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ABSTRACT

Author: Schwanz, Derek K. W. PhD

Institution: Purdue University

Degree Received: August 2018

Title: Proton Doping and Characterization of Rare Earth Nickelates
Major Professor: Dr. Shriram Ramanathan

Perovskite rare earth nickelates with formula RNiOs (R = trivalent rare earth element)
feature exceptional electrical behavior and performance in a wide variety of functional
applications due to their unique metal-insulator transition. This distinctive phase transition is
caused by charge disproportionation as the crystal structure distorts upon temperature change and
electron-electron interactions result in a modified band structure. However, electron doping of
the same nickelate systems has created a more pronounced phase transition wherein
unprecedented resistivity changes on the order of 10° Q*cm are achieved through the opening of
a wide bandgap. In this work, a new method for inducing a water-mediated electrically driven
phase transition is examined through the use of various processing methods and investigation of
subsequent effects on the structural and material properties. Electrochemically driven doping of
protons is caused through potentiostatic bias applications and linear sweep voltammetry, while
the effects on the electrical and optic properties are observed and correlated with structural data
collected through x-ray and neutron scattering. Finally, the effects of A-site substitution (Sm,

Nd, Eu) on the doping process are assessed.



1. INTRODUCTION

1.1 Perovskites

There are many unique materials that have the ABOs perovskite crystal structure. An ideal
perovskite crystal structure occupies the cubic space group Pm-3m and has three types of ions in
it: A —the larger cation, B — the smaller cation, and O — the oxygen anion [1], [2]. The B cations
have a coordination of 6 with respect to oxygen anions, forming BOs octahedra. These octahedra
form an anion corner-sharing network throughout which the A-site cations are dispersed with 12-
fold coordination [3]. The perovskite lattice forms the structural basis into which many different
elements may be substituted on the A and B sites, leading to a family of materials possessing a
wide range of material properties [4]. In this dissertation, electrochemical doping and
characterization of rare earth nickelates, a sub-family of perovskites, will be examined in great
detail. Many of the results explored here can also be found in the Nature article “Perovskite

nickelates as electric-field sensors in salt water” doi: 10.1038/nature25008 [5].

1.2 Rare Earth Nickelates

Perovskites having the formula RNiOs (R = trivalent rare earth lanthanide ions: La®", Nd®*,
Eu®*, etc.) are considered rare earth nickelates where Ni®* resides on the B site in the lattice, and
R3* resides on the A site [6]. Deviation from the ideal perovskite cubic crystal structure occurs if

the ratio of the atomic radii falls outside the exact distances calculated to be

dR—O = ‘/EdNi—o



Where d is the interatomic spacing between the constituent perovskite ions. As a family of
materials having a wide range of ionic radii, rare earth nickelates largely fall outside the exact
distance specifications for perfect cubic crystal formation. Therefore, as the ratio between the Ni*
and R%* changes throughout the lanthanide series, the structure must distort in order to
accommodate the mismatch. Figure 1-1 shows the perovskite structure for RNiOs as well as the
distortions which stabilize the structure for ionic size mismatch. This degree of distortion can be

determined by the ratio, which is defined as the tolerance factor t [7].

po_dr-0
\/EdNi—O
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(N N
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A »
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Figure 1-1 (a) Perovskite RNiOs crystal structure and (b) distortion that occurs when there is a

mismatch in ionic radii adapted from [7].

The crystal symmetry each nickelate will take on depends upon t. Between 0.9 and 1 (ideal),
the NiOs octahedra distort and rotate along the [110] and [001] directions to form orthorhombic
Pbnm symmetry [7]. All rare earth nickelates aside from LaNiOs have this orthorhombic structure

and symmetry. Figure 1-2 tabulates the deviation in RNiOs unit cell parameter as a function of



tolerance factor. As such, it is worth noting that as the atomic weight increase, ionic radius

decreases and the RNiOs structures become less stable as the deviation from ideal perovskite

increases.
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Figure 1-2 Cell parameters of rare earth nickelates as a function of tolerance factor t adapted

from [8].

1.2.1 Phase Transition

The metal insulator transition (MIT) is a characteristic temperature at which rare earth
nickelates suddenly switch behavior. Above this hallmark temperature, the nickelates act as metals,
but as they are cooled below the MIT, they switch to insulating behavior. This phenomena is the
manifestation of the NiOs octahedra buckling below the MIT temperature, resulting in d orbital
interaction and overlap in the crystal structure [9], [10]. In a material such as RNiOs, which will
have Ni®* in an octahedral coordination, the 5 degenerate Ni** d orbitals split into t2g and eg orbitals

[11]. Ultimately, charge disproportionation or ordering is one proposed mechanism for this phase



transition between metallic and insulating behavior [12]. Figure 1-3 depicts the variation in the
MIT temperature as it relates to the tolerance factor for the RNiOs family. It is worth reiterating
here that the higher atomic weight lanthanides have greater lattice distortion, are generally less

stable, and have lower MIT temperatures.
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T(K)

300
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Figure 1-3 MIT for RNiOgs as a function of tolerance factor t adapted from [6].

1.2.2 Electron Doping and Sensing

There are many device applications leveraging the unique properties of RNiOs including
supercapacitors [13], [14], opto-electronic devices [11], [15], gas sensors[16], [17], solid oxide
fuel cells [18], and other resistance switching devices [19]-[21]. Most of these applications utilize
the characteristic MIT to achieve high performance. Recently, an alternative method for driving a
phase transition through electron doping has been discovered, directly adding negative charge

carriers to the eq orbital [11], [19]. Even though the typical MIT in RNiO3s materials is thermally



driven and likely caused by charge disproportionation, with electron doping, a new band gap opens
as the newly added electrons experience Columbic repulsion from existing electrons in the

structure [11]. Figure 1-4 shows a comparison of the band structures for the different phase

transitions.
£ b
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Figure 1-4 Orbitals of SNO insulators comparing (a) charge disproportionation and (c) electron
doping as well as their respective schematic band diagrams highlighting the differences in phase

transitions. Egis the band gap, U is the Couloumb and exchange interactions [11].

The electron doping process causes significant changes to the properties of the oxide
material. Fundamentally, these changes occur through the addition of small elements such as H*
or Li*, where the small metal cations will bind to the O? in the structure, freeing the electron to
go into the orbitals [11], [22]. It is necesasry to use dopant elements that have lower
electronegitivity than Ni so the electron will separate. Two primary ways to achieve electron

doping of nickelates are annealing in Hz gas and ionic liquid gating [11], [19]. In the annealing



process, Pt bars are patterened on the surface and as the sample is annealed in Hz gas, the triple
phase boundary between the Pt, nickelate, and gas allows for dissociation of the H2 molecules
and diffusion of H" into the film [11]. Contrairily, in the ionic liquid gating experiments, Li* is
electrochemically driven into the lattice from a Li* salt containing solution with an applied
electrical bias [19]. In both cases, there is significant modulation in the properties as this new
phase transition occurs. Figure 1-5 shows resistivity switching and optical modulations that

accompany this phase transition.
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Figure 1-5 Physical manifestations of electron doping in SmNiOs (a) Resistivity switching [11]

and (b) Optical switching [19].



