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DISSERTATION ABSTRACT 
 
Donald R. Clayton 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
September 2017 
 
Title: Characterization of Lithium Aluminum Oxide Solid Electrolyte Thin Films from 

Aqueous Precursors 
 
 

Low-temperature routes to solid electrolytes are important for construction of 

solid-state batteries, electrochromic devices, electrolyte-gated transistors, high-energy 

capacitors and sensors. Here we report an environmentally friendly aqueous solution 

route to amorphous thin films of solid lithium based electrolytes and related multi-layered 

structures. This route allows production of high quality films at very low temperatures, 

up to 600 °C lower than traditional melt quenching routes. Pinhole free films of 

thicknesses ranging from 13-150 nm produced by this route are extremely smooth and 

fully dense, with temperature dependent conductivities similar to those reported for 

samples made by energy intensive techniques. Processing conditions were examined by 

TGA-DSC; film evolution was monitored by FTIR; and, resulting films were 

characterized using FTIR, XPS, SEM, and XRD. These techniques indicate that water 

and nitrate removal is complete at low temperatures, and the films remain amorphous to 

400 °C. Electrical analysis suggests the presence of ionic double layer capacitor 

behaviour as observed in similar metal oxide systems. Large magnitudes of ε'app are 

reported for two separate systems herein, surpassing values reported in the literature for 

similar materials produced by other synthetic methods. A two-fold increase in the 
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breakdown strength of nanolaminate structures over their single-phase counterparts is 

also reported. The approach developed demonstrates a simple, inexpensive and 

environmentally benign deposition route for the fabrication of inorganic solid electrolyte 

thin-films and related nanolaminates, using LiAlPO, LiAlO, and TiO2:LiAlO as model 

systems. 

This dissertation includes previously published and unpublished co-authored 

material. 
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CHAPTER I 

GENERAL INTRODUCTION 

 

 This dissertation contains previously published and unpublished co-authored 

material. Chapter II was published with David Lepage, Paul N. Plassmeyer, Catherine J. 

Page and Mark C. Lonergan. Contributions to Chapter III were made by Mark C. 

Lonergan. Contributions to Chapter IV were made by Keenan N. Woods and Mark C. 

Lonergan.  

 Portions of this chapter were previously published as Clayton, D.R.; Lepage, D.; 

Plassmeyer, P.N.; Page, C.J.; Lonergan, M.C. Low-Temperature Fabrication of Lithium 

Aluminum Oxide Phosphate Solid Electrolyte Thin Films from Aqueous Precursors. RSC 

Adv 2017, 7, 7046-7051. The experimental work and writing was done by me. D. 

Lepage, P.N. Plassmeyer, C.J. Page and M.C. Lonergan provided editorial assistance.  

 

Dissertation Goals and Objectives 

 Solution-phase thin-films of electronic materials are of interest for use in a variety 

of devices including rechargeable batteries, field-effect transistors, high-energy 

capacitors, electrochromics, and sensors.1-7 The ability to produce these materials via 

solution-based green synthesis have resulted in a large number of studies focused on the 

production and incorporation of thin films into the various devices previously mentioned. 

In addition to single-phase materials, solution-phase thin-film synthesis enables the 

control of material properties through facile fabrication of metamaterials in the form of 

nanolaminates that are useful for energy storage applications. While a large body of 
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research has focused on the use of solution-phase thin-film synthesis for several metal-

oxide based systems, advancing the above has not been explored for ionically conductive 

materials. This dissertation aims to elucidate the fundamental chemistry governing the 

production of high-quality, ionically conductive thin films. This work directly addresses 

the following goal: open the field of studying ionic conductors using solution-phase green 

synthesis, including the fabrication of nanolaminates that may have material properties 

that are not simply the superposition of the constituent materials. 

 This goal is achieved by addressing the following objectives:    

 

1. The development of solution-phase synthetic methods for the production of thin-

film ionic conductors. 

2. The implementation of these methods for the synthesis of nanolaminates, utilizing 

ionically conductive constituent layers, to understand how nanostructure 

influences nanolaminate behavior.  

 

 This dissertation does three things:  First, it provides a general overview of the 

properties, applications, and the various synthetic methods for the production of 

crystalline and amorphous solid-state electrolytes. This overview aims to provide insight 

into the fundamental properties of solid-state ionic conductors, their general 

classifications, their synthesis, and how the work presented within this dissertation fits 

into the larger body of scientific research. Second, a brief summary of multi-layered 

structures and a description of their constituent layers for the purpose of electrical storage 

applications is provided. This summary provides a contextual understanding of the use of 
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inorganic materials in multi-layered stacks resulting in new materials with interesting 

properties. Additionally, this summary highlights how the properties of ionically 

conductive thin-films make them interesting candidates for use as constituent layers for 

nanolaminates described in this work. Third, it describes in detail, the use of 

environmentally friendly aqueous solution routes for the production of amorphous thin 

films and the resultant characteristics of solid lithium based electrolytes and related 

multi-layered structures produced via these methods. 

 

Properties and Applications of Crystalline Inorganic Solid-State Electrolytes 

 Inorganic Solid Electrolytes (ISEs) are a useful class of materials for a variety of 

electrical storage systems. The reported advantages of these materials over their liquid 

electrolyte counterparts include increased safety, stability and longevity. Safety concerns 

largely center on the the use of flammable and volatile organic solvents and in the case of 

lithium-based batteries, a high level of reactivity of the lithium source. The use of solid-

state architecture has been proposed as a means to address these issues, with inorganic 

based materials serving as the focus of this work. The basic ISE is composed of a 

network of metal and non-metal atoms and a mobile ion. The extent of order of these 

networks vary among the different systems, and conductive electrolytes are often 

classified by their physical structure and the means with which researchers attempt to 

distort these arrangements.8 These conductive materials can best be broken into two 

categories, crystalline and amorphous materials. Although this dissertation will focus on 

amorphous materials, a brief description of the major categories of crystalline materials 

and their associated conductivities is appropriate for context.  
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 The basic structure of a crystalline ionic conductor is a series of ordered 

polyhedra composed of ions and associated ligands that together form a basic framework 

(see Figure 1.1).9 The mobile ions include monovalent (Li+, Na+, Ag+, K+, Ti+, Rb+, Cs+), 

divalent (Mg2+, Zn2+, Ca2+, Cd2+, Pb2+) and trivalent (Al3+, Tm3+, La3+) cations in addition 

to several anions, most notably oxygen. The polyhedra networks are composed of a wide 

range of metal and non-metal ions while halogens and chalcogens often serve as ligands.9 

It is the specific organization of these polyhedra which define the individual structural 

categories, which is largely determined by constituent atom identity in both the polyhedra 

and ligand. Glass et al. defines three qualities that promote ionic conductivity in solid 

state conductors: high disorder in the mobile ion sublattice, weakly bound mobile ions, 

and an open crystal structure that permits macroscopic ion movement.10 

 The mobility of the conductive ions is critical in solid electrolytes. Typically, 

monovalent ions are the most conductive in solid systems. A decrease in the diffusion 

coefficient and an increase in activation energy is associated with increased valency, as 

this parameter directly influences both solid solubility and ion distribution within the 

lattice.11 A second factor that influences ion conductivity is mobile ion size. This 

parameter does not follow a specific periodic trend with respect to conduction. Individual 

structures are associated with different size requirements for mobile ions. Maximizing 

diffusion coefficients and minimizing activation energies is often attained when mobile 

ions are small enough to navigate the solid network unobstructed, but large enough to 

avoid electrostatic wells. 12 The primary energetic barrier mobile ions must overcome are 

bottleneck points along the conduction pathway.13 Furthermore, the presence and 

manipulation of vacancies, interstitials and lattice site occupancy also influence ionic 
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conductivity as these factors directly impact energetic barriers that sum as the apparent 

activation energy.9 

 

 

Figure 1.1. Pictorial representation of the basic structure of a crystalline ionic conductor. 
Mobile ions (purple sphere) move through the highly ordered polyhedra network 

composed of a various metal and non-metal ions (blue spheres) while halogens and 
chalcogens often serve as ligands (red spheres).  

 

 There have been a large number of reviews focused on ionic conductivity in solid-

state ionic conductors.1,9,14-21 The enhancement of these ionic conductivities is often 

system dependent. A brief discussion of the major structural classifications with specific 

materials and their conductivities is provided.  

 Although there are several classifications of crystalline solid electrolytes, the most 

studied systems are LISICON-like, thio-LISICON-like, NASICON-like, garnet, and 

perovskite. As previously mentioned, conductivities range across several orders of 

magnitude with no one system standing above the rest. LISICON have the general 

formula Li2+2xZn1-xGeO4 and have room temperature conductivities on the order of 1.0 x 

10-7 S cm-1. The related thio-LISICON replaces oxide ions with sulfide ions. The larger 
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radius of substituted S2- over O2- increases the radius of the lithium ion transport 

channels. This material is substantially more conductive with Li10GeP2S12 having a room 

temperature conductivity of 1.2 x 10-2 S cm-1.22 NASICON solid electrolytes have the 

general formula NaA2
IV(PO4)3 (AIV = Ge, Ti, and Zr). These materials are highly 

conductive with Li1.3Al0.3Ti1.7(PO4)3 (LATP) having a conductivity of 7 x 10-4 S cm-1.23 

Garnets have the general formula Li5La3M2O12 (M = Ta, Nb). The garnet structure 

Li7La3Zr2O12 has a conductivity of 2.1 x 10-4 S cm-1.24 The perovskites (ABO3) of lithium 

lanthanum titanate (LLTO) have some of the best conductivities of crystalline solid 

electrolytes. The material Li3xLa(2/3)-xTiO3 (x = 0.11) has a conductivity of 1.0 x 10-3 S 

cm-1.25 As previously noted a substantial amount of research is focused on maximizing 

conductivities within each system, and this is by no means an exhaustive list. However, it 

does provide a context for the materials presented in this work as these conductivities 

rank among the best in solid-state systems.  

 An important note is that ionic conductivity is often judged by order of 

magnitude. It is not unusual for conductivity values to range several orders of magnitude 

within an individual structural classification. Further, the specific structural manipulation 

resulting in maximum conductivity does not follow repeatable trends and is often 

unpredictable and unique to specific systems.26 

 
Properties and Applications of Amorphous Inorganic Solid-State Electrolytes 

 Amorphous ionic conductors are the second major classification of solid-state 

electrolytes. These materials are most often defined by their high level of structural 

disorder. A classic example that provides insight into the mechanisms of conduction in 

glassy conductors are the amorphous metal oxides. Although these materials are defined 
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by high levels of structural disorder, a general framework is present (see Figure 1.2). In 

the case of amorphous metal oxides, this framework is an array of metal oxide cations 

associated via covalently bound bridging oxygen atoms.27 The method of conduction in 

amorphous solids is often described by two models. The first model, popularized by 

Souquet, is the weak electrolyte model. This model works under the assumption that 

some of the oxygen atoms within the network do not form bridges, but instead are 

negatively charged and referred to as non-bridging oxygen atoms. Positively charged 

mobile ions are either associated with these negatively charged oxygen atoms or occupy 

interstitial sites and are free to conduct throughout the disordered network.27,28 The key to 

controlling ionic conductivity within this model is maximizing the amount of 

disassociated ions without generating so much disorder that a network ceases to exist. 

The second model popularized by Glass and Nassau is known as the random site model.10 

In this model, a continuum of sites with varying levels of free energy are occupied by 

mobile ions. When a limited number of mobile ions are present, they tend to occupy sites 

with the lowest free energy and highest activation energy. Only after these sites are filled 

can higher energy sites, more conducive to conduction, be occupied. The greater the 

percentage of mobile ions located within these higher energy sites, the more likely high 

levels of conductivity are observed. As in the weak electrolyte model, a higher number of 

mobile ions is key to high levels of measured ionic conductivity. Without an adequate 

number of mobile ions able to occupy the sites described above, measurable ionic 

conductivity is not observed.  
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Figure 1.2. A pictorial representation of an amorphous metal oxide ionic conductor. 
Mobile ions (purple spheres) move thorough a highly disordered framework of metal 

oxide cations (blue spheres) associated via covalently bound bridging oxygen atoms (red 
spheres).  

 
 One of the attractive features of amorphous glasses is that they commonly possess 

higher conductivities compared to that of their crystalline form.29-31  One explanation for 

this behavior is that amorphous materials are free of grain boundaries, which often limit 

the conductivity of their crystalline counterparts. A second attractive feature found in 

amorphous materials is that the high level of disorder, which is responsible for increased 

ion mobility in glasses, reduces the amount of electronic state overlap of neighboring 

atoms, ultimately reducing their electronic conductivity.10 This is especially important in 

battery systems where high levels of electronic conductivity results in shorting between 

the anode and cathode, ultimately resulting in direct discharge of electrons through the 

electrolyte rather than an external circuit.  Finally, and most importantly with respect to 
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this work, amorphous materials are more readily fabricated in thin film form.8 This is 

particularly important for their incorporation into more complex structures including 

nanolaminates, which are discussed in Chapter IV of this work.  

