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ABSTRACT

Transition metal oxides with 3d-correlated systems have potential to enable densely
scaled resistive switching for emerging nonvolatile memory and neuromorphic computing
applications. From scientific perspective, the remarkable switching feature in these materials
can be attributed to their complex electronic phase diagrams which are extremely sensitive to
orbital occupancy of electrons and external stimuli, i.e., proton doping. In recent years, proton
doping on perovskite nickelate thin films via gas-phase-chemical reaction (hydrogenation) has
been intensively investigated due to its feature to completely reconstruct the electronic band
structures, resulting in an immense resistance change of the materials. The vast resistance
modulation is thought to be directly related to the proton diffusion within the perovskite lattice
of the nickelates. Nevertheless, the nanoscopic understanding of how protons diffuse in these
films, especially under intrinsic factors such as lattice strain, has not been clearly revealed.
Finding the root correlation between proton diffusion and lattice strain in perovskite nickelates
is essential in the field of correlated iontronics. This finding may lead to solve the long-standing
issue in resistive switching device area, where a novel approach to enhance the switching

operation speed is indispensable.

In this dissertation, I have successfully established the correlation between proton
diffusion and lattice strain in strongly correlated perovskite nickelate, namely NdNiO3 thin
film, resulting in an enhanced resistance modulation and switching speed. In essence, my

achievements are listed in these following points:

(1) I have clearly elucidated the correlation between proton diffusion and lattice strain in

NdNiOs3 thin film. The experimental results, supported by a first-principle calculation,



2)

€)

provide a deep insight of how protons dynamically behave under a regulated strain in
perovskite nickelate lattice.

I have successfully demonstrated that the proton diffusion speed critically affects the
resistance state of NdNiOs thin film. External controls such as electric field and substrate
selection were shown to effectively boost the diffusion speed which, in return, results in a
remarkable resistance modulation and switching speed.

I have provided a fundamental understanding of strain-controlled proton diffusion, which
can lead to an important strategy for overcoming the bottleneck in designing iontronic

switching devices.
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CHAPTER 1

General Introduction



1.1. Scope of Study

Among functional materials, strongly correlated RNiOs (R = rare earth) have attracted
particular attention due to their remarkable structural and electronic properties. Such
characteristics expands the potential for development of novel protonic device applications. A
distinctive feature of this complex 3d-correlated system lies on the competition between
electronic phases close to phase boundaries, which are often highly sensitive to the motion of
interstitial protonic species. In conjunction with the increasing interest in the development of
protonic memristive device, recent years have seen great advances of proton-induced electronic
transition in RNiO3 thin films. These include investigations of particular RNiO3 materials,
fabrication of high quality epitaxial RNiOs heterostructures, memristive device performance,
and synaptic-like characteristics for neuromorphic applications.!> While such efforts have
opened up the potential implementation of proton-induced electronic transition, however,
elucidation of fundamental phenomena, namely proton diffusion, in this research area is still
lacking. Finding the root correlation between proton diffusion in RNiOs lattice and the

corresponding resistance modulation is essential in the field of protonic correlated RNiOs.

In this work, I conducted a systematic study to specifically provide a solution to the
long-standing issue in the field of iontronic switching device, namely, relatively slow switching
speed compared to that of solid-state electronic device.*’ In this regard, enhancement of
operating speed is crucially needed to realize a reliable protonic memristive device. For this
purpose, I focus on the investigation of the effect of lattice strain to enhance the proton
diffusion in NdNiOz (NNO) thin film. Lattice strain — reported as a principal factor
determining the rich landscape of physical properties of RNiO3z — is expected to play a major
role in modulating the diffusion behavior of proton.®!! The originality of this work lies on the

established correlation between the proton diffusion and the regulated lattice strain in RNiO3,
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which has been successfully revealed via theoretical and empirical approaches. Following this
establishment, I demonstrated this correlation to provide an enhanced proton diffusion resulting
in improved performance of protonic memristive device. Moreover, I have successfully shown
that the proton diffusion speed critically affects the resistance state of NNO film. External
controls such as electric field and substrate selection were shown to effectively boost the
diffusion speed which, in return, results in a remarkable resistance modulation. In addition,
some analysis techniques were also established in this work. These techniques through both
experimental and simulation approaches have successfully elucidated the kinetics of proton
diffusion in NNO film. Altogether, this work necessarily fills the void where the fundamental
understanding of proton diffusion is lacking nowadays in the field of proton-induced electronic
transition of RNiOs. Taking advantage of this set of study, important strategy can be drawn to
tackle the bottleneck in the field of iontronic switching device, i.e., enhancement of the

relatively slow switching speed.

The general introduction of this work is covered in Chapter 1. This includes the
fundamental understanding of perovskite RNiOs, gas-phase annealing proton doping
(hydrogenation), and functional protonic memristive device as well as its long-standing issue.
The experimental techniques for sample fabrication and characterization are described in detail
in Chapter 2. Chapter 3 explains the initial approach and achievement of this work. Here, lattice
strain was intentionally regulated into the NNO film for systematic study and analysis. After
hydrogenation, I found that lattice strain plays an important role in determining proton
diffusion and the consequent electrical behavior. My set of measurements particularly revealed
the significance of strain dependence on resistance modulation and proton distribution area.
The results were explained and supported by a first-principle calculation study. In Chapter 4, 1

investigated the effect of electric field on proton diffusion during the catalytic hydrogenation.



By conducting this process together with electric field assist, I was able to demonstrate the
correlation between electric field control and proton diffusion in NNO during proton doping
process. In more detail, the combination of electric field and gas-phase annealing was shown
to enable elegant control of the diffusional proton doping in NNO. Electric field was able to
suppress or diffuse proton deeper in the NNO lattice. Completing the aforementioned findings,
in Chapter 5, I utilized these knowledges to improve the performance of protonic memristive
NNO device. I showed that in addition to electric field control, regulated strain tuning can
effectively improve the performance of NNO switching device. This demonstration verified
the crucial role of strain engineering in designing a high-performance protonic memristive
RNiOs3 device. Finally, in Chapter 6, I summarized the scientific achievements of this work and
gave a further post-study outlook. In particular, this work could be useful in the future to guide
process envelopes for the gas-phase doping and memristive device of perovskites whose
properties are sensitive to hydrogen. Additionally, the results of the presented study will enrich
the fundamental studies involving both strongly correlated perovskite nickelates and ionic

transport.

1.2. Peculiar Property of RNiO3 Perovskites and Its Tuning Potential

The discovery of thermally driven metal-insulator transitions (MIT) in the RNiO;
perovskites'? has stimulated intense researches in this family of materials. Such characteristic
expands the potential for the development of novel electronic architectures, where the
electronic state transition can be manipulated for resistive switching function. A series of
metal-insulator transition temperature (7wmir) for typical RNiO3 materials is shown in Figure
1.1.'2 The resistive state changes from metallic to insulating when the temperature reaches its
transition point. From scientific perspective, the remarkable MIT in these materials can be

attributed to the strong correlations between localized transition metal valence d electrons. In
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particular, this peculiar feature is extremely sensitive to subtle structural changes, where the
electronic phases close to phase boundaries are considerably affected, and that way, a method
of fine control via structural engineering is available. For example, the transition temperature
(Tmir) between the high-temperature metallic state and the low-temperature insulating state, as
shown in Figure 1.1, rises systematically as the rare-earth size becomes smaller.!? Furthermore,
it is evident from Figure 1.2 that the transitions observed in RNiO3; form a coherent pattern as
a function of tolerance factor (f) and <Ni-O-Ni> angle, indicating high dependency of the
transitions on structural properties.!? Here, tolerance factor indicates the tendency of the lattice
to distort and is defined as ¢ = (ra + r8) / N2(rB + o), where ra, r8, and ro denote the radii of

the A, B and O ions of ABOs3 perovskites, respectively.
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Figure 1.1. Resistivity of La-, Pr-, Nd-, and SmNiOs3 showing their metal-insulator

transitions.'?
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Figure 1.2. Insulator-metal-antiferromagnetic phase diagram for RNiO;3 as a function of the

tolerance factor and <Ni-O-Ni> angle.'?

However, despite its potential for future resistive switching device, thermally driven
MIT mechanism faces limitations such as operating temperature curb, as well as low resistance
modulation magnitude and speed. In this regard, researchers have worked on alternative
external stimuli to trigger this transition phenomena, such as via pressure, strain, electrostatic
charge, and proton doping.'*2° Among these approaches, proton doping has been intensively
investigated in recent years due to its promising resistance switching control in RNiOs lattice.
Thanks to the corelated system and distinguish structural properties of RNiOs, proton doping
can completely reconstruct the electronic band structures resulting in colossal resistance
modulation. In conjunction with this, a systematic study of how a subtle change in RNiO3
structure, i.e., lattice strain, may promise a significant improvement of proton-induced

mechanism in RNiOs-based resistive switching device.



1.3. Hydrogenation: Proton Doping in RNiO3 via Chemical Gas-Phase Annealing

Resistive state change exploiting abrupt Mott phase transition in strongly correlated
RNiOs3 has the potential to enable high speed and densely scaled non-volatile memories for
emerging neuromorphic computing applications.?! While the metal-insulator phase transition
can be triggered by electrostatic or thermal excitation, ion doping via chemical gas-phase
reactions (hydrogenation) as an emerging field can completely reconstruct the electronic band
structures by introducing extremely high carrier density resulting in giant resistivity
modulation.?? In recent years, the vast resistivity modulation in the RNiOs family has been
successfully demonstrated through this chemical route. For example, proton-doped SmNiO3
(SNO) thin film, where protons are dissociated from hydrogen molecules by utilizing Pt
catalytic effect and then doped into the thin film, can lead to a colossal and reversible resistivity
modulation.”® The colossal resistivity modulation is considered to be governed by proton

motion in lattice, such as diffusion in the thin film.

Figure 1.3 schematically illustrates typical hydrogenation process in SNO thin film.
The Pt serves as a catalyst, which dissociates hydrogen during hydrogenation process. Firstly,
H> dissociates to atomic hydrogen at the triple phase boundary (Pt-SNO-H»/Ar), and then splits
to H" and e", which are incorporated into SNO lattice. Here, H' acts as interstitial dopant which
can be reversibly intercalated, realizing a sharp phase transition in SNO thin film. On the other
hand, e” from the dissociation process serves as an extra electron in eg orbital of Ni3+tgge;,

forming a strongly correlated Ni2+tggeé leading to the emergence of new insulating phase. The

schematic electron configuration of this process is illustrated in Figure 1.4.
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Figure 1.3. Proton intercalation process utilizing Pt-catalytic effect at the triple phase

boundary (Pt-SNO-Hy/Ar).?
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Figure 1.4. Proton intercalation process utilizing Pt-catalytic effect at the triple phase

boundary (Pt-SNO-Hy/Ar).?

A demonstration of hydrogenation at typical temperature of 473 K can lead to an ~10®
of giant and reversible resistivity modulation, as shown in Figure 1.5a.>> This colossal
resistivity modulation is followed by change of color of SNO film becoming translucent as
shown in Figure 1.5b, indicating the emergence of the new insulating phase is caused by the

proton diffusion in SNO lattice.”> An ultra-large and reversible resistivity modulation
8



demonstrated in this report opened up new directions to explore emerging resistive switching
device, where the diffusional proton transport serve as the base principle resulting in large

resistance change and band gap modulation.
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Figure 1.5. (a) Resistivity plotted against temperature for pristine, hydrogenated and ozone-
annealed SNO on LAO substrate, respectively, recorded in air. Insets are the corresponding
images of the samples.? (b) Image of hydrogenated SNO on LAO (Scale bar, 2 mm). The
sample shows a dark grey color (which is identical to the pristine one) on the region further
away from Pt bars (marked as ‘SNO”). In the space between Pt bars (marked as ‘H-SNQO”), the
sample becomes translucent indicating a diffusional proton transport. Right inset shows the

optical image of the transient region.”’

