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DISSERTATION ABSTRACT
Paul N. Plassmeyer
Doctor of Philosophy
Department of Chemistry and Biochemistry
December 2016
Title: Metal-Oxide Thin Films Deposited from Aqueous Solutions: The Role of

Cation/Water Interactions

Metal-oxide thin films are used in a wide variety of electronic devices. Although
many techniques have been developed to deposit thin films of metal oxides, a need for
alternative cost- and energy-effective deposition methods exists. Deposition of metal
oxide thin films from aqueous solutions of all-inorganic metal salts provides a method
that meets these needs. Although many aqueous-deposited metal-oxide thin films have
been successfully incorporated into functioning devices, the mechanisms that occur as
precursors transition to metal oxides are not well understood.

The work presented in this dissertation is primarily concerned with examining the
processes that occur as metal oxide thin films form from spin-deposited aqueous precursor
solutions with a particular focus on the role of H20 in these processes. Chapter |
summarizes methods for thin film deposition, and describes the use of aqueous metal salt
solutions as precursors for the deposition of metal oxide thin films. Chapter Il investigates
the precursor chemistry, film-formation processes and properties of LaAlOz thin films
deposited from aqueous precursors. This chapter also serves as general guide to the
processes that occur as metal-oxide thin films form from aqueous precursors. Chapters 111

and IV focus on the effects of HO(g) during spin-deposition of precursor thin films and



during the annealing process in which precursors are converted to metal oxides,
respectively. The presence of H-O(g) during spin-deposition has a striking effect on the
thickness of the thin films and affects the elemental gradient and density profiles. During
annealing, H20(g) reduces the temperatures at which counterions are expelled and
influences the metal-hydroxide framework formation and its condensation to a metal oxide.
The data also indicate that H-O(g) enhances diffusion of gaseous byproducts from within
the films. Chapter V focuses on precursor concentration and its impact on the thermal
evolution of thin films. The processes involved in the conversion of precursors to metal
oxide thin films occur at lower temperatures as precursor concentration decreases.
Although partially due to thickness effects, concentration-dependent precursor speciation
may also be involved in lowering the film densification temperatures.

This dissertation includes previously published and unpublished coauthored material.
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CHAPTER |

INTRODUCTION

The work presented in this thesis is focused on the deposition of metal-oxide thin
films from aqueous precursor solutions. Particular emphasis is placed on understanding
the impacts of precursor composition, concentration, spin deposition conditions, and
subsequent annealing parameters (temperature ramp parameters and atmosphere) on the
chemistry and densification that occur as the spin cast precursor solutions convert to
metal oxide thin films. The impacts of these processing parameters on the properties of
the resulting metal-oxide thin films are also investigated and correlated with the film
chemistry, density and morphology. Although most of the work reported herein is
focused on insulators, the processes discussed in the majority of this work, especially in
chapters I11, IV and V, are likely generally applicable to all metal-oxide thin films

deposited from aqueous solutions.

Metal Oxides: Properties and Applications
Metal oxides have a wide variety of properties that make them useful in numerous
electronic devices. Metal oxides continue to play important roles in the development of
computers and many of the portable electronic devices and display technologies that have
become ubiquitous over the last two decades rely heavily on metal-oxide components.
Metal oxides span the entire spectrum of electronic conductivity. Insulating metal
oxides are commonly employed as the gate dielectrics in transistors and the dielectrics in

capacitors found in integrated circuits.' They are also used in more exotic electronic



components such as resistive switches, memristors and charge-trapping memory
devices.*®1* Semiconducting metal oxides are used for transistors and photovoltaics.418
Some high bandgap metal oxides can be heavily doped to yield highly conductive and
transparent materials known as transparent conductive oxides (TCOs).1%%2In 1986 a new
class of ternary copper oxide high temperature superconductors was discovered which
opened new interest in metal oxide research.?

Metal oxides can also support ionic conductivity and display redox chemistry.
Lithium (and other mobile cations) can be reversibly incorporated into various redox-
active metal oxides making them ideal cathode materials for secondary lithium
batteries.?*2" Other, redox-inactive metal oxides can achieve high lithium
conductivities.?>?82° Such versatile properties allow for potentially all-solid-state metal-
oxide batteries. Metal oxides also serve as oxygen-ion conductors and cathode materials
in solid-oxide fuel cells.®*3? Redox-active metal oxides can also be used as
electrochromic materials in ‘smart’ windows if they have a significant light-absorption
difference between oxidized and reduced states.3*-%

Finally, transition metal and rare-earth oxides also commonly display magnetic
properties. Transition metal oxides have been used to store memory magnetically.®
Metal-oxide thin film laminates that display giant magento-resistance can be used to read
magnetically stored memory.®”*® Magnetic oxides have also been used in spintronic
devices which could allow for spin-aligned electron currents.3*#! Such devices have the

potential to increase the power and speed of many electronic devices.



Deposition of Metal-Oxide Thin Films

In most of the applications mentioned above, the metal oxides are implemented in
thin-film form, generally as one layer in a multilayered device. Many deposition
techniques have been developed to meet the various challenges presented by the layered
architectures and the interactions between adjacent layers in these devices. These
deposition techniques can generally be fit to one of two categories: vapor-phase
deposition and solution-phase deposition.

In vapor-phase deposition, gaseous precursors are used to deposit thin films on a
substrate. These deposition techniques typically require expensive and complex tools,
low pressures, specialized gases and unique precursor materials. In physical vapor
deposition, precursor materials are thermally evaporated under low pressures and are
ballistically transported to the substrate.*>*3 Pulsed laser deposition and sputtering are
similar, but reactive gasses (such as O2) can be present in the deposition chamber to
control oxygen stoichiometry in the resulting metal-oxide thin film.*-*® Chemical vapor
deposition (CVD) methods transport vapor phase precursors to the substrate where they
decompose to the desired material. These techniques can be used to deposit epitaxial,
heteroepitaxial and amorphous thin film metal-oxides.3*4%-2 Furthermore, CVD growth
allows for minimal defects between substrate and film in epitaxial cases, and can be used
to deposit continuous films on somewhat complex substrate architectures.>*>* A related
technique, atomic layer deposition (ALD), uses similar principles, but the deposition
process is more complex. Using alternating pulses of different reactants which deposit via
a self-limiting reaction, ALD allows for deposition of metal-oxide thin films on

extremely complex architectures.>>>® In general, vapor deposition techniques have been



successfully used for incorporating metal-oxide thin films in a wide variety of devices.
While these techniques generally produce high-quality films, there is a need for methods
that are less costly, less equipment-intensive, more amenable to compositional tuning and
compatible towards integration with other components.

Solution-phase deposition provides a simpler way to deposit relatively large area
metal oxide films that are dense, uniform and nearly atomically flat. Equipment and
precursors needed for solution deposition are relatively modest and inexpensive. Two

common methods for solution-phase deposition are described below.

Solution-Phase Metal-Oxide Thin Film Precursors

Solution-phase deposition of thin films generally relies upon the application (via
spray deposition or spin-coating) of a precursor solution to a substrate with subsequent
heating to transform the precursor to a metal oxide. Perhaps the most common method
for solution-phase deposition is sol-gel synthesis. This synthetic route commonly relies
on precursor solutions containing metal alkoxide complexes dissolved in an organic
solvent. An alternative method, which is the basis for the work presented in this thesis,
involves the use of aqueous solutions of simple inorganic metal salts or clusters.
Although both types of precursor solutions have been used to prepare high quality metal-
oxide thin films, they differ substantially in reactivity, toxicity and in the chemistry of
film formation.