1.2.3 Thin Film Growth

Rare earth nickelates are grown in a variety of ways depending on the intended application,
with epitaxial thin films being preferable for high performance and unique [20], [23]. For bulk

processing of these oxides, formation typically follows the formula
1
Ry05 +2Ni0 + 50, © RNiO;

In this chemical equation, the presence of sufficient oxygen on the reactant side will drive the
reaction towards formation of the RNiOs [24]; however, if there is insufficient oxygen during the

reaction, a mixed oxide system will be more energetically favorable to the single perovskite phase.

) SmNiO, NdNiO, PN,
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g 10 2o?E)
3 3
(@) -2 3 g
B ; 09

10" e -20

10'6 H }(‘. _f i
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Figure 1-6 Necessary oxygen partial pressure and temperature to stabilize RNiOs. Symbols on

the charts represent experimental data from the literature [24].

Due to the changes in structural distortion and stability within the RNiO3s family, it follows
that there would be differences in the stabilization energy required to create perovskite structure.
As the atomic weight and distortion both increase in the family, it becomes more difficult to

stabilize the nickelates under ambient conditions. Figure 1-6 depicts the required oxygen partial



pressure to form stable nickelates. In these plots, the blue represents a negative Gibbs free energy
of formation indicating that the perovskite phase will be thermodynamically stable, whereas red
and white outline areas where mixed oxides are more favorable [24]. These thermodynamic
calculations offer a blueprint for the necessary processing to obtain quality perovskite structures
of a given composition.

As is typical of thin film oxides, RNiOs are fabricated using deposition techniques such as
sol-gel, magnetron sputtering, evaporation, and pulsed laser deposition [25]-[29]. However, post-
processing is usually necessary due to the instability caused by distortions in the perovskite
structure. In the case of SmNiOs (SNO), Figure 1-6 predicts a metastable phase under ambient
temperature and O partial pressure, and as such, high pressure Oz annealing is necessary for proper
phase formation, specifically with polycrystalline films grown on substrates such as Si [24]. Phase
formation can also be stabilized through the use of epitaxial strain on substrates such as LaAlOs
(LAO), SrTiOs3 (STO), NdGaOs (NGO) and MgO [25], [26]. Strain matching with these substrates
can be utilized to not only epitaxially grow the structure, but also to tune the MIT. A substrate with
a closer matching lattice parameter will have the sharpest phase transition indicating this

characteristic phenomena can be influenced by small changes to the crystal structure [26].

1.3 Comparison to Traditional Semiconductors

There are many materials outside the RNiO3 perovskite family that have utility in a wide
range of applications. Some semiconducting oxides such as ZnO, In203 and WOz have been
utilized as gas sensors [30]-[32]. These oxides operate at elevated temperatures and demonstrate
a change in electrical resistance in the presence of certain gases. [30]-[33]. Their sensing

capability is attributed to the adsorption and reaction at the oxide-gas interface [34]-[36]. As a



prototypical example, WOs3 based sensors gain their functionality when oxygen vacancies are
formed on the oxide surface during CO gas sensing. These vacancy formations cause charge
filling into the conduction band and subsequent decrease in electrical resistance [35]. Aside from
uses as gas sensors, WOs is also an intensively studied electrochromic material [37]-[41]. In this
type of application, WQOs3 changes from a transparent to optically blue and shows a decrease in
electrical resistance upon the electrochemical insertion of small cations such as H*, Li*, Na" [35],
[37], [38], [42]-[44]. Similar to the creation of oxygen vacancies causing the gas sensor
functionality, the insertion of cations simultaneous causes charge balancing electrons to fill into
the conduction band of WO3 [35]. It has been reported that the resistance of WOs decreases by
nearly four orders of magnitude per 1e/WQs3 [41], [44], [45]. This phenomena is in stark contrast
to that of perovskite nickelates such as SmNiO3 (SNO), wherein charge filling results in half
filled eq orbitals, and Mott-Hubbard strong electron localization appears [11], [19]. Proton
intercalation into SNO enables an increase in electrical resistance up to 10 orders of magnitude
per 1e/SNO [11], [18]. Therefore, such half-filling induced electron localization mechanisms
observed in the RNiO3 family would enable a resistance change greater than ~10,000x than that
of WOs3 and other conventional semiconductors, thus enabling RNiOs materials to be studied for

use in highly sensitive applications.
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2. LIGHT ELEMENT DOPING OF SAMARIUM NICKELATE

2.1 Introduction to Light Element Doping

Although conventional means of doping semiconductors such as SmNiOs (SNO) involve
electron doping and proton intercalation through a triple phase point on Pt electrodes [11], [19],
this type of doping method limits the area of the doped electrodes to the geometry confined around
the electrodes and would necessitate incorporation of the electrodes into the device geometry.
Alternative methods to dope semiconductors using solutions have been utilized for other
semiconductor systems such as WOs [35], [37], [40]. This chapter focuses on the SNO film
preparation and successive doping utilizing aqueous media and potentiostatic bias applications to

induce a water-mediated phase transition.

2.2 Materials and Methods

Physical Vapor deposition and subsequent ultrahigh pressure annealing in pure Oz was
used to fabricate SNO thin films. Substrates were cleaned with acetone, deionized water, and
isopropanol followed by drying with Ar gas. SNO films were then deposited by magnetron co-
sputtering of Sm and Ni targets at room temperature in Ar/O2 mixture at 5 mTorr with power of
Sm 160 W (Radio Frequency) and Ni 80 W (Direct Current) respectively. This ratio was used and
adjusted as necessary throughout experiments because it made for a stoichiometric film as
analyzed by energy-dispersive x-ray spectroscopy (EDS). The substrates were rotated during
deposition to ensure the compositional homogeneity. The deposited samples were then annealed

at 500 °C for 24 hours at high pressure of O2 (100 bar) in a home built autoclave. Both epitaxial
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and polycrystalline SNO thin films were utilized in this work to demonstrate the generality of the
phenomena discussed later in this chapter. Epitaxial SNO thin films were obtained with growth
on single crystalline LaAlO3 (001) substrates, while polycrystalline SNO thin films were grown

on Si (100) wafers.
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Figure 2-1 Temperature dependent plots comparing sample quality as a function of (a) resistivity

and (b) the derivative of the resistivity highlighting a metal-insulator transition.

One of the challenges for achieving sufficient perovskite crystallization of the SNO is
establishing sample uniformity throughout all tests with the deposition and annealing processes.
However, this sometimes proved difficult due to a wide range of processing variability such as
slight changes in the sample loading position, differing heat zones in the furnace, and inconsistent
pressure in the autoclave due to leaks. Figure 2-1 shows the resistance vs. temperature plots and
their derivatives for two different SNO/LAO samples prepared under the exact same conditions.
The sample from batch 1 shows a distinct metal insulator transition (MIT) near 150 °C where the

slope of the resistance vs. temperature plot changes slope. In contrast, the sample from batch 2
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does not show a MIT and is likely not fully formed SNO. The second sample also has a slightly

higher resistivity.

3 batch 1 LAO (002)
batch 2 -
SNO (220)

Intensity (a.u.)

3.28 3.29 3.30 3.31 3.32 3.33

Q, (A

Figure 2-2 X-ray Diffraction comparing high quality and low quality SNO samples.