 The primary categories of amorphous conductors are oxide glasses, sulphide 

glasses, and LIPON. The oxide glasses are a largely ignored category of solid electrolyte 

due to their relatively low conductivity values, which are on the order of 10-8 S cm-1.  

Despite their moderate conductivity, these materials possess interesting properties and 

warrant further investigation for use in a variety of systems as presented herein (Chapter 

III). The sulphide glasses tend to have higher conductivity values over the oxide glasses 

with the GeS2+Li2S+LiI+Ga2S3 having a conductivity of 1 x 10-3 S cm-1, ranking this 

material among the most conductive solid-state electrolytes, crystalline or amorphous, to 

date.32 LIPON has a lower conductivity value of 3.3 x 10-6 S cm-1.33  

 

Inorganic Solid-State Electrolyte Synthesis 

 The synthesis of solid-state electrolytes varies widely depending on individual 

material and desired conductor form. Perhaps the most basic and widespread synthetic 

method is a traditional solid-state synthesis, colloquially referred to as the heat and beat 

method. Although this method ranks low in terms of sophistication, it is highly effective 

and responsible for many of the most conductive solid electrolytes known today. The 

general steps involve the following: mixing of powder precursors usually through 

mechanical milling, pressing mixed precursors into desired form often in the form of 

pellets or disks, and a heat treatment in a high temperature furnace, often between 500-

2000 °C, for extended periods.34 This method is often limited due to the slow nature of 



 

10 

 

the synthesis and the high levels of inhomogeneity at the atomic scale. A sub-category of 

this traditional synthetic method specifically used for the synthesis of amorphous 

materials is melt quenching. In this method, precursor materials, often in powder form, 

are mixed as described in the traditional heat and beat method. Their temperature is 

raised to produce a molten mixture of precursors. This melt is rapidly quenched resulting 

in the desired material. While these methods are effective for the synthesis of highly 

conductive materials, use in consumer electronics requires solid-state electrolytes to be 

produced in compact form.   

 

Thin-Film Synthesis of Inorganic Solid-State Electrolytes  

 A significant amount of research has gone into the production of solid-state 

electrolytes in thin-film form for compact device structure and improvement of 

electrolyte conductance. For these types of materials, vapor deposition methods 

dominate. The two major categories of vapor deposition are physical vapor deposition 

(PVD) and chemical vapor deposition (CVD). Physical vapor deposition involves the 

vaporization and transport of source material in the gas phase and subsequent 

condensation onto solid substrates, usually under high vacuum.35 The major categories of 

physical vapor deposition include vacuum deposition, which has a direct line-of sight 

transport of gas material from source to substrate and sputtering in which a physical 

source (target) is bombarded with ions, dislodging source material which can then 

condense on the substrate.35 Chemical vapor deposition involves the flow of precursors in 

gaseous form into a reaction chamber. Here gases react and are deposited onto desired 

substrates. A highly advanced method of CVD is known as atomic layer deposition 
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(ALD). In this method source vapors are alternately deposited one at a time, resulting in 

monomolecular layer depositions.36 This results in highly dense, uniform films, with 

unparalleled thickness control. While these methods are highly effective for the 

deposition of thin films, problems including slow deposition times, heat induced 

structural damage, limitations of substrate identity, and film inhomogeneity have been 

associated with these methods. Furthermore, the requirement of advanced vacuum 

apparatuses makes these methods very expensive. Ultimately, these issues have resulted 

in the development of alternative synthetic methods for thin-film deposition that are 

quick, low cost, and address limitations of vapor deposition.  

 

Solution-Phase Thin-Film Deposition of Solid-State Electrolytes 

 One such alternative method to the synthesis of solid electrolytes that aims to 

solve the issues associated with traditional processing methods, including the issue of 

inhomogeneity, is sol-gel synthesis. In this method, a homogenous liquid solution of 

precursors is generated. Through the hydrolysis and condensation of metal alkoxide or 

citrate precursors and organic solvents, a sol, or colloidal suspension, is generated.37 The 

sol is then slowly dried resulting in transparent, usually amorphous, solid gels. A final 

high-temperature calcination to remove volatile compounds results in the final solid 

product. A major drawback of sol-gel synthesis is the use of organic stabilizing agents 

and solvents that must be expelled from the resultant product.38 The removal of these 

substance often result in cracking and void formation.39,40   

 For films to be used in devices, they must be crack free and clear of large voids. 

This means that in order for a solution process to be useful, the transition from 
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homogeneous precursor solution to film must be conducive to quality film formation. 

This is an obvious short-coming of sol-gel synthesis directly related to the use of 

stabilizing and chelating agents necessary for completely solvated precursors. The 

removal of these species are associated with cracking and void formation.39,40  

Furthermore, the temperatures required to drive off volatile agents also generate highly 

porous films with high levels of roughness, directly linked with the large volume loss 

during the drying process of wet gels.41  

 An alternative approach to sol-gel chemistry is the solution process prompt 

inorganic condensation (PIC). PIC is based on the use of aqueous precursors consisting of 

simple inorganic salts or clusters that concentrate during spin coating, and rapidly 

condense to form metal oxide networks with low-temperature annealing. Unlike sol-gel 

synthesis, low temperature annealing nondestructively dehydrates films and releases 

small inorganic counterions resulting in high quality films. In addition to the small size of 

these counterions, compared to that of the stabilizing agents utilized in sol-gel, their 

identity is specifically targeted for low-temperature, non-disruptive decomposition. The 

success of PIC is predicated on the complete dissolution of precursor salts and the 

resultant homogeneous nature of the precursor solutions. In this work, aqueous solutions 

containing Al3+ are used. The use of aluminum solutions is common to PIC chemistries 

and has been extensively studied.42-46 A key attribute of aluminum solutions that 

ultimately yield quality films is the hydrolysis and condensation of solvated Al3+, which 

produces molecular hydroxo clusters.47,48 In the presence of oxyanion groups, these 

hydroxo clusters result in the formation of heteropolymeric species.42,49 As with other 

PIC chemistries, mild heating initiating the decomposition and non-disruptive elimination 
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of counterions along with the simultaneous dehydration of solvent produces a stable 

oxide framework.50-52  

 Chapter II will describe the first reported solution deposition of the ionically 

conductive thin-film LiAlPO via PIC. The synthesis utilizes aluminum, phosphate, and 

lithium precursor solutions for the deposition of high quality films (see Figure 1.3). The 

fabrication of these films are enabled by the low temperature dehydration and elimination 

of nitrate counterions. The successful synthesis of these films provides a stage for the 

successful deposition of solid-state electrolytes using PIC chemistries. 

 

 

Figure 1.3. Pictorial representation of PIC chemistries including aqueous solution 
precursors and spin processing of a LiAlPO film. 

 

 Portions of this work were previously submitted to publish as Clayton, D.R.; 

Lepage, D.; Plassmeyer, P.N.; Page, C.J.; Lonergan, M.C. Low-Temperature Fabrication 

of Lithium Aluminum Oxide Phosphate Solid Electrolyte Thin Films from Aqueous 

Precursors. The writing and experimentation was done entirely by me. D. Lepage, P.N. 

Plassmeyer, C.J. Page and M.C. Lonergan provided editorial assistance.   
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Multi-Layered Structures 

 As previously mentioned, inorganic materials have received considerable interest 

for use in a variety of electrical systems. This interest is in large part due to their 

reputation for high levels of chemical and thermal stability.53 The chemical composition 

and atomic arrangements ultimately determine the electrical properties of these materials 

which behave as insulators, semiconductors, and conductors.54  A particular material 

parameter of interest resulting in high levels of interest over years is the large dielectric 

constant associated with some metal oxides. Unfortunately, these materials often exhibit 

high levels of leakage currents and high reactivity against metal contacts.55 Initial 

attempts to improve individual material characteristics focused on the use of additives to 

address specific shortcomings including leakage current.56-58 Although these additives 

often possessed ideal material parameters that the host material was deficient in, their 

incorporation ultimately reduced the positive attributes of the original structure, with 

respect to the material’s proposed application. 59 An alternative approach is the use of 

multi-layered stacks to merge specific characteristics, beneficial for the intended 

application, into a single material form. Ultimately, these hybrid materials aim to exhibit 

high levels of stability and superior electrical characteristics. A significant body of 

research has focused on the use of nanolaminates, which are layered composites of 

alternating materials. Typically each layer is a thin film of under 100 nm composed of at 

least two different materials with the resultant structures often exhibiting characteristics 

unique from their single layer constituents.53 As with single layer films, composition 

ultimately determines material parameters. An attractive attribute of nanolaminates is that 

the dimensions of the individual layers strongly impact the physical and chemical 



 

15 

 

properties. This phenomenon is most commonly observed when layer thickness falls 

below the length scale that governs the material property. Park et al demonstrated that the 

sublayer thickness directly impacts dielectric constant with a drastic increase in the value 

of 𝑘 as a function of decreasing sublayer thickness.60  This highlights the importance of 

synthetic methods that offer tight control over deposited film thickness. Furthermore, 

layer-layer interactions impact the microstructure of the nanolaminate and can be used to 

manipulate composition and ultimately properties.53 This was demonstrated by Li et al in 

which the dielectric constant was increased through the modification of layer 

composition at the AlOx-TiOx interface.61  In addition to composition and layer thickness, 

nanolaminate design scheme plays an important role in the behavior of the stack.61-63 A 

simple example is the Al2O3-ZnO system in which the layer structure allowed for the 

tuning of electrical properties beyond the range of either constituent material.64,65 As 

previously mentioned, metal oxides often exhibit high values of dielectric permittivity, εr, 

but also have low potential dielectric strength, EBD. Several studies have successfully 

demonstrated nanocomposite materials as a means to improve breakdown strength while 

retaining high permittivity.54,66,67  Jogi et al also demonstrated the ability of 

nanolaminates to improve leakage current as a function of layer thickness.63 

 The use of nanolaminates goes beyond the improvement of individual layer 

performance. The laminate structures themselves display interesting characteristics 

including large dielectric constants beyond 1000.68 This represents an increase of over 

700 times in the dielectric constant for the Al2O3-TiO2 laminate over that of Al2O3.68 

Taken together, the use of nanolaminates to generate large dielectric values and high 
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dielectric strength can be valuable when considering the energy density capacity of a 

material according to equation: 𝑊 = $
%
𝜀'𝜀(𝐸*+%  

 Chapter IV focuses on the synthesis of nanolaminates precisely designed to 

maximize the energy density as previously demonstrated in several studies.66,69,70 

Specifically, this chapter focuses on the use of PIC chemistries as a sustainable approach 

to the design and fabrication of quality nanolaminates with interesting material 

properties. The successful synthesis of quality nanolaminates via PIC has been 

demonstrated with the unique ability generate new materials with unique compositions or 

compositionally graded films.47,71 This work aims to extend the synthesis of 

nanolaminates via PIC to include ionically conductive constituent layers which are 

known to generate large capacitance values as demonstrated in Chapter III.  

 

 

Figure 1.4. Pictorial representation of a nanolaminate stack with ionically conductive 
constituent layers (yellow) interspersed with non-conductive layers (black).  
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 Portions of this work include co-authored material. Coauthored material of 

Chapters III and IV were completed with M.C. Lonergan. The excerpts to be included 

were written entirely by me. The experimental work was also performed entirely by me. 

M. C. Lonergan provided experimental direction and editorial assistance.  
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Bridge 

 This chapter provided a background for the applications, classifications, 

properties, and synthesis of inorganic solid-state electrolytes. Specifically, this chapter 

addressed solution phase thin film synthesis as a means to produce high quality, ionically 

conductive materials useful for energy storage applications. This general information 

provides context for this work and highlights the specific goals and general contributions 

of this dissertation to the scientific community. Chapter II will demonstrate the use of 

these aqueous solution based chemistries for the fabrication of inorganic thin-film solid-

state electrolytes. It will be demonstrated that high quality thin films of the ionic 

conductor lithium aluminum oxide phosphate can be produced via low energy methods 

described in Chapter I.  
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CHAPTER II 

LOW-TEMPERATURE FABRICATION OF LITHIUM ALUMINUM OXIDE 

PHOSPHATE SOLID ELECROLYTE THIN FILMS FROM AQUEOUS 

PRECURSORS 

 

 This chapter contains previously published and co-authored material. The 

experimental work and writing was done by me. D. Lepage, P. Plassmeyer, C. Page and 

M. Lonergan provided editorial assistance.  

 

Introduction 

 Thin films of inorganic solid electrolytes (ISEs) have received considerable 

interest in recent years for use in a variety of devices including rechargeable batteries, 

electrochromics, electrolyte-gated transistors, high-energy capacitors, sensors, and other 

electrochemical devices.1-7,9,17 The reported advantages of ISEs include increased safety, 

reliability, and thermal stability.9,16,17,72 Thin films are needed for compact device 

structures and to improve electrolyte conductance. Methods for the fabrication of thin 

film ISEs, however, are primarily limited to expensive vacuum deposition techniques 

and/or require high temperature annealing, which is energy intensive and hinders 

integration with materials of low thermal stability.  