1.4. Functional Protonic Resistive Switching Device: Potential and Challenge

As human civilization enters big data era, high-speed data processing and huge data
storage are in great demand nowadays. Resistive switching in oxides has the potential to realize

an emerging device with energy-efficient, densely scaled non-volatile memories functions

t24

where both memory and computation capabilities are inherent.”* This device, which usually



involves a metal-insulator-metal structure, can switch its resistance between low resistance
state (LRS) and high resistance state (HRS) by migration of ions (protons) through an
application of bias voltage. A schematic concept of electric-field-assisted proton migration
device is shown in Figure 1.6a.?> Here, electric field induces proton migration in the crystal
lattice, leading to modulation of the physical properties. An ion-migration device with in-plane
geometry is illustrated in Figure 1.6b.2> The applied electric field between two electrodes
induces the migration of protons and consequently leads to the modulation of the spatial proton
distribution. This phenomenon eventually results in the change of resistive state of the device,
where non-volatility and abrupt switching characteristics can be observed. Such proton-based
resistive switching can be realized by, for example, fabricating in-plane resistive device with
asymmetric contacting electrodes of Pt and Au. Utilizing Pt-catalytic effect via the solid-gas
interface hydrogenation method, protons can be injected into the channel film only near the Pt
electrode, and not in the vicinity of Au electrode. An application of a positive bias at the Pt
electrode migrates protons into the entire film leading to an expansion of the hydrogenated area
(HRS), while an applied negative bias can reduce the hydrogenated area (LRS). Such function
has been demonstrated using, for instance, strongly correlated oxides of SNO with asymmetric
contacting electrodes of Pd and Au. Here, Pd serve as hydrogenation catalyst. As shown in
Figure 1.7, with this setup, multi-state resistive switching across the device has been

successfully demonstrated by application of different voltage bias.?
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application different voltage bias (V=-5.9V,-7.8V,-9.6 V for LRS and V=9.6 V for HRS).

Top panel illustrates the dimension of the device.?
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After years of research, the maturity of the protonic resistive switching device in
various applications, i.e., nonvolatile memory and artificial neural networks, could be foreseen.
However, at the same time, there is a need to innovate in physical phenomena for state
switching and electric-field driven operation of resistive switching devices. In particular,
although proton has advantage due to its small radii and high ion mobility compared to other
ionic species, its diffusion speed is still subpar for a reliable device performance. For example
as shown in Figure 1.8, one of its best switching speed ever reported is about ~107 s, which is
about 2 order of magnitude slower than that of typical solid-state electronics (~10”s).” In other
words, the switching speed of protonic switching device needs to be enhanced up to the level
of that of its counterpart. Future development in this aspect is crucial for the realization of a

reliable high-speed and densely scaled non-volatile memory and logic devices.
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Figure 1.8. (a) Schematic illustration of protonic switching device with top and bottom

electrode. The top Pt electrode works as a catalyst as well. (b) Resistance switching

measurement with pulse durations of VSET/VRESET = +3.0 V/-4.5 V. The switching speed

can reach 107 s.”
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CHAPTER 2

Experiment Techniques
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2.1. Sample Fabrication

This section covers the sample fabrication techniques. Figure 2.1 shows the general
process for fabricating typical NNO sample. Generally, this routine consists of film deposition,
photolithography, electrode deposition, dry-etching, and lift-off processes. However, a
particular step in this process could be skipped or adjusted based on sample design needs. The

detail of each step will be described in Sections 2.1.1 and 2.1.2.

NNO thin film Pt electrode deposition

.- - - -

Substrate Pulsed Laser Deposition  Photolithography RF-Sputtering Resin lift-off Photolnhography

R Au/Ti electre deposition
Ptelectrode "‘ Au / Ti electrode >
il . Resin lift-off RF-Sputtering

Dry etching

Microscopy image of typical NNO sample

Substrate NNO thin film Resist Pt electrode Au/Ti electrode

Figure 2.1. General fabrication process for typical NNO sample

2.1.1. Thin Film Deposition

NNO thin films were deposited by pulsed laser deposition (PLD). PLD is a type of
physical vapor deposition (PVD) in which a laser having a high-power density and narrow
frequency bandwidth is used as a source for vaporizing the desired material. PLD is considered
as one of the best methods for high-quality epitaxial film fabrication. The capability of precise
control of epitaxial growth of ultra-thin film and stoichiometry transfer between the target

material and deposited film are ones among many beneficial characteristics of PLD. The

18



features of thin film synthesized by PLD are mainly reliant on parameters such as energy
fluency, repetition rate, power of peak, cw versus pulse, wavelength oscillation, the
composition of the target material, the pressure of the chamber, the flow along with the pressure
of the buffer gas, and the distance between the target and the substrates.! A high-power laser
beam source is placed close to an ultra-high vacuum (UHV) chamber. Inside the vacuum
chamber, a target material is placed where the pulsed laser beam is directed. The laser beam
then will ablate the target material and create plume where the ablated ions and atomic species

are deposited onto the substrate. The illustration of this process is shown in Figure 2.2.

Excimer laser

Thin film

Plume

UHV chamber

Figure 2.2. Typical laser ablation and plume creation in PLD technique

Figure 2.3 shows typical PLD set-up used in this study. Here, PLD system with ArF
excimer laser (A =193 nm) was used to deposit NNO thin film. The laser energy was maintained
at 90 mJ/pulse with a repetition rate of 3 Hz. The films were deposited at a temperature of 923
K and an oxygen pressure of 30 Pa. Prior to deposition, the growth chamber was evacuated to
a base pressure of 1 x 10 Pa. In addition, the PLD chamber used in this research has key

features such as; the substrate and target position can be adjusted, the deposition angle can be
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tilted (0° to 60°), and the azimuth angle of the substrate can be circularly rotated. These features

ensure the uniformity and quality of the deposited films.

k|
;ﬂ I

&i‘ -, - ¥ R |
& Main chamber with [* ot ArF excimer
s UHV system : A laser source

Figure 2.3. Typical set-up of PLD system used in this study

2.1.2. Thin Film Patterning Process

The as-deposited films were typically patterned afterwards by utilizing
photolithography technique (PLS 1000, PMT Corp.). This technique essentially enables
fabrication of micrometer-scale patterns on thin film devices. Photolithography draws a pattern
on the top of thin film by utilizing the chemical and physical properties of a resist through a
reaction with ultra-violet (UV) light.? In this sense, the resolution limit of this method is set by
the light diffraction. The typical photolithography setup used in this study is shown in Figure

2.4. At first, a promotor liquid and resist were spread sequentially and evenly on top of the film
20



by spin coating method. Then, the sample was baked for about 3 minutes at 95° C. After that,
the photolithography process proceeded with a designated pattern by exposing the baked
sample to UV light. Finally, the sample was submerged into a developer liquid and then rinsed

in DI water.

Spin coating stage

Figure 2.4. Typical lithography setup used in this study

After the film was masked with resist in a designated pattern, then RF-sputtering (SVC-
700RFII, Sanyu Electron) was carried out to deposit metal electrode or catalyst on top of it.
Depending on the desired pattern, the sample was subsequently dry-etched in between the

masking processes using an Ar ion milling system (IBE-KDC75-EPD-OU-TA, Hakuto) to
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remove the undesirable thin film or electrode in the sample. The sputtering and ion milling

system is shown in Figure 2.5 and Figure 2.6, respectively.

&% RF-magnetron |
(8 sputtering system

Figure 2.5. Typical RF-sputtering setup used in this study

g

High-vacuum
chamber

lon milling system

Figure 2.6. Typical ion milling setup used in this study

2.2. Characterization

Figure 2.8 shows a set of characterization tools used in this study. Temperature-
dependent resistivity measurement was performed in a range of 10-250 K using a Physical
Property Measurement System (PPMS, Quantum Design). Time-dependent two-probe

resistance measurement was carried out using a Keithley 2634B source meter in a set of
22



temperature range to investigate the resistance modulation during hydrogenation and resistive
switching operation. The hydrogenation was performed in H> gas flow (5% H2/95% Ar) under
atmospheric conditions in an originally developed instrument as shown in Figure 2.8d. It was
a simple chamber with electrode probes connected to heater, gas source, electrical source
meter. This system enables me to perform hydrogenation with simultaneous recording the
change in the electrical properties of the film. The proton migration length along the thin film
channel was determined using an optical microscope with a minimum length-scale resolution
limit of 0.58 um. The thin films were 26-w-scanned (out-of-plane) using an X-ray diffraction
(XRD) system (UltimalV, Rigaku) to investigate its crystal structure. The diffraction peaks in
precise reciprocal space map (RSM) were measured using Cu Ka; XRD system (SmartLab,
Rigaku) equipped with Ge(220)%2 monochromator, six-axis goniometer, and hybrid pixel two-
dimensional detector (775%385 pixels, HyPix-3000, Rigaku). The surface morphology of the
films was investigated by atomic force microscope (AFM, AFM5000/AFM5300E, Hitachi
High-Tech Science Corporation) and SEM (JSM7610F, JEOL). The film composition was
measured using energy dispersive spectroscopy-scanning electron microscopy (EDS-SEM)

system (JSM-F100, JEOL).
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Figure 2.8. Set of characterization tools used in this study. (a) Physical Property Measurement
System (PPMS, Quantum Design). (b) Keithley 2634B source meter. (c) Optical microscope.
(d) Originally developed instrument for hydrogenation and electrical-probe measurement. (e)
atomic force microscope (AFM, AFMS5000/AFMS300E, Hitachi High-Tech Science

Corporation). (f) SEM (JSM7610F, JEOL) and EDS-SEM (JSM-F100, JEOL) system.
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CHAPTER 3

Tunable Proton Diffusion in NdNiO3; Thin Films

under Regulated Lattice Strains
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ABSTRACT

Inspired by the discovery of proton-induced resistance switching in perovskite rare-earth
nickelate (RNiO3) films, control of a phase transition via proton doping in strongly-correlated
systems is considered as a paradigm to explore emerging iontronics functions. Nevertheless,
the microscopic proton dynamics under an intrinsic factor of RNiO; films, namely, lattice
strain, has not been clarified in detail. Here I systematically demonstrate a tunable proton
diffusion within the perovskite lattice by regulating structural strain in NdNiO3 (NNO) films.
The quantification of the proton dynamics, as well as the corresponding resistance modulation
ratio (R;) and proton diffusion coverage, is found to be significantly sensitive to the strain.
Introducing +2.57% in-plane tensile strain into NNO leads to a suppressed proton diffusion,
which ultimately results in a fairly small R; of ~10%. In contrast, NNO film with an in-plane
compressive strain of —0.03%, of which R; is ~10°, shows a higher degree of proton diffusion.
This finding, supported by results of a density functional theory calculation, reveals the role of
lattice strain in controlling the proton diffusion in the RNiOj; system and, in a broader context,

in designing multifunctional iontronics devices.

