.460 2.883
R(F)(%) 2.16 9.27 4.10 2.94
WR(F)(%) 4.40 27.87 9.03 6.14
Flack -0.012(9) 0.022(13)
Parameter

R(F) =Y [[Fo|-|Fel[ /| Fo|; WR(F) = [Tw(Fo? - Fc?)/yw(F0?)?2 for | > 25(l).
Figures 40—46 show representative perspective views of 7-9, 13-15, 19, and 20,
respectively, as well as selected bond lengths and angles. Single crystals of sufficient quality for
structure determinations could not be obtained for 10-12, 16-18, and 21. Complex 7 crystallizes as

an eight-coordinate monomer with three x2-L! ligands and one «?-L'H ligand bonded to the Pr ion
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(Figure 40). The «?-L* ligands are characterized by Pr—O bond distances of 2.332(3), 2.309(3), and
2.44(1) A and Pr-N bond lengths of 2.846(4), 2.739(4), and 2.84(2) A. The longer Pr-O1C
distance may reflect steric crowding about the eight coordinate Pr ion. In contrast, the Pr-N
distances fall within a narrow range of 2.74—2.85 A. The k?-L'H ligand has Pr—O and Pr—N bond
lengths of 2.43(1) and 2.79(2) A. The Pr—O4 distance is identical with that of Pr—O3 within
experimental error. The Pr—N bond length is within the same range as those observed for the «?-
L! ligands. The enolate C—C distances within the ligand backbones allow unambiguous assignment
of the L and L!H ligands. Thus, the CIA—C2A, C1B—C2B, and C1C—C2C bond lengths are
1.339(7), 1.352(7), and 1.38(8) A, respectively, and are close to the value expected for a C—C
double bond (~1.32 A). In contrast, the C1D—C2D distance is 1.47(2) A, which is in the range for

a C—C single bond.
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Figure 40. Perspective view of 7 with thermal ellipsoids at the 50% level.

Selected bond lengths (A) and angles (°): Pr-O1A 2.332(3), Pr-O1B 2.309(3), Pr-O1C 2.44(1), Pr-
O1D 2.43(1), Pr-N1A 2.846(4), Pr-N1B 2.739(4), Pr-N1C 2.84(2), Pr-N1D 2.79(2), C1A-C2A
1.339(7), C1B-C2B 1.352(7), C1C-C2C 1.38(2), C1D-C2D 1.47(2); O1A-Pr-O1B 124.9(1), O1A-
Pr-O1C 88.6(3), O1A-Pr-O1D 124.9(3), O1B-Pr-O1C 116.6(3), O1B-Pr-O1D 83.2(3), O1C-Pr-
01D 122.6(5), O1A-Pr-N1A 63.6(1), O1A-Pr-N1B 75.7(1), O1A-Pr-N1C 75.7(4), O1A-Pr-N1D
153.3(3), O1B-Pr-N1A 156.6(1), O1B-Pr-N1B 64.7(1), O1B-Pr-N1C 75.7(3), O1B-Pr-N1D
79.5(3), O1C-Pr-N1A 83.5(3), O1C-Pr-N1B 159.2(3), O1C-Pr-N1C 61.8(4), O1C-Pr-N1D
68.9(4), O1D-Pr-N1A 75.4(3), O1D-Pr-N1B 78.0(3), O1D-Pr-N1C 157.1(4), O1D-Pr-N1D
62.6(4), N1A-Pr-N1B 101.1(1), N1A-Pr-N1C 100.5(4), N1A-Pr-N1D 98.5(3), N1B-Pr-N2C
100.5(4), N1B-Pr-N2D 129.3(3), N1C-Pr-N1D 104.1(5).
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Complex 8 crystallizes as a seven-coordinate monomer that contains two «?-L! ligands,
one oxygen-bound «*-L! ligand, and one «?-L'H ligand (Figure 41). The lower coordination
number of 8, in comparison to 7, is consistent with the smaller ionic radius of the Er®* jon (0.890
A) relative to the Pr®* ijon (0.990 A).%® The tert-butyl and dimethylamino groups are anti with
respect to each other across the enolate C=C bond in the k*-L! ligand. The «x?-L ligands have Er—O
bond distances of 2.183(2) and 2.200(2) A and Er—N bond distances of 2.559(2) and 2.619(2) A.
The k*-L? ligand has an Er—O distance of 2.121(2) A and is shorter than the related distances for
the x>-L* ligands because of lower steric interactions. The Er—N distance is 4.594(2) A for the k-
L! ligand and is clearly not a bonding interaction. The «?-L'H ligand has Er—O and Er—N distances
of 2.446(2) and 2.592(2) A, respectively. The C—C distances within the L! ligand backbones are
1.331(4), 1.334(4), and 1.338(4) A, which are consistent with C—C double bonds that are expected
for enolate ligands. In contrast, the C—C distance for the L*H ligand is 1.502(4) A, which is in the

range for a C—C single bond.
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Figure 41. Perspective view of 8 with thermal ellipsoids at the 50% level.

Selected bond lengths (A) and angles (°): Er-O1A 2.121(2), Er-O1B 2.446(2), Er-O1C 2.200(2),
Er-O1D 2.183(2), Er-N1B 2.592(2), Er-N1C 2.559(2), Er-N1D 2.619(2), C1A-C2A 1.331(4),
C1B-C2B 1.502(4), C1C-C2C 1.338(4), C1D-C2D 1.334(4); O1A-Er-O1B 86.63(7), O1A-Er-
01C 121.07(7), O1A-Er-O1D 91.62(7), O1B-Er-O1C 123.75(6), O1B-Er-O1D 81.52(6), O1C-Er-
01D 137.06(7), O1A-Er-N1B 80.89(7), O1A-Er-N1C 89.76(7), O1A-Er-N1D 157.31(7), O1B-
Er-N1B 63.58(6), O1B-Er-N1C 166.00(7), O1B-Er-N1D 81.52(6), O1C-Er-N1D 137.06(7), N1B-
Er-N1C 129.12(7), N1B-Er-N1D 107.65(7), N1C-Er-N1D 99.92(7).
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Complex 9 adopts a seven-coordinate structure which is very similar to that of 8, with two
«%-L! ligands, one oxygen-bound «!-L! ligand, and one x*-L'H ligand (Figure 42). Like 8, the
tertbutyl and dimethylamino groups are anti with respect to each other across the enolate C=C
bond in the x*-L* ligand. The structural similarities of 8 and 9 are not surprising, given the similar
ionic radii of Er¥* (0.890 A) and Y?* (0.900 A).® The «?-L* ligands have Y—O bond distances of
2.206(1) and 2.187(1) A and Y—N bond distances of 2.579(2) and 2.633(2) A. The «*-L?! ligand
has a Y—O distance of 2.128(1) A and is shorter than the related distances for the x>-L ligands
because of lower steric interactions. The nonbonding Y—N distance is 4.604(2) A for the x!-L?!
ligand and is identical with the related value in 8. The k?>-L'H ligand has Y—O and Y—N distances
of 2.457(1) and 2.612(2) A, respectively. The C—C distances within the L* ligand backbones are
1.337(3), 1.335(3), and 1.335(3) A, which are identical with the values in 8 and are consistent with
C—C enolate double bonds. The C—C single bond distance for the L*H ligand is 1.501(3) A, which

is identical with the values in 7 and 8.
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Figure 42. Perspective view of 9 with thermal ellipsoids at the 50% level.

Selected bond lengths (A) and angles (deg): Y-O1A 2.206(1), Y-O1B 2.187(1), Y-O1C 2.457(1),
Y—O1D 2.128(1), Y-NI1A 2.579(2), Y-NIB 2.633(2), Y-NI1C 2.612(2), CIA—C2A 1.337(3),
CIB—C2B 1.335(3), C1C—C2C 1.501(3), C1D—C2D 1.335(3); OlA-Y-O1B 136.64(5),
OlA-Y-OIC 123.80(5), O1A-Y-OID 120.81(5), OIB-Y-0O1C 81.93(5), O1B-Y-O1D
92.08(5),01C—Y—-0O1D 86.70(5), OIA-Y—N1A 69.05(5), OlA—Y—-NI1B 81.88(5), OlIA-Y—-NI1C
73.38(5), OIB—Y-NIA 85.07(6), OIB—Y-NIB 68.66(5), O1B-Y-NIC 144.84(5),
O1C-Y-NI1A 166.39(5), O1C-Y-NIB 79.01(5), O1C-Y-NIC 63.39(5), O1ID-Y-NIA
89.78(6), OID-Y-NIB 157.31(5), O1D-Y-NIC 80.88(5), N1A— Y—-NIB 99.97(6),
NIA-Y-NI1C 128.95(6), NIB-Y—N1C 107.65(6).
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Complex 13 adopts a dimeric structure which contains two L! ligands that bridge between
the Nd ions through the oxygen atoms and then two k?-L ligands that are bonded to each Nd ion
(Figure 43). Each Nd ion is seven-coordinate. The Nd1-Nd2 distance is 4.0205(7) A. The bridging
L! ligands are characterized by Nd—O distances of 2.410(5), 2.470(6), 2.466(6), and 2.455(5) A.
These values are essentially identical, although the Nd1-O1 distance may differ slightly from the
Nd1—-04 distance within experimental uncertainty. The Nd—N bond lengths associated with the
bridging L ligands are 2.595(7) and 2.610(7) A. The Nd—O bond lengths for the terminal x?-L*
ligands are 2.241(5), 2.256(8), 2.266(5), and 2.244(5) A. These values are shorter than those for
the bridging L! ligands, as expected. The Nd—N bond distances for the terminal «?-L* ligands are
2.852(9), 2.93(1), 2.819(7), and 2.848(7) A. Interestingly, these values are 0.20—0.35 A longer
than those associated with the bridging L! ligands, which may arise from greater steric interactions
upon forming Nd—N bonds in the terminal «?-L ligands. The enolate C—C distances within the L*
ligand backbones fall within the narrow range of 1.32(1)—1.33(2) A, which are consistent with

double bonds and are similar to the values in the L ligands of 7-9.
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Figure 43. Perspective view of 13 with thermal ellipsoids at the 50% level.

C36
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Selected bond lengths (A) and angles (deg): Nd1-Nd2 4.0205(7), Nd1-O1 2.410(5), Nd1-04
2.470(6), Nd1-05 2.241(5), Nd1-06A 2.256(8), Nd2—01 2.466(6), Nd2—02 2.266(5), Nd2—03
2.244(5), Nd2—04 2.455(5), Nd1-N4 2.610(7), Nd1-N5 2.852(9), Nd1-N6A 2.928(2), Nd2—N1
2.595(7), Nd2—N2 2.819(7), Nd2—-N3 2.848(7), C1-C2 1.33(1), C9—C10 1.32(1), C17—CI18
1.33(1), C25-C26 1.33(1), C33—C34 1.33(1), C41A-C42A 1.33(2); O1-Nd1-04 68.4(2),
O1-Nd1-05 88.0(2), O1-Nd1-06A 94.3(2), O1-Nd2-02 90.1(2), O1-Nd2— O3 118.3(2),
O1-Nd2-04 67.8(2), O4-Nd1-05 119.8(2), 04— Nd1—-0O6A 92.9(3), O5—Nd1—O6A 75.4(3),
O1-Nd2-02 90.1(2), O1-Nd2—03 118.3(2), O1-Nd2-04 67.8(2), 02—-Nd2—03 129.9(2),
02-Nd2—-04 145.0(2), O3—Nd2—04 85.1(2), Nd1— O1-Nd2 111.1(2), Nd1-04-Nd2 109.4(2),
O1-NdI-N4 115.6(2), O1-Nd1-N5 125.8(2), O1-Nd1-N6A 94.3(2), O4— Nd1-N4 65.9(2),
O4—Nd1-N5 165.7(2), O4—Nd1-N6A 103.3(3), O5—Nd1-N5 63.5(2), O5—Nd1-N6A 125.4(3),
06— Nd1-N6A 62.0(3), O1-Nd2-N1 65.5(2), O1-Nd2-N2 102.6(2), O1-Nd2-N3 164.4(2),
N4-Nd1-N5 103.0(2), NA-Nd1-N6A 138.4(3), N5—Nd1-N6A 78.8(3), N1-Nd2—-N2 140.8(2),
NI1-Nd2-N3 101.3(2), N2-Nd2—N3 82.1(2).
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Complex 14 crystallizes as a six-coordinate monomeric complex that contains three «>-L!
ligands (Figure 44). The geometry about the Lu ion is distorted octahedral. The lower coordination
number in 14, relative to 7-9 and 13, arises from the smaller size of the Lu®* ion (0.861 A),® relative
to the other ions. The Lu—O bond lengths are 2.115(2), 2.132(2), and 2.129(2) A, which are
identical within experimental uncertainty. The Lu—N bond distances are 2.459(2), 2.530(2), and
2.470(2) A. The N atoms associated with the two shorter Lu—N bond lengths are mutually trans
within the coordination sphere, whereas the N atom associated with the slightly longer Lu—N1B
distance is trans to an O atom. The more strongly bonded O atom is likely responsible for the slight
lengthening of the Lu—N1B bond. The enolate C—C distances within the L* backbones are
1.330(4), 1.336(4), and 1.336(4) A. These values are consistent with C—C double bonds and are

identical with the related values observed in the L! ligands of 7-9 and 13.
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Figure 44. Perspective view of 14 with thermal ellipsoids at the 50% level.