 We demonstrate herein the use of prompt inorganic condensation (PIC) as a low-

temperature, solution-cast route to high quality thin films of the solid electrolyte 

Li5Al2O(PO4)3 (LiAlPO) using only aqueous precursors. PIC is a powerful approach that 

has been developed for the synthesis of oxide thin films.47 It is based on the use of 
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aqueous precursors consisting of simple inorganic salts or clusters that concentrate during 

spin coating, and rapidly condense to form metal oxide networks with low-temperature 

annealing, with further dehydration and possibly decomposition of small inorganic 

counterions at moderately elevated temperatures. To date, PIC has been primarily used in 

the synthesis of thin-film oxide dielectrics, semiconductors, and nanolaminates of these 

compounds.42,46,50,52,73,74 This is the first demonstration of its use for the synthesis of thin 

film ISEs. 

 Bulk LiAlPO has been previously synthesized by classic melt quenching 

techniques requiring temperatures in excess of 750 °C.75 To date, thin films of this 

material have not been reported. By using PIC, we are able to greatly reduce the 

processing temperatures, and prepare this material readily in thin-film form. Previously, 

PIC has been used to prepare aluminum oxide phosphate thin films with P:Al ratios 

ranging from 0.5 to 1.0.42 The extension of this work into the synthesis of lithium 

alumino phosphate glasses with a higher P:Al ratio (1.5:1) and added lithium 

demonstrates the flexibility of the PIC method to produce amorphous films over a range 

of stoichiometries. 

 Although LiAlPO has not been previously synthesized by a solution-based 

approach, other ISEs have. However, most currently available approaches that produce 

quality ISE thin films employ environmentally harsh solvents, such as hydrazine, or rely 

on organic ligands and/or solvents.76,77 For example, sol-gel synthesis typically utilizes 

metal alkoxide or citrate precursors and organic solvents. The removal of these solvents 

and ligands result in undesirable film characteristics including cracking and void 

formation.40,78 Although PIC requires the liberation of water and possibly counterion 
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decomposition products, cracking and surface roughness are not commonly observed in 

films prepared by this method.42,74 Further, in many cases the removal of water and 

counterions can be achieved at low temperatures, as in the present study.42,74 Moreover, 

the use of water as a solvent has obvious benefits in terms of sustainability and hazard 

reduction. Previous reports of thin-film ISEs from aqueous solutions are exceptionally 

limited. Most closely related to the work herein is that of van den Ham et al, who 

reported an aqueous precursor route to thin films of an amorphous lithium lanthanum 

titanate perovskite ISE.79 These authors used an aqueous citrate-peroxo-Ti(IV) precursor, 

which required annealing temperatures of 500 °C for complete decomposition and 

elimination of citrate. Here we demonstrate that PIC using nitrate and phosphate 

precursors can be used to synthesize dehydrated, smooth, uniform LiAlPO films at 

temperatures as low as 275 °C.  

 

Experimental  

Precursor Synthesis 

 The LiAlPO precursor solution was prepared with the addition of 50 mmol 

Al(OH)3•xH2O (Alfa Aesar) to 50 mL of 18 MΩ H2O. The level of hydration in 

Al(OH)3•xH2O was determined gravimetrically through thermal conversion to the oxide 

(Al2O3). Complete dissolution was achieved following the addition of 100 mmol of 

HNO3 (EMD Chemicals 70% w/w) with one hour of stirring at 80 °C. To the clear 

solution 75 mmol of H3PO4 (EMD Chemicals 85% w/w) was slowly added. The solution 

was stirred overnight with heating (80°C). The solution was allowed to cool to room 

temperature and 137.5 mmol of solid LiNO3 (Alfa Aesar) was added. The mixture was 
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stirred at room temperature until complete dissolution of the LiNO3 (~10 minutes). The 

solution was diluted with 18 MΩ H2O to achieve a 0.4 M concentration with respect to 

Al. The P:Al:Li ratio was 1.5:1:2.5 for all precursor solutions. This concentration of 

precursor solution was used for all characterization with the exception of FTIR analysis 

for which films were prepared with solutions of 0.7 M with respect to Al.  

 

Film Deposition and Device Fabrication 

 All of the films were prepared by solution deposition of a single layer via spin-

processing. Boron doped Si substrates (0.008-0.020 Ω cm) were sonicated in a five 

percent Contrad 70 solution for 60 min at 50 °C. Substrates were then treated by plasma 

cleaning to produce a hydrophilic surface (120 s O2/N2 plasma etch using a Plasma Etch, 

Inc. PE-50 Benchtop Plasma Cleaner set to maximum power). The precursor solution was 

filtered (2x) through a 0.45 µm Teflon filter. Substrates were flooded with the filtered 

LiAlPO precursor solution via syringe and spun at 3000 rpm for 30 s. An immediate hot 

plate cure at 275 °C took place for one minute. A final anneal at either 275 or 400 °C was 

then carried out for one hour.  An array of circular (0.011 cm2) Al top contacts were 

thermally evaporated onto the LiAlPO surface via shadow mask. An Al plate adhered by 

silver print to the silicon wafer was used for a back contact.  

 

Characterization 

 Weight loss and thermal stability of evaporated LiAlPO precursor powders were 

analysed using a TA Instruments Thermogravimetric Analyzer (TGA Q500). Further 

thermal characterization was conducted using a TA Instruments Differential Scanning 
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Calorimeter (DSC-2920). For these measurements, the precursor solution was evaporated 

at 100 °C for one hour yielding 10-30 mg powder samples. A heating rate of 2-10 °C/min 

from room temperature to 600 °C was completed for TGA analysis. DSC measurements 

were completed using a heating rate of 10 °C/min from room temperature to 460 °C.   

 X-ray reflectivity and diffraction measurements on film samples were collected 

on a Bruker AXS D8 Discover diffractometer with Cu Kα radiation to determine the total 

film thickness and confirm amorphous character. The chemical characteristics of the 

LiAlPO films were investigated by transmission Fourier transform infrared spectroscopy 

(Thermo Scientific Nicolet 6700 FT-IR Spectrometer) and X-ray photoelectron 

spectroscopy (Thermo Scientific ESCALAB 250 X-ray Photoelectron Spectrometer). All 

binding energies were referenced to the C 1s peak of carbon at 284.8 eV. NIST and 

LaSurface XPS databases were used for binding energy assignments. Film morphology 

and thickness were characterized using a ZEISS Ultra-55 Scanning Electron Microscope. 

Impedance spectroscopy measurements were performed using a Solartron 1260 

Impedance Analyzer and 1296 Dielectric Interface over the frequency range 10 mHz to 1 

MHz.  Temperature control was achieved using a Sun Electronic Systems Environmental 

Chamber (Model EC1X). The apparent relative permittivity εapp = ε’
app – iε’’

app and 

conductivity  σapp = σ’
app + iσ’’

app were calculated from the raw complex impedance Z in 

the standard manner: εapp = σapp/iωε0 = L/iωAZε0 where ε0 is the vacuum permittivity. The 

dielectric loss tangent tan δ = ε’’
app / ε’

app = tan(θ  + π/2), where θ is the measured phase 

angle, was also calculated.  
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Results and Discussion 

 The PIC synthesis of LiAlPO thin films reported herein involves spin casting an 

aqueous solution of salts and acids with appropriate stoichiometry followed by mild 

heating to produce an amorphous oxide film according to the following idealized 

chemical reaction: 

 

2Al(OH)3(aq) + 4HNO3(aq) + 5LiNO3(aq) + 3H3PO4(aq) →

	Li5Al2O(PO4)3 (s) + 9HNO3 + 5H2O.   

 Scheme 2.1. Idealized chemical reaction for the synthesis of LiAlPO. 

 Note that nitric acid is added to solubilize the Al(OH)3. Ideally, the nitric acid 

product is liberated as its azeotrope with water at relatively low temperature (boiling 

point 121 °C), but some nitrate incorporation into the LiAlPO product is also likely to 

occur. To explore this further, thermal analysis was first performed on bulk powders of 

dried precursor solution. Specifically, a solution containing Al(OH)3 (solubilized with 

HNO3), H3PO4, and LiNO3 in the molar ratios of Scheme 2.1 was evaporated to near 

complete dryness at 100 °C.  Figure 2.1 shows TGA-DSC analysis of the resulting 

powder. Beginning near 100 °C, there is an initial mass loss of nearly 20% accompanied 

by a broad endotherm. This is assigned to the continued dehydration of the powder and 

the elimination of nitrate from the film as the H2O/HNO3 azeotrope. Above 120°C in the 

tail of the endotherm, mass loss continues at a relatively constant and more gradual rate, 

with the exception of two small features in the TGA. One corresponds with a sharp 

endotherm at 255 °C, which coincides with the melting temperature of LiNO3. The 
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second has an onset of 340 °C, and we assign it to the decomposition of residual nitrates 

in the film. This assignment is supported by IR data on thin films discussed below and 

indicates that nitrates are not completely removed via the H2O/HNO3 azeotrope 

evaporation, at least in bulk powders.  For comparison, the decomposition of simple 

nitrate salts of the main group elements can occur over a wide range of temperatures from 

as low as 170 °C for pure aluminum nitrate to 640 °C for pure lithium nitrate. 80 

 The thermal analysis data on bulk powders motivated us to study LiAlPO thin 

film formation at temperatures of 275 °C and 400 °C. Although dehydration, 

condensation, and nitrate decomposition are likely different in spin-coated thin films 

relative to bulk powders, we expected that these temperatures would be sufficiently high 

to result in near complete dehydration as well as to enable comparison of the effects of 

residual nitrate in the film. 

 

Figure 2.1. TGA and DSC curves of a LiAlPO precursor powder from 20 to 450 oC. 
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 Thin films were made by first spin casting a precursor solution of the same 

composition used in the thermal analysis experiments onto cleaned silicon substrates, 

followed by rapid annealing at either 275 °C or 400 °C on a hot plate. 

 Films annealed at both temperatures were determined to be amorphous by XRD. 

This is consistent with the crystallization temperature for LiAlPO of greater than 500oC  

reported by Reddy et al.81 Amorphous films are desirable to maintain transparency and to 

prevent localized current pathways associated with grain boundaries in crystalline 

materials. The formation of amorphous films illustrates how PIC is distinctly different 

from the simple co-precipitation of aqueous salts. Slow heating to 275 °C of the dried 

LiAlPO precursor solution produced powders with diffraction peaks indicative of 

tridymite and cristobalite AlPO4.42 The resistance to crystallization in the PIC method is 

attributed to prompt dehydration and condensation to form an initial glass network during 

spin coating and rapid annealing. 

 To better understand the formation of LiAlPO thin films using PIC, FTIR spectra 

were collected as a function of annealing temperature (see Figure 2.2). Several peaks 

were monitored to confirm formation of the alumino-phosphate network and track 

changes in composition. Remarkably, absorption near 3600 cm-1 and 1640 cm-1 attributed 

to the presence of water were not observed, even after annealing at 275 °C for only one 

minute. This is in contrast to thin films of a different P:Al ratio, Al2O3-3x(PO4)2x (AlPO) 

produced via PIC in which films of similar thickness show detectable water absorptions 

up to 600 °C.42 Peaks in the 1200-1700 cm-1 are assigned to nitrate deformation 

vibrations. They were observed in the 275 °C annealed sample but not in the 400 °C 

sample indicating near complete nitrate decomposition had occurred in the latter. This 
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supports the assignment above of the DSC endotherm to nitrate decomposition at 340 °C. 

The strong peak located at 1120 cm-1 is attributed to the phosphate absorption band and is 

present at both annealing temperatures. Peaks between 400-950 cm-1 are associated with 

both Al-O and P-O vibrations.42,82  

 

 

Figure 2.2. FTIR spectra of 120 nm LiAlPO films annealed at 275 °C (blue) and 400 °C 
(orange) for one hour. 

 
 Thin-film chemical composition was further analysed via XPS. A survey scan 

revealed the presence of Li, Al, P, C, N, and O (Figure AA1). The observed ratios of 

Li:Al:P:O match that of the precursor solution in samples processed at 275 °C and are 

presented in Table S1.  It is noted that adventitious carbon was observed in all of the 

films due to air exposure with the C 1s peak at 284.8 eV serving as a charge correction 

reference.  

 The relative oxygen content did not change over a range of annealing conditions 

consistent with near complete dehydration of the film by 275 °C.  As shown Figure 2.3, 

the O 1s peak shape was somewhat different between the 275 °C and 400 °C samples. 
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The shape at 275 °C was best fit with a convolution of peaks corresponding to AlPO4 

(531.7 eV), H2O (533.3 eV) and OH- (530.9 eV), whereas at 400 °C, the O 1s signal is 

entirely attributed to AlPO4. The relatively minor contribution of H2O and OH- to the O 

1s XPS signal, the constancy of the relative oxygen content by XPS between the 275 °C 

and 400 °C samples, and the absence of water vibrations in the IR suggest that the film is 

nearly completely dehydrated at 275 °C. 