In the traditional sol-gel route, metal alkoxide precursors are employed, which are
highly reactive towards water. Controlled addition of water, acid or base to metal

alkoxides dissolved in organic solvents causes hydrolysis and condensation of metals to



colloidal ‘sols’.>®-%2 Alternatively, sol-gel precursors sometimes contain stable metal salts
(e.g. acetates) dissolved in organic solvents, often methoxyethanol.>*6364 Additional
chelating agents are added to aid in establishing a homogeneous precursor solution, 6566
Although some pre-condensation of metal centers is achieved in these methods, the use of
organic ligands, chelating agents and organic solvents can be difficult to effectively
remove to form fully dense metal oxide films upon heating. Any trapped organic material
manifests as residual carbon contaminants within the resulting thin films,5960.62
Precursors consisting of simple metal salts with inorganic counterions dissolved
in water can also be manipulated to form oligomeric structures or discrete clusters in
solution. For a variety of metal nitrates (A, Ga®*, In®*, Sc®, Y3 and many of the
lanthanides), increasing pH towards solubility limit induces oligomerization and cluster
formation (Figure 1.1).2267-7® The pH can be raised by directly adding base, but methods
that effectively remove counterions, or reduce the counterion-to-metal ratio, have also
been developed.®”6870-7276.77 For example, group 13 clusters can be prepared by raising
the pH via reduction of hydrogen ions, either chemically (e.g. Zn metal) or
electrochemically.®®’" The nitrate:metal ratio can also be reduced by directly dissolving
an oxide component into a nitric acid precursor solution (see Chapter Il). Such methods
allow for simultaneous precondensation and reduction of nitrate:metal ratio, leading to a
facile conversion to the metal oxide. In principle, aqueous solution deposition has several
advantages over sol-gel synthesis. It requires less expensive precursors and eliminates
the need for toxic organic solvents and organic ligands/stabilizers. Because the organic

components used in sol-gel synthesis need to be thermally removed, this method often



produces porous films with carbon contamination. Aqueous deposition therefore
generally produces denser, less porous films. For these reasons, water is generally an

excellent solvent for deposition of metal-oxide thin films.

"0 2 4 6 8 10 12 14

Figure 1.1. Aluminum Pourbaix diagram illustrating the effects of pH on Al speciation



Aside from its role as a non-toxic, abundant and benign solvent, water plays an
important role in the precursor solution and in the many reactions that occur as it converts
to a metal oxide film. Perhaps most importantly, water acts as a ligand for the metal
cations in the precursor solutions. In the case of aqueous metal nitrate precursor
solutions, water and nitrates compete for direct binding in the ‘inner sphere’ of the metal
centers. It has been shown that inner sphere coordination directly influences the
decomposition temperature of the salt (higher hydration in the inner sphere leads to lower
decomposition temperature).”®’® As shown in Chapter V, the concentration of the
solution directly influences the degree of inner-sphere hydration, with consequences on
decomposition temperature and pathway. Ultimately, water elimination is crucial in
forming the desired fully dense metal oxide. Water molecules are eliminated when
hydroxyl bridges in metal complexes or clusters react to form oxo-bridged oligomeric
solution species.8# The presence of atmospheric water can affect the equilibrium for
the latter process. Additionally, water forms an azeotrope with nitric acid, and boiling of
this species can aid elimination of nitrate counterions. Humidity in the annealing
atmosphere appears to enhance azeotrope formation and elimination from the films.
Effects of humidity during annealing are presented in Chapter I1V. Surprisingly, humidity
also has a profound effect upon film thickness in the initial stages of films formation via
spin-deposition (Chapter I11). A significant portion of this dissertation is focused on the

role of water at different points in the film formation process



Film Formation: From Solution-Phase Precursors to Metal-Oxide Thin Films

Although metal-oxide thin films can be deposited from solution-phase precursors
using a variety of methods, this thesis focuses exclusively on spin-deposited metal-oxide
thin films. Accordingly, the processes described below pertain specifically to those
involved in the conversion of aqueous precursor solutions to thin film metal oxides via
spin-deposition and subsequent heating under various conditions.

Spin deposition consists of two partially overlapping processes. The first process
involves depositing filtered precursor solution onto a cleaned substrate and spinning
rapidly to produce a thin film. The second (overlapping) process involves evaporation of
solvent which results in increased concentration and viscosity. Many parameters, such as
spin speed, precursor concentration and humidity can have an effect on the spin-coating
process and the thickness of the resulting film, which can generally be described as a

viscous precursor ‘gel’ (Figure 1.2).
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Figure 1.2. Illustration of the processes that occur during spin deposition.

The spin-deposited precursor gel is typically converted to a metal-oxide thin film
by heating.225961.63.64.70.7580-8486 There are several overlapping and interdependent
chemical and physical processes that occur during thermal conversion of precursors. The
chemical processes include: evaporation of solvent H2O; elimination of counterions
through evaporation of the nitric acid-water azeotrope and through thermal
decomposition; loss of bound water; formation of metal hydroxides; and condensation of
metal hydroxides to metal oxides. Physical processes include: decreasing thickness,

densification and stiffening (Figure 1.3). It follows from the interdependence of these



processes that time-temperature profiles during conversion can have an impact on how
these processes overlap and the characteristics of the resulting metal-oxide thin films.
Determining the temperatures at which these processes occur and how they overlap is a

recurring theme in this dissertation (particularly in chapters 1V and V).
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Figure 1.3. Illustration of the overlapping and interdependent processes that occur
during thermal treatment of a thin-film of viscous precursor gel.

During both the spin-deposition and film-formation processes water is either

evaporated or released as a byproduct of chemical reactions. The amount of atmospheric

10



water in equilibrium with the film during these steps will influence the processes and
their interplay. During spin-deposition, evaporation of H,O from precursors can be
controlled by manipulating the relative humidity. Evaporation rates can have profound
effects on film thickness, as discussed in Chapter I11. Evaporation serves both to increase
the concentration, and to cool the film via evaporative cooling (this latter effect may be
the more important factor for viscosity, and consequently for film thickness). Following
deposition, the thin films of precursor gels are heated, and the resulting solvent
evaporation and subsequent metal hydroxide condensation leads to oxide formation. High
partial pressures of H20O during annealing should allow hydroxides to persist to higher
temperatures, which in turn could affect the pathways of metal-oxide formation and the
characteristics of the resulting metal-oxide thin film. These effects are explored in

Chapter IV.

Techniques Employed to Investigate Precursor to Metal-Oxide Film Evolution

The ability to rationally design precursors and annealing sequences to produce
high-quality metal-oxide thin films depends on establishing correlations between
precursor chemistry, annealing protocol and thin-film characteristics. This section
provides a description of the techniques used for characterizing precursors and films in
order to investigate these correlations.

Precursor speciation can be examined using a combination of Raman
spectroscopy, Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic
resonance spectroscopy (NMR), dynamic light scattering (DLS), pH measurements and

thermogravimetric analysis (TGA). In this thesis, precursor solutions containing metal
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nitrate salts and oligomeric metal cluster species are the primary focus. In most cases it
is desirable to decrease the counterion:metal ratio which generally leads to a greater
degree of oligomerization (precondensation). Raman spectroscopy can be used to detect
changes in the -OH and NOs™ species that occur with changing pH and
oligomerization.%®7%7578 |n cases of nuclei with appropriate nuclear spin, NMR can be
used to examine the coordination environments of the metal 876878 Finally, DLS vyields
information pertaining to the size distribution of species in solution.®”%%2 TGA of ‘bulk’
dried precursor powder (derived from rotary evaporation of the solution) can give an
indication of thermal decomposition behavior of the precursor gel, but this may differ
from the thermal decomposition of the film because of differences in the gel formed by
rotary evaporation vs spin-processing and the very different length scales involved.828393-
99

As an illustration of the utility the aforementioned techniques, it has been shown
using DLS, Raman and NMR that aluminum nitrate precursor speciation can be changed
by reducing the NO3:AI** ratio (e.g. by addition of La2Os), which simultaneously
increases pH and promotes formation of Al-hydroxo clusters from isolated hydrated AI**
complexes (see Chapter I1). A cartoon illustrating possible aluminum and lanthanum

speciation and the information gleaned from these techniques is shown in Figure 1.4.
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Figure 1.4. Depiction of a precursor solution illustrating the utility of Raman
spectroscopy, dynamic light scattering and 2’ Al NMR to determine solution speciation.

After precursor solutions are deposited onto substrates, the chemical and physical
characteristics can be studied using a variety of techniques as the films progress from gels
to metal oxides. The chemical composition of thin films can be examined using X-ray
photoelectron spectroscopy (XPS), electron-probe microanalysis (EPMA), temperature
programmed desorption (TPD), and fourier-transform infrared spectroscopy (FTIR). XPS
yields elemental composition data and is sensitive to slight changes in oxidation
states, 357897100101 X pg can also be used to measure the composition of a film as a
function of depth. EPMA vyields elemental composition data as well, but to a higher

degree of precision than XPS.1%2 TPD provides higher sensitivity to molecular species
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containing elements that EPMA and XPS have difficulty detecting, such as N and O, and
gives insight into the decomposition pathways of reactive species retained within thin
films 81:193-106 Eoyrier-transform infrared spectroscopy (FTIR) is useful for detecting
NO3" H.0 and OH retained within films.?28%97.197 However, for very thin films signal-to-
noise ratios are too low to draw meaningful conclusions from FTIR data, so techniques
such as TPD are more informative.