Selected bond lengths (A) and angles (deg): Lu—O1A 2.115(2), Lu—O1B 2.132(2), Lu—O1C
2.129(2), Lu—NI1A 2.459(2), Lu—NIB 2.530(2), Lu—NIC 2.470(2), Cl1A-C2A 1.330(4),
CIB—C2B 1.336(4), C1C—C2C 1.336(4); OlA—Lu—O1B 103.43(7), OlA— Lu—O1C 108.61(7),
O1B-Lu—O1C 144.41(7), O1A-Lu—NI1A 73.21(7), O1A—Lu—NIB 161.87(7), O1A—Lu—NIC
97.98(7), O1B—-Lu—-NI1B 70.09(7), O1B—Lu—-NI1C 83.25(7), O1C-Lu— NIC 73.17(7),
N1A—Lu—NI1B 91.94(7), NIA—Lu—NI1C 153.68(7), NIB-—Lu—NI1C 111.02(7).
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Complex 19 crystallizes as a six-coordinate monomer that contains three «?-L3 ligands
(Figure 45). The geometry about the Er ion is distorted octahedral. The six-coordinate structure of
19 with three x?-L2 ligands differs markedly from the seven coordinate structure of 8, which
contains two k>-L* ligands, one oxygen-bound «!-L! ligand, and one x?-L*H ligand. The molecular
structure of 19 is clearly affected strongly by the larger steric bulk of the piperidinyl substituent in
L3, in comparison to the dimethylamino group in L. The bulkier L* ligand blocks coordination of
an L°H ligand to the Er ion, but the L2 ligand is not too bulky, and three «?-L® ligands can be
accommodated. The Er—O bond lengths are 2.150(5), 2.141(5), and 2.141(5) A, which are identical
within experimental uncertainty. The Er—N bond distances are 2.545(6), 2.615(6), and 2.532(6) A.
As described for 14, the N atoms associated with the two shorter Er—N bond lengths, Er—N1A and
Er—N3, are mutually trans within the coordination sphere, whereas the N atom with the longer
Er—N distance, Er—N2A, is trans to an O atom (O3). The stronger Er—O3 bond is likely responsible
for the longer Er—N2A bond length. The enolate C—C distances within the L2 ligand backbone are
1.315(9), 1.324(9), and 1.317(9) A. These values are consistent with double bonds and are identical

with the values for 7-9, 13 and 14 within experimental uncertainty.
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Figure 45. Perspective view of 19 with thermal ellipsoids at the 50% level.

Selected bond lengths (A) and angles (deg): Er—O1A 2.150(5), Er—02A 2.141(5), Er—03 2.141(5),
Er—N1A 2.545(6), Er—N2A 2.615(6), Er—N3 2.532(6), C1A—C2A 1.315(9), C23A—C24A
1.324(9), C11-C12 1.317(9); O1A-Er—02A 151.8(3), O1A—Er— O3 107.4(3), O2A—Er-03
100.0(3), OIA—Er—-N1A 72.1(2), OIA—Er—N2A 85.3(3), OlA—Er—N3 99.8(2), O2A—Er—-N2A
68.4(2), O2A—Er—N3 94.9(3), O3—Er—N3 72.0(2), NIA—Er— N2A 105.6(2), NIA—Er—N3 152.2,
N2A—Er—N3 100.0(2).
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Complex 20 adopts a six-coordinate monomeric molecular structure that is very similar to
those found in 14 and 19 (Figure 46). The Lu—O bond lengths are 2.139(5), 2.117(5), and 2.112(5)
A, which are identical within experimental uncertainty. The Lu—N bond distances are 2.479(7),
2.458(5), and 2.40(2) A. These distances are also identical within experimental error. The enolate
C—C distances within the L® ligand backbone are 1.36(1), 1.351(9), and 1.35(1) A. These values
are consistent with double bonds and are identical with the values for 7-9, 13, 14, and 19 within

experimental uncertainty.
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Figure 46. Perspective view of 20 with thermal ellipsoids at the 50% level.

Selected bond lengths (A) and angles (°): Lu-O1 2.139(5), Lu-02 2.117(5), Lu-03 2.112(5), Lu-
N1 2.479(7), Lu-N2 2.458(5), Lu-N3B 2.40(2), C1-C2 1.36(1), C12-C13 1.351(9), C23-C24
1.35(1); O1-Lu-02 107.8(2), O1-Lu-0O3 150.5(2), 02-Lu-03 101.1(2), O1-Lu-N1 74.0(2), O1-
Lu-N298.2(2), O1-Lu-N3B 82.5(3), 02-Lu-N1 85.0(2), 02-Lu-N2 73.6(2), O2-Lu-N3B 167.1(5),
0O3-Lu-N3B 69.9(3), N1-Lu-N2 153.8(2), N1-Lu-N3B 105.7(7), N2-Lu-N3B 97.7(7).
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Comparison of Structure Data with Those of Related Complexes.

Only a few examples of lanthanide complexes containing enolate-based ligands have been
structurally characterized. A common feature of previously reported complexes is that the enolate
moieties are part of more complex chelating ligands.?**?22 The C=C double-bond lengths within
the enolate fragments range from 1.33 to 1.37 A.21%222 These previously reported bond lengths are
close to the values observed herein. A series of structurally characterized lanthanide(l11) aryloxides
provides Ln—O bond length comparisons with some of the complexes reported herein. The
complexes [Nd2(O-Cs-2,4,6-MesH2)s(THF)4]-2THF and [Nd2(0O-Cs-2,4,6-
MesH2)s(DME):]-(toluene) are dimeric with two bridging aryloxide ligands between the Nd ions
and two terminal aryloxide ligands per Nd ion.?2® This dimeric structure is broadly similar to that
of 13. The bridging Nd—O bond lengths in [Nd2(O-Cs-2,4,6-MesH2)s(THF)4]-2THF (2.410(2),
2.428(2) A) and [Nd2(O-Cs -2,4,6-MesH2)s(DME)]-(toluene) (2.357(1), 2.500(1) A) are similar
to those observed in 13 (2.410(5), 2.470(6) A). The terminal Nd—O bond distances [Nd2(O-Ce-
2,4,6-MesH2)s(THF)s]-2THF  (2.220(2), 2.216(2) A)  and  [Nd2(O-Ce-2,4,6-
MesH2)s(DME),]-(toluene) (2.204(2), 2.192(2) A) are slightly shorter than the related values in 13
(2.241(5), 2.256(8), 2.266(5), 2.244(5) A), consistent with a Nd ion coordination number of seven
in 13 versus six in the Nd aryloxides. The complex Er(O-Ce-2,4,6-MezH)3(THF)3 has Er—O bond
lengths of 2.082(6), 2.099(7), and 2.111(7) A?% and can be compared to the related values in 8
and 19. In 8, the Er—O distances associated with the anionic L! ligands are 2.121(2), 2.200(2), and
2.183(2) A. The shortest of these distances corresponds to the k*-L! ligand, and this value is similar
to the values for Er—O bond lengths in Er(O-Ce-2,4,6-MezH2)3(THF)s. The two Er—O distances
for the anionic «?- L! ligands are longer than the values in Er(O-Ce-2,4,6-MesH2)s(THF)s, which

likely arises from steric interactions associated with the bidentate coordination mode. The Er—O
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bond length for the k?-L*H ligand in 8 is 2.446(2) A, which is in the range of the Er—O bond lengths
for the THF ligands in Er(O-Ce-2,4,6-MesH2)3(THF)3 (2.434(7), 2.435(7) A). The Er—O distances
for the «k?-L2 ligands in 19 (2.150(5), 2.141(5), 2.141(5) A) are longer than those in Er(O-Ce-2,4,6-
MesH2)3(THF)s, likely because of steric congestion in the coordination sphere caused by the
piperidino substituents. Since the ionic radii of Er(Ill) and Y(III) are very similar, the Y—O bond
length comparisons between Er(O-Cs-2,4,6-MesH2)s(THF)3?2 and 9 are very close to those
described above for Er(O-Ce-2,4,6-MezH>2)3(THF)s and 8. The reported crystal structures of Pr(O-
CeH3-2,6-iPr2)3(THF)2 and Lu(OCsHs-2,6-iPr2)3(THF)2 offer bond length comparisons with 7, 14,
and 20.2%* The Pr—O aryloxide bond lengths in Pr(O-CgHs-2,6-iPr2)s(THF), are 2.142(8), 2.158(9),
and 2.216(9) A, which are shorter than those observed for the x-L! ligands in 7 (2.332(3),
2.309(3), 2.44(1) A). The Pr—O bond distance for the k>-L'H in 7 is 2.43(1) A. The coordination
numbers in Pr(O-CeHs-2,6-iPr2)3(THF)2 and 7 are five and eight, respectively, which account for
the differing Pr—O bond lengths. The Lu—O aryloxide bond lengths in Lu(OCsHs-2,6-iPr2)s(THF)2
(2.041(4), 2.042(3), 2.048(4) A) are also shorter than the related values in 14 (2.115(2), 2.129(2),
2.132(2) A) and 20 (2.112(5), 2.117(5), 2.139(5) A). The coordination number of five in
Lu(OCsHs-2,6-iPr2)3(THF) indicates less crowding, in comparison to the coordination number of
six in 14 and 20.

The Ln—N bond lengths in 7-9, 13-15, 19, and 20 can be compared with those of selected
complexes of similar coordination numbers containing the 1,10-phenanthroline (phen) ligand. The
phen ligand was chosen as an analogue of the NR, fragments in L' and L2 ligands, since all are
neutral donors and because there are sufficient previously reported structures containing phen
ligands to compare with the structures herein. The Pr—N bond lengths in Pr(acac)s(phen) (acac =

2,4-pentanedionate) are 2.659(5) and 2.690(6) A,65 which are shorter than the related values in 7
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(2.739(4), 2.79(2), 2.84(2), 2.846(4) A), although the differences are at the edge of experimental
uncertainty. The longer Pr—N distances in 7 may reflect increased steric crowding due to
accommodation of the NMe, groups, relative to the situation with the phen ligand in
Pr(acac)s(phen). The Nd—N bond lengths in eight-coordinate Nd(pfnp)s(phen) (pfnp = 4,4,5,5,5-
pentafluoro-1-(2-naphthyl)-1,3-butanedionate) range between 2.61 and 2.67 A, % which are similar
to the shortest Nd—N bond lengths in 13 (2.610(7), 2.595(7) A). The longer Nd—N bond lengths in
13 (2.82—2.93 A) probably reflect considerable steric crowding in the coordination spheres of the
Nd ions. The Er—N bond distances in Er(pfnp)s(phen)??® are between 2.49 and 2.55 A, which are
similar to or slightly shorter than the related values in 8 (2.592(2), 2.559(2), 2.619(2) A) and 19
(2.532(6), 2.545(6), 2.615(6) A), despite the coordination numbers of eight in Er(pfnp)s(phen) and
seven and six in 8 and 19, respectively. Again, the bulky nature of the L, LH, and L2 ligands in
8 and 19 create steric congestion about the Er ions that likely leads to a slight lengthening of the
Er—Ndistances. The complexY(TTA)s(phen) (TTA = 4,4 4-trifluoro-1-(2-thienyl)-1,3-
butanedionate) has Y—N bond lengths of 2.535(6) and 2.558(5) A,67 which are similar to or
slightly shorter than the analogous values found in seven-coordinate 9 (2.579(2), 2.612(2),
2.633(2) A). The slightly longer Y-N bond lengths in 9, in comparison to Y(TTA)s(phen), can
likely be attributed to the steric congestion about the Y ion that occurs through coordination of the
L and L'H NMe; groups. The eight coordinate complex Lu(acac)s(phen) has Lu—Nbond distances
of 2.50(2) and 2.521(6) A,??6 which are similar to or slightly longer than the Lu—N values in six-
coordinate 14 (2.459(2), 2.470(2), 2.530(2) A) and 20 (2.40(2), 2.458(5), 2.479(7) A). The slightly
longer Lu—N distances in Lu(acac)s(phen), in comparison to 14 and 20, can be attributed to the

differences in coordination numbers of these complexes.
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Precursor Properties.