3.1. Background

Complex electronic phase transition in 3d-correlated systems has great promise in
enabling novel resistive switching applications, such as cognitive computing,’? logic-
memory,>* photonic,>® and high-performance energy conversion devices.”® From the scientific
perspective, the substantial switching feature can be attributed to the metal-insulator transition
(MIT), which is exceptionally sensitive to the orbital occupancy of electrons and carrier/ionic
doping.>! Compared with doping with other ionic species, proton is particularly fascinating

due to its small radii and high ion mobility.!"!? Therefore, the proton diffusion and distribution
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are highly tunable by applying external electric fields.'® This facile proton-induced MIT can
be utilized to realize extremely sensitive correlated-iontronics devices that use proton motion
for function. The sharp phase transition and the tuning of resistivity upon proton doping have
been conceptually employed to overcome current technological limitations of conventional
semiconductors.!*!> Unlike with prototypical semiconductors, proton interaction with 3d-
correlated electron systems results in more complex effects as a consequence of the interplay
between different degrees of freedom, for example, those of the correlated electronic state.'®
Recent demonstrations of proton-induced phase transition have been reported for 3d-correlated
electron materials, such as correlated VO2,'”!® SrCoOy," and rare-earth nickelates (RNiO3, R
= rare-earth lanthanide).!31%2 Perovskite RNiOs, in particular, is of broad interest owing to its
colossal proton-induced resistivity modulation with reversible and nonvolatile switching

behavior, which opens up new directions in exploring correlated iontronics devices.?!

In previous reports, the hydrogenation-induced insulating state of RNiOs has been
widely observed, and considered to be attributed to an abrupt electronic transformation of the
ey orbital of Ni**#%5.e!s to strongly correlated Ni**#%,e?, owing to the injection of an extra
electron from the hydrogen dissociation process (hydrogen molecule dissociates into proton
and electron).’ 3141521 Despite inferring the complete reconstruction of electronic band
structures, this understanding leaves out the role of the dynamics of a proton acting as an
intercalated ion. Apart from this, recent investigations suggest that the rich landscape of the
physical properties of RNiOs is mainly determined by the distorted NiOg octahedra networks,
leading to feasible tuning of physical properties by structural parameters, such as lattice
strain.’>>> Although previous studies have shown the role of structural properties in the
correlated electronic state of RNiOs, none has clearly related or revealed their importance to

the proton dynamics within the RNiOs lattice and the corresponding resistance modulation.
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Finding the root correlation between the naturally existing condition in thin films, namely,
lattice strain, and the dynamics of the proton-induced resistivity modulation is essential in the

field of correlated iontronics.

3.2. Objective

Bulk NdNiO; (NNO) possesses an orthorhombic perovskite structure, conventionally
treated as a pseudocubic (pc) structure, with ordered NiOg octahedral networks and Nd cations
placed in cavities, as illustrated in Figure S3.1 (see: Supporting information of this chapter).
The corner-sharing octahedral networks of NiOg forming a Ni-O—Ni open angle (Oni-o-ni) and
Ni-O bond length (dni-0) determine the fundamental physical properties of NNO.??% In this
regard, the tuning of the biaxial strain of NNO films is expected to significantly affect not only
the static physical properties but also the proton diffusion during catalytic proton doping. In
addition, compared with the previously reported SmNiO3 (SNO), which is a typical example
of hydrogenated RN10O; materials, NNO has a lower thermally driven MIT temperature of ~200
K than that of SNO of ~400 K.?® This essentially means that the as-deposited NNO at and
above room temperature possesses a metallic phase, which enables me to examine the
hydrogenation-induced MIT in this work. By utilizing the Pt-catalytic effect, which dissociates
hydrogen molecules into protons and electrons, I was able to investigate the protonic doping
behavior upon chemically driven resistance modulation. In this work, I demonstrate tunable
proton doping and the corresponding resistance modulation as a function of regulated lattice
strain in NNO thin films. On the basis of the results of our comprehensive study, I found that
lattice strain plays a major role in controlling proton diffusion, which ultimately enables a
distinct resistance modulation. The migration energy for proton diffusion (Ew) under various
strain conditions, calculated via a density functional theory (DFT), shows that lattice strain can

effectively tune the migration rate of proton, which supports my experimental results.
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3.3. Results and Discussion

Deposition of NdNiOs (NNO) thin films: Approximately 80 nm-thick NNO films were
deposited on (001)-oriented KTaO3 (KTO), SrTiOs; (STO), (LaAlO3)o3 (Sr2AlTaOe)o.7
(LSAT), and (001)pseudocubic, (pe)-oriented LaAlO3 (LAO) by pulsed laser deposition (PLD; ArF
excimer, 4 = 193 nm). The laser energy was maintained at 90 mJ/pulse with a repetition rate of
3 Hz. The films were deposited at a temperature of 923 K and an oxygen pressure of 30 Pa.

Prior to deposition, the growth chamber was evacuated to a base pressure of 1 x 10 Pa.

Pattern of Pt catalyst pads: The as-deposited films were masked with a mesh-like
pattern by a photolithography technique (PLS 1000, PMT Corp.). Then, RF sputtering (SVC-
700RFII, Sanyu Electron) was carried out to deposit Pt on top of NNO films, forming pads of
Pt catalyst. Dry etching using an Ar ion milling system (IBE-KDC75-EPD-OU-TA, Hakuto)
was carried out to remove the unmasked region of the films. Finally, the resist remaining after
the photolithography process was lifted off by submerging the samples in acetone at a

temperature of 343 K for about 1 h.

Hydrogenation and characterization: The as-deposited NNO films were 20-w-scanned
(out-of-plane) using an X-ray diffraction (XRD) system (UltimalV, Rigaku). Temperature-
dependent resistivity (p—7) of the films was measured using a physical property measurement
system (PPMS, Quantum Design) during cooling and heating cycles in the range of 10-250 K.
The films were hydrogenated in Hz (5% H2-95% Ar) with gas flow rate of 100 mL/min under
atmospheric conditions at a temperature of 473 K. During this process, the time-dependent
two-probe resistance measurement was carried out using a source meter (2634B, Keithley).
The proton diffusion region, which is represented by the optically translucent area of NNO

films, was examined using an optical microscope with the minimum length-scale resolution
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limit of 0.58 um. The diffraction peaks in precise reciprocal space map (RSM) were measured
using Cu Kai XRD system (SmartLab, Rigaku) equipped with Ge(220)x2 monochromator,
six-axis goniometer, and hybrid pixel two-dimensional detector (775%385 pixels, HyPix-3000,
Rigaku). The precise RSMs were taken at 0.02° step in both 26 and w, using a one-dimensinoal
mode, leading to the resolution of 0.0001-0.0002 A™! in RSM. The wide RSMs using Cu Ka
without the monochromator were taken with scanning 26/w from 15° to 120° at fixed y from -

5°to 65° (5 steps) in a two-dimensional mode of the detector.

3.3.1. Substrate-Dependent Resistance Modulation

To introduce different degrees of biaxial strains in the perovskite lattice, NNO films
were deposited on various substrates with different lattice constants (Table S3.1), namely,
KTO, STO, LSAT, and LAO, by pulsed laser deposition (PLD). 26-w X-ray diffraction (XRD)
curves of the deposited films show a (002),c NNO peak near the (002),c) substrate peak (Figure
S3.2). This shows that the deposited NNO films underwent c-axis-oriented growth along the
out-of-plane direction regardless of the substrate. In addition, all NNO films were also
epitaxially grown along the in-plane directions as demonstrated by wide reciprocal space maps
(RSMs) (Figure S3.3), where h0€,c and hh?,. peaks of NNO were synchronized to h0€ ) and

hh? ) of the substrates in in-plane.

The intrinsic electrical properties of the grown films were investigated by examining
temperature-dependent electrical resistivity (p—7), as shown in Figure S3.4. The result indicates
that the MIT characteristics of the as-deposited NNO films vary depending on the substrate.
To investigate the effect of each substrate on the catalytic proton doping process, a pattern of
Pt catalyst pads was deposited on the surface of the as-deposited NNO films. The configuration

of the Pt-NNO-substrate samples is shown in Figure S3.5. In this configuration, hydrogen
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molecules first dissociate into atomic hydrogens, owing to the Pt-catalytic effect at the triple-
phase boundary of Pt—-NNO-H.?! Then, they split into protons and electrons that are then
incorporated into the NNO lattice. The hydrogenation was performed by placing the samples
inside a chamber, then exposing them to H> gas (5% H2>-95% Ar) with a flow rate of 100
mL/min. The process proceeded preferentially at an elevated temperature of 473 K owing to
the thermally assisted diffusion, enabling us to easily recognize the diffusional proton

transport. 14

The time-dependent resistance measurement, whose set-up is illustrated in Figure S3.5,
was carried out to investigate the proton diffusion and the corresponding resistance modulation
during hydrogenation. Figure 3.1a shows the real-time evolution of the resistance modulation
ratio (R;) during the hydrogenation; R, is described as the resistance at time ¢ divided by the
initial resistance at # = 0, (R« / R(0)). Initially, R; barely increases at # < 3 min, showing a short
delay attributed to the hydrogen dissociation and adsorption before it can be incorporated into
the NNO lattice.'® R; then drastically increases for ~25 min, after which it reaches an almost
constant value of more than 10 and 10° for NNO deposited on KTO (NNO/KTO) and STO
substrates (NNO/STO), respectively. The abrupt increase in R; in NNO grown on LSAT
(NNO/LSAT) and LAO (NNO/LAO) progresses longer than in that grown on STO and KTO.
Herein, although R; shows a noticeable evolution throughout the entire hydrogenation duration,
the rapid increase starts to slow after ~40 min; after ~120 min, final modulation ratio becomes
more than 10° and 10° for NNO/LSAT and NNO/LAO, respectively. The resistance modulation
corresponds to the hydrogenated NNO film (HNNO) which, according to this observation, can
be tuned by selecting an appropriate substrate. The reversibility and stability of the proton-

induced resistance modulation are shown in Figure S3.6.
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Figure 3.1b shows the microscopy image of NNO on each substrate after 120 min of
hydrogenation. The apparent translucent yellow color in the vicinity of the Pt pads represents
the occurrence of diffusional proton transport in HNNO, because as the doping progresses, a
large band gap opens up making the film optically translucent.!>?! From this, it is confirmed
that the hydrogenated region varies for each NNO film depending on the substrate. The
narrowest HNNO area is observed on NNO/KTO where a broad portion of undoped NNO
retains its dark color. The HNNO area becomes notably broader on NNO/STO as the dark NNO
region gradually shrinks. The expansion of the HNNO area on NNO/STO is followed by that
on NNO/LSAT and then finally on NNO/LAO where the dark NNO eventually disappears.
From Figures 3.1a and 3.1b, both the increasing R; and the expanding HNNO area show an
identical trend; the highest values of both are observed on NNO/LAO, followed by those on
NNO/LSAT, NNO/STO, and NNO/KTO in this sequence. This demonstrates an established
correlation between resistance modulation and proton migration in correlated perovskite
oxides, which intriguingly, from both scientific and technological perspectives, can be finely

tuned via regulated lattice strain.
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Figure 3.1. Catalytic proton doping of NNO films on LAO, LSAT, STO, and KTO substrates.
(a) Real-time evolution of resistance modulation ratio (Ry) during hydrogenation. The raw data
represented by the gray symbols were smoothed into the line graphs using a 50% percentile
filter in OriginLab.?” (b) Corresponding microscopy images of the samples after 120 min of
hydrogenation. The difference in brightness of the translucent HNNO area among samples
originated from the optical characteristics of the substrates. The color conversion (right panel)
was carried out by applying a selected lookup table in ImageJ to the corresponding grayscale

image.