The physical characteristics of thin films (thickness, density roughness) can be
determined using techniques such as X-ray reflectivity (XRR), ellipsometry, atomic force
microscopy (AFM) and various electron-microscope techniques (Figure 1.5). XRR is a
non-destructive technique that allows measurement of film thickness,'%11° density, and
roughness. Ellipsometry can be used to determine thickness and optical properties of
films.. AFM can be used to measure roughness of the film surface independent of film-
substrate roughness (unlike XRR).8111112 Finally, electron-microscopy techniques such
as scanning electron microscopy (SEM) can give valuable information pertaining to the
morphology and density profiles of thin films,1>808184113-117 However, electron
microscopy techniques can be destructive, since they expose films to high energy
electron beams which may alter the samples.!*>-115117 This can be especially problematic

for films that have been annealed at low temperatures.
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Figure 1.5. Depiction of a metal-oxide thin film illustrating the utility of SEM, AFM and
XRR in examining its physical characteristics.

To build a comprehensive picture of the processes involved in film formation, it is
important to use a host of characterization techniques and to monitor films at various
points along the processing pathway, correlating composition, structure and morphology
with processing conditions. All of the techniques described above can be used ‘ex-situ’
at various points in the film evolution.

Although correlations between precursor chemistry, processing conditions and
thin-film characteristics can be drawn by ex-situ characterization, a more thorough
understanding of the film-formation process can be obtained if films can be tracked in-
situ as they convert from precursors to metal oxides. In-situ experiments on thin films are
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effective for several reasons. Rapid thickness, density or roughness changes that occur
during annealing may not be evident from examination of ‘snapshots’ at intermediate
stages or of the fully-processed films. Furthermore, precursor films that have only been
partially converted to metal oxides are sensitive to water-absorption (after relatively low
temperature anneals), so the characteristics of these films may change before they can be
measured ex-situ. In-situ techniques that allow monitoring film properties while heating
avoid these problems. Chapter V investigates changes in the thermal evolution of
precursors as a function of initial concentration using in-situ XRR experiments in
combination with TPD experiments to investigate mass loss and densification as a

function of temperature.

Electrical Properties of Metal-Oxide Thin Films

Thin-film metal oxides are used in a wide variety of electronic devices, as stated
earlier. The electrical properties of the films are critical to their use in devices.
Conversely, devices made employing these films enable the determination of key
electronic properties, and allow correlations between precursor, processing, and device-
performance to be established. The majority of the metal-oxides thin films studied in this
dissertation are high-bandgap insulators that are potentially useful as gate-dielectrics in
thin-film transistors (TFTs). Consequently, electrical characterization is focused on how
well the films block the flow of current, screen an electric field, and perform when
incorporated as gate-dielectrics in TFTs. One way to measure the insulating and
screening properties of a thin-film dielectric is to incorporate it into a MOS (metal-oxide-

semiconductor) capacitor (Figure 1.6a). To make the MOS capacitor, the metal oxide
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film is deposited onto a conductive Si substrate and, after processing, aluminum top
contacts are deposited to form an array of parallel plate capacitors. Leakage-current
density is determined by measuring current as a function of electric field. Low leakage-
current densities are desired for gate dielectrics. Capacitance (related to polarizability) is
measured by applying a small, sinusoidally varying electric field across the MOS
capacitor and measuring the magnitude of the current and its phase with respect to the
varying electric field. If the thickness and area of the capacitor are known, an intrinsic
property relating to the polarizability of the metal-oxide, the dielectric constant (K), can
be determined. Generally, a higher K is desired for gate-dielectrics. Although leakage
current may be low and K high, the only way to determine if a material is a suitable gate
dielectric is by directly examining its function in a thin film transistor (TFT) (Figure
1.6b). A TFT is composed of a gate metal (p*-Si), a gate dielectric (in this case a
solution-deposited metal oxide thin film), and a semiconductor (such as indium gallium
zinc oxide, 1GZO) contacted by metallic (in this case Al) source and drain contacts. A
TFT acts as a switch in which the current flowing from source to drain can be controlled
by varying the voltage applied to the gate. Increasing K of the dielectric reduces the
magnitude of the voltage needed to switch the flow of current. Reducing this voltage
reduces the power consumption of the device. In principle, it would seem that a high-K
should always be used in TFTs, but the interface between the gate dielectric and the
semiconductor channel (where most of the current flows) dominates the performance of
the TFT. The electrical properties and TFT performance of aqueous-solution deposited

LaAlOs thin films are briefly discussed in Chapter II.
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Figure 1.6. a) A diagram of a Si/LaAlOs/Al MOS capacitor and b) a diagram and
operation of a TFT with a Si gate, LaAlOs gate dielectric, IGZO semiconductor channel
and Al source/drain contacts

The following chapters detail work on the precursor chemistry, film formation

processes and applications of metal-oxide thin films deposited via spin-deposition from

aqueous solutions. Using LaAlOs as a target material, Chapter Il provides a general

overview of precursor chemistry, physical and chemical evolution of thin films, and

incorporation and characterization of a LaAlOz3 thin films into electronic devices. Many

of the characterization techniques in Chapter Il are used throughout this dissertation. A

closer look at film-formation processes is provided Chapters 111 and IV with a particular

emphasis on the impacts of H>O(g) during spin-deposition of precursors and annealing of

spin-deposited precursors, respectively. In Chapter V, the effects of precursor

concentration on the film-formation process are observed in-situ using X-ray reflectivity.

Furthermore, the speciation of the precursors is shown to be concentration-dependent and
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affect the film formation process. Together these chapters provide new insights into the
importance of H.O(g) and precursor concentration during the formation of thin film metal
oxides from thin films of spin-deposited precursors.

This dissertation contains previously published and unpublished coauthored
material. Chapter 11 was previously published with Kevin Archila, John F. Wager, and
Catherine J. Page. Contributions to Chapter 111 were made by Gavin Mitchson, Catherine
J. Page, and David C. Johnson. Contributions to Chapter 1V were made by Keenan N.
Woods, Deok-Hie Park, Catherine J. Page, and Douglas A. Keszler. Contributions to
Chapter V were made by Keenan N. Woods, Deok-Hie Park, Catherine J. Page, and

Douglas A. Keszler.
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Bridge

The following body of work presents research on metal oxide thin films spin-
deposited from aqueous solutions containing only inorganic species. Using this method
in place of more complex vapor- and solution-phase deposition methods allows for
relatively simple and environmentally benign metal oxide thin film deposition.

Although there are various techniques for depositing solution-phase precursors on
a substrate, the work in this dissertation is focused exclusively on spin-deposition of
aqueous precursors. Spin-deposition has been used in combination with many different
types of precursors to produce a wide range of thin film materials with varying degrees of
success. However, many of the finer details associated with spin-deposition of thin film
materials have not been thoroughly explored.

This work focuses on elucidation of many of these details as they relate to spin-
deposition of metal oxide thin films from all-inorganic and aqueous precursors. Chapter |
examines the precursor solution chemistry, general film formation processes and
electrical properties of aqueous-deposited LaAlOs thin films. The work in Chapter 11,
explores the impact of relative humidity during the spin-deposition process, and pertinent
generally to spin-coating from aqueous solutions. Chapters IV and V focus on the effects
of humidity during thermal processing and the effects of precursor concentration on oxide
film formation, respectively, and should be broadly applicable to solution-phase
deposition techniques. This work not only contributes new insights into the processes
involved in the formation of metal-oxide thin films deposited from aqueous precursors,
but many of the results should also be relevant for understanding the formation of metal

oxide thin films deposited using alternative techniques and precursor chemistries.
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CHAPTER 11
LANTHANUM ALUMINUM OXIDE GATE-DIELECTRICS DEPOSITED FROM
AQUEOUS SOLUTION

This chapter was previously published as Plassmeyer, P. N.; Archila, K.; Wager,
J. F.; Page, C. J. Lanthanum Aluminum Oxide Thin-Film Dielectrics from Aqueous
Solution” in Applied Materials and Interfaces, 2015, 7, 1678-1684. P.N.P. wrote the
publication, performed lab-work and analysis, and wrote the publication. K.A. Fabricated
and analyzed thin-film transistors. J.F.W. provided editorial assistance. C.J.P. provided

editorial assistance and served as the principle investigator.