Figure 2-2 shows the corresponding X-ray diffraction (XRD) patterns for these two batches.
From this plot, it is apparent that the sample from batch 1 shows a distinct (002) SNO peak near
20 = 38.1°. This peak does not appear for the sample from batch 2, and even though the samples
were prepared in exactly the same manner, batch to batch variability caused the samples in batch
2 to be poor. For all the nickelate samples prepared in this study, the characteristic MIT was tested
in order to ensure a baseline quality of the thin films compared in testing.

Proton doping of SNO thin films was performed in aqueous salt solutions using several

salts and concentrations including dissolved reagent grade NaCl, KOH and citric acid in micropure
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water (18.2 MQ-cm). Experiments were performed at ambient temperatures and conditions unless
otherwise noted. Additional standard buffers (pH = 4.0, 7.0, and 10.0) were used in some
experiments. These different aqueous environments were designed to cover a wide range of
temperature pH in order to determine different effects of solution on the doping process throughout

the experiments.

Counter
electrode
Polymeric
Reference mask
Connections to Electrode
Potentiostat

©

SNO film on S1/5102

Figure 2-3 Three-terminal cell setup used for doping and electrochemical characterization.

SNO thin films were incorporated into a three-terminal cell as shown in Figure 2-3. Pt wire
was bonded to the surface of SNO with silver paste. Gamry polyethylene masks were utilized to
exposed selected areas of SNO to the solution for treatment. The SNO was then submerged into
aqueous solution and connected as a working electrode. The counter electrode used was a graphite

rod with a large surface area. It is important that the surface area of this counter electrode was
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greater than that of the film at the working electrode. An Ag/AgCl (sat. KCI) reference electrode
was utilized to control and modulate the electric potential applied. Electric potential was applied
to SNO using a Solatron 1260A electrochemical analyzer in either a constant field for a period of
time to induce potentiostatic doping or ramping field over time to study linear sweep voltammetry

and cyclic voltammetry.

2.3 Property Modulation in SNO films upon doping

In order to properly assess the structural and electrochemical changes occurring to the SNO
thin films upon application of an electrical bias, it was important to first implement a series of tests
to ensure no reaction occurred with the water and oxide film. In the case of many electronic
materials, exposure to water can significantly modify the material properties by itself [46],
especially harsh salts such as KOH or NaCl are dissolved. After baseline tests were performed,
systematic testing of different processing parameters such as time, magnitude, and sign of applied
bias were undertaken and correlated with changes in electrical resistivity and visible optics. This
set of studies aims to determine a baseline understanding of the processing-property relationship

for the doping phenomena as it relates to the water-mediated phase transition.

2.3.1 Absence of Externally Applied Fields

As films were to be treated in a water environment, it first became necessary to perform
baseline experiments to determine if SNO reacts with aqueous salt solutions under ambient
conditions. Figure 2-4 shows the first set of experiments, which entail simply a pristine SNO thin

film tested once before and once after being submerged in 0.6 M NaCl for 24 hours. As observed
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by both the resistivity vs. temperature plot and its derivative, there are not significant changes to
the thin film electrical properties. From this, one can infer that there are no changes to the film
within a 24 hour timeframe, so as long as water based experiments are performed in under 24
hours, no significant effects can be attributed to effects such as corrosion in the salt water. The
small difference in the overall resistance between pristine and water exposed can be attributed to
differences in the electrode area of the Pt paste electrodes. The important distinction here is that

the MIT does not change, and therefore the film quality is not changing dramatically, if at all.
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Figure 2-4 Temperature dependent plots comparing effects of NaCl solution exposure as a
function of (a) resistivity and (b) the derivative of the resistivity highlighting a

metal-insulator transition.

Additional tests were performed to look at the robustness of SNO in a variety of aqueous
environments. Figure 2-5 shows the resistance change over time for SNO films exposed to basic

and acidic environments. Both show little-to-no change in electrical resistivity as a result of
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exposure to the solutions. If the film was etching in these environments, resistivity would be
expected to increase as the film thickness would be decreasing (it was assumed to be constant for

the measurements here).

10° b e
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Figure 2-5 Stability of SNO during acidic and basic exposure

A final test showing the pH dependence of the open circuit potential between SNO thin
films and an Ag/AgCl reference electrode is shown in Figure 2-6. Error bars show the standard
deviation of the measurements. The open circuit potential (Voc) decreases monotonically with
increasing pH. This linear relationship between proton activity (and the corresponding surface
adsorption) and Voc enables SNO to operate as a pH sensor. It should be noted that this is a
reproducible effect and the open circuit potential (Voc) only occurs when the film is in the
solution and connected electrically to the reference electrode. Thus this effect is only in response

to changes in the solution pH and no permanent effects are observed in the film after removal

from the solutions.
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Figure 2-6 (a) pH dependence of the open circuit potential (Voc) for SNO films tested in

different buffer solutions.

2.3.2 Processing Variation through the Manipulation of Doping Parameters

The application of an electrical potential in the presence of aqueous solution allows for
considerable changes to the properties of SNO thin films. This bias acts as a driving force to
intercalate protons and induce the water-mediated phase transition, and modify the band structure
in a similar fashion to that of the gas doping methods described in Chapter 1. As the working
electrode in the 3-probe cell configuration, the notation in the following chapters corresponds to a
negative potential (e.g. -4.0 V) indicating the SNO film having a negative charge relative to the
reference electrode. Figure 2-7 shows the change in electrical resistivity of SNO after applying
negative electric potentials up to -4.0V for 30 seconds (versus an Ag/AgCl reference electrode) in

0.6M NaCl solution. Upon application of the negative electric potential, the electrical resistivity
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of SNO exhibits an increase of more than five orders of magnitude. There is also an observed
correlation between the magnitude of the applied bias (from -0.5 to -4.0 V) and the change in
resistivity indicating that a higher magnitude of bias causes a larger amount of doping. Application

of a positive bias in this manner does not significantly change the resistivity of the film.

Resistivity (mQ cm)

10° F E
1 1 1 1 |

0 -1 2 -3 -4
Potential (V, v.s. Ag/AgCl)

Figure 2-7 Resistivity change in SNO thin films for different biases.

In addition to the resistance changes, thin film optical modulation is observed during the
phase transition doping process. Figure 2-8 shows different optical images of SNO thin films
grown on Si/SiO2 and their corresponding biases used to achieve the given state. Similar to Figure
2-7 with the resistance changes, optical modulation appears to be related to the magnitude of bias
with which the film was treated. Samples grown on LAO also showed optical modulation; these
epitaxially grown samples turned from opaque to transparent upon doping.. At this time, it is
uncertain what causes the blueish color observed in the polycrystalline SNO samples grown on

Si/SiO2 and shown in Figure 2-8. It may be due to many factors such as light scattering at the grain
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boundaries, impurity phases in the thin films (e.g. non-stoichiometry of Sm and Ni), or perhaps

even some interaction between the substrate SiO2 layer and the SNO.

-0.5V -1.0V 2.0V -3.0V 40V

Figure 2-8 (a) Optical modulation accompanying phase change.

Figure 2-9 shows that this doping process and phase transition are reversible. This figure
compares the resistivity vs. temperature change for pristine and water-treated SNO/SiO2/Si
samples. Ultimately, it shows a resistivity change of several orders of magnitude with a negative
bias applied to the film, followed by a return to electrical properties mostly similar to that of the
original film with a positive bias. Additionally, the doped film shows a smooth decrease with
increasing temperature indicating an insulating state with localized electrons and non-volatility.
This newly observed state occurs regardless of the salt used to produce the aqueous solution (e.g.

