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ABSTRACT

The entropy-stabilized oxide (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O has been investigated for many potential

applications, including metal halide perovskite solar cells, lithium ion conduction, thermal conduction, and

thermochemical water splitting. Many of these reports focus on macroscale properties, and a fundamental

understanding of the mechanisms behind these properties is lacking. The present research was designed to

fill some of the gaps in basic understanding of this system.

Fundamental understanding of materials properties require high-fidelity electrical and mechanical

measurements. High-density bulk samples are critical to such measurements, but are challenging to obtain

for the (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O composition. Consequently, this work first investigates the kinetics of

diffusion, and identifies oxygen stoichiometry as a critical component in diffusion and densification. A

solid-state processing and sintering method that achieves samples with up to 98% of the theoretical density

is presented here. A complementary study of thin film samples explores the deposition space and growth

parameters for polycrystalline thin films grown via pulsed laser deposition. The correlations among

deposition parameters, lattice strain, and electrical conductivity are presented. Films grown at lower

temperatures have a shorter lattice constant and higher electrical conductivity than those deposited at

higher temperatures. When these more conductive films are annealed in an oxygen-rich atmosphere, their

conductivity decreases to that of the films grown at higher temperatures. This indicates that oxygen

off-stoichiometry is responsible for the charge carrier concentration of this entropy-stabilized oxide.

Defect chemistry is also clarified in the present study. The oxidation of Co cations from a 2+ to a 3+

state, in response to changes in oxygen atmosphere, is the mechanism by which charge carriers are

produced in this system. Near-edge x-ray absorption fine structure data are analyzed to verify this

assertion. These data also indicate that the properties of the (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O thin films

remain stable over time. The observed Co oxidation upon the addition of oxygen to the system and the

concurrent increase in electrical conductivity suggest that small polaron hopping is the mechanism for

electrical conductivity in thin film samples grown at lower temperatures. Defect chemistry is further

clarified by comparing electrical measurements from bulk ceramic samples equilibrated and measured

under oxygen-rich and oxygen-poor conditions. This comparison indicates that the dominant charge

carriers in oxygen-poor bulk samples may be ions, while the much lower activation energy of oxygen-rich

bulk samples indicates that electronic charge carriers dominate. Comparisons of these bulk data with the

thin film data suggest that the films grown at lower temperatures are closer to stoichiometric than the

oxygen-deficient samples grown at higher temperatures.
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The work presented here provides a fundamental understanding of the (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O

system. Basic tenets of kinetics, charge transport, and defect chemistry for the nominally stoichiometric

composition have been established by this research. With this variable-rich system, the foundational

knowledge presented here will help to deconvolute future studies and improve existing understanding of

this material system.
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CHAPTER 1

INTRODUCTION

The 21st century has seen signi�cant advances in materials science and technology. Much of the

progress has been due to the novel applications of ceramics for their physical, mechanical, magnetic,

optical, electrical, and thermal properties. Some of these scienti�c advancements have been the result of

fundamentally new structural and functional materials having applications in solid-state electronics,

osteosurgery, armor protection, and other vital areas of technological advancement [1]. Continuing the

ever-important pursuit of novel research in materials science and technological advancement requires the

exploration of new methods of material synthesis [2{4]. One of the routes to new materials synthesis is

entropy stabilization, where the thermodynamics of a system can be balanced with the kinetics in order to

form materials which would not typically exist at room temperature and pressure. This opens the door to

a whole new realm of ceramics in need of fundamental understanding and basic scienti�c investigation in

order to lay the groundwork for future applications and development. This dissertation presents an

investigation into the fundamental understanding of the 
agship entropy stabilized oxide,

(Mg0:2Co0:2Ni0:2Cu0:2Zn0:2)O. Since its discovery in 2015, the scienti�c community has exhibited great

enthusiasm in exploring its potential applications, however a basic understanding of the material itself has

remained lacking. In the work presented here, some of the basic defect chemistry, di�usion mechanisms,

and charge transport properties of the system will be clari�ed to give future researchers a strong

foundation for their investigations. The 
agship study of (Mg 0:2Co0:2Ni0:2Cu0:2Zn0:2)O names this

composition \J14", and that same term will be used here.

1.1 Background and Motivation

1.1.1 Thermodynamic Theory

The second law of thermodynamics states that, for any system, �Sp � 0, where Sp is the entropy

produced in the system, and provides the mathematical foundation for entropy stabilization. Although this

law is often oversimpli�ed to say that entropy is always produced and never lost, the change in entropy in a

system is not always positive; it can also be transferred into or out of a system. Thus, we may de�ne the

change in entropy for a system by the following equation:

� Ssys = � St + � Sp (1.1)

where St is the entropy transferred across a boundary containing the system. The entropy of the system

can be either positive or negative, depending on the sign and magnitude of �St relative to �S p. The
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entropy for a system may decrease while the overall entropy in the universe continues to grow. Similarly,

reversible processes can be distinguished from irreversible processes by the fact that they neither produce

nor dissipate entropy and cause no permanent changes in the entropy of the universe [5].

In order to quantify the entropy within a system, we must �rst look at the components of the system.

In our closed system, we have individual particles and each of them has a position within that system at a

given time: a microstate. The collection of microstates for the entirety of the closed system is referred to as

a macrostate. Each macrostate is de�ned by the number of microstates available to it, which we describe

with the equation:


 =
N0!

n1!:n2!:::ni !
(1.2)

where N0 is the number of particles in the system andni is the number of states available to each particle.

In this theory, 
 has the highest probability where entropy is maximized, as this macrostate has orders of

magnitude more microstates than the other possibilities, as shown in Figure 1.1.