  

 

 

 

Figure 2.3. XPS spectra of the O 1s peak of LiAlPO films as a function of annealing 
temperature: (a) 275°C and (b) 400 °C. Experimental data (open circles), AlPO4 fit (red), 

H2O fit (orange), OH fit (blue), and residual fit (green). 
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 XPS data indicates the ratio of nitrogen to aluminium in films annealed at 275 °C 

is 1:10 suggesting most residual nitrogen has been eliminated by this temperature. 

Furthermore, the N 1s signal was extremely weak suggesting minimal nitrogen content.  

Annealing at 400 °C resulted in the continued reduction of the N 1s peak supporting 

elimination of nitrate stretches as observed by FTIR. The single Li 1s peak located at 55 

eV is indicative of lithium in a phosphate environment and inconsistent with that of 

lithium oxide (53 eV). 

 Scanning electron microscope (SEM) images shown in Figure 2.4 demonstrate the 

high quality of the deposited films with respect to smoothness, density, and porosity. No 

apparent cracking or obvious film disruptions are observed despite the high volume of 

water loss required for film formation. We propose that the initial conversion of metal 

hydroxides in the precursor solution to metal oxide networks during film formation is a 

relatively forgiving transition that alleviates stress. Additionally, the ease with which 

decomposed counterions are expelled from the film prevents the high level of porosity 

observed in organic precursor systems. This is in stark contrast to that typically observed 

in more traditional sol-gel methods based on organic precursor systems. The fact that 

only relatively small molecules, such as H2O, HNO3 or NO2 from nitrate decomposition, 

need be expelled is believed to contribute to the formation of compact films with little 

porosity. 
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Figure 2.4. Cross-sectional SEM image of LiAlPO film annealed at 275 °C for one hour. 
 
 

 The thickness of films produced can be readily controlled by adjusting precursor 

solution concentration and spin speed.  In this work, single layer films from 20 nm to 150 

nm were fabricated from 0.1 M to 0.8 M precursor solutions, respectively (Figure AA2).  

These results are consistent with other studies of Al-P-O films produced using PIC. 43  

Lithium ion conductivities of the LiAlPO films were determined using impedance 

spectroscopy. Figure 2.5 shows the resulting dielectric functions measured at room 

temperature. The real part of the apparent conductivity, σ’
app, as a function of frequency 

yields a small plateau region where the DC ionic conductivity was determined. As the Al 

and Si electrodes are blocking to lithium ions, polarization of ions at the electrode-

electrolyte interface is indicated by capacitive behaviour at low frequency. The plateau 

region observed at intermediate frequencies is attributed to the bulk resistance of the solid 

electrolyte film. The separation of capacitive ion polarization at low frequency from a 

potentially frequency dependent conductivity makes rigorous extraction of the DC 

conductivity challenging and model dependent.83 For consistency, we take the 

conductivity at the frequency corresponding to the peak in the dielectric loss as an 
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estimate of the DC ionic conductivity, as has been done in other systems.84 The room 

temperature DC conductivity of films annealed at 275 °C was calculated to be σDC = 2.6 

x 10-8 S cm-1 for 74 nm films. This conductivity is comparable to the literature value of 

2.8 x 10-8 S cm-1 for bulk glasses of nominally the same composition, but prepared using 

high temperature methods.81 While we recognize that the conductivity is below that of 

other solid electrolytes currently used in battery research, it should be noted that the level 

of conductivity was maintained with the use of a more environmentally sustainable 

approach. Furthermore, the method of synthesis provides ample opportunity to improve 

conductivity through chemical modification as discussed below.  Activation energies 

were determined by plotting log σDC versus 1/T according to the Arrhenius equation: σ = 

A exp[-Ea/(kT)] where A is the pre-exponential factor, Ea is the activation energy, k is the 

Boltzmann constant, and T is temperature. The value of Ea extracted from the linear fit of 

the log σDC versus 1/T is 0.67 eV, consistent with that reported for bulk LiAlPO.81 

 

 

Figure 2.5. Impedance data at 23 °C of a 74 nm thick LiAlPO films annealed at 275 °C. 
The real part ε’

app (orange squares) and imaginary part ε’’
app (green triangles) of the 

apparent relative permittivity, the real part of apparent conductivity σ’
app (blue line, right 

ordinate), and the loss tangent tan δ (brown diamonds). 
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 The real part of the apparent permittivity (ε'app) as a function of frequency and 

temperature is shown in Figure 2.6. The low frequency side is assigned to the polarization 

of ions against the blocking electrodes, and yields a large value ε'app = 100 for a 68 nm 

film. Consistent with this assignment is the fact that the low frequency ε'app is observed to 

depend on the thickness of the film. This is because the characteristic length of the ionic 

double layer is the Debye length of the electrolyte, rather than the thickness of the film. 

The ionic polarization necessary to form an electrode double layer results in a constant 

contribution to the capacitance, regardless of film thickness, which manifests as a 

thickness dependent ε'app. The high frequency dielectric constant is near 6, which is 

slightly above that of AlPO, and it is thickness independent.43 In addition to the long-

range motion of lithium ions that contribute to ionic double layer formation at the 

electrodes, lithium displacements over shorter ranges contribute to the bulk dielectric 

constant at higher frequencies leading to an increased dielectric constant relative to 

AlPO. 

 The large double layer capacitance of thin-film ISEs has led to interest as gate 

dielectrics in field-effect transistors.7,85 Primarily, these studies have focused on 

monovalent cation incorporation into aluminium oxide materials resulting in sizeable 

capacitance and a subsequent reduction in operating voltages.7,85-87 Specifically, Liu et al 

observed an increased capacitance in alkali metal ion incorporated alumina used as gate 

dielectrics for oxide field-effect transistors. The standard alumina films had a low 

frequency capacitance of 0.13 µF cm-2. Incorporation of lithium into the alumina 

increased that value to 1.8 µF cm-2. Our lithium incorporated alumina phosphate has a 
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low frequency capacitance of 1.6 µF cm-2, suggesting these films might be of interest for 

this application. 

 

 

 

Figure 2.6. (a) Arrhenius plot of the DC conductivity σDC value at the peak in the loss 
tangent tan δ frequency from 74 nm thick LiAlPO film and (b) Frequency dependent ε’app 

as a function of temperature over the range -90 oC to 90 oC in 20 oC increments for the 
same sample. 
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organization within films resulting in non-bridging oxygen atoms with which Li ions are 

able to associate to give a non-random hopping mechanism of conduction.88,89 However, 

the actual annealing temperature is also important. Annealing at 400 °C resulted in a 

reduction in observed ionic conductivity (σ = 1.6 x 10-10 S cm-1). This result is expected 

when considering the spectroscopic data and the proposed mechanism of ion conduction. 

The O 1s XPS peak at elevated annealing conditions is entirely assigned to AlPO4 

suggesting the elimination of non-bridging oxygen atoms necessary for lithium ion 

conduction.  At these annealing conditions, the inorganic condensation is pushed near 

completion resulting in the formation of a stable AlPO4 framework.  Mobile lithium ions 

lose association sites required for long-range motion and the resultant conductivity is 

significantly reduced. 

 

Conclusions 

 We have reported a low energy approach to the synthesis of thin-film ISEs via 

aqueous solution deposition. LiAlPO thin films produced via prompt inorganic 

condensation demonstrate a room temperature conductivity of 2.6 x 10-8 S cm-1 

(thickness = 74 nm) and activation energy of 0.67 eV.  These values are consistent with 

lithium ion conduction observed in bulk LiAlPO samples but produced via energy 

intensive melt quenching techniques. Precise control over desired film thickness via 

precursor concentration was achieved with pinhole free films obtained over the 20 nm to 

150 nm thickness range.  

  The combination of solution deposition and low temperature processing is a 

unique approach to the synthesis of ISE thin films. Previously, synthesis routes to lithium 
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alumino phosphates have been limited to melt quenching syntheses of bulk powders 

processed between 750 °C and 950 °C.75,81,90 Solution based syntheses of other ISEs have 

required temperatures ranging from 650 °C to excess of 1000 °C.91,92 We have 

successfully reduced processing conditions to 275 °C using an aqueous solution route 

that allows production of high quality thin-film ISEs. Reducing processing temperatures 

is a first step in extending the direct synthesis of ISE thin films to substrates beyond 

silicon and glass, such as those desired for flexible electronics. Because homogenous 

solution precursors are used, incorporation of additives or metal substitutions to increase 

film conductivity is readily achieved.81,93 This study serves as a first step towards future 

work that seeks to vary composition for new solution processed ISEs as a way to 

maximize their conductivity. Finally, PIC allows for the direct deposition of ISEs as 

smooth, dense thin films that are ideal for layered systems requiring high quality 

interfaces such as nanolaminates, batteries, and thin film transistors, without the use of 

vacuum deposition. 74,85 
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Bridge 

 This chapter demonstrated the use of PIC chemistries to produce thin-films of the 

ionic conductor LiAlPO. The use of PIC allows for the production of quality thin-films at 

significantly lower temperatures compared to that of bulk LiAlPO prepared via melt 

quenching. Most importantly, LiAlPO reported in this chapter retain conductivities and 

activation energies consistent with their bulk material counterparts. In Chapter III the use 

of aqueous solution processing is extended beyond the LiAlPO system described in 

Chapter II, to include the solid state ionic conductor Li2O-Al2O3 (LiAlO). It will be 

demonstrated that quality LiAlO thin-films with high values of ε'app can be produced.  
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CHAPTER III 

FABRICATION OF LITHIUM ALUMINUM OXIDE SOLID ELECTROLYTE 

THIN FILMS FROM AQUEOUS PRECURSORS 

 

 This chapter contains previously unpublished and co-authored material. The 

experimental work and writing was done by me. M. Lonergan provided editorial 

assistance. 

 

Introduction  

 Inorganic solid electrolytes (ISEs) have been identified as a promising group of 

materials for use in a variety of electrochemical devices. 1-7,9,17 Reported advantages 

include increased safety, reliability, and reduced waste.94 A major hurdle to the 

incorporation of these solid-state electrolytes into electrochemical systems is their low 

conductivities compared to that of their liquid counterparts. One solution to improve 

electrolyte conductance is the use of thin films, more specifically, the use of amorphous 

thin films. A significant obstacle in the use of crystalline materials is the restriction of 

conducting ions to various paths dependent on specific crystallographic arrangements.30 

The use of amorphous materials addresses this obstacle in part, because of the large 

amount of structural disorder associated with glassy conductors. Furthermore, lithium 

ions are known to be fairly mobile species with decreasing activation energies as a 

function of increased structural disorder.28 Although several studies have aimed to solve 

the issue of low electrolyte conductance in ISEs, fabrication methods have received less 
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interest. The use of expensive vacuum deposition and/or high temperature processing has 

dominated synthetic methods.  

 The synthesis of bulk LiAlO powders has traditionally been prepared by solid 

state methods requiring processing temperatures in excess of 1000 °C.95,96 More recently, 

synthetic methods including combustion synthesis and sol-gel synthesis have produced 

LiAlO in powder form.97,98 Thin films of this material have been synthesized via r.f.-

magnetron sputtering and more recently atomic layer deposition (ALD).99-101 These 

synthetic methods are limited by their processing conditions, equipment, and material 

state. As previously mentioned a high level of importance has been placed on the ability 

to produce electrolytes in thin film form. Synthetic methods that yield only bulk powders 

are insufficient in their application, particularly for use in consumer electronics. High 

temperature processing limits these solid-state electrolytes in terms of their material 

compatibility in more complex structures, especially those systems incorporating 

temperature insensitive elements.102 The use of vacuum chambers restricts the deposition 

of these materials to substrates that fit within these chambers, eliminating these 

electrolytes from large-area electronics. Furthermore, synthetic methods such as ALD are 

notorious for slow deposition rates. A synthetic method utilizing minimal equipment, low 

temperature processing, and that can produce high quality thin films is of great interest.  

 We demonstrate herein the use of prompt inorganic condensation (PIC) as a low 

cost, environmentally sustainable approach to the synthesis of amorphous thin films of 

the ISE Li2O-Al2O3 (LiAlO). PIC is a solution based deposition technique that utilizes 

environmentally benign solutions for the synthesis of oxide thin films.47 In addition to the 

use of environmentally friendly solutions, PIC does not require the use of vacuum 
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deposition and high temperature processing. Most importantly, PIC has been used to 

deposit quality thin films for a variety of oxide materials including the amorphous solid 

electrolyte Li5Al2O(PO4)3 (LiAlPO).103 The present study aims to extend PIC synthesis to 

LiAlO and investigate the chemical and electrical properties of thin films deposited via 

aqueous solution precursors.  