KOH, NaCl, citric acid).
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Figure 2-9 Resistivity vs. temperature showing reversible phase transition.

Much of the previous discussion focused upon the magnitude and sign of the bias applied
to the oxide film. However, if the magnitude and sign are kept constant, but instead the time is
modified, similar effects to resistivity change are observed. Figure 2-10 shows one such case where
the same sign and magnitude of bias are applied, but for different amounts of time. As expected,
the longer the bias is applied, the greater the change in resistivity of the SNO film indicating that
the degree of doping is a function of the bias applied and also the amount of time it is applied for.
Furthermore, Figure 2-10 shows that changes in the electrical properties of water-treated SNO is
non-volatile in ambient conditions, at least for 120 minutes. Ultimately, this shows doping effects
are not simple electrostatic field effects induced by charge accumulation at the surface, but instead

a water-mediated phase transition.
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Figure 2-10 Non-volatility of phase transition applied over different time periods.

In summary, there are different processing parameters that determine the degree and rate
at which this reaction proceeds. Here, magnitude and sign of electrical bias as well as time of
application were all examined as well as their effects on the SNO thin film. When in the presence
of an aqueous solution and an externally applied electric field, SNO thin films respond with
changes in electrical and optical properties. Due to the fact that it changes the properties in a similar
fashion to the alternative gas-doping methods [11], [19], this water-mediated phase transition can
be attributed to proton (or possibly other cation) intercalation from the water in the following

simplified chemical reaction:

2SNO () + H,0 () > 2 HSNO (5) + 0, (9)
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In this equation, it is understood that HSNO is significantly more resistive its SNO counterpart
and an electrical bias can be used to push the reaction either way. With regards to charge transfer
is this process, oxygen is produced at the graphite counter electrode in the 3-probe cell, and
electrons travel through the externally applied circuit and recombine in the working electrode and
charge balance the intercalated protons. Together, these results indicate a strong relationship
between treatment conditions of the nickelate film and the properties observed in the film. Further
chapters will look more in-depth at some of the kinetics of the doping process as well as the overall
effects upon the film structure.

It is worth noting here that at elevated temperatures, the resistance will slowly return to
pristine conditions. This is a thermally activated process by which the hydrogen leaves the lattice
under atmospheric conditions. As such, it is unlikely that proton doped samples stored under
ambient conditions would remain highly resistive for long periods of time. In order to increase the
time for which they may be stored, it may be useful to add a H* - blocking layer such as SiO2 to

cap the sample and preserve the highly resistive film.
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3. EFFECTS OF MODIFIED FIELD FUNCTION ON DOPING

3.1 Principles of Cyclic Voltammetry

Common electrochemical characterization of charge transfer processes utilizes a three-
probe setup to determine rate-limiting kinetics. This form of voltammetry utilizes a triangle wave
function over time instead of a stepwise function like the potentiostatic bias applications utilized

in chapter 2. Figure 3-1 shows a comparison of the two methods and expected results for each.

a b
potential potential
»time /\ » time
d
€ current current
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Figure 3-1 Comparison of (a, c, e) potentiostatic and (b, d, f) sweeping voltammetry and the

expected relationships between the different methods.
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As observed in Figure 3-1, potentiostatic testing may not be as useful for determining
kinetic relationships between important points in the doping process such as the maximum
potential where a maximum charge transfer occurs. However, this type of information can be
obtained from sweeping voltammetry and is useful for characterizing an unknown chemical
reaction. A cyclic voltammogram plot as seen in Figure 3-1(f), contains much information about
the redox charge transfer processes, specifically the charge transfer rate and limits to what is
transferring. Relative charge transfer rates, reaction reversibility can be determined from a cyclic
voltammogram. If a reaction is deemed to be fully reversible, there will be a very symmetric
current vs. voltage plot, indicating charge transport in the chemical reaction is limited by the rate
of mass transfer [47]-[49]. Symmetric in this case indicates similar height and area under both the
anodic and cathodic curves as well as a small potential difference (AE) between them (~59mV/e).
However, if the voltammogram is not symmetric, the reaction would be deemed either quasi-
reversible or irreversible. Quasi-reversible reactions occur when there is some abnormality in the
reaction kinetics, even if the reaction appears to reverse [48], [50]. Figure 3-2 shows a comparison
between a fully reversible and quasi-reversible reactions when scan rate is varied. Typically quasi-
reversible reactions occur when there is competition between the electron transfer and mass
transfer for which will rate-limit the chemical charge transfer reaction. Irreversible reactions occur
when either only an anodic or cathodic peak appears and not its corresponding partner on the
reverse process. Irreversible and quasi-reversible reactions are easily distinguished from fully
reversible reactions by changing the scan rate and looking at how the voltammogram changes. The
voltammogram will change significantly with scan rate if electron transfer is the kinetically

limiting step [48], [50].
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Figure 3-2 Cyclic voltammograms highlighting the difference between (a) reversible reactions

and (b) quasi-reversible reactions when scan rate is changed. Adapted from [50]

3.2 Sweeping Voltammetry of Samarium Nickelate

In the following sections, cyclic voltammograms are used to describe the behavior SNO
thin films on aqueous solutions and will be analyzed for information regarding the phase
transition process. A typical cyclic voltammogram for SNO in 10 mM NaCl with a scan rate of
1mV/s from +0.25 V to -1.5 V to +0.75 V and back to +0.25 VV (vs. Ag/AgCl) is shown in

Figure 3-3.

oot | xH' (g + SNO(, +xe’ H,SNO,,
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Figure 3-3 Cyclic Voltammogram of SNO in 10 mM NacCl.
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Analysis of this voltammogram can tell us much about the interaction between the SNO
film and the water during the bias application. One of the first things to take away from this plot
is that a large charge transfer occurs around -0.2 V. This large cathodic peak indicates significant
charge transfer and corresponds to the intercalation of H* into the crystal structure. In order to
maintain charge neutrality, electrons are also added to the film, but during this process, they move
into the graphite counter electrode and recombine within the SNO film. During the process, for
each H* added, one Ni®* reduces to Ni?*. This change in Ni valence is part of the reason for the
large resistance modulation upon doping as the phase transition occurs. It is noteworthy that the
oxidation peak matching to the de-intercalation process (seen at roughly +0.4 V) is significantly
smaller in both peak current, as well as total area under the curve. This indicates that less charge
overall is transferred during this reverse part of the reaction, or that the back reaction is limited in
some way. Furthermore, this asymmetry suggests that the overall reaction is quasi-reversible, an
observation which is reinforced by the large distance between the two peaks (AE > 0.6 V)
corresponding to this chemical reaction. Thus, this reaction is not mass transfer limited, or the
protons intercalating are not the rate-limiting step in this chemical reaction. Instead, the mass and
electron transfer are at the very least on the same order of magnitude. However, as the film
becomes more insulating, it is possible that the reversibility of the reaction is hindered by the rate
of electron transfer through the resistive SNO. One important note regarding the voltammogram
for SNO is that the film quality (polycrystalline, degree of crystallinity, impurities) will affect the
output. All the voltammograms presented in this chapter are polycrystalline SNO samples on
Si/SiOz2 substrates. SNO/LAO samples will be examined later and they show slightly different

qualities.