Melting point determinations, preparative sublimations, decomposition temperature
measurements, and thermogravimetric analyses (TGA) were carried out to determine the
suitability of 7-21 for use as ALD precursors. Table 6 summarizes the melting points and
sublimation and decomposition temperatures for 7-21. Liquid precursors in ALD are highly
desirable, because the surface areas of liquids are constant, thereby leading to constant gas-phase
precursor concentrations. In contrast, the surface areas of solid precursors may not be constant
during vapor transport, which may afford gas-phase precursor concentrations that change with
precursor loading. Among 7-21, 8, 11, 13, 16—18, and 21 have melting points that are lower than
their sublimation temperatures and thus undergo vapor transport from the liquid state. Clear trends

are apparent in the sublimation temperatures.
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Table 6. Melting points, sublimation temperatures, and decomposition temperatures for 7-21.

Complex mp (°C) Subl. Temp. at 0.5 Torr (°C) | Dec. Temp. (°C)
7, Pr(LY)s(L*H) 128-130 120 206
8, Er(LY)s(LH) 107-110 110 229
9, Y(LY)3(LH) 120-123 100 180
10, [Pr(LY)s]n 133-136 120 220
11, [Er(LY)s]n 93-95 110 265
12, [Y(LY)s]n 111-115 100 188
13, [Nd(LY)3]2 73-76 120 210
14, Lu(LY)s 112-116 95 255
15, [La(L?)3]2 171 160 180
16, La(L%)3 140-144 155 255
17, Pr(L%)s 124-128 150 280
18, Nd(L®)s 144-148 160 280
19, Er(L%)3 155-158 140 290
20, Lu(L®)s 167-172 140 272
21, Y(L3)3 152-155 160 280

The complexes containing L! ligands (7-14) sublime at the lowest temperatures among the
series, likely because they have the lowest molecular weights. Complexes 7-9 sublime with loss
of L'H between 100 and 120 °C, and these sublimation temperatures are the same as those
exhibited by 10-12. Nd complex 13 is dimeric in the solid state but sublimes at 120 °C at 0.5 Torr.
Since 13 is a liquid at 120 °C, it is possible that there is a monomer—dimer equilibrium present and

vapor transport may occur from the monomers. The dimeric La complex 15 has the highest
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sublimation temperature, which may arise from its dimeric structure and melting point that is
higher than the sublimation temperature. Complexes 16-21 contain L3 ligands and sublime at
140—160 °C at 0.5 Torr. These higher sublimation temperatures likely occur because the L3
complexes have the highest molecular weights among the monomeric complexes.

Decomposition temperatures were determined in sealed capillary tubes containing a few
milligrams of 7-21 that were heated at 5 °C/min until a color change to orange or red was observed.
Complexes containing L® ligands (16-21) showed the highest decomposition temperatures
(255-290 °C), while the dimeric La complex 15 containing L? ligands decomposed at 180 °C.
Complexes containing L ligands (7-14) exhibited intermediate thermal stabilities (180—265 °C).
The thermal stability trends may arise from differences in the steric bulk of the ligand substituents.
Complexes containing the L3 ligand may be large enough to protect the metal ions from
intramolecular and intermolecular decomposition reactions better than complexes containing L*
and L? ligands. Interestingly, decomposition temperatures of 7-9 in sealed capillary tubes were
8—46 °C lower than those of the analogous complexes 10-12 that do not contain LH. It is likely
that the presence of L'H in liquid 7-9 leads to decomposition at lower temperatures than for pure
10-12.

The thermal behavior and volatility of 7-21 were further investigated by TGA. Figure 47
and 48 show the representative TGA plots for complexes 7-12 and 16—21, respectively. TGA
traces for 13-15 are presented in Figure 49 and Table 7 gives the onsets of volatilization and
percent residual masses for 7-21. The TGA traces of 7-9 show two-step weight losses, with the
first weight loss of about 20% beginning at around 80 °C, consistent with the evolution of loosely
coordinated L*H. For comparison, the weight percentages of L'H are 23.3% (7), 19.4% (8), and

21.7% (9). Another weight loss event occurs between 120 and 180 °C with nonvolatile residues
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of 15%, 19%, and 7% for 7-9, respectively. The TGA traces of 10-12 show

after heati \gn 500 °
Ie-step u\- losses starting at about 140 °C. Interestingly, the percent nonvolatile residues
\

régching 500 °C are lower than those observed for 7-9 (e.g., nonvolatile residues

\

X 9). This observation is consistent with the lower decomposition temperatures

3 oo 0-12 and is likely related to enhanced decomposition of 7-9 in the
\

\Gonklexes 16-21 show single-step weight losses up to their decomposition
\
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Figure 49. TGA traces of complexes 13-15.
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Table 7.0nset of volatilization and residual mass at 500 °C in the thermogravimetric analysis of

Compound Onset of vgl-aztilllization (°C) | Residual mass %
7, Pr(LY)s(L1H) 96 15
8, Er(LY)s(L1H) 80 19
9, Y(LY3(L1H) 92 7
10, [Pr(LYs]n 176 5
11, [Er(LYs]n 160 14
12, [Y(LYs]n 158 10
13, [Nd(LY)3]2 153 20
14, Lu(LYs 158 24
15, [La(L?)s]2 186 24
16, La(L%); 220 9
17, Pr(L%)s 225 10
18, Nd(L®)s 215 14
19, Er(L®)s 230 12
20, Lu(L®)3 220 13
21, Y(L%)s3 225 9

The thermal stability of 12 was probed further by preparative sublimations. As noted above,
sublimation of 9 gave a moderate yield of 12 (52%) and was accompanied by the formation of a
nonvolatile residue. A sample of 12 that was purified by sublimation was resublimed at 100 °C
and 0.5 Torr and afforded an 86% recovery of 12. There was a small amount of nonvolatile residue
left after the sublimation, suggesting some decomposition during the vaporization process.

Moreover, a 25 mg sample of 12 was sealed in a glass ampule under argon and was heated in a
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furnace at 130 °C for 24 h. The sample of 12 was initially a pale yellow solid and became a red-
orange oil after heating for 24 h. *H NMR analysis (Figure 50) of the red-orange oil revealed a
complex spectrum, in which the resonances for 12 were absent. Accordingly, 12 decomposed
completely after heating at 130 °C for 24 h and thus has low thermal stability at this temperature.
It is likely that the L ligand lacks sufficient steric bulk to protect the Ln—O and Ln—N bonds from

decomposition reactions.
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Figure 50.*H NMR spectra of 12 before (bottom) and after heating (top) at 130 °C for 24
hours. The resonance at around & 7.16 is from the benzene-ds solvent residual protons.
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The decomposition temperatures shown in Table 6 demonstrate that the L3-containing
complexes 16-21 are more thermally stable than the remaining complexes 7-15 that contain L* or
L2 ligands. To provide further insights into long-term stabilities, 25 mg samples of 16-21 were
heated in sealed glass ampules near their sublimation temperatures (140 °C for 19 and 20, 150 °C
for 16-18 and 21) for 24 h. The heated samples were analyzed by *H NMR spectroscopy for signs
of decomposition. The *H NMR spectra of 17-19 and 21 after 24 h of heating were very similar to
those prior to heating, suggesting that these complexes do not decompose under the heating
conditions. Complexes 16 and 20 (Figure 51) showed about 10—20% of free L3H after 24 h of
heating, suggesting a small amount of decomposition. Accordingly, complexes containing the
midsized Pr, Er, and Y ions have the highest thermal stabilities, whereas La®" (largest ion) and
Lu3* (smallest ion) have slightly lower thermal stabilities. It is possible that the L2 ligand has just
the right steric profile to protect the Pr, Er, and Y ions from intramolecular and intermolecular
reactions. The L2 ligand may not be large enough to encapsulate the La3* ion in 16 and may be too
large to fit around the Lu®* ion in 20. Accordingly, achieving the highest thermal stability for a
given lanthanide ion will likely require “tuning” the ligand structures to obtain optimum steric
interactions. Fortunately, analogues of L'-L3 can be easily prepared with alkyl and amino

substituents of varying steric profiles.
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Figure 51.'H NMR spectra of 20 before (bottom) and after heating (top) at 140 °C for 24
hours. The resonance at around 6 7.16 is from the benzene-ds solvent residual protons.

Comparison of Precursor Properties with Those of Previously Reported Lanthanide ALD
Precursors.

The L3-containing complexes 16-21 are more thermally stable than 7-15, which contain L*
and L? ligands. However, the higher molecular weights of the L2 ligands in 16-21, relative to the
ligands in 7-15, lead to higher sublimation temperatures (140—160 °C at 0.5 Torr) in comparison
to those found in L complexes 7-14 (100—120 °C at 0.5 Torr). Complex 15 is dimeric, is the only
complex containing L? ligands, and has a high sublimation temperature (160 °C at 0.5 Torr) and

low decomposition temperature (180 °C).
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Of the complexes reported here, 16-21 clearly have the best ALD precursor properties,
because of their high thermal stabilities at the sublimation temperatures. It is difficult to compare
the precursor properties of the compounds in the present work with those of precursors that have
been previously used in the ALD of lanthanide-containing thin films, however, since precursor
decomposition temperatures are rarely given. The decomposition temperature of a precursor is
often close to the upper temperature limit of the ALD window in an ALD process.'®® 1% This
similarity can be used to perform an initial comparison of previous precursors with 16-21.

Among previous lanthanide complexes, precursors containing p-diketonate or
cyclopentadienyl ligands have been the most widely used.8 201203 |_anthanide complexes of the
formula Ln(p-diketonate)s have very high thermal stabilities and can exhibit self-limited growth
of oxides up to 400 °C.58% 201203 However, Ln(B-diketonate)s precursors are unreactive toward
water and require ozone as a co-reactant for oxide growth. 1889 201-203 9zone is highly reactive and
causes oxidation of silicon substrates. Lanthanide cyclopentadienyl complexes also have very high
thermal stabilities and water can be used as a co-reactant for the growth of oxide films.5% 8 126204
205 For example, the growth of Er,0s films with Er(CsHaMe)s and water exhibits an ALD window
from about 250 to 350 °C on Si(100) substrates.??” The growth of PrAlOs films using Pr(CsHaiPr)s,
AlMes, and water shows an ALD window from about 275 to 325 °C.%® Accordingly, the thermal
stabilities of lanthanide cyclopentadienyl precursors appear to be higher than those of 7-21.
However, the close similarity of the pKa values for water (pKa = 14.00, 15.7)'%' and
cyclopentadiene (pKa = 16)?® may lead to a low reactivity of lanthanide cyclopentadienyl
precursors with water in oxide growth. Moreover, the ALD growth of some lanthanide
cyclopentadienyl precursors with water does not exhibit self-limited growth.*> 22 Finally, the

ALD growth of Pr.O3 films using Pr(CsHaiPr)s and ozone showed an ALD window from 200 to
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250 °C, suggesting that not all lanthanide cyclopentadienyl precursors have high upper temperature
limits for self-limited growth.?*® Precursors containing alkoxide, bis(trimethylsilylamide), and
amidinate ligands have been evaluated as precursors for the growth of lanthanide oxide films but
exhibit problems that include lack of self-limiting growth, low decomposition temperatures,
variable reactivity toward water, and impurity incorporation in the films.& Precursors containing

157 and malonate® are promising. For example, the ALD growth

new ligands such as guanidinate
of Er,0z using the guanidinate precursor Er(iPrNC(NMe2)NiPr); and water exhibited an ALD
window from about 175 to 275 °C.» The upper limit of the ALD window for

Er(iPrNC(NMe2)NiPr)s is similar to the decomposition temperatures of 16-21 herein.