   

Experimental  

Precursor Synthesis 

 The LiAlO precursor solution was prepared with the addition of 10 mmol 

Al(NO3)3•9H2O (Alfa Aesar) to 5 mL of 18 MΩ H2O. Complete dissolution was 

achieved following one hour of stirring at room temperature. Separately, a solution of 10 

mmol LiNO3 (Alfa Aesar) in 5 mL of 18 MΩ H2O was prepared. Complete dissolution of 

the LiNO3 was completed after approximately 10 minutes. The clear solutions were 

combined and allowed to stir overnight at room temperature. The combined solution was 

diluted with 18 MΩ H2O to achieve a 0.5 M concentration with respect to Al. The Al:Li 

ratio was 1:1 for all precursor solutions. This concentration of precursor solution was 

used to prepare films for characterization with the exception of FTIR analysis, which 

requires thicker films to detect various chemical stretches, for which films were prepared 

with solutions of 0.7 M with respect to Al.  

 

Film Deposition and Device Fabrication 

 All of the films were prepared by solution deposition of a single layer via spin-

processing. Boron doped Si substrates were sonicated in a five percent Contrad 70 
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solution for 5 min at 30 °C. Substrates were then treated by plasma cleaning to produce a 

hydrophilic surface (120 s O2/N2 plasma etch using a Plasma Etch, Inc. PE-50 Benchtop 

Plasma Cleaner set to maximum power). Single side polished (0.005-0.025 Ω cm) wafers 

were used for all electrical measurements while double side polished (> 3000 Ω cm) were 

used for FTIR measurements.  The precursor solution was filtered (2x) through a 0.45 µm 

Teflon filter. Substrates were flooded with the filtered LiAlO precursor solution via 

syringe and spun at 3000 rpm for 30 s. An immediate hot plate cure at 275 °C took place 

for fifteen minutes. A final anneal at 400 °C was then carried out for one hour under the 

flow of forming gas.  An array of circular (0.011 cm2) Au top contacts were thermally 

evaporated onto the LiAlO surface via shadow mask. An Al plate adhered by silver print 

to the silicon wafer was used for a back contact.  

 

Characterization 

 Weight loss and thermal stability of evaporated LiAlO precursor powders were 

analysed using a TA Instruments Thermogravimetric Analyzer (TGA Q500). Further 

thermal characterization was conducted using a TA Instruments Differential Scanning 

Calorimeter (DSC-2920). For these measurements, the precursor solution was dried in the 

TGA as an isotherm for several hours yielding 3-10 mg powder samples. This drying step 

was to protect instrumentation and did not negatively impact experimental results. A 

heating rate of 2 °C/min from room temperature to 400 °C was completed for TGA 

analysis. DSC measurements were completed using a heating rate of 10 °C/min from 

room temperature to 400 °C.  A hole was poked in the DSC pan prior to measurement to 

prevent rupture of pan due to outgassing of the sample. X-ray reflectivity and diffraction 
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measurements on film samples were collected on a Bruker AXS D8 Discover 

diffractometer with Cu Kα radiation to determine the total film thickness and confirm 

amorphous character. The chemical characteristics of the LiAlO films were investigated 

by transmission Fourier transform infrared spectroscopy (Thermo Scientific Nicolet 6700 

FT-IR Spectrometer) and X-ray photoelectron spectroscopy (Thermo Scientific 

ESCALAB 250 X-ray Photoelectron Spectrometer). All binding energies were referenced 

to the C 1s peak of carbon at 284.8 eV. NIST and LaSurface XPS databases were used 

for binding energy assignments. Film morphology and thickness were characterized using 

a ZEISS Ultra-55 Scanning Electron Microscope. Impedance spectroscopy measurements 

were performed using a Solartron 1260 Impedance Analyzer and 1296 Dielectric 

Interface over the frequency range 10 mHz to 1 MHz.  Temperature control was achieved 

using a Sun Electronic Systems Environmental Chamber (Model EC1X). The apparent 

relative permittivity εapp = ε’
app - iε’’

app and conductivity  σapp = σ’
app + iσ’’

app were 

calculated from the raw complex impedance, Z, in the standard manner: εapp = σapp/iωε0 = 

L/iωAZε0 where ω is the angular frequency, L is the thickness, and ε0 is the vacuum 

permittivity. The dielectric loss tangent tan δ = ε’’
app / ε’

app = tan(θ  + π/2), where θ is the 

measured phase angle, was also calculated. 

 

Results and Discussion 

 PIC synthesis was utilized to synthesize amorphous oxide thin films of LiAlO. An 

aqueous precursor solution composed of inorganic salts was spun onto substrates 

followed by low temperature annealing to produce solid-state thin films. The pre-

annealed metastable product is represented by the following idealized chemical reaction: 
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2Al(NO3)3•9H2O(aq) + 2LiNO3(aq) →	Li2O-Al2O3(s) + 

8HNO3 + 14H2O.  
 

 Scheme 3.1. Idealized chemical reaction for the synthesis of LiAlO. 

 Nitric acid is expected to thermally decompose at relatively low temperatures 

producing gaseous NO2.
104

 The release of small molecules of NO2 is expected to occur 

prior to film formation. To determine appropriate annealing conditions, thermal analysis 

of bulk powders from dried precursor solution was investigated. Precursor solutions 

containing Al(NO3)3•9H2O and LiNO3 in the ratios described in Scheme 3.1 were dried 

in the TGA as an isotherm for several hours at 90 °C. In the case of TGA analysis, a 

single drop of precursor solution was added to the dried powder after drying in an attempt 

to detect mass loss associated with solvent evaporation. DSC analysis was carried out on 

the dried powders without modification. Figure 3.1 shows the TGA analysis performed 

on the dried powders. The initial mass loss observed in the TGA occurring before 100 °C 

is attributed to dehydration of the damp precursor powder. Primary mass loss just beyond 

100 °C accounts for roughly 60 percent of the total mass loss and is assigned to 

continuous dehydration of the powder and release of nitrates as the H2O/HNO3 azeotrope. 

Further mass loss occurs at a gradual rate with the TGA featureless up to 400 °C. As the 

DSC sample was dried for several hours prior to analysis, the absence of a corresponding 

endotherm with the primary mass loss observed in the TGA is expected. Simple nitrate 

salts are known to decompose over a wide range. Relevant to this system, pure aluminum 

nitrate decomposes at 170 °C while pure lithium nitrate decomposes at 640 °C.80 The 

sharp endotherm located at 170 °C is consistent with the decomposition of a pure 

aluminum nitrate salt.80 The sharp endotherm at 255 °C is consistent with the melting 



 

43 

 

temperature of LiNO3. Between these sharp peaks, a broad endotherm begins just beyond 

200 °C before being cut off at the 255 °C peak. This broad peak is within the range where 

simple nitrate salts are known to decompose and is likely the result of a nitrate salt 

mixture with an intermediate decomposition temperature with respect to the constituent 

salts. The endotherm located at 340 °C is attributed to residual nitrate decomposition as 

observed in similar systems.103  

  

 

 

Figure 3.1. TGA and DSC curves of a LiAlO precursor powder from 20 to 400 oC. 
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 The thermal data identified two temperatures of interest. The first is 275 °C, 

which is just beyond the endotherm peaks assigned to generic metal nitrate salt 

decomposition and/or melting points. The second temperature of interest is 400 °C, 

which is beyond any features observed in the TGA and DSC traces. Although thermal 

analysis was conducted on bulk powders, which are expected to behave differently than 

the pre-annealed, intimately mixed amorphous thin-film precursor, these two 

temperatures are expected to fully dehydrate films and decompose residual nitrates 

respectively. 

 Thin films were spun from precursor solutions with the same composition as that 

of those analyzed via TGA-DSC. Briefly, solutions were spun onto silicon substrates and 

immediately cured at 275 °C for 15 minutes. A final anneal at 400 °C under the flow of 

forming gas for one hour completed film fabrication. As the precursor materials are 

known to be hygroscopic, fabricated films were stored in desiccators prior to analysis to 

prevent the adsorption of water.  

 Single coat films were deposited as described above and analyzed via XRD (see 

Figure 3.2). Films are amorphous up to 400 °C. This result is expected as resistance to 

crystallization is common among metal oxide thin films prepared using PIC. The rapid 

film formation associated with PIC synthesis is necessary to prevent crystallization as 

observed with slow heating of precursor solutions.42 Furthermore, crystallization of pure 

Al2O3 occurs at temperatures beyond those used in these experiments. Specifically, the 

initial stages of crystallization observed via in-situ low energy electron microscopy and 

diffraction begin between 450 °C and 500 °C.105  Taken together the amorphous character 

of the LiAlO films is not surprising.  
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Figure 3.2. XRD of a LiAlO film annealed at 400 oC under forming gas for one hour. 
 

 FTIR spectra were collected to investigate the structure of the LiAlO films and 

monitor changes in film composition as a function of annealing temperature (see Figure 

3.3). Absorption near 3600 cm-1, indicative of hydroxyl stretching, was present in films 

annealed at 400 oC. The presence of hydroxyl groups are common to films prepared from 

aqueous solutions using PIC.42 Additionally, the hygroscopic nature of the LiAlO films 

was observed throughout experimentation, and the presence of O-H stretches is not 

surprising. In the higher annealed sample, the broad peak at 3600 cm-1 gives way to a 

sharp peak centered at 3670 cm-1. This peak is consistent with the presence of LiOH.106 

As with Al2O3, LiOH is hygroscopic, and the general broadness of the peak can be 

attributed to the presence of adsorbed water observed at 3574 cm-1.107 The absence of this 

peak at the higher annealing temperatures is expected as removal of O-H stretching 

associated with LiOH has been achieved through heating at 300 oC for 10-20 minutes.101 

Nitrate deformation vibrations are assigned to stretches in the 1200-1700 cm-1 range. 

These peaks are present in both annealing conditions indicating nitrate decomposition has 

not gone to completion by 400 oC. The presence of nitrates beyond 400 oC can be 
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explained when considering that the decomposition temperature of pure lithium nitrate is 

over 200 oC above the annealing conditions used in this study. Relative nitrogen content 

among samples of different annealing conditions was further investigated via XPS and is 

reported below. Absorptions in the 400-900 cm-1 range are representative of Al-O 

vibrational modes.108 

 

 

Figure 3.3. FTIR spectra of 110 nm LiAlO films annealed at 275 oC (purple) and 400 oC 
(blue) for one hour. 

 

 The surface composition of LiAlO thin films was determined by XPS. A survey 

scan detected the presence of Li, Al, O, C, and N (see Figure 3.4). The surface 

composition of the Li2O-Al2O3 films is consistent with those reported in the literature.100 

For these measurements a surface composition of Li0.8Al1Oz was obtained. XPS depth 

profiling demonstrated consistent atomic ratios as a function of depth. As observed in 

most air exposed samples, adventitious carbon was present with the C 1s peak located at 

284.8 eV serving as a charge correction reference. A substantial decrease in carbon 

content was observed below the surface during depth profiling suggesting the carbon 
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source is likely atmospheric CO2. The Li 1s peak at 55.1 eV is consistent with bulk Li 

and not that of LiOH (54.9 eV). The atomic ratio of aluminum to nitrogen is over 65:1 

suggesting most residual nitrates have been decomposed by 400 oC. Furthermore, the N 

1s peak associated with nitrates (407.3 eV) is absent from the scan. This reduced nitrogen 

content is consistent with a reduction in the intensity of the nitrate stretch for the higher 

annealed films as observed by IR. The O 1s peak is consistent with Al-O bonding found 

in Al2O3 (531.0 eV) with no evidence of Al-OH (532.1 eV). Further support for the 

absence of Al-OH is found in the Al 2p spectra where there is a lack of binding energies 

associated with Al-OH (74.2 eV). The Al 2p peak is located at 74 eV and consistent with 

Al2O3. Taken together the aluminum appears to be fully oxidized in an Al-O-Al network.  

Finally, it should be noted that the O 1s peak had a minor contribution from oxygen 

associated with H2O (532.8 eV). As previously mentioned this small amount of water is 

expected as the LiAlO thin films are hygroscopic.  

 

 

Figure 3.4. Survey scan of LiAlO films annealed at 400 oC for one hour. 
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Figure 3.5. Al 2p and O 1s peak for LiAlO films annealed at 400 oC for one hour. 
 

 LiAlO films were imaged using scanning electron microscopy (SEM) to 

determine morphology (see Figure 3.6). Thin-film oxides prepared using PIC routinely 

produce quality films as defined by high density and smoothness, in addition to low 

porosity. This quality is observed herein further establishing PIC synthesis as an effective 

synthetic method to the production of exceptional thin films. Furthermore, obvious signs 

of cracking are absent in LiAlO thin films despite rapid dehydration and counterion 

elimination. As previously reported, this suggests the formation of the solid-state thin 
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films from aqueous solutions is a relatively forgiving transition generating low levels of 

film stress.103 

 

Figure 3.6. Cross-sectional SEM of 70 nm LiAlO film annealed at 400 oC for one hour. 
 