3.2.1 Effects of Solution on Voltammetry

Interesting changes to the voltammogram occur modifying the aqueous solution used to
induce the phase transition. Figure 3-4 shows different linear sweep voltammograms of SNO in
both basic and acidic solutions. Linear sweep voltammetry is similar to cyclic voltammetry in that
it is a directional sweep, however, it is simply a singular directional sweep as opposed to cyclic,

triangular functions of voltage application where the sign of the applied bias changes (there is no

reverse bias).
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Figure 3-4 Linear sweep voltammetry comparing SNO in basic and acidic solutions.

Comparison of the different solutions indicates the doping process is directly related to the
pH of the solution. The primary differences between the two curves is the shift in peak position,
which points towards the concentration of hydronium ions (H3O") influencing how readily the

reaction will occur. The influence of the H™ concentration on SNO doping thermodynamics agrees

0.0

0.5
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with the greater context of the overall chemical reaction. In general chemistry, a reaction in
equilibrium will shift towards the products side if more reactants are present and vice versa. Thus,
by increasing the concentration of H* in solution (lowering pH), a reaction that consumes H* will
be more energetically favorable. In this case with the proton doping of SNO, by lowering the pH
of the solution, it takes less energy to drive the H™ into the lattice. Figure 3-4 shows the citric acid
solution utilizing a lower driving force to start the cathodic intercalation process (cathodic peak =
-0.1 V).

This set of results is also in good agreement with those shown in the pH dependence vs
Voc of Figure 2-6. Figure 2-6 shows that there is a larger, positive open circuit potential for lower
pH solutions. This larger positive open circuit potential is a natural driving force for the
intercalation of protons into the lattice.

Other, minor differences exist between the basic and acidic curves such as the overall
background slope between the end points of the scans, but these are due to differing conductivities
of the solutions. Citric acid is a weak acid and much less conducting when compared to KOH, a

strongly dissociating base.

3.2.2 Scan Rate Dependence on Doping

A more thorough examination of this quasi-reversible H* intercalation into SNO can be
observed by adjusting the scan rate and looking at the underlying electrochemistry. Figure 3-5
shows how changes in the scan rate of SNO affect the voltage vs current plot for a series of voltage

sweeps in citric acid.
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Figure 3-5 (a) Scan rate dependence of current vs. potential for SNO in citric acid and (b) fitting

to the modified Randles-Sevcik equation.

Aside from the obvious peak asymmetry between the cathodic peak (intercalation at
negative potentials) and anodic peak (de-intercalation at positive potentials), the shifting of the
peak position with respect to scan rate indicates clear quasi-reversible behavior and an electron
limited charge transfer process. At scan rates faster than 9 mV/s, the anodic peak is not fully visible
as the oxygen evolution reaction begins to become visible as a sharply rising peak. If the scan were
to continue outside these constraints, this would be the primary observable phenomena as it
continuously ramp up as more oxygen was produced for higher currents (or hydrogen at the
positive potentials).

By changing the ramp rate of the applied potential, the kinetics of the charge can be
characterized by a modified Randles-Sevcik equation as shown below, which relates cathodic
current density (Ip/A) to the square root of the scan rate (v°°). The results for these comparison are

plotted in Figure 3-5 (b) [47], [51].
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I
Z” = 2.99 x 105 n(an,)*5C(Dv)°>

In this equation, C is the H* concentration of the solution in mol/mL; D is the diffusion coefficient
of protons in SNO; v is the scan rate; n is the number of electrons exchanged in the reduction
process, which is unity because it corresponds to the reduction of Ni®* to NI?*; na is the number of
electrons transferred in the rate limiting step, which is also taken as unity because there is only a
single step in the proposed reaction; and a is the charge transfer coefficient, which can be
approximated to 0.5 [51]. From the slope of the plot, D can be calculated to 3.6 cm?/s at room
temperature. This result is in very good agreement with AIMD simulations which calculate the
value to 6.0 cm?/s [5]. This relatively close agreement between the two values give credibility
towards the other assumptions used in the equation (n, na, and a values) and indicate that the
stoichiometric relationship between SNO and its proton-intercalated form is approximately one H*

per Ni®*.
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4. STRUCTURAL CHANGES IN SAMARIUM NICKELATE

4.1 Introduction

In the previous chapters, process-property relationships as well as electrochemical
characterization of doping induced SNO phase transitions have been examined. Although these
characterization techniques give a rough idea regarding the overall effects of the doping upon the
material properties and Kinetics, the results do not complete a full picture encompassing the overall
effects the nickelate thin films experience during water-mediated proton doping. Here, structural
implications of the doping methods — both potentiostatic doping and linear sweeping scans — will
be examined in detail to better understand how the proton intercalation process affects the structure

of the SNO.

4.2 X-ray and neutron scattering

The characterization methods used in this work to study proton doping of SNO include both
x-ray and neutron elastic scattering techniques. For x-ray scattering, both x-ray diffraction (XRD)
and small angle x-ray scattering (SAXS), also known as x-ray reflectometry (XRR) are used. For
neutron scattering, neutron reflectometry was used. These techniques all use the Bragg-Brentano
geometry. In general, x-ray diffraction uses atomic scattering and detection at higher 2@ angles
to measure planar spacing in a crystal lattice. Both 2@ and Q — space are referenced in this work,
and the two are interchangeable. Q — space is independent of the radiation type, where 20 takes
into account the radiation used for data collection (Qz denotes momentum transfer orthogonal to

the surface of the specimen).
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In contrast to XRD, XRR and NR measure the overall thickness of the film and therefore
use very low angles for detection. In addition to measuring the film thickness, reflectometry
techniques are able to gather some information on the film density and roughness. The utility of
having two different reflectometry techniques allows for contrast between different types of
elements. X-ray and neutron beams each ‘observe’ atoms with distinct cross sections, but the
cross sections are different for each beam as highlighted in Figure 4-1 [52]. This is of paramount
importance for studying proton intercalation as H* is more or less undetectable to x-ray
measurements which focus on electron density. These measurements can only indirectly observe
the effects H* has on the film by probing the surrounding structure. Conversely, neutron
measurements probe the atomic nucleus and are therefore more sensitive to light ions such as H*.

As such, both reflectometry measurements will be useful in the study of SNO structure.

x-ray cross section

HDCOAI Si Fe
@0 0 ¢ o .

—F.
neutron cross section

Figure 4-1 Atomic cross sections for x-rays and neutrons adapted from [52].
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4.3 Structural changes during potentiostatic doping