3.3.2. Precise Observation of Structural Properties

To further investigate the effect of lattice mismatch-controlled structural strain on
hydrogenation, a two-dimensional precise RSM measurement was carried out around 103,

diffraction peaks (one of the peaks in wide RSMs in Figure S3.3a) of the NNO films on
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different substrates under pristine and hydrogenated conditions. Relative to the lattice constant
of bulk NNO (apc, x\no-buik = 3.807 A), the lattice mismatch at the film—substrate interface,
defined as ((apc, substrate-bulk — @pc, NNO-bulk) / @pe, NNO-bulk) 100%, has tensile strains of +4.78%,
+2.57%, and +1.60%, and a compressive strain of —0.47% for NNO/KTO, NNO/STO, and
NNO/LSAT, and NNO/LAO, respectively. Diffractions for the pristine films are shown in
Figure 3.2a as a function of in-plane (Qy, in substrate [100] ) direction) and out-of-plane (Q1,
in substrate [001]¢.) direction) reciprocal lattice distances. The yellow stars in Figure 3.2a,
which mark the corresponding film peaks, are located in the vicinity of the in-plane reciprocal
lattice rods (red dashed lines) of LAO, LSAT, and STO substrates caused by crystal truncation
rod scattering.”® This indicates that the epitaxially grown NNO films are well strained along
the in-plane direction. The magnified RSMs of Figure 3.2a and the NNO peak positions are
shown in Figure S3.7 and Table S3.2, respectively. Indeed, I can confirm that the in-plane peak
position (ap*) of NNO 103, is well controlled by the substrates. In addition, I also confirmed
that the epitaxial NNO films have homogeneous strain and the peaks are originated from the

crystalline domain size (Figure S3.8).
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Figure 3.2. Precise RSM around 103, diffraction peaks of (a) pristine and (b) hydrogenated
NNO films on KTO, STO, LSAT, and LAO substrates. Oy and Q. represent the in-plane and
out-of-plane directions in the reciprocal space map, respectively. The red dashed lines indicate
the in-plane reciprocal lattice rods of the substrate surfaces. The yellow stars mark the 103,

peak at (Qn, Q1) = (apc*, 3cpc*) of the corresponding NNO films.
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I noticed in Figure 3.2a that in addition to apc*, the out-of-plane peak positions (3¢pc™)
of NNO 103, also change with different substrates. The measured values of ap.* and 3cpc * are
listed in Table S3.2. The measured in-plane (a,c) and out-of-plane (cpc) lattice constants of
NNO films, of which are the inverse of apc* and cpc *, respectively, are shown in Figure 3.3a
as a function of bulk lattice constants of the substrates. apc of NNO/LAO is located below apc,
bulk, Which is different from apc of NNO/LSAT, NNO/STO, and NNO/KTO. This confirms that
the distributed biaxial strain of the film, defined as &/= ((apc — @pc, NNO-bulk) / @pc, NNO-bulk) 100%,
is compressive for NNO/LAO and tensile for NNO/LSAT, NNO/STO, and NNO/KTO, with
gy values of about —0.03%, +0.82%, +2.02%, and +2.57%, respectively. A film with a
compressive strain (apc < dpe, NNo-bulk) Will generally exhibit cpec > cpe, NNO-bulk, Whereas a tensile-
strain film (ape > d@pe, NNO-bulk), 1N contrast, will exhibit cpe < cpe, NNo-bulk OWIng to the elastic
deformation of the lattice.?* This tendency holds true for our compressive NNO/LAO film
where cpc is observed to be greater than that of bulk NNO. However, for the tensile
NNO/LSAT, NNO/STO, and NNO/KTO films, the corresponding cpc is greater than that of
bulk NNO. This indicates that, compared with the tensile NNO in this experiment, my
compressive film has better constraint to maintain the elastic deformation of the perovskite
NNO lattice. The degree of deformation was estimated by calculating the pseudocubic lattice
constant (ao) that would correspond to that of the strained NNO film.

2vay. + (1 —v)cpe
o = 1+v

(3.1)

Here, v is Poisson’s ratio, which was set to be 0.30 for all films.>*>? The results
presented in Figure 3.3a show that ao closest to the bulk NNO value was obtained in
compressive NNO/LAO. Moreover, ao deviated further from the bulk value as the tensile strain

sequentially increased in NNO/LSAT, NNO/STO, and NNO/KTO in this sequence.
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The lattice constants of the films change after hydrogenation since, as shown in Figure 3.2b,
the HNNO diffractions move downwards from their initial positions (decreasing cpc*, Table
S3.2), resulting in increasing cpc. This result demonstrates that an unavoidable structural change
occurred during the incorporation and the transient diffusion of protons. Furthermore, the
elongation of the perovskite cell upon hydrogenation preferentially occurs in cpc over apc
(details are shown in Figure S3.7 and Table S3.3). A similar tendency has been reported by He
et al.; however, instead of hydrogenation, they investigated the phase transition and the
corresponding structural change as a function of temperature.’® The dominant change of cpc
was attributed to the clamping effect of a,c by the substrate, leaving cpc as the only variable
responsible for the volume change across the phase transition. This, with regard to my results,
indicates the importance of the substrate-dependent constraint in controlling the change in the
structure and, in addition, the corresponding physical properties of NNO films upon

hydrogenation.

3.3.3. Dominant Factor Rendering Colossal Resistance Modulation

The effect of the substrate dependence was then investigated for the hydrogenated
samples. Figure 3.3b outlines this dependence on R; and proton diffusion. Herein, the proton
diffusion is represented by the estimated percentage of the HNNO translucent area (4) from
Figure 3.1b. It is clear that the compressive film shows higher R; and A than the tensile films.
The tendency of A4 (proton coverage area) and R; (proton-induced resistance modulation) well
agreed against the lattice constant shown in Figure 3.3b, and this agreement implies that
resistance modulation is dominated by proton diffusion length with the similar proton
concentration in all NNO thin films. Namely, amount of protons is similar level in the
protonated regions independent from lattice constant with negligible crystalline boundary

34

effects.” Moreover, these values decrease with increasing tensile strain, which, as
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demonstrated in Figure 3.3a, leads to a greater deviation from the bulk NNO lattice. This clearly
indicates the importance of the bulk NNO perovskite structure, which can be finely tuned by
adjusting the substrate conditions, in enabling the proton diffusion and the corresponding

insulating state.

I continued our analysis by investigating the dominant structural factor rendering the
colossal R;. Typically, the strain in perovskite RNiOs; is accommodated by the changes in dni-
o and Oni-o ni.>1%222529351 May et al. conducted a high-flux XRD study and they reported that
the strain strongly modifies the in-plane Ni—O bond length (dni-o, 7), whereas the in-plane Ni—
O-Ni open angle (Oni-o-ni, 7) is insensitive to the strain.*® Consequently, this leaves the
modified dni-o, 7 as the dominant parameter in compensating for the structural deformation in
the in-plane direction. In this regard, and since Figure 3.1b represents the in-plane diffusion of
protons, here I attempted to estimate dni-o, y of our pristine film using the equation dni-o, 7= apc
/ 2 sin(fni-oni, 7 / 2), where Oni-o-ni, 7 is assumed to equal 157.1° of the bulk NNO.?” The
estimated dni-o, 7 is plotted against R; in Figure 3.3c. NNO/LAO has the smallest dni-o, s of
1.941 A, closest to that of bulk NNO of 1.942 A. The estimated value increases to 1.958 A,
1.982 A, and 1.988 A for NNO/LSAT, NNO/STO, and NNO/KTO, respectively. This enables
us to observe the tendency of R: with respect to dni-o, ;; where a pristine NNO film having
shorter dni-o, 7 enables a higher proton distribution, resulting in a larger R;. To further explain

this tendency, a simulation based on a first-principles study is presented.
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Figure 3.3. (a) In-plane (apc) and out-of-plane (cpc) lattice constants of pristine NNO films

deposited on LAO, LSAT, STO, and KTO substrates. ao represents the pseudocubic lattice

constants of the strained films. (b) Plot of proton-induced resistance modulation (R;) and

translucent area (A4) against substrate lattice constant. 4 represents the proton diffusion

coverage. (¢) R; shown with respect to in-plane Ni—O bond length (dni-o, 7). The inset shows a

schematic of the corresponding dni-o, 7 and in-plane Ni-O—Ni open angle (Oni-o-Ni, 7).
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3.3.4. Density Functional Theory Calculation of Proton Diffusion

Here, I elucidate the proton dynamics in strain-regulated NNO films using results of
DFT calculation. For the structural determination, I started with a pristine Nd4NisO12
pseudotetragonal cell for a film grown on the substrate, and then, I allowed the ionic position,
cell shape, and size to relax when strain was applied. When simulating proton diffusion, an
interstitial proton was incorporated in the NNO lattice thus forming NdNiO3:Ho .5 (NNO:Ho25)
composition. The composition of NNO:Hop»s is thought to be suitable to represent the
progressing proton diffusion, which induces resistance modulation before it reaches a plateau
resistance, as shown in Figure 3.1a. The details of the DFT parameters and conditions are

described in Supporting Information.

I then investigated the proton migration along the in-plane [110] direction using a
climbing-image nudge elastic band (CI-NEB). The proton diffusion pathway and the
corresponding energy profiles are shown in Figures 3.4a and 3.4b, respectively. Here, the
proton H is initially bonded to oxygen O1 and then reorients via O1-H bond rotation into a
position facing O2 (reaction coordinate 0—6). Next, H diffuses via interoctahedra hopping from
Ol to O2 (6-12), breaking the O1-H bonding and starts to form the H-O2 bond. H bonded to
neither Ol nor O2 provides migration barrier energy at reaction coordinate 9, and then
subsequently reorients toward O3 (12—18). The migration barrier for this motion (0-18)
decreases with increasing compressive strain, as shown in Figure 3.4b, which is attributed to
the shortened O1-0O2 hopping distance. In contrast, the tensile lattice shows a high migration
barrier. Further motion will form an O3—H bond via intraoctahedra hopping, where H reorients
once again (see: O3' in Figure 3.4a) and then finally hops to the neighboring O (18-24). The
migration barrier for this motion (18-24) increases from compressive to tensile strain. The

effective migration energy, i.e., the highest migration energy in H diffusion is plotted in Figure
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3.4c. The results show that the migration barrier in a —2% to +2% strained lattice increases
from 0.39 to 0.76 eV. H is estimated to have a lower migration barrier when diffusing along
the in-plane direction in a compressive-strain lattice. This is because compressive strain
reduces the in-plane lattice constants, resulting in a shorter hopping distance that eventually
stabilizes the transition state during H migration.*® Furthermore, 1 found that the shortened
hopping distance is accommodated by the reduced dni-o, 7, which shows a similar trend to that
in Figure 3.3c. The respective lattice constants and dni-o, 7 used in the simulation are shown in
Table S3.4. Moreover, when tensile strain is applied, the in-plane lattice constants and the
corresponding hopping distance increase. The migration barrier increases and, consequently,
the in-plane long propagation of H is hindered in the tensile lattice. The findings of the
migration barrier presented here support my experimental results. The compressive lattice
exhibits a higher proton diffusion rate than that of the tensile lattices when protons diffuse
along the in-plane direction. This further clarifies the experimental results in Figure 3.1b

because the observed HNNO region essentially represents the in-plane diffusion.
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Figure 3.4. Strain-dependent proton diffusion obtained by DFT calculation. (a) Selected
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Furthermore, on the basis of our DFT calculations, I estimated the proton diffusion rate
from the motion probability. In the transition state theory, the transition rate of proton diffusion

is given by’

k = vye =46/ ksT, (3.2)

where vo is the attempt frequency, 4G is the migration free energy, ks is the Boltzmann
constant, and T is the absolute temperature.** From this estimation, I found that at room
temperature, the transition rate the of proton along the in-plane direction £ increases 48 times
with —2% compressive strain compared with that in the case of the strain-free lattice. On the
other hand, under +2% tensile strain, & is extremely suppressed and the rate is reduced by ~10*
times. This reveals how the compressive strain is more effective than the tensile strain in
distributing protons in the NNO lattice system. More importantly, this estimation has been
successfully demonstrated by my experimental results, where I showed that the doping
behavior and the corresponding resistance modulation can be finely tuned via the regulation of

lattice strains.