 

 Thin-film thickness can be tightly controlled via precursor concentration (see 

Figure 3.7). In this work, single layer thin films were fabricated between 13 nm and 58 

nm corresponding to concentrations ranging from 0.1 M to 0.5 M. This near linear 

relationship between precursor concentration and film thickness using PIC has been 

demonstrated in previous studies.43,103 Furthermore, multiple layers of the same 

concentration of precursor solution can be used to achieve desired thicknesses outside of 

the reported range for single layer films. These multi-layer films appear as a single layer 

when imaged via SEM. 

 Impedance spectroscopy was used for the electrical characterization of LiAlO thin 

films. The real part of the apparent permittivity as a function of frequency is presented in 

Figure 3.8. These measurements yield a low frequency ε'app= 600 for an 81 nm thick film. 

The large magnitude of ε'app is common to ion conducting thin film oxides and is 
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attributed to polarization of ions against the ion-blocking electrode. As expected, this low 

frequency ε'app is dependent on thickness as the governing property determining the 

dimension of the ionic double layer is the Debye length of the electrolyte, a material 

property independent of film thickness. Considering the capacitance at low frequency 

associated with the ionic double layer is near constant and independent of thickness, 

representation of the ε'app at the same frequencies will be thickness dependent. 

 

 

Figure 3.7. LiAlO film thickness as a function of precursor concentration annealed at 
400 oC for one hour. 

 

 Conversely, the high frequency side of the plot represents an ε'app value that is 

independent for thickness and for LiAlO samples, a value of ε'app = 5 is obtained. For 

comparison, literature values for lithium aluminum oxide prepared via high temperature 

(1500 °C)  melt quenching techniques have a high frequency value of  ε'app = 5.3.109 These 

values are in good agreement with one another despite the large differences in synthetic 

methods and LiAlO material form. In addition to deviations in preparation, the reported 
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literature values of ε'app are for bulk powders while those presented in this work are for 

thin films.  

 

Figure 3.8. Frequency dependent real part of the apparent permittivity (ε'app) as a 
function of temperature over the range 30 °C to 90 °C in 10 °C increments for an 81 nm 

thick LiAlO film annealed at 400 °C for one hour. 
 

 Incorporation of monovalent alkali metals is known to increase capacitance 

values.7,85,87 This phenomenon is attributed to the electric double layer related to ion 

polarization against blocking electrodes.110,111 As previously reported, lithium 

incorporated alumina saw an increase in observed capacitance over that of plain alumina, 

increasing from 0.1 µF cm-2 to 0.2 µF cm-2 when measured at 100 Hz and 100 °C. For the 

same frequency and temperature, LiAlO films in this study had a capacitance of 2.9 µF 

cm-2 (see Figure 3.9). A possible explanation for these discrepancies is sample storage 

and care. The authors mention that capacitance values drop upon aging citing lithium 

incorporated alumina as most severely affected. The authors also suggest levelling of the 

capacitance values at low frequency but did not investigate capacitances below 100 Hz. 

Measurements presented in this study were carried out to 10 mHZ and the levelling 

suggested by Liu et al. is confirmed with capacitance values surpassing 6 µF cm-2. The 
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large capacitance values and associated decrease in operating voltage for devices 

incorporating materials like those synthesized in this study have led to recent interest for 

their use as gate dielectrics in field-effect transistors.7,85 The results presented herein 

indicate LiAlO films synthesized by PIC are promising material for this particular 

function.  

 

Figure 3.9. Capacitance as a function of frequency of a LiAlO film measured over a 
frequency range of 1 MHz to 10 mHz. 

 

 

Figure 3.10. Capacitance as a function of frequency of a LiAlO film measured over a 
frequency range of 1 MHz to 100 Hz. 
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 A plot of the real part of the apparent conductivity, σ’
app, as a function of 

frequency yields a plateau region assigned to the bulk resistance of the solid electrolyte 

(see Figure 3.11). From this resistance, the DC ionic conductivity of the film can be 

determined. As previously mentioned, determination of this conductivity value is 

complicated by the low frequency drop in σ’
app due to ion polarization and the possibility 

that the ionic conductivity is inherently frequency dependant.83 These factors make it 

difficult to extrapolate the ionic conductivity contribution of σ’
app to its DC value. One 

approach to estimate the DC ionic conductivity is to use the dielectric loss. Specifically, 

the peak in the dielectric loss and its associated frequency provides a consistent point in 

the conductivity plot from which the DC ionic conductivity can be estimated.84,103 This 

estimate has been found to be consistent with more complete equivalent circuit modelling 

of the ionic conductivity data. The DC conductivity of LiAlO films was determined to be 

σDC = 8.8 x 10-8 S cm-1, analogous to LiAlO prepared via expensive vacuum deposition 

and annealed at high temperature.100 Additionally, these literature reported values for 

LiAlO conductivity are typically reported for measurements collected in excess of 300 

oC. Extrapolation of this data is then used for commentary on room temperature 

conductivities. Although the use of extrapolated data from other studies allows for a 

direct comparison to the calculated conductivities presented herein, it should be noted 

that conductivity does not necessarily track linearly with temperature, especially within 

lower temperature regimes.  Despite the potential for deviations from linearity, the 

presented data compares favourably to extrapolated conductivities reported in other 

studies.100 
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Figure 3.11. The real part of apparent conductivity σ’
app (blue line) as a function of 

frequency measured at 100 °C of a 81 nm thick LiAlO film annealed at 400 °C for one 
hour. 

 

 Activation energies were determined by plotting log σDC versus 1/T according to 

the Arrhenius equation: σ = A exp[-Ea/(kT)] where A is the pre-exponential factor, Ea is 

the activation energy, k is the Boltzmann constant, and T is temperature (see Figure 3.12). 

The value of Ea extracted from the linear fit of the log σDC versus 1/T is 0.81 eV. This 

value is consistent with the activation energies reported for non-crystalline LiAlO 

reported by Glass et al.10 Analogous activation energies suggest a similar mechanism of 

ionic conduction. Furthermore, this similarity in Ea supports the proposal that lithium is 

the mobile ion species responsible for the observed conductivity within the LiAlO 

network. This similarity is particularly important with aqueous solution deposited films, 

where incomplete dehydration can result in measured proton conductivity, resulting in an 

inaccurate description of the conductivity associated with the synthesized lithium ion 

conductor.   
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Figure 3.12. Arrhenius plot of the DC conductivity σDC value at the peak in the loss 
tangent, tan δ, frequency from 81 nm thick LiAlO films annealed at 400 °C. 

 
 

Conclusions 

 We have reported the synthesis of amorphous LiAlO thin-films deposited from 

aqueous solutions using PIC chemistries. The measured lithium ion conductivity is σDC = 

8.8 x 10-8 S cm-1, consistent with those values reported in the literature. An activation 

energy of Ea = 0.81 eV was obtained, analogous to glassy LiAlO prepared via energy 

intensive processing. Films deposited from homogenous solutions produced pinhole free 

films over the thickness range of 13 nm to 110 nm. This study represents a sustainable 

approach to the production of the ISE LiAlO, utilizing low temperature processing. 

Additionally, the large double layer capacitance and theoretical reduction in transistor 

device operating voltage suggest these films may be of interest as gate dielectrics in field-

effect transistors. Furthermore, the high quality of films defined by high density, 

smoothness, and low porosity suggest that LiAlO thin films are excellent candidates for 

layered systems including nanolaminates for the purpose of tuning of material properties.  
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Bridge 

 Chapters II and III have demonstrated the use of PIC chemistry to produce 

inorganic solid-state electrolytes in thin-film form. Chapter IV will demonstrate the 

incorporation of the ionic conductor LiAlO, described in this chapter, into more complex 

structures. Specifically, the ionically conductive LiAlO will be layered with non-

conductive TiO2 and characterized as a function of structure. This work will provide 

insight into the properties that influence film quality in solution deposited multi-layered 

nanolaminates in addition to a description of the resultant electrical performance of these 

materials.  
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CHAPTER IV 

ROLE OF NANOSTRUCTURE IN NANOLAMINATE STACKS SYNTHESIZED 

FROM AQUEOUS PRECURSOR SOLUTIONS 

 

 This chapter contains previously unpublished and co-authored material. 

Experimental work and writing was done primarily by me. K. Woods assisted in the 

collection of microscope imaging. M. Lonergan provided editorial assistance.  

 

Introduction 

 Thin-film metal oxides are a useful class of materials common to several 

electrochemical systems. A large body of research has focused on the synthesis and 

characterization of oxides with high relative permittivity (εr).112 As with any class of 

materials, maximizing useful properties while minimizing undesirable qualities is a 

primary goal. A major step toward the improvement of metal oxides used as dielectrics 

was the incorporation of dopants to reduce adverse characteristics including high leakage 

currents.113 Although this method is effective for improving the performance of bulk 

materials, it is limited with respect to the range over which material properties can be 

controlled. A significant advancement in this area of research, specifically addressing this 

issue, came in the form of nanolaminates, which use alternating materials in multi-

layered stacks. A major advantage of these systems is that the nanolaminate stack often 

merges positive characteristics of each layer into one enhanced material. The result of 

this merger is that many materials exhibit superior physical and/or electrical properties 

when compared to that of the constituent layers.61,64  
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 Although multi-layered structures have received considerable interest over recent 

years, there is room for expansion with respect to constituent layer identity. Of particular 

interest, with respect to the tuning of material properties, is the use of alkali metal ion 

incorporated metal-oxide films. Polarization of conductive ions against blocking 

electrodes yields large values of the apparent dielectric constant, ε'app. The use of these 

ion incorporated metal-oxide films in electrochemical systems has been previously 

established with alkali metal incorporated aluminum oxide specifically identified as 

possessing superior performance, showing a substantial decrease in device operating 

voltages.7,85,87 As alkali metal ion-incorporated metal-oxide films possess excellent 

physical properties, including high apparent dielectric constants, they are promising for 

use in layered systems. Interspersing ionic conductors with non-ionic conductors in 

nanolaminates, creates new structures where the distances over which ions polarize are 

controlled by the laminate structure. The prospect for large spatial displacements will 

mimic the large ionic displacements observed in high dielectric single phase materials, 

but with the added benefit of direct control over layer thickness and thus, dielectric 

constant.114 In addition to the tuning of dielectric constant, the use of nanolaminate 

architecture is expected to have a positive affect on the voltage stability compared to 

single-phase materials. This is because the voltage will be dropped across several double 

layers rather than the lone layer found in a single-phase material.  

 The synthesis of multi-layered nanostructures has been dominated by atomic layer 

deposition and magnetron sputtering.53 Although quality films can be prepared by these 

methods, an alternative, low cost, low energy, environmentally friendly synthetic method 

is of great interest. The use of prompt inorganic condensation (PIC) has been established 
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as an effective method for the deposition of quality metal oxides.42,47,50  PIC has also been 

used for the deposition of high quality thin film ionic conductors.103 Furthermore, PIC 

can also be utilized for fabrication of nanolaminate structures.46,74 Collectively, PIC is a 

valuable tool for the synthesis of high quality nanolaminates, which include constituent 

layers that are ionically conductive, thus creating new structures with unique 

characteristics. Furthermore, structures will be synthesized using a low energy, 

environmentally benign synthetic method.  

 We have reported herein the synthesis of nanolaminates composed of alternating 

layers of the ionically conductive Li2O-Al2O3 with non-conductive TiO2. High quality 

films of both constituent layers have been successfully deposited via PIC. Li2O-Al2O3 is 

known to have high thickness dependent apparent ε’ and therefore provides opportunity 

for the tuning of dielectric constant. TiO2 also has high dielectric constant values but is 

limited by the high leakage currents associated with its crystalline form. This study aims 

to demonstrate improved electrical characteristics of layered materials over their single-

phase predecessors.  Here we demonstrate that PIC can be utilized as a low energy 

approach to the production of quality nanolaminates with high levels of smoothness, 

uniformity, and layer integrity.  

 

Experimental  

Precursor Synthesis 

 The LiAlO precursor solution was prepared as previously reported.  

Al(NO3)3•9H2O (Alfa Aesar) and LiNO3 (Alfa Aesar) were dissolved in 18 MΩ H2O, 

combined and allowed to stir overnight at room temperature. The solution was diluted 
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with 18 MΩ H2O to achieve desired concentrations with a maximum value of 0.5 M with 

respect to Al. The Al:Li ratio was 1:1 for all precursor solutions. The TiO2 solution was 

prepared as follows: TiOSO4•xH2O + H2SO4 was dissolved in 18 MΩ H2O and allowed 

to stir at room temperature overnight. The clear solution was diluted with 18 MΩ H2O to 

0.64 M. A 15 percent (w/v) NH3 (aq) (Sigma Aldrich) solution was added dropwise to the 

clear solution until pH = 7. The resultant precipitate was centrifuged and washed (5x). 

The white precipitate was dissolved in H2O2 (aq) (29.0-32.0 % EMD Millipore) over ice 

until the orange solution had a pH = 3. Dropwise addition of 15 percent (w/v) NH3 (aq) 

(Sigma Aldrich) was completed until pH = 10. The yellow precursor solution was kept 

over ice and stable for approximately 48 hours. 