[H]

Figure 1.1 The probability distribution for macrostates has an extremely sharp peak for systems with large
numbers of particles and energy levels. All other macrostates have a very low probability of occurring.
Figure adapted from DeHo� 2006 [5].

This whole concept is also what gives us the equation we know of as the Boltzmann hypothesis:

S = k ln 
 (1.3)

where k is Boltzmann's constant, (also equal to R
N Avo

, where R is the ideal gas constant andNAvo is

Avogadro's number) which de�nes the value of the gas constant per atom. In order to asses changes in
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entropy as a function of changes in any macroscopic state, we can combine equations 1.2 and 1.3 and

di�erentiate to �nd that, for any arbitrary change of state:

dS = � k
rX

i =1

ln (
ni

NAvo
) � dni (1.4)

Equation 1.4 describes the change in entropy for any process without restrictions applied to the overall

energy levels of the particles or the nature of their redistribution, but with the restriction that the total

energy of the system and total number of particles in the system must remain constant. Thus, for these

calculations to be relevant to experiment, we must maintain a closed system as well as possible [5].

In the realm of new materials discovery, which is a large part of the motivation for the work done in

this dissertation, thermodynamic theory is critical to the prediction of novel systems. The majority of high

throughput prediction methods used to assess large areas of composition space are based on density

functional theory (DFT) calculations carried out at 0K. This approach forces a focus on enthalpy of

formation. In the higher temperature regime, entropy can dominate the formation energy for materials and

allow for material synthesis in the entropy stabilized regime.

Using Gibbs' Free Energy [5{7] as the predictor of material formation, consider the equation:

� G(T; P) = � H (T; P) � T � S(T; P) (1.5)

At su�ciently high temperatures, the entropy (S) term will overtake the enthalpy (H) term and the

system is stabilized via entropy.

In a more general sense, the concept of entropy stabilization is based on the con�gurational entropy

(Sconf ig ) of the system and the possibility of stabilizing a single-phase by increasing that con�gurational

entropy [8] by adding more elements to the system, where:

Sconf ig = � R[(
NX

i =1

x i lnx i )cation site + (
MX

j =1

x j lnx j )anion site ] (1.6)

In the above equation,x i and x j are the mole fraction of each element in the cation and anion sites and R

is the universal gas constant [5]. In order to de�ne the limits of entropy, 1R and 1.5R have been applied as

boundaries for dividing materials into three classes: low entropy (S < 1R), medium entropy

(1R � S � 1:5R), and high entropy (S > 1:5R) [9, 10]. These cuto�s have been selected because they

de�ne regimes where the entropy term can fully overtake the enthalpy term (high entropy) and where the

entropy term is in competition with enthalpy (medium entropy). An entropy of mixing less than 1 R is

insu�cient to compete with the strong bonding energies associated with the enthalpy of formation (low

entropy) [9]. For the (Mg 0:2Co0:2Ni0:2Cu0:2Zn0:2)O system, the anion site has almost no contribution

because there is only one anion as compared to the 5 cations. The con�gurational entropy from these 5
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cations, gives the J14 system a con�gurational entropy equal to approximately 1.61R and categorizes it

�rmly as a high entropy compound. It has been shown in previous works [9{11] thatN must be at least

equal to four in order for the system's entropy to e�ectively compete with its enthalpy. As more cations are

added, the system will become more stable in the absence of competing factors. Because competing factors

exist, though, not all cations will express this solubility. Considerations must be made regarding structure,

coordination, valence, and cationic radii because of their energetic contributions to enthalpy [6, 12]. These

considerations are important to note, as system entropy is in a constant competition with enthalpy. The

simple addition of any random additional cations will not immediately stabilize a system via entropy and

considerations must be taken into account regarding how enthalpy will be a�ected by the addition of each

cation. The same is true for temperature, where one could presumably continue to increase temperature

until a system of fewer than �ve components was in the entropy stabilization regime. However, at these

temperatures the individual components start to break down or volatilize. This is why the balance between

enthalpy and entropy is so important for this work.

1.1.2 High Entropy and Entropy Stabilization

For a material system to be considered entropy stabilized, it must �t three criteria: the reaction of

formation must be reversible, it must be endothermic, and the system must exhibit long range order and

chemical homogeneity. In the event that a system meets some but not all of these requirements, it may be

considered high entropy, but not entropy stabilized. The concept of using increased entropy to improve

solid solubility in a system was initially applied to metals. High entropy alloys (HEAs) were the �rst �eld

of exploration for high entropy synthesis as early as 2004 [13, 14]. HEAs have broadened the realm of

metallic property development by providing a new method of optimizing critical mechanical qualities like

fracture resistance [15] and tensile strength [16]. In 2015, the concept of entropy stabilization was extended

to oxide ceramics. A �ve cation entropy stabilized oxide, (Mg0:2Co0:2Ni0:2Cu0:2Zn0:2)O, was found to

crystallize reversibly into a uniform rock salt structure when heated to a su�ciently high temperature

[3, 12]. This single phase remains upon rapidly quenching to room temperature and is commonly referred

to as \J14", a compact naming artifact from this �rst study. As of June 2022, this composition remains the

only reported truly entropy stabilized compound, while the more general high-entropy ceramics (HECs)

have been studied at length in the ensuing years. The study of HECs has grown to include sul�des [17],

nitrides [18], borides [19{21], silicides [22], carbides [23] and intermetallics [24]. High entropy perovskite

systems [25, 26] have also been developed targeting applications in solar energy [27] and magnetic exchange

coupling [28, 29]. These other HECs with various compositions have been found to work well as wear

resistant and thermal protection coatings [30, 31], and as high performance thermoelectrics and ultrahigh
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temperature coatings [8, 32] where the cation stoichiometry can be tuned to alter the coe�cient of thermal

expansion to make these coatings particularly useful in next generation turbine engines.