3.4. Conclusion

I have demonstrated the fine tuning of proton doping in NNO thin films via the
regulation of lattice strains. I show that the rational design of strain engineering is crucial for
enabling diffusional doping in RNiO3 perovskites whose properties are sensitive to gas-phase
proton doping. Through my innovative experimental method, supported by computational
analysis, I reveal the significance of strain-controlled proton diffusion in determining the
resistance modulation during the hydrogenation-induced MIT. This strain-controlled proton
diffusion will offer a promising strategy for designing multifunctional iontronics devices.

Additionally, the results of the presented study will enrich the fundamental studies involving
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both strongly correlated perovskite nickelates and ionic transport. Future improvement can be

achieved by engineering thin film properties for sophisticated control of proton motion within

a solid lattice to achieve high-performance device functions.
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(b)

Figure S3.1. (a) Relationship between the orthorhombic (aor) and pseudocubic (apc) lattice
constants in the perovskite NNO structure. Regardless of the specific structure adopted, it is
convenient to describe the actual NNO material with respect to the pseudocubic unit cell. For
example, when assessing structural similarity among different compounds, it is practical to
compare their apc. (b) Schematic of the three-dimensional oxygen octahedra network with Ni—

O bond length (dni-0) and Ni-O—Ni open angle (6i-o-Ni).

The crystalline structure of NNO is shown in Figure S3.1. The lattice constants of NNO,
KTO, STO, LSAT, and LAO in bulk are noted in Table S3.1. Bulk NNO possesses an
orthorhombic perovskite structure with ordered NiOg octahedral networks and Nd cations in
the cavities. The ideal NNO perovskite structure is cubic with the space group Pm-3m, where
the lattice constant a and the ionic radii 7; should satisfy the relation a = V2(rna + r0) = 2(mi +
ro). In reality, this relation does not exist in nature for bulk NNO and structural distortions
occur to compensate for the ionic packing. The tendency to deviate from the cubic ideal can be
estimated by the Goldschmidt tolerance factor ¢, defined as ¢ = 2(r~nda + 70) / V. 2(rni + r0)."? The
combination of tilts, distortions, and rotations of the corner-sharing NiOs octahedral networks
forming the Ni-O-Ni open angle (6nioni) and Ni-O bond length (dni-o) leads to an

orthorhombic structure from the cubic ideal.[?)
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Table S3.1. Lattice constants of bulk NNO, KTO, STO, LSAT, and LAO>®

Crystal Structure Abulk (A) bouik (A) Cbulk (A)

NdNiO3 (NNO) Orthorhombic 5.389 5.381 7.610
Pseudocubic 3.807 3.807 3.807

KTaOs3 (KTO) Cubic 3.989 3.989 3.989
SrTiOs3 (STO) Cubic 3.905 3.905 3.905
(La,Sr)(Al,Ta)Os (LSAT) Cubic 3.868 3.868 3.868
LaAlOs; (LAO) Pseudocubic 3.789 3.789 3.789

+ NNO (002),,
o Substrate (002)
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Intensity (arb. unit)
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Figure S3.2. 26-w XRD curves (Cu Ka) of the pristine NNO films grown on KTO, STO,

LSAT, and LAO substrates. The peaks marked by an asterisk (*) originated from the substrates.

Figure S3.2 shows 2 8-w XRD curves for the pristine NNO films. The (002),. peaks of
NNO films can be seen at 28 ~47.46-47.76°. The peaks at 28 ~45.43°, 46.48°, 47.00°, and
48.03° are assigned to (002)pe) of KTO, STO, LSAT, and LAO substrates, respectively. The

peak positions are in good agreement with those in previous diffraction studies.”® It is seen
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from the curves that, regardless of the substrates, c-axis-oriented NNO films were grown

without any detectable impurity phase.
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Figure S3.3. Wide RSMs of pristine NNO on KTO with the in-plane directions of (a) [100]
and (b) [110]. Some intense NNO film peaks and substrate peaks are denoted with and without
NNO labels, respectively. NNO peaks are located close to the corresponding substrate peaks

in both in-plane directions.

In addition, all NNO films were also grown epitaxially along the in-plane directions,
that is, NNO [100],c was parallel to the substrate [100]c) as confirmed by wide RSMs. For
example, Figure S3.3 indicates the RSM cross sections with different in-plane orientations, a)
KTO[100] (in-plane) — [001] (out-of-plane) and b) KTO[110] (in-plane) — [001] (out-of-plane),
for pristine NNO films on KTO(001) substrate. NNO h0¢pc and hh?, peaks are synchronized
to h04pc) and hht pe) of the substrates as shown in Figures S3.3a and S3.3b, respectively. Since
the substrate (001) surfaces and NNO(001) are 4-fold symmetric owing to (pseudo) cubic
structures ensures an equivalent strains in [100]c) and [010]pc) directions, the analysis of NNO
spot with [100] ), for instance NNO 103, is enough for the estimation of the in-plane strain
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&y, in addition to the out-of-plane strain &1 in [001]pc) direction. All RSM images were created

with OriginLab using input from smoothed dataset generated by 3D Explore (Rigaku).
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Figure S3.4. Temperature-dependent resistivity (p—7) curves of pristine NNO films deposited

on KTO, STO, LSAT, and LAO substrates.

NNO films grown on LAO, LSAT, and STO show a sharp metal—insulator transition
(MIT) during both heating and cooling cycles, as shown in Figure S3.4. The transition
temperatures are 180-200 K and show similar characteristic as those described in other reports
of bulk and NNO films.” 2 On the other hand, no MIT is observed on NNO/KTO owing to the
excessively large lattice mismatch at the substrate—film interface. This contributes to stabilizing
the insulating state of the film at a relatively high temperature, replacing the metallic state
completely. Similar transport properties have been observed in NNO films deposited on
DyScOs and MgO.!%!! In addition, resistivity in the high-temperature region increases in the
order of NNO/LAO to NNO/LSAT, NNO/STO, and NNO/KTO. This can be attributed to the

different levels of the lattice strain introduced in NNO films.%!3
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Figure S3.5. Optical microscopy image of the Pt catalyst pads deposited on the surface of NNO
film. The configuration was used to examine the proton diffusion and the time-dependent

resistance modulation during the catalytic proton doping process.

Figure S3.5 shows a typical optical microscopy image of ~15 nm-thick Pt catalyst
deposited onto NNO film with a thicknesss of ~80 nm. The Pt catalyst pattern consists of a 5
X 5 um? mesh of squares with 5 um spacings between them. Hydrogen dissociation caused by

the Pt-catalytic effect proceeds at the triple-phase boundary of Pt-NNO-Ha.

Figure S3.6a shows the reversibility of the hydrogen adsorption and desorption
processes. Annealing in air at 473 K for 40 min can partially recover the resistance of
NNO/STO thin film. A longer annealing duration with higher temperature and using ozone
(O3) gas has been reported to further reduce the resistance to the pristine condition. Figure
S3.6b shows that the proton-induced resistance modulation was maintained for 6 days under

atmospheric conditions.
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Figure S3.6. Reversibility and stability of hydrogenation for NNO/STO. (a) Reversibility
characteristic under 100 mL of 5% H>—-95% Ar in air at 473 K. The raw data represented by
the gray symbols were smoothed into the line graphs using the 50% percentile filter in
OriginLab. (b) Retention test measured at 300 K in air. After hydrogenation at 473 K for 40
min, the samples were stored in air at room temperature under atmospheric conditions for 6
days. Values shown in the graph represent average smoothed values of retention test for

duration of 30 min.

56



0.80 0.80 +—
— on STO ]

025 026
Q, (A7)

0.77

0.25 0.26 0.27
%1
Q, (A7)

Figure S3.7. Magnified precise RSM images of pristine NNO samples from Figure 3.2a.

Magnified precise RSMs of the pristine NNO samples in Figure 3.2a are shown in
Figure S3.7. The peak shapes of (H)NNO 103,c were fitted with Gaussian eliminating the
streaks of the surface rods and artefacts. The peak positions (Table S3.2) by the Gaussion fitting
were estimated within 0.0001 A™! error. The yellow stars in Figure S3.7 mark 103,c peaks of
the pristine NNO films. Red stars are added to indicate the shift of the corresponding 103
peaks after hydrogenation (HNNO). The hydrogenation-induced peak shift occurs

preferentially along the out-of-plane direction (Q.) over the in-plane direction (Qy). The
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volume increase in the pristine samples from the bulk NNO (55.18 A?) might be caused by

oxygen vacancy. This effect to the electrical characteristics and hydrogenation process is

considerably insignificant as shown by the good MIT characteristics in Figure S3.4 and

monotonical resistance increase during hydrogenation in Figure 3.1(a), respectively. 513

Table S3.2. Peak positions of the pristine NNO and hydrogenated NNO films on KTO, STO,

LSAT, and LAO substrates in the pricise RSMs in Figures 3.2 and S3.6. apc*

and 3cpc*

represent Oy and Q. positions, respectively. The inverse of apc* and cpc * are lattice constants

apc and cpc, respectively.

Substrate Pristine NNO Hydrogenated NNO
ape* (K1) 3epe® (B ape* (K1) 3epe* (A
KTO 0.256 0.784 0.256 0.779
STO 0.257 0.786 0.258 0.782
LSAT 0.260 0.787 0.260 0.781
LAO 0.262 0.784 0.260 0.772

Table S3.3. In-plane (apc) and out-of-plane (cpc) lattice constants of pristine and hydrogenated

NNO films on KTO, STO, LSAT, and LAO substrates.

Substrate Pristine NNO Hydrogenated NNO
dpc (A) Cpc (A) dpc (A) Cpc (A)
KTO 3.905 3.822 3.903 3.850
STO 3.884 3.813 3.875 3.832
LSAT 3.838 3.809 3.832 3.836
LAO 3.805 3.822 3.833 3.881
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In general, the width of a peak shape is caused by two effects; one is the crystalline
domain size and the other is the inhomogenous strain distribution.'* When the inhomogenious
strain is dominant, the peak width increases with far from the reciprocal space origin. I
confirmed that widths of different peaks were similar. For instance, the in-plane and out-of-
plane full width half maximum (FWHM) values of NNO 103, on LAO in Figure S3.7 were
~0.0085 A" and =0.0030 A", respectively, while those of NNO 002, on LAO in Figure S3.8
were ~0.0065 A and ~0.0017 A", respectively. This implies that the total epitaxial NNO film
had a homogenous strain distribution and the peak widths were originated mainly from the
crystalline domain size (e.g., ~117—-154 A in in-plane and ~331-606 A in out-of-plane for NNO

on LAO).

Pristine NNO
55 >
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. 0.53 103
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Figure S3.8. Precise RSM image of pristine NNO 002, peak on LAO substrate.

Density Functional Theory (DFT): The calculations were performed using the plane-
wave Quantum Espresso (QE) code'” and visualized using VESTA. ! The interactions between
ions and electrons were described by the projector augmented-wave (PAW) method.!” The
exchange-correlation effects were described by the generalized gradient approximation (GGA)

using the Perdew—Burke-Ernzerhof functional for solids (PBEsol).'® The strong correlation
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effects of Ni 3d electrons were treated by the self-consistent Hubbard U correction, formulated
by Timrov et al.,'® which is implemented in the QE code. Through this method, the effective
U value of 8.98 eV on the Ni site was obtained.

The simulated structures were constructed on the basis of a 20-atom (V2x12x2)
pseudotetragonal cell of thin films grown on the substrates. The imposed strain is expressed as
the change in lattice constant @ with respect to its original lattice value a,, defined as &/= ((a —
ao) / ao) 100%, where &7 = 0% denotes the strain-free system. The lattice constant along the c-
axis is relaxed so that the energy of the system under strain is minimized. The calculated lattice
constants (a, b, ¢) and corresponding in-plane Ni—O bond length (dni-o, ) under various strains
are listed in Table S3.4. For each strain value, I used the climbing-image nudge elastic band
(CI-NEB) method?° to estimate the proton migration energy and determine its minimum energy
pathways (MEP) along the in-plane direction. The detailed analysis of the strain-dependent

proton diffusion will be published elsewhere.