 

Film Deposition and Device Fabrication 

 Films were prepared by solution deposition of single layer films via spin-

processing. Boron doped Si substrates (0.008-0.020 Ω cm) were sonicated in a five 

percent Contrad 70 solution for 60 min at 50 °C. Substrates were then treated by plasma 

cleaning to produce a hydrophilic surface (120 s O2/N2 plasma etch using a Plasma Etch, 

Inc. PE-50 Benchtop Plasma Cleaner set to maximum power). The precursor solution was 

filtered (2x) through a 0.45 µm Teflon filter. Substrates were flooded with filtered 

precursor solution via syringe and spun at 3000 rpm for 30 s. An immediate hot plate 

cure at 275 °C was carried out for fifteen minutes. This spinning and curing process was 

repeated with alternating LiAlO and TiO2 precursor solutions to achieve desired 

nanolaminate architecture.  A final anneal at 400 °C was then carried out for one hour 

under the flow of forming gas.  An array of circular (0.011 cm2) Au top contacts was 



 

61 

 

thermally evaporated onto the film surface via shadow mask. An Al plate adhered by 

silver print to the silicon wafer was used for a back contact.  

 

Characterization 

 X-ray reflectivity and diffraction measurements on thin-film samples were 

collected on a Bruker AXS D8 Discover diffractometer with Cu Kα radiation to 

determine the total film thickness. The chemical characteristics of films were investigated 

by X-ray photoelectron spectroscopy (Thermo Scientific ESCALAB 250 X-ray 

Photoelectron Spectrometer). All binding energies were referenced to the C 1s peak of 

carbon at 284.8 eV. NIST and LaSurface XPS databases were used for binding energy 

assignments. Film morphology and thickness were characterized using a ZEISS Ultra-55 

Scanning Electron Microscope. Impedance spectroscopy measurements were performed 

using a Solartron 1260 Impedance Analyzer and 1296 Dielectric Interface over the 

frequency range 10 mHz to 1 MHz.  Temperature control was achieved using a Sun 

Electronic Systems Environmental Chamber (Model EC1X). The apparent relative 

permittivity εapp = ε’
app - iε’’

app and conductivity  σapp = σ’
app + iσ’’

app were calculated from 

the raw complex impedance Z in the standard manner: εapp = σapp/iωε0 = L/iωAZε0 where 

ε0 is the vacuum permittivity. The dielectric loss tangent tan δ = ε’’
app / ε’

app = tan(θ  + 

π/2), where θ is the measured phase angle (radians), was also calculated. Breakdown 

voltage measurements were done on a Keithley 236 source measurement unit with a scan 

rate of 10 mV s-1.  
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Results and Discussion 

 PIC synthesis was utilized to deposit alternating layers of LiAlO and TiO2 in 

several nanolaminate structures. The individual layers were spin deposited from stock 

solutions appropriately diluted for desired thicknesses. A hot plate anneal at 275 °C for 

15 minutes took place following each deposition to lock-in the thin-film structure, 

effectively rendering the deposited layer insoluble during subsequent depositions. 

Following the final deposition of the last constituent layer, a final furnace anneal at 400 

°C completed the laminate structure.  

 As previously reported, PIC synthesis produces high quality films of LiAlO over 

a wide thickness range that can be tightly controlled. Dilution of stock solutions allowed 

precise control over constituent layer thickness. As with the LiAlO system, TiO2 

precursor concentration tracks linearly with film thickness (see Figure 4.1). Film 

thicknesses were determined via ellipsometry and confirmed via x-ray reflectivity. 

 

 

Figure 4.1. TiO2 film thickness as a function of precursor concentration. Films were 
annealed at 400 oC for one hour. 
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 Surface composition of TiO2 layers was determined via XPS. A survey scan 

detected the presence of Ti, O, Si and C (see Figure 4.2). The observed surface atomic 

percentages are consistent with TiO2, with a slight oxygen enrichment attributed to 

atmospheric oxygen. As with other air-exposed samples, carbon content decreased as a 

function of film depth. This decrease is expected as the primary source of carbon is 

attributed to atmospheric CO2, which is not known to penetrate beyond the first few 

nanometers of the film. Titanium presence was observed throughout the film during 

depth profiling at atomic percentages suggesting an even distribution of titanium within 

the film. This even distribution is important; as atomic enrichment of particular elements 

can occur during film fabrication. The binding energy of the Ti 2p peak located at 458 eV 

is characteristic of TiO2 (see Figure 4.3). Additionally, the O 1s oxygen peak is at a 

binding energy (529.8 eV) typical of oxygen in TiO2 (see Figure 4.3). Surface analysis of 

LiAlO films yielded atomic percentages of Li, Al, and O that are representative of the 

precursor solution. The obtained percentages are consistent with values acquired for 

LiAlO films previously synthesized (Chapter III). All associated binding energies for 

individual elements are characteristic of Li2O-Al2O3.  

 

Figure 4.2. Survey scan of TiO2 films annealed at 400 oC for one hour. 
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Figure 4.3. Ti 2p and O 1s XPS scans for TiO2 films annealed at 400 oC for one hour. 
 

 Single layers of LiAlO and TiO2 deposited via PIC were investigated by XRD. 

LiAlO films were determined to be amorphous while TiO2 exhibited diffraction peaks 

representative of the anatase phase of crystalline TiO2 (see Figure 4.4). The amorphous 

nature of the LiAlO layer is consistent with previous studies on aqueous solution 

deposited LiAlO (Chapter III). Crystallinity is common to TiO2 films annealed at 

temperatures as low as 250 oC and is therefore expected for films annealed at 400 oC.73 
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  Alternating layers of LiAlO and TiO2 were deposited from aqueous precursors as 

described above. Briefly, TiO2 was deposited onto cleaned substrates and immediately 

cured at 275 oC for 15 minutes. A layer of LiAlO was then deposited onto the freshly 

annealed TiO2 film and exposed to the same heat treatment. This process was repeated 

resulting in a nanolaminate stack with a total of five individual layers, which was then 

annealed at 400 oC for one hour. Nanolaminate films were analyzed by XRD and are 

presented in Figure 4.5. In contrast to single layer TiO2, the TiO2: LiAlO stacks appear 

amorphous when annealed at 400 oC for one hour. When samples are heated at the same 

temperature for an extended period (18 hours) peaks indicative of crystalline TiO2 in the 

anatase phase emerge. This resistance to crystallization observed in nanolaminate 

structures  has been observed in other systems.74  

 

 

Figure 4.4. XRD of single layer LiAlO (blue) and TiO2 (purple) films annealed at 400 oC 
for one hour. A TiO2 standard (anatase) is included for reference (red). 
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Figure 4.5. XRD of five-layer TiO2:LiAlO nanolaminate stacks annealed at 400 oC for 
one hour (blue) and 18 hours (purple). A TiO2 standard (anatase) is included for reference 

(red). 
 

 XRR patterns display resolvable Kessig fringes to relatively high 2θ values (see 

Figure 4.6). The smoothness and parallel nature of the interfaces is described by the 

Parratt relationship: ∆𝑡 = 0

1(34
56375)

9
5
 , where Δt is the film roughness, λ is the wavelength, 

θi is the angle at which films are no longer resolvable, and θc is the critical angle.115 The 

pattern shown in Figure 4.6, demonstrates a θi value of approximately 6°, indicative of 

highly smooth and parallel interfaces. Irregular peak intensity results from the 

interference of the multilayer stack. The pseudo-periodic variation in electron density in 

the film, which could be expected to result in diffraction intensity, adds additional 

complexity.116 In a traditional superlattice film, the number of Kessig fringes between 

Bragg maxima can often be used to detect the number of bilayers in a film when integer 

unit cell numbers are present. Because a total of five layers representing a unit cell 

number equalling 2.5 were deposited, the small and non-integer number of bilayers 

makes interpretation of the pattern challenging. 
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Figure 4.6. XXR scan of five-layer TiO2:LiAlO nanolaminate stack annealed at 400 oC 
for one hour. 

 

 The five layer nanolaminate stack was imaged via cross-sectional SEM (see 

Figure 4.7). Aluminum was thermally evaporated on top of the stack to aid in focusing of 

the electron beam. Constituent layers of LiAlO and TiO2 appear dense with clearly 

defined interfaces. In agreement with the diffraction data, LiAlO layers appear 

amorphous. Interestingly, TiO2 layers appear to have crystallized with distinct grains. 

Careful inspection of the XRD pattern for the same sample, annealed at 400 oC for one 

hour, reveals the emergence of a diffraction peak located near 25°, rising just beyond the 

noise. This peak is representative of crystalline TiO2 (anatase). Despite the high volume 

loss associated with the PIC process, the stack is free of cracking and large voids. 

Additionally, individual layers appear discrete with no intermixing or delamination of the 

stack. The total film thickness equals approximately 118 ± 2 nm, which is consistent with 

thickness values obtained via ellipsometry for single films of constituent layers. 

Individual layers of TiO2 have consistent thickness values that are in good agreement 
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with one another (25.6 nm, 27.7 nm, and 26.3 nm).  A larger deviation exists between the 

two LiAlO layers (22.6 nm and 16.5 nm). As previously demonstrated LiAlO and TiO2 

thickness track linearly with precursor concentration. As all layers of LiAlO were 

deposited from the same precursor concentration, it was expected that individual layers 

would be of the same thickness, which was not observed. Small deviations in thickness 

can likely be attributed to variation in the relative humidity of the spin coater chamber, 

which was not controlled for.51  

 

 

Figure 4.7. Cross-sectional SEM of a five-layer stack of TiO2 and LiAlO deposited on a 
silicon substrate and annealed at 400 oC for one hour. 

 

 A secondary explanation for observed disparities is the differences in wetting 

characteristics of LiAlO layers in subsequent depositions. Following the initial cleaning 

process, silicon substrates are plasma cleaned to generate a hydrophilic surface for the 

deposition of aqueous solutions of LiAlO. When depositing single layer films, the 

solution is deposited onto the freshly cleaned, hydrophilic surface and has excellent 

wetting characteristics. A change in these characteristics is observed upon successive 

75	nm
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depositions required in multi-layered systems, with observable inconsistencies in the 

surface flooding behaviour.  Additionally, the surface roughness of the substrate is 

changed following a deposition of a thin film layer. Despite the high level of smoothness 

associated with PIC deposited films, it is impossible to replicate the quality of bare 

silicon. As layers are continually deposited, the surface topography becomes unique to 

the previously deposited layer. Any deviations at the surface of the film are propagated 

throughout the stack. Taken together, it is not unexpected that films deposited early in the 

nanolaminate sequence exhibit qualities, particularly thickness, most consistent with that 

of single films from equivalent precursor solutions. The fact that each layer appears 

discrete with no major film disruptions speaks volume to the quality of the PIC method. 

 Surface crusts, or regions of higher film density, have been observed in PIC 

deposited films suggesting a small amount of film inhomogeneity, particularly at the 

surface of each layer.117 Fairley et al note several factors that can affect the presence and 

characteristics of these crusts, including annealing temperature, ramp rate, humidity, and 

metal oxide identity. The idea that the identity of the metal oxide plays an important role 

in PIC films has been demonstrated by Jiang et al.74 In this study, alternating layers of 

TiO2 and Al4O3(PO4)2 were deposited in nanolaminate structures. The resident layers had 

remarkably different responses to annealing temperatures with respect to changes in film 

density and thickness. These differences were attributed to water content disparities 

between the Al4O3(PO4)2 and TiO2 layers, which may explain the increased agreeability 

of thickness among TiO2 layers in the nanolaminate stack presented herein. The 

consistency of the TiO2 thickness along with previous studies commenting on uniformity 

with respect to density suggest that TiO2 films spun from aqueous solution are more 
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robust than those of LiAlO.  Furthermore, it should be noted that the presence of dense 

sections of the films, particularly near the surface, may provide a barrier against re-

dissolution of previously deposited layers. This protective barrier is likely a contributing 

factor to the integrity of the layer interface observed via SEM. At this time there is no 

evidence of crust formation in this system. More importantly there is no observed 

composition inhomogeneity within the films as determined via XPS which covers the full 

depth of the surface crust described by Fairley et al.117 

 To ascertain the role of nanostructure in laminate stacks, samples of variable 

constituent thickness were deposited on cleaned silicon substrates as described above (see 

Figure 4.8, 4.9, and 4.10). A major goal of this work was to manipulate laminate structure 

while retaining total film thickness across multiple samples. This effort was to ensure that 

changes in observed laminate behaviour could not simply be attributed to variable film 

thickness and instead must be explained by variations in nanostructure. For this study, 

three laminate structures were proposed. All three types of laminates have the same three 

layer LiAlO:TiO2:LiAlO stack scheme. The major difference in film design is the 

thickness of the central TiO2 layer. The observed thicknesses of these TiO2 layers as 

assessed via SEM imaging were ~ 7 nm, ~ 13 nm, and ~ 27 nm, referred to hereafter as 

thin, medium and thick TiO2 respectively. Stock solution of TiO2 was diluted as 

appropriate, utilizing the aforementioned concentration versus thickness curve (see 

Figure 4.1), to achieve these thicknesses. These results are in remarkable agreement with 

the proposed thicknesses during initial laminate design. To maintain a constant total film 

thickness, LiAlO layers were diluted in the same manner as the TiO2 layers described 

above. As with the TiO2 layers, individual LiAlO layers tracked appropriately with the 
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concentration versus thickness curve of LiAlO (Chapter III). The average total 

thicknesses of the three film types via ellipsometry were measured to be 41.9 nm, 39.4 

nm, and 42.5 nm. The resultant total film thicknesses are in outstanding agreement with 

the intended target thickness and demonstrate the high level of control PIC synthesis 

offers for complex, multi-layered structures. These thickness values were determined 

from the ellipsometry data using the model described by Mitchell et al., where individual 

layer thickness of a multilayer stack was allowed to vary.118 In their study, Mitchell et al. 

found that ellipsometry data for a modelled three layer stack of Al2O3:TiO2 was only ± 

1.6 nm when benchmarked against TEM.118 In the present study, thickness data obtained 

via ellipsometry is in good agreement with SEM data with respect to total film thickness. 