Previous studies have shown that interdi�usion and cation incorporation occur in the system based on

metal vacancy formation energies and that di�erent sintering temperatures in the entropy stabilized regime

can be used to improve bending strength and elastic modulus [33]. These studies have led to the

development of various methods for making these high entropy systems. Solid state processing has been

used to make high entropy systems with up to seven di�erent rare-earth metal cations in a single phase

[34, 35].

The potential applications for J14 have been explored fairly extensively since 2015. It has also been

studied for reversible electrochemical energy storage[36], has been reported to work well as the basis for

Li-ion conduction [37] and as an anode for Li-ion batteries [38]. It has also been found to work well in a

nanocrystalline form for Li-ion storage [39]. This composition has been studied as a functional redox

material for thermochemical water splitting [40], and J14 has been shown to work well as a high

temperature catalyst for CO oxidation [41]. Extremely high dielectric constants have also been reported in

these samples, and the report containing these results is currently the only article regarding the electric

properties of J14 [42]. Despite all of this investigation into the uses for this unique system, it has not been

made clear exactly what role entropy stabilization has in altering these properties.

While the materials community has clearly been excited by the discovery of a brand new compositional

paradigm, the fundamentals have been overlooked, and rushed claims of improved application performance

have taken priority over a basic understanding of how this system works and why its entropy stabilized

nature is so particularly interesting. To this point, most studies regarding the J14 system using basic solid

state processing methods have not achieved sample densities higher than 80% of the theoretical density

[3, 8, 13, 42, 43]. In order to obtain meaningful electrical and mechanical measurements, densities at or

above 95% of the theoretical density are a necessity [44, 45], and a repeatable process for creating such

samples is one of the key developments of the work presented here, in Chapter 2. Additionally, the

majority of the work done on HECs has been done in the world of solid state reaction [3, 11, 33, 37, 43, 46],

leaving thin �lm studies to be largely lacking. In the realm of thin �lm growth, the pioneering work on this

oxide system [12] showed an inverse relationship between bothpO2 and substrate temperature on

out-of-plane tetragonal lattice parameter in epitaxial thin �lms of J14. This relationship has since been

correlated with the net Co valence state, where a larger Co valence results in a smaller lattice parameter

[47]. Another thin �lm study used pulsed laser deposition (PLD) to show that entropy stabilized thin �lms

of (Mgx Cox Nix Cux Znx )O can be tailored to engineer long range magnetic order and shows promise for

enhancing exchange coupling [48]. PLD has also been used to explore structural stability of the
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(Mgx Cox Nix Cux Znx )O system as a function of growth parameters [49], but many questions remain. Some

of these questions will be addressed in Chapter 3, where an exploration of deposition temperatures and

pressures is presented and discussed for the J14 system.

1.2 J14 and Entropy Stabilization

The local structure of the J14 rock salt has been studied at length. As has been pointed out, many

compositions in the �eld of high entropy studies have been merely high entropy, though not necessarily

entropy stabilized, however the J14 composition is undeniably entropy stabilized [3]. The components of

this system, MgO, CoO, NiO, CuO, and ZnO were selected to provide a variety of structures, coordination

numbers, and cationic radii. Several of these precursors are also non-soluble at ambient temperature and

pressure (such as MgO-ZnO and CuO-NiO). Characteristics of each of these precursors are shown in

Table 1.1. Note that pure CoO tends to decompose in air into the spinel Co3O4 where Co transitions from

being purely +2 to a mixture of +2 and +3. X-ray di�raction re�nements can be used to determine the

ratio of Co+2 to Co+3 in the system to ensure that the mixture remains equimolar and electronegative

upon mixing [12].

Table 1.1 Component precursor oxides for the J14 system. [50]

Precursor Structure Space Group Coordination Cation Radius (nm)
MgO Rock Salt Fm �3m Octahedral 0.072
CoO Rock Salt Fm�3m Octahedral 0.065
Co3O4 Spinel Fd�3m Octahedral 0.053
NiO Rock Salt Fm �3m Octahedral 0.065
CuO Tenorite C2/c Tetrahedral 0.073
ZnO Wurtzite P6 3mc Tetrahedral 0.074

The proof that this system is truly stabilized via entropy and not merely high entropy is in the

reversibility of the coalescence of the single phase. In the pioneering study for this material, it was shown

that J14 pellets sintered from the mixed oxides developed from the �ve precursor phases into two clear

phases above 700� C: cubic rock salt and monoclinic tenorite. Somewhere between 850� C and 900� C is

where the development of pure rock salt occurs, and the study continued up to 1,000� C to con�rm the

single phase formation [12]. This study showed that annealing the single phase sample at 750� C caused

precipitation of multiple phases again, but that a return to 1,000� C returned the system to a single phase.

The data from this initial work is shown in Figure 1.2.
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Figure 1.2 X-ray di�raction patterns for the high entropy J14 composition. The system starts with an
equimolar mixture of MgO, CoO, NiO, CuO, and ZnO. Each pattern was collected from a single pellet
which was equilibrated for 2 hours in air, then air quenched to room temperature by direct extraction from
the furnace. X-ray intensity is plotted on a logarithmic scale with arrows indicating peaks associated with
non-rock salt phases, where peaks indexed with (T) and with (RS) correspond to tenorite and rock salt
phases respectively. The two x-ray patterns for 1,000� C are o�set in 2� for clarity. Figure from Rost 2015.
[12]