Introduction

Rare earth aluminum oxides are of interest as scintillators and laser host materials,* as
dielectric resonators,® as active components in nonvolatile memory elements,®® and as
high-dielectric gate oxides for thin film transistors.'% 1! For the latter applications, thin
films are required. Where the rare earth element is lanthanum, crystalline and amorphous
LaAlOs thin films have been widely studied as gate dielectrics in transistors, 24 as
template layers for heteroepitaxial growth of high-Tc superconductors,*® ¢ and for the

intriguing electronic phenomena that arise at LaAlO3/SrTiOs interfaces.!’

A variety of techniques have been developed for the deposition of metal-oxide thin
films.18 Vapor deposition techniques such as atomic layer deposition (ALD), metal—
organic chemical vapor depositions (MOCVD) and pulsed laser deposition (PLD) can

yield thin films with excellent electronic and morphological properties, but stringent
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processing conditions and costly precursor materials are often required to obtain the
desired film properties.’*?! Much of the research directed toward thin-film LaAIO3 has

focused on deposition using such techniques.?2-30

For applications tolerating higher defect levels and rougher topologies, solution
deposition techniques, such as sol—gel, have been employed to make metal-oxide thin
films.1> 1 However, the expulsion of bulky organic ligands during annealing tends to
reduce the density and smoothness of films prepared in this way.®! Deposition of
LaAlOs has also been attempted using methanol solutions of nitrate salts.®? Epitaxial
growth of crystalline LaAlOs on SrTiOgz substrates was achieved by this method, but the
resultant films had large voids and irregular morphologies that would be problematic for

electrical characterization or use in electronic devices.

In contrast to this previous report of crystalline LaAlO3 films from methanol-based
nitrate solutions, we report here the preparation of high-quality,

ultrasmooth amorphous LaAlOz films prepared from aqueous nitrate-containing
solutions. Importantly, using this solution-based route, we are able to produce amorphous
thin films that approach the quality normally associated with vapor deposition techniques.
Our solution-phase approach to these materials employs inexpensive inorganic salts with
small, easily decomposed counterions. By controlling the concentration, pH, and degree
of condensation of solution-phase precursors, spun films can be heated quickly to

promote prompt condensation to an oxide network.

The term ‘Prompt Inorganic Condensation’ (PIC) has been recently coined to describe
this general approach, which has been used to produce a variety of metal oxide, metal

oxide/phosphate, and metal oxide/sulfate films, including insulating films of Al>O3-
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3x(PO1)2x, HfO2, ZrO2 «(SO4)x, and HfO2 «(SO4)x and semiconducting ZnO and Sn0,.3*
% Thicknesses of single layer films are typically in the 30-50 nm range for solutions that
are 1 M in metal ion concentration, and overall film thickness can be adjusted by
controlling solution concentration and the number of layers deposited. In the case of
aluminum oxide and aluminum oxide phosphate, Al2O3 3x(POa)2x, films produced using
PIC have demonstrated relatively high dielectric breakdown voltages and low leakage
currents.3*3°When used as the insulating layer in thin-film transistors, high quality
devices exhibiting small turn-on voltages with minimal hysteresis and high channel

carrier mobility have been demonstrated.

For optimized condensation of metal-oxo networks using PIC, it is desirable to have
“precondensed” solution-phase o0xo- or hydroxo-bridged cluster species in the precursor
solutions. In addition to being partially condensed, these species also have reduced
positive charges and fewer counterions, which leads to increased atom-economy and less
disruptive expulsion of ligands during film formation. Speciation of aluminum in aqueous
solution is relatively well understood and can be controlled via concentration and solution
pH. At low pH (<1.5), isolated Al(H20)6>* species dominate, but as pH is increased to
~3.2 aluminum oxo-hydroxide clusters form.*° The aqueous behavior of lanthanum is not
unlike that of aluminum, although lanthanum is soluble to higher pH (~7). No oxo- or
hydroxyl-bridged lanthanum clusters have been isolated and characterized to date,
although hexanuclear clusters with the general formula [LnsO(OH)s(NO3)s(H20)14]** are
known for other lanthanide ions.*! It is possible that increasing the pH toward the
solubility limit and/or removing counterions from a La**(aq) solution could produce

similar oligomeric hydroxyl-bridged lanthanum species.
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In this contribution, we report the PIC synthesis of high quality, amorphous LaAlOz thin
films achieved by controlling precursor solution pH and reducing nitrate counterion
concentration relative to solutions of metal nitrate salts. Dissolving La,Os3 in
Al(NO3)3(q) increases pH to levels where partial condensation of aluminum species is
likely to occur (~3.2) while reducing the nitrate anion to metal cation ratio. Moreover,
the addition of highly polarizable lanthanum (La>Oshas a dielectric constant K = 27)
increases the dielectric constant of the resulting thin films and suppresses crystallization.
While we have focused exclusively on a 1:1 lanthanum aluminum oxide in this work, the
synthetic route is broadly applicable to other stoichiometries and rare earth aluminum

oxides.

Experimental Section
Solution Preparation

Typical LaAlOz thin-film precursor solutions were prepared by dissolving
AI(NO3)3-9H20 (18.757 g, 0.050 mol) in 80 mL of 18.2 MQ-cm H>0 and adding ~15.8
M HNO3 (aq) (3.17 mL, 0.050 mol HNO3). These solutions were heated to 70 °C and
La203 (8.145 g, 0.025 mol) was added over 10 min while stirring. The solutions were
then heated at 70 °C and stirred for an additional 3 h to ensure complete dissolution.
Excessively high heating temperatures and/or times resulted in precipitation or gelation.
After dissolution of La20Os, the solutions were diluted to 100 mL using 18.2 MQ-cm H2O.
The resulting solutions were 0.5 M AI(NO3)3 (ag), 0.5 M La** (ag), 0.5 M HNOswith pH

near 3.4.
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Solution Characterization

Hydrodynamic radii of solution species were determined using a Mobius dynamic light
scattering (DLS) model WMOB-03 using an acquisition time of 20 s. Correlation decays
were modeled using a cumulant fit. Solution Raman spectra were collected using a Wytec
300S Raman spectrometer with laser power of 45 mW and excitation wavelength of 532
nm. Thermogravimetric analyses were performed using a TA Instruments Q500 using a

temperature ramp rate of 10 °C min~* and ambient air.

Thin-Film Preparation

Moderate resistivity (~45Qcm) p-type and low resistivity (~0.001 Q-cm) n*- or p*-type
Si were used as substrates for thin film deposition. Prior to deposition substrates were
cleaned by sonication in a 5% Contrad 70 solution at 45 °C for 1 h. After thorough
rinsing with 18.2 MQ-cm H>0, this procedure yielded a highly hydrophilic surface. Thin
films were prepared by depositing precursor solutions onto the native oxide of Si
substrates through 0.45 um PTFE filters followed by rotation at 3000 rpm for 30 s. The
wet films were then immediately soft-annealed at 100 °C on a hot-plate followed by a
12.5 °C min! ramp to a final target temperature between 200 and 700 °C. Solutions with
1 M total metal concentrations yielded films with a thickness of approximately 50 nm
after a 300 °C anneal. Films used for electrical measurements (and thin-film transistors)

were prepared by sequential deposition of three layers of slightly lower concentration
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(chosen to give a final total thickness of 100 nm), annealed to 300 °C between

depositions, and then at the final annealing temperature for 1 h.

Thin-Film Characterization

Film thicknesses were determined by X-ray reflectivity (XRR) measurements on a
Bruker D8 Discover diffractometer with a Cu Ko radiation source (Aavg = 1.5418 A).
Analysis of reflectivity data was accomplished using Bede REFS software. Grazing-
incidence X-ray diffraction experiments to determine film crystallinity (or lack thereof)
were also performed on the Bruker D8 Discover diffractometer. Transmission IR
measurements were performed on a Nicolet 6700 Fourier transform infrared (FTIR)
spectrometer using a spectrum collected from a bare silicon substrate (45 Q-cm) as the
background. Electron probe microanalysis (EPMA) was performed using a Cameca SX-
50. The resultant raw X-ray intensities were corrected as outlined by Donovan and
Tingle.*? Electron micrographs were obtained using a Zeiss Ultra-55 FESEM with a 20

um aperture and 5 kV accelerating voltage.