3.3 Conclusions

In this work, we have described the synthesis, molecular structures, volatilities, and thermal
stabilities of lanthanide complexes 7-21 that contain enaminolate ligands. Among the structurally
characterized complexes, 7-9, 14, 19, and 20 have monomeric molecular structures, whereas 13
and 15 adopt dimeric structures. Complexes 7—21 are volatile and sublime between 95 and 160 °C
at 0.5 Torr. Complexes 7—14, which contain NMe: groups in the L ligand, sublime at the lowest
temperatures (95—120 °C at 0.5 Torr), whereas complexes with L2 (15) and L® ligands (16—21)
sublime at 140—160 °Cat 0.5 Torr. The trend of increasing sublimation temperatures (7—14 <
15-21) approximately follows the trend of increasing molecular weights for the monomeric
complexes. Interestingly, the dimeric complexes 13 and 15 sublime at similar temperatures to the
monomeric complexes, suggesting that the dimers may sublime as monomers. Complexes
containing L! (7—14) and L? ligands (15) decompose in heated capillary tubes at temperatures
between 180 and 265 °C, whereas the complexes with L2 ligands (16-21) decompose between 255

and 290 °C. The higher thermal stabilities of 16-21 are attributed to the large steric bulk of the
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piperidinyl groups in L2 ligands, which protects the lanthanide ions from intramolecular and
intermolecular decomposition reactions better than the dimethylamino and pyrrolidinyl
substituents in L* and L? ligands, respectively. Heating of 12 at 130 °C for 24 h led to complete
decomposition, whereas similar treatment of 16-21 at their sublimation temperatures (140—150
°C) revealed a small amount of decomposition for 16 and 20 and no decomposition for 17, 19, and
21. Accordingly, 16-21 have the best overall thin film precursor properties among the complexes

described herein, in spite of their moderate sublimation temperatures (140—160 °C at 0.5 Torr).

3.4 Experimental Section
General Considerations.

All reactions and manipulations were carried out under an argon atmosphere using standard
glovebox and Schlenk techniques, except that L*H-L®H ligands were synthesized under an
ambient atmosphere. Tetrahydrofuran and diethyl ether were distilled from purple solutions of
sodium/benzophenone ketyl under an argon atmosphere. Hexane was distilled from sodium under
an argon atmosphere. Anhydrous LaCls, ErCls, LuCls, and YCls were purchased from Strem
Chemicals, Inc. Anhydrous PrClz and NdCls were purchased from ProChem Inc. All of the
anhydrous lanthanide chlorides were used as received. Potassium hydride (30 wt % dispersion in
mineral oil) was purchased from Sigma-Aldrich and was washed with hexane before use. 1-
Bromopinacolone was purchased from Combi-Blocks, and triethylamine, dimethylamine,
piperidine, and pyrrolidine were purchased from Sigma-Aldrich and were used as received. 1-
(Dimethylamino)-3,3-dimethylbutan-2-one (L*H),%! 3,3dimethyl-1-(pyrrolidin-1-yl)butan-2-one

(L?H),%3 and 3,3-dimethyl-1(piperidin-1-yl)butan-2-one (L3H)?32 were synthesized according to
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published procedures, except that diethyl ether was used as the reaction solvent for L*H and L?H,
instead of benzene. Yields for 7-21 are based upon the amounts of lanthanide(I11) chloride starting
materials.

'H and *C{*H} NMR spectra were recorded using an Agilent 400 MHz spectrometer in
benzene-ds or toluene-ds, as indicated. All spectra were recorded at ambient temperature unless
otherwise noted. Infrared spectra were measured using a Shimadzu IR Tracer-100 spectrometer.
Melting points and solid-state thermal decomposition temperatures were determined using an
Electrothermal-1A-9000 series digital melting point apparatus with a heating rate of 5 °C/min.
TGA data were obtained using a TA Instruments TGA Q-50 apparatus inside a nitrogen-filled
glovebox with a ramp of 10 °C/min. Elemental analyses were performed by Galbraith
Laboratories, Inc., Knoxville, TN.

Preparation of Pr(L1)3(LtH) (7).

A 100 mL Schlenk flask was charged with a magnetic stir bar, anhydrous PrCl3 (0.432 g,
1.75 mmol), and tetrahydrofuran (10 mL). To this stirred solution at ambient temperature was
slowly added a solution of KL! (prepared from LH (0.750 g, 5.25 mmol) and KH (0.231 g, 5.77
mmol) in tetrahydrofuran (25 mL)), followed by a solution of LH (0.250 g, 1.75 mmol) in
tetrahydrofuran (5 mL). This solution was refluxed for 24 h. When the solution was cooled to room
temperature, the volatile components were removed under reduced pressure and the resultant
green-brown solid was dissolved in diethyl ether (40 mL). The solution was filtered through a 1
cm pad of Celite on a coarse glass frit and concentrated to about 15 mL under reduced pressure.
The flask was then placed in a =30 °C freezer for 3 days. This procedure gave pale green X-ray-

quality crystals of 7 (0.375, 30%): mp 128—130 °C, dec 206 °C; IR (cm 1) 2947 (m), 1682 (m),
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1616 (m), 1333 (s), 1332 (s), 1132 (s), 1036 (m), 918 (m), 869 (m), 578 (m), 515 (W), 422 (m).
Anal. Calcd for C32HssPrN4O4: C, 54.07; H, 9.22; N, 7.88. Found: C, 52.96; H 9.24; N 7.70.
Preparation of Er(L%)s(L'H) (8).

In a fashion similar to the preparation of 7, treatment of anhydrous ErClz (0.478 g, 1.75
mmol) with a solution of KL (prepared from L'H (0.75 g, 5.25 mmol) and KH (0.231 g, 5.77
mmol)) was followed by addition of a solution of L*H (0.250 g, 1.75 mmol). In contrast to 7, the
reaction mixture was stirred at ambient temperature instead of refluxing. Crystallization from
diethyl ether afforded 8 as pale orange X-ray-quality crystals (0.421 g, 33%): mp 107—110 °C, dec
229 °C; IR (cm™1) 2947 (m), 1678 (m), 1618 (m), 1454 (m), 1334 (s), 1136 (s), 1033 (m), 922 (m),
723 (m), 694 (m), 590 (m), 465 (m). Anal. Calcd for C32HesErN4O4: C, 52.14; H, 8.89; N, 7.60.
Found: C, 50.42; H, 8.64; N, 7.25.
Preparation of Y(LY)3(L'H) (9).

In a fashion similar to the preparation of 8, treatment of anhydrous YClIs (0.342 g, 1.75
mmol) with a solution of KL! (prepared from LH (0.75 g, 5.25 mmol) and KH (0.231 g, 5.77
mmol)) was followed by a solution of L*H (0.250 g, 1.75 mmol) to afford 9 (0.412 g, 36%) as
yellow crystals from diethyl ether: mp 120123 °C, dec 180 °C; *H NMR (benzene-ds, 23 °C, §)
4.55 (brs, 3H, CH), 3.05 (brs, 2 H, CH>), 2.39 (br s, 18 H, N(CHa)2), 2.24 (br s, 6 H, N(CHz)=2),
1.25 (brs, 27 H, C(CHs)s), 0.94 (br s, 9 H, C(CHs)3); *C{1H} R (benzene- ds, 23 °C, ppm) 167.00
(s, C-0), 109.80 (s, CHN), 63.63 (br s, N(CHa)2), 47.82 (s, N(CHs)2), 45.48 (s, CH2N), 43.40 (s,
C(CHBa)3), 35.56 (s, C(CHa)3), 28.75 (br s, C(CH3)3), 26.47 (br s, C(CHs)3); IR (cm™) 2945 (m),
1680 (m), 1618 (m), 1450 (m), 1337 (s), 1138 (s), 922 (M), 869 (m), 723 (M), 696 (M), 590 (M),
521 (m), 430 (m). Anal. Calcd for C32Hes YN4O4: C, 58.34; H, 9.94; N, 8.50. Found: C, 57.23; H,

9.98; N, 8.29.
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Preparation of Pr(L")3 (10).

A 0.300 g sample of 7 was placed in a 1 cm diameter glass tube and sublimed under reduced
pressure (0.5 Torr) at 120 °C to afford 10 as a pale green solid (0.101 g, 42%): mp 133—136 °C,
dec 220 °C; 'H NMR (benzene-ds, 23 °C, §) 15.96 (br s), 9.55 (s), 6.74 (br s), —4.03 (br s), —22.49
(br s), —29.10 (br s); IR (cm™) 2949 (m), 1616 (w), 1458 (m), 1332 (s), 1134 (s), 1110 (m), 1041
(m), 918 (m), 867 (m), 581 (m), 424 (m). Anal. Calcd for C24H4sN3OsPr: C, 50.78; H, 8.52; N,
7.40. Found: C, 49.70; H, 8.78; N, 7.19.

Preparation of Er(L1)s (11).

Similarly to the preparation of 10, sublimation of 0.400 g of 8 at 110 °C/0.5 Torr afforded
11 as a pale orange solid (0.142 g, 44%): mp 93-95 °C, dec 265 °C; *H NMR (benzene-ds, 23 °C,
§) 113.84 (brs), —47.83 (br's), —54.34 (br s); IR (cm %) 2947 (m), 1618 (m), 1454 (m), 1335 (s),
1136 (s), 1004 (m), 922 (m), 866 (w), 723 (m), 590 (m), 426 (m). Anal. Calcd for C24HsErN3Os:
C, 48.53; H, 8.15; N, 7.08. Found: C, 47.25; H, 8.33; N, 6.95.

Preparation of Y (L3 (12).

In a fashion similar to the preparation of 10, sublimation of 0.400 g of 9 at 100 °C/0.5 Torr
afforded 12 as a pale yellow solid (0.162 g, 52%): mp 111-115 °C, dec 188 °C; *H NMR (benzene-
ds, 23 °C, 8) 4.55 (s, 3 H, CH), 2.40 (s, 18 H, N(CHa)2), 1.25 (s, 27 H, C(CHa)3); *C{1H} NMR
(benzene-ds, 23 °C, ppm) 167.17 (s, C-O), 109.62 (s, CHN), 47.69 (s, N(CHs)2), 35.49 (s,
C(CHs)3), 28.66 (s, C(CH3)3); IR (cm™) 2945 (m), 1618 (m), 1452 (m), 1336 (s), 1138 (s), 1002
(m), 923 (m), 866 (m). Anal. Calcd for C24H4gN3OzY: C, 55.91; H, 9.38; N, 8.15. Found: C, 54.67;

H, 9.42; N, 8.02.
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Preparation of [Nd(L1)s]2 (13).

A 100 mL Schlenk flask was charged with a magnetic stir bar, anhydrous NdCl3 (0.584 g,
2.33 mmol), and tetrahydrofuran (20 mL). To this stirred solution at ambient temperature was
slowly added a solution of KL (prepared in situ from L*H (1.000 g, 6.98 mmol) and KH (0.336
g, 8.38 mmol)) in tetrahydrofuran (30 mL). This solution was refluxed for 20 h. The volatile
components were removed under reduced pressure, and the resultant pale blue solid was subjected
to sublimation at 120 °C/0.5 Torr to afford 13 as a pale blue solid (0.487 g, 37%). X-ray-quality
crystals were grown by slow evaporation of a solution of sublimed 13 in hexane at 23 °C under an
argon atmosphere: mp 73—76 °C, dec 210 °C; IR (cm™1) 2949 (m), 1616 (m), 1454 (m), 1330 (s),
1134 (s), 918 (m), 869 (m), 580 (M), 424 (m). Anal. Calcd for CasHesNd2NsOs: C, 50.49; H, 8.47;
N, 7.36. Found: C, 49.99; H, 8.51; N, 7.14.
Preparation of Lu(L)s (14).

In a fashion similar to the preparation of 13, treatment of anhydrous LuCls (0.655 g, 2.33
mmol) with a solution of KL! (prepared from L*H (1.000 g, 6.98 mmol) and KH (0.336 g, 8.38
mmol) in tetrahydrofuran (30 mL)) was followed by stirring at ambient temperature for 20 h.
Sublimation of the crude product at 95 °C/0.5 Torr afforded 14 (0.571 g, 40%) as white, X-
rayquality crystals: mp 112—116 °C, dec 255 °C; *H NMR (benzene-ds, 23 °C, §) 4.60 (s, 3 H,
CH), 2.38 (s, 18 H, N(CHs3)2), 1.24 (s, 27 H, C(CHs)s); *C{1H} NMR (benzene- dg, 23 °C, ppm)
167.61 (s, CO), 110.30 (s, CHN), 48.75 (s, N(CHs)2), 35.65 (s, C(CHs)s), 28.74 (s, C(CHa)s); IR
(cm™2) 2949 (m), 1618 (w), 1458 (m), 1334 (s), 1138 (s), 1010 (m), 921 (m), 867 (m), 592 (m).

Anal. Calcd for C24H4sLUuN3O3: C, 47.92: H, 8.04; N, 6.98. Found: C, 48.06; H, 8.18; N, 6.91.
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Preparation of [La(L?)s]2 (15).