Composition was also tested in this initial study with the goal of understanding the limits of solid

solubility and the limits of entropy stabilization. Changing the relative cation ratios changes the transition

temperature for the system. Rost, et al. (2015) [3] explored those limits in bulk systems. The data from

this experiment (Figure 1.3) showed that removing any cation from the J14 system so that it consists of

only four of the initial �ve precursors will not result in a single phase, regardless of how long the system is

equilibrated at 875� C (the temperature associated with the single phase development for J14). This

indicates that the system requires at least 5 di�erent cations in order to enter the regime of entropy

stabilization (at least below 1000� C). At higher temperatures than those tested, the system would almost

certainly coalesce into a single phase. This is supported by a test of solubility limits where all �ve cations

remained in the system, but the ratio of a single component was changed by up to 10%. These data show

that any departure from the equimolar composition reduces the con�gurational entropy for the system,

meaning higher temperatures are required to achieve a single phase. The results in Figure 1.4 show that

the equimolar composition always has the lowest transition temperature.
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Figure 1.3 X-ray di�raction analysis for a composition series where individual components are removed
from the parent composition J14 and heat-treated to the conditions that would otherwise produce full solid
solution. Asterisks identify peaks from rock salt while carets identify peaks from other crystal structures.
Figure from Rost 2015 [12].
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Figure 1.4 a-e Partial phase diagrams showing the transition temperature to single phase as a function of
composition in the vicinity of the equimolar composition where maximum con�gurational entropy is
expected. Error bars indicate uncertainty between temperature intervals. Each phase diagram ina-e shows
variation of the system where only the indicated element's concentration is changed. Figure from Rost
2015 [12].

The combination of the data in Figure 1.2 and Figure 1.4 proves reversibility and

compositionally-dependent solvus lines, which indicate that this process is entropy-driven. Further proof of

the leading role of entropy can be found in endothermicity of the transition from multi- to single-phase.

Rost, et al. used di�erential scanning calorimetry (DSC) coupled with in-situ temperature-dependent x-ray

di�raction to check for an endotherm upon the formation of the single phase rock salt. Figure 1.5 con�rms

that the formation of the single phase rock salt aligns with a strong endotherm. This type of response

occurs only when the system adds heat to the sample and is characteristic of an entropy-driven transition

[12, 51]. There is a small mass loss associated with the endotherm and this is attributed to the conversion

of the spinel Co3O4 to rock salt via reduction and a subsequent release of oxygen to maintain

stoichiometry. Rost, et al. (2015) also con�rmed that CuO does not reduce in the vicinity of 875� C [12].
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Figure 1.5 Proof of endothermicity. a) In-situ x-ray di�raction intensity map as a function of 2 � and
temperature b) Di�erential scanning calorimetry trace for composition J14. Note that the conversion to
single phase rock salt is accompanied by an endotherm. Both experiments were conducted with a heating
rate of 5� C/min. Figure from Rost 2015 [12].

The �nal key to verifying that entropy is the primary stabilizing force in this system was to con�rm

chemical homogeneity and long range order. All of the previously discussed work was done with the

assumption that homogeneous cation mixing occurs above the temperature where the single phase rock salt

forms. Rost, et al. (2015) con�rmed this homogeneity via extended x-ray absorption �ne structure and

energy dispersive x-ray spectroscopy in a scanning transmission electron microscope. The data �ts, shown

in Figure 1.6, show that the cation-to-anion �rst nearest neighbor distances are identical and that the local

structures for each element to approximately 7 near neighbor distances are similar, which are both

characteristic of random cation distribution [2]. In support of the EXAFS data collected and analyzed by

Rost, EDS was conducted on thin �lm samples of J14 and con�rmed atomically resolved uniform spatial

resolution for each cation in the system. Between XRD, EXAFS, and STEM-EDS the Rost research group

was able to con�rm on the order of 10s of nm, 10s of�A, and 1�A respectively that each cation is

homogeneously disordered throughout the rock salt system [2].
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Figure 1.6 Extended x-ray absorption �ne structure measured at APS beamline 12-BM after normalization
and �tting. Oscillations for each element occur with similar relative intensity and at similar reciprocal
spacing, suggesting a similar local structure and chemical environment for each cation. Figure from Rost
2015 [3].

While the breadth of possible study in high entropy ceramics is enormous and continually growing,

understanding of the properties of the 
agship J14 composition remains incomplete. In this dissertation, I

investigate some of the basic tenets of this material system and add fundamental knowledge to the �eld of

study. As discussed in 1.1.2, applications for this system have been the focus of the majority of the studies

on this system, while basic mechanisms have been poorly developed thus far. This system is the only

known entropy stabilized oxide: the formation reaction is endothermic, it is chemically homogeneous over

long range, and the single phase formation reaction is reversible. These things are well established and

known. I have added fundamental knowledge to this �eld by investigating densi�cation mechanisms, thin

�lm growth parameters, and the electrical transport within the system. In addition to identifying trends in

these characteristics, I have also identi�ed possible causes and mechanisms for each of them. The goal of

this work is to strengthen the foundation for future work in the �eld of ESOs.
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1.3 Sample Processing

Samples for these study were made via both bulk ceramic processing and thin �lm deposition. Each of

these methods of sample synthesis requires a di�erent background knowledge and understanding of

material kinetics.

1.3.1 Fabrication from Powders

In bulk ceramic samples, mechanical failures often originate at pores or sites of grain heterogeneity. For

samples made with the goal of studying electrical and thermal properties, sample density is particularly

important because porous samples produce di�cult-to-predict and model dielectric responses. Because

density is key to making useful samples for electrical and thermal analyses, particular attention must be

paid to the sample-making process. The most common approach to bulk ceramic sample production is solid

state processing and sintering from powders. This dissertation will focus on the intricacies of the sintering

process, as this was the method used for the preparation of bulk samples in the studies discussed herein

and developed in Chapter 2. The basic processing steps are shown in Figure 1.7. The powder particles are

consolidated to form a porous, shaped powder form called a green body, which is then sintered to produce

a dense polycrystalline product. The processing steps are logically broken into two di�erent categories:

processes before �ring the green body and processes that occur during �ring. Attention to each step along

the processing path can be critical to avoiding microstructural 
aws which have the capacity to alter

sample properties and reliability, especially in a complex system like (Mg0:2Co0:2Ni0:2Cu0:2Zn0:2)O [45].