The goal of set potential-time experiments is to determine start and end points of the doping
process and compare pristine and hydrogenated states. In this section, before and after snapshots
will be explored study the differences between the as-fabricated SNO films and their water treated

counterparts.
4.3.1 X-ray Diffraction

XRD is a suitable tool for materials analysis in quantifying changes in crystal structure for
different films. Figure 4-2 shows the crystal structure of a SNO/LAO thin film before and after
the hydrogenation process from treatment in a 10mM KOH aqueous solution at — 4.0 V for 30 s.
From the wide range full 2@ scan (Figure 4-2a), it is apparent that there are no significant
changes to the crystal structure such as new phases appearing, a common occurrence observed in
other oxides such as cobaltites upon exposure to water [53]. From the Synchrotron XRD curves
(Figure 4-2D), it can be seen that the (220) peak of pristine SNO (orthorhombic notation) appears
at Q1~=3.29 A as a shoulder with slightly lower scattering vector Q: than that of the LAO (002)
diffraction peak (Pseudocubic notation), demonstrating the epitaxial growth of SNO on LAO.
After water treatment, the epitaxial relationship of SNO on LAO is preserved. Peak 1 shifts to a
lower Qz:=3.11 A1, which corresponds to an increase in the lattice constant by 5.7%. Thus, there
is significant film expansion as protons from the water are incorporated into the lattice during

this doping process.
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Figure 4-2 X-ray Diffraction of pristine and hydrogenated SNO for (a) wide range 2@ and (b)

synchrotron zoomed in on the SNO (220) peak

4.3.2 X-ray Reflectometry

Additional examination of the film structure, specifically looking at the out of plane
momentum transfer and therefore thin film expansion as a whole was performed using XRR.
Figure 4-3 shows XRR of the same SNO/LAO sample spot treated in different areas with different
salt solutions. Notably, 10 mM KOH and 10 mM citric acid were used for treatment to examine
the role of different cations in the doping process. It is unlikely that a cation as large as the citrate
ion would be able to intercalate into the film, but it has been observed in other studies that larger
cations such as Mg?* can intercalate into SNO thin films [11]. From the very similar film expansion
highlighted in Figure 4-3Db, it can be inferred that no significant changes occur to the film when
doping with a solution containing other ions (such as K*). Recall, Q-spacing is related to 20, and
therefore oscillation frequency is directly proportional to film thickness. Therefore, as the film is

treated and the XRR oscillation period decreases, the film is expanding. This is consistent with the
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XRD results. Furthermore, similar film expansion is observed with both KOH and citric acid
solutions indicating a general mechanism to the phase change of SNO in various agueous media.
This is important because the salt is necessary to provide conductivity and enable the water to
denature into protons to enter into the film. Thus, this process generally occurs regardless of what

salt is used.
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Figure 4-3 X-ray Reflectivity of SNO/LAO thin films highlighting the similarities with treatment
using different salt solutions for (a) full Q scan and (b) normalized Q scan highlighting peak

shift.

XRR was also used to examine the sequential nature of the doping process. Figure 4-4
highlights the subsequent applications of a bias to the film. Again, similar to previous structural
characterization results, the film expands upon treatment. However, in this case, sequential
treatments are used and as expected, the film expands in a proportionally sequential nature. Figure
4-4b shows the normalized oscillation period shift and how the peaks move qualitatively and

incrementally in the doping process as the film expands directly in response to the bias applied.
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Figure 4-4 X-ray Reflectivity of In-situ SNO treated with subsequent bias experiments (a) full

scan and (b) normalized region highlighting film peak shift

4.3.3 Neutron Reflectometry

Neutron Reflectometry (NR) was used here to further study on the proton doping process
because of the unique sensitivity of neutron scattering to the differentiation small ions and isotopes
suchas H"and D*. In the NR experiments, it was necessary to use larger substrates such as Si/SiO2
because there is a relatively low flux off the neutron beam relative to an x-ray beam. Thus, the
amount of data collected is a function of the surface area exposed to the beam and the amount of
time for data collection. Therefore, to maximize beam time efficiency, larger samples were
developed and the doping process tailored to achieve more uniform doping. If samples were non-
uniformly doped, the data from the beam would not be worth much because the reflectivity
scattering vectors for different film thicknesses would be added together, the signal would wash

out, and it would be impossible to discern the meaning of the data analytically.
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SNO/SiO2/Si thin films of pristine and treated in H20 and D20 KOH solutions respectively.
Due to the large nature of the samples required for the neutron scattering experiments, different
heat treatments were necessary for each sample. Both samples were grown in the same deposition
process, but annealed separately. As such, it can be expected that there may be some sample to
sample variation. The raw NR data shown in Figure 4-5 indicates a qualitative film expansion
similar to that observed in the XRR results indicating that the film expands regardless of isotope

in the aqueous solution.
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Figure 4-5 Neutron Reflectivity of SNO treated with H20 and D20 (a) full scan with simulated

data fit and (b) normalized region highlighting film similar peak shift

This NR data was simulated and fitted using the NIST Refl1d software package [54] and
the process is described briefly in Appendix A. Figure 4-5 shows relatively good agreement
between the final fits obtained and the experimental data. Figure 4-6 is the scattering length
density (SLD) models which are built in the fitting program. Average SLD is the sum of the

scattering lengths per unit volume. In other words, it is the density the neutrons ‘observe’ the
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film as. A higher SLD indicates that there are more elements with a large neutron cross section
that are tightly packed in a smaller volume.

The SLD profiles in Figure 4-6 show interesting effects that are consistent with other
experimental results of this section. Namely, when comparing just the Pristine and H20 treated
films, it can be seen that there is ~6.9% film expansion. Furthermore, the SLD decreases overall,
which can be due to two effects. First, the film is expanding, which represents a re-organization
of the existing thin film mass. Thus, the same number of atoms are distributed over a larger
volume, obviously leading to a decrease in SLD. Second, there is additional H* in the film, which
will decrease the overall SLD. The other critical observation from this data is that there is a
difference between the two treatments. The isotopic contrast manifested itsself during the fitting
process and shows (as expected) that the D20 film has a higher SLD than the H20 treated film.
Most evidence up to this point has been observations of the effects of protons on the SNO film
structure, but this is direct evidence that there are protons doping into the SNO thin film.

One additional important note regarding the SLD profiles shown in 4-6 is with respect to
the surface SLD. All three profiles show a small layer with increased SLD at the surface. None
of the models used to fit were even close to matching the data without this layer included directly
on the surface. This surface layer is likely NiO or some other such oxide present from the
annealing process that is on the surface of the film. In later experiments, the samples were treated

with a brief HCI etch to remove any such residual surface oxide.
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Figure 4-6 Comparison of neutron scattering length density (SLD) profiles of the SNO films
treated with H20 and D20 solutions. Profiles are simulated best fit models from the neutron data

in Figure 4-4.

4.4 Structural changes during Cyclic Voltammetry

In contrast to the structural characterization of the potentiostatically induced phase
transition studied in the previous section, studies were also performed at points of interest during
a cyclic voltage sweep of SNO. A representative SNO/LAO cyclic voltammogram is shown in
Figure 4-7 with marked points of interest that will be referenced in the following section: A —
pristine; B — partially hydrogenated; C — fully hydrogenated; and D — partially dehydrogenated.
It should be noted that this voltammogram appears mostly similar to those examined in the
previous section with respect to disparity between cathodic to anodic peak ratios, even if the plot
appears somewhat different. The differences are likely the result of differing film qualities arising

from polycrystalline and epitaxial growths.
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Figure 4-7 Current vs. Voltage voltammogram for SNO/LAO with marked points of interest.

4.4.1 X-ray Diffraction

Juxtaposed to the previous XRD section only characterizing the doped and un-doped
SNO film, here we examine different points along the way as the protons move into and out of
the SNO lattice. Figure 4-7 a shift in the (220) SNO peak indicating lattice expansion, similar to
that observed in the previous section. However, the diffraction patterns here highlight not only
the shift and consequent film expansion during the hydrogenation process as the SNO film is
doped, but also the consequent film contraction as the film loses protons during the

dehydrogenation process.
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Figure 4-8 XRD corresponding to points on the cyclic voltammogram highlighting the film

‘breathing’ during the hydrogenation and dehydrogenation processes.