Metal-Insulator—-Semiconductor Device Fabrication

Metal-insulator-semiconductor (MIS) capacitors were constructed for impedance and
current—voltage measurements by depositing 100 nm thick aluminum top contacts
through a shadow mask onto annealed LaAlOs dielectric films deposited on Si substrates.
This resulted in an array of MIS capacitors, each with an area of 0.011 cm?. Potentials

were always applied to the aluminum top contacts. Leakage current and dielectric
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strength measurements were performed on a Keithley 2400 source meter using a 50 mV
step size and 50 ms delay. Impedance, phase-angle and capacitance—voltage
measurements were conducted using a Hewlett-Packard 4284a impedance analyzer at 1

kHz with 50 mV oscillation amplitude.

Thin-Film Transistor Device Fabrication

Fabrication of thin-film transistors was performed on ~100 nm thick LaAlOs3 thin films
deposited on highly doped Si substrates annealed between 500 and 700 °C in air for 1 h.
After annealing in air, a subset of samples was annealed in 5%H2/95%N, (forming gas) at
300 °C. Amorphous InGaZnO4 (a-1GZ0) semiconductor channels with dimensions W/L =
1000 um/150 um and thickness of 35 nm were sputter-deposited at a power of 75 W, gas
flow of Ar/O2 = 9/1 sccm, pressure of 5 mTorr and postdeposition anneal at 150 °C.
Thermally evaporated Al was used for source/drain contacts. Transfer curves were

measured on an Agilent 4155C semiconductor parameter analyzer.

Results and Discussion
Solution Characterization

Use of La2Os instead of La(NOz)s as a source of lanthanum allows for the preparation of
a precursor solution with a ratio of 4 NOz™:1 La®*":1 AP* (i.e., a nitrate/metal ratio of 2:1)
and a pH = 3.4, in contrast to a simple mixture of aluminum and lanthanum nitrate salts,
for which the pH is significantly lower (1.6) and the nitrate/metal ratio is 3:1. Due to the

low NO3/M3* ratio of our precursor solutions, monomeric or oligomeric metal-oxo or -
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hydroxyl species must exist in solution to achieve charge balance. DLS measurements
indicate that there is an increase in the hydrodynamic radii of species in these solutions
relative to those containing a mixture of nitrate salts, suggesting these species are
oligomeric (Figure 1). It is thus likely that the hydroxide (or oxide) ligands serve as
bridges between metal centers to give oligomeric species. We have attempted to isolate
and identify these species without success. However, to distinguish the speciation in these
solutions relative to those in solutions of nitrate salts, we will denote them as aqueous

“LaAl oligomer ” species throughout the remainder of the text.
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Figure 2.1. Dependence of hydrodynamic radius on solution pH and NOz/M®*,

The formation of oligomeric metal-hydroxyl/oxo species requires alterations to the inner
hydration sphere of solvated metal cations as H.0O is replaced by OH~ or O%". In

Figure 2 the Raman spectra of AI(NO3)3(q), La(NO3)3(aq), 1La(NO3)3/LAI(NO3)3(q), and
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“LaAl oligomer species” are compared to determine changes induced by increasing pH
and reducing NOs concentration. The reduced intensity of the AI(OH2)¢>* modes at 530
and 340 cm ™ in “LaAl oligomer species” indicates that OH™ or O?~ may be substituting
for H20 in the inner sphere of AI***3 although a weak shoulder attributable to the
hydration sphere of La®" still remains at ~350 cm™. The modes at 725 and 745 cm™ arise
from free NO3~ and inner sphere NO3 bound to La®*, respectively.**® An overall
decrease in the intensity of the free NOs™ peak was observed in the “LaAl oligomer”
solution as expected. The bound NOs~ peak associated with La®" remains essentially
unchanged in the “LaAl oligomer” solution relative to that of lanthanum nitrate, which
indicates that if lanthanum is incorporated into an oligomeric species it retains its

coordinated nitrate ligand(s).

LaAl Oligomer

Mixed Salts

Intensity
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NO;bound
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Figure 2.2. Raman spectra of La(NOs)sqag), AI(NO3)3(ag), 1 La(NO3)3(aq):1 AI(NO3)3@aq and “LaAl”
oligomer”.
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Figure 2.3. TGA curves of La(NO3);-6H.0, Al(NOs)3-9H,0, and powders obtained by drying solutions of
a mixture of the nitrate salts and of 1 La®*": 1 AI**: 2 NOs™ (denoted as “LaAl oligomer”) in air.

Upon deposition and subsequent annealing, condensation reactions occur between the
remaining hydroxyl ligands while H>O and NOy gases are expelled. TGA experiments
were performed on bulk powders of La(NO3)3-6H20 and Al(NO3)3-9H20, and dried

powders obtained from solutions of “LaAl oligomer species” (Figure 3), to gain insight

into the oxide formation process during annealing. For bulk La(NOz3)3-6H20,
temperatures above 600 °C are required to remove a significant portion of water,
hydroxides, and nitrate groups to yield La2Os. In contrast, most dehydration and
counterion expulsion occurs by 300 °C for AI(NO3)3-9H20. These results are not
particularly surprising as it is known that the decomposition temperature of a given metal
nitrate decreases as the metal ion charge density increases.*’” The high charge density of
Al®* draws electron density from the nitrate, effectively weakening the N—O bonds and

making bond breakage associated with decomposition of the nitrate more facile. The
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large La®" (~5 times the ionic volume of AI**) is less effective polarizing these bonds.
Furthermore, NOs~ coordinates in La®" in a bidentate fashion, resulting in less N-O bond
polarization.*® TGA experiments on dried powders obtained from solutions containing
“LaAl oligomer species” show that mass loss is essentially complete by 500 °C. This
indicates that the presence of aluminum acts to decrease nitrate removal/decomposition
temperature of the mixture relative to that required for La(NOz3)3-6H20. It should be
noted these dried powders may not be truly representative of our rapidly dried films
because sequential precipitation of salts may have occurred with the slower drying
employed, but these results are consistent with the temperatures needed to expel nitrate

from the films, as shown by IR and electrical data (see below).

Thin Film Physical and Chemical Characterization

Residual H20 and NOy species have a significant impact on the properties of the thin
films. To track the chemical processes during annealing, ex-situ infrared spectra of thin
films were taken immediately after annealing at various temperatures (Figure 4). By
monitoring the broad O—H stretching mode centered near 3500 cm™ and the H-O-H
bending mode at 1650 cm™2, it can be seen that a significant portion of the water is lost
between 200 and 300 °C. Disappearance of the H-O—H bending mode in this temperature
range suggests low levels of H20, and the remaining OH absorption is predominately due
to residual metal hydroxides. However, we note that films annealed below 250 °C are
hygroscopic and the bands at 3500 and 1650 cm™ grow if the films are exposed to
ambient atmosphere. The OH absorption at 3500 cm™ remains until annealing

temperatures >400 °C, indicating that condensation is not complete until approximately
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500 °C. The absorptions at 1280 and 1460 cm™ correspond to residual nitrate trapped
within the films.** %° Nitrate content also decreases throughout the annealing process, but
it is still detectable even after annealing at 500 °C. The weak absorptions at 1040, 810,
and 740 cm™! present after annealing at only 200 °C are indicative of hydrated metal-
nitrate species.** %> As annealing temperatures are increased, these absorptions are
eliminated and a broad feature at 740 cm™ appears. This absorption is related to the

formation of metal-oxygen—metal bonds.*8

500°C (10X)

300°c (5x) NO.—*
200°C

OH M(NO,)_

Relative Transmittance (AU)

3600 3000 2400 1800 1200 600
Wavenumber (cm'1)

Figure 2.4. Fourier transform infrared (FTIR) spectra of thin films annealed between 200 and 500 °C in
air.
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XRR was employed to determine the thickness, roughness, and density of the thin films
(Figure 5a). The hygroscopic instability of thin films annealed at temperatures <250 °C
led to significant variations in the XRR, so these are not reported here. As annealing
temperatures are increased from 300 to 600 °C, film thicknesses decrease by ~35%,
consistent with counterion expulsion and condensation. This is accompanied by a density
increase from 61% to 72% of the single-crystal LaAlOs density of 6.51 g-cm™. These
relative densities are similar to those attained by condensing Al2O3 thin films from
similar conditions. Cross-sectional and surface SEM micrographs reveal films with a
high degree of uniformity and minimal surface and interfacial roughnesses (Figure 5b).
Thin films crystallize between 800 and 900 °C to the rhombohedral perovskite phase