Figure 1.7 Basic 
ow chart for the production of polycrystalline ceramics by �ring of consolidated powders.
Figure from Rahaman 2007 [45].
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The �rst step in the fabrication process requires a mass of powder. Typically powders are procured

from commercial sources, though often (and especially over the course of PhD research) it is necessary to

understand how to properly prepare and mix these powders in addition to understanding how to

characterize the powders once they are combined. For samples made in these studies, the powders required

to make bulk J14 samples had to be mixed in the lab, as this is not a common compound available

commercially. In processing, it is key to be aware of particle size, distribution of particle size, shape, degree

of agglomeration, chemical composition, and chemical purity [45].

For most advanced ceramics, a particle size less than 1� m means colloidal consolidation methods will be

useful, as particles any larger than this settle too quickly. Particle size can determine the rate of

densi�cation, which has an inverse relationship with particle size because the driving force is the reduction

in surface area. Microstructural changes tend to be driven by di�usion of ions from high energy convex

surfaces to lower energy concavities at particle contact points [44]. The simplest place to start for initial

sintering studies is a powder with a narrow size distribution all less than a few microns. The morphology of

powder particles is also important: starting with spherical or equiaxed individual particles greatly increases

the chances of uniform packing and homogeneous grain growth [45]. In order to determine the morphology

of both J14 precursor powder mixes and the single phase calcined J14 powder, SEM micrographs were used

to determine both sizes and shapes of powders. An example of this is shown in Figure 1.8.

Figure 1.8 J14 powder before pressing and after being calcined and milled. Particles are clearly dispersed
in size and shape, with most particles being fairly spherical.

While individual powder particle sizes and shapes must be monitored, it is also important to

understand the risks of 
occulation. Particles can experience weak van der Waals forces which promotes
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heterogeneous agglomeration. This agglomeration can in turn lead to di�erential sintering where a large

particle accumulation ends up acting like a singular large particle and can result in coarse-grained and/or

highly porous sintered bodies. While it is generally impossible to eliminate all 
occulation of this nature,

these weak agglomerates can be broken up fairly easily via mechanical methods (like mortar and pestle or

milling) or simply by dispersion in a liquid [45], both of which were methods used on powders like the J14

sample seen in Figure 1.8.

Powder surfaces can also have strong in
uence in powder processing outcomes. Impurities at the

surface can drastically change powder dispersion in a liquid, but even more importantly, they can change

the processes which occur in sintering. Impurities can lead to unintended areas of liquid phase sintering

and/or uncontrolled heterogeneity, which precludes the possibility of a uniform microstructure in the

sintered body [45]. Because of the unknown history of some of the powders in the lab, fresh chemicals were

ordered for the experiments conducted in this dissertation. Both CoO and CuO have the propensity to

decompose in air, with CoO commonly decomposing into Co3O4 and CuO reducing to Cu2O [43, 47, 50].

Powder consolidation (forming) into the shaped green body can be achieved in a few di�erent ways,

though the work in this dissertation focuses on dry pressing. This particular method is centuries old, but in

recent times advances have been made in understanding the importance of green body microstructure in a

successful �ring stage. Packing density plays a vital role in homogeneous sintered bodies: if there are

severe variations in packing density throughout the green body, the �nal product will likely exhibit

undesirable and unpredictable properties. The J14 powders used for this dissertation were dispersed in

ethanol with a small amount of �sh oil. Fish oil is a collection of short chain fatty acids which is a very

e�ective dispersant that will burn out of samples as temperatures approach 600� C, leaving the powders

well dispersed and without contaminants. Firing, or sintering, is often modeled by simple processes,

however the actual sintering process is quite complex. The most direct case for analysis is with a pure,

single phase material. The green body should be heated to a temperature about three quarters of the

melting temperature and held there in order to allow densi�cation via di�usion to occur. At this elevated

temperature, powder particles join together and porosity is reduced via atomic di�usion in the solid state.

This is why this particular method of processing is referred to as solid state sintering [45].

The driving force in the sintering process is the reduction in surface free energy of the system, which

can be achieved through both densi�cation and coarsening. In densi�cation, matter is transported from the

grain boundary into the pores. In coarsening, matter is rearranged between di�erent parts of pore surfaces

and grain boundaries without actually leading to a decrease in pore volume, as can be seen in Figure 1.9.

The mechanisms that drive coarsening are surface di�usion, lattice di�usion from particle surfaces, and

vapor transport. These mechanisms still lead to bonding and growth of necks from particle to particle, so
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they still aid in strengthening the powder compact, however they do not lead to any actual shrinkage of the

sample. The mechanisms that actually do lead to densi�cation are primarily grain boundary di�usion and

lattice di�usion from the grain boundary. Plastic 
ow via dislocation motion can lead to densi�cation, but

this is usually only dominant in polycrystalline ceramics when an external pressure is applied. When

densi�cation is occurring, the mass transport between grains and pores is most commonly mediated by

vacancy di�usion from regions close to the pore surface, where vacancy concentrations tend to be higher

than the equilibrium concentration in the bulk of the sample. Vacancies tend to gather at grain boundaries

because the disorder there is generally high and makes them act as vacancy sinks [44]. A major problem

associated with coarsening is that it can reduce the driving force for densi�cation, which is usually the

primary goal of sintering [45].