4.4.2 Neutron Reflectometry

Neutron reflectometry was further used in conjunction with the cyclic voltammetry in
order to establish if the doping kinetics occur mainly at the surface or if it is a bulk phenomenon.
Figure 4-9 shows neutron reflectivity data and associated fits. It is understood that H* has a
lower SLD than the bulk of SNO and when incorporated into the lattice, it will lower the overall
observed neutron SLD value. Thus, the most obvious observation from the data is that protons
are indeed being incorporated to the film during the doping process similar to the potentiostatic

experiments. It should be also noted that, as discussed in section 4.3.3, the film expands upon
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doping, there may be some rearrangement of existing Sm, Ni and O ion density as the host lattice

expands to accommodate the dopants, which will also decrease the SLD.
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Figure 4-9 (a) NR raw data and simulated fits and (b) Calculated SLD profiles for points of

interest on the cyclic voltammogram of SNO

From the fitted data profiles in Figure 4-9b and calculated dopant concentration it is
observed that with partial protonation of the film (point B), the film does not expand
significantly. This is in agreement with the lattice parameter data of Figure 4-8. Furthermore, a
majority of the dopant initially concentrates at the water interface. However, as the doping
process progresses, the profile fitting shows that a most of the protons come to be distributed
throughout the bulk of the film. This can be seen because the overall SLD of the bulk reduces
concomitantly with that of the surface layer. It is further observed that the film expands upon full

hydrogenation (point C). Finally, the fit from the dehydrogenation process shows an increase the
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overall SLD and a decrease in thickness. This again shows consistent changes in only the bulk of
the film and not significant changes at the surface. It should be noted that the decrease in
thickness could describe a slight increase in SLD as the Ni and Sm ions are more concentrated.
Overall, it is observed that when they are doped into the film, the protons distribute
somewhat evenly in the lattice and do not concentrate at either the SNO-water or SNO-SiO2
interfaces. With the significant lattice and film expansion upon doping, it is understandable that
the dopants self-distribute in order to reduce stress fields within the lattice. As such, the changes
to the overall film properties should be mostly uniform. Ultimately, for the doping of SNO thin
films, the processing ties closely to the structural and property changes, and modifications the
processing method can be expected to concurrently affect the final structural and properties of

the film as it is doped.

4.5 Cycling Effects on Structure

The effects of one hydrogenation-dehydrogenation cycle may be magnified over several
cycles with respect to the SNO phase-transition process. These effects can also be observed by
looking at the structural changes. Figure 4-10 displays NR data and its associated fit for pristine
SNO as well as the same sample after one and five cycles. There are a couple observations that
can be made from this data. It is obvious that there is some sort of etching occurring after many
cycles as the overall film thickness decreases. This data is not easily able to be seen
qualitatively from the raw NR data as with some of the other studies (e.g. potentiostatic
expansion in XRR). However, with the fits, an overall film thickness decrease is shown for the
sample with five cycles. There is also an increase in surface roughness, which can be observed

qualitatively in the raw data, which shows dampening of the oscillations more quickly for the
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sample with five cycles. Hence, not as much specular data was able to be collected for this
sample because the data quality rapidly degraded. Nevertheless, there is some etching in the
cycling process, likely during the oxidation at the positive potentials where the hydrogen is

removed from the film.
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Figure 4-10 (a) NR raw data and simulated fits and (b) Calculated SLD profiles for multiple

hydrogenation and dehydrogenation cycles.

4.6 Structure — Processing — Property Relation

One final examination of the structural aspects of the SNO phase transition aims to draw
correlations among the structure — processing — properties of the system. Figure 4-12 shows the
resistivity change as a function of XRD peak shift for the points of interest in the cyclic
voltammogram shown in section 4.4. Noticeably, as the XRD peak shifts (film expansion),

resistivity increases. As previously established, the amount of film expansion is related to the
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processing (in this case the amount of bias applied). Likewise, the change in resistivity is related
to the processing in a similar fashion. This plot confirms the relation between all three aspects,
showing there is a correlation between the structure and the properties: as the film expands (from

proton intercalation), the resistivity increases (band structure changes).
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Figure 4-11 Resistivity change as a function of XRD peak shift.
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5. VARIATION IN DOPING OF RARE EARTH NICKELATES

5.1 Water-Mediated phase transition of RNiOs

Previous sections of this work have examined in detail the structure-processing and
property interrelation of the water-mediated phase transition of SNO thin films. Data has been
presented regarding how different applications of an electrical bias in aqueous solutions have
enabled correlated changes in not only structure of the lattice and film bulk, but also with regard
to the film resistivity and optics. The goal of this section is to incorporate this broader
understanding and explore how these structure — processing and structure — property associations
change with respect to modifications in the structure brought about by changing the rare earth
nickelate ion on the A-site in the RNiOs lattice.

RNiOs thin films of NdNiO3 (NNO), SmNiOs (SNO), and EuNiOs (ENO) were all prepared
using similar processing conditions as the SNO previously studied. Although deposited in
separate batched, samples compared in the following figures were all annealed together in order

to minimize the variation during the fabrication process as much as possible.

5.2 RNiO3 Trends in Cyclic Voltammetry

Efforts to study the change in the structure-processing connection rely on preparing RNiO3
thin films of different compositions and subjecting them to the same stimulus in terms of salt
solution and applied bias. As the primary differentiator for processing conditions in this work,
voltammetry was used to observe the effects on RNiOs thin films. Figure 5-1 shows the respective

curves for all three compositions tested. Some trends can be seen when comparing the different



47

voltage-current curves. Most noticeably, there is a slight shift in the maximum current densitywith

respect to A-site substitution as highlighted by the arrows in the chart.
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Figure 5-1 Comparison of RNiOs cyclic voltammograms

Although it is difficult to draw many conclusions from the voltammogram comparison
other than the change in maximum current density, this change still makes some intuitive sense.
Figure 5-2 shows a comparison of the trend in the RNiOs series as they undergo this water-
mediated phase transition. This figure shows that for the smaller ionic radii [lanthanides with
higher atomic mass; Mw(Eu) > Mw(Sm) > Mw(Nd)], there is less of a driving force required for
the proton intercalation process to occur.

Other trends are difficult to compare because the entire intercalation process may not be
complete for the NNO and ENO samples as charge transfer never returns to zero before the ramp

in current density near -1.4 V which is attributed to Hz gas production. Furthermore, it is



48

important that all samples compared in this matter were prepared in the same batch of annealing

because differences in the film structure may affect the voltammograms.
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Figure 5-2 Comparison of maximum current density during doping as a fucntion of A-site radius.