Table S3.4. Lattice constants (a, b, ¢) and in-plane Ni—O bond length (dni-o, 7) as a function

of biaxial strain (&y)

&1 (%) a () b (A) cA)  dnior(d)

-2 5.32 5.32 7.75 1.97
-1 5.38 5.38 7.67 2.00

0 543 543 7.68 2.02
+1 5.48 5.48 7.55 2.03
+2 5.54 5.54 7.49 2.05
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CHAPTER 4

Electric Field Control for Catalytic Proton Doping
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ABSTRACT

The electric-field-assisted hydrogenation and corresponding resistance modulation of NdNiO3
(NNO) thin-film resistors were systematically studied as a function of temperature and dc
electric bias. Catalytic Pt electrodes serve as triple phase boundaries for hydrogen incorporation
into a perovskite lattice. The combination of an electric field and gas-phase annealing is shown

to enable the elegant control of the diffusional doping of complex oxides.

4.1. Background

Perovskite rare-earth nickelates (RNiOs3, R = rare-earth element) have attracted
considerable interest owing to their rich electronic phases originating from the strongly
correlated electron effects.! Among these features, the sharp metal-insulator transition (MIT)
followed by large resistance modulation in these materials has been intensively investigated to

realize novel electronic devices exploiting the Mott transition.?

In recent years, resistance modulation in this RNiOs; family has been successfully
demonstrated through several methods, such as those based on solid gate dielectrics® and
electric double layers with ionic liquids or gels.”® However, these methods have a carrier
concentration manipulation strategy based on the traditional static charge gating mechanism,
which can restrict the extent of carrier density modulation, leading to a limited change in
resistance. On the other hand, while areal carrier density modulation is possible with traditional
static charge gating methods, ion doping can reconstruct electronic band structures in entirety
by introducing an extremely high carrier density, resulting in large resistance modulation in a
non-thermal manner. In addition to the large resistance modulation, ion doping also has
potential to reversibly change the structural and electronic properties of correlated materials

via an electric field by manipulating the ion diffusion process into or out of a material. Recently,
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a reversible resistance modulation of approximately 8 orders of magnitude in SmNiO3; (SNO)
has been successfully demonstrated by proton doping via a chemical route (hydrogenation),
where protons are dissociated from hydrogen molecules by utilizing the Pt catalytic effect and
then doped into the thin film.” In the hydrogenation process, while the proton dopant is diffused
by hopping and the concentration gradient effect, an electric field is also expected to be a
driving force to diffuse the positively charged protons in the thin film. However, the dynamics
of electric-field-assisted hydrogenation has not been studied to date. Such studies could be

valuable for memory, chromic, or other iontronic devices utilizing proton motion in solids'%-1?

as well as for theoretical studies of proton migration pathways and kinetics.!>!*

4.2. Objective

In this work, I prepared NdNiO; (NNO) thin-film resistors with Pt-Au/Ti
heteroelectrodes and directly observed the effect of electric-field-assisted hydrogenation. Bulk
NNO (a = 0.3807 nm, pseudo-cubic) is a d-band electron-correlated perovskite-structured
RNiO; with ordered Ni1Og octahedral networks and R cations arranged in the cavities. The three-
dimensional corner-sharing network of BOg octahedra constitutes the fundamental structure
and functional unit, and this material shows a resistance modulation of 1-2 orders of magnitude
through its thermal MIT at around 200 K.!> Compared to the previously reported SNO (MIT
temperature at ~400 K),” the metallic behavior of “pristine” NNO at and above room
temperature enables me to focus primarily on the chemically driven MIT via hydrogenation in
this study. In addition, because hydrogen dissociates on the Pt electrode but not on the Au/Ti
electrode, by using this two-terminal heteroelectrodes resistor configuration, I was able to
investigate the effect of electric-field-assisted proton diffusion in our NNO film during

hydrogenation.
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4.3. Results and Discussion

An approximately 110 nm-thick NNO film was deposited on a commercial SrTiO3
(100) substrate (STO, a = 0.3905 nm, cubic) by PLD. The as-deposited NNO film was 26-w-
scanned (out-of-plane) using an X-ray diffraction (XRD) system to investigate its crystal
structure. The film was patterned by a photolithography technique. Then, RF sputtering was
implemented to deposit the Pt and Au/Ti electrodes on top of the NNO film. Finally, the sample
was dry-etched using an Ar ion milling system to form a two-terminal resistor configuration.

The instruments detail and settings are described in Chapter 2.

Temperature-dependent resistivity measurement was performed using a physical
property measurement system during heating and cooling cycles in the range of 10-250 K. The
hydrogenation was performed in Hz gas flow (5% H2/95% Ar) under atmospheric conditions.
The proton migration length along the NNO film channel was determined using an optical
microscope since as doping progresses, because of the large gap that opens up, the hydrogen-
doped region becomes optically transparent. The minimum resolution limit of the length-scale

measurement was 0.58 pm.

4.3.1. Intrinsic Properties of NNO Thin Films

Figure 4.1a shows the 20-w XRD pattern (Cu Ka) of the as-deposited NNO film grown
on an STO (100) substrate. The peaks at 26 ~ 23.34° and 47.76° are assigned to pseudo-cubic
NNO 001 and 002 reflections, respectively (PDF no. 01-079-2459). It is seen from the pattern
that a highly c-axis-oriented NNO film is grown without any detectable impurity phase. The
intrinsic MIT characteristic of the NNO film was examined through temperature-dependent in-
plane electrical resistivity (p versus 7), as shown in Figure 4.1b. The film showed a sharp MIT

during both cooling and heating cycles. The transition temperature can be seen clearly at 200—
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210 K in the plot of dp/d7% versus T in the inset of Figure 4.1b, which is indicated by the
change in the sign of the temperature coefficient of resistivity from dp/d7 < 0 (insulating state)
to dp/dT > 0 (metallic state) or vice versa. Similar MIT characteristics have been observed in
other reports of bulk NNO'>!¢ as well as of NNO films deposited on STO substrates.!”!® The

XRD and p—T results prove the high quality of the as-deposited NNO film.
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Figure 4.1 (a) XRD pattern of NNO film deposited on STO substrate. The peaks marked by *
originated from the substrate. (b) p—T curve of NNO film. The inset shows the first derivative

of resistivity with respect to temperature (dp/d7% versus 7).
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4.3.2. Gas-Phase Hydrogenation on NNO Thin Films

The NNO film was then formed into a two-terminal resistor with Pt-Au/Ti
heteroelectrodes, as shown in Figure 4.2a. In this resistor configuration, protons are
incorporated into the NNO lattice via hydrogenation at the triple phase boundary of the Pt
electrode (Pt-NNO-H»2), owing to the catalytic effect of Pt, which dissociates hydrogen
molecules.” By performing the electric-field-assisted hydrogenation on a set of samples from
the same NNO film, I was able to observe the effect of electric field and temperature during
hydrogenation on NNO film with similar defect condition. Figure 4.2b shows the resistor after
being exposed to electric-field-assisted hydrogenation at 473 K with an applied positive bias
of +10 V. This figure shows the color change of the NNO channel where the region near the Pt
electrode became optically transparent, while the region further away from the Pt electrode
(towards the Au/Ti electrode) retained its dark color. The transparency corresponds to the
hydrogenation of the NNO film. The length of the transparent region, i.e., the proton migration
length (£, defined as the total transparent NNO area divided by the NNO channel width) was

measured to be 5.26 + 0.13 um (Figure 4.2b, right panel).
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Au/Ti
electrode

Figure 4.2 (a) Optical microscopy image of two-terminal NNO film resistor with Pt-Au/Ti
heteroelectrodes. (b) NNO film resistor after electric-field-assisted hydrogenation at 7' = 473
K with V'=+10 V for 1800 s. The magnified image (right panel) shows the proton migration
length (¢, = the total transparent NNO area / the NNO channel width). The color conversion
was done by applying a selected color lookup tables in Imagel to the grayscale image to

produce false-color scale.

4.3.3. Effect of Electric Field Polarity during Hydrogenation of NNO Thin Films

To examine the effects of the polarity of the electric field and the temperature on
hydrogenation, a series of samples were hydrogenated with positive and negative bias voltages
(V' = =10 V) on the Pt electrode at various temperatures. Figure 4.3a presents the polarity-

dependent ¢, at different fixed temperatures in the range of 300—473 K after 1800 s of
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hydrogenation. It was confirmed that the hydrogenated region on the NNO film channel with
V= +10 V was wider than that with /' = -10 V at all temperatures. £, increased with the
hydrogenation temperature, ranging from 0.84 + 0.03 to 5.26 £ 0.13 um for V'=+10V with T
increasing from 300 K to 473 K. Although no transparent region was observed on the NNO
channel near the Pt electrode at /'=-10 V and 300423 K, £, was 0.58 £ 0.05 pm for V"= -10
V at T = 473 K. These data clearly indicate the effects of temperature and polarity on
hydrogenation. Furthermore, compared with £, under zero field (/=0 V), thatat '=+10V
was large at each temperature. In contrast, £, was smaller for /"= -10 V than that for ¥=0V
at all temperatures except 300 K. This strongly indicates that the electric field can effectively
control the hydrogenation with assistance from the thermal effect, especially lateral proton
diffusion in the NNO channel, i.e., hydrogenation from the Pt edge towards the Au/Ti electrode
along the electric field gradient. This control is demonstrated in Figure 4.3b, showing the
thermally assisted electric field control of ¢, at 473 K, where lateral proton diffusion indicated
by orange color area is accelerated or hindered by a positive or negative bias voltage,
respectively. This implies that while a positive bias voltage and a high temperature can increase
¢y, the lateral proton diffusion at the Pt electrode edge is suppressed under a negatively biased

voltage and a low temperature.
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Figure 4.3 Electric-field-assisted hydrogenation. (a) Polarity dependence of the proton
migration length (¢,) for various fixed temperatures. The right panels show optical microscopy
images of NNO channel with and without HNNO area (b) Optical microscopy images of

samples after hydrogenation at 473 K with ’=-10 V, 0 V, and +10 V.
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4.4. Conclusion

The electrical resistance modulation of NNO thin-film resistors during hydrogenation
was systematically investigated under a range of temperatures and both polarities of the applied
bias voltage. By utilizing the catalytic effect in a heteroelectrode configuration, I was able to
identify the correlation between the polarity of electric field and the proton migration length,
which was affected by temperature. The combination of an electric field and thermal activation
is shown to be an effective method for controlling the proton doping distribution in NNO film.
My investigation through this set of measurements could be useful in the future to guide process
envelopes for the gas-phase doping of perovskites whose properties are sensitive to hydrogen
and, in a broader context, iontronic devices that rely on ion motion within a solid lattice to

function.
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CHAPTER S

Strain Effect on Proton-Memristive NdNiO3; Thin

Film Devices
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ABSTRACT

Iinvestigate resistance switching in proton-memristive NdNiO; film devices via the diffusional
migration of a proton dopant by using electric field control. Lattice strain is found to play a
significant role in determining proton migration within NdNiOs3 thin film. Compressive strain
can accelerate the migration, resulting in a switching efficiency of 28.22% that is significantly
higher than 0.21% on a tensile-strained device. The results demonstrate the significance of
strain engineering and will guide the development of the design of multifunctional perovskite

devices for emerging iontronics memory and computing applications

5.1. Background

Correlated perovskite RNiO3 (R = rare earth) thin film possesses the potential to enable
densely scaled resistive switching for emerging nonvolatile memory and neuromorphic
computing applications.!> The remarkable switching feature in this material is characterized
by the abrupt Mott phase transition that originates from strong correlations between localized
transition metal valence d electrons.®’ Its complex electronic phase diagrams are extremely

10,11

sensitive to external stimuli, e.g., temperature,®’ pressure, confinement,'>!? electrostatic

14,15 16-18

doping, > and strain, which can markedly transform its phase from metallic to insulating
(metal—insulator transition, MIT). Among several approaches to trigger the MIT phenomenon
in RNiOs, proton doping via chemical reaction (hydrogenation) has been intensively
investigated'*?! since the prominent demonstration of inducing a colossal resistance

modulation of ~10® order magnitude in SmNiOj3 film.??