Figure 1.9 Schematic of six mechanisms that contribute to sintering and densi�cation: 1- surface di�usion,
2- lattice di�usion from the surface, 3- vapor transport, 4- grain boundary di�usion, 5- lattice di�usion
from the grain boundary, and 6- plastic 
ow. All six cause necks to grow and in
uence the rate of
densi�cation, but only 4-6 actually lead to densi�cation. Figure from Rahaman 2007 [45].

In order to promote densi�cation over coarsening, key material processing parameters like temperature,

particle and grain size, applied pressure, and gaseous atmosphere can be altered to favor densifying

di�usion mechanisms. Both densi�cation and coarsening are typically promoted by higher sintering

temperatures and �ner particle sizes. Depending on the dominant di�usion mechanisms, densi�cation can

be improved by the application of external pressure, by chemical homogeneity, and by an isomorphic
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microstructure of the green body [45]. The microstructure of the �nal sintered product can be analyzed

using scanning electron microscopy to determine which densi�cation mechanisms likely dominated the

sintering process. Most solid-state sintering results in polycrystalline samples with at least some porosity,

though the ideal �nished product has no porosity and grains separated only by grain boundaries.

In general, the study of advanced ceramics necessitates such particular property requirements that

simpler microstructures are preferred. Typically, the ideal microstructure includes high density, small

grains, and fairly uniform morphology. Any voids or preferential aggregation in the green body will be

exaggerated in the sintering process and will result in large pores between fairly dense areas, or possibly

even in voids so large they can develop into cracks in the sample. Simpler microstructures are easier to

control in low-variable systems, though they can be complicated to actually produce, as discussed in

previous sections on powder quality and green body consolidation. Impurities, even on a small scale, may

lead to some degree of liquid phase sintering, which can lead to inconsistent grain growth throughout the

sample. It is also possible for impurities (or dopants) to alter the defect chemistry of a system, which can

change vacancy concentrations and in turn alter di�usion rates. The sintering temperature, time at that

temperature, heating rate, and sintering atmosphere all have the capacity to notably a�ect the �nal

microstructure. For the J14 system, we show that changing the amount of oxygen in the sintering

atmosphere can make a notable di�erence in chemical di�usion and cation valence. In samples prepared

from a multi-phase powder, it is critical to note temperatures where chemical reactions will occur and

which chemical species have the potential to volatilize upon heating in order to ensure the desired chemical

result and microstructure. Ensuring a particular sintering atmosphere can help control these reactions and

suppress volatilization as needed. Each of these things can greatly a�ect the material properties of the �nal

product, which can lead to critical failures if not properly monitored and managed [45]. In Chapter 2, we

demonstrate some of the ways these variables can alter the densi�cation outcomes for J14 speci�cally and

we highlight a useful method for creating dense samples with relatively uniform microstructures.

1.3.2 Fabrication as Films

While the study of the J14 ESO system and many of its high entropy counterparts has been largely

conducted in the world of solid state processing and bulk samples, several studies have also branched into

the thin �lm world and taken advantage of the higher e�ective temperatures a�orded to the world of

pulsed laser deposition (PLD) [3, 46, 47, 49, 52{54]. PLD is one of the most accessible methods for growing

high-quality functional oxide thin �lm samples [55]. It has a reputation for being useful in new material

exploration and for device structure development, as it is a relatively straightforward thin �lm growth

method that can be adapted for combinatorial process synthesis quite easily. The possible variables in PLD

16



thin �lm growth include laser ablation conditions, oxygen partial pressure, substrate temperature,

annealing conditions, laser pulse rate, and laser energy density. Chamber parameters like oxygen pressure

and substrate temperature are considered to be fairly easy to repeat between systems, but laser ablation

conditions are more di�cult to replicate between systems [55]. For this reason, �lms grown in this study

were all grown in the same PLD system at the National Renewable Energy Laboratory (NREL) in order to

maintain some degree of repeatability between growths.

The basic process of PLD thin �lm fabrication has been developing since the �rst reports of laser

ablation using ruby lasers in the early 1960s. Laser ablation itself has also been developed for things

besides �lm deposition, such as microstructuring and patterning of polymers and wide band gap materials

like silicon and fused silica, in removal of biological tissues (like corneal tissue), and has even recently been

applied to surface cleaning for delicate artwork [56]. This dissertation will focus on the thin �lm deposition

variables for the J14 system in Chapter 3, as they have been under-explored thus far.

Laser ablation can be boiled down to the simple concept of a rapid boiling of material within a localized

interaction volume at and near the surface of the target material. In reality, it's a fairly complex process in

which the incident laser pulse rapidly heats a signi�cant volume of the target material and boils o� a

signi�cant amount of material as shown in Figure 1.10. This can cause phase transitions and introduce

stress in the solid target, so target surfaces are generally polished and cleaned between uses to maintain

material integrity. Material boils o� the target and expands into the gas phase on a time scale of

picoseconds, meaning that, barring extremely fast pulse rates, the resulting plume of ejecta will interact

with the incident laser pulse and attenuate the light intensity incident on the target. The species in the

plume will also likely be ionized and excited by the incident radiation, creating a plasma and subsequent

optical emissions. After the laser pulse is over, the target will re-solidify and cool. The plume will then be

composed of both neutral and charged material with varying levels of residual and time decaying

excitation. This plume will continue to expand away from the interaction volume as the excitations

gradually die down [56]. Using these basic concepts of laser ablation, pulsed laser deposition is a simple

step forward to simply enclose the interaction volume and resulting plume so that a substrate may be

placed in the way of the plume so that material may be deposited there.
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Figure 1.10 Schematic illustrating key features of the laser ablation process.a) Initial absorption of laser
radiation (long arrows), beginning melting and vaporization (shaded area indicates melted material, short
arrows indicate motion of solid-liquid interface). b) Melt front propagates into the solid, vaporization
continues and laser-plume interactions begin to play a larger role.c) Absorption of incidence laser
radiation by the plume and plasma formation. d) Melt front recedes leading to eventual re-solidi�cation of
target surface. Figure from Ashfold 2007 [56]