5.3 Resistance Switching for RNiOs
Similar to section 5.2, efforts to study the change in the structure — processing connection
depended on the preparation RNiOs thin films of different compositions, subjecting them to similar
stimuli and measuring the properties. Figure 5-3 shows the resistance change for ENO, SNO and
SNO samples when subjected to bias pulses from 0.1 — 10 s. The change in resistance over this
small time period serves to highlight how the parameters of the doping process discussed in chapter
2 generally still affect the RNiOs compounds, but each in a different way. This set of experiments

may also be useful for eventual sensing applications of this new materials phenomena in the

nickelates.
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The experimental procedure for measuring this switching speed of RNiOs is slightly
different from the other experiments in this study. Specifically, 1 mm channels of ENO, SNO, and
NNO were fabricated on LAO substrates by masking off areas with Kapton tape. Annealing was
similar to that described in section 5.2. Samples were then treated in a similar fashion to
experiments in chapter 2, but the characterization was somewhat different. After doping, Pt paste
was applied to the surface of the microchannel in the doped area and allowed to dry before being
tested. If the Pt paste were applied to the channel outside the doped area, the resistance was
significantly lower (much closer to pristine in all cases). Then after the resistance characterization,
the channels were heated at 300 °C for 12 hours to remove all hydrogen and return the film to

pristine conditions.
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Figure 5-3 Comparison of Resisistance changes for various RNiOs phase transitions for brief
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There are clear trends clear trends in terms of pulse frequency and resistance change for all
RNiOs samples. This is very consistent with previous data showing longer bias applications cause
more of a phase change as a larger number of protons are intercalated. The overall trends
comparing ENO, SNO, and NNO are shown in Figure 5-4. It can be seen that ENO produces a
much greater change in resistance for the all pulse types, specifically the longer ones, whereas
NNO barely doubles in resistance. Again, this is very consistent with previous trends across the
RNiOs series discussed here and shown elsewhere showing larger changes for the less stable

perovskite structures (in this case ENO) [55].
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Figure 5-4 Trends for RNiOs resistance changes as a function of ionic radius for -2.0 V applied
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6. CONCLUSIONS AND FUTURE WORK

6.1 Summary of RNO3z Characterization

RNiOs perovskites are crystals with unique metal-insulator phase transitions. Furthermore,
trends across the series allow for the tailoring of RNiOs thin films to be used and tailored for their
specific properties. In this work, a new phase transition using charge doping and proton
intercalation has been examined. The resulting massive change in resistivity has provided the
foundation for more work to be done to help answer the question of why this phenomena occurs.
Specifically, characterization of these materials by resistance modulation, voltammetry, XRD,
XRR, and NR has been used to study the interrelation between how the processing affects the thin
film structure and properties. Ultimately, the understanding between the relationships across
structure, process, and properties has provided useful information about trends in the RNiOs series
with which to better leverage thin films and optimize materials performance for devices in the

future.

6.2 Implications of Water-Mediated Phase Transition

A major utility of this work is that this unique phase transition in RNiOs thin films allows
for a new modality in sensing. Many different materials respond to changes in applied potential
by intercalating ions. However, none of those materials change resistivity to degree that SNO
does. When a bias is applied to this unique material it does not just intercalate the protons, it
intercalates protons in response to the field in a highly sensitive and detectable manner. Thus it is

an essential building block for future research.
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One potential application and motivation for some of this research is highlighted in Figure
6-1. Certain aquatic species possess organs which are able to detect electric fields in an agueous
environments. Figure 6-1 highlights how the behavior of a SNO device may mimic this behavior.
Specifically, the organ of sharks called the Ampullae of Lorenzini allows for detection of weak
electric fields. They use this organ to hunt because fish produce electric fields with their biological
processes (e.g. breathing), and it allows the sharks to stalk them effectively at close range. This
organ operates as an electric field sensor by moving ions across a membrane in a way that is
detectable to the shark’s brain. In a similar way, SNO can detectably move ions into its lattice.
As such, it may be worth exploring RNiO3s materials in conjunction with some type of aquatic
sensing or navigation systems in a way that is not dissimilar from how sharks detect their prey
and navigate using this organ [56]. In Figure 6-1, results similar to those of section 5-3 are shown,
which show how the resistance changes for positive and negative bias applications (Figure 6-1a).
It is also shown what type of marine objects and life create such potentials that may be useful for
detection by properly created devices using this new material phenomena technology (Figure 6-

1b).
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6.3 Avenues for Future Studies of RNiO3z doping

There are many exciting areas of research that can be pursued from the basis laid in this
work. Including from the application side of aquatic sensing briefly described in the previous

section, device fabrication and incorporation of this water-mediated phase change into new
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technologies is an obvious avenue of future research. With the large switching in resistance,
RNiOs thin films are ideal for use in sensing devices that require high sensitivity to external
stimulus because it has been shown that they provide large detectable changes to small stimuli.

Other, less applied work studying these materials may look further into the effects of this
phase transition in RNiOs and additionally characterize the massive resistance change similar to
some of the studies here. Namely, this study has shown that ENO and possibly other RNiO3
with smaller A-site ions may possess even more massive property modulation when
encountering electric fields in a water environment. The intercalation of other ions with regards
to applied fields may also be studied. Finally, the processing parameters explored here are by no
means complete, and there is much room for examination of high salt concentrations or even
different solution types and ionic liquid gating. In summary, the future of this line of research
should seek to not only better understand why the phase transition occurs and ways to

manipulate it, but also to utilize the findings in real world device
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APPENDIX. NEUTRON REFLECTOMETRY FITTING

Fitting of the Neutron Reflectivity data was an essential to as a second order data analysis
tool after qualitative analysis from the raw data. The NIST Refl1D package [54] is used to build a
thin film stack. This software uses 1-dimensional reflectometry to model the density of the thin
film as a function of depth. It is based on the curve fitting software Bumps [63]and scattering
lengths calculated from PeriodicTable [64]. Python code was written to build up a SNO thin film
in these experiments. Tutorials and explanations for how to use the package can be found at [54].
This chapter will briefly discuss the python code used in conjunction with the Refl1D software
package.

Constraints are then made upon the different parameters and different algorithms are used
to move around in parameter space and reduce the difference between the raw data and the
simulated stack. From this analysis method, real and imaginary neutron scattering length density
of the film layers, layer thicknesses, and layer surface roughness are able to be extracted with good
fits. However, it is absolutely critical to have sufficient information about the film beforehand
because there are multiple solutions for each data set. If incorrect information is used or the
constraints are not tight enough, an inaccurate fit may be reached. The following is an example fit
for one of the samples shown in Figure 4-5 and 4-6. A several layer stack was built to allow some
freedom in the model. The following table summarizes the constraints placed upon the different
layers. Imaginary SLD was estimated based on the Periodic Table software and not fitted.

Thin Film stack: Si/SiO2/SmNiOs/HSmNiOs/Surface layer
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0.1 Variable ranges for the Neutron Simulation

Layer Neutron SLD (real) | Thickness Interface

Si 3.0-7.0 N/A 0-3.5nm
SiO; 3.0-7.0 0.2-30nm 0 - 0.55* thickness
SmNIiOs 3.0-7.0 0-60 nm 0 - 0.55* thickness
HSmMNIiOs 3.0-7.0 0—-60nm 0 - 0.55* thickness
Surface Layer 3.0-7.0 1-20nm 0 - 0.55* thickness

The interface values were computed based on the thickness of the layer because if the surface
roughness becomes too large relative to the thickness, the Nevot — Croce approximation is not
value. This approximation allows the calculation to run significantly faster.

The program was done with 300k burn in steps and a sample size of 30k with the
DREAM algorithm. The results are shown in Figure A-1. The model readout gives a value of X?
= 2.31, which means there is good agreement between the simulated data and the collected

neutron data.
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Figure 0-1 Readouts from Refl1d fitting software (a) the SLD profile and overlay with the data.

(b) sld profile and variance in comparison to the data. (c) histograms of the frequency of

variables taking certain values (d) association between different parameters in the model and (e)

summary of data.
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