(JCPDS File Card No. 31-22) (Figure 5c).
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Figure 2.5. (a) XRR patterns of LaAlOs3 thin films annealed between 300 and 600 °C, (b) SEM
micorgraphs of LaAlOs thin films annealed at 300 and 500 °C, (c) X-ray diffraction of LaAlOs thin films
annealed at 700, 800 and 900 °C. The 900 °C pattern is indexed as the rhombohedral perovskite LaAlO3

phase.
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Thin Film Electrical Characterization

Dielectric breakdown and leakage current characteristics were examined by performing
current—voltage measurements on MIS capacitors consisting of thin LaAIO3 films
sandwiched between highly doped n-type Si substrates and aluminum top contacts
(Figure 6). Leakage currents are high for films annealed at temperatures <400 °C, likely
related to defects associated with incomplete condensation. Catastrophic breakdown
generally occurs at electric fields >3.5 MV-cm™. Leakage current profiles decrease in
slope with increasing annealing temperature, suggesting a reduction in electronic defects.
This reduction is most likely associated with removal of counterions and residual

hydration and is consistent with the TGA and IR data.
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Figure 2.6. Leakage current densities as a function of electric field for LaAlOs thin films annealed at 300.
400, 500 and 600 °.
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Dielectric constants and loss tangents of the films are shown in Figure 7a. The dielectric
constant decreases as annealing temperatures are increased from 300 to 450 °C and then
increases slightly for samples annealed above 450 °C. The loss tangent, which is related
to current passage, decreases with increasing annealing temperatures up to 500 °C and
then levels off. We attribute the trends between 300 and 450 °C to removal of water,
hydroxides, and nitrates, reducing the amount of mobile charged species in the films. The
presence of mobile charged species also contributes to the overall polarizability (and
thereby the dielectric constant) of the material. Above 450 °C, most of the mobile ions
have been removed (hence the relatively constant loss tangent), so the dielectric constant
increase for films annealed above 450 °C can be attributed to densification of the

remaining metal-oxide framework.
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Figure 2.7. Dielectric constant (a) and Capacitance-voltage curves (b) of LaAlOs thin films annealed
between 300 and 600 °C.
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Capacitance—voltage measurements reveal that higher annealing temperatures result in an
increased flatband potential (Figure 7b). Generally, a positive (negative) shift in the
flatband voltage indicates the presence of a negative (positive) fixed charge in the oxide
near the semiconductor interface.*® When in contact with SiO,, most metal oxides,
including La>Os3, have positive fixed charge at this interface, which results in a negative
flatband shift. However, positive shifts in flatband voltages in photovoltaics are well
documented for recombination-passivating Al.O3/SiO: interfaces. At these interfaces,
tetrahedrally coordinated Al centers possess a partial negative charge, pushing electrons
away from the interface and shifting the flatband potentials toward positive values.®®

°1 Assuming that the observed flatband shifts originate from fixed charges near this
interface, the fixed charge density, Qs, can be expressed as+ = ~“14Vi(1) where C, is the
insulator capacitance density and AV is the difference between the observed and
expected flatband voltages. The calculated interface charge densities at the LaAIO3/SiO>
interface range from +1.45 x 10 ¢m2 for films annealed at 300 °C to —1.75 x 10*2 cm~
2 for films annealed at 600 °C. The values calculated for films annealed at 600 °C match
well with values from Al>O3 films deposited on the oxide of p-Si described in the
literature.>® > We postulate that Al may preferentially bind to the native SiO layer and

create a similar interfacial charge in LaAlO3z films deposited via PIC.

Thin-Film Transistor Characterization
To investigate the performance of these amorphous LaAlOs films in thin-film transistors,
devices were fabricated by sputter depositing a-1GZO channels, with L =150 um

and W= 1000 pum, and Al source/drain contacts on solution-processed LaAlOz deposited
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on p*-Si (annealed at 600 °C in air). Although the characteristics of the capacitance—
voltage data shown in Figure 7b suggest the presence of some inhomogeneous charge
distribution and charge trapping defects at the LaAlO3/SiO> interface, these thin-film
transistors indicate there is a large concentration of empty electronic traps at the a-
IGZO/LaAlOz interface, indicated by high turn-on voltages (>24 V), moderate drain-
current hysteresis and relatively low average mobilities of ~4.5 cm?-V-1-s}(Figure 8).
Similar results have been found for IGZO transistors that incorporate a LaAlOzdielectric
in direct contact with the 1GZO channel.>? Typically, the performance of such transistors
has been improved by incorporating a passivating dielectric layer between the IGZO
channel and the LaAlOj3 dielectric.*? 1452 In this work, we employed an alternative
“surface passivation” achieved by a second annealing at 300 °C in

5%H2/95%N> (forming gas) after initial preparation of the LaAlOs thin film but prior to
a-1GZO deposition. Surface passivation drastically lowered the turn-on voltage to ~6 V,
minimized drain-current hysteresis, and increased average mobility to ~11.1 cm?-V1.s-

1 (Figure 8). According to the discrete donor trap model the turn-on voltage, Von, is given

; —q,
Vow = —ln,, —

by G Fu }(2) where q is the electronic charge, C, is the insulator capacitance
density, neo is the free electron sheet density, and pyo is the empty trap sheet

density.> From this relationship, a turn-on voltage of 26 V corresponds to an empty trap
sheet density of 1.7 x 10 cm, whereas a turn-on voltage of 6 \V corresponds to a trap
sheet density of 3.8 x 102 cm. Thus, the surface passivation anneal significantly
reduces the empty trap sheet density. Although the detailed nature of the chemical origin
of this dramatic reduction in the empty trap density is unknown at present, it (i) is clearly

associated with the insulator, rather than the semiconductor, since the semiconductor is
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deposited subsequent to annealing, and (ii) is likely due to the removal of moisture and/or
impurities in the LaAlOs film since the surface passivation anneal is performed in a

reducing ambient.
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Figure 2.8. Transfer curves for bottom-gate TFTs with LaAlO3 gate and sputtered IGZO channels. LaAlO3
gates were annealed at 600 °C in air or at 600 °C in air followed by 300 °C in 5%H2/95%N,

Conclusions

The formation and properties of LaAlOz thin films deposited on Si using a ‘prompt
inorganic condensation’ (PIC) process have been examined. In contrast to using a
precursor solution of aluminum and lanthanum nitrates, dissolution of La>O3s) into
Al(NO3)3(q) results in an increased solution pH, a lower nitrate/metal ratio and the
formation of oligomeric hydroxyl- or oxo-metal species, which are postulated to aid in
the condensation of the metal-oxide network upon annealing. Thermogravimetric analysis

(TGA) and IR data suggest essentially complete condensation, dehydration, and
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counterion expulsion by 500 °C. X-ray reflectivity (XRR) and scanning electron
microscopy (SEM) indicate very uniform films with low surface and interfacial
roughness. Temperatures above 400 °C are required to achieve low leakage currents and
expel the remaining mobile species, which likely contribute to the higher dielectric
constants at lower annealing temperatures. Capacitance—voltage measurements indicate
the presence of trapped negative charge near the LaAlO3/SiO; interface, most notably at
higher annealing temperatures. The trapped charge in the LaAlOs thin film could be

useful for surface-recombination passivation in p-type emitter solar cells.

TFTs with sputtered a-1GZO channels were fabricated with PIC-deposited LaAlO3 gate
dielectrics. For LaAlOs gates annealed in air at 600 °C, large turn-on voltages, large
drain-current hystereses, and relatively small average mobilities were observed. A low
temperature post anneal step of the LaAlO3 gate in reducing atmosphere decreased turn-
on voltages and drain-current hystereses while increasing average mobility. This
interesting result indicates a promising future direction for improving the electrical
properties of these films to make them attractive candidates as dielectrics in thin-film

transistors.
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Bridge

Although the work in Chapter 11 focused on demonstrating successful synthesis of
high quality LaAlOs thin films from aqueous precursors and their incorporation into
functioning thin-film transistors, many important aspects of precursor chemistry and
film-formation processes were touched upon. In particular, this work described how
precursors can be manipulated in solution to initiate the formation of a metal-oxide
framework, and how the general chemical and physical processes that occur during
annealing can be monitored.