In a fashion similar to the preparation of 13, treatment of anhydrous LaCls (0.483 g, 1.97
mmol) with a solution of KL? (prepared from L?H (1.000 g, 5.92 mmol) and KH (0.284 g, 7.09
mmol) in tetrahydrofuran (30 mL)) afforded 15 (0.628 g, 50%) as white, X-ray-quality crystals
upon sublimation at 160 °C/0.5 Torr: mp 171 °C, dec 180 °C; *H NMR (benzene-dg, 23 °C, §) 4.74
(s, 6 H, CH), 2.87 (br m, 24 H, N(CH2)2(CHz2)z), 1.80 (br m, 24 H, (CH2)2(CHz)2), 1.27 (s, 54 H,
C(CHs)3); 3C{1H} NMR (benzene- ds, 23 °C, ppm) 166.53 (s, CO), 105.64 (s, CHN), 55.08 (s,
N(CH2)2(CHz2)2), 35.92 (s, C(CHs3)3), 28.99 (s, C(CHa)3), 24.04 (s, N(CH2)2(CH2)2); IR (cm™1) 2956
(m), 1606 (M), 1477 (w), 1344 (m), 1325 (s), 1143 (s), 1097 (m), 920 (m), 572 (m), 475 (w). Anal.
Calcd for CeoH10sLa2NsOs: C, 55.98; H, 8.46; N, 6.53. Found: C, 54.24; H, 8.37; N, 6.36.
Preparation of La(L?)3 (16).

In a fashion similar to the preparation of 13, treatment of anhydrous LaCls (0.446 g, 1.82
mmol) with a solution of KL® (prepared from L3H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 16 (0.490 g, 39%) as a white solid upon sublimation
at 155 °C/0.5 Torr: mp 140—144 °C, dec 255 °C; *H NMR (benzene-ds, 23°C, 8) 4.79 (s, 3 H, CH),
2.84 (br m, 12 H, N(CH2)2(CH2)2(CH2)), 1.76 (br m, 12 H, N(CH2)2(CH2)2(CH?>)), 1.36 (br m, 6
H, N(CH2)2(CH2)2(CH2)), 1.29 (s, 27 H, C(CH3)s); 3C{1H} NMR (benzene- ds, 23 °C, ) 164.98
(s, C-0), 105.36 (s, CHN), 54.62 (s, N(CH2)2(CH2)2(CHz)), 36.25 (s, C(CHs)s), 29.25 (s, C(CHa)3),
24.78 (s, N(CH2)2(CH2)2(CHz)), 24.28 (s, N(CH2)2(CH2)2(CH2)); IR (cm™) 2935 (s), 1576 (w),
1450 (w), 1335 (s), 1148 (m), 1093 (m), 1049 (m), 983 (m), 858 (m). Anal. Calcd for

CasHeolLaN3z03:C, 57.79; H, 8.82; N, 6.13. Found: C, 56.40; H, 8.94; N, 6.05.
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Preparation of Pr(L3)3 (17).

In a fashion similar to the preparation of 13, treatment of anhydrous PrClz (0.450 g, 1.82
mmol) with a solution of KL* (prepared from L3H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 17 (0.513 g, 41%) as a pale yellow-green solid upon
sublimation at 150 °C/0.5 Torr: mp 124—128 °C, dec 280 °C; IR (cm™*) 2930 (m), 1618 (w), 1456
(w), 1454 (w), 1329 (m), 1145 (m), 1099 (m), 1091 (m), 725 (m), 581 (m). Anal. Calcd for
Ca3HeoPrNzOs: C, 57.63; H, 8.79; N, 6.11. Found: C, 52.42; H, 8.30; N, 5.60.
Preparation of Nd(L3)3 (18).

In a fashion similar to the preparation of 13, treatment of anhydrous NdCls (0.456 g, 1.82
mmol) with a solution of KL2 (prepared from L3H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 18 (0.674, 54%) as a pale blue solid upon sublimation
at 160 °C/0.5 Torr: mp 144—148 °C, dec 280 °C; IR (cm™2) 2931 (s), 2852 (w), 1575 (w), 1454
(w), 1330 (s), 1147 (m), 1091 (m), 1053 (m), 981 (s), 860 (m), 570 (s). Anal. Calcd for
Ca3sHeoNdN3O3: C, 57.35; H, 8.75; N, 6.08. Found: C, 55.84; H, 8.59; N, 6.03.
Preparation of Er(L2)s (19).

In a fashion similar to the preparation of 13, treatment of anhydrous ErCls (0.498 g, 1.82
mmol) with a solution of KL® (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 19 (0.613 g, 47%) as pink, X-ray-quality crystals
upon sublimation of the crude solid at 140 °C/0.5 Torr: mp 155-158 °C, dec 290 °C; IR (cm™%)
2931 (m), 1613 (m), 1450 (m), 1331 (s), 1146 (s), 1096 (m), 1043 (m), 987 (M), 923 (s), 696 (M),
586 (s). Anal. Calcd for CasHesoErNsOs: C, 55.50; H, 8.47; N, 5.88. Found: C, 54.33; H, 8.75; N,

5.81.
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Preparation of Lu(L?%)s (20).

In a fashion similar to the preparation of 13, treatment of anhydrous LuCls (0.512 g, 1.82
mmol) with a solution of KL* (prepared from L3H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 20 (0.519 g, 40%) as a white solid upon sublimation
at 140 °C/0.5 Torr: mp 167—172 °C, dec 272 °C; *H NMR (benzene-ds, 23 °C, &) 4.96 (s, 3 H,
CH), 2.92 (br m, 12 H, N(CH2)2(CH2)2(CH2)), 1.71 (br m, 12 H, N(CH2)2(CH2)2(CH2)), 1.38 (br
m, 6 H, N(CH2)2(CH2)2(CHy)), 1.27 (s, 27 H, C(CHs)3); *C{1H} NMR (benzene-ds, 23 °C, ppm)
167.05 (s, C-0), 106.37 (s, CHN), 56.52 (s, N(CH2)2(CH2)2(CHz)), 35.83 (s, C(CHa)s), 28.65 (5,
C(CHs)3), 24.34 (s, N(CH2)2(CH2)2(CH?2)), 22.80 (s, N(CH2)2(CH2)2(CH>)); IR (cm™) 2932 (m),
1616 (m), 1450 (m), 1384 (m), 1332 (s), 1145 (s), 1093 (m), 1043 (m), 987 (m), 923 (s), 860 (M),
590 (s). Anal. Calcd for CazHesoLUN3O3: C, 54.91; H, 8.38; N, 5.82. Found: C, 52.09; H, 8.11; N,
5.61.
Preparation of Y(L?3)3 (21).

In a fashion similar to the preparation of 13, treatment of anhydrous YCls (0.355 g, 1.82
mmol) with a solution of KL® (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 21 (0.647 g, 56%) as a white solid upon sublimation
at 160 °C/0.5 Torr: mp 152—155 °C, dec 280 °C; *H NMR (benzene-ds, 23 °C, §) 4.88 (s, 3 H,
CH), 2.91 (br m, 12 H, N(CH2)2(CH2)2(CH2)), 1.71 (br m, 12 H, N(CH2)2(CH2)2(CHy)), 1.38 (br
m, 6 H, N(CH2)2(CH2)2(CHy)), 1.27 (s, 27 H, C(CHs)3); *C{1H} NMR (benzene-dg, 23 °C, ppm)
166.48 (s, C-0), 106.12 (s, CHN), 55.92 (s, N(CH2)2(CH2)2(CHy)), 35.64 (s, C(CHa)s), 28.72 (s,
C(CHa)3), 24.40 (N(CH2)2(CH2)2(CH2)), 22.99 (s, N(CH2)2(CH2)2(CH2)); IR (cm™) 2933 (m),
1612 (m), 1450 (m), 1381 (m), 1333 (s), 1146 (s), 1043 (M), 985 (M), 860 (M), 587 (s). Anal. Calcd

for CasHeoYN3O3: C, 62.34; H, 9.51; N, 6.61. Found: C, 60.42; H, 9.47; N, 6.46.
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CHAPTER 4

Thermal Atomic Layer Deposition of Er203 Thin Films using an Erbium Enaminolate
Precursor

4.1 Introduction

As described in the introduction chapter of this thesis, lanthanide oxide films have been
extensively researched in the past few decades because of their potential multi-functionality in
various technological fields, including optics, semiconductors, and catalysis. Among the
lanthanide oxides, Er.Os has attracted increased attention because of its high dielectric constant
([Er203] ~14),2% large bandgap energy (~7 eV),23* conduction band offset on Si (~3.5 eV),23 2%
thermodynamic stability at high temperatures such as 900 °C,%" high refractive indices (~1.6-
1.7),® transparency in the UV and visible range (>90%),2*® and the limited tendency of
hydroxylation owing to the small ionic radius.?*° Because of these remarkable properties, Er,Os
films have been investigated as high k materials in CMOS devices, antireflection coatings in solar
cells, protective coatings, and passivation layers for I11-V semiconductors.30: 67 236, 241243 |
addition, Er20s is found to have a much higher concentration of effective light-emitting centers
(Er) (~10%?) than in typical Er-doped Si-based materials (~10-10'%/cm?®), hence is an excellent
material for use in optoelectronic materials.?*

Deposition of Er.Osz films has been studied previously using various chemical and physical
vapor deposition techniques, namely, molecular beam epitaxy (MBE),®" 2! reactive
evaporation,®*® electron beam evaporation,?** sputtering,®® 23 245 sol-gel methods,?*® laser
ablation,?*” MOCVD,* 248250 gnd ALD.%" 151 157, 181, 251 Among these techniques, ALD can be
considered the most efficient technique in terms of precise thickness control, conformal growth on
3D geometry substrates, and film growth at relatively low temperatures. Yet, the number of ALD

studies reported in the literature regarding the ALD of Er,Oz is limited. In 2004, Pavisaari reported
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the first ALD growth of Er,03 films by using the s-diketonate complex Er(thd)s and ozone.®” The
process gave nearly stoichiometric Er.Os films with a growth rate of 0.25 A/cycle, but the films
were contaminated with carbon, hydrogen, and fluorine impurities. In another study, Pavisaari and
coworkers studied the ALD behavior of an Er amidinate precursor, ErfCH3sC(N'Bu)2]s, by using
water and ozone as co-reactants.® The Er[CHsC(N'Bu).]s precursor was found to be unreactive
towards water co-reactant, with no evidence of film growth. By contrast, the Er[CH3C(N'Bu)2]s
/O3 process gave nearly stoichiometric films with low impurity levels. In 2014, Blanquart
compared the ALD growth behavior of Er,Os with Er(PrCp)s, Er(MeCp)2(iPr-amd) (amd =
amidinate), and Er("BuCp)s precursors using either water or ozone as co-reactants.’?® Here, all
three precursors were reported to give self-limited ALD growth for the Er precursors. However,
the films were found to be contaminated with 2-7% of carbon impurities for both co-reactants. In
2013, Xu reported explored a guanidinate Er precursor, ErfMe2NC(NPr'),]s for ALD of Er.0s3
using water as the co-reactant.®> Among the Er.Os ALD studies carried out so far, only the latter
process has reported true self-limiting growth behavior with respect to both water and Er precursor.
However, longer water pulse lengths were required (>2 s) to obtain the saturative growth behavior
for water. Taken together, these observations emphasize the need for alternative ALD precursors
and processes to deposit high purity Er.Os films with mild co-reactants such as water to avoid the
detrimental effects caused by strong oxidants like ozone such as damaging the underlying
substrates and causing carbon conaminations to the films.

In this work, the ALD growth behavior of Er,Os was explored using the novel erbium
enaminolate precursor, tris(1-(dimethylamino)-3,3-dimethylbut-1-en-2-olate)erbium(ll) (11),
with the use of water as the co-reactant. Complex 11 is found to be thermally stable up to about

265 °C and sublimes at 110 °C at 0.05 Torr.1"® TGA trace of 11 has a single step weight loss up to
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it’s decomposition temperature and the 50% weight loss of the TGA of 11 is around 220 °C with
approximate delivery temperature ~120 °C. The melting point of 11 ranges from 93-95 °C, so it is
in its liquid form at the delivery temperature. Liquid precursors are considered favorable over solid
precursors as liquid precursors can maintain a constant surface area which help to provide a
constant precursor vapor pressure. In contrast, surface area of solids changes over the deposition
time and hence cannot maintain a constant flux of precursor vapors which can cause problems in
reproducibility of the growth process. Further, small solid particles can be carried away with the
carrier gas causing contaminations to the films..*® Importantly, these enaminolate ligands have a
higher pKa value (pKa ~25)'? than water (pKa ~14)** and hence were hypothesized to react rapidly

with water during Er.O3 ALD.