A basic schematic of a PLD set up is shown in Figure 1.11. The target material and substrate are

contained in a vacuum chamber, typically held under at least 10� 6 Torr (1.3 mPa) (or with a low pressure

of background gas, like oxygen, which was used for �lms made for this dissertation). The pulsed laser

output is focused through a window into the chamber and onto the solid puck of target material, which is

generally rotated and/or rastered to avoid asymmetric ablation. Laser wavelengths vary depending on the

PLD system and intended applications. The PLD laser used to make samples for this dissertation is a KrF

laser with a wavelength of 248nm. The plume ejected from the target surface is typically symmetric about

the vector normal to the target surface, meaning that centering the substrate along this vector is ideal for a

uniform chemical distribution, though the center of the substrate will generally have more deposition than

the edges, resulting in a radial �lm thickness gradient. The relative quality of the deposited �lm is the

result of a variety of parameters, including substrate type, substrate temperature, absolute and relative

kinetic energies of various constituents within the plume and the arrival rates of individual materials in the

plume. Arrival rates are altered by excitation wavelength, laser pulse duration/energy/intensity, the

presence (or lack thereof) of any background gas, and by any secondary plasma activation in the

target-substrate gap [56]. In the J14 system, we see a substoichiometric arrival of Cu and Zn at the

substrate when ablated from a stoichiometric J14 target. This is likely the result of these two cations

having larger masses than their counterparts, which means they may require slightly more energy to cross

the gap from target to substrate, or that they may lose more momentum to kinetic bombardment along

that pathway[57]. This is further discussed in Chapter 3.
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Figure 1.11 Schematic diagram of an apparatus for pulsed laser ablation of a solid target with deposition
on an on-axis substrate. Figure from Ashfold 2007 [56].

The mechanistic considerations of target material excitation and ablation are important. Material

interaction with laser pulses on the sub-picosecond timescale are assumed to involve very rapid excitation

of the electron distribution, where coupled electron interactions lead to a rapid rise in the electron

temperature, which then leads to heating of the lattice at a rate related to electron-phonon coupling

strength. This heating ultimately results in vaporization of the target surface.

Electronic contributions to this vaporization can manifest themselves as unexpectedly high ion yields

and propagation velocities greater than those expected from purely thermal excitation within the growing

plasma plume. Thermal contributions typically lead the vaporization mechanisms on longer laser pulse

timescales (in the realm of nanoseconds). These longer laser pulses allow photon coupling with electronic

and vibrational modes of the target material. Thermal contributions also dominate when the target has

low re
ectivity of the laser wavelength, a large absorption coe�cient, low thermal di�usion coe�cient and

a relatively low boiling point. If laser 
uence increases excessively, the target material may enter a process

called a \phase explosion", where the material is explosively boiled and large material particles are ejected

to a point where it can be considered macroscopic sputtering [56].

Large material 
akes can also be ejected from targets as a result of the repetitive thermal shock that

can be associated with laser ablation and tends to occur in materials with high coe�cients of thermal

expansion. Highly porous targets can also easily create macroscopic particulate ejection. The highly

localized heating from the laser can cause rapid expansion of trapped gas pockets just beneath the surface

which results in a small explosion, knocking o� large chunks of target material [56]. In a regime where thin

�lms are deposited with a thickness of a micron or less, these large ejecta can be problematic and it is ideal

to avoid them by understanding the properties of target materials.
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Plume dynamics can also notably alter the way material will deposit on the substrate. The plume will

be observable at the 
uences which are necessary for �lm growth|deposition rates > 0.1nm pulse� 1.

Intense white-looking emissions observed near the target surface are associated with Bremsstrahlung

radiation. Plume emissions several millimeters from the target surface tend to exhibit many neutral and

ionic spectral lines, indicating that electronically excited ions will be contained within the plume. It has

been determined that ionic emissions decay more quickly than neutral lines with increasing distance from

the target surface, though particles within the plume itself may still be excited and ionized by laser-plume

interactions at larger distances from the target if the laser interacts with the plume [56].

In order to quantitatively assess the factors in
uencing plasma composition and the origins of observed

emissions, we can make some assumptions about thermal processes and then apply the following equation

to estimate the degree of ionization in a gas at local thermodynamic equilibrium:

ni = (2 :4x1015T
3
2 nn exp[

� E i

kT
])

1
2 (1.7)

where ni and nn are the respective number densities of singly charged ions and neutrals,T is the

temperature in Kelvin, and E i is the ionization potential in eV. In a test of the reality of Equation 1.7, we

can take the example of graphite. We can assume theE i is approximately 11.26 eV,nn is 1018cm� 3 after a

20ns pulse at 193 nm, giving it a 
uence of approximately 20 J cm� 2. With these parameters, n i
n n

< 10� 5

(assuming the gas temperature,T, is 4500K, which is reasonable for the boiling and sublimation

temperatures for graphite).

Experimentally, the ionization fraction is much larger than this and is often estimated to be > 0:1. In

order to explain this, Equation 1.7 would require initial plasma temperatures to be much greater than the

boiling temperature of the material. This indicates that the laser-plume interactions actually induce

multiphonon ionization of the ejected material, and this acts as a localized \seed" which triggers a series of

further ionization and plasma formation as the plume becomes more and more absorptive. This is assumed

to occur via inverse Bremsstrahlung, where the plume becomes increasingly more absorptive. Despite

having much greater mobility than ions or neutrals, electrons are prevented from escaping the plasma

plume by the strong Coulombic attraction which develops as electrons begin to separate from ions.