Chapter 111 focuses on the effects relative humidity during spin-deposition of
precursors. The processes occurring during spin deposition are generally not well-
understood, and the importance of parameters such as humidity are not well-documented
or appreciated, especially for films deposited from aqueous solutions. In Chapter I11 we
demonstrate that relative humidity during the spin-deposition process has a dramatic
impact on film thickness, and also more subtly affects the cross-sectional distribution of
elements in the film. In general, this work shows that humidity plays an important role in
controlling the evaporation rate of solvent H20, which influences the viscosity by
increasing concentration and lowering temperature. We also show that this effect is
general for a number of agueous metal precursor solutions, and that the film thicknesses
resulting from solutions of the same metal ion concentration are essentially the same for a

given humidity when other spin processing parameters are held constant.
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CHAPTER 111

THE IMPACT OF RELATIVE HUMIDITY DURING SPIN-DEPOSITION OF

METAL OXIDE THIN FILMS FROM AQUEOUS SOLUTION

HAADF-STEM images and sample preparations for HAADF-STEM were performed by
Gavin A. Mitchson. Editorial assistance was provided by Caterine J. Page and David C.

Johnson.

Introduction

The proliferation of mass-produced display media, such as smart phones and tablets, has
accelerated research into new processes for deposition of thin-film components. Most
thin-film components are currently deposited via vapor-phased deposition (VPD), which
produce high-quality films, but require expensive equipment and precursors, and are not
atom-efficient. Furthermore, VPD is not amenable to producing materials with variable
composition or more than one metal component.1? Solution deposition of metal-oxide
thin films has been shown to be an attractive alternative to traditional vapor-phased
techniques. For example, high performance amorphous InxZnyO; transistors have been
fabricated by annealing sol-gel precursors® and La,Hf.O7 thin films deposited from
organic solution show excellent performance as gate dielectrics in thin film transistors
(TFTs).* Examples of film formation using aqueous precursor solutions are also known,
employing either water-soluble complexes with organic ligands ° or all-inorganic clusters
or salts. The latter systems can lead to high-quality films without the use of toxic or

expensive precursors and the generation of volatile organic byproducts.®3

43



Due to its ubiquitous nature, water has the potential to play important roles in many of
the film formation processes that occur as precursors are converted to metal oxides. Many
examples of the importance of water in film formation exist. For example, water plays an
integral role in sol-gel processes, water vapor can dramatically increase thermal oxide
growth rates on Si,**> and water vapor decreases the temperatures at which
Zn(CHsCOO0), and Zn(acac), thermally decompose.6-18 Once fabricated, some thin-
metal oxides absorb atmospheric H2O resulting in altered physical and chemical
properties, often adversely affecting electrical performance.®? These examples highlight
the importance of measuring and/or controlling atmospheric H2O during the various steps
of thin-film processing and measurement. While the importance of water in the context of
chemical processes during synthesis has been previously reported, the effect of water
vapor during spin-processing of aqueous solutions is virtually unreported. To our
knowledge, there has been only one report focusing on the effect of humidity in the spin-
coating chamber on the thickness of films made via spin-processing of aqueous solutions.
This report demonstrated an inverse relationship between thickness and humidity for
films of bone gelatin.?

Herein we report the impact of relative humidity during the spin-coating process on
thickness of amorphous HfO1.3 (SO4)o.7 (HafSOx) amorphous films deposited from all-
inorganic aqueous precursors. In the humidity range studied, lower humidity yielded
films of more than twice the thickness of those deposited with higher humidity using the
identical precursor solution. The thickness difference persists as films are annealed. We
use HAADF-STEM to examine the heavy atom density profiles of HafSOx films

deposited under low and high humidities; while the overall heavy atom densities are
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similar, the density profiles show subtle differences. Furthermore, we show that these
results are general for metal oxide films deposited from aqueous solution. Film
thicknesses of amorphous Al2O3z and La>Zr,O7 deposited from aqueous precursors are
also highly dependent on the relative humidity during spin coating and the thickness
trends for all systems studied are similar to those derived empirically for the previously

reported aqueous bone-gelatin thin films.

Experimental Section

Precursor Preparation

A modified method of the version used by Fairley et. al. was used for the preparation of
1.0 M HafSOx precursors.?? 1.0 M H2S0a4(aq) (VWR) and 30 wt % H202(aq) (EMD
Millipore). HFOCI,-8H20 (Alfa, 98+ %, Zr < 1.5 %) in 18.2 MQ-cm H20 were used to
prepare a solution with a Hf**:S04%:H,0> ratio of 1.0 : 0.7 : 3.0. The solution was diluted
to a combined [Hf**/SO4%] of 1.0 M.

Al>O3 precursors were prepared by using an electrochemical method described
elsewhere.?? Briefly, a reductive current was passed through a ~ 1.2 M AI(NO3)s(aq)
(99.9% Alfa) solution until a pH of ~ 3 was achieved. Exact concentration was
determined by slowly heating a 5 ml portion of the reduced solutions to 800 °C and
obtaining the mass of the remaining Al>Os. The reduced Al>Oz precursor solution was
diluted to 1.0 M [APP*] for deposition.

La>Zr,07 precursors were prepared by dissolving La(NO3)3z-6H20 (99.9 % Fisher) and
ZrO(NOs3)2:8H20 (99.9 % Sigma) in H20 to achieve a 1:1 La:Zr ratio and a total metal

concentration of 1.0 M.
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Thin-Film Deposition

N-type, P-doped silicon substrates (0.008-0.02 Q-cm) were cut to approximately 1 x 17,
sonicated for 10 min in a 5% in Decon Labs Contrad 70 solution and plasma cleaned for
5 min in a Plasma Etch, Inc. PE-50 Benchtop Plasma Cleaner using 30 % O2/70 % N>
and maximum power. Thin-films were prepared by depositing 7-8 drops of precursor
through a 0.2 um PTFE syringe filter onto a freshly cleaned silicon substrate. Precursors
were allowed to rest on the substrate for 5-6 s before spin-coating at 3000 RPM for 30 s.
For low relative humidities, the relative humidity during the spin-coating process was
controlled by gently blowing air through the spin-coater chamber while taking care not to
alter the air-flow around the sample during spinning. High relative humidities were
achieved by filling the spin-coater trough with warm water. Relative humidity and
temperatures in the spin coater were measured using a RH511 multimeter (Omega)
immediately prior to solution deposition using conditions identical to those used for
subsequent deposition. After spinning, films were transferred to a hot plate set to 50 °C
then ramped at a rate of 12.5 °C-min to 300 °C for 1 hr. Films for in-situ XRR
measurements were immediately transferred to a hot-plate set to 50 °C and transferred to
a preheated, temperature programmable XRR stage set to 50 °C. In-situ XRR
measurements were recorded from 0 - 6 2theta with 0.016 ° increments and 1 sec/step

then immediately ramped to the next temperature.
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Results and Discussion

The impact of relative humidity on the resulting thickness of spin-cast films can be easily
seen by eye, as shown in Figure. 1 for two films prepared using 1.0 M aqueous HafSOx
precursors deposited under two different relative humidities (~ 22 % or ~ 75 %) while

keeping temperature, spin-speed, acceleration time and solution composition constant.

Figure 3.1. Pictures of as-deposited HafSOx thin films deposited at ~ 22 and ~ 71 % RH. The films
thicknesses (by XRR) are 78 and 42 nm, respectively.

To investigate whether effects of relative humidity during deposition persist with
annealing, thickness measurements were obtained at selected temperatures via X-ray
reflectivity (XRR) as the HafSOx films were heated in-situ. While the films deposited at
22 and 75 % RH have very different initial thicknesses, similar trends are observed upon
heating. For both films, the critical angle (corresponding to the angle of maximum

intensity) shifts towards higher angle (Figure 2), indicating increasing density with
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heating. Simultaneously, the Kiessig fringe spacing increases, indicating a decrease in

thickness with heating.
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Figure 3.2. XRR of HafSOx films deposited at ~ 22 % (a) and ~ 75 % (b) RH as a function of processing
temperature (RT, 100 °C, 200 °C, 300 °C, 400 °C and 500 °C).