4.2 Results and discussion
ALD Growth Characteristics of Er203 using Er(L*)s and Water

Er20s film deposition studies using 11 (Figure 52) and water were carried out mainly on
Si(100) with native oxide (~2 nm) and thermal SiO2 (300 nm) substrates. During the depositions,
substrate temperature, precursor pulse lengths, and the number of ALD cycles were varied to
explore the ALD growth behavior. The reaction chamber pressure was maintained at 3-8 Torr for

the growth experiments.
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Figure 52. Er enaminolate precursor 11 used in this study.

Due to the favorable ALD precursor properties of 11 described earlier such as high
volatility, moderate thermal stability, high reactivity with water, and low melting point, precursor
11 was envisioned as a promising ALD precursor. Hence, initial ALD studies were carried out
using 11 along with water co-reactant to deposit Er,Oz films. Precursor 11 was delivered at the
optimized delivery temperature of 125 °C and water was delivered at room temperature with the
aid of high pure (99.999%, Airgas) N2 carrier gas.

The key feature in ALD that stands out from other film deposition techniques is the self-
limiting surface reactions taking place between the precursors and surface reactive sites. For each
precursor used in ALD, there is a minimum amount of precursor dose that is needed to saturate the
available surface reactive sites on the substrate. In order to probe the self-limiting growth behavior
and to identify the optimum saturative precursor dose for each precursor, ALD experiments were
carried out at 200 °C substrate temperature employing 1000 ALD cycles. The saturative growth
behavior of 11 was evaluated first using the following pulse sequence: 11 (varied), N2 purge (8.0
s), water (0.3 s), and N2 purge (10.0 s). As depicted in Figure 53, saturative growth was observed

at >4.0 s pulse length of 11 with a growth rate of 0.25 A/cycle.
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Figure 54. The growth rate of Er>Os films on Si(100) and SiO> substrates at 200 °C after
1000 cycles as a function of pulse length of 11.

Similarly, the self-limited growth behavior of the water precursor was evaluated next. The
pulse sequence of 11 (5.0 s), N2 purge (8.0 s), water (varied), and N2 purge (10.0 s) was used for
1000 ALD cycles at 200 °C substrate temperature. As depicted in Figure 54, the growth rate

became constant with a saturative growth rate of 0.25 A/cycle after >0.2 s of water pulse length.
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Figure 53. The growth rate of Er>Os films on Si(100) and SiO> substrates at 200 °C after
1000 cycles as a function of water pulse length.
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The majority of the Ln2Os ALD processes reported in the literature have not shown true
self-limited growth behavior for water. For instance, we have previously reported the ALD of
Pr20s films using Pr(iPrCp)z and water, in which water did not show a saturative growth behavior,
but rather a large thickness gradient across the film was observed.>® Hence, the saturative growth
behavior observed for both Er precursor 11 and water reported here is advantageous to obtain
uniform Er,Oz thin films with high reproducibility.

This work only required 0.2 s of short water pulse length to obtain the saturative growth
behavior. Short pulse lengths of water are favorable over longer pulse lengths for Ln2O3 film
deposition, as the films themselves are hygroscopic.* Shortening the contact time of water vapor
with the growing lanthanide oxide film could lead to a more controlled growth process.

To assess the dependence of the Er,Oz growth rate on the deposition temperature, ALD
experiments were carried out in the temperature range of 150 to 275 °C, with 25 °C temperature
increments. Depositions were carried out at optimized precursor pulse lengths (11 (5.0 s)/N2 purge
(8.0 s)/Water (0.2 s)/N2 purge (10.0 s)) with 1000 ALD cycles. As illustrated in Figure 55, the
growth rate increased moderately from 0.20 A/cycle at 150 °C to 0.25 A/cycle at 175 °C and a
constant growth of about 0.25 A/cycle was maintained in the temperature range of 175 to 225 °C.
This region with a constant growth rate can be considered as the ALD window for this process.
The low growth rate observed below 175 °C is likely due to the insufficient thermal energy at
deposition temperatures to overcome the energy required for surface reactions to take place. Above
225 °C, the growth rate decreased from 0.25 to about 0.15 A/cycle. These lower growth rates
detected above the ALD window could either be due to precursor decomposition before it reaches
the reactor chamber as evidenced by solid-state decomposition of precursor 11 at 265 °C or due to

the dehydration of surface-bound Er-OH groups, resulting in fewer surface reactive sites. The
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presence of an ALD window is not necessary for an ALD process. Even outside the ALD window,

self-limiting growth behavior can be maintained but with varying growth rates, 16
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Figure 55. The growth rate of Er.O3 films on Si(100) and SiO> substrates as a function of
substrate temperature.

The relationship between film thickness versus the number of ALD cycles was
subsequently examined at 200 °C using the optimized precursor pulse lengths (5 s and 0.2 s for 11
and water, respectively). According to the data obtained (Figure 56), the film thicknesses varied
linearly with the number of ALD cycles, which is a characteristic feature of an ideal ALD process.
The slope of the linear regression analysis for these graphs indicated a growth rate of 0.31 and 0.29
Alcycle on Si and SiO: substrates, respectively. This line did not pass through the origin,
suggesting a nucleation delay of about 200 cycles. The growth rate of 0.3 A/cycle observed in this
work is similar to the growth rate of Er(thd)s/O3 process (0.25 A/cycle),? but is considerably lower
than the other Er.Os ALD processes reported in the literature ((CpMe)sEr/H20 ~1.5 Alcycle,?>
Er(NMe2-Guan)s/H20 ~1.1 Alcycle,* Er[CHsC(N'Bu).]s/Os ~0.51 Alcycle'®t). However, the

high reactivity of enaminolate precursor 11 used in this work towards mild oxygen source water
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is advantageous compared to the Er(thd)s and ErfCH3C(N'Bu)2]s precursors that required ozone for

the Er.0s film growth.%" 151
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Figure 56. The dependence of Er,Os film thicknesses on the number of ALD cycles on
Si(100) (top) and SiO> (bottom) substrates at 200 °C substrate temperature.
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As mentioned in the introductory chapter of this dissertation, the growth rate of an ALD
process depends on several factors, including the reactivity of the precursor with the initial
substrate surface and subsequent surface reactive sites, the reactivity of the surface-bound
precursors with the incoming co-reactants, and the steric bulkiness of the precursors used. For
water-based oxide ALD, the reactivity of the precursor molecules with water depends mainly on
the pKa of the ligands and the strength of the metal-ligand bonds. Metal precursors are expected to
have high reactivity toward the water when the pKa of the ligands is higher than that of water.
Similarly, strong metal-ligand bonds are expected to have lower reactivity towards co-reactants
and surface reactive sites. For instance, the pKa of the g-diketone ligand is around 9 and is lower
than that of water (~14).1%! Hence, the S-diketonate ligand does not act as a Bronsted base to
abstract protons from water. Furthermore, the strong bonds between the Lewis acidic Ln®*" center
and highly electronegative O donor atoms in diketonate ligands give strong Ln-O bonds. These
factors result in lanthanide S-diketonate complexes being unreactive toward water during ALD to
produce metal oxide films. In contrast, guanidinate and cyclopentadienyl lanthanide complexes
can abstract protons from water due to higher pKa values of guanidine (pKa ~17) and
cyclopentadiene (pKa ~15) ligands than water.*>” Moreover, due to the strong oxophilic Ln®*
centers, lanthanide guanidinate complexes with Ln-N bonds and lanthanide cyclopentadienyl
complexes with Ln-C bonds can be expected to react rapidly with mild oxygen sources such as
water to form Ln-O bonds.*®’

The protonated enaminolate ligand used in this study has a pKa around 23, which is higher
than the pK, of water.?'? Hence, enaminolate precursor 11 is expected to react rapidly with water.
The relatively low growth rate observed for 11 in this work, compared to Er(NMez-Guan)z]/H20

process, may be attributed to the large size of the enaminolate precursor. Sterically crowded bulky



127

tert-butyl and dimethylamino groups present in the enaminolate ligands of 11 (Figure 57) could
obstruct the surface reactive sites upon physisorption on the surface to a larger extent than the
guanidinate and cyclopentadienyl precursors. As a result, the fraction of the surface reactive sites
that get occupied during each ALD cycle by the precursor 11 is less. Hence, the growth per cycle
becomes lower with 11. Nevertheless, having a relatively low growth rate should not hinder the

application of this process as long as it gives uniform and pure Er,Os films.
Me
tBu \(\ /N'\ Me
O—Ln
Figure 57. Schematic diagram of the sterically crowded chelate ring formed by the dimethyl
substituted enaminolate ligand in 11.

Film Analyses
Film Crystallinity

To determine the crystallinity of the as-deposited Er.Os films, ~20-25 nm thick Er.Oz films
grown at 150, 200, and 250 °C deposition temperatures on Si and SiO> substrates with 1000 ALD
cycles were analyzed by GI-XRD. All of the films that were deposited at different temperatures
were polycrystalline (Figure 58) and the reflections correspond to the cubic phase of Er,Os. The
crystallinity of the films was enhanced considerably when the deposition temperature was
increased from 150 to 250 °C. Moreover, the reduced full width at half maximum (FWHM) of the
reflections observed at the higher deposition temperatures suggests the formation of larger
crystallites. The latter behavior agrees with ~2 nm and ~6 nm crystallite size obtained using the

Scherrer equation for the most intense (222) reflection for films deposited at 150 and 250 °C

deposition temperatures, respectively.
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Figure 58. XRD patterns of ~ 20-25 nm as-deposited Er.Oz thin films deposited at 150, 200,
and 250 °C on Si (top) and SiO (bottom) substrates with 1000 cycles. The dotted lines
represent the reference for cubic Er.Oz (COD 1010334 Er20:s).
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Film Morphology

To analyze the film uniformity and texture, cross-sectional and top-down SEM analyses
were carried out with films deposited on Si and SiO; substrates. Er,Os films with 500, 1000, 1500,
and 2000 cycles grown at 200 °C on Si substrates (Figure 59) were determined to be uniform and
continuous according to the representative cross-sectional SEM images. A similar observation was
obtained for films deposited on SiO> substrates. Further, as depicted in figure 60, SEM surface
micrographs of ~ 37 nm thick Er,0z films deposited on Si and SiO; at 200 °C gave nearly

featureless, smooth, and continuous surfaces.

500 Cycles 1000 Cycles

Era0z 14 nm Era0s 25 nm

— 100nm 4/6/2022
X 130,000 15.0kV SEI SEM WD 6. 6mm

1500 Cycles

ST

Era03 37 nm

Figure 59. Cross-sectional SEM micrographs of Er,Oz3 thin films deposited with 500, 1000,
1500, and 2000 on Si substrates at 200 °C.
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Figure 60. Surface SEM micrographs of Er.Os3 thin films deposited with 1500 ALD
cycles on Si (left) and SiO» (right) substrates at 200 °C.

Film Composition

To investigate the elemental composition and purity of the films, ~35 nm thick Er203 films
deposited at 200 and 225 °C on Si substrates were subjected to X-ray photoelectron spectroscopic
(XPS) analyses. Figure 61 shows the Er 4ds;2, O 1s, C 1s, Si 2s, and Si 2p XPS binding energy
spectra for the Er>Os film deposited at 200 °C. All the ionizations are fitted using a Lorentzian-
Gaussian function (fitting curves are not shown) and the binding energy of the C1s ionization
(284.5 eV) of adventitious carbon present before sputtering the film surface was used as the
reference to correct the binding energy shifting in ionizations that occur due to charging.