A proton, compared with other ionic species, has a small radius and high ion
mobility.?*** These characteristics enable a highly tunable proton migration and distribution

area through the manipulation of external electric fields.> This facile electric-field-induced
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proton migration can generate resistance change and potentially realize an extremely sensitive
correlated-iontronics device to overcome the limitations of the typical oxide switching device.
For instance, since a proton has a higher ion mobility than an oxygen ion, a protonic RNiOs
device can potentially improve the switching speed and power compared with the typical oxide
device that relies on the movement of oxygen vacancies in insulating oxides.?®> At the same
time, there is a need for innovation in the engineering design of RNiOs-memristive devices to

maximize the potential use of facile proton migration to improve device performance.

5.2. Objective

In this work, I investigate strain engineering via substrate selection as an approach to
accelerate electric-field-driven proton migration in strongly correlated NdNiO3; (NNO) thin
film devices. Figure 5.1a illustrates the concept of proton migration in a strained-NNO
memristive device. Protons, which are initially doped via hydrogenation (HNNO region), can
be redistributed via electric field control. The electric field can cause protons to migrate to
expand the highly resistive HNNO region (4¢F, proton migration length on applying an electric
field). In-plane compressive strain can accelerate and thus ease the proton migration to improve
switching operation. In contrast, in-plane tensile stress will suppress the migration, resulting in
impaired switching performance. My results support this concept and show that lattice strain

tuning is of importance in designing high-performance protonic RNiO3 memristive devices.

5.3. Results and Discussion

5.3.1. Proton Doping in Strained-NNO Memristive Device

The samples were fabricated by depositing ~80-nm-thick NNO films on LaAlO3; (LAO)

and KTaOs; (KTO) substrates by pulsed laser deposition (PLD; ArF excimer, 4 =193 nm, 3 Hz,
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90 mJ/pulse). Prior to deposition, the growth chamber was evacuated to a base pressure of ~1
x 10" Pa. The deposition temperature was 923 K with an oxygen pressure of 30 Pa. The as-
deposited NNO films were 26-w-scanned (out-of-plane) using an X-ray diffraction (XRD)
system (UltimalV, Rigaku) to investigate the crystal structure. The 260-w XRD patterns (Cu
Ka) for the deposited NNO films, presented in Figure S5.1 (see: Supporting Information for
Chapter 5), show c-axis-oriented growth with engineered strains. To accommodate
hydrogenation-proton doping, the films were fabricated into two-terminal devices with
different electrodes of Pt and Au—Ti, as shown in Figure 5.1a. First, the films were patterned
by photolithography (PLS-1000, PMT Corp.). Then, the films were dry-etched using an Ar ion
milling system (IBE-KDC75-EPD-OU-TA, Hakuto) to form the device channel with width X
length =10 pm x 10 pm. Next, after patterning the electrodes by photolithography, Pt and Au—
Ti were deposited on top of the NNO films by RF sputtering (SVC-700RFII). Finally, resist
lift-off using acetone at 343 K was carried out to complete the device fabrication process. In
this device configuration, protons from the hydrogenation process concentrate in the vicinity
of the Pt electrode only (HNNO region) but not in that of the Au—Ti electrode. This is because
only Pt acts as a catalyst for the dissociation of H> molecules into proton ions.?* This
arrangement helps us to easily observe the effect of proton migration, which herein is driven
by the external electric field. Protons were introduced into the NNO lattice via hydrogenation
(95% Ar + 5% Hy) at 473 K. The electrical measurements of the films were performed using a
source meter (2634B, Keithley). The voltage polarity for electric field control is referenced
with respect to the Pt electrode. The intrinsic electrical properties of the films, as shown in
Figure S5.2, are presented as temperature-dependent resistivity (p—7) plots. The plots indicate
that the MIT characteristics of the films vary depending on the substrate. The 26-ow XRD and
p—T plots are in good agreement with the results of previous studies and demonstrate the high

quality of the fabricated NNO films.?%
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The three-dimensional network of NiOg octahedra determines the fundamental
properties of perovskite NNO (@pseudocubic (o) = 3.807 A), which, at the same time, is
exceptionally sensitive to lattice strain.?®?) In this regard, selected substrates of LAO (apc =
3.789 A) and KTO (a = 3.989 A) will induce —0.47% compressive and +4.78% tensile strains
in the NNO lattice,’® respectively, and thus are expected to provide information on how each

of these opposite strains affects the device operation.

Figure 5.1b shows the translucent HNNO region after hydrogenation for 30 min. The
translucent color near the Pt electrode corresponds to the hydrogen dissociation and adsorption
process.?>*! From this figure, we can see that the HNNO region on NNO-LAO is wider than
that on NNO—-KTO, indicating that protons diffuse further within the NNO-LAO lattice than
within the NNO-KTO lattice. After hydrogenation, the number of protons within the NNO
channel was controlled to an appropriate amount by desorbing or removing protons via
annealing at 473 K in air (dehydrogenation). The real-time resistance evolutions during
hydrogenation and dehydrogenation are shown in Figs. S5.3 and S5.4 (see Supplementary

Data), respectively.
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(a) DH* HNNO = Proton-doped NNO (insulating)
[ NNO A? = Proton migration length due to Eqyq
B Substrate Ptelectrode [ Au-Ti electrode

(b)  NNO-LAO

Figure 5.1. (a) Schematic illustration of proton migration in strained-NNO memristive device
with electric field control. (b) Optical microscopy images of NNO-LAO and NNO-KTO
devices after hydrogenation at 473 K for 30 min. The difference in image brightness between

the samples originated from the optical characteristics of the substrates.

5.3.2. Electric Field-Controlled Resistance of Strained-NNO Memristive Device

Figure 5.2a indicates the electric field control of the resistance of the proton-doped
NNO-LAO device. Here, an electric field was applied to the device and drove protons further
within the NNO lattice. Protons migrated for a particular duration before reaching saturation,
as indicated by the plateau resistance. Each curve in Figure 5.2a represents a sample with a
distinct initial amount of proton doping. Here, the initial amount of doping is expressed as the
resistance after hydrogenation and dehydrogenation divided by the pristine resistance

(Rpoped/Rpristine). The result shows that the magnitude of electric-field-driven resistance (Rg-field)
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varies with each initial amount of doping. At Rpoped/Rpristine = 3, an applied voltage of +8 V at
300 K increases the resistance by ~10%. The resistance further increases by ~10* and ~10* with
higher Rpoped/Rpristine Values of 10 and 55, respectively. The inset shows that an insignificant
resistance change is obtained when a relatively high Rpoped/Rpristine 0f 190 is employed.
Compared with NNO-LAO, Figure 5.2b shows no significant change in resistance after the
application of an electric field to the NNO-KTO device, regardless of the amount of doping.
The highest change is only ~10? with Rpoped/Rprisine of 40. These results show that, compared
with the tension-strained film, the compressively strained NNO lattice can ease proton

migration, thus resulting in a larger change in resistance.

(a) NNO-LAO V=+8V (b) NNO-KTO V=+8V
12004 Rpoped/ Reristine = 3 545004 Rooped/ Rpristine = 3
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Figure 5.2. Effect of electric field shown in time-dependent resistance change of (a) NNO—

LAO and (b) NNO-KTO devices with various initial amounts of doping (Rpoped/RPpristine)-
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Figure 5.3 clearly shows this difference where the resistance modulation, presented as
RModutation = (RAfter e-field — RBefore e-field)/ RBefore e-field, 18 plotted against the initial amount of doping.
Here, Rmodulation 18 utilized to signify a marked difference between these distinct strain systems.
This figure reveals that, at any initial amount of proton doping, compressive NNO—-LAO attains
a higher Rmodulation than tensile NNO—-KTO. Additionally, as shown for NNO-LAO, I observe
a linear scaling of Rmodulation With the exponential increment of the amount of doping before it
abruptly disappears when the amount of doping exceeds the limit. However, no significant
resistance change is observed on NNO-KTO at any amount of doping. This indicates that while
the tensile lattice suppresses proton migration, compressive strain can accelerate proton

migration, where the effectiveness can be tuned by applying a proper initial amount of doping.

- 1.0
2 V = +8 V for 60 min -
o ~m NNO-LAO g
g 0.8 -
2| = A NNO-KTO -~
x| s -
I'U E 0.6 -
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ﬂ:<
"g 0.2
T ‘
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Initial amount of doping (Rpgped/Rpristine)

Figure 5.3. Resistance modulation plotted against initial amount of doping for electric field-

driven NNO thin film devices.
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5.3.3. Switching Efficiency of Strained-NNO Memristive Device

I further studied the bistate switching in our NNO devices by applying pulse voltages
of £1 V and +8 V while keeping the pulse duration fixed at 10 s. Figure 5.4a shows that the
resistance state of the NNO-LAO device switches depending on the polarity of the applied
voltage. The device, which was initially set in the high resistance state (HRS) by the application
of a positive voltage (+V), can be switched to the low resistance state (LRS) by applying a
negative voltage (—V). This implies that when the bias voltage is positive, the proton
distribution area is expanding, which results in increasing resistance. On the other hand, the
decreasing resistance when a negative bias is applied results from the reduced proton
distribution area. In our measurement series, the highest switching margins between HRS and
LRS (R+ — R-) in NNO-LAO are ~10* Q and ~10' Q for applied voltages of £8 V and £1 V,
respectively. This shows that this operation can be controlled by the magnitude of the applied
voltage; where a higher voltage provides a larger resistance change than a lower voltage. As
shown in Figure 5.4b, these characteristics also appear in the NNO-KTO proton-memristive
device, where the highest Ry — R- values are ~10° Q and ~10' Q for +£8 V and +1 V,
respectively. For a better display of our measurement series, the average switching efficiency
7 is shown in Table 5.1 where

n Ry—R_

R s

|
Il

We can see in Table 5.1 that an application of £8 V results in 77 values of 28.22% for NNO-
LAO and 0.21% for NNO—KTO. In addition, 1 values of 1.21% and 0.05% are observed when

+1 V is applied to NNO-LAO and NNO-KTO, respectively. These results show that
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compressive NNO-LAO enables a higher 77 value of ~10? than tensile NNO-KTO. This
tendency can be explained by

_AtqDV

AfE = T L (5.2),
B

where A" is the proton migration length, At is the duration of applied electric field, g is the
electric charge of proton, D is the diffusion constant of proton, V is the applied voltage, ks is
the Boltzmann constant, 7'is the temperature, and L is the device channel length. The derivation
of Equation (5.2) is presented in supplementary data. Since the diffusing protons correspond to
resistance switching (4Rg-fiela), here it is assumed that A¢F =~ AR fieia. Thus, from Equation (5.2),
ARg-field for a duration A¢ at T is affected by D. In other words, D is the intrinsic property of
protons that can be controlled to manipulate proton migration and hence resistance modulation.
This is experimentally demonstrated by the translucent HNNO region of NNO-LAO that is
wider than that of NNO-KTO in Figure 5.1b. The applied electric field here provides a driving
force for proton migration in terms of its polarity. With regard to my results, this relationship

suggests that compressive strain can ease the acceleration of D.
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Figure 5.4. Demonstration of electric-field-controlled resistance switching in (a) NNO-LAO
and (b) NNO-KTO devices measured with /=41 V and +8 V at 7= 300 K. The y-axis at the

left side is the measured resistance. 4R is provided on the right-side y-axis for easy comparison

among the panels.
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Table 5.1. Switching efficiency 71 values of NNO-LAO and NNO-KTO proton-memristive

devices with £1 V and +8 V.