Additionally, SEM images demonstrate that the experimentally obtained constituent layer 

thicknesses and total film thicknesses are consistent over the length of the film with no 

major deviation from the proposed thicknesses during pre-experimental laminate design.  

 

 

Figure 4.8. Cross-sectional SEM of the thin TiO2:LiAlO three-layer stack deposited on 
silicon and annealed at 400 oC for one hour. 
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Figure 4.9.  Cross-sectional SEM of the medium TiO2:LiAlO three-layer stack deposited 
on silicon and annealed at 400 oC for one hour. 

 
 

 

Figure 4.10. Cross-sectional SEM of the thick TiO2:LiAlO three-layer stack deposited on 
silicon and annealed at 400 oC for one hour. 

 

 Electrical characterization of nanolaminate stacks was carried out using 

impedance spectroscopy. Samples were analyzed at 100 oC to promote measurable 

conduction of Li+ ions in the LiAlO layers. As previously reported (Chapters II and III), 

extraction of DC conductivities is challenging and model dependant for thin-film metal-

oxide ionic conductors described herein.83,84,103 Briefly, the real part of the apparent 

conductivity, σ’
app, as a function of frequency yields a small plateau region where the DC 
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ionic conductivity can be determined. As the electrodes are blocking to conductive ions, 

polarization at the electrode-film interface manifests as capacitive behaviour at low 

frequency. At intermediate frequencies a plateau exists that is attributed to the bulk 

resistance of the electrolyte film. It is at these frequencies where we can estimate film 

conductivity. The specific frequency of interest corresponds to the peak in the dielectric 

loss. The conductivity corresponding to this frequency can then be used as an estimate of 

the DC ionic conductivity. Despite these difficulties, calculated ionic conductivity values 

are consistent with that of single layer films of comparable thickness (40 nm) and are on 

the order of 10-8 S cm-1. It is somewhat surprising to observe the same conductivities 

values as pure LiAlO as the introduction of non-conductive TiO2 is expected to alter the 

conduction behaviour of the lithium ions. Average DC conductivities among varying 

nanolaminates are also in good agreement with each other (see Figure 4.11).  

 

 

Figure 4.11. The real part of apparent conductivity σ’
app as a function of frequency 

measured at 100 °C of three-layer nanolaminate stacks. Thin TiO2 (orange line), medium 
TiO2 (purple line), and thick TiO2 (black line). 
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 When capacitance is plotted as a function of frequency, the three types of 

nanolaminates nearly overlay one another (see Figure 4.12). Low frequency capacitance 

values, which are independent of thickness, are analogous to single layer films of LiAlO 

(> 6 µF cm-2). As previously noted, ion polarization against ion blocking electrodes 

generates an electric double layer that manifests as large increases in the observed 

capacitance of alkali metal incorporated aluminum oxide.7,85,87,110,111  

 

 

Figure 4.12. Capacitance as a function of frequency of three-layer nanolaminate stacks 
measured at 100 oC. Thin TiO2 (orange line), medium TiO2 (purple line), and thick TiO2 

(black line). 
 

 This large capacitance has been primarily cited as a means to lower operating 

voltages in solid-electrolyte gated field-effect transistors.7,85 An additional parameter of 

interest is the amount of energy that can be stored in a dielectric device. The relationship 

between capacitance and stored energy is defined by the following equation: 𝑊:;<(=> =

$
%
𝐶𝑉% where W is the energy; C is the capacitance; and V is the voltage. The large 

magnitude of capacitance observed in LiAlO single layer films and nanolaminate stacks 

-� � � � �
�

�

�

�

�

�

�

�

���[�/��]

μ�
/�
�
�



 

75 

 

with constituent LiAlO layers is of interest for maximizing stored energy, W. While 

increasing capacitance is a meaningful goal, a large impact on maximizing the stored 

energy could also be attained through the increase of the voltage parameter. This voltage 

parameter is more specifically defined as the maximum voltage that can be applied prior 

to dielectric failure or breakdown, aptly referred to as the voltage breakdown, VB. This 

specific point can be determined by measuring the current as a function of voltage for a 

particular device. The VB is identified herein as a rapid increase in the magnitude of 

current when plotted against the applied voltage (see Figure 4.13). More specifically, the 

point at which the current rises beyond the noise, defined here as approximately 1 µA cm-

2, is assigned as the VB.  When compared to single layer LiAlO films, nanolaminate 

structures with adequate thicknesses of ion blocking TiO2 layers exhibit a two-fold 

increase in the measured VB, while retaining nearly identical capacitance values (see 

Figure 4.13). This increase in the observed VB is in addition to the large capacitance 

values associated with constituent layers of ion conducting LiAlO observed herein and in 

single layer LiAlO films (Chapter III). The 7 nm layer of TiO2 is thought to be too thin to 

effectively block lithium ions and the breakdown voltage of these nanolaminates are 

more representative of a single phase LiAlO layers. However, those nanolaminates with 

TiO2 layers greater than 10 nm exhibit the substantial increases in measured breakdown 

strength cited above.  This result indicates that nanolaminate structures have a 

measurable increase in energy storage potential and serve as a valuable means in which to 

tune material parameters.  
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Figure 4.13. Breakdown voltage of LiAlO (red), thin TiO2:LiAlO nanolaminate (cyan), 
medium TiO2:LiAlO nanolaminate (blue), and thick TiO2:LiAlO nanolaminate (magenta) 

measured at 100 °C with all thin-film samples annealed at 400 °C  for one hour and 
approximately 40 nm thick. 

 

 The observed electrical characteristics are not fully explained by a simple 

structural model. More specifically, the nanolaminates exhibit properties representative 

of both single layer and multi-layer films. At low frequency, the observed capacitance is 

due to the charging of the ionic double layer generated at the electrode-electrolyte 

interface and is defined by a thickness independent material parameter known as the 

Debye length. The length of the double layer is the Debye length of the electrolyte, not 

the thickness of the film. The polarization necessary to form this double layer manifests 

as a constant contribution to the capacitance, independent of film thickness. This 

interfacial charging is due to the charging of lithium ions in the LiAlO layers. If the TiO2 

layers are blocking to lithium ions, the system could best be modelled as a series of 

capacitors, with the total capacitance, Ctotal, represented by the following equation: 

𝐶;<;AB =
$

9
C9
D 9
C5
D⋯ 9

CF

 . For a layered system with blocking TiO2, the capacitance should 

decrease with increasing value of n, where n is the number of layers. The observed low 
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frequency capacitances of the three types of nanolaminates demonstrate no significant 

reduction in value and are more consistent with that of single layer films of LiAlO. A 

possible explanation for the capacitance of the nanolaminates being similar to that of 

LiAlO films is the ability of lithium to electrochemically insert into TiO2 (anatase). This 

would provide a mechanism for additional charge storage. However, the incorporation 

and conduction of lithium in TiO2 requires voltages well beyond the 100 mV used to 

perturb the system during capacitance measurements.119  

 One of the key motivations for the different structures of nanolaminates used in 

this study was to ensure film abnormalities did not result in areas of layer intermixing. As 

previously discussed, there is a high level of layer integrity as observed via SEM, with no 

clear areas of layer mixing. This is especially obvious in nanolaminates that use TiO2 

layers in excess of 25 nm, which have the same capacitance response as those 

nanolaminates using thinner TiO2 layers. The governing properties determining the 

observed behaviours are likely more complex than a series of capacitors or a simple 

amorphous ionic conducting layer. This is especially true when considering the frequency 

and temperature dependence of ion motion, which can occur on different timescales 

resulting in complex representations of the electrical data.  

 Although strong conclusions regarding the nanostructure of the laminates cannot 

be ascertained from the capacitance data, the fact that the capacitance remains constant 

across multiple laminate structures is very interesting. Additionally, the substantial 

increase in the VB of the layered stacks is an attractive result. This is especially true when 

considering the impact this increase in VB has on the maximum energy storage capacity 

of the device. Furthermore, the capacitance value is quite large with respect to similar 
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dielectric films lacking lithium ion incorporation. Collectively, a large capacitance and 

increase in the breakdown voltage suggest that nanolaminate materials deposited via PIC 

chemistries are of particular interest with respect to the creation of new structures with 

interesting material properties.   

 

Conclusion 

 We have reported the successful synthesis of multi-layered thin films composed 

of the glassy ionic conductor Li2O-Al2O3 and non-conductive TiO2 produced via 

environmentally friendly PIC. Constituent film layers appear smooth, dense, and free of 

major voids or cracking. A high level of layer integrity is observed among the various 

nanolaminate structures, suggestive of quality layer interfaces. TiO2: LiAlO nanolaminate 

stacks appear amorphous when annealed at 400 °C for one hour. Longer annealing times 

yield diffraction peaks consistent with anatase TiO2 thin films produced via PIC.73 Large 

capacitance values indicative of an electric double layer were observed in nanolaminate 

structures as previously reported for ion incorporated alumina.85 A nearly two-fold 

increase in voltage breakdown strength is observed in nanolaminate structures over their 

single phase Li2O-Al2O3 counterparts. This result is significant when considering the 

effect an increase in VB has on the amount of energy that can be stored on a device.  
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CHAPTER V 

CONCLUDING SUMMARY 

 

 In conclusion, this work has demonstrated the successful use of PIC chemistry for 

the fabrication of high quality thin film ionic conductors and multi-layered nanolaminates 

from aqueous solution. Chapter II detailed the first reported synthesis of the ionic 

conductor LiAlPO in thin-film form. This was also the first time PIC chemistries have 

been used for the production of solid-state electrolytes. In Chapter III these synthetic 

methods were expanded to include the inorganic solid-state electrolyte LiAlO, a material 

more favourable for incorporation into more complex systems. Chapters II and III 

together, demonstrate that low-cost, environmentally benign synthetic methods can be 

utilized to produce solid-state conductors with conductivities and activation energies 

consistent with bulk materials of nominally the same composition but produced via 

energy intensive processes. Chapter IV focused on the incorporation of LiAlO thin-films 

detailed in Chapter III into a multi-layered nanolaminate structure. This study extended 

PIC chemistries beyond the synthesis of multi-layered metal oxides to include structures 

with ionically conductive constituent layers.  

 The work presented in this dissertation provides a general description of aqueous 

solution processing of solid-state electrolytes. This description includes precursor 

solution properties, film evolution and formation, and electrical performance of resultant 

films. A deeper understanding of precursor solution chemistries and the associated 

limitations of these solutions for the deposition of quality thin films is useful beyond this 

work. Specifically, the controlled concentration of spin coated films and the variables that 
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govern this process are of interest to any solution processing methods that require the 

removal of solvents and/or non-target species. Further, an understanding of the variables 

that impact the chemical interaction and interface quality of multi-layered systems is 

useful for not only nanolaminates but other energy storage systems including batteries 

and thin film transistors. Finally, this work serves as a useful step for the continued 

development of low cost, environmentally sustainable processing of materials important 

for energy storage.  
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APPENDIX A 

CHAPTER II SUPPLEMENTARY INFORMATION 

 

 Portions of this chapter were previously submitted to publish as Clayton, D.C.; 

Lepage, D.; Plassmeyer, P.N.; Page, C.J.; Lonergan, M.C. Low-Temperature Fabrication 

of Lithium Aluminum Oxide Phosphate Solid Electrolyte Thin Films from Aqueous 

Precursors. The excerpt to be included was written entirely by me. D. Lepage, P.N. 

Plassmeyer, C.J. Page and M.C. Lonergan provided editorial assistance.  

 

 

Figure AA1: XPS survey scan of LiAlPO films annealed at 275 °C. 
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Figure AA2: Thickness as a function of precursor concentration for LiAlPO films 
resulting from spin-coating precursor solutions at 3000 rpm for 30 s followed by 

annealing at 275 °C, as determined by x-ray reflectivity and confirmed via ellipsometry.  
 

Table AA1: Atomic ratios of LiAlPO films annealed at 275 °C by XPS 
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