According to the spectra collected, the surface of the as-deposited Er.Osz film (0 min Ar
sputter) consisted of Er, O, and C. The characteristic Er 4ds; ionization of Er.O3 film appeared at
168.14 eV binding energy (Figure 61 (a)) and the intensity of the ionization increased significantly
after the removal of the surface layer by argon ion sputtering. Two ionizations were observed in
the O 1s spectral region (Figure 61 (b)); the ionization at the lower binding energy side (528.8 eV)
corresponds to the O 1s of Er.Oz while the ionizations at the higher binding energy side (531.17
eV) can be attributed to the formation Er(OH)a. Interestingly, the O 1s spectra collected after 2

minutes of Ar ion sputtering show a drastic decrease in the intensity of the peak at the higher
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binding side. The latter observation indicates the absence of Er(OH)3s phases in the bulk of the
Er,Os film and only the surface layer of the film has reacted with the ambient moisture during the
exposure of the film to the atmosphere. This observation is common for Ln2O3 films because of
their hygroscopic nature.®® 252 O 1s and Er 4ds/, spectra with similar shapes and binding energies
are reported in the literature for Er,Oj films.®8 157 244245 The carbon contaminants on the film
surface were almost completely removed after 2 minutes of argon ion sputtering (Figure 61 (c)).
This suggests the absence of carbon contamination in the film bulk due to incomplete removal of
the ligands or precursor decomposition. No ionizations were observed at Si 2s (~151 eV) and N 1s
(397 eV) core binding energy levels, which indicated the absence of Si and N in the film (Figure
61 (d) and (f)). All of these XPS data confirm the presence of pure Er2O3 in the bulk of the film.
It should be noted that there is a broad feature appearing around 100 eV binding energy in
the Si 2p spectral region shown in Figure 61 (e). However, according to the Si 2s region shown in
Figure 61 (d), there are no Si 2s signals that follow the same trend that appear in the Si 2p region.
Hence, this broad feature is believed not to arise from Si. A similar broad feature in the Si 2p
region was observed for Er>Os films deposited using electron beam evaporation, which the authors

claim arose from the Er MVV Auger ionization rather than from Si 2p.2%
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Figure 61. High-resolution XPS spectra of Er 4ds; (a), O 1s (b), C 1s (c), Si 2s (d), Si 2p (e),
and N 1s (f) of the Er2Os thin film grown on a Si substrate at 200 °C with 1500 cycles.
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Figure 62 illustrates the depth profile obtained for a 35 nm thick Er.Os film deposited on a
Si substrate at 200 °C with 1000 cycles. Depth profiling was done by removing the surface layers
by argon ion sputtering with 300 eV sputter energy. A uniform distribution of Er and O atoms
throughout the film was observed and the bulk of the film is pure with no carbon, nitrogen, or
silicon contamination. The average Er:O ratio observed from the XPS data for the film deposited
at 200 °C is approximately 1:1.63, which is close to the Er:O atomic ratio of 1:1.5 for Er,0a.

Similar XPS data were obtained for the Er,Oz film deposited at 225 °C on a Si substrate.
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Figure 62. XPS depth profile of a 35 nm thick Er.Os thin film grown on a Si substrate at 200
°C with 1500 cycles.
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XRR and AFM Measurements

In many of thin film applications presence of atomically flat smooth surfaces is desired.
Surface roughness is associated with the thin film deposition process and surface roughness has a
significant impact on the optical, electrical, and mechanical performances of thin-film based
devices. Hence, surface roughness is an important parameter that can be optimized to increase the
performance of thin-film based devices.?> In general, surface roughness of thin films changes with
several parameters such as the thickness of the film, film deposition method, deposition
temperature, and crystalline/amorphous nature of the film.2 To determine the surface roughnesses
of as-deposited 33 nm (by ellipsometry) Er.Os3 films deposited at 200 °C on Si and SiO; substrates,
atomic force microscopy (AFM) analyses were carried out. We would like to thank Dr. Rui Liu
from the University of Wisconsin, Madison for conducting these AFM experiments (Figure 63).
According to the AFM measurements obtained, root mean square (RMS) roughness values over 1
um? x 1 pm? area on both Si and SiO substrates were 1.76 and 0.75 nm, respectively. These RMS
values suggest 33 nm Er,0s film deposited by ALD at 200 °C substrate temperature on Si and

SiOy substrates are smooth with only about 5.3% (on Si) and 2.2% (on SiO2) roughness.
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Figure 63. AFM images of 33 nm thick Er.Os3 thin films grown on Si (left, rms = 1.76 nm)
and SiO2 (right, rms = 0.75 nm) substrates at 200 °C.

For further evaluation of film density, thickness, and roughness, X-ray reflectivity (XRR)
measurements were collected on the same samples used for AFM. These XRR measurements were
carried out by Prof. Donald Savage from the University of Wisconsin, Madison (Figure 64). XRR
fitting data further confirmed the Er,03 film thicknesses (31.3 nm on Si and 31.7 nm on SiO)
determined using ellipsometry (33 nm on both Si and SiO.) to be accurate. The Er,O3 film density
extracted from XRR fitting data for the film deposited on Si was about 7.3 gm/cm?® while the film
deposited on SiO2 was around 7.1 gm/cm?®. These density values extracted from XRR correspond
to about 85% of the bulk Er,O3 density (8.64 gm/cm?). In addition, XRR data also revealed smooth
Er,03 films with 0.575 nm (1.8%) and 1.0 nm (3.2%) roughness values for the 31 nm thick Er.O3
films on Si and SiO», respectively. The surface roughness of ErOz on a Si substrate obtained from
XRR is in good agreement with the previously reported 0.598 nm roughness value of a 20 nm thick

Er,0s film deposited on Si by ALD.’
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Figure 64. XRR fitting curves of 33 nm thick Er,O3 thin film grown on Si (top, density = 7.3
gm/cmq) and SiO> (bottom, density = 7.1 gm/cm?) substrates at 200 °C.
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Growth Behavior of Er203 on Metallic and Other Non-metallic Substrates

To investigate the substrate selectivity of the ALD process reported here, the growth of
Er.0s films on substrates other than Si and SiO2 was carried out at 200 °C using the optimized
pulse sequence obtained for Si and SiO> substrates (11 (5 s)/N2 (8 s)/H20 (0.2 s)/N2 (10 s)).
Depositions were conducted on Cu, Ru, TiN, Pt, and W substrates. Cross-sectional SEM
micrographs revealed Er,Os film depositions on all substrates with similar Er.Oz growth rates to
that on Si and SiO; substrates (Figure 65), thereby indicating that Er.O3 can be grown on both
metallic and amorphous substrates. This growth behavior of Er.Oz on metallic substrates can be
useful for applications such as heat and corrosions resistant coatings and catalysis on metallic
substrates.?%

GI-XRD was carried out for films deposited on Cu, Ru, TiN, Pt, and W substrates described
in the previous paragraph. Similar to the results observed with Si and SiO2 substrates, films are
polycrystalline cubic and crystal grains are randomly oriented. The corresponding GI-XRD

patterns are shown in Figure 66.



139

Figure 65. SEM images of Er,Os3 thin films grown on (a) Cu, (b) Ru, (c) TiN, (d) Pt, and (e)
W substrates at 200 °C with 1500 ALD cycles.
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Figure 66. GI-XRD pattern of as-deposited Er,Oz3 thin films grown on Cu, Ru, TiN, Pt, and
W substrates at 200 °C with 1500 ALD cycles.
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Growth Behavior of Er.03 on Single Crystal Substrates

The crystalline nature of Er,Os films was further investigated on single-crystal substrates,
and depositions were carried out on single crystal SrTiOsz (001) and C-plane sapphire (0001)
substrates. SrTiOs substrates (STO) were subjected to annealing (1000 °C) prior to depositions to
obtain the TiO.-terminated phase, whereas C-plane sapphire substrates were annealed ( 1400 °C)
to obtain atomically smooth surfaces. Annealing of both substrates (STO and sapphire) was carried
out following previously established procedures.? 258

The motivation behind this work was to study the epitaxial growth of Er,Os films with
preferred O0OL or 00OL orientation on atomically smooth single-crystal STO (001) and sapphire
(0001) substrates, respectively. However, as shown in Figures 67 and 68, Er.Os films deposited
on both substrates were polycrystalline and did not show an epitaxial relationship with the
substrates at the deposition temperature of 200 °C. Even though the films grown on these single-
crystal substrates did not follow the crystal orientation of the substrate exactly, film grown on STO

(001) showed a 004 preferred texture around 2Theta = 34°,
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Figure 67. GI-XRD patterns of as-deposited Er.Os thin films grown on STO substrate at 200
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Figure 68. GI-XRD patterns of as-deposited Er.Oz thin films grown on sapphire substrates at
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4.3 Conclusions

This study has successfully demonstrated the ALD growth of Er,Os films using the novel
Er-enaminolate complex 11 and water as precursors. Self-limited growth was established for both
11 and water, with a growth rate of about 0.25 A/cycle within the ALD window of 175-225 °C,
using the pulse sequence of precursor 11 (5 s), N2 (8 s), water (0.2 s), N2 (10 s) on Si and SiO2
substrates. This process showed a linear relationship between the thickness and the number of
deposition cycles. There was a nucleation delay of up to about 200 cycles, after which the thickness
increased linearly with the increase in the number of cycles. The as-deposited Er.O3 films showed
polycrystalline nature according to GI-XRD and XPS analyses of the films revealed high-quality
films with no carbon or silicon contaminations in the bulk of the film. Atomic percentages of
elements abstracted from the XPS data suggest an Er:O ratio of 1:1.63, a value close to the Er:O
ratio in Er.O3. Furthermore, XRR and AFM data suggest the presence of smooth film surfaces
with low RMS roughness values. SEM micrographs of the films deposited on all the substrates
studied (Si, SiO2, Cu, Ru, TiN, Pt, W) show uniformly thick films. This ALD process can be
considered as one of the very few Ln.Oz processes reported in the literature that demonstrate self-
limited growth for both metal precursor and water co-reactant. These lanthanide enaminolate
precursors are a viable alternative to lanthanide S-diketonate precursors, which show no reactivity
towards water, and also for lanthanide precursors containing Si in the ligand backbone, which can
cause Si contamination in the films. Hence, the ALD process established in this work using
precursor 11 and water can be used to obtain high purity Er.Os films in order to study and expand
the potential applications of Er,Oz films, such as high k materials and optoelectronic materials. The

proven ability of this process to deposit Er.Os on metallic substrates makes this process useful to
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deposit Er.Oz as anti-reflection, heat, and corrosion-resistant coating on different types of

substrates.

4.4 Experimental Section

ALD experiments were carried out using a Picosun R-75BE ALD reactor within the
temperature range of 150-275 °C. Depositions were carried out mainly on thermal SiO2 (~300 nm)
on Si and Si with native oxide (~2 nm) substrates. Additional depositions were carried out on PVD
grown Cu/TiN (~60 nm)/SiO, (100 nm)/Si, Ru (~16nm)/SiO2, TiN, Pt (~10 nm/SiO2), W, and
single-crystal SrTiOs (STO) and sapphire substrates. Depositions on all of the substrates except on
STO and sapphire were carried out without prior cleaning. STO and sapphire substrates were
subjected to cleaning procedures reported in the literature, before depositions.?®” 2% ALD reactor
chamber pressure was maintained at 3-8 Torr during the depositions and ultra-high purity nitrogen
(99.999%, Airgas) was used as both the carrier and purge gas. Erbium precursor 11 was
synthesized on large scale following the procedure described in Chapter 3. Freshly sublimed Er
precursor 11 was delivered using a Picosolid booster at 125 °C optimized temperature and water
was delivered using a conventional vapor draw bubbler at 23 °C.

Film thickness was measured using spectroscopic ellipsometry (J. A. Woollam Co. Alpha-
SE) with a wavelength of 632.8 nm and an incident angle of 65° and was confirmed by cross-
sectional SEM (JEOL-6510LV) and XRR. XRR measurements were performed at the University
of Wisconsin-Madison by Prof. Donald Savage using a PANalytical Empyrean X-ray
diffractometer with CuK, radiation. Film crystallinity was determined by grazing-incidence X-ray
diffraction using Bruker D8 Advance diffractometer with Cu Ko radiation at 1.54 A wavelength
and an incident angle of w = 0.5° with the detector (20) scan range of 5-68°. Surface morphology

was explored using a Bruker icon AFM operated in the tapping mode and AFM experiments were
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performed at the University of Wisconsin-Madison, by Dr. Rui Liu. XPS analysis was carried out
to determine the film composition using a NEXSA, ThermoFisher Scientific spectrometer,

equipped with a monochromatic Al K, (1486.7 eV) X-ray source operating at 12kV and 6 mA.
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CHAPTER 5
Conclusions

The main focus of this dissertation work was to introduce new classes of volatile and
thermally stable lanthanide complexes that can be employed to deposit Ln2Oz films by ALD
together with water as a co-reactant. We hypothesized that ligand systems with weak Bronsted
acid character (high pKa) will make lanthanide complexes with appropriate reactivity with mild
oxidants such as water. Further, when finding ligand systems, priority was given to bidentate
ligand systems owing to their increased ability to saturate the coordination spheres of large
lanthanide ions via the additional donor atom and to increase the thermal stability via chelation.
Accordingly, this dissertation reports the synthesis, characterization, and ALD precursor property
evaluation of two new classes of lanthanide complexes using tert-butyl hydrazonate and
enaminolate ligand systems and demonstrates the ALD growth behavior of Er,Oz thin films using
a newly synthesized Er-enaminolate precursor.