V=41V V=48V
1InNNo-LAO (%) 1.21 28.22
nnNo-kTo (%) 0.05 0.21

5.4. Conclusion

In summary, I have demonstrated resistance change in proton-memristive NNO thin film
devices. I have shown that lattice strain can be a significant factor in determining the switching
operation of protonic perovskite-memristive devices. These results can lead to an important
strategy for overcoming the bottleneck in designing protonic RNiOj thin film devices and is of

relevance for emerging computing and memory applications.
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Figure S5.1. 260-w XRD patterns (Cu Ka) of NNO films deposited on LAO and KTO

substrates. The peaks marked by an asterisk (*) originated from the substrates.

The peaks at 26 ~48.03° and ~45.43° are assigned to 002pseudocubic (pc) reflections of
NNO-LAO and NNO-KTO films, respectively (PDF no. 01-079-2459). It is seen from the
patterns that, regardless of the substrate, c-axis-oriented NNO films were grown without any

detectable impurity phase.
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Figure S5.2. Temperature-dependent resistivity (p—7) curves of pristine NNO films deposited

on LAO and KTO substrates.
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NNO-LAO shows MIT characteristics at the transition temperature of 150 K, similarly
to those described in other reports of NNO films." On the other hand, MIT was not observed
on NNO-KTO. This is because of the large lattice mismatch at the substrate—film interface
where similar characteristics have been reported in NNO films deposited on MgO." In addition,
the different levels of lattice strain in NNO-LAO and NNO-KTO also contribute to the

different magnitudes of their resistivities.”

Hydrogenation at 473 K (95% Ar + 5% H,)
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Figure S5.3. Real-time resistance evolution during hydrogenation (95% Ar + 5% H2) of NNO—
LAO and NNO-KTO devices at 473 K for 30 min. Hydrogenation started at # = 0. The raw
data represented by gray symbols were smoothed into line graphs using a 50% percentile filter

in OriginLab.?

During hydrogenation (95% Ar + 5% H>), the resistance of the memristor increased
with time, indicating catalytic proton adsorption, as shown in Figure S5.3. The resistance of
NNO-LAO increased by ~10° whereas a resistance modulation of ~10° was observed on NNO—
KTO. This indicates that protons diffuse further within the NNO lattice with the compressive

LAO substrate than in that with the tensile KTO substrate.
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Figure S5.4. Resistance versus time during dehydrogenation of NNO-LAO and NNO-KTO

at 473 K in air.

When annealed at 473 K in air (dehydrogenation), protons desorbed out from the NNO
lattice. This is demonstrated by the decreasing resistance shown in Figure S5.4, where the rate

was higher on NNO-LAO than on NNO-KTO.

Equation (5.2) can be derived from Einstein’s relation and the formula for charged

particle velocity under Efield:

ke T
D:# B

q
Vg = U Efiera

where D is the diffusion constant of proton, vq is the proton drift velocity, x4 is the proton
mobility, ks is the Boltzmann constant, 7 is the temperature, ¢ is the electric charge of proton,

and Erelq is the electric field. Since vg = ALY /At, herein, A(F can be expressed as
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where A¢F is the proton migration length, A¢ is the duration of the applied electric field, V is the

applied voltage, and L is the memristor channel length.
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CHAPTER 6

General Discussion
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In this study, I investigated proton diffusion phenomena in strongly correlated
perovskite NdNiO3z (NNO) thin film. Proton was introduced into NNO lattice via gas-phase-
chemical annealing called hydrogenation process. The corresponding resistance modulation,
which is a result of proton diffusion, was observed during hydrogenation process and device
operation as a function of external control such as regulated lattice strain and applied electric

field.

In Chapter 3, I established a correlation between lattice strain and proton diffusion in
RNiO3 lattice during hydrogenation. Through my innovative experimental method, supported
by computational analysis, I reveal the significance of strain-controlled proton diffusion in
determining the resistance modulation during the hydrogenation-induced phase transition. A
compressive strain of -0.03% was shown to effectively improve proton diffusion resulting in
colossal resistance modulation of ~10°. On the other hand, a relatively small resistance
modulation of ~10? was observed when +2.57% of tensile strain was regulated in the NNO
lattice, indicating a suppressed proton diffusion. The density functional theory (DFT)
supported the experimental results, reaffirming the improved diffusion speed by estimating 48
times increment of transition rate of proton in -2% compressively strained-NNO. This result
successfully highlights that the rational design of strain engineering is crucial for enabling

superlative diffusional doping in RNiO; perovskites.

In Chapter 4, I applied an electric field assist to control proton diffusion during
hydrogenation process. The electric field can effectively boost or suppress the proton diffusion
depending on the applied voltage bias. Here, I established a procedure to confirm this finding
where the proton diffusion was characterized by the total area of translucent hydrogenated
region. Electric field, in addition to thermal activation, is demonstrated to effectively control

proton distribution along its gradient. The efficiency of electric field shown in this chapter is
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important as a means to drive proton deeper into the correlated perovskite lattice. These results

provide a deeper understanding of proton migration in the field of iontronics.

In Chapter 5, utilizing the findings from Chapter 3 and 4, I was able to demonstrate a
remarkable improvement of performance in proton-memristive NNO thin film device. Herein,
the switching efficiency was successfully improved up to ~102 by regulating compressive strain
in NNO lattice of the memristive device. This result shows the significance of strain

engineering in determining the switching operation of protonic perovskite-memristive devices.

In regard to the long-standing issue in iontronic switching device field, namely slow
switching speed compared to that of electronic-transport device, I tried to estimate the
enhancement of switching speed obtained in my strained thin film device. From the set of
experiment in Chapter 5, the switching speed can be estimated from the average switching
efficiency n and Equation (5.2). Since the proton migration length on applying electric field
A¥F indicates resistance change, i.e., switching efficiency 7, thus:

AtqDV

o D

N~ AE =

From Equation (6.1), thus:

= E
N NNO-LAO _ DNNO—LAO ~ AgNNO—LAO

i ~ ~ (6.1.1).
N nnvo—kto  Dnnvo-kro  A€no—kTo

The switching speed, s, is expressed as:

s = (6.2).

2=
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Since the pulse duration A¢ was kept similar in the measurement, thus the enhancement of

switching speed can be estimated from Equation (6.2) as:

SNNO-LAO __ 1l NNO-LAO

(6.2.1),

S NNo-kKTO Tl NNO-KTO

where the estimated enhancement is about ~134 times under the same level of resistance
change. Since the switching speed is essentially determined by the proton diffusion, the
enhancement trend of these properties should be directly related. In this regard, to confirm the
estimated switching speed enhancement, I tried to compared it with the enhancement of
diffusion constant D estimated from the proton migration length observed using optical
microscope. Since the proton migration length on applying electric field A¢F (bi-state switching
measurement) was not observable (probably in nanometer order), I estimated the D
enhancement from proton migration length after the hydrogenation process at 473 K, denoted
as A¢7, instead (shown in Figure 5.1b, A¢T denotes that the proton migration length was

induced by thermal energy). The relationship D and A" is described as:

MT=\2Dt (6.3).

Therefore, the enhancement of diffusion constant D at 473 K can be estimated by:

DNNO—LAO

473 K

> (6.3.1).

<A€§NO—LAO

T
Dyno-kto Alyno-kTo

Since the hydrogenation and the bi-state switching measurement of the device were performed
at 473 K and at 300 K, respectively, the diffusion constant estimation at this different
temperature needs to be compensated. Based on the formula for the temperature dependence

of reaction rate, i.e., Arrhenius equation as:
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E’") (6.4),

D =D, exp(k
B

where Dy is pre-exponential factor, kg is Boltzmann constant, and Ey, is effective migration

barrier, thus:

Dyno- AE
Duwo-sso _ g (BEn) gy
DNNO—KTO _kB T

where AE,, = Ep, yvo-rao—Em nnvo-kro- Thus, from Equation (6.4.1):

Dyno-Lao |

Dyno-kro 7, AE,,

= exp ( ) (6.4.ii).

Dyno-rao | T,

Dyno-kro T,

DnNo-LAO |
NNO-KTO'473 K

By inserting defined in Equation (6.3.1) into Equation (6.4.i1) where 77 = 300

K and 7> = 473 K, I can estimate the diffusion enhancement at 300 K as:

Dyno-rao| _ (A{’?TIYNO—LAO)Z (ﬂ(—l——)) (6.5).

A{)NNO—KTO

Dyno-kroly

From the plot of effective migration energy against strain in Figure 3.4c in Chapter 3, I obtained
a quadratic fitting curve. From this, I could obtain Em nno-Lao and Em nNo-kTo of films with
strain of NNO-LAO =-0.03% and NNO-KTO = +2.57% (the same level of strain shown in the
experimental results in Chapter 3.3.2). The value of En nno-Lao and Em nNvo-kTO 18 0.48 €V and

0.87 eV, respectively, which translates to 4E, of -0.39 eV. Furthermore, from Figure 5.1b, I

2
estimated (W) = 3.50. Thus, by inserting these values into Equation (6.5), I obtained
NNO-KTO

DNNo-LAO ~ 872
NNO-KTO'300 K ’

the estimated diffusion enhancement at 300 K as
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Dyno-Lao
d =ANO-LAO

| ~ 872 here is in the same order of magnitude of ~10? with
NNO-KTO'300 K

The estimate

the estimated :NNO—_LAO ~ 134. While they are in the same order of magnitude, it is noted that
NNO-KTO

DNNoO- . . S NNO— .
d —ANo-L4o is larger than the estimated —2*2-4%2 This is because from

the estimate |
Dnno-kTol300 K S NNO-KTO

NNO-LAO

. D
Equation 6.5, |
Dnno-kTol300 K

was estimated by using simulated or theoretical 4Em. The
theoretical 4En was simulated from ideal lattice mismatch, but the experimental lattice

deformation from RSM results was smaller than the ideal lattice mismatch. Therefore, this

DnNno-LA
causes 4Fm and consequent —~2-L49

Drno—rr0 300 to be overestimated. In this regard, this estimation
agrees well with the estimated switching speed enhancement. Moreover, these estimations
verify my model about the relationship among lattice strain, diffusion constant, and switching
speed in iontronic thin film devices. In particular, this also signifies the importance of my
approach to tackle the long-standing issue in designing a reliable iontronic switching device,
where the enhancement of switching speed is critically required. For instance, a stacked type
rare-earth nickelate device prepared on Nb-SrTiOs substrate recorded ~107 s in switching
speed (in Figure 1.8, ref. [7] of Chapter 1) even without substrate strain engineering. By
integrating my strain engineering approach (~10? enhancement), a switching speed up to 10~
s 1s expected in the future. In other words, this study can lead to a faster switching speed which

is on a level with that of solid-state electronic device (~107 s), where it is required for future

high-performance resistive switching device.

To summarize this study, through a sequence of experiments, I systematically
established the fundamental correlation between lattice strain and proton diffusion in RNiOs
perovskite lattice. Herein, the significance of strain control in determining the proton diffusion

was revealed. Moreover, by utilizing the principle of this finding, I successfully demonstrated
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a strain engineering for sophisticated control of proton motion within a solid lattice to achieve
high-performance device functions. This established approach is not only practical to solve the
long-standing issue in iontronic switching device field, but also can be useful for the
development of variety of metal oxide electronics, whose peculiar properties are promising for

emerging neuromorphic computing applications.
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