As processing temperatures increase, both films become thinner, but the ratio of their
thicknesses remains essentially constant (Figure 3). This implies that humidity primarily

influences the quantity of material deposited on the substrate. Furthermore, in the ranges
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studied here, deposition RH and consequent thickness do not alter the temperatures at

which the films densify.
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Figure 3.3. Thickness comparison of HafSOx films deposited at ~ 22 and ~ 75 % RH.

A recent report on aqueous-deposited HafSOx films demonstrates that spin-processing
produces films with inhomogeneous chemical and density profiles, accentuated with a
denser, hafnium-rich surface layer.?? This previous study did not measure or control
humidity. To determine whether humidity would affect the density profile of these films,
we examined films spin-processed under different humidities using HAADF-STEM
(Figure 4a, b). The HAADF-STEM images reveal that films deposited at either humidity
exhibit a gradual decrease in heavy atom density (corresponding to brightness in the
images) from the bottom to the top of the films. Furthermore, films deposited under both
conditions have thin and relatively high-density layers at their surfaces. However, a

steeper density profile and more pronounced ‘crust’ is observed in the film deposited at
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higher relative humidity, which can be more easily seen in the integrated intensity

profiles from the HAADF-STEM images (Figure 4c).
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Figure 3.4. HAADF-STEM images of HafSOx films deposited at 22 % RH (a) and 71 % RH (b). Heavy-
atom density profiles derived from HAADF-STEM images (c).

The spin-coating process can be described by two partially overlapping processes. The
first process, spin-off, involves physical ‘thinning’ of the solution adhered to the substrate
as centrifugal force removes excess solution from the rapidly spinning substrate.??* The
second process is evaporation, in which the precursor is concentrated, in many cases to a
viscous gel state. 2 The amount of precursor solution (or gel) retained on the substrate is
determined by the viscosity of the solution and surface-solution interactions. In the
second process, evaporation serves to both concentrate and to cool the precursor film,
both of which will result in an increase in the viscosity, yielding a thicker film. Because

evaporation rates are proportional to (100-RH%),%* at low RH, the evaporation rate is

50



high, resulting in higher concentrations and lower temperatures. At high RH, evaporation
rates are slower, so the concentrations remain lower and the temperatures higher than at
low RH. The resulting differences in viscosity cause the observed differences in film
thickness.

To investigate the generality of relative humidity affecting thickness, experiments were
also performed on two other aqueous-deposited metal oxide systems (La>Zr207, Al2O3).
Films were prepared by spinning 1.0 M solutions of aqueous precursors for these systems
(as well as HafSOx) at four different relative humidities between 20 and 95 %, followed
by annealing at 300 °C (Figure 5). The 300 °C processing temperature was chosen
because LZO and AI203 films are difficult to study as-deposited (water absorption and
dewetting are issues). Because the HafSOx study indicated the thickness of thermally
processed films track those of as-deposited films, comparing films heated to the same
temperature should allow a valid comparison. By heating to 300°C, most of the nitrate
counterions are removed (in contrast to the sulfate counterions which persist).?

The films deposited from these three aqueous precursor solutions display very similar
thicknesses and similar dependence on the relative humidity during spin depositions
(Figure 5). Because all precursor solutions were 1.0 M in total metals (or in metal and
sulfate ions in the case of HafSOXx), this suggests that, to a first approximation, the total
concentration of metal cations determines the resulting film thickness for a given

humidity and thermal treatment.
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Figure 3.5. Thickness vs Spin RH for Al,O3, HafSOX, and LaZr,O derived from aqueous precursors.
Empirically-derived trend of thickness vs RH represented by dashed line. Solid line is a linear fit to the
data.

In the previous study on bone gelatin, the authors derived an empirical relationship
between humidity and film thickness (shown as dashed line in Fig. 5):,

D = Kgu®%05 (1-RH)*® 1)

where D is thickness in nm, Ka is the concentration, o is the angular velocity during
deposition and RH is the fractional relative humidity. The numerical values for the
exponents were adjustable parameters used to fit the effect of humidity on thickness of
polymeric ‘bone-gelatin’ films.?! Equation (1) has the unphysical result that film
thickness is zero at 100% humidity and there is no physical meaning to the empirical
relationship or the value of the fitted parameters.

We have fitted our results to a linear relationship (shown as solid line in Fig. 5):

D =a[p + ¢ (1-RH)] )
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Where a is proportional to the concentration of the initial solution and inversely
proportional to the square root of the spin speed. The strength of the substrate-solution
interaction (wetting) and the surface tension of the solution probably also affect the value
of a, although the dependence of the thickness on these parameters has not been well
documented in the literature. f is the viscosity of the initial solution at ambient
temperature. The temperature of the solution on the substrate during spin coating will be
the ambient temperature at 100% relative humidity since the evaporation rate is zero. & is
a term that describes the change in the viscosity of the solution as a function of (1-RH),
which is proportional to the evaporation rate.?® Evaporative cooling during spin-
deposition can account for a factor of two change in the viscosity, as the viscosity of pure
water changes by a factor of ~2 in the temperature range of 5 to 25 °C.% Concentration
increases due to evaporation will increase the viscosity further. Qualitatively, at low
deposition RH, cooling and concentration of the solution from rapid evaporation rates
increases the viscosity of the remaining solution on the substrate significantly leading to
thicker films. Conversely, deposition at high RH (corresponding to low evaporation rates,
and thus lower viscosity) will yield thinner films. Equation (2) is an oversimplification,
since the magnitude of the temperature change with evaporation rate will depend on the
thermal conductivity of the various components (solution, the substrate and the spin
coater chuck, their thicknesses and the thermal impedance of the interfaces between
them), and the temperature dependence of the viscosity of H2O is not linear.?® Within the
uncertainty of our data, however this expression fits the thickness trend seen in Fig. 5

better than the previous empirical relationship, and provides some insights to parameters
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that impact &. The dramatic changes in thickness as a function of humidity highlight that

this must be controlled during processing to obtain reproducible thicknesses.

Conclusions

In this study, the effect of relative humidity during spin-deposition of all-inorganic
aqueous precursors showed that increasing relative humidity resulted in thinner films (all
other conditions kept constant). The thicknesses of films derived from the three different
1.0 M aqueous metal oxide precursors were very similar for a given set of processing
conditions. This indicates that the properties of the water solution (e.g. viscosity and
evaporation rate) likely govern the processes occurring during spin coating from aqueous
precursors that determine film thickness.

This is the first report focused on the impacts of relative humidity during spin deposition
of aqueous-derived metal-oxide thin films. The observed thickness change with relative
humidity can be fit to an equation linear in (1-RH), highlighting the importance of
evaporation rate in controlling the thickness of spin-cast films. Although this report
focuses on the importance of relative humidity during the spin deposition, the rate of
water loss upon annealing also likely plays an important role in the chemical reactions
that occur during film densification, and humidity may be important in these processes as

well.
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Bridge

Chapter 111 focused of the presence of H.O(g) during spin-deposition of metal-
oxide from aqueous precursors. Under high-humidity deposition conditions restricted
evaporation, limiting the viscosity increase that would result from increased
concentration or evaporative cooling. The lower viscosity under humid conditions results
in thinner films. The differing evolution of viscosity for precursor films spinning under
low and high relative humidities also correlates to differences in the density profiles of
the resulting thin films, as demonstrated with HafSOXx.

Water is also involved in the chemical processes that occur as thin films of
precursors are thermally converted to thin film metal oxides. Water is released during
solvent evaporation, may aid in the release of counterions, and is a by-product of metal
hydroxide condensation to the metal oxide. Maintaining a high partial-pressure of H2O(g)
should, in principle, shift the equilibrium of each of these processes. Chapter IV
investigates the effects of H.O(g) during the thermal conversion of precursor thin films to
metal oxide thin films and shows that H>O plays a role that is much more complex than

simply as a convenient solvent.
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CHAPTER IV
THE EFFECTS OF ANNEALING ATMOSPHERE HUMIDITY ON METAL
OXIDE THIN FILM FORMATION FROM AQUEOUS SOLUTION
Significant portions of lab-work, data collection, data analysis, and writing were
performed by Keenan N. Woods. Deok-Hie Park performed TPD experiments and

analysis. Editorial assistance was provided by Catherine J. Page and Douglas A. Keszler.

Introduction

Amorphous metal oxide thin films are central to a wide range of technological
applications, and mass production of thin film-based electronic materials has fueled
interest in developing low-cost deposition methods. Vacuum-based depositi