Chapter 2 describes the synthesis, characterization, and precursor property evaluation of a
series of lanthanide complexes (La, Pr, Gd, Er, Lu, and Y) using tert-butyl hydrazonate ligand.
These particular lanthanides were selected to probe the structural and precursor property variation
across the early (La, Pr), mid (Gd), and late (Lu) lanthanide ions. Y®* complexes were synthesized
due to their similar chemical behavior and properties to those of mid to late lanthanides. Six new
complexes were synthesized and all were volatile and sublimed in the 155-185 °C temperature
range at low pressure. These complexes are thermally stable and melted along with decomposition
at their corresponding decomposition temperatures (~290 °C for 2-6 and ~250 °C for 1). The tert-
butyl groups in the complexes were highly disordered. Due to the highly disordered ligands around

the lanthanide centers, visualizing the exact structures was difficult but all complexes subjected to
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single-crystal X-ray diffraction showed similar diffraction patterns. All complexes were
monomeric. TGA traces of the complexes showed single-step weight losses. Complex 6 (Y) was
thermally stable for 24 h at and above its sublimation temperature of 160 and 190 °C and for 1 h
at 275 °C, hence is a promising precursor for the ALD of Y.0s.

Chapter 3 introduces the new lanthanide complexes synthesized using enaminolate ligands.
Similar to Chapter 2, a series of selected complexes were synthesized to cover the lanthanide
series. The ligand substituents on the N atoms were varied to tune the volatility and thermal
stability. A total of 15 complexes was synthesized and characterized for structure and precursor
properties. Complexes 7-21 are volatile. Complexes with dimethyl-substituted L! ligands showed
the highest volatility (sublimation temperatures of 95-120 °C at 0.5 Torr) and pyrrolidine (L?) and
piperidine (L®) substituted complexes (sublimation temperatures of 140-160 °C at 0.5 Torr) had
lower but similar volatilities to each other. However, complexes with L3 ligands showed the
highest thermal stabilities, and complexes with L? had the lowest thermal stabilities. Complexes
7-9 crystalized as neutral ligand adduct complexes due to the hydrolysis during crystallization and
loss of the neutral ligand was observed during TGA, which gave two-step weight losses for 7-9.
Complexes 10-12 obtained by both direct sublimation of the crude and the neutral ligand adduct
complexes were free of the neutral ligand as expected, and TGA traces of 10-12 have single-step
weight losses. Complexes 7-21 are air and moisture sensitive. Due to the high pKa of the
enaminolate ligands*” compared to water and one of the Ln-ligand bonds being a more reactive
Ln-N bond, these complexes are expected to react with water to deposit Ln2Os films.

Chapter 4 of this dissertation demonstrates the ALD growth behavior of lanthanide
enaminolate complexes introduced in Chapter 3 with water co-reactant. As a starting point, the

growth of Er>Os films was explored owing to their high application potential among all lanthanide
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oxides. Additionally, Er.Os is less hygroscopic than earlier lanthanide oxides. Complex 11
(Er(LY)3) was selected as the most favorable precursor among Er(LY)s, Er(L?)s, and Er(L%)s because
of the higher volatility (low Tsub), sufficient thermal stability (Tqec ~ 260 °C), and the lower melting
point of Er(LY)s; compared to Er(L%)s. Depositions were carried out primarily on Si and SiO;
substrates and delivery temperatures for 11 and water were 125 and 25 °C, respectively. Complex
11 was a liquid at the delivery temperature. Depositions were carried out in the temperature range
of 150-275 °C and ALD widow of 175-225 °C was observed with a constant growth rate of 0.25
Alcycle. Saturative growth behavior was observed for both precursor 11 and water at >4.0 s and
0.2 s precursor pulse lengths, respectively. A linear relationship between the thickness and the
number of ALD cycles was observed with a slope of 0.3 A/cycle. Nucleation delays of about 200
cycles were observed on both Si and SiO» substrates. As-deposited films were polycrystalline by
GI-XRD and XPS revealed pure films with <1% carbon or nitrogen contaminations. Based on the
XPS depth profile, elements were distributed uniformly throughout the film. XRR and AFM data
revealed deposition of smooth films with a density of around 7.3 gm/cm?. Cross-sectional SEM
images revealed Er,Os films with uniform thicknesses. Depositions on single crystalline substrates
did not show epitaxial growth, however, the preferred 004 texture was observed on single-crystal
STO (001) substrates along with other randomly oriented grains. Growth of Er,O3 was observed
on metallic substrates as well. Deposition carried out on metallic substrates had similar results to

those on Si and SiO».
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CHAPTER 6
Future Directions
Expanding the ALD of Binary and Ternary Lanthanide Oxide Films with Hydrazonate and
Enaminolate Complexes

Herein, precursor properties of two novel lanthanide precursor classes (hydrazonates and
enaminolates) were introduced and their precursor properties were evaluated. Both precursor
classes have favorable precursor properties. However, for the time being, only ALD of Er.O3 was
studied in this dissertation using the Er(L1); enaminolate precursor 11. Since promising results
were obtained with 11, future ALD studies can be expanded to study the ALD growth behavior of
other Ln20s films using the remaining enaminolate precursors introduced in Chapter 3.

One of the key drawbacks that limit some of the application of lanthanide oxides, especially
with the early lanthanide oxides, is their hygroscopic nature. This can be overcome by the
incorporation of inert metal oxide such as Al,Os into lanthanide oxides.?%* 259261 There are multiple
studies reporting the ALD of ternary lanthanide oxide films (LnMOs3) which exhibit similar or
improved properties such as high dielectric constants, high chemical and thermal stability, and
2DEG properties relative to that of binary lanthanide oxides.5? 112 262264 \We have previously
demonstrated the ALD of PrAlOz to study the solid phase epitaxy of PrAlOz grown on SrTiO3
single crystal substrates to explore its 2DEG properties.>® Similarly, future ALD studies can be
carried out to obtain stoichiometric LnAlOs films, starting from ErAlOs.

Further, ALD studies can be carried out to test the ALD growth behavior of Ln.Os using
tert-butyl hydrazonate complexes introduced in Chapter 2. Particularly, Y (*¥“Hyd)s which showed

good volatility and long-term thermal stability will be the best point to start.
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Improving the Precursor Properties of Lanthanide Enaminolate Complexes

The enaminolate ligand skeleton has some useful characteristics that make it an ideal ligand
system for lanthanide ALD precursor development. It is a bidentate ligand. Hence, thermal
stability of metal complexes may be increased via chelation. More importantly, the high pKa value
of enaminolate ligand system compared to water, makes the enaminolate complexes highly
reactive towards the water to deposit oxides, which helps to avoid ALD processes that require
harsh co-reactants such as ozone. Further, the higher pKa value of the enaminolate ligand system
compared to ligand systems such as cyclopentadieneyl and alkoxide, that have relatively lower
pKa values of around 15.7 and 16, respectively suggest higher reactivity of lanthanide enaminolate
complexes towards water than lanthanide complexes with cyclopentadienyl, and alkoxide ligands.

Hence, improving the volatility and thermal stability of lanthanide enaminolate complexes
will be useful to expand the applications of lanthanide-containing oxides. Heteroleptic complexes
are reported to have improved precursor properties compared to their homoleptic counterparts.?%:
265,266 | heteroleptic complexes, the central metal atom is bonded to more than one type of ligand
classes. Heteroleptic metal complexes can be advantageous as ALD precursors as they can
combine the best precursor properties of each ligand classes into one molecule. Heteroleptic rare
earth complexes synthesized with the combination of amidinate and cyclopentadienyl ligands are
such examples.?® For instance, Y('PrCp)2('Pr-AMD) heteroleptic complex is a liquid at room
temperature and the temperature required to obtain 1 Torr vapor pressure is around 168 °C. The
homoleptic counter parts of Y('PrCp)2(Pr-AMD), Y(PrCp)s and Y ('Pr-AMD); are solids at the
room temperature and temperatures of > 200 °C are required to obtain 1 Torr vapor pressure.?®’
Above observation suggest that heteroleptic complexes may have advantageous ALD precursor

properties such as increased volatility and lower melting points compared with the homoleptic
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counter parts. Accordingly, it is worth attempting to synthesize heteroleptic complexes consisting
of enaminolate ligands along with other suitable ligands. Particularly, lanthanide complexes with
L3 enaminolate ligands gave good thermal stabilities but their volatilities were relatively low and
most of them have high melting points. Precursors that are liquids during the delivery temperature
are advantageous as they maintain a constant surface area throughout the deposition process and
hence provide a constant flux of precursor vapors. Surface area of solid precursors constantly
change as the particle size of solids change with the heating. Therefore, precursor vapor pressure
produced by solid precursors can change during the deposition process. The substitution of one of
the three L2 ligands in Er(L®)s complexes introduced in Chapter 3 with a substituted Cp ligand may

result in lanthanide complexes with low melting points and improved volatility (Figure 69).

iPr@ §1Pr iP r@

Figure 69. Heteroleptic Y(iPGC)z(‘Pr-A_MD) known in literatue (left) and proposed
heteroleptic Y (L3)2('PrCp) complex (right).
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Lanthanide oxide-containing thin films are groups of materials with high application
potential in numerous fields, including microelectronic, photovoltaic, catalysis, and surface-
coating applications. These oxides are refractory materials with high melting points and
thermodynamic stabilities, hence, are useful as heat and corrosion-resistant coatings. Further, due
to the high refractive indices of lanthanide oxides, they are widely used in optics and photovoltaics.
Most importantly, with the continuous downscaling of semiconductor devices, search of
alternative high-« gate dielectric materials for gate oxides in transistors is ongoing. Owing to the
high dielectric constants and large band gaps inherent to lanthanide oxides, they have gained
increased attention as potential alternative candidates for gate dielectrics in transistors.

Traditional vapor phase thin film deposition methods include PVD and CVD. PVD is a
line-of-site technique and difficult to achieve conformal thin film growth in high-aspect ratio
features. CVD has a better conformal coverage than PVD on planar substrates. However, both of
these techniques lack the required precision for film growth in high aspect ratio nanoscale 3-

dimensional architectures. By contrast, the ALD technique deposits films with perfect surface
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conformality and nanometer-scale thickness control on both planar and non-planar architectures
and in high aspect ratio features. However, the lack of lanthanide precursors with desired ALD
precursor properties that can react with mild oxidants has made the thermal ALD of lanthanide
oxide films difficult. Moreover, several established ALD processes for lanthanide oxide ALD are
plagued by low growth rates, lack of self-limited growth, impurity incorporation, high surface
roughness, or the need for highly reactive oxygen sources.

The research herein seeks to develop new ALD precursors and processes for lanthanide
oxide thin film growth with the scope of increasing the applications of lanthanide-containing oxide
thin films for future nanoscale technologies. Accordingly, two new precursor classes for
lanthanide(111) ions were introduced employing hydrazonate and enaminolate ligand systems
(Chapters 2 and 3). All of the complexes were synthesized using salt metathesis approaches and
were purified by sublimation or solvent crystallizations. Diamagnetic lanthanide complexes (La®*,
Lu®*, and Y**) were fully characterized by *H and **C{*H} NMR and all of the complexes were
characterized using IR spectroscopy, melting points, and CHN microanalyses. Variable
temperature NMR spectra were obtained for selected diamagnetic complexes to understand the
solution state behavior. Single crystal XRD studies were carried out for selected complexes to
understand the solid-state structures. Volatility and thermal stability evaluation to determine the
potential of these precursors for ALD was carried out using sublimation, TGA, melting point,
thermal decomposition temperature analysis, and long-term thermal stability tests. All of the new
complexes sublimed, demonstrating their volatile nature. Hydrazonate complexes showed lower
volatilities compared to enaminolate complexes, which could be attributed to the large molecular
weight of the tert-butyl hydrazonate ligand compared to the L' and L? enaminolate ligands.

Hydrazonate complexes have acceptable thermal stabilities for use in ALD. The thermal stabilities
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of enaminolate complexes varied with the ligand substituents. L* and L3 enaminolate complexes
are predicted to have sufficient thermal stabilities to use in ALD.

Smooth, continuous, and high-purity Er.Os films were deposited successfully using the Er-
enaminolate precursor, Er(LY)s (Chapter 4). Water was used as the co-reactant. Films were
characterized using several techniques such as SEM, GI-XRD, SE, XRR, AFM, and XPS. The plot
of thickness versus number of cycles was linear and slope this linear plot gave a growth rate of
about 0.3 A/cycle. Self-limited growth behavior was observed for both Er-precursor and water at
>4 s and >0.2 s pulse lengths, respectively. Being able to find a precursor system that shows
adequate reactivity toward a mild oxygen source is one of the greatest achievements in this work.
This Er.O3 ALD process further demonstrates the potential of using other enaminolate complexes

reported in Chapter 3 for the deposition of other lanthanide oxides as future work.
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