This Coulombic interaction gives the foundation for space charge acceleration models used to

rationalize the observation that ions in ablation plumes propagate faster than the corresponding neutrals

where electrons at the periphery of the expanding plume attract and accelerate nearby ions, which induces

additional local charge separations and more acceleration of the charged elements in the plume.

Electronically excited species can be analyzed by optical emission spectroscopy and this can be used to

estimate propagation velocities of electrically excited species. The formation mechanisms of these excited
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species aren't perfectly understood, however it is posited that direct electron impact excitation and

electron-ion recombination mediated by some third body are the most probable starting points for these

excited particles. Both of these mechanisms become less likely as the distance from the target increases [56].

The �lm that is deposited as a result of the pulsed laser ablation has a variety of options for

characteristic tuning. Films may be deposited across a wide range of materials, from metals to complex

oxides, ferroelectrics, and even to superconductors. The substrates can be nearly anything which can

survive a vacuum and the experimentally-set temperature. The exact composition of the target material is

not guaranteed at the substrate, as lower pressures, background gases, and index of refraction for certain

components can alter how certain materials ablate. In particular, the J14 system requires supplementary

CuO and ZnO deposition in order to grow a �lm with equimolar amounts of each cation when using a

stoichiometric J14 target. This is straightforward to do with the PLD system available at NREL, as it has

the capacity to hold up to six di�erent targets. This means that instead of creating a new J14 target with

extra Cu and Zn, CuO and ZnO targets can be loaded and used to supplement the J14 growth. This is

faster than creating a new target and allows for a more �nely tuned composition of the resulting thin �lm.

This set up also makes combinatorial studies extremely accessible, as the rotatable carousel of targets and

some automation can make multi-layer fabrication quite straightforward (an example of this target

con�guration is shown in Figure 1.12, a cartoon of the inside of the chamber used at NREL to make thin

�lm samples for the work contained in this dissertation).
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Figure 1.12 Cartoon of a simple combinatorial setup for PLD, where each target may be rotated into the
laser beam's path and the substrate may be rotated to allow for engineering of a gradient in composition.
This �gure is speci�c to the chamber used at NREL (Combi 3) for samples grown for the studies presented
in this dissertation.

Understanding the e�ects of deposition parameters on composition and morphology often comes from

post-growth characterization tools (SEM, XRD, XRF, etc.). Studies using these methods have resulted in

some general trends understood as canon in the PLD community. For example, shorter wavelength lasers

tend to promote reduced �lm roughness [56]. In general, it has been observed that most �lms deposited on

room temperature substrates are amorphous and that crystallinity can be improved by increasing the

substrate temperature. The logic of this is reasonable if one considers the microscopic detail of �lm growth

via PLD in a vacuum. The substrate is exposed to the material plume for approximately 1 ms, then there

is some longer period of no plume (for 10 Hz, this would be� 100 ms). While the substrate is being

bombarded, incident atoms may re-evaporate or sputter atoms previously deposited. Clearly for �lm

growth to occur, some atoms actually stick to the substrate. Of these, some have a lower kinetic energy

and adsorb to the surface gently, while others have very high kinetic energies and may bombard the �lm

surface and damage the existing �lm. Larger particles are likely to explode on impact. Once the surface

has its next layer of material, adsorbed particles have the ability to nucleate with other surface atoms,

di�use throughout the �lm thickness, or promote fragmentation of pre-existing clusters [56].

Given these assumptions around mobility and bombardment, it is reasonable to apply the

Volmer-Weber growth model (which is typically applied to electron beam and thermal sputtering �lm

deposition techniques and often referred to as Island growth), where cohesive energy between ablated
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atoms exceeds the cohesive energy between atoms and the substrate [56]. In this circumstance, a tensile

stress is present in the initial coalescence of growth, but the stress evolves into a compressive state after a

certain amount of coalescence and growth has occurred [58]. If growth is occurring in an opposite state

(where substrate-atom binding energy exceeds atom-atom binding energy), there are two possible types of

growth: Frank{van der Merwe and Stranski-Krastanov. The Frank{van der Merwe model applies when a

smooth monolayer has been deposited and growth can continue in a layer-by-layer fashion [56], which can

be useful for any sort of two-dimensional growth applications where a superlattice or layer-by-layer

homoepitaxy can be useful. This sort of 2D layered growth can result in a higher defect density and strain

within the deposited �lm, but the bene�ts of the layered growth often outweigh those defects [59].

Occasionally this 2D layered growth can indicate an overabundance of laser pulses for one compound in

a PLD �lm growth, as shown in Figure 1.13. As will be discussed further in 3.2.3, Cu and Zn accumulated

at lower rates on the substrate when ablated from a stoichiometric J14 target. Because of this, �lm

depositions had to be supplemented with CuO and ZnO targets. In the process of adding laser pulses of

each of these cations, �lms grew with de�ned Cu and Zn layers, which were identi�ed using energy

dispersive spectroscopy (EDS) data from an FEI Talos F200X transmission electron microscope (TEM).

This same tool was also used for bright �eld and high angle annular dark �eld (HAADF) imaging. This

data indicates that while XRF data may support equimolar distributions of each cation, the number of

supplemental pulses of these two cations needs to be broken into smaller amounts for each cycle of growth

so the resulting �lm has homogeneous cation distributions. After this was uncovered, the correct ratios of

CuO:J14 and ZnO:J14 pulses were determined in order to grow homogeneous �lms. Those homogeneous

�lms are the subject of the studies discussed in the remainder of this dissertation.
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